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descr ibed a s (102) [010] and (012) [031]. The (OOl) pole figure showed four 
a r e a s of max imum intensity; two were approximately 45° on e i ther side of 
center towards the t r a n s v e r s e direct ion which may be descr ibed a s a 45° 
rotat ion about the [010] d i rec t ion . The other two maxima were approximately 
20° on ei ther side of center along the rolling direct ion which may be descr ibed 
a s a 20° rotat ion about the [100] d i rec t ion. 

The Norton technique was used in determining the p r e f e r r e d o r i en t a 
tion of u ran ium sheet which had been reduced 85% at 275°C at 100 feet per 
minute . The or ientat ion found^' ' was approximately the same a s that d e 
scr ibed for the foil above except the four maxima on the (OOl) pole figure 
appeared approximately 10° c lose r to the center in each ca se . 

P r e l i m i n a r y data for u ran ium sheet rolled at 600°Cs repor ted by 
W, E . Seymour and J. F . Duffey,(4) indicated the (OlO) and (llO) planes lie 
perpendicular to the roll ing di rec t ion. The (OOl) planes were predominantly 
pa ra l l e l to the rolling direct ion with cons iderable spread from the roll ing 
plane. Data have been repor ted by the same authors*^-^ for the center por t ions 
of pole f igures of room t empe ra tu r e rol led uran ium sheet r ec rys ta l l i zed at 
600®C. Maximum intensity a r e a s were found on the va r ious pole f igures in 
the following locat ions: in the center of the (lOO), displaced from center along 
the roll ing di rect ion in the (llO) pole figure and in the four a r e a s on the (OOl) 
previously descr ibed for the sheet a s rol led, with the g rea t e s t intensity along 
the t r a n s v e r s e d i rec t ion. These data were in te rpre ted in t e r m s of a single 
(lOO) [010] " ideal ized o r i en ta t ion / ' leaving the maxima a s shown in the (OOl) 
pole figure unexplained. 

In view of the need for m o r e complete data for rol led sheets and p a r t i c 
u la r ly for the rol led and r ec rys t a l l i zed m a t e r i a l , it was decided to invest igate 
these p r e f e r r e d or ienta t ions by mieans of the Schulz reflection method, using 
seven sect ions taken in different d i rec t ions through the sheet . Because of the 
g rea t drop-off of intensity with increas ing tilting angle, ^'' it i s bes t to lim.it 
the range of angles covered by means of each section to a cone of 30° a p e r t u r e . 
By using seven well chosen sec t ions , the quadrant of the pole figure can be 
covered adequately and accura te ly , with sufficient overlapping of data f rom 
the var ious sect ions to afford a good check on the accuracy . Although th is 
method, used in the p re sen t work, i s somewhat e labora te , it i s justified by 
the accuracy and comple teness of the r e s u l t s . 

EXPERIMENTAL 

Uranium Sheet for Study - Uranium biscui t meta l was melted in a 
graphi te crucible previously coated with a MgO wash. The molten me ta l 
was then poured into a MgO washed graphite mold. The average chemica l 
ana lys i s of this 3 in. square casting was a s follows: 

e e« e « 9 « e e e « < B f t 
s e e e « e e « 
9 0 9 « « 9 9 9 9 9 
9 0 9 9 9 9 9 e « 
e a « 9 e e e o 

9 9 9 9 9 9 e e a e » « « » 

http://lim.it


Carbon 

Nitrogen 

Iron 

Silicon 

Nickel 

Magnesium 

ppm 

130 

140 

50 

30 

30 

70 

The flat stock to be used for the final reduction at SOO^C was fabricated from 
this cast ing according to the following p rocedure : 

anneal 1 h r . « , 
550OC ^ A 

3 " 
sq. 

600°Q 
2" 
sq. 

300°C. 1.5" 
sq. 300''Q 1" X 1.6" 

Mate r i a l "A" was then given an 87% reduction at 300°C which produced a 
s t r ip 0.120in. in th ickness . The ends were r e v e r s e d for each p a s s . 

A port ion of the 87% reduced m a t e r i a l was annealed at 525°C for 
1 hour in vacuum for use in studying the rec rys ta l l i za t ion tex ture . M i c r o 
scopic evidence indicated that the m a t e r i a l was completely r ec rys ta l l i zed 
after annealing. 

Specimen P repa ra t i on - In o rde r to obtain sufficient data for a c o m 
plete pole figure for sheet m a t e r i a l , with the Schulz reflection method, it was 
n e c e s s a r y to use a number of sec t ions . These sect ions were cut in different 
or ienta t ions with r e spec t to the s t r ip as shown in F igure 1. The shaded p o r 
tion on each section shown in th is figure indicates the surface used for 
obtaining the diffraction intensity data defined by the respec t ive c i r c l e . Since 
th ree rod sect ions were used to cover 90° of 0 f rom the roll ing direct ion to 
the c r o s s direct ion in rod orientat ion de te rmina t ions , it was convenient to use 
seven sect ions to cover a quadrant of a pole figure for sheet m a t e r i a l . Six 
of these sect ions consis ted of a number of p ieces s imi la r ly cut and held t o 
gether by means of a j ig. This jig a r r angemen t made it possible to form a 
plane surface 45° or 90^ to the surface of the sheet sufficiently large so that 
the X - r a y beam always remained on the plane surface while the specimen 
was moved back and forth for in tegrat ion. The seventh section used was p a r 
a l le l to the rol led surface; it was p repa red from a single p iece of the sheet . 

Two different types of j igs were n e c e s s a r y for the six a s sembled s e c 
t ions requ i red . A sketch of the jig construct ion i s shown in F igure 2. "A" 
type jig was used for sect ions 1, 3, and 5 and " B " type jig for sect ions 2, 4, 
and 6. The smal l individual p ieces were secure ly held in the jig by means of 
a clamping sc rew. In o rde r to obtain a flat plane surface for diffraction, the 
assembled j igs were surface ground with light cu t s . Hand grinding was then 



used to take off approximately 0.025 in. of m a t e r i a l followed by an e l e c t r o -
etch and polish which removed an additional 0.002 in. During al l the g r i n d 
ing opera t ions the top surface to be used for diffraction was maintained 
pa ra l l e l , within 0.001 in., to the bottom surface of the j ig. 

P r e f e r r e d Orientat ion Ins t rument - The data for the pole f igures were 
obtained with a X- r ay diffractometer using the Geiger counter and the m o d i 
fied Schulz device previously descr ibed.(6) Although it i s poss ib le to use the 
specimen table shown in F igure 4 of the l a t t e r re fe rence for sheet orientat ion 
study, it was n e c e s s a r y to design and cons t ruc t a specia l table to accomodate 
the thick j igs which were used for th is study. At the same t ime it was d e s i r 
able to extend the automatic operat ion previously described(6) so that not only 
the (p angle may be changed automatical ly in 5° s teps , but a l so so that the a 
angle may be changed in 10* in te rva l s after completing each 60° change i n 0 . 
(The 0 rotation axis i s in the reflecting specimien surface and the a rotat ion 
axis i s perpendicular to th is surface.) With th is automatic a r r angemen t it 
was possible to obtain complete data for one of the seven a r e a s for one r e 
flection without attending the ins t rument . 

A sketch of the specimen table used for accomplishing this autom.atic 
operat ion is shown in F igure 3. With th is device, it was possible to move 
the specimen table , and hence the specimen, back and forth for integrat ion 
over a sufficiently large number of g ra in s in the specim^en. This motion, 
shown by the a r r o w s a t the top of F igu re 3A and 3B, i s accomplished by 
attaching a flexible shaft to the cam shaft (A) of F igure 3A. Since this table 
was designed to be interchangeable with the other specimen t ab les , it a l so 
was held in the inner ring of the ins t rument by an elevating sc rew attached 
to the under side of the table . As previously descr ibed,(6) the automatic 
rotat ion around an axis in the specimen surface ( 0 rotation) i s accomplished 
by the motor , pinion gear and cam assembly on top of the Schulz ring together 
with the r ing gear at tached to the inner r ing . The automatic rotat ion of the 
specimen around an axis perpendicular to i t s surface ( a rotation) i s a c c o m 
plished a s follows: after the extre ine top or bottom 4> s tep i s reached some 
ove r t r ave l of the inner r ing p e r m i t s pivot a r m B or C (Figure 3C) to s t r ike a 
s ta t ionary stop on the outer r ing, causing pivot arm. B or C to move a s ind i 
cated by the a r r o w s (Figure 3C). The lever motion produces a motion on 
dr ive c a m D, a s indicated by the a r row in F igure 3A. This causes Eg end of 
the locking pawl E to move clockwise and the E2 end to m.ove away from, table F . 
Since the rotat ing table F i s now unlocked, the pivoting m.otion produced by E 
on ra tche t c a m G allows the ra tche t pawl H to ro ta te table F 10°. At th i s point 
the inner ring motion on the Schulz r ing is r e v e r s e d by a microswi tch , descr ibed 
previously in (6), which p e r m i t s dr ive cam D to move away from the Ei end of 
locking pawl E. This allows the ra tchet cam. G and pawl H to ro ta te coun te r 
clockwise slightly. The descr ibed movements a r e aided by spr ings 1, 2, and 3 
(F igure 3 B ) . The Ez end of pawl E then locks the table F in posit ion. With th is 
fixed a movement the table then goes through the th i r teen ^ posi t ions before 
again changing a . 
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The assembled j igs were held on the table by a thin coat of tacky wax 
which seemied to be very sat isfactory in spite of the r a the r heavy j igs and the 
integrating motion. A m i c r o m e t e r was used to set the jig surface pa ra l l e l to 
the t ab le . The table could then be inse r ted in the Schulz r ing and al ignment 
made with the al ignment jig previously descr ibed.(6) 

Plotting of the Data - F o r convenience, after aligning the specimen 
surface the table was moved to the lower or - 30° <p posi t ion. The table 
was rotated manually so that the jig clainping sc rew was at the top. The 
s tar t ing position for each sect ion under these conditions is shown by the 
S with the subscr ip t number on the outer c i r c l e of each section (Figure 4). 

The t ime n e c e s s a r y for a given number of counts for each a and 0 
posit ion was recorded on a tape by the t ime in te rva l p r in te r a s descr ibed 
in Reference (6). The counting tinrie for each position was then plotted on 
s tandard polar co-ordinate paper according to the sequence shown for s e c 
tion 7 in F igure 4. This was done for each section and each reflect ion. A 
replot of th is data was made on a second sheet of polar co-ord ina te paper in 
t e r m s of counts pe r second (intensity). A third plotting was then made on a 
m a s t e r net which contains dots for each point from each of the seven sec t ions . 
There a r e 585 points in one quadrant of a pole figure at which an intensity 
m e a s u r e m e n t was m.ade (see F igure 5). The co r rec t ed intensity used for the 
las t plotting on the pole figure was obtained by f i r s t subtract ing background 
from the observed intensity and then multiplying each background co r r ec t ed 
intensity by the appropr ia te cor rec t ion factor a s shown in Table I. This may 
be summar i zed a s follows: 

( W J - x̂a 1 , ) (Correct ion F a c t o r ^ ) = L „ . . 
Observed Background 0 (Corrected) 

Contour l ines of the pole figure were then drawn on a t r anspa ren t sheet placed 
over the net with the plotted in tens i t i es . It has been assumed that each of the 
four quadrants of a pole figure of th is m a t e r i a l would be prac t ica l ly identical 
due to the symmet ry produced in r e v e r s e rol l ing. 

The cor rec t ion factors given in Table I were de termined by measur ing 
the drop-off in intensity with increas ing (f> angle of a s t rong reflection f rom a 
random sample of PbS powder. One of the factors which has an effect on' the 
magnitude of th is co r rec t ion i s the s ize of the sl i t sy s t em nea r the G-M tube, 
which was descr ibed by Chernock and Beck.(7) Since it was n e c e s s a r y to use 
a r a the r na r row receiving sli t to mainta in the requi red resolut ion for ce r ta in 
u ran ium ref lect ions the amount of co r r ec t ion at the higher 0 angles was 
cons iderab le . 

This en t i re method of obtaining quantitative pole f igures , by use of 
the reflection technique only, will be descr ibed m o r e fully in a separa te paper . 
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Table I 

FACTORS USED TO CORRECT FOR THE DECREASE 
IN INTENSITY AS A FUNCTION OF ^ 

0 Angle 

0 

5 

10 

15 

20 

25 

30 

Correc t ion Fac to r 

1.00 

1.01 

1.02 

1.05 

1.10 

1.15 

1.25 

DISCUSSION - 300"C ROLLED URANIUM SHEET 

The quantitative pole f igures , with intensity contours , for the 300°C 
rol led sheet desc r ibed above, a r e reproduced in F igu re s 6 to 9. It i s evident 
f rom the (OlO) and (llO) pole f igures that the re is a considerable concen t r a 
tion of these two poles p a r a l l e l to the rolling di rec t ion. However, in addition, 
the re is a cons iderable spread of these poles away fromi the roll ing di rect ion, 
which i s especia l ly evident in the (llO) pole f igure. The re i s a sha rp concen
t ra t ion of (OOl) poles t i l ted 30° to 35° away from the rolling plane towards the 
t r a n s v e r s e di rect ion and another (OOl) pole concentrat ion ti l ted 15° to 20° 
away from the rolling plane towards the roll ing direct ion, 

A separa te symbol has been used in each pole figure to m a r k " ideal 
o r ien ta t ions" corresponding to max ima or high pole concentra t ions . These 
symbols , without the contour l ines , have been t r a n s f e r r e d to the pole f igures 
shown in F igure 10 in o rde r to show the compatibil i ty of s eve ra l " idea l 
o r ien ta t ions" with the high intensity a r e a s which appear in the (OlO), (l lO),(Oai), 
and (lOO) pole f igures . 

The l ines which form the quadrangles shown in F igure 10 connect 
one high intensity a r e a f rom each of the pole f igures mentioned above. The 
four symbols which form the c o r n e r s of these quadrangles have the c o r r e c t 
angular re la t ionships to each other : namely, 90* between the (OOl) and (OlO), 
(110), and (100); 90° between the (OlO) and (lOO); and 64° between the (OlO) 
and ( n o ) . Quadrangle I, formed from the dashed l ines , co r re sponds to one 
type of " ideal or ienta t ion." In quadrangle II the se t of high Intensity a r e a s 
joined together a r e different f rom those of quadrangle I except for the connmon 
location of the (OOl) pole, and they define a second type of " ideal or ienta t ion." 
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An ent i re ly different set of high intensity a r e a s a r e joined together to form 
quadrangle III, r epresen t ing the thi rd " idea l or ienta t ion." Quadrangle IV i s 
different from the o the rs with the exception that the (OOl) pole location is 
common with quadrangle III. "Ideal o r ien ta t ions" III and IV, r ep resen ted by 
these quadrangles respec t ive ly , a r e largely inade up of high intensity pole 
locat ions , but not n e c e s s a r i l y maxima, especial ly in the case of the (OlO), 
( n o ) , and (lOO) pole locat ions . 

The pole intensity sp reads around the highest intensity locations on 
the va r ious pole f igures may be accounted for by movement or rotat ion of 
the super imposed quadrangles shown in F igure 11 . Quadrangle I may be 
rotated 64° about one of the (OOl) max ima to coincide with II, which may p r o 
duce a spreading of the intensi ty over the a r e a indicated by the heavy l ines 
with a r r o w s . A rotat ion of the quadrangle II to III, a s shown in F igure 11. 
would produce a smiearing out of the pole intensity indicated by the heavy 
dashed l ines . This rotat ion of quadrangle II to III may be descr ibed app rox i 
mate ly a s a 30° rotat ion about the (122) pole which is nea r ly equivalent to 
the [322] d i rec t ion. Quadrangle III may be rotated 26° about the (OOl) to 
produce orientat ion IV if the four quadrants of pole figure a r e assximed to be 
sy inrae t r ica l . This la t te r rotat ion would produce considerable smear ing out 
of the intensity between III and IV. 

The or ienta t ions which Seymour has reported(3) for u ran ium sheet 
reduced 85% at 275°C cor respond approximately to the or ienta t ions r e p r e 
sented by quadrangles II and IV in F igure 10. The KAPL study did not show 
an orientat ion corresponding to quadrangle III, which may be considered as 
a la rge spread f rom orientat ion II. Seymour did not r epor t the Type I " ideal 
or ienta t ion ," and the dif ferences , pa r t i cu la r ly in the (lOO) and (llO) pole 
f igures , between his r e su l t s and those repor ted he re r ema in unexplained. 

It may be concluded from the p re sen t study that the g rea t e s t in tens i t ies 
shown on the four pole f igures for a s rolled m a t e r i a l may be quite s a t i s f ac 
tor i ly descr ibed in t e r m s of four types of "ideal o r ien ta t ions" tabulated below 
and of the considerable s ca t t e r ; a) between I and II, b) between II and III, and c) 
between III and IV. Orientat ion II i s apparent ly s t ronger than I, IV, or III. The 
la t te r th ree s eem to be approximately of equal intensi ty. 
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Table II 

IDEAL ORIENTATIONS'' FOR URANIUM SHEET 300°C ROLLED 

"Ideal 
Orientat ion" 

I 

II 

III 

IV 

Plane P a r a l l e l 
to Rolling 

P lane 

(4, 17, 2̂ 6) 
n e a r (l46) 

(9. 0, 25) 
nea r (103) 

(4, 14, 45) 
nea r (139) 

nea r (oSS) 

Direct ion 
P a r a l l e l 

to Rolling 
Direction 

nea r [410] 

[010] 

nea r [652] 

nea r [031] 

P lane 
Pe rpend icu la r 

to Rolling 
Direction 

(110) 

(010) 

(4. 17, 5 ) 
nea r ( l 4 l ) 

nea r (04l) 

Multiplicity 
in Pole 
F i g u r e s 

4 

2 

4 

2 

DISCUSSION - URANIUM SHEET 300^C ROLLED AND RECRYSTALLIZED 

The pole f igures for the 300°C rol led uraniuna sheet after r e c r y s t a l -
li-aation at 525°'C a r e shown in F i g u r e s 12 to 15. The (OlO) pole figure is 
v e r y s imi l a r to that obtained for the as rol led sheet . The dis t r ibut ion of the 
(llO) pole intensity has changed considerably from the rolled m a t e r i a l . There 
is no longer a maximuin of ( l i o ) poles pa ra l l e l to the rolling d i rec t ion; how
ever , there a r e maxima in other locat ions. The (OOl) pole figure shows a 
max imum pole concentrat ion approximately 35° on each side of center towards 
the t r a n s v e r s e direct ion which is s imi la r to the pole figure obtained before 
rec rys ta l l i za t ion . Although there a r e high intensity a r e a s 15° to 20° f rom the 
center of the (OOl) pole figure towards the rolling di rect ion, there a r e no 
longer maxima in these locations^ as the re were in the as rol led sheet. The 
(lOO) rec rys ta l l i zed pole figure a lso a p p e a r s considerably different from the 
(lOO) as rolled pole f igure. 

As explained above^ symbols a r e shown to designate high intensi ty 
a r e a s in each pole f igure. Severa l different quadrangles a r e formed by con
necting a sym.bol from each of the following pole f igures (OlO), ( l lO), (lOO),and 
(OOl). These quadrangles which r e p r e s e n t "ideal or ien ta t ions" a r e shown 
separa te ly in F igure 16. The location of quadrangle II i s identical with 
quadrangle II shown for the a s rol led sheet . Apparent ly the re i s considerable 
amount of this orientat ion re ta ined after r ec rys ta l l i za t ion . The or ientat ion 
rep resen ted by quadrangle VI has a common (OOl) location with II. The set 
of high intensity a r e a s joined together to form quadrangle V a r e different 
f rom II and VI, except the (OlO) location, which is common with II. This 
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orientat ion V is r emin i scen t of the cube" texture in face centered cubic 
m e t a l s . The location of the high intensity a r e a s joined to form quadrangle VII 
i s different from those previously descr ibed . The symbols used for quad
rangle VII a r e formed from dashed l ines for easy recognit ion. 

The sp reads appearing between the seve ra l " ideal or ientat ion" l o 
cat ions may be accounted for by a gradual movement or rotat ion of the 
quadrangles a s shown in F igure 17. Quadrangle II may be rotated 26° about 
the (OOl) location to produce quadrangle VI. The in termedia te or ienta t ions 
would account for the spreading out of the intensity over the a r e a indicated 
by the heavy dashed a r r o w s . Quadrangle VII may be rotated into quadrangle II, 
a s shown in F igure 17, and the in termedia te or ientat ions account for the pole 
intensity along the heavy solid a r r o w s . This rotat ion of quadrangle VII to II 
may be descr ibed as approximately a 47° rotat ion about the (122) pole, which 
is near ly equivalent to the [322] d i rec t ion. In addition to these two ro ta t ions , 
quadrangle II may be pivoted about the (OlO) pole in o rde r to obtain quad
rangle V. The smear ing out of the pole intensity a s a r e su l t of th is la t te r 
rotat ion is not indicated in F igure 17. 

The ( l 3 l ) pole figure for the rec rys ta l l i zed sheet is shown in F igure 18 
with dots to indicate the locations of high pole concentra t ions requi red by the 
' ideal or ienta t ions ' shown in F igure 16. There is a considerable spreading 
out of the intensity on the ( l 3 l ) pole figure which is to be expected as a r e -

\ suit of the large number of ( l 3 l ) pole locations requ i red by the var ious " ideal 
o r ien ta t ions" descr ibed , since ( l 3 l ) has a mult ipl ici ty of four. 

The p re f e r r ed orientat ion obtained in the rec rys ta l l i zed uran ium sheet 
may be quite sa t is factor i ly accounted for by the four "ideal or ien ta t ions" 
tabulated below, with considerable spreading out of the intensity between 
a) II and VI, b) VII and II, and c) II and V. 

Table III 

" I D E A L ORIENTATIONS" FOR URANIUM SHEET 300°C ROLLED 
AND RECRYSTALLIZED 

" Ideal 
Orienta t ion" 

II 

V 

VI 

VII 

Plane P a r a l l e l 
to Rolling 

Plane 

(9, 0, 25) 
nea r (103) 

(100) 

(7, 7, 19) 
nea r ( l l 3 ) 

(2, 2, 15) 
nea r (116) 

a 9 a a a 9 
9 9 9 9 9 a 
9 9 9 e a 
9 9 9 9 a a 
9 9 9 9 9 e 9 9 

Direct ion 
P a r a l l e l 
to Rolling 
Direct ion 

[010] 

[010] 

[UO] 

nea r [411] 

9 9 9 a a » 
9 9 9 e e 9 9 
9 9 9 9 « 9 9 
9 9 a 9 9 9 

9 « 9 9 » e « « ® 

Plane 
Perpendicu la r 

to Rolling 
Direction 

(010) 

(010) 

(3, 13, 0) 
nea r (140) 

nea r (553) 

« a a » 
9 a e a » 
9 9 O O 
9 9 O 9 
« 9 6 9 e e 

Multiplicity 
in Pole 
F i g u r e s 

2 

2 

4 

4 

-
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F r o m a compar ison of the in tensi t ies in var ious locations on the pole 
f igures , it would s eem that the re la t ive amounts of the var ious " idea l o r i e n 
ta t ions" in the r ec rys ta l l i zed sheet may be expressed a s follows: 

VI > II = V I I > V 

It is in teres t ing to note that the s t ronges t t ex ture , VI, has planes 
nea r the (140) perpendicular to the roll ing di rec t ion. The (140) had been 
previously mentioned(8) as a texture component in r ec rys ta l l i zed uranium 
rod. The ( l 3 l ) pole figure for the r ec rys t a l l i zed sheet (Figure 18) is a l so 
in agreement with planes nea r the (l40) perpendicular to the rolling d i r e c 
tion. The angular dis tance between the (140) and (131) poles i s 20° and 
max imum intensity on the ( l 3 l ) pole figure is approximately 20° to 25° away 
from the rolling d i rec t ion . 

It is r a the r difficult to i n t e rp re t the mechan i sm by which the r e c r y s 
tal l ized tex ture forins f rom the a s rol led t ex tu re . Only one of the " idea l 
or ien ta t ions" used to desc r ibe the as rol led texture is found in the r e c r y s 
tal l ized t ex tu re . There a r e a number of ro ta t ions about the (OOl) and (OlO) 
poles , as shown in F igure 19, which may be used to descr ibe the r e l a t i on 
ship between the va r ious components of the r ec rys ta l l i zed texture and the 
a s rolled t ex tu re . However, it i s possible that rotat ions about other poles 
a r e involved. 

Orientat ion VI may a r i s e from a 90° rotation of I about the (OOl) or 
f rom a 26° rotat ion of II about the same pole . Since orientat ion II appears 
in both the a s rol led and r ec rys t a l l i zed sheet, it i s mos t likely that r e c r y s 
tal l izat ion occurs "in s i tu" although some of the rec rys ta l l i zed II might 
come from a 64° rotat ion of I about (OOl) or a 70° rotat ion of a s y m m e t r i c a l 
II or ientat ion about the (OlO), In t e r m s of the two suggested ro ta t ions , 
orientat ion V would a r i s e f rom a 55° rotat ion of II about the (OlO). Or i en 
tation VII, as indicated, could a r i s e f rom a 44° rotat ion of IV or a 70° rotat ion 
of III around the (OOl). 

SUMMARY 

1 - The texture in u ran ium sheet rol led at 300°C to an 85% reduction 
was descr ibed in t e r m s of four " idea l o r ien ta t ions" with considerable sca t t e r . 

2 - The r ec rys t a l l i zed texture of the 300°C rolled m a t e r i a l was a l so 
descr ibed by four " idea l o r ien ta t ions" and sca t t e r . Only one of the "ideal o r i en 
ta t ions" used to desc r ibe the a s rol led sheet was found after r ec rys ta l l i za t ion . 



13 

li: 
ACKNOWLEDGMENTS 

The au thors wish to e x p r e s s the i r appreciat ion to Mr . G. E r l ebache r 
for working out the detailed design of the specimen table and to Mr . Robert 
Macherey and Mr . H. J. Luetzow under whose supervision the m a t e r i a l for 
study was prepared- Thanks a r e a l so due Dr. F . Foote and Dr . S. S, Sidhu 
for the i r in te res t and encouragement . 

REFERENCES 

1. KAPL-309, P r o g r e s s Report for F e b r u a r y 1950. 

2. KAPL-415, P r o g r e s s Report for September 1950. 

3 . W. E. Seymour, " P r e f e r r e d Orientat ions in Uranium Sheet," KAPL-807, 
Report of Metal lurgy Section, June-August 1952, p . 3 1 . 

4. W, E. Seymour and J. F . Duffey, P r e f e r r e d Orientat ions in Uranium 
Sheet," KAPL-845, Report of Metal lurgy Section, September-November 
1952, p . 39. 

5. W. E, Seymour and J . F . Duffey, ' P r e f e r r e d Orientat ion in Uranium 
Sheet," KAPL-930, Report of Metal lurgy Section, March-May 1953, 
p . 49. 

6. W, P . Chernock, M. H. Mueller^ H, R. F i sh , and P . A. Beck, "An 
Automatic X - r a y Reflection Specimen Holder for the Quantitative 
Determinat ion of P r e f e r r e d Orienta t ion," Review of Scientific 
Ins t ruments . 24. 925-928 (1953) 

7. W, P . Chernock and P . A. Beck^ "Analysis of Cer ta in E r r o r s in the 
X - r a y Reflection Method for the Quantitative Determinat ion of 
P r e f e r r e d Or ien ta t ions ," Journal of Applied Phys i c s , 23, 341-345 
(1952). 

8. W. P . Chernock and P . A. Beck, "Quanti tat ive Determinat ion of 
Rolling and Recrys ta l l iza t ion Textures in 600°C and 300°C Rolled 
Uranium Rods ," ANL-4839, August 1951. 



14 

If 
Figure 1 

POLE FIGURE SHOWING AREA COVERED BY THE VARIOUS SHEET SECTIONS 



Figure 2 15 

SCHEMATIC DRAWING OF THE TWO TYPES OF JIGS 

FOR HOLDING THE ASSEMBLED SHEET SECTIONS 

TOP 

SIDE 

SHEET SECTIONS 

CLAMPING 
SCREWS • 

SHEET SECTIONS 

SIDE 

CLAMPING 
SCREWS 



Figure 3 

INTEGRATING SPECIMEN TABLE FOR SHEET MATERIAL 

16 

* # _ ^ • ^ — — ^ 

99 a « o » 
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Figure 4 

POLE FIGURE SHOWING THE METHOD OF PLOTTING THE DATA 

R.D. 
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Figure 5 

POLE FIGURE SHOWING THE POINTS AT WHICH INTENSITY DATA 

ARE OBTAINED FROM THE SEVEN SHEET SECTIONS 



Figure 6 

(010) POLE FIGURE FOR URANIUM SHEET ROLLED 

AT 300°C TO AN 87% REDUCTION 

(010) 
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Figure 7 

(110) POLE FIGURE FOR URANIUM SHEET ROLLED 

AT MO°C TO AN 87% REDUCTION 

(110) 

9 9 0 « 9 « a ©a 9« a e a a e 0 9 9 
a e « 9 a o a o © a a a a a a 
9 9 9 a 9 9 9 9 8 9 9 9 « 

a « 9 « a o e e « a «a e e e a a a o 9 
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Figure 8 

(001) POLE FIGURE FOR URANIUM SHEET ROLLED 

AT 300OC TO AN 87% REDUCTION 

(001) 

ee 98 
9 « 

9 8 
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Figure 9 

(100) POLE FIGURE FOR URANIUM SHEET ROLLED 

AT 300OC TO AN 87% REDUCTION 

R.D. 

(100) 

a a e a » e » © a a © a « « » » » » e 
* ® 9 9 © e » e a * ? „ * * 
© s e e © « e a 9 ® « e e e « 
9 0 9 a 9 © © e 9 9 ® 9 9 
© « a o © « « e « © « © « 

a © o a a o o © » « ©© » © © ® ® ® ® ® 



J 

Figure 10 

Pole Figures Showing the "Ideal Orientations" Used to Exploin the Re

lationship Between the Intensities Found on the (010)^ (110), (Wl), and 

Pole Figures of the As rolled Sheet. 

O(OIO) 0 (110) n(OOI) A (100) 



Figure 11 

Pole Figure Showing Rotation or Movement of the "ideal Orientations" 
Which Moy Account for the Intensity Scatter Between "Ideal Orientotions" 
of As Rolled Sheet. 
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igure 12 

(010) POLE FIGURE FOR URANIUM SHEET 

300®C ROLLED AND RECRYSTALLIZED 

R.D. 

(010) 

a « « » 9 9 « a a 9 © a © a s a a a w w o 

I 9 a 9 a 9 9 9 9 9 a © a 9 9 « « 
9 9 9 9 © a © a 8 9 9 9 © © 9 

© a a ® 9 9 9 © © a a ® © a 9 9 a © a ® © a 
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Figure 13 

(110) POLE FIGURE FOR URANIUM SHEET 

300OC ROLLED AND RECRYSTALLIZED 

R.D. 

(110) 

e 9 6 9 9 9 a 9 9 a a 9 « » » a <»»» 
9 9® a 9 9 9 9 © 9 9 9 ® ® © 
9 9 © 9 9 © 9 © © 9 9 © 9 

9 99© 9 ©«« 9 © 9® a® © a a ©aa 



27 

Figure 14 

(001) POLE FIGURE FOR URANIUM SHEET 

300®C ROLLED AND RECRYSTALLIZED 

(00!) 
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Figure 15 

(100) POLE FIGURE FOR URANIUM SHEET 

300°C ROLLED AND RECRYSTALLIZED 

(100) 



Figure 16 

29 

Pole Figures Showing the "Ideal Orientations*' Used to Explain the Re

lationship Between the Intensities found ©n the (010), (110), (001), and 

(100) Pole Figures of the Recrystallized Sheet. 

R.D. 

O(oio) 0 (HO) Dcooi) A(100) 
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"Igure 17 

Pole Figure Showing Rotation or Movement of the "Ideal Orientations" 

Which May Account for the Intensity Scatter Between "Ideal Orientations" 

of the Recrystollized Sheet. 

D (001) 
A (100) 
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Figure 18 

(131) POLE FIGURE FOR 300°C ROLLED URANIUM SHEET AND RECRYSTALLIZED 

(131) 



Figure 19 

THEMATIC DRAWING OF POSSIBLE ROTATIONS OF THE AS ROLLED "IDEAL ORIENTATIONS' 

WHICH MAY PRODUCE THE RECRYSTALLIZED "IDEAL ORIENTATIONS" 
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APPENDIX A 

PREFERRED ORIENTATION IN 3Q0°C ROLLED URANIUM PLATE 

A. D. (Smigelskas) F i sche r 

ABSTRACT 

The p re f e r r ed orientat ion texture of u ran ium 300°C soak rolled plate , 
81% reduction, rol led in one d i rec t ion was investigated by means of taking a 
s e r i e s of X- ray photograms at varying angles to the plate sur face and c r o s s 
and rolling di rec t ions and plotting the pole figures for the (OOl), (OlO), and 
(021) poles . The texture was found to differ from that of 300°C soak rolled 
rod, 66% reduct ion J which has the s ingle mean (OOl) pole rad ia l to and a 
duplex mean ( l io ) pole at an angle of ZO" with the rolling di rect ion. This 
rol led uran ium plate has duplex means of the (OOl) pole located 18*' ei ther 
s ide of the n o r m a l to the plate and rad ia l about the rolling direct ion as an 
ax is . The mean (OlO) pole is located a t a t i l t of 18° from the rolling d i r e c 
tion and the mean (02l) pole is in the corresponding position approximately 
60° from the (OOl) pole and approximately 30° from the (OlO) pole. 

INTRODUCTION 

Inasmuch as the p re fe r red or ientat ion textures of inany uranixim rods 
has been studied in connection with the "growth" problem of u ran ium upon 
t h e r m a l cycling, it seemed advisable to study the p r e f e r r e d orientat ion of a 
rolled plate under the same condit ions. Rolled plate has fewer di rect ions of 
freedom of plast ic flow than a rolled rod; therefore , a less s y m m e t r i c a l t e x 
tu re would be expected which may lead to a be t te r analysis as to what the 
s t ruc tu re m e c h a n i s m of deformation by rolling may be . Fo r this purpose 
the investigation of the texture of 300°C soak rolled uran ium plate has been 
c a r r i e d out. The t h e r m a l cycling growth r e su l t s for the plate have been 
repor ted in TID 68,_4, 7-40, ( l949). The texture of 300°C soak rolled rods 
and other tex tures wil l be compared with the plate tex ture d iscussed in this 
r epor t . 

MATERIALS AND METHODS 

The speciinen h is tory is as follows. An uran ium block I - I / 1 6 in. 
thick, 2-1 /4 in. wide and 3-1/4 in. long was cut f rom a casting 2 - l / 4 in. x 
3 -1 /4 in. c r o s s sect ion. The piece was given approximately 10% reduction 
per pass at 300°C and was reheated 3 to 5 minutes between p a s s e s . The 
reduction in c r o s s section was 81.7%. The piece spread approximately 
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" i 
11% during rol l ing. This specimen was sur face ground and then sectioned 
into spec imens 0-525 in. x 0.425 in. with the rolling di rect ion identified. Two 
of these spec imens were submitted for p re fe r red or ientat ion determinat ion. 

A specimen annealed 2 hours at 575°C was shaped in the form of two 
rods projecting out of the edges of the plate with the i r axes in the rolling 
direct ion and the t r a n s v e r s e direct ion, respect ive ly . After the rods were 
machined from the specimen, they w e r e e lect roetched in sulfuric ac id -
g lycer ine bath to reduce the d iamete r 0.005 in. This amount was previously 
found adequate to r emove the worked sur face ( A N L - 5 1 3 9 ) 9 thus exposing 
the t rue or ientat ion of the rod. F i g u r e lA shows a sketch and the dimensions 
of the spec imen. This method of shaping the sample is the s a m e as that used 
by Bakar ian . l l ) 

This shape was adopted because the absorpt ion factor becomes a 
constant for exposures a t a l l angles and may thus be el iminated. The a b s o r p 
tion of X- r ays by u ran ium is so g r e a t that only the reflected beam is recorded 
on the film. The intensity can be read only on 170° of the diffraction ring; 
there fore , two se t s of p ic tures a r e n e c e s s a r y for the pole figure of any one 
plane. 

One hour exposures were made with a 0.025 in. d iamete r pinhole, 
using Cu radiat ion, 45 K.V. = 18 M.A., type A film at 5 cm. Because of the 
r ec rys ta l l i zed gra in s ize , a l a rge d iamete r rod with r e s p e c t to the pinhole 
was neces sa ry so that sufficient sur face would be radiated. The pinhole 
had to be s m a l l in o rde r to effect separa t ion of diffraction r ings which a r e 
about 3/4 of a degree apar t , and would o therwise over lap . Inasmuch as the 
beam could not cover the rod ent i re ly , the rod was placed in the beam so 
that only half the beam impinged on the edge of the rod as may be seen in 
sketch of F igu re 2A. The rod was carefully reposit ioned each t ime a photo-
g r a m was taken a t a different angle. F i g u r e 3A shows a sketch of the dif
ferent angular posit ions of the spec imen with r e spec t to the X- ray beam. 

It was found neces sa ry to osc i l la te the spec imen 5^ about its own 
axis to reduce spo t t iness ; however, even then, only two degrees of intensity 
could be read from the a r c s on the f i lms . Typical photograms a r e shown 
in F igure 4A, 

The pole f igures w e r e plotted in the usual way with the intensity of 
the var ious por t ions of the diffraction r ings es t imated by eye. Eleven films 
w e r e made about each rod projection, the axis of rotat ion being the rolling 
di rect ion and c r o s s direct ion, respec t ive ly . All twenty-two films w e r e read 
in plotting the pole f igures . The s e r i e s includes exposures made with the 
rod having the roll ing direct ion ve r t i ca l and the beam at 0, 10, 20, 30 
110° to the c r o s s direct ion, respec t ive ly , and with the rod having the c r o s s 
direct ion v e r t i c a l and the s a m e angular intervals to the roll ing direct ion. 



The rol l ing, 81.7%, is sufficient to develop a final t ex ture . However, 
the tex ture plotted is a s tep in tegral of var ious depths of the sheet because 
the d iameter of the rods cut out is the thickness of the sheet . 

The crys ta l lographic values used for or thorhombic alpha uran ium 
(a = 2.852 A, b = 5.865 A, c = 4.945 A.) w e r e the following 9 va lues : 

hkl 

(020) 
(110) 
(021) 
(002) 

Sin̂  e 

0.068712 
0.089844 
0.092876 
0.114008 

Intensity 

very weak 
strong 
strong 
strong 

0 

15° 20 ' 
17° 27" 
1 7 ° 4 5 ' 
18° 7 ' 

The 9 value is used to de te rmine the reflection c i r c l e ; thus , r e 
flection c i r c l e s for pole figures of planes plotted a r e 

Direction 

[001] 
[010] 
[021] 

Reflection 

(002) 
(020) 
(OZl) 

Degrees F r o m the Center of Pole F igu re 

90° - 18° 7' = 71° 53 ' 
90° - 15° 20' = 74° 40 ' 
90° - 17° 45' = 72° 15 ' 

The angles between the poles of reflect ions studied and between planes 
used in determining the mean or ientat ion a r e : 

aAbACA = 90° 

( 1 0 0 ) A ( 0 1 0 ) A ( 0 0 1 ) = 90° 

[ 1 0 0 ] A [ 0 1 0 ] A [ 0 0 1 ] = 90° 

[ 0 0 1 ] A [ 0 2 1 ] = 59.3° 
[ 0 1 0 ] A [ 0 2 1 ] = 30.7° 
[ 0 0 1 ] A [ 0 3 1 ] = 68.1° 

[ 0 0 1 ] A [ 0 1 3 ] = 15.7° 

[ 0 0 1 ] A [ 0 2 5 ] = 18.6° 

Orthorhombic Relat ions 

Pos s ib l e direct ions or ient ing 
pa ra l l e l to the rolling direct ion 

DISCUSSION OF RESULTS 

The r e s u l t s of the X-ray determinat ion a r e assembled in the pole 
f igures of F igures 5A, 6A, and 7A. 

The plane of the rolled plate is pa ra l l e l to the plane of the s t e r e -
ographic project ion in a l l the f igures , with the rolling d i rec t ion ve r t i ca l 
and the t r a n s v e r s e di rect ion hor izonta l . The densi t ies of the a r c s on the 
f i lms a r e indicated by the c loseness of the c r o s s hatching on the pole 
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f igures . The or ientat ion of th ree different se t s of planes is shown, the th ree 
with mos t marked evidence of or ienta t ion in the f i lms, (OOl), (OlO), and (02l) . 

The tex ture found may be descr ibed in t e r m s of a twin ideal , or ntiean, 
or ienta t ion plus a s c a t t e r , the ideal or ientat ion being the pole of the (OOl) 
plane inclined toward the roll ing di rect ion from n o r m a l direct ion at a sma l l 
angle, 18°, and the pole of the (OlO) plane inclined toward the no rma l d i r e c 
tion to the rolling plane at 18° from the rolling direct ion. This orientat ion 
may bes t be seen from the pole f igures and a d iag ram of the mean o r i e n t a 
tion, F igu re 8A. 

The sca t t e r from this mean or ientat ion is such that the c -ax i s , 
(OOl) pole, t i l ts slightly, 8°, e i ther s ide from the mean around c r o s s d i r e c 
tion as an axis and s c a t t e r s +90° about the rolling di rect ion as an axis as 
may be seen in F igu re 5A. The b -ax i s shows a corresponding t i l t and s ca t t e r . 

F igu re 9A shows a d iagram of a unit cel l of alpha u ran ium with its 
axis tilted corresponding to the mean or ientat ion of the pole f igures for the 
rolled plate t ex tu re . F r o m this d i ag ram it may be seen that the (03l) plane 
may be cons idered perpendicular to the c r o s s direct ion; then the (013) plane 
is approximately at a 6° ti l t from the perpendicular to the rolling direct ion. 
The angle between the (031) and (013) is approxim.ately 95°. 

Two posi t ions of plate d i rec t ion ax is , R.D. and C D . and R.D. ' and 
C D , ' a r e shown. Ei ther is poss ib le within the l imits of sca t t e r on the pole 
f igures . 

The plate texture compares with that of rods in the following manner : 

1. While the mean (OOl) pole is s ingle , r ad ia l and no rma l to the r o l l 
ing d i rec t ion in a l l rods investigated a t ANL, it is duplex, r ad i a l , and a t a 
t i l t of 18° to e i ther s ide of the n o r m a l to the rolling di rect ion in this p la te . 

2. The mean (OlO) pole of the plate is a lso duplex. However, it is 
not located s imi l a r ly to that of the rod having a duplex orientat ion of this 
pole, i .e . , the 300°C soak rolled rod which is d i scussed in ANL-5139. The 
t i l t of the mean (OlO) pole of both that rod and of this pla te a r e about the 
roll ing direct ion. In the rod this pole has a g r e a t e r angle of t i l t as well 
as uniform r ad i a l s ca t t e r about the roll ing direct ion, while in the plate this 
pole is located at a spot with the s c a t t e r about the spot. 

3. The mean tex ture of the plate a s a whole co r responds mos t near ly 
to that of the hot swaged uranium rod which has the (OlO) pole pa ra l l e l to the 
rolling direct ion, and the (OOl) pole r ad ia l and no rma l to the rolling d i r e c 
tion differs from it only by the twin 18° t i l ts of the (OOl) pole from the no rma l 
to the plate and the (OlO) pole from the rolling direct ion, 
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FIGURE lA 

R.D. 

t 

L ^ _ 0 . . 4 4 " D.*«-

•- CD. 

FORM OF SPECIMEN AFTER SHAPING AND ETCHING. 
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FIGURE 2A 

TOP VIEW 
ri_j 
* ^ ~ X ™ R A Y BEAM 

SIDE VIEW 

SPECIMEN ROD 

SKETCH OF 
SHOWS 

AND BEAM. 

X-RAY BEAM 

RELATIVE SIZE 

IMPINGING ON 
AND POSITION 

SPEGIMEN» 

OF SPECIMEN 



FIGURE 3A 

PRIMARY X - R A Y BEAM 
NORMAL TO ROLLING PLANE 

FILM 

ROLLING DIRECTION 
PERPENDICULAR TO PAPER 

SPECIMEN 
^ — ROLLING PLANE a 

GROSS DIRECTION 

(a ) BEAM 90» TO ROLLING PLANE AND 
90® TO ROLLING DIRECTION. 

(b ) BEAM AT 70® TO ROLLING PLANE AND 
90® TO ROLLING DIRECTION. 

(C) BEAM AT no® TO ROLLING PLANE AND 

90® TO ROLLING DIRECTION. 

P O S I T I O N OF S P E C I M E N W I T H R E S P E C T TO B E A M . S E V E R A L A N G U L A R 

P O S I T I O N S , TOP V I E W S . 
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^ 0 
Figure 4 A Typical X-Ray Photograms Used in Plotting Pole Figures for 

3002C.^oafcRolled Uranium Plate. 

Micro #1702 X623 II Micro #1695 X623 U 

(a) 90«̂  to H. P^ 
R« D, vertical, C^ D. horizontal 

(b) 20® to R. Pe 
R. D« vorticElj C» D« horizontal 

Micro #1717 1623 M Micro #1707 X623 U 

(e) 90® to R. P^ 
C» Ds Tcrtical, E, D, horizontal 

(d) 20^ to E^ P^ 
C« D« vertical^ S« D« horizontal 
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FIGURE 5A 

R.D 

CD. 

MEAN 

(001) POLE FIGURE 
URANIUM ROLLED PLATE 

B\X REDUCTION - 300»C 
PROJECTION INDICATED BY SMALL CIRCLE 
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FIGURE 6A 

( 0 1 0 ) POLE FIGURE 
URANIUM ROLLED PLATE 
8 1 % REDUCTION - 3 0 0 X 
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FIGURE 7A 

R. D. 

— C D . 

( 0 2 1 ) POLE FIGURE 

URANIUM ROLLED PLATE 

8 1 % REDUCTION - 300»G 
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FIGURE 8A 

A STANDARD STEREOGRAPHIC PROJECTION OF ALPHA URANIUM IS 
SHOWN BY OPEN CIRCLES. 

THE STEREOGRAPHIC PROJECTION OF THE MEAN ORIENTATION OF 
THE ROLLED PLATE IS SHOWN BY THE FILLED CIRCLES. 

THE ARROWS INDICATE HOW THE MEAN ORIENTATION IS OBTAINED 

FROM THE STANDARD STEREOGRAPHIC PROJECTION BY ROTATION 
OF 18° ABOUT THE CD. AS AN AXIS. 
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FIGURE 9A 

CD. 

NOTE: o-axis X fo poge. 

POSITION OF R.D. 6 CD . 

IN A UNIT ALPHA URANIUM 

CELL HAVING MEAN 

P.O. TEXTURE DESCRIBED 

BY POLE FIGURES. 

.cawHm;. 


