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A TOMICS INT ERNATIONAL

A Division of North American Aviation, Inc.

Program: ANL 1000 -Mwe F BR Follow -on Studie s

Project: Secondary Sodium -Steam System Parameter Study

Project Engineer: S. Golan Principal Investigator: H. B. Holz

Reporting Period: Fiscal Year 1966 AEC Category: 04-01-04-19

General Order: 7661 Subaccount: 1314

I. PROJECT OBJECTIVES

The objective of the ANL Phase III Study is to make a parameter study of the
secondary sodium/steam turbine systems of a 1000-Mwe Fast Breeder Reactor
Power Plant. The parameter study will evaluate various combinations of sec-
ondary sodium temperatures, steam pressures, and steam temperatures to
arrive at equipment first costs and operating costs.

The task involving the combining of the secondary sodium/steam turbine sys -
tem parameter study (Phase III) with the reactor/primary sodium system param-
eter study (Phase II) to arrive at optimum plant conditions is not part of this
effort.

II. T ECH NICA L PROGRESS DU RING FIS CA L Y EA R 1966

The initial proposal definition and work schedule for ANL-1000-Mwe FBR
Phase III parameter study were completed and submitted to ANL for review.
Following the December 6 meeting at ANL, a revised work plan and Form 189
were submitted. Task 2.0, the initial scoping effort, of this work plan has been
completed.

Heat balances, pinch point diagrams, steam generator surface calculations,
and cost estimates for the secondary sodium and energy conversion system were
made for each of the following eleven cases.

The partial direct plant costs are limited to the direct construction costs of
the secondary system exclusive of the intermediate heat exchanger (IHX), the
steam generator, and the complete turbine plant. To arrive at a complete plant
cost, one must add the costs of the reactor complex, the primary system includ-
ing the IHX, the nuclear-island structures, engineering, and the various con-
struction indirects.

It is noted that the direct plant costs for the portions considered are essen-
tially the same for all cases utilizing 900 F steam with 9000*F sodium reheat.
The use of live steama reheat in Case 11 results in a capital cost penalty of
about $4/kwe compared to sodium reheat. When the energy cost due to differ-
ential heat rate is included, the re is no clear -cut choice between the 3500 psi/
900*F/900?F case and the 2400 psi/900*F/900*F case. The turbine costs and
steam generator costs were the two largest cost factors in the study. Modular
steam generators were used throughout the study except for the steam reheater
in Case 11. Basic surface costs for the modular steam generators were: evap-
orator, $87.60/ft2 ; superheater, $92.50/ft2 ; reheater, $5070/ft 2 ; steam reheater,
$3 1.30/ft 2 . Significant changes in either surface costs or turbine costs would
have a strong influence on the conclusions of this study.

NAA-SR- 120 10
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SUMMARY OF PARAME TER VALUES AND COSTS

Second Second Surface Required (ft2DC
Sodium Sodium Cost ($ millions) D

Case Steam Cycle Hot Leg Sodium. ($ millions)
No. (psig/'F- F) Temperature T Evaporator ISuperheater IReheater [Total

(*F) (*F) ________III________

1 3500/ 1050 325 38,650 39,400 54,200 132,250 74.4

1000-1000 3.385 3.645 2.748 9.779

2 2400/ 1050 325 55,500 39,800 47,400 142,700 73.6

100 0-10 00 4.862 3.683 2.40 3 10.947

3 1800/ 1050 325 55,800 38,000 43,000 136,800 74.0

1000 -1000 4.888 3.5 15 2.180 10.583

4 1450/ 1050 325 49,200 37,600 38,600 125,400 76.5

10 0 0-10 00 4. 310 3.478 1.957 9.745

5 3500/ 1050 325 36,800 24,800 32,200 93,800 72.4

900-900 3.224 2.294 1.633 7.151

6 3500 / 10 50 325 24, 450 32,50 0 32,20 0 89, 150 72. 1
900-900 2.142 3.006 1.633 6.781

7 2400/ 1050 325 58,610 19,550 26,360 104,520 71.5

900-900 5.134 1.808 1.337 8.279

8 2400/ 1050 325 52,270 20,510 25,300 98,080 71.1

900-900 4.579 1.097 1.283 7.759

9 1800/ 1050 325 59,170 20,770 23,040 102,980 71.9

900-900 5.183 1.921 1.168 8.272

10 1800/ 1050 325 53,930 21,420 22,440 97,790 71.6

900-900 4.724 1.981 1.138 7.843

11 2400 / 1050 325 58,1I10 23,740 80,000 161,850 75.9

900-660 5.090 2.196 2.500t 9.786

CParti1al
t L. S. R.

direct plant cost, including secondary sodium system.

III. EVA LUA TION OF E FFOR T DU RING FISCA L YEAR 1966

The study has not indicated large dollar differences between the 3500 psi!

9000*F/900*F and 2400 psi/900*F/900*F cases. The reduction in heat transfer

surface in the supercritical case tends to be offset by increased piping costs
and the turbine costs in both cases are not greatly different. Using low energy
costs, the improvement in heat rate in the supercritical system does not quite
make up for the lower capital cost of the subcritical system. However, as pre -
viously mentioned, the differences are small and the choice is not clearcut.
There does appear to be an incentive towards reduced steam temperatures to

increase the steam generator temperature drives and reduce the surface re-

quirements. A topical report is being prepared summarizing this Task in the
Phase III Study.

NAA -SR -12010
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ATOMICS INT ERNATIONAL

A Division of North American Aviation, Inc.

Program: Fast Reactor Development

Pro ject: Boiling Studie s for Sodium Re acto r Safety R. Noye s

Project Manager: H. A. Morewitz Principal Investigators: D. Logan

Reporting Period: Fiscal Year 1966 AEC Category: 04-01-04-19

General Order: 7661 Subaccount: 1341

I. PROJECT OBJECTIVES

The general objective of this project is to develop basic information on two-
phase flow and boiling required in the safety evaluation of sodium cooled reac -
tors. This information is important because of the key role that sodium boiling
plays in reactor dynamics, in fuel meltdown accidents, and in the ultimate shut-
down mechanism of the reactor. Specific experimental objectives include the
measurement of boiling heat transfer characteristics, two-phase pressure drop,
void fractions, superheating, transient voiding rates and pressures in single
channels, and hydrodynamic instabilities. Specific objectives of the theoretical
study, in addition to any analyses required to support the experimental work, are:
the development of a digital computer code which will predict transient void frac-
tions, flow rate, and heat transfer for single and multichannel sodium flow; and
the incorporation of this code into a general reactor kinetics code.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

During FY 1966, the major effort was expended on determining the two-phase
pressure drop for vertical upflow of sodium in the uniformly heated test section,
demonstrating the capability of the experimental loop to generate "check'' or "5"
curves (a 'check" curve is a two-phase pressure drop curve which for a given
heat flux will have an unstable section where the pressure drop increases with
a de cr e ase in flow) and the a ss o ciat ed hyd rodynamic in s tability inc eption point .
Concurrently, a program was conducted to develop a variable -density, transient,
two -phase flow, digital-computer code to predict transient boiling in single -
channel flow.

A. EXPERIMENTAL

Two-phase pressure drops for vertical upflow of sodium in the uniformly
heated test section were experimentally measured for the following matrix of
parameters.

I) Pressure: 2 psia, 5 psia, and 8 psia
2) Flow: 1 ft/sec, 2 ft/sec, and 3 ft/sec
3) Power (heat fluxes): 0; 32,000; 64,000; 96,000; and 128,000 Btu/hr-ft2

with the e xc eption of the se c ombinat ions: 2 p sia, 1 ft /s ec, 96, 00 0 and 128,.00 0
Btu/hr-ft2 ; 5 psia, 1 ft/sec, 96,000 and 128,000 Btu/hr-ft2 ; 8 psia, 1 ft/sec,
64,000, 96,000, and 128,000 Btu/hr-ft2 ; 8 psia, 2 ft/sec, 96,000 and 128,000
Btu/hr -ft2 ; 8 p sia, 3 ft /se c, 128, 000 Btu/hr -ft 2 .

NAA -SR- -120 10
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The value of the two -pha se p r essur e d rop te st lie s in the c ombining of the
experimental data with the analytical code being developed concurrently under
this project. The experimental data will be compared to predictions of the
theoretical model. This experimental data is used as the first step in showing
the validity of extrapolating experimental correlations for two-phase flow phe -
nomena from other fluids to sodium. A digital-code is presently being pre-
pared for reduction of the raw data to a usable form.

The ''check'' or ''S'' curves and the associated hydrodynamic instability incep-
tion point testing has just begun; however, the parameters needed to generate
the ''check'' curves have been demonstrated to be within the operating range of
the loop. One of the ''check'' curves developed to date is shown in Figure 1. It
was developed at approximately 15*F subcooling at the inlet to the test section
with a heat flux of approximately 40,000 Btu/hr -ft 2 . Boiling instability (oscil-
lations between two-phase flow and liquid superheating) was experienced at
1000*F subcooling at the inlet to the test section and at a heat flux of 100,000
Btu/hr -ft 2 with a repetitive cycle of approximately 50 sec (Figure 2). The
period of the temperature swing is quite similar to the swings reported by MVarto
and Rohsenow*~ at a flux of 107,000 Btu/hr-ft2 from a horizontal disc.

In preparation for extending the loop test program to more realistic reactor
operating conditions, the AI design of the graphite high-flux heater is being de-
veloped to lengths simulating a fast-reactor fuel pin. The first prototype built
with a heated length of 15 in. demonstrated heat fluxes in excess of 106 Btu/hr -
ft2 (Figure 3).

A radiant heated test section capable of operating at 170,000 Btu/hr-ft 2 was
developed for the experimental studies. The final design of the radiant heater
consisted of six 1-1/2-in. -outside-diamneter, 46-in, effective-heated-length,
Globar, electric, heating elements. They were arranged in a symmetrical pat-
te rn ar ound the 3 /4 -in. -out side -diame te r te st se ction with app roximately 1 /4 in.
clearance between elements. Lavite blocks were used for electrically insulat-
ing and supporting the elements. Individual stainless steel connectors were used
at the top to allow independent thermal growth of the heating elements. The bot-
tom connection was common to all elements and was made inside the insulated
furnace region. This allowed a three -phase wye electrical hookup using a three -
phase 208-volt saturable-core reactor for variable control.

B. THEORY

During the past year, theoretical investigations in transient two-phase flow
have been concentrated on determination of the potential usefulness of the
''sectionalized-compressible'' model for calculation of pressure, velocity, and
temperature during flow and power transients in a boiling-sodium system. In
our previous work, a ''momentum-integral'' model was used for making the same
type of calculations and it was found that this method's usefulness was limited to
problems in which vapor production was heat-transfer limited. Calculations

*P. J. Marto and W. M. Rohsenow, ''Nucleate Boiling Instability of Alkali
Metals,'' ASME Paper No. 65-HT-22.

NAA-SR-12010
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made with TRANS-FUGUE -I,* the momentum-integral code (written in For -
tran II for the IBM 7094) showed that, in addition to heat transfer, self-
pre ssurizationt limits void growth in most transients involving boiling in liquid-
metal cooled fast reactors (LMFBR). An approximate method for accounting for
this effect was developed for use with the momentum-integral model; however,
the s ectionalize d-c omp r es sible mode l c an p otentially handle c as es of s el f-
pressurization without the need for approximations.

TRANS-FUGUE -IL (written in Fortran IV for the IBM 7094) uses a
sectionalized -compre ssible calculational model to solve coupled the rmodynamic
and hydrodynamic equations based on the following physical assumptions.

1) One dimensional flow in a channel of constant cross section
2) Homogeneous, variable density fluid
3) The rmal equilibrium between liquid and vapor phase s

As discussed in R. Noyes et al. , 9 our previous theoretical studies showed
that, because of the self-pressurization effect in LMFBR transients, the homo-
geneous assumption is preferable to the assumption of a steady-state type of
slip-flow. The basic equations solved by TRANS-FUGUE-Il follows:

Fluid pressure:

oep h[G BH Uw Hs -1 Gl

Fluid mass velocity:

dG _ (G2 _ p_ f G G-()
dt ZP) BZ 2QD -PZ '

Fluid heat balance:

-g PAwTF - C 1 )P Z .... (3)

*R C. Noye s, et al. , "'T RANS -FU GUE -I,'' NAA -SR -11008 ( 1965)
t Self-pressurization is a complex mechanism whereby saturation pressure is

reached in the forming void due the pressure required to expulse the liquid to
make space for the void, thus restricting the vapor generating rate, see

Noye s, R. C. , et al. , ''The Development and Growth of In-Core Voids Due to
Boiling During Fast Reactor Transients,'' Transactions of the International
Conference on Safety, Fuels and Core Design in Large Fast Power Reactors,
ANL, October 1965, for a detail explanation.

R. C. Noye s, H. Lurie, and A. A. Jarrett, ''The Development and Growth of
In-Core Voids Due to Boiling During Fast Reactor Transients,'' Transactions
of the International Conference on Safety, Fuels and Core Design in Large
Fast Power Reactors, ANL, October 1965.
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Fuel heat balance:

dTF (PC F)F [qF - UAw (TF ~ (4

Equations of state:

o p1 2

2 O(1 - X) - X01

H - H5 (p
X =

22

NOMENCLATURE

p = Pressure

t = Time

Rh = Derivative of density with respect to enthalpy - Bo /d H

R = Derivative of density with respect to pressure - /p

0 = Density, P1  liquid, P2 =vapor

G =Mass velocity

H = Enthalpy

Hs= Saturation enthalpy

U = Heat transfer coefficient (overall)

Aw = Heat transfer wall area per unit length

A = Flow area

TF= Fuel mean temperature

C Liquid heat capacity

Z = Axial dimension

NAA -SR -12O 1O
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= Friction factor

D = Equivalent diameter

g= Gravitation component in Z direction

(PCV V)F =Fuel heat capacitance

X =Quality

AH2= Heat of vaporization

C 2 =Epirical constants

q=Power per unit length

Except for the assumption that the heating of the fluid by friction and com-
pression is small compared to the heat supplied by the fuel, the above equations
are the same as those used by Meyer* for analysis of two-phase transients in
wate r re acto rs . Meye r al so inve stig ate d both se ctionalize d-c omp r essible and
momentum-integral computational models for solution of these equations and
found that both methods gave useful results.

A typical solution obtained with TRANS -FUGUE -II is shown in Figure 4. This
shows calculated pressure, density, and enthalpy distributions along a sodium
cooled 6.1-ft channel heated over about 3 ft of its length. The results are for

1..9

0.8 - -1.8

0 - -1.7

-1.6

2.0 - -1.5 m

1.1.4

6.1 ft OVERALL LENGTH
HEATED ZONE

0 4 8 12 16 20 24 28 32 36 40

6--24-66 AXIAL NODE NUMBER76-24

Figure 4. Results of TRANS-FUGUE-Il Calculation at One Point in
Time During a Power Transient

* E. Meyer, "Hydrodynamic Models for the Treatment of Reactor Thermal
Transients," Nuclear Science and Engineering 10, 269-277 (1961)

NAA -SR -120 10
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one point in time during a power transient which started from a subcooled
steady -state condition. The channel is operating at relatively low power and
flow so that the pressure buildup due to boiling is not large. The reduced den-
sity points represent the channel zone which contains voids and show the

trapped-vapor -pocket condition which is typical of the se transients.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Overall progress in both the experimental and analytical phase of the project
has been satisfactory but slow. The development of the radiant heater took con-
siderably longer than expected; however, a heater capable of producing the re -
quired heat fluxes while operating at atmospheric pressure in an oxidizing at-
mosphere was eventually developed. The sequence of experiments has been
altered from time to time to utilize the knowledge gained from a prior experi-
ment. For example, voiding transients have not been run yet because of the
oscillations due to unstable nucleation sites occurring at subcooled inlet condi-
tions found in the ''check'' curve experimental te sting.

An insert is presently being made with artificial nucleation sites which
should produce stable boiling and allow check curve development at 100 to
200* F subcooling at the inlet to the test section. When the insert is available,
the transient voiding te sts will be re scheduled.

T RANS -F UGU E -II us es Eule r int eg rat ion with r esp e ct t o time, and finite
differences with respect to space to obtain the indicated solutions. As often
occurs when this calculational method is applied to problems which contain
physical instabilities, there is a tendency for accumulation of small errors as
the solution proceeds in time. The solutions, therefore, become invalid after
a certain period of r-eal time has been covered in the transient. At present,
TRANS-FUGUE -II solutions appear to be valid up to about 0.1 sec after boiling
starts. For a number of practical LMFBR problems, this is sufficient time to
cover the important phase of the initial voiding transient; however, it is not
satisfactory for all problems of interest. It is expected that this situation can
be improved very significantly by the application of higher order integration
techniques and this is the planned future direction of the theoretical effort. Re-
sults obtained to date indicate that the expected advantages will be realized for
solutions to cases where self-pressurization is important.

NAA-SR-12010
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Program: Fast Reactor

Project: Fuel Irradiation

Project Engineer: C. W. Wheelock Principal Investigator: J. E. Frank

Reporting Period: Fiscal Year 1966 AEC Category: 04-01-04-19

General Order: 7661 Subaccount: 1981

I. PROJECT OBJECTIVES

The objective of this project is the completion and reporting of performance
of uranium carbide irradiation experiments initiated in GFY 1965 (and before)
under the Sodium Cooled Reactor Program.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Irradiation of AI-25-l and AI-25-2 at GETR was terminated on September 11,
1965, afte r su c ces sful op er ation to ap p roximately 14,000O Mwd /M TU at cladding
and fuel centerline temperatures of 1250 and 1850* F, respectively, and a spe-
cific power of ~l20 w/gm U. These capsules, after a period in storage at the
GE TR, are to be disposed of without examination.

Experimental capsules NRX-86-l and NRX-86-2, each 1/2 in. diameter UC,
9.5 ft long, which were irradiated successfully to 13,000 Mwd/MTU, were dis-
charged from the reactor in September and are being held in storage at Chalk
Rive r. The se also are to be disposed of without examination.

The examination, e valuation, and r eport* we re c omplete d on ir radiation cap -
sule AI-3-ll, which was successfully irradiated in GETR to ~30,000 Mwd/MTU
and partially examined in GFY 1965.

The AI-3-ll capsule was one of a series of six initiated in 1963 to investigate
the irradiation behavior of hypostoichiometric uranium carbide when subjected
to high burnup levels with fuel centerline temperatures in the range of 1600 to
19000 F.

The experiment, which consisted of a 0.500-in. -diameter by 18-in. -long
column of UC clad with 0.010-in, wall 304 SS, successfully reached a peak
burnup level of 30,000 Mwd/MTU, while operating to peak fuel temperatures of
19000*F and a peak power level of 40 kw/ft.

The experiment was irradiated in the General Electric Test Reactor (GETR)
in a radially adjustable flow tube (RAFT). Four of six chromel-alumel cladding
thermocouple s survived the entire irradiation. The chromel-alumel in-fuel
thermocouple operated until a peak fuel burnup level of ~26,000 Mwd/MTU was
reached. Additional data are given in the table.

*NAA.-SR -11440, J. E. F rank, et al.

NAA-SR-12010
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DATA FROM SODIUM BONDED U-C CAPSULE AI-3-ll

Density Decrease Kr 8 5 Gs Temperature
Composition Burnup -_______ Gs( F)

Slug (wt % C) (Mwd/kg) Total / e 10 Mwd\ Release Mxmm/vrg

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Center | Surface

Top 4.53 19.5 5.7 2.92 '1350/ 1225 840/760

Top 4.55 26.0 6.3 2.42 1725/1550 1060/950

Top 4.53 30.0 8.6 2.86 1725/ 1650 1060/ 1020

Top 4.58 29.0 8.0 2.76 >0.75 1890/ 1700 1150/ 1020

Top 4.53 28.0 7.6 2.72 1885/1800 1150/1040

Top 4.59 26.3 6.5 2.48 1880/1700 1140/1040

Bottom 4.59 22.5 5.2 2.31 .,1850/1600 1130/980

The results of the AI-3 -11 experiment and those from previous irradiations
of sodium-bonded hypostoichiometric UC to burnup levels of 30,000 Mwd/MTU
with peak central temperatures to 19000*F can be summarized as follows.

a) The feasibility of operating hypostoichiometric uranium carbide fuel,
sodium-bonded to Type 304 SS cladding to burnup levels of at least 30,000
Mwd/MTU at temperature and power conditions of interest for large sodium
cooled reactors has been demonstrated.

b) Fuel volume increases linearly with burnup to the extent of ~3%, or
less, per 10,000 Mwd/MTU.

c) Fuel volume changes are composition-dependent, with performance
characteristics improving as the carbon content approaches 4.8 wt%.

d) Hypostoichiometric UC fuel is capable of retaining >99% of its fission
gas.

e) With hypostoichiometric UC and cladding temperatures to at least
1100*F, 304 SS cladding increases in carbon content <0.12 wt% and is duc-
tile at room temperature after irradiation.

f) Except for increasing the grain boundary spacing, irradiation does not
alter the basic fuel structure. Significant is the lack of gross intergranular
fission gas precipitation and agglomneration, indicating that these burnup and
temperature conditions are not sufficient to cause gross gas atom migration
and coalescence.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

All fuel development activities relating to the large sodium graphite reactor
program were completed as planned. Due to lengthy considerations on the value
of examining the AI-25 and NRX -86 assemblies, their disposal will not be com-
pleted until FY 1967.

NAA -SR- 120 10
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Program: Fast Reactors

Project: Stability and Properties of Cladding and Structural Alloys in a High-
'Temperature, Liquid Metal, Fast Neutron Environment

Project Engineer: C. E. Weber Principal Scientists: E. W. Murbach,
W. L. Cockrell, D. F. Atkins, B. R.

Reporting Period: Fiscal Year 1966 Hayward, J. J. Holme s, A. H. Willis

General Order: 7661 AEC Category: 04-01-04-19
Subaccount: 4553

INTRODUCTION TO THE FIVE -TASK PROJECT ON
CLADDING AND ALLOYS CHARACTERISTICS

SUBACCOUNT 4553

The objective of this project is to provide sufficient, statistically significant
data on the extent to which exposure to a sodium cooled fast reactor environment
affects the physical and mechanical properties of cladding and structural alloys,
so as to provide a basis for meaningful selection of materials and the understand-
ing of phenomena required as a basis for interpretation to environmental effects,
projection to alternate designs, and development of helium resistant alloys.

The task objectives of this project are as follows.

Task 1. To provide a source of reactor systems quality sodium, sodium
handling and sampling procedures, sodium and inert atmosphere analytical
support, and full control and documentation of the testing environments.

Task 2. Cladding alloy selection, procurement, and characterization in
terms of alloy metallurgy, fabricability and stability, and full control and
documentation of alloys tested.

Task 3. To measure the separate and combined effects of environment
(sodium, air, helium, and vacuum) on strain rate (10-3 to 10-7%/hr), stress
condition (uniaxial and biaxial), and radiation on the creep, stress-rupture,
and fatigue properties of cladding and structural alloys.

Task 4. To study environmental effects on cladding alloys in dynamic
systems with emphasis on effect of impurities plus steady state and cyclic
heat fluxes on the stress-rupture behavior of tubing in flowing sodium.

Task 5. To develop a basic understanding of the motion, agglomeration,
and trapping of helium atoms and bubble s in fast reactor cladding and struc -
tural alloys; to investigate the nature and form of the changes in flow and
fracture of alloys induced by concurrent displacement damage, helium, and
other transmutation damage in a fast spectrum; to study the basic interaction
of very high purity sodium and the role of surface films on grain-grain bound-
ary attack, stressed and unstressed, in high purity sodium; and to translate
the data obtained into the selection, heat treatment, and design of improved.
fast reactor alloys.

NAA -SR -120l0
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TASK I - SODIUM PROCUREMENT, SAMPLING,
HANDLING, AND ANALYSIS

(Principal Inve stigator: E. W. Murbach)

I. PROJECT OBJECTIVES

The objectives of this project are as follows.

1) Define, prepare, and manage source of stock ''systems quality'' sodium
for the program.

2) Develop sampling and transfer procedures for handling sodium without
contamination.

3) Monitor composition of sodium and gas atmospheres in use on all tasks
in this program. Provide a management system for ensuring the use of proper
procedures in sampling, transferring, and analyzing of sodium.

4) Investigate the behavior of cladding metal surfaces in liquid sodium.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. SODIUM SUPPLY LOOP

The principal effort on this Task I of the ''cladding'' program was the develop-
ment of a source of ''systems quality sodium'' for use by all of the other tasks in
their studies. The primary users will be Tasks III and IV, in which the mechan-
ical properties of cladding materials are being investigated. The requirements
of the systems quality sodium supply system are that it be capable of dynamically
adjusting the composition of the sodium in order to maintain a constant composi-
tion over the life of the program, and that the supply be of sufficiently large vol-
ume that the largest test retorts can be filled as requested.

Accordingly, a forced circulation ioop having a nominal 100-gallon capacity
and intended to operate isothermally at 5000 F was designed for this purpose. The
adjustment of the oxygen level is effected through the use of a flow-through cold-
trap, and the adjustment of the carbon level is effected through the intermittent
use of a hot trap. The metallic impurities in the circulating sodium will reach
steady state levels which are primarily dependent upon the operating tempera-
ture, 5000 F. The loop is instrumented with a plugging -mete r for in-line oxygen
determinations, and stations at which samples can be taken for chemical analysis.
Provision for the installation of a United Nuclear Corporation oxygen meter has
been made, and an instrument is on order. The principal design features of the
loop are:

NAA-SR- 12010
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Figure 1. Sodium Supply Loop (View 1)
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Materials Cpcte
_____ ____(gal)

304 SS Piping, etc. Loop 100
316 SS Valves Dump Tank 188

Surge Tank 121

Pipe Sizes Temperatures
(in. ) (*F)

Main Loop 1 Main Loop 500
Bypass Loops 1/2 Hot Trap 1200

Cold Trap 300

Circulation Rates
(gpm)

Main Loop 10
Bypass Loops 1/2

A number of components were salvaged from former sodium and NaK loops.
T he se include: EM pump, valve s, flowmete rs, and a hot t rap. The valve s wer e
cleaned to remove residual sodium or NaK and were helium leak-checked. Pipe
s tubs f rom the le ak -tight valve s we re examine d me tallog raphic ally for evidenc e
of carburization. None was found, and the valves were considered suitable for
reuse.

The salvaged hot trap was drained, flushed, and cut open for further cleaning
and for the installation of new stainle ss steel foil. A pipe stub was removed for
metallurgical examination. No carburization was observed, so the trap was re -
assembled and installed in the loop.

The surge and sump tanks and the cold trap were fabricated by outside sup-
pliers. The cold trap was packed with stainless steel mesh which was pre -
c leaned and formed into a filler cartridge.

Level gages and the plugging meter were fabricated in-house.

Assembly of the components was initiated during the fourth quarter of the fis-
cal year. The root pass on each weld was subjected to a dye penetrant test be-
fore the final weld pass was run. Following completion of the bulk of the welding,
he ate rs we re installe d on the line s, and on the tanks . Stainle ss ste el foil wa s

wrapped around the pipe and the heater. The wrapped pipes were then covered
with a magnesia-base formed insulation, 2 in. thick. The tanks have 4 in. of
insulation. Photographs of the loop in various stages of fabrication are shown
in Figures 1 and 2.

Cont rol in st rumentation on the loop include s the rmoc ouple s on the piping,
he at er s and valve s, and imme rs ion the rmo couple s in the flowing s odium. Th re e
flowmeters were installed, one on the main loop, one in the cold trap - plugging
meter loop, and one on the hot trap-sampling loop. The plugging meter thermo-

couple is connected to a separate recorder. Level gages are mounted in each
tank.

NAA-SR-12010
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Figure 2. Sodium Supply Loop (View 2)
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At operating temperature, fine control of the loop temperature will be accom-
plished by controlling the input heat to the surge tank. The trace heaters on the
lines should require little or no adjustment in power input.

B. SODIUM SP ECIFICA TIONS

A second objective of this task is to define the specifications for sodium to be
utilized by this program. This information is needed in order to set realistic
guidelines for the operation of the loops and the static sodium test systems.
Consequently, a survey was carried out of other operating sodium systems and
of specifications for ''reactor grade'' sodium to provide background information.

The term ''reactor grade'' sodium as it has generally been used refers either
to a purchase specification or to a manufacturer's as -supplied grade. The rec -
ommended purchase specification for sodium to be used on this project is given
in Table 1.

TABLE 1

RECOMMENDED PURCHASE SPECIFICATIONS
FOR SODIUM

(p p m ) (p p m ) __________________________________________________

Al <10 Li <10

B :1 Mn <5

Ba <10 Ni <10

C <30 0 <200

Ca <20 Pb <10

Cd <3 Rb <50

Cl <20 Si <50

Co <0.5 Sn <10

Fe <25 Rare Earths

K <200 Dy, Eu, Gd, Sm <0.5 ppm Total

T ot al Alkalinity 99.92 0.07%

This sp ecific ation agr e es well with the r e commendation g iven in a r e cent
public ation."'

Six 55-gal. drums of sodium were purchased for use on this project. The
manufacturer's certified analysis is given in Table 2.

It must be realized that sodium in an operating system will reach, or at least
approach, equilibrium with its environment so that its impurity level becomes a
function of construction materials, operating temperature, and impurity removal
devices in the system. A specification was drawn up for the ''systems quality
sodium'' to be furnished from the supply 1oop, based on the expected equilibrium
impurity values. This specification is given in Table 3.

*R. G. Frank, et al., ''Potassium Corrosion Test Loop Development Topical
Report No. 2,'' R66SD3007 (December 1965)

NAA-SR-12010
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TABLE 2

CERTIFIED ANALYSIS OF SODIUM
PROCURED FOR THE CLADDING

PROGRAM - U. S. INDUSTRIAL
CHEMICALS

TABLE 3

SYSTEMS QUALITY SODIUM
SPECIFICATIONS

(5 00* F)

(ppm)

B (<)l

C 13

Ca (<)5

Cd (<)1

Cl 7

Co (<)0.l

Fe (<)2

Hg (<)35

In (<)25

K (<)150

T ot al Alkalinity
99 .85%

(ppm)I(ppm)
Li

Mn

Ni

0

Pb

Rb

Re

Sn

Dy

Eu

Gd

Sm

(<)5

(<) 1

(<)1

63

(<)2

(<)3 0

(<) 100

(<)2

(<)0.1

(<)0 . 1

(<)0. 1

(<)0.1

B

Ca

Cd

Co

K

Li

Mn

Pb

Rb

Sn

<1

<10

<3

<1

<200

<5

<5

<10

<50

<10

(ppm)

Fe <25

Cr <5

Ni <10

Cl <20
(halogens)

C <15

O ~ 10 5

N <5

H <5

T otal Alkalinity
99.95%

The se impurity limits repre sent the pre sent target value s and may be modi-
fied as experience with loop operation is obtained. The specifications for iron,
chromium, and nickel are believed to be realistic for operation at 5000*F. In the
mechanical properties tests which operate at higher temperatures, equilibrium
impurity levels may be somewhat higher.

C. SODIUM HANDLING

A method was developed for sealing sample in gold foil in vacuum for subse -
quent transfer to the spark source mass spectrometer (SSMS). An indium ring
pressed between two foils produces a vacuum tight seal. Early tests using a po-
tassium sample resulted in microscopic cracks in the foil, followed by leaking.
Redesign of the die to eliminate sharp breaks has disposed of the leakage problem.

A sampling device was installed in the Taske IV loop to collect samples and to
test the operating procedure. The sample is a stainless steel tube with compres -
sion fittings and an evacuation valve. The tube is connected to the loop, and the
heater and insulation fitted in place. The tube is evacuated to 1 to 2 microns.
When a sample is to be taken, the tube is heated, the vacuum valve is closed,
and the sodium is circulated through the tube (30 mmn in the first two tests and
1 hr in the second). The outlet sample valve is then closed and the insulation
removed. When the tube has cooled below the freezing point of sodium it is
crimped at both ends with a hydraulic crimper and the inlet sample valve closed.
After cooling to approximately room temperature, the sampler is removed and
capped and a new sampler immediately connected to the loop and evacuated. The

NAA -SR -120 10
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vacuum valve is removed from the tube, the tube is capped, and then shipped to
the analytical laboratory.

To date, the mechanics of the procedure have been satisfactory. However,
insufficient analytical data have been collected for a complete evaluation.

A sampler was also developed for the static retorts used in Task III. The
sampler consists of the collection tube, a vaLve, and a vacuum-inert atmosphere
manifold. The sampler is connected to the sample valve on the retort using a
compression fitting and alternately evacuated and flushed with helium. Resist-
ance heating tapes are being used as an interim measure to heat the sample lines
and valves exterior to the retort.

When the sample tube has reached 350 to 4000*F, the vacuum valve is closed
and the sample valve to the retort is opened. The sample valve on the sample
as sembly is then closed, 15 psi of helium is admitted to the manifold, and the
vacuum valve is opened in order to back flush the sample line. So far, the back
flushing procedure has been successful on only one out of four attempts.

The sampling procedure appears to be satisfactory in principle. For later
tests on the cladding program, a better vacuum system will be utilized, and an
improved method for heating the sample tube and lines will be developed. The
Task I sample manifolds are welded in place with the sample tubes connected by
compression fittings. The sampling procedure will be similar to that used on the
Task IV.

D. PUBLICATION

NAA -SR -TDR- 11859, ''System Quality Sodium Description and Specification"'
by J. E. Bodine, R. L. McKisson, and E. W. Murbach.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Some slippage in schedule for the fabrication of the sodium supply loop re -
sulted from a labor strike and delay in delivery of some components by outside
suppliers. Although sodium could have been loaded before the end of the year
by using a temporary electrical connection, it was decided to postpone loading
until the permanent electrical installation was complete. Circulation will then
be initiated at the time of loading.

In retrospect, it appears that purchase of new valves would have been more
expeditious than the salvage effort expended.

The results obtained to date on sodium sampling are quite encouraging. The
principles of sampling a circulating loop and static retorts have been demon-
strated. Some improvement in auxiliary equipment such as heaters and vacuum
systems is needed, although no new technology is required. Sample transfer
and analysis under noncontaminating conditions presents no problems. The role
of the Spark Source Mass Spectrometer for analysis remains to be determined.
The technique of sealing samples in gold for use in the SSMS appears to be feasible.

The definition of specifications for sodium in an operating system is an import-
ant factor in the standardization of experimental tests. Well-documented test
results and chemical analyses are necessary in the determination of the interac-
tions of coolant, cladding, and impurities.
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TASK 2 - MATERIAL MANAGEMENT AND CONTROL

(Principal Investigator: W. L. Cockrell)

I. TASK OBJECTIVES

The specific task objectives are:

a) To procure and characterize materials selected for study,
b) To manage and control inventories of selected materials, and
c) To select and plan for the procurement, characterization, manage-

ment, and control of materials to be added to the program.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Four alloys had been selected and procurement initiated. These alloys are:

a) AlSl 304 stainless steel
b) AlSl 316 stainless steel
c) Incoloy 800 Fe-Ni-Cr alloy
d) Inconel 625 nickel-base super alloy.

A fifth alloy, vanadium base, was in the planning stage.

The well-characterized reference heat, Allegheny Ludlum heat 55697 (for
the structural materials irradiation damage studies), 304 stainless steel, avail-
able at BNW L in 2 -1/2 -in, plat e thickne ss is not suitable fo r c onve rs ion int o
nuclear quality, thin-walled stainless steel tubing. Attempts to tube- reduce and
then draw tubing starting with tube rounds made from bar shape by turning and
gun boring were unsuccessful. The finished tubing was rejected by Superior
Tube due to numerous surface stringers of second phase impurities. Examina-
tion of longitudinal and transverse sections of the tubing showed numerous sec-
ond phase inclusions within the tube wall as well. The examination supports the
statement of Superior Tube engineering and quality control personnel that, based
on their experience, this maaterial cannot possibly be considered high quality
material.

E xamination on a limite d s ampling ba sis of the 2 -1/2 -in, plate at BNW L and
1/2-in, plate from the same heat at AI showed the inclusion content to fall be-
tween 1 and 2 per ASTM specification E45-63. The grain size of the 1/2-in.
plate as measured at Al was 2 per ASTM specification E112-63, suggesting that
the grain size of the 2-1/2-in, plate is also on the large size. Examination of
the 304 Superior Tube showed a higher inclusion content and an inclusion orien-
tation due to rolling. Breakdown of the inclusion structure due to working to
form the 2-1/2-in, plate very probably was not as great as usually occurs in
forming tube rounds via the extrusion or piercing route; and the inclusion orien-
tation is also different.

In contrast to restrictions imposed through the use of the plate as a source
of tube rounds to provide a tie between the cladding and structural programs,
tube rounds for subsequent tube reduction and drawing will be processed by ex-
trusion or piercing with extensive working and inclusion breakup. The product
inclusions content should be ASTM 2 or better, and the grain size should be
small and uniform; ASTM 6 -8 is de sirable.
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Tube rounds of a replacement 304, 316, Incoloy 800, and Inconel 625 can and
will be procured to meet tubing requirements which are more severe than re-

quirements for structural specimens. The availability of 300 ft of single heat,
off the shelf (at Superior Tube) acceptable composition 304 stainless tube hol-
lows has been established. A purchase order has been placed reserving this
material for program present and future requirements. The replacement tub-
ing is included in this order as follows:

500 ft of tubing 0.275 +0.005 in. ID by 0.010 0.001-in, wall
-0.000

100 ft of tubing 0.275 +0.005 in. ID by 0.020 + 0.001-in. wall
-0.001

50 ft of tubing 0.345 +0.004 in. OD by 0.0 15 0.001-in. wall
-0.000

50 ft of tubing 0.365 +0.004 in. OD by 0.025 0.002-in. wall,

also 35 ft of the tube hollows for the preparation of 0.100- and 0.065-in, strip
by slitting, opening, and flattening, and rolling.

A purchase order has been placed by Battelle Northwest with Allegheny Lud-
luma for a heat of 316 stainless steel, and the fabrication is proceeding to pro-
duce the following items and quantitie s.

Mmn. 144 sq ft AISI-Type 316 stainless steel, 1/4 by 24 by 48 in.
Mmn. 80 sq ft AISI-Type 316 stainless steel, 1/2 by 24 by 48 in.
Mmn. 40 sq ft AISI-Type 316 stainle ss steel, 1 by 24 by 48 in.
Mmn. 1000 sq ft AISI-Type 316 stainless steel, bar 5/8 in. diameter by 60 in.
Mmn. 56 sq ft AISI-Type 316 stainless steel, 1/8 by 24 by 48 in.
Mmn. 300 ft AISI-Type 316 stainless steel, tube blanks, 1-1/2 in. OD by

0.134 in. = 10%1 wall thickne ss

The heat has been melted with a boron content determined as 5 ppm. The
balance of the chemistry has not yet been reported. The tube blanks will be
ready for delivery to Atomics International for inventory or fabrication to fin-
ished tubing about the end of August. These tube blanks will be examined by
Atomics International to characterize them according to the standards of

Superior Tube Co. for tube hollows to produce nuclear grade tubing. This eval-
uation includes a flare test of the tube hollows, microexamination of the steel
for cleanliness and grain size and determination of the disposition to precipitate
network carbide after annealing with three different cooling rates.

Requirement of sizes and quantities of 316 tubing for the immediate program
needs will be collected in August for discussion of the tubing fabrication with

Superior Tube Co. A supply of tubing of 316 will be available to the program in
November 1966.

International Nickel has melted a heat of Inconel 800 and is reserving ingot
for our requirements. Battelle Northwest is preparing the purchase order for
this material including the tube hollows, which will be inventoried by Atomics
International and fabricated to finished tubing as required. This material is
3.5 ppm boron. Tubing of this material probably can be available in January
or February 1967.
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III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The experience with attempts to fabricate tubing from tube hollows machined
from 2-1/2-in, plate from the well-characterized heat (55967) of 304 stainless
steel inventoried at Battelle Northwest resulted in substantial loss of time. The
requirements for tube hollows for the fabrication of nuclear grade stainless
steel tubing have been more firmly fixed as a result of this experience. A re-
placement for the tubing lost is on order and adequate supply of tube hollows
for future 304 tubing requirements has been established. There will be avail-
able strip of 0.100 and 0.062 thicknesses for the cladding work from the same
heat as the 304 tubing. This strip will be limited in width, and comparison of
transverse and longitudinal properties can not be maade using standard length
specimens (not available for transverse case). There will not be available any
rod from this heat. Rod and wide strip will however be available in the Battelle
Northwest inventory of heat 55967.

This experience did provide a lesson which has already benefitted the pro-
curement action for 316. It will guide us in the fabrication of other materials,
away from certain pitfalls. It has provided the program with adequate infor -
mation for the characterization of material to assure its suitability for tubing
fabrication.

The storage area available for the program materials at Atomics International
is not completely in the control of the Task 2 personnel only. This area is in the
AI Shop Material Control Station, a secured storage area for materials and
equipment to be used in the Atomics International shops and laboratories. Task 2
has had stored in this area material inherited from previous programs. This
material consists of tubing items from one heat of 316 and eight heats of 304
stainless steels. Its issuance and security has been under the joint control of
the custodian of Al Shops Material Control Station and Task 2 personnel. To
date the control of this inventory has been adequate. Efforts are being made to
secure a fenced off area in the Al Shops Material Control Station which will be
completely in the control of Task 2 personnel.
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TASK 3 -MECHANICAL PROPERTIES OF CLADDING
AND STRUCTURAL ALLOYS

(Principal Investigator: D. F. Atkins)

TASK 3. I. TASK OBJECTIVE

The objectives of this task are to determine the individual and combined effects
of environment (sodium, air, helium, and vacuum), strain rate (10-7 to 10-3 /hr),
stress condition (uniaxial and biaxial), and radiation on the creep, stress rup-
ture, and fatigue characteristics of selected cladding alloys.

TASK 3. II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. EFFECT OF HEAT TO HEAT VARIATIONS ON STRESS
RUPTURE PROPERTIES

Biaxial stress rupture tests in helium (helium pressurized internal, 1 atm
helium external) were performed on 242 specimens representing six heats of
T ype 304 stainle ss ste el and two he at s of T ype 316 s ta inle ss ste el. The se data
provide rupture strength and ductility parameters for thin-wall tubing (0.0 10 in.)
under low strain rate, biaxial stress conditions on commercial alloy heats at
temperatures of 1200, 1250, 1300, and 1350 0 F. These tests were performed to
determine the effect of heat-to-heat variations in alloy chemistry on the rupture
strength and ductility of the two austenitic stainless steels. The chemical com-
position of these eight heats are given in Table 1.

TABLE 1

CHEMICAL COMPOSITION OF BIAXIAL TEST SPECIMENS

Heat Code~ C N TMn __ S 1i1 Nil CrIMo

27898X A 0.06 0.060 1.67 0.021 0.011 0.50 10.41 18.93 -

06737 B 0.06 0.056 1.64 0.022 0.025 0.39 9.82 18.54 -

06820 C 0.06 0.047 1.84 0.023 0.009 0.44 9.79 18.54 -

00042 D 0 05 0.052 1.77 0.023 0.02 1 0.55 9.70 18.55 -

90213 E 0.05 0.037 1.68 0.018 0.021 0.45 9.67 18.47 -

26980X F 0. 06 0.059 1.68 0.027 0.013 0.66 10.27 18.71 -

96180 G 0.03 0.027 1.54 0.003 0.021 0.30 13.39 17.01 2.28

90106 H 0.04 0.043 1.68 0.022 0.017 0.51 13.63 17.33 2.32
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The bulk of the data generated was at 1250 and 1350*0 F. Stress vs time-to-
rupture curves were established by computer analysis for the 1350 0 F data points
and are shown in Figure 1. Because of the limited data obtained to data at
1250 F, computer analysis was withheld and only actual data points were plotted.

154
HEATS A -F; 30455 HEAT -A, BC, D,GO _

G -H; 316 SSE

13500F 12500F H V

= 0 -- DATA POINTS FOR HEATS -

TIME TO RUPTURE (hr)

7661-2587
Figure 1. Biaxial Stress Rupture Properties of Stainless Steel

at 1250 and 13500 F

A metallographic procedure was adopted for identification and qualitative
determination of microstructural constituents in austenitic stainless steels. An
example of this selective etching technique is presented in Figures 2 to 4. Fig-
ure 2 shows both a fine intragranular precipitate and a coarse grain boundary
phase. The etchant used in Figure 3 outlines just the carbide phases, while the
etch used in Figure 4 attacks (etches out) both carbide and sigma phase. By this
selective etching technique, it was concluded that the coarse grain boundary
phase is sigmaa. The black areas in Figure 2b are voids produced during stress
rupture testing. The photomicrograph was taken close to the fracture area of
the test sample. The alloy is Type 316 stainless steel (Heat-H) which was tested
at 13500F for 1784 hr (rupture) with an applied hoop stress of 10, 000 psi. The
average diametral strain was 3.8%.

Concurrent with the creep/stre ss rupture te sts, sample s of the alloy were
thermally aged in the unstrained condition. Microstructures similar to Fig-
ure 2b (except for the voids) were observed without an applied stress.

It is anticipated that these metallographic techniques, when applied to the
numerous samples which are available, may yield valuable information on: (1)
the influence of carbide and sigmaa phases on the stress rupture strength and
ductility of austenitic stainless steels, (2) the temperatures where carbide /and
or sigma phase formation is enhanced, (3) the influence (if any) of stress on the
precipitation of carbides and sigma, and (4) the influence of alloy chemistry on
the formation of these phases.
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Figure 2-a and b. Specirmen H--25, Etched in

Hydrochloric -Picric Acids in Alcohol.
All Phases Outlined. (6695-1-2 and -1-3)
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0.004 in. H
250 X

P

0.00 13 in.
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4- 16-66 7661-2540

Figure 3-a and b. Specimen H-25, Etched in
Perricyanide Reagent. Carbides Outlined.

(6698-1-4-6-1)
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Sodium Retort for Uniaxial Stress Rupture Testing
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B. SODIUM TESTING

A uniaxial creep/stress rupture test in 1200*F sodium has been completed on
a Type 304 stainless steel tubular specimen. A photograph of the retort assem-
bly is given in Figure 5. The specimen and sodium used in this test were only
partially characterized, pending procurement of highly characterized Type 304
stainless steel and the availability of systems quality sodium. The test demon-
strated the reliability of the retort design and the ability to sample sodium with-
out interruption of the test. Two sodium samples were obtained before the spec-
imen ruptured, one at 145 hr and the second sample at 528 hr. The oxygen
analysis on these samples indicated 88 and 84 ppm, respectively. These results
were quite encouraging in that they demonstrated the air-tightness of the retort
and suggested that a high oxide impurity level can be maintained in the static
retorts to study the effect of oxygen on the creep/stress rupture properties of
the candidate alloys. A third oxygen sample was taken prior to shutdown of the
test (after approximately 980 hr at 1200*0 F). This sample, taken from the retort
drain tube, analyzed at 26 ppm. No explanation for this significant decrease in
oxygen content can be offered at this time. The specimen ruptured after 644 hr
under 25,000 psi stress. This rupture time was close to that predicted from the
experimental data generated in the heat-to-heat studies (in helium) of this Pro-
gram. The rupture of the sample did not appear to adversely affect the perform-
ance of the retort. Based on this initial retort performance, the design was
judged adequate and fabrication of an additional twenty identical retorts has been
initiated. Two prototype retorts with the capability of biaxial stress /rupture
testing 12 samples simultaneously in sodium were assembled. Both retorts
were loaded with partially characterized sodium and twelve Type 304 stainless
steel tubular samples. A completed retort assembly is shown ready for testing
in Figure 6. Testing will be conducted to check out the retort design and sodium
sampling techniques. One retort has been heated to 12000 F and an initial sodium
sample obtained. Additional retort assemblies will be constructed pending the
successful performance of these prototypes.

Development plans covering 9-mo and 2-1/2-yr work scopes were formulated
for the program. Experimental test plans were also prepared for the following
activities: uniaxial creep and stress rupture tests, biaxial creep and stress
rupture tests, and fatigue tests.

C. IRRADIATION

Irradiation experiment NAA-123 was partially fabricated, but completion of
the capsules was delayed pending procurement of new specimen materials. Sub-
sequent program redirection has curtailed all effort on the capsule. This experi-
ment was designed to provide data on the combined effects of thermal reactor
radiation, liquid metal environment, and biaxial stress state on the rupture life,
rupture ductility, and creep rate of commercial quality austenitic stainless steel.
It was planned to select specimens containing a range of boron impurity levels
to access the effect of helium buildup by the n, u' reaction of BlO. This experi-
ment was inherited from an earlier program and it was extremely difficult to
justify the cost of this experiment from a fast reactor concept.

The possible utilization of the Fermi reactor to expose the candidate cladding
and structural alloys to a fast flux spectrum was explored. A preliminary test
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Twelve Specimen Retort for Biaxial Stress Rupture
Testing in Sodiurm
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program was proposed to irradiate about 60 uniaxial and 74 biaxial stress rup-
ture samples in sodium. Preliminary work on optimum capsule design, costs,
and schedules was performed. The problems and increased costs associated
with special gamma heaters to raise the specimen temperature to approach
these experienced during reactor operation were also investigated.

D. EQUIPMENT PROCUREMENT AND MODIFICA TION

The eventual creep/stress rupture testing capacity of the program was ap-
proximately doubled with the receipt of test equipment from the Pratt and Whitney
CANEL Laboratory. Twenty uniaxial creep frames and 26 biaxial frames - plus
as sociated equipment - were delivered. Modification of the equipment to meet
local electrical code was initiated. As a result of recent AEC guidance, the
labor ator y for installation of the CANE L cr e ep /str es s ruptur e equipment had to
be relocated. This required a new design effort and introduced a delay in the
schedule. The performance capabilities of the equipment were examined and
appear adequate with certain limitations. The uniaxial creep frames will require
the addition of a load adjusting device if they are to be used for test conditions
where high creep activity is expected. This modification will maintain the ac-
ceptable sample loading variation of 1%. The CANEL biaxial creep/stress rup-
ture equipment seems to be adequate. The furnaces, however, do not have multiple
windings or adjustable taps to provide good isothermal zone control. A mockup
of a test retort with one of these furnaces is under way to determine their use-
fulness for our specific test purposes.

The operation of the thirty biaxial stress rupture test stations was suspended
for about 2 mo to provide equipment modifications for increased long-term
reliability of the test equipment. The modifications involved the installation of
96 high pressure valves and 30 controller relays - plus replacement of high pres-
sure lines. A special timer relay was also placed in the furnace power line to
protect the test samples from temperature overshoot in the event of power fail-
ure and subsequent unattended restart. During these modifications, new cali-
brated chromel-alumel thermocouples were installed in each furnace. A spec-
ial thermocouple wall was also placed in each furnace to permit periodic
monitoring with secondary standards to insure against serious calibration drift
of the "working" thermocouples on the long-term tests.

III. EVALUATION OF EFFORT IN FISCAL YEAR 1966

T his biaxial str es s r uptur e te sts on the s ix he at s of Type 304 stainle ss ste el
and two heats of Type 316 stainless steel are summarized as log hoop stress
vs log rupture time in Figure 1. The curves represent a linear regression
analysis for each heat. Heat F (304 stainless) and Heat H (316 stainless) exhibit
the greatest strength, while Heat E (304 stainless) exhibits the minimum rupture
strength as observed at 1350*0F. Numerous attempts have been made to cor-
relate the rupture strength of the heats with the chemical composition of the
alloys (Table 1). Initial data seemed to show some correlation with the inter-
stitial elements, C, N, P, and S.

However, as more data were generated, a definite correlation disappeared.
It was finally concluded that the differences in chemical composition among the
heats are too subtle to relate to the variations in rupture strength observed.
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Recent metallographic studies on the as -received tubing revealed a significant
difference in structure which seems to correlate with the rupture strengths of
the heats. In general, it was found that the weaker heats possessed more second-
phase precipitate particles in the microstructure. The stronger heats possessed
a slightly larger grain size. More detailed studies are planned to attempt to con-
firm these observations.

Comparison cf the 1250*F data with the 1350*F data indicates slightly more
than an order of magnitude difference in rupture strength as a result of the
100*F temperature differential. Although isothermal temperature conditions
were maintained within a i5*F of the nominal test temperature, this high influ-
ence of temperature as indicated in the stress vs rupture time plot, Figure 1,
is also evident in the rupture ductility. Significant variations in diametral de-
formation were observed over the axial length of the 11-1/2 in. tubular samples.
In some cases, a temperature variation of 5*F along the length of the test spec-
imen resulted in a 50% increase in diametral deformation. This effect was
observed particularly on short term, relatively fast strain-rate tests. Because
of this temperature dependence, creep rates and rupture strain cannot be deter-
mined directly from the average diametral strain exhibited by the specimens.
All data are being reanalyzed taking the small temperature variations into con-
sideration to obtain more realistic strain values for these tests.

Microstructural studies on thermally aged specimens have revealed differ-
ences in precipitate size and distribution from heat to heat. With the selective
etching technique to differentiate between carbides and sigma phase, it is antici-
pated that further insight can be gained on the influence of alloy composition on
the f orm ation of the se phas es .

Initial tests on prototype models of sodium retorts for bothuniaxialand biaxial
stress rupture testing have been highly successful. Reliability of retort design
and ability to sample sodium during testing was demonstrated. The unique and
complicated retort for simultaneously testing 12 tubular specimens will greatly
increase the program's testing capacity. The design is such that specimens can
be individually pressurized to provide a different stress on each specimen, if
desired.

NAA-SR- 12010
36



ATOMICS INT ERN ATION AL

A Division of North Amcericon Aviation, Inc.

TASK '4 - EFFECTS OF DYNAMIC SYSTEM ENVIRONMENTS
ON CLADDING ALLOYS

(Principal Investigator: B. R. Hayward)

I. PROJECT OBJECTIVES

The specific task objectives are to (a) design, fabricate, and operate dynamic
sodium test facilities which simulate fast reactor operating environments; (b)
te st, evaluate, and demons t rate pe rfo rmance c ap ability o f s ample s of c andidate
fast reactor clad and structural materials in these dynamic sodium facilities;
and (c) on a selected basis, test and establish cladding behavior in dynamic reac-
tor sodium utilizing Fermi and SRE to relate laboratory loop test results to data
for neutron-irradiated samples.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

An existing 2-in, sodium loop at Santa Susana, California was completely
modified and placed in operation at 1200*F as an isothermal environmental test
facility for the LMFBR clad program. The primary efforts in FY 1966 based on
this 2-in, loop consisted of (a) loop design, fabrication, and operation; (b) high
heat flux heater design, fabrication, and operation; (c) program planning; and
(d) a second loop facility review for evaluating a nonisothermal system environ-
ment on clad materials. The primary principle of this environmental testing is
to test the clad specimens under thermal gradient conditions representative of a
fast reactor fuel rod.

A . ISO THE RMA L 2 -in. L OOP MODIF ICA TION

The 2-in, loop modification consisted of dismantling other sodium loop equip-
ment and carefully cleaning and characterizing the metallurgical condition of each
new and used component. The loop materials are entirely austenitic stainless
steel with all components and piping of 304 stainless steel with the exception of
the valve bodies, which consist of 316 stainless steel. The revised loop design
mainly provided for cold trapping, an 80 -kw heater, a plugging meter, a sodium
sampler, and a test section. The isothermal loop design conditions consist of
(a) 1200 0 F sodium to start, with 1400*F capability; (b) single pump of 15-psig
AP and 20-gpm flow; (c) 60-gal Na capacity; (d) characterized 304 and 316 SS
loop materials; (e) instrumented; (f) sodium sampling capability; (g) multiple
unit test section containing high heat flux heaters; and (h) 2-in, piping size.

The 2-in, loop fabrication was completed early in the fourth quarter. Sodium
was then loaded and the system checkout was completed during May. The loop
startup included initial operation at 500*F, sodium sampling, cold trapping to
reduce the oxygen level to ~10 ppm, and. adjusting instrumentation and system
heaters. After satisfactory operation at 500* F for a few days, the system tem-
perature was increased to 800 and then to 10000*F, using the same procedures.
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The high heat flux heaters were installed and briefly tested at low power during
this startup period. By midJune the loop was operating routinely at 12000 F with
three heaters successfully operating at design conditions for the heater reliabil-
ity tests. This initial test series purpose is to demonstrate the capability of the
heaters to operate for extended periods. There are no clad samples included in
the heater reliability tests. Each heater is operating at different conditions,
(1) steady state at 1 x 106 Btu/ft2 -hr, (2) steady state at 1.5 x 106 Btu/ft2 -hr,
and (3) cyclic at 1.0 x 106 Btu/ft2 -hr. Results to date include >65 hr operation
on each heater and >500 thermal cycles on the heater that is being cycled. A
schematic diagram of the loop is shown in Figure 1.

PLUGGING METER NAIR BLAST
(NEW) > HEAT EXCHANGER

EXPANSION TANK (EXISTING)
(EXISTING) I

FLOW METER

FLW ETR METER EXISTING 2 in. PIPING

T FILL AND DRAIN LINE

- .FUTURE ECONOMIZER

SAMPLE

EXISTING 2 in. PIPING TEST SECTION

* FILL AND DRAIN COLD TRAP
TANK (NEW) FOR

(EXISTING) 80 kw HEATER 'I FUTURE
(NEW)EXPANSION
12 TEST STATIONS

7-15-66 7661-2586

7661-2586

Figure 1. Fast-Reactor, Fuel-Cladding, Test Loop

B. HIGH HEAT FLUX HEATERS

The high heat flux heaters capable of 1.0 x 106 Btu/ft2 -hr surface heat flux
are used to simulate the thermal gradient existing in fast reactor fuel rod clad.
This key factor will be used to determine the effects of clad thermal gradients
on (a) properties of clad, (b) corrosion and mass transfer, (c) migration of
interstitials and related effects on properties, and (d) clad surface reactions
with impuritie s in the sodium.

Initially, three heater designs were studied to evaluate the effects of heat
transfer, internal pressure, sample instrumentation, and fabrication. The
heater design basis is essentially borrowed from a heater successfully devel-

oped and tested for short periods on a boiling sodium safety program. The final

design consists of a 2-in, heater section of a small diameter graphite rod in
concentric sleeves of boron nitride and 304 SS. The OD of the heater is ~.0.250 in.
It is planned to weld specimens of clad over the heater using a pressurized Na

bond to simulate fuel rod pressure conditions. Three heaters have been fabri-
cated and are now being tested in the 2-in, loop heater reliability program (see
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Section A). It is anticipated that minor design changes will result from the reli-
ability te sts. The se change s will be incorporated prior to initiation of multiple
heater fabrication. The heater test section in the 2-in, loop is shown in Fig -
ure B.

C. PROGRAM PLANNING

Reliable materials design data are required for fast reactor clad and struc-
tural material engineering. Current data are limited on the performance char -
acteristics of materials operating under fast neutron (>1 Mev) exposures to 1023
to 1024 nvt, in high velocity sodium (to 20 ft/sec) at 14000*F, under cyclic sur-
face heat fluxes of 1.0 to 2.0 x 106 Btu/ft 2 -hr. It is the purpose of this task to
determine the capabilities and limitations of candidate alloys starting with aus -
tenitic stainless steels (304 and 316) and the higher nickel alloys (Inconel 625
and Incoloy 800) under these environmental conditions.

Key materials areas to be evaluated include an understanding of the individ-
ual effects as well as the synergistic effects of (1) thermal stress in the thin-
walled clad resulting from the high heat flux, (2) sodium temperatures to 14000*F,
(3) stress-rupture properties as affected by internal clad pressurization and
thermal stress cycling, and (4) sodium flow changes. In contrast to previous
isothermal specimen tests and studies, the proposed tests will be run with a typ-
ical fast reactor thermal gradient across the clad wall thickness. The thermal
gradient tests will allow a definitive evaluation of changes in microstructure,
surface corrosion, surface cracking, interstitial migration, and mass transfer
in a nonisothermal loop. In addition, the effects of metastability of the austen-
itic steels at these conditions is uncertain. Specific reference is made to the ef-
fect of sigma phase, carburization, and sensitization. Data on the migration of
helium in cladding under a high thermal gradient and the effect of helium migra-
tion on properties are required.

All loop, coolant, sample materials, and environmental test conditions will
be thoroughly characterized to increase the value of the test results. A detailed
test program for the 2-in, loop has been prepared and consists of a series of six
tests, statistically planned to test the major variables of heat flux, thermal
cycles, maaterial variations, coolant velocity and internal pressure, at 1200 and
1300 F for periods of 200 and 2000 hr. This test program will start in the first
quarter of FY 1967 and continue throughout the year.

Two additional test programs are planned for FY 1967: (a) a second loop to
evaluate the effects of corrosion and mass transfer with specimens having typical
thermal gradients, and (b) interaction with SR.E and SCTI in the form of a test
program in either or both facilities depending on the cost and value of the test
p rog ram. All of the se sho rte r r ang e objective s a re planne d to yield r eliable
clad design data in FY 1968.

D. SECOND LOOP FACILITY

It is well recognized that mass transfer may be one of the limiting effects in
clad design. The purpose of Loop 2 will be to provide the temperature difference
in the loop which simulates the A T in a fast reactor and thus add mass transfer
to the environmental effects. In addition, Loop 2 is required to expand the total
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Figure 2. Isothermal Na Loop Test Section and Sampler
(Sodium sampler, lower left; and high flux

heater, center)
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task test station capacity for Task 4. Previous consideration for Loop 2 was a
second isothermal loop. Current program needs indicate the importance of in-
cluding maass transfer effects as soon as feasible. This need includes the re-
assessment of the existing mass transfer data and the additional test results
from samples under thermal stress.

Loop 2 is planned to have the following basic characteristics: (a) operation
at sodium temperatures to 14000*F with loop AT of 500 to 6000*F (primary pur-
pose); (b) pump capability to provide sufficient pressure drop and flow for >12
and <24 individual test sample stations at high velocity; (c) high quality sodium
that can be sampled on a regular basis; (d) availability for use in early FY 1967;
(e) total cost of materials, labor, and equipment as low as feasible to meet
schedule and technical need; (f) complete instrumentation to provide known oper -
ating conditions throughout the test life for periods up to one year; (g) fabrica-
tion with well-characterized austenitic stainless steel components throughout
the loop (304 or 316 SS or both); and (h) requirement of one or <1 man-maintenance
personnel by use of automated control equipment on the loop and on the test section.

A review was made of existing liquid metal 1oop facilities at AI to compare the
modification of these loops to the design and fabrication of a new loop. The fa-
cilities reviewed included the SRE secondary, SCTI primary and secondary,
LCTL, Hallam pump test, and SNAP NaK loops. There are advantages and dis -
advantages to each facility. The primary basis for judgment is cost and sched-
ule to produce useful data. This review is currently being continued. Two of
the existing facilities appear promising: (a) the 3-in. section of the LCTL can
be isolated and modified. Some major components are required which are sched-
ule determining, e. g., an economizer and possibly a pump; (b) A 1-in. SNAP
NaK loop would require adaptation to sodium. This 1oop also needed some com-
ponent additions. The materials history of this loop requires verification; this
is a potential liability. The current review is further evaluating the specific
costs of the larger, long lead time components and the physical location prob-
lems that affect operating costs.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The main objectives for the first year have been achieved. These accomplish-
ments consist of (1) 2-in, isothermal loop modification and operation; (2) high
he at flux he ate r de sign, fabr ic ation, and op er ation; (3) de taile d te st plan p rep a-
ration; and (4) initial reviews for the thermal gradient Loop 2. The 2-in, loop
has operated at the design temperature of 12000*F for over one week. One shift
operation through the first 100 hr of test is planned to assure reliable operation
prior to 24-hr operation. This latter loop operation is expected for the final
two weeks of FY 1966. The sodium sampler on the 2-in. loop, installed by
Task I, has been successfully used three times. Oxygen results agree with the
plugging meter results. These initial sodium samples are being carefully ana-
lyzed to assure consistency and reliability in the sampling apparatus and the
sampling procedure. It is planned to take sodium samples at temperature be -
fore, during, and after each test series (see Figure 2). The loop system ap-
pears to be operating as planned. There is only one area of component concern,
and that is the pump. The isothermal conditions at 12000*F impose severe pump
operating conditions that have an uncertain life. This condition is under contin-
ual surveillance and is part of the loop shutdown system. A standby pump is on
hand. System safety is being emphasized due to the uncertain effects of heater
failure.
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The high he at flux heat e rs ar e cur rently be ing t es te d unde r the s ame c ondi -
tions as if the clad specimens were attached. Thus the peak surface heat flux
from the heater sheath is approaching 2.0 x 106 Btu/ft2 -hr. These are the only
known fuel rod simulators that have operated at >1.0 x 106 Btu/ft2 -hr for ex-
tended periods. It is expected that some heater redesign and modification may
be required. The extent of this effort can be assessed only by failure analysis.
Through cooperation with the boiling sodium safety program, the potential use
of a longer heater that more fully represents the geometry of a fast reactor fuel
rod is being appraised for future tests. Minor modifications to the present
heater design are planned to reduce multiple unit fabrication costs without sac -
rifice of quality.

The detailed test program planned for initiation in early FY 1967 has been
statistically planned to produce data with >80% confidence level. It is feasible
to improve this confidence level in the later series of tests by increasing the
number of datum points for specific variables. This status can be achieved if
results of the initial few test series are sufficiently definitive to indicate the sec-
ondary importance of one or more of the test variables. A similar test program
will be planned for Loop 2. The extent of specimen examination will by neces -
sity be budget oriented. It is planned to examine dimensional changes, surface
condition, microstructure changes, and property changes. Special material
modifications such as aged, sigma phase, sensitized, and carburized specimens
will be studied by extensive preparation prior to testing.

Emphasis is also being placed on interaction with other sodium component
development programs at AI and other sites to maintain program continuity,
avoid extensive duplication, and to obtain a maximum effort within the facilities
and program capabilities. By maintaining the progress of FY 1966, the FY 1967
and 1968 results are expected to materially contribute to the design of LMFBR
clad in FY 1968. Early incorporation of tests in SRE is recommended.
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TASK 5 - IRRADIATION AND MODES -OF -FAILURE INVESTIGATIONS
(Principal Investigators: J. J. Holmes, A. H. Willis)

I. TASK OBJECTIVES

The objectives of this task are to (a) obtain a detailed understanding of the mao-
tion, agglomeration, and trapping of helium atoms and bubbles in fast reactor
cladding and structural maaterials, including effects of initial distribution of
helium atoms and ultimate distribution of these trapped transmutation products;
(b) investigate the basic nature and the form of the mechanical property changes
induced by fast reactor transmutation damage; and (c) assist in the translation of
these data into interpretation of environmental behavior of cladding alloys and the
selection, heat treatment, and design of improved fast reactor materials.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A program aimed at defining the form and basic nature of transmutation dam-
age arising from fast reactor (n, a) and (n, p) reactions has been formulated.
This effort involves the synthesis of fast reactor (n, 0!) and (n, p) reactions by in-
jection of cyclotron-produced alpha particles and protons into 0.010-in. -thick
specimens and by allowing tritium, which is dissolved in test specimens, to de -
cay to He3 . Synthesis of (n, a) and (n, p) reactions rather than fast reactor ir-
radiation is to be used in this work because suitable fast reactor test facilities
are not presently available.

Specimens doped with helium or hydrogen are to be creep- and tensile-tested
to determine the effects of (n, a) and (n, p) reactions on mechanical properties.
The atomistic mechanisms responsible for the transmutation effects will be stud-
ied using optical and electron microscopy, x-ray diffraction, and microprobe
analysis.

Emphasis has been placed on developing methods for doping metals with
helium or hydrogen, and on establishing capabilities for mechanical testing of
specimens so doped.

Apparatus for alpha particle and proton bombardment has been designed, con-
structed, and checked out in the laboratory, and arrangements for 24 hr of
beam-time at the University of Washington 60-in, cyclotron have been made. The
cyclotron injection technique involves degrading the energy of a bearm of alpha
particles by varying the thickness of an argon layer between the specimens and
beam origin. Helium concentrations as high as 30 ppm can be obtained in about
1-1/2 hr of bombardment. Fifty specimens can be doped in a single bombard-
ment. This technique is currently aimed at room temperature injection, but
can be easily modified for elevated temperature use.
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A high-temperature, high-vacuum adaptation to an Instron tensile test ma-
chine, to allow tens ile te sting of the se spe cimens dope d with helium o r hy dr o-

gen by the cyclotron technique has been completed and is being fully evaluated.
Room temperature tests in this apparatus on copper have demonstrated that the
thin specimen tensile apparatus produces data representative of bulk behavior.
Elevated temperature qualifications of the machine are currently in progress.

In addition to the tensile apparatus, 10 high-temperature creep machines for
testing the cyclotron specimens have been fabricated and are undergoing pre-
liminary qualification tests.

In parallel with the above work, we are attempting to unify the existing hel-
ium embrittlement data from the literature, and to determine the validity of
current embrittlement theories. Analysis of both creep and tensile data indi-
cates that the magnitude of change in stress rupture life caused by B 1 0 trans -
mutation exhibits the general form shown in the figure. No one experimental
effort has covered the entire stress rupture range, from very high stresses
such as those encountered in tensile testing to the very low stresses of long-
time creep testing. Still, when the results of various investigations are pieced

together to cover a wide stress range, the general form shown in the figure de -

velops for both austenitic stainless steels and nickel base alloys. The shape of
this idealized stress rupture plot cannot be rationalized in terms of the simple
bubble growth theories advanced by Barnes, unless it is assumed that the bub-
bles grow to a limiting size. If this is indeed the situation, the mechanism
which limits the size of the bubbles may possibly be optimized to produce a
helium embrittle ment r es istant alloy. The me chanism by which bubble g rowth
is limited is as yet unclear, but will receive considerable attention in this

program.
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The electron microscope, metallography and extraction replica techniques
for examination and evaluation of the size, nature, and distribution of dispersed
pha s es have be en suc ce ss ful; and both sig ma pha s es, c omplex c ar bide s, and
M23C6 and MC type carbides have been identified. A variety of particle shapes
can be related to test conditions.

Sample s of ste el have be en suc ce s sfully thinne d, and the thinning of s ample s

irradiated at LAMPRE is being initiated.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The construction of devices for uniformly doping reactor materials with
helium is in progress. Apparatus for mechanically testing small samples in
tensile and stress rupture is nearly complete. The base line information and
techniques for physical maetallurgy studies of 304 and 316 steels have been ob-
tained. The program is proceeding as scheduled.
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Program: Sodium Reactor Experiment

Project Manager: J. E. Owens AEC Category: 04-01-04-22

Reporting Period: Fiscal Year 1966 General Order: 7602

I. PROGRAM OBJECTIVES

The primary objective of the SRE Program at this time is to assist the AEC
in assessing the safety, design adequacy, and operational reliability of the SRE.

Secondary objectives are to: (a) maintain the plant in a safe shutdown condi-
tion, prepared for fuel loading upon receipt of operating authorization, (b) oper-
ate the systems necessary for testing of systems and components, (c) maintain
accountability of Core III fuel, and (d) improve reliability of new sodium systems.

These objectives will be in effect until the reactor is restarted. At that time
the objectives will be to: (a) operate the reactor at PEP design conditions, (b)
evaluate long-term system characteristics, and (c) utilize the plant as a fuel
irradiation facility.

II. PROJECT MANAGER'S SUMMARY AND EVALUATION

Information has been supplied to the Division of Reactor Licensing to enable
them to fully evaluate the safety of the SRE. Information has also been supplied
to the Division of Reactor Development and Technology to assist in the assess -
ment of the plant to meet the program objectives of reliable operation at (1)
1200*F and (2) 30 Mwt.

The preoperational testing, beyond that required for startup that could be
done without loading fuel, has been completed. Safeguards evaluation work, op-
erator recertification, and some system refurbishing work are in progress to
improve operating reliability.

Sodium is being circulated in the primary systems at 6500*F to gain data on
component performance. The plant is ready for operation, in accordance with
the planned program. The startup date is dependent upon AEC operating
authorization.
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Program: Advanced Sodium Cooled Reactors

Project: Sodium Reactor Experiment Operation

Responsible Engineer: Project Engineer: W. C. Sturtevant

Reporting Period: Fiscal Year 1966 AEC Category: 04-01-04-22

General Order: 7602 Subaccount: 1310, 1320, 1330

I. PROJEC T OBJEC TIV ES

The objective of this project is to operate the SRE at 1200* F and 30 Mwt to
provide high temperature, thermal neutron, irradiation test space in support
of the liquid metal cooled fast reactor program.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Major modifications to the primary service system were completed. The
sodium supply line for the cold trap was moved from the hot side of the main
intermediate heat exchanger to the cold side, thus permitting more effective
use of the trap during reactor operation. An exposure facility was added to the
system so that fuel cladding samples can be exposed to primary sodium at tem-
peratures up to 13000*F and retrieved without shutting down the reactor or serv-
ice system. The quality of the wiring was upgraded by elimination of obsolete
signal and power wires, separation of signal and power wire runs, and routing
of the vault wiring through conduit. Multipoint recorders were installed which
sequentially display line temperatures on demand. All valves in the sodium
service vault were replaced with freeze-stem bellows-seal type.

Preoperational testing beyond that needed for startup of the SRE was com-
pleted. Testing included reliability runs as well as the measurement of oper-
ating parameters. All tests were satisfactory except for the following deficien-
cies: (a) gas entrainment in the main primary pump, (b) oil leakage in the main
secondary pump, (c) erratic performance of the heat transfer protective system
amplifie rs , (d ) inadequat e c ooling of th e s odium s er vic e vault atmo sphe re, and
(e) an interference fit of the fuel element shield plugs.

After discovery of gas entrainment in the main primary pump during pre-
operational testing, detailed testing established the gas source to be the pump
free surface and its associated overflow dip-leg piping. The specific cause was
a low pump sodium level coupled with high sodium velocity in the overflow piping.
The low sodium level caused surface turbulence and vortexing in the pump barrel
to carry gas into the pump overflow. The high velocity in the overflow piping
did not allow the entrained gas to separate and the high velocity sodium falling
in the dip leg entrained more gas by aspiration. A cap was installed in the dip-
leg vent pipe to eliminate the source of gas causing the aspiration effect. In-
stallation of a control valve in the dip-leg piping raised the sodium level above
the overflow nozzle, and modification of the pump barrel reduced the turbulence
of the free surface sodium pool. Gas free operation of the pump was demon-
strated over the entire range required for operation of the SRE.
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An oil seal failure occurred on the main secondary pump, allowing one to
two quarts of light weight turbine oil to leak into the system. Examination of
the seal showed lack of lubrication and overheating caused by gas leakage dis-
placing oil from the seal. The gas leakage resulted from higher gas pressures
being maintained in the pump case than in the oil system. A gas vent line was
installed on the four sodium pumps to eliminate the pressure differential. Leak-
off chambers for collection of normal seal leakage have been modified to provide
better sealing, and inspection ports installed for visual checking of oil leakage.
Oil makeup reservoir capacity on the four pumps has been reduced to less than
that of the leak-off chambers. The modifications, coupled with more stringent
operating procedures will preclude the possibility of oil being introduced into
the sodium systems.

Long-term reliability testing of the heat transfer protective system instru-
mentation resulted in repeated failure of the system amplifiers. Since the
manufacturer could not determine and correct the cause of failure, other ampli-
fiers were tested to select a replacement. Specifications are now being pre-
pared and reliable replacements are expected to be obtained during August, 1966.

Modifications are in progress to increase cooling to the primary sodium
service vault. The addition of several freeze stem valves which require cooling,
and the tab exposure facility which increases the vault heat load have exceeded
the capacity of the present system. In addition, cooling ducts running to indi-
vidual components created higher pressure drops, thus reducing system effi-
ciency. A vault atmosphere to kerosene heat exchanger and blower will be
ins talle d within the vault. Thi s will r educ e vault atmos phe re tempe ratur es and
eliminate the need for many of the individual component cooling ducts now in
use.

Some Core III fuel shield plugs are being machined to correct ovality. During
welding of the final assemblies distortion of the top 8 in. occurred on several
plugs, resulting in interference and poor seating of the elements in storage cells.
Machining of the elements will assure proper seating in the reactor and elimi-
nate the possibility of element hang-up in the reactor or storage cells. Prior
to the start of modifications, testing was done to establish tolerances which
w ould allow pr op er s eating of the element without c ompr omis ing the s ealing
capabilities of the quad rings.

Purification of primary sodium continued, with use of hot and cold traps.
Two cold traps were expended to remove oxygen added to the system during the
PEP modification, and the oxygen content is now less than 10 ppm. Hot trap-
ping was resumed after modification of the sodium service vault, and continued
for 120 days. The trap was expended and is being replaced. The carburizing
potential had remained constant at ~0O.4% for the last four years because second-
phase carbon in the system continued to go into solution replacing the removed
carbon. The last measurement indicates that the carburizing potential is 0.2%,
and that final removal is in progress as expected.

Oxygen was also removed from the secondary sodium. In addition, stainless
steel sample tabs were installed and additional heaters were added so that the
carburizing potential can be measured. The measurement will determine
whether a hot trap must be installed to protect the 42-mil tubes in the main
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intermediate heat exchanger. Protection was not required previously because
of the wall thickness and the low system temperature. The limit on surface
carbon for the tubes is 0.7%.

The only serious repair that was required resulted from failure of aluminum
tubing which carries kerosene for concrete cooling through the ring shield to the
loading face shield. Failure resulted from external caustic corrosion. The
tubing was replaced with neoprene tubing routed through stainless steel sleeves.
No aluminum tubing is now in service for cooling the top shield.

The SRE test program was reviewed and revised to be consistent with the
modified program objectives and the reduced staff. First priority is for 1200*F
operation; 30 Mwt operation is second. The staff has been reduced from 45 to
30 people. Completion of the approach to power testing will now require 70 days
rather than the 21 days originally scheduled.

Irradiation of the backup neutron source was initiated. It will be available
in mid-July.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The project objective to get the plant into operation at 12000*F and 30 Mwt
was not achieved due to delays in obtaining safety and programmatic approvals.
The additional time has been utilized in added testing to verify plant readiness
and to establish the reliability of system components. The plant is prepared for
fuel loading pending receipt of the backup neutron source. The reactor will be
ready for operation at design temperature and power conditions upon completion
of modifications to the sodium service vault cooling system and verification of
low system carbon content which will be accomplished during the first half of
FY 1967. High plant availability is indicated based on the extensive preoper -
ational testing, definition, and correction of component deficiencies and overall
improvement of plant conditions.
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Program: Sodium Component Development

Project: Operation of Sodium Component Test Installation

Responsible Engineer: J. A. Leppard Project Engineer: R. W. Dickinson

Reporting Period: Fiscal Year 1966 AEC Category: 04-01-04-31

General Order: 7593 Subaccount: 1322, 1323

I. PROJECT OBJECTIVES

The project objective is to operate the Sodium Components Test Installation
and to test, obtain data on, and evaluate the performance of prototype intermedi-
ate heat exchangers and prototype steam generators.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Steam was produced with the ALCO/BLH steam generator for the first time
just after midyear. Since that time, accumulated steaming time totals 642 hr of
which 46 hr were at rated temperature and pressure, i. e. , 2200 psig, 10500*F,
and 20%0 of power. The entire SCTI plant was operated in accordance with design
specifications up to the 20%0 power level; that is, all plant equipment has now been
operated at full temperature and pressure conditions, though not yet to full power.

Plant performance testing constituted the major experimental effort during
this fiscal year; about 60%0 completion was attained. These tests consisted of a
number of steady state runs at isothermal conditions as follows: 350* preheat
condition, 500 to 10000*F in 100* intervals, and then to the 20%0 power level con-
dition. At each of these steps, a series of tests was conducted on the sodium
heat transfer system, the steam and feedwater system, and circulating water
system. Pipe hangers and expansion of piping were examined; records were
made of the intermediate heat exchanger and steam generator temperature his-
tory; and at the 700* level three programmed scrams were conducted. The re-
sults of these tests have indicated that the several process systems of the plant
are tightly coupled, that the control system is effective in maintaining plant con-
ditions, and that relatively few changes need to be made to ensure proper plant
operation over the range of test conditions required of the ALCO/BLH steam
generator.

Continuation of steaming and execution of the plant performance tests were
interrupted a number of times either by some anomalous condition or by the fail-
ure of process equipment. Detailed reporting of these various plant outages has
been made in past progress reports, but will be summarized herein.

Late in the last fiscal year the drive motor for the secondary sodium pump
burned out. The motor failure was a short between two coils and the stator. The
motor was rewound, some structural changes made, and then satisfactorily
tested and reinstalled. Shortly thereafter the motor burned out a second time.
After considerable investigation it was determined inappropriate to attempt oper -
ation of this 4160-volt motor in an argon atmosphere; hence, a new shaft seal
assembly and pump case closure were installed on the pump and an air-cooled
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motor installed. No more difficulty has been experienced in the operation of
this pump since these changes were made.

Three bellows expansion joints in the sodium piping failed, re sulting in minor
sodium leaks. Failure of these bellows was by intergranular corrosion. This
corrosion is attributed to the fact that these assemblies were sensitized during
manufacture and subsequently subjected to a corrosive atmosphere. Six new bel-
lows were purchased - to a specification which eliminated the sensitizing step in
the process. These units have been installed as necessary to keep the system

operating. Engineering drawings have since been prepared for substituting ex-
pansion loops in the secondary sodium piping in order to remove all bellows from
that loop. It has also been planned to replace the sensitized bellows remaining in
the primary loop with nonsensitized units.

During one of the steaming cycles when pressure was being increased from
1800 to 2200 psig, a safety valve lifted premaaturely. This action resulted in an
undesirable vibration of the steam piping during blowdown, and a small perma-
nent deformation of a connecting pipe nipple. Review of stress calculations for
this system indicated the necessity of moving two safety valves to new positions
adjacent to the steam generator, the anchoring of two pressure-reducing stations
in the steam piping, and partial alteration of the mode of piping support. These
chang es we re all made .

The first time the plant reached full temperature and pressure, several leaks
occurred in flanged joints of the high-pressure steama piping. Three contributing
causes have been identified: bolt tightness was inadequate, some gasket rings
were of an inappropriate material, and at least one joint was misaligned. These
deficiencies were all corrected and the system returned to service.

The most recent steaming cycle was terminated because of a sodium leak in
the main gas -fired heater. The cause of the leak was a tube which was cracked
near a welded joint adjacent to the outlet header. About one barrel of sodium
was spilled into the furnace and a considerable quantity of refractory (about 10
cu ft) in the roof of the furnace was dislodged and/or contaminated with sodium.
Subsequent to the removal of all sodium, sodium oxide, and hydroxide from all
surfaces in the furnace and the removal of a considerable portion of roof refrac-

tory, cracks were found in four tubes immediately adjacent to the outlet header.
Five other tubes were cracked on the inner radius of the curve in the tubing be-
tween the plane of the roof and the outlet header. At the time this report was
written, the reason for the cracking of the tubes had not been determined; it was
tentatively concluded that refractory had restrained the tubes during expansion
with r esulting high str es s es in the tube s.

Preparation of a new System Design Description document has been started.
This document will follow a very comprehensive and detailed format recently
established (by AEC Washington). Step-by-step procedures for testing for the
ALCO/BLH steam generator have been prepared in anticipation of beginning that
test program.
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III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The operating history of the SGTI shows that the total plant has been avail-
able for testing programs about 15% of the year. Progress towards the immedi-
ate goal of testing the ALCO/BLH steam generator has been limited by the fre -
quent failure of major system components. Repair and/or replacement of faulty
equipment has improved the plant and is expected to result in a higher availabil-
ity. Results of the plant performance tests conducted thus far are encouraging
and indicate that the plant can be operated appropriately to satisfy the test
objectives.
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Program: Sodium Component Development

Project: Liquid Metals Information Cente r

Responsible Engineer: R. W. Dickinson

Reporting Period: Fiscal Year 1966 AEC Category: 04-01-04-31

General Order: 7593 Subaccount: 1332

I. PROJECT OBJECTIVES

The project objective is to establish a Liquid Metals Information Center which
will serve as, a focal point for data on liquid metals technology, and which will
p rovide spe cial bibliog raphie s, t echnic al info rmation, and s tat e -of -the -ar t sum -
marnes to AEC-approved users. The objective for FY 1966 is to select, procure,
evaluate, abstract, index, and store for machine retrieval all pertinent unclas -
sified data on sodium and NaK published or declassified since January 1955. A
major schedule objective is to have the Center fully operational by July 1, 1966.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

This project was initiated during the latter half of the fiscal year. A staff of
technical specialists versed in liquid metals technology was selected. Experi-
ence encompassing one or more of the following major categories relating to
liquid metals: properties, chemistry, effects on materials, fluid flow, heat
transfer, components, instrumentation, fabrication, ope ration and maintenance,
purification, handling and storage, procurement, safety, applications, and sys-
tems is embodied in the staff. The staff has selected a list of about 2500 descrip-
tive terms deemed appropriate for information retrieval. An existing NAA com-
puter program was selected as it required no modifications to perform the in-
tended function and provided great flexibility in types of information output.

An estimated 900,000 abstracts have been screened to date to select appropri-
ate reports; this includes a search through NASA and DOD types. From all of
these sources, about 7000 potentially applicable documents have been identified,
and approximately 6000 of these documents have been acquired. About 5500 doc-
uments have been evaluated, and about 3400 have been selected for permanent
files. Abstracts, extracts, and retrieval terms have been prepared for these
3400 reports and this information has been transferred to computer tape for
machine retrieval.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The Center will be fully operational on July 1, 1966. This was the major
FY 1966 objective, and has been met. The organizational and preoperational
phase of effort has been completed. This includes: staff selection, equipment
procurement, procedures establishment, descriptive-terms designation, and se -
lection of a computer program for information retrieval. The information sys-
tem is operational and initial tests of the retrieval of information from computer
tapes have been conducted successfully. Emphasis has been placed on develop-
ment of procedures and technique s which will provide maximum flexibility and
efficiency in retrieving information for the user.
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Program: Sodium Component Development

Project: Installation of B & W Ste am Gene rator

Responsible Engineer: J. A. Leppard Project Engineer: R. W. Dickinson

Reporting Period: Fis cal Year 1966 AEC Category: 04-0 1-04-3 1
General Order: 7593 Subaccount: 4127

I. PROJECT OBJECTIVES

The objective of this project is to install the B & W steam generator in the

SCTI in preparation for testing.-

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Three review meetings were held between B & W and Atomics International
to ensure both adequate planning for the test of the B & W prototype steam gen-
erator and proper coordination of effort between the two organizations. The
first two meetings were primarily in review of the design of the B & W unit,
whereas the third meeting was devoted to a discussion of the proposed te st
program.

Analysis and engineering work preparatory to the installation of the B & W
unit in the SCTI was initiated. A preliminary P & I diagram for the SCTI modi-
fications required to incorporate the B & W unit was issued. Computer work ap-
plicable to the control system was also undertaken; this work has been coordi-
nated with B & W's analog model studies of their steam generator. Analysis of
the response of the IHX to conditions imposed by the B & W test program has
been started.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

An excellent working relationship has been established between B & W and
Atomics International. Resolution of anticipated problems at an early date will
facilitate the proper installation and testing of the B & W steam generator.
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Program: Sodium Component Development

Project: Precision Mechanisms in Sodium

Project Manager: W. J. Hallett Principal Investigator: w. J. Freede

Reporting Period: Fiscal Year 1966 AEC Category: 04-01 -04-31

General Order: 7682 Subaccount: 1200

I. PROJECT OBJECTIVES

The objective of this project is to prepare and publish a handbook of material
characterization information and nonstandard design information required for
design of mechanical elements to operate reliably in sodium/sodium-vapor to
1200* F. Information is required which will permit a designer to confidently
employ combinations of those mechanical elements for such fast-reactor assem-
blies as fuel handling devices, control rod drives, and fuel hold-down mechan-
ism s, which will ope rate in the s odium/ sodium -vapo r envir onment.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

This project, the production of a manual for the design of simple mechanical
elements for sodium/sodium-vapor service, was initiated in the second half of
the fiscal year; both the program plan and program specification have been pre -
pared. The project has been divided into four major activities which will satisfy
the objective of the project. These major activities are: literature/experience
survey, scoping of the manual, basic material testing, and mechanical element
testing.

The literature /experience survey is to supply existing applicable information
as to: (a) material characterization, (b) element design and performance, (c)
suitability of test methods and test devices, and (d) size and load ranges appli-
cable to fast reactors.

In scoping the manual, the specific information and data to be included will
be determined. This activity also covers the actual preparation of the manual.
The determination of the information to be included when compared with the in-
formation available from the literature/experience survey establishes the extent
of the test program required.

Material characterization testing in flowing sodium will be performed under
the basic test activity to supplement the basic data available from the literature.
Typical information to be obtained within this category are: friction coefficients,
wear rates, and self-welding characteristics. The purpose of the element test
activity is in the production of experimental information demonstrating that the
material information and the design techniques included in the manual can be
confidently used for design of mechanical elements. Where the test results do
not so verify either the basic data or the other design information included, this
activity is charged with the re sponsibility of dete rmining how the information is
to be utilized or modified.
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The literature/experience survey report has been prepared which presents
sources of information on properties and performance of materials and mechan-
isms in liquid metal environments. Sources employed for the literature search
have involved 6 libraries and 12 abstract index systems in which 18 subject
headings have been used. A total of 174 applicable reports have been classified
and retained for use; of these, 52 were judged to be applicable to the project.
Eight laboratories and industrial firms have been visited to gather unpublished
information, particularly the most current, and to establish channels for future
communications.

A study has been performed for the mechanisms in sodium design handbook
to determine specifically what should appear in the final publication. This
trade-off study has involved weighting handbook subjects or entries on the basis
of knowledge requirements, availability of information from the literature!
experience search, test data cost, and project schedule. Of approximately 50
classifications of information identified as having some value for the handbook,
37 have been selected for inclusion.

A review has been made of various fast breeder reactor design concepts for
hardware types and parametric ranges such as loads, speeds, etc. Such infor-
rmation relates to the range of data required for the handbook and has been re-
flected in the operational test plans and design.

Trade-off studies have been completed for static contact, sliding friction and
wear, and rolling friction and wear tests. Test plans for the three tests are 80%
complete. Statistical design test plan proposals for the static contact (self-
welding) and sliding friction and wear experiments have been issued.

Detail design drawings for static contact as well as sliding friction and wear
test equipment have been completed, estimated, and fabrication is essentially
complete; some minor (~5%) fabrication effort remains to be completed. Pur -
chase requisitions have been processed for most of the specimen materials in-
tended for evaluation in the two tests. Material selection was based upon merit,
indicated from literature/experience survey.

Assembly of the first two 12000*F sodium loops designed specifically for this
project has been initiated and a substantial portion of the work has been com-
pleted. Hot traps, cold traps, and an EM pump will be employed in treating and
cir culating s odium thr ough two 18 -in. -diame te r by 36 -in. -long te st ve s sel s and
one sodium storage tank to provide sodium of controlled impurity content. Fifty
material combinations may be installed per test cycle in one vessel for static
contact (self welding) determinations, and three friction and wear (sliding or
rolling) rigs may be operated simultaneously in the other vessel.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The quantity o f publi she d lite ratur e conc erning mate rials c omp atibility,
wear and friction characteristics, mechanical element testing, and mechanical
element application in liquid metals has exceeded expectations but the applica-
bility of the information as to quality and range of data provided are disappoint-
ing. These data found in literature and elicited from other laboratories will
provide a portion of the material required for the design handbook. Most infor-
mation which has been obtained concerns the temperature range below 10000*F.
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Considerations of it and the sparse higher temperature data have indicated the
direction to be taken for supplementing and extending the data. The most perti-
nent information has been published by British sources. These particular re-
ports have presented friction coefficients and specific wear coefficients for a
number of material pairs tested in sodium at temperatures up to 5000*C (932*0 F).

Specific recommendations from these sources may be stated as follows.

a) Materials involved should be very hard
b) Materials should contain W, Mo, or Cr so that a double oxide may be

formed
c) Materials involved should form stable oxide s (more stable than sodium

oxide)
d) Materials should be as dissimilar as possible to avoid interdiffusion.

The indicated effect of the paucity of applicable information ava.ilable to
120 0 0*F and the difficulty expe rienc ed in as s embling and c ollating the infor mation
that is of value is that the technical content of the manual will be more limited
than initially anticipated.
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I. PROJEC T OBJECTIVES

The objective of this project is to develop suitable, reliable, high-temperature
strain gages for experimental stress or strain measurements, or for applica-
tion in process instrumentation components. Commercially available gages will
be tested to determine their limits, applicability, and reliability as analytic
instruments for use on component test loops and systems, and as sensing ele-
ments in pressure transducer and force-arm applications. Suitable high-
temperature strain gages will be developed, as well as application techniques
for high-temperature use. Methods of accomplishing temperature compensation
and sealing of the sensitive element will be investigated to permit use in contact
with sodium or sodium vapor.

II. TECHNICAL PROGRESS DURING FISCAL YEAR

A. STRAIN GAGE DEVELOPMENT

1. Armour D-platinum Gages

Fixtures and special techniques have been developed for fabrication of wire-
wound electric resistance strain gages from Armour D-alloy (or any other) wire.
One significant ''break-through'' in fabrication technology has been the develop-
ment of a technique for fabrication and installation of Armour D-platinum gages,
without having to flatten the wire. As a result of this development, it has been
possible to cut gage fabrication time from approximately 4 hr to less than 1 hr
with less reject grid elements and greater uniformity from gage-to-gage. This
development is particularly significant in that the Armour D-platinum gage is
the one found most suitable for use up to 1200*F under both steady-state and
transient conditions. The Armour D-platinum gage, which at present must be
custom-made, appears to be the only gage that can withstand both the steady-
state and transient time-temperature histories associated with sodium compo-
nent loop testing, with a present restriction on service life at 12000 F of ap-
proximately 500 hr. Nevertheless, before a uniformly consistent gage can be
developed and produced, it will be necessary to continue pilot fabrication and
evaluation of the Armour D-platinum gage and to incorporate whatever changes
in joint design, joining techniques, fabrication techniques, or over-all gage
configuration are required. Unless this is done, the variation from gage to
gage may be more than desired in some applications. Such variations are
peculiar (not only to the Armour D-platinum gage). Figure 1 shows the differ -
ence in drift characteristics of four BLH Type HT 1212-5A gages. In Figure 2,
one out of three of the Armour D-platinum gages exhibits a drift rate that
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differs substantially from that of the other two strain gages which had virtually
zero drift rate up to approximately 400 hr at 12000*F. The fact that it was possi-
ble to fabricate two out of three gages with essentially zero drift rate, using the
"same" materials and fabrication techniques, strongly suggests variations in
the spot-weld from gage-to-gage, or variations in the wire, itself. Once the
causes for these variations are identified, it should then be possible to elimi-
nate them, and to produce gages having both a high degree of uniformity and
reliability.

The present Armour D-platinum gage is fabricated from 1-mil-diameter wire.
Several advanced gage designs now under consideration will require Armour
D-wire approximately 2 to 10 mils in diameter for the various gage elements.
Armour D-rod is on hand, which is approximately 0.2 in. and which will have to
be drawn to the required diameters. Sources for drawing pilot lots of this wire
to the above mentioned diameters have already been contacted. Upon receipt of
the drawn wire, gages will be fabricated which will be similar to the present
Armour D-platinum gage, except that they will be fabricated from 2-mil-
diameter wire and will be of a somewhat longer gage length to compensate for
the reduction in gage resistance resulting from the use of larger diameter wire.
It is hoped that this will result in gages having improved stability with respect
to drift. In any event, there should be a smaller percentage change in gage re-
sistance with time at temperature due to oxidation at the surface of the wire.
Included in the advanced designs will be self-temperature compensating wire
gages having integral lead tabs and self-temperature compensating foil gages
which can be flame-spray bonded without damage.

2. Joining Methods

At pilot study is being conducted on the feasibility of brazing or plating rather
than spot-welding the electrical joints, which total four in a self-temperature
compensating gage (such as the Armour D-platinum gage) and two in a none
self-temperature compensating gage (such as the BLH Type HT 1212-5A gage).
The study has been only partially successful. Gold, platinum, and nickel plat-
ings were tried. The gold-plated joints were found to be the strongest from the
standpoint of mechanical strength. However, at temperatures above 900*0 F, the
gold migrated into the platinum element of the Armour D-platinum gage, causing
a change in resistivity characteristics of the gage. While this did not occur with
either the platinum or nickel plating, there was sufficient hydrogen and other
embrittlement or deterioration of the plating, due to high residual (bond)
stresses, to make the use of such platings unfeasible. Plated crimped joints
formed by slipping tubular sleeves over the twisted wire joint were also evaluated.
Although a small number of gages having these joints were tested, the results to
date have not been conclusive. Additional joints of this type will have to be
tested. The brazed joints have not as yet been evaluated.

3. Gage Encapsulation Methods

Development of suitable means of encapsulating electric resistance strain
gages for use in sodium is in progress. The scope of the effort includes modifi-
cation of commercially available gages, such as the Microdot Type 423 gage
with integral leads and the Armour D-platinum gage. Pilot tests in sodium over
a 3-week period at temperatures up to approximately 800*F have been conducted
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on Microdot type gages having a specially brazed and plated joint. The gages
were subjected to several heating and cooling cycles during this period. One
Microdot gage with the brazed joint failed during the cooling portion of the
fourth cycle, the resistance to ground suddenly dropping from 1.0 megohm at
800*F to 70 ohms. The other gage with the brazed joint did not fail, however,
and the results thus far must therefore be considered as inconclusive. The
plated gage did not fail and additional tests on plated gages will be carried out.
Included in the evaluation will be a determination of the amount of handling or
flexing that the plated joint can withstand and still be impervious to sodium
attack at temperatures up to 900*0 F. No attempt will be made to evaluate this
gage above 9000*F, since the alloy from which this gage is made is not stable
above this temperature, except for limited periods.

Various ways of encapsulating the Armour D-platinum gage are also being
studied. These include use of a stainless steel cover with integral leads, metal
films, and special coating. The end objective is an encapsulated gage for strain
measurements in sodium at temperatures up to 1200*0 F.

4. Foil Gage Development

A foil gage has been developed which can withstand bonding to the test piece
by flame-spraying without damage. Commercial gages, on the other hand, are
very susceptible to damage during the flame-spray bonding process. The six
foil gages that were successfully flame-spray bonded were fabricated from
1/2 mil-thick 479 alloy (92% Pt - 8% W) because of its immediate availability.
The alloy was not selected on the basis of its performance on austenitic stain-
less steels, which is very poor for the kind of transient strain measurements
common to sodium loop testing. See Section II B. 1. for further discussion of
this point. Having developed a foil gage configuration and having demonstrated
that it can be flame-spray bonded successfully, a survey was conducted to deter-
mine the availability of 1 /2-mil Armour D-alloy foil for fabrication and evalu-
ation of additional gages of the same configuration. It was established that one
commercial foil gage, believed by many to be made from Armour D-alloy, was
in fact fabricated from a different alloy known as Al-Chrom Special. The manu-
facturer of Al-Chrom Special is being contacted to determine the exact compo-
sition of this alloy. If it is sufficiently similar to Armour D, then an attempt
will be made to procure some of this material in 1/2-mil thickness for fabrica-
tion and evacuation of additional gages. If it is not similar to Armour D, or is
not available in 1/2-mil thickness, a decision will have to be made as to whether
a special melt of Armour D should be made and rolled into foil. Preliminary
inquiries indicate that the price should not be prohibitive.

B. GAGE EVA LUA TION

Evaluation of the BLH Type 1212-5A and Microdot Type SG-420 electric re-
sistance strain gages has been completed. This concludes the commercial strain
gage evaluation. In addition, evaluation of the standard (GE) Armour D-platinum
gage and a portion of the evaluation for the ''AI'' Armour D-platinum gage have
been completed. The following summarizes the pertinent information compiled
on the performance of each of these gages.
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1. BLH Type 1212-5A Gages

Tests of BLH Type l212-5A gages under conditions of thermal shock consisting
of 10 cycles at l0*F/sec and 10 cycles at 200 F/sec have shown that failure can
usually be expected. Although inadequate weld joints had been found in some of
the earlier HT 1212-5A gages, there was still some doubt as to whether the in-
ability of this gage to withstand repeated thermal shocks was due to joint failures
or to something more basic, such as the mismatch in coefficient of thermal ex-
pansion between the platinum-tungsten alloy from which this gage is made and
the Type 304 stainless steel test-bar to which the gage was bonded.

During the standard thermal shocking evaluation, the gage is shocked at the
various heating rates from 350 to 1200*F, which represents the extremes in
temperature normally encountered in measurem-ent of strain on sodium system
components. The platinum-tungsten alloy in question has a coefficient of thermal
expansion in the neighborhood of 4 ppm/*F, whereas Type 304 stainless steel
has a coefficient in the neighborhood of 10 ppm!/*F. Assuming full transfer of
the strain in the test-bar through the flame-spray deposited A12 03, for a A T of
850*F the thermal stress, U-, imposed on the gage would be -= -Eg ( g -a m)

where

E = average value of Young's modulus of elasticity of gage wire,
assumed = 23.5 x 106

g = coefficient of thermal expansion of gage wire, 4 ppm!/*F

Sm = coefficient of thermal expansion of 304 test bar material = 10 ppm/*F

A T = temperature difference, *F = 850*F, positive for increasing
temperature

Ins erting the above values into the equation, we obtain:

U- = (-23.5 x 106) x (-6.0 x 10-6) x (850) = + 120,000 psi, tension.

At stress levels of 120,000 psi, failure of the platinum-tungsten wire or pro-
gressive yielding is possible when it is subjected to repeated thermal shocks
from 350 to 1200*F. To further verify that the failure under thermal shock con-
ditions was due to mismatch in coefficient of thermal expansion, a BL H Type
HT-1212-5A gage was flame-spray bonded to a titanium bar having a coefficient
of thermal expansion of about 5.5 ppm/*F. This reduced the thermal stress due
to mismatch from +120,000 to 30,000 psi, a value which is within the elastic
limit of the alloy at temperature. This specimen was then thermally shocked
from 350 to 1200*F for 50 cycles, which included 30 cycles at shock rates of
35*F/sec (during our standard thermal shock procedure, the gages are subjected
to only 10 cycles at 35*F). In spite of the fact that the gage was "overtested, " by
a factor of 3 at the highest shock rate, it withstood these shocks with no discer-
nible damage. The oscillographic record showed excellent repeatability. The
gage perhaps could have been cycled many more times if we had elected to con-
tinue the test.
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I I i I
I I i I IIIIII

ORoom temperature gage factor and linearity tests.

OStabilization at constant temperature 25*F above Maximum Operating
Temperature (M. 0. T. )

OElevated temperature gage factor and linearity tests.

OApparent strain vs temperature tests, minimum of 3 ~from R. T. to
M. O.T.

OThermal Soak tests up to 3000 hours or failure - whichever occurs first.
Soak intervals <500 hours.

(~Thermal Shock tests, ~30 cycles, between temperatures T1 and T2, con-
sisting of 10 cycles at 10*F/sec, 10 cycles at 200*F/sec, and 10 cycles
at ~35*F/sec. T1 and T2 depend upon gage type.

QMechanical Strain Test in conjunction with (5) on a limited number of
gages.

DMeasurement of gage resistance and resistance to ground, one out of
every three gages.

Limited number of Apparent Strain vs Temperature Tests (4) and thermal
soak tests (5) in an inert atmosphere.

(1)Same as (9), except in sodium environment.

7-19-66 7682-2503A

Figure 3. Gage Evaluation Sequence
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Subsequent tests performed on Dentronic platinum-tungsten foil gages gave
results similar to those for the HT-1212-5A wire gage. This proves that ina-
bility of BLH Type HT-1212-5A wire gage to withstand thermal shock, when
bonded to austenitic stainless steel, is primarily due to its relatively low co-
efficient of thermal expansion; and is not due to the design of/or manner in which
the gage is fabricated.

All evaluation work on this gage has been completed. On the basis of the in-
formation obtained it is concluded that the HT-1212-5A gage, when bonded to
austenitic stainless steel, while suitable for steady-state measurements up to
1000 to 1200*F, is unsuitable for transients measurements from 350 to 1200*F,
where heating rates in excess of 5*F/sec are involved. In Table 1 is contained
information as to how each of 12 gages performed when subjected to the gage
evaluation sequence depicted in Figure 3. It should be noted that each gage was
subjected to the prescribed high temperature soak and/or shocks until failure in
the form of excessive drift, erratic behavior, or an ''open'' occurred in the gage.
From the information in Table 1, the limitations of the gage for transient appli-
cations is immediately evident.

TABLE 1

PERFORMANCE OF BLH TYPE HT -1212-5A GAGES

1st 1st Block of Thermal Shocks
Thermal 350 to 12000*F

Gage Soak(Fpese)______
No. ~300 hr ________ per___sec)_

@1200*F 10 1 20 1 30

1 OK F* in cl --

2 OK OK Findc -

3 F.t ---
1

4 OK Find1 --

5 OK OK OK Findl

6 OK OK F in c2 -

7 OK Finc3 --

8 OK Finc5 --

9 F. ---

10 NS ~ F in c5 --

11 NS F indc --

12 NS Finc9 --

NS

failed during cycle denoted.
failed at beginning of soak.
not soaked.
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2. Microdot Type SG 420 Gages

Evaluation of the 12 Microdot gages has been completed. Ten of the 12 gages
were evaluated at a maximum temperature of 900*F, which is the recommended
maximum operating temperature for the gage. Nine of these gages survived six
thermal shock sequences as indicated in Figure 3, each sequence following 500 hr
of soaking at 900*0 F. One of the gages failed during the fifth thermal shock se-
quence. As the 9 gages were functioning well at the end of the test, the question
arose as to whether the gage had possibilities as a 12000*F gage for short duration
applications.

Accordingly, 2 of the 12 gages were evaluated at temperatures up to 12000*F.

These failed after 300 hr of soaking at temperature.

3. Armour D-platinum Gages

Evaluation of the 12 standard (GE) Armour D-platinum gages has been com-
pleted, according to the sequence shown in Figure 3 (the thermal shock tests
were for 300-hr intervals instead of 500 hr as indicated). Each gage was sub-
jected repeatedly to the prescribed high temperature soaks and shocks until
failure in the form of excessive drift, erratic behavior, or an open occurred in
the gage. Performance of the gages is shown in Table 3. Evaluation of 12 of
the present version ''AI'' Armour D-platinum gages is still in progress. These
gages are made from unflattened wire and have four spot-welded joints and two
nonintegral lead tabs. The gages were put through the same sequence of soaks
and shocks as were the standard Armour D-platinum gages. Performance of
these gages is also shown in Table 2.

TABLE 2

PERFORMANCE OF ARMOUR D-PLA TINUM STRAIN GAGES
(Number of Gages Passing Test)

Number 1st 1st 2nd 3rd
Type of Thermal Block nd Block 3d Block

of Gages Soak of Thermal Thermalma Tera
Gage at 300 hr Thermal Soak Shock Soak Shocks

Start @1l2000*F Shocks

GE 12 11 8 6 2 2 0

Al 12 12 11 6 0 - -

C. TECHNIQUES FOR CANCELLING OUT APPARENT STRAIN

A study of techniques for cancelling out apparent strain, in those instances
where placement of a dummy gage adjacent to the active nontemperature com-
pensating gage is not feasible, has been completed. It has been determined that
there is no reliable way of electrically nulling the signal due to apparent strain,
without the use of a companion gage in the leg of the bridge adjacent to the active
gage. Other methods of accomplishing this, such as by a bucking voltage or by
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varying resistance or by varying bridge excitation voltage, all require that the
apparent strain vs characteristics of the gage be known in advance. In most
instances, these characteristics are not known in advance, except within certain
limits of accuracy which may or may not be acceptable due to the scatter from
gage to gage. As a consequence, a technique has been developed which retains
the accuracy resulting from the use of a dummy gage, but eliminates the need
for locating the gage adjacent to the active gage. In short, the dummy gage is
located remotely from the active gage, such as at the readout equipment, or
any other convenient location. The gage(s) is placed in a fast-response furnace,
the power input to which is dictated by a command thermocouple attached to the
structure at the same location as the active gage. By use of a fast-response
temperature controller and phaser, the removely located dummy gage can be
made to "see" the same temperature-time history as the active gage. Two
types of furnaces are now under consideration. One is a miniature radiant heat-
ing furnace, and the other utilizes a thin bar to which the dummy gage is bonded,
and through which current is passed to heat the bar. A single-channel system is
now being assembled, and pilot tests will be carried out using a standard-size
radiant heating furnace to determine the accuracy of compensation possible from
this technique. It should be noted that the system can be modularized and ex-
panded to accommodate any number of strain gage channels. Whether radiant
heating or resistance heating is finally used will be determined primarily by
economic and size considerations.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Evaluation of the commercial gages has been completed, and the information
obtained indicates that the commercial gages tested were not suitable for high-
temperature strain measurements above 900*F, when both steady-state and
transient operating conditions are encountered, and the structure to which the
gages are bonded is austenitic stainless steel. (Most sodium component testing
involves both steady-state and transient tests, and the components in question
are frequently austenitic stainless steel. ) Except for its relatively long gage
length, the Microdot Type SG 420 gage has been found satisfactory for transient
and steady-state measurements up to 3000 hr at 900*0 F. Provided the averaging
effect due to its gage length can be tolerated or corrected for, it should be a
satisfactory gage for sodium system component testing, up to 900*0 F.

The Armour D-platinum gage still appears to be the most promising gage for
1200*F applications. A comparison of the present version of the "AI" Armour
D-platinum gage and the standard (GE) Armour D-platinum gage performances
shows no sacrifice in gage performance in eliminating the flattened wire used in
the standard Armour D-platinum gage. By eliminating the need for flattening the
wire, gage fabrication time is only one quarter of that previously required. In
spite of the fact that the Armour D-platinum gage is superior to any commercial
gage for strain measurements up to 1200*F, there is still more variation in gage
life from gage to gage beyond 300 to 500 hr of service than is desired. It is
necessary to further improve the Al Armour D-platinum gage design to the point
where this variation is minimized.

Plating of strain gage joints was not as successful as was hoped. As a con-
sequence, more emphasis will be placed on evaluation of brazed joints or joints
having crimped sleeves. In any event, little if any further development to join
the gage alements together solely by plating twisted wire joints is anticipated.
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Encapsulation effort to date has not progressed sufficiently to establish the
feasibility of modifying existing commercial gages, such as the Microdot gage,
for strain measurements in sodium. Results to date on both brazed or plated
Microdot gages are inconclusive. Likewise, effort to date on the development
of techniques for cancelling out apparent strain has not progressed sufficiently
to permit evaluation.
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I. PROJECT OBJECTIVES

The objective of this project has been to obtain information regarding applica-
tion of certain selected materials, surface treatments, and mechanisms in high-
temperature sodium liquid and vapor. Data will be useful for the design of com-
ponents such as control elements, handling equipment, shield plug, and variable
orifices needed for sodium cooled reactors.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. JOURNAL BEARING AND SPUR GEAR TEST

A series of six tests using equipment designed to test meshed spur gears and
journal bearings fabricated from various candidate materials in 1200 F sodium
with 20 to 25 ppm 02 has been completed. Figure 1, a sketch of the test assembly
used for these tests, provides the pertinent dimensions of the gears, shafts, and
bushings. All the tests had been conducted at a shaft speed of 8.9 rpm. Due to
the geometry of the test assembly, bearing loads could not be determined. The
results of the six tests are tabulated in Table 1.

TABLE 1

MECHANISMS IN SODIUM, GEAR AND BEARING MATERIALS TESTED

Bearing Material

Test Gears- ___ (P r 75 -lbPitch Shaft Sleeve I Bushing _ ____ Reason for
No. Material Shaft Hardness Line Load Material Shaft IHardnessl Material |Shaft Hardness Stopping Test

1 Hastelloy C 63 Hastelloy C A RC44 Hatlo C2 Gling of bearings

B RC44B RC45

2 Hastelloy C A RB31.5 2060 Stellite 6B A RC37 Stellite 6B A RC38 Galling of Bearings

B RB31.8 B C3 B RC38

3 Type 316 SS A RB84.6 2015 Hastelloy C A RC46. Hatlo C4. G ling of Bearings

B RB78.1 B C4. B RC45.5
4 Type 316 SS A RB82.5 21 Hastelloy c A R 11.2 Stellite 6B A RC41.5 Excessv erwa

B RB8
2. B Rdl3 . 4  B RC41'

5 Type 316 SS A RB
8 4  668 Hastelloy C A RCl2. Stellite 6B A RC4 1.5 Project terminated

B RB84 B Rl3.6 B RC41.2

6 Hastelloy c A Rc4 2 .2 467 Hastelloy c A Rcl2 .3 Molybdenum A Rdl3 . 2  Project terminated

B RC4O.9 B Rdl3 .5  B Rl3.8

*coated with Microseal.
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Figure 1. Gear and Bearing Test Assembly
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Test 1: The bushing and shaft sleeve had been tested in 1200* F liquid sodium
for 381 hr on a previous test during FY 1963. During prior runs, the gears had
accumulated 2688 hr of testing with a 75 in.-lb resisting torque in 12000*F liquid
sodium. In this 63 -hr run, the wear on the input (B) and output (A) shaft sleeve
averaged 0.004 and 0.006 in. on the diameter, respectively.

Test 2: The Hastelloy C gears from Test 1 were used in this test, and accu-
mulated 4811 hr of operating time by the conclusion of this 2060-hr test; the
gears showed approximately 0.010-in, wear on the face of the teeth. Testing of
these gears was continued in Test 6. Examination of the Stellite 6B sleeve on
the input shaft revealed galling and scoring to a 0.010-in, depth, covering ap-
proximately 60% of the inner sleeve surface. There was evidence of material
transfer from the rotating sleeve to the stationary bushing. On the output shaft
sleeve there was approximately 0.0015 -in, wear on the diameter, with only minor
transfer of material between the rubbing surfaces.

Test 3: Before the testing the output set (shaft sleeve, bushing~ and spur
gears) and the gear of the input shaft were coated with Microseal,' a proprie -

tary high-temperature antifriction material. Weight loss (1.08 gin) of the
Microseal-coated shaft sleeve was approximately three times the weight loss of
the shaft sleeve without Microseal treatment. Minimal wear was observed on the
gear teeth coated with Micros eal. A comparison of the weights of the stationary
bushing s gave a similar re sult.

Test 4: After 21 hr of operation, the test assembly froze. Examination of

the gears revealed excessive wear on the gear teeth, and slight scoring of the
bearing surfaces.

Test 5: The Hastelloy C shaft sleeve from Test 4 had been assembled for
this experiment. The Type 316 stainless steel gears were coated with Microseal.
Results of this test have not been evaluated.

Test 6: The Hastelloy C gears had accumulated 4811 hr of running from pre -
vious tests. Information from this experiment has not been evaluated.

B. SLIDING FRICTION AND WEAR TESTS

A series of tests was performed, employing a material wear and friction test
apparatus illustrated in Figure 2, to provide basic information for selected ma-
terials concerning sliding friction and wear characteristics under load. From
the data generated, friction factors were calculated for application in slides,
guides, and bushings intended for use in a liquid sodium environment at 12000*F.

The pins were rubbed against a rotating plate at a contact pressure of 0.862
kg/cm2 in a 1200*F liquid sodium environment with 20 to 25 ppm 02. A list of
the results, including specific wear measured, are tabulated in Table 2.
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Figure 2. Material-Wear, and Friction-Test Assembly
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TABLE 2

MECHANISMS IN SODIUM MATERIAL WEAR AND FRICTION TESTS

Ave rage
Materials Tested 3-Pin Assembly Average .. Coefficient

Test Running Torque Wear Per Prsue Specific o ldn
No. r.-.__0_,___00 -t kg /cm

2  
cm
3  

F riction

Pin Plate Hardness Pin Hardnes Start Finish Rubbing cm-kg at 1200"F

____ ____________ I_________________ _____ _____________________ ______ tartStarFinFnis

1 Stellite 6B RC 38-40 304 RB69.5 11.5 12.5 0.0268 0.862 2.77 x 10~ 0.51 0.56
1 2 Stinless 70.5 0.862 2.48 x 1~

3 69.5 0.862 2.53 x 1~
SStellite 6B RC 84 Hastelloy C RB86.5 17.5 14.0 0.00 10 0.862 13.6 x 10 0.78 0.63

2 2 87.0 0.862 8.3 x 1
3 87.0 0.862 9.6 x 10.1

1 Stellite 6B RC 38-40 17-4 PH RC 38.5 11.5 31.0 0.0017 0.862 2.12 x 10-1 0.51 1.38
3 2 Stinless 38.5 0.862 1.58 x 10-10

3 (H-900) 38.5 0.862 1.37 x i101

1 Stellite 6B R C38 -40 17 -7 P H R C30.5 30.0 61.0 0.0297 0.862 3.96 x 10~ 1.34 2.72
4 Stainless 28.3 0.862 2.9 x 1~

3 (TH 1050) 30.0 0.862 1.78 x 1~

1 Stellite 6B RC 38-40 Stellite 6B RC 36.5 14.5 17.5 0.002 1 0.862 2.11 x i0-10 0.65 0.78
5 2 36.5 0.862 1.87 x -0

3 36.9 0.862 2.03 x 01

SHastelloy C RC25 Hastelloy C RC 11.8 11.5 22.5 * 0.862 See Note 0.51 1.01
6 2 11.8 0.862

3 12.2 0.862

1 AISI-MI RC28.8- Stellite 6B RC43.0 9.5 80. t 0.862 See Note 0.43 3.58

7 2 Tool Steel 33.7 43.4 0.862
3 43.4 0.862

I Hastelloy C R 25 Stellite 6B RC45.5 6.5 10.0 0.0002 0.862 1.4 x 10~ 10.29 0.47
8 2 45.4 0.862 1.5 x 1

3 45.1 0.862 3.2 x 1

*Test 6: On the first five tests, there had been a definite wearing of the pins and plate materials. On Test 6, a transfer
of plate material to the contact surface of the pin was observed - an average buildup of 0.00 12 in.

t Test 7: Terminated after 2.4 hr operation (1880 ft of sliding contact), due to excessive running torque. Examination had
revealed wear and galling of the plate material, and material buildup on contact surfaces. The room temperature wear
plate hardness had dropped from Rockwell C 60-63 pretest to Rockwell C 29-33 post-test.

C. SODIUM DEPOSITION TESTS

A test has been performed utilizing a rotatable 4-ft-long plug located above
the surface of an agitated 1200 F liquid sodium pool with a static helium cover
gas atmosphere. Purpose of the test had been to determine the effects of con-
densation and freezing of sodium vapor within a 1/4-in, shield plug radial annu-
lus. By cooling the upper end of the plug, a temperature gradient through the
length of the plug (1175 to 175*F at the top) was obtained. Torque required to
rotate the plug at ambient temperature increased from an initial torque of 2 in. -lb
to a maximum of 40 in. -lb during the first 30 degrees of revolution after 2 19 days
exposure. Such data indicate that the amount of sodium deposited should not pre -
sent a major operation or maintenance problem under similar conditions or
circumstances.
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An experiment has been conducted to determine the effect of sodium vapor
deposition from a static pool of 12000*F sodium on various sizes of annular gaps.
The effort was concerned with securing information relative to operability of ori-
fices, actuator rods, and sleeve configurations under similar conditions. Annu-

lar gaps from 0.01 to 0.20 in. were formed by eight Type 304 stainless steel,
0.640-in. -ID sleeves around circular Type 304 stainless steel rods. A temper-
ature gradient was maintained from 6500*F at the lower end of the sleeves to
approximately 90*F at the upper ends. The test was terminated after 269 days
exposure. The force required to move the rods linearly was measured at 30-
to 50-day intervals. As expected, the specimens with smaller clearances first
showed evidence of increased load to start movement. After the initial higher
load, subsequent movement required about the same force as was needed before
exposure to the sodium vapor, thus demonstrating a ''breakaway'' effect. Sur-
face finish of the specimens did not seem to have any influence on the change in
resistance to movement.

D. SEAL RING -SCRAPER TESTS

An experiment was conducted to determine the suitability of a proprietary
seal"' for shafts with intermittent linear motion in a sodium vapor environment.
Four separate metal seal rings (Type 17-4 corrosion resistant steel) were in-
stalled in 1.049-in. -ID sleeves which held hard-chrome plated, 17-4-PH,
corrosion-resistant steel shafts. Each seal acted as a vapor barrier and scraper
for removal of sodium deposits from the shaft concerned. Two shafts positioned
in seals at 970 to 995*F could not be moved with a 600-lb pull after a 13-day ex-
posure to sodium vapor. One shaft with a seal at 600 to 625*F required a 20-lb
pull for movement after a 40-day exposure, a 500-lb pull for movement after a
71-day exposure, and could not be moved with a 600-lb load after a 131-day ex-
posure. The fourth shaft, maintained at 600 to 6250 F and coated with Micro-
seal, required a 340-lb pull to move after a 17-day exposure. It could not be
moved with a 600 -lb load after a 48-day exposure. Examination at the conclu-
sion of the test revealed excessive sodium and/or sodium oxide deposition above
the seal ring in all areas where the temperature had been above approximately
2750*F.

E. BELLOWS SEAL TESTS

An experiment to evaluate bellows for use as a seal for excluding sodium,
sodium vapor, and cover gas has been concluded. Four 1-5/8-in. -OD Type 347
CRS welded-disc bellows assemblies with a compressed length of 1.34 in. and a
free length of 5.6 in. had been installed in a test vessel. Reactor conditions
had been approximated by using reflective insulation and cooling coils in the
upper end of the vessel. Provisions had been made for controlled cover gas
outleakage. Two bellows assemblies were immersed in liquid sodium (20 to 25
ppm 02 content) and two we re in the cove r gas region. One pair of bellows (one
at 12000*F in liquid sodium and one at 4500 F in sodium vapor) were cycled 21,200
time s continuously at 8 in. /min without failure. The othe r pair of bellows was
moved at a 7-hr half-cycle operation for 404 cycles without failure. All bellows
had been cycled at a stroke-to-compression ratio of 3:1 with a 4-in, stroke.
None of the bellows failed during the cycling te sts.

*Wiggins Bar -X Seal, E. B. Winnins Oil Tool Co. , Los Angele s, California

NAA -SR-12010

80



A TOMICS IN TE RN ATION AL

A Division of North American Aviation, Inc.

The se experiments indicated that Bell-MetricJ Type 347 CRS bellows may be
employed as seals associated with motion translation devices such as control
rod drives under similar design and sodium environment conditions.

F. STROKE MULTIPLIER TEST

A stroke-multiplying mechanism, which could have application-as a control
rod drive, has been tested in ambient air. The mechanism had operated contin-
uously for 31,858 cycle s at an efficiency of approximately 75% with no sign of
failure. This mechanism had contained rack-and-spur gears and had cycled a
100-lb load at a rate of 1 ft/mmn over a distance of 76 in. with an 18-in, input
stroke. This experiment has provided information for the design of a second
stroke -multiplying mechanism intended to operate in sodium liquid and vapor at
1200* F. The mechanism has been manufactured and assembled, but not tested.
Pertinent components have been machined from Hastelloy C material.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Tests have demonstrated that Hastelloy C vs Hastelloy C is a promising ma-
terial combination for use in spur gears required to operate in 1200* F liquid
sodium with low oxygen content (20 ppm).

No advantage has been indicated for using Microseal (a proprietary high-
temperature antifriction surface treatment) on hard chrome surfaces subject to
translatory motion in 600 to 625*F sodium vapor environment. The results of
one test on 316 SS gears (Microseal -coated) operating in a 12000*F sodium en-
vironment indicates that a Micro seal coating reduced the galling tendency and
wear on 316 stainless steel gears operating in a sodium environment. It appears
that a contrary result is had with coated Hastelloy C bearing surfaces.

When a pool of liquid sodium at 1200*F has been employed as the source,
deposition of sodium condensate in mechanism gaps resulted in increased resist-
ance to movement in small clearances in less exposure time than in specimens
with large clearances. Results have demonstrated a ''breakaway'' effect, in that
a larger force is required to start motion of the specimen, with a decrease in
load need for subsequent movement. The surface finish of 304 stainless steel
spe cimens did not influence the change in re sistance to movement caused by the
deposition of sodium in the annular gaps.

Commercially available Wiggins Bar-X metal ring seals produced disappoint-
ing results when used with shafts under continuous or intermittent linear motion
in the pre sence of sodium liquid or vapor at 1200*F.

Test results have indicated that Bell-Metric Type 347 CRS bellows have
shown considerable promise as reliable seal devices for liquid 12000*F sodium
(20 to 25 ppm 02), and 4500*F sodium vapor.

Hastelloy C and Stellite 6B have produced the best results as material combi-
nations when subjected to sliding friction and wear tests in 1200*F liquid sodium
(20 to 25 ppm O2)-

for the Precision Mechanisms in Sodium Project, 7682-1200.

*Bell -Metric, Chat sworth, California
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Program: Piqua Technical Assistance Program

Project: PNPF Fuel Element Examination

Project Engineer: 5. 0. Arneson

Reporting Period: Fiscal Year 1966 AEC Category: 04-02 -02 -01

General Order: 7615 Subaccount: 1970

I. PROJECT OBJECTIVES

The objectives of this project are to examine and evaluate the performance of
irradiated Piqua fuel elements. Cylinders in 10 fuel elements have been given
extensive pre -irradiation measurements and inspection. Systematic data will be
obtained from the postirradiation examination of these cylinders with regard to
film formation on the heat transfer surfaces, fuel swelling due to irradiation,
and inte rdiffusion of the aluminum, nickel, and uranium alloy. The se data will
be analyzed and evaluated as a primary basis for establishing the performance
capabilitie s of the PNPF Core I fuel elements.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A topical report summarizing the postirradiation examinations of Piqua fuel
elements P -1071 and P -4091 was published. The Piqua reactor was shut down in
January 1966 for examination of core components, and remained inoperative dur -
ing the rest of the fiscal year. With the exception of some preliminary hot lab-
oratory preparation for future examinations, all effort during the last half of the
fiscal year has been under the Piqua Recovery Program on General Order 7686,
which is reported separately.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

No major activities were undertaken during the fiscal year.
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Program: Piqua Nuclear Power Facility Development

Project: Core-II, SAP -Clad, U C Fuel Element Development

Project Engineer: S. 0. Arneson

Reporting Period: Fiscal Year 1966 AEC Category: 04-02 -02 -01

General Order: 7629 Subaccount: 1920

I. PROJECT OBJECTIVES

The objectives of this project are the development of processes for fabricating
SAP -clad UC fuel elements for PNPF Core II; fabrication of a mockup fuel ele -
ment for hydraulic testing; and fabrication of a Core II prototype element for
irradiation in Piqua Core I.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Hydraulic flow te st s we re pe rfo rme d on the U0O2 -SAP fuel element mockup,
fabricated during FY 1965, to confirm friction factors used in calculating the hy-
draulic characteristics of the UC core design. A mockup of the U0 2 element
fuel bundle, in a slightly reduced dimensional scale, was fabricated using the
fuel rods from the U02 -SAP hydraulic mockup. The reuse of the rods was pos -
sible since the U02 -SAP mockup rods had diameter s in the same proportion as
those in the UC-SAP element. The only change that was necessary was to reduce
the diame t er of the inne r and oute r pr oc es s tube s. Re sult s f rom the hy dr aulic
characteristics of this configuration confirmed the friction factors in the Core II
annular fuel element geometry as being consistent with results from multirod
bundles, i. e. , approximately 20% lower than Moody smooth tube data.

Fabrication was initiated of the Core II SAP UC prototype fuel assembly.
Work was suspended on the prototype element at AEC request in view of the un-
certainty as to the potential design changes that might be necessary as a result
of the extended Piqua shutdown, and the desire to take advantage of improved
technology being developed under the HWOCR program. At the time of work
suspension, all of the fuel had been cast, maachined, and acceptance tested; the
fuel cladding had been received, tested, and cut to length; and fabrication of the
fuel element hardware had started. All hardware in fabrication, the cladding
and the accepted fuel was stored for future use. Specifications were issued for
SAP billets, SAP cladding, UC fuel slugs for the prototype element, and a proc-
ess specification for the fabrication of UC slugs for the element. In addition,
preliminary process specifications were prepared for fabrication of fuel rods,
using the diffusion bonding te chnique, and for the as sembly of the fuel element.
Both later specifications will be issued upon completion of fabrication of the
prototype fuel element.

Eddy current inspection of the SAP finned tubing has shown that inclusions
or voids in the cladding wall can be detected if the defect is larger in major
diameter than 10% of the wall thickness. In addition, it appears that inclusions
of materials denser than aluminum can be detected when the major diameter is
less than 10% of the wall thickness. Use of a saturation coil has shown that
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magnetic particles may be identifiable. Completion of work on the denser par-
ticles and the magnetic particles will occur during the early part of the next
fiscal year.

A test was run to determine the effectiveness of the tubular spacer used as
an insert in the gas space at the top of the fuel rod to reduce potential damaage
to fuel slugs in the event that a loaded fuel rod might be inadvertently turned end
for end. It was found to be ineffective in reducing damage of fuel slugs on which
both ends were dished, in that significant chipping of the fuel slugs occurred at
the dished ends. The tests are to be re-run, using fuel slugs with flat ends to
determine if the chipping is a result of excessive impact forces on the land that
remains on slug ends after dishing.

Ill. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The decision to suspend completion of fabrication of the PNPF Core II proto-
type fuel element has resulted in an inability to reach the full objectives of this
project for FY 1966. Those portions of the fabrication development and actual
prototype fabrication proceeded well up to the point of suspension, e. g. , all
fuel slugs were produced to specification, acceptable quality fuel cladding was
produced, and hardware fabrication was well advanced. Work on nondestructive
te sting of the complex, finned geometry cladding, particularly by the eddy cur -
rent method, has indicated the need for further work so as to permit more direct,
quantitative relationships between apparent and real tubing quality. Such quanti-
tative relationships would be expected to significantly reduce the quantity of
cladding rejected arbitrarily for apparent defects.

Further work is also indicated in establishing adequate means for protection
of fuel slugs from mechanical damage due to fuel rod handling operations.
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Program: PNPF Development

Project: PNPF Core-II Design

Project Engineer: W. S. DeBear

Reporting Period: FY 1966 AEC Category: 04-02-02-01

General Order: 7629 Subaccount: 1940

I. PROJEC T OBJECTIVES

The objectives of this project are to: (1) design an instrumented prototype of
the SAP-clad UC fuel element for Core II at PNPF; (2) prepare a safety analysis
report for the placement of the prototype element in Core I; (3) design the stand-
ard SAP-clad UC fuel element for Core II and an instrumented element of stand-
ard design; and (4) prepare a safeguards summary report for the operation of
PNPF with the Core II fuel loading.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. INT RODUC TION

In January 1966, operating difficulties developed in the PNPF core due to
formation of coke deposits in the moderator regions. This occurrence in Core I
indicated that partial redesign of the Core II element might be necessary. Con-
sequently, major efforts on the Core II - Design project were postponed pending
the results of investigations into the Core I problem. The information which is
presented below reflects only the original design effort and may be subject to
change as revisions are incorporated to preclude coking during future operation.

B. TECHNICAL PROGRESS

A fuel element optimization study was carried out resulting in the selection
of a reference fuel element having 42 SAP-clad UC fuel rods arranged in two
tightly packed concentric annular rings (Figure 1). This element gives a stretch
capability of 60 Mwt for a 61-element core. It has the smallest number of fuel
rods, arranged in this type of configuration, and sized within existing dimen-
sional limitations that will allow us e of a s ingle fuel element c ros s s ection for
both standard and control rod core positions. In comparison with the 48-rod
element presented in the UC feasibility study, the 42-rod reference fuel element
offers a significant reduction in fuel fabrication costs; and, because of fewer feet
of fuel rod cladding and fewer end plug bonds, gives greater reliability. The
design of a prototype element for insertion in Core I also was selected. This
element is to be similar to the reference design shown in Figure 1 except that
it will contain cladding surface thermocouples, which are not shown, and an
upper extension piece to bring out the thermocouple leads. Design and perform-
ance parameters for both the prototype and the reference element are provided
in the discussion which follows.
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TABLE 1

CALCULATED THERMAL AND HYDRAULIC PERFORMANCE OF
PROTOTYPE ELEMENT IN CORE I BASED ON REVISED

HYDRAULIC FRIC TION FAC TORS

Equivalent Core II Power Level (Mw)

Parameter 45.5 (Normal Ope ration) I 60 (Stretch Capability)

Element ILarge Rod ISmall Rod IElement ILarge Rod ISmall Rod

Total element power (Mw) 1.12 - - 1.475 - -

Design life (Mwd/MTU avg) 15,000 - - 15,000 - -

Fuel loading (kg U) 67.802 - - 67,802 - -

Fuel enrichment (%) 3.8 - - 3.8 - -

Average specific power (kw/kg U) 15.53 - - 20.56 - -

Fuel area, cold (sq in.) 5.7876 0.1772 0.0984 5.7876 0.1772 0.0984
Fuel diamete r, cold (in. ) - 0.475 0.354 - 0.475 0.354
Cladding ID (in. ) - 0.487 0.363 - 0.487 0.363
Cladding OD (in. ) - 0.537 0.4 13 - 0.537 0.4 13

Cas bond thickness (in. ) - 0.006 0.005 - 0.006 0.005
Fin OD, cold - 0.671 0.5 17 - 0.67 1 0.5 17

Fin height (in. ) - 0.067 0.052 - 0.067 0.052
Heat transfer surface area per

unit length of rod (ft 2 /ft) - 0.2969 0.2294 0.2969 0.2294
Clad area, cold (sq in. ) 2.5339 0.0684 0.0523 2.5339 0.0684 0.0523
Flow area, cold (sq in. ) 5.578 - - 5.578 - -

Pres sure drop (psi) 27.5 - - 27.5 - -

Flow rate (ib/sec) 36.85 - - 36.85 - -

Flow rate (gpm) 293.5 - - 293.5 - -

Average organic velocity (fps) 16.88 - - 16.88 - -

Organic inlet temperature (*F) 519 - - 519 - -

Organic outlet temperature (*F) 568 - - 584 - -

Maximum clad surface tempera-
ture, hot channel (*F)'' - 709 668 - 770 716

Maximum structural design
temperature (*F) -850 850 - 850 850

Fuel centerlIme tempe rature (~ F)

(a) Nominal - 1510 1163 - 1827 1369

(b) Hot channel maximum" - 1736 1338 - 2128 1600

Heat generated in fuel (kw/ft)

(a) Average 220.11 6.74 3.74 290.86 8.91 4.94

(b) Maximum 330.16 10.11 5.61 436.28 13.36 7.41

He at flux (Btu/h r-ft2

(a) Nominal, in highest powered
foot - 116,527 83.008 - 154,038 109,730

(b) Hot channel maximum - 188,774 134,473 - 249,542 177,763

Critical heat flux (Btu/hr -ft2) - 979,739 979,739 - 939,507 939,507

Peak/average core axial power 1.5 - - 1.5 - -

Peak/average element power 1.28 - - 1.28 - -

Release of fission gases (%) - 0.12 <0.1 - 0.12 <0.1

~Hot channel factors are listed in Table 2.
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1. Prototype Element

A fuel enrichment of 3.8 wt % U2 3 5 was selected for the prototype fuel ele-
ment. The relative power of the prototype element in the Piqua core was calcu-
lated as a function of enrichment. The calculations were based on determining
the fraction of core power produced by a fuel element located in the center of the
core. FOG one-dimensional multigroup diffusion theory calculations were Der-
formed with a Piqua Core I element in the center of the core and also with the
prototype element in the center. The fuel enrichment was selected so that the
prototype element could operate to a power level of 1.6 Mwt. The estimated
peak fuel element power for Piqua Core II is 1.48 Mwt at the stretch condition of
60 Mwt. Thermal and hydraulic performance were calculated. One major re-
vision, for both the prototype and Core II reference element, was necessitated
after the discovery that faulty data had been obtained during hydraulic tests of
several mockup configurations. Final results for the prototype element are pre-
sented in Table 1. Hot channel factors, applicable to the geometry and tolerances
of the prototype element and the operating conditions of Core I, have been calcu-
lated. These are enumerated in Table 2. Because the flow passages between
the fuel rods have differing ratios of nominal to hot channel dimensions, the
analysis considers both external channels (No. 1 and 4) next to a process tube -
and internal channels (No. 2 and 3) which ar e peripherally bounded by fuel rods.
For the same reason, the individual uncertainty hot channel factors which con-
tribute to fuel centerline temperature calculations are computed separately for
large and small fuel rods. Maximum fuel centerline temperatures indicated in
Table 1 differ slightly from values reported last quarter as a consequence of a
refined treatment of gas-gap thermal conductivity. Previous temperatures were
calculated using an estimated gas-gap average temperature. The present infor-
mation is based on use of a closed solution for actual gas temperature and,
therefore, the results are more accurate.

Locations of thermocouples to be installed in the cladding fins of the instru-
mented prototype element were determined and specified. Six thermocouples
will be installed at a c ommon axial loc ation, 22.25 in. fr om the lower ends of the
fuel rods, one on each of the six representative cladding-to-coolant interfaces.
The axial location selected is theoretically the hottest, and this instrumentation
should provide evidence that safe operating temperatures are not being exceeded.

The mechanical design of the element was completed. Spacers were added at
the top of the fuel column in each of the fuel rods to prevent damage to the fuel
slugs in the event the fuel rod is inverted. The spacers are sized to provide
1/4-in, clearance above the requirements of differential thermal expansion,
fuel growth and fabrication tolerances. Thermocouple locations from the thermal
analysis were incorporated in the drawings. The fabrication drawings for the
instrumented prototype fuel element were released.

The safety analysis report for insertion of the prototype element in Core I
was completed. This report, NAA-SR-11827, ''Piqua Nuclear Power Facility
Core II Prototype (UC) Safety Analysis Report'', demonstrated that Core I tran-
sients remained essentially unchanged by the prototype element insertion. Com-
patibility was demonstrated in core and during fuel handling and storage. The
MCA considered was oxidation of the UC element within the fuel handling machine.
With the sonservative assumption that all UC in the fuel element reacts and 100%
of the gaseous fission products is released from the fuel handling machine, the
controlled area boundary doses are small. The controlling dose (the 2-hr
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TABLE 2

PNPF HOT CHANNEL FAC TORS PROTOTYPE ELEMENT IN CORE I

Parameter Dimen- Heats Fuel -luxr Mesr Flow Imperf Conduc- HF
Identification sional CTrn Ercity Uaner and Mal- Mix tivity Statis-

Cor riit tiny Control distr Unet tical

Chan

1 and
(Ext)

FAT

F6 F

Chan F

2 and 3 FC

(Int) FGF

Large F

Rod Fe
F

(pG
F

(pG
FpF

Small FAT

Rod F6

F
(pC

F
pG

FpF

1.35
1.22
1.22

1.35

1.20

1.20

1 .2

1.24

1.27

1.00

1.1

1.15

1.15

1.15

1.55

1.55

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.05

1.04

1.04

1.05

1.04

1.04

1.05

1.36

1.05

1.19

1.15

1.37
1.62
1.28

1.51

1.61

1.27

1.44

1.26

1.29

1.17

1.44

1.26
1.34
1.17

::Average FAT for all channels

tWeighted average F6F for all channels
Subscripts: c =cladding

F = fuel
G = gas gap

Nomenclature

FA = Uncertainty factor associated with coolant
-temperature rise

F 6 C = Uncertainty factor associated with coolant
film temperature drop to give maximum
cladding temperature (based on maximum
fuel rod eccentricity).

FoF = Uncertainty factor associated with coolant film
temperature drop to give maximum fuel
centerline temperature (based on centered
fuel rod).

F6CGF = Uncertainty factor associated with tempera-
ture drop across cladding, gas gap and fuel,
r espec tivyel1y

wholebody direct dose) is 0.088 rem at the controlled area boundary. This dose

is more than two orders of magnitude below the 25-rem reference siting dose
specified in 10 CFR 100, and it would not be an undue hazard to the public.

2. Core II Element

The nuclear analysis of the UC fuel element loading of the PNPF reactor was
initiated in July 1965. One of the first objectives of the study was to establish
the enrichment requirements of a prototype fuel element to be operated in the
U-Mo fueled core.
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The relative power of the UC 48-pin reference design fuel element (prototype
fuel element power/U-Mo fuel element power) was calculated as a function of
the enrichment of the prototype fuel element. A prototype enrichment of 3.8%
U 2 3 5 for operation at 1.6 Mwt in the 1.5 times average power location of a
61-element core loading of U-Mo fuel elements was established as the enrich-
ment requirement of the prototype element. Later, on the basis of heat transfer
and hydraulic considerations, a 42-pin fuel element design was established as
the reference design for the UC fuel elements. The power producing capability
of the 42-pin element relative to the 48-pin element has been estimated to be
0.96. Thus, the calculated power of the 42-pin prototype fuel element in the 1.5
times average power location of a 61 -element core loading of U-Mo fuel element
at 45.5 Mwt is 1.54 Mwt.

Early in the design study of the UC core loading, it became apparent that the
burnup level of the initial core loading would be severely limited by the lack of
control capability. Auxiliary control devices were suggested as a means of
enhancing the burnup capability of the initial core. Both poison dummy fuel ele-
ments of the type used in Piqua Core I and removable poison filler rods located
in the inner moderator region of the fuel elements were studied as auxiliary
control devices. It was found that the addition of the poison dummy fuel elements
reduced the effectiveness of the movable control rods, and led to a reduction in
the maximum allowable fuel enrichment relative to that provided by the poison
filler rods. The reduction in fuel enrichment amounted to 0.1 to 0.2% U2 3 5 ,
depending on the particular dummy fuel element arrangement. An evaluation of
fuel costs vs enrichment for the UC core indicated that a fuel cost savings of
between $93,000 and $182,000 was realized by increasing the fuel enrichment of
the initial core loading by 0.1% U2 35 . This was taken to represent a conservative
estimate of the cost savings associated with the use of the poison filler rods in
place of the dummy fuel element. The cost saving is large in comparison with
the cost of producing the filler rods and the necessary handling equipment.
Another advantage of the poison filler rods is that the reactivity effect associated
with the rods is distributed over a relatively large number of elements (48). This
tends to simplify the problem of adjusting excess reactivity, and provides flexi-
bility in controlling the perturbations of the power distribution that accompanies
removal of the rods. On the basis of these arguments, the poison filler rods
were established as the most desirable auxiliary control device.

Final analysis of the UC fuel element loading has led to establishment of the
following core parameters, and to the following conceptual fuel management pro-
gram. The initial core loading consists of 61 fuel elements uniformly enriched
to 2.4% U2 3 5 . Each noncontrol fuel element contains a 1.7-in. -diameter steel
rod in the center of the element.

The multiplication factor (Keff) at 3000 F isothermal, with all control rods
removed, is 1.095. The excess multiplication must be provided in the zero
power core to maintain criticality at operating temperature for the desired core
lifetime. Reactivity control is provided by a combination of 13 movable control
rods and the steel filler rods. The steel filler rods are so designed that they
may be removed during reactor shutdown. The thirteen movable control rods
are used to control the neutron flux level (reactor power) during operation, and
to provide reactor shutdown capability.
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TABLE 3

CALCULA TED THERMAL AND HYDRAULIC PERFORMANCE OF MAXIMUM
POWERED MOD 3 CONFIGURA TION ELEMENT IN CORE II

Total Reactor Power (Mw) and Pump Impeller Size

Parameter 45.5 (Normal Operation) I 60 (Stretch Capability)

_____ Small ______ ____ Large ______

Element ILarge Rod ISmall Rod IElement TLarge Rod ISmall Rod

Total element power (Mw) 1.12 - - 1.475 - -

Design life (Mwd/MTU avg) 15,000 - - 15,000 - -

Fuel loading (kg U) 67,7843 - - 67,7843 - -

Fuel enrichment (%) 2.4 - - 2.4 - -

Average specific power (ku/kgU) 15.52 - - 20.46 - -

Fuel area, cold (sq in.) 5.7861 0.1633 0.1122 5.7861 0.1633 0.1122
Fuel diameter cold (sq in. ) - 0.456 0.378 - 0.456 0.378
Cladding ID (in. ) - 0.467 0.387 - 0.467 0.387
Cladding OD (in. ) - 0.5 17 0.437 - 0.5 17 0.437

Gas bond thickness (in. ) - 0.0044 0.0043 - 0.0044 0.0043
Fin OD cold (in. ) - 0.67 1 0.5 17 - 0.67 1 0.5 17

Fin height (in. ) - 0.077 0.040 - 0.077 0.040

Heat transfer surface area per
unit length of rod (ft 2 /ft) - 0.3003 0.1982 - 0. 3003 0.1982

Clad area, cold (sq in.) 2.5227 0.0710 0.0492 2..5227 0.0710 0.0492
Flow area, cold (sq in. ) 5.6309 - - 5.6309 - -

Pressure drop (psi) 20.1 - - 22.0 - -

Flow rate (lb/sec) 31.64 - - 33.22 - -

Flow rate (gpm) 252 - - 264.6 - -

Average organic velocity (fps) 14.36 - - 15.08 - -

Organic inlet temperature (*F) 519 - - 519 - -

Organic outlet temperature (*F) 576 - - 591 - -

Fuel swelling allowance (% AVIV) - 3.0 3.0 - 3.0 3.0

Maximum clad surface tempera-
ture, hot channel (*F)a - 7 3 6 (b) 7 3 7 (b) - 7 9 2 (b) 75c

Maximum structural design
temperature ('F) -850 850 - 850 850

Fuel centerline temperature ('F)

(a) Nominal - 1401(b) 12 2 1(c) - 167 7(b) 14 39 (c)

(b) Hot channel maximum a - 175 4(b) 15 15 (c) - 2l39(C) 18 23 (b)

Heat generated in fuel (kw/ft)

(a) Average 220.11 6 .5 3 (b) 4 . 2 5 (c)I 290.86 8 . 6 1(b) .()

(b) Maximum 330.16 9 .8 0 (b ) 6 .3 7 (c ) 436.28 1 2 .9 2 (b) 8.()

H eat flux ( Btu/hr -ft2

(a) Nominal in highest powered
foot -111,119 109,702 - 146,866 144,889

(b) Hot channel maximum - 185,702 183,202 - 245,266 241,967

Critical heat flux (Btu/hr -ft2) - 849,206 849,206 - 839,779 839,779

Peak/average core radial power 1.5 - - 1.5 - -

Peak/average core axial power 1.5 - - 1.5 - -

Release of fission gases (%) - 0.12 <0.1 - 0.12 <0.1

a = Hot channel factors are listed in Table 2. See Figure 2 for cladding temperature profile.
b = Neutron absorber inserted
c = Neutron absorber withdrawn
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The filler rods' are removed in a programmed manner at scheduled shutdowns
to compensate for the reactivity losses due to fuel burnup.

The Keff at 300 0 F isothermal, with all control rods inserted, is 0.975. This
ensures reactor subcriticality with the highest worth control rod failed in the
out position, and is considered to be an adequate shutdown margin for reactor
safety.

The Keff of the clean core at 60 Mwt is 1.056. Sufficient reactivity is pro-
vided to compensate for the effects of xenon poisoning, samarium poisoning,
and fuel burnup. Core average fuel burnup to approximately 2,400 Mwd/Mtu is
possible during the first operating interval. This corresponds to 165 days of
continuous operation at 60 Mwt, and longer periods in proportion at lower power
levels.

The initial core loading contains sufficient excess reactivity to sustain a core
average fuel burnup of 8,750 Mwd/Mtu. The reactivity is reduced to a control-
lable level by the addition of the steel filler rods. The approach to the equilib-
rium cycle fuel management program will be initiated following the removal of
all of the steel filler rods.

The conceptual equilibrium cycle fuel management scheme for Piqua Core II
is basically a 6-batch program, in which there are three radial zones. Refueling
shutdowns occur at intervals of 2,500 Mwd/Mtu average core exposure. Ten fuel
elements are removed from the core at each shutdown at an average exposure of
15,000 Mwd/Mtu. Fresh fuel elements enriched to 2.4% U2 3 5 are loaded into the
outer radial zone of the core. After two operating periods they are shifted to
the intermediate zone, where they remain for two operating periods. They are
then shifted into the central radial zone, where they remain for the final two
operating periods.

Hydraulic and thermal analyses were completed on the Core II element and a
final report summarizing these efforts was prepared. Pertinent information on
the characteristics of the final configuration - designated Mod. 3 - is provided
in Table 3. Hot channel factors applied for maximum temperature calculations
are given in Table 4. As in the case of the prototype element, maximum fuel
centerline temperatures have been modified to reflect the improved treatment of
gas -gap thermal conductivity. Figure 2 illustrates the calculated cladding tem-
perature profile for the Mod. 3 element at the peak temperature axial location.
Data are presented for power distributions resulting from the inclusion and re-
moval of the reactivity-control poison inserts in the element inner process tube.
This figure shows that maximum cladding surface temperatures remain well
below the 850 0 F limit even under the stretch condition of 60 Mwt.

The temperatures presented in Table III for the Mod. 3 element (and in
Table 1 for the prototype element) do not include consideration of heat transfer
surface film formation. A film fouling factor, R, currently being employed in
thermal studies of HWOCR designs, has been used to estimate temperature dif-
ferences produced by film deposition. The quantity, R, is a thermal resistance,
2 x l0-4 (Btu/hr-ft2-*F)-l per year, which contains a conservative uncertainty
factor and presumes a film conductivity of approximately 0.5 Btu/hr-ft-*F and
a film deposition rate of 1 mil/year.
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TABLE 4

PNPF HOT CHANNEL FAC TORS MOD 3 ELEMENT IN CORE II

Parameter Dimen- TMa l- ncr oes Flow Imperf Ctivit Statis
Identification sional CTrn Ercceny Uaner and Mal- Mix Uncert tials

Cor riit tiny Control Distrtca

Chan FA T 1.48 - - 1.33 1.09 1.05 1.39 - 1.7 1

1 and 4 F6 C 1.25 1.15 1.50 1.33 1.09 1.04 - - 1.67

(Ext) F6 F 1.25 1.15 - 1.33 1.09 1.04 - - 1.45

Chan FA T 1.36 - - 1.33 1.09 1.05 1.52 - 1.72

2 and 3 F6 C 1.20 1.15 1.50 1.33 1.09 1.04 - - 1.66

(Int) F6 F 1.20 1.15 - 1.33 1.09 1.04 - - 1.42

Lag AT - - - - - - - - 1.72

Rod F 6  - - - - - - - - 14

FpC0  1.24 - - 1.33 1.09 - - 1.05 1.42

FG 1.28 - - 1.33 1.09 - - 1.19 1.48

FpF 1.00 - - 1.33 1.09 - - 1.15 1.37

Small FA - - - - - - - - 1.72

Rod F - - - - - - - - 14

FeC 12 .3 1 0 .514

F 0  1.24 - - 1.33 1 .09 - - 1.059 1.42

F~F 1.29 - - 1.33 1.09 - - 1.19 1.49

*Aver ag e FA T fo r all channels Nomenc latur e:

tWeighted average FOF for all channels FAT = Uncertainty factor associated with coolant

Subsript: c cladingtemperature.
Fusrps = fulddg F6 = Uncertainty factor associated with coolant film tem-
F = gas gap perature drop to give maximum cladding temperature

G = gs gap(based on maximum fuel rod eccentricity).
FOF = Uncertainty factor associated with coolant film tem-

perature drop to give maximum fuel centerline tem-
perature (based on centered fuel rod).

F6 C, G, F = Uncertainty factor associated with temperature drop
across cladding, gas gap and fuel, respectively.

For cladding surfaces on the small rod of the Mod. 3 element, the increased
resistance would result in film drops of 22*F at 45.5 Mwt and 29*F at 60 Mwt at
the end of one year's operation. For the high temperature (large) rod on the
prototype element, the corresponding values are 25 and 32*F, respectively. It
should be noted, however, that these temperature differences are not directly
additive to the maximum hot channel cladding temperatures , since the most
significant hot channel factor, F6 0 , will diminish with time as a result of fuel
swelling which reduces eccentricity. To illustrate the net effect of these vari-
ables, maximum cladding temperatures for the small fuel rod in a Mod. 3 ele-
ment are plotted in Figure 3. The power level is 60 mwt, neutron absorbers
are withdrawn. Figure 3 illustrates the fact that fouling film buildup and in-
creasing cladding surface temperature would prevent operation at the 60-Mwt
level after approximately 2.5 yr. This emphasizes the need for development of
a film removal capability for high burnup fuel elements. Preliminary work
toward development of a fuel element cleaning capability is under way at Atomics
International, and final development should be completed in FY 1967.
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MAX FUEL CLAD TEMP,61-EL CORE, Fis sion g as r eleas e studies w er e c ompleted.
Tn= 5190F, H CF, SUR F A,D: FAT = Sinc e the ave rag e fuel c ente rline t emp er atur e

*1.71; F0 = 1.67, HCF, SURF B, C, E, F: is below 19000* F, the gas r elease fraction is,
FAT =1-72; Fo =1.66 c ons er vatively, 0.12%. For an averag e burnup

S800 -6OMwt LARGE IMPELLER -of 15,000 Mwd/Mtu, the volume of gas released

*i 7..,. by a large rod is only 0.387 x l0-4 cu ft, pro-
2 80- ,,,'' ducing a total internal pressure within the clad-

SNO ABSORBER sWITH ABSORBER ding of 41.8 psia. External pr es sure trans -
7 -NO ABSORBER ~mitted by the coolant is normally about 100 psia.

S740 -45.5 Mwt SMALL IMP ELLER / Even with this reduced to atmospheric pressure,
,,...-the 280-psi stress in the cladding produced by

S720 \ ' -- release of fission gases can be considered
-J A ~ WITH ABSORBER negligible.

S700-
B C B -3 3. Magnetic Force Welded End Closures

=D DPerformance requirements were inve stigated
I I to permit application of the magnetic force weld-

A B C F E D ing technique to the fuel rod end plugs. Tem-

LARGE ROD SMALL ROD perature gradients in the cladding at the lower
5-5-65 7629-2502 ends of the fuel rods were examined so that an

analysis of thermal stresses at the welded joint
Figure 2. PNPF Fuel between cladding and end plug could be performed.
Cladding T emp era - W ith the us e of c ons e rvative as sumptions , anal -

ture Profile ysis was made, yielding for the highest powered
Mod. 3 element in Core II operating at 60 Mwt

the following temperatures at the surface-to-coolant interface: end plug at the

weld, 688 0 F around the entire periphery; cladding at 2 points 1800 apart,
0.280 in. above the weld, 7470F maximum to 6190 F minimum, produced by an
eccentric fuel pellet; at a plant 0.562 in. above the weld, the maximum and
minimum are reduced to 657 and 600 F, respectively. The extreme gradient
occurs because the cladding fins are cut away in this area to permit welding.
The local bending stress due to these thermal gradients was calculated to be
approximaately 14500 psi. This is unacceptable since the stress-rupture loading
for typical material properties is 6600 psi at 100,000 hr and 7000 F.

In view of the stress information presented above, additional analysis was
undertaken to establish a means of improving the temperature distribution. It
was found that the gradients can be substantially reduced by raising the fuel
within the cladding about 1 /2 in. with an internal spac er. This would bring the
lower end of the fuel into the finned region of the cladding, providing adequate
heat transfer area and reducing temperature extremes to the following: at a
plane in the cladding 0.562 in. above the weld, 657 to 6000 F at points 1800 apart
produced by an eccentric fuel pellet; 1/4 in. below this, the cladding temperature
would be reduced to bulk coolant temperature; 590*F. For this condition, the
local bending stress is reduced to approximately 3200 psi which should be ac-
ceptable. Figure 4 shows a sketch of the magnetic force welded end closure,
including the spacer to raise fuel to the finned region of the cladding to avoid
thermal stress concentrations at the joint.
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SURFACE D (SMALL ROD, BORDERING/
920 - PROCESS TUBE) ABSORBERS WITHDRAWN. /

Tin= 5190F, 61- ELEMENT CORE AT 60 Mwt

H CF: FAT: 1.71

F 0: = 1.67 AT 0 yr/
=-1.40 AT 5 yr/

900 --
FOULING RATE:

+290 F/yr/

880 /

FOULING/
IN CR EASE

o~ 860 /

STRUCTURAL DESIGN
- TEMPERA TURE LIMIT ATION

~840 /
NET HOT CHANNEL/MAXIMUM T EMPER ATUR E

o820--

800 /

780 N HCF DECREASE

760-

740I I I I
0 1 2 3 4

TIME (yr)

7-15-66 7629-2503

Figure 3. Variation of Hot Channel Maximum Fuel
Cladding Temperature with Time
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III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The finding of significant deposits of carbonaceous material in the PNPF core,
and the possible requirement for fuel element modifications to prevent a recur-
r enc e, complicates the evaluation of the Core II-Design effort. Assuming that
corrective modifications will not require substantial redesign, previous evalu-
ations continue to apply. The design efforts have resulted in an element which
is simple and economical to fabricate, which is versatile as a consequence of
the treatment of the orifice assembly and installation, and which will not be
subject to the plugging problems in the inner process tubes, as were the Core I
elements. The thermal and hydraulic analyses have resulted in element con-
figurations for both the prototype and reference Core II elements which will per-
mit the achievement of the desired strethc power density and the required burnup
of 15000 Mwd/Mtu. This has been accomplished well within allowable cladding
surface temperature limitations , and with the application of conservative hot
channel treatments. The nuclear efforts have established fuel enrichment re-
quirements, basic core characteristics and a fuel management program, and
requirements for initial core reactivity control. In this last regard, the eco-
nomic s of the pois on ins er t c onc ept have be en de velop ed and it ha s be en sh own
to be advantageous from the standpoint of ease and quality of control over radial
power distribution.

7-15-66

FUEL SLU

(SAP BAR)

(SAP BAR)

G
-CARB IDE)

7629-2504

Figure 4. Magnetic, Force -Weld, End Closure
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Program: PNPF Development

Project: PNPF Catalytic Hydrocracking Coolant Processing System

Project Manager: W. T. Morgan Project Engineer: W. S. DeBear

Reporting Period: April - June 1966 AEC Category: 04-02-02-01

General Order: 7629 Subaccount: 4310

I. PROJEC T OBJECTIVES

The objective of the Piqua hydrocracker program is to establish the techni-
cal feasibility and economic aspects of hydroc racking as a means of reducing
coolant makeup costs for an organic cooled reactor. In particular, this pro-
gram will provide a basis upon which to establish the merit of polymerized or-
ganic coolant reclamation for the HWOCR concept. To carry out this objective,
a hydrocracker will be installed at PNPF where recycling conditions and irradi-
ation of hydrocracked products can be achieved.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A program plan was prepared showing in detail the objectives of this project
and the means for accomplishing these objectives. The areas of responsibility
for the various contractors were delineated and cost for the entire project was
estimated at $1,250,000. A schedule was established based upon the require-
ments of the HWOCR Demonstration Plant program. Under this schedule, a
preliminary report on the hydrocracker performance will be prepared in April,
1968 and a final report issued in September, 1969.

The Phillips pr elimina ry de sign was r eviewed and a numbe r of c omments and
suggestions were presented. Principal among the comments was the suggestion
that smaller catalyst beds be used for the initial stages of operation. It was fur-
ther suggested that no attempt be made to convert HB at the rate of its of forma-
tion in PNPF during the early stages of hydrocracker operation. Thus, the
hydrocracker and PNPF would be operated independently during the early test
period, when performance of the new system may be uncertain. The use of
smaller catalyst beds during this period makes possible the use of smaller and
more easily handled quantities of coolant.

The process mechanical flow sheets, preliminary equipment layout drawings;
and drawings showing the heating and ventilation system were received from
Phillips Petroleum Company. The drawings were reviewed from a process
viewpoint, and for instrumentation and control, safety, materials, and heating
and ventilation aspects. While the material selections appeared adequate, a
number of comments, suggestions, and questions were raised regarding the de-
sign and instrumentation. A summary of this review was presented in a letter
(Al Letter 66AT1804 from H. J. Rubinstein to J. V. Levy, ''Review of PNPF
Hydrocracker Preliminary Drawings,"' dated March 30, 1966).
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Preparation of the safety analysis report was initiated and a first draft was
prepared making use of all available information. However, prior to completion
of this document, more detailed information on the final design of the facility is
necessary to establish overall safety and that adequate warning will be given of
impending hazardous conditions. This additional information will be incorporated
into the report as it is received from Phillips Petroleum Company. It also was
determined that a complete transient analysis of PNPF performance in conjunc -
tion with hydrocracker operation is required to permit a conclusive review of
the safety analysis report. This analysis has been deferred pending completion
of current recovery program modifications to the Piqua core and the determi-
nation of revised nuclear characteristics. This information, and appropriate
modifications to the technical specifications of the plant, will be compiled in a
final draft of the report for review and final submission to appropriate AEC
bodies.

A preliminary effort was devoted to a review of coolant tests necessary to
characterize the hydrocracker product and to establish its suitability for admis-
sion to the main coolant system. Four primary tests were selected as follows:

Test Purpose

1. Inorganic Impurities Index of corrosion product and captive
(ash and cobalt) catalyst content

2. Pyrolytic Capsule fouling Index of fouling potential
test (PCFT)

3. Membrane Stain Test (MST) Index of colloid content

4. Vapor Pressure Index of volatility

In addition to the above, additional testing would include:

1. Viscosity

2. Composition (Chromatography and HB)

3. Carbonyl oxygen

4. Chlorine content

5. Melting point

6. Water content

7. PHA for gamma emitters

8. C/H ratio

9. Molecular weight

10. Flash, flame, and auto-ignition temperature

11. Gas content
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Since the output coolant from the hydrocracker may contain some quantity of
cobalt from the CoMoO4 -A12 0 3 catalyst, an analysis was carried out to inves -
tigate the effect of neutron irradiation of this imapurity on the radiation level of
the main loop coolant. Lacking information on the expected cobalt concentration
in the effluent, calculations were based on an arbitrary level of 1 ppm. These
results can be used to predict expected specific activities by normalizing the
data to future experimental determinations of.cobalt concentration. Two sepa-
rate calculations were performed for different treatments of make-up coolant
from the hydrocracker. Case I assumed the direct entry of the hydrocracked
coolant into the main coolant inlet to the reactor core. Case II assumed input
of the hydrocracked coolant into the distillation column prior to its return to
the core. This latter approach is quite effective in reducing the initial concen-
tration. Results of these calculations, for several exposure times and flux
levels, are given in the table.

RADIATION LEVEL (mr/hr @ 1 foot) PER cm3 COOLANT
(ASSUMED COBAL T CONCENTRATION OF 1 ppm)

t [p(n/cm 2 - sec) j Case I Case II

;> 1 mo l03 3.2 x 1l-5 6.4 x lO~

2 x 1013 6.4 x 1l-5 1.3 x 10-6

5 x 1013 1.6 x 1l~4 3.2 x 10-6

2 wks 103 3.1 x 1O-5 6.2 x lO~
2 x 1013 6.15 x 1l-5 1.2 x 10-6

5 x io13 1.5 x 1lO4 3.0 x 10-6

l wk 1013 2.5 x l0-5 5.0 x l0~

2 x iol3 5.1 x l0-5 1.0 x 10-6

5 x 1013 1.3 x l0~4 2.6 x 10-6

1 day 1013 6.6 x 10-6 1.3 x1~

2 x io 1 3  1.3 x 10-5 2.6 x 10~

5 x i01 3  3.3 x 10-5 6.6 x ~

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Delays in the receipt of preliminary design information, and in convening of
all participants for the design review which is prerequisite to the start of
Title II design by Phillips Petroleum Company, has delayed the hydrocracker
program. The schedule for initial submission of the safety analysis report to
the AEC has slipped significantly from the previously reported milestone date of
6/10/66. This, in turn, will delay review by DR & L, issuance of a construction
permit, and all subsequent activities which are required to provide information
input for the HWOCR Demonstration Plant. A fir st draft of the SAR was com-
pleted and reviewed on a schedule intended to comply with the 6/10/66 submis-
sion date. However, lacking basic Title II Design information, the report was
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not sufficiently definitive to warrant its transmittal to the AEC. Work to date
has supplied the maajor contribution to the final report, but additional effort and
analysis time will be required after the Title II information becomes available
to complete the treatment of hydrocracker safety.

In view of the information presented above, it is apparent that a concerted
effort to accelerate this program will be required during the next fiscal year if
operation of the hydrocracker at Piqua is to make an effective contribution to
the HWOCR Demonstration Plant.
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V. Swanson

Project Manager: H. A. Morewitz
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General Order: 7604 Subaccount: 1312

I. PROJEC T OBJECTIVES

The objective of this project is to investigate the diffusion properties of neu-
trons in different materials such as water, graphite, and beryllium, using both
steady state and pulsed techniques. As the neutron temperature from a steady
state source is different from that of a pulsed source, a comparison between
the two results provides a check on the accuracy of the scattering kernel. The
technique is a fairly sensitive test, as small changes in the geometric size of
the medium cause correspondingly small changes in the asymptotic neutron
spectrum. A good scattering theory should be able to predict the diffusion param-
eters which may be calculated from these experiments.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. EXTRAPOLATION LENGTHS AND COLD NEUTRON EFFEC TS IN GRAPHITE

The program of steady state measurements of extrapolation lengths and neu-
tron diffusion lengths in graphite has been completed. Six columns of graphite
were investigated with cross sectional areas ranging from 4 x 4 in. to 44 x 44 in. ,
using the thermal column of the AE-6 reactor as source. For bucklings greater
than 3.5 x 10-3 cm- 2 (area smaller than 28 x 28 in. ), spectral equilibrium was
not attained between a predominantly thermal-neutron group and a cold neutron
group beyond the Bragg cutoff energy. The presence of cold neutrons caused a
distinct increase in the measured extrapolation length.

A theoretical treatment has been developed for the variation of the steady-
state diffusion length with buckling in the absence of Bragg effects for a Max-
wellian spectrum whose temperature is modified by a leakage. The relation
between the Maxwellian diffusion length, L, and the infinite medium value, Ls,
is given by

L2/L2=
0 s5

-1w

2wL.'L L"1 + a s(B 2 _

For an infinite medium (B 2 = 0), this expression reduces to

22(L2/L2 =
O s

2w v a)
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where

Y = is the heat transfer coefficient from the moderator to the spectrum
(and is the inverse of the moderator thermalization time constant);
and

w = gives the temperature variation of the diffusion constant in the
eq uati on

w
DB = D TB /

Since D = , and At, the transport mean free path is independent of the spec-
trum temperature in graphite, TB, w - 1/2. Results of the measurements are
shown in Table 1. Values of the diffusion length for the three largest stacks
have been calculated using the latest pulsed parameters.*

TABLE 1

GRAPHITE DIFFUSION PARAME TERS

Stack Size Relaxation Measur ed L Calc ulated L B2 = 2(7/ a) 2 B 2 = 2(7/a)2 _ I/ L 2

(I. (cr 1  (AX - 1.9 cm)Ot [ (cm)t 1 (cm- 2 ) * (cm-2 )

4 Imaginary

12

20

28, micarta** 0.06221 * 00008 52.9 + 0.8 (+1.5)

28, no micarta 0.06198 0.00008 54.9 0.8 ( 1.5) 50.6 3.513 x 10- 3.122 x 10-

36 0.05051 0.00003 51.4 0.2 (+0.17) 51.2 2.172 x 10- 1.787 x 10-

44 0.04323 0.00003 50.4 t0.1 ( 0.4) 51.5 l.476 x 10- 1.09 6 
x 10-

l/L2= 2('/a)2 52.0 0

52.2 0.2 52.2 (meas. ) 0 -3.685 x 1L-4

::Errors given are due to errors ina only except for the infinite case. Errors in parentheses assume
a 0.1 on error in AX, the extrapolation length.

t p= 1.685 gm/cm3 .
SCalculated values were normalized to the infinite case. See text.

*;::Micarta (1 in. thick) was inserted between thermal column and stack in order to thermalize the cold
neutrons.

*J. DeJuren, Nuclear Sci & Eng 24, 410 (1966)
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B. PULSED NEUTRON DECAY MEASUREMENTS IN DIPHENYL

The pulsed neutron decay measurements in diphenyl for two temperatures in
the liquid state and at room temperature in the solid state have been completed.
The data have been analyzed by the conventional three-parameter fit and also by
the spectral correction method. Resulting diffusion parameters are in good
agreement with the differential scattering measurements* and calculations at
85*C. The results are given in Table 2. With only one exception, previous
values of the diffusion coefficient, D0 , obtained by using the pulsed die-away
techniques were low. This problem is probably due to an insufficient reduction
of room-return background in previous experiments. A great effort was made
in the present experiment to eliminate room-return background by the use of
large quantities of hydrogenated shielding around the moderator and the use of
D-D neutrons (rather than D-T) for the smaller sizes.

TABLE 2

PARAME TERS DERIVED FROM DIPHENYL PULSED MEASUREMENTS

Tempera- pD 1-

*C (glcm3) (103 sec~ ) (104 cm2 sec~ ) (104 cm1 sec ) (104 sec~I

24 1.066 3.114 + 0.026 4.84 0.07 2.19 0.29

85 0.98 2.901 + 0.033 6.26 0.08 4.29 + 0.43

105 0.97 2.854 0.029 6.59 0.08 3.72 + 0.43

24 1.06 3.116 + 0.022 4.88 + 0.06 4.23 + 1.41

85 0.98 2.895 0.031 6.37 + 0.10 3.15 + 1.07

105 0.98 2.851 + 0.027 6.65 + 0.09 4.48 + 1.45

C. STEADY STATE EXTRAPOLATION LENGTH IN WATER

A column of water 4 x 4 in. area was used to measure the extrapolation
length. For a size such that 1/L2 = 27T2/a2, the leakage cooling balances the
steady state diffusion heating, and the spectrum is Maxwellian at room tempera-
ture. For our case, this relationship is approximately obeyed and the extrapo-
lation length, AX, was measured normal to the column axis. A value of A\X =
0.358 0.014 cm was obtained, in line with estimates of Gelbard and Davis.

D. PUBLICA TIONS FOR FISCAL YEAR 1966

S. K. Davis, J. A. DeJuren and M. Reier, "Pulsed Decay and Extrapolation-

Length Measurements in Graphite" - Nucl. Sci. & Eng. 23, 74 (1965)

*T. Springer, et al. , JUl-160-NP (May 1964)
to. A. Trilling (Ed)., NAA-SR-1700 (1956)

L. Pal, et al. , 3rd ICPUAE (1964) P/651.
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J. A. DeJuren, ''Variation of the Transport Mean Free Path in Graphite with
Temperature'' - Nuci. Sci. & Eng. 24, 417 (1966)

M. Reier, ''Pulsed Neutron Measurements in Diphenyl at 240, 850 and 1050 C'',
Nuci. Sci. & Eng. (To be published)

J. A. De Juren and V. A. Swanson, ''Cold Neutron Effects in Graphite Dif-
fusion Measurements'' - Journal of Nuclear Energy (To be published)

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The experiments on extrapolation lengths and cold neutron effects in graphite
were completed. Extension of the pulsed spectral correction analysis to treat
steady state diffusion gives satisfactory agreement with experiment in the ab-
sence of Bragg effects. These measurements indicated that spectral equilibrium
was not attained between the cold neutrons and a predominantly thermal group
for bucklings greater than 3.5 x 10-3 cm-2 (area 28 x 28 in. or less).

The pulsed neutron decay measurements in diphenyl have been completed.
Pulsed die-away experiments can now be done on a routine basis. Careful sup-
pression of room-return background in the present experiments has eliminated
systematic errors that occurred in previous work.

The steady state extrapolation length in water has been measured for the
most difficult case proposed, a column of water 4 x 4 in. in area.
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I. PROJEC T OBJECTIVES

The objectives of this project are related to the production of a good, up-to-
date, basic set of nuclear data. To accomplish-this we intend to: (a) survey,
analyze, and compile existing experimental and theoretical information on neu-
tron cross sections and angular data; (b) provide automaated accessibility to
users of cross section data (microscopic data, group libraries); (c) provide auto-
mated reference to and retrieval of cross section information; and (d) use nu-
clear model calculations to help fill gaps in cross section data.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. AI EVA LUA TED NUC LEAR DA TA FIL E (AIENDF)

A compilation of available data on measured angular distributions has been
completed. The representation of these data by expansions in finite series of
Legendre polynomials has been utilized to transform the experimental data into
a standard format useful for neutronic calculations. Difficulties encountered
in this analysis include the following: questions concerning the number of terms,
in the Legendre-coefficient expansion, needed to reconstitute accurately the
measured angular data; the problem of Legendre data which, having been deter-
mined from a least-squares analysis of the experimental points, inadequately
represent the scattering in the forward and backward directions; the problem of
unscrambling the inelastic scattering contribution oftentimes contained in the
experimental data; and the problem of determining a consistent set of energy-
dependent Legendre coefficients from several independent sources of measured
data. Some of these questions have been resolved, as described below; others
require further consideration.

Since elastically scattered neutrons are scattered symmetrically about the
azimuthal angle, the distribution may be represented by an expansion in Legendre
polynomials of the form;

(E,M) = 4, (21 +1) f (E) p (p.) . . . (1)
dO 1=0 I

where y. is the cosine of the scattering angle in the laboratory or center-of-mass
system and E is the energy of the incident neutron.
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TABLE 1

ANGULAR DATA COMPILATION: AIENDF

Number Number
oflie Energy Nuclide Diti . REneg

Ncie Distri- .RangeDst- Rag
butions butions

Deuterium

T ritium

Helium -3

Helium

Lithi urn

Lithium -6

Lithium -7

Beryllium

Boron

Boron- 10

Carbon

Nitrogen

Nitrogen-i5

Oxyg en

Fluorine

Neon

Neon- 20

Sodium

Magnesium

Aluminum

Silic on

Pho sphorus

Sulfur

Potassium

Calcium

Titanium

Chromium

13

8

8

20

4

15

13

43

15

3

60

35

11

26.

9

19

5

5S

6

25

10

5S

8

5

19

8

5

0.1-14

0.1-11

0.1-17

0.4-14

0.2-14

0.2-14

0.2-14

0.05-14

0.06-14

0.55-1.5

0.05-14

0.8-11.6

1.9-3.3

0.4-15

0.57- 10

0.8-1.7

1.94-2.05

0.5-4.0

0.5-14

0.2-14

0.4-11

3.5-5.8

2.7-14

0.06-3.7

0.05-14

0.06-14

0 .06-2.3

Iron

Cobalt

Nickel

Copper

Zinc

Selenium

Yttrium

Zirconium

Niobium

Molybdenum

Silver

Cadmium

Indium

Tin

Antimony

Barium

Tantalum

Tungsten

Gold

Mercury

Lead

Bismuth

Thorium

Uranium

Uranium- 235S

Plutonium

Plutonium-238

Curium- 244

24

3

9

29

26

4

6

18

35

11

3

10

4

15

4

3

24

18

13

3

16

17

9

25

4

4

8

16
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0.06- 14

1.0-14

0.06- 14

0.05- 15

0.34-14

1.0-14

1.5-6.0

0.06- 14

0.06-10

0.03- 14

1.0- 14.5

0.04-14

1 .0-6.7

0.05- 14

1.0-14

1.0-5.0

0.03-14.6

0.06-14

0.5 -4.0

1.0-4.0

0.05- 14.5

0.03- 14

0.06-15.2

0.05-14.1

0.5-2.0

0.5-2.0

0.07-10

0.01-10
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The energy-dependent Legendre coefficients fg (E) of the angular distribution
may be obtained by applying the orthogonality of the Legendre polynomials; the
Legendre coefficients are then

2__ da'f E)-_(E, u)P (~y...2(E = a(E)f dQ ,E(,. 2

where the elastic scattering cross section cT(E) is given by

a(E) = 274 dE (E,p)dy .. (3)/1
so that

f 0 (E)l . . . . (4)

Differential scattering data in either the laboratory or center-of-mass system
are specified for a discrete set of scattering angle cosines, /.i, at a neutron
energy E. By assuming that dcT/dO2 (E,py) may be represented by a linear function
between the input points, the Legendre coefficients may be computed analytically.

The primary source of differential elastic scattering data was BNL-400 (2nd
edition). 1 Table 1 details by element or isotope the number of distributions
analyzed and the range in energy. A compendium of data sources is being com-
piled. The procedure was as follows: curves were drawn through the data points;
values of y~ and 0Y (E,jp) were read off at a number of points sufficient to represent
the curve; and these numbers were input to CHAD,2 which computed the Legendre
coefficients. If curves had been drawn through the data by the experimenter or
by the editors of BNL-400, these generally were used, but for the heavy elements
at high energies many distributions were replotted and redrawn on log paper.

In order to calculate the Legendre coefficients, the values of the differential
cross section at the maximum and minimum angles (y = 1) are needed. Since
measurements are generally not available at these angles, extrapolation of
experimental data was necessary. Where measured data covered a sufficient
range in angle, a smooth curve through the data points was extrapolated to the
end-points. In other cases, a guide provided by the Wick limit was used:

dcr k . 2(E)
_(E,. = l) 2 . . . (5)

dA (4'r)2

where cT(E) is the total cross section and k is the neutron wave number in
(fermi )-71.
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TABLE 2

BORON LEGENDRE COEFFICIENTS FOR ELASTIC SCATTERING (CM)

(Mev) I3 4 - 5 f6 f7 f8 9

14.0 0.6975 0.5099 0.3582 0.2150 10.1001 0.0516 0.0234 0.00 -0.0088

6.0 0.5951 0.4055 0.1890 0.0608 0.0086 -0.0021 -0.0008 0.0003

3.47 0.3475 0.2954 0.0992 0.0217 0.0122 0.0019 -0.0009 0.0002 -0.0010

1.79 0.1313 0.0609 0.0009 -0.0031 0.0002 0.0005 -0.0002

1.63 0.0374 0.0391 0.0002 -0.0018 0.0004 0.0002 -0.0003

1.3 0.0071 0.1759 -0.0056 0.0036 0.0022 -0.0011 0.0004
1.28 0.0015 0.1150 -0.0025 0.0002 -0.0004 0.0002 -0.0001

1.0 0.1046 0.0858 -0.0151 0.0022 0.0006 -0.0004 0.0004 0.0001 -0.0006

0.98 0.0960 0.0246 -0.0025 0.0004-0.0002 0.0002
0.70 0.1352 0.0185 0.0017 -0.0002 -0.0006 -0.0005 0.0004

0.50 0.1639 0.0233 -0.0042 0.0014-0.0009 0.0007 0.0001 -0.0008 0.0005

0.43 0.1369 0.0374 -0.0090 0.0020 0.0005 -0.0008

TABLE 3

PU23 LEGENDRE COEFFICIENTS FOR ELASTIC SCAT TERING (CM)

l 2 - 31 41 5 6 7 8 9

10 0.8586 0.7277 0.5303 0.5489 0.4638 0.3800 0.3028 0.2364 0.1889
7 0.8862 0.7688 0.6524 0.5355 0.4150 0.3000 0.2012 0.1353 0.0827
5 0.8750 0.7504 0.6123 0.4771 0.3408 0.2157 0.1237 0.0638 0.0259
3 0.7942 0.6547 0.4936 0.3320 0.1905 0.0907 0.0318 0.0095 0.0019
2 0.6981 0.5299 0.3707 0.1996 0.0777 0.0218 0.0044 0.0012 0.0011
1 0.5332 0.3723 0.1636 0.0448 0.0061 0.0008
0.9 0.5095 0.3469 0.3150 0.0331 0.0038 0.0004
0.7 0.4545 0.2783 0.0785 0.0152 0.0011 0.0001
0.5 0.3748 0.1789 0.0323 0.0052 0.0002
0.3 0.2774 0.0782 0.0071 0.0008
0.1 0.1312 0.0124 0.0004

0.09 0.1199 0.0107 0.0003

0.07 0.0958 0.0081 0.0001
0.03 0.0424 0.0084
0.02 0.0279 0.0063
0.01 0.0133 0.0041

TABLE 4

COMPARISON OF MONTE CARLO CALCULATIONS WITH
EXPERIMENTAL DATA (Point Fission Source)

Iron/Water T4(cm
2

) M' (10
4
cm

4
) ?4(10

8 cm6
)

0.465 Experiment 30.3 0.5 10.20 0.25 1.32 0.06
A 30.5-0.2 10.24-0.16 1.34-0.05

B 30.9 - 0.2 10.80 - 0.20 1.54 - 0.07

0.908 Experiment 37.4 0.5 14.05 0.20 1.88 0.04
A 36.3 0.2 13.01 0.16 1.64 0.04
B 37.0 - 0.2 14.38 - 0.38 2.21 - 0.18

1.736 Experiment 46.4 0.5 20.00 0.30 2.90 0.08
A 47.3 0.3 20.18 0.21 2.79 0.06
B 48.8 - 0.3 24.26 - 0.82 8.12 - 2.70
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A 9th order Legendre expansion was made for all angular distributions; in
most cases the input data were reconstituted within 0.1% (integral error). Where
a 9th-order fit proved inadequate to reconstitute the measured angular distribu-
tion and ensure a positive-definite distribution, a 14th-order fit was used. This
is the maximum number of coefficients presently employed by neutronic codes
in us e at Atomic s International.

Table 2 presents a sample listing of the Legendre coefficients for boron com-
puted at the input energies.

Data in the form of the coefficients of a least-squares Legendre polynomial
fit to measured differential elastic scattering cross sections have been published
by, for example, R. 0. Lane and coworkers 3 and by A. B. Smith and coworkers.4

In some instances, the angular distributions reconstituted from Legendre co-
efficients so obtained are observed to fall off rapidly at one or both extremes of
the angular range (see Figures 1 and 2). Hence, such data were used with care.
Where the experimental differential cross sections had been published as well
as the Legendre coefficients, the former data were preferred. Otherwise, the
data were treated as follows: first, the cross sections reconstituted from the
Legendre moments were examined. If these appeared to vary smoothly over the
whole range, the original data were considered acceptable. If the order of the
fit was less than 9, values of the higher moments were derived by an interpola-
tion of data from other sources. If the forward scattering was satisfactory but
back scattering unacceptable, the Legendre expansion was recalculated by the
CHAD code in the following manner: the cross section at or near measured
cosine values, and at ys = +1, was reconstituted from the original Legendre ex-
pansion coefficients; then the value of the cross section atMy = -l was set equal
to that at the last measured negative cosine value. These numbers were then
input to CHAD and a new set of expansion coefficients determined. (Data so
derived are not included in the listing in Table 1).

In some cases the scattering distributions reconstituted from the original
Legendre data dropped off in the forward scattering direction; where this
occurred, the data were not used in the present compilation.

For several elements, calculated, rather than measured, distributions are
included in the compilation. Angular data for Pu2 3 8 and Cm2 4 4 were calculated
using a nonspherical optical model code. A listing of the Legendre coefficients
for Pu2 3 8 is given in Table 3.

An example of the effects of using too few Legendre coefficients in a neutronic
calculation is presented in Table 4. Here, the age and the fourth and sixth
moments of the slowing-down density distribution for neutrons from a fission
source in a mixture of iron and water, infinite in extent, have been calculated
and compared with the experiment.6 In calculation (A) nine Legendre coefficients
were used to represent the elastic scattering anisotropy in iron, while in calcu-
lation (B) only five coefficients were used.

It is readily apparent that use of too few Legendre coefficients produces
values of the higher moments which do not agree with measured data, although
the age values are consistent.
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Cross section data from the Aldermaston (AWRE) and Livermore Radiation
Laboratory - Los Alamos (LRL/ LA) evaluated nuclear data files have been
punched onto cards, printed, and plotted. Graphical displays have been used to
analyze the cross section data preparatory to deciding which information will be
useful in the updating and expanding of the AIENDF. Some difficulties were en-
countered for nuclides with cross sections specified at more than 901 energy
points, nuclides assigned reaction type numbers which differed from the AWRE
standard, and tape identification at the end of the tape rather than at the beginning.
Program changes and special procedures were used to help solve these problems.
The nuclides taken from the Aldermaston data tape include the following.

Tritium Fluorine CalciumTh3
Helium 3 , 4  Aluminum C opper U2 3 3

Lithium6 , 7  Silic on C admium U2 3 4

Ber yllium Sodium Titanium U2 3 6

Boron, 10 Chlorine Zirconium Pu2 3 9

C ar bon Chr omium Gallium Pu2 4 0

Nitrogen Iron Xenon Pu2 4 1

Oxygen Nickel Lead

Nuclides obtained from the LRL/LA data tape were as follows.

Hydrogen Magnesium Copper Uranium 233, 234,
Deuterium Aluminum Gallium 235, 236, 237, 238,
Tritium Silicon Niobium 239, 240
Helium 3, 4 Phosphorus Molybdenum Plutonium 238, 239,
Lithium 6, 7 Chlor ine Eur opium 240, 241
Beryllium Argon Gadolinium
Boron, 11 Potassium Tantalum
Carbon Calcium Tung sten
Nitrogen Titanium Gold
Oxygen Manganese L ead
Sodium Iron

A comparison of measured and calculated infinitely dilute resonance integrals
for the fissionable isotopes U233, U23 5 and Pu2 39 has been undertaken so that
criteria and procedures for determining the amount of smooth background cap-
ture and fission cross sections to be added to the single level resonance calcula-
tion may be assessed. Partial resonance integrals and group averaged cross
sections for capture and fissionof the fissile nuclei were calculated with the
resonance integral code TRIX-1. This program is based on the single-level!
Breit-Wigner model. Because of the strong interference effects between dif-
ferent resonance levels, particularly for the fission reactions, the validity of
the single-level model is limited for such nuclei as the fissile isotopes which
have narrow-level spacing. Calculations for the fissionable isotopes, based on
the single-level Breit-Wigner formalism underestimate the resonance integral.
Evidence indicates that resonance integral calculations based on a multilevel
formalism tend to minimize this discrepancy. In order to make a more quanti-
tative determination of the inaccuracy of the single level formalism for these
isotopes, the resonance region between cadmium cutoff and 10 Key was initially
divided into 12 groups; infinite dilute resonance integrals were calculated for
each group with the TRIX-l code and compared with numerical integrations of
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experimental cross sections. In particular, the recommended cross sections
contained in the 1965 edition of BNL 325 were integrated and compared with other
original experimental data. Various sets of resonance parameters for the re-
solved resonances, including the values recommended in BNL 325, were used
and the results compared. Average parameters for the unresolved region were
determined. The results of this analysis including evaluated fission and capture
cross sections and recommended resonance parameters are reported in NAA-
SR-11980, Volume 5.

B. THEORETICAL MODEL ANALYSIS AND DEVELOPMENT

A comprehensive scheme of optical model calculations using a nonspherical
potential model, compound nucleus theory including capture and fission channels,
and nuclear systematics has been developed. This calculational model consists
of a nonspherical optical model calculation to obtain total and potential scattering
(both elastic and inelastic) cross sections, and a compound nucleus calculation
for the reaction cross sections (capture, compound elastic, compound inelastic,
and fission).

The optical model calculations are performed using the 2 PLUS code.7 The
program has been modified to calculate penetrabilities for the higher excited
levels of the nucleus using a spherical optical model. In addition, the numerical
solution of the scattering by a deformed potential has been coded in machine
language to reduce the code's running time. The compound nucleus calculations
are performed with a modification of the NEARREX 8 code, which uses penetra-
bilities calculated by 2 PLUS and statistical model parameters to calculate com-
pound nucleus cross sections. The capability of describing the fission process
with a Hill-Wheeler model 9 (Equation 1) has been added to NEARREX, and has
improved the agreement between theory and experiment.

D>E N/2tr

DE lt exp(E- E)

wh e re

N = number of open channels

I'
f = the fission width

D = the average level spacing

Ea = model parameters (units of energy)

E = energy

A library for Pu24 has been generated using the methods described. The pre-
dicted scattering, capture, fission, and inelastic cross sections are shown in
Figures 3 through 6.
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An extensive analysis of high-energy (1-10 Mev) U23 cross sections, using
the 2 PLUS and NEARREX codes, was undertaken in order to provide cross
section and angular distribution data to help fill gaps in available measured data.
The analysis places particular emphasis on comparison of total, reaction, and
angular distributions at 1.0, 2.5, 4.1, and 7.0 Miev. The nonspherical optical
model gives excellent agreement with measured angular distributions and reaction
cross sections at these energies. The results of the calculations provide a
method for correcting the experimental angular distributions for the inelastic
component.

The preliminary results of a nonspherical optical model analysis of the U2 3 8

neutron interaction have shed some light on the evaluation of available experi-
mental cross section data for U 2 3 8 and possible effects on multigroup constants.
Previous optical model analyses of heavy nuclei 1 0 , 11 have shown that there is a
discrepancy between predicted and experimental total cross sections in the energy
range from 2 to 7 Mev. In this region the predicted total cross section is always
smaller than the experimental value by as much as 10 to 15%. This discrepancy
results in spite of the fact that calculated reaction cross sections and differential
angular distributions agree remarkably well. The problem appears to be due to
an anomalously large forward-scattering effect which accounts for the larger
total cross section and still gives good agreement with the measured angular
distributions. These latter distributions generally do not present measured data
for very small scattering angles. Small angle (long-rangge) effects such as ob-
served here are primarily due to coulomb interactions."'

In addition, the measured angular distributions commonly included as elastic
scattering distributions in evaluated data libraries for U2 3 8 are known to contain
inelastic neutrons which have lost less than 0.5 Mev in energy. For U2 3 8 , this
means all neutrons inelastically scattered from the 0.048, 0.145, and 0.308 Mev
levels. For a deformed nucleus such as U2 3 8 , even at higher energies when
compound inelastic contributions are small the excitation function for the 0.048
level may be as high as 0.6 barns due to direct interactions. The effect of sub-
tracting the inelastic scattered neutrons from the measured angular distribution
is to increase the forward peaking of the elastic distribution.

The net effect on the elastic transfer matrices from the two corrections de-
scribed would be to increase the ingroup scattering (P0 , P1 , P2 , etc). The size
of the excitation function for small energy loss (0.045 Mev) even at high energies
illustrates why the evaporation model breaks down for general application to
U2 3 8 . It would be advantageous to apply the evaporation model only to the neu-
trons inelastically scattered from the higher levels and apply a discrete level
model to the lower lying levels.

*Some very small angle scattering experiments have been carried out by Alek-
sandrov et al. 1 2 at energies of 0.8 and 2.8 Mev. These experiments show an
anomalously large scattering cross section at angles less than 150. The optical
model prediction of forward scattering differs from the measured small scatter-
ing by enough to account for the discrepancy in the total cross section. Aleksan-
drov et al. found that the effect was much larger at 2.8 Mev than at 0.8 Mev, and
increased with increasing atomic mass. While no explanation is readily avail-
able for this phenomenon, it would appear to be due to long range forces (a
coulomb rather than nuclear effect).
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A revised set of calculated nuclear data has been produced for Pu2 38 and
Cm2 4 4 . Negative energy resonance parameters in the single-level Breit-Wigner
approximation were used to calculate thermal neutron data. Measured resonance
parameters were used in the resolved resonance region, while in the unresolved
resonance, region average resonance parameters derived from the resolved
data were used. A nonapherical optical model was used to generate fast neutron
cross sections; capture, fission and inelastic scattering were assumed to proceed
by means of the compound nucleus mechanism yielding to a Hauser-Fashbach
statistical treatment. Group constants in 16- and 35-group structures, for
Pu2 3 8 and Cm2 4 4 , have been prepared for the multigroup diffusion and transport
theory neutronic codes at Atomic s International.

New experimental elastic and inelastic data for the separated tungsten isotopes
were received from A. B. Smith, Argonne National Laboratory. Analysis of
these data with the 2-PLUS nonspherical optical model code was completed, and
the results are reported in NAA-SR-11973. 1 3

The paper ''Evaluation of Heavy Even-Even Fast Neutron Cross Sections by
Means of a Nonspherical Optical Model,"' by C. L. Dunford, has been accepted
for presentation at Conference on Nuclear Data, Paris, France, October 17-21,
1966.

C. PROCESSING PROGRAM DEVELOPMENT

A number of IBM 7094 computer programs, which further enhance the automa-
tion of the AI cross section project, were written or modified and checked out.
These include ADT, a program which maintains, updates, and corrects the AI
angular data tape; AROCS, a code to average rapidly oscillating cross sections
(i. e. the sodium data of Hibdon) and thus allows the use of an average cross
section on the coarser AIENDF energy grid; the usefulness of the MALINDA code
was extended by simplification of input and the addition of log-log and log-linear
interpolation subroutines.

Angular data are reported in many different formats by experimentalists. In
order to prepare this information for use in neutronic codes, it is necessary to
convert the experimental information to a format compatible with that code. A
study was made to determine the optimal techniques for generating the coeffi-
cients of a Legendre expansion and the transformation of Legendre coefficients
from one frame of reference to another. The computer code CHAD 2 was written
to incorporate the various techniques developed into an automated system. The
Legendre expansion coefficients, the average cosine of the scattering angle in the
laboratory system, and the average logarithmic energy decrement per elastic
collision are obtained analytically from an angular distribution of scattered neu-
trons represented by a discrete set of points in either the laboratory or center-
of-mass system, assuming that the differential cross section is a linear function
between points. A major feature of CHAD is the recursive method for calculating
the transformation matrices (T, T-l) which convert Legendre coefficients from
one frame of reference (laboratory or center of mass ) to the other. The program
has been adopted by a number of laboratories (including Brookhaven National
Laboratory and Argonne National Laboratory) as the mechanism for handling
angular data at these installations.
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TOP - Tape Comparison Program, which produces analog plots of A. I. and
A. W. R. E. formatted cross section data and punches A. I. formatted cards, have
been combined to produce the AIDA program - Automatic Inspection of Cross
Section Data. This program was flowcharted in part by hand, and the remainder
by using a 7094 program written by the Naval Ordinance Test Station. AIDA was
written (FORTRAN IV for the IBM 7094) to aid in the inspection, intercomparison,
and evaluation of available nuclear data files. The significant features of this
program allow for the selection of specific cross sections from the nuclear data
tapes of a given laboratory/installation, and either plotting this data alone or with
corresponding cross sections from data tapes of other installations/laboratories.
Evaluated nuclear data files presently acceptable to AIDA include those of
A. W. R. E. Aldermaston, LRL/ LA, and the combined data files of the Livermore
Radiation Laboratory and Los Alamos as well as the Atomics International data
files. AIDA assimilates and plots up to 901 pairs of selected energies and cross
sections per nuclide at one time. Those nuclides having data specified in excess
of 901 points in energy require special handling. Several plots are obtained for
each selected cross section with the option of log-log or linear-log variation of
cross section with energy available. Results from the AIDA code were pre-
sented at the Conference on Neutron Cross Section Technology, March 22-24,
Wash. D. C. (1966).

The work of physically combining GRAVE, 1 4 TRIXIE, PRISM5 and CON-
TRAC T1 6 into the single operable code GRISM was completed. Initial checkout
calculations indicated areas where improvements to GRISM would increase the
flexibility and usefulness of the program. Improvements added include: simpli-
fication of input specification; printing of the output data was modified to present
more information in a simpler form; introducing the capability of running multi-
ple GRISM calculations in order to produce several multigroup libraries with a
single computer run; provision for inputing a second (current) spectrum over
which the transport cross section may be averaged; provision for a punch pro-
gram to optimize the generation of binary libraries of resonance parameter as
needed by TRIXIE; modifications in the TRIXIE code in order that the results
of the TRIXIE calculation be identical with TRIX 1 7 results, where TRIX is the
full length, more general resonance integral calculation. A 35-group library
computed by GRISM was carefully compared with a similar 35-group library
prepared by the individual codes GRAVE, PRISM and CONTRAC T. The results
of the comparison were satisfactory.

Work on the computer code to generate the data tape in ENDF/A format was
75% completed. A technique for compressing the 901 point data per nuclide,
from the AIENDF, has been perfected and incorporated into the code. There
remains the addition of visual display capability to be completed. The code will
then be checked out.

D. DOCUMENTATION - Papers presented at Meetings - Fiscal Year 1966

''Perturbation Theory in Burnup Calculations,"' E. U. Vaughan, Conference

on Neutron Cross Section Technology, (March 23-24, 1966) Wash. D. C.

"Effect of Microscopic Cross Sections on the Characteristics of Standard
Fast Reactor Cores, " E. R. Specht and A. R. Vernon, Conference on Neutron
Cross Section Technology (March 22-24, 1966) Wash. D. C.
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"Compilation, Evaluation and Reduction of Neutron Differential Scattering
Data, " S. K. Davis, Conference on Neutron Cross Section Technology, (March 22-
24, 1966) Wash. D. C.

"Neutron Cross-Section Evaluation by AIDA, _Automated Inspection of _Data, "
B. J. Lemke, Conference on Neutron Cross Section Technology, (March 22-24,
1966) Wash. D. C.

"Accurate Evaluation of Group Scattering Matrices, " B. D. O'Reilly and
R. C. Lewis, ANS Meeting (June 20-23, 1966) Denver, Cobo.

Publications - Fiscal Year 1966

NAA-SR-MEMO 11456, "Optical Model Analysis of Neutrons Scattered from
Non-Spherical Nuclei, "C. L. Dunford (July 1965).

NAA-SR-11231, "CHAD - Code to Handle Angular Data, " R. F. Berland
(December 1965).

NAA-SR-1 1530, "The Calculation of Slowing-down Transfer Matrices in the
Spherical Harmonic s Repr esentation, "B. D. O'Reilly and R. C. Lewis
(March 1966).

NAA-SR-11973, "Optical Model Analysis of Some Recent Tungsten Cross
Section Measurements, " C. L. Dunford (June 1966).

NAA-SR-11706, "2-PLUS, A Noaspherical Optical Model for Fast Neutron
Cross Sections ," C. L. Dunford (June 1966).

NAA-SR-11963, "Effective Group Absorption Cross Sections and Resonance
Overlap, " F. L. Fillmore (June 1966).

NAA-SR- 11980, Vol. I, "Automated Evaluation and Produiction of Nuclear
Data for Reactor Calculat ions ," H. Alter and C. L. Dunford (June 1966).

NAA-SR-11980, Vol. II, "Compilation, Evaluation and Reduction of Neutron
Differential Elastic Scattering Data, " S. K. Davis, H. Alter, R. F. Berland and
C. L. Dunford (June 1966).

NAA-SR-11980, Vol. IV, "GRISM, A Code to Produce Multigroup Constants, "
R. C. Lewis, B. D. O'Reilly, R. A. Blamne and F. L. Fillmore (June 1966).

III. EVALUA TION OF EFFORT DURING FY 1966

The preparation at Atomics International of nuclear data for input to neutronic
codes has achieved a high state of automation. Existing experimental and theo-
retical data on neutron cross sections for 60 elements or isotopes have been sur-
veyed, compiled, evaluated, and a set of best values determined. Where gaps
in data exist, nuclear model calculations are used to provide needed information.
Eleven cross section parameters have been specified at 90 uniform energy points
per decade, over a 10 decade span (0.001 ev to 10.0 Mev) for each isotope.
Angular distribution data in the form of Legendre coefficients have been specified
in a similar fashion, with the lowest energy point at 10 key.
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A number of computer programs which manipulate the basic microscopic
data preparatory to storage on magnetic tape or disc have been added to the
Atomics International Cross Section Project Computer Library. These pro-
grams, in addition to constructing the nuclear data file, list selected elements/
isotopes from the data file; update, add, or correct any parameter on the data
file; and provide graphical display of any or all parameters for any or all nu-
clides on the data file.

Stored basic data have been converted to multigroup constants for use with
diffusion theory, transport theory and/or Monte Carlo neutronic codes. This
conversion was carried out by a number of computer programs which mutually
interface with the nuclear data files. These programs provide means of pro-
ducing region dependent as well as region independent multigroup constants,
provide various techniques for treating resonance data in the resolved as well
as the statistical energy regions, and provide means of generating elastic,
inelastic and total transfer matrices which account for anisotropy in both elastic
and inelastic differential scattering.

Six multigroup libraries, in several group structures, have been prepared
for analyzing several of the U2 3 5 fueled ZPR III critical assemblies, as well as
the Pu2 3 9 fueled SEFOR mockup.

With the completion of the AIDA and CHAD programs, the feasibility of rapid
and economic comparison and evaluation of multiple sets of basic nuclear cross
section data has been demonstrated. Both computer codes have been developed
to aid in evaluating the increasing quantities of new cross section data. Along
with other associated computer programs , these codes help to reduce the amount
of tedious effort required for cross section evaluation.

The heavy even-eveli isotopes have been investigated with a combined non-
spherical potential optical model and compound nucleus theory. A comparison
of the analysis of U2 38 and Th2 3 2 with the considerable experimental data that
is available has shown the usefulness of this approach to evaluation. The non-
spherical optical model permits the evaluator to separate the elastic and in-
elastic components of a measured angular distribution for these isotopes. Uti-
lizing the nonspherical optical model combined with an appropriate compound
nucleus model, it is possible to differentiate between conflicting sets of U2 3 8

capture data between 10 and 100 key.

Using a knowledge of the systematics of this combined model for fast cross
sections of other heavy even-even nuclei, it waspsil ognrt ula
data for Pu2 3 8 , Pu2 4 2 and Cm2 4 4 . , aspsiltognrenuer

These investigations have shown that the evaluation and production of neutron
cross sections according to an appropriate theoretical model is an important
tool in the cross section evaluator's repertoire.
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Figure 1. Lithium-7 Data (CM) E = .115 Mev Order = 4
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Figure 2. U-235 Data (CM) E = 1.495 Mev Order = 5
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Figure 5. Fission Cross Section PU-242
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I. PROJEC T OBJEC TIV ES

The objectives of this project are to (a) further refine the techniques for
measuring Doppler reactivity coefficients, (b) investigate the Doppler coeffi-
cients of various fuel and fertile maaterials in a variety of fast spectra, (c) pro-
vide better understanding of temperature-induced reactivity changes by analyti-
cally and experimentally investigating these changes at cryogenic as well as very
high temperatures, and (d) investigate resonance-overlap and interference effects,
and the effect of varying the surface-to-mass ratio.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A series of measurements has been carried out in Core 13, which has a
U2 3 5 / Th fueled, 30-vol % carbon moderated test region characterized by a
median fission energy of 62 key, in order to measure the Doppler coefficient of
a variety of materials which are of particular interest in fast, power-reactor
technology. The temperature coefficients of tungsten, tantalum, niobium,
molybdenum, thorium (metal and oxide), uranium-235 (metal, oxide, and car -
bide), 10 and 22% enriched uranium, and uranium-238 (metal, oxide, and car -
bide) have been measured both in the standard core and with the test hole
surrounded by various polyethylene blankets.

Table 1 summarizes the various Doppler coefficients measured in the standard
core. The values reported here have been corrected for reactivity changes as-
sociated with sample expansion and heating of the capsule materials and so re-
pres ent true Doppler -induced reactivity changes.

The Doppler effect is represented here in terms of a specific reactivity
change; the change in reactivity per unit mass of the resonance absorber over
a constant temperature interval. It should be noted that, in this spectrum, the
variation of reactivity with temperature is not linear; consequently, for purposes
of defining a single parameter which describes the coefficient, the temperature
interval is taken arbitrarily as 20 to 600 0 C. A more complete analysis of these
results in terms of the temperature variation of the coefficient is proceeding by
use of a special computer program.

Special attention has -been paid to U23 which has been investigated in several
chemical forms and surface-to-mass-ratios. Results for the oxide and carbide
of this isotope are still being analyzed and are therefore not included in this
report.
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Of particular interest is the variation in specific reactivity change due to the
Doppler effect for several of the metallic samples containing various ratios of
U 2 3 5 and U238, shown in Figure 1. Whether the two isotopes are homogeneously
combined as in the case of the 10 and 22% U 2 3 5 samples or are zoned as in the
case in which a 1/4-in, diameter U 2 3 5 sample is contained within a 0.438-in.
0. D. by 1/4-in. I. D. U2 3 8 annular sample, the results seem to be (within the
statistical uncertainty) a linear function of the U2 3 5 /U 2 3 8 ratio; the line indicates
zero Doppler effect for a mixture of U2 3 5 /U 2 3 8 of approximately 2:1.

=0 --------------------------------

~- --

C-)|

w.-.4360.

U2L RCTO

C0r8 13-0

Also of interest here is the comparison of the specific reactivity change in
the U2 3 8 and thorium samples in different chemical forms. The results given
in Table 1 indicate that, particularly for thorium, the temperature coefficient
is not strongly affected by the oxygen content, and in the case of U2 3 8 is af-
fected only slightly by the carbon content.

The dependence of the Doppler coefficient of thorium on the composition of
the immediate environment has been investigated by surrounding the sample
position with various scattering and absorbing materials. The spectral modifi-
cations produced by these blankets were of three kinds. Softening of the spectrum
is produced by using moderators ranging from slightly effective stainless steel
to highly effective polyethylene. The fine structure of the spectrum is changed
with blankets of resonance absorbers. A blanket of boron carbide hardens the
spectrum by absorbing neutrons predominantly in the low-energy range.
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TABLE 1

DOPPLER COEFFICIENT MEASUREMENTS IN CORE 13-13

TtlDoppler Specific
Tale Reactivity Doppler

MSeia ampl Reactivity Change Reactivity
Mateial ass (cents) 20-600*C Change

(g) (cents) (cents/g)

U2 3 5  183.81 +2.09131 +0.006226 +3.39 x 10-5

U23 (1/4) 59.11 +0.64493 +0.00196 +3.32 x 10-5
22 235 -, 238 181.46 +0.31216 -0.01328 -7.32 x l0-5

10 235 - 238 180.08 +0.0234 -0.01300 -7.22 x 10-5

U23 (1/4) U23 (ann. ) 176.98 +0.54306 -0.0072 -4.07 x l0-5

U 2 38  179.17 -0.18273 -0.0152 -8.50 x l0-5

U23 (ann. ) 117.87 -0.11976 -0.00998 -8.51 x 10-5

U2302 81.25 -0.054 -0.00595 -8.38 x l0-5

U23C 100.0 -0.09386 -0.00905 -9.54 x 10-5

Th 113.99 -0.20033 -0.0121 -1.06 x l0~4

Th (1/4) 36.24 -0.06334 -0.0038 -1.05 x l0~4

ThO2 74.42 -0.120 -0.0071 -1.08 x 1~

W 187.97 -0.28573 -0.0109 -5.80 x 10-5

Mo 100.10 -0.16999 -0.0063 -6.29 x l0-5

Ta 163.78 -0.79527 -0.0496 -3.03 x l0~4

Nb 84.94 -0.22051 -0.0153 -1.80 x 10~4

The reactivity of a 0.438-in, diameter by 4.00-in, long thorium metal sample
at 20*C was measured (relative to a void) by the standard reactivity oscillator
technique; the change in reactivity associated with temperature was then deter-
mined by oscillating the sample in an oven capsule.

The results of these measurements are shown in Table 2. Several systematic
effects are apparent here. The presence of thorium around the sample increases
the Doppler coefficient while decreasing the total reactivity. This is due to de-
pression of the flux at the resonance energies by the thorium blanket which re-
duces the total absorption by the sample but makes Doppler broadening of reso-
nances in the sample more effective. In contrast, the natural uranium blanket
considerably reduced the Doppler coefficient without affecting the total reactivity.
Absorption of resonance energy neutrons by boron reduces the Doppler coefficient
considerably. The moderators increase the coefficient as the spectrum is
softened until thermal neutron absorption begins to predominate over resonance
absorption, at which point the trend reverses.
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TABLE 2

DOPPLER COEFFICIENT OF THORIUM ME TAL
Core 13

Blanketity Reactivity Dopplr BlanketCautd

WorthetChange C oefficient Effect Fiso
(cets) (20-800* C) (*C -1) (x104)(%Fssn

(cnt) cents) I_! dp ( 2.0) Energy
______ _____ ______ ___ Ip dT (v

1/2-in. B C -0.1249 -0.00438 -0.350 -67.1 94,000

Natural U -0.1949 -0.0128 -0.841 -21.2 -

ONatural U -0.2066 -0.0145 -0.899 -15.8 -

No blanket -0.2003 -0.0167 -1.068 - 61,700

1/2-in. SS -0.2064 -0.0174 -1.080 +1.1 -

1/2-in. Na -0.1965 -0.0174 -1.135 +5.8 -

1/2-in. C -0.2325 -0.0222 -1.224 +14.5 -

3/8-in. Th -0.1762 -0.0184 -1.338 +25.2 -

1/2-in.thlee-0.9924 -0.108 -1.360 +27.2 0.029

3/8-in. -0.7800 -0.105 -1.682 +57.4 0.031
Polyethylene

1/4-in. -0.6156 -0.096 -1.949 +82.3 0.037
Polyethylene

1/8-in. -0.3849 -0.066 -2.1984 +105 30.7
Polyethylene

r.The sample's dimensions are 0.438-in. diameter x 4.00-in. length, and it
had a mass. of 112.5676 gin.

The temperature variation of reactivity of U23 is due to Doppler broadening
of the resonances and changes in self-shielding and self-multiplication due to
thermal expansion. The samples of U2 35 that have been measured in this pro-
gram consist of metal (0.438- and 0.250-in, diameter ), oxide (94, 70, and 20%
theoretical density) and carbide. For some of these samples (the low density
oxides) the major cause of the change of reactivity with temperature is the
Doppler effect; however, for most of the samples, the reactivity change caused
by thermal expansion is a significant fraction of the total effect and, in some
cases, may override the change due to the Doppler effect. For these samples
the expansion effect must be determined in order to obtain the Doppler coefficient
from temperature coefficient measurements.

NAA-SR- 12010
132



ATOMICS INT ERN ATION AL

A Division of North American Aviation, Inc.

Several techniques are being used to determine the expansion coefficient,
based on varying the surface-to-mass ratio (or the value of Nr, the atomic
thickness of the sample) over a wide range. Determination of the expansion
coefficient relies on measurement of the variation of the specific reactivity,
Pm, with changes in Nr. This variation is also of interest in the study of fast
fuel element designs.

Reactivity measurements have been made with solid samples and foil stacks
with values of Nr ranging from 0.26 to 2.46 x 1022 U2 3 5 atoms/cm 2 .

Reactivity values have been calculated by perturbation theory using cross
sections modified by the energy-dependent escape probability. The experimental
values, normalized to the infinite cylinder calculation at Nr = 2.46 x 1022, are
compared with the calculated variation in Figure 2. Most of the present meas-
urements have used samples approximating infinite cylinders, for which the
escape probabilities have been formulated by Case, deHoffman, and Placzek.*
Some measurements have used very short cylinders, approaching the infinitely
dilute condition, for which escape probabilities have been formulated by
Gubbins .

2.06 7 - - - -- - - - i - -

1.8- (INFINITE CYLINDER CALCULATION)

AOL D .10.962-(GUBBINS CA LCUL ATION)
1.96 -EJL 0 =0.281

NORMALIZATION

- 1.92

0 A
1.90 --

1.88 - o

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
Nr (1022 atoms/cm2)

7-1-66 7604--2540

Figure 2. Variation of Specific Reactivity of
U2 3 5 with Atomic Thickness and Length!

Diameter Ratio, Core 13-13

*Case, K. M. , F. deHoffman, and G. Placzek, Introduction to the Theory of
Neutron Diffusion, U.S. Government Printing Office, Washington, D. C. 1953

tGubbins, M. E. , "A Monte Carlo Computer Programme CEP for Calculating
Collision Probabilities in Cuboids and Finite Cylinders" AEEW-M442,
March 1964
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Figure 3. Extension of Tungsten Doppler Effect Measurements
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Figure 4. Extension of U2382 Doppler Effect Measurements
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The temperature range of Doppler coefficient measurements has been ex-
tended to include cryogenic temperatures. The incentive for this extension lies
in the inverse temperature dependence of the Doppler coefficient. The reactivity
change in the cryogenic range is greater than that over a comparable tempera-
ture range above room temperature; thus, a better determination of the tempera-
ture dependence of the effect can be obtained with these measurements. A com-
plicating factor is the effect of crystalline binding on the atomic motions producing
Doppler broadening; however, an adjustment can be made using the Debye theory
of crystal vibrations and the Lamb* theory of the effect of this binding, as adapted
by Froelich and ott.t If the Debye temperature is not known, the measurements
can be used to obtain information about it, at the expense of some accuracy in the
determination of the Doppler coefficient temperature dependence.

The method used for measurements in the cryogenic range is essentially the
same as that for higher temperature measurements; the power fluctuations pro-
duced by the oscillation of a sample in and out of the reactor are Fourier-
analyzed to give the reactivity effect of the sample. The sample temperature
is controlled by use of a "Cryo-Tip" (TM Air Products & Chemicals, Inc.)
refrigerator, which uses Joule-Thomson expansion of nitrogen and hydrogen to
cool the sample to as low as 20* K. The results of an initial series of measure-
ments with tungsten and U2 3 8 02 are shown in Figures 3 and 4. The errors in-
dicated on the cryogenic measurements are larger than those for the heated
sample not because of any inherent uncertainties, but because less time was
used for each cold measurement. An additional problem in the early U2 3 8 02
measurements was a large temperature gradient in the sample caused by the
combination of cooling at only one end of the sample and the low thermal con-
ductivity of the oxide; this difficulty has been eliminated in later experiments by
modification of the sample holder. Additional measurements are being made to
reduce uncertainties and obtain data on other materials.

Preliminary analysis of the temperature coefficient measurements in
Core 13 has been completed by using a computer program to determine the
parameters in the equation

p (T) = A + BT ~7

This program provides correction to the initial data for the reactivity changes
associated with the capsule materials and with thermal expansion of the sample.
The exponent parameter, gamma, is chosen to minimize the sum of the squared
residuals by an iterative process, while the constants A and B are determined
analytically by the least squares method. The fractional reactivity change of a
thorium sample, relative to 293*K, determined in this program, is shown in
Figure 5, which was prepared directly by the computer. For a value of gamma
equal to unity, the temperatur e dependenc e is logarithmic;

P(T )/p(293) = 0.2957-0.0521 log T(*K)

*Lamb, W. E. , Phys. Rev. 55, 190 (1939)
tFroelich, R. , and K. Ott, "Einfluss von Festkorpereigenschaften auf die

Berechnung des Dopplerkoeffizienten" (Private communication)
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More detailed calculations of the
0.06 Ipolyethylene blanket test regions have

been performed by using a diffusion
0.04 theory code, with the blanket represented

by three zones. Inability of the code used
0.2GAMMA=1.00 fto account for up-scattering in the ther-

5 mal energy range has required some
0 additional interpretation of the calculated

values for the median fission energy at
~-0.02 - the center of the test hole. This was done

by comparison of values calculated by the
~-0.04 - code for a pure Maxwellian spectrum and

by numerical integration of the fissioning
~-0.06 - - spectrum. The results are shown in

Table 3. Neutron importance measure-

-0.08_ ments using Po-Be, Po-Bll, Po-F, and
Po-Li7 neutron sources have been com-

I pleted in the standard core and in the
0200 400 600 800 1000 1200 1400 1600 1/8-, 1/4-, and 1/2-in, thick polyethyl-

7_-1-TMPRAU6 (0K) 7604-2543 ene blankets. These measurements con-

Figure 5. Computed Best Fit to sisted of oscillations to determine the
Thru DplrEffect importance at the center, and traverses

ThoriurDopple through the entire reactor and across the
Measurmentscentral region for finer definition of the

spatial variation of importance. The data have not yet been completely analyzed,
therefore no results can be reported here.

TABLE 3

ADJUSTED CALCULATED CENTRAL
MEDIAN FISSION ENERGY

Median
Fission

Core BlanketEery~

____ ___ __ _ __ ____ ___(ev)

13-13 None 61.7

13-14 0.125-in. 30.7

polyethylene

13-14B 0.160 1.13

13-14C 0.213 0.062

13-14A 0.250 0.037

13-24 0.375 0.031

13-23 0.500 0.029

*The uncertainty in median fission energy is
approximately 10% + 0.02 ev.
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The gamma-ray spectrometer system designed for measurements of Doppler-
induced changes in absorption by activation techniques has been assembled and
is now being checked. This system consists of a lithium-drifted germanium
diode cooled by liquid nitrogen as a gamma-ray detector with a low-noise, field-
effect, transistor preamplifier. Resolution of 4 key (FWHM) has been achieved.

A high temperature oven has been assembled and heated to 1800*0C. Further
refinement of the design is required to reduce the size and prolong the life of
the heating element.

Samples of plutonium oxide of various isotopic compositions are being fabri-
cated by an outside laboratory.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

An increasing amount of information on the systematics of the Doppler effect
in a fast reactor spectrum has been obtained. Considerable progress in the
development of analytical methods for interpreting the expansion effect has been
made. Various experimental techniques for determining the reactivity change
due to sample expansion are being developed. The commercail cryogenic re-
frigerator has been refined to the point that significant reactivity measurements
can be made in the low cryogenic range. Neutron importance measurements
have been made which, in combination with earlier fission rate measurements,
will aid in interpretation of reactivity measurements. Measurements with
plutonium samples were delayed because of the time required to evaluate and a
qualified fabricator.
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I. PROJECT OBJECTIVES

A method for calculating region-dependent neutron flux spectra will be de -
veloped. The multigroup cross sections for each region will be computed using
the spectrum appropriate for the region. The effect of region-dependent spec-
tra on the multigroup cross sections and the significance of this for fast reactor
calculations will be evaluated. Based on the results of the evaluation, a code
will be developed which incorporates the essential aspects of region-dependent
spectra for fast reactor calculations.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

This project was initiated during the October-December 1965 quarter. A
3-step method, proposed for making fast reactor calculations based on region-
dependent spectra, was developed. This method consists of the following.

a) The spectrum in each region of the reactor was computed with ELMOE,
using group and region-dependent bucklings. Approximate values for the
bucklings were obtained from a preliminary multigroup calculation for the
reactor.

b) Using the ELMOE spectra, a multigroup cross-section library for
each region of the reactor was constructed. This calculation was performed
with GRISM, using basic cross sections from the Al-Evaluated Nuclear Data
File.

c) Using the above cross-section library, the multigroup reactor calcula-
tion was done with the CAESAR-IV code. Group and region-dependent buck-
ling s we re obtaine d fr om this c alculation. The se buckling s c an be us ed in a
second iteration of this procedure, beginning with Step a.

Modifications to the ELMOE and CAESAR-IV codes were required before the
outlined calculations could be carried through.

ELMOE was modified to accept group-dependent bucklings as input, and to
calculate the resulting neutron spectrum without iterating on the buckling.
Provision was made to permit changes in coarse group absorption and fission
cross sections at execution time and to retain the light element scattering
matrix. The routine for preparing coarse-group libraries was modified to per-
mit punched card output from the GRISM cross -section averaging code to be
used in making coarse group libraries. The modified code is named AILMOE.~
A document describing the code was published.

*R. A. Blamne, ''AILMOE, Atomics International's Version of the ELMOE
Code,'' NAA-SR-MEMO- 11892 (April 1962)

NAA-SR-12010
139



ATOMICS INT ERNA TION AL

A Division of North American Aviation, Inc.

A 24-group AILMOE library based on cross -section data from the AIENDF
was prepared. All groups have a width of half a lethargy unit except the 24th,
which has a width of one lethargy unit. The energy range covered is from 10 Mev
to 37.25 ev. The nine isotopes required for ZPR-III assemblies 29, 31, 34, and
36 are presently included. Cross sections are weighed with a fission spectrum
above 0.82 Mev and a l/E spectrum below this energy.

The CAESAR-IV code was modified to include an option for preparing group
and region-dependent bucklings as punched card output. These bucklings are
used as input to AILMOE. A special code CLIO was developed to prepare
region-dependent microscopic cross-section librari s .. atape input for CAESAR-
IV, which was modified to accept such libraries as input. The draft of a docu-
ment describing the CLIO code has been written.

The ZPR-III critical assembly 29 was selected for the first region-dependent
calculation, and the calculation was carried through the first iteration. Pre -
liminary values of the group bucklings in the core and blanket were obtained
from a CAESAR-IV calculation in which all cross sections were weighed with a
l/E spectrum up to 0.82 Mev and a fission spectrum above this energy. The
bucklings were used with AILMOE to obtain spectra for core and blanket. These
spectra were used with GRISM to produce region-dependent multigroup libraries
which were placed on tape with CLIG. The CAESAR-IV run was made with these
region-dependent libraries. This completed the first iteration of the calculation
and provided a final checkout of the code development.

The group and region-dependent bucklings obtained from the CAESAR-IV cal-
culation were used with AILMOE to start the next iteration of the problem. An
evaluation of the results will be made when this iteration is complete.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The initial objective of this project, to acquire the capability for making
region-dependent spectrum calculations, has been accomplished. The method
developed has been applied to the ZPR-III critical assembly 29, and the results
of this application are currently being evaluated.

The second objective, to evaluate the importance of region-dependent spec-
trum calculations for fast reactor neutronic application, was started.
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I. PROJECT OBJECTIVES

The object of this program is to provide and check physics data necessary
for design and operation of reactors. There are several areas such as safety,
economics, and ease of control which may compete in a good reactor design.
Conservative designs are often made in the safety area because of-the paucity of
physics data. In addition to increasing the cost, much delay can be caused in
reactor programs by uncertainties in calculated results which bring questions as
to safety and economics. This program is designed to study specific areas which
are related to calculational uncertainties.

One of the more important areas requiring investigation is the scattering-
re sonance shielding in various light elements such as Na, Fe, and 0. This
phenomenon is directly related to the large volume of coolant (~50%) and struc -
ture (~l6%) in current fast-reactor design, and the lack of information on light-
element scattering which affects the magnitude of both Doppler - and Na-void
effects.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A program has been undertaken to determine the neutron spectral distribution
in molten s odium us ing a point s our ce of high ene rgy neut rons . C alculations
have been made to determine the fast neutron intensities required to make mean-
ingful spectral measurements in the sodium. Initial calculations were based on
diffusion theory approximation and were made using the 35 -group CAESAR IV
code. Neutron fluxes far from the source were underestimated by using this
technique. To obtain more accurate results in this region, the calculations were
repeated with the DTF code which uses an S4 approximation to the transport
equation. These results indicate that for a neutron source of 107 n/s (the upper
limit of presently available sources at this lab) limited measurements can prob-
ably be performed at distances up to 160 cm from the source for neutron energies
below 500 key. This calculation did not, however, include any masking effects
such as electronic noise, unwanted gamma pulses or other background effects
which may originate in the measuring system.

An alternate approach to making the initial spectral measurements has also
been investigated. This method would use the ECEL critical assembly machine
as a neutron source and the sodium volume would be contained in the center test
region. Calculations using the 16-group CAESAR II code were made for a te st
region consisting of sodium only and for a te st region containing sodium sur -
rounded by ~-5 in. of U2 3 5 metal. The neutron spectra obtained at the center of
the Na region look similar in the high energy region to those in some of the test

NAA-SR-l20l0

141



ATOMICS INT ERNA TION AL

A Division of North American Aviation, Inc.

regions which mockup typical fast reactor cores; however, a low energy tail is
also in evidence. No problems appeared to arise with regard to reaching criti-
cality with the test region loaded in such a manner.

Of the two possible approaches, the point source method was chosen for the
initial measurements since no canned Na for the reactor is available at the pres -
ent time. The use of the Large Components Test Loop made available a 30-ft-
high by 8-ft-diameter tank of sodium which can be maintained at ~450*F. A
source holder and detector thimble were designed and built for use in this sodium
tank. The detector thimble design has been complicated by the fact that the max-
imum acceptable operating temperature for the detector is 1800*F. To maintain
the temperature at or below this level while immersed in the 450*F sodium, the
counter has been located in a double -walled thimble with a vacuum maintained
between the walls. Additional cooling is provided by compressed air flowing
ove r the c ounte r.

The detector chosen for the initial measurements is a hydrogen-filled (4 at-
mosphere) proton-recoil proportional counter developed*~ by. P. W. Benjamin of
AWRE. The range of the counter covers energies from ~..150 to ~400 key at which
point wall-corrections are a 50% effect. To reduce noise to a minimum, a spe-
cial preamaplifier has been designed and built, and is located adjacent to the de-
te cto r within the 2 -in. ID thimble . Nuvis to rs we re us ed to ke ep the amplifie r
size down, yet allow operation at a somewhat elevated temperature. Because of
the slow rise-time of the proton recoil pulses (~.4 to 6 p.sec), the construction of
a pulse shaping circuit has been necessary in order to obtain proper triggering
for the multichannel analyzer.

The counter contains two internal sources of energy calibration. One of
the se is a Pu2 3 9 L' source which give s pulse s equivalent to 1.6 Mev protons.
The other is 5% nitrogen in the filling gas which give s a 615 key proton pulse
when exposed to thermal neutrons. Calibration curves have been obtained by
exposing the counter to thermal neutrons in the thermal column of the AE-6 reac-
tor. A typical curve is presented in the figure. Initial measurements have been
made in the sodium tank but sufficient data have not yet been obtained to provide
any de finitive analy s es o f neut ron ene rgy o r sp atial dis t ribution.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Because of the late start of this project, there has been less experimental
progress than anticipated. An exceptionally long delay in delivery of the proton-
recoil proportional counter (mid-April 1966) has severely handicapped the prep-
aration of the required electronics for carrying out the experimentation. Since
the arrival of the counter, the project has advanced at a reasonable rate consid-
ering the newness of the technique. Some initial measurements in the sodium
tank have been carried out.

The range of neutron energy spectra that can be covered with this single de-
tector is somewhat less than had been anticipated. To cover the range specified
in the literature (30 to 500 key) will require two additional counters, each with a

':Manufactured by 20th Century Electronics Ltd. , England.
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different filling pressure of hydrogen. The present counter covers a range from
only -150 to 400 key. An order for detectors with other filling pressures, to
cover the range to 30 key, has been placed.

Final c or r ections t o the data obtaine d f rom the se dete cto rs can not be made
until the spe ct rum above the uppe r limit of the se c ounte rs i s a ccur at ely known
and until the background proton recoils from the higher energy range are sub-
tracted. This correction is expected to be in the order of only 5%. A stronger
source is also required to extend the measurements into the low neutron energy
region.
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I. PROJEC T OBJECTIVES

The objectives of this project are as follows.

1) To use and develop, where necessary, the most advanced methods to
prepare pure single and polycrystalline maaterial of controlled structure and
stoichiometry.

2) To precisely determine selected microstructural attributes and mechan-
ical and physical properties required both to establish the potential for these
maaterials as nuclear fuels and to provide a basis for interpreting and under-
standing ir radiation behavior in terms of atomistic transport phenomena.

3) To apply current solid state theory developed for metallic fuels to ob-
tain an unde rs tanding of the p roc es s es and me ch anisms involved in fis sion
damage in order.

4) To apply knowledge gained thereform, and also apply to these materials
the general theory and experimental techniques developed to reduce the con-
trol swelling in metallic fuels and demonstrate such control in these refractory
fuels.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. REFRACTORY METAL SOLUTIONS AND DISPERSIONS

The concept of controlling fission gas swelling in UC by providing nucleation
sites for the gas bubbles in order to take advantage of surface tension restraint
has been followed up in this laboratory by studying preparations of UC containing
small percentages of tungsten. In view of the work on metal fuels in which this
concept has been tested, both precipitate-containing and quenched solutions of
tungsten in UC are of interest. Both types of material have been prepared using
a variety of techniques. Plans are well advanced for a reactor test of the com-
parative swelling behavior of W-doped UC fuel samples with similar undoped
samples.

1. Preparation by Zone-Leveling

Zone-melting is the preparation process we have studied the most thoroughly
because it has some advantages for research preparations, including that of
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producing high-purity samples. Tungsten is alloyed with the UC during zone
melting by first winding the rod with tungsten wire. However, there are also
disadvantages which include formation of very coarse columnar grains and the
introduction of chemical gradients along the length of the rods. As a means of
keeping the chemical gradients under control, the technique has been modified
to a zone-leveling process. Zone leveling is the term applied to the process of
adding at the starting end of the rod an extra quantity of the constituent to be
leveled. Results of experiments which were zone leveled with respect to both
carbon and tungsten are shown in Table 1.

As shown in Table 1, zone leveling with respect to carbon content was for
the most part successful, and the concentration gradients are very small,
particularly from middle to top. In the case of the two nonstoichiometric rods,
the bottom analyses indicate slight overdoping of the initial sections in the
attempt to zone level. The molten zone analyses indicate a strong sweeping out
of excess uranium for the two hypostoichiometric samples and a weaker sweep-
ing of excess carbon for the hyper sample, just as was expected from our recent
phase diagram studies. Zone leveling with respect to tungsten was only partially
successful and the concentrations found were lower than those calculated, about
1.5% instead of 2.0%. One possible explanation is that a trace of oxygen was
present which caused vaporization of tungsten as W03 '

The observed variations in the temperature of the molten zone during these
preparations provide a very interesting study, and confirm our interpretation
of the phase diagram and of the zone leveling process. Zone melting of a rod
of unif orm c ompos ition c ontaining an exc e ss of one c omp onent, as has be en
indicated in previous reports, results in a decreasing temperature as the com-
position of the crystallizing solid shifts to higher concentration of the excess
component. A zone-leveling experiment ideally should show a constant liquid
zone temperature. This is essentially what was found, as can be seen in the
data of Table 1, except that in the over-doped samples (4.4% C and the 4.9% C)
there was an initial increase in temperature just as expected. Also, for the
slightly hypo sample there was the expected slight initial drop in temperature
before leveling out. Another point pertains to the UC-W phase diagram. In
comparing these temperatures with those reported earlier for similar compo-
sitions containing no tungsten, the present ones are observed to be about 20 to
300 lower, showing that 2% tungsten lowers the melting point, but only slightly.

Optical metallography on these preparations has not only confirmed expecta -
tions from the analyses but has also provided some additional information. The
two hypostoichiometric samples show the irregular grain boundaries known to
be characteristic of samples containing fine particle dispersions (Figures 1 and
2). Figure 1 also sugge sts that this definitely hypostoichiometric sample is a
defect structure containing appreciable excess uranium in solution in the UC,
because in one area no free uranium is found and in other areas only small
amounts are found. Figure 2 shows that the tungsten content is about that needed
for precipitation of a ternary compound, and thus is probably the upper limit for
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TABLE 1

RESULTS OF INDUC TION ZONE MELTING PREPARATION OF UC-W
ALLOYS IN WHICH ZONE LEVELING WITH RESPECT TO ALL

CONSTITUENTS WAS ATTEMPTED

Tempera-
Position ture of Carbon Tungsten

along rod, molten Analysis Analysis Value of
(in. ) z one (wt %) (wt %) x inMC,

___________ (*C)__ _ __ _ _ _ _ _

(Original composition, 4.65% C; final composition, 4.4% C)

o 2125 4.37 2.62 0.898

1/4 2130---

1/2 2150---

2 2150 4.45 1.56-

4 2150 4.45 1.65 0.919

Final Zone 2150 3.71 2.26-

(Original composition 4.85% C; final composition, 4.7% C)

0 2180 4.72 2.08 0.976

1/4 2170---

7/8 2160---

1-7/8 2160 4.73 1.43 0.980

3-3/4 2160 4.68 1.47 0.979

Final Zone 2160 4.22 2.58-

(Original composition 5.1% C; final composition, 4.9% C)

0 2180 5.00 1.27 1.04

3/4 2180---

1-3/8 2180 4.90 1.05-

2-1/2 2185---

2-3/4 2190 4.88 1.58 1.01

Final Zone 2190 5.04 1.94-
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Figure 1. Optical Photomicrographs of Hypostoichiometric, 4.4% C,
UG with 2% W (showing extremely irregular grain boundaries

and some free uranium in one area; left = middle
section x 100; right = bottom section x 500).
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Figure 2. Optical Photomicrographs of Nearly Stoichiometric, 4.7% C,
UC with 2% W (showing irregular grain boundaries and one area

containing a dendritic phase which is probably a
U-C-W ternary compound; left = bottom

section x 500; right = middle
section x 500).
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desirable preparations. In Figure 3 it is seen that there is indeed excess carbon
precipitated as UC 2 and that the grain boundaries are regular, indicating the
absence of fine particles of W. Thus, compositions with excess carbon are
apparently not of interest because fine particles which may control swelling do
not form.

75125

Figre3. ptca Phtmcogah

Hyprsticomeric 4.9 C U

Figureh3s Opical Pottomictrogrpho

x 100)

Experiments aimed at dissolving the excess uranium of the 4.4% C sample
(see Figure 1) by annealing at 2000 and at 2300*C were unsuccessful. The ex-
cess metal segregated more into the grain boundaries and into large particles.
Apparently the total excess metal, uranium plus tungsten, either greatly exceeds
the solid solubility limit at these temperatures or cannot be retained in solid
solution even by a very rapid quench. This result together with the above result
on high-carbon suggests that UC-W solid solutions for reactor use must be very
close to stoichiometric in metal-to-carbon ratio in order to have fine particles
present and at the same time to avoid free uranium metal which undoubtedly has
poor swelling behavior.
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A detailed study of tungsten-bearing stoichiometric to hypostoichiometric UC
using electron microscope replicas has shown that the nature of the tungsten
precipitate varies rather widely in size and distribution of particles. The pre-
cipitate size in a single UC grain was usually fairly c onstant but the mean diam-
eter of particles varied by half an order of magnitude between adjacent grains.
The particle concentration was much higher in areas containing small diameter
particles. The distribution of precipitate particles varied from completely ran-
dom to regular arrays apparently related to the crystallization of the material.

Replicas of a series of three cold-hearth, arc-melted samples of near
stoichiometric omposition containing 0, 1 and 2.5 wt % tungsten illustrated an
interesting gradient in precipitate formation. The undoped material contained
essentially no particles, the 1% W material was free of precipitate particles
except in localized areas, while the 2.5% W material contained precipitate parti-
cles throughout.

It is desirable to be able to control the size and the number density of precipi-
tate particles and to this end an experiment on rapid cooling was performed. A
rod was prepared with 2.5% W using the zone melting technique. The UC com-
position was slightly hypostoichiometric, 4.7% carbon. Then a section of the
rod was heated in the induction zone melter until a normal molten zone was
achieved, after which the power was turned off. The molten zone thus cooled
much faster than it did during the initial preparation in which the molten zone
traversed the length of the rod. Electron microscope replicas show the zone
rapidly cooled from the liquid contained much smaller particles in a much higher
concentration than the normally cooled portion of the rod. The comparison is
shown in Figure 4. There were large variations between adjacent areas in each
of the zones, and the observed range was from a high of 1.3 x 1014 in portions of
the rapidly cooled zone to a low of 7 x 1012 particles per Cm3 in the normally
cooled portion of the rod. This experiment demonstrated that some control of
particle size and density of precipitate particles in UC can be achieved by heat
treatment.

2. Preparation by Arc Casting

Arc casting, a process by which UC is arc melted in a graphite crucible and
the melt is poured into graphite molds to be cast in the shape of rods , has been
employed to make UC-W alloys directly in a preliminary trial. This showed that
the grain size of the UC was small and that second phase precipitate particles
were present. The small grain size and the elimination of a second operation
are advantages for this process compared with zone leveling, and for these rea-
sons a further series of UC-W arc casting experiments is in progress.

3. Preparation of UC-W Solid Solutions

In the planned reactor test of tungsten doping, there will be included UC-W
solid solutions capable of forming fine precipitates during irradiation, as well
as samples already containing a dispersion of fine particles. The solid solutions
have been prepared by annealing and quenching of W-doped preparations which
contained second-phase material in some form, that is, as submicroscopic
particles of tungsten or as dendritic ternary compound. Annealing is typically
at 2100 0*C during which a c omplet e s olid s olution f orm s and quenching in molt en
Sn-In alloy at 110*C then retains the tungsten in solution.
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I

C

Figure 4. Effect of Cooling Rate on Second Phase Dispersions of
UC -- 2.5 wt % W

(a) rapidly cooled, high particle density
(b) rapidly cooled, large U particles
(c) normal zone melted, high density
(d) normal zone melted, low density (5g between markers)
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One problem with the procedure is that the samples crack during the quench.
Cracked samples are probably usable for the reactor irradiation test, although
this condition may raise some questions. Various procedures for preparing
uncracked solution samples are under study.

4. Low-Tungsten Portion of the U-C-W Phase Diagram

Full understanding of these various preparations requires a knowledge of the
pertinent part of the phase diagram. Other workers have shown that there is a
ternary compound UWC2 , and that there is a eutectic somewhere above 2000*C,
but there has been no work reported in the low-tungsten region. Our work indi-
cates that there is a solid solution range for UC-W which reaches a maximum
of about 2.0 wt % W at about 2100*C and drops off above and below this tempera-
ture. The most important evidence for this is the decrease in UC lattice param-
eter caused by solution of tungsten, as shown in Table 2. Other evidence is the
disappearance of tungsten particles and of ternary phase on annealing and
quenching.

TABLE 2

LATTICE PARAMETER DATA FOR UC W QUENCH

UC LATTICE PARAMETER (A)

W Content 1950*C 2100*C 2300*C

(wt%) (8 hr) (5 hr) (1.5 hr)

0.05 4.960 4.955 4.959

0.43 4.954 4.949 4.949

1.01 4.949 4.943 4.939

1.71 4.930 4.942 4.926

2.43 4.932 4.924 4.925

In addition to the solubility limits of tungsten in the UC phase, another aspect
of the phase diagrams (UC-W, UC-WC) that we wish to define is the nature of
th e s e cond ph as es in equilibr ium with UC -W s olid s olutions . Th e pr e cipitat e
particles discussed earlier have been tentatively identified as tungsten metal.
The work of Chubb, Waiston, and Keller at Battelle (BMI-1685, August 1964)
and earlier work of Rudy, Rudy, and Benesovsky (Monatsh. Chem. 93, 522
(1962) indicated the existence of a ternary compound, UWC 2 . We have not as
yet identified the compound described in these reports but in recent preparations
we have found an unidentified phase by metallography and by x-ray. The metal-
lographic appearance is similar to that reported by Battelle for the ternary com-
pound but the x-ray diffraction lines do not fit those reported by Battelle. Identi-
fication of this phase is being attempted by chemical -separation followed by
further analysis.
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5. Design of a Reactor Irradiation Test

A definite conceptual design has be'en established for a reactor test of fission
gas swelling behavior of tungsten-doped uranium carbide in comparison with un-
doped samples. The design involves doable-walled encapsulation of pellets, the
inner wall enclosing the pellets in a matrix of sodium and the outer wall sepa-
rated from the inner wall by a helium-filled annulus. The gas annulus will pro-
vide a thermal barrier which will be varied for temperature control and will
permit reaching a fuel centerline temperature as high as 2500*F. This tempera-
ture is judged to be high enough to cause drastic fission-gas swelling (at reason-
able burnup) of stoichiometric UC specimens to be used as control samples in
the test, based on various results reported elsewhere. It is planned to run the
rest in the SRE on the strength of tentative Jlans for operation of the SRE starting
early in FY 1967. We are now in the process of finalizing the design, and after
final selection of the fuel enrichment and dimensions, procurement of material
and preparation of samples will be started. Tungsten-doped samples will include
both solution-treated and precipitation-treated types.

B. THE UC -U PHASE DIAGRAM

Several workers have reported a solubility of uranium in UC at high tempera-
tures and that there is a maximum. The evidence for the maximum solubility
needs to be put on a firmer basis, and in any event, there is disagreement as to
the extent of solubility at the maximum and the temperature at which it occurs.
For this reason we have been investigating the system and have used a novel
technique, that of zone melting, which has been successful in determining the
high temperature portion of the solubility curve. The zone melting is done in
an inert gas atmosphere rather than vacuum , in order to avoid preferential
evaporation of uranium.

1. Description of the Zone-Melting Technique

When a UC rod containing excess uranium is zone melted in a helium atmos-
phere and the temperature of the molten zone is measured, it is found that there
is a drop in temperature as the zone traverses the rod and that the zone becomes
enriched in uranium. The crystallizing solid starts out lower in uranium, i. e. ,
mor e ne arly st oichiometric than th e or iginal r od c ompo siti on, and g radually in -
creases in uranium content. These effects are illustrated in Figures 5 and 6.

Analysis of the rod composition (carbon analysis) corresponding to the meas-
ured zone temperature gives the solidus curve directly, providing that the trav-
erse rate is slow enough to approximate equilibrium. Use of zone melting
parameters permits calculation of distribution coefficients (for the distribution
of excess uranium between solid and liquid) and, hence, of the liquidus curve
also.

2. Results of Zone-Melting Experiments

Data for a series of runs on differing starting compositions and at two dif-
ferent traverse rates are shown in Tables 3a and 3b. In this series the zone-
refined rod was sectioned into only two pieces, and the data for the bottom half
are given as an indication of the distribution coefficient.
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TABLE 3a

REMOVAL OF EXCESS URANIUM DURING ZONE-REFINING OF UC

Travrse _______(wt% C)
Rate Zone-refined (Xu (Xu)42  (CC0 42  k

(cm/sec) A-at bottom

3.5 x 10- 4.505 4.598 0.062 0.043 0.69 0.2

2.8 x 10- 4.545 4.564 0.055 0.051 0.093 0.5

3.5 x 10~ 4.77 4.78 0.007 0.005 0.72 0.2

TABLE 3b

REMOVAL OF EXCESS CARBON DURING ZONE-REFINING OF UC

Traverse(wC
Rate Zone-refined Xc (Xc 4) o (/)42  k

(cm/sec) A-at bottom

3.5 x 0~ 5.22 5.16 0.084 0.073 0.87 0.4

2.8 x 10- 5.17 5.107 0.075 0.075 0.87 0.4

The changes in carbon analysis are small but significant with respect to the
reported precision of 0.002%. The quantities Xu and Xc are mole fractions of
excess uranium and carbon respectively, treating excess uranium as the solute
in UC for hypostoichiometric compositions and excess carbon as the solute in
hyperstoichiometric compositions. (Xulo is the initial mole fraction of excess
uranium, (Xu)42 is the same value at an average distance up the zone-refined
rod of four zone lengths, and (C/C0 )42 is the ratio of the two.

The values shown in the last column are the effective distribution coefficients
calculated from the C/C0 values at a distance of four zone lengths, using the
relation, C/C0 = 1 - (1 - k)e-kx/2(x = length), or rather using plots of this equation
given by Pfann (W. G. Pfann, Zone Melting, John Wiley and Sons, New York
1958). The effective distribution coefficient is always larger than the equilibrium
distribution coefficient for finite growth rates; and the relation depends on the
parameter, f6/D, in which f is the growth rate, 6 is the thickness of the laminar
flow region at the solid/liquid interface, and D is the diffusion coefficient in the
liquid. About all that can be concluded from these few data points is that the
equilibrium distributioncoefficient (the coefficient which applies to the phase
equilibrium diagram) is only slightly les s than 0.2, perhaps 0.15, on the uranium-
rich side, and very close to 0.4 on the carbon-rich side.

A more detailed study was then made on the zone melting of a slightly hypo-
stoichiometric rod, by sectioning the entire 3-1/2-in, rod into 1/4-in, lengths
for analysis. Data are shown in Table 4 and photomicrographs showing the in-
creasing uranium content along the length of the rod are shown in Figure 5. The
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Figure 5. Zone-Melted UC showing Near-Stoichiometric Composition of
first portion to crystallize and the increasing amounts of free

uranium in portions crystallized later. Sections a, b, c,
and d were taken at 2, 5, 7, and 12 zone lengths

from start, respectively. (X 1000)
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TABLE 4

DISTRIBUTION COEFFICIENTS FOR THE SYSTEM UC-U
CALCULATED FROM A ZONE-MEL TING EXPERIMENT

Number of Tempera-
Zone ture of .Efc

Lenths Zone Weight 0 N Efc
Legtsng)tpp)spp) tive (XU)5  C/C0  k

Traversed Leghs ( CCpp)(pm (% C)s

1 2420 4.675 50 530 4.725 0.016 0.40 0.22

4 2390 4.65 20 325 4.680 0.025 0.62 0.20

6 2370 4.64 27 315 4.669 0.028 0.70 0.18

9 2360 4.63 22 300 4.659 0.030 0.75 0.15

13 2340 4.64* 55 285 4.666 0.028 0.70 0.10

Original 4.58 35 280 4.608 0.040

*Single determination, other carbon analyses duplicate or triplicate.

great enrichment of the final molten zone is indicated in Figure 6. It is evident
from the microstructures that no liquid was entrapped by the crystallizing solid.

The sample at 13 zone lengths appears to be out of line, and unfortunately
there was not enough sample in this case for duplicate determinations. Even
eliminating this analysis from consideration, it appears that there was a down-
ward trend in k as the run proceeded, that is, for higher uranium content and
lower melting temperatures. The calculation of k is based on the somewhat
arbitrary choice of 1/4 in. for the zone length, and a choice of 3/8 in. would
give a constant k of about 0.2. However, another probable explanation is an
actual lowering of the equilibrium distribution coefficient with decrease in tem-
perature. The temperatures reported have been corrected for the absorption
of the window, the calibration of the pyrometer, and for the emissivity of the UC
surface which has been measured experimentally as about 0.6. The corrections
were all positive and were 230 to 2400 C for this series.

Further information on the phase diagram has been obtained from zone melting
rods containing 4.1% C. It was hoped that these experiments would permit follow-
ing the liquidus and solidus all the way to the eutectic, UC-U, and thus give a
final decision on the existence of the reported maximum uranium content of
UC1 ._x solid solutions, but to date it has not been possible because of mechanical
difficulties to retain the molten zone at very high uranium contents. However,
the uranium content of the molten zone was increased in these experiments to
more than 50% by volume, and the the temperature lowered to 1975*F before the
run terminated. The temperature changes for this run are shown in Table 5.
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Change in Composition During Zone Melting of Slightly
Hypostoichiormetric UC

(a) initial as-cast structure containing traces of
free U in the grain boundaries

(b) final liquid zone structure containing greatly
increased proportion of free

(X 100)
U
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TABLE 5

TEMPERATURES OF MOLTEN ZONE DURING
TRAVERSE OF UC ROD INITIALLY 4.1% C

Length of Otcl T Corrected
Zone Travel Prometer Temperature

(in. ) Reain )C

0 2175 2415

0.08 2165 2405

0.16 2145 2385

0.25 2120 2350

0.38 2090 2320

0.52 2050 2270

0.75 2000 2210

0.92 1940 2140

1.08 1915 2110

1.25 1875 2065

1.35 1795 1975

Several other zone-melting runs on high-uranium samples have also shown

sharp temperature drops, but in every case the molten zone became unstable
when it reached high uranium content. For one of these, carbon analyses of the
final molten zone and of the crystallized portion adjoining it were 2.13% C and
3.96% C, respectively. The final molten zone temperature was 2105*C, cor-
rected. The value 3.96% C, adjusted for oxygen and nitrogen to 4.00% effective
carbon (XU = 0.174), if it actually represents the composition of a UC-U solid
solution, is substantially more uranium than has been reported elsewhere; for
example, Magnier and Accary report 4.44% C (XU = 0.08).

All of these results are indicated on the diagram of Figure 7, in comparison
with results in the published literature. The general shape of the curve is the
same but our UC melting point is about 1000 lower than that indicated by recent
work (Guinet et al. , Storms ), and our maximum s olubility is higher.

As mentioned above, the maximum solubility value is based on one somewhat
doubtful measurement, and we have not been able to repeat this experiment be-
cause of mechanical difficulties.

3. Data from Quenching and High Temperature X-ray

These more conventional techniques have been attempted to fill in the portion
of the diagram from 200 0*C down to the melting point of uranium; but, as has
been true of other attempts to use these methods, it is difficult to obtain un-
equivocal results.
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By means of high temperature x-ray diffraction it is, in principle, possible
to obtain the lattice constants of UC at temperature, and, thereby, the extent of
uranium solubility. Our first attempts at this, using a diffusion-pumped sys -
tem, resulted in such severe oxidation of the UC that its x-ray pattern was com-
pletely masked by that of U02 . We are now using an ion-pum ed system, but
because of sealing problems the best vacuum is about 2 x 10- torr. This has
enabled us to continue to observe the UC pattern at temperatures up to 1500 0C,
and lattice parameter changes beyond those due to thermal expansion have been
observed. However, no consistent interpretation of these changes has yet been
possible and it is feared that oxygen solution in the UC lattice, or uranium

e vapor ation, o r both, a re obs cur ing th e e f fe cts of ur anium s olubility . Th e p ow -
der form of the sample and consequent high surface to weight ratio contribute
to these problems. At this point it appears that a change in design to permit
the use of a massive sample, and an inert gas atmosphere, are needed for the
successful measurement of high temperature x-ray data.

Similar problems (that is, both oxygen absorption and uranium evaporation)
beset annealing and quenching experiments. In addition, there are the questions
of attainment of equilibrium during the anneal on the one hand, and of achieving
a sufficiently rapid quench on the other hand. The experimental effort is now
directed towards demonstrating the effects of oxygen absorption on UC lattice
parameter and on precipitation of free uranium metal during annealing.

4. The Melting Point of UC

A wide range of values for the melting point of stoichiometric UC has been
reported in the literature. Our measurements by optical pyrometry of the tem-
perature of the molten zone during zone melting, combined with emissivity
measurements made in separate experiments (which indicate an emissivity of
about 0.6), give an indication of the maximum melting point of about 2450 *C.
The uncertainty in this is appreciable because of the large corrections, in par-
ticular the emissivity correction itself which is +2000 C at this temperature. In
order to obtain an independent value having a smaller emissivity correction,
one melting point was measured in a tungsten-heated furnace in which the
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shielding approached a black body configuration and another was measured using
the coil of the induction zone refiner to heat the end of a 1/4-in. -diameter sam-
ple with a 1/16-in, hole in it. In both cases the sample was a single crystal
close to stoichiometric in composition but slightly carbon-rich. In the case of
the tungsten furnace experiment, the sample rested on a graphite block and after
melting it was found to be heavily contaminated with carbon. This could have
lowered the melting temperature as much as 100*C to the reported minimum in
the liquidus between UC and UC 2 . The measured temperature corrected for the
window was 2340*C and some emissivity correction must be applied to that read-
ing by virtue of the fact that the sample was observed to melt and thus the cavity
could not have been a perfect blackbody. The observed melting temperature in
the induction zone refines experiment was 2380*C including the window and prism
corrections and this is judged to need very little emissivity correction because
of the depth of the hole. The correction for the excess carbon content should be
about 2000. Our measurements thus bracket the melting point between 2400 and
2450*0C. Measurements of Witteman at Los Alamos indicate 25200 C as the sta-
tistical mean of a large number of measurements in a tungsten furnace for which
no emissivity corrections were applied. The discrepancy between Witteman's
25200 and our 24500 is not large, but is difficult to explain.

C. REAC TION OF CARBIDES WITH GASES

Our interest in the reaction of UC and other carbides with gases, most im-
portantly with oxygen, is two fold: first, to assess the effects of atmospheric
contamination on various properties; and, second, to use gas -solid interactions
as a means of studying structure and transport properties in the solid. For
example, it is believed that the high temperature reactions of UC with 02 can be
related to the defect structure of UC.

1. Reaction of UC with 02 at 900-1000*C

Several experiments in which single crystals of UC, with compositions close
to stoichiometric in U/C ratio, were heated at oxygen partial pressures of
l0-4 torr and lower, at temperatures of 900 to 1000*0 C, all yielded a similar
result, a pitaxial growth of both UC2 and U02 in a surface coating on the UC.
That is, the reaction appeared to conform to the equation,

2UC+02= UC2 + U02

The surface coating consisted of two layers, an inner layer of UC2 and an outer
layer of U0 2 . Photomicrographs of oxidized surface cross -sections are shown
in Figures 8 and 9.

The experiments were performed in a vacuum microbalance equipped with a
small adjustable le ak t o pr ovide a dynamic atmo spher e of d ry oxyg en. The
microbalanc e gave a continuous record of the weight change. The data for three
runs are shown in Figure 10. All of these are nearly linear, which indicates
that the rates are controlled by a surface reaction rather than by diffusion
through the surface layers.
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2. Reaction of UC with 02 at 18000C

At 1800*C, reaction of UC with oxygen at l0-4 torr caused a loss in weight,
and no surface coating was produced. A condensate on the wall of the furnace
tube contained sufficient uranium to account for the weight loss as a volatile
uranium product, UG or U metal. Thus the reaction at 1800*C is either:

UC+O2= UO+CO

or

UC +l/202 = U+CO ,

and all products are volatile.

Another important feature of the reaction at 180000 is that carbon reacts
faster than uranium and the C/U ratio in the UC is reduced. Thus in one experi-
ment the initial UC single crystal contained appreciable quantities of UC2 and
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the lattice parameter was 4.960 A, and after heating in 02 at i0-4 torr and
1800*C for 1-1/2 hr the sample contained a precipitate of free, uranium metal,
as shown in Figure 11, and the lattice parameter was 4.9557 A. In another single
crystal which initially contained a large proportion of UC 2 , composition about
5.0% C, partial decarburization occurred in oxygen to produce a sharp gradient
in UC2 content at the surface of the oxidized crystal.

These results are significant from two points of view. On the one hand, such
experiments provide a chemical diffusion process for studying transport in de-
fect UC structures, supplementing the radioactive tracer studies of self-diffusion
of carbon and uranium in UC. The second point is that this may be a practical
means for adjusting stoichiometry of UC preparations, in place of hydrogen de-
carburization, especially since the reaction appears to be significantly faster
than hydrogen treatment.

Some limited experiments have been performed on the decarburization kinetics
of both single crystal and arc-cast polycrystalline UC in oxygen. The results
shown in Table 6 demonstrate that the rate of weight loss is lower the higher the

-A0--
Figure 11 a and b.

Decarburization of Hyper stoichiometric UCG
18000 C in O2 at 10-4 torr

O.0O2 in.b

755 1-47 307 -8

by Heating at

(a) before 02 treatment, showing UC2 platelets
(b) after 02 treatment, showing U metal particles
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carbon content of the UC but increases rapidly as the carbon content goes below
the stoichiometric 4.8%. Chemical analysis of the condensate shows that only a
negligible quantity of uranium is vaporized from the high-carbon material, but
the weight loss from hypostoichiometric material is principally uranium. The
rates were relatively insensitive to temperature and pressure within the narrow
ranges studied, 1800 to 1900*C and 10- 4 to i0-3 torr oxygen pressure. Metal-
lographic studies of cross sections show the interesting effect of the disappearance
of the grain boundary UC 2 platelets within the grains, suggesting that carbon dif-
fusion is more rapid along grain boundaries than within grains.

TABLE 6

DECARBURIZATION OF UC IN OXYGEN

P
TfUC (%) Temp 0 Time Loss Loss

Type ofC C (C 2 (mmn) (%wt) (%/hr)C ( 0 C) (torr) ____________

Single xtl 4.8 1800 10~ 123 1.58 0.77

Single xtl 5.0 1800 1L~0 70 0.25 0.21

70 0.64 Accelerating

30 0.58 1.16

Single xtl 5.0 1800 1L~0 70 0.29 0.25

20 0.25 0.75

Arc-cast 5.2 1800 l0~4 180 0.28 0.09

Arc-cast 3.2 1800 l0-3 60 0.18 0.18

Arc-cast 5.2 1900 l0~0 60 0.06 0.06

60 0.12 0.12

Arc-cast 5.1 1800 5 x l0~0 60 0.15 0.15

D. SELF-DIFFUSION IN UC

The procedures developed for study of self-diffusion of both Uand Cin UC
involve vapor deposition of U2 3 5 or U33 and of Cl4 on the surface of selected
UC specimens, followed by high-temperature isothermal annealing for an ap-
pr opriate time and finally s e ctioning by g rinding of f s urf ac e laye rs and c ounting
the activity either of the ground-off material or of the residual sample using a
gas flow proportional counter. The high-temperature anneals are performed in
a diffusion-pumped vacuum furnace at 10-6 torr or better for anneals of less
than 8 hr, at the higher temperatures. Longer anneals are performed in an
ion-pumped furnace at about 10-8 torr. These pressures are low enough to
avoid significant oxygen or nitrogen contamination.

Data obtained to date are all for polycrystalline hyperstoichiometric material,
analyzing 4.9% carbon. The data, to be regarded as preliminary, are shown in
Table 7, in comparison with results reported elsewhere.
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TABLE 7

PRELIMINARY DATA ON SELF-DIFFUSION OF U AND C
IN HYPERSTOICHIOME TRIC UC

Duato Diffusion Coefficient
Diffusing Temp of Anneal (cm2 /sec)
Element (00) (hr) This Work j Other Work

Carbon 1700 1/2 2.5 x 1i- 8  6 x10-8*

Carbon 1600 1/2 4.4 x 10~ 3 x 10-8

Carbon 1400 - 3 x 10-1 2 x1~

Carbon 1200 79 1.8 x 10~ 1.5 x 10

Uranium 1700 8 4.8 x 10~ 4 x 10

*Chubb, Townley and Getz, BMI-1551, November 6, 1961
tH. M. Lee, Thesis, Imperial College, 1965

Agreement with results of other workers is quite good except for the 1400*
point, for which a different method of counting was used. There is reasonable
evidence in all of these studies that grain boundary diffusion plays a dominant
role in carbon transport in these polycrystalline hyperstoichiometric samples.
This is shown by the shape of the activity-penetration curves. Also there is a
possibility that transport may be mostly along UC-UC 2 grain boundaries for
hyperstoichiometric material below about 1700*C, below the temperature at
which excess carbon is soluble and there is only a single UC phase. This in-
terpretation is suggested by Lee's results on the variation of carbon diffusion
coefficient at 1400*C with carbon content. There was a slight increase in co-
efficient as the carbon content increased on the hyper side, which fits in with an
increasing proportion of UC-UC2 boundaries, and a much lower coefficient for a
hypostoichiometric sample which contained no UC 2 and thus had no UC-UC2
boundaries available for carbon transport.

It is important to determine the relative significance of these two types of
grain boundaries compared with lattice diffusion in carbon and uranium transport.
Our planned experiments on single crystals are very much needed to analyze
this problem. We also plan a further important study that has not yet been at-
tempted, that of the variation of diffusion rates with excess uranium content in
the UC. Study of diffusion in hypostoichiometric ZrC is also planned, and this
will be of special interest because the extent of solubility of Zr in ZrC is much
greater than in the case of uranium.

E. HOT HARDNESS OF UC

A paper on the subject of the hot hardness of UC was presented at the Pacific
Regional meeting of the American Ceramic Society. Data were presented for a
range of temperatures up to 1400*C which showed an increase in hardness for
tungsten-containing UC over the entire temperature range regardless of stoichi-
ometry. Hyperstoichiometric material was harder than hypostoichiometric at
high temperature but softer at room temperature. A final topical report is in
preparation.
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III. EVALUA TION OF EFFORT DURING FISCAL YEAR 1966

The use of minor additions of tungsten to UC as a means of improving its
high-temperature high-burnup swelling resistance still appears to be a worth-
while concept, although the concept has still not been tested experimentally. A
preliminary design for a test capsule has now been completed and the use of
SRE or Hanford as a facility is being explored. In the meantime, additional in-
formation has been gained as to procedures for preparing samples, and our ideas
as to the types of samples to be tested has shifted somewhat. Based on results
of reactor tests on metal samples showing superior swelling resistance for
solution-treated alloys, it is planned to include solution-treated UC-W alloys in
the reactor test as well as samples containing fine precipitates.

Methods of preparing supersaturated UC-W solutions have been worked out,
and a portion of the U-C-W phase diagram has been defined sufficiently well to
show that the preparation methods have a sound basis. Zone leveling and arc
casting are alternate methods for preparing the dispersions and annealing and
quenching of these produces the solid solutions. The dispersions may contain
up to 1014 particles per cm3 .

A new approach to obtaining portions of phase diagrams was developed and
applied to the UC-U diagram with some success. The method uses data from
zone-melting experiments. It is believed that the method should have broad
application to other refractory systems and that it provides clear advantages of
a more certain attainment of equilibrium and the finding of several data points
from a single experiment, limitations were found in applying the method to the
UC-U system because of inability to retain a floating molten zone that was very
rich in uranium metal, but valuable data was obtained in the region above 2000*C
where compositions were closer to UC.

A survey of the reactions of UC in contact with oxygen at low pressures l0
to l0-3 torr, revealed some very complex behavior. Growth of epitaxial layers
of UC 2 and U02 on the UC occurred at lower temperatures while volatile products
caused an even more rapid reaction at higher temperatures. The high tempera-
ture weight loss reaction did not result in oxygen absorption into the UC lattice
but did result in a rapid lowering of the C/U ratio. Their high temperature
oxygen treatment appears to be a better way to adjust stoichiometry than hydrogen
treatment. More detailed studies of oxygen reactions are needed because there
reactions affect so much of the preparation and property research on carbides.

W ork on s elf -diffus ion has advanc ed to the point that equipment and technique s
are in good working order and preliminary data appear reasonable. Measure-
ments on a series of single crystal samples to show the effects of stoichiometry
changes over a range of temperatures should be an important addition to the
literature on self-diffusion in refractory carbides.

Publications and talks based on this project issued during the current year
are as follows.
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1. "Oriented Growth of Oxiadation Products on Single Crystals of Uranium
Monocarbide, " G. Ervin, Jr. and K. T. Miller, Acta Metallurgica 14, No. 2,
222-228 (1966).

2. "Note on the Reported High-Temperature Solubility of Uranium in
Uranium Monocarbide, " G. Ervin, Jr. and W. L. Korst. Accepted by J. Nuclear
Materials, and is in press.

3. "Zone Melting of Uranium Monocarbide, " G. Ervin, Jr. and A. K. Smalley.
NAA-SR-11813, June 1966.

4. "Control of Stoichiometry in the Growth of Crystals of Uranium Mono-
carbide, " G. Ervin, Jr. , H. Nadler, and A. K. Smalley. Presentation at the
International Conference Crystal Growth, Boston, June 1966.

5. "Preparation and Properties of UC with Refractory Metal Additives, "
B. D. Pollock and A. C. Hott. Sent to J. Nuclear Materials.

6. "Hot Hardness of UC, " G. G. Bentle. Presented at Pacific Regional
Meeting of American Ceramic Society, Los Angeles, October 1965.
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I. PROJECT OBJECTIVES

The broad objectives for this program are to investigate defect structures
and radiation damage effects of selected materials in a broad category of ''re-
fractory moderator materials,'' and to relate these properties to material
behavior.

More specifically stated, the objectives are: (1) to develop, understand, and
utilize means of growing single crystals of graphite, and, as necessary, of other
materials consistent with other objectives of the program; (2) to characterize
crystal perfection and crystal defect structures of selected maaterials of interest
to this program; and (3) to study radiation damage mechanisms and effects, with
the ultimate objective of understanding and possibly controlling radiation damage
effects, and of assessing relative radiation damage tolerance for selected mate -
rials of interest.

The materials of interest to this program are those refractory, nonfissile
materials that can be considered to have potential use as moderating, diluent,
or structural nuclear application. This may include oxides, carbides, nitrides,
beryllium-rich compounds, and other structurally related compounds.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Progress during this last year in support of the project objectives was
achieved in a number of individual and interrelated tasks, as discussed in this
section.

A. GRAPHITE CRYSTAL GROWTH

The adopted procedures for graphite crystal growth are based on experi-
nments described in the literature. They are, in order of priority, precipitation
of carbon from saturated molten metal (Fe for example), and deposition on a
substrate from carbonaceous vapor; initial laboratory effort has been directed
toward the first of these. Recent attempts to grow graphite crystals were made
by the research group at Union Carbide Corporation by the two methods noted
above. A visit was paid to this research group to review their experiences in
growing graphite crystals. They were successful in producing small crystals
and in gaining some insight into growth processes and crystal quality; the infor -
mation obtained has been helpful in the present program.

Two important feature s generally have been given inadequate attention in
previous attempts to grow graphite crystals. These features are (a) crystal
nucleation, and (b) crystal growth rates. There has been no serious attempt to
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limit the concentration of preexisting crystal nuclei. Also the experimental
conditions generally promoted very high supersaturation and consequently high
growth rates. The present experiments are designed to limit both the number
of crystal nuclei and the rate of crystal growth, both of which are necessary
conditions for production of large, perfect crystals.

Two furnaces have been designed and installed for the graphite crystal growth
task. The furnaces are shown in Figure 1. They are dissimilar only for the
heater elements; one furnace is heated with superkanthal-type rods and the other
with Pt-Rh alloy wire winding. Each furnace has a main heater element and an
auxiliary heater element, with which a controlled temperature gradient can be
established along the furnace core. The heater elements surround a muffle tube
of dense A1203 , oriented in a vertical direction. The crucible (A12 0 3 ) contain-
ing C-saturated molten metal is supported on an elevated hearth, as shown in
Figure 2.

The nominal temperature of each furnace is controlled by a digital setpoint
controller connected to a saturable core reactor power supply. Programmed
temperature lowering is accomplished by driving the controller setpoint down
with a slow timing motor. The protective atmosphere inside the furnaces is a
10:1 mixture of nitrogen and carbon monoxide, at a pressure slightly above at-
mospheric pressure; an oil-filled manometer is used to gauge the pressure
differential.

To date, the furnaces have been used to conduct experiments designed to
assess the characteristics of graphite crystal growth from various metal alloys,
using the slow cooling techniques. In general, cooling started at 15000C and

proceeded at 20 or 400C/day to some temperature below the freezing tempera-
ture for the alloy being tested. The results of these studies will be noted below.

UPPER PLUG-.- FURNACE WALL

LIFT ROD

ZrO2 BALLAST PINS

BLOCK

- - CARBON BLOCK

ZrO2 BFFLE- - MAIN HEATER
- IWIN DI NGS

MOLTEN METAL --
SOLVET - - INNER

AND OUTER
-CRUCIBLES

LOWER PWG-

4-12-66 7551-2540

755 1-1844 Figure 2. Interior of Furnace

Figure 1. Furnaces for Graphite frSed-tt rwho
Crysal GowthGraphite Crystals
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In the preferred, but more difficult technique, the temperature will be kept
steady and crystal growth will be promoted by a temperature gradient along the
length of the growth medium. (The advantage s of this technique will be noted
below. ) The configuration of components in and around the crucible containing
the growth medium is shown in Figure 2. The purpose of the submerged zir -
conia block is to provide a thermal barrier and to permit a temperature differ -
ence to develop between the upper and lower zones in the melt. Generation of
the temperature difference is due to the asymmetrical distribution of main and
auxiliary heating elements about the crucible position.

The alloy systems used as carbon solvents have been composed of the follow-

ing elements in various combinations: Fe, Ni, Cu, Sn, P, and S. The primary
solvent elements are Fe and Ni; Cu and Sn were sele cted as diluents to reduce
total carbon solubility; S and (especially) P were selected because of their ef-
fect in reducing the melting temperature (by up to 200* C). Although it was ex-
pected that the solubility of carbon would be reduced in proportion to the amount
of diluent added, it was determined that the solubility was reduced even more,
suggesting that the C/Fe or C/Ni ratio was drastically altered by the presence
of any one of the diluents. Only S appeared to have a deleterious effect on
nucleation and growth of graphite crystals, resulting in polycrystal groups rather
than single crystals.

In the slow-cooling technique, three classes of crystals are formed. During
cooling from temperatures above the eutectic temperature (lowest temperature
at which a liquid phase of the solvent-solute can exist), carbon is continuously
driven out of solution; depending somewhat on the rate of cooling, the number of

crystals nucleated will be low and the rate of growth slow, resulting in rela-
tively good, large crystals. These are termed primary crystals. When the sys-
tem is cooled through and below the eutectic temperature, large amounts of car-
bon are rejected from solution, resulting in high supersaturation and an abund-
ance of small crystals that are termed secondary crystals.

The third type of crystals are termed crustal crystals because they are as so-
ciated with a crust commonly found on the ingot resulting from freezing the
metal-carbon solution. A preliminary analysis disclosed that the crust (in one
case, at least) was Al 2 03, and it is assumed that this identification was valid in
the othe r c a segs, subje ct t o ve rific ation. E xamination of the A12 0O 3 c ruc ible a ft er
use reveals limited reaction with the liquid; pre sumably this reaction was the
source of the Al2 03 which formed the crust. The mechanism of formation for
the crustal crystals is obscure, at present, since they usually are not in contact
with the ingot at completion of the cooling cycle. Possibly, however, they were
grown from solution in the melt, and then ''stranded'' with the crust, as the melt
contracted during cooling. Since a few crustal crystals were found with one end
frozen into the ingot, this hypothesis appears plausible.

In only two cases (Fe and Ni, respectively) was the ideal situation (i. e.,
nearly saturated solution of carbon in molten metal with no excess C) achieved,
and both yielded attractive graphite crystals. In the Fe melt, small crystals
~2mm across were found on the surface and in pockets, where the melt had

pulled away from the crystals after their formation, due to the combined effect
of melt contraction and surface tension (liquid iron does not wet graphite). Pri-
mary crystals were also observed in the interior of the ingot; one crystal was
>3 cm across. Some of the enclosed crystals were released by dissolving the
ingot away.
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Significant differences were apparent between the enclosed and the exposed
primary graphite crystals. These differences were interpreted as being due to
(a) diffe rential the rmal expans ion be twe en g raphite and s olidifie d ir on, r esult -

ing in considerable strain in the enclosed crystals, and (b) rapid precipitation
of carbon onto the primary crystal faces during the period of secondary crystal
formation. This results in dull crystal surfaces whereas crustal and exposed
primary crystal surfaces are always bright. These two phenomena underlie
advantages of procedures associated with the steady-state thermal gradient tech-

nique. As shown in Figure 2, there is an inner crucible that can serve as a
false floor upon which crystals can nucleate and grow. On termination of a
crystal growth run, the inner crucible will be slowly lifted from the melt, which
will be allowed to drain away from the crystals. The system can then be cooled
without causing any further damage to the graphite crystals.

Some of the primary crystals produced during slow cooling are shown in Fig-
ures 3 to 7. In Figures 5 and 6 are shown enlarged details on the surface of a
more or less typical primary crystal. The crystal is 5 mm in diameter and
about 0.1 mm thick. The appearance of straight, parallel line s ove r large re -
gions is encouraging evidence of good crystal quality. The high degree of crys-
tal perfection is also indicated by the ease of separation along the basal plane.
It is quite easy to pull off a thin sheet over most, if not all, of the face of a good
crystal. The same effect was noted for Ticonderoga graphite by Hennig, who
also reported difficult, patchy separation in pyrolytic graphite.

Figures 7a and 7b were drawn from visual examination of a couple of the
better crustal crystals. Examination of a number of such crystals by optical
goniometry and x-ray diffraction methods led to the following conclusions.

1) The inte rnal c ry stal st ructur e app roa che s s ingle c ry stal quality with
misorientations of less than several minutes of arc.

2) There is no significant turbostratic disorder.
3) The basal planes are the principal faces.
4) The edges of the platelets are parallel to the trace of (10 To) on the

basal plane.
5) Even on relatively thick platelets (~.4/3 of the crystal diameter), the

edges do not form as large planes. The edges are formed of terraces that
are long and straight, parallel to the basal plane, but very narrow in the
direction normal to the basal plane.

6) Since the terraces are so narrow, relative to the wavelength of light,
they do not reflect coherently, and the angular orientation of the as -grown
crystal face relative to the basal plane has not been successfully measured.

7) The crystal morphology can be likened to a deck of cards whose edges
are all precisely parallel but are offset (parallel to the basal plane) from
each other. Apparently crystal growth can proceed by accretion of carbon
atoms onto each of the exposed edges somewhat independently of the adjacent
terraces, meanwhile maintaining good crystallographic alignment. Addition
of atoms onto the basal plane is relatively slow, leading to slow crystal
thickening.

8) There appears to be frequent twinning (due to growth and not mechani-
cal factors) in the crustal crystals, although morphological examination has
not progressed far enough to determine whether the intercrystal angles are
uniform and rational as should be the case for twinning.
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Figure 5. Basal Face Graphite
Crystal (Not cleaned) x 20
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Figure 6. Step Structure Detail
of Figure 5. x 70
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Figure 7a and b. Typical Selected Crustal Crystals
Each Crystal is Less than a Millimeter Across
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According to our experience as well as prior experience elsewhere, graphite
crystals commonly grow as very thin platelets. It is interesting, therefore, to
observe that, in the runs made to date, there were frequent very small crystals
that were in the form of truncated pyramids. Somewhat more numerous were

regions on large, thin crystals where thick growths bounded by regular but still
unidentified crystal faces stood above the surface of the main crystal. These
observations show that there is some growth mechanism that can give rise to
thickening as well as broadening of the crystal. It will be one of the objectives
of this program to identify, and to control if possible, this particular growth
mechanism. The availability of thick crystals will be highly advantageous rela-
tive to thin crystals in being able to safely handle the crystals in subsequent
research tasks.

B. CRYSTAL DEFECT STRUCTURE STUDIES

The acquisition of a Lang-type camera, and replacement of an old micro-
focus x-ray generator by a vastly improved model, have made a great contribu-
tion toward the laboratory's capability of investigating defect structures in
nearly perfect crystals. These apparatus are used, along with the Berg-Barrett
technique, in x-ray diffraction rmicroscopy (or topography) and can reveal re-

gions of nonhomogeneous strain as well as the direction of the principal strain
gradient. Thus, concentrations of inmpurities or other types of point defects,
dislocations, mosaic boundaries, and other similar types of defects can be de -
tected and analyzed.

Some of the early observations and conclusions for BeO were described in
the annual progress report for FY 1965. During the present year (FY 1966),
many more crystals were examined, with the principal objective being to gain
some perspective regarding the kind of defect structure that is common to all
crystals, and the kind of variable defect structure that might be correlated with
growth environment, g rowth habit, and various kinds of treatment. Although
information obtained from the topographs is too detailed and extensive for dis -
cussion here, some of the more important generalizations are as follows.

1) Addition of small amounts of silica to the growth flux for BeO crystals

significantly improves crystal quality, in agreement with visual examination
and x-ray diffraction rocking curves. This is in sharp contrast to the degra-
dation caused by intermediate concentrations (0.03 to 0.2%) of 5i02 -

2) The principal dislocation structure is an axial screw dislocation ex-
tending from the nucleation point to the growth face; this screw dislocation
promotes crystal growth. Occasionally, dislocation lines are seen emerg-
ing from inclusions; these do not appear to contribute to growth processes.

3) In pyramid and prism crystals, the axial screw dislocation and the in-
version twin core are intimately related, originating from a common nuclea-
tion point.

4) Occasionally, a crystal contains s crew dislocations not originating in
the crystal nucleus. An example is shown in Figure 8.

5) Occasionally, there is extensive decoration around the screw disloca-
tions, suggestive of either plate-like precipitates nucleated at the screw dis-
location, or precipitation of point defects on the dislocations, causing it to
climb into a helical configuration (Figures 8 and 9).
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6) For those crystals that show rapid growth in a direction normal to the
c-axis, no contributory screw dislocations have been discovered.

7) The most dominant crystal defects are strain clouds distributed non-
uniformly throughout all crystals. These are presumed to be due to the pres-
ence of impurities, the importance of which can be diminished by the presence
of silica, as noted above.

8) Seed crystals upon which further growth has been promoted show nor-
maal defect structure, except that there is considerable lattice strain about
inclusions or voids that form at the interface between the seed and the crys-
tal overgrowth (Figure 10).

-m--overgrowth

~-seed

overgrowth

7551-2544

Figure 10. Optical Photograph of Sectioned Seed Crystal(Transmitted light) xli

Investigation of BeO crystals grown with a high concentration (~2%) of
borate in the molybdate flux was continued. The following conclusions re -
garding growth structure and mechanisms are consistent with earlier state-
ments but are based on more extensive data.

9) There is no growth-associated inversion twin. These crystals there-
fore are truly single in that each crystal has the same crystallographic po-
larity throughout.

10) There is probably no axial screw dislocation; if there is, it has eluded
detection, so far, by examination of growth morphology, chemical etching,
Lang topography, and regrowth on seed crystals in a borate-free flux.

11) Growth on normal seed crystals in a molybdate -2% borate flux does not
support the hypothesis that the presence of borate is, by itself, sufficient to
promote rapid growth at low supersaturation.

These observations on defect structure lead to the tentative broad conclusion
that, by and large, the observed supersaturation of ~3% is adequate to promote
classical two-dimensional nucleation of growth layers. The wide variation of
crystal habits and forms, which are dependent upon flux composition (including
impurities) and temperature, shows that the relative supersaturation required
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for two-dimensional nucleation on various crystal faces varies in a complicated
fashion. In the case of pyramidal and prismatic crystals, the presence of the

inversion twin core and screw dislocation probably are not necessary to crystal
growth but undoubtedly contribute to accelerated growth rates.

The simultaneous origin of the axial screw dislocation and inversion twin
core at the nucleation point is evidence for a structured nucleus. Nucleation
theory commonly assumes that the crystal nucleus forms as a perfect crystal.
Occasional evidence that this assumption is not always valid is found in the

present data and in the observation by Sears, Powell, and Donn that ZnO (iso-
morphous with BeG) can precipitate from vapor as fouling twins due to struc-
tural nuclei.

Figure 8 shows an unusual and striking example of structure developed about
the axial screw dislocations. This is a feature that is unique to a given crystal,
and is not characteristic of other crystals in the same growth batch. The most
evident explanation for the effects in Figure 8 is that impurities in this particu-
lar crystal have diffused to and precipitated at the dislocation. Whatever this

impurity is, it was not detected in an experiment with electron spin resonance.
This lack of impurity detection seems to be a general problem, in that the pres-
ence of impuritie s can account for many features observed in x-ray topographs
but elude detection and identification by other techniques.

Figure 9 shows another example of a modified axial screw dislocation. This,
also, is explained in terms of dislocation climb with precipitation of vacancies
or interstitial atoms.

It has been noted previously that a great advantage right be gained in pro-
duction of large BeO crystals if growth could be induced on suitable seed crys -
tals. By visual examination of overgrown seed crystals, it appeared that the
overgrowth was of quality comparable with that of the seed, and was degraded
only by the presence of visible pores spread along the interface. Comparison
of structure in the seed crystal and the overgrowth was more critically exam-
ined by x-ray diffraction topography. By visual examination (Figure 10), one
is not able to detect the degradation of crystal perfection such as is seen in

Figure 11; this is a topograph of an overgrown seed crystal. The crystal flaws
are seen as strain region lines originating at the interface. Although appear-
anc e is s ome what typic al, the s tr ain in the ove rg rown r egion c an a ssume c on -
siderable variation in both intensity and form. From these observations it may
be concluded that growth on a seed crystal is practicable if low crystal quality
can be tolerated. If high crystal quality is required, growth on a seed crystal
is not practicable at the present stage of development.

Etching studies of BeG crystals were continued, using molten salts as etch-
ants. These molten salts all have Li2 MoO3 as one constituent, with other com-

pounds [MoO3, V2O 5 , B2 03 , and borax (Na 2 B4O7 )] added. These all have the
common feature of forming an etch pit on a screw dislocation emergent on

(0001), and of etching preferentially on the positive basal plane. Other exposed
crystal faces are also etched, but at a much slower rate, and nonselectively.
As already known from experiments and published reports, phosphoric acid
acts on BeG is the opposite sense, in that the negative basal faces are etched

preferentially to the positive faces. During these recent experiments it was
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determined that P2 05 or NaPO3 (added to Li molybdate) serve as intermediate
nonselective etchants for BeO. Thus, they are useful as chemical polishing
agents for BeG in many applications, including thinning for electron micro-
scopy, removing surface damage due to grinding to improve fracture strength,
removal of surface damage that interferes with examination by x-ray diffraction
topography, etc. NaGH, either molten or as a hot aqueous solution, also forms
an etch pit on the emergent screw dislocation. It was noted also that the emer-
gence of Pt wires or crystals caused the formation of hillocks or pits by etching,
in a manner dependent upon the character of the etched face and of the etchant.
This is significant both to the etching processes and to identification of causes
for etching morphology.

C. RADIATION DAMAGE STUDIES

The studies of radiation effects and radiation damaage are continuing, al-
though slowly because of the long lead times necessary for reactor irradiation.
BeG crystals have been irradiated at ETR and MTR at -100, ~400, and ~900o C
through collaboration with General Electric Co. (Cincinnati) and Oak Ridge
National Laboratory. Further experimental study awaits arrival of these crys-
tals at Atomics International.

A diverse group of samples has been assembled and forwarded to ORNL for
irradiation in an irradiation rig assembled there. Three groups of samples
were prepared for anticipated irradiation in ETR at three different neutron dos-
ages at low temperature ((100* C). The samples include representatives of sev-
eral structure types: cubic (MgO, Be3 N2 ); wurtzite and related polytypes
(a'-SiC, a-SiC, BeO, CdS, AlN); corundum (A1 2 03 , Fe2 O3 , Cr203); loosely
packed crystal structure (Be2SiO4); as well as glassy carbon, graphite crystals
(from runs described on earlier pages), and 3-BeO. Most of these materials
are in the form of single crystals; a few are in powder or polycrystalline sin-
tered form.
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Some of these materials merit further comment. Beryllium nitride appears
to be a favorable maaterial for nuclear applications. There has been a dearth of
published information on this compound over at least the last decade. In view
of technical advances curing these years, reinvestigation of Be3 N2 is appropri-
ate. Favorable features include moderating efficiency, refractoriness, and
cubic crystal structure.

Glassy carbon is a recently developed form of carbon. It is reputed to be
isotropic and to be stronger than ordinary graphite. Due to the extensive cross-
linkages between planes of carbon atoms in the glassy structure, this material
s ome what r es emble s the g raphiti ze d pit ch binde r in c omme r cial g raphit es . T he
behavior of the binder has been inferred from the effect of neutron irradiation
on bulk commercial graphite, but the interpretations can not be accepted with
great confidence. Investigation of the radiation behavior of glassy carbon
should contribute to the understanding of corresponding effects in standard

graphites, as well as to evaluation of the material in its own right.

Graphite single crystals represent the opposite extreme of crystalline per-
fe ction. The problem of radiation damage has been extensively explored in
polycrystalline and approximately single crystal graphite, but never in high
quality single crystal graphite. Consequently, some crystal structure features
associated with radiation damage remain obscure. Bacon and Warren reported
in 1956, from earlier studies, that the (002) x-ray diffraction peak showed sug -
gestive but inconclusive evidence of splitting into a two-component peak. Such
an effect has been noted more recently for BeO and ZnO, and a crystal structure
model has been proposed to account for it. The use of irradiated single crystals
should permit more detailed investigation of the structural modifications in the
graphite lattice than has been possible previously.

Beryllium oxide has been prepared (not at AI) and retained at room tempera-
ture, in the beta-BeO form. This is in agreement with previously reported re -
tention of beta-BeO in the electron microscope. Although there is no direct
evidence that beta-BeO is formed during irradiation of normal BeG, the data on
BeG irradiation behavior allows the inference that the radiation-induced dis-
order bears a resemblance to beta-BeG. Consequently, the study of BeG ini-
tially in the beta-form might reveal further information on the changes taking
place with irradiation.

The topic of radiation damage in BeG at low temperatures (<1000 C) was dis-
cussed with B. S. Hickman, Australian AEC, early in the fiscal year. There
is now concurrence on the following points that are central to interpreting radi-
ation damage effects.

1) The existence of beta-BeG has not been directly observed in irradiated
BeG in spite of attempts in several laboratories to find evidence for it.

2) The large amount of expansion in the c-axis cannot be attributed to the
presence of the radiation-induced basal clusters.

3) Some other type of dilating centers is present, whose character is
still unknown; it may be an isolated interstitial type defect, or some type of
disorder with a tendency toward the beta-BeG structure, or perhaps another

type of defect not yet proposed.
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The crystal structure of BeG (Wurtzite type) is one of a series of structures
(polytypes) formed by various stacking sequences of close -packed molecular
layers. Other well-known structures of the series are cubic (sphalerite) and
many rhombohedral versions, all typified by ZnS and SiC as well-known exam-
ples. It is instructive to compare these various forms with respect to fault
structures, although the significance of the differences is not yet entirely clear.
The hexagonal form of ZnS readily forms stacking faults with negative fault
energy, which leads to slow conversion from hexagonal to rhombohedral to
cubic structure. SiC also exhibits extensive variations in stacking sequences,
so the stacking fault energy is presumed to be very small; conversion from one
form to another at room temperature apparently has not been observed. AlN
(hexagonal, positive stacking fault energy) and BeG (hexagonal) have not been
observed to form stacking faults.

In radiation damage studies, however, it has been observed that interstitial
clusters on the order of 100 A diameter (or larger, depending on temperature)
do form in BeG with exposure to high energy neutrons. These clusters are
equivalent to small disc-shaped stacking faults. If we assume reasonable val-
ues of cluster concentration and size, and of stacking fault energy (~.lOO erg/cm2 ),
the calculated amount of stored energy due to the clusters is less than one calorie
per gram after 1020 nvt irradiation. This is a very small part of the total stored
energy released below 1200* C. The bulk of stored energy therefore must be
attributed to the type of dilating centers just noted previously in 3) above.

Two types of data indicate that in the refractory ceramic materials exten-
s ive r e combination of de fect s (via s elf -diffus ion) c an oc cur s imultane ously with
irradiation at room temperature, resulting in complex types of lattice defects as
compared with the primary damage due solely to the atomic displacement events.
These types of data are (1) comparison between theoretically expected and exper-
imentally observed concentrations of displaced atoms, and (2) comparison between
irradiation effects at room temperature and at liquid nitrogen temperature. At
sufficiently low temperatures (i. e. , liquid helium or nitrogen), the original dis -
placemients should be retained. It is planned to further investigate this
temperature -dependent behavior by measuring dimensional changes during
sample irradiation at low temperature, and to observe further dimensional
changes with postirradiation annealing.

High-energy electron irradiation will be used to generate displacements by
electron-atom collisions. Although it has been proposed (Varley) that electrons
can create displacements by an alternate method of stripping electrons from an
atom (or ion), which is then rejected from its normal lattice site by electro-
static forces, experimental evidence has not shown that this alternate process
is effective except in the alkali halide crystals. It is assumed that displace -
ments in the materials to be investigated here (MgO, A12 03 , BeG, SiC, etc)
will be created only by electron-atom collisions; the experimental data will
demonstrate whether this is true.

The technique for measuring dimensional changes will use a capacitance
method which promises to detect dimensional changes as small as ten Angstroms.
This corresponds to a sensitivity of one part in l1b for dimensional expansion.
The equipment for this experiment has been procured, and the experimental
effort can proceed almost immediately.
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D. PUBLICATIONS AND PRESENTATIONS

Papers that have been published or submitted for publication and papers pre -
sented at professional society meetings, arising from these programs, are
listed below. It will be noted that some papers originated from research activ-
ities within the scope of the project during previous years but not from work
performed during the present fiscal year.

1. ''Study of Defect Structures in BeO Single Crystals by X-Ray Diffraction
Topography,'' S. B. Austerman, J. B. Newkirk, and D. K. Smith, J. Appl.
Phys. 36, 3815 (1965)

2. "Cation Diffusion in Single Crystal and Polycrystal BeO,'' S. B. Austerman
and J. W. Wagne r, J. Am. Ceram. Soc. 49, 94-99 (1966)

3. ''Degradation of Growth Perfection in BeO Crystals by Silica,'' S. B.
Austerman, 3. Am. Ceram. Soc. 48, 648 (1965)

4. ''Dimensional and X -Ray Diffraction Changes in Irradiated Single Crystal
BeO,'' S. B. Austerman and K. T. Miller, Physica Status Solidi, 11, 241 (1965)

5. ''The Application of Radionuclides to the Determination of Phosphorus in
As-Grown Beryllium Oxide Crystals,'' C. D. Bingham and S. B. Austerman,
Int. J. Appl. Rad. and Isotopes 16, 499-500 (1965)

6. ''Thermal Conductivity of BeO Over a Range of Density,'' C. J. Ambrose
and R. S. Carpenter. Presented at the Fifth Annual Thermal Conductivity Con-
ference, Denver, October 13 (1965)

7. ''Brittle and Plastic Behavior of Hot-Pressed BeO,'' G. G. Bentle and
R. M. Kniefel, J. Am. Ceram. Soc. 48, 570 (1965)

8. ''Elastic Properties of Single Crystal BeO at Room Temperature,''
G. G. Bentle, J. Am. Ceram. Soc. 49, 125-128 (1966)

9. ''Multiple Thin Section Grinding,"' A. C. Hott and V. C. Davis, J. Am.
Ceram. Soc. (Early 1966)

10. ''New Substructure Features in Single Crystal Beryllium Oxide,'' D. K.
Smith, H. W. Newkirk, and S. B. Austerman. Presented at Annual Meeting of
the Am. Cryst. Assoc., Austin, Texas, February 28 (March 3, 1966)

11. ''Growth Related Defects and Growth Processes in BeO Crystals,'' S. B.
Austerman, D. K. Smith, and H. W. Newkirk. Presented at the International
Conference on Crystal Growth, Boston (June 20-24, 1966)

12. ''Petch Relation in Single -Phase Oxide Ce ramics,'' S. C. Carniglia, J. Am.
Ceram. Soc. 48, 580 (1965)

13. ''The Inversion Twin: Prototype in BeO,'' S. B. Austerman and W. G.
Gehman, J. Mat. Sci. 1, [3] (In press)

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Furnace equipment for growth of graphite single crystals was built and in-
stalled. A number of experimental runs, using a technique of slow cooling of
a molten metal saturated with carbon, have been made. From the se runs a
preliminary selection of metal systems based on iron and nickel can be made.
They also produced crystals which, although small, are sufficiently large to
permit their evaluation in terms of perfection and of their significance to future,
more advanced production techniques. It is important, here to recognize that
continued progress will require considerable patience during the periods of
necessarily slow rates of crystal growth. Because of the optimistic prospect of
obtaining large, high quality graphite crystals by the processes described, it is
not likely that the alternative method of crystal growth (pyrolytic deposition) will
be used in this program.
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Growth-related crystal defects in BeO crystals have been more fully investi-
gated by x-ray diffraction topography and by chemical etching. This has led to
broad interpretation of the growth processes and the origin of these defect struc-
tur es . A s the p rog ram p rogre s s es, the same te chnique s will be applie d to othe r
materials of interest to the project. From data of this type, a comprehensive
correlation between details of defect structure and defect-sensitive properties
can be made, as has been done for BeO.

Radiation damage studies have progressed slowly while awaiting neutron ir -
radiation of samples in nuclear reactors. Theoretical studies have continued,
giving further insight into the mechanisms and consequences of radiation damage
in refractory moderating materials. Considerably more work is necessary,
however, before a reasonably extensive understanding of radiation effects in
these materials is at hand. Further experiments are planned to advance the
level of insight.
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Program: Reactor Fuels and Materials Development - Other

Project: Fission Effects in Metal Fuels

Project Engineer: C. E. Weber Principal Scientist: A. H. Willis

Reporting Period: Fiscal Year 1966 AEC Category: 04-40 -02 -09

General Order: 7652 Subaccount: 4537

I. PROJECT OBJECTIVES

The objectives of this project are: (a) to obtain a detailed understanding of
the p roc es s es and me chanisms involve d in fis sion damag e including tho se r e-
sponsible for swelling of reactor fuel materials during irradiation and those
arising from dynamic fission processes, and (b) as a result of such understand-
ing, to propose and test procedures by which swelling can be minimized.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

An irradiation experiment, entitled NAA -118, was conducted in which samples
containing low levels of additives of U, U - 4 Mo, and U - 10 Mo were irradiated
at high temperatures (550 and 645*0C) to high burnups (0.8 and 1.2 at.%). The
alloys were heat treated to provide solution quenched and fine and coarse disper-
sions. Large and small solution-alloying atoms which might inhibit fuel swel-
ling were also introduced into the materials.

This experiment pursued the remarkable stabilization against swelling of
weakly alloyed uranium observed in postirradiation annealing of similar alloys
which had been irradiated at low temperatures. The solution quenched materials
were introduced into the experimental design because prior tests had indicated
more limited swelling in areas adjacent to dispersed particles.

The conclusion is that the solution quenched metastable materials are supe -
rior, in terms of swelling control, to thermally produced fine or coarse dis -
persion alloys and to stable solution alloys. No decision concerning whether the
nucleated bubbles induce precipitation of supersaturated alloying contents, or
whether fission induces precipitation of a dispersed phase which subsequently
acts as a gas atom nucleation site, can be inferred from these test data. Never-
theless, the solution quenched alloys exhibited, in some cases, no greater vol-
ume changes than those anticipated as a consequence of the formation of two
condensed-phase fission-product per parent uranium atom. Additional samples
containing solution quenched alloys have been fabricated for irradiation in Savan-
nah River reactors.

Theories of in-pile re-solution and precipitation of dispersed phases and
changes in solid solution equilibria as a consequence of fission displacementt
spikes have been advanced, and these theoretical calculations permit interpre -
tation of the improved stability of solution quenched alloys.

The perplexing variability of the fission gas release that has been observed in
irradiated uranium has been partially resolved by annealing experiments on
0.25-mil ARS copper foils which were irradiated sandwiched between uranium
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foils, from which fission products recoil to provide fission gas content in the
copper samples. Measurements of cumulative gas release from samples an-
nealed at successively higher temperatures for 24-hr time periods has provided
quite reproducible results. The maximum fractional gas release is temperature
dependent, unrelated to normal self-diffusion mechanisms in this purity copper,
and has an apparent "activation energy'' of about 0.51 ev. Quasi-isochronal an-
neals, wherein the temperature was raised 2000*C over a 12- to 16-hr period,
provided no indication of uniquely activated processes and a continuous spectrumn
of activation energies for existing traps appears to exist. The gas content is
low (10 -9 atom fraction) relative to the original impurity level (l0 -5 atom
fraction).

Evaluation techniques have proceeded from the simple diffusion models or the
naive trapping concepts, as a consequence of analogue computer calculations.
The fractional gas release as a function of gas atom and trap density, including
formation and motion of gas clusters and individually dispersed rare gas atoms,
has been evaluated by analogue techniques. Simultaneously, existing digital
codes have been expanded to handle diffusion mechanisms of dissimilar sized
atoms having dissimilar interatomic potentials. By minimizing energy and force
interactions among large conglomerations of atoms, the most probable diffusional
jump processes for the rare gas atoms in lattices are being evaluated.

The theoretical, computer studies of the diffusion of rare gas atoms in met-
als, initiated during the latter part of the prior fiscal year, have continued.
Efforts have been focused on three major areas:

1) Theoretical investigation of interatomic potentials,
2) Continued refinement of existing computer programs for the present

inve s tig ation, and
3) Computer calculation of selected atomic migration paths.

The particular system studied is that of Xe substitutionally inserted into a
Cu lattice. Two separate heteronuclear potentials have been used to character -
ize the Cu-Xe interaction. One potential follows that suggested by Rimmer and
Cottrell ''The Solution of Inert Gas Atoms in Metals,'' Phil. Mag., 2, 1345-53
(1957). This type of heteronuclear potential is formed by a linear combination
of a Born-Mayer potential representing the Cu-Cu interaction and a Buckingham
(or Exp-6) potential representing the Xe-Xe interaction. The same Born-Mayer
potential mentioned above is used in subsequent calculations for the Cu-Cu inter-
action when the heteronuclear Rimmer -Cottrell potential is used for the Cu-Xe
interaction. The equations and values of the constants for the Born-Mayer and
E xp -6 potentials f ollow.-

Born-Mayer: U(r) = A exp [p(r0 - r)/ r0 ] , ... (1)

where A = 0.053 ev and p= 13.9..

Exp-6: @F(r) = l-(6 /) fexP a( >m) - (,) ...(2)

0

where ca = 13.0, rm= 4.450 A, and # = 0.0 19923 ev.
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Following Rimme r and C ott rell, the hete ronucle ar pot ential [c alle d her e
E(RC 1)] is defined as:

E(RCl) = 0.5 [U(2 r ) + 'Z(2 r )] , . .. (3)

where the Cu-Xe separation distance r, of which the potential E(RC1) is a func -
tion, is defined as

r =r + r .I..4)g c

Here, r g and rc are the gas atom and metal atom radii respectively. Their val-
ues are varied so as to minimize the energy as defined by Equation 3.

The second heteronuclear Cu-Xe potential employed consisted of a composite
Exp-6 potential formed by combining the constants associated individually with a
Xe-Xe Exp-6 potential and a Cu-Cu Exp-6 potential. The latter constants were
derived for this study from the known lattice spacing, sublimation energy and
bulk modulus of Cu. The X e-X e E xp-6 potential, wa s obtaine d f rom the lite r a-
ture ['Intermolecular Potentials of A, Kr, and Xe,'' E. Whalley and W. G.
Schneider, J. Chem. Phys. 23, 1644 (1955)]. The rules used for the combina-
tion of the potential constants followed those suggested by Mason ['Forces Be -
tween Unlike Molecules and the Properties of Gaseous Mixtures,'' E. A. Mason,
J. Chem. Phys. 23_, 49 (1955)]. The purely Cu-Cu potential used in conjunction
with the composite Exp-6 potential consisted of a piecewise cubic potential,
whose prior use in this laboratory has given excellent agreement with experiment
with respect to vacancy formation energy in Cu.

For purposes of clarity the two sets of potentials used, each one consisting of
a Cu-Xe potential and a Cu-Cu potential, will be referred to as E(RCl) and Com-
posite Exp-6. E(RC1) consists of the Rimmer-Cottrell potential for the Cu-Xe
interaction and a Born-Mayer potential for the Cu-Cu interaction. Composite
Exp-6 refers to the use of a combined Exp-6 potential for the Cu-Xe interaction
and a piecewise cubic potential for the Cu-Cu potential. Figure 1 shows a plot
of the four potentials involved.

Using these two sets of potentials, studies of four distinct defect configura-
tions have been initiated. The four configurations are:

1) A xenon atom held fixed at a substitutional site with no sur rounding
vacancies while all neighboring copper atoms are allowed to relax;

2) The same as (1) except that a single copper vacancy is located next to
the rigidly fixed xenon atom;

3) Once the Cu atoms neighboring the substitutional Xe and the adjacent
Cu vacancy are fairly well relaxed, the neighboring atoms are held fixed in
their relaxed positions while the Xe atom is allowed to move toward the
vacancy;

4) A xenon atom held fixed midway along the path from its substitutional
lattice site to an adjacent vacancy in the copper lattice while all the neighbor-
ing copper atoms are allowed to relax.

A number of the results obtained thus far for these various configurations
using the two sets of potentials discussed earlier, namely E(RCl) and Composite
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Figure 1. Interatomic Potentials Used in the Study of
Diffusion of Xenon in Copper
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Exp-6, are summarized in the table. The values indicated are still preliminary
in that in no case has final equilibrium been achieved, although in some cases
final equilibrium does seem to be near. For this reason, the data in the table
should be interpreted as indicating a general trend rather than representing final
values. In addition, the data shown associated with the Composite Exp-6 appear
closer to final equilibrium than the corresponding values associated with E(RC 1).

SUMMARY OF APPROXIMATE* VALUES OF STRAIN ENERGIES
(IN ev) OF VARIOUS CONFIGURATIONS OF Xe IN Cu

Substitutional Xe Xe Atom Position

Potential 0.125A I Mid

E(R Cl) 7.253 1 4.6703 4.3224 4.2879 4.0772

Compos ite
Exp-6 18.0961 11.5258 10.6246 10.5418 8.6996

*NOTE: The final relaxed state s have not yet been achieved for the above
configurations.

(1) No neighbors relaxed
(2) All neighbors relaxed
(3) Adjace~nt to vacancy
(4) 0.125 A from substitutional site along path to vacancy
(5) Midway along path from substitutional site to adjacent vacancy

A number of inte re sting conclusions can be drawn from the table.

1) The size of the Xe atom as defined by the Composite Exp-6 potential
is larger than that defined by E(RC 1), as can be seen from the data of Col-
umn 1. Subsequent correlations with experiment will be required to deter -
mine which of these two potentials, or some other potential, most realis-
tically characterizes the Cu-Xe system. Because of the inherent difference
between the two potentials used, it is not meaningful to compare energies
given by the two potentials for a given configuration. However, the compari-
son of energies for different configurations as given by the same potential is
significant.

2) It is interesting to compare the strain energy associated with a substi-
tutional Xe atom of 4.7 ev obtained in the present study (Column 2) with the
5.7-ev value originally obtained by Rimmer and Cottrell. This difference is
undoubtedly due to the fact that Rimmer and Cottrell allowed only the 12 first
neighbors surrounding the substitutional Xe atoms to relax, whereas in the
present study a much larger number of neighbors were allowed to relax. This
difference in strain energy highlights the importance of the use of a computer
for many-body problems such as those presently under consideration in con-
trast to hand-calculations in which case the domain size that can be consid-
ered is limited.

3) Finally, it is interesting to note that in the case of both potentials, the
energy of the configuration with the xenon atom midway along the path to an
adjacent vacancy is less than that for the configuration with the xenon at a
substitutional site next to an adjacent vacancy. This result should be contrasted
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with the reverse case usually observed with the self-diffusion of metals, and
is very likely due to the large size of the Xe atom. In ensuing studies, it is
hoped to clarify the mechanisms of the diffusion of rare gas atoms in metals.

The effects of fission on creep of uranium and thorium during fission have
been investigated by bombarding uranium and thorium with fission-inducing pro-
tons from a cyclotron during creep testing. The device for creep testing has
been constructed, evaluated in the laboratory, and successfully tested during
cyclotron bombardment at fission rates up to 7 x 1011 fission/cc -sec without
difficulty. Fission rates of 2 x 1012 fiss/cc or equivalent neutron flux levels of
2 x 1013 nv in normal uranium are permissible in this device with four samples
tested in a uniform beam under controlled conditions of stress and temperature.
Stress levels and temperature can be varied during test.

Low exposure levels and exposure rates combined with low applied stress
levels produced no measurable effects in either the anisotropic uranium struc-
ture, the cubic thorium structure, or the control copper sample. Irradiation
hardening has been observed in thoriurm at highest tested dose rates and, to the
exposure levels tested to date, there appears to be a subsequent irradiation
softening at low exposure levels.

In order to provide base-line data for the cyclotron fission creep studies on
uranium, existing data were reviewed to evaluate the potential existence of do-
mains of rate controlling mechanisms. Creep and tensile data were evaluated
using standard equations governing creep deformation mechanisms; namely,

E4 = AUa exp - AH/RT , and

E = A'exp ma exp - AH/RT

where A, n, and m are constants for a specific range of temperatures and AH
is an activation energy. Four sets of constants were needed to describe the
deformation over the entire temperature range from 250 to 6000*C. In general,
more than two sets are required. Each set of constants reflect a particular
mechanism so that four distinct mechanisms appear to exist in uranium in the
various specific domain of c and T bounding the fit to the above equations. This
is shown in Figure 2. Domain I could be cross slip. Domain IV appears to be
nonconservative dislocation motion and Domain III would appear to be a combina-
tion of nonconservative dislocation motion and boundary or subboundary motion.
Swelling in alpha uranium can be related to the limits of Domain II. The mechan-
ism controlling deformation in Domain III is as yet unclear due to the limited
test data existing in this region.

The deformation rate controlling mechanism in thorium have also been stud-
ied to provide reference data. Tensile data have been obtained over the termpera-
ture range from 77 to 600*K and creep measurements have been conducted from
273 to 600*K. The temperature dependence of the flux stress, the strain rate
dependence of the flow stress, and the temperature dependence of the creep rate
indicate that the "Peierls" process controls plastic flow between 77 and 350*K
and that the deformation is essentially athermal above 350*K. In general, the
"Peierls" process is important in the flow stress of only BCC and HCD metals.
The present work indicates that even FCC trans -uranium elements can have
s imila r flow st r es s limitations .
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III. EVALUATION OF EFFORTS DURING FISCAL YEAR 1966

Theorems concerned with the improvement of the volume stabilization of
nuclear fuel materials have been advanced to the point where more precise
guidelines for alloying developments and the requirements for proof testing ad-
vanced alloys can be more precisely defined. The superior stability of solution
quenched alloys in comparison to thermally produced dispersions has been
demonstrated. The re-solution of finely dispersed precipitate phases as a con-
sequence of fission spikes that had been inferred from post-irradiation annealing
tests appears to have been confirmed although the significance of the fission
event in providing nucleation sites or insoluble impurity atoms which subse -
quently act as nucleation sites has not been clearly identified. This phenomenon
is to be further studied in solution quenched U -Mo alloys.

The theoretical and experimental studies of fission gas release from solids
that contain internal traps have converged to the point where reasonable esti-
mates of the total gas release from copper can be obtained by using the analogue
computer. The digital computer calculations can provide a method for compar-
ing various fuel materials. The experimental observation of a series of deep
traps which have a nearly continuous spectrum of activation energies for release
of trapped gas (or the less acceptable interpretation of gas cluster re-solution
based on simple theory) needs further investigation.

The correlation of domains of characteristic deformation modes in uranium
as a function of strain rate and temperature provides a firm basis for the selec -
tion of experimental conditions that need evaluation during fission. The estab-
lishment of a Peierls limiting deformation process in thorium makes the con-
trast of uranium and thorium more important.

The fission inducing cyclotron device has been successfully proof tested, and
in the case of thorium a hardening effect followed by a subsequent softening has
been observed without using the maximum fission rate capacity of this device.
The sensitivity to the strain measurements is such that theorems suggesting
complete relaxation of the strain within the fission spike volume does not occur
appear to be disproved.
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I. PROJECT OBJECTIVES

The objectives of this project are: (a) preparative research on new binary
and ternary hydrides; and (b) selected, correlated studies of physical, thermao-
dynamic, and mechanical properties.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

The self-diffusion of Zr in ZrHX made from both reactor grade sponge and
iodide zirconium has been measured over a temperature range of about 750 to
1000* C.

Significant advances have been made on the preparation of massive monolithic

bodies of ternary hydrides.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

A. DIFFUSION OF ZIRCONIUM IN ZIRCONIUM HYDRIDE

The diffusion coefficient of zirconium was measured in ZrH1 7 and ZrH 1 .6 5
over a temperature range of 800 to 1000*C. The diffusion coefficients for both
hydrides were fitted to one Arrhenius curve (Figure 1) with the parameters

D = 7 x 10~ exp(3RT0'

The activity profile indicated that volume diffusion predominated near the sur -
face and rapid channel diffusion predominated a few thousandths of an inch below
the surface. An autoradiograph at 0.0015 in. below the surface (Figure 2) shows
a general background of contrast attributed to volume diffusion as well as regions
of concentrated activity, whereas, an autoradiograph 0.004 in. below the surface
(Figure 3) shows only concentrated activity in pipelike channels and grain bound-
aries. It was concluded that the rapid transport channels were twin boundaries
as well as grain boundaries. The value of D0 , 7 x 10-A cm2 /sec is less than
predicted for diffusion by a vacancy mechanism, but did not necessarily rule
out the vacancy mechanism. The diffusion coefficient of zirconium in the hy-
dride composition tested was less than the diffusion coefficients found previously
for zirconium in the pure metal and less than for H in the hydride, at equiva-
lent temperatures, in qualitative agreement with simple geometric and binding
energy considerations.

A report was submitted for publication in a journal.
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Figure 1. Diffusion of Zr in ZrH

B. TERNARY HYDRIDES

Equimolal quantities of Zr and ZrN powders were blended and cold-compacted
to form pellets of 3/8-in, diameter by 3/8-in, long. Green densities were 75 to
79% of theoretical. Pellets were then vacuum-sinte red for 1/2 hr or more at
temperatures between 1570 and 16700 C. Assuming that the single -phase com-
position Zr2 N is achievable (the literature on the phase system Zr-N is conflict-
ing), partial reaction of the Zr and ZrN powders was obtained. Densification
was about 90% complete.

One sintered specimen was hydrided under 800 mm Hg of H2 for 1 hr at
8250*C, followed by a programmed cooling. X-ray diffraction indicated that
about 20% of the product consisted of the ternary compound ZrN-ZrH2 - Minor
cracking of the pellet was observed, and the final porosity was about the same
as that in the sinte red nitride.

Experiments with the Zr-ZrC system were conducted using arc melting.
was concluded that, due to mechanical difficulties, reaction sintering should
precede arc melting. No hydriding experiments were conducted.

It

X -ray parameters obtained on the several phases in the nitride work agreed
generally with previous data. These and the theoretical densities are tabulated
below.

X-RAY PARAMETERS IN Zr-N-H SYSTEM

Phase a (A) c0(A) c /a~ p(g/cm 3)

Zr (hex.) 3.23 5.20 1.61

Z rN ( cub. ) 4.57 -4.58 - - 6.77

Z r2 NH2 (hex. ) 3.303 5.501 1.67 6.42
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The extent and rate of hydriding observed were consistent with the hypothesis
that hydriding of the defect lattice ZrNl.-x(x > o) is rapid, while diffusion of

hydrogen through the stoichiometric composition ZrH is very slow. The hy-
driding tempe rature was, of course, too low to activate any appreciable further
reaction between the Zr and ZrN phases present.

A report, NAA-SR-TDR-11919, was issued describing this work.

Although the data on ternary hydride preparation are preliminary, the re -
sults are encouraging with respect to the practical feasibility of hydriding mono-
lithic zir conium subnit ride (and p,r obably al so subc arbide ) bodie s. The r esultant
compound, Zr2 NH2 , will have certain very favorable characteristics (herein men-
tioned) relative to t:hose of ZrH2 offsetting the slightly lower nH:

1) Higher thermal stability, i. e., lower PH2 at equal temperatures.
2) Large change in PH2 with composition, thus freedom from hydrogen

redistribution in the solid in a temperature gradient
3) Freedom from multiple phase changes attendant upon temperature

cycling or changes in hydrogen overpressure, thus probably better fission-
gas retention when used as a full diluent.

These virtues and the indication of feasibility warrant further exploration of
processing methods.

T he s elf -dif fus ion data le ave a numbe r of ba sic phy sic al que stions unanswe r ed,
but are considered definitive for present practical purposes. Further work is
indicated as may be required by the use of specific compositions in specific
reactor environments.
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I. PROJEC T OBJECTIVES

The objectives of this project are to advance understanding of the chemistry
of liquid sodium as a solvent for metals and nonmetals through study of the
following.

1) The equilibrium solubility and the rate of solution of selected metals
and nonmetals in liquid sodium, as a function of temperature, using the
highest purity materials available to minimize the perturbations caused by
unwanted side reactions.

2) The nature of -solute entities and their interactions in liquid sodium,
from which thermodynamic properties of the solutions may be deduced.

3) The analytical chemistry of solutes in liquid sodium at very low con-
centrations, in order that the data developed under A and B (Above) may have
the greatest possible reliability.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Since its inception, the maajor progress on this project has been in the area
of decisions relating to the purity of the experimental materials and the emphasis
on maintaining purity throughout all operations. The choice of ion-pumped
vacuum systems, of fractional distillation as the purification method for the
sodium, of the use of bellows -sealed manipulators for operations in ultra-high
vacuum, and the advancement of analytical chemistry techniques ar e all signifi-
cant in the achievement of unequivocal information leading to meeting the stated
project objectives.

A. PREPARATION OF ULTRAPURE SODIUM

The approach used in the preparation of ultra-pure sodium is one which has
proved to be very satisfactory in preparation of potassium for solubility studies
carried out at Al for NASA. A 3-step procedure is used. First, the liquid
metal is filtered at a temperature just above the melting point to remove gross
amounts of oxide, if present, and any other extraneous solid material. Second,
the oxygen and carbon are "gettered" with zirconium at 650 to 700 0C. Third,
fractional distillation is employed to separate the sodium product from other
alkali metals of different volatility, and from nonvolatile impurities. This dis-
tillation is performed using a packed column which provides 2 to 3 equivalent
theoretical plates for the fractionation process. The use of tantalum saddles
as packing is believed to provide a gettering action toward traces of carbon and
oxygen. Further, an ion-pumped vacuum will be used to minimize contamination
of the product.
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An important part of the purification system is the extruder, in which the
purified product is collected and frozen after distillation. Alter sealing off the
inlet and outlet of the extruder, the sodium may be transported in the extruder
from the preparation unit to the experiment unit. Alter the extruder is affixed
to the experimental unit, the sodium can then be delivered into the protective
atmosphere of the experimental unit for use in experimental procedures. The
chance of contamination of the sodium is minimized by this process, since the
distilled product is in contact with no atmosphere other than high vacuum.

The basic unit was constructed by the Tool Development Corporation, North
Hollywood, California and delivered in mid-June. The figure is a photograph
of the as-delivered purification units and shows its pertinent features. Final
assembly of the heaters and thermocouples is in progress. Purified sodium is
scheduled to be available in July, 1966.

B. EXPERIMENTAL SYSTEM

The concept for the experimental system for use on this project includes a
series of four interconnected high vacuum systems, of which the first in line
communicates with the laboratory through a high vacuum gate valve. Starting
with this first chamber, the four chambers in order are pumped with a liquid
nitrogen trapped 6-in, oil diffusion pump, a turbomolecular pump, a 1200 liter
per second ion pump, and a 1200 liter per second ion pump, respectively. Thus,
the vacuum which may be achieved and maintained improves with distance from
the external gate valve.

Numbering the chambers in the same order as they are described above, the
planned use of each is as follows.

1. Antechamber ("vacuum lock'')
2. High-temperature outgas sing of test capsule parts
3. Na sampling, capsule loading and welding, storage
4. Experimental setups

Pumping systems for these chambers are available from previous AEC proj-
ects. The chambers themselves are being detailed and constructed by the Ultek
Corporation, Palo Alto, California, and are now scheduled for delivery in early
July, 1966.

The bellows-sealed manipulators which are to be used in conjunction with the
ultra-high vacuum chambers are being des igned and built by Allied Engineering
and Production Corporation, Alameda, California, with delivery expected by the
end of July, 1966. These manipulators provide a jaw -grip action at the end of a
shaft having about 18 in. of extension movement, a c one of ac tion of 90 at the
vacuum chamber wall, and full rotation about the axis of the shaft. All these
actions are to be performable without affecting the ultra-high vacuum.
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C. ANALYTICAL CHEMISTRY RESEARCH

1. Oxygen in Sodium by Mercury Amalgamation

A study has been completed in which the source of the ''blank'' in the mercury
am alg amati on method of d etermining oxyg en in s odium was s ought, and methods
for lowering the blank were examined. It was concluded that the blank arises
from the presence of water on the interior surfaces of the reaction vessel. This
amounts to 4.2 * 1 micrograms of oxygen equivalent for the reaction vessels
currently in use in the laboratory. High-temperature vacuum drying of the
glassware prior to using it in the amalgamation procedure reduced the blank to
1.6 0.1 micrograms of oxygen. This reduction of the blank is very significant
at the levels of oxygen expected in the high purity sodium to be used on this
project.

2. Metallic Impurities by Emission Spectrography

The sensitivity of the emission spectrographic technique for determining
dilute metallic solutes in sodium has been improved by the use of a procedure
which involves the use of CdS carrier precipitation as a means of concentrating
the metallic elements.

Standards have been prepared using 99.999% CdO. Six 355.5 aliquots (equiva-
lent to 400 mg CdS) were each dissolved in 1 cc HNO3 . Solutions of Fe, Cr, Ni,
Co, Mn, and Si were added to make 0.1-, 0.5-, 1-, 5-, and 10-microgram
standar ds . Th e s ixth aliquot w as us ed as a blank. The r esulting s olutions w er e
made alkaline (pH 8-9) with NH4OH, and H25 gas was then bubbled in to precipi-
tate the CdS carrier. The standards were allowed to sit overnight, then were
decanted and the sulfide evaporated to dryness in platinum. Five 20-mg aliquots
of each standard and blank were burned in the spectrograph and the plates read
on a densitometer. Excellent reproducibility was observed. The limit of de-
tection for Fe, Cr, Ni, Mn, and Co is less than 0.1 p.g, while that for Si is

~1.- y g. This study is continuing with investigation of the effect of the presence
of large amounts of sodium chloride on the detection limits and the reproduci-
bility of the procedure.

3. Metallic Impurities by Spectrophotometry

Selected methods for determining Fe, Cr, Ni, Co, and Mn in the presence of
large amounts of NaCI by spectrophotometry have been investigated. Reagent
grade NaCl was used as a standard matrix material with the following results.
The s ensitivitie s of the analy s es f or ir on (using o -phenanthr oline ), f or nickel
(using dimethyl glyoxime), and for cobalt (using the nitroso-R-salt), were found
to be unaffected by the presence of the NaCI. However, the sensitivity of the
analysis for chromium (using diphenyl carbazide) is significantly lowered, and
that for manganese (using formaldoxime) was found to be quite poor. Additional
work is planned in order to establish some quantative data for the sensitivities
of the Fe, Ni, and Co analyses.
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4. Metallic Impurities by Atomic Absorption Spectrophotometry (AAS)

The application of AAS to the determination of trace levels (1 to 10 ppm) of
Fe, Co. Ni, Cr, and Mn in sodium is being investigated. Lanthanum hydr oxide
was selected as a carrier precipitation agent for the concentration of the metallic
solutes because prior experience had shown that lanthanum causes no interfer-
ence in AAS applications. Twenty-five milligrams of lanthanum, as a solution
of lanthanum chloride, are added to the sodium chloride solution and the pH ad-
justed to 9.0 by the slow addition of ammonia gas. (All of the specified impuri-
ties and lanthanum hydroxides will precipitate at this pH. Earlier attempts
using urea were successful for the recovery of all impurities except manganese.
The use of ammonia results in a well-formed precipitate and in quantitative re-
covery of impurities. ) The precipitate is separated by centrifuging and decanting.
The hydroxide is dissolved in a small amount of hydrochloric acid. After dilu-
tion to a known volume, the absorbance values for the various impurities are
determined by AAS. Typical results are:

Impurity Sensitivity in % A/p.gm Impurity

Fe l.3 t0.09

Co 0.43 0.06

Ni l.8 0.2

Cr 1.1 * 0.06

Mn 3.4 *0.l6

These data demonstrate that AAS used with carrier separation offers adequate
sensitivity and precision for the determination of 1 to 10 ppm Fe, Go, Ni, Cr,
or Mn in sodium. The sensitivities cannot yet be construed as absolute or opti-
mum, but are subject to observations on the effect of varying instrumental
parameters.

5. Spark Source Mass Spectrometer Analysis

The instrument has been delivered and is now installed. An attempt was
made to prepare alkali metal specimens for use with the SSMS, using a gold foil
encapsulation technique. Encapsulation under high vacuum in a pre-formed
0.001 -in. gold foil appeared to provide adequate protection for the alkali metal,
but subsequent examination showed that imperfections in the foil, probably re-
sulting from the forming process used, permitted water vapor and oxygen to
enter. However, a redesign of the die, and the use of an annealed, flat 0.001-in.
gold foil has apparently eliminated the leakage experienced with the pre-formed
foil. Samples of alkali metal have been prepared and are being examined to
determine whether the encapsulation technique is indeed adequate.

D. PUBLICA TIONS

A paper entitled, "Characterization of the Blank Correction in the Determi-
nation of Oxygen in Sodium by the Amalgamation Method, " has been prepared by
J. M. Scarborough and P. F. DeVries and submitted to the Fall National Meet-
ing of the ACS for presentation.
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III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Although it was expected that the specialized equipment required for this pro-
gram could be delivered during the fiscal year, the progress involved in getting
it designed, and in selecting suppliers for the critical components is considered
adequate in the light of its extreme special nature. It will all be delivered by
the end of July and once it is installed and checked, experimental work can begin.
The analytical chemistry effort is well along. The results to date are an impor-
tant addition to the technology, and will provide the means for analyzing samples
with a known high degree of sensitivity and precision as soon as the first solu-
bility experiments are run.
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I. PROJECT OBJECTIVES

The general objective of this project is to develop long-length, graphite,
high-flux heaters capable of simulating fast-reactor fuel pins in various boiling
sodium studies. These heaters will be further developed into clusters which
will simulate fast -reactor fuel assemblies.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A prototype long -length, graphite, high-flux heater was built with a heated
length of 15 in. (Figure 1). The two-phase sodium loop was modified to accept
the prototype heater, and the heater was tested successfully at heat fluxes
greater than 106 Btu/ft2 -hr. Parts were procured and fabricated to permit con-
st ruction of mo re advance d pr ototype s, and de signs we re de veloped fo r cluste r-
ing groups of high-flux heaters (Figure 2). A small, pumped loop for lifetime
testing of the high-flux heaters was built.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

Good pr og re ss wa s made towa rd the p roje ct objective s: the fir st long -
length, graphite, high-flux heater operated successfully; and the two-phase
sodium loop was modified to perform as a heater -development, test bed.
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I. PROJECT OBJECTIVES

The general objective of this project is to develop the digital dynamics simu-
lator (AIROS) into a convenient safety design tool, with particular emphasis on
the needs for the detailed description of fast reactor core behavior under ab-
normal conditions. The AIROS code will be modified with improvements in ca-
pacity, input -output format, and the rmal -(coolant) hydrodynamic s models.
Additional improvements involving the treatment of material redistribution and
spatial variations in flux, during core transients, will also be investigated.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

This project was initiated during the third quarter. The major portion of the
AIROS code modification effort was completed during the last two quarters of the
fiscal year. This included work on enlarging the capacity of the code, program-
ming the input generation routine, and incorporating phase change models for
fuel melting and coolant voiding.

The code was reprogrammed to accommodate an increase of approximately
8000 cells for data storage. This serves to increase the number of differential
equations which can be solved from 100 to 400. Re sults are now stored on five
tapes which are processed at the completion of the calculation. This makes all
calculations available and removes the limitations on the number of calculated
and printed points. Checkout of these changes is now complete.

An important step toward simplifying the use of the code is the incorporation
of an input generation routine. This routine greatly reduces the amount of hand
calculation required for the detailed nodal information which the code previously
required. The specification of simple geometry and composition descriptions
for the fuel channels, together with choice s of control options, allows the input
routine to calculate the coefficients and "connectors" of the differential equations.
Tables of material properties have been incorporated into the routine and provi-
sions are available for volume weighting of up to five materials. Programming
of the input generation routine has been completed and checkout was in progress
at the end of the fiscal year.

The importance of incorporating phase changes into the kinetics treatments
of fast reactor systems was demonstrated during the recent l000-Mwe coupled-
fast reactor study (NAA-SR-11378). In the case of fuel melting, it is possible
for substantial melting of oxide fuel to occur prior to failure of the fuel rod;
als o, te mp er atur e inc r eas es and Dopple r fe edback a re ove r estimate d if melting
is not considered. The AIROS model has been modified to include fuel melting.
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This modification has been checked out and it is planned that an extension of
this will be incorporated to permit variation of fuel thermal properties over
about four temp er atur e r ang es . This would inc lude two value s be low melting,
the melting region, and the liquid properties. Because of the generalized for-
mat of AIROS, the current (as modified) capability also include s clad melting.

Coolant voiding effects play an important role in the kinetics of fast reactors
where positive reactivity feedbacks (in addition to the obvious loss of fuel cool-
ing) can re sult. For this reason, it is de sirable to examine the kinetic s of
systems which enter into this regime although neither the details of the voiding
process nor possible subsequent material redistribution are completely under-
stood. Because of the uncertainties which exist in this regime, and because of
the complexity of the boiling and coolant expulsion code s which are being devel-
oped, a simulation approach has been adopted. Current use of the void forma-
tion model is based on initial calculations with TRANS-FUGUE or BURP to
e stimate void fo rmation r ate s. T he he at t rans fe r coe ffic ient s, flow r ate s, and
vaporization energies are then assigned so that the thermal and reactivity ef-
fe ct s ar e p rop erly s imulate d during the t rans ient. One it e ration is s ome time s
desirable. Simultaneous efforts were initiated to assess methods of making the
boiling and e je ction c ode s c omp atible with A IROS. This e ffo rt ha s inc lude d a
general survey of techniques for treating coolant void formation, although once
again evaluations are limited by the lack of useful experimental data.

Upon final checkout of the input generation routine, it should become possible
to conduct surveys of void formation phenomena which were not previously pos -
sible due to limitations on the number of nodes that could be treated.

An analysis has been made of the importance of space dependent reactor ki-
netics in the safety of large, fast breeder reactors. While it appears that
changes in flux shape are modest for most abnormal conditions, there are two

important areas in which problems of this type could be encountered. These
are the coupling behavior of modular cores following large insertions to a single
module and the behavior of compacting configurations with respect to changes in
moderator or blanket effects. The methods currently under evaluation for treat-

ing these problems are coupled kinetics treatments such as PANIC, flux synthe -
sis methods, and ''exact'' methods such as WIGLE. The introduction of physically
realistic feedbacks becomes increasingly difficult as the kinetics treatments be -
come more rigorous. Evaluations are in progress to determine the best approach
toward treating space dependent kinetics with particular emphasis on possible
modifications to AIROS.-

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The completion of the planned AIROS modifications will permit useful studie s
of the kinetics of large fast breeder reactors under a very wide variety of ab-
normal conditions. During the course of this work, other improvements have
sugge sted themselve s, and the more straightforward improvements will be in-
corporated immediately. In addition, efforts have progressed on understanding
the problems of spatial variations in flux during core transients and material re -
distribution effects. Some of these considerations extend into the areas of max-
imum accident models based on neutronics -(fuel) hydrodynamics kinetics models;
the p os sible c oupling of the se r eg ime s is now unde r c ons ide ration.
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I. PROJECT OBJECTIVES

The general objective of this program is to provide a firm experimental basis
for calculation of the Doppler coefficient of reactivity and associated resonance
phenomena.

The specific objectives of the program are (1) to develop an inexpensive cal-
culational method of proven validity that will be attractive to reactor designers,
(2) to demonstrate the validity of the calculational method by comparing calcula-
tions with experiments having well understood accuracy and limitations, and (3)
to demonstrate and use well-proven experimental methods to measure those
inte gr al par amete rs of inte r est in is otope s f or which g ood me as ur ement s of
resonance parameters are not available.

II. T E CHNICA L PROGRE SS D URIN G F ISCA L Y EA R 1 966

A. MAJOR ACCOMPLISHMENTS

Comparison of our previous measurements with theory disclosed a potentially
serious discrepancy between theory and experiment, traceable to low energy
absorptions. The discrepancy approached 50% at the lower surface/mass ratios.
Additional measurements were undertaken to help define the discrepancy in
greater detail; theoretical investigations were also started.

The additional measurements have been completed and analyzed. In general,
they confirm the basic accuracy of the analytical calculational methods for nor-
mal resolved resonances, but also confirm the discrepancy for low energy
abs orptions.

A reevaluation of assumptions about effective cadmium cutoff has uncovered
a source of fairly large error. Similar evaluations of assumptions about non-
resonant self-shielding have also contributed to reducing the discrepancy. These
two effects explain about half of the discrepancy.

We have undertaken to compare measurements and the analytical calculations
with more exact methods. To this end, we have obtained numerical, transport,
and Monte Carlo codes which are capable of more detailed calculations at low
energies. These methods are also free from certain assumptions now in ques-
tion that are inherent in the present analytical approach. The new codes have
been made operational and are being checked out. Monte Carlo results confirm
experiments.
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We have begun a series of measurements of the Doppler effect in the presence
of noncoherent interference (resonance overlap). Two isotopes, Cdl1 3 and Wl8 6 ,
were chosen primarily because their comparatively well known resonance param-
eters allow, in principle at least, exact calculation and comparison with experi-
mental results. There are no known previous measurements of the Doppler effect
unde r the se c onditions . T he fir st s et of me as ureme nts has be en complete d and is
being analyzed.

B. GENERA L PROGRESS - INTRODUCTION

NAA-SR-MEMO-11511, describing a series of measurements of the effective
resonance integral and Doppler effect of gold over almost six decades in surface!/
mass ratio (S/M), was published at the close of the previous fiscal year. Gold,
rather than the fertile or fissile isotopes, was chosen as the experimental mate-
rial for the following reasons.

Gold consists of a single isotope. The resonance structure of gold is com-
paratively simple, involving one very broad, low-lying resonance, a set of well
separated normal resolved resonances, and reasonably well understood unre-
solved resonances. The resonance parameters of gold are among the most
accurately known. In particular, the resonance structure is such that it is pos-
sible to separate experimentally the c ontributions to the Doppler effect coming
from each class of resonance simply by extending the range of S/M of the meas-
urements. This set of circumstances leads to a very unambiguous comparison
of measurement and different types of calculations of the same quantity.

Calculations show that uncertainties in spin assignment and determination of
resonance parameters in general affect gold resonance calculations very little.
Such is not the case, for example, with U2 38 .

Analysis of the measurements reported in NAA-SR-MEMO-11511 disclosed
that (1) the treatment by the TRIX-I code of the normal resolved resonances and
unresolved resonances agrees well with the measurements, and that (2) there is
a potentially serious discrepancy in the calculational treatment of low energy
absorptions in general, and in broad, low-lying resonances in particular. For
thick s ample s (in the s o-c alle d "pract ical'' r ang e of lump s ize s) the dis cr epan cy
in effective resonance integral amounts to nearly 50% and to a factor of as much
of 10 in S/M at which the peak of the Doppler effect due to the lowest resonance
should appear. Broad, low-lying resonances in general are typical of all of the
fertile and fissile isotopes. Discrepancies of this magnitude can have potentially
serious effects on the calculations of the present generation of both fast and ther-
mal reactors.

The problem was attacked both theoretically and experimentally. Previous
measurements were reevaluated, and additional measurements were undertaken.

Considerable improvements were made in experimental technique. A heated,
rotating sample wheel assembly (see Figures 1 through 4) allowed simultaneous
exposure of up to fourteen different plane samples at one time. This by itself
reduced experimental uncertainty by at least a factor of two. Improved counting
and data analysis methods (including computer codes which perform sophisticated
statistical analyses) further reduced the experimental uncertainty.
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The theoretical investigation included studies on (1) effects of uncertainty in
the actual cadmium cutoff and its variation with S/M, (2) uncertainty in the treat-
ment of epicadmium 1/v cross section self-shielding, (3) possible inadequacy of
the analytical formulation for very broad resonances, (4) the inadequacy of the
narrow resonance (NR) approximation for moderator collisions, particularly with
respect to broad resonances and heavy moderators, such as graphite, and (5)
inadequacy of Doppler broadening tables and improper truncation at cutoff.

C. THEORY

Recent data indicated that the effective cadmium cutoff for infinitely dilute
gold is close to 1.3 ev. Cadmium cutoffs of about 0.6 ev (typical for 1/v absorbers
under our experimental conditions) had been assumed. The difference is ex-
plained by the fact that the gold cross section is nearly flat in this energy region.
The cutoff drops steeply as the sample thickness is increased. The difference in
cutoff energy can affect the resonance integral by as much as 22 barns. This in
turn affects our experimental normalization by about one part in eighty.

The primary effect however, of a difference in cutoff is in comparison with
theory. This affects interpretation of all measurements.

The problem is being attacked by two methods. One method uses the tradi-
tional approach of computing an ''effective'' cutoff equivalent to that of an ideal
1/v absorber. The second approach uses transport or Monte Carlo calculations
to compute the flux at the sample location in the pre sence of a cadmium cover.
This approach specifically takes into account the details of the cross section in
this energy region. The methods are then intercompared.

In keeping with standard practice for similar codes in the past, TRIX does
not compute a self-shielding factor for the nonresonant (l/v) part of the cross
section. It is assumed to be unshielded. Hand calculations of the self-shielding
indicate that this is not a good approximation for gold, and probably not for the
fertile isotopes either. The effect can amount to eight to ten barns, depending
on S/M.

At the present time, the effects of an incorrectly assigned cadmium cutoff
and 1/v self-shielding account for about half of the discrepancy between theory
and experiment.

Of the remaining candidates for sources of this discrepancy, the most promis-
ing appears to be the moderator collision approximation as it affects broad, low-
energy resonances (such as gold or uranium and plutonium isotopes). The nar-
row resonance approximation is known to overestimate the cross sections for
thick samples having broad, low-lying resonances evaluated for heavy moderators.

In attacking this problem it is necessary to use more elaborate methods which
take explicit account of the details of cross section and collision probabilities.
The RIFFRAFF code was obtained and made operational in the NAA system for
this purpose. RIFFRAFF is a one -dimensional, two-region transport code. It
is being checked out, but there are apparently still some minor errors in it.
Use is limited by the confinement to only two regions.

NAA-SR- 12010

211



ATOMICS INT ERN ATION AL

A Division of North American Aviation, Inc.

91I-

8|-

--- R ADIUS = 0.00 cm

--- RADIUS = 5.60 cm

4 6 8

LETHARGY

Figure 5. Calculated Neutron

10 12 14

Flux Spectrum

16

NAA-SR- 12010
2 12

I I
I I

7

51-

F-
LU
-x

c-

cU

Li
4

3

2

ii.

0 2

7549-2534

r - - - - -

e

-
r----



A TOMICS IN TE RN ATIONA L

A Division of North American Aviation, Inc.

A Monte Carlo code written at Atomics International for use in resonance
problems was also checked out. A calculation involving 100,000 histories con-
verged to a value for the resonance integral of our thickest sample that was in
excellent agreement with measurement.

In this connection, the UNICORN code was written t o provide pointwise Monte
Carlo cross sections. Specifically, UNICORN provides pointwise cross sections
at zero degrees Kelvin in the Breit-Wigner single-level formulation. A report
has been written: ''UNICORN, A Program to Calculate Point Cross Sections
Fr om Re sonance Parameter s,'' NAA -SR-11980.

Improved CAESAR-IV calculations have been made to update the neutron-
spectrum corrections for our test region. The new calculations include a more
explicit representation of the actual geometry in a five -region scheme. The
new fluxes (see Figure 5) are in quantitative agreement with flux maps made
with spectral indicator foils, and are in qualitative agreement with the prelimi-
nary results of measurements made by W. N. McElroy.7 Previous calculations
did not agree. The fluxe s now are softer than in the original three -region
formulation and require a larger non-l/E correction for gold. This improves
agreement with calculations on gold by about one percent.

D. EXPERIMENT

An error analysis of our previous work showed that the largest remaining
source of experimental error in Doppler measurements, amounting to about
0.1%, was attributable to variation in mechanical placement of the sample foils
in the counting chamber. It was found that the variation tends to be random,
that is, to have a normal distribution about a mean. The error can therefore
be minimized by repeated cycling of all samples so that this mean value and its
variance can be obtained for each sample.

The error analysis disclosed, in addition, that the variance could be reduced
by almost another tenth of a percent by obtaining additional data under more
carefully controlled conditions of background and paired-pulse resolution.

Both of these steps we re necessary to help re solve the discrepancy between
measurement and calculation that has already been noted. Roughly one hundred
times as much data were required. A more sophisticated statistical analysis
was also indicated.

To meet these requirements, two computer codes have been written. The
first processes the raw counter data by making corrections for background
(obtained during the counting cycle), paired-pulse resolution, and decay. The
statistical analysis routine then makes use of uncertainties in background,
resolution, half-life, counting statistics, and source placement to compute an
expected variance and compare this to the observed variance of repeated counts
by means of the X2 test. A preselected minimum confidence level is used.
Should the data not exceed this level, the data with the largest variances are

*McElroy's measurements used a large number of resonance and threshold
detectors and a rather complicated analysis scheme. His results will be re-
ported elsewhere, but in general his results agree quite well with calculations
on homogeneous and nearly homogeneous cores.
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rejected one by one until either the level is exceeded or it becomes clear that the
whole set is not normal. As a final step, the weighted means and weighted vari-
ances are computed, and all data are both printed and punched out.

When all data for a particular measurement have been assembled, they are
submitted to the second code. This code (1) calibrates all monitor foils; (2)
performs statistical tests for normality of these, and rejects any that are not
certainly normal; (3) obtains power normalizations for each set of counting
results; (4) normalizes all data; (5) performs a thorough statistical analysis of
these, again with preset confidence level criteria, and (6) computes the final
weighted value proportional to the effective resonance integral for each S/M at
the given temperature.

The job performed by this code takes from a week and a half to two weeks to
do by hand with a desk calculator for each of approximately forty sets. The com-
puter does it in less than twenty seconds without error. Both codes were put in
final form this year and used to reduce all data on gold and tungsten.

Gold, with its 65-hr half-life, allows a long counting cycle. One complete
counting cycle lasts two weeks or more, with each foil being followed through
at least a factor of ten in effective activity. All foils are cycled repeatedly
through each of at least four counters, repeated counts being taken on each foil
about once an hour. Sufficient data are available to eliminate completely nuclear
counting statistics as a source of measurable error even on the weakest foils.
The repeated counting and replacement of the foil under the detector mechanically
averages the detector efficiency over all normal variations in geometry. The
short cycle between repeated counts minimize s counter drift (which is evaluated
separately in any event). Elaborate separate measurements of paired-pulse
resolution, plus following the ratios of foil activities through a decay of at least
an order of magnitude, allow assignment of relatively very well known values to
the effective paired-pulse resolution. (In this regard, statistical analyses in-
dicate that the paired pulse resolution of our counters is known to better than
40 nanoseconds out of approximately three microseconds nominal value. )

The above methods yield data reproducible to within 0.01 to 0.05% on a routine
basis, exceeding a factor of twn improvement in previous results. An additional
method, due to H. N. Royden, make s use of the fact that for single re sonance s
approaching infinite dilution, the squared reciprocal of the effective resonance
integral is a linear function of sample thickness to a good approximation in theory.
The method was evaluated and shown to hold for gold up to thicknesses of 25 mg /
cm2 or larger (see Figure 6). A least-squares fit involving this method was
coded for routine use.

The effective resonance integral thus derived is shown in Figure 7. These
data were normalized to an infinitely dilute integral of 1563 barns, correspond-
ing to cadmium cutoff for infinite dilution of 1.3 ev. The uncertainties are domi-
nated for the thickest samples by uncertainties in neutron spectra, for thin sam-
ples by uncertainties in foil mass, and for intermediate samples by uncertainties
in geometrical and gamma-ray attenuation corrections during counting. The
overall experimental uncertainties amount to about 1/2%. To this must be added
an uncertainty of about 1% due to the uncertainty in the infinitely dilute cross
section itself. These measurements have been reported in a MEMO now in press.
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Extrapolated to Zero Thickness by Royden's Method

Most of the above sources of error and uncertainty do not affect Doppler
measurements. In the se we are left only with counter errors as a major source.
The uncertainties aboumt to about 0.05% and are determined either by short-
term counter drift or counting statistics, depending on the particular sample
being analyzed.

Analysis of the Doppler measurements is not quite completed. The first
results are shown in Figure 8, for the range of sample sizes where the Doppler
effect is dominated by the normal resolved resonances. The agreement with
TRIX calculations is considered excellent.

E. TUNGSTEN MEASUREMENTS

At least two types of resonance interference or overlap can be distinguished.
The first involves overlap of resonances from two or more different isotopes as
typified by overlaps in the unre solved region between plutonium and uranium
isotopes. Theory and measurements indicate- that the effective resonance in-
tegral of either isotope is reduced by the presence of the other. Theory also
predicts that there should be a change in the Doppler effect caused by the over-
lap. The change can be zero or have either sign, depending in detail on the
particular resonance parameters.

One easily accessible case of overlap lies between Cdll and W 8. Strong
r es onanc es in e ach partially ove rlap at ene rgie s of about 18.7 e v. E stimate s of
the effect of the overlap on effective resonance integral vary from about 25% to
negligibility. There are no known measurements of the Doppler consequences
of overlap in any isotope.
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We have performed a series of measurements of the Doppler effect in W8
and the consequences of overlap by Cd11 3. In the measurements, the surface!
mass ratio (S/M) varied over a range of about two and a half decades. This
should be sufficient to straddle and define the Doppler effect peak due to this
resonance, and to extend into the region where the Doppler effect is dominated
by higher (and presumably nonoverlapped) resonances. Exposures were made
at 22 and 200*C (both bare and cadmium-covered). Any differences in dI/dT
between the two measurements can be correlated with the presence or absence
of interference by cadmium, and with the effective contribution of the 18 ev
resonance to the total Doppler effect as a function of S/M.

The analysis should be completed early in the new fiscal year. Very pre-
liminary results do not indicate any striking difference between Doppler effects
measured with and without cadmium.

The coefficient dI/dT was the measured quantity in the above, rather than
the usual coefficients ca or . This made it necessary to perform a separate
measurement of the resonance integral by the cadmium ratio method. By com-
parison with our gold measurements, we find that I = 449 40 barns. This value
has been corrected, to first order, for differences in the effective cadmium cut-
offs for the two isotopes, and assumes negligible interference by the cadmium
as regards the resonance integral. A paper on this work was presented to the
American Nuclear Society's annual meeting in June.

F. PUBLICATIONS ISSUED DURING FY 1966

"A Wide Range Study of the Effective Resonance Integral and Doppler Effect
in Aul9 7 : Part I," L. S. Beller and H. Farrar IV, NAA-SR-MEMO-11511,
July 8, 1965

"Unicorn: A Program to Calculate Point Cross Sections From Resonance
Parameters," J. M. Otter, NAA-SR-11980

"Measurements of the Effective Resonance Integral, and Thermal and
Resonance Self-Shielding Factors Over Six Decades of S/M in Au' 9 7 : Part II,"
Beller and H. Farrar IV, NAA-SR-MEMO-12013
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''Infinit ely Dilute R es onanc e Inte g ral and The rmal and R es onanc e Self -
Shielding Factors for W' 8 6 ,'' L. S. Beller and D. W. Latham, NAA-SR-
MEMO- 120 14

''A Long Range Time-to-Height Converter and Coincidence Unit,''
L. S. Beller and R. E. McLain(Journal Article) Nuclear Applications (in
preparation)

''Structure in the Doppler Effect as a Function of Surface/Mass Ratio in
Au1 9 7 ,'' L. S. Beller and H. Farrar IV, Trans. Am. Nucl. Soc. 8, 471 (1966)

''The Infinitely Dilute Resonance Integral of Wl 8 6,'' L. S. Belier and
D. W. Latham, Trans. Am. Nuci. Soc. 9, 247 (1966)

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

This project has developed an inexpensive calculational method, the TRIX
code, for computing resonance absorption and its temperature dependence in
most materials of interest to reactor design and safety analysis. TRIX has been
shown to be superior to previous analytical methods for this use.

The experimental portion of this project has provided data over a range of
S/M and temperature not previously available with which to test the calculations
and assess their validity and range of accuracy. In general, and particularly
for normal resolved resonances, TRIX has been shown to have good accuracy.
At the same time, potentially major discrepancies in the handling of low energy
absorptions have been uncovered. This problem has been attacked both theoreti-
cally and experimentally. Analysis of this phase of the problem is nearly
complete.

That the problem was discovered and could be isolated is due to covering a
wide range in temperature and S/M using an isotope with clearly understood
resonance parameters which was picked for ease of interpretation. Gold, in this
context, is an ideal model isotope to test Doppler coefficient calculation.

The methods developed so far are being used to study additional problems
affecting both fast and thermal reactors.

Among these problems presently being investigated are problems in non-
coherent resonance overlap.
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Program: Nuclear Safety - Chemical Reactions

Project: Fission Product Retention by Reactor Coolants

Project Manager: H. A. Morewitz Principal Investigator: W. P. Kunkel

Reporting Period: Fis cal Y ear 1966 A EC Category: 04 -60 -10 -0 1

General Order: 7608 Subaccount: 1331

I. PROJECT OBJECTIVES

The general objective of this project is to determine the ability of reactor
coolants to retain specific fission products released to the coolant stream as a
result of fuel cladding failure or fuel meltdown. Specific objectives of this
project are: (a) determination of the ability of sodium to retain radioactive io-
dine as a function of such parameters as sodium temperature, elapsed time
from incident, sodium-to-fuel and sodium-to-gas volume ratios, geometric re -
lationships, and condition of released iodine; and (b) determination of the ability
of boiling sodium and sodium in the vapor phase to retain radioactive fission
products.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

Experimental activities of the project were concluded in the first quarter of
the fiscal year. The concluding experiment in which a capsule containing fis -
sion products (previously released from melting of an irradiated enriched ura-
nium fuel disc) was ruptured under a column of sodium, was not successful.
The resulting radioactivity was sampled, both in the sodium volume as well as
in the helium cover gas volume above the sodium. Due to the introduction of
extraneous radioactivity in the sodium from the activation of silver components
in the capsule rupture disc, the residual iodine activity in the sodium was
ma ske d.

The remainder of the project activity was directed towards the correlation of
project data and the preparation of a summary report of fission product reten-
tion experiments* at Al (Atomics International).

The concept of the "distribution coefficient," which was expanded by Pollock
on another Al project was employed to correlate the iodine release studies
performed in this project, and to compare these results with a preliminary
theoretical model of iodine vapor release from liquid sodium.

As defined by Pollock, the distribution coefficient is expressed as:

4500
Log Distribution Coefficient = Log Kd =T - 5.66,

where T refers to the system temperature in *K.

*NW. P. Kunkel, "Fission Product Retention in Sodium - A Summary of Analyti-
cal and Experimental Studie s at AI, " NAA -SR -11766 (June 1966).

tSee General Order 7608-1332 (Fission Product Contamination and Control).
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By using this concept, the experimental results were converted into distri-
bution coefficients for comparison with this theoretical model by expressing the
data as

A /(Na)

where Ag and Af = the measured 1-13 1 radioactivity in the gas and liquid re -
spective~y, since the radioactivity can be related to the number of atoms through
the decay constant. All of the values of this expression were measured experi-
mentally with the exception of (Nag) which was obtained from the gas -law rela-
tion ship.

The resulting empirical distribution coefficients for applicable project experi-
mental data are pre sented in the figure; the theoretical distribution coefficient
model is also included for comparison. The curve below 6500 K and above 9330 K
is extrapolated. It is possible that the data above 9330K are not valid due to the

change in state of the sodium iodide. Similar correlations in terms of the dis -
tribution coefficient concept were also developed for data obtained in other fis-
sion product experiments perviously performed at AI. The cesium results show
considerable scatter as compared to the strontium data. In neither case, how-
ever, has the theoretical correlation been firmly established.

Also included in the project Summary Report (NAA -SR -11766) is a scaling
factor which relates the experimental conditions to variations in vapor pressure,
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temperature, distribution coefficient, and the ratio of the cover gas volume to
the sodium mass. The scaling factor relationship can be expressed as:

Release Fraction- A d28 102 TM '

where T = the temperature of the system in *K,

P = vapor pressure of sodium at that temperature (atmospheres),

V = volume of cover gas (liters),

and M = mas s of sodium in the system (gin). .

The scaling factor relationship represents, to a first approximation, a
model from which the iodine release fraction of other equilibrium systems dif-
fering in geometry and other parameters may be obtained.

It is recognized that this scaling equation will undoubtedly require modifica-
tion to compensate for presently unknown variables such as the effect of flow
rate or othe r factor s which may be important. Howeve r, as an indication of its
applicability, the equation has been used to evaluate the release fraction antici-
pated in a typical reactor configuration. For this example, which also appears
in the summary report, the SRE (Sodium Reactor Experiment) was selected.
System conditions in the SRE may not be typical of fast reactor conditions. They
are used here, however, to demonstrate the applicability of the extrapolation
equation and to indicate the release figure s which may be obtained from a fuel
element failure in which fission products are slowly evolved into the sodium,
but in which the integrity of the cover gas and containment is maintained (i. e. ,
there is no fire). These results are shown in the table.

SRE SYSTEM CONDITIONS AND ESTIMA TED FISSION
PRODUCT RELEASE FROM SODIUM

UNDER OPERA TING CONDITIONS

Mass of sodium in core tank (lb) 47,000

Volume of cover gas (ft3) 400

Temperature of sodium in upper plenum (*F) 1200
Estimated Sr-89 release (fraction) 1.7 x l0~7

Estimated I-131 release (fraction) 2.1 x 10-6

Estimated Cs-137 release (fraction) 5.1 x l0~4

These data, of course, refer only to the release of the isotopes from the

sodium, and not to the release of fission products from fuel.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The effort culminated in the publication of the Project Summary Report. The
report describes a range of experiments and presents a correlation method by
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which they may be compared. This has been one of the significant problem
areas in the project and it is felt that the inclusion of these correlations will aid
materially in the application of these data to other systems.

The complexity of the fission-product-sodium-fuel environment is well rec-
ognized, and these correlations and the preliminary theoretical model represent
only an initial effort to understand these problems. The general agreement in
the case of the iodine studies for both in-pile and out-of-pile experiments with
the theoretical prediction is encouraging, however, and lends some measure of
confidence to the results. Application of the data and the scaling relationship
derived has been made to only a limited number of systems, and further modifi-
cation may be required.

There appeared to be considerable indication from the data in the summary
report that the presence of carbon and other impurities in the sodium of an op-
erating reactor may be important in the depletion of the fission products circu-
lating in the sodium coolant after release. (This problem is presently under
study in Project 7608-1332. )

An earlier experiment in which iodine mixed with an inert gas was released
as a bubble under a sodium column yielded ''effective'' distribution coefficients
which were over four orders of magnitude higher than those in comparable equi-
librium experiments. Various explanations have been proposed, most of which
are related to the lack of mixing capability between the iodine and the surround-
ing sodium during transport, but the reason for this behavior is still unknown.
Future studies of fission product release under accident conditions should prob-
ably include this aspect of the problema because of its application to reactor
safeguard analysis.
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I. PROJECT OBJECTIVES

The objective of this program is to elucidate the behavior of fission products
released to the coolant in a fast sodium-cooled LMFBR reactor during normal
operation, in order to provide information necessary for the development of fis -
sion product trapping techniques in such systems. The disposition of fission
products during normal operation must be also known in order to assess the con-
sequences of potential accidents. Informaation is required on the extent of fission
product retention in sodium coolant, the rate and extent of release to the cover
gas, and the rate and extent of plate-out on surfaces.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

The project was activated during the latter part of the second quarter of the
fiscal year at which time a number of planning discussions were held and a pro-
gram plan was formulated. The salient features of the current plan are described
below and are the basis for the activity in the latter half of the year.

The chemical elements which are subjects for possible experimental study are
those fission products which may be released to the sodium from vented fuel ele -
ments and/or defective fuel pins in fast reactor cores, impurities in the sodium
coolant, and elements which may be introduced into the coolant from the materials
of construction (primarily stainle ss steel), whose radiological activation could
c onstitute potential haza rd s. The e xpe rimental p rog ram involve s studie s of
liquid -vap or and liquid -su rfa ce e quilib ria; i. e ., ''plat ing -out'' p r o ces s es, and the
effect of chemical interactions on these equilibria.

The proposed activities are grouped under four task headings: ''Source Term,''
''Sur fac e A ds orption and T rapping,'' and ''Sy stems Studie s.'' Although the se stud -
ies are intended to be general with respect to sodium-cooled reactor design, it is
desirable to provide some rational basis for selection of both elements and experi-
mental parameters for study. The objective of the ''Source Term'' task is to pro-
vide such guidance by making e stimates of concentration ranges to be expected by
using current LMFBR reference design data and such other information or esti-
mates as are necessary for this purpose. Accomplishment of this task will re -
quire utilization of results of experimental and/or analytical activities of fission
product studie s being conducted at other laboratorie s. The ''Vaporization'' stud-
ies are expected to provide data pertaining to the transport of volatile species.
The study of vapor-liquid equilibria is also conceived as a very effective means
of studying chemical interactions. The third task area involves processes which
in practice are expected to account primarily for the disposition of much of the
fission products other than the noble gases, since concentration ranges for vir-
tually all of the important fis sion products are likely to be in the part -pe r-million
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range or lower. The purpose of the ''Systems Studies'' effort, which is only in
the planning stage, will be to integrate and extend the laboratory-scale experi-
mental results in order to characterize fission product disposition under system
conditions.

A. SOURCE TERM EVALUATION

A preliminary evaluation of the coolant source term was conducted. The pur-
pose of this study was to estimate the inventory of the various fission products,
corrosion-activation, and impurity-activation components as they contribute to
the maintenance or radiological hazard of a sodium-cooled, fast, breeder reac-
tor. By this means a relative scale of priority may be established to aid the ex-
perimental effort in determining the most significant areas of fission product
inve stig ation.

1. Source Term Inventory

The first isotope which was considered in detail in this study was tritium
(H 3 ). Interest in this isotope was prompted by its radiological behavior rather
than its significance, as a literature search indicated that its diffusivity, low-
energy emission, and absorption into the skin have constituted some problem
areas in present reactors in which the inventory is appreciable.( 1) The results
of the calculations performed to estimate the inventory in a fast breeder reactor
indicated that the tritium contribution would result both from ternary fission pro-
duction and from the neutron interaction with Li6 which may exist as impurity in
the sodium coolant. The Li6 reaction contribution depends of cour se upon the
amount of lithium which may exist in the coolant of a sodium-cooled fast breeder
reactor. For the purpose of this preliminary evaluation, it was estimated that
the lithium concentration might be as high as 5 ppm, in which case the activation
would contribute approximately 750 curies per yr. This calculation was per-
formed with a cross section for the Li6 (n, oa) H 3 reaction adjusted for a fast reac-
tor flux with a mean absorption energy of 200 key.

For the purpose of the preliminary estimate, it was also assumed that the tri-
tium ternary fission production rate of 1 atom per 1.25 0.15 x lO4 fissions was
valid in a fast flux spectrum. On this basis, the production rate from this source
is estimated to be 8.4 x l03 curies per year. It therefore becomes a matter of
interest to estimate the extent to which the tritium inventory of 8 x l03 curies
per year might be introduced into the sodium coolant. Two processes essentially
provide all of the tritium which may enter the reactor sodium coolant: recoil and
diffusion.

The introduction of recoil particles is a function of both energy and fuel thick-
ness, since in a vented fuel concept there is a peripheral ring of fuel from which
recoil fission products can contribute to the coolant radioactivity. Calculations
have been performed to estimate this contribution. These calculations are based
on the fact that momentum is conserved in the fission process, and that the energy
of the tritium particle can range from zero to almost 180 Mev, depending upon the
angular separation of the three fission products. In the case of alpha particles,
which are released by a similar mechanism, this energy distribution has been ex-
perimentally determined,( 2 ) and found to have a Gaussian distribution with a mean
energy of about 15 Mev. The mean energy of the tritium particle is assumed to

NAA-SR- 120 10
224



ATOMICS INT ERN ATION AL

A Division of North American Aviation, Inc.

be about 19 Mev on this basis, since its mass is somewhat lower. By using this
energy, the range of tritium particles through various materials may be deter-
mined as a function of energy.( 3 ) Results indicate that for light and medium ele -
ments, such as C, Al, Cu, and Fe, the average range might be 0.26 gm/cm 2 .
For heavier elements such as Pu and U, the average range is about twice as
great or 0.52 gm/cm2 . Since the half-thickness of a typical fast breeder reactor
pin is about 2.9 gm/cm 2 , the recoil tritium atoms can contribute from a periph-
eral ring constituting about 0.33 of the total fuel element pin volume. Thus, it is
estimated that approximately 2.8 x l03 curies of tritium per year may escape the
fuel and be introduced into the sodium. The contribution from diffusion is pres -
e ntly unde r s tudy.

The fission product contribution from independent yield as well as from chain
yield was calculated for all of the volatile isotope s, noble gase s, and those in
which gaseous or volatile isotopic precursors exist.

These physical characteristics of the salient fission products, sodium impur-
ity constituents, and some structural activation elements are shown in Figure s 1
and 2. As may be noted from Figure 1, the boiling points of ce sium and strontium
are just above the typical LMFBR coolant outlet temperature, but are consider -
ably lowe r than the maximum c ent erline fuel t empe ratur e. H owe ve r, the ir p re -
cursors (xenon in the case of cesium and krypton in the case of strontium) are
noble gases, and so these elements (cesium, strontium) have constituted the first
evaluation insofar as inventory and radiological importance are concerned.
Others which are also of importance in the preliminary evaluation are iodine and
tritium.
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Calculations have been pe rformed using the re cent Los Alamos yield data~4

for fast neutron fission of Pu2 3 9 . Results indicate that the fuel inventory' of the
two significant strontium isotope s, Sr -89 and Sr -90 would be 3.2 x 10 curie s and
9.4 x l05 curies, respectively.

Similar calculations have been performed for the iodine and cesium isotopes of
interest. These results are shown in Tables 1 and 2.

TABLE 1

ESTIMATED INVENTORY OF IODINE ISOTOPES
IN LMFBR FUEL

Inventory
Is otope Half -Life Cre oe

7u es | Ml

1191.7 x 107 y 0.87 4.2 x 101

I13 12.5 h 4.1 x10 .x1~

1131 .1 d 5.9 x10 3.9

I13 2.4 h 8.1 x 10 .3x10-2

I13 20.8 h 1.0 x108 . 0

I13 52.5 m 1.1 x108 32x1-

I13 6.7 h 1.1 x108 . 0

TABLE 2

ESTIMATED INVENTORY OF CESIUM ISOTOPES
IN FBR FUEL

Inventory
Isotope Half-Life Curies I Moles

Cs13 Stable - 1.96 x io2

Cs3 3 x106 y 2.8 x10 2.36 x102

Cs13 26.6 y 3.24 x 106 2.36 x 102

Cs13 32 m l.l xlO0 1.8 x10-2

Cs13 9.5 m 9.1 x 10 4.7 x l0-3

Cs14 66 s 7.9 x10 4.4 x10~ 4

It is interesting to note with regard to the cesium inventory that Cs-133,
Cs -135, and Cs-137 were all chain produced with very little contribution from

independent yield. This fact is significant in evaluating the importance of vola-
tile or gaseous precursors in assessing the amount of cesium anticipated in the
cover gas.

*Reactor operation for one year at 2117 1Mwt
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Calculations were initiated and are currently being summarized for the indi-
vidual and chain yield of all noble gases and their daughter constituents.

A second phase of the source term evaluation has concerned itself with the
estimate of coolant radioactivity introduced as a result of structural component
activation and subsequent corrosion into the coolant stream. Calculations were
performed which indicate that with an assumed average corrosion rate of 1.4 mils
per year that the fuel element cladding will probably constitute the most signifi-
cant source of activation-corrosion activity.

With this assumed corrosion rate, which may be high, the corrosion loss may
be expressed as W = 2.8 x lO3 gm/day, and the incremental loss is W dt. The
activation of the increment up to the time, t, of its loss is:

-x.t
dA. = p3. Wdt(l - e 1 )

1 1

where

i = the i th isotope activity,

S= the flux

E.= the reaction cross section.

The subsequent decay of the increment (assuming that it escapes the core and is
no longer irradiated) gives an activation at a time, T, from start up of:

-X.t -X.( T-t)
dA. = pE. W dt( - e 1) e 1

Thus the total activity of lost material at time T, is:

T fT -X.t -X.(T-t)
fdA.=JpE W(l - e 1 ) e 1 dt,

which is integrated to be:

The appropriate resonance integral for each isotope was evaluated over the
flux spectrum of a typical LMFBR. The n, y contribution from each of the signif-
icant stainless steel components with sufficient half-life and energy to constitute
an appreciable after -shutdown radiation contribution was then obtained. These
results are shown in Table 3.
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TABLE 3

RADIOACTIVITY (C.) IN COOLANT FROM CLADDING CORROSION
1FOR TYPICAL LMFBR

Isotope Half-Life TE0 as 35Dy
( cur ie s) Cur ies s Mv

Cr-51 28 d 3.3 x 102 3.3 x 102 0.32

Fe -59 45 d 2.7 x 133.1 x 1O3  1.2

Co-60 5.3 y 2.2 x 1O3  3.3 x 1O3  1.25

2. Radiological Significance

Two factors have been proposed this past year to provide a comparative list-
ing of radioactive isotopes and to establish priorities for experimental study.
The first of these is designated the ''Hazard Index'' (HI) and relates to the radio-
logical hazard of ingesting or otherwise working in an atmosphere contaminated
with a specific isotope. In this respect, it is of interest in evaluating the re-
sult of fission product venting (or leakage from defective fuel) into the coolant,
and subsequent release into the cover gas where it may become available to
personnel through top shield leakage or some inadequacy in the containment.

For the purpose of this study, the Hazard Index is defined as:

HI =f M 1 ,M)

where Ai is the radioactivity inventory of the specific ith isotope, MPCi is the
Maximum Permissible Concentration of the specific isotope in air for a 168 -
hour non-occupational exposure. The MPC used in this criteria are obtained
from the Code of Federal Regulations, Title 10, Part 20 recommendations. It
is recognized that there are differences in the recommendations of this and
other agencies, but they are in general not significant in affecting the listing of
the isotopes for this comparative study. Mi is a measure of the isotope mobil-
ity, a factor which includes several other considerations such as volatility,
chemical reaction potential, adsorption or plating tendency, etc.

A quantitative evaluation of Mi is presently under study, but has not been
completely formulated as many of the values depend upon project experiments
presently in progress. For the preliminary evaluation, however, Mi is as-
sumed to be unity for all isotopes which are either gaseous, volatile at reactor
temperatures, or have a significant chain yield with precursors which fall in
these categories. Using these criteria, the value of the Hazard Index has been
compared for those fission products considered to be significant in establishing
the radiological criteria. These results are given in Table 4.
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TABLE 4

RELATIVE HAZARD INDEX FOR SELECTED FISSION PRODUCTS
(One-year operation at 2117 Mwt)

Fuel Reae Coolant Reae Cover Gas MPCa Relative

Isotope Ivnry Fatn Inventory Fractiont Inventory (yc/cc)g Hazard
(One year) (One year) (C.) Index

(C.) (C.)1

r89 3.2 x10  7x0 2.2x101 3.3x10-8 72x0~ 3x0-10 2.4 x 103

r90 9.4 x 105 7 x10-
8  6.6x10-2 3.3x10-8 2.2 xi10 3 x10 7.3 x 10'

I12 8.7 x10~ 1x 10- 8.7 x10 7.O xlO0 6.1 x10-1 2 x10 3.0 x10~4

Il3 5.9 x107 lxlO0- 5.9 x10~ 7.0 x10~ 4.1 x10~ i x 0-04.1 x103

Il3 8.l xl I01xlO0- 8.l xIO0 7.O xlO0 5.7 x10~ 3 x10~ 1.9 x102

Il3 1.O xl I01xlO0- 1.0 7.O xlO0 7.O xlO0 4 x10 1.8 x103

I134 1.1 x108 1 x10-8 1.1 7.0 xi 10 .7 x 0~ 6 x 0~ 1.3 x 102

I15 11x18 1x1 .l7Ox 0 7710~ lx 10~9  7.7 x10 2

C37 3.2 x106 l xl0- 3.2 9.l xl0- 2.9 x10- 2 x10~ 1.5 x104

*The release fractions from the fuel are based upon measured values from Table 6-2 GEAP 4859.
t Release fractions from the coolant are based upon extrapolations from previous AI Data.
(NAA-SR-1 1766).
The Maximum Permissible Concentration is based upon the Code of Federal Regulations,
Title 10, Part 20.

The value s for the one -year fuel inventory we re obtained from the fast reac -
tor yield data noted above.( 4 ) In the absence of definitive numbers concerning
the release of various fission products from the vented fuel, the data obtained
from the GE study of fission product release under operating conditions of a
vented fuel element test were used.(i 5 ) It is recognized that these numbers may
require considerable modification and adjustment to reflect the contribution
from defective fuel elements in operation as well.

The equilibrium cover gas inventory data require an estimate of the extent of
isotope release from the sodium plenum to the cover gas under operating condi-
tions. These data were extrapolated from preliminary information obtained in
a related Al project'' in which the release of fission products from a sodium pool
were measured.

Finally, it should be recognized that the Hazard Index obtained here is merely
an attempt to compare the relative importance of the se and othe r isotope s on
some equitable basis, so that the project effort may be directed towards the most
significant areas of investigation. No absolute comparisons were intended.

*Project 7608-1331, Fission Product Retention by Reactor Coolants
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A similar type of Hazard Index is pre sently unde r development to compare the

significance of various fission product and corrosion-activation isotopes as they
contribute to the after -shutdown radiation level of the reactor. This equation
will presumably include parameters which relate to half-life, gamma energy,
cold-trap or absorption efficiency, and plating or adsorption tendency.

B. VAPORIZATION

Activities in this task area included experimental effort on vaporization be -
havior of ce sium and an analytical study of the vaporization of iodine. A rela -
tively limited planning effort was also conducted for tritium/hydrogen.

1. Cesium

The objective of this task is to obtain activity coefficient data for cesiumn at
low concentrations in sodium, and in particular to investigate interactions with
other elements. Oxygen is the prime contaminant and its effect is therefore be -
ing studied first. It is expected that these studies will provide reference infor -
mation for use at very low concentrations where surface adsorption becomes

important. Although an estimate of the probable maximum cesium concentration
to be expected in the present design of the fast reactor yields a mole-fraction
of 0.2 x 10-6, present studies are being conducted at cesium mole-fractions of
about l0 -4 (i. e . , atomic par t s-pe r-million of about 100 ) in o rde r to minimize
analytical difficultie s. Cur rent analytical limit s are about 1 atomic part -pe r-
million. One mass spectrometric experiment, however, was carried out with
about 3.3% cesium in sodium, in order to assess the possible importance of any
mixed alkali molecule such as NaCs, in the vapor.

a. IVuass Spectrometry (NaCs Species)

A supplementary mass spectrometer experiment was carried out with a
Bendix time -of-flight mass spectrometer in order to estimate the possible im-
portance of any mixed alkali species above sodium-cesium solutions. In the
proper use of vapor pressure data, it is necessary to identify the equilibria
(and molecular species) unambiguously. Information obtained in this experiment
is applicable to the work to be described below. A cesium sodium (3.3% cesium)
solution was put into a small stainless steel Knudsen cell which in turn was put
into a small tubular well welded into the spectrometer cover plate. The well
was provided with a thermocouple hole, was wrapped externally with a heater,
and was thermally insulated. A magnet-operated shutter at the top of the well
(within the instrument) permitted observation of the shutter-dependence of

peaks and helped in identification. At a pot temperature of 2300 C, the strong
peak corresponding to Cs gave an electrometer reading of 200 x 10-6 amp,
while the weaker peaks corresponding to CsNa gave readings of 0.2 x 10-6 amp
or less. On this basis, it is believed that any cesium-bearing molecule other
than monatomic cesium will be of negligible importance in these studies. Al-

though c esium vapo r above pur e c esium c ontains app r eciable C s2, this mole cule
would not be of importance in dilute sodium solutions because of the mass -action
effect and was therefore not investigated.
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b. Vapor (Cs-Na System)

The experimental method chosen is a vapor density technique because of its
simplicity. The transpiration method is also applicable and is considered as a
''back-up'' method. The principle of the vapor density method consists of allow-
ing a known volume above a given composition at known temperature to become
saturated, then sealing off the vapor volume, cooling to permit the vapor to con-
dense, and analyzing for the sodium and cesium. The vapor density apparatus
is illustrated in Figure 3.

VAPOR
CHAMBER

STEEL

TAPERED SEAT

LIQUID -~--

TILTED DURING
HEATING CYCLE

6-21-66

UPRIGHT TO SEAT
BALL DURING COOLING
CYCLE

7608-2513

Figure 3. Vaporization-Studies Apparatus

To test the operation of the apparatus, measured sodium vapor densities can
be compared with those calculated from literature data. The density of saturated'
sodium vapor at various temperatures in the range 650 to 900*K were calculated
using the data for the monomer (Na) and dimer (Na2) given in the JANAF The rmo-
chemical Tables(5 ) These values could be well expressed by the equation:

Log (6T) = -50 + 4.1975,

or alternatively,

-5406 +417 o
Log 6 - T +417 o

where 6 is the vapor density in gms/ml. It may be noted that the above expres-
sion agrees well with extrapolated results of NRL work on sodium.(6 )
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TABLE 5

SUMMARY OF DATA FOR Cs-Na VAPORIZATION

Liquid Vap ILiquid pgms in
Run T To C/a -Vapor

Numbe r (0oK) ( *K) sO/yganOxygen

___________________________________________- Ratio (ppm) Na C s

la 872.0 893.3 0.00010 - 1525 5.6

l b 861.0 898.7 j0.00008 76 6075 33.5

ic 860.7 888.9 0.000074 243 4500 32.5

Na X /
Run Cs-Na V/apor Cs, g Cs Na Vapor

Number Ratio Density (Apparent) Density From
(gs/m)K dLite rature

la 6.4 x io-4 4.9 x 10-6 6.4 1.142 x 10-5

lb 9.5 x 10-s 1.95 x io- 5  11.3 9.63 x io- 6

ic 12.5 x io- 4 1.46 x iO-5 17 9.63 x 10-6

Inspection of the data (See Table 5) show the existence of several experimental

problems. The temperature differences between the liquid and vap or appears to
be rather high, and suggests the need for finer control of temperature, but may
also require a redesign of the liquid chamber, possibly to include an "inter-
mediate" zone to separate the liquid and measured vapor volume. The C s-to-
Na ratios in the liquid appear to be decreasing, however the amount of prefer-
ential cesium volatilization to be expected would not account for the rather appre-
ciable drop reported. Further, although no oxygen determination was made in
the first run because of insufficient sample, the two successive oxygen deter-
minations from runs lb and lc gave high oxygen values. These cast suspicion on
the quality of the glove box atmosphere and on the sample handling procedures.
The sodium vapor density was calculated by dividing the amount of sodium found
in the vapor chambers by the chamber volumes, nearly 310 ml at 9000 K. The
low result from run La may be due to insufficient equilibration time, and the high
values in runs lb and ic maay be due to leakage past the ball, or possibly due to
reaction of the vapor with an oxide layer that would normally be formed on the
stainless steel. The distribution coefficient for cesium, Kd, is defined as the
ratio of the cesium mole fraction in the vapor to that in the liquid and appears to
fall in a reasonable range. However, in view of the doubtful accuracy of the
data, calculation of activity coefficient values for cesium in sodium appears to
be unwarranted at this time.
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2. Iodine

The vaporization behavior of iodine was investigated by using data available
in the literature on the stability of sodium iodide, its vapor pressure, and solu-
bility. For purposes of this study, it is convenient to express the vaporization
behavior of the iodine in the form of a distribution coefficient, Kd, defined as the
ratio of the mole-fraction of iodine (as NaI) ini the vapor phase to that in the
liquid; Kd = X2, g/X2, 1, where X2refers to the solute mole-fraction, NaI, and
the "g" and "1"1 refer to the gas and liquid phases. In this definition, it should
be noted that only the NaI and Na are considered. Concentrations of NaI will be
small relative to the sodium metal in all cases, so that, recalling the gas laws,
one may redefine Kd,

Kd = (PNI/PI)//(X~

where the ratio, PNaI/ PlSa = X2 , g. Further, PNaI may be expressed as a func-
tion of liquid composition and the vapor pressure of the (pure) iodine as

~NaI = 7X 2 NaI

where Y is the thermodynamic activity coefficient and the other terms have their
usual meaning. To evaluate the activity coefficient, one may recall that in a
saturated solution, the activity of the solute (i. e. , the NaI in this case), would
be very nearly equal to unity. Using the symbol X2, i to designate the saturation,
as concentration, or solubility of the NaI in Na( 1) and substituting,

NaI =X2,1i Na- NaI

Solving for Y, one finds that Y = 1/X2, 1 . The activity coefficient is of course a
function of temperature, as are the vapor pressures of the sodium and sodium
iodide. At this point, it becomes necessary to make an assumption concerning
the dependence of Y on concentration. The solubility of sodium iodide is fairly
small, reaching the value for Xf j = 0.0 15 at the melting point of the iodide
(933*0 K). It is therefore reasonable to assume that Y is constant with concentra-
tion. Expressed differently, one may simply assume that the solution obeys
Henry's law. Substituting for PNaI in the first equation above,

K = 2, 1 NaI NaI
d Xo X X 0

2,1 2,1P 2,1 NaNa

The quantities in the fraction on the right are all functions of temperature, and
fortunately they all follow a log - l/ T relationship. Taking logarithms, this
equation becomes,

Log Kd=Log P~aI- LogX2, - Log P~a
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The manipulations involved in deriving the usual analytical expres sions for the
log terms need not be described here except to list the sources of data used.
For Priai, the data of Bauer and Porter( 7 ) were used to give:

o -10,500
Log P = ' + 7.51.NaI T

For sodium, (the monomer), Stull and Sinke's monograph was used to give:

o -5700
Log P = + 4.98.Na T

The solubility data for NaI in Na given by Bredig, Johnson and Smith~9 for tem-
peratures below the NaI melting temperature were used to derive, by a least
squares treatment, the equation

o -9300
Log X, = T + 8.19.

These can be combined to give

4500
Log Kd T -5 .6 6  .

The partial pressure of sodium iodide over solutions in sodium may be ex-
pressed directly as a function of temperature and concentration by a derivation
from the second equation above in a similar manner, and is found to be:

Log = Log -1200..6

Lo NaI =LgXNaI ~T -06

The foregoing results, it should be pointed out, are applicable at temperatures
below the melting point of sodium iodide. Of the assumptions and approximations
made, the major one is that Henry's Law is obeyed by the sodium iodide up to
the point of saturation. Although this is a reasonable assumption, maximum
error in application of the equation would occur at the low concentrations and at
the lower temperatures, so that there still remains the need for good activity
coefficient data at temperatures and concentrations beyond those for which solu-
bility data are currently available. Nevertheless, within the accuracy of the as-
sumption, one conclusion is that Kd is independent of concentration at a given
temperature. A minor source of error, about 15 to 20%, is introduced by not
including the Na2 specie in the expression for the vapor pressure of sodium; how-
ever, it is felt that this refinement was not justified. A second conclusion is that
transport of iodine via the gas phase is appreciable relative to vaporization of the
sodium, and becomes increasingly important at lower temperatures.

C. SURFACE ADSORPTION AND TRAPPING

Activity in this task area has been concerned with a review of the cold-trapping
of cesium, with the formulation of an experimental plan and the design and con-
struction of a loop suitable for the study of cesium removal from sodium.
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In a study of cold-trapping in the Sodium Reactor Experiment (SRE),( 10 ) it was
noted that the Cs' 3 7 concentration in the cold trap was higher, by a factor of
about ,04, than was observed in the sodium metal. The precipitate in the cold
trap was predominantly sodium oxide. On thermodynamic grounds and also on
the basis of differences in metal ion sizes, one would expect the cesium to be
rejected from the oxide rather than preferentially absorbed. It should be noted
that during operation of the SRE, a leak occurred with introduction of some
hydrocarbon into the sodium coolant, so that some form of carbon may have been
responsible for the removal of the cesium. However, de Boer( 1 l) and others
investigated adsorption of alkali metals on solids having dipolar molecules. This
adsorption is stronger than that to be expected from Van der Waals forces, is
strongest for cesium, and weakest for lithium. It is therefore postulated that
cesium is adsorbed on a Na2 O (Na-O-Na) dipole during precipitation. A bench-
scale, thermosyphon loop has therefore been selected as a means of testing this
hypothesis, and to investigate other possible mechanisms and precipitants.

The thermosyphon experiment is illustrated in Figure 4. For the current
problem, oxygen in the form of Na2O2 is introduced into the sodium containing
10 to 100 ppma Cs by being placed in the perforated holder in the header tank and
allowed to transfer to the cold trap by convection-induced flow. In a second,
reference experiment, a measured quantity of Na2 O2 is put in the cold trap and
the loop operated until equilibrium concentrations are established. Comparisons
of the analyses of the cold-trap content provide a test for the hypothesis. Ad-
sorption on MgO and on stainless steel mesh will also be studied by this method.
Experiments in this system were initiated at the end of the fiscal year.

HEADER TANK AND
OXIDE SOURCE

14 in.

MAIN CIRCULATION
HEATER

COLD TRAP

6-21-66 7680-2514

Figure 4. Na-Cs-O System Loop
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The review of the SRE work also suggested that mechanisms of adsorption
probably vary from one element to another. For example, it was found in the
case of antimony, that this element was deposited at a cooler part of the cold
trap (at 1500 C) than was true for the cesium,( l ) although the phase diagram of
the Cs-Na system would not suggest the formation of any compound. In this con-
nection, the Los Alamos work on the ''gettering'' of cesium in sodium, by nickel,
stainless steel, and graphite, suggests the possibility of very effective removal
of other elements.(1 I )

D. SYSTEMS STUDIES

The microscopic and macroscopic mass transfer behavior of materials in the
core, primary coolant system and cover gas system of a large, fast reactor are
complicated by the flow, thermal, and concentration gradients, as well as by
time dependent behavior. Treatment of the problems associated with the e].imi-
nation of the ''closed system'' nature of the fuel rod is being extended to consider
the influence which vented fuel designs exert on the normal mas s transfer prob-
lems for nonvented systems. Unfortunately, such normal behavior is severely
complicated by the consequences of fuel rod failure, and this consideration is
being treated as an integral part of the study.

Typical problems which must be considered in the systems study include cor-
rosion, sodium purity (corrosion, fouling, plugging), cover gas purity (effects on
drive mechanisms, etc. ), auxiliary cooling systems (sodium traps, etc.), and
auxiliary gas systems (holdup tanks, and control-rod mechanisms). The approach

being adopted relates to the above problem areas, the consequences of venting
the fission products and investigates the subsequent integration of coolant and
cover gas conditioning systems to accommodate vented fission products. The

analysis will also utilize information generated in AEC programs (at AI and other
laboratories) on LMFBR cladding problems and sodium system mass transfer
behavior. This study is intended to serve the purposes of defining important eco-
nomic factors and (together with those factors) of assisting in the design of
reasonable ''system'' experiments. There are three types of experiments which
play a role in understanding ''systems'' problems. The first consists of engi-
neering designs of vented fuel rods to establish holdup and release characteristics
under actual fuel burnup conditions' The second consists of a larger system in
which the flow, thermal and material variations of a large core are mocked up,
at least to a first approximation. The third includes experiments expressly de-
signed to demonstrate the importance of problems associated with material
segregation (precipitation, plating, radioactive gas accumulation) and also with
unsteady-state behavior including the approach to steady state (build-up), and
transients (primarily overheating of fuel). Once the transport behavior has been
established for realistic systems, it would then be possible to establish design
criteria for economical and safe primary coolant and cover gas systems, and
also to provide information related to fuel handling, transporting and reprocess-

ing arrangements, control-rod drive design, etc.

*Experiments of this type are being conducted by GE under P. A. No. 10-Task B -
vented fuel development.
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III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The program is well into the initial phases of the various tasks. Source term
evaluations are proceeding according to plan. The use of the fast neutron yield
data from Los Alamos has permitted the compilation of independent and chain
yield dat a fo r the sig nific ant g as eous, and volatile is otop es with their p r ecur sor s .
Similarly, equations have been used to estimate the radioactive contribution from
corrosion-activation components in the structural material of the core.

The use of a Hazard Index criterion to obtain some indication of isotopic sig -
nificance in terms of priority of experimental effort has provided an initial rank-
ing of significant isotopes. According to this procedure (which was developed
for the one case of vented fuel release to sodium, transport through sodium, and
subsequent leakage from top shield), the study of ce sium, iodine, and tritium are
still appropriate. Iodine remains significant as far as this criteria is concerned.
Cesium is significant according to this evaluation with regard to inhalation and
radiological significance.' It apparently ranks highest also in terms of the after-
shutdown radiation and tendency to plate out on piping structures. (A compara-
tive listing of fission products and other radioactivity as they might affect after-
shutdown maintenance and radiation levels is also under study to supplement the
hazard index being developed. ) In any case, the choice of cesium as an immedi-
ate objective for experimental study evolves also from the examples in the lit-
erature of its prevalence in fast reactor systems.

The development of the hazard index criteria for the source term model is an
iterative process in a sense, as this first approximation has utilized release
data both from fuel and from sodium which will undoubtedly undergo revision as
experimental data become available. In particular, data from vented fuel ele -
ment experiments including defective elements are a major item required to re-
duce the extent of uncertainties in the source term model. Also, the contribution
of entrained xenon decaying to cesium in the sodium could enhance the release
numbers quoted. Since cesium is produced largely from chain yield with little
independent yield this contribution is probably significant. A number of prelimi-
nary results are available, particularly in the case of the cesium work, which
identify several experimental problems. These, however, were not completely
unexpected and do not appear to represent any unammountable obstacles, so that
no change in experimental approach is considered justified. Although the direc -
tion of effort that was spelled out in the planning document has been followed, re -
sults of work under Task 1 (Source Term) and the analytical effort on iodine under
the ''vaporization'' task suggest the advisability of shifting experimental emphasis
from the tritium/hydrogen to the behavior of iodine until the tritium release can
be evaluated in more detail. Some comments concerning the status of the experi-
mental effort on ce sium and the analytical work on the iodine are appropriate

*Although the inventory of tritium in the fuel is much le ss than that of ce sium
and other significant fission products, its release from the fuel appears to be
much higher, both from revoil and diffusion processes. It is not included in
this initial Hazard Index because of uncertainties in its release behavior from
sodium. Data from hydrogen-sodium systems will be used in a manner simi-
lar to that for iodine-sodium systems, to estimate this factor in future Hazard
Index calculations.
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here. Results of the trapping studies are too incomplete at this time to permit
drawing any conclusions.

The absence of any significant fraction of polyatomic Cs species in the vapor
simplifie s the inte rpretation of vapor density data. For example, the ce sium
activity can be found by comparing the amount of cesium in the vapor, assumed
to be entirely monatomic element, with that expected in the form of the mona-
t omic sp ec ie ove r pur e c es ium. The chie f e xpe riment al dif ficultie s with the
cesium/sodium work are considered to be the failure to obtain agreement be-
tween the measured and calculated sodium densities, and the high oxygen con-
tents. The first points to unreliable operation of the apparatus and possible
major redesign. The second is very much germane to the feasibility of being
able to study the effect of oxygen. The technique is best adapted to the higher
te mpe ratur es and highe r c es ium c ontent s be caus e of the r athe r s mall vapo r vol -
ume and consequent small amounts of material. Nevertheless, the method is
also applicable, at least in principal, to the study of iodine. To test for signifi-
cant ''side reaction'' of the vapor with surface oxide, a ''dummy'' experiment has
been started in which runs will be made without closing off the vapor chamber,
allowing the vapor to recondense in the liquid chamber. Any sodium reacting
with the surface oxide layer (or becoming strongly adsorbed) should remain in
the vapor chamber and show up on analysis. Following these experiments, it
should be possible to test for leakage past the ball by experiments in which the
ball is kept seated at all times during the run, and to test for transport of sodium
into the other chamber (also determined by analysis). The need for redesigning
can then be assessed.

Concerning the validity of the iodine distribution equation described above,
some experimental confirmation can be derived from other sources. Eggleton( 13)
reported preliminary iodine-in-sodium distribution coefficients of the order of
0.5, which were obtained at ''low'' temperatures using pyrex apparatus. He also
observed negligible residual iodine activity in the still pot of his apparatus, in
agreement with predictions of the distribution expression at lower temperatures.
Koontz and Nelson( 1 4 ) in sodium burning experiments required a known source
of iodine/sodium vapor. For this, they used a transpiration setup and were able
to obtain iodine-to-sodiumn ratio data for both the vapor and liquid, and found
these values to be of the order to 1.0 at about 800*K, which is in good agreement
with the predicted distribution coefficient.

The foregoing work with iodine was carried out at much higher iodine concen-
trations than would be expected in fast reactor environments. It may be recalled
that the activity coefficient information implicity in the derived expression was
based on saturation concentrations, because of absence of low-concentration
data. In view of the radiological importance of iodine, it seems desirable to
include experimental effort on the halogen, especially inasmuch as the experi-
mental approach would be much the same as for ce sium.
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I. PROJECT OBJECTIVES

The general objective of this project is to develop experimental information
and analytical methods which characterize the release and transport of effluents
and energy generated during a primary-coolant-sodium accident. The source of
energy generation may be from the escaping coolant (by rapid thermal energy
transfer) and/or subsequent combustion of the sodium coolant. The effluents
are sodium (as Na2 4 ) or its oxide in particulate form and selected fission prod-
ucts, available as potentially serious dispersions of radioactivity. The infor -
nmation to be developed is required for the design and safeguards analysis of
economical, sodium-cooled fast reactors.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. SUMMARY

1) Planning and evaluation were completed to define the detailed require -
ments of a 5-yr program for characterizing sodium fires and fission product
release following primary coolant accidents in sodium-cooled fast reactors.
A planning document was submitted to the AEC.

2) The design and construction were completed for the Phase I sodium
fires test installation for performing large fundamental release experiments.
The design of the Phase II installation (modeling fires) was initiated.

3) A number of small fundamental fires experiments were conducted to
obtain data on parametric effects on sodium burning and release rate. Dif-
ficulties encountered in obtaining reproducible results from the initial ex-
periments required the design and fabrication of a new experimental setup
of modified concept. Feasibility of the operation's new apparatus was
demonstrated.

4) A solution of the fundamental equations governing agglomeration and
the combined effects of settling, source term, and agglomeration have been
p rog ramme d fo r the IBM 7094 c ompute r. T he r esult s of the se s tudie s have
been described in a topical report (NAA-SR-11997) to be published early next
fiscal year.

5) Measurements of the release of Na2 O, its size distribution, and wall
and floor deposition rate have been made in controlled, closed environments.
It has been shown that the particle size of the suspended mass increases
until nearly all of the air concentration has disappeared. This phenomenon
has been predicted analytically.

6) The burning rate of sodium was measured as a function of oxygen con-
centration from 4 to 0.5 vol % and found to be approximately constant pe rcent
O2 and proportional to the amount of oxygen present.
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7) A particle generator has been designed and constructed to allow the
production of sodium, sodium oxide, and fission product aerosols with re -
producible size and concentrations.

8) Automatic, remotely operated deposition samplers have been designed,
constructed, and used to measure the rates of deposition of sodium oxide
aerosols in the laboratory test chamber.

9) It was demonstrated that NaI tagged with I131 was released in concen-
trations equal to and perhaps larger than those in the sodium pool when evap -
oration into dry nitrogen was the only release mechanism. A single experi-
ment has been performed.

10) An initial analytical model was developed to describe the thermal con-
sequences of a large sodium fire following a primary coolant accident. The
model was programmed into several digital computer codes and checked out.

11) Abstracts of four papers were accepted for presentation at the 9th AEC
Air Cleaning Conference to be held in Boston, September 13 to 16, 1966.

B. PROGRAM PLANNING

A major effort involved completion of a detailed planning and evaluation
study to define requirements of a 5-yr program for accomplishing objectives
of the project. The planning study consisted of a state-of-the-art review of
sodium fires research, and of fundamental concepts of combustion, mass and
energy transport, and aerosol behavior, all of which serve as the base for fu-
ture work. The problems requiring solution were evaluated on the basis of pos -
tulated sodium-coolant accidents which are pertinent to the program. A tech-
nical approach to the solution of these problems was outlined, and included
experimental and analytical studie s of fundamental mechanisms and modeling
principles regarding the release and transport of matter and energy. Proposed
experiments and the apparatus (existing and proposed) and facilities for conduct-
ing them were delineated. A conceptual description of a test installation for con-
ducting large fundamental and modeling experiments was incorporated in the
study, based upon utilization of an available, existing facility.

C. SODIUM FIRES TEST INSTALLATION

The te st installation requirements for conducting large fundamental and model-
ing sodium fires experiments were established during the program planning stud-
ies described above. These requirements were summarized in a Construction
Authorization Request for the installation, and transmitted to the AEC Canoga
Park Area office. An available portion of North American Aviation property,
Building 009, Santa Susana, was found suitable for the test installations.

The design and construction of the test installation was divided into two
phases.

Phase I, Modified large fires apparatus for performing large fundamental
release experiments, and equipment and instrumentation common to Phase I
and II apparatus.

Phase II, Modeling fires apparatus. The final design and bid package for
the Phase I and construction contract was completed. The equipment for the
large fires experiment which was operated at the old outdoor facility was moved
to the Sodium Fir es T est In stallation in Building 00 9. P re const ruction p rep aration
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and on-site equipment acquisition was completed. The experimental equipment
(burn chamber and bubbler-scrubber) is being located inside of the building,
and the process and motorized equipment will be heated outside. Included in
the design were the following items. The burn pot-burn chamber annulus will
be fully insulated and the burn chamber cover will be insulated. Twenty thermo-
couples are to be placed in the gas space above the fire. A new heatup tank and
melt station will be used for both the large fires and modeling experiments. A
low-pressure N2 gas feed system will include large liquid nitrogen storage tank
and an ambient air vaporizer. An air blower will provide air for mixing with
N2 for obtaining desired gas mixtures. An electric heater will be provided for
adjusting gas temperatures.

Phase I construction was initiated and completed during the last two months
of the fiscal year. Figures 1 and 2 show some of the indoor and outdoor portions
of the Phase I installation during construction.

The design of the Phase II installation of modeling fires apparatus was ini-
tiated towards the end of the fiscal year. This installation will also be located
in Building 009, Santa Susana and will consist of a 12- by 15-ft steel-lined cell
built in a 10-ft-deep pit, with a 12-ft-diameter tank simulating a building over
the cell. The tank is in two 10-ft-high interchangeable sections, with a dished
head which may be bolted to either tank. A partition between cell and tank sim-
ulates a reactor building floor, and an opening in the partition will permit gas
interchange between the volumes. The entire confinement system is designed
to contain up to 3 psig, and an exhaust system will release excess gas from the
system. The existing Phase I bubbler and scrubber in the exhaust system re-
move sodium oxide particulate from the effluent before it is discharged to the
atmosphere. A vacuum breaker on the tank and a nitrogen supply to the cell
can be used to avoid pressures less than atmospheric in the system.

D. FUNDAMENTAL EXPERIMENTS

1. Small Fires Experiments (Mark I)

The initial small fires apparatus (Mark I) which was assembled and operated
towards the end of FY 1965 was modified. The se modifications included a gas
inlet manifold which permitted variations in nitrogen flow from 5 to 36,000 cc/mim,
and in oxygen flow from 0 to 1200 cc/mim; a manifold for allowing the 02 analyzer
to sample the N2 line, gas inlet to the burn pot, and burn pot exhaust gas; an im-
proved gas cleanup system; vacuum control system; and a recording oxygen ana-
lyzer for measuring outlet 02 concentration.

A total of 26 runs* was performed as part of a matrix of runs at low flow,
low oxygen, conditions. The conditions selected for these experiments were as
follows, (see Table 1).

*See NAA-SR-11805, Quarterly Technical Progress for the Period October-
December 1965
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TABLE 1

MARK I SMALL FIRES EXPERIMENT
CONDITIONS

Temperature Flow Inlet 02

1000 1 0

1170 3

1300 8 1

The low flows were chosen in order to determine the relationship in a region
where it is expected that deviations from complete oxygen consumption begin to
occur. This would add insight to the controlling mechanisms at low oxygen.
For example, if the deviation becomes such that in a certain region the release
parameters are flow-independent, then the thermally induced natural convec -
tion and diffusion are more controlling than the forced flow. Two additional
runs were performed to observe possible changes over a period of time for a
set of constant experimental conditions.

The sodium burning rate and release rate data from the 26 runs showed con-
siderable scatter and a general lack of reproducibility. After one or two runs
in which the burning rate was brisk, the arrival rates and frequently the burning
rate s would fall to value s le ss than expe cte d. This wa s e sp ecially t rue at 10 00
and 1170*F. Visual observation and particle sampling of smoke from the sample
port confirmed a drastic reduction in smoke production rate. Accompanying
this was a drop in outlet temperature. Of interest is the observation that the
arrival rate and outgas temperature appear to be roughly related. As less mat-
ter and energy were released, a corresponding decrease in electrical heat re-
quirement was observed. Examination of the pots after each run series always
showed a considerable amount of material deposited on the pot ledge and around
the mouth of the pot. Material balances showed that the amount of deposited
sodium usually was greater than the released material.

Indications from the runs in which the surface was thought to be clean were
that the deviation from total O2 consumption occurs sharply at this range of
inlet O2 concentration. This would indicate that under these conditions the dif-
fusion of oxygen is the rate limiting process in a very narrow flame region close
to the surface. In general, there appeared to be a dependence of burning rate
and arrival rate on gas flow and oxygen concentration. The temperature de -
pendence of release inferred from the LF-2 experiment in FY 1965 was not ob-
vious from these small fires data. At low oxygen concentrations, the burning
rate still does not appear to be temperature dependent in the range from 1000
to 1300*F.

Because of the apparent time -dependent falloff in release and burning rate
observed, it was decided to perform some identical runs for a period of sev-
eral hours to note if changes would occur at the same condition, and thus iden-
tify causes of data invalidation in order to determine proper test procedure for
future runs. If drastic changes did occur, it was felt that runs conducted late
in a series might not reflect ''clean'' conditions. It was also decided to vary the
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starting conditions, if possible. The first of these extended runs was started
with a simple preheat to 1000*0 F. The substantial arrival rate fell sharply within
Z hr, and within 4hr had dr opped nearly to zer o. The burning r ate dr opped by a
fa ct or of 2.5 fr om its maximum at 2 hr .

A second extended run was started with a preheat to 1300*F and the drastic
rate dropoff was not observed. The rates for the second run never fell below
those for the fir st. The second run was terminated when the amount of deposi-
tion piled high enough to plug off the gas inlet ports. Postrun examination of the
second run showed nearly twice the deposition as in the first run. The relatively
clean surface found in the second run would seem to indicate that surface con-
ditions are more influential in the rates than is the inhibition due to the heavy
deposition. Of note is the fact that both runs did have noticeable arrival rates as
contrasted with the zero arrival rate observed for the similar run previously
conducted.

A series of experiments was conducted to evaluate the possible influence of
pr eheating pr oe dur es on the r esult s obtained dur ing the initial 26 experiment s.
Specifically investigated was the sodium preheating without flow or oxygen pres-
ent. In the original series, this was done 5 times at 1000*F and 3 times at
1300*F. The second series of tests consisted of a matrix of 6 runs at 1300*F
and 1000 F for 0, 1/2, and 2 hr . Results showed that from 2 to 21.7 gm of
sodium were vaporized and condensed throughout the burn chamber. This quan-
tity is considerably greater than the 1/2 gm previously estimated to be a large
enough amount to affect the burning and release results. The rate at which this
deposited sodium is combusted or released once a burning experiment is initiated
is not clear.

2. Small Fires Experiment (Mark II)

The pr oble ms enc ount er ed in the fir st s er ies of s mall fir es indicate d a ne ed
for visual observation of the small fires experiments. The nature and source of
"buildup " and, if manual a ce s s t o the fir e c ould be pr ovide d, in situ maintenance
of a "constant" surface would be possible. The nature and location of sodium
condensation could also be observed at low oxygen concentrations. An arrange-
ment was developed using a glove box which offer s these added advantages.

a) The larger gas space in a glove box eliminates some of the for ced flow
effects of tighter geometry.

b) An inlet flow distribution header can be used to reduce impingement
effects of for ced flow.

c) A variable-sized hood connected to the outlet pipe not detached from
the pot can be varied along with flow to match as closely as possible natural
convection conditions.

d) An external heatup tank can be included to eliminate internal heatup
pr oblems and allow study of spills into the burn pot.

e) A tight cover may be manually placed over the fire as desired.
f) Buildup can be removed, deposition cleaned off, or the sodium surface

cleaned during an experiment to determine if these things are affecting the
data.

g) Larger size pots (up to 8 in. diameter) could be accommodated.
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The Mark II apparatus was fabricated completely enough to conduct feasibility
tests using air. The new system consists of sixty-four 1/2-in, gas inlets around
the side s and top of the glove box manifolded to a common inlet header . This
header (not used for the feasibility tests) is connected to a gas mixing manifold.
The outlet gas goes up a detached cone into a crossover pipe, then through a new
scrubber, a "Roots " blower, and out thr ough an outlet flowmeter . The instru-
mentation included a conductivity meter and recorder for measuring scrubber
sodium concentration, two polarographic oxygen analyzers and recorder for
measuring inlet and outlet oxygen concentration, a magnetic oxygen analyzer
for checking the polarographic analyzer s and a temperature recorder. An ex-
ternal sodium heatup tank is also provided. Figures 3 and 4 are of the Mark II
apparatus.

Two air experiments were performed with the Mark II apparatus. In the fir st
experiment, sodium at 1000*F was dumped into the burn pot, while the air flow
was 5 scfm. This amount of flow was insufficient to keep the glove box smoke-
free, so the cover was put on the pot and the cone moved closer to the fire. The
upper spray tower was deactivated and the experiment resumed at 11 scfm. Within
40 minutes, smoke release had dropped to almost nothing. It was not obvious
from oxygen measurements that the burning rate had abated, however. There
appeared concurrently the typical buildup over the mouth of the pot and the resi-
due on the surface. The buildup process occurred from the very beginning, as
burning modules appeared on the surface and climbed up the pot wall. A steady
state period could not be found so it was decided to remove the residue and raise
the temperature to 1300*F. As the temperature approached 1300*F, some of
the r esidue melte d t o a bla ck oily -a ppear ing liquid (appar ently s odium pe roxide )
and ran down the inside of the pot; the inside wall was then clean, as the liquid
appeared to carry the solid residue with it. Whenthe temperature reached 1300*F,
the oxide residue in the bottom penetrated the liquid surface and the fire began
to extinguish itself as in past air fir es.* The results of this experiment are
plotted in Figures 5 and 6. As in the early series of 26 small fires, high r e-
lease rate is accompanied by higher outgas temperatur es. It should be noted
that the rates were artificially increased at the two indicated times by stirring
the surface. The measured increase in arrival rate corresponded to visual ob-
servation of an increase in smoke production. The data for the second air ex-
periment ar e being evaluated.

3. Particle Generator

The method for generating reproducible sodium and sodium oxide aerosols
was explored with the following objectives.

a) To establish the "initial size" and distribution of condensed sodium
vapor and oxidized sodium vapor pr oduced in a manner to simulate a sodium
fir e.

b) To establish the reproducibility of the generator (within one day and
from day to day).

c) To determine the variability of size spectrum produced as a function
of temperature and flow for various gas mixtures and gas temperatures.

*'See Annual Re port FY 1964, Fission Product Release from Na Fires (766 1-1342).
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d) To generate Na-Il3 aerosols and compare its distribution to that of
condensed sodium and oxide.

e) To establish the accuracy of the measuring instruments.

Figure 7 shows the most recent version of the apparatus. Of special interest
is the heater which has been placed at the outlet tee. This insur es that most of
the vapor evaporated from the boat is available for condensation or oxidation in
the stream of N2 or air flowing down the vertical tube in a direction nor mal to
the vapor stream. Also shown in the figure are the temperatures of the gases in
various regions of the system.

VERTICAL TUBE
TEMPERATURE

PROFILE

AMBIEN-

55-7OO--

300 -400

130-1 60-

() 10000F ZONE 1
5 8

- K~

7-15-66

Figure 7.

1.

2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.

DILUTION TUBE - AIR OR NITROGEN
NORMALLY 3.0 '/min, 1 in. dia x 25 in.
R E ACTION ZONE
EVAPORATION REGION
EVAPORATION BOAT
CATCH PAN
COPPER COIL FOR 02 REDUCTION
THERMOCOUPLE AND CONTROLLER
THERMOCOUPLE AND POTENTIOMETER
NITROGEN INLET WITH FLOWMETER
THERMOCOUPLE AND CONTROLLER
HEATER - CONTROLLED
HEATER - CONTROLLED
COLLECTION CHAMBER
SAMPLE PORT
QUARTZ TUBE - 2 in. dia, x 20 in.

7640-257 1

Particle Generator and
Equipm ent

a. Initial Size and Temperature Dependence

The generator technique produces particles with a narrow size distribution
similar to that found in low percentage 02 fires which are sampled immediately
and while the concentration is low. For sodium temperature below 900 *F, there
appear s to be little observable difference in the count median diameter based
upon limited data. Additional samples which have been taken to confirm this
result are currently being processed. On the other hand, there is a trend of
size increase as a function of temperature when distributions are studied with
impactor s. If the cmd data are assumed log normal, this increase implies that
a broadening of the distribution is occurring which would increase the mass
median diameter. This tr end has been observed, although inconclusively. Fig-
ure 8 shows electron micrographs of two samples produced with the sodium at
800 and 1000*F, with the tee at 1080*F and with air passing normal to the vapor
stream. Some of the relative characteristics observed with both techniques are
shown.
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Figure 8a. Electron Micrograph of Aerosol Sample for 800" F Oxidation
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Figure 8b. Electron Mvicrograph of Aerosol Sample for 8000 F Oxidation
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Temperature ESP Impactors Air Flow N2
(*F) (cmd) (Amd) (1pm) (2pm)

800 0.40 0.50 3.0 0.5
900 0.39 0.44 3.0 0.5

1000 0.52 0.83 3.0 0.5

where ESP = electrostatic precipitator
Amd = aerodynamic median diameter (mass)
cmd = measured linear diameter computed as count median

diameter

No real correlation of ESP and impactor s is available because size (mass to
linear relationships) distributions cannot be characterized as log normal.

When N2 is passed through the condensing tube instead of air, the condensed
vapor has a. larger aerodynamic median diameter (Amd) than the oxidized vapor,
and if one assumes that the oxide has the density of pure Na2O, then the following
observations can be made concerning the mass median diameter s (mmd):

Temperature Amd mmd
(*F) Air N2  Air N2

900 0.40 1.2 0.27 1.2
1000 0.83 1.2 0.56 1.2

The Amd is equal to mmd fp = 2.27 or = 1. When electrostatic precipitator
(ESP) samples are taken of sodium droplets, it is obvious that the droplets have
been collected as liquid sodium because the shadow coating procedure used in the
electron microscopy reveals little height, thus assuring hemispherical or disc
shapes, and allowing one to assume a density near one.

b. Generator Reproducibility

The concentr ation measur ed in the sample position ver sus temper atur e has a slope
which is proportional to the vapor pressure-temperature slope. At 1000*F, this
concentration can be shown to be equal to the vapor concentration produced over
the boat. However, there are variations in the amount of vapor or oxide which
gets to the sample position. These are caused by:

1) te mper atur e contr oller var iations 10 *F (at tee and in evapor ator tube),
2) wall plating due to tur bulence in the r eaction r egion, and
3) sodium purity variation in oxide content.

The latter may react with stainless steel and produce some or all of the ob-
served black coating which appear s on the downstream side of the evaporator
tube.

4. Iodine Release Studies

Approximately 1500 ppm of NaI containing 2.4 mc Il3 was mixed with the
sodium and placed in the generator. The specific activity of the sodium was
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TABLE 2

IODINE -R ELEASE T EST DAT A

Test 1

Sampler Q CCo Over Amd Id
1 m Boat ds/gId o

(cc/min) (pg/cc) (pg/cc) 5 d(y.) (y)

Millipor e

1 270 0.24 2.9 -

3 270 0.13 1.6 -

5 75 0.04 1.6 6.4

6 75 0.077 3.2 -

Imping er T 75 0.044 - 1.8 4.5

Ander son 75 0.07 2.8 10-7.5 1.8 1.6 2.0

Lovelace 270 -0.17 2.1 - 1.8 - 2.5

Average 2.3 7.0 1.8 1.6 2.2
Plating on tube--~~ ~

(back diffused) 14

Test 2

1 270 0.44 5.3 -

2 270 0.5 6.0 5.5

3 270 0.44 5.3 -

4 75 0.14 5.6 -

5 75 0.15 6.0 5.1!

6 - 0.13 5.2 -

Anderson 270 0.42 5.2 3.1 2.4 2.0 2.0

75 0.12 5.1 3.3 1.5 1.5 2.0

Lovelace 270 0.42 5.1 - 1.5 1.9

75 0.18 7.4 - 1.0 1.9

Aver ag e 564.2 1.6_ 1._7 2.
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equivalent to 4.3 dps/pig of sodium, and the NaI concentration was approximately
10% of the saturation solubility at 1000*0 F. The generator was operated by flow-
ing 75 cc/mmn and 270 ce/mmn of N2 over copper wool at 1000*F to remove all
02 (this measured before and after passing over the copper). The vapor -laden
gas produced at 1000*F was then passed into 3 2pm of dry N2. Table 2 sum-
marizes the two tests that have been performed to date. All samples taken at
the sample position were analyzed for sodium and some were counted for I13 1
and analyzed for Na. The difference between Tests 1 and 2 is that the evapora-
tion area of the sodium was larger in Test 2 because of a spillout of the boat into
a secondary pan. The calculation of Co(p.g/cc)= (QT/Qi)Cm allows one to cor -
rect the measured concentration Cm4Lg/cc) to that over the boat. QT is the sum
of Qi(cc/min) of N2 over the boat and the 3.0 2pm of N2 passed through the reac-
tion or condensation tube. The column labeled dps /p.g is a measurement of the
released vapor specific activity. Of concern is the nearness of this activity ratio
to that in the liquid. The specific activity of the back-diffused Na vapor was
higher than that swept forwar d into the sampling r egion. This may be due to
contamination during loading .

"Amd" and "Imd" refer to aerodynamic median diameter and I131 activity
median diameters, respectively. Their nearness in value indicates that the I131
is distributed on a volume or mass basis in the condensed sodium vapor and will
be transported with the sodium. There is a slight increase in the Amd of sodium
for the 1131 experiment over those performed at similar temperatures and flows
without NaI. The NaI may serve as a nuclei for condensation, thus encouraging
growth. a- represents the geometric standard deviation.

5. Laboratory Test Chamber

This chamber has been used to study the oxidation, release deposition, and
settling rates of sodium and its oxide aerosol. Low % 02 (2 to 4%), small burn
pot ar eas (2 to 6 in.) and short oxidation and r elease time s (10 mmn to 2 hr ) have
led to aerosol concentrations which will be expected in a typical sodium spill
accident (1 to 20 pig/cc of Na2 O aerosol).

By measuring air concentration and size distribution with time and height and
simultaneously measuring wall and floor deposition ver sus height, it has been
determined that we generate what is termed a stirred environment. This implies:

a) exponential settling of a single particle diameter,
b) plating r ate and total amount plated (downwar d) is independent of

height, and
c) uniform concentration and mixing of gas and particle.

When low concentrations of a 109 normal distribution exist, it is possible to
analyze the settled weight for its distribution characteristics. This technique
has been programmed on the 7094 computer and nomograph prepared to aid in
determining the distribution characteristics. This graph is shown in Figure 9.
When large concentrations of small particles which are widely dispersed exist,
the settled distribution is changing continuously as is the airborne distribution.
For this reason, the analysis of the settled component has no simple relation to
the original airborne aerosol. These facts are demonstrated in Section F.l. In
previous reports we have implied such a relationship, in characterizing the lab
test chamber results.
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SOLID CURVES FURTHEST TO RIGHT -* 20%
D DASHED CURVES -*50% '

S SOLID CURVES FURTHEST TO LEFT:* 80%
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0.5 10 5 10 500 10050

7-1-667640-24

Figure 9. Time Required for Weight in Suspension to
Reduce to Initial Fraction

The laboratory test chamber experiments have thus far demonstrated the
following.

a) Effect of source term on agglomeration and concentration.
b) Effect of concentration on settling and particle growth rates.
c) Independence of wall plating rates on concentration.
d) Dependence of burning r ate on oxygen (pr oportional to 02 content).
e) Importance of wall surface relative to floor area.
f) Role of plating on the chamber ceiling.

E. PARTICULATE SAMPLING AND SIZING DEVELOPMENT

1. Automatic Plating Devices

Automatic, remotely operated deposition samplers were developed and suc-
cessfully used to measuring the rate and accumulation of plating and fallout of
sodium oxide aerosols in various environments. An improved method for in-
stalling and operating the automatic deposition devices was also designed and
tested. The method consisted essentially of a combination right-angle drive with
a variable length shaft, which is driven from outside of the test chamber through
a leak-tight feedthrough. Figures 10 and 11 show a typical sample head and as-
sembly. This design enables the sampling head to be used for collecting in either
direction (up or down). In addition, all electrical connections are located outside
of the te st chamber .

2. Modified Ander son Impa ctor s

Figure 12 shows 3 modifications of the 400-hole Ander son impactor s. We
have had the manufacturer incorporate two of these modifications (5-hole and
10-hole, cente red). The third is a new modification designed to allow the col-
lection of 8 samples, 45 apart on the same collection plate. (We refer to this
modification as the ''side-winder.'') After each sample, the springs are loosened
and with the bottom piece of metal where the filter and springs are attached re-
maining fixed, alternate stages are rotated to new positions. The collection plate
for each stage is located beneath it, as indicated in Figure 13 by the symbol C.
The following diagram (Figure 13) is to assist one in programming the use of the
''side -winder.'
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Figure 10. Feedthrough Deposition Sampler
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Figur e 11. De position Sampler
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MULTISTAGE AIR SAMPLER
(MODIFIED)
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Figure 12. Anderson Multistage Air Sampler (Modified)
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Figur e 13 . Modified Ander son Pr ogr am Diagr am

NAA-SR- 12010
258

PLATES

SAMPLE 2
OR

B

TO FILTER

7640-2575



A TOMICS IN TE RN ATION AL

A Division of North American Aviation, Inc.

The following is a brief description of the operation of the "side winder "
sampler. After each sample, loosen the spring and move Stages 1, 3, 5, and 7,
450 with respect to the bottom arrow (from A to B to C, etc. ) to their new posi-
tions. Initially, A's of Stages 1, 3, 5, 7 are placed in line with the arrows of
Stages 2, 4, 6 and the base plate. All B's are placed in line with the arrows for
Sample 2, etc. Each collection plate is coded prior to loading and is placed in
an exact location on the stage. The plate is divided into 450 segments and marked
A thr ough H, c on s ecutively. The plate s under Stag es 1, 3, 5, and 7 ar e mar ked
clockwise, and the remaining ones counter clockwise. All the A's are placed in
line and directly under the 10 holes for the initial loading. Thus, each sample
can be identified. Plates under a stage are collectors for that stage.

Some effort will be made to automate these sequential procedures during the
next quarter.

F. ANALYTICAL DEVELOPMENT

1. Evaluation of the Equation that Governs the Coagulation of an Aerosol

The equation that describes in time the behavior of an aerosol has been pro-
grammed for an IBM 7094. The topics investigated include (1) coagulation of a
heterogeneous aerosol, (2) coagulation, coupled with stirred settling, and (3) co-
agulation coupled with stirred settling and an external sour ce that continuously
generates new particles. The equation which has been programmed is:

K r.p=r /Kf 2
on(r t) o I f3 3 r33  r

=-2a - P n(p~t)n( r ~ r- dp1~ r rP -)

- n(r~t)f P(r~p)n(p~t)dpJ. - v(r) n(r,t) + s(r) . . .(1)

Equation 1 describes the change of the particle size distribution in time of a
heterogeneous aerosol. The first term describes agglomeration, the second is
of particles due to settling, and the final one is a source term.

Our digital computer program solves the equation given the initial values of
n(r,o), s(r), and the constants, Ko and h. Given a time increment At, the code
evaluates all the Andt terms on the right of Equation 1 and subtracts them from
the original particle distribution. To ensure a proper time step, the code evalu-
ates for each new spectrum the integral

J lr n(r,t) dr . .. (2)

which must r emain constant when ther e is no sour ce and settling. When ther e is
a sour ce but no settling, this integral must equal

tf004rs(r ) dr . .. (3)
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Figure 14. Particle Size Spectrum at Various
Times for Cases 1 and 2 of Pr oblem 1
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If there is settling, the code also stores the spectra of the settled component and
evaluates the integral

00 ...(4)

and the sum of integral 2 and 3 must now r emain constant or equal the integral 3
(note that the unit s of n 5 (r ,t ) ar e part / cm2 -M).

Problem 1. Agglomeration Only

In this problem, we let the code solve Equationl, omitting the source and
settling term on the right, for two initially specified distributions. The initial
distribution s had log -nor mal shap es

n(r,o) dr =

The input parameter s were

r
N(o) exp - 2 Id inr .

?~i 2na 22n CT/

Case 1

N(o) part/cm3 5.26 x 1012

r A
g'

20

1.5

Case 2

1.275 x 1012

20

2.0

The two distributions also have in common

4irn(r,o) dr = 0.37 x .s /cm

3
or the same particle volume. With a particle density of 2.27 gm/cm , this cor -
responds to a mass concentration of 0.84 pgm/cm3 . Figure 14 shows the particle
size distribution of the two cases at various times. The data shows that as time
goes on, the two distribution tend to overlap and become identical. The aerosol
loses memory of its initial distribution. This phenomena has been emphasized
by Friedlander* in the concept of the self-preserving spectrum. This is illu-
strated more clearly in Figure 15, where we have plotted the spectra of Case 1
at t = 10-2 sec and 10-1 sec in dimensionless form. As can be seen, the two
spectra are almost identical in this for m.

*S. K. Fr iedlander , J. Coll. Sci 1_9: 62 1-647 (1964)
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Figure 15. Particle Size Spectrum at Two Different Times in a
Dimensionless Form for Case 1 of Problem 1

Problem 2. Agglomeration and Settling

In this problem, the code solved Equation 1 without the source term. Again,
we looked at two cases initially specified by log-normal distributions with the
following parameters.

N(o) part/cm

r (')
g

Case 1

35.26 x 106

0.2

1 .5

Case 2

1.275 x 106

0.2

2.0

The two distributions have initially the same particle volume, 0.371 x 1 i /cm
(same as in Problem 1).

Figur e 16 shows the particle-size spectrum in suspension at various times.
For Case 1, we observe at fir st the disappearance of small particles and the
appearance of larger ones. From l04 sec onward, we observe the disappearance
of all sizes of particles. Thus at first, agglomeration dominates while settling
come s into play later on. For Case 2, all par ti cle siz es de cr ea se fr om the start
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indicating that both mechanisms, agglomeration and settling, ar e important
initially. Figure 17 shows the size spectrum of the settled component at various
times. In both cases, as time increases, the most probable radius shifts to
larger sizes an effect caused by the mechanism of agglomeration. Figure 18
shows the particle density and the per centage of weight settled ver sus time.
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108 ~
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1I
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6-28-66

2 4 8,1

]100

10 I-

U~)

105

7640-2554TIME (sec)

Figure 18. Time Behavior of Particle Density and Fraction of
Settled Weight for Cases 1 and 2 of Problem 2

Pr oble m 3. Sour ce and Agglomer ation

In this pr oblem, the code solved Equation 1 without the settling ter m. Only
one case with the following conditions was studied. At time t =0 sec, no particle s
are present in the volume element under observation. The source spectrum has
a log -nor mal shape with rg =0.02, a- 1.5, and s(r ) dr = 0.879 x 108 part /(cm 3 -_
sec). The source is on for 60 sec and produces a total of 5.26 x 109 part/cm 3 or
a particle volume of 0.371 x 106 i3 /cm3 . After 60 sec, only agglomeration among
the particles in suspension occurs. Data obtained in this run are illustrated in

Figure 19. In the early stages, less than 5 sec (in Figure 19), the size spectrum
of the particles in the volume element resembles the source spectrum, or the

particle density is too low for agglomeration to be important. After a time in-
terval of about 5 sec, larger particles formed by agglomeration appear and the
density of particles that have not agglomnerated, i.e., source particle, decreases

despite the presence of the source. When the source stops, the larger particles
created by agglomneration rapidly scavenge the source particles and the size spec-
tr um appr oa che s a s elf -pr eser ving for m.
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Problem 4. Source, Agglomeration, and Settling

As a final pr oble m, we studied a ca se in whi ch all thr ee me chani sms, s our ce,
agglomeration, and settling occurred. The input parameter s were

So, part/(cm 3 -sec) 8.77 x l03
Shape of s our ce log -nor mal
r of sour ce distribution 0.2

0 gf source distribution 1.5
Time interval over which particles

are produced (sec) 0 to 600
Total particle volume generated 6

(pi3 /cm3) 0.371 x 10
Settling parameter s Same as Problem 2

No particles were present in the volume element at time t = 0 sec. The data
are illustrated in Figures 20 and 21, where for comparison we have included the
data of Case 1, Problem 2. The size spectrum of the suspended and settled com-
ponent is illustrated in the same figures. At t = 600 sec, the time at which the
source stops, the spectra differ appreciably from the comparison case; at t =
5000 sec, the two cases overlap and one can say that the aerosol has lost memory
of the sour ce me chani sm. The par ti cle density, Figur e 22, als o appr oa che s a
maximum as long as the sour ce is on. As the sour ce ceases, the particle density
also approaches that of the comparison case and the initial presence of the source
becomes unimportant.

NOMENCLATURE

f a constant

g gravitational constant

h height of settling chamber

K, coagulation constant' 3
k Boltzman's constant

N(t) total number of particles in suspension at time t

n(r,t) dr number of particles in suspension with radius between r and
r + dr at time t

ns(r,t) dr number of settled particle with radius between r and r + dr at time t

R, r particle radius

r mmr mass mean radius or 50% radius by volume

r geometric mean radius of log-normal distribution

s(r) dr number of particles created by source with radius between
r and r + dr

S total number of particles created by sour ce

T absolute temperature

t time
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V particle volume

v(r) settling velocity of particle with radius r

w(r) mobility of particle with radius r

6 density of material forming particle

(r,t) coagulation function

rj viscosity of gas that carries aerosol

r particle radius

a width of log-normal distribution

2. Combustion Analysis

Studies are being made of the semiempirical methods used to investigate heat
and mass transfer processes and their applicability to sodium fires studies. Em-
phasis recently has been placed on the equations for vaporization rates under the
influence of material and for ced-convection.

Various dimensionless parameters were investigated to determine their appli-
cability to natural convection problems. A possible criterion for the influence of
forced convective terms in "'mixed'' natural-forced convection problems was also
investigated. This study also demonstrates the criteria for turbulence in each
case. It can be shown that the Grashof-Schmidt product for natural convection is
nearly analogous to the Reynolds number squar ed for for ced convection. The tur -
bulence criterion is:

(Gr -Sc) e Re > ~4.5OO.

In a parti cular pr oble m, if one ter m i s much gr eater than the other , the for mer
process will predominate.

Equations were devised for the vaporization rate of sodium from a pool under
the influence of natural convection into an atmosphere of nitrogen gas. The vapori-
zation rate is given by:

h PM
R = m m

v R T

where

Rv = vaporization rate (lb/hr -ft2

h = mass transfer coefficient (ft/hr)

P = partial pressure of sodium at T (atmospheres)

M = molecular weight of sodium (lb/mol)

R = gas constant (ft3-atm/mol-*F)

T = surface temperature (*F)
5
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h is determined from the following equations. For laminar conditions:

h d
Sh - m= 0.54(Gr -Sc )1

For turbulent conditions:

h d
Sh = m = 0.l7(Gr -Sc )l /3

wher e

Sh = Sherwood number (no units)

d = characteristic system dimension (ft)

D = diffusivity of sodium vapor (ft2/hr )

Of interest is the fact that Gr having a d- term makes hm independent of d in
the vaporization rate equation when conditions are turbulent.

3. Gas and Energy Transport Model

a. Analytical Model Development

Analytical effort has been directed toward developing realistic models for cal-
culation of the energy transport during large sodium fires. The heat transfer
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mechanisms of conduction, radiation, and convection are all important at differ -
ent parts of the system in which the fire takes place, and the transport of heat by
gross flow of gases is very important between adjoining compartments , one of
which contains the fire.

i) The flame of a sodium pool fire is assumed to be a plane barely above
the pool surface. Combustion energy is transferred to the sodium pool by con-
duction and radiation, primarily, and to the gas above the flame by radiation and
convection. Because of the dense smoke issuing from a pool of burning sodium,
the gas volumes involved become effective absorber s and emitter s of radiant
energy. The small airborne particles perform the function of radiation, and con-
vection keeps them very near the temperature of the surrounding gas.

ii) The sodium pool is treated in the model as two slabs of sodium, with con-
duction of heat between them. The floor underneath the sodium is treated as three
slabs of concrete, incr easing in thickness as distance from sodium increases. This
configuration is selected to give a good approximation to the effect of the floor on
the sodium temperature. The walls of the cell containing the fire are taken as two
thin slabs of concrete so as to approximate the wall's influence on cell gas tem-
perature. The room above the cell may have either conducing walls, which lose
heat to the atmosphere, or insulated walls which act as heat absorbers. Heat
transfer to walls from gas is by radiation and convection, as is the heat transfer
from the outside of the walls to the atmosphere. Cooling of gases by building
ventilation and/or installed coolers can be accommodated by the model.

iii) A ''counterflow'' model is used to calculate the simultaneous flow of hot
gas up out of the cell and cool gas down into the cell. The buoyancy forces asso-
ciated with the difference in density of the two volumes of gas are sufficient, under
most fire conditions, to create gas velocities of several ft/sec as the cell en-
trance. This provides sufficient mixing of the two gas volumes that the fire will
have access to all the building oxygen.

iv) The two major uncertainties with regard to large sodium fires are the
dependence of burning rate upon oxygen concentration and temperatures and the
amount of counterflow existing in a real system. The burning rate has been
shown experimentally (in the laboratory test chamber and LF-2) to depend upon
the oxygen concentration in the cell, at low oxygen concentration, but the depend-
ence upon the sodium and gas temperatures and upon gas flow rate (or overall
turbulence) will be determined in the experimental program. The computer codes
(see Code Development, below) presently calculate the burning rate as directly
proportional to the cell oxygen concentration. The existence of counterflow can
be demonstrated, and theoretical limits exist due to hydraulic entrance and exit
losses and friction in the cell access hole. Experimental verification of the mag-
nitudes calculated will be sought in future Modeling Fires Experiments.

b. Analysis of Experiments

Several of the parameters required for the analytical calculations described
above cannot be derived from basic principles but must be obtained from the ex-
perimental program. Analysis of experiments has been performed both to obtain
those quantities which cannot be derived with confidence and to check the model
used in the analysis.
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i) Large Fire No. 1 (LF-l) provided a relatively long period of steady oper-
ation from which heat balances could be performed. During this period, the burn-
ing rate was 6 lb Na burned/hr -ft 2 , sodium surface temperature was 1300*F, and
the flame temperature just above the surface was estimated as 1800*0 F. The gas
within the burn chamber was 400 to 500 *F, the hood enclosing the gas was 300*F,
and the air flow thr ough the chambe r w as 68 0 lb /hr .

The flame height above the sodium surface was calculated as 0.023 in.,
based on a vapor pressure of 2 psia, a sodium diffusion coefficient of 4.43 ft 2 /hr,
and a mass transfer rate of 6 lb/hr -ft 2 due to diffusion. It is assumed that con-
duction and convection from flame to sodium can be calculated in a straightfor -
ward manner, as can the heat loss thr ough the sodium and the heat required to
vaporize the burned sodium. A heat balance on the sodium surface then yields
the amount of radiant energy transfer, as indicated in the following tabulation.

Flame -to-Sodium Sodium Losses
(Btu/hr -ft2 ) (Btu/hr -ft 2 )

Conduction 10,300

Radiation 2,650 Vaporization 10,900

Convection 250 Conduction 2,300

Total 13,200 Total 13,200

The effective emissivity fr om flame to sodium is 0.0924 to pr ovide this
heat balance. Since the total energy of combustion was 34,200 Btu/hr -ft 2 , the
transfer to the gas (at 500*F) is 21,000 Btu/hr -ft2 . Of this, only 1,625 can be
attributed to convection, so 19,375 is assumed to be the result of radiant heat
transfer. This requires an effective emissivity of 0.442 from flame to cloud.

The total heat release from 2-ft diameter sodium surface to the gas was
65,900 Btu/hr. Calculated losses from the gas were 59,400 Btu/hr to the flowing
gas and 13,100 Btu/hr by convection and radiation to the hood. This totals about
10% higher than the available energy, and it is probable that the nonuniform tem-
perature distributions of the hood and of the gas account for errors at least this
large. The calculated heat loss by the hood to the surroundings is 14,400 Btu/hr,
slightly higher than calculated heat transfer to the hood. The reasonable heat
balance calculated for LF-1 gives assurance that the major factors associated
with this sodium fire have been considered. It also permits one to accept the
cal culat ed value s of flame and cloud e mis sivitie s a s r e asonable and t o apply the m
to other sodium fires until further experimental data provide justification for dif-
ferent values.

ii) Buoyancy forces existing near the surface of a sodium poo1 in a test fire
will create appreciable vertical gas velocities during the fire. The gas directly
above the flame is heated by the hot Na 2 O particulate combustion products, and
this gas is then at much lower density than gas well removed from the pool. The
density difference causes the hot gas to rise and the cooler gas to flow downward
toward the poo1. Calculations have been made of flow velocities which can be ex-
pected to exist in small sodium fire tests. Typical upward velocities are in the
neighborhood of 2 ft/sec in an atmosphere of 4% oxygen and 4 ft/sec in air. Varn-
able s othe r than oxyg en c onc entr ation do not have a str ong influenc e on the g as
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velocity. The calculated gas velocitie s induced by buoyancy can be used to e stab-
lish limits on the rate of gas exhaust from a test.

iii) One relatively large sodium fire was conducted in the Laboratory Test
Chamber. A 6.4-in.-diameter pool of sodium was exposed to a sealed volume of
gas initially containing 4% oxygen and allowed to react for 1-1/2 hr. Combustion
of the sodium occurred throughout the test period, as indicated by a continual de-
crease in oxygen concentration and by sodium oxide smoke production.

The gas pres sur e rise in the chamber was 0.6o psi during the fir st 0.7 min.
As the burning rate decreased and the oxygen was removed from the chamber, the
pr es sur e dr opped r ea ching it s initial value afte r 20 mmn, and be coming -0.3 psig
after 1 hr. Pressures hand-calculated by a simplified analytical model indicated
a maximum rise of 0.5 psig with a decay to initial pressure in 35 mmn based on an
initial burning rate of 1.98 lb Na/hr -ft 2 .

c. Code Development

Three similar but separate codes have been developed and checked out for cal-
culating ther mal c ons equen ce s of lar ge s odium fir es . Code A is for a c onstant
pressure fire in a cell with a building over it. Code B is for a similar geometry
but with var iable pr es sur e, such a s w ould ocecur if the building w er e de signe d f or
pressure containment. Code C calculates a fire in a cell whose gas is free to
expand into an adjoining cell at the same elevation. All thr ee codes utilize the
analytical techniques of Section F-3-a above. Sample code results are given in
Se ction F -3 - c-iv on Modeling Fir es .

i) Code A represents a "typical" sodium fire during a time when the pri-
mary system cell is open to the main reactor building for maintenance. It is
assumed that the building is not designed to withstand significant pressure build-
up, so the building exhaust rate is varied to provide whatever gas flow rate is
ne ce ss ary t o maintain the building pr es sur e constant. Counte rflow of hot and
cold gases through the cell access plug transfer s a significant amount of the com-
bustion energy from the cell to the building and provides oxygen to sustain the
combustion reaction. Output from the code, as a function of time after start of
the fire, includes temperatures of the flame, sodium, concrete floor and walls,
and gases plus flow rates of gas through the cell access hole and out the building.
Heat transfer rates at the various boundaries are also given.

ii) The geometry for Code B is essentially the same as for Code A, with a
cell open to a building above it, but variable pressure is allowed. Thus, it can
be used to calculate the pressure rise due to a fire in a contained system. The
code allows for a building leak rate as a function of pressure, and also for inflow
of air or inert gas when the pressure goes below atmospheric toward the end of a
fire. Gas flow between cell and room is by counterflow, as in Code A, and the
output is the same with the addition of pressur e and gas inflow rate, if any.

iii) Code C is intended to calculate results of a spill of sodium into a sealed
cell or one interconnected with an adjoining cell. The calculations are identical
with those of Code B except for the elimination of counterflow because there is
no elevation difference between cells to develop buoyancy forces. Gas flow be-
tween cells is in one direction only, at any given time, and is calculated to be
that flow which will equalize the pressures in the cells. Output is the same as
for Code B.
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iv) Calculations of a sodium spill that cover s 50% of the floor area in the
modeling fires experiment (Phase II), or 90 ft2 , have been made with Code B
(s ee above ). Some of the r esult s f or an 11000*F s pill ar e shown in Figur e 23 . The
var iation of calculate d maximum pr es sur e with s odium s pill te mper atur e for thi s
system is presented in Figure 24.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The extensive planning and evaluation effort which was conducted to define a
5-yr program for characterizing sodium fires has provided excellent guidance for
the future cour se of the project. The various phases of this program have been
planned so that the experimental information and accident consequence prediction
techniques will be provided in a form useful for safeguards analyses and evaluation,
and engineering safeguards design. Experimental activities formerly conducted
outdoor s will now not be weather dependent nor will heat balances be compromised
by s olar r adiation. The new lar ge fir es exp er iment (Pha se I) de sign allow s fa st er
approach to equilibrium and more accurate heat balances.

The sodium combustion analysis has been the basis for experimental planning
of both large and small fires experiments. Analysis has shown that extended
range of oxygen concentration, gas temperature, and flow is necessary to clearly
define matter and energy release. With this, more extensive measurements of
gas phase temperatures and oxygen concentration are necessary. Interaction of
analytical and experimental results has shown encouraging predictability of matter
and energy release rates and has also suggested that sustained sodium combustion
in many accident situations may not be possible after several minutes. A closer
look at mass transfer criteria for turbulence has re-affirmed the necessity for
both large and small experiments to study the effects of system geometry. The
Mark I small fires apparatus yielded results within the range of LF-2; early re-
sults using the Mark II were comparable with other air fires such as LF-l.

The acquisition of reliable data on the paramnetric dependence of burning and
release rates has been more difficult than anticipated due to the developmental
needs encountered in the small fires experiments. The Mark II small fires ap-
paratus is proving valuable in overcoming difficulties of previous experiments;
in particular, preheating, visualization, and in situ correction of local conditions
leading to possible data irreproducibility. The compatibility of predicted natural
c onve ction and r equir ed expe rimental flow s i s enc our aging with r esp ect to dupli -
cating natural conditions in the Mark II.

The fundamental experimental and analytical efforts have led to a much better
understanding of the mechanisms of particle release, transport, and eventual fate.
The strong influence of concentration on agglomeration tends to reduce the require-
ments capabilities of removal mechanisms inasmuch as the small particles are
rapidly scavenged by the larger ones. This, in turn, reduces the subsequent
transport to the outside envir onment.

The release of NaI tagged with I131 and sodium vapors into an inert atmosphere
was found to be proportional to their concentration ratio in the liquid. In addition,
the I131 activity median size was the same as the sodium mass median size, thus
assuring similar aerodynamic properties of this fission product.
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Fire in the Modeling Fir es
Experiment

The characterization of particle distributions with impactors or precipitators
is difficult when the concentration of aerosols is large. New instrumentation
should be designed or dilution techniques developed for such conditions.

The development of an analytical model for calculation of energy and gas
transport resulting fr om a sodium fire has been completed. Calculations can
be performed by one of three similar digital computer codes, each of which is
designed for a particular class of fires. Some of the heat transfer parameters
used by the codes, specifically thermal emissivities and the burning rate of
s odium , ar e ba sed on experimental r esult s obtained in r elatively s mall te st s.
Further testing with larger fir es will be invaluable for providing confirmation or
modification of these values so that confidence in the model can be increased. The
incorporation of a counter flow calculation in two of the codes represents a novel
approach to quantitatively estimating the gas flow rates due to the fire-induced
buoyancy for ces in the building gases.
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Project: High-Temperature Chemistry

Project Engineer: S. J. Yosim

Reporting Period: Fis cal Y ear 1966 A EC Category: 05 -02 -02 -0 1

General Order: 9305 Subaccount: 5302

I. PROJECT OBJECTIVES

This project is divided into two general study areas; namely, the study of
fused salts and the study of metal-metal salt solutions. The objective of the
study of fused salts is to achieve an understanding of ionic melts (halides, oxides,
oxy-salts, and glass systems) by (a) establishing the nature of the species exist-
ing in ionic melts, (b) determining the physico-chemical interactions between
species, and (c) formulating systematic relationships between the physico-
chemical properties of fused salt systems and the molecular parameters of the
species.

The objectives of the metal-metal salt study are to determine phase diagrams
for, and the nature of, interactions between metals and their salts at high tem-
peratures, to determine the species in these solutions and, finally, to predict
the solubilities in metal-salt systems.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. PUBLICATIONS AND TALKS

The following papers have been published.

1) "The Excess Entropy of Mixing of Liquids," by S. J. Yosim, J. Chem.
Phys. 43, 286 (1965)+

2) '"Electrochemical Studies of NO+ and NO2 in Concentrated Sulfuric Acid,"
by L. E. Topol, R. A. Osteryoung, and J. H. Christie, J. Electrochem. Soc.
112, 861 (1965)

73) "The Electrical Conductivities of Molten Bi-BiCl3 and Bi-BiBr3 Solutions,"
by L. F. Grantham, J. Chem. Phys. 43, 1415 (1965)

4) "The Electrical Conductivities of~~Molten Cadmium-Cadmium Halide Solu-
tions," by L. F. Grantham, J. Chem. Phys. 44, 1509 (1966)

5) " Co rr es ponding State s Melting Cur ve fo~~ the Alkali Halide s at High Pr es -
sure," by B. B. Owens, J. Chem. Phys. 44, 3144 (1966)

The following papers are in press:

6) " The C omp r es sibilitie s of the Molten Alkali Nit rate s and Silve r Nit rate at
High Pressure," by B. B. Owens in J. Chem. Phys.

7) "Thermal Diffusion in a Redox Thermocell; The Bi-BiI3 System," by
J. D. Kellner in J. Phys. Chem.

8) "Studie s of A cid -Ba se E quilibr ia in Molten Alkali Nit rate s, " by L. E.
Topol, R. A. Osteryoung, and J. H. Christie in J. Phys. Chem.

NAA-SR-12010
277



ATOMICS INT ERNA TION AL

A Division of North American Aviation, Inc.

9) "Negative Temperature Coefficients of Electrical Conductance in Molten

Salts," by L. F. Grantham and S. J. Yosim in J. Chem. Phys.

The following paper was submitted for publication.

"The Effect of Cation-Anion Radius Ratio on Entropies and Heat Capacities

of Molten Salts," by S. J. Yosim.

The following papers were presented.

1) "Calculation of Thermodynamic Properties of Liquids from a Rigid Sphere
Equation of State," by S. J. Yosim, at the XXth International Congress of Pure
and Applie d Che mist ry in Mo s cow, U. S. S.R.

2) "Phase Equilibria in Solid Solutions of the Alkali Halide s at High Pre s.-
sure," by A. J. Darnell, at the American Ceramic Society in Pittsburgh, Pa. ,
September 1965

3) "The Mixing of Ions in Pure Fused Salts," by S. J. Yosim at the EUCHEM
Fused Salt Symposium at Ulvik, Norway

In addition, the following pape rs we re p r esent ed at the A me ric an Che mic al
Society Meeting in Atlantic City, September 1965.

4) "The Electrical Conductivities of Metal-Metal Salt Solutions," by L. F.
G rantham

5) "The Soret Effect in the Molten Bismuth-Bismuth Tni-iodide Redox
Thermocell," by J. D. Kellner

6) " The Comp re s sion of Solid Bismuth T rihalide s to 40,000O Ba rs and a Ne w
Solid-Solid Phase T ransition in BiI3 ," by A. J. Darnell and B. B. Owens

In addition, the following papers were presented at the Fused Salt Symposium
held at the Western Regional Meeting of the A. C. S.

7) "Mechanism of Electrical Conduction in Molten Metal-Salt Solutions," by
L. F. Grantham

8) "The Soret Effect in Molten Bismuth-Bismuth Halide Redox Thermocell,"
by J. D. Kellner

9) "The Application of Scaled Particle Theory to Fused Salts," by S. J. Yosim

B. STATISTICAL MECHANICS OF FUSED SALTS

Previously in our work on fused salts, the melt was compared to a fluid of
identical rigid spheres, the diameters of which equalled the sum of the anion
and cation radii. New expressions for absolute entropies and heat capacities of
fused salts were rederived by using Lebowitz' equation of state for a mixture of
rigid spheres. Thus these equations take into account varying cation-anion
ratios whereas in the previous work the ratio was assumed to be unity. When
Fumi-Tosi radii, rather than Pauling radii are used, exceptionally good agree -
ment between the calculated and experimental values are obtained, even in the
case of lithium salts. A careful examination of the Fumi-Tosi work, plus the
fact that these radii agree well with Witte's experimental values determined by
x-ray mapping, has led us to believe that these radii are more meaningful. A
perhaps more serious problem is that the derivation does not assume that ions
are surrounded by ions of opposite charge. This work has been completed and
a paper has been submitted.
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C. STATISTICAL MECHANICS OF DENSE GASES

Recently, McQuarrie and Katz of the North American Aviation Science Center
have developed an equation of state in closed form for dense high-temperature
gases. It was derived by expanding the partition function in powers of 1/n (where
n is the repulsive paranmeter) and expanding the attractive part of the potential in
powers of l/T. We have, in collaboration with Dr. McQuarrie, developed ex-
pressions for absolute entropies, internal energies, and heat capacities at con-
stant volume. These equations will be tested by comparing the calculated re -
sults with experimental values.

D. THE ELECTRICAL CONDUCTIVITY OF SUPERCRITICAL BiCl3

A successful experiment was carried out in which the electrical conductivity
of BiCl3 was measured to and above its critical temperature. This is the first
time that the electrical conductivity of a fused salt has been measured above its
critical temperature. While the first result is to be regarded as tentative, it
indicates that the salt at its critical temperature (905*C) is still quite conduct-
ing, having a specific conductance of 0.10 (ohm-cm)-l.

E. THE SOLUBILITY OF THE INERT GASES IN MOLTEN SALTS AT HIGH
PRESSU RE

The freezing point of KNO3 was determined under Ar and He pressures of up
to 173 atm. It was possible to measure both the freezing point elevation due to
the pressure and the freezing point depression due to the gas dissolution. Short,
3 -mmn equilibr ation time exp eriment s de te rmine d the p r essure dep endenc e of the
melting point, and long time equilibration runs determined the combined effect
of both pressure and gas solution. Results from former runs agree quite well
with the pressure dependence of the melting point that may be calculated by the
Clausius -Clapeyron relation. The solubility of He was the same as that of Ar.
The melting point depression vs pressure curve is linear and it extrapolates to
a value of -0.76 centigrade degrees at 200 atm. This in turn corresponds to a
gas solubility of 0.25 mole percent at 200 atm of Ar or He. A gas compressor
will be added to the system to permit measurement at pressures of up to 2000
atm.

F. PHASE STUDIES ON BISMUTH TRIHALIDES AT ELEVATED PRESSURES

The effect of pressure on the melting temperature on solid-solid phase
transformations of bismuth trihalides has been investigated at pressures up to
45 kilobars. The melting point dependence on pressure (initial slope) dT /dP is
16.1, 19.5, and 19.2*C/kilobar respectively for BiCl3 , BiBr3 , and BiI3 - No
polymorphism was found in BiCl 3 at pressures up to 45 kilobars and at temper-
ature s up to the melting point. A new solid phase was found in BiBr3 at high
pressure and temperature. The triple point between BiBr 3 (I, II, and Ill) is
10 kilobars and 275*0 C. The results in the case of solid BiI 3 seem to be quite
complex. There appear to be at least 4 polymorphs.

G. ELECTRICAL CONDUCTIVITY OF BiI3 AT HIGH PRESSURES

The electrical conductivity of solid bismuth triiodide was examined at con-
stant temperature up to a pressure of 45 kilobars. The conductivity of BiI3
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decreases linearly with pressure. At a pressure of 32 kilobars its conductivity
is about 0.7 of its normal conductivity. At the latter pressure a solid-solid
transition previously detected by our P-V studies occurs resulting in a twofold
increase in conductivity. The temperature coefficient of conductivity of this
high pressure phase is positive indicating that this phase is ionic or a semnicon-
ductor.

H. PHASE STUDIES IN THE PURE ALKALI HALIDES AT HIGH PRESSURE

The solid-solid phase transition (from the sodium chloride structure to the
cesium chloride form) which occurs in several of the alkali halides was exten-
sively studied in several of the pure alkali halides to very high temperatures
and pressures. At the high temperatures utilized this solid-solid phase transi-
tion is very reversible and thus we can obtain the temperature dependence of
the phase transformation. These data yield the first accurate measurement of
A S and A H for this phase transformation. The change in volume for the tran-
sition was also measured. From this one can calculate the change in inter -
atomic distance with this change in structure. In all salts studied the difference
in volume between the two phases decreases as the temperature increases
(pressure essentially constant). For the potassium halides the difference in
interatomic distance between the two phases increases from Cl to Br to I.

I. THE EFFECT OF IONIC SUBSTITUTION ON THE NaCl TO CsCl PHASE
TRANSFORMATION

Studies on solid solutions of several of the alkali halides have been made to
determine the effect of ionic substitution on the f.c.c. to b. c. c. phase trans-
formation. For KCl the transition pressure is raised by substitution of the
cation Na+ and Ca++ whereas Rb+ and Tl+ lower the transition. AgCl is not ex-
tensively soluble in either the b. c. c. or f. c. c. form of KCl. Substitution of
the anion Br , I , or S has a much lesser effect on the transition pressure
than cation substitution.

J. T HE SORE T E FFE CT IN Bi -BiI3 SOLU TIONS

The steady state thermoelectric powers of BiI3 solutions containing 1 and 90
mole %0 bismuth were measured this year. In addition, thermocells containing
35, 50, and 80%0 Bi were repeated and more precise data recorded. The ther-
moelectric potentials range from -4600 gv/deg at 1%0 metal to 18 p.v/deg at 90%0
metal. This study has been completed and the paper discussing these results
is in press.

K. THE SORET EFFECT IN Bi-BiBr3 SOLUTIONS

A thermoelectric study of the Bi-BiBr3 system was carried out in order to
determine the extent of electron exchange and polymerization in these solutions.
The experimental portion of this program has been completed. The initial and
s te ady st at e the rmoele ct ric pot entials of the rmo ce lls c ont aining 1, 3, 5, 10, 20,
25, 30, 35, 40, 50, 80, and 95 mole %0 bismuth were determined from 250 to
520*C. The Soret effect diminished with added metal, similar to the iodide
case. However, two differences are noted: (1) the Soret effect is still present
at 40%0 bismuth, whereas in the iodide case, it disappeared at 30%0; and (2) as
the temperature is decreased, the time taken by the thermocell to reach the
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steady state condition increases rapidly. This is consistent with the fact that
polymerization of the subhalide takes place in the bromide case. The steady
state thermoelectric power for the 5, 3, and 1% solution were at 500* C, -9,
-11, and -16 millivolt per degree. These thermoelectric potentials and those
in the Bi-BiCl 3 system (see below) are the highest ever observed in any system.

L. THE SORET EFFECT IN Bi-BiCl3 SOLUTION

A thermoelectric study of this system was initiated. The behavior of the
steady state thermoelectric potential of thermocells containing 5 and 10 mole %
Bi in BiCl 3 was studied at various values of AT. At 5000*C the 5% solution
showed a thermoelectric potential of -11,900 gv/deg for a 10 A T, increasing to
-24,000 ysv/deg at 30 AT; and decreasing again to -6100 yv/deg for a AT of 22*
The 10% solution showed similar behavior. At 5000, the potential was -3100
gv/deg for a 10 AT, -8900 ysv/deg for a & T of 1000, and -6100 ytv/deg for a & T
of 200. Raising the eAT to 30* failed to increase the emf at all. Possible inter-
pretations of this limit on the cell emf are being evaluated.

M. THE VISCOSITY OF Bi-BiI3 SOLUTIONS

Although the viscosity isotherms for many binary ionic liquid systems have
been determined, data for metal-salt solutions are almost completely lacking.
It was felt that these data would reveal more insight into the mechanism of dis -
solution of Bi in BiI3 and on the structure of the melt. The viscosities of pure
BiI3 , and 15, 30, 50, and 70 mole % solutions of Bi in BiI3 were determined
from 350 to 5000 by a capillary technique. At 5000*C, pure BiI3 has a viscosity
of 1.60 c. p. As metal is added, the viscosity increases to 2.05 c. p. at 50 mole
% metal and then decreases again to 1.17 c. p. for the pure metal. The activa-
tion energy for viscosity also goes through a maximum at 50 mole % metal.
These results may be interpreted as due to a loss of free volume as bismuth is
dis solved inte rstitially in BiI3 '

N. THE ELECTRICAL CONDUCTIVITIES OF Hg-HgCl 2 SOLUTIONS

The electrical conductivities of 5, 10, and 30% Hg in HgCl 2 have been mea-
sured and the conductivities were found to increase monotonically in the tem-
perature range investigated. In tne case of the 5% solution the conductivity in-
creased monotonically from 3.93 x l0 - to 1.295 x i0 3 (A cm)-l at 267 to 4460 C;
in the case of the 10% solution, the conductivities increased from 0.0055 to 0.0 123
(flcm)-1 at 350 to 5680*C while those of the 30% solution increased from 0.095 to
0.528 at 440 to 6010 C.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

A. FUSED SALTS

The statistical mechanical approach for developing liquid theory so that the
physico-chemical properties of molten salts can be calculated from equations
with no adjustable parameters continues to be very fruitful. The emphasis in
the experimental approach continues on high pressure and transport studies.
Emphasis is being placed on the study of salts near and above the critical tem-
perature. Such studies will prove informative in the transition from ionic gases
to liquids.
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B. METAL-METAL SALT SOLUTIONS

Emphasis is still being placed on experiments carried out above the temper -
ature of complete miscibility as well as above the critical temperature of the
salt. Such studies will shed considerable light on the gradual transition from
salt to metallic behavior.
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I. PROJECT OBJECTIVES

The objectives of this project are to delineate the fundamental physicochemi-
cal processes occurring in the radiolysis of organic systems and to study these
processes in separate experiments designed to increase our understanding of
their nature and their role in radiolysis.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. PAPERS AND PRESENTATIONS

1. The following papers have been published.

a) "Radical Intermediates in the Mercury (3p) Photosensitized Decomposition
of Cyclopropane," by R. A. Holroyd and G. W. Klein, J. Phys. Chem. 69, 2129
(1965)

b) "ESR Study of Excited Rare -Gas Initiated Reactions of Polystyrene and
Polymethylmethacrylate," by R. B. Ingalls and W. A. Young, J. Chem. Phys.
43, 1759 (1965)

c) "Determination of Radiation Lifetimes of Vibrationally Excited sec-Butyl
Radicals Using Methylethylamine as a Model," by G. T. Tiedeman, R. B. Ingalls,
and Jack S. Margolis, J. Chem. Phys. 42, 2627 (1965)

d) "ESR Spectra of Six Selectively Deuterated Biphenyl Negative Ions," by
T. W. Lapp, J. G. Burr, and R. B. Ingalls, J. Chem. Phys. 43, 4183 (1965)

e) "Radical Yields in the Radiolysis of Hydrocarbons II, Neopentane, Isopen-
tane, and Cyclopentane," by R. A. Holroyd and G. W. Klein, J. Am. Chem.
Soc. 87, 4983 (1965)

f) TRadical Yields in the Radiolysis of Cyclohexene with Different Kinds of
Radiation," by W. G. Burns, R. A. Holroyd, and G. W. Klein, J. Phys. Chem.
70, 910 (1966)

g) "On the Thermal Spike Model of Low L. E. T. Radiolysis," by R. B. Ingalls,
J. Chem. Phys. 44, 1308 (1966)

h) "A New ESR Technique for Investigating Reactions of Free Radicals with
Compounds of Biological Interest," by R. B. Ingalls, D. E. Holmes, and L. S.
Myers, Jr., Nature 209, 1017 (1966)

i) "The Yield of Scavengable Hydrogen Atoms from the Radiolysis of Satu-
rated Hydrocarbons," by R. A. Holroyd, J. Phys. Chem. _70, 1341 (1966)

2. The following papers have been accepted for publication.

a) "Radical Yields in the Radiolysis of Hydrocarbons," by R. A. Holroyd in
"Advances in Chemical Research," published by North Holland Publishing Co.,
Amsterdam, early 1966
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b) "Pyrolysis and High Temperature Radiolysis of Ortho-Terphenyl," by

3. M. Scarborough and R. B. Ingalls, J. Phys. Chem.

3. The following papers were presented.

R. A. Hoiroyd served as chairman of the session on ''Reaction of Hydrogen
Atoms in Organic Systems'' at the Gordon Conference on August 5, 1965.

a) "Primary Processes in the Radiolysis of Hydrocarbons," by R. A. Hoiroyd,
was presented at the NAA 4th Annual Science Symposium, Ojai, California,
October 1965

b) "ESR Studies on the Course of Addition of Deuterium Atoms to Polystyrene
Fluff," by G. T. Tiedeman and R. B. Ingalls, was presented by Dr. Tiedeman
at the ACS Atlantic City meeting, September 1965

c) "Thermal Spike Model of Low LET Radiolysis," by R. B. Ingalls was pre-
sented at the XXth International Congress of Pure and Applied Chemistry in
Moscow, U. S. S.R.

d) "Radical Yields in the Radiolysis of Branched Hydrocarbons," by R. A.
Holroyd, was presented at the Western Regional Meeting of the ACS.

e) "Reactions of Hydrogen Atoms with Organic Compounds: A New Electron
Spin Resonance Technique," by D. E. Holmes, R. B. Ingalls, and L. S. Myers,
was presented at the Western Regional Meeting of the ACS

f) "An ESR Study of the Reaction of Hydrogen Atoms with Compounds of Bio-
logical Interest," by R. B. Ingalls, was presented at a UCLA Seminar, March 29,
1966

g) "An Electron Spin Resonance Study of Reactions of Hydrogen Atoms with
Compounds of Biological Interest," by D. E. Holmes, R. B. Ingalls, and L. S.
Myers, Jr., was presented at the Fourteenth Annual Meeting of the Radiation
Research Society, Coronado, California, February 13-16, 1966

h) "The Photolysis of 2, 2, 4-trimethylpentane - The Role of Excited State s in
Radiation Chemistry," was presented by R. A. Holroyd at the 1st U. S. -Japan
Conference on Radiation Chemistry, Honolulu, Hawaii

i) "An Electron Spin Resonance Study of Reactions of Hydrogen Atoms with
Compounds of Biological Interest," by D. E. Homes, R. B. Ingalls, and L. S.
Myers, Jr., was presented at the International Congress of Radiation Research,
Cortina, Italy, June 26 -July 2, 1966

B. RADICAL.YIELDS IN HYDROCARBON RADIOLYSIS

1. Radical Yields in Radiolysis of Cyclohexene With Different Kinds of

Radiation

Dilute solutions (1-20 mM) of '4 CH3 I in cyclohexene were irradiated, and
yields of radioactive methyl -3 -cyclohexene, methylcyclohexene, methyl-i-
cyclohexene, ethane, and methane were determined as functions of 1 4 CH 3 I con-
centration, energy input, dose -rate, and L. E. T. of the radiation. The results
are interpreted on the basis that thermal l4 CH3 radicals are formed and react
with the surrounding molecules or radicals. The effect of dose --rate indicated
that as the dose -rate is decreased, all radicals react in greater proportion with
the cyclohexene rather than in interradical reactions. The effects of concentra-
tion and of L. E. T. at high dose -rates are consistent with the concept that
methyl radicals are generated by electron capture. At high dose -rates of low
L. E. T. radiation, only interradical reactions occur, and the G-values of
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3-cyclohexenyl, 1-cyclohexenyl, and cyclohexyl radicals determined from the
above radioactive product yields agreed with those deduced from the 012 product
yields from the pure liquid. With increasing L. E. T. the apparent radical yields
from the activity measurements fall more rapidly than those deduced from the
012 product yields. This may be due to the inhomogeneity of track reactions,
and can be accounted for if the OH3 radicals, formed possibly by electron cap-
ture, have a larger diffusion constant and a larger initial track radius than the
cyclohexenyl and cyclohexyl radicals. Diffusion theory calculations indicate
that the ratio of the track radii is ~5.

2. The Yield of Scavengable Hydrogen Atoms From the Radiolysis of Saturated
Hydrocarbons

The purpose of this study was to establish the extent that thermal hydrogen
atoms are present in irradiated hydrocarbons. Ethylene, present as a solute in
the hydrocarbon being irradiated, was used as a specific scavenger of hydrogen
atoms. The yield of ethyl radicals, formed by the addition of hydrogen atoms to
ethylene, was measured with the 14 CH3 radical sampling technique. G(H) was
found to be 1.3 for n-pentane, 1.8 for 2, 4-dimethylpentane, and 1.5 for 2, 2,4-
trimethylpentane. The ratio of G(H) to the total yield of cycloalkyl radicals was
found to be 0.45 and 0.46 for cyclohexane and cyclopentane respectively. If the
total cycloalkyl radical yield is assumed to be 4.0, then these data indicate G(H)
is 1.8 for cycloalkanes. The yield of thermal hydrogen atoms apparently is not
markedly dependent on structural factors. The yield of G(H) observed with
ethylene for n-pentane and the cycloalkanes is less than one-half the yield re-
ported in studies where scavengers such as methylmethacrylate and benzoqui-
none were used. These data suggest that the latter solutes reduce the hydrogen
yield not only by scavenging thermal hydrogen atoms but also by reacting with
other precursors of H2 .

3. Radical Formation in the Radiolysis of Branched Hydrocarbons

The individual alkyl radical yields in irradiated, 2, 4-dimethylpentane and
2, 2, 4-trimethylpentane have been measured with the C-14-labeled methyl radi-
cal samplingn" technique. Also, certain of the fragment alkyl radical yields
from some branched hexanes and 2, 3, 4-trimethylpentane are reported. Frag -
mentation, which represents only a small fraction of the overall radical yields
in n-alkanes becomes more important in branched alkanes, accounting for 48%
of the total in 2, 4-dimethylpentane and 64% in 2, 2, 4 -trimethylpentane. This de -
pendence of the fragment radical yields on molecular structure can be expressed
by a single empirical relationship:

2
G(R) = (1.Oc + 2. 8c + 8. 6c + 29c )/(n-1)-1 -2 -3 -4 -

whe re b is the numbe r of carbon-carbon bonds and the c. 's are the numbe r of
bonds (whose cleavage leads to the radical R) with i adJcent carbon-carbon
bonds. As a corollary to the above, the bond most likely to break in a molecule
is the one with the most adjacent carbon-carbon bonds. Also it is shown that the
energy of dissociation of the individual carbon-carbon bonds affects the path of
decomposition. The yield of parent-minus-hydrogen radicals formed in primary
processes decreases with increased branching of the molecule. The probability
per atom of removal of a secondary hydrogen atom is 4 to 8 times that of a
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primary hydrogen atom for these alkanes. However, the tertiary hydrogen
atoms are less reactive than the secondary, a fact which is attributed to steric
hindrance. Such an effect would be expected if the parent-minus -hydrogen rad-
icals are formed in a bimolecular step. Evidence is presented to show that in
the case of 2, 2, 4-trimethylpentane about 40% of the radicals formed initially,
react with radicals in the spurs.

C. FREE RADICAL REACTIONS

1. Extension of Fluff Technique to Low Molecular Weight Materials

The investigation of free radical reactions by electron spin resonance tech-
niques using high surface substrates has been extended to materials of moderate
molecular weight. In previous reports we described the use of high polymers in
a finely divided fluff state to stabilize the reaction products of hydrogen atorms,
other gaseous free radicals, and excited state s. However, a limitation of the
technique was that only high molecular weight materials can be prepared as
fluffs. During this report period, a new and more general method of radical
stabilization which permits the investigation of low molecular weight materials
as well as high polymers has been developed.

The essential feature of this method is the use of quartz wool as a supporting
medium. A solution of the material to be investigated is added to a tube contain-
ing quartz wool, quickly frozen, and freeze -dried. During the drying the solute
is trapped between the quartz strands to produce a highly dispersed sample. Such
a sample has several square meters of surface area per gram, so that even
though the penetration of the reacting free radicals is probably much less than
l0-5 cm, a sufficient filling factor in the ESR cavity is obtained. Thus, the rad-
icals produced in the substrate are easily observed. Obviously, this technique
is restricted to materials with low vapor pressure and so far only solids have
been investigated.

2. Kinetics of Radical Formation in Polymer Fluffs

The kinetics of radical formation in fluff systems is not simple to analyze
and is currently under investigation. It appears that a steady state radical con-
centration is set up on the surface of the substrate in a very short time, and that

in order for additional radicals to accumulate, the initiating species must dif-
fuse through this steady state region and react with the relatively inaccessible
material further from the surface. Such a model has been described mathe -
maatically and it predicts a sharp break in the curve of total substrate radical
concentration with time, in agreement with experimental results.

3. Radical Reactions in Irradiated Solids

When hydrocarbons with traces of methyl iodide present are irradiated in the
solid phase at 77*K, it is known that methyl radicals are formed. The se methyl
radicals disappear in a pseudo-first order reaction at 77*K over a period of
hours. Other radicals are stable at this temperature. Since it was believed
that the methyl radicals might be reacting with radicals generated by radiolysis,
experiments at 770 were performed with ~4 CH 3 I present in n-pentane. The only
radioactive hydrocarbon formed was 1 4 CH4 (G = 0.6 at 3 mM 1 4 CH3 I)- Appar-
ently methyl radicals abstract from the solid hydrocarbon at an anomalously
high rate.
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D. L. E. T. EFFECTS

1. Fast Neutron Irradiations

Preliminary experiments with the available neutron generator have indicated
its feasibility for radiation chemical studies. In the initial experiments, a deu-
terium beam and tritium target were used to produce 14-Mev neutrons and the
sample was irradiated for approximately 6 min in which time it received a dose
of approximately 104 rads. The radiation damage was caused by recoil protons
of average energy of 7 Mev which have an L. E. T. of about 2 ev/A. Thus, this
provides ionizing radiation of high L. E. T. at low dose rate which will allow
L. E. T. studies to be done at constant dose rate, thus eliminating an ambiguity
that has existed in earlier work. In the initial experiment, the methyl and ethyl
radical yields of 2, 2-dimethylbutane were measured and G(C2 H5 )/G(CH3 ) was
found to be 1.13 for 14-Mev neutrons, compared to 1.17 for gammas. Thus
there is little L. E. T. effect on this ratio. Further dose measurements will be
required to establish the effect of L. E. T. on the absolute yield of radicals.

2. Pulse Radiolysis of Organic Liquids

A study of short-lived intermediates in irradiated organic liquids has been
initiated. The intermediates such as ions, excited states, and free radicals
are detected by absorption spectroscopy following pulses of approximately 1000
rads from an electron linear accelerator. The accessible time resolution is
10-8 sec which means that the kinetics of formation and/or reaction of such
highly reactive species as hydrogen atoms and excited single states can be mea-
sured directly. Preliminary experiments with pure benzene have shown that an
intermediate is produced which absorbs in the visible (possibly an excited) state
and decays rapidly (half-life approximately 20 nanoseconds). The identity and
kinetics of this species is to be investigated further.

E. FAR ULTRAVIOLET IRRADIATIONS OF HYDROCARBONS

A study of the far ultraviolet irradiation of liquid hydrocarbons has been ini-
tiated. The purpose is first to obtain information about radical formation (bond
rupture) which can occur as a result of electronic excitation of these molecules
in the liquid phase. Secondly, the effects of uv light and ionizing radiation will
be compared to delineate the role of decomposition of excited states in radiation
chemistry.

The arcs employed provide monochromatic light at either 1470 A (8.4 ev) or
1295 A (9.6 ev). Radicals are detected by the.labeled methyl radical ''sampling''
technique.

Preliminary results on the 1470 A photolysis of 2, 2, 4-trimethylpentane have
indicated the following: (1) The relative yields of fragment radicals (resulting
from carbon-carbon bond rupture) are very similar to the relative yields ob-
served in the radiolysis with 2-Mev electrons. (2) Carbon-hydrogen bond rup-
ture is relatively unimportant in photolysis. Therefore, such excited states
are not responsible for the large yields of radicals formed by loss of a hydrogen
atom in radiolysis but very likely account for fragment radicals in radiolysis.
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III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

The effects of dose rate and L. E. T. on interradical reactions and radical
yields have been investigated using the 1 4 CH 3 1 radical-sampling technique.
These results throw light on the inhomogeneous nature of tracks and reactions
therein which are more important at high L. E. T.

An independent determination has been made of the yield of hydrogen atoms
from the radiolysis of saturated hydrocarbons. These results suggest that many
scavengers such as methylmethacrylate and benzoquinone, which were used in
earlier studies, react with precursors of ''molecular'' H2 as well as with hydro-
gen atoms.

The yields of radicals from a number of hydrocarbons have been obtained by
means of the radical ''sampling'' technique. The yields of fragment radicals are
found to be heavily dependent upon the molecular structure of the hydrocarbon.
A relationship between yield of a radical and the number of carbon-carbon bonds
adjacent to the carbon-carbon bond which breaks to give the radical has been
found. This equation represents a major step forward in the radiation chemistry
of hydrocarbons.

A study of the far ultraviolet photolysis of liquid hydrocarbons has been ini-
tiated. (A unique design of irradiation cell has made this possible. ) Prelimi-
nary results suggest that comparison of the results of photolysis with the re-
sults of radiolysis will be of great value in determining the role of excited states
in the radiolysis of hydrocarbons.
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I. PROJEC T OBJECTIVES

This effort is devoted to the acquisition of knowledge regarding the electronic
structure of metals and alloys (configuration of electronic energy states in mo-
mentum space) and regarding the role of this structure in determining electrical,
thermal, magnetic, vibrational, and alloying characteristics. Detailed informa-
tion on the shape of the Fermi surface is provided by de Haas-van Alphen studies
in magnetic fields up to 200 kilogauss; and the density of electronic states at the
Fermi level is deduced from low-temperature specific heat measurements. The
latter also yield information on lattice vibrational modes and on the interactions
involved in superconductivity and magnet ordering. Further characterization of
magnetic interactions is accomplished by means of conventional magnetic sus -
ceptibility techniques. Considerable effort is devoted to the exploration of high-
field superconductivity with emphasis on thermodynamic and transport charac -
teristics, as well as on the electron energy spectrum as deduced from thin-film
electron-tunneling measurements. These experimental investigations are cor -
related with current theory, and attempts are made to characterize quantitatively
the relationship between superconductivity and the normal-state electronic
structure.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. TECHNICAL ACCOMPLISHMENTS

1. Geometrical Resonances in Superconducting Tunnel Diodes

Considerable progress in understanding the origin and nature of superconduc-
tive geometrical resonance phenomena has occurred since their recent discovery
at this laboratory. To recapitulate briefly, electronic tunneling studies employ-
ing Al-Al10x-Pb film diodes (both metals superconducting) disclosed damped
oscillations in d2 V/dI2 versus V when rather large Pb film thicknesses (3 -26
were involved. Factor s such as temperature, magnetic field, annealing, alloy-
ing, junction geometry, barrier (Al0x) properties, Al film thickness, and Pb
film thickness were investigated to determine their influence on the new struc-
ture. Temperature, annealing, and alloying affected the strength of the struc -
ture, but not the voltage spacing. Of the remaining factors, only Pb film
thickness appeared to influence matters significantly, producing a systematic
change in the voltage spacing. For biases not too near V = A (Pb) + A (Al), the
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oscillations were periodic in V, the structural period hL) versus l/d yielded a
velocity comparable to the Fermi velocity. These facts strongly suggested that
some sort of electronic standing wave was involved, and led to adoption of the
term "geometrical resonance". Subsequently, the effect was also observed with
In (again at this laboratory), indicating that it was not restricted to strong-
coupling superconductors.

Initial studies with In indicated that the observed oscillations were periodic
in E = V - A (al) except for the first oscillation, i. e. , the one nearest E =A (In).
(In earlier work with Pb, structure near E = A (Pb) had not been interpreted due
to complications stemming from the double energy gap exhibited by thick Pb
films. ) Subsequently, new data of improved resolution have been obtained for
some very thick In films (8.5 - 33.2 ks). For the 33.2 micron film, at least eight
of the twelve observed oscillations are not periodic in E. Instead, all twelve are
periodic in E = [LE2 - A2 (In)]ll/2. Similar r esults have been obtained for other
thick films and can be interpreted in terms of a standing wave model (SWM)
involving interference between electron-like quasiparticle excitations which are
degenerate in energy, but which propagate with different velocities.

The physical picture underlying the SWM may be described as follows: In
an infinite medium, energetically degenerate running waves associated with
slightly different velocities are combined to form a beat-modulated running wave.
In order to satisfy the time-independent boundary conditions imposed by the
bounding surfaces, this wave is combined with its time-reversed form to pro-
duce a beat-modulated standing wave. Placing beat nodes at the surfaces in-
sures that the wave function vanishes there, and req-aires that an integer number
of beats be contained in the film. Standing wave amplitudes are determined by
details of the boundary conditions. The SWM proposes composite states satisfy
a macroscopic quantum condition on the ''beat'' momentum. There appears to be
reason to believe that solution of Gor'kov's equations (finite specimen) will lead
to a regime' qualitatively similar to the one outlined.

If one accepts the validity of the standing wave picture, then on rather gen-
eral grounds one would anticipate that the boundary conditions satisfied by the
wave at the thick film's surfaces might well influence the details of the observed
structure. This has indeed been found to be the case. Relatively thin films
(~'.Oyl) of Ag or Pb deposited over a rather thick film (2 - 10 y.) of In produce
characteristic changes in the structure associated with the In. These thin films
of Ag and Pb will be referred to as ''overlays''. The situation appears to be as
follows: With no overlay, the structure consists of two series of peaks, one
series stronger than the other. The stronger peaks will be referred to as the
fundamental series, the weaker as the subharmonic series. Subharmonics occur
midway between fundamental peaks. With an Ag overlay, the subharmonic
structure is virtually suppressed, so that only the fundamental structure remains.
Furthermore, the fundamental peaks suffer a uniform shift so that they now ap-
pear at voltages at which subharmonics occurred with no overlay. With a Pb
overlay, the subharmonic structure is reinforced, and both series are prominent.
Hence it would appear that decreasing the superconducting energy gap at the In
s ur fac e (Ag overlay ) inhibit s pr oc es s es le ading to s ubhar monic g ener ation,
while increasing the gap (Pb overlay) enhances subharmonic generation. These
observations shed light on the character of the wave reflections at the In-overlay
interface. In addition, with a Pb overlay, a voltage threshold is observed -
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beyond which anomalous structural damping set in. This threshold corresponds
to the minimum bias which allows the standing wave to penetrate into the Pb.
One possible explanation of such behavior involves a damping process somewhat
analogous to the emission of Cerenkov radiation. These and otherr boundary
condition phenomenon are currently being investigated.

Most recently, Sn was investigated over the thickness range 2.5 - 4.7 ys, all
Sn films being covered with a thin Ag overlay (~~.2000 A). Geometrical reso-
nances were observed at l.1*K, and were periodic in E = [E2 - A2(Sn)]l/2 as
anticipated. Preliminary x-ray studies on similar Sn films (but without Ag
overlay) indicate a pronounced [100] crystalline texture. So far, the effect ap-
pears to be significantly weaker in Sn than in Pb or In. Tentatively, the stronger
oscillations appear to be accounted for by vF = 0.88 x 108 cm/sec in the [100]
direction. In addition to the stronger oscillations, there are suggestions that
additional structure of a rich character is also present. This may suggest that
several non-equivalent portions of the Fermi surface are prominently involved.
The reduced strength of the effect in Sn maay be due to increased anisotropy of
the Fermi surface, inability ot resolve superimposed structure, mean free path
limitations, or combinations of these factors. Since the effect has now been
observed in In, Sn and Pb, there is some reason to believe that its occurrence
may be fairly widespread.

2. High Field Specific Heat of a Paramagnetic Superconductor

High magnetic field specific heat measurements have been made on the Type II
superconducting alloy Ti-16 at % Mo [KG (Gor'Kov) = 68]. Recent magnetization
and resistive onset measurements [Hake, Cape] have shown that Ti-16 at % Mo
as well as other alloy superconductors with KG values in the range 30-100 display
reversible paramagnetic magnetization in the high magnetic field mixed state
with no app ar ent di s continuity in th e magneti zation at Hu( T) whe re the s up er con-
ducting and normal state magnetizations become equal. We have observed sharp
specific heat jumps at approximately Hu(T) which: (1) confirm the second-order
nature of the upper critical field transitions, (2) show that the type II mixed state
remains a single thermodynamic phase in the high field superconducting para-
magnetic region; and (3) indicate that K1 (T) (K1 = Hu/VZEJHc ) and K2 (T) (K 2 =
87T 6 {d (Ms - Mn)/dH}, M-magnetization) both decrease with decrease of T in
qualitative agreement with the recent magnetization measurements [Hake, Cape]
and with recent theories [Maki, Werthamer, Helfand, and Hohenberg] which
include the effects of Pauli paramagnetism on high field superconductors.

3. Superconducting Surface Sheath

Extensive magnetization measurements have been carried out on dilute well
annealed Pb-Tl alloy cylinders. These measurements have helped to character-
ize the nature of the superconducting sheath state and also the nature of magnetic
hysteresis in the Abrikosov mixed state. Our measurements indicate that the
multiply connected surface sheath of a cylinder can support field induced loss-
less currents up to some critical current density which is a function of the alloy
composition and the applied external magnetic field. Further, these induced
critical surface currents can partially shield, magnetically, the interior of the
cylinder. Our results are in quantitative agreement with theoretical calculations,
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also carried out in our group, concerning the influence of critical sheath cur-

rents on the bulk magnetization characteristics of a cylinder.

4. Magnetic Hysteresis in the Mixed State

Magnetization data obtained on the same Pb-Tl alloy cylinders discussed
above indicate that the magnetic hysteresis in the mixed state has, in large part,
a surface origin. These results show that induced surface currents are largely
responsible for the DC magnetic hysteresis in well-annealed Type II superc on-
ducting Pb-Tl alloys. Besides the surface origin of the hysteresis we have ob-
served another important phenomena. Electroplating the cylinders with a normal
metal such as Cu reduces the current capacity of the surface in both the sheath
and mixed states and has been observed by others. In contrast, we found that
platings of Ni (ferromagnetic) and Cr (antiferromagnetic) had a much more
drastic effect upon the surface currents; all evidence of the sheath state disap-
pears and the magnetic hysteresis in the mixed state disappears near the upper
critical field. The more drastic effect of Ni and Cr as opposed to Cu presuma-
bly is due to the former's magnetic properties.

5. The Exact Solutions of the Surface Sheath in its Lowest Energy State

The exact solutions of the superconducting surface sheath of a semi-infinite
half-space for various values of the Ginzburg-Landau parameter )( were obtained
as a function of the applied magnetic field between the critical fields Hc and Hc3
(for 0.416 < x < 0.707; Type I) and between HcZ and Hc 3 (for 0.707 < ( < m;
Type II). For Type II superconductors the solutions were also extended into the
mixed state well below Hc2. The order parameter, the supercurrents, the in-
ternal maagnetic field, the vector potential, the thickness of the surface sheath
and the magnetization per unit volume for a ''thick'' film were determined. These
quantities vary strongly with applied magnetic field for X < 3. In order to obtain
these solutions a boundary condition was derived which related the absolute
value of the order parameter at the surface to the phase of the order parameter
and the value of the vector potential at the surface. Two supercurrents of equal
magnitude, but opposite direction, flow near the surface for magnetic fields
above Hc (Type I) or Hc2 (Type II) respectively. Below Hc2 these currents are
slightly different due to the bulk solution and give rise to a small net surface
current.

6. The Critical State of the Surface Sheath

When a long superconducting cylinder is placed into an axial magnetic field
whose value is between the upper critical field Hc2 and the surface nucleation
field Hc3, then the surface is in the superconducting state and the core of the
cylinder is in the normal state provided the thickness of the surface sheath A
is small compared to the radius of the cylinder R. Although the metal is singly
connected, the superconducting surface is multiply connected. By analog with
a superconducting ring one could imagine that a persistent current could be
induced in the surface sheath provided the surface sheath is able to carry a total
current. Such a current could easily change the magnetic properties of a super-
c onduc ting c ylind er .
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We shall show that such a current can indeed be induced in the surface sheath
and that its magnetic moment can be either diamagnetic or paramagnetic which
depends on whether the magnetic field is increased or decreased respectively.
It is found that these currents are size dependent and have an appreciable effect
on the magnetization for Ginzburg-Landau x-values of order unity and for applied
magnetic fields close to Hc2.

7. Microwave Properties of the Surface Sheath - Intrinsic Hysteresis in Type II
Superconductor s

Cardona, Gittleman, and Rosenblum have recently discovered an intrinsic
hysteresis in the real part of the microwave impedance R at 22 Gc/sec for
Type II superconductors. The samples were thin, annealed plates which formed
one side of the microwave cavity. The applied magnetic field H was in the
plane of the plates and perpendicular to the microwave current. R was larger
for decreasing than for increasing magnetic fields for one particular value of
H above Hcl. When H was cycled around a particular value of the magnetic
field a hysteresis loop was traced out provided the excursion of H, namely AH,
was larger than a maximum value AHmax. The value of R was reversible when
AH < Amax. Microwave measurements are believed to be insensitive to extrinsic
hysteresis effects and the above authors believed that the real part of the inm-
pedance is a measure of the number of flux tubes in the microwave skin depth.

We have proposed an alternative explanation which is based on the assumption
that the superconducting surface sheath exists also in the mixed state and that
one can induce a persistent critical current in the surface sheath whose effect
it is to change the internal magnetic field from that of the equilibrium field.

8. Low Frequency Losses of the Superconducting Surface Sheath

Strongin, Paskin, Schweitzer, Kammerer, and Craig have measured at 18 cps
the real (X'j) and imaginary (Xi) parts of the magnetic susceptibility and have
found a power loss (X 1 >0) for a cylinder of Pb - 0.1% Bi (Type I superconductor
with X>0.417) when the static field was between the thermodynamic critical field
Hc and the surface nucleation field Hc3. This means that the surface sheath pro-
duces AC losses. Xj; has a peak as a function of the applied (static) magnetic
field He and it is remarkable that X"maxis larger than the imaginary part of the
normal state s us ceptibility Xn. Fur the rmor e, Sandif or d and Schweitz er and
also Barnes and Fink have shown that hysteresis loops of the AC and DC magnet-
ization as a function of H0 can be swept out in the superconducting sheath state.
This is also equivalent to a power loss.

We have shown that these losses are an inherent feature of the critical state
of the surface sheath and flux pinning is not required to account for the lowv
frequency losses. (Note that the flux in the superconducting surface sheath is
not quantized in the same sense as in the mixed state. ) We have calculatedX'
and XAj for the superconducting surface sheath of a long macroscopic cylinder of
radius R with the static magnetic field H0 parallel to its axis and with an AC
magnetic field h = h0 sin Wt superimposed on H0 . We have shown that the peak
of X"j as a function of H0 can be simply related to the critical state properties
of the surface sheath, and that Xj max is of constant value regardless of material
properties and is always larger than Xn. It is postulated that part of the AC
losses between the lower critical field Hcl and the upper bulk critical field Hc2
are due to the surface sheath surrounding the mixed state of the sample.
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9. Magnetistatic Modes in the Canted Antiferromagnetic MnCO 3

The possibility of the existence of magnetistatic (Walker) modes in antiferro-
magnets has been suggested by Johnson and Nethercot and recently investigated
theoretically by Gordon, Kadigrobov, and Savechenko and also by Beeman for
pure and canted antiferromagnets for the case of a semi-infinite plate and a
sphere.

We have discovered experimentally the existence of such modes in the low
frequency resonance of the canted antiferromagnet MnCO3 . We have presented
the experimental results for a small sphere of MnCO3 and have developed the
theory for the individual modes of a sphere for which propagation effects may be
neglected. We find fair agreement between theory and experiment. This is the
first time that such modes have been found in a pure or canted antiferromagnet.

10. Delayed Flux Entry Ir.to Type II Superconductors

The maximum field to which flux may be delayed from entering the Meissner
State of a Type II superconductor is the thermodynamic field Hc for all Ginzburg-
Landau )(-values provided the sample is very large compared to the coherence
lengths.

11. Magnetic Irreversible Solution of the Ginzburg-Landau Equations

We present the exact magnetic irreversible solution of the Ginzburg-Landau
equations for a cylinder of infinite length (whose Ginzburg-Landau parameter X
is unity and whose radius R is three coherence lengths () in an axial magnetic
field H0 for all values of H0 . Solutions for other values of x (0.3 to 3) and R/(
(2 to 12) are also discussed. We have determined as a function of H0 and as a
function of position the-order parameter, the vector potential, the internal mag-
netic field and the current density, and also as a function of He the total number
of superconducting electrons per unit length of the cylinder and the m~agnetization
per unit volume. This solution is magnetic irreversible and hysteretic due to
persistent currents which flow in the sample perpendicular to the applied mag-
netic field. The magnetization is reversible only over intervals of H0 over
which the number of fluxoids is conserved, otherwise it is irreversible. This
solution does not depend on defects and is the counterpart to Abrikosov's mag-
netic reversible mixed state solution. It is dominant in thin specimens.

B. PUBLICA TIONS

1. W. J. Tomasch, "Geometrical Resonance in the Tunneling Character-
istics of Superconducting Pb", Phys. Rev. Letters 15, 672 (1965).

2. W. J. Tomasch, "Geometrical Resonance and Boundary Effects in
Tunneling from Superconducting IN", Phys. Rev. Letters 16, 16 (1966).

3. W. J. Tomasch and T. Wolfram, "Energy Spacing of Geometrical Reso-
nance Structure in Very Thick Films of Superconducting In", Phys. Rev.
Letters 16 352 (1966).

4. W. J. Tomasch, "Geometrical Resonance Effects in Tunneling from Thick
Superconducting Films ", invited paper delivered before the 1966 March Meeting
of the American Physical Society, Bull. Am. Phys. Soc. 11, 190 (1966).

5. W. J. Tomasch, "Quasiparticle Interference in Superconducting Sn", to
be presented at the 10th International Conference on Low Temperature Physics
(August 31 - September 6, 1966), Moscow, USSR.
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6. L. J. Barnes and H. J. Fink, "Critical Currents in the Superconducting
Surface Sheath", submitted for publication to Phys. Rev. (1966).

7. H. J. Fink and L. J. Barnes, "Critical State of the Superconducting
Surface Sheath", Phys. Rev. Letter, 15, 792 (1965).

8. L. J. Barnes and H. J. Fink, "Contribution of Surface Currents to
Magnetic Hysteresis in the Mixed State of a Type II Superconductor", Physics
Letters, 20, 583, (1966).

9. L. J. Barnes and R. R. Hake, "Calorimetric Evidence of Paramagnetic
Superconductivity", to be presented at the 10th International Conference on Low
Temperature Physics (August 31 - September 3, 1966) Moscow, USSR.

10. H. J. Fink and R. D. Kessinger, "Exact Solutions of the Superconducting
Surface Sheath", Phys. Rev. 140, Al 937 (1965).

11. H. J. Fink, "Intrinsic Hysteresis in Type II Superconductors", Physics
Letters, 19, 364 (1965).

12. H. J. Fink, "Delayed Flux Entry into Type II Superconductors", Phys.
Letters 20, 356 (1966).

13. H. J. Fink, "Inherent Low Frequency Losses of the Superconducting
Surface Sheath", Phys. Rev. Letters 16, 447 (1966).

14. D. E. Beeman, H. J. Fink and D. Shaltiel, "Magnetostatic Modes in the
Canted Antiferromagnet MnCo 3 ", Phys. Rev. (July 15, 1966).

15. H. J. Fink and R. D. Kessinger, "The Exact Solutions of the Ginzburg-
Landau Equations for the Superconducting Surface Sheath", American Physical
Society Meeting, Honolulu, September 1965.

16. H. J. Fink and A. G. Presson, "Magnetic Irreversible Solution of the
Ginzbur g -Landau Equations ", s ubmitt ed to Phy s. R ev.

17. L. J. Barnes and R. R. Hake, "Calorimetric Behavior of a Pauli-
Paramagnetic Superconductor", to be presented at the Am. Phys. Soc. Meeting,
Mexico D. F. , August 1966.

18. H. J. Fink and A. G. Presson, "Magnetic Irreversible Solution of a
Superconductor", to be presented at Am. Phys. Soc. Meeting, Mexico D. F.
August 1966.

19. L. J. Barnes and R. R. Hake, "Specific Heat and Magnetization of a
Pauli-Paramagnetic Superconductor", to be presented at 1966 Low Temperature
Calorimetry Conference (August 26-29, 1966), Helsinki, Finland.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

This program has completed an unusually successful year both in regard to
the quality as well as quantity of output. The continuing work on various aspects
of superconductivity is clarifying many aspects of the subject while in addition
new areas of research are being opened for study.

The investigations of'the magnetization of Type I and II alloy superconductors
have revealed some interesting properties of the superconducting surface sheath
and mixed-state. The ability of a multiple-connected surface sheath to support
relatively large circulating supercurrents has been established and, further,
the measurements are in quantitative accord with a pertinent theory also de-
veloped in this laboratory. The mixed-state magnetic hysteresis observed on
reasonably homogeneous, well-annealed type II alloys has been shown to be, in
large part, of surface origin. The fact that intrinsic hysteresis of surface
origin may be present in near ideal material is of special interest considering
the large effort devoted to comparison of supposedly bulk properties with various
theories. Intrinsic surface effects in the mixed state have been largely ignored
in the past.
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High magnetic field specific heat measurements on the extreme type II super -
conducting alloy Ti - 16 at. % Mo have shown that this as well as other alloys
[Hake, Cape] exhibit paramagnetic high field mixed state magnetization in con-
trast to the usual observations of diamagnetic behavior. The paramagnetic
magnetization, which apparently results from the enhancement of Pauli para-
magnetism in the mixed state, is responsible for allowing superconductivity to
exist up to higher fields than would otherwise be possible. The increasing
practical utilization of type II high field alloy superconductors in producing large
magnetic fields make the study of ''paramagnetic'' superconductivity of practical
as well as intrinsic importance.

Considerable progress was made regarding the precise understanding of the
superconducting surface. This work lead to a series of papers which summa-
rizes the critical state of the surface sheath and further pointed to the recent
work on the magnetic irreversible state. This state which is inherent in thin
superconducting specimens, is the counterpart to Abrikosov's mixed state, and
explains many effects which previously have been ascribed to ''defects''.

Currently the most interesting aspect of the program is the study of the
geometrical resonance effects in superconducting tunnel diodes. This effect
which is already known as the Tomasch Effect has been the subject of invited
papers before the American Physical Society and the Low Temperature Con-
ference in Moscow and has aroused great interest in several major labora-
tories. It is apparent that an important new area of research has been uncovered.
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Program: Physical Re search Program

Project: Radiation Damage in Crystalline Solids

Project Engineer: R. G. Breckenridge

Reporting Period: Fiscal Year 1966 AEC Category: 05 -03 -03 -01

General Order: 9305 Subaccount: 5404

Principal Scientists: A. Anderman, W. Bauer, K. R. Garr, D. W. Keefer,

H. H. Neely, A. Sosin, and K. Thommen

I. PROJECT OBJECTIVES

The materials requirements of modern technology demand an increased under -
standing of the effects of lattice defects on the physical properties -of crystalline
solids, and on their behavior when subjected to various kinds of radiation. Stud-
ies of radiation damage in solids not only directly yield information on the effects
of radiation, but also provide a means of investigating defects in solids. It is
the objective of this project to study the production of defects in crystalline solids
by radiation, and to attain an understanding of their structure, their interactions
with each other and with impurities and dislocations, their effect on the physical
properties of solids, and their recovery kinetics. Comprehension of these points
should assist in the understanding of lattice defects produced in solids by other
means, and help make possible the development of materials of superior proper-
ties as the ability to better control their defect structure is developed. The mate -
rials chosen for study are metals, metal alloys, and semiconductors.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1966

A. PUBLICATIONS

These were as follows.

1. A. Sosin and D. Keefer, ''Trapping of Point Defects by Dislocations,''
AIME Proceedings of Radiation Effects Symposium in Asheville, North Carolina,
September 8, 1965.

2. A. Sosin and D. Keefer, ''Trapping of Point Defects by Dislocations,''
invited paper presented by A. Sosin at the Gordon Conference on Physical Metal-
lurgy in Meridan, N. H. , July 19-23, at a seminar at RPI, July 14, and at a
seminar at the Unive rsity of North Carolina, July 2, 1965.

3. D. Keefer and A. Sosin, ''Modulus and Internal Friction Effects in Irradi-
ated Metals,'' invited paper presented by D. Keefer at the conference on Internal
Friction in Solids sponsored by the Institute of Physics and the Physical Society.
Conference held in Manchester, England, September 7-11, 1965. Invited paper
also presented at a seminar at SCK-CEN, Mol, Belgium on September 15.

4. A. Sosin and D. Keefer, ''Trapping of Point Defects by Dislocations,''
International Conference on Electron Diffraction and Crystal Defect, Australian
Academy of Science, Melbourne, Australia (August 1965).

5. D. Keefer, J. C. Robinson, and A. Sosin, ''Modulus Effects in Metals
After Low Temperature Electron Irradiation - I. Cu,'' Acta Metallurgica, 13,
1135 (1965).
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6. D. Keefer, J. C. Robinson, and A. Sosin, "Modulus Effects in Metals
After Low Temperature Electron Irradiation - II. Au,'' accepted for publication
in Acta Metallurgica.

7. D. Keefer and R. Vitt, "Low Frequency Internal Friction in Electron
Irradiated Cu,'' to be submitted to Acta Metallurgica.

8. 0. Buck, D. Keefer, and J. C. Robinson, "Low Temperature Electron
Irradiation Hardening of Al,'' in manuscript.

9. A. Sosin and D. Keefer, ''Internal Friction and Modulus Effects in
Irradiated Metals,'' in manuscript.

10. D. Keefer, "An Internal Friction Peak in Electron Irradiated Cu," Bull.
Am. Phys. Soc. _11, 218 (1966).

11. W. Bauer, ''Influence of Impurities on the Recovery of Electron Irradi-
ated Gold," Physics Letters 19, 180 (1965).

12. W. Bauer, ''Damage Rate Measurements in Platinum and Other Metals
by Electron Irradiation," Proceedings of the American Physical Society Meeting
in Hawaii, September 1965, to be published by Gordon & Breach.

13. W. Bauer and A. Sosin, ''Recent Threshold Energy and Displacement
Cross Section Measurements in Metals," Proceedings of AIME Conference on
Radiation Effects, Asheville, North Carolina, September 1965 (to be published).

14. W . Baue r and A. So sin, "E valuation and Inte r pr etation of Thr eshold Dis -
placement Energy Measurements," J. Appl. Phys. 37, 1780 (1966).

15. A. Sosin and W. Bauer, "Impurity Delayed Diffusion," Phys. Rev. (to be
published).

16. W. Bauer and A. Sosin, "The Stage IV Recovery of Platinum After Elec-
tron Irradiation," Phys. Rev. (to be published).

17. W. Bauer and W. Goeppinger, "Stage I Resistivity of Electron-Irradiated
Platinum," Bull. Am. Phys. Soc. 11_, 210 (1966).

18. W. Bauer, "Damage Production in Platinum Near 7*K by Electron Irradi-
ation," Bull. Am. Phys. Soc. _10, 711 (1965).

19. H. H. Neely, "Threshold Energy of Aluminum as Determined by Elec-
tron Irradiation," Bull. Am. Phys. Soc. 10, 1179 (1965)

20. H. H. Neely and W. Bauer, "Electron Irradiation Damage Rate Measure -
ments in Aluminum," Submitted to Phys. Rev.

21. H. H. Neely and A. Sosin, "Electron Irradiation of Copper and Aluminum
Above Stage I," Submitted to Physica Status Solidi.

22. H. H. Ne ely and A . So sin, "P ost -Ir radiation Re cove ry in Ir radiate d
Copper -Based Alloys - The Effect of Varying Gold Concentration," in manuscript.

23. K. R. Garr and A. Sosin, "Stage I Recovery of Aluminum Following
Electron Irradiation," Bull. Am. Phys. Soc. 10, 1179 (1965).

24. A. Sosin and K. R. Garr, "Analysis oT~Stage I Recovery in Aluminum,"
Bull. Am. Phys. Soc. 10, 1179 (1965).

25. K. R. Garr and A. Sosin, "Recovery of Electron Irradiated Aluminum
and Aluminum Alloys," in manuscript.

26. K. R. Garr and A. Sosin, "Stage I Recovery of Aluminum Following
Electron-Irradiation," in manuscript.

B. TECHNICAL ACCOMPLISHMENTS

1. Modulus Changes at Low Temperature - Dislocation Pinning in Cu and Au.
(D. Keefer, A. Sosin, and J. Robinson)

A paper on the studies of dislocation pinning in electron-irradiated Au has
been accepted for publication in Acta Metallurgica. The conclusions reached in
this paper are as follows.
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a) No long -range migration of defects to dislocations occurs below about
180*K in Au.

b) Two pinning stages, during which defects migrate to dislocations, have
been observed. These stages are centered at about 200 and 320*K and are
attributed to interstitials and vacancies, respectively.

c) Irradiation-produced point defects are less tightly bound to dislocations
in Au than they are in Cu. Complete depinning in Au is achieved by about
600*K, while in Cu about 800*K is required for complete depinning.

d) Damage rate measurements performed at 20*K show that dislocation
pinning can be effected by focus sons at electron energies below that required
for atomic displacement in the Au lattice.

e) Prolonged damage production results are fitted by assuming the pres-
ence of two dislocation components. These components appear to be similar
to those detected previously in Cu.

A detailed study of the energy dependence of dislocation pinning in Cu has been
made. Extended curves of modulus as a function of integrated electron flux have
been obtained for various electron energies between 0.8 and 2.0 Mev. As has
been observed previously in Cu after 1.0 Mev-electron irradiation, these damage
production results can be fitted only by assuming the presence of two dislocation
components. These data are presently being analyzed in terms of two models,
one in which pinning points are created by focus sons and one in which the pinners
are produced directly at the dislocations.

2. Point Defect Relaxation in Irradiated Metals (D. Keefer and R. Vitt)

The study of low frequency internal friction in irradiated Cu has been com-
pleted, and an article on the subject is to be submitted for publication in the near
future. The major re sults of this work are listed below.

a) An internal friction peak in electron-irradiated Cu has been observed at
approximately 235*K for a frequency of 1 cps.

b) The height of the 235*K peak increases initially with increasing defect
concentration. However, increasing the defect concentration ultimately re -
sults in suppression of the peak.

c) Various treatments have shown that the height of the 235*K peak is de -
pendent on the ability of dislocations to move under stress.

d) The 235*K peak is attributed to a relaxation process involving point de -
fe cts in as sociation with dislocations. On the basis of previous modulus inve s-
tigations, the point defect involved is identified as the interstitial. Annealing
studie s have shown that the pre sence of vacancie s on dislocations rapidly
diminishe s the magnitude of the pe ak.

e) The precise nature of the relaxation process has not as yet been estab-
lished. However, very suggestive correlations between the present results
and those obtained by other workers on cold-worked Cu have been made.

f) No internal friction peak occurs in the temperature range 100 to 400*K
which can be attributed to the dumbbell interstitial as a separate entity.

3. Electron Irradiation Hardening of Metals (0. Buck, D. Keefer, and
J. C. Robinson)

Our work on electron irradiation hardening of Al is virtually complete. Dam-
age production data have been obtained for integrated fluxes between 5.63 x 1015
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and 9.0 x 106 electrons/cm2. The increase in yield stress, AT7, has been found
to depend on the integrated flux to the 1/2 power. Since annealing processes are
negligible at 20*K, A T depends on the defect concentration to the 1/2 power to a
good approximation. This concentration dependence is expected for hardening by
dispersed barriers to dislocation motion. We believe that interstitials are re -
sponsible for the hardening which occurs at 20*K. The magnitude of the harden-
ing which is observed is somewhat higher, at all defect concentrations, than is
expected theoretically. However, the difference between theory and experiments
is not felt to be significant. Detailed isochronal annealing studies have also been
carried out between 20 and 80*K. In these studie s, two types of experiments
have been performed. First, a series of specimens from the same single crystal
were irradiated to equal integrated electron fluxes at 20*K. The specimens were
then annealed at various temperatures between 30 and 80*K, after which they
were tensile-tested at 20*K. Thus, each point on the resulting isochronal curve
referred to a separate specimen. The data from these experiments showed that
about 60% of A r which occurs at 20*K anneals out by warming to 80*K. From
the ratio of Ar obtained after annealing at 80*K to that obtained at 200 K with no
annealing, one can calculate the concentration of defects which has been annihi-
lated in this temperature interval. The results are found to be in excellent
agreement with those of resistivity annealing experiments where 20*K was used
as a base temperature. These results are in agreement with our interpretation
of irradiation hardening in Al. That is, the nature of the hardening contributed
by those defects which are left after 80*K anneals is the same type as that ob-
tained from the defect array which is present after 20*K irradiation. The sec -
ond type of isochronal measurements involved use of the same sample for re -
peated testing. A sample was first irradiated at 20*K and alternately annealed
at increasingly higher temperatures, and subsequently tested at 20*K. Thus,
each point on the re sulting isochronal curve came from the same sample. The
increase in yield stress induced by irradiation annealed out in approximately the
same temperature range as was observed when several samples were used.
However, it was found that repeated te sting of the same sample led to small
yield point effects. Further, the yield stress actually increased again after
annealing near 80*K. These effects have been thoroughly studied and appear to
be attributable to dislocation phenomena.

4. Recovery of Electron-Irradiated Aluminum and Aluminum Alloys
(K. R. Garr and A. So sin)

The analysis pertinent to our experimental observations in aluminum alloys
has been notably advanced. Using a simple kinetic model, we have located the
apparent basis for the observed kinetics in Stage II, the temperature range in
which interstitials are released from trapping sites near foreign atoms. The
model also indicates the origin of the high frequency factors which have been
measured. Both the experimental and theoretical results are being written into
a paper.

The experimental work on the Stage I (<60*K) recovery of high purity (99.9999%)
aluminum has been completed during the past year. A movable slit arrangement
in the cryo stat was employed so that either one of two sample s, on the same
sample holder, could be irradiated separately to different defect concentrations
or at different energies and then be annealed simultaneously, thus ensuring the
same thermal history for the samples during the recovery process. Isochronal
annealing pulses were taken every 1/20 between 10 and 50*K with the temperature
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being controlled to t0.03*K. A multiplicity of substage s in the Stage I region
has been observed.

A new method of analysis was used for directly comparing the annealing spec -
trum of the two sample s. In this method the ratio of the amount which annealed
out in the ith isochronal annealing pulse of each sample, R =E(dO/dT)H/(dO/dT)L,
was plotted versus temperature, T. Let r represent the ratio of the total dam-
age, high dose to low dose, (r e AQH/APL) for the two samples in the above-
mentioned plot. Let r > 1 as was generally the case experimentally. If the re -
covery processes observed following irradiation are due to a spectrum of first
order processes, whose amplitudes are proportional to the dose, then R = r.
For higher order processes, y> 1, R = rY at the beginning of the process and
rapidly decreases to unity, in the ideal case. For the case in which there are
both first and higher order processes, the ratio. R would start out as R = r in
the region of the first order processes and then increase towards R = rVin the
region of the higher order processes and then decrease towards unity. The ex-
p e rimental r esult s ar e in qualitative ag r eeme nt with the se r esult s.

In order to gain further insight into the annealing processes a program was
written for the calculation on a digital computer of annealing processes governed
by chemic al r ate the ory. The var ious p ar ame te rs which influenc e the r e cove ry
process, i. e., the migration energy E, the reaction coefficient 'y, and the ini-
tial defect concentration n0 , were varied in order to simulate a variety of an-
nealing conditions. The results of the calculations were then compared directly
to the experimental annealing results.

Results from the computer study were in good qualitative and fair quantitative
agreement with the experimental results for one of the models used. However,
in order to get the degree of quantitative agreement mentioned above it was nec -
essary to impose some ad hoc conditions on the chemical rate theory model used.
It is felt that the ad hoc conditions imposed seriously challenge the validity of us-
ing chemical rate theory to describe the annealing behavior observed experi-
mentally. With this in mind a new computer program is now being written using
a more sophisticated model to describe the recovery process.

5. Influenc e of Impuritie s on the R ecove ry of Ele ct ron -Ir radiate d Gold (W . Baue r)

This work was published in Physics Letters 19, 180 (1965). Following is a
summary of the salient features of the experimental results and conclusions.

a) Between 50 and 200*K the recovery of the 5-9's and 6-9's samples is
practically identical, whereas between 200 and 340*K the amount of recovery
depends on the purity in a systematic manner being smaller, the purer the
sample.

b) The recovery of the 4-9's sample is significantly different from the
5 -9' s and 6 -9' s s ample s f rom 15 to 340*K.

c) We have found reproducible resistivity increases in 4-9's + 0.1 at. %
Cu sample s after annealing near 20*K and between 70 and 80*K.

d) We conclude that in the first portion of the Stage III recovery several
recovery processes take place: annihilation of distant Frenkel pairs, migra-
tion of interstitials, and release of impurity-trapped interstitials. The re-
covery in the second half of Stage III is then due to the migration of single
vacancie s with an activation ene rgy of 0.8 ev.
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6. Damage Rate Measurements in Platinum and Other Metals by Electron
Irradiation (W. Bauer)

This is to be published in a book on the lattice defects section of the joint
me eting of the Ame ric an and J ap ane se Phy sic al So cie tie s in H awaii (Se pt embe r
1965). Following is a summary. Recent measurements on defect introduction
rates in platinum, gold, aluminum, and copper near threshold are presented.
(This comprises work of A. Sosin, H. H. Neely, and K. R. Garr). The rela-
tive importance of indirect displacements on the evaluation of Td in the various
metals is discussed. These are two main factors which determine the relative
importance of these indirect displacements in different materials: the efficiency
of focussing and the concentration of light substitutional impurities. An approxi-
maate evaluation of these quantities leads to reasonably good qualitative agree-
ment with the experimental results.

7. Impurity Delayed Diffusion (A. Sosin and W. Bauer)

This paper will be published shortly in the Physical Review. The abstract
follows. ''An exact solution is given to a particular model for the problem in
which a reactant (vacancie s) diffuse s to an absorbing boundary (sinks) but is
occasionally delayed by traps. The solution is compared with a second solution
developed using a rate theory approach with dispersed sinks.''

8. The Stag e IV Re cove ry of Platinum A fte r Ele ct ron Ir radiation (W . Baue r and
A. Sosin)

This paper will be published shortly in the Physical Review. The abstract
follows. ''The activation energy of the Stage IV resistivity recovery after elec-
tron irradiation of platinum has been measured to be 1.36 x 0.08 ev. The recov-
ery is due to the migration of single vacancies. A model of diffusion to inexhaust-
ible internal sinks, complicated by a vacancy-impurity trapping interaction, is
found to describe the platinum recovery data. In addition, the Stage IV recovery
of deformed nickel is found to follow the same recovery model''.

9. Evaluation and Interpretation of Threshold Displacement Energy Measure-
ments (W. Bauer and A. Sosin)

This work was published in J. Appl. Physics 37, 1780 (1966). Following is
the abstract. "We present a discussion of the inherent limitations imposed by
experimental and theoretical considerations on a precise determination of the
threshold displacement energy. The recently varying deductions of the thres-
hold energy in copper, 9 to 30 ev, are discussed in detail. Upon consideration
of the available experimental data and using theoretical estimates only as a
guide, we conclude that the currently best value of the threshold energy in cop-
per is 16 to 19 ev."

l0.Point Defect Studies in Platinum by Electron Irradiation at Low Tempera-
tures (W. Bauer and W. F. Goeppinger)

A series of two papers is in the process of being prepared on this work. The
titles and preliminary abstracts are included in the following.
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a. Defect Production

The electrical resistivity increase per unit electron flux (damage rate) of
99.999% pure 0.0002-in. -thick platinum foils was measured as a function of in-
cident electron energy from 1.3 to 2.1 Mev. Reasonable agreement between the
theoretical displacement cross section, calculated with a unit displacement
probability, and experimental data is achieved with an effective threshold dis -
placement energy of 36 ev and a Frenkel resistivity of 6 x l0-4 ohm-cm per unit
fractional concentration Frenkel pairs. The ratio of the damage rate of platinum
to that of gold is nearly independent of the electron energy for 45 ev < Tm < 72 ev
and decreases rapidly to zero for Tm < 45 ev. These results indicate that indi-
rect displacement processes occur in both metals near threshold.

b. Resistivity Recovery From 10 to 300*K

Pairs of 99.999% pure platinum wires were irradiated to equal dose below
10*K and annealed simultaneously. The recovery spectrum of both wires was
closely identical. When one of the wires was quenched prior to the irradiation,
the irradiation damage recovery was remarkably different from that of the un-
quenched wire: the ratio of the rate of recovery of the quenched to the unquenched
wire was nearly one from 10 to 24*K, near two from 24 to 27*K, and near zero
from 28 to 32*K. The amount of recovery of the quenched sample is enhanced 7%
over the unquenched sample. These results are strong evidence for long-range
(uncorrelated) migration of an interstitial near 28*K. Only a few percent recov-
ery take s place in the quenched and unquenched sample between 35 and 300 0 K.
Combining these observations with other relevant experimental results, we sug-
gest that the defects remaining above 35*K are trapped interstitials and single
vacancies. The interstitials are released from traps primarily near room tem-
perature (Stage Ill) and the vacancies migrate near 600*K (Stage IV). Computer
calculations based on simple chemical rate theory are being carried out in an
attempt to quantitatively account for the recovery behavior near 28*K.

11. Electron Irradiation of Copper and Aluminum Above Stage I (H. H. Neely

This work was completed during the report period, and a paper has been
submitted to Physics Status Solidi. The following is the abstract. "The de -
pendence of the increase of electrical resistivity upon integrated electron flux,
p, has been investigated in copper and aluminum. Irradiations were performed
at 80*K, using 1.1-Mev electrons. The resistivity was found to increase non-
line arly with p up to the highe st fluxe s use d: 10 19 ele ctr ons /cm 2 . At high cp
values, the increase in resistivity appears to depend on p1/ 2 . This dependence
is predicted in a model in which interstitials, created during irradiation, may
be annihilated by recombination with vacancies, created concurrently during
irradiation, or may be trapped by intrinsic defects, such as impurities or
dislocations.

12. Electron Irradiation Damage Rate Measurements in Aluminum (H. H. Neely
and W. Bauer)

This work has been completed during this report period and a paper has
been submitted for publication to "Physical Review." The major results of this
investigation are as follows: The resistivity increase upon electron irradiation
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near 8*K of aluminum was measured at 4.2*K as a function of incident electron
energy for 0.19 to 1.6 Mev. A value of the displacement threshold energy of
16 ev was determined by extrapolation of the damage rate curve to zero damage
production. A reasonable fit between the experimental and theoretical values of
the displacement cross section was achieved with an effective threshold energy
of 19 ev, a value of the Frenkel resistivity of 1.32 x 1i-4 ohm/cm fractional con-
centration and a unit step displacement function. This value for PF seems anoma-
lously low but it is in agreement with the recent results of Mehner et al. The
same dilemma has been found to exist in other metals, in particular gold, as re -
ported by Bauer and Sosin. A possible explanation for the low value of PF is sug-
te sted. The tailing off in the damage rate near thre shold that has been observed
in Cu, Au, and Pt is apparently absent in Al.

13. Resistivity Recovery of Polycrystalline Iron and Tungsten (H. H. Neely and
D. W. Keefer)

The inve stig ations of the re sistivity re cove ry of bc c metals afte r ele ct ron
irradiation have been continued after some delay. Detailed isochronal measure -
ments have now been completed on Fe and W.

The iron samples were 2.1-mil-diameter wires from Materials Research
C orpo ration. The s ample s we re r esi stanc e anne ale d in va cuum at 8 000*C, afte r
which the resistivity ratios were approximately 140. All irradiations were per -
formed at liquid helium temperature with 1.3-Mev electrons. The total resis-
tivity change was 7.7 x 10-8 ohm-cm. A minimum of 9 peaks are observed be -
low 140*K (Stage I); no recovery was observed until 31*K. Major peaks are
cente re d at the following tempe rature s: Ia - 39, lb - 51, Ic - 66, Id - 87, Ie -
99, If - 128*K. The percent recovered at the end of each of the peaks is 0.8, 4,
11, 31.5, 78.5, and 85%0, respectively. Activation energy and kinetic measure -
ments are somewhat preliminary, but from the results of isochronal and iso-
thermal runs, Stage Ic has been found to fir first-order kinetics, with an activa-
tion energy of 0.17 ev. Stage II (145 to 300*K) has two small recovery substages
centered at 165 and 223*K with about 9%0 recovery. Stage III (>300*K) in Fe is
somewhat smaller than is generally observed in fcc metals. Approximately
2.5%0 of the resistivity remains to be recovered after annealing at 300*K.

The re sults in tung sten indicate a minimum of 12 peaks in Stage I (4.2 to
90*K) with a total recovery in that stage of 26%0. Stage I has only one major
substage centered at 70*K with about 16%0 recovery. Stage II has four peaks
with a total of 27%0 recovery. Stage III is centered at about 725*K and has about
38%0 recovery.

14. Electron-Irradiation Induced Defects in Gallium Antimonide (K. Thommen)

A systematic study of the effects of electron irradiation on the electrical
properties of gallium antimonide has been started. The purpose of this work is
twofold. First, very little is known about the nature and the properties of
radiation-induced defects in GaSb, particularly at low temperatures. Therefore,
a study of this material has merit in itself. Second, it is hoped that, by com-
parison of the results of this study with the results of previous work on InSb,
progress will be made towards an appreciation of the more general features of
radiation damage in III-V compound semiconductors. During this report period,
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efforts were made to obtain information about the temperature ranges in which
annealing processes take place, and to explore the electrical nature of the radi-
ation produced defects. Most of the studies were made with undoped GaSb single
crystals; some exploratory experiments were conducted using Te-doped n-type
GaSb.

Undoped GaSb is always p-type. During the last decade, evidence has ac-
cumulated that the acceptors are some sort of intrinsic lattice defects rather
than chemical impurities; however, the exact nature of these defects has not yet
been satisfactorily understood. The electrical resistivity and the Hall coefficient
were measured as a function of temperature in the range 4 to 300*K for unirradi-
ated samples and for samples which had been irradiated with various doses of
1.0 Mev electrons either near 80*K or near 4.2*0K, and had undergone various
heat treatments after the irradiations. Additional isochronal and isothermal
annealing studies were also performed. The results of these experiments led
to the following conclusions. Assuming that the various subbands-which form
the valence band of GaSb can be characterized by one effective mass, the car-
rier concentration of unirradiated undoped GaSb in the temperature range 25 to
1000*K is determined by an acceptor level located 0.042 ev above the valence
band. This value is slightly highe r than the value s which previously had been
reported by other authors. Above ~100*K, the carrier concentration is also in-
fluenced by at least one higher lying acceptor level, which may be the second
ionization level of the intrinsic acceptors. As a consequence of this, no exhaus-
tion region is observed and the concentration of the acceptors as well as the
level position has to be determined from a curve -fitting procedure in the range
25 to 100*K. Irradiation near 80*K or near 4.2*K introduces acceptor levels
0.054 ev above the valence band. No evidence for the introduction of donors was
obtained.

Following the nomenclature proposed by Watkins, we shall label the intrin-
sic acceptors as G(l) centers, and those radiation-produced acceptors whose
levels are 0.054 ev above the valence band as A(l) - centers. An analysis of the
temperature variation of the Hall coefficient after various doses of irradiation
(up to 1.5 x 1017 el-cm2 ) indicates the following.

a) At sufficiently low temperatures, a carrier transport mechanism
othe r than the no rmal p -type conduction p roc es s which is ob s erve d at and
above 80*K becomes predominant. This anomalous transport mechanism is
evidenced by a maximum in the Hall coefficient at low temperatures, and is
most probably connected with impurity band conduction. The temperature
up to which this mechanism contributes significantly to the electrical conduc-
tivity depends on the total irradiation dose (~.30*K for 2 x 1016 el-cm-2 and
~60*K for 1.5 x 1017 el-cm-2 ). Therefore, difficulties are encountered in
evaluating the concentration of A(l)-centers at high irradiation doses.

b) The A(1)-center growth curve reveals the following two stages. At
the beginning of the irradiation occurs a rapid growth of the A(l)-center
concentration, which levels off at a dose of ~.3 x 1016 el-cm- 2 (Stage I).
A bove this do se, the c oncent ration of A(1) -c ente rs inc r eas es line arly with
dose (Stage II). Due to the above -mentioned difficulty, the A(1)-center con-
centration can be evaluated reliably only up to dose s of ~ l x 1017 el-cm- 2 .

c) The concentration of G(1)-centers decreases exponentially with in-
creasing irradiation dose. After ~.7 x 1016 el-cm- 2 virtually all G(1)-
centers have disappeared.
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In light of these results, one is tempted to speculate that some A(1)-centers
are formed from the G(1)-centers by the irradiation. The A(1)-center forma.-
tion in Stage I would then occur as a superposition of two independent processes:
one process would cause the transformation from G(1) into A(1)-centers; the
other process would lead to the formation of A(1)-centers without the assistance
of already existing defects. This latter process would also be effective in
Stage II and in all probability represents the normal production of Frenkel de -
fects. A value of 4.6 cm-' is obtained for the A(1)-center production rate.
This compares favorably with the theoretically estimated Frenkel defect produc-
tion rate of 6 cm-'. ( The latter figure is the sum of the production rates of Ga
and Sb-Frenkel defects. )

No significant annealing was observed between 25 and 80*K. Possible an-
nealing processes below 25*K could not be observed due to the warming of the
sample up to 25*K during the irradiations. Major annealing stages were found
to occur near 123, 163, 207, and 365*0K. The activation energies were 0.30 t
0.02, 0.48 0.03, 0.57 0.03, and 1.0 * 0.1 ev, respectively. The recovery
stage at 123*K was observed to obey first-order kinetics. For the other stages
no simple kinetics were observed. Annealing through the recovery stages as
123, 163, and 207*K resulted in a successive decrease of the A(1)-center con-
centration. Annealing through the recovery stage at 365*K resulted in the dis -
appearance of the rest of the A(1)-centers the reappearance of the G(l)-centers.

An exploratory experiment was conducted on the annealing of electron-
irradiated, Te-doped N-type GaSb. A small amount of reverse annealing was
observed in the temperature region 35 to 95*K. Distinct annealing stages were
observed near 175, 225, 280, and 410*K. Position and relative magnitude of the
stages at 175, 225, and 280*K indicate that they are related to the recovery
stages which are observed in undoped p-type GaSb at 122, 163, and 207*K re -
spectively. A portion of the above work has been submitted for presentation at
the APS Meeting in Mexico City.

15. Indium Antimonide Irradiation (F. Eisen)

A paper on the Stage II recovery of electron irradiated In-Sb has been sub-
mitted to the Physical Review. Following is the abstract. "Isochronal and iso-
thermal recovery studies have been carried out in electron-irradiated samples
of InSb following irradiation with high energy electrons, using Hall coefficient
and electrical conductivity as measures of the damage. The emphasis in this
work has been on the recovery in Stage II, and the results show that the recov-
ery depends strongly on the carrier concentration of the sample. The tempera-
ture of the center of the recovery stage was observed to vary from 91*K in
s ome p -type s ample s to 2 03*K in a highly de gene rate n -type s ample . The acti -
vation energy for recovery changed from 0.24 to 0.71 ev over this same range of
carrier concentrations. These changes have been explained by assuming that the
two acceptor levels associated with the radiation-produced defects must be
empty in order for annihilation of' the defects to occur. The details of the analy-
sis relating these recovery parameters to the sample carrier concentration are
presented. In order to fit the observed recovery kinetics, it is assumed that
two close interstitial-vacancy pairs produced by the irradiation are involved,
and that they annihilate by ba si cally fir st -o rder pr o ces s es with diffe rent r ate
constants. A model for the defects and their mode of annihilation, assuming
vacancies to be the mobile species, is suggested.
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16. Theoretical Study of Point Defects in Metals (A. Anderman)

During the past year, the computer study of point defects in metals origi-
nally initiated under AEC sponsorship has continued under a contract to the Air
Force Cambridge Research Laboratories (Contract No. AF 19(628)-5 120).
The work has focused on two main areas: (1) study of thre shold displacement

energies in Au using several different Born-Mayer potentials; and (2) a study of
the relative stability and other characteristics of various point defect configu-
ration in Au and Al using both Morse potentials and piece -wise cubic potentials.
A final report reviewing in detail the work performed during this past year will
be issued within a few months. It is anticipated that during GFY 1967, these

computer studies will again come under the sponsorship of the NEC. Among the
studies to be initiated during this time will be an investigation of the interaction
of impurity atoms with point defects in metals. An example of this type of phe-
nomena would be the effect of small atomic percents of Au in Cu. In this regard,
much experience concerning heteronuclear interactions has been gained during
the past year as a result of consulting support provided to a computer study of
Xe in Cu performed under AEC Project 7652 -4537 (Fission Effects in Metal
Fuels).

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1966

This systematic study of the effects of radiation on well-characterized ma-
terials, especially high purity metal single crystals, continues to clarify the
fundamental processes and significant factors in radiation damage and recovery.
The electrical resistivity recovery measurements on Al, Cu, and Pt have
clearly established the temperature region for random migration of interstitials,
and have shown the effect of small impurity concentrations on the recombination
of Frenkel pairs. The utility of the studies of irradiation in the mechanical

properties of solids has been demonstrated. Modulus measurements and inter -
nal friction measurements have clarified the interactions between dislocations

and point defects in metals. The work on metal single crystals is now being
supplemented by similar studie s on III-V semiconducting compounds. For the se
materials other diagnostic techniques are available which will aid the interpre-
tation of the observations for metals as well. In summary, while the situation
is complex, the steady progress being made in this basic work is producing a
clear and consistent picture of the effects of radiation in a relatively simple sys-
tem as a first step in understanding these effects in the materials of practical
utility.
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