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CHAPTER T

SUMMARY

The deformation textures were determined for uranium-aliumiaum
alloys containing up to 13 weight per cent uranium and fabricated by
both extrusion and cold rolling. These alloys, which are particularly
useful as fuels for nuclear research and testing reactors, contain
appreciable guantities of the hard, brittle, intermetalilic compound,
UAlg, dispersed in an essentially pure aluminum matrix. The UA_'Lh pre-
vents deformation mechanisms, operative in unslloyed aluminum, from
acting in the normal manner.

The sheet textures of aluminum, a 5 weight per cent uranium-
gluminum alloy, and a 13 weight per cent uranium-sluminum slloy were
determined for alloys which were reduced 90 per cent in thickness by
cold rolling. The fiber texture of a 13 weight per .cent uranium-
aluminum alloy that was extruded at 455°C with a 90 per cent reduction
in areas was alsc determined.

The most preferred orientations for the cold-rolled aluminum and
the cold-rolled 5 weight per cent uranium-aluminum alloy were found to
be near {113}<3E3> and {124}<332>, respectively. The ideal texture
for the cold-rolled 13 weight per cent uranium-sluminum alloy was
found to be a near <111> fiber texture. In this alloy, the dispersed
intermetallic compound prevented rotations parallel to the rolling

plane from occurring and a band of equally preferred directions for the
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normal direction existed. The anticipated approach toward a random
texture with increasing amounts of dispersed phase wasg noted.

In the 13 weight per cent uranium-aluminun alloy, extruded at
hSE“C, a <111> fiker texture was observed. Although complete recrys-
tallization had occurred during deformaticn, the <100> component
crdinarily associated with deformation-induced recrystallization in
aluminun was not present. These results indicate that the dispersed

phase had prevented normal lattice reorientations from occurring.
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CHAPTER II

INTRCDUCTICN

The deformation textures cof metals have been extensively sbudied
because of both the practical Implications in metal fabricstion and the
fundamental knowledge regarding metal behavior that can be gained.

Most of thege studlesg have been confined to pure metals or soiid-
sclution alleys and very little attention has been directed toward more
complex alloy systems.

The present work is devoted to a study of the deformation tex~
tures in uranium~zluminum alloys containing up to 13 weilght per cent
uranium. As can be seen from the uraniw-aluminum congtitution dis-
gram in Figure 1, alloys in this range of compositions are character-
ized by a pure aluminum matrix in which the intermetallic compound,
UAlh, is dispersed. From a fundamental standpoint, this system
provides the conditions for studying the effects of a dispersed phase
on the textureg developed in an egsentially pure metal metrix.

Further, from a practical standpoint, these alloys are commonly used as
fuels for nuclear research and testing reactors. Thus, a therough
study of the deformation textures resulting from rolling and extruslon
mey lead to the development of improved fabrication procedures.

The deformation textures in sheets of pure aluminum, a 5 weight
per cent uranium-gluminum alloy, aad a 13 weight per cent uranium-
aluminum alloy were determined in the present investigation using

gpecimens which had received a 90 per cent reduction In thlekness by
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Figure 1 (Y-20808) Aluminum-uranium phase diagram.
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cold rolling. The texture in a rod specimen of & 13 weight per cent
uranium~aluminum alloy, which had been extruded at 455°C with a 90 per
cent reduction in area, was also determined and compared with the fiber
texture for pure aluminum extruded under gimilar conditions.

It can be seen from Figure 1 that the 5 weight per cent uranium-
aluminum alloy 1ls a hypoeutectic composition containing 7.3 weight per
cent or 3.4 volwme per cent UAlu, while the 13 weight per cent uraniwu-
aluminum alloy is a eutectic composition material containing 18.9
weight per cent or 9.4 volume per cent Uﬁlh digpersed in an aluminum
matrix.

The textures in all these specimens were determined by a quanti-
tative x~-ray spectrometer technique, employing spherical diffraction
specimeng and & special goniometer. The data obtained are presented
as "inverse” pole filgures or axis distribution charts rather than as

conventional pole figures.
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CHAPTER IIX
REVIEW JF PREVIOUS WORK

When metals are plastically deformed, the individual grains tend
1o become oriented in a special and feproducible manner wherein certain
crystallographic directions become sligned with the directions of prin-
cipal stress. This preferred orientation is characteristic of the
mede, amount, and temperature of deformation, as well as, the particu-
lar metal being deformed.

Deformation textures are generally classified as fiber cr sheet.
Fiber textures are produced by swaging, extrusion, drawing, and uni-
axial tension or compression. They are characterized by a particular
crystallographic direction parallel to the principal stress axis and
an infinite mumber of equally preferred directions perpendicular to the
principal stress axis. Sheet textures, on the other hand, are produced
by roliing and are the product of a more complex system of deformation
stresses. 'They are generally degcribed in terms of a particular
erystallographic direction parallel to the rolling direction and a

particular crystallographic plane parallel to the rolling plane.

Compression and Tension Textures

A number of theories have been expostulated to explsain the com-
pression and tension textures developed in plastically deformed metals.

The underlying philoscphy in each of the theories is that the grains
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of the polycrystalline metal must cohere even when subjected 1o severe
deformation stralns, The principal difference in each theory lies in
the number of operative siip systemsg which are proposed to explain the
regultant texture.

Cne of the most simple hypotheses ls that of Schmid and Boas,:L
who suggested that the three mest highly stressed slip systems are
operative during deformation and that rotations occur until the lattice
reaches a stable end orientation. When this stable end orientation is
achieved, rotations cancel one another and only simple slip c<ccurs.
Application of this theory to face-centered cubic metslsg accounts for
both <l00> and <111> components for tensile deformation and the <110>
component for compressive deformation.

This theory was subsequently modified by Pickus and Mﬂtbewsonyg
who postulated that three or more slip systems are operative in pro-
ducing the end position. The conditions which must be met to produce
this stable orientatién include:

1. The slip directions for the operating systems are symmetri
cally positiconed about the stress axis.

2. The value of cos X cos A must be egual for all the active
systems where W is the angle between the stress axis and the slip plane
normal, and A is the sngle between the stress axis and the slip direc-
tion.

3. The lattice rotations must cancel cone another.

The work of Pickus and Mathewson has been further extended and

3

elaborated upon by Hibbard and Yen. Thelr rationalization avers that
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with a uniaxisl tensile stresg, stable end orientations are realized
when the active glip systems are symmetrically disposed about the
stress axis and the active slip directions lie within a space cone L5°
from the stresgs axis. If the active slip directions lie greater than
45° from the stress axis, lattice rotations will occur until = stable
end positicon is reached.

On the basis of this theory, a <lli> texture is predicted as
the primary texture for drawn wires with <10C> allowable though not as
probable. Both of these textures will result in maintenance of the
circularity of the wire. In pure tension where the crogs section need
not be maintained as circular, <112> isg more fevorable than <111>.

In compression, following similar reasoning, the stable end
orientations are realized when at least two slip directions lie greater
than 45° from the stress axis. Alignment of the <110> with the stress
axis ig thug predicted as the major compression texture and the <100>
alignment 1s an allowable second texture.

Calnan and Clewsh have pursued a somewhat different argument In
deriving a theory of deformation textures. They propose that the
development of textures depends upon the extent to which the direction
of the effective stress can move from the direction of the applied
gtress toward orientations favorable for multiple slip without the
critical resolved shear stress being exceeded on the most favorably
oriented slip sysgtem. Thig movement is possible in certain grains be-
cause the restraint offered by the grain boundaries prevents the

resglved effective shear stress from exceeding the critical wvalue.
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The effective stress ig presumed to move from the spplied-gtress posi-
tion along a path perpendicular to contours of relative resolved shear
stress for simple slip until a boundary of the unit sterecgrsphic trie-
angle is reached. Once the boundary has been reached, the effective
stress will move to the <10C>, <110>, or <111> where it will remain
under the action of multiple slip without rotation.

If the movement of the effective stress sxis is sufficlently
limited due to the character of the lateral restraints and the effec~
tive stress axis does not even rotate to the grain boundary before the
critical resolved shear stress is exceeded, then deformation in that
grain will occcur as sgimple slip on the only active system and charac-
teristic retations will occur. In a gimilar case, but where the
effective stress axis has reached a boundary of the stereographic unit
triangle before the critical resolved shear stress 1s exceeded, defor-
mation will be characterized by duplex slip and rotations representa-
tive of this more complex slip system will result.

On the basis of this theory Calnan and Clews predict <10C>,
<112, and <111> ag end orientations for temsile deformation and <110>
as the end orientation for compressicn. This theory, as does thai
of Hibbard and Yen, takes issue with the suggestion that the drawing
process is identical to pure tensile deform&stion and proposes that
the <11i> component is increaged at the expensge of the <112> component
yielding a <11li> + <100> duplex texture for cold-drawn wires of face-

centered cubic metals.
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The actual experimental fiber textures of pure aluminum snd most
other face-centered cubic metals have been reported as either <lll>5 or
duplex <111> + <1OO>~.6 The resultant texture is genersally reported to
be independent of the method of wilre fabrication whether it is drawing,
extruding, roiling, or swaging, although some surface effects peculiar
to a particular deformation process may occur.7 Both the <111> and
<10CG> component are, of courge, predicted by the various thecriles
previously discussed.

Hibbard6 has pointed out that the <100> component of the duplex
texture for aluminum results only from intermediate amounts of deforma-
ticn and being metastable, it should disappear with increasing amounts
of reduction. Any <100> component remaining after reductions greater
than about 95 per ceni, he attributes to room-temperature recrystal-
lization ¢f the high-purity aluminum rather than to deformaticn.

Further evidence that the <100> component resulis from recrys-
taliization can be found in the work of McHargue and Jetter,8 vwho have
demonstrated that faster extrusion speeds and higher extrusion tempera-
tures result in increased amounts of <100> compornent in high-purity
aluminum. For example, in aluminum extruded with a 90 per cent
reduction in area at 455°C and sn extrusion speed of 0.3 foot per
minute, the resuiting fiber texture contained 22 per cent <i11> and
78 per cent <100> indicating that a major portion of the specimen had
recrystallized during deformation, even at this very low extrusion

speed.
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Sheet Textures

The ideal sheet texture for cold-rolled face-centered cubic
metals has been described as {110}<i12>7 where the {110} ig coincident
with the rolling plane and the <112> lieg in the rolling direction.
The formation of this texture is predicated upon two conslderations:

1. The only operative slip systems at room temperaturs are of
the form {lll}<10i>,7 that is, slip occurring on the planes of most
dense sgtom packing and in the close-packed direction.

2. Deformation during rolling can be eanvisioned as the super-
position of compressive stresséé in the normal direction and tensile
stresses irn the rolling directicn, that is, plane parallelepipedal
compression.

Boag and Schmi&l assume that the rolling plane, {110}, is
determined by pure compression and the rolling direction is the direc-
tion which remaing stable in tension and also leads tc a reducticn in
sheet thickness. This excludes slip systems in which the slip direc-
tion is in the rolling.plane.or the slip plane is perpendicular to the
normal plane. The sheet texture thus predicted is {110}<I12>,

Pickus and Mathewsong nave extended this concept to account for
other textures detected during the cold rolling of face-centered cubic
metals, again agsuming plane parallelepipedal compressions. They pro-
poge that the quantity cos X cos A cos ¢ is a measure of the stabllity

“of a given orlentation and decreasing values of this function indicate
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less staeble orientations. (¢ is the angle between the slip direction
and the directicn of flow. X and A were previcusly defined.)
On this basis the following sheet textures and thelr relative

gtabilities are predicted.

Crientation Cos X Cos A CQS‘¢
{110}<T12> 0.354
{100}<001> 0.289
{110}<001> ¢.28¢9
{112}<111> 0.224
{o10}<101> 0.204
{loi}<10D> 0.204
{131}<112> Unstable
{13io}<111> Unstable

3

The rationelization cof Hibbard znd Yen~ previously discussed
with regard to tengion and compression textures has been extended by
them to rolling textures as.well. They suggest that, 1r sddition to
the three prereguisites for a gtable end position established by Pickus
and Mathewscon, two further conslderations should be added:

1. The amctive slip directioms should lie within a space cone of
L5° or less to the rolling direction.

2. The deformation should e such as 4o avoid flow in the
trangverse directions.

Based on the first of these two sdditional postulates, the {101}

<0I>, {o10}<101l>, {100}<C01>, and {110}<001> textures predicted by

Pickus and Mathewson are demonstrated to be intermediate metagiable
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orientations. The {112}<11¥> orientation is shown to be metastable on
the basis of the second additional postulate leaving only {110}<I12>
as the finél stable end eriéntation.

The theory presented by Calpnan and Clews also predicts {110}
<712> as the predominant compconent of the rolling texture. These
investigators alsc postulate that {110}<1I1> and {110}<001> should be
present as secondary components., In thelr treatment of rolling tex-
tures, the rolling process is not considered to be simple superposi-
tion of tensicn and compression textures but rather a process in which
the end condition for tension and compression are simultaneously satis-
fied.

Obgerved rollimg textures in polycrystalline metals exhibit wide
deviations from the suggested {110}<l12> orientation because of several
factors including restraint of gréin in the sample by adjacent grains
and relative rates of hardening on the latent and active slip gystems.
In cold-rolled alumimm, for example, the principal orientations have
been variougly reported as:

(110)[112] + (112)1:111},T

(13515331, |
(7, 12, 22)[865], or near (123)[511], "
(6, 13, 21) (£33,

(123)[1§1].18
It ig always found that varying amounts of spread occur from these ob-

served principal orientations and Information on the ideal texture

consequently must be supplemented with some representation of the
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distribution of intensities aboul the prineipal oriemtation to provide
a complete pilcture of the deformation texture. A pole figure plotting
the distribution of poles of a diffracting plane with respect to cone
or more reference axes ls commonly used for this purpose.

In alloys contalning spprecisble quantities of a hard phase
dispersed in a ductile maftrix, as is the case of wranivm-aluminum
alloys, it would be anticipated that the development of preferred
orientation is inhibited or even eliminated. The presence of the
second phase, of course, cbstructs lattice rotations and impedes slip
on the asctive systems by incressing the critical resolved shear stress.
Evidence of thig phencmencn has been found In cold-rolled carbon steel
containing Fe3c.as the &i3§erBed phase and in 5 — 10 per cent silicon-
aluminum alloys: containing eutectifercus silicon as the dispersed
phase. 1In these alloys, the temdency to develop orlentations character-

igtic of the iron or aluwinum metrix 1z reduced or eliminated.l3
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CHAPTER IV

EXPERIMENTAL PROCEDURES AND EQUIPMENT

Specimen Preparation

The alloys required for this_study vere prepared by open-alr
induction melting the appropriate charge of high-purity aluminum (99.%9
per cent) and_uranium, if required, in a graphite crucible. Blab-type
graphite molds were used for alloys which were subseguently rolled, and
a cylindrical graphite mold was used for the alloy which was subse-
quently extruded. Analysis of the aluminum melting stock is included
in Table I while Table II summarizes peftinent casting conditions for
the four alloys investigated.

After cropping the élab castings about 1 inch below the head,
the remaining material was cold reduced on a 6 inch by 10 inch two-high
mill to a 90 per cent reduction in thickness. The billets ware reduced
approximately 0.C30 inch per pass and were reversed after each pass to
develop a texture of maximum definition. Although the uranium-bearing
alloys exhibited.rather gevere edge craéking, they could nevertheless
be ccld rolled té the desired_thicknesé. Small sheets 1.5 inches loag
by 0.75 inch wide by 0.1 inch thickIWere.ca£efully sheared from the
center of the rolled plate with the major exis of the sheets parallel
to the rolling dilrection. To cbtain a specimen of sufficient thickness
for subsequent machining of the desired x-ray diffraction sample, three

sheets were then iaminated into a single three-ply sandwich by Joining
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TABLE I

VENDOR 'S ANALYSIS OF HIGH~PURITY ALUMINUM
MELTING STOCK

Composition

. Weight
ﬁetal _ _— _ _ Per Cent
Cu - 0.002
S8i - 0.001
Fe - 0.000
Mg - 0.001
Mn - 0.0600
Others - 0.000C

Al - Balance
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TABLE II

CASTING CONDITIONS FOR PREPARATION OF ALLOCYS

—rngot grams  grams

Al

5 wt % U-AL

13 wt § U-A1

13 wt % U-Al
(extrusion)

o
=~

Mold Pouring
Metal Charge Temper - Temper -
Al [ ature ature
Mold Bize °C °c
2940 - 5 1/4 in. long 350 750
x 10 in. deep
x 1 in. wide
+ head
2850- 150 5 1/4 in. long 350 750
x 10 in. deep
% 1 in. wide
+ head
2697 403 5 1/h in. long 350 750
X 10 in. deep
x 1 in. wide
+ head
2436 364 3-in. dismeter 225 700

Xx.7 in. deep
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with an adhesgive resin. The pure alunivum specimen was bonded with
Bondmaster M-648, s modified epoxy resin supplied through the courtesy
of the Rubber and Asbestos Corporation, Bloomfield, New Jersey. The

5 welght per cent ursnium-aluminum allioy and the 13 weight per cent
uranium-aluminum alloy specimens were bonded with Armstrong A-6 adhe-
sive manufactured by Armstrong Products Company, Warsaw, Indiana.
These resins were selected since they could be cured at room tempera-
ture, thus, precluding the possibility of recrystallization vwhen
curing at slightly elevated temperatures.

The extruded 13 weight per cent uranium-sluminum alloy wasg pre-
pared from the cyilindrical ingot listed in Table TI. The upper three
inches of the ingot were cropped, yielding an extrusion billet three
inches in diameter by four inches long. This billet was preheated to
4155°C and extruded on a 700-ton hwvdraulic press at a speed of 6 feet
ver minute through z flat-face die producing a l-inch diameter rod.

The billet was upset to 3.125-incheg dlameter prior to extrugion,
resulting in an ultimate extrusicn ratio of 9.8 to 1 and a total reduc-
tion in area of 90 per cent. The rod was guenched with a water spray
as 1t emerged from the die. This extruded rod was of sufficient cross
section tc permit machining the x-ray specimen from a small section cut
from the center portion without lamination.

Spherical diffraction specimens C.2 inch in diameter were
reguired for the guantitative x-ray spectrometer technigue used in this
study. Preparation of such speclmens has been discussed by Jetter and

Borielh and is only briefliy summarized here:
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1. Turn a stem on the sample using a conventional lathe.

2. Mount the stem in the chuck of a dividing head attached to
a vertical milling machine Which la fitted with an eccentric boring
tool.

3. Cut the sphere by rapidly rotating the boring tool while
slowly rotating the dividing head and slowly raising the table of the
milling machine,

4. Lap the surface éf sphere to remove tool markings.

5. FEtch the sphere to remove any surface layers disturbed by
machining and lapping.

The machlined specimens for sheet texture studles were appro-
priately marked to designate rolling, rnormal, and transverse directions
and then the stem was machined away. The sphere, in any desired orien-
tation, could bhe attached to an artificial stem with beeswax for mouni-
ing on the x-ray spectrometer. In this way, one specimen was used for
the three principal directions merely by relative positioning of the
ball on a stem. Gince only one direction, the fiber axis, is needed
to delineate the rod textures, the stem on thg extruded alloy remained
integral with the sphere. A typical specimen of this type is shown in

Figure 2.

X-Ray Method

The actual x-ray technigue used in the present work was that

11,14

developed by Jetter, Borie, McHargue, and Willisms at the Oak



20

Figure 2 (Y-26596) Spherical x-ray diffraction specimen with
stem attached.
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Ridge Natlonal Leboratory. . This is a reflection method employing
spherical diffraction specimens. X.ray refliections cccur at a given
Bragg angle, 20, when the specimen is oriented in such a way that the
diffraction plane for that Bragg angle 1s tangent to the surface of the
gphere at the point of incidence of the x=-ray besm. The spherical
diffraction specimen, 0.2 inches in diameter, is mpunted in a special
goniometer which allows the sphére to be rotated repidly through aﬁ
angle, O, about its stém and slowly through an angle, ¢, about an axis
perpendicular to the spectrometer plane while the x-ray source, sphere,
and QGeiger t&be'are-held in a constant Bragg angle relatlionship.
Reotation through the sngle ¢ brings varicus crgstallographic planes of
the specimen intc tangency with the x-ray beam but reflections will
occur only from those planes having {h, k, 1} for the fixed Bragg
angle. The diffraction geometry of this system is iilusirated in
Figure 3. 1In the present work the angle, ¢, was varied from -10° %o
90° and the angle, a, was infinite (that is, the ball rotated rapidly
and continuously about its stem).

Figure U4 shows the special goniometer with Bodine motors for
drivimg the gpecimen through the angles ¢ and ¢. To assure proper
slignment of the sphere in this goniometer and in ithe spectrometer
plane, a toolmeker’s microscope waé used to check the gymmeiry and
position of the sphere for its anguiar rotations.

The special goniometer pictured in Figure 4 was mounted on the
kigh-angle spectrometer of a North American Phillips x-ray diffractom-

eter. X-radistion, filtered to remove the B component, was obtained



X-Ray Source Geiger Counter

Figure 3 (Y-7688) Diffraction geometry for reflection x-ray technique

oo
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Figure 4 {¥-8628) Special gonlometer for producing rotations
of spherical dlffraction specimens.
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from & copper target operated at 35 kilovolts and 20 millismperss. The
incident x-ray besm was collimated through a 1° primary slit and the
diffracted beam was collimated through a 1° receiving slit mounted on
the counting tube. Although it is genmerally desirable to use wide
angle slitg st the Geiger tube, the 1° slilt was‘émployed here to
minimize interferences from UAih lines in the wranium-bearing specl-
mens. Even so, the diffraction from {015}, {121}, and {114} of ALy
occurring at 38.8° caused interference and it was necessary to
eliminate the {111} for aluminum from those evaluasted. Traces were
obtained from only eight crystallographic plenes, namely, {200}, {220},
{311}, {400}, {331}, {202}, {422}, and {420}, in the uranium-aluminmm
alloy specimens.

The procedure for obtaining the trace for a given {h, k, 1} is
detailed as follows:

1. With the specimen properly aligned in the spectrometer and
rotating througk @, scarn to obtain the 28 value for maximum Infensilty
for the {h, k, 1} in question.

2. Bet the Gelger tube at the 28 Tour peak intemsity.

3. Set the angle, ¢, of the gpecilal gonlometer at -10°.

h. Simultanecusly actuate ¢-drive motor and Browa recorder
chart and cbtain a trace of the angle, ¢, versus intensity, I{¢), for
the particular value of {h, k, 1} scanning from ¢ = -10° %o ¢ = +90°.

5. When the ¢-scan has been completed, set 28 st a location
gufficiently off the pesk to glve the background Ilntensity. Repeat the

$-gean over the same chart to obtaln the background Intensity.
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6. Check this background intensity by running 26 seans from
Jjust below to just above the peak at several constant valuss of ¢.

The advanteges of the x-ray technique emplayed here over that
conventionally used in determining pole figures include the followlng:

8 _Since this iag a refleation.méthod, it is sdsptable to metals
with high massﬁabsorption coefficients.

b. Sinée the gecmetry doesg not change, no intensity correcticons
are required.

c. Only one specimen iz necessary for determination of a come
plete pole figure.

4. HNormalization of the data can be.accomplished without

recourse to a2 random sample.

Interpretation of X-Ray Data

To properly wtilize the x-ray intensity date [I(9) versus 9],
it is first necessary to normalize the data in order to negate the
effects of varying multiplicities of the several {h, k, 1} and to
eliminate inherent day-to-day variaticns in the x-ray technique. Only
when the data have been normalized can meaningful Intensity comparisons
be made. Most x-ray techniques requlre the use of a random powder
sample as a standard of camparison ln the noxmalization process.
However, it has-be@n“showhll that the normalization factor, Ixandom’

for the present technigque is-equai t0 the ares under the curve of

I sin ¢ versus ¢ and can be represented symbolically as:



26

/2 |
T andom =LJ; I{¢) sin ¢ 4 4. (1)

Thus, normalization can be achieved merely by evaluation of the
integral without recourse to a random sample. Typical plots of I{¢)
versus ¢ and I(¢) sin ¢ versus ¢ are shown in Figure 5. Graphical
Integration of the area under the curve in Figure 5b can be readily
employed to determine the normalization factor. The normelized inten-
sity B, at any value of ¢ can be determined by dividing the measured
intensity at ¢ by the normalization factor

R(p) = —22 (2)

Erandom
Plots of R{¢), the normalized intengity, can then be made. These plots
are actually pole digtribution charts showing the digtribution of
giffracting plane poles relative to a reference axis. A more desirable
way of representing the data is to show the distribution of the refer-
ence axis relative to a set of standard crystallographic axes.

Jetter, McHargue, and Williamsll have also shown that the nor-
malized diffraction intensity, R, for given wvalues of {h, k, 1} and ¢,
is equal tc the average value of the normalized axis density, T, along
a path ¢ degrees from the diffracting plane pole or

R(¢) = T(o). (3)
This path ¢ degrees from the pole is sald to have a total length of
B

maximum.

For example, the path 0-f

. for the point shown in PFigure
ma.ximum

e, at ¢ = 60° is plotted on standard sterescgraphic triangle in
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Figure 5. (a) Pole distribution chart for {220} plane for 13
weight per cent uranium-aluminum alloy extruded at L55°C to a 90 per
cent reducticn in area. The texture is essentially pure <111>.

{b) Data from (a) replotted as I sin ¢ versus ¢.
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Figure 6. The value of the normalized axis density averaged over this
path ig then equal to R($ = 6C°).

Turning to the actual processing of the x-ray data, a smcoth
curve was first drawn through the strlp chart data for the particular
{h, k, 1} being studied and the background was subtracted yielding
the actual intensity, I{¢), as a fuaction of degrees ¢. The dats were
transposed to ordinary graph paper and plots were prepared of I{¢)
versus ¢ and I(¢) gin ¢ versus ¢ by determining I at 2° intervals from
the recorder strip chart. Typical charts of this type were previously
shown in Figure 5. Plinimetric measurement was used to obialn a value
of the normelizatlon factor from I sin ¢ plot.

The significance of the peaks on a plot of I(¢) versus ¢ may
be interpreted in the following light: If, for a given {h, k, 1}, a
peak on the plot occurs .at ¢ = 0°, then the {h, k, 1} lies perpendic-
ular to the specimen axis under consideration. If {h, %, 1} is {111},
then a peek would alsoc be found at ¢ = T70°32! since this is the angle
between {111}. A peak on the same plot at ¢ = Sh°Lh! would result
from {100} being perpendicular to the specimen axis and the peak at
this location would be caused by the four {111} which were symmetri-
cally distributed about {100} at ¢ = 0°.

Actual plotting of the "inverse' pole figure from the pole
digtribution charts completes the texture determination. Since, at
¢ = 0°, the normalized axis density, T, is averaged over a point rather
than a path of some finite length,

T(o = 0) = T(¢ = 0); (&)
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and therefore,

T(¢ = 0) = R(¢ = 0). (5)
Thus, an unambiguous solution can be realized at seven peints on the
standard crystallographic triangle simply by calculating R(¢ = 0) for
the seven separste crystallographic planeg for which intensity traces
were obtained. Using these points and pole distribution charts of
R(¢) versus ¢ which were calculated For {400}, {220}, and {222}, a
solution was assumed by sketching intensity contours on a standerd
stereographic triangle. This solution was checked using special charts
plotting the path C-B

maximum

{400}, {220}, and {222}. From the special charts, values of T(¢) were

at 2° intervals of ¢ and for {h, k, 1} =

calculated and compared with velues of R({¢) on the pole distribution
charts. A final solution was achieved when T(¢) and R{¢) were essen-
tially coincident for all values of ¢ on the three R(¢) versus ¢ plots.
This method of presenting the data is, in effect, an inverse
pole figure or axis distribution chart which shows the crientation
distribution of the reference axis (whether it is normal, rolling,
transverse, or fiber) with respect to the standard crystallographic
axes. The conventional pole figure, on the other hand, indicates the
orientation distribution of the diffracting plane poles with respect
to reference axils and is inhererntly more difficult to interpret.
Although this technique of preparing inverse pole figures was developed
Tor fiber textures, it has been successfully adopted for sheet
textures by treating normal, transverse, and rolling directions

essentially as three separate fiber axes.



31
CHAPTER V

RESULTS ARD DISCUSSION

The as-fabricated micrqstructures of the four specimens for
which textures were &étermined are presented in Figures 7, 8, 9, and
10. Figure 7 ého%s the.mibrostrueture of pufe gluminum indicating
deformation bands typical of a severely cold-worked metal. Figure 8
illustrates.the microstructure of ﬁhe 5 weight per cent uranium-
aluminum élloy after cold rolling indicating the density of the dis-
persed UAlu phase.,  The éxtent of dispersion is similarly character-
ized for the 13 welght per cent uraniuwm-aluminum alloy, both cold
rolled and'extruded, in Figures 9 and 10. Microscopic inhomogeneity
is quite apparent in the extruded alloy of Figure 10.

Texture data for thé aluminum sample, cold rolled to a 90 per
cent reduction in thickness, are illustrated in Figures 11, 12, 13, and
14. R(e) versus ¢ charts for {h, k, 1} = {222}, {002}, and {00k} are
shown for the rolling direction in Figure 11 and the normal direction
in Figure 12. Since the R(¢ = 0) values for the rolling direction
cbtained in the present work.were,virtually identical with those
reported by Jetter, McHargue, and Williams,ll only a few points on the
pole distribution ploﬁs vere checked by calculating T(¢). Excellent
agreement between experimental values of R{¢) and the calculated values
of f(¢) can be observed. Values of R(¢ = 0) for the normal directicn

were gsignificantly different from those reported by the same authors.



32
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Figure 7 (Y-21460) Microstructure of high-purity aluminum
cold rolled tc a 90 per cent reduction in thickness. Longitudinal
gection photographed with sensitive tint illumination. Etchant:

Electrolytic polish-etch with HClOu and CEHSOH' 200X.



33

e SIS
SRS e

- - - il e
u L L N
T e w2 S

e ama T cmen T
o -
NS Ce P e
3 i PR & e -

e - -
L sl PO S
e e .
- = e i -
2 e A - e s e e

y = Tt ¥ ekl ren Tewa - DI ot -
g ety .;%. R S oy : .Wm«'f““h:.
PON s -t A Vi W e R T e e @ m e s ST

. - .y o L N PR T - IR M
e S TR R TET ARG e v T g

B L U 'W?_‘“‘"\ﬁfo"“?.‘ - ’,,.°» 'L._.. st . -
TR Rt o -,.:, "y — e =
. -
- T e s BT - P

-Ms--ﬁ-nh..( - da ., - B

- . - E o B T " Rk atnind
. I - o il P R - =

. X - v - P SV —
LD g W v SRR weiln LG T LTI A T

Figure & (Y-21459) Microstructure of 5 weight per cent
uranium-aluminum alioy ccld rolled to a 9C per cent reduction in
thickness. Lomgltudinal section showing UAl, dispersed in an aluminum
matrix. Etchant: Electrolytic pollsh-etch with HCJ«OLL and 02H5OH.
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Figure 9 (Y-2186L) Microstructure of 13 weight per cent
uranium-aluminue alloy cold rolled to a 90 per cent reduction in
thickness. Iongitudinal section showing UAY, dispersed in an aluminum
matrix. FEichant: Electrolytic polish-etch with I—ICJ_OLL and C,E_OH.

DO0X. 2



™ : 2
. g SR S S e T
T m&w.g.ftﬁgamﬂﬂﬁzﬁ e
- R L s e R
= g&lé@. T Iy et g M T R

o

35

Microstructure of 13 weight per cent

25589)

Y

(

ium-aluminum alloy extruded at L455°C to a 9C per cent reduction in

Figure 10

uran

ares.

rsed in an aluminum

lgpe

d
Etchant: Electrolytic polish-gtch with HCIOh and CEHBOH'

tudinal section showing UAL

Longl

matrix,
200X,



36

UNCLASSIFIED
ORNL—LR—DWG 23435
P

T T T
(g)

T
{222}
- e CHECK POINTS —

A (NORMALIZED INTENSITY)
[aY)
|
|

Figure 11. Pole distribution charts; aluminum — rolling direction.



37

UNCLASSIFIED
ORNL—-LR—DWG 23434

4
crrrr e Tt
14222

3 ta { } === CALCULATED -

- —— EXPERIMENTAL —

A {NORMALIZED INTENSITY)

Figure 12. Pole distribution charts; aluminum — normal direction.
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Figure 13. Axis distribution charts; sluminum - cold rolled
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Figure 14. Aluminum — cold rolled 90 per cent.



40
Consequently, s comparison of R(¢) and T(¢) was made for all values ¢
with the obtained correlation indlcated in Figure 12.

Axis distribution charts or "inverse pole figures" for the
rclling and normal directions are illustrated in Figure 13. The most
preferred crystallographic direction of the roliing direction is near
<§ﬂ3>. The axis distribution at first falls off symmetrically from
this orientation and then asymmetrically. The normal direction can he
seen to fall off rapidly and symmetrically from a preferred crystallo-
graphic direction near <il3>. Locaticn of normal, trangverse, and
rolling directions on the standard (0Cl) stereographic projection is
shown in Figure 1k and the ideal texture has been assigned the indices
near {113}<343>.

This ideal texture deviated by 14° in the normal direction and
1k® in the rolling direction from the data presented by Jetter,
McHargue, and Williams.ll A similar comparison to the data of Huy,
Sperry, and Becklo revealed angular differences of 10° and 23° for
the normal and rolling directions, respectively.

Similar information for the 5 weight per cent uranium-alvminum
zlloy specimen cold rolled to a 90 per cent reduction in thlcknessg is
presented in Figures 15, 16, 17, and 18. The agreement obtained
between the experimental values of normallized intensity, R(¢), and the
calculated values of normalized sxis density, f(¢), for all values of
¢ from O to 90° ig shown in the pole distribution charts of Figures 15
and 16. From the axis distributicn charts for this ailoy, illus-

trated in Figure 17, it can be discerned that the intensity maxima



41

UNCLASSIIED
ORNL-LR-DWG 26247

S s e A

— EXPERIMENTAL
wewm CALCULATED ™

-

A {NORMALIZED INTENSITY )

Figure 15. Pole distribution charts; 5 weight per cent uranium-
aluminum alloy -~ rolling direction.
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Figure 16. Pole distribution charts; 5 weight per cent uranium-
sluminum alloy — normal direction.
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Figure 17. Axis distributiocn charts; 5 weight per cent uranium-
aluminum alloy — cold rolied 90 per cent.
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Figure 18, TFive welght per cent uranium-aluminum alloy — cold
rolled 90 per cent.
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associated with the most preferred crystallographic directions of the
rolling and normal directions are reduced by about 50 per cent and
65 per cent, respectively, from the pure aluminum specimen indicating
a trend toward a more random texture. The rolling direction was found
to be coincident with the <232> direction and, as such, represents a
ghift of 3.5° fram the rolling direction for the pure aluminum speci-
men. The rolling plane shifted from the location near {113} for pure
aluminum to a point well within the stereographic triangie having the
indices {124}. It may also be discerned from the axis distribution
chart for the normal direction that the most preferred crystallographic
direction is not very sharply defined but rather evidence of a band of
preferred orlentations is beginning to appear. The ideal texturse for
this alloy is located on the sﬁanﬁard projection in Figure 18 and has
been assigned the indices {12L}<232>,

Pertirent information on the orientaticn gtudies for the 13
weight per cent uranium-aluminum alloy, cold reduced to a 90 per cent
reduction in thickness, is included in Figures 19, 20, 21, and 22.
Pole distribution charts for this specimen, shown in Figures 19 and 20,
indicate further trending toward a random texture [that is, R(¢) = 1].
The reasonzble agreement obtalned between experimental measurements of
R(¢) and calculated values of T(¢) 1s also apparent. No correlation
between R(¢) and T(9) was attempted for the normal direction trace of
the {004} becsuse of interferences from UAl) diffraction which led to
inconsistent values of R{(¢ = 0}. The axis distribution charts for this

specimen are shown In Pigure 21. The roliing direction falls off
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Figure 19. Pole distribution charts; 13 weight per cent
uranium-aluminum alloy — roliling directicn.
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gradually and asymmetrically from the most preferred direction which
lies on the <Il0> zone about 4° from the <111>. The normal direction
does not exkibit a single preferred crystallographic orilentation but
rather an equally preferred band of orientation exists precluding the
possibility of specifically locating this direction. In profile the
intensity contours have the follewing appesrance indicating more

clearly the asymmetry of the band.

2.0 -
1.5
b
+
a
5 1.0
+
o
—
0.5 -M““-~___*
_ 1 [ ]
{(0o1) {113) (112) (111)

Evidence of the increasing tendency toward smearing of a single
preferred rclling plane into a band of equally preferred planes or,
more accurately, prevention of initial orientations from rotating into
a single preferred orientation can be seen by comparing Figures 13, 17,
and 21. The culmination of this process is achieved in the 13 weight
per cent uranium-aluminum alloy in which the cbserved texture is

identical to a fiber texture having a single rolling directicon and an
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infinite number of equally preferred normal directions which lie on the
zone 90° from the rolling direction.

As a mechanistic explanation for this observation, it is sug-
gested that during the initial stages of rolling the UAlh pariicles
become aligned with the rolling plane and that areas of relatively
undisturbed eluminum exlst between thege areas of high compound
density. Evidence of this can be geen in Figure 9. The aluminum is
then virtuelly extruded between the areas rich in UAih which form the
"extrusion dies”. The resultant deformation texture iz a fiber texture
typical of extruded metals.

The rolling and normal directions for this specimen are located
on the standard stereographic.projection in Figure 22. RBecause the
normal direction could not be finitely located, no attempt was mede to
position the transverse direction. The ideal texture is near <1l1l>.

Finally, let us consider the 13 weight per cenl uraniuvm-aluminum
alloy which was extruded into rod at 455°C with a 90 per cent reduction
in area. Pole distribution charts for the fiber axis sre shown in
Pigure 23, indicating as before the agreement between experimental and
caleulated intensity distributions. It can be seen that the maximum
intensity was gignificantly greater than for the same alloy deformed
by cold rolling, and a sharply defined <111> texture can be discerned
from the axis distribution chart shown in Figure 2k.

This texture was compared with that cbserved for pure alwsinum
extruded under similar conditions as determined by Jelter and McHargueB

-and discussed previously in Chapier III. The pure aluminum specimen,
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it will be remembered, had a duplex fiber texture consisting of 22 per
cent <111>, the deformation component, and 78 per cent <100>, the
recrystallization component. The uranium-a2luminum alloy specimen con-
tained essentially no <1L00>. However, examination of the microstruc-
ture of the alloy revealed egsentially complete recrysitalligation as
would, of course, be predicted from knowledge that the extrusion tem-
perature was high relative to the accepted recrystallization temperaw
ture for aluminum. Metallographic evidence of recrystallization can
be found in Figure 25. Further evidence that the <111> was aligned
with the fiber axis was cobitained by etch pitting = transverse section
of the uranium-bearing allcoy. Trisngular etch pits characteristic of
- <111> can be clearly seen in Figure 26. For comparison, the micro-
structure of pure aluminum, similarly extruded, is inciuded in
Figure 27. 1In this figure, the triangular etch pits representative of
<ill> deformstion component are visible in the deformed grains while
the square etch plts characteristic of the <l00> recrystallization
component can be seen in the egulaxed recrystallized grains.

The guestion neturally arises — "Why does pure aluminum contain
the <100> recrystallizaticn component while & 13 weight per cent
uranium-aluminum alloy, similarly extruded, contains <I11> as the
recrystallization component?" Uanfortunstely, the present state of
development of deformatlon and recrystallization texture theory pre-
cludes offering any but superficial explanations to this perplexing
guestion. It ie cbviocus, however, that the presence of the dispersed

phase alters the manner in which lattice rotations occur.
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Fig. 25 (Y-26380) Microstructure of 13 weight per cent
uranium-aluminum alloy extruded to a 90 per cent reduction in area at
L55°0, Transverse section photographed with slightly obligque
illumination to delineate grains in the areas of pure aluminum which
recrystallized during extrusion. Etchant: Electropclished and
ancdized. T50X.
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Fig. 26 (Y-26381) Microstructure of 13 weight per cent
uranium-aluninum alloy extruded to a 90 per cent reduction in area at
L35°C¢. Transverse section prepared to reveal triangular etch pits in
aress of pure alumimum indicating {111} texture in recrystallized

grains. Etckant: Aqueocus scolution of HF, HCL, and HNOS' TH0X.
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Fig. 27 (¥Y-14676) Micrestructure of high-purity aluminusm ex-
truded to a 90 per cent reduction in area at 455°C.
prepared to reveal etch pits.
numerous deformation bands are typical of {111} texture while square
etch pits in deformation-free grain are Lyplecal of {lOO} recrystal-
iization texture occurring during extrusion.

Etchant: Aqueous solution of HF, HCL, and HNO

Transverse section
Triangular etch pits in grain with

4 SO0K.
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CHAPTER VI
CONCLUSIONS

i. Alloys containing increasing amounts of the dispersed phase,
UAla, exhiblt an increasing tendency ftoward random orientation as
expected, since the dispersed phase prevents normal lattice rotations
from cccurring.

2. The rolling direction in each of the three cold-rolled
samples was found to lie along the <Il10> zone and the meximum angular
variation between the specimens was only 7.5°. It is, therefore,
concluded that the presence of a dispersed phasge produces no appreci-
able shift in the rolling directicn.

3. In the cold-rolled uranium-bearing specimens, impedance of
lattice rotaticns is manifested by the formation of a broad bhand of
equally preferred orientations for the normal direction rather than a
single crystellographic direction aligned with the normsal dlirection.
This clcse sgimilarity to a fiber texture is attributed to the fact that
the dispersed phase becomes aligned with the rolling plane during the
initial stages of deformation and the aluminuwz matrix is subseguently
forced vetween these particles in much the same manner as if the alloy
vwere being extruded.

L. The idesl textures for pure aluminum and the 5 weight per
cent uranium-zluminum alloy reduced 90 per cent in thickness by cold

rolling are near {ll3}<§@3> and {124}<§§2>, regpectively. 'The ideal
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orientation for the 13 weight per cent uraniwm-alwminum alloy, simi-
larly fabricated, is essentially a near <l111> fiber texture.

5. The fiber texture of a 13 weight per cent uranium-aluminum
alloy extruded at 455°C to & 90 per cent reduction in area is <I11>.
Although this specimen had undergone essentially complete recrystalli-
zation during extrusion, little evidence of the <i00> compcnent could
be found indicating that latiice rotations normally occurriﬁg during

recrystallization are prevented by the presence of the dispersed phase.



10.

11.

12.

13.

1,

60

LIST OF REFERENCES

Boas, W. and Schmid, E., "Interpretation of Deformation Textures,"
Z. tech. Phys., 12, 71 (1931)

Pickus, M. R. and Mathewson, C. H., "On the Theory of the Origin
of Rolling Textures in Face-Centered Cubic Metals,” J. Inst.
Metals, 64, 237 (1939)

Hibbard, W. R. and Yen, M. K., "Wire Textures in Copper and Its
Binary Alpha Solid Soluticn Alloys with Aluminum, Nickel, and
Zine," Trans. Am. Inst. Mining and Met. Engrs., 175, 126
(1948) '

Calnan, E. A. and Clews, C. J. B., "Deformation Textures in Face-
Centered Cubic Metals," Phil. gﬁ%':,&é’ 1085 (1950)

Schmid, E. and Wasserman, G., "Concerning the Textures in Hard-

Drawn Wires," Z. Physik, 42, 779 (1927)

Hivbard, W. R., "Deformation Texture of Drawn Face-Centered Cubic
Metal Wires,” J. Inst. Metals, 77, 58 (1950)

Barrett, C. S., Structure of Metals, Chapters XV, XVII, XVIII, and
XIX (New York: MeGraw-Eill Book Company, 1950)

McEargue, C. J. and Jetter, L. K., Oak Ridge National Laboratory,
Unpublished Informaticn

Dakl, 0. and Pawlek, F., "Preferred Orientation and Grain Growth
in Rolled Plate," Z. Metallkunde, 28, 266 (1936)

Hu, H., Sperry, P. R., and Beck, P. A., "Rolling Textures in Face-
Centered Cubic Metals," Trans. Am. Inst. Mining and Met.
Engrs., 19%, 76 (1952) '

Jetter, L. K., McHargue, C. J., and Williams, R. 0., "Method of
Representing Preferred Orientation Data,” J. Appl. Phys., 27,
374 (1956)

Smallman, R. E. and Westmacott, K. H., Textures in Face-Centered
Cubic Metals and Alloys, AEREAM/R-1603 (19557"

Brick, R. M., "Deformation Textures," Cold-Working of Metals
(Cleveland: Am. Soc. Metals, 1949) p. 105 '

Jetter, L. K. and Borie, B. 8., Jr., "A Method for the Quantita-
tive Determination of Preferred Orientations,” J. Appl. Phys.,

2k, 532-535 (1953)



-61-
ORNL~2635
Metallurgy and Ceramics
TID-4500 (1l4th ed.)

INTERNAL DISTRIBUTION

1. C. E. Center 58. C. 0. Smith
2., Biology Library 59. J. H. Frye, Jr.
3. Health Physics Library 60. W. W. Parkinson
4. Metallurgy Library 61. W. D. Manly
. 5~6,_.Central Research Library 62. J. E. Cunningham
7. Reactor Experimental 63. G. M. Adamscn, Jr.
Engineering Library 64. J. W. Allen
8-27. Laboratory Records Department 65. R. J. Beaver
28. Laboratory Records, ORNL R. C. 66. E. S. Bomar, Jr.
29. A. M. VWeinberg 67. R. E. Clausing
3G, L. B. Emlet (X-25) 68. J. H, Coobs
31. J. P. Murray (Y-12). 69, J. H, DeVan
32. J. A. Swartout 70. L. M. Doney
33. E. H. Taylor 71. D. A. Douglas, Jr.
34. E. D, Shipley 72. E, A. Franco-Ferreira
35. M. L. Nelson 73. R. J. Gray
36. W. H. Jordan 74, J.-P. Hammond
37. C. P. Keim 75. R, L. Heestand
38. R, S. Livingston 76. T, Hikide
39. R. R, Dickison 77-111. M., R, Hill
40, S, C. Lind 112, B, E. Hoffman
41. F. L. Culler 113, 3. Inouye
42. A, H. 8Bnell 114, L. K. Jetter
43. A. Hollaender 115. C. J. McHargue
44, M. T. Kelley 116. P. Patriarca
45. K. 2, Morgan 117. M. L. Picklesimer
46. J. A. Lane 118. T. XK. Roche
47. A. 5. Householder 119. ¢. P, Bmith, Jr.
48. C. 8. Harrill 120. A. Taboade
49. D. 8. Billington 121-130. W. C. Thurber
50. C. E. Winters 131. R. C. Waugh
51, H. E. Seagren 132, E. E. Stansbury {consultant)
52. D. Phillips 133. W. O. Harms (consultant)
53, A. J. Miller 134, J. B, Keonig (consultant}
54. R. A. Charpie 135. H. Leidheiser, Jr. {consultant)
55. €. F. Leitten 136.-C. 8. Smith (aonsultant)
56, E. G. Bohlmann 137. H., A. Wilhelm {(consultant)
57. M. J. Skinner 138. ORNL - ¥-12 Technical Library,

Document Reference Section

EXTERNAL DISTRIBUTION

139. D. E. Baker, General Electric Company, Hanford
140, E. Evans, General Electric Company, Hanford
141. Division of Research and Development, AEC, ORO
142-825. Given distribution as shown in TID-4500 (14th ed,) under Metallurgy
and Ceramics category












