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A. Fast Reactor Fuel Element Development and Fabrication

1. Properties of Metallic Fuels and Jacket Materials

a. Properties of Uranium-Plutonium-Fizzium Alloys
(L. R. Kelman, R. J. Dunworth, H. Savage, and E. R. Gilbert)

The uranium-plutonium-fizzium alloys are being studied as
possible metal fuels for fast breeder reactors. During the past year, the
properties of the U-10 w/o Pu-10 w/o Fz alloy have been investigated, prin-
cipally because of its better irradiation stability! and a higher melting point.
Some properties of this alloy are listed in Table I and compared with urani-
um and the U-20 w/o Pu-10 w/o Fs alloy. In this table the alloys not only
have different plutonium contents but also different alloy compositions
(Fs - low Zr; Fz - high zZr).%

Table 1

PROPERTIES OF URANIUM AND URANIUM-PLUTONIUM FUELS

Property Uranium | U-10 w/o Pu-10 w/o Fz | U-20 w/o Pu-10 w/o Fs
Density, g cm™? 19.0 16.8 17.0
Hardness DPH,
kg mm-? 220 254/471(2) 498(a)

Tensile Strength,
kg mm™?
500°C 10 21
600°C 4 7
Solidus, °C ~920 820
Liquidus, °C 1132 ~1100 1010

Thermal Expansion
Coef, °C™! x 10° 20 ~16 16

Thermal Conductivity,
W cm~! °c!

500°C 0.36 0.26 0.23
600°C 0.39 0.29 0.26
Enthalpy, 25°C to
m. p., cal g-! 52 44(b)

(a) Converted from Rockwell A by means of steel conversion table.

(b)Heats of transformation estimated at 90% of the uranium values.

l Horak, J. A., Kittel, J. H., and Dunworth, R. J., The Effects of Irradi-
ation on Uranium- Plutonium- Fissium Fuel Alloys, ANL-6429
(July 1962).

2 Annual Report for 1962, Metallurgy Division, ANL-6677, pp. 9-14.
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The fizzium content of this alloy results from the EI R-II
melt refining process, which removes most, but not all, of the fissii-
produced elements from the irradiated fuel. The elements remainirg
which make up the 10 w/o Fz composition are 2.80 w/o Zr, 2.75 w/o Mo,
2.95w /o Ru, 0.50 w/o Rh, and 1.00w/o Pd. The data obtained with these alloys
have been reported previously.2-5 During the past year additional ir forma-
tion has been obtained on the liquidus and solidus temperatures, the j.eat con-
tent, transformationkinetics, thermal cycling, tensile properties, britileness,
thermal stresses and creep infuel pins, and compatibility with potenticl clads.

Liquidus and Solidus (R. J. Dunworth)

The solidus and liquidus boundaries of U-20 W/O Pu-1+ w/o Fs
and U-10 w/o Pu-15 w/o Mo alloys were determinded by thermal anzlysis.
The results are listed in Table II. The data for the U-20 w/o Pu-10 v&/o EFs
alloy agree quite well with those reported earlier by Kruger? except that the
liquidus value is lower by 20°C. Thevalues for the U-10 w/o Pu-15 w, 0 Mo
are lower than those reported by Mardon et 3}.,6 for an alloy of sligltly
lower plutonium content. A difference of 20°C exists for the liquid + molyb-
denum isotherm. The liquidus for this alloy is estimated to be about 1320°C,

Table 1I Heat Content (H. Savage)
SOLIDUS AND LIQUIDUS The heat contents >f U-
TEMPERATURES* OF 10 w/o Pu and U-10 w/o Ia-

U-Pu ALLOYS 10 w/o Fz alloys were me¢asured

Temp (°C) in a drop calorimeter.3 " 'he heat
content of U-10 w/o Pu al.oy was
U-20 w/o Pu-10 w/o Fs measured through its fusi>n tem-
Solidus 820 perature to 1190°C, and tl e heat
Liquidus 990 content of U-10 w/o Pu-1) w/o Fz
U-10 w/o Pu-15 w/o Mo alloy was determined to 910°C. In
Liquid + gamma (solidus) 1055 the alpha temperature region, the
Liquid + Mo (isotherm) 1180 heat contents of uranium .re the
Liquidus (estimated) 1320 same as the values for U-1 )w/o Pu
* All temperatures have an estimated but lower than those for U-
accuracy of #10°C. 10 w/o Pu-10 w/o Fz. Si nilar

results have been found fcr urani-
um and uranium-fissium alloys.? The data are shown in Tables III aad IV.
Figure 1 graphically presents the heat contents of U-10 w/o Pu alloy and
Figure 2 that of U-10 W/O Pu-10 W/O Fz alloy. Compositions of the ;peci-
mens are listed in Table V,

3 Annual Report for 1961, Metallurgy Division, ANL-6516, pp. 9-16, 4017,

4 Annual Report for 1960, Metallurgy Division, ANL-6330, pp. 9-18.

9 Annual Report for 1959, Metallurgy Division, ANL-6099, pp. 9-11.

6Mardon, P. G., Evans, J. P., Hodkin, D. J., North, J. M., Pearce, J. H., "The Constitution and F ibrication
of Uranium-Molybdenum-Plutonium Fuels,” Plutonium 1960, 329-352, Cleaver-Hume Press, I :d., London
(1961).

7 Savage, H., and Seibel, R. D., Heat Capacity Studies of Uranium and Uranium-Fissium Alloys ANL-6702
(Sept 1963).




A HEAT CONTENT, cal-gm™!

Table I
HEAT CONTENT OF U-10 w/o Pu ALLOY Table @
Temp Heat Content +2% Temp Heat Content 2% HEAT CONTENT OF U-10 w/o Pu-10 w/o Fz ALLOY
(°C) (cal/g) (°C) (cal/g)
Temp Heat Content £2% Temp Heat Content 2%
348 10.0 659 2.3 (°C) (cal/g) °C) (cal/g)
364 11.2 716 28.0
425 131 23 21.9 331 11.0 666 26.3
a7 144 766 34.6 353 115 672 26.9
514 16.7 805 36,0 394 13.0 4 29.2
544 18.1 854 37.6 47 13.9 752 30.6
566 197 894 40.0 485 16.8 766 30.6
574 20.0 938 40.9 498 17.5 805 3.2
589 21.9 1047 48.2 531 19.1 847 355
591 21.2 1105 56.4 578 22.0 848 354
604 23.6 1150 58.7 5% 233 895 38.7
625 244 1190 60.6 619 2.5 912 39.4

Figure 1. Heat Content of U-10 w/o Pu

Figure 2. Heat Content of U-10 w/o Pu-10 w/oFz

Above 25°C Above 25°C
70 70
60— uou;o{f’ 60—
[
4
1
50— ! 50—
e -
’ £
4 o
I’ Lo
40— YR ¢ 40—
O} =
o &
e =
! o
30— ' 3 30—
=
w
x
<
20— 20— (@,@
10— 10— .
o N 1 o Y I O O
0 200 400 600 800 1000 1200 0 200 400 600 800 1000
TEMPERATURE, °C TEMPERATURE, °C

Table X
COMPOSITION OF SPECIMENS USED IN MEASUREMENTS OF HEAT CONTENT
U-10 w/o Pu U-10w/o Pu-10w/o Fz
Element Charged*
Charged
w/o) w/o) Analyzed
u 9.0 80.0 798 £04w/o
Pu 10.0 10.0 103 £0.2w/o
C - 52 ppm
H - 8 ppm
0 - 129 ppm
Mo 2.75 3.08%0.06w/0
Rh 0.50 0.52 £0.03w/o
Ru 2.95 3.21£0.13w/o
Pd 1.00 1.02 £0.05w/0
Zr 2.80 275 +0.14w/o
Other < 66 ppm

* Starting material for this charge consisted of high-purity uranium
and plutonium.

1200

13
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In the U-10 W/O Pu alloy, thea - B, B— v, and vy - liquid
transformations occur over a range of temperatures. The heat of the o -~ f
transformation was 2.9 + 0.3 cal/g and of the B - 7y was 4.7 +0.5 cal /g.
These heats were calculated in the middle of the two-phase regions aaid
agree with those for pure uranium.® The heat of fusion of the binary alloy
was 10.2 + 1.0 ca.l/g as compared with 12.2 + 1.0 cal/g for pure uran um.’

The phase transformations in the U-10 w/o Pu-10 w, 0 Fz
alloy are largely suppressed because of the rapid cooling rate obtain :d in
the drop calorimeter; nevertheless, heat effects are recorded and incicate
the transformation temperatures. The full heat content is obtained o ly up
to the first transformation at about 535°C. The heat contents above 535°C
are low by the amount of heat retained in the untransformed phases.

Transformation Kinetics (H. Savage)

The transformation kinetics of the U-10 W/O Pu-10 \x;/o Fz
alloy are being investigated as an aid in fabrication, for understandiny of
mechanical properties, and behavior under thermalandirradiation co:ditions.

The study to date is based on hardness changes occu ring
in isothermally quenched specimens. The data obtained are shown ir Fig-

ure 3. The alloys were homogenized for 10 days at 850°C, air coolec, re-
heated to 700°C for 0.5 hr, and isothermally quenched to 450, 500, or 550°C.

Figure 3. Hardness of U-10 w/o Pu-10 w/o Fz Alloys vs Annealing Time
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8 Ginnings, D. C., and Corruccini, R. J., Heat Capacity Studies at High Temperature of Uraniu 1,
Uranium Trichloride and Uranium Tetrachloride, J. Research Natl. Bur. Stds.,39, 309 (1947).
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The specimens were held at temperature for the times shown in Figure 3
and quenched in o0il to room temperature. Five Rockwell A hardness values
were obtained and averaged for each point on the graph. The Rockwell A
numbers were converted to DPH values by use of the steel conversion chart,

The double hump in the hardness curve is similar to that
shown in the U-Pu-Mo systern.9 The first hump is probably due to a
precipitation-hardening mechanism. At the annealing time corresponding
to the second hump, a lamellar

Table VI structure, observable at high mag-
nification, develops. The isother-
COMPOSITION OF THERMALLY mal anneal at 550°C is above the
CYCLED ALLOYS first transformation temperature,
U (w/o) Pu (w /o) Fz (w/o) Thermal Cycling
' (R. J. Dunworth)
90 10
80 10 10 Injection cast U-Pu and

U-Pu-Fz alloy pins, 0.36 mm

75 15 10 (0.144in.) in diameter, of the com-
20 20 10 positions shown in Table VI were
tested for thermal-cycling stabil-
ity. Pins were cycled 100 times
for the times and at the temperatures listed in Table VII. About 15-min
transfer times were used for both heating and cooling. The holding times
were considered to be adequate to transform both high- and low-temperature
phases. The specimens were submerged in a large volume of NaK to mini-
mize temperature gradients.

Table YL
THERMAL-CYCLING TESTS
Property cT;cS:e U-10w/o Pu U-10w/o Pu-10w/o Fz U-15w/o Pu-10w/o Fz U-20w/o Pu-10w/o Fz
% Density 1 -35.2 +0.67 -0.07
Change 2 -28.9 +0.53 +0.07
3 +0.33 -0.67
3 +0.9% -0.68
% Length 1 +29.8 -0.25 -1.0
Change 2 +25.1 +0.10 -0.3
3 +0.02 +1.5
3 +0.45 +1.9
% Diameter 1 +10.6" -0.83 +0.55
Change 2 +71.2" +0.28 +0.55
3 +0.22 -
3 +0.64 +2.34

* Average values.

Test Cycle 1 - 100 cycles, 20 min at 700°C, 15 min at 4500C; 1 hr total cycle time.
Test Cycle 2 - 100 cycles, 1 hr at 7000C, 4-1/2 hr at 4500C; 6 hr total cycle time.
Test Cycle 3 - 100 cycles, 1 hr at 7500C, 4 hr at 500°C; 5-1/2 hr total cycle time.
0n all cycles the heating and cooling times were 15 min each.

9 Mardon, P. G., "Authors' Comments to Papers on Ternary Alloys,"
Plutonium 1960, p. 387, Cleaver-Hume Press, Ltd., London (1961).
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None of the fizzium alloys showed significant dimensional
or density changes; however, the U-10 w/o Pu alloy lengthened 33%, swelled
9% in diameter, and decreased 32% in density. It is not clear why this U-
10 w/o Pu casting behaved so badly on thermal cycling. These results
were considerably different from those obtained upon cycling uranium. 10

Tensile Properties (H. Savage)

The tensile properties of U-10 w/o Pu-10 w/o Fz alloy
were measured from room temperature to 810°C. Unalloyed uranium and
U-10 w/o Pu alloy were included in the investigation to evaluate the speci-
men preparation and the methods of testing, and to determine the effect of
plutonium additions to uranium.

The apparatus used for the measurements consisted of a
10,000-kg tensile machine which had its work table enclosed in an alpha-
active glovebox.3 A vacuum furnace contained the specimen. The pull rods
were led through bellows seals at the ends of the furnace. Clamps on the
specimen transmitted movement through linkage to a microformer exten-
someter in a cooler area of the vacuum chamber. The output of this in-
strument was amplified and plotted as extension.

Tensile test specimens were prepared from injection cast
rods, 400 mm long and 10.5 mm in diameter, as shown in Figure 4. Porosity
in the castings caused obvious premature failure in some cases, especially
when the material was brittle. Specimens were rejected if gross amounts
of porosity were present.

Figure 4. U-10 w/o Pu-10 w/o Fz Injection Casting, Top, and Machined Tensile Test Specimens, Bottom.

Macro 37889

The injection cast specimens were tested in both as-cast
and heat-treated conditions. The U-10 w/o Pu-10 w/o Fz specimens were
homogenized at 850°C for one week and quenched in 0il or air cooled. One
specimen was transformed at 500°C before testing. The uranium and U-
10 w/o Pu specimens were tested in the cast condition only, since heat
treatment does not change the tensile values.

10 Hayward, B. R., Dimensional Changes Resulting from Alpha-Beta
Thermal Cycling of Uranium and Uranium Alloys, NAA-SR-1434
(1957).




Testing conditions were maintained constant for all the
compositions. A strain rate of 1.65 mm/min was measured by the extensom-
eter and by cross-head motion. For all specimens, the gage length was
25,4 mm and the diameter was 6.35 mm. Both threaded and button-head
specimens were used. The latter proved to be more desirable, especially
in the case of the brittle specimens. A vacuum of 6 x 107 mm Hg was
maintained during the tests.

The tensile property data are summarized in Tables VIII,
IX, and X. The variation of ultimate tensile strength (U.T.S.) with temper-
ature is shown in Figure 5. The general trend in the data indicates, that
the tensile strength decreases and the elongation increases with increasing
temperature.

Table VIIT
TENSILE PROPERTIES OF INJECTION CAST URANIUM AS A FUNCTION OF TEMPERATURE

Temp U.T.S. Y.S* Reduction in Elongation in Modulus
0 (kg mm~2) (kg mm-2) Area (%) 25.4 mm (%) (103 kg mm~2)
23.0 50.1 +1% 229 1% ~1 4 £5% 2.2 £1%

202 387 1% 215 £1% 20 £ 5% 35+ 5% 232 £1%

298 218 £1% 127 1% 73 £ 5% 19 + 5% 234 £1%

503 11.8 +1% 10.1 +1% 67 + 5% 38+ 5%

550 6.05 1% 5.29+ 1% 80 £ 5% 30 £ 5% 54 +8%

550 6.02 £1% 551 £1% >90 47 £ 5% 6.19 + 8%

551 713 £1% 6.37 £1% 34 £ 5% 44 £ 5% 7.17 £ 8%

647 346 £1% 2.97 £ 1% >90 56 + 5% 4.32 £ 8%

652 259 +1% 1.98 £ 1% >90 50 + 5% 4.49 £ 8%

680 6.40 1% >90 38 £ 5% 145+ 8%

812 0.120 + 1% >70 >63

*Yield strength at 0.2% offset.
Table IX
TENSILE PROPERTIES OF INJECTION CAST U-10 w/o Pu AS A FUNCTION OF TEMPERATURE
Temp U.T.S. v.st Reduction in Elongation in Modulus
(°C) (kg mm-2) (kg mm~2) Area (%) 25.4 mm (%) (103 kg mm~2)
23.5 264 £1% <1 0.625 + 5%* 134 +1%

305 23.0 £1% <1 <1

454 163 1% 148 +1% <1 0.900* + 5% 10.9 +8%

502 133 £1% 119 +1% <1 0.725* £ 5% 9.14 £ 8%

548** 8.15+1% 7138 £1% =1 63 5% 6.47 + 8%

550 9.36 + 1% 934+ 1% <l 0.700* + 5% 10.1 +8%

589 104 1% <1 0.300* + 5% 157 8%

651 6.75 £ 1% <1 0.275* £ 5% 513+ 8%

700 582+ 1% 5.69 £ 1% <1 0.687* + 5% 0.70 £ 8%

*Fracture strain includes elastic-plastic components.

**High purity

*Yield strength at 0.2% offset.




Table X

TENSILE PROPERTIES OF INJECTION CAST U-10w/o Pu-10w/o Fz AS A FUNCTION OF TEMPERATURE

Temp U.T.S. Y.S. Reduction in Elongation in Modulus
©c) (kg mm-2) (kg mm2) Area (%) 25.4 mm (%) (103 kg mm-2) Remarks
23.0 237 £1% <1 <1 9.07 £ 1% As cast.
23.0 586 +1% <1 <1 823+ 1% Homogenized at 850°C for 1 wk.
Quenched in oil.
23.0 197 1% <l <1 148 +1% Homogenized at 850°C for 1 wk.
Quenched, 500°C 1 day.
197 218 +1% <1 <1 8.8 +8% As cast.
298 370 £1% <1l 0.5 + 5% 8.0 8% Homogenized at 850°C for 1 wk.
Gas cooled.
300 335 £1% <1 <1 6.8 +8% As cast.
421 228 1% <1 <1 75 8% As cast.
501 24 1% <1 <1 51 8% As cast.
552 132 1% <1 1.0 £ 5% 33 8% Homogenized at 850°C for 1 wk.
Gas cooled.
605 6.81 £ 1% 5.99 +1% ~20 10 £5% 41 8% Homogenized at 850°C for 1 wk.
Gas cooled.
653 422 £1% 420%1% 5+ 5% 3 5% Homogenized at 850°C for 1 wk.
Quenched, ingot top.
655 4,06 £ 1% 373+ 1% 151 5% 31 5% 13 £8% Homogenized at 850°C for 1 wk.
Quenched, ingot bottom.
656 4.63 1% 388+ 1% >80 53 5% 2.8 8% Homogenized at 850°C for 1 wk.
Gas cooled.
702 3.0711% 2.05+1% 3+5% 9 +5% 24 +8% As cast.
810 121 £ 1% >5 0.7 £8% As cast.

Figure 5. Ultimate Tensile Strength vs Temperature for Injection Cast U-Pu-Fz Alloys
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The discontinuity in the strength of uranium (associa:ed
with a decrease in ductility) in the beta-phase temperature region incicates
the strong dependence of tensile properties on the phases present. Porosity
in the uranium castings has negligible effect on tensile properties sirce
uranium is relatively ductile.



The tensile strength of the U-10 w/o Pu alloy is similar to
that of uranium at elevated temperatures. The salient difference is the
small elongation and brittleness at all the temperatures of the tests. The
room-temperature strength is only 50% of the uranium values. One high-
purity specimen was more ductile at 548°C, but the 6% elongation was still
only one-sixth that of uranium.

There is more variation in the tensile properties of the U-
10 w/o Pu-10 w/o Fz alloy because quenching retains upper-temperature
phases. At room temperature the tensile strength and the modulus depend
on the amount of retained phases. Different degrees of transformation pro-
duce values between the high and low limits. The tensile strength of quenched
specimens is higher than that of uranium for equivalent conditions, but the
modulus of elasticity and the elongation are lower. In the transformed state,
the alloy exhibits almost double the modulus and half of the tensile strength
compared with the quenched values. Extreme brittleness characterizes the
transformed state, so that reliable tensile values were not obtained due to
premature fracturing.

The elongation improves above 600°C but, as with uranium,
the strength is very low. The elongation increases to about 50% at about
650°C, but decreases at 700 and 800°C. The strength continues to drop at
higher temperatures, and a form of hot-shortness seems to cause the low
elongation.

In summary, lack of ductility characterizes the plutonium-
bearing alloys at low temperature, and low strength with modest ductility
characterizes these alloys in the gamma-phase region. In the 600°C temper-
ature region the U-10 w/o Pu-10 w/o Fz alloy exhibits high ductility com-
pared with that of the U-10 w/o Pu, for reasons not understood. At low
temperatures, the alloys are all reasonably strong, but notch sensitive,

Brittleness (E. R. Gilbert)

The brittleness of U-Pu-Fz alloy castings influences meth-
ods of handling during fabrication and is related to the mechanical stability
of the fuel under thermal shock and stresses in an operating reactor. The
effect of heat treatment on the brittleness of U-10 w/o Pu, U-10 w/o Pu-

10 w/o Fz and U-20 w/o Pu-10 w/o Fz through impact, bend, and hardness
tests have been studied. Elastic modulus data were derived from the bend
tests,

The alloys studied were induction melted in yttria-coated
graphite crucibles under 2 x 107® mm Hg vacuum and injection cast into
Vycor molds coated with yttria. Specimens were machined to 0.794-cm
(5/16-in.)-diameter by 4.45-cm (1-3/4-in.)-long rods. For heat treating,
specimens were wrapped in tantalum foil and encapsulated in Vycor tubes
at a pressure of 2 x 107® mm Hg.
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The large tensile stresses are near the surface of the fuel pin and were
calculated for a 0.366-cm-diameter fuel pin by use of values for the terms

of Egs. 1, 2, and 3 given in Table XIII.
were then converted into an effective stress o,

o =

and is tabulated in column five of Table XIV.

Allon-or + (orm 08 +(0y-0,7] "

which is given by

The stresses in the three dir¢ ctions
12

(4)

Table XTIL
VALUES OF FUEL PROPERTIES USED IN CALCULATION OF THERMAL STRESSES
Temp Coef of Linear Elastic . Poisson's T
Alloy Range Thermal Expansion Modulus ‘";f;";'cgﬂnggﬁ"y Ratio
(c) a(10-6 0c-1) E(10° psi) v B
U-10w/o Pu-10w/o Fz 300-450 16* 9 0.232) 0.38°
400-550 17 8 0.2512) 0.39
450-600 19 7 0.262) 0.40¢
550-700 2 7 0.2912) 0.42¢
U-10w/o Pu 300-450 18 14 0.21° 0.30°
550-700 ue 1 0.23 0.3
Uranium 300-450 2(13) 22114) 0.32(15) 0.25(14)
550-700 28(13) 19(14) 0.39(15) 0.3014)
* Estimated
Table X
CALCULATED EFFECTIVE SURFACE STRESS AND FUEL PIN CREEP BEHAVIOR
Effective Time for 1% Time for 1% Time for ¢ rain for
Allo S;J;:“ace Volpuonv:gro?eFru ol AT@ Surface Strain at Strain with Stress to ¢ ress to
Y (OC)p W em-3) ©c) Stress Effective Decreasing Decrease to D :rease to
{kg mm=2) Stress thr) Stress (hr) Zero (hr) 2ro (%)
U-10w/o Pu-10w/o Fz 300 1375 50 4.0 5600(0) - - -
as Injection Cast 300 4000 145 11.9 21b) - - -
300 4125 150 12.2 15() - - -
410 1495 50 3.94 238 (@] 19 0.267
410 4000 134 105 49 ) 23 0.713
410 4485 150 1.7 29 ) 23 0.799
250 1555 50 3.87 3200 c) 1302 0.233
250 4000 129 9.98 86 c) 731 0.602
450 4664 150 1.7 3 c) 573 0.703
550 1735 50 443 35 c) 3340 0.43
550 4000 115 10.3 2.9x103 3350 3350 1.00
550 5205 150 131 9.3x10°5 106 3350 128
U-10w/o Pu as
Injection Cast 300 1615 50 6.33 55 - - -
300 4000 124 157 1.2 - - -
) 300 4845 150 19.1 1.5x 1071 - - -
550 1975 50 6.47 43x10°2 - - -
550 4000 101 13.1 3.2x1073 - - -
550 5925 150 19.4 7.2x 1074 - - -
Uranium 300 1915 50 10.8 278 - - -
Beta Quenched 300 4000 104 22.6 1.1 - - -
300 5745 150 2.4 23 - - -
550 2330 50 13.4 6.2x10°3 - - -
550 4000 85 2.9 6.9x10°4 - - -
550 6990 150 40.0 6.4 x10° - - -

{@)AT is the difference between the center and surface temperatures.

{b) Estimated from tensile tests.

() stress decreases to zero before strain reaches %

12

Dorn, J. E., Jelinek, J. J., Latter, A. J., and Thomsen, E. G., Plastic Flow in Metals, Researc 1 Report
OPRD No. W-200 (May 1954).
Foote, F. G., "Physical Metallurgy of Uranium," Progress in Nuclear Energy, i(V), 109, Pe) 3amon
Press, London and New York (1956).
14Re.actor Handbook, Materials, 1, 2nd Ed., Interscience Publishers, London and New York, 12} (1960).

15Zegler, S. T., and Nevitt, M. V., Structures and Properties of Uranium-Fissium Alloys, ANI -6116

(1961).
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The calculated thermal stresses for uranium, U-10 w/o Pu,
and U-10 w/o Pu-10 w/o Fz are below the yield strength, so that plastic de-
formation takes place by creep. U-10 W/O Pu and U-10 w/o Pu-10 w/o Fz
are brittle below 550°C with total creep elongations of 1 to 3%. If the amount
of creep in the fuel pin reaches the fracture strain, cracks would be expected
to form. The calculation which is perhaps most appropriate for this situation
is the time for 1% strain and the maximum amount of creep which can occur.

Creep tests are conducted with constant load or stress. The
stress in the fuel pin continuously decreases as it deforms. Conventional
stress-relaxation measurements involve decreasing stress as strain re-
mains constant. Neither conventional creep measurements nor conventional
stress-relaxation measurements seem to apply directly to the case of the
fuel pin in which stresses decrease as the fuel pin deforms. To overcome
these difficulties, creep measurements were made under both constant stress
and under decreasing stress while the specimen was permitted to deform.

With this information the time for 1% deformation was cal-
culated for several temperatures and temperature gradients. The time for
the stress to decrease to zero and the corresponding strain were also cal-
culated. The power of 4000 W/cm3 of fuel corresponds to an EBR-II operat-
ing level. 16 The results of these calculations are given in Table XIV. For
comparison, the time for 1% deformation is also given for the case in which
the stress in the fuel pin does not decrease, but remains the same as the
initial calculated stress.

The results of the calculations show thatthethermal stresses
decrease to zero and creep stops before the fracture strain is reached.

b. Compatibility of Uranium-5 w/o Fissium with Type 304
Stainless Steel (C. M. Walter)

A study of the interdiffusion of the EBR-II, Core-I fuel,
U-5 w/o Fs with its clad material, Type 304 stainless steel, was completed
in 1963. Most of the results were reported last yea.r.17

Electron microprobe analysis was performed with two dif-
fusion couples (35 days at 550 and 650°C) to determine if there is significant
penetration beyond that revealed by metallographic examination. None was
found.

The results of this study indicate a total diffusion band width
of 6.4 x 1072 cm for 90 days at 550°C of EBR-II operation. Of this, only about
5%, or 3 x 10°* cm, is into the 2.3 x 10”%-cm clad. As the temperature in-
creases, the diffusion band widens rapidly, more than doubling with each 50°C
temperature increment until at 700°C it becomes 8.6 x 10™2 cm in 90 days.

16 Koch, L. J., et al,, Summary Report on the Hazards of the EBR-II,
ANL-5719, pp. 6, 8 (May 1957).
17 Annual Report for 1962, Metallurgy Division, ANL-6677, p. 14.
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c. Dip Studies of the Penetration Rate of Clad Material: by
Molten Fuel (C. M. Walter and L. R. Kelman)

A study of the rate of penetration of molten plutoniur .-
containing metal fuels through prospective jacket materials is in projress
in the gloveboxed equipment that has been previously described.18 FEesults
of earlier studies of the penetration rate of molten U-5 w/o Fs alloy, urani-
um, and U-36 a/o Fe eutectic through stainless steel and iron have b:en
reported,lg’20 Further data have been obtained to aid in the interpr..tation
of some unexpected, but reproducible, changes in penetration rate wi'h tem-
perature that were found in these systems. The old and new data are sum-
marized in Table XV and Figure 6.

Table XY

PENETRATION OF ARMCO IRON BY MOLTEN URANIUM, URANIUM-36 a/o Fe EUTECTIC, AND U-77 a/o Fe EUTECTIC

M:{‘:rl:a]: Uranium Uranium-36 a/o Iron Uranium-77 a/o Iron
Wall
Thickness 380 760 380 760 380 7t
(M):
Temp Time Rate Time Rate Time Rate Time Rate Time Rate Time Rate
(°C) (sec) (u/sec) (sec) (u/sec) (sec) (u/sec) (sec) (u/sec) (sec) (ufsec) {sec) (u/sec)
40 176,400 43x1073
850 2,340 3.2x 1071
950 600 13
1050 84 45 216 3.6
1070 198 3.8
1085 0.6 630 1.4 540
1100 199 38
1115 0.67 1100
1138 0.9 850
1150 0.5 760 1.0 760 11 690 53.0 1.2 138 5.5
1169 1.0 690 '
1187 15 530 1.55 490
1206 44 170
1229 3.1 120 5.7 130 37 210
1244 5.2 150 5.95 130 134 5.7
1300 3.7 210 17 220 44 170 22.7 17 53.5 14

Figure 6. Penetration Rates of Armco Iron by Uranium and U-Fe Eutectics
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18 Annual Report for 1961, Metallurgy Division, ANL-6516, p. 21.

19 Walter, C. M., and Kelman, L. R., Penetration Rate Studies of Stainless Steel by Molten Ur .nium
and Uranium-Fissium Alloy, J. Nuc. Matls, 6 281-290 (1962).

20 Annual Report for 1962, Metallurgy Division, ANL-661717, pp. 16-17.
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For all tests below 1080°C and above 1235°C the penetration
rate increased with increasing temperature; however, at and just above
1080°C, penetration was extremely rapid. At higher temperatures, up to
1235°C, the rate of penetration decreased with increasing temperature.

Figure 7a shows the microstructure of the U-36 a/o Fe
eutectic reaction with iron at 1070°C. It is typical of microstructures of all
tests below 1080°C, showing a thin continuous layer of UFe, compound on the
iron surface backed up by particles of UFe; in U-36 a/o Fe eutectic.

The very rapid increase in penetration at about 1080°C is
attributed to the formation of molten U-77 a/o Fe eutectic which results
from the reaction of UFe, compound with iron at that temperature.

Figure 7b shows the microstructure of the U-36 a/o Fe
eutectic reaction with iron at 1150°C. It is typical of microstructures of
tests of molten uranium and of U-36 a/o Fe eutectic above 1080°C, showing
a layer of U-77 a/o Fe eutectic backed up by UFe; compound. Further
attention is being given to the kinetics of the reactions where the penetration
rate decreases with increasing temperature.

The importance of the formation of UFe, in this process
was verified by a series of tests of molten U-77 a/o Fe eutectic alloy against
iron. As was expected for this system, which contains no compounds, the
penetration rate of iron by the U-77 a/o Fe eutectic increased smoothly and
continuously with increasing temperature. Figure 7c shows the microstruc-
ture of the U-77 a/o Fe eutectic reaction with iron at 1150°C. Note that the
structure consists only of the U-77 a/o Fe eutectic adjacent to iron with no
excess compound. At 1100°C the rate was 3.8 ,u/sec, and 14 ,u/sec at 1300°C.
Note that the penetration rate of the U-36 a/o Fe eutectic is 3.8 ,u/sec at
1070°C, just below the temperature at which the rate increases very rapidly.
In spite of the difference in composition, the two eutectics are not much dif-
ferent in their aggressiveness toward iron as long as the above-described
complications do not enter the picture.

Penetration behavior similar to that described above would
be expected in any binary system whereinanintermetallic compound of higher
melting temperature than the lower-melting element forms an eutectic with
the other element. The refractory metals now under consideration as jacket
materials do not form such systems with uranium or plutonium. Some other
systems which may show this behavior and which will be checked if time
permits are U-Ni, U-Mn, Pu-Fe, Fe-Nb, Cu~-Mg, Sn-U, and Sn-Zr.
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Figure 7. Microstructures Showing Products of the Reaction of Molten U-36 a/o Fe and U-17 a/o Fe
Eutectics with Iron below and above 1080°C

UFeg + U-36 a/o Fe Eutectic

Iron

Micro 37429 150X

a. U-36 a/o Fe Eutectic-Iron Reaction at 1070°C.

UFeg

U-1717 a/o Fe Eutectic

PR o b . Iron

Micro 37428 150X

b. U-36 a/o Fe Eutectic-Iron Reaction at 1150°C.

U-77 a/o Fe Eutectic

Iron

Micro 37432 150X

c. U-77 a/o Fe Eutectic-Iron Reaction at 1150°G.
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d. TREAT Study of the Penetration Rate of Stainless Steel by
Molten Uranium and Uranium-5 w/o Fissium (C. M. Walter
and L. R. Kelman)

A study of the penetration rate of molten uranium and U-
5 w/o Fs through Type 304 stainless steel has been extended by performing
a series of experiments in the TREAT reactor. These experiments were
made to more closely duplicate reactor conditions, namely, actual fuel
element geometry, heat generation within the fuel itself, a sodium bond
between fuel and cladding, and the presence of an oxide film on the surface
of the fuel pins.

An experimental capsule (see Figure 8) containing two fuel
elements, one bonded with sodium and one unbonded, was placed in the re-
actor. TREAT was given a predetermined power pulse such that the fuel
element came to the desired temperature above the melting point of the
fuel. The molten fuel then penetrated the clad and contacted a metal sheath
around the fuel element. This produced an electrical signal which was the
indication of failure time. The starting time was taken as the time at which
the fuel became molten and was determined from the temperature trace. A
typical temperature trace with the reactor power curve superimposed is
shown in Figure 9. The difference between these two times is the penetra-
tion time.

The test results for the bonded uranium and U-5 w/o Fs
fuel elements are summarized in Table XVI. The data are arranged in the
order of increasing severity of the transients, because of the uncertainty of
the temperature measurements. The data obtained from the unbonded ele-
ments were very erratic.

Figure 8, TREAT Test Assembly
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Figure 9. Typical Test Run Showing Temperature and Reactor Power on the
Same Time Base (Transient #528 U-5 w/o Fs)
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Table XVI

FAILURE OF 0.23-mm-WALL, TYPE 304 STAINLESS STEEL
CLADDING IN BONDED ELEMENTS

Uranium-5 w/o Fissium Fuel Uranium Fuel

Recorded | Failure | Penetration Koy (0) Recorded | Failure | Penet ‘ation
%) Temp Time Rate e(:;) Temp Time R: te
b (°C) (sec) | (u/sec) b (°c) (sec) | (u/: ec)

1.77 1100 1.7 140 1.57 1025 1.2 140
1.79 1150 0.8 290 1.57 1130 1.1 20
1.86 1200 1.2 190 1.61 1075 1.0 2.0
1.95 1150 0.7 330 1.61 1050 0.9 2: 0
2.07 * <0.1 >2000 1.65 1150 0.8 2' 0
2.13 * <0.1 >2000 1.74 1150 0.9 20

* Ruptured during rapid heating. Maximum recorded temperature at the
time of failure was about 1150°C.

A comparison of the results from TREAT and the re¢ sults
of laboratory dip experiments19 performed previously indicate that here
is excellent agreement at 1150°C. The penetration rate of molten ur inium
and U-5 w/o Fs through 304 stainless steel in TREAT was about 25C p/sec
and in the laboratory furnace experiments was about 300 to 350 ,LL/S( c. In
the U-5 w/o Fs fuel samples, the penetration rate appears to decrease about
50°C above and 50°C below 1150°C (penetration time increases), which is the
same phenomenon observed in the laboratory experiments.



The excellent correlation between these two very different
types of experiments makes it possible to use the relatively simple dip test
to survey several combinations of materials and TREAT to test the most
promising of them.

e. Compatibility of Jacket Materials with Uranium-Plutonium-
Fizzium (C. M. Walter)

This program began as a preliminary determination of
compatibility of U-20 w/o Pu-10 W/O Fs with several refractory metals and
alloys in the temperature range from 550 to 800°C. Tentative results of
this study, which were of a preliminary nature and were primarily intended
for weeding out potential cladding materials for a projected 90-day operation
in EBR-II, were reported previously.21 No attempt was made to determine
direction of penetration.

The study has developed into a more general approach as
part of a continued program to develop metal fuels for future fast reactors.
The fuel-clad combinations now being studied are U-10 w/o Pu and U-

20 w/o Pu-10 w/o Fz with niobium and U-10 w/o Pu-10 w/o Fz with niobium,
Nb-1 w/o Zr, molybdenum, vanadium, V-10 w/o Ti, V-20 w/o Ti, 304 stain-
less steel, and Hastelloy-X. These combinations are being studied by anneal-
ing diffusion couples in the temperature range from 550to 650°C for 7, 17,
and 42 days. Metallographic examination and electron microprobe analysis
of the diffusion bands are being used to determine the extent of interdiffusion.

Preliminary results on several of these combinations are
summarized in Table XVII, The niobium versus U-10 w/o Pu-10 w/o Fz

Table XVIT
COMPATIBILITY OF U-Pu-Fz ALLOYS WITH POTENTIAL CLAD MATER1ALS
Material Temp Interdiffusion Band Width () Time (days) Direction
wio) ©c) 7 17 42
Nb 550 3 5 6 Total band width.
VS 600 7 10 16 Almost 100% into
U-10 Pu-10 Fz 650 15 30 80 the clad.
Nb-1 Zr 550 3 6 8 Total band width.
Vs 600 6 10 16 Almost 100% into
U-10 Pu-10 Fz 650 13 29 76 the clad.
Nb 550 6 9 13 Total band width.
vs 600 12 20 37 Almost 100% into
U-20 Pu-10 Fz 650 25 7% 170 the clad.
Nb 550 nil nil nil No evidence for
Vs 600 nil nil nil penetration.
U-10 Pu 650 nil nil nil
304 SS 550 2 3 5 Penetration into the clad.
'S 600 5 7 10 Also evidence for major
U-10 Pu-10 Fz 650 1 16 22 diffusion into the fuel.
Hasteloy-X 550 - - - Penetration into the clad.
Vs 600 - 10 18 Also evidence for major
U-10 Pu-10 Fz 650 - - 39 diffusion into the fuel.
Mo 550 3 6 - Total band width.
Vs 600 6 9 13 Penetration mostly
U-10 Pu-10 Fz 650 - 17 25 into the fuel.
v 550 - 4 6 Total band width.
vs 600 - 6 9 Penetration mostly
U-10 Pu-10 Fz 650 - - - into the fuel.

21 Annual Report for 1960, Metallurgy Division, ANL-6330, pp. 15-19.
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and Nb-1 w/o Zr versus U-10 w/o Pu-10 w/o Fz showed almost iden:ical
band widths, Niobium versus U-20 w/o Pu-10 w/o Fz showed an inte rdif-
fusion band width of about twice that
Figure 10. Penetration Time vs Total Band Width of niobium versus U-10 W/O Fa-

of Nb/U-Pu-Fz Couples 10 w/o Fz for all temperatures tested
(see Figure 10). The penetration was
almost 100% into the cladding lor all
three combinations. No evide ice was
found for interdiffusion in niol ium
versus U-10 w/o Pu.

T 17117

For equivalent times and tem-
peratures the U-10 w/o Pu-1( w/o Fz
oot adon alloy penetrated Hastelloy-X i bout
1-1/2 to 2 times as deep as it pene-
trated 304 stainless steel. Exidence

s i Lyl L was found for major diffusion into the
10-4 10-3 10-2 fuel in both these combinations, but
PENETRATION, e the etches tried to date have 1ot de-
lineated this zone, so no valu¢s are
given for diffusion into the fu¢l. Mo-
lybdenum versus U-10 w/o Pu-10 w/o Fz showed a relatively narroivs inter-
diffusion band, with the majority into the fuel.

TIME, sec
o
1
[

O U-10 w/o Pu-10 w/o Fz vs Nb
A U-20 w/o Pu-10 w/o Fz vs Nb

The results for vanadium versus U-10 w/o Pu-10 w /o Fz
also showed a relatively narrow diffusion band with penetration alm« st all
into the fuel. The high oxygen content of the vanadium (1300 ppm) a; d the
appearance of the diffusion band suggest that the fuel is gettering oxrgen
from the clad to form an oxide which inhibits further diffusion. Samr ples
of vanadium containing lower amounts of oxygen are being used to ir vestigate
this possibility.

Work is proceeding to fill in the gaps in Table XVII and to
clarify the questions which have arisen from this study. We are als> in the
process of running U-10 w/o Pu-10 w/o Fz with V-10 w/o Ti and V- 20 w/o Ti
alloys.

f. Compatibility of Plutonium-1.25 w/o Aluminum witl
Zircaloy (C. M. Walter)

The study of the compatibility of Pu-1.25 W/o Al fucl with
Zircaloy-2 clad for EBR-I, Core IV was completed in 1963. Prelinrinary
results were reported last yea.rz'2 for diffusion couples annealed at 500, 550,
and 600°C for 7, 17, and 42 days and at 650°C for 42 days. Metallog raphic
examination did not reveal any interdiffusion but did indicate that bcnding
occurred between the fuel and clad materials. The plutonium-zircoiium

22 Annual Report for 1962, Metallurgy Division, ANL-6677, p. 6 -.
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phase diagram shows that delta-plutonium (the stable phase in Pu-

1.25 w/o Al alloy in the temperature range from 500 to 650°C) has an ex-
tensive solubility for zirconium, and vice versa. Neither metallographic
nor microhardness studies revealed evidence of solid solubility.

Electron microprobe analysis (work done at Mound Labora-
tory in Miamisburg, Ohio) proved to be a very useful tool in the study of
this solid solution penetration. The couple annealed at 600°C for 42 days
which represented a condition far more severe than reactor conditions (the
projected operation temperature of Core IV is 500°C), was selected for in-
vestigation. Also, the relatively high annealing temperature and long anneal-
ing time should assure a good bond and deep enough interpenetration to pro-
duce reasonable experimental resolution.

The plot in Figure 11 shows that some penetration of plu-
tonium into Zircaloy-2 occurred but that very little diffusion took place in
the opposite direction. The total

Figure 11. Pu-La and Zr-Lo X-ray Intensity vs penetration into the clad was about 9 L.
Distance Across a Pu-1.25 w/o Al vs
Zr-2 Diffusion Couple Annealed at The diffusion couple tested
6000C for 42 Days represents the condition in the re-
actor which would promote maximum
ool Pu z oo penetration at 600°C for 42 days. Con-

siderably less penetration for equiva-
lent time at the lower operating
temperature of Core IV fuel elements
would be expected. From a compati-
bility standpoint, Zircaloy-2 is, there-
fore, a very adequate jacket material
for Pu-1.25 w/o Al
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Currently there is con-

siderable interest in a plutonium fuel
for zero-power fast critical experiments. A fuel alloy having a U?®® to
Pu?* atom ratio of 2:1 with as little dilution as possible from other elements
is preferred from physics considerations. Unfortunately, binary uranium-
plutonium alloys of this composition are pyrophoric and extremely brittle.
The influence of small amounts of alloying additions on pertinent properties,
especially pyrophoricity and workability, of U-30 a/o Pu alloys are of
interest.

With the same goal in mind, the French have been studying
the influence of small iron additions on the properties of U-25 w/o Pu alloy.23
23Za1eski, C P., private communication.
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A patent by Schonfeld and Coffinberry of LASIL.24 suggested the poten ial of
this alloy. The French have found that 1 and 1.5 w/o iron additions jreatly
improve the resistance of the U-25 w/o Pu alloy to air oxidation whe reas
0.5 w/o iron does not.

The effects of several alloying elements (including al' minum,
carbon, copper, iron, molybdenum, and zirconium) on the pyrophoric tend-
encies of U-30 a./o Pu alloy are being studied. These elements were chosen
mainly on the basis of their beneficial effect on resistance of uraniura and/
or plutonium to air corrosion. Specimens for ignition studies by G. ! chniz-
lein of ANL Chemical Engineering Division were prepared by tilt potr chill
casting ternary alloys containing 6 a/o (about equivalent to 1.5 w/o Fe) of
the above elements with 67 a/o U-27 a/o Pu. The specimens were n achined
into right cylinders, 6 mm in diameter and 6 mm long, with a thermc couple
hole drilled in one end. The ignition tests were made in dry air and .n air
saturated with moisture by the burning-curve method.% The iron ard the
molybdenum alloys were found to have high ignition temperatures, w iereas
the ignition temperatures of the aluminum and copper alloys were nc: much
different than the 157°C ignition temperature (in dry air) reported fo * the
binary U-30 a/o Pu alloy.26 The carbon and zirconium alloys showe i self-
heating at relatively low temperatures, which makes results obtainec with
them questionable.26

The air-oxidation resistance of specimens similar t> those
used for the ignition study are under investigation. Results of one-n.onth
exposure to flowing room air at 15 cfm, 24°C, and 25 to 56% relative humidity
are summarized in Table XVIII.

Table XV
EFFECT OF ROOM AIR CORROSION ON URANIUM AND URAN|UM-PLUTONIUM-BASE ALLOYS
Alloy Original Weight Weight after 1 Month
@alo) qm) gm) Remarks

Uranium 3.20 3.20 No change in weight. Slightly tarnished.

U-30 Pu 6.85 7.50 Began gaining weight on 2nd day. Com-
pletely disintegrated by 6th day.*

U-27 Pu-6 Al 6.87 1.78 Began gaining weight on 2nd day. Com-
pletely disintegrated by 6th day.*

U-27 Pu-6 C 323 3.62 No gain in weight first 5 days. Gained
0.03 gm 6th day. Completely disintegrated
by 6th day.*

U-27 Pu-6 Cu 4.45 479 Did not begin gaining weight until 7th day.
Although showed some signs of swelling and
initial disintegration on 6th day. Completely
disintegrated on 21st day.«

U-27 Pu-6 Fe 2.95 2.95 No change in weight. Slightly tarnished.

U-27 Pu-6 Mo 349 3.49 No change in weight. Slightly tarnished.

U-27 Pu-6 Zr 3.75 3.75 No change in weight. Slightly tarnished.

U-20 Pu-10 Fz** 0.10 0.10 No change in weight. Slightly tarnished.

* Still gaining weight after 30 days.
**U-20 Pu-10Fz inw/o.

24 8Schonfeld, F. W., and Coffinberry, A. S., Plutonium-Uranium Alloy, U. S. Patent No. 2,90¢ ,362
(Sept 1, 1959).

25Chemical Engineering Division Summary Report, April-June 1961, ANL-6379, p. 192.

26 Schnizlein, J. G., Jr., private communication.
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Specimens of U, U-30 a/o Pu, and U-20 w/o Pu-10 w/o Fz
are also being tested for comparison. The condition of the specimens after
21 days is shown in Figure 12. Since this is a weeding-out test, only rough
weights are being followed. The U-30 a/o Pu alloy was completely disinte-
grated to a powder in 6 days. The aluminum and carbon alloys behaved in
about the same manner. The copper alloy started to powder in 6 days and
was completely powdered in 21 days. The iron, molybdenum, and zirconium
alloys (as well as the U and U-20 w/o Pu-10 w/o Fz) were slightly tarnished
but showed no appreciable weight change after 30 days.

Figure 12. Pyrophoricity Samples after 21 Days in Air

Macro 37668
Top Row: U-27 a/o Pu-6 a/o Al, U-27 a/o Pu-6 a/o Fe, U-27 a/o Pu-6 a/o Zr, U-27 a/o Pu-6 a/o Cu.

Extreme

Right: Uranium,

Bottom

Row: U-217 a/o Pu-6 a/o Mo, U-27 a/o Pu-6 a/o C, U-30 a/o Pu, U-20 w/o Pu-10 w/o Fz,

Metallographic examination of the chill-cast U-27 a/o Pu-
6 a./o Fe alloy has shown it to be an extremely fine-grained two-phase
structure. A much heavier rod of this alloy was also prepared by injection
casting to obtain tensile specimens. This was found to be extremely coarse
grained and showed localized corrosion even in our nitrogen glovebox atmos-
phere containing a few hundred ppm water and oxygen. The phases in these
alloys are being determined by metallography, X-ray diffraction, and elec-
tron microprobe analysis.

Further work is in progress to determine the dependence
of pyrophoric tendency on microstructure. Also, the fabricability of promis-
ing alloys is being studied.
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2., Corrosion of Refractory Metals Alloys in Sodium (H. A.  .evin,
S. Greenberg)

The design and construction of specialized equipment to - tudy
the corrosion behavior of refractory metal and alloys in sodium contiining
controlled amounts of oxygen and carbon are in progress. Pending c>»m-
pletion of this equipment, a Reactor Engineering Division sodium loo> cap-
able of operation at 650°C has been reactivated. This is serving as :
screening facility for commercial and developmental alloys and for <combi-
nations of potential interest.

In addition, evaluation of vanadium-base alloys exposed ty Re-
actor Engineering Division personnel to low-oxygen sodium has beer

completed.27

a. Vanadium-base Alloys in Low-oxygen Sodium

Vanadium alloys (fabricated at Armour Research Fcuandation)
were exposed to flowing (61 cm/sec [2 ft/sec]) sodium at 650°C for 2 . days.
Oxygen concentration was controlled by use of natural uranium as a jetter.
The reported Na,O concentration was 1-5 ppm. This concentration v as
measured semiquantitatively by means of tantalum tabs (hardness m :asure-
ments) and by visual inspection of the uranium getter material (i.e., there
was no tarnishing of the uranium). The results of oxygen analyses ad
hardness measurements are summarized in Table XIX.

Table XIX.
EFFECT OF LOW-OXYGEN SODIUM ON VANADIUM-BASE ALLOYS (650°C) FOR 21 DAYS

Hardness, DPH - 100-g Load

||

i (@
Alloy Weight Gain Oxygen Concentration (ppm)

wio) (mg/cm2)

Edge Center

As Received Tested
As Received | Tested | Annealed(® As Received | Tested Ann

-
@
t=%

V-10Ti-3 Nb 0.21 665 1400 240 650 200 240 190 2
V-10Ti-3 Ta 0.24 570 1800 240 450 200 240 19 2
V-5Ti-20 Nb 0.05 530 1200 275 680 245 215 235 2

—

@ gylk sample concentration. Average of two analyses.
) Annealed in vacuum at 8500 for 23 hr.

Each of the three alloys V-10w/o Ti-3w/o Nb, V-10+//0 Ti-
3 w/o Ta, and V-50 w/o Ti-20 W/o Nb showed a distinct surface layer ap-
proximately 10p in thickness. Adjacent to this was a darkly etched layer,
approximately 40 u in thickness (bulk of the sample), containing a second
phase. This is illustrated for the case (typical) of the V-5 w/o Ti-20 w/o Nb
alloy in Figure 13. The untested materials exhibited homogeneous s:ructures
(similar to the central portions of the exposed samples).

27 Annual Report for 1962, Metallurgy Division, ANL-6672, pp. 27-31.
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Figure 13. V-5 w/o Ti-20 w/o Nb Exposed to Flowing Low-oxygen Sodium at 650°C for 21 Days

Surface Film

Surface Exposed
to Sodium

Micro 38101 Etchant - 40% HNOg, 20% HF 640X

An electron diffraction study of the exposed V-5 w/o Ti-
20 w/b Nb sample was unsuccessful in determining the identity of the sur-
face layer. X-ray powder patterns of this surface layer material showed
two sets of diffraction lines. One set corresponded to the base material
(V-5 w/o Ti-20 w/o Nb). The other could not be indexed on the basis of
any of the simple oxides of the alloy constituents.

Microhardness measurements showed the edge hardnesses
of the exposed specimens to be much greater than the center hardness. This
is attributed to oxygen pickup. Inasmuch as the oxygen data in Table XIX
represents the average oxygen concentration for an entire sample, it is
reasonable to suppose, based on the hardness data, that the oxygen concen-
tration at the sample surfaces was considerably higher than the average
values reported.

The hardness data in Table XIX indicate that some stress
relief occurred at the test temperature. No mechanical-property tests

were performed with the exposed samples because of lack of material.

b. Screening Tests in High-oxygen Sodium

The Reactor Engineering Division loop operates at 650°C.
A sodium flow of 15 cm/sec (0.5 ft/sec) is maintained past samples sus-
pended in a stainless steel wire basket. Zirconium turnings in the same
basket were used to control the oxygen level which, for different runs,
ranged between 100 and 200 ppm.
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This relatively high oxygen content imposes more s :vere
conditions than are likely to be encountered in any real reactor syst:m.
(For example, it is planned to maintain EBR-II oxygen concentratior at
about 40 ppm with cold-trap operation at about 150°C.) However, te: ts under
conditions of relatively high oxygen concentration are useful for at 1:ast two
reasons,

First, during the expected lifetime of a core loading (i.e.,
1-2 years) it does not appear unreasonable to expect at least severa days
of operation at oxygen levels higher than specified. Short-time test: in a
high-oxygen environment will thus give an indication of the effects o acci-
dental contamination.

Second, in conjunction with the planned studies in scdium of
much lower oxygen concentration, the results of these tests may hel> lead
to an understanding of the mechanism of corrosive attack in oxygen-
containing sodium.

Another variable of potential importance is that of surface-
to-volume ratio. With respect to refractory metals considered for "ise as
fuel-cladding material, this ratio is twenty times as great in the tes: loop
as it will be in EBR-II. The actual importance of this variable depeids on
the method of reactor operation and will be considered for the case >f two
extremes.

If the reactor is considered to be a closed system with a
limited amount of available oxygen, the extent of oxidation (or other ixygen-
sensitive corrosion reaction) will obviouslydecrease withincreasing surface-
to-volume ratio for any initial oxygen concentration. For such a ca e the
environment of the EBR-II is more severe than that of the test loop. If, on
the other hand, in-leakage and other factors produce a constant oxyg en con-
centration during operation (i.e., an equilibrium exists between oxygen sup-
ply and oxygen removal by cold traps, getters, etc.), the surface-to- volume
ratio is of no consequence. This is the condition which has existed n the
test loop and the condition, it is believed, which will exist in a reactor.

The behaviors of a group of cold-rolled niobium-ba ;e alloys
were tested in this loop. The results, summarized in Table XX, indicate
that all samples had high rates of metal loss. In addition, the Nb-1 av/o Zr,
Nb-5 w/o Zr, Nb-5 W/O Mo, and Nb-2.37 w/o Cr samples were severely
split apart at the edges (see Figure 14).

Microhardness measurements taken across the trai sverse
sections of the samples showed varying profiles, ranging from a cor stant
hardness increase in the case of the Nb-1 w/o Zr and Nb-5 w/o Mo samples
(about 30 DPH units) to very steep hardness gradients at the surfacc (in a
200-300 u-thick layer) for the Nb-39 w/o V-1 w/o Ti samples. The Nb-
2.37 w/o Cr sample showed a shallow hardness gradient from edge o center:



the edge was 50 DPH harder than the center. It is obvious that none of these

materials are suitable for service under the conditions of the test.

Table XX

BEHAVIOR OF COLD-ROLLED N10BIUM-BASE ALLOYS IN HIGH-OXYGEN SODIUM: 650°C AND 15-cm/sec FLOW RATE

Alloy Exposure Time O;{Q;O'Lii%'c Rate of ngght Loss Equivalent iets] 55 Ratel®]
fwio) (days) (ppm) mg/ cm2/ mo)@) (cm/mo x 103) (mils/mo)
Nb-39 V-1 Ti 7.0 200(c) 935 125 4.92
Nb-39 V-1 Ti 7.0 200(c) 58.8 7.85 3.08
Nb-1 Zr 7.0 200(c) 364
Nb-5 Zr 7.0 200c) 220
Nb-1 Zr 137 140 13%
Nb-5 Zr 137 140 81.6
Nb-5 Mo 137 140 62.9
Nb-39 V-1 Ti 137 140 50.0 6.66 2.62
Nb-5 Mo 12.8 100-125d) 26.7
Nb-2.37 Cr 12.8 100-125(d) 128
Nb-39 V-1 Ti 12.8 100-125(d) a1.4 5.52 2.18

(@) Cleaned of sodium with alcohol and water. Nonadherent oxide removed with soft brush.

(b) Calculated for those samples which maintained reasonable integrity. Any remaining oxide film assumed negligible.
(€ Estimated. Analytical facility not in operation.

(d) Estimated. Analytical value of 350 ppm known to be in error.

Figure 14. Niobium-base Alloys Exposed to Flowing High-oxygen Sodium at 650°C

Micro 38098 Nb-1 w/o Zr - 140 ppm Oxygen - 13.7 Days 8.5X

Micro 38100 Nb-5 w/o Mo - 100-125 ppm Oxygen - 12.8 Days 70X
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The effect of metallurgical condition on a group of niobium-
and vanadium-base alloys is summarized in Table XXI.

Table XL
BEHAVIOR OF NIOBIUM- AND VANADIUM-BASE ALLOYS IN HIGH-OXYGEN SODIUM: 650°C AND 15-cm/sec FLOW RATE

Alloy Exposiire Yime O;{gseondi(;?c Rate of ngght L(oss Equivalent Metal Loss Rate(b)

twlol {days] ppm) (mg/cm2/mo)a) fcm /mo x 103 (mils/ mo)
Nb-5 Mo (SR)€) 7.0 120 55.6
Nb-5 Mo (Rx)(! 7.0 120 43.4
Nb-10 Ti-5 Zr (SR} 7.0 120 17.1
Nb-10 Ti-5 Zr (Rx) 7.0 120 80.7
Nb-18 Ti-4 V (SR) 7.0 120 50.6
Nb-18 Ti-4 V (Rx) 7.0 120 66.0
Nb-10 W-2.5 Zr (SR) 7.0 120 131
Nb-10 W-2.5 Zr (Rx) 7.0 120 8.6
Nb-3 Mo-9 Ti (SR) 7.0 120 728
Nb-3 Mo-9 Ti (Rx) 7.0 120 63.7
V-10Ti (SR) 9.0 195 3.23 0.92 0.3
V-10 Ti (Rx) 9.0 195 276 0.76 0.29
V-20Ti (SR) 9.0 195 3.33 0.72 0.29
V-20 Ti (Rx) 9.0 195 372 0.83 0.32
Nb (SR) 9.0 195 416 4.9 1.95
Nb (Rx) 9.0 195 52.8 6.55 2.58

(@) Cleaned of sodium with alcohol and water. Nonadherent oxide removed with soft brush.

(b) Calculated for those samples which maintained reasonable integrity. Any remaining oxide film assumed negligible. Includes
allowance for oxygen dissolved in metal {see Table XXI).

€ Stress relieved.

@ Recrystallized.

. All the niobium-base alloys showed varying degrees of
intergranular attack. The most extreme example was that of the recrystal-
lized Nb-10 w/o W-2.5 w/o Zr sample, illustrated in Figure 15.

Figure 15. Recrystallized Nb-10 w/0o W-2.5 w/o Zr Exposed to Flowing
Sodium (650°C and 7.0 Days) Containing 120 ppm Oxygen

Micro 38097 Etchant - 40 v/o HNOg, 20 v/o HF 200X
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The greatly increased attack experienced by recrystal-
lized samples of the Nb-10 w/o Ti-5 w/o Zr and Nb-10 w/o W-2.5 w/o Zr
alloys is due to extensive grain-boundary corrosion and consequent phys-
ical loss of many grains. However, it should be noted that the effect of
the recrystallization heat treatment is not uniformly severe for all the
alloys tested. Microhardness measurements taken across the transverse
sections of the samples showed varying profiles, but there were no distinct
differences between the hardness profiles of the stress-relieved and re-
crystallized samples.

The data in Table XXI show that the vanadium-titanium
alloys experienced a rate of weight loss less by about an order of magni-
tude than that apparently typical of niobium-base alloys exposed under
similar conditions. The effect of the sodium environment on the room-
temperature hardness of the recrystallized vanadium-titanium alloys is
illustrated in Figures 16 and 17. The behavior of the stress-relieved
samples is similar except that the base hardness values are slightly higher.
Changes in physical and mechanical properties may be associated with
oxygen and/or carbon pickup from the sodium environment. Preliminary
data for the vanadium-titanium alloys and pure niobium (for comparison)
are summarized in Table XXII.

Figure 16. Effect of Flowing Sodium on Room-temperature Hardness of
Recrystallized V-10 w/o Ti
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Figure 17. Effect of Flowing Sodium on Room-temperature Hardness of
Recrystallized V-20 w/o Ti
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Table XXII

OXYGEN AND CARBON PICKUP OF VANADIUM-TITANIUM
ALLOYS AND NIOBIUM EXPOSED TO FLOWING SODIUM
(CONTAINING 195 ppm OXYGEN) AT 650°C FOR 9 DAYS

Initial Impurity Conc Final Impur}?; Cor =
Alloy (ppm)(a) (ppm)
(w/o) O C
© c SR Rx 2
V-10 Ti 800 486 2400 2080
V-20 Ti 800 435 1465 1500 £09
Nb 65 38 240 205 28

(a) Bulk sample concentration. Average of two analyses.

As shown in Figures 16 and 17, the V-10 w/o Ti, bu not
the V-20 w/o Ti alloy, had a surface layer considerably harder than the
bulk material. This may be associated with the higher oxygen conte it of
the former alloy and implies the existence of a surface layer of con: ider-
ably higher oxygen concentration than the bulk value reported. The jehavior
of these alloys during longer exposures, particularly with regard to forma-
tion and growth of surface layers apparently rich in oxygen, will be studied.
The relatively low value for the oxygen pickup of the niobium sampl:: is
unexpected.
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The reasons for the apparent superiority of the vanadium-
titanium alloys are not understood at present. Some speculation which
indicates the direction of future work is in order. Thermodynamic consider-
ations indicate that niobium and vanadium have comparable oxidation poten-
tials in oxygen-containing sodium. Under similar conditions, titanium could
be expected to show an even greater tendency to oxidize. However, titanium
is known to be an oxidation-resistant material (at least in air), presumably
because of the formation of a protective film. Rather simple considerations
lead to the picture of protective films formed on solid solution alloys con-
taining more than a minimum (unknown at the time) amount of titanium. In-
creasing the titanium content could lead to a decrease in the diffusion rate
of oxygen with the metal.

In addition to the refractory alloys which have been dis-
cussed, a Nb-1 w/o Zr sample clad with a 0.127-mm-thick, plasma-~sprayed,
304 stainless steel coating has been tested. The sample was exposed to
flowing (15 cm/sec) sodium containing 100-125 ppm oxygen at 650°C for
12.8 days. The stainless steel coating proved to be an effective barrier to
diffusion of oxygen into the refractory alloy, and there was no attack of the
stainless steel. A cross section through the sample is shown in Figure 18,
There is only a mechanical bond between the coating and base metal. Lack
of a metallurgical bond casts doubt on the adequacy of such a structure
under the cycling conditions typical of reactor operation.

Figure 18. 304 Stainless Steel-clad Nb-1 w/o Zr Exposed to Flowing Sodium
(Containing 100-125 ppm Oxygen) for 12.8 Days at 650°C

Micro 38099 50X
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3. Irradiation of Fast Reactor Fuel Elements and Structures_

a. Irradiation of EBR-II Core-I Fuel Elements (C. F. R zinke)

A series of capsules containing U-Fs and U-Fs-Zr a.loy
fuel rods jacketed with 0.023-cm-thick, Type 304 stainless steel and oconded
with a 0.015-cm annulus of sodium were irradiated in the MTR. Dim znsions
and assembly of the rods were identical with reference EBR-II Core I fuel
elements.

The results of the postirradiation examination of the jicketed
rods have been reported.28 The postirradiation measurements of dens ity of the
jacketed rods indicated a slight increase in overall volume. This vol ime in-
crease was equivalent to a uniform diameter increase of less than 0.)025 cm.
Work continued during 1963 on the examination of these rods. Radioj raphs of
the jacketed fuel cores indicated that the U-5 w/o Fs alloy cores dec reased in
length. The U-5 w/o Fs-2.5 w/o Zr alloys showed a scatter in the d: ta, with
some cores increasing inlength, some decreasing, and some not chang ngat all.

Dejacketing of representative elements has been coripleted.
A comparison of the diameter, length, and volume changes based on lensity
measurements for both the jacketed elements and fuel cores is given in
Table XXIII. In general, there is an increase in diameter and volum:. The
measured increases of diameter of the fuel pins are less than is reqiired
to completely fill the jacketed assembly. It appears that the jacketec
EBR-II Core-I fuel elements can be expected to increase slightly in liam-
eter before the fuel core has expanded against the jacket. Fuel can 1ndergo
a diameter increase of 30 mm and a volume increase of 16% before it will
contact the jacket.

Table XXIII

PHYSICAL CHANGES OF IRRADIATED REFERENCE EBR-II FUEL ELEMENTS

Composition(a) Jacketed Fuel Core
Max Irradiation(b) Max Assembly
Element (W/O)
Fuel Temp Burnup Volume .
No. ©c) (/o) Change Max Dia | Length | V)lume
(% )g Change | Change | Ciange
Fs Zr ’ (%) (%) (%)
ET-3-14 5 - 370 1.8(c) 0.43 4.9 -1.4 4.4
ET-1-8 5 - 210 1.2(d) 0.25 2.8 1.3 2.9
ET-2-2 5 2.5 280 1.1(d) 0.26 4.2 -0.5 4.4
ET-2-6 5 2.5 260 1.0(d) 0.26 2.1 +0.4 3.8
ET-2A-14 5 2.5 180 O.S(d) 0.27 1.4 +0.8 2.6
(2)Balance is uranium.
(b)Based on the fission rate necessary to give the analyzed burnup.
EC;Based on technetium-99 analyses.
d

Based on mass spectrometric analyses of the uranium isotopes.

28 Apnual Report for 1961, Metallurgy Division, ANL-6516, pp. 27-28.
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b. Irradiations of Prototype Fuel Elements - Refractory
Alloy-clad Uranium-Plutonium-Fissium Alloys (W.N. Beck)

The EBR-II plutonium alloy fuel element is a 3.6-mm
(0.144-in.)-diameter injection cast pin of U-Pu-Fs alloy, sodium bonded
to cladding sufficiently strong to restrain fuel swelling. The desired op-
erating surface temperature of the cladding is 580°C, corresponding to a
maximum fuel temperature of ®680°C. The minimum desired fuel burnup
is 2 a/o.

Earlier experiments have shown that the fuel alloy swells
catastrophically at temperatures above 350°C. The cladding, therefore,
is highly stressed when the fuel has achieved the desired burnup at design
conditions. Irradiations of prototype fuel elements are being made in
instrumented capsules in the CP-5 reactor to evaluate various cladding
materials and fuel element design modifications.

During 1963 a total of 36 irradiated prototype EBR-II
fuel elements were examined in the hot cells. A significant improvement
was noted in the performance of these specimens compared with observa-
tions in previous experiments. A sizable fraction of the specimens survived
burnups exceeding 2.0 a./o at EBR-II design temperatures. The cladding
thickness on all specimens was 0.23 mm (0.009 in.).

Capsule CP-21 contained specimens clad in Nb-1 W/o Zr
and Ta-0.1 w/o W alloy tubing. The void space within the cladding was
25% of the fuel volume. A lower temperature than reference (maximum
600°C) was used during irradiation. One specimen (CP-21-6) was pur-
posely assembled without bond sodium. AlL six specimens had failed by
the time 1.9 a./o burnup had been attained. The unbonded specimen showed
no significant differences compared to the bonded specimen.

Capsule CP-25 contained specimens clad with Nb-1 W/o Zr,
Ta-0.1 w/o W, and Nb-33 w/o Ta-1 w/o Zr alloy. The principal difference
between these specimens and previous ones is that the void space was in-
creased to 51%. The maximum fuel temperature was 680°C. During the
5-month irradiation a burnup of 2.4 a/o was achieved before erratic tem-
perature readings indicated failed specimens. Two of the six specimens
were found to be intact when the capsule was opened. Failures of the other
four specimens were considerably less drastic than had been observed in
previous specimens.

Capsule CP-27 was identical with CP-25, except that the
cladding was perforated to prevent buildup of gas pressure in the void
space above the fuel. The specimens operated to a burnup of 2.1 a/o at
a maximum temperature of 660°C with no apparent difficulty. At this
time the capsule was damaged during handling at the reactor and irradia-
tion was discontinued. It was found that, although one specimen had de-
veloped a split in the cladding, the other five were still intact.
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Capsule CP-28 was distinguished from its predecessors
by the inclusion of four specimens clad with a duplex cladding - Hastelloy-X
coated on the ID with 0.04 mm (0.0015 in.) of tungsten. A photograph of
this type of tubing can be seen in Figure 19. The other two specimens were
clad with Nb-1 w/o Zr alloy for comparison. Void volume was either 51 or
57%. The maximum fuel temperature during irradiation was 670°C. After
4 months of irradiation to a burnup of 2.6 a/o, the capsule was opened for
examination. Both Nb-1 w/o Zr alloy-clad specimens had failed. One of
the Hastelloy-X-clad specimens showed severe failure, evidently ac-
companied by eutectic formation. Another Hastelloy-X-clad specimen
showed a pinhole failure, with evidence of eutectic formation. Failure of
the two Hastelloy-X specimens evidently occurred as a result of defects
in the tungsten coating rather than as a result of overstressed cladding.
The other two Hastelloy-X-clad specimens were intact. Photographs of
four of the irradiated specimens in this capsule can be seen in Figure 20.

Figure 19. Hastelloy-X Tubing with Tungsten-coated Inner Diameter

- EREETEe

0.002 in. ~<—TUNGSTEN

0.009 in. ~<—HASTELLOY X

106-7001

Capsule CP-29 contained three specimens clad in
Nb-4 w/o V alloy and three specimens having Hastelloy-X coated on the
ID with 0.04 mm (0.0015 in.) of tungsten. The void volume within the
cladding was equivalent to 57% of the fuel volume. The specimens were
irradiated at a maximum fuel temperature of 560°C to 2.4 a/o fuel burnup.
All specimens were intact; there were no significant dimensional changes.
The fuel material had elongated in the clad an average of 10%. There was

no evidence that eutectic formation had locally penetrated the Hastelloy-X

claddings. A photograph of these specimens is shown in Figure 21.

Capsule CP-30 contained six specimens of U-Pu-Fs and
U-Pu alloys clad in Nb-1 w/o Zr alloy. The void volume in all the speci-
mens was 57% of the fuel volume. Four different fuel compositions were
irradiated: (a) U-10 w/o Pu, (b) U-15 w/o Pu, (c) U-10 W/o Pu-10 W/O Fs,
and (d) U-15 w/o Pu-10 w/o Fs. The specimens were irradiated at a
maximum clad temperature of 560°C, with a maximum fuel temperature
of 640°C. The maximum fuel burnup was 2.5 a/o. The postirradiation



Figure 20. Typical Refractory Alloy-clad U-20 Pu-10 Fs Alloy Specimens after 2.6 a/o Burnup,
Max Irradiation Temp of 670°C, and Max Clad Temp of 590°C.

106-7309
W -coated Hastelloy-X Cladding Nb-1 Zr Cladding
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Figure 21. U-20 w/o Pu-10 w/o Fs Alloy Specimens after 2.4 a/o Burnup at a Fuel Temperature of 560°C
and a Clad Temperature of 485°C. The Clad Thickness is 0.23 mm (0,009 in.).

S A—

Clad Composition: I

Nb-4 w/o V ! ! Hastelloy-X, W Coating —|

9%
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examination showed that the two U-15 w/o Pu-10 w/o Fs specimens had
developed localized cladding failures. The other four specimens were
intact. Irradiation data and photographs of these irradiated specimens
are shown in Figure 22.

The results of these irradiations indicate that fuel burn-
ups exceeding 2 a/o can be successfully achieved in plutonium alloy fuels
at temperatures above 600°C. Experiments currently in progress indicate
that with somewhat thicker cladding (0.38 mm, or 0.015 in.) fuel burnups
beyond 3 a/o can be obtained without clad failure or distortion. Future
irradiations will emphasize the use of the promising V-20 w/o Ti (TV-20)
alloy. The irradiation performance needs to be established for this alloy,
which gives indications of corrosion resistance to sodium, compatibility
with the fuel, and fabricability.

c. Irradiations of Full-length EBR-II Fuel Elements - Re-
fractory Alloy-clad Uranium-Plutonium-Fissium Alloy
(W. F. Murphy and C. C. Crothers)

Irradiation of full-length [45-cm (18-in.)] EBR-II fuel
elements of refractory alloy-clad U-20 w/o Pu-10 W/o Fs alloys is being
made in the MTR. The temperature in the irradiation capsules is con-
trolled by varying the composition of a helium-nitrogen mixture in an
annulus surrounding the fuel specimens.

The first capsule, ANL-46-4, contained a fuel rod sodium
bonded to 0.23-mm (0.009-in.)-thick Nb-1 w/o Zr alloy cladding. At the
reactor site the capsule was incorrectly connected to its control circuit.

As a result, on reactor startup fuel temperatures exceeded the melting
point of the fuel alloy (820°C). The fuel element was subsequently irradiated
to 1.5 a/o burnup with a clddding temperature of 700°C. It was then re-
moved from the capsule for examination. The claddirig was found to have
split over about two-thirds of the length of the fuel element, with evidence

of fuel melting. It is believed that most of the damage was caused during
the initial temperature excursion.

Capsule ANL-55-5 is a duplicate of ANL-46-4, both with
respect to fuel composition and cladding. To date it has been irradiated
to about 0.75 a/o burnup at cladding temperatures near 500°C without
evidence of failure.

Capsule ANL-55-6 is the same type of capsule, but it
contains three U-20 w/o Pu-10 w/o Fs fuel pins clad with 0.23 mm (0.009in.)
of Nb-1 W/O Zr alloy. These fuel elements have accumulated 1.7 a/o burnup
at cladding temperatures near 500°C without evidence of failure.



Figure 22. Effect of Irradiation on Plutonium Fuel Alloys Clad with 0.23-mm (0.009-in.) Nb-1 w/o Zr Alloy

106-7603

Fuel Composition, w/o U-10 Pu  U-10 Pu-10Fs U-10 Pu-10 Fs U-15 Pu U-15 Pu-10 Fs
Burnup, a/o 1.7 1.5 1.5 2.6 2.5

Max Fuel Temp, °C 600 600 600 600 640
Max Clad Temp, °C 525 525 525 525 560

U-15 Pu-10 Fs
2.5
600
825

87
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Capsule ANL-55-7 is presently being assembled to contain
three fuel pins of U-15 w/o Pu-10 W/o Fz alloy. Cladding materials on each
of the pins are, respectively: 0.38 mm (0.015 in.) of Nb-1 w/o0 Zr, 0.38 mm
(0.015 in.) of vanadium, and 0.23 mm (0.009 in.) of Hastelloy-X internally
coated with 0.0015 in. of tungsten.

d. Preparation and Irradiation of Thin-disk, Central Void
Specimens for Irradiation Swelling Studies

Preparation of Thin-disk Specimens (L. R. Kelman and
H. V. Rhude)

The irradiation behavior of metal fuels that have been pro-
vided with radial and axial paths to encourage the venting of fission gases
is under study. The specimens designed for this study consist of very thin
disks of 20% enriched uranium stacked to simulate rods, thus providing
for radial venting between the disks. The minimum diffusion distance was
limited only by the limits in fabrication capability for thin uranium foil.
The influence of foil thickness, and therefore of diffusion distance, was
included in the study by using both 0.025- and 0.15-mm (0.001- and
0.006-in.)-thick disks. Another purpose in using this design was to pro-
vide relatively good radial thermal conductivity through the simulated
metal fuel rod. A central void provided for axial venting of fission gases.

Disks of 3.86-mm (0.152-in.) diameter with a central
1.42-mm (0.056-in.)-diameter hole were stamped from 0.025- and 0.15-mm-
thick, 20% enriched, rolled uranium foil. These were stacked as shown in
Figure 23 and then compressed to make a simulated fuel rod 25.40 mm
(1.000 in.) long.

Two types of specimens were prepared. One type was
clad in Nb-1 w/o Zr with three different goemetries for different degrees
of restraint. The other type, an essentially unrestrained assembly, was
made by using an open cage, as shown in Figure 24. A second set was
clad in 3.96-mm (0.156-in.)-ID, 0.23-mm (0.009-in.)-wall tubing with
sodium as a thermal bond. The clad for the third set was similar to the
second except for a 1.02-mm (0.040-in.)-diameter vent hole through the
clad above the fuel.

Solid rod specimens with axial holes were also prepared
for comparison purposes. The specimens were machined from a rolled
plate with the long axis transverse to the rolling direction.

The assembled disks and the rods were P heat treated
and quenched to randomize the highly oriented rolled structure, thus min-
imizing directional growth under irradiation.
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Thin disks have been prepared from U-20 w/o Pu-10 w/oFz
foils for a follow-up to the above study. The low swelling temperature
(approximately 370°C)29 of this alloy will permit irradiation testing at

Figure 23. Stacked Thin Disks Prior to Encapsulation
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106-7109

temperatures lower than that for the
unalloyed uranium. The rolling of
0.025- and 0.15-mm foil and subse-
quent stamping of disks required
considerable effort because of the
brittleness of this alloy.

Irradiation of Thin-disk
Specimens (W. N. Beck,
R. Carlander)

The foil specimens described
above have been irradiated and are
being examined in the hot cells. The
objective of the experiment was to
evaluate the swelling behavior of
metallic fuel with a selective number
of paths for fission gas release.
Venting within the fuel was obtained
both radially and axially by stacking
circular foils as previously dis-
cussed. For comparison purposes,
solid specimens of fuel of identical
internal and outer diameters were
also irradiated. Six specimens were
irradiated in a single high-
temperature capsule containing
sodium.

One specimen of each foil
thickness and one of the solid speci-
mens was irradiated in cladding with
a vent hole to permit released

fission gas to escape from the cladding. The other group of three speci-
mens was irradiated in cladding which had been partially cut away to form

an open cage for the fuel.
restraint.

Swelling could thus occur with a minimum of
A third group of three specimens, not yet under irradiation, is

in sealed cladding. A photograph of the specimens before irradiation is

shown in Figure 24.

29I—Iora,k, J. A., Kittel, J. H., and Dunworth, R. J., The Effects of
Irradiation on Uranium-Plutonium-Fissium Fuel Alloys, ANIL.-6429

(July 1962) p. 17.



Figure 24. Thin-disk, Central Void Fuel Pin Assemblies as
Submitted for Irradiation Testing. Three at left
are completely clad. Three at right are caged.

EI-1084 2X

During irradiation the thermocouples adjacent to the caged
specimens were observed to increase slowly in temperature, as would be
expected if the fuel were swelling. The capsule was removed from the
reactor after 0.7 a/o burnup was achieved. The maximum fuel tempera-
ture recorded was 590°C. A photograph of the clad irradiated specimens
is shown in Figure 25; a photograph of the caged specimens is presented
in Figure 26.

Neutron radiography of the capsule confirmed that the
caged specimens had swelled, particularly the solid specimen and the
150-u foil specimen. The axial holes in all caged specimens were dis-
cernible, with the clearest indication in the 25-u foil specimen. The axial
holes in the specimens with continuous cladding appeared to be completely

filled.
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Figure 25. Photographs (1-1/2X) and Data Pertaining Figure 26. Photographs (1-1/2X) and Data Pertaining
to Specimens with Vented Cladding to Caged Specimens

EI-1376 EI-1378 EI-1371 EI-1379 EI-1382% EI-1381%*
Specimen No. 31-1 31-3 31-2 Specimen No. 31-4 31-6 31-5
Foil Thickness (mm) 0.025 0.150 Solid Foil Thickness (mm) 0.025 0.150 Solid
No. of Foils in Stack 970 167 - No. of Foils in Stack 940 1711 -
Max Fuel Temp (°C) 590 590 590 Max Fuel Temp (°C) 590 590 590
Avg Max Fuel Temp (°C) 570 570 570 Avg Max Fuel Temp (°C) 570 570 570
Max Surface Temp (°C) 560 560 560 Max Surface Temp (°C) 560 560 560

*Part of capsule spacer plate at lower portion of specimen could not be removed
without damaging fuel.
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Metallographic examinations were performed on transverse
and longitudinal sections from both the clad and the caged foils. It was
possible to determine the original interfaces of the foils in only a limited
number of areas. In these regions the foils were severely distorted and
had grown together to form a single mass of material. The only areas in
which the individual foils could be distinguished as separate from the main
body of the fuel were at areas of least restraint, the axial hole and adjacent
to the cladding. Pores, presumably resulting from bubbles of fission gas,
were evident. The thickness of the foils and the relative extent of swelling
had no apparent effect upon the size and distribution of pores. It appeared,
however, that the size of the pores was greater in the caged specimens
than in the restrained specimens. In addition, the single sample in which
the axial hole had been completely closed due to swelling was the solid
restrained specimen. The microstructural characteristics of a porous
mass of material which was noted at the outer surfaces of the 150-u
(0.006-in.) and solid caged samples could not be determined, although it
was generally nonmetallic in nature.

e. Irradiation of PuC and UC-20 W/O PuC (L. A. Neimark and
R. Carlander) '

Two vibratory-compacted specimens of PuC and four
vibratory-compacted specimens of a physical mixture of UC-20 w/o PuC
powders in both Type 304 stainless steel and Nb-1 W/o Zr alloy claddings
have been examined after irradiation in a thermocouple-instrumented
capsule in the CP-5 reactor. The specimens had EBR-II geometry,
4.42-mm (0.174-in.) OD and 0.23-mm (0.009-in.) cladding, with a 5-cm
(2-in.)-long fuel section compacted to about 80% of theoretical density.
The size ratios of the powders in all specimens were 60 w/o 20/40 mesh,
20 w/0 120/200 mesh, and 20 w/0 -325 mesh. The 120/200 mesh fraction
in the mixed carbide specimens was PuC. Normal uranium was used in
these specimens. Fabrication of these specimens is discussed later in
this report (Sect. A-8, p. 102).

Neutron radiographs of the specimens while in the irradi-
ation capsule indicated that: (1) no cladding failures had occurred and the
fuel was completely contained, (2) the fuel did not appear to change in
length, (3) the mixed carbides remained inhomogeneous during irradiation,
and (4) a thin irregular central void may exist in at least two of the
UC-PuC specimens. The capsule was then opened for direct examination
of the specimens.

A summary of the irradiation conditions and results of the
postirradiation examination for these six specimens and a single specimen
to be discussed later appear in Table XXIV. Specimen clad temperatures,

heat generation, and burnup were determined from thermocouple temperature

data. The data are subject to correction by subsequent isotopic burnup
analyses.
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Table XXIV
SUMMARY OF IRRADIATION RESULTS ON VIBRATORY-COMPACTED PuC AND UC-20 wfo PuC POWDERS
Clad Surface ' - .
. . Burnup Mean Surface | Maximum Dia | Volume Increase
Specimen | Nominal C (w/o) | Cladding Temp (°C) Heat Flux Increase | of Clad Specimen | ' 1S Release
No. Composition Wfem?2 (mm) et 5Theoret)
} MWd/MT | Fiss/cc x 1020 | Mean | Maximum
C-69 UC-20w/o PuC | 5.14 Nb-1Zr | 18,000 5.0 370 405 100 0.023 0.31 35
(6.42)a"
C-74 UC-20 wfo PuC | 4.54 Nb-1Zr | 20,000 54 400 455 220 0.015 0.49 2.8
(3.400
c-44 PuC 3.40 Nb-1Zr | 26,000 71 515 625 2% 0.023 0,28 3.1
F-21 UC-20 wfo PuC | 4.53 304 SS | 20,000 54 395 430 220 0.020 0.22 20.9
(3.40)
F-18 UC-20 wfo PuC | 5.14 304 SS | 23,000 6.2 455 505 250 0.015 0.63 4.9
16.42)
F-7 PuC 4.24 304 SS 23,000 6.2 450 495 250 0.046 1.10 294
F-6 PuC 6.22 304 SS | 48,000 13.0 550 625 280 0.036 - -

aPpercent carbon on PuC fraction.

From the location of black, suspected-oxide coating : on the
Nb-1 w/o Zr alloy claddings, it appears that the top halves of the sp :ci-
mens operated at higher surface temperatures than the lower halves This
condition probably resulted from temperature stratification in the N..K
between the horizontal spacers that centered the specimens and held the
thermocouples. Since the thermocouples extended slightly into the 1 wer,
cooler region, the maximum temperatures given in Table XXIV are
probably conservative. The stainless steel-clad specimens were br: ght
compared with the black coatings on the Nb-1 w/o Zr alloy. Two tyrpical
irradiation specimens are shown in Figures 27 and 28.

Measurements showed that changes in diameter wer: no
greater than 0.05 mm (0.002 in.), or 1%. Volume changes measured by
immersion were of the order of 0.5% for the UC-PuC pins and up to 1.1%
for the PuC pins. The magnitude of these changes is too small, how :ver,
to make meaningful comparisons between the PuC and UC-PuC spec mens,
or between the stainless steel and Nb-1 w/o Zr alloy claddings.

The pins were punctured for fission gas release, an | the
results are also given in Table XXIV. The PuC pins released the gr:atest
amount of gas, 29.4 and 34.1% of theoretical. The UC-20 w/o PuC p ns
in which the PuC contained 3.4 w/o C released 20.8 and 20.9%, and t e
ucC-20 w/o PuC with 6.42 W/O C in the PuC released 3.5 and 4.9%. " 'he
effects of irradiation temperature and burnup on the gas release weie
overshadowed by the effect of carbon content in the PuC.

Preliminary metallographic examination of the pins showed
that the PuC powders had sintered, or melted, almost out to the clacding.
The UC-PuC pins contained the original particles of PuC in the UC 1aatrix
with only very slight sintering to adjacent UC particles. No central voids
were found in the specimens examined to date. A 0.03-mm-thick layer of
an unidentified phase was found on the fuel side of the PuC-(Nb-1 w/0o Zr)



55

interface in specimen C-44. The layer was not continuous and appeared
only in a few areas. The metallographic examination of these specimens

is continuing.

Figure 27

Specimen C-44, PuC (3.4 w/o C)

in Nb-1 w/o Zr Cladding. Burnup
was 7.1 x 1020 fiss/cc (26,000 MWd/
MT) at a maximum cladding tem-

perature of 625°C,

EI-1616

2X

Figure 28

Specimen F-18, UC-20 w/o PuC
(6.42 w/o C) in Type 304 Stainless
Steel Cladding. Burnup was 6.2 x
1029 fiss/cc (23,000 MWd/MT) at
a maximum cladding surface
temperature of 505°C.

EI-1614 2X



The postirradiation examination of a single vibratory-
compacted PuC specimen, F-6, taken to a burnup of 1.3 x 102! fiss/cc
(48,000 MWd/MT) has been partially completed. This specimen also had
the EBR-II fuel element cross section geometry and was clad with Type 304
stainless steel. The fuel contained 6.22 w/o C. The maximum indicated
cladding surface temperature was 625°C; the mean surface temperature for

the irradiation period was 550°C. The

Figure 29. Specimen F-6, PuC (6.22 w/o C) in specimen failed sometime during ir-
Type 304 Stainless St‘L‘eOel Cladding. radiation, but the occurrence of failure
Burnup was 13.0 x 10“" fiss/cc was not identifiable from the thermo-

(48,000 MWd/MT) at a maximum
cladding surface temperature of
625°C.

couple data.

An autoradiograph of the failed

pin while it was still inside the irradi-
@ ation capsule showed the failure to be
b in the top half of the fuel section. Only
a small portion of the fuel filtered
down to the bottom of the capsule. The
rest remained together in the upper
part of the fuel section, although dis-
torted from cylindrical geometry.
When the capsule was opened and the
remains of the pin removed, large
and small pieces of sintered or fused
PuC containing considerable gas bub-
bles were found. No cladding for the
upper fuel section was evident. The
edge of intact cladding adjacent to the
top of the failure was rounded and
appeared to have melted. The edge
of intact cladding adjacent to the bottom
of the failure, however, was ragged,
indicative of a stress rupture. The
fact that a considerable internal pres-
sure did exist is evidenced by the large
gas bubbles in the pieces of fuel. Meas-
urements on the intact cladding areas
showed diameter increases of 0.02 mm.
Chemical analysis of the ragged edge of
cladding from the bottom intact section
showed a carbon content of 0.32 w/o;
the normal maximum in Type 304
stainless is 0.08 w/o. The cladding
carbon content in the hotter failed re-
gion was probably much higher before
the failure occurred. The reconstructed
specimen is shown in Figure 29. A
metallographic examination of the speci-
men is to begin in the near future.

EI-1327 2X
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An instrumented capsule containing six vibratory-compacted
PuC and UC-20 W/O PuC specimens of miniature EBR-II size is now under
irradiation in the MTR with cladding surface temperatures averaging be-
tween 500°C and 600°C. Cladding materials are 304 stainless steel and
Nb-1 w/o Zr alloy. The burnup achieved to date is about 1.8 x 10%° fiss/cc
(6700 MWAd/MT), and satisfactory performance is indicated. Target burn-
up for specimens in this capsule is 2.7 x 10%! fiss/cc (100,000 MWd/MT).

f. Effect of Irradiation on Cladding Materials (W. F. Murphy)

Currently, this program is concerned with the effects of
neutron irradiation on the properties of materials proposed for use as
cladding for EBR-II fuel elements. Since fuel rod irradiations have indicated
that internal pressure is a major factor in cladding failures, a burst test
seemed to afford the best approximation to the conditions of use. Tests at
room temperature with oil as a pressurizing medium were initially planned.
A system with a pressure limit of 12,000 psi has been set up. Equipment
with a greater pressure capacity is being procured.

One capsule with tubular burst test specimens was irradi-
ated for 417 MWd in CP-5. The unperturbed epicadmium flux in the loca-
tion of irradiation was 4.2 x 10!® nv. Irradiation temperature was in the
range from 310 to 500°C, with a brief excursion to 750°C. An unirradiated
control capsule was given approximately the same temperature history
over an equivalent period of time.

These two capsules contained burst test specimens of
Inconel X, vanadium, Type 304 stainless steel, niobium, niobium-1 W/O
zirconium, and tantalum-0.1 w/o tungsten alloy. Small pellets for checking
hardness were also included. All specimens were submerged in sodium.
The irradiated capsule has not yet been opened. The control capsule was
opened and some discoloration of the specimens was evident. One control
specimen of tantalum-0.1 w/o tungsten was accidentally dropped. The
specimen broke adjacent to the weld for the end plug, with the fracture
surface consisting of large grains.

g. Irradiation Surveillance Program for EBR-II Structural
Materials (W. F. Murphy)

The Metallurgy Division and the Reactor Engineering
Division are cooperating in a surveillance program of radiation damage and
the effect of high-temperature sodium on structural materials used within
the primary tank of EBR-II.

Metallurgy Division personnel will be responsible for pre-
irradiation measurements, and measurements or tests on controls and
irradiated specimens. The type of measurement or test to be applied to a
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particular material is determinedby the use of the material. Tensilsz,
hardness, impact, and bend test specimens have been specified wheie
needed. Weight and density changes will be measured. Metallograpiy
will be included. Compression tests on some helical and Belleville
springs are also included.

Some specimens will be encapsulated in sealed stai:less
steel tubes without sodium; others will be in capsules with holes in " he
walls to admit sodium. Nineteen capsules will be irradiated in a su -
assembly. Irradiation of ten subassemblies is planned.

Procurement of materials for the specimens has be:n
started and capsule and subassembly parts are being collected.

h. Development of Experimental Irradiation Facilities in
EBR-II (W. F. Murphy and J. H. Kittel)

With the assistance of the Reactor Engineering Division,
a subassembly was designed in which 19 encapsulated specimens wo1ild
be simultaneously irradiated in EBR-II. The facility is usable for i ‘radi-
ating experimental fuel rods (or nonfissile specimens) up to 50 cm (20 in.)
long. Recently, the design has been altered to accommodate specim:ns
up to approximately 95 cm (38 in.) long. An extensive series of exp :ri-
mental fuel rods are in preparation for irradiation in the special su -
assemblies. These experimental fuel elements include uranium-plu:onium-
fissium alloys in various cladding materials, thorium-base alloy fuels,
and ceramic fuel rods of UC-PuC and US. A shielded cask has been de-
signed to accommodate shipment of the special subassemblies from Idaho
to Lemont.
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4. Development of Remote Refabrication Methods and Equipment
for Fast Reactor Fuel Elements

a. Development of Methods and Equipment for Remote-
controlled Refabrication of Irradiated Reactor Fuel
(N. J. Carson, H. F. Jelinek, R. H. Olp, A. P. Grunwald,
G. J. Pokorny, and A. B. Shuck)

This program was initiated in 1956 to cover the develop-
ment of all EBR-II processes and remote refabrication equipment. The
purposes of the program are as follows:

(1) to investigate processes and requirements for remote
refabrication of irradiated reactor fuel;

(2) to develop and test in production a process adaptable
for refabrication of the EBR-II fuel;

(3) to design, construct, and pretest a complete system of
fuel-refabrication equipment to be installed in the
EBR-II Fuel Cycle Facility.

The EBR-II fuel cycle incorporates partial fission product
removal by pyrometallurgical refining. The highly radioactive billets from
the refining operation must be refabricated into 0.366-cm-diameter by
36.12-cm-long fuel pins. The fuel pins are sodium bonded in stainless steel
jackets forming the fuel rods. Ninety-one of these are assembled by remote
control between upper and lower depleted uranium blanket subassemblies
in hexagonal stainless steel tubes by remote-controlled assembly procedures.

Preliminary investigations and engineering studies to de-
velop the requirements for remote refabrication and assembly were com-
pleted by 1961. These included the calculation of the expected temperature
levels,30 radiation testing of components,31’32 and the development of re-
quirements for an architect/engineer,

The process flow diagram (see Figure 30), based upon in-
jection casting, was developed and equipment to test the process was

30Lazar, N. M., Feldman, M. J., Mahagin, D. E., and Carson, N. J.,
Self-heating of Fuel Arrays in the EBR-II Fuel Cycle, ANL-6791 (in
preparation).

3]-Pokorny, G. J., and Ayer, J. E., The Performance of a Special Dif-
ferential Transformer and an Eddy Current Coil in a High Gamma
Flux Environment, ANL-5988 (1959), pp. 12-14.

32Ayer, J. E., and Pokorny, G. J., The Performance of a Motor, A
Switch, and Two Types of Pressure Pickup in a High-Gamma Flux
Environment, ANL-6347 (1961), pp. 15, 16.
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designed, constructed, and installed in Building 6 by mid-1961. In ttis
process, batches of 100 or more fuel pins are gas-pressure injectio;. cast
The molds are crusted
from the castings which have only to be sheared to length and inspec ed to
produce finished fuel pins.

in thoria-coated precision Vycor-glass molds.

Demolding, shearing, weighing, and gagii.g are
accomplished in a pin-process and -inspection machine. The inspec .ed
rods are inserted in stainless steel jacket tubes which have been preloaded
with a measured quantity of sodium. The fuel rods are heated to abcve the
melting point of the sodium and pins settled down into position by means of
gentle agitation. The upper closure plugs are inserted and welded tc the
jacket. The operations with the radioactive fuel rods must be done i1 an
inert atmosphere to prevent oxidation of the fuel and burning of the sodium.
After welding, the rods are transferred to an air-atmosphere cell wl ere
they are leak detected by a pressure method, impact bonded at 450 tc
500°C, and bond tested to eliminate those rods containing unbonded v)ids
between the fuel pins and jackets. The upper and lower blanket sections of
the fuel rods are assembled from nonradioactive materials outside tie
shielded cell. They are transferred into the cell and placed in a fuel-
element-assembly machine where they are assembled with 91 fuel pias in
the hexagonal tube and fittings to form the fuel elements.

Figure 30. Flow Diagram for EBR-II Fuel Cycle

TENSION TEST ELEMENT
GAGE DISMANTLING
COMPONENTS /ikm BLANKET ﬁ&m\
REASSEMBLY ELEMENTS DECANNING
[~ JACKET SCRAP
& WELDING & CHOPPING T
BLANKET
PROCESS CHOPPED PINS
BOND TEST PN PYROMETALLURGICAL |  fhwes es
ENDS EISSION PRC
PLUTONIUM REFINING Fissos prooucrs
BONDING cos BILLETS.
CRUCIBI =8
______ =] INJECTION CASTING =
REJECT
| LEAK DETECTION | PINS CASTINGS.
FUEL RODS RESTRAINER PIN PROCESSING & INSPECTING
| DEMOLDING 4 LENGTH
ICLOSURE WELD L 2 SHEARING 5 DIAMETER
3 _WEIGHING 6 POROSITY
JACKET FUEL PINS
COMPONENTS —_—
SODIUM
MELTING
(SETTLING) JACKETING

350-611

[ €8RIL l
REACTOR
" -

The processes and developmental equipment were tested
first by the production of approximately 3,000 natural uranium-5 w/o fizzium
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alloy fuel rods in 1961. Production of Core I for EBR-II was completed in
1962 with the production of 11,107 enriched uranium-5 W/O fissium alloy
fuel rods. These fuel rods were assembled into ninety-seven fuel elements
(each containing 91 fuel rods), fourteen (61-rod) control elements, and six
safety elements.>3 A total of 3,579 additional depleted uranium-fissium
rods were cast, of which 2,700 were assembled into fuel rods for Fuel Cycle
Facility startup tests.34

As soon as the process steps had been proved, remotely
controlled equipment was designed for the EBR-II Fuel Cycle Facility. The
injection casting furnaces, sodium "settlers," and bonding machines were
completed in late 1962 and shipped to Idaho.

Progress in 1963

Equipment for eight of the operations shown in Figure 30
was completed during 1963 and shipped to Idaho. This included: (1) a
remote-controlled beam scale, (2) a charge-preparation station, (3) injec-
tion casting mold-loading and -unloading equipment, (4) two pin-process
machines, (5) fuel-element-assembly equipment, (6) two welders, (7) a
five-station leak detector, and (8) a bond tester for determining voids in
the sodium bonds.

The beam scale was a modification of a commercial de-
sign. It consisted of a compound-lever beam with a poise driven by a ball
screw and radiation-resistant stepping motor. Beam position was sensed
by a linear-variable-differential transformer (LVDT). The unbalance sig-
nal of the LVDT was converted to pulses which were fed to the stepping
motor to drive it in the direction to balance the beam by electrical cir-
cuitry developed by the ANL Electronics Division. Each step represented
0.5 gm. Grams were "counted" by a second stepping motor in the control
box geared to a counter. The beam scale was enclosed in a lead-shielded
box to increase radiation resistance and protect against radiation damage.

The furnace-charge-preparation station contained features
for billet dumping, for dumping the heel from the crucible, and tongs for
handling billets and crucibles. A falling-weight breaker was also provided
to reduce crucible heels for recharging.

The mold-loading and -unloading station consists of con-
tainers and fixtures for positioning furnace pallets, empty molds, and gravid

33Carson, N. J., Grant, N. R., Hessler, N. F., Jelinek, H. F., Olp, R. H.,
and Shuck, A. B., Fabrication of EBR-II, Core I Fuel Elements,
ANL-6276 (1962), p. 5.

34Carson, N. J., Jelinek, H. F., and Shuck, A. B., The Manufacture of
Supplemental Depleted Fuel Rods for FCF Startup, ANL-6550 (1963),
p- 5.
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molds after casting. The loading and unloading operations are performed
by master-slave manipulators. A stand is provided to hold a magazine
for the pin-process machine.

The pin-process machine is shown in Figure 31. It de-
molds the castings and crops the casting ends to produce fuel pins of the
correct length. It then successively measures the length and weight of
each pin, and scans the pins lengthwise with a diameter gage and eddy cur-
rent probe. Signals from the inspection devices are fed into a data proc-
essor which computes length, weight, average diameter, volume, and
density, and plots a strip chart record of length versus diameter and the
differential eddy current signal. Considerable difficulty was experienced

Figure 31. Pin-process Machine Showing Plug-in Modular Stations
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with the pin-process machines as they were received from the vendors. About
1600 hr were expended in aligning, securing, and modifying components.

. Master-slave manipulators were not originally available
for the Argon Cell. For this reason, the welders incorporated a restrainer
feeding and loading mechanism, as shown in Figure 32. Because of the
necessarily tight fit between the plug section of the restrainer and the
jacket and the need for very accurate alignment, this mechanism gave con-
siderable trouble. Welding was accomplished by discharging a bank of
capacitors across a gap between the restrainer and a tungsten electrode.
The arc is started by a high-frequency ionizing current. This method was
perfected and fully tested during Core-I production. Field modification of
the welding machines is described later (see Sect. A-5).

Figure 32. Welding Machine with Restrainer Feeder and Loader
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Pressure leak detection is accomplished by enclosing the
top weld of the fuel rod in a close-fitting chamber and injecting into the
chamber a metered quantity of helium at 800 to 1000 psi. Pressure decay
is measured by a transducer and plotted versus time by a strip-chart re-
corder. The rate of pressure decay, shape of the curve, and ultimate
pressure all yield information on leaks in the welds. The method worked
rapidly and reliably with nonradioactive specimens, with neoprene rubber
seals, and piezoelectric transducers in the test heads. Radiation-resistant
rubbers and strain-gage pressure transducers, coupled with the long
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pneumatic lines, have made the remote-controlled equipment considerably
less satisfactory. A five-station leak detector was supplied for the Fuel
Cycle Facility. To date three stations have worked reasonably well under
remote-controlled conditions.

Figure 33 shows the "hot rod" bond tester. Two types of
defects in the sodium bond are indicated without discrimination by a cold-
rod eddy current bond tester: gas bubbles and shrinkage voids. Gas bub-
bles larger than l.6-mm diameter are cause for rejection of a fuel rod.
Shrinkage voids, if not gas filled, disappear on melting and are of no con-
sequence. The EBR-II bond tester was designed to scan the fuel rods at
175°C with the sodium molten. It consists of a heated fifty-rod magazine,
an indexing mechanism, a fuel-rod elevator and sensing coil. Heating ele-
ments are provided to heat the rod as it is lifted through the coil by the
elevator. Only minor adjustments were required to make the bond testers
function mechanically before shipment.

Figure 33. Sodium Bonder and Level Tester
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As of December 1963, three major items are still under
construction. The fuel-element-assembly machine and the fuel-element
gage and tensile tester are scheduled for delivery in January 1964.

b. Installation and Operational Testing of Fuel-refabrication
Equipment in EBR-II Fuel Cycle Facility (J. E. Ayer,
N. J. Carson, H. F. Jelinek, G. J. Pokorny, and A. B. Shuck)

This program includes the supervision of installation and
operational testing of the EBR-II fuel-refabrication equipment described in
Sect. A-4. Labor for installation of electrical wiring and piping systems
was supplied by J. F. Pritchard and Company from January 1962 until ter-
mination of their contract in December 1962. Installation of the process
machines in the Argon and Air Cells was done by Idaho Division personnel
to familiarize them with the remote assembly and operation of the process
equipment. The pneumatic and electrical controls for the refabrication
equipment were installed in the Fuel Cycle Facility prior to delivery of the
in-cell machinery. For this reason, operational testing could not be com-
pleted either in the vendor's plant or at Argonne, Illinois. Major modifica-
tions were, therefore, expected during operational testing in the Fuel Cycle
Facility.

Work Prior to 1963

The basic wiring and piping systems were largely com-
pleted by the contractor during 1962. This work included the installation of
argon compressors, piping for control of compressed argon, electropneu-
matic valve cabinets for control of the refabrication equipment, vacuum
pumping systems, a 400-cps power supply, power and instrument wiring,
and other work of a construction nature. Completion of this work allowed
the installation of the process equipment. Preliminary installation of the
injection casting furnaces was made in August of 1962. They were removed
from the cell by remote control to demonstrate the feasibility of this oper-
ation and to allow necessary modification to improve manipulator handling
and operation. "

Installation Work during 1963

All of the Argon Cell equipment and most of the Air Cell
equipment were installed and operationally tested during 1963. The indi-
vidual items of equipment are as follows:

(1) Twenty-kilogram Balance

The basic 20-kg balance and electronic control and
readout equipment were fitted to a balance table of Idaho Division design.
During installation of the balance in the Argon Cell, the balance was
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damaged during manipulator installation and several of the structurzl pivots
were broken. The balance was removed from the Argon Cell, repaired, and
reinstalled.

(2) Injection Casting Equipment

The injection casting equipment includes the tw fur-
naces, the vacuum-pressure-cooling system, electrical furnace controls,
the pallet load and unload station, a charge table, and heel breaker. When
this equipment was first installed, some of the components had to be placed
by crane. The furnaces were removed from the Argon Cell and pickup
trunnions were installed to allow the components tobe placed by manijulator.

The furnaces were first tested by making several melts
with copper ingots. This allowed the calibration of thermocouples, tem-
perature measurements of critical components, and adjustment to compen-
sate for thermal expansion while an air atmosphere was still in the Argon
Cell. After the cell had been filled with an argon atmosphere, it wa. pos-
sible to melt uranium-fissium alloys and set the furnace parameter of
pressure rate and temperature. A number of melts were made, son.e of
which yielded more than 95 percent of full-length castings.

The accurate measurement of melt temperatur : has
remained a serious problem. A dipping thermocouple has been inst..lled to
supplement the thermocouple in the furnace base, but to date this th :rmo-
couple has been only partly successful. The protective tube is rapicly
eroded by the liquid metal, and the thermocouple must lift with the ¢ rucible
during the injection casting cycle.

The pallet load and unload station is essentially a de-
vice for positioning the furnace mold holder while loading it with Vycor
molds and while unloading the gravid molds. The operation is done by
master-slave manipulator. Manipulator accessibility and poor visil ility
were the principal shortcomings of this station. The components of the
station have been remounted on the balance table so that, if items a: e
dropped, they are within the visual range of the operator.

The charge table was found to be reasonably ccnven-
ient. It was modified to include a billet-turnover tray used to stand the
billet on end so that it may be gripped by the billet tongs.

Only minor changes were required in furnace controls.
Some additional interlock relays were installed to prevent out-of-sejuence
furnace operation and possible blowout of the freeze seals while mo lten.
The injection casting equipment is considered presently ready to process
irradiated fuel.
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(3) Pin-process Machines

Both pin-process machines have been installed in the
Argon Cell. They are the most complicated machines in the cell and have
required the most time in shakedown. Many problems were caused by mis-
alignment of components and most of these have been corrected. The feed-
ing of short or malformed pins continues to be a problem. The feeder trays
were redesigned to improve their function.

Considerable attention was devoted to the data proc-
essors used with the pin-process and -inspection machine. Defective digital
voltmeters were repaired. Signals from the diameter-measuring trans-
ducers did not provide sufficient response on the recorder, and stray al-
ternating current was inductively coupled from power lines, causing signal
cancellation and attendant loss in response. The signal leads were isolated
from the power leads to correct this condition. One data processor has
been modified to actuate an IBM card-punch machine. In trial runs, fuel-
pin data have been punched directly on the IBM cards.

(4) Fuel Rod Assembly and Welding

The restrainer feeder and loading operations originally
incorporated in the welding machines continued to present difficulties.
Alignment of the components was more critical than could be conveniently
achieved in remote installation, and malfunctions of the equipment continued
to occur. Furthermore, since the tip of the restrainer is submerged in the
sodium, the operation had to be performed rapidly while the sodium was
still molten from the settling operation.

Restrainer loading was found to be comparatively
simple as a manipulator operation with suitable guide fixtures. The fuel-
element-assembly station was modified to incorporate one of the settling
machines under a master-slave manipulator. The operation consists of
loading the sodium-filled jacket tubes into the settler magazine, loading
fuel pins into the jacket tubes, melting the sodium, and inserting the re-
strainers, all of which were done by manipulator with little trouble. The
loaded magazine is then transferred to the welder, now a single-function
machine, where capacitor-discharge welds are made. These items of
equipment are now considered operational.

(5) Leak Detectors

The five-station leak detector has given considerable
trouble. First, the Skinner valves installed in the control cabinet would not
seal helium at 1100 psig and had to be replaced. Leaks developed in pres-
sure fittings and in the lead-detector heads due to creep of the brass O-ring
valves. Hardened steel valves were substituted into leak-detector heads,
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which can support the higher compressive forces needed to seal the valve
to its pneumatic connection. Two of the five radiation-resistant pressure
transducers failed during operation and will have to be replaced. Pres-
ently, three of the five leak-detector heads are operational. The electronic
readout instrumentation works satisfactorily.

(6) Bond-testing Equipment

The bond-testing equipment is mechanically functional.
The eddy-current coils supplied from Illinois were not satisfactory when
used in the Fuel Cycle Facility. They were returned for rewinding. Stray
inductive current pickup has also proved to be a problem due to the long
leads and difficulties in electrical shielding in the cell penetrations. Iso-
lation of the leads and additional shielding has corrected this condition.

By December of 1963, refabrication equipment in the Argon
Cell was essentially operational. Figure 34 shows a pin-process machine,
injection casting equipment, and, in the background, pyrometallurgical re-
fining furnaces installed in the Argon Cell.

Figure 34. View from FCF Argon Cell Scctor IV Showing Pin-process Machine,
Injection Casting Machines, and Pyrorefining Equipment

ID-103 D5672
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c. Fabrication of EBR-II Test Fuel Elements (A. B. Shuck,
E. M. Pilarski, and A. G. Hins)

The primary purpose of this program is to fabricate
uranium-plutonium-fissium alloy fuel pins and to jacket them in a variety
of refractory metals for irradiation test. Secondary objectives are as
follows:

(1) to investigate the casting and fabricating properties of
uranium-plutonium-fizzium alloys;

(2) to develop bonding, welding, and inspection procedures
for jacketing the fuel pins in Nb-1.0 W/O Zr, Nb-
4 w/o V, Hastelloy-X, tungsten-lined Hastelloy-X,
vanadium alloys, etc.;

(3) to evaluate the adaptability of EBR-II fabricating proc-
ess and equipment to U-Pu-Fz alloy fuel and refractory
metal jackets.

During development of uranium fuels, it is customary and
economical to establish the fabrication procedures and metallurgical prop-
erties through use of depleted uranium. Unfortunately, there is no substi-
tute for Pu?®? that behaves in an identical manner and is low in cost. A
somewhat analogous situation exists with refractory-metal hardware which
has been in extremely short supply. It was, therefore, desirable to combine
process development with the fabrication of useable irradiation-test speci-
mens. The work is still in progress. The following comments are made on
results to date.

Injection Casting

A total of eight melts have been injection cast into 352
Vycor-glass molds. The acceptable yield of castings was 288, or 81.8 per-
cent of the molds charged. Individual melts yielded from 53 percent to
97 percent of the molds charged.

EBR-II Core-I-type tooling, materials, and parameters
were originally used with fair success. The U-Pu-Fz alloy tends to be
more drossy than its uranium counterpart. When yttria (Y,0;) was sub-
stituted for thoria as a wash for graphite crucibles and Vycor molds, there
was an apparent improvement in cleanliness of castings. Prealloying and
casting from "strainer" crucibles into an ingot mold also improved the
cleanliness of the metal in the later melts.

Three alloys were cast: U-20 w/o Pu-10 w/o Fz, U-
15 w/o Pu-10 w/o Fz, and U-10 w/o Pu-10 w/o Fz. The aim composition
of the fizzium was 2.80 w/o Zr, 2.75 w/o Mo, 2.95 w/o Ru, 0.50 w/o Rh,



and 1.00 w/o Pd. Incomplete analytic results indicate essentially ccmplete
recovery of the fizzium alloys. The analyzed plutonium (4 results) 1anged
from 96.6 percent to 99.7 percent of the calculated plutonium conten . Ear-
lier analyses indicated that the dross tends to be richer in plutoniunr than
the charge.

The fluidity of the alloys appeared to be very good. Once
the molds had penetrated the dross crust, 14.25-cm castings were o)tained
without difficulty. Melt temperature was varied from 1270 to 1375°C.
Casting-pressure rise rate was kept at a constant average of 11 psi, sec.
Mold temperature varied from 100 to 260°C. Good results were ach eved
with two U-15 w/o Pu-10 W/O Fz heats cast at 1350°C and with mold tem-
peratures at 100 and 180°C. In both cases the ultimate casting pres:cure
was 25 psia. Yield from these melts was 96.6 percent and 93.3 perc:nt of
molds charged. Diametral shrinkage was approximately 1.5 percent for
the U-Pu-Fz alloy against 2.0 percent for the U-Fs alloy. Gamma raidiog-
raphy showed internal shrinkage similar to U-Fs alloys.

The castings were sheared to length prior to machir ing.
They are more brittle than U-5 w/o Fz alloy, but are not difficult to handle.
Some of the U-20 w/o Pu-10 w/o Fz and U-15 w/o Pu-10 w/o Fz castings
broke during mold removal. In some cases, fractures were through dross
inclusions or shrinkages.

Although the casting properties of the U-Pu-Fz allo 's were
somewhat different from those of U-5 W/O Fs, they appear to be adatable
to the present EBR-II fuel cycle.

Refractory-alloy Jacketing

The following jacket tubing and rod stock has been r:ceived
for jacketing irradiation specimens: Nb-1.0 w/o Zr, Nb-4 W/O V, venadium,
and tungsten-lined Hastelloy-X. The Nb-1.0 w/o Zr, Nb-4 w/o V, ard vana-
dium were required in both stress-relieved and annealed condition. Fully
annealed niobium alloys gave some problems in machining and handl ng be-
cause of their extreme softness. Special diamond grinding points were re-
quired to remove tungsten from the ends of the Hastelloy tubing.

End plugs were welded in place by TIG welding in a 1elium-
atmosphere glovebox. Vanadium was easily welded, producing an ex:eption-
ally clean bead. The niobium alloys required very high amperage. Close
fitting chills were required to control grain growth in the tubing. Esxen with
these chills, a great deal of heat is generated in the restrainer. This may
cause difficulty and may require redesign of the restrainer to prever.t sodium
vapor contamination of welds. The fully annealed Nb-1 w/o Zr alloy dis-~
played an unusual local melting pattern in the metal adjacent to the v-eld
bead. The welding of Hastelloy-X required more amperage and high temper-
ature than stainless steel, but welding characteristics were similar o
stainless steel.



The loading of plutonium into clean jackets requires methods
similar to "aseptic technique" to prevent contamination of the jackets. The
U-Pu-Fz fuel pins are loaded through disposable plastic funnels to prevent
contamination of weld joints. Separate tools are used for handling the pluto-
nium alloy.

The glovebox atmosphere containing approximately 30 ppm
H,0 and from 200 to 500 ppm O, caused oxidation of the niobium and vana-
dium alloys while sodium bonding at 450°C. A vacuum impact-bonding ma-
chine has been designed which will allow vacuum bonding or bonding in a
high-purity inert atmosphere. From these limited tests, it appears that the
use of refractory metal jackets will present more of a problem in the EBR-II
FCF than will the plutonium fuel. New welding and bonding equipment, at
least, will be required.

d. Development of Powder-loaded Radiator-type Fuel
Elements (J. E. Ayer, A. G. Hins, E. M. Pilarski, and
A. B. Shuck)

The primary purpose of this program, started in 1963, is
to develop a powder-filled radiator-type fuel element which is adaptable to
remote fabrication. It is a long-range program which will have the follow-
ing secondary objectives:

(1) to develop techniques for producing metal and non-
metallic powder, and shot fuels;

(2) to investigate the fundamentals of vibratory fluidiza-
tion and compaction;

(3) to develop methods for thermally bonding compacted
powder fuels;

(4) to develop techniques for determining the thermal
characteristics of unbonded and bonded metal powders;

(5) to investigate radiator fuel-element design;

(6) to develop methods for fabricating radiator fuel-
element shell;

(7) to fill the radiator shells with compacted particulate
fuels;

(8) to bond, weld, and inspect the resulted fuel elements
and irradiation test them.

Two methods have been used for the preparation of U-Pu-
Fz alloy metal powders. The parameters of vibratory compaction have
been explored through use of steel shot and iron carbide grit. Calorimeters
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have been modified for study of the thermal characteristics of irregualar-
shaped shot-filled items. Sodium has been experimentally infusedint> com-

pacted metal-powder specimens.

Welding experiments have been started

on miniature shell-and-tube-type radiator specimens.

Production of Metallic Fuel Powder (E. M. Pilarski

and D. A. Kraft)

One of the centrifugal casting machines has been mdified

as shown in Figure 35 to atomize metal powder. The existing furna e
shell, conduction-coil assembly, and rotor were used. The powder-collector

pan and centrifugal argon separator were mounted on the rotor table.
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Figure 35. Schematic Drawing of Metal Atomizing Furnace
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compressed argon system, consisting of two 175-psig compressors, a
compressed-gas receiver, pressure piping to the atomizer furnace, an annular
gas nozzle, a sintered stainless steel filter, a heat exchanger, and suction
piping to the compressors, was added.

The metal is melted in a yttrium oxide-coated graphite
crucible or a tantalum crucible under vacuum. A graphite pintle protrudes
from the bottom of the crucible into the annular blast nozzle. This pintle
is closed at the bottom and cross drilled to form a number of small open-
ings through which the molten metal runs. Compressed argon gas jets blow
across these openings to atomize the metal.

The collector tray and argon separator were designed to
separate the powder-gas mixture by centrifugal force. The atomizing gas
escapes through annular slots in the argon separator while the atomized
powder is collected in the outer rim of the collector tray. The exhaust gas
is passed through the sintered stainless steel filter through a gas-to-chilled-
water heat exchanger, where it is cooled before being returned to the com-
pressor section.

A series of 12 atomizing melts were made with copper,
aluminum-bronze, U-10 w/o Pu-10 w/o Fz, and U-15 w/o Pu-10 W/O Fz.
Nozzle configuration and orifice size, manifold, pressure, temperature
melt, gas-jet direction, and manifold-to-nozzle distance were found to be
quite critical. In the existing setup the distance between the nozzle and the
collector is only a few inches. Most of the metal did not remain as sepa-
rate particles but agglomerated into a spongy irregular mass; Figure 36
shows the results of a typical cast in the collector tray. The metal was an
atomized U-10 W/o Pu-10 w/o Fz alloy. The yield of finely divided powder
was 28 percent.

Since the yield of powder was somewhat disappointing, the
agglomerated metal and the plus 14 mesh particles were pulverized in a
laboratory hammer mill, which very effectively reduced the partly fused
material to a fine powder. In view of the excellent yield of fine mesh
powder from the hammer mill, the procedure was used to pulverize injec-
tion cast pin-ends. This, too, was successful. The screen analysis of the
powders produced by atomizing, by atomizing and micropulverizing, and
by micropulverizing cast materials are shown in Table XXV. ‘Shadow
photomicrographs of the atomized and pulverized powders are shown in
Figure 37.



Figure 36. Centrifugal Collector with Particulate Fuel in Rim,
and Agglomerated Powder at Center

350-538

Table XXV

PARTICLE SIZE DISTRIBUTION OF ATOMIZED, ATOMIZED AND
PULVERIZED, AND PULVERIZED U-Pu-Fz ALLOY

NBS Percent Atomized Percent Percent Pulverized
Mesh U-10 w/o Pu- Atomized U-15 w/o Pu-
Size 10 w/o Fz Pulverized 10 w/o Fz
14-45 17.8 4.2 1.7
45-200 5.1 56.6 34.3
120-200 1.5 25.0 28.2
200-325 1.6 8.6 28.8
Minus 325 1.7 5.6 12.0




Figure 37. Photomicrographs of Atomized and Pulverized U-Pu-Fz Alloy Fuel
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Sodium Bonding of Powder-filled Specimens

Preliminary sodium-bonding experiments were run with
iron shot that had been vibratory compacted into 0.368-cm-inside-diameter
Vycor tubes. The resulting column height was 22.8 cm. A slug of rietallic
sodium was placed on top of the shot column. The specimens were »laced
in a vertical vacuum-tube furnace which was evacuated to less than 20 u.
The sodium was melted and furnace pressurized with one atmosphe:e of
helium. The specimens were sectioned and examined metallographically.
The -100 mesh +120 mesh specimens were bonded for the entire 22.8 cm.
Both the -200 mesh +230 mesh and the -325 mesh specimens were konded
for a length of approximately 20 cm. Further work is being done or high-
density mixed-fraction specimens and on U-15 w/o Pu-10 w/o Fz-p iwder
specimens to establish the sodium-bonding parameters.

Vibratory Compaction of Spherical Shapes (J. E. Ayzr
and F. E. Soppet)

Until the present time, no simple method has been :ug-
gested by which uniform and varying densities of aggregates can be pre-
dicted. An investigation was carried out to determine the mathema ical
relationships between the diameters of size fractions and the densit -
achieved in a compact. The ultimate goal was to predict compact density
as a function of particle diameter, and vice versa.

The equipment employed for the compaction of spherical
shapes within cylindrical containers, shown in Figure 38, consists cf{ an os-
cillator and a bank of amplifiers to drive the vibrator. The wave charac-
teristics of the vibrating member is transmitted to an oscilloscope >y an
accelerometer mounted on a platen attached to the vibrator.

Prior to starting the equipment on compaction of spaerical
shapes, some of the characteristics of the compaction of 20 to 35 m:sh
washed sea sand were studied. The preliminary work was performed to
determine the conditions of vibration which would be imposed on the sys-
tems under investigation.

The frequency of vibration imposed in all experime its was
based upon this study and was chosen as the lowest resonant region. The
performance was based upon two findings:

(1) It was found that at "dissonant" frequencies the bed of
particles was slowly stirred and that the comp: ction

was poor.

(2) The lowest resonant region had the higher power effi-
ciency in terms of power input per vibration cy:le.



Figure 38. Equipment Used for Experiments Involving Vibratory Compaction

350-464

Because the region of resonance shifts with the mass of the
system, each system was checked for changes in the resonance. An investi-
gation of the effect of accelerationand compact density indicated that maxi-
mum density was achieved on a plateau of 6 to 12 g's (59 to 113 m/sec/sec).

Steel shot, obtained from a producer of blast-cleaning mate-
rials, was selected as the spherical particle. The shot was classified into
12 fractions from -8 +10 mesh to -70 +80 mesh. The pycnometer density
of a sample from each classified fraction was made. The average density
of the twelve classifications was 7.64 g/cm?.
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The results of the study of compaction of spherical : hapes
is summarized in Figure 39, in which is graphed void packing efficiency
against ratio of diameter of c(n-
Figure 39. Void Packing Efficiency vs Ratio of tainer to first component, first to

Diameter of Container to First Fraction second, second to third, etc.
(D/dy1), First Fraction to Second Frac-

tion, etc. (d/d) Single-component Pacl ing

0.68

B Pf=0.635-0.216e-0-3130/ The upper curvein Figure 39
ez o1 0,635 073740201 d/d is the packing efficiency, Pf, of the
first component, which is a fuiction
of the ratio D/d of diameter «f con-
tainer, D, to diameter of the 1irst
component sphere, d. The eqiation
given was generated from 219 indi-
vidual data points by an IBM-"'04F
computer. The fit of curve to data
points yields a standard devia:ion
O‘aeo‘llz'all!zlllelzlolzlatlzlelalzlse of 0.010.
D/d,,d, /d,, d, /dg, etc.
350-612 The relationship betw::en
packing efficiency and D/d agrees
with the data of other workers with the exception that no inverse density
relation was found at D/dl = 3 and 4.

0.56 —

0.50 —

0.44 —

0.38—

VOID PACKING EFFICIENCY, Pf

0.32—

-0 313D/d
The value 0.635 in the equation Pf = 0.635-0.216 & = /d

is the limiting density to which spherical bodies will fill a void spac:. The
rate of rise of the curve, which is a function of the exponent, is a measure
of the ease with which the void spaces are filled by the material beir g in-
troduced. The value of the exponent and the constant 0.216 should ct ange
with both the shape of the body and the void.

Binary-component Packing

The void spaces within a matrix of packed spheres is a
somewhat triangular pore path which permeates, and is continuous tirough,
the entire structure, offering an exaggerated boundary condition. Tle re-
lationship between the void-packing efficiency and the ratio of diameter of
first-to-second component is given by the equation

Pf = 0.635 - 0.737 & 021d1/d2

This equation was evolved from 60 data points. The standard deviat on of
0.033 is a measure of the fit of data points to the curve. Since the t: i-
angular pore path presented to the second fraction is more tortuous and
has crevices of converging surfaces, one would expect the curve of jacking
efficiency to rise more slowly than it does for the case of the first f:action
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being packed into a cylindrical void. This point is borne out by the value
of the exponent and the multiplier in the equation for the lower curve in
Figure 39.

With the aid of the two equations presented, it now becomes
possible to calculate the packing efficiency of any multicomponent system
of spheres as a function of diameter ratios. If the packing efficiency of
spheres within a cylinder is

-0.313D/d
P = 0.635-0.216 ¢ /%, (1)

the void fraction remaining is 1 - (Eq. 1), namely,

-0,313D/d
Ve = 0.365 +0.216 e P, (2)

Since the void packing efficiency Pe, of the second component is

Pe, = 0.635 - 0.737 A/ (3)

the total packing efficiency, Pg (total), is (1) + (2)(3), or

-0.313D/d, -0.201d,/d,

P, (total) = 0.867 - 0.079 e - 0.269 e

-0.313D/d; - o0.201d,/d,

-0.159 e (4)

The value 0.867 is the limiting density for a binary sys-
tem, which agrees closely with the value 0.860 which was obtained by
McGeary35 by extrapolation of binary systems. The above equation was
compared against 60 data points for a two-component system and was found
to agree with a standard deviation of 0.013.

Ternary-component Packing

If one accepts the premise that the constant 0.635 in both
equations is the limiting density to which spheres will pack into any void,
and the value of the multiplier and exponent is determined by the void shape,
one must conclude that the equation 0.635 - 0.737 e~0-201D/d 411 express the
void packing efficiency of all spherical matrices. The above reasoning may
be extended ad infinitum through multicomponent systems; however, the
calculations become somewhat tedious beyond the quaternary. Without lead-
ing one through the involved algebra, and dropping terms which have an

35McGeary, R. K., Mechanical Packing of Spherical Particles, J. Am.
Cer. Soc. 44, (10) 513-22 (1961).
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insignificant effect on the packing efficiency, the following equation :nay
be developed for the ternary system,

Pf = 0.951 - 0.029 e 313D/1_ 0,098 (e-0-201d1/d; 4 ¢-0.201d7/1 3)

-0.198 o-0-201[(d)/dp) +(d,/d3) ],

In the ternary system the limiting density is 0.951 ¢s de-
termined by this method, which may be compared with the value 0.3)5
proposed by McGea.ry.35 The average difference between the calculaited
density and that achieved by experiment was 0.014.

Conclusions

The importance of the findings reported lies chiefly in the
ability to predict achievable densities by a purely mathematical metaod.
The obviation of graphical solutions or extrapolations greatly reduc :s the
labor and inaccuracies involved in reaching desired densities in comsacted
bodies. The procedures employed led to very regular packing dens ties
which were repeatable to within 0.015 for systems up to the ternary

The range of the systems studiedis presentedin Tal le XXVI
which compares the various component systems with achievable pac <ing
efficiencies and the component limitations of each.

Table XXVI

PACKING EFFICIENCY AND LIMITATIONS OF SPHERICAL SYS''EM

Number of Packing Efficiency ' o
Components ) ) Size Limitations
Minimum Maximum
One 0.550 0.635 D/d, =3
Two 0.720 0.867 D/d, =3; d,/d, =5
Three 0.840 0.951 D/d, 23; d,/d,=d,/d. =5

Development of Radiator-shell-fabricating Methods
(A. G. Hins and J. R. Summers)

A preliminary investigation was made to determine whether
TIG welding procedures can be used to fabricate 61- and 9 1l-tube "r:diator"
sections. Because of its availability, standard EBR-II Type 304 stainless
steel fuel-element tubing, measuring 0.443 cm in OD with a 0.023-c n wall
thickness, was used. The outer shells were made from sections of .BR-II
hexagonal tubing measuring 58.2 cm for outside flats and having a 0 l-cm
wall thickness. The tube sheets were machined from 0.32-cm stain ess
steel plate. After drilling the 61 or 91 hexagonally spaced holes, a »iloted
shell mill was used to undercut the area around each hole, leaving an



upstanding rim. This rim was approximately 0.07 cm high and 0.035 cm
thick. The holes were drilled to a slip fit with the tubes. The milling oper-
ation reduced the rim diameter slightly, making a tight fit with the tubes.

A welding positioner was constructed. Two "universal"
milling indexing tables were superimposed "piggy-back" on a base plate.
The TIG welding gun was mounted on a post and arm over the approximate
center of the indexing tables. A rack and pinion was provided to position
the gun vertically. Each indexing table was provided with graduated hori-
zontal x and y motions, and a vertical-axis rotary motion controlled by a
gear and worm. The rotary motion on the lower table was driven by a DC
motor with variable speed control.

The radiator assembly was fixtured to the upper table.
With the rotary drive in slow operation, the x and y motions were adjusted
until the welding electrode traced the rim of the center tube. The lower
table x and y motions were now locked, and a TIG weld was made on the
center tube upon completion of the first weld. The x and y motions of the
upper table were moved to index the rim of a second tube under the gun.
Since the x and y motions of the lower table were not disturbed, rotation
of the lower table caused the weld gun to follow a circle of the same diam-
eter at'the new position. A new weld was made and the process was re-
peated for each tube position. The results of this procedure are shown in
Figure 40.

Figure 40. Shell-and-tube Radiator Specimen

350-463
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5. Production of PuC and (U-Pu)C, and Fabrication of Carb de
Fuel Element Specimens (W. G. Tope)

Ceramic fuels for nuclear reactor applications are attrzctive
primarily for their high-temperature properties. Oxide fuels are c:..pable
of attaining a high burnup at elevated operating temperatures, but hz ve an
extremely low thermal conductivity. Carbide fuels have a better thermal
conductivity, but somewhat lower melting points. The literature cor tains
little information upon the physical properties and irradiation behavior of
carbide fuels. A program was initiated in 1961 to investigate the m :thods
of preparation and of fabrication.

Stoichiometric uranium monocarbide, containing 4.8 w/( car-
bon, melts at 2400°C. Plutonium monocarbide is hypostoichiometric, con-
taining about 4.4 w/o carbon, and decomposes peritectically at 1650 C into
plutonium sesquicarbide plus liquid. The two monocarbides form sclid
solutions throughout the whole range of uranium composition, but wl en
approaching 100% PuC with a single-phase microstructure, the carkton de-
creases from 4.8 w/o toward 4.4 w/o. Most nuclear reactor fuels vould
contain less than 60% PuC and the carbon deviation would be of littl
consequence.

Uranium carbide is commercially available, but neither pluto-
nium carbide nor solid-solution carbides are available. Thus, the f rst
objectives of the program were to develop methods to produce plutoiium
carbide and solid-solution mixed carbides. Since information was reeded
on both single-phase and stoichiometric plutonium carbide, both the 4.4 w/o
and the 4.8 w/o compositions were of interest.

A literature survey showed that laboratory-size batches of plu-
tonium carbide had been produced by pressing and sintering, and ar: melt-
ing. Plutonium metal, oxide, and hydride had been used as the star ing
material. Direct combination of the elements by arc melting appea 'ed to
have given the product of best quality. Direct combination of the el :ments
by resistance heating was selected for investigation and developmert.

Production of PuC

A process was developed for 300-g batches. Plutoniur. button
stock is charged into a 3.8-cm-diameter, thin-walled, graphite crucible
liner and reacted near the peritectic temperature. Carbon content s con-
trolled by reaction time and temperature. Reacting at 1600°C for 45 min
consistently gave a homogeneous product which contains 4.3 £ 0.2 w/o car-
bon by analysis. Metallographic examination shows a PuC matrix v ith
about 10% to 15% Pu,C; appearing as a second phase. Oxygen conta nination
is near 225 ppm and nitrogen less than 25 ppm. Minor element imgurities
total between 600 ppm and 1200 ppm.
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One-kilogram batches have been produced in 5-cm-diameter
crucibles. Reacting at 1600°C for 90 min gives a product with 4.8 w/o
carbon and at 1575°C gives a product with 4.4 w/o carbon. There is a tend-
ency for the larger batches to have a small carbon-rich core which analyzes
about 0.3 w/o higher than other samples from the batch. Remelting in a
tantalum crucible results in a more homogeneous product. The product
button is separated by machining the excess graphite. Recovery of the plu-
tonium in the form of carbide is 85% for the one-kilogram batches.

Additional graphite-contaminated carbide can be separated
from the turnings. This material is recovered by charging (with additional
plutonium) into a tantalum crucible, reacting at 1600°C, and fusible-plug
casting by raising the temperature to 1950°C. A tantalum mold is used, and
overall recovery is above 95%. The ingot is readily removed from the
mold. Figure 41 shows the tantalum melting crucible and cover, graphite
muffle; tantalum mold used for remelting and a one-kilogram remelted ingot.

Figure 41. Tantalum Crucible, Cover and Mold, Graphite Muffle and PuC Casting

 MUFFLE

350-602
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Solid-solution (U-Pu)C

Two methods are currently being studied to produce sol: d-
solution (U'Pu)C carbides: (1) carburization of (U-Pu) alloy, and (2) com-
bination of the individually produced carbides. Both melting and dif usion
techniques are being studied. The compositions of present interest range
from (U0,9Pu0,1)C to (Uo.spuO,E,)C.

The Ug,gPuyg., alloy is rapidly attacked even by a protect ve at-
mosphere containing less than 500 ppm O, and 50 ppm moisture. Tle
maximum carburization which has been achieved is 3.8 W/o C on m:e terial
reacted at 2000°C. Microscopic examination is difficult because of "he
extreme reactivity of the material. Additional experimentation is n:ces-
sary before the method can be properly evaluated.

Attempts have been made to diffuse plutonium carbide ir to ura-
nium carbide with use of equal amounts of 80/325 mesh powders. Rzacting
at 1900°C for 10 min showed most of the UC particles to be encased in PuC.
Further reaction at 2000°C showed a shaded diffusion zone under m« tallo-
graphic examination. Some PuC still remained in the grain boundaries.
Further experiments are in progress to evaluate the variables of te nper-
ature, time, particle size, and plutonium carbide concentration.

Various specimens are necessary for measurements of physical
properties and irradiation testing. Two methods have been success lully
used to fabricate irradiation-test specimens: casting and vibratory com-
paction. Plutonium carbide has been remelted in a tantalum crucib.e and
cast into tantalum-coated graphite sleeve molds. Castings measuriig
0.90 cm in diameter and greater than 5 cm in length have been mad:: in this
manner.

Vibratory compaction has been used to produce twenty ! -cm-
long specimens of 0.366-cm, 0.4-cm, and 0.65-cm diameter. Compaction
of 80% density was achieved by use of three size fractions in the following
proportions: 60 w/o coarse, 20 w/o medium, and 20 w/o fine. The diam-
eter of the coarse size should be about 1/5 the diameter of the tube For
0.4-cm-1ID tubes the ratio is 60 w/o -20 +40 mesh, 20 W/O -120 +20) mesh,
and 20 W/o -320 mesh.

Originally, considerable difficulty was experienced in p ‘oducing
alpha-free closure welds. The problem was overcome by using a p ‘otective
Teflon (or nylon) insert when filling the specimen jacket and compa :ting
within a closed protective tube. Both PuC and 80 w/o UC-20 w/o P1C spec-
imens have been fabricated. The hardware and equipment used to produce
these specimens are shown in Figure 42. Preliminary irradiation : esults
are discussed in Sect. A-3-a.



Figure 42. Vibratory-compaction Driver, Jackets, Loading Funnels, Protective Tubes,
Ground PuC, and Loaded Specimen
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PuC, (U-Pu)C Program

The development work on PuC production is essentially com-
plete. A few specimens are yet to be fabricated for irradiation and meas-
urement of physical properties. Approximately 12 kg of PuC have been
made, of which 9.8 kg are still available. Nearly all of this will be used in
making (U-Pu)C. We currently have orders for approximately 200 (U-Pu)C
specimens and EBR-II fuel rods to be made with varying enrichments.
Fifteen kg of 93% enriched UC and 10 kg of normal UC have been ordered
from Kerr-McGee Company for combination with our PuC.

Experiments are also under way on the production of particulate

carbide permeated with a liquid metal bond. Work has been programmed
on vibratory compaction a.nd/or pressing of PuC to a controlled density
and partial sintering to produce a porous fuel. Various inert materials
will be tested to prevent (and also to promote) complete sintering and also
to enhance physical and mechanical properties of the carbide.
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Particle shape and size control will prove very importart in
an economic process for production of vibratory-compacted PuC fuel. Con-
trolled particle-size generation must be developed if large quantitie ; of
fines are not to be recycled. Spheroidizing methods may be desirab e for
producing fuel elements of controlled density.

6. Fast Reactor Jacket Development

Fast reactor fuel jacketing or cladding must meet stringent
requirements. It should have a low cross section for neutron absorjtion,
good thermal conductivity, good high-temperature strength under ir: adia-
tion (for retention of fission products), and resistance to dimensionzl
changes or distortion. It should also be compatible with the fuel anc cool-
ant, and depending upon the specific application, meet other explicit de-
mands. Of equal importance, the material should be easily fabricab.e and
ultimately commercially available.

Because of these requirements, the Foundry and Fabric: .tion
Group found it necessary to investigate many facets of the refractor y-metal
jacket development program during the past year. The work included, but
was not necessarily restricted to, tubing procurement and price analysis,
development and evaluation of fabrication techniques, annealing studies,
alloy development and scale-up, and a review of the problems associated
with the fabrication of duplex tubing. The fruits of some of these ef orts
are described briefly in the sections that follow.

a. Tubing Procurement and Price Analysis (W. R. Bur:, Jr.,
and R. Hiskes¥)

In addition to the procurement of refractory metals and
alloys for general fabrication development studies, tubing was purclased
and delivered to the Engineering Irradiation Group for in-pile experiments
and evaluation. Procurement attempts revealed that aside from the pure
metals, two tantalum-base alloys, and three niobium-base alloys, nc other
small-diameter thin-walled tubing was available on a firm quotatior basis.
The commercially available small-diameter thin-walled tubing mat: rials
are indicated in Table XXVII, along with the prospects of availabilits in
1964. Procurement on a "best effort" basis has been abandoned because of
the high quoted prices and poor yields of acceptable tubing.

Nb-1 w/o Zr, V, and Ta-10 w/o W tubing was proctured
during the reporting period. An order for small-diameter thin-wal ed TZM
(Mo-0.5 w/o Ti-0.08 w/o Zr) tubing was cancelled by the vendor be« ause of
the lack of suitable annealing facilities. All of the tubing was of sat .sfactory
quality when nondestructively tested at ANL, except for the Ta-10 w /o w.
This latter tubing was of poor quality due to the use of defective tub: blanks
for secondary fabrication.

*Student aide during summer of 1963.



Table XXVIL
AVAILABILITY AND FABRICABILITY OF COMMERCIALLY PRODUCED REFRACTORY METALS AND ALLOYS
Fabricability(@) of SOTWT Commercial Prospects of
""Wegg#{“;e'fc':nﬁea’,ije"‘ Availabilityat | Commercial Availability
' ANL Others Expected End of 1963 during 1964
Niobium Group
ure Nb VE VE - Yes -
Nb-1 Zr {D-11) VE VE - Yes -
{Also FS-80, Cb-751 efc.)
Nb-5 Zr (D-14) E VE - Yes -
Nb-33 Ta-1 Zr (FS-82) E - - Yes -
Nb-4 V (B-33) ME - - Yes -
Nb-10 Ti-5 Zr (D-36) E VE - No Good
Nb-5 V-5 Mo-1 Zr (B-66) D D - No Good
Nb-10 W-1 Zr-0.1 C (D-43) ME ME - No Excellent
Nb-28 Ta-10 W-0.9 Zr (FS-85) - - ME No Poor
Nb-10 W-10 Hf (C-129) - - - No Poor
Nb-10 Hf-1 Ti-0.5 Zr (C-103) - - E No Good
Nb-10 Ti-10 Mo-0.1 C (D-31) - - D No Poor
Nb-15 W-5 Mo-1 Zr (F-48) - - D No Poor
Nb-10 W-2.5 Zr (Cb-752) ME ME - No Good
Nb-10 W-10 Ta {S-291) ME ME - No Good
Vanadium Group
Pure V VE VE - Yes -
Several V alloys are under investi-
gation but none have been made
commercially available during 1963.
Tantalum Group
Pure Ta ME VE - Yes -
Ta-10 W ME E - Yes -
Ta-8 W-2 Hf (T-111) ME E - Yes -
Ta-9.6 W-2.4 Hf-0.01 C (T-222) - - ME No Good
Ta-30 Nb-7.5V - - D No Poor
Ta-10 W-1 Zr - - ME No Good
Molybdenum Group
Pure Mo ME ME - Yes -
Mo-0.5Ti D ME - No Poor
Mo-0.5 Ti-0.08 Zr (TZM) D ME - No Poor
Mo-30 W D D - No Poor
Mo-1.25 Ti-0.15 Zr-0.15 C (TZC) - - D No Poor
Tungsten Group
Pure W - D - Yes -
W-25 Re - D - Yes -
W-3 Mo Commercial availability not established
W-30 Re-5 Mo Commercial availability not established
W-10 Ta Commelrcial availabillity not establ isl,hed

(@) Fabricability of small-diameter thin-walled tubing is based upon secondary fabrication (redraw). Primary
fabrication, extrusion, forging, etc., are not evaluated in this table.

The classifications are: VE - very easy, E - easy, ME-- moderately easy, and D - difficult.

A survey is in progress to evaluate current prices of
304 stainless steel, Hastelloy-X, and refractory-metal tubing with regard
to probable costs of complete reactor core loadings. Prices for various
tube sizes and quantities of 304 SS and Hastelloy-X were obtained rather
easily, although the prices for seamless Hastelloy-X tubing represents one
supplier only. A total of fourteen firms supposedly able to supply refractory
metal tubing have been contacted. Only six have been heard from to date.
Three firms are unable to supply such tubing. Preliminary price data for
the refractory metals, stainless steel, and Hastelloy-X are given in
Table XXVIII. Refractory metal prices can be considered realistic for the
date of the quotation but cannot be construed as the actual price for a firm
order, or a price that will be quoted six months hence. Suppliers are too
numerous in some metals, too few in others. As the market is developed,
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prices obviously can be expected to change. Even 304 stainless ste:l
prices cannot be considered firm over a long period of time.

Table XXVIIT
QUOTED PRICES FOR FAST REACTOR TUBING MATERIALS
Tubing Costs ($/m)@
Tubing Material _ _ 3 _

{ ) No. of Quoting Firms 0.40-cm 1D x 0.04-cm Wall 0.95-cm 1D x 0.09-cm Wall

30.5m 305 m 3,050 m 30.5m 305m 3,050 :
Seamless 304 SS (Many) 2.16 141 131 436 2.89 2.70
Welded 304 SS (2) - - - - 1.34tb) 1,08 )
Seamless Hastelloy-X (1) - 4.03 3.64 - - -
Welded Hastelloy-X (2) - - - 9.15!0) 5.94(b) 5,251
Cb (3) 21.32 to 28.60 11.18 to 28.60 9.35 to 28.60 63.99 to 85.61 59.04 to 84.69 55.10t0 8 .66
Cb-1Zr (2) 23.29 to 23.88 15.15 t0 20.40 12.53 t0 20.37 76.36 t0 94.14 66.12 to0 93.22 62.98109 .18
Ta (4) 27.88 t0 33.29 20.93 t0 32.54 18.53 t0 32.54 96.76 to 149.57 96.95 to 139.07 90.53 to 1 7.92
Ta-10 W (1) 49.53 39.95 32.14 191.88 180.40 167.12
Mo (1) 25.62 25.62 25.62 47.00 47.00 47.00

WMultipIy $/m by 0.3 to get approximate $/ft.
{b0,953cm 1D x 0.071-cm wall,

b. Secondary Fabrication Techniques (J. E. Flinn, Jr., and
R. M. Mayfield)

Small-diameter thin-walled tubing of various refrac:ory
metals and alloys has been required during the reporting period for :on-
tinuing evaluation studies. A 0.396-cm (0.156-in.)-ID x 0.038-cm (0. 115-in.)-
wall tube size has been typical, but other sizes have also been fabricated.
The evaluation tubing was produced by secondary fabrication methods de-
veloped to assure a high-quality product. The alloys included were :en-
erally those listed in Table XXVII under the column headed by "ANL."

Because of the lack of extruded tube products, the s arting
material in the desired size range usually consisted of drilled tube 1 lanks.
Certain of the blanks were then ironed by swaging and drawing on a 1on-
deformable mandrel to produce the D/t (diameter-to-wall thickness ratio
desired for subsequent operations. Ductile core drawing (including jowder
or partial powder fills) followed the ironing operation. (The selecticn of
core material will depend upon the alloy being fabricated and the D/t ratio
of the tube prior to core insertion.) The core materials consisted p ri-
marily of copper with or without a powder annulus of Al,O; or sugar In
some instances sugar alone was used as the filler material.

Once the ID-support material was in place, the tube was
pointed by swaging, followed by drawing down to near finished size. The
reduction per pass varied, but in general ranged from 10-20% per pi.ss.
Total reductions were usually 60% or less. Copper cores, with or without
Al,0;3, were removed by swaging. If sugar was used, it was remove . by
melting. Cores were removed near the finished size, and the tube t i.en was
either sunk a slight amount or ironed slightly over a nondeformable mandrel
to the desired size. Vacuum anneals (at 0.05 [ or better)were inco 'porated



where needed. Nondestructive testing, including ultrasonics, eddy current
and radiography, was utilized after each major fabrication step. For fur-
ther details of these processing techniques, including results and problem
areas, reference should be made to a recent publica.tion.36

c. Isochronal Annealing Studies of Refractory Metals
(J. E. Flinn, Jr.)

Annealing studies have been carried out during the report-
ing period to provide critical information needed for the secondary fabrica-
tion of many of the refractory metals and alloys. Fabrication operations
can be brought to an abrupt halt if reasonably precise recrystallization and
stress-relieving temperatures (as well as times) have not been determined
for the alloy being processed.

Table XXIX summarizes selected data obtained from nio-
bium and tantalum alloys. The values are based on hardness measurements
which are in the process of being confirmed by metallographic examina-
tion. All alloys investigated were cold rolled to reductions of 20, 40, 60,
and 80%, except that Nb-39 w/o V-1 w/o Ti had reductions of 25, 50, and
80%. The anneals were carried out in vacuums of 10~% torr or better for
2 hr at temperature.

Table XXIX

RECRYSTALLIZATION AND STRESS-RELIEVING TEMPERATURES(a)
OF SELECTED Nb AND Ta ALLOYS

Nominal Composition Stress—relieving Recrystallization Interstitial
(Numerals indicate w/o) | Temperature, °C b) Temperature, °C{b Analysis (ppm)
Nb-1 Zr (Square wire) 750 1150 H, < 30, O, < 60,
Heat No. 1592 N,-160, C-67
Nb-1 Zr (Round) 850 1250 H, < 1, 0,-97
Heat No. 10-4430 N,-151, C-271
Nb-5 Zr <600(c) 1250 H, < 50, 0,-177
(D-14) N,-45, C-44
Nb-10 Ti-5 Zr <600(c) 950 H,-6, O,-249
(D-36) N,-20, C-24{d)
Nb-39 V-1 Ti <600(c) 950 H,-4, 0,-270
N,-130, C-260(d)
Ta-8 W-2 Hf 950 1500 0,-18, N,-20,
(T-111) c-28ld
Ta-10 W 800 1500 0,-30, N, < 10,
c < 10(a)

(2)Based on DPH hardness measurement.
b)Time at temperature - 2 hr.
¢/Temperatures below 600°C not investigated.
(d)Billet analysis.

36Flinn, ]. E., Jr., and Mayfield, R. M., Evaluation of New Fabrication Techniques for High Quality
Refractory Metal Tubing. Technical Conference on Applied Aspects of Refractory Metals (AIME),
December 9-10, 1963, Los Angeles, California. To be published in proceedings.

89



90

The annealing behaviors of Nb-5 w/o Zr (D-14) and Ta-
10 w/o W are shown in Figures 43 through 45. An increase in hardn:ss
is noted in Figure 43 for the Nb-5 w/o Zr material after the full rec-ys-
tallization temperature had been surpassed. A similar behavior has been
reported for Nb-1 w/o Zr and was attributed to the solution of interstitial
compound phases.37
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37Chang, W. H., A Study of the Influence of Heat Treatment on Microstructure and Properties‘of Re-
fractory Alloys, DM-60-779, Contract AF33(616)-7125, Quarterly Report No. 3, November .960.




Figure 45. Isochronal Annealing Behavior of Ta-10 w/o W
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The hardness versus temperature curves of Figure 44
were obtained from the same specimens used in Figure 43. Each specimen
was reground and polished to assure sufficient removal of any possible
contamination layer that might have formed during annealing. Under these
conditions of specimen preparation there is no evidence of a hardness in-
crease at temperatures above that required for complete recrystallization,
i.e., above 1300°C. The increase in hardness at elevated temperatures for
the Nb-5 w/o Zr indicated in Figure 43 must therefore be pseudo in nature,
representing a surface effect rather than the true effects occurring in the
interior of the test specimen. Repolishing even had an effect on the as-
worked hardness values, but to a considerably lesser degree than for the
specimens annealed at the higher temperatures.

All of the alloys listed in Table XXIX exhibited a rise in
hardness with the higher annealing temperatures until sufficient surface
and subsurface contamination had been removed to reveal the true anneal-
ing behavior. The true annealing behaviors were similar to behaviors of
the Nb-5 w/o Zr and the Ta-10 w/o W shown in Figures 44 and 45,
respectively.

It is entirely possible that a hardness increase could occur
by virtue of age-hardening effects, interstitial solutioning, etc., but this
did not seem to be the case for the temperature or alloy parameters of
this particular investigation.
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d. Evaluation of Alloy Fabricability (F. J. Karasek)

The alloy-development phase of the overall fast rea tor
jacket development program has been concerned with small-scale alloying,
arc casting, and rolling of a variety of refractory alloys that were nt
commercially available. The alloy button melts, while small, were jener-
ally large enough to provide 0.81-mm (0.032-in.)-thick corrosion co ipons,
as well as a knowledge of the rolling parameters.

The alloys that have received attention during the ycar are
generally of the solid-solution type, devoid of intentional additions o dis-
persion and/or precipitation hardening elements. Strength at elevat:d tem-
peratures is desired, but not at the sacrifice of fabricability. Althoi gh
fabricability of refractory metals into bar, sheet, and structural shzpes
has been intensively studied, fabrication of these same materials inio
small-diameter thin-walled tubing has not received a great deal of ¢ tten-
tion. Tubing fabricability should receive major emphasis in selectiim of
candidate tubing materials for the fast reactor program.

The alloys studied were consolidated from preclean:d ma-
terials. The arc-melting procedures were such that a homogeneous product
would be assured. Most of the alloys were jacketed in either mild s:eel or
304 SS to prevent contamination during hot rolling. The rolling practice
was quite similar to that reported for foil production.3

The results of the alloy-fabricability study are sumrmarized
in Table XXX. The most fabricable binary alloys were Nb-10 w/o 11, V-10
and 20 w/o Ti (TV-10 and TV-20), and the more easily workable ternaries
were Nb-9 w/o Ti-3 w/o Mo, Nb-18 w/o Ti-4 w/o V and Nb-15 w/o Ti-
6 w/o V, based on the methods and temperatures employed. Regarcing the
V-Ti alloys, interstitial analyses of the 0.81-mm-thick coupon stocl: yielded
values averaging 850 ppm O, and 500 ppm C for TV-10, and 800 ppn. O, and
450 ppm C for the TV-20 alloy.

The ease of workability of these alloys (TV-10 and 20) con-
firms earlier results reported by Smith,3? even though different fal rication
techniques were employed. Further, the interstitial contents of the final
product were not reported in this ANL-sponsored work that was cor ducted
at Armour Research. Based on the reported analysis of the startin : mate-

rial, however, the impurity level can be assumed to have been reasnably
close to the values reported above.

38Ka.ra.sek, F. J., Techniques for the Fabrication of Ultra Thin Metallic
Foils, Nuclear Science and Engineering, 17, 365-370 (Nov 19¢ 3).

39Smith, K. F., and Van Thyne, R. J., Selected Properties of Vi nadium
Alloys for Reactor Application, ANL-5661 (May 1957).




Table XXX

FABRICABILITY EVALUATION OF SELECTED Nb, V, AND Zr ALLOYS
(Not commercially available)

- R Hardness Hardness

Alloy Composition Hardness Hot Rolling .

L after Hot Cold Reduction after Cold Remarks
{Numerals indicate w/o) As Cast Temp (°C) Breakdown Reduction

Nb-5 Mofa} NA(D) 1000 NA ~25% 93 Rp Some difficulty
in cold working.

Nb-5 Mol@! NA 850 NA 10% initially 20-24 R, 1125°C anneal

30% after anneal dropped hardness
10 91 Rp.

Nb-10 Tit@) 74-80 Rg 850 75-71Rg | d40%anneal then50% | 95Rp Works well.

Nb-10 V 20-21 R 950 20-23 R Not attempted (d

Nb-20 V 28-31 R¢ 1000 to 1150 - - - (c)

Nb-39 V-1Ti 25-21 R¢ 1000 to 1150 - - - (c)

Nb-9 Ti-8 V 96 R 850 to 1150 - - - (c)

Nb-9 Ti-3 Mofa) 75-19 Rg 850 92 Rp 60% 98 Rp Works well.

Nb-15 Ti-6 V 87-90 R 950 87-91 Rg 50% 26-28 R To be annealed
prior to further
cold working.
Works well.

Nb-18 Ti-4 Vi@ 85-90 Rp 650 9% R 68% 22-25R¢ Works well.

V-10Ti (Tv-10)@ NA 850 (Air) NA 50% 95 Rp Works well.

V-20 Ti (Tv-20)@) NA 850-900 (Air) NA 50% 21 Re Works well.

V-40 Ti 24-26 R¢ 1050 20-24 R¢ Not attempted - (d)

V-5 Mo 94 Rp 950 88 R - - Unable to cold
work without
cracking.

V-50 Mo 28-36 R 1050 to 1150 - - - (c)

V-20 Nb-5 Ti 30 Re 1000 to 1150 - - - {c)

65 V-35 Nb (AS-514) 28 R¢ 850 to 1150 - - - (c)

56 Zr-28 V-16 Ti 41-43 R¢ 1000 43 Re - - (c) 1125°C anneal

(AS-537) dropped hardness
t0 35 Re.

(@ Alloy coupons supplied to Engineering Corrosion Group for evaluation of compatibility with sodium.
(b)Y Not available.

(c) Breakdown by hot rolling unsuccessful at temperatures indicated (Furnace limitation: 1150°C).

{d) Fyrther hot rolling at higher temperature or high-temperature anneal required.

Corrosion coupons also have been fabricated from various
commercially available materials: pure Nb, Nb-1 w/o Zr (D-11), Nb-
5 w/o Zr (D-14), and Nb-10 w/o Ti-5 w/o Zr (D-36). The workability of
these Nb-base alloys had already been established, and no difficulties were
experienced. The coupons have been delivered to the Engineering Corro-
sion Group for Na compatibility studies.

e. V-10 w/o Ti and V-20 w/o Ti Alloy Scale-up (W.R. Burt, Jr.,
R. D. McGowan, R. A. Beatty, W. C. Kramer, F.J. Karasek,
and R. M. Mayfield)

The V-10 w/o Ti (TV-10) and V-20 w/o Ti (TV-20) alloys
were scaled up to 3.8-cm (1.5-in.)-diameter ingots and extruded to bar
stock for studies of mechanical properties, compatibility with fuel and
coolant, as well as a more thorough study of fabrication parameters.
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The decision to scale-up these alloys was predicatec upon
the following facts: (1) the cross section of both vanadium and titaniim is
favored for fast reactor applications, (2) initial evaluations of fabricability
were encouraging, (3) the existing niobium alloys were not encourag ng
from the standpoint of compatibility with sodium, and (4) the materiils
could not be purchased commercially within a reasonable amount of :ime.
From the availability standpoint, the vanadium field is rather barrer (see
Table XXVII, p. 87).

Consolidation by Melting

The charge materials for melting consisted of vanacium
chips (400 ppm O,, 500 ppm C, 200 ppm N,, and 40 ppm H,) procured from
the Union Carbide Metals Co. and titanium plate (250 ppm O,, 100 prm C,
20 ppm N,, and 10 ppm H,) purchased from the Chicago Development Cor-
poration. The vanadium chips were consolidated into a 6.85-cm (2.€-in.)-
diameter ingot by nonconsumable arc melting, followed by remelting into
a 3.81-cm (1.5-in.)-diameter ingot in the electron beam (EB) furnac:. The
vanadium ingots were wrapped with titanium sheet and drip melted iito
alloy ingots in the EB furnace. To promote homogeneity, the TV-10 alloy
was double melted and the TV-20 alloy triple melted. Analyses sho'/ed the
ingots to be rich in titanium at the extreme bottom and depleted in t:tanium
at the extreme top due to the alloy-electrode design and subsequent -od
"melt-off" characteristics of the electron beam. The main body of ihe in-
gots showed fair homogeneity, although further improvement will be
required.

The ingots were scalped to a 3.41-cm (1.34-in.) dia neter
to remove all surface defects. Ultrasonic inspection of the ingots r :vealed
no internal defects. Following inspection, the ingots were machined into
extrusion billets approximately 16.2 cm (6.375 in.) in length.

Extrusion of Ingot Stock

The machined alloy billets were canned in 304 SS fcr ex-
trusion. The overall dimensions of the canned extrusion billet were 4.95cm
(1,95 in.) in diameter by about 19.1 cm (7.5 in,) long. The billets we¢re in-
duction heated to 1110°C, soaked at temperature for 5 min, and extr ided at
14.2 cm/sec (5.6 in. /sec) through a 1.865-cm (0.734-in.)-diameter cie cor-
responding to a 7.7:1 reduction ratio. The average running extrusicn pres-
sures measured 4,200 kg/cnrl2 (59,800 psi) for TV-10 and 4,400 kg/( m?
(62,700 psi) for TV-20, in contrast with 3,660 kg/crn2 (52,000 psi) fcr a
304 stainless steel billet extruded at the same temperature.

X-radiography of the extruded composite bars reveiled
that the TV core materials were nonuniform in diameter and shower. a
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rippled appearance. After decanning, the cores were found to have deep,

full-length longitudinal striations, possibly caused by the large as-cast
grain size.

Product Evaluation

The results of interstitial analyses based upon samples

taken from the lead, middle, and tail ends of both extrusions are reported
in Table XXXI.

Table XXXI

RESULTS OF INTERSTITIAL ANALYSES ON EXTRUDED
BAR STOCK OF TV-10 AND TV-20 ALLOYS

Analytical Results (ppm)
Alloy Element
Lead Middle Tail
TV-10 ola) 300 300 400
C 365 326 322
N 320 360 382
TV-20 ola) 700 600 600
C 352 408 316
N 372 288 324

(a)Oxygen results converted from w/o.

The higher oxygen content of TV-20 was traced to an an-
nealing of the titanium alloy stock prior to EB melting. No analysis was
made of the annealed product, but the evidence is strong that the vacuum
annealing was not carefully controlled.

Metallographic examinations were made on transverse and
longitudinal samples taken from the lead, middle, and tail ends of each ex-
trusion. The rods were uniform in structure along their length, with the
typical "as-extruded" structure shown in Figure 46. Both alloys exhibited
a fine grain size, approximately 90% recrystallized. Bands oriented in the
extrusion direction were evident in the microstructure, with few grains
existing within these bands. Also evident in the longitudinal direction were
long dark stringers of a fine, discontinuous network of particles.

Measurements of the diamond pyramid hardness of the ex-
truded rods gave the results shown in Table XXXII. The hardness increase
along the length of TV-10 is most likely associated with a gradual increase
in titanium content from 8.6 w/o at the lead end to 10.3 w/o at the tail end.

[For comparison, 304 stainless steel extruded at 1100°C measured 137-
139 DPH (74 RB).]
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Figure 46. As-extruded Microstructure of Titanium-Vanadium Alloys; a) V-10 w/o Ti, b) V-20 w/o Ti
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Micro 37632 Transverse ~130X Micro 37633 Longitudinal ~130X
(a) TV-10

Micro 37635 Transverse ~130X Micro 37636 Longitudinal ~130X
(b) TV-20
Etchant: 5% HF and 2% AgNOg

In an effort to determine if the as-extruded alloys were in
a "dead-soft" condition and essentially fully recrystallized, extruded mate-
rial was heat treated in vacuum for 1 hr from 800 to 1200°C in 100° incre-
ments. Hardness measurements after heat treatment are reported in
Table XXXIII.



Table XXXII

AS-EXTRUDED HARDNESS VALUES FOR THE
TV-10 AND TV-20 ALLOYS

DPH Hardness (10 kg load)
TV-10 TV-20
Section
Transverse Longitudinal Transverse Longitudinal
DPH RB DPH RB DPH RB DPH RB
Lead end 170 (86) 172 (86) 232 (98) 235 (98)
Middle 181 (88) 186 (89) 233 (98) 233 (98)
Tail end 187 (89) 199 (92) 236 (98) 233 (98)
Table XXXIII
HARDNESS CHANGES IN TV-10 AND TV-20 ALLOYS
AS A RESULT OF HEAT TREATMENT
DPH (10-kg load) and Rp Hardness
) TV-10 TV-20
Specimen
Condition . . . .
Transverse Longitudinal Transverse Longitudinal
DPH RB DPH RB DPH RB DPH RB
As extruded 187 (89) 199 (92) 236 (98) 233 (98)
1 hr @ 800°C 169 (85) 172 (86) 207 (93) 212 (94)
1 hr @ 900°C 160 (83) 164 (84) 206 (93) 213 (94)
1 hr @ 1000°C 167 (85) 173 (86) 216 (95) 222 (96)
1 hr @ 1100°C 163 (84) 161 (83) 216 (95) 227 (97)
1 hr @ 1200°C 173 (86) 182 (88) 222 (96) 233 (98)

In TV-10, the microstructure revealed a slight amount of
grain coarsening at 1000°C, whereas at 1100°C small grains appeared at
grain boundaries and additional grain growth was quite evident. A few
grains were also visible in the long stringers of discontinuous particles.
Heating at 1200°C resulted in marked grain growth, and the grains in the
long stringers became larger, more profuse, and outlined by the particles.
There also was evidence of particles appearing within the original grains.

Similar effects were observed with the heat-treated TV-20
alloy. Slight softening occurred, but the heat-treated hardness increased
with increasing temperature. Very slight grain coarsening occurred at
1000°C, whereas at 1100°C further growth was evident, together with small
grains appearing at grain boundaries and in the stringers. Particles also
were visible within the grains after the 1100°C treatment, similar to that
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seen in TV-10 after the 1200°C treatment. Heat treating the TV-20 .lloy
at 1200°C resulted in further grain growth and profuse amounts of p: rticles
present within the grains. The increase in hardness with increase i1 heat-
treat temperature may be attributed to the increased amount of part cles
formed.

Isochronal annealing studies of the TV alloys are urder way,
as well as of unalloyed vanadium, to determine stress-relieving and re-
crystallization behavior as a function of cold work. Small TV arc melts
are being prepared covering a range of oxygen and titanium contents in or-
der to determine compatibility with sodium and fabricability as a fui.ction
of composition.

Additional TV material is being prepared on a larger scale
with improved homogeneity to provide stock for extrusion studies wl.ich, in
turn, will yield controlled material for evaluation purposes by other labo-
ratory groups. Tubing fabrication will receive considerable emphasis once
this new material is available for processing.

f. Duplex Tubing (W. R. Burt, Jr., and J. E. Flinn, Jr.!

A duplex tube consisting of stainless steel or Haste loy-X
on the exterior of a refractory metal tube (or liner) may offer a possible
simultaneous solution to the corrosion problem that has been experiznced
in certain refractory metals after exposure to 650°C sodium containing
100-200 ppm oxygen and to the problem of compatibility of the fuel.

Three methods of obtaining such a tube are current y being
investigated: (1) coextrusion followed by secondary fabrication, (2) :odraw-
ing of two tubes with or without a diffusion-bonding annealing treatn ent,
and (3) plasma-spraying 304 SS on the OD of a suitable refractorymz=tal tube.

Coextrusion

The initial work consisted of extruding a vanadium ‘od
canned in 304 SS at 1200°C. Ultrasonic examination indicated a sour d bond
between the 304 SS and vanadium core. The outer surface was clear.ed and
a hole was drilled in the vanadium core to form a duplex tube, 1.26& cm
(0.499 in.) in OD and 0.873 cm (0.344 in.) in ID. The wall consisted of equal
thicknesses of stainless steel and vanadium. The tube was ironed o1 a non-
deformable mandrel to a 1.029-cm (0.405-in.) ODand a 0.850-cm (0.33 5-in.) ID.
Ultrasonic inspection at this point showed only 50% of the 304 SS/V nter-
face to be bonded. The tube was vacuum annealed at 850°C, ironed o0 a
0.923-cm (0.362-in.) OD and 0.729-cm (0.312-in.) ID, and reannealeil. A
copper ductile core was inserted in the tube and the composite asse mbly
drawn to a tube size of 0.572-cm (0.225-in.) OD x 0.485-cm (0.191-i: i) ID.
The copper core was removed and after annealing, the duplex tube v'as sunk
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to a final size of 0.442-cm (0.174-in.) ID and 0.047-cm (0.018-in.) wall
thickness. Characteristics of the bond are being evaluated by nondestruc-
tive testing.

To provide additional material, a 5.08-cm (2-in.)-diameter
304 SS/V duplex billet was extruded at 1200°C by conventional mandrel tech-
niques at a 19.3:1 reduction ratio. Radiographyand metallography showed
no apparent nonbond areas. The vanadium portion of the tube showed a
duplex structure of recrystallized grains with fine bands of unrecrystallized
material aligned parallel to the extrusion direction. Following a nondestruc-
tive examination for bond quality and defects, the tubing will be processed
to small-diameter thin-walled tubing.

Extrusion of niobium granules in a 304 SS billet to form a
304 SS/Nb duplex tube resulted in a poor quality extruded tube not accept-
able for further fabrication. The niobium granules were not compacted
uniformly during extrusion, thereby resulting in a rippled tube over a ma-
jority of the extruded length. Small areas of acceptable tubing indicated
that the technique may be feasible. Further work will be done with a new
billet design incorporating a precompaction prior to actual extrusion.

An attempt to extrude a 304 SS/Nb-4 W/O V duplex tube at
1100°C and a 18:1 reduction ratio was unsuccessful, for the press stalled
before extrusion was initiated.

Codrawing

Although it is desirable to have a metallurgical bond in
duplex tubing, the possibility that a good mechanical bond will be acceptable
has not been eliminated. In an effort to obtain a mechanically bonded duplex
tube, 304 SS and Hastelloy-X tubing have been codrawn over Nb-1 W/O Zr,
Nb-5 w/o Zr, and Nb-33 w/o Ta-1 w/o Zr. Drawing reductions were be-
tween 30 and 40%. The tubing is near finished size and is being evaluated
for bonding and defects by nondestructive testing.

Some of the codrawn tubing will be annealed at relatively
high temperatures in order to obtain a diffusion layer between the two ma-
terials. Earlier work has shown that anneals at approximately 1200°C will
result in a diffusion layer of about 0.0025 mm (0.0001 in.).

Plasma-sprayed Coatings

To prevent exposure of the outer surface of a refractory-
metal cladding to contamination in unpure sodium at moderate temperatures,
the feasibility of spraying 304 SS on that surface for protection is being in-
vestigated. Nb-1 W/o Zr bars with a plasma-sprayed surface layer have
been corrosion tested in sodium with apparent corrosion of the base



100

materials. Two Nb-1 w/o Zr tubes with a plasma-sprayed, 0.012-m
(0.005-in.)-thick 304 SS surface has been delivered to the Engineerirg Irra-
diation Group for "in-pile" irradiation capsule testing.

7. Fabrication of U-Mo Alloys for Blanket Rod Stock
(H. C. Katiyar,* R. A. Beatty, and R. M. Mayfield)

An evaluation of U-Mo alloys, whose production has beer de-
scribed elsewhere,40 as a possible high-temperature fast reactor blinket
material has necessitated development of suitable fabrication technic ues
for alloys containing up to 14 w/o molybdenum. Fabrication parame .ers
for the alloys of lower molybdenum content have been fairly well estib-
lished. Starting material for fabrication consisted of 7.6-cm (3-in.)-c iameter
ingots produced by vacuum induction melting and casting.

Rod rolling, extrusion, and recasting of a U-14 W/o Mo zlloy
were evaluated as methods for producing bar stock for machiningto .04-cm-
and 0.80-cm-diameter blanket slugs. As-cast material whose micrc¢struc-
ture is shown in Figure 47a was fabricated. The dendritic structure is a
probable reason for the erratic nature of the fabrication results. A i1omog-
enization heat treatment of 20 hr at 1000°C resulted in the microstricture
shown in Figure 47b. Heat treating for 8 hr at 1000°C produced a siinilar
structure. Fabrication experiments will be repeated using homogen: zed
cast material. Hopefully, the material will be more amenable to fabrica-
tion and result in better quality material.

The results of fabrication studies of as~-cast U-14 w/o Mo are
discussed below.

Rolling

U-14 w/o Mo bars, 2.54 cm in diameter, were hot rolled both
bare and with 0.63-cm-~thick Zircaloy-2 jackets. Bare material was rolled
out of chloride salt at temperatures ranging from 950 to 1030°C. Al rolled
material was characterized by deep circumferential cracks along th:: total
length of the bar. Jacketed material was rolled at temperatures rangzing
from 950 to 1170°C. It appears that 1000-1100°C is the best rolling " em-
perature, for the U-Mo alloy exhibited cracking at 950°C and possiblz hot
shortness above 1100°C. This latter behavior may be due to the noniomo-
geneous cast material. At 1000-1100°C, the as-cast material could re re-
duced 10-15% per pass. Nose bursts and end tears were often evide:t.

*INSE Participant.

40Loveland, C. W., and Owen, J. E., Production of Molybdenum-

Uranium and Zirconium-Uranium Alloys, Union Carbide Nucle¢ar Co.
KY-348 (Aug 1960).




Figure 47a. Microstructure of As-cast U-14 w/o Mo

Micro 38021 250X

Etchant: (1) 1/2 nitric acid - 2 citric acid - 97.5 water; electrolytic
(2) Phosphoric acid electrolytic for film removal

Figure 47b. Microstructure of Cast U-14 w/o Mo after a Homog-
enization Heat Treatment of 20 hr at 1000°C
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Micro 38020
Etchant: Same as above
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Extrusion

Both Zircaloy-2-jacketed and bare U-14 w/o Mo billets were
extruded on a 150-ton vertical extrusion press at a speed of 2.54 cm/sec.
Extrusion ratios ranged from 4.0 to

Figure 48. Surface Appearance of U-14 w/o Mo Ex- 5.3:1, and extrusion temperatures
truded Bare at: (a) 1000°C, (b) 870°C, were varied between 725 and 1000°C.
(c) 750°C Billets extruded at 1000°C were rela-

tively uniform in diameter, but ex-
hibited severe circumferential
cracking or checking. The severity
of this cracking decreased with de-
creasing extrusion temperatures.
However, as the temperature was
lowered, deep longitudinal striations
and a nonuniform diameter resulted.
This can be seen in Figure 48, show-
ing U-14 w/o Mo extruded bare at
three different temperatures. The
use of a Zircaloy cladding on the
billets did not eliminate the cracking
or striations and led to further var-
iance in the extruded diameters due
to the relative softness of Zircaloy
compared with U-Mo at the extru-
sion temperatures employed. The
use of a stronger jacket material as
well as incorporation of a homog-
enizing heat treat for as-cast mate-
rial should improve extrusionresults.

Casting

Magzo 87282 1x Casting U-14 w/o Mo into

@ ®) © 1.27-cm-diameter x 30-cm-long bars

by vacuum induction melting and

bottom pouring into a multicavity mold was successful. These castings
were suitable for cleaning up to the required finished dimensions of
1.04-cm diameter x 27.9-cm length. Melting was done in a "Korundal”
(80% A1,0;)-coated graphite crucible. The metal was poured into a graphite
mold with a flame-sprayed mullite (3 Al,0; - 2 SiO,) coating on the mold
cavities. Successful casts were made at a pouring temperature of 1750°C.

8. Fabrication Development for FARET Test Fuel Elements for
Physics Experiments (J. H. Handwerk and A. J. Carrea¥*)

The fuel design of the test core of the FARET reactor requires
a ceramic piece in the form of a cylinder, 6.90 cm in length and 1.27 cm in

*Resident Research Associate, Comision Nacional de Energia' Atomica, Argentina.
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diameter, which has a central longitudinal hole and 12 surface projections.
Six of these projections are on the diametrical surface of the cylinder to
space the fuel cylinder centrally in the jacketing tube. Three projections
are on each end of the fuel cylinder to space the fuel pellets lengthwise in
the fuel tube. The central hole is a thermocouple well; however, for out-
of-pile testing the fuel pellet design was modified to use the central hole
for a resistance heater. Three additional holes equally spaced around the
central hole were incorporated in the design, and these holes were to be
used for thermocouple instrumentation.

The test core fuel is to be either UO,-PuO, or UC-PuC. Since
UO, is a more convenient material to use, fabrication development was
started with this material. The fuel pellet could be formed either by ex-
trusion or isostatic pressing. To expedite the fabrication of samples, the
extrusion process was selected.

UO, was mixed with 4 w/o glycerine, 2 W/O methyl cellulose,
and 12.15 w/o water. This mixture was extruded over a core bridge and
through a fluted die to form rods having the necessary four holes and three
flutes the full length of the rod. The rods were dried, sectioned, and flutes
machined to form the surface projections on the diameter and ends. After
machining the specimens were sintered in hydrogen for 4 hr at 1700°C.
Sintered densities of the specimens varied from 10.3 to 10.6 gm/cc (90-
95% of theoretical density). Specimens were neutron radiographed and
tested with a dye penetrant for cracks and voids prior to assembly in the
test tubes.

Initial out-of-pile heating tests resulted in the fracturing of all
test specimens. Thermal stresses can be estimated by the Timoshenko
formula?! if uniform heat distribution and steady-state conditions can be
assumed. Table XXXIV compares the three ceramic fuel materials on
which more information is available. From these data and some conserv-
ative assumptions for safety coefficients, it appears that a linear heat flux
of 10 to 12 W/cm applied to high-density UO, would produce considerable
fracturing of the UO, pellets. Based on the present design of the fuel pellet,
the out-of-pile heating tests appear to confirm this estimate.

From the data in Table XXXIV it appears that UC would withstand
a linear heat flux in excess of 30 W/cm which is anticipated in the FARET
test core. Test specimens of UC were, therefore, prepared by first crush-
ing arc-melted UC buttons to a particle size of <44 u. This powder was
preformed in a steel die, and the resulting cylindrical blanks were sintered
in vacuum at 1650°C. The blanks were machined to size on the outér sur-
faces, and a central hole was drilled in each pellet. During machining many

4]‘Ca.rter, J. C., Temperature and Stress Distribution in Spheres, Rods,
Tubes, and Plates, ANL-4690 (Sept 1951).
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of the pellets developed fissures; however, sufficient pellets were s¢lected,
and, when tested, appeared to withstand a heat flux of about 30 W/cn . Based
on these encouraging results, additional UC samples are being fabri :ated

in addition to less complex specimens of UO,.

Table XXXIV

ESTIMATED MAXIMUM PERMISSIBLE FUEL HEAT
FLUXES FOR FARET DESIGN

vo,(a) uc(b) un(c)
——3

Estimated Sintering Density,
Percent of Theoretical 95 90 ‘0
Temperature Operation, 800°C

dys W/cm? 5.6(2) 47 L0

g, W/cm 33(2) 205 4.0

AT, °C 72 70 ‘0
Temperature Operation, 1000°C

Qv W/cm3 27

q W/cm 115

AT, °C 40
Temperature Operation, 1200°C

Qs W/c:m3 3.8(2) | deformed -5

a, W/cm 21(a) plastically 30

AT, °C 72 - 05

qy = Volume heat generation. q, = Linear heat flux.
AT = Maximum temperature drop along the radius.

(a)Values of mechanical and physical properties taken from
Uranium Dioxide. Properties and Nuclear Applications, edit::.d
by J. Belle, Naval Reactors, Division of Reactor Developmert,
U.S.A.E.C. The thermal conductivity value at 800°C is the oi.e
used for FARET calculations and also the most optimistic ore.
A more conservative value reduces the linear heat flux by a
third. The fracture stress, Oy = 0, = 13,000 psi, is 50 to 100%
higher than the values obtained on extruded samples of the d.:-
sign proposed for FARET.

(band c)yvalues from K. M. Taylor and C. H. McMurtry, Synthe .is
and Fabrication of Refractory Uranium Compounds, Contrac:
No. At-(40-1)-2558, The Carborundum Company, ORO-400
(Feb 1961).




9. Nondestructive Tests of Experimental Fast Reactor Components

a. Electromagnetic Tests of Tubing for Fast Reactor
Development (C. J. Renken)

Electromagnetic test methods have been applied to the
testing of various types of tubing of interest in the fast reactor develop-
ment program. Among the materials which have been encountered are:
Hastelloy-X, Nb-1 w/o Zr, 304 SS, D-43, Nb-5 w/o Zr, Ta-10 w/o W, Ta,
Nb-10 w/o Ti-1 w/o Zr, and Nb-33 w/o Ta-1 w/o Zr, as well as various
combinations of duplex tubing, and both Hastelloy-X and 304 SS with coat-
ings of vapor-deposited tungsten on the inner circumference. Tubing was
tested in a wide variety of diameters and wall thicknesses. Alloys which
were the subject of tubing fabrication development were often tested in a
range of sizes corresponding to various steps in the fabrication process.
In general, tubes of 0.508-mm and thinner wall thickness were tested by
electromagnetic methods, whereas those with a thickness of 0.508 mm and
over were tested by ultrasonic methods.

Electromagnetic test methods are most efficiently applied
to the rapid inspection of large quantities of tubes of a particular type. The
utilization of this method for tests on a wide variety of alloys, diameters
and wall thicknesses is inherently an inefficient process because of the time
involved in setting up test equipment for each separate test problem, and
because so many standards are necessary in order to provide test results
which are relatively quantitative. Unfortunately, it has been found neces-
sary to test tubes with either an electromagnetic or ultrasonic method in
addition to radiography because quite often fine cracks cannot be detected
by the latter method, particularly if they follow a curved path with respect
to the tube radius. An example is shown in Figure 49.

Figure 49. A Microphotograph of a Transverse Section of Ta-10 w/o W Tubing, of 3.96-mm ID
and 0.38-mm Wall, Showing a Crack Emanating from the Inside Surface

Micro 36975 150X
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Tubing made from refractory alloys presents no special
problems for electromagnetic inspection methods. Duplex tubes are very
difficult to test, however, unless a very uniform bond between the tubes has
been achieved. Electromagnetic tests of stainless steel or Hastelloy-X
tubes with vapor-deposited tungsten on the inner surface have not been
satisfactory because of the variations which occur in the strictly mechan-
ical bond between the two metals.

b. Ultrasonic Tests on Tubing for Fast Reactor Development
(R. H. Selner)

In the past year, ultrasonics has been applied to the inspec-
tion of a wide variety of components being developed for fast reactor appli-
cations. As many of these materials have not been inspected at Argonne
previously, considerable effort was necessary to understand and interpret
ultrasonic indications. Considerable experience has been acquired in the
testing of tungsten, vanadium, molybdenum, titanium, niobium, and stain-
less steel. An example of a defect detected by ultrasonics which would have
been very difficult to discover by other testing methods is shown in Figure 50.

Figure 50. Crack Detected in 406 SS Welded Tubing by an Ultrasonic Technique

Micro 36578 50X
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c. Radiography of Tubing for Fast Reactor Development
(N. P. Lapinski)

Numerous radiographs were made of tubing used or pro-
duced for general fast reactor development. Most of the tubing radiographed
appeared to be of good quality; however, some defects were noted in a few
lots, the highest rejection rate appearing in 0.38-mm-wall Hastelloy-X
and stainless steel. The defects in this tubing were generally of the same
type, appearing on the inner wall, with depths of approximately 0.025 mm
to 0.10 mm.

In addition to the radiography of ordinary tubing, radio-
graphs were made of tungsten-coated Hastelloy-X and stainless steel
tubing. Radiographs of this tubing serve a twofold purpose, namely, to ap-
proximate the amount of tungsten deposited on the wall of the tubing, and to
show if any imperfections appear in the tungsten deposit. The amount of
tungsten deposit is approximated by radiographing the tubing along with
known thicknesses of tungsten foils and a tube of the same dimensions as
that of the precoated tubing. After film processing, density measurements
are made at various points on the coated tubing and compared with density
measurements taken of the tungsten foils and precoated tube.

Some of the imperfections which appear in the tubing are
shown in Figure 51, which shows a flaking condition which was very prev-
alent in one lot of Hastelloy-X tubing.

Figure 51. Reproduction of Radiograph Showing Flaking of the Tungsten
Deposit in Hastelloy-X Tubing

Micro 38059

d. Inspection of EBR-II Core-I Jacket Tubing (C. J. Renken)

Type 304 stainless steel tubing of 3.96-mm ID and
0.229-mm wall is to be used for reloading the EBR-II. A total of 3720 of
1.8-m-long tubes were tested this year. A reject rate of 19% occurred. A
10% localized reduction in wall thickness for any reason will normally
cause the rejection of a tube, but many of the rejects in this case were
caused by the existence of an electrically conductive brittle deposit on the
tube inner surface. Analysis showed that the deposit contained about the
same percentage of iron, nickel, and chromium as does ordinary 304 stain-
less steel. The deposit tended to occur in layers from 0.002 mm to
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0.01 mm thick over areas up to 90° of the tube circumference and 12 mm
along the axis. Since the deposit was brittle and very weak, there w.:s a
possibility that it would interfere with the sodium bond. Accordingly, tub-
ing from this order was not used.

Sometime later a pilot quantity of new tubing arrive | from
the fabricator. Testing stopped after 40% of the initial 397 m had bezn re-
jected, mostly because of nonmetallic inclusions in the tube walls.

Full-scale inspection was resumed upon the arrival of a
third order of tubing. Of the first 2251 tubes inspected, 15.2% were re-
jected. Evaluation of the defects detected indicated that many were -adial
cracks in the weld interface of up to 90% of the tube wall. This type of de-
fect is potentially so serious that it is doubtful if any of this third order of
tubing will be used.

A pulsed-field differential test system was used in these
tests up until about mid-year. This equipment was then replaced by a
pulsed-field system with a coaxial mask-aperture assembly, since careful
correlation of the test results from both systems had shown that the mask-
aperture system provided better resolution and also required much .ess
maintenance. Tube axial velocity for all of these tests was 3.6 m/rr in.
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B. Development and Fabrication of BORAX-V Superheat Fuel Elements

1. Fabrication of BORAX-V Superheat Fuel Elements

The fabrication of BORAX-V superheat fuel elements has
proceeded on three fronts: (1) and (2) evaluation and assembly of the
304L and 406 stainless clad fuel plates, and (3) fabrication development
associated with superheat elements of advanced design. Progress made
during the year in each of these areas is outlined below.

a. Evaluation and Assembly of Type 304L Stainless Steel
Plates (W. C. Kramer)

The present superheat fuel for BORAX-V consists of
plates containing a dispersion of UO, in 304B stainless steel clad with
304L stainless steel. Atomics International fabricated the plates. Eval-
uation and assembly of the fuel plates into elements was done at ANL,

During the year, fabrication of the required 35 superheat
fuel elements was completed. Details of the operations, and evaluation
are found in a final report42 and in earlier Metallurgy Division annual
repor’ts.‘l?’:‘]f4

b. Evaluation and Assembly of Type 406 Stainless Steel
Plates (W. C. Kramer and R. M. Mayfield)

The testing of two instrumented, 406 stainless steel-clad
fuel elements in BORAX-V is intended to establish the acceptability of
406 stainless steel for this type of nuclear superheat application. The
choice of 406 stainless steel was made primarily on the basis of superior
corrosion resistance exhibited during testing under simulated reactor
steam conditions, Atomics International has fabricated fifty 406 stainless
steel-clad fuel plates from which the two fuel elements are to be
assembled.

Inspection of the fuel plates has been completed., Three
plates were rejected because of inadequate side cladding. In addition to
the nondestructive inspection techniques, several samples from end clad-
ding coupons furnished by the vendor were polished and etched for clad-
to-clad bond examination. Some bond-line inclusions were found, as seen
in Figure 52, but they were not continuous and were therefore considered
acceptable.

42Kramer, W. C., and Bean, C. H., Fabrication of UQO,-Stainless Steel
Dispersion Fuel for BORAX-V Nuclear Superheat, ANL-6649 (Dec 1963),

43Annual Report for 1961, Metallurgy Division, ANL-6516, p. 82.

44Annual Report for 1962, Metallurgy Division, ANL-6677, p. 69.
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Figure 52. Longitudinal Sections through the 406 Stainless Steel End Cladding
of a Depleted Superheat Fuel Plate Showing Bond-line Inclusions

Bond Lines

Micro 36101 Etchant: 5 v/o Chromic Acid; 95 v/o HoO 100X

Bond Lines

Micro 37339 Etchant: 50 v/o HNOg; 50 v/o HyO 100X

Brazing of the 406 stainless steel fuel subassemblies can-
not be satisfactorily accomplished unless the formation of oxides on the
fuel plate surfaces is prevented.45 Application of a thin nickel plate [less
than 0.0015 cm (0.0006 in.) thick] to a descaled 406 stainless steel plate
will prevent oxidation and permit successful vacuum furnace brazing with
Coast Metals 60 (20 w/o Cr, 10 W/O Si, 3 w/o Fe, balance Ni), Prema-
braze 128 (72 w/o Au, 22 w/o Ni, 6 w/o Cr), or Nioro (82 w/o Au, lSw/oNi).
Sections of specimens brazed with Coast Metals 60 and Premabraze 128
have been tested in oxygenated steam at 650°C and 42.2 kg/cm2 for
68.7 days. No significant corrosive attack was found. A section of the
specimen brazed with Nioro is now being corrosion tested under similar
conditions,

45Annual Report for 1962, Metallurgy Division, ANL-6677, p. 78.
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A full-scale dummy fuel subassembly has been vacuum
furnace brazed at 1160°C with Coast Metals 60. The 406 stainless steel
dummy fuel plates, spacer wires, and side strips were nickel plated prior
to assembly. Flow and wetting of the braze alloy was satisfactory, but the
resulting grain size was large, indicating a probable loss in ductility,
Premabraze also has produced a satisfactory braze at 1050°C on small
406 stainless steel plate specimens, but the grain size was not percep-
tibly smaller. Specimens brazed with Nioro up to 990°C have not exhibited
grain growth, but penetration of the Nioro into the grain boundaries of the
406 stainless steel base metal has been extensive. The depth of penetra-
tion appeared to be approximately 0,025 cm (0.010 in,) after the 990°C,
45-min brazing operation, [NOTE: The fuel plate cladding thickness is
nominally 0,020 cm (0.008 in.).] A dummy fuel subassembly brazed with
Nioro at 980°C for 15 min exhibited brittleness at the brazed joints, whereas
the nonbrazed material remained ductile, Plate samples of 406 stainless
steel with chromium and copper platings are being prepared for brazing
with Nioro in an attempt to minimize braze penetration.

Lap-joint tensile specimens are being prepared with
Coast Metals 60, Premabraze 128, and Nioro braze materials., It is ex-
pected that the property data obtained from such tests will aid in the selec-
tion of an acceptable alloy for brazing 406 stainless steel-clad fuel
subassemblies,

c. Advanced Superheat Fuel Elements (W. C. Kramer and
R. M. Mayfield)

A program was originated in January 1963 to cover the
development of stainless steel superheat cladding materials and investiga-
tions of techniques for the fabrication of two advanced superheat fuel design
concepts, Progress in both areas of the work is outlined in the following
sections,

Cladding Development

Type 406 stainless steel has been found to exhibit a
rapidly decreasing rate of corrosion in both oxygenated and deoxygenated
steam at 650°C and 42 kg/cm? (600 psi), and the corrosion rate is not
significantly dependent upon the surface condition of the material, 46 The
fabrication technology for this material is not well established. One of the
main problems that has been encountered is the large grain growth and
loss in ductility that occur upon exposure to temperatures of approxi-
mately 1000°C or higher.

46Ruther, W. E., and Greenberg, 5., Corrosion of Steels and Nickel
Alloys in Superheat Steam, Journal of Electro-Chemical Society
(to be published).
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Six arc-cast alloys, containing varying amounts of :.lu-
minum and yttrium were made in an effort to (1) determine the effect of
aluminum content on the corrosion rate, and (2) to control deleteriius
grain growth at elevated temperatures. Samples of as-cast mater al
were hot rolled t00.08-cm (0.030-in.) sheet. The sheet specimens w::re
corrosion tested for one week in oxygenated steam at 650°C and
42,2 kg/cm?® (600 psi), with the results shown in Table XXXV,

Table XXXV
CORROSION RATES OF SEVERAL 400 SERIES

STAINLESS STEEL IN OXYGENATED STEAM
AT 650°C AND 42,2 kg/cm? (600 psi)

Base Alloy and Weight Loss aftzr

Nominal Aluminum Addition (w/o) One-week Expos:ire
Content (w/o) (mg/cmz)

406 SS (3.25-4.50) None 4,3

406 SS n 0.5Ti+ 1Y 4,2

405 SS (0.1-0.3) 0.5Ti+ 1Y+ 3Al 6.3

405 SS " 0.5Ti+ 1Y+ 2 Al 10.7

405 SS " 0.5Ti+ 1Y+ 1Al 16.6

405 SS " 0.5Ti+ 1Y 21,7

The increase in corrosion resistance with increasiny
aluminum content is clearly evident from Table XXXV, The modifiel
406 stainless steel (with added titanium and yttrium) had a weight lo 's
essentially the same as that of the 406 stainless steel control specin:en,
(The 4.2-mg/cmz weight loss reported for this sample of 406 stainless
steel is somewhat higher than weight losses previously reported for
other 406 stainless steel samples tested under similar conditions. 1l'os-
sibly this is due to differences in fabrication histories.) The grain struc-
tures in specimens from arc-cast buttons of 406 stainless steel and
modified 406 stainless steel are shown in Figures 53 and 54. The deadritic
structure of the modified 406 stainless steel is quite different from -hat of
the large-grained 406 stainless steel, Some of the modified 406 staialess
steel arc-cast buttons were fabricated into 0.25-cm (0.010-in,) shee: by
hot rolling at 950 to 1050°C and cold rolling approximately 50% to th.: final
size, The rolled material was annealed at 1000°C, The annealed gr..in
size was rather large, Resistance seam weld studies showed that th: weld
consisted of the dendritic structure characteristic of the arc-cast bt tton
shown in Figure 53. No transition structure between the weld and pzrent
metal was observed.



Figure 54. Arc-cast Structure of 406 Stainless Steel
Figure 53. Grain Structure of Arc-cast Modified by Additions of Yttrium (1 w/0)
406 Stainless Steel and Titanium (0.5 w/0)

w»w N

saskk
Micro 36969 100X Micro 36968 100X
Etchant: 50 v/o HNO3, 50 v/o HoO (electrolytic) Etchant: 50 v/o HNOg, 50 v/o H9O (electrolytic)

An arc-cast ingot of modified 406 stainless steel (contain-
ing 1 w/o Y) will be made to provide billet material for extrusion. Extruded
material will be used for limited studies of mechanical properties, weld-
ability, and fabricability. Hopefully, the addition of yttrium will provide a
material retaining a fine grain size even after a high-temperature treat-
ment, similar to the findings reported by General Electric on additions of
yttrium to an Fe-Cr-Al alloy.47

Incoloy 800 (30-35 w/o Ni, 19-23 w/o Cr, balance Fe) has
been reported to have a lower corrosion rate in superheated stearm than
406 stainless steel.48,49 Experience at ANL has shown that the corrosion
rate is actually dependent upon the surface preparation of the material.46
At this time, however, Incoloy 800 is the most favorable alternative to
406 stainless steel for cladding superheat fuel. Techniques for welding
and fabricating this material are not expected to present any extraordinary
problems,

Fabrication Development

The development of techniques for fabricating the "spherical
pellet" superheat fuel has been carried out by the ANL Central Shops. The
approach taken was to encapsulate a UO, ball with hemispherical cladding

47Collins, J. F., and McGurty, J. A., High Temperature Cladding Alloys, XDCL 60-8-40
(August 8, 1960), pp. 25-28.

48Gaul, G. G., Out-of-pile Superheat Cladding Tests, Proceedings of the Nuclear Superheat Meeting -
No. 8, COO-267 (March 20-22, 1963), pp. 11-15.

49pess], H. J., Effects of Exposure to Superheater-Oxygenated Steam of 550°C (10229F) and 1000 to
3000 psi Pressure upon Iron and Nickel Base Alloys, Proceedings of the Nuclear Superheat Meeting -
No. 8, CO0O-267 (March 20-22, 1963), p. 16.
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shells and apply a circumferential weld at the mating seam. Little dif-
ficulty was encountered in cold-forming hemispherical shells of either

406 stainless steel or Incoloy 800. In the case of the 406 stainless steel,
however, it was necessary to use a two-step forming operation, with inter-
mediate annealing to prevent cracking, Resistance and electron beam butt
weldments could be made with both materials. Weld joints on 406 stainless
steel made by either means, however, can be expected to show large grain
size and poor ductility,

Development of the "pea-in-a-pod" fuel rod concept was
approached in three ways, as illustrated in Figure 55, namely, (a) swaging,
(b) isostatic pressing, and (c) swaging followed by isostatic pressing.

Figure 55. Sections of Mockup "Pea-In-Pod" Fuel Rods Produced by (a) Swaging,
(b) Isostatic Pressing, and (c) Swaging Followed by Isostatic Pressing

Wrinkle in
tube wall

(a) (b) (c)
Macro 37674 3X



115

Several lengths of 406 stainless steel tubing filled with
chrome alloy steel balls were isostatically pressed at 1,400 kg/cm‘z
(20,000 psi). Although the tubing was adequately formed around the balls,
wrinkles or folds formed in the tubing between balls, By predenting the
tubing, it was possible to keep wrinkles aligned longitudinally along the
rod length, Incipient ID cracks appear at the apex of such folds in the
tubing walls, No evidence of cladding cracks was found at other locations,

Several swage-formed specimens were fabricated by the
Torrington Company, Torrington, Connecticut, Using a single-cavity die,
the metal flowed sufficiently to prevent wrinkles forming in the tubing
between balls. Although the tubing did not crack during forming, thinning
of the wall occurred at points between the maximum and minimum rod
diameters as the die pressed the tubing against the balls, Although the die
was reworked to alleviate the pressure causing this wall thinning, the great-
est reduction which could be achieved by swaging with the existing dies was
from 0.82 cm (0.321 in.) at the maximum diameter to 0.56 cm (0.220 in,)
at the minimum diameter (between balls),

One of the specimens produced by the Torrington Co. was
annealed and isostatically pressed at 1,400 kg/cmz (20,000 psi) in an at-
tempt to further reduce the between-ball diameter., By a combination of
these two forming methods, a rod was produced having a minimum diam-
eter of 0.47 cm (0.185 in.). Although the reference reduced diameter of
0.44 cm (0.172 in.) was still not achieved, some refinement of methods
(e.g., redesigned swaging dies and/or optimized pressure) could result in
achievement of the desired rod dimensions,

Techniques for the production of high-density UO, spheres
to be used for either the "spherical pellet" or "pea-in-a-pod" rod concept
have been under investigation. The best spheres produced were uniformly
spherical except for a 0.25-cm (0.10-in.) flat circumferential band formed
by die pressing. Ball milling did not successfully remove the band from
the UO, spheres. A grinding method could, perhaps, be adapted for this
purpose,

Present Program Status

Air-flow pressure-drop tests recently reported by the
Idaho Division®9 on fuel mockups representing both of the above concepts
have shown that pressure drops through elements incorporating these fuel
designs are excessive, Accordingly, fabrication development on both con-
cepts has been terminated. Limited studies of cladding materials having
improved corrosion resistance for superheater applications that are now
in progress will be carried to completion,

50Reactor Development Program Progress Report, ANL-6801
(October 1963), p. 5. y
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d. Inspection of BORAX-V Superheater Plates, Drive
Components, and Fuel Rods (R, H, Selner)

Fifty BORAX-V superheater fuel plates clad with
406 stainless steel were ultrasonically inspected for bond integrity.,
Details and results of earlier inspections of 304 stainless steel-clad
plates appeared in the 1962 Annual Report.51 One plate, FCE-8, w: s
rejected. Indications from the defect area in this plate were typical of
those observed in areas of large UO, particle concentration in 304 stain-
less steel plates,

51Annual Report for 1962, Metallurgy Division, ANL-6677, pp. 7)-81,
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C. Plutonium Recycle Fuel Elements and Control Rods

1. Plutonium Recycle Fuel Fabrication (C. H. Bean and
F, D. McCuaig)

The Plutonium Recycle Program is a joint Argonne-Hanford
program to obtain data which will be useful for the utilization of plutonium
as a fuel in light water, thermal systems. Experiments will be performed
in EBWR, the reactor serving as a boiling water irradiation facility,

Physics studies have indicated that the most desirable fuel
loading for the reactor is a three-zone loading with the plutonium fuel in
the central zone. This zone will contain 36 test fuel elements of plutonium,
An intermediate shim zone will contain 60 elements fueled with enriched
uranium, The outer blanket zone will consist of 58 natural uranium
elements,

All fuel elements contain 36 fuel rods in a square lattice, The
fuel is contained in 0.945-cm-ID by 0,064-cm-wall Zircaloy-2 tubing. The
composition of the central plutonium fuel is 1.5 w/o Pu0,-98.5 w/o U23802.
The shim fuel is UO, enriched with 6 w/o U235, The shim fuel also contains
a burnable poison, 0.158 W/O Eu,05 and 0.0288 w/o Sm,0;, to extend the
life of the fuel and limit the range of excess reactivity present over the
period of irradiation. The blanket fuel is natural UO,. Both the enriched
and natural uranium fuel are referred to as the Plutonium Recycle Driver
Fuel,

The 36 fuel rods in each fuel element are supported and
positioned by support grids and spaced by a center spacer grid. The fuel
rods are contained within and fastened to a square Zircaloy-2 fuel ele-
ment can with a 0,157-cm (-l%--in.) nominal wall thickness, A stainless
steel end fitting completes the fuel element. With the exception of the
oxide composition, this core is identical with the original EBWR Core-2.
reference design,52

Plutonium-bearing fuel rods for the Plutonium Recycle Ex-
periment are being fabricated by General Electric, Hanford, These will
be assembled into fuel elements at ANL, All driver fuel, components for
assembly of plutonium fuel elements, and components for future replace-
ment of 28 driver shim elements are being procured by ANL,

Hanford has completed procurement of fuel rod components,
Zircaloy-2 tubing fabricated at Harvey Aluminum for Hanford was in-
spected by Hanford, Comparison of nondestructive testing procedures for

optimum inspection of this tubing was a joint effort between Hanford and
ANL,

52
Avery, R., and Kelber, C. N., Physics Analysis of Proposals for EBWR Core 2, ANL-6306 (April 1961),
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Hanford is preparing all PuO, fuel by the Dynapak process,
This is a high-temperature, high-pressure impacting process which pro-
duces a uniform dispersion of PuO, in UO,, Dynapaked material is heing
crushed, screened, and loaded into the fuel tubes by vibratory comp:.ction,
This process is being used for all plutonium fuel in place of the incre-
mental loading and vibratory compaction which was originally proposed.
Plutonium fuel rods are now being loaded for the critical tests whicl. are
to be performed at Hanford.

Specifications were prepared by the Laboratory for procure-
ment of the driver fuel and all components needed to assemble the p uto-
nium fuel elements and one future shim replacement loading. Contrict
No, 31-109-38-1622 was awarded to United Nuclear Corporation for this
procurement. During the course of contract negotiation, some questions
were raised regarding the degree of homogeneity which could be ma n-
tained for the rare earth oxide in UO, in the shim elements,

United Nuclear Corporation's Chemical Division does nct have
facilities for preparation of the rare earth oxide and UO, by coprecisita-
tion, Attempts to blend small quantities of rare earth oxide with ce:-amic-
grade UO, by mechanical mixing of dry powders showed that a widez
distribution of rare earth was obtained in the UO, than was desired,
Further evaluation samples prepared as a master blend of high-firel
rare earth oxides and UQO,, blended with ceramic-grade UO,, resulted in
a distribution of the rare earth oxide within the desired homogeneity,

The following companies have been awarded subcontract; by
United Nuclear Corporation:
(a) Harvey Aluminum Company for Zircaloy-2 tubing:

(b) Wah Chang Corporation for Zircaloy-2 rod and strij
stock;

(c) Hartford Machine Screw for machined end plugs;

(d) Bristol Spring and Manufacturing Company for comj res-
sion springs;

(e) Superior Tube Company, Nuclear Products Division for
fuel element can fabrication and center spacer grid:

(

f)
(g) Ragin Precision Industries for support grids;
h)

(

Kelly Industries for end fittings;

Whitehead Metals for special rivets and screws.

Present production schedules call for delivery of all fue. and
hardware before the end of the second quarter of FY 1965,
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2. Plutonium Recycle Control Rods (C, H, Bean)

A new set of control rods will be fabricated to replace eight
existing control rods in the EBWR reactor. The existing control rods
have riveted transition sections between the boron-stainless absorber
section and the Zircaloy-2 follower section, A number of Inconel rivets
in these transition sections have failed in service. It has been determined
that a shear stress exists in these rivets due to differential expansion be-
tween the Zircaloy and the stainless steel.

Replacement control rods for EBWR have been redesigned to
eliminate the mechanical riveted transition section. This new design in-
corporates a tongue-and-groove joint which will eliminate the stress due
to differential thermal expansion of these two materials.

Along with the change in mechanical design, the new control
rods will contain highly enriched (~90%) B! in place of natural boron,
although the total boron content will remain at 2 W/o. The use of enriched
rather than natural boron will provide some additional rod worth arising
from increased epithermal absorptions.

A total of eight control rods containing boron are required.
One central oscillator rod with hafnium as the absorber material will be
replaced with a new hafnium rod.

Specifications have been prepared for all boron-stainless steel
required for control rod fabrication, The boron-stainless steel is being
procured from a commercial supplier, The boron-stainless steel for the
eight boron rods and the hafnium for the oscillator rod will be furnished
by the Laboratory to a commercial supplier who will fabricate the con-
trol rods,.
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D, Development of Alloy Fuels and Jacket Materials

1. The Constitution of the Th-Pu and the Thorium-rich
Th-U-Pu Alloys (B. Blumenthal)

Thorium-uranium-plutonium alloys are potential high-
temperature nuclear fuels. A study of the ternary thorium-plutoniura-
uranium phase diagram was undertaken to find the compositions »Hf
useful alloys,

Of the three binary boundary systems, the phase diagrars of
the thorium-uranium alloys53-57 and the uranium-plutonium alloyst8 are
well known., For the purpose of this report it is good enough to asstme
that the solubility of thorium in the uranium-plutonium alloys is neg igibly
small, On the other hand, it is important to mention that & and J uranium
have only a very small solubility in thorium so that the useful alloys of
this binary system are two-phase alloys consisting, at room temper iture,
of a-thorium and a-uranium,

There exist two phase diagrams of the binary thorium-
plutonium alloys, one by Poole, Williamson, and Marples59 which is in
agreement with the one published by Schonfeld,60 and the other one 1.y
Bochvar et ?;1_,61 For brevity's sake we shall call them the US-UK and

53Carlson, O. N., Some Studies of the Uranium-Thorium-Zirconium Alloy System, AECD-3201 (1950).

9Bentle, G. G., A Physical Metallurgical Study of Thorium-rich Thorium-Uranium Alloys,
NAA-SR-2069 (1958).

55Mur1'ay, J. R., United Kingdom, Unpublished information reported by Rough, F. A., and Baue , A, A,
in Constitutional Djagrams of Uranium and Thorium Alloys, Addison-Wesley Publishing Cormr pany,
Reading, Massachusetts (1958).

568auer. A. A., Rough, F. A., and Dickerson, R. F., An Investigation of Uranium Solid Solubili y in
Thorium. BMI-1188 (1957).

57Wilson, W. B., Austin, A, E., and Schwartz, C. M., The Solid Solubility of Uranium in Thori im
and the Allotropic Transformation in Thorium-Uranium Alloys, BMI-1111 (1956).

58 1linger, F. H., Elliot, R. O., and Cramer, E. M,, The Plutonium-Uranium System, J. Nucl.
Materials 3, 233-243 (1959).

59Poole, D. M., Williamson, G, K., and Marples, J. A. C., Preliminary Investigation of the Plu .onium-
Thorium System, J. Inst. Met., 86, 172-176 (1957/58).

60Schonfeld, F. W., "Plutonium Phase Diagrams Studied at Los Alamos,” Chap. XXII in The M tal
Plutonium, Ed. by Coffinberry, A. S., and Miner, W. N., The University of Chicago Press (1€ 31).

61Bochv::u:, A. A., Konobeevsky, S. T., Kutaitsew, V. I., Menshikova, I. S., and Chebotarev, N. T.,
The Interaction between Plutonium and Other Metals in Connection with Their Arrangement in
Mendeleev's Periodic Table, Proc. 2nd Intnl. Conf. on Peaceful Uses of Atomic Energy, Gene va
Switzerland, 6, 184-193 (1958).
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Russian phase diagrams, The two diagrams differ considerably on the
thorium side, The US-UK diagram shows a maximum solubility of plu-
tonium in o thorium of 48.5 a/o at 615°C, The Russian diagram shows
the same solubility limit to be 28 a/o. The thorium beta phase is not
shown in the US-UK version, whereas the Russians show the beta field to
dip deep to the low temperature of 600°C where the phase decomposes
eutectoidally to alpha thorium and ThyPu,

A major effort of the phase diagram work during the report
period was directed towards an evaluation of the extent of the alpha-
thorium phase field. Since the US-UK work was based mainly on metal-
lographic and X-ray diffraction work and gave no indication of the presence
of the beta phase at low temperatures, we did not expect much evidence
from the metallographic and X-ray diffraction work which we too used to
determine the alpha-thorium phase boundaries of the ternary system,
After an initial metallographic investigation of binary alloys with from 0
to 60% plutonium in intervals of 10%, we made two series of ternary
alloys with 2 and 4% uranium, also in intervals of 10%. The arc-melted
alloys made from high-purity materials were heat-treated at 700 and
900°C, and water quenched., The metallographic work seemed to confirm
the US-UK phase diagram. Beyond 50 a/o plutonium at 700°C and 43 a/o
at 900°C a liquid phase was observed at the grain boundaries of the
o grains, After solidification, this phase was found to be § plutonium, in
agreement with Poole.59 The addition of uranium to the binary thorium-
plutonium alloys greatly restricted the solubility of plutonium in thorium.,
Debye-Scherrer patterns of heat-treated and stress-relieved needles,
made with Cu-Ka radiation, gave lattice parameters whose plot versus
composition for 700 and 900°C (see Figures 56 and 57) resulted in solu-
bility limits in fair agreement with those shown in the US-UK diagram,

Figure 56. Lattice Parameters of a~Thorium
Phase. (The high-temperature
phases are indicated.) Figure 57. Lattice Parameters of a~Thorium
Phase of Th-Pu Alloys. (The high-

. temperature phases are indicated.)
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When the lattice parameters of the ternary alloys were determined, he
lattice parameter versus composition plots (Figures 58 to 61) showe 1 sub-
stantial deviations from the course that one might expect from terna y

alloys where an alpha solid solution is in equilibrium with a liquid,

Che

presence of discontinuities, which subsequently were observed also in the
binary system (here the effect is much weaker), could only be explaiied
by the assumption that the beta phase is indeed present at 700 and 9(0°C

in the binary and ternary alloys.

Figure 58. Lattice Parameters of a-Thorium Phase
of Th-2 a/o U-Pu Alloys. (The high-
temperature phases are indicated.)
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Figure 60. Lattice Parameters of a-Thorium Phase
of Th-2 a/o U-Pu Alloys. (The high-
temperature phases are indicated.)
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Figure 59. Lattice Parameters of a-Thoriu. 1 Phase
of Th-4 a/o U-Pu Alloys. (The high-
temperature phases are indicate l.)
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Figure 61. Lattice Parameters of a-Thoriu a Phase
of Th-4 a/o U-Pu Alloys. (The¢ high-
temperature phases are indicat :d.)
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The evidence is an indirect one. At 700 and 900°C the a, a+ B,
and B-phase thorium alloys dissolve equilibrium quantities of plutonium,
Upon quenching to room temperature, the beta phase is transformed to
alpha. It is not possible to suppress this transformation. At room tem-
perature, the entire alloy series contains only alpha thorium and, beyond
the solubility limits, O plutonium. The alpha phase has in solution those

quantities of plutonium that were inequi-

Figure 62 librium in the beta phaseat 700 and 900°C,
a. A Phase Diagram In sucha waythe room-temperature lattice
b. The Room-temperature Lattice parameters of the alpha phase do reflect
Parameters of the a Phase when the extent of the a, a + B,and B thorium
the SPhase is not Retained upon fields at the high temperature,.

Quenching from Temperature T

A schematic phase diagram and
its relationship with the room-temperature
lattice parameters after quenching is

a)

w shown in Figure 62a and b. The a + B

E phase field is characterized by a mixture

G T of two alpha phases of constant lattice

& Q,(\[’B\BH' parameters; since these two lattice

" a ﬁ parameters differ very little, a continu-

ous transition from one end of the range

/ to the other, as shown by the dotted line,

c | b) will actually be observed. Within the B

o field itself the lattice parameters are

é changing continuously, but the slope of

g . a’ a’+L the line of lattice parameter versus con-

§ a centration may differ from the slope of

= a+a the line for the a phase. Equivalent ob-

- servations have been made in the ternary

CONCENTRATION system.
106-7642

In such a way it was possible to evaluate the lattice-parameter
measurements for the ternary alloys, as shown in the ternary phase dia-
grams of Figures 63 and 64. Metallographic evidence concerning the first
appearance of the liquid phase at rather low plutonium concentrations sup-
ported these results. As an example, a series of micrographs is shown in
Figure 65a to d. Similarly, we arrived at the preliminary binary phase
diagram of Figure 66 from the lattice-parameter measurements of Fig-
ures 56 and 57.

The effect of the beta phase on the lattice parameter of o
thorium in ternary alloys is a very strong one, as shown in Figures 58 to
61, whereas the effect in the binary system is a rather weak one. The ef-
fect in the binary system can easily escape observation if the effect in the
ternary system is not known. We have made a considerable effort to in-
terpret the data in some other way, but to date the interpretation given in
Figures 63 and 64 appears to be the most plausible one. Still, the results
should be considered preliminary at this stage of the research,
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Figure 63. Thorium-Plutonium-Uranium Phase Diagram (Preliminary) at 700°C
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Figure 64. Thorium-Plutonium-Uranium Phase Diagram (Preliminary) at 900°C
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Figure 65. Thorium-Uranium-Plutonium Alloys Annealed for 3 Weeks at 700°C and Water Quenched. All
specimens electro-etched with phosphoric acid. A liquid phase is seen in micrographs (c) and (d).
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2. Impurity Levels in High-purity Thorium and Its Alloys vith

U and Pu (B. Blumenthal)

The alloys used for the phase-diagram study reported ir the
preceding section were made from crystal-bar thorium and high-pt rity
uranium and plutonium. Complete analyses of the alloys were made by the
ANL Chemistry Division. Table XXXVI gives the analysis of the thorium.

Table XXXVI

ANALYSIS OF CRYSTAL-BAR THORIUM (B794)

(Data in ppm)

. . Spectrochemical
Chemical Analysis P Analysis
H 2 Al 7
C 7 B 1
N 5 Fe 30
O 45 Ti 0.
Si 10 Y 2
Zr 10

Limits of Spectrochemical Detection

Ag 1 Co 1 Li 0.005
Al 1 Cr 0.5 Mg 1

B 1 Cu 5 Mn 0.1
Ba 0.2 Ga 0.5 Mo 0.5
Be 0.002 Hf 0.5 Na 1

Bi 2 Fe 5 Ni 1

Ca 2 K 2 Pop 1

Cd 2 La 0.2 Rb 0.5

Sb
Sn
Sr
Ti
v

Y

Zn
Zr

.005
.2
.5
.02

O NMNO OO OO

2

*All other elements below limits of spectrochemical

detection,

The hafnium and boron content of this material were suspected
to be high, However, activation analysis showed the hafnium content to be
0.5 ppm t30%. A boron determination by spectrochemical analysis jave a

boron content of 1 ppm correct within a factor of 2.

about 80 apm are of lesser importance.

Thus, on the atimic
scale, the most important impurities in crystal-bar thorium are oxygen
and hydrogen 650 apm (atoms per million) and 460 apm, respectivel
Carbon with 140 apm, iron with 130 apm, and nitrogen and silicon with

The same general picture is obtained from the analyses of
ternary alloys of which the series with 4% uranium is a good examp. e of

current melting practice (see Table XXXVII).



127

Table XXXVII

ANALYSES OF A SERIES OF
THORIUM-URANIUM-PLUTONIUM ALLOYS

Nominal Important
Composition Impurities
Alloy No. (w/o) (ppm)
Th U Pu H C N O Si
= e

B791 96 4 0 6 40 27 49 9
B801 86 4 10 12 35 39 39 4
B802 76 4 20 24 30 31 52 9
B803 66 4 30 7 41 35 31 17
B804 56 4 40 5 27 31 15 30
B805 46 4 50 12 23 21 13 3
B806 36 4 60 0.3 4 31 53 13

It should be noted that the hydrogen content of some of the
alloys is disturbingly high, and we have as yet no sure way of controlling
this impurity.

3. The Lattice Parameter of High-purity Thorium (B. Blumenthal)

In the process of evaluating the lattice-parameter measure-
ments of the binary and ternary alloys, we have investigated the effect of
heat treatment on the lattice spacing of high-purity crystal-bar thorium
and found an increase in the lattice spacing with time and temperature of
heat treatment, This is shown in Table XXXVIII. The observed changes

Table XXXVIII

LATTICE SPACINGS OF CRYSTAL-BAR THORIUM (B794)
BEFORE AND AFTER HEAT TREATMENT

Heat Treatment
. Lattice Parameter
Film No. ag, :& at 25°C Temp | Time Coolin
ec) | (nr) €
54B 5.0840 As Received
66B 5.0842 700 2 Furnace cooled
67B 5.0848 700 2 Oil quenched
80B 5.0855 900 2 Furnace cooled
79B 5.0857 900 2 Oil quenched
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are not likely to be caused by contamination during heat treatment, : ince
the heat treatment was made with bulk material which was protectec by

a tantalum foil wrapper and sealed under vacuum in Vycor tubes, N:edle
specimens were prepared by grinding after the heat treatment, The
specimens were stress reolieved under the same protective conditiors,
The lowest value, 5.0840 A, is in excellent agreement with the best litera-
ture values: Evans and Ra'ynor62 5.0740 KX = 5,0844 f\, and James and
Straumanis®3 5,0843 A. The theoretical density is 11.728 g/cm3_

4. Properties of Thorium-Uranium-Plutonium Alloys
(B. Blumenthal)

When the work on the properties of the thorium-uraniurmn -
plutonium alloys was started, we had no knowledge of the constitutio1 of
the ternary alloys., We are now in a better position to determine wh ch
alloys are most likely to give satisfactory metallurgical properties or
fast reactor application, Superimposed on the metallurgical conditic ns are
the nuclear requirements as outlined by D. Okrent,64 which may further
restrict the number of acceptable alloy compositions. The ternary jhase
diagrams of Figures 63 and 64 show the range of alloy compositions which
do not contain a liquid phase at the temperatures of 700 and 900°C,

Alloys with a high plutonium content are restricted to a w@arrow
band of alloys of very low uranium content (probably less than 1 a/o par-
alleling the binary thorium-plutonium alloys. On the other hand, an alloy
with 20 a/o uranium allows a 15 a/o plutonium content and is still sclid at
900°C, and one with 20 a/o uranium and 25 a/o plutonium is still sol d at
700°C. Therefore, the alloy containing 20 a./o plutonium and 20 a/o ira-
nium, which is now being encapsulated for irradiation and which was
selected and prepared at an early stage of the research, should give useful
information on irradiation stability at 700°C.

Density measurements of three series of alloys with 0, ¢, and
4 W/o uranium and up to 60 w/o plutonium were made by the hydrostatic
weighing method with monobromobenzene as the liquid. The factors in-
fluencing the precision of the density measurements in gloveboxes v ere
investigated., The most important factor was found to be differences be-
tween the temperatures of the glovebox atmosphere and the liquid svr-
rounding the specimen during weighing.

62Evans, D. S., and Raynor, G. V., The Lattice Spacing of Thorium with Reference to Contam 1ation,
J. Nucl, Materials 3, 281-288 (1959).

63James, W. J., and Straumanis, M., E., Lattice Parameter and Coefficient of Thermal Expansicn of
Thorium, Acta Cryst. 9, 376-379 (1956).

640kren!:, D., "Nuclear Considerations in the Selection of Materials for Fast Power Reactors,” luclear
Metallurgy, Vol. IX, pp. 1-56 (1963), Materials for Sodium Cooled Reactors, Ed. Kelman, L. R. and
Greenberg, S., IMD Special Report No. 12, The Metallurgical Society of A.I. M.E.



A revised formula taking into account these temperature
differences was derived. For a substitution-type balance the density
equation corrected for temperature variation is

Ps =-§—f}; {pzv[l+a(t'-t)]}+pa, (1)

whereas the uncorrected equation is

Mg
ps='1\7'h(pg-l~"a)+pa, (2)

where

Pg 1is the density of the specimen at the temperature t of the
glovebox atmosphere,

Mys the weight at temperature t removed to restore equilibrium
when the specimen at the same temperature is placed on the
balance pan,

M, the weight at temperature t required to restore equilibrium
when the specimen at temperature t' is immersed in the
liquid at temperature t',

My} the weight at temperature t required to restore equilibrium
when the specimen at the same temperature is immersed in
the liquid also at the same temperature,

Pzr the density of the liquid at temperature t',
Py the density of the liquid at temperature t,
P, the density of the glovebox atmosphere,

o the volume coefficient of expansion of the specimen.

Upon comparing equation (1) with equation (2), we see that only
the volume change of the specimen and the true density of the liquid enter
the density formula when the temperature of the liquid differs from that of
the surrounding atmosphere, This is of particular importance in glovebox
work during which temperature variations are large' enough to become
significant and while working with plutonium and its alloys where self-
heating may create difficulties, When the corrected density formula is
applied, an accuracy of better than 10.005 g/cm3 is obtained.

This method was applied to the three series of alloys mentioned

above, The results of these measurements are shown in Figures 67, 68,
and 69, in which the specific volume is plotted versus composition. Gen-
erally, the data reflect the effect of the constitution on the specific volume,

129
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particularly the presence of the beta phase at the temperatures at wiich
the alloys were heat treated and water quenched. The data suppori the
conclusions, based on the lattice-parameter measurements, that the ob-
served lattice parameters do represent the structural changes cause¢d by
the beta phase, The effect is not caused by contamination duringheat treat-
ment, since it occurs in the bulk material as well as in the small ne :dles
with which X -ray diffraction measurements were made,

Figure 68. Specific Volume of Ternary T} orium-
2 a/o Uranium-Plutonium Alloys
Quenched from 700 and 900°:
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5. High-temperature Mechanical Properties of Refractory
Metals (F. L. Yaggee and E. R. Gilbert)

The refractory metals vanadium, niobium, molybdenum,
tantalum, and tungsten, and their alloys, are of considerable interest for
medium- and high-temperature reactor applications. As a group, they
are superior to iron, nickel, and chromium alloys (e.g., Hastelloy-X,
stainless steels, Inconel, Fe-2.25 W/o Cr-1 W/o Mo) in their compatibility
with uranium and plutonium-containing fuels up to 800°C. Their high melt-
ing points (>1850°C) and high-temperature strength retention make them
logical candidates for service at much higher temperatures as fuel clad-
ding and structural members,

A survey of the literature dealing with refractory metals re-
veals an abundance of information about high-temperature mechanical
properties, which, in most cases, is confined to short-time tensile data
obtained under conditions of uniaxial loading. Creep and long-time stress-
rupture data are very scarce, as are data for tubular members biaxially
loaded by an internal pressure. Surprisingly little of the available data
are directly applicable to reactor systems without questionable extrapola-
tions and/or interpolations of temperature and test conditions. In addition,
serious omissions in the definition of test variables (e.g., strain rate and
test environment) and description of material purity in regard to inter-
stitial contaminant levels65,66 and prior thermomechanical history limit
the usefulness of other data. Yet, it is an experimentally documented
fact that a detailed record of all these variables is indispensable to the
accurate interpretation of the test results,

Since the bulk of the data on these materials was obtained
from aerospace programs, direct and unqualified applicability to specific
reactor temperature and environmental conditions can hardly be expected,
Furthermore, it is reasonable to assume that a fair portion of these data
were obtained with experimental quantities of alloys of unknown purity and
were primarily intended to fill a void where no property data previously
existed. Finally, the inadequacies of many mechanical extensometer sys-
tems at these high temperatures encourage the common, but objectionable,
practice of equating crosshead displacement to specimen strain, further
adding to the confusion of reported data.

Since much of the reported data about mechanical properties
are not usually accompanied by the detailed background information nec-
essary for determining applicability in specific service conditions, it is
desirable, if not mandatory, to recheck the data. Toward this end test equip-
ment is being set up with temperature and vacuum capabilities of 500-
3000°C and 107° to 1078 torr, respectively.

65Bartlett, E. E., and Schmidt, F. F., Review of Recent Developments in the Technology of Columbium
and Tantalum, DMIC Memorandum 130 (Oct 10, 1961). '

66McCoy, H. E., and Douglas, D. A., Effect of Various Gaseous Contaminants on the Strength and Forma-
bility of Columbium, Columbium Metallurgy, Interscience Publishers, Vol. 10, p. 85 (1961).
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Some determinations of uniaxial tensile properties have >een
made with V-10 w/o Ti, V.20 W/o Ti, and Nb-1 W/O Zr alloys, These are
presented in Table XXXIX, A difference in the plastic flow behavior was
observed between the V-Ti alloys and the Nb-Zr alloy. The V-Ti al oys
were deformed with uniform elongation, whereas the Nb-1 W/O Zr al .oy
was deformed primarily within a localized length of the gage section
As a result, the total elongation was greater for the V-Ti alloys. Tte
strain at which the ultimate tensile strength occurred was also greaier
for the V-Ti alloys. It is possible that this difference in plastic beh: vior
may be due to strain hardening which occurs in the V-Ti alloys to a jreater
extent than in the Nb-1 w/o Zr alloy. The V-Ti alloys were in a rec:ys-
tallized condition, whereas the Nb-1 W/o Zr was in the stress-relieved
condition, Tests will be conducted on recrystallized Nb-1 W/O Zr to de-
termine if this difference in behavior is a characteristic of the alloys; or
condition, Chemical analyses are not yet available on specimens tested,

Table XXXIX
UNIAXIAL TENSILE PROPERTIES OF Nb-1 w/o Zr AND VANADIUM-TITANIUM ALLOYS
Te l.lTl;im§|te 0.002 Offset Elon ation(a) Reduction Elastic Modulus Engineering Strain
Alloy (o"gf str::&fh Yield Strengtn 9(% , of Area (10%kg mm-2 at Ultimate ensile
kg mm-2) tkg mm~4) (%) Strengtr (%)

Nb-1wfo Zr, Room 53.2 47.4 3 %0 124 73
Stress Relieved 640 3.4 42.0 19 93 8.4 1.9
1 hr at 850°C 650 48.2 4.2 19 87 12.4 1.9

800 36.2 34.6 4 83 124 1.3

850 36.2 34.4(b) 14 87 (© -

950 35.9 34.8(b) 15 90 () -
V-10 wfo Ti, Ex- Room 484 31.2 38 62 2.9 164
truded at 1110°C, Room 50.6 39.5 38 61 143 17.3
Recrystallized 650(d) 49.9 45,0t 34 53 (c) 15.2
Structure 750 313 27.1 42 69 8.1 10.7
V-20 wfo Ti, Ex- Room 70.3 62.6 34 56 1.7 16.7
truded at 1110°C, Room 70.6 64.2 36 56 18.4 2.2
Recrystallized 650 66.2 45,8 37 a4 12.0 15.6
Structure 750 46.3 383 36 56 14.3 7.0

800 415 35.9 a8 50 9.6 5.0

Threaded bar specimens with 6.35-mm (0.250-in.) diameter and 3.18-cm (1.25-in.) reduced section.
Tests conducted in vacuum of 2 x 10" mm Hg. 4

Tests conducted with crosshead speed of 8.3 x 107 cm/sec (0.02 in./ min).

(a)Measured as change in 2.54-cm (1-in.) gage length after completion of test.

(b)measured from crosshead travel and may not correspond to true 0.002 offset yield strength.
(C)Not measured in absence of extensometer.

dISpecimen surface oxidized during testing because of air leak in vacuum furnace.

Some preliminary measurements were made on the creey of
the Nb-1 w/o Zr alloy. A test conducted at 550°C and a stress of 37.; kg mm™2
resulted in a minimum creep rate of less than 1 x 1077 sec™!. Increasing
the stress to 38.7 kg mm~™2 caused the specimen to deform very rapicly and

resulted in immediate failure.
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E. Development of Ceramic Fuels and High Absorbing Materials

1. Preparation and Properties of Uranium and Plutonium
Monocarbides

a. Preparation and Fabrication of Uranium and Plutonium
Carbides (O. L. Kruger)

Sintering studies were made on PuC and UC-PuC solid
solutions in an effort to fabricate these materials into fuel pellets. Mate-
rial for both studies was made by fusing pieces of Pu and C, or Pu, U, and
C, in an arc furnace. This method of preparation was chosen because it
was best for making high-purity carbides with low oxygen content. A good
starting material was essential for these studies in order to determine the
extent of oxygen contamination introduced by various methods of powder
preparation. These powders were handled in an inert atmosphere of nitro-
gen gas with approximately 500 ppm combined impurities of oxygen and
water vapor.

The sintered density of plutonium monocarbide was studied

as a function of binder addition and particle size. Pellets with a density of
93% theoretical were pressed and

Figure 70. Densitiesof Pellets Made from PuC Powder sintered from powder with a par-
with Various Particle Sizes after Sintering ticle size of less than 44 u. These
in Vacuum for 2 hr at Increasing pellets were pressed at 5.6 metric
Temperatures tons/cm? from powder coated with

0.5 w/o Carbowax binder. The
density as a function of sintering
temperature in vacuum is shown
in Figure 70 for pellets made from
various powders. Reduction of the
particle size from less than44 y to
less than 15 u didnot aid densifica-
tion. The optimum sintering tem-
peratures of the <74 and <44 u
powders were 1400 and 1350°C,

® <74 MICRON respectively, for a time of 2 hr.

O <44 MICRON ] Reducti fth ticle size t

A <15 MICRON eduction of the particle size to
GREEN <15 p lowered the optimum sintering
DENSITIES o
| | | | temperature to 1250°C for the same

1100 1200 1300 1400 1500 length of time.
——SINTERING TEMPERATURE(°C)——»

13.0 I T I T

N
o

)

DENSITY (gm/cm3)—
o
o

©
O
L

106-7542 Binder additions of more
than 0.5 w/o0 caused a decrease in
density and an increase in the carbon content of pellets made from <44 i
powder. The carbon content increased from 46.5 a/o carbon in the arc-
melted material to as high as 50 a/o carbon in the sintered pellets when
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0.5 w/o binder was used with the <15 i powder. This substantial ca :bon
pickup clearly shows that control of the carbon content would be ext:'‘emely
difficult in pellets made from fine powder coated with binder.

Figure 71. Change in Green and Sintered Densities The change in green and
with Forming Pressure for Pellets Made sintered densities of the pel ets
from PuC Powder with a Particle Size with forming pressure is shown
of <15 microns in Figure 71. These pellets were

made from <15 u powder coited
——FORMING PRESSURE (PS|)——» with 0.5 W/O binder. Increa 51ng
100 20'0'00 40'?00 60'?00 80'?00 the forming pressures from 1.4 to
e 5.6 metric tons/cm? increaced the
s . ‘
90— — green density, but there was no
T corresponding increase in tle
> 8o —{ sintered density, which remined
2 constant at about 93% of the« retical.
G 7o — Similarily, a change in form ing
< Y .
e - pressure from 3.5 to 5.6 metric
-
& 601~ ’_:—” - tons/cm? produced no incre: se in
S T the sintered density of pelle s
® 50— —-| made from powder with a particle
SINTERED DENSITY size of <44 u.
40— ~—— — — GREEN DENSITY —
The sintered pellets were
| 1 | 1 H 1

o 16 26 30 40 50 60 examined by ceramographic and
———FORMING PRESSURE (METRIC TONS /cm2) —— X-ray diffraction techniques, and
chemically analyzed for caron
and oxygen contents. Most «f the
pellets contained from 1.5 t«

3.5 a,/o oxygen. An oxide phase was present in all pellets which had com-
bined carbon and oxygen contents of more than 50 a/o, whereas pell¢ts with
combined carbon and oxygen contents of less than 48.5 a/o containec no
oxide phase.

106-7541

These data indicate that a Pu(C, O) phase region exi its in
the Pu-C-O ternary system. This region appears to have an extensive
solubility for oxygen. Compositions with combined carbon and oxyge¢n con-
tents of more than 50 a./o appear to be in a three-phase region betwe¢en
Pu(C, O), Pu,C;, and oxide. One boundary of this three-phase triang.e was
very close to the plutonium-carbon side of the ternary diagram.

There was a slight, almost uniform, loss in weight f the
pellets up to the optimum sintering temperature of 1250°C for the <5 u
powder and 1350°C for the <74 and <44 u powders, as shown in Figu e 72.
Above these temperatures the weight loss was high and appeared to He
responsible for the decrease in densities with increasing sintering
temperature.
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Figure 72. Weight Loss of Pellets Made from Measurements of the melt-
PuC Powder with Various Particle ing point of PuC in a vacuum were
Sizes after Vacuum Sintering for inconsistent because of the rapid
2 hr at Increasing Temperatures vaporization of material at tem-
8.0 I T I I I peratures near the melting point
/ with a corresponding increase in
70 ¢ - carbon content. In some cases no
<74 MICRON | - ;
AND <44 MICRON ! melting point was observed for
6.0l — — = <I5 MICRON / | specimens heated in vacuum to
T above 1800°C. PuC heated in an
s 50l _| argon atmosphere at atmospheric
= pressure had a melting point of
§4‘0_ _| 1665+ 20°C, which was very close
o to the literature value of
2 1654 + 20°C.67
3 3.0 —
*
Sintering studies were also
2o 7| made of solid solutions of UC with
about 20% PuC. These studies in-
.o 7 dicate that the solid solution was
considerably more difficult to
||{)o |2Ioo l?lsoo |4100 |5|00 sinter than either PuC or UC alone.
SINTERING TEMPERATURE(°C)—> Pellets made from powder with a
106-7544 particle size of <44 u were vacuum

sintered to a density of 85% theo-
retical at 1750°C. Powders of <15 u particle size showed a great deal of
outgassing when heated above 1200°C, which indicated the presence of
oxygen in the UC-PuC powder. The highest density achieved with vacuum
sintering at 1600°C was about 80% theoretical. Use of a flowing argon
atmosphere for sintering of this powder at 1600°C increased the density
to 86% theoretical.

b. Heat Capacity of Plutonium Monocarbide (O. L. Kruger and
H. Savage)

The heat content of PuC above 298°K was measured with
an isothermal drop calorimeter. The specimen was prepared by arc-
melting the elements into a button and then drop-casting the button into
a rod-shaped specimen. Since PuC has a defect structure with some
vacancies at the carbon lattice sites, a composition of 46.5 a/o C was
selected as being the closest to single-phase PuC. Ceramographic ex-
amination of the sample showed that no phases other than PuC were
present.

67Mulford, R.N. R., Ellinger, F. H., Hendrix, G. S., and Albrecht, E.D.,
"The Plutonium-Carbon System," in Plutonium 1960 (Cleaver-Hume
Press Ltd., London, 1961) 301.
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The observed changes in enthalpy with increasing t¢m-
perature are shown in Figure 73. No discontinuities were observed in
this curve, which was described by the equation

HT - Hyy = -5035 + 13.08T +5.718 x 107*T? + 3.232 x 10°T", (1)

calculated by the method of least squares after correction of the data for
the self-heating of plutonium. The magnitude of the self-heating coirec-
tion was in the range 0.3 to 3.3 percent of the enthalpy values and w..s
greater at low temperatures. The first derivative of the enthalpy ecuation
gave the heat capacity equation:

Cp = 13.08 + 11.44 x 107*T - 3.232 x 10°T "2 (2)

Values of HT - H,gg, Cp» and ST - Sy at temperature intervals of 1(0°K
are listed in Table XL. These quantities were calculated to a tempe rature
of 1900°K, which was 50°K below the melting point of PuC.04

Figure 73. Heat Content of PuC above 298°K The curve of CP as ¢ func-
tion of temperature is show in

22 Figure 74. The agreed68 C., curve
/ . -
ol / for UC is shown for comparison.
s From 500 to 1200°K the Pu( curve
18l / parallels the agreed curve for UC
7 with a 0.8-cal mole™! °K™! dis-
16— )/ placement below the UC curve.
ﬁ / Below 500°K the Cp values cbtained
5 4 / from equation (2) decreased rapidly
Sl in an apparently unrealistic manner.
H In the absence of low-temperature
210~ data for PuC it was assume: | that
T_ the curves for UC and PuC ‘emained
T 8 parallel below 500°K. Grap.ical
sl extrapolation gave a C, valite of
11.3 cal mole™! °K™! for Pu( at
4+ 298°K.
2 —, The PuC phase is known to
ol 1 I | 1 I I I have solubility for carbon fiom

400 600 800 1000 1200 1400 1600 1800 2000

TEMPERATURE (°K) about 42.5 to 48.5 a./o. The ‘e is

a corresponding expansion cf the

106-7622 Revised PuC lattice up to about 48.5 a/o

68The Uranium-Carbon and Plutonium-Carbon Systems. A Ther no-
chemical Assessment. Technical Report Series No. 14, (Inter: ational
Atomic Energy Agency, Vienna, 1963).




Table XL

MOLAR THERMODYNAMIC PROPERTIES
OF PLUTONIUM MONOCARBIDE*

Temperature HT - Hyggs Cp» ST - Szs»
(°K) cal mole™! cal mole~! °K~! cal mole ™! °K™!
400 1097 11.52 3.16
500 2296 12.36 5.83
600 3559 12.87 8.13
700 4865 13.22 10.15
800 6201 13.49 11.94
900 7562 13.71 13.52
1000 8943 13.90 15.01
1100 10342 14.07 16.34
1200 11757 14.23 17.57
1300 13188 14.38 18.68
1400 14633 14.51 19.77
1500 16091 14.66 20.57
1600 17564 14.78 21.94
1700 19049 14.92 22.61
1800 20547 15.04 23.47
1900 22057 15.16 24.30

*Last digit retained for comparison purposes only.
Figure 74. Heat Capacity of PuC and UC as
a Function of Temperature
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carbon with the addition of carbon atoms to the vacant lattice sites.t?
Consequently, the Cp curve for PuC containing 46.5 a/o carbon may be
below the curve for stoichiometric PuC because of the defect PuC struc-
ture. The increase in heat capacity that might be expected for a sto chio-
metric PuC phase with all of its carbon lattice sites filled was calculated
by use of the Neumann-Kopp rule for a temperature of 700°K. With 1eat
capacities of plutonium and carbon of 9.070 and 4.47! cal mole™! °K™}!,
respectively, the heat capacity of stoichiometric PuC was 13.4 cal mle ! °K™1.
The defect PuC had a calculated heat capacity of 12.8 cal mole™! °K™!. This
increase of 0.6 cal mole™ ! °’K™! in going from a defect to stoichiometric
structure is very close to the 0.8 cal mole ! °K~! difference betweer the
PuC and UC heat capacity curves.

This difference between the heat capacity curves of PuC
and UC could be related to similar behavior observed in the heat caj acities
of the actinide dioxides. Osborne and Westrum 2 found that the rooia tem-
perature heat capacities of ThO,, UO,, and NpO, increase with atomic
number of the cation. From their entropy calculations they conclud¢d that
the isomorphous actinide dioxides above thorium in atomic number : hould
have increasing entropies in accordance with the magnetic contribut on of
their cations. The magnetic contribution would increase with atomic num-
ber to give a predicted value for the entropy of PuO, of about
19.7 cal mole™! °K~! at 298°K. Sandenaw’!3 measured the heat capac ty
of PuO, below 320°K and obtained a value for the entropy of
16.30 cal mole ™! °K™! at 298°K. The value was considerably lower ttan
predicted and was'near the ThO, entropy value of 15.59 cal mole™! °1{7!
for the same temperature. This relationship between the heat capacity
curves of the actinide dioxides may also be observed in the heat cap .city
curves of the actinide carbides. On this basis at 298°K the heat cap: city
of PuC would be below the value for UC, and then ThC would have a ralue
near the one for PuC.

69I(rugel:, O. L., Phase Studies on Arc-melted Plutonium=-Carbon Alloys Near the Monocarbide
Composition, J. Am. Ceram.-Soc., 46(2), 80 (1963).
70Loasby, R. G., Discussion in Plutonium 1960 (Cleaver-Hume Press Ltd., London, 1961).

71Kelley, K. K., Contributions to the Data on Theoretical Metallurgy, XIIl. High Temperatur .
Heat Content, Heat Capacity and Entropy Data for the Elements and Inorganic Compounds,
Bur. Mines Bull., 584, 47 (1960).

720sborne, D. W., and Westrum, E. F., Jr., Heat Capacity of Thorium Dioxide from 10 to 305° L.
The Heat Capacity Anomalies in Uranium Dioxide and Neptunium Dioxide, J. Chem. Phys., 1, (1)
1884 (1953).

73Sandenaw, T. A., Heat Capacity of Plutonium Dioxide below 325K, J. Nucl, Mat., 10(3) 16
(1963).




2. Preparation and Properties of Uranium, Thorium, and Plu-
tonium Sulphides

a. Uranium Sulphide (P. D. Shalek, R. J. Dunworth, and
J. T. Dusek)

The monosulphides of uranium, thorium, and plutonium
are being investigated to ascertain their potential as nuclear fuels. Ura-
nium and thorium sulphide were prepared by reacting H,S gas with the finely
divided metal. These materials have been found to have high melting
points and large thermal expansion coefficients. 4

The thermal conductivity was measured with a sintered
specimen, 2 cm in diameter and 8 cm in length, with a central longitudinal
hole of 0.3 cm, by paste molding. Uranium monosulphide having a par-
ticle size of <37 u was mixed with a binder to form a thick paste, which
was charged to an aluminum mold and vibrated until solid. The formed
piece was dried and then sintered in vacuum at 1850°C for 2 hr.

The specimen contained approximately 2.3 w/o of UOS
and had sintered to 97.0% of theoretical density. The material iga the
specimen had a slightly contracted lattice parameter of 5.4871 A, which
would indicate that some foreign anions were in solid solution.

The thermal conductivity, measured to 1000°C in a pre-
viously described apparatus,75 was found to increase with increasing
temperature. The data are listed in Table XLI. The total thermal con-
ductivity followed an equation of the type

Kiot = 0.060 + %‘r—9+ 2.44 (1078) To,

where the first two terms represent the phonon conductivity (Kp) and the
last term, the electron conductivity K(e1). The equation represents the
data reasonably well between 0 and 1000°C.

b. Plutonium Sulphide (O. L. Kruger and J. B. Moser)

The reaction of plutonium metal with appropriate gases to
form PuS and PuN was studied in apparatus, whose arrangement of the
piping and glovebox connections is shown diagrammatically in Figure 75.
A molybdenum reaction chamber was placed inside a stainless steel vessel

74Sha.lek, P. D., Preparation and Properties of Uranium and Thorium
Monosulfides, J. Am. Ceram. Soc., 46(4) 155 (1963).

75Dunworth, R. J., Thermal Conductivity Apparatus, Annual Report
for 1961, Metallurgy Division, ANL-6516, p. 403.

139



140

lined with molybdenum. This design was used to prevent the hot hycrogen
sulphide gas from coming in contact with stainless steel. All tubing from
the gas cylinders to the reaction chamber and vacuum pump was ma le of
stainless steel. The tubing was connected through either O-ring seals or
compression fittings. The entire gas system was checked with a helium
leak-detector and found to be leak-tight.

Table XLI

CONDUCTIVITIES OF URANIUM MONOSULPHIDE

Temp o, Kel’ Kp, Kt01
(°c) ohm™ cm™! W/(cm °C) W /(cm °C) W/(cm °C)
0 4440 0.0296 0.0814 0.1110
100 4150 0.0378 0.0758 0.11356
200 3950 0.0456 0.0729 0.1185
300 3820 0.0534 0.0717 0.12E1
400 3730 0.0613 0.0727 0.134)
500 3660 0.0691 0.0744 0.1435
600 3620 0.0772 0.0751 0.1523
700 3610 0.0857 0.0740 0.1597
800 3610 0.0946 0.0705 0.1651
900 3640 0.1040 0.0645 0.1685
1000 3730 0.1160 0.0548 0.1703
0 - electrical conductivity
Kel - electrical contribution to thermal conductivity
Kp - phonon contribution to thermal conductivity
Ktot - thermal conductivity data
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O-e7 2 e A

GLOVEBOX

- Figure 75
THERMOCOUPLE | &
VACUUM GAGE H

Plutonium-Gas Reactio | Apparatus

1
FURNACE CHECK
i VALVE

TUBE ‘

———
R D
N4

&%
-

N B
° REACTION CHAMBER HS PHy Ny Mg A
AND VESSEL L

COLD TRAP
VACUUM EXMAUST
WITH Np BLANKET
AND AEC FILTER

VACUUM PUMP VACUUM PUMP

Macro 38034



141

A calibrated gas reservoir and manometer were used to
measure the amounts of gases needed for the preparation of the compounds.
The gas line was filtered outside the glovebox to prevent plutonium from
back diffusing into the piping system. Cold traps were incorporated into
the system to cycle the H,S gas by alternately freezing and pumping on
each trap. During this process any hydrogen gas produced by the reaction
of the gases with plutonium to form the sulphide was pumped off. The re-
maining gas pressure was then measured on the manometer to determine
the extent of the reaction.

Pieces of plutonium metal were placed in the reaction
chamber, and the apparatus was purged several times with argon gas. The
plutonium was reacted with hydrogen gas at a temperature of about 200°C
to form PuH, ,-PuH, ;. Unlike the uranium compound, the hydride did not
break up into a fine ﬁowder by alternately hydriding and dehydriding; there-
fore, the pieces of plutonium hydride were removed from the reaction
chamber, crushed to a fine powder, and replaced in the chamber. After
again purging the entire system with argon gas, the powder was dehydrided
under vacuum at 420°C. Complete decomposition of the hydride powder
was never achieved. X-ray diffraction powder patterns always showed
strong lines of the PuH, ,-PuH, ; phase. To activate the powder further
before reaction it was again hydrided at 200°C and then dehydrided at
400°C.

This powder was reacted with H,S to make the sulphide,
or with nitrogen to make PuN. For the sulphide the reaction was studied
over a temperature range from 400 to 580°C. The best product obtained
was from reaction at 400°C for 16 hr with H,S gas at a pressure slightly
below atmospheric. This reaction yielded Pu,S; which had strong but
diffuse lines on its X-ray photograms. Homogenization of the Pu,S,
powder at 1500°C in vacuum gave a powder composed of the PuS and
Pu,S; phases in equilibrium with a very small amount of an oxysulphide
phase. All lines on the X-ray diffraction patterns were sharp, and
doublets were easily identified. As with uranium sulphide, further heat
treatment of the powder at 1750°C for 3 hr produced a sintered body.
Sintering probably occurred through a liquid phase which was formed when
the plutonium sulphide-oxysulphide eutectic temperature was exceeded.
X-ray photograms of this material were identical with the ones made from
the powder.

In a similar manner, plutonium nitride was prepared with-
out difficulty by reacting plutonium hydride with nitrogen gas at atmos-
pheric pressure for 16 hr at 230°C.
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3. Preparation and Properties of Uranium, Thorium, and P utonium
Phosphides

a. Uranium and Thorium Phosphides (Y. Baskin andJ. "'. Dusek)

Uranium monophosphide was initially prepared by th: re-
action in vacuum of finely divided uranium with red amorphous phosy horus.
The reaction was highly exothermic and resulted in the forrnatlon of 1 sub-
stoichiometric UP clinker with a lattice constant of 5.57 A. The grei test
disadvantage of this method was the difficulty in obtaining a high-pur ty
product. Oxygen contents of 1.1%, corresponding to about 9% of UQ,, repre-
sented the lowest values obtained with the powdered materials used. UO,
was present as a grain boundary phase. Departure from stoichiomet:y was
deduced from lattice-constant data and was caused by partial dissociition of
UP at the high temperatures attained during the exothermic reaction (above
2500°C). Dissociation was suppressed by carrying out the reaction ii. a
stainless steel autoclave.

A more satisfactory method of preparation was to react
phosphine gas (PH;) with finely divided uranium derived from the hycride.
Reaction temperatures were varied between 280 and 720°C, and P/U ratios
from 0.98 to 1.30, with only minor effects on the final material. However,
smoothest operation and highest yields resulted when the reaction wes
carried out at 385°C with a P/U ratio slightly greater than one. X-riy
diffraction analysis of the black, reacted material revealed the presence
of only U;P,, although uranium was undoubtedly present in a very fin«ly
divided state.

The material was calcined at 1400°C in vacuum to hcmo-
genize itanddrive off excess phosphorus, converting it into UP. The cal-
cined material gave a very sharp X-ray pattern. A listing of some o' the
propertles of the powder is given in Table XLII. The lattice constant,

5.589 A appeared to correspond to that of stoichiometric UP, since ‘his
was the value for UP in equilibrium with U;P,. Powders that were ci lcined
at 1400°C were not hygroscopic. Material having an average particle size
of 2.7 u exhibited a 0.05% weight gain after a 5-week exposure to the at-
mosphere at room temperature. After 100 hr at 110°C, similar mate rial
showed a 0.15% weight gain.

Table X1II

PROPERTIES OF UP POWDER CALCINED AT 1400°C

Color Dark gray Oxygen Content 0.18-C.29%
Lattice Constant 5.589 + 0.001 A | UO, Content 0.4-1.%
Theoretical Density 10.23 g/cc Oxidation Resistance Good
Pycnometric Density 9.77 g/cc Hydration Resistance Good
Particle Size 1.7-3.8 u
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There are three compounds in the uranium-phosphorus
system: UP,, U;P,, and UP. The two higher phosphides are unstable at
elevated temperatures, particularly UP,, which decomposes rapidly in
vacuum above 700°C. U;P, decomposes at somewhat higher temperatures
in vacuum (about 1150°C) to form UP and phosphorus vapor. UP, however,
is quite stable, and has a melting point of 2540°C measured under a hydro-
gen atmosphere.

Uranium monophosphide is a gray, metallic-appearing,
brittle compound with the hardness of glass. It has the rock salt-type
crystal structure typical of other uranium compounds, such as UC, UN,
and US.

UP has a room-temperature electrical resistivity of
about 325 microhm-cm. On the basis of resistivity measurements per-
formed between 78°K and room temperature, UP appears to have a
positive, linear coefficient of resistivity with a value of 0.35 microhrn-cm/°C.
This indicates the presence of electrons in the conduction band.

Preliminary sintering curves for pellets pressed from
fine, calcined UP powder are shown in Figure 76. Fabrication and heating
temperatures were the only two variables. Increasing the forming pres-
sure from 1406 to 2812 kg/crnZ resulted in an increase in fired density of
from 3 to 5% for all sintering temperatures used. Both the sintered density
versus temperature curves showed discontinuities between 1700 and 1800°C.
The curves steepen considerably in this temperature range, again becoming
more shallow at higher sintering temperatures. No explanations are cur-
rently offered for the presence of the discontinuity. No significant increase
in density occurred when sintering was carried out above 2000°C, since
further shrinkage was offset by vaporization losses.
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UP pellets appeared to be susceptible to formation of sur-
face crazing, particularly when heated to only 1600°C. Crazing was mini-
mized by using pressures of 2812 kg/cmZ and higher. In all cases surface
cracks were virtually healed after heating to 2000°C. Experiments are
underway to determine the cause of cracking.

Densities of the order of 92-93% of the theoretical value
were achieved by use of forming pressures of 2812 kg/cmZ and heating
at 2000°C for one hour. Figure 77 shows a photomicrograph of a sample
sintered to a density of 9.4 g/cc, or 92% of the theoretical density. The
small amounts of UO, represent the only other phase present.

Figure 77. Photomicrograph of UP Pellet Fired at 2000°C in Vacuum. Matrix
is UP, Medium Gray Phase is UOg, and Black Areas are Pores.
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Determination of the thermal conductivity is currently in
progress. A specimen was prepared by paste molding. UP having a
particle size of <37 u was mixed with a binder solution of stearic acid
and acryloid in carbon tetrachloride to form a thick paste. This paste was
slowly added to an aluminum mold, and the mold was vibrated until the
paste became sufficiently firm to be removed from the mold and dried.
The formed specimen was isostatically pressed at 3.86 metric tons/cmz,
and following this treatment was found to have a density of 75% of theo-
retical. The specimen was sintered in vacuum at 1900°C for 3 hr, and
this heat treatment was found to increase the density from 75 to 86% of
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theoretical. The rough surfaces of the specimen were removed by surface
grinding, and a center hole was drilled.

Preliminary vaporization studies made with a mass spec-
trometer were conducted by R. J. Ackermann of the Chemistry Division with
UP containing 1% oxygen. UO and some UO, were the major gaseous species
coming off between 1500 and 2000°C. Above 2000°C the oxide gases dimin-
ished, and elemental P and then U became very prominent. In contrast
with US, no sign of the compound UP was noted among the gaseous species.
These observations corroborated results of weight-loss experiments with
fairly pure UP, which indicated that weight losses only became significant
above 2000°C and that phosphorus was first selectively lost from the UP
structure. Chemical analysis of samples heated to high temperatures
showed lower oxygen contents than originally, indicating that UP vaporizes
more slowly than UO,.

Single crystals of UP grew along the cooler portions of
crucibles during heating of samples above 2000°C. The crystals exhibited
good euhedral shapes and averaged 0.2 mm in size. On the basis of single-
crystal X-ray studies, such crystals were of good quality. However, they
were somewhat substoichiometric as a result of formation at these elevated
temperatures.

UP reacts with metallic uranium to form an anion-deficient
structure. Up to 5% uranium can be absorbed at 1600°C, producing 5% of
anion vacancies. The unit cell contracts with departure of the comp051t10n
from stoichiometry. Stoichiometric UP has a lattice constant of 5.589 A
whereas UPg o5 has a value of 5.582 A. The fully stoichiometric structure
does not appear capable of accommodating excess phosphorus. Below
1200°C in vacuum or at higher temperatures under high phosphorus pres-
sures, U3;P,; coexists with UP when the P/U ratio exceeds unity.

The lattice constant of UP has also been observed to
shrink as a result of heating in vacuum at temperatures above 1500°C.
This was attributed to irreversible loss of phosphorus at elevated tempera-
tures. Departure from stoichiometry increased with rising temperature,
indicating that the UP rock salt structure can tolerate more vacancies
concomitant with greater phosphorus loss. Based on preliminary results
and assuming a linear lattice constant-composition relationship, an equilib-
rium composition of about UP, ¢, exists at the melting point (2540°C).
Attempts will be made to determine the melting point of stoichiometric UP.

UP was readily arc-melted, but the compound showed
considerable weight losses at the melting temperature due to its dissociation.
Losses of about 7% occurred after the material was molten for 4 min. Uran-
ium reflections were detected in X-ray photographs of the melted material,
and substantial amounts of phosphorus were seen to be condensed on the
cooler positions of the apparatus.
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UP and UO, were compatible even above the melting point
of the former. No evidence was found for the existence of a uraniun. oxy-
phosphide compound, either at low or high temperatures. X-ray anszlysis
of compositions across the UP-UQO, system showed that neither stru:ture
was affected by the presence of the other during heating at 2000°C. The
lattice constants of both compounds remained unchanged across the :ntire
compositional range. Work is in progress to determine the compos:tion
and temperature of the eutectic presumed to occur in the system.

Resistance to tarnishing and the relatively nonpyrog horic
nature of UP were observed early in the study. Coarse UP powde1r could
be ground in air without igniting, and polished specimens maintainec a
bright metallic appearance at room temperature. This behavior dif:ered
markedly from that of other uranium compounds having the same crystal
structure; these were quite susceptible to oxidation and generally ignited
during grinding. From a thermodynamic standpoint UP should behz ve
similarly.

Ignition studies, conducted in a DTA apparatus and em-
ploying a dynamic flow of oxygen, confirmed the difference in oxidat.on
behavior between UP and the compounds UC, UN, US and UAs. Th:
contrast is vividly illustrated in Figure 78.
Figure 78. Representative DTA Therxrfograrns f(?r UP exhibited several b ‘oad
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The course of oxidation of UP can be followed in Figure 79,
which is a representative DTA thermogram along with a listing of crys-
talline phases observed in samples heated to different temperatures. The
first peak at 460°C represents oxidation of the finer fraction of the UP to
form UO, of an unknown oxidation state and amorphous P,05. Although not
detectable by X rays, the presence of amorphous P,0; is unequivocal, since
crystalline uranium phosphates form at higher temperatures. Formation
of moderate amounts of UP, on heating of UP in oxygen is quite unusual.
Apparently, during the early stages of oxidation of UP, oxygen atoms are
preferentially bonded to uranium atoms. In the process phosphorus atoms
are ejected from the rock salt structure, reacting with UP to form UP, and
some U,;P,. Similar formation of U,N; has been observed during oxidation
of UN.76 Formation of UP, at the expense of UP, and its persistence at
600°C in the DTA run after all the UP has been consumed, appears to

establish its greater oxidation resistance compared with the monophosphide.

Figure 79. DTA Thermogram for UP in Dynamic Oxygen at 1 atm,
Pellet sintered at 1800°C was ball milled, diluted with
an equal weight of AlgOg, and heated at 5°C/min.
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Oxidation of the coarser UP fraction produced the second
peak at 560°C. Interestingly enough, the temperature of the second peak
coincided with the melting point of P,Os. This is probably not coincidental

as oxygen diffusion rates through P,O5 may accelerate rapidly at or near
its melting point.

76Dell, R. M., Harwell, personal communication.
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The third peak at 700°C resulted primarily from ox dation
of UO,., to U305, Formation of the two uranium phosphates, UP,0; ind
U,03P,0,, may also have contributed to the exothermic reaction. Alove
700°C the liquid P,O; no longer delayed oxidation of the UO, phase tc
U30g, which occurred concurrently with formation of the uranium phoysphates.

Reaction of U304 with P,0O5 and UP,0,, and oxidation of
U,0;P,0; resulted in the formation of (UO,),P,0, at 800°C, producing the
small exotherm. Presence of small quantities of U;O4 indicates tha some
P,0; volatilized during heating to 800°C. Heating above 1100°C resu.ted
in decomposition of the phosphate to give U;Og.

Particle size of the UP affected the shape of the DTA
thermogram. This is not unexpected since specific surface area is tnown
to influence exothermic peak intensities and the temperatures at wh:ch
peaks occur. Decreasing the particle size resulted in an augmentat on of
the peak at about 460°C at the expense of the one at 560°C (see Figuie 79).
Ignition of very fine calcined UP powder yielded a different thermogram
from that of Figure 79, but one similar to those for UC, UN, US, anc UAs.
The exothermic peak at 440°C was very sharp and strong, whereas tae peaks
at 560 and 700°C were relatively weak.

Static oxidation studies conducted in air yielded res ilts
similar to those obtained with the DTA; however, as temperatures were
increased stepwise very slowly, reactions took place at lower temperatures
than in the DTA apparatus. X-ray examination of powders at various stages
of oxidation provided interesting insights on the structural changes ccurring
in UP during the process. The UP structure showed signs of degracation
with an oxygen pickup of 2%. High-angle X-ray reflections became :liffuse,
and the lattice showed a small expansion. These two phenomena may be
related to the occurrence of interstitial oxygen atoms, which resulted in
both an enlarged and strained UP lattice. This trend continued with in-
creased oxygen pickup until about 6%, at which point UO, first appeared.
UP, was also present throughout the early stages of oxidation and pe rsisted
after total consumption of the UP,

Thorium monophosphide was prepared by reaction cf
phosphine gas with finely divided thorium obtained from the hydride Com-
minution of thorium was more difficult and generally required more hy-
driding cycles. Reaction with phosphine was carried out at 550°C ard
proceeded smoothly. X-ray diffraction of the black reacted material re-
vealed the presence of Thy;P, as the major phase, with some ThP, T10,,
and thorium hydride as minor phases. The material was calcined ir
vacuum at 1300°C to homogenize it and drive off excess phosphorus. The
calcined material was dark blue and yielded a very sharp X-ray powder
pattern. The lattice constant of 5.83 A corresponded to the literatu ‘e value
for the compound. The X-ray powder pattern showed only small ambunts
of ThO, contamination, corresponding to about 0.3% of oxygen.
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b. Plutonium Phosphide (J. B. Moser and O. K. Kruger)

Plutonium phosphide was prepared by the reaction of
plutonium metal with phosphorus in a tantalum-lined stainless steel pres-

sure vessel.

Constant external pressure during the heating and cooling

cycles was maintained by means of spring loading.

The apparatus used, shown in Figure 80, consists of a
bench vise which holds a C-clamp to which a platform is welded for sup-

port of the clam-shell furnace and pressure vessel.

After this is filled

with the reactants, it is held by the C-clamp and the furnace is closed by
means of a latch. Figure 81 shows the pressure vessel assembly, which
consists of a stainless steel vessel containing a tantalum liner and cap.

The vessel is maintained closed and sealed by means of a stainless steel

cap pressing against a serrate copper gasket.

The screw pressure from

the C-clamp is applied through a series of Belleville spring washers in-

sulated from the hot zone of the furnace by transite spacers.

A consider-

able part of the deflection of this type of spring washer will occur at constant
load; thus the pressure vessel is permitted to expand thermally against the

Figure 80. Apparatus for Preparation of
Plutonium Phosphide
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C-clamp upon heating without danger of rupture and contract upon ccoling
without danger of pressure release. On the other hand, a sudden unex-
pected pressure surge will be relieved safely in this apparatus.

As the glovebox atmosphere consisted of nitrogen w:th
small amounts of water and oxygen, the pressure vessel was purged filled,
and sealed in a container full of high-purity argon gas. The vessel v-as
then heated to between 600 and 800°C for one-half to several hours. One
hundred to 150 a/o excess phosphorus over the amount needed to pr«duce
stoichiometric PuP was used, for the phosphorus vapor reacted with the
copper gasket to produce a small amount of copper phosphide, which
incidentally, served to seal the reaction vessel tightly. Later this com-
pound was identified by X-ray diffraction as Cu;P; a green color upo1
solution indicating the presence of copper ion was also noted. Conta nina-
tion of the PuP reaction product was suspected but spectrographic aralysis
revealed only 30 ppm Cu. At the end of each run unreacted red phosshorus
was found in the vessel, indicating that the excess amount used was :.de-
quate. Upon conclusion of the heat treatment, the furnace was openel and
the pressure vessel exposed to a stream of argon gas. A blower cocled it
from maximum operating temperature in 30 min to one hour.

The quantity of PuP formed depended on the amount of
plutonium used, the maximum temperature that was reached, the len ;th of
the heat-up period, and the time held at maximum temperature. The prod-
uct was identified by X-ray diffraction and the d-spacings found agreed
well with those reported by Gorum.?7 It appears that the reaction b¢tween
plutonium metal and phosphorus is not as strongly exothermic and also
differs considerably from the behavior of uranium and phosphorus, v hich
is highly exothermic around 400°C.

This conclusion was reinforced by observations macs
during the production of PuP and PuS in an arc furnace. As soon as molten
metal came in contact with sulphur, PuS was formed in a visibly exo hermic
reaction and the arc was shut off while the reaction went to completin.
However, when PuP was made, the arc had to be maintained throughcut the
run, long after the plutonium was in the molten state.

Because of the excessive vaporization of the phosphcrus,
the production of PuP by this method was found to be unrewarding, a though
promising results were obtained, as indicated in Figure 82, which shows a
photomicrograph of arc furnace-produced PuP. The surface is showa in
the as-polished condition at 500X. The extensive dark areas consist of
PuP surrounded by a small amount of light-colored alpha plutonium at the
grain boundaries. This interpretation is borne out by X-ray diffract on and

""Gorum, A. E., Some Compounds of Plutonium with Metalloid
Elements, M. S. Thesis, University of Arizona (1955).




a chemical analysis that yielded 8.5 a/o phosphorus. Stoichiometric PuP
contains 11.5 a/o P. The presence of the alpha-plutonium phase may be
an indication that the solid solubility of phosphorus in plutonium is quite low.

Figure 82. PuP Produced in the Arc Furnace
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Massive plutonium pieces of 1 to5gm were used to prevent
oxidation of the metal in the glovebox atmosphere during preliminary
handling; this may account for the relatively low reaction velocity. It was
found that if solid pieces of uranium are heated in phosphorus vapor, a
surface layer of reaction product forms which acts as a diffusion barrier.
This is also likely to occur in the case of PuP. Figure 83 shows a speci-
men for which the reaction had not gone to completion; the cross section
is shown in the as-polished condition at 200X. The darker areas on the
outside of the sample consist of the PuP phase; the light, unreacted Pu
is shown in the center. The cracks seen in the PuP regions may have
been introduced during the polishing operation. The inclusions in the
plutonium matrix have not been identified, but appear to consist of PuP
fragments breaking loose at the reaction boundary and migrating into the
molten plutonium.

Plutonium phosphide will also be made by the reaction of
finely divided plutonium with phosphine gas. Phosphine gas, however, is
toxic and flammable when exposed to air. Use of this gas with hydrogen
in a system containing plutonium could conceivably cause a fire or
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explosion at the exhaust of the vacuum pump. A system has been designed
and built which will dilute the phosphine-hydrogen gas mixture with nitro-
gen at the vacuum pump exhaust. This system has been found to be satis-
factory for exhausting more than 4 liters of a 50/50 mixture PH,; and H, gas
directly into the exhaust system.

Figure 83. Cross Section through Incompletely Reacted Specimen
of PuP Taken from Pressure Vessel

106-7535 As-polished 200X

4. Binary Compound Systems

a. Phase Studies in the System UC-US (G. D. White,
P. D. Shalek, and J. T. Dusek)

A study was initiated in the system UC-US to determine
phase equilibrium and physical properties of binary compositions. Both
compounds have been studied individually,78v79 and UC is being consid-
ered as a fuel for several reactors.

78‘Proceedings of the Uranium Carbide Meeting, December 1960,
TID-7603.

7c)Shalek, P. D., Preparation and Properties of Uranium and Thorium
Monosulphides, J. Am. Ceram. Soc., 46(4), 155-61 (1963).
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The UC used was made by reacting uranium and carbon in
an arc melting furnace. The granular product was reduced to a particle
size of <15 u by crushing and ball milling in argon. Chemical analysis of
the powder gave 4.80 W/o carbon and 0.51 W/o oxygen. X-ray d1ffract1on
produced only reflections for UC with a unit cell size of 4.960 A. The US
was produced by reacting H,S with finely divided uranium metal, which was
obtained by hydriding metal chips and decomposing the hydride. 78 This
material was analyzed to contain 11.76 w/o S, 87.18 W/o U, with a 1.36 w/o
insoluble residue which was UO,. The US was crushed and ball milled to
a particle size of <37 L.

Specimens for phase-equilibrium studies were prepared
by dry mixing the powders and pressing the mixtures into cylindrical pellets
with 1 W/O or less of stearic acid binder. All reactions and sintering were
done in vacuum (10-5-107% torr), and temperatures were determined by
means of an optical pyrometer. After a period of reaction at temperature,
specimens of some compositions were pulverized, repressed, and reacted
for an additional length of time to insure that equilibrium had been attained.
Specimens were heated for a total of from 3 to 19 hr, depending upon the
temperature and composition, and were furnace quenched by suddenly re-
ducing the power to the heating element. Phase determinations were made
by ceramographic and X-ray powder diffraction techniques. Unit cell sizes
for phases were determined by a Nelson-Riley extrapolation.

The results of specimen equilibration and quenching, as
obtained by both X-ray diffraction and ceramographic examination, are
shown in Table XLIII. The system contained no intermediate compounds
in the temperature range studied, but showed limited solubility of each
component in the other, with an intermediate region containing both solid
solutions. The change of unit cell sizes of the solid solutions with compo-
sition is shown in Figure 84. At 1600°C, US dissolved in UC to produce
a maximum unit cell size of 4.981 &, and at 1700°C of 4.985 A. The lowered
unit cell sizes of specimens heated at 1800°C is attributed to the vapori-
zation of US in vacuum. The satyrated solid solution of UC in US had a
minimum unit cell size of 5.316 A for material heated at 1600°C, and there
was little change upon heating at 1700°C.

As the amount of UC in solution approached the maximum,
the back reflections of the X-ray photographs became progressively more
diffuse. This was interpreted as an indication of the large amount of
strain in the structure due to the relatively large difference in ion size
between carbon and sulphur.

Determinations of melting temperature were made in a
hydrogen atmosphere in a tungsten-resistance furnace. Melting was ob-
served visually with an optical pyrometer. A temperature-correction
curve was prepared by observing the melting point of materials with
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well-established melting points. Fragments of specimens were set >n
tungsten and heated to their melting temperature in less than 5 min.

Table XLII

RESULTS OF EQUILIBRATION AND QUENCHING

Composition, Phases Present at

mio UC 14500€ 16000C 17000C 18000C
97.5 UCss*
96.0 UCss, tr. USss UCss, tr. USss UCss
95.0 UCss, USss, tr. U0z UCss, USss, tr. UO2 UCss, tr. U0y
94.0 UCss, USss UCss, USss UCss, tr. USss
90.0 UCss, USss, U0z UCss, USss, UOg UCss, USss, UO2
80.0
70.0
60.0
50.0
40.0 tr. UCss, USss, UO2 tr. UCss, USss, UOg USss, U0z
30.0 USss, U0z USss, UO2 USss, U02
20.0 USss, tr. U02 USss, tr. U02 USss, tr. U0
10.0 USss USss USss
5.0 USss USss USss

*Solid solution

Figure 84. Unit Cell Sizes of Solid Solutions in
UC-US Compositions Quenched from
Three Equilibration Temperatures
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The determinations indicated a maximum liquidus temper -
ature of 2540°C for the composition 40 m/o UC-60 m/o US, which is also
approximately the limit of solubility for UC in US. This temperature is
higher than the melting point determined for either US (2460°C) or UC
(2410°C). A shallow eutectic was indicated at approximately 90 m/o UucC-

10 m/o US, and a minimum melting solid solution at approximately 5 m/o UucC-

95 m/o US.

The effect of small amounts of uranium oxide present in
the specimen was thought to be slight. Ceramographic examination indi-
cated reaction only at the surface of the specimens, with a small amount
of UO, present in the interior as a discrete phase. Weight losses were
small for all of the specimens. Based on these data and the melting tem-
peratures, a preliminary phase diagram was prepared (see Figure 85).
The limit of solubility of US in UC is a little less than 4 m/o at 1600°C and
approximately 4 m/o at 1700°C. Maximum solubility of UC in US is ap-
proximately 40 rn/o at 1600°C and increases very little at 1700°C. Two
saturated solid solutions occur in equilibrium between these phase
boundaries.

Figure 85. Preliminary Phase Equilibrium
Diagram of the System UC-US
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Specimens 80 mm in length and 20 mm in diameter, 1aving
a 2.9 mm central hole, were fabricated for determination of thermal con-
ductivity. Uranium monocarbide and uranium monosulphide were cri.shed
to a particle size of <37 y. A mixture of 80 w/o UC and 20 W/o US was
weighed, and the mixed powders compacted and sintered. The sinter:d
material was crushed to a particle size of <37 {, and the powder mi>ed with
a binder to form a thick paste. This paste was vibration-compacted n an
aluminum mold and allowed to dry. Following drying the formed spe :imen
was sintered in vacuum at 1900°C for 2 hr. The sintered specimen was
found to have a density of 72% of theoretical.

b. Phase Studies in System UP-US (Y. Baskin and P. D Shalek)

X-ray diffraction and metallographic analysis revea.ed that
UP and US exhibit complete mutual solubility. This was not surprisiig in
view of the small difference in lattice constants of the two compound :.
Lattice constants of compositions at 10% intervals across the systerr fell
on a smooth curve that exhibited a positive deviation from a straight line
(Vegard's Law).

Measurements of electrical resistivity at room temyerature
showed a moderate initial increase in resistivity with incorporation »f US
in UP. The resistivity values then decreased with larger concentrat: ons of
US. Solid solutions toward the US end of the system showed a very s.zeable
increase in resistivity over that of US, partly as a result of cracking of
these sintered samples. The value of electrical resistivity for US wi.s
260 microhm-cm, which may be compared with 325 microhm-cm for UP.

A preliminary phase diagram for the UP-US system is
shown in Figure 86. Melting was done in tungsten boats under an atn.os-
phere of hydrogen. The existence of a melting maximum in the system is
unusual, although not unique. Chikalla80 reported a melting maximuin in
the system UO,-PuO,, and Shalek and White8! have reported one in tl.e
system UC-US. A high-temperature ordered structure or compound may
exist which would raise the melting point through stronger lattice bir ding.
However, thus far there has been no evidence of superlattice lines o1 of
retention of a high-temperature compound. Annealing of several con posi-
tions at 900°C or 1100°C for 30 hr failed to produce visible changes i1 the

80Chika11a, T. D., Melting Behavior in the System UO,-PuO,, J. An.
Ceram. Soc., 46(7), 323-8 (1963).

8lshalek, P. D., and White, G. D., "Studies in the System UC-US,"
Proceedings of the Symposium on Carbides in Nuclear Energy,
MacMillan & Co., Ltd. (in press).
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diffraction patterns. Studies will be initiated to find an explanation for
this unusual phenomenon.

Samples of the two end mem-
bers in the UP-US system showed
higher sintered densities than those

Figure 86. Preliminary UP-US Phase Diagram
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is restricted to a small amount of UN in UP.

Oxidation studies of powdered samples in the UP-US sys-
tem were made. All samples were heated to 1000°C in dynamic oxygen.
As was discussed earlier, US exhibited a sharp exothermic peak at
380°C, whereas UP exhibited several broad peaks, the one at 560°C
generally being the largest. Addition of 20% UP in US shifted the exo-
thermic peak to 500°C and made it much broader; addition of 40% US
shifted the peak to 560°C. Evidently, incorporation of UP in these amounts
is sufficient to retard oxidation by forming an amorphous P,0Og coating
around the grains. Residues from the DTA runs of all samples, except
that of pure US, contained the compound (UO,),P,0; in addition to U;O4.

5. Rare Earth Oxides (Y. Baskin)

An attempt has been made to stabilize rare earth oxides in
perovskite-like compounds (ABO;) by combining them with other oxides.
The two rare earth oxides of interest, Dy,0; and Eu,0;, were combined
with suitable oxides of cobalt, iron, and nickel.

High-purity Dy,0; and Eu,0; were calcined at 1000°C, and each
was mixed with equivalent amounts of reagent-grade Co;0,4, Fe,0;, and
NiO, which had been heated to 500°C. The powders were blended in a ball
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mill and pressed into pellets. Samples were first heated in air at 1.:00°C.
All of the samples retained their shapes, with the exception of the c balt-
europium oxide, which melted and reacted with the alumina crucible

X-ray analyses showed complete reaction of Fe,O; with >oth
Dy,0; and Eu,0; to form FeDyO; and FeEuO;. FeEuO; has been des :ribed
in the literature, but FeDyO; has not been reported previously. CoEuQO;
formed, but it melted below 1400°C; it also has not been hitherto rerorted.
No sign of reaction was observed between NiO and either of the rare earth
oxides or between Co;0,4 and Dy,0;.

Heating at 1200°C did not result in any melting. X-ray znalysis
showed complete reaction between cobalt oxide and Eu,0; to form C)HEuO;.
This compound is orthorhombic, has the perovskite structure, and i: iso-
morphous with FeEuO,; and FeDyO;. Incipient reaction occurred betwveen
cobalt oxide and Dy,0;, but none was observed between NiO and Dy,(); or
Eu,0;.

DTA studies revealed that the reaction between Fe,0; ard Eu,0;
was exothermic and occurred at 1200°C. Reaction between cobalt oside and

Eu,0; was also exothermic and took place at 1060°C. The original C o030,
dissociated at 950°C to CoO, which then reacted with Eu,0;.

The cubic to monoclinic transformation of Eu,0,; at abou: 1050°C
may account for its greater reactivity in comparison with Dy,0;; the latter
does not undergo a similar change below 1400°C. The greater refra:toriness
and stability of NiO compared to Co;0, and Fe,0; may account for its lower
reactivity.

6. Urania Burnable Poisons (R. J. Beals)

The use of burnable poisons in the shim zone of the plutinium
recycle core for EBWR has stimulated interest in the reactions which
occur between urania and the several rare earths. Chosen for investiga-
tion were compositions containing, in combination with urania, the rire
earth oxides ceria, samaria, europia, gadolinia, and dysprosia.

A program to study the effect of the rare earth oxides ujon
the corrosion resistance of sintered urania compacts was carried oit.
Compacts composed of 97 W/o UO,; and 3 W/o rare earth oxide were formed
at 3.36 metric tons/cm2 and sintered at 1700°C for 4 hr in a hydrogen
atmosphere. Average geometric sintered densities for the compact:. were:
uranium-samaria, 10.523 gm/cms; urania-europia, 10.486 gm/crn3;
urania-gadolinia, 9.913 gm/cm3; urania-dysprosia, 10.044 gm/cm3; ind
urania, 10.269 gm/cm"h
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The sintered compacts were corrosion tested by the Applied
Corrosion Group in both water at 350°C and some in steam at 650°C.
Results of these tests are given in Section H-5, p. 195.

The green powder which dusted from the surface of the 100%
urania pellet after corrosion testing in 360°C water was analyzed, X-ray
analyses of the powder indicated that it was uranium trioxide hemihydrate
(UO; - 0.5 H,0). The hemihydrate is the stable form of uranium trioxide.82
The corrosion product was broken from the surface of the rare earth
samples for analysis. X-ray diffraction lines corresponded to U;O4 and
Eu,0; for the europia-containing material and for U304 and Sm,0; for the
samaria-containing sample. There was no evidence of a hydrated product
on the rare earth compacts.

To better understand the behavior of the rare earth-containing
compositions, a study of the reactions between the oxides and uranium was
carried out. Compacts pressed at 3.36 metric ‘cons/cmZ were sintered at
1700°C for 4 hr in hydrogen and in argon. The sintered pellets were
crushed for chemical and X-ray analysis.

Solid solution of the face-centered cubic fluorite-type struc-
ture exists between urania and gadolinia. A strong pattern, with no ex-
traneous diffraction lines, for the solid solution was evident in the
hydrogen-sintered samples from 95 m/o UO,-5 m/o Gd,0; to 30 m/o Uo,-
70 m/o Gd,0;. At higher gadolinia contents, additional diffraction lines,
which correspond neither to urania nor to gadolinia, appeared faintly in
the diffraction pattern. These are indicated as UID (unidentified) in
Table XLV. In the argon-sintered samples, these lines appeared in the
diffraction pattern for samples containing more than 40 m/o Gd,0,.

In both the hydrogen- and argon-sintered series, the lattice
parameter of the solid solution decreased from the pure urania value
of 5.470 & in a linear fashion to a composition of 60 m/o U0,-40 m/o
Gd,0;. The lattice parameters for solid solutions formed under both
atmospheres are almost identical, as shown in Figure 87 and Table XLV.
A change in the slope of the parameter diminution occurs at this point.
The change in parameter for compositions with gadolinia content greater
than 40 m/o is considerably less than for compositions of lesser gadolinia
content. Again, however, a linear decrease is evident, and the curves
extended intersect the ordinate at approximately 5.37 A for the hydrogen-
sintered solutions and at 5. 39 A for the argon-sintered solutions. A
lattice parameter of 10.74 A is reported for gadolinia. 83 The intersection
with the ordinate is thus approximately half the value reported for the
rare earth.

82Dawson, J. K., Wait, E., Alcock, K., and Chilton, D. R., Some Aspects
of the System Uranium Trioxide-Water, J.Chem. Soc., 1956, 3531-3540.

83Curtis, C. E., and Johnson, J. R., Ceramic Properties of Samarium
Oxide and Gadolinium Oxide, X-ray Studies of Other Rare Earth Oxides
and Some Compounds, J. Am. Ceram. Soc., 40(1) 15-19 (1957).




160

Table XLY

X-RAY AND CHEMICAL ANALYSES OF URANIA-GADOLINIA SOLID SOLUTIONS

X-ray Analysis of Powder San sles

- Calculated
. Analyzed Composition © .
Spe’c\:l;men 6d0y.5, m/o Atomic Ratio Lattice
. Parameter | Phases P 3sent
U, wio u*4, wio Gd, wlo oM o/ as Sintered, A
HEAT TREATMENT: Hydrogen Atmosphere at 1700°C for 4 Hr
H95U05Gd 85.06 83.76 2.93 4.97 1.996 2.022 5.4668 FCC
H90U10Gd 81.74 71.61 5.94 9.93 2.020 2,077 5.4578 FCC
H89U20Gd 75.34 66.64 12.27 19.81 1.962 2.076 5.4400 FCC
H70U306Gd 68.14 54.89 18.94 29.66 1.985 2.190 5.4151 FCC
H60U40Gd 60.45 42.59 26.37 39.82 1.954 2.253 5.4010 FCC
H50U50Gd 53.39 30.52 34.52 49.51 1.703 1.901 5.3964 FCC
HA0U60Gd 49.50 4549 31.42 53.42 1.833 2.215 5.3887 FCC
H30U70Gd 35.40 14.28 51.96 69.01 1.649 1.980 5.3889 FCC
H20U80Gd 24.30 14.59 62.19 79.52 1.697 2.460 5.3767 FCC+ ID
H10U90Gd 12.75 10.05 74.13 89.82 1,562 2.106 5.3761 FCC+ 1D
HEAT TREATMENT: Argon Atmosphere at 1700°C for 4 Hr
A95U05Gd 84.28 82.81 3.76 4,97 1.978 2.010 5.4635 FCC
A90U10Gd 81.37 75.51 6.40 10.67 1.998 2.057 5.4550 FCC
A80U20Gd 75,06 65.96 12.48 20.18 1,973 2.092 5.4389 FCC
A70U30Gd 68.67 54,33 18.66 29.24 1.945 2.128 5.4219 FCC
A60U40Gd 60,60 4194 25.99 39.42 1.996 2318 5.4080 FCC
A50U50Gd 53.06 29.45 34.30 49.51 1.791 2.076 5.4026 FCC+ 'ID
A40U60Gd 48.94 23.23 37.00 53.42 1.993 2.551 5.4039 FCC+ ID
A30U70Gd 34.94 28.54 52.26 69.41 1.670 2.054 5.4007 FCC + ‘ID
A20U80Gd 24.38 23.11 62.72 79.60 1.608 2.031 5.4004 FCC+ 1D
A10U90Gd 12.69 12.69 14.23 89.87 1.556 2.054 5.3910 FCC + 1D
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In comparing the anomaly in the lattice parameters with the
oxygen-to-metal atom ratio for the compositions, it will be observed that
the O/M ratios for compositions from 95 m/o UO,-5 rn/o Gd,0; to
60 m/o U0O,-40 m/o Gd,0; are close to 2.0, whereas the O/M ratios for
compositions from 60 m/o UO,-40 m/o Gd,0; to 10 m/o U0,-90 m/o
Gd,0; are in the range from 1.70 to 1.56 for the hydrogen-sintered solid
solutions. A similar decrease in the O/M ratio is noted in the argon-
sintered specimens, wherein the ratio decreases from 1.79 to 1.56 as
the composition changes from 50 m/o U0O,-50 m/o Gd,0; to 10 m/o
U0,-90 m/o Gd,;0;. The calculated oxygen-to-uranium values do not
show the marked change that the oxygen-to-metal atom ratios show.

The change in the lattice parameters near the oxygen-to-
metal atom ratio of approximately 2.0 suggests that different mechanisms
may govern the accommodation of oxygen in the cubic fluorite-type struc-
ture of these solid solutions. Further analysis will be necessary to es-
tablish firmly the reasons for this behavior. It is interesting to note that
the lattice parameters of the argon-sintered solid solutions are, for the
most part, larger than the parameters for the hydrogen-sintered solutions.

Under investigation are the solid solutions formed between
urania and ceria, urania and europia, urania and samaria, and urania and
dysprosia. Lattice parameters have been determined for some of these
systems, but the absence of the chemical analyses precludes a definitive
interpretation of the results.

7. Fueled Glasses (J. H. Handwerk and D. E. White)

For Doppler measurements, a fuel of relatively low density
(approximately 70% of theoretical) having essentially a zero expansion up
to 1000°C was needed. These general specifications precluded the use of
sintered oxide; however, low-density specimens, which were formed by
bonding UO, grains with a glass, were found to have essentially a zero
expansion at 1000°C. In this type of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>