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L. INTRODUCTION

In recent years it has been realized that, although beta

treatment does remove a large fraction of the texture of alpha
fabricated uranium, yet there may be a substantial texture
PSR
actually induced by the beta treatment. This study was begun
for the Working Committee of the Fuel Element Development Com-~
mittee to develop a systematic description of the effect of beta

treatment variables influencing the texture, grain size and dis-

i N

(tortion. in unallozgé/gigggﬁmﬁgg‘}qgotfqugium. The aim of the

program was to learn enough of the character of beta treatment so
that anyone who wished to beta treat uranium could more easily
select the best heat treatment consonant with the reactor require-
ments of texture and grain size. At the same time, it was hoped -
that some basic understanding of the results would emerge, but
the primary effort was to be the collection of a spectrum of data
which had previously been restricted to special sizes and heat
treatments.

This report summarizes work performed since Nov. 1, 1959
on the study of the beta treatment of uranium. Owing to the rather
large number of variables studied, it was decided to construct a
reference report in which a particular variable could be found
readily. It is hoped that this has been accomplished by an outline
and table of contents ( p. v toix ) as well as by subject headings
at the top of each page, and marginal notes.

The report encompasses seven previous progress reports as
well as work performed since the last progress report. The pre-

vious reports have described progress during the following periods:




Report _— ~ Period | L». - Date Issued»l'
NMIL-2800° Nov. 1, 1959 - Apr. 1, 1960 Apr. 18, 1960
NMI-2801:  Nov. . 1, 1959 - Aug. 31, 1960 Sept. 23, 1960
NMI-2802° Sept. 1, 1960 - Nov. 30, 1960 Dec. 27, 1960
NMI-2803 & Dec. :1, 1960 - Mar. 31, 1961 Apr. 21, 1961
NMI-2804 - Apr.:- 1, 1961 - July 31, 1961 Sept. 1, 1961
NMI-2805 . Aug. -1, 1961 - Nov. 30, 1961 Dec. 29, 1961
NMI-2806 - Dec. 1, 1961 - Mar. 31, 1962 Apr. 13, 1962

This final report summarizes the effect of composition of un-
alloyed uranium (ingot vs. dingot), prior delta condition, geo-
metry, heat treatment and applied stress on cooling rate, grain
size and texture observed in the beta treatment of rods and tubes.

All the data (gxcept G, vs. position data) making up the graphs

presented in the main iext, as well as data on thermal behavior,
grain size and distortion, chemical analyses, materials inventory
received, and déscriptions of experimental methods and equipment
used are contained in Appendix B. .Appendix A contains figures of

the graphical relation between G, and radial depth of the range

3
of rod and tube sizes studied,




I1. SHORT SUMMARY OF RESULTS OF BETA TREATMENT PROGRAM

UnaIloyéd'dihéét and ingot rods and tubes have been studied
for a variety of beta treatments, Tube outer diameters ranged
from 4 to 1 inch, inner diameters from 3.5 to 0.5 inch, and wall
thicknesses from 0.9 to 0.1 inch. Rod diameters were 1.8, 1.1
and 0.5 inch. Certain auxiliary studies involved l-inch diameter
discs 0.03 inch thick. Cooling rates from the beta. phase ranged
from about 800°C to IOC/sec° The degree of preferred orientation
(texture) has been described chiefly by the growth index, Gy, *
which predicts the direction and extent of anisotropic growth

in alpha uranium under neutron irradiation.

A. Grain Size and Shape

1. Delta Condition (see page 20)

Unalloyed dingot and ingot uranium have been

shown to be very sensitive to prior delta heat treatment. A

_ e U -

change in delta treatment before a final water quench from the

beta phase may cause a shift of about four FEDC grain size nuﬁbers.

2, Beta Treatment Time and Temperature (see page 26)

Grain sizes found after oil quenching l=-inch
diameter by 1l/4-inch thick ingot discs that were beta treated
over ranges of 2 to 64 minutes at 690 to 755°C were slightly
coarser (1/2 to 1 FEDC grain size) in the region of 10 to 64
minutes at 690 to 735°.

3. Cooling Rate (see page 29)

For a given delta condition, the cooling rate
from the beta phase is of major importance in determining the
final alpha grain size, which is usually the finest for a water
quench, intermediate for oil, and coarsest for an air cool. The
macro (3X) grain size or shape does not provide a good indication
of the extent or severity of texture present.

*For a definition of G see Appendix B, p. B-5.

3)




4. Air Delay Before 0il Quenching (see page 29)

An air delay before o0il quenching coarsens the

grain size towards the size realized by an ordinary air cool.

5. Recrystallization (see page 30)

. ] o
Post-beta treatment recrystallization at 600°C
slightly refines the grain size, except in the case of air-

cooled specimens, which do not recrystallize.

6. Applied Stress (see page 30)

Limited experiments on the application of stress
in the beta phase, beta-alpha phases and high alpha phase do not

show any detectable effect on the final alpha grain size or shape.
B. Distortion (see page 30)

_Most-of the dimensional changes seem to be caused by
the _difference in texture before and after beta treatment. The
Ry - e
relation between percent length and diameter changes (A L and A D)

in rods, and the axial G, before beta treatment, is given approxi-

mately by the relations ’
%“AL=-2.2G,, -0.23
% AD = +0.64G3Ax
Distortion after beta treatment is more uniformly distribu-
ted with slower cooling rates from the beta phase; the effect, in
rods, of increasing the cooling rate is generally to increase the
tendency to lengthen or to decrease the tendency to shorten.
In tubes the relation between dimensional changes and G3AX
before beta treatment is not apparent from plots that show large
scatters in this relationship.
No differences in distortion have so far been observed
among beta-treated pieces with different delta histories.

In general, no differences in distortion can be attributed

to compositional differences between dingot and ingot.




C. Texture and Growth Index (see page 37)

1. Radial Texture Distribution

A preferred orientation (texture) of crystallites
is induced by any cooling rate (within the range studiedlﬂgggm
thE\EEEEMBEEEET//;;I;—EE;E;;;—is such that the G3 is negative
parallel to the thermal gradient experienced by the uranium
during cooling from the beta phase. The induced texture tends
to vanish (G3 approaches zero) when the thermal gradient vanishes,
as in the radial direction near the midwall of tubes or near the
center of rods. These characteristics of induced texture cause
the radial distribution of radial G3

value at the cooling surfaces and an approximately zero value at

to have a large negative

a tube midwall; accordingly, the G3 distribution curve usually
assumes an inverted "U" shape in both dingot and ingot. In one
case (beta quench of dingot into SOOOC molten salt) a "U" radial

G3 distribution was observed.

Parameters have been introduced to describe the degree of
radial texture penetration or the extent of total texture induced
by beta treatment:

radial merit = wo/2r

where r is the radial depth where G3 has increased to -0.10.

w
integrated net radial texture,‘II; = {°G3(2r/wo)dr

integrated absolute radial texture,

TI;' = §TG3(2r/wo)dr
)

where v, is the wall thickness,
G3 (2r/wo) is the experimental curve showing the dependence

of radial G3 on radial depth expressed as 2r/w°.

Larger values of radial merit indicate shallower texture penetration.

2. Beta Treatment Time and Temperature (see page 50)

Beta treatment times longer than 8 minutes at beta

temperature do not affect final G3 after an oil quench, but shorter

times seem to make G3 slightly more negative.




» o o
No effect of beta temperatures between 695 and 755 C
is observed on the G3 after an oil quench.

Dingot was not studied under these conditions.

3. Prior Delta Condition (see page 42)

In drastically quenched ingot and dingot bars
that have enough differences in delta histories to cause a grain
size change, a G, increase of about 0.0l is associated with a

3
unit decrease in FEDC grain size number.

4. Cooling Rate from Beta Phase (see page 50)

In ingot, the severity of induced radial texture
penetration as judged by radial merit in influenced substantially

by the cooling rate R,,but in dingot is somewhat less influenced

5)
. . o (o}
by cooling rate. Cooling rates of about 50 to 100°C per second
produce the shallowest texture penetration in ingot, but dingot
seems less sensitive to this rate. However, a study of the effect
of cooling rate in integrated radial texture in both ingot and
, . o
dingot shows thaq\flgyﬂgoollng rates (less than about g C per
second) and fast cooling rates (greater than about 200 C per
second) produce substantially more integrated texture than inter-
\__—_‘

—— T

mqgiipe cooling rates (about 50°Cc to 100°C per second).

5. Comparison of OD and ID Tube Integrated Textures (see p. 53)

In general, the asymmetry in radial G3 radial
distribution is greater in tubes with lower ID:wall ratios, where
the circulation of the cooling medium is somewhat more restricted.
A study of 45 tubes of different sizes and cooling rates showed
that an average of about one half of the total integrated texture
developed was formed on the outer cooling surfaces, and that there
was about twice as much texture on the outer surfaces as on the

inner surfaces of tubes.




6. Air Delay Before 0il Quench (see page 57)

An air delay before an oil quench increased the
radial texture penetration in ingot, and an increase in air delay
increased the texture penetration toward the maximum found after

an ordinary air cool.

7. Hot-salt Quenching of Thin Discs (see page 61)

A study of surface G, on thin (0.030-inch) ingot

and dingot discs quenched from the bZta phase into molten salt at
660 to 200°C for 10 minutes at temperature, then water quenched,
indicated that there is a region of hot-salt quenching temperatures
that produces the least textured transformation products by quench-
ing in Houghton LH-235 salt at 550 to 4250C; except, that the

least textured products in ingot correspond to a surface G, of

3
about -0.10, and in dingot to a surface G, of about -0.16 at these

temperatures. However, if a different moiten salt (Houghton DT-275)
is used on dingot discs at these temperatures, the texture appears
to vanish at a quench temperature of about 535°C, (Ingot discs
have not been studied under the same conditions.)

The study of thin discs indicated strongly that a certain
range of hot-salt quenches of dingot tubes would lead to a de-

creased penetration of radial texture as compared with that in-

duced by continuous cooling.

8. Hot-salt Quench of Tubes (see page 63)

A limited study of hot-salt (Houghton Draw-Temp
275) quench (10 minutes in bath) of 1.5 inch-OD by 0.5 inch-ID
ingot tubes at 400 or 200°C and dingot tubes at 500, 400 and

300°C showed that intermediate quenching rates (R,) can be ob-

tained and that these intermediate rates, like thgse allowed by
0il quenches, successfully produce shallow texture penetration
and small values of integrated radial texture. Results on both
ingot and dingot indicated that, for this size,hot=salt quench
temperatures of 400 to 500°C induce less texture than do lower

temperatures.




9. Internal Free Surfaces (see page 72)

The insertion of internal free surfaces within
ingot bar is found to cause a sharp positive increase in G3 in
a direction perpendicular to the free surface at the interface,
after a drastic quench, when the interface is in a region of
high thermal gradient and in a region believed to have a very
low thermal gradient, but not at an intermediate gradient. A
further study of drastically quenched ingot and dingot bars
electroplated with 0.002-inch nickel seems to confirm the sharp

increase in G, in a high thermal gradient near the plating. The

same resu1t33were not found in ingot tube under 0.020 to 0.005
inch of Zircaloy cladding, possibly because of a superior metal-
lurgical Zircaloy=-uranium interface, or a greater similarity of
thermal conductivity between Zircaloy and uranium, which would
not cause such a large interruption of the thermal gradient as

may have occurred under the nickel electroplate.

10. Applied Stress (see page 68)

Stress applied during the beta-to-alpha trans-

formation seems to be more effective in modifying induced textures

than stress applied only in the beta phase, but the reason is not

understood.
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Thermal Data 9

ITII. RESULTS AND DISCUSSION

A summary of the work, listing basic sizes and cooling

media used, is presented in Table I.

A, Thermal Data

The thermal behavior or uranium tubes and rods during
beta treatment and quenching was determined by time-temperature
curves automatically recorded on a Brush oscillograph employing
thermocouples located at various depths below the sample surface.
A complete summary of the thermal behavior of all uranium
samples, including both continuous and discontinuous cooling,
is given in Appendix B, Table B-IV. The parameters of interest
are:

(L) tA , the heating time necessary to reach the alpha-to-
c

beta transformation temperature from room temperature

(2)

tﬁ/a’ the time during which the beta-to-alpha trans-
formation takes place on cooling

(3) Ar’ the mean temperature of transformation on cooling

(4) RB’ the cooling rate in the beta phase just before the
beta-to-alpha transformation

(5) Ra’ the cooling rate in the alpha phase just after

the transformation.

1. Effect of Composition

It was not believed that the difference in compo-
sition between unalloyed dingot and unalloyed ingot has any sub-
stantial effect on the thermal behavior during beta treatment.
However, there is a tendency for dingot uranium to exhibit faster

heating rates in molten salt and. faster cooling rates in all
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TABLE 1

Summary of Experimental

Progress on Beta Treatment of Uranium Rods and Tubes

) - Dimensions _ ‘ ) Data Obtained
Desig- (in) . Cooling
nation - Chemistry Medium Th 1| Distortion’ Grain | Growth
oD | wall : erma stortion| gize | Index
302 C Air / / / /
25o Poco 2 0il / / /X /X
250 Poco 2 0il (a) / / /X /X
c 1.8 | Rod Ingot 25o Poco 2 0il (b) / / /X /X
25o Houghto K 0il * * * *
.550 Water / / /X /X
1 127C Water / / /X /
_i
30°C Air / / /X /X
!25° 2 0il / /X /X
. 18 | Rod Dingot L 25% ggi;htOO; 0il . * * * ,
i THEOE is5°C water / / /x| /x
_ 12O Water / / /X /X i
25°C Brine / / /X /X :
302 Air / / /X /x|
25 C Poco 2 0il / / /X /X !
K 1.2 Rod ! i
° Ingot ;552 Water / / XX
i12 Water / / /X /X ;
2520 Houghto 4102 01l | * * * * :
A 3.9 | 0.9 Ingot 25C Houghto K 0il * ‘ * * * :
12°C Water * * * * '
 302C Air / / ) S
5250 Poco 2 0il | / / /X /X j
E 4.0 | 0.5 Ingot |25 C Houghto K 0il * * * * j
5550 Water / / / / 5
{12 °C Water / / / / 7
| 30% Air / / / /
DG 3.0 | 0.5 Dingot gzsoc Poco 2 0il / / / /
{ 557°C Water / / / /
i 302 C Air / / / / E
2 25 C Houghto 4102 0il * n * * ‘
| 550 Poco 2 0il / / / / i
; 25_C Poco 2 0il / / / /
25o Poco 2 0il (a) / / / /
1 25 C Poco 2 0il (b) / / / /
1 H 1.5 | 0.
: > Ingot 25°C Houghto K 0il * * * *
5 _ 55_C Water / / / /
: i 12 ¢ Water / / / / 1
! 400_C Salt / / / /]
: 300 C Salt / / / / ;
i 200°C Salt / / / /
1
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"Dimensions Data Obtained
Desig- (in) . Cooling
. Chemistry . .
nation ] Medium . . Grain | Growth
oD | wail Thermal | Distortion Size Index
30°C Air n / / /
250 Houghto 4102 0il * n * *
55 _C Poco 2 0il n / / * ’
25O Poco 2 0il / / / * l
e * *
DH 1.5 0.5 Dingot 25o Houghto K 0il ; ; /
(DC) 550 Water n
12 g Water n / / / i
SOOOC Salt * n * * 3
AOOOC Salt * n * *
300 C Salt * n * *
; 30°C Air * * * n 1
250 C Poco 2 0il * * P n a
N 2.0 0.3 Ingot 250 Poco Houghto K 0ill * * b n i
55.C Water n n ! n n -
12°C Water * * Poox n !
! T E
' 308 C Air * * S n :
: 25 Poco 2 0il * * * n
P 1.0 0.252 Ingot 252 Houghto K 0il * * * n
; | 550 Water n n n n
,! 127°C Water * * * n
§ 30°C Air * * K n
5 258 Poco 2 0il . * * * n
L 3.9 0.2 | Ingot 250 Houghto K 0il * * P n
55O Water n n :n n
: 12°C Water * * * n
i 302 C Air n n / *
i . *
250 Poco 2 0il . n n /
M 3.0 0.2 1Ingot 25 _C Houghto K 0il n n * *
‘s 550 Water n n /o *
: 12 °C Water n n / ' *
‘ 1 302 Air * n x %
‘ : i 25 C Poco 2 0il * n * %
DM 3.0 | 0.2 Dingot | 25.C Houghto K 0il * n * 0 x
i (DG) 55_C Water * n * o %
12°C Water * n * *
- 30,C Air / / /]
. , |
I 20 | o1 . ' 250 Poco 2 0il / / / ! i
Vo Ve .ngot ; 25O Houghto K 0il * * *
i 55 C Water / / /]
i ; I 0°C Brine o/ / /b

(a) Air delay to beginning of B —P « transformation’;"

/ Data obtained before last report (NMI-2806). n
* Data obtained since last report.

(b) ﬁo end of B —» (o transformation.
No data obtained.

X Also studied after annealing at 600 C
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cooling media. It has been suggested by J. E. Minor (HAPO)

that the higher oxidation rate of ingot increases the amount

of thermal insulation between metal and thermocouple, thus yield-
ing apparently slower cooling rates in ingot., The thermal differ-
ences between dingot and ingot are statistical at most and extrem-
ely small, even when compared with the deviations in results for

repeated treatment of a single composition.

2. Effect of Prior Condition

It was not believed that prior condition has
any significant effect on thermal behavior, although no thermal
analyses were made on samples having different histories but
identical geometries and compositions. However, samples
machined from ingot tube and samples of identical geometry
machined from dingot rod showed little difference in thermal
properties. Since considerable textural differences pre-
sumably exist between these two materials, it may be inferred
that at least in this respect prior condition does not signifi-

cantly affect thermal properties.

3. Effect of Geometry

The heating time needed by the sample to reach

the alpha-beta transformation, ty > varied from as little as

c
36 seconds for 2-inch OD by 0.l-inch wall ingot tube (size T)

to about 200 seconds for 1.8-inch diameter rod (size C) and
3.9-inch OD by 0.9-inch wall tube (size A). Cooling rates in a
given quench medium showed correspondingly high variations with
sample size. For rods, heating and cooling rates decreased

with increasing depth from the surface, as would be expected.
However, although the OD surface of tubes generally exhibited

the highest heating and cooling rates, the rates obtained at

the ID were usually lower than those observed at midwall or other
intermediate points. This is presumably due to a 'tunnel" effect
in which the circulation of the heating or cooling medium is
restricted on the inner surface of the tube. Molten salt may

even momentarily freeze at the end of the tube during heating
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or quenching, thus further restricting the passage of the
heating or cooling medium. This effect (faster cooling at
midwall than at ID) was most pronounced for 1l.5-inch OD by
0.5-inch ID (size H), l-inch OD by 0.5-inch ID (size P), and
3-inch OD by 2.5-inch ID (size M) tubes. It appears that the
tunnel effect is most pronounced in tubes having smaller inside
diameters (where heat flow is most restricted) and thinner walls
(where midwall cooling does not lag substantially behind OD
cooling).

Since the growth characteristics of beta treated uranium
are associated with the direction (and perhaps magnitude) of
the thermal gradients produced during cooling, a study was made
to determine the type and size of thermal gradient produced at
various depths below the cooling surface for three representative
cooling media. By employing cooling curves obtained at different
depths below the sample surface, it was possible to obtain thermal
gradients (A T/ Ar) for the intervals between two successive
thermocouple placements. These thermal gradients have been
plotted versus cooling time in Fig. 1. Typical gradient curves
are presented for water-quenched, oil-quenched, and air-cooled
l.1-inch diameter rods in Curves I, II and III respectively.
Each one of the curves represents the thermal gradient across
the indicated radial interval* as shown in Curve IV. Curve IV
depicts the temperature distribution across the radius for each
quench medium as derived from Curves I, II, and III for the
specific times indicated. (Each time was arbitrarily chosen to
show typical thermal behavior during a given quench. Owing to
the wide variations in total cooling time associated with the
three quenching media, it was. not possible to select a common
time which Qould illuétrate thé typical témperature distribution

- = e e m = e = e ow -

*The calculations employed in this work assume a linear gradient:
across the interval studied, which is not, of course, a true
representation. However, these curves are qualitatively valid
for determining the cooling behavior of the samples.
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for all three quenches.)

The fact that the maximum thermal gradients observed
during oil quenching are not those nearest the sample surface
may be explained in terms of the effect of the beta-alpha
transformation on the characteristic cooling curves of the con-
centric annular increments, which may be considered to compose
the full wall thickness of the cooling cylinder. With increas-
ing distance from the surface, the cooling of each increment
lags behind that of the overlaying increment by an amount deter-
mined by the rate of heat extraction by the quenching medium,
the thermal conductivity of the uranium and the sample geometry.
The temperature differential between adjacent annuli generally
decreased with increasing distance from the surface. However,
during the transformation within a given annulus, the evolving
heat of transformation retards the cooling process. Depending
on the rate of heat extraction compared with the rate of trans-
formation (evolution of recalescent heat), the cooling rate may
decelerate, be arrested, or reverse (recalescence). This re-
tardation reduces the temperature differential between the
transforming annulus and the underlying untransformed annulus,
which continues to cool through the beta phase. If the effect
of the recalescence on the temperature differential is suffi-
ciently pronounced, the gradient between them can reach even a
lower value than gradients observed at greater depths, thus ac-
counting fdr the observation that the maximum thermal gradients
found during an oil quench lie at some intermediate sample depth,
rather than nearest the surface. 1In water quenching, the rate
of heat extraction is so high that the retardation of cooling
by heat of transformation is negligible, so that the maximum
thermal gradients are nearest the surface. During air cooling,
the rate of heat extraction is so small that recalescence domi-
nates, and the thermal gradients are very small throughout the

sample volume.
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4, Effect of Heat Treatment

For a given sample geometry, cooling rates
increase in the order:air, oil, water (or brine). Although
considerable variation in cooling rate occurs with varying
sample geometry and thermocouple location, the cooling rates
in the beta phase can almost invariably be categorized as
follows: air: 1 to 10°C/sec4 oil: 10 to IOOOC/sec.; water:
100 to 1000°C/sec. Individual cooling rates range from about
800°C/sec. for a water-~quenched 0.l-inch wall ingot tube to
1°C/sec. for the interior of an air-cooled 1.8-inch diameter
ingot rod.

The importance of cooling rates in terms of transfor-
mation times and temperatures is shown graphically in Fig. 2
where the cooling curves for l.l-inch diameter rods quenched
in various media are superimposed on a time-temperature-trans-
formation plot given by Jepson*(l) for ingot composition.
Curves are shown in each case for the OD thermocouple (actually
0.06 inch below the surface) and the center thermocouple. No
data were available for the TTT diagram for times less than
10 seconds; the 'nose'" of the curve, which is undetermined,
is shown schematically by a dashed line. Because TTT charac-
teristics may vary with small changes in composition, the
Jepson curves (which are for ingot-like uranium) are not to
be taken as exact values for these studies. However, it is
readily seen that considerable variation in transformation

* Jepson determined the TTT diagram from dilatometric results
on 1.8 inch diameter by 1 inch samples quenched from 30
minutes at 720°C into a lead bath for isothermal transfor-
mation. The typical composition was (ppm):

700 15 20 2 100 40 20 5 15
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Fig. 2 - Relation of TIT characteristics to OD and center cooling curve of 1.l-inch diamgter
an are

TTT characteristics are from Jepson

ingot rod cooled in different media.
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for composition including 700 ppm C, 100 ppm Fe, 40 ppm Al, 20 ppm Si.
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time and temperature can be caused by varying the cooling
medium. Since there are indications (see p. 61) that the

isothermal transformation temperature can affect the G3,

"and since transformation kinetics vary drastically in diff-

erent regions of the TIT diagram, the cooling rates are un-
doubtedly very important.

The curves for the air-cooled sample agree well with
the Jepson diagram, but his data are not complete enough
to permit comparison with data for water-quenched samples.

For the o0il quench, the thermal arrests are considerably
higher than the temperatures predicted by Jepson. It should
be noted that his data are for 700 ppm carbon, whereas the
cooling curves shown represent metal containing about 440 ppm
carbon. This as well as size effects may explain the observed
deviations from his TTT diagram.

Warm and cold water quenches are seen to have very
similar cooling curves. The similarity of response of
uranium to warm and cold water quenches has also been confirmed
in G3 analyses. On the other hand, the differences among the
three media, air, oil, water, are quite promiﬁent, and there
is little or no overlap of the cooling curves for these media
in the transformation regions. This implies that the trans-
formation product in the full cross-section of a l.l-inch
diameter rod is unique for each medium. Moreover, this de-
marcation between air, oil and water appears to exist for all
geometries studied.

An attempt to obtain intermediate cooling rates by
heating of the Poco No. 2 o0il to 55°C resulted in essentially
no changes in thermal behavior. Using room-temperature,
Houghto K quenching o0il resulted in slight increases in cooling
rates, while the use of room temperature Houghto-Quench 4102

0il (containing a mica slurry) successfully achieved cooling
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rates midway between those obtained for Poco No. 2 and
air-cooled samples. Quenches into 250C brine and into
0°C brine did not appear to yield any significant increase
in cooling rate over the standard warm and cold water quenches.
Several studies of discontinuous cooling rates were
made during the course of routine beta treatments. These
were (1) an increasing air delay time before a final room-
temperature oil quench, and (2) quenches into 500, 400,
300 or 200°C molten salt (Houghton Draw Temp 275) (10 minutes
at temperature) before a final room temperature water quench.
The effect of air delays on the thermal properties of ingot
rod and tube was negligible. That is, those parameters
measured during the air-cool portion of the cooling cycle
were identical to the parameters found for continuous air
cooling, and the properties studied during the oil-quench
portion of the cooling cycle were identical to those ob-
tained during continuous o0il quenching. The interrupted hot
salt quenches were found to increase in severity with decreas-
ing salt temperature, as would be expected. Quenching in 200°%
salt yielded cooling rates midway between those obtained for
0il and water. Quenching in 300°C and, particularly, in 400°¢c
salt yielded beta cooling rates more closely comparable to
those associated with room temperature Poco No. 2 oil quenches.
However, with increasing salt temperature the reduction in
temperature differential between quench medium and sample re-
sulted in longer transformation times and lower alpha cooling
rates than those associated with oil -quenching. Quenching in
500°C salt resulted in beta cooling rates- somewhat slower than
in Poco No. 2 oil quenches, but still faster than either air

cooling or quenching in Houghto-Quench 4102 oil.
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5. Effect of Stress

It is not expected that cooling rates will
be affected by the application of stress during cooling. It
is not known whether the application of stress might be
expected to increase the transformation rate or/and change
the transformation temperature. These two parameters could

exnrt a considerable influence on the beta-treated properties.

B. Grain Size and Shape

After each beta treatment, a hemicylinder was
cut from the tube or rod. The cross-section exposed was

macro-etched in HC1l and HNO, to reveal the macro-grain size.

3
Photomacrographs (3X) of this surface were then compared
with standard 3X macro-grain size photomacrographs supplied
*
by the FEDC=(2)

somewhat subjective matter, the deviation among different

Although the assignment of grain size is a

observers for the great majority of estimates is no more than

1/2 grain size number,

1. Effect of Composition

It is recognized that no discussion of the
effect of composition on grain size and shape is complete with-
out a thorough knowledge of the prior delta conditionlfof the
uranium under study. Since changes in composition may change
the thermal treatment necessary to produce the "optimum"
delta condition*f the criterion of identical prior heat treat-
ments may not be a sufficient guarantee of equality of initial
delta conditions.

It is generally accepted that dingot, which usually con-
tains less impurities than ingot, will show coarser grain
sizes than ingot. During this program, studies indicated that

* Four different sets (A-, B-, C- and D-), representing
different sizes and cooling rates, are given. The grain
size numbers increase with decreasing size.

%% Delta condition refers to the distribution and particle
size of the compounds formed between uranium and other
elements present. By "optimum" is meant that delta
condition that produces the finest alpha grain size after
beta treatment. :
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this assumption is not always reliable. It is true for
some sizes and not for others. It is likely that the
delta response differs somewhat between the two compositions,
so that the final beta-treated grain size may be chiefly depen-
dent, for example, upon the reduction and the temperature of
fabrication.

The prior delta condition also appears to exert a
marked effect on the occurrence of columnar grains. In
instances where the prior condition was as-fabricated,
several cases of prondunced columnar growth were observed
at the cooling surfaces in beta treated ingot, but none
were found in dingot. Although compositional differences
seem to cause a somewhat decreased tendency to columnariza-
tion in dingot which experienced the same thermal gradients
during beta quenching, it is not clear what part of the tendency
is due to prior delta condition, which will be shown to have

a considerable influence on columnarization.

2. Effect of Prior Condition

Studies at Mallinckrodt have shown that dingot
containing minor additions of iron and silicon can be heat
treated (delta treated) to control grain size,(3) by dissol-
ving the delta compounds in beta uranium and by precipitating
these compounds by heating at some suitable temperature in
the alpha phase for several hours before a final beta treatment.
Recent work in this NMI program has shown that delta treatment
can cause a shift of about four FEDC (3X) grain size numbers
in dingot (63 ppm Fe,.és ppm Si) and iggg£(4) (115 ppm Fe and
50 ppm Si) 1.1¥incﬁ diahetef‘rods drastically quenched from

the beta phase after different prior delta treatments. For
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example, a 64500/8-hour anneal of as-fabricated ingot

will produce very coarse (A-2 and A-3) FEDC grain sizes
after a cold water quench from the beta (Fig. 3A) whereas
the omission of the 645°C prior delta treatment will give
much finer (A-5 to A-7) grain sizes in both compositions
(Fig. 3B). An unsuccessful attempt was made to refine the
grain size of beta-treated ingot from the as-fabricated
condition by first beta treating (to dissolve delta), then
reprecipitating delta for 8 hours at 525, 425 or 325°C
before a final beta treatment. The grain size due to the
425°¢C prior delta treatment gave the greatest refinement,
approaching to within one or two FEDC numbers the grain size
of the beta-treated sample, which had had an as-fabricated
prior condition. It is understood that zt NLO the rolling
temperature of the ingot rod had been about 6250C (11550 ),
and that this temperature was chosen as the temperature which
would produce the finest grain size upon a final beta quench
into water. Evidently the rolling conditions do not result
in 'delta' times and temperatures too severe to achieve the
best prior delta condition for the finest beta-treated grain
size, even though our heat treatments indicated that 625°C
would be too high. However, it would be expected that warm
working during rolling could alter the precipitation rate
and size of the delta particles. An interesting feature of
the radial distribution of grain size throughout the cross-
section of both the ingot and dingot bars was that the delta
agglomerating treatment (without prior beta treatment) tended
to produce much coarser grains after beta treatment at mid-
radius than at either the OD or rod center (see Fig. 3-A).
It is possible that at the OD the drastic cooling rate over-
whelmed the effect of delta treatment, but that at mid-radius

the effect of warm working (during fabrication) caused an

v




3X RF-8274

Fig. 3A - Full cross-section of l.l-inch diameter by 4-inch long ingot rod
(containing 115 ppm Fe and 50 ppm Si) water gquenched from
the beta phase after a 645 C 8-hour delta agglomerating anneal
of the as-fabricated condltlon (K-8). *
Note: (1) mid-radius coarsening of grain size to about A-1.5,
and (2) columnar grains at OD,

#(K-8), and similar designations in the Figures to follow, refers to size
code and sample number, e.g., size K, sample number 8. For interpretation
of size code, see Table at inside back cover. \




3X RF-8273

Fig. 3B - Same as Fig. 3A, except without the 645°C prior anneal (K-7).

Note: (1) uniform grain size (A-6) throughout section, and
(2) only shallow case of columnar grains at OD.
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acceleration in the delta agglomeration rate, and this, in
turn caused grain coarsening. In the center of the rod the
degree of warm working would not have been so great; accord-
ingly, it is possible that the delta agglomeration rate was
less and the final beta-treated grain size finer.

With increased time and/or temperature of any prior
delta agglomerization treatment, there is an increase in
the extent of grain columnarization in ingot. The depth of
columnarization after a beta quench increased by about five
times (compare Fig. 3A with Fig. 3B) when an as-fabricatad
ingot rod was given a 64§%/8 hour prior anneal. (4) No
explanation can be offered for this effect, or for the fact
that the dingot rod of the same dimensions and with the same

heat treatment exhibited much less columnarization.

3. Effect of Geometry

In general, grain sizes were observed to be
finer at the cooling surface of the sample and coarser with
increasing distance from the surface. This was particularly
true of the heavier samples, where the greatest variations
in cooling rate occurred through the cross-section. With
thinner sections, the grain size throughout the cross-
sections became more uniform. It was also abserved that,
for a given quench medium, the samples with the smaller

sections had generally finer over-all grain sizes. In most

cases, thecoarsest grains were found at the center of rods

and at the midwall position in tubes. The exceptions to this
observation were the ingot and dingot rods that were delta
treated prior to beta treatment, where the coarsest grain sizes

were observed at the mid-radius position.
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4, - Effect .of -Heat Tfeatment

Grain‘size and shape appear to be relatively
insensitive to variations in beta treatment time and temper-
ature. A number of l-inch diameter by 1/4-inch thick ingot
discs were beta treated over a wide range of temperatures and
times and quenched into room temperature oil. The beta-
treated discs were then polished to a depth of 1/16 inch
below the surface and the grain sizes determined° The re-
sults of this study are shown in Fig. 4, where beta temper-
ature is plotted against time at temperature, and the grain
size is given for the various heat treating conditions. Al-
though the cover-all change in grain size is small throughout
the ranges of time and temperature, some systematic variations
in grain size may be noted. With decreasing beta temperature
and increasing time at temperature there is a slight tendency
towards coarsening of the grain size. This region of coarsen-
ing appears to be defined for beta-treating temperatures of
690° to 735°C and for times of 10 to 64 minutes.

There is also a tendency for those samples lying within
this region and having coarser grain sizes to exhibit more
positive growth indices. This may be seen in Fig. 5 where
growth index (G3) is plotted against beta temperature and the
grain sizes are indicated next to the corresponding data .
points.

Within the ranges of beta temperature and time studied,
the conditions of beta treatment do not appear to influence
grain size significantly.

Grain size and shape are extremely sensitive to the
severity of quench after beta treatment. The grain size in-
variably decreases with increasing severity of quench for a

given sample geometry, composition, and prior delta condition.

-
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Air cooling always yielded a coarse grain size, varying
from FEDC A-1 to A-3. Even in the thinnest section (2.0-inch
OD by 0.l-inch wall tubing), where all other quenching media
yielded extremely fine grain sizes, the air-cooled sample had
a grain size of only A-3 1/2, 1In some instances, an extremely
thin shell of fine grains (about A-5) was observed after air
cooling, but this shell was very small compared with the bulk
of the sample. MNo columnar grains were observed after air
cooling.,

In a few cases, columnar grains in ingot were observed
after oil quenching of samples having large cross-sections.
Generally, however, columnarization was absent after oil
quenching.

0il quenches resulted in a very uniform intermediate grain
size (A-4 to A-5) throughout the cross-section, The exceptions
to this observation were the 2.0-inch OD by 0.l-inch wall ingot
tube, which exhibited a uniform fine grain size of A-7, and the
extremely heavy sections (l1.8-inch diameter ingot and dingot
rods [sizes C and DC] and 4.0-inch OD by 0.5-inch wall ingot
tube [size E]), where the grain sizes in the interior were
quite coarse (A-2 to A-3).

Further confirmation that the grain size is largely
established (other parameters being equal) by the rate of
cooling through the transformation was obtained by examination
of the results of air delays before oil quenching of 1.8-inch
diameter ingot rod and 1,5-inch OD by 0.5-inch wall ingot
tubing. An air delay to the beginning of the beta-alpha trans-
formation followed by a room temperature Poco No. 2 oil quench
gave a grain size virtually the same as that obtained by a
direct quench into this oil. An air delay to the end of trans-
formation, them an o0il quench, resulted in a grain size the

same as that achieved by a direct air cool to room temperature.
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Water- and brine-quenched samples generally exhibit a
uniform fine grain size of A-5 to A-7. A few of the heavier
sections exhibit interior grain sizes as coarse as A-3 after
water quenching, presumably because of the greatly decreased
cooling rates in the interior of these samples. Columnar
grains were observed to varying degrees in about half the
water-quenched samples, the differences in response being
probably due to variations in prior delta condition.

The effect of a post-beta anneal (1 hour at 6OOOC) on
the grain size of both dingot and ingot quenched in oil and
water was found to be slight. The usual result was a small
(slightly more than one grain size number) over-all decrease
in grain size accompanied by a slight decrease in, but not
elimination of, the amount of colummar grains in those rods.

where columnarization was evident.

5. Effect of Applied Stress During and After
Heat Treatment

Several studies have been made on the effect
of applied stress during and after slow cooling of samples
from the beta phase. However, the macrograin size is essen-
tially unaffected by applied stress (either bending or tensile

straining) in the alpha-plus-beta or alpha phases.

C. Distortion

Permanent dimensional changes occur during beta
treatment of nearly all cold-, warm-, or hot-fabricated rods
and tubes. Analysis strongly indicates that the major causes
of the direction and degree of distortion are texture and stress
changes caused by beta treatment and the associated cooling
rate. Nearly all the radial distortion observed in rods and
tubes is distributed lengthwise in a "U"-shaped curve, such
as is shown for a cold-water quenched ingot tube (1.5-inch
OD by 0.5-inch ID by 4.0 inches long [H-5]) in Fig. 6. The
bulk of the tube length (the 3-inch middle section) has
contracted radially (except for the end effect) and there

has been an expansion in length.

o
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inch OD by 0.5-inch ID by 4.0-inch long ingot tube quenched from
the beta phase into 12°C water (H-5). Drawing No. RA-2232

Note: Length changes: +0,24/+0.029 inch (+0.60/+0.73%).
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Distortion 6

1. Effect of Texture Chahges on Distortion in Rods

It is found that the axial G3's of a series of

as-fabricated rods can be correlated with their subsequent length
changes on beta treatment. For example, in the following group,
for the same cooling medium, a decrease of prior axial G, is

3
associated with an increasing length change:

Percent Change in Length for
Various Cooling Media
Fabrication and Axial Axial 25° Poco 55°C 13°C
Type Size Code Texture G3 Air No. 2 0il Water Water
Ingot Cold-swaged (Q) 010 +0.50 | -2.00 -1.07 -0.98 -0.90
Ingot Warm-rolled (K) 100-010 +0.03 | -0.35 -0.45 -0.05 -0.06
(balanced)
Very hot- (s)
Ingot extruded '
& (pressure- quasi- ~0* |+0.05  +0.08  +0.03 +0.03
transformed) random
Ingot | Hot-extruded (C) 110 -0.32 | +0.20 +0.43 +0.62 +0.64
Dingot | Hot-extruded (DC) 110 =0.33 | +0.47 +0.40 +0.55 +0.55

*G, unreliable owing to very coarse grain size.

3

axial cont

tion of cold

swaged rod

A qualitative explanation of these length changes may be seen

by examining Fig. 7 and by consideration of thermal expansions

associated with the two as-fabricated texture extremes (rods
rac- Q and C or DC). Cold swaged rod Q had a strong 010 axial texture
(upper diagram). The 010 pole (or b crystallographic direction)
contracts on heating to the alpha-beta transformation temper-

ature, but after transformation the axial texture is found
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Fig, 7 - Schematic of length changes resulting from beta
treatments of an 010 axial texture (cold-swaged
rod) and a 110 axial texture (hot-extruded rod)
Drawing No. RA-2204
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to be quasi-random. A random texture will contract on
cooling to room temperature. The result of two net contrac- @

tions in the alpha phase will of course mean a net contraction
after beta treatment. Rod Q showed a 0.9 to 2.0 percent contrac-
tion in length for a range of cooling rates.

Hot-extruded rods C and DC have a strong 110 axial tex-

ture (lower diagram). This texture will expand strongly on

heating to the alpha-beta transformation. After transforma-
tion the axial texture becomes quasi-random, as does the 010,
but, en-cooling to room temperature, will contract less strongly
than the original texture expanded on heating, so that there
will be a net expansion in length. Rods C and DC showed 0.20
to 0.64 percent length increases. There seems to be little
difference in distortion between ingot (C) and dingot (DC) rods.

Finally, an original random texture (e.g. beta-treated
rod) should experience the least length change in beta treat-
ment. Rod S showed only 0,03 to 0.08 percent length increase.

The same correlative tendencies can be shown for diameter
changes. The usual as-fabricated radial texture is near the
151 pole, which has a weak positive coefficient of thermal
expansion (about 10 percent of that for the 110 pole). Con-
sequently, a very small radial expansion on heating to the
alpha-beta transformation, followed by a relatively large
radial contraction on cooling after transformation, will cause
a net radial contraction (similar to the axial contraction
shown by rod Q). Dingot rod C, originally having a 151 radial
texture, contracted 0.05 to 0.35 percent in diameter in all
the different cooling media.

The relation between percent length and diameter changes
3 is shown in Fig. 8 for
air, '0il and water quenches. Approximate linear relations for
these ingot rods are shown by the two straight lines which have

the equations:
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It is believed that dingot rods should show the same
distortion properties, but insufficient data are avail-
able to plot the relationship.

In order to demonstrate the striking dependence of
beta-treatment distortion on prior texture, a 6.000-inch
long by 0.540-inch diameter section of rod Q (having the
strong 010 axial texture) was beta treated and quenched in
room temperature Poco No. 2 oil. The section was found to
have contracted 1.03 percent in length and expanded 0.15
percent in diameter. The length was machined to 5.757-inch
long by 0.504-inch diameter, beta treated and quenched in
cold water. After this second heat treatment the length

expanded 0.23 percent and the diameter contracted 0.38 per-

cent. The results for the two heat treatments are connected’
by a dashed line approximately parallel to the solid line re-
presenting the general distortion-G3 relation given in Fig. 8.

2. Relative Effect of Severity of Cooling on
Distortion

The group of rods described above shows an
interesting effect of different cooling media. Except for
the rod having a quasi-random original texture, the effect of
increasing the cooling rate was to increase the tendency of the
rods to lengthen or to decrease the tendency to shorten. If the
amount of distortion were due exclusively to the difference in
texture before and after beta treatment, the oil-quenched rod
should be an exception to this tendency, since it will be shown
[see p.53] that oil-quenched ingot rod contains considerably
less induced texture than air-cooled or water-quenched ingot

rods. It is therefore probable that the stress distribution
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differences among the rods cooled in different media but
having the same prior texture have accounted for the differ-

ences in distortion.

3. Effect of Texture Changes on Distortion in
Tubes

In tubes, the case is much more complex.
Although the length changes in air-cooled tubes can be
correlated with prior axial G3 (as in the case of rods),
the length change—G3 correlations in the oil- and water-
quenched tubes are very poor. The relation between 0D wall
thickness changes and texture is very obscure and requires
further analysis.,

Radial distortion in air-cooled tubes showed much less
end-swelling than in oil- or water-quenched tubes.

Axial distortion (length changes) increased in the
order: oil quench, air cool, 55°C water quench, 12°C water
quench.

If tube distortion were due exclusively to texture
changes by beta treatment, it would be expected that the
percent change in wall thickness would be proportional to
the integrated net texture7¥, but no such relation was
discovered. Evidently the effect of different stresses, un-
doubtedly caused by different cooling rates, is even more im-

portant in tube distortion than in rod distortion.

D. Texture and Growth Index (GBL

1. Growth Index

The preferred orientation (or texture) of
crystallites of a metal may influence strongly the properties
of the metal. One of the properties of uranium that is very

sensitive to texture is growth under neutron irradiation. This

~growth can be predicted by the growth index, which is determined
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by an x-ray diffraction analysis of the texture. The
value of the growth index is based on the fact that én
alpha uranium single crystal under neutron irradiation
shrinks in the [100] or a crystallographic direction, ex-
pands approximately an equal amount in the [010] or b
direction, but remains dimensionally stable in the [001]
or ¢ direction. In calculating the growth index of poly-
crystalline uranium, the a component of the texture is given
a weight of -1, the b component a weight of +1 and the ¢
component, 0, so that the value of the index may vary be-
tween -1 and +1. A negative index indicates that the
uranium will shrink in the direction for which the index
is given, a positive value indicates growth in this direc-
tion, and a value of zero predicts dimensional stability.
In practice, the amount by which the growth index may depart
from zero in any direction is dictated by the reactor re-
quirements, but the aim, of course, is to assure that signifi-
cant anisotropic irradiation growth of the reactor fuel is
avoided.

Two indices, G2 (Sturcken)* and G3 (Morris), are pre-

sently being used in predicting irradiation growth behavior.

G3K", which is employed in these studies, can be calculated

on a desk calculator, but computation of G, requires the aid

2
of a high-speed computer.

2. Texture and Thermal Gradient

Barlier work at MCW had shown, by a study of
end-quenched Jominy bars, that a considerable growth index
gradient occurs near the quenched end of the bar.(s) NMI
studies have confirmed this. In both dingot and ingot uranium,

* See ref. 3, Appendix B.

**For a definition of G3, see Appendix B, p. B-5.

v
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severe texture gradients have been found parallel to any
thermal gradients that had formed during the cooling from the
beta phase over a wide range of cooling rates (about 80000/
second to 10C/second). These textures appear to be indepen-
dent of the prior fabrication texture, and are always related
to the direction of the thermal gradients. The thermal gradient
texture is oriented in such a way that the preponderance of
individual crystals would, if placed in a reactor, shrink

in the direction of the prior thermal gradient and grow at
right angles to this direction. The characteristic surface
texture in the direction of the prior thermal gradient is
shown for the case of a drastically quenched tube in TFig., 9.
This has a typically strong 100 pole density (or strong a
axis concentration) which causes a large negative G3 (-0.51).
As the prior thermal gradient decreased to zero, the monoplex
100 texture degenerates through the series 100, 10Y, 001, Okl,
to quasi-random. At the center of a rod or at the midwall of
a tube, where the thermal gradients tend to vanish, the texture
is essentially random, so that the G3 tends to approach zero.
Figure 10 illustrates the realtive absence of texture (G3 =
-0,02) at the midwall of the same tube whose surface texture

was shown in Fig. 9.

3. Sensitivity of Radial G,

It was established at both NMI(6) and NLO(7)

that the radial variation of G, in the radial direction, i.e.

. _ 3
parallel to the prior thermal gradients, of both tubes and rods,
is considerably greater than the radial variation of either the
axial or tangential G3's.

4, - Relation Between G3 and Grain Size

The realtion between grain size and G3 parallel

to the thermal gradient has been examined in the case of l-inch
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dianeter by 1/4-inch thick ingot discs which were quenched

(8

from the beta phase into foom-temperature mineral oil,
as well as for l.,l-inch diameter ingot bars to different

delta conditions before being beta treated and water quenched-

to room temperature.(g) In both cases, there seems to be a
slight in- slight increase in G3 with an increase in grain size, to the
crease in G extent of about 0.0l G per decrease in FEDC grain size number.
with coarser .

grains Figure 5 has illustrated this for discs. Figures lla and 11b

show the more positive radial G3 distribution associated with
coarser grains in the ingot and dingot bars previously heat
treated for a greater delta precipitate agglomeration. How-
ever, it should be emphasized that the slight increase in G3
with coarser grains is restricted to cases in which the cooling
rate from the beta phase was the constant and where the grain
size change was caused by some variable other than cooling
rate. In all other cases where the cooling rate varied sub-
stantially, the grain size and G3 are not simply related.
(For example, coarse grains formed by slow air cooling and
fine grains formed by rapid water quenching usually exhibit
large negative radial G3 penetration, although moderately
fine grains formed at intermediate cooling rates usually show

a much shallower G, penetration. [see Fig. 12])

3
Grain columnarization, often found on the OD after some
of the more rapid quenches, and particularly enhanced after

(5)

prior delta agglomerizing treatments, is not a good indica-
tion of the severity of radial texture penetration, since,

whea columnarization is absent at the OD, severe texture pene-
tration may have occurred.

5, Distribution of Radial G,, Radial Merit,
Integrated Radial Texture

A plot of radial G, vs. radial depth from the

3
inverted U shape OD of a beta=-treated rod or tube shows the characteristic

Zzpi:dziivg h inverted 'U" shape. Minimum radial G3 values (lérge negative)
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generally occur at the OD-ID surfaces, with maximum values
(near zero) at center or midwall. A number of radial G3
distribution curves for a variety of dingot and ingot rod and
tube sizes for a number of beta treatments are given in the
Appendix, Figs. A-1 to A-12, The data were normalized so that
radial G3 distribution could be plotted over a range of sizes
for the same cooling medium. These normalized curves are given
in the Appendix, Figs. A-13 to A-23,

Certain parameters derived from the distribution of
radial G3 are useful in additional characterizations of the
induced textures in beta treated uranium. The penetration of
radial texture in a rod or tube can be quantitatively described
by a new parameter, the radial merit, or the ratio ro/r(rods)
or wo/2r(tubes) where r is the radial depth where radial G3
has increased to -0.10, and r_ or w_ is the rod radius or
tube wall thickness, respectively. A large radial merit, there-
fore, represents a relatively shallow radial texture penetration.

The concept of radial merit does not satisfy the question
of how much radial texture is actually introduced into the tube
wall thickness by cooling from the beta phase. It was decided
to express the total or integrated relative radial texture by
another parameter which can be derived from a normalized plot
of radial G3 vS. (2r/wo). In such a plot all radial G3 distri-
butions of different tube sizes can be compared for the same

cooling medium by taking the integrated net radial texture,

IT as
r
w
°g (2r/w )dr
} 3 o :

Values of IIr are obtained by measuring the area between the

normalized G3 Vs, (2r/wo) curves and G, = 0 and expressing

3
this area as arbitrary units of positive or negative values.

v
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Often it may be helpful to know simply the total induced
texture, but without regard to sign. Instead of the integrated
net texture, we may consider the integrated absolute radial
T

texture, , Which is obtained the same as TI_ except by
r r

adding areas arithmetically, not algebraically:

2o
"ITr] =§)' G3(2'.r/wo)dr

a. Effect, of Composition

Difference in composition, by itself,

between dingot and ingot has not been shown to alter the char-

(10)

acteristic radial G, distribution. Some of the texture

3
and G3 responses of both compositions to intermediate cooling
rates will be shown to be different (see p. 53) possibly be-
cause of either a different delta phase effect or different

TTT characteristics, or both.

b. Prior Condition

No effect of prior texture has been found.

The texture induced'by beta treatment has always been found to
be similar and directed by the beta-alpha thermal gradients so
that, for example, the axial 63 gradient at the flat end of a
fabricated rod after beta treatment is similar to the radial
G3 gradient in the same rod. (Obviously a fabricated rod would
have strikingly different axial and radial textures before beta
treatment.)

The prior delta condition (which drastically modifies the
grain size that can be expected from beta treatment) has a minor

but definite effect on the radial G, distribution in ingot and

3
dingot (see p. 42),.
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c. Geometry

The inherent difference in the accessibility

of the outer and inner tube surfaces to the cooling medium would

be expected to cause some asymmetry in the radial G, distribution.

3
It is found that in general the tubes with the lowest ID:wall

ratio show the least symmetrical curves for air cools and water
quenches, although for oil quenches the symmetry for all ratios
is markedly better -- probably because the radial G3 penetration
is much less in oil.

No systematic effect of wall thickness within the range
of tube sizes studied (walls of 0.498 and 0.115 inch) was found
It is possi-

on either the surface G, or the most negative G

ble that ‘any systematic3effect may have been obzcured by the
near-surface '"hooks" (region of abrupt increase in negative
radial G3 just below the cooling surface) in the G3 distribu-
tion. (These hooks have been found by other workers.(ll) No
explanation has yet been offered for their existence.) However,
a systematic effect of 'wall" thickness was found in the case of
surface G3 perpendicular to the flat face of brine-quenched
l-inch diameter ingot discs. Figure 13 shows the regular de-
crease of surface G3 with increasing thickness from 0.030 to

0.125 inch.

d. Heat Treatment

(1) Delta Treatment. The slight increase

in radial G, with increase in temperature and time of delta

treatment th already been described (see p. 42). MCW has dem-
onstrated that it is highly probable that the beta grain size

is affected by the size and distribution of delta precipitates.
It is also possible that the grain size of the beta phase prior

to transformation may affect the TTT characteristics of the

=
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uranium*, so that for a given cooling rate, a different initial
beta grain size may permit the transformation to occur at a
different region on the TIT curve. If this happens, there is
good reason to believe that the G3 values may be different for
different delta treatments. Minty and Butcher have already
suggested the possibility of permitting the transformation of
dilute U-Cr alloys to occur in that part ?§3§he TIT curve where

the product is not orientation dependent. (For effect of

double beta treatment, see p. 68.)

(2) Beta Temperature. For a constant
sample size and quench, beta temperatures between about 695

and 755°C did not appear to affect G (14)

(See Fig. 5.)

3 statistically.

(3) Time at Beta Temperature. For a con-

stant sample size and quench, beta treatment times longer than
8 to 10 minutes do not appreciably affect the G3. Shorter beta
(15)

treatments seem to depress G3 slightly.

(4) Continuous Cooling to Room Temperature.

The effect of cooling rate from the beta phase has a marked
effect on the radial distribution of radial G3. A study of the
distribution curves (given in the Appendix) has led to several

methods of summarizing the data.

(a) Radial Merit vs. Cooling Medium

and Size. Figures 14 and 15 show the radial merit of several
sizes of ingot and dingot for different cooling media. From

such plots it is seen that:

* For example, it is known that the austenite grain size can
affect the rate of subsequent transformation in steel. Since
Donzé {14) has shown that at quasi-equilibrium cooling rates,
B —> & occurs by nucleation and grain growth, rather than by
a martensitic process, it would be expected that a smaller
grain size would shift the TTIT characteristics to shorter
times especially in the case of slow cooling rates.

-
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(i) The radial merit of oil-quenched ingot is gen-
erally greater than about 10, whereas for air
cooling and water quenching the merit is less

than 10.

(ii) The radial merit for all cooling media increases
somewhat with increasing rod diameter or wall

thickness.

(iii) The radial merit of oil-quenched ingot is sub-
stantially greater than that of oil-quenched

dingot.

(iv) The radial merit found in air-cooled metal is
generally intermediate between that of the oil-

and the water-quenched metal.

(b) Radial Merit vs. Cooling Rate.

Figure 12 shows the relation between radial merit and cooling
rate R6 (about 0.06 inch below OD surface) for dingot and ingot
continuously cooled from the beta phase. The rates below about
10°C/sec. were obtained by air cooling, between 10°C/sec. and
100°C/ sec. generally by oil quenching, and over 100°C/ sec. by
water quenching. It is seen that intermediate rates (about 50
to 100°C/sec.) enhance radial merit of ingot, but that radial

merit of dingot does not seem to maximize at this rate. (See

hot-salt quenching, page 63.)

(c) Integrated Radial Texture in

Tubes. Figure 16 illustrated the relation™ between cooling

rate R, and integrated net radial texture, Tj}. It is noted

p

* Attempts were made to find concomitant relations between ‘IT
and wall thickness, 'IT_ and ID:wall thickness ratio, and Tt
and that part of IT formed in the OD regions. In all of
these relations, thé quantitative scatter was too great to
make the relation significant.
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that water quenching produces the largest amount of inte-
grated net texture (most negative IT}), but that the ingot
curve may pass through a minimum'IIr (most positive) at the
intermediate cooling rates characteristic‘of 0il quenching,
Dingot is seen to be relatively less sensitive in its
ability to reduce the amount of texture at intermediate
rates. On this basis, the difference between the two compo-
sitions is less definite than on the basis of radial merit,
but there is a tendency for ingot to contain less integrated
texture at intermediate cooling rates. (The two dingot
points at 2.2 and 4.5°C/sec were obtained from very asym-
metrical radial G3 distribution curves with large negative
OD regions and equally large positive midwall regions, so

it is possible that they are not representative dingot air
cools.)

The effect of OD cooling rate on ,ITrl is shown in
Fig. 17. We see that a minimum of OD cooling rate ofAV7OOC/
sec. produces the least amount of radial integrated absolute
texture, and the disparity between ingot and dingot is some-
what less than in the plot of integrated net texture. It is
still true, however, that for intermediate cooling rates
dingot contains somewhat more radial integrated texture than
ingot, since the dingot group lie in general above the ingot
group.

If a tube contained a symmetrical radial texture distri-
bution throughout the wall, the TT}'S associated with the OD
and ID would be equal, so that the fraction of TTf (OD) would
be 50 pércent. Some measure of the asymmetry may be appre-
ciated by the departure from 50 percent actually found. 1In
a group of 45 dingot and ingot tubes cooled in air, molten
salt, oil and water, it was found that the TI} (OD) averaged
63 percent of the total \Irr (0D + ID)( texture, and had the
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distribution as shown in Table II. We can see from this
table that nearly half (42%) of the cases fell in the

41-60% quasi-symmetrical region, but that, on the average,
for all cooling media, the texture induced by beta treatment
will tend to be concentrated on the outer surface of the
tube. This is naturally expected more for tubes with smaller
inside diameters.

An examination of the éame group of tubes also re-
vealed that the percentage of integrated radial texture
contributed by the 0D wing to the total absolute radial
texture across the entire wall averaged 547 ranging from 11

to 95%.

(d) Normalized Radial G3 Distribution

in Rods. Appendix Figs. A-~20 through A-23 illustrate the

normalized texture penetration in dingot and ingot rods (1.1-

and 1.8-inch diameter, respectively) cooled in air, oil,

hot water and cold water, respectively. The marked difference
between dingot and ingot in response to cooling rate is shown

only for the oil quenches. At rates permitted by air, cold

or hot water, no essential difference between the two composi-

tions is noted.

(5) Interrupted Cooling to Room Tempera-

ture (air delays and hot salt quenching)

(a) Air Delay. Experiments on 1.8-
inch diameter ingot and 1.5-inch OD by 0.5-inch ID ingot tube
showed that an air delay before quenching into Poco No. 2 oil
merely increased the texture penetration to the maximum shown
by an infinite delay in air (air‘cool). At about 0.08 inch
below the OD and ID'(Fig; 18) and about 0.06 inch below the
rod surface (Fig. 19), the effect of air delay disappeared.




TABLE Il

Percent of OD Radial Integrated Texture of
Total (OD + ID) Radial Integrated Absolute Texture in Tubes

0-10 | 11-20| 21-30{ 31-40 | 41-50| 51-60| 61-70 | 71-80 | 81-90 | 91-100 | Total
Cooling medium:
Air 0 0 0o ! 0 1 2 1 1 1 1 7
i
Molten salt* 0 1 o [ 0 1 0 1 1 1 1 6
0il 0 0 0o | 3 4 5 4 1 1 1 19
l
Water 0 0 o ¢ 0 2 4 0 4 2 1 13
TOTAL 0 1 0 3 8 11 6 7 5 4 45
*
For results and discussion see p. 55.
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Below these radial depths, the fully air-cooled uranium had

about the same G, level as the oil -quenched piece.

3
(b) The Possibility of Isothermal

Transformation. We have seen from experience with different

cooling media that the formation of minimum texture penetration
is critically dependent on cooling rate. The OD cooling rate,
Rﬁ’ indic?igg is between about 50 and 100°C/sec. According

to Duwez, who studied the effect of cooling rate on the
allotropic transformation temperature of uranium, a rate of
SOOC/sec. would cause beta-to-alpha transformation at about
600°C. He found that transformation at 500°C could be obtained
with a rate of about 2000°C/sec. and transformation at 400°C

at about 6000°C/sec. It was felt that it would be constructive
to determine whether this dependence on cooling rate indicates
that a certain isothermal transformation temperature yields

the least orientation- dependent transformatiorn product in

thin uranium discs. Dingot and ingot discs (l-inch diameter

by 0.030-inch thick) were quenched into brine at 0 to 100°C,
Houghton Draw-Temp 275* at 175 to 400°C, or Houghton Liquid
Heat 235" at 425 to 660°C. The results for the first study

on ingot discs(17) showed that the least surface texture was
obtained in the quench-temperature range of 425 to 550°¢.

Since this range was obtained by using only LH-235 salt and

the effect might be due to the choice of salt, DT-275 salt

with the lower working range was extended into the higher
temperature region. The results for both dingot and ingot are
shown in Fig. 20. It is seen that the ingot and one branch
of the dingot curves are parallel for the same salt quenches,
and that the ingot discs have slightly less surface texture

* Working range 175-540°

*% Working range 425-760°C
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(as indicated by a somewhat less negative G3). How-

ever, when DT-275 salt is used on dingot discs up to SSOOC,
the G3 increases to zero at about 535°C. It was observed

that the DT-275 frothed somewhat at the upper end of its
working temperature ("54OOC"). This may have had the effect

of slowing the cooling rate, with the result that the actual
transformation temperature may easily have been higher than
the actual molten salt temperature. Yet is is not clear why
the use of LH-235 salt (which did not froth) would not have
provided an equivalent cooling rate at some higher molten salt
temperature. Does the existence of surface G3 = 0 prove the
absence of thermal gradients during transformation? It is
difficult to believe that a combination of poor heat transfer
(owing to the frothing action of the molten salt) and recales-
cence effort could have eliminated sufface thermal gradienﬁs
during transformation. The possibility that DT-275 corroded
the disc surface more than LH-235 to give a more positive G3
was eliminated by a careful thickness check of the discs
before and after heat traatment., (No more than 0.0015 inch
per surface could have been lost by corrosion.) The results
with DT-275 on dingot discs encouraged an investigation of hot
salt quenches of 500, 400 and 300°C on dingot tubes of the
same size used in a study of 400, 300 and 200°C hot-salt

quenched 1.5-inch OD by 0.5-inch ID ingot tubes,

(c) Hot Salt Quenching of Dingot and

Ingot. Radial G3 distribition for hot salt quenching of 1.5~
inch OD by 0.5-inch -ID by 4-inch (size H) dingot and ingot

tube are shown in Fig. 21 (Normalized curve, Appendix Fig.
A-15b) and Fig. 22 (Normalized curve, Appendix Fig. A-15a),
respectively. As-fabricated ingdt tubes were beta treated,
quenched in DT-275 at 400, 300 or ZOOOC, held for 10 minutes

in the salt, then water quenched. As a reéult of the quenching

of thin discs (see above), it was decided to study dingot tube
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of the same size and under the same conditions, except

quenched in 500, 400 or 300°C salt. A comparison of the

results for both dingot and ingot may be observed from the

following:
Compo- Salt V)] Radial Integrat§d Radial'Texture
sition Temp. RB Merit (arbitrary units

(oC) | (°C/sec.) TI, | T,
ingot 400 68 >100 +0.99 2.89
dingot 500 32 indeterminate” -1.77 5.31
dingot | 300 73 indeterminate™™ -3.78  5.29
ingot 300 87 7.1 ~4.74 7.52
ingot 200 125 2.9 -5.33  6.09
dingot 400 64 2.1 g%¥* -6.47 6.47
average| 350 75 --- -3.51 5.60 :

*G3 positive **initial G3 >-0.10 ***unreliable

The principal characteristics and differences are as follows:

(i) A 300°C hot salt quench produced the only instance
in this study, of avery shallow OD texture in beta-

quenched dingot.

(ii) A SOOOC hot salt quench produced, also for the first
)

time in this study, a positive radial G, at the OD

3
in dingot where there is a positive G3 on both OD
and ID with a negative G, at the ID side of midwall.

3
(iii)A 400°c quench of dingot produces a radial G3 dis-
tribution like that of an oil quench (see Fig. A-12).
(iv) The hot-salt quench producing the least integrated

o .
net texture seems to be 500 C salt for dingot and

o
400 C for ingot.

(v) The results for both ingot and dingot are similar

(including positive radial G,'s at the ID), except

3
that a 400°C quench produces a shallow texture in

ingot, but a 300°¢C quench forms a shallower texture

in dingot.




critical value

of cooling rate

a primary variable
in controlling
amount of radial
texture

600°¢C post-B
anneal

Texture and Growth Index

Comparison of hot-salt quenched dingot and ingot tubes
with intermediate RB cooling rates (averaging about 75°C/sec.)

similar to those attained in oils reveals (see Figs. 16 and

17) that:

(1) 1In ingot, the integrated net radial texture, TTr,
is improved only in the case of the 400°C hot-salt
quench, whereas in the 300°C and 200°C hot-salt
quenches, the TI; is somewhat worse (more negative)
than the average TT;'S found in tubes quenched in

0oil at similar rates.

(ii) In dingot, although the TTr as well as the TI}
for the 500°C and 300°C hot-salt quenches are
smaller than the corresponding average values
for similar oil quenching rates, their values do
not deviate from the mean of TT; for intermediate
quench rates so much as the 400°C value of TI}

does for ingot,

(6) A Comparison Between Continuous and

Interrupted Cooling. We conclude from a study of continuous

cooling in different media, and interrupted cooling (air
delays and hot-salt quenching), that a critical value cf the
cooling rate (RB)’ regardless of how it is achieved, is the
primary variable in determining the amount of integrated
texture induced by cooling from the beta phase.

There is. also some evidence that the penetration and
amount of radial texture in dingot is slightly greater than
in ingot for the same intermediate cooling rates which induce

the minimum texture.

(7) Post-Beta-Treatment Annealing at

600°C. No significant effect of a 600°C anneal on radial

G3 of ingot rods or of tubes previously water quenched from
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the beta phase was found.(ls)

(8) The Effect of a Double Beta Treatment.

The effect of a second beta treatment was studied in the case

of a 2.9-inch OD by 2.5-inch ID ingot tube, which had already
been quenched in 12°C water (M-8A). The radial G3 distribution
was unchanged between the OD-ID surfaces and to a depth of

about 0.025 inch. Below this depth, the G3 curve of the double-
beta-treated sample was found to be slightly more positive
(about 0,06 G3 above the curve of single beta treated sample).

(See Fig. A-6.)

e. Effect of Stress Applied in Beta, Beta-
Alpha, and in High-Temperature Alpha
Phases.

During beta treatment and quenching, con-
siderable stresses can be built up in localized volumes of the
sample. Some of the possible origins of stress are: steep
temperature gradients, texture changes (that could lead to
mechanical and thermal anisotropic changes which would result
in geometric restraints), and allotropic volume changes. Since
these stresses may influence the resulting G3 profile of a
sample, the effect of applied stresses on these properties was

studied.

(1) Effect of the Application of Bending

Stresses During Cooling From the Beta Phase. The radial dis-

tribution of G, in an ingot rod bent presumably in the beta

a9 2
* then air cooled, is compared with G3 in an un-

phase,
stressed air-cooled rod. Fig. 23. It is seen that the radial
G3 is considerably more positive down to a radial depth of
about 0.2 inch (Region A) from the OD at the convex side of
the bent bar. The radial texture in this region was found

to be (150 to 15@, which is the same texture observed in the

o
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radial direction in extruded rods, and has been pre-

dicted and previously observed as the compression texture iii
in alpha-uranium. - It is believed, therefore, that the out-

side shell was not bént in the beta phase but that the sur-

face had had time to transform before bending. The radial
texture'at the same radial depths in the unstressed bar was

the expected 100 type which is always found parallel to the
thermal gradient. Below about 0.2 inch the textures in both

bars were virtually the same (Region B).

(2) The Effect of Externally Applied

Tensile Stress During and After Cooling from the Beta Phase.

The effect on G3 of applied stress (up to about 5 percent
strain) was studied in a 0.7-inch diameter tensile specimen
for varying temperatures of application.(zo) A plot of the
radial distribution of radial G3 is shown in Fig. 24 for
stress applied at room temperature (W-1), in the beta phase
(W-2), in the beta plus alpha (during transformation) and in
the high alpha (W-3), and finally, in the beta and alpha
phases separately, but not during transformation (W-4). All
samples were cooled in helium at 1 to ZOC/sec., which simu-
lated an air cool. The G results are difficult to interpret,
but since the G3 axial ang radial distributions in tensile
specimens stressed at non-transformation temperatures are
sinilar to each other (W-1, W-2, W-4) but much different from
the distribution in a specimen stressed during transformation
(W-3), it can be concluded that such a limited tensile strain
(5%) during allotropic transformation is more effective in
changing texture than is strain at any other temperature.

The radial texture found in the region of large negative G3
(about -0.37) is 100 to 101, and in the axial direction where

the G, is strongly positive (about +0.24) is 001 to 010.

3
Curiously, although both of these textures in the two direc-

tions are characteristic of textures induced by a thermal

gradient in unstressed metal, the amount of texture has 6
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G, and free
surfaces in a
jointed, drasti-
cally quenched
bar

Texture and Growth Index

increased with radial depth, rather than decreased as in

the unstressed sample,

f. Effect of Internal Free Surface

(1) In a Jointed Ingot Bar (C-11),

The fact that the most pronounced changes in texture are
noted at or near the former cooling surface had led to the
speculation that the unique stress and thermal conditions
generated by a free surface may be responsible for an in
duced texture parallel to the thermal gradient. To inves-
tigate the effects of free surfaces at high, moderate and

low thermal gradients, a jointed 1,8-inch diameter ingot

bar (C-11) was prepared and pinned together as shown in

Fig. 25. The bar was beta treated at 720°/730°C and dras-
tically quenched into 13°C water. After heat treatment the
0.995-inch core was machined out of Fhe center and the "free"
surfaces were found to be covered with a thin scale of UOZ’
indicating imperfectly tight joints. The insulating effect
of the thin scale should be kept in mind during consideration
of the results. Figure 26 displays the axial G3 distribution
across the surface 4-3B (in a region of high thermal gradient)
and includes the same G3 distribution from a solid bar of the
same dimensions and heat treatment. Figure 27 shows the
radial distribution of radial G3 from 0.425 inch to 0.68 inch
below the OD in a jointed region (1B) and compares this dis-
tribution with a neighboring, unjointed region (lA) in the
same bar and in the same direction; in addition, comparison
is made with a solid bar (C-1) of the same size, composition
and heat treatment. At O.4-inch below the OD of a 1.8~inch
diameter bar, the thermal gradients ought to be only moderate.

Finally, an axial distribution of axial G, across the region

3
2A-2B/3A, the geometrical midlength where the thermal gra-

dients were supposedly at a minimum, is given in Fig. 28.

v
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From examination of the axial distribution of G3 in a

high thermal gradient, Fig. 26, and of the radial distri-
bution of G3 in a moderate thermal gradient, Fig. 27, we

see that a '"free" surface has made a marked difference in
the G3 gradient only where the former thermal gradient had
been large. We might therefore conclude that the thermal
gradient, which is ordinarily high only 0.065 inch from the
water-quenched end in a solid bar, has, by the intreduction
of an insulated free surface, been sharply reduced behind
the free surface so that the thermal environment is similar
to the center of a quenched bar or the midwall of a quenched
tube, where the texture vanishes (G3 = 0). Moreover, we
could conclude that since the introduction of a free surface
across a region of moderate prior thermal gradient makes no
difference to the G3 distribution, the prior thermal gradi-
ents were already too low, anyway, for a strong induced tex-
ture to be formed. However, we find in Fig. 28 that in the
half inch between the two internal joints 1B-2A and 2B-3A,
where there should be almost no axial thermal gradient, there

is a strong axial G, gradient with a minimum (max. negative)

at the exact thermai center of the bar. The axial texture

at this position is 100, the same type that is found parallel
to the thermal gradients near a cooling surface. At the joior
2B-3A there is a sharp increase of axial G3 to about G3 = 0,
very reminiscent of the sharp increase in axial G3 at the
joint 0.065 inch below the end of the bar (Fig. 26). The dis-
tribution of axial G3 in this region is very puzzling, because,
based on prior experience, it implies that a thermal gradient
had existed between the joints 1B-2A/2B-3A, with the lowest
temperature midway between. Presumably a thermal gradient
would exist only in the radial direction at this point, yet

if the radial G3 distribution down to a depth of 0.68 inch
(Fig. 27) is any indication of radial thermal gradient, this

cannot be appreciable,
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G3 under nickel
or Zircaloy
cladding

Texture and Growth Index

(2) Under Nickel or Zircaloy I1 Cladding.

The effect of an internal free surface on G3 distribution 0.065
inch below the quenched end of an ingot bar encouraged a study
of the G3 distribution beneath a 0,002-inch film of nickel
electroplated on dingot (DK-1-P) and ingot (K-14-P) 1,0=inch
diameter by 4.0-inch long bars quenched in 13°C water from the
beta phase. Each bar had been plated over half its length, and
outgassed (but not diffusion bonded). The results are shown
in Fig. 29. The points for the plated and bare metal were
taken from adjacent l-inch long 20° sectors on both sides of
the midlength position. The results show a definite increase
in G3 under the plated sections, and that the plating in both
dingot and ingot definitely decreases the radial texture pene-
tration compared to that at and near the bare surface. The
effect of plating is twice as deep for ingot (about 0.20 inch)
as for dingot (0.10 inch),

The effect of a much thicker cladding between the quench-
ing medium and uranium was examined in a 2.0-inch OD by 1.8-
inch ID by 4-3/4 inch long ingot tube clad (by coextrusion)
with about 0.025-inch Zircaloy-2. Bands 1 inch wide were
machined off the OD to give 0.000-, 0.005-, 0.010- and 0.020-
inch clad thicknesses. The tube was beta treated and quenched
into 13°C water. The radial distribution of radial G3 across
the tube wall is given in Fig. 30. No appreciable effect of the
cladding was found. A possible explanation is that the metal-
lurgical bonding between the Zircaloy and the uranium was much
better than between the non-diffused nickel plating and uranium,
or that the greater similarity of thermal conductivity between
Zircaloy and uranium, would cause little or no change in thermal
gradient at the Zircaloy-uranium interface compared with a

nickel-uranium interface.




Radial Growth (ndex Gs —_

*+0.18 | | ] ] I [ 1
r/6 r/4 r/3 r/2
+0.08 - -]
0
-0.08 -
0
-0.16 |- -
-0.24 - -
O bare ingot (K-14)
-0.32 ﬂ? O plated (0.002 in. Ni) ingot (K-14P)
‘ O bare dingot (DK-1)
O plated (0.002 in. Ni) dingot (DK-1P)
-0.40 I— ]
—0.48 | [ | | ! I | |
0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36

Distance (in.) in Radial Direction from O.D.

Fig. 29 - Radial distribution of radial G, under bare and 0.002-inch nickel-
plated ingot and dingot 1.0-inc131 diameter by 4-inch long bars quenched
in 12°C water after beta treatment. G. data from 20°- wide by 1l-inch
long sectors. Exaetly half the lengthjof the bars was plated before

beta treatment. Drawing No. RA-2378

6L




80

Index G3 —_

Growth

Radial

+0.16

+0.08

-0.08

-0.16

-0.24

~-0.32

-0.40

-0.48

[+ J510)

1°F
600

|
© O
6)
o G ©
o 00 Q
1

©

100 ¢

bare OD tube ]
0.005 in Zircaloy on OD
0.010 in. Zircaloy on OD

0.020 in., Zircaloy on 0D -
(0] (all ID's have full 0,025
0] in. Zircaloy cladding)

00 O©e

O 00O e

L l 1 | |

0 020 040 060 080 100 120
0.D. Distance (in.) in Radial Direction from O0.D. 1.D.

Fig. 30 - Radial distribution of radial G, in 10° sectors
under 0.020-inch, 0.010-inch and 0.005-inch
Zircaloy-2 clad 2-inch OD by 1,.8-inch ID by
4-3/4 inch long ingot tube (T-6). Radial G,
under bare surface included for cgmparison.
Tube quenched from the beta in 13 C water,
Drawing No, RA-2382




81
Recommendations for Further Study

Iv, RECOMMENDATIONS FOR FURTHER STUDY

1, If it is desired to decrease the degree of
radial texture penetration in beta-treated uranium rods
and tubes, it may be possible to do so by altering the
direction of the thermal gradient experienced by the metal
on cooling from the beta phase during a rapid lateral quench.
One interesting possibility is that of a controlled lomgitu-
dinal insertion rate into a suitable quenching oil. 1In this
case, the thermal gradients near the surface(s) would tend to
be reoriented toward a direction 45° from the axial directimn
(instead of the 90o or radial orientation caused by the usual
lateral quench), and the resulting radial G3 should be less
negative near the surface(s).

2. It has been shown that there is an important re-
lation between distortion found after beta treatment and the
change in over-all radial and axial texture caused by beta
treatment. A better understanding of the distortion problem
in both tubes and rods would be possible by predicting the
distortion that would be caused solely by a texture change.
This could be computed by using the calculated thermal ex-

pansion coefficients which apply to heating or cooling.

3. Determine the TIT characteristics of unalloyed
dingot and ingot in the form of very thin (0.005-inch thick?)

uranium sheet.

a. Study the effect of beta grain size (vary
beta grain size by means of prior delta

treatment) on the TIT characteristics.

b. Determine whether there is an isothermal
transformation whose product is non-
orieﬁtation dependent. If so, relate the
results to the texture distribution in a
thick plate (0.l-inch) cooled so as to trans-

form in this region.
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Recommendations

4. Determine in a beta-phase metastable alloy
whether there is any empirical relation between the beta
texture and the texture of the alpha phase transformed from
it. The results should indicate whether the alpha texture
induced in unalloyed uranium by cooling from the beta phase
is due to the reorientation of alpha crystallites by the
thermal gradient on cooling, or whether the final inducéd
alpha texture is due to the reorientation of beta crystal-
lites on heating well into the beta phase.

(21, 22) has found that extensive micro-

5, Chiswik
structural changes occur on thermal cycling. It would be
expected that texture changes would also occur in beta-
treated uranium during thermal cycling. Shupe(23) has
shown that the 110 axial texture in rods tends to change toward
010 axial texture during irradiation., It would be useful to
know whether this change could be due primarily to the thermal
cycling parameter of irradiation. Accordingly, a study of

the effect of thermal cycling on the texture of uranium dras-

tically quenched from the beta phase, would be valuable.

6. It had been suggested earlier that a possible cause
of the 100 texture found parallel to the prior thermal gradient
is a cooperatiwe rotation of crystallites toward the direction
in which two of the three alpha phase thermal coefficients

(24) For the pur-

contracted on cooling from the beta phase.
pose of obtaining more clues to the origin of this induced
texture, so that such textures may be controlled, two experi-

ments are suggested.

a. Beta treatment of polycrystalline uranium

containing dispersed refractory compound. It may be profitable

to test the cooperative hypothesis by beta treatment of a poly-
crystalline uranium in which the grains are somewhat mechani-

cally isolated from each other by a coating of uranium oxide.
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If the cooperative hypothesis is correct, then such uranium
should exhibit considerably less induced texture than ordinary

uranium subjected to the same heat treatment,

b. Study of other elements cooled through an allo-

tropic phase change. Another cause of induced texture may be

associated with some peculiar mode of crystallographic trans-
formation between beta and alpha uranium. It may be possible

to determine in which general aspect the primary cause lies by
discovering whether a texture is induced in face-centered cubic/
body-centered cubic or in body-centered cubic/close-packed
hexagonal transformations. For the FCC/BCC case, gamma/alpha
iron transformation could be studied. For the BCC/HCP case,
beta/alpha zirconium transformation would be informative. In
iron (cubic) the thermal expansion coefficient is isotropic

and does not depend on direction. In HCP zirconium, thermal
expansion in the direction of the c-axis is about twice that

for the expansion along the a -axis, and is therefore aniso-
tropic (like alpha uranium). The discovery of a texture parzllel
to the transformation thermal gradient in polycrystalline alpha
zirconium, but not in polycrystalline alpha iron, would suggest
that thermal expansion anisotropy is a likely origin of induced

texture.
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APPENDIX A

Note: Figures A-1 through A- 12 show radial distribution of radial G3
in sectors cut from the middle two inches of 4-inch long tubes and rods
beta treated at 720-730°C in Houghton LH-980 molten salt and cooled in
different media. In each figure, size is constant, but cooling medium

varies.
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Note: Figures A-13 through A-24 show radial distribution of radial

G3 in tubes and rods of different sizes beta treated at 7200-730°C

in Houghton LH-980 molten salt and cooled in media described. Radial

depth plotted as 2r/w, from OD. In each figure, cooling medium is

constant, but size varies.
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Appendix B

Technical Description and Tabular Data

I. UIPMENT

A. Gages (distortion measurements)

(1) Hole Gage (Federal Model 1242 P-1)
(2) Wall Gage (Federal Model KP-120-R1)
(3) OD Gages (Starrett, 3 in./4 in., 2 in./3 in., 0 in./2 in.

micrometers)

B. Brush Oscillograph (thermal measurements)

1. Temperature Recording

Rapid temperature recording was performed with a Brush
rectilinear, thermal writing oscillograph (Model RD-2684-50). Six of
eight possible recording channels were installed. The response is flarx
up to 70 cycles per second. The maximum sensitivity of the instrument
is 0.1 millivolt per millimeter of chart, or, when using a Chromel-
Alumel thermocouple, about 2.5% per milimeter. Thus, at maximum sensi-
tivity, a temperature range of 100°C is displayed on a 40-mm wide chart,
but in order to obtain the predicted 530°C thermal arrest in samples
cooled as fast as 1000°C per second as well as the 7200C beta treating
temperature, the sensitivity had to be lowered at least to 5° per

millimeter of chart.

2. Elimination of 60-cycle Pickup by Filtering

Some 60-cycle pickup noted during the initial operatiomn

of the oscillograph at maximum sensitivity was eliminated by placing

across each input terminal a 60-cycle filter arranged as follows:
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Input ::- Thermocouple
€, R
o ® o
C1 = 0.1 uf R1 = 27 K
C2 = 0.2 uf R2 = 13.5 K

C. Thermocouples

7-22-20BK9B24 AerOpak Chromel-Alumel, 1/16-inch OD, Inconel

clad, ungrounded-.

D. X-ray Diffractometer

Philips High Angle Goniometer, NaI(Tl) scintillation counter,
pulse height analyzer (type 5233230), copper high-intensity target
(Type 32147).

E. X-ray Automation: Programmer and Print-out

The x-ray automation equipment was constructed at SRL by

Mr. L. H. Cook. The automation unit consists of a punched Mylar tape
which is coded to give direction and rate of scan, stop, print-out,
etc. This tape is fed through a sensing head connected to each of the
instruction relays. The Philips goniometer is driven by a reversible
motor with a high-speed gear (7.50 (28) per minute) and a low speed
(scanning) gear (0.5o (26) per minute). The accumulated count from the
regular Philips scintillation counter-amplifier-pulse height analyzer
circuits is fed into a Baird Atomic high-speed scaler (Model 134).
The operation of Philips scaler-rate meter section is bypassed but may,
however, be used simultaneously to make a regular strip chart recording.

When the signal is given by the tape, an adding machine prints
out the number of counts accumulated during the scan of the diffraction
profile. After the print-out is complete, the tape instructs the gonio-

meter driver to move the goniometer rapidly to the next diffraction
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profile starting position, at which point the tape instructs the driver
to scan slowly. Altogether, 21 diffraction profiles and 7 backgrounds
are scanned (about 1 hour is required) and the accumulated print-out
strip is sent to an IBM 704 for the G3 computation.* Included in these
21 profiles are extra profiles which may be used to calculate the older

(now discarded) GI(l’z) as well as the newer G2(3) Growth Index.

II. INVENTORY AND CHEMICAL ANALYSES OF METAL RECEIVED

A tabular description of size and weight of dingot and ingot

tubes and rods received is given in Table B-1.
All the available chemical analyses and densities are given in

Table B-2.

IIT. EXPERIMENTAL METHODS

A, Heat Treatments

1. Delta Treatment

Delta treatment refers to the heat treatment given to
alter the size and distribution of the delta particles (see text, p.21,
Section III B. 2). It consists of heating the uranium for fairly lorg
times at a desired temperature in the alpha phase to precipitate and/or
agglomerate the delta particles. The delta may be largely dissolved

by prior beta treatment.

2. Beta Treatment

The standard beta treatment consisted of heating the
. o ) . . .
uranium to 720°/730°C for 10 to 15 minutes at temperature in some suit-

able molten salt, such as Houghton Liquid Heat 980.

3. Continuous Cooling from Beta Phase by Total Immersion

Continuous cooling was performed in the following media:
30°% air, room temperature Houghto-Quench 4102 (a suspension of mica

in Houghton Martemp 0il No. 2), 55°C and room temperature

see Section III C of Appendix B
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. o
Poco No. 2 Quenching 0il, room temperature Houghto K oil, 55°C and

o o
13 C water. 1In some cases room temperature and O C saturated (Nu-Sal)

brine was used.

Comparisons among relative quenching speeds of several quenching

(4)

oils are given as follows:

Quenching 0il Company G. M. Quenctheter
(seconds)
Houghto K E. F. Houghton 6.25
Shell Voluta 921 Shell 7.8
Sohivis J-53 Standard Ohio 12
Martemp No. 2 E. F. Houghton 17
Houghto=-Quench 4102 E. F. Houghton 56

*Cannot be used to compare with quenchometer data published
by General Motors Corporation.

4, Interrupted Cooling from Beta Phase

In several experiments, continuous cooling from the beta
phase was interrupted.
(1) Air delays of about 2, 30 and 60 seconds before
0il quenching to room temperature.
(2) Quench into molten salt.,
(a) Houghton Liquid Heat 235 (working range
760°/425°C)
(b) Houghton Draw-Temp 275 (working range
540°¢/175°¢C)

5. Annealing after Beta Treatment

The effect of annealing on beta treated grain size and

G3 was studied by heating a sample at 600°C in vacuo.

B. Routine Sample Preparation

The routine beta-treated sample preparation for grain size

estimate and x-ray study was carried out as follows:
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(1) Prepare true hemicylinder of tube or rod for full 4-inch length.

(2) Macro-etch in concentrated HCl (protect cylindrical surface
from attack). Rinse. Macro-etch in concentrated HNO3 for

optimum contrast for photomacrography at 3X.
(3) Cut sectors 10 to 20° wide from center 2 inches.

%
(4) Electropolish cylindrical surface to remove all oxide before

making radial G, x-ray scan at surface.

3
(5) Grind surface to desired depth, electropolish to guarantee
removal of all traces of cold work as detected by examina-

tion of peak intensity profiles of (110), (021) and (002).

C. Definition and Determination of the Growth Index G3

(5,0
3

The expression for the Morris Growth Index G is defined in
accordance with the report of the X-ray Preferred Orientation Meeting
of November 9 and 10, 1959.(7)
S (A 1./ ) (cosZB - coszoo
:E; W i o,

.
i=]

Where i refers to a given diffraction peak (hkl), Aw is the

i
normalized area weight factor (see Table B-3). Ii is the experi-
mental integrated intensity of the diffraction peak (hkl). Io

i
is the calculated integrated intensity of the diffraction peak
(hkl) (see Table B-3). &, B are the angles between the (hkl)

pole and the a and b crystallographic directions, respectively.

The 18 unique diffraction peaks, area weight factors, calculated
intensities and cos2 factors are given in Table B-3 together with the
26 values for the backgrounds and the 20 ranges over which the counts

are accumulated at a scanning rate of 1/20 (20) /minute.

*
Electrolyte is H3PO4 (conc.): HZSO4 (cone.): H20:: 1:2:2 (vol.)
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Iv. EXPERIMENTAL DATA

Experimental data for thermal, grain size and distortion results
are contained in Tables B-4, B-5 and B-6 respectively. Certain data
derived from radial G3 distributions are given in Table B-7 and B-8,
The G, - positional data have not been tabulated, but are given only in

3
graphical form.




Designation, Dimensions, Weights of Uranium Received for Beta Treatment Study

TABLE B-1

Letter As Received

Desig- Size (in.) Length| Weight Machined Size (in. ID/Wall

nation oD 1D Wall | (in. (1bs.) Condition 0D 1D Wall| Ratio
A 3.87 | 1.94 | 0.97 780 4,720 | Extruded ingot 3.853] 2.073 ] 0.890 2.33
DB 3.125] 1.03 1.05 128 598 | Extruded dingot --- - .- ---
- 3.0 0 1.5 36 174 | Ingot --- --- --- ---
C 1.87 | 0 0.938] 134 251 | Ingot 1.8451 0 --- ---
DC 2.085¢1 0 1.043| 119 279 | Extruded dingot 1.845) 0 --- ---
D 1" dia. x 1/4" discs cut from rod K --- .-- --- “e-
E 3.96 | 2.81 0.56 389 1,590 | Extruded ingot 3.980| 3.060 | 0.460 6.65
F Designates as-fabricated metal .- -—- --- -
DG 3.125 ] 1.84 | 0.64 146 499 | Extruded dingot 2.960| 1,965 1 0.498 3.9
H 1.50 .1 0.38 ! 0,55 494 558 | Ingot _ 1:450) 0.500 | 0.475 1.05
DH(DC) Prepared from rod DC .| Extruded dingot 1.450} 0.500| 0.475 1.05
DH 2.078] 0.885] 0.60 224 427 | Extruded dingot - - —— ———
K 1.22 | O 0.61 360 289 | Rolled ingot 1.18 | O --- .-
DK 1.09 0 0.55 278 178 | Extruded dingot 1.05 0 --- -—-
J 1" dia. Jominy bar, prepared from rod K 1.00 --- --- ---
L 3.94 {3.32 | 0.31 989 | .2,430| Extruded ingot 3.890| 3.497 | 0.197} 17.7
M 3.13 | 2,50 | 0.31 487 930 | Ingot 2.930f 2.510] 0.210| 11.9
DM (DG)| Prepared from tube DG Dingot 2.930| 2,510} 0.210} 11.9
N 2,13 | 1.34 | 0.39 494 727 | Ingot 2.000| 1.380| 0.310 4.45
P 1.09 | 0.44 | 0.33 485 259 Ingot 1.000}| 0.500| 0.250 2.00
Q 0.59 | 0 0.28 120 | 22.15 | Cold swaged ingot var.| --- --- ---
QQ 0.63 | O 0.31 424 90 | Ingot var. --- --- ---
S 0.48 | O 0.24 127 | 15.7 Hot extruded ingot]| wvar. --- --- ---
T -——— - --- --- --- Extruded ingot 1.995| 1.765¢ 0,115 15.3

611




TABLE B-2

Chemical Analyses and Densities of Unalloyed Dingot and Ingot Received for NMI Beta Treatment Study

[Analyses for B, P, Cu, Zn,

(ppm weight)

Mo, Sn, Pb are omitted]

021

Code Reference andsg:ZieN0‘ D27:;ty H C N Mg| Al Si VicCr Mn Fe Co Ni
A 1 HGE-MIO-33 HAPO - - - - - - - I - - - -
DB 2 R.F. Hartmann (MCW),14 Nov. '60 | MCW-2537 19.02 6.8 - 10 <10 | - 32 -~ | <5 | <10 66 - 14
C 3 R.F. Hartmann (MCW),13 June '62 | NLO-TOAA31l - - - - |<10 | <lo0| 31 <l |11 | <10 86 <5| 33
c 4 NMI analysis No. 517 NLO-TOAA311 - - - - - - - 49 ~ 116 - 97 - -
DC 5 R.F. Hartmann (MCW),18 Apr. '62 Same as | DB - - - |10 15¢ 39 <l |<5 | <10 62 <5 8
DC 6 NMI analysis No. 290 MCW-2537 - 6.9 12 - - - - - |- - - - -
E 7 J.E. Minor (HAPO) 20 Sept. '62 | Mixture of 18.94+40.06 | - 384492 1849 < 5 - 2445 - (<12 1244 81429 ~ 145424
eleven (av. 18.96) - (av.366)| (av.17) - - (av.22) =~ |- (av.10) ! (av.83) ~ lav. 39
billets
DG Refer to 2 above MCW-2537
DG Refer to 2 above MCW-2921 19.04 6.0 - 7. <10 - <10 - 1<5 | <10 27 - 11
DG 3 NMI analysis No. 588 MCW-2921 - - - - - 29 9.5 - |- - 25.9 - -
H 9 R.L. Skinner (BB), 4 Aug. '60 NLO-90632 18.93 - 465 50 4 - 12 - |10 8 58 - 22
DH Refer to 2 above MCW-1739 19.02 2.2 - 64 . 15 - 18 - 112 11 45 - 22
Refer to 2 above MCW-1820 19.00 1.8 - 7. 18 | - 25 - | 14 12 75 - 45
Refer to 2 above MCW-1823 19.02 2.5 - 6. 11 - 20 - 8 10 60 - 50
DH{(DC) Same as DC
K 10 C.E. Polson (NLO), 16 Mar. '60 | NLO-89155 18.91 - 460 40 5 1 <6 30 - 112 10 94 - 20
C.E. Polson (NLO), 16 Mar. '60 | NLO-89467 18.93 - 460 34 < 4 - 24 - | 14 9 115 - 27
C.E. Polson (NLO), 16 Mar. '60 | NLO-89384 18.96 - 400 26 4 - 50 - 110 11 115 - 21
DK Refer to 2 above Same as DB
L Refer to 7 above Same as E
11 NMI analysis No. 314 Same as E 0.9 500 - - - - - |- - - - -
M 12 J.C. Mead (NLO), 9 Aug. '60 NLO-91380 18.95 - 436 38 < 4 - 18 - 113 72 - 29
DM(DG) Same as DG
N 13 HAPO, Lading 303919
P Refer to 13 above
Q Refer to 3, 4 above (No chemical analysis given)
QQ Refer to 13 above
S Refer to 3, 4 above




TABLE B-3

121

28 Positions for Diffraction Profiles and Backgrounds,

Calculated Intensities (IU ), Area Weight Factors (Aw ) and

1

1

Cos  Factors Needed to Compute G3
Note: The scanning rate is 1/2O (28)/ minute)
(hkl) | Range (286) T (5) A (7) | cos2p-Cos’a
i i
B 29.70
020 30.00 - 31.00 6.34 0.0318 1
110 34.50 - 35.35 72.7 0.0634 -0.6175
021 35.36 - 36.00 | 100 0.0608 0.7403
002 36.01 - 36.85 51.4 0.0304 0
111 39.00 - 40.00 58.3 0.0738 -0.4869
B - 41.00
022% | 46.75 - 48.65 (3.58)
112 50.75 - 51.75 48.3 0.0522 -0.2979
130 56.50 - 57.50 3.37 0.0357 0.3606
B 59.50
131 59.85 - 60.85 40.0 0.0684 0.3260
040 63.00 - 64.00 6.93
023 64.25 - 65.15 16.8 0.0659 0.2406
200 65.16 - 66.00 8.82 0.0234 -1
041% | 66.01 - 67.00 (4.83)
113 67.34 - 68.00 | 1l1.6 0.0477 -0.1809
B 69.00
132 69.00 - 70.25 3.65 0.0529 0.2532
133 83.25 - 84.50 15.3 0.0795 0.1845
B 86.50
114 86.80 - 88.05 10.2 0.0749 -0.1167
150 90.00 - 91.25 7 .43 0.0372 0.7106
223 98.50 - 99.75 12.2 0.0487 -0.3851
152 ]101.10 -102.35 12.8 0.0689 0.5962
102.50
B 121.50
312 1122.00 -123.50 8.85 0.0845 -0.8296

B =
*

for background count accumulated for 1 minute.

also acquired for calculation of different growth

index, GI.




Thermal Data for Continuous Cooling of Uranium Tubes and Rods from 720/73000 Molten Salt (Houghton LH-~980)

TABLE B-4a

cel

1.8" pia. Ingot Rod (C) :];, 1.8" Dia. Dingot Rod (DC) ! 1.1"Dia, Ingot Rod (K)
Depth (in.) of Thermocouple from OD
Quench
Parameter Medium 0.080° 0.231 0.234 0.344 0.461 0.692 0.703 0.923° 0.938°[0.080° 0.231 0.461 0.692 0.923° |0.061% 0.150 0.300 0.460 0.610°
t
Ac (av.) | Atr, oil, water | 171 173 176 18 176 176 180 187 191 | 150 160 160 163 170 ¢ 101 102 104 109 112
(seconds)
o d d d
25%C Air 28 44.5 55 46 21 46 61,5 44 25  31.5 56.5 67 22 21 29 32 30
257C Houghto 4102 | - - - - - - - - - - - - - - - - - - -
to/a 557C Poco No. 2 1.0, - 4.5, 3.8, - - 5.2, - 9.0, | - - - - - 0.7 09 2.1 3.1, 3.7
25%C Poco No. 2 2.0 2.0 4.3% 3.4% 2.5 n 4.6° 5.9 7.3% | 0.4 1.4 1.0 2.3 3.9 3.5 1.9 3.3 3.4°% 5.1
25%C Houghte K 1.0 - - 2.2 3.8 - 4.0 - 125 n 2.7 4.6 3.2 - - - - -
d d d
(seconds) 55% K,0 0.1 - .19 13 - - U 2.1 [ w n n 0.4 n 0.2 0.g 0.4  0.60 0.9
15°C H,0 0.2 - 1.1 0.5 n - 0.3 - 1.4 n 0.2 0.4 1.1 L7 | 0.1 0.1 0.1 0.4 0.7
.10 (0,85) (1.9%)
25%¢ Air 6499 650 659 655 n 642 653 657 653 | 651 645 n 642 ess | eas  ea9d 651 ewr? 652
250C Houghto 4102 | - - - - - - - - - - - - - - - - - - -
A 55°C Poco No. 2 6385 - 643 648 - - 647, - 64y | - - - - - 626, 645, 634, 630, 640
. 257C Poco No. 2 638 631 652 648 625 n 637° 629 646 | 670 643 622 626 633 634 640°  633¢  635° 64l
) 250C Houghto K 6564 n -4 -4 652 618 -4 630 -4 | 621 n 642 640 628 - -4 - -a 4
55°C K, 0 621 - 633° 652 - - 42y - 636; | n n 617 632 n 636, 645, 630, 6245 636
15°C K0 641 - 637 652 619 - 636 - 629 n 637 626 627 623 663 656°  646° 631° 627
. __ ) (631f) (631f) _(628f)
o d
250C Air 1.6 1.5 1.4 1.4 1.5 1.4 1. 1.2 | 1.7 1.6 1.6 1.4 2% 2.3 2 2.8 19
ZSOC Houghto 4102 - - - - - - - - - - - - - - - - - - -
R 55°C Poco No. 2 32 - 9.5 12 - - 12 - 7.1 - - - - - 80 34 25 22 22
d d .
4 25°C Poco No. 2 3 27 157 B o o ! ou e on 25 1 15 13 sof a3 25t 2t 22
("C/sec) 25 C Houghto K 51y n - 4 - 4 19 15 < 4 14 -4 53 n 13 13 11 - 4 -4 - -4 -
550C H,0 2634 - 470 38y - - 2y - 195 | 379 n 30 2% n us®, 99y e4, 575 80
15°C H,0 62 - 107 44 - - 35 - 20% | 474 79 40 29 24 252 165 84 60 79
(135 @1H 23ty s
25°C Air 0.88 1.0 0.9 0.9 0.9 0.9 1.0 1.0 | 1.1 1.0 = 1.0 1.1 e 179 16 1.6d 1.8
R 252C Houghto 4102| - - -- - - - - - - - - - - - - - - - -
o 55C Poco No. 2 18, - 12, 9.0, - - 7.8, - 0, - - - - - 19, 20, 23, 30, 37
(%/sec) | 25eC Poco No. 2 19 22 26 15 20 n 15 25 15 46 35 24 25 27 18 20 25 28 18
250C Houghto K 48, - -4 23 28 -4 3 -4l m n 23 27 28 - 4 -4 - -4 -
550C H,0 1817 - 599 48y - - 38y - 33| = n 47 40 n 2155 87 3, 615 34
15°C H0 149 - 77 63 - - 62 - 34 n 95 49 45 42 435 218 93 67 54
(49%) @8ty  @w3h) -
a = near OD (Table continued on next page.)
b = midwall or center
¢ = near ID
d = average of 2 values
e = average of 3 values
£ = 25°C brine quench
g = 0°C brine quench
n = data unavailable

not studied




TABLE B-4a (continued

Thermal Data for Continuous Cooling of Uranium Tubes and Rods from 720/730°C Molten Salt (Houghton LH-980)

3.9" OD, 2.0" ID Ingot (A) 4.0" oD, 3.0" ID Ingot (E) 3.0" 0D, 2.0" ID Dingot (DG) 1.5" 0D x 0.5" ID Ingot (H)
Depth (in.) of Thermocouple from OD
Quench a b c a b a b c a b c
Parameter Medium 0.050 0.447 0.835 0.060% 0.249° 0,398° 0.060% 0,124 0.249° 0,368 0.432 0.080% 0.238° 0.395
ty
¢ (av.) | Alr, oil, water 198 204 203 101 101 100 99 98 100 98 100 103 105 109
(seconds)
25% Air - - - 18 24 34 16 20 15 20 20 27 25 32
25°C Houghto 4102 4.3 10 - - - - - - - - n 5.1 4.6
ts/q 55°C Poco No. 2 - - - - - - - - - - - n 1.2 2.6
B 25°C Poco No. 2 - - - n 1.2 n 2.1 2.1 1.0 1.5 n 1.0 0.9
de) | 250C Houghto K 0.6 1.6 0.6 1.2 1.2 n - - - - - 1.5 1.7 1.2
(seconds) | Sio o - - - n 0.2 a n n 0.8 2.0 0.2 0.5 0.7
15° H30 0.1 0.7 0.2 n 0.3 n - - - - - n n 0.4
25% air L. - - 647 648 642 624 646 644 632 643 647 647 645
25.C Houghto 4102 642 641 - - - - - - - - n 645 630
A 55°¢ Poco No. 2 - - - - - . - - - - - n 626 622
b 25%¢ Poco No. 2 - - - n 622 n 607 630 627 625 n 640 617 599
°c) 25°C Houghto K 646 628 643 626 621 n - - - - - 634 625 615
55%¢ i,0 - - - n 618 n n n 588 631 635 n 658 622
15% H,0 607 629 607 n 621 n - - - - - n 597 606
25C Alr - - - 2.5 2.6 2.6 2.2 2.3 2.4 2.5 2.3 2.2 2.2 2.2
ZSOC Houghto 4102 15 10 10 - - - - - - - - n 22 18
Rﬁ SSOC Poco No. 2 - - - - - - - - - - - n 39 [AA
o 25,C Poco No. 2 - - - 58 39 80 49 46 53 47 76 72 54 36
("c/sec) |25 C Houghto K 79 30 75 91 50 63 - - - - - 34 33 3%
55, H,0 - - - 474 115 345 428 n 72 136 121 126 664 52
157°C H,0 420 56 395 474 158 441 - - - - - 197 89 72
25°C Air - - - 1.5 1.7 1.6
25°C Houghto 4102 5 6 4 : : : 1.4 L4 14 L5 Ls 1.5 liZ 112
Ra SSOC Poco No. 2 - - - - - - ) _ i i _ n 4s 70
0 230C voco No. 2 ; - - by 65 n 66 73 n %0 57 46
(°c/sec) |250C Houghto K 76 64 67 75 n n ° ! ! ; 27 20 a6
i;og :28 - 9 - n igg n n n 134 292 158 88 90
2 v n n n - - - - - n 110 202

(Table continued on next page.)
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TABLE B-4a (continued)

Thermal Data for Continuous Cooling of Uranium Tubes and Rods from 720/730°C Molten Salt (Houghton LH-980)

1.5" OD x 0.5" ID Dingot [DH(DC)]{2" OD x 1.4" ID Ingot (¥) | 1.0" OD x 0.5 ID Ingot {P) | 3.9" OD x 3.5" ID Ingot (L)
Depth (in.) of Thermocouple from OD
Quench a b c a b c a b e b .
Parameter Medium 0.080 0.238 0.395 0.060% 0.155°  0.250 0.060% 0.125° 0,190 0,060% 0.098° 0,136
A
¢ (av.) | Adr, oil, water 106 107 110 75 77 74 62 65 65 48 48 50
(seconds)
25°c Air - - 4 - 11 1% 14 12.5  12.5  12.5 13 8 12
2szc Houghto 4102 n 4.3 4.5 - - - - - - - - .
tB/a SSOC Poco No. 2 - - - - - - - - - - - -
25°C Poco No. 2 3.5 4.0 3.3 0.6 0.8 1.4 a 0.9 1.0 0.6 0.5 0.4
25°C Houghto K 2.5 3.0 2.3 1.5 0.9 1.1 0.7 0.6 0.5 0.2 0.1 0.2
(seconds) )
55.C H,0 - - - - . Z - - - - - -
15°C H20 - - - 0.1 n 0.3 n n n n n
zszc Air - -4 - 640 640 636 634 633 634 635 637 640
25°C Houghto 4102 628 633 625 - - - - - - - - -
Ar SSOC Poco No. 2 - - - - - - - - - - - -
. 25°C Poco No. 2 621 632 630 609 627 618 n 630 606 595 611 623
o) 25°C Houghto K 644 623 633 611 638 618 613 622 619 600 632 621
55:C H,0 - - - - - - - - - N - N
15% HZO - - - 612 n 655 n n n n n n
250C Air - - - 3.2 3.0 3.2 3.5 3.7 3.6 4.6 5.1 4.8
25°C Houghto 4162 38 17 16 - - - - - - - - -
RS SSzC Poco No. 2 - - - - - - - - - - _ _
0 25°C Poco No. 2 37 35 26 132 78 92 142 94 96 164 112 128
(c/sec) | 25°C Houghto K 35 27 48 88 72 72 96 88 80 128 112 116
55°¢C 1,0 - - - - - - - - - i - -
15°% H,0 - - - 370 344 370 510 n 330 630 550 585
25°C Alr - - - 2.2 2.4 2.6 3.0 2.8 2.8 3.6 3.8 3.8
25°C Houghto 4102 12 17 20 - - - - - - - - -
Ra SSzC Poco No. 2 - - - - - - - - - - - -
25°C Poco No. 2 24 29 34 n 56 56 n 54 80 n 76 108
(®°c/sec) | 25° Houghto K 47 39 56 n 84 98 n 88 96 152 124 144
55°C H,0 - - - - - - - - - - - -
15% K50 - - - 380 344 510 a n n n n n

(Table continued on next page.)
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TABLE B-4a (continued)

Thermal Data for Continuous Cooling of Uranium Tubes and Rods from 720/730°C Molten Salt (Houghton LH-980)

3" 0D x 2.5" ID Ingot (M) [3" OD x 2.5" ID Dingot [DM(DG)] {2" OD x 1.8" ID Ingot (T)
Depth (in.,) of Thermocouple from OD
Quench a b [¢ a b c b
Parameter Medium 0.060 0,105 0.150 0.060° 0.105 0.150 0,055
ta
¢ (av.) | Alr, oil, water 50 52 50 50 51 51 34
{seconds)
25:c Alr 15 18 18 8 10 5.7
25°C Houghto 4102 - - - - - - -
tﬂ/a SSOC Poco No. 2 1.0 1.3 1.6 - - - -
25:C Poco No. 2 1.1 1.4 1.6 0.5 0.5 0.9 0.2,
25°C Houghto K - - - 0.2 0.4 n 0.2
(seconds) 55°C H,0 n 0.4 0.2 n n n n
15% H,0 0.1 0.1 0.1 n n n n8
2szc Air 654 649 647 646 644 637
ZSOC Houghto 4102 - - - - - - -
A 55.C Poco No. 2 635 618 630 - - - -
i 257C Poco No. 2 634 622 632 646 626 628 618,
o) 250C Houghto K - - - 614 642 n 617
55.C H,0 629 628 646 n n n n
15°C H,0 641 625 632 n n n n®
257¢ Air 2.8 3.1 4.1 4.4 4.6 n 7.6
ZSOC Houghto 4102 - - - - - - -
R 550C Poco No. 2 46 63 32 - - - -
E 252C Poco No. 2 53 56 32 106 98 90 165
(C/sec) | 25 C Houghto K - - - 109 102 100 216
55%C H.0 122 125 88 680 310 440 802
15°C Hio 150 157 134 670 650 540 5638
zsgc Air 2.3 2.3 2.2 4.0 3.4 3.4 5.9
25°C Houghto 4102 - - - - - - -
R, 55.C Poco No. 2 36 39 25 - - - -
25°C Poco No. 2 35 39 26 130 98 106 136
(°c/sec) | 25°% Houghto K - - - 147 148 n 247°
55°%C H.0 158 127 189 n n n n
15°%¢ Hgo 287 286 256 n n n n®

Gel




TABLE B-4b

Thermal Data for Interrupted Cooling of Uranium Tubes and Rods

921

1.8" Diameter Ingot (C) ] 1.5" 0D x 0.5" ID Ingot (H) Ll.s" 0D X 0.5" ID Dingot [DH(DC)]
Depth (in.) of Thermocouple from OD
Quench
Parameter Med iun 0.080° 0.231 0.461 0.692 0.923° 0.080° 0.238" 0.395° 0.080" 0.238° 0.395°
A
c (av.) | Air, oil, water 164 164 178 184 185 99 107 112 105 110 112
(seconds)
o 2 e d
2500 Poco,, no Air Delay 2.6 2.0 Z.S“1 L 5.9d n 1.0 0.9 3.5 4.0 3.3
25_C Poco,, Air Delay to Start P-a 0.8 1.3 1.6 3.0 4.0 n n gy 0.6 - - -
25°C Poco”, Alr Delay to End P-a 25 23 21 29 10 30 21, 18 - - -
CB/G 20000 Molten Salt) Held 10 - - - - - 2.6 1'7d 1.8 - -4 -
300°C Molten Salt | minutes, then - - - - - 3.0 L6y 1.9 n Z.Sd 3.8
(seconds) AOOOC Molten Salt { quenched in - - - - 4.2 2.6 3.5 7.2 A.hd 4.8
500°C Molten Salt/ 25°C Water - - - - - - - - 13.5 8.0 10
ZSOC Poc02, no Air Delay 638° 631 625 o, 629d 640 617d 599 621 632d 630
250C Poco), Air Delay to Start B-a 636 6329 631 634 n 614y 595 - - -
25 g Poco” | Air Delay to End B-a 638 Alr 640 Ailr, 621 0il 643 Air, 627 0il 640 Air, 627 0il 653 Air, 635 Oil 638 Air 6‘&4d Air 642 Air - - -
AR 200°C Molten Salt) Held 10 - - - - - 624 622d 617 - -4 -
° 300°C Molten Salt| minutes, then - - - - 621 6310d 635 n 641 643
o) AOOOC Molten Salt qugnched in - - - - - 620 622 627 624 636 624
500°C Molten Salt) 25 C Water - - - - - - - - 630 634 638
25% PocoZ, no Atr Delay . 3%, 4 27 By, . 12 FUNS ¢ S 72 LN 36 37 35 26
25°C Poco,, Alr Delay to Start B-c | 1.6 Air, 54 ©0il 1.5 Air, 24 0il 1.6 Air, 16 0il 1.7 Air, 10 0il 1.4 Air, 9.4 011} 2.0 Air, 63 0il 2.0 Air, 18 0il 2.0 Air, 34 0il - - -
25% Poco”, Air Delay to End -0t 1.7 Afr 1.6 Afr, 18 041 1.6 Air,9.0 01 1.7 Air,4.6 011 1.4 Air, 6.2 0il 2.2 2.14 2.0 - - -
Rg 200 C Molten Salt) Held 10 - - - - - 125 504 49 - -4 -
o 30000 Molten Salt| minutes, then - - - - - 87 524 27 Ex 4Ly 54
("C/sec) |400°C Molten Salt quenched in - - ~ - - 68 33 27 64 284 41
500°C Molten Salt) 25 C Water - - - - - - - - 32 22 28
25§C Pocoz, no Air Delay ].9d 22d 20cl ng 25“1 40 57 46 24 29 34
25°C PocoS, Air Delay to Start B-a 41 22 22 21 20 n z7g 17 - - -
25 g Poco”, Alr Delay to End fB-a 65 29 23 27 23 84 ASd 52 - - -
Ra 200 C Molten Salt) Held 10 - - - - - 26 42d 41 - "4 -
(%¢/sec) 300 C Molten Salt{ minutes, then - - - - - n 364 40 n 304 33
400°C Molten Salt( quenched in - - - - - 15 20 21 7.0 13d 13
500°C Molten Salt) 25°C Water - - - - - - - - 3.0 40 3.0
a = near OD
b = midwall or center
¢ = near ID
d = average of 2 values
e = average of 3 values
£ = 25°C brine quench
g = 0°C brine quench
n = data unavailable
— = not studied

©




Grain Sizes

TABLIE B-5

.t.

of Uranium Rods and Tubes After Beta Treatment at 72500 for 10-15 Minutes

TFEDC standard 3X macro-grain sizes in tangential direction - numbers in parentheses
indicate grain sizes after post-beta recrystallization (600°C, 2 hrs ).

Designation | Dimensions
and (in) ~__Grain sSize Co¢.umnar
Chemistry | OD Wall Cooling Medium oD mid-wall/mid-radius 1ID/center | OD 1ID
air A5 : >A-1 None
R. T. Poco No. 2 A-S5<— - e A-2 v -
(A=B<—mmmn A=-2)
30 sec. air delay, R. T. Poco No. 2 A-5— - A -2 / -
c (A=5< o e A-2)
Ingot 1 1.8 : Rod |65 sec. air delay, R. T. Poco No. 2 A-5Eme o >A-1 / -
i [ SO — A-2)
R. T. Houghto K D — Y None
: warm water A-6<- -5 / -
(A-7 A-5 A-6-5)
f cold water A5-A7 A2-A3 v/ -
: air A-5< Al-A3 None
E (A-3< A-3)
: ‘R. T. Poco No. 2 A-6_5<—— A=-3 None
(A-6.5< - A-3)
; i R. T. Houghto K A4 —3A2- A3 >A -4 None
D-C 1.8 § Rod ! warm water A-BG— i e A-4 None
Dingot I (A-6< - A-4)
! cold water A-T< . A-4 None
i (A-T<— e SAL)
R. T. Brine A-BS e e 58035 None
(A-6 — A-3.5)

(Table continued

on next page)
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TABLE B-5 (continued)

.’.

Grain Sizes’ of Uranium Rods and Tubes After Beta Treatment at 725°C for 10-15 Minutes

1'FEDC standard 3X macro-grain sizes in tangential direction - numbers in parentheses
indicate grain sizes after post-beta recrystallization (600°C, 2 hrs.).

'.Desﬂignéiion Dimensions
- and i (in) ~_ Grain Size Columnar

Chen}istry oD Wall Cooling Medium oD mid-wall/mid-radius ID/center [OD ID
air Ab-AS< A2-A3 None

(A-4 - A=-2)
R. T. Poco No. 2 PP — B-5 None

[ L T A-3)
warm water A-5<C— - >A-4 Y -

K'. (A-7<— A~6)
Ingot 1.2 | Rod | cold water ?-6 - = 7A-;; v -
(8 hrs, 645°C, wq)*; R. T. water A-1.5< >A~4 Vv -
(8 hrs, 645°C, wq; 8 hrs, 525°C, wq)*;R.T. water|A-2 A4 / -
(B treat, wq; 8 hrs, 5259C, wq)*; cold water A-5%— A-3 >A-5 / -
(B treat, wq; 8 hrs, 425°C, wq)*; cold water A-6 A-4 >A-5 None
(B treat, wq; 8 hrs, 325°C, wq)*; cold water A-5 A-3 —>A-5 None
D-K ( B treat, wq)*; cold water A-5 None
Dingot 1,04 | Rod (7-8 hrs at 525°C, wq)*; cold water A-5 A-2 A-5 None
& (8-9 hrs at 645°C, wq)*; cold water A-5 B-1 B-2 None
air . A-5 mixed A-3 None
' R. T. Poco No. 2 A-5.5 > None
1 S ¢ 0.48 | Rod warm Poco No., 2 A-5 None
ngo warm water A-6 > None
cold water < A-6 None
air A-5 mixed >A -3 None
R. T. Poco No. 2 < A-5.5 > None
Q 0.59 1Rod | Garm Poco No. 2 A-6 A=5 None
Dingot warm water < A-6 > None
cold water A-6 > None

*Treatment prior to final beta treatment. (Table continued on next page )
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TABLE B-5 (continued)

Grain Sizesf of Uranium Rods and Tubes After Beta Treatment at 72500 for 10-15 Minutes

TFEDC standard 3X macro-grain sizes in tangential direction - numbers in parentheses
indicate grain sizes after post-beta recrystallization (600°C, 2 hrs.).

- ) )
i Designation | Dimensions
E and (in) Grain size Columnar
| Chemistry |-OD Wall Cooling Medium oD mid-wall/mid-radius 1ID/center | 0D ID
f A R. T. Houghto 4102 B-3.5< B-2.5 B-3.5 None
? Ineot 3.9 | 1.0 [R., T. Houghto K A-6 A-3 >A-6 None
& cold water A-6 A -4 A -6 Y None
air A-5< Al-A3 A -4 None
: (A-4 A1-A3 —A-4)
i E R. T. Poco No. 2 A-3.5 / v
Ingot 4.0 10.5 (A-5 A-3.5 A-5)
: R. T. Houghto K c-3 J/ Vv
warm water A-3.5 Vv v
: cold water A-3 / /
D-G air B-2 Nomne
i Dingot 3.0 0.5 | R, T. Poco No. 2 A-5.5 None
warm water A-3.5 None
air B-2.5 None
warm Poco No. 2 <— A-5.5 Yy None
R. T. Houghto 4102 B-4 None
R. T. Houghto K C-4 None
R. T. Poco No, 2 A-6 None
H 1.5 0.5 36 sec. delay R, T. Poco No. 2 < A-5.5 None
Ingot - : 68 sec. delay R. T. Poco No. 2 B-2.5 None
warm water A-6 None
cold water A-6 None
400°C salt R. T. Water A-5 Yy None
300°C salt R. T. Water A-5.5 None
200°C salt R. T. water A-6 None

(Table continued on next page.)
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TABLE B-5 (continued)

Grain Sizes+ of Uranjum Rods and Tubes After Beta Treatment at 72500 for 10-15 Minutes

*FEDC standard 3X macro-grain sizes in tangential direction - numbers in parentheses
indicate grain sizes after post-beta recrystallization (600°C, 2 hirs.).

oel

Designation | Dimensions

and in Grain size : Columnar
Chemistry oD Wall Cooling Medium oD mid-wall/mid-radius ID/center | OD D

air B-3 B-2 None

warm Poco No. 2 C-4.5 C-4 None

R. T. Houghto 4102 B-3.5 None

R. T. Poco No. 2 C-4.5 —>C-4 None

D-H 1.5 0.5 R. T. Houghto K C-5 None

Dingot ) ’ warm water A-7 A-6 None

cold water A-6.5 A-6 None

500°C salt R. T. Water B-3.5 None

400°C salt R. T. Water B-4,5 None

300°C salt R. T. water B-5 None

air B-2 None

N 2.0 0.3 R. T. Poco No. 2 A-4.5 None

Ingot R. T, Houghto K A-5.5 None

cold water A-4.5 v v

air B-2 None

P 1.0 0.25 R. T. Poco No. 2 A-4.5 None

Ingot R. T. Houghto K A-6 None
cold water A-4 V None

<Tab1e continued on next page.)




TABLE B-5 (continued)

Grain Sizes+ of Uranium Rods and Tubes After Beta Treatment at 725°C for 10-15 Minutes

.t.

FEDC standard 3X macro-grain sizes in tangential direction - numbers in parentheses

indicate grain sizes after post-beta recrystallization (600°C, 2 lirs.).

Designation | Dimensions
and (in) Grain Size Columnar
Chemistry | OD Wall Cooling Medium oD mid-wall/mid-radius 1ID/center | OD ID
air B-3 None
L 3.9 0.2 R. T. Poco No. 2 A-5 None
Ingot * : R. T. Houghto K A-5.5 None
cold water A-4.5 None
air B-4 S B-3 None
R. T. Poco No. 2 C-5.5 None
M R. T, Houghto K c-6 None
Ingot 3.0 0.2 | warm water A-6 —> None
cold water A-5 None
E (€——— — A4-A3——3)
cold water repeat A-6.5 None
air B-2.5 None
D-M R. T. Poco No. 2 C-5 None
Dingot 3,0 [ 0,2 |R., T, Houghto K C-5 None
warm water A-6 None
cold water c-7 None
air A-3.5 None
R. T. Poco No. 2 A-7 None
R. T. Houghto K c-7 None
warm water A-7 Y None
Inzot 2.0 0.1 | 0% Brine A6 / None
cold water A-7 None
9 mils Zircaloy clad; cold water A-6 Y None
20 mils Zircaloy clad; cold water A-6 vV v
45 miis Zircaioy clad; cold water A-6 / /

Ig1




TABLE B-6a -
no
Relation Between Texture and Dimensional Changes Caused by Beta Treatment of Rods
[Table shows % changes in length (AL) and diameter @uD).)
Cooling Medium
PriﬁilTeéture= 30°% 55°C 25° 25°¢C 55°C 13%
( 3) Air Poco No. 2 Poco No. 2 Houghto K Water Wat
0il 0il 0il er
Code Radial Axial AL AD AL AD AL AD AL Ap AL AD AL AD
Q - - - - 010 (4+0.50) -2.00 +0.65|-1.65 +0.30|-1.07 +0.40 |- - - - - -1-0.98 -0.20 | -0.90 +0.39
Q-6 - - - - 010 (+0.50) - e e e m === = o= =~[-1.03 40.15}|--~- - ==~ ==- = - -}~ ="~
Q-6-11 assumed random ijo Prior condition: as quenched in 250C Poco No. 2 +0.23 -0.38
K 100 (-0.11) | 100-010 (+0.03) | -0.35 +0.25|- - - - - - -0.45 0.00 |- -- ---]-0.05 0.00}-0.06 +0.05
S quasi-random &0) +0.05 - - -{+0.08 - - -}+0.08 - --1--- - -~ +0.03 - - -}|+40.03 - - -
C 151 (+0.19) | 110 (-0.32) 4+0.20 -0.05|- - - - - -|+40.43 -0.20 {+0.19 -0.17 +0.62 -0.35 |+0.64 -0.25
DC 151 (+0.29) | 110 (-0.33) +0.47 -0.10}- - - - - -|+40.40 -0.15 |+0.36 -0.17 +0.55 =-0.15 | +0.55, -0.20,
+0.47 -0.20

“25°C brine




TABLE B-6b

Same as Table B-6 except for tubes [Table shows % changes in length (AL), oD (AOD), Wall (AW)]

Cooling Medium
30% 55°%C 25% 25% 55°C 12%
Prior Texture: hkl (G3) Air Po;o No. 2 0il Poco No, 2 Qil Houghto K 0il Water Water
Code OD Radial | Tangential Axial AL A(oD) AW AL A(OD) AW AL A(OD) AW AL A(0D) AW AL A(D) AW AL AOD) AW
E 135 (+0.06) | 001 (+0.12) |[110 (-0.21)] -0.03 -2,30 -,020 - - -0.19 +0.32 0,40 [+0.11 +0.28 +0,02 |+0.40 -2,02 -0,10 { +0.42 -2.02 -0.10
L 151 (+0.12) | 001 (+0.10) | 110 (-0.23)} -0.13 +0.21 +40.51 - - +0,08 40,31 -0.36 |+0.11 +0.36 -0.46 - - - +0.44 +0.62 -0,51
DG 151 (+0.24) | 001 (+0.13) }110 (-0.33 +0.32 +0.33 -0.40 - - -0.12 +0.53 -0.20 - - - 0.00 +0.57 -0.40 - - .-
A 151 (+0.16) - 110 (-0.32)] - - - ]-0.0% +0.22% +0.15T] - - - |+0.06 4031 -0.67| - - - |+0.21 +0.29 -l.12
N 151 (+0.26 001 (+0.13) {110 (-0.40)] +0.34 +0.20 -0.65 - - +0.48 +0.30 -0.97 (+0.52 +0.25 -0.97 - - - +0.73 +0.45 -1.61
* * J
T 151 (+0.38) | 001 (+0.11) {110 (-0.40){ +0.43 +0.50 -0.59 - - +0.36 +0.45 -2.0 +0.33 +0.40 -3.48 1+0.62 +0.70 -1.0 +0.,54 -0.65 -1,00
gei‘i:)’a 151 (+0.36) | 001 (+0.22) {110 (-0.46) [ +0.56 -0.14 -0.80 |+0.57 -0.14 -0.80 |+0.56 -0.1&4 -1.0 [-0.13 -0.21 -0.42 {+0.70 -0.07 -1.0 |+0.68 -0.07 -1.60
P 151 (+0.14) | 001 (+0.17) [ 110 (-0.39)| +0.27 +0,10 -0.01 - - +0.57 +0.01 -0.80 |+0.48 +0.10 -0,60 - - - +0.79 +0,10 -1.20
DH(DC) | 151 (+0.29) - 110 (-0.46) | -0.33 +0,12 +0.21 {+0.35 -0,005 -0,21 +0.43 +0,07 -0,15 {+0.45 +0.21 -0,21 |+0,06 +0.21 -0.63| +0.27 +0,14 -1,05
+ o
30 C Houghto-Quench 4102 0il
Note: Tube H also quenched in DT-275 molten salt:
0°C brine
DT-275 molten'_salt
400% 300% 200%
Code | AL __A(OD) AW AL _A(OD) AW AL A(@D) AW
H +0.48 -0,41 -1,20 }+0.55 -0,21 -0.80 |+0.62 -0.14 -0.60

€el




TABLE B-7

Integrated Radial Texture, Ir , in Tubes Cooled from the Beta Phase in Different Media

2x,
Trr = S GB(wo) dr

pel

Qo 0
30°C Air Houghton 4102 r. t. Poco No. 2 Oil r. t. Houghto K 0il 55 °C water 11 - 13 °C vater
*
Size Mid- Mid- Mid- Mid- Mid- Mid-
Code oD wall L] Total oD wall 6} Total [0)] wall i} Total | OD wall 10 Total oD wall 1D Total oD wall In Total
A —em e ee- -~ [-3.36  ++ -3.51  -6.87 | ---  --- cee oo [-2.78 41,46 -0.446  -1,76 | --- R -4.53 +1.43 -4.16 -7.26
DG -6.75 H  -6.38  -13,13 | ---  --- - -3.48 40,81 -3.17 -5.84 | --- .- - .- -8,11 +0,32 -3,21 -11.00 |---- === --e  -a-
U, |-3.78 +0.09 -5.16  -8.85 |-1.40 +0.43 -2,95  -3,92 [-0.41 +o.1ai -0.49 -0.76 |-2.89 +0.16 ~-1.15 ~-3.88 | -10.10 +  -3.60 -13.70 }12.80 +  -1.16 -13.96
DH(DC) -3.60 +4.15 -0.55 0,00 {-1.93 +0.05 -1.41  -3,29 |-1,68 -0.757 -1.85 -4.28 |-3.60 +0.02 1,70 -5,28 | -7.03 4+  -2.36 -9.39 {-9.75 +H  -3.33 -13.08
E -4,84 +1,04 -2.33  -6,13 | --~  --- --- —e- 12,43 +0.76 +1.18 -0.49 |-0.36 +2.21 -0.58 +1.27 | -6.87 4+  -5.42 -12.29 | -6.46 +0.60 -5.72 -11.58
Mo -5.45 #0.62,  -4.83 ) oo -- eee | -1,55 40,72 -1.72 -2.55 |-1.41 [+0.42] -2.10 [-3.09}| -6.22 +l.06 -0.79 -5.95 {-7.59 H  -8.28 -15.87
DM(DG) -3.61 +2.80 +0.03' 0,84 [ ~-~  --- --- cee 12,74 +1.19 -1.94 -3.49 [-2.95 40.8% -2.71 -4.82 | -4.61 +1.66 -4.75 -7.70 |-6.47 +0.61 -5.28 -11.14
T -4.50 +1.8 -1.30 -3.96| ---  --- --- |-0.83 +0.5¢ -0.42 -0.71 |[-1.41 41,21 -1.25 -1.45 | -9.52 +0.55 -1.90 -10.87 |--- e eee e
Special Heat Treatments
400 °c - 10 min. 55 °¢ Poco No, 2 500 °c - 10 min. 300 °Cc - 10 min. 200 °¢ - 10 min.
o L, +0.31 -0.95 [+1.63] ([+0.99] [-3.83 +1.16 -0.26 -2.93 | --- --- -6.13 41,39 -4.74 ~5,71 +0.38  -5.33
DH(DC) -2.87 + -3.60 -6.47 |-2.83 +1.02 1,22 -3.03 [+1.36 -3,51 +0.38 -1.77 -1.,46 -3.07 +0,76 -3.78 | --- --- --- ---

+ net value but scatters through G
* letter preceded by D shows dingot; all others ingot

<> made from dingot received as size DG

3

=0

+ v for OD and ID separated by max. G

[ ] uncertain

3

#% made from dingot received as size DC

near midwall




TABLE B-8

Effect of Cooling Medium on Certain Characteristics of Radial Texture Distribution

in Dingot and Ingot Tubes

Po = Poco No. 2 Quenching 0il * midwall region below G3 = 0
Ho = Houghto K Quenching 0il *% no values; G3 always less than -0.1
4102 = Houghto-Quench 4102 0il
SDT = Houghton Draw-Temp. 275 molten salt N = not determined, since radial G, at OD
SLH = Houghton Liquid Heat 235 molten salt is more positive than -0.1, or since G
D = Preceding letter of size code near 0D fluctuates radically with radial
signifies unalloyed dingot. depth.
At OD
: Cooling Cooling Radial . Percent Percent
Size gedium %ate(RB) Merit Integrated Radial Texture of ITTr| ; of-ﬂ’oD + ﬁiD
Code ("¢ type) C/ sec’ W,/ 2r Net (77y) | Absolute (|1Tr|) at OD at 0D !

E-5 0i1(25Ho) 91. 16.5 +1.27 3.15 i1 38
H-10 “salt(400SLH) 68. >100. +0.99 2.89 11 16
DH(DC) -1 | air(30) 2.2 3.1 0.00 8.30 43 87
E-2 0i1(25Po) 58. 81. -0.49 4.37 56 67
T-3 01i1(25Po) 165. 17. -0.71 1.79 46 66
H-4 0il(25P0) 72, 26. -0.76 1.04 39 48
DM(DG) -1 | air(30) 4.5 2.3 -0.84 6.44 56 99
T-5 0i1(25H0) 216. 6.3 -1.45 3.87 36 53
A-2 0i1(25Ho) 79. 2.5 -1.76 4.68 ! 59 86
DH(DC) ~-10 | salt(500SDT) 32. N -1.77 5.31 ; 26 78
M-5 011(25Po) 90. to 53. 5.7 -2.55 3.99 P39 47
H-7 0i1(55P0) . 44.,(ID) 20. -2.93 5.25 : 73 94
DH(DC)-5 | 0il(55Po) | 36.(ID) | 7. to 3. -3.03 5.07 56 70
M-6 0i1(25Ho) 109. 7.6 -3.09 3.93 46 40
DH(DC) -7 | oil(25 4102) 38. 4.9 -3.29 3.39 57 58
DM(DG) -2 | 0il(25P0) 90. 4.0 -3.49 5.87 47 59
DH(DC) -8 | salt(300SDT) 73. N -3.78 5.29 28 66
H-13 0i1(25Ho) 34. 12, -3.88 4.20 59 72
H-14 0il(25 4102) --- 6.6 -3.92 4.78 29 32
T-2 air (30) 7.6 2.1 -3.96 7.64 59 78

(Table continued on next page)
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TABLE B-8 (continued)

At oD »
Coolin Coolin Radial . Percent ercent
Size Mediumg Rate(Rg) Merit Integrated Radial Texture of ITTrI Of'ﬂbD +‘ﬂ&D
Code (°C type) O¢/ sec. wo/2r Net (7Tr) Absolute (Irrrl) at OD at OD
DH(DC)-3  0il(25Po) 37. 6.4 -4,28 4,28 39 48
H-11 salt(300SLH) | 87. 7.1 -4.74 7.52 82 82*
DM(DG) -3  o0il(25Ho) 109, 5.5 -4,82 6.50 45 52
M-4 air(30) 4.5 2.2 -4 ,83 6.07 90 53
DH(DC) -4  o0il(25Ho) 35. 7. to 3. -5.28 5.32 68 68
H-12 salt(200S1H) | 125. 2.9 -5.33 6.09 9 94
DG-2 0i1(25P0) 49, 2.5 -5.84 7.46 47 52
M-7 water (55) 650.7 1.4 -5.95 8.07 77 89
E-1 air(30) 2.5 2.2 -6.13 8.21 59 68
DH(DC)-9  salt(400SDT) | 64. N -6.47 6.47 4t L4*
A-1 0i1(25 4102) | 15. 5.8 -6.87 6.87 49 49%
A-3 water (12) 420, 2.4 -7.26 10.12 45 52
DM(DG) -4  water(55) 650.7 2.1 -7.70 11.02 42 49
H-3 air (30) 2.2 6.0 -8.85 9,03 42 42
DH(DC)-2  water(55) 126. 1.4 -9.39 9.39 76 76"
T-4 water (55) 802, 1.1 -10,87 11.97 80 83
DG-1 water (55) 428, 1,2 -11.00 11.64 70 72
DM(DG) -5 water(12) 540. 1.6 -11.14 12.36 52 55
E-3 water(12) 474, 2.2 -11,58 12.78 51 53
E-4 water (55) 474, 2.0 -12.29 12.29 55% 55%
DH(DC)-6  water(12) 197. 1.0 ~13.08 13.08 75% 75%
DG-3 air (30) 2.2 sk -13.13 13.13 517 51
H-6 water (55) 126. 0.9? -13.70 13.70 74f 74
H-5 water (12) 197. 0.87 -13.96 13.96 92% 92%*
M-8 water (12) 540. 1.4 -15.87 15.87 48 48%
Averages 165. --- -5.77 7.43 54 63

9¢eT
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Size Code for Rods

and Tubes Studied in Beta Treatment Program

Size
(in)

_Code ()] ID {Wall | Composition

A 3.853 12,073 10.890 Ingot

C 1.845 0 rod Ingot

DC 1.845 0 rod Dingot

E 3.980 | 3.060 | 0.460 Ingot

DG 2.960 | 1.965 | 0.498 Dingot

H 1.450 | 0.500 } 0.475 Ingot
DH(DC) | 1.450 [ 0.,500 | 0.475 Dingot DC

K 1.18 0 rod Ingot

DK 1.05 0 rod Dingot

L 3.890 {3.497 | 0.197 Ingot

M 2.930|2.510 [ 0.210 Ingot
DM(DG)| 2.930 | 2.510 | 0.210 Dingot DG

N 2.000 | 1.380 | 0.310 Ingot

P 1.000 | 0.500 | 0,250 Ingot

Q 0.6 0 rod Ingot

QQ 0.6 0 rod Ingot

S 0.5 0 rod Ingot

T 1.995 | 1.765 | 0.115 Ingot
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