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THE PROPERTIES OP HIGH-URANIUM ALLOYS 
CONTAINING ZIRCONIUM OR CHROMIUM

H* A. S a ile r  and F, A. Rough

l *tu*n* W  nrcLuuonl ffup+rn** U m  Wm  ditormimtd
ft* AigA • mU U - 'v U i W*« mmm«, mitumm tktvmtmm, ood kWM* 
imMUM oltoy*. fArw A n tumfUmo*il tUi# # h a W  *4 IV/. n I i . 
««m «*ifn«/i r W  Am t*eUUt iimUm  • /  iwfieSee Am |«  (h A# 
Am Ii  of l i t  pwy trtM i ttotdtod «4 gif/, A r lon-ftl*** rAmmtom mod I m  
torltm tirrtmtmm alloy » *pp**r to A* compofoUt, MA m  amcA 
to l*9o torotod /A# A<*A-ratio* tttraoimm alloy* me* omttly
infonot to tl* l*>u -t*rKm tttronutm alloy* and aLo to A# AigAf HUe 
r U a i i t a  olloya.JjHti|A ratio* eo*t**t doot M l |m A /  off**I A# fW f 

of ikr eltommm alloy a^Situlotly, AigA ratio* ramtoai i* A# Am i  
ik m m n  iul not apprtriaAly J u f  i l l  W«Ami(A A* dirot goo
of | mniA Anting tAomol cyrLag toot rtvtntdT j

Tk*»* atodira wort mod* *t HoitrUt'i port o f o roof* i l iw  
program *4A 4A| «W Ki Pi .

INTRODUCTION

E a r ly  work on the g ra in  refinem ent of low a lloys  of uranium  revealed  
that ch rom ium  was the m o s t  p ro li fu  g ra in -re f in in g  elem ent in the ra n g e s  of 
C im posit ion  s tudied.O)* Subsequently , study of the  k inetics of t ra n s fo rm a t  ton 
of u ran ium -ch rom ium  a lloys provided a m ore com ple te  understanding of the 
g ra in -re f in in g  c h a r a c te r i s t i c s  of these a lloys , (2)

On the basis  of th is  inform ation, a  s e r i e s  of low -chrom ium  sam p le s  
was p re p a re d  and i r r a d ia te d  in the C P -3  a t ANL. These sam ples tu rned  out 
badly and were little, if any, b e tte r  than b e ta - t r e a te d  uranium . S am p les  of 
u ran iu m -z irco n iu m  a lloys , exposed in a  s im i la r  fashion, showed c o n s id e r 
able im provem ent over b e ta - t r e a te d  uranium .

Evaluation of th is  s itua tion  revealed tha t, while the best p ra c t ic e  
poss ib le  was used on the low -chrom ium  sam p le s ,  undesired v a r ia b le s  w e rs  
involved. This s ituation apparen tly  a ro se  la rg e ly  because  of r e s t r i c t io n s  
which then existed on the handling of u ran ium -233 .

R epresen ta tives  of Argonnc National L a b o ra to ry  (ANL), B atte lls  
M em o ria l  Institute (BMI), and Knolls Atomic P o w e r  L abora tory  (KAPL) 
then  m et and planned a coopera tive  p rogram  to  fu r th e r  evaluate and co m p are  
the low -chrom ium  and the low -zirconium  a l lo y s .  This p rogram  included 
b a se  u ran ium  and both types of alloys, each with high and low carbon  contents.

• Reference! «i end o! tepoM.
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The lo w -carb o n  Alloy# » t f «  «o b# p rep a red  at K A PU  m d the h ig h -ca rb o n  
Allay# At BMl, All ingot# w ere to be fabricated under constant («#4iU#A«, 
by the beet-know n technique#, At 5M k Sob**qu*inly, # acH 4  the M bora to rie« 
w m  to M il tr#At tb# fa b r ic a te d  m aterials And study ce rta in  p ro p e rtie s ! 
physical And nvtckiftictl yr#(MrtlM lo r  design , and irradiation-dam age be
h av io r fo r  evaluation of tb* Alloy# In rone to r  Application#,

TH# portion  of tbo p ro g ra m  M d d frU b n  by B i l l  1# d escribed  in th is  
n p o r t i  It It t i p t c b d  that tbio Inform ation w ill com plem ent tb# in fo rm ation  
ob ta ined  At ANL,

At th# Um# tb# p ro g ra m  w ii  pUruwd, tb# baa# m ateria l#  w r i  
•e le c te d  and g«n#rnl p ro ced u re#  were ag reed  upon, Th### g en era l p ro c e 
dure#  included th# castin g  technique#, th# fa b ric a tio n  p rec ttc## , and roc*  
om m ended h#at tr## tm «n t« , TK»#« d e ta ils  a ro  d esc rib ed  in th# following 
s e c tio n s .

In o rd e r  to a ch le v t a# g rea t a dogr#« of un ifo rm ity  a# p o ssib le , it wa# 
a g re e d  to  ue# Grad# 1 c ry # ta l-b a r  a irconium  and  e lec tro ly tic  ch ro m iu m  in 
th# p re p a ra tio n  of a ll ingo ta . Biecuit u ran ium  was to b# u##d in th# p re p a ra 
tion  of th# low -carbon a lloy# , and p ro je c t-g ra d #  uranium  waa to  bo uood in 
th e  p rep a ra tio n  of th# h ig h -ca rb o n  alloy#.

Two #oparat# can ting  procedure#  w«r# u#od In p reparing  th# low - 
c a rb o n  and h igh-carbon  in go ta . The lo w -ca rb o n  ingota warn p re p a re d  at 
KAPL by induction m olting  the com ponent m eta l#  in magn«#ia c ru c ib le# ,
Th# p re p a ra tio n  and a n a ly o a t of the re su ltin g  ingota a re  su m m a rised  in 
T ab le  1, Ingots 1 to  S,

Since no carbon  would be picked up by m elting  U  m agnesia, th e  carbon 
con ten t of th# low -carbon  ingota should be approx im ate ly  that of b iecu it 
u ran iu m , 0,01 w /o c a rb o n  o r  It##,

The low -carbon u ra n iu m -0 ,4  w /o ch ro m iu m  alloy, ingot 1, wa# Held 
1 /2  h r  at 10(*$ F during  cooling to avoid c ra ck in g .

The h igh-carbon  ingot* wore p re p a red  at BM1 by Induction m elting  the 
com ponent m eta ls  in g ra p h ite  c ru c ib les  and pouring  inlo g raph ite  m o ld s .

MATERIALS AND PREPARATION

Selection  of M ateria le  and C as tin g  Technique#



TABLE I. ANALYSES O f  URANIUM AND URANIUM-ALLOY INGOTS

in t^ '

Nominal
ComiwiUum,

Analytic. w/o

« huHom
k if b a n

Bottom

Ingot
D inm vtor,

in.

.mmmm m rnm m.

Remark*

t Rom  u. lom C •» ■■■ •a* mm •at 1*1/2

i 0.1 Cr, low C 0.044 Cr 0.04a Cr mm mm 1*1/2

1 0. 4 Cr, low C 0.141 Cr 0.442 Cr mm mm 2*1/2

4 M  l r t low C l ,)S  Zr 1.04 Zr mm »■* 2-1 /2

S 2.2 Z r. low C 2.24 Zr | 1.11 Zr mm 2*1/2

6 Bat* U, high C «MI • • 0.06 C 0.07 C 2*1/2

7 0. 1 C r, high C 0.04 Cr 0.11 Cr 0.14 C 0.11 C 2*1/2

•  | 0. 4 C r, high C 0. I t  Cr 0.16 Cr 0 .1 6 C 0.10 C 4

4 L I  2 r , high C 1.44 Zr l.SO Zr 0. 37 C 0,14 C | l

10 1.1 Z r, high C L i t  i t 1.66 Zr 0,14 C 0. 13 C 2

II 2.2 Zr, high C 2.47 7 f 2.44 Zr 0. 14 C 0.41 C 2

12 2.2 Zr, high C 2.24 Zr 2.44 Zr 0. 34 C 0. 40 C 1 2 :

IUI4 I / I  hr «l tObS r  
•luring cooling

Hail 1/4 hr at 1020 f  
during cooling

<0 to wMnmm tttow. Mngtot tom Jg{g««* MtoMM t»»* Nh&fut, w**rn»11 t* (mmr togat L
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The prepara tion  him1 Analyses of these  ingots a re  a u m m im e d  in Table 1, 
Ingot* 6 to I f .

The uranium  and u ran iu m -ch ro m iu m  ingots were bottom  poured with* 
out a stopper rod, by a  p ro cess  which is  com m only te rm ed  "se if-pou ring" . 
These ingots showed a tendency tow ard d e fe re n t ia l  carbon com positions, 
p resum ably because of flotation of c a rb id e s  during casting.

The u rsn iu m -0 ,  4 w /o chrom ium  ingot was held 3/4 hr at 1020 K during 
cooling to avoid cracking*

Homogrneous u ran iu m -s irco n iu m  a lloys  having a high c a rb o n  content 
w ere  very difficult to produce* This  difficulty  was probably the  re su lt  of 
rap id  flotation of s i rc o n iu m  carbide during casting* Vigorous inductive 
s t i r r in g ,  followed by top pouring into a  2 -in , - d 4«m eter mold, m in im ised  
t h u  notation* Since vigorous inductive s t i r r in g  was e sse n t ia l  to the p rep a ra 
tion  of the u ra n iu m - t i rc o n iu m  alloys, r a th e r  high-carbon a n a ly se s  resulted* 
Since the molde w ere  sm a l le r  than the m olds  used for the o th e r  ingots, it 
was n ecessa ry  to p r e p a r e  two ingots of each  of the h .gh-ca rbon  u ran ium - 
s ire  ontum a lloys.

S tandard isation  of F a b r ic a t io n  P rac t ic e s

bl the fa b r ica t io n  of rods from  the  c a s t  ingot*, it was co n s id s red  
n e c e s sa ry  to s t r iv e  tow erd uniformity of handling of all the ingot** It was 
a lso  important to s e le c t  a final rolling te m p e ra tu re  which would produce 
an isotropic  p ro p e r t ie s  In the rolled product and would p e rm it  the  fabrication 
of high-quality rod .

It was not feasib le  to m aintain  co m ple te ly  uniform handling throughout, 
since experience  indica ted  that two d iffe ren t forging te m p e ra tu re s  should be 
used for the two d if fe ren t  alloy** The ro ll ing  tem p era tu re ,  how ever, wa« 
maintained constan t fo r  a ll  m ateria ls*

The u ran iu m -ch ro m iu m  ingots w ere  forged at 1300 F  to  1-1 / 4 - i n . -  
square  billets* T h ese  were held 1 h r  a t  1020 V during cooling to avoid 
c rack ing . The u r a n iu m - n r t  oniurn ingots w ere  forged a t 1110 F  to 1-1/4- 
in , - s q u a re  b i l le ts .  These alleys were ha rd  but workable a t th is  te m p e ra 
ture*

All of the fo rged  b ille ts  were ro lled  through hand-round ro l l s  from 
l - l / 4 - in * - s q u a r e  to 0*4-in* -d iam ete r  rods* This rolling was done at 1020F 
from  a salt bath ♦. om posed of SO w /o  L i^C O ) and SO w/o K^COj* The salt 
bath gave good te m p e ra tu re  control and a lso  m inim ised oxidation  during the 
rolling. During ro ll ing , the rods were rehea ted  in the sa lt  hath for 10 min
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t i t e r  each p a s s ,  They were klso  re tu rn ed  to the salt bath for 10 nun a l te r  
the la s t  p e t e  through the ro l l s  and were then s t ra ig h ten ed .

G ood-quality  rolled rod was obtained from  all  of the ingots by these  
procedures*

S tan d a rd  heat- trea ting  p ro c e d u re s  were se lec ted  on the basis of the 
best in fo rm ation  available a t  the  t im e  the p rog ram  was planned* These heat 
t re a tm e n ts  w ere  to be used a t a l l  of the laboratories*

The heat trea tm en ts  which w ere selected a r e  su m m a r is e d  in Table 2, 
Those for the base  uranium and u ran iu m -s irco n iu m  a l lo y s  were selected  
from  data  obtained at ANL, and those  for the u ran iu m -ch ro m iu m  alloys 
were s e le c te d  from  data obtained a t KAPL,

Use of Recom m ended Heat T rea tm e n ts

TABLE 2. SE L E C T E D  HEAT TREATMENTS

Nominal
Composition,

w/o Heat Treatm ent M ateria l

Uranium  1/2 hr 7 )5  C in vacuum, and w ater  quench, 1, 6
L hr 575 C, a i r  cool r

0.1 Cr Step (a) 15 m m  715 C t  10, quench to 575 C 7
* 10 for 15 m in , water quench; S tep (b)
15 min 715 C t  10, quench to 500 C * 10 
for 20 min, w a ter  quench

0 .4  C r Step (a) 15 m in 715 C i  10, quench to 575 C ), 8 
* 10 for 15 m m , water quench; S tep (b)
15 min 715 C * 10, quench to 5^0 C a  10 
for 90 min, w a te r  quench

l . l  t r 1 hr 725 C in vacuum, and w ater quench % 10

2 .2  Z r 1 hr H00 C in vacuum followed by iso th e rm a l 5, 11, 12 
trea tm ent o f  1 h r  at 500 C, a i r  cool

: :



It should be pointed out that the heat t rea tm en ts  fo r  the u ran ium - 
zirconium  a lloys  w ere  baaed p r im a r i ly  upon th e rm al-cyc ling  data. Subse
quent work ind ica tes  that sam ples with these  heat t re a tm e n ts  do not give the 
b es t  re su l ts  du ring  exposure to rad ia t io n .  (3) There does not appear to be 
any reason  to be lieve  that th is  is a lso  tru e  of the heat t re a tm e n t  of the 
u ran iu m -ch ro m iu m  alloysi since the  heat tre a tm en ts  were selec ted  p r im ar i ly  
on the b a s is  of g ra in -re f in in g  da ta ,  ra th e r  than on th e rm a l-cy c l in g  data.

A itcr c a re fu l  analysis  of the ro l led  product, a lloy rod  was shipped to 
each  of the cooperating  la b o ra to r ie s .  Studies at BM1 included determ ination  
of re s is t iv i ty ,  ol m ic ro s t ru c tu re  and g ra in  size, of tensi le  p ro p e r t ie s ,  and 
of p e rfo rm ance  during th e rm a l cycling.

The a n a ly se s  of ro l led -ro d  sp ec im en s  indicate that the m a te r ia ls  a re  
m ore uniform and c lo se r  to the nom inal com positions than  the ingot analyses 
p resented  e a r l i e r  would suggest. A na lyses  of lead-end, c e n te r ,  and t r a i l -  
end sam ples of a l l  of the rolled ro d s  a r e  sum m arized  in Table  3, The c a r 
bon analyses  of the low -carbon m a te r ia l s  should be ve ry  n ea r ly  that of the 
biscuit u ran ium ; about 0.01 w /o  or le s s .

The e le c t r i c a l  re s is t iv i ty  of e ac h  of the m a te r ia ls  was determ ined, 
and the re la t io n sh ip  of e le c t r ic a l  r e s i s t iv i ty  and th e rm a l conductivity was 
examined b r ie f ly .  The th e rm a l conductiv ities  of the u ran ium -z ircon ium  
alloys have been  obtained by in te rpo la tion  from  existing g raphs  of data and 
a re  also included in th is  rep o r t .

M easu rem en ts  of e le c t r ic a l  r e s is t iv i ty  on sam ples of a l l  the m a te r ia ls  
a re  su m m arized  in Table 4, T e m p e ra tu re  coefficients of re s is t iv i ty  are 
shown in Table 5.

In the low -carbon  m a te r ia ls ,  the re s is t iv i ty  in c re a s e s  slightly  with 
increas ing  ch ro m iu m  content and with increasing  z ircon ium  content. A 
s im ila r  trend  o ccu rs  in the h igh -ca rbon  m a te r ia ls ,  but the 0. 11 w /o 
chrom ium  alloy has  a e 0. 51 w /o  chrom ium  alloy.

RESULTS AND DISCUSSIONS

A nalysis  of Rolled Rod

E le c tr ic a l  R es is t iv ity  and Therm al Conductivity
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TABLE 3. ANALYSES OF URANIUM AND URANIUM-ALLOY RODS

Nominal
Composition, A n a ly s e s ^ ,  w/o

M ate r ia l w /o Cr Zr C

1 Base U, low C m m m m (b)
2 0.1 C r, low C 0. 10 — <b)

— 0. 10 m  m (b)
— 0. 10 — (b)

3 0 ,4  C r ,  low C 0 .46 — (b)
— 0.42 — (b)
— 0. 42 — (b)

4 It 1 Z r ,  low C - - 1.13 (b)
— - - 1.15 (b)
— — 1.11 (b)

5 2, 2 Z r ,  low C 2.19 (b)
— — 2. 24 (b)
— - • 2. 24 (b)

b Base U, high C — — 0. 08
— - - m m 0 .0 7
— - - — 0 .1 0

7 0. 1 C r, high C 0. 10 — 0. 38
- - 0. 11 — 0 ,3 5
— 0. 11 — 0. 34

8 0. 4 C r, high C 0. 46 — 0 .0 3
— 0, 51 — 0. 10
— 0 .4 5 — 0. 11

9 1. 1 Zr, high C — 1.25 0. 38
— — 1.25 0 .3 8

10 1. 1 Z r ,  high C — 1.19 0. 32
— - - 1.25 0.31

11 2, 2 Z r ,  high C - - 2.29 0 .4 0
— — 2.22 0 .3 9

12 2. 2 Z r ,  high C — 2.23 0.41
2.14 0. 38

(*) Analyses represent samples from lead ends, centers, and trail ends of rolled rods, 
(b) Low carbon, probably leas than 0.01 C,
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TABLE 4. ELECTRICAL RESISTIVITY**5 OF URANIUM AND URANIUM ALLOYS

Interpolated
Analysis, Resistivity, microhm-cm

Material w/o 20 C 100 C 150 C 200 C 250 C 300 C 350 C 400 C 450 C 500 C

1 Base U, low C 28.8 33,7 36.7 39.5 42.1 44.5 46.6 48.6 50,0 51.4

2 0.10 Cr, low C 30.0 35,2 38.2 41.1 43.9 46.4 48.6 50.6 52.3 53.8

3 0,42 Cr, low C 32.5 38.1 41.6 44.8 47.6 50,4 52.8 55.0 56.9 58.5

4 1,13 Zr, low C 33,3 38.7 41.9 44.8 47.4 49,9 52.0 54.0 55.7 57.3

\ \ !
2.19 Zr, low C 33.8 39.4 42.6 45.7 48,4 50,9 53.1 55.2 57,0 58,6

Base U, 0,08 0 30.2 35,3 38.3 41.2 43.9 46,5 48.7 50.7 52.4 53,9

! 7
0,11 Cr, 0.36 C 31.5 37,6 41.0 44.2 47.1 49,7 52.1 54.3 56.4 58.1

V y
8 0,51 Cr, 0.10C 31,6 37,0 40.3 43.4 46.3 48.9 51.3 53.4 55.2 56,8

10 1,19 Zr, 0.32 C 32,7 38,1 41.3 44.4 47.3 50,0 52.4 54.5 56.4 58,0

11 2,29 Zr, 0.40 C 33.6 39,3 42.6 45.7 48.6 51,1 53.4 55.4 57,3 58.9

(a) Data obtained from 0,080-ln,-diameter by 12-ln,-long wire* using potentlometilc method o f measurement. Meaiurement* were made after 15 min 
at each thermal equilibrium,

(b) Sample* were heat treated a i described in section "Use of Recommended Heat Treatments",

I
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TABLE 5 . TEMPERATURE COEFFICIENT OF ELECTRICAL RESISTIVITY OF URANIUM AND URANIUM ALLOTS

Interpolated
AnalyrU, Temperature Coefficient of Retimvlty, 10*4 per J ck C, Q»«t Indicated Tem perature Range, C

v /o 20 to 130 20 to 150 20 to  200 20 to 250 20 to 300 20 to 350 20 to 400 20 to  450 20 to 500

Bare U, low C 21.3 21.1 20 ,6 20.1 19.5 18.7 18.0 17.1 16,4

0.10 Cr, low C 21.7 21.0 20 .6 20,1 19.5 18.8 18,1 17,3 16.5

0.42 Cr. low C 21.5 21.5 21 .0 20,2 19.7 18.9 18,2 17,5 16,7

1.13 I t .  low C 20.3 19.9 19.2 18.4 17.8 17.0 18.4 15,5 16,0

2. IB I t ,  low C 20,7 20.0 19.6 18.8 18.1 17.3 18.7 16 .0 15,3

Bare U. 0 .08 C 21.1 20.6 20.2 19,7 19.3 18.6 17.9 17.1 16.4

0,11 Cr. 0,36 C 24.2 23.2 22.4 21,5 20,6 19,8 19.1 18.4 17.6

0.51 Cr, 0 .1 0 C 21.4 21.2 20.7 20.2 19.6 18,9 18.2 17.4 16.6

1,19 Zr, 0 .32  C 20.6 20,2 19.9 19.4 18,9 18.3 17.5 16.9 16.1

2.29 Zt, 0 ,40  C 21 ,6 20.9 20.2 19.6 18.8 18,0 17.2 16.5 15,8
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T h is  exception  may be the  re s u l t  of the higher carb o n  content in the 0 . 11 w /o 
ch ro m iu m  alloy. The sam e  m a te ria l, 0, 11 c h ro m iu m -0 .3 6  carb o n , shows 
the  g re a te s t d ifference in re s is t iv ity  when the h igh-carbon  m a te r ia ls  a re  
co m p ared  with the c o rre sp o n d in g  low -carbon  m a te r ia ls ,  Table 4 . It a lso  
ex h ib its  the g re a te s t v a r ia tio n  in the te m p e ra tu re  coefficient of re s is t iv i ty , 
T ab le  5,

An a ttem pt was m ade to  re la te  e le c t r ic a l  re s is t iv ity  and th e rm a l con
d u c tiv ity  of the s irco n iu m  a llo y s , on the b a s is  of e le c tr ic a l  r e s is t iv i ty  and 
th e rm a l conductivity d a ta  to r  5 to  100 w /o  s irc o n iu m , U was found tha t 
av a ilab le  data were not su ffic ien t to  fo rm  a  b a s is  fo r a re la tio n sh ip . How
e v e r , the L oren ts ra tio s  ag reed  fa irly  w ell f o r  u ran iu m  and for 5, 10, and 
20 w /o  sirconium  a llo y s .

In o rd e r to ob ta in  d a ta  fo r design ap p lica tio n s , the th e rm a l conductiv i
t ie s  of the l |  1 and 2 .2  w /o  sircon ium  a llo y s  w ere  obtained by in te rp o la tio n  
fro m  existing  data. W  T h ese  data a re  tab u la ted  below along w ith e x p e r i
m en ta l data fo r a rc -m e lte d  uranium .

T e m p era tu re , T herm al C onductivity , w /( in ,) (se c )
c U U - l .  1 w /o  Z t U -2 ,2  w /o

20 0 ,2 6 m m „
100 0 ,2 7 m m —

200 0 .2 8 5 0.271 0 .258
300 0. 305 0 .292 0 .280
400 0 .3 3 0 0. 317 0. 306
500 0 .3 6 0 0. 345 0 .334

S ince th ese  a re  in te rp o la te d  data, they should  be used with cau tion .

M icro stru c tu re

Specim ens of a l l  of the h e a t- tre a te d  ro d s  w ere p rep a red  fo r  m e ta llo -  
g rap h ic  exam ination and w ere  photographed by m eans of b r ig h t-f ie ld  tech 
n iq u e s , The g ra in  s iz e s  w ere  de term in ed  un d er both b rig h t-f ie id  and  p o la r
ized  illum ination , (5) V ic k e rs  h a rd n ess  n u m b ers  w ere obtained f ro m  a ll 
m e ta llog raph ic  sam p les  w ith a 10-kg load.

The m ic ro s tru c tu re s  of the low -carbon  m a te r ia ls  a re  shown in  F ig u res  
1 th rough  5, These include longitudinal and tra n s v e r s e  pho tom icrog raphs 
fo r  e ac h  m a te r ia l. M arked  g ra in  re fin em en t w as obtained in  a ll th e se  alloys 
(F ig u re s  2-5).
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FIGURE 1. LOW-CARBON URANIUM
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The long itud inal and t ra n s v e r s e  s tru c tu re s  appear to  be  the tam e  in 
m oat of the a llo y s , except for a a ligh t a tringering  of incluaiona In aome of 
the longitudinal le c t io n s .

In the 1 .1  w /o  airconium  a llo y , shown in F igure  4, a segregation  
effect was o b serv ed  under b r ig h t-f ie ld  illum ination* It a p p e a rs  that the 
specim en w as in  the b e ta -p lu s-g am m a reg ion , re su ltin g  in  a  rn icroaeg rega ted  
s tru c tu re . In the longitudinal sec tio n  the m ic ro aeg reg a tio n  cau ses  a banded 
ap pearance . The g ra in  s tru c tu re  u n der po la rised  light ap p ea red  to  be m ore 
reg u la r, a lthough  the g ra in s  tended  to  be elongated in the longitudinal d ire c 
tion.

The m ic ro a tru c tu re s  of the h ig h -ca rb o n  m a te r ia ls  a r e  shown in F ig u re s  
6 through 10. The g re a te r  q u an titie s  of inclusions in th e se  m a te ria ls , p r in 
cipally  c a rb id e s , re su lted  in a m ark ed  strin g e rin g  in the longitudinal d ire c 
tion . This e ffec t is g re a te s t in the 0. 1 w /o  chrom ium  a llo y  and in the 
s ircon ium  a llo y s , because of the high carbon  con ten ts. T h is  s tringering  
effect can be o b serv ed  In F ig u res  7, 9, and 10.

The m ic ro seg reg a tio n ! re su ltin g  from  heat tre a tin g  the  low -carbon 1. 1 
w /o sircon ium  sam ples in the b e ta -p lu s-g am m a  tw o-phase  reg ion , was not 
observed  in th e  co rrespond ing  h ig h -ca rb o n  sam ples (F ig u re  9). This absence 
is probably the  re s u lt  of the rem o v a l of sircon ium  fro m  so lid  solution by 
the fo rm atio n  of sirconium  c a rb id e .

The g ra in  s i te s  of the v a r io u s  sp ec im ens a re  su m m arized  in Table 6. 
The low -carbon  2 .2  w /o z ircon ium  alloy  had the fin es t g ra in  size of any of 
the m a te r ia ls . The next finest g ra in  s iz e  was found in the 0 .4  w /o chrom ium  
alloy.

In co m p arin g  the low -carbon  and h igh-carbon m a te r ia ls ,  it can be seen  
that carbon  had little  effect on the g ra in  size of u ran ium  o r  of the chrom ium  
alloys. On th e  o th e r hand, a s e r io u s  coarsen ing  effect w as observed in the 
h igh-carbon z ircon ium  alloys. T h is  e ffec t was g re a te s t  in the h igh-carbon 
2 .2  w /o z irco n iu m  alloy.

T en sile  P ro p e r tie s

The te n s i le  p ro p e rtie s  of bo th  the low - and the h ig h -ca rb o n  m a te ria ls  
were d e te rm in ed  a t 20 C and 500 C . The resu lting  data  a rc  sum m arized  in 
Tables 7 and 8.

It is  a p p a ren t that at 20 C (T ab le  7) the low -carb o n  a ircon ium  alloys 
a re  the s tro n g e s t m a te ria ls  s tu d ied . The low -carbon ch ro m iu m  alloys a re  
the m ost du c tile  and a re  a lso  v e ry  s tro n g  ajjtbxs. At 500 C (Table 8) the
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100X N8305
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FIGURE 7. HIGH-CARBON URANIUM-0. 1 w /o  CHROMIUM
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100X N8315

Longitudinal Section, VHN 274

100X N8316

TransverBe  Section, VHN 285

FIGURE 9. HIGH-CARBON URANIUM-1. 1 w /o  ZIRCONIUM
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TABLE 6. GRAIN SIZE OF URANIUM AND URANIUM ALLOYS

M ateria l
Interpolated 

Analysis, w /o

G rain  Size, m m  
Longi- T r a n s -

tudinal v e r s e d Rem arks

1 Base U, low C >0. 118 - -

2 0. 10 C r, low C 0.057 - - —

3 0. 42 C r ,  low C 0.025 — —

4 1* 14 Zr, low C 0.033 0. 049 Some gra ins as Large 
as 0. 05-0. 06 m m

5 2, 19 Z r ,  low C 0. 009 a » « •

6 D ate  U, 0 .08  C >0.118 — - -

7 0. 10 C r, 0 .38  C 0. 049 - - - -

8 0. 50 C r, 0 .08  C 0. 025 —  -

10 1. 19 Zr, 0 .32 C 0.057 - - - -

n 2.29  Zr, 0 .40  C >0. 118 - - - -

(a) Same at longitudinal except v-.tiere indicated nthcrwitc.

. .SECRET . ... .
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TABLE 7. TENSILE PROPERTIES OF URANIUM AND 
URANIUM ALLOYS AT 20 C

M ate ria l
In terpola ted  

A nalysis , w /o

Ultimate
Tensile

Strength,
psi

O. 2 P e r  Cent 
Yield 

Strength, 
psi

E lon
gation 

in 2 I n . , 
p e r  cent

Re
duction 
of Area, 
p e r  cent

1 Base U, low C 72,000 42,300 11.0 9.5
100,700 35,000 12.0 11.6

2 0.10 C r ,  low C 158,500 82,700 20.5 18
156,200 81,300 17.7 14.4

3 0.42 C r, low C 156,500 79,800 23.0 13.8
156,000 81,000 23.0 13.8

4 1.12 Z r, low C 172,500 95,000 9 .0 8.7
184,900 86, 200 14.0 10.9

5 2. 24 Zr, low C 183,000 91,400 10 9.7
187,900 95, 800 13.9 11.8

6 Base U, 0. 08 C 104,200 38,700 17.5 17.2
7 0.11 C r, 0. 34 C 132,600 88,400 10.5 9.3

121,500 85, 800 11.5 9.3
8 0.48 C r, 0. 11 C 146,700 80, 400 16.0 13.8

10 1.19 Z r ,  0. 32 C 109,000 52,800 15.5 13
111,800 53,000 17.0 13.5

11 2.14 Z r ,  0 .3 8  C 102, 700 51, 600 7 .5 8 .9
99, 900 50, 700 10.5 7 .9
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TABLE 8. TENSILE PROPERTIES OF URANIUM AND 
URANIUM ALLOYS AT 500 C

i :
■■■■■ : = ■  ■■ ...................:  — - . t : : : . -

In terpolated 
Analysis, w /o

Ultimate
Tensile

Strength,
psi

0. 2 P e r  Cent 
Yield 

S treng th , 
p s i

Elon
gation 

in 2 In . , 
p e r  cent

R e
duction 
of A rea, 
p e r  cent

Base U, low C 11,260 8 ,330 36 ~78
12,460 7,900 29 - 8 7

0.10  Cr, low C 32,050 23, 300 24.5 - 5 7
25,980 15,300 25.5 - 8 5

0,42  Cr, low C 38, 750 24 ,600 23 82
37,100 23 ,800 23 82

1.11 Z r, low C 43, 300 31,400 11.3 61
61,000 48 ,200 21 94

2. 21 Z r, low C 46,100 41 ,300 18 85
52, 400 45 ,000 24 94

Base U, 0 .08  C 12,020 9,000 26.5 - 7 9
14,320 10,950 33 71

0.11 C r, 0 .35  C 29,050 18,200 27.5 90
30,100 20,400 23.5 66

0.48  Cr, 0. 11 C 36,100 26 ,200 19.0 65
0.45 C r, 0. 11 C 33, 400 24,000 18.5 59
1.23 Zr, 0. 31 C 16,200 12, 300 25.0 61

16,450 . 12,000 27.0 65
2.14  Z r, 0 .3 8  C 20, 500 15,600 17.5 49

20,270 15,200 17.4 48.5

•;6gC^ET
• # » ♦

M  M ■ •

• *» • • « ♦ • • • • I «
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low -carbon z irco n iu m  alloys a re  s t i l l  th e  s tro n g est, but th e re  is  little  d iffe r
ence among the d u c tilitie s  of the lo w -ca rb o n  zirconium , lo w -carb o n  ch ro 
m ium , and h ig h -ca rb o n  chrom ium  alloys*

There a p p e a rs  to  be little  advantage in s treng th  or d u c tility  to be ob
tained  by the ad d ition  of 0 ,4  w /o ch ro m iu m  instead  of 0, 1 w /o  chrom ium , 
o r  by the addition  of 2 .2  w /o  z irco n iu m  in stead  of 1,1 w /o  z ircon ium . This 
condition m ight be expected , since  the  so lid  solubility of both chrom ium  and 
zirconium  in a lp h a  u ran ium  is quite lim ited .

C om parison  of the data fo r  the low -carbon  and h ig h -ca rb o n  m a te ria ls  
rev ea ls  that carb o n  has a  d ra s tic  e ffec t on the p ro p e rtie s  of the zirconium  
alloys, but has re la tiv e ly  little  e ffec t on the p ro p ertie s  of u ran iu m  and of 
the chrom ium  a llo y s .

At both 20 and  500 C the s tre n g th  of the h igh-carbon z ircon ium  alloys 
is  much le ss  th an  the s treng th  of the low -carbon  z irco n iu m  a llo y s . This 
low streng th  is p robab ly  the re su lt  of th e  fo rm ation  of z irco n iu m  carbide and 
co rresponding  re m o v a l of zirconium  fro m  solid solution. The absence of 
zirconium  ap p a ren tly  affects not only th e  solution streng then ing  but the g rain  
size  of the a lloy .

Specim ens of a ll of the m a te r ia ls  w ere  cycled 500 tim e s  between 100 
and 500 C. The r e s u l ts  a re  su m m arized  in Table 9. T hese  te s ts  w ere not 
intended to se rv e  as  a "stand in" for rad ia tion -dam age ex p e rim en ts , but 
m e re ly  to evaluate  the re la tive  s tab ility  of the m a te ria ls  to  a p a r tic u la r  set 
of th e rm a l-cy c lin g  conditions. T h e rm al-ex p an sio n  co effic ien ts  w ere ob
tained  on the sam e specim ens before  th e rm a l cycling. R esu lting  data a re  
sum m arized  in Table 10.

The th e rm a l-c y c lin g  data ind ica te  the ex istence of a tra n s ie n t behav
io r during the f i r s t  few hundred cy c les  in many of the s a m p le s . F o r exam ple, 
the specim en of M ate ria l 4, low -carbon  1. 1 w /o -z irco n iu m , had a to tal 
length change of 0. 003 per cent a f te r  500 c y c le s . A ctually , it sh rank  in 
length quite rap id ly  during  the f i r s t  100 cy c les  and then began to grow, and 
by coincidence had com e back to i ts  o rig in a l length a f te r  500 cy c le s . P e rh ap s 
a good indication of the stab ility  during  th e rm a l cycling is  the grow th ex
hibited betw een 300 and 500 cy c le s . T hese  values of g ro w th , along with the 
su rface  condition a f te r  500 cycles, should  provide a  fa ir ly  good m easu re  of 
the re la tiv e  m e r i ts  of th is set of s a m p le s . On this b a s is , it  is  apparent that 
the best m a te r ia ls  a re  the low -carbon  chrom ium  and low -carbon  zirconium  
alloys.

T herm al-C ycling  E xperim ents

i



TABLE 9, LONGITUDINAL GROWTH OF URANIUM AND URANIUM ALLOTS 
DURING THERMAL CYCLING FROM 100 TO 500 C

Material

Interpolated
Composition,

Wo

Growth Per Hundred Cycle/1), per cent 
After 100-200 200-300

100 Cycles Cycles Cycles
300-500
Cycles

Total Length 
Change, 
per cent

Surface Condition 
After

500 Cycles

• a 1 Bate U. lov C -0,288 -0.568 -0.144 -0 .2 2 3 -1.44 Warped and bumped
• « •

2 0.10 Cr, lov C -0,057 -0.017 -0.013 40.010 -0.07 Good surface

3 0.42 Cr, lovC •0,046 -0.021 -0.011 -0 .004 -0.086 Good surface
• a •

•  •  4  '* • i
cn
M
n

4 1,12 Zr, lov C *0.146 40.020 40.037 40.044 40.003 Very good surface

• • Jtf
Mbj

S 2,20 Zr, lovC ♦0.072 •0.047 40.025 40.027 40,10 Very good surface

* «•  • 
a a ■ x 6 Bate U, 0,08 C 4-0.376 40.094 40.190 40.211 41,09 Warped and bumped

•  • « ♦ ♦ 7 0,11 Cr, 0.35 C 40.010 40.115 40.188 40.204 40,72 Good surface

8 0,48 Cr, 0,11 C 40.004 40.055 40,088 40.155 40.46 Good surface

10 1,21 Zr, 0,32 C -0,063 40.073 40,083 -0 .090 40.043 Warped and bumped

11 2.24 Zr, 0,39 C 0.00 -0,076 40.347 -0.271 -0.27 Warped and bumped

(a) Time for one cycle vat about 30 min.
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TABLE 1 0 . LONG ITUD IN A L -T H  ERMA L-EXPANSION COEFFICIENTS OF 

URANIUM AND URANIUM ALLOTS

Interpola ted
C o m p etitio n ,

T h erm a l-E x p an sio n  C oeffic ien ts. 
10*6  per d e g  C

M ate ria l w /o 50 C M ean 40  to  50 0  C

1 Bate U. low C 12.17 13 .68
mm — 13.75

• t O .lO C r, low  C 12.68 14 .66

— — 16.00

3 0 .4 2  C r, low C 12 .41 15 .00

4 1 .1 2  Zj ,  low C 12 .75 15 .50

S 2 .2 0  Zj ,  low C 12 .08 14 .40

6 Bate U. 0 .0 8  C 11.17 12 .66

— — 12.58

7 0 .1 1  Cx, 0 .3 5  C i 3 .y i 15 .73
•  • — 15 .73

8 0 .4 8  0 ,  0 .1 1  C 13.17 15 .83

10 1 .2 1  Zj ,  0 .3 2  C 12.17 12 .83

— — 13.41

11 2 .2 4  Zx, 0 .3 9  C 1 2 .0 0 1 3 .5 0

mm
“

1 3 .3 3

.
r f t '  . *
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s e c r e t

The z ircon ium -a lloy  sam p le s  had slightly b e t te r  su rfaces  after cycling 
than did the chrom ium  a lloys . This superio rity  does  not co rre la te  d ire c t ly  
with the gT&in-size m e asu re m e n ts :  the 1. 1 w /o  z irc o n iu m  alloy had a 
c o a r se r  g ra in  size than did the chrom ium  alloys; the 2 .2  w /o zirconium  alloy 
had a f in e r  g ra in  size*

The low -carbon ch rom ium  a lloys underwent l e s s  growth between cy c le s  
300 and 500 than did the lo w -ca rb o n  zirconium  a lloyc . This may m ean that 
the random ization  during heat t re a tm e n t  was m ore  com ple te  in the ch rom ium  
alloys. On the other hand, o th e r  fac to rs ,  such a s  the strength  of the a lloys  
and su rface  condition of the sp ec im en s ,  could be involved.

F r o m  the preceding d iscu ss io n , it is ap paren t th a t  the m e r i ts  of the 
low -carbon  chrom ium  and lo w -carbon  zirconium sam p les  were about equal in 
these  th e rm a l-cy c l in g  ex p e r im en ts .  The low -carbon  and high-carbon b a s e -  
u ranium  sam p les  were n u m erica l ly  s im ila r  in beh av io r ,  but the low -carbon  
uranium  sh ra n k  while the h ig h -ca rb o n  uranium grew  in length.

SIGNIFICANCE OF RESULTS
•

The full value of these  r e s u l t s  can probably be obtained only by c o m 
p a r iso n  with the resu lts  of ANL, However, s e v e ra l  observations can be 
made.

On the basis  of the te n s i le  p ro p e rt ie s ,  g ra in  s ize ,  and behavior during 
th e rm a l  cycling, the low -carbon  u ran ium -ch rom ium  and low-carbon u ra n iu m -  
z ircon ium  alloys a re  roughly com parab le . These a lloys  a re  the best of the 
m a te r ia ls  which were studied.

H igh-carbon  content was de tr im en ta l  to the z irco n iu m  alloys, but had 
le ss  d e tr im e n ta l  effect on the  ch rom ium  alloys and the base  uranium.

The ultimate c r i te r io n  fo r  evaluation of th ese  a lloys  is , of co u rse ,  
actual i r r a d ia t io n .  However, on the basis  of the e ffec tiveness  of g ra in  r e 
f inem ent in producing stability  during irrad ia tion , reasonab ly  good behav io r 
can p robably  be expected f ro m  both the low -carbon  z ircon ium  and low -carbon  
ch ro m iu m  alloyB.

v .
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