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RECENT DEVELOPMENTS IN REACTOR MATERIALS TECHNOLOGY 

PREFACE 

This classif ied qua r t e r ly review is p r epa red by Battel le Memor ia l Insti tute at the 
reques t of the Division of Technical Information of the U. S, Atomic Energy Commiss ion . 
It a t tempts to make avai lable , as quickly as poss ib le , the highlights of new developments 
and significant findings from cu r r en t work re la ted to m a t e r i a l s for n u c l e a r - r e a c t o r 
s y s t e m s . 

It is hoped that pe r sons who wish to keep a b r e a s t of technical advances in a gen
e ra l way will find these r epor t s sufficiently comprehens ive and informative for the i r 
needs . In addition, those who requ i re m o r e detailed information can use the r epo r t s as 
a s tar t ing point and se lect per t inent re fe rences from the l i s t s which appear at the ends 
of the sec t ions . 
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I. FUEL AND FERTILE MATERIALS 

1. Uranium and Uranium Alloys 

Unalloyed Uranium 

The Yugoslavians^^ studied the thermodynamics of uranium grain growth. The 
free energy of activation was found to i n c r e a s e l inear ly •with t e m p e r a t u r e in the in terval 
450 to 600°C, •with the t e m p e r a t u r e coefficient being 17.3 cal / (mole)( °K) and a mean 
value for the given in terval of 107,750 c a l / m o l e . The free energy of grain growth, the 
entropy of the sys tem, and the enthalpy of the sys tem were +3. 5 x 10" 1 c a l / m o l e , 
- 3 .2 X lO"'* cal / (mole)( °K), a n d + 9 . 3 x 10"^ c a l / m o l e , respec t ive ly . 

Basic information on the deformation mechan i sms in a lpha-phase uranium is p r o 
vided by a s e r i e s of a r t i c l e s in the Journal of Nuclear Ma te r i a l s . ^-5 M . H . YOO^ calcu
lated the effective shear moduli d is locat ion- l ine ene rg ies , dis locat ion widths, and 
P e i e r l s - N a b a r r o s t r e s s e s and substantiated that (010)[100] is the p r i m a r y slip sys tem 
at room t e m p e r a t u r e and (001)[100] is the secondary slip mode . These calculat ions 
also co r rec t ly pred ic t the prevalence of (001)[100] slip over (010)[100] slip above the 
range 325 to 350 °C. The easy-gl ide p a r a m e t e r for dislocation mobil i ty of var ious slip 
sys tems calculated by the Czechoslovakians^ from anisotropic e las t ic i ty data a g r e e s 
with Yoo's r e s u l t s . This p a r a m e t e r was used as the c r i t e r ion for the pr inc ipa l slip s y s 
tem. F igure 1- 1 shows this p a r a m e t e r for edge dislocation in alpha uranium where the 
upper curve denotes the operat ive sys tem. The French"* also found the same slip s y s 
tems to be operat ive by tension testing of single c ry s t a l s of alpha uran ium. The 
Czechoslovakians^ also examined the poss ible dissocia t ion of dislocat ions on the p r i m a r y 
slip s y s t e m s . 

Alpha-Phase Uranium Alloys 

In a study at the Universi ty of F lor ida , (°^ alloys with additions of a luminum (203 to 
750 ppm), carbon (795 ppm), i ron (135 to 287 ppm), and silicon (122 to 399 ppm) resu l ted 
in the following conclusions on s t ruc tu ra l changes assoc ia ted with deformation at high 
t e m p e r a t u r e s . 

1. Uranium r e s e m b l e s other me ta l s in mos t of i ts h igh - t empera tu re 
deformation c h a r a c t e r i s t i c s . 

2. Grain growth accompanies deformation. 

3. New grains mainta in a s ize which is l a r g e r at higher t e m p e r a t u r e s and 
slower deformation r a t e s . 

4. New grain formation is promoted by alloying which lowers the recovery 
t e m p e r a t u r e of alpha uran ium. 

5. Silicon additions mainta in a fine grain size in the alpha uranium during 
tensi le s training and the rmal cycling. 
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Fig. I - l . Te rapera tu re dependences of the easy-gl ide 
p a r a m e t e r for edge dislocations.-^ 

The recrys ta l l i za t ion kinet ics of "adjusted" uranium (700 ppm aluminum and 
250 ppm iron) were studied by the Br i t i sh . ' F igure 1-2 shows the rec rys ta l l i za t ion t ime 
at 600, 625, a n d 6 5 0 ° C . Prec ip i ta t ion of ne^w phases in an adjusted alloy with 7 10 ppm 
aluminum, 1000 ppm carbon, 250 ppm i ron, and 50 ppm silicon •was also examined. ° 
It was concluded that i ron and aluminum in adjusted uranium is re ta ined in solution on 
quenching from the alpha phase and on heating in the alpha region, and only the phase 
UAI2 p rec ip i t a t e s . The t ime dependence of the precipi ta t ion p r o c e s s is consis tent with 
precipi ta t ion occurr ing at subgrain boundaries and on individual dislocat ions •within sub-
g ra ins . A change in the precipi ta t ion ra te occurs belo^w about 500°C. 

The F r e n c h " investigated the effect of boron on the rec rys ta l l i za t ion of a lpha-phase 
uranium with 0. 2 to 0.4 at. % molybdenum. Small additions (100 ppm) of boron led to 
pronounced refinement of the alpha grain size even for slow cooling r a t e s . The UB2 
prec ip i ta tes acting as heterogeneous nuclei caused this ref inement . The boron also r e 
fined the grain s t ruc tu re of dilute U-Si, U-Cr , U-Mo-Al, U-Mo-Si , and U-Mo-Sn alloys 
as long as the boride pa r t i c l e s -were finely d i spe r sed . 

The Pol ish^^ de termined the effect of 0. 5 to 3 wt. % molybdenum on the tensi le 
p rope r t i e s of uranium. It was found that alloying with 1. 1 wt. % molybdenum increased 
the tens i le s t rength of uranium from 36. 1 to 94 k g / m m ^ (51, 000 to 133, 000 psi) at 20°C 
and from 5. 1 to 20. 5 k g / m m ^ (7, 200 to 29, 000 psi) at 600°C. F u r t h e r i n c r e a s e s in 
molybdenum content did not have any significant effect on the s t rength of uranium. 
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Fig . 1-2 Effect of annealing on rec rys ta l l i za t ion of "adjusted" uran ium. ' 

Petzow et al . ^^ have p resen ted phase equil ibria data in the U-UMn2-UFe2 and 
UAl2-UMn2-UFe2 sy s t ems . Complete solubility exis ts between the in te rmeta l l i c phase 
U^Fe and U^Mn, as well as between UFco and UMn2. There fo re , the two-phase zones 
a -u ran ium + U^(Mn, Fe) and U^(Mn,Fe) + U(Mn, Fe)2 dominate a lmos t the ent i re sys tem 
at room t e m p e r a t u r e . 

De l t a -Phase Alloys 

The Canadians•'•^ studied the de l t a -per i t ec to ida l react ion in U-Si al loys and con
cluded that: 

1. Carbon concentrat ions of up to 2000 ppm lower the per i tec to id t e m p e r a t u r e 
and form a region of t h r ee -phase equil ibr ium between uranium, U3Si2, 
and U3Si. 

2. The t h r e e - p h a s e region has an upper l imit of 860°C and a lower l imit of 
790 °C in an alloy containing 2000 ppm carbon. 

3. The higher the carbon, up to 2000 ppm, the lower the optimum t e m p e r a 
tu re for t ransformat ion to U3Si. 
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4. Increas ing the carbon concentrat ion and thus lowering the optimum 
t ransformat ion t e m p e r a t u r e does not significantly affect the ra te of 
t rans format ion . 

(R. D. Koester and M. S. F a r k a s ) 

2. Plutonium 

Plutonium Metal and Alloys 

Exper imen t s at Rocky Fla t s have resu l ted in the successful growth of l a rge c r y s 
ta ls of a P u - 3 . 3 at. % Ga alloy using a modified Bridgman technique. ^^ Large polygo-
nized gra ins (to 6 mm) were gro^wn by slowly t ransforming an epsilon phase that was 
c rea ted by slow freezing of the me l t . Long anneals of over 200 hr resu l ted in some 
highly perfect g r a in s . 

T e r n a r y U-15Pu-10Zr and U-15Pu-15Zr* alloys a r e being p r e p a r e d at Los 
Alamos ^4 by induction melt ing in both conventional c rucib les and in "cold" c ruc ib le s . 
Homogeneous alloys have been p r e p a r e d at 1400°C in l e s s than 10 min by mechanica l 
s t i r r ing of a me l t consist ing of plutonium and a preal loyed U-Zr binary. The react ion 
of crucible m a t e r i a l s and coatings with the t e r n a r y U-15Pu-12 . 7Zr alloy at 1400°C for 
shor t tinaes is being studied. The mos t proinis ing crucible coating appears to be a col
loidal suspension of Y2O3 sprayed onto the crucible su r faces . In the "cold" crucible 
method, the t e r n a r y alloy is p r e p a r e d by melt ing and s t i r r ing inside a wate r -coo led 
meta l l i c c ruc ib le . A frozen alloy skin next to the crucible p reven t s impuri ty pickup 
from the c ruc ib le . 

The P u - Z r equil ibr ium d iag ram up to 10 at. % z i rconium developed by B a t t e l l e -
Northwest (Fig, 1-3) differs from previous ly published d i a g r a m s . ^^ The existence of a 
zeta in te rmedia te sol id-solut ion phase (2.5 to 2.7 at . % zirconium) was confirmed. 
Phase - s t ab i l i t y studies indicate that the retained delta phase t r ans fo rms to beta phase , 
the ra te of t ransformat ion decreas ing with increas ing z i rconium content. The re ta ined 
beta phase is unstable and gradual ly t r ans fo rms to alpha phase . The data indicate that 
the be ta - re ta ined P u - Z r alloy would have l imited use as an engineering m a t e r i a l due to 
i ts instabi l i ty . 

Measurement of the solubil i t ies of var ious meta l l i c e lements in liquid plutonium 
over the t e m p e r a t u r e range 700 to 1000 "C is continuing at Los Alamos . 1^ The data, 
some of which a r e summar i zed in Table I - l , fit empi r ica l equations of the form 
log 10 N. = A - (B/T) , where N^ is the solubility of the element i expressed as an atomic 
fraction and T is the t e m p e r a t u r e in °K. F r o m these and previous ly repor ted solubility 
data, the re la t ive pa r t i a l m o l a r enthalpies sho-wn in Table 1-2 have been calculated for 
the s imple eutect ic- type binary sys tems indicated. ^"^ 

Eleven liquid P u - C o - C e alloy fuels in tantaluna capsules have been i r r ad i a t ed to 
2.6 at. % burnup under conditions s imi la r to those expected in the Fas t Reac tor Core Tes 
Faci l i ty . '•° The fuel-container interface t e m p e r a t u r e was mainta ined below 725 °C but 
above the fuel freezing point of approximate ly 440°C. The capsules operated at an 

Unless otherwise designated, all compositions are understood to be by wt.'^o. 
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Table I - l AVERAGE SOLUBILITIES OF SELECTED ELEMENTS 
IN LIQUID PLUTONIUM 16 

T e m p e r a t u r e , Average solubility, at . % 
C Ti V Cr Mn zT Nb Mo Tm 

700 
750 
800 
850 26.07 2.29 4 .35 30.8 
900 28 .81 2.96 5.59 - - 12.4 2.68 3.64 6.79 
950 33 .31 3.78 6.94 45.7 18.0 3.14 4 .58 7.25 

1000 37.17 4.46 8.58 53.6 - - 3 .71 - - 8.48 

Table 1-2 RELATIVE PARTIAL 
MOLAR ENTHALPIES OF SELECTED 
ELEMENTS IN LIQUID PLUTONIUM^'^ 

5.44 
9.72 

22.50 
26.07 

1.02 
1.34 
1.67 
2 .29 

1.62 
2.23 
3.26 
4 .35 

2. 10 
3.44 
5.42 
8.03 

1. 10 
1.44 
1.69 
2 .05 

1.57 
2. 11 
2.65 
3 .08 

2.35 
3.08 
4. 09 
5.04 

Element 

Tungsten 
Tantalum 
Niobium 
Vanadium 
Molybdenum 
Chromium 
Thulium 

AHĵ , kca l /mo le 

22 .0 ± 0. 1 
16.6 ± 0. 1 
11. 1 ± 0. 1 
11. 0 ± 0. 1 
10.3 ± 0 .1 
9.5 ± 0. 1 
9. 2 ± 0.2 

average specific power of 150 wa t t s /g of plutonium. P re sumab ly , pos t i r rad ia t ion ob
servat ions will be desc r ibed in a future repor t . 

^ Argonne and Ba t t e l l e -Nor thwes t a r e initiating a p r o g r a m to de te rmine the mechan 
i sm that controls swelling in U - P u - b a s e fuels and to es tab l i sh the effects of t e m p e r a 
tu r e , p r e s s u r e , burnup, and fuel composit ion on the s'welling r a t e . ^ ' ^ Inject ion-cast 
and hea t - t r ea t ed specimens will be i r r ad i a t ed i so thermal ly and at constant p r e s s u r e 
within a range of t e m p e r a t u r e s from 400 to 800°C and a range of p r e s s u r e s from 50 to 
5000 ps i . Specimens of uranium, U-5Pu, U-14Pu, and U-14Pu-12Zr have been p r e p a r e d 
and a r e being encapsulated. I r radia t ion is expected to begin short ly as r eac to r space 
becomes avai lable . 

A single unit p r o c e s s for the rapid production of plutonium meta l from the oxides 
has been repor ted by Lawrence Radiation L a b o r a t o r i e s . ^'J The p r o c e s s cons is t s of (a) 
the reduction of the plutonium oxides by calc ium me ta l , (b) the extract ion of the CaO r e 
action product with molten calcium chlor ide , and (c) the quantitative separa t ion of the 
t̂ wo immisc ib le mo l t en -me ta l phases by the iminisc ib le salt solution. Yield efficiencies 
of 99. 96% a r e repor ted , with a batch cycle t ime of 15 min independent of batch sca le . 

(D. F . Askey) 
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Plutonium Compounds 

Oxides. Oak Ridge has establ ished the feasibil i ty of producing Pu02 from PuF^,. 
The product from these exper imenta l runs was confirmed by X - r a y diffraction exainina-
tion. A l imitat ion of the vapor fabrication of PUO2 was recognized as the conversion of 
P u F ^ to P u F ^ , although this aspect of the p r o c e s s was not a pa r t of the exper imenta l 
p r o c e s s studied. 

Spherical pa r t i c l e s of P U O T have been p r e p a r e d in t̂ wo l abora to r i e s ' by the sol 
gel technique. Mound Labora tory^^ has evaluated '^^°Pu02 pa r t i c l e s and de te rmined a 
c rush s t rength of 1260 g and a density of 10. 8 g /cm^ for 250 to 400-]Lt spheroids which 
had been calcined at 1200 °C. At Karlsruhe23^ PUO2 m i c r o s p h e r e s were p r epa red and 
reduced in hydrogen at 1750 °C to obtain pa r t i c l e s with a final O /Pu rat io of 1.67 to 1.73. 
These pa r t i c l e s were subsequently coated with carbon and silicon carb ide . Mound 
Laboratory^'* has a lso es tabl ished the impact c h a r a c t e r i s t i c s of plasmas-formed 238pu02 
m i c r o s p h e r e s under s imulated reen t ry condit ions. The pa r t i c l e size dis t r ibut ion before 
and after impact at 105 f t / sec is sho-wn in Table 1-3. 

Table 1-3 E F F E C T OF IMPACT ON PARTICLE-SIZE DISTRIBUTION 
OF Pu02^'* 

D iame te r , 
M 

177-210 
149-177 
125-149 
105-125 
77-105 
44-77 
20-44 
10-20 
<10 

Distr ibut ion 
before impact , 

wt.% 

8. 16 
21.22 
16.53 
18.98 
21.63 
13.47 
0. 00 
0.00 
0.00 

Distr ibuti i 
Capsule 18 

9 . 4 
25.2 
18. 1 
12.6 
19.8 
10.4 
3.02 
0.26 
0.03 

on after impact . 
Capsule 20 

7 . 7 
18.3 
15.9 
14. 1 
24 .3 
16.9 
0.73 
0.08 
0. 06 

wt.% 
Capsule 24 

5 . 7 
14. 8 
12. 1 
14.2 
24.6 
23. 1 

3 . 8 
0. 19 
0.08 

Argonne^^ has m e a s u r e d the h igh - t empera tu re p r o p e r t i e s of PUO2. The heat ca
pacity of Pu02 was given as : 

C = 22. 18 x 2. 080 x 10-4 T - 4. 935 x 10^ T ' ^ 
P 

An extrapolation of this re la t ionship to higher t e m p e r a t u r e s resu l ted in a value of 23 ± 
1 cal /(mole)( °K) at the melt ing point, 2663 ± 20 "K. M a s s - s p e c t r o m e t r i c studies p e r 
formed in i r id ium effusion cel ls yielded pa r t i a l hea ts of sublimation in kca l / ino le for the 
vapor spec ies : 138. 5 ± 1. 5 for PUO2, 127. 0 ± 3. 5 for PuO, and 136 for plutonium. The 
t empera tu r e dependence of the pa r t i a l p r e s s u r e s of Pu02(g) and PuO(g) a r e shown in 
Fig. 1-4. The the rma l diffusivity for Pu02 has a lso been foundl^b to be 0. 0148 c m ^ / s e c 
[at 400' 'C, 0. 00503 at 1500°C, and 0. 00400 at 2000°C. 
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Fig . 1-4 T e m p e r a t u r e dependence of the pa r t i a l p r e s s u r e s of Pu02(g) and 
PuO(g). " 
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Mound Laboratory '^" has reviewed the methods applied for the dissolution of P u 0 2 . 
The solubility ra te was found to be di rect ly re la ted to the method of oxide p repara t ion 
and to the p rocess ing t e m p e r a t u r e s . 

A mechanica l blending powder route for p repar ing mixed UO2-2O to 25 PUO2 pe l 
le ts has been establ ished by Battel le —Northwesf^' as the p r o c e s s for producing F F T F 
fuel. The specified l imi ts for these pel le ts a r e 93 to 95% of theore t ica l densi ty and a 
50-/i max imum d iame te r for Pu02 p a r t i c l e s . Nuclear Mater ia l s and Equipment Corp. ° 
has invest igated the incorporat ion of burnable addit ions, such as methyl cel lulose , su
c r o s e , dex t rose , and carbowax, into mixed oxides for poros i ty and densi ty control . 
Final densi t ies in the range of 85 to 92% of theore t ica l were obtained with 1.5 to 3.0 
wt. % addit ions. 

The effects of selected meta l l ic and nonmetal l ic impur i t i es on the s in tered density 
of mixed oxides and the re tent ive ability of the oxides during s inter ing were studied at 
Nuclear Mater ia l s and Equipment Corp. 29 The chemical analys is before and after s in
ter ing showed that only two impur i t i e s , sil icon and chromium in concentra t ions of 
5000 pprn, dec reased the s in tered densi ty. Losses of 2 to 7% in density were observed, 
depending upon the pa r t i c l e size of the impuri ty . 

Babcock and Wilcox-^0 has evaluated both gel additions and mixed sol blending as 
techniques for producing UO2-PUO2 p a r t i c l e s . Gel-addit ion chemis t ry studies have in
volved techniques for improving the pickup of t r i - or quadrivalent plutonium by in situ 
changes of pH and plutonium valence . Adjustments of this type i nc rea sed the pickup 
from the range of 4 to 5% to between 7 and 10%, which is about half that r equ i red for 
f a s t - r eac to r fuel. Mixed sols usually undergo segregat ion unless s trongly agitated. 
UO2-2OPUO2 par t i c l e s with 95% of theore t ica l densi ty and 44 to 500-/i pa r t i c l e size were 
obtained after s inter ing at 1250 °C in N2-6 vol .% H2. Oak Ridge^l has also invest igated 
mixed sol techniques for mixed oxide p repa ra t ion . The product is further jet mi l led , 
cold p r e s s e d , and s in tered into cyl indr ical pe l l e t s . Final densi t ies in the range 85 to 
90% of theore t ica l have been achieved. 

The diffusion of uranium in PUO2 and plutonium in UO2 has been de te rmined at 
Kar l s ruhe^ 1 by e l ec t ron -mic rop robe ana lys i s . The diffusion of these species has been 
given as : Dy = 9. 25 x 10-5 exp (-67, 800/RT) c m ^ / s e c and Dp^^ = 12. 4 x 10-5 exp 
(-64,900/RT) c m ^ / s e c . Simi lar invest igat ions c a r r i e d out at Harwel l^^ on mechanica l ly 
blended powders showed P u 0 2 - r i c h a r e a s to be 20 to 40 /i after the f i rs t s inter ing at 
1550 °C in CO2 and 10 to 15 jU after a second mill ing and s inter ing s tep. Br i t i sh inves t i -
gators-^2 have also developed a d i rec t a l pha - spec t rome t r i c technique to examine fabr i 
cated and i r r ad ia t ed fuel m a t e r i a l s . The advantage of this sys tem is i ts ability to sepa
ra te the contribution by var ious alpha e m i t t e r s . 

The t h e r m a l diffusivity and t he rma l conductivity of UO2-20PuO2 as a function of 
t e m p e r a t u r e and s to ichiometry has been m e a s u r e d by the F rench . ^^ The effect of oxy
gen content is g rea te s t in the lower t e m p e r a t u r e range (100 to 1000 °C) and indicates 
that the conductivity d e c r e a s e s as the O/M rat io d e c r e a s e s . The inost d ras t i c shift in 
the rmal conductivity is accompanied by a d e c r e a s e in s to ichiometry from 2. 00 to 1. 98. 
Battel le-Northwest-^^^ has also invest igated these p r o p e r t i e s for U 0 2 - 2 5 P u 0 2 . The 
same genera l t rend but a m o r e gradual d e c r e a s e with r e spec t to oxygen content was r e 
ported. In addition, the mixed oxide composit ion with an O/M of 1. 97 exhibited good 

UNCLASSIFIED 



I-IO 

compatibil i ty c h a r a c t e r i s t i c s with 304 s ta in less s teel after 1000 hr at 650 and 1000°C in 
ei ther he l ium- or sodium-bonded a s s e m b l i e s . 

Argonne^" has utilized the F o r s t e r resonance technique to es tabl ish room-
t e m p e r a t u r e e las t ic and anelas t ic p rope r t i e s for UO2-2OPUO2 (O/M = 1.98). Within the 
density range studied (80 to 85% of theore t ica l ) , the Young's modulus and shear modulus 
appeared to be l inear ly dependent upon densi ty. The Young's modulus ranged from 1250 
to 1500 k b a r s , and shear modulus ranged from 450 to 6OO k b a r s . Los Alamos 14" has 
de termined the heat of fusion for UO2-2OPUO2 (O/M = 1.97) to be 19.4 kca l /m o l e by 
d i f fe ren t i a l - the rmal -ana lys i s techniques . The solidus and liquidus t e m p e r a t u r e s were 
observed at 2780 and 2820°C, respec t ive ly . 

Bat te l le -Nor thwest has studied the effects of s to ichiometry (O/M = 2. 00, 1. 99, 
1. 97, and 1. 94) on the melt ing heat rat ing of U 0 2 - 2 5 P u 0 2 . In the hypostoichiometr ic 
region, the melt ing heat rating dec reased by 3. 2% for an O/M of 1. 99 and by 5. 5% for an 
O/M of 1. 94. The insensi t ivi ty of re la t ive heat rating to decreas ing O/M is consis tent 
with a d e c r e a s e in the rmal conductivity and a compensating i nc rea se in melt ing point. 
Genera l Electric^^" has de termined the melt ing points of i r r ad ia t ed mixed oxides. The 
melting point of U02-25Pu02 after 85, 000 Mwd/tonne decreased 50°C and that of UO2-
2OPUO2 after 55,000 Mwd/tonne dec reased 100°C. U02-25Pu02 i r rad ia ted to 250,000 
Mwd/tonne indicated a t e m p e r a t u r e d e c r e a s e of 60 °C. A d e c r e a s e in the melt ing point 
of 50 °C was reported to d e c r e a s e the effective t he rma l conductivity ( /kd9) to melt ing by 
~0. 5 wa t t / cm . Also, the t r ans ien t - fa i lu re threshold for i r rad ia ted U02-28Pu02 fuel 
after burnup to 70, 000 M^wd/tonne was identified-^" at approximately 50 vol .% molten 
fuel. The p r i m a r y mechan i sm for fai lure •was specified as in ternal p r e s s u r e caused by 
the sudden local r e l e a se of contained fission gases during the excurs ion. 

Harwell'*'^ has conducted sintering studies on the T h 0 2 - P u 0 2 sys tem. Sintering at 
1600 °C in argon resu l ted in densi t ies of 94% of theore t ica l but poor sol id-solut ion forma
tion. Sintering in a i r or wet hydrogen yielded good solid solution but poor densi ty, in 
the range of 85% of theore t ica l . The Br i t i sh41 have also compiled the physical p rope r t i e s 
of var ious plutonium and mixed compounds. 

Carb ides . Argonne42 has developed a fluidized-bed p r o c e s s for the p repara t ion of 
UC-15PuC. Carbide powder of control led s toichioinetry was produced by carbur iza t ion 
of hydrided meta l or alloy at 750 to 850 °C with mix tu res of methane and hydrogen. The 
composit ion of the ca rb ides from a s e r i e s of exper iments is shown in Table 1-4. 

Compatibil i ty r e su l t s for UC-20PuC with var ious commerc i a l cladding alloys have 
been presented by La t imer . •̂  With hypers to ich iomet r ic carbide at 800°C, no new phases 
were observed after 1000 hr with 304 s ta in less s teel or Timken alloys 16-15-6 and 
16-25-6. Tes t s involving alloys having higher nickel contents , such as Incoloy-800, 
Hastelloy-X, and Inconel-625, have sho^wn some react ion with both the mixed monocarbide 
and sesquicarb ide . Reaction l aye r s for (U, Pu)C ranged from 3 to 180 jJ. after 1000 h r at 
800°C. 

Los Alamos l " has developed an a r c -me l t i ng and hydrogen- t rea tment p r o c e s s to 
p r e p a r e s ingle-phase UC-20PuC. The monocarbide with a C/(U + Pu) rat io of 0. 97 ± 
0. 01 was readi ly obtained by hydrogen t r ea tmen t at 850°C. A react ion t ime of 0. 6 h r / g 
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^^l£0 
•was n e c e s s a r y to remove the initial 3% excess carbon. Melting t e m p e r a t u r e s of UC-
PuC solid solutions in the composit ional range up to 50 wt. % PuC were also determined 
and the resul t ing sol idus-l iquidus relat ionship is shown in Fig. 1-5. Neutron-diffract ion 
studies with PU2C3 were performed to es tabl ish a postulated ant i fer romagnet ic t rans i t ion 
at 120°K, but this t rans i t ion was not exper imenta l ly observed. Compatibil i ty r e su l t s for 
(U,Pu)C sodium bonded with 3l6 s ta in less s teel showed that there was no react ion be
tween the fuel and cladding after 1000 hr at 750°C. 

Table 1-4 ANALYSIS OF (U, 15Pu)C PREPARED BY THE 
METAL-METHANE FLUIDIZED-BED PROCESS^^ 

Conditions: T e m p e r a t u r e 800°C 
P r e s s u r e 2 a tm 
Gas composit ion H2-6 .2 vol .% CH^ 

Charge 
weight. 

g 

300 
300 
400 
400 
400 

Carbon, 
wt.% 

4 .92 
5.00 
4 .93a 
4 .76a 
4 .75a 

Produc t 
Oxygen, 

ppm 

340 
260 
190 
320 
270 

composit ion 
Nitrogen, 

ppm 

1700 
800 
500 
300 
900 

Hydrogen, 
ppm 

55 
180 

>250 
>200 

a Products treated with hydrogen at 800°C to reduce carbon content. 
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Fig. 1-5 Melting t e m p e r a t u r e s of UC-PuC solid solutions. 1"̂ *̂  
(M/C rat io = 0 . 9 5 - 1.00.) o , meta l lographic observa t ions ; 
DTA observa t ions : A )4arc-melt£da.saB|ples; a , pe l l e t s . 
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Atomics International '̂  has invest igated plutonium losses during a r c melt ing of 
UC-20PuC. These losses were calculated as a function of the blanket a tmosphere and 
the mel t geometry . Los Alamos -̂  has also compiled a survey of the p rope r t i e s and ir
radiat ion behavior of carbide fuels. 

N i t r ides . A study of mixed n i t r ides (UN-20PuN) for f a s t - r e a c t o r application has 
continued at Battel le —Columbus.46 "Vapor-pressure de terminat ions for the mixed n i t r ides 
indicated that the activity of plutonium is 0, 2, and it does not appear to be dependent 
upon t e m p e r a t u r e . For PuN, the heat of formation was found to be -76 k c a l / m o l e . A 
AH°298 of 158. 6 k c a l / m o l e was obtained for the react ion PuN = Pu(g) + 1/2 N2(g). The 
plutonium par t i a l p r e s s u r e for the mixed n i t r ide and PuN is sho'wn in Fig. 1-6. Com
patibil i ty studies with slightly hypers to ich iomet r ic UN-20PuN have indicated no react ion 
between the high-densi ty fuel pel le ts and 304 s ta in less s teel after 10, 000 h r at 700 and 
800°C. Compatibili ty resu l t s for 316 and Oak Ridge s ta in less s teel , Inconel 625, Incoloy 
800, and vanadium were also obtained. Hel ium- and sodiiam-bonded specimens were i r 
radiated to burnups in the range 34, 000 to 55, 000 Mwd/tonne, and the observed swelling 
r a t e s (4.2 to 9.6 vol.%) indicate that a 10-mil gap is sufficient to accommodate fuel 
swelling to burnups well in excess of 100, 000 Mwd/tonne. Stoichiometr ic (U-Pu)C was 
also p r e p a r e d in this study in a conventional a r c m e l t e r under 1-atm ni t rogen p r e s s u r e . 
The carbon concentrat ion in these m a t e r i a l s ranged from 3. 15 to 3.50 •wt.%. 

Los Alamos 14b determined the thermodynamic p rope r t i e s of PuN by galvanostat ic 
and m a s s - s p e c t r o m e t r i c techniques. The emf from a cell consist ing of PuN(s), P u ( s , l ) / 
PUCI3, L iCl -KCl /PuN(s) , and N2(g) was m e a s u r e d over the t e m p e r a t u r e range from 680 
to 1040°C. The Gibbs free energy of formation for PuN was repor ted as : 

-AG^ = 73. 8 - 0. 0225T k c a l / m o l e 

V a p o r - p r e s s u r e resu l t s were in good ag reemen t with the Bat te l le-Columbus r e 
sults for the pa r t i a l p r e s s u r e of plutonium over PuN. 

Ba t t e l l e -Nor thwes t^^aobse rved that sodium-bonded UN-20PuN is compatible with 
304 s ta in less after 1000 hr at 1000 °C. The p a r a m e t e r s were given for a ca rbo the rmic 
p r o c e s s to produce the mixed n i t r ides from oxides. After s inter ing to densi t ies in the 
range of 87 to 95% of theore t ica l , the impur i ty levels were found to be 1800 to 8900 ppm 
for oxygen and 1000 to 6OOO ppm for carbon. The rma l diffusivity was m e a s u r e d and a 
thermal-conduct iv i ty re la t ionship was establ ished as shown in Fig. 1-7. 

(M. D, Houston) 
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Fig, 1-6 Vapor p r e s s u r e of PuN and (UQ. B^^^O. 2 )^ . •*" A , 1 -mm-d iame te r 
orif ice; n , 2 - m m - d i a m e t e r or if ice. 
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Fig. 1-7 Calculated the rmal conductivity of (Uo.20P^O 80^^ samples , ^^a 
Meta l -hydr ide (UPu)N: O , 86% theore t ica l density; A, co r rec t ed to 100% 
theore t ica l densi ty. Carbo thermic (UPu)N: O , 89% theore t ica l density; 
V, c o r r e c t e d to 100% theore t i ca l densi ty. 

Thor ium 

Bat te l le -Nor thwest has i r r ad ia t ed tes t fuel e lements containing a Th-2 . 5U (93. 2 
^^^U) -1 .0Zr alloy in the ETR up to 20,300 Mwd/ton (2.3 at.%) burnup. 35b After 403 
the rma l cycles , the fuel has exhibited 3. 8% swelling, as determined by weighing the fuel 
e lements in wa te r . Fuel t e m p e r a t u r e s were mainta ined between 350 and 600 °C with a 
surface t e m p e r a t u r e of 295 °C. No evidence of warpage , bowing, or dis tor t ion has been 
noted. 

The dependence of the iodide p r o c e s s for refining thor ium on the t e m p e r a t u r e of 
the crude me ta l , the deposition t e m p e r a t u r e , and the p r e s s u r e of Thl^ vapor has been 
studied by the Ge rmans . The speed of thor ium t r anspo r t showed a max imum at Thl^ 
vapor p r e s s u r e of about 0. 06 t o r r . The occu r rence of this t r anspor t max imum was at
t r ibuted to the in terplay of the two different t r a n s p o r t reac t ions at the deposition w i r e . 
Depending on the total p r e s s u r e , the speed of the t r anspo r t is de termined by ei ther the 
phase-boundary reac t ions on the hot wi re or diffusion and convection in the gas phase . 

(R. L. Martin) 
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4. Me ta l -Ce ramic Fuels 

Dispers ion Fuels (Less Than 
50 vol.% Ceramic Phase) 

Fuel e lements containing powdered U3O8 or UAI3 d ispersed in aluminum powder 
were fabricated by Oak Ridge^S for HFIR and ATR appl icat ions. These fuel e lements 
were all of the f lat-plate type and were manufactured by the p i c t u r e - f r a m e , hot - ro l l ing 
technique. F a c t o r s which mus t be controlled in plate fabricat ion to prevent hot spots and 
potential melt ing during r eac to r operat ion a r e fuel loading and dis t r ibut ion, co re thick
n e s s , quality of heat t r ans fe r bonds, and uniformity of pla te cu rva tu re . Techniques to 
optimize these fuel plate c h a r a c t e r i s t i c s a r e d i scussed . 

NASA-Lewis r e sea r che r s ' * " used exper imenta l t h e r m a l - s t r a i n data obtained by 
cycling tungsten and W-UO2 composi tes to de te rmine allowable t e m p e r a t u r e differences 
for equivalent the rmal s t ra in with a localized t e m p e r a t u r e per turba t ion and a uniform 
t empera tu r e gradient in operat ion. These t e m p e r a t u r e profi les resu l t in the max imum 
and min imum the rma l s t ra ins for typical r eac to r conditions. The allowable t e m p e r a t u r e 
difference for a local t e m p e r a t u r e per turba t ion is only one-half that for the uniform 
gradient . 

Idaho Nuclear worke r s^^ observed that commerc ia l ly manufactured U3OQ fuel e l e 
men t s and those manufactured at Oak Ridge have s imi la r pe r fo rmance c h a r a c t e r i s t i c s . 
The U3O8 react ion with aluminum proceeded at a slightly fas ter ra te in the commerc i a l 
p la tes . For UO2 and UAl, the incorporat ion of the p roper amount and dis tr ibut ion of 
poros i ty was found to l imit fuel swelling from solid fission products during i r r ad ia t ion . 
Swelling from fission gas was not observed. 

Compatibil i ty studies with a tungsten-c lad c e r m e t fuel of molybdenum and Tm203 
have been conducted at Los Alamos . 51 The t e s t s were run at 2000°C for 1000 h r in v a c 
uum (p re s su re not given). No react ion bet^ween the c e r m e t fuel components or bet^ween 
the fuel and the cladding was observed. The conclusion was that at t e m p e r a t u r e s up to 
2000 °C, these components were compatible . Some loss of Tm203 by vaporizat ion was 
noted. By increas ing the thickness of the tungsten cladding, this loss was reduced to a 
low level , l e s s than 0.5 wt.% in 1000 h r . 

(J. T. Smith) 

Ce rme t Fuels (Over 50 vol .% 
Ceramic Phase ) 

T ranspo r t ra tes of krypton through high-densi ty powder -meta l lu rgy W-60 vol.% 
UO2 cyl indr ical c e r m e t fuel cores a r e being m e a s u r e d at Genera l E l e c t r i c . ^^ The c e r 
met specimen is subjected to a krypton p r e s s u r e gradient of approximate ly 0. 8 atm and 
the pe rmea ted gas is collected in in te rna l gas counting bulbs. Resul t s from severa l 
m e a s u r e m e n t s on a single c e r m e t specimen showed that throughout the h i s to ry of the 
specimen, t r anspor t r a t e s were lower at elevated t e m p e r a t u r e s . This effect suggests 
a c losure of some growth damage (fuel pa r t i c l e cracking or separat ion) with inc reased 
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t e m p e r a t u r e over the f i rs t 11 to 12 cyc les . A d e c r e a s e in t r anspo r t ra tes at both high 
and low t e m p e r a t u r e s was noted. However, additional cycling resu l ted in an i n c r e a s e in 
t r anspor t r a t e s to values g r e a t e r than those obtained init ial ly. A d iamet r i ca l growth of 
0.4% was m e a s u r e d for the specimen after Cycle 17. The i n c r e a s e in t r anspo r t r a t e s 
may indicate cons iderable grain growth and attendant embr i t t l ement of the tungsten 
m a t r i x . 

Tens i le and c r e e p - r u p t u r e p rope r t i e s of molybdenum and tungsten m a t r i x — UOo-
Th02 c e r m e t s have also been de te rmined at General E l e c t r i c . Test ing a tmosphere 
had a pronounced effect on c reep s t rength as denaonstrated by lower c reep deformation 
r a t e s obtained in He-5 vol .% H2 than in hel ium only. It was believed that specimens 
tes ted in hel ium mainta ined a higher s to ichiometr ic (O/U) rat io than those tes ted in the 
mix tu re of hel ium and hydrogen. Tens i le data for tungsten m a t r i x and molybdenum 
m a t r i x c e r m e t s a r e given in Tables 1-5 and 1-6, respec t ive ly . The higher ductili ty of 
molybdenum compared with that of tungsten resu l t s in higher ul t imate tens i le s t rengths 
at low t e m p e r a t u r e s for the molybdenum m a t r i x c e r m e t s . At t e m p e r a t u r e s of approxi 
mate ly 1370°C and above, however, tungsten m a t r i x specimens exhibit higher ul t imate 
tensi le s t r eng ths . 

Tungsten c e r m e t s with UC, UN, and UO2 were i r r ad i a t ed at 1600°C and above, at 
l inear hea t -genera t ion r a t e s approximating 2 .5 kw/ft by Bat te l le-Columbus.^ '* Fo r high-
density c e r m e t spec imens , d i amet ra l and volumetr ic swellings general ly exceed approx
imate ly 8 and 20%, respec t ive ly , after accumulated burnups of 1 x 10^0 fissions/cm-^_ 
While a stabil ization of c e r m e t swelling has been observed for c e r m e t s containing UN or 
UOp, cladding s t ra in at the t ime of stabil izat ion has genera l ly been of a magnitude suffi
cient to cause cladding fai lure. An investigation is in p r o g r e s s to see whether making 
the ce rme t fuel porous and surrounding it -with a thick cladding for r e s t r a i n t will m in i 
mize radiat ion-induced swelling. Resul t s of some exper iments along these l ines a r e 
sho-wn in F igs . 1-8 and 1-9. It seems apparent that a cons iderable dilution in f issi le 
densi ty by fuel poros i ty and cladding m a t e r i a l is r equ i red before the swelling of c e r m e t 
fuels at high t e m p e r a t u r e is reduced to to le rable l eve l s . 

Genera l E lec t r i c has fabricated and m e a s u r e d seve ra l p rope r t i e s of M0-UO2 
c e r m e t s intended for Pu l se Reac tor exper imen t s . ^^ P r o p e r t i e s which have been m e a 
sured include sonic velocity, t he rma l expansion, t he rma l conductivity. Young's modulus 
(in compress ion) , and fatigue s t rength. C e r m e t s containing different fuel loadings and 
pa r t i c l e s izes were fabricated for tes t ing . The t he rma l conductivity of a UO2-40Mo c e r 
met (150-jU fuel par t ic les ) was m e a s u r e d by the rad ia l -hea t - f low method and the data ob
tained were fit to the following equation: 

k = 16.539 -f 2.649 x 10-^ T 

where k = the rma l conductivity in Btu/(hr)(ft)( °F) and T = tenaperature in "F over the 
range 750 to 1700°F (400 to 927''C). 

(R. A. Smith) 
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Table 1-5 TENSILE DATA FOR W-CUOg-ThOg) COMPOSITE MATERIALS TESTED IN HELIUM' 53 

Specimen^ 

composition 

W-(36U02-4Th02) 

W-(45U02-5Th02) 

W-(54U02-6Th02) 

Density, 
<^o o f 

theoretical 

95.9 
95.7 
95.7 

--
" 
--
— 
--

94.5 
95.7 
95.5 

94.2 

94 .8 
94.9 
95.0 
95.2 
94.7 

94.9 

95 .3 
94.0 
95.7 

94 .8 

95.2 
95.0 
96.7 

95.9 

95.2 

95.5 
94.9 

94.9 

95 .6 
95.2 

95.5 
95.4 

95.8 
95.6 

T e m p . , 
°C 

25^ 

25^ 
25^̂  

1100 

1100 
1100 
1100 
1100 

25C 

25= 
25c 

25c 

25= 
25C 
25 = 
25= 

816 
816 

816 
1093 
1093 
1093 

1093 

1370 
1370 
1370f 

1370f 

1370^ 

1370^ 

1650*^ 

1650*' 
1650* 

1650* 

1650* 
1650* 
1650 

Strain rate, 
10"3/min 

0.75 
0.75 
0.75 

0. lU^ 

0.114^ 
0.114"^ 
0.114^^ 
0.114d 

0.75 
0.75 
0.75 

5.0 

5.0 
0.75 
0.75 
0.75 
5.0 

5.0 
5.0 
5.0 
5.0 
5 .0 

28.0 

5.0 
5.0 

20.0 
5.0 

5.0 

10.0 
5.0 

5 .0 
5.0 

8.0 

10.0 
50.0 
50.0 

Ultimate 

strength. 
kg /mm2 

6.7 
7.9 
7 .8 

15.0 
10.4 

8.2 
11.8 

7.0 

5.6 
4 . 6 
5 .2 

4 . 0 

3.7 
7.5 
8.5 
6.3 

10.3 

10.4 

10.8 
6.6 

11.0 

9 .8 

7.9 

13.6 
12.5 
15.0 
14.7 

13.3 

15.9 
11.6 
11.7 
10.7 

10.0 

11.1 
13 .3 
13.4 

Elastic 

modulus, 
10"̂  kg /mm2 

21 .3 
18.3 
20.4 

17.2 
29 .3 
19.4 
32 .3 
13.8 

18.2 
19 .1 
16.3 

8.6 

10.3 
16.1 
15.7 

17.8 
14.2 
15.7 

— 
17.7 

— 
--
9.6 

--
— 
— 
— 
--
— 
--
--
— 
--
--
— 
5.4 

Elongation, " 

I0 

Nil 
NU 
Nil 
0.4 

— 
— 

0.2 
0.2 

Nil 
NU 
Nil 

Nil 

Nil 
0.1= 

0 .1 
0.1= 

0.2= 
0.4 
0 .3 
0.3= 
0.5 
0 .4^ 

0.4 

0.4 
0.7^ 

0 .3 

0.2 
0.4 

0.2 
0.7 

0.7= 

0,9 

0.6= 
0.4 

0.6 
1.6 

a Specimens were 0. 32 cm in diameter. 
b In 2.54-cm gage length. 
c Tested in air. 
d Crosshead speed in 10""̂  cm/min. 
e Failed outside gage length. 
f Tested in helium + 5 voL^ hydrogen. 
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T a b l e 1-6 T E N S I L E D A T A F O R M o - ( 5 4 U 0 2 - 6 T h 0 2 ) M A T E R I A L ^ 
T E S T E D IN H E L I U M S 3 

S p e c i m e n 
d e n s i t y , % 

of t h e o r e t i c a l 

9 2 . 4 

9 4 . 0 

94 . 2 
9 8 . 4 
9 3 . 8 
9 4 . 0 

9 3 . 2 
9 3 . 2 
9 5 . 4 

- -

9 3 . 9 

9 3 , 8 
- -

9 6 . 3 
9 6 . 5 
9 6 . 5 
9 6 . 5 
9 6 . 4 
9 6 . 5 
9 6 . 3 
9 6 . 4 
9 6 . 5 
9 6 . 9 

T e m p . , 
C 

256 
816 

1093 
1093 

25^= 
25^ 
25^: 

816 
816 
816 

1093 
1093 
1093 

1093 
1093 

2 5 ^ 
1093 
1093 
1093 

25 
816 

1093 
1093 
1370 
1370 
1650 
1650 
1650 
1650 

U l t i m a t e 
s t r e n g t h , " 
k g / m m ^ 

5 . 0 
9 . 4 

10. 2 
11 .6 

7 . 5 
8 , 3 
8 . 7 

10 .3 
10. 1 
10 .5 
6 , 7 ^ 

11 .3 
1 1 . 4 

12 .7^ 
11 .6 

7 . 2 
12. 1 

9 . 0 
11 . 1 

1 0 . 9 
1 2 . 9 
1 2 . 3 
16 .7 
1 2 . 8 
1 2 . 8 
10 ,3 

8 ,7 
7. if 
8 .2 

E l a s t i c 
M o d u l u s , 

10-^ k g / m m ^ 

1 1 , 4 

6 . 9 
- -

13 .8 

14 .2 
14 .2 

- -
- -

11 .6 
2 . 4 
- -
- -

- -

— 
- -
- -
- -

- -

- -
- -

- -
— 
- -
- -

E l o n g a t i o n , c 

% 

Ni l 
0 . 4 6 
0 . 3 
0 . 2 ^ 

08 
08 
08 
- -

0 . 4 ^ 

Nil 
0 . 5 ^ 
0. 16 
0 . 2 ^ 

0 , 5 ^ 
0 . 4 

0. 1^ 
0 . 3 ^ 
0. l e 
0. 16 

0 . 2 
0 . 3 6 
0 . 3 6 
0 . 3 6 
0 . 7 
0 . 6 
5 . 6 
6 . 2 
3 . 8 
1.8 

a Specimens were 0.32 cm in diameter. 
b Strain rate was 0. 005 min ' l unless otherwise noted. 
c In 2. 54-cm gage length. 
d Tested in air. 
e Failed outside gage length. 
f Strain rate was 0.0025 min'-'-. 
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BURNUP, 10 °̂ FISSIONS/CM' 

Fig . 1-8 Effect of burnup on d i ame t ra l swelling of W-UO2 cernnets . 54 
Surface t e m p e r a t u r e s for the c e r m e t s ranged from 1600 to 1800°C. 
7Z/I, W-50 vol, % UO2, 20-mi l c l a d d i n g ; ^ : o, W-42 vol. % UO2, 28% 
poros i ty 40-mi l cladding, vented; A , W-42 vol. % UO2, 28% poros i ty , 
40-mi l cladding. 

2 0 

BURNUP, 10^ FISSIONS/CM^ 
2 4 2 8 

Fig. 1-9 Effect of burnup on volumetr ic swelling of W-UO2 c e r m e t s . ^^ 
^ , W-30 vol. % UO2, 20-mi l c l add ing ;^^ : o, W-42 vol. % UO2, 28% poros i ty , 
40-mi l cladding, vented; A ,jWrAZ.XSiLlQJiQ?., 28% poros i ty , 40-mi l cladding. 
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5. Coa ted -Pa r t i c l e Fuels 

Development of p r o c e s s e s for the coating of nuclear - fue l pa r t i c l e s appears to be at 
a low ra t e of effort. However, evaluation of coated products of existing p r o c e s s e s is 
receiving significant attention. At Gulf Genera l Atomic, s tudies of defective P y C -
coated p a r t i c l e s , which include an S i C - b a r r i e r coating, a r e being intensified because of 
the proven significance of defective coatings in f iss ion-product r e l e a s e . 56a Quantitative 
information on the contribution of var ious types of defective coated pa r t i c l e s to f ission-
product r e l e a se is being obtained. 

Detailed studies of the t he rma l stabil i ty of TRISO-coated pa r t i c l e s^ ' a r e being 
undertaken (1) to de te rmine mode of fai lure, (2) to es t imate m o r e accura te ly the t i m e -
t e m p e r a t u r e l imitat ion, and (3) to de te rmine methods of improving the rma l stabil i ty. 
Observat ions of the r e l ea se of meta l l i c fission products from TRISO-coated pa r t i c l e s 
have indicated that defects in the SiC layer a r e responsib le for the major amount of the 
me ta l l i c - e l emen t r e l e a s e . ^ " A burn- leach tes t for the detection of damaged or absent 
SiC l aye r s on TRISO-coated pa r t i c l e s is being developed to provide a rapid method for 
determining defective SiC l aye r s in production batches of these p a r t i c l e s . 

Resul t s of mic rop robe analyses of i r r ad ia t ed TRISO pa r t i c l e s suggest that the 
mechan i sm that produced the amoeba effect in BISO pa r t i c l e s may also play a ro le in 
TRISO p a r t i c l e s . 58, 59 Prec ip i ta t ion of carbon on the side of the co re opposite the c o r e -
coating in teract ion is s imi la r in both p a r t i c l e s . The formation of mobile silicon com
pounds with the fission products ruthenium, thor ium, and technetiiam at the react ion zone 
may affect the t empe ra tu r e l imi ts of the TRISO p a r t i c l e s . The react ion between core 
and coating was observed after i r rad ia t ion at 1300°C but was not detected after i r r a d i a 
tion at 600°C.^0 

At Oak Ridge, 20-/i- thick SiC coatings were applied to 14 kg of Th02 for use in 
fue l - reprocess ing s tudies . Deposition efficiencies of 60 to 75% and r a t e s of 0.35 to 
1. 0 ju/min were obtained at 1500 to 1600°C with methy l t r i ch lo ros i l ane as the coating r e -
ac t an t . "^ At General Atomic, SiC coatings deposited from the coating reac tan t me thy l -
d ichloros i lane were compared with SiC coatings deposited from methyl t r ich loros i lane .56a 
The bend s t rengths were near ly equal. It was also observed that in te rg ranu la r po re s 
and c racks were p re sen t in the SiC coat ings. The frequency of flaws was found to vary 
between coating runs , and this could account for the var iabi l i ty in s t rength of SiC from 
different coating runs made at nea r ly identical conditions, 

(N. D. Veigel) 

Uranium and Thor ium Oxides 

P r o p e r t i e s and Behavior of 
Uranium and Thor ium Oxides 

At General E l ec t r i c , "3 thermal-conduct iv i ty m e a s u r e m e n t s were pe r fo rmed on 82, 
86, and 91% dense UO2 at t e m p e r a t u r e s between 800 and 2000°C in an argon a tmosphere 

mri 
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by means of the radia l heat-flow technique. The thermal-conduct iv i ty values for UO2 to 
within ±10% were re la ted to the t e m p e r a t u r e (T) and the density (D) by the equation 

^ = ' • ' ' ' ' ' T (0.4848 - 0.4465D) watt / (cm)( °C) 

for T between 800 and 2000°C and D between 82 and 95% of theore t i ca l . 

Henney and Jones"^ employed an optical i n t e r fe romet r i c technique to study the 
growth of gra in-boundary grooves and the decay of surface s c r a t ches on UO2 at 1100 to 
1700°C. The surface diffusion coefficient for UO2 005 was found to follow the 
rela t ionship 

Dg = 1.3 X 10^ exp [-(110,000 ± 15, 000)/RT] c m ^ / s e c 

between 1200 and 1400°C. It was noted that the r a t e of grooving inc reased marked ly as 
the oxygen content of the UO2 inc reased . 

(R. H. Barnes) 

P repa ra t i on of Fuel Bodies 

The addition of 0. 1 to 4. 0 wt. % i r id ium to UO2 powder to inhibit columnar gra in 
growth at 1800°C is the subject of a U .S . patent . "5 Equiaxed gra in growth from 10 to 
25 jii occur red in the i r id ium-containing spec imens , while pure UO2 specimens p r e p a r e d 
in the same manne r exhibited a columnar gra in growth about 250 ju in length with a 40-jLi 
equiaxed d iamete r . 

A Br i t i sh patentee de sc r ibe s the p repara t ion of hollow spher ica l UOo p a r t i c l e s . 
The s tar t ing UO2 powder is f i rs t oxidized at 180 to 300°C, mixed with a smal l amount 
of CaO-Ti02 powder, granulated, and spheroidized in an oxyacetylene flame at 3000°C. 
Upon cooling, the spheroids a r e reduced to s to ichiometr ic propor t ion in hydrogen. The 
resul tant pa r t i c l e s a r e cha rac te r i zed by high density and closed in terna l poros i ty . 

(T. R. Wright) 

7. Carbide and Nitr ide Fue l s 

P r o p e r t i e s and Behavior 

The q u a s i - t e r n a r y sys tems U C - Z r C - " C e C " and UN-ZrN-CeN have been examined 
by Holleck and Wagner at severa l t e m p e r a t u r e s . 1D> 67 'Yh.e tentat ive sect ions obtained at 
1400, 1500, and 2000°C a r e shown in F igs . I - l O a n d I - 1 1 , respec t ive ly . 

The G e r m a n s " ^ have studied alloy formation in UN sys tems with TiN, HfN, and 
ZrN. Complete solubility between UN and ZrN was confirmed. Complete solubility be
tween UN and HfN was also observed at 2000 C. The solubility of TiN in UN was found 
to be 1 mole % at 1700°C, 2 mole % at 2000°C, and 4 mole % at 2400°C. 
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"CeC" 

Fig . I-IO Tentat ive sect ion of the U C - Z r C - " C e C " d iagram a t 1400 and 
1500° 0 . 6 7 Single-phase s t r u c t u r e : D , 1400° C; O , 1500° C. Two-
phase s t r uc tu r e : A , 1400° C; V , 1500° C, 

Fig , I - l l Tentative section for the UN-ZrN-CeN sys tem at 2000° C.^"^ 
O , s ingle-phase s t ruc tu re ; D , two-phase s t r u c t u r e . 
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The react ions of nonmetal l ic compounds of uranium were investigated by Imoto 
et al . Ic The solubility of UB in UN was es t imated to be about 12 mole % at 1500°C. 
Reaction of si l icon with UN produced a solid solution containing a max imum of 28 mole % 
USi. Excess sil icon resu l ted in the formation of a mix tu re of this solid solution, 
UNo.72Sio.28 ' P^^^ ^sSig . 

1 r\ 

Gorle e t a l . °- examined the compatibil i ty of s ta in less s teel with UC stabi l ized with 
chromium and vanadium. The resu l t s were not ent i re ly consis tent , but cer ta in combi
nations apparent ly •were compatible at 800 °C. A new phase , possibly UVC2, was tenta
tively identified; on the basis of the compatibil i ty r e s u l t s , the tentat ive constitution dia
g r a m shown in Fig. 1-12 •was proposed . 

Fig . 1-12 Proposed U-C-V phase diagram, Id 

The determinat ion of the pa r t i a l p r e s s u r e of ni t rogen over U2N3 i„ has been excep
tionally difficult. Two independent invest igat ions of this p r e s s u r e have succeeded in 
widening the range of sca t t e r of data a l ready in the l i t e r a t u r e . -̂ 6, D9 This d i sc repancy 
may be due to var ia t ion of the exact composit ion of the samples . 

Naoumidis and Stocker heated UC under ni t rogen at a tmospher ic p r e s s u r e to 
obtain a mix tu re of U C Q 02^0 98 ^^^ g raphi te . Without removing the graphi te , the p r e s 
sure was then reduced and the mix tu re heated to equil ibr ium at var ious t e m p e r a t u r e s 
and p r e s s u r e s to de te rmine the stabil i ty of UC-UN solid solutions. It was a s sumed that 
the UCQ 02^0 98 proceeded to equil ibrium by the react ion UCQ O 2 ^ 0 98 "*" U(C, N) + N2 
and that no U(C,N) reac ted with carbon to form UC2 or U2C3. Since such back react ions 
to form UC2 or U2C3 a r e poss ib le and since the p r e s s u r e s obtained were m o r e than an 
order of magnitude higher than theore t ica l e s t ima te s , it s eems likely that the U(C, N) 
composit ions formed at equi l ibr ium contained l e s s uranium and m o r e ni t rogen than 
assumed . 

http://UNo.72Sio.28'
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The elas t ic constants of single c rys t a l s of UN were de te rmined by an u l t r a son ic -
vibrat ion method at room t e m p e r a t u r e . ' ^ Young's modulus w^as found to be 38 .4 x 10" 
ps i ; the shear modulus was 15. 1 x 10° ps i ; and P o i s s o n ' s ra t io was 0 .27. 

The compres s ive c reep behavior of UC has been examined at t e m p e r a t u r e s from 
1200 to 1600°C and at s t r e s s e s from 3000 to 10,000 p s i . ^ ^ The equation which best fits 
all the data over this range is : 

e = 1. 8 X 10-3 o3 exp (-90, 000/RT) 

A compar ison of these data for UC at 6000 psi with data in the l i t e r a tu r e for UN and 
UO2 at 6000 ps i show^s a r emarkab l e cor re la t ion (Fig. 1-13). Since these uranium com
pounds all have cubic c rys t a l s t ruc tu re s and since diffusion of uranium probably controls 
c reep by the vacancy mechan i sm, such a cor re la t ion may be expected. 

(W. Chubb) 

P repa ra t i on and Fabr ica t ion 

Gorle et al . 8 invest igated the reduction of p r e s s e d pel le ts of hypers to ich iomet r ic 
UC to the s ingle-phase monocarbide by heat t rea t ing in a reducing hydrogen a tmosphe re . 
The reduction in pu re hydrogen, UC2 + 2H2 -* UC + CH4, s t a r t s around 300°C and is 
ve ry rapid at 550°C. However, reduction of the monocarbide also occu r s , UC + 2H2 -* 
U + CH^, and proceeds so rapidly that it is difficult to stop the react ion before formation 
of a hypostoichiometr ic product . Diluting the hydrogen with argon reduces the react ion 
ra te considerably and offers the poss ibi l i ty for a control lable c o m m e r c i a l p r o c e s s . 

The inclusion of methane (CH4) in the hydrogen a tmosphere at a concentra t ion in
t e rmed ia te to that r equ i red for equi l ibr ium of the two reac t ions appears m o r e p romis ing . 
It was shown that a CH4 concentrat ion of 5000 to 8000 ppm (by volume) produced s ingle-
phase UC, with the react ion ra te p rac t i ca l ly independent of the concentrat ion. Residual 
oxygen in the compound can promote the formation of free uranium during subsequent 
fabrication; there fore , both the oxygen content and the fabrication p r o c e s s mus t be con
s idered in determining the optimum gas m i x t u r e . 

S ingle-phase , high-densi ty UC has been fabricated by w a r m p r e s s i n g a s toichio
m e t r i c mix tu re of UC2 and uranium powders at 1000 °C to obtain a density roughly equal 
to that of the monocarbide and then reac t ive s inter ing at t e m p e r a t u r e s as low as 1400°C 
for 2 h r to form the monocarb ide . '2 ^ density of 98% of theore t ica l is eas i ly at tained by 
this p rocedure , but further work is r equ i red to optimize the p a r a m e t e r s of the p r o c e s s . 

(J. T. Lowder) 
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Fig. 1-13 Creep ra t e s of cerannic fuels as a function of t e m p e r a t u r e at 6000 psi , 71 
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8. Basic Studies of I r rad ia t ion Effects 
in Fuel Mate r ia l s 

Metals 

Computer analyses can be effective in dealing with some of the complex p rob lems 
assoc ia ted with radiat ion damage in c r y s t a l s . Klimenkov et al . 73 conducted a study in 
which one of the techniques reduces to an examination of a smal l region in an infinite 
c rys t a l around the init ial location of a p r i m a r y displaced a tom. The r ema inde r of the 
c rys ta l is rep laced by an elas t ic continuum and the motion of the a toms in this c rys t a l 
region is descr ibed by c l a s s i ca l equations. The size ass igned to the region and its 
shape a r e de te rmined by the energy of the displaced a tom, the computer m e m o r y capac
i ty, and the basic content of the p rob lem to be solved. 

A computer p r o g r a m , FIGS (Fiss ion Gas Swelling) has been developed at Genera l 
E l e c t r i c ' ^ to study the h igh - t empe ra tu r e f i ss ion-gas swelling of m a t r i x - t y p e fuel e l e 
m e n t s . The Fo reman- type analyt ical model was modified for this use , providing a 
method which is a conservat ive technique for est imating swelling. 

A computer p r o g r a m , BEMOD, has been wri t ten at Argonnel9c to model the be
havior and to es t imate the l ifetime of a meta l l i c fuel e lement during i r rad ia t ion . An 
empir ica l "equation of s t a t e " was a s sumed to r e p r e s e n t the compress ib l e fuel. In this 
equation the volume of a section of fuel rod was a s sumed to be a function of burnup, 
ambient p r e s s u r e , and average t e m p e r a t u r e . This assumption was based upon severa l 
p a r a m e t e r s de te rmined from swelling exper iments made under p r e s s u r e . The BEMOD 
code is being used to compare the predic ted behavior of a fuel e lement with actual behav
ior in o r d e r to de te rmine the adequacy of the code in descr ibing the behavior of the clad
ding, fuel, and fuel elennent. 

Computer s imulat ions of rad ia t ion-damage events in a lead iodide c rys t a l have been 
c a r r i e d out by T o r r e n s and Chadderton. ' ^^ Calculat ions were r e s t r i c t e d to one plane of 
the la t t ice , and emphas is was placed on obtaining a quali tat ive model for the behavior of 
knocked-on a toms of energies which might r e su l t from secondary f i ss ion-f ragment d a m 
age, r a the r than on accura te quantitative r e s u l t s . In pa r t i cu l a r , the impor tance of d i r e c 
tional events such as focusing and channelling -was invest igated. 

The damage produced in a single c rys t a l by the excited e lec t rons energized by a 
fission fragment has been desc r ibed by Chadderton et a l . '^" on the bas is of a s imple 
c l a s s i ca l model . An "ave rage" p r i m a r y e lect ron, or delta pa r t i c l e , p o s s e s s e s a typical 
energy of some 80 ev which is communicated to the la t t ice , f i rs t by e l ec t ron-e lec t ron 
in terac t ions and then by electron-phonon in te rac t ions . It was concluded that the na ture 
of the f iss ion-fragment damage observed in c rys t a l s by e lect ron mic roscopy will depend 
p r i m a r i l y upon (1) the ra te at which secondary e lec t rons a r e produced by p r i m a r i e s , 
(2) the effective range of the secondar ies , (3) the activation energ ies for defec t -crea t ing 
p r o c e s s e s , (4) whether the c rys ta l is an element or compound, and (5) the activation 
energy for defect migra t ion . 

Lid iard and N e l s o n ' ° have noted that a s t ra in field general ly exists around gas 
bubbles even in thermodynamic equi l ibr ium. The exis tence of this s t ra in field leads to 
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a smal l a t t rac t ion between bubbles but in typical p rac t i ca l s i tuat ions, this effect is s ig 
nificant for bubble migra t ion only when the bubbles a r e c lose together compared to their 
radi i . 

In me ta l s i r r ad ia t ed at low t e m p e r a t u r e s and subsequently subjected to high-
t e m p e r a t u r e t r ea tment , the resul t ing defects involve the formation of th ree -d imens iona l 
c lus te r s of vacancies (i. e. , cavit ies or po re s ) . This formation is due to the hea t -
induced relaxat ion of the local shear s t r e s s e s that had been genera ted in the c rys ta l by 
previous i r r ad ia t ion . A mathemat ica l formulation of this p rob lem has been developed by 
Lyubov and Semenov '7 regarding the me ta l c rys ta l as a continuum obeying the m a c r o 
scopic theory. The macroscop ic defects (pores) occur only at high t e m p e r a t u r e s , and 
they influence the s t rength c h a r a c t e r i s t i c s of the m a t e r i a l by r e s t r i c t i ng , in pa r t i cu l a r , 
the migra t ion of d is locat ions . 

The relat ion between gra in-boundary migra t ion and the dis t r ibut ion of iner t gas in 
alumintom has been investigated by Kawasaki . ' ° It was concluded that under the given 
exper imenta l conditions, the sweeping of iner t gases by moving gra in boundaries did not 
have a significant effect. It was not c lear in this study whether i ne r t -ga s bubbles were 
formed or not. 

C e r a m i c s 

An analyt ical study of po re migra t ion in c e r a m i c fuel e lements has been conducted 
by Nichols . '9 For the case in which the dominant mechan i sm of m a t e r i a l t r a n s p o r t is 
evaporat ion-condensat ion, it was shown that a spher ica l po re m i g r a t e s up a t he rma l 
gradient without d is tor t ion. A second-orde r effect p red ic t s d is tor t ion of an init ially 
spher ica l shape, the pore tending to elongate along the t he rma l gradient . Some specula
tions concerning the origin and stabil i ty of the lent icular voids somet imes observed were 
also reviewed. 

The r e l ea se of fission products from coated fuel pa r t i c l e s is being evaluated at 
Gulf General Atomic. 5°^ Es t imat ion of f iss ion-product r e l e a s e has been a t tempted using 
the SLIDER code. This code cons is t s of a numer i ca l solution of P ick ' s law in spher ica l 
coordinates , continuity equations, a represen ta t ion of f i ss ion-product decay and b i r th 
ra tes as a function of posit ion, and a thermodynamic descr ip t ion of f i ss ion-product be 
havior at in te r faces . These studies a r e re la ted to safety evaluation of an HTGR r e a c t o r 
sys tem. 

Ca r ro l l et al . " " have shown that at re la t ively high fission dens i t i es , the f iss ion-
gas r e l e a se from UO-> is acce le ra t ed as the fission densi ty is inc reased . It was noted 
that mos t U02-fueled, wate r -cooled power r e a c t o r s opera te in f iss ion-densi ty regions in 
which the fractional f iss ion-gas r e l e a s e ra te is decreas ing or is constant with an i nc rea se 
in fission r a t e . However, some gas-cooled and fast sodium-cooled r e a c t o r s a r e planned 
for operat ion in the region in which fract ional r e l e a s e will i n c r e a s e with higher fission 
dens i t ies . 

The m i c r o s t r u c t u r e s of i r r ad ia t ed UO2 fuel pel le ts have been examined by Manley° l 
using t r a n s m i s s i o n e lect ron mic roscopy . He observed, for example, that gas bubbles 
were often assoc ia ted with black dots which were probably solid fission p roduc t s . Bub
bles not assoc ia ted with black dots were found to m i g r a t e by a surface diffusion p r o c e s s . 



1-28 

Evidence that a f i ss ion-gas re -so lu t ion p r o c e s s mus t operate during i r rad ia t ion was a lso 
found. 

82 Samples of UO2 and UC were i r r ad i a t ed by Kingery et al . at l iquid-ni t rogen 
t e m p e r a t u r e and then annealed at e i ther 21 or 400 °C. Densi ty changes during these an
neals were m e a s u r e d to high prec i s ion and compared with the corresponding changes in 
la t t ice p a r a m e t e r de te rmined by o the r s . Fo r UO2 i r r ad ia t ed to 0. 86 x lO^" f i s s ions / 
cm3^ the density changes de te rmined by the two methods were in agreement , but at 
0. 83 X 10^7 f i s s ions /cm^ the densi ty d e c r e a s e m e a s u r e d d i rec t ly exceeded that calculated 
from p a r a m e t e r changes. It was concluded that in te r s t i t i a l s produced by fission damage 
recombine to form dislocation loops. 

The effect of the migra t ion of fission products on m e a s u r e m e n t s of burnup in fuel 
e lements has been studied by Mil ler et a l . 83 Migration of fission products along the 
length of a fuel e lement w^as demons t ra ted using a gamma spec t rome te r with a Ge-Li 
de tec tor . It appears that this technique may also give information regarding operat ing 
t e m p e r a t u r e s and the s tate of the fuel without destroying the fuel e lement . 

In radioact ive substances under the effect of the i r own radiat ion, point defects of 
s t ruc tu re (vacancies and in te rs t i t i a l atoms) occur in concentrat ions considerably higher 
than they do when the substances a r e in thermodynamic equi l ibr ium. The energy of 
these s t ruc tu ra l defects ("s tored" energy) i n c r e a s e s the free energy of the i r r ad ia t ed 
substance, which may cause a change in some of i ts physical and chemical p r o p e r t i e s . 
Gagar inski i et a l . 84 invest igated a method for the t he rma l analys is of the accumulat ion 
of s t ruc tu ra l defects in the te t ra iodide of '^33u under the effect of se l f - i r rad ia t ion . In
fluences on the t e m p e r a t u r e of the phase t rans i t ion were also evaluated. 

The p r o c e s s e s of radiat ion damage in c e r a m i c m a t e r i a l s of i n t e r e s t in nuc lear 
technology have been reviewed by Lid iard . 85 The growth of gas bubbles in nuc lea r fuels 
is one of the topics d i scussed , 

(A. J. Markworth) 
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II, MODERATOR AND CONTROL MATERIALS 

1. Graphi te 

^ - - ^ * . 

The fluctuations in a r e a density over a disc of h igh-densi ty graphite 45 m m in 
d iameter and 14 m m thick were m e a s u r e d by the Bri t i sh^ using a 147-Mev proton beam 
as the nondestruct ive probe . An accuracy of ±0. 08 kg /m2 at each point and a spatial 
resolut ion of 3 m m were repor ted . The technique is considered capable of giving an 
accuracy of ±0. 003 k g / m 2 or ~ 1 % of the value of fluctuation, whichever is g r e a t e r , and 
a spatial resolut ion of l e s s than 1 m m for samples up to 100 to 200 kg /m2 thick. 

Information on ca rbon-base m a t e r i a l s for superheat se rv ice in r eac to r co res was 
compiled by Canadian r e s e a r c h e r s . 2 It was noted that the p r e s e n t e lec t rographi tes do 
not mee t the r equ i rements for this application without improvements in such p rope r t i e s 
as f rac ture toughness and oxidation r e s i s t a n c e . 

The oxidation of a var ie ty of PyC-coa ted fuel -par t ic le types by water vapor has 
been invest igated at Oak Ridge. 3 Flowing He-H20 mix tu re s having wa te r -vapor concen
t ra t ions of 250 to 1000 ppm and a total p r e s s u r e of 1 a tm were studied at 1100 to 1400°C. 
Rates of react ion of water vapor with pyrolyt ic carbon coatings were de te rmined from 
continuously recorded weight changes and from analys is of effluent gases for reac t ion 
p roduc ts . The extent of coating fai lure was de te rmined from the quantity of uranium 
and /o r thor ium leached by acid from the oxidized fuel p a r t i c l e s . Differences in oxidation 
r a t e s were observed for the var ious batches of coated pa r t i c l e s •which could not be co r 
re la ted sa t is factor i ly with the density, anisotropy, and c rys ta l l i t e s ize of the coat ings. 
Pe rcen t ages of failed coatings at constant burnoff a lso var ied from batch to batch. 

Diffusion data for Cs, Sr , Ba, and Eu in pyrolyt ic carbon •were revie^wed by Gulf 
Genera l Atomic. '* A l inear relat ion between diffusion coefficients and atomic radi i of 
the me ta l s was suggested by the resu l t s as i l lus t ra ted in Fig . I I - 1 . All the diffusion ex
pe r imen t s were c a r r i e d out using ei ther me ta l chloride or oxide s o u r c e s . Since it was 
sho^wn that the diffusion coefficients for ces ium in pyrolyt ic carbon were higher with a 
CS2O source than with a CsCl source , the question exis ts as to how well the data apply 
to r eac to r calculat ions where the diffusion sources could be expected to be the me ta l s or 
meta l ca rb ides . 

The Japanese-" have investigated the effects of i r r ad ia t ion on ha rd carbons (such 
as the low-permeabi l i ty g lassy carbons) . The radiat ion contract ion of ha rd carbon was 
found to be isot ropic and nonannealable and X - r a y diffractions of the m a t e r i a l indicated 
changes s imi la r to graphit izat ion without h i g h - t e m p e r a t u r e heat t r ea tmen t . The p e r m e 
ability of r eac to r graphite impregnated with ha rd carbon was observed to i n c r e a s e with 
i r rad ia t ion . 

A p r e s s u r e cell with a r e s i s t ance -hea t ed graphi te t e s t specimen in a hel ium a tmo
sphere was used to de te rmine the t r ip le point of four grades of graphi te to 1000 a tm ab
solute, o The t r ip le-poin t p r e s s u r e was de te rmined to be 103 a tm for all four g r a d e s . 
The t e m p e r a t u r e var ied for each grade as follows: 7529 ± 19°R for AGOT, 7606 ± 60°R 
for LANG, 7629 ± 30°R for AGSR, and 7738 ± 45 °R for AGKS. The sol idus- l iquidus in
terface from the t r ip le point to 1000 a tm was also exper imenta l ly de te rmined for the 



I I -2 

0.36 0.40 0.44 0.48 

RECIPROCAL ATOMIC RADIUS, 
r(A) 

Fig, II-1 Compar i son of calculated and measu red diffusion coefficients for 
t r a n s p o r t in i so t ropic pyrocarbon. 4 —^ calculated; measu red : O, cesiunn. 
data; A , ba r ium data; • , s t ron t ium data; V ^ europium data. 



LANG graphi te . The melt ing point i n c r e a s e d with increas ing p r e s s u r e f rom 7645 °R at 
103 atm to 7750°R at 1000 a tm. 

The increas ing impor tance of nondest ruct ive test ing of graphi tes is ref lected in an 
ASTM publication7 which p r e sen t s the pape r s on nondest ruct ive test ing of nuclear graph
ite from a s^ymposium held in June, 1967. 

Exper iments and analyses to es tab l i sh the power-dens i ty and t h e r m a l - s t r e s s l im i 
tation of graphi te fuel e lements in Rover r eac to r co re s have been summar i zed . 8 Signif
icant exper imenta l improvement s , modification, and advances in analyt ical techniques 
were noted. The effect of t e m p e r a t u r e on the cor re la t ion between the calcxilated s t r e s s 
and the exper imenta l data at f rac ture was a lso es tabl ished. 

(M. C. Brockway) 

2. Beryl l ium and Bery l l ium Alloys 

Mechanical Metal lurgy 

Divergent X-Ray Beam Studies . The duc t i le -br i t t l e behavior of bery l l ium is being 
studied at Rutgers9 by charac te r iz ing the slip activity and subs t ruc tu ra l changes which 
lead to r o o m - t e m p e r a t u r e cleavage fai lure and the subs t ruc tu re induced by deformation 
at h igher t e m p e r a t u r e s . A divergent X - r a y beam appara tus was used to obtain the 
s t ra in configurations in single c r y s t a l s . Changes in the deficiency conies in the forward-
t r ansmis s ion region provided a m e a s u r e of the subs t ruc tu ra l changes induced by defor
mat ion. When the conic sect ions of the Kosse l - type pa t t e rns were sharp and continuous, 
the c rys t a l was re la t ively free of defects . Broadening, diffuseness, or discontinuit ies 
in the curves indicated the development of a defect s t ruc tu re in the c rys t a l . Also, v a r i 
ations in background intensity allowed foreign pa r t i c l e s 1 jU or l e s s in d iamete r to be 
observed. Compress ion specimens or iented for basa l slip indicated the formation of tilt 
and twist boundaries in the ear ly s tages of deformation. Revers ing the slip d i rec t ion by 
rotating the compress ion specimen resul ted in pa r t i a l r e s to ra t ion of some deformed 
regions . 

Flow S t r e s s for P r i s m Slip. The flow and f rac ture c h a r a c t e r i s t i c s of zone-
purified bery l l ium and b e r y l l i u m - r i c h alloys were studied by London and Damiano. '•^ 
S ing le -c rys ta l -deformat ion studies of p r i s m slip on zone-ref ined (12-pass) m a t e r i a l and 
on a 0.68 wt.% copper alloy indicated a f low-s t r e s s t e m p e r a t u r e invers ion from 25 to 
-150°C, with a lower flow s t r e s s being observed at the lower t e m p e r a t u r e . S l ip - t r ace 
observat ions suggested that the cha rac t e r of the slip p r o c e s s changed so that p r i s m 
glide was facil i tated at the lower t e m p e r a t u r e s . T r a n s m i s s i o n e lect ron mic roscopy 
showed that as the t e m p e r a t u r e was lowered from 25 to -150°C, the frequency of t h e r 
mal ly act ivated c r o s s slip from the p r i s m to the basal plane dec rea sed . Thus, the 
normal ly m e a s u r e d flow s t r e s s for p r i s m slip in bery l l ium at room t e m p e r a t u r e is 
anomalously high because of rapid work hardening resul t ing from the the rmal ly act ivated 
c r o s s - s l i p p r o c e s s . 
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Beryl l ium Br i t t l enes s . Frankl in Insti tute has continued to invest igate factors r e 
lating to the b r i t t l eness of bery l l ium. •'• ^ The studies a r e divided into th ree re la t ively 
dist inct phases : (1) b ic rys ta l and re la ted behavior , (2) p res t r a in ing effects, and (3) 
theore t ica l analys is re la t ing to the mechanica l behavior of bery l l ium. 

Bicrys ta l t e s t s have been perforxned at t e m p e r a t u r e s up to 350°C on spec imens 
which exhibited l i t t le ductili ty at room t e m p e r a t u r e . Although mac roscop ic compat ib i l 
ity can be sat isf ied in bery l l ium b i c ry s t a l s , fa i lure by cleavage on the (0001) plane or 
(1120) planes is the resu l t of a c rack-nuc lea t ion mechan i sm at bend planes a r i s ing after 
some plas t ic flow. The c rack leading to fai lure then continues by rapid propagat ion 
under the influence of a l a r g e n o r m a l s t r e s s . R o o m - t e m p e r a t u r e tens i le t e s t s on t ex 
tured polycrys ta l l ine m a t e r i a l revealed that c racks or iginate at bend planes for which 
the no rma l s t r e s s (0001) plane was g r ea t e s t . It was suggested that the i nc rea sed duc
ti l i ty with t e m p e r a t u r e of the b i c rys t a l s is assoc ia ted with the blunting of the (0001) and 
(1120) c r a c k s , possibly by local pyramida l s l ip. Po lycrys ta l l ine sajnples that a lso ex
hibited i n c r e a s e d ductili ty at t e m p e r a t u r e s of 200 to 350 °C were found to contain c r a c k s 
that do not readi ly propagate , suggesting a s imi la r blunting m e c h a n i s m . 

Elas t ic constants of bery l l ium and i ts alloys were calculated from the theory of 
the e lectronic s t ruc tu re of me t a l . Using Oi lman ' s express ion for the surface energy 
and calculating the value of the alpha p a r a m e t e r ( represent ing the range or relaxat ion 
dis tance of the atomic forces) for the var ious c rys ta l lographic p lanes , the su r face -
energy value obtained for the (0001) plane was lower than that for the (1010) plane. 
These r e su l t s ag ree with exper imenta l observat ion but a r e in con t ras t to the lower value 
of the surface energy for the (1010) planes obtained by Oilman. 

A theory developed by A r m s t r o n g 12 for the duc t i l e - to -b r i t t l e t rans i t ion in hexag
onal c lose-packed me ta l s has been applied to l imi ted tens i le data on bery l l ium. The 
duc t i l e -br i t t l e behavior was re la ted to the c r i t i ca l resolved shear s t r e s s for the var ious 
deformation sys tems in single c r y s t a l s . The theory p red ic t s that a t smal l gra in s izes 

T^ = A + B d l / 2 

where T is the t rans i t ion t e m p e r a t u r e , d is the average gra in d i ame te r , and A and B 
a r e constants that depend on the m a t e r i a l . These constants a r e de te rmined by the follow 
ing p a r a m e t e r s : 

(1) P r e f e r r e d orientat ion 

(2) F r a c t u r e c h a r a c t e r i s t i c of the m a t e r i a l 

(3) Slip p r o c e s s within the gra ins 

(4) Accommodating plas t ic flow mechan i sm at the grain boundar ies . 

F r a c t u r e Toughness . The influence of loading r a t e and test ing t e m p e r a t u r e on the 
f rac ture toughness of AMS 7902 beryl l ium sheet has been studied at Boeing. 13 Cen te r -
c rack and semiel l ip t ica l pa r t - th rough c rack specimens were tes ted at var iab le s t r e s s 
r a t e s . The r e su l t s of these t es t s a r e p resen ted in Fig . I I -2 . Cyclic tens i le loading 
tes t s were also pe r fo rmed •with c e n t e r - c r a c k spec imens at a constant frequency of 30 cps 
These t e s t s appear to support the Cor ten-Shoemaker hypothesis that an Ar rhen ius - type 
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relat ionship exists among s t ra in ra te (ey) , frequency factor (A), absolute t e m p e r a t u r e 
(Tj^), and f rac ture toughness (Kj,,). Only la rge changes in loading ra te had an a p p r e 
ciable effect on Kj^,. For severe s t r e s s envi ronments , a min imum Kj^ was found which 
was re la t ively insensi t ive to further reduction in test ing t e m p e r a t u r e and i n c r e a s e s in 
s t r e s s r a t e . This min imum of 11 ksiv/in. is recommended as a design Kj^- value. 
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Fig. II-2 Effect of t empe ra tu r e and s t ra in ra te on f rac ture toughness of AMS 7902 
beryl l iura. -̂̂  O ^ c e n t e r - c r a c k spec imens ; D , surface pa r t - t h rough spec imens . 

P (parameter ) = Tj^ In -:— where T R is absolute t e m p e r a t u r e , °R; A is frequency 

factor , 103 sec" , and e is s t ra in r a t e in y d i rec t ion , s e c " ! . 

Physica l Metal lurgy 

Recovery and recrys ta l l i za t ion studies of beryl l ium sheet with additions of 3. 3 
wt.% copper or 4. 2 wt.% nickel were performed at Frankl in Inst i tute , l'^ The optical 
m i c r o s t r u c t u r e of specimens heat t r ea t ed in the 600 to 650°C range exhibited ve ry l i t t le 
change, while a heat t r ea tment of 700 °C for 15 min produced rec rys ta l l i za t ion . T r a n s 
miss ion electron mic roscopy revealed that a wide range of subs t ruc tu res were produced 
in the recovery hea t - t r e a tmen t range of 600 to 650°C even though the optical m i c r o s t r u c 
tu re failed to reveal significant r e sponses . Bend and tensi le t e s t s showed that the grea t 
est ductility was observed for recovered ra the r than r ec rys t a l l i z ed m a t e r i a l and that r e 
crys ta l l iza t ion also caused a d e c r e a s e in s t rength. Thus , for improved mechanica l 
p r o p e r t i e s , it appear s to be p re fe rab le to heat t r e a t bery l l ium in the r ecove ry range 
ra ther than at rec rys ta l l i za t ion t e m p e r a t u r e s . 

The Russ ians 14 investigated self-diffusion in polycrys ta l l ine beryl l ium by using 
the 7Be isotope. Curves were const ructed of the specific activity as a function of the 
diffusion quadrat ic for t e m p e r a t u r e s of 650, 800, 900, 1000, and 1200°C. The diffusion 
coefficient as a function of t e m p e r a t u r e was calculated to be: 

D = 0.36 exp ( -38,400/RT) c m 2 / s e c 
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The effects of powder pa r t i c l e s ize on the physical behavior of p re s s - fo rged be ry l 
lium have been investigated by the Army. 15 A single lot of e lect rolyt ic bery l l ium pow
der •was sized to fractions of nominally minus 43 jU and minus 20 ju. This provided ap
proximate ly an equivalent me ta l l i c - impur i ty content for the two fract ions , with powder-
surface a r e a and resul t ing oxide dis t r ibut ion in the densified bery l l ium being the main 
va r i ab l e s . The total oxide content was s imi la r for the two powder fract ions (1.0 wt.% 
oxide for the minus 43-jLt powder and 2 .2 wt.% oxide for the minus 20-/i powder) . Both 
powders •were vacuum hot p re s sed to block, and 2-in. cubes •were machined for p r e s s 
forging to a 1/2-in. height. P r i o r to forging, the specimens were solutionized at 
1900°F (1040°C) for 6 h r and quenched in flowing argon. 

After forging at 1400, 1600, 1800, and 1900°F (760, 870, 980, and 1040°C), spec
imens were ei ther aged at 1400°F for 8 h r and furnace cooled or solutionized at 1900°F 
for 6 h r and quenched in flo^wing argon. The impact s t rength, as sho^wn in Fig. I I - 3 , 
was influenced by powder pa r t i c l e s ize ; the minus 20-jU m a t e r i a l exhibited a r e s i s t a n c e 
to impact considerably g rea t e r than that exhibited by the minus 43-;U m a t e r i a l . Forging 
or heat t r ea tmen t at the higher t e m p e r a t u r e s substant ial ly dec rea sed these effects. The 
tensi le s t rengths , as sho^wn in Fig. II-4, have s imi la r t rends but to a l e s s e r extent. 
Metal lographic examination of samples produced with both powder s izes revea led l i t t le 
difference in that all exhibited s imi l a r gra in s izes and the oxide pa r t i c l e s were concen
trated in ne twork- l ike zones . Thus, the oxide d i spe r so id appears to influence beryllivim 
beyond the normal ly considered g ra in - re f inement s t rengthening. 

Corros ion 

Cor ros ion of bery l l ium by water vapor (5 and 30 m m Hg) at 600 to 800°C was stud
ied with a Gulb ran sen- type mic roba lance . 1° At 600 °C oxidation followed the parabol ic 
ra te law during an initial per iod, after which the pa t te rn became exponential. At 650 
and 700°C, the oxidation at f i rs t p roceeded exponentially and l a te r became l inear with 
t ime . The l a t t e r step was accompanied by breakaway of the oxide film. At 800°C, the 
oxidation obeyed the rec t i l inea r ra te law throughout the course of the exper iment . E l e c 
t ron meta l lography indicated that the l o g a r i t h m i c - r a t e behavior can be a t t r ibuted to the 
generat ion of b l i s t e r s at the ox ide-meta l in terface and that the ensuing rec t i l inea r pa t 
te rn s tems from breakaway of the oxide film. 

(F. T. Zurey) 

3. Solid Hydrides 

Hydrided Z r -U Alloys 

P r e s s u r e - t e m p e r a t u r e i sochores for the Z r - U - H sys tem have been extended to 
1300°C in m e a s u r e m e n t s at Genera l Atomic. 17 The composit ions covered the H / Z r 
range from 1. 50 to 1.70 with a uranium content of 8 •wt.% for mos t of the work, although 
some data were obtained for the pure ZrH. Equi l ibr ium dissocia t ion p r e s s u r e s at high 
t e m p e r a t u r e s for H / Z r composi t ions from 1.60 to 1.70 agreed with values extrapolated 
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from data previous ly de te rmined for t e m p e r a t u r e s below 900°C. However, for the 
H / Z r range from 1.50 to 1.55, the equi l ibr ium p r e s s u r e s at t e m p e r a t u r e s above 1000°C 
were found to be significantly lower than the extrapolated va lues . 

Fully enr iched t e s t fuel e lements containing 8 wt.% uran ium and having H / Z r r a 
tios from 1. 60 to 1. 65 were loaded in the TRIGA Mark F r eac to r and pulsed. After 400 
pu l ses , selected fuel e lements were declad and examined meta l lographica l ly . These 
examinations showed that fuel-body pe r fo rmance at t e m p e r a t u r e s up to the design point 
of 1000 °C was sat isfactory in that no evidence of in teract ion between the cladding and 
the fuel was observed . Peak gas p r e s s u r e s m e a s u r e d during the pu lses were l e s s than 
40 ps ig , which was well below the upper boundary indicated by the equi l ibr ium p r e s s u r e 
data. 

Yttr ium Hydride 

A U.S . patent for a modera to r - fue l e lement based on YH2 has been granted to the 
Atomic Energy Commiss ion of F r a n c e . '•° The e lement cons is t s of molybdenum-coated 
fuel pa r t i c l e s d i spe r sed in the YH2 m o d e r a t o r . The fabrication method d isc losed r e 
qui res that ground y t t r ium me ta l be mixed with the coated fuel p a r t i c l e s , and the m i x 
ture then s in te red . The s in tered product is placed in a can of molybdenum or other r e 
fractory alloy and then hydrided. A Br i t i sh patent has also been obtained on the 
p r o c e s s . ^9 

R a r e - E a r t h Hydrides 

The light r a r e - e a r t h me ta l s form a s ing le -phase dihydride which expands without 
s t ruc tu ra l change to the t r ihydr ide composit ion as hydrogen is added. However, the 
heavy r a r e ear ths undergo a s t ruc tu ra l change in going from the dihydride to the t r ihy 
dr ide . Fo r this r eason a typical heavy r a r e ear th , e rb ium, has been studied in detai l 
with r e spec t to i ts hydride phase s . At the same t ime that work was being conducted at 
Denver R e s e a r c h Inst i tute, 20 Russ ian inves t iga tors^^ w e r e a lso studying the E r - H s y s 
tem. P r e s s u r e - t e m p e r a t u r e - c o m p o s i t i o n data were obtained at Denver over the compo
sition range from pure me ta l to E r H 3 , while the Russ ian inves t iga tors used X - r a y dif
fraction techniques to study the same composi t ions . Both groups used the bes t e rb ium 
meta l avai lable, which was 99. 9 wt.% in the case of the U .S . inves t iga tors and 99. 5 wt.% 
for the Russ ian w o r k e r s . 

Because the approaches in the two studies were different, and the data a r e p r e 
sented differently, it is difficult to compare r e s u l t s . In addition, the X - r a y data were 
taken at room t e m p e r a t u r e , while the i so the rms were der ived at high t e m p e r a t u r e s . 
However, both studies showed that as hydrogen is absorbed by the hexagonal e rb ium 
meta l , a face-centered cubic phase cha rac t e r i zed as ErH2 is formed. The Russ ian in
ves t iga tors found a two-phase region, consist ing of E r - H solid solution and ErHo, from 
7 to 66 at .% hydrogen at room t e m p e r a t u r e . F r o m 500 to 950°C in the Denver work, 
this two-phase region appeared in the range 28 to 33 at .% hydrogen and extended to 
66 at .% hydrogen. Both groups found a n a r r o w range of homogeneous ErH2 between 66 
and 68 at .% hydrogen. Another two-phase region, consist ing of ErH2 and E r H 3 , was 
located between 68 and 73 at. % hydrogen at room t e m p e r a t u r e and from 68 to 75 at . % 
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hydrogen at the higher t e m p e r a t u r e s . Final ly, the s ingle-phase ErH3 was noted from 
73 to 75 at .% hydrogen at room t e m p e r a t u r e . 

The Russ ian worke r s de te rmined the la t t ice p a r a m e t e r of the ErH2 phase to be 
aQ = 5. 125 A, which is in good ag reemen t with unpublished work cited by the Denver 
group. However, the Russ ians c la imed that the ErH3 is rhombic , while the o thers r e 
por ted a hexagonal c lose-packed s t ruc tu re for E r H 3 , with aQ = 3. 63 A and CQ = 6. 54 A. 
Considering that some of the other r a r e - e a r t h t r ihydr ides have been found to have the 
hexagonal s t ruc tu re , it s eems likely that the Russ ians have indexed the s t ruc tu re 
incor rec t ly . 

The i so the rm work a lso permi t t ed calculation of thermodynamic p rope r t i e s of the 
E r - H sys tem. The differential hea ts and entropies of react ion were calculated to be: 

Heat of react ion, 
kca l /mo le H2 

Entropy of react ion, 
ca l / (mole H2)(°C) 

Log dissociat ion 
p r e s s u r e , t o r r 

The integral free energ ies , enthalpies , and entropies of mixing de te rmined for the E r - H 
sys tem a r e shown in Table I I - 1 . 

Table II-1 INTEGRAL F R E E ENERGIES, ENTHALPIES, AND ENTROPIES 
OF MIXING IN THE E r - H SYSTEM AT 923 "K^O 

E r s s + ErH2 

-52 .6 ± 0 . 3 

-35 .2 ± 0 . 3 

11,500 ± 70 
T 

+ 10.57 

ErH2 + ErH3 

-19 .8 ± 0 . 2 

-30. 1 ± 0.4 

4320 ± 50 
T 

+ 9.46 

Composit ion, 
H / E r rat io 

0 
0.05 
0. 10 
0. 15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45a 
1.80a 

- A G M , kca l / 
g r a m atom soln 

0 
0.71 
1.27 
1.75 
2. 19 
2.55 
2.87 
3 . 17 
3.43 
3.70 
6. 10 

- A H M , kca l / 
g r a m atom soln 

0 
1.05 
2 .00 
2.88 
3 .70 
4 .47 
5.20 
5.91 
6.57 
7 .21 

15.60 

- A S ^ , ca l / 
(°K){gram atom soln) 

0 
0.37 
0.79 
1.22 
1.64 
2 .08 
2.52 
2.96 
3.40 
3.80 

10.30 

a Solubility boundaries of the two-phase region, Er̂ g + ErH]̂ _ gQ. 
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T h e c h a r a c t e r of the E r - D s y s t e m w a s a l s o e s t a b l i s h e d a t D e n v e r R e s e a r c h I n s t i 
t u t e . 22 T h e only o b s e r v a b l e d i f f e r e n c e in t he p r e s s u r e - t e m p e r a t u r e - c o m p o s i t i o n d a t a 
w^as a shif t to h i g h e r p r e s s u r e s in t he d u e t e r i u m c u r v e s c o m p a r e d w^ith t he h y d r o g e n 
c u r v e s . T h e s o l u b i l i t y b o u n d a r i e s for t he E r - D s y s t e m w e r e t he s a m e a s t h o s e for t h e 
E r - H s y s t e m , -within e x p e r i m e n t a l e r r o r . T h e h e a t s of r e a c t i o n and e n t r o p i e s of r e a c 
t ion w e r e a l s o v e r y c l o s e to t h o s e found w i t h h y d r o g e n : 

E r g s + E r D 2 E r D 2 + E r D 3 

H e a t of r e a c t i o n . 
k c a l / m o l e H2 

E n t r o p y of r e a c t i o n . 
c a l / ( m o l e H2)(°C) 

Log d i s s o c i a t i o n 
p r e s s u r e , t o r r 

- 5 3 . 0 ± 0 . 2 

- 3 6 . 3 ± 0 . 2 

1 1 , 5 7 0 ± 40 
T 

+ 1 0 . 8 1 

- 2 0 . 0 ± 0. 1 

- 3 1 . 0 ± 0 . 2 

4380 ± 30 
T 

+ 9. 66 

T h e i n t e g r a l v a l u e s for the t h e r m o d y n a m i c q u a n t i t i e s i nvo lv ing the E r - D s y s t e m a r e 
p r e s e n t e d in T a b l e I I - 2 . 

T a b l e I I - 2 I N T E G R A L F R E E E N E R G I E S , E N T H A L P I E S , AND E N T R O P I E S 
O F MIXING IN T H E E r - D S Y S T E M A T 9 2 3 ' ' K 2 2 

C o m p o s i t i o n , 
D / E r r a t i o 

0 
0. 05 
0. 10 
0. 15 
0 . 2 0 
0 . 2 5 
0 . 3 0 
0 . 3 5 
0 . 4 0 
0 . 4 5 a 
1.80a 

- A G M , k c a l / 
g r a m a t o m so ln 

0 
0 . 6 8 
1.23 
1.77 
2. 00 
2 . 5 6 
2. 90 
3 . 19 
3 . 4 2 
3 . 6 4 
5 . 8 7 

- A H ^ ^ k c a l / 
g r a m a t o m so ln 

0 
1.02 
1.96 
2 . 9 1 
3 . 5 2 
4 . 4 9 
5 . 2 3 
5 . 9 4 
6 . 5 9 
7 . 2 2 

1 5 . 8 0 

- A s M , c a l / 
( °K)(grann a t o m soln) 

0 
0 . 3 7 
0 . 7 9 
1.22 
1.65 
2 . 09 
2 . 5 3 
2 . 9 8 
3 . 4 4 
3 . 8 8 

1 0 . 7 8 

a Solubility boundaries of the two-phase region, Ergs + ErD-[̂_ , 

T e r n a r y H y d r i d e s 

T e r n a r y s y s t e m s wi th z i r c o n i u m , h y d r o g e n , and e i t h e r c a r b o n o r n i t r o g e n w e r e 
s t u d i e d by R. A, A n d r i e v s k i i et a l . 23 T e r n a r y c o m p o u n d s w e r e f o r m e d by h y d r i d i n g 
Z r C a n d Z r N a t a b o u t 1000°C . A wide r a n g e of h o m o g e n e i t y w a s o b s e r v e d and l a t t i c e -
p a r a m e t e r v a l u e s w e r e d e t e r m i n e d for c o m p o s i t i o n s a p p r o x i m a t i n g Z r C - Z r H j ^ 5 and up 
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to ZrC- ZrH2; these values were ve ry close to the values aQ = 3. 3467 A and CQ = 
5.4898 A repor ted by Atomics International^^* for this hexagonal l a t t i ce . 

With ni t rogen, the composit ion ZrNg 4H was obtained, and the hexagonal la t t ice 
constants were aQ = 3.285 A and CQ = 5.470 A. These values a r e slightly lower than 
those observed previous ly in s t ruc tu re s with l e s s ni t rogen. The Russ ians also m e a 
sured the e lec t r i ca l r e s i s t iv i ty of both sets of t e r n a r y connpounds and obtained values of 
the o rde r of 1000 |Ltohm-cm, which indicates that the compounds a r e defect s t r u c t u r e s . 

(H. H. Krause) 

4. Metall ic Poison Mate r ia l s 

Calhoun and Fasc ia25 de te rmined that a min imum of 10% cold work is n e c e s s a r y 
before grain ref inement in hafnium can be obtained by rec rys ta l l i za t ion . The smal les t 
grain s ize w^as obtained by a high degree of cold work follo^wed by low^-temperature an
nealing. The final gra in size was p r i m a r i l y dependent on the amount of cold work and to 
a l e s s e r degree on the working t e m p e r a t u r e or the annealing t e m p e r a t u r e . Fig . II-5 
i l lus t ra tes the relat ionship between final gra in s ize , cold work, and annealing t e m p e r a 
t u r e . Increased oxygen content r esu l t s in significant ha rdnes s i n c r e a s e s at lower t e m 
p e r a t u r e s , but above 600°C the m i c r o h a r d n e s s of hafnium appeared to be independent of 
oxygen content. 26 

(M. Kangilaski) 

5. D i spe r s ions and Nonmetal l ic Po isons 

Boron and Boron Compounds 

Two methods were developed at Oak Ridge2'7 that can be used to t r ans fo rm the 
m o r e readi ly avai lable low-densi ty amorphous boron to a h igher densi ty, h igh-pur i ty 
c rys ta l l ine boron powder. In the f i rs t method, amorphous boron-meta l powder was 
placed in h igh-pur i ty (HPR-grade) boron n i t r ide conta iners and heated to 2000 to 2150°C 
in a tungs ten-suscep tor induction furnace with an argon a tmosphe re . In the second 
method, the boron-meta l powder was passed through a shea th-s tab i l ized hel ium p la sma 
flame onto a wa te r -coo led ta rge t to produce an essent ia l ly m a s s i v e body. Amorphous 
normal boron as produced by the reduction of the oxide (B2O3) by magnes ium nnetal was 
crys ta l l ized and purified to g r ea t e r than 99 wt.% boron by both of these me thods . 
E lec t ro ly t i c -ce l l -p roduced amorphous l^B meta l powder was c rys ta l l i zed and purified 
to g r ea t e r than 97 wt.% boron by both methods . 

Mound Labora to ry2" studied the packing c h a r a c t e r i s t i c s of i r r e g u l a r l y shaped 
crys ta l l ine boron pa r t i c l e s in the size range 20 to 105 M. The pa r t i c l e s were sized into 
seven success ive groups and revealed many of the same packing c h a r a c t e r i s t i c s as found 
for sphe re s . Maximum densi t ies achieved with these powders w^ere slightly low^er than 
those for spheres and were not consis tent ly repea tab le . 
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Russ ian workers29 i r r ad ia t ed var ious boride samples to de te rmine the effect of 
la t t ice damage from the ^^B isotope in the na tu ra l boron. The samples were approxi 
mate ly 8 m m in d iamete r and 10 to 15 m m long. I r rad ia t ion to 1020 n e u t r o n s / c m 2 
(thermal) at <100°C caused samples of Z rB2 , CrB2, and LaB^, to sha t te r into b i t s , but 
m e r e l y produced c racks in TiB2 and (TiCr)B2 spec imens . The radiat ion stabili ty of the 
substance was co r r e l a t ed with the modulus of e las t ic i ty . A max imum lat t ice expansion 
of 3. 1 vol .% was observed in the case of TiB2, while ZrB2 showed a la t t ice expansion 
of only 0.9 vol .%. 

A Br i t i sh patent-^O c la ims that the mechanica l p rope r t i e s of pa r t i c l e s of boron or 
boron-containing compounds such as B^C a r e improved by vapor coating with an inner 
layer of SiC and an outer layer of TiC by the fluidized-bed p r o c e s s . The coated pa r t i c l e s 
a r e then d i spe r sed in a me ta l m a t r i x and fabricated into control e lements by conventional 
techniques. 

The shrinkage behavior of TaB2 powder compacts in vacuum at 1100 to 2100°C was 
examined by inves t iga tors at Lockheed. ^1 A density of 94% of theore t ica l was obtained 
by sintering for 1/2 h r at 2100°C. It was found that in i t i a l - s tage s inter ing occurs by 
ei ther a volume or gra in-boundary diffusion mechan i sm with an activation energy of ap
proximate ly 90 k c a l / m o l e . It was also noted that coinpacts of a powder mix tu re of TaB2 
plus boron in excess of s to ichiometry expanded upon s in ter ing . 

A review of the p roper t i e s and r eac to r pe r fo rmance of boron carbide has been com
piled by Battelle—Northwest32 to a s s e s s i ts potential for f a s t - r e a c t o r applicat ion. Data 
from 34 re fe rences concerning the i r rad ia t ion behavior of B4C with r e spec t to gas r e 
l ea se , swelling, mechanica l integri ty, and dimensional stabil i ty in thernnal r e a c t o r s to 
500 °F (260 °C) and for burnups to 50% of the l^B isotope in na tura l boron were included. 
It was concluded, how^ever, that rea l i s t i c pe r fo rmance evaluation of B4C requ i r e s test ing 
in a fas t -neutron environment at the t e m p e r a t u r e s of in te res t . 

R a r e Ea r th s 

The Hf02-Sm203 d iagram in the sol id-phase region r ich in Hf02 was investigated 
by the Russ i ans . 33 The d iagram of Hf02-Sm203 was compared with that of Z r 0 2 - S m 2 0 3 . 
During the in terac t ion of Hf02 with 80^203, solid solutions a r e formed with a composit ion 
c lose to 33 mole % Sm203 and 67 mole % Hf02. On further react ion with excess Hf02, 
equi l ibr ium react ion products were formed. 

(D. E. Lozier) 
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III. CLADDING AND STRUCTURAL, MATERIALS * <»' *!*' 

1. Corros ion by Aqueous and Gaseous Media 

Corros ion of Zirconium Alloys 

The effect of heat t r ans fe r and i so the rma l conditions on the co r ros ion and hydriding 
of Z i rca loy-4 tubing in a p r e s s u r i z e d - w a t e r sys tem has been studied at Westinghouse. ^ 
Bulk-water t e m p e r a t u r e s ranged from 600 to 640 °F (316 to 338°C) and meta l surface 
t e m p e r a t u r e s were 20 to 80 °F (11 to 44°C) higher . Heat fluxes were 3420 to 13,000 
Btu/(hr)(sq ft) under forced-convect ion conditions and 20, 000 Btu/(hr)(sq ft) under 
nucleate-boil ing conditions. The oxidation rate was d i rec t ly propor t ional to the cladding 
surface t e m p e r a t u r e in all hea t - t r ans fe r sys tems studied. Hydrogen absorpt ion was the 
same in the nucleate-boil ing sys tems as in the forced-convect ion sys tems and was homo
geneous throughout the tube c r o s s sect ions . There were no abnormal hydr ide-p la te le t 
c lus t e r s in the m i c r o s t r u c t u r e s . 

Knolls r esea rchers ' ^ have invest igated the effect of s i l icate ions r e l eased f rom spent 
ion-exchange res ins on the h igh- t empera tu re s t eam co r ros ion of Zi rca loy. In 14-day 
t e s t s at 750 °F (400 °C) in 1500 psi s team, cor ros ion ra tes were acce le ra t ed for Zi rca loy 
sensi t ized by slow cooling from 1650°F (900°C) with 0. 12 ppm sil icon in the water and 
for r e a c t o r - g r a d e Zircaloy with 1. 3 ppm silicon in the water . 

Corros ion of Aluminum Alloys 

A new acce le ra ted s t r e s s - c o r r o s i o n labora tory t e s t for a luminum alloys has been 
developed by Kaise r . The tes t consis ts of a 1-week i m m e r s i o n of chemical ly etched 
C-r ing or round tensile specimens in a 1 NaCl-2 K2Cr20Y (by wt. ) solution at pH 4 and 
60 °C. The a c c e l e r a t e d - t e s t resu l t s were co r re la t ed with mar ine and indus t r ia l exposures 
and with the 3. 5 NaCl (by wt. ) a l t e r n a t e - i m m e r s i o n tes t . Good cor re la t ion was obtained 
for the susceptible t e m p e r s of 2014, 2019, and 2024 al loys . However, the outdoor en
vironments were m o r e prone to cause s t r e s s - c o r r o s i o n cracking than was the new acce l 
e ra ted tes t at the lower s t r e s s levels with 7039, 7075-T651, and 7079-T651 a l loys . 

Cor ros ion of I ron -Base Alloys 

Steel. The oxidation of mild and low-alloy s tee ls at 500 °C in CO-, containing smal l 
amounts of CO and H2O has been studied at H a r w e l l . ^ Oxide sca les were double layered 
and oxygen t r anspo r t in the nonprotective oxides was believed to be by gas diffusion 
through open p o r e s . Oxygen t r anspor t in the protect ive oxides was believed to occur 
a c r o s s closed pores that formed as the resu l t of the condensation of vacancies produced 
by cation diffusion through the film. Nonprotective oxidation occur red at high CO2 p r e s 
s u r e s in the p re sence of water vapor. The adverse influence of water vapor was en
hanced by deposi ts of gold, plat inum, and carbon on the meta l surface . These e lements 
appeared to inc rease oxidation by chemical react ion r a the r than by mechanica l effects 
in the oxide film. 
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S t a i n l e s s S t e e l s . The s t r u c t u r e and c o m p o s i t i o n of t h in f i l m s f o r m e d on a n 
F e - 1 5 C r - 4 A l - l Y * a l l o y d u r i n g o x i d a t i o n in CO2 a t 800 to 1000°C h a v e b e e n d e t e r m i n e d 
by the B r i t i s h . ^ X - r a y d i f f r ac t ion r e v e a l e d F e C r 2 0 4 s p i n e l , AI2O3 , a n d Y2O3. N e i t h e r 
of the l a t t e r two p h a s e s a p p e a r e d to f o r m a so l id s o l u t i o n wi th any o t h e r c o m p o n e n t of 
the ox ide f i l m . O v e r the e x p o s u r e p e r i o d of 0. 1 to 1000 h r , t he r a t e - c o n t r o l l i n g s t e p w a s 
a t t r i b u t e d to s e l f -d i f fu s ion of AP"*" in AI2O3 . No o t h e r p h a s e c o n t r i b u t e d s i g n i f i c a n t l y to 
t he ox ida t i on b e h a v i o r of the a l l oy , e x c e p t fo r Y2O3, w h i c h a p p a r e n t l y i m p r o v e d s c a l e 
a d h e s i o n . 

The o x i d e - s c a l e f o r m a t i o n on s u p e r h e a t e r a l l o y s e x p o s e d up to 36 m o n t h s in h i g h -
t e m p e r a t u r e s t e a m h a s b e e n i n v e s t i g a t e d for the A S M E . ° C o m m e r c i a l s u p e r h e a t e r -
tub ing s p e c i m e n s w e r e e x p o s e d to 2 0 0 0 - p s i s t e a m in a l a r g e s t e a m - g e n e r a t i n g p l a n t . 
F e r r i t i c m a t e r i a l s w e r e e x p o s e d a t 1100 and 1 2 0 0 ° F ( 5 9 5 and 650°C) and a u s t e n i t i c m a 
t e r i a l s w e r e e x p o s e d a t 1200, 1350, and 1 5 0 0 ° F (650 , 730 , and 815°C) . A s u b s u r f a c e 
l a y e r and a s u r f a c e l a y e r of the oxide s c a l e s f o r m e d on bo th g r a d e s of m a t e r i a l s . 
A p p a r e n t l y the s u b s u r f a c e l a y e r w a s f o r m e d by i n w a r d diffusion of a n i o n s of oxygen and 
t h e s u r f a c e l a y e r by the o u t w a r d d i f fus ion of c a t i o n s of i r o n and m a n g a n e s e . The s u b s u r 
face l a y e r w a s d e n s e and c o n s i s t e d of o x i d e s of t he a l l oy ing e l e m e n t s of the b a s e m e t a l . 
C o n c e n t r a t i o n s of t h e s e a l loy ing e l e m e n t s i n the s u b s u r f a c e l a y e r w e r e h i g h e r t h a n t h o s e 
in the b a s e m e t a l . The s u r f a c e l a y e r w a s p r i m a r i l y i r o n oxide and c o n t a i n e d m a n y vo ids 
and p o r e s . Af t e r an 1 8 - m o n t h e x p o s u r e a t 1 3 5 0 ° F , the a v e r a g e s c a l e t h i c k n e s s on 310 
s t a i n l e s s s t e e l , Inco loy 800, and I n c o n e l 600 w a s < 1 . 5 m i l s c o m p a r e d wi th 4 to 5 m i l s 
fo r m o s t of the o t h e r a u s t e n i t i c m a t e r i a l s and 15 to 25 m i l s fo r t he f e r r i t i c a l l o y s a t 
1 2 0 0 ° F . 

The e f f e c t i v e n e s s of p h o s p h a t e s in i nh ib i t i ng s t r e s s - c o r r o s i o n c r a c k i n g of a u s t e n 
i t i c s t a i n l e s s s t e e l a s r e l a t e d to the N - R e a c t o r h a s b e e n s t u d i e d a t B a t t e l l e — N o r t h w e s t . ' 
A u t o c l a v e t e s t s w e r e c o n d u c t e d fo r 8 m o n t h s in 1 0 0 - p s i w a t e r con t a in ing 0 to 1000 p p m 
p h o s p h a t e , 0 to 100 p p m su l f i t e , 0 to 15 p p m h y d r a z i n e , 2 p p m m o r p h o l i n e , and no a d d e d 
c h l o r i d e ( c h l o r i d e r a n g e d f r o m <0. 05 to 1. 84 p p m ) . Af t e r a 4 - m o n t h e x p o s u r e , s t r e s s -
c o r r o s i o n c r a c k i n g o c c u r r e d in 3 0 4 - s t a i n l e s s - s t e e l tubing t a k e n f r o m the N - R e a c t o r in 
a l l s o l u t i o n s not c o n t a i n i n g p h o s p h a t e . S m a l l c r a c k s w e r e found in the N - R e a c t o r tub ing 
e x p o s e d in two of the five p h o s p h a t e - t r e a t e d w a t e r s a f t e r 6 to 8 m o n t h s . No c r a c k s w e r e 
found in s o l u t i o n - t r e a t e d o r s e n s i t i z e d 3 0 4 - s t a i n l e s s - s t e e l s h e e t m a t e r i a l , I n c o n e l - 6 0 0 
N - R e a c t o r t ub ing , I n c o l o y 800, o r A212 c a r b o n s t e e l . 

" S t r a i n i n g ' - e l e c t r o d e e x p e r i m e n t s on F e - C r - N i a l l o y s h a v e b e e n c o n d u c t e d a t 
T h e Ohio S ta t e U n i v e r s i t y to t e s t the h y p o t h e s i s t h a t the t i p of an a d v a n c i n g s t r e s s -
c o r r o s i o n c r a c k i s d y n a m i c a l l y s t r a i n e d , t h e r e b y p r o d u c i n g su f f i c i en t ly h igh c u r r e n t 
d e n s i t i e s to p r o p a g a t e the c r a c k by e l e c t r o c h e m i c a l d i s s o l u t i o n . ° At s t r a i n r a t e s of up 
to 6 % / m i n v e r y l i t t l e change w a s o b s e r v e d in the c u r r e n t d e n s i t y in the a c t i v e r e g i o n 
d u r i n g s t r a i n i n g . In the l o w e r r a n g e of p a s s i v e p o t e n t i a l s , the c u r r e n t d e n s i t y wi th the 
s t r a i n i n g e l e c t r o d e w a s not a p p r e c i a b l y i n c r e a s e d o v e r t ha t wi th a s t a t i c e l e c t r o d e . At 
t h e c r i t i c a l p o t e n t i a l for c u r r e n t i n c r e a s e in the p a s s i v e r e g i o n , the c u r r e n t d e n s i t y w i th 
t h e s t r a i n i n g e l e c t r o d e w a s g r e a t l y i n c r e a s e d o v e r t h a t w i t h a s t a t i c e l e c t r o d e . T h i s 
p o t e n t i a l w a s l e s s t han the p i t t ing p o t e n t i a l . The l a r g e s t d i f f e r e n c e s b e t w e e n the c r i t i c a l 
and p i t t i ng p o t e n t i a l s w e r e o b s e r v e d for H2SO4 and H2SO4 + KCl s o l u t i o n s , wh i l e t he 
s m a l l e s t d i f f e r e n c e s w e r e o b s e r v e d for H2SO4 + K B r o r KI. The l a t t e r two w e r e a l s o 

'Unless otherwise designated, all compositions are considered to be in wt.^. 
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l e s s prone to produce s t r e s s - c o r r o s i o n cracking. Nickel in H2SO4 + KCl solutions 
showed no significant difference between cu r ren t density with the s t raining e lec t rode and 
that with the s tat ic e lect rode over the whole range of potentials in the pass ive range. 

Cor ros ion of Nickel- and Cobal t -Base Alloys 

Oxidation studies of Hastel loy X for per iods of up to 12, 500 h r in a i r at t e m p e r 
a tu re s from 1300 to 2000 °F (705 to 1095 °C) have been per formed by Aero je t -Genera l . 9 
The p r i m a r y mode of oxidation at 1600 °F (870 °C) and lower was by thin, i n t e rg ranu la r 
penetra t ion. At 1750 °F (955 °C) and higher , in te rna l oxidation occur red as a uniform 
band of smal l oxide pa r t i c l e s dis t r ibuted in ter g ranular ly beneath the meta l -oxide i n t e r 
face. The oxidation produced a duplex oxide consist ing of a Cr203 inner layer and a 
MnCr204 spinel outer layer . The oxidation res i s t ance of the Hastel loy X inc reased as 
the spinel :Cr203 ratio inc reased , and the amount of spinel formed inc reased with in 
creas ing manganese content in the alloy. 

The oxidation behavior of Hastel loy N is being studied at Oak Ridge. The 
addition of silicon to the alloy marked ly improved i t s oxidation r e s i s t ance , pa r t i cu la r ly 
at 982 °C, at which t empera tu re the oxidation rate dec reased l inear ly from about 500 m g / 
(cm2)(1000 hr) at <0. 05% silicon to about 15 mg/(cm2)( 1000 hr) at 0.6% sil icon. At 
760°C, the oxidation ra te at silicon contents >0, 05% was <10 mg/(cm2)( lOOO h r ) . T i ta 
nium in the range of 0 to 1% had l i t t le effect on the oxidation behavior of the Hastel loy N. 

The oxidation behavior of nickel- and cobal t -base alloys was de te rmined at 
Savannah River in connection with encapsulating °^Co heat sou rce s . ^^ Specimen p e r 
formance was evaluated on total penetra t ion, which was based on su r face - sca le thickness 
(including that which spalled) and depth of in t e rg ranu la r penetra t ion and alloy depletion. 
After exposures of 9400 to 10, 000 h r at 1000 °C, TD n icke l - ch romium was the mos t 
res i s tan t m a t e r i a l , having a total affected zone of 2. 4 m i l s . Inconel 600, Tophet C, 
Hastel loy C, GE2541, Haynes 25, and Hastel loy X had affected zones of 8 to 12 mi l s and 
were considered acceptable . 

The cause of cracking fa i lures of K-Monel bolt studs on autoclaves and pumps has 
been invest igated at Pe t ten , Holland. '•^ The c r acks w e r e in te rg ranu la r and analyses 
indicated that the re was an inc rease in sulfur and copper content at the gra in boundar ies . 
The source of the sulfur was the fatty ingredient in the paste of a h igh - t empera tu re 
lubricant that decomposed to l ibera te sulfides or sulfur at vesse l -ope rating t e m p e r a t u r e s 
of 360 to 400°C. 

Corros ion of Other Alloys 

Cor ros ion and wear survei l lance in the Plutonium Recycle Tes t Reactor through 
December , 1967, has been descr ibed by Battel le —Northwest.^^ Measuremen t s on coupons 
exposed in the p r i m a r y sys tem (water at 265°C and 1070 psi) and in the m o d e r a t o r calan-
dria showed negligible cor ros ion (<0. 004 mi l /month) for s ta in less s teel , Zircaloy, and 
aluminum. Continuous m e a s u r e m e n t s by e l e c t r i c a l - r e s i s t a n c e probes in the modera to r , 
ref lector , top and bottom shield, and core-b lanket hel ium sys tems indicated negligible 
cor ros ion (<0. 005 mi l /month) for the aluminum and ca rbon-s t ee l p robes . Inspection 
inside the s t eam genera tor revealed that the tube bundle and shell were in good condition. 
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E l e c t r i c a l - r e s i s t a n c e probes indicated modera te cor ros ion ra tes (0. 10 to 0. 19 mi l /month) 
in the biological- and t he rma l - sh i e ld s y s t e m s . Elbows on th ree s t e a m - g e n e r a t o r vent 
l ines were replaced because of failure result ing from local ized (trench) co r ros ion and 
high s t r e s s l eve l s . Two tubes were sealed in the p r i m a r y - t r e a t m e n t heat exchanger be 
cause of leaks which apparent ly were caused by wear from rubbing against a baffle p la te . 

Galvanostat ic polar izat ion techniques have been used to de termine e lec t rochemica l 
co r ros ion ra tes of the SNAP-21 radioisotopical ly fueled power sys tem in seawate r at the 
Naval Radiological Defense Labora tory . '•^ A galvanic s e r i e s was de te rmined and galvanic 
c u r r e n t s were m e a s u r e d between coupled m a t e r i a l s . On the bas is of these r e su l t s , com
plete penetra t ion of components would be predic ted as follows: a luminum insulat ion and 
r ing, < 1 year ; U-8 wt. % Mo alloy biological shield, 3 y e a r s (2. 5 in. ); copper insu la 
tion and cold f rame, 3 y e a r s ; s t a i n l e s s - s t ee l l iner , ~ 200 yea r s (0. 125 in. thick); and 
Hastel loy C fuel container , ~ 600 yea r s (0 .25 in. thick). 

The crevice co r ros ion of t i tanium in 150 °C sal t solutions has been invest igated by 
Oak Ridge. ^-' Resul ts indicated that c rev ice cor ros ion under these conditions begins as 
a resul t of a differential aera t ion cell and continues because of an acid concentrat ion 
developed in the smal l volume within the c r ev ice . Crevice attack was not specific to 
chloride solutions but also occur red in iodide, b romide , and sulfate solut ions. The m o r e 
concentrated sal ts produced the m o r e severe at tack. Resul ts of e lec t rochemica l p o l a r i 
zation studies indicated that alloys which remain pass ive in nonoxidizing acid sa l t s , such 
as those containing pal ladium, molybdenum, or nickel, should be more res i s t an t to 
c revice at tack. 

(W. E. Berry) 

Corros ion of Refractory Metals 

The French ° have invest igated the oxidation of tungsten and rhenium in the t e m p e r 
a ture range 1127 to 2227 °C at oxygen p r e s s u r e s between 5 x 1 0 ' " and 3 x 10" t o r r . The 
oxidation ra te exhibited a max imum as a function of p r e s s u r e because of the production of 
a tomic oxygen above 1727 °C. 

17 The diffusion of oxygen in niobium oxides has been studied at McMas te r University. 
Single c rys t a l s of a -Nb20r were grown by the Verneuil technique and machined into 
cyl inders ; e l ec t r i ca l conductivity then was m e a s u r e d as a function of t e m p e r a t u r e between 
600 and 1000°C and oxygen p r e s s u r e between 10~-^° and 1 a tm. By following the r e s i s t ance 
change as a function of t ime on changing the environmental p r e s s u r e , the diffusion co 
efficient of oxygen was determined at varying degrees of oxide nonstoichiometry. Diffu
sion was severa l hundred t imes slower in the oxide with the highest degree of nonstoichi
omet ry . A s imi l a r study on 7-Nb205 scale s tr ipped from oxidized niobium was conducted, 
but absolute m e a s u r e m e n t s could not be made because of cracking. Never the less , the 
r e su l t s indicated s imi la r behavior for both a- and 7-Nb205 . 

1 8 The Russ ians have invest igated the oxidation of b inary Nb-Ta alloys at 550 to 
1050°C. For alloys up to 30 at . % tantalum, a dec rease in oxidation rate with increas ing 
t e m p e r a t u r e was noted in the t e m p e r a t u r e ranges 600 to 700 °C and 800 to 1000 °C. For 
alloys containing 30 to 100 at. % tanta lum, the d e c r e a s e was noted only in the lower t e m 
pe ra tu re range. The t empe ra tu r e at which the rate was observed to dec rease was re la ted 
to the oxide-film composit ion. 
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Various aspec t s of tantalum oxidation have been studied. Growth c h a r a c t e r i s t i c s , 
morphology, and crys ta l lography of tanta lum oxide in the initial s tages of formation 
after 10 min at 500 °C in 1 a tm oxygen have been determined. 19, 20 xhe data indicated 
that formation of TaOy pla tes occur red by m a r t e n s i t i c t rans format ion . Geomet r ica l 
effects of oxidation of tantalum tubes at 825 to 930 °C in 0. 53 atm oxygen have also been 
descr ibed . ^1 These resu l t s suggest that the major s t r e s s generated at the oxidizing s u r 
face was in the adherent par t of the oxide scale ra the r than in the su r face -meta l l ayers 
affected by solution of oxygen. A te t ragonal phase with a = 13. 32 and c = 6. 12 A has been 
detected in the Ta-O sys tem by e lec t ron diffraction. ^2 

Adsorption and decomposit ion of various gases on tungsten have been the subjects of 
a number of invest igat ions. These studies include the following: (1) adsorpt ion and 
decomposit ion of NH3 on (211) surfaces at 25 to 1000°C using flash desorpt ion and m a s s 
spec t romet ry , low-energy e lec t ron diffraction, and m e a s u r e m e n t s of work-function 
change, ^^ (Z) adsorpt ion of CO on (211) surfaces at 25 to 900°C using LEED, ^^ (3) chemi-
sorption of N2O on tungsten fi laments at 25 to 1500°C, (4) adsorpt ion of oxygen on (110), 
(211), (111), (100) surfaces at -195 to 1500 °C using f ie ld -emiss ion mic roscopy . ^6 

(B. C. Allen) 

2. Cor ros ion by Nonaqueous Liquids and Vapors 

Corros ion by Sodium 

It has long been recognized that m a s s t r ans fe r in liquid meta l sys tems can s tem 
from ei ther t empe ra tu r e gradients or concentrat ion grad ien t s . The l a t t e r may be s igni
ficant in h igh- tempera tu re mol ten-meta l sys tems where the circulat ing fluid encounters 
m o r e than one construct ion m a t e r i a l . A good example would be a sodium-cooled r eac to r 
sys tem made of s ta in less s teel , which contains fuel e lements clad with a n icke l -base 
alloy or a re f rac tory meta l . West German worke r s studied this d i s s i m i l a r - m e t a l m a s s -
t r ans fe r phenomenon by exposing nickel alloys and molybdenum alloys to flowing sodium 
in i so the rma l s t a in l e s s - s t ee l loops. ' They found that this caused i r o n - r i c h m i c r o c r y s -
ta l s (10"-^ to 10"^-mm diameter) to grow at the gra in boundaries of the n ickel - and 
molybdenum-al loy spec imens . Microprobe studies showed that the c rys t a l s had the atom 
ra t ios Fe:Mo » 1: 1 on molybdenum, Fe:Ni'« 2:1 on Incoloy 800, and Fe:Ni = 6:1 to 10:1 on 
Incoloy 626. Consti tuents of the s ta in less s teel other than i ron were also p r e sen t in the 
m i c r o c r y s t a l s , but in much sma l l e r amounts . 

Several studies have given evidence that exposure to hot sodium produces i r r e v e r s 
ible effects at the gra in boundaries of s ta in less s t ee l s . For example, worke r s at Argonne 
noted that 304 - s t a in l e s s - s t ee l specimens t rea ted with a modified S t r auss reagent under 
went much l a r g e r i n c r e a s e s in e lec t r i ca l res i s t iv i ty if they had previously been exposed 
to 1200 °F (650 °C) sodium than if they had been sensi t ized in a i r . ^8 -JQ l ea rn m o r e about 
such gra in-boundary effects, Stanford Resea rch worke r s exposed thin foils of 304 s ta in
l e s s s teel to 1200 °F sodium for per iods up to 110 h r , cleaned the foils thoroughly by 
repeated washings with solvent in a Soxhlet ex t rac to r , and then examined them by t r a n s 
mis s ion e lec t ron microscopy . '̂ ^ They noted seve re gra in-boundary attack and the p r e s 
ence of p rec ip i ta tes on the surface, as well as along and within the gra in boundar ies . The 
prec ip i ta tes which definitely s tem from the p r i o r sodium exposure , do not appear to be 
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sodium or sodium oxide. Work is in p r o g r e s s on the i r identification, and p re l imina ry 
X - r a y indications a re that they could be Cr23C/ , Cv^C2> ^''^2^> °^ some combination 
of these . 

3 Q 

At Brookhaven, a 1655-hr forced-convect ion sodium-loop run was completed 
with specimens of HS-25, UMCO-51, Mo, 321 s ta in less s teel , and 304 s ta in less s teel 
inse r ted in the a l l - s t a i n l e s s - s t e e l loop. In the tes t section the sodium was heated from 
710 to 760 °C while flowing over the specimens at 22 f t / s ec . The oxygen content of the 
sodium was 4 ± 2 ppm for the f i rs t 900 h r , dropping steadi ly thereaf te r to ~1 ppm by the 
end of the t es t . The molybdenum specimens showed no measu rab le weight changes. The 
cor ros ion ra tes of the remaining m a t e r i a l s dec reased with t ime, leveling off to e s s e n 
t ia l ly steady values of < 1 . 5 m i l s / y e a r by the end of the tes t . 

A second loop was run for 335 hr under the same conditions, except that the oxygen 
level was maintained below 1 ppm by hot t rapping at 650 °C and the specimens were made 
of V-20Ti, N b - l Z r , Mo-0. 5Ti-0 . 06Zr (TZM), V-15Ti -7 . 5Cr, V-15Cr -5Ti , and 321 
s t a in less . The molybdenura alloy showed essent ia l ly no weight change and the N b - l Z r 
gained only 0. 1 to 0. 2 mg/cm'^. The vanadium alloys gained on the o r d e r of 1 to 2 m g / 
cm^, and the 321 s ta in less s teel lost about the same amount. In each case the weight 
change inc reased with increas ing t empe ra tu r e in the range 720 to 760°C. 

Continuing their b i a x i a l - s t r e s s - r u p t u r e studies on 304 and 316 s ta in less s tee ls in 
high-puri ty sodium (~10 ppm oxygen) and hel ium (99. 99% pure) , r e s e a r c h e r s at Atomics 
Internat ional confirmed the fact that sodium does not degrade the mechanica l p rope r t i e s 
in t e s t s up to 3000 hr at 1200°F (650°C) and 1000 hr at 1400 °F(760°C). Fu r the r , the use 
of 10 to 15% cold work reduces the l ong - t e rm s t r e s s - r u p t u r e r e s i s t ance of both s t ee l s , 
enhancing precipi ta t ion within g ra ins , weakening the gra in boundar ies , and promoting 
s igma-phase and gra in-boundary-void formation during s t r e s s - r u p t u r e tes t ing. At 
1000 °F (540 °C), 10 to 15% cold-worked 304 s ta in less s teel has higher long- te rm rupture 
s t rength than comparable worked 316 s ta in less s tee l . At 1200 °F the opposite i s t r u e . 
Figure I I I - l shows some of the c r e e p - r u p t u r e r e su l t s . 

32 
Battel le —Columbus has i ssued a comprehens ive review of the p rope r t i e s and 

technology of candidate cladding m a t e r i a l s for the l iquid-meta l -cooled f a s t -b r eede r 
r eac to r (LMFBR). Mate r ia l s covered a r e selected austeni t ic s ta in less s t ee l s , n ickel-
base al loys, and re f rac tory m e t a l s . Included in this repor t is a detailed review of the 
recent worldwide l i t e ra tu re on the compatibil i ty of these m a t e r i a l s with sodium. 

Solubility in Sodium 

In 1967, Atomics Internat ional worke r s repor ted that the Arrhenius curve for the 
solubility of copper in sodium showed a break at 500 °C, suggesting a change in the 
mechan i sm of solution at this t e m p e r a t u r e . '^° Subsequent m e a s u r e m e n t s , combined 
with the resu l t s of studies at two other s i t e s , indicated that this is probably not the case . 
The final composite solubility curve follows the equation^S 

log^QS (ppm Cu in Na) = 5. 957-3430/T( °K) 

in the t empe ra tu r e in terval 245 to 726 °C. 
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34J, 
Workers at Argonne m e a s u r e d the solubility of ni trogen in molten sodium as a 

possible aid in the understanding and control of nitriding in sodium sys t ems , and also in 
connection with the possible use of ni t rogen-containing blanket ga se s . The resu l t s of at 
leas t six m e a s u r e m e n t s at each t e m p e r a t u r e and 10 a tm p r e s s u r e , using ^^N-tagged 
nitrogen, a r e tabulated below. 

T e m p e r a t u r e , Solubi l i ty/atm p r e s s u r e , 
°C 1 0 - 1 2 g N 2 / g N a 

451 12±8 

502 19±7 

550 28±8 

600 49±9 

F u r t h e r m o r e , by noting that the s t r ipped-gas samples contained essen t ia l ly the same 
dis tr ibut ion of ni t rogen isotopes as the gas used to sa tura te the sodium, it was con
cluded-^^ that ni t rogen dissolves diatomical ly in sodium. 

After exposing vanadium wi res to sodium at 700 °C for 10 hr or m o r e to equil ibrate 
oxygen, Argonne worke r s were able to use the oxygen-concentrat ion m e a s u r e m e n t s to 
a r r i v e at a dis t r ibut ion coefficient and an activity coefficient for oxygen in vanadium. 36a 
The large negative deviation from Raoult 's Law is i l lus t ra ted in Fig. I I I-2. In this work, 
the s tandard state was selected as an oxygen-act ivi ty coefficient of unity in oxygen-
sa tura ted vanadium. 

Cor ros ion by Po ta s s ium 

Six alloys (318 s ta in less s tee l , HS-25, Hastel loys C, N, and X, and Rene 41) were 
evaluated at NASA's Lewis Resea rch Center37 for ability to withstand 1800°F (980°C) 
boiling potass ium well enough for use in ha rdware for ground test ing s p a c e - p o w e r - s y s t e m 
components . Capsules machined from rod stock of the t e s t alloys were exposed to 1800°F 
boiling-refluxing po tass ium and examined meta l lographica l ly . All of the m a t e r i a l s showed 
some evidence of cor ros ion . However, only the 318 s ta in less s teel exhibited severe 
enough attack to be el iminated from further considerat ion. An in teres t ing sidelight of 
this work is that the potass ium, which contained no m o r e than 20 ppm of oxygen init ial ly, 
showed up to 500 ppm of oxygen after the t es t . The source of the oxygen is unknown, but 
the g rea tes t pickup occur red in the capsules that were at tacked the mos t . The m a t e r i a l s 
could be a r b i t r a r i l y ranked into th ree groups . Most r e s i s t an t were Rene 41 and HS-25; 
next were Hastel loys N, C, and X (in that o rder ) ; and finally, 318 s ta in less s tee l . 

Inves t igators at EIMAC conducted s tudies^^ to find an e lec t r i ca l insula tor with 
sufficient s t rength and cor ros ion res i s t ance to pro tec t the a l t e rna tor windings in a 
po tas s ium-vapor tu rboa l te rna to r space power sys tem. High alumina and beryl l ia 
modulus -of - rup ture b a r s were exposed for 500 hr to po tass ium vapor at up to 870°C and 
2-a tm p r e s s u r e in N b - l Z r capsules , then tes ted in c r o s s bending. Control samples 
were heated s imi la r ly in vacuum and tes ted . It was found that po tass ium at tacks the 
gra in boundaries of the c e r a m i c s , owing largely to the p re sence of s i l ica . For long- t e rm 
usefulness at 870 °C, c e r a m i c s must contain considerably l ess than 500 ppm si l ica . 
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To aid in comparing ces ium with potass ium as the working fluid for space power 
p lants , Oak Ridge inves t iga tors reviewed39 all experience to date concerning eros ion 
in s team, m e r c u r y - v a p o r , and po tass ium-vapor tu rb ines . Analytical and exper imenta l 
studies of turb ine-bucket e ros ion and cavitation damage a r e descr ibed and summar i zed 
in tables and cu rves . 

Cor ros ion by M e r c u r y 

In the SNAP 2 vers ion of the Mercu ry Rankine Power Conversion P r o g r a m , 
r eac to r -hea t ed NaK is pumped through a N a K - t o - m e r c u r y boi ler and the m e r c u r y vapor 
dr ives a tu rbogenera tor unit. The extensive m e r c u r y - c o r r o s i o n t e s t s conducted under 
this p r o g r a m have been summar ized in severa l topical repor t s by TRW Equipment 
Labora to r i e s , '^^f ^^ In addition to over 1 mill ion hr of capsule and loop test ing, m o r e 
than 30, 000 hr of bo i l e r - t e s t operat ion were accumulated. Figure III-3 shows a r e p r e 
sentat ive m a s s - t r a n s f e r pa t te rn in one of the HS-25 t e s t boi ler tubes after 2200 hr of 
operat ion. This was the resul t of select ive leaching of var ious e lements from the HS-25. 
The deposi ts a re predominant ly cobalt (95 wt. %), with some iron; the leached zone is 
depleted in nickel, chromium, and cobalt, and somewhat enr iched in tungsten. 
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Fig. III-3 C o r r o s i o n - t e m p e r a t u r e cor re la t ion for NaK-heated 
HS-25 m e r c u r y boi ler tube.'^O 

The cor ros ion products c a r r i e d by the m e r c u r y pose a major sys t em-des ign p rob 
lem because of the i r tendency to deposit in c r i t i ca l a r e a s like m e r c u r y - l u b r i c a t e d s l eeve -
bearing sur faces , lubr icant- l ine f i l te rs , the m e r c u r y pump, and the turbine nozzles and 
vanes . These cor ros ion products have been identified as f e r r i t e s , possess ing a spinel 
s t ruc ture of e i ther the 7-Me2C3 or Me3C4 type. Thei r effects can be minimized by 
operating the boiler and condenser for at least 200 hr , then flushing with clean m e r c u r y 
and recharging before operating the tu rboa l t e rna te r unit. This preconditioning e l iminates 
the bulk of the cor ros ion products , which drop to a s teady-s ta te concentrat ion of around 
0. 01 ppm in the liquid after reaching a rauch higher value in the f irs t 100 to 200 hr . Since 
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the major source of cor ros ion products is the boi ler , maintaining a high vapor quality 
(over 95%) at the exit will minimize c a r r y o v e r . 

Containers for Molten Uranium 

A study at Ames Labora tory ^ to evaluate y t t r ium meta l as a container m a t e r i a l 
for mol ten-u ran ium-a l loy fuels has been concluded. I ron additions (0. 02 to 10 wt. %) to 
the U-5Cr (eutectic) alloy were found to lower the melt ing point. The predic ted solu
bil i t ies of y t t r ium in molten uran ium, UCr, and U C r - l F e at 950 °C a r e 0. 042, 0. 029, 
and 0.024 wt. %, respect ively , suggesting that the U C r - F e alloy should be the leas t 
co r ros ive of the t h r e e . Actually, capsule t e s t s showed solution at tack of y t t r ium to be 
slightly g r e a t e r by U C r - l F e than by UCr. With the la t te r alloy the y t t r ium-capsu le 
walls suffered about 20 mi l s of penetra t ion after 3000 hr at 950 °C, making this combina
tion appear l ess promis ing than it did in p r e l im ina ry t e s t s . 

Cor ros ion by Organics 

The terphenyl-cooled Piqua Nuclear Power Faci l i ty (PNPF) was forced to shut 
down ea r ly in 1966 as a resul t of fouling of the core by mass ive carbonaceous depos i t s . 
Careful study showed that oxygen exposure and subsequent contamination of the coolant 
were responsib le , though litt le was known about the ra te or the products of terphenyl 
oxidation - pa r t i cu la r ly in the p resence of radiolys is p roduc t s . As pa r t of the Heavy-
Water Organic-Cooled Reactor (HWOCR) p r o g r a m , worke r s at Atomics Internat ional 
studied the oxidation of Santowax OM (an or thor ich terphenyl mixture) c i rculat ing at 
350 to 620 °F (175 to 325 °C) in a smal l loop while up to 4 vol. % oxygen in argon was 
bubbled through it . They found that at the higher t e m p e r a t u r e s the nonterphenyl i m 
pur i t i es in the dist i l led Santowax OM caused the formation ra te of oxygenated compounds 
to i nc rea se rapidly at f i rs t , then drop off gradully to a high s teady-s ta te r a t e . A film 
containing about 4 wt . % oxygen was found on the react ion vesse l . The radiat ion dose of 
~3 X 10^ r a d / h r from the o^Co gamma source in the loop was apparent ly too low to 
influence the oxidation r a t e . 

The rma l decomposit ion exper iments on i r r ad i a t ed and un i r rad ia ted P N P F coolant 
were a lso completed. There was no change in composit ion of samples t r ea ted for up to 
11 months at 550 °F (290 °C), but i r r ad i a t ed samples held at 750 °F (400 °C) for only 6 
months were completely converted to high boi le rs (HB), coke, or gas . The d i sappea r 
ance of terphenyls from the uni r rad ia ted Santowax OM at the same t e m p e r a t u r e occu r red 
much m o r e slowly. 

Fre t t ing and wear t e s t s of SAP (s intered a luminum powder) and Z i r ca loy -2 -c l ad 
UO2 fuel e lements in organic coolants have been summar ized by the Canadians, '*^ Tes t s 
were conducted in Santowax OM with 30% high bo i le rs at t e m p e r a t u r e s ranging from 
316 to 399°C and with t he rma l cycling f rom about 340 to 93°C, After 1695 hr of ope ra 
tion and with 30 the rmal cyc les , an average of 9 r i b - t o - shea th fret m a r k s were observed 
on each SAP-clad e lement . Maximum penetrat ion was 3.4 mi l s or 14% of the wall thick
n e s s . After 1147 hr of operat ion and with 13 t he rma l cyc l e s , an average of 5 w i r e -
w r a p - t o - s h e a t h fret m a r k s were found on each Z i r ca loy -2 -c l ad fuel e lement . Maximum 
penet ra t ion was < 1. 5 mi l s or <6% of the wall th ickness . 
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Resul ts of loop exper iments in Canada 's NRU reac tor using Santowax OM and 
HB-40 (hydrogenated terphenyls) to cool SAP-clad UC fuel bundles^S showed cons ide r 
able p romise for this sys tem. The fuel operated sa t is factor i ly for 17 months at 20, 8 
kw/ft peak-power rating and reached a r eco rd burnup of 16, 700 Mwd/tonne of u ran ium. 
Surface-f i lm formation was effectively inhibited by maintaining a water concentrat ion 
in the coolant above 50 pprn. Elabora te coolant cleanup was unnecessa ry . A smal l by
pas s flow through an a t tapulgus-c lay column and g lass - spool f i l ter was adequate. Even 
after the cladding defected, it operated sa t i s fac tor i ly for 4 -1 /2 months without organic 
logging, fuel-coolant in teract ion, ca tas t rophic cladding fai lure , or excess ive radiat ion 
levels on the main- loop piping. Shutdown and fuel removal were scheduled and rout ine. 

A Br i t i sh patent " has been obtained for E u r a t o m on the use of NH4OH and CO2 
additions to an organic coolant or mode ra to r fluid to inhibit co r ros ion of magnes ium or 
magnes ium-a l loy fuel claddings. 

Cor ros ion by Fluoride Salts and Lead 

A survey of m e t a l - b a s e s t ruc tu ra l m a t e r i a l s for use in molten lead and fluoride 
sal ts at 500 to 1000 °C has been published"*' by the Air Force Mate r i a l s Labora tory . 
Mechanical p r o p e r t i e s , fabrication, and cor ros ion a r e the major i t ems considered. The 
study was re la ted to the Molten Salt Exper imenta l (MOSEL) Reactor concept. 

(E. M. Simons 

Meta l -Wate r Reactions 

The Nuclear Safety Information Center has published a comprehensive review of 
available data regarding the role of m e t a l - w a t e r react ions during a loss-of-coolant 
accident in a l ight -water power r eac to r . The physical chemis t ry of var ious m e t a l -
wate r and associa ted react ions was covered, with emphas is on the react ions of (1) z i r 
conium or Zi rca loy with water , (2) s ta in less s teel with water , (3) a luminum with water , 
(4) UO2 with water , and (5) hydrogen with a i r . Also, var ious data were applied to the 
analysis of react ions occurr ing during both nuc lea r - excur s ion accidents and loss-of-
coolant acc idents . It was concluded that m e t a l - w a t e r reac t ions would contribute r e l a 
t ively lit t le to the consequences of nuc l ea r - excu r s ion acc idents . 

In loss-of-coolant accidents , prompt init iation of emergency core-cool ing sys tems 
would l imit the amount of m e t a l - w a t e r react ion to a low value. However, possible f rag
mentat ion of fuel pins having chemical ly reac ted cladding makes it difficult to i n su re 
meet ing of the AEC c r i t e r ion that the cladding m e t a l - w a t e r react ion be l imited to negl i 
gible amounts . It was concluded that the amount of meta l reacted p r io r to melt ing of 
the r eac to r core would be between 25 and 50% without any emergency core cooling. 
Hydrogen explosions, often d iscussed in safety ana lyses , were not considered credible 
since hydrogen produced by the m e t a l - w a t e r react ion is a ssumed to be below i ts f lam-
mabi l i ty l imit or is a s sumed to burn upon re lease into the containment v e s s e l . 
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Workers at General E lec t r i c have p r epa red a handbook-type report^^ for use in 
evaluating l ight -water cooled r eac to r loss-of -coolant accidents involving Z i r ca loy -4 
and 304 s t a in l e s s - s t ee l - c l ad UO2. Both boi l ing-water and p r e s s u r i z e d - w a t e r r e ac to r s 
a r e covered. All p roper ty values were c r i t ica l ly evaluated taking into considera t ion the 
meltdown environment of s t eam or s team and a i r . The physical p rope r t i e s d i scussed 
a r e : melt ing point, boiling point, heat of fusion, heat of vaporization, vapor p r e s s u r e , 
phase t r ans format ions , coefficient of t h e r m a l expansion, densi ty, total no rma l emi t tance , 
t he rma l conductivity, enthalpy, and heat capacity. The mechanical p rope r t i e s d iscussed 
a r e : tensi le s t rength, ductility, compress ive s t rength, and modulus of e las t ic i ty . In 
mos t ins tances , values a re given as functions of t e m p e r a t u r e up to the melt ing point of 
the m a t e r i a l . The kinet ics of the oxidation of the cladding m a t e r i a l s with s t eam a r e also 
d i scussed and equations a r e p resen ted for calculat ion of oxidation r a t e s under i so the rma l 
conditions in 1 a tm s team. For Z i rca loy-4 or z i rconium with s team, the following 
equations a re recommended. 

Between 1000 and 1600 °C, 

w2 5 
-— = 7. 10 X 10 exp(-40, 500/RT) 

Between 1600 °C and the melt ing point, 

w2 8 
- — = 1 . 5 x 1 0 exp {(-60, 600 ± 5400)/RT} 

where W is the weight gain (oxygen pickup) per unit surface a r e a in mg/cm^^ t is t ime 
in seconds, R is the gas constant in cal /(mole)( °K), and T is the absolute t e m p e r a t u r e . 
Similar ly , for 304 s ta in less s teel in s t eam above 1000 °C 

— 3 2. 4 X 10^^ exp {(-84, 300 ± 2400)/RT} 

Additional Trans ien t Reactor Tes t (TREAT) photographic exper iments were p e r 
formed with Z i rca loy-c lad fuel rods containing UO2 (5% enriched) pe l le t s . These 
specimens were identical in composition and dimensions to the vibrat ional ly compacted 
UO-, fuel rods tes ted previously. Compar ison of failure of pel le ts and power (Vibra-Pac) 
fuel from TREAT photographic t e s t s (see Table I I I - l ) suggested the existence of two 
modes of fuel fai lure, for both fuel types . The fai lure energ ies for these modes depend 
in pa r t on the reac to r per iod. The modes were defined as : (1) a prompt fa i lure , which 
occurs during the power t rans ien t and is manifested by rapid p r e s su r i za t i on within the 
fuel specimen followed by rupture of the cladding and injection of the fuel into the coolant; 
(2) a delayed fai lure, which occurs after completion of the t rans ien t and is due to the 
degradat ion of the cladding by m e t a l - w a t e r react ion and fuel-cladding in te rac t ion . For 
r eac to r per iods less than 80 m s e c , the fai lure threshold energ ies by both mechan i sms 
were between 23 5 and 290 ca l /g UO2, independent of fuel type and enr ichment . For 
longer r eac to r per iods the energy requi red to ini t iate prompt failure was g r e a t e r . 

(J. M. Genco) 
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Table I I I - l SUMMARY OF TREAT PHOTOGRAPHIC TESTS WITH ZIRCALOY-CLAD UO2 FUELS34b 

Fuel type 

Vibra-Pac 

Vibra-Pac 

Pellet 

Pellet 

Pellet 

Vibra-Pac 

Vibra-Pac 

Vibra-Pac 

Vibra-Pac 

Pellet 

Pellet 

Pellet 

Enrichment, 
wt.^o 235 u 

5 

5 

5 

5 

5 

5 

5 

10 

5 

10 

10 

10 

Reactor 
period, 
msec 

43 

48 

48 

63 

66 

67 

71 

74 

75 

80 

107 

108 

Total transient 
energy, 

ca l /g UO2 

354 

335 

331 

263 

244 

258 

233 

357 

223 

450 

330 

290 

Energy at 

failure, 
ca l /g UO2 

235 

277 

291 

263 

Did not fail 

258 

Did not fail 

277 

Did not fail 

295 

330 

290 

Mode of 
failure 

Prompt 

Prompt 

Prompt 

Delayed 

-

Delayed 

-

Prompt 

-

Prompt 

Prompt 

Delayed 

4. Radiation Effects in S t ruc tura l Ma te r i a l s 

The proceedings of the Symposium on Radiation Effects, held in September 1965, 
were published in Meta l lurg ica l Society Conferences , Vol. 37. ^^ The 28 papers p r e 
sented were concerned mainly with a bas ic understanding of radiat ion effects on m e t a l s . 
The 10th Symposium on Special Metal lurgy Br i t t l eness and I r rad ia t ion Effects held in 
Saclay, F r a n c e , is the bas is of another publication. ^^ The 26 pape r s p resen ted at this 
symposium dealt mos t ly with defects produced by i r r ad ia t ion at low t e m p e r a t u r e s . Most 
of the work p resen ted was per formed in F r a n c e . 

The resu l t s of in-pi le c reep t e s t of var ious m a t e r i a l s have been summar i zed by 
Ba t t e l l e -Nor thwes t . ^^ It has been found that the c r e e p ra t e of Z i rca loy-2 and Z r - 2 . 5 
Nb at 300 °C is higher in-pi le than out-of-pi le . At 350 °C, the c reep ra tes of these two 
m a t e r i a l s may be higher or lower in-p i le , depending on the s t r e s s and t e m p e r a t u r e . 
Austenit ic s ta in less s tee ls and n ickel -base alloys exhibit no radiat ion-induced changes 
in c r eep r a t e s , although the range of second-s tage c reep is d ras t ica l ly reduced because 
of dec reased ductil i ty. S t r e s s - r e l a x a t i o n t es t s on z i rconium al loys , s ta in less s teel , 
and alpha i ron during i r rad ia t ion at 100°C indicate higher c reep ra tes in -p i le . 



Z i r c o n i u m A l l o y s 

I I I - 15 

P r o c e e d i n g s of t h e C o n f e r e n c e o n U s e of Z i r c o n i u m A l l o y s i n N u c l e a r R e a c t o r s 

a t M a r i a n s k e L a z n e , C z e c h o s l o v a k i a , i n O c t o b e r , 1 9 6 6 , h a v e b e e n p u b l i s h e d i n t w o 

v o l u m e s , ^^ T h e s e p a p e r s w h i c h a r e in s e v e r a l l a n g u a g e s , c o n t a i n d a t a o n c o r r o s i o n , 

m e c h a n i c a l p r o p e r t i e s , h y d r i d e f o r m a t i o n , a n d e f f e c t s of i r r a d i a t i o n o n m e c h a n i c a l p r o p 

e r t i e s of Z i r c a l o y a n d o t h e r z i r c o n i u m a l l o y s . 

I n - p i l e t e n s i l e t e s t s w e r e p e r f o r m e d o n Z i r c a l o y - 4 a t 2 8 2 ° C u s i n g c o n t r o l l e d c o n 
s t a n t s t r a i n r a t e s 5 4 a f r o m 1 x 1 0 - 4 t o 5 x l O - ^ / h r . ^ T h e r e s u l t s i n d i c a t e d t h a t t h e i n -
p i l e y i e l d s t r e n g t h of Z i r c a l o y - 4 , b o t h t r a n s v e r s e a n d l o n g i t u d i n a l t o t h e r o l l i n g d i r e c 
t i o n , i s s i g n i f i c a n t l y i n c r e a s e d b y h i g h e r s t r a i n r a t e s . H o w e v e r , t h e o u t - o f - p i l e y i e l d 
s t r e n g t h a p p e a r s t o b e i n d e p e n d e n t of s t r a i n r a t e f o r t h e l o n g i t u d i n a l s p e c i m e n s t e s t e d . 

E n h a n c e d i n - r e a c t o r r e l a x a t i o n h a s b e e n o b s e r v e d i n Z i r c a l o y - 4 a n d Z r - 2 . 5 N b -
0 . 5 C u . 5 ^ T h i s r e l a x a t i o n w a s f o u n d t o b e t e m p e r a t u r e d e p e n d e n t w i t h a d e c r e a s e a p p a r 
e n t a t l o w e r r a d i a t i o n t e m p e r a t u r e s . T h e i n c r e a s e d r e l a x a t i o n n o t e d i n c o l d - w o r k e d 
m a t e r i a l w a s e s p e c i a l l y s i g n i f i c a n t s i n c e i t w a s e a r l i e r b e l i e v e d t h a t c o l d w o r k w o u l d 
e n h a n c e i n - r e a c t o r c r e e p r e s i s t a n c e . T h e i n - p i l e r e l a x a t i o n s t r a i n i n Z i r c a l o y - 4 w a s 
s e n s i t i v e t o s t r u c t u r e , i n c r e a s i n g w i t h b o t h i n c r e a s i n g a m o u n t s of p r i o r p l a s t i c d e f o r m a 
t i o n a n d d e c r e a s i n g g r a i n s i z e . T h e i n - p i l e r e l a x a t i o n b e h a v i o r a p p e a r s t o b e c o n s i s t e n t 
w i t h a n a c c e l e r a t e d t h e r m a l - c r e e p m o d e l . 

S p e c i m e n s of Z r - 0 , 5 N b - l . O C r i n t h e a n n e a l e d , c o l d - w o r k e d , a n d a s - q u e n c h e d 
s t a t e s w e r e i r r a d i a t e d ^ ^ a t 5 0 ° C t o f a s t f l u e n c e s u p t o 1. 2 5 x 1 0 ^ 9 n e u t r o n s / c m ^ . I t 
w a s f o u n d t h a t t h e a n n e a l e d m a t e r i a l u n d e r w e n t s i g n i f i c a n t c h a n g e s i n r o o m - t e m p e r a t u r e 
t e n s i l e p r o p e r t i e s a s s h o w n in T a b l e I I I - 2 . H o w e v e r t h e r o o m - t e m p e r a t u r e t e n s i l e p r o p 
e r t i e s of c o l d - w o r k e d ( 1 0 a n d 15%) a n d a s - q u e n c h e d m a t e r i a l w e r e n o t s i g n i f i c a n t l y 
c h a n g e d b y i r r a d i a t i o n t o a f a s t f l u e n c e of 1. 6 x 1 0 ^ 9 n e u t r o n s / c m ^ . T h e e f f e c t of p o s t -
i r r a d i a t i o n a n n e a l i n g o n t h e t e n s i l e p r o p e r t i e s i s i l l u s t r a t e d i n F i g , I I I - 4 . 

Table III-2 EFFECT OF IRRADIATION ON TENSILE PROPERTIES OF ANNEALED Zr-0. 5Nb- ia 56 

Specimen history 

Yield strength 
(0. 2% offset), 

1000 psi 
Ultimate strength. 

1000 psi 

Total 
elongation, 

% 

Cold worked and annealed for 2 hr 
at 850°C followed by furnace cooling 
(lOO-C/hr). 

Irradiated to 1.45 x 10•'•̂  neutrons/cm^ 

Irradiated to 6.0 x lO-'-̂  neutrons/cm^ 

Irradiated to 9.5 x lO-'-̂  neutrons/cm^ 

Irradiated to 12.5 x lO-*-̂  neutrons/cm^ 

41,1 

42.9 

69.3 

75.5 

79,4 

57.1 

60.4 

79.5 

85. 1 

86.9 

22 

20 

19 

16 
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Fig . III-4 Isochronal annealing curves for Z r - 0 . 5 N b - l C r alloy 
i r r ad i a t ed to 5. 5 x 10^^ n e u t r o n s / c m ^ . 56 
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The effect of hel ium and lithium on the tensi le p roper t i e s of z i rconium has been 
determined. ^ ' ^ The hel ium was introduced by i r radia t ing a Z r - B alloy at 100°C until 
a hel ium content of ~2 cm-^/cm^ of alloy (1. 2 x 10"-* atom fraction) was obtained from the 
l ^ B ( n , a ) ' L i react ion. In pos t i r rad ia t ion tensi le t e s t s the yield s t rength was only 
slightly affected, while the r educ t ion - in -a rea values were d ras t i ca l ly reduced at tes t ing 
t e m p e r a t u r e s up to 500°C. 

Stainless Steels and Superalloys 

A large volume of r e s e a r c h is being conducted on the radiat ion- induced embr i t t l e -
ment in s ta inless s tee ls and nickel alloys at elevated t e m p e r a t u r e s . A thorough t r e a t 
ment concerning the effects of radiat ion on tensi le p rope r t i e s of austeni t ic s ta in less 
s teel has been p resen ted by Ba t t e l l e -Nor thwes t . ^° The va r i ab les fluence, neutron 
spec t rum, i r rad ia t ion t e m p e r a t u r e , and test ing t e m p e r a t u r e and possible mechan i sms 
which may be responsib le for the radiat ion- induced changes in tensi le p rope r t i e s w^ere 
considered. Specimens of 316 s ta in less s teel were i r r ad ia t ed in the ETR at elevated 
t e m p e r a t u r e s (540 to 750°C), while 304 and 348 s t a i n l e s s - s t e e l samples were i r r ad ia t ed 
in the same reac to r at low t e m p e r a t u r e s (290° C), specimens of 304 and 348 s ta in less 
s teel were a lso i r r ad ia t ed in EBR-II at 520°C. It was observed that the radiat ion- induced 
inc rease in yield s t rength was g rea t e r and pe r s i s t ed to higher test ing t e m p e r a t u r e s with 
increas ing fast fluence. As the test ing t e m p e r a t u r e was inc reased to 750° C, the higher 
t empe ra tu r e i r rad ia t ions caused l a rge r i n c r e a s e s in yield s t rength. The resu l t s of 
these tes t s a r e given in Fig. I l l -5 . It was suggested that at lower i r rad ia t ion t e m p e r a 
t u r e s , a large number of smal l defects a r e produced which a r e subsequently annealed 
out at the higher test ing t e m p e r a t u r e s . L a r g e r and m o r e stable defects (cavit ies) a r e 
formed during i r rad ia t ion at higher t e m p e r a t u r e s . Although these cavi t ies do not cause 
as la rge an inc rease in yield s t rength as the smal le r defects do, they a r e m o r e stable 
at higher t e m p e r a t u r e s and consequently the radiat ion- induced y ie ld-s t rength inc rease 
p e r s i s t s to higher tes t t e m p e r a t u r e s , 

Pos t i r r ad ia t ion annealing for 1 hr at 1121°C was per formed on the specimens which 
were i r r ad ia t ed in EBR-II at 520°C to a fluence of 1. 1 x 10^^ neu t rons / cm^ (>0. 18 Mev). 
Testing of the annealed specimens at 500°C indicated that both the p re i r r ad i a t ion 
s t rength and ductili ty were r e s to r ed . However, test ing at 650°C showed r ecove ry of the 
p re i r r ad ia t ion s t rength only, while the ductility remained the same . Therefore , it was 
concluded that the radiat ion- induced ductility losses at elevated t e m p e r a t u r e s a r e inde
pendent of the radia t ion- induced s t rength i n c r e a s e s due to cavity formation. This con
clusion is consis tent with the fact that radia t ion- induced cavit ies a r e removed by anneal
ing at 1121°C and the observat ion that s t rength inc reases a r e dependent on the i r r a d i a 
tion t e m p e r a t u r e (at 10^^ neu t ron /cm' ' ) while the corresponding ductili ty d e c r e a s e s a r e 
independent of the i r rad ia t ion t empe ra tu r e . 

Studies at Ba t t e l l e -Co lumbus59 , 60a have been concerned with the contribution 
of hel ium bubbles to gra in-boundary weakening and radia t ion- induced embr i t t l ement in 
s ta in less s tee ls at elevated t e m p e r a t u r e s . Specimens of 347 s ta in less s teel w e r e i r r a d i 
ated to a fast fluence of 2. 2 x 10^^ neu t rons / cm^ in the ETR. These specimens con
tained 0, 5 ppm of boron and consequently only 5% of the hel ium produced originated from 
the boron impuri ty . The remaining 95% of the generated hel ium resu l ted from (n, a) 
react ions in the m a t r i x e lements i ron, chromium, and nickel. Therefore , one would 
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Fig. III-5 Effect of fast fluence and i r rad ia t ion t e m p e r a t u r e on the 
yield s t rength of austeni t ic s ta in less s teel . 58 A, ETR 304, 290°C; 
O, E B R I I 3 0 4 , 5 4 0 ° C ; a , E T R 3 1 6 , 600°C;V , E T R 3 1 6 , 700°C. 
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expect a uniform distr ibut ion of hel ium and thus l i t t le ductili ty loss in this s ta in less 
s tee l . However, it was found that this s ta in less s teel exhibited g rea t e r ductili ty loss 
(total elongation being less than 1% at 650°C) than did s ta in less s teels which had an 
equivalent amount of hel ium (~1 x 10-^ atom fraction) that originated ei ther from a higher 
boron impuri ty or from cyclotron bombardment by alpha pa r t i c l e s . 

The loss in e l eva ted - t empera tu re ductility in 347 s ta in less s teel i r r ad ia t ed to 
2, 2 X 10^2 neu t rons / cm^ was also found to be independent of holding t imes from 4 min 
to 1 h r before test ing at 650°C, These r e su l t s indicate that the radia t ion- induced 
embr i t t l ement at elevated t empe ra tu r e is not diffusion dependent. The ex t reme degree 
of radiat ion-induced loss in uniform elongation (from 18 to 0. 7%) could not be explained 
by weakening of gra in boundaries by hel ium bubbles. Ra ther , it was suggested that the 
ex t reme embr i t t l ement could be caused by ei ther (1) hardening of the gra ins by smal l 
hel ium bubbles or (2) extension of the ductility min imum as proposed by Rhines. "^ The 
ductili ty minimum occurs in many meta l s and alloys when gra in-boundary shear takes 
place at elevated t e m p e r a t u r e and causes c racks at the gra in boundar ies . As the test ing 
t empe ra tu r e is i nc reased the c racks a r e healed by gra in-boundary migra t ion and the 
ductility of the ma te r i a l is increased . It was proposed that for the i r r ad ia t ed s ta in less 
s teel the grain boundaries a r e pinned by hel ium bubbles or other t ransmuta t ion products . 
Thus, the gra in-boundary c racks a r e not healed by gra in-boundary migra t ion and fr 
tu re occurs with l imited elongation. 

rac-

F rench inves t iga to r s "^" found that increas ing the carbon content from 0. 04 to 0. 07 
wt. % in i r r ad ia t ed 316 s ta in less steel at 700°C resu l ted in a dec r ea se in pos t i r rad ia t ion 
elongation from 9 to 2. 5% at 700°C. Prev ious studies indicated that the degree of 
radia t ion- induced embr i t t l ement dec reased with increas ing carbon content. "^ However, 
it should be noted that the degree of embr i t t l ement is very dependent on the morphology 
of carbide par t i c les which may resu l t from a given heat t r ea tment . "'* The tensi le speci 
mens used to study the effect of carbon had been i r r ad ia t ed at 700°C to a fast fluence of 
1 X 10^1 n e u t r o n s / c m ^ and a the rmal fluence of 1. 7 x 10^^ neu t rons / cm ' ' . No hel ium 
bubbles were observed in the a s - i r r a d i a t e d s ta in less s teel tes ted at 700°C. However, 
annealing the i r r ad ia t ed s ta in less s teel for 1 hr at 1100°C resu l ted in formation of 
hel ium bubbles in the gra in boundar ies , in twin boundar ies , and on dislocat ions in the 
ma t r ix . It was a lso found that the radiat ion- induced ductility reduction was m o r e seve re 
for specimens i r r ad ia t ed at 650°C than for those i r r ad ia t ed at 800°C, with the fast 
fluence being 1 x 10^1 neu t rons / cm ' ' in both c a s e s . The var ia t ion of gra in s ize from 31 
to 130 ju did not affect the pos t i r rad ia t ion ductility at 700°C. This effect is in con t ras t 
to previous observat ions that the degree of radia t ion- induced embr i t t l ement at elevated 
t e m p e r a t u r e s inc reased with increas ing grain s ize . "^ Additions of niobium to the 316 
s ta in less s teel r e su l t ed in a ma t e r i a l that was m o r e r e s i s t an t to radia t ion- induced 
embr i t t l ement at elevated t e m p e r a t u r e s . 

S t r e s s - r u p t u r e tes t s were per formed at 650 and 700°C for both uni r rad ia ted and 
i r r ad ia t ed (1 x 10^1 neutrons/cm'^) 316 s ta in less s teel . °^° The c reep ra t e for the i r r ad i 
ated ma te r i a l was factors of 2 to 10 higher than that for the uni r rad ia ted cont ro ls . Speci
mens i r r ad ia t ed at 80°C and annealed for 15 days at 650°C after i r rad ia t ion exhibited 
higher c reep r a t e s than did specimens i r r ad ia t ed to equivalent fluences at e i ther 550 or 
650°C. These r e su l t s a r e shown in Fig . III-6. I r rad ia t ion of s ta in less s teel to a total 
fluence of 1. 6 x 10^2 neutrons/cm'^ in the Dounreay Fas t Reactor was found to r e su l t in 
higher c reep r a t e s at 700° C as shown in Fig . I l l -7 . However, in-pi le uniaxial c reep 
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t es t s resul ted in lower duct i l i t ies at f rac ture but the c reep ra te itself did not seem to be 
affected by i r rad ia t ion to 8 x 10^9 n e u t r o n s / c m ^ . The in-pi le c reep ra te of tubular spec
imens appeared to be somewhat higher than the c reep ra te for uniaxial c reep as shown 
in Fig . III-8. 
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Fig. III-6 Creep ra t e of i r r ad ia t ed and unir radia ted 316 s ta in less s teel 
at 650 and 700°C.60t> , t he rmal control data; , i r r ad ia ted : O, 
1021 n e u t r o n s / c m 2 (>1 Mev) at 80°C + 15 days at 650°C; D, 7 x 1020 
neu t rons / cm2 (>1 Mev) a t 5 5 0 ° C ; A , 102 1 n e u t r o n s / c m 2 (>1 Mev) at 650°C. 

S t r e s s - r u p t u r e t es t s at 650 °C have been conducted on 347 s ta in less s teel i r r a d i 
ated to a fast fluence of 2. 2 x 1022 n e u t r o n s / c m 2 in the ETR. ^^ I r rad ia t ion reduced the 
rupture life of this m a t e r i a l by a factor of about 6. However, the mos t significant i r r a 
diation effect observed was the reduction in elongation at rupture from 20 to about 0. 2%. 
Mic ros t ruc tu r e s of the f ractured un i r rad ia ted specimen (20% elongation at fracture) 
showed considerable elongation of the gra ins and the p r e s e n c e of numerous c r acks and 
voids at the grain boundar ies . The f rac tured i r rad ia ted specimen (0.2% elongation at 
fracture) showed no elongation of the gra ins and no voids and c racks at the grain 
boundaries 66 

Oak Ridge r e s e a r c h e r s 6 5 observed that f ine-grain s ta in less s teel was l e s s s u s 
ceptible to radiat ion- induced embr i t t l ement at elevated t e m p e r a t u r e s . To study this ef
fect further , Brookhaven workers" '^ obtained a fine s t ruc tu re in 304 s t a i n l e s s - s t e e l spec
imens by cold working to reduce the c r o s s - s e c t i o n a l a r ea by 92%. The specimens were 
then annealed at 760°C for l6 hr . This anneal was chosen to obtain a fully r ec rys ta l l i zed 
s t ruc tu re that would be stable at 650 °C. The rec rys ta l l i zed specimens were i r r ad ia t ed 
at 100°C to a fast fluence of 1. 3 x 1020 neu t rons / cm2 (E > 0. 82 Mev). Resul ts of tensi le 
tes t s on the i r r ad ia t ed and control specimens (Table III-3) indicate that i r rad ia t ion does 
not significantly affect the s t rength at the different tes t ing t e m p e r a t u r e s , but the duct i l 
ity is noticeably reduced by i r r ad ia t ion . 

To duplicate the radiat ion-induced embr i t t l ement in s ta in less s teel at elevated 
t e m p e r a t u r e s , specimens of 3 16 s ta in less s teel were cold worked, annealed, and bom
barded with alpha pa r t i c l e s in a cyclotron. ^^ ^ total of 4 x 10-5 atom fraction of hel ium 
was introduced into the steel while its t e m p e r a t u r e was kept below 150 °C. One of the 
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Fig. III-7 Creep ra te of 3 l6 s ta in less s tee l i r r ad i a t ed in Dounreay 
Fas t Reac tor to a total fluence of 1. 6 x 10^^ n e u t r o n s / c m ^ and 
tes ted at 700°C.^0^ All specimens annealed 1 hr at 1050°C (= A). 
A, A + 10% cold work + 100 h r at 800°C; O, A + 100 h r at 800°C; 
D, A. 
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Fig. III-8 In-pile uniaixial and biaxial c reep of 3 l6 s ta in less s teel at 
650 and 700 "C.^^'^ Maximum fluence is 8 x 10^9 n e u t r o n s / c m ^ 
(E > 1 Mev). In-pile uniaxial c reep t e s t s : O, 650°C; D, 700°C. 
In-pile biaxial c reep t e s t s : v , 650 to 700°C. 
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m i c r o s t r u c t u r e s exhibited M23C^ prec ip i t a tes at the grain boundaries while the other 
m i c r o s t r u c t u r e contained both carb ides and sigma phase . The p re sence of hel ium was 
found to have no effect on the yield or ul t imate s t rength at the test ing t e m p e r a t u r e s of 
540 to 815°C. However, the total elongation was significantly reduced by the hel ium as 
i l lus t ra ted in Fig. III-9. It was believed that hel ium formed bubbles on the g ra in -
boundary carb ide p a r t i c l e s , thus reducing the ductil i ty and grea t ly reducing the amount 
of gra in-boundary sliding needed to form a void. A fine d i spers ion of s igma phase ap
parent ly t rapped the helium bubbles, thus ra is ing the t e m p e r a t u r e at which the ductil i ty 
loss s t a r t s to take p lace . 

Table III-3 TENSILE PROPERTIES OF HEAVILY COLD-WORKEOa 304 STAINLESS STEEL^"? 

Test temperature, 
°C 

25 

650 
750 
800 

650 

650 

750 
750 

800 

Yield strength, 
psi 

55,000 

23,300 
10,200 

6,600 

Irradiated to 1. 3 x 

22,150 

22,800 

12,500 
11,100 
5,500 

Tensile strength. Total elongation, 

Unitradiatedb 

1020 neutrons/ 

psi <yo 

115,000 47 

31,500 76 
13,000 53 
8,650 83 

cm2 (E >0.82 Mev)'^ 

30,600 36 

29,500 34 

13,300 29.5 

12, 600 24 

8,300 46 .5 

a Cold swaged 92̂ 0 with two intermediate anneals and the final anneal at 760° C for 16 hr. 
b All specimens were tested at a strain rate of 0. 2°/o/min. 

To s tudy vo id f o r m a t i o n in 304 s t a i n l e s s s t e e l f u r t h e r , s a m p l e s f r o m an E B R - I I 
c o n t r o l - r o d s h r o u d h a v e been s u b j e c t e d to d e n s i t y m e a s u r e m e n t by i m m e r s i o n , and s e 
l e c t e d th in f i l m s h a v e been p r e p a r e d for t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y . 3 4 c , 36b A 
c o m p a r i s o n of the m e a s u r e d d e n s i t y c h a n g e s wi th t h o s e p r e d i c t e d by t r a n s m i s s i o n e l e c 
t r o n m i c r o s c o p y (TEM) for t he d i f f e r e n t i r r a d i a t i o n c o n d i t i o n s s h o w e d the d e n s i t y d e 
c r e a s e s p r e d i c t e d by T E M to be c o n s i s t e n t l y l o w e r t han t h o s e d e t e r m i n e d by d e n s i t y 
m e a s u r e m e n t s . It a p p e a r s tha t s o m e of the s m a l l e r v o i d s a r e n o t be ing r e s o l v e d by 
T E M . 

T h e F r e n c h 5 4 b h a v e s t ud i ed t h e effect of i r r a d i a t i o n to 1 x 10^^ n e u t r o n s / c m ^ on 
the e l e v a t e d - t e m p e r a t u r e d u c t i l i t y of v a r i o u s m a t e r i a l s w i th f a c e - c e n t e r e d cub i c s t r u c 
t u r e s . T h e m a t e r i a l s i n c l u d e d s t a i n l e s s s t e e l (17 wt . % C r - 1 3 wt . % N i - 0 . 2 w t . % T i ) , 
p u r e n i c k e l , c o p p e r , C u - S i a l l o y , and N i m o n i c 80A. P o s t i r r a d i a t i o n d u c t i l i t y of t h e 
s t a i n l e s s s t e e l w a s found to be qu i t e d e p e n d e n t on the c a r b o n c o n t e n t , w h i c h i s in a g r e e 
m e n t w i t h t he w o r k by F r e n c h i n v e s t i g a t o r s t h a t w a s d i s c u s s e d e a r l i e r , " ^ b T h e m a x i 
m u m p o s t i r r a d i a t i o n d u c t i l i t y w a s ob t a ined for a c a r b o n c o n t e n t of 0. 016%, w h i c h w a s 
b e l i e v e d to r e s u l t in i d e a l p r e c i p i t a t i o n of c a r b i d e s . T h e p o s t i r r a d i a t i o n b e h a v i o r of cop
p e r a t e l e v a t e d t e m p e r a t u r e s w a s c o m p a r a b l e to t h a t of u n i r r a d i a t e d c o p p e r c o n t a i n i n g 
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Fig. III-9 Total elongation as a function of t e s t t e m p e r a t u r e for 
316 s ta in less s tee l with no hel ium and with 4 x 10-5 a tom fraction 
hel ium. ^^ Carbides at grain boundar ies : D , no hel ium; o , 4 x 
10-5 a tom fraction hel ium. Sigma d i spe r sed in ma t r ix : V , no 
helium; A , 4 x 10 '^ atom fraction hel ium. Strain r a t e = 0. 02min- 1 
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silicon addit ions. It is postulated that the in te rmeta l l i c Cu-Si pa r t i c l e s prevent g ra in-
boundary migra t ion during test ing and thus cause in te rgranu la r f rac ture with min imal 
s t ra in . In i r r ad ia t ed copper the gra in-boundary pinning is a t t r ibuted to cavi t ies that a r e 
formed during tensi le tes t ing. It was concluded from these studies that radiat ion-induced 
embr i t t l ement at elevated t e m p e r a t u r e occurs in m a t e r i a l s which a r e suscept ible to in
t e rg ranu la r f rac ture in the uni r radia ted form. The controlling mechan i sm •was believed 
to be pinning of grain boundaries by cavit ies that a r e produced, or at l eas t s tabil ized, 
by hel ium. 

The pos t i r rad ia t ion tensi le behavior of var ious F e - C r s teels at elevated t e m p e r a 
tu re s was invest igated by the Germans ." '^ ' ' It had been previously found that the onset 
of embr i t t l ement cor responded with the a -»• 7 t ransformat ion . With chromium contents 
of 11 .3 , 14.6, and 17.7 wt.%, it was poss ible to obtain a -» 7 t ransformat ion t e m p e r a 
tu re s at 800, 850, and 900°C for the different a l loys . These t e m p e r a t u r e s a r e only ap
proximate since the t ransformat ion is fairly sluggish. After the alloys were i r r ad i a t ed 
at 50°C to a t he rma l fluence of 5 x 1019 n e u t r o n s / c m ^ and tested at elevated t e m p e r a 
tu r e , embr i t t l ement was found to occur only after the a -»• 7 t rans i t ion had taken p lace . 
The boron content in these alloys var ied from 1 to 70 ppm; however, hel ium generat ion 
was not a significant factor since all of the alloys were embri t t led to about the same 
degree . Specimens of body-centered cubic 15Mo3 steel (0. 13 wt.% carbon and 0.24 
wt.% molybdenum) were also i r r ad ia ted for compar ison since this fe r r i t i c alloy exhibits 
in te rg ranu la r f rac ture when the un i r rad ia ted alloy is tested at elevated t e m p e r a t u r e s . 
Tensi le t e s t s on uni r rad ia ted and i r r ad ia t ed (5 x 10^9 neu t rons / cm2) specimens showed 
that the fe r r i t i c alloy was significantly embr i t t led by i r rad ia t ion before the a -* 7 t r a n s 
formation took place . There fore , it was concluded that the e l eva t ed - t empera tu re em
br i t t lement occu r red in m a t e r i a l s that w^ere suscept ible to in t e rg ranu la r f r ac tu re . 

The effects of t i tanium and carbon contents and grain size on the c reep p rope r t i e s 
of i r rad ia ted Incoloy 800 have been studied at Oak Ridge. "9 Specimens of Incoloy 800 
were i r r ad ia t ed at 650 and 700°C to a fast fluence of 8 x 1020 n e u t r o n s / c m ^ . Fig. Il l-10 
shows the effects of grain size and carbon content on c reep elongation of i r r ad i a t ed 
Incoloy 800 at 700 °C. It appears that pos t i r rad ia t ion c reep elongation of the alloy with 
high carbon (0. 12 wt.%) is m o r e sensi t ive to grain s ize , with the sma l l e r grain size 
favoring higher pos t i r rad ia t ion c reep elongations. Highest c reep elongations a r e ob
tained with a t i tanium content of 0. 1 wt.% r e g a r d l e s s of the carbon content. Fig. I l l -11 
shows that the highest rupture lives at a s t r e s s of 12, 000 ps i were obtained with the 
l a r g e r grain s ize, while the carbon and t i tanium contents appear to be secondary fac tors . 

The effect of i r rad ia t ion on the superplas t ic i ty of an Fe -28Cr-32Ni alloy at e le 
vated t e m p e r a t u r e s has been establ ished at Brookhaven. ^^ Unirradia ted and p o s t i r r a d i 
ation tensi le p rope r t i e s of the superplas t ic alloy were de te rmined at 650 to 800 °C. The 
elongation at 750°C was reduced from 175 to 17% by a fast fluence of 1.3 x 1020 neu t rons / 
cm2. Annealing of the i r r ad ia ted superp las t ic alloy for 2 h r at 1000 °C resul ted in 
further reduction of the pos t i r rad ia t ion ductility from 17 to 9%. 

The effects of i r rad ia t ion at 370°C to a fast fluence of 1 x 10l9 n e u t r o n s / c m 2 in 
EBR-II on the impact p rope r t i e s of Inconel-X750 and 17-4PH s ta in less s teel w e r e de t e r 
mined at Argonne. 36b xhe specimens i r rad ia ted in hel ium and sodium seemed to behave 
s imi la r ly and consequently it was concluded that i r rad ia t ion in a sodium environment has 
no d i scern ib le effect on impact s t rength . Reductions in impact s t rengths of X750 and 
17-4PH due to i r rad ia t ion were 1.5 and 2 ft-lb respec t ive ly , at all t es t t e m p e r a t u r e s . 



HIGH CARBON 
(0.12 WT7o) 

lO/i. GRAIN SIZE 

40/i GRAIN SIZE 

0.1 0.2 0.3 04 

TITANIUM CONTENT, WT. % 

60 

0.5 

50 

40 

< 
CD 

UI 
CL 
UI 
UI 
cc 
CJ> 

LOW CARBON 
(0.03 WT7o) 

30/i GRAIN SIZE 

15^ GRAIN SIZE 

0.1 0.2 0.3 0.4 

TITANIUM CONTENT, WT, % 

Fig . I l l -10 Creep elongation of Incoloy 800 at 700°C after i r radia t ion in the ORR at 650 and 700°C 
to about 0. 8 X 102l n e u t r o n s / c m ^ . °9 
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Cobalt alloys a r e a t t rac t ive for poss ible application in Liquid-Metal-Cooled F a s t 
B reede r Reac to rs (LMFBR) because of thei r high s t rength at elevated t e m p e r a t u r e s and 
the i r good cor ros ion r e s i s t ance to liquid sodium. Table III-4 s u m m a r i z e s the p o s t i r r a -
diation tens i le p r o p e r t i e s of var ious c o m m e r c i a l cobalt alloys i r r ad i a t ed and tes ted at 
elevated t e m p e r a t u r e s . ° ' ' ^ Exper imenta l cobalt alloys were also tes ted but these ex
hibited pos t i r rad ia t ion tens i le p rope r t i e s s imi la r to those of the commerc i a l a l loys . 
The commerc i a l alloys were i r r ad ia ted at about 50 to 100°C with the fast fluence r ang
ing from 1.3 x 10"^^ to 1.4 x 10^^ neut rons /cm'^ . In one study, the i r rad ia ted spec i 
mens were annealed at 800°C for 1 h r to r emove the d isp lacement type of radiat ion dam
age so that the e l eva ted - t empera tu re ennbrit t lement could be invest igated. '^ ^ Table III-4 
shows that i r r ad ia t ion resul ted in i n c r e a s e s in s t rength and reduct ions in ductil i ty when 
the specimens were tes ted at room t e m p e r a t u r e . "70 However, annealing of the i r r a d i 
ated cobalt alloys at 800"C appears to r e s t o r e the p r e i r r ad i a t i on tensi le p r o p e r t i e s at 
room t e m p e r a t u r e and 315°C. All of the i r r ad i a t ed cobalt al loys exhibited significant 
reductions in e l eva ted- t empera tu re ductil i ty, even after annealing at 800°C. The 
e l eva ted - t empera tu re s t rength of cobalt alloys also appears to be reduced by the higher 
fast f luences. 

The influence of nickel on the radiat ion- induced embr i t t l ement at elevated t e m p e r 
a tures has been studied^" with a s e r i e s of alloys of varying nickel content. All of the 
alloys had face-centered cubic c rys ta l s t ruc tu re s and included Nickel-200, a nonnickel 
manganese-s tab i l i zed austeni t ic s ta in less s teel (Tenelon), and two cobalt a l loys . One of 
the cobalt alloys contained 10 wt. % nickel (Haynes Stell i te-25) while the other one did 
not contain any nickel (UMCo-50). These spec imens w e r e i r r ad ia t ed at 50 °C to fast 
fluences ranging from 1.4 x 10^1 to 1.5 x 10^1 n e u t r o n s / c m ^ . All of the alloys under
went reduct ions in ductility and s t rength at elevated t e m p e r a t u r e s after i r rad ia t ion . 
Resul ts of the tens i le t e s t s on the cobalt alloys a r e given in Table III-4. Metal lographic 
examination of the f ractured specimens indicated that i r rad ia t ion promoted in t e rg ranu la r 
f rac ture at elevated t e m p e r a t u r e s in all four a l loys . The f rac tu re mode of Nickel-200 
at 500°C was changed from t r ansg ranu la r to in te rg ranu la r by i r rad ia t ion . 

Vanadiunn Alloys 

The c reep p rope r t i e s of i r rad ia ted V-20Ti alloys at 650°C were de te rmined at 
Argonne .^4^ These specimens were i r rad ia ted in EBR-II at 585 °C to total fluences 
ranging up to 2. 1 x 10^2 n e u t r o n s / c m ^ . I r rad ia t ion apparent ly has no influence on the 
min imum creep ra te of vanadixxm alloys at 650°C (see Fig. I l l -12) . 

P r e s s u r e - V e s s e l Steels 

The Naval R e s e a r c h Labora tory has investigated'-^ the contribution of minor com
position differences in A302B to the radiat ion- induced shift in the duc t i l e - to -b r i t t l e 
t rans i t ion t e m p e r a t u r e . A vacuum-mel ted heat which was low in res idual e lements was 
found to be insensi t ive to i r rad ia t ion at 550°F (290°C). It was es tabl ished that copper 
and phosphorus contribute to the radia t ion- induced nil ducti l i ty t e m p e r a t u r e (NDT) in
c r e a s e while ni trogen and sulfur do not. Vanadium was found to i n c r e a s e the embr i t t l e 
ment sensi t ivi ty of s teel . Long- t e rm aging (1440 hr) at 550°F had only a minor influence 
on the NDT shift of the s teels with the var ious impur i ty contents . Consequently, it was 
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Table III-4 TENSILE PROPERTIES OF IRRADIATED AND UNIRRADIATED COBALT-BASE ALLOYS 

Alloy 

Haynes Stel l i te-25 

UMCo-50 

UMCo-51 

Multimet 

Haynes 188 

S-1 

Test 
t e m p . , 

°C 

RT 
650 
750 

800 

RT^ 
315^ 
450a 
500a 
550a 

65 oa 

RT^ 
315a 
45 Oa 

55 Oa 

25 
650 
750 
800 

25 
650 
800 

25 

650 

750 

800 

25 
650 

750 

800 

Fast fluence, 
1020 neutrons/cm^ 

1.3 

1.3 
1.3 
1.3 

14 

14 
14 
14 
14 
14 

14 
14 
14 

14 

1.3 
1.3 

1.3 
1.3 

1.3 
1.3 
1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

1 3 

Yield strength, 
1000 psi 

Unirr. 

67 .0 

35.9 

66 .3 

39.7 

3 6 . 1 

33.9 
32 .3 

47 .5 
33.6 
28 .9 

2 5 . 0 

84.7 
37 .8 

30 .0 

71.0 

23 .6 

71.6 

37.5 

47 .0 

19.5 

Irr 

139.0 

45 .6 
35.0 
39.2 

56.2 

36.0 

29.9 
31.0 
28 .5 
29 .8 

29 .7 
26 .0 

2 4 . 6 

120 
46 .4 

38.7 
34.2 

116 
2 8 . 1 
30 .0 

133 

4 6 . 1 

38 .6 
37 .4 

114 

37.9 

30 .5 

23.6 

Ultimate 

tensile strength, 
1000 

Unirr. 

152.0 

41 .5 

139 

118.5 
96 .3 

82 .3 
69 .3 

126 
121 

82.5 

72 .0 

171 
72.2 

40 .3 

121 

32.9 

142.5 

45 .5 

95.2 

33 .8 

psi 
Irr. 

142 

70.6 
38.2 

41 .5 

133 

117 
70.3 
66.5 
53.5 
4 0 . 5 

127 
112.1 

75 .1 

4 9 . 1 

146 
68.6 
46 .6 
39 .8 

138.0 
53.5 
31.3 

167 
60.8 

38.6 
37 .4 

118 
47 .4 

31.7 

23.6 

Total 

elongation, 
I0 

Unirr. 

55.0 

10.5 

68 

86 
42 

30 

17 

35 
61 
24 .5 

27 

36 
14 

10 

43 

55 

25 

65 

18.5 

29 .0 

Irr. 

15.0 

17 
9.2 

2 . 3 

55.6 
60.2 

22 .8 
17.0 

8.8 

4 . 5 

27 .4 

56.7 
30.7 

13.9 

20 
9 

7.5 
6.5 

31 
11 

6.7 

44 

10 

3 

1.5 

4 

5 
2 

1.5 

Reference 

70 

70 
70 
70 

66 

66 
66 
66 
66 

66 

66 
66 
66 

66 

70 
70 

70 
70 

70 
70 
70 

70 

70 

70 
70 

70 

70 

70 

70 

a Specimens were annealed for 1 hr at 800°C before testing. 
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Fig. Ill-12 Minimum creep ra te of un i r rad ia ted and i r r ad i a t ed V-20 wt. % Ti 
alloy at 650°C. •̂ '̂ '̂  X, uni r radia ted; O, i r r ad ia t ed . Numbers in pa ren theses 
indicate the fluence in 10^2 n e u t r o n s / c m ^ . 
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Fig. Il l-13 Response of the SM- lA p r e s s u r e - v e s s e l s teel to cyclic 
i r rad ia t ion and annealing. "̂ ^ Annealed at 585 °F for l68 h r ; i r r a d i 
ation t e m p e r a t u r e <240°F. O, NDT shift v e r s u s exposure for S M - l A 
steel (damage path); D, endpoints of i r r ad ia t ion and annealing cyc les . 
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concluded that the m e a s u r e d NDT shifts after i r rad ia t ion were independent of the t h e r 
ma l t r ea tmen t s but -were dependent on the differences in composit ion. 

If the radiat ion-induced shift in NDT becomes significant and pe r i l s the operat ion 
of a p r e s s u r e vesse l , it may be poss ib le to al leviate this p roblem by in-place anneal
ing. "̂ 2 Fig . I l l-13 i l lu s t r a t e s the response of the A350-LF-1 steel to cyclic i r r ad ia t ion 
at 430 "F (220 °C) followed by annealing at 585 °F (305 "C) for l68 h r . The SM- lA r eac to r 
p r e s s u r e vesse l was actually annealed at 585 °F to r e s t o r e its NDT, w^hich was approach
ing the NDT + 60 °F c r i t e r ion . It is suggested that NDT i n c r e a s e s can be min imized by 
using m o r e shielding, selecting insensi t ive s tee l s , and utilizing in-p lace annealing. 

Workers at Southwest R e s e a r c h Insti tute have completed the survei l lance of the Elk 
River Reac to r p r e s s u r e ves se l . '-' The survei l lance specimens received a max imum 
fast fluence of 1.7 x 10^9 n e u t r o n s / c m ^ at an i r rad ia t ion t e m p e r a t u r e of 550°F (290°C). 
The max imum shift in the duc t i l e - to -br i t t l e t rans i t ion t e m p e r a t u r e was found to be 130 °F 
(55 °C); this occu r red in A302-B m a t e r i a l original ly in the s t ra ined and s t r e s s - r e l i e v e d 
condition. The r o o m - t e m p e r a t u r e low-cycle fatigue s t rengths of smooth tensi le spec i 
mens of p r e s s u r e - v e s s e l and d i s s imi l a r weld-joint m a t e r i a l s were inc reased by the fast-
neutron exposure . The fatigue s t rength appears to i nc rea se with increas ing fluence as 
shown in Fig. I l l -14. 
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Fig. I l l-14 Effect of neutron i r rad ia t ion on fatigue p rope r t i e s of A302-B.'^3 
^ , uni r radia ted; n , i r r ad i a t ed to 8. 3 x 1019 n e u t r o n s / c m ^ (>i Mev); A, 
i r rad ia ted to 1 . 48 x 10^9 n e u t r o n s / c m ^ (>1 Mev). 

Japanese i n v e s t i g a t o r s ' ^ have compared the response of weld me ta l , the hea t -
affected zone (HAZ), and the base me ta l of modified HY 80 steel to i r rad ia t ion at 165 °F 
(75°C) to a fast fluence o f 3 . 2 x I0 l9 neutrons/cm2_ Tes t s on Charpy V-notch impact 
specimens indicated t r a n s i t i o n - t e m p e r a t u r e shifts of 330 °F (165°C) for the weld me ta l 
and 300°F (149°C) for the heat-affected zone. These changes in t rans i t ion t e m p e r a t u r e 
were about equivalent to the change in the base me ta l . 
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Basic Studies of Radiation Effects 

Chromium prepa red by double melt ing in an iner t a tmosphere and i r r ad ia t ed at 
80°C to a fast fluence of 10^0 n e u t r o n s / c m ^ was annealed at t e m p e r a t u r e s up to 900°C 
to invest igate the rmal hardening effects. 75 The re su l t s of pos t i r rad ia t ion annealing for 
1 h r at the var ious t e m p e r a t u r e s indicated that a significant t he rma l hardening occu r red 
in the t e m p e r a t u r e range 300 to 600 °C. An annealing t e m p e r a t u r e of 900 °C was requi red 
for the i r r ad ia ted chromium to obtain a ha rdness s imi l a r to that of the un i r rad ia ted con
t ro l . It was also found that i r rad ia ted chromium did not exper ience additional ha rdness 
i n c r e a s e s until a total deformation of 80% was achieved. The ha rdnes s of the u n i r r a d i 
ated control specimen increased p rog re s s ive ly w^ith inc reased deformation. Above 80% 
deformation, the ha rdness of the control and i r r ad ia t ed specimens increased at the same 
ra te with increas ing cold work. 

Chromium containing total impur i t ies of 0. 025 wt. % (mostly oxygen and nitrogen) 
was i r r ad ia ted to a fast fluence of 2 x 10l9 n e u t r o n s / c m ^ at 85°C.7o Examinat ion of 
thin films of i r r ad ia ted chromium by electron mic roscopy revealed dark spots , which 
were identified as defect c l u s t e r s . These defect c lu s t e r s changed to loops when the i r 
radiated m a t e r i a l w^as annealed between 600 and 800°C. It was further noted that i r r a d i 
ation dec reased the b r i t t l e - to -duc t i l e t rans i t ion t e m p e r a t u r e 200 °C. Unirradiated ch rom
ium exhibits br i t t le f rac ture in tension tes t s at tes t t e m p e r a t u r e s up to 200°C; however, 
the f rac ture mode of i r r ad ia t ed chromium changed from br i t t le to ductile above 25 °C 
and exhibited a s t ra in of 60% at 50°C. The improved ductili ty was at t r ibuted to the fact 
that the cr i t ica l stage in f rac ture was changed from crack nucleation in the unir radia ted 
m a t e r i a l to c rack propagation in the i r r ad ia t ed m a t e r i a l . 

The radiat ion-induced i n c r e a s e in the yield s t rength of mos t me ta l s has been shown 
to depend general ly on the square root of fluence. F igure III-15 i l lus t ra tes tha t the r e l a 
tionship exists for i r r ad ia ted niobium at lower fluences (<10l8 n e u t r o n s / c m ^ ) , but a dif
ferent behavior is evident at higher f luences. "9 The sa tura t ion in radiat ion-induced 
s t rength inc rease m a y be due to overlap of defect c l u s t e r s , lack of nucleation of c l u s t e r s 
after a cer ta in fluence, or exhaustion of in te r s t i t i a l impur i t i e s which stabi l ize defect 
c l u s t e r s . Annealing of the i r rad ia ted (2 x 10^° neu t rons / cm^) specimens at different 
t e m p e r a t u r e s before testing resul ted in a var iab le s t rength i nc rea se as i l lus t ra ted in 
Fig. III-16. The fact that the i n c r e a s e in yield s t rength occurs in the 200 to 400 °C range 
suggests that i t is due to the migra t ion of mobi le carbon a toms to defect c l u s t e r s . 
E lec t ron - t r ansmis s ion -mic roscopy-obse rva t ions showed that with increas ing annealing 
t e m p e r a t u r e , l a rge defects a r e formed by condensation of in te r s t i t i a l a t o m s . The a r e a s 
nea r the grain boundaries appear to be denuded of the l a rge defects . 

Mic ros t ruc tu ra l damage and subsequent r ecove ry in molybdenum i r r ad i a t ed at 
600 °C was studied by quantitative e lect ron mic roscopy . 7''' After i r r ad ia t ion the m i c r o -
s t ruc tu re consisted of l a rge in te rs t i t i a l loops and smal l c lu s t e r s within the g ra ins . The 
a r ea nea r the grain boundaries was denuded of in te r s t i t i a l loops but contained vacancy 
c l u s t e r s . During annealing the in te rs t i t i a l loops d i sappeared and the vacancy loops grew 
at a ra te equal to that of self-diffusion. Rapid annealing of smal l c lus t e r s within the 
gra ins occur red at a ra te m o r e near ly equal to that of vacancy migra t ion . 

Recovery of i r rad ia ted and cold-worked body-centered cubic m a t e r i a l s has been 
reviewed by the Belgians. ' " The me ta l s Fe , W, Mo, Ta, and Nb a r e d i scussed and spe
cial emphasis is given to the effect of in te rs t i t i a l e lements on Stage III r ecovery . 
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Tungsten single c rys t a l s w^ere i r r a d i a t e d ' 9 to fast fluences ranging from 1 x 10-'-° to 
2 .5 X 10^9 n e u t r o n s / c m ^ . It was found that the t e m p e r a t u r e for Stage III r ecovery 
(~350°C) shifts about 100°C when the fluence level is increased from 1 x I0 l8 to 2. 5 x 
10l9 n e u t r o n s / c m ^ . 

It is believed that the saturat ion of radiat ion- induced y ie ld - s t reng th i nc rea se is 
dependent on the amount of carbon in solution, which governs the capture d i ame te r . 
Good agreement was found^O between the predic ted and measu red i n c r e a s e s in yield 
s t r e s s for i r r ad ia t ed F e r r o v a c Fe and F e - 0 . IC as shown in Fig. I l l -17. Table III-5 
s u m m a r i z e s the expected capture d iamete r and the predic ted fast fluence w^hen sa tura t ion 
takes place in pure iron and in different s t ee l s . 

FLUENCE (<^t), lO'® NEUTRONS/CM^ ( E > I Mev) 

Fig. Ill-17 Compar ison of predicted and m e a s u r e d i r rad ia t ion- induced 
y ie ld - s t reng th changes in iron i r rad ia ted at 50 to 100°C. ^0 • ^^; ^ Q 
measu red at room t e m p e r a t u r e : O' - A o m e a s u r e d at 145 °K. 

Internal-f r ic t ion exper iments were performed on copper of two pur i t i es ( O . F . H . C . 
copper of 99.95% nominal pur i ty and 99.999% pure copper)81 after i r rad ia t ion to 2 x 10^1 
n e u t r o n s / c m 2 . It was concluded that the defect responsib le for the pinning effect ob
served at slightly above room t empera tu r e in neu t ron - i r r ad i a t ed copper is not due to a 
s imple vacancy mechan i sm, but r a the r is probably due to the delayed a r r i v a l of 
impur i ty - t rapped vacancies at the d is locat ions . The activation energy of 1. 03 ± 0. 07 ev, 
which has been found to govern the pinning centered around 70 °C, is in ag reement with 
the resu l t s of other w o r k e r s , but it is considered too high to be associa ted with the m i 
gration of free vacanc ies . It is also infer red that the r e l ea se of vacancies from i m p u r 
ity t raps is involved. A further pinning stage has been observed, centered around 
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150 °C. It is believed that this pinning stage is due ei ther to the r e l e a s e of further 
impur i ty - t rapped vacancies or to the annealing of m o r e conaplex damage such as disloca
tion loops. 

Table III-5 ESTIMATED SATURATION FLUENCES FOR IRON AND STEELS^° 

Material 

Ferrovac Fe 

Fe -0 .1 C 

A212B 

HY80 

Capture 

diameter, A 

94 

66 

61 

41 

Actual diameter 

(est . ) , A 

50 

33 

30 

20 

Saturation fluence, 
neutrons/cm^ 

(E > 1 Mev) 

1.3 X 10l9 

4 X 10l9 

5 X 10l9 

1 . 6 x 1019 

The effect of i r rad ia t ion on the mar t ens i t i c t ransformat ion in me tas t ab le beta 
b r a s s has been studied at the Universi ty of F lor ida . °2 The b r a s s was i r r ad ia t ed to fast 
fluences ranging from 5 x 10^6 to 5 x lO^" n e u t r o n s / c m ^ . Neutron i r rad ia t ion dec reased 
the m a r t e n s i t i c - s t a r t t e m p e r a t u r e (Mg) about 8°C and inc reased the max imum ra te of 
t ransformat ion . Mg was further dec rea sed when the i r r ad ia t ed b r a s s was annealed at 
150°C. 

(M. Kangilaski) 

5. Metal lurgy of Ref rac tory Metals 

The Br i t i sh"^ have studied the deformation of single c rys t a l s of Nb-Mo alloys as 
a function of composit ion, or ientat ion, and t e m p e r a t u r e . Strong sol id-solut ion ha rden 
ing was observed which reached a max imum at the equiatomic composit ion. This h a r d 
ening was a t t r ibuted to the difference in atomic size between the two e lements . Conju
gate slip was extensive in the dilute alloy samples . At the 50 at. % composit ion, defor
mation occu r red mainly by p r i m a r y sl ip, and the onset of conjugate slip gave r i s e to 
fai lure by cleavage on (100). The var ia t ion of yield s t r e s s of the Nb-50 at. % Mo alloy 
with orientat ion was consis tent with slip on (Oil) (111) slip s y s t e m s . The t e m p e r a t u r e 
dependence of the yield s t r e s s at -196 and 250 °C was s imi la r to that of pu re body-
centered cubic m e t a l s , but at a much higher s t r e s s level . No evidence of twinning was 
found. 

At NASA-Lewis, yielding, work hardening, and cleavage in T a - R e alloy single 
c rys t a l s was invest igated. 84 -phe c ry s t a l s were evaluated in tension and compress ion 
as a function of solute concentrat ion and t e m p e r a t u r e . The t e m p e r a t u r e dependence of 
the yield s t r e s s in tantalum was dec reased by alloying with a min imum being observed 
at about 2 at ,% rhenium. T h r e e - s t a g e hardening was not observed in these a l loys . The 
alloys became m o r e prone to cleavage with increas ing rhenium content because of an in
creas ing yield s t rength r a the r than a change in cleavage s t rength. Compar i sons were 
made with other body-centered cubic alloy sys tems by quantitative calculat ions to show 
that the predominant hardening mechan i sm is due to the in teract ion of dis locat ions with 
misfit t ing solute a toms close to thei r slip p lanes . 
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The effects of meta l l i c carb ides and bor ides on the s t rength of Nb-W alloys and of 
t e r n a r y alloys with tantalum at t e m p e r a t u r e s close to 0. 5 Tj^^ have been de te rmined by 
the Br i t i sh . °~' The alloys were r o o m - t e m p e r a t u r e forged, solution t r ea ted , and c reep 
tes ted in vacuum at high s t r e s s l eve l s . The stable p rec ip i t a tes contained l i t t le or no 
tungsten or tantalum. Hafnium carbide at a concentrat ion of about 2 mole % was the 
mos t effective addition. Other compounds produced effects according to thei r absolute 
mel t ing points . A rat io of meta l to nonmetal of 1. 3 yielded the best p r o p e r t i e s . An e m 
p i r i ca l c r e e p - r a t e equation was es tabl ished which took into account the seve ra l va r i ab le s 
and gave a hyperbol ic sine s t r e s s dependence. On this bas is a new equation for p red ic t 
ing the 100-hr rup ture s t r e s s was de te rmined . 

Japanese inves t iga to rs°° found that s t r a i n - r a t e dependence of the flow s t r e s s of 
Nb-26 at .% Zr alloy was l a r g e r than that of pu re niobium at all t e m p e r a t u r e s from 201 
to 573''K. Above room t empera tu r e the s t r a i n - r a t e dependence of niobium d i sappea r s 
but that of the alloy is still significant. At 77 °K the alloy deforms by twinning and the 
flow s t r e s s becomes insensi t ive to the s t ra in r a t e . The resu l t s of this study indicate 
that the ra te -cont ro l l ing mechan i sm for the flow of the alloy is the same as that for pure 
niobium. Assuming that the double kink formation is the ra te -cont ro l l ing p r o c e s s , the 
kink energy of the alloy was de te rmined to be about 1. 25 ev, which is nea r ly th ree t iraes 
l a r g e r than that for niobium. 

Bureau of Mines r e s e a r c h e r s " ' combined niobium and tanta lum with se lec ted a l 
loying elements to achieve solid solution and d i spers ion strengthening. Fif ty-s ix alloys 
were evaluated to de te rmine their formabil i ty, h a r d n e s s , s t rength at elevated t e inpe ra -
t u r e s , and oxidation r e s i s t ance . The following six alloys showed h i g h - t e m p e r a t u r e 
s trength: Nb-15Hf-5W-2Zr-4Al-4Ti-2N, Nb-15Hf-5W-5Zr, Nb-15. 3T i -4 . I Z r - 1 3 . 7Hf, 
Ta-20Hf-4Al, Ta-30Hf-4Al, and Ta-20Hf-5W-4Al. At 1200°C, the niobium alloys exhib
ited s t rength values of 40, 000 ps i or g rea the r , and the tantalum alloys had s t rength va l 
ues from 50, 000 to 58, 000 ps i . For a 2-hr oxidat ion- tes t per iod at 1000°C, weight gains 
of only 9 and 8 mg/cm^^ respec t ive ly , we re observed for Nb-15Hf-5W-2Zr-4Al-4Ti -2N 
and Ta-20Hf-5W-4Al. 

German inves t iga tors desc r ibed a kinetic model for use in in te rpre ta t ion of r e su l t s 
obtained from invest igat ions of the Nb-O sys tem. 88 Their invest igat ions show that tenta
tive p r e s s u r e - t e m p e r a t u r e - c o m p o s i t i o n phase d iag rams of the Nb-O sys tem should be 
based on the assumption that the important components of the gas phase a r e niobium, 
NbO, and Nb02 molecu les ; whereas the oxygen p r e s s u r e s m e a s u r e d in s t eady-s ta te ex
pe r imen t s do not affect the thermodynamic equi l ibr ium. 

The effect of oxygen content on the s t ra in -ag ing behavior of e l ec t ron-beam-re f ined 
niobium has been studied, using both y ie ld -po in t - r e tu rn and in terna l - f r ic t ion m e a s u r e 
m e n t s . ^9 The s t ra in-aging index, given by Aa = A0£+ 2 Kyd"^'^^ ^^^g been found to be 
propor t ional to the amount of oxygen migra t ing from free solid solution. The dis locat ion-
locking p a r a m e t e r ky at tains a saturat ion value which i n c r e a s e s with increas ing initial 
oxygen content but is smal le r than that for the annealed m a t e r i a l . The r e su l t s indicate 
that the sma l l e r value of ky is p r i m a r i l y due to the inc reased densi ty of dis locat ions in 
the s t ra in -aged m a t e r i a l . AOf, the i nc rea se in flow s t r e s s , commences to become 
g rea t e r only after the ky p a r a m e t e r is a lmos t sa tura ted , and is assoc ia ted with oxygen 
atoms which mig ra t e to dislocations beyond the saturat ion of Cot t re l l a t m o s p h e r e s . 
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Resis t iv i ty m e a s u r e m e n t s have been used by German r e s e a r c h e r s to de te rmine 
i so the rma l s t ra in aging of oxygen-doped niobium and tantalum. 90 Samples were de
formed by roll ing at room t e m p e r a t u r e and were then aged in si l icone oil at 140 to 200°C. 
It was shown that an inhomogeneity of dislocat ion dis tr ibut ion influenced s t ra in-aging 
kinet ics and was a lso respons ib le for deviations from Mat th iessen ' s rule in that the ob
served d e c r e a s e in r e s i s t ance w^as smal l e r when m e a s u r e d at 293 °K than at low t e m p e r 
a t u r e s . Evidence for the exis tence of equi l ibr ium Cottre l l a tmosphe res was sho'wn. 
Measuremen t s on aged samples deformed a second t ime w^ere in ag reemen t with Hahn 's 
theory of the yield point. 

At the Universi ty of P r e t o r i a , 91 dis locat ion-veloci ty m e a s u r e m e n t s have been 
made in h igh-pur i ty molybdenum single c rys t a l s as a function of s t r e s s at 77 and 300°K 
by the etch-pit t ing technique. The resu l t s w^ere compared with data obtained from 
s t r a i n - r a t e - c h a n g e exper iments at 77, 180, 300, and 575°K in the m a c r o s t r a i n region 
(e > 10-3) and at 300 °K in the m i c r o s t r a i n region (e ^ 10-^). All the exper imenta l ob
servat ions and the calculated deformation p a r a m e t e r s were shown to be se l f -cons is tent 
on the bas is that dislocat ion mobil i ty is controlled by the nucleation of double kinks to 
overcome P e i e r l s - N a b a r r o h i l l s . The resu l t s also indicate that the same r a t e -
controll ing mechan i sm is operat ive in both the m i c r o - and m a c r o s t r a i n regions and that 
the usual assumption that the mobi le dis locat ion density does not change during a rapid 
s t r a i n - r a t e change is valid. 

Creep cor re la t ions for body-centered cubic re f rac to ry me ta l s have been made at 
Lawrence Radiation Labora tory . 92 The following empi r i ca l re la t ionship was developed: 

^m = A ( | ) ' D 

where e^^ is the min imum creep r a t e , A is a constant, o is the applied s t r e s s , E is the 
average e las t ic modulus at the tes t t e m p e r a t u r e , and D is the self-diffusion coefficient. 
This re la t ionship is general ly applicable for s t ra in ra tes of l e s s than lO-^/ggc and t e m 
p e r a t u r e s g r e a t e r than about one-half the melt ing point in absolute uni ts . Creep data 
for all six bcc re f rac to ry me ta l s •were analyzed and compared with the c reep p r o p e r t i e s 
of fee, hep, and bcc m e t a l s . In genera l , the deformation behavior of all the re f rac to ry 
m e t a l s , except possibly that of tungsten, can be r ep resen ted by the above re la t ionship . 
This cor re la t ion is strong evidence of the s imi la r i ty that exis ts between c reep of pu re 
c lose-packed me ta l s and c reep of pure bcc m e t a l s . 

An investigation of the V-Tc alloy sys tem has been conducted at Oak Ridge. 93 Xn 
addition to the t e rmina l phase s , th ree in te rmedia te phases were observed. One phase 
is cen te red about 50 at .% Tc having the o rde red bcc s t ruc tu re and two phases of h igher 
technet ium content exist above 1150°C. The s t ruc tu re s of these phases were not d e t e r 
mined but it was proposed that they a r e a lso re la ted to a bcc la t t ice . In addition to this 
work, r e s e a r c h e r s at Aero je t -Genera l have made revis ions to the V-C and Nb-C binary 
sy s t ems . 94 

A major revis ion to the Ti-W phase d iagram has been proposed by inves t iga tors at 
Aero je t -Genera l . 95 This d i ag ram, shown in Fig . I l l -18 , p r e sen t s a sol id-solut ion type 
ra the r than the previous per i t ec t i c type of alloy sys tem. No phase discontinuity could be 
detected and analysis of alloys quenched at solidus t e m p e r a t u r e s revealed only a single 
phase . The d i sc repancy between this work and the resu l t s of previous invest igat ions 
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concerning the h igh - t empera tu re phase equil ibr ium of this sys tem was at t r ibuted to in
sufficient homogenization of the alloys after a r c mel t ing. 

(J. H. Pe te rson) 
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Fig. I l l -18 Ti-W phase d iagram as de te rmined at Aero je t -Genera l . 95 

6. Metal lurgy of Common Cladding 
and S t ruc tura l Mate r ia l s 

Aluminum and Magnesium Alloys 

The min imum creep ra te of compacted magnes ium powder containing 1 wt.% oxy
gen was found to be significantly lower at 450"C than that of magnes ium alloys containing 
aluminum, manganese , or z i rconium, as shown in Fig. I l l -19. 96 The low creep ra te of 
the oxygen-containing compacts was a t t r ibuted to the p r e s e n c e of MgO pa r t i c l e s at the 
grain boundar ies . These pa r t i c l e s reduced gra in-boundary migra t ion p r o c e s s e s , r e 
s tr ic t ing both in te rg ranu la r slide and in te rg ranu la r shear . Diffusion c reep was found to 
be inoperat ive in the compacted m a t e r i a l . 
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Fig. Il l-19 Comparat ive c reep s t rengths of AL80 (Mg-0. 8A1), 
AM-503 (Mg-1.5Mn), compacted Mg-0. 5Zr , and compacted 
magnes ium at 450°C. 97 

The p r i m a r y c reep of magnox AL80 at 450 to 620 °C can be desc r ibed by97 

£ = 3 . 2 x 105 a4/3 tO.7 ^-32 , 000/RT 

and it is suggested that a function of gra in size m a y be incorpora ted such that 

e = 1 .2x 1 0 3 d - 3 / 2 o4/3 ^0. 7 , - 3 2 , 000/RT 

w^here 

e = p r i m a r y c reep s t ra in , % 

d = mean grain d iamete r at end of p r i m a r y c reep s tage, in. 

0 = s t r e s s , p s i 

t = t ime , h r 

R = gas constant - 1.98 cal / (mole)( °K) 

T = t e m p e r a t u r e , °K. 

The p r i m a r y c reep s t ra in at a pa r t i cu la r t ime is re la ted to the secondary c reep 
r a t e . Approximate values of the secondary c reep ra te of magnox ALSO may be der ived 
from s h o r t - t e r m p r i m a r y c reep tes t s by application of the equation 
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£ * 0.23 e 4 / 3 / t 

where e = secondary creep r a t e , % / h r . 

Zirconiixm Alloys 

Hot-rol l ing exper iments were conducted9° to define the causes of surface cracking 
in Z i rca loy-4 during rolling at 795 °C. To prevent surface oxidation during rol l ing, spec
imens were jacketed in mild s teel , which was removed mechanica l ly after rol l ing. It 
was found that s t r ips that had been rolled by a 20-pass schedule exhibited inhomogeneous 
deformation with t r a n s v e r s e co r ruga t ions . Str ips that had been reduced by 5 p a s s e s did 
not have such cor ruga t ions . Those rol led at 20 p a s s e s contained bands of m a t e r i a l with 
a c rys ta l lographic orientat ion different from that of the r e s t of the s t r ip . Local thinning 
was also noticeable where the bands in tercepted the surface . It is postulated that the 
posit ions at w^hich banding occurs may depend upon local ized differences in composit ion, 
c rys ta l lographic orientat ion, r e s i d u a l - s t r e s s dis t r ibut ion, dislocat ion dens i t i e s , and 
grain s ize . 

Empi r i ca l kinetic equations have been der ived to desc r ibe the r ecovery of cold-
worked Z i rca loy-4 plate and tubing at 550 to 1020''F (288 to 549°C).99 Samples which 
contained from 15 to 78% cold work were heated at t e m p e r a t u r e for up to 4000 h r . F ig 
ure III-20 i l lus t ra tes the rec rys ta l l i za t ion of 78% cold-worked tubing in th ree d i rec t ions 
as a function of t empe ra tu r e . The annealing p r o c e s s was found to take place as follows: 
(1) a dis locat ion cl imb and annihilation p r o c e s s to the l imi t allowed by the s ize of the 
deformation subcel ls , (2) a reor ienta t ion of the subgrain m a t e r i a l into a r e c r y s t a l l i z a 
tion tex ture , (3) a growth of reor ien ted cel ls located in the m o s t highly worked bands, 
and (4) a consumption of l ess favorably s t ra ined and /o r or iented cel ls by the high-angle 
boundaries of the reor ien ted ce l l s . Coraparison of 15 and 73% cold-worked tubing showed 
the activation energy to be l ess (21 kca l /mo le compared with 60 kca l /mole ) and the sub-
cell g r ea t e r (8000 A compared with 1000 A) for the 15% cold-worked m a t e r i a l . 

Theore t ica l predic t ions have been der ived to explain the supersa tu ra t ion of hydro
gen in Zi rca loy . ^00 xt was shown that precipi ta t ion of hydride p la te le ts was inhibited by 
the s t r e s s e s which would resu l t from the volume inc rea se due to formation of hydride 
p la te le t s . An equation der ived from a the rmal -cyc l ing model p red ic t s values of hyd ro 
gen concentrat ion as a function of the number of cyc les . These r e su l t s agreed well with 
the data of Wes te rman . ^01 The dissolut ion of ZrH pla te le ts in Z i rca loy-4 was found to 
be ve ry rapid at high t e m p e r a t u r e s . -̂ 02 xt was observed that for hydrogen contents of up 
to 200 ppm, the dissolut ion t ime at a t e m p e r a t u r e sufficiently above the phase boundary 
•was given by: 

t ^ 1. 65 h^ exp (24, 900/RT) sec 

where h is the thickness of the ZrH plate le t . 

Soviet inves t iga tors ^03 have found that the max imum amount of hydrogen p r e c i p i 
tation in z i rconium held under a t he rma l gradient occurs at about 245 °C as i l lus t ra ted in 
Fig . I I I -21. A z i rconium specimen with a uniform hydrogen concentrat ion was used to 
init iate the exper iment and the changes in hydrogen concentrat ion after exposure to a 
t he rma l gradient were established by meta l lographic and chemical ana lyses . 
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Fig. III-20 The effects of annealing for 4 h r on the m i c r o h a r d n e s s of 
78% cold-worked Z i rca loy-4 tubing. 99 o , perpendicular to tube axis ; 
a, pa ra l l e l to tube axis ; A, random; V, e l e c t r i c a l - r e s i s t i v i t y data . 
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Fig. III-21 Hydrogen migra t ion in z i rconium resul t ing from a the rmal 
gradient . ^^3 (i) Xnitial hydrogen concentrat ion; (2) final hydrogen 
concentrat ion; (3) l imiting solubility of hydrogen in a - z i r con ium. 

R e s e a r c h is continuing at Genera l E lec t r i c 104 to develop a z i r con ium-base alloy 
having nuclear p rope r t i e s bet ter than those of Z i r ca loy -2 . Extensive t e s t s a r e being 
c a r r i e d out on Z r - 2 C r - 0 . 15Fe, which has sho-svn excellent co r ros ion r e s i s t ance to pu re 
water at 300°C. B u r s t - and t ens i l e - t e s t r e su l t s at room t e m p e r a t u r e indicate that the 
alloy is s t ronger but l e s s ductile than Z i r c a l o y - 2 . However, the s t r e s s - r u p t u r e pe r fo r 
mance of the alloy at 400 to 600°C is poore r than that of Z i r c a l o y - 2 . The smal l gra in 
size (ASTM 10 compared with ASTM 7 for Zi rca loy-2) of the Z r - C r - F e alloy m a y ref lect 
its pe r fo rmance re la t ive to Z i r ca loy -2 . 

Z i rcon ium-a l loy development is also being conducted by the Indians. ^^^ Additions 
of chromium to z i rconium have resu l ted in s trengthening, while niobium additions im
proved work hardening. The highest s t rength was obtained by adding both niobium and 
chromium to z i rconium. The s t rength i n c r e a s e was not evident in the annealed m a t e r i a l 
but was obtained by quenching and temper ing as sho^wn in Table I I I -6 . The s t rength in
c r e a s e was a t t r ibuted to the m a r t e n s i t e which formed on quenching. Annealing t e m p e r a 
tu res higher than 500°C resul ted in precipi ta t ion of Z r C r 2 and des t ruc t ion of the 
m a r t e n s i t e . 

Creep t e s t s have a lso been pe r fo rmed on Z r - 0 . 5 N b - l . OCr in air^06 ^^ 300 to 470°C 
with s t r e s s e s of 30, 000 to 75, 000 ps i . It was found that in this t e m p e r a t u r e range , the 
alloy exhibited c reep p rope r t i e s super ior to those of Z i rca loy-2 and comparable to those 
of Z r - 2 . 5Nb. The effects of oxygen content and quenching t e m p e r a t u r e on the amount of 
p r i o r alpha in Z r - 2 . 5Nb have been de te rmined . 57b The percen tage of p r i o r alpha phase 
was observed to i n c r e a s e with both decreas ing quenching t e m p e r a t u r e and increas ing 
oxygen content. 
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Table III-6 EFFECT OF HEAT TREATMENT ON THE ROOM-TEMPERATURE 
TENSILE PROPERTIES OF THE ZIRCONIUM ALLOYS •''̂ ^ 

Alloy composition 
(balance zirconium), 

wt.'yo Heat treatment 
Yield strength, 1000 psi 

0.1% offset 0.2'7o offset 

Ultimate 
tensile strength, 

1000 psi 

3.5Nb Annealed at 850°C for 
1 hr and furnace cooled 

40.2 42.1 60.5 

l.OCr 

1.0Cr-0.5Nb 

Zirconium (sponge) 

0.5Nb 

l.OCr 

O.SNb-l.OCr 

0.5Nb-1.0Cr 

Ditto 

" 

" 

3-quenched from 900°C 

Ditto 

" 

g-quenched from goO'C 
and tempered at 300°C 
for 24 hr 

Tempered at 400°C 

Tempered at 500°C 

Tempered at 600°C 

Tempered at 700°C 

37 .4 

37 .4 

--

45 .0 

68 .0 

64.2 

56.7 

84 .4 

70.0 

60 .6 

4 9 . 1 

40.2 

42 .3 

32 .4 

50.9 

74 .3 

75 .3 

66.7 

97 .8 

86.8 

72 .1 

52.7 

60.5 

59.0 

4 3 . 1 

71.9 

104 

146 

130 

138 

144 

106 

73.7 

Transformat ion c h a r a c t e r i s t i c s of Z r - C u alloys upon quenching from the beta 
phase have been studied by the F rench . •'• '̂ F igure III-22 i l lu s t r a t e s the TTT curve for 
Z r - 2 . 4 C u quenched from 960' 'C. F a s t quenching r a t e s r e su l t in m a r t e n s i t i c t r a n s f o r m a 
tion of an omega phase which has a hexagonal s t ruc tu re , whereas in te rmedia te quenching 
r a t e s resu l t in omega-phase z i rconium, a lpha-phase z i rconium supe r sa tu ra t ed with cop
pe r and poss ib ly Zr2Cu. Slow cooling ra t e s r e su l t in alpha z i rconium and pa r t i c l e s of 
Zr2Cu. Decomposit ion of the omega phase occurs at 418 to 455°C. 

In a Z r - 3 vol .% YoOo d i spe r s ion , chemical reac t ions were found to i nc rea se with 
increas ing s inter ing t imes and t e m p e r a t u r e s . 108 The reac t ion was not p red ic ted t h e r -
modynamical ly for the Z r - Y - O sys tem. The y t t r i a pa r t i c l e s tended to min imize gra in 
gro^wth and inhibit r ecove ry and rec rys ta l l i za t ion of worked m a t e r i a l . Additions of 
g r e a t e r than 2 vol .% Y2O3 resul ted in significant improvements in rup ture t imes and r e 
ductions in m in imum creep ra te^^9 as shown in Fig . I I I -23. The d i spe r sed pa r t i c l e s 
a r e believed to affect the rup ture p r o p e r t i e s by r e s t r i c t ing the shear and migra t ion of 
gra in boiuidaries. 

Stainless Steels and Nicke l -Base Alloys 

An evaluation of Hastel loy X as a nuc lear cladding has been summar i zed by r e 
s e a r c h e r s at Aero je t -Gene ra l . 9 The i r ma in conclusion was that the m i c r o s t r u c t u r e of 
Hastel loy X was not stable if annealed for long t imes at t e m p e r a t u r e s above 1300°F 
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Fig . III-22 Transformat ion curves for Z r - 2 . 4 C u quenched from 960°C. ^^"^ 
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(705 °C). A uniform carbide prec ip i ta te , with a composit ion varying from M^C to MioC, 
resu l ted from long the rmal t r ea tmen t s at 1300 to 1600°F (705 to 870°C). At annealing 
t e m p e r a t u r e s above 1600 °F , these pa r t i c l e s had a tendency to coalesce and reor ien t at 
the grain boundar ies . The p re sence of sigma phase was detected in specimens at 1300 
to 1450 °F (705 to 790 °C) and mu phase (NIYMO^) was found in specimens annealed at 
1600 to 1750°F (870 to 955°C). The long heat t r ea tmen t s resu l ted in dec reased s t rength 
and ductili ty at mos t of the testing t e m p e r a t u r e s . 
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CO 16 a 
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- _ 12 
co" 

a ,„!-
H 
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.van 
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Fig. III-23 Minimum creep ra t e s for s in tered Z r - Y 2 0 3 d i spe r s ions . ^^9 
Y2O3 addit ions: A , 5 vol.%; +, 3 vol.%; a , 2 vol.%; x , 1 vol.%; V, 
0 vol .%. 

Improvement of the c reep s t rength of Hastel loy N for p r e s s u r e - v e s s e l application 
in the Molten Salt Reac tor Exper iment (MSRE) by modifying the composit ion is st i l l being 
invest igated. 10b xt was previous ly observed that an addition of 0. 5 wt.% t i tanium i m 
proved the c reep s t rength at 650 °C. F igure III-24 i l lu s t r a t e s the improvement of s t r e s s -
rupture p rope r t i e s of t i tanium-modif ied Hastel loy N at 650 °C with increas ing carbon con
tent. H igh - t empera tu re annealing of Hastel loy N resu l t s in the precipi ta t ion of M^C 
phases as Ni3Mo3C in the m a t r i x and Ni2Mo4C at the grain boundar ies . I nc rease of 
silicon content in the alloy caused l a rge i nc rea se s in the sil icon content of the carbide 
p rec ip i t a t e s . 

P r e s s u r e - V e s s e l Steels 

Long- t ime s t r e s s - r u p t u r e t es t s were conducted on 10 different s tee ls in both the 
quenched-and- tempered and the normal ized condition. HO Xt was found that the rup ture 
life was longest for quenched-and- tempered specimens at lower test ing t e m p e r a t u r e s , 
while normal ized steels exhibited longer rup ture l ives at higher test ing t e m p e r a t u r e s . 
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Welding was found to reduce the s t rength of AS17E, AS17F, AS17A, and A542, while the 
s trength of the other s teels was unaffected by welding. It was not poss ible to c o r r e l a t e 
the response of notched specimens to composit ion, m i c r o s t r u c t u r e , or smooth-bar 
p rope r t i e s 
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Fig. III-24 Effect of carbon on the rupture life of modified Hastel loy N 
at 650°C. 10b 
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Long- t ime (up to 20,000 hr) c r e e p - r u p t u r e p rope r t i e s of 12 wt.% Cr -Mo-V-Nb 
steel at 500 and 550 °C were found to depend on the initial t emper ing t e m p e r a t u r e and 
carbon and boron contents . H I The p rope r t i e s were changed by dissolut ion of p r e c i p i 
ta tes (fine M2X) and thei r subsequent agglomerat ion as M23C^ during the long t ime at 
t e m p e r a t u r e . It was observed that a high temper ing t e m p e r a t u r e (700°C or above), a 
low carbon content (<0. 10 wt. %), and a high boron content (0. 006 wt. % ) resu l ted in i m 
proved creep p r o p e r t i e s . 

(M. Kangilaski) 

7. Diffusion 

The Diffusion Information Center in Cleveland, Ohio, has been publishing Diffusion 
Data, 112 a per iodica l that gives a continuous compilation of re fe rences on diffusion since 
1967. The compilat ions include re fe rences on diffusion in solid and liquid me ta l and a l 
loy s y s t e m s , diffusion in in te rmeta l l i c compounds, c e r a m i c s , g l a s s e s , and m i s c e l l a n e 
ous sys t ems , and permea t ion of gases into and through solids and l iquids. A compila
tion of all diffusion data published p r i o r to 1967 is planned for publication as a special 
volume. 
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A number of bibl iographies have appeared in the l i t e r a tu r e which will further a s 
s is t those involved in invest igat ions of diffusion behavior . A selected bibliography of 
ionic self-diffusion in s imple oxides has been compiled by P . J. H a r r o p . H ^ Activation 
energ ies , frequency fac tors , and t e m p e r a t u r e ranges a r e tabulated for specific e lements 
diffusing into the oxide. A s imi la r bibliography by AskillH"* also contains a number of 
sys tems and r e f e r ences , specifically impur i ty diffusion in oxides. Along w i t h H a r r o p ' s 
and Gumming's e a r l i e r bibliography, 115 these l is t ings offer a fairly complete re fe rence 
of cur ren t ly available data on the diffusion in oxides. In addition, the National Bureau 
of Standards 11° has tabulated diffusion constants for var ious s y s t e m s . Frequency fac
to r s and act ivat ion energies a r e given for the diffusion in the bor ides , ca rb ides , and ox
ides of Be, Hf, Mo, Nb, Ta, Th, Ti , and Z r and for diffusion of carbon, n i t rogen, and 
oxygen in these me ta l s and some of thei r compounds. A s imi la r l i s t of data is being 
compiled for uranium compounds. 

K e l l y l l ' has developed a cor rec t ion for F ick ' s second la'w of diffusion which was 
considered unsat is factory since it p e r m i t s some of the diffusing pa r t i c l e s to t r ave l at 
speeds re la t ive ly fas ter than the f r ee - space speed of light. An analys is was based on 
the covariant form of the Boltzmann equation which produced a m o r e sa t i s fac tory r e l a -
t ivis t ic diffusion equation to desc r ibe the requi red casual behavior . 

The concept of an effective binary diffusion coefficient (EBDC) was eva lua ted l lS to 
desc r ibe diffusion of a species in sys tems containing th ree or m o r e components , two of 
which a r e independently va r i ab le . The use and l imitat ions of the EBDC were cons idered 
in the cases of s t eady-s ta te diffusion, the unsteady state with infinite and semi- inf ini te 
couples, and a unidirect ional unsteady s ta te •with finite diffusion lengths . 

Cor re la t ion of the activation energy of self-diffusion in me ta l s •with the a tomic -
bond p a r a m e t e r and the activation volume for self-diffusion have been evaluated. 119 It 
was suggested that differences in ac t iva t ion-energy values for solute diffusion and self-
diffusion can be a t t r ibuted to the differences in cohesive-bond p a r a m e t e r s if a depletion 
or contribution of valence e lec t rons by solutes occurs and changes the F e r m i energy of 
the solvent. In the case of diffusion of nontransi t ion e lements in noble m e t a l s , an in
c r e a s e in the F e r m i energy of the solvent reduces the binding energy which thereby d e 
c r e a s e s the activation energy for diffusion. The converse is postulated for t r ans i t ion-
element diffusion in noble m e t a l s . However, this model does not appear to give good 
cor re la t ion when compared with existing diffusion data for self-diffusion and t r a c e r dif
fusion of t rans i t ion e lements in noble m e t a l s . 

Anomalous values for the activation energy and frequency factor for surface self-
diffusion were analyzedl'^0 and a theory •was developed to explain these d i s c r epanc i e s . 
Two m e c h a n i s m s for surface diffusion in face-cen te red cubic me ta l s were indicated u s 
ing a t e r r a c e - l e d g e - k i n k raodel. At high t e m p e r a t u r e s , the resul t ing diffusion constants 
agreed well with the adatom mechan i sm in that diffusion occurs over t e r r a c e s in the s u r 
face. At low t e m p e r a t u r e s , diffusion is associa ted with the migra t ion of surface vacan
c ies . The high- and low- t empera tu re diffusion constants in these me ta l s were re la ted to 
the absolute melt ing point: for T/Tj-^ > 0 .75 , Qg = 30 T^^ kca l / m o le and DQ = 740 cm^/ 
sec; for T/Tj-^ < 0. 75, Qg = 13 T ^ k c a l / m o l e and DQ - 0. 014 c m ^ / s e c . Qg is the ac t iva
tion energy for surface diffusion and DQ is the frequency factor . Only one mechan i sm 
was observed operat ing for surface diffusion in body-centered cubic me ta l s which is 
cha rac te r i zed by the diffusion constants Qg = 19 Tj-j-̂  and DQ = 3 . 6 cm'^ /sec , at l eas t for 
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diffusion at low t e m p e r a t u r e s . These constants suggest that a sur face-vacancy mechan
i sm is at work in these m e t a l s . The identification of impur i ty effects by cor re la t ing 
values of the surface diffusion coefficient with re la t ive t e m p e r a t u r e s of diffusion were 
d iscussed , along with mechan i sms by which diffusion is ei ther enhanced or suppressed 
by these impur i t i e s . 

Diffusion in z i rconium, its a l loys , and its oxides has been the subject of seve ra l 
invest igat ions . Oxygen diffusion in z i rconium, making use of the l " 0 ( d , p ) l ' ' 0 nuclear 
react ion, was descr ibed by F rench inves t iga to rs . 1^1 Energy spec t ra of protons obtained 
exper imental ly •were compared •with spec t ra calculated on a theore t ica l b a s i s . The 
oxygen-concentrat ion profile in z i rconium and in a Z r - C u alloy after an oxidizing t r e a t 
ment at 750 °C was m e a s u r e d . The r e su l t s showed that the relat ion of m i c r o h a r d n e s s to 
oxygen content is not l inear and that the diffusion coefficient of oxygen in z i rconium is 
dependent on concentrat ion. A Cu-Mo-Zr alloy was subjected 1^2 to diffusion annealing 
in c lose contact with magnes ium at 510°C for 1000 h r . Diffusion penet ra t ion of m a g 
nes ium led to total embr i t t l ement of the alloy, while the tensi le s t rength and the yield 
point were dec reased by 25 and 11%, respect ive ly . 

A study of the e lec t romigra t ion of oxygen, carbon, and ni t rogen in z i rconium is 
being conducted by Ames Labora to ry . 42 The movement of the interface between sect ions 
of a rod with high and low oxygen and carbon contents was t r aced at different t e m p e r a 
t u r e s , and the migra t ion veloci t ies of the solutes were de te rmined . Oxygen was added 
to the z i rconium as Z r 0 2 ^^'^ ^^^ concentrat ion profile was de te rmined by vacuum-fusion 
ana lys is . The migra t ion velocity of oxygen in z i rconium •was found to be 1. 0, 1.1, and 
2 .7 m m / h r at 1625, 1700, and 1800 °C, respec t ive ly . The migra t ion of carbon was 
t raced by doping the z i rconium rod with l^C and determining the beta activity •with a low-
beta radiat ion counter . At 1800°C a migra t ion velocity of 0. 25 m m / h r was found for 
carbon. Additional exper iments a r e being conducted to m e a s u r e the movement of carbon 
at 1625 and 1700°C. 

Oxygen-ion diffusion in Zr02_jj was de te rmined ly^ by m e a s u r e m e n t s of the oxide 
gro^wth ra te on z i rconium samples exposed to oxygen at 700, 750, 800, and 850 °C up to 
250 h r . It was a s sumed that the diffusion coefficient for oxygen in alpha z i rconium was 
5. 4 exp (-50, 800/RT) c m ^ / s e c as previously observed by Kearns and Chi r igos . 124 The 
oxygen concentrat ion at the surface of z i rconium oxide •was also a s sumed to cor respond 
to that in Z r 0 2 . The oxygen concentrat ion init ially was 9. 3 x 10-4 g /cm^ in z i rconium. 
A l e a s t - s q u a r e s analysis of the data, including independent m e a s u r e m e n t s at 600°C by 
Hussey and Sme l t ze r l25 resul ted in the Ar rhen ius - type equation D = 2. 88 x 10-4 exp 
( -28,400/RT) c m 2 / s e c for the t e m p e r a t u r e range 600 to 850°C. 

Self-diffusion in z i rconium and hafnium and diffusion of "Sjv^b in alpha z i rconium 
were invest igated by Argentine r e s e a r c h e r s . 126 They also de te rmined new data for 
self-diffusion in t i tanium. The t e m p e r a t u r e dependence of diffusion of the var ious i s o 
topes in alpha z i rconium is sho^wn in Fig. III-25, and s imi la r r esu l t s for self-diffusion 
in alpha hafnium a r e given in Fig . III-26. Diffusion constants de te rmined for '*4Ti in 
99.99 wt.% t i tanium between 700 and 850 °C were es tabl ished as 8.6 x 10-6 c m 2 / s e c for 
the frequency factor and 35, 900 ca l /mo le for the activation energy. P rev ious exper i 
ments and explanations concerned with the anomalous diffusion behavior in these me ta l s 
were reviewed, and it was suggested that the same mechan i sm producing anomalous be 
havior in the beta phases (body-centered cubic) of these me ta l s a lso opera tes in alpha 
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phases (hexagonal close packed). This mechanis in occurs ei ther by itself or in combina
tion with a second mechan i sm operating in the higher t e m p e r a t u r e region. 

A number of diffusion studies conducted by Ames Labora to ry during the pas t year 
were summar ized . 42 The diffusion of carbon, oxygen, and ni t rogen in beta thor ium was 
determined42b between 1440 and 1715°C. The resu l t s •were given by the following 
t empera tu re -dependen t equations: 

D Q ^^ i^_r^i^ = 2. 2 X 10-2 exp (-27, 000/RT) c m 2 / s e c 

^ N in ^ -Th = 3. 2 x 10-3 gxp (-17, 000/RT) c m 2 / s e c 

D Q ^^ B_Th = 1. 3 X 10-3 exp ( -11, 000/RT) c m 2 / s e c . 

The mobil i ty and diffusion coefficients for carbon, ni t rogen, and oxygen in lutecium at 
1330, 1450, and 1700 °C were also measured42c by chemical analyses (for ni t rogen and 
oxygen) and by 14c t r a c e r techniques (for carbon). The in te r s t i t i a l s moved in the d i r e c 
tion of e lectron flo^w •when a d-c cu r r en t was applied to the lutecium rod. Diffusion of 
oxygen in r a r e - e a r t h oxides was studied4'^Q^ by a thermobalance technique by which the 
r a t e s of weight gains of subs to ichiometr ic oxides were de te rmined . Resul t s of cation 
diffusion in the r a r e ear th oxides a r e also de te rmined . 4"^e j^ad ioac t ive- t race techniques 
es tabl ished that ^ l y diffuses into Y2O3 according to relat ion D = 1.65 x 10-2 exp 
( -69,200/RT) c m 2 / s e c , while for l69Er in E r 2 0 3 , the relat ion was found to be D = 1.48 
exp ( -102,200/RT) c m 2 / s e c . 

A bibliography on the permea t ion and diffusion of ni t rogen, oxygen, and r a r e gases 
through s ta in less s teel has been p r e p a r e d by Los Alamos . 127 Some 24 per t inent ab 
s t r ac t s •were found in a s ea rch of Chemical Abs t r ac t s , Nuclear Science A b s t r a c t s , and 
the Review of Metal L i t e r a tu re from 1947 to date . 

Uranium diffusion in Th02 and in a Th02-U02 solid solution was invest igated by 
237xj t r a c e r techniques. 128 Diffusion of 237u in Th02 was de te rmined between 1800 and 
2000 °C, and diffusion of 237xj in a Th02 - UO2 solid solution was examined at t e m p e r a 
tu res of 1800 to 2300 °C. Pene t ra t ion data were obtained by se r i a l sectioning and m e a 
suring res idual activity of the gamma spec t rum of 237u by X - r a y spec t rome t ry . Lat t ice-
diffusion contributions near the surface were separa ted from the g ra in -boundary-
diffusion effects by extrapolating the l inear slope of the gra in boundary pene t ra t ion-
activity curve from the regions unaffected by lat t ice diffusion to regions nea r the surface . 
Lattice-diffusion coefficients derived by this technique were expressed by the following 
equations: 

D u in Th02 = L 10 x 10-4 exp ( -76,400/RT) c m 2 / s e c 

^ U in Th02 - UO2 = "̂^ ̂ 9 x IQ-^ exp (-85, 900/RT) c m 2 / s e c . 

Grain-boundary-diffusion coefficients were obtained using the equation of L eCla i r e l29 
and resul ted in the following express ions : 

D' X 2au -^ -jj^Q = 2. 35 X 10-9 exp (-47, 900/RT) c m 3 / s e c 

and 
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D' X 2au -^ ^j^Q^ . UO2 "" 1- 0 4 x lO''^ exp ( -64 ,200/RT) c m 3 / s e c 

where D' is the coefficient assoc ia ted with gra in-boundary diffusion and 2a is the g ra in -
boundary width. 

Lat t ice and gra in-boundary diffusion at 600 and 1300°C have a lso been studied 30 
•with 59^6 in s ta in less s tee ls having grain s izes of about 50 11 or ranging from 2000 to 
4000 jU. Lat t ice diffusion predominated in the c o a r s e - g r a i n e d m a t e r i a l , especial ly above 
900°C where gra in-boundary diffusion effects were ni l . Lat t ice diffusion above 900°C 
was expressed by the equation D = 1.74 exp (-67, 900/RT) c m 2 / s e c . Below 900 "C, evi
dence existed that dislocation pipes contributed sho r t - c i r cu i t paths for diffusion. In the 
f ine-grained m a t e r i a l , gra in-boundary diffusion predominated between 600 and 9 00°C 
and was descr ibed by the relat ion D' x 2a = 8. 3 x 10" ' exp ( -43, 000/RT) c m 3 / s e c . 

(A. N. Ashurs t ) 

8. Concre te 

A study of the t ime-dependent s t ra ins in s t r e s s e d and uns t r e s sed concre te heated 
at t e m p e r a t u r e s up to 290 "F (140°C) •was conducted by the U. S. Bureau of R e c l a m a 
tion. 131 Concrete p r e p a r e d using Type V cement and amphibole schis t aggregate ( 1 - 1 / 2 -
in. max) was molded into cyl inders 6 in. in diaraeter by I6 in. long which were fog-room 
cured for 1 month, then cured in a i r (50% re la t ive humidity) at 73 °F (23 °C) for an addi
tional month before tes t ing. These specimens were loaded in uniaxial compres s s ion to 
800 ps i at room t e m p e r a t u r e and heated to 130, 180, 230, a n d 2 9 0 ° F ( 5 5 , 80, UO, and 
145 °C); s t ra ins were then m e a s u r e d as a function of t ime up to 180 days . Simi lar s t r a ins 
were m e a s u r e d in s t r e s s e d specimens (800 psi) maintained at room t e m p e r a t u r e and in 
uns t r e s sed specimens maintained at room t e m p e r a t u r e and 130, 180, 230, and 290 °F . 
Resul ts of this study a r e given in Fig . III-27. 

The raagnitude and even the sign of the deformat ions occur r ing in heated concre te 
were dependent on the t e m p e r a t u r e level , heating r a t e , ex ternal s t r e s s level , and t ime . 
The complex na ture of the situation was underscored by the fact that t he re a r e as many 
as six factors that can contribute to the overa l l deformation observed, including: (1) 
drying shrinkage re la ted to the loss of evaporable water , (2) r e v e r s i b l e e las t ic deforma
tions assoc ia ted with no rma l t he rma l expansion of the aggregate , (3) i r r e v e r s i b l e defor
mat ions assoc ia ted with t he rma l expansion of the hydra ted -cemen t phase , (4) r eve r s ib l e 
e las t ic deformations assoc ia ted with the instantaneous application of external s t r e s s , 
(5) t ime-dependent deformations assoc ia ted with the p r e s e n c e of an external s t r e s s , and 
(6) t ime-dependent deformations assoc ia ted with the change in minera log ica l makeup of 
the hydra ted-cement phase during heat ing. 

(D. R. Lankard) 
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Fig. III-27 Deformations of concre te with and without sustained loads . 1^1 
Dashed l ines denote concre te not under load; solid l ines denote loaded 
concre te . 
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9. Ceramic Technology 

The mechan i sms by which fibrous insulat ions at tenuate the t r ans fe r of t he rma l 
T O O 

energy were invest igated by the Air F o r c e Mate r ia l s Labora to ry . •' Dynaquartz (heat-
stabil ized si l ica ma te r i a l ) , sapphire wool, and Dyanflex (a lumina-s i l ica fiber with 
chromia additive) were evaluated for the i r usefulness in the h igh - t empera tu re environ
ment . Effective t he rma l conductivit ies w e r e m e a s u r e d in a i r , a rgon, and vacuum up to 
2500°F (1371°C). T ransmis s ion exper iments were c a r r i e d out to evaluate the re la t ive 
contribution of radiat ion-at tenuat ion p a r a m e t e r s for Dynaquar tz . 

It was found that m e a s u r e m e n t of the effective t he rma l conductivity of the th ree 
m a t e r i a l s in a i r up to 2500 °F could be c a r r i e d out in a one-dimensional , guarded hot
plate appara tus •with an accuracy of ±15 pe rcen t . At t e m p e r a t u r e s above 1500°F, r ad ia 
tion was the pr incipal contr ibutor to heat t r ans fe r in fibrous insulating m a t e r i a l s . Gas 
conduction was the second l a rges t contr ibutor , but it can be effectively reduced by evacu
ation to mode ra t e p r e s s u r e s . Solid conduction •was of l e s s e r impor tance in lo^w-density 
fibrous insula t ions . The effective t he rma l conductivity of Dynaquartz may be predic ted 
from es t ima tes of the solid-conduction contribution, gas-conduct ivi ty data , and e s t i 
ma te s of the absorp t ion-sca t te r ing c r o s s sect ions of the insulat ion. Measu remen t s of 
the absorpt ion and sca t te r ing c ro s s sect ions can be used to guide the choice of insulation 
components at high t e m p e r a t u r e s where radiat ion is the pr inc ipa l h e a t - t r a n s f e r mechan 
i s m . Because of the high contribution of radiat ion to effective t he rma l conductivity, 
t e m p e r a t u r e gradients in the insulation will not be l inear under s t eady-s ta te h e a t - t r a n s f e r 
conditions. 

Wir th l33 has studied the sintering kinet ics in the ini t ial , in te rmedia te , and final 
s tages of s inter ing of ultrafine ca lc ia - s tab i l i zed z i rconia . Initial stage k ine t ics , as de
te rmined by i so the rma l - sh r inkage s tudies , indicated that gra in-boundary diffusion was 
opera t ive . Since the activation energy in this stage agreed closely with that for oxygen-
ion diffusion, this species apparent ly is ra te control l ing. In te rmedia te stage k ine t ics , 
observed by i so the rma l -po ros i ty de terminat ion , indicated that oxygen-ion diffusion was 
sti l l the ra te -cont ro l l ing mechan i sm. Mater ia l t r anspo r t was postulated st i l l to occur 
by gra in-boundary diffusion, on the basis of the high ra t io of gra in-boundary volume to 
bulk volume. In the final s tage, as observed by i so the rma l grain-gro^wth s tudies , r a t e 
control apparent ly had changed to cation diffusion, on the bas is of ag reemen t of the ac t i 
vation energy for s inter ing and that for cation bulk diffusion. 

Bennett, et a l . , 134 examined the application of a mic rowave - s t imu la t ed e l ec t rode -
l e s s gas d ischarge to the s inter ing of AI2O3, BeO, Hf02, MgO, and Th02 . The appa
ra tus is descr ibed , together with its method of operat ion. Fo r AI2O3 and Hf02, ina-
proved s in terabi l i ty was attained. Specimens s in tered by this method were mechanica l ly 
be t ter than conventionally s in tered p ieces from the same raw m a t e r i a l . This effect r e 
sulted from eas i e r a t ta inment of the combination of smal l gra in s ize and low poros i ty . 

Young's modulus , f rac ture s t r e s s , and f rac ture s t ra in of commerc i a l almnina 
ce r amic s were de termined at t e m p e r a t u r e s from -200 to 1200°C from bend t e s t s by the 
G e r m a n s . 135 The influence of poros i ty , g ra in s ize , specimen d i ame te r , and length on 
these p rope r t i e s was invest igated. Bend t e s t s were also made on commerc ia l ly obtained 
magnes ia , z i rconia , and spinel c e r amic s in the same t e m p e r a t u r e range . Po ros i t y 
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ranged from about 4 to 20% and gra in s ize var ied from 5 to 60 jU. Efforts to desc r ibe the 
combined effects analyt ical ly were l imited to assuming the effect grain s ize had on 
s t rength and t r ea tmen t of the observed poros i ty effect. On this bas i s , the weakening in
fluence of poros i ty was found to diminish with increas ing t e m p e r a t u r e . As has been 
found by other inves t iga tors , no effect of grain size on Young's modulus was noted. The 
reduction in Young's modulus with increas ing poros i ty was approximate ly independent of 
t e m p e r a t u r e . Refined bend t e s t s of a l u m i n a - c e r a m i c specimens indicated that Young's 
moduli in tension and compress ion a r e equal. 

Diffusion mechan i sms in c e r a m i c oxides were reviewed by the Aus t r a l i ans . 136 
Methods of m e a s u r e m e n t also were d i scussed , and it was concluded that a s imple c o r r e 
lation for cation self-diffusion based on s t ruc tu re s does not exist . 

Russ ian inves t iga tors have investigated phase re la t ionships in the C r 2 0 3 - T i 0 2 
and C r 2 0 2 - Z r 0 2 sy s t ems . 137 Two eutect ics (2153''K, 50 mole % T i02 , and 2033 °K, 
96 mole % Ti02) were found in the C r 2 0 3 - T i 0 2 sys tem. The phase Cr2Ti20'7 me l t s con-
gruently at 2253 °K. The re a r e two h igh - t empera tu re s e r i e s of solid solut ions, between 
80 and 94 and 96 and 100 mole % T i 0 2 . In the sys tem C r 2 0 3 - Z r 0 2 , one eutectic at 
39 mole % Z r 0 2 , "pelting at 2360 °K, was found in accordance •with War tenburg ' s data. 

(H. D. Sheets) 
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IV. SPECIAL FABRICATION TECHNIQUES 

1. Cast and Wrought Mater ia l s 

Melting and Cast ing P r o c e s s e s 

The French^ have patented an appara tus for the e l ec t ron -beam melt ing and 
continuous cast ing of re f rac tory ma t e r i a l s such as UC. The appara tus cons is t s of an 
e lec t ron gun mounted axially above the cruc ib le , a device for supplying the ma te r i a l to be 
mel ted , rotat ing m e m b e r s for continuously replacing the crucible side wall , and a 
means for rotating the complete crucible assembly to achieve be t te r par t ic le distr ibution 
at the surface of the me l t . 

Longitudinal and t r a n s v e r s e sect ions of e l ec t ron -beam mel ted and continuous-
cast UC rods have been studied by microscopic methods . A cr i t i ca l cast ing ra te was 
identified which was due to the competit ion between c ry s t a l s growing on nuclei on the 
rod surface and c rys t a l s formed in the liquid by homogeneous nucleation. It was noted 
that in c ry s t a l s without any pr ivi leged growing direct ion, the c rys t a l s ize obtained had 
a min imum for a given cast ing r a t e . This m in imum was explained by the combination of 
two competing phenomena: the nucleation ra te and the d isappearance of the sma l l e r 
nuclei into the l a r g e r ones . 

Oak Ridge inves t iga tors^ found that contamination during e l ec t ron -beam melt ing 
may be in pa r t due to ma te r i a l volati l ized from the chamber walls by the radiant energy 
of the beam. Thorough cleaning of the furnace chamber wal ls between mel t s improved 
the puri ty of e l ec t ron -beam-me l t ed niobium. P rev ious contamination f rom the chamber 
walls exceeded that f rom the emi t t e r . 

Combustion Engineering'* has produced a h igh-pur i ty V-15Cr-5Ti" ' alloy ingot 
weighing over 100 lb. The p r o c e s s steps included a luminothermic reduction of V2O5 to 
provide higher puri ty vanadium than is commerc ia l ly avai lable . The resul t ing 
vanadium derbies were double e l ec t ron -beam mel ted to reduce the amounts of i m p u r i 
t i e s , pa r t i cu la r ly in te rs t i t i a l e l emen t s . The ingot was then machined into chips which 
were compacted with high-puri ty ch romium and t i tanium to fo rm an e lec t rode . Double 
a rc melt ing 6f the e lec t rode , f i r s t in argon and then in vacuum, resu l ted in a vanadium-
alloy ingot with a total in te r s t i t i a l content of l e s s than 400 ppm. 

The Russians- ' have used a 60-kw e l ec t ron -beam melt ing unit for the indust r ia l 
production of ingots of Ti , Nb, Mo, Z r , Ta, and their alloys that a r e up to 70 m m in 
d iameter and 300 m m long. E l ec t ron -beam vacuum remel t ing inc reased the ductility 
and elongation and dec reased the ha rdness of tanta lum and niobium. F o r example, the 
ha rdness of niobium decreased from 85 to 65 k g / m m ^ after double remel t ing and to 
52 k g / m m ^ after t r ip le and quadruple remel t ing . The formation of very ha rd and 
br i t t l e MoC and M02C occurs in the react ion of molybdenum with oil vapor; the re fo re , 
production of ductile molybdenum requ i re s the development of melt ing units with 
vacuum or diffusion pumps which use no oil or a r e equipped with special t r a p s . 

'Unless otherwise designated, all compositions are understood to be by wt.'ii'o. 
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Crucibles for containing molten nickel and be ry l l ium were developed and tes ted 
by Dow, 6 Dense, f ine-gra ined cruc ib les made by hot p re s s ing a var ie ty of r e f rac to ry 
compounds were tes ted for r e s i s t ance to vacuum outgassing, t he rma l shock, and 
cor ros ion by molten bery l l ium and molten nickel . Heating r a t e s up to 900°C/min w e r e 
achieved by e lec t ron-bombardment heating in vacuum of 3 x 10"5 t o r r . Ti tanium 
diboride was found to be a good container for molten bery l l ium, and a modified t i tanium 
carbide composit ion proved to be a sat isfactory container for molten nickel . 

Fabr ica t ion of Cast P roduc t s 

The F rench^ have patented a p r o c e s s for producing clad meta l l ic fuel e l emen t s . 
Coinposite b i l le ts or blooms of z i r con ium-c lad Z r - 2 to 8 U were f i rs t diffusion bonded at 
750 to 950°C and then coextruded or rol led at room t e m p e r a t u r e to 400°C to fo rm 
round b a r s , tubes , or p l a t e s . The method e l iminates the necess i ty for preheat ing at 
high t e m p e r a t u r e s in control led a tmospheres and the use of sealing jackets p r io r to 
fabricat ion. 

A Br i t i sh patent" desc r ibes an extrusion appara tus which incorpora tes a con
ventional cyl inder , r a m , and die, with a device for applying v ibra tory energy at a 
frequency of 20, 000 cps , and a special conical tubular mounting m e m b e r which is 
designed to min imize undes i rab le effects such as damping and frequency shif ts . The 
hollow mounting m e m b e r has a definite frequency of vibrat ion and an acoust ical length 
equal to an even in tegral number of quar te r wavelengths of sound at the frequency of 
operat ion. This technique i n c r e a s e s the extrusion ra te and pe rm i t s extrusion of difficult 
m a t e r i a l s . 

Metal fuel -e lement cans with external cooling fins have been d i rec t ly extruded by 
the Br i t i sh . ° A patent desc r ibes the heated segmental dies which a r e used in conjunction 
with a stepped or tapered mandre l which applies the extruding force . A means for 
disengaging the die segments after extrusion and a device for ejecting the extruded can 
a r e also descr ibed . 

A nomogram developed by theBr i t i sh gives the expected extrusion p r e s s u r e for 
different m a t e r i a l s , die angles , and extrusion ra t ios when the compres s ive s t r e s s - s t r a i n 
curve for the alloy is known. The theory and calculat ions leading to the monogram a r e 
d i sc r ibed , and a sample nomogram for many common m a t e r i a l s is given. This nomo
g r a m applies only to round extrusions through a conical die. 

Tantalum alloy T-111 has been deep drawn into a cup about 4 in. deep by 2 in. in 
d iameter with a wall th ickness of about 0. 2 in . by Atomics Internat ional . -̂ -̂  Aluminum 
bronze was found to be a sa t is factory die m a t e r i a l . Hardened steel was unsat is factory 
because the la rge drawing forces n e c e s s a r y for the T-111 resu l ted in excess ive contact 
between the T-111 and s tee l , thus tear ing the T - 1 1 1 . Although multiple draws were 
needed, only one in te rmedia te anneal at 2700°F (1480°C) for 1 hr was requ i red . It was 
n e c e s s a r y to clean the die wash thoroughly from the T-111 blank between draws by 
caust ic and acid pickles to avoid reac t ion with the alloy during annealing, which would 
cause embr i t t l ement . 

(D. E. Stel lrecht) 
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2. Powder -Meta l lu rgy Mater ia l s 

Developments^ ' '•^ in powder meta l lu rgy have been reviewed by Battel le — 
Columbus. P r o g r e s s in fabricat ing superal loy pa r t s by powder -meta l lu rgy techniques 
and an atomizat ion p r o c e s s for producing superal loy powders a r e of pa r t i cu la r i n t e r e s t . 
Yields of minus 4 0 - m e s h Udimet 700 and B-1900 powders w e r e g r ea t e r than 70% and 
the oxygen content of the powders was maintained substant ial ly below 300 ppm. Develop
ments in the technology of slip cast ing superal loys a r e a lso noted. 

The status of powder metallurgy^'* in Poland has been reviewed with pa r t i cu la r 
considera t ion of meta l -powder production and shaping. P r o g r e s s in the manufacture 
of s in tered s t ruc tu ra l p a r t s , b e a r i n g s , fr ict ional m a t e r i a l s , d i spe r s ion-s t reng thened 
m a t e r i a l s , nuclear m a t e r i a l s , and m a t e r i a l s for special purposes is descr ibed . I m p o r 
tant advances in fundamental r e s e a r c h a r e cited and the d i rec t ions of development in 
different fields of powder meta l lu rgy a r e indicated. 

The Russ ians ^^ have fabr icated molybdenum tubes by hot p re s s ing tubular blanks 
made by powder meta l lu rgy . P roce s s i ng was accompl ished in conical or spher ica l dies 
at 220 to 340°C using graphite lubr ica t ion . P r i o r to hot p r e s s ing , as well as after 
each p re s s ing p a s s , the bi l le ts were annealed in e i ther hydrogen or vacuum. Optimuna 
deformations per pass and opt imum deformation r a t e s a r e desc r ibed . 

Br i t i sh inves t iga tors have fabricated sheathed cerara ic fuel m a t e r i a l s by 
hydros ta t ic extrus ion. The method employs a die, a container for the p r e s s u r i z e d fluid 
and for the fuel e lement to be extruded, and a means for p r e s s u r i z i n g the fluid to drive 
the element through the die. P r i o r to extrus ion, the fuel e lement is coated with a 
tenacious deformable coating to prevent d i rec t contact with the die and to el iminate 
escape of p r e s s u r i z e d fluid pas t the die during ex t rus ion . 

As pa r t of thei r p r o g r a m to develop SAP a l loys , Oak Ridge i n v e s t i g a t o r s ^ ' have 
de termined the effects of t r a n s v e r s e extrus ion on the mechanica l p rope r t i e s of SAP 895. 
Specimens from SAP 895 ba r extruded at Montecatini at a 20:1 ra t io were further 
extruded in a d i rec t ion perpendicular to the or iginal ex t rus ion direct ion; with the 
t r a n s v e r s e extrusion ra t ios ranging between 1.5 and 30:1 . The extrus ion t e m p e r a t u r e 
was about 500°G, and both shear dies and 45° conical dies were used . Resul ts of 
tensi le test ing at 450°C on this m a t e r i a l a r e plotted in F ig . I V - l . The s t rength i n c r e a s e d 
rapidly with increas ing t r a n s v e r s e extrusion ra t io and su rpas sed the ini t ial longitudinal 
s t r e s s (11, 000 psi) at a reduction ra t io of about 8 :1 . The ductili ty was essent ia l ly 
r e s t o r e d by this amount of t r a n s v e r s e working. This s eems to be a m o r e effective way 
of improving p rope r t i e s than is fur ther longitudinal ext rus ion. 

A method of forming r e f r ac to ry -me ta l bodies containing d i spe r sed r e f r ac to ry -
meta l carb ides 1° has been developed at United Ai rc ra f t . Refractory me ta l s such as 
Nb, Ta, Mo, W. , Ti and thei r alloys in fine powder form a r e f i r s t coated with thin c a r 
bide shells in a fluidized bed. The powders a r e then w a r m or hot worked to f r ac tu re 
the shells and uniformly d i spe r se the carbide phase throughout the s t r u c t u r e . 

(C. A. MacMillan) 
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Fig . I V - l Tensi le p rope r t i e s of SAP 895 after t r a n s v e r s e 
extrus ion at about 500°C. -̂ ^ 

3. P r e s s u r e Bonding 

Bonding p rocedures and diffusion c h a r a c t e r i s t i c s for vanadium-clad z i rconium 
w e r e studed by Vermani et a l . ^9 This m a t e r i a l s combination was intended as a poss ible 
cladding ma te r i a l for use in organic-cooled r e a c t o r s . The bonding surfaces were f i r s t 
p r e p a r e d by machining and abrading and then e lec t ropol ished. Zi rconium surfaces w e r e 
e lect ropol ished in glacial acet ic acid and a pe rch lo r i c acid bath, while vanadium s u r 
faces were e lec t ropol ished in a 10% sulfuric acid bath . Bonding couples of the m a t e r i a l s 
were heat t r ea ted in purified hel ium ( ~0. 5 x 10-3 ^im) at 400 to 1050°C for 1 h r . Meta l -
lographic examination of these couples showed ve ry l i t t le diffusion in a - z i r con ium at l e s s 
than 800°C. Only one diffusion band, an apparent r e su l t of volume diffusion, was 
observed after bonding at 900 to 1050°C. Although no t e s t s of bond s t rength were 
conducted, a bonding t e m p e r a t u r e of 950°G appeared mos t sa t i s fac tory . In view of the 
l imi ted diffusion observed at the lower bonding t e m p e r a t u r e s , vanadium-clad z i rconium 
was cons idered sa t i s fac tory for l o n g - t e r m reac to r operat ion at about 400°C. 

R e s e a r c h e r s at Los Alamos^^ have evaluated joining of nuc l ea r -g r ade graphi te 
with in te rmedia te foils of Z r , Ta, Mo, W, and F e . Two types of joints were produced 
in this invest igation: a diffused joint which consis ted of a ca rb ide -ca rbon eutectic zone, 
and a continuous carbide joint. The exper imenta l bonding conditions were achieved by 
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induction heating the graphite and foil a s s emb l i e s in an argon a tmosphere to t e m p e r a 
tu res up to 3000°C and maintaining a p r e s s u r e of about 200 psi for 3 to 15 min . Dif
fused joints , which were formed at the higher t e m p e r a t u r e s for each sys tem, exhibited 
e l eva ted - t empera tu re s t rengths super ior to those of corresponding carbide jo ints . It 
was general ly noted that i nc reased bonding t e m p e r a t u r e s resu l ted in inc reased r o o m -
t e m p e r a t u r e f lexure s t rengths of the bonds . The s t ronges t continuous carbide joints in 
this study w^ere produced with a z i rconium in te rmedia te foil. 

A Br i t i sh p a t e n t ^ descr ib ing a method for p r e s s u r e bonding c e r a m i c - t o - m e t a l 
gradient sea ls has been i s sued . The sealing region in the assembly cons is t s of a mix ture 
of the re f rac to ry meta l and c e r a m i c , with the composit ion varying according to the 
proximity of the faying sur faces . After a s e r i e s of graded powder l aye r s a r e deposited 
at the joining surfaces of the components , the a s sembly i s p r e s s u r e bonded to consolidate 
the powder and bond it to both the meta l and c e r a m i c components . Joining of niobium to 
AI2O3 was cited as an example of the usefulness of this method. 

Tungsten-clad W-50 vol. % UO2 c e r m e t fuel a s s e m b l i e s for thermionic applications 
have been fabricated by g a s - p r e s s u r e bonding at Bat tel le —Columbus. Fuel fo rms 
consis t ing of tungsten-coated UO2 pa r t i c l e s and fine (0.88 jU) tungsten powder were f i r s t 
blended with a P a r a w a x b inder , die p r e s s e d , outgassed at 1500°C for 1/2 h r , and then 
hot i sos ta t ica l ly p r e s s e d to 92 percent of theore t ica l density in molybdenum conta iners 
at 2900°F (1595°C) and 10,000 ps i , for 3 h r . After the molybdenum was removed by 
acid leaching and grinding to final s i ze , the fuel fo rm along with a r c - c a s t tungsten 
cladding components was heat t r ea ted in hydrogen at 1750 to 1800 °C for 1-1/2 h r and 
then slow cooled (500°C/hr ) . All components were again assembled in a molybdenum 
container and p r e s s u r e bonded at 3100°F (1705°C) and 15, 000 psi for 3 h r . P r i o r to 
cooling, the autoclave was dep re s su r i zed to pe rmi t re laxat ion of the bonded a s sembly . 
Clad fuel pel le ts produced in this manner were capable of withstanding 100 the rma l 
cycles to 2000°K without fa i lure , 

(S. W. Porembka) 

4. Plat ing 

Nonelectrolyt ic Chemical Plat ing 

Deposition of tan ta lum and i r id ium on quartz plates with previous ly deposited 
l aye r s of carbon and Si02 was studied by Lainer and Kholmyanski i . ^^ Thin fi lms p r o 
duced by vacuum evaporat ion were invest igated by e lec t ron diffraction and e lec t ron 
mic roscopy . During condensation, tanta lum oxidized and formed fi lms of TaO which 
had a face-cen te red cubic la t t i ce , while i r id ium fi lms had the normal la t t ice of the bulk 
m a t e r i a l . The c rys ta l s ize as a function of the subs t ra te t e m p e r a t u r e and the average 
film thickness were calculated from the broadening of the in te r fe rence max ima . 

The s t ruc tu re of tungsten fi lms sput tered under 10"3 t o r r by argon ions at 
1000 volts and condensed at a ra te of 120 A/min on NaCl was invest igated as a function 
of subs t ra te t e m p e r a t u r e by Sella and Coppens. ^^ Up to 190°C the f i lms were a m o r 
phous; between 200 and 350°C they exhibited a body-cen te red cubic s t r u c t u r e , whe reas 
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in the range from 400 to 450°C the epitaxy s t ruc tu re became face -cen te red cubic . The 
effects of other p a r a m e t e r s such as sputter ing r a t e , p r e s s u r e , and film thickness were 
also invest igated. 

Adherent meta l coatings of Cd, Zn, Mg, TI, Bi, Pb , and Ag up to 0. 40 m m thick 
were deposited on meta l subs t ra t e s by means of two cathodes in a glow discharge at 
Mound Labora tory . ^5 The samples to be coated were mounted on one of the ca thodes . 
These samples were cleaned before and also during deposition by ion-bombardment 
sput ter ing. The other cathode contained the coating ma te r i a l in a t r ay w^hich was 
thermal ly insulated from i ts support . The init ial l aye r s of the coating were deposited by 
bias sput ter ing, while the bulk of the coating was deposited at r a t e s up to 0.015 m m / m i n 
when the coating ma te r i a l w^as evapora ted . The method was defined as evapora t ion-
abetted b ias sput ter ing, with ion plating and bias sputter ing being the physical p r o c e s s e s 
involved. Coatings deposited by this method at 400°C adhered very well . Coatings 
deposited at 100°C adhered only modera te ly well , p r i m a r i l y because of low coating 
ductility at this deposition t e m p e r a t u r e . 

Tungsten single c rys t a l s were p r epa red^" by vapor deposition on s ing le -c rys ta l 
w i re s f rom WCl^. The deposition t e m p e r a t u r e s were 1300, 2000 and 2700°C and 
deposition t imes were 1, 4, and 10 h r . The orientat ion of the rod axis in all expe r i 
ments was near I l lOl . The ex ter ior l imit ing planes were (110), (211), (100), and (111) 
at high supersa tu ra t ion and (110) and (211) at low super sa tura t ion . At high s u p e r s a t u r a -
tion the planes appeared macroscop ica l ly smooth, corresponding to the inc reased 
nucleation and reduced surface mobil i ty . At low supersa tu ra t ion the (211) and (110) 
planes showed a profile cha rac t e r i zed by (110) s t eps . The size of the steps i nc rea sed 
with lower supersa tu ra t ion . Grain and subgrain boundar ies of the subs t ra te were con
tinued into the deposited l aye r , while the number of dis locat ions diminished. 

Exper imenta l data and a l abora to ry appara tus for plating AI2O3 tubes with niobium 
were descr ibed by F iebe lmann. ' Zinc was used for the reduction of NbCl5, and the 
influence of p r e s s u r e and t e m p e r a t u r e was examined. The main fea tures of the deposited 
niobium l aye r s were high chemical pur i ty , good surface adherence even during sharp 
the rmal cyc le s , and equal layer th ickness . Brazing and diffusion bonding of niobium-
plated AI2O3 bodies for applications in the range 800 to 1100°C was shown to be feas ible . 

A sca led-up appara tus for producing 1-ft lengths of 0. 5-in. -d i ame te r W-Re alloy 
tubing has been tes ted and modified at Lawrence Radiation Labora tory . ^ ° ^ Additional 
modification of the appara tus is r equ i red to provide g rea t e r control of mandre l t e m 
p e r a t u r e , feed-gas flow r a t e , and mandre l t r ans la t ion . Neve r the l e s s , the r o o m -
t e m p e r a t u r e p rope r t i e s of r ings taken f rom severa l sect ions of two of the th ree tubes 
were comparable with those previous ly r epor t ed for the 1-in. -long W-Re tubes . F l u o 
r ine analyses obtained on these s tandard 1-in. -long W-Re tubes p r e p a r e d in the original 
appara tus indicated no apparent dependence of fluorine content on t e m p e r a t u r e , rhenium 
content, p r e s s u r e , mole ra t io of H2 /MF^ , MF^, flow r a t e , or plating r a t e . 

A study of t he rmion ic -conve r t e r hot shel ls for application in a gasol ine-f i red 
thermionic power supply has been ini t iated. ^9 Shells of SiC on tungsten indicated 
extensive p rob lems as a r e su l t of t he rma l - shock cracking and separa t ion of SiC from 
the tungsten subs t ra te when heated at 1400°C for about 100 h r . To avoid these p r o b l e m s , 
var ious changes in the shell composit ion and deposition p r o c e s s e s were cons idered and 
evaluated. A composi te shell was developed, which consis ted of a machined graphite 
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body 40 mi l s thick with tungsten deposited on the inside and SiC deposited on the outs ide. 
The graphite is completely encapsulated and provides surfaces on which to vapor - fo rm 
the SiC and tungsten; it also se rves as a react ion b a r r i e r between the SiC and tungsten 
in the a r ea heated by the bu rne r . These composite shel ls were tes ted at Thermo 
Elec t ron and showed considerable p r o m i s e . In the p repara t ion of the she l l s , tungsten 
was deposited by hydrogen reduction of WF^, while the SiC was deposited by pyrolys is 
and /o r hydrogen reduction of GH3SiCl3. 

(J. Zupan) 

Elect ropla t ing 

An effective method for electropolishing u ran ium was developed by Dow technolo
g i s t s . 30 Surface smoothing by 40 to 60% was accompl ished in 20 to 45 min . with the 
removal of 20 to 46 jJ. (e. g. , 51 to 20 /iin. , rms ) at 13 volts in an ethanediol — sodium 
hypophosphite solution at 90°C. The initial cathode c u r r e n t density was 13 a m p / s q ft. 

Zirconium was e lect rodeposi ted on u ran ium in a po re - f r ee condition up to a thick
ness of 5 mi l s at Ba t t e l l e -Nor thwes t3 1 in a K F - L i F eutect ic mix tu re containing 2 to 10 
wt. % Z r F 4 , The bes t cathode cu r r en t density was in the range of 20 to 40 m a / c m ^ . The 
operat ing t e m p e r a t u r e was 625 to 675°C. Internal voids were observed in c r o s s s e c 
t ions , but acid t r ea tmen t s revealed no pores exposing u ran ium, A l aye r of Z r - U i n t e r -
diffusion alloy appeared to be dense . Z i rconium coatings thicker than 5 mi l s showed a 
s t ruc tu ra l change from fine to coa r se c r y s t a l s , which was at t r ibuted to degradation of 
the molten salt or possibly the formation of insoluble Z r F 3 pa r t i c l e s in the bath. 

Thick (10"3 cm) hydroxide fi lms of U, Np, Pu, and Am a r e being deposited at 
cathode surfaces in acid solutions of the act inides with a potential of 12 volts between 
plat inum anodes spaced 5 cm above the cathode. 32 The p r o c e s s i s independent of the 
cathode m a t e r i a l , but s t a in l e s s - s t ee l cathodes a r e cus tomar i ly used with acid e l e c t r o 
lytes such a s : (1) 0, 2M HCOOH and 0, 15M HCOONH4, (2) 0. 125M HNO3 and 0, 02M 
(COONH4)2, and (3) 1. OM NH4CI and 0. OlM (COONH4)2. T ime per iods of 10 to 60 min 
a r e requi red to deposit the f i lms, which mus t then be removed from the cel ls before the 
e lec t r ica l c i rcu i t is in te r rupted to prevent thei r dissolut ion. Hydroxyl ions generated 
at cathode surfaces form meta l l ic p rec ip i ta tes with cu r r en t densi t ies up to 300 jUa/cm'^. 
A small concentrat ion of uran ium or magnes ium a s s i s t s film format ion, which mus t be 
c a r r i e d out in cel ls with a low rat io of e lectrolyte volume to cathode surface a r ea such 
as 3 m l / c m ^ . 

(W. H. Safranek) 

5. High-Energy Rate P r o c e s s e s 

Denver R e s e a r c h Insti tute33 has explosively bonded lead to s ta in less steel despite 
the i r wide differences in sonic velocity. Bonding was obtained by using lead which had 
been prechi l led with liquid ni t rogen, whereas no bonding was obtained when the lead was 
at room t e m p e r a t u r e . Successful bonding was a t t r ibuted to a 30% i n c r e a s e in the sonic 
velocity of the lead induced by chill ing. 
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The feasibil i ty of using explosive-welded bimetal i n s e r t s for joining l a rge sect ions 
of steel to both t i tanium and aluminum was studied at the Universi ty of Missour i . 34 
Sections of a luminum, t i tanium, and steel were welded to the explosively bonded i n s e r t s 
by ei ther e l ec t ron -beam or Hel iarc welding techniques and then evaluated with respec t 
to the tensi le s t rength of the explosive bond, acce le ra t ed -ambien t -cond i t ion -cor ros ion 
r e s i s t a n c e , and the rmal - shock behavior . It was found that attaching segments to the 
in se r t by e l ec t ron -beam welding caused very l i t t le degradation of the explosively p r o 
duced bonds. F o r example , the bond in the a luminum and steel sample exhibited an 
ul t imate tensi le s t rength which was higher than the yield s t rength of the a luminum. 
However, the use of Hel iarc welding reduced the bond quality in both sys t ems 
cons iderably . 

The use of gaseous detonations as a h igh-energy forming technique has been 
studied at General Amer ican Transpor ta t ion . 35 ^ sheet meta l blank and forming die 
were located at the end of an ins t rumented shock tube and then subjected to the impulse 
from a detonating methane/oxygen or propane/oxygen mix tu re . Mater ia l s formed during 
the t e s t p r o g r a m include two high s t rength s tee ls and th ree t i tanium a l loys . The r e su l t s 
showed that this forming p r o c e s s has considerable potential , from both a technical and 
an economic point of view. 

(D. Laber) 

6. Welding and Brazing 

E l e c t r o n - B e a m Welding 

E lec t ron -beam welds between tubes of W-25 at . % Re-30 at . % Mo and T-111 (Ta-
8 wt. % W-2 wt. % Hf) a r e being invest igated at Lawrence Radiation Labora to ry . 
Both d i rec t welding and 0. 018 in. -thick t rans i t ion m e m b e r s of molybdenum and a Mo-
50Re alloy have been used to join 0, 5-in. OD, 0. 040-in. -wall tubes . All joints c racked 
on cooling because the alloys formed during fusion could not sustain shr inkage s t r a i n s . 
Cracking was mos t severe in the d i rec t weld and l eas t seve re in the pure-molybdenum 
t rans i t ion weld. E lec t ron fractography indicated that all joints failed by cleavage with 
no sign of ductile behavior . It was found that ha rdness var ied di rect ly with the amount 
of tanta lum in the weld and that rhenium had l i t t le apparent influence on weld ha rdnes s 
as shown in Table I V - l . It was bel ieved that cracking might be prevented if a thicker 
molybdenum t rans i t ion piece were used to dilute the tanta lum or if welding conditions 
were developed to min imize alloying. 

The quality of e lec t ron-beam-welded joints of Kovar and 321 s t a in l e s s - s t ee l tubes 
for an engine-cutoff sensor has been examined at Boeing, 36 The weld joint contained 
both a naelt- through and a fillet weld. After visual and X- ray examination, ha rdnes s 
t e s t s , and mic roscop ic ana lys i s , it was concluded that both welds were of excellent 
quality, 

Westinghouse3' ' ' has demons t ra ted the high joint efficiencies of e l ec t ron -beam 
welds in 304 s ta in less s tee l . Welds were made on cold- ro l led 304 s ta in less steel at 
90, 60, 45, and 30° to the roll ing di rect ion, and their tensi le and deformation p r o p e r 
t ies were de te rmined . E l ec t ron -beam welds of high depth-to-width ra t ios and reasonable 
scarf angles (45°) resu l ted in very high joint efficiencies as shown in Table lV-2 . 
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T a b l e I V - 1 COMPOSITION AND HARDNESS OF R E F R A C T O R Y 
A L L O Y W E L D S ^ ^ ^ 

A l l o y c o m p o s i t i o n , 
wt . % 

C o m p o s i t i o n of w e l d , ^ 
a t . % 

A v e r a g e h a r d n e s s for 
200 -g load,t> DPH 

W - R e - M o b a s e a l l oy 

T - l l l : T a - 8 W - 2 H f 
w e l d e d d i r e c t l y to 
W - R e - M o a l l oy 

T - 1 1 1 to W - R e - M o wi th 
0. 0 1 8 - i n . t r a n s i t i o n 
of p u r e m o l y b d e n u m 

T - 1 1 1 to W - R e - M o wi th 
0. 0 1 8 - i n . t r a n s i t i o n 
of M o - 5 0 R e 

45W, 25Re , 30Mo 

31 . IW, 5. 6 M o , 4 3 , BTa, 18. 5Re 

17. 6W, 57. 5Mo, 15. 4 T a , 9. 5Re 

19. OW, 33. 2Mo, 23 . 3Ta , 24. 5Re 

465 

840 

530 

610 

a At center of weld nugget, and neglecting hafnium content, 
b Average hardness across weld nugget. 

T a b l e IV-2 P R O P E R T I E S OF E L E C T R O N - B E A M W E L D S IN 
304 STAINLESS S T E E L 3 ' 7 

T y p e of 
s p e c i m e n 

A n n e a l e d -
w e l d e d 

Co ld r o l l e d , 
u n w e l d e d 

C o l d r o l l e d , 
but t w e l d e d 

Co ld r o l l e d a n d 
w e l d e d ; s c a r f 
ang l e = 60° 

Co ld r o l l e d and 
w e l d e d ; s c a r f 
a n g l e = 45° 

Co ld r o l l e d and 
w e l d e d ; s c a r f 
a n g l e = 30° 

U l t i m a t e 
s t r e n g t h . 
1000 p s i 

87 . 5 

119. 6 

114 

117. 5 

118. 5 

118. 5 

Un: 
eb 

t he 

Lform p l a s t i c 
Dngation in 

b a s e m e t a l . 
% 

74 

23 

2. 5 

7 

11 . 5 

11 . 5 

N o m i n a l s t r a i n 
to f r a c t u r e in 

2-- in . gage 
l e n g t h . 

% 

82. 5 

4 1 . 5 

10. 5 

18. 5 

28 . 5 

2 8 . 4 
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Exper imenta l development of fuel-rod c losure techniques using the p l a s m a /e l ec t ron -
beam p r o c e s s has been conducted by Babcock and Wilcox. 38 Welds have been nnade in 
both 304 s ta in less steel and Z i rca loy-4 . In the f i rs t of two approaches invest igated, an 
end cap was -welded to the fuel tube in an a tmosphere of 300 ppm hel ium. A d is tor t ion-
free joint was accomplished which el iminated additional machining to remove any upset 
or expelled m a t e r i a l that would in te r fe re with rod inser t ion or r emova l . In the second 
approach, the end c losure was formed from the tube itself. 

Other Welding 

A naethod for charging and sealing plutonium alloys into fuel e lements while avoid
ing radioact ive contamination of the container surface has been developed at Los 
Alamos . 39 QTA welding was used to seal the fuel e lements in the special welding fix
ture shown in F ig . IV-2. This fixture pe rmi t s welding in a high-quali ty iner t a t m o 
sphere outside of the confines of a l a rge glove box. The welding equipment used in this 
technique can accommodate a var ie ty of container s izes and p r o g r a m m e d welding c u r 
ren ts from < 10 amp to >200 amp. Typical welding p a r a m e t e r s for conta iners in var ious 
m a t e r i a l s and s izes a r e shown in Table l V - 3 . 

CONTAINER CAP HOLDER 

CHUCK WRENCH 

HOT WIRE METER 

VARIABLE S P E E D - H _ ^ 
DRIVE FOR CHUCK 

REMOVABLE 
BONNET 

ELECTRODE 

ADJUSTABLE 
ELECTRODE 
HOLDER 

VACUUM AND 
INERT-GAS INLET 

ROTATING 
CHUCK 

CONTAINER 
LENGTH 
ADJUSTMENT 

y/y}///////////^/A 

Fig , IV-2 Welding-fixture schemat ic . 39 

The diffusion bonding of niobium and tantalum to themselves and to each other was 
invest igated at RAI Resea rch Corp.'*0 The t e m p e r a t u r e at which diffusion-controlled 
bonding occurs with an in te rmedia te bonding aid i s substant ial ly lower than the r e c r y s 
tal l izat ion t e m p e r a t u r e of the paren t me ta l s in the work-hardened condition: 419 °C 



T a b l e I V - 3 W E L D I N G P A R A M E T E R S FOR VARIOUS CONTAINERS AND E N D C A P S 39 

C o n t a i n e r 
F i x t u r e 
p o s i t i o n C u r r e n t 

T y p e s of W e l d i n g t i m e , s ec C o n t a i n e r E l e c t r o d e E l e c t r o d e f r o m d u r i n g 
end Up Down r o t a t i o n , d i a m e t e r , 3- gap , v e r t i c a l , w e l d i n g , 

c a p s s l o p e We ld s l o p e s e c / r e v . in . in. deg a m p 

W a l l 
D i a m e t e r , t h i c k n e s s , 

M a t e r i a l in. in . 

Ta 
Ta 

S. steel 
S. steel 
M. steel 
Cu 
Ni 
Au 
W 
W b 

0. 
0. 
0. 
0. 
3. 
0. 
1. 
0. 
0. 
0. 

440 
440 
750 
875 
000 
875 
500 
750 
750 
750 

0. 030 
0. 030 
0. 035 
0. 125 
0. 060 
0. 050 
0. 005 
0. 030 
0. 060 
0. 060 

1 or 2 
3, 4, or 
3, 4, or 

6 
6 
3 
6 

3 or 4 
3 
3 

5 
5 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

15 
13 
20 
15 
55 
10 
50 
15 
23 
23 

5 
5 
5 
5 
5 
2 
5 
5 
5 
5 

12 
10 
16 
12 
48 
8 

48 
12 
18 
18 

0. 060 
0. 060 
0. 020 
0. 060 
0. 060 
0. 093 
0. 010 
0. 040 
0. 125 
0. 125 

0. 060 
0. 050 
0. 050 
0. 050 
0. 060 
0. 090 
0. 025 
0. 020 
0. 125 
0. 090 

0 
0 
0 

45 
0 
0 

80 
0 
0 
0 

100 
40 
15 
80 
65 
120 
8 
36 
165 
180 

a Electrodes 2% thoriated tungsten. 
b Weld chamber at 6 In. absolute argon pressure. 

T y p e s of E n d C a p s 

^Xzzzzfl 

4 
^ 

^ ^ 
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compared with 600°C for niobium and 800°C for tanta lum. Using a luminum foils , good 
lap bonds were obtained in all th ree m a t e r i a l combinations Nb-Nb, Ta -Ta , and Nb-Ta 
in 1/2 hr at 2000 psi and 419°G. Under the same conditions but without the foil, no 
bonds w e r e obtained in 2 h r . Butt joints made using the a luminum foil had tens i le 
s t rengths of 12, 000 psi for niobium and 19,850 ps i for tanta lum. The joint efficiency 
was poor because only a smal l fraction of available contact a r e a s (from 10 to 50%) was 
bonded. Oxidation was believed to be the cause of this poor efficiency and s t r i c t e r 
a tmosphere control and cleaning p rocedures were suggested as means of improvement , 

A Br i t i sh patent has been i ssued to cover the welding of a composi te meta l -oxide 
m a t e r i a l such as SAP alloy to itself, a me ta l , an alloy, or another composi te . One 
m e m b e r is heated ei ther to fusion or to a softening t e m p e r a t u r e , and the second m e m b e r 
is gently i m m e r s e d in the cent ra l a r e a of the fused/softened zone for 5 to 6 min . The 
junction is then cooled in place and machined. 

Brazing 

Brazing p rocedures for Inconel 718 have been developed for use with the Phoebus -
2A r eac to r at Los Alamos . In select ing a braz ing alloy, the effects of both braz ing 
t e m p e r a t u r e and alloy composit ion on b a s e - m e t a l s t rength w e r e cons idered . Nickel -
base braz ing alloys were re jec ted because of the tendency of carbon, boron, and sil icon 
to diffuse along grain boundar ies , thereby reducing the ductile c r o s s section of the 
a s sembly and possibly affecting both h igh - t empera tu re and cryogenic s t rength . After 
p r e l im ina ry invest igat ion, an 82Au-18Ni alloy with a flow point of 1800°F (982°C) was 
chosen for all s t ruc tu ra l b r a z e s , which were made in a single braz ing s tep . F o r other 
joints , where s t ruc tu ra l s t rength was not a cons idera t ion , Au-8Pd-22Ni and Au-16. 5Cu-
2Ni were used . These alloys have flow points of 1920 and 1720°F (1049 and 938°C), 
respec t ive ly . 

In the final p rocedu re , the surfaces were coated with 0. 0005 in. of nickel to insu re 
good f i l l e r -me ta l flow during braz ing in a cam-con t ro l l ed , r e s i s t ance -hea t ed furnace 
containing high-pur i ty argon ( less than 1 ppm H2O and 2 ppm oxygen). Near ly 2000 
a s sembl i e s have been b razed by this technique with l e s s than 1% r e j e c t s . Tensi le p r o p 
e r t i e s of a s sembl i e s using this and another b raz ing p rocedure a r e given in Table IV-4 . 
The Group 1 a s semb l i e s were b r a z e d at 1920°F (1050°C) using Au-8Pd-22Ni alloy for 
s t ruc tu ra l b r a z e s . Group II a s s emb l i e s were b r a z e d with Au-18 Ni alloy at 1830°F 
(1000°C). Both groups w e r e heat t r e a t e d by holding at 1325°F (720°C) for 8 h r and 
then cooling at 2 0 ° F / h r ( l l ° C / h r ) to 1150°F (620°C). Elevated and cryogenic t e m p e r a 
tu re p rope r t i e s for the Group H a s semb l i e s a r e shown in Tables IV-5 and IV-6. 

Joining p rocedures were developed at G a r r e t t Corp, '*3 for th ree n icke l -base 
alloys in fabricating lightweight heat exchangers designed to withstand 100 hr of o p e r a 
tion at 1540 to 2140°F (840 to 1170°C). F o r 0, 003-in. -wall tubes of Hastelloy X, braz ing 
with Nicrobraz 30 alloy (Ni -19Cr- lOSi - lMo-4Fe) at 2175°F (1190°C) in ei ther a vacuum 
or dry-hydrogen a tmosphe re was found sa t i s fac tory . Tubes of L-605 alloy having wall 
th icknesses of 0.006 to 0. 010 in. we re b r a z e d with J8102 alloy (Ni-15. 2Cr-8Si) at 
2200°F (1205°C). Again, both vacuum and dry-hydrogen a tmosphe re s w e r e sa t i s fac tory . 
Several welding p r o c e s s e s a lso proved sa t i s fac tory with L-605, including i n e r t - g a s 
tungs ten-a rc welding, spot welding, and l a se r welding. TD-nickel tubes with 0. 006 to 
0 ,008- in . -wall th icknesses were b razed in vacuum using TD-20 b r a z e alloy (Ni-25Mo-
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T a b l e I V - 4 A V E R A G E R O O M - T E M P E R A T U R E T E N S I L E P R O P E R T I E S O F 
B R A Z E D AND H E A T - T R E A T E D A L L O Y 718 ASSEMBLIES '*^ 

S p e c i m e n type 

Yie ld 
U l t i m a t e P r o p o r t i o n a l s t r e n g t h 
s t r e n g t h , l i m i t , (0. 2% of fse t ) , 
1000 p s i 1000 p s i 1000 p s i 

E l o n g a t i o n , 

% 

G r o u p 1 185, 9 
( A u - 8 P d - 2 2 N i b r a z e ) 

G r o u p II 2 0 3 . 8 
(Au-18Ni b r a z e ) 

96. 7 

127, 8 

151 . 5 

168. 8 

10. 1 

12. 5 

T a b l e I V - 5 A V E R A G E E L E V A T E D - T E M P E R A T U R E 
T E N S I L E P R O P E R T I E S OF B R A Z E D 

AND H E A T - T R E A T E D A L L O Y 718 
A S S E M B L I E S 42 

T e s t 
t e m p . , 

° F 

70 
1000 ± 5 
1325 ± 5 

U l t i m a t e 
s t r e n g t h . 
1000 p s i 

194. 3 
1 5 0 . 4 
128 .2 

Yie ld 
s t r e n g t h 

( 0 . 2 % of fse t ) , 
1000 p s i 

172. 1 
134, 0 
126, 2 

I n i t i a t i o n 
s t r e s s , 

1000 p s i 

131 . 9 

T a b l e I V - 6 A V E R A G E L O W - T E M P E R A T U R E T E N S I L E T E S T DATA 
ON B R A Z E D AND H E A T - T R E A T E D A S S E M B L I E S 4 2 

T e s t 
t e m p . , °K 

F u l l - l e n g t h b r a z e d a s s e m b l i e s 
76 

M o c k - u p a s s e m b l i e s 
300 

20 

U l t i m a t e 
s t r e n g t h . 
1000 p s i 

2 2 7 . 8 

1 9 9 , 4 
268 . 6 

(0 

Yie ld 
s t r e n g t h 
. 2% of f se t ) . 
1000 p s i 

184. 1 

163, 7 
1 9 9 . 2 

E l onga t ion . 

% 

1 1 , 8 ^ 

15. 2^ 
1 4 . 9 ^ 

a Elongation full assembly. 
b Elongation in 1-in. gage length. 
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l6Cr-5W-4Si) . However, excess quantit ies of the TD-20 alloy proved to be e ros ive to 
the TD-nickel . During h igh - t empera tu re exposure , oxidation of the TD-Nickel was 
acce le ra ted at the base of the b r a z e fillet, c rea t ing s t r e s s r i s e r s , and l imit ing the 
se rv ice t e m p e r a t u r e of the uncoated s t ruc tu re to 1950°F (1065°C). 

Unalloyed tanta lum has been sat isfactor i ly b r a z e d to 316 s ta in less steel by NASA-
Lewis.'*'* Vacuunn brazing was accomplished at 2150 F (1175°C) using J-8400 b raz ing 
alloy (Co-21Cr-21Ni-8Si -3 . 5W-0. 4C-0 . 8B). When flat sheet and tubiilar spec imens 
were tes ted at 1350°F (730°C) in a vacuum chamber (10-7 to 10-6 t o r r ) , all joints failed 
in the tanta lum or s t a in l e s s - s t ee l paren t me t a l . No unfavorable diffusion was observed 
between the b r a z e alloy and the paren t m e t a l s . It was also found that el iminating voids 
at the root of the tongue ( tongue-and-groove joints) i n c r e a s e d the ul t imate s t rength of the 
joint because of i nc r ea sed effective c r o s s - s e c t i o n a l a r e a . 

Solar has developed a braz ing p r o c e s s for attaching in ternal fins of N b - l Z r foil 
to N b - l Z r h e a t - r e c e i v e r tubes . In braz ing t e s t s on T-joint and lap-joint spec imens , 
15 b r a z e alloys (Cu, Au, T i / Z r , and Zn bases) w e r e evaluated. The th ree alloys that 
pe r fo rmed mos t sa t isfactor i ly in these t e s t s together with the average tens i le shear 
s t rengths of the i r respec t ive b razed joints a r e : 

Cu-2Ni 38, 100 psi 
Z r - 2 5 V - l 6 T i 38,500 psi 
Z r - 2 5 V - l 6 T i - 0 . IBe 37,600 ps i 

Because of i t s b r a z e fluidity and filleting c h a r a c t e r i s t i c s , the Z r - 2 5 V - l 6 T i - 0 . IBe alloy 
was used to b r a z e ful l -scale h e a t - r e c e i v e r tubes . Brazing was per formed sat is factor i ly 
at 2130°F (1165°C) for 5 min . in an induction furnace with a vacuum of 1 x 10"^ t o r r . 
The specimens were enclosed in cyl indrical tanta lum suscep tors to insu re uniform and 
rapid heat ing. 

(J. E . Mort land and R, M, Evans) 

7. Nondestruct ive Test ing 

Ul t rasonic Techniques 

Equipment is commerc ia l ly available for measu r ing th icknesses down to 0. 010 in, 
by u l t rasonic m e a n s . Ba t t e l l e -Nor thwes t applied c r i t i ca l -ang le m e a s u r e m e n t s using 
a dua l -e lement probe to m e a s u r e th icknesses ranging f rom 0, 001 to 0, 005 in. ^^ This 
method is bel ieved applicable to m e a s u r e m e n t of coating th ickness , if the velocity of a 
surface wave differs measu rab ly between the coating and the subs t r a t e , 

Ba t t e l l e -Nor thwes t has a lso adapted a conventional pu lse-echo technique to tes t 
cyl indrical isotope heat sources for weld penetrat ion and c r acks and other wall defects , 
and to m e a s u r e wall th ickness , ' It was init ial ly designed for inspection of end-cap 
welds on the heat s o u r c e s . 
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The nonlinear in terac t ion between high- and low-frequency u l t rasonic waves has 
been used by Lawrie^S to enhance detection of imper fec t bonds . The low-frequency 
wave pe r tu rbs the interface and produces modulation of the high-frequency t r ansmi t t ed 
wave. 

It has been known for a long t ime that s t r e s s affects the velocity of sound in m a t e 
r i a l s , but the effect i s so smal l that it is difficult to m e a s u r e . Benson49 has developed 
techniques by which re la t ionships between the u l t rason ic velocity and s t r e s s have been 
es tabl ished for a number of aluminuin a l loys . These techniques w e r e applied to a lumi 
num pla tes containing weldments . It was n e c e s s a r y to de te rmine the orientat ion of the 
pr incipal axes of s t r e s s and the effect of m a t e r i a l p rope r t i e s such as gra in or ienta t ion. 
The accuracy of m e a s u r e m e n t s obtained u l t rason ica l ly compared favorably with those 
obtained by des t ruc t ive t e s t s . 

(D. Ensminger) 

NDT Methods Other Than Ul t rasonics 

A s e r i e s of NASA c l a s s r o o m ins t ruc t ion manua l s and t e s t s on commonly used 
methods of nondest ruct ive test ing has been completed by General Dynamics and is avail
able on microf iche . The t i t les and respec t ive access ion and r e p o r t numbers a r e l is ted 
as follows. 

Title 

Liquid Pene t r an t Test ing 

Magnetic Pa r t i c l e Test ing 

Eddy Cur ren t , Vol 1: Basic 
P r inc ip le s 

Eddy Cur ren t , Vol 2: Equip
ment , Methods, and 
Applications 

Ul t r a son ics , Vol 1: Basic 
P r inc ip le s 

Ul t r a son ics , Vol 2: Equip
ment 

Ul t rason ics , Vol 3: Appli
cations 

Radiography, Vol 1: Origin 
and Nature of Radiation 

Radiography, Vol 2: Radiation 
Safety 

Radiography, Vol 3: Radiographic 
Equipment 

Access ion No. 

N68-28777 

N68-28778 

N68-28779 

N68-28780 

N68-28781 

N68-28782 

N68-28783 

N68-28784 

N68-28785 

N68-28786 

NASA No. 

CR-61205 

CR-61206 

CR-61207 

CR-61208 

CR-61209 

CR-61210 

CR-61211 

CR-61212 

CR-61213 

CR-61214 
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Title 

Radiography, Vol 4: Making a 
Radiograph 

Radiography, Vol 5: F i lm 
Handling & P r o c e s s i n g 

Magnetic Pa r t i c l e Testing: 
C l a s s r o o m Training Manual 

Liquid Pene t ran t Test ing: 
C l a s s r o o m Training Handbook 

Eddy Cur ren t Test ing: C l a s s r o o m 
Training Handbook 

Radiographic Testing: C l a s s r o o m 
Training Handbook 

Access ion No. 

N68-28787 

N68-28788 

N68-28789 

N68-28791 

N68-28792 

N68-28793 

NASA No. 

CR-61215 

CR-61216 

CR-61227 

CR-61229 

CR-61230 

CR-61231 

An eddy-cur ren t tubing t e s t e r using the m u l t i p l e - p a r a m e t e r separa t ion and sup
p ress ion techniques previous ly developed at Hanford has been descr ibed by Battel le — 
Northwest inves t iga to r s . - ' ^ This two-channel , two-frequency ins t rument reduces the 
undes i rab le effect of t e s t -p robe wobble signals on both channels . A new analyzer c i rcu i t 
or signal t ransformat ion section is used for the success ive el imination of p a r a m e t e r s . 
The t e s t e r can be operated using ei ther of i t s two tes t f requencies , 100 and 300 kHz, 
singly or s imul taneously . When the t e s t e r is operated in i ts single frequency mode , two 
tes t p a r a m e t e r s such as probe wobble and defects giving signals having components in 
quadra ture with probe-wobble signals may be separa ted . 

When the t e s t e r is operated in a two-frequency mode, the effect of one t e s t p a r a 
m e t e r can be minimized and the effects of two other t e s t p a r a m e t e r s may be de termined . 
Resul ts a r e given for the two-frequency mode of operat ion in which probe-wobble s ig
nals were nainimized on both of the two output channels , while at the same t i rae, signals 
due to defects opening on the inner wall of the tubular t e s t specimen appeared on one 
channel, and signals due to defects opening on the outer wall of the specimen appeared on 
the other channel . 

Acoustic emiss ion has been studied at Battelle—Northwest^ ^ as an in situ nonde
s t ruct ive tes t for welds in s t a in l e s s - s t ee l p la te . The method i s a imed at detection of 
defects as they init ial ly occur . A d i rec t co r re la t ion was es tabl ished between acoust ic 
emiss ion ra t e and radiographic analys is of s ing le -pass machine welds in 1/8-in. 304L 
s t a i n l e s s - s t e e l plate containing induced defects at specific loca t ions . It was found that 
the onset of acoust ic emiss ion is delayed 20 to 45 sec as the defect region begins to cool 
and that during cooling the acoust ic emiss ion ra t e from induced defect regions i n c r e a s e s 
to a peak at about 400°C. The acous t i c - emis s ion ra te from mul t ipass welds in 1/2-in. 
304L and 316 plate was g rea t e r than that f rom the s ing le -pass welds by about an o rde r of 
magni tude, and the same defect co r re la t ion between radiographic analysis and acous t i c -
emiss ion ra te was observed. 

The apparent propagation velocity of the acoust ic pulses f rom the induced defect 
regions var ied as much as a factor of 2, which suggests that the acous t i c - emis s ion s ig
nals reach the r e c e i v e r s by ind i rec t rou tes . The c h a r a c t e r i s t i c emis s ion -pu l se shape 
and spec t ra l dis tr ibut ion vary with dis tance or direct ion f rom the acous t i c -emiss ion 
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source . Since pulse lengths a r e sufficient to set up complex reflection pa t te rns in the 
plate , the rece ived signal cha rac t e r i s t i c s a r e de te rmined by source location, r ece ive r 
location, and plate georaetry. 

It was bel ieved that this work es tabl ished that it was poss ible to detect ce r t a in 
types of weld defects by acous t i c - emis s ion moni tor ing . The p r i m a r y advantage noted for 
this technique is that defects can be detected during the welding p r o c e s s . Acous t ic -
emiss ion techniques appear to be sensi t ive to m i c r o f i s s u r e s beyond the resolut ion l imi ts 
of p resen t ly applied u l t rasonic and radiographic methods . On that b a s i s , this technique, 
used in conjunction with other weld- inspect ion methods , could reduce significantly the 
reject ion r a t e in final inspection of welds . 

(A. F . Leatherman) 
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