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ABSTRACT

A meeting was held by representatives of the USAEC feed
materials, national laboratorles, and productlon reactor siltes
to dlscuss techniques for measurement of graln orientation in
uranivm and the development of methods for predleting the .
irradiation growth that occurs in uranlum fuel elements because
of preferred graln orientation.

The papers on X-ray diffraction techniques described
Intersite exchange of standards, X-ray diffractlon from hlghly
radloactive materlals, techniques for measuring texture gradl-
ents, and the measurement of grain slze from statlstical fluc-
tuation in X-ray diffractlion intensity. Papers on preferred
orlentation measurements Inecluded the effects of various heat
treatments and fabrilcation procedures on the texture, texture
gradients, and grailn size of uranium fuel elements of varlous
geometrical shapes. Papers concerning the development of
theorles for predicting lrradiation growth included the strain

tensor theory for irradiation growth (growth index method), the | o

form of a theory that would include the lnteractlion between
grains during growth, deformation modes of uranlum single
erystals, and crystal structure varlatlons in uranium at low
temperature. “
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INTRODUCTION

A meeting tco discuss the applicatlon of X-ray diffrac-
tion techniques to the measurement of preferred orlentation
in uranlum was held at Savannah River Laboratory, Alken,
South Carolina, on June 7, 8, 1962 with the following persons

attending:

W. I. Clark
Hanford Atomlc Products Operation

H. E. Kisginger
Hanford Atomlec Products Operation

H. C. Kloepper, dJr.
Malllnekrodt Chemical Works

B. G. LeFevre
Savannah River Laboratory

P. R, Morris
Natlonal Lead Company of Ohilo

V. Morton
Natlonal Lead Company of Ohlo

M. H., Mueller
Argonne National Laboratory

Lecnard Roblns
Bridgeport Brass Co.

R. B. Ruasell
Nuclear Metals, Inc.

J. W. Starbuck
Mallinekrodt Chemical Works

E. A, Starke
Savannah Rlver Laboratory

E. F, Sturcken
Savannah River Laboratory

R. N. Thudium
National Lead Company of Chioc

R. 8. Wood, Jr.
Savannah River Plant

The meeting was composed of persong interested 1n the
measurement of grain orlentation 1in uranlum and the use of
these measurements to prediet the irradiation growth that
oceurs in uranium fuel elements because of preferred grain
orlentation. The papers and proceedings of previous meetings
of thls group are reported in the followlng AEC reports:
NLCO-804, November 1959, edited by P. R. Morris of the
Natignal Lead Company of Ohio; ANL-6359, December 1960, edlted
by M. H. Mueller of Argonne Natlonal Laboratory; HW-T4429,
August 1962, edited by W. Gary Jolley of Hanford Atomic
Products Operation; and NMI-4992, May 1963, edited by R. B.

Rugsell of Nuclear Metals, Inc.
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COMPUTATION PROCEDURE FOR DETERMINING AREA WEIGHTS
FOR X.RAY DIFFRACTION STUDIES

R. N. Thudium

National Lead Company of Ohlo

ABSTRACT

A method has been devised to determlne
area welghts for any comblnatlon of planes
of an orthogonal crystal structure. A
program has been written for a General
Preclslon LGP-30 dlgltal computer and is
operable to compute area welghts for any
combinatlion of planes of uranium. Areas of
spherical polygons for 18 and 20 plane sets
of uranium have been tabulated.

INTRODUCTION

The Growth Index‘!) has been modified by Morris!?®' and
gturcken. {3 Morris’s area welght treatment'?) makes the
following two assumptionsg.

® A pole represents all points within a spherlcal
polygon cbtalned by making arcs of grest circles
equldistant between a pole and each of 1ts nearest
nelghbors.

o A Tinlte set of poles may be employed to adequately
sample an unknown contlnuous function,

The second assumption was made in other methods.‘1’®) as
the texture increases, 1t becomes necessary to Ilncrease the
number of poles or sampling points. The Gz and the medified
texture coefficient [Ay TC/Ay] developed by Morris2' depend
upon thege assumptions.

Until recently, two laborious techniques'*:%! have been
employed for determining area welghts. Accuracy of these
technlques was *#5%. A technique was needed to obtaln area
welghts qulckly wlth greater accuracy.
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SUMMARY

A method was devlised to determlne area welghts of any
combination of planes of uranlum. A computer program was
wrltten for calculating these area welghts. The program
was tested using 18- and 20-plane sets of uranium. Accuracy
of results is *0.005%4. Time required to make a computation
1s approximately three minutes for each plane.

DISCUSSION

In a previous technique,(s) poles of 18 ecrystallographic
planes of uranlum were projected on the surface of a sphere.
Arcs of great clrcles were drawn equldistant between a pole
and each of 1ts nearest nelghbors, thus forming a spherical

polygoen about each pole (see Figure 1).

100

FIG. 1 EIGHTEEN-~PLANE SET OF SPHERICAL POLYGONS FOR URANIUM
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The pole of a erystallographlc plane of an‘orthorhombic

erystal structure may be represented by a unilt vector (8}

£ with Miller indices (hkl) and lattlce parameters a, b, and
c. If-I,-g; and ¥ are unit base vectors along the a, b, and
Y c axes, respectively, intercepts of the (hkl) plane with the
three princlpal axes may be represented by the vectors
(a) > (b) = {c) =
i and k
(n) & Ty Jr 2 (D)
as shown 1n Flgure 2.
t 4
LS _Z"
FIG. 2 UNIT NORMAL VYECTOR E'I" OF (hkl) PLANE !

- ——
Vectors P; and P, will be

— _ a) - b} -+
- T &)
2 _{a)y L)y
Fe=my* -y " (2)

e —
A vector normal to the (hkl) plane of P, and P, is found by

—r —
taking the vector product of P, and Px.

— e

Z=P1 X-P"g (3) t

The normal vector-E is divided by 1ts absolute magniltuds,
|z|, glving the unit normal vector of the (hkl) plane Tzl

-9 -




Substituting P, and Pz from Equations 1 and 2 in

Equatlon 3
— — —
i J k
- = - 2_2 __}2_9_—#
Z—Plea— h X 0 _kli
a c
n 0°71
where
2
izl = [(22)° 4 (2e) 4 (22
kl hl hk
and
be = ac -+ ab -
7 N
|z %

e @

ab
hk

)

— —— el
hbc 1 + kac J + 1lab k

[(hbe)? + (kac)® + (lab)®]?

Conslder the unit vector poles of four (hkl) planes of

— e — —
uranium, A, B, C, and D.

L

Z .
A -t —

- Al i + Ae J 4 Aa
zA]

|

- —
7 =B11+B2J+B3
|25
ZC — —
—— =0 1 +Cs ] + Cs
|%cl
ZD — -
w=Dli+D2J+D3
N
D
where Ai’ Bi’ Ci’ and Di

=~
n

=4
i

=1
il

—
X =

el

w

ol

e
D

1

are determined as in Equation &4,

Consider PFlgure 3, where“K 1la the vector pole of the

— — -
plane of interest, B and C are nearest nelghbors, and D 1s

90 degrees from-K.

- 10 =
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Ex(}wé)org

EX(EM-E) ur;a'

FIG. 3 YECTORS, SUMS OF YECTORS, AND VECTOR PRODUCTS

— —_— — —
vectors mldway between A and B and midway between & and C

are ohtalned.

The sums are:

—

A+B=1(A; +By) T+ {(As +B2) J + (A +Bs) T (5)

i

and

A+ C=(A; +Ca) T+ (Aa+Co) d+ (heg +Cs) X (6)

Then by taking the vector products of-K and\E; and'K
— —_ — — ity
and C, vectors normal £to A and B, and A and C, respectlvely,

are obtained as shown in Figure 3.

The products are:

. — —p
1 J X
- -
AXB= Al Ag A3
B, B, Bg

— — —
(AzBs ~ AgBo) 1 + (AgBy -~ A3;Bg) J + (A3Bz -~ AzB3) k

- — —
E, 1 +ExJ +Esk

n

—

- F (7)

- 11 =




and

— — -— e -

AxC= (ACa -~ 83Cp) 1 + (AsCy - A3Ca) J + (8,02 - A5C,) k %,
—. sl -

Fl 1+ Fg J + F3 k

=F (8)

— s e, — S~ ——p
The vector products of E and (A + B) and F and (A + C)
— — - — e -
give vectors normal to E and (A + B), and to F and (A + C),
respectively. These vectors are normal to the great circles
making up two sldes of the spherical polygon. The products

are:

T K x | Co

Tx (R+E) = E, E, Ee
(A24B1) (A4B2) (As+Bs)

[Ez(As + Bs) - Es(42 + Bz)) T

+ [Ea(A; + By) - Ei(As + Ba)l -J’
+ [Er(Az +B2) - E2(Ay +B1)] ¥

Il

— —r —
Vil +VsJ + Vs k

-7 ()

— }

and

[Fz(As + C3) - Fs(Az + Cp)] Y

wd)
»

[N
...!_

al
(]

+ [Fs{Ay + C;) - Fi(As + Ca)l —.f
+ [Fa(Az + Cz) - Fo(a, + Cy)] ®

e — —
Sy 1 4+ 871+ 8s:k

-3 (10)

Then the vector product of'vvand-g; taken 1in a counter-
clockwise direction, glves a vector normal to-g and Ei which
18 in the directlon of the polnt of intersectlon of the sldes
of the spherlcal polygon as shown in Figure 3. The vector

- 12 =




product is:

— - —
1 J k
K §
VxS= Vl Vo V3
31 Ss Sa
®
—_ - ——
= (Va2Ss - VaSz) 1 + (VgSy ~ ViSa) J + (V182 - VaS,) k
— . —
=P, 1 +P, ] +Psgk
—lp
=P (11)
- .
The vector product of D and S, taken in a counter-
clockwlse directlon, glves a vector normal to'ghand Ei which
i1s 1n the direction of the polnt of intersectlon of the
great clreles as shown in Flgure 3. The vector product 1s:
- — —
1 J k
— —
Dx S = D, D Ds
Ss Sz Sa
— — -—
= (D28Ss - DaSz) 1 + (DgS; - D1Sa) J + (D1Sz - DpS,) k
— -— -—
vy = Gy 1 + Gz ] + Gs k
=7
"o — — — — -
The vectors &, (4 + B), P, and ¢ (which shall be said |
— i — _—
to form an A, (A + B), P, G type) are divided by thelr
absolute magnitudes, glving the unit vectors
- — -— a—p -
A A+ B P and G
(Al [a+ B[ [p]” 77 [a
The terminl of these vectors on a unit sphere are the
vertices of a spherical polygon as ashown in Fligure 4 where
R AT+ A+ A K
A - L
AL a2+ (82)2 + (80717
- —_ —
‘=J111+J12J+J13k
—
=J;, f
. - 13 =
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— — — — ) —
A"'B“_ (A1+B1)i+(A2+B2)J+(A3+Ba)k
L&+ B| 1
| | [(Ay +By)% + (A2 + B2)® + (As + Bs)?1*
- — -
=J21i+J22J+'J23k
w—r
= J2
— e —_
P __ P 14PBpj+Psk
P
P17 ea)® + ()2 + ()2
- - —_
=J31i+J323+J33k
—
=JS
and
-— s — —
G 61140, d+0GaX
ol =
¢l [(62)% + (G2)% + (Ga)a]%

-— —_ —
d

= Jas 1 + Jaz + Jaz k

—
=J4

¢10

FIG. 4 NORMALIZED VECTORS OF THE SPHERICAL POLYGON
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The spherical polygon 1is divided into spheriéal tri-

angles, and chords, i&, of each triangle are determined by

subtractlng vectors.

e

-

L, = [@)E?
Thus
L - (s - TG - Fai?
Al - T T4 (aa - T22) T
+ {Jys = J2a) KI[(T1y = J22) T
b (Jae + T22) T4 (Jue - Tas) B
= [(J12 - J21)% + (J12 - J22)% + (J1a
Likewise

1o = [(Joy -~ J81)% + (Jzz ~ Ja2)® + (J2s

la = [{JT11 - J22)2 + (J12 - Jaz)?® + (J1s

lg = [{Jap - J;l)z + (Jsz - Jaz2)® + (Jas -

1s = [{J11 = Je1)® + (Juz - Ja2)® + (Jys -

The angles, 91, subtended at the origin by

are determlned by

1

e

L _ . in =

2 re ® 2r

where r = 1, and 1 = 1, 2,

g

L arc sin i_

2 2

The sums

are

38; = %(91 + 8, + 83)

f(ea + 64 + 6s)

n-

o

4]
]

3, 4 5.

- 15 -

The chord length, li’ is given by

oyt

J2a)

1
Jas)z]g

21%

Jas)

N

Ja3) %]

N

Ja3) %]

the chords

(12)
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The spherlcal excess in degrees, Ei’ of the spherical

trlangle 1ls given by
E; = 4 arc tan {{tan £3,]1[tan 3(8, - 9,)]
[tan 3(S1 - ©2)][tan %(S, - 93)]}%
and

Es = 4 arc tan {[tan 3Ss][tan %(8s - 8a)}]

[tan 3(Ss - 6a)]l[tan #{Ss - 95)]}%

The area of the spherical polygon about‘K'is equal to

n r2 (E, + E2)
180 (13)

—
Area A =

If the area of the octant of the sphere iz set equal to

unlty, then r2 = 2, Equation 1% becomes

T
area T LBt Ez)

90

This descrlbes one type of spherical polygon: ?L
- e —p
(A + B), P, and G. Other types that make up spherical

polygons are:

In the above grouplngs, there may be multiple‘g in any group.
Flgure 5 shows the computer flow chart.
—p
Rach P/|P| may be determined at least three times by

takling different vector products of vectors normal to planes

- 16 =
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NORMALIZE VECTOR
m T
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<‘1 = EII - Iy 4y 'Izil}ﬁ>

: 5= E‘Tk--TI)' ('Tk-J;)]Ta>
BEGIN k = 2, Inen 1
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11
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"
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AREA==_

T

E Y
~2= arcton [(toniS,) (ran 55, tan 125, (ran }25,)

BEGINi= 1,5=2,k=3,1=4, Iner. 4
BEGIN m= 1, Iner. |

tan 125,
x=123' "

'/QSF %(sm - 3;" k, ;)
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then Incr. 1 for 3, etec,
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BEGIN;=1, k=2 and =3, Incr. 2
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g,

i
r o FTP
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T

FIG. 5 COMPUTER FLOW CHART
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of the great circles. Thus, a check is made of nearest

nelghbors of a pole. Nearest nelghbors are flrst roughly

¥

determined by sketching spherical polygeons on an inverse

p——
pole flgure. Then the P/‘Pi's are compared to the seventh

ey

declmal, If disagreement 1ls gréater than five in the
seventh declmal, a new set of nearest nelghbors are tried.
Finally, the sum of areas for all spherical polygons must o
be within 0.01% of the area of the octant (the area of the '
octant 1s taken as unity).

In Table I are given the diffraction planes of the 18-
plane set, calculated random intensitles, area welght
factors, sguares of dlrectlon coslnes, and products of area
weight factors and squares of direction cosines. Table II

gives similar information for the 20-plane set.

Using the data from Table I
18

1 2 2 -
15 (cos Bi - cos ai) = +0.028
1=1
18
2 2 _
& Aoy {cos Py - cos ai) = +0,002

Using the data from Table II

20
1 = _ 2 -
> ;g%(cos B, - cos ai) +0.092

20 A
:él Ay (cos® B, - cos®a,) = +0.007

- 18 -




TABLE I

Area Welght Data for the 18-Plane Set of Uranium

2

Ay c08% o Ay cos® B Ay cos® v

Plane Ig Ay coB® a cos® B cos® ¥y
020 6.34 0.03129 0.00000 1.00000 0,00000 0.00000 0.03129 0.00000
110 72.7 ©0.06532 0Q,80877 0.19123 0.00000 ©.05283 0.01249 0.000C0
021 100,0 0.,0582C 0,00000 O0.74035 0.25865 0.0000¢ 0,04309 0.01511
002  s51.4  0.03033 0.00000 ©.00000 1.00000 ©.00000 0,00000 0.03033
111 58.3 0.07413 0.63769 0.16078 0.21153 0.04k727 0.01118 0.01568
112 48.3 0.05339 0,39013 0.09224% 0.51763 0.02083 0.00492 0,02764
130 3.37 0.03602 0.31969 0.68031 0.00000 0.01152 0.02450 0.00000
131 40,0 0.07074% 0.28904 0.61508 0.06588 0.020ks 0.04351 0.00678
023 16.8 0.06535 0.00000 0.24059 0.75941  0.00000 0,01572 0.04963
200 8.82 0.02380 1.00000 ©0.00000 0.00000 0.02380 . 0,00000 0.00C00
113 11.6 0.04691 0.23686 0.08601 0.70713 0.01111 0.00263 0.03317
132 3.65 0.05243% 0,22447 0.47769 0.29784%  0.01177 0.02505 0.01562
133 15.3 ©.,08009 0.16358 0.3%809 0.48833 0.01310 0.02788 0.03911
114 10.2 0.07267 0.15282 0.03613% 0.81105 0.01111 0.00263 0.05894
150 7.43 0.03784 0.14469 0.8%531 0.00C00 0.00548 0.032326 0.00000
223 12,2 0.04836 0.50k34 0.11925 0.37641 C.0243g 0.00577 0.01820
152 12.8 0.06963 0.12139 O0.TL755 0.16106 0.00845 0.04996 0.01121
312 8.85 0.,08346  0.88201 0.,02238 0,12561 0.07111 0.00187 0,01048
0.99996 5.845U8 6.34209 5.8115% 0.33322 .0.33485 0.33150

%@ 0.3247 0.352% 0.322g

- 19 -
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TABIE II

Arez Welght Data for the 20-Plane Set of Uranium

Plane I, Ay cos® o cos® P cos®y Ay cos® o Ay cos® P Aw cos® vy

020 6.34 0,01770 0.00000 1.00000 0.0000C  0.00000 0.01770 0.00000

110 72.7 0.086532 0.80877 0.19123 0,00000  ©.05283 0.01249 0.00000

021 100.0 0.03545 0,00000 0.74035 0.25965  0,00000 0.02625 0.00920

002  BLl.Z  0,03033 0.00000 0.02000 1.00000  0.00000 0.00000 0.03033

111 58,3  0.07413 0.63769 0.,15078 0.21153  0.04727 0.01118 0.01568 \
022 3,58 0.03432 0.00000 ©.41615 0.58382  0.0000C 0.01428 Q.02004

112 48.3 0.05339 0.39013 0©.09224 0.51763 ©,02083 0.00492 0.02764

13C 3.37 0.03602 0.319659 0.68031 0.00000 0.01152 0.02450 0.00000 !
131 40.0 0.07074% 0.28904% 0.61508 0.09588 0.02045 0.04351 0.00678
023 16,8  0.04728 0.00000 0.24050 ©.7594%1  ©.00000 0.,01138 0.03550
200 .82 0.02380 1.00000 0,00000 0,00000 C.02380 0.C0000 0.00000
ol L.83 0.03437 0.00000 0©.91940 0,08061 0,00000 0.03160 C.00277
113  11.6 0.04691 0.23686 0.056C1 0.70713 0.01111 0.00263 0.03317
132 3.65 0.05243 0,22447 047760 0.29784  0.01177 0.02505 0.01562 o
133 15.3 0.07394 0.16358 0.34809 0.48833  0.01210 0.02574 0,03611
)
)

114 10.2  0.07267 0.15282 0.03613 0©.81105 ©0.01111 0.00263 0.058%4
150 T.43 0.03690 0.14469 ©.85531 0.00000  0.00534 0.03156 0.03000 |
223  12.2 0.04836 ©.50434 0,11925 0.37641  0.02439 0.00577 0.01820
152 12,8 0.06243 0.12139 0,71755 0.16106 0.00758  ©.04480 0.01005
312 ~ 8.85 0.083%6 0.85201 0,02238 ¢.12861  0,07111 :0.00187 0.01048

= 0.99995 5.84548 7,67858 6.47596 ©.33121 0.33786 0.33001

s 0.2923 0.,3839 0.3238

rC\))II—'
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X-RAY DIFFRACTION OF HIGHLY
IRRADIATED URANIUM FUEL ELEMENTS

Wesley I. Clark

General Electric Company
Hanford Atomlc Products Cperation

ABSTRACT

A deszcription 1s given of the double
diffracting X-ray unit in the Radlometallurgy
Facility at the Hanford Iaboratories. This
equlpment 1s a modifled General Electriec XRD-3
diffraction unit, using a copper X-ray tube
mounted on the rotating goniometer. The
diffracted beam from the sample passes through
& shlelded 811t and is diffracted agaln by a
gingle aluminum crystal orientated for the
¢haracteristic Cu Ko, X-rays. The aluminum
crystal separates the diffraction pattern from
the background produced by the lrradiated
sample. The intensity of the diffracted X-rays
18 measured with a shielded proportional counter.

This equlpment 13 being used to study the
diffraction patterns of irradlated nuclear fuel
elements. One such study was to determinq‘the
grain orientation of uranium fuel elements that
failed durling lrradiation. Diffraction patterns
of samples reading 400 r at 10 1nches have been
obtained with this equlpment.

The radloactivity of the fisslon products produced during
irradiation presents two maln problems in obtalning X-ray
diffraction data from irradiated fuel elements. First, the
operator must be protected from excesslve exposure, and
second, the diffracted X-ray beam must be detected in the
presence of the high radloactlvity of the sample. For both
of these probhlems, the level of actlivity of the proposed
diffractlion samples will dictate the amount of shlelding
necessary for both the operator and the detector tube,
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In the Radlometallurgy Facllity at the Hanford Labora-
torles Operation the problem of personnel exposure was
golved by enclosing the X-ray diffraction unlt within a
6-inch lead brick cave. The cave measures 5 x 4 feet by
2 feet high with a 1/2-inch steel top. The high voltage
cable and cooling water hoses to the X-ray tube enter through
the top of the cave. The controls and drive to the goniometer
along with the electrical leads for lighting, to the propor-
tlonal counter, etec., pass through the walls of the cave.
Viewing 18 provided through an 8 x 10 inch lead glass window
mounted in the wall directly in front of the sample holder.
The sample 1s positlioned in the sample holder by a simple,
over-the-wall manipulator. The sample holder can be moved
to scan across the sample to the right or left of the center-
line of the X-ray beam, but does not rotate. An air pilston
holds the sample 1in position during the diffraction run.

Detecting and differentliating the X-ray beam from the
high background produced by the sample can be accomplished
with elther electronic discerimination or with an X-ray
optlecal system, A proporticnal counter and pulse height
analyzer are used 1n some unilts to discriminate between the
diffracted X-ray beam and the background. In these units,
the counter i1s heavlily shlelded from the sample except for
a small channel through whilich the X-ray beam passes.

The X-ray optlcal system consists of a diffractlon unlt
Joined to a flxed-angle X«ray spectrometer, In this system,
a single crystal l1ls used as a monochromator to separate the
diffracted X-ray beam from the high background., A counter
tube 18 poaltioned to detect the X-ray beam diffracted by
the crystal. The X-ray optlcal system 1s advantageous in
that 1t ellmlnates a straight line between the sample and
the counter tube, The geometry of this equipment’ (Figure 1)
13 covered 1n greater detall by Cummlngs and Gruber.i1)

By using the X-ray optlcal system, we are able to obtaln
X-ray diffraction patterns of irradiated samples reading in
excess of 400 r at 10 inches, This reading would be approx-
ilmately 2 x 107 counts/second. Although electronic discrim-
inatlon is used to cleanup the diffraction pattern, the
primary separatlon of the X-ray beam from the background 1las
achleved with the single crystal monochromator.

A General Electric XRD-3 diffractlon unlft was modifled
to accomodate the additlonal egulpment needed to obtaln

(1)Cummings, W. V., and W, J. Gruber. Technlques for X-ray
Diffraction Studies of Radiocactive Materilals.
General Electric Co., Hanford Atomic Products Operation,
Richland, Wash. USAEC Report HW-56170 (1960).
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diffraction patterns of the highly radicactlive samples. The
goniometer unlt was removed from the top of the power console,
mounted on a metal plate, and placed on a separate table. A
copper target X-ray tube was mounted vertlecally on the movable
ring of the gonlometer in place of the detector tube assembly.
Due to the large welght of the spectrometer and shielding for

the detector tube, the specfrometer unit was mounted stationary.

Mounting the X-ray tube vertiecally was necéasary due to the
length of the tube housing. A statlonary slit, located at the
former position of the focal point of the X-ray tube, 1s the
common point on the focal circles of both the diffraction unit
and the sgpectrometer,

The spectrometer consists of the above mentloned slit,
a single crystal of aluminum, a second sllt, and the propor-
tional counter tube., The two s81its and the surface of the
aluminum crystal are on the focal clrcle of the fixed angle
gpectrometer. A single crystal of aluminum was cut along
the (111) plane, ground, and polished on a 12-inch radius
and then bent to a 12-inch clrcle. This combination of
grinding and bendling produced a focusing crystal with a
6-inch radius., The crystal was aligned at a fixed angle to
diffract the characteristlec Cu Ka, wavelength from the target
of the X-ray tube. The second slit with the proportional
counter directly behind 1%, was placed on the focal circle
of the crystal, in position to detect the doubly diffracted

X-rays.

Bending the path of the X-rays wilth the single crystal
engbled 10 inches of lead shielding to be placed between the
sample and the detector tube. The X-ray beam passes through
& channel 1n the lead shilelding. By using a single-~channel
pulse helght analyzer in conjunction with the optic system,
a 400 r, irradiated uranium sample produced a background
of 40 counts/second. The maximum peaks of uranium metal
ugually fall in the range of 80 to 200 counts/second with
2 background count of 2 to U0 counts/second, depending on
the level of radloactivity from the irradlated sample.

[Since the above dilscription was written, the equlp-
ment has been modlfled. The maln change was to 1nstall a
horlzontal X-ray tube 1n place of the vertlcal tube
(Figure 2), The new tube holder houses a Phillips high-
intenslty X-ray tube. The Philllips tube is smaller than
the General Electric tube and will run at 50 kv ard 40 ma
(the standard G. E. X-ray tube 1s rated at 50 kv and 16 ma).
The new tube has increaged the intensity of the diffraction
peaks at least 2 fold.]

The double diffracting X-ray equlpment has been used
for various studles on a number of different materials. These
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studles have Included secondary phase identification in
uranium dloxlde, line broadenlng, lattice parameter determi-
nations, and preferred orlentation studles.

The samples that were studled for preferred orlentatlon
were fuel elements that falled during irradiation. Five fuel
element fallures and a2 normal fuel element adjacent to a
failure were run to determine the grain orientation of the
uranlum. The sample was cut transversely from the fuel element,
and the resulting dlsk was ground and polished as a normal
metallurglcal sample. After polishing, the sample was glven
a deep electrochemlcal etch to remove the worked metal., The
rate of surface oxldatlon was reduced by giving the sample a
light cathodlic etch and holding the sample under a vacuum
untll 1t was to be run on the diffractlon equipment, The
sample was positioned in the sample holder and the diffraction
data were recorded. In order to obtain an average texture
coefficlent of the total surface, the sample waa rotated
90° in the stationary sample holder between diffraction runs.
Four diffraction patterns were averaged to obtaln the average
texture coefficlent for each of the 18 planes studled.

Analysls of the pole figure charts from these samples
indicated a slight difference 1n the degree of orlentation
between the falled and the nonfalled samples. The orientatlon
of the samples was simlilar To that for the unlrradlated samples.

The results of these determinations are not conclusive at
thils time. A sufflcient number of control samples have not
been rmun to determine what the normal fuel element looks like
after 1rradiation., The future program calls for determining
the orientatlion on more normal, nonfailed fuel elements, to
determine the limlts of graln orlentation In normal lrradilated
fuel elements, Part of this program will be to compare pre-
irradiation data from small pleces cut from the fuel element
with the graln orientation after i1rradlation. From these
gtudles, we hope to learn what changes in orlentatlon take
place durling ilrradlation.

Work performed under Contract No. AT (45-1)-1350 between the
U, S. Atomic Energy Commission and the General Electric Co.
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INTERSITE EXCHANGE OF TUNGSTEN STANDARD SAMPLES

R. 3. Wood, Jr.

E. I. du Pont de Nemocurs & Co.
Savannah River Plant

SUMMARY

Tungsten diffraction standards were pre-
pared by J. P. LeGeros of the Savannah Rlver
Plant for X-ray diffractlion and were presented
to members of the Preferred Orlentatlion Committee
at the December 1961 meeting. Each member was
asked to diffract six planes and calculate a
standardized value for each plane,

There were wide and statistically signif-
icant differences between data from the varlous
sltes. Data was tested by the t test, however,
and the hypothesls that the data came from the
same population .ls at least 85% correct.

More work in intersite standardization of
methods 1g needed if meanlngful intersite ex-
change of data 138 to be accomplished.

Editorial Note: An Iinvestlgatlion by the editor revealed
that the difference among the measurements of the standards
at the various laboratories was due to differences in the
standards., ZEven though the standards were chosen from a
single sectlon of tungsten 1t 1s belleved that varlations
were Introduced during the preparation of the standards.
The standards were mechanlcally pollshed in an identical
fashion, but a final electropolish was not used. The polint
1s 11lustrated in Tables I and II as follows: note in
Table I that a great difference exlsts between values by
SRL and SRP for two different standard samples. However,
when the SRP standard was measured by SRL (gsee Table II),
the S8RP and SRL regults were nearly ldentical,
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DISCUSSION

The samples were prepared from 1/L-inch-diameter
tungsten welding rods cut Iinto 3/8-inch lengths. Ten
sections were mounted per sample and bonded with Koldweld.*
The chemlecal analysls made at the Savannah River Plant
indlcated approximately pure tungsten with trace amounts
of nickel, lron, and silicon. Samples were ground using
successively 120, 180, 240, 320, and 600 grit paper, and
then polished with 14, &, and 1/4% micron abrasive on cloth.
All samples were polished simultaneously, and approximately
1/16-1nch was ground [grinding generally introduces cold
work] from the surface toc remove effects of cold work. All
mounted samples were arranged ldentically.

Each committee member was requested to diffract the
011, 020, 1ll2, 022, 013, and 123 planes of tungsten. The
X-ray diffraction data from each member was submitted to
the Savannah River Plant and was standardlzed for each
diffraction run using the following formula:

. k1
hkl = % Ihin
N

where hkl = Mlller Index

Ihkl

the intensity

= gtandardlized value

2
i

hkl

N number of planes (6)

It

This calculation 1s simllar to the texture coefficlent
calculation used 1n preferred corientatlon work. The pre-
clsion for each plane at the 95% confidence level was
calculated from each laboratory using the relation:

t a
Precision = .28 _hkl
VNR~
where tg = t value at 95% confidence level
5

* Product of Precision Dental Mfg. Co., Chicago, Ill.
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standard deviation

Q
]

hkl

NR number of diffraction runs

Although 6 planes were diffracted, the data was sub-
gsequently modlfled to exclude the 011 plane because of =z
colncidence loss encountered by one member during the dif-
fraction of thls intense peak. Table I shows the modifiled
data. In the analysls of the data, 1t was hypothesized that
each plane, as diffracted by the various memberg, was part
of the same statistical populatlon. t tests were made using
standardized Intensity values to determine 1f this assumptlon
was true, The t tests indicated that the hypothesls was
correct 85% of the time. However, when the extremes for any
one plane were compared, the differences were 8o great that
Intersite exchange of data would be of limited use.
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TABLE 1

5 Plane Set of X-ray Diffraction Results From Tungsten.Standard Samples

Nuclear Bridgeport
SRP Metals Hanford SRL MCW Brass Total t t
! No. 1 No. 2 No. 3 No. % No. 5 No. 7 Samples Test Test
}G il 10 Runs 3 Runs 8 Runs 8 Runs 10 Runs 8 Runs 47 Runs  Smallest Largest
5 e a G, G g g Hih it
i hil Prec hkl Prec hkl Prec hkl Prec hkl Prec hkl Prec hkl Prec Chikl Chkl

020 0.8368 0101 O©0.7891 .0352 0.8825 0208 1.1i53 .0I27 1,1056 .Ol1l3 0.6730 .0293 0.9182 .o4g2  1.496 g
112 1.0897 .0075 1.2265 ,1737 0.9850 0364 0.6738 .0088 OC.7472 .0072 1.2329 .0494 0.9613 .0634%  1.333 1.259
022 0.6724% .006% 0.6528 .0369 0.9408 0406 0.9275 .0075 C©.8794% .,0093 0.7681 .0401 0.8232 .0326  1.357 1.059
013 0.8962 .0064 0.8909 .0943 0.8987 .0284 1.2288 .0075 1.1544 .0623 0.8576 .0338 1.0013 G448 0.943 1.492
123 1.5047 0136 1.4026 .0509 1.2028 o426 1.0545 L0175 1.113% 0082 1.4683 .08L2 1.2060 .0551  1.287 1.112
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hkl
200
211
220
310
321

TABLE

IT

SRL Diffraction Intensity Measurements
Performed on the SRP Tungsten Standard

Run Run Run Run Run Run Run Run Run Run
i 2 3 4 5 6 7 8 g 10
0.84351 0.84065 0.84324 0.83643 0.84383 0.85120 0.83588 0.83773 0.84187 0.84626
1.14186 1.13561 1.14504 1,13860 1.12096 1.13797 1.12844% 1.13795 1.12332 1.11926
0.61613 0.61802 0©.60689 0.62623 0.61680 0.61568 0.61611 0.62068 ©.61401 0.61706
0.90670 0.90024 0,90295 0.91039 0.51239 0.89581 0.90556 0.00737 0.90987 0.91785
1.49177 1.50546 1.50081 1.48821 1.50597 1.49928 1.813%95 1.49621 1.51088 1.49950
SRL Measurements SRP Measurements for Comparison
Average of Average of 10 Runs
hkl 10 Runs Prec From Table T Prec
200  0.84206 . 00346 0.8368 L0101
211 1.13291 .00657 1.0897 L0075
220  0.61676 .00346 0.6724 L0064
310  0.90691 .00k 52 0.8962 . 0064
%21 1.50120 .00579 1.5047 L0126

f



TECHNIQUES FOR MEASURING TEXTURE GRADIENTS
IN TUBULAR URANIUM FUEL ELEMENTS

B. G. LeFevre and E. F. Sturcken

E. I. du Pont de Nemours & Co.
Savannah River Laboratory

INTRODUCTION

It 1s known that beta treatment of uranlum can induce
preferred orlentation (texture).!*™®) The preferred orien-
tation is believed to be caused by rapid cooling (causing
steep thermal gradlents and, perhaps, assoclated stress
gradients) through the B - a transformation range. The
type of preferred orientation produced has been measured,
The grains generally have theilr "a" ecrystallographilc axis
in the direction of the thermal gradlent, and the preferred
orientation is most severe near the surface'*s3! of the
metal, where the cooling rate and temperature gradient are
most severe, and diminlshes toward the center of the metzl.
The preferred corientation is of importance because 1t causes
trradiation growth!*) in the fuel elements.

The fact that the preferred orlentatlion changes wilth
depth in the wall of the fuel element poses a s8pecilal
problen for makling X-ray diffraction measurements of pre-
ferred orlentation (P0O) and for interpreting the PO in
terms of the amount of Iirradiation growth it will cause.
Measurements must be made at a number of depths in the fuel
element wall, and a sufficlent number of measurements must
be made at each depth to overcome the statistical fluctu-
atlons in diffractlon Intensity due to the large graln size
of peta-treated uranium. Because of teXture gradients and
temperature gradients, the strain arising from irradiation
growth will be different at different depths in the wall of
the tube. The growth wlll be 8¢ complex, that to predict
it, it will be necessary to use an empirical approcach in
whlch the measured texture gradlent willl be callbrated
against observed lrradiation growth.

This report describes the development cof technigues for
measuring texture gradlents and the application of thesge
teehniques to the measurement of texture gradlents in thick-
walled, tubular uranium fuel elements. The sample preparation
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technigques are modifications of methods first deveioped at
Naticnal Lead Company ¢f Ohlo by Morton and Thudium, (37 ¢

The tubes studled were 8 inches long X 2.754-1inch 0D x
0.420-1inch wall and 8-inch long x 1.374-inch OD x O.420-inch
wall. The tubes were heat treated by submerging (vertically)
in molten 50/50 wt % NaCl/KC1l at 730 +10°C for 8-10 minutes,
then transferring within 10 12 seconds to "Houghton-K" oil
at 55 %10°C,

SUMMARY

Sampling technlgques were developed for measurlng pre-
ferred orlentation gradients in thick-walled tubular elements
by X-ray diffraction. The techniqgues enable texture co-
efficlents and growth indices to be determined for the radlal,
tangential, and longltudinal directlons at various points
acrcss the wall of the tube.

The techniques were used to determine texture gradients
in beta-heat-treated, oll-quenched uranlium fuel elementes,.
The results of the study were as follows:

1. PO measurements across the walls of two large
diameter (2.754-inch OD x 0.420-inch wall
thickness) and two small diameter (1.37k4-1inch
OD x 0.4%20-inch wall thickneéss) fuel elements
showed that all fuel elements had texture gradil-
ents that were most severe on the surfaces of
the elements and least severe 1n the centers
of the elements.

2. Contrary to previcus conceptlons, the texture
was not a "skin" effect but varied from the
surface to the center of the element.

3. The magnltude of the textures for the elements
meagsured were as follows:

Growth Index* (G}
Inner Surface Center OQuter Surface

Longitudinal +0.04 0.0 +0.09
Tangential +0.07 -0.02 +0.13
Radisl -0.07 +0.06 -0.10

* A value of Gs = 0.087 caused a length change
of 48.5% for 0,17 atom % burnup in uranium
rods irradlated’”! (unregtrained) in Nak
capsules. Cladding restralint would reduce
this value by a factor of 10 or greater,

- 36 -

e



ta

4, Textures were generally simllar for the
tangential and longitudinal directions,
probably because these directions have
similar thermal gradlents durilng heat
treatment.

5. The magnitude of the growth index 18
generally larger on the outer surface than
on the inner surface, probably because of
the steeper thermal gradlent during trans-
formation. ‘

6. Caleulation of thermal expanslcn co?gficient
(TEC) gradients from the X-ray data shows
that for the tangentlal and longitudinal
directions the TEC 18 approximately 5 to 10%
higher in the center than on the outside of
the element, but for the radial direction the
TEC 1s approximately 10% higher on the ocutside
than in the center of the element.

7. Inverse pole flgures were constructed to show
the types of PO at the center and on the out-
glde surface of the fuel element. The figures
show that the cuter surfaces of the element
have relatively large numbers of (100) plane
poles oriented radlially and (011), (041), and
(C10) plane poles oriented tangentilally. The
center of the element has falrly large numbers
of (023) and (0O41) plane poles criented radlally
and large numbers of (100) poles oriented tangen-
tlally.

DISCUSSION OF EXPERIMENTAL PROCEDURE

PREPARATION OF X-RAY SPECIMENS

The texture gradlents in the fuel elements were measured
by using the sampling scheme shown 1n Flgure 1. The machlning
and mounting techniques are discussed 1n detaill in the Appendlx.

For the radial directlon, a single composite sample was
prepared from thin slices cut from the tube parallel to and
"straddling" the radius. To determine the graln orientation
ag a function of wall thickness of the tube, thils sample
was examlned at different depths from outer surface to 1lnner
surface. The radial gllces were made thin enocugh that the
maximum devlatlon of the polished surface from a true radial
direction was t4,5°,
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a) RADIAL SAMPLING SCHEME
Rufiul [

Longitudinal
‘r
e N
=
%
% o
Radiol % Radicl

b) TANGENTIAL SAMPLING SCHEME
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c) LONGITUDINAL SAMPLING SCHEME

x Longitudingl
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FIG. 1 SAMPLING METHOD FOR MEASURING TEXTURE GRADIENTS
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For the tangential directlon, a set of ten composite
samples was prepared, each sample composed of thin strips
taken from a particular depth in the wall of the tube. The
strips composing the mounted samples were made 0.060 inch
thick, sc¢ that each sample represented the average grain
orientation of the tube in a tangential dilrection over a
range of 0.030 Inch along the radius.

For the longitudinal direction, a sampling scheme similar
to that of the tangentlal directlon was used. Ten samples
were prepared, each one composed of ring segments taken from
a particular depth In the tube wall and mounted 1in a longiltu-
dinal direction, The rings were 0.060 inch thick, so that
each sample represgented an average orientatlon in a longltu-
dinal direction over a range of 0.060 inch along the radius,

X-RAY MEASUREMENTS

The X-ray measurements were made by the ftechnigues des-
eribed previously{4,®2} with a Norelco diffractometer and
recording unit. Diffraction peaks of 21 crystallographic
planes were studled wlth Cu Ka radiation.

The samples were placed in a one-inch dlameter rotating
specimen holder, and the incldent X-ray beam was llimited to
a size of approximately 1/2-inch by 1/2-inch square (at 30°
26) at the center of the sample surface, With the sample
rotating, an area of approximately 0.3 square 1inch on the
sample gurface was lllumlnated by the beam. The 1incldent
beam was collimated by an adJjustable 811t mounted near the }
sample, as shown 1in Flgure 2. Thls method of ccllimating
produced a sharply defined beam of uniform Intensity upon
the sample.

Several scans, each at a new graln depth, were averaged
to obtaln a reliable G, value for each peoint., This was
necessary, since too few grains are "seen" in a single scan
to get statistlically significant intenslty measurements.

For the radlal directlon the Gz value at each polnt was
determined by averagling four or s1x scans, and for the
tangential and longitudinal dlrections three runs were aver-
aged for each polnt. Between successive runs approximately
0.002 1inch of metal was removed by grindlng and polishing
through #1 diamond dust, and an additional 0.0005% tc 0.001
inch was removed by electropolishing Iin a chromlc-acetic
acld solution.
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FiG. 2 VIEW OF X-RAY DIFFRACTOMETER SHOWING ADJUSTABLE SLIT
MOUNTED NEAR SAMPLE

PRELIMINARY PO MEASUREMENTS

Preliminary measurements were made 1n the radlal direction
only on four tubes {two 2.754-inch OD x 0,420-inch wall and .-
two 1.3T4-1nch OD x 0.420-1inch wall}! by a different specimen }
preparatlion technique to get an approximatlion of the shape
of the texture gradlent and the number of scans necessary
to acecurately determine it, This was dene by mounting a
gectlon of the tube as shown 1n Flgure 3 and makling X-ray
scans at various depth intervals wlth the X-ray beam confined
to a small area of approximately 0.05 square lnch In the
center of the sample. Thils technlque has seriocus limitations
for determining texture gradlents accurately, since the
beam must be limited to a small area 1in order to hold the
direction of interest within a reasonable tolerance. The
small beam area results 1n a large scatter in the data.

The advantage of the method is that the specimens are easy
to prepare., The technique waz used only ag a method of
obtaining preliminary data qulckly. Three to flve runs were
averaged for a single Gy value, wlth approximately 0.003
inch of metal being removed by polishing bhetween successive
runs,
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FIG. 3 TECHNIQUE FOR MAKING PRELIMINARY TEXTURE GRADIENT
MEASUREMENTS IN RADIAL DIRECTION OF FUEL ELEMENT

LIMITATTIONS

Certaln errors are inherent in the problem of measuring
texture gradients in tubular elements beczuse of the finite
thicknesses of the pieces that go into the composite samples
(Figure 1}. These deviations from the ldeal case can be
minimized, but not completely eliminated, since the pleces
mugt be machined tc some practical size.

For a radial sample the direction being studied at any
polnt deviates from a true radlal direction by as much as
+ arctan T/2R, where T is the thickness of the strips composing
the sample, and R 1s the perpendilicular distance from the
center of the tube to the speclmen surface. If the atrips
are made 1/8 inch thick, the maximum deviation for a 2.T754-
inch OD x 0,420-1inch wall element 1s Z4,5 degrees at the

inner radius of the tube.

For tangentlal and longltudinal samples, each X-ray
measurement represents the average graln orlentatlon over
an interval of T inches along the radius, where T 1ig the
thickness of the strips (or ring segments) composing the
sample. For thils reason the pleces would have t¢c be made
very small ln order to detect sharp changes in orlentation.
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RESUL.TS
GROWTH INDEX MEASUREMENTS

Figure 4 shows how G5 varies as a function of wall
thickness for the radlal, tangentlal, and longitudlnal
directions of the 2.754-inch-0D x 0,.420-1nch-wall-thickness
tube that was studied in detall. The vertical spread on
each point represents the extreme values in the group that
were averaged, and the vertical dotted lines represent the
inner and outer walls of a fuel element machlned to cladding
dimensions.

The curve: 1n Flgure 4 show that the grain orlentation
varles smoothly and continucusly across the wall of the
fube. The curves are approximately symmetrical about the
center of the wall, aa would be expected 1f the texture
gradient iz dependent upon the thermal gradient durlng
‘quenching from the beta phase, as 1t 18 reported to pe.(*!
For each directlon, the (5 value near the 0D 1s greater in
magnltude than that near the ID. Thils 18 consistent with
the fact that during quenchlng the thermal gradlent is
greater near the outer surface than the inner surface. It
18 alsc conslstent with the cobservatlon that durlng irradl-
atlon the 0D changes more than the ID.

+o.IOL
+0.08

[ TN

LA 11 ‘i’
| \L L
=005 !
ﬁ’w RADIAL
1 DIRECTION ]
bl 1 T T
01— ! r
i :
+015—
1
' TANGENTIAL
+010, DIRECTION —— ~——] —

Gs
+0.05|

N,
1

T
LONGITUDINAL
s 1 DIRECTION A
_‘N‘\F ? L 1A

=7 =)

-005
+OU0y

+Q.05

S AN

RS P

zq—]R E OR~=

08957 1.00 119 .20 1.30 1.377
Wall Thickness, inches
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OIL -QUENCHED TUBE. Alloy composition: 534ppm C, 28ppm Si, 15ppm
Al, 117ppm Fe. (Identification Neo. 92770B-17)
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The preliminary measurements made on the four oll-
quenched fuel elements in the radial direction indicate
that similar fexture gradlentg exist In all of the elements
{(FMgures B and 6); however, detalled examination in three
directions was not made for each ocne. Because of the large
scatter in the preliminsry data no attempt was made to
draw curvesg through the points,

RELATION OF TEXTURE GRADIENTS TO IRRADIATION GROWTH
OF FUEL ELEMENTS

It 1s very difficult to predict the type of growth
which wll1l result from the observed texture gradlents. Each
increnental annulus of the tube has a different growth lndex
and operates at a different lrradlation temperature and with
different restraining stresses. Since growth 1s temperature
dependent, (*®) for a glven growth index, the growth will be
highesat for the lowest temperature and lowest for the highest
temperature. Each annulus wlll be restrained and will inter-
act with its neighboring annull., The varylng temperature of
the metal wlll cause 1t to be strongest on 1ts coolest annuli
and weakeat on 1ts hottest annuli. The varylng TEC willl in-
troduce additional complexlty. Considering only the texture
gradlent, the general "tendencles" for growth are shown
schematically In Figure 7. The wall of the tube may be divided
into three reglons each having roughly the same thickness:
annull near the outer and inner surfaces which tend to shrink
radlally and grow tangentlally, and a center annulus which
tends to grow radially and shrink tangentlally. Quantita-
tive predictlon of growth will require some i1rradiatlion tests
of tubes with measured texture gradlents.

INVERSE PCLE FIGURES FOR URANIUM TUBES

The type of texture present ln each of these regions 1is
shown by inverse pole figures in Figure 8. The outer annull
have a high conecentration of (100} plane poles orilented in
the radlal direction and high concentrations of (010), (C41),
and (011) plane poles orlented in the tangential direction,
This leads to a negative radlal Gz and a positlve tangential
Gs. In the center annulug there 1s a falrly hilgh concentra-
tion of (023) and (041} poles, together with an aksence of
(100) and (102) type poleg in the radial direction, which
leads to a positlve radlal Gs. Thils high concentration of
{100) poles criented tangentlally 1in thls regilon gives a
negative tangential Gs.
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THERMAL EXPANSION OEFFICIENT GRADIENT

The same grain orientatlion data that are used to calcu- :
late Ga may(alsg be used to calculate the thermal expansion
coefficient °** (ay) of the sample.

Curves showlng how o varies as a function of wall
thickness for the radial, tangential, and longltudinal
directicons are shown in Figure 9, For each direction the
a,. curve looks lilke an inverted Gz curve, with the vertlcal
axls different, however; again the sllight asymmetry between
the inner and outer surfaces 1s pregent. The maxlmum
variation of ay across the wall is approximately 10% for
the radial directlon, 10% for the tangential direction,
and 5% for the longitudinal direction. Thermal expansion
coefflclents were also calculated from the preliminary radial {
data that were gathered, and curves are shown in Flgures 10
and 11.

The thermal expansion coefflcients are averaged over
the temperature range of 27 to 300°C. Strictly speaklng
the expanslon coefficients should be evaluated at each
temperature interval across the fuel element. However,
the present reasults are lntended to be only qualitatlve in
nature,
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APPENDIX

PREPARATION OF SPECIMENS FOR :
TEXTURE GRADIENT MEASUREMENTS

Machining of Samples
RADIAL SAMPLES

Sampling Scheme

Flgure la shows the smampling scheme used for the radial

direction. Longltudinal strips are cut from a sectlon of

the tube straddling the radlus. Several of these strips are
then mounted together to give a composite sample. To measure
the radlal texture gradient as a function of radlal posltion,
the sample 18 then ground perpendlcular to the radius, and
X-ray scans are made in whatever lncrements are necessary to
glve the desired number of points.

Machining Technique

General Descripfion. The radlal strips descrlibed above
are cut on a milling machine 1In the manner shown in Figure 12,
A sectlon of the tube 1s cut off and placed on a steel mandrel, -
and the strips are cut by "straddle milling"; the cutters are |
held apart the correct dilstance by steel spacers. The cuts
are made completely through the wall of the tube in one pass.
On speclmens prepared from large dlameter tubes, 1/16-inch
carbide slitting saws were used at a speed of 4% rpm and
1/4-4nch/minute feed. These machining variables, 1.e.,
cutters and speeds, are important since reasonable tolerances
are difficult to hold 1f different cutters and/or speeds are
used. If the strips are made 1/8 inch thick, slxteen of them
can be machined from a section of a 2.754-inch 0D x 0.420-inch-
wall tube.

Mandrel. A steel mandrel 1s used to hold the materilal
durlng machlning. It 18 shown in detall in Flgure 12. The
central shaft of the mandrel flts snug agalnst the inner
wall of the tube, and the lock nut on the end holds the ring
firmly, so that the cubis can be made completely through the
wall of the tube without any slippage or misalignment of the i
plece belng cut. The grooves 1n the mardrel are precut by
the machinist to help gulde the cutters.
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Lathe Cutting the Ring Ring

Mandre! for Mounting Ring Straddle Milling Radial Strins

FIG., 12 METHOD USED TO MACHINE RADIAL SECTIONS

(see also Migure la)

TANGENTIAL SAMPLES

Sampllng Scheme

Flgure 1b shows the method used to make tangential
samples. Note that a serles of composlte samples are made,
each representing a certaln polnt alcng the radlus of the
tube. A sectlon of the tube 1is flrst cut Into strips
similar to those of the radlal samples, except that one
surface 1s along a true radlus, rather than simply parallel
to a radius. These pleces are then cut 1into strips 60 mlls
wide and mounted together with the true tangential surface
exposed as shown. Each of the pieces in a silngle sgample 18
taken from the same polint, x, along the radius. In order to
measure the preferred orlentation at ten polnts along the
wall of the fuel element, 1t would be necessary to stagger
the smaller strips in the manner shown iIn Flgure lb.
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Machlnling Technique

To machine the larger strips a
that of the radial

are made along a true
To cut the smaller sirips

General Descriptlon.
straddle-mllling method identlcal to
8cheme 13 used, except that the cuts

radius rather than astraddle cof 1it.
2 mllling machine 1s used 1n the manner shown 1n Figure 13.

One-sixteenth-inch carblde cutters, with 43 rpm and 1/4-1nch
table feed, are used in both operatilons.

e : s
Tunge_m\m/’/_,"k’EL- \\ Y
;oo \ “_‘.‘
A
-

AN
Longitudingl A
.
-

Straddie Milling Radial Strips

Milling Small Segments from QD to D

Mount for Cutting Strips into Smaller
Segments from 0D ta ID

FIG. 13 METHOD USED TO MACHINE TANGENTIAL SPECIMENS
Mandrel and Holder. The mandrel used in cutting the
larger tangentlal pleces is identical 1n nature o the one
used for machining radlal strlps. A brass holder 18 used
for cutting the smaller strips and is shown in detall in

Flgure 13.
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LONGITUDINAL SAMPLES

Sampling Scheme

The samplling scheme used for the longitudinal directilon
1s shown in Flgure lc. The method 18 similar to that of the
tangential 1n that a series of composite samples are made,
each representing a certaln point along the radius cf the
tube; however, ilnstead of cutting strips from flat sectlons,
a serles of concentriec rings 60 mlils thick are cut from the
tube, and the rings are cut into segments. The segments
from a given ring are then mounted together intc ocne sample
repregenting a single polnt along the radius of the tube,
The inner radll of the segments are changed as shown 1in
Figure lc to make them f1t more snugly 1n the composite
gample.

Machlning Techniques

The machlning of the concentric rings 1s done on a lathe,
Figure 14. The rings are cut into segments using an aluminum
mandrel on a milling machine (Figure 14). Thin slitting saws,
20-mils thick, may be used here to save material, since the
rings are thin and the direction of the cuts not too criltiecal.
The segments are "radlused" on a lathe by the method shown in
Figure 14. Emery paper 1s glued to a shaft with the same
radiug ag that deslred, allowing for the thicknegs of the
raper. A shaft 1s necessary for each size ring; however,
"Micarta,"* which 1s cheap and easlily machined, may be used,
and turned down tc smaller dlameters as the work progresses
to smaller rings,

Mounting of Samples
REMOVAL OF COLD WORK

Before the machined pleces are grouped and mounted
into composite samples, whether for the radlal, tangential,
or longitudinal directlon, 1t 1s necessary to remove the
cold-worked layers on the lateral surfaces, l.e., the surfaces
perpendicular to the surface belng scanned. These cold-
worked layers are produced by the machining process, and 1t
was determined by observing the triplet on several machined
gpamples that a cold-worked layer as deep as 3 mlls is pro-
duced by the carblde slitting saws (a lesser amount 1s pro-
duced by the lathe and by grinding). If the pleces composing
the sample are only 60 mlls in width, the cold-worked material
then composes as much as 10% of the total area being scanned.

* Trademark of Westinghouse Electrle Corp.
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Tuming Rings in the Lathe

Milling the Segments from the Rings Radiusing the Inner Surface of tha Rings
to Make Them Fit Snugly in the Composite
Sample

FIG. 14 METHOD USED TO MACHINE LONGITUDINAL SECTIONS

It is therefore necessary tc remove about 4 mils from each of
these surfaces. On the radlal pleces 1t can be removed by
grinding and electropolishing, but on the longltudinal and
tangentlal pleces 1% 1s best done by electropolishing alone,
since these pleces are very small.

MOUNTING TECHNTIQUES

The ¥-ray samples are mounted 1n a clear epoxy resin,
or some simllar material that 1s not atfacked by the electrc-
polish sclutlon and does not glve diffraction spectra. The
pleces are placed together on a flat, machlned block inside
a one-inch-dlameter ring, wlth the viewlng surface down
(Figure 13a). Care must be taken to see that the pileces
fit together tightly to eliminate voids and that they are
not tilted. A conducting silver paint 1s spread over the
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back of the sample to ensure good electrical contact between
all pleces for the electropolishing operatlon. Typlcal

radial, tangentlal, and longitudinal samples are shown 1in
Flgure 15b.

a. Method used for Mounting Radial, Tangential, and
Longitudinal Pieces into Composite Samples.

b. Typical Radial, Tangential, and
Longitudinal Specimens ofter Mounting

FiG. 15 MOUNTING TECHNIQUE FOR X-RAY SPECIMENS

MATERIAL USED

In preparing samples from the 2.754-1nch-0D x 0.420-1nch~
wall tube the compeoslte samples are made large enough to
completely contaln a rectangular X-ray beam approximately
0.6 inch on the diagonal, as the sample 18 rotated., To
accompllish this, the radial sample may be composed of filve
strips, 1/8 ineh thick; the tangential gsamples, of twelve
strips, 60 mils thick; and the longltudinal samples, of twelve
ring segments, 60 mils thick,
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The preparation of one radial sample, ften tangentlal
samples (determines texture at ten points), and ten longi-
tudinal samples requires approximately a five-inch length
of an cuter fuel tube.
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DETERMINATION OF GRAIN SIZE IN URANIUM FROM
STATISTICAL FLUCTUATIONS IN X.RAY DIFFRACTION INTENSITY

E, F. Sturcken and W. E. Gettys

E. I. du Pont de Nemours & Co.
Savannah River Laboratory

INTRGDUCTION

An X-ray technlque was developed by Warren!®) for deter-
mining grain size from measurements of statiastical fluctua-
tions in X-ray diffraction intensity. Warren's equatlon for
graln slze was modlfied by Sturcken and Gettystz) to make
1t valld for materials with high absorption coefficlents
and/or large grain size.* The modified equation is:

oy Jholiry  (¥-¥)E> (1)
(P> = m2 sin g 72

where {D®> is the average squared graln dlameter, j 1s the
multiplicity of the diffractlon peak, A, 18 the X-ray beam

area, I 13 the s80llid angle contalning the plane normals that
contribute to the diffraction peak, Y 18 the number of counts
from any one sample position, Y is the average number of counts,
9 18 the Bragg Angle, r = p'/p = relative density of the sample,
p! = density of the sample, P = density of a crystal (p = o'

for a metal and r = 1), If there 18 preferred orientatlon in
the sample, the Integrated intensity of the peak 1s v times

what 1t would have been for random orlentatlon.

The modlfled equatlon was tested 1in the present report
by applying 1%t to grain slze measurements of beta quenched
and annealed uranium,.

* In these cases the penetratlion of the X-ray beam is
smaller than the grain dimensions,
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SUMMARY

The modified grain size equation was tested for quench-
annealed uranium. Values calculated from equation 1 using
the X-ray statistlcal fluctuation method agreed well wlth
metallographic measurements on the same sample. Hence, 1t
1s concluded that equation 1 1s correct for application to
materlals where the X-ray beam penetrates less than one grailn
depth.

The grain diameter, {DZ> %, obtalned from the X-ray
measurements was found to depend on the solid angle,
and varied from {D2>% = 42 to {DZ>% = 83 microns for
solld angles ranging from = 1,25 x 107™° to O = 10.8 x
10™°, The dependence of <D2)> % on Q is primarily due to
substructure within the grains and 1s due to a lesser extent
to divergence and defocusing of the X-ray beam., (The grain
size equatlion was derived for a perfectly parallel beam,)

A metallographic graln size distributlion analysis of
463 grains ylelded a grain dlameter of 108 microns with 68%
of them in the range 53 to 142 milcrons.

The agreement between the X-ray and metallographic
measurements 1s excellent conslidering the limited resoclution
of the metallograph and the defocusing and divergence errors
in the X-ray.measurements.

In addition to 1lts appllcation to grain slze measure-
ments, equation 1 above 1ls also valuable for computing the
expected variance in texture coefficients(®) for a given
number of samples and a known grain slze, or for computing
the number of samples required to obtain a texture coefficlent

with a glven preclsion when the grain size is kn¢wn.
DISCUSSION
X-RAY MEASUREMENTS OF GRAIN SIZE

Apparatus and Procedure

The obJect of the experiment is to measure the differences
in diffraction 1ntensity obtained, for a gilven reflection,
(hkl), by diffracting from various positions on the surface
of a uranlum sample. The area of the beam 1z made small enough
compared to the graln slze so that such differences occur and
are large enough to be readily measured., These counts, called
Y counts, along with the beam area and the so0lid angle, through
which the sample 18 rotated during a Y count, may be substituted
in equation 1 to calculate the average squared grain dlameter.
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The uranium was prepared by heat treating a section
1/8-1inch thick x l-inch dlameter at 700°C for 3C minutes,
quenching in water at 23°C, and annealing at 61%5°C for
30 minutes. The sample wag mechanleally polished through
#1 diamond dust and electropolished(4) to remove cold-worked
metal, The sample was 1in the form of a disk, 31/32 inch
in diameter. Conventional Norelco diffractlon equipment was
uged in conjunction with a proportional counter and pulse
height analyzer. The sample was mounted 1n a Noreleo splnner
{(Figure 1). When in diffracting position the sample was
rotated through the necessary sclld angle by means of a motor
mounted on the shaft of the Norelco spinner,

Different sample positlons were obtalned by rotating
the spinner, which is graduated 1n degrees, from one positlon
to another. The {(111) plane was chosen for the measurements .
to obtaln each count; the counter is set at the proper 26
pesition for reflection from the {111) plane; and the counts
are taken as the sample 1s rotated through the angle ¢.
Counts were taken at twelve posglitlions by rotating the spinner
in steps of 30°, Steps of 30° were required to avoid over-
lapping positions. Additlonal sets of twelve counts were
obtalned by polishing the sample to a different grain depth

TOP VIEW

T, "T

Slit
COUNTER
Le;gfh (Stationary)

X-rgy > — — —

Square slit definin

beam area A, (Small gymple position changed
enough to neglect by rotating Norelco
divergence) Spinner about a.
|2 positions were measured
for each sample surface,

X-ray -a

Flat sample
Beam ' P

SIDE VIEW

The ¢ rotation is about the same axis as the spinner. With the specimen in some
position, @, (Top View } and the counter stationary af the center of a peak (we used
(111)}, counts are taken while the specimen is rotated through the angle ¢. The product
of ¢, the angle subtended by the receiver slit length (Top View), and the angle ¢ gives
the solid angle (.

FIG. 1 DIFFRACTION GEOMETRY FOR URANIUM GRAIN SIZE
MEASUREMENTS WITH NORELCO DIFFRACTOMETER
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and repeating the procedure. Because of the high absorption
coefflclent of uranlum 1t was requlred that the same degree
of "smoothness" exist on each surface that was measured;
otherwlse nonstatistical fluctuations would occur because of
differences in absorption. Other detalls of the diffraction
geometry and experimental conditions are given in Filgure 1.

Number of Measurements Requilred

It was necessgary to determlne the number of diffraction
intensity measurements (¥ counts) reguired to determine the
graln slze. The number wlll vary depending on the graln sgilze
belng measured and the precision desired. The number was
determined by plotting<:D > % versus the number of Y counts.
<]D2> 3 was calculated beglinning with the Eﬁth meagurement
and adding one each time. 4 plot of<:D > 2 versus the number
of Y counts ig shown in Flgure 2. For the graln size being
measured about 50 counts are required to ags8ure a preclaion
of about 10%, and the value of<(D2)>? levels off to about
+2% after 90 counts.

85
l [ [
80
{111) reflection
= .0252cm2
Q=54xi0"3

A

h

A\

.. Y\
\Y) \__1M

. MMape

E | l |

20 30 40 50 €0 70 80 90 100
Cumulative Number of Y Counts

60

FIG. 2 GRAIN DIAMETER, <Dz>|/2, VS CUMULATIVE NUMBER OF Y COUNTS

Effect of Solld Angle on Graln Slze

As far as equatlion 1 18 concerned, any solld angle that
gives a sufficlent number of counts above background should
be acceptable. The s0lld angle 18 however affected by sub-
structure 1n the gralns, since a solld angle smaller than the
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sub-boundary angle between two grains willl cause the sub-
structure to be resolved, and each subgrain wlll register
a3 a separate graln. However, 1f the solld angle is larger
than the sub-boundary angle between the grains, the sub-
structure is not resclved and all the subgralns reglster as
a 8ingle grain. From these conslderations, 1t was declded
to perform the experlment over a range of solld angles. In
addition, the uranium used in the experiment was annealed
to minlmlze substructure.

Effect of Preferred Orlentatlon on Grain Size Meagurements

The effect of preferred orlentation was largely avoided
by heat treating the uranium so as to produce an approximately
randon orlentatlon. Orlentation effects are never serilous
in this type of experiment for two reasons:

¢ The preferred orlentation can be measured, and
its effect is included in equation 1 as a factor,
v, Which 18 eguivalent to the texture coefficlent (2!
of the reflection belng used,

¢ Equatlon 1 computes {D®), the average squared
grain dlameter., Hence, upon taking the square root
to obtain {D%> 2, the preferred orientation factor
v 1s reduced to ¥ .

Resgults

The X-ray measurements of graln dlameter are shown for a
range of solid angles (& = 1.25 to 10.8 x 107°) in Figure 3.
Note that for each s0lld angle the graln size is plotted
as a function of the number of Y counts in groups of twelve.
Groups of twelve were chosen because that was the number of
Y counts obtained from a given sample surface. Hence, each
unit along the absclssa of the plot was obtalned by pollshing
the sample to a new depth. The fact that twelve Y counts
are insufficient was demonstrated in Figure 2 but 18 shown
more emphatilecally in Figure 4, where the grailn dlameter cal-
culated from individual groups of twelve Y counts 1s compared
with the grain diameter for cumulative groups of twelve Y
counts up to a total of 120 Y counts or ten groups. It is
gseen that individual groups of twelve gave results ranging
from 27 to 52 microns.

1
A plot of grain dlameter {D*> 2 versus solid angle
1s shown in Figure 5. The decrease 1n graln slze with
decreasing solld angle ls due to substructure in the gralns,
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FIG. 3 GRAIN SIZE, <D2>%, ¥S CUMULATIVE NUMBER OF Y COUNTS f

The continued increase in grain slze at solld angles larger
than the sub-boundary angles between the gralns could be due
to several factors: :

¢ Defocusing caused by rotating the sample through
large ¢ angles. Such defocusing decreases A5,
because a certaln fractlion of the lrradlated portion
of the sample would be too far off the focal clrcle
to be focused at the narrow recelving slit,

¢ There 18 gsome divergence in the X-ray beam
(~ 1 degree) that is not taken into account
since the grain size equation 1s derived
for a parallel beam., The dlvergence angle of
the beam changes slightly with changing ¢
(and hence ). -
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It 1s therefore concluded that the contlnued increase in
{D=> & at large solld angles 1s an effect due to inperfect
experlimnental conditione and can be decreased or eliminated
by improving the focusing conditlons during rotatlon through
¢ and/or by decreasing the divergence of the X-ray beam.

METALLOGRAPHIC MEASUREMENT OF GRAIN SIZE

The metallographlce measurements were made on the same
gample that was used for the X-ray measurements. FPhotomlcro-
graphs were made on a metallograph using polarlzed light.

To distinguish between small-angle graln boundaries, three
photomicrographs were made of the same area on the sample,
each for a different orientatlon of the specimen stage. The
three photomlcrographs were examined slmultaneously, and
all grain boundarles marked on one of them. The whole pro-
cedure was repeated for a different area on the sample. To
determine the area of the gralns, the grains were cut from
the photographic paper and welghed. The callbration data
for convertlng welght to area are shown in Table I and
Figure 6. A total of 463 grains were measured. The grain
area distribution is glven In Table II and FigurelT. The
mean graln area gave a mean graln diameter,(ﬁD2>‘§, of 108
microns. The mean grain area, { A), 1s computed as an area
weighted‘g) mean, that is: T

§ n, Ai
CAD = (2)

=
/ 4

(.\ICI.5 )/

o /D
b
<|.0

L~
/ lArea = (22.08) Mass
5 1o
0 | [ | i |
0l 02 .03 04 05 06 .07 .08 09 10
Mass, g

FIG, 6 CALIBRATION CURVE TO CONVERT MASS TO AREA
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TABLE T

Calibration of Weight Versus Area for Photographic Paper

_hree (Y], Welght (X}, Ly @
By, 0. gratn X ¥ % 10
0.50 JopgeR 22.52252 .01110 4,9284 '
0.30 L0132 22.72727 .00396  1.Th24 -
1,05 .0l4gg9 21,04208 .05240 24,9001 -
1,32 L0590 22,37288 07788  3u4.8100
0.11 L0084 20.37037 .00059 0.2916
0.28 .0L13h 20.89552 00375 1.7956
0.20 LO0GY ‘91.27660 .00188 0, 8836
o.h7 .0z212 22.16981 .00996 b, hghy
0.57 0271 21.03321  .0154s8 7o 3h41
0.85 .0389 21.85090 .03307 18,1%21
1.88 L0853 22.03986 .16036 72,7609
1.47 06k 22.79070 .09482  41.6025
.10 001 24, 39024 L0004 0.1681
©.15 .0072 20.83333 ,00108 0.5184
0.07 L0033 21.21212 ,00023 0,108y

(L66gY 211,281
Y=mX+C
For least sguares it:
- X2
(zx)% - W(zx*®)
In this case, € = O; hence (£x)(zxy) - (Zy)(=x®) = 0

Endz&xaﬁ—%ﬁﬂm=§§¥-=22.08

C =

where n,_ 18 the number of gralns of area A , k being the
kth gra%’l. To compute the average diamete%, <D2>‘5, 1t 1is
asgumed that the gralns are spherlcal, which, of course,
18 not true, but 1s convenlent for comparitive purposes.

<Ay = —f= <D%> (3

The reason for using an area weighted area to compute<:D2>%
1s that this i1s the kind of quantity that 1s actually
measured by the X-rays.

The grailn area versgus the cumulatlve per cent of
total area 1s plotted in Figure 8. This plot shows that
68% of the total graln area is composed of grains with
diameters, {D®> %, ranging from 53 to 142 microns. The
gtandard devilation 1s one half the difference between theae

values or 45 mlcrons. A micrograph of a typical area of
the specimen employed for these experlimentg is given in

Flgure 9.

It should be noted that the grain size reported for
both the X-ray and metallographlc measurements were for
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observations on plane surfacesgs. Such observations would
yvield a range of sizes even 1f the grains were all of the

same shape and volume. A more correct analysis, called
spatial grain size analysis, has been desceribed by Scheil(s!
and Johnson'®!, 1In the latter author's work, the variation

in graln area caused purely by random sectioning 1s corrected
for so that the graln area distrubutlon more nearly represents
true variations in the sizes of the grains.

TABLE II

Anglysis of Orain Areas For Quenched Annealed Uranium

Number Area (Area) 2 {Total
of of Each of Esch Total Area Area)® Total (% Total Cumilative
Interval Particles _x 107% x 10-8 x 107¢ x_10™8 Ares Area) ® % Area
1 g5 L0356 .00LeT 3.382 121 1.97 0.08 1.97
H 81 L1067 .01138 8.643 .922 5,04 0.59 7.01
3 50 L1778 .03161 8.890 1.581 5.18 1.00 12,19
4 43 2492 06210 10.716 2,670 6.25 1,70 18.k4
5 38 ,320%  .10266 12.175 3.901 7.10 2.48 25,54
& 32 23917 .15343 12,534 4,510 7431 3.12 32.85
7 23 4629 L21428 10.647 4,928 6.21 3.13 39.06
8 11 5342 28537 5.876 3.139 3.43 1.59 42,49
9 10 L6054  ,36651 6,054 3.665 3.53' 2.33 46,02
10 11 L6766 45779 7443 5.036 4,34 3.20 50.36
11 15 LTHT8  .5B%20 11.217 8.388 6.54 5.33 56.90
12 9 8190 LBT0T6 7.371 6.037 4.30 3.84 61.20
13 2 .8903  .T9263 1.781 1.585 1.04 1.01 62.24
14 5 \9615  .92448 4,808 4,622 2,80 2.94 65.04
15 3 1,033  1.0671 3.099 3,201 1.81 2.03 66.65
16 5 1.104 1.2188 5.520 6.094 3.22 3.87 70.07
17 3 1.175 1,3806 - 3.52% 4142 2.06 2.63 72.13
18 5 1.247 1.5550 6.235 7775 3.64 4.0k 75. 7T
19 2 1,518 1.7371 2.636 3474 1.54 2,21 77.31
20 1 1.388  1.9265 1.3688 1,927 0.81 1.2 78.12
21 ] 1,460 2.1316 5.840 8.526 3.41 ,"5.42 81.53
22 2 1.531  2.384 3.062 4.688 1.79 2.98 83,32
23 1 1,602 2.5664 1.602 2.566 0.93 1.63 84.25
24 l 0 o} 0 o3 o] o o]
25 2 1.740  3.0276 3.480 6.055 2.03 3.85 86.28
26 1 1.816 3.2979 1.816 3.208 1.06 2.10 87.34
27 1 1.887 3.5608 1.887 3.561 1.10 2.26 88.44
28 o 0 0 ] 0 o o 0
29 o 0 o 0 0 0 0 0
30 2 2.100 4.4100 4,200 8.820 2.45 5.60 50.89
31 1 2,172 4.7176 2.172 4.718 1.27 3.00 92.16
32 1 2.243 5,0310 2.243 5.031 1.31 3.20 93.47
33 1 2.315 5.3592 2.315 5.359 1.35 3.40 gh.82
34-38 0 o 0 0 0 Y 0 0
39 1 2.813 7.9130 ©op2.813 7.913 1.64 5.03 96.46
ho-41 4] o] 4] [¢] o] o] o] o}
42 1 3.027  9.1627 3.027 9.163 1.77 5.82 98.23
43 1 3.008 ¢.598 3.098 $.598 1.81 6.10 100.C
Total: %83 171.495 157. 415 100.0 100.6
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FIG, 9 PHOTOMICROGRAPH OF QUENCH-ANNEALED URANIUM (150X)
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TEXTURE GRADIENTS IN OIL QUENCHED, MARK VB
OUTER FUEL CORES*

V. Morton, R. N. Thudium, N. Crank, Jr., and C. A. Powell
National Lead Co. of Ohio

Abstract

Three Mark V -B outer fuel cores were exgmined

for texture gradients in the longitudinal, tangential,
and radial directions -as functicns of radial posi-
tion. Two of these cores were beta-treated and
oil quenched with excess stock on the ID end CD.
Sampling techniques are described; the G;, Gg,
and J data are tabulated; and plots of longitudinal,
tangential, and radlal Gy, as functions of radial
position, are presented.

Introduction

Until recently, the most commonly employed
technique! for collecting preferred orientation data
on a uranium fuel core involved examination of
the surface of one or more trgnsverse samples.
The X-ray beam was caused to impinge upon the
specimen with the long axis of the beam centered
at midwall, or, in the case of solid cores, at mid-
radius, while the specimen was rotated about
its axis. The data collected in this manner were
used in an effort to predict dimensional changes in
the longitudinal direction during themal neutron
irradiation.

The shortcomings of this technique have been
demonstrated and discussed previous reports, 2345
It has been concluded from this previous work that
to predict more accurately the behavior of uranium
fuel elements under neutron irradietion, it will be
necessary to conduct an extensive investigation
of texture gradients in three mutually perpendicular
directions in uranium fuel cores having various
heat treatments and gecmetries.

Objectives for This Quarter

1. To devise sampling plans for three mutually
perpendicular directions in Mark V-B cuter fuel
cores.

2. To collect X -ray preferred orientation dota
on Mark V-B outer fuel cores which had been beta

heat-treated and oil quenched with varying amounts
of excess stock on the ID and OD.

Summary of Results

Sampling plans were devised and specimens
machined tc pemit examination of surfaces normal
to the longitudinal, tangential, and radial directions
in three Mark V -B outer fuel cores.

While dotca obtained to date are insufficient to
establish *typical’’ textures for a given hect treat-
ment, or to permit an estimate of the variation to
be expected among cores subjected to the same
heat treatment, these preliminary findings indi-
cate that little improvement is to be expected in
dimensional stability as a result of heat treating
with excess stock. All cores examined to dote
have displayed positive growth tendencies in the
tangential direction. In general, there is a ten-
dency toward large negative growth (shrinkage)
in the radial direction at the inner and outer sur-
faces, rising ‘o positive growth near midwall. The
longitudinal direction generally shows a behavior
somewhat inverse to that displaved in the radial
direction, assuming a ‘positive growth tendency
near inner and outer surfuces, and decreasing to
near zero or negative growth at midwall. All cores
examined to date are expected to increase slightly
in OD, show a somewhat more pronounced increase
in 1D, and increase in length due to the effects of
anisotropic growth. Effects contributing to volume
increases are not included in this analysis.

Experimental Equipment

Preferred orientation data were obtained with a
General Electric XRD-V diffractometer. A 1 degree
divergence slit with a 0.063-inch wide confining
slit was used to limit the beam to the increment of
interest. Since the error encountered when the
rectangular X -ray beam strikes the sample at low
angles is small, due to the relatively large sam -

* The Mark VB Outer Fuel Core is a uranium tube 2.,682-inch
0D x 1.972~inch ID. Paper reproduced from USAEC Report

NLCO-850.
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ple diameter, curved slits were not required. The
effect of using rectangular slits is illustrated in
Figure 1

DWG. 13-.62

SPECIMEN OD

QUTER
INCREMENT

TSI
HIHESSNTIT

SPECIMEN 1D

INNER
INCREMENT

E DIVERGENCE OF RECTANGULAR BEAM AT 15°0

DIVERGENCE OF RECTANGULAR BEAM AT 60°0

FIGURE 1  Longitudinal Specimen Showing
the Divergence of a Rectangular Beam at
High and Low © Angles

Experimental Procedures

Three Mak V-B outer fuel cotes were heat-
treated in molten NuSal (50 w/o0 NaCl, 50 w/o0 KCl)
for 30 minutes at 1350 + 10°F, delayed in air for
11 seconds, and quenched in Houghto K oil at
130°F. One core was heat-treated with 0.125-
inch excess stock on the wall {(distributed equally
between the ID and OD), one with 0.075-inch, and
one at finished dimensions.

The first scmples taken were %, -inch-thick
transverse rings which were used to collect data

for the longitudinal direction. A steel ring was
placed amwund exch sample, and the space between
the specimen and the ring was filled with epoxy
resin. The steel 1ings were used to prevent bev-
eling of the sample during grinding and to prevent
the ocuter edge of the specimen being covered by
the rotator flange. The beam-confining slit was
attached to the divergence slit, and stacking plates
were used to elevate the specimen and rotator to
the proper height so that the confined X-ray
beam fell upon the increment of interest. The
specimen assembly is shown in place in the speci-
men rotator in Figure 2. Preferred orientation
data were obtained on successive radial incre-
ments.

Samples were obtained for the tangential direc-
tion by machining 0.473-inch-long transverse
ring sections with a 10 degree concave bevel on
each face (see Figure 3). An expanding mandrel
was inserted in the ]D of the ring, and the assem-
bly was placed in the angular dividing head of a
milling machine. A %, -inch-thick slitting cutter
was used to make cuts ot 20 degree intervals a-
round the circumference to within %,-inch of the
ID. The final %, -inch was removed with a hack
saw and ground by hand using silicon carbide
paper. One side of each cut was coplonar with a
radins. The finished slices were placed with their
radius planes downward on a flat surface and with
their 10 degree beveled sides together. A steel
ring was placed around the compesite and filled
with epoxy resin. The back edges of the indivi-
dual samples were left exposed, and conductive
epoxy resin (Eccobond Solder S6C, Low Resist-
ance Conducting Cement) was used to provide
electrical contact, so that the composite sample
could be electroetched.

Data were obtained from the tangenticl samples
by the same method used on the transverse rings
to obtain longitudinal orientation data. Figure 4
shows this composite in place in the specimen
rotator.

- 76 -

ey O

R




-

FIGURE 2  Diffractometer with Longitudinal
Specimen in Specimen Rotator

473"

i
i —

SHADED AREAS INDICATE METAL
REMOYED BY CUTTING TOOL

FIGURE 4  Diffractometer with Tangential
Specimen in Specimen Rotator

To obtain specimens for the radial direction,
% -inch-long cylindets were taken from the tube.
An expanding mandrel was ingerted in the cylinder,
and the assembly was placed in the dividing head
of a milling machine. Two %, - inch slitting cutters
were placed on the mandrel with a 0.173-inch
spacer between them. FEach cut was made so that
the slice left between the cutters was equally dis-
tributed about a radius {Figure 5). The cuts
were made to within %, -inch of the ID. Again,
it was necessary to remeve the final %, -inch with
a hack saw. Each specimen was finish -machined
on a surface grinder.

It was necessary to hand grind 0.004 -inch from
both lateral faces of ecch,specimen to remove the
cold work induced by the miiling cutters and sur-
face grinder. Each radial slice was (.165-inch
thick, representing a maximum deviation of the
milled surfaces from d radius of less than 5 de-
grees on the ID and less than 4 deqrees on the OD.
The finished samples were stacked together with
their original ID surfaces downward and mounted
in a steel ring with epoxy resin. It was necessary

FIGURE 3 Sampling Plan for Tangential to grind the composite specimen after each exam -
Direction ination toreach the next radial location of interest.
e -7 -
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’9 SPECIMENS \
REQUIRED

PSRN

N NN

jo— 750" —w

'-—7 1.972° —.J

2.682°

SECTION A-A
SHADED AREAS INDICATE METAL
REMOVED BY CUTTING TOOL

FIGURE 5 Sampling Plan for Radial
Direction

Twenty -two diffraction planes were scanned in
each of the three principal directions to obtain
integrated intensities. Each increment was scann-
ed u sufficient number of times to bring the 95%
confidence interval limits on the mean of the G,
and G, values within approximately +.03. The
growth indices were calculated by computer.

Tables 1, 2, and 3 list the G,, Gy, and J
values ond 95% confidence interval limits on their
mean values. Plots of Gy in the radial, tangential,
and longitudinal directions as functions of radial
position are shown in Figures 6, 7, and 8.

TABLE I Corel
Excess

Radius Gg
_I:.‘f
1.028 +.018 + .01
1.090 -.012 % .01
1.170 | +.006 £ .01
1.233 +.065 £ .01
1.310 +.062% .01t
T
1.020 | +.044 % 01!
1.097 | +.027 * .02
1.125 | +.030 £ .02¢
1.170 00 1 .02
1.21C | +.006 £ .01¢
1.250 | +.035 t .02
1.312 | +.02% % .02¢
994 +.036 ¥ .02¢
1.024 | —.023 £ .01F
1.054 | -.015 + 017
1.113 +.030 + .014
1.144 +.038 1 .00%
1.176 ~.009 £ .004
1,208 | -.023 +.017
1.238 | ~.062 + .004
1.266 | ~.080t .011
1.289 —.055 t .024
1.331 | —.068 £ .017
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!9 sPECIMENS
\/ REQUIRED TABLE 1  Core Heat-Treated with 0.125-Inch
Excess Stock on Wall

i 3>

Radius Gg Geg J
Longitudinal \
1,028 +.018 £ .015 | +.022+.017 | 1.03 .01 i
i
1.090 ~.0l2 £.013 ] ~.003 % .014 1.05 1 .02 i

1.170 +.,008 £ .014 [ +.019 £.015 | 1.03 £.,01
1.233 | +.065+.019 | +.066 % .016 | 1.04 +.04
1.310 | +.062+ .018 | +.073 ¢+ .012 | 1.05 +.02
_’I_‘EEmial
1.020 +.044% 015 | +.058 % .039 | 1.04 £.03
1.097 +.027 % .028 | +.025%.024 | 1.01 £ .01
1.125 | +.030 % .028 | +.025 £.030 | 1.02 .01
1.170 .00 +.026 | +.018%.015 | 1.02 .02

§ "1.210 | +.006+.013 | +.014%.038 | 1.01 .01

!
L 1972 . 1,250 | +.035 *.023 | +.052.028 | 1.02¢.01
1.312 | +.029+.022 | +.,035%.022 | 1.03+ .01

fo— 750" —m

2.682" Radial
SECTION A- A 994 | +.036 % .022 | +.030%.010 | 1.024 .02
SHADED AREAS INDICATE METAL 1.024 | —.023 % .015 | —.030 £ .040 | 1.01 % .01
REMOVED BY CUTTING TOOL 1.054 | —.0l5+ 013 [ —.007% .01l | 1.01 % .00 )
) . 1.113 | +.030 +.014 | +.028 % .013 | 1.03 % .01 i
FIGURE 5 Sampling Plan for Radial 1.144 | +.035+.007 | +.040 ¢ .010 | 1.01 % .01
Direction 1.176 | ~.000 + .004 | ~.010%.010 | 1.0l .01
1.208 | —.023 +.017 | —.0204.010 | 1,02+ .01
Twenty - two diffraction planes were scanned in 1.238 | —.082 + .004 | —.080 % .010 | 1.02 + .01
each of the three principal directions to cbtain 1.269 | —.080+ 011 [ —-.080%.010 | 1.04 % .01

1.289 —.055% .024 | —.060 £.020 { 1.02% ,C1 |

integrated intensities. Each increment was scann-
1.331 | —.068+.017 | —.080%.6i0 | 1,032 .01

ed o sufficient number of times to bring the 95%
confidence interval limits on the mean of the G,
and G values within approximately #.03. The
growth indices wete calculated by computet,

Tables 1, 2, and 3 list the G,, G;, and J
values and 95% confidence interval limits on their
mean values., Plots of G, in the radial, tangential,
and longitudinal directions as functions of radial
position are shown in Figures 6, 7, and 8.
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TABLE 2  Core Heat-Treated with 0.075-Inch
Exceas Stock on Wall

Radius Gg Geo 3 TABLE 3  Core Heat-Treated at ‘
Longitudinal Finished Dimensions ‘
977 +.,065 % .022 | +.086 %.021 1.06 £ .00
1.063 | +.045 % 008 | +.057 +.017 | 1.03+ .02 Radlus[ as o s
1.128 | —.035+.035 [ —.013+.030 | 1.032% .01 *
1.205 | ~.030 +.018 | —.007 +£.008 | 1.03 % .01 Longitadinal
1.270 | +.026 + 031! +.043 + .021 1.04 .02 1.027 +.040 1 .018 [ +.055 £.033 ) 1.04%.03
1.347 | +.060+ .032 | +.084 + .025 | 1.05+.01 1,089 | +.003 &.017 | +.020 £,013| 1,03 .01
Tangential i 1.168 | —.008 £.0l6 | +.001 +,014] 1.02% .01 .
979 | +.026 + _(ﬁz_ﬁ‘“‘“ﬁ 033 .02¢ | 1.0% % .03 1.232 | +,026%.0)1 | +.039 4,013} 1.03 .01
1.052 | +.014 % .023 | +.040 + .022 | 1,02 % .01 131 | +.035%.016 [ +.053% 018 1.04%.01
1,125 | +.020+ .03l | —.043+,035 | 1.02¢ .01 Tengential
1.198 +.,030 £ .016 | —.040 + .020 1,02 .01 1.028 +.046 £ .020 | +,059 * .018( 1.03 .01
1.271 +.034 2 .001 ] +.050%.011 1,02 +,01 1.066 +.022 £.022 | +,039+.030 | 1.03 t .01
1,348 | +.048+ 029 | +.077 4+ .033 | 1.05+ .03 1.154 | —.003+.031 | +.018 +.032 | 1.02% .01
Radial 1.259 +.041 4 .019 | +.050 + .005 [ 1.03 t .01
948 | —.172% 015 | —.174 + .008 | 118 % .01 1.286 | *.035%.005 [ +.063 + .01 | 1.04 t.0L
857 [ -.030+ 015 | ~.048 2+ .014 | 1.0534 .01 Radial
967 | ~.078 % 025 [ ~.090+ 026 | 1.09 + .02 .988 1 —.017 & .012 | ~.010 +.009 | 1,08 £ ,01
975 | ~.075 % 018 | ~.070 % .020 | 1.05 2 .01 0996 [ —.042%.017 | —.034 £ .007 | 1.03 % .01
.985 -.097+.014 ) ~.086+ .011 1.07 + .02 1.006 ~.033+.0lg | —.023 +.012 | 1.03% .06
995 -.062% .024 | ~.0%88 4,011 1.03 % .03 1.0186 =.035 £.018 | ~.030% .024 | 1.01 £ .01
1.005 ~.086 + 020 | ~.082 % .08 1.04 .01 I.026 ~.040 £.023 | —.025 £ .018 | l.01 £ .00
1.016 | -.059+,012 | —.0a8 % .012 | 1.02%.02 1.03¢ | —.046+.02] | —.038 +.014 ] 1.0l *.00
1.026 ~.088+ .018 | —.074 £ .018 1.03 .01 1.056 ~.003+.017 | +.006 £.017 { 1.01 +.00
1.046 | +.012z .020 | +.020% .013 | 1.07 % .01 1.076 | +.006 *.007 | +.014 +.,007 | 1.01 % .00
1.051 ~.051%.0l6 | —.038 % .013 1,02+ .00 1.101 +.0321.021 | +.042 £ .016§ .01 .01
1.071 | ~.028 % .019 | —.014%.016 | 1.01 +.01 1.120 +.046 £.014 | +.052 % .016 | 1.02%.01
1,061 -.001+.00% | ~.0102%.010 1.02 .01 1,140 +.057 + .013 | +.082 £ .021 1,03 % .01
1.113 [ +.011 % 035 | =017 + .020 | .1.01 + .00 1,162 | +.048 %.020 | +.059 £.024 | 1.03 £ .02
1.132 +.041 1,002 | +.048 % .008 1.03 1 .01 1.182 +.024 .00 | +.038 £ .007 | 1.01 .01 i
1,152 | +.046 £.016 | +.066 * .020 | 1.04 2 .01 1.206 | +.028 +.023 | +.040 ¢+ .007 ] 1.01 £ .00
1.175 | +.0744% ,013 | +.088+ 013 | 1.04 + .01 1.228 | +.014.006 | +.022 4 008 | 1.01 + .00
1.195 | +.087 % ,000 | +.099 & 007 | 1.02 .01 1.249 +.006 £.010 | +.010+.008 [ 1.01 £.,00
1,217 | +.089%.013 | +.072%.007 | 1.03 £ .01 1.269 | ~.029 %.006 | ~.024 £ .008 | L.01 .00
1.238 +.065+ ,018 | +.083 % .001 1.04 + .01 1.282 ~.059 % .024 [ -.056 % 011 | 1.02 .00
1.260 | +.037 % 018 | +.048 + .015 | 1.02 + .01 1.31} ~.056 +.018 | ~.,049 + 017 | 1.02 % .01
1.27¢ +.027 £.024 | +.036 £ .015 1.02 + .01 1,316 ~.078 +.023 | ~.087 % .,024 | 1.03 .01
1,289 +.0lat 014 ] +.031+£0.18 1,01 £.01 1.321 ~.,080 £ .015 | ~.084 +,015 | 1.03 £ .01
1.328 | —.018%.02] | —.012 +.014 | 1.01 .0t 1.326 | —.085%.007 | —.074  ,004 | 1.03 +£.00
1.348 =.,069 +.021 | —=.055 % .020 1.02 + .01 1,331 ~.045 % .018 | —.,045 % .024 | 1.03 £ .01
1.353 | —.078 £ .019 | ~.061 +.008 | 1,02+ .01 1.336 | —.029 +.018 | —,024 # .018 | 1.02 % .01
1.358 | -.091%.026 [ ~.069 £.026 | 1.03 +.01
1.363 | —.082 % .028 | —.069 £ .022 | 1.04 % .01
1.367 =089 +.006 | -.077 £ .010 1.03 £ .01
1.372 | —.118+.029 | —=.107 + .032 | .06+ .03
1,378 | ~.138 % .000 | ~.130.010 | 1.11 .01
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Future Work

Investigations of the texture gradients in the
radial direction, near the outer periphery of roiler -
die quenched fuel cores is in process. Texture
gradients in fuel cores with varying heat treat-
ments are being investigated.
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_ B8 of the reference cited should be:

Addendum

Errors in reported® radii of curved slits used in
examining longitudinal and tangential specimens
from HAPQ I&E core blanks have been brought to
our attention by Bruce LeFevre of E. I. du Pont
de Nemours and Company’s Savannah River Labora-
tories. The cotrect radii required to approximate
the beam curvature shown in Figure 10.2 on page
R, = 0.067
inch, R, = 0,092 inch, and B = 0,119 inch. Slits
having the correct radii are currently being ma-
chined, and will be employed in future studies of
this material.
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THE GRAIN STRUCTURE AND ORIENTATION
OF AS-EXTRUDED URANIUM TUBES
MARK VB PRODUCTION

M. P. Garufl, R. J. Waillionls, and L. Robins

Bridgeport Brass Company
A Division of Natlonal Distlllers and Chemilcal Corporation

SUMMARY

The uniformity of texture values and micro-
structural observations for alpha-extruded uranlium
for Mark VB production were evaluated for this
interim report. The results, consisting of
preferred orientation and irradiation growth
"indices, grain slze, and lnclusicn dilstributlon
data, indicate that the characteristics of the
extruded metal are relatively uniform between
extruded tubes and stable during the production
of hundreds of ftubes over periods of months.

The varlation in propertles along the length of
the tubes, from front to rear, are discussed.
The distinctive incluslon distributlon cbserved
in the rear gectlon of some extruded tubes was
related to the structure from the bottom of the
cast ingots employed for extrusion blllets.

INTRGDUCTION

A continulng program to inspect the graln structure and
crientation of as-extruded uranium tubes is in progress. The
data 18 analyzed to see if 1t 1s consistent, 1ndicating the
unifeormity of the metal produced, or whether significant
differences occur, indicating that the fabricatlon condiltions
are varying. This information alds us In maintalning control
cver the process and in the production of high quality extruded
metal. In addlitlon, knowledge of the basic characteristics
of alpha-extruded uranium and means tc improve the properties,
if so0 desired, are accumulated.

A previous report on this program showed that, under the
extruslon conditions employed for Mark VB productlon, the
as~extruded metal is all fine gralned and the axlal preferred
orientation varies from front to rear.'?’ The (110) poles
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FIG. 1 AXIAL PREFERRED ORIENTATION INDEX DATA FOR
' AS-EXTRUDED URANIUM MARK VB TUBE SAMPLES
The noted dates were employed to illustrate the within -tube,
tube - to - tube, and time -te -time variations (Table I).
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FIG. 2 AXIAL GROWTH.INDEX DATA FOR A$-EXTRUDED
URANIUM MARK VB TUBE SAMPLES

The noted dates were amployed to illustrate the within - tube,
tube - to -tube, and time -to -time variations (Table I}
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are preferentially oriented in the front, and this changes

to preferred (130) poles at the rear of the extruded tube.
The dlfferences in texture result in a front-to=-rear increase
in growth index and decrease in PO index {J'} (Figures 1 and
2). The type of texture change suggests that the effective
working temperature i1s decreasing towards the rear of the
extruded tube.

- Additional data has been obtained for evaluating the
preferred crilentation and miecrostructure. It 1s some of
this data which ig presented in the fellowing interim reporst.

PROCEDURES

The procedures employed were esgsentially the same as
those presented in detail in the previous report.‘l’ Briefly, -
they are are as follows:

Cast hollow Ingots of unalloyed, reactor-grade uranlum
are cut 1n half to provide two extrusion billets, a "B" billet
from the bottom half of the ingot and a "M billet from the
top half. The blllets are triple beta treated and then heated
to 1170°F (632°C) in molten chlorides {ILiquid Heat H-980).

The 7-3/8-inch-0D x 2-inch-ID x 20-inch-long billets are ex-
truded out of a 7.50-inch liner to 2.81l-inch-0D x 1.85-inch-

4 ID x 20~foot-~long tubes employing an 11.4:1 area reduction
ratio, a ram speed of 15-20 inches/min, and a tool tempera-
ture of 65C°F (343°C).

Transverse ring samples are taken 6 inches from the front,
from the midlength, and from the last good metal at the rear
of" every 20th extruded tube for our metallographic and X-ray

' diffraction laboratory evaluations. This reportfincludes
data for 48 as-extruded tubes, representing 1020 pushes, from
the producticn at our Adrian plant, and for four tubes selected
from the start-up trial at our new Ashtabula plant extruslon
facilities. The Adrian plant data represents 2-1/2 months
‘of Mark VB productlon at that facility. Three dates were
chosen to represent the variation in properties during pro-
ductlon over a perled of time at the Adrlian slte. The dates
cover a period of about six weeks and each date 1ls separated
from the next one by at least two weeks, In addition, thils
data 1is compared tc the limlted data for tubes produced during
the first extruslon day at the new Ashtabula plant.

Trangverse surfaces were prepared for metallographlc and
X-ray diffraction evaluaticns employing cconventional technigues
and ending In fine mechanlcal pclishing and electropolishing
to remove any cold work from the surface of the mounted composite
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specimens. To evaluate the axial texture coefficlents (Pi),
the irradiation growth index (Gz), and the preferred orienta-
tion index (J'), Morris's area weight method for an 18-plane
set of diffraction lines was emplcyed. The equipment and
methods consisted of a Gelger-counter Y-ray diffractcometer,
nickel~filtered copper radiation (40 kv ~ 20 ma), a rotating
flat-specimen holder, a scanning speed of 1° (26)/min, and
divergence~, receiving-, and scatter-slits of 1°, 0.003 inch,
and 1°. Integrated X-ray line intensities were measured with
a planimefer. A computer program was employed to calculate
P1, Ga, and J'. :

The microstructure was evaluated employing (a) the con-
ventional 100X, polarized-light graln size chart for alphs
uranium and (b} a set of 100X, bright-field photomlcrographs
showlng the three dlistingulshable types of inclusion distri-
butions which have been obsgserved in the as-extruded Mark VB
tubes (Figure 3). A test showed that only about 5% of the
cases of assignling inclusion distributilon involved any doubt
as to which of two possible inclusion rating groups to des-
ignate for the photomierograph of a sample. These few cases
were resolved by close inspectlon by two observers.

DISCUSSION OF RESULTS

The graln structure and orilentation data for the Mark VB
production at Adrian are relatlvely uniform for the period of
months observed. There were only a few erratic polints, and
noe significant trends wepre noted during this perilcd, on the
basis of the PO index (J'), growth index (Gz), and grain size
values for gamples from the center of the extruded tubes
(Figures 1 and 2 and Table III). These figures alsc illustrate

' the variation in structure from front to rear. In addition,
the values for the Ashtabula start-up trial fall withilin the
range obtained from the Adrlan production. Additional data
will be required to determine whether the Ashtabula values
may have shifted due to the change In facilitles. The con-
slstency of the texture and grain structure are discussed in
further detail in the fe¢llowing sections.

TEXTURE

The results obtained from the axial PO Index (Table I
and Figure 1) and growth index (Table II and Figure 2) data
are in general agreement. They will be discussed together
in terms of the difference found

e within a tube, l.e., between locations along the
length
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a. Type A Inclusion Distribution

¢. Type C Inclusion Distribution

FIG. 3 REPRESENTATIVE TYPES OF INCLUSION DISTRIBUTIONS OBSERVED
IN AS-EXTRUDED MARK VB TUBES (Bright Field, 100X)

Type C inclusions have been observed always and only in samples from the
rear of tubes from "“B'’ (bottom) billets (Table 111},
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TABLE I

Representative Longitudinal Preferred Orientaticn Index
Values for As-Extruded Uranlum Tubes
Mark VB Production

(Numbers in brackets are the Extruslon Run No.)

A. PO Indices Along the Length of Tubes Extruded Durlng the Same

Day {7/20)
PO Index, J' (axial)
Tube Within Tubes
Degignation Front Center Rear Avg Range
[580] 7.20 6.56 5.64 6.47 1.56
[600] 11.15 5.%2 3.48 6.85 7.67
[620] 8.80 T7.08 3.90 6.59 L.g0
Tube«to-
Tube: Avg 9.05 6,52 4,34

_Range 3.95 1.16 2.16

B. PO Indices for Tubes Extruded on the Same Day and Over a |
Period of Months (Data for samples from the center of tubes)

PO Index, J' {axlal)

Adrian Productilon Ashtabula
Tube 7 Start-up
Designation Day #1 (7/20) Day #2 (8/16) Day #3 (9/1) Trial i
6.56 [580] 7.20 [900] 6,05 [1320] 5.80 [2]
B 5.92 [600] .28 [g20) 5.68 [1340]‘ 4,00 [5]
C 7.08 [620] 6.32 [940] 6.48 [1360] 5.68 [9]
D - - - 3.04 [12]
Tube-to-~ . :
Tube: aAvg 6.52 6.67 6,07 4.6%
Range 1.16 1.12 ©.80 2.76

Time to Time: Grand Avg J' = 6.42 Range of Averages = .060
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TABELE II

Representative Longitudinal Growth Index
Values for As-Extruded Uranlum Tubes
Mark VB Production

{Numbers in brackets are the Extrusion Run No.)

A. Growth Indices Along the Length of Tubes Extruded During
the Same Day (7/20)

Growth Index, G, [(axial)
Tube Within Tubes
Designation Front Center Rear Avg Range

[58¢] -0.33 -0.322 +0.12 -C.18 0.45

[600] -0.54% -0.21 0,00 ~0.25 0.54

[620] -0.46 -0.28 +0.04 -0.23 0.50
Tube-to-

Tube: Avg -0.44% -0.27 +0.05
Range 0.21 0.11 0.12

B. Growth Indices for Tubes Extruded on the Same Day and
Over a Period of Months (Data for samples from the
center of tubes only)

Growth Index, G. (axlal)

Adrian Production Ashtabula
Tube Start-up
Designation Day #1 (7/20) ©Day #2 (8/16) Day #3 (9/1) Trial
A -0.32 [580] -0.42 [g00] -0.35 [1320] -0.33 [2]
B -0.21 [600] -0.32 [920] -0.31 [1340] -0.11 [5]
o -0.28 [620] ~0.38 [940] -0.38 [1360] -0.29 [9]
D ~0.05 [12]
Tube-~to-
Tube: AvE =0.27 -0.37 ~0.35 -0.20
Range 0.12 0.10 0.07 0.28
Time to Time: Grand Avg 65 = «~0.33 Range of Averages = 0.10
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e from tube-to-tube, 1.e., between tubes produced
on the same day for the mldlength position

e from time-to~time, i.e., between tubes produced
over a period of months.

The J' and G values varled along the length of the
extruded Mark VB tubes. The J! values decreased along the
length, and the Ga values increased from negatlve values at
the front to near zero and slightly pesitive at the rear.
This 1s attributed to the change in extrusion conditlons
along the length, e.g. effectlve extrusion temperafture and
flow of metal through the dle. It 1s also conceivable that
this longltudinal varlation could be due to variations 1n
the starting materlal, e.g. a variation 1n structure and
composition from the top to the bottom of the ingot due to
the ingot cooling. The range of values for the samples
decreaged in the followlng order: front, rear, and center.
Thus, the mest consistent values were found for samples
from the center ¢f the extruded tubes.

The J' and Gg values for center samples were relatively
uniferm between tubes and over a long periled of time. The
tube-to-tube and time-to-time range values were much smaller
than the wilthin-tube variation. In additicn, there appears
to be a possible trend towards decreasing range values with
time over the perlced studied during the Adrian productlon.
This could oceur, for example, 1f experlence and practice led
to a gradual decrease in average blllet transfer time from
the furnace to the extruslion press.

The above results indicate that the area to concentrate
on to obtain a more uniform product 1s to decrease the
texture variation along the length of the extruded. tubes,
Uniformity may potentially be improved by adJusting the
extrusion conditicns to keep the flow of metal and actual
extruslion temperature constant along the length of the tubes
by, for example, adJusting the ram speed and tool temperature.

It should be noted that 1f the extrusion condltions
prevalllng at the time when Gz passes through zero, as it
increases from front to rear, were determlned and could be
maintained, it would be peossible to produce a fine-grained
tube with potentilal axlal dimensional stabllity during
irradiation due to the presence of a "balanced" texture.
Longlitudinal texture and fhermal expanslion coefficient gra-
dients can result in dimenslonal variations and dlstortion
when the slugs are beta-treated.
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GRAIN STRUCTURE
Grain Size

The grain size of the metal extruded in the alpha phase
was fine grained and relatively uniform (Table III). The
slze values ranged between 15 and 35 microns. Two types of
minor graln size varlation along the length of the as-extruded
tubes were observed. One type (A) consisted of a general
decreasge in size from front to rear., The other type (B)
consisted of peaklng to a maximum grain slze in the samples
from the center of the tubes., Case A indicates an overall
contlinuous blllet cooling during extrusion and a decrease
in the worklng temperature as the metal 1s extruded through
the dles. Case B 1lndlcates that an increase 1n billet
temperature predominates toward the end of the extrusion.
The predominance is due to (a) overheating from the work of
deformation and (b) friction between the work and the tools
{the tools lcoose heat and contract down on the work plece}.
The finest graln size in a tube was observed 1n the sample
from the rear for the majority of the tubes examined.

Inclusion Distribution

It was observed in all cases that the type C 1inclusion
distribution was always found and conly found 1n samples from
the rear of tubes extruded from "B" billete, i1.e., billlets
from the bottom half of cast I1ngots (Table III). Thils loca-
tion corresponds to metal from the bottom position of the
Ingct, since the extrusion blllets employed are obtalned by
cutting the cast ingots into a bottom and a top half. These
billets are placed In the extrusion contaliner liner wlth the
top-facing end surface towards the extrusion die éxit, 1.e.,
in the extrusion direction. This unigue type C inclusion
distribution is distinguished from the other types In that
1t consists of a relatively heavy and uniform distribution
of finer inclusions in comparison to types A and B {Flgure 3).
Incluslon gradlients in the cast Ingots could result from
gravity segregation of partilicles with varying densities due
to insufficient mixing of the molten metal.

It is likely that the inclusion amount, size, and
distribution will influence the mechanical propertles and
irradiation behavior of the uranium cores. Thus the 1n-
clusion variation in the tubes noted above, which is probably
retalned in the fuel element, could result in some variatlon
in the reactor performance of the metal, If this 18 the
case, then a more uniform structure and propertles could be
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TABLE III

The Grain Structure of As-Extruded Uranium Tubes
Mark VB Productlon

Inclusion
Tube Grain Distributicn Type
Extrusilon (a) Designation  Sample  Size, {See Flgure =)
Billet No. {(Run No.) Location mm A B ¢
92399-T 340 Front .033 X
Center .033 X
Rear 027 X
92350-B 360 Front Rel-ys X
Center 027 X
Rear 020 X
o2k75-1 380 Front 015 X 3
Center .020 ¥
Rear L0145
92374-T 400 Front 015 X
Canter 027 X
Rear .020 X
92594 .1 460 Front .020 X
Center 027 X
Rear .020 X
G2586.1 480 Front .033 X
Center 027 X
Rear 020 X
gacga-r 500 Front .020 X
Center 027 X
Rear .020 X
92812.T ”20 Front 027 X
Center 020 X
Rear 015 X
92582-B 540 Front .020 X
Center 027 X
Rear .020 X
92664 -8 560 Front 027 X
Center 027 X
Rear .020 X
§2623-T 580 Front .033 X
Center 027 X
Rear 020 X
02611-R 600 Front .020 X
Center 025 X
Rear 018
92370-T 620 Front .033 X
Center .033 X
_ Rear .025 X
G2602-8 640 Front .025 X
Center .033 X
Rear 020 X
92763~B 660 Front .020 X
Center .020 %
Rear .020 X
92783-T 800 Front LO20 X
Center L0220 X
Rear 015 X
92833-B 1100 Front w027 X
Center 027 X
Rear 020 X

(a) T = billet from top half of cast ingot; B = billet from
btottom-half of ingot.

-92 -




obtalned be, e.g.; some adjustment of the c¢astlng procedures
or mocdlficatlon of the beta heat treatment conditlons, or
by removing or excluding the metal from the bottom of the
cagt ingot, The latter may be accompllsh by cutting and
scrapplng a slice from the botteom of the ingot or cropping

a longer length from the rear of tubes extruded from bottom
("B") billets.

CONCLUSIONS

1. The texture of the as-extruded tubes from the Mark VB
producticn at Adrian varles along the length of the tubes.

2. The texture and grain size at the same locatlon in the
tubes are relatively uniform from extruded tube to tube,
during the extrusion of hundreds of Mark VB tubes pro-
duced over & perlcd of months.

2. A significant trend or change 1n texture and microstructure
characteristics was nct observed during Mark VB production
over a period of months. In general the texture 1s strong
and the grain size 1s fine,

4. The unique inclusion distribution observed at the rear of
tubes extruded from "B" billets is apparently related to
the "different" structure at the bottom of cast ingots.

FUTURE WORK

Additional data will be obtained so that Mark VB
production at the Ashtabula facillty can be analyzed. This
wlll include a change in the uranium composition of the
billet stock from unalloyed to low-additive material. The
evaluations wlll be expanded to lnclude additlonal data such
as dimensions and perhaps extrusion pressures, to obtaln
further detalls on the characteristlcs of the extruded metal,
Speclal tests wlll be made to substantlate the reported
quallty varlations on a within tube, tube-to-tube, and time-
fto-time basis.
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TEXTURES ‘IN ALPHA URANIUM WHICH
HAD BEEN GAMMA EXTRUDED

J. W. Starbuck

Mallinckrodt Chemical Works

SUMMARY

X-pray diffractlion measurement of orlentation
in alloyed dingot uranium that had been gamma-
extruded revealed near random structures 1in the
axlal direction. A tendency toward slight excess
of [002], [023], [022], and [021] poles parallel
to the extruslon axls was observed.

INTRODUCTION

Wlth an ultimate goal of achieving a process for gamma
extruding l.5~1inch-dlameter rods directly from a dingot, an
Interim two-atep process has been used for development pur-
peses, Boland et al.t®) reported results of heat treating
core blanks from a two#step gamma extruslon. Since a hilgh
degree of randomlzation was found in the beta-treated rods,
information concerning the axial textures of as-gamma-ex-
truded rods was deslred. An additlonal incentiveifor this
investigation is the absence from the literature of studies
of the crystallographic orlentation 1n as-gamma-extruded
uranium., This report contains the results of preliminary
studies. '

EXPERIMENTAL

The material studled was alloyed dlngot uranium contain-

ing 160 ppm iron and 110 ppm silicon as additivea. The fab-
rication history conasilsted of gamma extrusion of the dingot

to a 6,4-inch-dlameter billet. An 18-inch sectlon was heated

in a salt bath to 1600-1625°F for 2 hours. The billet was
then extruded via a double-hole dle arrangement that ylelds
two l.5-inch-dlameter rods. Four transverse samples were
taken near each of three locations - 12, 44, and 88 inches,
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respectively, as measured from the lead end of the rod. (This
corresponds to the 2nd, 6th, and 1lth core positions.) &
typlcal macrostructure of thls materilal is shown in Figure 1.

FIG. 1 PHOTOMACROGRAPH OF AS-GAMMA -EXTRUDED,
ALLOYED DINGOT URANIUM STRUCTURE

(3X; HNO4, HCI macroetch)

The texture measurements were determined in accordance
with procedures and parameters described 1n the reports NILCO-
804¢2} and ANL-6350.%2) 4 statement concerning texture in
metal wlth such large grains as gamma-extruded uranlum
necessltates sampling a large cross-sectlonal area. To do
this, a special flat specimen splnner was used which allows
X-ray scanning of an annular area having a 0.46-1inch ID and
a 1.22-1nch 0D,

RESULTS AND DISCUSSION

X-ray intensity data were gathered from a single scan
of each of the twelve tTransverse sectlons, and computations
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by the integral and area welght methods were carried out for
each. The statlstical summaries of these data are shown
in Tables I and II.

These data Indicate the tendency for a small but statls-
tically significant amount of [002], [023], [022], and [021]
axlal texturing. Thls texturing 1s possibly the result of
cooling through the beta-to-alpha transformaticon, wherein
the resultant [200] radial texture would lead to the build-
up in the axlal directlion of the above mentioned poles which
are perpendicular to the [200] pole. A study of the radlal
texture may verifly thils.

The indicated corientatlon parameters J and J' are, no
doubt, biaaged high by virtue of thelr sensitlvity to the
individual scans whereln a single measured plane could be
defilcient due to the large-gralned material. Thls is borne
out by the results of summing the measured X-ray intensities
from the 12 scans and computling on a single sample basais.
Under these condlftlons the J and J' factors were 1.05 and
1.06, respectively.

CONCLUSIONS

Alpha uranium whilch had been gamma eXtruded and air
cooled shows very little preferred orientation in the axial
direction. This concluslon must be restricted to the central
1.2 inches of a 1l.5-inch-dlameter rod.

FUTURE WORK

Study of gamma-extruded textures will continue on
material whilch was held at higher temperatures prior to
extrusion., Efforts will be made to characterize the axial
and radial textures which miIght develop.
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TABLE I

Axlal Texture Data - Integral Method

Uncertalnty of Mean

hkl Ave B (u,¢) (95% C. L.) Range
020 1,09 0.27 0,56 1.85
110 1.04 .16 0.65 1.09
020 1.22 .22 0.82 1,99
002 1,44 .20 1.17 2.22
111 0.77 .11 G.43 1.06
022 1.47 .30 .99 2.55
112 0,73 .12 0.45 0,95
130 0.89 1T 0.51 1.15
131 0.85 .08 0.72 1.09
023 1.55 .33 0.96 2.80
200 1.02 .13 0.70 1.40
041 1.11 .15 C.E8 1.41
113 0.90 .10 0.69 1.26
132 0.8¢9 _ .16 0.53 1.26
133 1.04 W13 0.57 1.30
114 1.05 .10 0.88 1,44
150 0.94 17 0.55 +1.33
223 0.70 .13 0.7354 | 1.00
152 0.97 .13 0.63 1.19
312 0.86 ' .13 0,65 1.37
Avg Gz = +0,046 .24 -0,031 - +0,081
Avg J = 1,11 .05 1.02 1.31
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hkl

020
110
021
ooz
111
112
130
131
023
200
113
132
133
11k
150
223
152
312
Avg Ga =
Avg J!

H

Axial Texture Data - Area Weight Method

TABLE

IT

Uncertalnty of Mean

Avg Py (95% C. L.} Range ]
1.04 0.31 0.50 - 2.07 ;
1.02 .17 0.60 - 1.7%

1.22 .27 0.76 - 2.26 %
1.41 .24 0.88 - 2.36 “
0.85 .11 0.59 =~ 1.10 E
0.77 .12 0.50 - 1.05 “
0.85 .18 0.35 - 1.3k

C.99 .15 0.69 -~ 1.63

1.76 46 1.01 - 3.18

1.08 L14 0.74 - 1.4%

0.95 .16 0.70 - 1.82

0.90 .17 0.55 - 1.30

0.90 .12 0.58 - 1.32

1.04 .18 0.70 - 1.62

0.90 .20 0,38 - 1.49 f

0.68 .12 0.42 - 1,07

0.98 .15 0.68 -~ 1.45

0.79 .25 o.h9 - 1.93

+0,045 037 ~-0,048 - 40,100
1.17 .07 1.03 - 1.%0
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SUMMARY REPORT ON THE STUDY OF
BETA TREATMENT OF URANIUM®

R. B, Russell and A. K. Wolff

Nuclear Metals, Inc,

Unalloyed dingot and ingot rods and tubes have been
studied for a variety of beta treatments. Tube outer diameters
ranged from 4 to 1 inch, inner diameters from 3.5 to ©.5 inch,
and wall thicknesses from C.9 to 0.1 inch. Rod diameters were
1.8, 1.1, and 0.5 inch. Certain auxiliary studies involved
l-inch-diameter discs 0.03 inch thick. Cooling rates from the
beta phase ranged from about 80C to 1°C/sec. The degree of
preferred orientation (texture) has been described chiefly
by the growth 1lndex, Gg: which predicts the direction and
extent of anisotropic growth ln alpha uranium under neutron

irradiation.

GRAIN SIZE AND SHAPE

Delta Condition

Unalloyed dingot and ingot uranium have been shown to be
very sensitive to prior delta heat treatment. A change in
delta treaftment before a final water quench from the beta
phase may cause a shift of about four FEDC grain size numbers.

Beta Treatment Time and Temperature

Grain sizes found after oll quenching l-inch-diameter by
1/4-inch-thick ingot disecs that were beta treated over ranges
of 2 to 6% minutes at 690 to 755°9C were slightly coarser
(1/2 to 1 FEIC grain size) in the region of 10 to 64 minutes

at 690 to T735°,

Coollng Rate

For a gilven delta condltion, the coeling rate from the
beta phase 1g of major lmportance in determining the final

* A more complete report of this work was published as
USAEC Report NMI-2807 (1963).
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alpha graln size, which i1s usually finest for a water
quench, intfermediate for ¢ll, and coarsest for an alr cool.
The macro {3X) graln size or shape does not provide a good
indicatlion of the extent or severity of texture present.

Alr Delay Before 0Oil Quenching

An alr delay before oll quenching coarsens the graln
size towards the size realized by an ordinary alr cool.

Recrystallization

Post-beta~treatment recrystallization at 600°C slightly
refines the grain size, except in the case of air-ccoled
specimens, which do not recrystallize.

Applled Stress

Limited experiments con the appllicatlion of stress In the
beta phase, beta-alpha phases, and high alpha phase do not
show any detectable effect on the final alpha grain slze or
shape.

DISTORTION

Most of the dimensional changes seem to be caused by
the difference in texture before and after beta treatment.
The relation between percent length and dlameter changes
{AL and AD) in rods, and the axial G4 before beta treatment,
is given approximately by the relations

= 2. - 0.2
% AL QEGBAX 3

+0.64 @

% AD 3AX

Distortion after beta treatment is more uniformly dis-
tributed with slower cooling rates from the beta phase; the
effect, in rods, of increasing the cooling rate is generally
to increase the tendency to lengthen or tc decrease the
tendency to shorten.

In tubes the relation between dimensional changes and
Gapx before beta treatment is nct apparent from plots that
show large gcatters in this relatlonship.
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No differences in distortion have so far beeﬁ observed
among beta-treated pleces with different delta histories.

In general, no differences in distortion can be attrib-
uted to compositional differences between dingct and ingot,

TEXTURE AND GROWTH INDEX

Radlal Texture Distribution

A preferred orlentation (texture) of crystallites is
induced by any cooling rate (within the range studied) from
the beta phase. This texture is such that the Gz 1s negative
parallel to the thermal gradlent experienced by the uranium
during cooling from the beta phase. The induced texture tends
to vanish (G, approaches zero) when the thermal gradient
vanlshes, as 1n the radial direction near the midwall of tubes
or near the center of rods. These characterlstics of induced
texture cause the radlal dlistribution of radlal Gz to have a
large negative value at the ccoling surfaces and an approxi-
mately zero value at a tube mldwall; accordingly, the G, dis-
tribution curve usually assumes an inverted "U" shape in both
dingot and ingot. In one case (beta quench of dingot into
500°C molten salt) a "U" radial G5 distribution was observed.

Parameters have been intrcduced to describe the degree of
radial texture penetratlon or the extent of total texture in-
duced by beta treatment:

radlial merlt = wy/2r

where r is the radlal depth where Gs has increased to -0,10

Wo
integrated net radial texture, m, = f G3(2r/wo) dr
o]

Wa
integrated absolute radlal texture, |wrl =f IGB(EP/WD) dr|
Q

where wy 18 the wall thickness, and

G_(2r/w,) 1s the experimental curve showing the dependence
3 of radial G_ on radlal depth expressed as
2r /wg .

Larger values of radial merlt indicate shallower texture
penetraticn.
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Betg Treatment Time and Temperature

Beta treatment times longer than 8 minutes at beta
temperature do not affect final G, after an o0ll quench, but
shorter tlmes seem to make Gg 8lightly more negative.

No effect of beta temperatures between 695 and 755°¢C 1s
observed on the Gg after an oll gquench.

Dingot was not studled under these conditions.

Prior Délta Condltion

In drastically quenched ingot and dingot bars that have
enough differences in delta histories to cause a graln slze
change, a Gz increase of about 0.01 is assoclated with a unit
decrease In FEDC graln size number.

Coolling Rate from Beta Phase

In Ingot, the severity of induced radial texture pene-
tration as Judged by radial merlt 1s influenced substantlally
by the coollng rate R_, but in dingot is somewhat less in-
fluenced by cocling rgte. Cooling rates of ahout 50 to
100% /sec produce the shallowest texture penetration in
Ingot, but dingot seems less sensltive to thils rate. How-
ever, a study of the effect of cocling rate in integrated
radial ftexture in both ingot and dingot shows that slow
cooling rates (less than about 2°C/sec) and fast cooling
rates (greater than about 200°C/sec) produce substantially
more integrated texture than lntermediate cooling rates
(about 50 to 100°C/sec). ‘

Comparlson of 0D and ID Tube Integrated Textures

In general, the asymmetry in radlal Gz radial distril-
bution 1s greater ln tubes with lower ID:wall ratlos, where
the circulation of the coollng medium is somewhat more re-
stricted. A study of 45 tubes of different sizes and cooling
rates showed that an average cof about one half of the total
integrated texfure developed wag formed on the outer cooling
surfaces, and that there was about twice as much texture on
the outer surfaces as on the inner surfaces of tubes.
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Alr Delay Before 0Oll Quench

An alr delay before an oll quench increased the radial
texture penetration in ingot, and an increase in alr delay
increased the texture penetration toward the maximum found
after an ordinary air cool.

Hot-Salt Quenching of Thin Disecs

A study of surface G on thin (0.030-inch) ingot and
dingot discs gquenched from the beta phase into molten salt
at 660 to 200°C for 10 minutes at temperature and then
water quenched indicated that there is a region of hot-salt
quenching temperatures that produces the least textured
transformation products by quenching in Houghton LH-235 salt
at 550 to 425°C; except, that the least textured products in
ingot correspond to a surface Gy of about -0,10, and in dingot
to a surface Gs of about =0.16 at these temperatures, However,
1f a different moiten salt (Houghton DT-275) 18 used on dingot
discs at these temperatures, the texture appears to vanish at
a quench temperature of about 535°C. (Ingot discs have not
been studied under the same conditions.)

The study of thin discs indicated strongly that a
certain range of hot-salt quenches of dingot tubes would
lead to a decreased penetration of radial texture as compared
with that induced by continuous cooling.

Hot-Salt Quench of Tubes

A limited study of hot-salt (Houghton Draw-Temp 275)
quench (10 minutes in bath) of 1.5 inch-0D by 0.5-1nch-ID
ingot tubes at 400 or 200°C and dingot tubes at 500, 400,
and 300°C ghowed that intermediate gquenching rates (Rﬁ) can
be obtained and that these ilntermediate rates, 1like thosge
allowed by oll quenches, successfully produce shallow texture
venetration and small values of integrated radiasl texture,
Resgults on both Ingot and dingot indicated that, for this size,
hot-salt quench temperatures of %00 to 500°C induce less
texture than do lower temperatures.

Internal Free Surfaces

The insertion of internal free surfaces wilthin ingot
bar 1z found to cause a sharp positive increase in G. in =&
direction perpendicular to the free surface at the interface,
after a drastic quench, when the interface 1s in a region of

- 105 -

e
S



high thermal gradient and in a region belleved to have & very
low thermal gradient, but not at an Intermediate gzradient.

A further study of drastically quenched ingot and dlngot bars
electroplated with 0.002-inch nickel geems to confirm the
-sharp increase In Gz In & high thermel gradient near the
plating. The same results were not found 1n ingot tube under
C.020 to 0.005 inch of Zircaloy cladding, possibly because of
& superilor metallurgical Zirceloy-uranium interface, or =
greater similarlty of thermel conductivlity between Zircaloy
and uranium, which would not cause such a large interruption
of the thermal gradient as may have occurred under the nickel
electroplate,

‘Applied Stress

Stress applied during the beta-to-alpha transformation
seems to be more effective In modifying lnduced textures
than stress applied only in the heta phase, but the reason
is not understood.
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INFLUENCE OF FABRICATION CONDITIONS ON THE GRAIN
STRUCTURE AND ORIENTATION OF EXTRUDED URANIUM TUBES

M. F. Garufi, R. J. Wallionis, and L. Robins

Bridgeport Brass Company
A Divisgion of Natlonal Distillers and Chemical Corporation

SUMMARY

A "random balance" designed extrusion experiment,
employing 28 unalloyed, reactor-grade uranium billets, was
performed. The obJective of the experliment was to screen
the effects of many extrusion condltions on the quality of
the ap-extruded tubes, to determine the few most signlficant
conditlons to work with for optimization purpcses. The elght
independent varlables, each of which was randomly varied
between a low and a high level value during the 28 extrusion
runs, were a8 follows:

(a) Billet location: bottom vs. top half of ingot
(7-3/8-inch-dlameter x 42~inch-long cast hollow
ingots)

(b) Billet furnace temperature: 550°C vs., 625°C

(e) Extrusion tooling temperature: 2329 (L450°F)
ve. 468°% (875°F)

(d) Billet area reduction ratio: 12:1 vs. 10:1 |

{e) Cong angle (for flow-type extrusion): 60° vs.

130

(£f) Blllet transfer time (furnace~to-press): 1.1 min
vs., 1.5 min '

(g) Ram speed: 15 in/min vs. 45 in/min

(n) Cooling medium for the hot-extruded tube: alr ve.
water-spray quench '

The range of measured values for the dependent variables,
employing data for samples from the midlength of the alpha-
phase extruded tubes only, were as follows:

(a) Preferred orientation index (axial J): 4.9 to 10.6
(b) Orowth index (axlal Gs): ~0.51 to -0.08
(¢) Grain size: 0,012 to >0.1 mm (coarse)
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(d) Coarse-grained area (in duplex or fine- and coarse-
grained structure): O to 55% of the cross sectlon
(the majority of the tubes were gll fine grsined)

(e) Hardness: 75 to 80 Ry

The data from each set of test results were plotted on

a 8catter diagram for each of the elght variables. The
evaluations showed that the mecst Important factors influencing

the dependent variables were as follows:

(a) Preferred orientation: area reduction ratio and

cone angle
(b) Grain size: ©billet furnace temperature and ram speed
(¢) Hardness: ram speed and blllet temperature

The complete and detalled report will be published in
the future as a BRB lgsue. The report will include evaluatlons
of texture coefficients (P )s dimensicnal variations in the
extruded tubes (eccentricity, ovality, and I. D. range), and ex-
trusion data (pressures, tool temperature changes during each
run). The characteristics will be evaluated alcng the length
of the tubes. The significance of each lndependent variable
and the analyses of interactions will be presented.
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SLIP AND TWINNING IN ALPHA-URANIUM SINGLE CRYSTALS
SUBJECTED TO COMPRESSIVE LOADING'

P. R.

Morris

National Lead Cc. of Ohio

Abstract

Stereographic projections have been prepared of
the fraction of an arbitrarily directed compressive
stress resolved as shear stress on the 010) - [100]
slip system, and on the various modes of the {130}
- <310%, {~172} - <312> and {~176} - <512>
twinning systems. In the {130} and {176} sys-
tems, the {130 - [31C] and (I76) - [512] modes
are favored. In the {172} system, @ composite
projection indicating regions favoring the (172}
- [312), (172) - 312, and (72) - [312] modes
has been prepared. Estimates of critical shear
stresses for {130} and {172} twinning of ~0.74
kg/rnm2 and ~0.89 kg/me, respectively, have
been drawn from the work of Lioyd and Chiswik.
If a'critical shear stress for {176) twinning exists,
it must be of the order 10 kg/mm2.

[ntroduction

Urenium fuel elements underge dimensional
changes during neutron irradiation. These dimen -
sional changes, if excessive, can seriously impair
reactor operation. For this reason, considerable
effort!+2:3:4.5.6:78 hae heen devoted to the de-
velopment of theories for the prediction of such
dimensional chmges. These theories seek to
combine the directional dependence of certain
physical processes in an alpha-uranium single
crystal according to the frequency of crystals in
each orientation.

Previous Work on Project

Experimental preferred orientation data were
uged’ to test the adequacy of a previously pro-
posed5 elastic solution. For the irradiation con -
ditions assumed, the stresses calculated from the
elastic solution were well in excess of those
required for the initiation of creep and plastic
flow. The elastic solution is thus considered

inadequate. The form of a solution incorporating
the effects of creep and plastic flow has been

proposed. 1o

Objective

The objective of this work is the development
of a satisfactory theory for the prediction of di-
mensional changes which uranium fuel elements

undergo during irradiation.

Discussion

In a previously pmposedm form of a solution
for the prediction of dimensional changes of urani -
um fuel cores during irradiation, the following
were assumed:

1. Anisotropic irradiation growth experienced
by individual crystallites is unaffected by stresses
of the magnitude which can be occasioned by
mechanical constraints.

2. In general, the strains produced in neigh -
boring crystallites by anisotropic irradiation
growth will be incompatible due to differences in
spatial orientation. The preservation of a con -
tinuous medium requires compatibility of strqin
between neighboring crystallites. This compati -
bility is achieved initially by an elastic adjust-
ment resulting in the creation of stresses which
vary from point to point within an individual crys -
tallite. As irrediation proceeds, these stresses
increuase,

3. Stress relief is provided by the mechanisms
of creep and plastic flow. As in all crystalline
mgterials, the apblied sifess necessary to cause
plastic deformation in an alpha -uranium single
crystal displays a pronounced dependence on the
crystallographic direction in which the stress is
applied. The dependence of strain rate on stress
and temperature (creep) is also expected to be a
function of crystallographic direction.

* Paper reproduced from USAEC Report NLCO-855..
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A mathematical description of the propesed
solution incorporating plastic iflow requires the

definition of yie.d criteria for the vorious defor--

mation mechanisms which are expegted to be
active in the temperature range of interest. De-
formation mechanisms operative in alpha -uranium
single crystals at room temperature, reported by
Lloyd and Chiswik,’' and aranged in order of
frequency of occurrence and ease of cperation are:
(1) ©10) - [100] slip, (2) {130} twinning, (3)
{~172) twirning, and (4) kinking, cross-slip,
{178} twinning, and {011} slip. The resolved
critical shear stress for slip on the 010) - [100]
slip system is reported as 0.34 kg/mm®. In sub-
sequent work,u the authors report a value of 0.2
kq/mm2 for the initiation of ©10) - [100] slip at
600°C. Butcher'? has observed 010) - [100] slip,
{130}, ang {172} twinning at 450°C and observes
that operative deformation mechanisms at this
temperature are very similar to those at rcom

temperature.

We may concluce from this evidence that if sat-
isfactory yield. criterle ¢an be obtained for room
tempercture deformations, these same criteria
should suffice between room temperature and
450°C. Strain hardening {which accompanies finite
deformation), and stress, struin -rate relationships
show definite temperature dependence, and must

be considered separately.

In an effort to define vield criteria for alpha -
uranium single crystals subjected to compressive
leading in the temperature range ~ 268°C to 450°C,
stereographic projections were prepared of the
fraction of a compressive stress resolved on the

1) - (100 slip system (Figure 1), and on the -

{130} (Figures .2a and b), {172} {Figures 3a,
b, c, d, and &), and {176} (Figures 4a, b, ¢, and
d} twinning systems. The last projection (Figures
1, 2b, 3e, and 4d) for each system illustrates the
favored mode {or modes). In the {130} system,
the {(130) - [310] mode (Figure 2b) is favored,
except along the [010] - [001] boundary, where
the {130) - [310] mode is equally probable. In the

DWG. 41.42

o1

(100

FIGURE 1  Stereographic Projection of
Resolved Shear Stress on 010) - [100]

Slip System,
DWG. 42.62
= LA B 2
S & o5 4 S
oo1) 010
0.40
0.30
0,20

(100

FIGURE 2a  Stereographic Projection of
Resolved Shear Stress on (130) - [310)
Twin System for Compressive Loading.

{176} system, the {I76) - [512] mode (Figure
4d) is favored, except along the octant bound -
aries. Along the 03] - [010] boundary, the
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FIGURE 2b  Stereographic Projectiog of FIGURE _3a  Stereographic P_rojection of
Resolved Shear Stress on (130) - [310] Resolved Snear Stress on (172) - 312]
Twin System for Compressive Loading. Twin System for Compressive Loading.
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FIGURE 3b  Stereographic Projection of FIGURE 3c  Stereographic Projection_of
Resolved Shear Stress on (172) - [312] Resalved Shear Stress on (172) -[312]
Twin System for Compressive L.oading. Twin System for Compressive Loading.

(176) - (312] mode is equally probable, Along the equally probable. Along the [001) —[100] bound-

[010] - IOO].J boundary, the i76) - [515] mode is ary, the (-1-76) - [5121 mode is equally probable.
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FIGURE 3d  Stereographic Projection of
Resolved Shear Stress on (172) - [312]
Twin System for Compressive Loading.
DWG, 49-62
001 T ©10)
0.45
0.40
0.30
0.20
0.10
0.00
f100)

FIGURE 4a  Stereographic P_rgjectio_rigf
Resolved Shear Stress on {176) - [512]
Twin System for Compressive Loading.
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FIGURE 3e  Stereographic Projection of
Resolved Shear Stress on {172 -<312>
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FIGURE 4c  Stereographic Projection of
Resolved Shear Stress on (176) — (512]
Twin System for Compressive Loading.
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FIGURE 4d  Stereographic Pjojectit)_ngf
Resolved Shear Stress on (176) —[512]
Twin System for Compressive Loading.

In the {172} system, a composite profection indi -
cating tegions favoring the (172) - [3T2], (I72)

- [312], and 172) - [312] modfas has been pre-
pared {Figure  3e).

The data of Lloyd and Chiswik'’, have been
employed to form estimates of resclved critical
shear stress for {130, {172}, and {176} twinn -
ing. A portion of their Table I is reproduced with
adaitions as cur Table 1,

TABLE 1 Crystal Compression Directions and
Fraction of Applied Stress Resolved on Various
Slip, Twinning Systems

Angular l.ocation
of Compression
Crystal[ Direction With Fraction of Applied
Stress Resoclved on
Respect to —
{degrees)

[roe]{ [010]| {oo1] fo1c) - [100]) {130){{172}{178)
1 74 18 89.5 0,285 0.491/0.449/0.000
J 73 24.5 |73 0.266 0.4420,495/0.000
K 32 77 6l.5 0.191 0.000]0.029|0.249
i 89 1.5 189.5 0.017 0.472/0,385/0.000
M 64 78 29 © 0.091 0.000]0.024/0.497
N 19.5 [71 89 0.307 0.00010.024(0.004
Q 27 §4.5 |64 0,085 0.000]0,000{0.154
P 89 &1 29 0.008 0.113]0,149{0.312
Q 32 88,3 |31 0.013 0.000/0,000]0.441
R 47+ [B1.5 {44 0.101 0.000]0.017/0.398
S 89.5 | 9.5 |80.5 0.008 0.44510.443|0.000
T 27.5 190 62.5 0.000 0.0G0;0.000|0.119
&) 89.5 |27 63 0.007 0.373]0.462{0.000
v 70 49.5 |47.5 0.222 0.222]0.27710.352
W 51.5 [46 B9* . 0.432 0.20010.317{0.259
x 31.5 {64.5 [72.5 0.367 0.000/0,114/0.206
Y 146  [B9 a4 0.012  [0.000;0.000(0.34]

* Corrected value confirmed by L. T. Lloyd.

In these calculations, the following alpha-
uranium lattice parameters, determined by M. H.
Mueller and R. L. Hitterman of Argonne National
Labaratory were. employed:

a, = 2.8539 + 0.0001A,
b, = 5.8691 + 0.0001A,

c, = 4.2554 + 0.0001 A,
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Using these lattice parameters, we obtain cos
o, =0.28304, cos B, = 0.91235, cos Y, = 0.29578,
for the direction cosines of the irrational composi -
tion plane for {~172) twinning, and cos %, =
0.23218, cos B, = 0.65294, cos Y. = 0.72095, for
the direction cosines of the irrational composition
plane for ["’ 176} twinning.

A portion of Lloyd and Chiswik’s Table XV is
also reproduced as our Table 2.

TABLE 2 Operative Deformation Mechanism

Operative T'win Slip Deformation
System Mechanism
f1o0) -
Crystal (001) :
{130}({172}|{178} [{O10) Crogs JKiPknT {o11}
Slip
I 2 - - X - - -
J 1 1 - X — — -
K - - — X — X -
L 2 e — X - — —
M — == X X - -
N - = X = - -
o] - — - X - X —
P 2 z — X = = -
o — T =1 = X X - =
N 1 = - X X - —
s Z 1 = e = s =
T — - X X X -
u 2 2 - X - — =
v 1 1 - X - - —-
W — - = X — - -
X - - - X - - -
Y —1 = p) X 4 = X

Table 3 is ohtained from load-contraction
curves shown in their Figures 34 to 50. Where
evidence of twinning is cbserved, the loads shown
cortespond to the load dt which twinning was evi -
denced. Where no evidence of twinning is ob-
served, the loads shown correspond to the maxi-
mum applied.

Evidence of {130} twinning is chserved in crys-
tais T and L. at resolved shear stresses of 0.76

ko/mm? and 1.2] kg/mm, respectively. Crystal
W, with a resolved shear stress of 0.56 kg/mm2
did not display {130} twinning, Values of 0.56
l&:q/mrn2 <01g0 <0.75 kg/mm? are consistent with
the data of Tabies 2 and 3, where Uigp is the
critical resolved shear stress for { 130) twinning.
Both {130) and {172) twinning are observed in
crystals J, P, U, and V. The ratios of resolved
shear stress for {172) twinning to that for {130}
twinning for these four crystals are 1.12, 1.32,
1.24, and 1.25 respectively. In crystals I, L, and
S, where the ratios of resolved shear stresses are
0.91, 0.82, and 1.00, {172} twinnirg is not ob-
served. Since crystal J displayed {172} twinning

at a resolved shear stress of 1.57 kg/mm?, while

crystal W did not display {172} twinning at a re -
scived shear stress of 0.88 kg/mm2 , 0.88 kg/mn®
<0172 <1.57 kg/me.

The failure of crystal S to display {172} twinn -
ing at a resolved shear stress of 4.52 kg/mm?
seems to indicate a preference for {130} twinn -
ing when the ratio of shear stresses is unity. We
shall assume G172 #1.2 O150. This is in keeping
with twinning on both systems ot resolved shear
stress ratios of 1.12, 1.32, 1.24, and 1.25 observed
in crystals J, P, U, and V respectively, and also
with the failure of crystals I, L, and S with re-
solved shear stress ratios of 0.91, 0.82, and 1.00
to display {172} twinning, if we assume twinning
to ocecur on both systems if the critical shear
stresses are exceeded, and il the ratic of resolved
shear stresses 1s within gqpproximetely 10% of
(17 2/0150. We shall choose G130 = 0.74 kg/mm?,
G172 = 0.89 kg/mm2. The evidence for a critical
resclved shear stress for {176} twinning is in-
conclusive. If a critical stress for {176) twinn-
ing exists, it must be of the order 10 kq/mm?.
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TABLE 3 Resolved Shear Stresses on Various Twinning Systems

Compressive Resclved Shear Stress on
Crystal Load Arezq) Stress {130} .{1 72} {1 76}
(b} (o kg/mm? kg/mm® kg/mm? kg/mm?
I 21% 6.16 1.55 0.76 0.70 0.00
1 44* 65.38 3.17 1.40 1.57 0.00
X 51 4,38 5.29 0.00 0.15 1.32
L 16.5* 2,92 2,57 1.21 0.89 0.00
& 98 3.07 14.5 0.00 0.35 7.21
N 54,5 2.74 9.04 0.00 0.22 004
O 52.5 1,72 13.8 0.00 0.00 2.14
P 250 2.13 53.2 6.02 7.94 16.8
Q 105 1.55 30.8 0.00 0.00 13.6
R 67.5 2.86 10,7 0.00 0.18 4,26
5 34 1.52 10.2 4.54 4.52 0.00
T 200 2.63 34.6 0.00 0.00 4.12
8] 49.5* 4.49 5.01 1.87 2.31 0.00
v §5.5 3.48 8.60 1.91 2.38 3.03
W 41 6.70 2.78 0.56 0.88 0.72
X 28.5 3.92 3.07 0.00 0.35 0.63
Y 305 6.06 22.9 0.00 0.00 7.8

* Denotes evidence of twinning in load -contraction curve corresponding to load

shown.
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PREDICTION OF THERMAL EXPANSION COEFFICIENTS
BY THE GROWTH INDEX METHQD

E. F. Sturcken

E. I. du Pont de Nemours & Co.
Savannah River Laboratory

INTRODUCTION

In general the physical propertles of an oriented metal
depend on the direction in which the propertles are measured.
‘Hence to predict physical propertles the graln orientation
must be known as a function of the direetlon of the specimen.

The conventional methods of expressing preferred orien-
tation are the pole flgure and the inverse pole figure. Both
methods are difficult to use for predicting physical properties
because they are graphical and because they are stereographic
projections and hence are not "area-true."

In the present report the growth index concept!?!’ is
used to formulate an expression analogous tc the growth index
for the thermal expansion coefficient of an oriented metal.
In the growth index concept the volume of graina in each
orientation 1s welghted by a straln %fenscr for irradiation
growth, and the growth Index 1s the average of the welghted
values over all orientatlons.

SUMMARY

Equations were derived for the thermal expansion co-
efflclent, oy, of an oriented metal for cases in which the
grain orlentation was represented by texture coeffilcients
(TC),(l) area welighted p values,(z’ and a continuousg orien-~
tation distribution funetion P(u,®) .3’

The equations derived for the thermal expansion co-
efficient were tested on uranlium rods rolled to various
reductions of area at temperatures of 300°C and 600°C.
Thermal expansion coefficient values measured by dilatometer
were in good agreement wlth those caleulated from the derived
equations except in the case where the graln orientation was
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represented by texture coefficients. The poor agreement in
this case was belleved to be due to the fact that TC values

give dlspropertionate welght to strong textures. »

Studies were alsoc made of the effect of the number of

planes (hkl) employed to represent the grailn orlentation .

versus the agreement between calculated and measured thermal
expansion coefficient values. Only small differences were
observed between measured and calculated thermal expansion
coefficlent values in cases where the grain orlentation was
represented by 10, 14, 18, 20, and 32 measured planes. The
differences were more likely due to scatter in the experi-
mental measurements of preferred orlentation than to the
number of diffraction planes employed %o represent the graln
orientation.

DISCUSSION

Development of Equatilons for Calculating
Thermal Expangion Coefflclents

Assuming homogenecus elasgstic deformation, the coefficient
of thermal expansion, o, for a single crystal of uranium in
some directlion, N, is given by the equation
o = @ CO8% a + ap cos® B+ a, cos® y (1)
where cog?® o, cos® 8, and cog?® ¥ are the direction coslnes tha
the direction of interest makes with the a, b, and ¢ crystal- i
lographic axes, respectlvely, and Gz, op, and o, are the
thermal expansion coefficients of the a, b, and ¢ axes, re-
spectively (note: these axes are also the prineipal axes) .
To generalize to the polycrystalline case, lgnore iInteractlons
and sum over the volume of gralns in each orlentatlon.

Consider first the case for which the volume of grains
in each orientation, 1, 1s represented by the texture co-
efficient, TCi, ‘that is

Q
1,/1%

rI‘ci = n (2)

1
n Z Ii/Ioi

1=1

where the subscript 1 refers to the planes hkl, I; is the
intergrated diffraction intensity measured from some ?lane )
1 of the specimen, I°i 1s the calculated intensity,

n iz the number of planes measured. In this case generall-
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zation of equation 1 ylelds the expression

-t 2 2 2
ay = o 2: TC, (aa cos® a; + oy cos® 8, + o cos vi), (3)

where N 18 the direction normal to the surface upon which the
preferred orlentation measurements were made.

Conslder next the case where the volume of grainsg in
each orlentation, 1, 1s represented by area welghted p
values, that 1s

I,/1°

P, - 1771 (¥)
0

A Ii/Ii

1Wi

NE

'_.I.
]

where A 18 the area weighting factor defilned by P. R. Morris. (2
In this Case, generalization of equation 1 yields the expressicn

n
oy = 2, Py Ay, (g, cos® ay + oy cos® By + g cos® yy)  (5)
=1

which has been reported by Morris. (2

Consider finally the case where the volume of grains in
each orlentatlon is represented by a conftlinuous functlon,
P(u,¢).(3’ The symbols u and ¢ specify the angles in spher-
ical coordinates that the crystallographic axes of the grain
make with the normal to the sample gurface, and P(u, ¢) glves
the number of grains oriented in each dilrection (u,¢). P(u,¢)
is obtalned from a least squares fit of the Iy to an ortho-
normal set of spherical harmonie functions. In this case
generallzatlon of equation 1 ylelds the expression

1 /2
ay = o f f P(u,¢) (1 - u?) sin2 ¢ qu do
O o}

1 7n/2
+ o jﬂ .f P{u,9} (1 - u®) cos® ¢ du d9¢
o o
1 7w/2
+ a f f P({u,®) u® du d¢ (6)
0 o]
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If P(u,¢) 1s represented by a ten-term set of associated
Legendre functlons, equation 6 reduces tole?

NT NI0m . ’
oy = hoo 37 (g + ap + ag) + Arg 30 {20, - op - ag)

vk
NS A22 750 (ab - aa) _ (7)
where AOO’ AEO’ and A22 are the least squares coefficients.

Applicatlicon of the Equations for the Thermal Expansion
Coefficlent, 9N, to Hot- and Cold-Rolled Uranlum Rods

The equations developed in the prevlious sectlon were
tegsted on preferred corientatlion data reported by Mueller,
Knott, and Beek®) for uranium rods rolled at 300°C and
£00°C to reductilcns of area of 0, 10, 45, and 70%. The
thermal expanslon coefficlents were alsc measured on these
game rods.

The relative diffraction intensities, Iy, reported by
Mueller, Knott, and Beck were normalized by dividing them
by the calculated "random" intensities, I°;, and then
the Ii/Ioi were used to calculate ay. Table I compares the
values of oy measured with a dllatometer with those calcu-
lated for 32 diffraction planes (hkl) by equations 3, 5, and
7+ The best agreement between measured and calculated ay
was obtained using the area weighted p values to represent
grain orientation (equation 5). Good agreement was also
obtained when P{u, ¢} was used to represent the grain orienta-
tion (equation 7). However, the agreement was poor for the
stronger textures when TC values were used to represent the
graln corientation. The poor agreement i1s believed to be due
to the fact that TC values are dlsproporticnately welghted
by strong textures.

The effect of the number of planes measured on the
resulting oy was studied by calculating oy for 10, 14, 18,
20, and 32 planes usging equations 3, 5, and 7. These results
are summarized 1n Table II. The greatest variatlon in oy,
as a function of the number of planes employed, occurred for
the case where the graln orientaticn was represented by TC
values (equation 3) and the least varlatlon occurred for the
case where the grain orientation was represented by area
weighted p values (equatlon 5).

Regardless of the representatlion used for grain orlenta-
tlon, the values of gy did not level off as the number of
planes was lncreased from 10 to 32, The failure to level off
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suggests that the. errors in the internal consistency of &
given set of measured relatlive diffractlion intenslties was
greater than the error caused hy representing the grain
orientation by 10 versus 32 planes. The errors 1n each set

of measured I4 were probably due to statistical fluctuations(®!
caused by graln slze and to the inclusion ¢f a number of very
weak diffraction peaks which were difficult {o¢ measure. Hence
the measurement of a larger number of planes does not by it-
self assure greater precision in cuy -

TABLE I

Comparison of Measured and Calculated aN
for Rolled Uranium Rods

a, in Unlts of 107%/°¢

caleulatea®! for 25-1000C
Using a_, o, and a, Measured by Lloyd‘7)
% Reductlon Measured at 2 <
of Ares 25-100°¢!®) Eq 3 3 prel®)

EqQ 5 & Diff Eq 7 % Diff

Rolled at 300°C

0 15,96 14.87 T.07 17.12 7.01 17.06 6.66
10 12.80 10.75 17.41 12.77 0.23 12.71 .71
45 10.02 6.90 36,88 8.97 11.06 8.16 20.456 {
70 9.17 6.08 ho.52 7.94 14,38 6.90 28.25
Rolled at 600°C
0 15.86 14,83 6.7 17.10 7.52 : 16.88 6.23
10 14.90 14,50 2.72 16.0k 737 16.25 8.67
45 1%.39 10.23 26.76 12.91 .65 12,44 7.36
70 12.71 11,01 14.33 13.19 3.71 13.29 4,46
Avg 19.05 Avg 6.87 Avg 10.35

(a) Caleulated for 32 planes

Mezs -~ Cglc
(v) % Difference = 1/2 (Mems + Calc)

orientation measurements nor the dllatometer measurements are known
0 better than 10% there 1s no Justification for using either as the
correct value.

x 100. Since neither the preferred
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TABLE II

Effect of the Number of Measured Planes
On au_for Rolled Uranium Reds =~ °

ay .
Rolligg % Reduction 10 1z ‘ 18 _ 26_ . 3é : Mean'(a)
Temp, ~C of Ares Plahes Planes Planes Planes Plgnes Deviation
Case I. oy Calculated from Equation 3 .
300 0 15.85 14.07 16,68 15,24  14.87 0.79
300 10 9.49 10,33 10.92 10.30 10.75 0.46
300 45 6.13 5.89 6.80 5.88 6.50 0.58
300 70 5.52 4,69 5.90 4,67 6.08 0.71
600 o} 15,81  14.31 16.29 15.32 14.83 0.69
600 10 16,56 16.16 16,12 15.57 14.50 1.28
600 45 §.61 9.11 11.05 9.90 1C.23 0.58
600 70 11.66 10.98 11.64 10.66 11.01 0.33
Group Avg 0.%8
Cage TI. oy Calculated from Equation 5
300 o} 17.1% 15,82 17.22  16.72  17.12 0.36
300 10 12.15 12.92 12,05 12.28 12.77 o.%o0
300 ' 45 9.21 8.50 8.10 7.87 8.97 0.54
300 70 8.45 7.00 7,49 6.76 T.94% 0.62
600 0 17.0% 16.12 17.00 16,74 17.10 0.30
600 10 16.91  17.11 16,03 16.21 16.0% 0.42
600 4o 12,30 11,89 12.57 12,43 12.91 0.48
600 70 13.30 13.33 12.87 12.88 13.19 0.18
Group Avg C.41
Cage III. oy Calculated from Equation 7
300 0 16.60 16,40 17.06 16.68 17.@6 0.30
300 10 12.69 12.68 11.93 12,26 12.71 0.26
300 45 6.57 8.32 7.96 7.90 8.16 0.44
300 70 4.73 6.60 7.12 6.71 6.90 0.58
600 o} 17.%2  16.59 16.T4 16.52 16.88 0.27
600 10 17.32 17.07 16.16 16,38 16.25 0.42
600 45 11,64  12.05 12.36 12,30 1l2.44 0.28
600 70 13.%0 13.22  12.8% 12,91  13.2G 0.20
Group Avg G.ak

{a) Assuming that the 32-plane case gives the correct ay.
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CRYSTAL STRUCTURE VARIATIONS IN ALPHA
URANIUM AT LOW TEMPERATURES®

M. H. Mueller and R. L. Hlitterman
Argonne National Laboratory

and

C. S. Barrett
University of Chicagoc

An extenslve erystal structure determination of alpha
uranium at low temperatures was undertaken since a number
of unusual physical property changes have been observed near
439K, especlally the elastic moduli.'?’ Both X-ray and
neutron diffraction intensity measurements were obtained for
a series of CkO reflections from a single crystal. These
were used to obtain the best value of the displacement, ¥,
of the uranium atom along the b axis. The atom positional
parameter, cbtained from these intensitles using a least
squares refinement computer program, was found to decrease
from 0.1025 at 298°K to 0.1019 near %43°K and then to increase
rapidly to 0,1025 at 4,.2%. [The room temperature value of v
measured in the presgent report ls identical to that which was
measured by Sturcken and Post'2’ employing X-ray diffraction
from single crystals of uranium. ]

Unit cell dimensions and eXpansion coeffilcilents were
determined from 4.2 to 298°K by X-ray diffraction using
the Bond technigue with single-crystal reflections at high
angles. High-order reflections of the type h0O0, 0k, and
00 £ were used for the ap, bo, and co, reSpectively.' The
results obfalned in angstroms were as follows: at 298°K ao
= 2.8537, bo = 5.8695, co = 4.9548; at 50°K a, = 2.8364,
bo = 5.8666, cg = 4.9363; and at 4.2°K ap = 2.8444, by =
5.8689, ¢p = 4.9316. The linear thermal expansion coefficient
1s abnormally high in the c¢ directlon and 1is negative in the
a and b directions in the temperature range below 43°K. This
increase in agpbelow 42°K 1s in agreement with the observation
reported previously(S) in cocling from 63 to 20°K. The cal-
culated volume from these lattice constants shows a minimum

* A more complete description of this work was published in
Physical Review 129, 625-§ (1963).
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near 43°K which is in agreement with the results obtained
from uranium polycrystalline samples.(4

A few reflections, such as odd 00g's, were observed with
neutrong, but not with X-rays. Since these reflections are
not permitted wilth the presently ascribed ortherhoembic
structure, 1t 1s possible that they may be ascribed to a
magnetic scattering, and slnce magnetic alignment may have
a bearing on the change of structure and properties 1n the
low temperature range, these extra reflectlons are belng
further investigated. Thls work was performed under the
ausplices of the United 3States Atomic Energy Commissien.
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THE FORM OF A SOLUTION FOR THE PREDICTION OF DIMENSIONAL
CHANGES OF URANIUM FUEL CORES DURING IRRADIATION®

P. R.

Morris

Natlonal Lead Co. of Ohilo

Abstract

The form of a proposed solution for the predic-
tion of dimensicnal changés in _Lill"qniur.n fuel cores
during irrcdiation is set forth. Present knowledge
of relevant physical processes is reviewed. Areas
are noted in which experimental d&;;q_gfé required.

Introduction

Uranium fuel elements undergo _'diménsional
change during neutron irradiation. These dimen-
sional changes, if excessive, can seribdsly impair
reactor operatien. For this reason, considerable
efiort?:2.3.4.5.6 has heen devoted to _thé develop-
ment of theories for the prediction of such dimen -
sional changes. These thecories seek to combine
the directional dependence of certgin physical
processes in an alpha-uranium single crystal ac-
cording to the frequency of crystals in each orien-
tation.

Previons Work on Project

Experimental preferred orientation datg were
used? to test the adequacy of a previously pro-
posed’ elastic solution. For the irradiction con-
ditions assumed, the stresses calculated from the
elastic solution were well in excess of these re-
quired for the initiation of creep and plastic flow.
The elastic solution is thus considered -inade -
quate.

Objective

The objective of this work is the development
of a satisfactory theory for the prediction of di-
mensional changes which uranium fuel elements

undergo during irradiation.

Summary of Results

. The form of a proposed solution for the predic-
tion of dimensional changes in uranium fuel cores
during irradiation is set forth. Areas are noted in
which experimental data are required.

Discussion

We shall assume that the anisotropic irradiation
growth experienced by the individual crystallites
is unaffected by stresses of the moagnitude which
can be occasioned by mechanical constraints, The
cormrectness of this assumption may be reqdily
checked by irradiating a single crystal subject
to mechmical constraint, but seems to be bome
out by the presence of extensive twinning and de -
formation bands in irradiated polycrystalline urani-

um.,

In general, the strains produced in neighboring
crystallites by anisotropic irradiation growth will
be incompatible due to differences in spatial orien-
tation. The preservation of a continuous medium
requires compatibility of strain between neigh -
boring crystallites. This compatibility is achieved
initially by an elastic adjustment resulting in the
creation of stresses which vary from point to point
within an individual crystallite. As irradiation
proceeds, these stresses increase.

Stress relief is provided by the mechanisms of
creep and plastic flow. As in all crystalline ma-
terials, the applied stress necessary to cause
plastic deformation in an alpha-uranium single
crystal displays a pronounced dependence on the
crystallographic direction in which the stress is
applied. In all probability, the dependence of
strain rate on stress and temperature (creep) is
also a function of crystallographic direction. In
magnesiwm single crystals, for example, creep by
slip along basal planes has been observed.® The

¥ Paper reproduced from USAEC Report NLCO-850.
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relief of stresses occasioned by anisotropic irradi -
ation growth is thus also expected to exhibit a
dependence on crystallographic direction.

On the average, individual crystallites may be
expected to extend in crystallographic directions
in which a positive irradiation growth coefficient
is coupled with ‘'strength’’ which is higher than
the average ‘‘strength’’ of the matrix, Contraction
may be expected in crystallographic directions in
which o neqgative irradiation growth coefficient is
coupled with ‘‘strength’’ higher than the average
Mgtrength’! of the matrix. No general prediction
can be made for the behavior in directions for
which the ‘'strength’’ is appreciably lower than the
average “strength’’ of the matrix. The individual
crystallites may be expected to vield in these
directions, either in extensicn or in contraction,
in order to maintain compatibility of strain be-
tween neighboring crystallites. This yielding re -
sults in changes in orientation of the participating

crystallites.

The nonlinear nature of the eguations involved
in this problem does not pemmit an analytic solu-
tion. We are thus restricted to numerical solutions
of the iterative type. The framework for solutions
to problems of this nature has been partially de-
veleped in relation to the effect of thermal cy-
cling,? and irrediation growth,’® on the creep of
uraniurmn, and in relation to thermal stress distri-

bution in urenium fuel elements.!!

At this point, it is pethaps pertinent to survey
briefly the extent of our current knowledge of the

relevant physical processes.

Rather complete data'? are available on the
elastic constants of alpha -urgnium single crystals
in the temperature range from -195°C to +35°C.
Values of Cy+, Cpp, and Cye are known to 300°C;
and work is in progress to extend these measure -
ments to temperatures approaching the alpha-to-
beta transformation.

Critical, resolved shear stresses have been re-
corted for (010) - 11007 slip at room temperature,
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ad’4 for (001) - {100], {010)~ [100], and {110} -
110> slip ot 600°C. The deformation mechanisms
which are active at room ter‘hpemture have been
found'* to persist te 450°C.

Conilicting or unconfimmed values have been
reported’6'7_7"8'79'2° for irradiation growth co-
efficients of unconstrained alpha-uranium single
crystals in the range - 198°C to 500°C.

Information relating strain rate (creep rate) to
stregs and temperature is currently available only
for polycrystalline uranium,®21:22.23.24 15 g
probability, the dependence of strair. rate on stress
and temperature for an alpha -uranium single crys -
tal is a function of crystallographic direction.

Suggested Areas of Further Investigation

Further pregress in the development of theories
for the prediction of irradiation growth in uranium
fuel elements is dependent on additienal know -
ledge of the irradiation growth rates end mechani -
cal properties of alpha-uranium single crystals
over the range of temperatures of interest in the
operaticn of a production reactor.

Experiments of creep rates for single crystais
should be carried out both within and without the
reactor, since experience?? and theory!? indicate
that in-pile creep rates are higher than out-of-
pile rates.

These experiments will require the growing of
large numbers of alpha-uranium single crystals,
and the preparation of these crystals in forms

suitable for experimentation.
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