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ABSTRACT

The preferential orientations produced in binary alloys of U-Si
and U=~Cr on plane sections perpendicular to the direction of heat flow
by cooling from beta-phase temperatures were determined. The
experimentally determined textures were presented using inverse pole

figurese.

A definite and reproducible relationship was found to exist
between the preferred orientation present at any position and the

cooling rate which material at the position had experienced,

It was found that the concentration of the alloying elements
within the ranges studied had little detectable effect upon the
observed relationship between the cooling rate and the resulting

preferential orientation.

It was postulated that the observed relationship between texture
and cooling rate in material which had been cooled rapidly resulted
from oriented growth of the alpha phase produced by a shear-type
beta-to-alpha phase transformatione At lower cooling rates where
the transformation became diffusion controlled, the texture was
accounted for on the basis of the plastic deformation of the alpha
phase due to stresses developed at the beta-to-alpha transformation
interface,
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I INTRODUCTION

The purpose of this investigation was to determine the effects
of cooling rate and chemical composition on the preferential crystal
orientation produced in alpha uranium by quenching from the beta

phase,

During the course of normal reactor operation alpha uranium
undergoes d:i_mensional‘ changes. Constant-volume dimensional changes
occur in single crystals of alpha uranium when they are irradiated by
neu't.rons1 ’2. Positive growth takes place in the [01 O] direction and
negative growth of an equsl magnitude occurs in the [100] direction
while the [601] direction remains unaffected. A second type of
dimensional change experienced during reactor operation occurs in
polycrystalline alpha uranium. This growth or distortion has its
origin in the anisotropy of the thermal expansion coefficients of the
major crystallographic directions, and is probably due to a thermal
ratcheting deformation of individual grains during temperature
f’.l.u.c1;*».13.1:.:3.ons3 o The dimensional changes exhibited by polycrystalline
alpha uranium during reactor operation are therefore dependent upon
crystal size and orientation, and from the standpoint of dimensional
stability, the most advantageous crystal configuration is one of small,

randomly oriented grainse.

Forming processes such as extrusion and rolling produce severe
preferential orientations or textures in polycrystalline alpha
uranium, One heat-treating procedure generally accepted and used for

uranium which refines the resulting alpha grain size and essentially



removes textures due to prior working consists of heating uranium
containing small amounts of alloying elements into the beta-phase
temperature range, holding or soaking for short periods of time at
one temperature, and then quenching. After uranium has been heat-
treated in this manner, however, the resulting alpha structure

exhibits a quench-induced preferential orientation, the character

of which is dependent upon the severity of the quench.

The successful use of metallic uranium as a nuclear fuel depends
to a considerable extent on whether or not it will remain
dimensionally stable during reactor operation. Since dimensional
instability is due primarily to preferential crystal orientation,
information relating preferential orientation to cooling rate and

chemical composition is of considerable valuee



II REVIEW OF THE LITERATURE

The determination and representation of preferential orientations
in polycrystalline metals has been the object of a considerable number
of investigations in the last 25 years. Several reviews of the

various techniques which have evolved are availableh’s’é.

The use of the ratios of measured intensities and calculated
random intensities as an internal standard in determining the
relative preferential orientation of crystallographic planes was
first suggested by Harris7. The expression derived by Harris for the
texture coefficients of individual crystallographic planes was
corrected by Mbrrise. Morris later introduced the use of '"area
weighting factors" in the mathematical development9. The area
weighting factors were introduced in order to reduce the effects of
a non-uniform distribution of sampling points upon the resulting
calculated orientations and to insure that all possible crystal
orientations were accounted for in the formalism. Several
discussions of the assumptions involved in this particular method
of representing preferential orientations and the inherent

limitations of the method have been published'¥>1?

e« The "area weight"
method of calculating texture coefficients as developed by Harris and
Morris was used to represent the preferential orientations

measured in this study. A fairly complete description of this

method is glven on pages 19 through 25 below,.

H’olden12 has compiled an excellent review of work done on the

physical and chemical properties of uranium prior to 1957. The



discussion below is intended to include information concerning only
those properties of uranium which have a direct effect upon the
orientation present in alpha uranium after cooling from the beta

phase,

The equilibrium beta-to-alpha phase transformation in pure uranium
has been reported to occur at 663°C13. The effects of small alloy
additions on the equilibrium beta-~to-alpha phase transformation can
be seen in the equilibrium phase diagrams for binary alloys of U-Si
and U-Cr containing small concentrations of these alloying elements1 h,‘l?
An examination of the equilibrium phase diagrams reveals that at 7L0°C
all the alloys investigated were within the one phase region of

solid solubility.

Several investigations have been made which indicate that heating
uranium into the beta phase temperature range will essentially

16’17. Since heating uranium

remove textures found in the alpha phase
into the beta phase removes textures originally found in the alpha
phase, any systematic and reproducible texture found in the alpha phase

after quenching must have been introduced by the quench.

The chemical and physical properties of the beta and alpha phases
and the sudden change in these properties at the beta-to-alpha phase
transformation must surely have a great deal to do with the resulting
texture seen in the alpha phase, Beta uranium has a complex

tetragonal crystal structure containing 32 atoms per unit ce111 8 and

therefore exhibits few deformational modes19. Beta uranium has been
shown to be harder 0 and to have a higher yield strengthm than the

alpha phase at the phase transformation temperature. The crystal



structure of alpha uranium has been determined to be or‘bhorhombiczz.
This phase exhibits numerous deformational modes - both by slip and
by twinning23s2l,

Calnan and (l'l.ews25 s Dby considering the known deformation
mechanisms of alpha uranium, have predicted the orientations which
should result from deformation involving both slip and twinning when
tensile stresses are applied to randomly oriented samples of
polycrystalline alpha uranium. Since deformation of alpha uranium
proceeds mainly by slip above L50°C with twinning being favored as
the deformational mode below this temperatur926, the preferential
orientations which would result from tensile stresses in the alpha
phase, according to Calnan and Clews, would consist of the plane
normals of planes close to the (110) being oriented parallel to the
direction of applied stress for tensile stress applications at
temperatures above 1,50°C. For tensile stress applications at
temperatures below 450° C, the plane normals of planes close to the
(010) plane should be oriented parallel to the direction of stress

applicatione

The kinetics of the beta-to-alpha phase transformation in binary
alloys of U-Cr and U~Si have been studied27’28. It was found that
alloys containing very small concentrations of either alloying element
transformed by a shear-type process at low temperatures and by a

diffusion controlled process at higher temperatures,

The exact nature of the beta-to-alpha phase transformation in
pure uranium at various temperatures has been the subject of considerable

debate, Burke and Di_xon29 have compiled a fairly complete review of



the literature on this subject and have concluded that the beta-to-
alpha transformation in pure uranium proceeds by a shear-type
process at high cooling rates (low transformation temperatures) and
that at lower cooling rates (higher transformation temperatures) the

reaction becomes diffusion controlled.

Butcher, et, al.BO

s in quenching studies of uranium containing
low levels of impurities have observed colurmar grains, elongated in
the direction of heat flow in areas of high cooling rate. The
investigators postulated that oriented growth of the martensitically

transformed alpha occured in these regionse.

Rnssell31 in an extensive investigation of the properties of the
alpha phase produced by quenching from beta-phase temperatures found
cclurnnar grains which were elongated in the direction of heat
removal in areas near the quenched surface of rods and tubes of uranium
containing low levels of impurities. In studying the preferential
orientations which resulted from quenching, Russell also observed that
in areas of high cooling rate, (200) planes were preferentially
oriented perpendicular to the direction of heat flow or parallel to
the quenched surface, As the cooling rate decreased at positions
farther from the quenched surface, the texture decayed by movement
of the area of primary excess texture along the [016) zone to the
(002) plane and then along the [100] zone toward the (020) plane.
Kornfeld32 in quenching studies on Jominy bars of uranium containing
low levels of impurities was the first to report this relationship

between texture and cooling rate.



IIT EXPERIMENTAL PROCEDURE AND RESULTS
A. PREFERRED ORIENTATION IN ALPHA URANIUM,

Binary alloys of U-Cr and U-Si (Table I) were investigated.
Preferential crystal orientations were produced in cylindrical samples
of these alloy systems by a Jominy end-quench from the beta phase. The
resulting crystal orientations in cross-—-sectional areas parallel to
the quenched surface were determined using x-ray diffraction
techniques, Duplicate samples of each composition were examined to

determine the reproducibility of the data.

In order to simplify the problem of correlating the observed
structure and measured cooling rates, it was desirable to use a method
of quenching that gave the simplest relationship between direction
of heat removal and sample geometry. It was also desirable that the
quenching procedure produce a wide wvariation of cooling rates within
the same sample since this condition would facilitate a study of the
effects of different cooling rates upon the structure while greatly

reducing the number of samples to be heat-treated.

The standard Jominy hardenability test quenching procedure, a
method of quenching which produced both of the desired cooling
conditions, was used. The samples were cylinders (Figure 1) which
were machined from 1-1/lL-inch-diameter rods that had been formed by

extrusion at gamma-phase temperatures.

Each sample was heated by suspending it in a vertical tube
furnace under an atmosphere of preheated and purified argon gas

(Figure 2). The cylinder was positioned so that the bottom 1/2 inch



TABLE I

SPECIMEN COMPOSITION

Specimen No, Analysis (ppm by wbe)
> S O AL _Fe
1 90 - 0.08 at.% 16 ND? 140
2 190 = 04,16 ate% 15 ND 130
3 600 ~ 0e51 at.% 13 ND 70
L L8 97 - 0,04 at.% 31 6L
5 29 230 - 04,11 at.% ND 67
6 28 715 = 0633 ate? ND 59

a
ND = not detectable
analyses furnished by the spectrochemical section,

Mallinckrodt Chemical Works, Uranium Division
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rested at the center of the furnace. The sample was heated at a rate
of approximately 15°C per minute to 740°C and held at this temperature
for an hour, The variation in termperature around the control point

at the center of the furnace was ¥ 5°cC,

While the sample was being heated to temperature, the shutter
in the quenching apparatus (Figure 3) was moved from the position above
the nozzle and the pumped stream of water was adjusted to an
unrestrained height of 2-1/2 inches. The shutter was then placed in
the path of the stream and the quench was initiated by manually
placing the sample (transfer times were approximately li seconds) in
position in the quenching apparatus and flipping the shutter aside,
The sample was left in position in the quenching apparatus for a
period of one hour to insure that the whole bar was cooled to the
temperature of the water. The water in the holding tank of the

quenching apparatus remained at room temperature,

The end-quenching procedure described above produced a condition
in the cylinder near the quenched surface that closely approximated
one-dimensional cooling. Cooling curves were obtained that showed
that one-dimensional cooling was realized for the portion of the bar

within 1/2 inch of the quenched surface (Figure L).

The variation of cooling rate with distance from the quenched
surface was determined by placing unsheathed Chromel-Alumel
thermocouples at the mid-radius of the cylinder and at varying
distances from the quenched surface, The change of temperature with

cooling time was measured with potentiometric recorders.
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The thermocouples were constructed of 28 gauge wire and 1/16-
inch-diameter ceramic electrical insulators., The thermocouples were
force-fitted in 1/16~inch-diameter holes that were drilled radially
to a depth of 1/L inche.

The positions chosen for the measurement of cooling rates were
0.05, 0.10, 0.25, and 0,50 inches from the quenched surface, The
recorders used for determinations at the 0.05- and 0,10-inch positions
had chart speeds of one inch per second and were capable of measuring
temperature changes in the range O to BOOOOC;per seconde The recorders
used for the 0.25- and 0,50-inch positions had chart speeds of 8 inches
per minute and were capable of measuring temperature changes in the

range 0 to 650°ijer seconde.

Just prior to the start of the quench, a check was made to insure
that good thermal contact existed between the thermocouple bead and
the metal sample. This check consisted of measuring the electrical
resistance between the copper sample hanger and each of the
thermocouple lead wires at positions just outside the sample heating
furnace. Each thermocouple in each quench was found to have excellent
electrical contact - and therefore good thermal contact - with the

metal sample.

After several sets of cooling curves had been determined, it was
noticed that the alloy content within the ranges of interest had
little detectable effect upon the quench rate. This made it possible
to reduce the number of temperature versus time determinations and
to draw one set of cooling curves which were representative of all

the alloy systems. The resulting set of cooling curves (Figure 5)
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represent an average of six such determinations.

Since the primary purpose of this portion of the work was to
correlate cooling rate and the resulting crystal orientation, it was
necessary to choose a particular temperature and use the cooling rate
through this temperature as a reference, It was intended that the
cooling rate just prior to the beginning of the beta-to-alpha phase
transformation be used for reference, An examination of Figure 5
shows, however, that the change in slope of the cooling curve
indicative of the beta-to-alpha phase transformation was not detected
in this study. Since the transformation was not detectable, a
temperature of SOOOC was arbitrarily chosen and the cooling rate
through this temperature was used as a reference. Figure 6 shows
the variation of cooling rate through 500°C with distance from the

quenched surface,

After quenching, the variation of crystal orientation with
distance from the guenched surface in each cylinder was determined.
The surfaces examined were cross=sectional areas which were parallel
to the quenched surface and therefore perpendicular to the direction
of heat flow. Only material within 1/2 inch of the quenched surface
was examined since that was the region of greatest interest and
because the heat flow in the bar at positions farther than 1/2 inch

from the quenched surface ceased to be one-dimensional.

Axial lengths of 5/8 inch were cut from the bottoms of the
cylinders. In reaching cross-sections of interest in these samples,
metal was removed from the transverse surface of the cylinders by

simultaneously grinding a number of samples in a Beuhler Automet.
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The bulk of the metal was removed by grinding on 180 grit silicon
carbide grinding paper. As a cross-section of interest was

approached, however, the sample surfaces were ground on 320 and then
on 600 grit paper in order to minimize the amount of disturbed metal

on the surface produced by grinding. After repeated grinding of the
same sample, it was found that the resulting surfaces remained parallel

to within I 0,003 inches at the cylinder wall.

After grinding on the 600 grit paper, the resulting surface was
electropolished in a solution of chromic and acetic acids (118 grams
Cr04, 100 ml. Hy0, LOO ml. glacial acetic acid) with a sample-to-
cathode separation of approximately 2 inches. The surface was

polished for 2 minutes at approximately l0 volts,

The electropolished sample was placed in the 1-inch-diameter
rotating specimen holder of a Philips Electronics diffractometer and
the sample surface was checked to insure that it was free of disturbed

metal.

The check of the sample surface consisted of scanning through
an angular range of 2@ in which the diffracted peak from the (110)
plane of the alpha phase was known to fall. When fairly sharp
resolution of the diffracted Cu K«, and Ko, lines was observed, it
was assumed that the surface was free of disturbed metal, If
resolution of these peaks was not obtained after the initial
electropolishing, the sample was re-electropolished for periods of

30 seconds until resolution was obtained.

Nickel filtered Cu KX x-radiation was used in the examination.
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The operating voltage was LO kilovolts and the operating current was
20 milliamps. A scanning speed of 1° 28 rer minute was maintained
during examination and a 1° divergence slit was used in the
diffractometer. The specimen holder was positioned so that the center
of the x-ray beam fell on the mid-radius of the electropolished
surface, During the course of the examination, the cylinder was
rotated about its axis at a rate of approximately 200 revolutions

per minute, Since the height of the x-ray beam striking the specimen
surface was about 3/8 inch, the positioning of the sample with
respect to the beam and the rotation permitted analysis of

approximately 75% of the sample surface,

The determination of the crystal orientations in the work-free
electropolished surface was accomplished using the same operating
conditions for the sample holder and diffractometer as listed above,
The integrated intensities diffracted from 18 crystallographic planes
in the sample surface were measured, The integrated intensity from
a particular plane was measured by scanning over a range of 26 in
which the diffracted peak from the plane was known to fall (Table II),
The integrated intensity was the accumulated intensity measured

during the scan minus the background intensity.

Measurements of background intensity were made at 33°, 56°, 96°,
and 123.5° 26. The background intensity measured at 330 was
subtracted from the total intensities of the (020) thru (111) peakse
The background intensity at 56° was subtracted from the peaks (112)
thru (132). The background intensity measured at 96° was used for

the remainder of the peaks with the exception of the (312). The
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TABLE 11

PEAK POSITIONS AND SCANNING RANGES

(hx1) Peak Position -~ 26 Scanning Range (©2€)
020 30,46 30.0 -~ 31,0
110 3Le96 3Lhe2 - 35,2
021 35455 3562 - 35,95
002 36426 35495 = 36495
111 39.5h 39.0 - 10.0
112 51.24 50675 = 51475
130 57.08 5666 = 5746
131 60432 5948 - 60.8
023 6LeT76 6l1s0 ~ 6540
200 65.L40 65,0 -~ 66,0
113 67142 67,0 = 68,0
132 69.52 69.0 - 70.0
133 83.80 83slt = 8lLel
114 876442 87.0 - 8840
150 90,449 90,0 - 91,0
223 99.05 98465 =~ 99,65
152 101.66 101420 = 102,20
312 122,78 122,00 - 123.50

The 020, 002, and 200 planes are Bragg planes and the
intensities from these are second order reflections from
the (010), (001), and (100) Miller planes. The remainder
of the planes examined are Miller planes.
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background at 123.5° was used for the (312) peak only.

The measured integrated intensities from the crystallographic
planes were used to calculate the "texture coefficients" of the

crystallographic planes in the surface examined:

Xy = : Iy /13 s 1)
ZAwi /%
where ; = the texture coefficient of a particular plane, I; = the
measured integrated intensity, .Lj'. = the calculated intensity from a
randomly oriented plane, and A,y = the "area weighting factor" of the
plane, The values of %’i ana ]__{ used in this investigation are given

in Table III. A partial derivation and discussion of the expression

for the texture coefficient follows below.

The expression for the diffracted intensity from the surface of
a thick, randomly oriented powder specimen, as determined using a

diffractometer is:

I! - I(;eh ABA 1 .1 o+ 303229 Fo e-2M 2)
() () ” ) )( F%p)
m°c v 16 r sin“28 cose 2 2(4+ K g)
where I' = tintegrated intensity' or total energy entering the counter,

Io' = intensity of the incident beam, e and m = charge and mass of the
electron, ¢ = velocity of light, A = wavelength of incident radiation,
r = radius of the diffractometer circle, A = cross-sectional area of
the incident beam, v = volume of a unit cell, 1 = length of the
diffraction cone analyzed (= length of the receiving slit),

(/167> sin2e cos®) = Iorentz factor, € = Bragg angle, F = structure

factor, (1 + cos226/ 2) = polarization factor, p = multiplicity,



TABLE III

, (10)
VALUES OF A ; and Ij

(hk1) Ao I
020 «0318 6.3L
110 <063 7267
021 .0608 100.0
002 «030L 51k
111 .0738 5843
112 .0522 4843
130 0357 337
131 .068L L4040
023 «0659 1648
200 0234 8482
113 ~0L77 1146
132 «0529 3.65
133 +0795 1543
11bL ~07L9 1062
150 »0372 Teli3
223 «0L87 1242
152 0689 1248

312 .0845 8.85
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-2M

e = temperature factor, M= linear absorption coefficient, AAS =

correction factor for secondary extinction,

For the size sample which is conveniently analyzed using the
diffractometer, the assumption that a random orientation exists
presupposes that the sample is composed of small crystals of
essentially uniform size and that an equal number of crystals are in

every possible orientation with respect to any reference direction,

From the derivation of the ILorentz factor33, it can be seen that
for a randomly oriented sample, the volume of material oriented such
that the diffracted beam from a particular (hikl) plane will fall

within a length, 1, of the diffraction cone is given by:

P' = 1/8Mr sine. 3)
For a particular set of physical conditions, i.e. temperature,
incident intensity, and goniometer adjustment, the expression for the
integrated intensity from the surface of a randomly oriented
polycrystalline sample becomes:
Il - Klpl’ h)
where K = (I;eh/h?ch)(ABA/vz)(1+c03226/281n26)(FQp') e-23720“+‘g) .

We can now write a new function:

/1" = (&/K )(L/p) 5)
= c(P/P)
= CA,
where C = (IO/I;)(p/b')(l4*Jg/k(+L§). The unprimed terms represent

a particular crystallographic plane in a preferentially oriented
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sample and the primed terms represent the same plane in a randomly

oriented sample.

Harris7 has suggested that the value of C can be approximated
by assuming that the mean value of o (for a number of different

crystallographic planes) is 1:

1 < 1 & 6)
— I =
nZ=" 1/41 = ; i A4
= Cl A
= C’
so that ~
o, = (/1) L D% /. .
n i=

Cbrrectinq for the non-uniform distribution of sampling points, after

Morris” , gives

= (1,/1,)/ Z, /1 . 8)

In the course of the above derivation, it was assumed that the
value of C is independent of any particular (hkl) plane. This
assumption implies that the quantity (p/p )(M+M /u + M) is
independent of the degree of texture of the polycrystalline aggregate,
This assumption introduces only small errors when the metal examined

has low crystal symmetry and a large linear absorption coefficient,

A knowledge of the value of (P /P ") or d; is very useful since
the magnitude of this term indicates the degree to which the
particular crystallographic plane is aligned parallel to the specimen

surface examined. A value of i< 1 indicates that the
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crystallographic plane is preferentially deficient and a value of o(i
>1 indicates that the plane is preferentially in excess in the surface
examined., A value of o(i = 1 indicates that the particular

crystallographic plane is randomly oriented in the surface examined,

18 texture coefficients - one for each crystallographic plane
examined -~ were calculated from the intensity measurements taken from
each surface. Since duplicate samples of each alloy were studied,
it was possible to determine the average values of the texture
coefficients at selected positions in the bars. Due to the difficulty
involved in grinding to preselected positions in the bars, the
duplicate samples were not examined at identical distances from the
quenched surface, The average values of the texture coefficients for
duplicate bars of identical composition were therefore determined
graphically. The average values of the texture coefficient of a
particular plane were determined by plotting the variation of the
texture coefficient with distance from the quenched surface. Values
for the two bars of identical chemistry were plotted together and the

average values at selected positions on the plot were determined,

One very useful method of presenting the orientation as given
by the texture coefficients of the planes examined consists of
plotting the values of the texture coefficients on a standard
stereographic pole projection. When the texture coefficient of each
plane is plotted at the position of the plane normal in a standard
stereographic pole projection, a quantitative 'picture” of the
orientation results. A plot of this type has been called an "inverse

pole figure'. A standard (001 ) pole projection was used to present
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the average orientations found in the alloys investigated (Figures 7
thru 19). Figure 7 shows the positions of the plane normals of the
planes examined on the standard (001) pole projectioﬁ. Figures 8 thru
19 show the average values of the texture coefficients plotted at the
appropriate pole positions. The values of &3 from the individual

surfaces examined are tabulated in the Appendix,

Each surface in which the crystal orientations were determined
was also subjected to metallographic examination using polarized light.
Photomicrographs of the as-electropolished surfaces were taken (Figures

20 and 21).
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002 023 021 020

200

Figure 7
Positlons of the plane normals in the standard (001) stereographic
pole projection of alpha uranium
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3e

0,010 inches from the quenched
surface.

cooling rate through 500°C
2 J00°C per second.

o7

0.050 inches from the quenched
surface,

cooling rate through s00°¢
= 170°C per second.

1.

2 2.6 0.6

0.100 inches from the quenched
surface.

+1.8 + 0.8 0.2
+1.7 * * Y. cooling rate through 500°C
+0.5 = 90°C per second.
+1e1 Ooh

+1.0

Figure 8

1 Average inverse pole figures at 0,010, 0,050, and 0,100
inches from the quenched surface for samples containing 0,08 atomic
per cent silicon
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249 3.2 Oe9 Oolt

0.150 inches from the quenched
surface,

cooling rate through 500°C
= 60°C per second.

1.2
0.250 inches from the quenched

surface,

cool rate through 500°C
= 30 C per second,

100 019
0.450 inches from the quenched
surfacee.
+0.7 +142 o
+ 0,7 * cooling rate through 500 C
= 10°C per second.
+0,9
+0.8
+0e8
+oo9
1.0 Figure 9

0.8 Average inverse pole figures at 0,150, 0,250, and 0.Li50
inches for 0.08 at. per cent silicon samples
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1.6

04050 inches from the quenched
surface,

cooling rate through 500°C
= 170°C per second.

3.0

0,010 inches from the quenched
surface,

cooling rate through 500°C
= },00°C per second.

1.8 0,5 0.1

0100 inches from the quenched
surface,

+ 2.0 +0.8 cooling rate through 500°C
+1.6 * = 90°C per seconde
-+ 1.0
+1.1
+1 03
+0.9

0.8 Figure 10

Average inverse pole figures at 0,010, 0.050, and 0,100
inches for 0.16 at. per cent silicon samples
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3,0 1.8 0.7 0.2

0.150 inches from the quenched
surface,

cooling rate through 500°¢C
= 60°C per second.

0250 inches from the quenched
surface.

o
cooling rate through 500 C
= 30°¢C per second,

145 1.1

0.li50 inches from the quenched
surface,

+ 0.9 +1.0

+ 0.8 ¢ cooling rate through 500°C
= 10°¢C per seconde

+ 009
+0.8
+0,9
+ 009
1.0 Figure 11

1.0 Average inverse pole figures at 0.150, 0.250, and Ol.L50
inches for 0.16 at. per cent silicon samples



32

0.010 inches from the quenched
surface,

cooling rate through 500°¢C
= ),00°C per second,

3e1

0.050 inches from the quenched
surface.

coolipg rate through 500°¢
= 170" C per second,

3.0
241 1,0 0,3 . 0.1

0.100 inches from the quenched

. surface,
+0.3 cooling rate through 500 C
+ 1.0 0,2 = 90 C per second.
0.3
+ 1 05 +
+1e3
+1 07

1.6 Figure 12

1.9 Average inverse pole figures at 0,010, 0L.050, and 0,100
inches for 0,51 at. per cent silicon samples
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0.150 inches from the quenched
surface,

cooling rate through 500°C
= 60°C per second.

1.0

0.250 inches from the quenched
surface.

cooling rate through 500°¢C
= 30°C per second,

1.6 11 . 1e3
OoL50 inches from the quenched
surface.
+1.2 1.0
+ 1.1 *le cooling rate through 500°C
= 10°C per second.
+ 0,8
+008
+009
+0.6
0.9 Figure 13
0.6 Average inverse pole figures at 0,150, 04250, and 0.450

inches for 0,51 at. per cent silicon samples
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0,010 inches from the quenched
surface,

coolilg.g rate through 500°C
= J00”C per seconde

3.1

0.050 inches from the quenched
surface,

cooling rate through 500°C
= 170°C per second,

1.5 1‘Lh
0100 inches from the quenched
surface,
+ 1ol
0.6 . )
+ 2.1 + Ve cooling rate through 500" C
= 90°C per second.
L 3 1.6
+ 1 ')4
+* 1 03
-+ 2.1
0.7 Figure 1L

1.6 Average inverse pole figures at 0,010, 0.050, and 0,100
inches for 0,04 at. per cent chromium samples
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3e3 2124 O_L.)-l O’h

04150 inches from the quenched
surface,

cooling rate through 500°C
= 60°C per second.

162

0«250 inches from the quenched
surface.

cooling rate through 500°¢C
= 30°C per second,

o1

2.3 1.7 2.2

b -

0O.L50 inches from the quenched
surface,

+ 0.8 v 1.2 cooling rate through 500°¢C
+1.0 = 10 C per second,
+1.0
+ 0.7
+ 0.6
+ 007
+ooh
o5 Figure 15
0.6 Average inverse pole figures at 0.150, 0.250, and 0.L50

inches for 0,04 at. per cent chromium samples
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0.010 inches from the quenched
surface,

cooling rate through 500°C
= },00°C per second.

3.3

0.050 inches from the quenched
surface,

coolige rate through 500°C
= 170 C per second.

1.1 q.s 14.3

0.100 inches from the quenched
surfaces

+ 2.0 +Ve e cooling rate through 500 C

+ 0.3 = 90°C per second.
L 0‘9 002
+008
+1.2
+1 07

o7 Figure 16

3.0 Average inverse pole figures at 0,010, 0,050, and 0,100
inches for 0O.11 at. per cent chromium samples
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*'0-1 05 + 0.9 + 0.7
+00,4
+0e7 o9
+ 0.6 + 002
+140

37

0.150 inches from the quenched
surface,

cooling rate through 500°cC
= 60°C per second.

+ 0,7

1.6

0+250 inches from the quenched
surface,

cooling rate through 500°C
= 30°C per second.

1e1 1;§ l-io
43.2 3 + 008 4'1 .O
+009
. 1.0
*°+g . +009
+1.0 0.9
+007
0.8 Flgure 17

O.L450 inches from the quenched
surfacee

cooling rate through 500°C
= 10°C per second.

Average inverse pole figures at 0150, 04250, and 0,450

inches for 0,11 at. per cent chromium samples
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0.010 inches from the quenched
surface.

cooling rate through 500°¢C
= J00°C per second.

35

0.050 inches from the quenched
surface,

cooligg rate through 500°C
= 1707 C per second,

009 1 .2

0100 inches from the guenched
surfacee.

+ 1.6 ""00)4

+ 1.7 cooling rate through 500°C

= 90°C per seconde
+ 1.3

+103

+ 2.1

+ 2.3

.8 Figure 18

149 Average inverse pole figures at 0.010, 0,050, and 0,100
inches for 0.33 ate. per cent chromium samples
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0.250 inches from the quenched
surface,

cooling rate through 500°C
= 30°C per second.

241

1e3

0,150 inches from the quenched
surface,

cooling rate through 500°C
= 60°C per second,

1.5 0.5
0.1450 inches from the quenched
surface,
+1a2
+1.0 *1e +1.0 cooling rate through 500°C
+1.h = 10°C per second.
+ 0.4 0.6
6 [ g
+ 00)4 +Oo
+0,8
+ 0.7
.2 Figure 19
4

12

Average inverse pole figures at 0.150, 0,250, and 0,450
inches for 0.33 at. per cent chromium samples



0.013 inches from quenched surface
cooling rate through 500°C = );,00°C/sec,
50 x, polarized light

0.048 inches from quenched surface
cooling rate through 500°C = 170°C/sec.
50X , polarized light

Figure 20

Representative variation of grain size with distance from the
quenched surface, 0 to 0,050 inches from the quenched end

Lo



0109 inches from quenched susface
cooling rate through 500°C = 85
50X , polarized light

C/sec.
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0.273 inches from @egched surface
cooling rate through 500°C = 25°C/sec.
50X , polarized light

Figure 21

Representative variation of grain size with distance from the
quenched surface, 0.100 to 0.500 inches from the quenched end

I
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B. RETATNED BETA URANIUM,

(ylindrical samples of uranium containing 0,08 atomic per cent
silicoh were heat-treated and quenched in the manner described above.
The cylinders were then cut along their longitudinal axes and the
crystal structures of these longitudinal sections were examined

(Figure 22),.

Samples containing 0.51 atomic per cent silicon and others
containing 0.33 atomic per cent chromium were studied in an attempt
to determine the nature of the beta-to-alpha phase transformation in
regions of high cooling rate - close to the quenched surface. These
samples were heated into the beta phase to 7h0°(b held at this
temperature for an hour, and then quenched, The duration of the
end-quench in this investigation was 5 minutes. After end-quenching
for 5 minutes the bar was cooled quickly by submerging it in the water
in the holding tank, An axial length of approximately 5/8 inch was
cut from the bottom of each cylinder. The quenched surface was ground
lightly on 600 grit grinding psper and electropolished., The
electropolished surface was examined by means of x-ray diffraction
to determine if the beta phase was retained by the high cooling rates
at the quenched surface. The elapsed time between the completion of
quenching and the start of x-ray examination was approximately 30
minutes., Repetitive scans were made over the angular range 37°to
10° 26. The (L11) and (212) peaks from the beta phase and the (111)

peak from the alpha phase all fall in this angular range.

Retained beta phase was found to exist at the quenched surface

in both the alloys investigated. The retained beta phase transformed
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0 to ~ 0,090 inches from quenched surface
50X , polarized light

Figure 22

Longitudinal section of Jominy bar showing columnar grain structure
near the quenched surface



quite slowly at ambient temperature and from the roughening of the
sample surfaces which occurred during transformation, it was
ascertained that the transformation proceeded by a shear-type
mechanism., After the apparent completion of transformation, as

shown by the disappearance of the (L411) and (212) beta peaks,
photomicrographs were taken of the as-transformed surfaces (Figure 23).
These surfaces were then ground lightly on 600 grit paper to remove
the surface relief due to transformation and then examined again

(Figure 2}4 ).



0.51 atomic per cent silicon
50X , polarized light

Figure 23

As-transformed surfaces very near the quenched end in high level
alloy bars
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0¢33 atomic per cent chromium
50X , polarized light

0.51 atomic per cent silicon
50X , polarized light

Figure 2
Same as Figure 23, surfaces reground to remove surface relief
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IV DISCUSSION OF RESULTS

The areas of excess pole density on the inverse pole figures are
those areas in which the texture coefficients have values greater
than unity. The areas of excess pole density therefore represent
those crystallographic planes which are preferentially oriented
parallel to the surface examined, As can be seen by referring to
the inverse pole figures presented above, there is a definite
relationship between the cooling rate and the position of the area
of excess pole density. The relationship between the cooling rate
and the preferential orientation - a relationship which was common
to all the alloys examined - can be described as follows: In regions
of high cooling rate near the quenched end of the bar, (200) planes
are oriented parallel to the quenched surface. The measured texture
coefficients of the (200) plane on cross sectional areas close to
the quenched surface are therefore greater than 1. Examination of
the inverse pole figures for the cross section at 0.010 inches from
the quenched surface shows that there are approximately 3 times as
many grains oriented with the (200) plane parallel to the surface than
there would be if the material at the surface were randomly oriented.,
As the cocling rate decreases at positions farther from the quenched
surface, the area of primary excess pole density on the inverse pole
figures moves from the (200) pole position along the [b1d] zone toward
the (002) pole positioh. The texture coefficient of the (002) plane
reaches a maximum value at approximately 0,150 inches from the
quenched surface where the cooling rate through SOOOC has dropped to

about 50°C per second. In this region of the bar, the (002) planes
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are preferentially oriented parallel to the quenched surface - or
perpendicular to the direction of heat flow. With increasing distance
from the quenched surface, the area of primary excess texture moves
from the vicinity of the (002) pole position along the Euxﬂ zone
toward the (020) pole position. In these regions of the bars where
the cooling rate is relatively low, the area of primary excess texture
becomes increasingly larger and at the same time the textbure
coefficients of those planes represented by the area of primary excess
texture decrease until at approximately 0.L50 inches from the quenched

surface the texture in the bars degenerates to a quasi-random state,

The most likely source of the textures developed in alpha uranium
during rapid cooling from the beta phase is the stress developed at
the beta-to-alpha phase transformation interface. The volume change
on going from the beta to the alpha phase at the equilibrium
temperature is approximately 2%. When the beta-to-alpha transformation
occurs at low temperatures where the thermal mobility of the atoms
is reduced, the stresses developed at the transformation interface
will be quite large. The stresses developed at the transformation
interface will be highest in regions of high cooling rate and will

decrease in magnitude as the cooling rate decreases,

If the phase interface is assumed to remain essentially planar
and parallel to the quenched surface, the stresses at the interface
will be radiale. Under these conditions the beta phase at the
interface will be in radial compression and the alpha phase will be
in radial tension., The transformation interface will not, of course,

remain completely planars however, since a fairly steep temperature
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gradient exists along the axis of the bar with no gradient being
present in a radial direction, the transformation interface will
always tend to move parallel to the axis of the cylinder and will also
tend to remain planare It is therefore proposed that the stress
condition at the beta-to-alpha phase interface consists mainly of
radial compression in the beta phase and radial tension in the alpha

phase,

From the quenching studies conducted on the high-level alloy bars,
it is evident that the transformation in these alloys in regions of
high cooling rate proceeds by a martensitic or shear-type process,

It is reasonable to expect that the nature of the phase transformation
will have a profound effect upon the preferential orientation
produced in alpha uranium by quenching from the beta phase, and since
a marked similarity exists between the preferential orientations

found in all the alloys, it is concluded that the phase transformation
in areas of high cooling rate in all the alloys investigated proceeds
by a shear-type process, The grain structure of the metal in the
regions of high cooling rate consists of crystals which have small
transverse diameters bub which are markedly elongated in the
direction of heat flow. The grains extend from the quenched surface
back to about 0,080 inches from the quenched surface. Since the
material in this region has been shown tr transform by a shear-type
process, the only possible explanation of the elongated or colwmar
grains is that oriented or preferential growth of the martensitically
transformed alpha occurs. As can be seen from the average inverse
pole figures presented earlier, the preferred direction of martensitic

growth lies near the [uxﬂ direction in alpha uranium. Since the beta
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structure produced by the alpha-to-beta phase transformation is

essentially random16’17

s the idea that the textures found in the samples
within 0.080 inches of the quenched surface resulted from an oriented

nucleation of the alpha phase on a preferred habit plane of the beta

phase must be discounted,

From a consideration of the change of grain shape and orientation
which occurs at approximately 0.080 inches from the quenched surface,
it is concluded that the beta-to-alpha phase transformation in this
region changes from a shear-type process to one that is diffusion
controlled, Added weight is given to this conclusion by the observation
that the texture in the samples at distances greater than approximately
0.080 inches from the quenched surface can be accounted for in terms
of the plastic deformation of the alpha phase resulting from the stress
produced at the beta-to-alpha transformation interface, Since the beta
phase is both harder and stronger than the alpha phase at the
transformation temperature, it follows that plastic deformation
occuring near the transformation interface will take place primarily

in the alpha phase,

Calnan and Glewszs, from a consideration of the known deformation
mechanisms of alpha uranium, have concluded that when twinning
predominates as the deformational mechanism, which does occur at
temperatures below 450°C, the (010) planes and planes lying at small
angular distances from the (010) plane in the unit cell will be
preferentially aligned perpendicular to the direction of applied
stress. At temperatures above uSOOC, where slip predominates as the

deformational mode, planes in the neighborhood of the (110) plane will
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be preferentially aligned perpendicular o the direction of applied

stresse

Since the direction of the tensile stress in the alpha phase at

the transformation interface is radial, the following orientations

should exist in those portions of the bars where the orientation

results from plastic deformation of the alpha phase:

1s In regions of high cooling rate where the transformation

2e

3.

temperature is low, planes in the neighborhood of the (020)
plane should be oriented perpendicular to the direction of
heat flow. The texture coefficients of these planes in the
surfaces examined should therefore be less than unity,

In regions of intermediate cooling rates both twinning and
slip should occur near the transformation interface, In
these portions of the bars, the texture coefficients of
planes near the (020) plane should remain low and the texture
coefficients of planes near the (200) plane should become
smaller. Since both the (020) planes and (200) planes should
show a tendency to align themselves perpendicular to the
surfaces examined, the texture coefficient of the (002) planes
in this region should become larger than unitye.

in regions of low cooling rates planes near the (200) plane
should tend to be oriented perpendicular to the surfaces
examined, The texture coefficients of planes near the (020)
plane should therefore become larger and the texture

coefficients of planes near the (002) should become smaller.

The stress level drops continuously with increased distance from
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the quenched surface so that the change in orientation in going from
region 1, to region 3. is continuous, The magnitude of the texture
developed should decrease with increasing distance from the quenched

surface until a quasi-random structure results,

Comparison of the predicted textures discussed above and the
experimentally determined textures at distances greater than 0,080
inches from the quenched surface, as given by the inverse pole figures,

shows that very good agreement exists between theory and experiment.,

The concentration of the alloying elements, silicon and
chromium, had little detectable effect upon the observed relationship
between cooling rate and preferential crystal orientation. The
concentrations of the alloying elements were low and at 7hO°C - the
soaking temperature employed in this study - all of the alloys
investigated were in a single phase region of solid solubility,.

27,28 that the relationships between

Other investigators have shown
the transformation kinetics and transformation temperature should be
quite similar in the six alloys investigated in this study. It is
not surprising, then, that there was little detectable effect of

alloy concentration upon the observed preferential orientationse
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V CONCLUSIONS

Alloying additions of silicon and chromium within the
concentration ranges studied in this investigation have little
detectable effect upon the preferential crystal orientation of alpha

uranium produced by quenching from the beta phase,

A definite and reproducible relationship between cooling rate
and observed preferential orientation was found to exist in all the
alloys examineds In regions of high cooling rate, the area of primary
excess texture on the inverse pole figures was centered around the
(200) pole position. As the cooling rate decreased, the area of
primary excess texture moved along the [01(5} zone to the (002) pole
position and then along the BOO] zone toward the (020) pole position,.
For very small cooling rates, the texture degenerated to a

quasi-random state,

In those regions of the bars where the cooling rate through SOOOC
exceeded 110°C per second, an oriented growth of the martensitically
transformed alpha was found to occur. The direction of preferred
growth of the martensitically transformed alpha was close to the

{1 OO] direction in alpha uranium,

At cooling rates less than approximately 100°C per second the
transformation appeared to occur primarily by a diffusion controlled
process., The preferential orientations found in those regions where
the cooling rate through 500°C was less than 100°C per second were
concluded to result from the plastic deformation of the alpha phase

due to the stresses developed at the transformation interface.
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APPENDIX
TABULATED VALUES OF C(i FOUND AT INDIVIDUAL SPECIMEN SURFACES
cii

(distance from the quenched surface in inches)
Specimen No.

and compe (nk1) 011 060 o097 240 SLSL

1a 020 0e13 0s03 036 0.93 0,89

.08 at,% Si
110 1¢32 0659 0029 1.01 0.63
021 0Ue38 O4L3 Oe7h 2,06 3.23
002 1¢32 2412 2435 2,63 1,36
111 1.76 0487 O0eli7 04,80 .0.75
112 Telil 240l 1431 0687 0,96
130 0612 0.0L 0019 079 1459
131 0e33 0612 0427 0653 063
023 0468 1eL1 3411 0.82 047h
200 2468 1.93 1.2L 2,02 0696
113 121 1498 154 1410 0659
132 0629 0612 0457 0660 0466
133 0455 090 1462 1,0L 0485
1L 1e25 1466 1457 1405 0465
150 O0e2hi 0412 0,60 1623 1469
223 1036 0e90 0665 1,01 049L
152 0630 Oo1li Oelli 0461 1425

312 2,12 2436 0,92 0,57 0.51
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Specimen Noe.

and comu. (hK1L)  .009 o030 L0L6 .079 101 o202 o312 ,L386

1b 020 0e19 0407 0,00 0409 0421 0eh7 1458 1420

«08 ate.? Si
110 Tei5 Telh 0,72 08 0453 0e51 1414 11l
021 Oolili Oe3L 0627 0e6L 0.36 0.81 0467 0O.Lh
002 1¢15 136 1412 3.h3 3,00 1469 0659 1,00
111 1062 145 1461 1417 0.93 0052 0462 071
112 Te40  1e5h 1462 049L 1.20 0679 0.82 0.83
130 0e29 0428 0,00 0,07 0,08 0ulL7 1,02 1419
131 Ooli7 0620 015 0622 0431 0e52 0482 0,8hL

023 O0eT1 0e75 1403 1.0l 2432 3469 1429 1.L8
200 2¢38 2486 1468 1,00 0497 149 094 0678
113 1¢23 1638 1¢57 190 1483 1,17 0489 0483
132 Ooltli OoLi5 0e32 0,55 0451 157 0487 0495
133 0669 0e69 066 0,67 0.85 U078 1617 132
1L 110 126 148l 2423 1498 1,47 1.06 0,77
150 017 0,09 0,05 0632 0636 0666 1437 2,12
223 1¢52 1eli3 178 0489 1.17 0.77 0.50 0.67
152 0627 0.2h 0422 031 0434 OU7 1420 0,97

312 2419 2445 2e43h 1697 1.09 Ol43 1433 1,08



Specimen No.

59

and comp. (hkl) 011 o031 JOL7 L0778 095 .180 .273 390

2a 020 0e20 0e11 0409 0,00 0613 0630 049 0474

e16 ate% Si
110 1e56 1423 1.00 1402 1,00 0,98 0,97 1.07
021 Ouli7 0e36 0435 0652 0,69 1,01 1452 1,37
002 1029 1459 1eh2 3451 2437 2,55 2.61 1.86
111 TeTh 206 1482 2,0L 158 1412 1,06 0.95
112 1620 1631 1492 1429 1,01 0,95 0.78 0,87
130 Oe2li Oeth 0e2L 0.19 04O 0470 1.,0L 1,71
131 0e37 0626 062l 0433 0,61 0461 0.7Th 099
023 0692 0e95 0691 0468 1,09 1409 1,69 1.21
200 2¢13 1e73 216 1,53 1ol 0o5L Oi1 0.72
113 1¢10 127 1eL2 145 1452 1454 0.82 0,77
132 0e5L Oelh7 0e35 0.39 0667 0e71 0,61 0,69
133 071 0e63 057 084 0.89 1422 0,90 0,65
1L 0690 1e2h 143L 1,59 1472 1448 0.99 0.89
150 0620 0Oe11 0.09 0.22 0o5h 0,79 0.8L 1.24
223 1¢38 1457 1460 1¢19 1.06 0.89 0.82 0,70
152 O0l0 0421 0.22 0,31 056 0,55 0.99 1.10
312 2420 2412 2402 1,26 0.91 0491 0480 0,95



Specimen No,

and comp. (hk1) o013 o028 oOL8 o073 109 o168 4287 L8O

2b 020 010 0,06 0602 0o0L 0u16 0416 0039 0,92

«16 at.% Si
110 Telll 1412 0480 0e56 0457 060 1413 1403
021 0030 0e26 0,18 0429 0,50 0.u8 1410 1,05
002 0479 103 1415 1425 2,L5 3,18 2453 1433
111 1663 Telili 1663 1463 0.81 0,76 0.87 0,90
112 1¢53 1491 250 1492 0687 091 0e75 0493
130 Oe11 0.00 040L 0.03 0.23 0,56 0,94 1.56
131 030 0420 0620 0625 0630 0,69 080 0.8L
023 098 1¢06 0.80 1436 3,40 2,08 0.67 0.95
200 2005 1,03 0098 0e61 0ULT7 0039 0,60 1422
113 1630 2410 2,08 1699 1,65 1.08 0.77 0.79
132 0¢39 0e23 038 0.70 0.L8 054 0.80 0490
133 0.65 0470 0.61 0.70 0.76 0.92 1429 1,23
11k Tel7 1e7Th 1493 1.88 2,23 2,55 1412 0.98
150 0621 0e11 0,09 0,09 0,16 0436 182 1,18
223 Tl 1e36 1661 1480 0,55 0479 0,76 0.8L
152 0.2l 0622 0,20 0.L9 0.62 0,78 1,01 0693
312 2421 2415 1.81 1432 0.93 077 0098 0,90



Specimen No,

61

and ComMp. (hk1) 2010 4029 oOL5S o075 o098 o186 o286 LLO3

3a 020 028 0e13 0e13 0e06 0s0L 0oL7 095 1451

«51 at.% Si
110 TeTh 171 1460 1472 240L 0.78 0.7h 0,80
021 Oeli0 Ue29 0425 0,26 0.30 0659 0681 1,50
002 079 Ue99 0e95 1430 1665 2407 1463 1499
111 1e57 168 1467 1643 1411 0e8L 0,70 0,86
112 101 Tell 1628 1.22 1411 0,98 1,05 0,84
130 Oelt6 0621 0622 0423 0408 0.55 141k 1,03
131 0650 0¢28 0430 0427 0627 0468 1402 1,12
023 0085 087 1406 0496 1403 1417 1432 1,21
200 3428 3403 2.88 2,4h 1.42 059 0658 0,70
113 0692 1.06 1413 136 1638 1465 1.3L 1,12
132 0e63 0oli9 0437 0463 0.36 0,74 1.05 0,98
133 0666 05l 0.57 0658 0466 1,78 1,19 .88
1L 0e79 1408 1401 1,51 2408 1,96 1437 1,30
150 036 0o3L 0el15 0621 Ua16 0,68 0,99 0,80
223 Tellh 1420 141h 1409 143L 0.85 0485 0,77
152 Ooli7 Vo35 028 0,19 0626 0.84 1,05 0.86
312 2,25 2,143 2,61 2,21 1.86 042 0.L5 0.LO



Specimen No.

62

and compe. (hkl ) 01l o028 oOL8 o072 o102 o161 o280 LL8L

3b 020 02l 0e16 Oolh 0e10 012 0617 1440 .82

51 at.% Si
110 TeTh 1e6l 1462 1olih 1431 076 (.6l 0693
021 Oehi3 0eh3 0637 0632 0037 UTT 1400 0,96
002 1053 140 1l9 2416 2,55 3,49 1.65 1,27
11 1666 1oTh 1aTh 1oTh 1453 1,05 0.82 0,94
112 088 0e98 1e11 0,95 04,93 0,98 0.83 0,78
130 0627 Oe3l 0427 0418 011 0a31 1,05 1,26
131 Oeli2 0631 0428 0422 0.27 0.L7 078 086
023 0«79 0.85 Oo7h 0.67 1402 1612 1,38 1,07
200 3601 3621 346 2.L4li 2,07 0.95 0.LO 0,55
13 Ue90 0692 1,08 1,37 1461 1473 1,03 1,04
132 Oeli6 0.5 0429 0.37 0630 0.59 0681 0,94
133 0e56 0655 0e5L 0665 0.79 1eh1 1432 1,09
11h 0683 0497 107 140 1473 1499 152 1,19
150 Oolili 0e39 028 0020 0615 0 U0 0,97 1,36
223 1633 132 1469 1,72 1467 1429 0,98 0,84
152 Oeli7 0e36 0430 0623 0,22 0.31 1e11 1412
312 2428 2425 2,09 2,02 1450 0.66 Oeh7 0,90



Specimen No.

and_corpe. (hk1) «010 o059 o097 4255 o493

La 02u 0e16 0405 008 0,96 0,48

Ol at,?d Oor
110 137 0e82 0689 0.38 0.56
021 0626 0412 0616 0,84 3469
002 0.68 0636 0eli3 1.37 3.32
11 1656 177 1473 0.5h 0,67
112 1o10 176 1460 0472 0.43
130 Oeli6 0416 0612 0,28 0,41
131 0eL5 0616 0418 0431 0,62
023 0e97 1403 2,21 540 0.95
200 2616 1.10 0460 0,57 OuLL
113 T8 2492 2,69 1,28 0,78
132 Uebli 0623 0631 0495 0N
133 0e70 Ue5U 0658 1,05 1,21
114 Telh 2411 191 1627 1406
15u 0.2l 0,01 0412 0,28 0459
223 1e53 1483 1.98 0.58 0,55
152 0e29 0Oo1li 0,09 0,38 1,19
312 2403 147h 107 023 0637

63
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Specimen No.

and compe. (hkl.) e012 o026 LOUS o069 o101 o163 o284 o199
b 020 Oel1T 007 0603 Ue10 Ue13 1,18 3,98 0,62
00}.‘ a‘b.% Cr
110 131 1¢01 0682 0eTh 0658 057 Uo7l 0okl
021 Ue33 0e2li 0421 020 0oll0 072 093 1499

002 1669 1626 1405 182 Leh5 Teh3 1467 2.30

111 1027 1425 0696 1,05 0.95 0.62 0466 066
112 Tel5 1672 2426 2428 1455 0686 0,63 1.03
130 O0e2li Q16 Ue22 0410 0609 0h3 097 0.62
131 0630 0.2h 017 0620 023 U638 0689 0.66

023 0e59 0e52 0639 0.60 0.93 1,80 24,27 1,59
200 1e00 3691 1e38 3452 2,55 146k 1424 0,60
113 1603 1610 1e11 1.L0 1416 077 060 1,18
132 OB 0636 0e23 Ue18 0e35 05hL 078 1,07
133 06l UeS8 0,48 046 0653 079 0.6l 1,33
11k 0eT6 071 0eT3 0695 0687 0693 0oL9 0,78

150 0e25 016 0e13 0616 0e33 1615 1630 1616
223 1¢20 Teli1 1¢35 1422 0489 081 0,80 0,60
152 0e22 016 0e16 016 031 Uil 140L 0.96

312 290 3eUT 3687 3437 296 0,70 we58 uebUL



Specimen No,
and compe. (hk1.)

5a 020

«11 at.% Cr
110
021
002
111
112
130
13
023
200
113
132
133
114
150
223
152
312

«011

«030

ROITS)

103

191

291

65

oLiOl

0.28
180
Oe35
070
1448
V.87
0425
036
092
5423
0.81
Ueltb
052
0.80
039
0.96
0.35
2453

0.21
1.53
0.30
0453
137
0.82
0436
0.29
092
8eLt9
0,89
0630
0639
077
0.35
0,87
0.2l
2elily

0.23
1429
0.32
0,58
1421
0.91
0413

0.2L

8,40
Te11
0.2
Oeli3
1,07
0.39
0.8l
0.21

2,510

Oulili
0.90
1438
1418
0665
1.08
0613
Ol.l3
1.12
1691
1,49
0636
0.8L
1406
O.h7
1425
0,65
2,28

2.19
0,97
2453
24142
0. Tk
0463
0.82
OlLls
0695
1402
0,68
0.61
0.83
0.83
1e72
0.76
1,02

0,50

1617
129
0.7l
1482
0.99
0.80
0.90
0498
0.82
1.18
0.80
Oe9L
1401
1427
0.87
075
0.89
1.09

1425
1616
1416
1452
1426
0.89
1.05
140l
1e¢13
1403
0.89
OeT7
0.78
0.82
1402
0.82
0.96
0.86



Specimen Noe

and compe (hkl) «015 L0028 ,0L9 LO71

5b 020 0410 0,06 0406 04,0L

11 at.? COr
110 1¢71 1¢S5l 1430 0.85
021 0e28 0420 0416 0417
002 0s80 0455 0.60 0,63
111 168 1416 148  14L9
12 136 131 1417 0683
130 0e18 0429 0411 0410
131 0e33 0427 0.17 0.11
023 0660 0,50 0,61 0.66
200 210 2,08 1,40 0,76
113 163 1,49 2,49 2,88
132 0e¢37 037 0e02L 0,28
133 0e71 0.70 0.52 0,54
1L 1028 1468 2477 Le09
150 Oe18 0416 0,07 0,03
223 1¢30 1416 0,77 0.60
152 Oolil 0e32 0,22 0.13
312 2e53 2,70 2,30 1.75

2103
0.00

0453
0e2l
1450
1eli9
0.60
0407
0.09
0.7k
0.60
2456
025
0.6L
5e23
0.06
0e35
0.20

0.98

2166

«283

0453
OeL9
1,01
24111
OlLi8
0455
0420
0.18
0695
0693
2,02
0e29
1e11
Le36
0658
0.35
Oe.7h
0639

3.76
0498
0.61
0.83
0.56
O.L3
0.51
0e55
2402
2430
0,99
0.91
097
137
0668
Oeh7
0.92
OeTh

#1i89
1635
0.5
0.93
OeLu7
0691
0.78
0.73
073
2.L5
2483
Te11
1,00
0,90
116
0.9k
0.89
096
0637



Specimen No.

67

and comp, (hkl1) 013 026 LOLS o071 o102 o158 o278 LL478

6a 020 0e26 0411 0605 04,05 0,06 0626 0012 1411

e33 ate? Cr
110 2409 2415 1693 1652 1639 0OeTh 0462 1,78
021 0639 0425 0619 0617 0625 0637 0637 OJhk
002 1611 1601 0,90 0467 1e34 3639 3442 1,13
11 Te35 1623 1418 1433 1456 1,07 0490 0,62
112 0e83 0665 0657 0ell0 0632 0.L2 0,60 0,53
130 Oelli 0407 0420 0407 0418 0416 0,27 0,52
131 0e32 0626 042L 0627 0e26 0420 0.h6 1,07
023 0696 0o9L 0,88 0482 1417 3.27 1463 0,76
200 3657 3636 2,62 2,57 2481 1450 0,50 0,23
113 0.78 0.80 0481 0.7k 0.62 1407 150 1,08
132 Oeli9 029 0,35 0438 038 067 1,04 2,00
133 Ooii Ooli1 0437 0430 0,34 Ooih 1432 1,46
114 0¢91 140L 1409 1437 1433 2.0l 257 1,05
150 0026 0619 0412 Oolh 0017 0016 0630 0,89
223 082 0470 0¢56 0.u5 0638 0,31 OlLO 0,LB
152 Oe3l 0628 0623 0.2h 0,24 0.29 0672 1457
312 2¢91 3659 LUe28 Lebli 3,99 1,59 0480 0,62



Specimen No.

and compe. (hkl) o01lL o027 LOL7 070

6b 020 0420 0402 0,04 0,04

o33 at.% Cr
110 Tel7 112 0,86 0,43
021 Oe31 020 0.19 0.15
002 1407 0689 0,56 0,60
111 1e8L 1482 2,19 2,58
112 1439 191 2,19 2,82
130 Oeli1  0e32 0419 0419
131 Oeli7 0039 0635 0424
023 077 088 092 0687
200 2420 2,49 2.55 1.7k
13 1623 1470 1498 2,65
132 Oeli5 Okl 0,40 0.18
133 0658 0.h3 0,37 0.LO
11k 1¢13 1420 14h2 1.l
150 0e26 016 0,09 0400
223 TolI0 1658 1,69 1,94
152 0e33 0e18 0410 0,13
312 2411 2,07 171 1425

0,00
039
0e12
0.59
251

2427
0.08
0«27
1419
1.02
2,70
06,37
0.5L
1480
0605
2610
010

100

68
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