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COMPATIBRILITY OF DISPERSION STRENGTHENED
ALUMINUM WITH URANIUM MONOCARBIDE

J. T. Venard

ABSTRACT

A series of experiments on the compatibility
between sintered aluminum products and uranium mono-
carbide have been performed. These experiments
tested sintered aluminum products containing
10 wt % oxide against hypostoichiometric, stoichio-
metric, and hyperstoichiometric uranium monocarbide
over the temperature range 450 to 625°C. The activa-
tion energy for the growth of the reaction product
layer was determined to be approximately 84 kcal/mole
for 4.8 wt % C fuel and approximately 92 kecal/mole
for 5.1 wt % C fuel. A survey of earlier experiments
in this system is included.

INTRODUCTION

Heavy-water moderated organic-cooled reactors have been receiving
considerable attention in the United States and abroad. The advantage
of such a system arises from the use of high-density uranium carbide
fuel having natural or very low enrichment. This fuel should result in
a good neutron economy, may extend fuel burnup limits, and would be
likely to have low manufacturing costs.

One such reactor, the Heavy-Water Moderated Organic-Cooled Reactor,
has been designed to use slightly hyperstoichiometric uranium monocarbide
(approx 5.1 wt % C) clad in dispersion strengthened aluminum (10 wt % Al,03).
Nominal operating criteria for the helium-bonded fuel elements call for
fuel-cladding interface temperatures of 4534 to 465°C and core-residence
times of approximately 25,000 hr at design-power level. T

A survey of the literature has produced information from several
investigations related to the compatibility between sintered aluminum

2

products and uranium monccarbide. The highlights of the experimental

findings of the earlier investigations3—l4 are presented in Tables 1 and 2.



Table 1. Summary of Compativility Hxperiments Reported in the Literature
. R . Temperature . Time . .
Type of Experiment Materials (°c) tmosphere (hr) Observations Reference
50-50 mixtures of metal Al vs UC 820 Vacuum 4 Sample disintegrated 3
and fuel powders blended  {4.46 wt % Q)
end cold pressed Al vs UC 620 Vacuum 4 No growth
(4.86 wt % C)
Al vs UC 620 Vacuumn 20 87% increase in
(4.86 wt % C) volume
Al vs UC 620 Vacuum 4 No growth
(5.75 wt % C)
Al ve UC 620 Vacuum 10 71% increase in
(5.75 wt % C) voiume
Solid diffusion couple Al vs UC 600 24 0.005-in. reaction 4
zone
1100 Al vs UC 593 210  Reaction 5
5.1 wt % C)
Solid metal agsinst Al vs UC 500 Vacuum Rapid reaction 6
powdered fuel (5.1 wt % C)
So0lid diffusion couple Al vs UC 620 100 40-50-u penetration 7
Al vs UC 630 300 l-mm-thick Al disk
completely reacted
SAP 930 525 500 2—3-u diffusiorn layer
(7 wt % Aly05)
vs UC
SAP 930 450 14,300  Appeared compatible 8
(7 wt % Al,05)
vs UC 450-600 Various degrees of

(4.8 wt % C)

reaction



Table 1 {continued)

Type of Experiment Materials Tem%fgﬁture Atmosphere ?;?? Observations Reference
Solid diffusion couple SAP vs UC 454 12,000 No reaction 9
(continued) (>4.8 wt % C)
510 12,000 Slight reaction
UC clad with SAP for SAP 930 399499 ~ 3,500 Little or no reaction
irradiation experiment (7 wt % A1,03)
vs UC
(4.66—4.82 wt % C)
Solid diffusion couple SAP 930 450 Helium 7,300 Slight reaction 10
(7 wt % ALy03)
vs UC 525 Helium 7,300 Marked reaction
. 100 .
600 Helium 1’000} Marked reaction
SAP 930 450 Helium 7,300  Slight reaction, 11
(7 wt % A1,03) 90-p penetration
vs hot-pressed UC 8, 500}
(4.5%.6 wt % C) 450 Helium 11,9oo$ No reaction
14,300
525 Helium 7,300  Severe reaction,
800~ penetration
525 Helium 14,300 - Severe reaction,
830-u penetration
. 8,500} .
525 Helium 11,900 No reaction 11
600 Helium 100  Severe reaction
560~ penetration
600 Helium 1,000 Severe reaction,

1500~ penetration



Teble 1 (continued)

Tyve of IExperiment Materials Tem?fg%bure Atmosphere ?;i? Observations Reference
) ¥
Solid diffusion couple SAP 930 450 Helium 14,300  No reaction 11
(continued) (7 wt % Al503)
vs arc-cast UC 525 Helium 7,300 Severe reaction,
(4.8-5.0 wt % C) 600-p penetration
525 Helium 14,300 Severe reactiorn,
840-p peretration
525 Helium lﬁjggg No reaction
600 Helium 160 Severe reaction,
550-. penetration
600 Helium 1,000  Severe reaction,
135C-u penetration
SAP 930 450 Helium 14,300 No reaction
(7 wt % Al,03)
vs cold-pressed 525 Helium 14,300 No reaction
and sintered UC 600 Helium 250  Severe reaction,
(4.8-5.0 wt % C) 350-u penetration
600 Helium 1,000  Severe reaction,
700-. penetration
o 1,000 .
Hot-pressed diffusion AMP (M-257) 399 Vacuum 3. 00of Mo reaction 12
coup}_e with 5 wt % ?
A1,05 vs UC 510 Vacuum 1,000 Edge reaction,
(4.8 wt % C; infusion
510 Vacuum 2,000 Heavier edge reaction,
infusion
510 Vacuum 3,000  Gross infusion
503 Vacuum &0 Edge reaction
593 Vacuum 100 Infusion reaction
593 Vacuum 200 Gross infusion



Table 1 (continued)

Type of Experiment Materials

Temperature

(°c)

Atmosphere

Time
(hr)

Observations

Reference

SAP 930

(7 wt % A1,03)
vs UC

(4.8 wt % C)

Hot-pressed diffusion
couple (continued)

SAP 930

(7 wt % Al503)
vs UC

(5.2 wt % C)

398

454

454
510

510

566

621

398

454

510

566

Vacuum

Vacuum

Vacuum
Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

Vacuum

1,500
3,000
1,500
2,754
5,656
1,500

}
}

2,692}

5,656

5,656

1,500
2,757

101

524,
1,500

503
1,506
2,958
5,920

503
1,506
3,206
5,900

No reaction

No reaction

Local reaction
Local reaction
Complete reaction

Complete reaction

Complete reaction

No reaction

No reaction

No reaction
Local reaction
Iocal reaction

Complete reaction

13



Teble 1 (continued)

=y ¥ 3 i
Type of Experiment Materials *em?fiﬁture Atmosphere j;?? Observetions Reference
v \
Hot-pressed diffusion SAP 930 503
couple {continued) (7 wt % Al,03) 621 Vacuum 1,524} Complete reaction 13
vs UC 3,000
(5.2 wt % C) 398 Vacuum 12,000  Local reaction 14
454 Vacuum 12,000  ILoecal reaction
454 Vacuum 12,000  TNo reaction
510 Vacuun 12,000  Complete reaction
(z capsules)
566 Vacuum 12,000 Complete reaction
s P

(2 capsules)




Table 2. TIdentification of Reaction Products
for SAP or Aluminum Versus Uranium
Monocarbide Diffusion Couples

Products References
UAl;, UALl, 3
UAl4 7
UAl;, UAl,, graphite® 6
UAl;, UAL,% 11
UAl, 12
UAlz, UALsC,% 13

8Tentaive identification only.

Figures 1 and 2 represent an attempt to evaluate the temperature-time
compatibility limits for the SAP-UC system in which the carbon content
is 4.8 and > 4.8 wt %, respectively. It should be recognized that the
decision to label a particular test as having demonstrated an acceptable
or nonacceptable degree of reaction was based solely on the comments of
the original investigators. Lacking a definition of what constitutes
compatibility, the curves shown on these filgures can only be taken as
approximate. There are insufficient data to allow a similar plot for the
hypostoichiometric case. These data and thus the conclusions drawn from
them stem from experiments performed, with the exception of one, in the
absence of irradiation and therefore do not consider any enhancement or
degradation of compatibility as a result of neutron bombardment.

As seen in Table 2, the various investigators all agree that a
uranium-aluminum intermetallic is formed during reaction between SAP and
UC. Whether the intermetallic is UAlj or UAl, is not clear. The other
two tentatively identified reaction products, graphite and UAlsC,, give
rise to some uncertainty in defining the reaction or reactions occurring.

The experiments in this investigation were performed to allow
refinement of the curves in Figs. 1 and 2, and add to the knowledge of

reaction kinetics and preoducts,



ORNL—-DOWG 66-10297

. , ‘ |
\ z\/o 3 :
| . .
| \\\ . . o
/ / ‘
600 X 4\? cordie .
i \ . o b
S N D
o !
| N ‘
w | »
= A \}\\\ L ce
g ! A ANe o o
g 500 | - - \\
L DEGREE OF REACTION N
o NONE Nl o
& ACCEPTABLE o | o 4L
® NOT ACCEPTABLE \\
‘ N
o | o
400 ?,J,~— ‘ ------ SRS N4
S
| l ;k :
10 100 1000 10,000 100,000

TIME (hr)

Fig. 1. Temperature-Time Compatibility Limits for the SAP Versus
UC (4.8 wt % C) System.
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UC (> 4.8 wt % C) Systen.



Sample and Capsule Preparation

The dispersion strengthened aluminum was prepared from spherical
aluminum powder (approx 99.9% pure) ball-milled using stearic acid lubri-
cant. The ball-milled flake (approx O.5-u thick by 40-u diam) was hot
pressed at 600°C in a vacuum of less than 10 p Hg. The hot-pressed
billet was then extruded at 500°C through a 30:1 ratio shear die to give
a 0.375-in. -diam rod. Compatibility disks were cut to length and given
a series of grindings ending with wet 600-grit SiC paper. The samples
were washed in acetone, then in alecohol, dried, and stored in a helium-
filled dry box pending loading into capsules,.

The UC was prepared using the techniques described by Bourgette, 1?
The starting materials were spectrographic grade carbon and uranium

having the impurity analysis given below. Typical impurity analyses

Concentration

Element (ppm by weight)
Aluminum 3
Barium < 0.02
Beryllium 1
Bismuth < 0.03
Boron 0.05
Cadmium < 0.05
Calcium 2
Carbon a0
Cerium < 0.02
Copper 1
Hydrogen 12
Tron 2

.~ Magnesium 4
Manganese 0.7
Nickel 4
Nitrogen 27
Oxygen 140
Phosphorus < 10
Silicon 10
Silver < 0.03
Thorium < 0.03
Tin < 0.05
Tungsten < 0.6

lance

Uranium Ba
Zinc 2
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for the UC specimens are given in Table 3. The compatibility specimens
(Q.375 in. in diameter) were cut and ground under oil with the final
grinding on 600-grit SiC paper. These samples were stored under oil in
a helium-filled dry box. Just prior to capsule assembly, the samples
were washed in alcohol, rubbed lightly on 600-grit SiC paper with alcohol
vehicle, then rinsed in alcohol and dried.

Photomicrographs of typical UC and SAP structures are given as
Figs. 3-6.

Table 3. TImpurity Analysis of UC Samples

Sample Carbon Contents, ppm
Number (wt %)

Copper Tungsten Hydrogen Oxygen Nitrogen

1A-3 4.6 <3 131 12 280 230
2A-2 4.6 <3 13 7 310 380
2B-4 4.8 L3 26 9 250 270
1C-7 5.1 <13 78 8 310 250
2C-7 5.1 <3 119 6 160 140

 Y-75151 F

1Y)

T
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It

Fig. 3. Typical As-Cast Structure of UC with 4.6 wt % C. Note the
free
HNO3, and 30 parts acetic acid.



11

Y-75155 ||

=

T

0.007 INCHES
™ 500X

To

IE)

]

Fig. 4. Typical As-Cast Structure of UC with 4.8 wt % C. Etchant:
30 parts H,O0, 30 parts HNO3, and 30 parts acetic acid.
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Fig. 5. Typical As-Cast Structure of UC with 5.1 wt % C. Second
phase material (white) is UC,. Etchant: 30 parts H,0, 30 parts HNO3,
and 30 parts acetic acid.
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Fig. 6. Longitudinal Section of SAP-152 Showing Typical Structure.
Etchant: 1% HF. v

A sketch of the compatibility capsule, which is similar to that
used by Miurdock,16 appears as Fig. 7. The Inconel X springs were given
a heat treatment which consists of 2 hr at 1149°C, air cool, plus 24 hr
at 843°C, air cool, and 20 hr at 704°C, air cool. The capsules were
loaded and welded under a helium atmosphere. Table 4 is an outline of
the experiments performed. The 10,000-hr tests listed are not yet com-
plete and will be discussed in a supplementary report issued on their

completion.

Experimental Procedure

The capsules were soaked at temperature in horizonal tube furnaces
for the appropriate lengﬁhs of time. Temperatures were controlled to
22°C. '

After heat treatment the capsules were opened and the diffusion
couples mounted in clear epoxy resin. These samples were then sectioned

longitudinally for metallographic and x-ray examination.
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Fig. 7. Cutaway View of the Compatibility Capsule.

Table 4. Temperatures and Times for SAP-UC Compatibility Capsules

UC Chemistry, wt %

< A0 48 >4.8C

Temperature Time Temperature Time Temperature Time

(°c) (hr) (°c) (hr) (°c) (hr)

600 10 55 100 625 100

575 10 550 100 600 100

550 10 575 100
525 1,000

500 100 500 1,000 575 1,000

475 100 475 1,000 550 1,000

450 100 525 1,000
475 10,000

450 10, 000 550 10,000

425 10,000 525 10, 000

500 10,000
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Experimental Results and Discussion

The photomicrographs shown as Figs. 8-10 illustrate typical reaction
zones found in these samples. The amount of reaction product seen in
these photos is not, however, necessarily typical of a randomly selected
field. They were deliberately chosen because they show fairly large
amounts of reaction product. Notice in particular Fig. 10 showing the
reaction product extending quite deeply into the UC sample following
what was probably a shrinkage crack in the original drop-casting. The
reaction product has also been observed to penetrate via grain boundaries
containing free uranium in hypostoichiometric UC.

It was disconcerting to realize that these samples show considerably
less reaction product than had been expected. The reasons for the small
amount of reaction can probably be narrowed to two. First of all, the
spring loaded capsules employed in this investigation applied only a very
light load to ensure SAP-UC contact during annealing. The load was not

sufficient to break a surface film on either the SAP or the UC as would

Y-77200 ||

ro

Reaction Product

T

0.007 INCHES
™ 500x%

52

o

N

Fig. 8. Sintered Aluminum Products (10 wt % Oxide) Versus
UC (4.8 wt % C) Annealed at 575°C for 100 hr in Helium. As polished.
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Y-77197

Reaction
Product

™

e

0.007 INCHES
5 500%

Fig. 9. Sintered Aluminum Products (10 wt % Oxide) Versus Uranium
Monocarbide (5.1 wt % C) Annealed at 600°C for 100 hr in Helium. As
Polished.

be the case in either the powder compacts or the heavily torqued,
threaded capsules used in earlier investigations.10’11)13’14 Secondly,
it is not at all certain that a completely fresh UC surface was provided
by the brief 600-grit SiC paper grinding which was done just prior to
assembly. In either case one concludes that diffusion may be taking
place across a barrier film between the two disks. However, that barrier
is one that may also be present in many reactor applications.

Whatever the reason for the small amount of reaction product, the
main purpose of the investigation, verification of Figs. 1 and 2, has
not been accomplished. None of these samples exhibited reaction zones
that would pose a problem for a reactor fuel element. If, in fact,
these capsules with their light loading, are more representative of
actual fuel rod operating conditions than earlier experiments, then

these data should be heartening to a designer of a SAP-clad UC-fueled

reactor.
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Y-78394

=

ro

To

0.007 INCHES
500X

T

Fig. 10. Sintered Aluminum Products (10 wt % Oxide) Versus Uranium
Monocarbide (4.6 wt % C) Annealed at 550°C for 100 hr in Helium. As
Polished.

The metallographic samples were examined at 500x and the amount of
visible reaction product measured. Assuming that the area of reaction
product observed is representative and that the cross section viewed was
across the widest point of the compatibility couple, a uniform thickness

for the reaction product can be calculated

A
h=5%
where
A = measured area of reaction product (u?),
h = average thickness of reaction product (u),
D = diameter of compatibility samples (9.53 x 103 p).

These data and the testing conditions are given in Table 5.

-

2 —

Wt
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Table 5. Summary of Results from SAP-UC
Compatibility Couples

Reaction Product

uc Tempfrature Time Average
(wt % c) (°c) (hr) ?IS? Thickness
H (u)

5.1 625 100

5.1 600 100 29,400 3.086
5.1 575 100 23,520 2.469
5.1 575 1000

5.1 550 1000 18,500 1.942
5.1 525 1000 2,852 0.299
4.8 575 100 36,725 3.855
4.8 550 100 19,110 2.006
4.8 525 1000 11,436 1.201
4.8 500 1000 10,971 1.152
4.8 475 1000 8,005 0. 840
4.6 600 10 5,490 0.576
4.6 575 10 12,600 1.323
4.6 550 10 18,090 1.899
4.6 500 100 1,909 0.200
4.6 475 100 320 0.034
4.6 475 100 2,304 0.242
4.6 450 100 5,747 0.603

Clearly the results for the reaction between substoichiometric UC
and SAP are inconclusive. This is apparently because of the presence of
free uranium resulting in very erratic reaction kinetics.

Assuming that the compatibility reaction is diffusion controlled
over the temperature range, the data for 5.1 and 4.8 wt % C samples have
been plotted in Fig. 11 as h?/t versus 1000/T. The relationship

h2/t = K exp(— Q/RT)

has been assumed to be a valid fit of the data where

time (sec),

activation energy (cal/mole),
the gas constant,

absolute temperature,

a constant.

~NH DO
{1 I T |
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Fig. 11. Temperature Dependence of the Diffusional Growth of the
Reaction Product Formed by SAP-UC Compatibility Couples.

As noted on Fig. 11, a calculation of the slope of the lines drawn
to fit the experimental data yields values of the activiation energy for
growth of the SAP-UC reaction product of 83.6 and 92.4 kcal/mole,

respectively, for 4.8 and 5.1 wt % C uranium monocarbide.

CONCLUSIONS

The spring loaded compatibility capsules used in this experiment
did not produce reaction product volumes comparable with that produced
by other techniques. The amount of reaction product observed and the
capsule loading are, however, probably representative of a fuel rod in
an unpressurized reactor core assuming there is no effect of irradiation
on the compatibility.

The activation energy for the growth of the reaction product in

4.8 wt % C uranium monocarbide was found to be approximately 84 kcal/mole.

et
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The value for 5.1 wt % C uranium monocarbide was found to be approximately

o2 kcal/mole.
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