
IARIETTA ENERGY SYSTEMS LIBRARIES

3 M M S b 03t,1332

ORNL-2635
Metallurgy-and Ceramics

- # ' it

DEFORMATION TEXTURES IN

URANIUM-ALUMINUM ALLOYS

W. C. Thurber

CENTRAL RESEARCH LIBRARY
DOCUMENT COLLECTION

LIBRARY LOAN C§PY
ffO WOT TRANSFER TO ANOTHER ||RSON

If you wish someone else to see^His *
; yidoeument, send in name with document

and the library will arrange }d "loan.

OAK RIDGE NATIONAL LABORATORY

operated by

UNION CARBIDE CORPORATION

for the

U.S. ATOMIC ENERGY COMMISSION



-LEGAL NOTICE-

This report was prepared as an account of Government sponsored work. Neither the United States,
nor the Commission, nor any person acting on behalf of the Commission:
A. Makes any warranty or representation, express or implied, with respect to the accuracy,

completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission" includes any employee or
contractor of the Commission to the extent that such employee or contractor prepares, handles
or distributes, or provides access to, any information pursuant to his employment or contract
with the Commission.



UNCLASSIFIED ORNL-2635

Contract Ho. ¥-7405-eng-26

METALLURGY DIVISION

DEFORMATION TEXTURES IN URANIUM-ALUMINUM ALLOYS

William Clarence Thurber

DATE ISSUED

Submitted as a Thesis to the Graduate Council of the University of
Tennessee in partial fulfillment of the requirements for the degree of
Master of Science

OAK RIDGE NATIONAL LABORATORY
Operated "by

UNION CARBIDE CORPORATION
for the

Atomic Energy Commission

UNCLASSIFIED

SVSARTM MARIETTA ENERGY SYSTEMS LIBRARIES

D3bl33£



ii

ACCTOWLEDGMENT

The author wishes to especially thank Dr, C. J. McHargue for his

advice and assistance throughout the course of the investigation.

Thanks are also due to both Dr. McHargue and Dr. E. E. Stansbury for

their invaluable assistance in preparing this manuscript.

The author was privileged to be able to perform the experimental

work at the Oak Ridge National Laboratory and avail himself of direct

and indirect contributions from many on the staff of the Metallurgy

Division including G. E, Angel, C, K, EL DuBose, J. C. Ogle,

J. B. Flynn, and ¥, R. Smith.

Finally, the author wishes to express his appreciation to

¥. D, Mason of the Metallurgy Division's Reports Office for prepara-

tion of the finished work.



Ill

TABLE OF CONTENTS

CHAPTER PAGE

I. SUMMARY. . . . . . . . . . . . . . 1

II, INTRODUCTION 3

III. REVIEW OF PREVIOUS WORK. . . . . . . . . . . . . . . . . 6

IV. EXPERIMENTAL PROCEDURES AND EQUIPMENT. . . . . . . . . . 15

V. RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . 31

VI. CONCLUSIONS. . . . . . . . . . . . . . . . . . . . . . . 58

LIST OF REFERENCES. . . . . . . . . . . . . . . . . . . 6l





1

CHAPTER I

SUMMARY

The deformation textures were determined for uranium-aluminum

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 quantities of the hard, brittle, intermetallic compound,

UAli , dispersed in an essentially pure aluminum matrix. The UA1, pre-

vents deformation mechanisms, operative in unalloyed aluminum, from

acting in the normal manner.

The sheet textures of aluminum, a 5 weight per cent uranium-

aluminum alloy, and a 13 weight per cent uranium-aluminum alloy were

determined for alloys •which were reduced 90 P̂ r 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 area was also 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 {ll3}<3~53> and {l24}<2~32>, respectively. The ideal texture

for the cold-rolled 13 weight per cent uranium-aluminum 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 was noted.

In the 13 weight per cent uranium-aluminum alloy, extruded at

4̂-5 5 °C, a <111> fiber texture was observed. Although complete recrys-

tallization had occurred during deformation, the <100> component

ordinarily associated with deformation-induced recrystallization in

aluminum was not present. These results indicate that the dispersed

phase had prevented normal lattice reorientations from occurring.
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CHAPTER II

INTRODUCTIOI

The deformation textures of metals have "been extensively studied

because of both the practical implications in metal fabrication and the

fundamental knowledge regarding metal behavior that can be gained.

Most of these studies have been confined to pure metals or solid-

solution alloys 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-aluminum alloys containing up to 13 weight per cent

uranium. As can be seen from the uranium-aluminum constitution dia-

gram in Figure 1, alloys in this range of compositions are character-

ized by a pure aluminum matrix in which the intermetallic compound-,

UAli ) is dispersed. From a fundamental standpoint, this system

provides the conditions for studying the effects of a dispersed phase

on the textures developed in an essentially pure metal matrix.

Further, from a practical standpoint, these alloys are commonly used as

fuels for nuclear research and testing reactors. Thus, a thorough

study of the deformation textures resulting from rolling and extrusion

may lead to the development of improved fabrication procedures.

The deformation textures in sheets of pure aluminum, a 5 weight

per cent uranium-aluminum alloy, and a 13 weight per cent uranium-

aluminum alloy were determined in the present investigation using

specimens which had received a 90 Per cent reduction in thickness by
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cold rolling. The texture in a rod specimen of a 13 weight per cent

uranium-aluminum alloy, which had been extruded at ^-55°C with a 90 per

cent reduction in area, was also determined and compared with the fiber

texture for pure aluminum extruded under similar conditions.

It can be seen from Figure 1 that the- 5 weight per cent uranium-

aluminum alloy is a hypoeutectie composition containing 7-3 weight per

cent or 3-^- volume per cent UAL , while the 13 weight per cent uranium-

aluminum alloy is a eutectic .composition material containing 18.9

weight per cent or 9-^- volume per cent UA1. dispersed in an aluminum

matrix.

The textures in all these specimens were determined by a quanti-

tative x-ray spectrometer technique, employing spherical diffraction

specimens and a special goniometer. The data obtained are presented

as "inverse" pole figures or axis distribution charts rather than as

conventional pole figures.
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CHAPTER III

REVIEW OF PREVIOUS ¥ORK

When metals are plastically deformed,, the individual grains tend

to "become oriented in a special and reproducible manner wherein certain

crystallographic directions "become aligned with the directions of prin-

cipal stress. This preferred orientation is characteristic of the

mode, amount, and temperature of deformation, as well as, the particu-

lar metal being deformed.

Deformation textures are generally classified as fiber or 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 number of equally preferred directions perpendicular to the

principal stress axis. Sheet textures, on the other hand, are produced

by rolling and are the product of a more complex system of deformation

stresses. They are generally described in terms of a particular

crystallographic 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 explain the com-

pression and tension textures developed in plastically deformed metals.

The underlying philosophy in each of the theories is that the grains
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of the polycrystalline metal must cohere even. when subjected to severe

deformation strains. The principal difference in each theory lies in

the number of operative slip systems which are proposed to explain the

resultant texture.

One of the most simple hypotheses is that of Schmid and Boas^

who suggested that the three most 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 occurs.

Application of this theory to face-centered cubic metals accounts for

both <100> and <111> components for tensile deformation and the <110>

component for compressive deformation.

2
This theory was subsequently modified by Pickus and Mathewson,

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 orientation include:

1. The slip directions for the operating systems are symmetri-

cally positioned about the stress axis.

2. The value of cos X cos X must be equal for all the active

systems where X is the angle between the stress axis and the slip plane

normal, and X is the angle between the stress axis and the slip direc-

tion.

3- The lattice rotations must cancel one another.

The work of Pickus and Mathewson has been further extended and

elaborated upon by Hibbard and Yen. Their rationalization avers that



with a uniaxial tensile stress, stable end orientations are realized

when the active slip systems are symmetrically disposed about the

stress axis and the active slip directions lie within a space cone -̂5°

from the stress axis. If the active slip directions lie greater than

5̂° from the stress axis, lattice rotations will occur until a stable-

end position is reached.

On the basis of this theory, a <111> texture is predicted as

the primary texture for drawn wires with <100> allowable though not as

probable. Both of these textures will result in maintenance of the

circularity of the wire. In pure tension where the cross section need

not be maintained as circular, <112> is more favorable than <111>.

In compression, following similar reasoning, the stable end

orientations are realized when at least two slip directions lie greater

than 5̂° from the stress axis. Alignment of the <110> with the stress

axis is thus predicted as the major compression texture and the <100>

alignment is an allowable second texture.

k
Calnan and Clews 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

stress toward orientations favorable for multiple slip without the

critical resolved shear stress being exceeded on the most favorably

oriented slip system. This movement is possible in certain grains be-

cause the restraint offered by the grain boundaries prevents the

resolved effective shear stress from exceeding the critical value.
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The effective stress is presumed to move from the applied-stress posi-

tion along a path perpendicular to contours of relative resolved shear

stress for simple slip until a "boundary of the unit stereographic tri-

angle is reached. Once the "boundary has "been reached, the effective

stress will move to the <100>̂  <110>, or <111> where it will remain

under the action of multiple slip without rotation.

If the movement of the effective stress axis is sufficiently

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 occur as simple slip on the only active system and charac-

teristic rotations will occur. In a similar case,, "but where the

effective stress axis has reached a boundary of the stereographic unit

triangle "before the critical resolved shear stress is 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 <100>,

<112>, and <111> as end orientations for tensile deformation and <110>

as the end orientation for compression. This theory,, as does that

of Hibbard and Yen, takes issue with the suggestion that the drawing

process is identical to pure tensile deformation and proposes that

the <111> component Is increased at the expense of the <112> component

yielding a <111> + <100> duplex texture for cold-drawn wires of face-

centered cubic metals.



10

The actual experimental fiber textures of pure aluminum and most

other face-centered cubic metals have been reported as either <111> or

duplex <111> + <100>. The resultant texture is generally reported to

be independent of the method of wire fabrication whether it is drawing,

extruding, rolling, or swaging, although some surface effects peculiar

7
to a particular deformation process may occur. Both the <111> and

<100> component are, of course, predicted by the various theories

previously discussed.

Hibbard has pointed out that the <100> component of the duplex

texture for aluminum results only from intermediate amounts of deforma-

tion and being metastable, it should disappear with increasing amounts

of reduction. Any <100> component remaining after reductions greater

than about 95 P®*1 cent, he attributes to room-temperature recrystal-

lization of the high-purity aluminum rather than to deformation.

Further evidence that the <100> component results from recrys-

Q

tallization can be found in the work of McHargue and Jetter, who have

demonstrated that faster extrusion speeds and higher extrusion tempera-

tures result in increased amounts of <100> component in high-purity

aluminum. For example, in aluminum extruded with a 90 per cent

reduction in area at 455°C and an extrusion speed of 0.3 foot per

minute, the resulting fiber texture contained 22 per cent <111> 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

<• 7
metals has been described as {llO}<112> where the (llO) is coincident

with the rolling plane and the <112> lies in the rolling direction.

The formation of this texture is predicated upon two considerations:

1. The only operative slip systems at room temperature are of

a. 7

the form {lll}<101>, that is, slip occurring on the planes of most

dense atom packing and in the close-packed direction.

2. Deformation during rolling can be envisioned as the super-

position of compressive stresses in the normal direction and tensile

stresses in the rolling direction, that is, plane parallelepipedal

compression.

Boas and Schmid assume that the rolling plane, {lio}, is

determined by pure compression and the rolling direction is the direc-

tion which remains stable in tension and also leads to a reduction 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 {llo}<112>.

2Pickus and Mathewson have extended this concept to account for

other textures detected during the cold rolling of face-centered cubic

metals, again assuming plane parallelepipedal compressions. They pro-

pose that the quantity cos X cos X cos 4> is a measure of the stability

of a given orientation and decreasing values of this function indicate
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less stable orientations, (4> Is the angle between the slip direction

and the direction of flow. X and A. were previously defined.)

On this basis the following sheet textures and their relative

stabilities are predicted.

Orientation gos X Cos A. Cos 4>

{110}<112> 0-354

{ioo}<ooi> 0.289

0.289

0.224

0.204

0.204

(l3l}<112> Unstable

{110}<111> Unstable

3
The rationalization of Hibbard and Yen previously discussed

with regard to tension and eosrpression textures has been extended by

them to rolling textures as well. They suggest that, in addition to

the three prerequisites for a stable end position established by Piekus

and Mathewson^ two further considerations should be added:

1. The active slip directions should lie within a space cone of

45° or less to the rolling direction.

2. The deformation should be such as to avoid flow in the

transverse directions.

Based on the first of these two additional postulates, the {lOl}

<101>, {G10}<101>, {lOG}<OOi>, and {llO}<001> textures predicted by

Pickus and Mathewson are demonstrated to be intermediate metastable
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orientations. The {112}<111> orientation is shown to be metastable on

the basis of the second additional postulate leaving only {llo}<112>

as the final stable end orientation.

The theory presented by Calnan and Clews also predicts {llO}

<112> as the predominant component of the rolling texture. These

investigators also postulate that {llO}<lll> and (llO}<001> should be

present as secondary components. In their treatment of rolling tex-

tures, the rolling process is not considered to be simple superposi-

tion of tension and compression textures but rather a process in which

the end condition for tension and compression are simultaneously satis-

fied.

Observed rolling textures in polycrystalline metals exhibit wide

deviations from the suggested (llo}<112> orientation because of several

factors including restraint of grain in the sample by adjacent grains

and relative rates of hardening on the latent and active slip systems.

In cold -rolled aluminum,, for example } the principal orientations have

been variously reported as:

(110) [112] + (112) [111],̂

(135)1533], 9

(7, 12, 22) [855], or near (123) [211], 10

(6, 13, 21H533],11

It is 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 *about the principal orientation to provide

a complete picture- of the deformation texture. A pole figure plotting

the distribution of poles of a diffracting plane vith respect to one

or more reference axes is coKaonly used for this purpose.

In alloys containing appreciable quantities of a hard phase

dispersed in a ductile matrix., as is the case of uranium -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, obstructs lattice rotations and impedes slip

on the active systems by increasing the critical resolved shear stress.

Evidence of this phenomenon has been found in cold-rolled carbon steel

containing Fe_C as the dispersed phase and in 5 -* 10 per cent silicon-

aluminum alloys' containing eutectiferous silicon as the dispersed

phase. In these alloys, the tendency to develop orientations character-

13istie of the iron or aluminum matrix is reduced -or eliminated.
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CHAPTER IV

EXPERIMENTAL PROCEDURES AND EQUIPMENT

Specimen Preparation

The alloys required for this study were prepared by open-air

induction melting the appropriate charge of high-purity aluminum (99-99

per cent) and uranium, if required, in a graphite crucible. Slab-type

graphite molds were used for alloys which were subsequently 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 pertinent casting conditions for

the four alloys investigated.

After cropping the slab 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 were reduced

approximately 0.030 inch per pass and were reversed after each pass to

develop a texture of maximum definition. Although the uranium-bearing

alloys exhibited rather severe edge cracking, they could nevertheless

be cold rolled to the desired thickness. Small sheets 1.5 inches long

by 0-75 inch wide by 0.1 inch thick were carefully sheared from the

center of the rolled plate with the major axis of the sheets parallel

to the rolling direction. To obtain a specimen of sufficient thickness

for subsequent machining of the desired x-ray diffraction sample, three

sheets were then laminated into a single three-ply sandwich by joining



16

TABLE I

VENDOR'S ANALYSIS OF HIGH-PURITY ALUMINUM
MELTING STOCK

Metal

Cu

Si

Fe

Mg

Mn

Others

Al

Composition
Weight
Per Cent

0.002

0.001

0.000

0.001

0.000

0.000

Balance



TABLE II

CASTING CONDITIONS FOR PREPARATION OF ALLOYS

Ingot

Metal Charge
Ai u

grains grams. Mold Size

Mold
Temper-
ature
°C

Pouring
Temper-
ature
_!£_

Al

5 wt % U-A1

13 wt % U-A1

13 wt % U-A1
(extrusion)

29̂ 0

2850-

269T

2^36

150

1+03

5 lA in. long 350
x 10 in. deep
x 1 in. wide
+ head

5 lA in. long 35©
x 10 in. deep
x 1 in. wide
+ head

5 lA in. long 350
x 10 in. deep
x 1 in. wide
+ head

3-in. diameter 225
x 7 fo». deep

750

750

750

700
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with an adhesive resin. The pure aluminum specimen 'was bonded with

Bondmaster M-6U8, a modified epoxy resin supplied through the courtesy

of the Rubber and Asbestos Corporation, Bloomfieid, lew Jersey. The

5 weight per cent uranium-aluminum alloy 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 recrystaliization when

curing at slightly elevated temperatures.

The extruded 13 weight per cent uranium-aluminum alloy was pre-

pared from the cylindrical ingot listed in Table II. 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

J+55°C and extruded on a 700-ton hydraulic press at a speed of 6 feet

per minute through a flat-face die producing a 1-inch diameter rod.

The billet was upset to 3,125-inches diameter prior to extrusion,

resulting in an ultimate extrusion ratio of 9-8 to 1 an-d a total reduc-

tion in area of 90 per cent. The rod was quenched with a water spray

as it emerged from the die. This extruded rod was of sufficient cross

section to permit machining the x-ray specimen from a small section cut

from the center portion without lamination.

Spherical diffraction specimens 0.2 inch in diameter were

required for the quantitative x-ray spectrometer technique used in this

study. Preparation of such specimens has been discussed by Jetter and

Ik
Borie and is only briefly 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 is 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.

k. Lap the surface of sphere to remove tool markings.

5- Etch the sphere to remove any surface layers disturbed by

machining and lapping.

The machined specimens for sheet texture studies were appro-

priately marked to designate rolling, normal, and transverse directions,

and then the stem was machined away. The sphere, in any desired orien-

tation, could be attached to an artificial stem with beeswax for mount-

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. Since only one direction, the fiber axis, is needed

to delineate the rod textures, the stem on the 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 technique used in the present work was that

11 14
developed by Jetter, Borie, McHargue, and Williams ' at the Oak



20

Figure 2 (Y-26596) Spherical x-ray diffraction specimen with

stem attached.
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Ridge National Laboratory* Hals IB a reflection method employing

spherical diffraction specimens. X-ray reflections occur at a given

Bragg angle, 26} when the specimen is oriented in such a way that the

diffraction plane for that Bragg angle is tangent to the surface of the

sphere at the point of incidence of the x-ray beam. The spherical

diffraction specimen, 0.2 Inches in diameter, is mounted in a special

goniometer which allows the sphere to "be rotated rapidly through an

angle, a, about Its stem and slowly through an angle, *, about an axis

perpendicular to the spectrometer plane while the .x-ray source, sphere,

and Geiger tube are held In a constant Bragg angle relationship,

Eotation through the angle 4> brings various erystallographic planes of

the specimen into tangency with the x-ray beam but reflections will

occur only from those planes having (h, k, l} for the fixed Bragg

angle. The diffraction geometry of this system, is illustrated in

Figure 3« In the present work the angle, <t>, was varied from -10° to

90° and the angle, a, was Infinite (that Is, the ball rotated rapidly

and continuously about its stem).

Figure- h shows the special goniometer with Bodine motors for

driving the specimen through the angles a and 4>. To assure proper

alignment of the sphere In this goniometer and in the spectrometer

plane, a toolmaker's microscope was used to check the symmetry and

position of the sphere for its angular rotations.

The special goniometer pictured in Figure 4 was mounted on the

high-angle spectrometer of a North American Phillips x-ray dlffractom-

eter. X-radiation, filtered to remove the p component, was obtained
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Figure 3 (Y-7688) Diffraction geometry for reflection x-ray technique.



Figure k (Y-8628) Special goniometer for producing rotations
of spherical diffraction specimens.
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from, a copper target operated at 35 kilovolts and 20 millianrperes. The

incident x-ray "beam 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 generally desirable to use wide

angle slits at the- Geiger tube., the 1° slit was employed here to

minimize interferences from UA1. lines in the uranium-bearing speci-

mens. Even so., the diffraction from {015}, {l2l}, and {ilk} of UA1,

occurring at 38-8° caused interference and it was necessary to

eliminate the {ill} for aluminum from those evaluated. Traces were

obtained from only eight crystallographie planes, namely, {200}f {220},

{311}, {ifOO}, {331}, {222}, {̂ 22}, and {420}, in the uranium-aluminum

alloy specimens.

The procedure for obtaining the trace for a given {h, k_, l} is

detailed as follows:

1. With the specimen properly aligned in the spectrometer and

rotating through a, scan to obtain the 26 value for maximum intensity

for the {h, k, l} in question.

2. Set the Geiger tube at the 20 for peak intensity.

3. Set the .angle, *, of the special goniometer at -10°.

h. Simultaneously actuate 0-drive motor and Brown recorder

chart and obtain a trace of the angle, 4>, versus intensity, !(<!>), for

the particular value of {h, k, l} scanning from 4> = -10° to <t> = +90°.

5. "When the 4>-scan has been completed, set 20 at a location

sufficiently off the peak to give the background intensity. Repeat the

4>-sean over the same chart to obtain the background intensity.
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6. Check this background intensity by-running 20 scans from

just below to just above the-peak at several constant values of *.

The advantages .of the x-ray technique employed here over that

conventionally used in determining pole figures include the following:

a. Since this is a reflection method,, it is adaptable to metals

with high mass-absorption coefficients.

b. Since the geometry does not change, no intensity corrections

are required,

c. Only one specimen is necessary for determination of a com-

plete pole figure.

d. Normalization of the data can be - accomplished without

recourse to a random sample.

Interpretation of X~Ray Data

To properly utilize the x-ray intensity data [l(*) versus *],

it is first necessary to normalize the data in order to negate the

effects of varying Multiplicities of the several {h} k, l} and to

eliminate inherent day-to-day variations in the x-ray technique. Only

when the data have been normalized can .meaningful intensity comparisons

be made. Most x-ray techniques require the use of a random powder

sample as a standard of comparison in the normalization process.

However, it has been .shown that the normalization factor, I -, ,random'

for the present technique is- equal to the area under the curve of

I sin <1> versus * and can be represented symbolically as:
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"IT/2
I , = 1(4)) sin * d <t>. (l)random /̂o

Thus, normalization can "be achieved merely by evaluation of the

integral without recourse to a random sample. Typical plots of l($)

versus <t> and l(4>) sin 4> versus 4> 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 normalized inten-

sity; R, at any value of 4> can be determined by dividing the measured

intensity at <t> by the normalization factor

• (2)
random

Plots of R(<t>), the normalized intensity, can then be made. These plots

are actually pole distribution charts showing the distribution of

diffracting 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 Williams have also shown that the nor-

malized diffraction intensity, R, for given values of (h, k, l) and *,

is equal to the average value of the normalized axis density, T, along

a path f degrees from the diffracting plane pole or

R(*) = T(4>). (3)

This path <t> degrees from the pole is said to have a total length of

maximum.

For example, the path 0-P . for the point shown in Figure
' maximum

5a at * = 60° is plotted on standard stereographic triangle in
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0 10 20 30 40 50 60 70 80 90

Figure 5. (a) Pole distribution chart for {220} plane for 13
weight per cent uranium-aluminum alloy extruded at U55°C to a 90 per
cent reduction in area. The texture is essentially pure <111>.
(b) Data from (a) replotted as I sin 4> versus <l>.
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Figure 6. The value of the normalized axis density averaged over this

path is then equal to R(4> = 6o°).

Turning to the actual processing of the x-ray data, a smooth

curve ¥as first drawn through the strip chart data for the particular

{h, k, l} being studied and the background was subtracted yielding

the actual intensity, l(<t>), as a function of degrees <fr. The data were

transposed to ordinary graph paper and plots were prepared of l($)

versus 4> and !(<!>) sin <J> versus 4> by determining I at 2° intervals from

the recorder strip chart. Typical charts of this type were previously

shown in Figure 5, Plintmetric measurement was used to obtain a value

of the normalization factor from I sin 4> plot.

The significance of the peaks on a plot of !(*) versus <t> may

be interpreted in the following light: If, for a given {h, k, l}, a

peak on the plot occurs at * = 0°, then the {h, k, l} lies perpendic-

ular to the specimen axis under consideration. If {h, k, 1} is {ill},

then a peak would also be found at <t> = 70°32! since this is the angle

between {ill}, A peak on the same plot at <t> = 54°M4*! would result

from {100} being perpendicular to the specimen axis and the peak at

this location would be caused by the four {ill} which were symmetri-

cally distributed about {lOO} at <t> =0°.

Actual plotting of the "inverse" pole figure from the pole

distribution charts completes the texture determination. Since, at

0=0°, the normalized axis density, T, is averaged over a point rather

than a path of some finite length,

f(4> = 0) = T(<t> = 0); (4)
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(OCM (012) (OH)

(133)

0-p̂max

Figure 6. Standard (OOl) stereographic triangle showing path
for 4> = 60° and {h, k. l} = {Oil}.

*- ' ' -1 <• J
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and therefore,

T(d> = 0) = RO = 0). (5)

Thus, an unambiguous solution can be realized at seven points on the

standard crystallographic triangle simply by calculating R(<J> = 0) for

the seven separate crystallographic planes for which intensity traces

were obtained. Using these points and pole distribution charts of

R(4>) versus <t> which were calculated for {̂ OO}, {220}, and {222}, a

solution was assumed by sketching intensity contours on a standard

stereographic triangle. This solution was checked using special charts

plotting the path 0-6 . at 2° intervals of <t> and for (h, k. l} =* B * ^maximum L ; ' J

{̂ 00}; {220}, and {222}. From the special charts, values of f(<t>) were

calculated and compared with values of R(<l>) on the pole distribution

charts. A final solution was achieved when T(<l>) and R^) were essen-

tially coincident for all values of * on the three R(<t>) versus $ plots.

This method of presenting the data is, in effect, an inverse

pole figure or axis distribution chart which shows the orientation

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 axis and is inherently more difficult to interpret.

Although this technique of preparing inverse pole figures was developed

for fiber textures, it has been successfully adopted for sheet

textures by treating normal, transverse, and rolling directions

essentially as three separate fiber axes.
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CHAPTER V

RESULTS AND DISCUSSION

The as-fabricated microstructures of the four specimens for

which textures were determined .are presented in Figures 7> 8, 9> and

10. Figure 7 shows the microstructure of pure aluminum indicating

deformation bands typical of a severely cold-worked metal. Figure 8

illustrates the microstructure of the 5 weight per cent uranium-

aluminum alloy after cold rolling indicating the density of the dis-

persed UA1, phase. The extent of dispersion is similarly character-

ized for the 13 weight per cent uranium-aluminum .alloy, both cold

rolled and extruded, in Figures 9 a*id 10. Microscopic inhomogeneity

is quite apparent in the extruded alloy of Figure 10.

Texture data for the aluminum sample, cold rolled to a 90 per

cent reduction in thickness, are illustrated in Figures 11, 12, 13, and

Ik. R(d>) versus * charts for {h, k, l) = {222}, {002}, and {dOk} are

shown for the rolling direction in Figure 11 and the normal direction

in Figure 12. Since the R(4> = 0) values for the rolling direction

obtained in the present work were.virtually identical with those

reported by Jetter, McHargue, and Williams, only a few points on the

pole distribution plots were checked by calculating T(<t>). Excellent

agreement between experimental values of R(<t>) and the calculated values

of T($) can be observed. Values of R(<!> = 0) for the normal direction

were significantly different from those reported by the same authors.
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Figure 7 (Y-21460) Mlcrostructure of high -purity aluminum
cold rolled to a 90 per cent reduction in thickness. Longitudinal
section photographed with sensitive tint illumination. Etchant:
Electrolytic polish -etch with HC10, and CH OH. 200X., CpH OH.
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Figure 8 (Y-21̂ 59) Microstructure of 5 weight per cent
uranium-aluminum alloy cold rolled to a 90 per cent reduction in
thickness. Longitudinal section showing UA1. dispersed in an aluminum
matrix. Etchant: Electrolytic polish-etch with HCIO^ and CpHj-OH.

^



Figure 9 (Y-21864) Microstructure of 13 weight per cent
uranium-aluminum alloy cold rolled to a 90 per cent reduction in
thickness. Longitudinal section showing UA1, dispersed in an aluminum
matrix. Etchant: Electrolytic polish-etch with HC10< and CpH OH.
200X. ^
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Figure 10 (Y-25589) Microstructure of 13 weight per cent
uranium-aluminum alloy extruded at 455°C to a 90 per cent reduction in
area. Longitudinal section showing UA1> dispersed in an aluminum
matrix. Etchant: Electrolytic polish-etch with HC10, and CLH OH.
200X. ^
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Figure 11. Pole distribution charts; aluminum — rolling direction.
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Figure 12. Pole distribution charts; aluminum — normal direction.
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Figure Ik. Aluminum — cold rolled 90 per cent.
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Consequently, a comparison of R(<t>) and T(<J>) was made for all Talues *

with the obtained correlation indicated in Figure 12.

Axis distribution charts or "inverse pole figures" for the

rolling and normal directions are illustrated in Figure 13- The most

preferred crystallographie direction of the rolling direction is near

<353>« The axis distribution at first falls off symmetrically from

this orientation and then asymmetrically. The normal direction can be

seen to fall off rapidly and symmetrically from a preferred crystallo-

graphic direction near <113>. Location of normal, transverse,, and

rolling directions on the standard (001) stereographic projection is

shown in Figure I.h and the ideal texture has been assigned the indices

near {ll3}<3~53>.

This ideal texture deviated by 14° in the normal direction and

1̂ ° in the rolling direction from the data presented by Jetter,

McHargue, and Williams. A similar comparison to the data of Hu,

Sperry, and Beck revealed angular differences of 10° and 23° for

the normal and rolling directions, respectively.

Similar information for the 5 weight per cent uranium-aluminum

alloy specimen cold rolled to a 90 per cent reduction in thickness is

presented in Figures 15, 1.6, 17, and 18. The agreement obtained

between the experimental values of normalized intensity, R(<l>)j and the

calculated values of normalized axis density, T(4>), for all values of

<t> from 0 to 90° is shown in the pole distribution charts of Figures 15

and 16. From the axis distribution charts for this alloy, illus-

trated in Figure 17, it can be discerned that the intensity maxima
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Figure 15. Pole distribution charts; 5 weight per cent uranium-
aluminum alloy - rolling direction.



UNCLASSIFIED
ORNL-LR-DWG 26248

(a) {222} — EXPERIMENTAL
-— CALCULATED

en
"Z.
\±l

- 2
Q
LJ
N

—I I
<
siro „

(b) {022}

Figure 16. Pole distribution charts; 5 weight per cent uranium-
aluminum alloy — normal direction.
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Figure 17. Axis distribution charts; 5 weight per cent uranium-
aluminum alloy — cold rolled 90 per cent.
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associated with the most preferred crystailographic 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. Hie rolling direction was found

to be coincident with the <2§2> direction and, as such, represents a

shift of 3-5° from 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 triangle having the

Indices {12̂ -}. It may also be discerned from the axis distribution

chart for the normal direction that the most preferred crystailographic

direction is not very sharply defined but rather evidence of a band of

preferred orientations is beginning to appear. Hie ideal texture for

this alloy is located on the standard projection In Figure 18 and has

been assigned the indices {124}<23~2>.

. Pertinent information on the orientation studies 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(<t>) = l].

The reasonable agreement obtained -between experimental measurements of

R(*) a-nd calculated values of T(<t>) is also apparent, lo correlation

between R(4>) and l(<t>) was attempted for the normal direction trace of

the {004} because of interferences from UA1> diffraction which led to

inconsistent values of R(4> = 0). The axis distribution charts for this

specimen are shown in Figure 21. The rolling direction falls off
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Figure 21. Axis distribution charts; 13 weight per cent
uranium-aluminum alloy — cold rolled 90 per cent.
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Figure 22. Thirteen weight per cent uranium-aluminum alloy
cold rolled 90 per cent.



gradually and asymmetrically from the most preferred direction which

lies on the <110> zone about k° from the <111>. The normal direction

does not exhibit a single preferred crystallographic orientation but

rather an equally preferred band of orientation exists precluding the

possibility of specifically locating this direction. In profile the

intensity contours have the following appearance indicating .more

clearly the asymmetry of the band.

2.0

1-5

•H
CO

§ i.o-pa
H

0.5

(001) (113) (112) 111

Evidence of the increasing tendency toward smearing of a single

preferred rolling 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 observed texture is

identical to a fiber texture having a single rolling direction 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 UA1, particles

become aligned with the rolling plane and that areas of relatively

undisturbed aluminum exist between these areas of high compound

density. Evidence of this can be seen in Figure 9- The aluminum is

then virtually extruded between the areas rich in UA1, which form the

"extrusion dies". The resultant deformation texture is 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. Because the

normal direction could not be finitely located^ no attempt was made to

position the transverse direction. The ideal texture is near <111>.

Finally,, let us consider the 13 weight per cent uranium-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 are shown in

Figure 23? indicating as before the agreement between experimental and

calculated Intensity distributions. It can be seen that the maximum

intensity was significantly 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 observed for pure aluminum
Q

extruded under similar conditions as determined by Jetter and McHargue

and discussed previously in Chapter III. The pure aluminum specimen.
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it will te remembered, had a duplex fiber texture consisting of 22 per

cent <111>, the deformation component, and J& per cent <100>, the

recrystallization component. The uranium-aluminum alloy specimen con-

tained essentially no <100>. However, examination of the microstrue-

ture of the alloy revealed essentially complete recrystallization as

would, of course, be predicted from knowledge that the extrusion tem-

perature was high relative to the accepted recrystallization tempera-

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 obtained by etch pitting a transverse section

of the uranium-bearing alloy. Triangular etch pits characteristic of

<111> can be clearly seen in Figure 26. For comparison, the micro-

structure of pure aluminum, similarly extruded, is included in

Figure 2J. In this figure, the triangular etch pits representative of

<111> deformation component are visible in the deformed grains while

the square etch pits characteristic of the <100> recrystallization

component can be seen in the equiaxed recrystallized grains.

The question naturally arises - "Why does pure aluminum contain

the <100> recrystallization component while a 13 weight per cent

uranium-aluminum alloy, similarly extruded, contains <111> as the

recrystallization component?" Unfortunately, the present state of

development of deformation and recrystallization texture theory pre-

cludes offering any but superficial explanations to this perplexing

question. It is obvious, however, that the presence of the dispersed

phase alters the manner in which lattice rotations occur.
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Fig. 25 (¥-26380) Microstructure of 13 weight per cent
uranium-aluminum alloy extruded to a 90 per cent reduction in area at
455°C. Transverse section photographed with slightly oblique
illumination to delineate grains in the areas of pure aluminum which
recrystallized during extrusion. Etchant: Electropolished and
anodized. 750X.
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Fig. 26 (¥-26381) Microstructure of 13 weight per cent
uranium-aluminum alloy extruded to a 90 per cent reduction in area at
455°C. Transverse section prepared to reveal triangular etch pits in
areas of pure aluminum indicating {ill} texture in recrystallized
grains. Etchant: Aqueous solution of E¥, HC1, and HNO . 750X.
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Fig. 27 (Y-14676) Microstructure of high-purity aluminum ex-
truded to a 90 per cent reduction in area at ^55°C- Transverse section
prepared to reveal etch pits. Triangular etch pits in grain with
numerous deformation bands are typical of {ill} texture while square
etch pits in deformation-free grain are typical of {lOO} recrystal-
lization texture occurring during extrusion.
Etchant: Aqueous solution of HF, HC1, and MO . 500X.
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CHAPTER VI

CONCLUSIONS

1. Alloys containing increasing amounts of the dispersed phase,

i _, exhibit an increasing tendency toward random orientation as

expected^ since the dispersed phase prevents normal lattice rotations

from occurring.

2. The rolling direction in each of the three cold-rolled

samples was found to lie along the <110> zone and the maximum angular

variation "between the specimens was only 7-5°- It is, therefore,

concluded that the presence of a dispersed phase produces no appreci-

able shift in the rolling direction.

3- In the cold-rolled uranium-bearing specimens, impedance of

lattice rotations is manifested by the formation of a broad band of

equally preferred orientations for the normal direction rather than a

single crystallographic direction aligned with the normal direction.

This close similarity 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 aluminum matrix is subsequently

forced between these particles in much the same manner as if the alloy

were being extruded.

Ij-. The ideal textures for pure .aluminum and the 5 weight per

cent uranium-aluminum alloy reduced 90 per cent in thickness by cold

rolling are near {ll3}<3~53> and {l2k}<232>, respectively. The ideal
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orientation for the 13 weight per cent uranium-aluminum alloy, simi-

larly fabricated, is essentially a near <111> fiber texture.

5- The fiber texture of a 13 weight per cent uranium-aluminum

alloy extruded at ̂ 55°C to a 90 per cent reduction in area is <111>.

Although this specimen had undergone essentially complete recrystalli-

zation during extrusion, little evidence of the <100> component could

"be found indicating that lattice rotations normally occurring during

recrystallization are prevented by the presence of the dispersed phase.
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