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INTERGRANULAR CRACKING OF INOR-8 IH THE MSRE 

H. E. McCoy and B. McNabb 

ABSTRACT 

The INCR-8 surveillance specimens and components from the MSRE that 
had been exposed to fuel salt formed shallow intergranular cracks (2 to 
10 mils deep in exposures to greater than 20,000 hr). Some of these 
cracks were visible in polished sections of as-removed materials, but 
many others were visible after the samples had been deformed. Consider
able evidence indicates that the cracks were due to the inward diffusion 
of fission products. 

The fission product cracking mechanism was further substantiated 
by laboratory tests which clearly demonstrated that telluric causes 
intergranular cracking in INOR-8. These tests have included other 
materials, and important variations exist in their respective suscepti
bilities to cracking by tellurium. Several materials, including types 
300 and 400 stainless steels, nickel- and cobalt-base alloys containing 
greater than 15% Cr, copper, monel, and INOR-8 containing 2% Nb, com
pletely resisted cracking in the tests run thus "ar. 
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INTRODUCTION 

The Molten-Salt Reactor Experiment was a unique fluid-fuel reacto^*.1 

It operated at temperatures around 650°C for more than 20,000 hr between 
1965 and December, 1969. The fuel was a mixture of fluoride salts, cir
culated through a core of graphite bars and an external heat exchanger. 
Except for the graphite, all parts contacting the salt were of a nickel-
base alloy known as IN0R-8 and now available commercially under the 
trade names of Hastelloy N and All vac N. This alloy, developed at Oak 
Ridge National Laboratory specifically for use in fluoride salts at 
high temperature,2 has the nominal composition of Ni-16% Mo-7% Cr-5% 
Fe-0.05% C. 

IN0R-8 in the MSRE behaved as expected with regard to corrosion by 
the fluoride salts and the containment atmosphere (very little by either). 
Two problems with IN0R-8 did appear, hcvaver. The first was a drastic 
reduction in high-temperature creep-rupture life and fracture strain 
under cre'.tp conditions. Tb/D second was the appearance of grain-boundary 
cracks at INOR-3 surfaces exposed to the fuel salt. 

Embrittlement phenomena have been studied extensively for the past 
several years in connection with various iron- and nickel-base alloys3 

and specifically with regard to INOR-8 by 0RNL. The embrittlement of 
IN0R-8 in the MSRE has been attributed mainly to the helium that is 
generated by thermal neutron interaction with 1 J B present in the ali3y 
as an impurity. We have found that small changes in chemical composition 
are quite effective in reducing the effects of helium production, and 
our work is well along toward developing a modified IN0R-8 with improved 
resistance to embrittlement by neutron irradiation. This work has been 
reported extensively'4"11 and will be discussed in this document only 
insofar as it relates to the finuing and interpretation of evidence on 
the surface cracking problem. 

The cause of the surface cracking has not yet been precisely defined, 
nor can it<* very long-term behavior be predicted with confidence. The 
cause must be associated with fuel system conditions after the beginning 
of power operation: numerous cracks or incipient cracks were found on 



3 

every INOR-8 surface that was examined after prolonged contact with the 
radioactive fuel salt; few or none could be found on INOR-8 surfaces 
(sometimes on the same pioce) that had been exposed to the fluoride salt 
in the coolant system or to the containment cell atmosphere. The cracks 
were observed to open up when affected surfaces were strained in tension, 
but some grain boundary cracks were detectable in polished sections of 
unstrained specimens. The depth of cracking was 2 to 10 mils, and some 
sectioned specimens showed as many as 300 cracks per inch of edge, A 
general trend to more and deeper cracks with increasing exposure time 
was evident, but the statistical significance of the changes after the 
first several thousand hours was poor. Obviously the determination of 
cause and long-term progression is essential in the development of molten-
salt reactors that must operate reliably for many years. 

An intensive effort has been mounted within the Molten-Salt Reactor 
Program to investigate the INOR-8 cracking phenomenon and to develop 
remedies or ways to circumvent the problem. More or less similar effects 
can be produced in out-of-reactor experiments. Fluoride salts with added 
FeF£ oxidant cause inter-granular corrosion. Tellurium deposited on 
INOR-8 and allowed to diffuse at high temperature produces brittle grain 
boundaries. Tellurium also affects nickel and stainless steel, but to 
lesser degrees. However, some of the other agents that were suspected 
of causing the cracking in the MSRE fuel system have given negative 
results. This work is currently in progress, and few firm conclusions 
can yet be drawn. 

The present document has been prepared to report and summarize all 
the currently known information obtained from the MSRE, which is the 
starting point of the investigation. It also includes pertinent observa
tions from other molten-salt systems, brief accounts of current experi
ments, and some tentative conclusions. 
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THE MSRE AND ITS OPERATION 

A gô 'I, general description of the MSRE and an account of most of 
its history appear in reference 1. Reference 12 is a detailed description 
of all components and systems. Because these references are widely avail
able, the description here is confined to those portions that are germane 
to the discussion of the INOR-8 cracking. 

Description 

The parts of the MSRE with which we will be concerned are included 
in the simplified flowsheet in Fig. 1. The cracking phenomenon was ob
served on pieces of INOR-8 from the reactor vessel, the heat exchanger, 
the fuel pump and a freeze valve near fuel drain tank No. 2. INOR-8 
specimens exposed to the containment cell atmosphere outside the reactor 
vessel and surfaces exposed to the coolant salt were examined but did 
not show the cracking. 

The fuel salt composition was LiF-BeF2-ZrFit-UFit (65-30-5-<l mole %); 
the coolant, LIF-BeF2 (66-34 mole % ) . At full power the 12C0-gpm fuel 
stream normally entered the reactor vessel at 632°C and left at 654°C; 
the maximum outlet temperature at which the reactor operated for any 
substantial period of time was 663°C (1225°F). When the reactor was at 
low power, the salt systems were usually nearly isothermal at about 650°C. 
During extended shutdowns the salt was drained into tanks, where it was 
kept molten while the circulating loops were allowed to cool. Plugs of 
salt frozen in flattened sections of pipe ("freeze valves") were used to 
isolate the drain tanks from the loop. The liquidus temperature of the 
fuel salt was about 440°C and that of the coolant salt was 459°C, so the 
loops were heated to 600-650°C with external electric heaters before the 
salt was transferred from the storage tanks. Helium (sometimes argon) 
was the cover gas over the fuel and coolant salts. 

During operation, samples of fuel salt were obtained by lowering 
small copper buckets (capsules) into the pool of salt in the pump bowl. 
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The pump bowl served as the surge space for the loop and also for sepa
ration of gaseous fission products from a 50-gpm ' :ream of salt sprayed 
out into the gas space, above the salt pool. To r Jtect the sample bucket 
from the «alt spray in the pump bowl, a spiral baffle of INOR-8 extended 
from the top of the bowl down into the salt pool. A cage of INOR-8 rods 
inside the spiral baffle guided the sample capsule in the pump bowl. 

The reactor core was composed of vertical graphite bars with flow 
passages between them. In the lattice near the center of the core three 
thimbles of INOR-8 housed control rods. Nearby, and accessible during 
shutdowns through a flanged nozzle, was an array of graphite and metal 
specimens, which was exposed to the fuel flowing up through the core. 
Throughout most of the MSRE operation the core array was as shown in 
Fig. 2. This p.rray was designed to expose surveillance specimens of 
graphite and INOR-8 identical to the material used in the MSRE core and 
reactor vessel. Later, specimens of modified INOR-8 were included. The 
assembly was composed of three separable stringers designated RL, RR, 
and RS. Each stringer included a column of graphite specimens and two 
rods of INOR-8. (Stringer RS also included a flux monitor tube.) 

Not shown in Fig. 1, but located in the reactor building, was a 
vessel in which specimen stringers identical to those in the core could 
be exposed to fluoride salt having the same nominal composition as the 
fuel salt. (The stringers in the control facility were designated CL, 
CR, anJ CS.) Electric heaters on the vessel were controlled to produce 
a temperature profile along the stringers like the profile in the core. 
The salt in this control facility uid not circulate. 

Tht fuel system was contained in a cell in which an atmosphere of 
nitrogen containing from 2 to 5% 0 was maintained. This containment 
atmosphere was recirculated through a system that provided cooling for 
the control rods and the freeze valves. Arrays of INOR-8 specimens 
were exposed to the cell atmosphere as shown in Fig. 3. Suspended just 
outside the reactor vessel but inside the vessel furnace, the specimens 
were exposed to practically the same neutron flux and temperature as the 
vessel walls. 

^ j f c H f l i i , * * * ^ 
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History 

The history of the KSRE during the four years in which it operated 
at significant powtr is cutlined in Fig. 4. Construction had been fin
ished and salt charged into the tanks late in 1964. Prenucltar testing, 
including 1100 hr of salt circulation, occupied Jamiary-May, 1C65-
During nuclear startup experiments in May-July, 1965, fuel salt was cir
culated for 800 hr. The salt was drained and final preparations for 
power operations were made in the fall of 1965. Low-power experiments 
in December led into the history covered in Fig. 4. (See ref. 1 and 
MSRP semiannual progress reports for more detail.) About a year after 
the conclusion of operation, a limited program of examination was carried 
out. This included INOR-8 pieces from a control rod thimble, the heat 
exchanger shell and tubes, the pump bowl cage and baffle, and a freeze 
valve. 

The nuclear fuel was 33Z-enriched 2 3 5 U , and the UF^ concentration in 
the fuel salt was 0.8 mole % until 1968. Then the uranium was removed 
by fluoridation and 2 3 3UFi t was substituted. The UF^ concentration re
quired with 2 3 3 U was only 0.13 mole Z. The composition of the fuel salt 
was observed by frequent sampling from the pump bowl. 1 3 Aside from the 
2 3 3 U loading and periodic additions of small increments of uranium or 
plutonium to sustain the nuclear reactivity, the only other additions 
to the fuel salt were more or less routine small (̂ 10 g) quantities of 
beryllium, and, in two or three experiments, a few grams of zirconium 
and FeF2» The purpose of these, additions was to adjust the U(III)/U(IV) 
ratio, which affects the corrosion potential and the oxidation state of 
corrosion-product iron and nickel and fission-product niobium. 

The primary corrosion mechanism in the fuel salt system was selective 
removal of chromium by 

2UFif + Cr(in alloy) * 2UF3 + CrF2(in salt) , 

and the concentration .if chromium in salt samples was the primary indi
cator of corrosion. Figure 5 shows chromium concentrations observed in 
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the MSRL fuel over the years of power operation. The step down in chro
mium oonceptration in the salt in 1968 was effected by processing the 
salt" in 1968 was effected by processing the salt after the 2 3 5 U fluori
dation. The total increase in chromium in the 4700-k.g charge of fuel 
salt is equivalent to leaching all of the chro!9ium from the 852 ft2 cf 
IKOR-c exposed to fuel salt to a depth of about C.4 sail. 

Throughout the operation of the MSRF. a sample array of one kiai m 
another was present in the core. The arrays that were exposed between 
September 1965 and June 1969 were oi the design shown in Fig. 2. From 
the time of construction until August 1965 the specimen array in the 
core contained similar amounts of graphite and INOR-8 (to have the same 
nuclear reactivity effect) but differed in Internal configuration. During 
the last five months of operation, an array designed to study the effects 
of salt velocity on fission product deposition1** was exposed in the core. 

Whenever a core specimen assembly of the type ;;hown in Fig. 2 was 
removed from the core, it was taken to a hot cell, the stringers were 
taken out of the basket, and a new assembly was prepared, usually in
cluding one or two of the previously exposed stringers. Sometimes the 
old basket was reused, sometimes not. The history of exposure of INOR-8 
specimens in this core facility is outlined in Fig. 6. The numbers in
dicate the heats of INOR-8 from which the rods in each stringer were made. 
Beats 5065, 5085, and 5081 were heats of standard INOR-8 used in fabri
cation of the MSRE** The other heats were of modified composition 
designed to improve the resistance to neutron embrittlement,. 

Specimens exposed outside the reactor vessel were made of three of 
the heats that were also exposed in .-alt. Specimen*? of heats 5065 and 
3085 were exposed from August 1965 to June 1967 and from August 1965 tc 
Hay 1968; specimens of modified htat 67-504 were exposed from June 1967 
to June 1969. 

Table 1 lists the chemical compositions of the heats of standard 
INOR-8 that were used in the surveillance specimens and in various items 
that were examined after exposure to the fuel salt. The compositions of 

*The reactor vessel sides were of 5085; the heads, of 5065. Heat 
was used for some of the vessel internals. 
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Fig. 5. Corrosion of the MSRE Fuel Circuit in 2 3 5 U and 2 3 3 U Power Operations. 
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Tab la 1. Haata of Standard INOR-8 lixaroine.l After l-'xpoaure In MS RE 

)M«C 
Sp«ClMP..1 
Expo**d Ho Cr re Hn Si 

Content (wc *) 
Cu Co Al Ti 

3093" lade on Li, Hi, 
LI, 1.2, R2, 
XI, X2 

5081* Roda on LI* * i , 
Si 

30»5 b Rod* o o U , R2 . 
XI, X2 

5033 Strap* or R2, 
U , ft), S4 

3073 r o i l on «.o, S4 
and Sampler 
aiai: eh le ld 

3039 Stapler cage 
Y-8487 ROJ C h i c l e 
5060 tod th ieb le 

• loeve 
3068 

N2-3103 

5094 Preese valve 103 

Keat exchanger 
•It* 11 

Heac ftxchangex 
tubes 

»6.7 

16.0 

16.3 

16.1 

16.4 

16.9 
16.8 
16. 4 

16.5 

16.4 

16.3 

.3 3.3 0.67 0.052 

.1 3.5 0 .63 0.059 

.3 3.9 0.53 0.065 

.5 3 . * 0 .43 0.07 

.64 4.0 0.«6 0.07 

.62 3.9 0.35 0 . 0 ; 

.3 A.I 0 .3 0.05 

.05 3.9 0,43 0.06 

.45 4 .0 0.43 0.05 

0.38 0.004 0.0043 0.01 

.9 3.9 

*U«* than 0 0C2X 2r 
b U e a than 0.1X Ze «r Hf 

0.4 0.06 

.1 J.8 0.52 0.07 

0.12 0.002 1.012 0.01 

0.60 0 .00 / 0.004 0.01 

0.64 0.008 0.003 0.03 

0.58 0.006 0.003 0.01 

0.59 0 .001 0.001 
0,17 0.0073 0.004 0.03 
0.32 0.006 0.001 0 .01 

0.38 0.008 0.03 0.02 

vj.60 0.0o9 0.001 0.01 

0.76 0.007 O.COi 0.01 

0.15 0.02 0.20 <0.01 0.07 0.0038 

0 .10 0.O5 0.20 <0.01 0.07 0.0040 

0.06 0.01 0.22 0.01 0.04 0.0024 

0.11 0 .08 0.24 0.02 0.26 0.001 

0.06 0.02 0.26 0.02 0.09 0.001 

0.07 0.01 0.21 0.01 0.04 
0.1 0.16 0.25 0.007 
0.07 0.01 0.28 0.01 0.003 

0.1 0.01 0.27 0.01 

0.1 0.01 0.33 0.01 0.06 0.006 

0c08 0 . 0 2 c 0.39 0.05 0.004 

k Al plus Tl 
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ttni Modified heats that were exposed and then examined are listed in 
Table 2. These alloys, besides including additions of Ti. Hf, W, or Zr, 
hid substantially less Mo, only a fraction as much Fe, and less Kn, V, 
j^id Si than did the standard alloys. 

In the correlation of the effects of exposure for different periods 
of operation, some common index of exposure would be useful. Possible 
indices are (1) the time that the specimens were exposed to salt, (2) the 
total generation of nuclear heat (and fission products) during the time 
the specimens were exposed, (3) the total time that the specimens were 
at high temperature, and (4) the time at high temperature after exposure 
to salt containing fresh fission products. As will be discussed later, 
sooe rationale exists for using each of these, so all are included in 
the summary of exposures given in Table 3. 

EXAMINATION OF MSRE SURVEILLANCE SPECIMENS 

IN0R-8 specimens removed from the core and from the control facility 
were subjected to a variety of examinations and tests. First was a visual 
inspection for evidence of any deposition or corrosion, particularly 
any nonuniform or localized corrosion. Metallcgraphic examination of 
selected specimens was used to give more information on the compatibility 
of I80R X with tha salt environment. The major part of this effort was 
mechanical property testing in connection with th'» studies on neucicu 
embrittlement. Creep tests to determine creep rates, rupture life, and 
rupture strain were conducted at 650°C and stress levels from 17,000 to 
55,000 psl. Tensile tests giving yield stress, ultimate stress, and 
fracture strain were made at temperatures from 25 to 850°C. Selected 
samples that had been tensile tested at 25 and at 650°C were examined 
metallographically. Similar inspections and tests were given the speci
mens exposed to the cell atmosphere. 

A tensile specimen of IN0p-8 being strained at an elevated temper
ature normally develops some fissures before the specimen fractures. 
The fissure? are intergianular and the fracture is intergranvlar - this 
is normal at high temperatures. At room temperature, on the other hand, 
the normal kind of fracture is mostly transgranular and fissures away 
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Table 3 . Extent of Exposure of INOR-8 Specioens in MSRE 

Tine at high 
temperature^ Tiae Reactor 

Date (hr) in fuel heat Thernal 
:— (5»ih Neutron 

In Out Total With FP1 (hr) neutrons/cm-) Fluence c 

• 10- -
Pre-power core array 1964 8/65 3,306 0 1,090 0.0 0 .0 
Stringers H i , RE1, RSi 9/8/65 7/28/66 5,550 2.55C 2,813 7,980 1.3 

Stringer KS2 9/16/66 5/15/67 5,554 5,220 4,112 25,120 4.1 

Stringer RS3 5/31-'67 4/2/68 6,379 6,300 5.877 32,990 5.3 

S t r i c t e r RK2 9/16/66 4/2/68 11,933 11,600 9,989 58,110 9 .4 

Str inger 1*3, K54 4/18/68 6/6/69 7,203 3,310 4.868 18,720 5.1 

Stringer RL2 9/16/66 6/6/69 l«f, i:6 IS.800 14,357 76,830 \ •-.. 6 

Final core array 7/31/69 12/18/69 2,815 2,360 2 t ?90 11,870 3.2 

Components of fuel loop 1964 1970 30,807 24,500 21,040 96,680 0-19 

Stringer XI 8/24/65 6/5/67 11,104 n 0 33,100 0 .13 

Stringer X2 8/24/65 5/7/68 17,483 0 0 66,100 0.26 

Stringer X* 6/7/67 6 / /69 13,582 0 0 51,70i> 0.25 

'Tin* logged above 50C*C. Al l was at 650 r iu*C with the exception of iOO hr at 760*C in October, 1965, 
about 750 nr at 500-600 #C in February-March, 1966, and 500 hr at 630"C in December, 1967-February, 1968. 

"Tine above 500*C after exposure of specimen to fuel s a l t containing fresh f i s s i o n Products. 
^ - . -
"Fluence of neutrons with £<0.876 eV, based JO flux Monitor measurement LS made during *• - 3 C operation, 

with ca lculated correction for higher f lux during - c 3 : C operation. 
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from the fracture are abnormal. Thus a high incidence of intergrnnular 
cracking in samples deformed at 25°C is a definite indication of grain 
boundary embrittlement or weakness. For this reason, in the descriptions 
that follow, attention will be focussed primarily on the metallography of 
unstrained specimens or those straited at 25°C. The results of the me
chanical property testing have been fully reported4'7, and only those 
results that are relevant to the surface cracking phenomenon will be 
mentioned here. 

Specimens Exposed Before Power Operation 

The specimen array that was in the core during the prenuclear testing 
and nuclear startup experiments was there p^nmarily as a neutronic stand-
in for the li-ter surveillance assemblies. Although it contained similar 
amounts of graphite and metal, its design was dxfferent from that of 
later assemblies, and the MOR-8 used was from unidentified heats of 
standard alloy. The post-exposure examinations were also limited. How
ever, the results arc of r,cme interest, because the array had been at 
high temperature and exposed to salt for reasonably long times: at high 
temperature for 3306 hr, exposed to flush salt for 990 hr, and exposed 
to uranium-bearing salt for 1090 hr (see Table 3). 

The cnly visible change in the specimens as a result of their ex
posure was that the originally shiny specimens of IKOR-8 had developed 
a bright gray-white matte surface.15 The microstructure of oi*e of the 
specimens after it was fractured at 25°C is shown in Fig. 7. No grain-
boundary cracks are visible. The 1-nil surface layer that etched more 
darkly caused some concern at first. However, as will be brought out 
later, the modified surface layer was present on control specimens as 
well as on those exposed in the core and, on a series of specimens, 
showed no systematic variation with exposure time. Further work shoved 
that it was likely cold-work from machining causing carbides to precipi
tate more readily near the surface. (See later discussion of possible 
connection to surface cracking.) 
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Fig. 7. Micros trueture of INOR-8 Sample Held Above 500°C for 3306 
hr During the "Zero-powei" Run of the MSRE. (Fuel was in system 1090 
hr.) (a) As polished, (b) Etched with glyceria regla. The material is 
cold worked, and the grains are not delineated by etching. 
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The important point to be noted here is that INOR-8 specimens exposed 
to fuel salt for a considerable period of time before the generation of 
substantial nuclear power (and fission-product inventories) shoved no in-
intergranular surface cracks upon testing at 25*C. 

First Group of Surveillance Specimens 
(Stringers RL1, RR1, and RSI) 

WLen the first standard specimen array was taken out in July, 1966, 
portions were found to have been damaged.* Because of the damage, none 
of the three stringers could be put back into the core, but less that 
one third of the INOR-8 specimens were affected, so there were plenty 
of each heat (5085 and 5081) that could 5e tested. Corresponding speci
mens from the control facility were also tested. The extensive results 
are reported in detail.1* 

Corrosion of the core specimens appeared to be very minor. By 
visual inspection the metal surfaces were a uniform dull gray, with no 
sign of localized corrosion. Metallography also reveled little or no 
ferceptible corrosion. 

Tensile tests showed a small decrease in the yield strength of the 
control specimens compared with the unexposed specimens and those exposed 
i.a the core. Ultimate tensile stresses decreased significantly from 
the unexposed specimens to the control specimens to the core specimens, 
as shown in Table 4. The variation in the ultimate tensile stresp is; 
associated with decreases in fracture strain. (INOR-8 tensile specimens 
tested at 25°C continue to strain-harden to near fracture, so any reduc
tion in fracture strain would cause failure at a lower ultimate stress.) 
Examination of these and later specimens indicated that the reduction in 
fracture strain at 25°C was not connected with the surface-cracking 
phenomenon, but was due to carbide precipitation that occurred upon aging 
and was enhanced by irradiation. 

*The damage occurred because, when the core <*as drained, some salt 
was trapped between the specimens, where it froze and Interfered with the 
differential contraction of the graphite-metal assembly during cooldowr.16 

This problem was avoided in subsequent assemblies by a slight design change. 



Table 4. Tensile Properties of Surveillance Samples From 
Sivat Group at 25*C and a Strain Rate of 0.05/min 

Heat Condition Yield Ultimate Uniform Total Reduction 
Stress Tensile Stress Elongation Elongation In Area 
(psi) (psi) % % 7 

5081 Annealed 52,600 125,300 56.7 59.5 50.5 
508.1 Control 47,700 118,700 55.9 57.6 48.8 
5081 Irradiated 51,100 105,500 38.5 38.7 31.3 
5081 Irradiated 54,100 109,000 42.6 42.6 25.9 
5085 Annealed 51,500 120,800 52.3 53.1 42.2 
508J Control 46,200 109,200 40.0 40.0 28. * 
5085 Control 45,500 111,200 46.8 46.8 31.5 
5085 Irradiated 48,100 100,300 34.3 34.5 26.0 

aAnnealed - Annealed 2 hr at 900°C. Control — Annealed 2 hr at 900°C, annealed 4800 hr at 
650°C in static salt. Irradiated — Anneaied 2 hr at 900°C. irradiated to a thermal fluence 
of 1.3 x 1 0 2 0 neutrons/cm2 over 5550 hr at 650°C in the MSRE. 
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Effects of Carbide Precipitation 
An observation that connected the decrease in 25°C fracture strain 

with carbide precipitation was the following. The fracture strain at 
room temperature of irradiated specimens could be improved by an anneaJ 
of 8 hr at 870°C (p. 17, ref. 5). This is a carbide agglomeration anneal, 
and the recovery of ductility by such an anneal suggested that the em-
brittlement was due to the precipitation of copious amounts of carbide. 
The precipitate was observed and identified as MgC, which is brittle at 
room temperature. Extraction replicas showed more precipitate in core 
specimens than in control specimens. Thus it appeared that, at least in 
the standard alloy, irradiation enhanced the nacleation and growth of the 
precipitate that occurs to some extent at high temperature without irra
diation. 

Metallography of specimens broken in tension at 25°C revealed differ
ences in the nature of the fractures in core and control specimens. These 
differences are believed to be ar.ocner manifestation of carbide precipita
tion. Figures 8 and 9 show specimens of heat 5081 from the control 
facility and from the core. The fracture in the control specimen (Fig. 8) 
is typical of transgranular shear-type failure (cup-cone appearance). In 
contrast, the fracture of the core specimen (Fig- 9) is largely inter-
granular. Ueat 5085 specimens are shown in Figs. 10 and 11. The fracture 
in the 5085 control specimen is mixed transgranular and intergranular, with 
the elongated grains attesting to the large amount of strain. The frac
ture in the 5085 core specimen is largely inter granular with numerous 
intergranular cracks in the microstrueture. 

Surface Crdicing 
Specimens of b)th heats exposed in the control facility and tested 

in tension showed no cracks except very near the fractures. The core 
specimens of both heats, on the other hand, showed several Intergranular 
cracks along the gage lengths. The difference is clearly shown in Fig. 
12, which is a composite of photomicrographs of longitudinal sections 
of stiained control and core speciaens of he*t 5085. Pictures of 
the sections along '.he entire gage lengths were examined to determine 



22 

Y-78244 

^ X T 
^^•^ftsL.""•*^»*'i*. ' ^ . ' K L ^ -.fV- '••*<«*-*^. 

» 
,K 

Fig. 8. Photomicrographs of Control Specimen AC-8 from Heat 5081 
Tested at 25*C and at a Strain Rate c.c 0.05/min. (a) Fracture, (b) Edge 
of specimen about 1/A in. from fracture* Etchant: glyceria regla. 
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Fig. 9. Photomicrographs of Surveillance Specimen D-16 from Heat 
5081 Tested at 25°C and at a Strain Rate of 0.05/mln. (a) Fracture, 
(b) Edge of specimen about 1/4 in. from fracture. Etchant: glycerla 
regia. 
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Fig. 10. Photomicrographs of Control Specimen DC-24 from Heat 5085 
Tested at 25°C and at a Strain Rate of 0.05/mln. (a) Fracture, (b) Edge 
of specimen about 1/4 In. from fracture. Etchant: glycerla regla. 
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Fig. 11. Photomicrographs of Surveillrace Speciaen A-16 from Heat 5085 
Vested at 25*C and at a Strain Bate of O.OVmin. (a) Fracture, (b) Edge 
of Specimen about 1/4 In. from fracture. 2tchant: glyceria regia. 



Fig. 12, Photomicrographs of Heat 5085 strained at 25°C After 3.350 hr Above 500°C. The 
top specimen was in static fuel salt containing depleted uranium, arid the lower specimen was In 
the MS RE core. The true specimen diameters are 0.070 and 0.090 in., respectively. 
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frequency and depth of cracks. In the section of the control specimen, 
on]y one surface crack was found (a frequency of about 1 per inch). Its 
depth was 5.7 ails. The section of the core speciaen shoved 19 cracks 
per inch with an average depth of 2.5 ails and a •»*<•» depth of 8.8 
ails. The core speciaen has aore surface cracV-s than the control speci
aen (and the pre-power core speciaen) . 

Secoud Group of Surveillance Speciaens 
(Stringer KS2) 

In Hay 1967 stringer KS2, with speciaens of two aodlfied heats, was 
removed, and a stringer containing speciaens of two other aodified heats 
was installed. At the tiae it was reaoved, stringer RS2 had been at high 
teaperature for practically the saae length of tiae as the first group, 
out had seen 3 tiaes the neutron dose and fission product concentration. 
The core speciaens Iron RS2 and corresponding control speciaens (stringer 
CS2) were intensively examined and tested.5 

Visual inspection showed the core speciaens to be very slightly dis
colored but otherwise apparently unaffected. Photomicrographs of speci
aens (unstrained) after exposure ere sbo*n: in Figs. 13 and 14. (The 
unusually fine grain size is due to the fabrication history of the 
specimens, which included 100-hr anneals at 870*C.) The as-polished 
views of specimens of both heats show soae evidence of grain boundary 
modifications to a depth of 1 to 2 ails, and both show soae tendency 
to etch more readily near the surface. 

Core speciaens of both heats tested to failure in tension developed 
numerous intergranular cracks along the surfaces, while control speciaens 
tested similarly showed few or no surface cracks. The difference is 
illustrated in Figs. 15-18. Figure 15 and 16 are control and core speci
mens respectively of heat 21554. In the core specimen surfaces nearly 
every grain boundary is cracked to a consistent depth of about 2 alls. 
in the control speciaen there is no evidence of inteigranular edge 
crrcking. Figures 17 and 18 show the saae thing for heat 21545. 
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Fig. 13. Photomicrographs of ZirconiuL-Modified INOR-8 (Heat 21554) 
Removed from the MSRE after 5554 hr above 500°C. Edge exposed to flowing 
salt, (a) As polished. 500x. (b) Etchant: aqua regla. 100x- (c) Etchant: 
aqua regia. 500x. Reduced 302. 
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Fig. 14. Photomicrographs of Titanium-Modified INOR-8 (Heat 21545) 
Removed from the MSRE After 5554 hr above 500°C. Edge exposed to flowing 
salt, (a) As polished. 500x. (b) Etchant: aqua regla. lOOx. (c) 
Etchant: aqua regla. 500x. Reduced 333. 
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Fig. 15. Photomicrograph of the Fracture of a Zirconium-Modified 
INOR-8 Sample (Heat 21554) Tested at 25*C at a Strain Rate of 0.03/min. 
Exposed to a static fluoride salt for 5554 hr above 500°C before testing. 
Note the she ;r fracture and the absence of edge cracking. ICOx. Etchant. 
glyceria regia. 
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Fig. 16. Photomicrographs of a Zirconium-Modified INOR-8 Surveillance 
Sample (Heat 21554) Tested at 25°C at a Strain Rate of 0.05/min. Exposed 
in the MSRE core for 5554 hr above 500°C to a thermal fluence of 4.1 x 1 0 2 0 

neutrons/cm 2. Etchant: aqua regia. (A) Fracture. lOOx. (b) Edge of sample 
about 1/2 in . from fracture. ICDX. (c) Edge of sample showing edge cracking. 
500 x. Reduced 31.5%. 
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Fig. 17. Photomicrograph of the Fracture of a Titanium-Modified INOR-8 
Surveillance Sample (Heat 21545) Tested at 25°C at a Strain Rate of 0.05/min. 
Exposed to a s t a t i c fluoride sa l t for 5554 hr above 500°C before test ing. 
Note the shear fracture and the absence of edge cracking. lOOx. Etchant: 
glyceria regia. 
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Fig. 18. Photomicrographs of a Titanium-Modified IN OR-8 Surveillance 
Sample (Heat 21545) Tested at 25°C at a Strain Rate of 0.05/min. Exposed 
in the MSRE core for 5554 hr above 500*C to a thermal fluencc of 4.1 x 1 0 2 0 

neutrons/cm 2. Etchant: aqua regia. (a) Fracture. lOOx. (b) Edge of 
sample about 1/2 in. from fracture. 100x. (c) Edge of sample showing edge 
cracking. 500x. Reduced 32Z. 
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Yield and ultimate strengths at 25*0 were not appreciably different 
for the control and core specimens.5 Furthermore, although the edges of 
core specimens cracked intergranularly, the fractures were predominantly 
or entirely transgranular, as seen in Figs. 16 and 18. The fact that at 
25°C the ultimate stresses were not diminished by exposure and that the 
fractures were not intergrauular in these modified alloys (in contrast 
to th? observations on the standard heats) is attributed 10 the grain-
boundary carbide precipitation being less embrittling in the modified 
alloy. 

The most important observation relative to the cracking phenomenon 
is that the two modified alloys (heats 21554 and 215A5) with much smaller 
grain sizes exhibited intergranular cracking when deformed after exposure 
to the fuel salt. Although the depths of the cracks are less in the two 
modified alloys the same types of cracks are formed in both the standard 
and modified samples. The alloys involved had significant variations in 
Fe (4Z to <0.1Z), Mo (16.7Z to 12.QZ) , Si (0.6Z to 0.1Z), Zr (<0.1Z to 
0.35Z), and Ti (<0.01Z to 0.49%), and the fact that all formed intergran
ular cracks indicates that these compositional variations are not impor
tant in the cracking process. 

Third Group of Surveillance Specimens 
(Stringers RR2 and RS3) 

At the conclusion of operation with 2 3 5 U fuel, the core array was 
removed and specimens from two of ;he three stringers were tested. The 
remaining stringer, containing specimens of vessel heats, was put back 
into the core for more exposure along with two new stringers containing 
specimens of modified heats. The stringers from the core and the cor
responding stringers from the control facility included two heats (5065 
and 5085) of standard IN0R-8 and two different modified «:.Tlô s. Complete 
results of testing of these specimens are reported.6 

Visual examination shewed the DiOR-8 to be slightly discolored but 
otherwise in very good condition.17 
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Standard Alleys 
Stringers RR2, with the standard heats, had been exposed 2 to 4 

times as long as the standard alloy specimens in the first group. (The 
factor depends upon which exposure index is used; see Table 3.) Effects 
of the longer exposure were evident in metallographic examinations of 
unstrained specimens. Figures 19 and 20 are of specimens of heats 5065 
and 5085 exposed on stringer RR2 in the core. Some of the grain bound
aries near the surface are visible in the as-polisned condition, and a 
few appear tc be opened as small cracks with a maximum visible depth of 
about 1 mil. The etched views show the large amounts of carbide pre
cipitate that formed along the grain boundaries and the modified struc
ture near the surface, which is thought to be due to working from 
machining. In samples of these heats exposed in the control facility, 
grain boundaries were not visible in as-polished samples. This is shown 
for heat 5065 in Fig. 21. As in the core specimen, however, etching 
brought out the carbide precipitate and the modified structure near the 
surface. The micros true ture of control speciaens of heat 5G85 «*cs quite 
similar. 

Cracking at the surface of unstrained material was even more evi
dent in the examination of the straps that bound stringer RR2. These 
straps and those around the control stringer CR2 were of standard IN0R-8 
heat 5055. As shown in Fig. 22, the strap exposed in the core had cracks 
to a depth of about 1.5 mils. Cracks w«re distributed uniformly, both 
on surfaces exposed to flowing salt and those facing fhe graphite speci
mens. In contrast, the straps exposed in the control facility did not 
show any cracks. The straps after being formed, had bean annealed for 
1 hr at 1180 °C and should not have been stressed thereafter since they 
expanded more at high temperature than did the graphito they enclosed* 

Samples of heats 5065 and 5085 that had been exposed in the core and 
in the control facility were tested in tension at 25°Cy with the results 
shown in Table 5. Some of these strained specimens were sectioned and 
examined metallographically. 
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Fig. 19. Photomicrographs of DiOR-8 (Heat 5065) Surveillance Specimens 
Exposed to Fuel Sal t for 11,933 hr above 500°C, 500x. Shallow reaction layer 
i s seen near surface, (a) Unetched. (b) Etched (glycer ia regia). 
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Fig. 20. Photomicrographs of INOR-8 (Heat 5083) Surveillance Specimens 
Exposed to Fuel Salt for 11,933 hr above 500*C. 500x. Shallow reaction layer 
i s seen near surface, (a) Une'iiJtu (b) Etched (glyceric regia). 
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Pig. 21. Photomicrographs of IHOR-8 (Heat 5065) Surveillance Control 
Speciaens Exposed to Static Barren Fuel Salt for 11,933 hr above 900*C. 
Hote the shallow reaction layer near the surface, (a) Etched. lOOx. (b) 
As polished. 500x. (c) Etched. 500x. Etchant: glyceria regia. 
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Pig. 22. Photomicrograph* of IB0fc-8 (Heat 5055) after Exposure to (a) 
the M5BE Core and (b) the MSRE Control Faci l i ty for 11,933 hr above 500°C. 
This material was used for strrpfi for the surveillance assembly. As polished. 
500x. 

f 



Tabla 5. Tanalla Propurtlae of Survalllanca Samplot From 
Third Croup at 25''C and a Strain Rate vt 0.05/mln 

Haar: Condition Ylald Ultimata Uniform Total Reduction 
Straaa Tanalla Strcaa Elongation Elongation In Area, 
(pal) (pal) X X X 

5085 Annaalad 51,500 120,800 52.3 !>3.1 42.2 
5085 Outalda 46,500 99,100 32.6 32.8 24.5 
5085 Control 53,900 115,900 38.4 38.6 29.7 
5085 Cora 52,300 95,000 28.7 28.9 20.0 
5065 Annaalad 56,700 126,400 52.9 55.3 50.0 
5065 Outalda 49,000 118,800 57.8 59.7 3B.4 
5065 Control 60,900 126,700 46.5 47.4 39.3 
5065 Cora 51,700 109,300 41.4 41.5 34.1 

Annaalad - Annaalad 2 nr at 900*C. Outtlda - Annaalad, Irradiated to a thermal fluence 
of 2.6 x 1 C 1 9 neutrone/cm2 over a period of 17,483 hr at 650*C. Control — Annealed, ex-
poaad to depleted fuel aalt for 11,933 hr at 650*C. Core — Annealed, Irradiated to a 
thermal fluence of 9.4 x 1 0 2 0 neutrone/cm2 over a period or 11,933 hr at 650*C. 
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Microstruetures of stressed samples of heat 5065 froc the control 
facility and from the core are shown in Figs. 23 and 24, respectively. 
Numerous intergracular edge cracks are found in the saaple from the core 
(Fig. 24) and very few in the sample from the control facility (Fig. 23). 
The fractures of both of these samples are largely intergranular at all 
locations and not just near the edge, which is further evidence that the 
reduction in fracture strain (Table 5) is due to carbide precipitation 
along the grain boundaries and not related to the intergranular cracking 
near the surface. Tested samples of heat 5085 from the control facility 
and the core are shown in Figs. 25 and 26, respectively. The as-polished 
views in the latter figure show some of the large carbide particles that 
fractured during testing. 

The samples that were fractured at 25*C were repolished at a later 
date, one-half of each fractured sample was photographed. The composite 
microstructures for heat 5065 are shown in Fig. 27. Ti.ere are obviously 
nore intergranular cracks in the sample exposed to the core than in the 
sample exposed in the control facility. There were 3 cracks per inch 
with an average depth of 1.0 mil in the control sample and 230 cracks 
per inch with an average depth of 1.8 mils in the sample from the core. 
A composite .photograph of the tested portions of the heat 5085 sample 
is shown in Fig. 28. There were 134 cracks per inch along the edge of 
the sample from the core with an average depth of 1.9 mils. Hone were 
visible along the edge of the control specimen. 

Modified Alloys 
Stringer RS3 with the specimens of modified alloy had br^n exposed 

about half as long as stringer RR2 with heats 5065 and 5085. The modified 
alloy specimens deformed more before fracturing than did the standard 
alloy specimens, but they also developed numerous intergranular edge 
cracks. As with the standard alloys, the samples frum the control fa
cility did not show edge cracks. 

Figures 29 and 30 are photomicrographs of strained specimens of heat 
67-502 (modified with 0.49Z Ti and 2.1^Z W and containing 0.04Z Fe). 
The specimen exposed in the control facility (Fig. 29) has its edges 
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Pig. 23. PlwtoBicrographa of a WOt-8 (Ha-»t 3065) SaapU fttpoaad to 
Static ftarran 7ual Salt for 11,933 hi abova SOO'C and Ynan Te«t»d at 2S*C 
and a Strain Rata of 0.05/ado. lOOx, (a) Fractura, aa poilalWd. (b) 
Fz«t;tt»ra, atchad. (c) Edga of atraaaad portion, atchad. £fchant: glycaria 
r*»U. 
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Fig. 24. fhotortcrograa^ta of DIOt-8 (Boat 5045) Saapl* Expoaad to 
Flvorida Salt io tba fcOtt tor 11,933 hr abov* S00#C and Than Taatad at 
2S*C and a Strain la ta of :>.05/P- a. Tharawl floaoca vta 9.4 x 1 0 2 0 aao-
trcoa/cB 2 . lOOx. (a) Fracttira, aa polisbad. (b) Fractnra, atcbad. fc) 
t«4. ?f atraaaad portion. Etzbant: aqua ragla. 
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Fig. 25. Photomicrograph* of INOR-8 (Heat 5085) Specimen Exposed to 
Depleted Static Fuel Salt for 11,933 hr at 650* and Strained at 25°C. (a) 
Fracture, ao polished, (b) typical edge of gage sect ion, as polished, (c) 
typical unstrcssari edge, etched with glyceria 'egla. 
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Fig. 26. Photomicrographs of ItfOR-8 (Heat 5085) Sample Exposed to Fluoride 
Salt in the MSRE for 11,933 hr above 500°C and then Tested a t 25°C. Thermal 
fluence was 9.4 x 1 0 2 0 neutrons /cm 2 , (a) Fracture, as pol ished. lOOx. (b) 
Fracture , as pol ished. 500x. (c) Fracture, etched. lOOx. (d) Edge of s t ressed 
por t ion, etched. lOOx. Etchant: aqua regia . 
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Fig. 27. Sections of Heat 5065 Tested at 25°C After Exposure to Fuel Salt for 11,933 hr 
above 500°C. Diameters of specimens are about 0.1 in. The fractures are on the left end. 



Fig. 28. Photomicrographs of INOR-8 Specimens Snrained to Fracture After 1],933 hr above 
500*C. The upper sample was in the control f a c i l i t y and the lower sample was in the MSRE core. 
The sample diameter i s about 0.1 in . 
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Fig. 29. Photomicrographs of Alloy 67-502 (see Table 1) Exposed to 
Depleted Fuel Salt for 6379 hr Above 500*C and Tested a t 25°C. (a> Edge 
of unstressed por t ion, (b) Fracture, (c) Edge of s t ressed port ion. Tigs 
(a) and (c) etched l i g h t l y . Fig. (b) etched more heavily with glyceri, 
regia. 
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Fig. 30. Photomicrographs of Alloy 67-502 Sample Exposed to Fluoride 
Salt in the MSRE for 6379 hr Above 500°C and then Tested at 25°C. lOOx. 
(a) Fracture, as polished, (b) Fracture, etched, (c) Edge of stressed 
portion, etched. Etchant: aqua rtgia. Reduced 33Z. 
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coated with small crystals of almost pur' iron. (The control facility 
was constructed of Material containing 4 to 52 Fe, so the transfer of Fe 
to an alloy that contained only 0.04Z Fe is quite reasonable.) The sample 
strained 552 before fracture, and the fracture was mixed transgranular 
and inter granular. The edge was uneven from the large deformation, but 
there »ere very few intergranular separations. The sample from the core 
(Fig. 30) deformed almost as much (52Z) before fvacturing. In contrast 
to the control specimen, edge cracking occurred at almost every grain 
boundary. The cracks generally extended to a depth of about 5 mils, 
with the maximum depth being about 7 mils. However, as shown in the view 
of the fracture, this material tended to crack intergranularly and these 
internal cracks may have in some cases linked together with the surface 
cracks to make then extend deeper. 

Photomicrographs of samples of beat 67-504 tested at 25*C after 
exposure in the control facility and in the core are shown in Figs. 31 
and 32. This heat modified with C.50Z Hf, contained 0.072 Fe. As shown 
in Fig. 31, iron deposited on the surface of this heat » Iz did on 
67-502. This sample, from the. control facility, deformed 55Z before 
failing with a mixed inter- and transgranular fracture. There were no 
intergranular edge cracks. The sample exposed in the core deformed 
522 before fracture. The fracture vas primarily transgranular but there 
were frequent edge cracks (Fig. 32). Most boundaries were cracked, but 
the cracks extended only to a depth of about 2 mils in the fields that 
were photographed. 

Fourth Group of Surveillance Specimens 
(Stringers RL2, RR3, and RS4) 

The last regular core surveillance assembly vas removed in June, 
1969 to make way for a special experimental array.*** Stringer RL2, 
with specimens of standard INOR-8 (heats 5065 and 5085) , had been in 
the core at high temperature almost 12,COO hr during Che 2 3 5 U operation 
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Fig. 31. Photomicrographs of Alloy 67-504 (see Table 1) Exposed to 
Depleted Fuel Salt for 6279 hr Above 500'C and Tested at 25°C. (a) Edge 
of unstressed portion, (b) Fracture, (c) Edge of stressed portion. Figs 
(a) and (c) as-polished and Fig. (b) etched with glyceria regia. Reduced 
33.5%. 
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Fig. 32. Photomicrographs of INOR-8 (Heat 67*504) Sample E\posed to 
Fluoride Salt in the MSRE for 6379 hr Above 500°C and Tested a-; 25°C. lOOx. 
(a) Fracture, as polished, (b) Fracture, etched, (c) Edgs of Stressed por
t ion, etched. Etchant: aqua regia. Reduced 142. 
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and 7200 hr during / 3 3 U operation. The other scringers, with two modi-
fied alloys, had been exposed only during the 2 3 3 U operation. Results 
of examinations of these specimens and corresponding specimens frcm the 
control facility are reported.7 

Visual examination shoved all of the IKOR-8 specimens from the core 
to be noticeably more discolored than those in previous arrays, with sur
face films thick enough to be seen in cross section by light microscopy. 
There were also slight changes in the appearance of the graphite 1 8 Beth 
of rhese observations indicate some difference in the exposure conditions 
during the most recent operation. (From other observations it was known 
that the fuel salt was relatively more oxidizing during at least part of 
the 2 3 3 U operation. See pp. 85-98 of ref. 13.) 

Standard Alloys (RL2) 
Photomicrographs of unstrained specimens of heats 5065 and 5085 from 

RL2 revealed many grain boundariea near the surfaces that were visible in 
the as-polished condition. Jhe view of a specimen of heat 5065 in the 
as-pollsh~d condition, (Fig. 33) shows a thin surface layer (believed to 
be the cause of the visible discoloration) and some grain boundaries 
visible to a depth of about 2 mils. Etching this particular sample re
vealed the typical carbide structure plus a narrow band near the surface 
that seems to have a high density of carbide. Photomicrographs of heat 
5035 after removal from the core are shown in Fig. 34. Many of the 
grain boundaries are visible in the as-polished condition zo a depth of 
about 2 rails. Etching reveals the typical microstructure with very ex
tensive carbide precipitation. In the as-polished view of the heat 5065 
control specimen (Fig. 35), grain boundaries are also visible, but in 
this case, the appearance is uniform across the sample and is due to 
polishing long enough that the different grains are at different eleva
tions. Etching reveals the shallow surface modification and the typical 
carbide structure. The heat 5085 specimen from the control facility, 
shown in Fig. 36, was also slightly overpolishf.d so that the grains are 
visible in the as-polished condition. Etching revealed the typical 
microstrueture and the shallow surface modification. 
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Sf; o 3 ' T y p i c a l Photomicrographs of INOR-8 (Heat 5065) Exposed to the 
MSRE Core for 19,136 h r Above 500°C. (a) As p o l i s h e d . (M Etchant-
aqua r e g i a . 500x. 
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Fig. 34. Typical Photomicrographs of INOR-8 (Heat 5085) Exposed to 
the MSRE Core for 19,136 hr Above 500°C. (a) As polished, (b) Etchant: 
glyceria regia. 500x. 
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Fig. 35. Typical Photomicrographs of Heat 5065 After Exposure to Static 
Unenriched Fuel Salt for 19,136 hr Above 50C°C. 5O0x. (a) As polished, (b) 
Etchant: giyceria regia. 
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Fig. 36. Typical Photomicrographs of H«*at 5085 After Exposure to Static 
Unenrichcd Fuel S«lt for 19,136 hr above 500°C. 500x. (&) As polished, (b) 
Etchant: glyceria regis. 
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As in the previous set of core specimens, the straps of heat 5055 
showed more cracks in the nominally unstrained condition than did the 
tensile specimens on the same stringer. A section of a strap from 
stringer RL2 that had been exposed, along with the specimens shown in 
Figures 33 and 34, is shown in Fig. 37. The cracks in this as-polished 
view are visible to a depth of about 3 mils, about twice as deep as in 
the strap exposed 12,000 hr during 2 3 5 U operation (Fig. 22). Heat 5055 
straps were also used on the strangers exposed only during the 2 3 3 U 
operation (7200 hr). A specimen of one of these straps is shown in 
Fig. 38. In the as-polished condition, cracks were visible to a depth 
of about 1 mil; etching made them visible to a depth of about 3 mils. 
The cracking was quite uniform along all surfaces of the straps, indi
cating that the deformation of the 20-mil straps during removal was not 
a factor in the appearance of the cracks. Examination of unirradiated 
control straps failed to reveal a similar type of cracking. 

Cne other interesting specimen that showed extensive cracking was 
a piece of thin IN0R-8 sheet (heat 5075) that had been attached to the 
strap shown in Fig. 38. The sheet had been rolled to 4 mils and annealed 
0.5 hr at il80°C. The edges of the foil were wrapped around the strap 
to hold the material in place. Thus the outside surface of the foil 
would have been exposed to flowing salt and the underside and the folded 
ends to salt that flowed less rapidly. The foil was extremely brittle 
and broke while it was being reicoved from the strap. The photomicrographs 
in Fig. 39 show that the foil had extensive grain boundary cracks, with 
many appearing to extend throughout the 4 mil thickness. In some areas 
the cracks were more numerous on the outside where the. material was curved 
and was in contact with rapidly flowing salt. Photomicrographs of a 
strap and foil that were exposed to static salt in the control facility 
are shown in Figs. 40 and 41. The samples showed no evidence of inter-
granular cracking. 

A fracture surface of the foil from the MSRF was examined by the 
scanning electron microscope (SEM) and Auger spectroscopy. The fracture 
is shown in Fig. 42 and is intergranular. The SEM vith a dispersive x-ray 
analytical system indicated the presence only of the elements normally 
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Fig. ?7. Typical Microstructure of INOR-8 (Heat 5055) After Exposure 
to the MSRE Core for 19,136 hr Above 500°C. This material was used for 
straps for the surveillance assembly. As polished. 500x. 
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Fig. 38. Fnotomicrographs of INOR-8 (Heat 5055) Strap Exposed to the MSRE Core 7203 hr 
above 500°C. (a) As-polished view near cut (b) Etched view near cut (c) As polished view of 
outside edge (d) Etched view of outside edge. Etchant: Lactic a.'.id, HN03, HC1. Reduced 32%. 



- »e72» 

Fig. 39. Photomicrographs of Two Specimens From a Thin INOR-8'(Heat 5075) Foil that was 
Attached to the Strap Shown in the Previous Figure. The curvature was caused by forming before 
being inserted into the MSRE. (a) As polished (b) Etched (c) As polished (d) Etched. Etchant: 
Lactic acid, WN03, HCl. Reduced 32%. 
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Fig. 40. Photomicrographs of INOR-8 (Heat 5055) Straps Exposed to 
Static Unenriched Fuel Salt 7203 hr Above 500*C. (a) As-Polished 33x, 
(b) As Polished, 500x, cracked regions are carbide that fractured during 
initial forming, (c) Etched with glyceria regia, 500x. Reduced 33%. 
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Fig. 41 . Photomicrographs of a Thin INOR-8 (Heat 5075) Foi l that 
was attached to the strap shown in the Previous Figure, (a) As Pol ished, 
(b) Etched with g lycer ia reg ia . 500x. 
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Yig. 42. Scanning Electron Micrograph of INOR-8 (Heat 5075) Foil 
Exposed to the MSRE Core for 7203 hr Above 500°C. (a) Topographical view 
of fracture showing the surfaces of the fractured grain boundaries. 500x. 
(b) lOOOx. 
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found in INCR-o. Auger electron spectroscopy indicated that Te, S, and 
Mo were concentrated in the boundaries. Definite confirmation of the 
presence of these elements was difficult because many of the spectra 
overlapped. 

Samples of heats 5065 and 5085 that were removed from the control 
and the surveillance facility after 19,000 hr were subjected to numerous 
mechanical property tests, and sone specimens were examined metallo-
graphically after having been strained to fracture. The tensile properties 
measured at 25°C are summerized in Table 6. The changes in the yield 
stress are small and probably within experimental accuracy. The reduc
tions in the ultimate tensile stress are due primarily to the reduced 
fracture strain, which, as explained before, is believed tc be due to 
carbide precipitation that is dependent upon time at temperature, 
irradiation, and the particular heat involved. 

The control sample of heat 5065, whose microstructure is shown in 
Fig. 43, deformed 50% before fracture. The fracture is mixed intergranu
lar and transgranular and no cracks formed along the edge away from the 
immediate vicinity of the fracture. The microstructure of a heat 5065 
sample from the core is shown in Fig. 44. This sample defonrad 43% and 
had a mixed fracture. Numerous intergranular cracks to a depth of about 
5 nils formed along the gage length. Samples of heat 5085 from the con
trol facility and the core are shown in Figures 45 and 46. The control 
sample failed after 41% strain with a mixed fracture. No intergranular 
cracks were visible in the field shewn in Fig. 45. The sample c£ heat 
5085 from the core that was tested at 25°C failed after much less strain 
(22%). As shown in Fig. 46, the fracture is mixed, and numerous inter
granular cracks formed along the surfaces to a depth of 5 mils. 

Composite photographs of sections of the broken control and sur
veillance samples of heats 5065 and 5085 were made for overall viewing. 
These are Figures 47 and 48. These pictures show very clearly that the 
intergranular cracks are more frequent and deeper in the specimens 
exposed in the core than in the control samples. The photograph of the 
heat 5085 core sample also shows that very small strains are sufficient 
to make the cracks visible. The sample had a 3/16-in. radius at the 
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Heat Condition8 Yield Ultimate i. ,, 

Stress Tensile s t ress « w ° I T T ° t a l Reduction 
(PSD (psi) E l ° n 8 « i o n Elongation m Area 

* X % 
5085 Annealed 51,500 120,800 52.3 53.1 42.2 
5085 Control 48,100 108,500 40.5 40.6 32.8 
5085 Irradiated 53,900 89,000 22.0 22.1 19.6 
5065 Annealed 56,700 126,400 52.9 55.3 50.0 
5065 Control 61,200 126,500 48.5 49.8 36.8 
5065 Irradiated 56,700 109,500 42.5 42.8 33.2 

Annealed — Annealed 2 hr at 900°C. Control ~ Ann'.aled, exposed to depleted fuel sa3t for 
19,136 hr at 650°C. Irradiated — Annealed, irradiated in core to a thermal fluence of 
1.5 x 1 0 2 1 neutrons/cm2 over a period of 19,136 hr at 650°C. 
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Fig. 43. Typical Photomicrographs of TNOR-8 (Heat 5055) Sample Tested 
a t 25eC After Being Exposed to S ta t ic Unenricked Fuel Salt for 19,136 hr 
above 500°C. Etchant: nlyceria regia. (a) Fracture . lOCx. (b) Edge 
near f racture . lOOx. (c) Representative unstressed s t ruc tu re , 500*. 
Reduced 22%. 
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Fig. AA. Photomicrographs of INOR-8 (Heat 5065) Sample Tested at 25°C After Being Exposed 
to the MSRE Core for 19,136 hr Above 500°C and Irradiated to a Thermal Fluence of 1.5 x 10** 
neutrons/cm2, (a) Fracture, etched. lOOx. (b) Edge, as polished. lOOx. (c) Edge, a: polished. 
500x. (d) Edge, etched. lOOx. Etchant: glycena regia. Reduced 26%. 
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Fig. 45. Typical Photomicrographs of INOR f* (Heat 5085) Sample Tested 
at 25°C After Being Exposed to £ t a t i " Unenrichcu Fuel Salt, for 19,136 hr 
Above 500°C (a) Fracture , etched. lOOx. (b) Edge near fre.cture, e tched. 
lOOx. (c) Representative unstressed s t ruc tu re , etched. 500x. Etchant: 
glyceria regia . Reduced 24.5%. 
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Ig . 46. Photomicrographs of INOR-8 (Heat: 5^*85) Sample Tested a t 25°C After Being 
Exposed to the MSRE Core for 19,136 h r Above 500°C and I r r a d i a t e d to a Thermal Fluence of 
1.5 x 1 0 2 1 n e u t r o n s / c m 2 , (a) F r a c t u r e , e t ched . lOOx. (b) Edge, as p o l i s h e d . lOOx. (c) 
Edge, as p o l i s h e d . 500x. (d) Edge, e t c h e d . lOOx. E t chan t : g l y c e r i a r e g i a . Reduced 
27%. 
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IRRADIATED 

Fig. 47. Photomicrographs of INOR-8 (Heat 5065) Strained to Fracture, a t 25°C. Top 
specimen was exposed to s t a t i c unenriched fuel s a l t for 19,136 hr above 500°C and the 
lower specimen was exposed to the MSRE core for the same time. The diameters are about 
0.1 i n . 
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F i g . 48. Photomicrographs of INOR-8 (Heat 5085) S t r a i n e d to F r ac tu r e a t 25°C. The 
top specimen was exposed to s t a t i c unenricned fuel s a l t for 19,136 h r above 500°C and th 
lower specimen was exposed to the M3RE core for the same t ime. The d iameters a re about 
0 . 1 i n . 
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end of the gage section and the diameter increased rapidly from 1/8 in. 
to 1/4 in. Thus the stress, and hence the strain, decreased rapidly 
along this radius. Note in Fig. 48 that the cracks continue a large 
distance along the radius, into the region of low strain. 

An additional experiment was made with a core sample of heat 5085 
that had been cut too short for mechanical property testing. Tae re
maining segment was bent about 30° in a vise, then was sectioned and 
examined metallographically. The resulting photomicrographs are shown 
in Fig. 49. The tension side had intergranular cracks to a depth of 
about 4 mils, but no cracks were evident on the compression side. Both 
the tension and compression sides etched abnormally aear the surface 
because of the modification thought to be due to cold working. 

Modified Alloys (RR3 and RS4) 
The specimens on stringers RR3 and RS4 were of two different heats 

of titanium-modified alloy: heat 7320, containing 0.65% Ti, and heat 
67-551, containing 1.1% Ti. The 7200-hr exposure of these specimens had 
been entirely during the 2 3 3 U operation, in which the initial oxidation 
state was relatively high. The specimens were discolored and had much 
the same appearance as the standard heats. The samples were subjected 
to various mechanical property tests and some were examined metallograph
ically. The microstrueture of heat 7320 after exposure in the control 
facility and testing at 25°C is shown in Fig. 50. The sampxe deformed 
50% before fracturing in a mixed mode. No edge cracks were visible. A 
similar sample that was exposed to the fuel salt is shown in Fig. 51. 
It failed after deforming 45%. Edge cracks were present along almost 
every grain boundary to a depth of 3 to 5 mils. Note that many of these 
cracks proceed to where the cracking grain boundary intersects another 
boundary. Note also that the crack tips are quite blunt indicating that 
they formed early during deformation and were simply spread by further 
deformation and did not propagate. Similar metallographlc observations 
were made on heat 67-551. Control and core specimens deformed almost 
equal amounts before fracturing (52% and 51%). No edge cracks were ob
served in the sample from the control facility (Fig. 52), but numerous 
intergranular cracks were evident in the sample from the core (Fig. 53). 
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Fig. 49. Typical Photomicrographs of INOR-8 (Heat 5085) Sample Exposed to the MSRE 
Core for 19,136 hr Above 500°C. The sample was bent in a vise. (a) As polished, tension 
side. lOOx. (b) As polished, tension side. 500x. (c) Etched, tension side. 500x. (d) 
Etched, compression side. 500x. Etchant: aqua regia. Reduced 27%. 
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Fig. 50. Photomicrographs of a Modified INOR-8 (Heat 7320) Sasaple 
Tested at 25°C After Being Exposed to Static Unenriched Fuel Salt for 
7203 hr Above 500°C. (a) Fracture. lOOx. (b) Edge. lOOx. (c) Typical 
unstressed microstrueture. 500x. Etchant: glyceria regia. Reduced 22.52. 
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Fig. 51. Photomicrographs of a Modified INOR-8 (Heat 7320) Sample 
Tested at 25°C After Being Exposed tc the MSRE Core for 7203 hr Above 
500°C and Irradiated to a Fluence of 5.1 x 10 2 0 neutrons/cm2, (a) Fracture, 
etched, lOOx. (b) Edge, as polished. lOOx. (c) Edge, Etched. lOOx. 
Etchant: glyceria iegia. Reduced 22%. 
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Fig. 52. Photomicrographs of a Modified INOR-8 (Heat 67-551) Sample 
Tested at 25°C After Being Exposed to Static Unenriched Fuel Salt for 7203 
hr Above 500°C. (a) Fracture. lOOx. (b) Edge. lOOx. (c) Typical un-
stressaa microstrueture. 500x. Etchant: glyceria regia. Reduced 20.5%. 
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Fig. 53. Photomicrographs of a Modified ItfOR-8 (Heat 67-551) Sample 
Tested at 25°C After Being Exposed to the MSRE Core for 7203 hr Above 500°C 
and Irradiated to a Fluence of 5 .1 x 10 2 ° neutrons/cm 2 , (a) Fracture, etched. 
lOOx. (b) Edge, as pol i shed. lOOx. (c) Edge etched. lOOx. Etchant: 
Glyceria regia . Reduced 17%. 
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Sp* cJTsens Erposed to Cell Atmosphere 

All of the IN0R-8 specisaens exposed to the cell atmosphere outside 
the reactor vessel (N2 with 2-5% O2) developed a dark gray-green, tena
cious surface film. Examination indicated that the film was oxide, and 
there was indication of nitriding. 

Figure 54 is a photomicrograph of one of the cell specimens exposed 
the longest (17,483 hr at high temperature). It shows a very thin, uni
form layer of oxide on the surface, with internal oxidation extending 
to a depth of 1 to 2 mils. Also evident is the usual MgC-type carbide 
formed curing the primary working and the long thermal aging. 

Results of 25°C tensile tests on the standard IN0R-8 specimens 
(heats 5065 and 5085) showed reductions (relative to unexposed material) 
in ultimate stress and fracture strain consistent with expectations from 
the results on control and core specimens. (See Table 5.) 

Figure 55 shows a sample of heat 5065 exposed to the cell environment 
and fractured at 25°C. The elongated grains attest to the large fracture 
strain (59Z), and the fracture is mixed transgranular and intergranular. 
A heat 5085 specimen exposed the same length of time failed with only 33X 
fracture strain, in a primarily intergranular mode as shown in Fig. 56. 
Both specimens showed a few shallow surface cracks, but the oxide layer 
did not appear to affect the deformation of the specimens. 

Studies Related to Modified Surface Microstrueture 

Reference was made in several instances to a modified microstructure. 
Metals -mite often have different micrestructures near the surface than 
deeper in the piece. Processing methods can account for these variations 
on as-fabricated surfaces. Hot working is often accompanied by oxidation 
or decarburization that can produce either larger or smaller grains near 
the surface. Tubing is often made by alternately drawing cold and an
nealing to soften the metal. The lubricants used in drawing are difficult 
to clean from the inside surface, and residues can diffuse into the tubing 
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Fig. 54. Photomicrographs of Hastelloy S? (Heat 5065) Surveillance 
Specimens Exposed to the C2II Environment of N: + 2 to 5% 0 2 for 20,789 
hr at 650°C. 500x. (a) Unetched showing surface oxidation (b) Etched 
(glyceria regia) showing shallow modification of microstructure due to 
reaction with ce l l environment. 
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Fig. 55. Photomicrographs of INOR-8 (Heat 5065) Sample Tested at 
25*C at a Strain Rate of 0.05/nin. Sample had been irradiated to a 
thermal fiuence of 2.6 x 1 0 1 9 neutrons/cm2 while being exposed to the 
c e l l environment above 500°C for 17,483 hr. 100x. (a) Fracture, as 
polisfred. (o) Fracture, etcned. (c) Edge of stressed portion. Etchant: 
aqua regia. 
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Fig. 56. Photomicrographs of INOR-8 (Heat 5085) Sample Tested at 25°C 
at Strain Rate of 0.05/rain. Sample had been Irradiated to a thermal fluence 
of 2.6 x 1 0 1 9 neutrons/tm 2 while being exposed to the ce l l environment above 
500°C for 17,483 hr. lOOx. (a) Fracture, as polished, (b) Fracture, etchec 
(c) Edge of stressed portion. Etchant: aqua regia. 
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during annealing. The lubricants are usually high in silicon or carbon 
and these elements can cause a layer of snail grains to form near the 
affected surface. 

Our surveillance sair.ples were machined from larger pieces of mate
rial, so none jf the explanations that we have given can apply. The 
l/4-in.-diam surveillance rods were fabricated by several methods, all 
involving sone cold working. The rods were annealed for 1 hr at 1180°C 
(standard mill anneal) in argon and then centerless ground to the final 
dimension of about 0,245 in. The 1/8-in.-diam gage section was machined. 

The photomicrographs in Fig. 57 show typical surface modifications 
noted on surveillance and control specimens after long annealing times 
at 650°C. The modification is generally less than 1 mil deeo and is not 
detectably influenced by irradiation. Microprobe examination of the 
first control sample indicated that the modified region was slightly 
enriched in carbon and that none of the other alloying elements varied. 
Thus the modification appears to be a region of fine carbides that are 
dispersed along lines. We postulated that these lines were slip lines 
that resulted from the surface working during the final stages of fabri
cation. These slip lines would provide preferred s£tes for carbide pre
cipitation when the alloy was held at 650°C. 

We were able to duplicate the surface modification by solution 
annealing a red, ce^terless grinding, and annealing for a long period 
at 650°C. The resulting microstrueture Is shown in tig. 58. It is 
quite similar to the microstruetures in Fig. 57 and confirms that the 
modification is due to surface working. Thus, this modification is 
unrelated to the intergranular cracking phenomenon. 

Summary of Observations on Surveillance Specimens 

This section is intended as a convenient summary of the observations 
on the surveillance specimens that we believe arc pertinent to the inter
granular surface cracking phenomenon. Discussion and interpretations will 
come later, after the descriptions of the observations on MSRE components. 
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Fig. 57. Photooicrographs of Unstressed INOR-8 (Heat 5085) Control 
and Irradiated Samples. 

Fig. 58. Photomicrograph of INOR-8 (Heat 5085) Rod that was Annealed 
1 hr at 1177°C> Centerless Ground 5.2 mi l s , and Annealed 4370 hr at 650°C 
in Argon. 500x. Etchant: g lycer ia reg i s . 



85 

TNOR-8 specimens exposed to fuel salt for more than 1000 hr before 
the beginning of power operation shoved no intergranular surface cracking. 
All speciaezis exposed thereafter ia the core for periods ranging from 
2500 to 19,000 hr did show intergranular surface cracks after being 
strained in tension. Ho surface cracks were risible in unstrained speci
mens from the first se. of core surveillance specimers (exposed for 2500 
hr after the beginning of power operation), but specimens from all arrays 
removed later did show some cracks or incipient cracks in the unstrained, 
as-polished condition. 

In contrast to the core specimens, specimens exposed to salt in the. 
control facility for equal times at high, temperature and then tested in 
tension showed only a few surface cracks. Specimens exposed to the cell 
atmosphere developed an oxidized layer, which cracked upon being strained, 
but few or no cracks extended deeper than the oxide layer. 

The severity of surface cracking in core and control specimens of 
KSRE vessel heats exposed during various periods of time was neasured as 
follows. Photomicrographs were made if polished longitudinal sections of 
specimens of heats 5065 and 5085 that had been fractured in tension. 
Cracks visible along the edges of the gage portions of the specimens were 
counted, and the average and maximum depths were determined. Table 7 
gives the observed crack frequencies (number per inch of gage length) ard 
depths. 

We saw very evident differences between different heats in tie de
gree of surface cracking. Strained specimens of heat 5065 had more cracks 
than did specimens of heat 5085 exposed simultaneously, but average depths 
were not very different. (See Table 7.) Statistics were not gathered 
on specimens of modified heats, but the photomicrographs of strained 
specimens show crack frequencies and depths comparable to those in speci
mens of heat 5065. Straps and a foil of different standard heats showed 
more cracks than were visible in unstrained specimens cf beats 5065 and 
5085. 

The surfaces of specimens exposed during the first part ">f the 2 3 3 U 
opera .ion were noticeably more discolored than the surfaces of specimens 
exposed only during the 2 3 5 U operation. Presumably this was evidence of 



Table 7. Crack Formation in Haetelloy N Surveillance Samples 
Strained to Failure at 25*C 

Sample Description Time at High Temperature* (hr) 
Total With FP° 

Control, Heat 5085 5,550 
Heat 5085 5.550 
Control, heat 5085 11,933 
Heat 5085 11,933 
Control, Heal 5065 ] 1,933 
Heat 5063 11,933 
Control, Heat 5085 19,136 
Heat 5085 19.136 
Heat 5085 15,136 
Control, Heat 5065 15,136 
Heat 5065 19,136 

2,550 
2,550 
11,600 
11,600 
11,600 
11,600 
18,800 
18,800 
18,800 
18,800 
18,800 

Countad 
Total 

Crack Count 
( in , -*) 

1 
24 
0 

178 
3 

277 
4 

213 
140 

3 
240 

1 
19 

134 
3 

230 
3 

17t> 
146 

3 
229 

Depth (mila) 
Av Max 

5.7 
2.5 

1.9 

5.7 
8.8 

6.3 
1.0 2.0 
1.8 3.8 
1.5 2.8 
5.0 7 .0 C 

3.8 8.8 
2.5 4.0 
5.0 7.5 

00 

*Time logged above 500°C. All waa at 650 ± 10*C with the exception of 100 hr at 760°C 
in 10/65, about 750 hr at 500-600°C in 2-3/66 and 500 hr at 630°C in 12/67-2/68. 

b. 
ucta. 

Time above 500°C after expoaure of specimen to fuel salt containing fresh fission prod-

:One crack that may not be surface connected and probably had a different cause was 15 
mils deep, next largeat was 7 mils. 

* fxib^flk 
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the relatively aore oxidizing condition of the salt following the pro
cessing. It also indicates the importance of recognizing that corrosion 
(and possibly the surface cracking) was not proportional to time. The 
fluctuation in the concentration of chromium in the fuel salt (Fig. 5) 
is further evidence of this fact. 

Aging at high teaperature caused HgC-type carbide to precipitate 
throughout speciaens of heats 5065 and 5085. Irradiation enhanced this 
process. The ir»«_raased aaounts cf intergramiiar Kg C (which is brittle 
at rooa teaperature) wer«» attended by reductions in the fracture strains 
and ultiaate stresses at 25*C and a shift in the nature of the fractures 
at 25°C froa largely transgranular to aore nearly intergranular. These 
changes were observed in the surveillance --^eciaens froa the core and the 
cell and in the control speciaens, although the changes were greater in 
the surveillance speciaens. Little or no coarse MgC precipitate foraed 
in speciaens of aodified compositions, since the aodifications were tai
lored to produce fine carbide of the WC type. 

All aged IB0R-8 speciaens showed near the surface a layer that etched 
aore darkly, ihe aacunt of this aodified layer did not vary systeaati-
cally with tiae or teaperature. Experiaents produced evidence that the 
effect was likely due to cold work froa aachining, causing carbide to 
precipitate aore readily near the surface. 

EXAMINATION OF HSRE COMPONENTS 

A major objective of the postoperation examination of the MSRE i g> 2 0 

was to suppleaent the findings on the IN0R-8 surveillance speciaens by 
examining pieces cf DiOR-8 froa different parts of the fuel systea. All 
parts had been at high teaperature for 31,000 hr and in contact with fuel 
salt for 21,000 hr (about 1.5 tiaes as long as any surveillance specimen). 
Otherwise the conditions of exposure were quite varied. 

1. A control rod thiable (which had seen the highest nei.tton fluence 
of any IH0R-8 ever examined) offered three kinds of surface exposure on 
the saae piece: the inside exposed to N 2 + 22 0 2 at 650°C, outside sur
face exposed to flowing fuel salt, and outside surface that had been 
under a loose-fitting INOR-8 sleeve. 
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2. Heat exchanger tube& had been exposed tc fuel salt on the out
side ind coolant salt on the inside. 

3. The heat exchanger shell had been exposed to fuel salt on one 
side, cell atmosphere on the other. 

4. The sassier cage and mist shield in the pump bowl extended froic 
beneath the surface of the salt pool, through the surface (where certain 
cl&sses of fission products tended to concentrate) into a gas sp£ce. 

The major part cf the examination effort was en determinations of 
the amount and nature of deposits and metallography to reveal evidence 
of corrosion and surface cracking, although the pieces were generally 
of awkward shapes, some tensile and bend tests were run, and the examina
tion of the strained pieces proved to be most interesting. 

Control Rod Thimble 

The MSRE used three control Tod3 2 1 fabricated of Gd 20 3 and AI2O3 
canned in Inconsl 600. The control rods operated inside INOR-8 thimbles 
made of 2-in.-0D x 0.065-in.-wall tubing. The assembly before insertion 
in die MSRE is shown in Fig. 59. After being in service for several 
years (above 500°C for 30,807 hr), the lower portion of control rod 
thimble 3 was severed by electric arc cutting and moved to the hot cells 
for examination. Figure 60 shows the electric arc cut at the left (about 
at the midpoint of the o r e ) , the spacer sleeves, and the end closure 
(located at the bctr.om of the core). The thimble was made cf heat Y-8487, 
and the spacer sleeves were made cf heat 5060 (see Table 1 for chemical 
compositions). 

The first cui was made through the sleeve and thimble nearest the 
electric arc cut. Tba spacer sleeve had been machined with ribs 0.100 
in. high and 0.125 in. wide to position it relative to the graphite 
moderator. The sleeve had four drilled holes through which weld beads 
were depsoited ou the thimble to hold the sleeve in place. According 
to the shop drawings, t M minimum and maximum diametral clearances be
tween the thimble and the sleeve were 0.000 and 0.015 in., respectively. 
Thus salt would likely enter this annular region and be in contact with 
most of the metal surfaces. 
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Fig. 59. Control Rod Assembly before Insert ion in the MSRE. 

R-S4M 

Fig. 60. Portion of Control Rod Thimble that was Examined After 
Operation of MSRE was Terminated. The thimble i s made of 2-ii -OD x 0.065-
i n . - w a l l INOR-8 tubing (Heat Y-8487). The e l e c t r i c arc cut on the l e f t 
was near the center liny, of the core. 



90 

Undeformed Samples 
Samples of the control rod thimble and the spacer sleeve were cut 

and examined to determine their condition at the end of service. Typical 
photomicrographs of the inside of the thimble tube are shown in Fig. 61. 
This surface was oxidized to a depth of about 2 mils by the cell environ
ment of nitrogen containing 2 to 5% 0£. The oxidation process modified 
the microstrueture to a depth of 4 mils, likely due to the selective re
moval of chromium. 

Photomicrographs of one of the weld beads are shown in Fig. 62. 
All of the surface shown was exposed to flowing fuel jalt. Some dis
lodged grains are near the surface, and grain boundaries are visibl in 
the as-polished condition to a depth of 1 to 1.5 mils. 

Photomicrographs involving the interface between the thimble and 
sleeve are shown in Fig. 63. Figure 63(a) shows the annular region with 
a separation of about 7 mils and some salt present - Few surface irregu
larities are visible at a magnification of lOOx, indicating that they 
are considerably below 1 mil. Figure 63(b) is a 500x view of the thimble 
and shows some surface cracks to a depth of 0.3 mil. The outside nf the 
sleeve is shown in Fig. 63(c); a few grain boundaries to a depth of about 
1 mil are visible. Additional photomicrographs of the sleeve are shown 
in Fig. 64. The sleeve material does not appear to have received aa.ch 
working since the carbide is very inhomogeneously distributed. The .prain 
size is larger than usual away from the stringers. The inner and outer 
surfaces both have modified structures. A higher magnification view jf 
the inner surface [Fig. 64(b)] shows that much of the modification is a 
high density of primary carbide. The outer surface [Fig. 64(c)1 has a 
shallow layer of small grains, likely due to a working operation. 

A second cut was made away from the sleeve, and typical photomicro
graphs are shown in Fig. 65. This part of the thimble was exposed to 
flowing salt. Some of the grain boundaries are visible in the as-polished 
condition to a depth of about 4 mils and there is some surface modifica
tion [Fig. 65(a)], Etching [Fig. 65(b)] delineates more of the grain 
structure and shows the shallow surface modification. 
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Fig. 61. Photomicrographs of the Inner Surface of the Control Thimble 
in the As-removed Condition. This surface was exposed to c e l l environment 
of N2 containing 2 to 5% 02< (a) As polished. (b) Etched, (c) Etched, 
typical microstrueture. Etchant: Aqua regia. Reduced 30.5%. 
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Pig. 62. Photomicrographs of Outer Surface of Control Rod Thimble 
Showing the Weld Deposit Made to Hold the Spacer Sleeve. The weld surface 
was exposed to flowing salt, (a) As polished, (b) Etched: Aqua regia. 
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Fig. 63. Photomicrographs of As-polished Surfaces of Control Rod 
Thimble and Sleeve, (a) Annulus between thlvble and sleeve. Thimble sur
face is in upper part of picture, (b) Outside surface of control rod thimble, 
showing presence of some salt and shallow surface cracking, (c) Outside sur
face of sleeve. Surface exposed to flowing fuel salt. 
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Fig. 64. Photomicrographs of Control Rod Sleeve, (a) Etched view 
showing general micros true ture. Inner surface i s on l e f t and outer sur
face i s on right, (b) Inner surface of sleeve, (c) Outer surface of 
sleeve. £cchant: Aqua regia. Reduced 30.5% 
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Fig. 65. Photomicrographs of Control Rod Thimble where It was Exposed 
Directly to Flowing Salt, (a) As polished, (b) Etched: Aqua regia. 
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Microprobe scans were run on the thimble samples that were taken 
from under the sleeve and outside rhc sleeve. In the first case the 
thimble wall was exposed tc sl^st static fuel suit, and no gradients in 
iron and chroaiium concentration could be detected within the 3~u» region 
of uncertainty near the surface. The sample outside the sleeve tiat was 
exposed to flowing fuel salt was depleted in chromium to a depth of almost 
20 wm and in iron to a depth of 10 ym (Fig. 66). Thus the amount of 
corrosion that occurred varied considerably in the two regions. The 
seasuresents were not actually made, but a similar result likely occurred 
for the spacer sleeve, fhe inside surface vas exposed to almost static 
salt and vas likely ncL corroded detectably. The outside surface was 
exposed to flowing salt and likely showed Iron and chromium depletion. 

Deformed Samples 
The next step was to deform s^ue of the thimble and the sleeve to 

determine whether surface cracks were formed similar to those noted in 
the surveillance samples. Since the product was tubular, we used a ring 
test that is relatively quick and cheap. The fixture shown in Fig. 67 
was made by (1) cutting 5/8 in. through a 1-in.-thick carbon steel plate 
with a 2-in.-diam hole saw, (2) cutting out the partially cut region with 
ample clearance around the hole, (3) cutting the plate in two along the 
diameter and removing 1/8 in. of material on each side of the cut, and 
(4) tapping a 3/4 in. diam thread into the two pieces. Then rings 1/4 
in. wide were cut from the thimble and the sleeve. They fit into the 
groove and were pulled to failure with the resultant geometry shown in 
Fig. 67. The initial loading curves include strain associated with the 
ring conforming to the geometry of the grip, so we cannot tell precisely 
how much the sample is deforming. Thus the yield strength and the elonga
tion are only relative numbers, but the ultimate tensile strength and 
reduction in area obtained from these tests are true values. Obviously, 
this type of test is deficient in giving good mechanical property data 
but is sufficient for deforming the material and observing the incidence 
of surface cracking. 
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Fig. 66. Electron Mi crop robe Scan of Sample from Control Bcu Thimble. 
The thimble had been exposed to the fuel s a l t for 21,040 h r and had been 
above 500 °C for 30,807 h r . 
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Fig. 67. Fixture for Testing Rings of Control Rod Thistle and Space: 
Sleeve. A tested sample is shown on the left. 
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The tensile properties of the rings are shown in Table 8. The test 
results show the following important facts: 

1. All of nbe unannealed specimens of heat Y-8487 tested at 25 CC 
have a "yield stress" of 52,000 to 61,000 psi, vich these values appearing 
to be random in the variables involved. 

2. At 25°C the crosshead displacement was about 1.2 in. for the 
unirradiated tubing and 0.4 to 0.5 in. for the irradiated tubing. Again 
the variations of 0.4 to 0.5 in. appeared random. 

3. The yield stresses at 650°C were about equivalent for irradiated 
and unirradiated tubing. However, the crosshead displacement before 
fracture decreased from about 0.4 in. to 0.1 in. after irradiation. This 
was due to embrittlenent from helium formed from the 1 0B(n,a) 7Li transmu
tation. 

4. No material is available of heat 5060 (sleeve material) for un
irradiated tests, but the vendor's certification sheet showed a yield 
stress of 46,300 psi, an ultimate tensile stress of 117,000 psi, and a 
fracture strain of 52Z. The values that ve obtained show higher strengths 
and lower ductility. 

Several of the specimens that had been strained were exaoined metal-
lographically to determine the extent of cracking during straining. 
Several photomicrographs of the control rod thimble that was exposed to 
flowing salt are shown in Fig. 68. The inside surface was oxidized, and 
the oxide cracked as the specimen was strained. The oxide should be 
brittle, but it is important that these cracks did not penetrate the 
metol. The side exposed to the salt exhibited profuse intergranular 
cracking. Almost eveiy grain boundary cracked, and the cracks generally 
propagated to a depth of one grain, although there are several instances 
where the crack depth exceeded a depth of one grain. Several photomicro
graphs 'ere combined and rephotographed to obtain Fig. 69. This sample 
had 192 cracks per inch with average and maximum depths of 5.0 and 8.0 
mils, respectively. Many cf the cracks shown in Fig. 68 and 69 have 
blunt tips, indicating that they did not propagate into the metal as the 
specimen was strained. 



Table 8. Tensile Data on Rings From 

Specimen Condition Postirradiation Test 
Anneal Temperature 

CC) 

1 Unirradiated 25 
2 Unirradiate'3 25 
3 Unirradiated 25 
4 Unirradiated 650 
5 Unirradiated 650 
6 Irradiated None 25 
7 Irradiated Non'i 25 
8 Irradiated None 25 
9 Irradiated None 650 
10 Irradiated None 650 
11 Irradiated 8 hr at 871°C 25 
12 Irradiated 141 hr at 871°C 25 
13 Irradiated None 25 
14 I *• radiated None 25 

Based on 0.002 in. offset of crosshaad travel. 
Located undur spacer sleeve. 
Spacer sleeve. Heat 5060. 

Control Rod Thimble 3 (Heat Y-8487) 

Crosshead Yield Ultimate Crosshea^ Reduction 
Speed Stress* Stress Travel in Area 

(in./min) (psi) (psi) (in.) (%) 

0.05 52,000 114,400 1.20 44.5 
0.05 56,900 117,500 1.17 46.0 
0.05 58,000 124,300 1.18 43.0 
0.05 39,100 76,700 0.37 28.7 
0.002 40,700 62,300 0.20 20.6 
0.05 54,400 105,1C0 0.54 23.2 
0.05 53,300 102,500 0.51 29.7 
0.05 60,500 110,800 0.'»2 28.5 
0.05 38,300 51,200 0.099 12.1 
0.002 34,200 38,200 0.061 9.7 
0.05 49,300 100,500 0.36 34.9 
0.05 48,700 104,900 0.39 34.4 
0.05 51,700 98,600 0.45 32.9 
0.05 42, .00 123,000 0.20 18.0 
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Fig. 68. Photomicrographs of Control Sod Thimble Specimen Exposed to 
Flowing Salt and Tested at 25°C. (a) Fracture - dark edge is oxide on inner 
surface of tube, and cracks formed on the outer surface; etched, (b) Cracks 
in outer surface of tubing as polished, (c) Cracks in outer surface of 
tubing etched. Etchant: Aqua regia. Reduced 30.5%. 
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Fig. 69. Photomicrographs of a Deformed Section of the Control Rod 
Thimble. The fracture is on the leit. The upper surface was in contact 
with flowing salt and the lower surface was exposed to the cell environ-
ment of N 2 plus 2 to 5% 02* The sample is about 0.06 in. thick. 
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A similar sample was cut from the thimble under the sl'ieve, where 
the salt access was restricted. Photomicrographs of a specimen tested 
at 25°C are shown in Fig. 70. The cracks are quite similar to those in 
Fig. 68 for a sample that was exposed to flowing salt. The composite 
photograph in Fig. 71 is quite similar to Fig. 69 of the sample exposed 
to flowing salt. The sample in Fig. 71 had 257 cracks per inch, with 
average and maximum depths of 4.0 and 8.0 mils, respectively. The accu
racy of our statistics and possible sampling inhomogenities lead us to 
conclude that the severity of cracking is equivalent in the samples 
exposed no flowing and almost static salt. Thus flow rate over the 
range represented by these two sample locations does not appear to be 
an important variable. 

The spacer sleeve gave "mother opportunity to examine whether a 
relationship existed between salt velocity and cracking. The photomicro
graph in Fig. 72 shows cracks on both sides, with more being present in 
the field photographed on the side where the salt was rapidly flowing. 
However, the composite photograph in Fig. 73 shews that the cracking is 
about equivalent on both sides. Cracking statistics on the side exposed 
to rapidly flowing salt revealed 178 cracks per inch with a maximum depth 
of 7.0 mils. The side exposed to restricted salt flow had 202 cracks 
per inch, with a maximum depth of 5.C mils. The average depth was 3.0 
mils on both sides. These observations again show that salt flow rate 
is rot a significant factor in intergranular cracking. 

Important Observations 
The examination of the control rod thimble and the thimble spacer 

revealed two important characteristics of the cracking, (1) Irradiation 
of the metal is not responsible for the cracking. The thimble was irrad
iated to a peak thermal fluence of 1.9 x 10 2 1 neutrons/cm2. The flux 
attenuation across the 0.065 in. wall of the thimble would have been very 
slight, but cracks only formed in the metal on the field side (Fig. 68). 
Thus, irradiation alone does not cause the cracking, but contact with the 
fuel salt is required. (2) The severity of cracking is not sensitive to 
salt flow rate over the range experienced in a fuel channel and under a 
spacer with restricted flow. 
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Fig. 70. Photomicrographs of Control Rod Thimble Exposed to Fuel 
Sale Under a Spacer Sleeve and Tested at 25°C. (a) As-polished view of 
fracture. 40x. (b) As-polished view of cracks, (c) itched view of 
cracks. Etchant: Aqua regi. Reduced 30.52 
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Fig. 71. Composite Photograph Showing the Density of Cracking Along 
the Edge of a Portion of the Deformed Control Rod Thimble, 9.5x. The 
sample is 0.58 in. long. The fracture is on the left, the upper surface 
was exposed to fuel salt, aad the lower surface was exposed to the cell 
environment of N 2 plus 2 to 51 O2. 
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Fig. 72. Photomicrograph of a Section of Spacer Sleeve Tested at 
25°C. As polished. The upper surface was exposed to almost static fuel 
salt and the lower surface was expos2d to rapidly flowing fuel salt. 
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Primary Heat Exchanger 

The primary heat exchanger was at temperature for 30,807 hr and oper
ated with fuel salt on the shell side and coolant salt in the tubes. The 
shell was 16-2/4 in. OD x 1/2 in. wall and constructed of heat 5068. The 
tubing was 1/2 in. OD x 0.042 in. wall from heat N2-5101 (see Table 1 for 
chemxcal composition). An oval piece of the shell 10 x 13 in. was cut by 
plasma torch near the outlet end of the heat exchanger. This same cut 
severed a piece of one tube, and pieces of five others were cut by an 
abrasive wheel. Photographs of chese parts are shown in Figs. 74 and 75. 
The outside of the shell had a dark adherent oxide; the inside surfaces 
were discolored slightly and had a thin bluish-gray coating probably 
caused by die plasma cutting operation. Some of this powder was brushed 
off and found by gamma scanning to contain 1 0 6Ru and 1 2 5Sb. 

Undeformed Samples 

Photomicrographs of a cross sectiou through the outer surface of the 
shell are shown in Fig. 76. The oxide on the outside surface is typical 
of that observed on INOR-8 at this temperature and extends to a depth of 
about 5 mils. Etching attacks the metal in the oxidized layer and etches 
the grain boundaries near the surface more rapidly than those in tM in
terior. The inside surface of the shell (Fig. 77) shows some structural 
modifications to a depth of about 1 mil. No samples of the shell were 
deformed. 

Photomicrographs of a typical cross section of the u&at exchanger 
tubing are shown in Fig. 78. The overall view shows that both sides etch 
more rapidly than the center to a depth of about 7 mils. This is not un
usual for a tubular product and is often attributed to impurities (pri
marily lubricants) that are worked into the metal surface during repeated 
steps of deformation and annealing. The higher magnification views in 
the as-polished condition show that grain boundary attack (or cracking) 

j occurred on the surface exposed to fuel salt (outer) but not en the cool-
I ant side (inner). The temperatures under normal operating conditions 

were such that the fuel salt side (OD) would have been in compression. 
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Fig. 73. Composite Photograph Comparing the Density of Cracking of 
Sides of Spacer Sleeve Exposed to Almost Static Salt (bottom) and to flowing 
salt (top), llx. The sample is 0.52 in. long. 

R-54182 

Fig. 74. Section 10 x 13 in. Cut from the Primary Heat Exchanger 
Shell. The piece was cut with a plasma torch, and the center stud was 
used for guiding the torch. 



108 

R- 54185 

Fig. 75. The l/2-ln.-OD Hastalloy N Tubes from the Priaary Heat 
Exchanger. The different shades *rise fro* a dark film that is thought 
to have been deposited when the shell vas being cut. The fila vas 
deposited on the side of the tubes facing the shell. 
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Fig. 76. Photomicrographs Showing the Outside Edge of the Primary Heat 
Exchanger Shell. This surface was exposed to 2 to 5Z 0j in 02* (*) *• 
polished, showing the selective oxidation that occurred, (b) Etched view 
showing that the metal in the oxidized layer was coapletely removed. Etched 
with aqua regia. 
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Fig. 77. Photomicrographs of the Inside Surface of the Priaary Heat 
Exchanger Shell. The surface was exposed to fuel salt, and the aodlfied 
structure to a depth of about 1 ail is apparent, (a) As polished, (o) 
Etched with aqua regia. 
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Fig. 78. Photomicrographs of a Cross Section of an INOP-8 Heat 
Exchanger Tube, (a) Etched with glyceria regis, (b) Inside surface 
in the as-polished condition after exposure to coolant salt, (c) Out
side surface in the as-polished condition after exposure to fuel sale, 
Reduced 34X. 
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Similar photomicrographs of a longitudinal section of tubing are 
shown in Fig. 79. The features are quite similar to those discussed 
for Fig. 78. Both figures show scevi metallic deposits on the outside 
surface, which was exposed to fuel salt, These ueposits are extremely 
small and could not be analyzed with much accuracy with the iu-cell 
miiroprobe. However, they seemed to be predominately iron. Scanning 
across the tubing defected no concentration gradients of the major 
alloying elements in 1N0R-8. 

Deformed Samples 
Tensile teats were run on three of the tubes, and the results are 

compared in Table 9 with those for as-received tubing. The tubes were 
pullet in tens ion» and we assumed that the entire section between the 
grips was deforming. The grips offer some end restraint, sc our assump
tion is obviously In error, and tUe errors are such that oar yield stresses 
are high and our frecture strains are low. The ultimate stresses and re
ductions in area are unaffected by this assumption. The as-received and 
pcstoperation tests were run by the same technique, so the results should 
be compe?abl*. The largest change* during service were reductions in the 
yield stress, fracture strain, and reduction In ere*. The tubing was 
bought in the "cold drawn and annealed" condition, but such tubing nor
mally is cold worked some during a final straightening operation. The 
reduction in yield c Irength during service may *ave been due to innesling 
out the effects of this working, the reductions In the ductility parame
ters were likely due to the precipitation of carbides along the grain 
boundaries. 

Photomicrographs of one of tk> tubas deformed at 25*C are shown in 
Fig. 30. Profuse lotergranular cracks were formed to a d*p:,h of about 
5 mils on the side exposed to fuel salt, but none ware fa .*d on the 
coolant salt side. Etching agaiu revealed the abnormal etching charac
teristic near the surface, but whatever caused this etching characteris
tic did not result in grein boundary esi>rlttlemeit. 

Unstressed and stressed sections of tubing were photographed over 
relatively large distances to get more accurate statistics on cracks 



Table 9. Tan*lit Data on Haat Exchanger Tubes (Heat N2-5101) 

Spec lam Condition 

Croaahaad 
Speed 

( in. /win) 
Teaperature 

CO 
Yield 
Straas 
(P«i) 

Ultimate 
Tenalle 

Strees (pal) 

Fracture 
Strain 

(X) 

Reduction 
In 

Area (Z) 

7 Fro* heat exchanger 0.05 650 44,300 67,400 21.3 22.4 
6 Froa heat exchanger 1.0 2* 66,300 118,000 37.0 20.5 
5 Froa heat exchanger 0.05 25 64,800 122,000 39.0 29.0 
4 Aa received 0.05 650 53,900 74,600 40.0 14.5 
2 Aa received 0.05 25 73,000 127,400 51.1 42.6 
3 Aa received 0.05 25 70,900 126,200 50.1 40.0 
1 Vendor cer t i f i ca t ion 25 58,900 120,700 47.0 
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Fig* 79. Photomicrographs of a Longitudinal Section of an INOR-8 Heat 
Exchanger Tube, (a) Etched with glyceria regia. (b) Inside surface in the 
as-polished condition afwer exposure to coolant s a l t , (c) Outside surface 
in the as-polished condition after exposure to fuel s a l t . Reduced 31%. 
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Fig. 80. Photomicrographs of a Heat Exchanger Tube Deformed to Fracture 
at 25°C, (a) As polished, (b) Etched with aqua regia 
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lumbers and depths. A composite photograph of the two samples is shown 
in Fig. 81. The cracks are readily visible in the stressed sample but 
may not be apparent in the unstressed sample. A higher magnification 
print used in making the composite is shown in Fi£. 82; the crocks can 
be more easily seen. The stressed sample had 262 cracks per Inch with 
an average depth of 5.0 mils. Two counts were n*ade on the unstressed 
sample. In the first count only those features that unequivocally were 
cracks were counted. This gave a crack count of 228 per inch with an 
average depth of 2.5 mils. In another count, we included some features 
that were possibly cracks and this gave a crack frequency of 308 per 
inch. Thus the number of cracks present before straining was about 
equivalent tc that noted after straining. Straining aid iucrease the 
visible depth. Some indirect evidence that the cracks were present 
initially and only spread open further during the tensile test was ob
tained from examination of the sample in Fig. 81. The sample length 
shown deformed 39Z (Table 9), and the combined widths of the cracks 
account for 35Z strain. This, the cracks widths very closely account 
for the total strain and indicate that the cracks formed with little or 
no deformation and spread open as the sample was deformed. 

Important Observations 
The examination of the heat exchanger tubes revealed three very 

important characteristics of the cracking. (1) The neutron fluence 
received by the tubing was extremely low, but intergranular cracks were 
formed. The control rod thimble showed that irradiation of the metal 
alone was not sufficient to cause cracking since only the side of the 
thisfcle exposed to fuel salt cracked. Examination of the heat exchanger 
tubixg suggests the further conclusion that irradiation of the metal is 
not a factor, since the heat exchanger was exposed to a negligible flu
ence but still cracked. (2) Exposure to fuel salt is a necessary condi
tion for cracking to occur. Only the outside of the tubing, which was 
exposed to fuel selt, cracked, and the inside, which was exposed to cool
ant salt, did not crack. (3) The cracks were present in the as-polished 
tubing as it was removed from the MS RE. Straining causad the cracks to 
open wider without atch penetration in length. 
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Fig. 81. Composite Photographs of Heat Exchanger Tubing Before and 
After Stress ing . The width of the unstressed sample i s 0,042 i n . 
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Fig. 82. Photomicrograph of Heat Exchanger Tubing in the Unstressed 
Condition. The side with the small cracks was exposed to fuel salt and 
the other was exposed to coolant salt. 
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Pump Bowl Parts 

A schematic view of the pump ia shown in Fig. 83. The components 
examined were the mist shield and the sampler cage. The sampler was low
ered by a windlass arrangement into the sampler cage and was used primar
ily for taking salt samples for chemical analysis. The mist shield was 
provided to mimimize the amount of salt spray that would reach the sampler. 
The vertical sampler cage rods were 1/4 in. diam and made of heat 5059. 
The mist shield was made of 1/8-in. sheet of heat 5057 (s?.e Table 1 for 
chemical analysis). The mist shield was a spiral with an inside diameter 
of about 2 in. and outside diameter of about 3 in. The spiral was about 
1 1/4 turns, and the outside was exposed to agitated salt and the inside 
to salt flowing much slower. The outside was exposed to salt up to the 
normal liquid level and to salt spray above this level. The inside was 
exposed to salt up to the normal salt level and primarily to gas above 
this level. 

The general appearance of the sampler cage is shown in Fig. 84. The 
salt normally stayed at a level near the center of the cage., but the level 
fluctuated slightly. The amount of materia] depositad on the surface is 
much higher below thu liquid interface than ?bove• A gross gamma scan 
had a similar profile with a maYi™*™ near the liquid interface. A 
carbonaceous deposit was present at the top of the sampler. The mist 
shield had some deposits, and these were heavier below the liquid level 
and en the outer suriace of the shield. 

Sampler Cage 
One of the sampler cage rods was examined metallograpically. Photo

micrographs of samples from the vapor and liquid regions are shovn in 
Fig. 85 and 86, respectively. There is no intergranular penetration 
visible at this magnification. A heavy surface deposit is on the sample 
from the liquid region. This deposit was not examined by the electron 
microprobe analyzer, but a similar deposit on a copper capsule taken from 
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Fig. 83. Section of MSRE Fuel Pump with Details of Several Are**. The 
mist shield and the sampler cage that were examined are shown in the lower 
l e f t insert. 

Fig. 84. Sampler Cage. The assembly i s 8.5 i n . high. The salt-vapor 
interface corresponds with the region of highest material deposition. 
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Fig. 85. Photomicrographs cf an INOR-8 Rod from the Sampler Assembly 
Located Above the Normal Sa l t Level, (a) As"polished, (b) Etched wi th 
aqua r e £ i a . 
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Fig. 86. Photomicrographs of an INOR-8 Rod from the Sampler Assembly. 
Normally located below the sa l t l eve l , (a) As polished, (b) Etched with 
aqua regia. 
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the stapler region was examined. The deposit contained some salt, but had 
regions tnat were high in th* alloying elements in DIOR-3. Mi, Cr, Fe, 
and Ho. 

One of the scmpler c«gc rods was pulled in tension at 25*C. The 
certified properties cf this material were a yield stress of 51,200 psi, 
an ultimate tensile stress of 115,300, and an elongation of 51Z. The 
measured properties of the sampler cage rod were a yield stress of 42,500 
psi, an ultimate tensile stress of 93,400 psl, and an elongation of 35.71. 
The property changes are not large and are likely due to some stress re
lief that decreased the yield and ultinate stress values and carbide pre
cipitation, which reduced the ductility. A composite of the tested sample 
in Fig. 87 shows that the fracture occurred below the center near the 
average liquid-gas interface. One metallographic sample va* taken on the 
liquid side of the fracture. A composite showing the badly cracked edges 
is shown in Fig. 88. Note that the cracks extended tr- A depth of 12 mils. 
A higher magnification view of a& area near the fracture shows that the 
cjracks extend in excess of 3 grains deep and that several grains have 
fallen out (Fig. 89). Another metallographic sample was taken 3/4 in. 
above the fracture. A composite of photographs along the edge shows that 
that, depth of cracking decreases with increasing distance into tne vapor 
region (Fig. 90). The severity of cracking is different on the two edged 
of the rod. Unfortunately, we do not know the orientation of the rod 
relative to the sampler and the mist shield. 

Mist Shield 
Figure 91 shows the mist shield after removal from the MSRE. The 

shield has been split to reveal the inside suvface. Four specimens 
approximately 1 in. (vertical) x 1/2 in. (circumferential) were cut from 
the mist shield. Their locutions were (1) outside the spiral and immersed 
in salt, (2) outside the spiral and exposed to salt sprsy, (3) Inside 
the sriral and immersed in salt, &id (4) inside the spiral and exposed 
primarily to gas. Psnd tests were performed on these specimens at 25°C 
using a three point bend fixture.22 They were bent about a 11D2 parallel 
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Fig. 87. (a) Tensile-tested Sampler Cage Rod from Pump Bowl. Rupture 
occurred near the average liquid-v^por interface, (b) Photograph of rupture 
ire a shoving extensive surface cracking. Rod diameter i s 1/4 in. 

Fig. 08. Section of Sample Cage Rod that was Deformed at 25°C. 9.2x. 
Tiie fracture ( l e f t ) occurred at the salt-vapor Interface. The rod i s immersed 
further in the liquid from l e f t to right. The length of the sartple i s 0.63 in . 
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Fig. 89. Photomicrograph of Deformed Sampler Cage Rod Near the 
Fracture. As-polished. 

K&-S6470 

Fig. 90. Composite of Photomicrographs of Sampler Cage Rod that was 
Strained at 25°C. &.2x. Left end of sample was 3/4 in. from fracture. 
The rod progressed further into the vapor region from left to right. The 
sample length is 0.72 in. 
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Fig. 91. Interior of Mist Shield. Right part of right segment over
lapped left part of segment oa left. 
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to the 1/2 in. dimension and so that the outer surface was in tension. 
The information obtained from such a test is a load-deflection zvrve. 
The equations normally used to convert this to a stress-strain curve do 
not take into account the plastic deformation of the part, and the stresses 
obtained by this method become progressively in error (too high) as the 
deformation progresses. 

Table 10 shows the results cz bend tests on the specimens from the 
mist shield. Note that the yield and ultimate stresses are about double 
those reported for uniaxial tension. The fracture strain is the parameter 
oi primary interest. *he test of unexposed IN0R-8 (heat 113-5106) did not 
fail after 40.5% strain in the outer fibers. (No material was available 
of heat 5075, the material used in fabricating the mist shield.) Although 
all of the samples strained more than 10% before failure, the two samples 
from the outside of the spiral were more brittle than the other samples. 

The bend samples of the mist shield were examined metallographicaliy. 
Photomicrographs of the sample from the inside vapor region are shown in 
Fig. 92, and a composite of several photomicrographs is shown in Fig. 93. 
The edge cracks were Intergranular and about 1 mil deep. The photomicro
graphs of the sample from the liquid region (Fig. 94) show that the cracks 
extended to a depth of about 8 mils in the liquid region. The composite 
photograph in Fig. 95 also shows the increased frequency and aepth of 
cracking in the liquid region. 

The sample from the outside liquid region was quite similar metal
lographicaliy to that from the insids liquid region. Photomicrographs 
of the fracture and a typical region of the tension near the fracture 
are shown in Figs. 96 and 97, respectively. A composite of several 
photomicrographs is shown in Fig. 98. Photomicrographs of the outside 
vapor (salt spray) bend specimen at the fracture and on the tension side 
near the fracture are shown in Figs. 99 and 100, respectively. The com
posite of several photomicrographs in Fig. 101 she. s that the cracks are 
not much deeper nor more frequent than in the liquid regions (compare 
Figs. 95, 98, and 101), but the tendency for grains to fall out is much 
greater. This is even more significant when one notes that the strain 
w.*a the least in the sample from the outside vapcr region (Table 10). 



Table 10. Bend Tests at 25°C on Parts of the MSRE Mist Shield a 

Specimen 

S-52 Mist shield top inside 
S-62 Mist shield top outside 
S-60 Mist shield bottom inside 

S-68 Mist shield bottom outside 

N3-5106 Unirradiated control 
test, 1/8 in. thick 

Yield , 
Strerc 
(psi) 

Maximum 
Tensile 
Stress 
(psi) 

Strain 
(%) Environment 

x 10 3 x 10 3 

97 269 46.9d Vapor region, shielded 
155 224 10.7d Vapor region, salt spray 
161 292 31.6d Liquid region, shielded, 

salt flow 
60 187 17.7d Liquid region, rapid 

salt flow 
128 238 A0.5 

aThe mist shield was fabricated of heat 5075 with certified room-temperature properties 
of 53,000 psi yield stress, 116,000 psi ultimate stress, and 49% elongation. 

Eased jn 0.002 in. offset of crosshead travel. 
Maximum tensile stress was controlled by fracture of sample or by strain limitation 

of test fixture. 
Specimen broke. 
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Fig. 92. Photomicrographs of Bend Specimen of Mist Shield from Inside 
Vapor Region, (a) Fracture and tension side, as polished, (b) Fracture 
and tension side, etched, (c) Tension side, etched. Etchant: Aqua regia. 
Reduced 31%. 



Fig. 93. Composite Photograph of the Tension Side of a Bend Sample 
from Inside Vapor Region of Mist Shield. Lower edge Is not the compression 
side of the sample. 
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Fig. 94. Photomicrographs of Bend Specimen of Hist Shield from Inside 
Liquid Region, (a) Fracture and tension side, as polished, (b) Fracture 
and tension side, etched, (c) Fracture and tension side, etched. Etchant: 
Aqua Regia. 



Fig. 95. Composite Photograph of the Tension Side of a Bend Sample 
from Inside. Liquid Region of Mist Shield. Lower Edge is not the compression 
side of the sample. 

I.K., <«un .«•*, a*«T 
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Fig. 96. Photomicrographs of the Fracture of a Bend Specimen from 
the Outside Liquid Region of the Mist Shield, (a) lOOx. (b) 500x. 
Etchant: Lactic acid, HNO3, H C 1 -
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Fig. 97. Photomicrographs of the Tension Side Near the Fracture of a 
Bend Specimen from the Outside Liquid Region of the Mist Shield, (a) lOOx. 
(b) 500x. Etchant: lactic acid, HN0 3, HCl. 
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t e °f Several Photomicrographs of a Bend Specimen from 
the Outside Liquid Region of the Mist Shield. Top portion ahows the tension 
side and the lower portion shows the compression side. 24x. 
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99. Photomicrographs of the Fracture of a Bend Specimen from 
e Vapor Portion of the Mist Shield, (a) lOOx. (b) 500x. 
Lactic acid, HN0 3, HCl. 
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Pig. 100. Photomicrographs of the Edge Near the Fracture of a Bend 
Specimen froro the Outside Vapor Portion of the Mist Shield, (a) lOOx. 
(b) 500x. Etchant: Lactic acid, HN0 3, HCl. 
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The reduced ductility of these samples remains unexplained. The 
maximum crack depth in the liquid region was only 8 mils, and it is quite 
unlikely that an 8 mil reduction in a sample thickness of 125 mils would 
cause much embrittlenient. The embrittlement may have been partially due 
to the extensive carbide precipitation shown in Figs. 93, 95, 96, 98, 
and 99. However, the outside and inside of the shield received identical 
thermal treatments, but the samples from the outside had lower ductilities. 
Thus, attributing the 25»brittlement solely to carbide formation does not 
seem appropriate. 

Important Observations 
The only free surface in the primary circuit was in the pi~np bowl, 

and there appears to have been a collection of material at the AW. lace. 

Visual observation, gamma scanning, â .l the electron microprobe show an 
accumulation of salt, fission products, and corrosion products at this 
surface. Besides having a free surface, r.he region around the sampler 
was often quite reducing because of the addition of beryllium metal at 
this location. Fluorides of the structural netals would have been reduced 
to the metallic form and pccuamlated at the free surface cr deposited on 
nearby metal surfaces. Some of the less stable fission product fluorides 
would have likely reacted in a similar way. Thus, it is not surprising 
that the intergracular cracks are most severe near the free surface. The 
most important observation relative to the cracking is that its severity 
was much less in material exposed primarily to gas. This allows the con
clusion that exposure to liquid salt is necessary for the "racking to 
occur. 

Freeze Valve 105 

Freeze valve 105 failed during the final thermal cycle involved with 
terminating operation of the MS RE. The failure was attributed to fatigue 
from a modification.23 This valve consisted of a section of 1 1/2-in. 
sched. 40 IN0R-8 pipe (heat 5094) with a jacket icr air cooling. It was 
used to isolace the drain tanks and was frozen only when salt was in the 
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drain tanks. The line was filled with salt from Lhe drain tanks, so the 
fission product concentration would have been relatively lew. The line 
was filled with salt and above 500°C for about 21,000 hr. The salt was 
also static except when the system was being filled. Thus, this partic
ular component was subjected to a unique set of conditions. 

Rings 3/16 in. wide were cut, away from the flattened portion of the 
pipe. They were subjected to the ring test described previously. A bend 
specimen and a specimen for chemical analysis were cut from adjacent 
regions. The results of the mechanical property tests are given in 
Table 11. £s shown in Fig. 102 both the bend specimen and the ring 
specimens showed some surface clacking when viewed at low magnification. 

A metallograpbic paction of one of the ring specimens is shown in 
Figs. 103 and 104. The fracture and both edges are visible in Fig. 103. 
The oxide is on the outside surface that was exposed to air (top) and 
shallow cracks formed on the salt side. Typical edges near the fracture 
are shown in Fig. 104. The cracks on the air side followed the oxide and 
did not penetrate further. The cracks on the salt side vere intergranular 
and penetrated about 1 mil. 

The most important observation on this cr iponetif. is that the cracking 
was less severe under conditions where the fission product concentration 
was less. However, intergranular cracking occurred on the surfaces that 
were exposed to fuel salt. The corrosion (selective r< ..iov2i of chromium) 
that occurred under these conditions should have been extremely small 
since the salt was static most of the time. Ti.'is, corrosion does not 
seem to be a requirement for intergranular cracking although iL may ac
celerate the process. 

EXAMINATION OF IN0R-8 FROM IN-REACT0R LOOPS 

The observation of intergranular cracking in the MSRE caused us to 
reexamine the available results on three in-reactor loops. Two pumped 
loops were run by Trauger and Conlin2***25 in 1959, but the material from 
ther,e loops had been discarded and only the reports and photomicrographs 
v^uained for examination. A more recent thermal convection loop was run 



Table 11. Results of Mechanical Property Tests on Specimens From Freeze Valve 105 
(Heat 5094 at 25°C and * Deformation Rate of 0.05 ln./mln 

Yield 
Gtress 

Type cf Test (psl) 

Vendor's, tens i le 45,800 
Ring, t ens i l e 45,800 
Ring, t ens i l e 48,900 
Ring, t ens i l e 41,900 
Wall segment, beni 71,300 

Maximum pcrain in outer fibers. 

Ultimate Crosshead Reduction 
'ensile srress Travel in Area 

(psi) (in.) (%) 

106,800 52.6 
89,700 0.72 25 
9»J,100 0.59 29 
90,300 0.73 37 

..41 33 a 
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Fig. 101. Composite of Several Photomicrographs of a Bend Specimen 
From the Outside Vapor Region of the Mist Shield. Top portion is the 
tension side and the lcwur part is the compression side. 15x. 

Fig. 102. The Surfaces Exposed to Salt in Freeze Valve 105 After 
Deformation at 25*C. (a) Fracture of ring specimen pulled in tension. 
Note surface cracks near the fracture. 4x (b) Surface of bend specimen 
Note some cracks on surface and edge cracks. 7x. Re. ccd 18.5%. 
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Fig. 103. Photomicrographs of the Fracture of a Ring Specimen from 
Freeze Valve 105 that was Deforaied at 25°C. (a) As polished, (b) Etchant: 
Lactic acid, HN03, HCl. 40x. Reduced 29.5%. 
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Fig. 104. Photomicrographs Near the Fracture of a Ring Sample from 
Freeze Valve 105 Deformed at 25°C. (a) Edge exposed to air, as polished. 
(b) Edge exposed to salt, as polished, (c) Edge exposed to salt, etched 
with lactic acid, HNO3, HC1. deduced 30%. 
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by Compere et al., 2 6 and some of the pieces were still available and their 
location in the loop identified. Some samples of these pieces were de
formed and examined metallographically. 

Pump Loops 

Trauger and Conlin ran two INOR-8 pump loops in the MTR. 2 , f> 2 5 These 
operated at a peak temperature of 704°C at an average power density of 
66 W/cm3. The loops both contained salt of composition7 LiF-BeF2-UF^ 
(62-37-1 mole Z). The first loop ran at a peak Reynolds number of 4100 
and operated for 638 hr. The second loop had a peak Reynolds number 
of 31C0 and operated for 766 hr. The operation of both loops was termin
ated by leaks in the heat exchanger. A detailed metallographic examin
ation was made of the first loop. 2 7 The loop had a nose cone that was 
closest to the reactor, and it was here that the type of attack shown 
in Fig. 105 was noted. The attack is actually a surface roughening in 
which grains were removed from the inside of the INOR-8 tubing. The 
second loop did not show this type of attack. 2 8 The leak in the heat 
exchanger was not located in either loop. 

The fission density in these loops was 66 W/cm 3, with salt volumes 
of 135 cm 3 and surface areas of about 650 cm 2 each. One of the fission 
products that will be discussed further is tellurium, and a comparison 
of the amount produced in these loops with that produced in the MSRE is 
useful. About 1.4 x 1 0 1 7 atoms of Tellurium were produced per unit of 
metal surface area in the MSRE and only 0.2 x 1 0 l 7 atoms/cm2 in these two 
loops. The time at temperature was also much smaller for these loops than 
for even the first group of surveillance specimens from the MSRE, in which 
cracking was hardly detectable (Fig. 12). 

The uneven inner surface of the loop tubing may or may not have been 
due to the same phenomenon that caused the intergranular cracking in the 
MSRE. Note in Fig. 105 that the material was removed in increments of 
8ingle grains. However, there is no evidence of partially cracked grains 
that had not been completely removed. The explanation of cavitation is 
also not very acceptable since the peak velocity was only about 1 ft/sec. 
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Fig. 105. Inside Tube Wall of IN0R-8 from In-pile Loop MTR 44-1. 
The coating is nickel plating used for edge preservation. 
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Being able to deform a piece of the tubing and then examine it for cracks 
should be enlightening, but no material from either loop remains. Thus, 
the observations on thea.e loops are not very helpful in the present anal
ysis. 

Thermal Convection Loop 

A more recent in-reactor thermal convection loop was run by Compere 
et al. 2 6 A schematic of the loop is shown in Fig. 106, ai.d the pertinent 
operating statistics are given in Table 12. The loop was constructed of 
INOR-8, contained salt of compostiion 7LiF-BeF2-ZrFlf-UFif(65.3-28.2-4.8-1.7 
mole Z), and had a graphite region where power densities of 159 W/cm 3 of 
salt were attained. The loop had ma-»-imiim and minimum operating tempera
tures of 720 and 545°C, respectively. The loop failed at the hottest 
portion after 1366 hr of nuclear operation. The failure (Fig. 107) is 
quite typical of high-temperature failures noted previously in this ma
terial after irradiation.1*""7 Note that the inside surface is free of 
cracks except very near the point of failure. 

Two pieces of the loop were retrieved and tested. One sample was 
from the flat sheet used to fabricate the top of the "core section" where 
the graphite was located. A small sheet was cut, bent so that the sur
face exposed to the fuel salt was in tension, and examined metallograph-
ically. A typical photomicrograph is shown in Fig. 108. Surface cracks 
were very infrequent and extended to a maximum depth of 0.5 mil. 

A piece of tubing was available from the coldest section, and it 
was deformed by crushing in a tensile machine. A typical view of the 
inside surface is shown in Fig. 109. Cracks occurred along almost every 
grain boundary, but they only extended to a maximum depth of 1 mil. 

The amount of tellurium produced in this loop per unit area of metal 
surface was 4.2 x 10 1 6 atoms/cm2 (reference 29), compared with 1.4 x 1C 1 7 

atoms/cm2 in the MSRE. Thus, the amount of tellurium was one-fourth that 
in the test loop, but the system was above 400°C only 937 hr when fission 
products were present. 



Table 12. Summary o" Operating Periods for In-Reactor Molten-Salt Loop 2 

Operating Period (hr) 
Total Irradiation Full Power 

Dose Equivalent 

Out-of-Reactor 
Flush 77.8 
Solvent Salt 171.9 

In-Reactor 
Preirradiation 73.7 
Solvent Salt 343.8 339.5 136.0 
Fueled salt 1101.9 937.4 547.0 
Retracted-fuel removal* 435.0 428.3 11.2 

Total 2204.1 1705.2 694.2 

Maintained at 350 to 400°n (frozen) except during salt-removal operations 
and fission product leak investigations. 
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Fig. 106. Diagram of Molten-Salt In-Reactor Loop 2. 
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Fig. 107. Photomicrograph of a Cross Section Showing the Inner 
Surface and Crack in Core Outlet Pipe of In-Reactor Loop 2. Located 
on top side of tubing. Etchant: Aqua regia. 
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Fig. 108. Bend Specimen from Section of In-Reactor Loop Which 
Operated at 720°C. The tension side was exposed to the fuel salt. 

Fig. 109. Tension Side of Crushed Tubing from Coldest Part of 
In-Reactor Loop, Which Operated at 545°C. 
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Sunsnary c ObSv-.*~ qtion*' on Xu-Reactor Loops 

The loops just discussed vere exposr.d to fission product concentra
tions much lower than those observed in the MSRE. The time at tempera
ture after fission products were produced was also nuch less than fo*- the 
MSRE. The loop times were all less than 1000 hr, and the first group 
of MSRE surveillance samples was removed after 2550 hr exposure (Tsble 
3) to fission products at elevated temperatures. The number of cracks in 
this first group of surveillance samples was quite small (Fig. 12, Table 
/ ) . Thus, it is questionable whether these loops had adequate exposure 
to cause detectable cracking. 

The loops run by Trauger and Conlin had some regions from which 
grains were removed, but no intergranular cracks were visible. Strained 
samples of Compere's loop had shallow intergranular cracks similar to 
those noted in samples from the MSRE, particularly the sample exposed 
at 545°C (Fig. 109). 

CHEMICAL ANALYSES OF METAL REMOVED FROM THE MSKE 

We found the electron microprobe analyzer to be useful for measuring 
chromium gradients in TNOR-8, but we were not successful in locating any 
fission products. We then used the technique of electrolytically removing 
surface layers and analyzing the solutions. Specifically, the method 
involved a methanol-30% HNO3 solution at -15 to -20°C, a platinum cathode, 
and the specimen as the anode. The electric potential was 6 V, a level 
that had been shown by laboratory experiments to polish rather than etch. 
The solution^ were analyzed by two methods. The concentrations of the 
stable elements were obtained by evaporating 2 cc of the olution into 
a mass spectrometer and then analyzing the vapor by mass numbers. 

Numerous experimental difficulties were encountered in taking the 
samples. Surface deposits (formed in the pump bowl) and thin oxide films 
(found oh many parts from the core) acted as inhibitors and made the 
methanol-30% KNO3 solution attack nonuniformly or not at all. The voltage 
usually had to be increased to attack these surface barriers. Thus the 
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removal was not uniform on most samples until a few mils had been removed. 
A second problem was in sanple preparation. The **ound geometry of the 
surveillance staple and the heat exchanger tube vas desirable, but strips 
had to be cut from coeponents such as the control rod thimble and the 
mist shialJ. We were not successful in Basking the surfaces not exposed 
to fuel salt, so the ratios of fission product concentration to that 
of nickel are lower than would have been obtained had ail the surfaces 
been exposed to fission products. 

Two of the better profiles are shown in Fig. 110 and ill. The sample 
in Fig. 110 vas a segment of heat exchanger tubing. Epoxy was cast in
side to mask the surface that was exposed to coolant salt. The sample in 
Fig. Ill was a surveillance sample. We made diametral measurements with 
a micrometer, but these were not very accurate. We actually obtained the 
depth measurements by calculation from the measured nickel concentrations 
using the supplonencal knowledge that the alloy was 70% Ni and that the 
volume of the solution was 140 cc. 

Compere compared the amounts of fission products that we actually 
found with the total inventory in the MS RE, He assumed that the fission 
products were deposited uniformly on the total system metal area of 
7„9 x 10 s cm 2, (inclusion of the graphite surface area increases the 
deposition area to 2.3 x 10 6 cm 2.) The results of this type of analysis 
are summarized in Table 13 for the most highly concentrated fission pro— 
ducts. The various samples are listed in the order that they would occur 
around the primary circuit, beginning at the bottom of the core and pro
gressing up through the core, through the pump, into the heat exchanger, 
and back to the core. The values for the second sample should be quite 
low because of the shallow sampling, and the samples from the surveillance 
specimen and the heat exchanger tube should yield the most accurate date. 
However, there seem to be many inconsistencies and no systematic variation 
of the elements around the circuit. 

One of the most interesting sets of chemical results was obtained 
from a surveillance sample of heat 5058 from the fourth group. The 
sample was oxidized for a few hours in air at 650°C before being strained. 
A very thin oxide film was formed and should have acted as a barrier to 
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Fig. 110. Concentration Profi les fro* the Fuel Side of a MSRE Heat 
Exchanger Tube. Arrows indicate that analytical values were reported as 
being less than the indicated point. 
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DEPTH (milt) 

Fig. 111. Concentration Profiles from a Surveillance Sanple Exposed 
in the MSRE for 19,136 hr. Arrows indicate that analytical values were 
reported as being less than the indicated point. 



Table 13. Concentrations of Several Fission Products on the Surfaces 
of Hastelloy N, Compared with the Total Inventory 

Sample Location 

Control rod thimble (bottom) 
Control rod thimble (middle) 
Surveillance specimen 
tfi«*t shield outside, liquid 
Heat exchanger shell 
Heat exchanger tube 

Depth of 
Penetration Concentration of Nuclide Compared with Inventory 

(mils) l 2 7 T a ^ C S ™5>>b 10 3RU l 0 6 R u 9 % i , "Tc 

2.4 0.43 0.84 0.85 0.40 0.13 0.37 0.32 
0.1 0.14 0.24 0,35 0.15 0.11 0.26 0.19 

3.5 0.001 0.35 1.04 0.006 0.087 0.006 0.30 
6.0 0.23 0.035 0.74 0.069 0.10 0.067 0.19 
4.2 0.35 0.017 0.68 0.027 0.05 0.085 0.27 
4.3 U.67 0.006 1.13 0.028 0.14 0.070 0.31 
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chemical dissolution. The sample was deformed about halfway tc failure, 
and two electrolytic dissolutions were made. The material should have 
beei: selectively removed from the regions that were freshly cracked since 
*3iese surfaces were not oxidized. Th«j solutions were analyzed, and the 
results divided by the nickel content. Significant enrichments were 
fcun<3 in Te, Ce, Sb, 3r, and Cs. These solutions were analyzed for sev
eral other elements that had not been determined previously. Uranium-235 
was present at a concentration of 37 x 10""6 in the second layer. These 
concentrations correspond to 26 and 7 ppm, respectively. Determinations 
were made of Al (0.23), B (0.01), Co (0.23), K (0.05), Na (1.2), P (0.23), 
V (0.23), and S (1.2) with the amounts shown in parenthesis being the 
concentrations in percent found in the outer layer. The inner layer 
showed very little change. Samples of distilled water and unused meth
anol- 302 HNO3 had extremely low levels of the elements, and we know of 
no source of contamination in the sanpling operation. 

The high concentrations of sulfur and phosphorus are indeed reasons 
for concern, since these elements are known to embrittle nickel-base 
alloys.30 Haubenreich calculated that the total sulfur introduced by 
pump oil inleakage was 27 g and that the initial fuel charge contained 
55 ppm S or a maximum of 24 g. Thus, sulfur was in the system and it 
may have concentrated along the grain boundaries. The sulfur (and the 
other elements) also could have been imparities in the IN0R-8 and segre
gated in the grain boundaries during the long exposure at 650°C. 

Another group of specimens was collected, and a different approach 
was taker. *:o the .;,;«Lysis of the concentration of fission products. These 
sampled were first exposed to a solution of Versene, boric acid, and 
citric acid. As shown in Table 14 this solution is not very aggressive 
toward the metal and very small weight changes were noted. Thus, this 
solution should be enriched in the material that was on or very near 
the surface of the metal. The sample was then completely dissolved in 
a separate solution. Both solutions were counted for various fission 
products, and the results are given in Table 14. Several observations 
can be made from these data. 



T«MI» l«t. Concentrationa of Fiaalon Producta Found on Severnl Samples From Che MS RE** 

Sample Description 
Surface Weight 
Area Before 
(cm 2) Leaching 

(8) 

Weight 
After 
Leaching 

(8> 
127 "Te 

Surface Concentration (atoms/cm') 

> 2 5 Sb 90 Sr 137 Ca 13i* Ca 1 u<* Cc 106 Ru 99 Tc 

Spacer s l e e v e , smooth 12.2 

Space s l e e v e , with r ib 8.4 

Thimble under apacer 

Thimble under spacer 

Triable , bare 

Thimble, bare 

Foil »-n fourth group 
surve i l lance 

Scrap on fourth group 
survei l lance 

Freese va.' *a 105 

Concentration at end 
of operation 

6.6 

6.3 

H . 5 

6 . 1 

1.2 

1 .3 

6 .2 

2.4:'.8» 

*. 36317 

3.80443 

3.65780 

2.59565 

3.55622 

0.02047 

2.44200 

5.33873 

3.78641 

3.64322 

2.592/1 

3.55265 

0.02012 

0.11191 0.11178 

10.2255 

5 
6 
2 
7 
1 
9 
2 
2 
6 
8 
5 
6 
3 

.6 

1 1 
>I2 

10 
10' 
1 0 " 
1 0 " 
1 0 " 
10 ' 2 

1 0 " 
10 ' 2 

1 0 " 
1 0 " 
1 0 " 
1 0 " 
1 0 " 
10'-' 

1 .6 x 1 0 " 
4 . 9 x 1 0 " 

6.0 x 
2.0 x 

10* 
10 11 

1 
4 
4 

<1 
1 

5 
6 
0 
5 
8 

<3 
1.4 

<9 
4 

<1 .5 
3 .7 

<2 
5 . 6 

<7 

10 
10 
10 

1 3 
11* 
1 3 

1 0 " 
1 0 " 
1 0 ; * 
10 
10 
10 
10 

I'
ll* 
1 3 
1 5 

1 0 " 
1 0 " 
10 
10 

13 

8.9 x 10"* 

1.6 x 1 0 " 
2.2 x 10' w 

7.5 x 1 0 " 
9 .1 x 1 0 ' 2 

1.4 x lO'* 

2,0 x io l- 5.5 
2.1 x 10'* <4.8 
3.3 x 10'" 5.0 
5.8 x 10"* <3.5 
3.6 x 10'" 7.5 
1.8 x 10'" <2 
2.6 x 1 0 , u 1.0 
1.7 x lO'" <3 
7.5 x 10" 3.9 
1.4 x 1 0 l " <1 
5.9 x 10" 4.0 
1.1 X 10"* <8 
1.1 x 10" 2.6 
2.8 x 10" 2.6 
6.4 x 10' 2 4.0 
2.6 x 10" 3 
2.6 x 1 0 " 
1.0 x 1 0 1 2 

2.5 x 1 0 ' 7 

x 1 0 " 
x 10'* 
x 1 0 " 
x 10" 4 

x 1 0 " 
x 1 0 " 
x 1 0 " 
x 1 0 ' 5 

x 1 0 " 
x 1 0 " 
x 1 0 " 
x 1 0 1 5 

x 1 0 " 
x 1 0 " 

x 1 0 1 2 

x 10" 4 

4.1 x 1 0 " 
5.9 x 1 0 1 2 

1.8 x 1 0 ' 7 

6.6 x 10' (1.9 x 
<5 x 10' 

1.8 x 10' 1.8 x 
<1 X 10l 1 <5 x 

2.1 x 10' 1.7 x 
<2 x io'-1 <1 x 
1.5 x 10 1' 1.3 x 
<1 X lG 1 1 ' <1 x 

7.8 x 10' <5.9 x 
<6 x 10' 

4.8 x 10' 2.7 x 
<1 X io'-
<5 x 10' 
<l X 10' • 1 <b x 

<2 x 10" 
<2 x 10'- <1 X 

<9 x 10'« 6 x 
<5 x 10'^ 6 x 

6.6 x 

10 II 

10 
10' 
10 
10 
10 
10 
10 

12 

12 
1<« 
1 2 
l<* 
11 

10 

10 

10 

11 

15 

13 

1 0 
1 0 
1 0 

10 
20 
16 

3 .1 

6.7 
8.6 

<2 

<3 
6 . 9 

<3 
a.H 

<5 
4 .9 
2 .7 

10 | i . 
1.6 
? 4 

12 
1U 

1<4 
12 
iu 
12 
!<• 
13 
l i* 

1.1 x 10 
9 . 4 x 10 

1 3 
1 3 

8 . 6 x 1 0 1 2 

7.0 x l O 1 2 

4.7 x 1 0 1 5 

x 10'* 
x 10 ' 6 

x 1 0 " 
x ! 0 1 7 

x 1 0 u 

x 1 0 1 7 

x 1 0 " 
x l O 1 7 

x 1 0 ' 5 

x l O 1 7 

x 1 0 1 5 

x 1 0 1 6 

x l O 1 6 

x 1 0 " 

4 x 1 0 1 5 

2.4 x 1 0 U 

6 x 10' 1 4 

5 x lO1*4 

2.7 x 1 0 1 7 

. removed 6 montha before operation was terminated. The 
2.3 yeara for n ' : C s , 284 daya for ' ^ C e , 1 year for 

Samples counted about 2 years after end of MSRE operation. The f o i l and strap samples were 
; . « i f - l i ve s were 109 day* for , 2 7 * T e , 2.7 years for l 2 5 S b , 20 yeara for 9 0 S r , 30 years for " 7 C s , 2 
, 0 * * u , 5 x 10 s years for 9 , T c . 

The samples were f i r s t leached In a so lut ion of Versene, boric ac id , and c i t r i c acid. This so lut ion was analysed, imd the f i r s t number under each 
Isotope i s the re su l t . The remainder of the sample waa dlaaolvad and the second number under each isotope i s the analyt ical result on the dissolved 
sample. 

Present in r e t i c u l a t a font , but not In so lu t ion . 
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1. Generally the concentration of fission products per unit surface 
area exposed to fuel salt is greater in the metal than near the surface. 
However, the difference varies considerably for different isotopes. For 
example, the 1 2 7 T e concentration is about two orders of magnitude higher 
in the metal than on the surface, whereas 9 0Sr is only slightly concen
trated beneath the surface. 

2. The thimble samples that were exposed to flowing salt (desig
nated "bare" in Table 13) and those that were covered by a spacer allow 
some comparison of the effects of flow rate on the deposition of fission 
products. The sample exposed to restricted salt flow consistently has 
a lower concentration of fission products, but only by a factor of 4 or 
less. 

3. Freeze valve 105 (FV 105) had a lower concentration of fission 
products. This was expected because of its operating conditions (p. 30b) 
and is consistent with the observation that intergranular cracking was 
less severe in this component (Table 7). 

4. With due consideration of the half lives, appreciable fractions 
of the total inventory of 1 2 7 T e , 1 2 5Sb, 1 0 6Ru, and 9 9Tc are present on 
the metal surfaces. This generally agrees with the indications of 
the data in Table 13 except for the behavior of 1 3 t*Cs. Some of the 
incremental dissolution data in Table 13 indicate that large amounts 
of 1 3 l fCs were present, whereas the data in Table 14 do not support this 
observation. 

These results are interesting but must be viewed with reservations. 
The technique of electrolytically removing sections in the hot cells 
has not been used previously (to our knowledge) at ORNL, and numerous 
experimental difficulties arose. Uneven removal of material and deteri
oration of contacts, leads, etc. were some of the main problems. The 
results for radioactive species were obtained by proven methods. However, 
the level of gamma radiation from 6 0Co often masked the activity from 
elements of interest. The technique of evaporating 2 ml of the solution 
into the mass spectrograph is not new, but the complexity of the spectra 
presented caused aany problems in interpretation. The different species 
are identified only by mass number by this method, and the presence of 
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the alloying elements in INOR-8, numerous fission products, constituents 
cf the salt, and possible coopcunds between these elements and the elec
trolytic solution made it difficult to interpret the patterns. 

The method used to obtain the data in Table 14 involved only radio-
chemistry and dissolution techniques that were better established. How
ever, the chemical reactivity of the first solution (leach) with the 
surface material leaves an uncertain!ty whether the materials removed 
were siiiply salt residues or small amounts of the metal. The surface 
areas were uncertain iu «ost .:ases because of the complex geometry. 

With the qualifications that have been made the chemical analyses 
Indicate several important points. 

1. Several of the fission products penetra^id the metal to depths 
of a few mils (Figs. 110 and 111). 

2. The fission products Te, Ce, Sb, Sr, and Cs were concentrated 
in the cracked regions of a strained surveillance specimen. Sulfur and 
phosphorous were also concentrated in these same regions. It is possible 
that the segregation of sulfur and phosphorus to the grain boundaries in 
this alloy is a normal phenomenon. 

3. Significant fractions of the total amounts of Te, Sb, Ru, and 
Tc were deposited on the metal surfaces. 

These experiments were good introductions to the types of studies 
that could be performed. More work was needed to develop confidence in 
them, but termination of operation of the MSR3 stopped our best source 
of experimental material. The full significance of the cracking problem 
was only fully realized in the pos tope ration examinatioi of the MSRE. 

DISCUSSION OF OBSERVATIONS ON IHOR-8 FROM 
THE MSRE AND DJ-REACTOR LOOPS 

Summary of Observations 

Observations have been presented on three basic types of samples. 
The first samples were the surveillance samples that were present in the 
MSRE primarily for the purpose of following the corrosion and radiation 
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damage to the metal. Ihe second set of samples consisted of several 
component! from the MSRE that were removed for examination after termi
nation of its operation. The third set cf samples came from in-~eactor 
pump and thermal convection loops. Several important observations were 
made and these will he discussed. These observations will then be used 
to propose some mechanisms that may be responsible for the cracking. 

Tne surveillance samples Included two heats of material that were 
carried throughout the program and removed periodically for examination 
and testing. The samples were usually slightly discolored, but there 
was no evidence of corrosion beyond the slow rate of chromium removal, 
indicated by the analysis of the salt to be equivalent to removing all 
the chromium to a depth of only 0.4 mil or by the micrcproe to be a 
concentration gradient in the thimble extending to a depth of 20 um 
(0.8 mil). When the samples were deformed at 25°C, intergranu]ar cracks 
formed to depths of a few mils. The frequency of cracking increased with 
time, but the maximum depth did not increase detectably (Table 7). 

Examination of several components showed that shallow intergranular 
cracks were present in all materials that had been exposed to fuel salt. 
The statistics on the number and depth of cracks are given in Table 15 
along with the tellumium concentrations based on the chemical analyses 
in Table 14. Very thin surface cracks were often noted when the various 
components were iamoved from the MSRE. This was particularly true of the 
heat exchanger tubing. Samples from the pump bowl where there was a 
liquid interface gc.ve an opportunity to observe the decrease in crack 
severity in traversirg from the liquid to the gas region. All of the 
surfaces that were exposed to fuel salt were coated with fission products. 
Electrolytic sectioning shoved that the fission products penetrated a 
few mi 13 into the metal, but it is not definite whether they had diffused 
Into the metal or whether they had plated on thin intergranular cracks. 
Chemical analyses on a sample that was oxidized to passivate the surface 
and strained to expose the reactive cracked regions showed that the 
cracked regions were enriched in Te, Ce, Sb, Sr, Cs, S, ard P. The only 
sample that showed a deimite dependence of crack severity on fission 



Table 15. Crack Formation in Various Samples from the MSRE Strained at 25°C 
(>500°C for J0,807 hr and Exposed to Firsion Products 24,500 hr) 

Sample Description 
Cracks 

Counted Per Inch 
Depth (nils) 
Av Max 

12 710^ a 
Atoms/cm2 

Total Te b 

Atoms/cm2 

Exposed thimble 91 
Thimble under spacer sleeve 148 
Thimble spacer.. Outer Surface 88 
Thimble spacer, Inner Surface 106 
Mist shield, inside vapor 47 
Mist shield, inside liquid 33 
Mist shield, outside vapor 80 
Mist shield, outside liquid 54 
Sampler cage rod, vapor 100 
Sampler cage rod, vapor 170 
Sampler cage rod, liquid 102 
Sampler cage rod, liquid 131 
Freeze valve 105 131 

192 
257 
178 
202 
192 
150 
363 
300 
143 
237 
165 
238 
240 

5.0 8.0 
4.0 8.0 
3 .0 7.0 
3 .0 5.0 
1.0 2 .0 
4 .0 6 .5 
4.0 5 .0 
3 .0 5.0 
2 .5 5 .0 
3.2 10.0 
3.7 10.0 
7.5 12.5 
0.75 1.5 

x 10 1 5 

1.8,1.8 
0.59,0.46 

1.0,2.8 

0.55 

x 10 1 7 

2.9,2.9 
0.95,0.74 

1.6.4.5 

0.89 

0.04 0.06 

Measured. 
Calculated from measured 1 2 7 m T e , relative isotopic ratios, and half life of 1 2 7 mTe, 
One crack was 12 mils deep, next largest was 5 mils. 
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product concentration was the one from FV 105. The fission product con
centrations were generally loss than on the other samples by an order of 
magnitude (Table 14) and the cracks were very shallow (Fig. 104). 

Possible Hechanisms 

These observations raise several important questions including the 
cause of the cracking and how rapidly these cracks propagate. Unfortu
nately, the information obtained from the MSRE and the in-reactor loops 
is only sufficient to allow speculation on these questiors, and further 
experiments such as those summarized in the next section will be required 
for complete evaluation. 

The first mechanism that must be considered is that the cracking is 
due to some form of corrosion. The most likely form of corrosion under 
the MSRE operating conditions would be the selective removal of chromium 
by the reaction. 

2UFtf(salt) + Cr(metal) ̂  CrF2(salt) + 2UF3 (salt).* 

Some impurities in the salt, particularly at the beginning of operation 
with 2 3 3 U , would have removed chromium from the metal by reactions sucu 
as 

FeF2(salt) + Cr(metal) ̂  CrF2(salt) + Fe(deposited) 

NiF2(salt) + Cr(metal) * CrF2(salt) + Ni(deposited) 

The net result of all of the corrosion reactions is that chromium 
is selectively removed from the metal. This process is controlled by 
the diffusion of chromium to the surface of the metal, where it is avail
able for reaction. DeVan31 measured the rate of diffusion of chromium 
in INOR-8, and his measurements can be used to calculate the depth to which. 

*It is unlikely that the salt was ever oxidizing enough to form 
fluorides of Nl and Ho. Even if this had occurred, metal would be 
uniformly removed. As the salt became less oxidizing, the less stable 
fluoride? of *Ji, Mo, and Fe would react with Cx in the alloy. It is 
likely that the Cr would reside in the salt as CrF2 and that the other 
metals would be deposited in the metallic form.) 
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chromium could have been removed. The most extreme case would occur when 
the chromium concentration at the surface was maintained at zero so that 
the driving force for chromium diffusion toward the surface would be a 
naximum. The calculated chromium concentration profiles based on the 
assumption of zero surface concentration and the measured diffusion co
efficient of 1.5 x 10~1If cm2/sec are shown in Fig. 112 for various times. 
The measured chromium profile for the thimble (Fig. 66) showed depletion 
to a depth of only 0.8 mil (0.0008 in.) which is somewhat less than the 
calculated depletion depth shown in Fig. 112. However, the assumption 
of zero concentration of chromium used in calculating the curves in Fig. 
112 is too severe, and it is reasonable that the measured chromium deple
tion profiles would be less than those calculated. The rate of diffusion 
along grain boundaries, as we will discuss more in detail later, is more 
rapid than through the grains. Thus, the depth of chromium depletion 
along the grain boundaries could be much greater than the 0.8 mil measured 
within the grains. 

The evidence that has just been examined shows that the chromium 
coulH be depleted along the grain boundaries to d̂ .ptus approaching those 
of the observed cracks. However, two significant pieces of evidence sug
gest that chromium depletion alone does not cause the cracking. First, 
thousands of hours of loop corrosion tests were run involving several 
fluoride salts and INOR-8, with no intergrenular cracks being ob
served. 3 2 , 3 3 » 3 1 * The second and most convincing evidence is that chromium 
depletion could not be detected in sampled from the MSRE heat exchanger 
and in the section of the control rod thimble under a spacer sleeve. 
However, these samples were cracked as severely as those (e.g., the bare 
control rod thimble) in which chromium depletion was detectable (Table 15). 
Thus, it seems unlikely that chromium depletion alone can account for the 
observed cracking. 

Another mechanism to be considered is the diffusion of some element(s) 
into the material, preferentially along the grain boundaries. A reaction 
of this type could cause (1) the formation of a compound that is very 
brittle, or (2) a change in composition along the grain boundaries so 
that they are liquid, or solid but very weak. Some deformation would 
likely be needed to form the cracks in all cases. 
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Fig. 112. Calculated Chromium Pr-f i les at 650°C In INOR-8 Assuming 
Zero Surface Concentration of Chromium. 
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It is extremely important that the element (s) responsible for the 
cracking be identified and the mechanism determined. Examination of the 
analytical data in Tables 13 and 14 shows that all of the fission products 
with sufficient half-lives to be detectable after 2 years vera present. 
The data on the sample that: was preoxLdized show enrichments in several 
fission products as well as culfer and phosphorus. These data offer some 
indication of the elements that are present, but the detection limits on 
the nonradioactive elements were not sufficiently low to ensure that 
some of the stable fission products were not present in even larger con
centrations than the radioactive elements. 

Thus, it seemed profitable to look at all of the elements in the 
fission spectrum with sufficient half-life to diffuse into the metal. 
Possible effect* of these elements on INOR-8 are listed in Table 16. 
Many factors may be important, but only the information that we felt 
to be most relevant has been Included. Bieber and Decker35 have summa
rized the observations on pire Mi and Wood and Cook 3 6 have examined the 
effects of several elements on relatively complex niobium-base alloys. 
The thermodynamic properties and the behavior in the salt have been 
accumulated by W. R. Grimes et al 3 7 from the literature, research, and 
studies of the KSRE. Several pieces of Information are available from 
our current research and will be summarized in the next section. 

The elements sulfur and selenium have detrimental effects under 
some tests conditions, but Te has had a more pronounced effect ir all 
types of tests run to date. These three elements form relatively un
stable fluorides and would likely be deposited on the metal and graphite 
surfaces. Also As, Sb, and Sr would be deposited, but no deleterious 
effects if these elements on the mechanical properties of nickel alloys 
have been noted. Zinc ana cadmium may be deposited or present in the 
salt, depending on the oxidation state of the salt. Both of these ele
ments are reported to be insoluble in nickel and we have not observed 
any deleterious effects in our test. Although Ru, Tc, Ho, and Rh should 
be deposited, we have seen no deleterious effects in our tests. Since 
Zr, Sr, Cs, and Ce form very stable fluorides, they should remain in -.he 
salt. We have no evidence, positive or negative, on the effects of stron
tium and cesium on the mechanical behavior, but we presently feel that 



Tabla 16. Possible Effects of Several Elements on th" Crucklng of Haatslloy H a 

Free Energy 
Melting Concentrated Vapor and Effect on Effect on Effect on Effect on of Formation Expected 

Eleaent Point Near Cracka Electroplated Tenalle •ropertiea Creep Propertlea Tenalle Properties Creep Properties of Fluoride Location Overall 
<*C) Specimens* 01 Nickalc on Nlckal Alloyd ol Haatelloy N b of Haatalloy N b at 1000*K of Ratine, 

(kcal/mole F) # Element 

s 119 
Se 217 

Te 4 50 
As 817 

Sb 630 
Sn 232 

Zn 420 

Cd 321 
Ru 2500 

Tc 2130 

Nb 2466 

Zr 1852 

Mo 2610 

Sf 768 

Cs 29 

Ce 804 

Rh 1966 

+ 

+ 

Insoluble 
Insoluble 

»• 

•r 

+ 

+ 

•f 

+ 

Insoluble 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 
+ 

-34 Dep-ualted -

-27 Deposited ... 

-39 >ep«K>lttfd -

-62 Deposited • 
-55 Depoulted ••• 

-60 Deposited • 

- 6 * K 
-64 g •» 

-S I Depoalted * 

-46 Depot.'Led «« 

-70 g * • 

-99 Salt > 

-57 Deposi ted • • 

•12') S i i t 

-106 Sail 

-120 Halt • 

-42 Ueposited • 

*The symbols us fed In thia tavJe should be interpreted in the fol lowing way: A "+" refnrs to K""<J behavior and u "-" indlottuH d« t rU«nca l » f l » ' l s , 

Results of current research. 
C C. G. Bieber and R. F. Decker, "The Melting of Malleable Nickel and Nickel A l l o y s , " 'I'mw. AIM: 221, 629 (1961). 
d D R. Wood and R. M. Cook, "Effecta of Trace Contenta of Impurity Element* on the Crwep-Rupture Properties of NJ ckel- 'ttutv Elements," Mvtaliwrjia 

2 , 109, '1963) . 
'Private communication, W. R. Grimes, 0RNL. 
May appear as H2S If HF concentration of melt is appreciable. 
*May appear In salt if salt mixture is sufficiently oxidising. 
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these eleventh will stay in the salt and not enter the aetai. Zirconium 
and ceriuE do not have adverse efforts when added Le INOR-8. Niobium 
can be in the salt or deposited, but it ha? -ary favorable: etiects on the 
mechanical properties. Truss, although some explanatory work remains, it 
appears that the cracking could be caused by the inward diffusion of ele
ments of the S, Sa, Te family, with tellurius having the most adverse 
effects in the experiments run to date. Our studies have concentrated 
on Xe on the basis that Te has had the most adverse effect**. Because 
these elements all behave similarly, an understanding of how tellurium 
causes cracking should lead to an understanding of the role of the other 
elements in tie cracking process as well. 

P0ST-M5BE STUDIES 

S:iice the surveillance samples and parts of the MSRE were examined, 
numerous laboratory experiments have been conducted in an effort to better 
understand the cause of the cracking and its effects on the operation of 
a reactor. Most of our work has concentrated on the fission product 
tellurium, and the rationale for this choice was discussed in the previous 
section. The experiments fall into the general categories of (1) corrosion 
in salt, (2) exposure to several fission products to compare the tendercies 
to produce cracks, (3) diffusion of Te, and (A) experiments with an applied 
stress. These experiments have involved materials other than INOR-8 in 
an effort to better understand the cracking phenomenon <*nd to find a mate
rial that is more resistant to cracking. These experiments are continuing 
and only the most important findings will be summarized in this report. 

Corrosion Experiments 

Arguments have already been presented that indicate our belief that 
l\e intergranular cracking in the MSRE could not have been due solely to 
chromium depletion. We did run one further experiment. A thermal convec
tion loop containing a fuel salt had operated for about 30,000 hr with a 
very low corrosion rate. The oxidation potential of the salt was in
creased by two additions of 500 ppm FeF 2, and the specimens were examined 
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periodically, the corrosion rats incr€-3*#4 and sowe selective grain 
boundary attack occurred, but the grain boundaries did not crack when the 
corrosion samples item the loop vero deformed. 

Thus, iie conclude th«c corrosion aloue cannot account for thft ob
served cracking. However, chromium depletion by corrosion could make the 
material more susceptible tc cracking by the inward diffusion of fission 
products, and tnis will be discussed later in more detail. 

Exposure to Fission products 
Three types of experiments have beer, run in which saaples are exposed 

to fission productr; (1) exposure of mechanical property sam^l^s to vapors 
of fisaion products, (2) electroplating tellurium on mechanical property 
samples, and (3) studying the mechanical properties of alloys that contain 
small alloying additions of the fission products. Sulfur has been included 
in this work ê ren though it is not a fission product, since it is intro
duced in a reactor by lubricant inleakage and is reputed to be detrimental 
to nickel-base alloys. 

The experiments with fission product vapors have included S, Se, le, 
12, As, Sb, and Cd. These materials have sufficient vapor pressure at 
650°C to transport to mechanical property samples. The samples were 
annealed in a quartz capsule with each fission product for various times 
at 650°C, deformed at 25°C, and sectioned for metallographic examination. 

Examination of the samples exposed in this way has revealed several 
important facts. 

1. Of the samples of INOR-8, type 304L stainless steel, and nickel-
200 exposed to all seven elements for 2000 hr at 650°C, only INOR-8 and 
nickel 200 exposed to tellurium had intergranular cracks after deformation 
at 25°C. 

2. The cracks produced in INOR-8 by exposure to tellurium look quite 
similar to those formed in the material from the MSRE (Fig. 113). 

3. Exposure to tellurium over the temperature range of 550 to 700°C 
and concentration range of two orders of magnitude showed that the severity 
of cracking in INOR-8 and nickel 200 increased with increasing temperature 
and tellurium concentration. Type 304L stainless steel did not crack 
under any of the conditions investigated. 
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MSRE Thimble - 31,000 hr in Fuel Soil at 650°C 
1.4x 10l7otoms/cm2</Te 

Vapor Plated with 5.4 x 10 1 8 atoms/cm2 of Te 
Annealed 1000 hr at 650°C 

Fig. 113. Samples of INOR-8 Strained to Failure at 25°C. The 
upper photograph was made of a piece of the MSRE thiable. The upper 
side was exposed to fuel salt and cracked when strained. The lower 
side was exposed to the cell environment and the oxide that formed 
cracked duiiag straining. 

The lower specimen was exposed to tellurium vapor on both sides 
and deformed. The cracks are similar to those formed on the surfacr 
of the upper sample that had been exposed to fuel salt. 
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4. Inconel 600 and a heat of IN0R-8 modified with 22 Ti shoved less 
severe cracking than DJ0R-8 under similar exposure conditions. 

About 60 commercial alloys have been electroplated with tellurium to 
compare the relative tendencies to form intergranular cracks. One set of 
samples was annealed for 1000 hr at 650*C and the other set was annealed 
200 hr at 700*C. The materials included consisted of (1) iron and sever
al stainless steels, (2) nickel and several nickel-base alloys, (3) copper 
and monel, (4) two cobalt-base alloys, and (5) several heats of IN0R-8 
with modified chemical compositions. The samples were electroplated, 
welded in a metal capsule, evacua:ed and backfilled with argon, and 
welded closed. The environment was impure enough that some oxides were 
detected by x rays, and the results may be influenced by the presence 
of the oxide. The samples were deformed at 25°C and examined metal-
logr^phically to determine whether cracks were present. 

Tie results of the two experiments were quite consistent and several 
important observations were made. 

1. Cracks did not form in any of the iron-base alloys. 
2. Nickel, Hastelloy B (1Z Maximum Cr), Hastelloy V (5Z Cr), and 

1N0R-8 (7Z Cr) formed cracks, but several alloys containing 15Z or more 
Cr did not crack (e.g., Inconel 600, Hastelloy C, and Hastelloy X ) . 

3. Copper and Monel did not crack. 
4. The cvo cobalt-base alloys contained about 20Z Cr and did not 

crack. 
5. Several of the modified heats of IN0R-8 cracked less severly 

than the standard alloy. The better alloys seemed to contain more niobium, 
although chere were usually other additions also. Two alloys containing 
2Z Nb did not have any cracks. 

The results of the two types of experiments, one exposing r.he mater
ial to fission product vapors and the other to electroplated tellurium, 
generally agree. Not all of the alloys have be«?n tested by uoth methods. 

Small melts have been made containing nominal additions of 0.01Z 
each 
show 

of S, Se, Te, Sr, Tc, Ru, Sn, Sb, and As. Tests on these alloys 
no measurable effects on their mechanical properties at 25°C. In 
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creep tests at 650*C only S, Se, and Te have deleterious effects. These 
elements reduce the rupture life and the fracture strain. Alloys con
taining sulfur and tellurium have been made with and without chromium. 
The effects of sulfur and tellurium are more deleterious when chromium 
is not present. This suggests a possible tie between corrosion by se
lective chromium removal and intergranular cracking due to tellurium. 
The regions depleted in chromium should be much less tolerant of tel
lurium than those containing chromium. 

Diffusion of Te 

The rate of diffusion of tellurium in INOR-8, nickel 200, and type 
304L stainless steel has been measured. The penetration depths were quite 
small in some samples, but the data generally give the bulk and grain 
boundary diffusion coefficients at 650*C and 760°C accurately enough to 
make predictions of the depth of penetration in service. The depth was 
very shallow in typ^ 304L stainless steel, at least twice as deep in 
IN0R-8, and many times greater in nickel 200. 

The Fisher model for grain boundary diffusion relates the depth of 
penetration to the diffusion time to the one-fourth power.38 Thus, the 
Increase in the depth of penetration for a system at temperature for 30 
years (an MSBR) is only 1.8 times as great as that for a system at tem
peratures for three years (the KSRE). However, these calculated values 
are lowei limits and make no allowance for the diffusion front advancing 
as intergranular cracks form and propagate. 

Experiments with an Applied Stress 

Several types of experiments with an applied stress have been run. 
One is a standard creep test with the sample in an environment of argon 
and tellur: <n. The tellurium is preplaced in a quartz vial at a location 
where it will have a vapor pressure of aobut 0.5 torr. TN0R-8 cracks very 
badly at 630°C at relatively high stress levels. The cracks extend 35 
mils,, compared with about 5 mils in the tests that were stressed after the 
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exposure to tellurium. Tests near reasonable design stresses have been in 
progress several thousand hours. Type 304L stainless steel, nickel-200, 
and Inconel 600 have been in test several thousand hours, but have not 
been examined metallographically. The reaction products of tellurium vith 
nickel-200 and IN0R-8 are basically nickel tellurides, but the only detect
able product en stainless steel is an oxide of the Fe30i* type. 

Tube burst tests of TtfOR-8 vere run with the outside of the tubes 
in he)ium cr salt environments. Some of the tubes were electroplated 
vith tellurium before testing. The test environment had no detectable 
effect, but the tubes plated with telluriua failed in shorter times than 
those not plated. Metallographic examination revealed intergranular 
cracks about 10 mils deep along almost every grain boundary of the plated 
specimens. Some of the stainless, steel tubes are still in test, but the 
rupture lives of those that, have failed are equivalent for plated and 
uaplated specimens. 

The other type of stressed test that has been run is one with con
trolled strain limits. Theraal stresses commonly occur in components 
such as heat exchangers where high heat fluxes develop and transients 
are frequent. Thermal strains of ±0.3Z are anticipated fcr MSBR heat 
exchangers. Our first test has utilised a Te-plated Hastelloy N speci
men strained between limits of ±0.162. The rupture life was shorter 
than anticipated oi the V^is of tests with tellurium, and numerour inter-
granular cracks were present on the outside w»iere the tellurium was plated. 

SUMMARY 

These tests shov the tellurium causes the formation of intergranular 
cracks in EK)R-6 and that these cracks are deeper if the materiil i& 
stressed and exposed to tellurium simultaneously than they would be If 
the oaterial were exposed to tellurium and then stressed. Although the 
ditfusion rate of tellurlu* in IH0R-8 has been measured, the role of 
stresr in accelerating crack propagation makes the diffusion measurements 
of questionable value in estimating "be extent of cracking in service. 

Only elements of the S, Se, and Te family were found to cause inter
granular cracking in INOR-8. 
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Exploratory experiments indicate that several materials are ?sore 
resistant to intergranu-lar cracking than JLHOR-8. Iron-base alloys, 
copper, and Monel seem completely resistant. Nickel- or cobalt-base 
alloys with about 20% Cr seem resistant, but the results for alloys such 
as Inconel 600 with 15% Cr are incorelusive. Some modified compositions 
of INOR-8 have exhibited improved resistance to cracking. 

The INCR-8 from the MSRE, which had been exposed to fuel salt, was 
noted to contain intergranular cracks to depths of a few mils. These 
cracks were visible in some materials in as-polished metallographic sec
tions as they were removed from the MSRE. When the samples were deformed 
at room temperature, the crocks became more visible but stfll reached a 
limiting depth of about 10 mils. The severity of cracking could not be 
related with the amount of chromium removal but was most severe at the 
liquid interface in the pump bowl ai»d least severe in regions of the 
pump bowl exposed to gas. Samples were sectioned el^ctrochemically, and 
some fission products were found to depths of several ails, although it 
was not clear whether the fission products had diffused through the aetal 
to these depths or simply plated on the surfaces of cracks that already 
existed. 

Not being able to relate the intergranular cracking to corrosion 
(chromium leaching) in either the KSRE or in laboratory experiments, 
w« investigated the possible effects o£ fission products on the material. 
The MSRE bad beau shut down and the work was continued in laboratory ex
periment*. This work included the exposure of INOR-8 to small amounts 
of vapor or electroplated fission products, the study of several alloys 
with fission products added, experiments with tellurium and an applied 
strews present simultaneously, and the measurement of the diffusion of 
tellurium in INOR-8. These experiments have shown clearly that of the 
many eleaents tested, only tellurium caused intergranular cracking sim
ilar to that noted in samples from the MSRE. 

Several other materials were also included in these experiements to 
determine whether they might be aore resistant to embrlttleaent by tellu
rium. Several alloys, including 500 and 400 series stainless steels, 
cobalt- and nickel-base alloys containing aore than 15% Ce, copper, Monel, 
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and some modified compositions ox INOR-8 are resistant to cracking in the 
tests run to date. Further vork will be necessary to shov unequivocally 
that these materials resist cracking in nuclear environments, including 
in-reactor capsule tests. 

jia JWJJ»\»*«* — * 
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