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M ETA L L U R GY D I VIS I 0 N 

SEMIANNUAL PROGRESS REPORT 

SUMMARY 

ANP M E T A L L U R G Y  

General Corrosion. - The results of two beryl- 
lium-lnconel-sodium compatibil i ty tests are given. 
Direct  contact between lnconel and beryll ium speci- 
mens whi le immersed in sodium at 130OOF for 
1000 hr results in  25 mi ls of br i t t le  al loy formation 
(pr incipal ly Be, ,Ni5). Chromium plat ing of the 
lnconel has been ef fect ive in  reducing the thick- 
ness of  a l loy formed, Be,Cr being the compound 
formed i n  this case. 

Two Inconel-sodium thermal-convection- loop tests 
have been conducted to determine the effect of a 
diffusion cold trap on the amount of mass transfer 
observed i n  the co ld leg of  the loop. Corrosion 
and mass transfer were found to be less in the 
loop wi th  the di f fusion cold trap than in  a standard 

o f  the stainless steels an 

satisfactory resistance to mass transfer at hot- 

conducted on a series of  Coast Metals No. 52 
(89% Ni-5% S i -4% B-2% Fe) buttons to obtain 
some information on the depleted region found at  
the edge of th is  a l loy after exposure to l iqu id  
metal or fuel salts. It was found that the depth of  
the depleted region i s  time-dependent and that 
boron i s  leached out of this area when tested in  
the fuel bath. Similar tests were conducted on 
Coast Metals No. 53 (81% Ni-8% Cr-4% Si-4% 
8 4 %  Fe) w i th  the expectation that the high chro- 
mium content would t i e  up the boron and prevent 
i t from being leachedinto the fuel bath. 

Recrystal l ized tube-to-header jo ints welded and 
supplied by The Glenn L. Martin Co. show good 
resistance to  the NaF-ZrF,-UF, (50-46-4 mole %) 
and NaK (56-44 wt %) baths during corrosion tests 
at 150OOF for 100 hr. The welds are made by 
forging a preflared tube into a dr i l led header plate; 
the edge of  the header hole i s  heated to a plast ic 

state which al lows the tube to be forged into 
position. 

lnconel thermal-convection loops wi th  the 70% 
Ni-13% Ge-11% Cr-6% S i  brazing al loy located 
in  the hot-leg section have been tested at 1500°F 
for 500 hr wi th  NaK (56-44 wt %) and NaF-ZrF4-  
UF, (53.5-40.0-6.5 mole 5%) as circulat ing fluids. 
The al loy showed a 1- to 1.5-mil attack in  the NaK 
loop. Depth of  attack on the al loy i n  the fuel loop 
averaged approximately 5 mils. A third thermal- 
convection loop wi th  the 82% Au-18% Ni brazing 
al loy i n  the hot leg was operated wi th  NaF-ZrF,- 

UF, (50-46-4 mole %) as c i rculat ing f lu id  for 
500 hr at 15OOOF. Attack on this brazing al loy 
averaged 8 mi ls .  

Pure niobium has been stat ic tested i n  sodium 
for 1000 hr at 1500°F in  lnconel and type 304 
stainless steel capsules. A small amount of 
surface roughening and weight loss was found on 
the specimens after the test. 

Some Thermenol (82% Fe-15% AI-3% Mo) samples 
have been stat ica l ly  tested in  sodium for 100 hr 
at 1500°F using 1035 steel and type 430 stainless 
steel capsules. A small weight and thickness loss 
was found on the tested specimens. 

Haynes al loy No. 40, nominal composition 13.5% 
Cr-4.5% Fe-3.9% Si-3.2% B-1.0% Co-0.42% C- 
0.25% Mn-bal Ni, shows good corrosion resistance 
to NaK but only fair resistance to an NaF-ZrF4-  

UF, (50-46-4 mole %) mixture during a dynamic 
corrosion test  a t  150OOF for 100 hr. 

Screening corrosion tests on nickel  and lnconel 
by using an NaCI-MgCI,-UCI, (50.0-33.3-16.7 
mole %) bath show that n icke l  mass-tmnsfers quite 
readily in  th is  bath at  1800°F during a 100-hr test. 
lnconel showed trace amounts of mass transfer 
under the some conditions and a 2-mil subsurface 
type attack i n  a 500-hr test  at 1350°F in  the same 
bath. 

Tests wi th  seesaw apparatus which was operated 
for 100 hr at 1500°F revealed l i t t l e  attack of 
lnconel and type 316 stainless steel by NaK and 
I i thium. Thermal-convection- loop tests which were 
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conducted for 1000 hr a t  1500°F wi th  a 5% l i thium 
addit ion revealed no change in attack on the 
Inconel, but the stainless steel wos attacked to 
a depth of 6 mi ls  in the co ld leg. 

Long-duration tests o f  NaF-UF,-ZrF, (56-4-40 
mole %) i n  Inconel, in  which a temperature gradient 
was used to make the more vo lat i le  ZrF, "snow" 
crysta l l ize above the fused-salt bath, revealed that 
no attack occurred i n  the "snow" region and that 
the attack in the bath region was less than that 
normally observed in fused salt-Inconel tests. 

No mass transfer or attack occurred i n  tests by 
seesaw apparatus of zirconium i n  l i thium and in 
sodium. Niobium capsules, tested i n  sodium and 
i n  l i thium under similar test conditions, were sub- 
jected to  some attack and to a very small amount 
o f  dissimilar-metal mass transfer to  the wal ls  of 
the Hastel loy B and lnconel protective containers. 

Several lnconel castings tested s tat ica l ly  for 
1000 hr at 1500°F in an NoF-ZrF,-UF, (50-46-4 
mole %) wrought Inconel system were more severely 
attacked than i s  normally experienced i n  wrought 
Inconel. 

Rubidium standpipe and corrosion tests by see- 
saw apparatus i n  Hastel loy 6 and i n  molybdenum 
capsules which were performed for 500 hr a t  various 
temperatures produced no mass transfer and l i t t l e  
attack of the two materials. 

Of the four materials subjected to  carburization 
by sodium wi th  varying graphite additions, the 
heaviest amount of carburization and deepest carbon 
penetration occurred, i n  descending order, i n  type 
430 stainless steel, type 316 stainless steel, 
Hastel loy B, and type 310 stainless steel. 

In  100-hr screening tests at 150OOF, the corrosion 
resistance of intermetall ics of NiAI, NiAl + 5% Ni, 
NiAl + 4% Zr, and MoAl was good i n  stat ic sodium 
and poor i n  stat ic NaF-ZrF,-UF, (53.5-40.0-6.5 
mole %). 

A ceramic of rare-earth oxides w i th  an apparent 
porosity to water o f  53.5% had an apparent porosity 
to sodium o f  52% when exposed to  s tat ic  sodium 
for 100 hr a t  1300°F. A ceramic body o f  the same 
rare-earth oxides wi th  an apparent porosity to water 
of 46.4% had an apparent porosity to sodium of 
51.0% when exposed to  stat ic sodium for 473 hr a t  
135OOF plus 81 hr of 3-hr cycles between 1350 and 
11OOOF. 

Solid-phase-bonding screening tests have been 
made for molybdenum i n  contact a t  20,000 ps i  
(calculated) w i th  K150A (80% Tic-10% NbTaTiC,- 

10% Ni )  and K152B (64% Tic-6% NbTaTiC,-30% 
Ni) for 100 hr in NaF-ZrF,-UF, (50-46-4 mole %) 
at 150OOF. Bonding occurred between K152B and 
molybdenum. 

No bonding was found between specimens of 
Stel l i te 6 in contact a t  50,000 ps i  (calculated) for 
200 hr i n  sodium at  1200°F. 

Dynamic Corrosion. - Two lnconel pump loops 
were operated to  study the effects of increasing 
cold-leg surface area on corrosion i n  fused fluoride 
No. 30. One of the loops contained a standard 
cooling coi l ,  whi le  i n  the other a special c o i l  was 
employed to double the effect ive cooler surface. 
No difference in attack between the loops was 
observed over a 1000-hr period. 

A standard forced-circulation loop, which was 
designed t o  study effects o f  bulk f luoride tempera- 
tures on corrosion, operated w i th  No. 30 fused sa l t  
a t  a 1700°F maximum wal l  temperature, 1500°F 
moximum f lu id  temperature, and 200°F temperature 
drop. The attack i n  th is  loop was 9 mils and 
compares c losely  w i th  the attack in a loop operated 
at  a similar wa l l  temperature and temperature drop 
but a t  a 165OOF fluid temperature. The agreement 
i n  corrosion results i s  attributed to  the importance 
of wal l  temperature in fluoride corrosion. 

Two lnconel pump loops were examined fol lowing 
1000-hr operation wi th  fuel No. 70, a fluoride mix- 
ture composed of NaF-ZrF,-UF, (56.0-39.0-5.0 
mole %). The purpose o f  these tests was to compare 
the corrosion properties of this fuel mixture w i th  
those o f  fuel No. 30. The loops were operated a t  
1500 and 165OOF maximum f lu id  temperatures wi th  
temperature gradients of 20OOF. Maximum attack i n  
both loops reached 7 mils, values which show good 
agreement w i th  similarly operated loops circulat ing 
fuel No. 30. However, very th in  metal l ic deposits 
were noted i n  the cool ing co i l s  of both loops i n  
contrast w i th  fuel No. 30 loops, which normally 
have shown no deposits. 

A Hastel loy B forced-circulation loop has been 
operated 1000 hr w i th  the fluoride mixture NaF- 
KF-LiF-UF, (1 1.2-41-45.3-2.5 mole %). The fluo- 
r ide was circulated at  a maximum f lu id  temperature 
of 150OOF and a temperature drop o f  200°F. Metal- 
lographic examination of the hot leg revealed only  
very s l ight  attack i n  the form of surface roughening 
and pit t ing. The cold leg metallographically showed 
no deposits or attack, although some evidence o f  
very minute metal part icles was found on v isual  
inspection. 
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The operation o f  an lnconel pump loop, con- 
ducted as an endurance test wi th  fuel No. 30, was 
terminated after 8300 hr by a pump drive failure. 
The loop was gas-fired and operated wi th  a maxi- 
mum fluoride temperature o f  1450°F. Hot- leg attack 
occurred as subsurface void formation to a depth 
of 25 mils. The cold-leg surface was roughened 
but showed no evidence of mass-transferred de- 
posits. A second loop of relat ively long duration 
operated for 3000 hr wi th  fuel No. 30 at a maximum 
temperature of 1600°F. Hot-leg attack i n  this loop 
was 25 mils i n  depth, and again no deposits were 
noted i n  the cold leg. 

An lnconel pump loop, using sodium specially 
treated to remove oxide contamination, has operated 
1000 hr at 1500°F. The sodium was cold-trapped 
at 300°F before entry into the test loop, where it 
was again cold-trapped. A n  examination of mass 
transfer i n  this loop showed the weight of deposit 
to be equivalent to loops operating wi th  normal 
sodium either wi th  or without bypass cold traps. 

Several lnconel pump loops have completed oper- 
at ion wi th  sodium at  temperatures from 1250 to 
1500°F. A loop operated at  a temperature of 1350°F 
wi th  a 300°F temperature drop revealed only 
scattered metal deposits i n  the cooler after 1000 hr. 
A relat ively heavy deposit resulted i n  a loop oper- 
ated at 1500°F wi th  a temperature gradient of 
400°F. Two loops, one at  1250°F and the other 
a t  1300"F, were operated i n  coniunction wi th  beryl- 
l ium inserts. A t  the higher temperature, the insert 
revealed scattered vo id formation to 7 mils. A l loy ing 
between the beryl l ium and the lnconel in contact 
w i th  i t produced a br i t t le  layer 3% mils  thick. A t  
the lower temperature, vo id  formation i n  the beryl- 
l ium progressed to 5 mils  w i th  no evidence o f  
al loy formation w i th  Inconel. To  determine whether 
increasing the surface area of beryl l ium w i l l  affect 
i t s  compatibi l i ty i n  an Inconel-sodium system, -two 
tests were conducted a t  1250°F i n  which equivalent 
surface areas o f  lnconel and beryl l ium were in 
contact i n  molten sodium. Visually, no increase 
in mass transfer was seen i n  either o f  these tests, 
compared wi th  tests o f  smaller inserts. 

Severe f luoride corrosion of cast lnconel was 
observed in standard -1nconel thermal-convection 
loops containing the castings as hot-leg inserts. 
These loops operated 500 hr w i th  NaE-ZrF,-UF, 
(50-46-4 mole %) at  1500°F. The castings con- 
tained approximately 1.2% Mn, 2% Nb, and 1 to 
2% Si. The inserts wi th  the lowest and the highest 

s i l icon contents were evaluated n tests w i th  fuel 
No. 30, whi le  the insert w i th  the intermediate 
s i l icon content was operated w th sodium. The 
fluoride attack, which reached i n  the most severe 
case to a depth of 70 mils, appeared as subsurface 
voids wi th  very deep intergranular penetration. 
Metal deposits were also observed in the loops. 

The casting wi th  the intermediate s i l i con  con- 
tent, which was tested i n  sodium, showed very 
l i t t l e  corrosion, although metal l ic deposits were 
observed in the co161eg area of the loop. 

Thermal-convection loops constructed of Monel 
and operated w i th  NaF-LiF-KF-UF, (11.2-41.0- 
45.3-2.5 mole %) a t  1500°F showed very l i t t l e  hot- 
leg attack, 1 mil, i n  various tests conducted from 
500 to 1339 hr. 

Hastel loy X exhibited poor fluoride corrosion 
resistance i n  thermal-convection-loop tests con- 
ducted 1000 hr wi th  NaF-ZrF,-UF, (50-46-4 mole %) 
at  1500°F. The hot-leg attack, 27 to 35 mils i n  
depth, appeared as deep intergranular subsurface 
vo id formations. Cold-leg deposits were observed 
in these tests. 

No deposits or attack was observed i n  thermal- 
convection loops constructed of Hastel loy X and 
operated 1000 hr wi th  sodium at  15OOOF. 

Several Hastel loy W thermal-convection loops 
were operated 1000 hr w i th  sodium, NaF-ZrF,-UF, 
(50-46-4 mole %), and NaF-LiF-KF-UF, (11.2-41.0- 
45.3-2.5 mole 5%) a l l  a t  1500°F. No hot-leg attack 
was observed i n  the sodium tests, but metal l ic 
deposits were observed i n  the co ld legs of the 
loops. Also, no hot-leg attack or cold-leg deposits 
were observed i n  the NaF-ZrF,-UF, (50-46-4 
mole 76) tests. A maximum attack o f  2 mils was 
observed i n  the loops operating 1000 hr w i th  NaF- 
LiF-KF-UF, (1 1.2-41.0-45.3-2.5 mole X) at 1500°F. 
Al loy ing o f  n icke l  and beryl l ium was observed i n  
Hostel loy B thermal-convection loops containing 
bery l l ium inserts in the hot legs and operating 
1000 hr wi th  sodium a t  1200 and 1300°F. However, 
this a l loy ing occurred only at the areas o f  con- 
tact, and a l loy ing was not observed where a 
spacing of 0.020 -f 0.005 in. was provided. A 
maximum attack o f  3 mi ls  occurred on the outside 
diameter of the beryl l ium insert where the sodium 
f low was somewhut restricted. 

Inconel-beryllium-sodium studies at  sodium oper- 
at ing temperatures of 1200, 1250, 1300, 1400, 
and 1500°F were conducted w i t h  standard lnconel 
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thermal-convection loops containing beryll ium in- 
serts in the hot legs. A l l  tests were operated 
for 1000 hr. Nickel-beryl l ium al loy formation was 
observed in tests conducted at  temperatures of 
1300°F and above. Maximum attack of the beryl- 
l ium was 13 mi ls  and occurred on the outside 
diameter o f  the insert in the loop which operated 
at  1500°F. 

A reduction in maximum hot-leg attack was ob- 
served in standard lnconel thermal-convection 
loops operating 500 hr w i th  special ly prepared 
fuels (NaF-ZrF,-UF,, 50-46-4 mole %). 

Two types of fuel were used; one contained 
specially prepared ZrF,, and the other had been 
used and reclaimed. 

Screening tests of special fuel mixtures are under 
way. Tests were conducted to study the effect on 
corrosion o f  different alkali-metal f luorides as 
components o f  the basic fluoride-fuel mixture MF- 
ZrF,-UF, (50-46-4 mole %), where M stands for 
potassium, rubidium, or l i thium. The attack wi th  
the lithium-bearing mixture was severe, but the 
attack wi th  potassium and rubidium mixtures was 
similar to that normally found w i th  NaF-ZrF,-UF . 

Also, tests were completed in which the a lkaf i  
metal and ZrF, content of the MF-ZrF,-UF, fuel 
system were varied. Lowering the ZrF, content 
from 46 to 40 mole %, but keeping the UF, content 
a t  4 mole %, had no effect on attack by the NaF- 
containing mixtures, but the attack by the KF- and 
RbF-containing mixtures increased from 1 to 2 mils. 
7;he attack by the LiF-containing mixture decreased 
signif icantly w i th  the decrease i n  ZrF, content, 
although th is  result i s  i n  doubt. Traces of metal l ic 
crystals were found i n  the co ld  legs o f  loops con- 
taining 56 mole % of the alkal i-metal fluoride, 
except the loop containing KF. 

An increase i n  UF, content from 5 to 26 mole % 
in the NaF-ZrF,-UF, system shows an increase 
in fluoride attack wi th  an increase i n  UF, content. 
Cold-leg deposits, possibly uranium, were observed 
in a l l  loops. 

The special fuels in which the NaF-BeF, rat io 
was varied do not exhibit  a definite corrosion 
pattern. However, in the instances where the NaF 
was replaced w i th  L iF in these beryl l ium systems, 
the attack was increased almost twofold. Also, 
increasing the LiF i n  these mixtures appears to 
increase the maximum hot-leg attack, 

Mechanical Properties. - Relaxation tests of 
lnconel a t  1300 and 1500°F have been completed. 

Results indicate that relaxation rates tend to vary 
w i th  the load rate up to the proportional l imit. A t  
stresses above the proportional l im i t  the relaxation 
rate i s  independent of the load rate. 

Creep tests of lnconel specimens wi th  varying 
section thicknesses were conducted in liquid No. 
30. It can be noted that, for sections o f  0.020 in. 
and less, the stress-rupture properties are very 
drastical ly affected, as compared wi th  the tests 
for sections from 0.060 to 0.125 in., which show 
good correlation. 

Extensive mechanical tests of beryll ium at  ele- 
vated temperatures i n  argon have been conducted 
by The Brush Beryl l ium Co. In  th is  laboratory a 
few creep tests have been performed on beryll ium 
specimens in sodium. A comparison o f  the results 
wi th  those obtained by The Brush Beryl l ium labo- 
ratory indicates that no detrimental effects w i l l  be 
attributable to  th is  environment. 

Lead al loyed w i th  0.06% copper for better ele- 
vated temperature strength i s  in test a t  23CPF. It 
i s  desirable that this material deform less than 
0.5% i n  a year a t  a stress o f  100 psi.  Results to 
date indicate that the al loy does not possess th is  
strength. 

Results of tests o f  Hastel loy B and Hastel loy W 
in several environments including l iqu id  No. 107 
show that, except for very high stresses, no dif- 
ferences in creep properties are noted. Hastel loy X 
shows good corrosion resistance i n  l iqu id  No. 30 
at  15OOOF but i s  heavi ly attacked w i th  a corre- 
sponding loss i n  creep properties at  higher temper- 

\ 
'proposed as neutron shielding material for crew 
compartments, are being investigated. The ox 
dation resistance of the material, even at  roo 
temperature, i s  so poor that a method was devis 
for producing a protective f i lm at  the surface. T 
results of tests at  2OOOF show that the a l loy i s  
weak that a stress of 500 ps i  w i l l  produce ruDtu 
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Nondestructive Testing. - Most of the avai lable 
manpower and equipment time has been devoted to 
the routine inspection o f  approximately 17,000 f t  
of p ipe and tubing for the reactor construction 
program. Both encircl ing-coi I-eddy-current and 
immersed-ultrasound methods of inspection were 
used. Part of the remaining effort was employed 
i n  the metal lographic examination of regions which 
showed defect indications so that the defect types 
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report o f  the number of qual i f ied welders cur- and sizes could be correlated wi th  the data pre- 
sented by the inspection instruments. This  has 
been valuable experience. 

The balance o f  the efforts of th is  group has been 
devoted to the development o f  an inspection method 
to detect small lamination-like defects i n  sheet 
material. After consideration and reject ion of such 

techniques as ultrasonic resonance, conventional 
pulse-echo ultrasound, and transmission-attenuation 
of ultrasound by using transducers on opposite 
sides of the sheet, a new ultrasonic method was 
conceived and i s  presently being investigated. 
This  method requires a pulse of ultrasound o f  5- 
to 20-psec duration tuned to such a frequency that 
the sheet thickness i s  an exact mult iple of the 
half-wave length. Under these conditions a re- 
verberation or r inging of the ultrasound between 
the two sheet surfaces i s  obtained and presence 
of laminations i s  detected by a decrease i n  this 
ringing. The reflectoscope i s  being modified for 
appl icat ion to th is  sheet inspection technique. 

Inspection. - Inspection o f  4959 cr i t i ca l  weld- 
ments in the Y-12 area resulted in an 11% reject ion 
rate for porosity, cracks, misalignment, lack of 
fusion, and lack of penetration. 

Over 20,000 f t  o f  tubing and various amounts of 
pipe, plate, sheet, rod, and other lnconel material 
were inspected. The reject ion rate for pipe and 
tubing averaged approximately 1096, except for two 
lots which were completely rejected, one because 
of oxidation of the inside-diameter surface and the 
other because of numerous defects. Rejection 
rates for other shapes were not greater than 5% i n  

i any case and averaged much less. 

1 Sixty feet of lnconel W and 208 ft of Hastel loy B 
' tubing were a lso inspected. The former was found 

to be acceptable, whi le  the latter was over 65% 
reiectoble. However, because of the need for th is  1 
material, it was reworked, and a l l  but the most 3 

f , gross defects were accepted. 
Inspection of items fabricated by outside vendors 

included thermal-convection loops, pressed dished 
lnconel heads, small heat exchangers, and $-Mw 
hi gh-conduc t i v i  t y  f in  radiators. 

Fluorescent penetrant inspection equipment has 
been insta l led and tests are under way to  compare 
th is  type of inspection w i th  the dye penetrant 
process it w i l l  replace. It appears that higher 
qual i ty tubing can be ensured by the greater sensi- 
t i v i t y  of the new method. 

rently employed i n  the ANP program i s  presented. 
Welding and Brazing. - Weld shrinkage studies 

have been conducted to permit the accumulation 
o f  empirical data pertaining to the fabrication o f  
lnconel reactor components. A special welding 
procedure has been developed for fabricating lnco- 
ne1 pump volutes to the desired tolerances. MetaI- 
lographic examinations on radiators after service 
have indicated that the incorporation of various 
suggested design modifications has been bene- 
f ic ia l .  The results of a heat exchanger fai lure 
analysis are also reported. 

A continuous furnace for the production o f  sintered 
brazing a l loy rings has been developed, and a 
production rate has been established. Approxi- 
mately 50,000 rings could be produced i n  an 8-hr 
day, wi th  a probable cost per r ing of a fract ion of 
a cent. 

The development of a suitable technique for 
joining various cermet valve components i s  also 
reported. A metallurgical bond can be formed 
direct ly between nickel and the nickel-t i tanium 
carbide cermets at  temperatures of approximately 
135OOC. Preliminary work on an evaluation of the 
weldabil i t ies of several nickel-molybdenum al loys 
has been init iated. 

Fabrication. - Conditions for the extrusion of 
nickel-molybdenum-base alloys, including Hastel- 
loys B and W, have been developed to the point 
where tube blanks of these materials can be suc- 
cessful ly fabricated on a laboratory scale. Slow 
extrusion rates and improved lubrication were 
found to be the most desirable conditions. Th is  
laboratory-establ i shed information has been s uc- 
cessfu l ly  applied for the extrusion of Hastel loys 
B, W, and X on a commercial scale for the f i rs t  
ti me. 

Twenty-five feet o f  high-quality seamless Hastel- 
loy W tubing; 0.187 in. i n  outside diameter by 
0.025 in, in wa l l  thickness, was redrawn from the 
f i rs t  successful laboratory extrusion of th is  alloy. 
This  demonstrates the feas ib i l i ty  of producing 
seamless tubing o f  th is  type of a l loy for heat- 
exchanger applications. 

A high-strength, corrosion-resi stant nickel-molyb- 
denum-base al loy i s  being developed that w i l l  not 
be embritt led as a result of aging, as i s  the case 
for Hastel loys B and W. Various experimental 
nickel-molybdenum-base a l loys received from the 
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International Nickel  Company, Inc., and Battel le 

Memorial Inst i tute were extruded into tube blanks 
and further processed into seamless tubing by the 
Superior Tube Co. The a l loys which contained 
moderately high carbon contents o f  0.12 to  0.25% 
tended to  crack badly during tube processing. 
Metallographic examination revealed stringers of 
carbides i n  the microstructure; i t was along these 
stringers that the cracks tended to propagate. 
Those a l loys which yielded acceptable tubing are 
being evaluated for their corrosion resistance. 

Ternary alloys, based on the 17% Mo-Ni al loy 
w i th  additions of Ti, AI, W, Nb, Cr, Fe, and VI 
have been fabricated into tubing for corrosion 
test ing in order to determine the upper l im i t  of the 
third element added to increase the strength o f  the 
alloy. 

In order to  gain production experience wi th  spe- 
c ia l  nickel-molybdenum-base alloys, the Interna- 
t ional Nickel  Company has prepared 4800-lb heats 
o f  s ix  alloys. One composition, 1.5% Ti-2% Al-  
17% Mo-Ni, was not forged successful ly during 
the in i t ia l  ingot breakdown and was v i r tua l ly  100% 
scrap. Seomless tubing, plate, sheet, wire, and 
rod products are being prepared from the other f i ve  
compositions. 

The effect of consumable-electrode arc melt ing 
on the strength and fabricabi l i ty of nickel and 
several nickel-molybdenum-base a l loys i s  being 
investigated. It i s  hoped that the high arc temper- 
atures wi  I I vaporize "tramp" elements and that 
the result ing melts w i l l  have improved mechanical 
properties. Electrodes of each composition o f  
interest were arc-melted at Bat te l le  Memorial Inst i-  
tute and have been returned to ORNL for evaluation. 

The oxidation of Hastel loy B in stat ic air has 
been investigated at 1200, 1400, 1600, and 18000F. 
The curves of weight gain vs time were parabolic 
a t  a l  I test temperatures; and, thus, the oxide scale 
(NiMoO,) that forms on the surface appears to be 
protective. Evidence has been found that the 
formation of NiMoO, depends on the molybdenum 
content o f  the alloy, as wel l  as on the test  temper- 
ature. 

The fabrication of experimental compositions o f  
tungsten carbide w i th  nickel-al loy binders, for use 
i n  the ART pump-impeller shield plug, was con- 
tinued, It was established that a composition of 
25 to 30% Hastel loy C wi th  tungsten carbide had 
optimum properties. Hot-pressed models o f  the 
gamma shield were successful ly brazed to lnconel 
plate. 

Specimens of ZrO, were fabricated and tested 
for use in the thermal shield o f  the shield plug and 
were found to be satisfactory. 

A sample o f  the type 430 stainless-steel-clad 
Cu-B,C shield material, which was fabricated by 
the Alleghany Ludlum Steel Corp., was evaluated. 
The sample p la te was satisfactory except for 
thickness deviatiahs and surface roughness. 

Sample t i les  of B,C submitted byTheCarborundum 
Company and the Norton Company were evaluated. 
T i l e s  submitted by The Carborundum Company were 
unsatisfactory because of voids and low boron 
density, whereas the Norton Company t i l e s  met or 
exceeded a l  I specifications. 

Dispersions of CaB, and BN i n  iron and nickel 
were investigated as possible substitutes for the 
B,C-Cu layer. Dispersions of BN i n  nickel were 
easi ly fabricated and were found t o  be stable at 
2000°F e 

Samples o f  steel and stainless steel containing 
up to 1.0% boron were prepared for strength and 
irradiation tests. 

The preparation o f  copper coatings on B,C t i les  
was investigated by The Vi t ro  Mfg. Co. Uniform, 
adherent coatings were produced by a two-step 
process consist ing of deposition of Cu,O, fol lowed 
by reduction w i th  a mixture-- 

A promising phosphate-base coating for 'the 20% 
Li-80% Mg al loy was developed and was tested i n  
tensi le and creep tests for comparison wi th  previ- 
ous samples. Coated specimens had strength 
equivalent to previous uncoated samples and had 
much greater duct i l i ty .  

A powder-base substitute for the Iithium-mag- 
nesium al loy was developed; i t consisted o f  Li,O 
dispersed i n  aluminum. Dispersions containing 
50 vo l  % Li,O were readi ly fabricated into plates 
clad w i th  aluminum. Such c lad plates have a 
l i thium density greater than that wi th  l ithium- 

Encouraging results were obtained on the fabri- 
cation of tubular control rods by coextrusion. The 
proposed rods would u t i l i ze  a core o f  70% Ni-30% 
Lindsay oxide. The thermal conductivity of the 
core material was also determined. 

Simulated fuel-element tubing redrawn from three- 

p ly  tube blanks was received and evaluated. The 
redrawn tubing, containing f ine oxide wi th  an 
average par t ic le  s ize of 15 p, showed tens i le  
fractures i n  the core, whereas the redrawn tubing 
containing coarse oxide of 44- to 105-p part icle 

? 
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size showed excessive stringering of oxide par- 
t ic les in the core. 

The study of f low patterns i n  three-ply extrusions 
was continued. The effects of sectional cores and 
cores wi th  tapered ends were investigated. 

The evaluation o f  arc-melted niobium i s  being 
carried out by comparing i t s  properties wi th  those 
of powder-base wrought material. A n  al loy of 80% 
Nb-20% U i s  also being fabricated into strip for 
mechonica I test ing and cladding experi ments. 

A research program has been in i t ia ted to investi-  
gate the hydrides of zirconium and o f  zirconium- 
yttrium al loys for high-temperature-moderator appl i-  
cations. The Ceramics Group is  bui lding the furnace 
and the gas purif icat ion system for the program. 

High-Temperature Reactions of Metals and Ce- 
ramics. - A spectrophotometer has been constructed 
for the measurement o f  absorption spectra of fused 
salts a t  temperatures up to  800°C. Measurements 
have been made o f  fused s i lver  hal ide-alkal i  metal 
hal ide solutions over the spectral range of 450 to 
800 mp. These measurements are being extended 
down to 200 mp. 

Other apparatus are being constructed for the 
measurement of nuclear magnetic resonances i n  
fused salts and for the measurement of the self- 
decomposition o f  fused hydroxides. 

Continuing studies of the kinetics of the ox i -  
dation o f  a lka l i  metals have shown that potassium 
forms a highly protective oxide f i lm at -50°C during 
lo5 min o f  reaction, whereas at -20°C the oxide 
f i lm was found to transform from protective to non- 
protective after about 200 min. 

Studies were made of the reaction between fused 
sodium hydroxide and a number o f  a l loys i n  which 
rote processes i n  the so l id  al loy were found. to 

play a prominent ro le  i n  the reaction mechanism. 
In  most instances the reaction proceeded by a 
complex mechanism which for certain a l loys was 
found to involve a stress-corrosion process in 
which the reaction i t se l f  induced the stress. 

H R P  M E T A L L U R G Y  

To confirm. the phase boundary temperatures 
reported previously for short-time specimens, speci- 
mens of Zircaloy-2 have been held for,two weeks 
at temperature. Preferred orientation measurements 
have been made in order to determine the change 

i n  the amount of preferred orientation caused by 
the “randomizing” heat treatment. A multipass 
weld in Zircaloy-2 p la te has been examined metal- 
lographically and a hardness traverse made. The 
data are reported wi th  micrographs. 

Crystal-bar zirconium and Zircaloy-2 specimens 
hav’e been hydrided and either step-cooled to show 
near-equil i bri um structures or mercury-quenched to  
retain as much hydrogen as possible. Microstruc- 
tures are shown. 

A series o f  crystal-bar and sponge-base zirconium 
al loys wi th  Nb, Mo, Fe, To, Pd, and Pt as binary 
and ternary al loy additions have been cast, rolled, 
and given a variety of heat treatments. No ternary 
addit ion tr ied w i  I I completely suppress the formation 
of alpha plates on quenching the Nb a l loys even 
at  20% Nb. The addit ion of 5% Pd or P t  to z i r -  
conium w i l l  permit the retention of a completely 
beta structure on quenching from 800°C or above. 
The eutectoid composition and temperature are 
near 5% and 7OOOC for both systems. A t  10% Pd 
or Pt, a second phase appears at  and above 800°C 
that is  not alpha zirconium. Decomposition o f  
retained beta i n  the Pd and Pt al loys is  very rapid 
at  600 and 700°C. 

A P P L I E D  M E T A L L U R G Y  

Process Metallurgy. - Fi f ty- two APPR fuel and 
absorber components were manufactured and del iv -  
ered to the c r i t i ca l  fac i l i t y  of ALCO Products, Inc. 
During production of these fuel elements i t  was 
discovered that the type 304L stainless steel 
cladding material was carburized by dif fusion of  
carbon from the fuel core matrix type 3028 stainless 
steel, rendering the material susceptible to inter- 
granular attack i n  the reducing ac id cleaning solu- 
tion. Investigation o f  substitute material com- 
binations revealed that plates containing type 
347 stainless steel, either as the core matrix or 
clad material, or both, passed the Strauss test. 

Results o f  the corrosion test ing program have 
revealed that APPR fuel plates, c lad wi th  sensit ized 
type 304 stainless steel, appeared to  be corrosion- 
resistant in 1200 psi, 295OC pressurized water 
after extensive testing. Further information has 
also been obtained on the corrosion resistance o f  
various UOZ-cermet fuel core material and of 
brazed stainless steel joints. 

xxi 



Efforts have been successful i n  developing and 
manufacturing control rod plates for the APPR, 
which consisted of a 3.2 wt % boron dispersion i n  
iron, by u t i l i z ing  powder metallurgy processing 
and cladding wi th  wrought stainless steel. Irradia- 
t ion test ing i s  being conducted to determine the 
damage to th is  material. 

Progress has been made i n  evaluating the factors 
contributing to segregation in the uranium-alumiGum 
al loy containing 48 wt 76 uranium. Efforts to ex- 
trude the al loy into rods have been successful, 
and plans have been la id  to  extrude the material 
into plates. 

Manufacturing o f  a test fuel element containing 
the 48 wt % uranium-aluminum al loy has been 
hampered by two problems; (1) the serious dog- 
boning” of the end o f  the fuel core and resultant 
local ized thinning of the cladding, and (2) the 
bl istering of the fuel elements during brazing. 
Investigations are being directed toward improving 
the bonding i n  the composite fuel plate, which i s  
believed to be the source of the bl isters. 

Development of high-strength aluminum fuel 
elements has revealed the possibi I i t y  of substi- 
tut ion of age-hardenable type 6061 aluminum for 
the type 1100 aluminum as the cladding and side 
plate material. Experimental Special Power Excur- 
sion Reactor Test  (SPERT) B fuel elements have 
been brazed, air quenched, and aged, wi th  the 
type 6061 material approaching a strength o f  
32,000 psi  after th is  heat treatment. 

Fuel  plates containing a 10 wt ’% Pu-AI alloy, 
c lad wi th  aluminum, have been fabricated into 
composite plates for irradiation i n  the MTR. 

Development of the aluminum-uranium-boron and 
aluminum-boron a l loys has been concluded and 
w i l l  be reported i n  a detailed topical report to  be 
published i n  the near future. 

Metal lurgical Materials and Processing. - Fi f teen 
pounds of thorium from the Metallex process has 
been arc-melted in a nonconsumable-electrode fur- 
nace. Only traces o f  mercury were found to have 
deposited on cold portions of the furnace fol lowing 
melting. The results of several experiments indi- 
cate that a better formed thorium product may result 
from a retort ing cyc le  which includes a holding 
period at about 14OOC. No transfer of iron, nickel, 
or chromium from the steel retort to the thorium 
charge was detected during the retorting cycle. 
Cursory tests of several materials indicate that 
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tungsten or tantalum would serve best as l iner 
materials i n  preventing contact between the thorium 
charge and the steel retort. 

The high s i l i con  content of type 3028 stainless 
steel has been found to reduce the effectiveness of 
treatments to promote intergranular corrosion as an 
a id  i n  recovering uranium from carburized stainless 
steel fuel elements. Experiments show that uranium 
has a l imited so lub i l i ty  i n  aluminum-tin-uranium 
baths; uranium has been recovered from such baths 
by f i l t ra t ion to  remove the compound USn Z i r -  
conium was found to res is t  dissolut ion by Coth t i n  
and bismuth; therefore it i s  not l i ke ly  that uranium 
can be recovered from zirconium al loys by dis- 
solut ion and f i l t rat ion. 

Metallography. - A high-velocity heat exchanger, 
SHE No. 1, was operated for a total period o f  
1648 hr wi th  fluoride sa l t  (fuel) and NaK. For the 
study of mass-transfer effects, a wide temperature 
dif ferential was maintained during the last 456 hr 
o f  operation. 

Upon postoperational examination of the heat 
exchanger it was found that fai lure was imminent, 
as the sum o f  the depths of the intergranular attack 
on the inner NaK surface (0.003 in.) and the depth 
of the subsurface voids on the fuel side (0.007 in.) 
amounted to more than hal f  o f  the wal l  thickness 
of the lnconel tubing. The most severe deterioration 
of the tubing was i n  the hot end of the heat ex- 
changer. 

The operating temperatures (1505°F for fuel and 
1495°F for NaK) in the hot end caused the probable 
elemental dif fusion o f  Cr, Ti, AI, and C into the 
NaK and fuel and a resultant decrease in the amount 
of precipitate in the microstructure. 

The larger grain s ize i n  the tubing at  the hot end 
of the heat exchanger resulted from the absence of 
precipitate, the presence o f  b iax ia l  stresses due 
to thermal expansion and to  a thermal differential, 
and the increased temperature. Also, the strain 
anneal effect due to thermal cyc l ing would acceler- 
ate grain growth. 

Metal lographic examination o f  Hostel loy B, heat- 
treated isothermally at temperatures ranging from 
1300 to  1800°F up to  a period o f  1600 hr, revealed 
an age-hardening a l loy between 1300 and 1500°F. 
Age-hardening results from a Widmanstatten type 
of precipitate, which becomes finer the lower the 
temperature of the heat treatment. Hardness in- 
creases w i th  the fineness of the precipitate. Above 

x x i i  
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1500°F the amount o f  precipitate decreases, and 
that which forms tends to spheroidize. 

Ceramics Research. - The production of large 
UO, crystals has been improved; differences i n  the 
conditions required for production o f  depleted and 
o f  normal UO, crystals have been found. 

The production of Si-Sic fuel plates has been 
continued, wi th  emphasis on a thinner plate wi th  
higher fuel contents. 

Fabrication o f  ceramic compacts of CaF,, AI,O,, 
rare-earth oxides, n icke l  p lus rare-earth oxides, 
cadmium si l icate, and other materials has been 
continued i n  support of the c r i t i ca l  experiment 

The synthesis of Z rC i s  the subject of a series of 
experiments. 

Enthalpy data for various ceramic and metal l ic 
materials are being collected. The discontinuity 
i n  several of the curves i s  being thoroughly investi-  
gated. 

X-ray dif fract ion traces of Hastel loy B to 70OOC 
were obtained i n  order to look for a possible 
inversion a t  60OOC; no inversion was found. 

The petrography o f  f luoride fuels continues as 
i n  the past. A bul le t in  containing optical and x-ray 
data of a large number o f  f luoride compounds w i l l  
be issued i n  the near future. 

The effect of the lead ion on the UO, la t t ice 
parameter has been found to  be negligible. 

The feas ib i l i ty  of f ixat ion of radioisotopes i n  
clay-f lux mixes i s  being further studied. 

Saclay Laboratories in France have been deter- 
mined. 

F U N D A M E N T A L  M E T A L L U R G Y  

Fundamental P hys ico-Metallurgica I Research. - 
In the phase-diagram study of zirconium alloys, the 
results of a preliminary study of the cadmium- 
zirconium system show that a t  least two interme- 
diate phases, Zr,Cd and ZrCd,, occur i n  th is  
system wi th  no indication, at the present time, of 
extensive so l id  so lub i l i ty  o f  cadmium i n  zirconium. 
The investigation of the lead-zirconium system 
has been renewed, and the effect o f  lead on the 
hardness of zirconium is  described. Addit ional 
experiments on the Ag-Zr, In-Zr, and Sb-Zr systems 
are reported and confirm the phase diagrams pre- 
sented earlier. A determination o f  the d/3 transi- 
t ion temperature for zone-refined zirconium shows 
that th is  temperature i s  870 k 3°C. 

A thorium bar was extruded at  850°C such that 
the recrystal l izat ion which occurred during defor- 
mation had a duplex texture, { O O l ) < i O O >  and near 
(034) <jil>. After being reduced 75% i n  th ick-  
ness by co ld  roll ing, the sheet had textures 
described as (148) < 4 i 1 > ,  t o l l )  <322>, and 
(034) <TOO>. A 95% reduction in thickness by 
co ld ro l l ing resulted i n  textures described as near 
(113) < ? T l > ,  { O l l ) < j O O > ,  and near { O l l > < ? ? l > .  
Annealing textures were (017) <loo> for a prior 
reduction of 75% and (001 < 100> for one o f  95%. 
A relat ionship between mechanical properties and 
preferred orientation was established. 

. 
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B E R Y L L I U M - I N C O N E L - S O D I U M  C O M P A T I B I L I T Y  
IN A S T A T I C  SYSTEM ( T E S T  NO. 1) 

E. E. Hoffman 

It has been indicated that type 430 stainless- 
steel-clad copper plus B,C cermet i n  the ART w i l l  
be canned in lnconel which w i l l  be in direct 
contact wi th  the beryl l ium hemispheres. The 
tests t o  be discussed were conducted i n  order t o  
determine what thickness o f  lnconel might be 
consumed by the al loying reaction between lnconel 
and beryl l ium when these materials are i n  direct 
contact under pressure whi le  immersed in  sodium 
at  1300'F. The surfaces of t w o  of the lnconel 
specimens in  test No. 1 (Figs. 1 and 2) were 
chromium-plated t o  study the effect of chromium 
in  reducing the extent of the a l loy formation 
between the n icke l  (from the Inconel) and the 
beryllium. The test specimens measured x 
'/2 x 1 in., wi th  the '/2 x 1 in. surfaces in  contact. 
Sufficient load was applied t o  the specimens 

GENERAL CORROSION 

E. E. Hoffman W. H. Cook D. ti. Jansen 
Metallurgy D iv is ion  

R. Carlander 
Pratt 8, Whitney Aircraft 

through a compression rod and bel lows t o  y ie ld  a 
500-psi stress on the test  Specimens. The test  
assembly was loaded w i th  sodium and held a t  
1300'F for 1000 hr. The load was applied t o  the 
specimens when the test  temperature was reached. 

Fol lowing the test the sodium was drained from 
the test  pot, the pot was f i l l e d  w i th  oil, and the 
specimens were removed. Residual o i l  and sodium 
were removed from the specimens by placing the 
specimens in ethy l  alcohol. The lnconel speci- 
mens which were chromium-plated could be 
separated from the adjacent beryl l ium specimen; 
however, it was impossible t o  separate the lnconel 
specimens from the beryl l ium Specimens where 
no chromium plate had been applied to the Inconel. 

The results of metallographic examination of the 
four specimen interfaces are l is ted in Table 1. 
Examination of these results indicates that thin 
chromium platings on lnconel d o  not  el iminate 
a l loy ing reactions wi th  beryl l ium when the t w o  
materials are placed in contact whi le  immersed i n  
high-temperature sodium. However, these platings 

did substantial ly reduce the extent of a l loy for- 
mation. Approximately 4 mi ls  of lnconel was 
consumed i n  the formation of the 24-mil n icke l -  
beryl l ium a l loy layer which was found where the 
lnconel and beryl l ium were i n  direct contact. 
The maior portion of the reaction layer which 
forms between lnconel and beryl l ium is  Be2,Ni5, 
wi th  a small percentage of BeNi adjacent t o  the 
I nc one I. 

i 
ONE INCH 

Fig. 1. Compatibility Test Specimens (See Fig. 2) 
Following 1000-hr Exposure t o  Sodium a t  1300'F. 
1 nconel specimens chrom ium-plpted as indicated. 
(Secret with caption) 
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M E T A L L U R G Y  P R O G R E S S  R E P O R T  

TEST 
SPECIMENS - 

L O A D  

UNCLASSIFIED 
I 

Fig.  2. Compatibi l i ty T e s t  Rig, (a) Apparatus used to study extent of alloying between beryllium and 
( 6 )  Enlarged view of  test specimens. various metals under stress whi le immersed in molten sodium. 

(Secret with caption) 
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P E R l O D  E N D l N G  O C T O B E R  10, 1956 

TABLE 1. RESULTS OF METALLOGRAPHIC EXAMINATION OF SPECIMEN INTERFACES (SEE FIG. 1) 

Tes t  Conditions: sodium; 1000 hr; 13OOOF; 500 ps i  stress 

Interface Resul ts 

A-B 
(Inconel vs  bery l l ium - direct  contact) 10 t o  24 mi ls  of a l l oy  formation (Be2,Ni5 plus BeNi)  along 

interface; 4 mi ls  of lnconel consumed in the production of 

th is  th ickness of react ion layer 

B-C 
(beryl l ium vs lnconel - direct  contact) 22 t o  24 mi ls  of uniform a l loy  formation along interface 

C-D 
(Inconel p lus 1 mi l  of chromium vs 

beryl  I ium) 

D-E 
(beryl l ium vs 2 mi ls  of chromium on 

lncone I )  

3.5 t o  7 mi ls  o f  a l loy  formation; 7-mil loyer occurred where 

chromium plat ing was thinnest 

2 mi ls  of interaction between specimens along 90% of 

interface; 6 mi ls  of a l l oy  detected o t  one area where 

plat ing appears to have been defect ive 

B E R Y L L I U M - I N C O N E L - S O D I U M  C O M P A T I B I L I T Y  
I N  A S T A T I C  SYSTEM ( T E S T  NO. 2) 

E. E. Hoffman 

The results of Beryllium-Inconel-Sodium com- 
pat ib i l i ty  test  No. 1 indicated that a chromium 
plate on the lnconel surface in  contact wi th  the 
beryl l ium would reduce the extent of the a l loy ing 
reaction which occurs when lnconel and beryl l ium 
are in direct contact in sodium. The thin chromium 
platings (1 and 2 mi ls)  used i n  the f i rs t  test  were 
entirely consumed by a l loy ing during the 1000-hr 
test  period at  1300OF. Therefore a second tes t  
was conducted in which heavier plat ings were 
used. A beryl l ium oxide specimen was a l s o  
included in th is  test  t o  determine whether a 
reaction would occur between beryl l ium oxide and 
beryl l ium or beryl l ium oxide and Inconel. 

The results of th is  .test are given in Table 2. 
The reference test  w i th  lnconel and beryl l ium i n  

direct contact resulted in approximately 25 mi ls  
of a l loy formation (Fig. 3). The presence of a 
chromium-plate “diffusion barrier” on the lnconel 
specimen resulted in the formation o f  an a l loy 
layer (principally Be,Cr) which was approximately 
one-third the thickness of the a l loy layer which 
forms when Inconel is  placed i n  d i rect  contact 
wi th  beryl l ium under the conditions of this test. 

Analys is  of the test  results indicates that a 
minimum of 5 mils  of chromium plate w i l l  be 
necessary t o  ensure that a l l  the chromium is  not 
consumed by the a l loy ing reaction wi th beryll ium. 
The Be,Cr phase was identi f ied by x-ray analysis. 
Th is  phase has a Vickers hardness of 2440 as 
compared wi th  hordnesses of 1495 for Be, Ni,, 
the phase which forms when lnconel and beryl l ium 
are in direct contact, and 180 for lnconel (Figs. 4 
and 5). No reactions were anticipated between 
beryl l ium oxide and beryl l ium or beryl l ium oxide 
and Inconel, and none were found to  have occurred 
during th is  test. 
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M E T A i L U R G Y  P R O G R E S S  R E P O R T  

TABLE 2. RESULTS OF METALLOGRAPHIC EXAMINATION OF INTERFACES OF SPECIMENS 
FROM SODIUM-BERYLLIUM-INCONEL COMPATIBILITY TEST NO. 2 

Tes t  duration: 1000 hr 

Tes t  temperature: 130OoF 
Contact pressure between specimens: 500 ps i  

Interface Results of Metallographic Examination 

lnconel vs beryllium, direct  A l l oy  formation (Bez,Ni5 and BeNi)  25 mi ls  deep along interface; in 

contact (standard) ear l ier  tes t  24 mi ls  of a l loy  formed; 4 t o  5 mi ls  of lnconel con- 

sumed by al loying react ion 

lnconel p lus 4-mil chromium A l l oys  formed between chromium plate ond beryl l ium to  a depth of 8 
mi ls  which consisted of 7 mi ls of BezCr and 1 m i l  of Be5Cr(?); 0 
t o  2 mi ls  of chromium plate remained after the test; 2 t o  3 mi ls  of 

lnconel consumed, probably by a l loy ing  w i th  the chromium plate 

A l loys  formed between chromium plate and bery l l ium t o  a depth of 9 
m i l s  which consisted of 8 mi ls of BeZCr and 1 m i l  of Be Cr(?); 3 
mi ls  of chromium plate remained after the test; approximately 2 
m i l s  of lnconel consumed by a l loy ing  w i th  the chromium plate 

plate vs beryl l ium 

lncanel p lus 6-mil chromium 

plate vs beryl l ium 5 

Beryl l ium vs beryl l ium oxide Surface of beryl l ium oxide discolored sl ight ly;  specimens were 

eas i l y  separated and no bonding was evident 

Beryl l ium oxide vs lnconel Neither the beryl l ium oxide nor the lnconel surfaces affected by 

tes t  

Fig.  3. Alloying (-25 mils) Between lnconel and Beryll ium While Held in Direct  Contact (500 psi) 
in Sodium for 1000 hr a t  130OOF a t  (a) 1OOX; (6) 500X, Enlarged View of the Be2,Ni5-Inconel Interface. 

Note hardness of Be,,Ni5. Unetched. Reduced 17%. (Secret with caption) 
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P E R I O D  E N D I N G  OCTOBER 70, 7956 

Fig. 4. A l loy ing  Reactions Between Chromium-plated lnconel and Beryl l ium During 1 000-hr-1300°F 
Compatibi l i ty Test. Dark area between Be2Cr and beryll ium is  due to separation of specimens fo l lowing 
test. Unetched. 3OOX. (Secret wi th  caption) 

i -  

Fig. 5. Enlarged View of Area Shown in  Fig. 4. Note extreme hardness o f  Be,Cr phase a s  compared 
with hardness o f  lnconel and chromium plate. Unetched. (Secret with caption) 
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M E T A i L U R G Y  P R O G R E S S  R E P O R T  

E F F E C T  O F  D I F F U S I O N  C O L D  T R A P S  ON MASS 
TRANSFER I N  INCONEL-SODIUM 

THERMAL-CONVECTION 
LOOPS 

E. E. Hoffman 

The purpose of operation o f  the two lnconel- 
sodium thermal-convection loops discussed here 
was t o  determine whether the presence o f  a 
dif fusion cold trap would affect the extent of mass 
transfer observed in  the co ld legs. The loops were 
loaded wi th  sodium which had been pretreated 
by cold trapping for several months t o  lower the 
oxygen content. One loop was provided w i th  a 
dif fusion cold trap near the bottom of the cold leg 
in order to  reduce the sodium oxide content during 
operation, while the other loop was of standard 
design, wi th  no cold trap. 

A I thoug h many ther ma I -convect ion- I oo p tests 
conducted on Inconel-sodium systems in the past 
have fai led t o  show any mass transfer, it has 
been demonstrated that mass transfer w i  I1 occur 
i n  such systems i f  the hot-zone temperature i s  in 
excess of 150O0F and i f  a steep temperature 
gradient is  induced in  the co ld leg by direct ing 
an air blast on a small area near the bottom of the 
co ld leg. These loops (Nos. 28 and 29) were 
therefore operated for 1000 hr a t  hot- and cold-zone 
temperatures of 1600 and 990°F, respectively. 

The loops were carefully stripped of sodium after 
the tests. The mass-transfer deposits found in  
the co ld zones of these loops are shown in Fig. 6. 
Although only small amounts of mass-transfer 
crystals were found in  these loops, it is  apparent 
that s l ight ly  more deposition occurred in  the loop 
which had no dif fusion co ld trap than in  the loop 
which included a co ld trap. The results o f  
spectrographic analysis of the metal l ic crystals 
recovered from these loops are presented in 
Table 3, along wi th  the analysis of the lnconel 
pipe prior t o  test. More tests w i l l  be required 
t o  establ ish whether the differences in  chromium 
and iron contents of the crystals from the two 
loops are significant. The mass-transfer crystals 
found in  a thermal-convection loop operated previ- 
ously a t  a hot-zone temperature of 1500OF had a 
much lower iron concentration.' The results of 
metallographic examination o f  specimens from 
similar locations in the loops are given in  Table 4. 
Examinations of these results indicate that the 
loop wi th  no cold trap (loop No. 29) had s l ight ly  
heavier attack in the hot leg (Fig. 7) than the 
loop wi th  a co ld trap (loop No. 28). The deposits 
found on the cold-leg surfaces of these loops may 
be seen in  Fig. 8. 

'E. E. Hoffman, A N P  Quay. Prog. Rep. Sepf.  10,  1955 ,  
ORNL-1947, p 113. 

Fig. 6. (a) Cold-zone section o f  
I m p  which had no dif fusion cold trap (loop 29). ( 6 )  Cold-zone section o f  loop which had a d i f fus ion cold 
trap (loop 28). 

Mass Transfer in Inconel-Sodium Thermal-Convection LOOP Tests. 

8 
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TABLE 3. ANALYSES. OF MASS-TRANSFER CRYSTALS FROM INCONEL-SODIUM 
THERMAL-CONVECTION LOOPS 

Operating period: 1000 hr 
Hot-zone temperature: 1600°F 
Cold-zone temperature: 99OoF 

Material Analyzed 
Chemical Analysis (wt %) 

~ ~~ 

Ni  Cr Fe cu Mn 

Crystals from loop No, 28 which included 84.4 10.6 4.6 0.33 0.07 
a diffusion cold trap 

Crystals from loop No. 29 which had no 77.4 13.3 9.1 0.06 0.08 
cold trap 

lncone I (as-rece ived) 73.1 5 14.81 6.62 0.40 

TABLE 4. RESULTS OF METALLOGRAPHIC EXAMINATION OF VARIOUS SECTIONS 
FROM INCONEL-SODIUM THERMAL-CONVECTION-LOOP TESTS 

Operating Temperature Loop No. 28 Loop No. 29 
( O F )  (Diffusion cold trap) (No diffusion cold trap) 

Location 

Top of hot leg 1600 Grain boundory voids t o  a 

depth of l e s s  than 1 m i l  

1 to 2 m i l s  of grain boundary 
attack 

Top of cold leg 1350 Slightly irregular surface Slightly irregular surface 

Bottom of cold leg 990 Two-phose surface layer, Two-phase surface layer on 

w a l l  of pipe, 0.5 m i l  thick 0.5 m i l  thick 

Fig .  7. Hot-Leg Surfaces of Inconel-Sodium Thermal-Convection Loops, (a) Loop 28, with dif fusion 
co ld  trap. ( b )  Loop 29, wi th  no dif fusion cold trap. Etched with aqua regia, SOOX. Reduced 5%. 

9 
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Fig. 8. Cold-Leg Surfaces of Inconel-Sodium Thermal-Convection Loops Showing Mass-Transfer 
Deposits. (a) Loop 28, wi th  dif fusion cold trap. ( b )  Loop 29, wi th  no dif fusion cold trap. The decreased 
width o f  the scratch a t  the edge o f  the specimens indicates that this deposit is  quite hard (possibly a 
carbide) as compared with lnconel or n icke l  plate. Etched wi th  aqua regia. 1OOOX. Reduced 5%. 

L I T H I U M  THERMAL-CONVECTION-LOOP TESTS 

E. E. Hoffman 

There has been considerable interest in the 
possible application of l i thium as a reactor coolant 
and, in particular, as a coolant for a sol id-fuel- 
element aircraft reactor. The corrosion problems 
encountered i n  attempting t o  contain l i thium 
high-temperature systems are much more d i f f i cu l t  
than those found in  l iqu id  sodium. Analyses of a 
large number of stat ic tests have indicated that 
nickel and nickel-base a l loys are very heavi ly 
attacked even by static, isothermal lithium, and 
thus many of the commercially avai lable high- 
temperature al loys are eliminated from consider- 
ation. Pure iron has shown good resistance t o  
lithium, and therefore considerable effort has 
been directed toward tests on iron-base alloys, 
in particular, the stainless steels. The results of 
l i thium thermal-convection loop tests of various 
materials are summarized in  Table 5. The im- 
portant information contained in  this table is  
whether or not the loop plugged, the weight of 
metal crystals recovered from the co ld leg of the 

loop, and the depth of attack in the hot leg. AI  
the loops were constructed of %-in., schedJ(  
pipe (0.84-in. OD, 0.622-in. ID). 

The low-sodium-content l i thium used in  these 
tests was received from the vendor packed i r  
gas-tight hel ium-fi l led containers. The loop: 
were loaded w i th  l i th ium and were inert-go: 
arc-welded inside an inert atmosphere chamber. 

lnconel (nominal composition, in wt %: Ni, 77, 
Cr, 15; Fe, 7) showed extensive mass transfei 
and hot-leg attack, even a t  hot-leg temperatures 
as low as 13OO0F (cold leg, 12OOOF). Th is  resul i  
is  typ ica l  of the nickel-base a l loys exposed t c  
l i thium under these conditions. 

The s ix  loops of type 316 stainless steel 
(nominal composition in wt %: Fe, 68; Cr, 17; 
Ni, 12; Mo, 2) wh-ich were tested showed less 
mass transfer and less of a tendency t o  plug in  
the three tests conducted with hot-leg temperatures 
of approximately 1500°F than i n  other tests 
conducted a t  hot-zone temperatures of approxi- 
mately 1400 and 1300°F (Figs. 9 and 10). The 
loop (No. 25) operated wi th  a hot-zone temperature 

. _. 
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T A B L E  5. RESULTS OF THERMAL-CONVECTION-LOOP TESTS OF VARIOUS ALLOYS 
EXPOSED TO CIRCULATING LITHIUM 

Metallogrophic Results 

System Temperatures ( O F )  T e s t  Duration 
Material  Hot-Leg Attack 

Cold L e g  
(mils) Hot L e g  Cold L e g  Di f ferent ia l  (hr) 

lnconel 1300 

Stainless steel 1500 

Type 316 1490 
1472 
1400 
1310 
1292 

Type 321 1500 
1310 

Type 347 1500 
1310 
1000 
1000 

Type 430 1500 

Type  446 1500 

1500 

1292 

1200 

1292 

1220 
1335 
1130 
1058 
1094 

1220 
980 

1112 
1060 
61 8 
61 8 

1220 

1166 

1200 

1058 

100 

208 

270 
117 
270 
252 
198 

280 
330 

388 
250 
3 82 
3 82 

280 

334 

3 00 

234 

1000 

5 00 

1000 
1000 
21 50* 

2 90* 
1000 

204* 
1230* 

2 80* 
1000 
1000 
3000 

1500 

at4 * 

700* 

1500 

16 

13 

1.5 
3 

23 
2 

15 

0.5 
3.0 

2 
3.0 
1 
1.5 

4.0 

1 .o 

16 

25 

15.1 g of crystals 

0.5 g of crystals 

0.1 g of crystals 

0.1 g of crystals 

4.7 g of crystals 

0.8 g of crystals 

0.25 g of crystals 

1.0 g of crystals 

0.7 g of crystals 

1.5 g of crystals 

1.3 g of crystals 

Crystals 0.2 mi l  thick 

Crystals 0.3 mi l  thick 

1.0 g of crystals 

9 g of crystals (84 
mils of ottack) 

6.8 g of crystals (84 

0.23 g of crystals (65 
mils of a t tack)  

mils of a t tack)  

*Loop plugged wi th  crystals.  

of 14OO0F had more mass-transfer crystals in the 
co ld  leg than did the loop (No. 16) operated wi th  

!a hot-zone temperature of 131 O°F; however, loop 
:No. 25 operated over seven times longer before it 
"lugged than did loop No. 16. The hot- and 
'cold-leg surfaces of loop No. 25 after the test  are 
shown i n  Fig. 11, and the hot- and cold-leg 
surfaces of loop No. 16,.which plugged in  290 hr, 
are shown in Fig. 12. The formation of carbide 
crystals on the surfaces of l i thium loops has 
been noted in -almost a l l  tests conducted w i th  
stainless steels, and it usually occurs in that 
section of the loop which is  a t  a temperature of 
approxi"mate1y 1300OF. The carbide deposits have 
been found in the hot legs of some loops and i n  
the co ld  legs of others. 

Loops of type 321 stainless steel (nominal 
composition, in  wt %: Fe, 70; Cr, 18; Ni, 10; 

Ti, 0.5), when tested at  a hot-leg temperature o f  
150O0F, completely plugged w i th  crystals in 
204 hr. Loops of type 347 stainless s tee l  
(nominal composition, i n  wt %: Fe, 70; Cr, 18; 
Ni, 10; Nb, 1) showed results similar to  those of 
type 321 stainless steel, w i th  plugging occurring 
in 280 hr wi th  a 150OoF hot-leg temperature. A 
3000-hr test of a type 347 stainless steel loop 
w i th  a hot-leg temperature of 1000°F indicated 
that this material would be satisfactory for oper- 
at ion i n  th is  temperature range for very long 
periods of time i f  a small amount of attack and 
mass transfer could be tolerated. 

A loop of type 430 stainless steel (nominal 
composition, i n  wt %: Fe, 83; Cr, 16; C, 0.10) 
operated at a hot-leg temperature of 150OoF (cold- 
leg temperature, 1220OF) for 1500 hr without 
plugging, but it showed considerable mass transfer 
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(Fig. 13). Two ~loops of type 446 stainless steel 
(nominal composition, in wt %: Fe, 74; Cr, 25; 
C, 0.35) which were tested at  a hot-leg temperature 
of 150OoF (cold-leg temperature, 1200OF) com- 
pletely plugged in  less than 900 hr and had 6.8 
and 9'9 of metal crystals in the cold legs (Fig. 14). 
The wall-crystal interface on the cold-leg surface 

UNCLASSIFIED 
Y-18610 

F ig.  9. Portions of Hot and Cold Legs of a 

Type 316 Stainless Steel Thermal-Convection Loop 
in Which Lithium Was Circulated for 2150 hr. 
(u)  Hot zone, 1400OF. ( b )  Cold zone, 1130OF. 

UNCLASS PIED 

UNCLASSI Fl ED 
Y- 18373 

( b )  

Fig. 10. Portions of Hot and Cold L e g s  of a 

Type 316 Stainless Steel Thermal-Convection Loop 
in Which L i th ium Was Circulated for 290 hr. 
(a) Hot  zone, 1310OF. (b )  Cold zone, 1060OF. 

UNCLASSlFlED 

Fia .  11. Hot- and Cold-Leg Surfaces of Loop 25 - Type 316 Stainless Steel (See Fig. 9). Hot- leg - - 
surface attacked along groin-boundary carbides. Two-phase mass-transfer crystal o f  chromium carbide 

(VHN 1513) plus attached crystal containing iron, nickel, and chromium are shown on cold-leg surface. 
Specimen nickel-plated fol lowing test. Etchant: glyceria regia. %OX. Reduced 8.5%. 

0- # 
- - - - , ' . % . . ~ * G . . ~ . . ~ ~ ~  
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Fig. 12. Hot- and'Cold-Leg Surfaces of Loop 16 - Type 316 Stainless Steel (See Fig. 10). Crysta l  
on hot-leg surface i s  chromium carbide. Specimen 
nickel-plated fol lowing test. Etchant: glyceria regia. %OX. Reduced 5%. 

Note mass-transfer crysta ls  on cold-leg surface, 

UNCLASSIFIED 
Y-18087 

( b )  

Fig. 13. Port ions of Hot  and Cold Legs  of a 
Type 430 Stainless Steel Thermal-Convection Loop 
in Which L i th ium Was Circulated for 1500 hr. 
(u)  Hot zone, 1500OF. (6) Cold zone, 122OOF. 

i s  shown in Fig. 15. The bulk of the crystals are 
ferrite (composition, i n  wt %: Fe, 90; Cr, 6), 
while those attached t o  the surface of the type 
446 stainless steel wa l l  have been identi f ied by 
x-ray analysis as Cr23C6.  The re la t ive hardnesses 
of these two phases may be noted in the photo- 
micrograph. 

The results of chemical analysis of the mass- 
tronsfer crystals from the nickel-iron-chromium 
and iron-chromiurn a l loy loops show that a l l  three 
metals are transferred in appreciable quantit ies. If 
the a l loy contains nickel, the mass-transfer crysta ls  
are richer i n  nickel than the container al loy. In 
iron-chromium al loy loops, the crystals deposited 
are richer i n  iron than the container al loy. Of the 
three metals - nickel, iron, and chromium - 
chromium has the least tendency to mass transfer 
but i s  s t i l l  found to  be present t o  the extent of 
5 t o  10% i n  the mass-transfer crystals found in  
stainless stee 1 - 1  i th ium tests. 

The data obtained i n  these thermal-convection- 
loop tests indicate c lear ly  that further work needs 
to  be done t o  resolve the apparent discrepancies 
which ex is t  between the results for type 316 
stainless steel and other austenit ic stainless 
steels which contain l i t t l e  or no molybdenum. 
Also, types 317 and 318 stainless steels, which 
contain more molybdenum than type 316 stainless 



Fig. 14. Type 446 Stainless Steel Thermal-Convection Loop in Which Lithium Was Circulated f o r  
i 
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U N C L A S S I F I E D  
O R N L - L R -  DWG 1 2 0 8 0 A  

500 
TEMPERATURE (OF) 

(000 i500 

IRON 

l l l l l l  LOW -ALLOY STEELS 

FERRITIC (Fe -Cr) 
STA INL E S S ST E E L S  

AUSTENITIC (Fe-Ni-Cr) 
STAINLESS STEELS 

NICKEL 

NICKEL-BASE ALLOYS 
( INCONEL) 

REFRACTORY METALS 
(Mo, No, To, Zr,  TI, W, Vo) 

, 
VERY POOR RESISTANCE 

PRECIOUS METALS 
( A s ,  Au, P t )  

bxq STATIC SYSTEMS = DYNAMIC SYSTEMS 

Fig. 16. Corrosion Resistance of Various Metals and Alloys in Lithium. Bars indicate approximate 
temperatures below which a system might be operated for 1000 hr with less than 0.005 in, o f  attack or 
container surface removal. . . rn*eiar.r?M-l--- . -- (Confidential with caption) --- 

SEESAW CORROSION TESTS ON COAST 
M E T A L S  B R A Z I N G  A L L O Y S  

D. H. Jansen 

Previous corrosion tests of the Coast Metols 
No. 52 brazing al loy (8% Ni-5% Si-4% 8-276 Fe) 
in fused salts and NaK baths have indicated that 
a constituent is removed a t  the surface of the 
alloy. More recent corrosion tests of th is  al loy 
have been conducted t o  determine whether the 
depth of th is  depleted region is  time-dependent 
and to  obtain some information concerning the 
composition of the edge after exposure t o  the 
above baths . 

16 

A l l  the recent tests  were conducted i n  n icke l  
capsules wi th  a hot-zone temperature of 150O0F. 
Individual results of these tests are l isted i n  
Table 6. 

The depth of the depleted region i s  t ime- 
dependent. The No. 52 al loy is  shown in Fig. 17 
after exposure to the fused sa l t  bath for 100 and 
500 hr. A microspark traverse on the sample 
from test  D showed that the boron concentration 
(nominal composition 4% by weight) dropped t o  
one-third i t s  normal value from the edge t o  a 
depth of 8 mils into the a l loy sample. Micro- 
dr i l l ings from th is  edge were analyzed for boron. 
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TABLE 6. RESULTS OF SEESAW CORROSION TESTS ON COAST METALS NO. 52 
(89% Ni-5% Si-4% B-2% Fe)  BRAZING ALLOY IN NaK AND NaF-ZrF4-UF4 (53.5-40.0-6.5 MOLE %) 

Weight Loss Depth of Depleted Temper a t  ure 
Test Bath Time 

Hot Zone Cold Zone (%I Edge (mils) 

A No K 100 1500 1100 -0.07 

B No K 350 1500 1100 -0.23 

C Soli 100 1500 1200 -0.06 

D Salt 500 1500 1200 -0.34 

0.5 

4 

3 

6 

,. . . .,- 

Fig, 17. Coast Metals No. 52 Alloy After Seesaw Testing in NaF-ZrF,-UF, (53.5-40.0-6.5 mole %) 
for 100 and 500 hr. The leached-out region was 2.3 mi ls  deep on the 100-hr test and was 6 mi ls  deep a n  
the 500-hr test. (Secret wi th  caption) 

The upper l im i t  of boron concentration in the 
layer was approximately 0.6% by weight. Hardness 
measurements on the interior of the al loy sample 
exposed t o  NaK for 350 hr showed a 716 DPH, 
whi le  measurements at  the edge showed 145 DPH 
(Fig. 18). Hardness traverses on the al loy samples 
tested in  the fused sa l t  baths exhibited similar 
hardness results. 

Since Coast Metals No. 52 a l loy has been used 
to  fabricate NaK-to-fuel heat exchangers, and 
since the boron leaching may become a pressing 

problem, a series of tests has been init iated wi th  
this a l loy to  determine the rate a t  which boron is  
depleted from the a l loy during exposure t o  the 
fuel mixtures. This  series w i l l  include corrosion 
tests i n  NaK and fuel baths at  1400, 1500, and 
16OO0F for 100 hr and a t  1500°F for 500 and 
1000 hr . 

A substitute a l loy which might not  be as 
susceptible t o  boron leaching but s t i l l  maintain a 
good corrosion resistance to the fused salts has 
been corrosion-tested. Coast Metals No. 53 

17 
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(81% Ni-8% Cr-4% B-4% Si-3% Fe) was cor- The same type of depleted area was found on 
rosion-tested in NaF-ZrF,-UF, (53.5-40.0-6.5 the surface of the No. 53 al loy (Figs. 19 and 20) 
mole %) and NaK (56-44 wt %) in the hope that the a s  was detected on the No. 52 al loy. A spectro- 
chromium would t ie up the boron and retard its graphic traverse on the alloy button tested in 
removal from the surface of the alloy. NaK a t  1500°F for 100 hr showed that, between - 

Fig. 18. Coast Metals No, 52 Alloy Button Tested in NaK for 350 hr. Note the difference in  hard- 
ness. Etchant: 10% oxalic acid. Reduced 21.5%. 

Fig.  19. Coast Metals No. 53 Alloy Seesaw Corrosion-Tested in  NaK (56-44 w t  X) for 100 hr a t  

(a) 1400°F and ( b )  1500°F. The constituent removal i s  greater at  the higher temperature, Etchant: 10% 
oxalic acid. 50X. Reduced 24%. 

18 
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TESTS ON I N C O N E L  T U B E - T O - H E A D E R  JOINTS 
WITH R E C R Y S T A L L I Z A T I O N  WELDS I N  NaK 

AND I N  F L U O R I D E  F U E L  

D. H. Jansen 

Welded Inconel tube-to-header joints fabricated 
by The Glenn L. Martin Co. were corrosion-tested 

in to position, as shown in  Figs. 21 and 22. The 
bond is  achieved by recrystal l izat ion of the tube- 
to-header interface. The purpose of the tests was 
t o  determine the corrosion resistance of th is  
recrystal l ized area. It was found that the NaK 
attacked the specimen to a depth of 
0.5 mi l  i n  the recrystal l ized area and the header 

in NaK (56-44 wt ’1 and in the fuel mixture 

(NO.30) NaF-ZrF,-UF (50-4bm4 ’Io) in seesaw 
plate (Fig. 23). The fused sa l t  attacked the 
header plate t o  a maximum of 1.5 mils in  the form 

, apparatus at 15000F loo hr* The test ’peci- 
mens were resistance-welded by using the “flange- 
during-welding method.”2 These welds are made 
by forging a preflared tube into a dr i l led header 

plast ic state, which al lows the tube t o  be forged 

of small, subsurface voids, but th is  attack dropped 
to a of about Oa5 mil in the worked tube 
and recrystallized area (Figs, 24 and 25). 

2J. J. MueIIer, C. Shaeffer, and C. L. Lawrence, 
Specia l  Welding T e c h n i q u e s ,  Summary Repor t ,  The Glenn plate; the edge Of the header hole is heated to a 
L. Martin CO. (Jan. 1956). 

Fig.  21. As-received Tube-to-Header Joint Welded by the “Flonge-During-Welding Method.” The 
recrystal l izat ion weld and worked portion of the tube can be seen at  the top o f  the header plate. Etchant: 
glyceria regia. 15X. 

20 
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Fig.  22. Enlarged View of Recrystal l ization Weld Shown in Fig. 21. Etchant: glyceria regia. 1OOX. 
Reduced 4%. 

Fig. 23. Recrystal l ization Weld of Tube-to-Header Joint Seesaw Corrosion-Tested in N a K  (56-44 w t % )  
for 100 hr a t  15OO0F. Etchant: glyceria regia. 1OOX. Reduced 3%. 

21 
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Fig, 24. Recrystal l izat ion Weld of lnconel Tube-to-Header Joint Seesaw Corrosion-Tested in  NaF- 

ZrF4-UF, (50-0-&.0-4.0 mole %) for 100 hr a t  15OO0F. Etchant: glyceria regia. 1OOX. Reduced 4%. 
(Secret with caption) 

Fig, 25. Enlarged View of Recrystal l izat ion Weld Shown in  Fig. 24. Note how attack by the N a F -  

Etchant: glyceria regia. ZrF,-UF, (50.0-46.0-4.0 mole %) bath decreases in the worked tube area. 
(Secret with caption) 
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c 

B R A Z I N G - A L L O Y - T H E R M A L - C O N V E C T I O N -  which, extended halfway through the tube wal l  
were found in  some of . the brazed joints (Fig. 27). 
It i s  not known whether these cracks are caused 

L O O P  TESTS 

D. H. Jansen 

Two lnconel thermal-convection loops containing 
the 70% Ni-13% Ge-11% Cr-6% S i  brazing a l loy 
in  the hot-leg section have been operated for 
500 hr. One loop was operated wi th  NaK (56-44 
wt %) as the circulat ing media, the other wi th  
NaF-ZrF,-UF, (53.5-40.0-6.5 mole %). The Ni- 
Ge-Cr-Si a l loy was placed i n  these loops by 
brazing together seven lnconel segments having 
slip-type joints and then replacing the hot-leg 
section wi th  this assembly. Th is  type of thermal- 
convection loop has been described earlier.3 
Hot-leg temperatures were maintained a t  1 500°F 
on both loops for the duration of the tests. Cold- 
leg temperatures were held at 1165 and 1150°F 
on the NaK and fused sa l t  loops, respectively. 

The inner wal ls  of the lnconel segments and 
two samples from each brazed joint were examined, 
after the tests, for any evidence of attack. The 
results of the examinations are summarized in  
Table 8. 

The brazing a l loy showed good corrosion 
resistance t o  NaK (Fig. 26), but some large cracks 

by thermal stress or shrinkage, since no as- 
received joints were avai lable for examination. 
NaK samples from th is  loop showed 1160-ppm 
oxygen content after test. Th is  i s  admittedly 
high, but no efforts were made to  puri fy the NaK 
since it is  received i n  container lots. 

Attack by the fused sa l t  bath averaged approxi- 
mately 5 mils on the brazed joints in th is  loop. 
Figure 28a shows the type of attack found. The 
lnconel tubing adjacent t o  the brazed joints showed 
attack ranging from 4.5 mi ls  in the coldest region 
of the hot leg t o  9 mils at the hottest portion of the 
hot leg (Fig. 286). A s l igh t  trace of metal l ic 
crystals was found in  the coldest portion of the 
fused sa l t  loop. Spectrographic analyses of these 
crystals showed strong traces o f  chromium and 
nickel, whi le weak lines for iron were present. 

A third lnconel thermal-convection loop con- 
taining the 82% Au-18% Ni brazing a l loy was 
tested wi th  NaF-ZrF,-UF, (50-46-4 mole %) for 
500 hr. Hot- and cold-leg temperatures were 
maintained at  1500 and 1175OF, respectively. 
Microscopic examination of samples from each 
brazed joint show attack on the a l loy which 
averages about 8 mils. 

3D. H. Jonsen, A N P  Quar. Prog. Rep. Dec.  10,  1 9 5 5 ,  
ORNL-2012, p 112-13. 

TABLE 8. RESULTS O F  METALLOGRAPHIC EXAMINATION OF INCONEL JOINTS BRAZED 
WITH T H E  70% Ni-13% Ge-11% Cr-6% Si BRAZING ALLOY LOCATED IN THE HOT-LEG 

SECTION OF INCONEL THERMAL CONVECTION LOOPS WITH NaK (56-44 wt %) 
AND NaF-ZrF4-UF4 (53.5-40.0-6.5 MOLE %) AS CIRCULATING MEDIA 

Test Conditions: time, 500 hr; hot leg temperature, 150OoF 

Metal logrophic Notes 

Attack on NaK Loop Attack on Fused Salt Loop 
Brazed Joint (mils) (mils) 

Braze lnconel Tube Braze lnconel Tube 

1 

2 

None 

0.5 

None 

None 

4.5 

4.5 

9.5 

7 

3 None None 6 7.5 

4 0.5 None 3 4.5 

5 None None 5 4.5 
a 

6 1.5 None 5 4.5 
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Fig. 26. Brazed Joints 2 (a) and 6 ( b )  of Inconel-NaK Thermal-Convection Loop Showing a Sl ight  
These two samples were the only ones examined in which a large crack in the  

Etchant: 
Attack on Brazing Alloy. 
brazing a l loy was not found. Specimens were nickel-plated to preserve edge during polishing. 

10% oxal ic  acid. SOX. Reduced 11%. 

Fig, 27. Large-Type Crack Found in Brazed 

Joints i n  the Inconel-NaK Loop, Etchant: 10% 
oxal ic  acid. 1OOX. Reduced 34%. 

NIOBIUM I N  S T A T I C  SODIUM 

D. H. Jansen 

A t  the request of the Mechanical Testing Group, 
specimens of niobium were tested i n  stat ic sodium 
a t  1500’F for 1000 hr t o  determine the su i tab i l i ty  
of th is  bath as a protective environment for 
niobium. The purpose of these tests was t o  
determine i f  the niobium would be corroded by the 
sodium at  th is  temperature and i f  the hardness of 
the niobium would be appreciably altered due t o  
oxygen pickup. 

The niobium specimens were contained i n  type 
304 stainless steel and lnconel capsules, and the 
variables such as the volume of bath, the con- 
tainer size, and the area of the specimens were 
adjustad t o  obtain a surface-area-to-volume rat io  
that would conform as closely as possible t o  that 
found in  creep-test equipment. Cold traps were 
ut i l ized on the bottom of each capsule t o  reduce 
the amount of oxide in  the sodium bath. 

The niobium specimen tested i n  the type 304 
stainless steel capsule showed more evidence of 
surface roughening than did the specimen tested in 
the lnconel capsule (Fig. 29), and the thickness 
loss was a lso more than that of the specimen 
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Fig, 28. Brazed Joints Located in (a) Cool Section, 145OoF, and ( 6 )  Hottest Section, 150O0F, of 
10% oxal ic  Hot L e g  i n  Inconel-NaF-ZrF4-UF4 (%-46-4 mole %) Thermal-Convection Loop. 

acid. SOX. Reduced 11%. (Secret wi th  caption) 
Etchant: 

Fig. 29. Niobium Specimens Tested in L iqu id  Sodium for 1000 hr in (a) lnconel and ( b )  Type 304 
Stainless Steel Containers. Specimen nickel-plated to preserve edge during polishin'g. Etchant: 25% 
HF, 25% H2S0,, 50% H,O. 250X. Reduced 12%. 
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tested i n  the lnconel capsule (Table 9). Both 
tested specimens showed a thin, br i t t le  layer 
approximately 0.3 mi l  thick that had formed on the 
surface during the test (Fig. 30). Since specimens 
are nickel-plated t o  protect their edges during 
metallographic pol ishing operations, it was not 
possible t o  have th is  f i l m  analyzed by x-ray 
techniques. Therefore, a short-term (200 hr) 

niobium-sodium stat ic test  a t  1700°F was per- 
formed t o  duplicate th is  layer. Th is  layer was 
identi f ied by x-ray analysis t o  be Nb,C,. 

Vickers hardness traverses taken on the speci- 
mens subjected to  the 1000-hr tests show that the 
hardness of the niobium tested in  the type 304 
stainless steel capsule increased (130 t o  135 
VHN) during the test, whereas the hardness of the 

TABLE 9. RESULTS OF TESTS OF NIOBIUM I N  STATIC SODIUM 

T e s t  Conditions: time, 1000 hr; temperature, 1500°F 

Chemical Ana lysis 

(PPm) 
Hardness Thickness L o s s  

(mils) 
C 

(VHW 
Sample 

HZ O2 N2 

As-received material 130 2 -4 40 125 3 00 

Tested in type 304 135 3.0 3.8 a4 250 370 

Tested in lnconel 116 1.8 3.4 90 92 1180 

Fig.  30. Niobium Specimen Tested in Static Sodium in Type 304 Stainless Steel Container a t  150OoF 
for 1000 hr Showing Comparative Hardness of Layer Formed on Surface and on the Niobium Specimen. 
The value 1180 VHN is  approximate. Etchant: 25% HF, 25% H,SO,, 50% H,O. 
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specimen tested i n  the lnconel capsule decreased 
(130 to 116 VHN). 

From the chemical analysis, nitrogen seems t o  
be the major hardening agent, as noted by the 
hardness of the tested specimens and by the 
corresponding n i trogen contents. 

T H E  RME NOL-SODIUM SCR E E N  I N G  TESTS 

D. H. Jansen 

Samples of Thermenol (82% Fe-15% AI-3% Mo) 
from a piece of hot-rolled s t r ip  have been screen- 
tested i n  stat ic sodium for 100 hr  a t  1500'F . 
The tests were conducted in AIS1 1035 steel and 
type 304 stainless steel capsules. 

Weight and thickness changes of the tested 
specimens are l isted in  Table 10. 

TABLE 10. RESULTS O F  STATIC CORROSION TESTS 
ON THERMENOL (82% Fe-15% AI-3% Mo) I N  SODIUM 

Test Conditions: 1500'F; 100 hr 

Weight Thickness 
Capsule Material Change Change 

(%I (%) 

AIS1 1035 steel -0.22 +0.1 

Type  430 stainless steel  -0.07 + 0.3 

A sl ight  roughening on the surfaces of both 
samples was found after test  (Fig. 31). Neither 
capsule showed any evidence of attack. 

Analys is  of the solvent used t o  dissolve the 
sodium baths after test showed the presence of 
aluminum. 

Fig, 31. As--tested Thermenol (82 Fe-15 AI-3 Mo) Specimens After Exposure to Static Sodiumat 
1500'F for -100 hr in (a)  Type 430 Stainless Steel and ( b )  AIS1 1035 Steel Capsules. Etchant: aqua regia. 

250X. Reduced 7%. 
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TESTS O F  HAYNES B R A Z I N G  A L L O Y  NO. 4 0  
I N  NaK A N D  IN F L U O R I D E  F U E L S  

D. H. Jansen 

lnconel tube-to-header joints brazed wi th  Haynes 
brazing al loy No. 40 (nominal composition, in 
wt %: Cr, 13.5; Fe, 4.5; Si, 3.9; 8, 3.2; Co, 1.0; 
C, 0.42; Mn, 0.25; Ni, balance) were corrosion- 
tested in  the fuel mixture (No. 30) NaF-ZrF,-UF, 
(50-46-4 mole %) and NaK (56-44 wt %) in seesaw 
apparatus. The test periods were 100 hr, and the 
hot zone was maintained at  150O0F. The speci- 
mens were retained i n  the hot zones o f  the 
capsules during the tests. 

The al loy showed good corrosion resistance t o  
NaK but only fair resistance (2.5- t o  3-mil attack) 
t o  the fuel mixture. There was attack t o  a depth 
o f  2.5 t o  3 mi ls  on the specimen exposed t o  the 
fuel mixture, as shown in  Fig. 32. A considerable 
amount of porosity was found in  the braze f i l le ts .  

C H L O R I D E  CORROSION TESTS 

D. H. Jansen 

Screening tests on n icke l  and lnconel by using 
an NaCI-Mg,CI-UCI (50.0-33.3-16.7 mole 76) 
bath have been performed a t  the request of a 
Reactor School study group. Two sets of lnconel 
and n icke l  capsules loaded wi th  the chloride bath 
were tested in seesaw apparatus. The test periods 
were 100 hr, and the hot zone was maintained a t  
18OO0F for the f i rs t  set of capsules. The second 
set of capsules was tested for 500 hr a t  a hot-zone 
temperature of 135OOF. 

Both the lnconel and n icke l  capsules tested at  
1800°F showed evidence of mass-transfer crystals, 
the n icke l  capsule having the greater amount, as 
shown in Fig. 33. 

The hot-zone portion of the lnconel capsule 
from th is  test  showed a maximum attack of 4 mils 
in  the form of subsurface voids (Fig. 34). Th is  

Fig. 32. Haynes No. 40 Alloy After 100-hr Seesaw Test  in (a) NaF-ZrF,-UF, (50.0-46.0-4.0 mole %) 
and ( b )  NaK (56-44 wt %) at  15OO0F. As polished. 1OOX. Reduced 11%. (Secret wi th  caption) 
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UNCLASSIFIED 
Y- 19663 

UNCLASSIFIED 
Y - 1 9664 

Fig. 33. Cold Zones of (a) N icke l  and ( b )  lnconel G p s u l e s  Seesawed for 100 hr a t  180OoF in NaCI- 
MgCl ,-UCI, (50.0-33.3-16.7 mole %). Note greater amount of mass-transfer crystals in  the n icke l  capsule. 
1.2X. Reduced 12%. (Secret wi th  caption) 

Fig. 34. Hot Zone from lnconel Capsule Subiected t o  NaCI-MgCI,-UCI, (50.0-33.3-16.7 mole %) 
A spotty subsurface void attack to a maximum depth of  4 mi ls  can be seen. Bath for 500 hr a t  1350OF. 

Etchant: copper regia. (Secret with caption) 
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i s  the same type of attack found on lnconel when 
exposed t o  the fluoride baths. 

The 500-hr tests (1350'F hot zone) showed no 
mass transfer in  the n icke l  capsule, but a s l ight  
amount of metal l ic crystals was observed in the 
cold zone of the lnconel capsule. Chemical 
analyses on these crystals are incomplete. 

Tube thickness measurements from the hot and 
co ld zones of a l l  the tests indicated a uniform 
removal of container material from the hot zones. 

CORROSION T E S T S  O F  I N C O N E L  AND 
T Y P E  316 STAINLESS S T E E L  

I N  NaK AND L I T H I U M  

R.  Carlander 

The corrosion resistance of type 316 stain- 
less steel and lnconel to  NaK (56-44 wt %) wi th  
l i thium additions was determined under dynamic 
conditions (seesaw and thermal-convection-loop 
tests ). 

The tests i n  seesaw apparatus were mode from 
12-in.-long capsules which were f i l l e d  t o  40% 
of their volume wi th  NaK plus 5 or 10 wt % lithium. 
The tests were conducted for 100 hr in a t i l t i ng-  
type furnace (1 cpm) wi th  the hot zone at  1500'F 
and the co ld zone at 11OO'F. No mass transfer 
occurred in  any of the systems. The lnconel 
wi th  a 10 wt % addit ion of l i thium was attacked 
to  a depth of 1 m i l  in the hot  zone, while the 
other systems were unattacked. 

The thermal-convection-loop tests- were con- 
ducted for 1000 hr a t  a hot-leg temperature o f  
150O'F (cold-leg temperature 1220'F) wi th  a 
5 wt % l i thium addition. A s l ight  amount of mass 

. transfer in  the form of small  adhereat crystals 
containing 71.5% Ni-4.6% Cr-0.7% F e  occurred 
in  the lnconel loop, while no mass transfer was 
found in  the stainless steel loop. Figures 35 
and 36 show portions of the hot and cold legs of 
the lnconel and stainless steel loops. The lnconel 
was attacked t o  a depth of 1'4 mils in  the hot and 
co ld  legs. The stainless steel was unattacked in 
the hot leg but was attacked to a depth of 6 mi ls  
in  the cold leg. Photomicrographs of the cold 
legs of the lnconel and the stainless steel loops 
are shown i n  Fig. 37. The addit ion of 5 wt  % 
l i thium t o  NaK did not decrease the corrosion 
resistance of Inconel, but did decrease that of 
type 316 stainless steel. The difference in  attack 
between the hot and co ld legs o f  the stainless 
steel loop may be attributed t o  the larger amount 

UNCLASSIFIED 
Y-18385 

H O T  ZONE- 8 1 6 ° C ( f 5 0 0 0 F 1  

C O L D  ZONE - 6 6 O o C  ( 122OoF 

Fig. 35. lnconel Thermal-Convection Loop 
Operated for 1000 hr wi th  95 wt  % NaK (56-44 
wt  %) + 5 wt  % Li as Circulat ing Medium. (Secret 
wi th  caption) 

UNCLASSIFIED 
Y-18384 

H O T  ZONE - 8 1 6 O C  ( t 5 0 0 " F )  

C O L D  ZONE- 6 6 5 O C  ( i 2 3 O o F )  

Fig. 36. Type 316 Stainless Steel Thermal- 
Convection Loop Operated for 1000 hr wi th  95 wt  % 
NaK (56-44 wt  %) + 5% Li as Circulat ing Medium. 
(Secret with caption) 
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c 

Fig, 37. Cold Legs of (a) lnconel and of (b )  Type 316 Stainless Steel Thermal-Convection Loops 
Operated for 1000 hr a t  150OoF wi th  NaK + 5 wt  % Li as Circulat ing Medium. Etchant: aqua regia. 
250X. Reduced 10%. (Secret with caption) 

of carbides present a t  the lower temperature of the 
co ld leg than at the higher temperature of the hot 
leg. 

V A P O R - Z O N E  A T T A C K  I N  I N C O N E L - F L U O R I D E  
F U E L  SYSTEMS 

R. Carlander 

In  several creep experiments on lnconel in the 
fuel mixture (No. 44) NaF-ZrF,-UF, (53.5-40-6.5 
mole %), extremely heavy attack on portions of 
the system in the regions above the bath level 
has been detected. Th is  type of attack was a lso 
noted in experimental tests of a ZrF, “snow trap” 
(a system in which the more vo lat i le  -ZrF, was 
made t o  deposit from the fused sa l t  bath by means 
of a temperature gradient) fabricated from type 316 
stainless steel. The fol lowing test was conducted 
in a manner t o  approximate roughly the conditions 

capsules were used i n  which \-in.-dia lnconel 
thermocouple probes extended to  wi th in  1 in. of the 
bottom. The level of the f luoride bath and the 
height of the heated zone was 4 in. A temperature 
gradient was maintained over the rest  o f  the 
system. Examinations of the capsules after the 
tests revealed that the ZrF, “snow” deposited 
around the walls of the capsule approximately 
1 in. above the original bath level, where the 
temperature was approximately 1100OF. A hard 
layer that reached a maximum thickness of in. 
and that consisted of the fluorides (NaF, ZrF,, 
and UF,) and small part icles of NiO, Fe, and Cr 
was found i n  a region \ in. above and below the 
original bath level. A picture of the capsule 
tested for 1000 hr is  shown in F ig .  38. Chemical 
analysis of the bath and of the thermocouple probe 
revealed that chromium, as could be expected, 
was the main element leached out of the lnconel 

in  the creep experiments where th is  heavy attack in both tests. 4 sample of the fluoride mixture 
on Inconel was original ly noted. taken from the bottom of the bath was richer in 

Evacuated lnconel capsules were exposed t o  chromium than a sample taken from the top. The 
stat ic NaF-ZrF,-UF, (53.5-40-6.5 mole %) a t  results of the chemical analyses are given i n  
160OoF for 500 and 1000 hr. Two 12-in.-long Table 11. 
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UNCLASSIFIED 
Y-18890 

TABLE 11. CHEMICAL ANALYSES OF T H E  
NaF-ZrF4-UF, (53.5-40-6.5 MOLE W )  BATH 

AND THE INCONEL CAPSULE FOLLOWING 
A TEST FOR 1000 hr A T  160OoF 

+ZrF4 SNOW 

+BATH LEVEL 

Fig.  38. lnconel Capsule and Probe Following 

Exposure to NaF-ZrF,-UF, (53.5-40-6.5 mole %) 
for 1000 hr at 16OOOF. (Secret wi th caption) 

Metallographic examination revealed that the 
portion of the capsule wa l l  around which the 

snow" deposited was unattacked i n  both 
capsules, The heaviest attack occurred i n  the 
bath zone of both capsules. The attack reached a 
maximum depth of 4 mi ls i n  the 500-hr test  and 
5 mi ls in  the 1000-hr test  (Fig. 39). The depletion 
of ZrF, from the fused sa l t  bath actual ly de- 
creased the attack from that norma l ly observed, 
and this attack, by i tself ,  could not have caused 
the fai lures in  the creep tests. 

I 6  
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Amount (wt %) 

Ni  Fe Cr 
Location of Sample 

lnconel probe (vapor zone) 75.00 7.39 16.08 

lnconel probe (bath zone) 75.80 7.42 14.37 

Top of fused sa l t  bath < 0.01 0.068 0.002 

Bottom of fused salt bath 0.32 0.61 3.95 

NIOBIUM AND Z I R C O N I U M  DYNAMIC 
CORROSION T E S T S  I N  SODIUM AND I N  L I T H I U M  

R. Carlander 

Seesaw apparatus was used for corrosion tests 
of niobium and zirconium in  sodium and in  l i th ium 
i n  order to  determine the corrosion resistance of 
these two materials i n  the dynamic system. Two 
niobium capsules and two zirconium capsules, 
15 in. long, were f i l l ed  t o  40% of their volume - 
one capsule of each materiul w i th  sodium and one 
capsule of each material w i th  l i th ium - and sealed 
under an inert atmosphere. The capsules f i l l ed  
wi th l i thium were enclosed in  Hastel loy B con- 
tainers. The niobium capsule f i l l ed  wi th sodium 
was enclosed in  an Inconel container, whi le the 
zirconium capsule which contained sodium was 
protected by a type 430 stainless steel iacket. 
The spaces between the capsules and the jackets 
were then f i l l ed  t o  40% of their volumes with 
sodium i n  order to  obtain good heat transfer be- 
tween the capsules and the containers (Fig. 40). 
The capsules were tested i n  a t i l t i ng  furnace at 
1 cpm for 100 hr wi th the hot zone at 1535'F and 
the cold zone ut 995OF. No mass transfer was 
detectable in the zirconium tests, whi le some 
dissimilar-metal mass transfer was observed on 
the surface of the Hastel loy B and lnconel in  
the niobium tests (Fig. 41). The attack in a l l  the 
tests was small. Photomicrographs of the z i r -  
conium capsule that contained l i thium and of the 
niobium capsule that contained l i th ium are shown 
in  Fig.  42. The results of metallographic ex- 
amination of the test  specimens are given in  
Table 12. 



&& 

9S61 '01 W380130 3NlaN3 a01W3d 



M E T A L L U R G Y  P R O G R E S S  R E P O R T  

Fig, 41. (a) Hastel loy B and ( b )  Inconel Containers, Both of Which Contclined Niobium, After Ex- 
posure to Sodium for 100 hr a t  1535OF. Note dissimilar-metal mass-transfer layers on the surfaces o f  
the Hastel loy B and the Inconel. Etchant: ( a )  20 cc ' lO% chromic acid-30 cc HCI, (b )  10% oxal ic acid, 
B O X .  Reduced 10%. (Secret with caption) 

Fig. 42. (a )  Inside Wall of Niobium Capsule Containing L i th ium and ( b )  Inside Wall of Zirconium 
Capsule Containing L i th ium After Testing for 100 hr a t  1535OF. Etchant: ( a )  HF-HN0,-H,O (2525-50 
vol %), ( b )  C,H,O,-HCIO, (10-1) electrolyt ic etch and polish. 250X. Reduced 11%. (Secret wi th caption) 
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TABLE 12. RESULTS OF TESTS OF ZIRCONIUM AND NIOBIUM IN LITHIUM 
AND IN SODIUM I N  SEESAW APPARATUS 

Tes t  duration: 100 hr 

Hot-zone temperature: 1535OF 
Cold-zone temperature: 995'F 

Tes t  Material Bath 
At tack  

(mi ls)  
Metallographic Notes 

A Niobium capsule L i th ium on inner surfoce 2 

B 

C 

Sodium on outer surface 

Sodium on inner surface Haste l loy  B container 

Niobium capsule Sodium on inner surface 

Sodium on outer surface 

Sodium on inner surface lnconel  container 

2 

1.5 

None 

1.5 

None 

Intergranular penetration found on 

both the inner and the outer sur- 

faces 

At tack  in the form of voids; smal l  

amount of d issimi lar-metal  mass 

transfer detectable a t  500X 

Cracks found on outer surface; but 

not c lear ly  evident that the 

cracks were due to  sodium a t tack  

Surface roughened; smal l  amount 

of dissimilar-metal mass transfer 

detectable a t  500X 

Zi rcon ium capsule L ithiurn on inner surface None 

Sodium on outer surface None 

Haste l loy  B container Sodium on inner surface 1.5 At tack  in  the form of voids 

D Z i rcon ium capsule Sodium on inner surface None 

least attacked, while the casting wi th  the lowest 
s i l i con  content was the most severely attacked. 
In a l l  cases, the attack was a combination of 
subsurface voids and intergranular penetration. 
The depth o f  subsurface voids on the lnconel 
castings was 3-4 mi ls  - compared to  2-4 mi ls  
on the wrought lnconel capsules. The intergranular 
penetration, however, varied from 3 mi ls  on the 
high-si l icon casting t o  12 mils  on the low-si l icon 
casting. This difference i s  attr ibuted to the 
aforementioned porosity and t o  the grain bounda- 
r ies running perpendicular t o  the surface of the 
castings, The results o f  metollogrophic ex- 
aminotions ore given in Table 13. Photomicro- 
graphs of the wrought lnconel capsule and of the 
cast lnconel specimen No. 321 are shown i n  
Fig. 43. It may be noted that in  every test the 
wrought lnconel container was more corrosion 

resistant than the cast Inconel. The anomalistic 
r e s u l t s .  indicate that more work should be per- 
formed on the cast Incanel-fused sa l t  system. 

H I G H - T E M P E R A T U R E  CORROSION R E S I S T A N C E  
O F  M O L Y B D E N U M  AND H A S T E L L O Y  B 

T O  R U B I D I U M  

R. Carlander 

Because of i t s  desirable properties, low cross 
section (0.56 barns), low melt ing point (1 02OF), 
and high boi l ing point (126OoF), rubidium was 
chosen as a possible coolant in a "High-Temper- 
ature Vapor-Cycle Power Plant Study" conducted 
by a Reactor School study group. Since high 
temperatures were to  be obtained i n  such a power 
plant, corrosion studies wi th  rubidium were 
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TABLE 13. RESULTS OF NaF-ZrF4-UF, (50-46-> MOLE W )  CAST INCONEL STATIC TESTS 

Depth of Attack (mils) 

Wrought lnconel Cast lnconel 
Cast lnconel Si l icon Content Meta I logra ph ic 

Notes of Cast lnconel 
Capsule Specimens 

No. (XI 

321 

322 

323 

1.04 

1.93 

1.34 

12 Subsurface voids to depth of 4 mils, 

intergranular penetration t o  depth 
of 12 mils; no apparent cracks 

3 Subsurface voids and intergranular 
penetration to  depth of 3 mils; no 

apparent cracks 

8 Subsurface voids to  depth of 3 mils, 

intergranular penetration t o  depth 
of 8 mils; no apparent cracks 

Fig,  43. (a) Bath Zone of Wrought lnconel Capsule and ( 6 )  Cast  Inconel Specimen No, 321 Tested 
Etchant: aqua regia. 250X. Statically in NaF-ZrF,-UF,  (50-46-4 mole %) for 1000 hr a t  15OO0F. 

Reduced 11%. (Secret with caption) 
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.. 

undertaken on molybdenum and on a l loys o f  the 
Ni-Mo type (Hastelloy B). Preliminary corrosion 
studies of lnconel in stat ic and dynamic rubidium 
have been previously reported. Static tests of 
rubidium in  lnconel a t  1500 and 1650°F showed a 
maximum attack of 2 mils after 100 hr.5 A boi l ing 
rubid i um-lncone I therma I -convect ion loop which 
was operated at  a hot-leg temperature of 152OoF 
produced no mass transfer but d id  produce an 
intergranular penetration in  the hot leg to  a depth 
of 1 mi l  after 312 hr.6 T w o  standpipe tests of 
rubidium in Hastelloy B were performed for 500 hr 
a t  bath-zone temperature of 1400 and 150OoF 
(cold- zone temperatures for both tests, 1 WOOF). 
Tests of rubidium in  Hastel loy B and rubidium in  

5E. E. Hoffman et al., ANP guar. Ptog .  R e p .  Sept .  

6E. E. Hoffman, W. H. Cook, and C. F. Leitten, ANP 

10, 1954, ORNL-1771, p 86. 

guar. Prog. Rep.  Dee. 10, 1954, ORNL-1816, p 87. 

molybdenum were performed for 500 hr in  a t i l t i n g  
type furnace (1 cpm). The hot  zone o f  the 
Hastel loy B seesaw capsule was maintained at  
160OoF (cold zone, 1000°F) and the hot zone of 
the molybdenum seesaw capsule was maintained 
at  1900°F (cold zone, 1350OF). The temperatures 
of the various portions of the test capsules and 
the results of metallographic examination are 
given in  Table 14. No mass transfer occurred in 
any of the tests. The attack (k-2 mils) in  the 
Hastel loy B standpipe tests (Fig. 44) was a 
combination of subsurface voids and intergranular 
penetration. The attack (1 mil) in the Hastelloy B 
seesaw capsule (Fig. 45) was in  the form of 
subsurface voids. No attack occurred i n  the 
molybdenum seesaw capsule (Fig. 46), but an 
increase in grain s ize occurred on the outside 
surface of the hot zone. The results indicate that 

molybdenum and al loys of the Ni-Mo type would be 
suitable high-temperature containers for rubidium. 

TABLE 14. SUMMARY OF THE TEST CONDITIONS AND METALLOGRAPHIC EXAMINATION 
OF HASTELLOY B AND MOLYBDENUM CORROSION TESTS IN RUBIDIUM 

Temperature Depth of Attack 
( O F )  (mils) 

Meta I lographic Notes Test 

Standpipe No. 1 

n 

Hastelloy B 
Bath zone 

Boiling zone 
Vapor zone 

1400 
1535 
815 

Hastelloy B 

Bath zone 1500 
Boiling zone 1550 
Vapor zone 9 95 

Hastelloy B 
Hot zone 
Cold zone 

1600 
1000 

- 1  1 m i l  of voids and iniergranular attack 
1.5 m i l s  of intergranular attack, 1 m i l  of voids 
0.5 m i l  of voids, no intergranular attack 

1.5 
0.5 

Standpipe No. 2 

2 
1.5 
1 

2 mils of intergranular attack, 1 m i l  of voids 
1.5 m i l s  of intergranular attack, 1 m i l  of voids 
1 m i l  of voids, no intergranulor attack 

Seesaw Test No. 1 

1 m i l  of voids, no intergranular attack 
1 m i l  of voids, no intergranular attack 

Seesaw Test No. 2 

Molybdenum 
Hot zone 1900 
Cold zone 1350 

No attack No attack, but recrystallization of grains on 

the outer surface of the hot zone 
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Fig. 44. (a) Bath Zone and (6) Vapor Zone of Hastel loy B Standpipe T e s t  No, 2 After Exposum t o  

Rubidium for 500 hr. Etchant: 80 cc H,O,-20 cc H3P0,. 500X. Reduced 4%. (Secret with caption) 

Fig. 45. (a )  Hot  Zone and (6) Cold Zone-of Hastel loy B Seesaw Capsule After Exposure to Rubidium 
for 500 hr a t  1600°F. Etchant: 80 cc H,O,-20 cc H,PO,. 500X. Reduced 4% (Secret with caption) 
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TABLE 15. CARBON ANALYSIS, TOTAL CARBON PICKUP, AND TOTAL WEIGHT CHANGE OF VARIOUS 
ALLOYS AFTER EXPOSURE T O  SODIUM AND GRAPHITE FOR 100 hr AT 1500°F 

Capsule Moterial 
Nom ina I Compos it i on 

( w t  W )  

Graphite Added 
to  Sodium 

(wt %) 

Carbon Found in 

3-mil Surface 
cut 

(wt %) 

Total Carbon 
Pickup 

(ms) 

Toto I Weight 
Change of 
Specimen 

(mg) 

Hastelloy B 28 Mo-5 Fe-0.12 C 1 0.680 2.6 25.8 
max-bo1 N i  

5 0.577 16.4 46.8 
10 1.118 22.4 47.1 

Type 310 stainless 25 Cr-20 Ni-0.25 C 
steel  max-bo1 Fe 

Type 316 stainless 17 Cr-12 Ni-0.10 C 
s tee I max-bal Fe 

Type 430 stainless 16 Cr-0.12 C 
steel max-bal Fe 

1 0.388 0.5 39.3 

5 
10 

0.994 8.8 47.2 
1.43 No analyses 55.5 

1 0.606 10.1 48.1 

5 1.09 30.7 90.6 
1 0  2.35 50.2 11 9.3 

1 0.267 10.7 36.3 

5 1.30 25.2 81.3 
10 1.47 55.4 153.4 

TABLE 16. METALLOGRAPHIC EXAMINATION OF VARIOUS ALLOYS AFTER EXPOSURE TO SODIUM 
WITH GRAPHITE ADDITIONS FOR 100 hr A T  150OOF 

Depth of Carburization (mi ls)  Carbon Added 
to Sod ium Haste I loy Stainless Steels 

(wt  X) B Type 310 Type 316 Type 430 

0-10 
(varied over 

the surface) 

10 

4 

10 

10 8 6 13 24 

L 
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P E R I O D  E N D I N G  O C T O B E R  70, 7956 I 

Fig. 47. (a) Hastel loy B and (b )  Type 430 Stainless Steel  After Exposure to Sodium+ 10 w t %  
(a) phosphoric acid-H,O, and ( b )  glyceria regia. 250X. Graphite for 100 hr a t  15OOOF.  

Reduced 11%. 
Etchant: 

Fig. 48. (a) Type 310 and ( 6 )  Type 316 Stainless Steel After Exposure to Sodium + 10 w t  % Graphite 

for 100 hr a t  1500OF. Etchant: glyceria regia. 250X. Reduced 11%. 
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c 

steel was less than that of type.430 stainless 
steel, the total  amount of carbon pickup was 
approximately on the same level. 

CORROSION OF INTERMETALLICS B Y  STATIC 
SODIUM AND FUSED SALTS 

W. H. Cook 

Intermetallics of NiAI, NiAl + 5% Ni, NiAl + 4% 
Zr, and MoAl have been tested for 100 hr in  stat ic 
sodium and in  stat ic NaF-ZrF4-UF, (53.540.0-6.5 
mole %) a t  1500OF. No attack was found on the 
specimen tested i n  the sodium. Those tested in  
the fused sal t  were severely attacked. Table 17 
is a summary of the test results which were ob- 
tained by metallographic comparisons of untested 
and tested specimens. Chemical analyses of the 
test media are being made, 

A l l  the intermetal l ics had a common phase that 
may have been an oxide added by the fabricator 
for strengthening  purpose^.^ Th is  phase consti-  
tuted less than 5% of the surface of any sectioned 
intermetallic. It was homogeneously distr ibuted i n  
a l l  specimens with the exception of the NiAl + 5% 
Ni, in  which some segregation was apparent. In 
addit ion t o  th is common phase, a l l  the inter- 

7G. Stern, Refractory T y p e  Materials for High Temper-  
ature App l i ca t ion ,  NP-4527, F 139-40 (Aug. 1953). 

metal l ics had one maior phase except for the 
NiAl + 4% Zr, which contained two addit ional 
phases. 

In  the NiAl +4% Zr, the major phase was present 
as well-bonded globular particles, and the three 
minor phases were located i n  the few open spaces 
between the part icles of the maior phase. The 
NiAl  + 5% Ni specimens were the only ones in  
which any porosity was found, and it was negli-  
gible in  these. 

For the NiAl-base intermetal I ics the fused-salt 
attack was most l i ke ly  due t o  the aluminum; the 
attack began intergranularly and advanced into the 
grains. The differences i n  the extent of the 
fused-salt attacks on the NiAl-base intermetal l ics 
were probably caused by differences i n  the 
accessibi l i ty  of the NiAl t o  the fused salt. In the 
NiAl + 5% Ni specimen, it was noted that the 
attack was most severe where the “oxide” phase 
was concentrated. It was assumed that oxide was 
quickly corroded away which al lowed the fused 
sa l t  to  attack the intermetallic. 

The severe attack in  the case of the NiAl + 4% 
Zr can probably be explained by the removal of 
both the common phase and zirconium. These 
corrosion tests indicate that  the NiAl  i n  the 
NiAl-base intermetallics was attacked whenever 
it was exposed to  NaF-ZrF4-UF, (53.5-40.0-6.5 
mole %) at 150OOF. 

TABLE 17. SUMMARY OF THE RESULTS OF INTERMETALLICS TESTED FOR 100 hr IN STATIC 
NaF-ZrF4-UF4 (53.5-40.0-6.5 MOLE %) A T  150OoF 

Attack (mi ls)  

Max Av Mi n 
In terme to I I ic Notes 

MoAl Quantitative measurements could not be made on the 
MoAl because of i t s  extreme brittleness, but v isual  

examination indicated that i t  had been attacked by the 
fused s a l t  

N iAl  20 15 8 Attacked; attack produced alternate zones (bands) of 
degrees of porosity parallel to the surfaces of the 
specimen 

NiAl  + 5%Ni .32 8 3 Attacked; one end of specimen did not appear t o  be 
bonded as wel l  as the remainder; maximum attack wos 

found here 

N iA l  + 4% Zr 74 61 49 Attacked; attack severe to the depths indicated but was 

most  severe along the edges for an average depth of 

6 m i l s  
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The poor corrosion resistance of these inter- 
metal l ics i n  the fused sa l t  obviates further tests 
in th is  medium. However, the results o f  the 
sodium tests are encouraging enough t o  warrant 
more severe corrosion tests in  this media. 

POROSITY O F  R A R E - E A R T H - O X I D E  CERAMICS 
T O  WATER AND T O  M O L T E N  SODIUM 

W. H. Cook 

The test ing of ceramics of 45.0 t o  49.5% Sm,O,- 
22.5 t o  27% Gd ,O,-ba I primarily other rare-earth 
oxides (this was taken from the nominal compo- 
s i t ion given by the Lindsay Chemical Co. for their 
Code 920) for their porosity t o  water and t o  molten 
sodium has been completed. This  is part of the  
work being done in  the evaluation of these rare- 
earth-oxide ceramics for reactor-control-rod use. 
The results of these porosity studies are summa- 
r ized i n  Table 18. 

The sodium from the 500-hr test  has been 
submitted for chemical analysis. The most adverse 
service conditions expected were used in the 
500-hr test. Corrosion tests on shapes made from 
these rare-earth oxides have indicated negligible 
attack by sodium.8 By assuming that the ceramic 
was not attacked in the sodium permeabil ity tests 
and by using the density of sodium at  i ts  melting 
point, the porosity of the ceramic to  sodium was 
ca Icu lated. 

The chemical analysis of the sodium from the 
500-hr test plus investigations being made on 

8W. H. Cook, ANP Quur. Prog. Rep.  l u n e  10, 1956,  
ORNL-2106, p 155. 

similar 1000- and 2000-hr corrosion should provide 
the necessary data to  explain the differences in 
the water and the sodium porosities obtained for 
the 100- and 500-hr sodium permeability tests. 

SOLID-PHASE-BONDING SCREENING T E S T S  

W. H. Cook 

Solid-phase-bonding screening tests have been 
made wi th  cermets K150A (80% Tic-10% 
NbTaTiC,-10% Ni) and K152B (64% Tic-6% 
NbTaTiC,-30% Ni) i n  contact wi th  molybdenum 
a t  20,000 psi (calculated) for 100 hr i n  NaF-ZrF,- 
UF, (50-46-4 mole %) at  15OO0F. Bonding between 
K152B and molybdenum was observed w i th  a 
low-power microscope. A thin f i l m  appeared t o  
have been “transferred” i n  the contact area 
between the molybdenum and K152B. This  was 
probably a Ni-Mo dif fusion layer, but this has 
not been verif ied. In similar examinations of 
the contact areas of K150A and molybdenum, there 

was a th in  black f i l m  observed in  some areas on 
K150A, but there were no signs of solid-phase 
bonding. There was some deformation of the 
molybdenum in the contact areas. 

No solid-phase bonding was observed for Stel l i te 
6 in  contact a t  50,000 ps i  (calculated) wi th  
Stel l i te 6 for 200 hr in sodium a t  12OOOF. The 
Ste l l i te  6 formed a q6-in.-thick hard facing on 
lnconel specimens. There was only s l ight  defor- 
mation of the Ste l l i te  6 facings in the areas of 
contact. In some places outside the seating areas, 
the Ste l l i te  6 appeared to  be roughened by an 
etching effect. 

TABLE 18. THE PERMEABILITY OF CERAMICS OF 45.0 TO 49.5% Sm203-22.5 TO 27% Gdq03 
(BAL PRIMARILY OTHER RARE-EARTH OXIDES) TO WATER AND TO MOLTEN SODIUM 

Nomina I Dimensions Test  Conditions in Apparent Porosity 

(in.) Sodium Density‘ ( %I . .  
Temperature Ti me (g/cc) 

T o  Watera To Sodium 
1O F) (hr) 

OD ID Length 

7 / 8 x \  x lb 1300 100 3.53 53.5 52 

1 ’ / 4 x t  x 1 1350‘ 500‘ 4.09 46.4 51.0 

‘The ceramic laboratory of the Metallurgy Div is ion fabricated a l l  test pieces and determined their densit ies and 
apparent porosities to water. 

bThe data on this p iece have been reported previously (W. H. Cook, ANP Qunr. Prog. Rep .  June  10. 1956, ORNL- 

=The temperature was constant a t  135OoF for the f irst 250 hr; during the concluding 250 hr, the temperature was 

2106, p 155). 

cycled between 1350 and llOO°F three times each day in 3-hr periods. 
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DYNAMIC CORROSION 

J. H. DeVan Kovacevi ch E. 

F O R C E D  C I R C U L A T I O N  CORROSION STUDIES 

J. H. DeVan 

Fluoride Pump Loops 

Further studies have been directed toward the 
interplay of loop surface area and loop volume i n  
the corrosion o f  Inconel-fluoride systems. The 
fluorides circulated in these tests were mixtures of 
NaF-ZrF4-UF, (50-46-4 mole 7%) designated as 
fuel 30. A re la t ive ly  large cold-leg surface was 
employed i n  loop 74258 to evaluate effects con- 
tributed by the cold zone to the mass transfer o f  
chromium in  such systems, A tube bundle, com- 
posed o f  a top and bottom header wi th  f ive con- 
nect ing co i l s  of t- in.-dia tubing, was used i n  
place o f  a standard-size cool ing co i l  of !$-in. 
tubing’ and resulted in  a doubling of cold-leg 

surface over that o f  a standard loop. The volume 
of  the cold leg was held, insofar as possible, the 
same as that for a standard loop, so that total 
loop volume would be unchanged. 

A standard pump loop, 7425-10, operated con- 
currently with th is  loop and was designed as a 
control loop both for 7425-8 and for several pre- 
viously-run series such as wall-temperature, tem- 
perature-gradient, and surface-area-to-volume ex- 
periments. Both 7425-8 and 742510 were intended 
to operate a t  a 16OOOF maximum wal l  temperature 
with other conditions shown in  Table 19. However, 
the loops after operation were found to have 
identical discrepancies in the recorders used t o  
measure maximum wal l  temperature, result ing in a 
revised value o f  158OOF. While a good comparison 
can s t i l l  be made between these two tests, the 
lower wal l  temperature somewhat handicaps the 
use of 742510 as a standard loop for other test 
series. 

’J. H. D e v o n  and E. A. Kovocevich, Met. Semiann. 
Prvg. R e p .  April  10, 1956, ORNL-2080, p 53. 

TABLE 19. OPERATING CONDITIONS O F  INCONEL PUMP LOOPS WHICH 
CIRCULATED N a F - Z r F 4 - U F 4  (50-464 MOLE X) 

Loop Number 
Operating Conditions 

7425-41 7425-43 7425-8 7425- 10 

Operating time, hr 

Moximum fluoride mixture tem- 

perature, O F  

F I uid temperature gradient, 

Maximum tube wal l  tempera- 

F 

ture, O F  

Reynolds number 

Velocity, fps 

Heater surfoce area, in.’ 

Cooler surface area, in.’ 

Rat io of cooler surface area to 

total loop volume, in.’/in.’ 

Rotio of heater surface area to 

toto1 loop volume, in,’/in.’ 

Moximum attack, mils 

1000 

1650 

1000 

1500 

1000 

1500 

1000 

1500 

200 

1700 

200 

1700 

200 

1580 

20 0 

1580 

2 7 s  

2.06 

262 

247 

2.0 

6500 

4.47 

262 

247 

2.0 

10,000 

6.5 

262 

542 

4.2 

10,000 

6.5 

262 

247 

2.0 

2.1 2.1 1.94 2.1 

4?5 10 9 4 
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A maximum attack o f  4 mi ls  occurred i n  the case 
o f  loop 7425-8, which compares quite closely to an 
attack o f  4'/2 mi ls  in  standard loop 7425-10. Cold- 
leg deposits were absent in both loops, and fuel 
analyses after test showed equivalent chromium 
contents, approximately 400 ppm. Thus the in- 
crease in cold-leg surface over the range o f  these 
tests produced no apparent effect on corrosion. 

Some increase in the amount of mass transfer 
wi th  increased cold-leg surface was expected on 
the basis o f  thermodynamic studies in fluoride 
salts of pure chromium and chromium in  Inconel. 
These studies predict that mass transfer o f  lnconel 
in zirconium base fluorides should be rate- 
controlled, in part, by the amount o f  deposited 
chromium which can dif fuse into the cold leg.2 
Such a process i s  related direct ly to cold-zone 
surface. 

Examination has been completed of pump loop 
742543, which i s  part o f  a series to  study effects 
o f  bulk fluoride temperature on the corrosion o f  
Inconel. The loop circulated the mixture NaF- 
ZrF,-UF, (50-46-4 mole %) and operated with a 
170OOF maximum wal l  temperature, a 15OOOF maxi- 
mum f lu id  temperature, and a 200°F f lu id  temper- 
ature drop. Another loop in  th is  series, 7425-41, 
which was reported p r e v i ~ u s l y , ~  was operated a t  
a similar maximum w a l l  temperature and temper- 
ature drop but w i th  a maximum f lu id  temperature 
o f  165O0F. Other conditions for these two loops 
are compared in  Table 19. 

The maximum attacks recorded in both loops 
occurred in the regions o f  maximum wal l  tempera- 
ture. As shown in  Figs. 50 and 51, the attacks 
were quite similar, reaching 9 mi ls  i n  the case o f  
the 15OOOF f lu id  temperature and 10 mi ls  at 1650OF. 
The levels o f  chromium in solution in both loops, 
which are shown in  Table 20, were a lso com- 
parable, the value a t  150OoF actual ly being the 
greater. I f  variations i n  Reynolds number are 
neglected, as argued i n  previous  report^,^ the 
small effect result ing from changes in  bulk f luoride 
temperature in  these tests is  apparently explained 
by the similari ty in  maximum wal l  temperatures. 
The importance of th is  latter variable to  corrosion 
in fluoride systems has been discussed previ- 
ous ly  . ' 

2W. R.  Grimes, A N P  Quat. Ptog.  Rep .  June  I O ,  19.56, 

3J. H. DeVan and E. A. Kavacevich, Met. Serniann. 

41bid., p 61. 

ORNL-2106, p 96, esp 98-99. 

Prog. Rep .  April  10, 1956, ORNL-2080, p 56. 

46 

Fig, 50, Maximum Attack in  lnconel Loop 7425- 
43, Operated 1000 hr wi th  a 170OOF Maximum Wall 
Temperature, 1500OF Maximum F lu id  Temperature. 
250X. Reduced 36.5%. 

Fig. 51. Maximum Attack i n  lnconel Loop 7425- 
41, Operated 1000 hr wi th  a 170OOF Maximum Wall 
Temperature, 165OoF Maximum F lu id  Temperature. 
250X. Reduced 36.5%. 

TABLE 20. CHEMICAL ANALYSES O F  FUEL 
CIRCULATED I N  LOOPS 7425-41 AND 7425-43 

Loop No. Sample U Ni Cr Fe 
( P P 4  (PPm) ( P P 4  

7425-41 Fill  8.61 40 105 45 
Drain 10.3(?) 40 440 70 

9.20 50 55 70 
Drain 9.37 100 650 80 

7425-43 F i l l  

A 
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Two lnconel pump loops have been operated for 
1000 hr with fuel No. 70, a fluoride mixture com- 
prised o f  NaF-ZrF4-UF, (56.0-39.0-5.0 mole %). 
The purpose o f  these tests was to compare the 
corrosion properties of this fuel mixture with those 
o f  the more famil iar fuel No. 30. The lower ZrF, 
content in fuel 70 affords a considerable reduction 
in vapor pressure a t  reactor operating temperatures 
as compared to fuel 30. 

The conditions o f  operation for these two loops, 
7425-14 and 7425-15, are l is ted in Table 21. Opera- 
t ion o f  the loops, including the cleaning procedure, 
followed a pattern identical to that employed for 
Inconel-fuel 30 tests. Visual examination of 
loop 7425-14, which was operated wi th  a 150OOF 
maximum fluid temperature, showed the presence 
of a few very small metal l ic crystals i n  the top 
sect ionof  the cool ing c o i l  and along the f luid-inert 
gas interface in the pump. These crystals, based 
on spectrographic examination, analyzed >5% Cr, 
>5% Zr, 2% Ni, and 0.2% Fe. Although fuel un- 
doubtedly comprised a large portion o f  the crystals, 
the presence o f  chromium affords an indication o f  
possible mass transfer. However, no crystals 
could be found in the examination of loop 7425-15, 
which operated wi th  a temperature gradient simi lor 
to  that of 7425-14 but a t  a higher fluid tempera- 
ture (1650°F). 

Maximum hot-leg attack, observed metallo- 
graphically, was approximately the same for both 

loops, being reported as 7 mils. The attack oc- 
curred as light-to-moderate void formation, as 
s h o w  in  Fig. 52. A very thin metal l ic layer was 
noted in  the cold legs o f  both loops and i s  pictured 
in Fig. 53. The layer i s  barely v is ib le  at the 
magnification o f  SOOX used and i s  thus seen to  be 
quite small. An analysis o f  th is  layer was not  
poss i bl e. 

Analyses of fuel samples taken before and after 
operation are shown i n  Table 22. 

Fig. 52. Hot-Leg Surface of Loop 7425-14 After 
Exposure to Fuel  70 a t  1500OF. 250X. Reduced 
34.5%. (Secret wi th  caption) 

TABLE 21. OPERATING CONDITIONS OF FLUORIDE PUMP LOOPS 

Operating Conditions 
Loop Number 

7425- 12 7425- 14 7425- 15 

Loop material Hastel loy B Inconel lnconel 

Fluoride mixture 

Operating time;hr 

Maximum fluoride mixture 

temperature, O F  

Temperature gradient, OF 

Maximum tube wal l  tern- 

perature, O F  

107 

1000 

1505 

200 

70 

1000 

1525 

200 

70 

1000 

1643 

200 

1555 1595 1712 

Reynolds number 1 0,000 10.000 9500 

Velocity, fps 3.2 4.8 2.6 

Ratio of hot-leg surface 2.08 2.08 2.08 
to loop volume, in.2/in.3 
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Fig. 53. Thin Layer Seen in  Cold-Leg Specimen 
from Loop 7425-15. 

TABLE 22. CHEMICAL ANALYSES OF FUEL 
CIRCULATED IN LOOPS 7425-14 AND 7425-15 

Total  U N i  Cr Fe Loop No. Sample 
(%I (PPm) (PPm) (PPm) 

7425-14 Fi l l  11.2 15 85 50 
Termination 11.4 30 290 90 

7425-15 Fi l l  1 1 . 1  95 90 35 
Termination 11.6 4 255 110 

Note that a buildup of chromium has occurred 
over the test period, although the termination sam- 
p les showed somewhat less chromium than samples 
taken from loop 7425-10 reported above, which 
operated with fuel No. 30 under comparable con- 
di  tions. 

These results are in agreement wi th  so lub i l i ty  
measurements made by Materials Chemistry Div is ion 
which indicate that decreases in  zirconium content 
from the fuel 30 level w i l l  reduce s l ight ly  the 
equil ibrium concentration of chromium. 

The similari ty in  attacks in  the two loops, which 
operated at different temperatures, i s  fe l t  to have 
l imi ted significance. Loops 7425-41 and 7425-10 
(reported above), which operated under comparable 
conditions to these two loops but with fuel 30, 
revealed attacks o f  4!$ mi ls  at the lower tempera- 
ture and 9 mi ls  at the higher temperature. The 
f igure of 7 mi ls  reported for both tests wi th  fuel 70 

does not represent an abnormally large deviation 
from either of these values obtained for fuel 30. 
Therefore the corrosion properties of fuel 70, i n  
general, appear similar to those o f  fuel 30, although 
some tendency for layer formation in  the cold leg 
appears to  accompany the former fuel, 

The operation of a Hastel loy B pump loop (742313) 
has verif ied the excel lent corrosion resistance o f  
th is  al loy to fluorides observed in  thermal-convec- 
tion-loop tests. The loop was constructed o f  
I/-in.-OD x 0.035-in.-wall tubing and was identical 
i n  configuration and manner o f  heating t o  the 
standard loop design presently employed for lnconel 
corrosion tests. Operating conditions of the loop 
are given in  Table 21. The fluoride mixture cir- 
culated was NaF-KF-L iF-UF4 (11.2-41-45.3-2.5 
mole %), designated as fuel 107. 

Very l i t t l e  attack was seen on examination o f  
th is  loop. Some p i t t ing to a maximum depth o f  
1 I /  mils  was observed along both the hot  and cold 
legs, but the surfaces were quite similar to those 
o f  as-received tubing, as i l lustrated in  Fig, 54. 
No deposits were found metallographically either 
i n  the hot or co ld  legs o f  the loop. A visual ex- 
amination o f  the cold leg revealed small metal l ic- 
appearing deposits in  one area, although on the 
basis of metallographic examination these appear 
to have been fluorides rather than metal l ic crystals. 

Chemical analyses of the fuel before and after 
operation are tabulated in Table 23. 

A small pickup i n  chromium, possibly re f lect ing 
small residuals o f  th is  element in  the tubing or i n  
the welds, and in  iron may be noted together with 
a decrease i n  nickel. A molybdenum analysis was 
not obtained for the fuel before test, although th is  
element would not seem to have been affected to a 
measurable degree during the test. 

The operation of an lnconel pump loop, con- 
ducted as an endurance test wi th  fuel 30, termi- 
nated because of a pump drive fai lure after 8300 hr. 
Th is  failure resulted in  a subsequent leak in  the 
co ld leg while the loop was being thawed to re- 
establ ish operation. The loop, 4935-6, was gas- 
f ired and operated with a maximum fluoride tem- 
perature of 145OoF, a temperature drop of 2OO0F, a 
maximum wal l  temperature of 155OoF, and a 
Reynolds number o f  10,000. Fol lowing the test 
the hot-leg surface was shown metallographically 
to  be roughened with heavy intergranular void 
formation to a depth of 25 mils. The cold-leg 

^ .  

c 



P E R I O D  E N D I N G  O C T O B E R  10, 7956 

Fig. 54. Hastel loy B As-received Tubing ( u )  and 
Hot-Leg Sample ( b )  from Loop 7425-13 After Ex- 
posure t o  Fuel 107 for 1000 hr. Note increased 
amount of second phase result ing from aging a t  
1500OF. 250X. Reduced 35.5%. (Secret wi th  
caption) 

surface was roughened with no evidence o f  mass- 
transferred deposits. 

A second test involving an lnconel pump loop of 
re la t ive ly  long duration was conducted by us ing  
electrical-resi stance heating. This loop, 74259, 
a lso circulated fuel No. 30 and operated for 3000 hr. 
The maximum and min imum f luid- temperatures 
employed were 1600 and 13OO0F, respectively, 
with a Reynolds number o f  5750. Wall temperature 
reached a maximum of  17OOOF. Maximum attack in 
th is  loop was reported to b e  14 mils, occurring i n  
the area of highest wa l l  temperature. Visual and 
metallographic examination revealed no deposits 
attributable to mass transfer in the co ld  zones. 

TABLE 23. CHEMICAL ANALYSES O F  FUEL 
* . CIRCULATED I N  LOOP 7425-13 

Operating f i l l  12.5 215 35 60 

Terminating 13.2 80 195 105 7 
sample 

The chromium buildup in  the fuels during the 
course o f  operation in  both the above loops was 
comparable to loops o f  1000-hr durations. Th is  
fact agrees well  with observations i n  a previous 
report5 on the effect o f  time on fluoride corrosion. 
However, i n  this earlier report the rate of attack 
noted from 50 to 1000 hr was approximately 3-4 m i l s  
per 1000 hr and was constant wi th  time. During 
the f i rs t  50 hr of operation, attack occurred a t  a 
much faster rate and gave r ise to  a threshold 
value o f  approximately 3 mils. A rate of 3-4 m i l s  
per 1000 hr, when added to an in i t ia l  attack of 
3 mi ls  and extrapolated to times Comparable to  
those of the above long-duration loops, gives a 
range of attacks considerably higher than those 
experimentally recorded for the loops. Thus i t  
appears that the rate of attack does not remain 
l inear with time beyond 1000 hr but tends to de- 
crease; however, the operating conditions of the 
loops unfortunately are not similar enough to  
provide a comprehensive study of th is  decrease. 

Sodium Pump Loops 

An lnconel pump loop, 7426-6, has completed 
1000 hr of operation wi th  sodium which hod been 
special ly treated to remove oxide contamination 
prior to testing. Operating condit ions for the loop 
were a 1500OF maximum f lu id  temperature and a 
3OOOF temperature drop. Prior to the actual test, 
sodium was circulated through the loop under 
1 5 0 O O F  isothermal temperature conditions to remove 
oxide f i lms from both the hot and cold legs of the 
loop. Thissodium was then dumped a t  1 5 0 O O F  and 
replaced by a charge which had been cold-trapped 
and f i l tered in a service loop operated at  30OoF. 
A circulatory cold trap maintained at  3 O O O F  was 
a lso used on this charge during the course of the 

'J. H. DeVan and E. A. Kovacevich, Met. Semiann. 
Prog. Rep .  April  10, 1956, ORNL-2080, p 53. 
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test. An evaluation of mass transfer i n  th is  loop 
showed the weight of deposit (15 g) to be equiv- 
alent to loops operating with normal sodium either 
with or without circulatory cold traps. Maximum 
thickness o f  this deposit was 18 mils; the hot leg 
showed heavy p i t t ing  and intergranular attack to  a 
depth o f  2 mils. 

A relat ively heavy deposit, also predominantly 
nickel, was found in  lnconel loop 7426-12, operated 
a t  1 5 0 0 O F  wi th  a temperature gradient o f  40OoF. 
The loop included a cold trap identical t o  that 
mentioned above. Deposits appeared predominantly 
in the economizer section of th is  loop, reaching 
thicknesses of 20 mils, as shown in Fig. 55. 
Intergranular attack in the hot  zone was 2 mils. 
When scraped from the loop walls, the deposits 
were measured to be 21 g. This  value i s  sub- 
s tant ia l ly  higher than the value of 15 g reported 
above and would indicate temperature drop to be 
a more signif icant variable than found i n  earlier 
500-hr tests.6 In the case of both the above loops, 

6G, M. Adarnson et al., Met. Semiann. Prog.  Rep .  
D e c .  10, 1955, ORNL-1988, p 25. 

Fig. 55. 
7426-12 Operated wi th  Sodium a t  15OOOF. 
Reduced 22%. 

Deposits Found in  Inconel Pump Loop 
150X. 

deposits were analyzed to be approximately 10% 
Cr and 90% Ni. 

An lnconel pump loop, 7426-11, which circulated 
sodium a t  a maximum temperature of 135OoF, re- 
vealed only scattered metal deposits in  cold-zone 
sections after 1000 hr of operation. The loop 
employed a f lu id  temperature drop of 3OO0F and 
contained a bypass cold trap operated a t  30OOF. 
Deposits reached a maximum thickness o f  3 mils, 
as shown i n  Fig. 56, and were also analyzed to be 
predominantly nickel. The hot leg of the loop 
showed s l ight  intergranular attack to a depth o f  
'/2 mil. Comparing this loop with the above loop, 
i t  i s  seen that the amount o f  lnconel mass transfer 
i s  considerably more a t  1500OF than a t  135OOF. 

A 316 stainless steel loop, 7426-14, has been 
operated 1000 hr with sodium a t  a maximum tem- 
perature of 1650OF. An examination o f  th is  loop, 
which employed a 3OOOF temperature drop, showed 
very l i t t l e  increase in  mass transfer compared to  
a similar loop operated a t  1500°F, described pre- 
~ i o u s l y . ~  Deposits appeared as occasional clusters 
of metal crystals 3-5 mi ls  thick and comprised a 
total weight of 1.7 g. An analysis of the deposits 
showed the fo l lowing elements present: 5.5% Ni, 
72.4% Cr, 22.0% Fe. The hot leg was attacked 
intergranularly to 2 mils, wi th  small voids appear- 
ing to a depth o f  5 mils. A loop of 310 stainless 
steel, 7426-13, run under similar conditions but a t  
a maximum temperature o f  15OO0F, showed s u b  
s tant ia l ly  more extensive deposits than the above 

Fig. 56. Deposits Found in lnconel Pump Loop 
7426-11, Which Circulated Sodium a t  135OOF. 
250X. Reduced 36%. 
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316 stainless steel loop. The total mass com- 
prised by the deposit was only 2.25 g, although 
the deposit thickness reached 9 mils. Hot-leg 
attack in  this loop was quite severe, with inter- 
granular attack and void formation reaching 13 mils, 
as pictured in  Fig. 57. 

Fig, 57. Hot-Leg Attack in Type 310 Stainless 
Steel Loop After 1000 hr Operation w i t h  Sodium at  
15OO0F. 250X. Reduced 22%. 

Sodi urn-Ber y I I i urn-Inconel Corn pati bi I i ty  

Two lnconel pump loops have been .operated at  
1250 and 1300°F, respectively, wi  
inserts contained in the hot  legs. Th 
machined in the form o f  a hol low cy1 
long and contained>- an lnconel is lan 
wi th in  the insert sert was separated from 
the loop wal-I by e o f  0.040 in, along one 
inch o f  i t s  length and by 0.094 in. along another 
inch. The remainder of the insert was in direct 
contact with the Inconel. The lnconel island was 
spaced '/4 in. from the inside diameter of the insert. 
Fo l lowing 1000-hr operation at  the higher tem- 
perature, the beryll ium insert revealed scattered 
void formation to 7 mils. A l loy ing between the 
beryll ium and lnconel in contact with i t  produced 

a br i t t le  layer approximately 3$  mi ls  thick. In 
areas where a pos i t ive separation between the 
beryll ium and lnconel was maintained, no attack 
or a l loy ing was seen on the Inconel. In the lower 
temperature loop, also operated for 1000 hr, vo id  
formation in  the beryll ium progressed to 5 mils. 
A l l o y  formation between beryll ium and lnconel was 
no t  reported even i n  areas assumed to be in  d i rect  

contact. However, related compatibi l i ty studies 
would tend to  indicate that al loyed products may 
have been los t  in metallographic sampling. Both 
o f  the above loops operated with cold traps main- 
tained a t  300OF. No mass-transferred part icles or 
layers were produced in  either loop. 

To determine whether increasing h e  beryl l ium 
surface area relat ive to lnconel w i l l  affect the 
compatibi l i ty of these materials in sodium, two 
pump loops were operated at  1250OF in which 
equivalent surface areas o f  beryll ium and lnconel 
were in contact wi th  f lowing sodium. One o f  the 
tests incorporated an oxide co ld trap whi le  the 
other did not. ' 

The beryllium, in the form o f  rectangular blocks, 
was contained in an lnconel can and was inserted 
in the hottest section of the loop, the remaining 
sections of which were constructed o f  Inconel. 
A temperature drop o f  3OO0F existed between the 
hot  and co ld fluid temperatures in each test. After 
1000-hr operation, no increase in the amount o f  
mass transfer was seen in either of these tests 
compared to tests o f  smaller inserts in pump loops 
discussed above. The addition of a cold trap 
showed l i t t l e  effect on test results. 

T H E  RMA L - C O N V E  C T I O N - L O 0  P STUDIES 

E. A. Kovacevich 

lnconel Castings 

In- order to evaluate the use o f  lnconel castings 
for large intr icate sections required in the ART, 
three standard lnconel thermal convection loops 

. wi th  cast  lnconel _inserts i n  the hot  leg were 
operated 500 hr wi th  NaF-ZrF,-UF, (50-46-4 mole 
5%) and sodium a t  15OOOF. The castings, whose 
-compositions are given i r i  Table 24, contained 
.approximately 1.2% manganese, 2% columbium, 
and a range of  s i l icon contents from 1 to 2% 
Inserts 321 and 322, which had the lowest and 
the highest s i l icon contents, respectively, were 
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tested with NaF-ZrF,-UF4 (50-46-4 mole %), whi le  
the remaining insert, 323, with an intermediate 
s i l icon content, was operated with sodium. 

As shown in  Table 25, very severe corrosion was 
evidenced in both cast  specimens i n  contact wi th  
fluoride salts. Attack occurred not only in the 
form of subsurface voids typical of w r o u s t  Inconel, 
but, in addition, very deep intergranular penetra- 
t ions appeared, reaching in  the worst case to a 
depth o f  70 mils, as shown i n  Fig. 58. 

These intergranular penetrations, although a 
resul t  of rapid attack of grain boundary constituents, 
were aided considerably by porosity and shrinkage 
cracks present in a l l  the castings in the as-received 
condition, as shown in Fig. 59. The 1 %  level o f  
s i l i con  was found to be no better from the corrosion 
standpoint than the 2% alloy. 

Metal deposits were seen metallographically and 
v isual ly  in the hot leg of both loops. Spectro- 
graphically, the deposits were predominan t l y  
n icke l  with aluminum, chromium, and iron reported 

as major elements. Si l icon and manganese analyzed 
low in  these deposits. 

Fig. 58. Maximum Attack Near Cast-Weld lnter- 
face in Custing 321; Tested in Fuel  30, Loop 876. 
1OOX. Reduced 34%. (Secret wi th  caption) 

TABLE 24. CHEMICAL ANALYSIS OF CAST INCONEL INSERTS OPERATING I N  
STANDARD INCONEL THERMAL-CONVECTION LOOPS 

Chemical Analysis (X) Cast  Inconel 

Insert No. N i n  c u  F e  Si Mn C Cr Cb S 

32 1 70.49 0.01 8.20 1.04 1.22 0.23 16.67 2.08 0.005 

322 69.79 0.03 8.20 1.93 1.17 0.22 16.51 2.09 0.006 

323 70.44 0.02 8.10 1.34 1.16 0.22 16.67 2.00 0.004 

nBy difference. 

TABLE 25. INCONEL THERMAL CONVECTION LOOPS OPERATING 500 hr WITH CAST INCONEL 
INSERTS I N  THE HOT L E G  WITH NaF-ZrF4-UF4 (50-46-4 MOLE W )  AND SODIUM AT 150OoF 

Metal lographic Results 
Loop No. Insert No. Coo I ant 

Hot -Leg Attack (mils) Cold-Leg Attack 

876 32 1 

877 322 

878 Contrc 

879 323 

Fuel 30 Cast  section - 25 Light  surface roughening with 

Weld interface - 70 o metal deposit present 

Cast  section - 23 
Weld interface - 25 

Light  surface roughening with 

evidence of metal crystals 

F u e l  30 

Fuel  30 10 No attack 

Sodium No attack No attack, no dieposits. 

n 
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Fig. 59. Porosity in  As-received Specimen of 
Casting 321. 1OOX. Reduced 36%. 

Loop 879 (insert 323), which circulated sodium, 
revealed very l i t t l e  corrosion, < 1  mil, in the insert 
section. Metal l ic  deposits, which analyzed pre- 
dominantly nickel, were seen macroscopically in 
the trap area, but were approximately in the same 
quantity as those observed in  wrought lnconel 
loops. 

Monel wi th Fuel  107 

Six Monel thermal-convection loops, 806, 808, 
809, 880, 881, and 882, completed 500, 545, 1027, 
1000, 1339, and 1217 hr of operation, respectively, 
in  NaF-L iF-KF-UF4 (11.2-41.0-45.3-2.5 mole %) 
a t  1500OF. The latter three loops were chromium- 
plated to afford oxidation protection after d i f f i -  
culties were encountered in earlier loops. 808 and 
809. These - two were termi nated -.before 
their  scheduled op 
cessive oxidation of  the o 
i n  the case of the chromium-plated loops 88Qand 
882, excessive oxid occurred in  areas where 
p Iat ing i mper-fecti rently existed. Metallo- 
graphic results rev 1 m i l  o f  hot-leg attack, 
as shown in Fig. II these loops. Forma- 
t ion of  an intergr ecipi tate was also o b  
served in a l l  hot-leg samples to a maximum depth 
of  3 mils. 

Four Hastel loy X- ihermal-convection loops, 
which were constructed from $-in.-dia tubing, 

operated 1000 hr with sodium and NaF-ZrF4-UF, 
(50-46-4 mole 7%) at 1500°F. Loops 855 and 856, 
which operated with sodium, had no hot-leg attack 
and no evidences of metal l ic  deposits in  h e  co ld 

leg. However, loops 857 and 983 which circulated 
NaF-ZrF4-UF4 (50-46-4 mole %) showed consider- 
able hot-leg attacks to depths of 27 and 35 mi ls  
(Fig. 61). The cold legs of both loops showed 
surface roughening and evidences of metal l ic  
crystals. The fluoride in the trap area analyzed 

Fig. 60. Maximum Hot-Leg Attack in Monel Loop 
809 Circulat ing Fuel  107 for 1027 hr at  15OOOF. 
250X. Reduced 36%. (Secret wi th caption) 

Fig, 61. Maximum HopLeg Attack in  Hastel loy X 
Loop 983 Circulat ing-Fuel  30 for 1000 hr at  15OOOF. 
1OOX. Reduced 32.5%. (Secret wi th  caption) 
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26.6 wt % chromium in loop 857 and 16.6 wt % in 
loop 983. 

F i v e  loops, 872, 897, 873, 885, and 896, which 
were constructed of  %-in. Hastel loy W tubing, also 
operated 1000 hr with sodium, NaF-ZrF,-UF, 
(50-46-4 mole %), and NaF-LiF-KF-UF, (11.2-41.0- 
45.3-2.5 mole %). Loops 872 and 897, which circu- 
lated sodium, showed no hot-leg attack, as shown 
in  Fig. 62 but had scattered metal l ic crystals i n  
the cold leg which were found spectrographically 
to be predominantly nickel. Surfaces of the hot-leg 
samples were similar after test to the as-received 
samples of each loop. Loop 873, which circulated 
NaF-ZrF,-UF, (50-46-4 mole X), showed no hot- 
leg attack or cold-leg deposits. 

Fig. 63. Maximum Hot-Leg Attack i n  Loop986, 
85% Ni-15% Mo, Circulat ing Fuel 107 for 1000 hr 
a t  15OOOF. 250X. Reduced 32.5%. (Secret wi th  
caption) 

Fig. 62. Maximum Hot-Leg Attack i n  Hastel loy W 
Loop 897 Circulat ing Fuel 107 for 1000 hr a t  
15OO0F. 250X. Reduced 32.5%. (Secret w i th  
cap t i on) 

The circulat ion of  fuel 107, NaF-L i  F-KF-UF, 
(11.2-41.0-45.3-2.5 mole %), in loops 885 and 896 
resulted in maximum hot-leg attacks of  2 mi ls  and 
'/2 mil, respectively. Cold-leg attacks appeared as 
light surface roughening wi th  no evidences of 
metal l ic deposits or layers. 

Loop 986, constructed of '4-it-t. tubing of  the 
composition 85% Ni-15% Mol also was examined 
fol lowing operation for 1000 hr wi th  fuel 107. This  
loop showed only 2 mi ls  maximum hot-leg attack 
(Fig, 63). Cold-leg deposits were a lso absent. 
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Has tel I oy B- Ber y I I i um-Sod i urn Stud ie s 

Two Hastel loy B thermal-convection loops wi th  
beryll ium inserts i n  the hot leg were operated 
1000 hr wi th  sodium a t  1200 and 13OOOF. The 
insert consisted of a hol low cylinder 6 in. long 
wi th  a tube wal l  of  0.080 in. Spacing between the 
Hastel loy B and the beryll ium was 0.020 * O.OO5in. 
Holes were dr i l led a t  the top and the bottom of the 
insert to permit sodium f low on the outside of  the 
beryllium. This aided in  el iminating stagnant 
sodium areas in the system. 

As seen in Table 26, maximum attack on the 
beryllium, which appeared as small voids, occurred 
on the outside diameter of the insert. In both 
loops, 899 and 900, no a l loy ing occurred between 
the nickel and beryll ium across the 0.020-in. 
separation, although where the beryll ium came i n  
d i rect  contact with the Hastel loy B, a l loy ing was 
observed. It appeared as a homogeneous layer 
1 m i l  thick i n  loop 899 and as a two-phase layer 
3 mi ls  thick in loop 900. After operation, the 
insert from loop 900 had a grey scale on the out- 
side diameter. However, this scale was absent i n  
loop 899. The x-ray dif fract ion pattern identi f ied 
th is deposit as Be,,Ni,. Cold-leg deposits were 
no t  reported in either loop. 

n 
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TABLE 26. HASTELLOY B AND INCONEL THERMAL-CONVECTION LOOPS WITH BERYLLIUM INSERTS 
IN THE HOT L E G  WHICH OPERATED 1000 hr WITH SODIUM AT VARIOUS TEMPERATURES 

Loop Number 

89 9 90 0 912 913 914 915 916 

Loop material 

Maximum f lu id tempera- 

ture, O F  

Corrosion, m i l s  

Loop material 

Hot leg 

Cold leg 

Hastel loy B Hastel loy B lncanel 

1200 1300 1200 

lnconel 

1250 

lnconel 

1300 

lnconel 

1400 

lnconel 

1500 

1 
Surface 

rough 

1 
Surface 

rough 

1 
Surface 

rough 

1 
Surface 

rough 

1 
Surface 

rough 

Sleeve 

Top section \ -mi l  attack 

and layer 

P i t t i ng  and 

layer 

1-mil attack 

and layer 

Surface 

p i t s  

1 

Surface 

p i t s  

Surface 

p i t s  

1-mil attack 

and. layer 

1-mil attack 

and layer 

1 

2 1 Surface 

rough 

1J; 2 Surf oc e 

l \  1 Surface 

p i ts  

Center section 

Surface 

rough 

1-mil attack 

and layer 

Bottom section 

rough 

Beryl l ium insert  

Inner top sect ion 1 1 2 Surface 

p i t s  

2 
2 
5 
7 
3 

1 1 2 

Inner center sect ion 

Inner bottom sect ion 

Outer top sect ion 

Outer center sect ion 

Outer botta m sect ion 

2 1 2 
1 1 3 
3 3 2 

1 1 3 
3 2 21'2 

2 
2 
13 
10 
8 

Inconel-Beryllium-Sodium Studies 

eries of f ive lnconel thermal-convection 
beryll ium inserts in  the hot leg; simi 

I oops-.- 
lor t o  

A s  
with 
those used in  the Hastel loy B-beryllium-sodium- 
compatibi l i ty studies above, was operated for 
1000 hr a t  1200, 1250,- 1300, 1400, and-1500OF. 
Metallographic examination o f  the In 
to  the beryll ium insert, which was 
0.005 in. from the Inconel, showe 
formation 
13OOOF and above. Typical nicke1:beryllium 
a l loy ing observed i s  shown in Fig. 64. Maximum 
attack on the beryllium, as shown i n - T a b l e  26, 
increased with an increase in fluid temperature. 
Th is  deeper attack occurred on the outside-diameter 
of  the insert. In a l l  instances, a grey scale accom- 
panied by a black deposit, as shown i n  Fig. 65, 
was observed on the outside and inside surfaces 

in tests conducted a t  temperatures o f -  

Fig, 64. Beryl l ium-Nickel A l loy ing in Loop 915 
Operating wi th  Beryl l ium Insert i n  the Hot  L e g  
and wi th  Sodium a t  14OOOF.  250X. Reduced 32.5%. 
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I I 

UNCLASSIFIED 
T-9944 

I I I 

0 

Fig. 65. Deposit on Beryl l ium Insert After Operation in  lnconel LOOP 913, Which Circulated Sodium 

1000/hr a t  125OOF. 

o f  the insert after operation. Th is  deposit was 
a lso identi f ied by x-ray dif fract ion as Be,,Ni,. 
The thickness o f  the nickel-beryll ium layer re- 
ported by metallography ranged from 1 mi l  in loop 
914 to a maximum depth o f  3% mils  i n  loop 915. 
The layer in loop 915 was reported as being two 
phases; however, in  the other tests only one phase 
was observed. Metal l ic deposits were n o t  seen i n  
the cold leg o f  these loops. 

Chemical analysis of the coolant i n  a l l  tests 
after operation showed approximately 300 ppm o f  
beryllium. A possible explanation for th is  rela- 
t i ve ly  high beryll ium concentration may be attrib- 
uted to  f laking of the Be,,Ni, scale into the 
sodium. 

Speciolly Prepared Fluoride No. 30 

Tests to determine the corrosion behavior of 
fuel 30 (NaF-ZrF4-UF,, 50-46-4 mole %) in  which 

special ly prepared Z r F 4  was used have been con- 
ducted in  standard lnconel thermal-convection 
loops, The loops were operated at  1500OF for a 
period of 500 hr. 

The fuel (batch EE 808) used in these experi- 
ments contained zirconium fluoride of spec ial 
puri ty produced by the Materials Chemistry Division. 
The maximum hot-leg attack, as reported i n  Table 
27, for these loops, 987 and 988, was 2 to 3 mi ls  
less 'than the attack observed in  standard loops 
860 and 861. These latter loops operated wi th  
standard fuel 30 (batch EE 526Pf2) containing 
commercial-grade zirconium fluoride normally used 
i n  the production of fuel 30. Note that in  Table 
28 a lower concentration of chromium after test 
appears in the fuels with specially-treated ZrF4, 
which i s  in  agreement with the lower attacks ob- 
served. 
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Another series o f  three standard lnconel thermal- standard fuel and fuel which had been used in 
convection loops, 858, 859, and 984, was operated other experimental tests and reclaimed. In a l l  

for 500 hr at 1500OF with reclaimed fuel 30. The cases the fuel which comprised the in i t ia l  batch 
purpose of these tests was to determine the d i f -  of fuel before reclaiming had been used in  lnconel 
ference, i f  any, in  corrosion results between systems. 

TABLE 27. METALLOGRAPHIC RESULTS OF STANDARD INCONEL THERMAL-CONVECTION LOOPS 
OPERATED WITH STANDARD FUEL 30, RECLAIMED FUEL 30, AND FUEL 30 PRODUCED 

FROM SPECIALLY PREPARED ZIRCONIUM FLUORIDE 

Operating Conditions: time, 500 hr; temperature, 1500'F 

Loop No. Coo la nt Maximum Hot-Leg Attack (mi Is) 

Fuel 30 (specially produced ZrF ) 4 
Fuel 30 (specially produced ZrF4) 

Reclaimed fuel 30 with plant helium* 

Reclaimed fuel 30 with plant helium 

Reclaimed fuel 30 with bottle helium** 

Standard fuel 30 with plant helium 

Standard fuel 30 with plant helium 

9 87 

988 

858 

8 59 

9 84 

860 

86 1 

7 

7 

8.5 

5 

6 

10.5 

9 

*Plant helium (after scrubber column) -120 dew point reading. 
**Bottle helium -60 to  -70 dew point  reading. 

TABLE 28. CHEMICAL ANALYSIS OF FUEL 30 USED IN THERMAL-CONVECTION 
LOOPS 988, 987, 860, AND 861 

Chemical Analysis 
Sample u (%) Zr (%) No (%) F (%I Ni ( P P ~ )  Cr (PPm) Fe ( P P ~ )  

EE 808 8.78 38.1 11.2 42.0 40 45 60 

EE 526Pf2 8.71 20 90 50 

Loop 987 
Before 8.99 
After 8.98 

Loop 988 
Before 8.98 
After 8.96 

Loop 860 
Before 8.00 
After 8.50 

Loop 861 
Before 8.10 
After 8.79 

115 90 85 
25 625 70 

50 65 155 
20 72 0 80 

<2 80 95 
15 1060 80 

345 (?)* 150 105 
35 820 100 

*Fi l led a t  same t ime as  loop 860. 
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The reclaim in g procedure conducted by Materials 
Chemistry consisted o f  the addition o f  zirconium 
metal to the fuel, followed by hydrogen gas treat- 
ments to str ip the fuel o f  predominant impurities, 
The result ing mixture was given a hydrogen fluoride 
treatment, followed by hydrogen bubbling. 

The chemical analysis o f  the fuel before the 
treatment and after the treatment i s  shown i n  
Table 29. It should be noted that a definite re- 
duction i n  chromium was effected in the purif ica- 
t ion treatment through the addition of zirconium. 

A summary of corrosion results, as shown i n  

Table 27, indicates that the reduction of maximum 
hot- leg attack, 2 t o  3 mils, which occurred in 
loops operated wi th  reclaimed fuel was similar 
t o  that which occurred wi th  the fuel containing 
the special ly prepared zirconium fluoride. Th is  
reduction i n  attack may be attributed to the 
removal of impurit ies in  the fuel through corrosion 
processes during previous operation. The de- 
crease, a s  would a t  f i rs t  be supposed, does not  
seem to be due to any effect on the in i t ia l  equi- 
l ibrium between chromium and UF,, since, as  seen 
i n  Table 29, chromium contents in  th is  fuel were 
comparable to  fuels as in i t ia l l y  prepared. 

However, it should be noted that any increase in  
U+++ content in these fuels result ing from changes 
i n  the processing used to prepare the fuels would 
cause a signif icant decrease i n  attack. This 
poss ib i l i ty  unfortunately i s  d i f f i cu l t  to evaluate 
through conventional chemical analyses. 

TABLE 29. CHEMICAL ANALYSIS OF THE 
FUEL 30 USED IN RECLAIMED TESTS 

Chemical Analysis 

Sample U Ni Cr F e  

(XI (ppm) ( P P ~ )  (ppm) 

Before reclaiming 8.66 2 305 120 

After reclaimin9 8.21 220 110 135 

Before operation (loop 858) 8.36 250 170 95 

After operation (loop 858) 8.95 15 670 120 

Before operation (loop 859) 7.57 2 120 115 

After operation (loop 859) 8.84 30 620 100 

Before operation (loop 984) 8.13 285 155 65 

After operation (loop 984) 8.79 20 820 100 

Special Fuels 

A screening program i s  currently under way to  
evaluate the corrosion properties of numerous 
fluoride mixtures with lnconel systems. These 
fuels, which were prepared by Materials Chemistry, 
are being tested in  standard lnconel thermal- 
convection loops for 500 hr a t  1500°F. Standard 
thermal-convection-loop-fi I l ing procedures are fol- 
lowed; however, due to  the l imited avai lab i l i ty  of 
fuel, precleaning steps u t i l i z ing  an extra fluoride 
f i l l  are omitted. 

The fluoride mixtures for which tests have been 
completed are tabulated i n  specif ic groups accord- 
ing to the variable being investigated (Table 30). 
Group 1 l i s ts  the zirconium-base fluorides i n  
which alkali-metal-f luoride components (KF, Li F, 
RbF, and NaF) were interchanged, while the poly- 
valent-fluoride (ZrF, and UF,) compositions, simi- 
lar to that of. fuel 30, remained constant. In these 
fluoride systems it i s  desired to establish the 
corrosion properties accompanying the various 
a lka l i  fluorides in combination with ZrF4. Fuels 
o f  the above type but with s l ight ly  higher a lka l i -  
f luoride contents a lso are included in  th is  group. 

In  group 2, f luoride mixtures complexed with 
sodium and l i thium were prepared with varying 
zirconium fluoride contents. The purpose o f  pre- 
paring these fuels was to determine the level o f  
Zr F, below which such mixtures show corrosion 
behavior typical of fuel 12, o f  the F l inak systems, 
rather than behavior typical of the higher ZrF, 
fuels such as fuel 30. 

To determine what effect an increase of uranium 
fluoride concentration i n  a zirconium base fluoride 
mixture has on corrosion of Inconel, the fuels 
l is ted in  group 3 were investigated. This l i s t  o f  
fuels i s  incomplete, with several fuels remaining 
to be evaluated. 

The fuels in  group 4 were programed to see 
whether mass transfer in  beryll ium fluoride systems 
is a function of the rat io o f  sodium fluoride t o  
beryll ium fluoride. 

For tests in group 1 involving KF, LiF, RbF, 
and NaF systems i n  combination with ZrF,, the 
lowering of the ZrF, from 46 to 40 mole % produced 
no signif icant effect on the attack in NaF  systems 
and increased attack from 1 to 2 mils  i n  the case 
of KF and RbF systems. The L iF system showed 
quite anomalous behavior in that attack decreased 
markedly with the decrease i n  ZrF,. 
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TABLE 30. METALLOGRAPHIC DATA OF THE FLUORIDE MIXTURES WHICH 
COMPLETED 500-hr LOOP OPERATION AT 150OOF 

Metallography 
Fuel No. Mole Composition (%) Loop No. 

Hot-Leg Attack (mi I s )  Cold L e g  

95 

WR-5 

94 

WR-4 

93 

WR-3 

WR- 1 

WR-2 

30 

WR-13 

WR-14 

WR- 15 

WR-16 

82 

91 

WR-6 

50 RbF-46 ZrF4-4 UF4 

56 RbF-40 ZrF4-4 UF4 

50 KF-46 ZrF4-4 UF4 

56 KF-40 ZrF4-4 UF4 

50 LiF-46 ZrF4-4 UF4 

56 LiF-40 ZrF4-4 UF4 

56 NaF-39 ZrF4-5 UF4 

56 NaF-40 ZrF4-4 UF 4 

50 NaF-46 ZrF4-4 UF4 

75 LiF-21 ZrF4-4 UF4 

25 LiF-25 NaF-46 ZrF4-4 UF4 

20 LiF-36 NaF-40 ZrF4-4 UF4 

25 LiF-41 NaF-30 ZrF4-4 UF4 

55 LiF-20 NaF-21 ZrF4-4 UF4 

35 LiF-53 NaF-8 ZrF4-4 UF4 

60 NaF-40 ZrF4 

Group 1 

839 
a4 o 
932 
933 

a45 
a46 

930 
93 1 

a4 7 
84 a 
928 
929 

924 
92 5 

92 6 
927 

860 
861 

94 a 
94 9 

Group 2 

950 
95 1 

952 
953 

954 
955 

84 1 
842 

843 
844 

Group 3 

934 

935 

9 
9 

10 
11 

6.5 
a 
7 
9 

17.5 
19 

10 
10 

7 
9 

9 
7 

10.5 
9 

14.5 
11 

12 
11 

10 
11 

8.5 
15 

14 
12.5 

15 
10 

5 

5 

Metallic layer 

Metallic l aye r  

Layer  + c r y s t a l s  

Layer  + c r y s t a l s  

Metallic layer 
Metallic layer 

Metallic laye r  

Metallic l a y e r  

L a y e r  + c r y s t a l s  

Layer  + c r y s t a l s  

Layer  + c r y s t a l s  

Layer  + c r y s t a l s  

Layer  + c r y s t a l s  

Layer  + c r y s t a l s  

Layer  + c r y s t a l s  

Layer  + crystals 

None 

None 

Layer  + crystals 
L a y e r  + crys ta ls  

Layer  + c r y s t a l s  

Layer + crystals 

Layer + crystals 
Layer + crystals 

Metallic layer 

Crystals 

Metallic layer  

Metallic layer  

Metallic c r y s t a l s  

Metallic layer  

Layer + fine 
crystals 

Layer  + fine 
c r y s t a l s  
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-49 TABLE 30 (continued) 

Metallography 
Fuel No. Mole Composition (74) Loop No. 

Hot-Leg Attack (mils) Cold L e g  

WR-7 

WR- 10 

WR-11 

WR-8 

WR-9 

92 

75 

79 

WR-17 

WR-18 

WR-19 

WR-20 

WR-21 

60 NaF-35 ZrF4-5 UF  4 

74 NaF-26 UF4 

74 LiF-26 UF4 

60 NaF-28 ZrF4-12 uF4 

60 NaF-14 ZrF4-26 UF  4 

49.5 NaF-48 BeF,-2.5 UF, 

67 LiF-30.5 BeF2-2.5 uF4 

15 LiF-55 NaF-27.5 BeF2-2.5 uF4 

50 NaF-47 BeF2-3 UF4 

50 LiF-47 BeF2-3 UF4 

25 LiF-25 NaF-47 BeF 2 -3 UF  4 

66 NaF-31 BeF2-3 uF4 

33 NaF-33 LiF-31 BeF2-3 UF4 

Group 3 

936 
937 

942 
943 

944 
945 

938 
939 

940 
94 1 

Group 4 

853 
854 

85 1 
852 

849 
850 

956 
957 

958 

960 
96 1 

962 

963 

964 
9 65 

The loops containing the higher alkali-metal- 
f luoride fuels, with the exception o f  the KF system, 
showed traces of metal l ic crystals in the cold leg. 
In analyzing the systems from the standpoint o f  
interchanging the a I ka I i -me tal-f  I uor i de component 
whi le  maintaining the over-all composition constant 
(specif ical ly MF-ZrF4-UF,, 50-46-4 and 56-40-4 
mole %), i t  was observed that the KF system gave 

10.5 
10 

15 
18 

21 
20 

10 
13 

11.5 
9 

12 
12 

17 
17 

11 
10 

8 
9 

20 

13 
12 

9 

9 

13 
15 

Layer  + crys ta ls  

Layer  + crys ta ls  

Layer + crys ta ls  

Layer + crys ta ls  

Layer  + crystals 
Layer  + crys to ls  

Metallic layer 

Metal I ic layer 

Layer  

Layer  + crystals 

Metallic layer 

Metallic layer 

Metallic layer 

Metallic layer 

Layer + crys ta ls  

Layer + crystals 

Layer + crys ta ls  

Layer + c r y s t a l s  

Metallic layer 

Metallic layer 

Metallic layer 

Metallic layer and 
crystals 

Metallic layer and 
c r y s t a l s  

Metallic layer 

Metallic layer 

the least attack. At  the beginning of the tests, i t 
was expected that the L iF  system would y ie ld  the 
least corrosion; however, as seen from the data, i t  
produced the maximum attack. 

To obtain further corrosion data for the KF-ZrF4-  
UF, (50-46-4 mole %) which showed somewhat less 
attack than the other systems, two lnconel loops 
were operated under conditions similar to the above 
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loops, but for a longer period (1500 hr). An increase 
o f  operational time from 500 to 1500 hr with th is  
fuel was accompanied by an increase in  maximum 
attack o f  only 2 mils. 

Tests  to determine changes in  the complexing o f  
f luoride mixtures of sodium and l i thium as the 
zirconium fluoride component i s  decreased (group2) 
show l i t t l e  change i n  hot-leg attack to accompany 
the ZrF, decrease. However, in  every instance 
other than the standard loops operated with fuel 30, 
evidence o f  metal l ic layers and/or evidences o f  
metal l ic crystals were observed metallographically. 
The presence of LiF in such mixtures, even wi th  
46% ZrF,, does not affect the corrosion appreci- 
ably. 

As  seen in  Table 30, an appreciable increase i n  
attack was observed in  the tests conducted wi th  
fuels having the 26 mole % UF,. Also, metal- 

lography reported a metal l ic deposit, possibly 
uranium, i n  the hot legs o f  these loops operating 
wi th  those fuels. However, an increase from 5 to  
12 mole % uranium fluoride did not  seem to  affect 
the corrosion. No hot-leg deposits were noted in 
these loops which operated wi th  the lower con- 
centration of uranium fluoride. 

In the bulk o f  the tests invo lv ing special fuels, 
especial ly those in  group 4, metal l ic layers and/or 
metal l ic deposits were noted in  the cold legs. 
However, because these tests were conducted for 
a relat ively short duration, 500 hr, i t  i s  not  possible 
to accurately assess the mass transfer properties. 
I t  should be noted that the ef fect  o f  increasing the 
mole composition of L iF in the beryll ium systems 
appears to also increase the maximum hot-leg 
attack. In the instances where the NaF  i s  replaced 
wi th  LiF in these systems, the attack has in- 
creased almost twofold. 
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MECHANICAL PROP ERTl ES 

D. A. Douglas 
C. W. Dol l ins  

J. R. Weir, Jr. 
J. W. Woods 

C. R. Kennedy 

Pratt & Whitney Ai rcraf t  

The work of the Mechanical Properties Group 
fa l l s  under two general categories: the develop- 
ment of data applicable to the design o f  the ART 
and the testing of materials which may be o f  
interest for future reactor designs. In l ine with 
the primary obiective, the results of tests on 
Inconel, lead, and beryll ium are being reported. 
For future reactor design the properties of Hastel- 

ave been investi  

T E S T I N G  P R O G R A M  F O R  A R T  M A T E R I A L S  

Stress Relaxation of lnconel 

The evaluation of the creep and creep-rupture 
characteristics o f  lnconel under constant load and 
in various environments has been and continues 
t o  be of prime concern. Recently, however, equip- 
ment has been designed and constructed for the 
study o f  another facet o f  the high-temperature 
behavior o f  metals, that is, the decay or relaxation 
of stress under a constant strain. Th is  phenomenon, 
commonly cal led relaxation, i s  time-temperature 
dependent and assumes particular importance i n  
cases of  thermally induced cyc l ic  stresses. For 

example, i f  a structural member i s  he ld r ig id ly  a t  
both ends and the temperature i s  raised and then 
lowered rapidly, corresponding tensi le and com- 
pressive loads w i l l  result. It i s  essential i n  the 
stress analysis of this situation to  know how much 
the stress has decreased, that is, relaxed, and how 
much plast ic strain has resulted in  each condition 
before the reverse load i s  applied. 

There have been many different machines and 
methods used by previous experimenters to de- 
termine the relaxation characteristics of metals; 
however, most o f  the work has been done in  tem- 
perature ranges wel l  below the annealing tempera- 
ture o f  the material tested. Extrapolation o f  these 
results to higher temperatures does not give re- 
l iab le  values. Therefore, it was necessary that 
new experimental techniques be devised to achieve 
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the accuracy desired for temperatures in the 
range of 1200 to 180OOF. 

A test machine designed by the Mechanical 
Properties Group, shown in  Fig. 66, eliminates 
most of the obiectionable features of previous units 
and makes i t  possible to obtain the relaxation 
characteristics o f  materials near or above their 
annealing temperatures. The test i s  run by sett ing 
the extensometer to a desired strain and then 
applying stress to produce and maintain th is  strain 
by automatically control l ing the load. Th is  i s  
accomplished by the btensometer  control system 
shown in Fig. 66. The posit ion of the electr ic 
contacts i s  established by micrometer screws on 
a 20-to-1 magnification extensometer simi lor t o  
the Westinghouse design.' When the extensometer 
makes contact, the 4- or 5-v grid bias i s  cut out, 
and the grid glow relay opens the proper Solenoid 
valve to control the hydraulic pressure and thus 
the stress on the specimen. Load rates from 0.001 
t o  0.05 in./in./min can be maintained by adjusting 
the needle valves in the pressure lines. The 
furnace i s  shunt-wound and i s  controlled by a 
Leeds & Northrup model H Speedomax recorder and 
DAT 60 controller which w i l l  control t o  2 O F  with 
a temperature gradient over the 6-in. gage length 
o f  less than 5 O F .  x, 

Results of relaxation tests o f  lnconel a t  1300 
and 150OOF are shown in Figs. 67 and 68. To 
produce a p lo t  on which the complete relaxation 
characteristics can be shown, the f i rs t  0.1 hr i s  
plotted l inearly and thereafter on a semilog plot, 
The in i t ia l  stresses obtained a t  both temperatures 
agree with stress-strain curves of lnconel a t  the 
respective temperature. Each curve shown i n  
Figs. 6 7 a n d  68 i s  the average o f  2 to 10 tests i n  
which the material was tested a t  a load rate o f  
0.05 in./in./min, wi th  varying prior p last ic  strain 
varying from 0 to  2%. It i s  signif icant that only 
one curve for each strain i s  shown, indicating that 

'J. Boyd, Am. SOC. Testing Materials, Proc.  37(11), 
21 8-232 (1 937). 
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Fig. 66. Schematic Drawing of Relaxation Test ing Machine. 
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Fig.  67. Relaxation Characteristics of As-received lnconel ut  13OO0F. 
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Fig. 68. Relaxation Characteristics of As-received lnconel a t  150OOF. 

prior plast ic strain up to 2% at  the test tempera- 
tures does not affect the relaxation characteristics 
o f  as-received Inconel. Tests a t  slower load rates 
produced s l ight ly  lower in i t ia l  stresses, but after 
0.01 hr the relaxation stresses are the same for 
a l l  load rates. Thus an important trend i s  shown; 
namely, that the relaxation characteristics of the 
material vary with the strain un t i l  the proportional 
l i m i t  i s  reached, and that, for a l l  strains above the 
proportional l imit, the relaxation rate remains 
essential ly the same. The strain corresponding to 
the proportional l im i t  at 130OOF i s  about 0.1% and 
at  150OOF i s  0.05%. This  information can be used 
to determine the residual stresses in members 
which have undergone a thermal cyc le  and also t o  
calculate the amount of p last ic  strain adsorbed by 
the material in each cycle. 

Ef fect  o f  Section Thickness op. Creep-Rupture 
Properties of lnconel in Fused Salt No. 30 

Data on the effect of section thickness on the 
rupture properties of lnconel tubes tested in  fused 
sa l t  No. 30 were presented previously.2 

'D. A. Douglas et  al.. Met. Semiann.  Prog .  Rep. 
April 10, 1955, ORNL-2080,p 74 and J. W. Weir, Met. 
Semiann. Prog. R e p .  Oct. 10, 1955, ORNL-1988, p 36. 

A testing program was subsequently in i t ia ted to  
determine the effect o f  section thickness on the 
creep-rupture properties and duct i l i ty  of sheet 
lnconel in  the l iqu id  media. The creep-rupture data 
obtained from tests o f  0,010-, 0,020-, 0.040-, 0.060-, 
and 0.125in.-thick lnconel sheet a t  1500OF in 
l iqu id  No. 30 are presented in  Fig. 69. Time t o  
2, 5, and 10% elongation and rupture i s  plotted vs 
specimen thickness. The rupture duct i l i ty  for the 
various section thicknesses i s  also indicated. 

The rupture behavior o f  the sheet lnconel i s  
similar to that of the tubular material i n  that the 
0.010- and 0.020-in.-thick sheets exhibit  a much 
shorter rupture l i f e  than do the larger sections. 
However, the thin sheet material i s  more drastical ly 
affected by the corrosive media than the thin-wall 
tubes. This occurs because the corrosive reaction 
i s  occurring on both sides o f  the sheet specimen 
and only on one side of the tubular specimen. 

One important conclusion that can be derived 
from these results i s  that the design data presented 
for the 0.060-in. sheet specimens tested in  fused 
sa l t  No. 30 are applicable to sections of greater 
thicknesses also, but this data cannot be used for 
components of less section thickness when the 
corrosive media are present. 
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ture Testing o f  a Lead 

An al loy of very pure lead containing 0.06% 
copper has been proposed as a gamma-ray shield- 
ing material. Present design calculat ions indicate 
that the maximum operating temperature of the lead 
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shie ld  w i l l  be approximately 23OOF and that a 
tolerable deformation w i l l  be O.S%/yr a t  100-psi 
stress. Since the maximum temperature for which 

15OoF, a creep-rupture test ing program was in i t ia ted 
to  determine the strength o f  th is  al loy at  the maxi- 
mum expected operating temperature. 

The results of the creep-rupture tests of cast bar 

design data are available in the literature3 is 

1 stock a t  23OOF are summarized in  Table 31. These 
data indicate that for th is  al loy the l imi t ing design 
deformation o f  O.S%/yr a t  23OOF and 100-psi stress 
w i l l  probably be exceeded. A better stress value 
l ies  between 50 and 100 psi. More tests w i l l  be 
run to determine a more accurate stress value for 
the design stress limitation. 

-+x-m#-**@ 

Creep-Rupture Testing of Beryl l ium i n  Sodium 

The selection of beryll ium as the moderator 
material for the ART pointed up the cr i t ica l  need 
for mechanical property data on this metal at ele- 
vated temperatures. For the past two years The 
Brush Beryll ium Co. in  Cleveland, Ohio, under a 
research contract sponsored by ORNL, has been 
conducting creep and tensi le tests in argon from 
1000 to 15OOOF. Their results show that the 
strength o f  beryll ium decreases rapidly above 
1200OF. It has also been demonstrated that the 
depth to which beryll ium and lnconel w i l l  a l loy 

O 2o 40 6o 'O0  120(x40-3) 
SPECIMEN THICKNESS ( in ) 

increases rapidly above 12OOOF. These facts make 

~ i ~ .  69. Effect of specimen Thickness on the i t  necessary to impose a maximum temperature on 
Creep-Rupture Properties of Fine-Grain lnconel the mOderator for safe operation* 
Tested i n  L iqu id  No. 30 a t  150OoF and 3500 ps i  
Stress. 3C. W. Dollins, Unzu. lllznozs Bull .  45(65), (1948). 

a v ~ - - - = - A 3 w s z ~ s ~  

TABLE 31. SUMMARY OF CREEP RESULTS FOR A CAST LEAD SHIELDING ALLOY A T  23OoF 

Tota I 
E Ion gat ion 

Extrapolated E longa t ion 

in One Year 
Stress Time Creep Rate 

(%/hr) 
(%I (%I (psi)  (hr) 

20 1000 0.04 1 x 1 0 ' ~  
2000 0.05 1 x 1 0 ' ~  

50 1000 
2000 

0.08 2 
0.1 2 

0.1 

0.2 
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In  addition to  the a l loy ing problem there was 
some concern that the creep properties of beryll ium 
might be adversely affected in  a sodium environ- 
ment. In order to explore th is  possibi l i ty, beryl- 
l ium specimens were obtained from the stock being 
tested at  the Brush laboratory; and creep tests 
were run a t  120OOF in a sodium bath, A comparison 
o f  these results with those obtained in an argon 
environment by the Brush laboratory i s  shown i n  
Table 32. 

From these results i t would appear that, in  the 
absence of alloying, no deleterious effect on the 
creep properties o f  beryll ium w i l l  occur in a pure 
sodium environment. 

T E S T I N G  PROGRAM F O R  P O T E N T I A L  
R E A C T O R  M A T E R I A L S  

The design o f  the Pratt & Whitney Ai rcraf t  
Reactor (PWAR) No. 1 and subsequent aircraft 
reactors makes it necessary h a t  an al loy much 
stronger and more corrosive-resistant than lnconel 
be used for a structural material, It has been 
demonstrated that nickel-base molybdenum al loys 
have excel lent resistance t o  corrosion in  fused 
sa l ts  and good high-temperature strength. Thus, 
as part of a program aimed a t  obtaining better 
reactor materials, commercially avai lable al loys 
o f  th is  type (such as Hastel loys B, W, and X) have 
been investigated. Nominal compositions for these 
a l loys are given i n  Table 33. 

Creep-Rupture Testing of Hastel loy B 

Revised design curves data to replace those 
given previously4 are shown in  Figs. 70, 71, and 
72 and were produced by creep testing solution- 
annealed Hastel loy B sheet stock in various 
environments a t  1300, 1500, and 165OOF. A new 

4D. A. Douglas et  al., Met. Semiann. Prog. R e p .  
Apri l  10, 1956, ORNL-2080, p 74, F igs.  67-69. 

TABLE 33. NOMINAL COMPOSITION OF 
HASTELLOYS 6, W, AND X 

Composition (%) 

Mo F e  Cr C N i  
Al loy  

Haste l loy  B 28 5 1 0.1 Bal  

Haste l loy  W 24 5 5 0.1 B a l  

Haste l loy  X 9 24 22 0.1 B a l  

design curve taken from creep testing solution- 
annealed Hastel loy B in  argon and l iqu id  No. 30 
a t  1800OF i s  shown in  Fig. 73. It should be noted 
that the times to 0.5, 1, 2, 5, and 10% total strain 
a t  each temperature in the environments tested are 
essential ly the same, and the only signif icant 
effect of environment i s  an increase in rupture l i f e  
for stresses which produce a short rupture life. 
Of the environments tested, only those which alter 
the surface o f  the metal appear to affect the creep 
properties of the alloy. It can be seen from the 

above figures that only a i r  (Fig. 71) and l iqu id  
No. 30 (Figs. 70-73) affect the creep properties 
o f  Hastel loy 8. Air, of course, produces an 
adherent oxide f i lm under isothermal conditions, 
and l iqu id  No. 30 can be considered to have 
created a very thin surface f i lm by a chemical 
alteration of the surface, as shown in F ig.  74. 

Short-time high-temperature tensi le properties of 
solution-annealed Hastel loy B are i l lustrated in  
Fig. 75, which gives the yield, ult imate strengths, 
and per cent elongation from 1000 to 18OOOF. It 
i s  apparent that there i s  a d is t inct  drop in the 
elongation and the ult imate strength around 1200OF. 
The drop i n  properties occurs a t  the same tempera- 
ture range in  which the type o f  fracture i s  trans- 
forming from predominately transgranular to inter- 
granular. It i s  interesting to note the re la t ive ly  

TABLE 32. COMPARISON OF CREEP PROPERTIES OF BERYLLIUM IN ARGON AND SODIUM 

Test  Be 0 Time to Rupture Time to Rupture 
Stress 

Temperature Content in  Argon in  Sodium 

( O F )  (%I (hr) (hr) 
(psi) 

1200 1 4000 < 10 144 

1200 3 5000 < 250 300 
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Fig,  70. Design Curve for Solution-annealed Hastel loy B Sheet Tested in Argon and Liquid No. 30 
a t  130OOF. 
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150OOF. 
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Fig. 72. Design Curve for Solution-annealed Hastelloy B Sheet Tested in Argon and Liquid No, 30 
a t  1650OF. 
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Fig. 74. Surface Ef fect  on the Stressed Portion of a Hastelloy B Specimen A f k r  Exposure to Liquid 
No. 30 for 1700 hr and a Stress of 13,500 psi a t  1500°F. (Secret with caption) 
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small change in the y ie ld  strength wi th  tempera- 
ture. 

Creep-Rupture Testing of Hastel loy W 

Creep test ing o f  Hastel loy W i s  now in  progress, 
and design data are presented in Figs. 76 through 
79 for solution-annealed sheet tested i n  argon at  
1300, 1500, 1650, and 1800OF. Hastel loy W, having 
almost the same composition as Hastel loy B except 
for a small chromium addition and wi th  a reduction 
o f  the molybdenum, has very similar creep proper- 
ties. Although Hastel loy W exhibits less tendency 
to age than Hastel loy B, the a l loy s t i l l  experiences 
a decrease in creep duct i l i ty  a t  1300OF. This  i s  
shown in Fig, 76 by the absence o f  a 10% curve, 
indicating that the total strain a t  rupture was less 
than 10%. 

Shown also in  Figs. 76 through 79 are rupture 
points obtained from testing in l iquids Nos. 30 and 
107. The times to 0.5, 1, 2, 5, and 10% strain are 
essential ly identical for the same stress and tem- 
perature. Tests run in  l iqu id  No. 107 indicate 
that this environment i s  inert and has no ef fect  
upon the creep properties of Hastel loy W. The 
effect o f  l iqu id  No. 30 on the creep properties of 
Hastel loy W sheet appears to  be very similar to  
that shown for Hastel loy B. Figure 80 shows the 
surface reaction o f  Hastel loy W tested i n  l iqu id  
No. 30. 

Creep-Rupture Testing of Hastel loy X 

As part of our efforts to a id  Prat t  & Whitney i n  
their reactor program, a series of tests has been 
run to determine the ef fect  of l iqu id  No. 30 on the 
creep strength o f  Hastel loy X. Th is  a l loy has 
demonstrated reasonable creep strength and duc- 
t i l i t y  a t  high temperatures in an air environment; 
however, i t  can be seen in  Fig. 81 that the en- 
vironment of l iqu id  No. 30 has deleterious effects 
on i t s  creep strength above 1500OF. Since l iqu id  

No. 30 has a proc l iv i ty  to leach chromium, i t s  
effect was expected over the entire temperature 
range; however, a t  1500OF the amount o f  corrosion 
i s  small, as seen in Fig. 82, and does no t  appear 
t o  detract from the creep strength o f  the alloy. In 
creep test ing a t  temperatures of 1650 and 1800°F, 
as shown in Figs. 83 and 84, intergranular corro- 
sion occurs, and a serious drop in the creep 
strength of the a l loy results. From the above tests 
i t  would appear that Hastel loy X would not be a 
satisfactory structural material in contact wi th  
l iqu id  No. 30 at  temperatures above 15OOOF. 

-7 --."",--w"---**w- 

! 
Creep-Rupture Testing of an 80% Magnesium-20% 

L i th ium A l loy  

Creep-rupture test ing o f  an 80% magnesium-20% 
l i thium alloy, proposed as a neutron shielding 
material for a crew compartment, has recently been 
initiated. The results o f  the creep-rupture test ing 
program for this a l loy a t  2OOOF in air are summarized 
in Fig, 85. Stress i s  plotted vs time to  0.2, 0.5, 
1, 5, 10, and 20% elongation and rupture. The 
specimens being tested a t  stresses below 400 psi 
have not reached 0.2% elongation in 500 hr. 

Because o f  the poor oxidation resistance ex- 
hibited by th is  a l loy a chemical surface treatment, 
which greatly enhances the oxidation resistance, 
was developed by R. E. McDonald o f  the Fabri- 
cation Group, ANP Metallurgy. Briefly, this treat- 
ment consists o f  (1) a n i t r i c  ac id  dip, followed by 
a r inse in water, and (2) immersion in phosphoric 
ac id  unt i l  reaction ceases, followed by an acetone 
rinse. 

The specimens from which the data in Fig. 85 
were determined were given this treatment and no 
oxidation has been observed after 2000 hr. Tests 
w i l l  be run on a few untreated specimens for com- 
parative purposes. 

--'\- 
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Fig. 76. Design Curve for Solution-annealed Hastelloy W Sheet Tested in Argon a t  1300°F. 
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Fig, 78. Design Curve for Solution-annealed Hastelloy W Sheet Tested in Argon at  165OOF. 
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Fig. 80. Surface Ef fect  of a Hastelloy W Specimen After Exposure t o  L iquid  No. 30 for 1291 hr and o 

Stress of 35,000 psi a t  1300OF. Reduced 16%. (Secret with caption) 
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Fig. 81, Comparison of Stress-Rupture Properties of Haste l loy  X i n  Air and in L iquid  No. 30 a t  

1500, 1650, and 18OOOF. 
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M E T A L L U R G Y  P.ROGRESS R E P O R T  

NONDESTRUCTIVE TESTING 

R. B. Oliver J. W. A l len  R. W. McClung 

E D D Y - C U R R E N T  T E S T I N G  OF S M A L L -  
D I A M E T E R  T U B I N G  

J. W. A l len  

T h e  results o f  the eddy-current inspection of 
14,540 ft of CX-900 lnconel tubing are shown i n  
Table 34. The undersize and oversize figures 
include reject ions on both out-of-tolerance wal l  
thicknesses and out-of-tolerance diameters, since 

the two appear inseparably in the cyclograph-type 
eddy-current readout. The discontinuity indi- 
cations were due to cracks, gouges, and the pickup 
of foreign metal on the inside of the tube. 

In recent shipments the presence of foreign metal 
embedded in the inside w a l l  of 3/,6-in.-OD x 0.025- 
in.-wall CX-900 lnconel tubing has been detected 
by the encircl ing-coi l  eddy-current test. Subse- 
quent longitudinal macrosections of two such areas 
occurring in one 42-in. length are shown in F ig.  
86, along wi th  the eddy-current signal trace pro- 
duced by th is  tube. These areas are indicated 
by the sharp downward spikes in  the trace. They 

are similar to the spikes which result from short 
longitudinal cracks, except that the spikes are 
i n  the direct ion of increased w a l l  thickness rather 
than in the direct ion of decreased w a l l  thickness. 
Stains similar t o  the ones shown in F ig .  86 are 
ye l low t o  red in color and are sometimes, but not 

'R. B. Oliver et aZ.,Met. Semiann. Prog. Rep .  Apn'l 10, 
1956, ORNL-2080, p 88. 

. . 

INSTRUMENTATION : CYC L 

FREQUENCY: 200 kc 

INCONEL TUBING: 3/,6-in. 

\ 

-0GRAPH AND 

-OD, 0.025-in. 

ENCIRCLING COIL. 

-WALL, 4 2 - i n .  LENGTHS 

UNCLASSIFIED 
ORNL-LR-DWG i4684A 

Fig. 86. Eddy-Current Signal Trace of Defective 3 6-in.-OD x 0.025-in.-wall lnconel Tubing. 
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P E R I O D  E N D I N G  O C T O B E R  10, 1 9 5 6  

TABLE 34. EDDY-CURRENT INSPECTION RESULTS OF CX-900 INCONEL TUBING 

h 

Rejections 
Total Pieces Total Pieces ._ . . .  , 

Indications of 

Discontinuities Undersize Oversize Inspected Reiected Size 

?',6-in. OD x 0.025-in. 3003 167 71 57 39 
wall x 42-in. length 

0.229-in. OD x 0.025-in. 229 
wall x 78-in. length 

0.242-in. I D  x 0.035-in. 236 
wall x 132-in. length 

3 3 0 

6 6 0 

always, present in  the pickup areas. Transverse 
microsections through several of these areas have 
fai led to reveal that these areas have a perceptible 
depth. Th is  fact  emphasizes that the pickup metal 
must have been highly permeable in  order to have 
produced such large eddy-current indications, as 
shown in Fig.  86, which suggests that the foreign 
metal consists of b i ts  of steel picked up from 
the mandrel over which the tubing was drawn. 
Further metallographic study and a l so  microspark 
spectroscopy are planned on these areas. 

I N S P E C T I O N  O F  T U B I N G  B Y  ULTRASONIC 
M E T H O D  

R. W. McClung 

Large quanti t ies of tubing are now being in-  
spected by the immersed-ultrasonic technique. 
During the las t  report period 4224 pieces of 
'4 6-in.-OD x 0.025-in.-wall x 42-in.-long CX-900 
lnconel tubing were inspected, w i th  4143 lengths 
being accepted for c r i t i ca l  use. Thus the reject ion 
rate was sl ight ly less than 2%, indicating a high- 
qual i ty tubing. A l l  the rejected lengths contained 
only very small, single defects. Metallographic 
examination of some o f  these defects was unsuc- 
cessful  because of the d i f f i cu l ty  of precisely 
marking the defect and because of the tendency 
o f  the metal t o  smear over small  defects i n  
pol ishing. Further metallographic studies are 
planned. 

A total  of 2340 f t  of 0.242-in.-ID x 0.030-in.-waII 
thermocouple wa l l  tubing in random lengths .from 
10 t o  12 ft was inspected ultrasonical ly. Twenty- 
eight lengths were found. to  have 
each. One length had a sdries 
throughout the tube. Since the 
length of th is  tubing was 10 ft, 

one short 'defect  
of short defects 
minimum usable 
only about ha l f  

of the rejected lengths were usable after removing 
the defective area. Thus the reject ion rate was 
approximately 6%. Metallographic sectioning of 
a few of the defective areas disclosed a smal l  
gouge on the outside diameter of one tube approxi- 
mately 0.005 in. deep x 0.012 in. wide x 32 in. 
long and a small  outside-diameter crack approxi- 
mately 0.003 in. deep on another tube. Again 
trouble was encountered because of the d i f f i cu l ty  
o f  precisely locating the defects and the problem 
o f  observing the indication i n  spite of the smearing 
during metal lograph ic  pol ish ing. 

1000 f t  o f  '/,-in.-OD x 0.035-in.-waII 
Hastel loy C tubing i n  random lengths was in- 
spected ultrasonical ly w i th  a resultant re ject ion 
rate of approximately 30%. Metal lographic sec- 
t ioning disclosed the presence of cracks or other 
discont inui t ies such as  those i l lustrated in  the 
fo l lowing figures. Figure 87 is  a macrograph of 
the inside surface along the weld. An apparent 
lack of fusion i s  present, accompanied by t iny 
tears a long the weld-parent metal interface. 
Figure 88 i s  a micrograph showing an internal 
crack which did not extend t o  either the inside 
or  the outside surface of the tube wall .  It seems 
to  be i n  the heat-affected zone adjacent t o  the 
weld. Figure 89: i s  an unetched sample of 
Hastel loy C tubing which exhibi ts two cracks, 
one of which seems to be approximately 0.015 in. 
deep and the shallower one about 0.005 in. i n  
depth. Etching o f  this.sample, as shown in  F ig .  
90, discloses greater depth on each of the cracks 
t o  about 0.020 in. on the deeper and 0.015 in. on 
the shallower. Fi.gures. 91a and b present another 
crack in  the etched and unetched condition, re-  
spectively. It may again be noted that the crack, 
although i t  i s  about 0.015 in. deep, does not 

Over 
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extend t o  either surface. Again d i f f icu l ty  was 
noticed in the preparation of metallographic 
sections due to  the problem of smearing the sof t  
matrix over the defects in  the pol ishing operation. 
However, a greater degree of success was achieved 
in  locating the defects i n  th is  material than in  
the lnconel tubing. Th is  can probably be at t r i -  
buted t o  the larger s ize defect which seems to. 
regularly occur i n  Hastel loy tubing. 

Over 1000 f t  of 3/-in.-OD x 0.035-in.-waII CX-900 
lnconel tubing i n  random lengths was examined 
ultrasonical ly w i th  a to ta l  reject ion of approxi- 
mately 25 ft. The few defects which were detected 
seemed to  be very small. In general the quali ty 

Fig. 87. hcrograph of the Inside Surfuce of of  th is  tubing seemed t o  be quite high as i s  
indicated by the reject ion rate of less than 2.5%. Weld-drawn Tubing. 

Fig. 88. Internal Crack in the Weld Bead of t-in.-OD x 0.035-in.-wall Hastelloy C Tube. Etched w i th  
chrome regia. 1OOX. 

.._ 
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Fig. 89. Intergranular Cracking in Hastelloy C Tube. Not etched. 1OOX. Reduced 11%. 

F.ig. 90. Intergranular Cracking in Hastelloy C Tube. Etched with chrome regia. 1OOX. Reduced 11% 
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Fig. 91. Cracking in Hastelloy C Tubing. ' (u )  Etched with chrome regia, ( 6 )  Unetched. 1OOX. 
Reduced 13.5%. 
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Metallography fai led t o  disclose any defect of 
apprec io ble s ize. 

Two hundred twenty-nine pieces of 0.229-in.-OD 
x 0.025-in.-waII x 78-in.-long CX-900 lnconel 
tubing were examined ultrasonical ly w i th  31 
pieces being reiected. 

An attempt i s  being made t o  correlate a l l  defects 
found by ultrasound and other inspection methods. 
With the larger defects this is  normally possible. 
However, for many of the very small indications, 
part icularly on the inside diameter of the tube, 
ultrasound seems to be the only feasible detection 
method. It i s  hoped that, despite the inherent 
d i f f icu l t ies,  metallographic work w i l l  continue to  
provide additiona I information concerning the 
nature of the defects. 

ULTRAS 0 N IC P I  P E INS P E C T I O N  

J. K. White R. B. Oliver 

No  development work on the ultrasonic method 
for the inspection o f  pipe had been planned, 
because the I iterature had reported several ap- 
parently adequate techniques. A short investi-  
gation showed that, for high precision work, it 
would be necessary to  improve upon contact 
techniques by el iminating contact pressure, surface 
finish, and coupling thickness as variables; it 
was a lso decided that the suppression of Rayleigh 
or surface waves was a prerequisite to  quanti tat ive 
interpretation o f  results. Development of an 
immersed method solved these problems and 
achieved these further advantages: 

1. Simple continuous adjustment of the incident 
angle of the sound beam is  permitted. 

2. The water column provides a delay l ine which 
a l lows the very strong in i t ia l  signal to  pass 
through the ampli f ier before the weaker inspection 
signals return t o  the instrument. 

3 .  Col l imat ion may be achieved; thus a l im i t  
can be placed on angle o f  incidence. 

Figure 92 shows the pipe inspection fac i l i t y  
devised for u t i l i z ing  the immersed ultrasonic 
method. It consists of a tank 26 ft long, 14 in. 
wide, and 20 in. deep; variable-speed,, motor- 
driven, lathe-headstock-adiustable, skewed-roller 
supports; a motor-driven translation guide; a hand- 
held, transducer-positioning iig; and instrumen- 
tation. In use, the pipe t o  be inspected i s  
immersed in treated water i n  the tank, supported 
by the rollers, and rotated by the lathe headstock. 
The posit ioning j i g  shown in  F ig .  93 i s  equipped 

Fig, 92. Fac i l i t ies  for Inspection of Pipe by the 
Immersed Ultrasonic Method. 

wi th  a series of templates to  f i t  any common pipe 
sizes. It holds the piezoelectr ic transducer in  
a steady posit ion relat ive t o  the longitudinal ax is  
of the pipe. As the pipe i s  rotated, the transducer 
and guide are manually translated along the pipe 
a t  a steady rate as directed by the motor-driven 
guide. Thus the transducer path describes a he l i x  
circumscribing the pipe, and, provided the guide 
i s  properly set, the beam of ultrasonic energy 
produced by the transducer covers the entire pipe. 

Instrumentation shown in  Fig. 94 consists of the 
model 424A lmmerscope (Curtiss Wright Corp., 
Caldwell ,  New Jersey); the B-scan, the large 
console under the Immerscope; and a small audible 
alarm, the small upper box, designed a t  ORNL. 
The lmmerscope excites a l i thium sulfate crystal, 
causing it to emit high-frequency sonic vibrations. 
Th is  ultrasonic beam is  transmitted in to  the water 
bath and into the pipe wall .  Any discontinuity 
of the pipe wal l  ref lects the sound beam which 
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UNCLASSIFIED 
PHOTO 17936 

Fig, 93. Method of Mounting Ultrasound Search 
Unit t o  Inspect Pipe. 

i s  received by the crystal, amplif ied by a wide- 
band amplifier, and presented as a time-amplitude 
p lo t  on the small oscil loscope. The “B-scan” 
takes the same data plus a signal for rotation of 
the pipe and plots pipe rotat ion against t ime of 
travel on a larger oscil loscope. Th is  latter p lo t  
i s  easier t o  interpret because the osci l loscope 
u t i l i zes  a persistent phosphor, and information 
being plotted may be compared wi th  information 
o f  the past several seconds. This i s  more eas i ly  
understood than the instantaneous p lo t  shown by 
the lmmerscope or “A-scan.” The audible alarm 
c a l l s  the attention of the operator t o  indications 
which might otherwise be missed. 

A s  a reference standard to  establish acceptance 
or reject ion of pipe, longitudinal notches are cut 
in the inside and outside surfaces of a sample 
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Fig, 94. Instrumentation for the immersed Ultra- 
sonic Inspection of Pipe. 

length of pipe wi th  the same dimensions and 
composition as the pipe being inspected. These 
notches are 1 in. long, 5% of wa l l  thickness deep, 
and only as wide as i s  necessary for fabrication; 
both notches are located on the same circum- 
ference of the pipe. It i s  considered imperative 
t o  use an inside-diameter reference notch to  prove 
inspection o f  the inner surfaces. Reference 
notches on the inside diameter have been d i f f i cu l t  
t o  make and to  measure. At the present t ime the 
ultrasonic inspection i s  our best measuring method. 
New machining techniques are being investigated 
s o  that an inside-diameter notch of known depth 
may be produced. 

Since the instal lat ion of the pipe inspection 
fac i l i t y  in  Apr i l  1956, and un t i l  August 1956, over 
6000 ft of pipe, ranging from 3/-in. IPS sched- 
40 pipe t o  7-in.-OD x 0.54-in.-waII tubing, has 
been inspected wi th  good success. 
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I N S P E C T I O N  OF T H I N  S H E E T  

J. W. Al len  R .  W. McClung 
R. B. Oliver 

Sheet material has extensive application in  
power reactors and in  most cases this formed sheet 
w i l l  function both as  a container for f luids and 
a s  a heat transfer medium between the two f luids. 
Since high heat f luxes and thermal stresses are 
involved, the presence of laminar defects i s  very 
undesirable. The only known method for detecting 
such defects in sheet poses, currently, a d i f f i cu l t  
mechanical problem. Th is  situation has motivated 
an investigation to  develop a simpler and better 
inspection method. L iqu  id-penetrant, radiographic, 
and eddy-current methods cannot work because 
o f  the unfavorable defect orientation. The ul t ra-  
sonic resonance method was not an adequate 
approach, since it i s  not capable of resolving 
smal l  defects and it inherently requires a slow 
contact scanning of the sheet. The conventional 
pulse-echo ultrasonic inspection, even with a 
pulse length as short as 1 p, i s  not  practical for 
sections thinner than 0.20 in. The transmission- 
attenuation technique i s  capable of detecting small  
laminations in th in sections, but, since i t  requires 
a c r i t i ca l  alignment of two transducers on opposite 
sides of the sheet, it i s  a very d i f f i cu l t  method to  
apply to the inspection of lar.ge or nonplanar areas. 

A new ultrasonic method has been proposed by 
th is group and preliminary experiments have given 
promising results. Th is  method requires a pulse 
o f  ultrasound having a duration of 5 to 20 p and 
tuned to  such a frequency that the sheet thickness 
i s  an exact mult iple of the half-wave length. With 
these conditions the ultrasound reverberates or 
r ings between the two sheet surfaces for a period 
of time thot i s  several times greater than the pulse 
duration. When a lamination exists i n  the sheet 
th is  r inging is  decreased, Loth i n  duration and 
amplitude, as a function of the area of the lami- 
nation relat ive to  the transducer area. To  test  
th is method, flat-bottom holes wi th several d i f -  
ferent areas were mi l led into one side of a sheet 
of lnconel to various depths. Preliminary experi- 
ments wi th th is  method by using exist ing equip- 
ment were successful in that most o f  these 
reference defects were located. 

T o  properiy instrument this test  method, the 
ref lectoscope has been drast ical ly altered. The 
pulse repeti t ion was increased from 60 t o  500 
pulses per second, appropriate f i l ters were added 
t o  the circuits, a variable sweep delay c i rcu i t  was 
added to permit immersed scanning, and external 
connections have been provided for synchroni- 
zation signals. Th is  las t  change w i l l  permit the 
addit ion of gated alarm circui ts and various data- 
presentation and recording units in  the near future. 

c 
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INSPECTION 

A. Taboada 
R. Heestand 

G.M. Tolson 
A. Goldman 

SPECIFIC ATIONS 

A. Taboada A. Goldman 

A number of specifications have been written in 
order that the metallurgical requirements of the 
ANP project may be met in  the purchase of materials. 
These specifications are for: 

WELD INSPECTION 

A. Taboada 

The fol lowing inert-gas shielded-arc lnconel 
weldments were inspected in the Y-12 shops: 

Total Number Number 
Inspected Rejected Per Cent 

4959 53 9 11 MMS- 1 

MMS-2 

MMS-3 

MMS-4 

MMS-5 

MMS-6 

Small Diameter lnconel Tubing 

Hostelloy B Tubing 

Hostelloy B Welded Pipe 

Hostel loy B Plate and Sheet 

Hostel loy B Rod and Bar 

CX-900 lnconel Sheet or Strip or Tubing 
for Expansion Joint Bellows 

lnconel Plate for Hot Forming Appli- 
co t ion  

lnconel Fittings 

Seamless lnconel Pipe 

CX-900A lnconel Hot Formed Bar 

lnconel Tubing (Sizes Other Than 
Those Covered by MMS-1) 

The rejectable conditions noted were porosity, 
cracks, misalignment, lack of fusion, and lack of 
penetration. It may be noted that approximately 
60% of the rejected welds required only repair in 
order t o  obtain an acceptable weldment. An 
additional 813 noncrit ical welds were fabricated 
and inspected on NaK fi lters, fuel sampler units, 
and experimental thermocouple welds. 

MMS-7 

MMS-8 

MMS-9 

MMS- 10 

MMS- 11 

MATERIAL INSPECT ION 

A. Taboada G. M. Wilson 

The fol lowing lnconel material (see Table 35) 
was inspected by radiographic, dye-penetrant, 

TABLE 35. INCONEL MATERIAL INSPECTED 
~ 

Type Materia I Total Inspected Amount Rejected Per cent 

Tubing: regular, f t  
CX-900, f t  

Pipe, \-in. to 6-in. IPS sched 40, f t  

Rod, 1-in. to  8-in. dio, f t  

Plate and sheet: regular, f t  2 

CX-900, ft2 

Fitt ings: %-in. t o  8-in. IPS sched 40 

Reducers, various s i z e s  

Ells, 1 %-in. to 2-in. IPS sched 40 

1,602 
20,370.5 

268 
1951 

17 
10 

7,492 855 11 

1,044 18 2 

4,959 
359 

230 
1 

5 
0.3 

a4 1 1 

78 0 0 

0 18 0 
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ultraso'nic, and v isual  techniques. Most of th is  
material was requested for use in  the fabrication 
of component parts and the piping systems of the 
ETU and ART assemblies. 

In addition, three hundred 78-in. lengths of 
0.229-in.-OD x 0.025-in.-wall CX-900 tubing were 
received for inspection. Upon destructive ex-  
amination of one tube, a medium blanket of oxide 
was noticed. Further examination by borescope 
revealed that 90% of the tubes examined were 
affected. Consequently, the entire lo t  was 
reiected. 

A l s o  reiected, i n  addition t o  the above, was 
1861 f t  of 0.250-in.-OD x 0.025-in.-waII regular 
Inconel. This tubing did not meet purchase speci- 
f ications, in  that numerous indications of defects 
greater than 5% of the wal l  thickness were found. 

An extensive examination of defects found during 
the various inspection methods on thin-wall  
Inconel tubing has been performed in  order that an 
evaluation of inspection methods may be made. 
The results t o  date indicate that, due t o  the 
various sizes and shapes of defects encountered 
on both the outside and inside surfaces, a continu- 
at ion of a l l  inspection methods presently performed 
w i l l  be required i n  order t o  detect detrimental 
flaws. 

Figures 95 through 100 show the photornacro- 
graphs and photomicrographs of typ ica l  defects 
found by the various inspections performed in  the 
Y-12 area. It may be noted that re-examination of 
the defective areas by the methods which had 
previously found them to  be acceptable fa i led t o  
detect these f laws in most  cases. 

Fig. 95. Typica l  Defect Rejected on Visual Examination. (u) Macrograph. 3X. ( b )  Micrograph, 
250X. Reduced 30.5%. 

. .  

Fig. 96. Typica l  Defect Rejected on Pentrex Penetrant Examination. (u) Macrograph. 8X. ( b )  Micro- 
graph. 250X. (c) Micrograph. 250X. Reduced 52%. 
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Fig.  97. Typical  Defect Reiected on Pentrex Penetrant Examination. (a) Macrograph. 8X. ( b )  Micro- 
graph. 250X. Reduced 31%. 

Fig. 98, Typical  Defect Rejected on Radiographic Inspection. ( u )  Macrograph. 8X. ( b )  Micrograph. 
~250X. Reduced 28%. 

OTHER M A T E R I A L  TABLE 36. HASTELLOY B MATERIAL EXAMINED 

Sixty feet of lnconel “W” tubing was received 

A l l  of th is  material was found 

Tota l  Toto I 
Inspected Rejected Per Cent and inspected for use i n  fabrication of  thermal- Type 

convection loops. 
to  be acceptable for th is application. 

was examined by visual, dye-penetrant, radio- Tubing 208 ft 136 ft 65 

P ipe  160 f t  5 f t  3 The Hastelloy B material shown in  Table 36 

graphic, and reflectoscope techniques. Plate  and sheet 116 f t2  0 f t2  0 

Because of numerous surface conditions, the Rod and bar 244 f t  43 f t  18 
pipe and tubing required reworking by centerless 
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Fig. 99. Typica l  Defect Reiected on Radiographic Inspection, (a) Macrograph. 8X. ( b )  Micrograph. 

150X. Reduced 42%. 

. . . - .  . .  . . .  . .  

Fig. 100. Typical  Defect Rejected on Radiographic Inspection. (a) Macrograph. 8X. ( 6 )  Micro- 
graph, 250X. Reduced 31%. 

grinding. Other defects noted were cracks and 
porosity. 

A waiver was made on f ine and medium size 
porosity, resul t ing in the reject ion of .only those 
areas wi th  cracks and large porosity. 

Because of fa i lure of e lect r ica l  Calrods in 
service, radiographic inspection of  these uni ts 
has been requested. Those units which are found 
to  have improper orientation of the conduit are 
subject to rejection. A total of 150 units, 3% ft 
each, have been examined and found t o  be  
acceptable. 

COMPONENT P A R T S  F A B R I C A T E D  
B Y  OUTSIDE VENDORS 

R. L. Heestand' 

Sixty thermal-convection loops were rece ived  
and the welds were inspected by the dye-penetrant 
method. Thir ty-s ix of these loops were found to 
have welds which showed numerous indications of 
cracks, pinholes, and other defects. These loops 
were sent to the Y-12 shops to  be repaired where 

'on loan from Pratt & Whitney Aircraft. 
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necessary, and reinspected. The remainder were 
accepted for use. 

Thirty-eight pieces of lnconel p late were in- 
spected prior t o  shipment for fabrication into 
dished heads, then re-examined for manufacturing 
defects upon return. Several were found to have 
numerous pi t ted conditions, apparently caused by 
a foreign material being embedded during the 
pressing operation. Four heads were found to 
have cracks running from the edge inward which 
appeared to be as deep as ?$ in. These areas 
were repaired by grinding and welding. Re-ex- 
amination by radiographic techniques revealed that 
two of  the heads were acceptable and the re- 
maining two s t i l l  contained crack conditions. 
Apparently these cracks were not completely 
ground out, with the result that further propagation 
occurred when heat was applied. 

Four small heat exchanger uni ts and the ac- 
companying fabrication data and inspection reports 
were received for acceptance. Inspection results 
indicated that, whi le several minor conditions 
were apparent, these units were acceptable for test  
service. 

Three high-conductivity-f in $-Mw radiators and 
the accompanying fabrication data, inspection 
reports, and braze control samples were received 
for inspection. Inspection results indicated that 
two of these units were acceptable wi th  minor 
conditions. The rejection of the third un i t  was 
recommended on the basis of the resul ts found in 
the evaluation of the control sample and the x-ray 
films. This uni t  was subsequently accepted by 
the project engineer for test  service. 

F L U O R E S C E N T - P E N E T R A N T  I N S P E C T I O N  
OF T U B I N G  

G. M. Tolson 

tubing with the new method because of  i t s  higher 
sensi t iv i ty.  The fluorescent penetrant revealed 
small pinholes and t ight lapl ike defects which 
were not discernible by the dye-penetrant method. 
Exploration of some of these areas by pol ishing 
showed them t o  be as deep as 0.002 in. in  some 
cases. However, the greater sensi t iv i ty of the 
new method w i l l  present some problems in i t ia l l y  
because experience w i l l  be required before the 
indications of superficial imperfections can be 
distinguished from indications of true defects. 

RADIOGRAPHIC I N S P E C T I O N  

A. Taboada G. M. Tolson 

Since Eastman Kodak has discontinued the 
manufacture of type A industrial x-ray film, an 
effort i s  being made to  evaluate the replacement 
film, type AA, and other f i lms i n  order that the 
radiographic requirements of the ANP program may 
be successfully attained. 

Specifications pertaining to the radiographic 
inspection of materials and fabricated component 
parts are being developed. These specifications 
w i l l  be designed to specify the various techniques 
required i n  the use of both x-ray equipment and 
gamma source radiation in order that a high degree 
of  f i l m  quality may be attained from both in-plant 
inspection groups and outside vendors. 

Q U A L I F I E D  WELDERS E M P L O Y E D  
IN  ANP PROGRAM 

A. Goldman 

The number of qual i f ied welders presently being 
ut i l ized in the ANP program i s  shown i n  Table 37. 

The instal lat ion of  t h e  fluorescent-penetrant An  estimate of the number of qual i f ied welders 
equipment to be used in  the inspection of small- to  be required of ORNL i s  now being prepared. 
diameter, thin-wall tubing has been completed. Qual i f icat ion of these welders i s  expected t o  
Tests are now being performed to  compare the begin as soon as these requirements are known. 
fluorescent-penetrant method w i t h  the dye-penetrant A qual i f icat ion program is  now under way at the 
type of inspection used heretofore. Indications Paducah installation. No welders have qual i f ied 
are that it w i l l  be possible to ensure higher quality to  date. 
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TABLE 37. QUALIFIED WELDERS IN THE ANP PROGRAM 

Locat  ion 
Welding Procedure Specification 

Ps- 1 PS-2 Both PS-1 and PS-2 

Y-12 Plant, Ook Ridge 

Outside vendors: 

York Corp., York, Pa. 

22 

a 
Griscom-Russell Corp., Mossillon, Ohio 2 
Block, Sivalls 8 Bryson, Tulsa, Okla. 

Process Engineering, Inc., Mathuen, Mass. 

5 
2 
1 - - Struthers-Wells Corp., Warren, Pa.  

Tota l  19 1 
- 
22 
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WELDING AND BRAZING 

P. Patriarca A. E. Goldman 
R. E. Clausing 

E. J. Wilson 
G. M. Slaughter 

M E A S U R E M E N T  OF WELD SHRINKAGE I N  
I N C O N E L  CORE S H E L L S  

A series of tests are being carried out to  de- 
termine the weld shrinkage to be expected during 
the welding fabrication of the lnconel core shel ls 
for the ART fac i l i ty .  Since comparisons of the 
weld shrinkage formulas given in  the l iterature 
wi th  preliminary results obtained a t  ORNL re- 
vealed wide discrepancies, i t was decided that 
actual experiments yielding empirical data would 
be necessary. 

A s  a means of obtaining useful preliminary infor- 
mation, a program of welding lnconel plates under 
controlled conditions and close observations was 
init iated. Based upon the results of these tests, 
the welding of large lnconel hoops was begun. 
These tests were performed in a manner as nearly 
dupl icat ing the fabrication problems and restr ict ions 
of the actual core shel ls as was possible. The 

ness is  described and compared wi th  that t o  be 
expected for other thicknesses. 

Each test for the in i t ia l  program consisted in  the 
inert-arc welding of two $-in. lnconel plates, each 
6 x 20 in., inaccordance with techniques described 
in  Procedure Specification PS-1. A 50-deg bevel 
wi th  a '/16-in. land was machined on one long edge 
of each plate. A total o f  nine tests was performed, 

Each pair of plates was assembled as shown in 
F ig.  101. The root gap was f ixed at  k- in .  by using 
four h-in. tool-steel spacers. The plates were 
held against a f la t  horizontal plate by means of 
C-clamps. Two large clamps were used t o  draw 
the plates t ight ly  against the tool-steel spacers. 
The edges of the plates were securely taped to 
prevent a i r  leakage into the gap, since only the 
torch gas was used to  supply backing gas and weld 
coverage. 

A %-in.-long tack weld was placed at  each end 
of the root gap, and two more ?$-in.-long tack 
welds were equally placed along the root gap. The 
clamps were removed after tack welding and the 
spacers driven out. Shrinkage measurements were 
taken and the plates again fastened to  the f la t  
base. The root pass was applied after the tack 

experimental procedure used on the 1 d-in. thick- 

1 

welds had been wire-brushed and the edges 
feathered. Measurements o f  the root-pass shrinkage 
were taken, 

The plates were then assembled in  the vert ical 
welding i i g  as shown in  Fig. 102. The remaining 
f ive weld passes per plate were deposited in  ac- 
cordance wi th  the sequence shown. Figure 103 
i l lustrates the completed weld test i n  the vert ical 

iig. Dial-gage readings were taken a t  1-min inter- 
vals during the deposition of the f inal passes, and 
micrometer measurements were taken after the f inal 
pass. Shrinkage measurements and welding data 
for the last  four tests are shown in Table 38. 

It can be seen that the results of these tests were 
in close agreement, although two different welding 
operators were used. Using these results, two 
tests were made wi th  %-in. lnconel plates, 6 by 
138 in., bent into hoops approximately 44 in, in  
diameter and welded by means of an identical 
inert-arc welding pocedure. One edge of each 
hoop was beveled 50 deg, leaving a V16-in. land. 
The hoops were placed on the welding positioner 
bed in  a horizontal plane in  the manner shown in 

UNCLASSI FlED 
ORNL-LR-DWG 1 4 7 2 5  

i', 
'/4 x 6 x 20-111 INCONEL PLATES 

'/e-in TOOL STEEL SPACERS 
( 4 USED 1 -, 

Fig, 101. Assembly of lnconel Weld-Shrinkage 
Tes t  Plates Prior to Welding. 

3 
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Fig. 104. As  shown in  Fig. 105, tool-steel spacers, 
4 in. long and '/B in. thick, were placed between 
the beveled edges at  6-in, intervals t o  maintain the 
root gap. Large C-clamps were used t o  draw the 
two hoops t ight ly  against the spacers. Smaller 
C-clamps were halved and tacked t o  the bottom 
hoops to a id  in the alignment of the upper hoop. 
Asbestos str ingwas used to  seal the gaps between 

UNCLASSIFIED 
ORNL-LR-DWG 14726 

BASE PLATE 

HOLD-DOWN P L A T E  

PASS SEQUENCE 

HOLD -DOWN PLATE 

SIDE VIEW OF VERTICAL WELDING JIG 

Fig. 102. 
We Id ing Jig. 

Assembly of Tes t  Plates in  Vertica 

TABLE 38. SHRINKAGE MEASUREMENTS 

the spacers prior to tacking. The area behind the 
root gap was sealed wi th  a cover formed from 
0.010-in. annealed brass sheet and masking tape, 
and purged for 30 min prior t o  tacking. Tack welds 

UNCLASSIFIED 
PHOTO 17245 

Fig. 103. Completed Weld-Shrinkage Plate Test 
in  the Vert ical Jig, 

ND WELDING DATA FOR FLAT-PLATE TESTS 

Dial-Gage Shrinkage* Shrinkage 

(in.) (in.) Number o f  Time Rod 
Test  No. Welder Required Used Amps Used 

(min) (in.) Max Min Av Max Min A" 
~~ 

106 Gleen 6 61 198 80 (root) 0.157 0.121 0.141 0.092 0.082 0.087 
105-1 10 

107 Gleen 6 60 226 75-80 (root) 0.148 0.132 0.139 0.104 0.096 0.100 
105-1 10 

108 Hembree 6 79 231 80 (root) 0.157 0.106 0.138 0.103 0.093 0.098 
105-110 

109 Hembree 6 64 236 80 (root) 0.154 0.104 0.136 0.102 0.092 0.097 
105-1 10 

* F i v e  final passes only; dial-gage readings on tests 100 and 101 are erroneous due to slip in the dial-gage actu- 

.ating arm during tests. 
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UNCLASSIFIED 
PHOTO 17248 

Fig. 104. Weld-Shrinkage Hoop Test on Welding 
Pos i tioners, I I I us tra t i n g D i a I- Ga ge Loco t i ons . 

Fig. 105. Simulated Weld-Shrinkage Hoop Test, 

I l lus t ra t ing Tool-Steel Spacer Locations. 

were placed between the spacers, wi th  a1 ignment 
checked constantly. After removal of the tool- 
steel spacers, the root pass was deposited. No 
dressing of the land or feathering of the tack 
welds was permitted prior to the root-pass deposition. 

After completion of the root pass, the weld was 
wire-brushed, and the f ive f ina l  weld passes were 
deposited by using the same sequence as described 
in Fig, 103. For these welds two welding operators 
were used, 180 deg apart around the hoop, and the 
positioner was slowly rotated. As  shown in  Fig. 
106, four d ia l  gages were used to record the f inal- 
pass shrinkages. The welders worked on a 15- 
min-work-5-min-rest cycle. Micrometer readings 
and dial-gage measurements are shown i n  Table 
39. Figure 107 i l lustrates a p lo t  o f  the dial-gage 
reading for hoop test No. 1. Within the l imi ts  of 
th is  investigation, the fol lowing conclusions can 
be drawn: 

Plates. - The results of the last four tests on 
plates indicated that under controlled conditions 

UNCLASSIFIED 
PHOTO 17247 

Fig. 106. Weld-Shrinkage Hoop Test, 
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TABLE 39. SHRINKAGE MEASUREMENTS AND WELDING DATA FOR HOOP TESTS 

Shrinkage Dial -Gage Shrinkage* Number of  Arc Time Rod 
(in.) (in.) Required Used Amps Used Test No. Passes 

Av Max Min Av Max Min (min) (in.) 

1 6 314 1218 80 (root) 0.126 0.111 0.1194 0.095 0.080 0.088 
110-120 

2 6 310 1188 80 (root) 0.138 0.115 0.1261 0.102 0.088 0.095 
110-120 

* F i v e  final passes only; does not include tack shrinkage or root shrinkage. 

0 096 

0 080 

0 064 

0 048 

0 0 2 3  

0 016 

0 
0 2 0  40 60 80 400 I20 140 I60 180 200 2 2 0  240 260 280 3 0 0  

WELDING TIME (min) 

Fig, 107. P lo t  of Dial-Gage Readings for Hoop Test  No. 1. 

the effect of the welding variables can be minimized 
so that a welding operator can essential ly dupli- 
cate h i s  performance from test t o  test when manu- 
a l l y  welding. Also, for a given set of conditions, 
two welders can nearly duplicate each other’s 
performance. 

The use of various lengths of tool-steel spacers 
i n  the tack welding o f  the plates caused wide vari- 
at ions in  the result ing tack-welding shrinkage. 
The amount of tack-welding shrinkage was found 
to be inversely proportional to the length of the 
spacers, 

Hoops. - The results of the tests on the hoops 
indicated that the inevitable variations in  con- 
dit ions and techniques, during welding progression 
around the circumference, cause greater variations 

i n  shrinkage wi th in  a hoop than the variations ob- 
served from hoop to hoop. 

The over-all results indicate that for 1 d-in. lnconel 

plate, inert-arc welded by two welding operators, 
under the same conditions as u t i l i zed  for these 
tests, the transverse shrinkage to be expected w i l l  
be- f rom 0.111 to  0.138 in., with an average value 
being 0.120 in, The longitudinal shrinkage to  be 
expected w i l l  be 0.250 to  0.375 in. for a circumfer- 
ent ia l  length of 138 in. 

Similar .tests .were conducted on t6-, i-, and 
%-in.-thick material, and the results of a l l  experi- 
ments are summarized in Table 40. It should be 
noted that the data are pertinent only under the 
conditions ut i l ized for these tests. Each change 
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TABLE 40. SUMMARY OF WELD SHRINKAGE DATA 

Recommended Design Longitudinal Transverse Shrinkage (in.) lnconel Width x Diameter 

Section Hoop Size, Greatest Deviation, Allowance, Transverse Shrinkage 

Size (in.) (in.) Av Max ‘in Station to station Shrinkage (in.) (in./in.) 

12 x 45 0.024 0.026 0.018 0.005 0.024 kO.010 0.00045 

12 x 10.5 

J;6 

t 
k 
!4 

0.051 0.056 0.044 0.009 0.051 kO.010 Not  measurable 

12 x22 0.041 0.045 0.036 0.010 0.041 kO.010 Not measurable 

12 x 44 0.120 0.138 0.111 0.011 0.120 ko.015 0.002-0.003 

3 12 x52 0.168 0.184 0.155 0.014 0.168 kO.020 0.032-0.003 4 

in the variables present may cause extreme vari- 
ations in the actual weld shrinkage encountered, 

F A B R I C A T I O N  OF P R I M A R Y  PUMP VOLUTES 

Extensive exper imen tat ion has been conducted 
t o  determine the approximate weld shrinkage to be 
expected i n  the fabrication of primary pump volutes. 
The information obtained from these tests has been 
used t o  successful ly fabricate three o f  these lnconel 
volutes, one by metall ic-arc welding and two by 
inert-arc welding procedures. 

Primary pump volute No. 1 incorporated the use 
o f  metal l ic-arc welding (coated-electrode), and 
the shrinkage obtained compared favorably wi th  
that obtained on simulated test components. How- 
ever, radiographic inspection of the weld revealed 
porosity of unacceptable levels. Therefore, in 
order to ensure acceptable quality, the exclusive 
use of inert-arc welding was specif ied for joining 
of future volutes. 

It was recognized that the magnitude of weld 
shrinkage would dif fer signif icantly for the two 
welding processes. Since the ex is t ing data could 
not be used to predict these dimensional changes, 
an additional shrinkage test was conducted. 

Two test pieces were machined from 2-in. lnconel 
p la te and welded in accordance wi th  the procedure 
described in Fig. 108. Micrometer measurements 
were made a t  four radial sections, as described in 
Fig. 109, prior to and after each subsequent oper- 
ation. The completed test  i s  shown i n  Fig. 110. 
The results of the micrometer measurements are 
summarized i n  Table 41. 

These data provided a f i rs t  approximation of the 
shrinkage to be expected when welding o f  primary 
voluteNo. 2 was undertaken. A 0.125-in. shrinkage 
allowance was incorporated into the joint design, 
and, after machining, the volutes were scribed as 
shown in Fig. 111. Micrometer measurements were 
made before and after each operation at  each inter- 
section shown. 

The volute i s  shown assembled for welding in  
F ig .  112. The welding procedure used was es- 

sential ly the same as that used i n  the primary pump 
test, that is, eight passes i n  the downhand position, 
wi th  the exception that as many as s i x  additional 
passes were required to complete the weld a t  the 
volute exit, where the section was i n  the order of 

UNCLASSIFIED 
ORNL-LR-DWG 16466 

PASS E L E C T R O D E  E L E C T R O D E  C V R R E N T  (amp) 
N U M B E R  S I Z E  ( i n )  MAT E R I A L 

1* 3/32 in. INCO 62 90 

2 3/32 in. INCO 62 140 

4-8 ‘/e in. INCO 6 2  1 90 

3 ’/a in. INCO 6 2  1 70 

*ROOT PASS: 6 TACKS, E A C H  APPROXIMATELY 2 i n .  IN LENGTH, 
FOLLOWED BY TIE-INS BETWEEN TACKS. 

Fig, 108. 
Test  No. 1. 

Inert-Arc-Welded Primary Pump Shrink 

94 



P E R I O D  E N D l N G  O C T O B E R  10, 1956 

1 

UNCLASSIFIED 
ORNL- LR- DWG 16467 

2 

Fig.  109. Micrometer Measurement Deta i ls  - 
Inert-Arc-Welded Primary Pump Shrink Test.  

1 in. in thickness. The completed volute i s  shown 

i n  Fig. 113. 
The results of micrometer measurements are 

summarized in  Tables 42, 43, and 44. It may be 
noted that the shrinkage experienced was somewhat 
less than that desired. 

Since the volute entrance dimension i s  considered 
to  be the most cr i t ica l  i n  the primary pump, the 
data presented in  Table 44 were analyzed, and a 
shrinkage allowance of 0.115 in. was selected for 
incorporation into the joint design of primary pump 
No. 3. 

The volutes for pump No. 3 were machined, as- 
sembled, welded, and annealed, using comparable 
procedures and micrometer measurements made 
before and after each important operation. The 
data are summarized i n  Tables 45, 46, and 47. It 
may be noted from Table 47 that adjusting the 
shrinkage a1 lowance to 0.115 in. satisf ied within 
reasonable l imi ts  the dimensional requirements of 
the volute entrance. A further refinement i s  planned 
for primary pump No. 4. A shrinkage allowance of 
0.110 in. w i l l  be incorporated into the joint design. 

TABLE 41. DATA ON INERT-ARC-WELDED PRIMARY PUMP TEST NO. 1 

Dimensions 

Before After After Net 
Welding Welding Change Annealing** Change Position 

(in.) (mils) (in.) (in.) (mils) 

A 1* 
6 1  
c 1  
D 1  

A 2* 
B 2  
c 2  
D 2  

A 3  
8 3  
c 3  
D 3  

0.366 
0.382 
0.388 
0.378 

0.377 
0.381 
0.388 
0.384 

0.468 
0.469 
0.469 
0.469 

0.244 
0.254 
0.264 
0.249 

0.259 
0.260 
0.268 
0.263 

0.349 
0.348 
0.349 
0.348 

0.122 
0.128 
0.124 
0.129 

0.118 
0.121 
0.120 
0.121 

0.119 
0.121 
0.120 
0.121 

0.240 
0.248 
0.259 
0.244 

0.254 
0.254 
0.264 
0.257 

0.346 
0.343 
0.345 
0.344 

0.126 
0.134 
0.129 
0.133 

0.122 
0.127 
0.124 
0.127 

0.122 
0.126 
0.124 
0.125 

*Add 3.317-in. micrometer correction to readings shown at posi t ions 1 and 2. 
**195OoF for 2 hr; furnace cool, 500°F/hr. 
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A 

UNCLASSIFIED 
PHOTO 17788 

I 2 3 4 
INCHES 

Fig, 110. Inert-Arc-Welded Primary Pump Weld-Shrinkage Test. 

TABLE 42. DATA ON PRIMARYPUMP NO. 2 

Dimensions* - Radial Posit ion A 
Angular 

Posit ion After Total  Deviat ion from ldeol 

Annealing** Change Change of 0.125 in. 

Before After 

We1 d ing We1 d ing 
(deg) 

(in.) (in.) (in.) (mils) (mils) 

0 

200 

220 

240 

260 

280 

300 

320 

340 

0.754 

0.765 

0.771 

0.758 

0.763 

0.763 

0.777 

0.778 

0.773 

0.646 

0.649 

0.655 

0.641 

0.642 

0.639 

0.654 

0.653 

0.644 

0.648 

0.647 

0.652 

0.639 

0.641 

0.639 

0.654 

0.654 

a. 647 

- 106 

-118 

-119 

-1 19 

-122 

-124 

-123 

-124 

-126 

-19 

-7 

-6 

-6 

-3 

-1 

-2 

-1 

+1 

*Add 3.317-in. micrometer correction to readings shown. 

**195OoF for 2 hr; furnace cool, 500°F/hr. 
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UNCLASSIFIED 
O R N L - L R - D W G  16168 

(60' 180' 

\ 

roo" 
/ 

8.935 in 

SECTION A - A 

F i g ,  111. Micrometer Measurement Deta i ls  - Primary Pump Volute No. 2. 
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i Fig.  112. Primary Pump Volute Assembled for Welding. 

UNCLASSIFIED 
PHOTO 17583 

F ig .  113, Primary Pump Volute No, 2 After Inert-Arc Welding and Annealing. 
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TABLE 43. DATA ON PRIMARY PUMP NO. 2 

Dimensions* - Radial Pos i t ion  B 
Angular 
Pos i t ion  Before After After Total Deviat ion from Ideal 

Welding Welding Annea I i ng Change Change o f  0.125 in. ( d e d  
(in.) (in.) (in.) (mils) (mils) 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

320 

340 

0.804 

0.77 1 

0.802 

0.787 

0.778 

0.774 

0.77 1 

0.779 

0.773 

0.766 

0.779 

0.777 

0.764 

0.771 

0.776 

0.780 

0.784 

0.794 

0.690 

0.665 

0.696 

0.675 

0.664 

0.659 

0.655 

0.664 

0.656 

0.650 

0.665 

0.668 

0.649 

0.654 

0.659 

0.664 

0.668 

0.674 

0.689 

0.665 

0.694 

0.674 

0.662 

0.656 

0.653 

0.661 

0.654 

0.649 

0.663 

0.663 

0.648 

0.652 

0.657 

0.663 

0.667 

0.673 

-1 15 

-106 

-108 

-1 13 

-1 16 

-118 

-1 18 

-1 18 

-119 

-1 17 

-116 

-111 

-1 16 

-1 19 

-119 

-117 

-1 17 

-121 

-10 

-19 

-17 

-12 

-9 

-7 

-7 

-7 

-6 

-8 

-9 

-14 

-9 

-6 

-6 

-8 

-8 

-4 

*Add 3.317-in. micrometer correction to readings shown. 

**1950°F for 2 hr; furnace cool, 500°F/hr. 

Any shrinkage i n  excess of 0.650 in. w i l l  be pre- 
vented by the use of  lnconel spacers where needed. 

E X A M I N A T I O N  O F  H I G H - C O N D U C T I V I T Y  
FIN R A D I A T O R S  

R. J. Gray’ P. Patriarca 

PWA-2 Fai lure 

A 500-kw high-conductivity f in  radiator, known as 
PWA HCF radiator No. 2, fa i led on December 23, 
1955, as the resul t  o f  a leak. This  radiator had 
been under test for a period of 1199 hr in  a temper- 
ature range of 1000 to 1 6 O O O F .  F ive  hundred forty- 

’Metallography Group. 

s ix  hours of this service was under conditions of  
NaK temperature differences as imposed by co ld 
a i r  forced across the f i n  surfaces. The radiator, 
as received from the test  site, i s  shown in Fig. 114. 

Examination Procedure and Results. - The entire 
radiator was leak-checked by pressurizing under 
water and observing. the origin of the a i r  bubbles. 
Th is  procedure revealed the point of failure, as 
indicated by the arrow in Fig. 114. The radiator 
was then sectipned for further examination, as 
shown in  Fig. 115. The side portions of  the sup- 
port members were removed with a rubber-bonded 
masonry wheel i n  a portable electr ic handsaw 
adjusted for a shallow cut. Each bank of f ins was 
separated by S I  ic ing the support members and 
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TABLE 44. DATA ON PRIMARY PUMP NO. 2 
~~ 

Dimensions* - Radial Posit ion C 

Before After After Total  Deviat ion from Desired 

We1 d ing Welding Annealing** Change Dimension of 0.660 k 

Angular 

Posit ion 

(des) 
(in.) (in.) (in.) (mils) 0.010 in. (mils) 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

0.780 

0.781 

0.784 

0.785 

0.785 

0.784 

0.783 

0.781 

0.780 

0.78 1 

0.781 

0.782 

0.782 

0.782 

0.675 

0.678 

0.68 1 

0.679 

0.678 

0.675 

0.674 

0.673 

0.673 

0.673 

0.675 

0.676 

0.676 

0.675 

0.674 

0.677 

0.680 

0.674 

0.679 

0.675 

0.674 

0.673 

0.672 

0.673 

0.673 

0.674 

0.674 

0.674 

-106 

-104 

-104 

-111 

-106 

-109 

-109 

-108 

-108 

-108 

-108 

-108 

-108 

-108 

280 0.782 0.674 0.674 -108 

300 0.782 0.674 0.673 -109 

320 0.78 1 0.673 0.673 -108 

340 0.781 0.673 0.674 -107 

14 

17 

20 

14 

19 

15 

14 

13 

12 

13 

13 

14 

14 

14 

14 

13 

13 

14 
~~~~ ~~ 

*Dimensions shown are absolute micrometer measurements. 

**1950°F for 2 hr; furnace cool, 500°F/hr. 

Fig. 114. PWA Radiator No. 2 Failure. Arrow 
indicates origin of failure. 

bottom-flanged plate, as shown, wi th  a fine-tooth, 
high-speed steel hacksaw blade in  a portable 
electr ic d r i l l  equipped with a portable power-saw 
attachment, The fai led area was then careful ly 
removed for metal lographic preparation on a standard 
wet cutoff machine equipped wi th  an abrasive 
wheel. 

The fai led area i s  shown enlarged in  Fig. 116. 
Th is  section was again pressurized under water 
to locate the exact posit ion of the leak before ad- 
dit ional preparation for metal lographic examination 
was undertaken. The failure was found to ex is t  
i n  the corner tube C-1 on that 'pr iphery which 
faced the side support member. The support member 
was subsequently removed for unobstructed obser- 
vation of the emergence of the water bubbles. A 
photomicrograph of the failure i s  shown in Fig. 117. 
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TABLE 45. DATA ON PRIMARY PUMP NO. 3 

Dimensions* - Radial Posit ion A 
Angular 

Posit ion 
After After Total  Deviat ion from Ideal 

Welding Welding Annealing** Change Change of 0.115 in. 
Before 

(in.) (in.) (in.) (mils) (mils) 
(deg) 

0 0.74 1 0.597 0.597 - 144 +29 

180 0.723 0.604 0.602 -121 +6 

200 0.723 0.604 0.601 -122 +7 

220 0.719 0.598 0.596 -123 +8 

2 40 0.716 0.593 0.593 -123 +8 

260 0.719 0.594 0.593 -126 +11 

280 0.725 0.597 0.596 -129 +14 

300 0.737 0.604 0.606 -131 +16 

320 0.730 0.594 0.599 -131 +16 

340 0.733 0.594 0.596 -137 +22 

*Add 3.317-in. micrometer correction to readings shown. 

**195OoF for 2 hr; furnace cool, 5W°F/hr. 

UNCLASSIFIED 
~ - 1 7 5 8 6  

- c - l  

c - 2  

-3 

Fig. 115. PWA Radiator No. 2 After Sectioning. Section A was used for metallogrophic examination. 
C-1, C-2, and C-3 indicate tubes from the air in le t  side, and H-1, H-2, and H-3 indicate tubes from the 
air e x i t  side which were examined. Dotted arrow indicates viewing direct ion of photomicrograph. 
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TABLE 46. DATA ON PRIMARY PUMP NO. 3 

Dimensions* - Radio1 Position B 

Before After After Total Deviation from Ideal 
(ded We1 di ng Welding Anneol ing** Change Change of 0.115 in. 

Angu I ar 

Position 

(in.) (in.) (in.) (mils) (mils) 

0 

20 

40 

60 

ao 
100 

120 

140 

160 

180 

200 

220 

2 40 

260 

280 

300 

320 

340 

0.741 

0.755 

0.780 

0.770 

0.738 

0.738 

0.734 

0.728 

0.728 

0.728 

0.723 

0.725 

0.728 

0.728 

0.733 

0.735 

0.735 

0.735 

0.616 

0.651 

0.678 

0.666 

0.629 

0.626 

0.619 

0.614 

0.61 1 

0.610 

0.606 

0.608 

0.608 

0.609 

0.609 

0.609 

0.607 

0.606 

0.608 

0.645 

0.673 

0.662 

0.625 

0.624 

0.618 

0.610 

0.610 

0.609 

0.603 

0.605 

0.606 

0.606 

0.606 

0.607 

0.603 

0.603 

-133 

-110 

-107 

-108 

-1 13 

-114 

-1 16 

- 1  18 

-1  18 

-119 

-123 

- 125 

-128 

-128 

-127 

-128 

- 132 

-132 

+I a 
-5 

-8 

-7 

-2 

-1 

+1 

+3 

+3 

+4 

+8 

+10 

+13 

+13 

i-12 

+13 

+17 

+17 

*Add 3.317-in. micrometer, correction to readings shown. 
**1950°F for 2 hr; furnace cool, 500°F/hr. 

Tubes C-1, C-2, and C-3 were mounted intact and 
careful ly ground down t o  the fai lure to permit ex- 
amination of a longitudinal cross section of the 
tubes as seen against the direction of a i r  flow. The 
fa i lure in tube C-1 i s  shown in the composite of 
Figs. 118 and 119. The neckdown o f  the tube wal l  
i s  evident, indicating a tensi le fracture similar to  
that observed in York HCF radiator No. 1. 

The composite of Figs. 120 and 121 shows a 
cross section of the tube C-2, and the composite of 
Figs, 122 and 123 shows a cross section of tube 
C-3. It may be noted that incipient fractures 
e x i s t  in both these tubes. 

102 

Three tubes, H-1, H-2, and H-3, taken from the 
air e x i t  face and corresponding in posit ion t o  tubes 
C-1, C-2, and C-3 in  the air inlet face, were pre- 
pared for examination in a similar manner. Only 
tube H-1 exhibited evidence of incipient fracture. 
Figure 124 i s  a photomicrograph of th is  fracture 
as viewed in  the direction of air flow. 

Conclusions and Recommendations. - PWA HCF 
radiator No. 2 fai led as a result o f  the in i t ia t ion 
of a fracture in  a braze al loy f i l l e t  by shear forces 
and the propagation of th is  fracture through the 
tube wal l  by tensi le forces or combinations there- 
of during transient periods of operation. c 
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TABLE 47. DATA ON PRIMARY PUMP NO. 3 

Dimensions* - Radio1 Pos i t ion  C 

Before After After Total  Deviat ion from Desired 

Welding Welding Annealing** Change Dimension of 0.660 5 

Angular 

Pos i t ion  

(des) 
0.010 in. (mi ls)  (in.) (in.) (in.) (mils) 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

320 

340 

0.773 

0.774 

0.775 

0.775 

0.775 

0.774 

0.774 

0.774 

0.774 

0.774 

0.774 

0.774 

0.774 

0.774 

0.774 

0.773 

0.773 

0.773 

0.663 

0.670 

0.673 

0.672 

0.671 

0.668 

0.666 

0.665 

0.665 

0.665 
0.665 

0.665 

0.665 

0.664 

0.663 

0.660 

0.659 

0.660 

0.656 

0.662 

0.669 

0.67 1 

0.67 1 

0.668 

0.666 

0.665 

0.665 

0.663 
0.663 

0.662 

0.661 

0.659 

0.658 

0.654 

0.653 

0.653 

-1 17 

-1 12 

-106 

-104 

-1 04 

-106 

-108 

-109 

-109 

-111 
-111 

-1 12 

-1 13 

-1 15 

-1 16 

-1 19 

-120 

-120 

-4 

+2 

+9 

+11 

+11 

+8 

+6 

+5 

+5 

t3 
+3 

+2 

+1 

-1 

-2 

-6 

-7 

-7 

*Dimensions shown are absolute micrometer measurements. 

**195OoF for 2 hr; furnace cool, 500°F/hr. 

Since the incidence of incipient fractures i s  as- 
sociated exclusively with the presence of support 
members or plates, it i s  recommended that these 
transverse restraints be removed entirely. Th is  
can be accomplished as suggested previously by 
use of a high-conductivity f in  to  provide transverse 
support a t  2- or 4-in. intervals2 and the brazing 
procedure modified accordingly. 

2R. J. Gray and PI Patriarca, Metallographic Ex-  
amination of ORNL Radiator No. 1 and York Radiator  
No. 1 Fai lures ,  ORNL CF-55-10-129, (Oct. 31, 1955). 

The tensi le loading contributing t o  the York 
fai lure was attributed at  the time of examination 
t o  the restraining influence of the support member 
which extended up the side of the radiator. In  
v iew of th is  conclusion the support members o f  
subsequent radiators, including FWA No. 2, were 
s l i t  as shown’ in Fig. 114 prior to installation. It 
may be noted, however, that the radiator as “re- 
designed” retained the use of a bottom flanged 
plate, a top plate, and the four support membcrs. 
During the brazing cyc le  the NaK tubes were 
brazed to these members result ing in a relat ively 

A 
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. UNCLASSiFlED 

Fig, 116. PWA No. 2 Section A wi th  Fai led Tubes C-1 and Adjacent Tubes C-2 and C-3, 

r ig id  condition a t  each of f ive transverse sections Over 13,000 tube-to-fin joints have been examined 

across the radiator matrix. metallographically without the observation of a 

Loca l  differences in rates o f  heating and cooling, 
part icularly between the air in le t  face and the re- 
mainder of the radiator during blower startup, 
could therefore be assigned the responsibi l i ty for 
the development of tens i le  loading. 

Th is  condition could be part ial ly rel ieved by 
s l i c ing  the support members and plates i n  a manner 
similar to  that u t i l ized during dissection for metal- 

s ing le incipient fracture. The relat ive mass and 
thermal conductivity o f  the support members and 
plates as compared wi th  the high-conductivity f ins 
could result in signif icant differences in cool ing 
rates during transient periods. These could result 
i n  lateral forces responsible for in i t ia t ion and propa- 
gation of fractures in tube-to-support-member braze 
joints in  any portion of the radiator. 

lographic examination as shown in Fig. 115. 

The development of tensi le forces alone, however, 
cannot be assigned the f u l l  responsibi l i ty for On March 3, 1956, a 500-kw high-conductivity fin 
failure. The incidence of numerous incipient radiator, known as the York HCF radiator No. 4, 
fractures in  th is  radiator has been related to  the was removed from service after 1356 hr in test. 
presence o f  a support member or heavy plate. This  radiator was tested in  a temperature range of 

York-4 Postexamination 
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Fig. 117. Fai led Tube (C-1) from PWA No. 2 as 
Viewed from the Support-Member Side of the Radi- 
tor After Removal of Support Plate. 

Fig, 119. Longitudinal View of Opposing Walls 
from the Fai led Tube C-1 in PWA Rodiator No. 2 
Viewed Against the Air Flow. Note neckdown a t  
fracture. 75X. Reduced 23.5%. 

Fig. 120. Longitudinal View of Tube C-2 Adia- 
cent t o  Fai led Tube C-1 i n  PWA Radiator No. 2 as 

from the Fai led Tube C-1 i n  PWA Radiator No. 2 Viewed Against the Air Flow. Note incipient 
Viewed Against the A i r  Flow. Note neckdown a t  fracture, which has progressed into tube wall. 
fracture. 75X. Reduced 35%. 75X. Reduced 34.5%. 

Fig. 118. Longitudinal  View of Opposing Walls 
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Fig. 121. Longi tudinal  View of Tube C-2 Adia- 
cent to  Fai led Tube C-1 i n  PWA Radiator No. 2 
as Viewed Against the Air Flow. Note incipient 
fracture, which has progressed into tube wall. 
Reduced 35%. 

Fig. 122. Longitudinal View of Tube C-3 from 

PWA Radiator No. 2 as Viewed Against the A i r  
Flow. Note fracture wi th in the eutectic structure 
of  braze metal. 75X. Reduced 41%. 

106 

Fig. 123. Longi tudinal  View of Tube C-3 from 
PWA Radiator No. 2 as Viewed Against the A i r  
Flow. Note fracture wi th in the eutectic structure 
of braze metal. 75X. Reduced 28.5%. 

Fig. 124, Corner Tube.H-1 from A i r  E x i t  Face 
of PWA Radiator No. 2 as Viewed in the Direction 
of the Ai r  Flow. 75X. Reduced 39%. 

. . -  ~ . .  . , . . . . . . .. - 
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Q 
f 

c 

1000 to 16OO0F, wi th  748 hr of test under AT 
conditions. 

The radiator was modified by removal of the side 
plates, cutt ing of the horizontal spacer plates, and 
s l i c i n g o f t h e  base plate through the middle paral lel 

t o  the air flow. 
Twenty-four specimens were cut from the radiator, 

as shown i n  Figs. 125 and 126. Each specimen 
contained a portion of three tubes, each ioined to 
15 or more fins. The specimens were cross- 
sectioned to reveal two opposed joint areas and 
were then mounted and examined a t  80X. 

A to ta l  of 2757 joint areas was examined. The 
percentages o f  fin-to-tube adherence and the degree 

UNCLASSIFIED 
Y-18442 

of  oxidation of the f in  col lars were noted. Table 
48 i l lustrates the results o f  this examination in  
comparison wi th  f i v e  previously examined radiators. 
As  was noted in  the examination of prior radiators, 
the presence of cracking was found to be associated 

wi th  tube-to-support-plate joints and tube-to-sump- 
plate joints. 

York-9 Postexamination 

On May 28, 1956, a 500-kw high-conductivity f in  
radiator, known as the York HCF radiator No. 9, 
was removed from service after 1283 hr in test. 
Th is  radiator was tested in  a temperature range 

UNCLASS IF IED 
Y-1&143 

Fig, 125. York HCF Radiator No. 4. Fig. 126. York HCF Radiator No. 4. 
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T A B L E  48. SUMMARY OF TUBE-TQ-FIN STUDIES O F  SEVERAL HCF RADIATIORS 

York York York PWA ORNL ORNL 
No. 4 No. 3 No. 1 No. 2 No. 3 No. 1 

Number of joint areas examined 

Per cent of joint areas having 

75-100% adherence 

Per  cent of joint areas having 

50-74% adherence 

Per cent of joint areas having 

2 5 4 9 %  adherence 

Per cent of joint areas having 

0-24% adherence 

Per cent of joint areas having 

nonox id i zed copper fins 

Per cent of joint areas having 

sl ightly oxidized copper f ins 

Per cent of ioint areas having 

heavily oxidized copper f ins 

Number of hours of 1000- 
160OoF service 

2757 

60.7 

18.8 

5.5 

15.0 

61.9 

19.5 

18.6 

1356 

2684 

90.4 

5.9 

1.1 

2.6 

84.5 

7.5 

8.0 

36 1 

3847 

67.4 

13.0 

7.3 

12.3 

75.4 

22.0 

2.6 

152 

3210 2282 

100 87.7 

3.5 

1.4 

7.4 

100 12.1 

2.5 

85.4 

1199 71 6 

4150 

91.8 

4.2 

1.4 

2.6 

59.3 

20.1 

20.6 

608 

of 1000 to 1600°F, with 695 hr of test  under AT 
conditions. The radiator was fabricated wi th  a 
revised design which included the fol lowing 
modifications: 

1. Side plates were omitted. 
2. Rig id  support plates, base plate, and top plate 

3. Sump plates were fashioned from f in  material, 
4. Ai r  shields on the top and bottom were made 

from 0,010-in, n icke l  sheet, cut wi th  over-size 
holes as shown i n  Fig. 127. 

5. The radiator was brazed on i t s  side, using 
a slurry of Coast Metals No. 52 brazing alloy. 

Twenty-four metal lographic samples were removed 
from the uni t  as described i n  the foregoing section, 

York-4 Postexamination,” and were examined 
microscopically. No cracks were found in  the tube- 
to-sump-plate areas and no evidence of incipient 
cracking was noted, indicating that the design 
modi f icat i  on s employed were benefic ia I. 

were omitted. 

I d  

M E T A L L O G R A P H I C  E X A M I N A T I O N  OF 
I N T E R M E D I A T E  H E A T  E X C H A N G E R  F A I L U R E  

Tests on the fluid-30-to-NaK heat exchanger, 
designated as IHE-3, were terminated as a result 

108 

of detection of a leak i n  tube bundle No. 1 after a 
total of 1794 hr of operation in the temperature 
range o f  1100 to 15OO0F. The uni t  was operated 
under conditions o f  AT for 1015 hr o f  th is  total 
time, and a total o f  21 thermal cycles was applied 
over this period. 

The NaK in le t  and outlet headers o f  tube bundle 
No. 1 were separated from the heat exchanger to 
fac i l i ta te  examination and inspection. Top and 
bottom views of the NaK in le t  head are shown i n  
Figs. 128 and 129, respectively. The general lo- 
cation of the fai lure i s  evident in  the latter figure, 
i n  that  a dark reaction product can be distinguished 
from the l ighter so l id i f ied f lu id  30. Forty tubes in  
the fai led area were individual ly inspected wi th  
dye-penetrant and a borescope, and a t  least f ive 
tubes were found which contained obvious cracks. 
Figure 130 i s  a photograph of the NaK inlet head 
after dissection with an abrasive cutoff wheel to 
permit the examination of individual tubes. Each 
tube was numbered for the subsequent investigation, 
and the nomenclature i s  presented in Fig. 131. 

The frequency and severity of cracking as detected 
in  the in i t ia l  inspection were more pronounced i n  
the forward rows of tubes, that is, those wi th  short 

n 
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Fig. 127. Close-up of York HCF Radiator No. 9, 
I l lustrat ing 0.010-in. N icke l  Sheet A i r  Shield. 

mmw@mn 
I H E N0.3 
FAILURE 

Fig. 128. Top Side of IHE No. 3, NaK Inlet 
Head, Showing Tube Welds. 

I H E N0.3 
FAILURE 

Fig. 129. Bottom Side of IHE No. 3, NaK Inlet 
Head, Showing Dark Reaction Product. 

,- .- ._-, ..--sT=9---- 

mmfi- TUBE DIRECTION * 
I H E N0.3 
FAILURE 

Fig. 130. NaK Inlet  Head After Dissection for 
Further Examination. 

bends. The distance from the tube bends to the 
headers was signif icantly shorter for the f i rs t  row 
o f  tubes, for example, 3'/4 in, as compared wi th  
6 in. for the last  row of tubes. For a given ex- 
pansion of the 6-ft over-all straight length of tubes 
a s a  resu l to f  heating, a substantial degree of  strain 
occurs i n  these locations. As  would be expected, 
cracking was more pronounced on the tension side 
of the tube. A crack in the tensi le side of tube 
No. 2 could be seen upon visual examination, and 
a photograph i s  shown in Fig. 132. Further evi- 
dence of the tube distortion at the headers can be 

4 
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0 0 0 0 0 0 0 0 0 0  

- 
DIRECTION OF BENDS 

Fig. 131. Tube-Sheet Configuration and Dissection Nomenclature. IHE No. 3 failure. 

Fig, 132. G a c k  on Tension Side of Tube No. 2. 
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seen in Fig, 133, a photograph of the NaK outlet 
head. 

Several of the tubes of interest were then mounted 
intact in  Castol i te  and pol ished t o  the approximate 
center l ine  for metallographic examination. F igure 
134, a photomicrograph of the tensi le side of tube 
No. 3, i l lustrates typical severe cracking and fluid 
30 corrosion. A similar condition i s  evident in 
Fig. 135, a panorama of the tension side of tube 
No. 17. It may be noted that the opposite face of 
th is  tube, a panorama of which is  shown in Fig. 
136, does not exhib i t  as serious a condition. It 
appears that corrosion and stresses combine to 
form an abnormally unfavorable condition. 

The extent of f lu id  30 corrosion wus investigated 
in  tube No. 93 to  ensure that the large degree of 
attack observed in the previous samples did not 
resul t  from the reaction of the two f luids at  the 
location of the failures. Figure 137 indicates that 
general severe corrosion was prevalent throughout 
the tubes in this header. A photograph i l lustrat ing 
a typical condition on the inner tube wal l  i s  shown 
in Fig. 138. Cracking and f lu id  30 corrosion from 
the outer tube wal l  are also in evidence. A white 
deposit was found in the cracks in some areas, the 
appearance of which i s  shown in Figs. 139 and 
140, low- and h igh-magni f icat ion photomicrographs 
o f a  crack and deposit. The nature of th is  deposit, 

n 
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I H E N0.3 
FAILURE 

HEADER NO 2 

Fig. 133. Bottom Side of IHE No. 3, NaKOutlet 
Head, Showing Bending of Tubes. 
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as wel l  as a detailed investigation of the mass 
transfer and corrosion behavior in the heat ex- 
changer, w i l l  be studied by other groups. 

C O N T I N U O U S  F U R N A C E  P R O D U C T I O N  O F  
S I N T E R E D  CM-52 RINGS 

The use of a sintered Coast Metals No. 52 
brazing r ing for the side brazing of ART radiators 
i s  dependent upon the achievement of production 
rates adequate to reduce the cost per r ing t o  a 
figure which can compete with the present means 
of preplacing the brazing alloy. An experimental 
p i lo t  plant has been bu i l t  which has attained a 
production rate of more than 8000 rings/hr. In  the 
f i rs t  production run, 33,000 rings were made i n  5 hr, 
and i t  i s  fe l t  that th is  w i l l  definitely establ ish a 

c 

Fig. 134. Cracks in Tension Side of Tube 3. Etchant: electrolyt ic oxal ic  acid, 1OOX. 
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Fig.  135. Panorama of Tension Side of Tube No. 17 Showing Gross Cracking and Corrosion. Etchant: 
electrolytic oxalic acid. 33X. 

F ig .  136. Panorama of Compression Side of Tube No. 17 Showing Corrosion and Occasional Cracking. 
Etchant: electrolytic oxalic acid. 33X. 
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Fig,  137. Photomicrograph Showing Severe Corrosion on Tension Side of Tube 93. Etchant: e lec-  

trolytic oxalic acid. 1OOX. 

.. 
c 

Fig. 138, Inner Surface of Tube 17. Cracking and corrosion from the outer surface are evident. 

Etchant: electrolytic oxalic acid. 
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Fig.  139. Crack and Deposit in Tension Side of Tube 19. Etchant: electrolytic oxalic acid. 1OOX. 

F ig ,  140. High-Magnification View of Crack and Deposit. Etchant: electrolytic oxal ic  acid. 500X. 

A 
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satisfactory cost for r ing production. Of course, 
there are other factors which may influence the 
use of the ring, such as application techniques and 
the quali ty of the joints produced by the two 
methods. 

As in previous experiments, graphite molds were 
prepared by using a tool similar t o  the one shown 
in  Fig. 141 in  a dr i l l  press. The depth of cut was 
adjusted to  y ie ld  rings weighing 4.5 g per hundred. 
The s ize of th is  ring i s  based on the quantity of 
a l loy required to  produce an acceptable VJbe-to-fin 
jo in t  by using 0.188-in.-OD tubing and a f in  made 
with ex is t ing ORNL f in  dies. The molds were 
loaded flush wi th  CM-52 powder and stacked four 
high, with each mold serving as a l i d  for the one 
below i t  and wi th  a graphite block serving as a 
l i d  for the top mold in  a manner similar to that 
shown in  Fig. 142. 

The furnace used for th is  p i lo t  plant i s  described 
i n  the schematic diagram shown in  Fig. 143. This  
furnace i s  essential ly a two-section mit, the f i rs t  
o fwh ich  serves as a preheater and the second of 
which adjusts the temperature to  the narrow range 

in  which satisfactory rings are produced and main- 
tains th is  temperature long enough to  a l low the 
entire mass of the molds to reach th is  temperature. 
A continuous stainless steel ribbon runs through 
the furnace and is  driven by a variable-speed drive 
shown in Fig. 144. When th is  equipment i s  oper- 
ated at  a be l t  speed o f  5 in./min, 9000 rings may 
be produced in 1 hr; however, the control of furnace 
temperature becomes quite cri t ical.  Th is  equipment, 
therefore, i s  best operated a t  4-in./min, producing 
7200 r i n g d h r o r  approximately 54000 per 8-hr day. 

A thermal cyc le  which produced satisfactory 
rings i s  shown in Fig. 145. This  graph was repro- 
duced from a recording of the output of a thermo- 
couple attached t o  a set of molds passing through 
the furnace a t  4 in./min. 

Proper control of temperature permits the easy 
removal o f  the sintered rings from the molds by 
the use of the vibrating tool shown i n  Fig. 146. 
The rings may be grit-blasted or tumbled in CM-52, 
i f  necessary, to remave any traces of carbon or 
small surface imperfections. I f  the temperature i s  

UNCLASSIFIED 
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DRILLING TOOL 

FOR GRAPHITE MOLDS 

Fig.  141. Dr i l l i ng  Tool for Graphite Molds, 
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BRAZING AL 
RINGS AS UNI 

JG 

-LOY 
,OADED 

Fig. 142. Graphite Molds for Continuous Furnace Production of Sintered CM-52 Brazing Rings. 
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220 V, I PHASE, lOA 220 V, I PHASE, IOA HEAT BARRIER 

THERMOCOUPLE THERMOCOUPLE TO 
CONTROLLER CONTROLLER 

KANTHAL WINDINGS 

STAINLESS STEEL CONTINUOUS RIBBON 

Fig.  143. Continuous Furnace for Production of Sintered CM-52 Brazing Rings. 
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Fig. 144. Photograph of Continuous Ring Furnace. 

careful ly controlled (within a 5 O C  range), rings Several improvements may be made on the ex is t ing 
wi th  no rejects and very good surface f inish w i l l  equipment; however, they would only lessen the 
be produced. Rings of satisfactory qual i ty are pro- manual labor and not increase the production rate. 
duced wi th in  a range of about 10OC. Larger equipment could easi ly be bu i l t  and should 

Terrperature i s  adjusted and controlled by a offer no majar problems. With equipment of greater 
Variac and a Brown Pyr-0-Vane wi th  the Brown production capacity, labor-saving devices, such 
Flex-A-Pulse un i t  installed. The s as the automatic mold f i l l e r  now being built, could 
as a fine temperature adiustment, m probably a l low a furnace team to produce 10,000 
trol point to  above and below the s 

Pyr-0-Vane by a few degrees. 
T w o  men can easi ly operate thi 

speeds up to5-in./min8 loading and The data shown in  Table 49 are based upon a 
inspecting rings, and making a l l  n summary of information obtained from the operation 
ment adiustments. Power consumption i s  negl i-  of the above furnace. This  furnace i s  capable of 
gible, and capital costs are low. Brazing al loy continuous production of good-quality rings a t  a 
costs are less than 0.1 cent per ring, These data rate o f  7200 rings per hour of operation, exclusive 
should provide a reasonable means o f  evaluating of warmupperiods. This wormup period w i l l  probably 
vendor's production and costs. require 1 to 1'/2 hr at each stdrtup to  s tab i l ize 

- 
e r ings per man. 

Cost Estimate 
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Fig.  145. Sintering Cycle a t  4 in./min. 

Fig.  146. Vibrating Tool for Removing Rings From Molds. 
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TABLE 49. COSTS FOR SINTERED CM-52 BRAZING RING PRODUCTION 

Operational Costs 
e (based on 7200 rings/hr) 

Per hr Per Ring 

Electricity, 4 kw at  5$/kwhr $ 0.20 $0.00003 

0.00021 Helium, 50 ft3 at 3$/ft3 

Labor, assuming 2 men a t  $5.00 10.00 0.00 139 

CM-52, 1 Ib a t  $7.00/lb 7.00 0.00097 

Replacement of graphite molds, $0.94 per hr* 0.94 0.00013 

1.50 

$19.64 $0.00273 

Capitol Costs 

Furnace and equipment $2000.00 

$1000.00 I nstr umenta t i on 

*Manufacturing and mater ia l  cos t  for each mold i s  estimated at $1.30 and w i l l  probably produce 10,000 rings during 
i t s  lifetime for a c o s t  of $0.00013 per ring. 

turnace temperatures under operating conditions 
and permit good control. 

During the f i rs t  production run o f  5 hr duration, 
33,000 rings were made a t  rates up to  9000Ar.  I t  
was felt, however, that a t  a production rate o f  7200 
r i n g s h r  better qual i ty and closer control were ob- 
tained. The table l i s t s  the estimated cost of oper- 
at ion to produce 7200 inspected and sorted rings 
per hour on a continuous basis, using exist ing 
equipment. 

Based an cost  per ring, only total capital costs 
and operational labor would vary appreciably i f  the 
equipment were scaled up. It i s  necessary to use 
t w o  men to operate the p i lo t  plant, although neither 
i s  fu l lyut i l ized.  As stated before, i t i s  conceivable 
that a production of 10,000 rings per man-hour 
might be attained by using suitable labor-saving 
devices in coniunction with larger equipment. 

F A B R I C A T I O N  O F  C E R M E T  
V A L V E  COMPONENTS 

A description o f  the high-temperature cermet- 
bonding procedure used i n  the fabrication of several 
valve components was presented in the previous 

semiannual rep01-t.~ A t  the relat ively high temper- 

3P. Patriarca, A. E. Goldmon, and G. M. Slaughter, 
Met. Semiann. frog. Rep. Apr i l  10, 1956, ORNL-2080, 
P 114. 

atures required for bonding (- 135OoC), the cermets 
lose strength to such an extent that, occasionally, 
signif icant distort ion or warpage of the cermet 
body i s  observed. 

In view o f  th is  diff iculty, a modification i n  fabri- 
cation procedure was developed which has permitted 
the successful fabrication of disks and seats for 
four different test-valve assemblies. The minimum 
temperature for consistent bonding was determined 
for each cermet composition and was found to vary 
wi th  cermet type (i.e., K-TSTA, K-1526, or K-1626). 
These temperatures are shown i n  Table 50. 

TABLE 50. MINIMUM TEMPERATURE FOR 
CONSISTENT BONDING OF CERMET 

VALVE COMPONENTS 

Bonding 
Trade Designation Binder Temperature 

(OC) 

1350 

1335 

1340 

K-151A 20% Ni 

K-1525 30% Ni 

K- 1628 25% N i 4 %  Mo 
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Occasionally these optimum temperatures were 
found to vary s l ight ly  with different components 
of the same general composition. This  observation 
can probably be related to variations in the com- 
pacting and sintering procedure in  the original 
manufacture of the cermet bodies. Accordingly, 
each component was treated as an individual 
problem. 

Observation ports were machined i n  the n icke l  
transition layer to permit a visual determination of 
the init iat ion of bonding. This  visual observation 
was found to  be an essential addition to the precise 
control and measurement of temperatures for the 
consistent prevention of distort ion o f  the cermets. 
These ports are clearly v is ib le  as black spots when 
the assembly in the furnace hot-zone is  viewed with 
dark glasses. When the I iquid reaction product 
forms, however, these ports are f i l l ed  and disappear 
wi th  the simultaneous f o r w t i o n  of a f i l l e t  which 
can also be detected by careful observation through 
dark glasses. Cooling rates of approximately 
1000°C/hr were used to minimize stresses during 
cooling. 

The close control afforded by these modifications 
made it unnecessary to incorporate the use of the 
ceramic supports described i n  a previous memo- 
rondum2 SI ight variations in sett l ing which were 
observed occasionally were eas i ly  compensated 
for by a machining operation on the n icke l  face of 
the cermet-to-nickel subassembly. 

STEP 1 

Exploded views of the two steps employed i n  the 
fabrication of the valve disks are shown in  Figs. 
147 and 148. The cermet-to-nickel subossembly 
in  the latter f igure was copper-brazed to the Inconel 
shank by conventional dry-hydrogen techniques. 
Cooling rates of approximately 400°C/hr were used 
to prevent cracking. The stages used in the fabri- 
cation o f  the seat-ring components are shown i n  
Figs. 149 and 150. 

Four assemblies of each type have been SUC- 

cessful ly fabricated. After grinding in the ORNL 
Research Shops, the cermets w i l l  be evaluated i n  
the ARE Div is ion test ing faci l i t ies. 

Q U A L I F I C A T I O N  OF WELDERS 

The test ing and evaluation of welder’s quali- 
f icot ion test specimens i s  an integral part of the 
fabrication o f  various components by vendors. Test 
welds are submitted to visual, rodiographic, me- 
chanical, and metallographic examination, and the 
welders are evaluated accordingly. A summary of 
the status of these tests to date i s  presented in 

Table 51. 

WELD A B l L  I T  Y STU D I E S  0 F 
N I C K E L - M O L Y B D E N U M  A L L O Y S  

The use of nickel-molybdenum al loys as structur- 
a l  materials for reactor applications requires that 
they possess adequate weldabil i t y  characteristics. 

UNCLASSIFIED 
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C E R M  
VALVE DISK NICKEL TRANSITION 

LAYER WITH MACHINED 
OBSERVATION PORTS 

COMPLETED 
CERMET -TO -N IC KEL 
SUB-ASSEMBLY 

Fig. 147. Valve D i s k  Fabrication - Step 1. 
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UNCLASSIFIED 
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INCONEL 
SHANK 

COPPER BRAZING CERMET-TO-NICKEL 
SUB-ASSEMBLY SHIM 

COMPLETEQ VAL- 
DISK ASSEMBLY 

CERMET 
VALVE SEAT 

F i g .  148. Valve Disk Fabrication - Step 2. 
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STEP 1 

NICKEL TRANSITION COMPLETED 
LAYER WITH MACHINED 
0 BS ER VATlON PORTS 

CE RM ET -TO - NICKEL 
SUB-ASSEMBLY 

Fig .  149. V o l v e  Seat  Fabrication - Step 1. 
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CERMET -TO - 
NICKEL 
SUB-ASSEMBLY 

STEP 2 

UNCLASSIFIED 
Y-18853 

COPPER INCONEL 
BRAZING SHIM HOUSING 

COMPLETED 
VALVE SEAT 
ASSEMBLY 

Fig.  150. V a l v e  Seat Fabrication -Step 2. 

TABLE si. STATUS OF WELDERS' QUALIFICATION TESTS 

Vendors 
Number of Welders Who Passed Test 

in Test 2G 5G Fi l let  
Number of Welders 

York Corp. 13 13 13 a 
Black, Sivalls, 8, Bryson 5 5 5 5 

GriscomRusselI 3 3 3 2 

Process Engineering 4 3 2 2 

Alcaa Products 2 0 0 0 

Struthers-Well s 5 1 1 1 

Sharp1 es 1 1 1 0 
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To obtain background information on the weldabil i ty being subjected to dye-penetrant and radiographic 
of several a l loys  now under development, welding inspection fol lowed by all-weld-metal and trans- 
studies are being conducted on commercially verse-tensile tests and bend tests a t  both room 
avai lable Ni-Mo type al loys and on the 85 Ni-15 and elevated temperatures. The resul ts w i l l  be 
Mo al loy. reported in  the next annual report. A summary of 

Ten weld test plates have been made with base the types of weld test plates i s  presented i n  
material o f  /2-in. thickness. The weldments are Table 52. 1 

TABLE 52. SUMMARY OF NI-MO ALLOY TEST-PLATE DATA 

Plate No. P late Composition F i l l e r  Metal b m p o s i t i o n  Type of  Mechanical Tes t  

1 Hastel loy B 85 Ni-15 MO Longi tud ina l  

2 Hostel loy B Hastel loy B Longi tud ina l  

3 Haste l loy B Haste l loy B Transverse 

4 Hastel loy B Haste l loy B Longi tud ina l  

5 Hastel loy W Hastel loy W Longi tud ina l  

6 Has tel  loy  W Haste l loy W Transverse 

7 Hastel loy W Haste l loy W Long i tud i no I 

a Hastel loy B Hastel loy B Longi tud i  no1 

9 Hastel loy B Haste l loy W Transverse 

10 Hastel l oy  W 85 Ni-15 Ma None (extensive porosity 

and weld-metal cracking) 
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The present avai lable supply of Hastel loy B and 
W tubing i s  prepared by redrawing tubing formed 
from welded strip, and it i s  not of high quali ty. 
Since these a l loys  are characterized by high- 
temperature strength and resistance to  fused-salt 
corrosion, a source of seamless tubing i s  desired; 
therefore, considerable effort has been devoted to 
the study of extrusion techniques for the produc- 
t ion of seamless tubing of these Hostel loys and 
other related al loys. 

Extrusion and Redrawing of Hastel loy W 

Early attempts t o  extrude tube blanks of Has- 
te l loy W failed. In these experiments forged 
b i l le ts  canned in lnconel were extruded at 2050 
and 210OOF at an extrusion rat io of 7:l. Severe 
fracturing of the tube blank occurred during the 
extrusion process, a t  least in part, as a result of 
melting. An excessive temperature r i se  as a re- 
sul t  of the rapid deformation of the material was 
found t o  have caused th is  di f f icul ty.  During the 
period of th is report, the al loy was successful ly 
extruded by changing the extrusion temperature and 
rate, a s  noted below. Other conditions, which 
were identical in  both cases, are as fol lows: 

Bi l le t  Forged Hastel loy W; canned i n  

lnconel 

Bi l le t  s ize 

D i e  size 

Mandrel size 1 in. 

Extrusion ratio 7:l 

sin. OD, 1 )*-in, ID, 3 in. long 

1 Y2-in., 30-deg cone 

The rate o f  extrusion was control led by regulating 
the f low of high-pressure water to  the ram of the 

extrusion press by means of a throt t le valve. The 
rate settings, in terms of the number of turns that 
th is valve was opened, were 3Y2 and 3”/~  for the 
unsuccessful extrusions and 2 &  for the success- 
ful extrusion. Actual extrusion rates, i n  feet per 
minute, were not determined during these experi- 
ments. The preheating temperature used for the 
successful extrusion was 22OO0F, as compared to  
2050 and 2100O F used for unsuccessful extrusions. 

It was concluded from this work that Hastel loy W 
could be extruded on a laboratory scale by rais ing 
the extrusion temperature and reducing the ex- 
trusion rate so as to  a l low time for metal f low and 
to minimize the deleterious effects of generated 
heat. The successful and unsuccessful tube-blank 
extrusions are i l lustrated in  F ig .  151. 

Results of processing the successful tube blank 
of Hastel loy W, shown in  F ig .  151, to  0.187-in.-OD, 
0.025-in.-wall tubing by the Superior Tube Co. 
indicate the feas ib i l i t yo f  producing smal I-diameter 
seamless tubing of Hastel loy-type al loys. This 
extrusion yielded 25 f t  of tubing, which was ex- 
amined by non-destructive test ing techniques and 
was determined to  be of the high qual i ty required 
for heat-exchanger appl icat ions. Longitudinal and 
transverse sections of the tube wa l l  are shown in 
Figs.  152 and 153, respectively. 

Extrusion of Hastel loys B, W, and X on a 
Commercia I Scale 

An experiment a t  the Huntington Works of the 
International N icke l  Company on March 27, 1956, 
was performed in  order t o  determine the feasibi l i ty  
of producing tube-blank extrusions of Hastel loys B, 
W, and X on a commercial scale. The experiment 
was carried out as a cooperative effort between 
Oak Ridge National Laboratory, International 
Nickel  Company, and Haynes Stel l i te Company. 

Forged and machined b i l le ts  of the Hastel loys 
were prepared by Haynes Stel l i te Company. Based 
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Fig .  151. Seamless Tube Blanks Extruded from Forged Hastel loy W Bi l lets Canned in  Inconel. 

Tube 1 was extruded a t  a fast rate a t  2100OF. Tube 2 was extruded slowly a t  2200OF. 

L 

Fig ,  152. 'Longitudinal Section of Seamless Hastelloy W Tubing, 0.187-in. OD x 0,025411. Wall. 
Etchant: chrome regia. 1OOX. Reduced 3%. 
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Fig. 153. Transverse Section of Seamless Hastel loy W Tubing. Etchant: chrome regia. 1OOX. 
Reduced 3%. 

upon extrusion experience on a laboratory scale a t  
ORNL, as described above, a schedule was pre- 
pared for the extrusion o f  the Hastel loy B bi l lets. 

Since small tube blanks had been prepared SUC- 

cessful ly by use of a slow extrusion rate crt 
22OO0F, it was proposed that the larger b i l le ts  be 
extruded a t  as slow a rate as practical. The 
extrusion temperature could be lower, of course, 
because of the larger s ize of the b i l le t .  The 
results of the Hastel loy B extrusions, which are 
summarized in  Table 53, were reported to ORNL by 
International Nickel  Company upon completion of  
the experiment. The extruded tube blanks of 
Hastel loy B are shown i n  Figs. 154 and 155. 

Although the Hastelloy W and X b i l le ts  were not 
extruded under the direct ion of ORNL, the fabrica- 
t ion of these a l loys i s  of interest t o  the over-all 
alloy-development program. The avai lable results 
of these extrusions are presented i n  Table 54. 

The fol lowing general conclusions have been 
drawn regarding the extrusion of 6.9-in.-OD, 10-in.- 
long b i l le ts  o f  Hastel loys B, W, and X: 

1. Forged b i l le ts  of Hastel loys B, W, and X can 
be successfully extruded in to tube blanks. 

2. Canning of the b i l le ts  wi th  h-in.-thick type 
316 stainless steel appears t o  be advantageous 
from the standpoint of reducing the extrusion pres- 
sure. Because of the number o f  variables involved, 
however, this conclusion needs to  be confirmed. 

3. The larger mass of the commercially pro- 
duced b i l le ts  made possible the use o f  lower 
soaking temperatures a t  smaller extrusion rat ios 
(i.e., 5.5:l) than were found t o  be optimum for the 
extrusion of small laboratory b i l le ts .  

4. For successful extrusion of these alloys, i t  
i s  necessary that  the b i l le ts  be upset with suf- 
f icient pressure to start the material through the 
die and then be extruded a t  a re la t ive ly  slow rate 
to  prevent hot-short cracking. 

These were the f i rs t  successful attempts t o  
extrude these materials on a large scale, and it 
now appears to be feasible that seamless tubing 
of these a l loys can be produced. Three Hastelloy 
B tube blanks and one Hastel loy W tube blank are 
scheduled to  be reduced t o  1-in. pipe and small- 
diameter tubing for use a t  ORNL. 
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TABLE 53. EXTRUSION OF HASTELLOY B BILLETS B Y  INTERNATIONAL NICKEL COMPANY FOR OAK RIDGE NATIONAL LABORATORY 

Bil let dimensions: 6.900-in. OD, 2.500-in. ID, 10 in. long 

Machined s i z e  of bil lets canned on outside diameter only: 6.650-in. OD, 2.50-in. ID, 10 in. long 

Machined s i z e  of bil lets canned on outside diameter and inside diameter: 6.500-in. OD, 2.75-in. ID, 10 in. long 

Machined s i z e  of uncanned billets: 6.900-in. OD, 2.50-in. ID, 10 in. long 

Product dimensions: outside diameter, o s  indicated below; inside diameter, 2.250 in. 

Total Product 
Bil let Nose Extrusion Soaking Extrusion Outside 
No.a On Outside On Inside ' Radius Temperatureb T ime Ratio Diometer 

Bil let Preparation Extrusion Pressures Extrusion Rate Usable Length 

of Bi l let of Product (tsi) 

(in.) Peak Minimum Running Length (ips) (in.) 
( O F )  (min) Diometer Diameter (in.) 

B-1 Uncanned Uncanned 1 2050 220 5.5:1 3.685 77.1 77.1 77.1 1.2 41 

8-2 Canned Uncanned 0.5 2050 201 5.5:l 68.3 1.2 51 3.685 71.3 66.8 

B Canned Canned 0.5 2050 1 a7 5.5:l 3.685 68.3 61.0 62.3 1.2 47 

B-7 Unconned Unconned 1 2 150' 100 5.5: 1 3.685 74.3 62.3 68.3 1.3 47 

B-ad Unconned Uncanned 1 2 150' 110 7: 1 3.462 77.1 77.1 77.1 0 0 

B-10 Uncanned Unconned 1 2150 65 7: 1 3.462 75.8 71.3 68.3 1.4 58 

BBd Uncanned Uncanned 1 2150 75 7: 1 3.462 77.1 77.1 77.1 0 0 

BBB Canned Uncanned 0.5 2150 65 7: 1 3.462 74.3 68.3 69.7 1.2 62 

B-3 Canned Uncanned 0.5 2150 70 7: 1 3.462 72.8 68.3 69.7 1.4 70 

B-5 Canned Uncanned 0.5 2200 100 1O:l 3.135 77.1 74.3 77.1 0.5 a i  

B-4 Canned Canned 0.5 2200 105 12.25:l 3.000 77.1 71.3 72.8 1.5 99 

aListed in extrusion order. 
bSooked in gas furnace, except a s  indicated. 
'Soaked in s a l t  bath after preheating to 7OO0F 
dB i I le t  s to l  led. 
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UNCLASSI FlED 
PHOTO Y-16908 

- 
B i l l e t  Extrusion Temperature e F) Extrusion Rat io 

BBB 

B-2 

8-7 

B 

B- 1 

2150 7: 1 

2050 51/:1 

2150 5\:1 

2050 

2050 5\:1 

5/2:1 1 

Fig. 154. Hastelloy B Tube Blank Extrusions Fabricated by the International N icke l  Company. 

UNCLASSI FIE0 
PHOTO Y-18907 

B i l l e t  Extrusion Temperature e F) Extrusion Rat io 

8-4 2200 12t:1 

B-5 2200 10: 1 

8-3 2150 7: 1 

B- 10 2150 7: 1 - 
Fig. 155. Hastelloy B Tube Blank Extrusions Fabricated by the International N icke l  Company, 
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TABLE 54. EXTRUSION OF UNCANNED HASTELLOY W AND X BILLETS 
BY INTERNATIONAL NICKEL COMPANY 

B i l l e t  dimensions: 6.900-in. OD, 2.50-in. ID, 10 in. long; nose radius, 1 in. 

Product dimensions: outside diameter, as indicated; inside diameter, 2.250 in. 

~ ~~ 

Extrusion Outside Diameter Usable Length 

B i l l e t  Extrusion Temperature* Extrusion of  Product o f  Product 

Material No. e F) Ratio (in.) (in.) 

Hostel loy W 12** 

13 

Hostel loy X 14 

15 

16 

17** 

18 

19 

2150 

2150 

2150 

2150 

2150 

2150 

2200 

2200 

12.25: 1 

7.9: 1 

7.9: 1 

7.9: 1 

10: 1 

12.25:l 

12.25:l 

12.25: 1 

3.00 

3.28 

3.28 

3.28 

3.135 

3.00 

3.00 

3.00 

0 

6 7  

6 7  

67 

85 

0 

104 

104 

*Soaked in gas furnace. 

* * B i l l e t  stalled. 

Extrusion and Redrawing of Special Alloys 

The study o f  a l loys  which are based on the 
nickel-molybdenum-alloy system and which con- 
ta in  15 t o  20% molybdenum has progressed. It i s  
hoped i n  th is  study to f ind a solut ion t o  the 
problem of embrittlement of the Hastelloy-type 
a l loys as a result of aging. A t  present the only 
readi ly apparent solut ion i s  to change the corn 
pos i t ion of the al loys. 

It was reported previously that the corrosion 
resistance t o  fused salts of the binary a l loys of 
n icke l  and molybdenum which contain more than 
15% molybdenum was exceptional ly good but that 
the high-temperature strength o f  the a l loys was 
not adequate. Thus, in order t o  obtain-al loys w i th  
greater strength the special a l loys described below 
are being studied. In addition, ternary a l loys have 
been made that w i l l  be tested in order t o  deter- 
mine the effect of a third element on the corrosion 
resistance of these a l loys  in fused salts. - A number of extrusion experiments have been 

9 conducted on the various alloys, and the material 
w i  II be used for evaluation in  thermal-convection 
loops. Drawing of the extruded tube blanks by the 

The processing procedure for “as-extruded’’ 1.5- 
in,-OD, 0.25-in.-wall tube blanks i s  as follows: 

8 Superior Tube Co. has been generally satisfactory. 

1. in i t ia l l y  condition the tube blanks by machin- 
ing (results i n  an average weight loss of 50%); 

2. reduce tube to  0.875-in. OD and 0.095-in. wall; 
3. anneal a t  205OOF i n  a dry-hydrogen atmosphere 

and water quench; 
4. draw rod and sink t o  f ina l  s ize  wi th  inter- 

mediate anneals; 
5. f in ish by sand blast ing and rotary polishing. 
An average y ie ld  of 70% i s  being obtained from 
the b l a n k s  after the in i t ia l  condit ioning operation. 

It has been found in the processing of these al loys 
that l ighter co ld reductions per pass must be taken 

than in the case of stainless steel or Inconel. A 
20% reduction in area per pass is considered 
optimum. 

Bot te l le  Memorial Inst i tu te  Compositions. - Ex- 
trusion experiments were conducted on promi sing 
compositions wi th  the intention of producing seam- 
less tubing for corrosion testing. Th is  work was 
done in cooperation wi th  Bat te l le  Memorial Inst i-  
tute in the development o f  nickel-molybdenum-base 
a l loys  for high-temperature use. Init ial ly, ten 
forged bi l lets, representing portions o f  220-lb air- 
melted heats, were fabricated. The results of the 
experiments are presented i n  Table 55. 

Although fast extrusion a t  a ra t io  of 5.4:l re- 
sulted in cracking on the inside, a l l  these tube 
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T A B L E  55. RESULTS OF EXTRUSION EXPERIMENTS ON SPECIAL ALLOYS 
PREPARED BY B A T T E L L E  MEMORIAL INSTITUTE 

Nominal Compositions (wt %) E x  t r us ion Co nd i ti  o n s 
Results 

AI loy 

No. N i  Mo Nb T i  C Mn Temperature (OF) Ratio Rate*  

8-2897 77 20 1 1 0.12 0.80 2060 5.4:l 3 Back of tube cracked on  inside 

2 100 5.4:l 3 Back of tube cracked on inside 

6-2898 76 20 1 2 0.12 0.80 2060 5.4:l 3 Back of tube crocked on inside 

2100 5.4:l 3 Back o f  tube cracked on inside 

2150 7:l 2!4 Good tube blank obtained 

2150 7:l 2% Good tube blank obtained 

0.20 0.80 2060 5.4:l 3 Back o f  tube cracked on inside 

2150 5.4:l 3 Bock of tube cracked on inside 

2125 5.4:l 3 Back of tube cracked on inside 

2150 7:l 2 %  Good tube blank obtained 

*Number of turns that the valve on the high-pressure water to the extrusion ram was opened; see discussion above. 

blanks were salvaged a t  the Superior Tube Com- 
pany by dr i l l i ng  the  as-extruded tube blank, 
thereby increasing the inside diameter from y4 to 
1 in. before tubing reducing. Slow extrusion a t  a 
rat io of 7: 1 proved beneficial from the standpoint 
of obtaining more sound tube blanks of these 
alloys. Tube No. 6, shown i n  Fig. 156, i s  repre- 
sentative of a good extrusion obtained from these 
al loys. As i s  typ ica l  of most extrusions of these 
high-strength nickel-molybdenum-base alloys, a 
certain amount of surface roughening was found on 
the inside, but it was not so severe as it appears 
to  be i n  Fig. 156. Slight condit ioning of the 
blanks before redrawing w i l l  eliminate these de- 
fects. The cause o f  th is  roughening i s  not com- 
pletely understood at  th is  time. 

The results of processing the extrusions from 
a l loys 8-2897, 8-2898, and 8-2899 t o  0.500-in.-OD, 
0.035in.-wall  tubing are tabulated in  Table 56. 
The response of these compositions to cold tube- 
forming techniques was only moderately success- 
ful. Examples of  the d i f f icu l t ies encountered are 
i l lustrated i n  F ig .  157. Metallographic examina- 
t ion of the fai lure found in  the tube blank of a l loy 
8-2898 (20% Mo-1% Nb-2% Ti-0.80% Mn- 
0.12% C-bal Ni) revealed the stringering of 
second-phase part icles (i.e., carbides) to  be the 
probable source of dif f iculty, as shown in  Fig. 
158. 

All attempts to  produce seamless tubing of a l loy 
B-2899 (20% Mo-1% Nb-0.80% Mn-0.20% C-bal 

N i )  failed. Of the two extrusions of th is  composi- 
t ion seen i n  F ig .  157, one developed a longitudinal 
crack along i t s  length whi le  on the draw bench; 
and the other fa i led during the in i t ia l  tube-reducing 
operation. Examination of these cracks again 
revealed that stringering of the numerous precipi- 
tates was the source of failure. 

In view of the results obtained, it is  apparent 
that carbon levels of 0.20% or greater i n  the Ni-Mo 
a l loys being investigated w i l l  render tube-forming 
success improbable; and a carbon level of 0.12% i s  
marginal in  th is  respect. 

A second series of a l loys received from Battel le 
Memorial Inst i tute i s  l is ted i n  Table 56 under 
a l loy numbers 8-3275 through B-3278. These 
compositions were received in  the form of forged 
extrusion bi l lets, swaged impact tens i le  speci- 
mens, and ro l led creep-rupture specimens. The 
impact tensi le specimens were sent to Rensselaer 
Polytechnic Inst i tute for weldabi l i ty  studies, and 
the creep-rupture specimens w i l l  be tested a t  
ORNL in  fluoride fuel No. 107. Extrusion ex- 
periments were conducted a t  ORNL on two forged 
b i l le ts  o f  each composition t o  investigate the 
feas ib i l i ty  of producing seamless tubing o f  the 
al loys. The tube blanks were extruded at 2150OF 
at  a rat io of 7:l. Al l  compositions were fabricated 
successful ly and sent to  Superior Tube Co. for 
redrawing. 

Results o f  tubing fabrication from the extruded 
tube blanks are a lso shown i n  Table 56. One tube 
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F ig,  156. Extruded Tube Blanks from a Variety of Nickel-Molybdenum Alloys. 

Heot 8 - 2 8 9 9 , E x t r u s i o n  64 

A l loy  Compos l t~on 20% M o - l %  N b - 0  807-Mn-0  20%C-Bo lN1 

Heot B-PE99,  Extrusion 60 

Al loy Composition: Some os Above 

Heot 8-2898. Extrusion I07 
Al loy Composition. 2 O % M o - l % N b - 2 % T ~ - O 8 0 % M n - 0 1 2 % C - B 0 l  Ni 

Fig .  157. Failures in Tube Blanks During Cold 
Reduction. 

blank of al loy 8-3276 (20% Mo-7% Cr-2% Nb-1% 
Fe-0.80% Mn-0.12% C-bal Ni) and both tube 
blanks of a l loy 8-3278 (20% Mo-7% Cr-2% Al- 
0.80% Mn-0.12% C-bal Ni) fai led on the tube 
reducer. These fai lures were not analyzed metal- 
lographically but were assumed t o  have been 
caused by the carbide stringering problem, as  
shown i n  Fig. 158. The compositions which were 
successful ly processed to seamless tubing w i l l  be 
evaluated for their corrosion resistance by thermal- 
convection loop test ing in f luoride fuel No. 107. 

International N icke l  Company Compositions. - 
As reported in the last semiannual report, 4Glb 
heats of f i ve  special a l loys were received from 
International N icke l  Company for corrosion test ing 
and strength evaluation. The nominal composi- 
t ions of these a l loys are given.in Table 57. 

Four extrusion bi l lets, 3 in. i n  diameter and 3 in. 
in length, were machined from each ingot; three 
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TABLE 56. RESULTS OF REDRAWING BATTELLE AND INCO ALLOYS TO 
O.SOO-in.-OD, 0.035-in.-WALL TUBING 

Number of Total Length 
Number of 

Nominal Composition Extruded Of Tubing Yield* 
Loops Remarks 

Alloy 
Received 

Requested 
No. (wt %) Tube 

Blanks Feet Inches 

Battelle Alloys 

2 9 2 Ni-20 Mo-1 Nb-1 Ti-0.80 
Mn-0.12 C 

8-2897 

6-2898 

8.2899 

8-3275 

B-3276 

6-3277 

8-3278 

T-23011 

T-23012 

T-23013 

T-23014 

T-23015 

40 1 

2 

0 0 

2 

1 

2 

0 0 

43 1 

69 1 

76 2 

80 1 

0 0 

Ni-20 Mo-1 Nb-2 Ti-0.80 
Mn-0.12 C 

4 19 6 One tube blank s p l i t  on 

tube reducer 

Two tube blanks sp l i t  on 

tube reducer; t w o  s p l i t  

on draw bench 

Ni-20 Mo-1 Nb-0.80 
Mn-0.20 C 

4 0 0 

2 26 3 

Ni-20 Mo-7 Cr-2 Nb-1 
Fe-0.80 Mn-0.12 C 

2 11 4 One tube blonk s p l i t  on 

tube reducer 

2 27 6 

Ni-20 Mo-7 Cr-2 AI-0.80 
Mn-0.12 C 

2 0 0 Both tube blanks s p l i t  

on tube reducer 

INCO Alloys 

2 11 11 Ni-15 Mo-5 Cr-3 Nb-3 
W-0.5 AI-0.02 C 

1 12 0 

3 27 6 Ni-15 Mo-3 Nb-3 W-0.5 
AI-0.02 C 

Ni-15 Mo-1.5 Ti-1 
AI-0.02 C 

1 7 4 

2 0 0 Both blanks failed on 

tube reducer 

*Per cent yield after conditioning tube blanks. 
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n 

Fig.158. Longitudinal Section of Tube Blank of A l loy 2898 Showing Crack Propagation Along Carbide 
Stringers. Etchant: chrome regia. 

were for tube blanks and one was for rod  fabri- 
cation. The rod extrusions were for ro l l ing  into 
0.065-in. s t r ip  for the preparation of test  speci- 
mens for strength evaluation. The in i t ia l  tube- 
blank-extrusion experiments invo lv ing one b i l le t  
of each composition met wi th  l i t t l e  success. When 
a fast  extrusion rate was used, the alloys.demon- 
strated the hot-short tendencies of Hastel loy B, 
wi th  the exception of a l loy T-23013, 15% Mo-3% 
N b - Z  W-0.5% Al-78.5% Ni. The results of this 
in i t ia l  experiment are presented in  Table 57. 

Before the remaining b i l le ts  of these a l loys were 
extruded, the results obtained i n  the fabrication o f  
Hastel loy W at a slow extrusion rate were suf- 
f ic ient ly  favorable to  prompt an alterat ion i n  the 
extrusion conditions for the special compositions. 
Two bi l lets, T-23012 and T-23014, were extruded 
slowly at  220OOF wi th  a Y4-'in.-dia mandrel a t  an 
extrusion rat io  of 5.4:l. Both a l loys responded 
satisfactori ly, but the mandrel broke wi th in  the 
tube blank i n  each case. With a decreased rate of 

extrusion, the b i l le t  remained i n  contact wi th  the 
mandrel for an excessive length of time, and the 
resultant overheating o f  the tool caused a sub- 
seqwnt  decrease in i t s  ult imate strength. The 

ut i l izat ion of a 1-in.-dia mandrel al leviated th is  
problem. The f inal results of slow extrusion of 
these a l loys at  220OOF are presented i n  Table 58. 
Extrusions 1 through 5, shown i n  F ig .  156, are 
representative of the good tube blanks obtained 
from these special compositions. 

The results of processing the tube blanks of the 
INCO compositions to  0.50O-in.-OD, 0.035-in.-wall 
tubing by the Superior Tube Co. are tabulated in  
Table 56. For the most part th is  l imited amount of 
data indicates that these compositions are amend- 
able to  tube-producing practice, wi th  oneexception: 
a l loy T-23015 wi th  0.25% C could not be success- 
fu l l y  tube reduced. 

Requests have been made for the construction of 
thermal-convection loops from the various lengths 
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TABLE 57. NOMINAL COMPOSITIONS AND RESULTS OF PRELIMINARY ATTEMPTS TO EXTRUDE 
SPECIAL ALLOYS PREPARED BY THE INTERNATIONAL NICKEL COMPANY 

Extrusion ratio: 5.4:l 
Mandrel size: $-in. diameter 

Extrusion Composition (wt %) 
Alloy Temperature 

(OF) 
No. Mo Cr W Nb AI T i  C Ni 

Results 

T-23011 15 5 3 3 0.5 73.5 2060 Extruded tube blank shattered 

T-23012 17 0.5 82.5 21 75 Extruded tube blank shattered 

T-23013 15 3 3 0.5 78.5 2100 Good tube blank obtained 

T-23014 15 1 1.5 82.5 2010 Press stalled 

T-23015 15 3 3 0.5 0.25 78.25 2080 Tube blank crocked on the inside 

TABLE 58. RESULTS OF THE FINAL EXTRUSIONS 
O F  SPECIAL ALLOYS PREPARED BY THE 

INTERNATIONAL NICKEL COMPANY 

Mandrel size: 1-in. diameter 

Number of 
Alloy Extrusion Extruded Successful 

Extrusions No. Ratio Shape 

T-23011 

T-23012 

T-23013 

T-23014 

T-23015 

T-230 1 1 

T-23012 

T-23013 

T-230 14 

T-23015 

7: 1 

7: 1 

7: 1 

7: 1 

7: 1 

6.25: 1 

6.25: 1 

6.25: 1 

6.25: 1 

6.25: 1 

Tube blank 

Tube blank 

Tube blank 

Tube blank 

Tube blank 

Rod 

Rod 

Rod 

Rod 

Rod 

2 

1 

2 

1 

2 

1 

1 

1 

1 

1 

of tubing prepared from the four other composi- 
t ions i n  order that these compositions can be 
evaluated for corrosion. 

Hot  ro l l ing o f  the extruded rods was only moder- 
ately successful. The  ro l l ing temperature was 
varied between 1925 and 21OO0F, and the sched- 
uled reduction was approximately 10% per pass. 
In general, the lower temperature proved t o  be 
more satisfactory for minimizing edge cracking. 
Each a l loy was hot-rolled t o  0.250-in. strip, 
pickled, annealed at  205OOF for 1 hr, and cold- 

f inished t o  0.065-in. strip, wi th  an intermediate 
anneal a t  205OOF for 4 hr. F ina l  annealing of 
each a l loy was scheduled to  y ie ld  a grain size of 
ASTM 6-7. A l loy  T-23015 edge-cracked severely 
during hot rol l ing. The other alloys, for which 
edge cracking did not interfere wi th  the machining 
of sound test specimens, w i l l  be evaluated for 
strength. 

ORNL Compositions. - The basic n icke l -molyb 
denum a l loy  containing 15 to  20% molybdenum 
possesses corrosion resistance on a par wi th  that 
of Hastel loy B, better duc t i l i t y  and fabricabil ity, 
but poorer strength properties. Consequently, 
a l loy additions t o  the basic composition are re- 
quired for improving the strength properties. The 
elements being investigated as strengtheners are 
Ti, AI, W, Nb, Cr, Fe, and V. In order to  deter- 
mine the effect of these elements individual ly on 
corrosion resistance and i n  order t o  establ ish the 
maximum quantity of each element that can be 
present without adverse effect on corrosion re- 
sistance, ternary a l loys have been prepared that 
contain 17 wt  % molybdenum, the elements l is ted 
below i n  the amounts shown, and the balance 
nickel.  

Element Quantity Added 
Added (wt %) 

Cr 3, 5, 7, 10 
W 2, 4 
T i  2, 4 
Nb 2, 4 
AI 2, 4 
Fe 4 
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Vacuum- induction heats of each composition 

were prepared in 3 6 l b  ingots. A small amount of 
carbon was added to each charge t o  bring the 
resultant carbon level to 0.06%. It was possible 
to machine three tube-blank extrusion b i l le ts  from 
each ingot for the fabrication of suff icient tubing 
to  make three standard thermal-convection loops 
for c orrosi on testing. 

The extrusion of tube blanks at  2150°F of the 
ternary a l loys which are l is ted in Table 59 pre- 

sented no unusual d i f f icu l t ies when a slow ex- 

trusion rate of q.1 in. of b i l l e t  length per second 
at  a rat io of 7:l  was used. One exception was the 
Ni-17% Mo-4% AI composition, which offered 
re la t i ve  I y h i gh res i stance to p last ic  de forma ti on. 

The y ie ld  of tubing from the redrawn tube blanks 
has been satisfactory, although no sound product 
was received from the 4% AI or 4% T i  al loys. A 
summary of these results i s  a lso shown in  Table 
59. Another attempt w i l l  be made to  fabricate 

TABLE 59. RESULTS O F  REDRAWING ORNL ALLOYS TO 0.500-in.-OD, 0,03Ein.-WALL TUBING 

Total Length 
Number of 

No. Blanks (%) Re que st  ed 
Remarks Yield* Loops 

Extruded of Tubing 
Re ce i ved 

Feet Inches 

Nominal Composition (wt %) Tub; 

30-1 

37A-1 

30-2 

43A-3 

30-6 

30-4 

30-7 

30- 17 

30-8 

30-18 

30-9 

30-19 

30- 10 

30-20 

30-1 1 

30- 12 

30-21 

30-13 

30-14 

30-15 

30- 16 

Ni-17 Mo-3 Cr-0.06 C 

Ni-20 Mo-3 Cr-0.02 C 

Ni-17 Mo-5 Cr-0.06 c 
Ni-20 Mo-7 Cr-0.02 C 

Ni-17 Mo-7 Cr-0.06 c 
Ni-17 Mo-10 Cr-0.06 C 

Ni-17 Mo-2 AI-0.06 C 

Ni-17 Mo-4 AI-0.06 C 

Ni-17 Mo-2 Ti-0.06 C 

Ni-17 Mo-4 Ti-0.06 C 

Ni-17 Mo-2 W-0.06 C 

Ni-17 Mo-4 W-0.06 c 
Ni-17 Mo-2 V-0.06 C 

Ni-17 Mo-4 V-0.06 C 

Ni-17 Mo-4 Fe-0.06 C 

Ni-17 Mo-3 Nb-0.06 C 

Ni-17 Mo-5 Cb-0.06 

Ni-16 Mo-1.5 Ti-1 
AI-0.06 C (INOR-3) 

Ni-16 Mo-1.5 Ti-2 
AI-0.06 C (INOR-4) 

Ni-15 Mo-2 Nb-2 
W-0.06 C (INOR-5) 

Ni-16 Mo-5 Cr-1.5 
Ti-1 AI-0.06 C (INOR-6) 

3 

1 

3 

1 

2 

2 

3 

2 

3 

3 

3 

3 

3 

3 

3 

3 

-3 

3 

3 

2 

3 

30 

a 
36 

8 

23 

21 

34 

0 

31 

28 

31 

34 

33 

32 

29 

31 

35 

33 

32 

10 76 

2 69 

3 81 

4 73 

7 

6 81 

2 

0 0 

5 

2 0 

7 

1 

4 

2 

1 

3 

1 

2 

2 

3 

0 Both tube blanks s p l i t  

3 

0 Tubing cracked 

3 

3 

3 

7 

9 

4 

10 

10 

3 

3 

3 

Processing incomplete 

3 

3 

Process i ng incomplete 

0 3 

*Per cent yield after conditioning of tube blanks. 
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tubing from an ingot of Ni-17% Mo-4% AI which 
has been received from the Superior Tube Co. 

Tubes 7 and 8 of F ig .  156 are representative of 
the extruded tube blanks of the ternary al loys. 
These particular samples are a l loys bearing 
chromium, which i s  a desirable addit ion for im- 
parting oxidation resistance to  the base composi- 
t ion, Previous tests of chromium-bearing nickel- 
molybdenum al loys in  fuel mixture No. 30 indi- 
cated that chromium additions in  excess of 5% 
decreased corrosion resistance; however, a t  least 
7% chromium is  required to  make the a l loy resist- 
ant t o  oxidation. 

In addit ion to  the ternary alloys, 36-lb vacuum- 
induction melts of the INOR-3, -4, -5, and -6 
compositions were prepared and extruded into 
tube blanks. These a l loys have the same com- 
posit ions as the production-size heats prepared by 
the Internotional N icke l  Company. 

In a l l  extrusion experiments carried out t o  date, 
d i f f i cu l ty  was encountered occa siona I I y w i th  
b i l le ts  that fai led to extrude to completion. This 
trouble was attributed t o  excessive ch i l l i ng  of the 
b i l le ts  by the cold ram a t  the slow extrusion rates 
being used. Therefore, a new b i l l e t  was designed 
that has mild-steel nose and ta i l  plates tack 
welded to  it. It was expected that the plates would 
a l low the b i l l e t  to  start through the die more 
easily, as wel l  a s  t o  transfer the ch i l l i ng  action 
by the ram t o  a more eas i ly  extruded material. The 
mi ld  steel i s  cropped from the tube blank after 
extrusion. Steel washed back on the outside sur- 
face of the tube i s  machined of f  before the tube 
blank i s  reduced to  tubing. 

Improved lubrication of the b i l l e t  was obtained 
by coating the container of the press, as we l l  as 
the mandrel, w i th  Necrolene grease prior to  each 
extrusion. Low-melting Fiberglas mats are a lso 
placedaround the hot b i l le ts  as they are introduced 
into the extrusion press. Th is  lubrication practice 
has resulted i n  lowering the pressure required for 
the extrusion of these materials. 

Production of Commercial-Size Heats of Special 
A l loys by International N icke l  Company 

In  order t o  gain production experience wi th  
special nickel-molybdenum-base alloys, the Inter- 
national N icke l  Company has prepared 4800-lb 
heats of  s i x  a l loys which, according t o  experience 
a t  INCO, should possess elevated temperature 
strength superior t o  that of Inconel. The status 
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of these al loys i s  indicated i n  Table 60. Material 
from each composition has been submitted to  New 
England Materials Laboratory and Rensselaer 
Polytechnic Inst i tute for stress-rupture test ing and 
weldabil i ty studies, respectively. It has been 
requested that the material of each composition 
remaining for processing be fabricated in to seam- 
less tubing, plate, sheet, wire, and rod for carrying 
out a complete evaluation program on each al loy. 
One composition, heat Y-8198, was not forged 
successful ly during in i t ia l  ingot breakdown, and, 
as a result, the material that remains i s  only suf- 
f icient for fabricating a small amount of plate and 
sheet product. 

Consumable-Arc-Melting Experiment 

As  indicated previously, ’ arrangements were 
made wi th  Battel le Memorial Inst i tu te  for the 
preparation of arc-melted ingots of nickel, Hastel- 
loy B, Hastel loy W, a 76% Ni-17% Mo-7% Cr 
alloy, and an 83% Ni-17% Mo alloy. The melts 
were to be made by the consumable-electrode 
process so as to  take advantage of the high arc 
temperatures for vaporizing “tramp” elements i n  
an effort to  improve the strength and fabricabi l i ty 
of these alloys. Electrodes of the f i rs t  three 
a l loys were supplied to  Bat te l le  i n  the form of 
extruded rods. The special nickel-molybdenum 
al loys were prepared by vacuum melting, and the 
electrodes were fabricated by threading together 
extruded rods of the material. 

The electrodes have been melted and returned to  
ORNL for evaluation. Suitable test  specimens w i l l  
be fabricated from the ingots i n  order t o  determine 
whether arc melt ing i s  instrumental i n  improving 
the properties of these al loys. 

O X I D A T I O N  OF H A S T E L L O Y  B 

H. lnouye J. E. Spruiell 

It was reported previously2 that oxidation of 
Hastelloy B in air a t  150OOF was not excessive. 
When the a l loy was thermally cycled from 15OOOF 
to below about 66OoF, however, the rate was in- 
creased by an order o f  magnitude as a result of 
spal l ing o f  the protective NiMoO, scale from the 

IT.  K. Roche and H. Inouye, Met. Serniann. Pmg. 

’H. Inouye, and J. H. Coobs, A N P  Quai. Prog. R e p .  

Rep. April 10, 1956, ORNL-2080, p 124, esp 125. 

Dec. 10, 1954, ORNL-1816, p 103. 
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TABLE 60. STATUS OF 4800-lb HEATS OF INCO ALLOYS 

Chemical Analyses 

Amount (75) 
Heat No. 

Ni Mo Cr A I  T i  W C b + T a  C Mn Fe S Si  Cu 

Y-8195 78.44 20.29 0.01 0.47 0.28 0.002 0.47 0.02 
Y-8197 76.72 16.17 5.28 0.04 0.54 0.69 0.002 0.52 0.02 
Y-8196 79.86 16.11 1.08 1.62 0.01 0.53 0.18 0.001 0.57 0.02 
Y-8198 77.83 16.97 1.96 1.68 0.01 0.49 0.49 0.001 0.53 0.02 
Y-8200 78.59 13.15 5.30 2.69 2.15 0.10 0.94 1.66 0.002 0.68 0.02 
Y-8199 74.01 16.01 5.30 1.15 1.69 0.02 0.57 0.59 0.003 0.62 0.02 

Material Sent to: 
Material Processed 

Total  Scrap New England Mater ia ls Rensselaer Polytechnic 

Heat No. Weight Cross Length Weight Weight L a  borator y lnst  i tute 
Section 

Feet Inches ( Ib)  ( Ib)  Diometer Length Weight Diameter Length  Weight 

(in.) ( f t )  (Ib) (in.) ( f t )  (Ib) 
(Ib) (in.) 

Y-8195 
(I NOR- 1) 

Y-8197 

(INOR-2) 

Y-8196 

(INOR-3) 

Y-8198 

( I N 0  R-4) 

Y-8200 

(INOR-5) 

Y-8199 

( IN 0 R-6) 

4720 4 x 6 

894 (dio) 

8% (dia) 

4614 3 x 3  

3 x 3  

8% (dio) 

8% (dia) 

4621 4 x 5  

3 x 3  

8 %  (dia) 

4370 3 x 3  

4469 3 x 3 

3 x 3  

8% (dia) 

8% (dio) 

4557 3 x 3 

8$ (dia) 

8% (dia) 

15 

3 

28 

16 

3 

3 

3 

36 

34 

2 1404 2495 1; 26 21 !7 13 10 

20 390 

10 400' 

106 2585 '/2 44 36 20 12 7 
'1 6 

890 

31 585' 

10 400' 

26 21 1152 3095 \ 49 40 1; 

113' 4195d )2 5 1 h  41 )2 26 20 

113 

10 200b 

26 16 7 
102 2250 \ 54F2 41 '1 6 

1175 

25 485 

10 400' 

1095 2665 23 F2 18 y2 11 9 

30 570 

10 20Ob 

aExtrusion b i l l e t s  - two pieces. 

=B i l l e t  sp l i t  on one end. 

bExtrusian b i l l e t  - one piece. 

dB i l le ts  sp l i t  on forging. 
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- -  
metal surface. This spal l ing i s  caused by a phase of tungsten carbide and Hastel loy C powders hot 
transformation in the  NiMoO, layer at about 660OF. pressed to a density of 12.0 g/cm3. 

The oxidation of Hastelloy B in  stat ic air has A preliminary report enti t led “Shield Plug for 
now been investigated a t  1200, 1400, 1600, and ART Impeller Pumps” has been published as 
180OOF. Data were obtained for mechanically ORNL CF-56-8-40, which gives a fa i r ly  complete 
polished specimens exposed to  air a t  the various 
temperatures for 168 hr. The increases i n  the c 

specimen weights were determined a t  frequent 

account o f  the development work involved. 

intervals in order to obtain oxidation-rate curves. 
The total increases i n  weight of the specimens 
during the tests at the various temperatures are 
shown in  Table 61. The curves o f  weight gain vs 
time were parabolic a t  a l l  test  temperatures, and, 
thus, the oxide scale appears to  be protective. 

The oxidation rate of the a l loy  a t  12OOOF is  
very low, and the superficial scale which forms 
does not spall upon cooling. Preliminary x-ray 
data show that th is  scale is  pr inc ipa l ly  NiO. 

Thus far in  these studies of the oxidation char- 
acter i s t i  cs of nicke I-molybdenum a I loys, evidencg 
has been found that the formation of NiMoO, de-? 1 pends upon the molybdenum content. However, it 
formation may a lso be a function of temperature,, 
as indicated i n  the tests described above. 

7 

S H I E L D  P L U G  F O R  A R T  P U M P  

J. P. Page J. H. Coobs 

It was previously proposed that the shield plugs 
surrounding the pump-impeller shafts on the ART 
incorporate three separate shielding materials, 
including a thin d isk of neutron-shielding material, 
a d isk  o f  zirconia for thermal shielding, and a 
high-density, low-conductivity cyl inder for gamma 
shielding. Since no standard materials would 
f u l f i l l  the desired properties, several ZrO, bodies 
were prepared and their thermal conductivi ty was 
determined, and a suitable gamma-shielding ma- 
ter ia l  was developed which consisted o f  a mixture 

H I G H - T E M P E R A T U R E  USE 

M. R. D’Amore J. H. Coobs 

Neutron Shield for the ART 
The neutron shield for the ART incorporates a 

double layer of boron-containing materials which 
have a total boron density of a t  least 1.2 g/cm3. 
A Cu-B,C layer 0.100 in. th ick i s  used nearest 
the neutron source to  minimize radiation damage to 
the second layer, which consists o f  B,C t i les  
0.265 in. thick. 

Clod Cu-B4C. - The Allegheny Ludlum Steel 
Corp. i s  being considered as a potential supplier 
of the Cu-B4C (6.6% B4C) shield material. Th is  
material i s  ro l l -c lad w i th  type 430 stainless steel 
and has a to ta l  thickness of 0.100 in. 

A p la te approximately 7% x 23 x 0.100 in., 
fabricated by Allegheny Ludlum, was evaluated. 
The evaluation included surface finish, radio- 
graphy, bend tests, tens i le  tests, thickness uni- 
formity, core density measurements, microstruc- 
tures, and clad-core bonding. No  pinholes were 
evident in the 10-mil-thick cladding stripped from 
the core material, although the surface f in ish on 
the cladding was rough. No segregation of the 
B,C or cracking of the core was observed, and the 
clad was wel l  bonded to  the core material. The 

I 

TABLE 61. RESULTS OF OXIDATION TESTS OF HASTELLOY B EXPOSED T O  STATIC AIR FOR 168 hr 

Number T e s t  Temperuture Average Tota l  Weight 

of Tests  ( O F )  Gain* (g/cm2) Remarks 

1200 

1400 

1600 

1800 

0.00031 

0.00095 

0.0025 

0.0095 

Oxide did not spall on cooling 

Oxide spalled on cooling 

Oxide spalled on cooling 

Oxide spalled on coaling 

*Weight gain of lnconel in 168 hr a t  1500°F = 0.00004 g/cm2. 

n 



a radius of curvature of 9/1, and 2?!32 in., respec- 
tively, before fracture occurred. The plate tapered 
along the length from a maximum thickness of 
0.099 in. to a minimum thickness of 0.092 in. The 
dispersion o f  B4C part icles i n  the copper matrix 
was excel lent. The roam-temperature tensi le 
strength for the material i s  tabulated in  Table 62. 

The tens i le  specimens were punched out wi th  a 
blanking d ie  and were 5 in. long, wi th  a 2-in. gage 
length. The as-punched tensi le specimen showed 
no elongation and failed at the y ie ld  point of the 
material. Specimen 4 was prepared by stripping 
the c lad from the Cu-B,C core prior t o  punching 
the specimen. 

B,C T i les .  - Sample t i les  o f  B4C-base material 
submitted by the Norton Company and The Car- 
borundum Company were evaluated for possible 
use i n  the outer layer of the neutron shield. These 
t i les  w i l l  be held in  place in  the shield by use of 
metal cans, t o  eliminate possible sh i f t ing of 
fragments result ing from radiat ion damage. 

Two sets of four sample t i les  each were re- 
ceived from The Carborundum Company. The 
t i les  were bonded wi th  s i l icon and fabricated by a 
casting and sintering process. Radiographs of the 
f i rs t  set o f  four t i les  revealed large voids. The 
macroporosity was eliminated i n  the second set of 
t i l es  by a revision in  the manufacturing process. 
The boron density o f  the eight t i l e s  as determined 
by chemical analysis varied between 0.889 and 
1.15 g/cm3. The minimum boron density o f  1.26 g 
of boron per cubic centimeter specif ied for the 
ART t i les  appears d i f f i cu l t  to achieve in  a cast 
and sintered B,C-SIC ti le. 

The Norton Company submitted t i les  of both 
technical-grade and high-purity B,C, hot-pressed 
to  densit ies of 1.9 t o  2.34 g/cm3. A high-purity 
B,C t i l e  with a density of 2.0 g/cm3 was found by 
analysis t o  contain 1.48 g of boron per cubic 
centimeter. No  voids or foreign part icles were 
detected i n  any of the hot-pressed t i les .  

Representative specimens cut from sample t i les  
submitted by each company were irradiated in  the 
LlTR for a six-week period. A cursory examina- 
t ion  of the irradiated specimens indicates that the 
two materials have equivalent resistance to  radia- 
t ion damage a t  exposures of less than 3% burnup 
of B'O atoms. No volume change or cracking of 
the specimens was observed, nor was any gas 
evolution detected during irradiat ion of either 
material. 

Since the hot-pressed t i l e s  are preferable be- 
cause of their higher boron density, and no other 
signif icant difference i n  properties i s  evident, the 
contract for production of the t i l e  bodies was 
awarded t o  the Norton Company. 

Boride Dispersions in a Meta l l ic  Matrix 

Dispersions o f  BN and CaB, part icles in iron 
and n icke l  were investigated as poss ib le  substi- 
tutes for Cu-B4C. Compacts containing 21 vo l  % 
CaB, dispersed in  iron and those containing 30 
vo l  % BN dispersed i n  n icke l  were successful ly 
fabricated by r o l l  cladding of pressed and sintered 
powder cores. The plates were sectioned and the 
CaB,-Fe and BN-Ni cores were examined for 
evidence of reaction by x-ray dif fract ion techni- 
ques. A reaction had occurred in the CaB6-Fe 

TABLE 62. ROOM-TEMPERATURE STRENGTH OF T Y P E  430 STAINLESS-STEEL-CLAD Cu-B4C 

Yield Strength Tensile 
Strength Elongation Orientat ion Condition (psi), Specimen 

(% in 2 in.) Number 0.2% Offset (psi) 

1 Transverse to rolling direction As punched 24,500 24,500 0.0 

2 Transverse to rolling direction Annealed 20 min 20,000 31,200 5.6 

at 165OoF 

3 Parallel ta rolling direction Annealed 20 min 19,900 34,000 7.5 

4 Core material unclad; trans- Annealed 20 rnin 15,100 21,400 3.5 

at 1650°F 

verse to rolling direction at 1650'F 



material during the fabrication process, result ing 
in formation of Fe,B. No reaction was detected 
between BN and nickel, confirming the compati- 
b i l i t y  test results far th is  material reported i n  
ORNL-2012. Clad specimens of both materials 
have been prepared for irradiation test ing i n  the 
LITR. 

Combinations o f  CaB,-Ni and BN-Fe were a lso 
investigated; CaB,-Ni compacts formed a l iqu id  
phase a t  l&DO°F during sintering. No react ionwas 
observed between BN and iron. However, dif- 
f icu l t ies i n  fabrication were experienced, and work 
on BN-Fe was discontinued i n  favor of the BN-Ni 
compositions. The BN-Ni cermet appears attrac- 
t i ve  as a high-temperature shield material, since it 
i s  eas i ly  fabricated and the components are com- 
patible at  200OOF for long periods. 

Boron Steels 

The study of boron steels for use in  a compres- 
sion r ing between the beryl l ium reflector and 
support strut r ing was continued. 

The tens i le  strength a t  130OOF of an as-cast 
a l loy containing 0.75% B was 14,775 psi w i th  no 
elongation. B i l le ts  of the al loy were extruded 
into rod at  19OO0F, using an extrusion rat io of 
6.5:l with no d i f f icu l ty .  Tensi le  specimens w i l l  
be machined from the wrought material todetermine 

the effect of hot working on the mechanical proper- 
t ies o f  the al loy. 

The compatibi l i ty of 1 and 3% B-Fe al loys and 
lnconel was determined a t  13OOOF. Diffusion 
couples were prepared by hot ro l l ing composites 
of the two materials a t  1900OF. Metallographic 
observation of the lnconel and B-Fe a l loy inter- 
face revealed that no d i f fus ion of boron into the 
lnconel had occurred during the hot-rol l ing opera- 
tion. Examination o f  dif fusion couples after 500hr 
at  13OOOF showed that layers 1 t o  1.5 mi ls  thick 

in  the 1% B-Fe a l loy and 0.5 mi l  th ick  in  the 
3% B-Fe a l loy were depleted in  boron, indicating 
that dif fusion of boron from the boron steels is 
not serious a t  this temperature. 

Radi ation-damage specimens were fabricated 
from a boron-stainless steel a l loy  for test ing in 
the LITR and MTR. The composition of the a l loy 
i s  bas ica l ly  type 304 stainless steel, w i th  the 
n icke l  content increased to  about 14% and a boron 
addit ion o f  1.07%. The boron addit ion to the melt 

3H. lnouye and M. R. D’Amore, ANP Quar. Prog.  R e p .  
Dec. 10, 1955, ORNL-2012, p 162. 

contained 84.6% B’O and 15.4% B”. The speci- 
mens w i l l  be irradiated both unstressed and 
stressed a t  500 psi, a t  temperatures from 1300 to  
170OOF i n  the LITR, and at  160OOF in the MTR. 

Recent work4 by other investigators has re- 
vealed low duct i l i ty  in  boron-containing stainless 
steels after irradiation. In view of these results 
the feas ib i l i ty  of using a duplex r ing composed of 
lnconel and clad Cu-B4C was investigated. How- 
ever, the compressive creep strength of the Cu-B4C 
was insuff icient for the required load. Present 
plans are t o  bu i ld  up the ring w i t h  a number of 
canned B4C ti les. 

Miscellaneous Investigations 

The electrophoretic deposition of uniform copper 
coatings on B4C t i les  was investigated by The 
Vi t ro  Mfg. Co. Th is  method of coating was pro- 
posed as an alternate means o f  preventing diffu- 
sion of boron from the t i les  and for confining 
fragments of t i l es  produced by radiation damage. 

It was found that, by proper control of several 
variables, uniform, adherent copper coatings about 
5 mi ls  thick could be produced on ful l-sized t i les  
by deposition of cuprous oxide, fol lowed by sinter- 
ing in a mixture of argon and hydrogen. A f inal 
report on th is  investigation, enti t led “Boron Con- 
to in ing Coatings,” No.-V-2059-2-0, was recently 
published by Vitro. 

C R E W-COMPARTMEN T SHIELD IN G 

R. E. McDonald 
Pratt & Whitney Aircraft 

Work was continued on protective coatings and 
claddings for the 20% Li-80’% Mg al loy proposed 
for crew-compartment shielding. A technique was 
developed which produces a bright surface, using 
a two-step treatment wi th  concentrated phosphoric 
acid and acetone. The surface produced tarnished 
sl.ightly when exposed to air but i s  stable at  3OOOC 
and for long periods at lower temperatures. Using 
specimens with surfaces prepared by th is  method, 
ro l l  cladding with 2s aluminum and AZ31 mag- 
nesium al loy was investigated. The 25 clad ma- 
terial produced a br i t t le  bond, while the AZ31 
a1 loy fai led to bond, even to i tse l  f. 

4J. J. Lombardo, Tens i l e  and Impact T e s t  R e s u l t s  
on Irradiated Boron-Stainless Steel, WAPD-SFR-F F-192 
(June 28, 1955). 



In order to further evaluate the mechanical 
properties o f  the 20% Li-80% Mg alloy, more sheet 
specimens were prepared. A 0.250-in.-thick sheet 
was mechanically cleaned o f  m i l l  scale and cor- 
rosion products, was given the phosphoric acid- 
acetone treatment, and was hot-rolled at 25OOC to 
a thickness o f  0.070 in. New specimens were 
machined from th is  sheet and kept under mineral 
o i l  unt i l  tested. Tensi le and stress-rupture data 
on new and o ld  batches are presented in Table 63 
for Comparison. It I S  evident that the cleaned and 
coated material from the new batch has consider- 
able more duct i l i ty  and longer rupture l i f e  than 
the original material. 

Fixtures are being designed to test the al loy at  
constant temperature, i n  a protective medium, 
without the f i lm produced by the phosphoric acid- 
acetone treatment. 

Powder metallurgy techniques were investigated 
as a different approach to the shielding-material 
problem, using dispersions o f  l i thium compounds 
i n  aluminum. L i th ium oxide was chosen as the 
l i thium source, being the most stable o f  the 
l i thium compounds and possessing the highest 
melt ing point. A mixture o f  50-50 vol % Li,O-AI 
powder was cold-pressed and hot-rolled i n  a 2s 

aluminum picture frame. Composite sheet produced 
by th is  method shows a continuous aluminum 
matrix, even distr ibution o f  the l i thium oxide, and 
good bonding. This  volume per cent results in  
20 wt  % Li in  the core and a l i thium density o f  
0.452 g/cm3, as compared with a l i thium density 
o f  0.288 g/cm3 in  the 20% Li-80% Mg alloy. Ratios 
o f  clad to core o f  1:2, 1:4, 1:6, and 1:8 were 
fabricated successfully. 

On the basis o f  the success o f  the L i20-AI  
composite sheet, Li,O-Mg was investigated. This  
combination would produce lighter sheet and a 
higher per cent l i thium for a given volume per cent. 
The picture frame was made from AZ31, because 
M-1 alloy was not available. No solid-phase 
bonding with AZ31 could be obtained. The Li,O- 
Mg compact and AZ31 interface was britt le, and 
the finished sheet was cracked throughout. 

Possible techniques for ro l l  cladding the 20% 
Li-80% Mg al loy were investigated further. As 
reported earlier, aluminum forms a br i t t le  inter- 
metal l ic compound wi th  the alloy, and thus alumi- 
num-clad sheets have no ducti l i ty. In an effort 
to overcome th is  dif f iculty, n icke l  foil was used 
as a dif fusion barrier, and some bonding resulted. 
Further work with nickel and other barrier materials 
i s  contemplated. 

TABLE 63. TENSILE AND STRESS-RUPTURE DATA FOR 20% Li-80% Mg ALLOY 

Average Tens i le  Average Y ie ld  

Elongation (X) Strength* (psi)  Strength (psi)  
Specimen Temperature 

Old batch 

New batch 

Old  batch 

New batch 

Room 

Roam 

200' F 

200' F 

35 

. 48 

45 

94 

12,500 

12,775 

3,000 

3,200 

11,230 

10,650 

2,970 

2,940 

Rupture Data*  
Specimen Coating 

Elongation (%) Rupture L i f e  (hr) 

Old batch None 

Grease 

HN03 dip and grease 

N e w  batch Phosphoric acid- 

acetone and grease 

48 

90 

100 

32 

125 

315 

220 

1050 

Grease 35 566 

* A l l  tests at  room temperature and 3000 psi. 
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T U B U L A R  C O N T R O L  RODS 

M. R. D'Amore 

The feas ib i l i ty  study on extrusion of undersized 
control rods was continued. A simulated control- 

rod b i l le t  consisting o f  a type 316 stainless steel 
can with a core composed o f  34 vol X AI,O, (to 
simulate Lindsay oxide) i n  nickel powder was 
extruded at  21500F to a l\- in.-OD x t - i n . - I D  tube. 
The b i l l e t  was designed to determine the feasibi l i ty 
o f  ( 1 )  extruding thin (-0.050-in.-thick) inner and 
outer cladding on control-rod cores and (2) pre- 
paring cores by tamping the loose powder mixture 
into the b i l le t  cans. 

Evaluation o f  the extruded tube showed that the 
cladding thickness was satisfactory. However, 
tamping of the loose powder does not appear 
promising as a core preparation method. Transverse 
sections o f  the extruded tube revealed the core 
cross section to be fairly uniform except in one 
area. This nonuniform area can be attributed to 
the sintering and concomitant shrinkage o f  the 
core during the preheat operation, which can result 
in  the fol lowing effects: 

1. A longitudinal crack can develop i n  the core 
due to shrinkage around the inner clad layer. 

2. A void area can form between the core and 
the outer clad which causes buckl ing o f  th is  layer 
during extrusion. 

Either effect w i l l  result in  a nonuniform core in 
the extruded tube. 
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0.08 - 
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5 
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I 

0.05 

0.04 

0.03 

142 

A Hastel loy X b i l le t  containing a hot-pressed 
core o f  30 wt % Lindsay oxide (balance nickel) 
has been prepared for extrusion. 

Tensi le  specimens are being machined from 
plates o f  30 wt % L indsay oxide (balance nickel) 
cermet clad with Inconel, which were fabricated 

by hot ro l l ing wi th  the picture-frame technique. 
The specimens w i l l  be used to investigate the 
effect o f  the L indsay oxide part icle size on the 
elevated-temperature tens i le  strength o f  the cermet. 
The oxide part icle sizes being investigated are in  
the fol lowing ranges: 1 to 3, 1 to 200, and 52 to 

The thermal conductivity o f  a 30 wt X Lindsay 
oxide (balance n icke l )  specimen was measured 
between 165 and 554OC, and the results are shown 
i n  graph form in  Fig. 159. The slopes and inter- 
cepts o f  the two l ines were calculated from test 
results, using the least-squares method. 

200 p. 

SEAMLESS T U B U L A R  F U E L  E L E M E N T S  

M. R. D'Amore 

Two three-ply tube blanks containing cores o f  
30 vol % AI,O, (to simulate UO,) dispersed in  
type 302-8 stainless steel were redrawn from 
1.0-in. OD x 0.125-in. wal l  to  0.187-in. OD x 0.015- 
in. wal l  a t  the Superior Tube Co. The inner and 
outer layers o f  the three-ply composites were type 
316 stainless steel. The finished tubing was 

CONFIDENTIAL 

0 50 100 450 200 250 300 350 400 450 500 550 600 650 700 750 800 
TEMPERATURE ('C) 

Fig. 159. Thermal Conductivity of 70% N i c k e l 3 0 %  Lindsay Oxide Specimen. 
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received and has been evaluated, along with 
samples taken at various stages in  the reduction 
schedule. 

The f i rs t  extruded tube, for which the core was 
prepared by hot pressing a mixture o f  -325 mesh 
AI,O, and stainless steel powder, exhibited tensi le 
fractures i n  the care after 30% total reduction. 
The finished tubing had severe fractures in the 
core. 

The second extruded tube blank was prepared 

by tamping the powder mixture into the b i l le t  can, 
using -105 +325 mesh A1,0, in type 302-B stain- 
less steel. Examination of  the redrawn tubing did 
not reveal any tensi le fractures i n  the core. How- 
ever, the relat ively large part icles of  AI,O, were 
fractured and tended to form stringers, f inal ly 
result ing i n  longitudinal cracking o f  the core as 
the total reductions increased. Radiographs o f  
the f inished tubing revealed the core fractures i n  
tube No. 1 but did not show the longitudinal cracks 
in  the core o f  tube No. 2. 

An evaluation report on the redraw properties 
and structure o f  th is  tubing i s  being forwarded by 
Superior Tube Co. The results w i l l  be correlated 
with our examination. 

I t  i s  evident from the evaluation o f  the redrawn 
tubing that the core containing the larger AI,O, 
part icles was stronger than the core with the fine 
AI,O, part icle dispersion. Tamping o f  a loose 
powder mixture into a b i l l e t  can appears to be a 
satisfactory method for preparing cores o f  30 vol % 
AI,O, dispersed i n  70 vol % o f  type 302-B stain- 
less steel. 

The study o f  f low patterns in three-ply extruded 
tubes containing cermet cores was continued, wi th  
the extrusion o f  two three-ply b i l le ts  to 1t-in.- 
OD x t- in.-ID tubes at  21500F. The b i l l e t  can 
material was type 316 stainless steel, and the 
cores were fabricated by hot pressing a powder 
mixture o f  type 304 stainless steel and 30 vol % 
AI,O,. A 29-deg taper was machined into the ends 
o f  the core o f  one b i l l e t  i n  an effort to el iminate 

core end defects i n  the extruded tube and thus 
improve material recovery. This  taper resulted in 
a s l ight  reduction in the length of the defect. 

The second b i l l e t  contained a core made i n  three 
sections to  determine whether nonuniform areas 
w i l l  appear at  the interface between core sections. 
The extruded tube i s  being sectioned for exami- 
nation. 

The Allegheny Ludlum Steel Corp. has extruded 
two 5%-in.-dia x 12-in.-long three-ply b i l le ts  con- 
taining cores o f  AI,O, in  stainless steel. The 
cores and b i l le t  can were fractured severely during 
extrusion. A third b i l l e t  was prepared wi th  cermet 
cores sintered at a higher temperature and was 
carefully welded to avoid cracking or leaks. 
Extrusion o f  th is  b i l l e t  was quite successful. 
Sections are being redrawn, and a ful l  evaluation 
w i l l  be reported later. 

NIOBIUM 

H. lnouye V. M. Kolba 
J. P. Page 

Evaluation of Arc-melted Niobium 

Evaluation o f  arc-melted niobium has been in i t i -  
ated. The object o f  th is  investigation w i l l  be to 
compare physical and mechanical properties of  
th is  material with niobium prepared by conventional 
powder-metal lurgy techniques. 

Macroetching o f  a section o f  an arc-cast and 
cold-worked ingot has revealed the large-grained, 
severely distorted structure typical o f  such a 
fabrication history. An attempt to cold ro l l  a 
section o f  the as-received \- in. p la te was termi- 
nated after two 3% passes, when some end cracking 
was noticed. 

The cracked ends were cut off, and the remaining 
material was annealed 1 hr a t  1100°C at a vacuum 
o f  2 x mm Hg. This  0.458-in.-thick section 
was then successfully co ld  rol led to a 10-mil 
strip, a reduction in thickness o f  about 98%. The 
hardness jumped from 160 VHN (2.5kg load) to 
190 VHN in the f i rs t  few passes, then climbed 
very slowly to  206 at  98% reduction in thickness. 
Samples were taken at  several stages in  the re- 
duction, sp l i t  into thirds, and annealed for \ hr 
at  850, 1050, and 115OOC i n  high vacuum. These 
w i l l  be examined. metallographically to determine 
the amount o f  reduction'necessary to produce fine- 
grained material after annealing. 

Nb-UO, 

Two batches o f  niobium powder made from 
wrought sheet were analyzed and were found to be 
somewhat contaminated. These powders were 
prepared by the hydriding o f  cold-rol led sheet, 
followed by crushing, leaching, and f ina l ly  vacuum 
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annealing to remove hydrogen. The analyt ical 
results are presented in Table 64. 

The Nb-3-C batch was chosen to make f ive 
Nb-30 wt % UO, compacts for sintering and re- 
act ion studies. The U02 used had previously been 
hi-f i red i n  a hydrogen atmosphere. The compacts 

were 82% dense as compacted and had good green 
strength. These compacts are being sent to  GE- 
ANPD for sintering at 2000°C. 

Attempts to secure high-purity powder from com- 
mercial sources have been unsuccessful. 

TABLE 64. ANALYSIS OF NIOBIUM POWDER 

Amount (%) 
Sample VHN 

O2 N2 H2 

hardness o f  the as-cast sample was R, 86. At- 
tempts to co ld ro l l  the as-cast material proved 
unsuccessful. A sample o f  the al loy was encapsu- 
lated and hot ro l led successfully a t  1050°C to a 
reduction o f  85%. Metallographic examination o f  
the hot-rolled structure revealed that the as-cast 
structure had not  been broken up during the ro l l ing  
process. The as-rolled hardness was R, 95. 

At present, vacuum-anneal ing tests are being 
conducted on the hot-rolled al loy a t  1100, 1200, 
and 1300°C to determine the recrystal l izat ion 
temperature o f  the alloy, after which further ro l l ing 
studies w i l l  be made. 

Nb-2-C 0.042 0.29 0.018 8.2 X 292 

Nb-3-C 0.103 0.18 0.019 5.8 X 179 

F A B R I C A T I O N  O F  H Y D R I D E S  

R. E. McDonald 

A survey o f  avai lable l i terature on the fabrication 1 
o f  hydrides has been completed, and the hydriding 
furnace and purif icat ion system being bu i l t  by the 
Ceramics Group are nearly ready. Yttrium and Nb-U Alloy 

A finger melt o f  an al loy o f  80% Nb-20% U was 
Segregation in the in i t ia l  casting was noted 

and their a l loys w i l l  be hydrided and 
and the compatibi l i ty o f  various barrier mode. 

but was reduced by subsequent remelting. The 1 materials w i l l  be studied. 
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HIGH-TEMPERATURE REACTIONS OF METALS AND CERAMICS 

G. P. Smith 

H I G H - T  E M P E  R A T  UR E S P E C  T R  0 P H O T O M E T R Y  H IGH -T E M P E R A T UR E N U C L E A R MAG N E T  IC 
C. R. Boston R E S O N A N C E  M E A S U R E M E N T S  

Absorption spectra of l iquids a t  ordinary temper- J. J. McBride 

atures have been used for several decades to  
measure the k inet ics of reactions in solution. In 
recent years s igni f icant advances have been made 
i n  the interpretation o f  u l t raviolet  and v is ib le  
absorption spectra of ions in  solut ion in  terms 
o f  electron energy states,’ so that it appears 
hopeful that such spectral data w i l l  prove useful 
in answering basic questions about chemical 
bonding in complex ions in solution. 

I n  order to extend measurements of absorption 
spectra to fused sal t  solutions, a high-resolution, 
recording spectrophotometer has been constructed 
i n  which the samples can be heated to  800°C 
under careful ly control led conditions. With th is 
instrument high accuracy is  obtained up  to  opt ical  
densi t ies of 3.5 over the spectral range of 200 
t o  800 mp a t  temperatures below 600OC. A t  higher 
temperatures the accuracy i s  somewhat less be- 
cause of the background of thermal radiation. This 
defect can be eliminated in  the short-wavelength 
region i f  i t  becomes necessary. 

Prel iminary measurements of absorption spectra 
have been made for molten si lver bromide in  the 
wavelength range 600-800 rnp and for s i lver bro- 
mide-rubidium bromide mixtures in  the wavelength 
range 450-800 mp. Three runs were made on pure 
si lver bromide by sealing of f  under vacuum a quartz 
opt ical  c e l l  containing- the previously .dehy-drated 
salt .  L igh t  paths, through solut ion were varied .by 
means of -sol id quartz spacers. The spectra were 
very reproduc.ible over periods o f  2 t o  3. hr a t  
500-600°C and after various temperature cycles. 

The  very important absorption bands in  the 
ul t raviolet  region . (200 t o  400 mp) were - n o t -  
measured because their aptica I density- exceeded. 
3.5 with the shortest-path lengths used (0.1 .mrn). 
Interpretation of the -spectra w i l l  have to’--be- 
postponed unti l ,  by using s t i l l  .shorter. path 
lengths, the ul t raviolet  absorption bands have 
been measured. . 

- .  

. . -  

A preliminary investigation into the use of 
nuclear magnetic resonance techniques as a means 
o f  elucidating some aspects of structure in  fused 
sal ts has been started. The work has had the 
continuing invaluable assistance of R. Liv ingston 
o f  the Chemistry Division, whose magnet and 
associated electronic c i rcui t ry w i l l  be used in  
the tests. 

The work to date has consisted pr incipal ly i n  
developing a furnace, RF coi l ,  and sample holder 
assembly which i s  electrostat ical ly and electro- 
magnetically shielded and therma I ly insulated, but 
s t i l l  small enough to  f i t  in a 1 $-in. magnet gap. 
Construction of a workable assembly, beset w i th  
many problems, i s  now close to  completion. When 
the  assembly i s  completed, nuclear magnetic 
resonance measurements w i  II be made on fused 
sodium hydroxide near i t s  melt ing point. It i s  
hoped that both a sodium and a proton resonance 
can be observed. 

F I L M  F O R M A T I O N  O N  M E T A L S  

J. V. Cathcart 

The investigation o f  the oxidation character- 
i s t i cs  of the a lka l i  metals has been continued with 
a series of oxidation-rate determinations for po- 
tassium a t  -50 and -2OOC.  As  in  previous ex- 
periments, the potassium specimens were in  the 
form of th in evaporated films, ond the rate measure- 
ments were made manometrically. The detai ls of 
the experimental procedure have already been 
reported.2 

Figure 160 shows an oxidation c w v e  for po- 
tassium a t  -5OOC. Th is  resul t  must be checked 
further, but  i t appears that potassium forms a 
h igh ly  protective oxide a t  th is temperature. (The 
term “protective oxide” refers to  an oxide formed 
under condit ions where the oxidation rate i s  a 
continual ly decreasing function of time.) At  

’See, for example, S. A. Shchukarev and 0. A. 2J. V. Cathcart, L. L. Hall, and G. P. Smith, T h e  
Lobaneva, Doklady Akad.  Nauk S.S.S.R. 105, 741 Oxidation Character i s t ics  of the Alkal i  Metals  I .  T h e  
(1955); R. Lacroix, Arch. S C Z .  ( G e n e v a )  8 ,  317-321 Oxzdation Rate o/ Sodium B e t w e e n  -79  and 48OC, 
(1 955). ORNL-2054 (May 22, 1956). 
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Fig, 160. Oxidation of Potussium a t  -50°C, Showing Protective F i l m  Formation. 

- 2 O T  (see F ig.  161) a large increase was ob- 
served in the average oxidation rate as compared 
wi th  that measured a t  -5OOC. As may be seen 
i n  F ig .  161, the oxidation rate, in i t ia l l y  very large, 
decreased sharply after a few minutes of oxidation, 
but after about 200 min began increasing again. 
Thus a t  -2OOC the oxide formed on potassium 
gradually transformed from a protective t o  a non- 
protective f i  Im. 

The pattern of oxidation behavior exhibited by 
potassium conforms wi th  that already established 
for sodium and r ~ b i d i u m . ~  Contrary t o  generally 
accepted theoretical predictions, none of these 
metals obey a l inear oxidation rate equation. 
A l l  three metals appear t o  undergo protective 
oxidation at  suff iciently low temperatures, but a t  
some higher temperature they form oxides which, 
although in i t ia  I ly protective, become nonpratective 
as the oxidation proceeds. Th is  transit ion occurs 
a t  a temperature between -50 and -2OOC for 
potassium, whi le  for sodium, which i s  less reactive 
toward oxygen than potassium, the transit ion was 
observed in the neighborhood o f  48OC. Rubidium 
i s  considerably more reactive than either po- 
tassium or sodium and does not form a completely 
protective oxide even a t  -79OC (the lowest 
temperature investigated); however, a comparison 
of the results obtained a t  -79 and -5OOC suggests 
that a t  a temperature sl ightly below -79OC pro- 
tect ive oxidation a lso occurs for rubidium. 

3J. V. Cathcart, Met. Semiann. Prog.  R e p .  Apri l  10, 
,1956, ORNL-2080, p 137. 
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No satisfactory explanation has ye t  been ob- 
tained for the observed oxidation characterist ics 
o f  the a lka l i  metals, and to  th is  end investigations 
o f  the composition and microscopic texture of the 
oxide f i lms formed on these metals are being 
undertaken. 

R E A C T I O N S  B E T W E E N  A L L O Y S  A N D  SODIUM 
H Y D R O X I D E  M E L T S 4  

G. P. Smith M. E. Steidl i tz 

Studies have been made of reactions between 
a l loys  and fused sodium hydroxide in  which rate 
processes i n  the so l id  a l loy played a prominent 
ro le  i n  the reaction mechanism. The a l loys 
studied were composed o f  nickel, which i s  rela- 
t i ve ly  inert toward sodium hydroxide melts, and 
one or two of the reactive metals iron, molybdenum, 
and chromium. The reactions a l l  consisted of the 
selective leaching of the reactive constituents, 
but the detai ls of mechanism differed for different 
kinds of al loys. These studies are described in  
a series of reports5 which are abstracted below. 

41n cooperation with E. E. Hoffman of the Corrosion 
Group. 

5G.  P. Smith, M. E. Steidlitz, and E. E. Hoffman, 
T w o - P h a s e  Corrosion Products  Formed in t h e  React ion 
B e t w e e n  F u s e d  Sodium Hydroxide and Inconel, ORNL- 
2129 (to be published); G. P. Smith and E. E. Hoffman, 
T h e  Act ion of Sodium Hydroxide Mel t s  on A l l o y s  of 
Nickel ,  Molybdenum and Iron a t  81J°C, ORNL-2131 
(Oct. 23, 1956); and G. P. Smith and E. E. Hoffman, 
Microstructures of Corrosion Products  Formed in  the  
React ion Between F u s e d  Sodium Hydroxide and Iron- 
Rich A l l o y s  of Iron, Chromium and N i c k e l ,  ORNL-2156 
(to be published). 
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Fig. 161. Oxidation of Potassium a t  -2OoC, Showing the Transit ion from Protective to Nonprotective 
Fi lms. 

A study was made of the reaction between 
lncone16 and sodium hydroxide melts over the 
temperature range 450 t o  815OC for times up to  
400 hr under blanketing atmospheres of hydrogen 
and helium. Both commercial Inconel and special ly 
prepared high-purity a l loys  were studied. 

It was shown that the reaction consisted of the 
selective- leaching of iron and chromium from their 
terminal sol id solut ion wi th nickel .  The reaction 
products, shown t o  be a mixture of oxides and 
sodium oxysalts, grew in  a network of  narrow 
channels which, starting from the hydroxide-metal 

6Norninal composi t ion:  78% Ni, 15% Cr, and 7% Fe. 

interface, penetrated along preferred paths into 
the underlying Inconel. These paths consisted 
o f  intergranular boundaries and certain crystal lo-  
graphic direct ions in  the transgranular regions. 

A photomicrograph of such a network i s  shown 
i n  F ig .  162 a t  a magnif icat ion of 1OOOX. Th is  
picture shows the early stages of network yrowth 
when the corrosion product i s  largely confined to 
intergranular regions. However, a number of very 
straight, narrow channels are to be seen pene- 
trat ing transgranular regions. 

I t  was found that the rate of advance of the 
corrosion-product network changed only by a small  
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Fig. 162. Corrosion-Product Network Formed in lnconel After Exposure t o  a Sodium Hydroxide Mel t  

for 100 hr a t  600OC. 

amount with increasing depth of penetration. It 
was deduced from th is  resul t  that the rate- 
control l ing process in  the corrosive reaction was 
local ized a t  the advancing ends of the network 
and that transport processes along the network 
exerted only a secondary influence. 

The volume of reaction product was much greater 
than the decrease in  volume o f  alloy, caused by 
the leaching of metal atoms from a l loy la t t ice 
sites, so that a considerable stress was local ized 
a t  the advancing t ips of the reaction-product 
network. Inasmuch as residual stress from prior 
cold work was found t o  increase the susceptibi l i ty 
of lnconel to  attack, i t  was proposed that the 
self-generated stress a t  advancing ends of the 
reaction-product network played an important role 
i n  loca l iz ing the rate-controll ing processes a t  
those sites. 

In  two-phase corrosion-product regions where 
the  reaction had substantial ly subsided, a grain 

coarsening occurred, probably under the influence 
of a decrease in  interfacial free energy. 

Studies were made of the reaction between iron- 
r i c h  a l loys of iron, nickel, and chromium and 
sodium hydroxide a i  815OC for 100 hr. The a l loys 
used were both commercial stainless steels and 
h igh-pur i ty a I loys. 

The reaction-product layer formed by the action 
of sodium hydroxide melts on these a l loys was 
structural ly similar t o  that formed on Inconel, 
described above, in that i t consisted of a network 
o f  channels, f i l l ed  with reaction product and 
located along preferred paths in a metal l ic matrix. 

Many of these reactions produced a substantial 
quantity of sodium which, during test, existed as 
a gas at  roughly 0.5 atm pressure over the hy- 
droxide melt. 
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Studies were made of the reaction between fused 
sodium hydroxide and high-purity, terminal so l id  
solution, nickel-r ich a l loys of nickel, molybdenum, 
and iron a t  815°C for 100 hr. The reaction mecha- 
nism was found to  involve the selective leaching 
o f  iron and molybdenum from their terminal so l id  
solut ion wi th  n icke l .  The result ing decrease in  
volume of the a l loy occurred by the formation of 
very elongated p i ts  rather than by a uniform 
decrease in specimen thickness. A cross section 
through such pits i s  shown in  F ig .  163. 

S E L F -D E C OM P OS IT ION 0 F F USE D 
H Y D R O X I D E S  

G. F. Petersen 

Studies of the self-decomposition of fused hy-  
d rox ides previous I y reported ’ are be in g continued . 
A t  present an apparatus is  under construction 
which should a l low a much greater accuracy of 
measurement. 

7M, E. Ste id l i t z  and G. P, Smith, ANP Qua?. Prog .  
R e p .  Dec. 10, 1955 ,  ORNL-2012, p 133. 

F i g .  163. Deep P i ts  Formed by the Reaction Between Fused Sodium Hydroxide and a n  A l l o y  Con- 

taining 70% Ni, 15% Fe,  and 15% Mo. 
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Zirconium a l loys have been found which w i l l  
form oxides that are comprised almost completely 
of a densely packed phase. The zirconium- 
niobium a l loys wi th  and without other additions 
have been examined fa i r ly  we l l  up t o  35% tota l  
a l loy  content. In  the higher part of this range 
(25-35%) the bulk a l loy oxides produced by a i r  
oxidation a t  1000°C contain over 95% of the 
orthorhombic compound 6Zr02.Nb,0,. 

The thin t igh t ly  adhering f i lm produced by low- 
temperature oxidation has been, to  date, mono- 
c l in ic  i n  phase structure, regardless of the a l loy 
studied. The improved corrosion resistance under 
irradiat ion conditions of a 15% niobium a l loy i s  
probably not related to  phase stabi l izat ion of the 
oxide f i lm. 

Subsize impact tests on Zircaloy-2 have fa i led to  
reveal any signif icant changes in  impact values 
as a resul t  o f  aging up t o  1500 hr a t  25OoC or to 
1000 hr a t  temperatures as high as 450°C. 

Procedures have been developed by which a 
flattened ring may be used as a preplaced root 
insert i n  inert-arc welding of A-55 titanium pipe. 
The quali ty i s  comparable to  that obtained by 
convent iona I f i I I er meta I techniques. 

If 6 AI-4 V t i tanium al loys are to  be used in  
c r i t i ca l  welded assemblies, it has been shown 
that they w i l l  have to  be given a post-welding heat 
treatment i n  order t o  have satisfactory mechanical 
properties. 

P H Y S I C A L  M E T A L L U R G Y  

M. L. Picklesimer G. 0. Wadsworth 
0. Zmeskal 

Morphology of Zircaloy-2 

A s  a part of the effort t o  determine the best ma- 
terial for a homogeneous reactor core tank, a 
metallographic study on the heat-treated structures 
of zirconium a l loys has been carried out. The 
a l loys which have been studied are Zircaloy-2, 
-2W, -3A, -38, and -3C and crystal-bar material. 
Conclusions on the temperature range of the alpha- 

structures a t  various temperatures, the preferred 
orientation, and the nature of the inclusions were 
presented in  the last  rep0rt. l  During th is  period, 
addit ional data have been obtained on Z i rca loy-2 
which w i l l  permit the fol lowing conc Iusions: 

1. Specimens of Zircaloy-2 which had been held 
at  840 and 86OOC for seven days and then water- 
quenched showed the same amount and the same 
distr ibution of the beta phase as the short-time 
(30 min t o  2 hr) specimens that had been prepared 
previously. Thus the phase boundary tempera- 
tures reported previously’ for the short-time speci- 
mens are va l id  for the “equil ibrium” conditions. 

2. Preferred orientation determinations (by x-ray 
dif fract ion) on Zircaloy-2 core tank material i n  the 
as-received condition and in the “randomized” 
heat treated condit ion (beta-quenched, cold-rolled 
20% reduction, and annealed a t  8OOOC for 30 min) 
showed that the as-received material had a very 
high degree of preferred orientation, w i th  l i t t l e  
or no duc t i l i t y  predicted for the direct ion normai 
t o  the p la te surface. The randomizing heat treat- 
ment resulted in a very-fine-grained material, 
ASTM No. 8 or smaller, wi th  a considerable ran- 
domization of the structure. The intensity peaks 
of the inverse pole f igure2 were moved approxi- 
mately 20 deg away from the (0001) pole,  and the 
value of the peak intensity was cut by a factor of 
2, indicating the probabil i ty o f  an increase i n  
duct i l i ty  i n  the direct ion normal to the plate sur- 
face, w i th  s t i l l  almost isotropic mechanical prop- 
ert ies in  the plane of the plate. Metallographic 
examination of specimens given the same heat 
treatment but wi th  reductions of 10 and 15% in- 
stead o f  20% has shown that these reductions 
result i n  a large grain size after annealing, 
ASTM No. 2 or larger, and that a cold reduction o f  
20% after beta-quenching i s  necessary to  give 
fine-gra i ned material. 

~ 

’M. L. Picklesimer and G. B. Wadsworth, Met. 
Semiann. Prog. Rep .  Apri l  10, 1956, ORNL-2080, P 145. 
2C. J. McHaraue, Met. Semiann. Prog. Rep .  April 10, 

plus-beta f ields, the rates of grain growth and - 1956,  ORNL-2080, p 211. 
- 
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Fig, 164. Macrograph 
Zircaloy-2 Plate. 

of Mu It ipass We Id in 

A multipass weld in Zircaloy-2 plate has been 
examined metallographically, and a hardness 
traverse of the weld has been made. A macro- 
graph of the weld i s  given in F ig.  164, the hard- 
ness traverse of the weld i s  shown in Fig. 165, 
and representative micrographs of areas o f  the 
weld and base metal are given in Figs. 166, 167, 
and 168. The base material had many long thin 
stringers i n  the plane of roll ing. In the heat- 
affected zone of the 
up into voids, Fig. 
defined fusion line, 

weld these stringers opened 
166, and there i s  no clearly 
except as shown by the dis- 

U N C L A S S I F I E D  
ORNL-LR-DWG 45670 
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Fig. 165. Hardness Traverse of Zirca loy-2 Weldment. 
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Fig. 167. Structure of Heat-affected Zone in 
Zircaloy-2 Weldment. Polarized light. 1OOX. 
Reduced 30%. 

Fig. 166. Structure and Stringers in  Fusion Zone 
of Zircaloy-2 Weldment. (a) Bright field. (6 )  Po- 
larized light. 50X. Reduced 29%. 

appearance of the stringers. Figure 167 shows 
the heat-affected zone from the essential ly un- 
affected, par t ia l ly  cold-worked base metal into 
an alpha recrystal l izat ion zone, into the alpha- 
plus-beta zone, and into the all-beta zone. The 
structure of the deposited weld metal i s  shown in  
Fig. 168. The structures shown in Figs. 166 and 
167 and the hardness traverse shown in  F ig .  165 
demonstrate th? very rapid change o f  structure and 
properties as the weld zone i s  approached. 

Zirconium A l loy  Development 

An a l loy development program has been started 
for the purpose of developing zirconium a l loys 
wi th  a corrosion resistance in  uranyl sulfate 
greater than that found wi th  Zircaloy-2. Th is  

Fig, 168. Structure of Deposited Weld Metal in 
Zircaloy-2 Weldment. Note large beta grains and 
basket-weave structure. Polarized l ight. 1OOX. 
Reduced 30%. 

program i s  coordinated wi th  the study o f  zirconium 
oxide f i lms. Corrosion tests  by the HRP Corro- 
sion Section on the prepared al loys have shown 
that thus far only the zirconium-niobium system 
has shown promise of improvement in  corrosion 
resistance. The efforts are now centered on trying 
to  increase the corrosion resistance of th is  system 
and t o  understand why it i s  more resistant. 

Crysta l - tar  and sponge-base zirconium a l loys 
containing Nb, Mo, Fe, To, Pd, and P t  as binary 
and ternary a l loy additions have been arc-cast as 
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100-g castings. The castings have been homo- 
genei zed, water-quenched, hot- or cold-rol led to 
strip, and cut into heat-treatment metallographic 
specimens. They have been given a variety of 
heat treatments ranging from a study of the ef- 
fects of quenching temperatures from 700 to 
1 100°C t o  aging the cold-worked and the quenched 
structures a t  temperatures from 300 to  8OOOC for 
times from 15 min t o  two weeks. Most of the work 
has been concerned with the 15% Nb al loys w i th  

Mol Pd, and Pt as ternary additions. D i f f i cu l t ies  
in etching procedure for satisfactory microstruc- 
tures prevented, for a considerable time, examina- 
t ion of the specimens held at 7OOOC and below. A 
recent development i n  etchants has f ina l ly  per- 
mitted examination o f  these specimens. The 
examinations are not complete, but a number of 
conclusions can be drawn from the work completed: 

1. All alloys containing up to  20% Nb wi th  and 
without ternary additions up to  5% do not show 
fu l l y  retained beta o n  water quenching from 8OOOC 
and above. A Widmannstatten pattern of markings 
of a second phase i s  always present. These 
markings have been tentat ively identi f ied as alpha 
zircon i urn. 

2. The addit ion of either 5% Pd or Pt to  zirco- 
nium w i l l  permit the retention of a completely 
beta structurewhen quenched from 8OOOC or above. 
The addition of 10% of either element causes the 
appearance of a second phase, not alpha zirconium, 
when the material i s  held at temperatures from 
800 to  llOO°C, wi th  the amount of the second 
phase decreasing wi th  increasing temperature. 
Tempering treatments below 8OOOC led to the 
conclusion that the eutectoid composition and the 
eutectoid temperature are near 5% and 7OOOC for 
both the Zr-Pd and Zr-Pt  systems. Decomposition 
of the retained beta occurred very rapidly at 600 
and 7OO0C, wi th  complete decomposition occurring 
in less than 1 hr a t  temperature. 

The examination of the specimens held below 
6OOOC has not been completed t o  an extent suf- 
f ic ient  for conclusions to  be drawn. 

Zirconium-Hydrogen Studies 

In a homogeneous reactor, under irradiat ion the 
solutions may decompose and I iberate hydrogen 
and oxygen. It i s  known that the addit ion of hy- 
drogen to  zirconium may result in  a br i t t le  al loy. 
This  study was undertaken to determine, f irst, 
whether hydrogen would be picked up by the zirco- 

.iium under reactor operating conditions and, 
second, what the effects would be i f  the hydrogen 
were picked up. Procedures for adding controlled 
amounts of hydrogen to zirconium and of identify- 
ing the phases have been developed and reported 
previously.’ It has a lso been shown that under 
equil ibrium condit ions the hydrides are found 
wi th in  the grains of crystal-bar zirconium and in 
the grain boundaries of the Zircaloy al loys. 

A number of crystal-bar zirconium and Z i rca loy-2 

specimens have been hydrided in the modified 
Sievert’s apparatus and step-cooled (lOO°C every 
30 min) or o i l -  or mercury-quenched from 900OC. 
Hydrogen contents from less than 5 to  1000 ppm 
H, have been used. O i l  and mercury quenching 
has been accomplished i n  the apparatus by putt ing 
the quenching medium in  the bottom of the speci- 
men tube, freezing and keeping frozen w i th  a 
l iquid-nitrogen bath un t i l  the hydrogen addit ion 
and desired heat treatment a t  temperature had been 
completed, removing the I iquid-nitrogen bath and 
permitting the  quenching medium t o  melt, and 
dropping the specimen into the quenching bath. 
With the use of mercury, extremely rapid rates of 
quenching may be obtained. Hydrogen contents of 
more than 130 but less than 250 ppm H, can be 
retained i n  supersaturated solut ion i n  crystal-bar 
zirconium (alpha) by quenching into mercury from 
600°C. Micrographs of crystal-bar zirconium con- 
taining approximately 500 ppm H,, step-cooled 
from 9OO0C, and mercury-quenched from 9OOOC are 
shown i n  F ig .  169. The second phase present i n  
a l l  cases in  these two micrographs i s  hydrides. 
Z i rca loy-2 specimens w i th  contents of 100 and 
870 ppm H, and step-cooled from 900°C are shown 
in F ig .  170. The white-appearing phases are 
hydrides, whi le  the remainder of the grain bound- 
ary material i s  composed of the Fe, Ni, and Cr 
intermetall ics. The metallographic preparation 
procedure for the identi f icat ion o f  the hydrides 
was reported previously. ’ 

Study of Oxide F i lms on Zirconium A l loys  

The observation by members o f  th is  D iv is ion  
that ordinary zirconia is  subject to  radiat ion 
damage - namely, that the monoclinic phase i s  
transformed to  the more densely packed phase by 
neutron bombardment - led J. R. Johnson, 3 

3J. R. Johnson, Development  of a Cubic  O x i d e  
Protec t ive  Fi lm on Zirconium, ORNL-2029 (Jan. 30,  
1956). 

A 
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Fig, 169, Change i n  Size and Distr ibution of 
Hydrides wi th  Cooling Rate in Crystal-Bar Z i r -  
conium. ( u )  Mercury-quenched. ( b )  Step-cooled. 
Bright field. %OX. Reduced 30%. 

C 

Q 

formerly of the Ceramics Group, t o  propose the 
key idea that led to  th is  current oxidation study. 

Johnson proposed that the reason for the ac- 
celerated corrosion of zirconium and of Zircaloy-2 
by HRP uranyl sulfate solutions under irradiat ion 
was a resul t  of th is  irradiation-induced transforma- 
t ion  of the monocl c f i l m  to  a more densely 
packed state. The volume changes resul t ing from 
th is  transformation presumably could produce 
cracks in the f i l m  which would then act  as reac- 
t ion paths and accelerate the corrosion. Therefore 

a program was undertaken wi th  the goal of produc- 
ing an oxide f i lm on a zirconium al loy which would 
be stabi l ized i n  the sense that i t  would consist 

Fig. 170. Structure of Cooled Zircaloy-2-Hydro- 
gen Alloys. ( a )  100 ppm H,. ( 6 )  870 ppm H,. 
500X. Reduced 30%. 

pr inc ipa l ly  of the densely packed phase and thus 
would not transform under irradiation. 

In  previous work3 it was shown that the addit ion 
of oxides of Ca, Mg, Y, Ce, and Nb to  zirconia 
would result i n  a stabi l izat ion of the high-tem- 
perature phase. More effect ive stabi l izat ion was 
found when t i n  and vanadium oxides were added 
wi th  the niobium oxide. The only metal on th is  
l i s t  that increased the corrosion resistance when 
added to  zirconium was niobium. 

A s  a continuation o f  th is  work approximately 
50 dif ferent a l loys  have been evaluated t o  deter- 
mine the degree to which the more densely packed 
phase i s  formed in  the oxide. The avoi lable data 
are presented i n  Table 65. The procedure has 
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T A B L E  65. VARIATION IN PERCENTAGE OF DENSELY PACKED PHASE I N  OXIDES 
OF ZIRCONIUM ALLOYS WITH OXIDIZING TEMPERATURE 

Al loy*  Composition Oxidation Conditions 

6OO0C for hr 8OO0C for hr 1 100°C for \ hr 
(wt %) 

Niobium 

5 
10 
15 
20 
33 

Niobium and Sponge Zirconium 

15 
- 20 

Mo I ybden um 

5 
10 

Pa I ladium 

5 
10 

Platinum 

5 
10 

Yttr i  um 

5 

Manganese 

2 

Si I icon 

2 

Indium 

5 

Uranium 

10 

Titanium 

5 

Niobium-Molybdenum 

10 5 
15 5 
20 5 
20 7 

Niob ium-Tanta I um 

10 5 
20 3 
20 5 

15 
35 
30 
2 f. 
45 

30 
15 

5 
10 

0 
5 

15 
15 

5 

0 

10 

0 

10 

15 

40 
40 
55 
50 

35 
30 
35 
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20 
35 
65 
40 

40 
65 

5 

0 
<5 

60 
75 

50 

35 
70 
80 
65 

100 

80 
95 

0 
0 

0 
<5 

0 
0 

0 

0 

0 

0 

5 

5 

65 
90 

> 95 
> 95 

60 
> 95 
> 95 
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TABLE 65 (continued) 

Oxidot ion Cond it  ions Al loy*  Composition 

(wt %) 8OO0C for k hr 11 OO°C for !’.. hr 6OO0C for ’/4 hr 

N i obi urn- Iron 

10 1 
10 2 

15 1 

Niobium-Tin 

7.5 2 
15 3 

N i obi urn-Po I I od i urn 

10 2 
15 2 

N io bi urn- Vo nod i urn 

20 3 
20 5 

N i  o bi urn- P lot i  nurn 

15 2 
15 5 

N iobium-Chrorni urn 

20 4 

N i o b i urn-Ma ngo ne s e 

20 3 

N io bi urn-N i c k e  I 
20 1 

N io bi urn- Mo I y bd en urn-To nto I urn 

10 5 5 

Niobium-Yttrium-Tin 

8 2 2 

10 
20 

30 

35 
45 

30 
40 

75 
85 

30 

20 

45 

35 

35 

20 
30 

40 
65 

65 

35 

55 
50 

70 

65 
85 

65 
80 

> 95 
> 95 

80 
80 

80 

85 

90 

90 

40 

*Unless noted otherwise, remainder of a l l  a l loys wos crystal-bar zirconium. 

been set up i n  four separate stages: 
1. air oxidation o f  a l loy powders ( f i l ings or saw 

cuttings), bulk oxide; 
2. air oxidation o f  a l loy plates (strip or s l ices 

from castings), th ick films; 
3. “soup” oxidation o f  al loy plates, thin films; 
4. f i lm formation i n  pure oxygen, thick and thin 

f i lms. 
The oxidation of powders was used as the f i rs t  

step of the dif fract ion study, since by comparing 
the intensit ies of their strongest ref lect ions the 
rea l t ive amounts o f  thevarious phases i n  the oxide 
may be determined. Because of distort ions arising 

from coherency between the metal and oxide, the 
x-ray dif fract ion patterns are distorted and it i s  
not poss ib le  t o  use th is  tecnnique on th in  f i lms. 

In the work wi th  the powders it has been shown 
that those elements which promoted the formation 
of the densely packed phase i n  the oxide f i lms on 
the a l loys were a lso beta-phase stabi l izers in the 
al loy. (Incidentally, the converse i s  not true; that 
is, a l l  beta stabi l izers are not stabi l izers of the 
densely packed phase in zirconia. For example, 
palladium i s  a powerful beta stabi l izer of zirco- 
nium, but it has no tendency to  pioduce a densely 
packed phase i n  the oxide f i lm on the alloy.) 
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In niobium a l loys the densely packed phase i s  
the orthorhombic compound, shown by Roth t o  be 
6Zr02.Nb205. Increasing the niobium content of 
the a l loys resulted i n  more compound in  the sur- 
face oxide, unt i l  a t  the composition equivalent to 
the stoichiometric composition of the compound, 
that is, 33 wt % niobium, the oxide can be made 
completely 6Zr02.Nb205. In ternary a l loys wi th  
niobium a t  20% the oxide formed at  1 100°C was 
almost a l l  compound. 

There i s  a strong temperature dependence of the 
amount o f  densely packed phase formed in  the 
oxide. In  many of the al loys studied, increasing 
the oxidat ion temperature increased the amount of 
densely packed phase formed in  the oxide. The 
binary molybdenum al loys showed the reverse 
behavior; whereas about 10% of a densely packed 
phase (probably tetragonal) was formed in  the 
oxide at  600°C, none was formed at  llOO°C. Th is  
was probably due to the complete vo lat i l izat ion of 
molybdenum oxide from the scale. However, when 
molybdenum i s  present as a ternary addit ion to 
niobium-zirconium alloys, it apparently i s  not lost  
by high-temperature oxidation but, rather, has a 
definite enhancing effect i n  increasing the amount 
of compound formed. Binary al loys w i th  yttrium, 
uranium, titanium, and platinum also formed more 
of the densely packed phase a t  the lower tempera- 
ture o f  oxidation than they did a t  the higher. The 
rapid decrease i n  the amount o f  the densely packed 
phase in  the oxide f i l m  as the oxidation tempera- 
ture i s  lowered would indicate that the oxide f i l m  
formed on zirconium a l loys at  3OOOC in  “soup” 
i s  probably the monoclinic phase. 

In addit ion to  the principal phases, that is, 
monoclinic and some form of a more densely 
packed structure, other phases have been noted in  
the scales of several al loys. The only phases of 
th is  latter group that have been identi f ied are 
those that have not reacted wi th  or dissolved in  
the principal phases. The yttrium a l loy a t  600°C 
formed Y 2 0 3  i n  addit ion to the monoclinic and 
cubic zirconia phases, but none was found a t  
llOO°C and only the monoclinic phase resulted. 
In addit ion to  the monoclinic and densely packed 
phases, the uranium a l loy formed U 3 0 ,  at  both 
temperatures. Platinum al loys a t  1100°C had 
elemental platinum i n  the scale, in  addition to the 
monoclinic phase; this was the case both i n  binary 
and ternary al loys. 

Schwartz and co-workers at  Battel le examined 
f i lms in si tu on a l loy specimens oxidized in  high- 

temperature water and reported the presence of 
tetragonal ZrO, i n  some of them, although the 
monoclinic phase i s  reported as the pr inc ipa l  
phase in  a l l  o f  them. Schwartr found only the 
monoclinic phase in  the f i l m  i n  place on a p la te 
specimen o f  15% niobium, treated at  ORNL in 
U02S04 for 200 hr. K le in  has examined the f i lms 
on Z i rca loy-2 in-pi le loop specimens and has 
concluded that monoclinic zirconia i s  the only 
oxide phase present. 

T ight ly  adherent f i lms can be produced by high- 
temperature oxidation, but only when the time of 
exposure i s  short (2 to 5 min at  1100°C). A f i lm 
so produced on a 33% niobium a l loy had only a 
small amount of orthorhombic compound, but the 
same a l loy in powder form, oxidized a t  the same 
temperature for 20 min, yielded an oxide that 
was completely composed of the compound 
6Zr02.Nb20,. 

A more comprehensive study of the thin f i lms 
produced in  “soup” is required, but the evidence 
a t  hand indicates that law-temperature oxidation 
does not produce signif icant quantit ies of the 
densely packed oxide phase i n  comparison to  the 
amount of monoclinic phase. Th is  appears to  be 
true regardless of the a l loy wi th in  the group 
studied. It seems unl ike ly  that the improved 
corrosion resistance of the 15% niobium a l loys 
under irradiation conditions i s  due to  the phase 
structure of the oxide fi lm. 

M E C H A N I C A L  M E T A L L U R G Y  

W. J. Fretague’ 

Impact Strength of Zirconium Alloys 

In a previous report4 data were presented which 
indicated that changes in the mechanical proper- 
ties, mainly impact strength, of Zircaloy-2 may be 
occurring under homogeneous reactor operating 
conditions. These tests are being confirmed, but, 
in  addition, out-of-pi le  studies have been started 
so as to  confirm that the effects are radiation- 
induced. In these tests the impact specimen 
geometry and heat treatment w i l l  be studied, as 
wel l  as possible aging effects. 

Zircaloy-2 mult i  break, subsize impact speci- 
mens4 have been broken after being held at  ele- 
vated temperatures for various times. During 
aging, the specimens were capsulated i n  evacuated 
Vycor tubing. 

4W. J. Fretague, Met. Semiann. Prog. R e p .  Oct .  10, 
1955, ORNL-1988, P 93. 
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The results of the impact tests are tabulated i n  change i n  the Zircaloy samples. The impact 
values for specimens aged a t  temperatures above 
25OOC are higher than those for the controls and 

Table 66 and plotted in  Figs. 171 and 172. Aging 
up to 1585 hr a t  250OC does not seem to  cause any 

TABLE 66. IMPACT VALUES OF ZIRCALOY-2 SPECIMENS AGED A T  ELEVATED TEMPERATURES 

Impact Values ( i n . - l b )  a t  Break Temperatures of 

1 ooo c 23OC 90' C 150' C 200' c 254' C 
Condition 

Control 

At 250'C for 500 hr 

At 25OoC for 1085 hr 

At 25OoC for 1585 hr 

At 3OO0C for 1008 hr 

At 35OoC for 1008 hr 

At 4OO0C for 1008 hr 

At 45OoC for 1008 hr 

8 

10 

9 

8 

13 

12 

12 

13 

15 

13 

12 

14 

24 

20 

18 

20 

16 

22 

20 

20 

30 

25 

25 

26 

27 

24 

29 

28 

36 

34 

36 

37 

32 

38 

34 

36 

44 

53* 

42 

52* 

60* 

60 * 

52 * 

50* 

58* 

50* 

57* 

57* 

*Specimen broke on rebound of hammer or did not break completely, thus g iv ing  a value which may be low. 
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3/e-in DIA ZIRCALLOY-2 ROD SWAGED TO 0.2!7-in. DIA; 
SANDBLASTED,  PICKLED, VACUUM-ANNEALED AT 750°C 
FOR 2 HOURS AND FURNACE-COOLED.  AGED AT 2 5 O o C  - 

3 PRIOR TO T E S T I N G .  1 FOR INDICATED T I  
I 

I 500 hr 

0 1085 hr 
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Fig. 171. Impact Energy vs Testing Temperature for Zircaloy-2 Aged a t  250°C for Various Times,  
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SANDBLASTED, PICKLED, V A C U U M - A N N E A L E D  AT 7 5 0 ° C  
FOR 2 HOURS A N D  FURNACE-COOLED.  AGED AT T H E  
F O L L O W I N G  T E M P E R A T U R E S  F O R  INDICATED T I M E S  
PRIOR TO T E S T I N G  

A 2 5 0 ° C ,  4085 hr 

A 3OO0C,  1008 hr 

0 3 5 O o C ,  1008 hr 

I 4OO0C, 4008 hr 

4 5 0 ° C ,  1008 hr 

I 1 I 1 I 

. 
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TESTING T E M P E R A T U R E  ("C) 

Fig. 172. Impact Energy vs Testing Temperature for Zircaloy-2 Aged1000 hr a t  Various Temperatures. 

those aged at  25OoC, but not appreciably so. 

While from these data i t  cannot be said that no 
changes are occurring, i t  can at  least be said that 
no signif icant embrittlement has occurred. 

W E L D I N G  D E V E L O P M E N T  

W. J. Leonard C. H. Wodtke 

Titanium Welding Procedures 

In order t o  provide a formal qual i f icat ion of th 
recently developed Titanium Welding Procedure, 
four t i tanium pipe welds were made in 2h- in .  
sched-40, RC-55A pipe, using RC-40K welding 
wire. Both 2G and 5G welding posit ions were 
qualif ied. Bend tests and tensi le tests as re- 
quired by ASME-Boiler and Pressure Vessel Code 
1952 were adhered to, wi th  additional specimens 
taken for microscopic examination and micro- 
hardness tests. A l l  specimens satisfactori ly 

passed the required tests. The physical and 
mechanical properties data are given i n  Table 67. 

The guided bend tests were made w i th  speci- 
mens approximately 1 in. i n  width and bent on a 
radius of 21/2 t imes the wal l  thickness. Figure 173 
i s  a photograph of two weld specimens (root and 
face) showing the appearance after bending. A l l  
samples were sound, showing nocracks or f issures. 

Since the use o f  a preplaced insert i s  generally 
preferred to  hand feeding f i l le r  wi re  when con- 
sistent high quali ty root passes are desired, the 
use o f  inserts was tr ied i n  titanium welding. The 
Electr ic Boat (EB) type of inserts, made by 
machining &-in.-dia wire, was tr ied extensively 
in  both plate and pipe. Di f f icu l ty  was experienced 
i n  obtaining a root pass of proper geometry and 
penetration. The use of high heat inputs, which 
were necessary to melt the insert and have it pu l l  
up i n  the welding groove properly, resulted in  
increased contamination of the weld metal and 
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TABLE 67. MECHANICAL PROPERTIES OF 
TITANIUM WELDS 

Tensi le  
Welding Stre ng Mi cr o hard ne ss 

Positions 
Specimens 

(VHN, 100-9 Load) 
(psi )  

Q- 1 2G 81,824 204 

Q- 1 5G 81,619 194 

Q- 1 5G 84,824 194 

Q-2 5G 207 

Q-2 2G 81,411 196 

Q-3 5G 83,106 255 

Q- 3 2G 81,757 228 

Q-4 5G 83,642 217 

Q-4 2G 80,139 22 1 

greater hardnesses than those obtained in  root 
passes made by conventional methods. The use 
of low heat resulted i n  improper f low of the molten 
insert into the welding groove, wi th resultant 
porosity and lack of proper penetration in  the weld 
metal. A welding technique was eventual ly ar- 
r ived a t  i n  which the heat input used was suff ic i -  
ently high to prevent porosity and ye t  give proper 
penetration. The resultant root reinforcement was 
very small, being about f lat  wi t t i  the inner base 
metal wa l l  o f  a pipe, and the hardness o f  the weld 
metal averaged about 30 VHN higher than that ob- 
tained by conventional welding. The f i t-up prior 
to welding was c r i t i ca l  and greatly influenced the 
resultant properties of a weld. 

A f lat-type insert made by f lattening a % i in . -  
dia wire t o  an  approximate el l ipsoid shape, as 
shown i n  Fig. 174, was then developed. In i t ia l  
work i n  welding th is  type of jo int  indicatedvthat 
the variat ions in  penetration and root reinforcement 
wi th the heat input were not so cr i t i ca l  as w i th  
the EB-type insert. The' porosity again was in- 
versely proportional t o  the heat input used i n  
welding. Hardnesses of the weld metal were s t i l l  
higher than desired. By changing the included 
angle t o  100 to 110 deg as shown in Fig. 174 and 
lowering the heat input, sound root passes o f  
proper penetration and geometry were obtained w i th  
pract ical ly the same hardnesses as those made by 
conventional methods. The f i t -up of the insert i n  
relat ion t o  the root face was not cr i t ical.  Varying 

UNCLASSIFIED 
T-10558 

Fig. 173. Appearance of Root and Face-Bend 
Samples from Titanium Weld Specimens. 

the posi t ion o f  the insert from a posi t ion where the 
bottom of the insert and base metal were almost 
f lush t o  where the bottom of the insert protruded 
0.100 in. below the base metal had no pronounced 
ef fect  on the resultant root pass. 

The weldabi l i ty  of an alpha-plus-beta type of 
t i tanium a l loy  (6 AI-4 V) was investigated. A 
)',6-in. sheet of the al loy i n  the as-received condi- 
t ion (annealed and pickled) was welded w i th  
f i l l e r  wire of the same composition, using a single 
pass. The same welding technique, developed for 
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Fig. 174. Design 'and Position of Preplaced 
Titanium Weld Root Inserts. 

welding unalloyed t i tanium in  air, was used. Non- 
destructive tests, such as I iquid penetrant test ing 
and radiography, indicated a sound weld. The 
appearance o f  the weld was very satisfactory, 
indicating a minimum amount of contamination. 
Four sections along the 14-in. length of weld were 
examined microscopically. Figure 175 is  a photo- 
micrograph o f  typical weld-metal structure. The 
heat-affected zone exhibited a coarse recrystal- 
l ized structure of the Widmanstatten type, similar 
in  appearance to the weld metal. The microhard- 
ness averages o f  the weld metal, heat-affected 
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Fig. 175. 
Alloy. 1OOX. 

Weld Structure in 6 AI-4 V Titanium 

zone and unaffected base metal were 339, 362, and 
355 VHN, respectively. 

Seven bend specimens were taken transverse to 
the weld and were bent in  a special guided bend 
test  j ig. Three root face bends and three face 
bend tests were made on a radius of bend 4 times 
the specimen thickness. One root bend specimen 
was bent on a radius of tw ice  the thickness. 

The s ix  specimens, bent on a radius of 4t, broke 
when bent through an angle ranging from approxi- 
mately 10 deg for the lowest specimen to 45 deg 
for the highest specimen. The seventh specimen, 
bent a t  2t, broke a t  less than 10-deg bend. A l l  
specimens broke i n  the heat-affected zone o f  the 
base metal. For comparison, good qual i ty un- 
al loyed t i tanium (Ti-55A or equivalent) of the 
same gage w i l l  bend 180 deg on a 2 t  radius. 
These resul ts indicate an embrit t l ing of alpha- 
plus-beta t i tanium a l loy  base metal during the 
welding cyc le  and that a postheat treatment after 
welding w i l l  possibly be required in order to 
secure weldment satisfactory for c r i t i ca l  applica- 
tions. 
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ARMY P A C K A G E  POWER R E A C T O R  ( A P P R )  

Manufacturing of the In i t ia l  Loading of APPR-1 
Fue l  Elements 

R. J. Beaver E. C. Edgar' 

In  order t o  comply wi th the request by the AEC 
t o  demonstrate a package power reactor a t  For t  

Belvoir, Va. in  December 1956, it was necessary 
t o  interrupt the f ina l  phases of fuel element de- 
velopment and in i t iate fabrication of the APPR-l 
reactor components f i ve  months i n  advance of the 
anticipated date. By July 30, 1956, a fu l l  loading 
o f  38 stationary fuel  elements, 7 control-rod fuel 
elements, and 7 absorber sections for the control 
rods were manufactured and shipped to A l c o  
Products, Inc., Schenectady, N.Y. Sl ightly more 
than 1200 fuel  plates were fabricated, wi th a 
reject ion rate of 17%. The f inished APPR-1 
stationary and control-rod fuel elements are i l l us -  
trated in  Figs. 176 and 177, respectively. 

During the production of the fuel elements, i t 
was discovered that the 304L material was being 
carburized and sensit ized after the prolonged heat 
treatments required in  the manufacturing speci f i -  
cat ion. An appreciable number of fuel elements 
contained plates which had probably been inter- 
granularly attacked after cleaning i n  a 15% HN0,- 
5% HF aqueous solution. These fuel elements 

were not recommended for the APPR-1 but were 
approved for test ing i n  the c r i t i ca l  fac i l i t y  a t  
A l c o  Products, Inc. 

Sensit izat ion of APPR.1 Fuel  Plates 

W. R. Burt2 
R. C. Waugh C. F. Le i t ten  

DurinS manufacturing of APPR-1 fuel  plates i t  
was observed that after the anneal-flattening 
procedure, which consisted of slowly heating a 
pack of plates to  1125OC, annealing a t  that temper- 
ature for 3 hr, and furnace cooling, the plates were 
often s l ight ly oxidized and contaminated w i th  . .  the 
AI2O3-separating material. At t h e ,  same .time, . .  

. .  

. .  . .  
, .- 

1 - ' -I. . .. I ,. . .. : . -. 
. *  . . ,  

'on loan from ALCO. 

d i f f i cu l ty  was experienced with excessive braze 
f low onto the cladding of the fuel core during 
brazing. I t  was f e l t  that th is  condit ion could be 
el iminated i f  the plates were chemical ly cleaned 
prior t o  brazing. Manufacturing procedures were 
modif ied to  include a cleaning treatment i n  a 
15% HNO,-5% HF aqueous solut ion prior t o  
assembling plates for brazing. Th is  modif icat ion 
was made with the assumption that the cladding 
material was type 3O4L stainless steel, which i s  
not subject to  severe intergranular attack by the 
acid. However, it was shortly discovered that 
the fuel plates were intergranularly attacked after 
the acid treatment. The extent of attack on a 
plate which had been subjected to three anneal- 
f lattening cycles i s  i l lustrated in  Fig. 178. It i s  
apparent that i n  th is instance the attack is  quite 
severe. 

It seemed apparent that the cladding material 
after the extended heat treatment was no longer 
a 304L type stainless steel, but was one con- 
ta in ing suff ic ient  carbon t o  make it sensi t ive and 
subject t o  intergranular attack in the afore- 
mentioned acid. It appeared possible that  carbon 
was di f fusing from the 0.07 wt % C matrix stainless 
steel in the core into the 0.03 w t  % C stainless 
steel cladding. A thorough investigation was 
conducted to  determine the cause and extent of 

sensitization of the 304L stainless steel clad, i t s  
ef fect  in  the application of th is material in  APPR, 
and the possible substi tut ion of type 347 stainless 
steel.  

The results and correlat ions are summarized 
herein; addit ional detai led information w i l l  be 
contained in  a topical  report t o  be published 
shortly. The investigation was divided into two 
phases: (1) t o  determine the ef fect  o f  each 
processing heat treatment on carbon di f fusion into 
and sensit izat ion of the 304L cladding and (2) to  
determine whether or not the sensit ized cladding 
of the material can be restr icted by the substi-  
.tution of type 347 s t q i n k s s  steel for either or both 
of the present type 304B fuel core matrix material 
' a n 2  I . .  type 304L cladding material. The cr i ter ia for 
evaluatins the extent of carton di f fusion and 
sens.itization of cladding material were metal lo- 
araohic examination and Strauss testina. 'Summer e m p l o y e e  from C o r n e l l .  I ,  ., A 
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Fig,  176. Stationary Fuel  Element. 

F ig ,  177. Control-Rod Fuel  Element. 

168 

f 

. 



P E R I O D  E N D l N G  O C T O B E R  70, 7956 

Aqueous Solution. 

T h e  resu l t s  o f  phases 1 and 2 are summarized 
in Tab les  68 and 69, respect ively,  and, for the 
present mater ia ls combinat ion o f  3048 (0.07 
w t  % C) fue l  core matr ix and 3a4L (0.03 wt  % C) 
cladding, the fo l l ow ing  conclusions can be drawn: 

1. Carbon d i f fus ion into the c lad  occurs dur ing 
ho t  ro l l ing,  but the chromium carbide network does 
n o t  extend t o  the surface of the plate. 

2. T h e  subsequent heat treatments spec i f i ed  i n  
the manufactur ing procedures cause complete dif-  
fus ion of  carbon and the formation of  a chromium 
carbide network completely t o  the surface o f  t he  
c lad. T h e  addi t ional  carbon in the c l a d  resu l t s  
i n  a mater ia l  which l i e s  w i th in  the carbon spec i f i -  
cat ions for type 304 sta in less steel .  The mater ia l  

therefore fa i led  the Strauss test  and would a l s o  
be expected t o  be intergranular ly a t tacked by an 
aqueous so lut ion containing 15% HNO, and 5% HF. 

3. T h e  carbon i n  the 304B sta in less s tee l  i s  
the important contr ibutor t o  the carbon increase 

P( 
:_j 

I 
v 

f- 

i 

le 

F 

i n  the c lad  and masks any contr ibut ion of carbon 
to B,C, ZrB,, and UO,. 

F o r  the subst i tu t ion of  types 347 and 347B i n  
var ious combinations w i th  types 304L and 304B 
the fo l l ow ing  conclus ions can be drawn: 

1 .  Type  3478 fuel core matr ix- type 304L clad: 
A f t e r  an anneal- f lat tening heat  treatment, the 
c ladding mater ia l  i s  suscept ib le  t o  par t ia l  fa i lure 
in a Strauss test .  The  chromium carbide network 
wh ich  forms throughout the c ladding mater ia l  i s  n o t  
su f f i c i en t l y  cont inuous t o  cause complete fa i lure 
i n  a Strauss test. 

2. Type  3648 or 3478 fue l  core matr ix- type 347 
c l a d :  Al though the  c ladding contains iso la ted 
patches o f  chromium carbide a t  the in tersect ion 
o f  3 gra in  boundaries af ter  the heat treatments 
spec i f i ed  in APPR-1 fuel element manufacturing, 
the mater ia l  passes the  Strauss tes t  and i s  not  
suscept ib le  to intergranular at tack.  
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TABLE 68. EFFE 

304L frame and 1*, NIA 9, NIA 

clad, 3048 core, None - C None - C 
no boron compound 0.017 in. - F - DN 0.020 in. - F - 1 

Hot Rolled Plate, Hot Rolled and 
Not pickled Pickled 

304L frame and 12, NIA 13, NIA 
clad, 3048 core, 
B 4 C poison 

0.003 in. - C - DN 
0.032 in. - F - DN 

R R 
S - no GBS 

0.004 in. - C - ( 
0.021 in. - F - I 

S - no GBS 

304L frame and 23, NIA 24, NIA 
clad, 3048 core, 

ZrB2 poison 
0.003 in. - C - EN 
0.080 in. - F - EN 

R R 
S - no GBS 

0.003 in. - C - I 
0.073 in. - F - I 

S - no GBS 

*Specimen No. 
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T OF MANUFACTURING HEAT TREATMENTS ON CARBURIZATION AND SENSITIZATION OF 304L STAINLESS STEEL CLAD APPR-1 FUEL PLATES if 

LEGEND 1 

NIA No intergranular attack 'I S Strauss-tested specimen 

PIA Partial intergranular attack 
CIA Complete intergranular attack 1 CN Continuous Cr 4 C network 
F Frame $0 I DN Discontinuous G 4 C  network 
SC Inward from clad surface f EN Erratic C 4 C  network 

R Strauss control specimen 

'1 GBS Grain boundary separation 1 

C Clad 
I 
9 

8 

Second Flatten F i rs t  Flatten First  Flatten Second F latten Second Flatten 
!! 

First  Flatten F i rs t  Flatten Second Flatten 

Anneal, 
Anneal, Annea I, Anneal, Anneal, 

Anneal, Anneal, Anneal, Cold Rolled, 
Previous Pickl ing H20-AI 203 N BC- AI 203 H20- AI 03, N BC-A1203, H 2O -A l 2  03 NBC-A1203, 

H20-A1203 NBC-A1203 
Brazed Brazed Brazed Bra zed 

2, NIA 3, CIA 7, CIA 6, CIA 10, CIA 4, P IA  (0,001 in.) 8, PIA (0.002 in.) 5, CIA 11, CIA 

Through - C - CN 
Through - F - DN 

None - C 
0.012 in. - F - EN 

Through - C - CN 
Through - F - DN 

Through - C - CN 
Through - F - DN 

Through - C - CN 
Through - F - DN 

Through - C - DN 
Through - F - DN 

Through - C - DN 
Through - F - D N  

Through - C - D N  
Through - F - DN 

Through - C - C N  
Through - F - D N  

R R - no GBS R R - no GBS R -no  GBS R - no GBS R - n o  GBS R - no GBS R - n o  GBS 
S - no GBS S - GBS S - GBS S - GBS S - GBS S - slight GBS S - GBS S -  GBS S - slight GBS 

17, P IA (0.002 in.) 

0,002 in. - c - DN Through C - CN Through - C - CN Through - C - CN Through - C - CN Through - c - CN Through - C - CN Through - C - E N  Through - C - CN 
0.025 in. - F - EN Through - F - DN Through - F - DN Through - F - D N  

R - n o  GBS R - no GBS R - n o  GBS R - no GBS R - no GBS R R - n o  GBS 
S - GBS 

22, CIA 20, PIA (0.002 in.) 16, P IA  (0.002 in.) 14, NIA 19, CIA, E 15, CIA, E 21, CIA 18, CIA 

Through - F - DN Through - F - DN 

R -no  GBS 
S - GBS 

Through - F - DN 

R - no GBS 
S - GBS 

Through - F - DN Through - F - E N  

S - sl ight  GBS S - sl ight  GBS S - slight GBS S - GBS S - no GBS S - GBS 

25, NIA 26, CIA 30, CIA , 29, CIA 33, CIA 27, PIA (0.002 in.) 31, PIA (0.002 in.) 28, CIA 32, CIA 

I 
I 

0.002 in. - C - EN Through - C - CN Through - C - EN 

0.042 in. - F - EN Through - F - DN Through - F - EN 

R R - no GBS R - no GBS R - n o  GBS R - n o  GBS R - no GBS R - n o  GBS R - no GBS R - no GBS 
S - sl ight  GBS S - no GBS S - GBS S - GBS S - GBS S - GBS S - GBS 

Through - C - CN 
Through - F - DN 

Through - C - CN 
Through - F - DN 

Through - C - CN 
Through - F - DN 

Through - C - CN 
Through - F - DN 

Through - C - CN 
Through - F - DN 

Through - C - E N  
Through - C - E N  

S - GBS S - GBS 

I 

c 



TABLE 69. E F F E C T  OF MANUFACTURING H E A T  TREATMENTS ON CARBURIZATION AND SENSITIZATION 
O F  SUBSTITUTE STAINLESS STEEL COMBINATIONS FOR APPR-1 FUEL PLATES 

NIA 
PIA 
CIA 
CN 
DN 
EN 

LEGEND 

No intergranular attack F Frame 
Partial intergranular attack C Clad 
Complete intergranular attack R Strauss control specimen 

Continuous G C network S Strauss-tested specimen 
Discontinuous Cr C network GBS Grain boundary separation 
Erratic Cr4C network 

4 

4 

Combination of Materials 
Fabrication 
Operation 

304L Frame and Clad, 347 Core 347 Frame and Clad, 3046 Core 347 Frame and Clad, 347 Core 

Zr B2 Zr B2 B4C Zr B2 B4C 

Co Id -ro I led 46*, NIA 

0.0045 in. - C - DN 
0.041 in. - F - DN 

R - no GBS 
S - no GBS 

Single anneal 47, PIA 
H2° i- A1203 Through - C - DN 

Through - F - DN 

R - n o  GBS 
S - no GBS 

Single anneal and 48, NIA 

Through - C - DN 
Through - F - EN 

R - no GBS 
S - no GBS 

s irnulated braze 

49, PIA 

0.0045 in. - C - DN 
0.026 in. - F - DN 

R -rupture 
S - rupture 

50, PIA (0.002 in.) 

Through - C - DN 
Through - F - DN 

R - n o  GBS 
S - s l igh t  GBS 

51, NIA 

Through - C - DN 
Through - F - DN 

R - n o  GBS 
S - n o  GBS 

37. NIA 43, NIA 52, NIA 55, NIA 

None - C None - C None - C None - C 
None - F None - F 

R R R - rupture R - rupture 

S - rupture S - no GBS 

None - F None - F 

S - n o  GBS S - rupture 

38, NIA 44, NIA 53, NIA 56, N I A  

Through - C - EN Through - C - EN 
Through - F - EN Through - F - EN Through - F - EN Through - F - EN 

R - no GBS R - no GBS R - n o  GBS 
S - no GBS S - no GBS S - n o  GBS S - n o  GBS 

Through - C - EN Through - C - EN 

R - no GBS 

39, NIA 45, NIA 54, NIA 57, N I A  

Through - C - EN 
Through - F - EN 

R - n o  GBS R - no GBS R - n o  GBS R - no GBS 
S - no GBS S - no GBS S - no GBS S - n o  GBS 

Through - C - EN 
Through - F - EN 

Through - C - EN Through - C - EN 
Through - F - EN Through - F - EN 

*Specimen No. 
d u 
d 
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I t  is  evident from the experimental results that 
the substi tut ion of type 347 for 304L as the 
cladding material permits specif ied APPR-1 manu- 
facturing procedures t o  be followed without en- 
countering sensit izat ion of the cladding material. 
The type 347 material also has a smaller grain 
s ize than 304L stainless steel after the required 
heat treatments, which i s  conducive to  improved 
corrosion resistance. The experimen ta I results 
do not reveal any advantage i n  substi tut ing 3478 
material for 304B material as the fuel core matrix 
material, although a fuel plate i n  which a l l  the 
stainless steel is  stabi l ized may be desirable. 

A P P R  CORROSION T E S T I N G  

R. C. Waugh 

Static Testing. - Miniature fuel plate specimens 
and brazed T-joints o f  interest to  the APPR 
program have been autoclave-tested by J. L. 
English of the REED Division, and results are 
summarized in  Table 70. Metallographic exami- 
nations of the tested specimens have not been 
completed. 

Dynamic Testing. - Prior to  the manufacture of 
the APPR-type fuel element for test ing i n  the 
Submarine Thermal Reactor (STR), a 3-plate 
element was prepared and shipped to  Westinghouse 
Atomic Power Div is ion (WAPD) for corrosion 
test ing in their dynamic loop. The material combi- 
nation consisted o f  a fuel core containing UO, 
dispersed in  a 3048 (0.07 wt % C) matrix and clad 
wi th  304L (0.03 wt % C). Manufacturing procedures 
were similar to  the present procedures specif ied 
for APPR fuel elements, which include heat 
treatments that have recently been shown to  cause 
carburization and sensit izat ion of the 304L 
cladding. Evaluation of the cladding material in  
th is  fuel un i t  by chemical analysis, metallographic 
examination, and Strauss test ing revealed that the 
original 304L cladding had been carburized and 
could be typed as a 304 stainless steel. 

The corrosion test ing of th is  element a t  WAPD 
consisted o f  6245 hr in  500°F water, which con- 
tained 24 cc of H, per k i lo l i ter  and 10 cc of E2 
per k i lo l i ter  (02 undetectable) a t  a velocity of 
38.2 fps. Although no corrosion rate data were 
obtained by WAPD, metallographic examination at  
ORNL revealed negligible surface corrosion prod- 
ucts. It was concluded that the fuel element was 
very satisfactory even though the cladding ma- 

terial, as tested, was a sensit ized type 304 
stainless steel. 

APPR-1 Absorber Section 

C. F, Lei t ten 

A composite plate, containing a dispersion of 
3.2 wt % boron in  electrolyt ic iron powder (en- 
r iched to  the 92% level in  B 'O)  and c lad wi th  
wrought type 304L stainless steel, has been 
successful ly fabricated by u t i l i z ing  powder-metal- 
lurgy techniques for preparation o f  the core and 
roll-bonding procedures for cladding into composite 
plate. Powder-metallurgy processing of the core 
consisted of dry-blending the enriched boron and 
iron powder for 2 hr, cold-pressing a t  33 psi, 
sintering a t  1120°C for 1 hr i n  a dry puri f ied 
hydrogen atmosphere and coining to  f inal d i -  
mensions a t  33 psi. 

B i l le ts  were assembled by using the conventional 
picture-frame technique, in which boron-containing 
core i s  f i t ted into a rectangular ho le machined 
in to the stainless steel frame, to which a tube i s  
attached for evacuating the b i l le t  subsequent to  
welding cover plates to the frame. After evacu- 
at ion the tube i s  sealed and the b i l l e t  is  ro l led to  
plate a t  1IOO"C wi th  a 10% reduction per pass 
and a to ta l  reduction of 91%. The b i l l e t  i s  
part ial ly protected from excessive oxidation by 
preheating and reheating in  a hydrogen muffle 
during the ro l l ing  sequences. After being stress 
rel ieved a t  9OO"C, the plates are radiographed, 
machined t o  size, and welded in to the absorber 
section shown in  F ig .  179. 

Irradiation-Testing of Stainless Steel Clad Plates 
Containing Baron Dispersed in Elect ro ly t ic  Iron 

C. F. Lei t ten 

The boron-bearing material recently being con- 
sidered as the poison in  the APPR-1 control rod 
consists of a 3.2 wt  % elemental boron dispersion 
i n  iron which i s  prepared by powder metallurgy 
and clad with 0.030-in. wrought type 304L stain- 
less steel. The boron is  enriched boron containing 
92% B'O. A series of miniature plates has been 
prepared and an irradiation test ing program in the 
MTR, as l is ted in  Table 71, has been init iated. 
In  the event that there i s  no irradiation damage 
to  the specimen irradiated a t  60% burnup of 5'O 
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Category 

. .  

TABLE 70. SUMMARY OF APPR STATIC AUTOCLAVE TESTS 

Temperature, 295'C; pressure, 1200 ps i  

Disti l led and demineralized water: 

Resistivity, not less  than 0.3 megohm-cm. 

pH, not less than 6; total dissolved solids, 2 to 3 ppm 

c 

a . 

Environment Additions 

No. Hydrogen (cc/l iter) Oxygen (cc/liter) 

1 
2 
3* 

0.0 
50.0 
25.0 

1,o 
1.0 
1.0 

Specimen Description 

Clad plate with holes 

drilled in clad 

Unclad specimens of 

as-rolled core 

Clad specimens with 
edges exposed 

34 w t  % U02-0.5 w t  % B4C in iron 

matrix 

Same 

34 w t  % U02-0.5 w t  % B4C in pre- 

alloyed s ta in less  steel  

Same 

34 wt % U02-0.5 w t  % B C in pre- 4 
alloyed stainless steel matrix 

Sa me 

Same 

Same 

Iron p la te  clad with stainless s tee l  

Same 

34 w t  76 UO2-O.5 w t  % B4C in iron 

matrix clad wi th  stainless steel 

Same 

Elemental s ta in less  steel  plate clad 
wi th  s ta in less  steel 

Sa me 

34 w t  % U02-0.5 w t  % B4C in ele- 

mental stainless steel  matrix 

Same 

34 w t  % U02-0.5 w t  % B4C in pre- 

alloyed stainless steel matrix 

Same 

Prealloyed s t a i n l e s s  steel  p late clad 
with stainless steel  

Some 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

100 

500 

100 

500 

10 

25 

50 

100 

100 

500 

100 

500 

100 

500 

100 

500 

100 

500 

100 

500 

+O. 13 

+0.11 

+0.19 

-0.03 

-0.10 

-0.17 

+ 0.09 

-0.03 

- 1.0 

-0.88 

+ 0.15 

+0.47 

-0.07 

-0.09 

Negligible 

+0.02 

+0.30 

+ 1.17 

-0.11 

-0.05 
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TABLE 70 (continued) 

Category Specimen Descript ion 
Exposure 

Ti me 
Environmen t Weight Change** 

No. (mg/c m2) 
(hr) 

Brazed jo ints of  304L Coast Metals NP braze al loy 

stainless steel 

GE 81 braze al loy 

L o w  melt ing Nicrobraze al loy 

GE 75 braze al loy 

1 720 Negl ig ib le  

1 720 Zero 

1 720 Negl ig ib le  

1 720 + 0.26 

Pd-Ni-Si braze al loy 1 720 Negl ig ib le 

80% Cu-20% Ni braze al loy 1 720 +o. 11 

85% Cu-15% Ni 

90% Cu-10% Ni 

1 720 Negl ig ib le 

1 720 +0.09 

*Environment No. 3 resul ts not ye t  ovoilable. 

**The weight change noted for the specimens in  categories 1-3 are based upon del ivered weights, and those i n  
category 4 are based upon as-scrubbed weights. 

Fig, 179. APPR-1 Welded Absorber Section. 
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B . 

TABLE 71. IRRADIATION-TESTING O F  MINIATURE uranium-aluminum alloy, uc and uc, 
COMPOSITE PLATES CONSISTING OF A DISPERSION dispersions i n  aluminum, uo, dispersions in  

OF ENRICHED ELEMENTAL BORON IN AN IRON aluminum, U,O, dispersions i n  aluminum, and 

UAI, dispersions in  aluminum. 
Considerable emphasis has been placed on and 

progress has been made with the uranium-aluminum 

uranium: 

:r 
MATRIX, CLAD WITH WROUGHT TYPE 304L 

STAINLESS STEEL 

Burnup of al loy containing 48 wt ’% uranium. Preliminary 
Sample No. 5” Atoms work has been in i t ia ted t o  determine the com- 

pat ib i l i ty  of the uranium carbides wi th  aluminum. 

Per  Cent 13’’ of APPR* 
Design Loading 

(at. %) 

1**  

2* * 

3** 

4* *  

5** 

6 

7 

8 

9 

100 

100 

100 

100 

100 

60 

60 

120 

120 

20 

40 

60 

ao 
90 

60 

90 

60 

90 

Although it i s  possible to  manufacture fuel ele- 
ments which contain a dispersion of UO, in  
aluminum, the fundamental cause of the dimen- 
sional instab i l i ty  which occurs during elevated- 
temperature heat treatments i s  not known, and 
efforts are being directed toward resolving th is  
problem. The compounds U,O, and UAI, have the 
disadvantage of lower concentration of uranium; 
however, their compatibi l i ty wi th  aluminum is  t o  
be determined. 

Melt ing and Cast ing of a Nominal 48 wt  % 
Uranium-Aluminum A l loy  

J. H. Mi lko  *The designed BIO loading for APPR.1 i s  14.1 g per 

plate or 2.86 wt ?4 B’O in the core mixture. 
Investigations have been init iated to  determine 

the effect of so l id i f icat ion rate, as influenced by 
the graphite mold size, on segregation in  th is  

atoms, a f u l l  s ize absorber section of th is  combi- a l loy.  ~ i m e n s i o n s  of the cy l indr ica l  graphite 
nation of materials w i l l  be substituted for the molds are l is ted in Table 72. A l l  melts were 
cadmium section in the MTR shim rod and tested prepared and cast  in air. Pert inent results are 
i n  the act ive la t t ice of the MTR. l is ted i n  Table 73, and microstructures are i l l us -  

**Sampler in test  a t  M T R .  

F O R E I G N  R E A C T O R  F U E L  E L E M E N T  
PROGRAM 

R. J. Beaver J. A. Mi lko  
J. H. Erwin W. C. Thurber 

The specif icat ion that uranium for foreign appli-  
cat ion be l imited t o  20% enrichment i n  the U235 
isotope has created need for development of a 
re l iab le  fuel a l loy or a dispersion for the con- 
ventional ly designed curved-plate MTR-type re- 
search reactor. Fabrication d i f f i cu l t ies  were 
experienced a t  ORNL wi th  the UO,-aIuminum 
dispersion-type fuel element which was manu- 
factured for the Geneva Conference Reactor. A 
program has been in i t ia ted a t  ORNL wi th  the 
purpose of selecting a material which w i l l  be 
re l iab le and suitable for manufacturing aluminum 
fuel  elements for foreign reactors. The piogram 
includes investigation of the fo l lowing a l loys or 
dispersions which are to contain 45 t o  55 wt % 

trated in Fig. 180. The locations of the various 
samples are shown in F igs.  181 and 182. These 
results indicate the fol lowing: 

1. The greatest variation in  the uranium content 
may be expected in the central longitudinal section 
o f  the cast  cylinders. 

2 .  The transverse variat ion i n  the uranium 
content wi th in  any posit ion of the height of the 
cyl inders is  rather small. 

3. The most rapid so l id i f icat ion occurs wi th  a 
mold w a l l  thickness of 2 in. Beyond th is  value, 
the increase in  so l id i f icat ion rate may not be 
increased appreciably . 

4.  Small grain size may be obtained wi th  a mold 
w a l l  thickness of 2 in. 

5. Although there appears to  be a trend of more 
segregation wi th  a more rapid sol idif icat ion, as 
evaluated by the average spread, th is  trend may 
not be correct because of the influence of sus- 
pected gas porosity. 
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n 
TABLE 72. PERTINENT DATA OF FOUR CASTINGS PRODUCED IN GRAPHITE MOLDS 

Volumes (in. 3 ) Areas (in. 2 ) Time to 
Mold Dimensions (in.) Wa I I 

Casting Reach 

625OC Metal  Graphite 
OD Length (min) 

In tern a1 Outer Thickness Mold Outer 

Height  Covity Surface (in.) 
Designation ID 

56.52 50.24 82.46 123.76 7.49 s- 1 3 a 4 a \  \ 
$2 3 8 5 9 1 120.10 173.56 3.44 

5-3 3 8 7 10 2 ' 328.13 289.78 0.87 

5-4 3 a 9 11 3 642.92 331.12 0.84 

UNCLASSI Fi ED 
XI9562 

s 2  s3 s4 

A I +  4870 U 

Fig.  180. Microstructures of Sectional Cylinders Produced in Molds of Dimensions as Given in 

Table  72. 
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UNCLASSIFIED 
ORNL-LR- DWG 47426 

0 45.47 

0 45.38 

0 46.35 

0 46.39 

0 45.66 0 48.63 

0 46.27 

0 46.84 

0 46.57 

0 48.39 0 48.28 

0 47.40 

0 47.55 

0 47.73 

o 47.22 

0 47.93 

0 48.18 

o 47.02 

0 40.07 

0 48.26 0 47.84 
i) 

0 49.03 

V 

0 44.77 

o 46.16 

0 46.73 

0 47.!5 

0 46.26 

0 45.91 

0 46.68 

0 46.48 

f \  
) I  

/ I  

11 
I t  
I /  
u 

I 0 45.66 0 48.34 s-4 0 45.43/ 

0 45.62 0 42.04 0 50.23 

0 46.09 0 44.60 0 52.24 

0 46.63 0 47.23 o 53.50 

1 
1 

0 54.05 

0 50.60 

0 49.90 

0 49.03 

0 46.35 0 49.05 

0 46.52 0 47.46 0 48.57 0 48.99 0 49.53 0 50.85 0 52.20 0 54.80 0 52.40 

0 45.42 0 45.47 5-2  0 45:04 

\ 
\ 

:i 0 46.63 o 49.26 

0 46.87 0 49.31 

0 46.52 o 48.10 

Fig ,  181. Dr i l l ing  Pattern and Uranium Contents of Sectional Cylinders S-1 and S-2, Produced in 

Molds Having Dimensions as Given in Table  72. 
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UNCLASSIFIED 
ORNL-LR - DWG I7427 

I 
0 43.78 0 47.15 0 47.73 

o 48.20 0 48.70 

0 48.46 0 46.95 

0 5t.33 

o 49.46 

0 50.97 

0 48.93 

0 48.12 0 49.53 

0 47.81 

0 46.70 

0 48.30 

0 48.08 0 49.14 

0 47.13 

0 50.51 0 50.85 0 9.82 0 

0 
6.33 

T I  
0 47 

0 45.05 

J 
0 45.28 

0 46.93 

0 45.30 

0 43.27 

I 

s - 3  

0 4 6 7 6  0 40 61 0 38.58 
/ 

0 48.43 

0 48.40 

0 47.48 

0 48.02 

0 48.34 

0 48.41 

o 48.06 

0 47.67 

0 49.21 (b 0 50.35 0 50.62 

0 49.07 

0 49.56 

0 49.00 

0 47.76 

0 48.10 

0 49.33 

0 47.83 

0 48.t3 

0 49.34 0 49.07 0 48.96 

I 

s - 4  

Fig. 182. Dri l l ing Pattern and Uranium Contents of Sectioned Cylinders 5-3 and 5-4, Produced in 
Molds Having Dimensions as Given in Table  72. 

178 



P E R l O D  E N D l N G  O C T O B E R  10, 1956 

TABLE 73. VARIATION OF URANIUM CONTENT IN 
FOUR CASTINGS WHOSE MOLD WALL THICKNESS 

VARIED FROM 4 TO 3 in. 

Manufacturing of F u e l  Element Containing 
48 wt  % Uranium-Aluminum Al loy  

J. H. Erwin 

Efforts have been directed to fabricate composite 
fuel plates and braze assembl ies in  a manner 

s-2 s-3 ’-‘ similar t o  that presently used i n  manufacturing 
the conventional MTR-type fuel element. Two 

Casting Designation 

Mold temperature, OC 

Pour temperature, OC 

Mold wa l l  thickness, in. 

T ime to 62SoC, min 

Uranium content, w t  % 

Entire casting 

Maximum 

Minimum 

Spread 

Average 

Longitudinal center 

Maximum 

Minimum 

Spread 

Average 

in. from bottom 

Maximum 

Mini mum 

Spread 

Average 

4 %  in. from bottom 

Max imum 

Minimum 

Spread 

Average 

8’/4 in from bottom 

Maximum 

Min imum 

Spread 

Average 

65 

1175 

v2 1 

7.49 3.44 

49.03 54.80 
44.77 45.01 
4.26 9.79 

46.95 48.41 

49.03 54.80 
45.66 46.52 

3.37 8.28 
47.80 50.11 

46.91 46.86 

45.38 45.42 
1.43 1.44 

46.06 46.29 

48.31 49.53 
47.02 42.04 

1.29 7.49 
47.65 47.14 

47.15 53.50 
44.77 45.01 

2.38 8.49 
46.28 50.41 

2 3 

0.87 0.84 

51.33 50.62 
43.27 38.40 

8.06 12.22 
47.69 47.08 

50.85 50.62 
46.26 48.02 

4.59 2.60 
48.83 49.07 

48.93 48.43 

47.15 46.76 
1.78 1.67 

47.98 47.92 

51.33 49.56 
47.13 47.76 

4.20 1.80 
49.15 48.61 

46.93 49.23 
43.27 38.40 
3.66 10.83 

45.05 43.04 

principal problems hove been encountered, namely, 
(1) serious thinning of the type 1100 aluminum 
cladding and (2) erratic bonding when high-strength 
a l loys are substituted for the type 1100 aluminum 
cladding material. Because of the difference i n  
p last ic i ty  between the 48 wt % uranium-aluminum 
al loy and the type 1100 aluminum cladding at  the 
hot-roll ing temperature o f  58OoC, the  nominally 
0.016-in.-thick cladding reduces to  as low as 
0.002 in. in  local ized areas above the ends of the 
ro l led core. Th is  condition i s  markedly improved 
by the substitution of higher-strength type 6061 
or 6951 aluminum as the cladding material and a 
decrease in  the total reduction i n  thickness rat io  
from 6/1 to 5/1. However, with the substi tut ion 
of the materials a t  these to ta l  reduction values, 
erratic bonding results i n  pronounced blisters, 
which frequently occur during brazing of the fuel 
elements. Efforts are being directed to  ro l l -c lad 
the a l loy cover plate and frame material wi th  type 

1100 aluminum, so that during roll-bonding of the 
composite fuel plate, the bonding process w i l l  be 
confined to type 1100 aluminum surfaces. 

Extrusion of 48 w t  % U ranium-Aluminum A l l o y  

J. H. Erwin 

Excessive edge-cracking has been experienced 
i n  hot-rol l ing slabs of nominal 48 wt  % uranium- 
aluminum al loy t o  plate material from which fuel 
cores may be punched. Although t h i s  d i f f icu l ty  
has  been markedly minimized by framing the a l loy 
i n  type 1100 aluminum, a more attract ive method for 
obtaining fue l  core material appears t o  be ex- 

Average spread* 
trusion o f  cyl indrical b i l le ts  into f la t  plates. 

2.55 7*10 4*46 5.82 Preliminary work has revealed that %-in.-dia rods 
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51OoC and a pressure o f  approximately 65 t s i  
through a bellmouthed d ie  wi th  an entrance a t  
90 deg included angle. Lubricants consisted o f  
Necrolene in  the container and powdered lead on 
the d ie  face. Microstructure of the extruded a l loy 
i s  i l lustrated i n  Fig. 183 and may be compared 
wi th  the ro l led a l loy shown in  Fig. 184. 

S P E R T B  D E V E L O P M E N T  

R. J. Beaver J. H. Erwin 

Efforts have been made t o  manufacture an 

aluminum fuel element for the SPERT B program 
a t  Ph i l l i ps  Petroleum Co. (PPCO) which i s  
stronger than previous aluminum fuel elements 
and which permits insertion and removal of several 
o f  the fuel plates. The fuel element i s  to  contain 
four f la t  f ixed plates, brazed in to position, wi th  

suf f ic ient  addit ional grooves in  the side plates 
t o  permit insertion or removal of 20 addit ional 
plates. The age-hardenable type 6061 aluminum 
al loy has been substituted far type 1100 aluminum 
a s  the side plate material in  the fuel element and 
for the cladding material of the fuel plate. Con- 
s idera ble di  f f i  cu I ty has been experienced wi th  
errat ic bonding between types 1100 and 6061 
aluminum while rol l-cladding fuel plates by using 
a 6/1 reduction in  thickness. Roll-cladding the 
type 6061 aluminum cover plates wi th  type 1100 
aluminum confines bonding of the composite fuel 
plate to type 1100 aluminum surfaces and has 
resulted in  satisfactori ly bonded plates. Ex- 

perimental fuel elements have been brazed and 
quenched in  air wi th  no appreciable distortion, 
and the aluminum a l l o y  has been age-hardened 
to  tensi le strengths approaching 32,000 psi. Water- 
quenching resulted in severe distort ion of the fuel 
element. 

P 

Fig, 183. Aluminurn-42 wt  % Uranium A l loy  Extruded a t  950°F, l6/l Reduction Ratio. 500X. 
Reduced 2%. 
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Fig. 184. Aluminum-42 wt % Uranium Alloy Hot Rolled a t  llOO°F, l6/l Reduction Ratio. 

H I G  H-S T R E N G T H A L UMlN UM F U E L E L E  M E N TS 

J. H. Erwin 

One of the sources of d i f f icu l t ies wi th  the 
aluminum MTR-type fuel element i s  the softness 
of the type 1100 aluminum as a resul t  o f  the 
extended elevated-temperature heat treatments 
and brazing cycle. Consequently the material is  
prone to  damage during handling in  the reactor and 
t o  possible distort ion under dif ferential pressure 
conditions. Results have been obtained from 
pressure-testing of fuel elements i n  which types 
5050 and 6951 aluminum al loys were substituted 
for the conventional type 1100. The design data 
and test  results are l is ted i n  Tables 74 and 75, 
respectively. It i s  apparent that the IDX-11 fue l  
element compares quite favorably w i th  IDX-8, the 
predecessor of the present MTR Mark X I  element, 
and appears to  offer higher strength, 15% reduction 
in aluminum, and 23% reduction in the metal-to- 
water ra t io  when compared wi th  the present MTR 

fuel element. After f ive months in  the BSF water, 
IDX-IO element showed no greater attack than the 
type 1100 aluminum BSR fuel elements. The fuel 
element i s  i l lustrated in  F ig .  185. 

M A N U F A C T U R E  OF F U E L  E L E M E N T S  
C O N T A I N I N G  10 w t  % P L U T O N I U M - A L U M I N U M  

A L L O Y  

R. J. Beaver J. H. Erwin 

A cooperative program has been undertaken by 
L o s  Alamos Scienti f ic Laboratory and ORNL t o  
manufacture s ix  fuel elements containing plutonium 

i n  the form of a 10% plutonium-aluminum al loy 
for irradiation i n  the MTR. The fuel elements 
are similar to  the MTR fuel elements, wi th  nearly 
identica I manufacturing procedures. Los  Alamos 
has prepared evacuated aluminum bi l lets, con- 
taining the Pu-AI a l loy core, which ORNL has 
successful ly fabricated in to composite plate. 
Some d i f f icu l ty  was experienced in  meeting plate 
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TABLE 74. DESIGN DATA OF MTR-TYPE F U E L  ELEMENTS 

Fuel  Plates 

Aluminum Type Thickness Groove Depth 
Unit  No. Thickness (in.) 

Side P la te  Fuel  P la te  (in .) (in.) Number 
T o p  and Bottom Intermediate 

IDX-7* 1100 1100 0.1 25 0.071 18 0.060 0.060 

IDX-8* 1100 1100 0.1 87 0.057 19 0.075 0.050 

IDX-10 695 1 5050 0.125 0.071 18 0.060 0.060 

Mark X I  1100 1100 0.1 87 0.087 19 0.065 0.050 

IDX-11 6951 5 050 0.1 02 0.048 19 0.050 0.050 

IDX-12 6951 5050 0.1 02 0.048 20 0.045 0.045 

'J. P. Sanders, Deformation of MTR Fuel Element in S ta t ic  Pressure  Tests ,  ORNL CF-55-4-24 (May 9, 1955). 

UNCLASSIFIED 
Y-19746 

F i g ,  185. IDX-10 Fue l  Un i t  After F i v e  Months in the BSF Pool, 

TABLE 75. DEFLECTION OF MTR-TYPE F U E L  
ELEMENTS UNDER STATIC PRESSURES 

Deflect ion (mils) a t  Indicated Pressure 

U n i t  No. (psi) 

5 10 15 17.5 20 25 30 O f  

IDX-7** 4 14 75 17 

IDX-8** 5 7 13 22 36 10 

IDX-10 5 9 16 17 21 28 37 6 

IDX-11 5 11 16 18 23 1 

IDX-12 10 17 32 36 45 9 

*Permanent set in unit  after removal of the pressure. 

**J.  P. Sanders, Deformation of MTR Fuel Element  in 
Static Pressure  T e s t s ,  ORNL CF-55-4-24 (May 9, 1955). 

dimensional tolerances because o f  the apparent 
softness of the 10% Pu-AI a l loy compared w i th  
the 10% U-AI al loy. 

D E V E  L O P  ME N T  0 F A L UMI  N UM-B OR ON B INA R Y 

T E R N A R Y  A L L O Y S  F O R  A P P L I C A T I O N  
I N  ALUMINUM F U E L  E L E M E N T S  

A L L O Y S  AND ALUMINUM-URANIUM-BORON 

R. J. Beaver J. A. Mi lko 
W. C. Thurber 

Alloy Development 

Casting techniques for prepar icg h omogeneous 
boron-aluminum cladding a l loys and uranium-boron- 
aluminum core a l loys for MTR-type fue l  elements 
have been advanced during the current period. 

' 
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A 

c 

Previous work3 hod indicated that f inely divided 
AIB,,, both loose and compacted with aluminum 
powder, wos unsatisfactory as a boron addit ion in  
uranium-boron-aluminum al loy fuel element cores. 
However, nickel-boron master a l loys  containing 
about 12 w t  % boron have shown considerable 
promise as an al loying addit ion - both in  the core 
and cladding material. Aluminum-boron a l loys  
containing 2 t o  5 wt % boron were successful ly 
used in  preparing cladding al loys. 

The nickel-boron master ol loy was prepared by 
arc-melting, under argon, pressed and sintered 
compacts of the elemental powders. The aluminum- 
boron master a l loy  was obtoined from a commercial 
vendor. 

F i v e  co rea l l oy  castings having the nominal 
composition 17% U-0.22% B-1.61% Ni-bal 
aluminum and three clodding-alloy castings having 
the nominal composition 0.10% B-0.73% Ni-bal  
aluminum were made by using the nickel-boron 
master al loy as o melt addition. One casting of 
each composition was poured into a horizontal 
s lab mold fed from one end, whi le the remoining 
s ix  slabs were poured into vert ical  molds fed from 
the top. With the exception of the U-B-Ni-AI al loy 
poured in  the horizontal plane, good boron recovery 
and a high index of homogeneity4 were manifest 
i n  every case as indicated in Table 76. 

3W. C. Thurber and J. A. Milko, Met. Serniann. frog. 

4The index of homogeneity is an empirical value 
based on deviation of individual analyses from the mean 
boron content of the billet. Perfect homogeneity = 100. 

Rep. Apr i l  10, 1956, ORNL-2080, p 162. 

TABLE.76. E V A L U A T I O N  OF A L L O Y S  P R E P A R E D  

WITH Ni-B ADDITIONS 

Boron Recovery 
Alloy Index of Homogeneity 

(% ) 

4 

U -B-N i -A I 

U -B-N i -AI 

U -B-N i -A I 

U -B-N i -A I 

U -B-N i -AI" 

B-Ni-AI 

B -N i -AI 

B-N i -A l a  

91 

83 

91 

90 

61 

94 

92 

85 

88 

78 

92 

92 

50  

9 3  

74 

96 

"Horizontally c o s t  s labs .  

Sixteen castings of cladding al loy having the 
nominal composition 0.10% boron-balance aluminum 
were prepared by using aluminum-boron master 
al loys.  Evaluation of these al loys is indicated in  
Table 77. It should be noted that both recovery 
and index of homogeneity are high and occasional ly 
free from any errat ici ty. Although the recovery 
figure is reported as 100% in  a majori ty of cases, 
the calculated recovery of boron wos found to  be 
actual ly greater than 100%. Th is  discrepancy 
was probably due to  segregation of boron in  the 
master al loy. 

T A B L E  77. EVALUATION O F  ALLOYS PREPARED 
WITH AI-B ADDITIONS 

Allay Recovery (%) Index of Homogeneity 

A I  + B 74 
82 
98 

100 
99 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

90 
99 
86 
87 
93 
94 
96 
92 
94 
98 
99 
96 
94 
94 

95 
84 

Corrosion Test ing 

T o  evaluate the corrosion performance of cladding 
al loys containing boron, stat ic corrosion tests in 
d i s t i l l ed  water are being performed on boron- 
aluminum and boron-nickel-aluminum al loys. Two  
groups of samples are being tested. Group I 
samples received 75% cold-reduction, whi le group 
group II samples received a heat treatment 
analogous to  that  which MTR fuel plates receive. 

Preliminary results of these tests are summarized 
i n  Table 78. After 1500 hr in  d is t i l l ed  water a l l  
group I samples exhibited p i t t ing  and bl istering. 
B l i s te r ing  was also observed on group II samples 
after 200 hr under the same conditions. Group II 
samples tested for 200 hr in 6OoC d is t i l l ed  water 
showed no bl istering. 
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TABLE 78. STATIC CORROSION OF ALUMINUM ALLOYS IN DISTILLED WATER 

Temperature Time Weight Gain 
Comments 

(OC) (hr) (mg/cm2) 
Mater io I Compos i ti on 

A I  + N i B  

A I  + N i B  

A I  + AIB 

A I  + AIB 

1100 A I  

A I  + NiB 

AI  + NiB 

A I  + AIB 

A I  + AIB 

1100 AI  

0.066% B, 0.75% Ni  

0.152% B, 0.75% Ni 

0.062% B 

0.063% B 

0.091% B, 0.80% Ni  

0.091% B, 0.80% N i  

0.078% B 

0.078% B 

100 

100 

100 

100 

100 

60 

100 

60 

100 

60 

Group I* 

1500 

1500 

1500 

1500 

1500 

Group II** 

200 

2 00 

2 00 

2 00 

200 

0.3, 0.3 

0.4, 0.3 

0.3, 0.3 

0.3, 0.3 

0.3, 0.3 

0.04, 0.05 

0.11, 0.12 

0.04, 0.06 

0.04, 0.07 

0.04, 0.04 

Pi t t ing  ond bl ister ing 

P i t t ing  and bl ister ing 

P i t t ing  and bl ister ing 

P i t t ing  and bl ister ing 

Negl ig ib le attack, no bl ister ing 

Negl ig ib le at tack 

Some bl ister ing 

Negl ig ib le attack 

Some b l  is tering 

Negl ig ib le at tack 

*Specimens cold-rol led about 75%. 
**Specimens received simulated MTR heat treatment. 

Irradiation Testing 

A n  MTR prototype aluminum fuel element, in  
which boron was incorporated in  the cladding of 
the fuel plates, wos manufactured and del ivered 
t o  the MTR for irradiation testing. Fabrication 
procedures were analogous to  the conventional 
procedures for manufacturing MTR fuel  elements. 

It was apparent during processing of th is  element 
that the aluminum-boron a l loy cladding material 
was more prone to  b l is ter ing than type 1100 
aluminum. Eight  per cent of the fue l  plates 
fabricated was rejected for th is  reason. The 
concentration of the boron in the a l loy c lad varied 
from 0.82 t o  0.14 wt %. The element contained 
a to ta l  of 1.92 g of boron. 
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METALLURGICAL MATERIALS AND PROCESSING 

E. S. Bomar 

R. E. Adams E. M. Benson 
J. I. Federer 

c 

T H O R I U M  - T H E  M E T A L L E X  PROCESS 

E. S. Bomar 

Cons o I i dot i on Ex pe r i ment s 

Thorium, amounting to about 35 Ib of metal, was 
obtained from amalgam prepared by the Metallex 
process. Fif teen pounds of the metal was melted 
in a nonconsumable-electrode furnace a t  Armour 
Research Foundation to  obtain information on the 
behavior of the metal i n  this type of equipment. 
The  material i s  reported t o  have responded we l l  
t o  th is  treatment and to have formed a b i l le t  wi th  
a density of 11.45 g/cc. Only traces of mercury 
were observed to  have col lected in  the furnace. 
The result ing 3-in.-dia b i l l e t  was extruded into 
a z-in.-dia rod. The remaining 20 Ib of thorium 
was hot-pressed in  a manner similar to  that de- 
scribed previously,' A 3-in.-dia extrusion b i l l e t  
was machined from the hot-pressed compact and 
then extruded in to %-in. rod. T h i s  rod  i s  
scheduled for use as a consumable electrode in  
a melt ing experiment a t  Armour Research Foun- 
dation. 

Retorting Experiments 

The conclusion that the evolut ion of the un- 
combined mercury i s  accomplished without damage 
t o  compacts a t  heating rates as high o s  12°C/min 
may be in error. The conclusion was based on 
the absence of a volume change when the samples 
were heated to  50O0C in vacuum. Recent retorting 
runs of a 3 t - h '  holding period a t  temperatures 
ranging from 90 to  240°C show that samples held 
a t  14PC have fewer external flaws. 

Transfer of iron, nickel, and chromium from the 
stainless steel container t o  the thorium charge 
was found not t o  occur during the retorting cycle. 

Since a eutectic ex is ts  a t  860°C i n  the iron- 
thorium system, it i s  necessary t o  isolate the 
thorium-bearing charge from the steel retort. 
Based on their too-high cost, their too-low melt ing 
points, or the presence of low-melting eutectics 
i n  the binary system wi th  iron or thorium as a 

'E .  S .  Bornar, Met. Semiann. Prog. R e p .  Apri l  10, 
1956, ORNL-2080, p 179. 

gage of usabi l i ty  for a container material, a l l  
e lementa I materia Is but s i  I icon, vanad i urn, c hro- 
mium, cobalt, niobium, molybdenum, tantalum, and 
tungsten were eliminated as potential l iner ma- 
terials. The re la t ive su i tab i l i ty  of these metals 
for use as l iners was tested by retorting samples 
of thorium amalgam in contact wi th  specimens of 
the above elements, then removing the bottom 
portion of each of the result ing thorium samples 
for chemical analysis. The sil icon-thorium couple 
was an exception because these metals melted 
together. The analy t ica l  results are presented in  
Table 79. The last column i n  the table takes 
into account the variat ion in  thermal-neutron ab- 
sorption cross sections of the several metals. 

Of the metals examined, tungsten and tantalum 
are the most inert in contact wi th  thorium. 

Future Work 

The effort on the Metal lex program has been 
further reduced, and the behavior of s-in.-dia 
compacts w i l l  not be examined. A Metal lex 
thorium rod w i l l  be used for a consumable-electrode 
a rc-melt in g ex per i ment. Continued support w i I I 
be given t o  the Chemical Technology Division's 
laboratory work. 

M E T A L L U R G I C A L  PROCESSING O F  S P E N T  
F U E L  E L E M E N T S  

R .  E. Adams 

Carburization 

Certain l imitat ions i n  appl icat ion o f  carburi- 
zation as an a id  t o  recovery of unburned uranium 
from spent stainless steel fuel elements have been 
observed. Two different methods were previously 
examined for treating the type 304 stainless steel 
elements used in earl ier carburization experi- 
ments.2 APPR elements being made a t  present 
contain a core made wi th  type 302B stainless 
steel and are clad wi th  type 304 stainless steel. 
Table 80 shows that, fol lowing similar carburizing 
and sensit izing treatments, the method based on 

2R. E. Adorns, Met. Semiann. Prog. R e p .  Apri l  10, 
1956,  ORNL-2080, p 181. 

185 



M E T A L L U R G Y  PROGRESS R E P O R T  

I 

TABLE 79. EVALUATION OF POTENTIAL LINER MATERIALS FOR USE 
IN RETORTING THORIUM AMALGAMS 

Contact t ime: 1 hr 
Contact temperature: 1 2 0 0 ~ ~  
Atmosphere: Vocuum of 0.04 1-1 

Amount of Metal in Thorium Sample oa X ppm 
Meta I Method of Analysis 

(PPm) Atomic weight 

V Colorimetric 

Cr Colorimetric 

28 

190 

2.6 

10.6 

co Color imetr ic 

Nb Spectrograph ic 

20 

36 

10.8 

0.4 

Mo Colorimetric 36 0.9 

Ta Activation <0.10 CO.01 

W Activation < 0.01 <0.001 

TABLE 80. DISTRIBUTION OF URANIUM AND STAINLESS STEEL AFTER TESTS 
O N A N A P P R  F U E L E L E M E N T M A T E R I A L  

Sample preparation: Carburized for 20 min  a t  1000°C 
Homogeneized for 2 hr a t  1150°C 
Sensitized for 2 hr a t  65OoC 
Carbon content, 0.3-0.5% 

Per Cent of Fuel Element Material Recovered 

Type 302B Core** 
Type 304 Core* 

Uranium Stainless Steel 
Test No. 1 Test No. 2 

Uranium Sta in less  Steel Uranium Sta in less  Steel 

CuS04 + H2S04 corroding 0.1 6.7 0.2 4.1 0.6 6.5 
solution 

3 HNO leaching solution 99.0 11.2 78.1 0.6 87.2 2.2 

Solids 0.9 82.1 21.7 95.3 12.2 91.3 

I *Nominal composition: 18-20% Cr, 8-11% Ni, 2% m x  Mn, bal Fe. 
**Nominal composition: 17-19% Cr, 8-10% Ni, 2% max Mn, 2-3% Si, bal Fe. 

intergranular corrosion gives much lower uranium recovering appreciable quanti t ies o f  the non- 
recoveries from the type 302B cores than from f issionable metal contained in fuel elements as 
the type 304 cores. so l ids and the uranium in  a, n i t r i c  ac id  soluble 

form suitable for solvent extraction. This  would 
resul t  in a reduction in  volume of the feed stream 
t o  the solvent-extraction column and recovery of 

Selective dissolut ion in  t i n  and other molten a large portion of the waste in a form more suitable 
metals i s  being examined as a possible means of for permanent disposal than i s  possible w i th  a 

D I S S O L U T I O N  IN T I N  

J. I .  Federer 
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I iquid. The aluminum-uranium fuel element was 
selected for the in i t ia l  work. 

The so lub i l i ty  of uranium i n  pure t i n  i s  reported3 
t o  be less than 0.01 wt % a t  6 5 P C .  Since the 
so lub i l i ty  of aluminum in t i n  i s  about 75 wt % a t  
65OoC, the poss ib i l i ty  ex is ts  that the aluminum 
portion o f  a fue l  element could be dissolved, 
leaving the uranium in  suspension for removal by 
f i l t rat ion. In practice, however, the so lub i l i ty  of 
uranium in tin-aluminum al loy increases wi th  the 
aluminum concentration. Experiments have been 
performed on aluminum al loys containing 4 wt % 
o f  uranium. Figure 186 shows the dependence o f  
uranium recovery on the aluminum content of the 

3R. W. Buzzard and H. E .  Cleaves, J.  Met. and 
Ceramics 1 ,  25(1948); Binnry A l l o y s  o/ Uranturn, TID-65, 
p 44 (July 1948). 

bath. Whether the scatter i n  the data was due to  
inadequate control o f  a sensit ive metal lurgical 
variable or to  d i f f i cu l t ies  encountered in the 
chemical analyses was not determined. The trend 
t o  higher losses of uranium wi th  increasing per- 
centage aluminum i n  the bath and increased 
f i l t ra t ion temperature i s  apparent. X-ray dif- 
fract ion patterns of the residue on the f i l ter  
showed that the uranium i s  present in the bath 
as USn,. 

The aluminum content of the t i n  bath was re- 
duced to 0.8 wt % by a second f i l t ra t ion a t  275OC. 
The tin could then be recycled for addit ional 
a I u m i n u m -ura n i u m a I I ay d is  so I u t i  on . 

Dissolut ion experiments wi th  zirconium in  t i n  
and zirconium in  bismuth were a lso  performed. 
The  tentative phase diagram for zirconium-tin 
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Fig. 186. Recovery of Uranium from AI-Sn-U Baths by Fi l trat ion, 
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shows a single l iqu id  phase for 5 wt % zirconium 
i n  tin a t  temperatures greater than 500°C.4 How- 

* P h a s e  Dia  rams of Zirconium-Base Binary A l l o y s ;  
A Study of t%e S y s t e m s  of Zirconium wi th  T i n ,  Mo- 
lybdenum, Copper,  Wolfram. Chromium, Si l icon,  Alumi- 
num, and Magnesium: Final Report January 1, 1951- 
March 31, 1952, Armour Research Foundation of I l l inois 
Inst. Technola COO-89, (April 14, 1952). 

188 

ever, zirconium suff icient t o  form a 5 wt % a l loy 
did not dissolve in t in  even upon holding for 95 hr 
a t  1000°C. 

A solution of 5 wt  % 
formed after 24 hr a t  
surface-to-volume rat io  
samples by a factor of 
dissolut ion in a bismuth 

zirconium i n  bismuth was 
1 OOO°C. Increasing the 
o f  subsequent zirconium 
8 led t o  almost complete 
bath after 24 hr a t  600OC. 
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T. M. Kegley 

M E T A L L O G R A P H I C  E X A M I N A T I O N  OF HIGH-  
V E L O C I T Y  H E A T  E X C H A N G E R  (SHE NO. 1 )  

R. J. Gray 

A small heat exchanger was bu i l t  and operated 
by a group in  the Ai rcraf t  Reactor Engineering 
D iv is ion  t o  study conditions that might be en- 
countered in the intermediate heat exchanger of 
the Ai rcraf t  Reactor Tes t  (ART).' The small 
heat exchanger (SHE No. 1 )  was used to  determine 
heat transfer characteristics, pressure drop charac- 
terist ics, and corrosion and mass transfer effects 
a s  found in  a mult iple tube, f luoride salt-NaK, 
h igh-veloci t y  heat exchanger. 

The heat exchanger operated for a period of 
1648 hr wi th  a f luoride sa l t  (fuel) and NaK. For 
the study of mass tronsfer effects, a wide temper- 
ature dif ferential was maintained during the last  
456 hr of i t s  operation. 

Fol lowing i t s  operation, the heat exchonger, 
shown in  F ig .  187, was sectioned for metallo- 
graphic examination. The principal parts in  the 
examination were the NaK-carrying lnconel tubes, 

'J. C. Amos, Small Fluoride - NaK Heat Exchanger 
T e s t  No. 1 (High V e l o c i t y  Heat Exchanger Test) ,  
ORNL CF-56-1-187 (Jan. 2, 1956). 

D. F. Stoneburner 
J. R. Riddle 
J. E. Van Cleve 

identi f ied by name in  F ig .  188; principal areas 
of examination are identi f ied as A, B, C, D, and 
E.  The tubes were careful ly cut into samples of 
suitable size and mounted in  a non-pressure- 
sett ing plast ic for metallographic grinding and 
polishing. Area A (Fig. 187) i s  shown i n  F ig .  189, 
wi th  the fuel and NaK f low directions indicated. 
A sectioned view o f  area A i s  shown i n  F ig .  190. 
It was immediately noticeable that the inside 
surface of the tube in  th is  area had been brightened 
by a reaction wi th  the NaK f lowing through the 
tubes. The NaK outlet temperature in th is  area 
was approximately 1495°F during the last  456 hr 
of test. 

A photomicrograph made direct ly on the inner 
surface i n  contact w i th  the NaK i s  shown in  
F ig .  191. The rate of attack is  much deeper a t  
the grain boundaries, wi th  some uniform dissolut ion 
of  the inner wa l l  surface. Figure 192 i s  a longi- 
tudinal v iew of the tube and shows the NaK 
exposed surface, on which the intergranular attack 
i s  very pronounced. 

Tube-to-header welds were a lso examined in the 
A area. A representative photomicrograph o f  a 
weld and tube exposed t o  NaK a t  the NaK ex i t  
end (hot) o f  th is  heat exchanger is  shown in 

CONFIDENTIAL 
Y.14796 

F U E L O U T L E T  

NaK INLET 
NoK O U T L E T  

Fig. 187. High-Velocity Heat Exchanger (SHE No. 1). Arrows indicate flow direct ion o f  NaK and 
fuel. Letters indicate areas of metallographic examination. 
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FUEL iNLE1 

UNCLASSIFIED 

F ig.  189. High-Temperature End (Area A) of Fig.  190. High-Temperature End (Area A) of 
SHE No, 1 Before Sectioning. SHE No. 1 After Sectioning. 

Fig,  191. Inner Surface (NaK Side) of lnconel Tube, Photo is made normal to the surface. Note  

selective attack a t  the grain boundaries. (Confidential with caption) 
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Fig. 192. Longitudinal View of Inconel Tube Exposed to  NaK. Note the depth o f  se lect ive attack 
a t  the grain boundaries. 1OOOX. Reduced 3%. (Confidential with caption) 

F ig .  193. A photomicrograph a t  a higher magnifi- 
cat ion i s  shown in  Fig. 194. It i s  evident that  
the depth of intergranular attack i s  not  so deep 
as in the tubes and that there i s  no indication of 
select ive attack i n  the cored structure typ ica l  
of a weld. 

A photomicrograph of an entire tube war1 in 
area A i s  shown in  F ig .  195. The outer surfoce 
o f  the tube exposed to  the hot fuel a lso shows 
considerable attack by the depth of voids. The 
fuel in le t  temperature in  area A was approximately 
1505OF for the last  456 hr of test. The grain s ize 
i s  noticeably large in  the tubes, averaging about 
two grains across the entire wall .  A long with th is  
grain s ize the microstructure i s  free of much of 
the precipitate usually found in  commercial-grade 
Inconel. The large grain s ize and the small amount 
of precipitate can be accounted for by the 1505OF 
(fuel) t o  1495OF (NaK) operating temperature in 

area A and the probable elemental diffusion, a t  
these temperatures, of Cr, Ti, AI, and C in to the 
NaK and fuel. These elements are found as 

compounds of Ti-AI, Cr3C,, and Cr C in  Inconel. 
The cyc l i c  t r iax ia l  stressed condit ion on the tubes 
a t  these temperatures would a lso accelerate grain 
growth. 

A longitudinal v iew of the tube wa l l  a t  about 
the center of the heat exchanger (areo B) i s  shown 
i n  Fig. 196. It might be assumed that the oper- 
a t ing temperatures in  this location would be near 
the mean temperatures of the fuel (1455OF) and 
the NaK (125OOF). There i s  less elemental 
dif fusion in  th is  area, as indicated by the presence 
o f  precipitate on the fuel ha l f  of the tube wall .  
The amount and depth of subsurface voids on the 
fuel side are less, and the average depth of 
intergranular attack on the NaK side is  s l ight ly  
less, although there i s  s t i l l  elemental dif fusion 
in to the NaK, as evidenced by the absence of 
prec ip i  tote. 

The fuel outlet and NaK inlet header i s  shown 
i n  Fig. 197, wi th  the examination areas C, D, and 
E indicated. A longitudinal examination a t  the 
f i r s t  bend near the fluoride outlet i s  shown in  
F ig .  198 (area C). A comparison with the micro- 

23  6 
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Fig,  193. Tube-to-Header Weld from Area A. Dark areas in the lower corners are due to f ield l imita- 

tions of microscope. 

F ig ,  194. Tube-to-Header Weld from k e o  A. Photomicrograph of area indicated in Fig. 1 9 3 a t  
higher magnification. 250X. 
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Fig, 195. lnconel Tube Wall from Area A. Fuel 
side i s  a t  top; NaK side is  a t  bottom. 250X. 
Reduced 31.5%. (Confidential wi th caption) 

FUEL 

CONFIDENTIAL 
Y-14199 

N n K  - 

Fig. 197. Coldest End of High-Veloci ty Heat 
Exchanger Fuel  Outlet and NaK Header. 

Fig. 196. lnconel Tube Wall from Area 6. Fuel 
side i s  a t  top; NaK side i s  at bottom. 250X. 
Reduced 34%. (conf ident ia l  wi th caption) 

Fig. 198. lnconel Tube Wall in  Area C. Note 
small amount of subsurface voids on fuel side (top 
of photomicrograph) and absence of  intergranular 
attack on NaK side (bottom). Note uniform dis- 
tribution of precipitate. 250X. Reduced 26.5%. 
(Confidential with caption) 
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8 
structures from areas B and A shows a heavier showed a mass transfer layer about 0.003 in. deep 
precipitate in  the microstructure across the entire a t  the outer surface of the bend. There i s  a 
tube wa l l  in  area C, wi th  n o  attack on the inner radical difference in the amount of mass transfer 
w a l l  exposed t o  the NaK and a small amount of which ex is ts  on the inner surface of the tubes a t  
subsurface voids on the fuel side: the outside and inside bend, as shown in Figs. 199 

A longitudinal examination of the bend area D and 200. Apparently, the flow of NaK impinging 

'-' 

Fig. 199. Mass Transfer on NaK Side of Bend (Outer Bend) in Area D. Note difference in amount of 
deposit on diametrical ly opposite wal ls  a t  the bend. 250X. Reduced 22%. 

Fig. 200. Mass Transfer on NoK Side of Bend (Inner Bend) in  Area D. 250X. Reduced 22%. 
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against the outer part of the bend accounts for 
the deposition being greater a t  the outer part than 
on the inner curvature. A more h igh ly  magnified 
photomicrograph of the deposit on the outside bend 
i s  shown in  Fig. 201. The growth pattern of the 
deposit i s  curved wi th  the f low direction. A 
spectrographic rat io analysis of the deposit as 
compared wi th  lnconel i s  shown below: 

De pas it lncone I 

Ni-Fe ratio 7.9 to 1.0 9.5 to  1.0 
Ni-Cr ratio 12.2 to 1.0 5.0 t o  1.0 
Cr-Fe ratio 1 .o to  1.5 1.9 to 1 ,O 

The fuel side (outside) of the tube was a lso 
examined in  area D, and a t ightly adhering gold- 
colored layer about 0.0001-in. th ick was found, 

as shown i n  Fig. 202. Th is  layer was analyzed 
spectrographically as a titanium-rich layer and was 
identi f ied by x ray as titanium oxide (TiO). 

The tube-to-header welds a t  area E were ex- 
amined primarily for comparison with the welds 
from the hot end (area A) of the heat exchanger. 
A longitudinal view of a weld from area E i s  shown 
in  Figs. 203 and 204. The difference in operating 
temperature i s  very evident a t  area E, which 
operated a t  1005OF (NaK) inside and 1405OF (fuel) 
outside. The heavy precipitate in  the micro- 
structure of the header plate tube w a l l  and the 
weld i s  typ ica l  of welded lnconel subjected to  th is  
temperature. A difference in the amount of deposit 
i s  evident on the or i f ice of the tubes and just 
ins ide the weld. As mentioned previously, the 
flow velocity through the header plate has affected 

Fig, 201. Outer Bend, Area D, Similar to  NaK Side Shown in Fig. 199. (Confidential with caption) 
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Fig.  202. Outer Surface (Fue l  Side) in Area D. Note “gold”-appearing deposit on surface. 1OOOX. 
Reduced 3%. (Confidential with caption) 

F ig ,  203. Tube-to-Header Joint in Area E. Arrow indicates static area with very l i t t le  mass transfer. 
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Fig. 204. Same as F ig .  203 but a t  Higher Magnification. Note deposit on NaK surface. 250X. (Con- 
fidential with caption) 
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the amount of deposit. Locations of comparative 
stat ic condit ions which would ex is t  just inside 
the weld have l i t t l e  deposit. 

ME T A  L L OGR A P H IC S T U D Y  OF ISOT H E R M A L L  Y 
T R E A T E D  H A S T E L L O Y  0 

J. R. Riddle R. J. Gray 

Hastel loy B was given a series of isothermal 
treatments t o  determine structures present and to 
establ ish a guide t o  the metallography of the 
a I loy. A l l  other factors affect ing microstructure 

were r ig id ly  controlled. Specimens were '/r 6-in. 
sheet selected from the same heat and sealed in 
quartz under a part ial  pressure o f ,  argon. When 
possible, a l l  samples were etched identical ly. 
A l l  samples in each series other than those of 
the 1800°F series were etched for 5 sec, whi le 
the 180O0F series required 15 sec, and the 
solution-annealed sample required 20 sec. AI  I 
etching was by immersion in  a solut ion of equal 
parts of hydrochloric acid, 10% chromic acid, and 
water . 

The a l loy  composition determined by wet chemical 
analysis i s  given below: 

E lemenf wt  % 

Ni 
Mo 

Fe 
C 
Cr 
Mn 

S i  
P 
Ti 
S 
A I  

Mg 
V a  

65.1 
27.5 
4.86 
0.05 
0.03 
0.87 
0.65 
0.003 
0.30 
0.001 
0.20 
0.67 
0.32 

Shown in Figs. 205 through 210 are the more 
signi f icant structures of the test. A report g iv ing 
more detai l  w i l l  be published upon completion of 
x-ray studies. These studies should reveal the 
precipitate present in the 1300 to  15OO0F treat- 
ments, which l i e  in  the beta or gamma region o f  

Fig. 205. Structure of Hastel loy B Prior to  Iso- 
thermal Treatments. Heat-treated for 2 hr a t  2100°F. 
250X. 

the Ni-Mo phase diagram. They should a lso  
confirm the presence of a stable delta phase in  
the 1650 and 1800°F heat treatments. The small  
spheroida I part icles present in  each series have 
been identi f ied as complex carbides which or ig i -  
na l l y  formed as a eutectic, were broken up through 
rol l ing, and spheroidized during anneal.2 Var i -  
at ions i n  Widmanstatten precipitates of 1300, 
1400, and 1500°F treatments are attr ibuted to 
changes i n  nucleation and growth rates wi th 
temperature. Stable nucleus size decreases with 
increasing degrce of undercooling below the solvus 
and accounts for the finer dispersion of precipitate 
a t  lower t e rnpe ra t~ res .~  Th is  ef fect  i s  aided by 
slower dif fusion rates a t  lower temperatures. 

kiardness curves (Fig. 21 1) represent the average 
of four diamond pyramid impressions per specimen 
w i th  a normal scatter of 8 to 12 points. Note the 
agreement between structure and hardness in  
the 1300 and 1400°F series which correspond to  
the embrit t l ing effect produced by aging a t  these 
tempera tu res . 

2Based on x-ray data obtained by T. K. Roche of 
ORNL. 

3A. H. Geisler ,  "Precipitation from Solid Solutions 
of Metals," in Conference on Phase  Transformations in 
Solids, p 398, Wiley, New York, 1951. 
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Fig. 206. Hastelloy 6 Heat-treated a t  1300°F, 250X. 
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Fig. 207. Haste l loy  B Heat-treated a t  1 4 O O O F .  250X. 
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Fig. 208. Hastelloy B Heat-treated a t  1500OF. 250X. 
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Fig. 209. Hastelloy B Heat-treated a t  165OOF. 250X. 

Fig. 210. Hastelloy B Heat-treated a t  18OOOF. 250X. 
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Fig. 211. Hastelloy B Hardness Curves. 
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PRIMARY-GROWTH 
t 0 050 a small order for normal UO, made by this process. 

With the change, the process went completely awry. 
Autoclave pressure went abnormally high, and -G 

crystal size and yields became completely unpre- 
d ic tab le and to  some extent uncontrollable. A 
series o f  seven experiments established that i n  

e ,  

____ 

----- 
-- t- - - - - -~ order to  grow a batch of normal U03 crystals compa- E -0075 ______ -.- 

- DTA 3 
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became necessary to double the time in the auto- 5 o 
clove. The best results with normal cake and -oo25 

UNH as a source of uranyl ion were not part icularly $ 
good. A second s w r c e  o f  uranyl ion (n i t r ic  ac id  g 
additions) proved to be much less sensit ive and $ -0075 ~ 
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Fig. 212. DTA Patterns Showing Differences i n  
Compositions Between Primary-Growth Needles and 
Gamma-Phase UO,. 

. . . . . .. . . . .. ~ - .. . . . - ..- . . ~ .  . . . . - -. 



P E R I O D  E N D I N G  O C T O B E R  10, 1956 

UNCLASSIFIED 
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Fig. 213. Electron Micrographs Showing Differences in  Crysta l  Size and Habi t  Between Normal and 

Depleted Peroxide Cake. 

between the depleted and normal UO,. X-ray 
patterns have indicated that crystal size of the 
enriched UO, w i l l  be even smaller than that of the 
depleted UO,. The DTA patterns of Fig. 214 
indicate the differences i n  the reactivi t ies o f  the 
three cakes and a lso  indicate possible composition 
diffecences such as hydroxyl radicals substi tut ing 
for water. The strong exothermic peak occurring 
a t  286OC i n  the normal cake pattern i s  as yet  
unexplained. 

The attempt to  devise some means of separating 
platelets from whole crystals, as previously de- 
scribed, was not too successful. The t i l ted  and 

vibrated surface made a much better separation 
than did the f lowing column of water, but, since 
i t c o u l d  not be made continuous and was very slow, 
the investigation was dropped. 

Si-Sic D E V E L O P M E N T  

A. J. Taylor 

A technique has been developed for fabricating 
thinner Si-Sic fuel plates in  the interest of making 
the plates more resistant to thermal shock. P la te  
thickness has been reduced to 0.09 in., and plates 
have been successfully made without warping a t  
0.06 in. Tomakethe plates thinner without warping, 
it was also necessary to  cut the s ize to 1 % x % in. 
from the previous plate dimensions of 3 x 14 in. 
The thinner skin resulted in  a net increase in fuel 
contentof3 wt %, an increase from 7% to 10% UO,. 

The thinner plates should give advantages re- 
garding neutron economy in  a reactor, and i n  re- 
duced thermal stresses or a s l ight ly  higher element 
surface temperature because of the reduction i n  
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Fig, 214. DTA Patterns of Depleted, Normal, 
and Enriched Uranium Peroxide Cake. 

temperature dif ferential between core and skin. 
Some possible disadvantages to the thinner plates 
might be less resistance to stresses induced by 
dif ferential expansion between the core and the 
skin and a decreased ab i l i t y  to  retain gaseous 
f iss ion products a t  e leva ted temperatures. 

Fuel  additions greater than 10 wt !% i n  the thinner 
plates have not yet been successful with the use 
of a monolayer o f  coarse-grained UO,. Work on 
the monolayer additions continues, but paral lel to 
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i t  has been included a revision of the core tech- 
nique, in  which the core i s  considerably thicker 
than the monolayer and consists of a mixture o f  
UO, and graphite. The UO, i s  being added as 
coarse-gra ined particles rather than the fi ne-gra i ned 
oxide. 

Some experimental work i s  being done on a vari- 
at ion of the Si-Sic element, in which the fuel ele- 
ment w i l l  consist of a dense graphite core clad in  
S i -Si  C. 

I 

M E T A L  H Y D R l D l N G  SYSTEM 

R. A. Potter 

Erection of a system for the hydriding of zirconium 
and yttrium metals i s  nearing completion. The 
assembly i s  composed of a gas train for the purif i -  
cat ion of hydrogen, a vacuum pump for degassing, 
and two hydriding furnaces o f  such capacity as 
required to handle 4 x 12 in. bi l lets. 

The gas train consists of a Deoxo unit, two 
activated alumina driers, two Kanthall-element 
vert ical muffle furnaces containing metal turnings 
of calcium in one and zirconium in  the other. Both 
furnaces have been obtained, and lnconel muffles 
are being fabricated. 

The zirconium hydriding furnace i s  a modified 
version of the furnaces used in  the gas train and 
u t i l i zes  an lnconel muffle (being fabricated) 
equipped wi th  a gas in le t  and a vacuum outlet. 
Hydriding temperatures w i l l  be i n  the range 1600 
to  1700OF. Zirconium b i l le ts  w i l l  be heated in a 
vacuum to the desired temperature and soaked in a 
hydrogen atmosphere. Upon reaching the saturation 
point, the hydrogen flow w i l l  be discontinued and 
the heat shut off. 

With the exception of an lnconel muffle and a 
power supply, the yttrium hydriding furnace has been 
completed.. Glo-bar elements positioned vert ical ly 
around the muffle permit operating temperatures in  
the range 2200 to 2300OF. Yttrium bil lets, when 
available, w i l l  be heated in  a vacuum to 23OO0F, 
the temperature w i  I I be dropped to 22OO0F, hydrogen 
w i l l  be al lowed to flow unt i l  the saturation point 
i s  reached, and then the hydrogen and heat w i l l  be 
discontinued. 

One vacuum pump and one gas train w i l l  service 
both hydriding units for the present. 
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carbon-poor carbide and the mixture heated i n  
accordance with the McKenna Menstruum process 
i n  molten aluminum metal. Zirconium carbide i s  
being extracted from the reaction product for free 
and combined carbon analysis. 

2 
B e 0  P R O T E C T I O N  T U B E  

R. A. Potter ' 

An attempt was made to extrude a thermocouple 
protection tube composed of BeO. The tube was to 
have an outside diameter of 0.25 in. and was to 
contain f ive 0.025-in. holes uniformly spaced. 
The attemptwas a fai lure because o f  the d ie  design, 
which has since been changed. A new die i s  in  the 
process of being fabricated. 

Z I R C O N I U M  C A R B I D E  STUDY 

R. A. Potter 

A 200-9 sample of ZrO, was carburized in  a 
graphite crucible and yielded a zirconium carbide 
containing approximately 9% combined carbon 

(theoretical, 11.64%). Graphite was added to the 

C E R A M I C  COMPACTS F O R  ANP 

L. M. Doney J. A. Gr i f f in  

Approximately 77 porous rare-earth oxide com- 
pacts, more from code 920 Lindsay mix, were fabri- 
cated and delivered to the Control Rod Fabrication 
Group of ANP. The compacts are shown in  Fig. 
215. 

2P, McKenna, Metal frog?. 36, 152-155 (1939). 

Fig. 215. Rare-Earth Oxide Ceramic Compacts for the ART Control Rod. 
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Two hundred and twenty-two disks o f  CaF, were 

fabricated for the Crit ical Experiment Group for 
use i n  the Prat t  & Whitney cr i t ica l  experiment. 
The disks were about 0.790 in, in diameter and 

0.070 in. in  thickness and had a raised rim arolnd 
each edge. The disks are t o  be used as fo i l  holders 
for the uranium metal fo i l  and the CaF, w i l l  simu- 
la te  the presence of the fuel during the experiment. 

Work i s  under way for the production o f  a re- 
fractory ceramic disk which w i l l  contain an ap- 
preciable quantity of cadmium; i t  i s  contemplated 
that these d isks w i l l  be cadmium si l icate. These 
d isks are also for an assembly in the cr i t ica l  ex- 
periment work for Prat t  & Whitney. 

Fabrication of a rare-earth-oxide and n icke l  I 
cermet for a c r i t i ca l  experiment assembly is  a lso 
under way. The cermet w i l l  be a r ight  circular 
cylinder approximately 2.800 in. in  outside diameter 
wi th  about a t - i n .  wall .  

E N T H A L P Y  D A T A  F R O M  0 T O  1200°C F O R  
P H Y S I C A L  P R O P E R T Y  STUDIES OF 

C E R A M I C  M A T E R I A L S  

M. P. Haydon 

One hundred and twenty-four “drops” were made 
i n  the ice calorimeter for heat content measurements. 
O f  these, 27 were measurements of y t t r ia  and 97 
were additional determinations of the enthalpy of 
the platinum sample container or basket. The 
platinum data were continued in an effort to  veri fy 
the previously reported discontinuit ies in SiO, 
and UO,, 

The yttrium oxide enthalpy data showed evidence 
of a t  least one discontinuity a t  some point between 
460 and 5oO°C. The smoothed curve o f  the pre- 
l iminary values, not corrected for “drift,” i s  shown 
i n  F ig .  216, together wi th  the curves reported 
before on UO,, SiO,, and Si-Sic. The three 
suspected anomal ies shown for uranium oxide, 
s i l i ca  glass, and yttrium oxide w i l l  be investigated 
more fu l ly  after the irregularit ies in  the platinum 
basket data have been satisfactori ly analyzed. 

The 97 additional points on the platinum basket 
enthalpy curve gave for the most part a much closer 
f i t  ta  the published data3 than the f i rs t  scattered 
runs had indicated. However, between 400 and 
5OO0C, a definite dip of about 5 cal/g occurs from 

3K. K. Kelley, Contributions t o  the Data on Theo- 
re t ica l  Metallurgy. X .  Htgh-Temperature Heat Content,  
Heat -Capaci ty ,  and Entropy Data for Inorganic Com- 
pounds,  US. Bur. Mines, Bull. 476, 1949. 
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Fig ,  216. Derived Enthalpy vs Temperature. 

an expected value of 15 cal. A 20% spread in data 
i s  found in the 700 to  8oO°C region, and between 
1000 and 120OOC there i s  a 16% drop from the 
published values. These discrepancies are suf- 
f ic ient ly  greater than the average error to be con- 
sideredas an ef fectof  the sample rather than having 
occurred as a result of the misfunction of the calo- 
rimeter system. A search o f  l i terature has disclosed 
that other investigators have noticed an erratic 
behavior o f  platinum in heat content and other 
physical properties determinations. Improper 
annealing, variation with temperature of the number 
o f  electrons, stresses from repeated quenching, 
possible contamination by s i l icon result ing i n  
“hot-” and “cold-shortness,” displacement of the 
chemical equilibrium, order-disorder trans- 
formations, recrystal 1 i zation a t  high temperatures, 
polymorphous transition points, impurities, and 
strains are mentioned as possible explanations for 
anomalous behavior. 

An electr ical res is t iv i ty  experiment i s  being 
devised as a means of determining the purity o f  the 
basket in  present use. Regular “drop” experiments 
wi th  new samples of platinum wire are planned to 
help i n  determining the true enthalpy values for the 
specimen holder so that the values for the eight 
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ceramic materials already measured may be car- F L U O R I D E  F U E L  COMPOUNDS 

rected and verified. T. N. McVay 

D E N S I T Y  M E A S U R E M E N T S  - P Y C N O M E T E R  
T E C H N l  OU ES 

M. P. Haydon 

Specif ic gravity bottles f i t ted  with thermometers 
and overflow capi l lar ies were used to determine 
the densit ies o f  three ceramic materials. The 
values obtained are given below: 

Density (g /ml)  

TAM zirconium oxide, 186OoC 
-100 mesh 5.735 t 0 . 0 1 4  
As-received 5.707 -1-0.042 

Spodumene, llOOo C 
-100 mesh 2.377 f0 .007  

Uranium dioxide, 175OoC 
-325 mesh 10.4640 f 0.275 

The errat ic results o f  the uranium oxide determi- 
nations were probably due to  the hygroscopic nature 
of the material. Addit ional runs with precautions 
directed a t  moisture uptake during weighing are 
planned. 

H I G H - T E M P E R A T U R E  X-RAY E X A M I N A T I O N  
O F  H A S T E L L O Y  0 

G. D. IVhite 

Physical  property vs temperature measurements 
on Hastel loy B indicated a possible inversion a t  
approximately 600OC. X-ray dif fract ion traces o f  
th is  material were taken a t  temperatures up t o  
700OC. The only change i n  the tracings with 
increasing temperature was a shi f t  in dva lues  due 
t o  the thermal expansion of the specimen. 

O P T I C A L  P R O P E R T I E S  O F  YF ,  

The usual petrographic examinations o f  fluoride 
compounds have been continued as i n  the past. 

A bul let in containing optical and x-ray data on a 
large number of fluoride compounds i s  being as- 
sembled by H. Insley, T. N. McVay, R. E. Thoma, 
and G. D. White. This material i s  now being typed 
and should be ready for publ icat ion by the middle 
of September. 

E F F E C T  O F  L E A D  ION ON T H E  UO, 
L A T T I C E  P A R A M E T E R  

A. G. Tharp 

B. Wasserstein4t5 has suggested that i t  i s  
possible to determine the age of uranium oxide 
ores by determining the la t t i ce  parameter change 
induced in cubic UO, by the formation o f  tetra- 
vatent lead ion by the radioactive decay o f  uranium. 
To prepare specimens for x-ray diffractometric 

study, Wasserstein heated samples of composition 
UO,+x in hydrogen a t  95OoC, and for samples of 
composition U 0 2 - x  he heat-treated them in  an 
oxidiz ing atmosphere. In both instances a stoichi- 
ometry of UO, after heating i s  claimed. These 
observations are not consistent with previous 
observations in  the uranium-oxygen systerna6 

To  evaluate the observations of Wasserstein, 
synthetic samples of UO, containing lead ion were 
prepared for x-ray analysis, the most direct and 
and accurate method for determining whether or not 
lead ions would go into sol id solution wi th UO, 
and, i f  so, the effect that th is w w l d  have on the 
la t t i ce  parameter o f  UO,. The U 0 2  used i n  the 
preparations was obtained from decomposing am- 
monium diuranate. Baker and Adamson chemical ly 
pure lead monoxide was used as a source o f  lead 
ion. Free-energy calculat ions show that higher 
oxides of lead are unsatisfactory since they w i l l  
decompose and oxidize UO, to a higher uranium 
oxide. 

The f i r s t  series of U0,-PbO samples was pre- 
pared by heating to 1000°C for 2 hr i n  an inert 

G. D. White 

Crystals of YF, approximately 30 P across the 
longest dimension were grown i n  order t o  measure 
their optical properties, which are given below: 

46. Wasserstein, Nature, 174, 1004 (1954). 

5B. Wasserstein, Nature, 176, 159, esp 160 (1955). Biax ia l  

u = 1.536 y = 1.568 6J. J. Katz,  E. Robinowitch, T h e  Chemis try  of 
Uranium, NNES vo l  Vlll-5, McGraw-Hill ,  N e w  York, 

2V -90 deg 

Colorless 1951 * 
A 
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atmosphere. Subsequent chemical analysis showed 
that the preparations contained practical ly no lead. 
Since PbO i s  not appreciably volat i le at llOO°C, 
the lead ions must have been reduced, with subse- 
quent vo lat i l izat ion o f  lead metal. 

The next series of samples was prepared by 
heating at  7 O O O C  for 2 hr. From an in i t ia l  lead 
content of 5, 10, and 15 mole % PbO, chemical 

analysis after heating showed 3.6, 7.8, and 11.7 
mole % PbO. Petrographic analysis d id not es- 
tabl ish whether or not the lead was present as 

PbO. 
X-ray analysis showed the presence o f  two 

phases; both phases gave face-centered cubic 
dif fract ion patterns. This  suggests the presence 
of two CaF2-type uranium oxide phases. La t t i ce  
parameters were determined for the pure UO, and 
the preparations. The fol lowing values, accurate 
to  kO.001 K ,  were obtained: 

0 

A 

U02, 0% P bO 5.465 

UO,, 3.6% PbO 5.465 

U O p ,  7.8% PbO 

UO,, 11.7% PbO 

5.464 

5.465 

The second phase gave a dif fract ion pattern un- 
suitable for la t t ice parameter determinations. 

The third series of preparations was made by 
heating 5, 10, 15, 25, and 50 mole % PbO with UO,. 
Examination by x ray showed that the preparations 
contained large amounts of metal l ic lead - the 
amount increasing with increasing PbO content, 
The 50 mole % pattern was so  poor that la t t ice 
parameters could not beobtained for the UO, phase. 
The preparations with an in i t ia l  P,bO content o f  
15 and 25 mole % gave a. = 5.468 A. The la t t ice 
parameters for the other preparations were not  
de term i n ed. 

These experiments suggest that PbO i s  not  soluble 
in  UO, unless it i s  in very small quantities. It was 
pos i t ive ly  shown that UO, w i l l  reduce lead mon- 
oxide t o  lead metal and form a higher oxide o f  
uranium a t  temperatures near 800OC. 

There remains the poss ib i l i ty  that Wasserstein's 
method o f  age determination of uranium oxide ores 
i s  s t i l l  valid. Lead dioxide formed by the radio- 
act ive decay of uranium could remain in the la t t i ce  

without reacting with the uranium dioxide. To  
synthetical ly evaluate age determinations by x-ray 
methods U0,-PbO, samples should be prepared and 
should be heated for several days a t  temperatures 
near 200OC. 

WASTE DISPOSAL 

R. L. Hamner 

Heat Experiment No. 7 

Heat treatment No. 7 was a laboratory-scale 
"hot pot" experiment designed to simulate con- 
dit ions in  P i l o t  Pi t  No. 1, that is, to pour the 
clay-f lux slurry ungelled. The heating and sintering 
characterist ics were compared wi th  those of heat 
experiment No. 6, reported previously,' in which 
a gel' was formed. 

M i x  No. 15 was poured as a thin slurry into the 
same shell used for heat experiment No. 6. A 
sp i ra l  Calrod heater was used, placed so that it 

would be i n  the center of a 6-in. cake, Approxi- 
mately the same end result was achieved as with 
No. 6 wi th  respect to power input and equil ibrium 
vs time (200 w to attain 8OOOC i n  a 5-gal pot i n  a 
total time of about 14 days). However, the sintered 
rakes from these experiments differed in  color and 
structure; there was considerably more variation i n  
color i n  experiment No. 7, which indicates more 
inhomogeneity, and the porous Structure o f  No. 7 
was in the form of hol low pipes whereas that of 
No. 6 was more randomly oriented. 

P i l o t  P i t  No. 2 - Analys is  of F ina l  Cake 

Visual examination of the f inal cake showed it 
to be apparently inhomogeneous wi th  regard to 
composition. It was also apparent that heat d is t r i -  
bution throughout the cake was poor, portions near 
the heaters being hard-sintered whereas some 
sections had not reached drying temperature; t h i s  is 
attributed to  heater design and thermal conductivity 
of the mass. 

Samples were taken from various locations within 
the cake and analyzed. X-ray analyses showed 
very d is t inct  l ines for NaNO, in  some of the 
samples, indicating very low temperatures in  these 
regions. No reaction products were identified. 
Petrographic analyses confirmed these results. 

' S .  D. Fulkerson and R. L. Hamner, Met. Semiann. 
Prog. R e p .  Apri l  10, 1956, ORNL-2080, p 198. 
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The inhomogeneity of the cake i s  pointed out by 
the chemical analyses shown in Table 81. 

Heat Experiment No. 8 

For the purpose of better design for auxi l iary 
heaters that might be used in  waste disposal p i t s  
suchas P i l o t  P i tNo.  1, i t  was considered necessary 
t o  determine the thermal conductivi ty of the c lay- 
f lux mix. 

Th is  experiment was designed for a cake 1 ft 
th ick and 18 in. in  diameter. A finger-type Calrod 
heater served as the heat source, being placed so 
that i twou ld  be located in  the center o f  the sintered 
cake. Temperatures were measured by four thermo- 
couples, one a t  the heater and the others placed 
rodial ly in a l ine  2, 6, and 8 in. from the heat 
source. Since the mass could not be brought to  the 
dry, as-sintered state wi th the finger heater, i t  
was necessary to f i rst  bring it t o  55OOC (lowest 
temperature for f ixat ion) on a hot plate and then to 
transfer it t o  an insulated shel l  for thermal 
conductivi ty measurements. The results ore 
summarized below: 

Maximum temperature attained 

On finger heater ( T 1 )  
2 in. from heater ( T 2 )  
5 in. from heater ( T 3 )  

1839OF (1004OC) 
1 1  19OF (604OC) 
78OoF (416OC) 

4.676 Btu/ft2e0F.hr K between T 1  and T 2  
per inch of thickness 

K between T 2  and T 3  5.667 Btu/ft2eo F-hr 
per inch of thickness 

These data indicate that uniform eff ic ient  heating 
t o  f ixat ion temperature by auxi l iary heaters alone 
would be impractical because of the close spacing 
required. 

F ixa t ion  of Radioisotopes i n  Clay-Flux Mixes and 
in Hope Solution Residue 

Counts were made on leach solutions after 1 1  
months’ contact wi th clay-f lux mix No. 15, which 
had been tagged with Sr90, Ce144, Ru lo6-Rh lo6 ,  
Cs137-Ba137, and mixed f ission products and f ired 
a t  temperatures from 850 to 175OOF. 

With the exception of the Sr90-tagged mix f i red to 
85OOF and the mixes containing C S ’ ~ ~ - B ~ ~ ~ ’ ,  
there was no appreciable radioact iv i ty in  the leach 
solutions. This i s  consistent wi th previous 
results obtained after short-time leaching. 

To  determine the effect iveness o f  the AI 0 
2 . 3  

residue from the dried and f ired Hope solut ion in  
f i x ing  radioisotopes, samples tagged with mixed 
f ission products were fired a t  temperatures from 
500 to 1000°C and placed i n  leach water. The 
rat io of ac t i v i t y  i n  the leach water to possible 
ac t iv i t y  was on the order of loa2 after three weeks. 
Th is  rat io for clay-f lux mixes such as Nos. 5 and 
15 i s  on the order of lom3. 

Monitoring of Radioactive Gases 

A satisfactory technique for the monitoring of 
radioisotopes evolved during f i r ing o f  c lay-f lux 
mixes has not yet been established. However, a 

TABLE 81. CHEMICAL ANALYSES OF SAMPLES FROM PILOT P IT  NO. 1 

Constituents (%) 
Sample 

Number S i  F e  AI  C a  Mg coj CI PO4 K N o  SO4 NO3 

1 8.30 2.91 15.1 10.6 0.72 6.2 (0.05 0.27 0.36 11.9 0.16 1.75 

2 10.9 3.48 13.5 3.58 0.46 1.41 (0.05 0.20 1.08 9.0 0.085 18.7 

3 26.0 4.37 8.95 3.28 0.69 0.18 (0.05 0.41 2.2 7.4 0.20 0.62 

4 9.37 2.90 11.1 5.16 0.48 0.91 C0.05 0.19 0.88 11.5 0.031 28.1 

5 15.7 2.87 15.0 10.4 0.65 1.65 (0.05 0.25 0.82 10.1 0.41 0.73 

6 5.86 2.22 11.0 7.4 0.53 2.4 (0.05 0.22 1.28 13.8 0.19 32.0 

7 10.4 3.56 16.3 8.4 0.70 3.51 (0.05 0.37 0.89 13.1 0.69 0.94 

8 11.1 3.26 17.6 6.6 0.55 4.39 <0.05 0.36 1.30 10.7 0.63 0.048 

Standard 2 2 2 2 5 5 
error 

5 5 5 5 5 

n 
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preliminary run was made with the count rate re- 
corder for the evolution o f  Ru ’ 06-Rh lo6 from Hope 
solution and i t s  residue up to 1000°C. No appreci- 
ab le act iv i ty  was noted unt i l  425OC had been 
reached. A t  th is  temperature there was a burst 
of  activity, which subsided a t  approximately 
450OC. During this period yel lowish fumes, indi- 
cating nitrate evolution, were a lso noted, and so 
it is  possible that a t  least part o f  the R U ” ~ - R ~ ’ ~ ~  
evolut ion was due t o  entrainment rather than t o  
gaseous evolution. 

New Compositions for F ixat ion 

The new compositions l is ted in  Table 82 were 
mixedandfiredto800,1000, and 1200°F for leaching 
ex per i me nts. 

Petrographic Examination of Clay-Flux Mixes 

To determine the feas ib i l i ty  of identi fying phases 
in clay-flux mixes which f i x  radioisotopes, compo- 
sit ions 5 and 15, untagged, were f ired at  ternper- 
atures of 500 to llOO°C and examined petrographi- 
cal ly. Quartz, which presumably plays no part in 
fixation, was the only crystal l ine phase which 
could be recognized in the samples. However, i t  
was noted that samples f ired below 9OOOCremained 
as a very-fine-grained material, which would have 
an enormous surface area for f ixation. 

Beryl l ium Oxide Specimens 

R. L. Hamner 

Beryl l ium oxide specimens 1’/8 x l $  in. and 
1 x 4 in., hot-pressed to a density of 97% theo- 
retical, were submitted for corrosion testing. 

The fol lowing properties were determined for a 
4 x 4 x 2 in. hot-pressed block of B e 0  received 
from Saclay, France: 

Bulk density (av) 2.956 (97.8% theoretical) 

Porosity 0.00 

Modulus of rupture, ps i  42,527 

Modulus of e las t i c i t y ,  p s i  52,354,000 

L inear  coefficient of 
thermal expansion per- 

pendicularto directionof 
pressing 

a t  100-400°C 0.77 X in./in.PC 
0.85 x in./in.PC at 400-700°C 
1.16 x lo-’ in./in.PC at 700-1000°C 

at  1000-1200~~ ’ 1.21 x in./in.PC 
0.98 x in./in.PC av, 100-1200~C 

Linear coefficient of 

thermal expansion par- 

a l l e l  to  direct ion of  

pressing 

0.78 x in./in.PC at 100-400°C 
0.92 x in,/in.PC at  400-700°C 

at 700-1000°C 1.07 x_lOm5 in./in.PC 
1.21 x in./in.PC ot 1000-1200°c 
0.97 x in./in./’C av, 100-1200°C 

Boron 

R. L. Hamner 

Attempts were made to  fabricate boron by adding 
small amounts o f  B,O, and then hot-pressing, 
Specimens containing 5% B,O, were hot-pressed 
at 900T and 1500 psi. They had only 50% h e o -  
re t ica l  density. 

TABLE 82. CLAY-FLUX COMPOSITIONS FOR RETENTION OF RADIOISOTOPES 
CONTAINED I N  HOPE SOLUTION 

Tennessee 
Composition Na2C03 Limestone Phosphate Slimes, Ball Clay, Hope Solution 

Plus -100 mesh -100 mesh 
Number (9) (9) 

(9) (9) (mi) 

28 30 30 200 250 

29 30 30 100 250 

30 30 30 50 250 

37 30 30 200 250 

38 30 30 100 250 

39 30 30 50 250 
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F U N D A M E N T A L  STUDIES O F  Z I R C O N I U M  
A L L O Y S  

J. 0. Betterton, Jr. 
D. S. Easton J. Scorbrough 
W. K. Noyce R. Bohnhoff 

G. D. Kneip, Jr. 

The objective of th is group i s  t o  determine the 
factors which af fect  the a l loys  o f  group IVA 
elements. A s  reported in the past, a general 
phasediagram program has been under way in 
order to  determine the ef fects of adding solutes 
o f  dif ferent valency, Ag, Cd, In, Sn, Pb, and Sb, 
t o  zirconium. Recently, the work has been ex- 
tended to include the effects of the same solutes 
on the ax ia l  rat io and upon the low-temperature 
speci f ic  heot of hexagonal zirconium. In the 
present discussion, the recent results on the 
Ag-Zr, Cd-Zr, In-Zr, Pb-Zr, and Sb-Zr phase 
diagrams w i l l  be given. 

The Silver-Zirconium System 

D. S. Easton J. 0. Betterton, Jr. 

The pr incipal  features of the consti tut ion dia- 
gram of s i  Iver-zirconium were shown ear l ier1 r 2  

t o  be the presence of two intermediate phases, 
gamma and delta, a t  compositions Zr,Ag and 
ZrAy, respectively, and a eutectoid decomposition 
o f  the beta phase in the zirconium-rich end. It 
was contended i n  the last  report3 that the phase 
boundaries of the beta phase were essent ia l ly  
independent of the variat ions in  minor impurit ies 

'D. S. Easton, G. W. Cunningham, and J. 0. Betterton, 
Jr., Met. S e m i a n n  Prog. Rep.  Apr i l  10, 1954, O R N L -  
1727, p 120. 

'D. S. Easton and J. 0. Betterton, Jr., Met. Semiann. 

3D. 5. Easton and J. 0. Betterton, Jr., Met. Semiann. 

Prog. Rep. Apr i l  10, 1955,  ORNL-1911, p 16. 

Prog. Rep. Apr i l  10, 1956, O R N  L-2080, P 2;d* 

i n  iodide zirconium, which have substantial effects 
upon the phase boundaries of the alpha phase. 
More detai led investigation wi th a l loys  prepared 

from batch KO. 6 iodide zirconium (typical  im- 
pur i t ies present in  th is zirconium are 132 ppm Hf, 
79 ppm C, 24 ppm Fe, 1 1  ppm Ni, 13-222 ppm 0, 
1-50 ppm N, a l l  others <IO ppm) of the @/(a + p )  
boundary, however, has now shown a small  d is-  
placement of th is boundary (0.3-0.4 at. 5%) to lower 
s i lver contents, as compared with earl ier results 
(see Fig.  217). Vickers hardness differences in  

2 n 840 pL 0 HOMOGENEOUS 

L 0 a + p  W 

UNCLASSIFIED 
OANL- LR -DWG 17120 

L 

830 

820 

810 

800 
0 f 2 3 

SILVER (a t  % )  

Fig. 217. Comparison of the @/(a + p) Phase 
Boundary in the Silver-Zirconium System, De- 
termined Recently w i th  Improved Al loys (Solid 
Line), w i th  the Earl ier Phase Boundary (Dashed 
Line). 
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the two sets of data suggest that the effect is  due 

t o  the smaller contents o f  alpha-stabi l izing 
hardening impurit ies in  the new alloys. 

The Cadmium-Zirconium System 

D. S. Easton J. 0. Betterton, Jr. 

Attempts to  make arc castings of cadmium- 
zirconium a l loys have not  been successful because 
o f  the high vapor pressure of cadmium. Al loys, 
however, have been prepared by annealing cadmium 
inside a zirconium container. Assemblies of th is  
type were wrapped in zirconium and molybdenum 
f o i l  and annealed a t  581°C for f ive days and a t  
901°C for 12 days. 

In  the specimen annealed a t  581°C most o f  the 
cadmium (nominally 19.7 at. %) dif fused into the 
zirconium or formed intermediate phases, leaving 
l i t t l e  l iqu id  cadmium in the interior of the con- 
tainer. A microstructure of the dif fusion region 
i s  shown i n  F ig .  218, where two layers of inter- 
mediate phases appear on the interior surface of 
the alpha zirconium container. The results of 
x-ray and neutron activation analyses o f  specimens 
removed from the dif fusion zone are given in  
Tab le  83 and show that the cadmium-rich layer 
has a composition in the v ic in i ty  of ZrCd, and a 

Fig. 218. Di f fus ion Couple Between L i q u i d  
Cadmium and Zirconium Quenched After 5 Days a t  
581 f 15OC. The sequence o f  phases, wi th  the Cd 
contentdecreasing from top to bottom i s  as follows: 
ZrCd, phase (microhardness 85 VHN), Zr,Cd phase 
(microhardness 166 VHN, br i t t le  and probably de- 
composed on quenching), alpha zirconium (micro- 
hardness 72 VHN). Unetched. 750X. Reduced 30%. 

simple face-centered cubic structure, wi th  a = 4.37 
t- 0.01 A. The layer which i s  immediately ad- 
jacent t o  the zirconium was found t o  have a 
simple face-centered cubic structure, w i th  
a = 4.43 + 0.01 K. The best indication of the 
composition o f  th is  phase was obtained from the 
specimen annealed a t  901"C, i n  which, after the 
complete dif fusion of the cadmium (nominally 
8 at. %) into the zirconium, only the zirconium- 
r ich intermediate phase was observed on the in- 

terior of the beta zirconium. Fragments of th is  
phase were removed, and, as shown i n  Table 83, 
the composition was in  the v ic in i ty  of Zr,Cd. 

The phase diagram from the l imited preliminary 
resul ts  above appears to  consist o f  a t  least two 
intermediate phases of the approximate compo- 
s i t ions Zr,Cd and ZrCd,. The former phase i s  
i n  equil ibrium wi th  alpha zirconium of l imited 
so lub i l i ty  a t  581°C and wi th  beta zirconium of 
l imi ted so lub i l i ty  a t  901'C. The microstructure 
of the Zr,Cd phase shows that  th is  phase i s  
part ial ly transformed during quenching. If th is  
were by a eutectoid reaction below 581"C, the 
results would be consistent wi th  those obtained 
by P i e t r o k o w ~ k y , ~  which a face-centered cubic 
phase (a  = 4.3768 A) o f  the composition Zr,-xCdx 
(x > 0.6) i s  i n  equi l ibr ium wi th  alpha zirconium 
a t  371°C. The face-centered tetragonal phase 
which Pietrokowsky observed in  a l loys containing 
67, 75, and 80 at. % Cd after four days a t  371°C 
was not observed in the present experiments a t  
581 or 901°C. Some information on the cadmium- 
r i ch  end o f  the system was obtained from an 
interrupted casting experiment. The microstructure 
o f  the l iqu id  phase indicated that cadmium forms 
a eutectic wi th  an unidenti f ied intermediate upon 
cool ing . 

On the basis of the preliminary experiments, the 
rate of dif fusion of cadmium in zirconium appears 
t o  be quite appreciable. Addit ional experiments 
are required to determine i f  a l loys of uniform 
composition can be prepared by longer anneals 
or by arc casting the diffused material. 

The Indium-Zirconium System 

W. K. Noyce J. 0. Betterton, Jr. 
In the earlier indium-zirconium phase-diagram 

study, the peritectoid region o f  the diagram was 

4P. Piatrokowsky, Trans. A m  lns t .  Mining Met. 
Engrs. 200, 21 9 (1 954). 
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T A B L E  83. RESULTS O F  X-RAY AND ACTIVATION ANALYSES O F  SAMPLES REMOVED 
FROM THE Zr-Cd DIFFUSION COUPLES 

Analyzed Composition 

of Sample 

(at. % Cd) 

phases present in the 
X-Ray Patterns* 

Temperature 

(O C) 
Locat ion  o f  Sample 

Interior Zr contu ine r 58 1 

Zr container neor interface 58 1 

Grind i ngs neor z irco n i urn-r i ch  inter- 58 1 
mediate phase 

Coarse fraction o f  crushed residue 

from the interior o f  the assembly 

58 1 

Cadmium-rich intermediate phase 58 1 

F ine  fract ion o f  crushed residue from 58 1 
the interior o f  the assembly 

Zirconium-r i c  h i ntermed iate phase 90 1 

Inter ior  Zr  container 90 1 

0.54 Close-packed hexagonal, 

a =  3.22 A, c =5.14 A 

CI ose-pac ked hexagono I, 
a = 3.23 A, c = 5.15 A 

0.47 

45.5 

63.2 

50% face-centered cubic, 

a = 4.37 A 
50% face-centered cubic, 

a = 4.42 A 

75% face-centered cubic, 

a =4.37 A 
25% face-centered cubic, 

a = 4.44 A 

66.7 Face-centered cubic, 

a = 4.37 A 

72.2 Face-centered cubic, 

a = 4.37 A 

37 Face-centered cubic, 

a = 4.46 A 

0.51 

0 
*X-roy spacings are not determined more occurately than 50.01 A, since the precaution was not taken of protect ing 

Extra l ines at  d spacings of 8.4, 7.1, 5.5, 4.9, 4.3, 3.3, and 2.9 A 
These l ines are considered to  be related t o  a 

the samples from air  oxidat ion during preparation. 

were observed in d i f f rac t ion  patterns of the higher-cadmium samples. 

react ion wi th the atmosphere. 

made uncertain by the occurrence of a three-phase 
(a  + p + y )  structure in an a l loy containing 
11.4 at. % In a t  1040OC. This  specimen was 
suspected of contamination because it was the 
end piece of cold-rol led ingot and had s l ight  
cracks in  i t s  surface. A new set of a l loys was 
prepared from batch No. 6 zirconium in  the range 
7.8-11 at. % In. The results o f  the anneals on 
these a l loys which have been completed are shown 
i n  F ig .  219, which includes the results of the 
earl ier study. The composition of- these a l loys 
has not  yet  been analyzed but i s  plotted on the 
basis o f  an empirical correction curve derived 
from the earlier indium-zirconium analyses. The 
results agree wi th  the previous diagram and show 
by the presence of (a + p + y )  structures a t  1007°C 
that  minor impurit ies remain in these a l loys 

suf f ic ient ly  great t o  prevent the determination of 
a single-temperature horizontal for the peritectoid 
reaction. Establishment of the fact that the beta 
phase i s  in  equil ibrium wi th  the gamma phase a t  
1023 and 1039OC removes the earlier discrepancy 
from the phase diagram. 

The Antimony-Zirconium System 

J. 0. Betterton, Jr. 

Addi t ional  results on the zirconium-rich end o f  
the zirconium-antimony system have been obtained 
and are shown wi th  the earl ier results in  F ig .  220. 
A number of the microscopical specimens were 
individual ly analyzed (indicated by the f i l l ed  
symbols) and are i n  good agreement wi th  the 
compositions indicated by weight changes. 
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Several of the f inal a l loys used in  the Sb-Zr and 
In-Zr investigations have been analyzed for minor 
impurit ies by the neutron act ivat ion and the 
vacuum-fusion (Pt bath) methods. The results 
are given in Table 84. 
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Fig. 219. Results of the F ina l  Investigation of 
the Indium-Zirconium Phase Diagram in the Region 
0-13 at. % Indium. 

Zircon i um- Lead Sy s tern 

G. D. Kneip, Jr. J. Scarbrough 

An exceptionally pure bar of  batch No. 6 iodide 
zirconium was chosen for the al loying studies of 
th is  system by neutron activation analyses and 

UNCLASSIFIED 
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Fig.  220. Results of the F i n a l  Investigation of 
the Peritectoid Region of the Antimony-Zirconium 
System. 

TABLE 84. MINOR IMPURITIES IN PHASE-DIAGRAM ALLOYS 

Amount by Neutron Ac t iva t ion  (ppm) 

Amount by Vacuum 

Fus ion  (P t  Bath) 

cu Fe Ma Ni S i  w (PPm) 

H 0 N 

Antimony-zirconium system 5.6 28 8.2 12 9 9 23 1 

7.3 29 1 .o 15 12.5 10 26 2 

Ind i urn-zirconium system 18.0 6.1 49 34 3.8 

16.0 50 21 a 4 3.6 

10.0 83 6.7 45 67 

<1.0 57 42 10 

2 18 

'C 
? 
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for studies o f  the temperature width of the u /p  
transformation. The analysis of some of the 

metallic impurities, as given by the neutron act i -  
vation method, is  given below: 

Metal l ic  Impurity Amount (ppm) 

F e  

N i  
Cr 
S i  

c u  
Mo 
W 

To 

14.2 
7.0 
6.0 

13.0 
0.6 
1.4 
0.05 

17.00 

For th is  material the a / p  transformation takes 
place over the temperature range o f  approximately 
10°C, or from 863 to 873OC. 

Several zirconium-rich a l loys have been made by 
arc melt ing on a water-cooled copper hearth i n  an 
argon atmosphere. The melt ing conditions were 
such that the casting apparatus could be evacu- 
ated to  approximately rnm Hg and closed off 
from the pumps for leak test ing prior to the intro- 
duction o f  the argon melting atmosphere. Leak 
rates of 2 x lom6 mmHe*Iiter/min were obtained 
prior to  arc melting to  minimize oxygen and nitro- 
gen contamination. 

A l loys  i n  the form o f  20-9 buttons were found to 
be segregated after melting s ix  times, even though 
the button was turned over between each remelting. 
In order to remove this segregation it was found 
necessary to  r o l l  the ingots to approximately a 
i6- in.  sheet and then remelt them an addit ional 
SIX times. 

The as-cast microstructures of the homogeneous 
a l loys containing up to  6 at. ?4 lead were a l l  found 

to be a re la t ive ly  fineggrained transformed beta 
structure. Lead increases the hardness of zir- 
conium almost l inearly up to  6 at. % lead, as shown 
i n  Fig. 221. 

Zirconium u//3 Transformation 
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Fig. 221. Hardness of Arc-melted Zirconium- 
Lead Alloys. 

transformation. Exceptional ly pure zirconium 
which has been produced by the zone-refining 
process7 i s  now avai lable for the determination 
of the transformation temperature. The method of 
isothermal annealing was chosen as the most 
sensit ive means of studying the transformation 
region. The preliminary results of th is  experiment 
are shown in Fig. 222. In  general, the effects 
shown in the figure are consistent wi th  the im- 
purity movements expected i n  the zone-refining 
process. In the purest part of the rod the transfor- 
mation is found t o  take place at  870 k 3 O C .  The 
temperatures were measured wi th  cal ibrated 
platinum-1 0% rhodium thermocouples, and the 
same precautions t o  prevent contamination during 
the annealing were taken as were described 
earlier. 

P R E F E R R E D  O R I E N T A T I O N  IN 
T H O R I U M  S H E E T  

C. J. McHargue L. K. Jetter 

In order to  study the progressive development of 

Determination of a more accurate zirconium preferred orientation and i ts  effect on mechanical 
a//3 transformation temperature than that  previ- properties, textures have been determ ined for 
ously obtained by thermal a n a l y ~ i s ~ ' ~  i s  desirable 
for the study of the effects of solutes on th is  

'R7. Vogel and W. Tonn, Z .  Anorg. Chem. 202 ,  292 

6G. W. Cunningham and J. 0. Betterton, Jr., Met. 
Semiann. Prog. R e p .  Apri l  10, 19.54, ORNL-1727, p 108. 

G. D. Kneip, Jr. R. Bohnhoff 

cold-rolled and annealed thorium sheet. 

(1931). 
7J. 0. Betterton, Jr., G. D. Kneip, Jr., and R. JO 

Bohnhoff, Met. .Semiann. Prog. R e p .  Apr i l  10, 1956, 
ORNL-2080, p 230. 
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A 3.125-in.-dia b i l l e t  of Ames thorium was ex- 
truded to a 1 x 2 in. bar at a rate of  approximately 
500 fpm and with a b i l l e t  temperature of 850OC. 
Portions of this bar were cold-rol led t o  0.250 
and 0.050 in., which amounted t o  reductions in 
thickness of 75 and 95%, respectively. Reductions 
of the order of 25% per pass were used, and the 
direct ion of ro l l ing was changed 180 deg after 
each pass. Vacuum-annealing treatments of 10 min 
at 900OC were given to  specimens from each sheet. 

X-ray ~ d i ffract ion s pec i mens were 0.200-in .-d ia 
spheres taken from the centers of the extruded bar 
and the 0.250-in. sheet. Pieces of the 0.050-in. 
sheet were bonded wi th  an  adhesive t o  give 
laminates from which 0.200-in. specimens were 
machined. 

Pole-distribution data and axis-distr ibution 
charts were obtained by the usual ORNL method, 
using dif fract ion from the fol lowing planes: 1 11 1 I, 

220 

10021, (0221, 11131, (2221, (0041, 11331, 
10241, (2241, and 1 1351. Axis-distr ibution 

charts were obtained for the ro l l ing  and normal 
directions and, in some instances, the transverse 
direction. 

Because of the nature of plast ic f low in  producing 
the 1 x 2 in. bar, a sheet-type texture would be 
expected to  develop. The axis-distr ibution charts 
for the extrusion direct ion and for the direct ion 
normal t o  the 2-in.-wide face are i l lustrated in 
Fig. 223. It may be seen that the most prominent 
extrusion direct ion is <001 > and that there is a lso 
a <114> component. The most preferred normal 
direct ion is a lso <001 >, but there i s  a second 
component 3 deg from <034>. These preferred 
direct ions can be combined to give the components 
{ 001 I <TOO> and the near 1034 I <ai1 >, as shown 
i n  Fig. 224. The distr ibution of transverse direc- 
t ions (normal t o  the 1-in.-wide face) was consistent 
wi th  th is  selection of texture components. A 
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metallographic examination showed that the bar 
was completely recrystal I ized in the as-extruded 
condition. These texture components, therefore, 
appear t o  have been developed when recrystal- 
I izotion occurred during the deformation process. 

The axis-distr ibution charts for the ro l l ing and 
normol directions of the sheet reduced 75% in 
thickness by co ld ro l l ing ore given in  F ig .  225. 
The more preferred ro l l ing directions are <001 >, 
wi th  spread t o  and including <114>, and <223>. 
The crys ta I logra ph ic directions pre ferent ia  I I y 
aligned wi th  the normal direct ion are <148> and a 
posit ion near <034>. Figure 224 shows that the 
texture components, therefore, ore { 148 1 <L1Tl>, 
101 1 1 <322 >, and 1 034 1 < i o 0  >. 

The sheet co ld reduced 95% i n  thickness de- 
veloped the orientations shown in  F ig .  226. The 
more preferred crystallographic directions o f  the 
ro l l ing direct ion are <001 > and a direct ion 2 deg 
from <112>. There is  a spread of orientations 
between these along the < l i O >  zone. The normal 
directions are distributed primarily about < O l l  > 
and o direct ion 3 deg from <113>. The com- 
ponents zi the texture,-shown in  Fig. 224, ore near 
11131<211>,1011 1<100>,andnear1011 ! < T i l > .  

The texture developed in the sheet co ld ro l led 
75% and annealed 10 min a t  9OOOC is  shown in 
the axis-distr ibution charts of F ig .  227. The 

(000 
4.75 r 4 . 5  

(042) 
0.1 9 

( O i O  
0.14 

( a )  ROLLING DIRECTION 

(ili) 
4.40 

crysta I logra phic direct ion preferentia I l y  o I igned 
with the ro l l ing direction was <001 >, wi th  some 
spreod toward <013>. The normal direct ion wos 
aligned with <017>. A s  shown in Fig. 228, the 
principal texture component is { 017 1 < i O O > ,  
an orientation s l ight ly  o f f  the “cube” texture 
position. 

Figure 229 shows the oxis-distribution charts 
for the sheet cold rol led 95% and annealed 10 min 
at  900OC. The principol texture i s  the “cube” 
orientation, 1001 1 <iOO>; however, a minor com- 
ponent wi th  the approximate indices { 013 1 <031> 
i s  indicated by the spread i n  the distr ibution of 
both the ro l l ing  and normal directions. 

1481 < I T 1  > component noted from the axis- 
distr ibution charts of the sample cold rol led 75% 
i s  not far from the near I1231 <jil> component 
used by Smallman to describe h i s  pole figures for 
cold-rolled thorium,8 and from the components 
used by others to describe the textures of alumi- 
num’*” and copper.’ However, in  the present 

The 

8R. E. Smallman, I .  Inst. Met. 83(9), 408 (1955). 

9 H .  Hu, P. R. Sperry, and P. A .  Beck, Trans.  Am. 
Inst. Mining Met. Engrs. 194, 76 (1952); /. Metals 
5(1), 76 (1952). 

”Le K. Jetter, C. J. McHargue, and R .  0. Williams, 
I *  Appl. Phys .  27, 368 (1956). 
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Fig,  228. Standard Stereographic Projection I l lustrating the Components of Sheet Textures of An- 
nealed Thorium. (u )  Prior reduction of 75%. ( b )  Prior reduction of 95%. 
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e n -  
study, two additional componen ts were present, 
1 01 1 j <322> and 1034 I <TOO>. 

It was found that the { 111 I and 1 002 I pole 
figures given by Smallman for resintered thorium 
cold ro l led 95% can be described by two o f  the 
three texture components shown in Fig. 224c. 
These components were determined from the axis- 
distr ibution charts of Fig. 226. The near 

11131 <ji1> and near 1011 I (211 > textures 
account for the regions of high density and for the 
major spreads of the conventional pole figures, 
Figure 230 shows the I 11 1 I pole figure published 
by Smallman with the “ideal” positions of these 
orientations and the ( 123) < ? i 1 >  type. It i s  
apparent that the selection of orientations to  
describe the texture cannot be readily made from 
the conventional pole figure. 

UNCLASSIFIED 
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Fig. 230. The 111 1 Pole Figure According to 
Smallman (Ref a), Showing the “ Ideal”  Positions 
for 0 Near ( 1 1 3 1  <2i1>, A Near l o l l  I < j T l > ,  
I 1 123 I <Iii >. 

The preferred orientation obtained on ro l l ing  and 
subsequent annealing was 10171 <TOO> for a 75% 
prior reduction and (001 J <TOO> for o 95% prior 
reduction. Smallman apparently observed the 
“cube” texture for prior reductions of 60%, 80%, 
90%, and 95%; however, since the orientation 
1017 I <TOO> i s  only 8 deg from { 001 I <iOO>, i t  
i s  probable that by the conventional technique 

this difference would have been noted only as a 
spread about the latter orientation. 

It was found that one texture component i n  the 
sheets given prior reductions of 75% and 95% could 
be related to the annealing textures by rotations 
about <111> axes. The reorientations that are 

necessary in order to cause the observed changes 
i n  texture are shown in  Fig. 231. The four < 11 1 > 
axes of the { 017 I <TOO> orientation coincide wi th  
a < 11 1 > ax is  of each of the four equivalent orien- 
tations of thero l l ing texture components1148 I<lil>. 
Thus, the annealing texture i s  related to each o f  
the { 148 I <4T1> type orientations by a <111> 
rotat ion of 24 deg. 

UNCLASSIFIED 
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RD 

Fig.  231. Orientation Relationships Between 
Rolled and Annealed Components of Sheet Textures 
of Thorium. @ 1 148 I < I T 1  >, A 1017 I < i f i O > ,  
R 1 001 I <ifiO:>, A near 1 113 I <2i1>. 

In the case of the 95% rol led sheet, the four 
< 11 1 > axes of a cube orientation are near a < 11 1 > 
ax is  o f  each o f  the four orientations of the ro l l ing  
texture component 1 113 I <ZT1>. A rotation of 
approximately 37 deg brings each o f  the four 
1 1131 <2i1> type orientations to a posit ion near 
the 1001 1 <loo> orientation. This type o f  rota- 
t ional relat ionship has previously been noted on 
several occasions, part icularly in  aluminum and 
copper. 
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Influence of Texture on Mechanical Properties 

Because o f  the crystallographic nature of de- 
formation mechanisms, the mechanical properties 
of metals should be expected to be influenced by 
textures. As a f i rs t  approximation, the proportional 
l im i t  of a specimen might be expected to vary as 
the reciprocal o f  the resolved shear stress, In 
other words, the more o f  the applied stress that i s  
resolved in  shear on a s l i p  system, the more l i ke ly  
i t  is  for s l i p  to occur for a given applied stress 
level. 

Table 85 shows the mechanical properties of an 
extruded rod containing 0.12% carbon, the textures 
o f  which have been previously reported.” Relat ive 
resolved shear stresses were determined for the 
peak posit ion of each component by use of the 
relat ionship cos 4 cos A, where 4 i s  the angle 
between the stress axis and normal to  the s l i p  
plane, and X i s  the angle between the stress ax is  
and s l i p  direction. The rat io  of the reciprocal 
resolved shear stresses (<111> to <114>) i s  1.67, 
and the rat io  of proportional l imi ts  1.7. I t  was 

”L. K. Jetter and C. J. McHargue, Met.  Semiann. 
Piog. R e p .  Apri l  10, 1955,  ORNL-1911, p 1 1 .  

also noted that a marked anisotropy i s  shown for 
the modulus of elastici ty, which was 13.35 x lo6 
for the rods wi th  the <111> texture and was 
7.65 x lo6 for the rod with the < 114> texture, 

Table 86 shows the mechanical properties of the 
cold-rolled thorium sheet and the annealed thorium 
sheet for specimens taken at  various posit ions 
wi th  respect to the ro l l ing direction. It can be 
seen again that the proportional l im i t  varied in- 
versely as the relat ive resolved shear stress for 
the most favored s l i p  system. It was a lso observed 
that the tensi le strength and the elongation were 
markedly influenced by the mechanical f ibering of 
carbides and oxides. The fracture of the speci- 
mens taken paral lel to the ro l l ing direct ion and 
22.5 deg to the ro l l ing  direction was perpendicular 
to the fibers but tended to  parallel the fibers for 
a l l  other positions. The relat ionship between 
ro l l ing  direct ion and fracture is  shown in Fig. 232. 
Thus, the difference in  properties of rods fabri- 
cated by dif ferent procedures is  in part due to the 
different preferred orientations developed, as i s  
the direct ional i ty of properties in  the plane of 
rol led sheet. In the latter case, some of the 
properties are also influenced by mechanical 
f ibering of undissolved constituents. 

TABLE 85. MECHANICAL PROPERTIES OF EXTRUDED* THORIUM ROD (0.12% C) 

Extrusion Speed 

Slow F a s t  

Texture 

Yie ld  strength, psi 

Tensi le  strength, psi 

Proportional limit, psi 

Elongation, % 

Reduction i n  area, % 

Modulus of elasticity,  psi 

cos + cos X 

96% < 1 1 1 >  + 4% <001> 

45,650 

50,600 

38,050 

21 

37 

13.35 x l o 6  

0.27 

<114> 

26,250 

30,500 

22,000 

42 

70 

7.65 X l o 6  

0645 

F 

* B i I I et temperature, 85OoC. 

f 
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TABLE 86. MECHANICAL PROPERTIES OF THORIUM SHEET 

Direct ion of Stress A x i s  

Ro l l ing  Tranverse 

Direction, 22.5 deg 45 deg 67.5 deg Direction, 

0 deg 90 deg 

Y ie ld  strength, ps i  

Tensi le strength, p s i  

Proport ional l imit,  p s i  

Elongation, % 

Modulus of elast ic i ty,  ps i  

Maximum relat ive resolved shear stress 

(Relat ive shear stress) 

0 d e g  
(Relat ive shear stress) 

(Proportionol I i m i t )  0 d e g  

(Proportiona I I im i t )  

Y ie ld  strength, ps i  

Tens i le  strength, ps i  

Proport ional l imi t ,  ps i  

Elongation, % 

Modulus of e last ic i ty,  p s i  

Maximum relat ive resolved shear stress 

(Relat ive shear stress) 

0 d e g  
(Relat ive shear stress) 

(Proport ional I i mi t )  0 d e a  

95% Cold Rol led 

50,100 47,800 

54,500 54,500 

23,250 18,850 

13 10 

10.8 x lo6 
0.408 0.499 

13.8 x lo6 

1 .o 1.2 

1 .o 1.2 

Annealed 9OO0C 

18,250 17,550 

26,800 27,050 

11,350 9,400 

60 62.5 

8.9 x lo6 
0.408 0.495 

10.8 x lo6 

1 .o 1.2 

1 .o 1.2 

47,850 

53,550 

20,750 

7.5 

11.1 x lo6 
0.469 

1.15 

1.1 

18,150 

27,600 

10,950 

57.5 

9.4 x 106 

0.408 

1.0 

1.04 

50,950 

55,000 

18,500 

8 

11.25 x lo6 
0.492 

1.2 

1.25 

18,650 

28,000 

9,400 

48 

11.1 x 106 

0.495 

1.2 

1.2 

51,500 

55,750 

19,600 

10 

11.4 x lo6 
0.491 

1.2 

1.2 

18,150 

2 7,900 

10,600 

48 

10.1 x lo6 
0.408 

1 .o 

1.07 
(Proport iona I l im i t )  

n 
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Fig, 232. Relationship Between Roll ing Direction and Fracture in Tensi le  Specimens of Annealed 
The arrow denotes the rol l ing direction, and the angle between ro l l ing  direct ion and Thorium Sheet. 

tension axis i s  noted beneath each specimen. 
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