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ABSTRACT

A review 1s presented of the methods developed at the Savannan
River Laboratory and elsewhere for quantitative correlatlon of
irradiation growth with preferred orientatlon in uranium, wlth
preferred orientation characterized by X-ray and dilatometric
techniques. In an application of the methods, 1t 1s shown
that a strongly orlented uranium plate, clad in aluminum, was
much more stazble in dimensions than would be expected from the
observed dimensional behavior of elther unrestrained single
crystals of uranium or aluminum-clad polycrystalline rod. The
greater stability of the plate 1s attributed to a relatively
strong cladding and other restraining effects.
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QUANTITATIVE CORRELATION OF IRRADIATION GROWTH
WITH PREFERRED ORIENTATION IN URANIUM

INTRODUCTION

Uranlum that has a preferred crystallographlc orlentation 1s, in
general, dimenslonally unstable during reactor 1rradiation. Thils
instability, or "irradlation growth", 1s due to the behavior of the
alpha uranium crystal, which, under irradlation, elongates 1n the
direction of the b-axls and shortens in the direction of the a-axls
whlle remaining approximately constant in the directilon of the
c-axis. ‘) Since control of the "irradiatlon growth" of uranium 1s of
great importance in the operation of nuclear reactors, a quantitative
correlation of irradiation growth with the type and degree of preferred
orientation would be very useful.

This report considers the correlatlons between preferred orlentation
and 1rradiation growth developed in thls ILaboratory and elsewhere
through early 1958, with preferred orlentation characterized by X-ray
and dilatometric techniques. The correlatlons provide g means for
systemization of the effects of significant structural and irradiation
variables on the dimensional stabllity of uranium under lrradiatilon,
and serve as essentlal background for the present and future dlmenslon-
al stabllity studiles of this Laboratory. An applicatlon of the derived
correlations tc the dimensional behavior of a representative uranium
speclmen 1s presented, to substantlate the correlations and to
1llustrate the utility of the analysis in isclating the effects of
preferred orlentation from that of several other varilables, such as
gpecimen geometry, cladding restralnt, and irradlation time and
temperature, which may also influence the dimensional stapility of
uranium.

SUMMARY

Several! methods are reviewed for correlating preferred orientation and
irradiation growth in uranium. By means of these methods values of
Yp» the effective irradiation growth of an incremental volume of

metal in the b-axls direction, are derived for two types of 1rradlated
specimens. The values of 7y, that are obtained are compared with a
value of 420% elongatlon/atom % burnup measured for unrestrained
single crystals at Argonne National Laboratory.

The diffraction technigue of the Savannah River Laboratory utllizes an
X-ray orientation parameter, or 'growth index", to correlate preferred
orientation with irradiation growth. A value of ¥, = 114% elongation/
atom % burnup, is derived for a hilghly textured speclmen 1n the form
of hot-press-bonded, aluminum-clad uranlum plate.




An analagous diffraction technlque that employs an alternative orien-
tation parameter (%) was developed by Barss, of Atomic Energy of
Canada, Limlted. With this technigue, a value of vy = 610% elongation/
atom % burnup was obtained for hot-rolled rod sheathed 1In aluminum.

The dilatometric technique of the Savannah River Laboratory makes use
of an "orlentation coeffilclent” that 1s cbtalned by measuring the
thermal expansion Jjust followlng a reversal in temperature. This pro-
cedure avolds extraneous deformations due to graln interactlon effects.
A value of v, = 120% elongation/atom % burnup is obtalned by the
dilatometrlc technique for the aluminum-clad plate used in SRL X-ray
correlation.

In these comparisons, the ¥y values for the aluminum-clad plate

derived by the X-ray and dilatometrlc techniques of SRL are in good
agreement, but the average value of 117% elongation/atom % burnup is
conslderably less than the value of 420 cbserved for unrestrailned
single crystals, as well as the value 610 derived by the AECL technique
for aluminum-clad rod. This difference is ascribed largely to the
restraint imposed on the uranium plate by a relatively stironger
aluminum cladding.

DISCUSSION

BACKGROUND

IRREADIATION GROWTH OF URANIUM SINGLE CRYSTAL

Uranium in the alpha phase has an orthorhcemblc crystal structure.
Single crystals exhibit sirong anisotroples 1n several propertles,
including mechanical propertles and thermal expansion coefficlents,
that may give rise to dimensional instabllity under irradiation. ()
Unrestrained single ecrystals have been observed at Argonne Natlonal
Laboratory to elongate with an lrradlation growth coefflcient, Gi*,

* The irradiation growth unit, Gi, which can be applied elther to

single crystals or polycrystalline specimens, 1s defined as follows:
1n(L/LO)
Gy = —————
1
Nf/Nt

in which L/Lo is the ratio of final to initial dimenslons of the
specimen, and Ng/N¢ 1s the ratlo of fissioned atoms to total atoms. 't
At low growths, G4 may be approximated by the relatlon:

(L - LO)/Lo Per cent growth

Gy = Nf/Nt ~ Atom per cent burnup

)
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equal to 420 20 in the (010) direction (b-axis), to shorten by the

same amount in the (100) direction (a-axis), and to show no growth in the
{001) direction (c-axls), during irradiations in the range of 0.1 to

0.3% burnup of total uranium atoms at less than 1500°¢. (1 Experiments
at Harwell are ln general agreement with these results. ' 2’

The dimensional behavior of uranium ls markedly dependent upon the
conditions under which lrradiation occurs, especially with regard to
temperature and external restraint. Irradlaztlon growth 1is at a

maximum 1n the temperature range 100 to 300°C; at very low temperatures,
-178°C, growth 1s greatly reduced; and at very high temperatures,

500°C, growth is negligibly small.''s2s3) External restraint due to
¢ladding or rigid containers may inhibit markedly the growth of
uranium. ‘*! The effect of neutron flux level on irradlation growth

has not been characterized.

IRRADIATION GROWTH OF POLYCRYSTALLINE URANIUM

A polycrystalline specimen with preferred orientatlon, or "texture",
exhiblts more or less the same dimensional instability as a uranium
slngle crystal, modified to some extent by intergranular inter-
actions. ‘) Qualitative correlations of irradiation growth with the
type and degree of preferred orlentatlon have been well established.
Speclmens with predominantly b-axls textures lengthen on 1rradilation,
whille specimens wlth a-axls textures shorten, 1n agreement with single
c¢rystal behavior, and combinations or intermedlate textures show
intermedlate behavior.(E’é) Moreover, changes 1in preferred orlentation
due to the 1lrradiation per se have been noted, with the result that
specimeng that grow during irradlation may in some cases do so at an
Increasing rate, and specimens that contract may do so at a decreasing
rate. However, these changes were observed princlpally 1n specimens
with well-developed duplex textures; dimensionally stable speclmens

and gpecimens with predominantly sin%le textures showed only minor
texture changes durilng irradiation. (&}

Only a few quantitative correlations of preferred orlentation with
irradiation growth in polycrystalline speclmens had been attempted at
the time the Savannah River work was initiated. 1In early work, Barss
showed a linear relationshlp between 1rradiation growth of wrought
uranium rods and a complex preferred orlentation parameter derived
from diffraction data. 7) This correlation will be considered 1in
detail later in this report and will be compared with the results of
analogous Savannah River technigques. 1In recent work, Shupe, Cummings,
and Watts demconstrated a quantitative correlatlon between 1lrradlatlon
growth of wrought rod specimens and the relative diffraction inten-
sltles of a few predominant orientations in the metal.(él Chiswlk
demonstrated an emplrical correlation between irradiaticon growth of

small cylindrical specimens and thelr thermal expansion coefficients.(s}




The effect of grain size and intergranular interactlons on the
dimensional behavior of polycrystalline uranium 1s not well defined.
Present evlidence suggests that in moderately oriented specimens the
effect of grain size 1s not large,ta’g) though highly oriented pocly-
crystals and psuedo-single crystals have been observed to grow more
than twice as much as true single crystals.(s’é’lo’ Such grain inter-
action effects may be dependent on thelr relative orientations.(é’
Coarse-gralned uranium does show severe surface roughening on lrradi-
atlon due to anisotropic growth of individual grains or grain
clusters. 2}

QUANTITATIVE CORRELATION OF IRRADIATION GROWTH WITH PREFERRED ORIENTATION

DIFFRACTION METHOD OF SAVANNAH RIVER LABORATCRY

In previous publications, the "texture coefficient”, deflned in
equation (1), and the diffractlon "growth index", defined in

equation (5c¢), have been designated (TC) and (GI), respectively. For
convenience in mathematlcal manipulations, the symbols T and A have
been substlituted in thls report.

Thecry of SRL Diffraction Method

The X-ray method of the Savannah River Laboratory for measurement
of preferred orientation is derived from the "rho technigue", as

originated by Harris''?' and modified by Mueller'*2) and Morris'3).
In this technique, the relative amount of metal In a given orlentaticn*
{hkl) with respect to a reference direction, d, in the speclmen, 1s

approximated by a "texture coefflcient", Td(hkl)’ which is defined 1in
equation (1).

Link1) Yo (hx1)
1
H:E:I(hkl)/Io(hkl)

In this equation, Iyq and I, hi1) are the diffracted intensitles of
the planes (hkl) in the’ textured spécimen and in a randomly oriented
specimen, respectively, as measured on a cross section perpendicular
to the reference direction in the specimen; n ls the number of planes
surveyed to characterlize the speclmen.

Ta(nk1) =

* For characterizaticon of its lrradiatlon growth in a given direction
the orlentation of an lncrement of metal may be described by the

designation of the plane (hkl), which lles perpendicular to the
given direction.
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To correlate the type and degree of preferred orientatlon with the
dimensional behavior of the specimen under 1rradlation, 1t 1s assumed
that the 1rradiation growth, <yy, of an incremental volume of metal
with orlentation {hkl) with respect to the reference direction, d, 1s
glven by equation (2).+ )
= ¥ _cos e + v, coss + ¥ cos8 (2)

Ya = Y% Tameay o p(ak1) T e e{hkl )
In this equation Yg» Yp, and Yo are effectlve irradiatlon growth
coefflclents 1In the a-, b-, and c-axls directions of the alpha uranium
crystal, and 8,, 8, and 60 are the direction angles which the a-, b-,

and c-axls make in orlentation (hkl) with the reference direction, d.

Summing over the contributilons of all possible orientations {hkl)
Ylelds the irradlation growth coefficlent, G4, of the specimen in the
reference directlon, d, as indicated in equatlon (3).

6= 2 (‘évl) (hi1) 1205 04 (1) + (?TV) (hk1) Y0205 (1)
(3)

+ & c0529
v/ (nx1) Ve ¢(hkl)

Assuming that the relative volume of metal in orientation (hkl) 1is
repregentative of that in more or less closely lying orlentations, the

Fiy
relative volume,-ﬁl ( in any given orientation (hkl) is given by

hkl)’

the measured texture coefflcient, Td(hkl)’ as shown 1n equation (4).
T
&V _ “d(hkl
(\r) (hxk1) © ~n (4)

Substitutling this relatlion and the empirically cbserved relations

Y, = 0, Y, = Y, in equation (3) ylelds equation {(5a), or alternatively,
equation (5b).

(hkl)

b 2 2
o= 7 2 Ta(ruc1) {005 b = €08 0a) (1 (52)

* This equation, analogous to that governlng the thermal expansion
behavlor of anlsotropic materlals, 1s a specification of the
orientatlon dependence of an anlsotropic homogeneous deformation. (1%}

-G -




L [(1) (hx1)
G, - —r:-?- Z (TdCOSeeb)(hkl) - Z (TdCOszea)(hkl) (5v)

The summation terms may be designated the diffractlon "growth index",
A, ylelding equation (5¢).

7 (hk1) (hk1)

Gy = ;13 A where A = Z (Tdcoszeb)(hkl) - Z (Tdcosesa)(hkl) {5¢)

Growth Index Based on Fourteen Measured Planes

Utllization of equation (5¢) for the correlatlon of preferred
orlentation and irradiation growth presents certain difficultles due

to the unsymmetrical distributlon of the measured orlentations with
respect to thelr a- and b-axls contributions.(ls) In routine practlce,
the intensities of fourteen planes are measured; thelr distribution is
shown 1in Flgure 1.¢2%) Tt must be assumed that these planes represent
an adequate sampling of all posslble orientations in the speclmen to
obtain a value for the volume of metal 1n a given orlentation
according to equation (1). However, the unsymmetrical dlstribution of

measured planes ylelds a value for E Cosgeb(hkl) greater than

2 :cosgaa(hkl)’ as shown in Table I, wlth the result that the predlcted

o$g ___. 0z o2 oz _ ca g$ 0
i
} |
, (
! |
| !
| !
| i
\ f
| 13 !
I ° 132 ff
| a /
| /
| ¢ /
131
[=3 7
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| /
I !
] 7
I i Vs
! e ¢130
| ’
I s
1 '
I ’
1 /
1 s
1 e
| e
| s
I P
| -
1 s
| -
| -
-
1 .
e
i =
1 o
foommm 7
200

FIGURE 1 — STEREOGRAPHIC PROJECTION OF PRINCIPAL PLANES
IN ALPHA URANIUM CRYSTAL (From Reference 15}
The intensities of the fourteen planes indicated are measured
in the SRL procedure to characterize preferred orientotion,
Note the predominance of planes with lorge b-axis (020)
contributions.
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TABLE T

Welght Factors for Measured Diffractlon Planes (SRL Method)
(From Reference 15)

Plane 2 Plane 2g
(hk1)  cosB, (nk1) %5y
200 1.00 020 1.00
110 0.81 okl 0.92
111 0.64 021 0.74
112 0.39 130 0.68
120 0.32 131 0.62
131 .29 132 0.48
113 0.24 022 0.42
132 0.23 023 0.24
020 0.00 110 0.19
041 0.00 111 0.15
021 0.00 112 0.09
002 0.00 113 0.06
022 0.00 200 0.00
023 0.00 002 0.00

2 2
Zcos ea(hkl) = 3%.92 Eccs eb(hkl) = 5.59

growth of a randomly orlented specimen 1s not zero. ! 2%) In one means

to overcome thils difficulty, selected planes may be chosen for the
summation of a- and b-axls components respectively, s¢ as to yleld a

sample for whilch E 00526a = E coszeb. The planes thus chosen for

sunmation of each component are 1lndicated In Table 1. (%8}

TABLE II

Selection of Diffractlon Planes to Yield
Balanced Welght Factors (SRL Method)
(From Reference 15)

Plane o Plane 5
(nkl) cos“f, (nKl) coafy
200 1.00 020 1.00
110 0.81 o1 0.92
111 0.64 021 0.74
112 0.39 130 0.68
1%0 Q.32 Q23 Q.24
131 0.29 110 0.19
113 0.24 112 0.09
132 0.23 113 0.06

2 2
Zoos Ga = Ecos Gb = 3.92
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Growth Index Based on FPifty-five Synthetiec Planes

An alternative procedure can be used to minlmize the formal effects of
the lack of symmetry of the originally measured planes. In this pro-
cedure, the intenslity distributlion of the planes is mapped on an
inverse pole chart, to allow interpolation of the lntenslities of a
large group of planes that are arbltrarlly selected to yleld a
symmetrical distributlon. The intensitlies of the mesasured planes

are used to construct the map. In thls procedure, the inaccuracles
that derive from the lack of symmetry of the necessarily small
sampllng are avolided, but are replaced by inaccuracles that derlve
from the interpolatlons necessary to ascrlbe 1ntenslty values to
nonmeasured planes.

Application of the two procedures ls discussed in the following
section.

Correlatlon with Obgerved Irradlation Growth

The valldlty of the formalism for the prediction of 1rradiation growth
was tested by comparison of the orlentation parameters, as determined
by the above procedures, wlth the observed growth of several types of
uranium specimens. The most preclse data avallable were cbtalned from
experimentzal uranium plate speclimens, lrradlated in the MTR;(lé’ this
data will be used to 1llustrate the correlations derived above. The
plate, taken from strip formed by rolling in the high alpha phase, had
a moderately strong cuble-type preferred orientation, with {010) planes
perpendicular to the length (rolling) direction, (001) planes per-
pendicular to the width direction, and (100) planes perpendicular to
the thickness direction.(lﬁ} Irradiation specimens, 18 inches long,

% inches wide, and 0.180 inch thick were clad in 0.022-inch-thilck
aluminum, with a bond layer of electroplated nlckel. On 1rradiation
to 600 MWD/T (0.077 atom % burnup) at 50 to 150°C in the MTR, the
plate specimens changed dimensions as follows: length +4.6%, width
-0.8%, and thickness -3.7%. (1)

The preferred orlentation of the plate was characterized by measure-
ments of "texture coefficient" on sections cut perpendicular to the
length, width, and thickness directlions (Table III}.'*3) This data
was used to calculate an orlentation parameter for the corresponding
directions in the plate by the fourteen-plane method. The values
obtained, along with the measured dimensional changes, are shown in
Table IV.‘*S!) A plot of irradiation growth versus the orientation
parameter is nearly llnear, as lndicated in Flgure 2. A value for

Yp = 114% elongation/atom % burnup, considerably less than the single
crystal vaiue of 420, 1s obtalned from the slope of the curve.

- 12 -




TABLE ITT

Characterization of Preferred Orlentatlon
in As-Rolled Uranium Plate

(From Reference 15)

Texture Coefficlents

Plane

(hkl) Longitudinal Trangverse Normal
020 0.06 5.25 0.22
110 0.71 1.20 1.52
021 0.32 0.26 0.26
002 5.14 0.01 0.36
110 Q.46 0.22 1.20
o022 1.07 0.00 C.64
112 1.60 0.05 0.77
130 C.00 2.53 0.61
131 0.40 1.07 C.71
023 1.41 0.01 0.44
200 0.08 0.46 6.14
O41 0.06 2,78 0.27
113 2.84 0.00 0.45
132 0.40 0.15 .41

TABLE IV

Preferred Orientatlion and Dimensional Instabllity
of As-Rolled Uranium Plate

Qrientation Index(A)

14-Plane 55-Plane

Irradlation Growth

Directlon Method Method Coefflclent*, G1
Length +7.21 +7.38 60
Width -1.00 -1.45 -11
Thickness ~-7.49 -6.75 47

* Plate irradlated to O. 077% burnup of total atoms at

50-150°¢ { 1¢)

- 13 -
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FIGURE 2 - CORRELATION OF GROWTH INDEX, A, WITH IRRADIATION GROWTH
OF AS-ROLLED URANIUM PLATE
Correlations are shown for length, width, and thickness directions and for
directions 30 and 40° from the length direction. The os-rolled plate was
irradiated to 600 MWD/ T (G.077 atom % burnup} at 50- 150° C in the MTR,
Note that use of the alternative procedure (fifty - five synthetic planes) for
calculation of A produces enly minor changes in the correlation values
derived by the fourteen-plane procedure.




Application of the fifty-five-plane method for overcoming the giffi-
culties intrecduced by nonsymmetrical dlstribution of the measured
bPlanes required that the intensitles of dn arbitrarily chosen get of
symmetrically dilstributed planes be derlved from a map of the plane
intensities over all possible orientations. Such maps for the length,
width, and thickness directions of the as-rolled plate are shown 1n
Flgure 3, as constructed from the intenslitles of the measured planes.

04

0.2}

Relgtive intensities
o
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a. Length b. Width

002 020 002 020
—————————————————————————— - == 0= 0——0—— 0 —-O———O— O —O————
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~.
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QO e O e O = = = = (e = O = O
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o
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e
-
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05 S ¢ i
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08| e &~
09 = P
L -f°'
IZ\ - o
"3‘5%— 2 b
200 200
¢. Thickness d. Distribution of Fifty-Five

Synthetic Planes (Alternative
Growth Index Calculation)

FIGURE 3 - INTENSITY DISTRIBUTION OF PLANES IN AS-ROLLED URANIUM PLATE
The intensities of planes perpendicular to the length, width, and thickness
directions in the plate are mapped on inverse pole charts in o, b, and ¢,

In d is shown a symmetrical distribution of fifty-five synthetic planes at 10°

intervals used for the alternative calculation of the orientation parameter, A,
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In this alternative calculatlion, fifty-five planes were chosen at 10°
intervals over the pole chart quadrant (Figure 3d), and the intensitles
of the corresponding orlentations were taken from the pole chart maps.
The orlentation parameters that were gbtained, normallzed to conform
with the earlier calculations, are shown 1n Flgure 2 for comparison
wlth those obtained uslng the standard method. It is apparent that,
for the specimen characterized, the possible unsymmetries involved in
the balanced set of fourteen measured planes induce only small
discrepancies from the values calculated using the completely
symmetrical set of fifty-five synthetic planes.

A similarly derived correlatlion between the irradiation growth and
preferred orlientation for directlions in the plane of the plate at
30° and 60° from the length direction is indicated in Flgure 2. The
diffraction data were taken from plate speclmens that were formed
similar to, but not identical to, the irradiated plate. Dlmenslonal
changes, AD, in the %0° and 60° directions were cazlculated from the
measured dimensional changes, AL and AW, in the length and width
directlons, respectively, uslng the relation:

AD, = AL cosT8 + oW singe; 9 = 30° or 60° (6)

8

Though use of this relatlon assumes an effectively perfect allgnment
of b- and c-axes wilth the length and width of the plate, the resulting

points do not deviate greatly from the princlpal curve of Flgure 2.
These results of the SRL diffraction method may now be compared with
alternatlve techniques - the AECL diffracticn method and an SRL
dilatometric methed.

AECL DIFFRACTION METHOD

Procedure and Theory

An slternative diffractlon technlgque was developed by Barss of the
ARCL to quantitatively characterize preferred orlentaticn in uranium.(7’
In thils technique the intensity of a given plane, usually (020), 1is
measured as a function of angle ¢ from the reference direction, with
X-ray or neutron diffraction techniques on appropriate spherlcal or
cylindrical specimens. The intensitles of the measured planes at a
given angle ¢ are averaged over all angles of rotation about the
reference direction by rotation of the specimen during measurement, or,
in specimens from rod metal, by assuming a radlally constant texture,
Under these condltions the relative amount of metal orilented with the
measured plane (hkl) at an angle ¢ to the reference direction is given

by I(hkl) Sin@(hkl)'

In a formalism analogous to that outlined above, the irradlation growth,
Td’ in the reference direction, d, of an incremental volume of metal

- 16 -




In an orlentation such that the b-axis is inclined at an angle ¢y, to
the reference direction is expressed by equation (6)

2
Vg = Yy - "yb(l + A) sin ¢b (6)

In this equation, A is a measure of the relative contribution of the
a-axls in the reference direction, as compared with the contribution
of the c-axis, and may vary from O to 1=.

The volume fraction of metal in orientation ¢y 1s given by
equation (7).

gin¢, d ¢

I
(%[)¢b = ﬂ}gzo) LN (7

Welghting the irradiation growth of an lncremental volume in orien-
tation ¢y by the amount of metal in this orientation and integrating
over all orientations yield the net growth, G4, of the specimen in
the reference direction, d, as shown 1n equation (Ba).

Gy o= Yy - W1+ M)®onys

/2 , (82)
I Li0p0)3tn ™%y, 4 ¢y,

/2
fo T(oz0)

o] =
(020)
sin ¢b d ¢b

For the purposes of the integration, A 1s assumed constant over all
values of ¢,,. In the final equation (8a) then, A represents an
effective contributlion of a-axis orientations to the irradiation
growth in the reference direction as compared to the contribution of
the c-axls orlentatlong.**

* The symbol A represents the value of cosg¢' where ¢'_ 1s the angle
between the a-axis of the crystal and the perpendicular to the
b-axls in the plane defined by the b-axis and the reference
direction.

#** E. F. Sturcken has pointed out that a complete charascterization
of the preferred orlentation of the specimen may be obtained using
the AECL technique by actual measurement of the intensity of a-axis
orientations, ¢ 2002 as a function of angle ¢. The orientation
parameter obtained 1ls identlcal to the parameter, A, derived by
the SRL technique, and 1s given in equation (8b) below, where
®(200) is defined analogously to ®(ppp) in equation (8a).

- ¢(

®(200) 020) (8b)

A:
n
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correlation with Observed Irradiation Growth

The AECL diffraction technlque was applled to rod irradiated in the
NRX %o obtain values for @(020)(£or comparlson with the observed
irradiation growth of the rod. } A least squares flt to the data
produced the correlation shown in Figure 4, where A = 0.6, in
agreement with the reported tendency for the c-axls to take somewhat
preferentially a direction perpendicular to the rolling direction 1n
hot-rolled rod. 7} The value of Yy, derived from the intercept at

® = 0, 1s equal to 610% per atom % burnup, somewhat greater than the
single crystal value, and much greater than the value obtalned for
as-rolled plate using the SRL diffractlon technique. Thils discrepancy
will be further consldered in the comparison of results in a later
section.

00 T T T T

500 [Reu ]
Y
N The tods ware fermad by rolling of various high alpha phass
~ tamperciures ond irradiated in the NRX te axposures of 1
\\ 16 abow 1000 MWD/T o1 temparatures ronging frem obovt 100°

500 [ ~ ot rod surfoce to ebout 500° C af rod cantar. The solid iine -
o \\ shown i1 o leoat squore fit to the scatiersd data paints; the
2 ~ dotted partion i+ un axtrepolgtion fa the iradiarion growth
2 \\ cosfiiciant G, for o complataly orlented wpacimen (b= 0%
5w \\ —

=~
~
~
~
29— ~ —]
~
~
™~
T
200 — ~

100 —

trradiation Grawth, G, (pw cant growth/par

=100 [

] 0.1 0,7 0.3 0.4 0.5 o 0.7 0.3

Orientation Paromatar, &

FIGURE 4 - CORRELATION OF AECL ORIENTATION PARAMETER, &,
WITH IRRADIATION GROWTH OF URANIUM RODS
(From Reference §)

THERMAL EXPANSION METHOD OF SAVANNAH RIVER LABORATORY

Procedure and Theory

The large anlsotropy of thermal expansicn of the alpha uranlum
crystal,(l7) 1llustrated 1n Flgure 5, makes the thermal expansilon
coefficient of a uranium specimen a sensitive measure cof 1ts preferred
orientation. Thermal expansion in the b-axls dlrectlon of the erystal
is considerably lower than in the a- or c-axes directions, and, thus,
measured coefficlents lower than the mean value of the three crystal-
lographic axes (about 15 x 10'6/00 at room temperatures) lndicate an
(010) type texture that will elcngate on lrradiation.
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FIGURE § -~ THERMAL EXPANSION COEFFICIENTS OF CRYSTALLOGRAPHIC
AXES OF ALPHA URANIUM

The curves were derived graphically from X-ray data

of Schwartz and Vaughn{17)

Quantltative characterization of such textures using thermal expansion
coefficlents 1s complicated by extraneous deformations of a specimen
during heating or coolling that are due to mechanical interactions of
nelghborling grains of differing orientations. ''®) as nelghboring
grains expand differentially, the stresses that are built up between
them may result in plastic deformation of one or the other, an effect
that 1s reflected in a change in the apparent thermal expansion
coefflcient of the specimen. In a highly orlented specimen, such as
the as-rolled plate considered previously, the apparent thermal
expansion coefficient cbtained during simplie heating may differ
markedly from that characteristlic of the net thermal expanslons of

the individual grains, as indicated in Figure 6. For analogous
reasons, the thermal expanslon behavior of a polycrystalline uranlum
specimen may be markedly dependent upon 1ts previocus mechanical and
thermal history, to an extent much greater than would be antlcipltated
from the changes in preferred orientation that may be produced by the
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FISURE 6 - THERMAL EXPANSION COEFFICIENTS OF AS-ROLLED URANIUM PLATE

workling cor heating operatioa.(lg’ This is 1llustrated in Figure 7,

which shows the large change in thermal expansion coefficlent that may
regsult on annealing of a mildly cold-worked specimen under conditions
where recrystallization effects, and thus preferred orlentatlion changes,
appear negligible. Thus, the measured thermal expansion coefficlent
cannot, in general, be used for guantitative comparisons of the degree
of preferred orientation in specimens of different mechanilcal or
thermal history.

Thegze difflculties may in some measure be overcome by a technlique in
use at SRL that 1s designed to yleld a coefficient of expansion that
1s uniquely dependent upon the net preferred orientation of the
gpeclmen. ®) nis technique lnvcolves measurement of the thermal
expansion of the specimen just following a reversal 1n temperature.
Under these conditlons, the stresses between neighboring grains that
produce plastic flow are relaxed, allowing the specimen to deform
largely in accord wlth the net thermal expansicn of 1ts grains, and
perturbed only by small slastlc readjustments that are in themselves
functions of the preferred orientaticn of the specimen. In practlce,
secondary effects not subject to preclse interpretation may be
encountered in some cases, but generally a coefficient can be obtained
that appears to be a consistent representation of the preferred
orientation of specimens under several differing mechanical and thermal
conditions. '1®:2°%) mhe "orientation coefficlents" shown in Figure 6,
taken as indicative of the preferred orientation of the as-rolled
plate, were obtained in this fashion.
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FIGURE 7 - EFFECT OF COLD WORK ON THERMAL EXPANSION COEFFICIENTS
OF BETA-TREATED URANIUM PLATE

it doesg not appear possible to establish analytilcally a unique
correspondence between the thermal expansion coefficients (or
"orientatlon coefficlent") of an arbitrary specimen and its corre-
sponding lrradiation growth. However, compariscons between specimens
with qualitatively =similar preferred orilentation often can be
employed to predict dimensional stability. An example of this is
afforded by the comparisons made by Chlswlk of thermal expansion
coefficient and dimensional stablllty of rod specimens that were
rolled at 300°C to various reductions.(s) A plct of the data obtained
vlelds a smooth curve, as shown in Figure 8, which can be used to
predict the sftability of the specimens formed in a simlilar manner.

A more detalled conslderation of the relationshlp between thermal
expanslon and lrradiatlon growth can be made when the qualitative
features of the preferred orientaticn of a specimen can be established
by alternative techniques, such as the X-ray characterization described
in a previcus secticn. In analogy with the considerations of Barss,

as previously described, the 1rradiation growth, vy, and thermal
expangion coefficient, ag, of an increment of metal wilth the b-axls at
angle Qb to the reference direction d may be described by eqguatlons
(9a) and (9b), respectively.

- vb(1+A) sin28

Y,o=

d b (9a)

b

2
a. =a,_ + [Aaa + (l—A)onc - ab] sin”#@ {9p)

d b b
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In these equations, A and 1-A are the relative contrlbutions of the a-
and c-axes orlentations respectively to irradiatlon growth and thermal
expansion in the reference direction. The constant vy, 1s agaln the
growth of the incremental metal in the b-zxis dlrection, and a,, Qs
and a, are thermal expansion coefficlients in the directlons of the a-,
b-, and c-axes, respectively. Cecmbining these eqguations ylelds a
relationship between irradiation growth, G:, of the metal in reference
direction d, and the thermal expansion coefficient in that dlrection,
as indicated by equation {10a).

(A+1)apy (A+1)y, . (10m)

Ao + (l-A)ac - a d

Gy = ¥y = ¥, +
i d b Aa + (l—A)ac - ay

This equation is most appropriately applled to a directlon, 4, in
which b-axls orilentatlons make a large contributlen. 1In a direction
d', in which a-axls orientations are predeminant, an analogous
equation (10b) may be most conveniently applied.
(B+1)a 7y, . (B+1)vy,

Ba, + (1~B)ac - Ba  + (1-B)ac -a

Gi = ’Yd,= _’Y‘D - ad‘ (lOb)

In thils equation, B and (1-B) are the relative contributions of the
b- and c-axes orlentations, respectively, to irradlatlion growth in the
reference directlon.

In the derivatlon of these equations, Interaction effects between
grains durlng lrradiation growth have agaln been neglected.
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FIGURE 8 - CORRELATION OF THERMAL EXPANSION COEFFICIENTS AND
IRRADIATION GROWTH OF ROLLED URANIUM ROD {ANL)
{From Reference 8)
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Correlation with Observed Irradiation Growth

Comparison of the above equations with empirical results can be made
by reference to the as-rolled plate considered 1n an earlier sectlon.
Thermal expansion coefficlents, as well as crientation coefflcients
obtained for this plate by the cycling technique, are shown in

Figure &, for the length, width, and thickness directions in the plate.
Plots of the orientation coefficlents at 300°C versus the observed
irradiation growth in the corresponding directlon (Table IV) yield

the curves shown 1n Figure 9, which correspond to various values of A
and B in equations (10z) and {(10b).* The coefflclents at zero
irradiation growth were derived from these equatlons for each value of
A or B by setting Gi equal to zero. The best values of A and B for
the as-rolled plate may be approximated by comparison of the relative
amount of metal in predceminantly a- or b-axes orientations wilth that
in predominantly c-axis orientations, as given in the data of Plgure 3,
which ylelds A Z 0.7 for the contribution of the a-axls orientations in
the length dlrection and B = 0.5 for the contribution of the b-axis
orlentations 1n the thickness directlon. Corresponding to these
values of A and B are values of ¥y equal to 140 and 100% growth per
atom % burnup for length and thickness directions, respectlvely,
cbtained by extrapolation to single crystal values of the thermal
expansion coefficilents. The average value of vy, equal to 120 agrees
wlth the analcgous value obtained exclusively from X-ray data and 1s
again conslderably lower than the single crystal value.

o

| I [ T T [ [ T

The inodiation data arg for the plote o
ioutly deserib arvas i

w0

cant growth/per camd burnup)

\eradiatian Geowth, G, (par

0 ] 5 7o ow M om 2%
Dilatemetric Orieniotion Coslficiant, ajgoe oo (1079/°0)

FIGURE 9 — CORRELATION OF DILATOMETRIC ORIENTATION COEFFICIENTS
AND IRRADIATION GROWTH OF AS-ROLLED URANIUM PLATE

* Since the single crystal thermal expansilon coeffilclents ay, ap, and
a. are stlll subject to some uncertainties, the data of Figure 9
should be taken as an illustrative appreximatlon.
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INTERPRETATION OF RESULTS

values of 7y obtained by the several techniques consildered may be
surmarized along with pertinent conditlons of the specimen irradiation,
to 1llustrate the difference in Intrinslc b-axls growth of the uranium
crystal under the conditions presented.

Irradiation
Growth
Speclmen and Coefflclent, Vg, Irradlation
Correlation % eleongatlion Grain Size, Temperature, External
Technique per atom % burnup mm °¢ Restraint
Single Crystal
Direct Irradiatlicn
(ANL) k20 220 - <150 None
As-Rolled Rod
Diffraction Method 610 0.015 to 80 to  Clad inf2%!
{ AECL) 0.0%5¢21! 500'21)  0,080-inch
{Some rods un- Al, unbonded;
recrystallized) Al1/U = 0.06
As-Rolled Plate
piffraction Method 114 0.015 %o 50 to Clad in
(SRL) 0.050 150 0.022-1nch
Thermal Expansion 120 Al with N1
Method {SRL) bond; Al/U
= 0.3

No simple correlation of the v, values with the glven conditions 1s
apparent, but thelr relative importance 1is indicated in a qualitative
fashion in the folleowing paragraphs.

Both the SRL plate and the AECL rod were of production-grade uranlum,
with relatively minor impurity contents (carbon 300-500 ppm), while

the ANL single crystals were of high purity metal. The SRL plate

was recrystallized to grains of about 0.030 mm; the AECL rod speclmens
were apparently elther recrystallized to gralns of about 0.030 mm

or not recrystallized, depending on specific rolllng conditions.
Although grain interaction effects dependent upon state of recrystalll-
zation may have acted to enhance the growth of the AECL rod, no

general correlation of irradiation growth with the above structural
variables 1s evident.

Likewlse, the specimen temperature and neutron flux and exposure do
not appear to be the primary cause of the differences observed. The
temperatures of the ANL crystals and the SRL plates were uniformly
low, while the elevated internal metal temperatures of the AECL rod
would be expected to decrease the growth rate of the speclmen, rather
than increase it, as was observed. The flux levels of the varlous
irradiations were equlvalently high; exposures of the SRL plate
(0.077 atom % burnup) and the AECL rod (0.02 - 0.10 atom % burnup }
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Wwere comparable, whlle ANL crystals in the range 0.1-0.3 atom % burnup
showed no major dependence of G4 on exposure.

It would appear then that mechanical restraint effects were of major
slgnificance in determining the magnitude of dimensional changes of
the specimens, especially the SRL plate. As indicated in the above
table, the plate was clad with a conslderable thickness of aluminum,
capable of exerting a restraint up to possibly 3C00-4000 psi on the
uranium core. Such restraints have been demonstrated to suppress
considerably the 1rradiation growth of uranium and uranium alloys.(4’
The AECL rod with less cladding restraint and the unrestralned ANL
crystal would show a greater growth than the SRL plate, though a
precise correlation was not malntailned.

Flnally, the effects of specimen geometry, eapeclally those assoclated
with the resoclutlion of cladding and other restraining forces into
gilven directions in the specimen may play a role in the magnitude of
dimensional instabllity encountered during irradiation, though no
explicit assessment of thelr importance can as yet be made.
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