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PAPERS AND DISCUSSION FROM THE X-RAY 
PREFERRED ORIENTATION MEETING HELD AT 

ARGONNE NATIONAL LABORATORY 

December 15 and 16, I960 

Melvin H. Muellerj Editor 

ABSTRACT 

P a p e r s and discuss ion presented at the X- ray P r e ­
fe r red Orientation Meeting at Argonne National Laboratory 
on December 15 and 16, I960 have been compiled. P a p e r s 
were presen ted on severa l topics on the physical metal lurgy 
of uranium, such as p r e f e r r e d orientat ion in r ec rys t a l l i z ed 
ma te r i a l , diffraction intensi t ies and uranium atom position 
as a function of t e m p e r a t u r e s , as well as papers on methods 
for and r e su l t s of growth index calculations and predic t ions . 
Agreement was obtained within the commit tee on cer ta in 
techniques and definitions, such as calculated in tensi t ies for 
alpha uranium, Gg based on 20 planes3 and G3 based on 
18 planes. The commit tee also recognizes that further work 
needs to be done in ins t rumenta l techniques including auto-
mizat ion as well as further cor re la t ion of r e su l t s with 
i r radia t ion . 

INTRODUCTION AND BRIEF RESUME OF AlEETING 

One of the main objectives of the p r e f e r r e d or ientat ion meeting 
held at Argonne was to define the a r e a s of cu r ren t ag reement within this 
group and to define some of the a r e a s for future investigation This r epo r t 
has therefore been assembled in o rde r to s u m m a r i z e the p resen t s ta tus . 
This is in keeping with the previously establ ished policy in which the sum­
m a r y of the 1959 meeting of this group held at National Lead Company of 
Ohio was published as NLCO-804, 

The P r e f e r r e d Orientation Commit tee met at Argonne National Lab­
ora tory December 15 and 16= I960, with the following people in at tendance: 

Edward F , Sturcken Rober t B„ Russe l l 
Savannah River P lant Nuclear Metals , Inc. 

Dale A. Vaughan Leonard Robins 
Battelle Memoria l Insti tute Br idgepor t B r a s s Company 
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J. P . LeGeros 
Savannah River P lant 

R. N. Thudium 
National Lead Co. of Ohio 

W. Gary JoUey 
HAPO Fuels P repa ra t ion Dept. 

Henry C. Kloepper, J r . 
Mallinckrodt Chemical Works 

P . R. Mor r i s 
National Lead Co. of Ohio 

V. I. Montenyohl 
Savannah River Plant 

J a m e s W. Starbuck 
Mallinckrodt Chemical Works 

Lowell T, Lloyd 
Argonne National Laboratory 

Melvin H. Mueller, Chairman 
Argonne National Laboratory 

The eleven papers presented a r e included in this repor t . Although 
all of the discuss ion on each paper is not presented, much of the discussion 
terminated in recommendat ions of the committee which concerned common 
grounds of ag reements or a r e a s of investigation to be undertaken. 

The following recommendat ions were adopted: that 

1. The s tandard calculated random intensi t ies for alpha uranium 
shall be those given in NLCO-804, Table III, page 57, column marked I**, 

2. The G2 value shall be as defined in NLCO-804 using the 20 plane 
set as specified in column 1 of Table II, page 22. 

3. The G3 shall be as defined in NLCO-804 using the 18 plane set 
as specified in column 2 of Table II, page 22. 

4. The G3 value be tentatively adopted as s tandard for between-
site communication and that the Gj value also be repor ted if means of ca l ­
culation a r e available, and that all invest igators be encouraged to also 
collect intensity data for the (040), (240), and (241) planes in addition. 

5. If the G3 or G2 values in the future be calculated on a different 
set of planes, the new G3 or Gj value be designated by an additional digit in 
the subscr ipt , for example Gj 0, Gj i, etc. 

6. The commit tee more thoroughly invest igate the problem of 
sampling. The need for this was especial ly evident from th ree papers p r e ­
sented at the meeting, which c lear ly indicated a difference of texture as a 
r e su l t of cooling r a t e s . This difference showed up between inside and out­
side surfaces of b a r s . The subcommit tee appointed is LeGeros , Mor r i s , 
and Thudium. 
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7 The commit tee continue to invest igate the prepara t ion and use 
of a s tandard sample for in te rs i te comparison of X- ray intensity and in­
s t rumenta l conditions. Subcommittee appointed consisted of Vaughan, 
LeGeros , and Kloepper, 

8 The committee follow the work of Sturcken and LeGeros for 
the cor re la t ion of growth and texture as being ca r r i ed out in their in-pi le 
exper iments , 

9 The commit tee invest igate the mat te r of s ta t i s t ics as applied 
to texture work. Subcommittee appointed included LeGeros , Starbuck, 
Kloepper, and Russe l l 

10 The commit tee accepts the offer of Russel l to investigate 
point weighting, and together with JoUey to review the Ij^ax ve r sus '^^^.^^ 
technique 

11 Since a number of l abora to r ies a r e concerned with automat iz­
ing the diffraction equipment, the commit tee have an active group concerned 
with this phase in o rder to share information, appointed on the subcommit tee 
Mor r i s , Sturcken, Mueller , and Starbuck. 

12 The commit tee accepts the offer of Sturcken to invest igate the 
determinat ion of grain size by X r a y s as d i scussed by War ren in NYO-4836, 
and that Sturcken a lso invest igate the application of Alexander ' s paper , 
given at the P i t t sburgh Conference I960, on m e a s u r e m e n t of X- ray intensity 
to the texture determinat ion techniques. 

13 That the next meeting of the P , O. Commit tee be held at Han-
ford some t ime in June, 1961, but not the f i r s t week. 

I 
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PREDICTION OF DIMENSIONAL CHANGES IN URANIUM FUEL 
ELEMENTS DURING IRRADIATION - THE ELASTIC SOLUTION 

INTERIM REPORT* 

Pe t e r R. Mor r i s and Richard N. Thudium 
National Lead Company of Ohio 

ABSTRACT 

Equations have been derived for the predict ion of 
dimensional changes and s t r e s s e s in thick-walled, hollow, 
cyl indrical uranium fuel e lement co res during the rma l neu­
t ron i r radia t ion . The equations provide a means for com­
bining d i sc re te p r e f e r r e d orientat ion data obtained from a 
finite s e r i e s of X- ray diffraction m e a s u r e m e n t s . A com­
par i son of calculated s t r e s s e s with the c reep s t rength of 
uranium should de termine whether a plast ic solution is 
necessa ry . 

INTRODUCTION 

The s t ra in tensor has been applied to p r e f e r r ed orientat ion data by 
E. F . Sturckeni-^/ to pred ic t dimensional changes in uranium fuel elenaents 
during i r radia t ion . Sturcken 's or iginal method has been modified by 
Morr is(2) and by Sturcken.(3) In its p resen t form, the method finds di rect 
application in the predic t ion of dimensional changes in plates and thin-
walled tubes . The application of the method to thick-walled cyl indrical 
fuel e lements p r e sen t s additional complicat ions. 

In the case of a thick-walled cyl inder , the predicted growth and 
degree of se l f -cons t ra in t will genera l ly be functions of both direct ion 
and radia l position. An example of var ia t ion in predic ted dimensional 
change during i r rad ia t ion with rad ia l position is i l lus t ra ted in Fig. 1, a 
plot of exper imenta l ly de te rmined values of growth index G3 in the longi­
tudinal d i rect ion for a hollow cyl indr ical uranium fuel core rapidly quenched 
from the beta phase . In obtaining the data for Fig. 1, a 0.090-inch-wide 
X- r ay beam was employed to i r r ad i a t e success ive increments of the 
sample surface from the inside radius to the outside rad ius . 

*Much of this r epor t has previously appeared in NLCO-8I6 (Nov. 15, 
1960). 



Fig. 1 

Growth Index G3 in the Longitudinal 
Direction as a Function of Radial 
Position. 

24 32 40 48 56 64 
RADIUS, inches 

A method for combining p re fe r red orientation data to predict di-
iTiensional changes of the whole is desired. These data v.'ill generally be 
obtained for three mutually perpendicular direct ions. The selection of 
coordinates and sainpling scheme a re dictated by the par t icular symmetry 
being studied. For the p resen t case , the use of cylindrical coordinates lb 
indicated. 

In the derivation which follows we have assunaed: 

1. The cores adjust elast ical ly to s t r e s s e s occasioned by an­
isotropic dimensional changes within individual c rys ta l l i tes . 

2. There exists a cylindrical symmetry of dimensional changes. 
s t r e s s , and s train, 

3. Elast ic isotropy and homogeneity (elastic constants uniform 
throughout and independent of direction) a re assunied. 

4. A state of plane s t ra in exists (end effects may be neglected). 

There is admittedly some question concerning the rigorous appli­
cation of these assuinptions to a physical problem. The only defense we 
offer for adopting these assumptions is that by so doing we are able to 
obtain an approximate solution of an otherwise formidable problem. 
Equations obtained for s t r e s s e s naay be employed to test the validity of the 
f i rs t assumption, and a r e , in fact, p rerequis i te to the plastic solution, if 
such a solution is indicated. 

) 



STRESS-STRAIN RELATIONSHIPS IN CYLINDRICAL COORDINATES 

If a c i r cu la r cylinder conforming to the above assumptions is sub­
jected to a plane s t ra in which is symmet r i ca l about the axis of the cylinder, 
the state of s t ra in at any point is completely specified by the values of e^., 
CQ, a n d e ^ , the radial , tangential , and longitudinal s t ra in components at 
the point. Similar ly, the state of s t r e s s at any point is completely specified 
by the values of Ox> '3Q, and 0z , the radial , tangential , and longitudinal 
s t r e s s components at the point. 

We shall denote by g^, gg , and g^ the radial , tangential , and longi­
tudinal components of s t ra in due to neutron i r radiat ion. Es t ima tes of gj., 
gg , and g^ may be obtained from the appropr ia te values of Gj or G^\^i and 
anticipated burnup. 

Except for the anisotropic nature of the s t r a ins , the p resen t problem 
is quite s imi la r to the problem of the rmal s t resses . (5 ) The s t r e s s - s t r a i n 
relat ions a re 

ej . - gr = ^ [cJr - ^ (^e + ^z)] ^1) 

eQ~ gQ^^lOQ ~ V {a^ + o^)] (2) 

- z " g z = ^ [ * ^ z - ^ ( ^ r + ^ 0 ) ] (3) 

where E is Young's modulus , V is Po i s son ' s ra t io , and the other symbols 
are as noted above. Equations 1, 2, and 3 may be solved for the s t r e s s e s 
0J., OQ, and 02 ^° yield 

E[(l - i/)(er - gr) + -^(€0 - g0 + e^ - gz)] 
O'r = ^ — . '..x/n TTTx V4j 

E[(l 

E[(l 

(1+V)(1-21/) 

••V}i^9-ge)+ ^ ( e r - g r + e z - g z ) ] 
(l+v)il -2V) 

-T)i^z-gz) + ^ ( e r - g r + ^ e - g e ) ] 

^ ^ - i ^ - w . - a B O ; • -X-. ai ' - ^ a z ; j ^^^ 

z " ( l + v ) ( l -2v) • ^ ' 

The s t r e s s e s 0 .̂ and OQ satisfy the equation of equilibrium:^"^ 

^ . i i ^ = 0 . (7) 
dr r 
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Subs t i tu t ing Oj. and 00 f r o m E q u a t i o n s 4 and 5 in E q u a t i o n 7, and combin ing 
t e r m s give 

de„ d£0 

^^-)dr^^ d7 + (1 - 2 l ' ) ( e ^ - € 0 ) = r ^i-^^-d7^Hd7+d7/ 

+ (1 ~2v)ig^~ge) (8) 

In ob ta in ing E q u a t i o n 8, we have p l a c e d de / d r = 0 in c o m p l i a n c e w i th the 
a s s u m p t i o n tha t a s t a t e of p l a n e s t r a i n e x i s t s . 

If we denote r a d i a l d i s p l a c e m e n t by u, the s t r a i n s C^ and €Q and 
t h e i r d e r i v a t i v e s wi th r e s p e c t to r a r e g iven by 

du 
^ r = 

de^ 

d r 

£0 = 

deg 

d r 

d^u 

dr^ 

u 
r 

- 1 ^ 
d r r d r 

(9) 

(10) 

(11) 

(12) 

Subs t i tu t ion of Cj., eg, and t h e i r d e r i v a t i v e s f r o m E q u a t i o n s 9 t h r o u g h 12 in 
E q u a t i o n 8 g i v e s 

,, > /d2u 1 du u \ . , ^Sr / d g 0 , ^Sz\ 

+ - (1 - 2 v ) ( g 3 . - g 0 ) (13) 

E q u a t i o n 13 m a y be r e w r i t t e n a s 

A. 
d r 

1 d(ur) 
r d r 

^ S r V / d g 0 d g z \ 1 (1 - 2 v ) , , , , , , 

E q u a t i o n 14 i s a s e c o n d - o r d e r d i f f e r e n t i a l e q u a t i o n of the f i r s t d e g r e e . 
Solut ion of E q u a t i o n 14 f o r u is a c c o m p l i s h e d by i n t e g r a t i n g tw ice w i t h 
r e s p e c t to r to y i e l d 

" = R 

(15) 



In each of the above integrat ions , the lower l imit is a rb i t r a ry . The 
selection of lower l imits in each case determines the values of Cj and Cj. 
We shall denote the radius corresponding to the inner surface by a, and 
set this as the lower l imit for both integrat ions. 

An express ion for Cg in t e r m s of Cj and e^ may be obtained by 
evaluating Equation 4 at r = a, and equating to the normal s t r e s s 0̂ .3̂  at the 
boundary. 

To do this , we f i rs t differentiate Equation 15 with respect to r, 
obtaining 

J , pR 1 /•R 

R^ 

Evaluating Equations 15 and 16 at r = a, we have 

C2 
Ua = Cia + ™- (17) 

a, 

fdu\ V , , ^2 ,, . 
l d 7 4 = g r a + ( r T V ) ^ g 0 a + gza) + C, - - J . (18) 

We shall denote the values of the s t ra ins e^ and eg at r = a, by 
^ra ^'^^ ^0a ' ^^spectively. These a r e obtained by substituting u^ and 
(du/dr)^ from Equations 17 and 1 8 in Equations 9 and 11 to yield 

•ra - g ra + (fZ^) (g0a + gza^ ^ ^^ " I ^ 
C, 

(19) 

C2 
e0a = C i + - 7 - . (20) 

a2 

Substituting the values of C^ and CQ from Equations 19 and 20 in Equation 4, 
and equating to the s t r e s s a^^ at the boundary give 

C2 - a2 [C, +ve 0„3 {I + v)l 
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To obta in an e x p r e s s i o n for Cj in t e r m s of g^., gg , g^, and e^ , we 
p r o c e e d in s i m i l a r ve in to e v a l u a t e Equa t ion 4 at r = b , the r a d i u s c o r ­
r e spond ing to the o u t e r s u r f a c e , and equa te to the n o r m a l s t r e s s Oyij a t 
the bounda ry . 

The r a d i a l and t a n g e n t i a l s t r a i n s , e^-^ ande^^^, at the o u t e r s u r ­
face a r e ob ta ined by eva lua t i on of Equa t i ons 15 and 16 for u and d u / d r a t 
r = b and subs t i t u t i on of t h e s e v a l u e s and the va lue for Cg f r o m Equa t ion 21 
in Equa t ions 9 and 11 to y i e ld 

^b 1 
^eb ^ = - 1 ^ gr d^+ ^ y - ^ ^ ^ / ^ (ge + g z ) d ^ 

(1 - 2v) 1_ 
^ (1 - V) b^ 

Aj | ( g r - g 0 ) dr dd 

+ 
Ci[b2(l - 2i^) + a2] + va2ez il+v)a.^a 

r a 
(1 - 2 v ) b b ^ E 

(22) 

-rb = (l7)b" ^̂ ^ " b^ I ^gr d^+ (T^) (geb+gzb) 

(1 - 2v) 1 

(1-1^) b ' 

M 
^j 7(gr-g0)dr d ^ 

C i [ b 2 ( l - 2 v ) - a 2 ] - a 2 v £ ^ (l+v) a^ara 

b2 (1 .2v) b^ E 
(23) 

Subst i tu t ing e-^b and e^b f r o m Equa t ions 22 and 23 in Equa t ion 4 and equa t ing 
to the n o r m a l s t r e s s a .̂̂ ) at the o u t e r s u r f a c e give 

> 
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, '1-2^1 r(l + ̂ )(b^^rb"a%ra) r ^ . , . 
'Z ' 1 , 2 ^2 

b - a 

idV) f •* (gO+gzJd*-"' r i (gr-ge)d'* 

îri''̂ '"'°'" dA^ 

S u b s t i t u t i o n of Cj f r o m E q u a t i o n 24 in E q u a t i o n 21 y i e l d s 

C . = 
,2 I f b ' ( l + v ) ( j r b - ' ^ r a ) 

^ 1 1,2 ^ 2 | 
b - a 

"^ H„ d/C 

(T77) r "̂  ( S e + g z ) ^ ^ - ^ ' r i ( g r - g G ) d ^ 

^f[./i(g.-g,..]4 . 

(24) 

(25) 

We m a y now o b t a i n e x p r e s s i o n s f o r t h e s t r e s s e s j , Op, a n d ̂  b y 
r V- z 

s u b s t i t u t i n g Cj a n d C2 f rom. E q u a t i o n s 24 a n d 25 i n E q u a t i o n s 15 a n d 1 b to 
o b t a i n u a n d du d r ~ z^.. T h e e x p r e s s i o n s f o r c „ a n d Co = u / r a r e s u b ­
s t i t u t e d in E q u a t i o n s 4 , 5 , a n d 6 , g i v i n g 

a 2 b ^ - a ^ R ^ ) 0 r a + ( R ' t > ' - a ^ b ^ ) j r b 
_ _ _ -5 -» -y 

rb"-a-)R^ 

,R 

l+:7 \ R-̂  
A g^ dA. 

( l - v ) R " 

^R . 

r̂ '-̂ -'̂ -̂̂ ri-jTi'='.-.-) d r d<€ 

^ ( g r - g e ) dA 
R2-a2 

^ ^ ^ n ^ ^ J l j / ^ r ' ^ ^ T I T ) ^(ge-^gz)ci^^ 

- b^ ^ f \ ^A (1 - 2 r ) 
^ I 7 ( g r - g 0 ) d r d ^ (26) 
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b 2 ( a 2 + R 2 ) a r b " a 2 ( b 2 + R 2 ) a r a / E 
a p = i—-— + 

( b ' - a ' ) R ' 1 +v 
A g j , d ^ 

(1 - - ^ )R2 
f £ (gp + g z ) d ^ + ^^"^'-'l f ^ / 7 ( g r - g 6 ) d r dH, 

Se+ -̂'gz . r a2+R 
( 1 7 7 ) ^ ( S r - gn) d ^ - - Y 7 T 7 - + 

. ( b ' - a ^ ) R ' Hi' g r d ^ + (1-7.) 

r^(gp-g,UA-b2 r^(g^,.gg)d^ + ^i : ;^ f h f 7(gr-ge)drl dd 
Ja. J a Ja L J a, (7 7] "" 

2 7 y ( b ^ r b - ^ ^ - r a ) 

(b^-a^) 

R 

^ ^ > ^ z M 7 7 : 2 | £ ^ - r ( g p - g f ) d ^ - g ^ - ^-'g0, 

^}fer—^>-î rnv-̂ .)̂  _2i' 
2 &A 

UTh^jjy^r'^'^-jrhil ^(^r-SB)<^ 
« 

(28) 

To find ' 2 , w e a p p l y S a i n t - V e n a n t ' & p r i n c i p l e , a s s u m i n g t h a t t h e n e t f o r c e 
r e p r e s e n t e d b y t h e i n t e g r a l of t h e l o n g i t u d i n a l s t r e s s J^ o v e r t h e c r o s s 
s e c t i o n i s m e q u i l i b r i u m w i t h t h e n e t f o r c e r e p r e s e n t e d b y t h e p r o d u c t 
of t h e n o r m a l s t r e s s o ^ a t t h e b o u n d a r y a n d t h e c r o s s - s e c t i o n a l a r e a : 

271 I A j ^ ^^^ " '• (b -a^) G ; (29) 

S u b s t i t u t i n g ^ f ron^ E q u a t i o n 28 in E q u a t i o n 2^-i a n d s o l v i n g f o r c ^ y i e l d s 

e = 
^zi f 1 

-^ * b -a 

2i^(b' 

^f^'-lT^}^^ dO. 

+ 7 ^ I A (ge + g z ) d ' « T 2 3 / * I -igr-Se) di d A 

j - ^ r ^ fĝ  f vgQ) d^-vh' f ^ (gr - ge) dAJj 
(30) 
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Substitution of the longitudinal s t ra in €.^ from Equation 30 in Equations 24 
and 28 gives 

C - ^ ^ + ^1 E + 
/ 1 \|^(l-v)(b20,b-a2a,J J 1 1 r r^ 

toiV i wir-'^ia '^'^ 

V r « ( g 0 + g z ) d ^ - ^ r ^ (gz+^g0)d^ 

^ I 7 (gr - g0) dr dAJj (31) 

and 
.R. 

"^'- °^'' {—^ (gz + ̂ ge) + ^ / ^ ( g r - g © ) d ^ 

{ b -a 
^ (gz + '^ge) d/?-V 

1 
^ 7^gr"ge) d r 

a L Ja 4 (32) 

We may now proceed to evaluate Equation 15 for displacements U3_, of the 
inner surface, and u-]̂ , of the outer surface, by replacing C2 and Cj in 
Equation 15 by the express ions given for these quantities in Equations 25 
and 31, yielding 

Ua = a 

+ 

^^zi / 1 \ 2h^0^^.[a.\l-v)^h\l+v)]a 
+ •J- 2 

D - a 

r a 

{if^}! r A g r d ^ + ^ r A g0d^-b2 r ^(g3,-g0)dA 

+ ( i - v ) 
A 

^ 7 (gr " ge) dr d ^ 

}) 
(33) 
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and 

Ub = b 
ra 

+ 1 + v 
2 ^ gr d ^ + 2v / ^ g0 d ^ b2(l-v) + a^(l + v) 

r ~-(gr-ge)d/^+2(l-v) f U r 
7a Ja L. Ja 

"̂  I r(gr-g0) d] -}) (34) 

SUMMAR'Y AND CONCLUSIONS 

E q u a t i o n s have b e e n d e r i v e d f o r the p r e d i c t i o n of d i m e n s i o n a l 
c h a n g e s and s t r e s s e s in t h i c k - w a l l e d , hol low, c y l i n d r i c a l u r a n i u m fuel 
c o r e s dur ing t h e r m a l n e u t r o n i r r a d i a t i o n . 

In the d e r i v a t i o n , we have a s s u m e d tha t : 

1. The c o r e s ad jus t e l a s t i c a l l y to s t r e s s e s o c c a s i o n e d by a n i s o ­
t r o p i c d i m e n s i o n a l c h a n g e s wi th in ind iv idua l c r y s t a l l i t e s . 

2. T h e r e is c y l i n d r i c a l s y m m e t r y of d i m e n s i o n a l c h a n g e s , s t r e s s , 
and s t r a i n . 

3. T h e r e is e l a s t i c i s o t r o p y and ho inogene i ty ( e l a s t i c c o n s t a n t s 
u n i f o r m t h r o u g h o u t and independen t of d i r e c t i o n ) . 

4. A s t a t e of p lane s t r a i n e x i s t s (end effects m a y be n e g l e c t e d ) . 

The r a d i a l d i s p l a c e m e n t s of the i n s ide s u r f a c e , u^ , of the ou t s ide 
s u r f a c e , u^ ,̂ and the long i tud ina l d i s p l a c e m e n t u^ a r e g iven by 

^a = ^ 
^ g z i ^ / 1 \ / 2 b a r b - [ a ( l - v ) + b {l+v)]ara 

1 2 2 

b - a 

l + v 
^ g^d^+v f ^ ge dA-b2 r j - ( g r - g 0 ) d ^ 

J a j a 

+ (1-v) f Af-^ig^-gQ) dr dA\ (35) 
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b2(a2.R2).,,,a2(b2.R2)0r,^ ,_^^U r \ ^^ 

(b̂ -â )R̂  W+^/V^'Ja 

, ~ ~ - ^ r \ (g0+gz)d^+ ^-'^ ^""^-^^^ 
( l - ^ )RVa (1-1 )̂ R' j a ,1̂ ^̂  
( T T ^ ) ^ ^ ( g r - g 0 ) d « - ^ 

g0 + Vgz 

a2+R2 

(b2-a2)R2 

„b 

}{ / ^ gr d^+ (177) r ^ (g0 + gz) d^ 

, ^ 

b^^ l(g^.g^)d^ + ^ ^ [^^7(gr-g0)d 

^z = ^ z i + { ^ ^ ) ( - g z - ^ g 0 + ^ I ^ ( g r - g © ) d ^ 

v2 2 
,b - a 

b A 
^ ( g z + v g e ) d ^ - 1.1 A ^ ( g r - g e ) 

J a L j a 

LIST O F SYMBOLS E M P L O Y E D 

E Young ' s Modulus 

V P o i s s o n ' s Ra t io 

r , A R a d i a l c o o r d i n a t e in c y l i n d r i c a l c o o r d i n a t e s y s t e m . 

R Specif ied va lue of r a d i a l c o o r d i n a t e . 

0 Angula r c o o r d i n a t e in c y l i n d r i c a l c o o r d i n a t e s y s t e m . 

z L i n e a r c o o r d i n a t e in c y l i n d r i c a l c o o r d i n a t e s y s t e m . 

a Value of r a d i a l c o o r d i n a t e a t i n n e r s u r f a c e . 

b Value of r a d i a l c o o r d i n a t e a t o u t e r s u r f a c e , 

L Leng th of fuel e l e m e n t c o r e . 



•"T N o r m a l s t r e s s app l i ed to i nne r s u r f a c e of fuel e l e m e n t c o r e -
pos i t i ve for app l i ed t e n s i o n , nega t ive for app l i ed c o m p r e s s i o n , 

0 j . ^ N o r m a l s t r e s s app l i ed to o u t e r s u r f a c e of fuel e l e m e n t c o r e -
p o s i t i v e for app l i ed t e n s i o n , nega t ive for app l i ed c o m p r e s s i o n . 

a 0 N o r m a l s t r e s s app l i ed to ends of fuel e l e m e n t c o r e - pos i t i ve for 
app l i ed t e n s i o n , n e g a t i v e for app l i ed c o m p r e s s i o n . 

gj. E s t i m a t e of l o c a l r a d i a l s t r a i n a r i s i n g f r o m t h e r m a l n e u t r o n i r r a ­
d ia t ion if c o n s t r a i n t s a r e n e g l e c t e d . 

gn E s t i m a t e of l o c a l t a n g e n t i a l s t r a i n a r i s i n g f r o m t h e r m a l n e u t r o n 
i r r a d i a t i o n if c o n s t r a i n t s a r e n e g l e c t e d 

g E s t i m a t e of l o c a l l ong i tud ina l s t r a i n a r i s i n g f r o m t h e r m a l n e u ­
t r o n i r r a d i a t i o n if c o n s t r a i n t s a r e n e g l e c t e d 

A p p r o x i m a t e va lues for g , gg , and g^ m a y be ob ta ined by mu l t i p ly ing 
the a p p r o p r i a t e va lue of G2 or Gjl*^) by a p r o p o r t i o n a l i t y c o n s t a n t r e l a t i n g 
t h e s e v a l u e s to d i m e n s i o n a l c h a n g e s fo r uni t b u r n u p , and by to t a l b u r n u p . 

If the s t r e s s a t any po in t c a l c u l a t e d f r o m E q u a t i o n s 38 , 39 and 40 
e x c e e d s the c r e e p s t r e n g t h of the m e t a l at tha t po in t , a p l a s t i c so lu t ion is 
i nd ica ted . 

SUGGESTIONS F O R F U R T H E R STUDY 

The above a n a l y s i s f a i l s to inc lude s t r e s s e s a r i s i n g f ro in t h e r m a l 
g r a d i e n t s in the c r o s s s e c t i o n of the fuel e l e m e n t c o r e . 

All e l a s t i c so lu t ion for t h e r m a l s t r e s s e s in a so l id c y l i n d r i c a l fuel 
e l e m e n t c o r e h a s b e e n r e p o r t e d by C a d w e l l and M e r c k x . ' ' ) A p l a s t i c s o l u ­
t ion for t h e r m a l s t r e s s e s in so l id c y l i n d r i c a l r e a c t o r fuel e l e m e n t s h a s 
b e e n r e p o r t e d by M e r c k x . l ^ ) An e x t e n s i v e r e v i e w of the sub j ec t of t h e r m a l 
s t r e s s e s in so l id and hol low c y l i n d r i c a l fuel e l e m e n t c o r e s , inc lud ing the 
t i m e d e p e n d e n c e of s t r a i n , i s g iven by M e r c k x . ( ' / R e s i d u a l s t r e s s e s 
a r i s i n g f r o m f a b r i c a t i o n p r o c e s s e s have been s tud i ed by J o s e p h . ( 1 0 / 

A m o r e r i g o r o u s so lu t ion shou ld i n c o r p o r a t e s t r e s s e s a r i s i n g f r o m 
t h e r m a l g r a d i e n t s and f a b r i c a t i o n p r o c e s s e s , and inc lude the v a r i a t i o n in 
e l a s t i c c o n s t a n t s w i th p o s i t i o n and d i r e c t i o n . 

E x p e r i m e n t a l da t a w i l l be c o l l e c t e d and p r e d i c t e d s t r e s s e s c a l c u ­
l a t e d f r o m E q u a t i o n s 38 , 39 and 40 in an ef for t to a s c e r t a i n w h e t h e r a 
p l a s t i c so lu t ion is r e q u i r e d . 
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STATUS OF THE GROWTH INDEX FORMALISM* 

Edward F . Sturcken 
Savannah River Labora to r i e s , 

E. I. duPont de Nemours and Conapany 

SUMMARY 

Since NLCO-804 was published, work has continued on var ious 
aspects of the i r radia t ion growth p a r a m e t e r G^ and the quantitative p r e ­
f e r r ed orientation p a r a m e t e r J , ( l ) The P(u,0) m a t r i x for G^ was computed 
and has gone through various s tages of e r r o r cor rec t ion , it is now co r r ec t 
by independent verification from MCW for the 20-plane case , and by NLO 
for the 18-plane case An IBM-650 p r o g r a m was wri t ten by Dr. J- C English 
of SRL for computing Gg and J from raw X- ray intensity data. 

The ability of J to descr ibe the same shape at different orientat ions 
in space was tes ted J was found to be invariant for six spatial orientat ions 
of the same ell ipsoid, was shown to be re la ted through a s imple constant to 
s ta t is t ical var iance , 0^, and was also demonst ra ted to be a physical analogue 
to the neutron phys ic i s t ' s "Roughness Fac tor " J was applied with success 
to Mueller et al. 's(2) p r e f e r r e d orientat ion (PO) studies of varying r educ ­
tion in hot- and cold-ro l led uraniumi rods . 

A set of two-dimensional F o u r i e r expansion functions, P(7, ^ ) , were 
t r i ed m place of P(u,0) to see if they were super ior . The p resen t set of 
expansion functions, P(u,«^), a re composed of the product of e^"^- and the 
Associa ted Legendre polynomials , @Jrn (^)- I* "^^^ found that the Fou r i e r 
functions requ i red m o r e complex calculations for Gj and J and, hence, 
were undes i rable . 

An i r rad ia t ion exper iment was p repa red , in which PO is the only 
var iab le , to study PO as expres sed by the s t ra in tensor concept, i .e . , G2 
or G3, ve r sus i r rad ia t ion growth. The encapsulation technique and the 
PO X- ray m.easurements for the i r rad ia t ion tes t spec imens a r e described. 

INTRODUCTION 

The P(u,0j Matr ix** 

An IBM-650 p r o g r a m has been wri t ten by Dr J. C. English of SRL 
for computing G^, J, B^o, "AJ^, and P(u,<|») for 20 or 14 planes from raw 

*The information contained m this a r t ic le was developed during the course 
of workurider cont rac t AT(07-2)- l with theU.S Atomic Energy Commiss ion. 

**Use notation given in Reference (1) 



i n t e n s i t y da ta . The p r o g r a m a l s o c o m p u t e s the 95% conf idence i n t e r v a l 
of the m e a n , 0 t / v N , for Gj , J, and BQO- The m a t r i x [A] m a y be c o m p u t e d 
for any n u m b e r of p l a n e s f r o m input da ta c o m p o s e d only of the M i l l e r in ­
d i ce s and the l a t t i c e p a r a m e t e r s (we u s e d t h o s e of M. H. M u e l l e r ) . The 
[ A ] m a t r i x for the 2 0 - p l a n e c a s e is c o m p a r e d in Tab le I wi th that c o m ­
pu ted by A-ICW employ ing a d i f ferent r o u t i n e and c o m p u t e r , but the s a m e 
input da ta . The d i f f e r ences a r e ins ign i f ican t i n so fa r as t h e i r u s e for 
comput ing G2 and J a r e c o n c e r n e d . The [A] m a t r i x for the 18 -p lane c a s e 
has been c o m p a r e d with tha t c a l c u l a t e d by Thud ium of NLO and found to be 
in e s s e n t i a l a g r e e m e n t . 

Table I 

SRL AMD MCW MAIRICES !20-PLANE CASE'* 

15.057 
15,557 

0.'15693 
0.45602 

1.4625 
1.4625 

1.3518 
1.3518 

0.03308 
0.03308 

1.4274 
1.4274 

0.Q3.S95 
0.93895 

0.02405 
0.02405 

0.93145 
0.93145 

0.39531 
0.39532 

C.51086 
-0.51085 

15.146 
15.146 

-0.95027 
-0.95024 

-0.39938 
-0.39936 

0.94384 
0.94385 

-1.4445 
-1.4446 

3.4933 
3.4934 

0.05487 
-0.05486 

1.1954 
1.1954 

0.82761 
0.82756 

2.H425 

2.8322 

-1.6518 
-1.6458 

9.9390 
9.9032 

0.41088 
0.40942 

-2.0019 
-1.9947 

0.70611 
0.70355 

-0.06689 

-0.06667 

2.3443 
2.3351 

1.5827 
1.5770 

1.6838 
1.6778 

1.5208 
1.5208 

-0.40187 
0.40185 

0.23784 

0.23785 

16.955 
16.955 

-1.1629 
-1.1628 

1.2072 
1.2072 

2.0050 
2.0050 

0.25074 
0.25075 

-0.21266 
-0.21266 

-0.89675 
0.89674 

-0.0556« 
-0.05549 

1.4208 
1.4157 

-1.7337 
-1.7275 

-1.7398 
-1.7335 

11.339 
11.298 

0.64901 
0.64755 

-0.12965 
-0.12920 

-0.38500 
-0.38363 

2.9231 
2.9126 

-1.4221 
-1.4170 

3.1782 
3.1668 

-2.8770 
-2.8666 

0.S0S95 
0.80602 

2.3892 
2.3806 

0.85975 
0.85663 

8.1666 
8.1372 

1.1900 
-1.1857 

-0.33243 
-0.33124 

-2.196a 
-2.1891 

2.7334 
2.7235 

-1.0579 

-1.057« 

3.5205 
3.5206 

0.03878 
-0.03879 

2.008! 
2.00S1 

-0.08679 
-0.08680 

-0.60220 
-0.60223 

22.756 
22.756 

1.6266 
-1.6266 

0.35427 
0.35427 

0.45557 
0.45561 

0.0^042 

C.03«27 

-0.08042 
-0.08013 

1.9766 

1.9695 

0.36524 
0.363"-i4 

-0.37484 

-0.37351 

-0.2i'46b 
-0.24378 

-2.3657 
-2.3572 

13.414 
13.365 

1.U213 
1.0176 

0.85514 

0.85201 

1.6720 
-1.6660 

1.9193 
1.9124 

1.4610 

1.4566 

U.W033 

-U.33S11 

3.1176 
3.1061 

1.7712 
-1.7649 

0.56442 
y.5h23« 

1.U88 
1.1147 

').14?1 
9.1143 

0.11610 
0.11566 

-0.96082 
- 0.957 fJ 

1.7991 

1.7926 

2.105S 

2.0983 

1.0374 
-1.0304 

-2.0537 
-2.0461 

2.% 5" 
2.971-

0.98274 
0.9702) 

1.268 •! 
1.2638 

0.15720 
0.15661 

11.652 
11.610 

'For rratrix terminologv see Ref. 1. Each MCW element is listed under the SRL elenent. 

DISCUSSION 

T e s t of Goodness of F i t for P(u ,0) 

P(u ,0) was f i t ted to 20 po in t s (hklJ po le s ) on the s u r f a c e of an e l ­
l i p so id (see F i g . 1). The po in t s c a l c u l a t e d f rom the r e s u l t i n g P(u,0) 

d i s t r i b u t i o n function a r e c o m p a r e d with 
those c a l c u l a t e d f rom the equa t ion for 
the e l l i p so id in Tab le II. Note tha t the 
a g r e e m e n t is excep t i ona l l y good. 

c = VT= 1.000 
(minor) 

V3"= 1.732 
(major) 

= V T = 1.414 
(minor) 

F i g . 1. E l l i p so id 

P(u,0) was a l s o f i t ted to e x p e r i ­
m e n t a l da ta for b e t a - t r e a t e d u r a n i u m 
rod and a l p h a - r o l l e d u r a n i u m p l a t e . The 
rod da ta c a m e f r o m a s ing le s p e c i m e n , 
and the p l a t e da ta r e p r e s e n t an a v e r a g e 
of eight s p e c i m e n s . 



Table II 

GOODNESS OF FIT TEST FOR ELLIPSOID 

h k i 

020 
110 
021 
002 
H I 

022 
112 
130 
131 
023 

200 
041 
113 
132 
133 

114 
150 
223 
152 
312 

P 

Theore t ica l* 

1.732 
1.461 
1.404 
1.000 
1.312 

1.176 
1.159 
1.608 
1.498 
1.091 

1.414 
1.607 
1.088 
1.324 
1.206 

1.054 
1.672 
1.222 
1.472 
1.337 

(u,0) 

Exper imenta l** 

1.730 
1.461 
1.402 
0.998 
1.312 

1.173 
1.158 
1.607 
1.500 
1.094 

1.414 
1.610 
1.088 
1.324 
1.205 

1.055 
1.671 
1.222 
1.474 
1.337 

•See ell ipsoid in Fig. 1, whose equation in 
spher ica l coordinates is given in Table IV. 

• •Calcula ted P(u,0) values from leas t -
squares coefficients. 

The exper imental ly m e a s u r e d points a r e compared with those cal ­
culated from P(u,0) in Table III. Note that the goodness of fit is much 
poore r for the be t a - t r ea t ed rod data. This is as it should be, since the 
rod data contain l a rge s ta t i s t ica l fluctuations which P(u,0) should not 
follow. 



Table III 

LEAST-SQUARES FIT OF P(u,0) TO HOT-ROLLED 
PLATE AND BETA-TREATED ROD 

h k i 

020 

no 
021 
002 
111 

022 
112 
130 
131 
023 

200 
041 
113 
132 
133 

114 
150 
223 
152 
312 

Alpha-rol led P l a t e* 

Exper imenta l 

4.08 
1.28 
0.34 
0.01 
0.23 

0.11 
0 04 
2.64 
0.99 
0.02 

0.47 
1.77 
0.03 
0.19 
0 04 

0.04 
2.92 
0.06 
0.63 
0,23 

P(u,0) 

3.68 
1 26 
0 14 
0.00 
0 30 

0.00 
0.00 
2.31 
1.20 
0.33 

0 45 
2.11 
0.07 
0.05 
0 00 

0.08 
2.90 
0.03 
0.77 
0.18 

Be ta - t r ea t ed Rod** 

Exper imenta l 

0.53 
0.74 
0.58 
0.27 
0.71 

0.75 
1.07 
0.40 
0.49 
0 54 

0.60 
1.00 
0.53 
0.52 
0.49 

0.81 
0.26 
0.46 
0.54 
1.14 

P(u,0) 

0.60 
0.72 
0.82 
0.32 
0.77 

0.70 
0.81 
0.39 
0.39 
0 54 

0.70 
0.71 
0.73 
0.43 
0.50 

0.63 
0.41 
0.80 
0.52 
0.92 

J = 3.02 J = 1.09 

•Exper imenta l data for 8-specimen average ; grain size 
approximately 20 m i c r o n s . 

• •Expe r imen ta l data for a single specimen, grain size ap­
proximate ly 250 m i c r o n s . 

Invariance of J with Respect to Rotation 

The ability of J to descr ibe the saixie shape at different or ienta t ions 
in space has been tes ted. Fo r mathemat ica l s implici ty, the shape chosen 
was the ell ipsoid in Fig. 1. The ell ipsoid was rota ted about its axes to six 
posi t ions while the direct ions defining the points (hki poles) on the surface 
of the ell ipsoid to be fitted to P(u,0) remained fixed. In this manner these 
20 spatial d i rect ions were given six different sets of " in tens i t i es , " each set 
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be ing f i t t ed by a P(u ,0 ) funct ion. Va lues of J w e r e c o m p u t e d for e a c h 
P (u ,0 ) funct ion and a r e given in Tab le IV. Note tha t J r e m a i n s unchanged 
a s it should , s i n c e the v o l u m e and s h a p e of the s u r f a c e w e r e not changed . 

T a b l e IV 

T E S T O F INVARIANCE O F J 

x" y^ z^ 
The e l l i p s o i d — + - ™ + — r = 1 in s p h e r i c a l c o o r d i n a t e s xs 

„ 2 - L Z ^ 2 

3,2 f s in^T cos^0 s in^T s in^0 C O S ^ T ] 

t a2 "̂  b2 c2 J 

The e l l i p s o i d i s g iven one and two- fo ld r o t a t i o n s by pe rm.u -
t a t i n g the a x e s a, b , and c. J w a s c a l c u l a t e d for t h e fol lowing 
o r i e n t a t i o n s : 

E l l i p s o i d A x e s E l l i p s o i d A x e s 

a} 

3 
2 
1 

b2 

2 
3 
2 

c2 

1 
1 
3 

J 

1.0210 
1.0211 
1.0210 

a2 

3 
9 

1 

b2 

1 
1 
3 

c^ 

7 

3 
2 

J 

1.0211 
1.0211 
1.0210 

R e l a t i o n of " J " to S t a t i s t i c a l V a r i a n c e , 0^ - by J. W. C r o a c h 

J h a s b e e n def ined as 

i / 0 <i 0 

w h e r e A | j ^ a r e the n o r m a l i z e d coe f f i c i en t s of the l e a s t - s q u a r e s fit . F o r 
P(u,<^) = c o n s t a n t only AQQ, wh ich i s i n d e p e n d e n t of u and 0, is r e q u i r e d to 
d e s c r i b e P ( u , 0 ) , so (1) r e d u c e s to 

J = f Ago = 1 . 

By def in i t ion , t he s t a t i s t i c a l v a r i a n c e of P (u ,0 ) i s g iven a s 

a^ = ^ / (P - P)2 dud0 , (2) 

«/ 0 «/ 0 

w h e r e P (u , ^ ) i s a b b r e v i a t e d to P . 



) 

.2 - L c 

Expanding equation (2) 

1 ^7T/2 

^ f [ ( P ^ - 2PP + P H dud0 
Jo Jo 

= - I / p2 dud0 - — 2P / I P dud0 + - p2 I I dud0 

Jo «/o Jo Jo Jo Jo 

.(|)(|),.(|)„,,Hi).(|)(P^)(f) . 

But P = — , so 

^-(f-<f^(f = (f (-') 
Thus 

and 

J = 1 + 

Interpreta t ion of J as a "Roughness Fac to r " - by J. W. Croach 

Consider the ra t io of the average value of P^(u,0) to the square 
the average value of P(u,0), i .e . , 

since P = 2/71, which reduces to 

(P)^ 
P2(u,0) dud0 = J 

Now the neutron physic is t defines a "Roughness Fac to r " for the flux 
distr ibution 0 as 

R = (02)/(0)2 

Hence J is the analogue of R. 



Application of the J P a r a m e t e r to the Study of P r e f e r r e d Orientation 
in Uranium Rods Rolled to Various Reductions at 300°C and 600°C 

Mueller, Knott, Chernock, and Beck'^) have constructed inverse 
pole figures for uranium rod rolled at 300°C and 600°C to reductions of 0, 
10, 45, and 70% reduction in a rea . The inverse pole figures a re given in 
F igs . 2 and 4. A study of F igs . 2 and 4 shows (a) for the 300°C rolled 
rod, increas ing PO with increasing cold work, and (b) for the 600°C rolled 
rods , increasing PO, to a l e s s e r extent, with increasing hot work. 

(100) 

Fig. 2. Inverse Pole Figure of 300°C Rolled Rods with 
P r i o r Beta Treatment . After Mueller, Knott, 
Chernock, and Beck, Reference (2). 

P(u,0) functions and J values were conaputed for each reduction 
given above. A plot of J ve rsus % reduction is given for the 300°C rolled 



rod in Fig. 3 and for the 600°C rolled rod in Fig. 5. Note that we can de­
duce quantitatively from J ve r sus % reduction in F igs . 3 and 5 what we 
deduce qualitatively from a study of the inverse pole figures 2 and 4. 

Fig. 3 

Quantitative PO P a r a m e t e r , J, 
vs % Reduction in Uranium Rod 
Rolled at 300°C 

The J pa rame te r is not a substitute for the inverse pole figure, since it 
does not specify the kind of orientation. It should, however, provide a 
handy quantitative method for following the amount of orientation induced 
by various fabrication schedules. The inverse pole figure is difficult to use 
for quantitative est imation of PO because, being a s tereographic projection 
it is not "a rea t rue . " 

Alternative Expansion Function for P(u,0j 

P(u,0) has been expandedl^) as the product of the associated 
Legendre functions @|rn(^) ^^^ ^'^^ function e^^^V . it was suggested that 
expansion of P(u,0) as a two-dimensional Four i e r s e r i e s inight be a more 
desi rable expansion, so such an expansion was ca r r i ed out. Employing the 
symmetry proper t ies given in Ref. (1), P(7,0)* reduces to the form 

0 0 CO 

P(T,0) = X Z A i m cos 2 37 cos 2m0 (1) 
i=0 1T1=0 

or, expanding into an or thonormal set of the f i rs t 10 pe rmis s ib l e t e r m s , 

2 2 ^ 2 2 v ^ 4 
P(7,0) = ™ Aoo + - ^ ^ Aio cos27 + — : ^ AQI COS20 + ^ A^ cos27 cos20 

2 ^ 2 2^2" 4 
+ —zr- A20 cos47 + —::^—AQZ COS40 + — Aji cos47 cos20 TT 7T 7T 

272" 4 4 
+ — A,, cos27 cos40 + — A,, cos47 cos40 + A,o cos67 

(2) 

•Substitution of a second var iable , cos7 = u has no advantage in this 
expansion. 



C - 10 % 

C - 7 0 % 

Fig. 4. Inverse Pole Figure of 600°C Rolled Rods with P r i o r Beta 
Treatm.ent. After Mueller, Knott, and Beck, Reference (2). 

Fig. 5 

Quantitative PO P a r a m e t e r , J, 
vs % Reduction in Uranium Rod 
Rolled at 600°C. 



The t w o - d i m e n s i o n a l F o u r i e r e x p a n s i o n , E q u a t i o n (2), h a s the 
fol lowing u n d e s i r a b l e p r o p e r t i e s : 

1. To n o r m a l i z e R(7,0) to P(7 ,0 ) a s be fo re (^ ) r e q u i r e s 4 l e a s t -
s q u a r e s coef f ic ien t s o r , in g e n e r a l , a l l B j ^ coe f f i c i en t s , r a t h e r 
t han s i m p l y BQO, a s was the c a s e wi th the a s s o c i a t e d L e g e n d r e 
p o l y n o m i a l s (ALP) . 

2. To c a l c u l a t e G^ r e q u i r e s 3 l e a s t - s q u a r e s coe f f i c i en t s o r , in 
g e n e r a l , a l l A^ , , r a t h e r t han s i m p l y A^z^ a s w a s the c a s e for 
the A L P exp3,nsion. 

3. J wil l have 44 n o n z e r o t e r m s r a t h e r t h a n 10, as w a s the c a s e 
f o r the t e n - t e r m A L P expans ion . In g e n e r a l , J wi l l be the s u m 

2 

of Art p l u s A | j - ^ An|^, w h e r e m = k. 

As r e g a r d s o t h e r e x p a n s i o n s for P ( u , 0 ) , the only one a p p e a r i n g to 
have p o s s i b i l i t i e s a t t h i s t i m e i s the L e g e n d r e func t ions t i m e s e-̂ -*^^ r a t h e r 
than the a s s o c i a t e d L e g e n d r e func t ions t i m e s e^"^*. 

C o n t r o l l e d I r r a d i a t i o n E x p e r i m e n t to C o r r e l a t e P r e f e r r e d O r i e n t a t i o n 
wi th A n i s o t r o p i c Growth 

C o n s i d e r a b l e p r o g r e s s h a s b e e n m a d e by the c o m m i t t e e t o w a r d 
m e a s u r i n g and d e s c r i b i n g P O (G2, G3 p l u s e m p l o y i n g naore p r e c i s e 1° v a l u e s ) 
in a q u a n t i t a t i v e f a sh ion . 

The c o r r e l a t i o n of P O wi th a n i s o t r o p i c g r o w t h h a s b e e n l i m i t e d . (l'3-5J 
P r e d i c t i o n s a t t h i s s t a g e a r e s e m i q u a n t i t a t i v e and l e a v e nauch to be d e s i r e d , 
s i n c e m a n y of the f a c t o r s af fec t ing g r o w t h have no t b e e n eva lua t ed . As a 
m a t t e r of f ac t , t he i r r a d i a t i o n da ta and e x p e r i m e n t a l c o n d i t i o n s , to da t e , 
h a v e not been a d e q u a t e to g ive a r e a l l y s e v e r e t e s t to ou r s t r a i n - t e n s o r 
p o s t u l a t e . 

A p r o g r a m h a s b e e n i n i t i a t e d at SRL to c o r r e l a t e P O and a n i s o t r o p i c 
g r o w t h a s a funct ion of fuel g e o m e t r y , g r a i n s i z e , c l a d d i n g r e s t r a i n t , f lux, 
b u r n u p , and i r r a d i a t i o n t e n a p e r a t u r e . The v a r i a b l e s wi l l be s t u d i e d one at 
a t i m e when f e a s i b l e ( e .g . , i r r a d i a t i o n t e m p e r a t u r e and f lux n o r m a l l y go 
hand in hand u n l e s s one e m p l o y s e x t e r n a l h e a t i n g o r coo l ing) . 

In the f i r s t e x p e r i m e n t a l l f a b r i c a t i o n v a r i a b l e s excep t P O a r e to 
be he ld c o n s t a n t . P O is v a r i e d by naachin ing a s e r i e s of 2 - i n c h long by 
— - i n c h d i a m e t e r c y l i n d e r s a t v a r y i n g a n g l e s to the r o l l i n g d i r e c t i o n f r o m 
a s ing le s e c t i o n of a l p h a - r o l l e d p l a t e ( f ab r i ca t i on d e s c r i b e d p r e v i o u s l y ) . !•*) 
The d i a n a e t e r s of the c y l i n d e r s w e r e l i m i t e d by the t h i c k n e s s of the p l a t e , 
0.180 inch. Twen ty s p e c i m e n s w e r e p r e p a r e d at 5 - d e g r e e i n t e r v a l s b e t w e e n 
5 and 90 d e g r e e s to the r o l l i n g d i r e c t i o n and in a p l a n e n o r m a l to the r o l l i n g 
d i r e c t i o n . 



PO measurement s were perforrnedon the same specimens that were to 
be i r radia ted. The small diameter of the specimens presented a special 
problem, since the a rea of the .X-ray beam was l a rge r than the specimen, 
thereby forbidding the use of the standard calculated intensi t ies , Ifj^t^. for 
nornaalization.(l) The problem was solved by prepar ing three "randomly" 
oriented rod specinaens of the same diameter as the tes t specimens. The 
rods were machined from three mutually perpendicular directions of a 
section of ho t -p ressed powder metal plate. A large section of this plate 
had given relative intensit ies in good agreement with the standard cal­
culated intensi t ies , I^k^J-^ '' The three rod specimens were each run five 
t imes on each of the three diffractometers used for the study. A set of 
experimental I^kf values, composed of a 15-run average, was p repared 
for each diffractometer. The experimental average I|.t" for each diffrac­
tometer is shown in Table V. 

Table V 

E X P E R I M E N T A L RANDOM INTENSITIES FOR SMALL CYLINDERS 

hk" 

020 
110 
021 
002 
H I 

022 
112 
130 
131 
040 

023 
200 
041 
113 
132 

133 
114 
150 
223 
152 
312 

Ihk 

A 
Machine 

0.0760 
0.9763 
1.3988 
0.6929 
0.9380 

0.0814 
1.0446 
0.0856 
0.9806 
0.1691 

0.4599 
0.2416 
0.1417 
0.3368 
0.1099 

0.5343 
0.3484 
0.2398 
0.4335 
0.4615 
0,2912 

;; for 15-spec i i r t en 
A v e r a g e * * 

B 
Machine 

0.0719 
0.9941 
1.4304 
0.7303 
0.9934 

0.0798 
1.1130 
0.0838 
1.0054 
0.1633 

0.4635 
0.2259 
0.1353 
0.3432 
0.1083 

0.5021 
0.3359 
0.2230 
0.3920 
0.4064 
0.2374 

C 
Machine 

0.0728 
0.9971 
1.3863 
0.6971 
0.9660 

0.0784 
1.0442 
0.0783 
0.9820 
0.1690 

0.4608 
0.2334 
0.1369 
0.3305 
0.1088 

0.5197 
0.3430 
0.2369 
0.4182 
0.4558 
0.2786 

•'•hki ^'-'^ 4 5 - s p e c i m e n 
A v e r a g e 

ABC 
A v e r a g e 

0.0736 
0.9892 
1.4052 
0.7068 
0,9658 

0.0799 
1.0673 
0.0826 
0.9893 
0.1671 

0.4614 
0.2336 
0.1380 
0.3368 
0.1090 

0.5187 
0.3424 
0.2332 
0.4146 
0.4412 
0.2691 

a V ^ X 100 

3.0 
1.1 
1.6 
2.9 
9.1 

2.8 
3.7 
4.7 
1.4 
1.9 

0.5 
3.5 
2.8 
1.9 
2,1 

3.1 
1.8 
3.8 
5.0 
6.9 

10,5 

Av. 3.5% 

* T h r e e - ^ - i n c h rods cut f r o m m u t u a l l y p e r p e n d i c u l a r d i r e c t i o n s 
of SEP h o t - p r e s s e d p o w d e r m e t a l p l a t e , 

**Five runs on each of t h r e e r o d s at depth i n t e r v a l s of a p p r o x i m a t e l y 
0,010 inch. 



The agreement between diffractometers is considered excellent, since 
one of them employed a Xe-proport ional counter detector , whereas the 
other two employed Nal(Tl) de tec tors . Because of the close agreement 
between diffractonaeters, an average set of lZ]^n values for all 45 runs 
was p repa red and used to coaaipute Gj for all 20 tes t specimens. A special 
design, "cup type," specimen holder was used in these experiments to 
reduce background. The specimen holder along with the specinaen polish­
ing mount and spinner is shown in Fig. 6. 

m 
- ^ • 

•*» 

s 

Fig. 6. ''Cup'' Type Specimens Holder 

A, uranium cylinder B, steel polishing mount to avoid polishing 
at the wrong angle. C, cup type specimen holder to reduce back­
ground, D, specimen holder mounted in Norelco spinner. 

Five X- ray runs of 21 planes [Gj group + (040)] were made on each 
end of each tes t specimen. The initial specimen length was 2.g-inches, and 
the X- ray runs were made in incremental depths of approximately 
0.010 inch. The finished length dimension for i r rad ia t ion was 2 inches. 
Runs were made on both ends of the specimen to search for texture 
gradients . Data on Gj for the 20 specinaens a re given in Table VI. Note 
that within the precis ion of the naeasurenaents there a re no texture 
gradients . 

It is planned to i r rad ia te the specimens "bare" in liquid NaK to 
provide good heat t ransfer and to avoid r e s t r a in t caused by cladding. The 
specimens "will be i r rad ia ted in as uniform a flux as possible , and the 
tempera ture will be one at which considerable anisotropic growth occurs . 
Each specimen is provided with a flux monitor . The encapsulation design 
is given in F igs . 7 and 8. Pos t i r rad ia t ion X- ray PO measu remen t s a re 
also planned. 



Table VI 

Gi 

Angle 
to R D , 

d e g r e e s 

0 
5 

10 
15 
20 

25 
30 
35 
40 
4 5 * 

50 
55 
60 
65 
70 

75 
80 
85 
9 0 * 

0 

VALUES F O R IRRADIATION TEST S P E C I M E N S 

S p e c i m e n 
Numbe r 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

M a r k e d End 

C, 

+0 2212 
+0.2476 
+0.2037 
+0.2095 
+0,2204 

+0.1882 
+0.1679 
+0.1446 
+0.1042 
- 0 , 0 4 1 3 

+0.0680 
+0.0291 
+0.0174 
- 0 . 0 1 0 1 
- 0 . 0 2 2 4 

- 0 . 0 4 3 8 
- 0 . 0 3 7 5 
-0 .0520 
+0.0962 
+0.2605 

ta/yN 

0 0346 
0 0348 
0.0543 
0.0387 
0,0436 

0.0269 
0,0068 
0,0366 
0,0245 
0,0146 

0,0324 
0,0183 
0,0216 
0,0264 
0,0238 

0,0283 
0.0203 
0.0108 
0.0252 
0.0216 

U n m a r k 

G2 

+0.2420 
+0,2524 
+0.2385 
+0,2077 
+0,2169 

+0,1726 
+0,1626 
+0,1029 
+0,1081 
- 0 , 0 4 7 8 

+0.0713 
+0 0363 
+0.0186 
+0.0089 
- 0 . 0 1 9 6 

-0 .0119 
- 0 . 0 4 3 8 
- 0 . 0 1 5 3 
+0.1081 
+0.2512 

ed End 

ta/yN 

0 0068 
0,0164 
0,0192 
0,0322 
0 0303 

0.0299 
0.0352 
0.0379 
0,0150 
0,0144 

0,0219 
0.0094 
0.0283 
0,0246 
0,0427 

0,0170 
0,0394 
0,0565 
0.0220 
0,0441 

•These sections were cut near the edge of the plate which apparently 
had a different texture due possibly to a lower rolling temperature 
or uneven deformation. 

Fig . 7. Capsule before Assembly 

The uran ium cylinder, A, is loaded into the right of the s ta in­
l e s s steel capsule B. Gap C is screwed into B and he l ia rc 
welded. Capsule B is filled with NaK under 0.2 micron vac­
uum then backfilled with high pur i ty helium to 22.5 cm. Rod D 
is screwed into left end of B while sys tem is st i l l under p a r ­
tial p r e s s u r e of helium. The capsule is removed, Rod D is 
sawed off and he l ia rc welded as shown on the left end of E. 
An A l - l / Z wt % Mn-1 /2 wt % Co flux monitor pin, F , is housed 
in a 2S Al tube, G, inse r t ed into C and locked with a cot ter 
key, H. 



Heliarc Weld 

1/2 OD, SS 

225 mm Helium Pressure 

NaK Level 

0«084 Wall 

Uranium Specimerij 
5/32"di0. X 2" long 

SS Wire, 0.020 dia= 

Flux Monitor, Al - 1/2 wt % Mn 
1/2 wt % Co wire, 0o020" d ia. , 
1 /8 " long. Housed in 2S Al 
tubing, 1 /16" ID X 3 / 3 2 " OD, 
3/8 long. Tubing crimped at 
ends to seaL 

Heliarc Weld 

SS Cotter Pin 

Fig. 8. NaK Ir radia t ion Test Assembly 
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CORRELATING FABRICATION CONDITIONS 
AND GROWTH INDEX DATA 

Leonard Robins 
Bridgeport B r a s s Company 

The problems assoc ia ted with the production of dimensionally stable 
fuel e lements a r e well known to the m e m b e r s of this group, especial ly those 
engaged in studies to determine the fabrication conditions for forming u r a ­
nium having a growth index within a des i rable range of values One of the 
problems encountered is the variat ion m the grain s t ruc tu re and or ien ta ­
tion of the slugs due to nonuniform fabrication conditions. The furnace- to-
cooling tank t rans fe r t ime or the cooling medium t e m p e r a t u r e , e-g,, may 
change during a se r i e s of beta-quenching operat ions . P roces s ing differences 
of this type can lead to s t ruc tu ra l inhomogeneities between each sample of 
a group heat t r ea ted in the above manne r . The problem is complicated by 
the presence of the many var iab les introduced by the the rmal and inecliani-
cal t r ea tments usually employed in shaping uranium. The l is t of possible 
var iables might include the impuri ty content, p re l imina ry working and 
hea t - t rea t ing opera t ions , heating or cooling r a t e s , t e m p e r a t u r e s , t ime at 
t empera tu re , type and amount of plast ic deformation, secondary working 
operat ions , etc . 

A logical approach for investigations of growth index is to na r row 
the long l is t of possible factors affecting the p r e f e r r ed orientat ion to the 
few mos t influential ones that can be easily handled in commerc ia l fabrica­
tion prac t ice . The screening of a la rge number of possible var iables to 
identify the ixiost important ones is a type of problem that a r i s e s in many 
investigations in one forin or another . Table I, taken from par t of our 
u ran ium-ex t rus ion development pr<^rani , provides data to i l lus t ra te the 
problem. % 

In this example different extrusion conditions were employed for 
the two pushes . Six conditions were var ied while two were held constant 
(other possible va r i ab les , e g., bi l let composit ion and s t ruc tu re , and 
lubricant , we re not considered) . The resu l t s indicate that significant dif­
ferences in tube eccentr ic i ty , ovality, ha rdnes s , density, grain s t ruc tu r e , 
p r e f e r r ed orientat ion, i r rad ia t ion stabili ty, and other p roper t i e s can a r i s e 
from the difference in conditions between the two runs . But what do the ob­
served apparent differences in cha rac t e r i s t i c s mean? If, e g,, it was 
des i red to extrude slugs with a growth index of 0 - 0.0 50, we should like to 
isolate and study the two or three mos t influential ext rus ion conditions that 
can be control led during fabrication and proceed to optimize them. If the 
m e a s u r e d differences a r e rea l and reproducible , the following question 
a r i s e s : What is the relat ive contribution of each extrusion var iable to this 
difference in resu l t s? The recognition and separa t ion of the mos t important 



T a b l e I 

DATA F R O M EXTRUSION U - l 6 

A. E x t r u s i o n C o n d i t i o n s (for A s - c a s t B i l l e t s ) 

T u b e 
No . 

b 

25 

B i l l e t 
L o c a ­

t ion 

F r o m top 
hal f of 
ingot 

F r o m b o t ­
t o m hal f 
of ingot 

B i l l e t 
F u r n a c e 
T e m p , 

^C 

555 

625 

T r a n s f e r 
T i m e 

m i n 

1.15 

1,15 

Tool 
T e m p , 

op 

450 

875 

R a m 
Speed , 

i n . / m i n 

45 

15 

Cone and 
Die A n g l e , 

d e g r e e 

60 

130 

E x t r u ­
s ion 

R a t i o 
R 

12:1 

19:1 

Coo l ing 
M e d i u m 

W a t e r 

W a t e r 

B T e s t R e s u l t s 

Tube 
No . 

0 

25 

E x t r u ­
s ion ' ' a ) 
C o n s t a n t 

K, t s i 

18.2 

l o . l 

Tool T e m p 
I n c r e a s e , 

OF 

M a n d r e l 

140 

550 

Die 

80 

(110) 

E c c e n ­
t r i c i t y , (b) 

in . 

0 ,008 

0 . 0 ] ^ 

O v a l -
i t y . i b ) 

in . 

.013 

.007 

H a r d ­
n e s s , lb) 

R G 

79.0 

76.5 

D e n s i ­
ty , lb) 

g m / c c 

18.992 

18.9b5 

G r a i n 
S t r u c ­

t u r e 

A l l - f i n e 
g r a i n e d 

Dup lex 
IF ine & 
c o a r s e ) 

C. X - r a y E v a l u a t i o n R e s u l t s 

Tube 
No . 

6 

25 

Ax ia l t e x t u r e c o e f f i c i e n t s , ' c ) TC (hk*) 

020 

f ront 

1.64 

1.3b 

c e n t e r 

1,02 

1 11 

r e a r 

1.47 

0.89 

110 

f r ont 

3.57 

4 67 

c e n t e r 

3,55 

5 61 

r e a r 

3.75 

5,00 

200 

f ron t 

3.57 

2,32 

c en te r 

3,14 

2,14 

r e a r 

3.44 

1,54 

A -̂ 4 ^ 1 n ....^«.<i. 

i ndex , (d) G3 

f ron t 

-0 .21 

-0 .25 

c e n t e r 

- 0 . 2 0 

- 0 . 3 0 

r e a r 

-0.19 

-0,23 

a v e . 

- 0 . 2 0 

- 0 . 2 6 

• •'K - p / l n R, w h e r e p is t h e r u n n i n g e x t r u s i o n p r e s s u r e , and R i s t h e b i l l e t 
a r e a r e d u c t i o n r a t i o ' t he e x t r u s i o n r a t i o ) . 

^ " ' ' A v e r a g e of t h e m e a s u r e d v a l u e s for the f ron t , q u a r t e r - l e n g t h , c e n t e r , t h r e e -
q u a r t e r l e n g t h , a n d r e a r . 

fc) TC 
^'/'°Ki.-. 

ihk,j) — Y 

'"'^'Gs = E iA^,. X TC s ACos2a ) j^ j , j . 

, w h e r e n, the n u m b e r of p l a n e s m e a s u r e d , was 10. 



extrusion variables would provide valuable information to enable us to ma in ­
tain the growth index within the specified l imits for i r rad ia t ion stabili ty. 

The Random Balance design experiment , a concept c rea ted by F . E. 
Satterthwaite in 1957, provides a method for attacking the problem of iden­
tifying the mos t significant va r iab les . The technique has been t r i ed on 
severa l problems in our r e s e a r c h group with some success . The main ad­
vantage is that it enables one to weigh the importance of a la rge number of 
var iables to determine the few outstanding fac tors . These factors can then 
be studied in further detail by conventional s ta t i s t ica l p rocedures . The 
number of t e s t s requi red for the random balance approach is re la t ively 
small in comparison to the someti ines prohibitive number needed for full 
factorial design exper iments . 

The following presenta t ion will se rve to descr ibe the steps in the 
random balance method. Only a portion of our exper imental data is 
employed. 

1. Choosing the var iables for evaluation - Eight extrusion condi­
tions were selected. They were cons idered to be the var iables mos t likely 
to have a major influence on the tes t r e s u l t s . The evaluation of the extruded 
ma te r i a l was to consist of meta l lographic , dimensional , surface condition. 
X- ray diffraction (texture and growth index), and physical and mechanica l 
j iroperty tes t s and examinat ions. 

2. Choosing the conditions (levels) for the var iab les - Two levels 
(a high and a low value) were selected for each of the eight va r iab les . The 
select ions were based on the l imit ing values of the range over which the 
extrusion conditions could be var ied. Certain prac t ica l r e s t r i c t i ons in­
volving, e.g., the p r e s s capacity, uranium phase changes, and the behavior 
of the salt employed for bil let heating, were taken into considerat ion. Three 
or m o r e levels may be employed, although the analysis then becomes m o r e 
complex. 

3. Deciding on the number of tes t runs - It was decided to extrude 
28 bi l lets to give a random sampling of the 28 (256) possible combinations 
of extrusion conditions. It should be noted that about 30 to 50 t e s t s a r e r e ­
quired for good, r ep resen ta t ive sampling of a la rge number of combinat ions, 
e g., 212 (4096) poss ibi l i t ies . This number of t es t s usually makes for a 
p r ac t i ca l - s i zed experiment . A j^s rep l ica te of a 212 factorial design, p r o ­
gramming twelve var iab les with two levels each, would reduce the exact 
balance exper iment to 32 tes t runs . However, the confounding problem be­
comes complex in this approach. 

Our exper iment has not yet been completed. Only 20 of the 28 ext ru­
sion constants (K values) to be obtained were avai lable for this 
writ ing. The X- r ay evaluation is s t i l l in p r o g r e s s . 



4, Assigning the levels and var iables to the tes t s - The two levels 
were randomly assigned to the eight var iables for the 28 test runs . A 
table of random numbers was employed to assign the 14 high levels for one 
variable to the 28 extrusion runs . This p rocess was repeated for each of 
the 8 var iab les . The resu l t s of the random assignment of levels is shown 
in Table II, where + and - a r e the designations of the two levels for each 
var iable . 

Table II 

DESIGN OF EXPERIMENT U - l 6 

Extrusion 
Run No. 

1 
2 
3 
4 
5 

26 
27 
28 

Levels of each fabrication var iable 

A B C D E F G H 

+ + + - + + + 
+ + _ _ _ - - -
+ + + _ „ + + + 
-1- + _ + _ + - ! - -

+ + + - + - + 

+ _ + + + - + -
+ _ _ + + + - -

+ + „ + -

Test Resul ts (extru­
sion constant, grain 
s ize , growth index, 

etc.) 

• 

The analysis of the tes t r e su l t s begins with a sca t te r d iagram 
for each of the 8 va r iab les . The 8 diagrams a re shown in Fig. 1, where 
the ext rus ion-constant r esu l t s have been split into the high and low levels 
for each var iable . 

5. In terpret ing the data - The tes t r e su l t s were plotted to de te r ­
mine the extrusion var iable(s) having the l a rges t effect on each c lass of 
tes t m e a s u r e m e n t . An example of the par t ia l graphical analysis of some 
ext rus ion-constant data is shown in Fig. 1. 

A s imple and rapid method for a f i rs t rough analysis is shown 
in Fig. 1. The median difference (the difference in median location for each 
level) is shown for each var iable . Also shown a re the count of the number 
of tes t r esu l t s in the higher level which a r e higher than the highest tes t 
resu l t of the other level, and a s imi la r count for the low tes t r e s u l t s . For 
a tes t of significance, the probabil i ty of getting a total of at leas t R such 



counted poin ts wi th two g roups of data of equa l s i z e i s g iven by the 
s t a t i s t i c 

cr% R 

1 
T = l 

, 2 n - i - R 
• ' n - i - r 

-zn , 2 n - 2 
• ' n - i 

w h e r e R is the s u m of po in ts coun ted at e a c h end, n i s t he n u m b e r of po in ts 
in each g roup , and C^. = Vl /W! (V-W)! . 
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1 1 
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X 

X 

w 
"Vx 

X '^ 

X 

X « 

1 1 

X 

X 
X 

X 

X 

07 

X 

X ^ 

1 1 
555 625 

BILLET 

T 

1.15 150 450 8T5 

'+• 

15 45 

I " 

60 130 

^5 

14 

12.1 19.1 

y 

L 
AIR WATER 

TRANSFER 
TIME, 
MIN. 

TOOL 
TEMP, 
=F 

RAM 
ffEED, 
i/MN 

CONE 
ANGLE, 

OEG. 

EXTRUSION 
RATIO 

COOLING 
NEOIUM 

The g r a p h i c a l a n a l y s i s r e a d i l y ident i f ied (a) the b i l l e t t e m p e r a ­
t u r e and (b) the e x t r u s i o n r a t i o a s the v a r i a b l e s with the g r e a t e s t effect on 
the e x t r u s i o n cons t an t . The l a r g e effects p r o d u c e d by t h e s e two v a r i a b l e s 
s t and out s h a r p l y in the f i gu re . They c l e a r l y c a u s e r e a l d i f f e r e n c e s . They 
a r e the only v a r i a b l e s hav ing m e d i a n d i f f e r e n c e s g r e a t e r than 0.9 t s i and a 
to ta l of eight o r m o r e po in ts coun ted at the ends . In c o m p a r i s o n , for the 
o the r v a r i a b l e s , the m a x i m u m va lues a r e 0.7 t s i and four such po in t s , 
r e s p e c t i v e l y . 

F u r t h e r a n a l y s i s can be m a d e to identify o the r l e s s effect ive 
v a r i a b l e s and to r e s o l v e p o s s i b l e i n t e r a c t i o n effects c o v e r e d by the two 
s t r o n g e s t v a r i a b l e s . Th i s wil l not be done h e r e , s i n c e our da ta a r e 
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incomplete. The available data cover only 20 of the 28 extrusion runs to be 
naade. An outline of the steps for removing the effect of the two s t rongest 
var iab les and for handling interact ion effects can be found in the reference 
(by Budne) mentioned below. The f i r s t correc t ion involves "subtract ing" 
the effect of the previously de termined m.ain var iab les from the original 
set of data. The co r r ec t ed data a re replotted and the analysis descr ibed 
above is repeated. All major sources of var ia t ions in tes t resu l t s can be 
determined in this manner . Thus the relat ive magnitude of the individual 
effects of each var iable can be sat isfactori ly es t imated for all p rac t ica l 
purposes within the scope of the screening objective. 

Learning of the iixiportant role of the extrusion rat io was , in this 
case , unexpected. The extrus ion constant should vary with t empera tu r e . 
However, it should r emain constant when the extrusion rat io is changed, 
since the extrusion constant K is the proport ionali ty constant in the r e l a ­
tionship between the ext rus ion p r e s s u r e P and the logarithm, of the reduc­
tion ra t io , loggR. The observed dec rease in extrusion constant when the 
reduction ra t io was inc reased from 12:1 to 19:1 can be explained by 
assuming that the heavier reduction r a i se s the effective extrusion t em­
pe ra tu re . The actual ext rus ion t empera tu re naay be inc reased because of 
the generat ion of m o r e heat f rom the l a r g e r work of deformation. 

When the problem is one of optimizing fabricat ion conditions, 
p rec i se exper imenta l des igns , containing the few c r i t i ca l va r iab les 
previously identified, can be made . The optimum operat ing conditions may 
be de termined in a l imited number of t e s t s by a conventional study of the 
mos t significant va r i ab le s , while the other var iab les a r e held constant. 

F u r t h e r information on the random balance method and i ts l imi ta ­
t ions, and a detailed descr ip t ion of the advanced stages of the data analys is , 
can be found in an a r t i c le enti t led Random Balance by T. A. Budne.l-*-/ 
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EMPIRICAL APPROACH TO 
FUEL ELEMENT IRRADIATION GROWTH PREDICTION* 

L P . LeGeros 
Savannah River Plant , E. L duPont de Nemours and Company 

Natural u ran ium fuel e lements normal ly change dimensions during 
i r rad ia t ion These changes in dimensions , t e rmed instabili ty or growth, 
may cause unequal flow spli ts in the cooling water , difficulty m unloading 
i r r ad ia ted e lements , and fuel element fa i lures . 

A re l iab le , inexpensive, out-of-pile tes t which pred ic t s the d imen­
sional instabili ty to be experienced during i r rad ia t ion is needed. The in-
pile naethods present ly used a r e costly, since they r equ i r e fabrication and 
finishing of large numbers of tes t e lements , and they may be detrinaental 
to safe r eac to r operat ion 

Since a theore t ica l mechan i sm to explain the change in dimensions 
of fuel e lements during i r rad ia t ion has not been proven to date, an emp i r ­
ical approach to the problem of certifying tes t fuel e lements to be i r r ad ia t ed 
in production r e a c t o r s was evaluated 

Tex tu re - l imi t s tandards a r e being established, on a p re l imina ry 
bas i s , by measur ing the tex tures of s tandard production fuel e lements 
taken daily from the production cladding-fabricat ion p roces s . This work 
is being done in two phases . 

In the f i rs t phase, the maximum and minimum axial t ex tures 
(measured from one diffraction sample from a slug taken from the produc­
tion line each day for eight months) were set as upper and lower l imits 
between which exper imenta l slugs were cert if ied as probably safe for p r o ­
duction r eac to r i r rad ia t ion 

In the second phase, texture s tandard l imits a r e being based upon a 
l a rge r sampling of twenty samples (ten axial and ten in the di rect ion of the 
c i rcumference) taken from a production slug each day. 

In o rder to help es tabl ish which tex tures and other factors a re most 
inaportant to fuel e lement growth during i r rad ia t ion , a study utilizing a 
multiple r e g r e s s i o n analysis was made with 956 fuel e lements which were 
i r r ad ia t ed at var ious flux levels and upon which m e a s u r e m e n t s of d imen­
sional changes were made These fuel e lements r ep re sen t ed six different 
hea t - t r e a tmen t groups . 

*The information contained in this a r t i c l e was developed during the 
course of work under Contract AT(07-2)- l with the U.S. Atomic Energy 
Commiss ion This information was previously r e f e r r e d to as DPSPU 
60--30-146. 



The study was confined to changes in only one dimension: the length 
of the fuel e lements . Changes in d iameter were not studied at this t ime b e ­
cause texture gradients along the radius would have had to be included, thus 
increas ing the scope of the problem (and hence the computer calculation 
t ime) beyond the t ime available for this f i rs t study. Therefore , for this p r e ­
l iminary study the t e r m "instabil i ty" r e fe r s only to changes in slug length 
(growth or shrinkage). Diameter changes will be considered in subsequent 
s tudies. 

The factors considered were : 

Phys ica l cha rac t e r i s t i c s of fuel e lements; and 

Reactor geometry and operating cha rac t e r i s t i c s . 

The main purposes of this study were : 

1. To de termine the re la t ive impor tance of factors causing ins ta­
bility during i r rad ia t ion and to de te rmine the range of reac to r 
operating and fuel e lement cha rac t e r i s t i c s contributing to in­
stabili ty during i r radia t ion . 

2. To develop c r i t e r i a for test ing theore t ica l mechan isms of 
instabili ty, 

3. To der ive a formula which can be used to predic t the type and 
magnitude of i r radia t ion- induced instabil i ty. 

The methods of r e g r e s s i o n analysis were adapted to the problem of 
corre la t ing the change in length of fuel elenaents with the p roper t i e s and ex­
posure conditions of the fuel e lements . When the analysis was completed, 
it was found that the nature of the available data was such that only very 
limited conclusions could be reached. This init ial attempt, which is r e ­
ported he re as a mat te r of record , will se rve as a bas i s for additional work 
to develop techniques be t te r suited to the data at hand. 

In the analysis , an apparently significant cor re la t ion was found b e ­
tween growth and the t empe ra tu r e of the coolant surrounding the fuel e lements 
This indication will be followed up in the additional work that is now planned. 

Since only six groups of fuel e lements were studied and all fuel 
e lements within a given group were charac te r i zed by the same set of X- ray 
p a r a m e t e r s and grain s ize data, the amount of data available with r ega rd to 
independent var iab les descr ib ing the m a t e r i a l is quite l imited. The batch 
var iab le inherent in each of the six groups or batches when r ep resen ted by 
the mean dimensional change of each batch explains about 43% of the 
var iance in instabil i ty observed. The var iabi l i ty explained by the complete 
r e g r e s s i o n analysis was 47.6%. 



COMPARISON OF METHODS OF CALCULATING 
THE GROWTH POTENTIAL OF URANIUM 

J. W. Starbuck and H. C. Kloepper, J r . 
Mallinckrodt Chemical Works 

SUMMARY 

Three methods of calculating the growth potential of uranium were 
applied to date from a Jominy-type end-quenched uran ium specimen. 
Scaled growth index (G.L) yields a somewhat more negative value than does 
G2 or G35 especial ly for sections having high C-axis tex ture . 

The effects of changes in cer ta in constants employed in the calcula­
tions were evaluated. Reduction of the cos ine-squared functions from five 
decimal places to two decimal places resul ted in insignificant changes in 
scaled G.L and G3,. 

A tes t of the significance of differences in inverse m a t r i c e s of the G2 
formal i sm as computed at MCW and SRL also indicated inconsequential 
effects upon the calculated G2 value. 

INTRODUCTION 

Several methods of calculating the growth potential of neutron-
i r rad ia ted uran ium fuel cores have been proposed. E. F . SturckenV-'-/ devel ­
oped the express ion 

2 T.C. X cos^/5 - Z T.C. x cos^a 

Ihkl/l°hkl 

— X ^hkl/l°hkl 
1 

the angles between (hkl) pole and the a and b axes of alpha 
uraniumi, respect ively , 

observed integrated intensity of (hkl) plane 

number of measu red (hkl) planes. 

G.L 

where 

T.C. 

,fc> a n d Q, 

Ihkl 

n 



For a randomly oriented specimen, T.C. = 1; then the zero growth 
potential would be equal to Z cos^^ - 2 cos^a. Due to the asymmet r i c d i s t r i ­
bution of measurab le planes, this express ion is not equal to zero . The l imits 
of the G.L express ion a r e equal to tn . 

Sturcken la ter developed a "Generalized Growth Index Formal i sm," (2 j 
denoted as G2, wherein the l imits of the express ion were l l .O for maximum 
expansion or contraction and dimensional stability was indicated by a value 
of 0.00, 

In addition, P . R. Morris(3) proposed a method called the "Area 
Weight Method," denoted as G3, having the same l imits as G2. 

The original G.I. express ion has been modified by a "scaling" tech­
nique so as to obtain l imits of +1.0 and a value of 0.0 to correspond to d i ­
mensional stabili ty. 

The data contained in this r epor t were compiled for the purpose of 
comparing the values obtained by the th ree methods of calculation mentioned 
above. 

CALCULATIONS 

The constants used in the calculations were as follows: 

The I \ k i values repor ted in pr ivate communication, dated April 13, 
i960, from Dr. M. H. Mueller were used in a 21-plane set of data. (The 
21 planes a r e l isted in Table II.) For the 21-plane set, when all T.C. values 
equal one, the 2 c o s ^ - 2 cos^a is equal to +2.60. (Henceforth cos fi - cos a 
will be denoted Acos^.) Scaled G.L was calculated on the following bas is : 

For observed 2 T.C, A cos^> 2.60 

, 2 T.C. A c o s ' - 2.60 
Scaled G.L = + " 2 1 . 0 0 - 2 . 6 0 

For 2 T.C. A cos^ < 2.60 

'2,60 - 2 T.C. A c o s ' 
Scaled G.L 21.00 + 2.60 

The data from Jominy-type end-quenching experiments(4) were 
chosen for compar ison because of the varying degrees and type of texture 
represen ted . 



R E S U L T S 

The d a t a in T a b l e I show the d i f f e r e n c e s in the c a l c u l a t e d v a l u e s . 
With t h r e e e x c e p t i o n s , G2 can be s e e n to be b e t w e e n s c a l e d G.L and G3. The 
d i f f e r e n c e s b e t w e e n s c a l e d G.I. and G3 would be the add i t ive of the l a s t two 
c o l u m n s of the t a b l e . 

T a b l e I 

COMPARISON O F S C A L E D G.L, G2, and G3 VALUES 

D i s t a n c e f r o m 
Quenched End, 

i n c h e s 

0.010 

0.015 

0.015 
R e p e a t 

0.037 

0.041 

0.046 

0.050 

0.062 

0.067 

0.072 

0.077 

0.083 

0.092 

0.108 

0.108 
R e p e a t 

0 .113 

0.122 

0 162 

0.167 

0.177 

I t J I ! 

2,35 

1.82 

1,70 

1.54 

1.57 

1.45 

1.62 

1.55 

1,41 

1.47 

1.51 

1.37 

1.40 

1.23 

1.27 

1.24 

1.19 

1.06 

1.05 

1.05 

Sca led G.L 

- 0 . 4 3 3 

-0 .356 

-0 ,316 

-0 ,178 

-0 .188 

-0 .153 

-0 .158 

-0 .113 

-0„083 

-0 .094 

-0 .092 

-0 .093 

-0 .045 

-0 .076 

-0 .076 

-0 .061 

-0 .067 

-0 .094 

-0 .087 

-0 .073 

G2 

-0 .423 

-0 .336 

-0 .298 

-0 .152 

-0 .166 

-0 .087 

-0 .107 

-0 .078 

-0 .050 

-0 .038 

-0 .045 

-0 ,063 

-0 .007 

-0 .040 

-0 .048 

-0 .022 

-0 .047 

-0 .073 

-0 ,078 

-0 .075 

G3 

-0 .405 

-0 .312 

-0 ,282 

-0 .128 

-0 ,136 

-0 .091 

-0 .110 

-0 .065 

-0 .036 

-0 ,050 

-0 .041 

-0 .048 

-0 .002 

-0 .028 

-0 .032 

-0 .020 

-0 .026 

-0 .060 

-0 .059 

-0 .046 

G2 - G.L 

0.010 

0.020 

0.018 

0.026 

0.0Z2 

0,066 

0.049 

0 .035 

0.033 

0,056 

0.047 

0.030 

0.038 

0.036 

0.028 

0.039 

0,020 

0,021 

0.009 

0.002 

G3 - G2 

0,018 

0.024 

0.016 

0.024 

0.030 

- 0 . 0 0 4 

- 0 . 0 0 3 

0.013 

0,014 

-0 .012 

0,004 

0.015 

0 .005 

0.012 

0 016 

0.002 

0.019 

0.013 

0,019 

0,029 



Area Weight constants have a computation bias of G^ = -1-0.019 for 
a random specimen. Removing this bias would yield even more equivalent 
G2 and G3 values . Regarding scaled G.L, a dis tort ion should theoret ical ly 
occur due to "scal ing" for high C-axis t ex tures . The distort ion does, in­
deed, seem to manifest itself, for in the region from 0.046 to 0.113 inch 
from the quenched end the differences in G.I.jand G2 a re l a rger . It is in 
this region that [001] texture is prominent , according to observat ions r e ­
garding the effect of cooling r a t e through the be ta- to-a lpha t ransformat ion. 
F r o m these data it would appear that scaled G„I„ yields a somewhat more 
negative value for growth potential than G2 or G3 when employing a 21-plane 
set. The choice of using either G2 or G3 would seem to be a rb i t r a ry , with 
no ser ious consequence. The accuracy of ei ther of the th ree units of m e a s ­
ure mus t st i l l be ascer ta ined by pile behavior data. 

THE EFFECT OF CHANGES IN CONSTANTS 

Among the a r e a s of uncer ta inty regarding the determinat ion of p r e ­
fe r red orientat ion in uranium has been the use of cer ta in constants in var ious 
steps of the calculation of ei ther G.L, Gg, or G3. Considerable effort has 
been expended towards refining these constants . The question a r i s e s as to 
the significance of the differences. 

The data repor ted here in a r e differences presented for the purpose 
of establishing the degree of accuracy requi red by way of examining the 
effect of changes in the constants upon the final calculation. 

The f i rs t a r e a studied dealt with the choice of values of the lat t ice 
constants for alpha uranium. The values of the lat t ice constants de te rmine 
the angles between crys ta l lographic planes, which, in turn, de te rmine the 
component of growth potential , cos ^ - cos a, used in the G.L or G3 formal -
isnas. This has the same value as the V22 column in the V^j^ ma t r ix of the 
G2 formal i sm. Using the a lpha-uran ium latt ice constants repor ted by 
Mueller 3,nd Hi t te rman of ANL, cos ine-squared functions had been computed 
to five dec imal places on the LGP 30 computer . These values have been 
used routinely at MCW for calculating G.L and G3 for 21-plane se ts of data. 
Three samples were chosen and reca lcula ted using cos ine-squared functions 
of th ree and two decimal p laces , respect ive ly . Table II contains the r e su l t s 
of these calculat ions. 

These data indicate that the re is an insignificant effect on scaled 
G.L or G3 introduced by the dropping of as many as th ree dec imal places 
from the cos ine-squared va lues . 

Since the re has been concern over differences in e lements of the 
inverse mat r ix , a s imi la r scheme as above was used for evaluating the 
differences. 



Table 11 

COSINE-SQUARED E F F E C T ON G.I AND G3 

h k l 

020 
110 
021 
002 
111 

0 2 2 
112 
130 

131 
0 2 3 
200 
0 4 1 
113 
132 

133 
114 
150 
240 
2 2 3 
241 
152 

Sca led G.L 
c o s ' = X.XXXXX 

= X.XXX 
= X.XX 

G3 
c o s ' = X.XXXXX 

= X„XXX 
^ X.XX 

T e x t u r e Coef f ic ien t s 

S a m p l e 
4106 

1.029 
10 542 

0.189 
0.178 
0.115 
0.367 
0.000 
1.008 
0.220 
0.073 
4 .557 
0.378 
0.000 
0.000 
0.000 
0 031 
0.672 
0.840 
0.000 
0.640 
0.042 

-0 .4725 
-0 .4722 
-0 .4737 

-0 ,5177 
- 0 . 5 1 7 4 
- 0 . 5 1 9 4 

Sample 
4107 

1.165 
4.158 
0.588 
0,147 
1 102 
0.315 
0,220 
1,627 
1.585 
0.094 
1.816 
1.291 
0.063 
0.787 
0.241 
0.000 
1.071 
1.375 
0.357 
1,753 
1.144 

-0 .0887 
-0 .0887 
-0 .0896 

-0 .1045 
-0 .1042 
-0 .1055 

S a m p l e 
4108 

0.871 
1.449 
1.260 
0.094 
1.449 
0 .955 
0.546 
1.344 
0.294 
1.323 
2 .835 
0.178 
0.798 
0.735 
0.042 
0.136 
0.210 
0.798 
1.039 
3.213 
1,312 

-0 1476 
-0 .1475 
-0 .1485 

-0 .1420 
-0 .1417 
-0 .1431 

The fixed point 21-plane inverse ma t r i x (Table III) was calculated 
to eight decimal p laces . Intensity data from a single sample were chosen 
and computation of G3 was c a r r i e d out by success ive dropping of "bi ts" of the 
binary code in each element of the mat r ix . No change in G2 or "J" values 
occur red until five dec imal p laces remained, indicated by "WWWWOOOO," 
such that the maxinaum poss ible deviation from the t rue value of any e l e ­
ment in the ma t r i x was 0.00003. The data a r e shown in Table IV. 
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T a b l e III 

F I X E D - P O I N T 2 1 - P L A N E INVERSE MATRIX 
C o m p u t e d by MCW 

0.07367918 
0 .04201153 

-0 .00380100 
-0 02280027 
-0 .03101370 
-0 .08599500 
-0 .01499884 
-0 02768824 
-0 .01252564 
-0 ,06477546 

0 .01893666 
0 17364025 
0 .01351916 
0.02614271 
0 .01345803 
0 .03714864 
0.01857999 
0 .11688351 

-0 .00696095 
-0 .05327245 

-0 .00424965 
0 ,01523251 
0,07135108 

-0 .01901722 
0 .02057506 

-0 .01985910 
0 .00970761 

-0 .00962463 
0 .00146916 

-0 .00738872 
-0 .01149027 
0 .01327722 

-0 .01887038 
0.05294971 

-0 .01023803 
0 .01490468 

-0 .01099985 
0.01554990 
0 .00106607 

-0 .00704812 

-0 .06005776 
0.02197417 
0 .03563704 

-0 ,01495175 
0.18976951 

-0 04642227 
0,02584410 

-0 .01129459 
0 .05846416 

-0 .01313748 
-0 .07506264 

0 02734066 
-0 .03413136 

0 .02159892 
-0 .05505681 

0.09594201 
-0 .08391818 

0 .02036575 
0.01721931 

-0 .01554116 

-0 .01687370 
0 .03323284 
0.00976809 

-0 .01759761 
0 .01501407 

-0 .07751083 
0 ,06273415 

-0 .03082937 
0 .01523334 

-0 .07278428 
-0 .01404052 

0 ,09423457 
-0 .00960981 

0.02468470 
-0 .00778202 

0 ,02230957 
-0 .01939079 

0 .17353426 
0,00991940 

-0 .03595078 

1 

-0 .02100614 
-0 .01685819 

0.00220374 
0.00230926 
0 .05063145 
0,02153488 
0 .02270851 
0.02135381 
0.12488782 
0,04059828 

-0 .04896568 
-0 .05815407 
-0 .01099749 
-0 .01514936 
-0 .01349358 
-0 .02305127 
-0 .06824360 
-0 ,04867756 
0.02811326 
0 11180738 

T a b l e IV 

E F F E C T O F CHANGES IN 2 1 - P L A N E INVERSE MATRIX 

S a m p l e : H A P O Size I and E C o r e 4109 A2 A12 
H i s t o r y : 7th Alpha E x t r u s i o n C a m p a i g n 

Code Nota t ion 

WWWWWWWW 
WWWWWWWO 
WWWWWWOO 
WWWWWOOO 
WWWWOOOO 
WWWJOOOO 

n j i i 

L 0 9 
1.09 
1.09 
1 09 
1 09 
1,09 

G3 

-0 .0221 
-0 .0221 
-0 .0221 
-0 .0221 
- 0 . 0 2 2 4 
-0 .0237 

The nex t s e t of t r i a l s w a s c a r r i e d out for t e n sanap le s hav ing v a r i o u s 
d e g r e e s of t e x t u r e s . The d r o p p i n g s e q u e n c e w a s con t inued t h r o u g h the u s e 
of a m a x i m u m d i f f e r e n c e of 0 0078(f|g). The r e s u l t s a r e shown m Tab le V. 



T a b l e V 

E F F E C T O F CHANGES IN 2 1 - P L A N E MATRIX 

S a m p l e 

40 79 
4080 
4083 
4084 
4085 
4097 
4078 
4081 
4105 
4106 

" J " 

2.48 
2.76 
1.09 
1.01 
1.03 
1.05 
2.68 
2 .84 
5.77 
6.48 

M a x i m u m M a t r i x E l e m e n t D e v i a t i o n 

8 - p l a c e 0 .00012 0 .00048 0.003Q j 0 .0078 
t 

G^ 

- 0 . 1 7 0 1 
- 0 . 2 0 9 3 
- 0 . 0 2 2 1 
- 0 . 0 1 3 1 
- 0 . 0 0 1 4 
- 0 . 0 0 3 7 
- 0 . 1 9 6 6 
- 0 . 2 3 6 3 
- 0 . 3 3 3 1 
- 0 . 4 9 8 8 

- 0 . 1 7 1 5 
- 0 . 2 1 0 8 
- 0 . 0 2 3 7 
- 0 . 0 1 4 3 
- 0 . 0 0 2 7 
- 0 . 0 0 5 1 
-0 .1980 
- 0 . 2 3 7 8 
- 0 . 3 3 5 3 
- 0 . 5 0 1 3 

- 0 . 1 7 4 7 
- 0 . 2 1 4 3 
- 0 . 0 2 6 1 
-0 .0158 
- 0 . 0 0 4 3 
- 0 . 0 0 7 1 
- 0 . 2 0 1 4 
-0 .2414 
- 0 . 3 4 0 8 
-0 .5080 

- 0 . 1 6 4 5 
-0 .20 24 
-0 .042« 
-0.01^)4 
- 0 . 0 1 0 2 
- 0 . 0 1 8 9 
- 0 . 1 8 9 3 
-0 .2300 
- 0 . 3 3 4 7 
- 0 . 4 9 7 8 

- 0 . 1 5 5 6 
-0 .1948 
- 0 . 0 5 9 5 
-0 .0248 
-0.01-^5 
-0 .0303 
-0 .1808 
- 0 . 2 2 2 5 
-0 .330b 
-0 .5044 

In c o m p a r i n g MCW and S R P - c o n i p u t e r 2 0 - p l a n e i n v e r s e m a t r i c e s , 
it was noted tha t s ix e l e m e n t s d i f fered by 0.01 or m o r e and four t een dif­
fe red by 0.005 to 0 . 0 1 . The d i f f e r e n c e s a r e shown in Tab le VI. In addi t ion , 
the a v e r a g e d i f f e r ence b e t w e e n e l eme i i t s of SRL and M C W - c o m p u t e d m a t r i ­
ces w a s found to be 0.00345, h e n c e , the 0.0039 (jss) s t ep w a s c o n s i d e r e d to 
be a t e s t of t h e s e d i f f e r e n c e s . Since s o m e of the e l e m e n t s d i f fered by 0 .01 , 
the next s t ep of 0.00 78 (jjs) w a s c a r r i e d out . As can be s e e n f r o m the da ta , 
the l a r g e s t change in G2 w a s 0.04, wi th 0.02 be ing the a v e r a g e change . 

Table VI 

D I F F E R E N C E S B E T W E E N MCW AND S R L MATRIX V A L U E S 
( 2 0 - p l a n e Set) 

0 .0000 
0.018 
0.0002 
0.0007 
0 .0023 
0 .0006 
0 .0045 
0 .0006 
0 .0016 
0.0020 

0.020 
0.012 

0 .0009 
0.012 
0 .0002 
0.0000 
0.0029 
0 .0026 
0 .0031 
0 .0006 

0 .0004 
0 .0017 
0 .006 
0 .0027 
0 .0066 
0 .0023 
0 .0022 
0 .0015 
0 .0021 
0 .0015 

0 .0008 
0.012 
0 .0015 
0.007 
0 .00014 
0.0019 
0 .0023 
0 .0075 
0 .0006 
0 .0016 

0 .00373 
0 .0003 
0 .0057 
0 .0002 
0 .0014 
0 .00038 
0 .0015 
0.0038 
0 .0027 
0.0020 

0 .0012 
0 .0001 
0 .0026 
0 .0037 
0 .0005 
0.0089 
0 .0067 
0 .0014 
0 .0037 
0 .0044 

0 .005 
0 .0031 
0 .0013 
0 .0022 
0 .001 
0 .0034 
0 .0004 
0.0062 
0 .0078 
0 .0023 

.„J 

0.001 
0 .0038 
0 .0012 
0.00 J 2 
0 .0036 
0.0011 
0.0090 
0 .019 
0 .0001 
0.0020 

0.003 
0 .005 
O.OOIQ 
0.0009 
0.0029 
0.003 
0.012 
0 .0003 
0.0011 
0.0009 

0.00 5 
0 .0012 
0.0010 
0 .0035 
0.003 
0 .0048 
0.0050 
0 .0037 
0 .0013 
0.0079 

T h e doub le u n d e r s c o r e i n d i c a t e s the s ix w h i c h d e v i a t e by 0.01 o r m o r e . 

The s i n g l e u n d e r s c o r e i n d i c a t e s f o u r t e e n a d d i t i o n a l w h i c h d e v i a t e by 0 .005 to 0 .010 . 

It is r e c o g n i z e d tha t the above t e s t s do not c o m p l e t e l y define the 
p o s s i b l e e r r o r s . The p r o b l e m of m.atr ix s t a t i s t i c s i s e x t r e m e l y c o m p l i ­
ca ted . However , it is fel t tha t t h e s e t e s t s shed c o n s i d e r a b l e l ight on the 
ques t ion of d i f f e r e n c e s . It would a p p e a r t ha t the d i f f e r e n c e s in m a t r i c e s 
a r e of ins ign i f i can t m a g n i t u d e in r e l a t i o n to the o the r s o u r c e s of e r r o r in 
the X - r a y d e t e r m i n a t i o n of g rowth po ten t i a l . 
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INTERSITE EVALUATION OF PREFERRED ORIENTATION DATA 

J, W. Starbuck and H. C. Kloepper, J r , 
Mallinckrodt Chemical Works 

SUMMARY 

X-ray -de te rmined p re fe r r ed orientat ion data observed at MCW and 
HAPO labora to r ies were in excellent agreement with respec t to texture 
coefficients and G3 observa t ions . It appears that the p rocedures have been 
sufficiently s tandardized for exchange and compar ison of data between the 
two s i t e s . 

INTRODUCTION 

To tes t the quality and control of grain orientat ion, a test ing p rog ram 
was conducted for evaluating I and E cores produced at MCW during the 7th 
alpha extrusion campaign^-'-) which consisted of 55 alpha ex t rus ions . The 
test ing p rog ram was to se rve as a means of comparing X- ray -de t e rmined 
p re fe r r ed orientat ion data of a lpha-extruded, be t a - t r ea t ed cores with those 
of other var iously p rocessed cores tes ted at HAPO. 

EXPERIMENTAL 

Cores that were nonrecoverable re jec ts due to failure to meet d i ­
mensional and /or surface quality specifications were randomly sampled to 
furnish tes t spec imens . The number of samples requi red was de te rmined 
by sequential s ta t i s t ica l evaluation of the observed data. It was found nec ­
e s s a r y to t es t 23 co re s in o rde r to obtain a represen ta t ion of various pos i ­
tions o\"er an ent i re tube length. 

A single X- ray scan of a t r a n s v e r s e section of a core consti tuted 
one sample . A rotating specimen spinner capable of holding a fu l l -d iameter 
core was employed. The X - r a y - i r r a d i a t e d a r ea was an annulus having an 
OD of 1.25 in. and an ID of 0.52 in. This was achieved by 157-rpmi rotat ion 
of the sample in the plane of the i r r ad ia t ed surface, the center of rotat ion 
lying outside the X- r ay beam. A Philips E lec t ron ics , Inc. X - r a y unit was 
employed, using nickel- f i l tered copper radiat ion operated at 40 kv at 
18 ma . The detector was a scinti l lat ion counter with pulse-height d i s c r i m ­
ination. Integrated intensi t ies were obtained by a single scan of each peak 
at 1" 2 0/min, the intensi t ies being recorded on the EIT count r eg i s t e r of 
the sca le r unit. Externa l t iming of the sca le r c i rcui t allowed for fixed in­
t e rva l accumulation of in tens i t i es . Appropria te background cor rec t ion was 
made . 



The tes t specimen was obtained by cutting a wafer approximately 
I in, from the end of the tes t co re . The tes t surface was faced on a lathe 
and ground on success ive gr i ts of e m e r y paper . Final prepara t ions was 
by electrolyt ic polishing in chromic-ace t ic acid solution, A | - / m i n scan 
of the (110), (021), and (002) a lpha-uranium peaks was used to monitor 
surface prepara t ion . Successive electrolyt ic polishing was ca r r i ed out 
until s tabil ization of the s t r i p - c h a r t - r e c o r d e d peak heights, as well as 
KsXjOg resolut ion, was achieved so as to insure removal of surface cold 
work. 

The p re fe r red orientat ion data were computed in accordance with 
agreed procedure as outlined e lsewhere in this document. The same data 
have been repor ted elsewhere;!^) however, the calculations in that repor t 
were not c a r r i e d out in accordance with the now standardized methods . 
Upon completion of the test ing p rog ram at MCW, the 23 wafers were 
shipped to HAPO for comparat ive tes t ing. The resu l t s from the two s i tes 
a re included in this r epor t . 

RESULTS AND DISCUSSION 

Table I contains the data determined at the respect ive s i t e s . The 
0,013 difference between the MCW and HAPO averages was found to be 
significant at g rea t e r than 99% confidence. The e r r o r l imits a re the r e ­
sult of p rocess ing var iab les of the seventh a lpha-extrusion campaign and 
the e r r o r of the X- r ay m e a s u r e m e n t s . 

Table II shows the texture coefficient (Pi) data observed at the two 
s i tes with thei r respect ive e r r o r l imi t s . Data indicate that near ly random 
orientat ion has been achieved. There i s , however, a slight excess of (200) 
and (002) planes para l le l to the t r a n s v e r s e c ros s section of the c o r e s . It 
was also noted that these two planes exhibit the g rea tes t deviation about 
their mean . 

It would appear from the data that techniques have been sufficiently 
s tandardized for the attainment of comparable p re fe r r ed orientat ion data at 
the two s i tes involved. It should be noted that different equipment was 
employed for this compar ison, since MCW uses Phil ips Elec t ronics , Inc. 
equipment whereas General E lec t r ic X- r ay equipment is used at HAPO. 



Table I 

COMPARATIVE PREFERRED ORIENTATION MEASUREMENTS 

C o r e No.a-

4 1 3 5 A l A 3 
40 98 P I A 3 
4 0 7 9 B l A 5 
4 1 0 8 A 2 A 6 
4 0 6 b A l A 7 
4 0 7 6 A l A 9 
4 0 9 8 B l A l l 
4 1 0 9 A 2 A 1 2 
4 0 7 9 B 2 A 1 7 
9 1 0 1 A 2 A 1 8 
4 1 3 2 B 2 B 2 

4 1 0 9 A2 B 4 
4 1 0 8 A l B 6 

4 1 0 9 A l B 7 
4 1 0 8 A 2 B I O 
4 1 3 2 A l B l l 

4 0 7 9 B 2 B l l 
4 1 3 2 A l B 1 2 
4 0 6 6 C I B 1 2 
4 2 0 3 A2 B 1 3 
4 1 3 2 B 2 B 1 3 
4 2 0 3 A2 B 1 4 
4 0 0 3 A l B 1 8 

A v e r a g e 

t a x ^ ^ ( 9 5 % C . L . ) 

t a i c (95% c.L.) 

S p e c i m e n 
N o . 

192 

109 
0 9 9 
143 
0 6 5 
0 7 8 
116 
166 
101 
0 3 6 

209 
168 
140 

158 
152 

184 
105 
185 
0 7 3 
21b 
188 
2 1 7 
0 2 3 

Gz ( M C W ) 

0 . 0 0 7 
0 . 0 1 0 
0 . 0 1 0 
0 . 0 2 3 
0 . 0 1 0 
0 . 0 0 6 
0 . 0 0 6 
0 . 0 0 3 
0 . 0 2 4 

- 0 . 0 0 6 
0 . 0 2 2 
0 . 0 4 0 
0 . 0 0 2 
0 . 0 2 5 

0 . 0 4 9 
0 . 0 1 7 

- 0 . 0 1 5 
- 0 . 0 0 6 

0 . 0 1 0 
0 . 0 2 2 
0 . 0 0 0 
0 . 0 2 0 
0 . 0 0 0 

+ 0 . 0 1 2 

+ 0 . 0 3 1 

+ 0 . 0 0 6 4 

G3 ( M C W ) 

0 . 0 6 6 
0 . 0 1 4 
0 . 0 0 3 
0 . 0 1 5 
0 . 0 0 7 
0 . 0 0 1 
0 . 0 0 5 
0 . 0 0 6 
0 . 0 3 4 

- 0 . 0 0 8 
0 , 0 2 0 

0 . 0 3 9 
0 . 0 0 2 
0 . 0 2 1 

0 . 0 5 5 
0 . 0 1 3 

- 0 . 0 2 o 
- 0 . 0 0 7 

0 . 0 0 8 
0 . 0 1 6 

- 0 . 0 0 2 
0 . 0 1 4 
0 . 0 0 7 

+ 0 . 0 1 1 

+ 0 . 0 3 4 

+ 0 . 0 0 6 8 

G3 ( H A P O ) 

0 . 0 4 3 
0 . 0 3 4 

- 0 . 0 0 7 
0 . 0 2 3 
0 . 0 4 4 
0 . 0 0 6 
0 . 0 4 0 

- 0 . 0 3 2 
0 . 0 8 0 
0 .020 
0 . 0 3 4 
0 . 0 4 0 
0 . 0 2 3 
0 . 0 0 0 
0 . 0 5 4 
0 . 0 2 0 
0 . 0 1 0 
0 . 0 1 2 
0 . 0 1 2 
0 . 0 1 2 
0 .030 
0 . 0 1 2 
0 . 0 4 1 

+ 0 . 0 2 4 

+ 0 . 0 4 8 

+ 0 . 0 0 9 9 

^ The f i r s t four digits denote the dingot number ; the f i r s t le t te r and 
following digit denote billet number ; the second le t te r denotes alpha-
extruded tube, "A" for lead half, "B" for tail half, and the las t digits 
denote core number s tar t ing from lead end. 

" a X = es t imate of e r r o r of an individual. 

^ ax = es t imate of e r r o r of the mean. 



T a b l e II 

T E X T U R E C O E F F I C I E N T (T.C.) DATA 

hkl 

020 
110 
021 
002 
H I 
112 
130 
131 
023 
200 
113 
132 
133 
114 
150 
223 
152 
312 

A v e r a g e T . C . 

MCW 

1.04 
1.05 
1.12 
1.72 
0.87 
0.81 
0.87 
0.92 
1.28 
1.60 
1.02 
0.89 
0.94 
1.12 
0.92 
0.77 
0.90 
0.78 

H A P O 

1.22 
0.97 
1.11 
1.68 
0.73 
0.78 
0.94 
0.87 
1.28 
1.41 
1.03 
0.96 
0.96 
1.13 
0.87 
0.81 
0.89 
0.86 

a 

MCW 

0.21 
0.19 
0.16 
0.45 
0.09 
0.17 
0.13 
0.07 
0.13 
0.45 
0.14 
0.12 
0.14 
0.15 
0.11 
0.16 
0.08 
0.11 

H A P O 

0.23 
0.18 
0.16 
0.45 
0,07 
0.14 
0.14 
0.10 
0.20 
0.40 
0.19 
0,14 
0.17 
0.20 
0.16 
0.19 
0.12 
0.14 
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BRIEF DESCRIPTION OF THE "AREA-WEIGHT" TREATMENT 
FOR THE 18-PLANE SET 

R. N. Thudium and P . R. Morr i s 
National Lead Company of Ohio 

The Growth IndexU/ has been modified by Morr i s i^ / and Sturcken.w) 
In the "area-weight" treatinent,^^' ' two assumptions a re made: the f i rs t , 
that a finite set of points may be employed to adequately sample an unkown 
continuous function, and the second, that the pole r ep resen t s all points 
within a spherical polygon obtained by making a r c s of great c i rc les equi­
distant between a pole and each of its nea re s t neighbors . The f irst a s ­
sumption is made in other methods .'^ »-3/ As the texture i nc r ea se s , it 
becomes neces sa ry to inc rease the number of sampling points. The G3 
and [(A^Y T . C . ) / A . ^ J depend upon these assumpt ions . 

Tlie poles of 1 8 crystal lographic planes of uraniuin were projected 
on the surface of a sphere . Arcs of great c i rc les were drawn equidistant 
between a pole and each of i ts nea re s t neighbors . Thus, a spherical 
polygon was formed about each pole. The polygon was divided into spher ­
ical t r iangles and the chords of each tr iangle were measured with d iv iders . 
The surface a r ea of each tr iangle was deternained from the chord lengths. 
The a r ea s of individual t r iangles were summed to give the a rea of each 
polygon. 

In Table I a r e given (l) the diffraction planes, (2) calculated randoi-n 
in tensi t ies , (3) a rea weight factors , (4) squares of direct ion cosines , and 
(5) products of a rea weight factors and squares of direction cos ines . 

r a b l i I 

P l a n e 

020 
110 
021 
002 
111 
112 
150 
131 
023 
200 
113 
1S2 
l i S 
114 
150 
22 5 
152 
512 

-
1 , 

18-" 

lo 

6 .34 
72 .7 

100.0 
=^1.4 
58 .3 
4 8 . 3 

3.37 
4 0 . 0 
16 .8 

8.82 
11.6 

3.65 
15.3 
10.2 

7 .43 
12.2 
12 .8 

8.85 

A u 

0 . 0 3 1 8 
O.Ob 34 

0 .0608 
0 .0304 
0 . 0 7 3 8 
0 .0522 
0 .0357 
0 .0684 
0.065"? 
0 .0234 
0 .0477 
0.052^1 
0 .07^5 

0 .0749 
0 .0372 
0 .0487 
0.0 b8<^ 
0 .0845 
1.0001 

cos^ a 

0 . 0 0 0 0 0 
0 . 8 0 8 7 7 
0 . 0 0 0 0 0 
0 . 0 0 0 0 0 
0.b376Q 

0.3Q013 
0 . 3 1 9 0 0 

0 . 2 8 9 0 4 
0 . 0 0 0 0 0 
1.00000 
0 . 2 5 6 8 0 
0 . 2 2 4 4 7 
0 .1b : .58 
0 . 1 5 2 8 2 
0 . 1 4 4 6 " 

0 . 5 0 4 3 4 
0.1213 'J 
0 .85201 
5 . 8 4 5 4 8 

0 .3247 

c o s " ,C 

1.0000(1 
0.1 'J125 
0.7103 '^ 
0 .00000 
0 . 1 5 0 7 8 
0.0'--)224 
0 .b80 51 
0 . 6 1 5 0 8 
0 . 2 4 0 - a 
0 .00000 
0.0=.601 
0.477b'-i 
0 . 3 4 8 0 a 
0 .03613 
0 .85531 
0.11'525 
0 . 7 1 7 5 5 

0 . 0 2 2 3 8 
6.3429<5 

0 . 3 - 2 ! 

c o s ' 7 

0 . 0 0 0 0 0 
O.OOO'IO 
n .25"D^ 
1.00000 
0 . 2 1 1 5 3 
0 . ^ 1 7 b 3 
0 . 0 0 0 0 0 
0 . 0 0 5 8 8 
0 .75041 
0 . 0 0 0 0 0 
0 . 7 0 7 1 3 
0.2Q784 
0 . 4 8 8 1 5 
0 . 8 1 1 0 5 
0 .00000 
0 .37641 
0 . 1 6 1 0 b 
0 .12561 
5 . 8 1 1 5 3 

0.322O 

A,,_ c o s " a 

0 .0000 
0 .051 J 
0 .0000 

0 . 0 0 0 0 
0 .0471 
0 .0204 
O . O I U 
0.01<J8 
0 . 0 0 0 0 
0 .023 1 
0 .0113 
0 . 0 1 1 0 
0 .0130 
0 .0114 
0.00=^4 
0 . 0 2 4 6 
0 .0084 
0 .0720 
0 . 3 3 1 4 

A , , C O . - /. 

0.0 518 
0 .0121 
0 .0150 
0 .0000 
0 .0111 
U.0048 
0 . 0 2 1 3 
0 .0421 
0 . 0 ! 5Q 

0 .0000 
0 . 0 0 2 7 
0 . 0 2 - 3 
0 . 0 2 7 7 
0 . 0 0 2 7 
0 . 0 3 1 8 
0 . 0 0 5 8 

0 .0404 
O.OOIQ 
0.3 144 

X, (. Ofc" 7 

0 .0000 

0 .0000 
0 .015h 
0 .0301 
0 . 0 1 - 6 
0 .0270 
0 .0000 
O.OO60 
0 . 0 - 0 0 
0 .0000 
0 .0337 
0 . 0 1 - 8 
0.0 588 
0 .0607 
0 .0000 
0 .018 . . 
0 .0111 
0.01 Ob 
0 .3344 



Using the data from Table I, it may be shown that 

18 

TR X ^'^°^^^i - cos2aj_) = +0.028 18 
1 = 

for a randomly oriented sample 

Areas were also determined by laying paper over the spher ica l 
polygon, t rac ing the polygon, and then planimeter ing the resul t ing figure 
on the paper . The maximum difference in an individual A.^ between resu l t s 
obtained using the polar p lanimeter and the spher ical t r iangles was 3.8 per 
cent . A compar ison of the total a r ea with that calculated for the octant 
indicate a 0.7 per cent difference for the spher ica l t r iangles method and a 
2.2 per cent difference for the polar planimeter method. 

The growth index G3 is given by 

n 

G, 

2^(A^vj IjAj) (cos^ |3j - cos^ttj) 

n 
Y^ (A,vi li/li) 

The pr imed and unprimed I 's cor respond to calculated random intensi t ies 
and measu red in tens i t ies , respec t ive ly . 

G3 va r i e s from minus one to posit ive one, zero corresponding to 
predicted dimensional stabili ty during i r rad ia t ion . 
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SOME PROBLEMS AND FACTS IN THE DETERMINATION OF 
GROWTH INDEX IN BETA-TREATED URANIUM 

R. B. Russe l l 
Nuclear Metals , Inc. 

I. PROBLEMS 

INTRODUCTION 

The determinat ion of texture in be ta - t r ea ted uranium is somewhat 
different from the determinat ion of that of a lpha-fabricated meta l . In the 
la t te r case , the grain size is usually much smal le r , so that a texture de­
terminat ion is somewhat m o r e re l iab le , but the difference which gives r i s e 
to m o r e problems is that the texture of be ta - t r ea ted mietal is pract ical ly 
random, with the resu l t that the g rea te r number of diffracting peaks tend 
to in ter fere with each other , making their quantitative intensity m e a s u r e ­
ments m o r e difficult. For tunate ly for the diffractionist, mos t peaks a r e 
separa ted , including the low angle t r ip le t (110)-(02l)-(002), P re sen t growth 
indices a r e based on a select ion from the group of s t rong and reso lved 
peaks only, so that growth is predic ted on the bas is of a determinat ion of 
only a par t of the tex ture . In attempting to l ea rn whether or not, from the 
point of view of i r rad ia t ion growth, this par t is a t ruly represen ta t ive 
par t of the entire tex ture , the physical meta l lu rg i s t mus t re ly p r imar i ly 
on his information of the re la t ive degree of scat ter (1) in the relat ion 
between m e a s u r e d growth and a par t icu lar growth index. Now, aside 
from the p rac t i ca l problem of choosing enough different hk^ pole densities 
to make an adequate representa t ion of the ent i re tex ture , he must decide 
on how to weight these choices. It seems clear that he has only two weight­
ing possibi l i t ies" quantized or continuous. The quantized method is exem­
plified by point weighting (such as K29 , which has not been pile tested, and 
G.I. which has) or a r e a weighting (such as G3). The continuous weighting 
method is used in Gg. It would be very helpful to the meta l lu rg i s t if the 
weighting method were the only var iab le , because then he could decide on 
the basis of exper imenta l evidence alone - always a valuable tool to the 
sc ient is t - which weighting method is cor rec t . Accordingly, if the compo­
nents of the t e r m s 2 C and 2 Â ^̂ C were adjusted so that 

2C = Z A-^C (preferably = 0), 

he could choose the preferable weighting. 

It may turn out that over a pa r t of the curve represen t ing actual vs . 
predicted growth, the predicted growth index may show a l a rge r degree of 
sca t te r or insensi t ivi ty to actual growth. In this case it may be that some 
significant poles have been omitted from the predic ted growth index. Certain 



dif f rac t ion peak i n t ens i t y da ta a r e not c o l l e c t e d , not b e c a u s e they a r e not 
i m p o r t a n t , but b e c a u s e they a r e not wel l enough r e s o l v e d to m e a s u r e . F o r 
e x a m p l e : 

(hki) 

221 
004 
202 

310 
025 
204 

CuKâ , 
20 

76.57 
76.88 
77.00 

110.09 
110.22 
110.78 

CuKa"^ 

rel.int. (IQ) 

20.4 
5.46 
10.9 

4.06 
5.85 
6.34 

C = (cos^^.-cos%) 

-0.5789 
0 

-0.7500 

-0.9488 
+0.1017 
-0,4287 

Of t h e s e , the (202) and (204) r e f l e c t i o n s a r e p r o b a b l y the m o s t i m p o r t a n t 
b e c a u s e enhanced r e f l e c t i o n s frona t h e s e p l a n e s have been o b s e r v e d f rom 
s u r f a c e s p e r p e n d i c u l a r to f o r m e r t h e r m a l g r a d i e n t s p r e s e n t n e a r the 
s u r f a c e s of b e t a - q u e n c h e d u r a n i u m . The p r o g r e s s i o n of pole d e n s i t i e s 
p a r a l l e l to t h e r m a l g r a d i e n t s h a s been found to be 100, 101 , 102, 001 , Ok^ , 
with 100 a s s o c i a t e d with the s t e e p e s t t h e r m a l g r a d i e n t s , (2) a l though S t a r -
buck and K l o e p p e r wj have r e p o r t e d tha t the p r o g r e s s i o n is r a t h e r 100, 
1 1 ^ , 0 0 1 , OkS . F i g u r e s l a , l b , I c , and Id show the p r o g r e s s i o n of m a x i ­
m u m pole dens i t y fromi 100 to 001 in the m e t a l up to j inch f rom the w a t e r -
quenched end of a o n e - i n c h - d i a m e t e r J o m i n y b a r . 

0.3b 

F i g . 1 ( a ) 

C r y s t a l l o g r a p h i c ( i n v e r s e ) pole 
f i gu re s for the ax i a l d i r e c t i o n of 
J o m i n y B a r J - 3 a t i n c r e a s i n g d i s ­
t a n c e s f rom the w a t e r - q u e n c h e d 
end at 0.002 in. f r o m end. 
G3 = - 0 . 3 4 , K = -173 
D r a w i n g No. R A - 1 5 5 6 

160 310 

E. F . S t u r c k e n , D e t e r m i n a t i o n of T h e o r e t i c a l 
Dif f rac t ion I n t e n s i t i e s for Alpha U r a n i u m , 
N L C O - 8 0 4 (July 15, I960) , p . 57: lofor (02 l ) = 100 
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pb 
04/561 lOlO 

'•^lOO" 3'0 

Fig.1(b) 

At 0.010 in. from end, 
G3 = -0.33 
K = -188 
Drawing No. RA-1557 

'•'160" 310 

Fig. 1(c) At 0,047 in. from end, 
G3 =-0.27 
K = -166 
Drawing No. RA-1597 

1.7* 
i.ob 

lWo'4T~dif~ojrmrS& | o i o 

®II3 IJ3/ 

0.7 «IOi ^ 1 2 243 

«g23 

I . -
'I' 

i l l 

•35 

0.6 

.241 

10 
160 310 

Fig. 1(d) At 0.272 in. from end, 
G3 = +0.01 
K = +6 
Drawing No. RA-1558 

Since the G3 value is the more important where it is observed or expected 
to deviate m o r e from zero, it follows that the exclusion of these lOi poles 
from a growth index is injurious to a s ta t is t ical study of the relat ion be­
tween actual and predicted growth of beta t rea ted uranium. 



RESOLUTION OF DIFFRACTION PEAKS 

The essent ia l problem of separat ing close peaks, of course , a r i s e s 
from the fact that severa l in terplanar spacings a re near ly identical. P o s ­
sible methods of resolving diffraction peaks have ordinari ly been to in­
c r e a s e the coll imation and/or to inc rease the incident wave length. We 
have used 1° divergence and sca t te r sl i ts and the na r rowes t receiving slit 
on our Phil ips high angle goniometer , i .e . , 0.003 inch. Use of a na r rower 
divergence slit is imprac t ica l because of the ser ious reduction in intensity 
without any noticeable inc rease in resolut ion. Of the ta rgets commonly 
available: Cu, Ni, Co, Fe , and Cr , only the Ka, K^ of Cu, Ni and CoK^ will 
cover the spacings requ i red for G3 (assuming a inaximum 29 l imit of l64°j. 
There is no appreciable improvement in the resolving power of NiKa or 
CoKp over CuKa. Table I shows the 2 0 f)ositions of the two t r iplets con­
taining (202j and (204j. 

T a b l e 1 

T H E 2 0 P O S I T I O N S O F TWO T R I P L E T S CONTAINING T H E 
(202) AND (204) D I F F R A C T I O N P E A K S O F A L P H A 

URANIUM F O R S E V E R A L EMISSIONS 

l A s s u m i n g X„ _ . = 1.54051 A, a = 2 .85o3 1 , 

b = 5 . 8 7 1 2 1 , a n d c = 4 , 9 5 5 8 A 

T a r g e t 

C r K O j 
K a , 
K.e, 

FeKC' j 

C o K a j 
Ka, 
K;£j 

NiK ttj 
Ka, 
Ks; 

CuK aj 

K/3i 

(hk") 

221 

134.11 
134.57 
113.96 

102.27 
102.56 

89.90 

92 .03 
92 .28 
81.3o 

83 .04 
83 88 
74 .22 

76 57 
76 .80 
68 .10 

004 

135.04 
135.51 
114.57 

102.76 
103.05 

90 .29 

92 ,43 
92 ,69 
81.70 

83 .99 
84 .23 
74 .51 

7b .88 
77 .11 
68 .37 

202 

135.40 
135 .88 
114.80 

102.95 
103,24 

90 ,44 

92 ,59 
92 ,85 
81 ,83 

84 ,12 
84 36 
74 ,03 

77 .00 
77 ,23 
b8 ,47 

A 2 0 

* 

0,36 
0.37 
0.23 

0.19 
0.19 
0.15 

0,16 
0 16 
0 .13 

0 13 
0 .13 
0.12 

0.12 
0.12 
0.10 

** 

0.11 

0.10 

0.10 

0.11 

0.11 

(hki j 

310 

138.30 

144.25 
145.03 
119.14 

123.77 
124.27 
105.89 

110.09 
110.49 

95 .58 

025 

138.54 

144.54 
145.32 
119.30 

123.94 
124.44 
106.02 

110.22 
110.62 

Q5.68 

204 

139.59 

145.79 
14b.faO 
119.98 

124.68 
125.19 
106.54 

110 .78 
111.19 

96 .11 

A2.-

* 

1.05 

1.25 
1.28 
0 .b8 

0.74 
0.75 
0.52 

0.56 
0.57 
0 .43 

** 

0.47 

0.24 

O.lo 

2^202 - 20004 

* * 
^ 2 ^ 0 0 4 ^ 2 " (^QzOziKD,! 



It is c lear that (204)Kcii is be t te r separa ted than is (202)Kaj, which occurs 
only about 0.10° {26) from (004)KC42 for all t a r g e t s . There a r e severa l 
techniques which might be used to de te rmine the intensi t ies of par t ia l ly 
reso lved peaks: 

1) derivat ion of intensi ty from associa ted o r d e r s and peak t rac ing; 

2) separa t ion by differential t h e r m a l expansion; 

3) use of c rys t a l mondchromator ; and 

4) pole densi t ies of neighboring jDoles. 

DISCUSSION 

Derivation of Intensity from Assoc ia ted Orde r s and Peak Tracing 

The n e a r e s t in terfer ing (hki) ref lect ion to (202) is (004), and since 
we know that I004/I002 - 5.46/51.4 for CuKa and that I002 can be m e a s u r e d 
from a we l l - r e so lved reflect ion, we can compute I004 • "^^ ^̂ "-̂  usual ly iTiake 
some estimiate of both the I Kcti and I(202)KiX2. Since it is known that the 
re la t ive intensit ies( ' i ) Kaj /Kaj = 0.50, the total intensi ty Ka.1̂ 2 can also be 
estim.ated. In this way, by t r i a l - a n d - e r r o r peak t rac ing , a fair es t imate of 
the in tensi t ies can be obtained, of c o u r s e , subject to the ru les that the sum 
of the ampli tudes of the separa te es t imated diffraction curves add up to the 
actual given ampli tude at a pa r t i cu la r 2 0 and that the sum of the separa te 
in tegra ted a r e a equals the total a r ea of the t r ip le t envelope. 

Sejjaration by Differential The rma l Expansion 

The re la t ive separa t ion of different (hkl) diffraction peaks is changed 
by heating: 

A (2e) = -2a J tan0 AT. 

Since alpha uran ium is the rmal ly an iso t ropic , it is possible that the s e p a r a ­
tion of some peaks could be i nc r ea sed by heating. Unfortunately, heating to 
as high as 300°C (higher might a l ter the texture) would change 20 by only a 
negligible anaount - ent i re ly insufficient for the purpose . 

Use of Crys ta l Monochromator 

Lang(5) has desc r ibed seve ra l var ia t ions of the diffracted-beam 
mionochromatization techniques. F igu re 2 shows an a r r angemen t where the 
monochromator is a t r ansmi t t ing bent c r y s t a l . This s ame scheme was con­
ceived independently by Harker . (^ ) Lang used a. L i F c r y s t a l , ground p a r a l ­
lel to (100) and 0.3 m.m thick annealed and plas t ica l ly bent. He was not 
able to s epa ra t e the Kctj component because of the poor quality of his 
c ry s t a l . However, he r ecommends that the bes t chance occurs with the 



(1340) q u a r t z or the (060j M u s c o v i t e m i c a r e f l e c t i o n s . It m a y be s e e n f rom 
Tab le I t ha t the r e m o v a l of a l l w a v e l e n g t h s excep t K'Xj m i g h t v e r y wel l en ­
ab le one to e s t i m a t e by g r a p h i c a l s e p a r a t i o n ! ' ' ) the i n t ens i t y of (Z02) C r K a j 
a l though, b e c a u s e of the l a r g e a b s o r p t i o n of t h i s wave leng th in a i r (to say 
nothing of the r e d u c e d i n t e n s i t y by m o n o c h r o m a t i z a t i o n ) , a h e l i u m pa th 
would h a v e to be u s e d . The i n o n o c h r o m a t i z a t i o n of Kaj r a t h e r than K,ft j for 
a l l of t h e s e t a r g e t m a t e r i a l s i s s t r o n g l y p r e f e r a b l e b e c a u s e of the l a r g e r 
s e p a r a t i o n of the K a ^ ' s , and e s p e c i a l l y b e c a u s e of the fact tha t KjEj i n t e n ­
s i ty is only 16 to 20 p e r cen t of the K a j , depending on the t a r g e t . (4/ 

F i g . 2 C o m b i n a t i o n of a r e f l e c t i o n s p e c i m e n 
and a t r a n s m i s s i o n m o n o c h r o m a t o r 
( R T t e c h n i q u e ) . 

P o l e D e n s i t i e s of N e i g h b o r i n g P o l e s 

F i n a l l y , the c o r r e c t n e s s of the d e r i v e d ( u n r e s o l v a b l e peak) m a y be 
c h e c k e d by the I / I Q of a pole l o c a t e d v e r y n e a r to the pole in q u e s t i o n . The 
v a l u e s of l / lo for 101 and 102 can be e s t i m a t e d f rom those of 312, 223 , 
112 and 113. 

Of the p o s s i b l e m e t h o d s of d e t e r m i n a t i o n of i n t e n s i t i e s of poor ly 
r e s o l v e d p e a k s , we have u s e d only the m e t h o d s of peak t r a c i n g and i n t e n ­
s i ty of a s s o c i a t e d o r d e r s (1) a s c h e c k e d by a c o m p a r i s o n with I / IQ of 
n e i g h b o r i n g p o l e s . 

It i s e a r n e s t l y h o p e d tha t s o m e l a b o r a t o r y wil l a l s o t r y the m e t h o d 
of m o n o c h r o m a t i z a t i o n by L a n g ' s R T m e t h o d (3). Some f u r t h e r j u s t i f i ca t i ons 
of c o n s t r u c t i n g an R T m o n o c h r o m a t o r cou ld be s u m m a r i z e d : 

1. Study of l o w - a t o m i c - n u m b e r e l e m e n t s w h e r e u n m o n o c h r o m a t i z e d 
X - r a y d i f f rac t ion i s c o m p l i c a t e d by s e v e r e Compton s c a t t e r i n g . (Lang 
po in t s out , for e x a m p l e , tha t a d i f f r a c t e d - b e a m m o n o c h r o m a t o r which wil l 
e l i m i n a t e CuKaz wi l l a l s o el imiinate C o m p t o n - s c a t t e r e d r a d i a t i o n above 
9 =16*^, w h e r e the wave l eng th c h a n g e * of Compton r a d i a t i o n i s equa l to 
the s e p a r a t i o n b e t w e e n CuKaj and CuKag.) 

2. Study of c r y s t a l s wi th low s y m m e t r y and hence p o o r l y r e s o l v e d 
d i f f rac t ion p e a k s . 

A A. = 0.04848 sin^O A n g s t r o m s . 
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3. Study of super la t t ices having e lements of neighboring atomic 
n u m b e r s , by selecting a wavelength which will i nc rease the difference in 
e lec t ronic sca t te r ing fac tors in the region of anomalous d ispers ion. 

4. Examinat ion of diffraction peaks at the highest diffraction 
angles , because of the lack of obstruct ion between the a r m car ry ing counter 
and receiving sli t by the body of the X- ray tube, 

II. GROWTH INDEX (G3) IN BETA-TREATED URANIUM RODS AND TUBES 

When alpha u ran ium is t r ans fo rmed to beta u ran ium by heating to 
a suitable t i m e - t e r a p e r a t u r e and then r e t r ans fo rmed to alpha by cooling at 
r a t e s typical of p r e sen t p rac t i ce , it is inevitable that t empera tu re gradients 
will be p r e sen t near the cooling su r faces . At these surfaces - both at the 
ends of the p iece , but m o r e important ly , at the longitudinal surfaces - the 
cooling r a t e s will be higher than at some points below the sur faces . 
Chiswik and Lloydl^) have shown that after a u ran ium rod, cooled uniform­
ly through the be ta -a lpha t rans format ion by lowering it through a t e m p e r a ­
tu re gradient , is completely t r ans fo rmed , it will contain columnar gra ins 
whose longer d imensions a r e pa ra l l e l to the t e m p e r a t u r e gradient and to 
thei r 001 poles . Starbuck and Kloepper(3) have demons t ra ted that for 
l a r g e r t h e r m a l grad ien ts occurr ing in end-quenched Jominy b a r s , the o r i ­
entation is such that the 100 poles a r e pa ra l l e l to the tenaperature gradient . 
This has been confirmed by our p r e sen t work. It was natural ly expected 
that the same texture grad ien ts found in Jominy b a r s would be observed in 
both rods and tubes beta t r ea t ed by total i m m e r s i o n quenching. F igure 3 
shows a plot of G3 vs . axial dis tance from the end in 1 — - m c h - d i a m e t e r 
rod, in 3 j - i n c h - O D by Zy- inch- ID, and l - j - inch-OD by - l - inch-ID tubes 
b e t a - t r e a t e d by total i inraers ion quenching in cold (12°C) wa te r . We can 
see that the G3 is negative nea r the wa te r -quenched end and r i s e s to about 
0 at a dis tance of about one-half radius for the rod and about one-half 
wall th ickness for the tubes . Crys ta l lographic pole f igures taken at v a r i ­
ous d is tances where the G3 is increas ing show the t ex tu res to be near ly 
identical to those developed at the wa te r -quenched end of a Jominy b a r . 
Pho tomacrographs a lso show, as expected, a co lumnar g ra in disposi t ion 
ve ry s imi l a r to those observed by Lewis(9) on end-quenched Jominy b a r s . 

F igure 4 shows a plot of G3 vs . radia l d is tance in these same s izes 
and heat t r e a t m e n t s . It will be noted that G3 i n c r e a s e s f rom a negative 
value to about z e r o at about inidwall posit ion. In the ca se of the 3- inch-OD 
by 2.5- inch-ID tube, the value of G3 is ze ro only for a smal l volume of 
me ta l at the midwall and is negative near both the ID and OD. One would 
conclude that a cold wa te r quench of an e lement of -^--inch wall th ickness 
would be a ve ry bad beta t r ea tmen t . 
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Fig. 3 Change of axial growth index, G3, with distance from end 
of three 8-in. long cylinders after cold water quenching 
from molten salt (LH980) at 730°C - 15 min. 
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Fig 4 Change of radial growth index, G3, through wall 
thickness of three 8-in. long cylinders after cold 
water quenching from molten salt (LiH980) at 
TSCC - 15 min. Drawing No. RA-1750 

o -in OD X 2 J -in. ID tube at 3.5 - 4.5 in. 
from end (Mj) 
1J -in OD X "I -in.ID tube at 1 8 - 3.i 
from end (Hi) 
l-jj -in. diameter rod at 1.8 - 3.3 in. 
from end (Ki) 



66 

Again, a study of pole figures in the radia l direction shows a strong s imi ­
la r i ty to the axial pole figures near the water-quenched end of Jominy b a r s . 

We a r e continuing to explore the effect of quenching media (hot 
water , cold and hot oil, molten meta l and salt, etc) on var ious sizes of 
uranium in a s imi la r fashion, with the expectation that we shall be able 
to l ist the effect of these media on texture gradients in be ta - t r ea ted 
ingot and dingot. 
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RECRYSTALLIZATION IN ROLLED URANIUM SHEET 

Lowell T. Lloyd and Melvm H. Mueller 
Argonne National Labora tory 

INTRODUCTION 

As this group is well aware , the rec rys ta l l i za t ion of cold-deformed, 
polycrys ta l l ine alpha uran ium has been the subject of numerous invest iga­
t ions ; unique among these is the work of Cabane and Pet i t at Saclay in 
France . (1) In their study of u ran ium sheet , rol led 80% reduction in thick­
ness at room t e m p e r a t u r e , the authors r epor t ed rec rys ta l l i za t ion at 
t e m p e r a t u r e s between 320 and 420°C without a p re fe r r ed orientat ion change, 
as indicated by d i la tomet r ic naeasu remen t s . At t e m p e r a t u r e s just above 
420°C they found a second r ec rys t a l l i za t ion which was accompanied by a 
p r e f e r r e d or ientat ion change. P r e s u m a b l y the la t te r was not the same as 
the no rma l "secondary r ec rys t a l l i z a t i on" that would occur near the upper 
t e m p e r a t u r e l imi t of s tabi l i ty of the alpha r ange . 

The occu r r ence of r ec rys t a l l i za t ion without an apparent p re fe r r ed 
or ientat ion change is indeed an in te res t ing observat ion, and we at Argonne 
have under taken a p r o g r a m in an a t tempt to verify this phenomenon. Our 
work has been with h igh-pur i ty u ran ium, for it was felt that the puri ty of 
the meta l might be a significant factor 

The ea r ly work on this progranri has been repor ted by Yario and 
Lloyd.12] jj^ that study, sheet ro l led at room t empe ra tu r e was p repa red 
a lmos t ident ical ly to that used by Cabane and Pet i t . Very briefly, the 
d i la tometr ic r e su l t s indicated that , indeed, u ran ium could be r ec rys t a l l i zed 
by long- t ime anneals at 360°C or lower without indications of p r e f e r r ed 
or ienta t ion change, A tex ture change accomipanied annealing for modera te 
t imes at t e m p e r a t u r e s f rom 400 to 600°C, and a different p re fe r r ed o r i en­
tation accompanied gra in coarsening at t e m p e r a t u r e s above 600°C. 

The mos t significant t h e r m a l t r ea tmen t given to this m a t e r i a l , 
p r io r to i ts final fabricat ion, was an anneal in the be ta -phase t empe ra tu r e 
range followed by slow cooling. Obviously, this caused la rge alpha gra ins 
to be p re sen t in the s ta r t ing m a t e r i a l . In tu rn , there was ex t reme h e t e r o ­
geneity in the a s - r o l l e d and r e c r y s t a l l i z e d grain s t r u c t u r e s . The a s - r o l l e d 
s t ruc tu re cons is ted of heavily deformed a r e a s and sma l l e r quanti t ies of 
lightly deformed m a t e r i a l . The annealing of the former was cha rac t e r i zed 
by init ial c rea t ion of very fine r ec ry s t a l l i z ed gra ins which were l a te r a b ­
sorbed by discontinuous growth of l a r g e r g r a i n s . Lightly defornaed a r e a s , 
upon annealing, f i r s t exhibited r e c o v e r y by polygonization and then under ­
went no rma l r ec rys t a l l i z a t i on . Another impor tan t effect of the l a rge alpha 
gra in s ize was that it e s sen t ia l ly prec luded the use of X-ray m e a s u r e m e n t s 
of p r e f e r r e d or ien ta t ions , and the ind i rec t method of measur ing the rma l 
expansion coefficients had to be used 



To overcome the problems assoc ia ted with the l a rge alpha grain 
s ize , Yario undertook a second piece of work wherein, p r io r to the final 
r o o m - t e m p e r a t u r e fabricat ion of approximate ly 80% reduction in th ickness , 
the stock was subjected to s tep- reduct ion and annealing t r e a t m e n t s , s imi la r 
to those developed by F i sher , (3 ) to give a re la t ively smal l , uniform alpha 
grain s ize with a min imum of "banding." Shortly after s tar t ing this work, 
Yario left ANL and is now with the GE ANP project . Mueller and Lloyd 
have continued this study, and this afternoon I will desc r ibe some of the 
recent work. At var ious points I will make re ference to the ea r l i e r work; 
par t ia l ly from the viewpoint of compar i son and par t ia l ly because the miore 
recent work is not complete ly documented with f igures , I will spend a good 
portion of the t ime on p re f e r r ed orientat ion m e a s u r e m e n t s , which obviously 
a r e of g r ea t e r i n t e r e s t to this group; however, some of the t he rma l expan­
sion and meta l lographic observat ions must be included because of thei r 
significance. 

EXPERIMENTAL TECHNIQUES 

F i r s t of all , I should touch upon the experimiental a spec t s of the 
work ve ry brief ly. All roll ing was c a r r i e d out on a mil l with 17-in.-
diamieter r o l l s . The piece was r e v e r s e d after each pass so as to give two­
fold s y m m e t r y about the roll ing d i rec t ion and about the t r a n s v e r s e di rect ion. 

Therraal expansion mieasurements were made in d i rec t ions para l le l 
to the roll ing direct ion (longitudinal samples ) and para l l e l to the t r a n s v e r s e 
di rect ion ( t r ansve r se samples ) . The change in mean coefficient of expan­
sion between 200 and 300°C was used as a qualitative m e a s u r e of p r e f e r r e d 
or ientat ion change. Metal lographic observa t ions , which included quantitative 
m e a s u r e m e n t s of volume per cent of r ec rys ta l l i za t ion , were made for the 
mos t pa r t on sect ions para l le l to the roll ing di rect ion and perpendicular to 
the roll ing plane; observa t ions on the other two mutual ly perpendicular 
sect ions indicated no significant d i l fe rences . 

The quanti tat ive m e a s u r e m e n t s of p r e f e r r e d or ientat ion were ob­
tained by the Schulz reflect ion method with automatic ins t rumenta t ion 
developed by Mueller and his c o - w o r k e r s .(4,5) The data for each condition 
were obtained from 7 sec t ions , t r ea t ed for c o r r e c t i o n s , and plotted in the 
manner previous ly used by Muel ler , Knott, and Beck in the i r study of defor­
mation and r ec rys t a l l i za t ion t ex tu res of rol led u ran ium shee t . ' " ) One point 
of i n t e r e s t miay be that the ins t rumenta t ion is now a r r a n g e d to r e c o r d the 
counts per a given t ime r a the r than the t i ine for a given number of counts . 
In the p r e s e n t work, the t ime per iod used was 40 seconds . 



RESULTS AND DISCUSSION 

Thermal Expansion: Dilatomietric studies were c a r r i e d out on 
samples annealed at various t imes and t e m p e r a t u r e s . Rather than t ry to 
cover the data thoroughly, the resu l t s can be summar ized with the help 
of Table I. Recrystal l izat ion upon annealing at 360 and 380°C does not 
resul t in appreciable change in the mean coefficient of expansion. A 
grea te r change is found upon annealing at 400°C, and miore significant 
changes resu l t from annealing at higher t e m p e r a t u r e s . The individual 
resu l t s a re not much different frona those of the ea r l i e r work. Figure 1 
shows a plot for the change in mean coefficient of expansion of t r a n s v e r s e 
sanaples as a function of volume per cent of recrys ta l l i za t ion from that 
work. The samples annealed at lower t empera tu re s did not show signifi­
cant changes in expansion coefficient, whereas those annealed at higher 
t empera tu res did. I might point out that the ma te r i a l from the f i rs t work 
seemed to rec rys ta l l i ze at a lower t empera ture than that for the present 
work. This is probably associated with the g rea te r heterogenei ty of de­
formation in the former . 

Table I 

SUMMARY OF MEAN THERMAL EXPANSION DATA 

Annealing 
Temperature , 

°C 

360 
380 
40'0 
425 
450 
oOO 

Range of Annealing 
Time 

140 - 1500 hr 
1 0 - 3 0 0 hr 
15 min - 51 hr 
1 5 min - 1 5 hr 
5 min - 1 5 hr 

I 5 hr 

Change in Mean Expansion Coefficient* 
for Fully Recrystall ized Samples x 10* ("per "C) 

Longitudinal .Samples 

-1 
-1 

-4 
-5 
- 7 

Transverse Samples 

~1 
+ 1 
+ 2 
44 
F4 
r5 

Mean Thermal expansion coefficient between 200 and 300''C for a s - ro l l ea 
samples were: 

Longitudinal = approximately 9 x 10" per °C 

Transverse = approximately 20 x 10" per °C. 

Metallography: The mic ros t ruc tu re s of the a s - ro l l ed and annealed 
samples show some interest ing fea tures . Figure 2a is a typical a rea of 
the a s - ro l l ed s t ruc ture of the mate r ia l studied in the ea r l i e r work. Some 
a r ea s show very little deformation, whereas others a re very heavily de­
formed; this , undoubtedly, is related to the anisotropy of the deformation 
mechanisms of alpha uranium. In contras t , as shown in Fig. 2b, the s t r u c ­
ture of the a s - ro l l ed ma te r i a l for the present work is more homogeneous; 
obviously, the start ing grain size was considerably sma l l e r . Heterogeneous 
deformation is still evident, but not to the extent found in the ea r l i e r work. 
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Change of Mean Coefficient of Expansion Between 
200 and 300°C, over That Obtained from an A s -
rolled Specimen, as a Function of Volume Per 
Cent of Recrystal l izat ion for Transverse Specimens 
Annealed for Varying Periods of Time at Different 
Tempe ra tur es.^^' 
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a. Heterogeneously deformed b. More uniformly deformed 
mate r i a l studied by Yario miaterial of present study. 
and Lloyd.(2) 

19,783 Pol. Light 400X 23,301 Pol. Light 400X 

Fig. 2. Micros t ruc tures of Transverse Sections of Uranium Sheet Rolled 
at Room Tempera tu re . 

Figure 3a shows a typical mic ros t ruc tu re of a par t ia l ly r e c r y s t a l ­
lized sample . This photograph was taken of a sample from the ea r l i e r 
work; it was annealed for 15 hr at 360°C. The s t ruc ture shows un rec rys t a l -
lized a r e a s , f ine-grained a r e a s , and l a rge r grains which appear to be 
growing by absorption of the fine-grained ma te r i a l . Annealing for 400 hr 
at 360° C, as shown in Fig. 3b, essent ial ly el iminates the ver-y fine g ra ins . 
This observation of recrys ta l l iza t ion to very fine grains followed by ab­
sorption by growth of l a r g e r gra ins was typical of the behavior noted m 
both the ear ly and present work for samples annealed at low and moderate 
t empe ra tu r e s . 

P re fe r r ed Orientation Determinat ions: X-ray determinat ions of 
p re fe r red orientation were made for samples in five different conditions: 

1 . As rolled 

2. Annealed 300 hr at 380°C 

3. Annealed 1 5 hr at 400°C 

4. Annealed 15 hr at 450°C 

5. Annealed 300 hr at 380°C and 15 h r at 450°C. 



a. Annea led 15 h r . b . Annea led 400 h r . 

22,249 P o l . Light lOOOX 

F i g . 3 . M i c r o s t r u c t u r e s of U r a n i u m Sheet S p e c i m e n s 
Annea l ed V a r i o u s T i m e s at 360°C.v2j 

The fifth s e t of samiples w a s a n n e a l e d s i m u l t a n e o u s l y with the second and 
four th s e t s . B e c a u s e of the i n t e r r e l a t i o n s h i p of s e t s 1, 2, 4 , and 5, I wi l l 
confine m y r e m a r k s to t h e s e . The p r e f e r r e d o r i e n t a t i o n s of the second 
and t h i r d s e t s of s a m p l e s a r e not s ign i f i can t ly d i f fe ren t . 

F i r s t of a l l , i t m a y be i m p o r t a n t to take a quick look at t yp i ca l 
m i c r o s t r u c t u r e s for t h e s e s a m p l e s . The a s - r o l l e d m i c r o s t r u c t u r e i s 
shown in F i g . 2b. F i g u r e 4a shows the n a i c r o s t r u c t u r e of the s a m p l e 
a n n e a l e d 300 h r at 3 8 0 ° C . It shows a m i x e d g r a i n s i z e ; a l though the s a m p l e 
i s c o m p l e t e l y r e c r y s t a l l i z e d , t h e r e i s ev idence of "banding" a s s o c i a t e d with 
the a s - r o l l e d s t r u c t u r e . The s t r u c t u r e of the s a m p l e a n n e a l e d for 15 h r a t 
450°C i s shown in F i g . 4 b . H e r e the g r a i n s i ze i s m u c h m o r e u n i f o r m , but 
s o m e sugges t i on of "banding" r e m a i n s . F i g u r e 4c shows the s t r u c t u r e of 
the duplex a n n e a l e d s a m p l e s . It i s v e r y s imii lar to t ha t of the 450°C annea l ed 
s a m p l e , but shows l e s s ev idence of band ing . 

F i g u r e 5 g ives the pole f i g u r e s for the v a r i o u s cond i t ions of the 
m a t e r i a l . Since the s h e e t w a s f a b r i c a t e d to give s y m m e t r y a r o u n d the 
ro l l i ng and t r a n s v e r s e d i r e c t i o n s , only one q u a d r a n t i s n e e d e d for e a c h 
pole f i g u r e . E a c h of the f i gu re s p lo t s one pole for each of the four 
c o n d i t i o n s . 

21,346 P o l . Light lOOOX 



a. Annealed 300 hr at 380°C. b. Annealed 15 hr at 450°C. 

29,445 Pol . Light 400X 29,448 Pol . Light 400X 

c. Annealed 300 hr at 380°C 
and 15 hr at 450°C. 

29,447 Pol. Light 400X 

Fig. 4. Micros t ruc tures of Annealed Uranium Sheet Specimens 
Used for X-ray Diffraction Studies of P re f e r r ed 
Orientation. 
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ANNEALED 300 HhS.Ar330<'r, ANNEALED 300 HRS. AT SSO'C 

ANNEALED JOO HRS. AT SSO'C 
AND15HRS.AT450' 'C 

3 0 ^ 

AIED15HRS.AT450°C 

ANNEALED 300 BBS. AT 3S0°C 
AND15HRS.AT450°C 

(020) (110) 



ANNEAI t o 300 HRS AT MPC 

ANNEALED 300 HRS. AT 380°C 
A N D ! ? HRS AT450°C 

ANNEALED 3M HRS. AT M i ° C 

ANNEALED 15 HRS AT450''C 

(002) (200) 

Fig. 5. Composite Pole F igures of As-ro l led and Annealed Uranium Sheet 

O i 
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The (020) pole figures for the a s - ro l l ed and annealed conditions a r e 
ve ry s imi la r , with maxima in the rolling direction, Recrystal l izat ion r e ­
sults in a significant inc rease in intensity of the maximum. These (020) pole 
figures a r e very s imi la r to the r e su l t s obtained by Mueller , Knott, and 
Beck in their study of 300°C a s - r o l l e d and 525°C rec rys ta l l i zed sheet.!") 
Subsequent re ference to 300°C ma te r i a l will refer to their work. 

The (110) pole f igures show m o r e str iking fea tures . The a s - ro l l ed 
figure has a high-intensi ty band located approximately 15° from the rolling 
direct ion towards the normal direct ion and spread out towards the t r a n s ­
v e r s e di rect ion. In the 300°C work, the maximum of the a s - ro l l ed pole 
figure was in the rolling di rec t ion. The pole figures for the rec rys ta l l i zed 
conditions show spreads of high intensity between the rolling direct ion and 
the t r a n s v e r s e direct ion, but the significant feature is the buildup of inten­
sity at a point about 30° from the normal direct ion towards the rolling 
di rect ion. This buildup for the ma te r i a l annealed for 300 hr at 380°C gives 
positive proof of orientat ion change upon recrys ta l l i za t ion at low temiper-
a t u r e s . In cont ras t , the r ec rys t a l l i zed m a t e r i a l of the 300°C study showed 
a maximum at approximately 30° from the t r a n s v e r s e direct ion towards the 
normal direct ion, with a spread of intensity towards the rolling direct ion. 

The (002) a s - r o l l e d pole figure has two regions of high intensity; 
the highest is approximately 20° from the normal direct ion towards the r o l l ­
ing direct ion, and the other is at approximately 30° from the normal d i r e c ­
tion towards the t r a n s v e r s e di rect ion. This is exactly opposite to the 
re la t ive intensi ty found for the same locations for the a s - r o l l e d ma te r i a l 
of the 300°C study. The two inaxima a r e re ta ined in approximately the 
same intensi ty for the low- tempera tu re annealed and duplex- t reated m a t e ­
r i a l s ; however , the single anneal at 450°C wipes out the maxiraum between 
the normal direct ion and the roll ing di rect ion. The la t te r is the same be ­
havior noted for the r ec rys ta l l i zed ma te r i a l of the 300°C study. 

Finally, the (200) pole figure of the a s - r o l l e d m a t e r i a l shows an 
intensi ty sp read f rom near the roll ing direct ion towards the t r a n s v e r s e 
di rect ion. The same type of spread was found for the 300°C study of a s -
rol led m a t e r i a l , but the higher values were near the t r a n s v e r s e direct ion, 
Recrysta l l iza t ion re su l t s in the appearance of a maximum in the normal 
direct ion with a spread out towards the t r a n s v e r s e direct ion. In cont ras t , 
the r ec rys ta l l i zed pole figure of the 300°C study showed the highest intensity 
nea r the t r a n s v e r s e direct ion, but displaced towards the roll ing direct ion, 
with a spread up towards that di rect ion, and a secondary maximum in the 
normal d i rec t ion. Again, the pole figure for the 300-hr , 380°C annealed 
m a t e r i a l indicates a definite p r e f e r r ed orientat ion change for the low-
t empera tu re annealed m a t e r i a l . 



CONCLUSIONS 

F r o m iTietallographic s tudies , the present work, along with the 
ea r l i e r s tudies , has shown that recrys ta l l iza t ion , at low and modera te 
teixiperatures, of high-puri ty uranium sheet reduced approximately 80% 
m thickness at room tempera tu re is cha rac te r i zed by the formation of 
ex t remely fine rec rys ta l l i zed grains which a re la te r absorbed by growth 
of l a rge r g r a in s . Dilatometr ic studies indicate only small changes of the 
mean coefficient of expansion for samples rec rys ta l l i zed at low t e m p e r a ­
t u r e s , but significant changes for samples annealed at higher t e m p e r a t u r e s . 
If one re l ies upon the rma l expansion data as an indication of p re fe r red o r i ­
entation change, the di la tometr ic resu l t s indicated no significant change for 
samples annealed at low t e m p e r a t u r e s , however, the X- ray diffraction data 
definitely show a p re fe r red orientat ion change. Obviously, coefficients of 
thermal expansion a r e not rel iable indications of p re fe r red orientat ion. 
This is not difficult to unders tand, since a par t i cu la r mean coefficient of 
expansion can be produced by a s e r i e s of direct ions in the a lpha-uran ium 
s t ruc tu re , r a the r than by a single direct ion 

The question then remains as to why different p re fe r red orientat ions 
a re obtained for different annealing t e m p e r a t u r e s . This i s probably re la ted 
to the behavior notea m the metal lographic s tudies . Apparently the c r y s t a l -
lographic d i rec t ions , which grow preferent ia l ly to absorb the very fine g ra ins , 
change with the different annealing tenapera tures . 
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ANALYSIS OF THE AMOUNT OF PREFERRED 
ORIENTATION BY X-RAY DIFFRACTION LINE INTENSITIES* 

D. A Vaughan 
Battel le Memor ia l Institute 

INTRODUCTION 

The p r e f e r r e d or ienta t ion of c ry s t a l s in meta l s during fabrication 
has been invest igated on a qualitative bas i s for many y e a r s . It has been 
cus tomary to de te rmine the angular d is t r ibut ion of pr incipal c rys t a l lo ­
graphic d i rec t ions (poles of planes) with r e spec t to the fabrication d i r e c ­
t ions . X - r a y diffraction is a convenient method for analyzing the 
phenomenon^ However, t he re have been few at tempts to obtain quantitative 
r e su l t s in t e r m s of the per cent concentra t ion of crys ta l lographic poles 
along a given di rec t ion m the fabr icated pa r t If the amount of p r e f e r r ed 
or ienta t ion could be expressed quanti tat ively, the physical behavior of the 
fabr icated par t might be predic ted from known p rope r t i e s of the c rys t a l 
l a t t i ce . The growth behavior of fabr icated uranium during neutron i r r a ­
diation or t h e r m a l cycling has been of considerable in te res t during the 
pas t ten y e a r s . It is poss ible that quantitat ive analysis of the amount of 
p r e f e r r e d or ientat ion would aid in unders tanding this behavior and provide 
a quality control for the fabr ica to r s of this and other m a t e r i a l s , 

H a r r i s " ) and Mueller et al . , (") expres sed the pole density in u r a ­
nium by taking a ra t io between the observed X - r a y diffraction line 
in tens i t ies and the calculated re la t ive in tensi t ies for each hki reflect ion. 
These ra t ios were co r r ec t ed for inc ident -beam intensity var ia t ions by 
dividing each ra t io by the rat io of the i r SUITIS for all hki- reflections ex­
amined. This type of analys is is influenced by the number of reflections 
examined and the choice of hki planes used in the analys is , and does not 
yield pole densi ty . A m o r e r igorous analys is should evaluate each c r y s ­
ta l lographic plane independent of the o t h e r s . In o rde r to obtain such an 
ana lys i s , a s tandard spec imen of known pole density is requ i red . Such a 
s tandard is available for many m a t e r i a l s in the ex t reme conditions of 
(a) single c r y s t a l s , and (b) randomly or iented polycrysta l l ine s ample s . 
The la t te r is the mos t eas i ly obtained and the randomness can be tes ted 
by compar i son of the observed diffract ion-l ine in tensi t ies with the calcu­
lated re la t ive in t ens i t i e s . Measu remen t s of single c rys t a l s can provide 
a t e s t of the theory as to the diffract ion-l ine intensi ty for "perfectly" 
or iented m a t e r i a l . The t e r m ' 'perfect" is used h e r e to indicate one p r e ­
f e r r ed c rys ta l lograph ic d i rec t ion and is not intended to denote the state of 
perfect ion of the individual c r y s t a l s . 

*Prev ious ly d is t r ibuted as BMI-X-156 (June 30, I960). 



The work described here presents an analysis of X-ray diffraction 
theory for the parafocusing diffractometer Avhich involves a correction to 
the intensity formulas as given by James(-5) and by Compton and AUisonl"*) 
for the case of reflection from a thick block of randomly oriented powder. 
Experimental tests of the theory were made with NaCl both in powder form 
and as a single crystal and then applied to rolled tungsten specimens. 

THEORETICAL CONSIDERATION OF INTENSITY FORMULAS 

Specific experimental conditions have been employed!3.4) in 
deriving the conventional intensity formulas for single crystals and for 
randomly oriented powder. These conditions differ from those of com­
mercial diffractometers in that the detector is set at the diffraction 
angle 2© with wide slits and the diffracting crystal or powder block is ro­
tated through the Bragg angle 0 in a parallel incident beam, whereas under 
parafocusing conditions a narrow detector slit rotates at twice the angular 
velocity of the diffracting specimen and a divergent incident beam is em­
ployed. In the case of a single crystal, this difference does not modify the 
intensity formula, because of the necessity for prior alignmient of the 
crystal on the diffractometer and the coupling of the detector and specimen 
rotation, which miaintains alignmient. Thus, Equation (l) below, as given by 
James, applies to a single crystal used in the parafocusing diffractometer, 

hki^sc 

where 

I ^ = IOSQ/2^ , (1) 

hki-'-sc ~ ^-^^ integrated power of the diffracted beam for the 
particular hk^ plane of an infinitely thick crystal, 

lo = the intensity per unit area of the incident beam, 

S - the area of the incident beam, 

-. _ N ê̂ X^ 1 + cos^ 20 _2 
Q - —5 : To— ^ > 

2 4 ^ s m CO 

m c 

N = n u m b e r of un i t c e l l s p e r un i t v o l u m e , 

JU = l i n e a r a b s o r p t i o n coe f f i c i en t , 

e , m - e l e c t r o n i c c h a r g e and m a s s , 

c = v e l o c i t y of l igh t , 

d - Bragg angle for diffraction, and 

F = structure factor. 



However, in the development of the equation for the powder -c rys t a l 
case , as given by James(3) or by Compton and Allison,!'*) the experinaental 
p rocedure is not equivalent to diffractometer use . F u r t h e r m o r e , the angu­
lar width of the reflect ion from a s ta t ionary par t ic le cannot be ignored if 
the incident beam is divergent or the absolute intensi t ies a re requi red . 
Hence, the following analysis of diffraction-l ine intensity from a thick 
block of randomly or iented powder was made for this ca se . 

The probabi l i ty that a given par t i c le will be in position to diffract 
a point source of X rays at a given Bragg angle 6 is as stated by J ames ' s 
-2 cos 6 d6, where d0 is the angular diffraction width for the pa r t i c l e . How­
ever , for a diverging X - r a y beam this probabi l i ty is inc reased by i ts d i ­
vergence angle f. Thus, the above probabi l i ty is inc reased t o x c o s 0(f/± d0). 
Since inc ident -beam divergence is usual ly considerably l a r g e r than d0, a 
contribution to the in tegra ted ref lect ion will be produced without rotation 
of a given pa r t i c l e . Thus, the reflect ing power of a par t ic le of volume dV 
in a divergent beam will be equal to loQdV, the value for a smal l c rys ta l l i t e 
rotated through a pa ra l l e l beam. Since t h e r e will be N par t i c l e s i r r ad ia t ed 
and J cos 9 {f ± d0) of these will be in posit ion to diffract as the diffractom­
e te r ro ta tes through the 20 values satisfying the Bragg equation (X = 2d sin 0), 
the total power diffracted ( P T ) from a set of h k i planes , randomly or iented 
m the block, will be 

P T - N ^ ^ (f ± d0) loQdV . (2) 

However, each set of hk i planes with the s ame spacing will diffract at the 
given Bragg angle and the above express ion mus t be inc reased by the 
mul t ip l ic i ty factor j for the hki plane of i n t e r e s t . F u r t h e r m o r e , by dif-
f rac to ineter methods , only a sma l l segment of the total reflect ion cone is 
i neasu red . This segment is fixed by the diffractometer geomet ry and 
equals i / 2 TTr sin 29 of the total reflect ion produced at the Bragg angle, 
where £ is the length of the s l i t s and r is the spec imen- to - s l i t d i s tance . 
Incorporat ing these two fac tors into Equation (2), the m e a s u r e d power Pj. 
becomes 

if ± d0)ijIoQV 
^ ^ " Srrr sin© ' ^^' 

the total volume i r r ad i a t ed , V, is subst i tuted for NdV of Equation (2). The 
effective V i r r ad i a t ed will vary for different m a t e r i a l s because of differ­
ences in absorpt ion but can be evaluated by an integrat ion of the reflection 
from a sma l l volume over the th ickness from zero to infinity. This in te ­
grat ion is adequately desc r ibed by James!-^) or by Compton and AUisonl'*) 
and will not be repea ted h e r e , except to give the resul t ing equation for the 



f inal i n t e n s i t y f o r m u l a for a t h i c k b l o c k of r a n d o m l y o r i e n t e d p o w d e r : 

(f ± d0)i jQIoS 
•̂  ' iGiTfJx s i n 0 

T h i s d i f f e r s f r o m p r e v i o u s t h e o r y by the f a c t o r (^ ± d0) . 

(4) 

The v a l u e of ^ ± d0 m u s t be e v a l u a t e d for e a c h m a t e r i a l and for 
t h e ang le of d i v e r g e n c e a l l owed by the i nc iden t and d i f f r ac t ed beami s l i t s 
e m p l o y e d . The d0 t e r m wi l l v a r y f r o m 0,01 to 0.5 d e g r e e for w e l l -
c r y s t a l l i z e d m a t e r i a l s and up to s e v e r a l d e g r e e s for p l a s t i c a l l y d e f o r m e d 
m e t a l s . The "̂  p a r t c a n b e e v a l u a t e d f r o m a knowledge of the a n g u l a r d i ­
v e r g e n c e a l l o w e d by the s l i t s . S ince in a r a n d o m p o w d e r t h e r e a r e p a r t i c l e 
in p o s i t i o n to d i f f r ac t for a l l a n g l e s of the i n c i d e n t b e a m , the v a l u e of ^ i s 
e q u a l to the ang le of d i v e r g e n c e p l u s t h e ang le t h r o u g h wh ich the d e t e c t o r 
c a n m e a s u r e a r a y d i f f r a c t e d a t 20 . F o r m o d e r a t e r e s o l u t i o n of d i f f r a c ­
t i o n l i n e s , 1 - d e g r e e d i v e r g e n c e s l i t s a r e e m p l o y e d in the i n c i d e n t and 
d i f f r a c t e d b e a m , and t / ' b e c o m e s 2 d e g r e e s o r 0 .035 r a d i a n . In t h e e x p e r i -
miental v e r i f i c a t i o n of E q u a t i o n (4), wh ich f o l l o w s , t h e v a l u e of d0 w a s 
t a k e n a s 0,5 d e g r e e and, s i n c e dO m o d i f i e s bo th s i d e s of the d i v e r g e n t 
l i m i t i n g s l i t s , t h e ± d 0 a r e a d d i t i v e , m a k i n g i/± dO e q u a l to 3,0 d e g r e e s o r 
0.052 r a d i a n . 

E X P E R I M E N T A L INTENSITY M E A S U R E M E N T S 

In o r d e r to e v a l u a t e t h e m e r i t s of t h e X - r a y d i f f r ac t ion i n t e n s i t y 
t h e o r y a s p r e s e n t e d in the p r e v i o u s s e c t i o n , the i n t e n s i t i e s for a s i n g l e 
c r y s t a l and r a n d o m l y o r i e n t e d p o w d e r of N a C l w e r e m e a s u r e d and the 
r a t i o s of i n t e n s i t i e s for t h e (200) . (400) , and (600) r e f l e c t i o n s f r o m t h e 
two s p e c i m e n s c o m p a r e d wi th the c a l c u l a t e d r a t i o s o b t a i n e d by d iv id ing 
E q u a t i o n (1) b y E q u a t i o n (4) of t h e p r e v i o u s s e c t i o n to ge t 

r , -r^ STTr s i n 0 ,^. 
h k i l s c / h k i P r = | j ( , ^ ± d 0 ) " ^^^ 

R e l a t i v e i n t e n s i t i e s for t h e v a r i o u s h k i r e f l e c t i o n s w e r e o b t a i n e d for bo th 
s p e c i m e n s , u s i n g t h e (200) i n t e n s i t y a s 1,00, To i n s u r e t h a t a r a n d o m d i s ­
t r i b u t i o n w a s o b t a i n e d in the c o i n p a c t e d p o w d e r and to v e r i f y p r o p e r a l i g n ­
m e n t of the c r y s t a l and d i f f r a c t o m e t e r , t he o b s e r v e d r e l a t i v e i n t e n s i t i e s 
w e r e c o m p a r e d wi th t h e c a l c u l a t e d v a l u e s . The c o n s t a n t f a c t o r s of E q u a ­
t i o n s (1) and (4) w e r e o m i t t e d in t h i s c a l c u l a t i o n . R e s u l t s of t h e s e 
e x p e r i m e n t a l t e s t s of the t h e o r y a r e g iven in T a b l e 1. 



Table I 

COMPARISON OF EXPERIMENTAL AND CALCULATED X-RA\ DIFFRACTION 
LINE INTENSITIES FOR NaCl SPECIMENS CuKa 20 kv 8 ma 

hk^ 

111 

200 

220 

311 

222 

400 

331 

420 

422 

511-333 

440 

531 

600 

Intensities for Randomly 
Oriented Powder Compact 

Observed 

Counts 

416 

4480 

2810 

96 

SeO 

280 

64 

880 

556 

40 

144 

76 

264 

Relative 

0 093 

1.000 

0 627 

0 021 

0 192 

0 062 

0 014 

0196 

0 124 

0 009 

0 032 

0 017 

0 059 

Calculated 
Relative 

0 089 

1000 

0 610 

0 027 

0 197 

0 081 

0 021 

0 209 

0 123 

0 010 

0 043 

0 019 

0 029 

Intensities for 
Large Single Crystal 

Observed 

Counts 

1 7 3 x # 

365xl05 

159x10^ 

Relative 

100 

0 211 

0 092 

Calculated 
Relative 

100 

0 16 

0 071 

Ratio of Intensities 
Single Crystal̂ Randon 

Observed 

386 

1300 

600 

Calculated'3* 

375 

748 

1122 

(a)^, T ,^, n S'-rsine 

A value of 0 052 radian was taken for (i|/+ d9) as discussed in the previous section 

The agreement of exper imental resu l t s with the present theory, m 
which the value of (^ ± d0) is es t imated, may be considered reasonable . 
There a r e , as yet, some d isc repanc ies which a re evident from a compar i ­
son of the calculated and observed relat ive in tensi t ies . However, t ime did 
not pe rmi t further study of these differences. In the case of the s ingle-
c rys ta l intensity for the 200 reflection, the cor rec t ion for the effect of 
secondary extinction has not been made. F u r t h e r m o r e , the extrapolation 
to zero a b s o r b e r s , n e c e s s a r y for determining this very large total count, 
may be somewhat in e r r o r . The 400 and 600 intensit ies appear to be of 
the co r r ec t re lat ive value, suggesting that the good agreenaent of the 
Ig^/Pj . for the 200 is somewhat fortuitous. However, in the case of the 
re la t ive intensi t ies for the random specimen, the observed value for the 
600 is too large by a factor of 2 and the 400 re la t ive intensity is low by 
24 per cent. Superposition of the 622 reflection of CuK,6 upon the 600 r e ­
flection of CuKa may account for par t of the high intensity observed for 
the 600 reflection. The relat ive intensi t ies for the general hk£ reflections 
were in good agreement with the calculated values , indicating that the 
compacted specimen had randomly oriented c rys ta l l i t e s . Since the gen­
e ra l hki intensi t ies for the randomly oriented powder appeared to be 
co r rec t , it was assumed that the cubic habit of NaCl had a marked effect 
upon the intensi t ies of the 200, 400, and 600 ref lect ions. If 400 and 600 
intensi t ies were cor rec ted to agree with the other hki intensit ies on a 
relat ive bas i s , then the observed and calculated values in the last two 
columns would have been in good agreement . 



The analysis of diffraction line intensi t ies on an absolute bas i s as 
descr ibed in the previous section was applied in determining the pole 
densi t ies for tungsten which had been reduced in thickness by over 90 per 
cent by rol l ing. Compacted powder was employed as a s tandard and the 
intensi t ies for each hki reflection from specimens with their respect ive 
hki poles perfect ly oriented normal to the surface was computed by means 
of Equation (5). The pole density was computed by dividing the observed 
intensi t ies by the corresponding computed intensi t ies . The resu l t s of this 
study a r e shown in Table II. Although the tungsten sheet would be expected 
to be highly oriented as a resul t of over 90 per cent reduction and this was 
indicated by the high intensi t ies for the 200 and 400 reflect ions, only 
10 per cent of the 200 poles were aligned normal to the surface of the 
sheet . The angular spread of the poles about the normal to the surface 
was probably not very la rge , but could not be measured because of the 
l imited divergence that could pass through the diffractoineter s l i t s . The 
lack of agreement between the 200 and 400 reflections is not understood. 

Table n 

QUANIITATIVE ANALYSIS OF THE ,¥,10UM OF PREFERRrD ORIFWAIION 
IN ROLLED TUNGSTEN SHEET USI^iG COPPER RADIATIUN, 25 kv, 8 ira 

hk.*; 

110 

200 

211 

220 

310 

222 

321 

400 

fyleasurements for Randoiiiy 
Oriented Powder Compact 

Integrated Intensity, 
Counts X 64 

224 

43 

83 

28 

42 

14 

107 

25 

Observed 

0.S49 

0.163'a' 

0.314 

0 106 

0.159 

0.053 

0.405 

0.094 

Calculated 

1.000 

0.163 

0.325 

0.105 

O.I60 

0.055 

o.m 
0 094 

Calculated Intensitv for 
100 Per Cent 

Orientation, Counts \ 64 

6 40 y lO'' 

3 47 ' 104 

2.05 X 10^ 

160> loJ 

I3i X 10-4 

1.47 V 104 

2.02 X lO"! 

4.05 X Iff* 

Measurer^ents for 
Rolleo Sheet, 

integrated 
Int tn i i ty 

Counts X 64 

0 

3540 

% 
0 

0 

125 

0 

23U0 

Pole Density 
Noniial to the 

Surface of Snf-t 

0 

0 102 

0.005 

0 

0 

0 008 

0 

0 057 

'a*The 200 reflection was used to con pute the relative intensitii'S. 

CONCLUSIONS 

The X- r ay diffraction intensity formulas published by James(^) 
and by Compton and AUisonl^) were derived for specific exper imental 
conditions which a re not employed in the parafocusing diffractometer . 
Although these equations are sa t is factory for re la t ive intensity data, they 
fail to agree with the exper imental data where absolute intensi t ies a re 
requi red . The formulas presented here have introduced the effect of 
divergent incident beam geometry which is employed in most diffractom­
e t e r s . Although the evaluation of the effect of this divergence is not 
p r e c i s e , the agreement between the observed and calculated is improved 
considerably over that obtained using previous formulas . 
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RECOMMENDATIONS 

In the exper imenta l verif icat ion of the new intensity formulas , the 
major difficulty is believed to be the p repara t ion of randomly oriented 
powders . However, this p roblem is not insurmountable and would not be 
as difficult as the p repa ra t ion of single c rys t a l s for all the cases needed 
in p r e f e r r e d or ienta t ion analys is on a quantitative b a s i s . 

If ref inements in techniques a r e made , it would appear that one can 
predic t , froin intensi ty m e a s u r e m e n t s with randomly oriented c r y s t a l s , the 
diffraction line intensi ty where 100 per cent of the poles of any hki plane 
a r e n o r m a l to a sur face . F r o m these p red ic ted intensi t ies and the intensi ty 
data from spec imens of unknown or ientat ion, exposed to the same X- ray 
source , the fract ion of hki poles nornnal to the surface can be readi ly com­
puted, and from this an or ienta t ion index may be developed. It is possible 
that some considera t ion should be given to secondary extinction in extend­
ing the theory . This was not included he re because other uncer ta in t ies 
were l a r g e r in magni tude. 
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THE DETERMINATION OF THE y POSITIONAL 
PARAMETER IN ALPHA URANIUM AS A 

FUNCTION OF TEMPERATURE 

Melvin H. Mueller , Harold W. Knott and Richard L. Hi t te rman 
Argonne National Labora tory 

Jacob and Warren!-"-) in repor t ing the s t ruc tu re of alpha u ran ium 
indicated that t he re were four a toms per unit cel l located at 

where 

y = 0.105 + 0.005.. 

Konobeevsky(2) has r epor t ed values of y = 0.107 at 20°C and 0.115 at 500°C. 
More recent ly , Sturcken and Post(3) have repor ted a value of 0.102510.0003 
for y at room t e m p e r a t u r e . 

At the p r e f e r r e d or ienta t ion meeting held at National Lead in 1959, 
Sturcken and Mueller d i scussed the possibi l i ty of de termining the change in 
the y p a r a m e t e r as a function of t e m p e r a t u r e ; Sturcken agreed to invest igate 
r e s u l t s at the low t e m p e r a t u r e s and Mueller at the high t e m p e r a t u r e s . 

At the p r e s e n t t ime, t h e r e a r e some p re l im ina ry r e s u l t s . A uran ium 
single c rys ta l , which is approximate ly -^ - inch square , was obtained from 
Ed F i she r , Argonne, with the major c rys t a l faces corresponding to the cube 
faces within approximate ly one degree . This c rys t a l was then mounted on 
the G. E. Single Crys ta l o r i en te r by means of a specia l plate holder and 
aligned with the "b" face in c o r r e c t posit ion for diffraction. Since the s t r u c ­
tu r e factor F for the (OkO)-type ref lect ion for the a lpha -u ran ium s t ruc tu re is 

F = 4f cos 2TTky , 

it is apparent that the in tens i t ies from (OkO) ref lect ions should provide a 
means of finding the value for the posi t ional p a r a m e t e r y, which is the meth­
od used by Sturcken and Post .(3) In tensi t ies were the re fore obtained from 
this c rys t a l for the (OkO) ref lec t ions ranging fromi the (020) to the (0,16,0). 

Instead of using the mininaization of the R factor as desc r ibed by 
Sturcken and Pos t , it was decided to use the Busing-lyevyl^) l e a s t - s q u a r e s 
program, on the IBM-704. In o rde r to compare the r e s u l t s obtained by the 
minimizat ion technique with the l e a s t - s q u a r e s technique, we obtained the 
or iginal data as used by Sturcken and Pos t , A s u m m a r y of r e su l t s obtained 
by var ious inves t iga tors together with those f rom the p re sen t ly invest igated 
c rys t a l a r e shown in Table I. 



T a b l e 1 

SUMMARY O F R E S U L T S OBTAINED FOR 
THE y POSITIONAL P A R A M E T E R BY 

VARIOUS INVESTIGATIONS 

I n v e s t i g a t o r 

J a c o b and Warrenl-'-) 

Konobeevsky(^ ) 

Konobeevsky(2) 

S t u r c k e n and Post ' -^) 

M u e l l e r and Knott 

Jvlater ial 

P o w d e r 

P o w d e r 

P o w d e r 

Single C r y s t a l 

Single C r y s t a l 

T e m p 

R . T . 

10°C 

500°C 

25°C 

25°C 

y 

0.105 1 0.005 

0.107 ± 0.003 

0.115 + 0.003 

0.1025 + 0 .003* 
0.1024 1 0 .005** 

0.1026 1 0 .003* 
0.1023 + 0 .005** 

B 

0.4 
0.26 

0.3 
0.22 

* Value ob ta ined by m i n i m i z a t i o n of R p lo t . 
**Value ob ta ined by l e a s t - s q u a r e s conaputer p r o g r a m . 

T h i s c r y s t a l w a s then put in to the h i g h - t e m p e r a t u r e f u r n a c e con­
s t r u c t e d at A r g o n n e for the G. E . X - r a y D i f f r a c t o m e t e r . The b face w a s 
then p r o p e r l y a l igned , and m e a s u r e m e n t s w e r e ob ta ined for r o o m t e m p e r a ­
t u r e and s e v e r a l e l e v a t e d t e m p e r a t u r e s . P r e l i m i n a r y r e s u l t s i nd ica t ed a 
r o o m - t e m p e r a t u r e v a l u e of y = 0.1006 and a va lue of y = 0.1026 for 500°C. 
It w a s noted t h a t the r o o m - t e m p e r a t u r e va lue did not m a t c h the p r e v i o u s l y 
d e t e r m i n e d v a l u e . T h e r e f o r e s o u r c e s of e r r o r w e r e ana lyzed , and i t w a s 
found t h a t t he n i cke l foil , wh ich s e r v e s a s a h e a t sh ie ld and r e f l e c t o r , w a s 
w r i n k l e d s e v e r e l y a t t he c o r n e r s , wh ich p r o b a b l y c a u s e d a p r e f e r e n t i a l 
a b s o r p t i o n wh ich had an effect on the d e t e r m i n e d va lue for y. A m o r e r e ­
cen t va lue of 0.1012 w a s ob t a ined wi th t h i s n i c k e l foil reixioved, i nd ica t ing 
t h a t not a l l of the s o u r c e s of e r r o r have been r e m o v e d ; t h e r e f o r e f u r t h e r 
w o r k i s n e c e s s a r y . 

In add i t ion to d e t e r m i n i n g t h e v a l u e of y in t h i s l e a s t - s q u a r e s p r o ­
c e d u r e i t i s a l s o p o s s i b l e to ob ta in B, the t e m p e r a t u r e f a c t o r . The r e s u l t s 
ob ta ined at r o o m t e m p e r a t u r e wi th da t a f r o m the p r e s e n t c r y s t a l and da ta 
f r o m S t u r c k e n a r e shown in T a b l e I. P r e l i m i n a r y B v a l u e s ob ta ined on the 
c r y s t a l a s a funct ion of t e m p e r a t u r e i n d i c a t e d a r a t h e r s t r a i g h t - l i n e i n c r e a s e 
of B f r o m a p p r o x i m a t e l y 0.20 a t r o o m t e m p e r a t u r e to 0.95 at 500°C; howeve r , 
t h e s e v a l u e s need a f u r t h e r c h e c k s i n c e the y p o s i t i o n a l p a r a m e t e r does not 
check a t r o o m t e m p e r a t u r e for this s e t of da t a . If good r e l i a b l e v a l u e s for 
B can be e s t a b l i s h e d , i t wi l l be of i n t e r e s t to c a l c u l a t e the r o o t - m e a n - s q u a r e 
d i s p l a c e m e n t of the a t o m s . By ob ta in ing i n t e n s i t i e s f r o m the (hOO) and (00?) 
r e f l e c t i o n s a l s o , i t w i l l be p o s s i b l e to d e t e r n i i n e B v a l u e s for the o the r 
p r i n c i p a l d i r e c t i o n s in the c r y s t a l . 
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Considerable thought has been given to the determinat ion of both y 
and B as a function of t e m p e r a t u r e using the p re sen t single c rys t a l with 
neutron diffraction. This technique would offer severa l advantages over 
the use of X r ays , namely: (l) Since the neutrons have a considerably 
g r e a t e r penet ra t ion into u ran ium than X rays , the diffraction would occur 
f rom a volume of the single c ry s t a l for the neutrons r a the r than e s s e n ­
tial ly from the surface as with the X r a y s . This would minimize dec reased 
intensity due to an oxide coating on the surface of the c rys t a l and thus make 
it poss ible to compare the intensi t ies at var ious t e m p e r a t u r e s . (2) Since 
the X- r ay sca t te r ing occurs f rom the e l ec t rons , the sca t te r ing factor f is 
dependent on angle which d e c r e a s e s the intensity of the high-angle l ines ; 
however , with neutron diffraction, the sca t te r ing occurs from the nucleus 
and hence is not dependent on angle; therefore the high-angle l ines do not 
suffer f rom d e c r e a s e d intensity due to the form factor . 
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