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THE PROPERTIES @F URANIUM CONTAINING MINOR ADDITIONS

OF CHROM UM SILICON OR TITANIUM
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- /‘pared by induction meltmg blscu).t uramum ‘with no additional a110y1ng ele-
""b-ffments. A second- alloygfwas prepared by arc meltmg biscuit-uranium w1th
‘no alloymg add1t1ons.‘ The remammg a.110ys were prepared from coreduced‘
;’;b1scu1t a110y stock Th se! mater1als wene rece1ved from Mallmckrodt it
;-'T,Chemmal Co., as- a110yed b1scu1t and were arc - melted mto su1table 1ngots .
"-?The analyses of the f1ve alloys are shownl in Table 1

»i';‘f:was prepared, but was abandoned ‘when 1it; was shown that its- m1crostructure
"‘f'and hardness were. 1dent1cal w1th those of the 1 5 a/o s1l1con a110y l1sted 1n

: -be pomted out that chrom1um carbrde is less stable than uramum carb1de

.. ',1e1ther iR solut1on or . .
s than uramum carb1de, but l 4 a/o siliconiis enough s111con to. combme w1th
' ) 100 ppm carbon and st1ll leave about l 2 a/o 5111con ava11able to form Dl
"'.f}j._uramum 5111c1de On the other hand, titanium. carbide is. much ‘more stable ER

‘- bine-with’ 200 ppm carbon to: form t1tan1um carbrde. T1tan1um carbxde 1n-

‘clusmns in'a uranium ;;alloy would ‘be expected to: have no- greater effect on..
. its. propertles than an“equrvalent amount of uramum carb1de U

. "range to 1-1/2-in, -dlameter bar stock; Th1s stock was further reduced e
,“.1 -in, - and 1/2 1n -d1ameter bars by hot rolhng from salt baths at 620 C

_;mechamcal and phys1cal testmg. ‘The arc- melted uranium alloy, the T

.:1nduct10n-melted uramum alloy, the uranium-1, 5 a/o s111con alloy, and the .

f_;uramum 0. 5 a/o t1tan1um a110y were ‘heated to 730 C in a lead bath for 15 s
. min.and water quenched.,: The uranium-0,35 a/o chromium alloy was . T" S
":vheated to 730 C in a lead bath for 15 min, transferred ‘to another lead bath i
at’ 550 C for 20 mm, and water quenched Typ1cal structures and hard- R
:"”nesses produced by these treatments are shown 1n Flgures 1,. 2, ‘3, 4 :. BETE
.'-ands ' ST S S ROCEITANS

w
I
[o o]
¢

. . o l N | AR . B . ‘; . - i
',EXPERIMENTAL PROCEDURES AND RESULTS

[ *‘,‘ . : .i' .”-w e T : o -
R Lo | o -

Prepjratron ofAlloLs I o

F1ve alloys were ‘prepared for this 1nvest1gat1on. One alloy was pre

P

L

Another alloy conta1n1ng nomlnally l 5 a/o 5111con and ‘0. 5 a/o tltanlum

W1th regard to the efﬁcacy of the ma_]or a110y1ng elements, 1t should

*s metalhc chrommn S111con carblde 1s more stable

than uranium carb1de and 0,4 a/o titanium is just enough t1tan1um to com e
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Ingots of each alloy, we1gh1ng 30 to.: ]40 kg, were forged in the gamma

The hot-rolled alloys were given a bas1c heat treatment pr1or,to .
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TABLE 1. URANIUM ALLOY ANALYSES

Alloy Major Alloying Elements Nonmetallics, ppm
Identification a/o w/o Carbon Nitrogen Hydrogen
Arc-melted uranium None None 50 40 4
Induction-melted uranium None None 600 50 1
Uranium-0, 35 a/o chromium 0.23 chromium 0.05 chromium 300 40 5
Uranium-1.5 a/o silicon 1.4 silicon 0.17 silicon 100 50 2
Uranium-0,5 a/o titanium 0.4 titanium 0: 08 titanium 200 10 10




100X Polarized N25633
FIGURE 1, ARC-MELTED URANIUM

Hort rolled at 620 C

Heated 15 min at 730 C and water quenched
Hardness = 230 DPH

Grain size = 0,10 mm

100X Polarized N25634

FIGURE 2. INDUCTION-MELTED URANIUM

Hot rolled at 620 C

Heated 15 min at 730 C and water quenched
Hardness = 280 DPH

Grain size = 0,056 mm
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100X Polarized N27539

FIGURE 3, ARC-MELTED URANIUM-0, 35 a/o FIGURE 4, ARC-MELTED URANIUM-1,5 a/o
CHROMIUM SILICON
Hot rolled at 620 F Hot rolled at 620 C

Heated 15 min at 730 C, 20 min at 550 C, Heated 15 min at 730 C and water quenched
and water quenched Hardness = 295 DPH

Hardness = 290 DPH : Grain size = 0,04 mm

Grain size = 0,07 mm

100X Polarized N27540
FIGURE 5, ARC-MELTED URANIUM-0.5 a/o TITANIUM

Hot rolled at 620 C

Heated 15 min at 730 C and water quenched
Hardness = 240 DPH

Grain size = 0,07 mm




_r_——

SalabbiSE e,

12

Mechanical Properties 7

Tensile tests at room and elevated temperatures were run on 1/4-in, -
diameter test specimens with 2-1/4-in, -long reduced sections, The tests
at 300 C and 500 C were run in a vacuum chamber, In most cases, only a
single test was run at each temperature., All tests were run on a 20,000-1b
Baldwin-Southwark universal testing machine, A clip-on extensometer with
a 2-in, gage length was used to measure strain, This extensometer utilizes
SR-4 gages on compression loops remote from the hot zone; its accuracy is
plus or minus 0,0001 in, /in, The results of the tensile tests are summa-
rized in Figures 6, 7, 8, 9, and 10, The chromium and silicon alloys are
considerably stronger than unalloyed uranium at all temperatures shown,
Chromium seems to have little or no effect on the ductility of uranium at
this alloy content; ‘however, 1.5 a/o silicon drastically decreases the
ductility of uranium, Titanium seems to decrease the ductility and increase
the elevated temperature strength of uranium,. A marked ductility transi-
tion occurs in all these materials near room temperature, This effect may
be related to some change in the number of available slip systems in the
orthorhombic structure of uranium at this temperature, The ductility
transition also causes a change in the mode of fracture of uranium at this
temperature, Above room temperature the fractures are fibrous and
fracture occurs with decreasing loads, Below room temperature the frac-
tures are brittle and fracture occurs while the load is still rising, This
means that with decreasing temperature, the maximum load obtained be-
comes more and more dependent upon the surface condition of the specimen;
therefore, the ultimate strength obtained tends to become quite variable,
The transition temperature as determined by ultimate strength will depend
to some extent upon the surface finish of the tensile specimen,

Hardness tests at elevated temperatures were obtained by means of a
Vickers indenter loaded with a 1-kg load. These tests were performed in a
vacuum chamber, The results of the tests are shown in Figure 11, The
data are not sufficiently complete to allow accurate curves to be drawn, so
the curves shown are drawn to conform to the general shape of other more
complete data, The hardness data confirm the findings of the tensile tests
to the extent that the chromium and silicon alloys are the hardest as well as
the strongest of the alloys,

Physical Properties

Thermal linear-expansion measurements were made by using a
manual dilatometer and heating and cooling rates of about 3 C per min,
Specimens were protected by a vacuum of 1 x 10-4 mm of mercury or
better., These measurements showed that, within the limits of variation of
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Temperature, C
FIGURE 8. TENSILE PROPERTIES OF BETA-TRANSFORMED, ARC-

MELTED URANIUM-0.35a/0 CHROMIUM ALLOY
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two tests on the same specimen, the thermal-expansion characteristics of
all the alloys were the same., All alloys showed a linear expansion on
heating through the alpha-beta transformation and a linear contraction on
cooling through the transformation. On the basis of length of the specimen
at room temperature, this change in length on transformation was 0. 35 per
cent, The mean transformation temperature was 668 C, A typical heating
or cooling curve is shown in Figure 12, The mean linear-expansion
coefficients calculated on the basis of 15 tests on all these alloys are as
follows:

20 to 20 to 20 to 20 to 20 to
200 C 300 C 400 C 500 C 600 C

Coefficient, 10- in, /in. /C:  14.6 15,0 15. 6 16, 4 17. 4

Thermal-conductivity measurements were made by the steady-heat-
flow method, Temperature gradients along the specimen were compared
with temperature gradients along a standard in series with the specimen,
The estimated maximum error in the thermal-conductivity values obtained
is 5 per cent, The difference between the thermal conductivities of the
different alloys was well within this value; hence, small alloying additions
seem to have little effect on the thermal conductivity of uranium, A typi-
cal thermal-conductivity curve for these alloys is shown as Figure 13,

Electrical-resistivity measurements were obtained only on induction-
melted uranium,., This material was heated to 725 C and cooled at a slow
rate in the dilatometer prior to the electrical-resistivity tests, Measure-
ments were made by the voltage-drop method; direct current and a standard
resistance in series with the specimen were used, The results of this test
are shown in Figure 14, '

Heat-Treatment Studies

A variety of heat treatments have been performed on these alloys in
an effort to determine the extent to which hardness and grain size can be
controlled by heat treatment, All heat treatments were performed on 1/2-
in, -diameter bars at least 1/2 in, long, This material was used as hot
rolled at 620 C, The properties of the bars as hot rolled and as beta
treated are shown in Table 2, The structures of the alloys as beta treated
are shown in Figures 1, 2, 3, 4, and 5, A noticeable increase in hardness
is produced by the beta treatment, This increase is particularly large in
the cases of induction-melted uranium and uranium-0, 35 a/o chromium
alloy,
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TABLE 2, PROPERTIES OF AS-ROLLED AND BETA-TREATED URANIUM ALLOYS

As Rolled at 620 C

Beta Treated(a)

Alloy Hardness, Grain Size, Hardness, Grain Size,
Identification DPH mm DPH mm
Arc-melted uranium 194 0.05 230 0.10
Induction-melted uranium 216 0.04 280 0.05
Uranium-0, 35 a/o chromium 206 0.04 290 0.07
Uranium-1,5 a/o silicon 274 0.01 295 0,04
Uranium-0,5 a/o titanium 204 - 240 0.07

(a) Fifteen min at 730 C and then water quenched or isothermally transformed,
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Grain-size measurements were made both by microscopic examination
of polished specimens and by macro etching, Macro etching was found to be
best suited for grain sizes greater than 0,3 mm, while microscopic
examination is best suited to grain sizes smaller than 0,3 mm, In the
range of sizes (0.2 to 0,5 mm) where the two methods of measurement
could best be compared, good agreement between the two methods was ob-
served, In this connection, it should be noted that independent observations
of grain size on the same specimen by the same method will sometimes vary
by as much as 50 per cent, None of the grain-size measurements in this
report, at least, should be considered to be more accurate than this,
Agreement between macro and micro grain-size measurements was usually,
but not always, better than 50 per cent.

Repeating the beta heat treatment by heating to 730 C for 15 min twice
and water quenching twice had no noticeable effect on induction-melted
uranium and uranium-1.5 a/o silicon alloy., This procedure produced an
increase in grain size (0,10 to 0,14 mm) and a decrease in hardness (230 to
210 DPH) in arc-melted uranium, This treatment was not given to the
chromium or titanium alloys,

Similarly, air cooling after heating for 15 min at 730 C had no notice-
able effect on induction-melted uranium and uranium-1,5 a/o silicon alloy,
This treatment produced an increase in grain size (0.10 to 0,20 mm) and a
decrease in hardness (230 to 208 DPH) in arc-melted uranium,

Varying the beta treatment and isothermal transformation of the
uranium-0, 35 a/o chromium alloy produced rather inconclusive results,
The effects of several treatments are shown in Table 3, These results tend
to indicate the existence of some sort of age-hardening process occurring
during the transformation of the uranium-chromium alloy., The effect on
grain size is insignificant, however; and the effect on hardness, while
large, is not so great that it might not be produced by variations in the
composition of the alloy, However, prior work by D, W, White (KAPL-595,
1951) indicates that the hardness change is real and is caused by a trans-
formation process, The implication of this data is that the chromium alloy
with the standard beta treatment is a metallurgically unstable material,

As a final check on the effect of heat treatment upon these alloys, bars
of each alloy were end quenched from 730, 800, and 900 C. Each bar was
1/2 in, in diameter and 3 in, long. Soaking time at 730 C was 1 hr, at 800 C
15 min, and at 900 C 30 min, At the end of this time the bars were removed
from their Vycor capsules and suspended over a 3/8-in, -diameter water jet
until cold, Except for one bar, the bars showed no variations in hardness
or grain size that could be attributed to the different quenching rates found
at various points in the bars, The average grain sizes and hardnesses of
the bars are shown in Table 4, These data show no startling effects either
upon grain size or hardness as a result of quenching from different tempera-
tures, A slight increase in hardness with increasing quenching temperature
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TABLE 3, EFFECT OF HEAT TREATMENT ON THE URANIUM-0, 35 a/o

CHROMIUM ALLOY

Hardness,

Grain Size,

Treatment DPH mm
Hot rolled at 620 C 206 0,04
Heated 15 min at 730 C and water quenched 275 0.07
Heated 15 min at 730 C and air cooled 337 0.05
Heated 15 min at 730 C, held 10 min at 500 C, - 322 0,05
and water quenched
Heated 15 min at 730 C, held 20 min at 550 C, 290 0.07
and water quenched
Heated 15 min at 730 C, held 3 hr at 475 C, 201 0.07
and water quenched
Heated 15 min at 730 C, held 2 hr at 550 C, 202 0,07
and water quenched
Heated 1 hr at 730 C, water quenched, annealed 220 0.20

1 hr at 600 C, air cooled
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TABLE 4, EFFECT OF QUENCHING TEMPERATURE ON THE HARDNESS AND

GRAIN SIZE OF URANIUM-ALLOY END-QUENCH BARS

1 Hr at 730 C

1/4 Hr at 800 C

1/2 Hr at 900 C

Grain Grain Grain

Alloy DPH, Size, DPH, Size, DPH, Size,
Identification kg/mm2 mm kg/mm?2 mm kg/mm?2 mm
Arc-melted uranium 243 0.40 221 0.25 246 0. 60
Induction-melted uranium 338 0.10 334 0. 30 368 0.10
Uranium-0. 35 a/o chromium 258 0.20 250 0.15 250 0.50
Uranium-1.5 a/o silicon 314 0.10 314 0.45 (a) 0, 30
Uranium-0.5 a/o titanium 259 0,30 247 0,20 302 0.50

(a) See Figure 15,
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is evident in some of the alloys, and probably is caused by the increased
thermal stresses produced in quenching from higher temperatures, A
comparison of Table 2 with Table 4 will show a pronounced increase in
grain size with time at 730 C. All bars showed a tendency to form large
columnar grains radiating away from the quenched end, These grains were
perhaps 0.1 in, long in the bars quenched from 730 C, but were at least

0. 25 in, long in the bars quenched from 900 C,

The uranium-1,5 a/o silicon alloy showed a pronounced-hardness
response when end quenched from 900 C. The hardness traverse on this bar
is shown in Figure 15, The microstructure of this bar showed two unique
features, Severe cracks were present in the bar for a distance of 3/8 in.
from the quenched end, and silicides were not present at the quenched end,
but were present 3/4 in, from the quenched end. The precipitation rate of .
the silicide is evidently very rapid, and the hardness of the quenched end of
the bar is probably the result of the presence of silicon in supersaturated -
solution, Figures l6a and 16b show the as-polished structure of the bar
near the quenched end and 3/4 in, from the end respectively,

The bars quenched from 800 C were aged for 2 hr at 400 C, - This
‘treatment produced no noticeable effect upon either hardness or grain size.-

The bars quenched from 730 C and 900 C were annealed for 1 hr at .
600 C, This treatment produced a marked decrease in the hardness of the
alloy bars but practically no change in grain size, The measurements
indicate that a slight decrease in grain size of arc-melted uranium also
resulted from this treatment, but this effect probably arises from the
difficulty in estimating beta-quench grain sizes as compared with the
relative ease of estimating alpha-recrystallized grain sizes, These results
are shown in Table 5. Annealing at 600 C returns the hardnesses to values
.close to those of the alloys in their hot-rolled condition,

Annealing of the silicon alloy at 600 C had no effect on the quench
cracks near the quenched end of the bar end quenched from 900 C, These
cracks made determination of the annealed structure very difficult, but as
nearly as could be determined the annealed structure corresponds closely
with that of Figure 16b, The tendency of the silicon alloy to crack when
water quenched from 900 C eliminates any practical treatment involving
solution of the silicide and subsequent aging, since less drastlc quenchmg

‘rates do not retain the silicide in solution, ’
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GRAIN SIZE OF QUENCHED-URANIUM ALLOYS

oy

TABLE 5. EFFECT OF ANNEALING AT 600 C ON THE HARDNESS AND

Alloy
Identification

1 Hr at

730 C,

Water Quenched

Arc-melted uranium
Induction-melted uranium
Uranium-0, 35 a/o chromium
Uranium-1.5 a/o silicon
Uranium-0,5 a/o titanium

Arc-melted uranium
Induction-melted uranium
Uranium-0, 35 a/o chromium
Uranium-1,5 a/o silicon
Uranium-0.5 a/o titanium

DPH,

kg/mmz

243
338
258
314
259

1/2 Hr
900 C,

Grain Size,
mm

0.40
0.10
0.20
0.10
0,30

at

Water Quenched

1 Hr at 730 C,
- Water Quenched,
Annealed 1 Hr at 600 C

DPH, Grain Size,

kg/mm?2 mm
205 0.15
2178 0.10
220 0.20
279 0.10
212 0.30

1/2 Hr at 900 C,
Water Quenched,
Annealed 1 Hr at 600 C

DPH,
kg/mmz
246
368
250

(a)
302

Grain Size,
mm

0.60
0.10
0.50
0.30
0.50

DPH, Grain Size,
‘kg/mmz mm
207 0.50
276 0.10
223 0.50
299 0.50
228 0.20

(a) See Figure 15,
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lé SUMMARY
P

The five uranium alloys investigated in detail are distinguishable
mainly by differences in their mechanical properties, Arc-melted biscuit
uranium is notable for its high purity, low-inclusion count, somewhat larger
grain size, and somewhat lower strength and hardness, The arc-melted
uranium-0, 35 a/o chromium alloy is notable for its high strength and
ductility in the beta-treated condition, The high hardness of the chromium
alloy with the standard beta treatment indicates that it is a metallurgically
unstable material as compared with the same alloy when alpha annealed.
The arc-melted uranium-1,5 a/o silicon alloy is notable for its high
strength and low ductility at room temperature, The arc-melted uranium-
0.5 a/o titanium alloy has little to recommend it, since the titanium is
probably present as titanium carbide and the alloy is no stronger than
uranium at room temperature,

Measurements showed no significant differences between the thermal
expansion and thermal conductivities of the five alloys.

An examination of the heat-treatment behavior of the five uranium
alloys disclosed that the usual beta-treatment results in grain coarsening
and an increase in hardness as compared with the grain size and hardness
of the alpha-rolled materials., The increase in hardness is particularly
large in the cases of induction-melted uranium and arc-melted uranium-
0.35 a/o chromium alloy, The beta treatment is justifiable as a method of
removing preferred orientation produced in hot rolling, but results in
ragged grains which are an indication of metallurgical instability, Treating
at higher temperatures results in larger increases in grain size and hard-
ness, Annealing for 1 hr at 600 C after beta treating restores the hard-
nesses to values close to the alpha-rolled values, This treatment tends to
result in equiaxed grains and produces no significant change in grain size,
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