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THERMAL EXPANSION OF ALPHA-URANIUM SINGLE CRYSTALS 

L. T. Lloyd 

ABSTRACT 

Dilatometric measu remen t s have been obtained be
tween 25° and 650°C from a lpha-uranium single c rys ta l s in 
the three principal crys ta l lographic d i rec t ions . Leas t mean 
square fitted equations represent ing these direct ions and 
volume as functions of t empera tu re (t°C) a r e as follows: 

L[100]^ = L [ I O O ] Q O ( , (^ + 23-53 x l O ' ^ t + 13 .74 x l O ' V + 9-94 x I Q - ' V ) 

L [ 0 1 0 ] = L [ o i O ] o (^ + 1-1^ ^ ^ ° ' ^ * - 9-43 X 1 0 ' V ~ - 11.79 x I Q - ^ V ) 

L [ 0 0 1 ] = L [ 0 0 1 ] o (1 + 19-38 x 10-^t + 2 1 . 5 8 X 1 0 - V + 3.32 X I Q - ^ V ) 

Vt = VQOC (1 + 4 3 . 9 8 X 10-^t + 26 .88 x l O ' V + 1.00 x l O - ' V ) 

Comparisons of fraction expansions of single c r y s 
ta ls with those derived from lat t ice p a r a m e t e r m e a s u r e 
ments indicate that portions of the la t ter data a r e subject 
to e r r o r s because of e last ic interact ions between grains of 
polycrystal l ine samples . 

I. INTRODUCTION 

To understand some of the phenomena observed in a lpha-uranium, 
it is neces sa ry to know its expansion with t empera tu re . Also, this infor
mation is bas ic to other physical proper ty m e a s u r e m e n t s . Since the lat t ice 
s t ruc ture is or thorhombic , a lpha-uranium has different thermal expansions 
for the three principal c rys ta l axes; consequently, these values can not be 
measu red direct ly from polycrystal l ine m a t e r i a l s . 

Thermal expansions for the principal direct ions have been der ived 
from latt ice pa ramete r measu remen t s of polycrystal l ine samples at v a r i 
ous t empera tu re s as repor ted by Br idge, Schwartz and Vaughan,(1) Chiotti, 
Klepfer and White(2) and Konobeevsky et al.l-^) Thermal cycling studies 
have shown that polycrystal l ine alpha-uranium(^) is subject to g ross p l a s 
tic deformations upon heating and cooling as well as to res idual e last ic 
s t ra ins . Since the latt ice pa rame te r studies were performed with poly
crysta l l ine samples , e last ic s t ra ins may have been present and the ob
served lattice p a r a m e t e r s could be in e r r o r . Likewise, the derived 
expansions could be incor rec t . 



Single c r y s t a l e x p a n s i o n m e a s u r e m e n t s obv ious ly a r e not s u b j e c t 
to e r r o r s i n t r o d u c e d by e l a s t i c s t r a i n s a s s o c i a t e d with g r a i n i n t e r a c t i o n s , 
and t h e y shou ld y i e ld t r u e e x p a n s i o n da t a . M e a s u r e m e n t s of t h i s type h a v e 
b e e n r e p o r t e d by L e h r and L a n g e r o n ( 5 , 6 ) for a l p h a - u r a n i u m " s i n g l e c r y s 
t a l s " g r o w n by cool ing in a t e m p e r a t u r e g r a d i e n t t h r o u g h the jS to a t r a n s 
f o r m a t i o n . ( 7 , 8 , 9 ) S a m p l e s p r e p a r e d in t h i s m a n n e r c o n t a i n l i n e a g e s t r u c t u r e 
and a r e not t r u l y s ing l e c r y s t a l s . T h e i r s t u d i e s w e r e of r a n d o m l y o r i e n t e d 
" c r y s t a l s " ; c o n s e q u e n t l y , m e a s u r e m e n t s w e r e not m a d e s p e c i f i c a l l y a long 
the p r i n c i p a l c r y s t a l a x e s a l t hough they did d e r i v e m e a n t h e r m a l e x p a n s i o n 
coe f f i c i en t s for t h e s e d i r e c t i o n s . 

A t e c h n i q u e h a s b e e n d e v e l o p e d for p r e p a r i n g a l p h a - u r a n i u m s ing le 
c r y s t a l s t ha t do not c o n t a i n l i n e a g e s t r u c t u r e s . T h e s e a r e of suf f ic ient 
s i z e to p e r m i t p r e p a r a t i o n of two p a r a l l e l s u r f a c e s of spec i f i c c r y s t a l l o 
g r a p h i c o r i e n t a t i o n , and t h e i r e x p a n s i o n with t e m p e r a t u r e can be m e a s u r e d 
by d i l a t o m e t r i c t e c h n i q u e s . T h i s r e p o r t d e s c r i b e s s ing le c r y s t a l d i l a t a t i o n 
m e a s u r e m e n t s and c o m p a r e s the r e s u l t s to p r e v i o u s da t a . 

II. E X P E R I M E N T A L P R O C E D U R E S 

A. S a m p l e P r e p a r a t i o n 

A l p h a - u r a n i u m s ing le c r y s t a l s w e r e o b t a i n e d by the g r a i n c o a r s e n i n g 
t e c h n i q u e d e s c r i b e d by F i s h e r . ( 1 0 ) T h e i r s i z e s , a s - g r o w n , r a n g e d up to 
0.200" in d i a m e t e r and a p p r o x i m a t e l y j / 2 " in l eng th . They w e r e i s o l a t e d 
f r o m o the r g r a i n s and o r i e n t e d fo r m e t a l l o g r a p h i c p o l i s h i n g a c c o r d i n g to 
t e c h n i q u e s d e s c r i b e d by L l o y d and C h i s w i k . ( l l ) Two p a r a l l e l s u r f a c e s 
p e r p e n d i c u l a r to the o r i g i n a l s a m p l e ' s a x i s w e r e de^^eloped on the r a n d o m l y 
o r i e n t e d c r y s t a l s ; t h e s e def ined the c r y s t a l l o g r a p h i c d i r e c t i o n w h o s e d i l a t a 
t ion w a s m e a s u r e d . The s a m p l e s for p r i n c i p a l a x e s e x p a n s i o n m e a s u r e m e n t s 
w e r e p r e p a r e d in the f o r m of p s e u d o - u n i t c e l l s wi th s i x flat s u r f a c e s p a r a l l e l 
to the p r i n c i p a l c r y s t a l l o g r a p h i c p l a n e s . 

P o l i s h e d s u r f a c e s w e r e p r e p a r e d by n o r m a l m e t a l l o g r a p h i c t e c h n i q u e s 
of g r ind ing on w a t e r l u b r i c a t e d , r o t a t i n g , s i l i c o n c a r b i d e p a p e r s t h r o u g h 
600 m e s h , p o l i s h i n g on r o t a t i n g c lo th l a p s wi th 3 and 1 m i c r o n d i a m o n d p a s t e 
a b r a s i v e and e l e c t r o p o l i s h i n g in a s o l u t i o n of 5 p a r t s 857o o r t h o p h o s p h o r i c 
a c i d , 5 p a r t s e t h y l e n e g lycol and 8 p a r t s e thy l a l coho l a t a c u r r e n t d e n s i t y of 
30 m i l l i a m p e r e s p e r s q u a r e c e n t i m e t e r for a p p r o x i m a t e l y 10 m i n u t e s wi th a 
s t a i n l e s s s t e e l ca thode and a p l a t i n u m touch w i r e . P a r t i c u l a r c a r e w a s t a k e n 
d u r i n g t h e s e o p e r a t i o n s so a s not to p l a s t i c a l l y d e f o r m the body of the c r y s 
t a l s and to m i n i m i z e the d i s t o r t e d m a t e r i a l c r e a t e d d u r i n g m e t a l l o g r a p h i c 
p r e p a r a t i o n . In a l l c a s e s , the th in l a y e r of d i s t o r t e d m a t e r i a l w a s r e m o v e d 
by the f inal e l e c t r o p o l i s h . The s u r f a c e s w e r e then c a r e f u l l y o b s e r v e d m e t a l l o 
g r a p h i c a l l y and n o t a t i o n s w e r e m a d e with r e g a r d to the quan t i ty and l o c a t i o n 
of twins and, in a few i n s t a n c e s , v e r y fine o c c l u d e d g r a i n s . The c r y s t a l l o 
g r a p h i c o r i e n t a t i o n s of the c r y s t a l s w e r e d e t e r m i n e d by n o r m a l L a u e b a c k -
r e f l e c t i o n t e c h n i q u e s . ( l ^ ) 



B . D i l a t o m e t r i c M e a s u r e m e n t s 

Single c r y s t a l d i l a t a t i o n s wi th t e m p e r a t u r e w e r e m e a s u r e d with a 
R e c o r d i n g Q u a r t z D i f f e ren t i a l D i l a t o m e t e r . ( 1 3) E a c h c r y s t a l ' s o r i g i n a l 
l eng th w a s d e t e r m i n e d a f t e r e l e c t r o p o l i s h i n g and j u s t p r i o r t o t e s t i n g to 
the n e a r e s t t h o u s a n d t h of a c e n t i m e t e r with a c o m p a r a t o r l o c a t e d in a r o o m 
of known, c o n s t a n t t e m p e r a t u r e ; at l e a s t four m e a s u r e m e n t s w e r e m a d e 
for e a c h c r y s t a l and the r e c o r d e d l e n g t h s a r e the a v e r a g e of t h e s e . The 
ind iv idua l c r y s t a l w a s p l a c e d in to the s p e c i m e n s l e e v e of the d i l a t o m e t e r ' s 
q u a r t z a s s e m b l y and q u a r t z " s h i m s " w e r e u s e d to m a k e up the to t a l one 
inch l eng th p r o v i d e d for s p e c i m e n s . The P t / P t - 1 0 % Rh t e m p e r a t u r e 
m e a s u r i n g t h e r m o c o u p l e w a s p l a c e d i m m e d i a t e l y ad j acen t to one of the 
c r y s t a l ' s s u r f a c e s . D i l a t a t i on c u r v e s w e r e ob t a ined with the H' s c a l e of 
the d i l a t o m e t e r b e t w e e n r o o m t e m p e r a t u r e and 650°C at h e a t i n g and coo l ing 
r a t e s of a p p r o x i m a t e l y 4 ° c / m i n . E a c h c r y s t a l w a s t e s t e d s e v e r a l t i m e s 
and e x p a n s i o n da ta w e r e t a k e n f r o m r e p r o d u c i b l e c u r v e s . Af t e r t e s t i n g 
the v e r y th in c o r r o s i o n p r o d u c t f i lm w a s r e m o v e d f r o m the c r y s t a l by 
e l e c t r o p o l i s h i n g and the s u r f a c e s w e r e a g a i n o b s e r v e d m e t a l l o g r a p h i c a l l y . 

C. Data T r e a t m e n t 

Single c r y s t a l e x p a n s i o n da ta w e r e r e a d f r o m the d i l a t a t i o n c u r v e s 
at 25°C i n t e r v a l s o v e r the r a n g e f r o m 25° to 650°C. T h e s e da ta w e r e t hen 
m u l t i p l i e d by the a p p r o p r i a t e f a c t o r fo r the H' s c a l e , c o r r e c t e d for the 
e x p a n s i o n of the d i l a t o m e t e r ' s q u a r t z c o m p o n e n t s and n o r m a l i z e d to r e p 
r e s e n t f r a c t i o n e x p a n s i o n b a s e d upon 25°C a c c o r d i n g to the p r o c e d u r e 
d e s c r i b e d in a l a t e r p a r t of t h i s r e p o r t . 

A v e r a g e v a l u e s of e x p a n s i o r for each 25°C i n t e r v a l and e a c h p r i n c i 
pa l d i r e c t i o n w e r e d e t e r m i n e d f r o m the d i l a t a t i o n da ta of the c r y s t a l s 
t e s t e d a long the p r i n c i p a l a x e s . T h e s e da ta w e r e t hen s u b m i t t e d to an 
IBM 704 c o m p u t e r for l e a s t s q u a r e p o l y n o m i a l f i t t ing to e q u a t i o n s of the 
t ype : 

Y = koX° + kjX^ + . . . . . . . . kpXP 

w h e r e : Y r e p r e s e n t s the d i m e n s i o n at t e m p e r a t u r e X; kg, kj • • - - • . . • k a r 
c o n s t a n t s and p i s the o r d e r of the p o l y n o m i a l . In a l l c a s e s e q u a t i o n s w e r e 
d e t e r m i n e d for p e q u a l s 1, 2 and 3. The b e s t fit for e a c h s e t of da t a w a s 
s e l e c t e d a s the equa t i on giving the l o w e s t s t a n d a r d d e v i a t i o n (CJ) a c c o r d i n g 
to the equa t ion : 

N 

z:iRii 
i = l /TT 

a = /— 
N NZ 



where: N is the number of observat ions and Rj is the difference between 
the observed and calculated i th datum point. The exper imenta l lat t ice 
p a r a m e t e r s of Bridge, Schwartz and Vaughan(l) and Chiotti , Klepfer and 
White(^) a lso were submitted to this type of equation fitting. 

The data obtained from the randomly or iented c rys t a l s were com
pared to values for their expansion as calculated from single c rys t a l and 
lat t ice p a r a m e t e r expansions in the pr incipal d i rec t ions according to the 
re la t ionship: 

^t°C " ^25°C^ f^t°C - ^25°C\ 2 
cos a 

cos^ jS 

'25°C / V L250C / [-100] 

V C " ^25°C 

'25°C [010] 

f^t°C - L25°C ^ 2 
+ cos 7 

\ L25°C / [ o o i ] 

L^oj-; - L25°(3 1 
where : \ ) is the fraction expansion in a given c rys ta l lographic 

L25°C / ^ / I-'t°C - L25°C 
direct ion upon going from 25°C to t°C, r, 

\ L25°C /fioO] 
Lt°C - L25°C\ , / l - t°C - L25°C\ . r • 

and I a re the fraction expansions 
L25°C / [o iO] V ^25°C / [ o o i ] 

in the indicated pr incipal d i rect ions over the same t empera tu re range and 
a, j3 and 7 a r e the angles at 25°C between the given di rect ion and the 
pr incipal di rect ions [100], [010] and [001], respect ive ly . This re la t ionship 
is the one usual ly p resen ted in mathemat ica l t r ea tmen t s of t he rma l expan
sion (see for example re ference 14) for calculating the dilatation with 
t empera tu re of a random crys ta l lographic direct ion. Its derivat ion involves 
neglecting the second powers of the re la t ively smal l fraction expansions and, 
therefore , it does not yield p r e c i s e values for randomly or iented alpha-
uranium single c r y s t a l s . The magnitudes of the e r r o r s introduced by this 
simplifying assumption for the randomly or iented c rys t a l s cons idered h e r e , 
however, a re l e s s than the accuracy of the di la tometer used for the 
m e a s u r e m e n t s . 

III. RESULTS 

A. Equations Fi t ted to Lat t ice P a r a m e t e r Data 

The ao, bo, CQ and unit cell volume (V) lat t ice p a r a m e t e r data of 
Bridge, Schwartz and Vaughan(-'-) a r e plotted in F igures 1, 2„ 3 and 4, re
spectively; both exper imenta l points and fitted curves a r e shown. The 



experimental data a re tabulated in Table I together with the difference 
between the observed and calculated values der ived from the following 
fitted equations: 

aoT = 2.8353 (1 + 19.50 x 10~^T - 0.44 x lO'^T^ + 15.06 x lO'^^T^) 

boT = 5.8673 (1 - 2.18 x 10"^T + 12.55 x lO'^T^ - 18.15 x 10~^^T^) 

COT = 4.9276 (1 + 21.75 x lO'^T - 13.90 x 10"^T^ + 23.72 x 10"^^T^) 

V^ = 81.975 (1 + 36.32 x 10"^T + 6.95 x lO'^T^ + 14.74 x 10"^^T^) 

where: ao, bo, CQ and V a re the lat t ice dimensions and T is expres sed in 
°K. The anomalous datum point at 20°K for the ao was considered as a 
normal point in deriving the ao and V equations. 

By a simple reference t empera tu re t ransformat ion to °C (t) the 
equations become: 

aot = 2.8512 (1 + 22.50 x 10~^t + 11.83 x l O ' V + 14.98 x lO'^t^) 

bot = 5.8671 (1 + 0.61 X 10"^t - 2.32 x l O ' V - 18.15 x lO'^^t^) 

Cot " 4.9542 (1 + 19.36 x 10"^t + 5.50 x 15~V + 23.60 x 10""t^) 

Vt = 82.855 (1 + 42.95 x lO^^t + 18.82 x 1 0 " V + 14.59 x 10"^V) 

Both sets of equations can be converted to express lengths in the 
principal directions and volume as functions of t empera tu re and the r e 
spective values at the zero t empera tu re by substituting LFJ^QO]' -'-'[010] 
and Lrooi] ^°^ ^O' ^o ^-^d Co plus the respect ive lengths and volumes at 
zero t empera tu re for the appropr ia te ao, bo, CQ and V values . F o r example, 
the ao equation for °K becomes : 

^[100] =^ [ lOO]o (1 +19.50 x l O ' ^ T - 0 . 4 4 X 1 0 - 9 T ^ + 15.06 xlO-i^T 

for length in the [lOO] direct ion. 

F igures 1, 2, 3 and 4 also plot the lat t ice p a r a m e t e r data of Chiotti , 
Klepfer and White(2) together with the fitted curves . Table II r eco rds thei r 
exper imental data and the differences between these and values calculated 
from the following fitted equations: 

aot = 2.8522 (1 + 18.51 x lO'^t + 25.62 x l O ' V ) 

bot = 5.8648 (1 - 0.66 x 1 0 " \ + 7.59 x l O ' V - 30.07 x 10-^^t^) 



Cot = 4 .9522 (1 -t- 15.11 x 10"^t + 23.70 x 1 0 " V ) 

Vt = 82.838 (1 -f- 32.62 x 10"^t -I- 58.85 x 1 0 " V - 31.52 x 1 0 " ^ V ) 

F i n a l l y , F i g u r e s 1, 2 and 3 inc lude the c u r v e s of l a t t i c e p a r a m e t e r 
as a funct ion of t e m p e r a t u r e b e t w e e n 0° - 500°C r e p r e s e n t e d by the e q u a t i o n s : 

aot = 2.8522 (1 + 21.7 x lO '^ t -f 22 x 1 0 " V ) 

bot = 5.865o (1 + 8.5 x lO '^ t - 28 x 1 0 ~ V ) 

Cot = 4 .9536 (1 + 16.7 x 10"^t -t- 21 x 1 0 " V ) 

r e p o r t e d by K o n o b e e v s k y et a l . (3) The v o l u m e c u r v e c a l c u l a t e d f r o m the 
d e r i v e d l a t t i c e p a r a m e t e r s a s a funct ion of t e m p e r a t u r e is shown in F i g u r e 4. 

B . T h e r m a l E x p a n s i o n of Single C r y s t a l s 

The t h e r m a l e x p a n s i o n s of 12 a l p h a - u r a n i u m s ing le c r y s t a l s w e r e 
d e t e r m i n e d d u r i n g the c o u r s e of the p r e s e n t w o r k . Six of t h e s e w e r e u s e d 
for m e a s u r e m e n t s a long the p r i n c i p a l a x e s and the r e m a i n d e r w e r e t e s t e d 
in r a n d o m d i r e c t i o n s . With one e x c e p t i o n , m e t a l l o g r a p h i c o b s e r v a t i o n s 
i n d i c a t e d t h a t only s l i gh t c h a n g e s o c c u r r e d d u r i n g h e a t i n g and coo l ing . In 
the c a s e of s p e c i m e n T g , m e a s u r e d in the [100] d i r e c t i o n , r e c r y s t a l l i z e d 
g r a i n s w e r e found a f t e r d i l a t a t i on t e s t i n g ; t h e r e f o r e , i t s da ta h a v e b e e n 
n e g l e c t e d . In the o t h e r c r y s t a l s a few twins w e r e p r e s e n t p r i o r to the 
m e a s u r e m e n t s , bu t the m a j o r i t y of t h e s e w e r e a b s o r b e d du r ing the f i r s t 
t e s t s and s u b s e q u e n t e x p a n s i o n c u r v e s for e a c h c r y s t a l w e r e r e p r o d u c i b l e 
and e s s e n t i a l l y unaf fec ted by the r e m a i n i n g s m a l l f r a c t i o n of tw inned 
m a t e r i a l . The o r i g i n of the tw ins can be a s c r i b e d to s t r e s s e s a s s o c i a t e d 
with o t h e r g r a i n s aff ixed to the c r y s t a l d u r i n g coo l ing f r o m the g r a i n 
c o a r s e n i n g t r e a t m e n t of the s ing l e c r y s t a l g r o w t h t e c h n i q u e . Al l of the 
c r y s t a l s had a th in c o r r o s i o n p r o d u c t f i lm s u b s e q u e n t to the d i l a t a t i on 
t e s t i n g ; h o w e v e r , i t s t h i c k n e s s w a s not suff ic ient to s ign i f i can t ly change 
the c r y s t a l ' s l eng th and it w a s e a s i l y r e m o v e d by s h o r t t i m e e l e c t r o p o l i s h i n g . 

1. T h e r m a l e x p a n s i o n of c r y s t a l s in the p r i n c i p a l d i r e c t i o n s : 
Seven d i l a t a t i o n m e a s u r e m e n t s in d i r e c t i o n s wi th in 0.5° of the p r i n c i p a l 
c r y s t a l l o g r a p h i c a x e s w e r e o b t a i n e d f r o m 5 p s e u d o - u n i t ce l l s ing le c r y s 
t a l s ; two c r y s t a l s w e r e m e a s u r e d in two d i f fe ren t p r i n c i p a l d i r e c t i o n s . 
Two d e t e r m i n a t i o n s w e r e m a d e of e x p a n s i o n in the [100] , t h r e e in the 
[010] and two in the [001]. 

T a b l e III i l l u s t r a t e s the m e t h o d of t r e a t i n g the da ta r e a d f r o m 
e x p e r i m e n t a l e x p a n s i o n c u r v e s by c o n v e r t i n g it to m e a s u r e d e x p a n s i o n of 
the s p e c i m e n , c o r r e c t i n g for the e x p a n s i o n of q u a r t z c o m p o n e n t s in t h e 
d i l a t o m e t e r and n o r m a l i z i n g to r e p r e s e n t f r a c t i o n e x p a n s i o n b e t w e e n 25°C 



and t°C. The indicated dilatation of the c rys ta l (AL^) was read from the 
Y coordinate of the exper imenta l curve at in tervals of 25°C in t e r m s of 
1/3" to the nea res t 0.05 portion thereof These f igures were multiplied 
by the magnification factor of the di la tometer scale (H' scale , 1/3" = 
1.303 x 10~* inch dilatation) and added to the sample ' s original length at 
the reference t empera tu re to yield the indicated length (L^;) of the c rys ta l 
at t°C. The data were then multiplied by the correc t ion factor (Kt) r e p 
resenting the length of a piece of fused quartz at the respect ive t e m p e r a 
ture whose length at the re ference t empera tu re was exactly one inch. 
This cor rec t ion has been discussed in g rea t e r detail by Lloyd.(1 3) The 
quartz length values as a function of t empera tu re were de termined from 
the data repor ted by Souder and Hidnert.(15) The c rys ta l length values 
(Lt) were then converted to fraction expansion by the re la t ionship 

Lt°(3 - L25°c 
. Treat ing the data in this manner r e fe r s it to a constant ^ 2 5 ° C 

reference t empera tu re of 25°C and pe rmi t s compar ison with other data 
normal ized in the same way. Subsequent use of the t e r m expansion will 
in fact refer to fraction expansion. 

The data for the th ree principal c rys ta l lographic direct ions 
as determined from the experimental curves m the above manner a re 
given in Tables IV, V and VI. The tables also include expansions derived 
from the lat t ice p a r a m e t e r measu remen t s of Bridge et al.vlj and Chiotti 
et al.(2) Final ly, the tables give the averages for the single c rys ta l expan
sion measu remen t s and the differences between these and those calculated 
from the following leas t mean square fitted equations: 

L 

L 

[100] = L[-ioO] o (̂  "̂  2.'i.51> x 1 0 ~ \ -f 13.74 x 1 0 " V -F 9-94 x 10 ^V) 

[010]t = L[010]ooc (1 + 1 1 6 X lO^^t - 9.43 X 1 0 - V - 11.79 X lO-^V) 

i-[ooi]t " ^[OOl]o°c ^̂  ^ ^^'^^ "" ̂ ° " ' ^ ^ ^^ '^^ "" ^ °"^* ' ^ ^°^^ "" 10-^V) 

F igures 5, 6 and 7 compare the the rmal expansions of the pr inc i 
pal crys ta l lographic di rect ions . Each figure contains curves der ived from 
the lat t ice p a r a m e t e r data of Bridge et al . and Chiotti et al . plus the curve 
for the average of the single c rys ta l exper imenta l data. The single c rys ta l 
resu l t s agree well with the curves from lat t ice p a r a m e t e r data for the [100] 
direct ion expansion, whereas the single c rys ta l [010] curve falls below the 
lat t ice p a r a m e t e r curves and the [001] falls above. 

Table VII gives volume expansion data s imi la r to that for the 
principal d i rect ions . The single crystal values were obtained by taking 
the product of the three pr incipal direction lengths, based upon a one inch 



l eng th a t 25°C, a t the r e s p e c t i v e t e m p e r a t u r e s and c o n v e r t i n g t h e s e to r e p -

/ Vt°c - V25°C \ 
p r e s e n t f r a c t i o n v o l u m e e x p a n s i o n by the r e l a t i o n s h i p : — 

\ V25°c / 
The equa t i on f i t ted to t h e s e da ta by l e a s t m e a n s q u a r e a n a l y s i s i s : 

Vt = Vo°c (1 + 43.98 X 10-^t + 26.88 x 1 0 " V + 1.00 x 10~^V) -

F i g u r e 8 g ives the c u r v e for the s ing le c r y s t a l v o l u m e e x p a n s i o n equa t i on 
and c o m p a r e s it to s i m i l a r c u r v e s f r o m the da ta of B r i d g e et a l . and 
Chio t t i e t a l ; in th i s c a s e the da ta a g r e e r e a s o n a b l y we l l . 

2. T h e r m a l e x p a n s i o n of r a n d o m l y o r i e n t e d c r y s t a l s : The t e s t i n g 
d i r e c t i o n s for the s i x r a n d o m l y o r i e n t e d c r y s t a l s , a s d e t e r m i n e d by L a u e 
b a c k - r e f l e c t i o n p h o t o g r a m s , a r e t a b u l a t e d in T a b l e VIII t o g e t h e r wi th t h e i r 
i n i t i a l l e n g t h s m e a s u r e d at the i n d i c a t e d t e m p e r a t u r e s . The a n g u l a r v a l u e s 
a r e a c c u r a t e wi th in 0.5 d e g r e e s . T a b l e s IX, X, XI, XII, XIII and XIV r e c o r d 
the e x p e r i m e n t a l e x p a n s i o n s a f t e r app ly ing the n e c e s s a r y m a g n i f i c a t i o n 
f a c t o r and q u a r t z c o r r e c t i o n and c o n v e r t i n g t h e m to r e p r e s e n t f r a c t i o n 
e x p a n s i o n s . A s w a s i n d i c a t e d a b o v e , if a c r y s t a l ' s o r i e n t a t i o n i s known 
i t s e x p a n s i o n can be c a l c u l a t e d by a s q u a r e d d i r e c t i o n c o s i n e r e l a t i o n s h i p 
of the p r i n c i p a l d i r e c t i o n e x p a n s i o n s . E a c h t ab le c o n t a i n s v a l u e s d e t e r 
m i n e d in t h i s m a n n e r u s i n g p r i n c i p a l d i r e c t i o n e x p a n s i o n s d e r i v e d f r o m 
l e a s t m e a n s q u a r e f i t t ed e q u a t i o n s of the l a t t i c e p a r a m e t e r da ta of B r i d g e 
et a l . and Chio t t i et a l . and d i l a t a t i o n m e a s u r e m e n t s of s ing le c r y s t a l s . 
F i g u r e s 9, 10, 11 , 12, 13 and 14 a r e the p lo t s of m e a s u r e d and c a l c u l a t e d 
e x p a n s i o n s for the r a n d o m l y o r i e n t e d c r y s t a l s . The c u r v e s c a l c u l a t e d 
f r o m the p r i n c i p a l d i r e c t i o n e x p a n s i o n s d e r i v e d f r o m the da t a of Ch io t t i 
et a l . h ave not been inc luded in the f i g u r e s s i n c e the v a l u e s g iven in the 
t a b l e s show t h a t they would l i e above the c u r v e s c a l c u l a t e d f r o m t?ie da ta 
of B r i d g e et aJ. 

The e x p e r i m e n t a l c u r v e s for two of the c r y s t a l s , 219 -2 and 
2 3 5 - B , a g r e e qui te w e l l wi th the e x p a n s i o n s c a l c u l a t e d f r o m s ing le c r y s 
t a l p r i n c i p a l d i r e c t i o n da t a . Two o t h e r s , 240C and T Q , a g r e e b e t t e r wi th 
the s ing le c r y s t a l c a l c u l a t e d c u r v e s t l ian t hey do wi th the c u r v e s c a l c u l a t e d 
f r o m the da ta of B r i d g e et a l . The r e m a i n i n g two c r y s t a l s , 240A and 240B, 
show poo r a g r e e m e n t wi th s i ng l e c r y s t a l c a l c u l a t e d c u r v e s , p a r t i c u l a r l y , 
240A which even l i e s above the l a t t i c e p a r a m e t e r da ta c u r v e . 

The d e v i a t i o n s of the e x p e r i m e n t a l c u r v e s f r o m t h o s e c a l c u l a t e d 
u s i n g the s ing le c r y s t a l p r i n c i p a l d i r e c t i o n e x p a n s i o n s s u g g e s t t h a t the 
p a r t i c u l a r randonnly o r i e n t e d c r y s t a l m a y con ta in s ign i f i can t q u a n t i t i e s of 
d i f fe ren t ly o r i e n t e d m a t e r i a l . It m a y be no t ed t h a t the two c r y s t a l s wh ich 
showed poo r a g r e e m e n t and one of t h o s e showing f a i r a g r e e m e n t a r e f r o m 
the s a m e s o u r c e m e t a l (240). Al l t h r e e of t h e s e c r y s t a l s con ta in a p p r e c i a b l e 
twins p r i o r to t e s t i n g w h e r e a s the o the r t h r e e did not . Some of the tw ins in 



the 240 c r y s t a l s p e r s i s t e d a f t e r t e s t i n g and t h e i r p r e s e n c e could wel l 
expla in the p o o r e r a g r e e m e n t wi th the c u r v e s c a l c u l a t e d f r o m s ing le 
c r y s t a l p r i n c i p a l d i r e c t i o n e x p a n s i o n s . In any even t , it is s ign i f i can t 
to note t ha t five of the s i x e x p e r i m e n t a l c u r v e s fall be low t h o s e c a l c u 
l a t e d f r o m the da ta of B r i d g e et a l . 

C. M e a n T h e r m a l E x p a n s i o n Coef f i c ien t s 

A n o t h e r m e t h o d of r e p o r t i n g t h e r m a l e x p a n s i o n i s to give the m e a n 
coef f ic ien t s b e t w e e n a r e f e r e n c e t e m p e r a t u r e and t°C. T a b l e s XV, XVI, 
XVII and XVIII r e c o r d t h e s e v a l u e s for the p r i n c i p a l d i r e c t i o n and v o l u m e 
t h e r m a l e x p a n s i o n s of a l p h a - u r a n i u m . The 20°C r e f e r e n c e t e m p e r a t u r e 
w a s c h o s e n to p e r m i t d i r e c t c o m p a r i s o n of the v a l u e s wi th da t a r e p o r t e d 
by L e h r and Langeron . (5 .DJ E a c h t ab l e c o n t a i n s m e a n t h e r m a l e x p a n s i o n 
coef f i c ien t s c a l c u l a t e d f r o m the e q u a t i o n s ob t a ined by l e a s t m e a n s q u a r e 
f i t t ing of the l a t t i c e p a r a m e t e r da ta r e p o r t e d by B r i d g e e_t_al_.(l) and 
Chio t t i et_al.(2) and of s ing le c r y s t a l m e a s u r e m e n t s p lus the p r e v i o u s l y 
r e p o r t e d coe f f i c i en t s . 

IV. DISCUSSION 

A. C o m p a r i s o n of F r a c t i o n E x p a n s i o n Da ta 

F i g u r e s 1 , 2, 3 and 4 show the f a i r a g r e e m e n t b e t w e e n the l a t t i c e 
p a r a m e t e r s r e p o r t e d by B r i d g e et a l . i l / and Ch io t t i e t a l . ; i ^ / h o w e v e r , 
the v a l u e s c a l c u l a t e d f r o m the equa t ions r e p o r t e d by K o n o b e e v s k y et 
a l . (3) do not a g r e e a s w e l l . Undoubted ly , the w o r k s of the f i r s t two 
g r o u p s of i n v e s t i g a t o r s a r e m o r e n e a r l y c o r r e c t t han t h a t of the l a s t 
g r o u p . 

The t h e r m a l e x p a n s i o n s ob ta ined f r o m d i l a t o m e t r i c m e a s u r e m e n t s 
of s ing le c r y s t a l s a r e s o m e w h a t d i f fe ren t t han t h o s e d e r i v e d f r o m the l a t 
t i c e p a r a m e t e r da t a , n a m e l y with r e g a r d to the e x p a n s i o n found for the 
[010] and [001 ] d i r e c t i o n s ( F i g u r e s 6 and 7). It i s b e l i e v e d tha t t h e s e dif
f e r e n c e s a r e c a u s e d by e l a s t i c s t r a i n s in the p o l y c r y s t a l l i n e s a m p l e s 
e m p l o y e d for the l a t t i c e p a r a m e t e r m e a s u r e m e n t s . In effect , t h e s e 
s t r a i n s p r e v e n t e d the [010] d i r e c t i o n f r o m c o n t r a c t i n g a s m u c h a s it 
should and , in oppos i t ion , t hey p r e v e n t e d the [001] d i r e c t i o n f r o m expand ing . 

T h r e e a s p e c t s of the da ta p r e s e n t e d h e r e i n s u p p o r t t h i s v iewpoin t . 
The f i r s t is the f a i r a g r e e m e n t found for the v o l u m e t r i c e x p a n s i o n s a s 
d e r i v e d f r o m the t h r e e g r o u p s of da t a ( F i g u r e 8). If the r e s t r a i n t s a s s o 
c i a t e d wi th the l a t t i c e p a r a m e t e r da t a w e r e not e l a s t i c , t h e r e could be 
a p p r e c i a b l e d i f f e r e n c e s b e t w e e n the l a t t i c e p a r a m e t e r v o l u m e t r i c e x p a n 
s ions and the s ing le c r y s t a l e x p a n s i o n . T h i s v o l u m e t r i c e x p a n s i o n a g r e e 
m e n t s u b s t a n t i a t e s the i n t e r n a l va l id i ty of e a c h da ta g r o u p . Second ly , the 

http://al.il/


a s s o c i a t i o n of e l a s t i c r e s t r a i n t s wi th g r a i n i n t e r a c t i o n s is s u p p o r t e d by a 
c o m p a r i s o n of the s ing le c r y s t a l expans ions wi th t h o s e d e r i v e d f r o m the 
two s e t s of l a t t i c e p a r a m e t e r da ta . In bo th i n s t a n c e s the r e s t r a i n i n g ef
fec t a s s o c i a t e d with the l a t t i c e p a r a m e t e r da ta of Chio t t i et. aJ.(2) i s 
g r e a t e r t h a n tha t i n d i c a t e d f r o m the da ta of B r i d g e et _al.(l) ( F i g u r e s 6 and 
7). T h i s i s what m i g h t be e x p e c t e d s i n c e Chiot t i _et a l . u s e d m a s s i v e 
s a m p l e s for t h e i r m e a s u r e m e n t s and B r i d g e ^ a l . u s e d m o r e f ine ly d i 
v ided m a t e r i a l in the f o r m of f i l i ngs ; undoub ted ly , the e l a s t i c r e s t r a i n t s 
in a m a s s i v e p o l y c r y s t a l l i n e s a m p l e would be g r e a t e r t han t h o s e in p o l y 
c r y s t a l l i n e f i l i ngs . F i n a l l y , the o v e r - a l l b e t t e r a g r e e m e n t b e t w e e n 
o b s e r v e d a n d c a l c u l a t e d e x p a n s i o n s of r a n d o m l y o r i e n t e d c r y s t a l s ( F i g 
u r e s 9, 10, 1 1 , 12, 13 and 14) a s d e t e r m i n e d f r o m the s ing le c r y s t a l 
p r i n c i p a l d i r e c t i o n e x p a n s i o n s i n d i c a t e s tha t t h e s e da ta a r e m o r e va l i d 
t han the l a t t i c e p a r a m e t e r da ta . 

B . C o m p a r i s o n of M e a n E x p a n s i o n Coef f i c i en t s 

The m e a n t h e r m a l e x p a n s i o n coe f f i c i en t s given ir. T a b l e s XY, XVI, 
XVII and XVIII, of c o u r s e , b e a r out the above o b s e r v a t i o n s w^fi r e g a r d 
to c o m p a r i s o n s of l a t t i c e p a r a m e t e r e x p a n s i o n s with t h o s e of Sir..gle c r ) . ^ -
t a l s . The s o m e w h a t s u p e r i o r qual i ty of the data of B r i d g e e t ^ . ove r tha t 
of Chio t t i _et a l . is s u b s t a n t i a t e d by the b e t t e r a g r e e m e n t found for the 
f o r m e r when c o m p a r e d to the s ing le c r y s t a l m e a n e x p a n s i o n coef f i c ien t s 
for v o l u m e and the [100] d i r e c t i o n . The m e a n t h e r m a l expans ion coeff i 
c i e n t s p r e v i o u s l y r e p o r t e d by L e h r and L a n g e r o n ( 5 j 6 ) ^o not show c o n s i s t 
ent v a r i a t i o n s wi th r e g a r d to the s ing l e c r y s t a l da ta 

C. L a t t i c e P a r a m e t e r C o r r e c t i o n s D e r i v e d f r o m SJngle C r y s t a l E x p a n s i o n 
Data 

Unfo r tuna t e ly the s ing le c r y s t a l e x p a n s i o n da ta canno t be u s e d to 
p r e c i s e l y c o r r e c t the p r e v i o u s l y r e p o r t e d l a t t i c e p a r a m e t e r s . S ince e x 
pans ion is a r e l a t i v e m e a s u r e , the t r u e lat+^ice p a r a m e t e r s a t s o m e t e m 
p e r a t u r e would have to be known b e f o r e such c o r r e c t i o n s could be app l i ed . 
T h e r e i s no m e a n s of d e t e r m i n i n g the t e m p e r a t u r e w h e r e the e l a s t i c 
r e s t r a i n t s a s s o c i a t e d with the p r e v i o u s l y r e p o r t e d l a t t i c e p a r a m e t e r da t a 
a r e z e r o or a t l e a s t a m i n i m u m ; h o w e v e r , m t u i t i v e i v they should l e a 
m i n i m u m at h igh a lpha t e m p e r a t u r e s . If it is a s s u m e d tha t the l a t t i c e 
p a r a m e t e r s a t 650°C, a s d e t e r m i n e d f r o m the da t a of B r i d g e jet al_., a r e 
not sub jec t to e l a s t i c r e s t r a i n t s , t h e n the c o r r e c t e d l a t t i c e p a r a m e t e r s 
shown in T a b l e XIX can be c a l c u l a t e d f r o m the s ing le c r y s t a l e x p a n s i o n 
da t a . C o m p a r i s o n of the c a l c u l a t e d v a l u e s with t h o s e d e r i \ e d f r o m l e a s t 
m e a n s q u a r e f i t ted e q u a t i o n s for the da ta of B r i d g e et a l . aga in shows 
good a g r e e m e n t b e t w e e n ao and uni t ce l l v o l u m e v a l u e s , w h e r e a s bo and 
Co differ s ign i f i can t ly . The bo l a t t i q e p a r a m e t e r c a l c u l a t e d f r o m the 
s ing le c r y s t a l e x p a n s i o n i s 0.0047 A g r e a t e r than the va lue d e r i v e d f r o m 
the l a t t i c e p a r a m e t e r da ta and CQ i s 0.0059 A s m a l l e r . T h e s e d i f f e r e n c e s 



a re considerably g rea te r than the indicated ± 0.0005 A accuracy for the 
lat t ice p a r a m e t e r m e a s u r e m e n t s and they a r e g rea t e r than the s tandard 
deviation for the fitted equations. In view of the p resen t r e s u l t s , it 
appears that accura te lat t ice p a r a m e t e r s of a lpha-uran ium cannot be 
obtained from polycrystal l ine samples , and only single c r y s t a l s , not 
subject to in ternal elast ic s t r a i n s , can be used to obtain such data. 

V. CONCLUSIONS 

The rma l expansion m e a s u r e m e n t s per formed on a lpha-uran ium 
single c rys ta l s of known orientat ion indicate that previously repor ted 
lat t ice p a r a m e t e r s obtained from polycrystal l ine samples a r e subject 
to e r r o r s because of e last ic in teract ions between g ra ins . Contract ion 
in the [01 O] direct ion is r e s t r a i n e d by the in terac t ions as is expansion 
in the [OOl] direct ion. Single c rys t a l and lat t ice p a r a m e t e r data for 
volumetr ic expansion and expansion in the [lOO] direct ion ag ree well . 
Equations represen t ing expansion in the th ree pr inc ipa l d i rect ions and 
volumetr ic expansion as derived from single c rys ta l dilatation m e a s u r e 
ments a r e given in the repor t . 
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TABLE 1 

A l p h a - U r a n i u m La t t i ce P a r a m e t e r Data of B r i d g e , Schwar t z and Vaughanv^) 

Temperature 
(°K) 

20 

63 

63 

88 

88 

123 

123 

173 

173 

188 

300 

300 

300 

370 

373 

375 

375 

448 

473 

548 

598 

673 

673 

724 

748 

794 

823 

845 

885 

913 

Standard 
deviation 

(<J) 

ao -

Observed 

2 8416 

2 8363 

2 8394 

2 8378 

2 8413 

2 8432 

2 8388 

2 8420 

2 8434 

2 8450 

2 8541 

2 8551 

2 8531 

2 8605 

2 8580 

2 8612 

2 8592 

2 8612 

2 8659 

2 8720 

2 8759 

2 8866 

2 8821 

2 8900 

2 8924 

2 9007 

2 9052 

2 9055 

2 9156 

2 9160 
- J 

0 00 

(A) 
Ri* 

-0 00518 

0 0025o 

-0 OOO60 

0 00239 

-0 OOUi 

-0 OOIO3 

0 00337 

0 0030^ 

0 00166 

0 00094 

-0 00116 

-0 00216 

-0 00016 

-0 00274 

-0 OOOO3 

-0 00308 

-0 00118 

0 00217 

-0 00020 

0 00026 

0 00116 

-0 OOI63 

0 00287 

0 OOO89 

0 00144 

-0 0009o 

-0 00143 

0 0014o 

-0 00274 

0 00124 

2I2 

bo -

Observed 

5 8657 

5 8662 

5 8666 

5 8664 

5 8679 

5 8682 

5 8662 

5 8671 

5 8693 

5 8645 

5 8692 

5 8682 

5 8656 

5 8673 

5 8663 

5 8669 

5 8659 

5 8672 

5 8644 

5 8637 

5 8651 

5 8627 

5 8563 

5 8558 

> 8539 

5 8550 

5 8456 

5 8443 

5 8386 

5 8358 

0 C 

(A) 

Ri 

0 00134 

0 00052 

0 OOOI2 

0 00023 

-0 00127 

-0 00160 

0 0004o 

-0 0004o 

-0 00260 

0 00225 

-0 00203 

-0 OOIO3 

0 00157 

-0 OOOO9 

0 0009o 

0 0003(5 

0 00130 

-0 00048 

0 00200 

0 00113 

-0 00194 

-0 00318 

0 00322 

0 00036 

0 0004o 

-0 0048o 

0 OOI62 

0 00045 

0 OOII7 

0 OOOOg 

01 62 

Co -

Observed 

4 9306 

4 9358 

4 9316 

4 9352 

4 9389 

4 9396 

4 9421 

4 9429 

4 9456 

4 9426 

4 9548 

4 9570 

4 9571 

4 9636 

4 9621 

4 9672 

4 9685 

4 9716 

4 9769 

4 9875 

4 9901 

4 9993 

5 0040 

5 0146 

5 0176 

5 0284 

5 0396 

5 0379 

5 0533 

5 0539 

0 C 

(A) 

Ri 

-0 OOO84 

-0 00165 

0 00255 

0 00142 

-0 00228 

0 00040 

-0 00210 

0 00184 

-0 00086 

0 00355 

0 00199 

-0 00021 

-0 0003i 

0 00024 

0 00206 

-0 00283 

-0 00413 

0 OOO82 

-0 0015i 

-0 00245 

0 00214 

0 0050g 

0 00039 

-0 OOO89 

0 OOO82 

-0 0003i 

-0 00497 

0 00195 

-0 0034i 

0 00348 

024o 

Unit Cell Volume - (A^) 

ao bo Co 

82 183 

82 123 

82 149 

82 160 

82 344 

82 415 

82 301 

82 194 

82 536 

82 466 

82 999 

83 051 

82 958 

83 306 

83 194 

83 381 

83 334 

83 468 

83 646 

83 992 

84 170 

84 604 

84 460 

84 863 

84 957 

85 400 

85 586 

85 547 

86 022 

86 003 

0 0 

Ri 

-0 1479 

0 0424 

0 0164 

0 0826 

-0 IOI4 

-0 0626 

0 0514 

0 3197 

-0 0223 

0 0972 

-0 0465 

-0 0985 

-0 0055 

-0 0898 

0 0339 

-0 1453 

-0 0983 

0 0642 

-0 007o 

-0 015o 

0 048o 

0 0016 

0 1456 

0 0253 

0 070i 

-0 0964 

-0 1006 

0 O8O4 

-0 1276 

0 0855 

973 

*Ri = Difference be tween value ca lcu la ted frona l e a s t m e a n s q u a r e f i t ted equat ion and o b s e r v e d value 



T A B L E II 

A l p h a - U r a n i u m La t t i ce P a r a m e t e r Data of Chiot t i , Klepfer and White(^) 

T e m p e r a t u r e 
" C 

20 

20 

27 

101 

105 

200 

204 

212 

304 

306 

400 

400 

403 

505 

602 

603 

603 

S tandard 
devia t ion 

(a) 

ao - (A) 

O b s e r v e d 

2.8526 

2.8537 

2.8543 

2.8578 

2.8582 

2.8662 

2.8657 

2.8663 

2.8751 

2.8756 

2.8849 

2.8845 

2.8859 

2.8971 

2.9113 

2.9106 

2.9098 

R i * 

O.OOO65 

-0 .00045 

-0.00066 

0.00044 

0.00031 

-0 .00055 

0.00028 

0.00034 

-O.OOOI3 

-0 .00044 

0.OOOOg 

0.00048 

-0 .00059 

0.00036 

-O.OOO85 

-0 ,00003 

0.00077 

0.00055 

bo - (A) 

O b s e r v e d 

5.8682 

5.8619 

5.8641 

5.8636 

5.8660 

5.8649 

5.8634 

5.8646 

5.8636 

5.8620 

5.8594 

5.8602 

5.8575 

5.8516 

5.8402 

5.8406 

5.8393 

R i 

-0 .00344 

0.00286 

O.OOO64 

O . O O I I Q 

-0 .00130 

-0.00049 

0.00098 

-0 .00028 

-O.OOO80 

0.00075 

-0 .00030 

- O . O O U Q 

0.00144 

- O . O O O I Q 

-0 .00006 

-O.OOO60 

0.00070 

0.00125 

c„ - (A) 

O b s e r v e d 

4.9489 

4.9565 

4.9575 

4.9616 

4.9578 

4.9705 

4.9741 

4.9751 

4.9844 

4.9881 

4.9985 

4.9996 

5.0033 

5.0203 

5.0394 

5.0407 

5.0397 

Ri 

0.00482 

-0 .00278 

-0.00322 

-0 .00063 

0.00352 

0.00133 

-0 .00178 

-0.00179 

0.00137 

-O.OO2O4 

0.00238 

0.0012g 

-0.00191 

-0.00041 

0.00036 

-0 .00073 

0.00027 

0.00226 

Unit Cel l Volume -
(A') 

O b s e r v e d 

82.843 

82.912 

82.978 

83.142 

83.123 

83.554 

83.578 

83.630 

84.029 

84.083 

84.494 

84.512 

84.576 

85,107 

85.683 

85.690 

85.630 

R i 

O.O5I2 

-0 .0188 

-0 .0633 

O.OI62 

0.0497 

-O.OOI2 

-0 .0078 

-0 .0247 

0.0078 

-0 .0363 

0.0380 

O.O2O0 

-0.0280 

0.0028 

-O.O2I0 

-0.0222 

0,0378 

0.0329 

*Ri = Difference be tween value ca l cu la t ed f rom l e a s t m e a n s q u a r e f i t ted equat ion and o b s e r v e d va lue . 



TABLE III 

Thermal Expansion of Crystal T^ in the [lOO] Direction* 

t 

24 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 

A L E 

0,00 
0,05 
0,50 
1,05 
1,60 
2,25 
2,90 
3,70 
4,40 
5,20 
5,90 
6.60 
7,40 
8,30 
9.20 
10.15 
11.15 
12,15 
13.20 
14,20 
15,35 
16,55 
17,65 
18.75 
20,50 
21,80 
23,20 

LE 

0,129920 
0,129926 
0,129985 
0,130057 
0,130128 
0,130213 
0,130298 
0,130402 
0,130493 
0.130598 
0,130689 
0,130780 
0,130884 
0,131001 
0,131119 
0,131242 
0,131373 
0.131503 
0,131640 
0,131770 
0,131920 
0,132076 
0.132220 
0,132363 
0.132591 
0,132760 
0,132943 

Kt 

1,000000 
1,000001 
1.000015 
1.000030 
1.000044 
1.000058 
1.000073 
1.000087 
1.000101 
1.000115 
1.000129 
1.000142 
1,000155 
1,000169 
1,000182 
1.000195 
1.000208 
1.000220 
1.000233 
1.000245 
1.000257 
1.000269 
1,000281 
1,000293 
1,000307 
1,000316 
1,000328 

Lt 

0.129920 
0.129927 
0.129987 
0.130061 
0.130134 
0.130221 
0.130307 
0.130413 
0,130506 
0,130612 
0.130706 
0,130798 
0,130904 
0,131024 
0,131143 
0,131268 
0,131400 
0,131532 
0.131671 
0,131802 
0,131954 
0,132112 
0,132257 
0,132402 
0.132632 
0.132802 
0.132986 

L25°C 

_ 
0.00 
4.66 
10.32 
15.98 
22,65 
29,31 
37,47 
44,63 
52,80 
59,96 
67,11 
75,27 
84,43 
93,59 
103,25 
113.41 
123.57 
134.23 
144.38 
156.04 
168.20 
179.36 
190.52 
208.18 
221.35 
235.51 

*t = temperature - °C. 

ALg= indicated dilatation in units of l / 3 " as read 
from dilatometer curve. 

Lj; = indicated length of crystal = measured length 
of crystal at reference temperature (24° C) plus 
magnification factor for H' scale of dilatometer 
(1,303 X lO"*) times ALg. 

= 0,12992 + 1.303 x lO"* . ALg. 

K^ = correction factor due to dilatation of quartz 
components in the dilatom.eter. 

= length of a piece of quartz at t whose length at 
24° C equals 1,000000, 

Lt = Kt • L E 

Lt°C - L25°C 
L25°C 

= fraction expansion between 25° C and 
t°C. 



TABLE IV 

A l p h a - U r a n i u m T h e r m a l Expans ion m the [lOO] Di rec t ion - I 
\ L 2 5 » c 

Temperature 

(°c) 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 

650 

Data from Single Crystals 

Crystal T Q 

L24°C = 0 12992" 

0 00 

4 66 

10 32 

15 98 

22 64 

29 31 

37 47 

44 63 

52 80 

59 96 

67 11 

75 27 

84 43 

93 59 

103 25 

113 41 

123 57 

134 23 

144 38 

156 04 

168 20 

179 36 

190 52 

208 17 

221 35 

235 51 

Crystal Tp 

L24°C = 0 14665" 

0 00 

5 03 

10 96 

17 76 

24 57 

31 82 

39 52 

47 65 

55 79 

63 92 

72 50 

81 08 

89 65 

98 67 

108 58 

118 04 

127 94 

136 95 

147 74 

158 08 

167 98 

178 77 

189 55 

200 78 

213 78 

229 45 

X 10* 

Average 

0 00 

4 84 

10 64 

16 87 

2̂> 60 

30 56 

38 50 

46 14 

54 30 

61 94 

69 80 

78 18 

87 04 

96 13 

105 92 

115 72 

125 76 

135 59 

146 06 

157 06 

168 09 

179 06 

190 04 

204 48 

217 56 

232 48 

Ri* 

-1 349 

-0 05o 

0 494 

0 795 

0 8O5 

0 8I2 

0 074 

-0 147 

-0 623 

-0 34o 

-0 OI3 

0 088 

-0 029 

-0 073 

-0 51o 

-0 662 

-0 7I5 

-0 243 

-0 063 

-0 074 

0 25o 

1 OOQ 

2 128 

0 167 

-0 043 

-1 675 

Data from Lattice 

Bridge, Schwartz 
and Vaughan 

0 00 

5 86 

11 89 

18 12 

24 56 

31 20 

38 08 

45 20 

52 59 

60 24 

68 20 

76 45 

85 01 

93 91 

103 15 

112 76 

122 72 

133 08 

143 84 

155 01 

166 12 

178 66 

191 16 

204 12 

217 58 

230 54 

Parameter x 1 0* 

Chiotti, Klepfer 
and White 

0 00 

5 11 

10 52 

16 27 

22 34 

28 73 

35 43 

42 46 

49.81 

57 47 

65 49 

73 76 

82 39 

91 34 

100 60 

110 19 

120 09 

130 33 

140 87 

151 74 

162 92 

174 43 

186 26 

198.40 

210 87 

223 66 

*Ri = Difference be tween value ca lcu la ted f rom l e a s t m e a n s q u a r e fi t ted equat ion and a v e r a g e value 

S tandard devia t ion 0 = 0 638 x lO"* 



Table V 

/ Lt°Q - L25°c 
A l p h a - U r a n i u m T h e r m a l Expans ion in the [010] D i r ec t i on - I 

\ L25<>c 

Temperature 
(°C) 

25 
50 
75 

100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 

Crystal T ^ 

L23°c = 0 30591" 

0 00 
-0 06 
0 08 
0 01 
-0 48 
-0 98 
-1 48 
-2 40 
-3 76 
-5 11 
-6 68 
-8 46 
-10 25 
-12 46 
-14 89 
-17 32 
-20 38 
-23 46 
-26 74 
-30 03 
-33 74 
-38 31 
-43 30 
-49 15 
-54 58 
-60 43 

Data frona 

Crystal Tg 

L24°c = 0 24173" 

0 00 
0 14 
0 15 
0 30 

-0 36 
-0 49 
-0 88 
-1 55 
-2 36 
-3 71 
-5 19 
-7 21 
-8 75 

-10 99 
-13 29 
-15 99 
-19 10 
-22 34 
-25 86 
-29 65 
-34 38 
-38 84 
-44 39 
-49 93 
-55 75 
-62 11 

Single Crystals x 10* 

Crystal T̂ -. 

L24°c = 0 14567" 

0 00 
0 15 
0 29 
0 00 

-0 31 
-1 06 
-1 82 
-3 02 
-4 67 
-5 88 
-7 53 
-10 08 
-12 18 
-14 74 
-17 74 
-21 19 
-25 09 
-29 44 
-33 34 
-38 14 
-42 05 
-47 30 
-52 55 
-58 25 
-65 29 
-73 23 

Average 

0 00 
0 08 
0 17 
0 10 

-0 38 
-0 84 

-1 39 
-2 32 
-3 60 
-4 90 
-6 47 
-8 58 

-10 47 
-12 73 
-15 31 
-18 17 
-21 52 
-25 08 
-28 65 
-32 61 
-36 72 
-41 48 
-46 75 
-52 44 
-58 54 
-65 26 

Ri* 

0 IO9 

0 132 
-0 Olo 
-0 126 
0 OO9 
-0 058 
-0 21g 

-0 192 
-0 034 
-0 O61 
-0 05o 
0 272 
0 IO5 
0 O60 
0 053 
0 04g 
0 247 
0 336 
0 12i 
-0 032 
-0 364 
-0 4O4 
-0 30i 
-0 136 
0 043 
0 44g 

Data from 
Paramete 

Bridge, 
Schwartz 

and Vaughan 

0 00 
0 09 
0 12 
0 07 

-0 09 
-0 35 
-0 75 

-1 29 
-2 00 
-2 89 
-3 98 
-5 29 
-6 83 
-8 62 
-10 67 
-13 01 
-15 66 
-18 62 
-21 91 
-25 56 
-29 58 
-33 98 
-38 79 
-44 02 
-49 68 
-55 80 

Lattice 
r X 10* 

Chiotti, 
Klepfer 

and White 

0 00 
-0 06 
-0 08 
-0 08 
-0 11 
-0 18 
-0 33 
-0 58 
-0 95 
-1 49 
-2 22 
-3 16 
-4 34 
-5 80 
-7 55 
-9 63 

-12 07 
-14 90 
-18 13 
-21 81 
-25 95 
-30 60 
-35 76 
-41 48 
-47 79 
-54 70 

*Ri = Difference be tween value c a l c u l a t e d frona l e a s t naean s q u a r e f i t ted equat ion and a v e r a g e value S tandard 
devia t ion = 0 19i x 10"* 



T A B L E VI 

Alpha-Uran iuna Thernaa l Expans ion m the [001 ] D i r ec t i on - I 
\ L250C 

Temperature 

(°c) 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 

650 

Data from Single Crystals 

Crystal T Q 

L24°C = 0 I68I1" 

0 00 

5 96 

11 14 

17 88 

24 22 

30 95 

37 68 

44 41 

50 75 

58 64 

66 14 

73 64 

81 91 

89 97 

94 84 

108 27 

117 70 

127 13 

137 33 

148 31 

159 28 

171 81 

183 95 

196 47 

209 38 

221 90 

Crystal T Q 
L25oc = 0 U555" 

0 00 

5 22 

10 44 

15 66 

22 57 

28 92 

35 26 

42 73 

49 64 

56 54 

64 01 

72 60 

82 32 

90 91 

101 19 

110 91 

121 18 

130 90 

141 74 

152 58 

163 42 

174 82 

185 09 

196 49 

208 45 

219 85 

x 10* 

Average 

0 00 

5 59 

10 79 

16 77 

23 40 

29 94 

36 47 

43 57 

50 20 

57 59 

65 08 

73 12 

82 12 

90 44 

100 02 

109 59 

119 44 

129 02 

139 54 

150 44 

161 35 

173 32 

184 52 

196 48 

208 92 

220 88 

Ri* 

0 3I5 

-0 026 

0 299 

0 128 

-0 411 

-0 575 

-0 45o 

-0 597 

0 028 

0 178 

0 54o 

0 644 

0 IO5 

0 545 

0 51g 

-0 13o 

-0 264 

0 2O3 

0 045 

-0 17o 

-0 053 

-0 656 

-0 I63 

-0 O85 

-0 13.7 

0 635 

Data from Lattice 

Bridge, Schwartz 
and Vaughan 

0 00 

4 97 

10 04 

15 26 

20 63 

26 18 

31 93 

37 91 

44 13 

50 62 

57 40 

64 49 

71 91 

79 70 

87 86 

96 41 

105 40 

114 82 

124 72 

135 10 

146 00 

157 42 

169.41 

181 97 

195 12 

208 91 

Parameters x 10* 

Chiotti, Klepfer 
and White 

0 00 

4 23 

8 74 

13 55 

18 66 

24.07 

29 73 

35 76 

42 06 

48 65 

55 54 

62 72 

70 19 

77 97 

86 04 

94 40 

103 06 

112 03 

121 27 

130 83 

140 67 

150 82 

161 26 

171 99 

183 03 

194 35 

*Ri = Difference be tween va lue ca l cu la t ed frona l e a s t m e a n s q u a r e fi t ted equat ion and a v e r a g e value 
S t anda rd devia t ion = 0 358 x 10" 



TABLE VII 

Volumetric Thernaal Expansion of Alpha-Uranium - I ^ 
\ ^25"'C 

Temperature 
(°c) 

25 
50 
75 

100 
1 2 5 
150 
175 
2 0 0 
2 2 5 
2 5 0 
2 7 5 
3 0 0 

3 2 5 
350 
3 7 5 

4 0 0 
4 2 5 
4 5 0 
4 7 5 

5 0 0 
5 2 5 

5 5 0 
5 7 5 

600 
6 2 5 

650 

Calcu la ted Volunae Expans ion x 1 0* 

F r o m Single C r y s t a l Data 

Ave [100] X Ave [OlO] 
x A v e [001] 

0 00 
10 52 
21 62 
33 78 
46 68 
59 75 
73 70 
87 57 

101 13 
114 93 
128 78 
143 15 
159 23 
174 47 
191 36 
208 01 
224 64 
240 61 
258 16 
276 26 
294 21 
312 52 
329 54 
350 40 
369 96 
390 24 

R i * 

-0 908 
0 06i 
0 78o 
0 79o 
0 393 
0 168 

-0 6O7 
-0 946 
-0 633 
-0 223 

0 485 
1 02o 
0 194 
0 547 

-0 398 
-0 742 
-0 73o 

0 306 
0 098 

-0 288 
-0 I87 
-0 O82 

1 663 
-0 O64 
-0 135 
-0 568 

F r o m La t t i ce P a r a m e t e r Data 

B r i d g e , Schwar tz 
and Vaughan( l ) 

0 00 
11 09 
22 44 
34 08 
46 00 
58 23 
70 77 
83 65 
96 86 

110 44 
124 38 
138 72 
153 44 
168 59 
184 16 
200 17 
216 63 
233 57 
250 98 
268 89 
287 30 
306 24 
325 71 
345 73 
366 31 
387 48 

Chiot t i , Klepfer 
and White (2) 

0 00 
9 21 

19 10 
29 64 
40 80 
52 54 
64 84 
77 67 
91 00 

104 80 
118 76 
133 68 
148 71 
164 09 
179 79 
195 78 
212 04 
228 52 
245 21 
262 08 
279 09 
296 33 
313 43 
330 70 
347 98 
365 28 

*Ri - Difference between value calculated frona least mean square fitted 
equation and observed value Standard deviation = 0 623 x 10"* 

TABLE VIII 

Testing Directions and Initial Lengths of Randomly Oriented Crystals 

Crystal 
Identification 

219-2 
235-B 
240-A 
240-B 
240-C 

TG 

Locat ion of T 
Di rec t ion with 

e s t m g 
Respect 

to P r i n c i p a l D i r ec t i ons 
(deg rees ) 

[100] 

86 

8 ) 
86 5 
83 5 
83 

84 

[010] 

13 5 
8 5 

13 

10 5 
13 

11 

[001] 

77 
81 5 
77 5 
79 5 
79 
80 5 

In i t ia l L 

A v e r a g e of 
4 M e a s u r e m e n t s 

( inches) 

0 1139 
0 0939 
0 1484 
0 1415 
0 1476 
0 3749 

ength 

M e a s u r e m e n t 
T e m p e r a t u r e 

(°c) 

21 
21 

21 
21 
21 

2 4 



TABLE IX 

Thermal Expansion of Crystal 219-2 

Temperature 
(t°C) 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 

650 

/ XĴ O (3 - XJ25°C\ 
Thermal Expansion x lO'* - = 

V ^25° C / 

From Dilatation 
Curve 

0.00 

0.72 

1.44 

1.58 

1.73 

1.30 

0.87 

0.43 

-0.57 

-1.58 

-2.59 

-4.17 

-5.76 

-7.34 

-9.50 

-11.09 

-13.82 

-15.99 

-19.30 

-22.61 

-27.06 

-31.52 

-36.56 

-41.02 

-46.62 

-49.94 

Calculated from Principal Direction Expansions 

Single 
Crystals 

0.00 

0.48 

0.76 

0.90 

0.91 

0.77 

0.47 

0.00 

-0.65 

-1.48 

-2.52 

-3.76 

-5.23 

-6.93 

-8.86 

-11.05 

-13.50 

-16.22 

-19.22 

-22.51 

-26.10 

-30.01 

-34.24 

-38.80 

-43.70 

-48.96 

Bridge, Schwartz 
and Vaughan(l) 

0.00 

0.36 

0.68 

0.93 

1.08 

1.14 

1.09 

0.92 

0.60 

0.12 

-0.53 

-1.37 

-2.40 

-3.66 

-5.14 

-6.87 

-8.87 

-11.15 

-13.70 

-16.58 

-19.77 

-23.29 

-27.17 

-31.42 

-36.04 

-41.06 

Chiotti, Klepfer 
and White (2) 

0.00 

0.18 

0.42 

0.69 

0.95 

1.19 

1.37 

1.47 

1.47 

1.33 

1.03 

0.54 

-0.15 

-1.09 

-2.30 

-3.79 

-5.61 

-7.78 

-10.32 

-13.26 

-16,62 

-20.45 

-24.74 

-29.55 

-34.90 

-40.80 



TABLE X 

Thernaal Expansion of Cr /s ta l 235-B 

Temperature 
(t=C) 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 

650 

/ L^o c - L25®c\ 
Thermal Expansion x 10* - = 

V 1̂ 25° C / 

From Dilatation 
Curve 

0.00 

0.15 

-0.40 

-0.53 

-1.08 

-1.63 

-1.91 

-3.16 

-3.71 

-4.96 

-6.22 

-7.47 

-8.73 

-10.68 

-12.63 

-14.58 

-17.93 

-20.58 

-23.93 

-27.28 

-31.32 

-36.06 

-42.19 

-46.93 

-52.37" 

-59.20 

Calculated from Principal Direction Expansions 

Single 
Crystals 

0.00 

0.31 

0.39 

0.34 

0.13 

-0.25 

-0.79 

-1.52 

-2.45 

-3.58 

-4.93 

-6.51 

-8.33 

-10.39 

-12.71 

-15.31 

-18.19 

-21.36 

-24.82 

-28.61 

-32.72 

-37.16 

-41.95 

-47.10 

-52.61 

-58.50 

Bridge, Schwartz 
and Vaughan(l) 

0.00 

0.20 

0.34 

0.41 

0.37 

0.24 

-0.02 

-0.42 

-0.98 

-1.70 

-2.62 

-3.74 

-5.08 

-6.66 

-8.49 

-10.58 

-12.98 

-15.66 

-18.66 

-22.00 

-25.69 

-29.74 

-34.18 

-39.02 

-44.26 

-49.95 

Chiotti, Klepfer 
and White (2) 

0.00 

0.04 

0.12 

0.22 

0.31 

0.36 

0.34 

0.23 

0.00 

-0.38 

-0.94 

-1.70 

-2.69 

-3.94 

-5.47 

-7.32 

-9.52 

-12.09 

-15.04 

-18.43 

-22.26 

-26.58 

-31.40 

-36.76 

-42.68 

-49.19 



TABLE XI 

T h e r m a l Expans ion of C r y s t a l 240-A 

T e m p e r a t u r e 
(t°c) 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 

650 

/ LfO Q - L25O Q \ 
T h e r m a l Expans ion x 10"* - 1 = 1 

V L25°C / 

F r o m Di la ta t ion 
Curve 

0.00 

0,59 

1.17 

1.76 

1.90 

1.82 

1.74 

1.44 

0.70 

-0 .04 

-0 .78 

-1 .96 

-3 .15 

-4 .34 

-5 .08 

-6 .71 

-8 .34 

-9 .97 

-12.05 

-14.56 

-17.07 

-20.03 

-23.42 

-27.70 

-31 .98 

-35.81 

Ca lcu la ted f rom P r i n c i p a l D i rec t ion Expans ions 

Single 
C r y s t a l s 

0.00 

0.46 

0.70 

0.82 

0.79 

0.62 

0.28 

-0 .22 

-0 .91 

-1 .79 

-2 .87 

-4 .16 

-5 .68 

-7 .43 

-9 .42 

-11.66 

-14.17 

-16 .95 

-20.02 

-23 .38 

-27.05 

-31.03 

-35 .33 

-39 .98 

-44 .97 

-50.31 

B r i d g e , Schwar t z 
and Vaughan( l ) 

0.00 

0.34 

0.63 

0.85 

0.97 

1.01 

0.92 

0.72 

0.36 

-0 .15 

-0 .84 

-1 .72 

-2 .80 

-4.10 

-5 .63 

-7 .41 

-9 .47 

-11.80 

-14.42 

-17.36 

-20.62 

-24.22 

-28 .18 

-32.51 

-37.21 

-42 .33 

Chiot t i , Klepfer 
and White (2) 

0.00 

0.16 

0.37 

0.62 

0.85 

1.06 

1.21 

1.28 

1.25 

1.08 

0.74 

0.21 

-0 .52 

-1.51 

-2 .76 

-4 .31 

-6 .18 

-8 .41 

-11.01 

-14.01 

-17 .44 

-21 .34 

-25.70 

-30 .58 

-36.01 

-41.99 



TABLE Xll 

Thermal Expansion of Crystal 240-B 

T e m p e r a t u r e 
(t°c) 

2 5 

50 

75 

100 

1 2 5 

150 

175 

2 0 0 

2 2 5 

2 5 0 

2 7 5 

300 

3 2 5 

350 

3 7 5 

4 0 0 

4 2 5 

4 5 0 

4 7 5 

5 0 0 

5 2 5 

550 

5 7 5 

600 

6 2 5 

650 

T h e r m 

F r o m Dila ta t ion 
Curve 

0 00 

1 07 

2 14 

2 28 

2 42 

1 65 

1 33 

1 00 

0 22 

-0 56 

-1 81 

-3 06 

-4 30 

-6 02 

-8 19 

-9 90 

-12 54 

-15 18 

-18 28 

-21 84 

-25 41 

-29 43 

-33 46 

-38 41 

-44 28 

-50 16 

,n4 / 'L t °C - L 2 5 ° C ^ i l Expans ion x 1 0 -

Ca lcu la ted f rom P r i n c i p a l D i rec t ion Expans ions 

Single 
C r y s t a l s 

0 00 

0 37 

0 52 

0 53 

0 40 

0 11 

-0 35 

-0 99 

-1 82 

-2 85 

-4 09 

-5 55 

-7 24 

-9 18 

-11 35 

-13 82 

-16 55 

-19 56 

-22 86 

-26 47 

-30 40 

-34 66 

-39 25 

-44 19 

-49 49 

-55 16 

B r i d g e , Schwar tz 
and "Vaughan(l) 

0 00 

0 26 

0 48 

0 59 

0 61 

0 55 

0 36 

0 04 

-0 43 

-1 07 

-1 89 

-2 92 

-4 16 

-5 62 

-7 37 

-9 30 

-11 56 

-14 10 

-16 94 

-20 11 

-23 63 

-27 50 

-31 74 

-36 37 

-41 40 

-46 85 

Chiot t i , Klepfer 
and White (2) 

0 00 

0 08 

0 22 

0 38 

0 53 

0 64 

0 69 

0 66 

0 51 

0 21 

-0 26 

-0 92 

-1 81 

-2 96 

-4 37 

-6 10 

-8 16 

-10.60 

-13 40 

-16 64 

-20 30 

-24 45 

-29 09 

-34 25 

-39 98 

-46 27 



T A B L E XIII 

T h e r m a l Expans ion of C r y s t a l 240-C 

T e m p e r a t u r e 
(t»C) 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 

650 

T h e r m 

F r o m Di la ta t ion 
Curve 

0 00 

1 03 

2 06 

2 65 

2 79 

2 49 

1 75 

1 00 

0 26 

-1 37 

-2 12 

-3 75 

-4 94 

-6 58 

-8 21 

-10 29 

-11 93 

-14 46 

-16 98 

-20 39 

-23 80 

-27 66 

-32 40 

-36 70 

-41 00 

-45 74 

,n4 f^fC - L 2 5 ° c \ 
a l Expans ion x 10 -

\ L250C J 
Calcu la ted f rom P r i n c i p a l Di rec t ion Expans ions 

Single 
C r y s t a l s 

0 00 

0 47 

0 73 

0 86 

0 84 

0 68 

0 35 

-0 14 

-0 82 

-1 69 

-2 76 

-4 04 

-5 55 

-7 29 

-9 27 

-11 51 

-14 00 

-16 78 

-19 83 

-23 18 

-26 84 

-30 81 

-35 10 

-39 73 

-44 71 

-50 04 

B r i d g e , Schwar tz 
and Vaughan{l) 

0 00 

0 35 

0 66 

0 89 

1 03 

1 08 

1 02 

0 83 

0 49 

-0 01 

-0 68 

-1 54 

-2 60 

-3 89 

-5 40 

-7 17 

-9 21 

-11 52 

-14 12 

-17 04 

-20 30 

-23 88 

-27 82 

-32 14 

-36 83 

-41 93 

Chiot t i , Klepfer 
and White (2) 

0 00 

0 17 

0 40 

0 66 

0 91 

1 13 

1 30 

1 38 

1 37 

1 21 

0 89 

0 38 

-0 34 

-1 31 

-2 54 

-4 07 

-5 92 

-8 13 

-10 70 

-13 69 

-17 10 

-20 97 

-25 31 

-30 17 

-35 58 

-41 53 



TABLE XIV 

Thermal Expansions of Crystal T Q 

Temperature 
(fc) 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 

650 

/ L * 0 / - - LoEOf-X 
Thermal Expansion x 10* - , " ^ ^ - ^ 

From Dilatation 
Curve 

0.00 

0.15 

0.29 

0.26 

0.24 

0.03 

-0.18 

-0.73 

-1.46 

-2.20 

-3.10 

-4.36 

-5.79 

-7.75 

-9.88 

-12.01 

-14.66 

-17.32 

-20.50 

-23.51 

-27.21 

-31.44 

-35.49 

-39.83 

-45.00 

-50.62 

Calculated from Principal Direction Expansions 

Single 
Crystals 

0.00 

0.40 

0.58 

0.63 

0.53 

0.27 

-0.15 

-0.75 

-1.54 

-2.52 

-3.72 

-5.14 

-6.78 

-8.66 

-10.78 

-13.19 

-15.86 

-18.81 

-22.05 

-25.59 

-29.45 

-33.62 

-38.14 

-43.00 

-48.21 

-53.79 

Bridge, Schwartz 
and Vaughan(l) 

0,00 

0.28 

0.52 

0.68 

0.74 

0,72 

0,56 

0.28 

-0,15 

-0.74 

-1.52 

-2.50 

-3.68 

-5.09 

-6.74 

-8.66 

-10.85 

-13.33 

-16.11 

-19.21 

-22,66 

-26,45 

-30.61 

-35.16 

-40.10 

-45.46 

Chiotti, Klepfer 
and White (2) 

0.00 

0.11 

0.28 

0.47 

0.65 

0.80 

0.88 

0.88 

0.78 

0.52 

0,09 

-0,52 

-1.36 

-2.46 

-3.82 

-5.49 

-7.49 

-9,86 

-12.60 

-15.76 

-19.35 

-23.42 

-27,97 

-33.05 

-38.68 

-44.88 



TABLE XV 

Mean Thermal Expansion Coefficients of Alpha-Uraniunn m the [lOO] Direction 

(a[l00]20°Ctot°C = ^^^rjj;^^^°;^.J 

m Thermal Expansion Coefficient Between 

T e m p e r a t u r e 

(fc) 

50 

75 

1 0 0 

1 2 5 

150 

1 7 5 

2 0 0 

2 2 5 

2 5 0 

2 7 5 

3 0 0 

3 2 5 

350 

3 7 5 

4 0 0 

4 2 5 

4 5 0 

4 7 5 

5 0 0 

5 2 5 

5 5 0 

5 7 5 

6 0 0 

6 2 5 

650 

Mean T h e r m a l Expans ion Coefficient Be tween 20° and t° x 10" -
(per- 'C) 

Ca lcu la ted f rom L e a s t Mean Square F i t t e d Equa t ions 

Single C r y s t a l 
Expans ion 

24 5 

24 9 

25 3 

25 7 

26 1 

26 5 

27 0 

27 4 

27 9 

28 4 

28 9 

29 4 

29 9 

30 4 

31 0 

3 1 5 

32 1 

32 6 

33 2 

33 8 

34 5 

35 1 

35 7 

36 4 

37 0 

B r i d g e , Schwar tz 
and Vaughan( l ) 

23 4 

23 7 

24 1 

24 5 

24 9 

25 3 

25 8 

26 2 

26 7 

27 2 

27 7 

28 2 

28 8 

29 4 

30 0 

30 6 

31 2 

31 9 

32 5 

33 2 

33 9 

34 6 

35 4 

36 2 

36 9 

Chiot t i , Klepfer 
and White (2) 

20 3 

20 9 

21 6 

22 2 

22 9 

23 5 

24 1 

24 8 

25 4 

26 1 

26 7 

27 3 

28 0 

28 6 

29 2 

29 9 

30 5 

31 2 

31 8 

32 5 

33 1 

33 7 

34 4 

35 0 

35 7 

R e p o r t e d by 
L e h r and 

Langeron(5,o) 

22 4 

23 1 

23 8 

24 2 

25 5 

27 1 

27 7 

29 0 

30 5 

31 3 



TABLE XVI 

Mean Thermal Expansion Coefficients of Alpha-Uranium in the [010] Direction 

H ° C - ^20° C \ 
-[010]20°C to t°C 

L20''c(t°C - 20° Oy 

Temperature 
(t°C) 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 

650 

Mean Thermal Expansion Coefficient Between 20° and t° C x lO' 
(per °C) 

Calculated from Least Mean Square Fitted Equations 

Single Crystal 
Expansion 

0.5 

0.2 

-0.2 

-0.4 

-0.7 

-1.1 

-1.4 

-1.8 

-2.2 

-2.6 

-2.9 

-3.4 

-3,9 

-4,3 

-4.8 

-5.3 

-5.8 

-6.3 

-6.8 

-7.4 

-7.9 

-8.5 

-9.1 

-9.7 

-10.3 

Bridge, Schwartz 
and Vaughan(l) 

0.4 

0.2 

0.1 

-0.1 

-0.2 

-0.5 

-0,7 

-1.0 

-1.2 

-1.6 

-1.9 

-2.2 

-2.6 

-3.0 

-3.4 

-3.9 

-4.3 

-4.8 

-5.3 

-5.8 

-6.4 

-7.0 

-7.6 

-8.2 

-8,8 

Chiotti, Klepfer 
and White (2) 

-0.3 

-0.2 

-0.1 

-0.1 

-0.1 

-0.2 

-0.3 

-0.5 

-0.6 

-0.9 

-1.1 

-1.4 

-1,8 

-2,1 

-2.5 

-3.0 

-3.5 

-4.0 

-4.5 

-5.1 

-5.8 

-6.4 

-7,2 

-7,9 

-8.7 



TABLE XVII 

Mean Thermal Expansion Coefficients of Alpha-Uranium m the [001] Direction 

J t̂°C - L20°c \ 
001 ] 20°C to f C = L20°c(t°C - 20°C) j 

T e m p e r a t u r e 
(t°C) 

50 

75 

100 

125 

150 

175 

2 0 0 

2 2 5 

2 5 0 

2 7 5 

3 0 0 

325 

350 

375 

4 0 0 

4 2 5 

4 5 0 

4 7 5 

5 0 0 

5 2 5 

5 5 0 

5 75 

600 

625 

6 5 0 

Mean T h e r m a l Expans ion Coefficient 
Be tween 20° and t°C x l O ' - (per °C) 

Ca lcu la t ed f rom L e a s t Mean 
Square F i t t e d Equa t ions 

Single C r y s t a l 
Expans ion 

20 9 

21 4 

22 0 

22 6 

23 1 

23 7 

24 3 

24 8 

25 4 

26 0 

26 6 

27 2 

27 8 

28 4 

28 9 

29 6 

30 2 

30 8 

31 4 

32 1 

32 7 

33 3 

34 0 

34 6 

35 3 

B r i d g e , Schwar tz 
and Vaughan( l ) 

19 8 

20 0 

20 3 

20 6 

20 9 

21 2 

21 5 

22 0 

22 4 

22 9 

23 4 

23 9 

24 4 

25 0 

25 6 

26 3 

26 9 

27 6 

28 4 

29 1 

29 9 

30 7 

31 5 

32 4 

33 3 

Chiot t i , Klepfer 
and White(2) 

16 8 

17 3 

17 9 

18 5 

19 1 

19 7 

20 3 

20 9 

21 5 

22 1 

22 7 

23 3 

23 9 

24 5 

25 0 

25 6 

26 2 

26 8 

27 4 

28 0 

28 6 

29 2 

29 8 

30 4 

31 0 

R e p o r t e d by 
L e h r and 

Langeron(5 ,6) 

21 5 

22 6 

23 7 

24 3 

26 2 

28 2 

28 9 

30 4 

32 2 

33 3 



TABLE XVllI 

Volunnetric Mean Thermal Expansion Coefficients of Alpha Uranium 

V20° to t°C = V20°c(t°C - 20°C) / 

T e m p e r a t u r e 
(t°C) 

50 

75 

100 

125 

150 

175 

2 0 0 

2 2 5 

2 5 0 

2 7 5 

300 

325 

3 5 0 

375 

4 0 0 

4 2 5 

4 5 0 

4 7 5 

5 0 0 

5 2 5 

5 5 0 

5 75 

6 0 0 

6 2 5 

650 

V o l u m e t r i c Mean T h e r m a l E x p a n s i o n Coefficient 
Between 20°C and t°C x lO ' - (per °C) 

Ca lcu la t ed f r o m L e a s t Mean 
Square F i t t e d Equa t ions 

Single C r y s t a l 
Expans ion 

45 8 

46 5 

47 2 

47 9 

48 5 

49 2 

49 9 

50 6 

51 2 

51 9 

52 6 

53 3 

54 0 

54 7 

55 4 

56 1 

56 8 

57 5 

58 2 

58 9 

59 6 

60 3 

61 0 

61 7 

62 4 

B r i d g e , Schwar t z 
and Vaughan( l ) 

44 3 

44 8 

45 3 

45 9 

46 5 

47 1 

47 7 

48 3 

49 0 

49 6 

50 3 

51 0 

51 8 

52 5 

53 3 

54 0 

54 8 

55 6 

56 5 

57 3 

58 2 

59 1 

60 0 

60 9 

61 9 

Chiot t i , Klepfer 
and White(2) 

36 6 

37 9 

39 3 

40 5 

41 8 

43 0 

44 1 

45 2 

46 3 

47 3 

48 4 

49 3 

50 3 

51 1 

51 9 

52 8 

53 6 

54 3 

55 0 

55 6 

56 2 

56 8 

57 3 

57 8 

58 3 

R e p o r t e d by 
L e h r and 

Langeron*(5 ,o ) 

44 4 

45 5 

46 8 

47 2 

48 9 

50 8 

51 6 

53 1 

54 9 

55 8 

•Volumetric mean thernnal expansion coefficients reported are three times the 
linear mean thermal expansion coefficient of randomly oriented polycrystallme 
material 



TABLE XIX 

Corrected Alpha-Uranium Lattice 
Parameters at 25°C 

Lattice 
Parameter 

ao - (A) 

bo - (A) 

Co - (A) 

V - (A^) 

Source 

Bridge, Schwartz 
and Vaughan^ 

2 8528 

5 8672 

4 9566 

82 945 

Single Crystal 
Expansion^^ 

2 8527 

5 8725 

4 9507 

82 920 

•Lattice parameters at 25°C calculated fronn 
least mean square equations fitted to data 
of Bridge, Schwartz and Vaughan (1) 

•Lattice parameters at 25°C calculated fronn 
least mean square equations fitted to single 
crystal expansion data and assuming the 
respective lattice parameters at 650°C as 
given by equations fitted to data of Bridge 
et al are correct 
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F i g u r e 4 

ALPHA-URANIUM UNIT CELL VOLUME VARIATION WITH TEMPERATURE 
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F i g u r e 5 

THERMAL EXPANSION OF ALPHA-URANIUM IN THE [lOO] DIRECTION 
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F i g u r e 6 

THERMAL EXPANSION OF ALPHA-URANIUM IN THE [OIO] DIRECTION 
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F i g u r e 7 

THERMAL EXPANSION OF ALPHA-URANIUM IN THE [OOl] DIRECTION 
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F i g u r e 8 

VOLUMETRIC THERMAL EXPANSION OF ALPHA-URANIUM 
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Figure 9 

THERMAL EXPANSION OF CRYSTAL 219-2 
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Figure 10 

THERMAL EXPANSION OF CRYSTAL 2 3 5 - B 
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F i g u r e 11 

THERMAL EXPANSION OF CRYSTAL 240-A 
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Figure 12 

THERMAL EXPANSION OF CRYSTAL 240 -B 
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Figure 13 

THERMAL EXPANSION OF CRYSTAL 2 4 0 - C 
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Figure 14 
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