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SUMMARY

The objective of this thesis was to study the orientational relationships

which exist in unidirectionally solidified UO_-W composites. The knowledge of

2
these relationships is necessary for an understanding of the growth mechanism of
metal precipitates in an oxide matrix. The orientational relationships were
determined by a variety of x-ray diffraction techniques, such as x-ray single
crystal diffractometry, powder diffractometry and pole figure techniques.

A number of unidirectionally solidified cermets produced by the modified
floating-zone technique, typical of the UOz-W composites presently available,
were selected for study.

Prior to x-ray diffraction analysis each of these specimen was cut perpen-
dicular to the growth direction and then carefully polished and in some cases a
surface layer of UO2 was etched away to expose the tungsten fibers.

From lattice parameter determination, the lattice constants of the W and
UO2 were found to be close to ASTM and stoichiometric values. A number of
different orientations between tungsten fibers and uranium dioxide matrix were
present in the composite. Three of the most frequently occurring orientations
were (110)W|](111)U02 (planes normal to growth direction) with [-110]WH [il.O] UOz’

(100)W|[(111)U02 with [011]W|f f110]U02, and (110)W|[ (111)Uoz with [001]W[|[1101002.



CHAPTER 1

INTRODUCTION

Nearly all modern materials are composites or mixtures of a number
of substances designed for a particular application. They have to meet unusual
characteristics and unique functional requirements. When several materials are
combined into a composite each constituent not only contributes its own property,
but the combined action of the constituent transcends the sum of individual prop-
erties and provides new characteristics unattainable by the constituents acting
alone.

Unidirectional solidification of refractory oxide-metal mixtures, using a
modified floating zone technique (1), has been used to grow cermets composed
of metal rods, fibers, or platelets evenly dispersed in the refractory oxide matrix.
In this technique, pressed rods of the oxide, or composite, were sintered in air or
in an inert atmosphere to densify and preheat the material. After the initial heat-
ing, the heaters were separated to expose 2 cm of the rod to a microwave field of
6 to 30 MHZ depending on the material to be melted. High radiant heat losses
from the surface and the inherent low thermal conductivity of the oxides maintained
the skin of the rod well below the melting point. During growth, the oxide, or
composite, melted from the roof of cavity which were generated in the molten zone
and solidified at the base.

Composites specimens 117, 136, 199, and 642 were selected for study since



these specimens represent the different growth modes usually encountered during
growth of these composites.

X-ray diffraction provides a suitable analytical technique to study the
composite orientations. The highly anisotropic behavior of these composites is
directly related to the growth modes of metal fibers in the oxide matrix, X-ray
powder diffractometry, single crystal diffractometry techniques and pole figure
methods were selected for the present work.

Standard x-ray powder diffractometry provides a suitable method for the
determination of d-spacings. Single crystal diffractometer methods were used to
determine metal-oxide orientations in various selective areas of the composites.
The results obtained by these methods were checked by back-reflection Laue tech-
niques. The Laue photographs were obtained from approximately the same areas
which were studied using the x-ray diffractometer.

The orientation information obtained by diffractometer and Laue back-
reflection techniques described completely the various orientational relationships.
But for practical reasons, these orientational relationships could only be obtained
for a small finite number of points per sample surface area.

An indication for the orientation distribution over the total sample surface
was obtained from x-ray pole figure experiments. Usually two reflections for
pole figures were studied.

In x-ray diffractometry, the specimens were studied in the single crystal
orienter of the diffractometer using monochromatic radiation obtained with a

doubly bent graphite monochromator. Orientations were determined by use of the



stereographic projections in conjunction with the appropriate goniostat rotations.

The lattice constants of the UO2 and W were determined by computing the
lattice constants for each individual reflection and then extrapolating for 6= 900.

A conventional reflection method was used for determination of direct pole
figures of the composite specimens with pole figure device or x-ray diffractometer.
The growth direction of the specimen was chosen as the reference axis. The peak
intensities of X-rays obtained from a particular reflection were plotted as a func-
tion of the angular relationship between the poles of the plane and the reference

axis.



CHAPTER I
A SURVEY OF THE LITERATURE

This chapter is devoted to a review of previously published information on
the subject of binary unidirectionally solidified eutectic systems, orientational
relationships, and relevant crystallographic orientation information.

The crystal structure of tungsten and uranium dioxide is discussed briefly,
followed by an introduction of the mechanisms, the structure morphology and
crystallographic orientation of some systems which had been previously studied.
Finally, the experimental work published to date on preferred crystallite orien-
tation in eutectics is also reviewed.

In the uranium-oxygen system, oxides over the composition range UO

1.756

to UO exhibit a face-centered cubic structure with the calcium fluoride (Can)

2.4’

arrangement of atoms (2). Only two distinct compounds, UO2 and U 409,. were

shown in the composition range above UO both having the fluorite-type struc-

2.00°
ture. The room temperature lattice parameter for these two compounds are given
inthe appendix. The density, calculated from the lattice parameter measurements
for essentially stoichiometric UO2 varies from 10.95 to 10.97 g/cc.

Tungsten metal exhibits a body-centered cubic crystal structure unit cell
with a lattice constant a = 3.16522 + 0,00009A (at 25° C). Measured densities of

tungsten were 18.7 to 19.3 g/cc at 20°C and the density of fine tungsten wire was

19.1 to 19.2 g/cc. The generally adopted value for theoretical maximum density



is 19.35 g/cc and the density measured by x-ray diffraction techniques was found
to be 19.254 g/cc at 25°C (3).

Many fundamental studies have been carried out on the structural charac-
teristic of eutectic composites and preferred crystallite orientation in order to
provide an understanding of their complex and peculiar growth processes, and
growth modes for establishing the parameters controlling oxide-metal solidifi-
cation behavior.

Albright and Kraft (4) in their experimental studies of the Fe-FeS eutectic,
and Galasso, Douglas and et al (5) of the Fe¥'eSb eutectic systems have shown that
unidirectionally solidified eutectics have an array of iron fibers parallel to one
another and to the growth direction, embedded in a matrix of FeS and FeSb,
respectively.

In studying the structure of unidirectionally solidified eutectic alloys,
Lemkey and Hertzberg (6) demonstrated that the resulting aligned two phases
microstructure behaved as a whisker reinforced composite material.

Lemkey and Salkind (7) in their studies of Nb-szc and Ta—Tazc eutectic

alloys have shown that Nb_C whisker reinforced niobium to be stronger than all

2
other niobium alloys over the temperature range 20 to 1650°C. These authors
used x-ray techniques to determine simultaneously the orientation of both, the
matrix and the carbide phase. Both carbides exhibited hexagonal crystallography
and a preference for growth in the LlOiO] direction. The niobium matrix phase

was found to grow in the [ 110] direction.

Livingston (8) in his studies of the structure of Au-Co aligned eutectics by



X-ray diffractometry demonstrated that the samples were polycrystalline with an
aligned array of face-centered cubic cobalt rods in a gold matrix of identical
orientation and with [110] as the preferred growth direction. The morphology
changed from rod like to lamellar at high growth rates.

Jaffrey and Chadwick (9) in their studies of the Sn-Zn and Al-AlBNi eutectic
systems found that the crystallographic relationships displayed by the pairs of phases
in both systems were insensitive to the growth rate. These authors determined,
in the Sn-Zn alloy system, that the growth direction was]|[120] Sn || [Olio]zn and
the ribbon interface plane was || (101) g | ('1012)Zn. In the Al-Al_Ni alloys phases,
though the A13Ni phase grew in the (010) direction, these authors did not find any
particular orientation relationship. These observations confirm the results of
Cooksey et al. (10), but contradict those of Lemkey et al. (6,7). Therefore, they
believed that a preferred orientation relationship is not always developed in uni-
directionally solidified ingots of this alloy.

Davies (11) in "Growth of Fiber Structures from the Melt' has shown that
the unidirectionally solidified Cu GSnS—Sn system consisted of rods of Cu 68n5
imbedded in a tin matrix with the axis of the rods parallel to the growth direction.

On comments of Davies's work, Ford (6 ) studied the Cu-Cr eutectic system
and showed that in this alloy when the applied load were transferred to the whiskers,
and the Cr fibers were not effective in reinforcing the Cu matrix of the eutectic
alloy in spite of their high strength because their present volume was insufficient.
Ford, Lemky et al. (6) also studied the unidirectionally solidified Al-Al_Ni eutectic

3

system containing 10 percent by volume of AI—AISNi fibers in an Al matrix. These



authors found that by varying the growth rate, the morphology might change
gradually in the dispersed Al 3Ni phase from platelets to rods. At low solidifi-
cation rates, the factors controlling mechanical behavior was the growth kinetics
and the formation of plate-like structure. The platelets and rods grew parallel

to each other and were aligned in a faulted substructure. The crystallographic
relationship between Al and A13Ni phases were also found as interface || {001}
A13Ni || {331} Al and the growth direction || [010]A13Ni[110] Al. It was also shown
that the A13Ni inface shape was not circular but elliptical with the major axis
parallel to the [1007] Al 3N:t direction. These authors also stated that in unidirec-
tional solidification Al-Al 3Ni has three fold increase in strength over that exhibited
by cast specimens,

Jones and Kraft (12) in their studies of the structure of the Zn—MgZZn 11
eutectic found that this eutectic can solidify in three morphologies, lamellar,
rodlike, and three-vaned dendritic, all of which have the same crystallographic
orientation relationship.

Decker et al. (13) and Norton (14) used as the method for making a pole
figure of rolled sheet with preferred orientation an x-ray unit equipped with a
G-M counter for measuring intensities. But Norton's method had two limitations.
One was that sample thickness was limited to 0. 015" and the other was that there
had to have enough crystals illuminated by the x-rays to give a proper pole figure,

Later, Schulz (15) devised a reflection method for determination of pole
figures of flat samples with a Geiger counter x-ray spectrometer. The chief

advantage of the reflection method was that the experimental data could be used



directly without corrections for changes in geometry during rotation of the sample.
Beginning from an initial position identical with the usual reflection arrangement,
the sample was rotated about an axis defined by the intersection of the sample
surface with the plane of the spectrometer. During this motion a randomly oriented
sample would yield a constant counting rate because the absorption and effective
scattering volume of the sample remained unchanged. As a result, no correction
formula was required.

In 1951,. Harris (16) quantitatively determined the preferred orientation of
hot-rolled and cold-rolled uranium bars by x -ray diffraction methods using a Geiger
counter. It was shown that the hot rolling caused the (110) plane to become strongly
and the (010) planes weakly oriented perpendicular to the rolling direction. The
cold rolling showed the (010) planes strongly, and (130) planes weakly perpendicular
to the rolling direction.

Chernock and Beck (17) in 1952, analyzed the method proposed by Schulz
and showed the diffracted intensity was decreased because of increasing defocus-
ing with specimen tilting angle. In order to overcome this limitation, these authors
proposed to increase the receiving slit length.

Dunn (18) in his analysis of quantitative pole figure data, suggested that
isolated concentrations of poles in a pole figure plot had agreed well with the plane
normal distribution.

Jetter et al. (19) studied the textures of brass, aluminium sheet and rod
and developed a method for determining the fiber axis density from the pole density

given by x -ray diffraction data. The fiber axis distribution as deduced to give



directly and quantitatively the type and degree of preferred orientation.

Meieran (20)devised a pole figure technique by use of the reciprocal lattice
concept. The specimen is rotated about two mutually perpendicular axes and the
recorded intensities are plotted on polar projection paper. The diffracted inten-
sities are proportional to the density of the reciprocal lattice sphere. The surface
density of the reciprocal lattice points is geometrically similar to the surface den-
sity of poles in a stereographic projection. Therefore, if a reference circle is
chosen in the reciprocal lattice sphere and the surface density of reciprocal lattice
points is measured, the pole figure can be constructed. This method can overcome
the variations in texture through the thickness of the material since during specimen
rotation the same specimen surface is exposed to the X-ray beam and averaging
of the diffracted intensity occurs throughout the data collection process.

Roe and Krighaum (21, 22, 23) used the x-ray diffraction measurements to
investigate the distribution of plane normal orientations in anisotropic polycrystal-
line materials having fiber textures. These authors stated that the measurement
of x-ray diffraction represented the best means of studying the crystallite orien-
tation. The plane normal distribution function was expanded in a series of Legendre
polynomials. The crystallite orientation distribution functions were represented
as a contour map and as an inverse pole figure diagram if plotted in stereographic
projection. Thus, the orientation distribution of crystallites in anisotropié poly-
crystalline samples was derived from a set of plane normal distributions obtained
by x-ray diffraction measurements. These authors presented a general solution

to the problem of pole figure inversion which is applicable to samples of any
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symmetry.
Chapman and Clark (24) in their studies of the growth of UO o single cry-
stals, found that single crystals can be produced by the floating-zone technique

was [1107. In the UO_-W cermets

and that the preferred growth direction in UO P

2
system (1), these authors pointed out that W rods, evenly dispersed in the single
crystal UO2 matrix, could be successfully produced by a modified floating zone

process. Both, the W fibers dispersed in oxide matrix and a lamellar structures

consisting of alternate layers of UO_ and W could be produced. The most frequently

2
observed orientational relationship, found by these authors with the aid of x-ray
techniques, were (IIO]W I (111)Ur 02 (samples cut perpendicular to the growth
direction and these planes are perpendicular to the growth direction) with [110]W

| [110 1U 02. These authors also found that the solidification behavior of the UOZ—W
fell outside the broad eutectic classification based on entropies of melting. Regular
eutectic structures were readily produced from UOZ—W mixtures although the entropy
of melting of UO2 is larger than the low value for W,

Watson, et al. (25) studied the solidification behavior of stabilized ZrOz-W
system and found that this additional oxide-metal system is capable of composite
fiber and platelet growth; the wide differences in the properties of the oxides and
metals should yield materials with novel properties.

Gerdes, Chapma and Clark (26) in their studies of refractory oxide-metal
composites, found that the unidirectionally solidified uranium dioxide with 5 to 15

percent by weight of tungsten yielded tungsten fibers or platelets in the uranium

dioxide matrix. The lattice constants of the metal and oxide were found to be
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o 0
3.1650 + 0.0003 A for W and 5.4715 +0.0003 A for U02. The orientation most

frequently observed by these authors was ( 110)W||( 111)UO (planes perpendicular
2

i i i 1 ‘
to growth direction) and with (IIO)WH ( 10)U0
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CHAPTER III

EQUIPMENT AND INSTRUMENTATION

Three different x-ray units were used to determine the orientational
relationships and lattice parameters. One was a General Electric XRD-5
diffractometer equipped with single crystal orienter and doubly bent graphite
monochromator, This unit was used for lattice parameter measurements and
determination of UOZ-W orientations, The second unit was a Norelco x-ray
diffraction unit equipped with pole figure device. The third instrument was a

General Electric XRD-5 equipped with standard XRD Laue camera assembly for

Laue back reflection analysis.
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CHAPTER IV
PROCEDURE

The experiments of this thesis have been divided into three parts., Part 1
describes the measurement of lattice parameters and orientational relationships
of U02-W composites by x-ray diffractometry. Part 2 describes the pole figure
data collection with x-ray diffractometer and pole figure device. Part 3 describes

the use of the Laue back-reflection method for the determination of orientation of

large grains.

Determination of Lattice Parameters and Orientational Relationships

The XRD-5 x-ray unit was equipped with a doubly bent graphite monochro-
mator. Occasionally, especially at the beginning of this work, a doubly bent
lithium fluoride monochromator was used. Both monochromators were used as
incident beam monochromators. The use of these monochromators required that
particular attention was given to alignment procedures. One requirement for
alignment was that the x-ray beam had to pass through the center of the 2 faxis
and also through the center of the receiving slit at 2 8= 0°. Two procedures were
used to satisfy this requirement. |

Use of the Powder Sample Holder

The powder sample holder was mounted perpendicular to the incident x-

rays on the diffractometer assembly and a fluorescent screen was placed in the
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specimen position. The x-ray tube was now moved in such a way that the x-ray
beam passed through a slit and was incident on the center of the fluorescent
screen which had previously been marked. Some fine adjustments were made
by rotating the diffractometer base. The fluorescent screen was then removed
and the powder sample holder rotated through 90° and remounted. A LiF single
crystal was mounted in the sample holder and the diffractometer set to 26 = 45. 030,
the 2 § angle for the (200) plane of LiF and CuKaradiation. In the case of the
graphite monochromator, the diffracted intensities for this peak were usually
quite high and it was necessary to mount some aluminum foil as an absorber in
front of the scintillation counter to ensure operation in the linear range of counter.
When the (200) diffraction peak was found to occur slightly off the correct
2 B position of 45, 030, which was usually the case, the positioning of the x-ray
tube monochromator housing was changed by slightly tapping with a plastic hammer
until the correct 2 Aangle was obtained. It was usually possible to obtain the x-ray
tube diffractometer alignment with a precision of at least + 0. 02°. As a further
check for proper alignment a polycrystalline silicon standard was mounted and the
above alignment procedure repeated for the (111), (220), (311), (400), and (331)
silicon peaks. Care was taken to obtain diffraction peaks which were free from
instrumental asymmetries.
The alignment of the x-ray tube with respect to the diffractometer was
thus obtained by trial and error. Although a precision in the 2 fangles of at
least + 0. 02° was judged satisfactory, a precision of + 0. 01° was frequently

obtained. The x-ray tube housing was bolted down tight at the best alignment
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possible.

The next step in the alignment procedure was the correct positioning of
the diffractometer's optical microscope. This was necessary when specimens
were mounted on the eucentric goniometer head.

The diffractometer was set to 1000 and the mounting screws for the micro-
scope were loosened. A Norelco silicon standard or the large LiF single crystal
were mounted in the powder sample holder. The microscope was focused onto the
center of the crystal until the cross hairs coincided with the edge of the crystal.
Then the microscope mounting screws were tightened.

Use of the Eucentric Goniometer Head

After the above mentioned alignment had been completed, the powder sam-
ple holder was replaced by the single crystal orienter in which a eucentric gonio-
meter head had been mounted. A 0.002" gold or platinum wire was attached to the
center of the goniometer head with plastolene or clay. The y motion of the orienter
was set to zero degrees and the diffractometer was set at 2 8= 100°. By using the
goniometer head's angular and horizontal displacement screws, the wire was posi-
tioned in such a way that it appeared precisely in the center of the microscope's
cross hairs. Care was taken that the wire would not wobble during the subsequent
cpangle rotation. Any wobble was easily detected by observation with the microscope.
The microscope eye piece was rotated and adjusted in such a way that its vertical
cross hair would coincide with the wire when y was 00. Then x was set at 900,
the microscope was adjusted so that its horizontal cross hair would coincide with

the wire. After this final focusing, the position of the microscope was marked on
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the track. Then the diffractometer was moved to 00 2 @ which brought the beam
and the detector in a straight line, A lead sheet was mounted at the entrance of
the detector to protect it from the direct x-ray beam. When the equipment was
in proper alignment, the wire divided the beam symmetrically and an equal por-
tion of the divided beam entered the receiving slit. By placing a fluorescent screen
between the receiving slit and wire, the two equal parts of the x-ray beam could
be observed on the screen. This could also be checked by placing a fluorescent
screen behind the receiving slit. For precise alignment, the wire had to divide
the beam symmetrically in the vertical (x = 00} and the horizontal (x = 900) position.
Now the wire was removed and a LiF single crystal was mounted on the
goniometer's head. The diffractometor was moved back to 100. 0° 2 6, and the
inclination angle x was adjusted to zero degrees. In order to obtain a correct
intensity distribution, the LiF (or Si) sample position was adjusted roughly paral-
lel to the horizontal line of the microscope's cross hairs so that the microscope
could focus on both sides of the crystal edge when the pwas rotated through 180
degrees. Then the angular and horizontal displacements on the goniometer head
were adjusted until the edge of the specimen appeared exactly parallel to the hori-
zontal line of the cross hairs in the microscope. Then the microscope was moved
to the previously marked position and focused on the center of the crystal surface.
By using a small focusing light to project on the transparent LiF single
crystal surface (not on the Si polycrystal because it was opaque) a clear white
line appeared in the crystal when viewed through the microscope. The height of

the crystal was adjusted in such a way that the white line coincided with the
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horizontal cross hairs of the microscope. Then y was rotated to 900, so that the
white line would also coincide with the vertical line of the microscope's cross
hairs. If this was not the case the goniometer head's angular and horizontal dis-
placement were adjusted until the white line and the microscope's cross hairs
coincided. For ¥ = 00 , the white line was parallel to the horizontal cross hairs;
for = 900, the white line was parallel to the vertical cross hair. Then y was
rotated back to 900 and 2 6 was set to 45. 03° 2 6, which was the Bragg angle for
the LiF crystal's (200) reflection. If the diffraction angle 2 8was not 45. 03° for
LiF, then the x-ray tube frame was slightly tapped or the 2 6 angle for the mono-
chromator was changed until maximum intensity and the correct 2 6 angle were
obtained. The diffractometer was then set again to 1000 2 6 and the microscope
was adjusted again to focus on the edge of the LiF crystal. The crystal edge
appeared in the same position, no matter whether the gangle was changed through
180o or not.

The Si polycrystalline sample was then mounted in place of the LiF crystal
to determine whether the diffraction angles for (111), (220) (311), (400) and (331)
could be obtained in agreement with the ASTM standard index.

In the case of specimens, such as the UOz—W composite, the problem fre-
quently occurred that the sample surface was not smooth or sharp and the surface
not exactly parallel to a crystallographic plane as in the case of the LiF crystal.

As a result, precise alignment of the UO_-W composite was difficult and had to be

2

made by trial and error for each specimen.

After the precise alignment had been completed, the specimens were
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polished with 600 grit sand paper. Specimens with diameter of 8 to 12 mm and

2 to 4 mm thickness were examined. Afterwards a tissue paper (for polishing

uses only) on a flat glass or plastic plate was used with a little abrasive diamond
paste on it. The paste size used were 20 y, 15 pand 7 u. The sample was polished
until a smooth surface was obtained. The specimens were cleaned with water and
then etched for one minute with a solution consisting of 20 ml saturated chromic
acid, 10 ml acetic acid, 7 ml HNO3 concentrated, 5 ml HF (58%), and 20 ml water

in order to obtain a perfectly smooth surface.

Determination of Lattice Parameters

The lattice parameters were computed according to
2d sin 8= n X and
a2 = d:2 (h2+ kz + 12)
The two equations were combined to

2 2 2
a2_(h+k el )

5 where
4 sin 6

a = lattice parameter
A = wavelength of x-rays
h,k,1 = Miller indices of lattice planes

6 = Bragg angle

Great care was taken in the determination of the Bragg angles. Usually
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non-overlapping peaks were selected in the range from 35 to approximately 800

2 . In this range the K and Kaz components usually overlap to various degrees.
The wavelength of the unresolved Ka doublet was taken as the weighted average of
the wavelength of its components.

The lattice constant a was computed for each of the individual reflections.

Lattice parameter a_ was then obtained by plotting the individual a values vs. the

(csc:lsl g cos 9 \J and extrapolating to

Nelson-Riley-Taylor-Sinclair function —
6= 290° (27).

Determination of Orientational Relationships

The determination of the tungsten-uranium dioxide orientational relation-
ships involved several steps. First, it was established which planes normal to
the growth direction and usually parallel to the specimen surface were parallel
to each other. Then those crystallographic directions in these planes were deter-
mined which were parallel to each other in UO2 and W. This determination was
carried out in a straightforward manner with the help of standard stereographic
projections for the cubic crystal system (both W and UO2 crystallize with a cubic
lattice.) The stereographic projections were of great value since they showed at
once the relative orientations of all the important planes in the crystal.

In an actual determination the two strongest peaks of W and UO2 were
selected. According to the standard diffraction geometry (x = 900, ¢ = any angle)
the lattice planes which produced these reflections were parallel to each other,
For example (100) for W and (111) for UO2 were frequently found to be parallel

to each other. The parallelism of the [IOO]W and [1101UO directions was a strong
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possibility. The following procedure was used to check whether this was true:
a. x was setto 450, the angle between (110) and (100) planes of tungsten.
b. The diffractometer was set to 58.29° the 2 8 angle of (200) tungsten plane.
c. The pangle was changed until maximum intensity for the (100) tungsten plane
was obtained.
d. The o angle was left unchanged and the diffractometer was set to 33. 320, 2 6,
the (200) reflection of UOZ'
e. x was set to 35.26° (90°-54.74°) the angle between (100) and (111) planes of
vo,.
f. Occurrence of a diffraction peak at this angle indicated parallelism of these
two directions. Frequently, however, a rotation through several degrees (1
to 30) in o was necessary to obtain a peak, indicating a slight misorientation.
Other orientation relationships were obtained using the same procedures.
Naturally, it was necessary to plot the corresponding stereographic projections
to determine the possible orientations. These determinations were made with an
x-ray beam which covered approximately an area of 4 x 10 mm2 of the specimen
surface. The orientations found by this method therefore indicate the overall
orientational relationships.
In order to study orientation in one or a few of the composites cells, a colli-
mator was used and the monochromator shutter adjusted in such a way that an

2
area 2 X 2 mm could be studied. Usually several cells were included in an area

of this size. (Fig. 1).
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(a) (b)

(a) 4x 10 mm2 spot covers the entire specimen when
rotated through ¢ = 360 .

(b) 2x2 mm2 spot covers a few cells only. In this case
the x-rays impinged upon an area in the center of the
diffractometer. The specimen had to be moved with

the x-ray translation of the goniometer head if another
area was to be studied.

Figure 1. Typical Shape of Specimens and Areas Studied.

Collection of Pole Figure Data

Since two different x-ray machines were used for the pole figure experi-
ments, two different procedures were utilized. In the first procedure (GE XRD 5),
the x angle was being changed at 5 degrees intervals for each completed revolution
of 3600 in ¢. Initially, pwas started at 00 and x was at 900. ¢ was kept continu-
ously rotating with the help of a motor from 00 to 360° and the angles were changed
every 5 degrees until a y angle of 50° was reached. The motor speed for ¢was
5° /min.

The second method was an alternate approach to determine thepole figure of

the UOz—W composite. The sample was mounted on the specimen holder of the
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Norelco pole figure device and aligned. The goniometer was set to a 2 fvalue
corresponding to the plane of reflection to be analyzed. For each plane analyzed,
three traces were made. In each of the three traces x was set initially at 00 and
rotated at a constant rate of 10 per minute. In the first trace pwas started at 00,
in the second trace at 1200, and in the third trace at 2400. With the help of a
motor, ¢ was rotated at a constant rate of 200 per minute.

During data collection, the specimen was made to move back and forth in
an integrating motion to increase the surface area and thereby the number of
crystallites exposed to the incident beam. Two reflections were studied in one
sample. The most intense peak for UO2 was chosen (2 8= 28.30, corresponding
to the (111) plane) and the most intense peak for W (2 9= 40. 10, corresponding to
the (110) plane), The intensities measured were plotted on polar coordinate

paper as a function of ¢ and .

Laue Back Reflection Camera

The back reflection Laue method was used to trace the growth orientation
in the UOZ—W composites.

A standard Laue camera was used and the specimen was mounted behind
the film cassette at a distance of 3 cm. With a fluorescent screen it was checked
whether the x-ray beam covered the same specimen surface which had previously
been studied in the x-ray diffractometer. A Polaroid film camera was used and
the exposure time was usually 15 minutes. During exposure, the x-ray tube was
operated at 26 KV and 38 mA.

The Laue back-reflection photograph showed different zone axes in



different speciments. These zone axes were traced out according to standard
descriptions (28). The results of these four Laue back-reflection studies are

discussed in the next chapter.
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CHAPTER V

RESULTS AND DISCUSSION

In the following paragraphs the results of lattice parameter measurements
and orientation determinations are discussed specimen by specimen. Finally the
various results are correlated and conclusions are drawn with respect to the

various growth modes.

Analysis of Specimen 117

Specimen 117 was cylindrical in shape, 8 mm in diameter and 2.5 mm in
thickness. The specimen was studied by x-ray powder diffractometry, single
crystal diffractometry and pole figure techniques. A scanning electron micrograph
of this specimen is shown in Figure 2, indicating a composite consisting of fibers
which are uniformly distributed in an oxide matrix.

Lattice Constants Determination

Figure 2 shows that the specimen had a major crack. The grain or cell
structure of the specimen can be clearly recognized. For the purpose of powder
diffraction studies, the grain size was larger than usually employed in powder
work. Some of the grains measured more than 1 mm in diameter. Therefore,
some problems were encountered with the location, intensity and shape of the
diffraction peaks because some of the large grains behaved as single crystals in

the diffraction experiments. A certain amount of averaging was obtained by



Figure 2. Scanning Electron Micrograph of Specimen
Showing the entire specimen at low magnifi-

This and all other scanning electron

micrographs were obtained by courtesy of

Dr. R. J. Gerdes.

cation.
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Figure 3. Lattice Constants Correction for Compounds in Specimen 117
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Table 1. The Measured and Calculated Values for the UO2 and W

Lattice Constants in Specimen 117.
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rotating the specimen about the p-axis during the measurements. But this was
only at best a minor correction.

The lattice constants were computed for each individual reflection and
plotted vs. the Nelson-Riley-Sinclair-Taylor function. Extrapolating for 6= 90°
produced the a value (see Fig. 3). The measured and calculated data are pre-
sented in Table 1. The lattice constant for W was found to be 3.165 g. This
value is very close to the generally accepted ASTM value for W (3. 1648 g). This
agreement indicates little or no solid solution of UO2 in W. Also, this value
would indicate absence of measurable amounts of tungsten oxides which may have
formed during growth or chemical etching of the sample.

A lattice constant of 5. 47010\ was found for UO_. The value agrees well

2

with values for a given by Belle (2) for stoichiometric UO_. This compound

2.

o
seems to have lattice constants which are <5.470 A for on-c 9 and which are

0
>5.470 A for on But this is no proven fact and merely an interpretation

>2°
of some of the above cited values.

Lattice constants for tungsten and UOz, therefore, indicate little or no
mutual solubility for these two compounds and stoichiometric behavior for UO2

during growth and etching processes.

Orientation Studies with the Diffractometer

The orientational relationships in specimen 117 were determined through
the procedure described in Chapter IV. Presentation of the results is best under-
stood with the help of Figure 4. In this figure, the (110), (111) and (100) planes

are shown with some simple directions in these planes in relative orientation to
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each other.

Uoz was most frequently observed to be oriented with [111] parallel to
the growth direction. This means, of course, that the (111) plane was normal to
the growth direction. As shown in Figure 4d, the (111) plane is best shown as an
equilateral triangle.

For W the [110] was frequently found to be parallel to the growth direction.
This means that the (110) plane, shown in Figure 4c as a rectangle, was normal
to the direction of growth. A similar reasoning is true for the (100) plane, shown
as a square in Figure 4e.

The results are presented in such a way that first the parallelism of the
most frequently occurring simple planes is indicated, e.g. (llO)WH(lll)UOZ'
This parallelism, however, does not indicate anything about the orientation of
(110) and (111) planes relative to each other in a common plane, e.g. the plane
of the drawing in Figure 4. But an indication of parallelism of two directions in
these planes, determines in what way the rectangle (110), or square (100) are

oriented with respect to the triangle (111). An indication such as (110)W|E (111) 4
2

with [-iloij[ilO]U o, indicates that W and UO,, are oriented relative to each other
as shown in Figure 4c and 4b, e.g. one long side of the rectangular is parallel
to the base of the triangle with both (110) and (111) in the same plane.

For this as well as all other specimens, an overall, major orientational
relationship was determined by studying the specimen with a wide x-ray beam
which covered most of the specimen. An attempt was also made to determine

2
the orientations in small areas (2 X 2 mm ) covering only one or a few cells of



Table 2. Orientational Relationships Determined for Specimen 117

Area observed
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position  (hkl),, I (bkl) o with [hkl]WH Mkl
2 2

D ® O O

OVERALL 110

2 110
3 110
4 110

111

111

100

111

110

001

110

110

011




i {110]

» [110]
(110)W[| (111)U02 with [110]W|E[1101U02

Growth Direction |][110]w|i [111],,
2

Figure 5. Major Growth Orientational Relationships for Specimen 117,
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the composite. This determination was usually made in three or four different
areas of the specimen,

The results of the orientation studies are presented in Table 2. Four
orientational relationships were determined. The first relationship, (IIO)WH
(111)U02 with [ilO]WH[hO]UOZ in the major orientation found for the entire
specimen. This relationship indicates that W and UO2 have a tendency to orient
themselves with their close-packed planes normal to the growth direction, not
an unexpected result (Figure 5). The orientations found in the small areas in
position 2 and 4 are identical, a confirmation of the overall orientation. Only in
position 3 was a different result obtained.

Generally, for specimen 117, the orientation determinations mean that
the close-packed planes of W and UO2 were parallel to each other and normal to

the growth direction or [110]W|i[lll]UO || growth direction.
2

Orientation Studies by Back-Reflection Laue Techniques

The scanning electron micrograph in Figure 2 shows that specimen 117
has grains or cells which may be as large as 1 mm in diameter. This grain size
appeared large enough for orientation studies by back-reflection Laue techniques.

The specimen was mounted in a standard Laue camera arrangement with

a 3 cm film-to-specimen distance. The specimen was positioned in the specimen

holder with clay and the specimen surface was oriented normal to the incident
x-ray beam. The precision of this orientation was not particularly good because
of the use of clay and not better than + 2° (angle between normal of specimen

surface and incident x-ray beam). On the average the mounting precision was
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probably only + 5°,

Other complications in these studies were to be expected by the relatively
large cross section of the x-ray beam and the composite structure of the grains.
The x-ray beam had a cross section of approximately 1 mmz. Thus it was nearly
impossible to obtain Laue photographs of only one grain. Usually two or sometimes
even three grains gave rise to a complicated Laue diffraction pattern. This com-
plication was then further enhanced by reflections from the W fibers which were
evenly dispersed throughout the UO2 matrix,

The Laue photograph in Figure 6 is characteristic of a series of Laue
photographs which were taken of specimen 117, It can be assumed that the overall
intensity of the diffraction spots was related directly to the amount of material
diffracting x-rays. Thus, the large spots probably belong to the UO2 matrix while
the finer spots probably belong to the W, Intercepts of major zones have been
numbered for convenience of discussion,

Some of the major zones which are observed in Figure 6 have been replotted
in a stereographic projection in Figure 7. Difficulties in interpretation due to the
above discussed problems notwithstanding, the intercepts 1, 3, and 4 are probably
those of major orientations. The intercepts have been indexed as being approxi-
mately the same as the (111), (001), and (110) reciprocal lattice points. It is
significant that these planes are close to the center of the projection. These are
probably sample positioning errors which would explain why the spots are not
close to the center of the projection. Judging from the intensity of the spots it

is concluded that (111) and (100) probably belong to UO_ while (110) probably

2



This photograph is characteristic of many others, which
have been obtained for this specimen. It was exposed to
x-ray for 20 minutes under 26.5 KV and 38 mA. The inset
depicts the area studied.

Figure 6. Back-Reflection Laue Photograph of Specimen 117,
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belongs to W. The (100) spot may well belong to a different grain of UO . Thus
this Laue photograph probably indicates that two UO grains have (111) and (100)
respectively parallel to the specimen surface or normal to the growth direction
while (110) of W is probably the W plane most frequently found in this orientation.
Orientation Studies by Pole Figure Techniques

The pole figure technique provides a method of sampling an individual
spherical shell of the reciprocal lattice of a powder sample. Uneven pole density
in such a spherical shell generally means that the poles align in certain direc-
tions only and that these directions are preferred relative to a growth or rolling
direction. A pole figure is therefore a good indication for that percentage of
grains, cells or particles in a specimen which is oriented in a particular direction.

Difficulties in the collection of pole figure data are to be expected when an
insufficient number of grains or particles are present in a specimen or when the
grain size is too large. This difficulty was therefore expected to create experi-
mental problems in the study of specimen 117 and in all other composite specimens
studied in this work.

Figure 8is the pole figure which was obtained for UO (111). The contour
lines indicate relative intensities in intervals of 500 cps each. The center repre-
sents the observed peak intensity. As expected, a strong peak is obtained close
to the center of the projection. This indicates that numerous (111) planes are
oriented normal to the growth direction, in agreement with the observations of
other orientation studies for this specimen.

An accumulation of poles is also observed along the north-south axis at



