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HOT-HARDNESS TESTING OF URANIUM-PLUTONIUM CERAMICS

L INTRODUCIION

by

M. Tokar and J. L. Green

ABSTRACT

The microindentation harnesses of some uranium-plutonium carbides
and of plutonium mononiuide have been determined as a function of tem-
perature. The hot-hardness behavior is discussed in terms of possible deform-
ation mechanisms.

For several years the Los Alamos Scientific Labora-
tory (LASL) has been involved in the determination of
various high-temperature properties of several plutonium-
containing ceramic compounds which are of interest as
potential fuel materials for advanced liquid metal fast
breeder reactors (LMFBR). The major emphasis in this
program has been on the carbides of plutonium and
uranium, especially the solid solution which has a nominal
composition of UC-20 molYO PuC. Some work was also
done on the uranium-plutonium nitrides.

II. MATERIALS

In the Pu-C system the major compounds of inter-
est, as far as the hardness testing program was concerned,
were the monocarbide and the sesquicarbide. The carbon-
nch boundary of the plutonium monocarbide phase field
occurs at a C/Pu ratio of approximately 0.9; at higher
carbon-to-metal ratios the specimen will contain PU2C3 as
a second phase.’ The solidus temperature of PU2 C3,
201O”C, is about 400°C higher than for PuC ~-x, 1600”c.

UC melts at a much higher temperature, 2525”C,2
than does PuC1 -x. UC and PuC1 -x form isomorphous solid
solutions having the NaCl structure, but at concentrations
of PuC1 -x greater than about 50 mol’% the UC-PUC1 -x
equilibrium diagram becomes more complex than a simple
binary and has not been defined in detail. Solid-solution
specimens of (U,PU)C which contain (U,PU)2 C3 as a sec-
ond phase exhibit a U-PU partition between the two

phases, with the sesquicarbide being enriched
urn relative to the monocarbide matrix.

in plutoni-

The goal of the program for the solid-solution car-
bides was the determination of the temperature variation
of the hardness as a function of both carbon composition
and U/Pu ratio and the correlation of these data with
possible deformation mechanisms. In the case of PuN,
hardness data were obtained as a function of temperature
and are herein compared to literature values for UN and

(U, Pu)N.

A. Specimen Preparation and Analysis

Hot-hardness specimens were fabricated by cold
pressing and sintering techniques.3 A typical spcctro-

chemical analysis for carbide specimens is given in Table I.
The analysis of the PuN used in this study is given in
Table II, along with a comparative analysis of the UN
tested by Harrison, of the Atomic Energy Research Estab-
lishment (AERE) at Harwell.4’5 No information is availa-
ble on the U0.7PU0.3 N tested by French and Hodkin.6

111. EQUIPMENT

The handling of plutonium-containing materials is
complicated by their high toxicity. Virtually all opera-
tions must be conducted in gloveboxes maintained at
negative pressure with respect to the operating area.

A schematic diagram of the hot micro hardness ap-
paratus is shown in Fig. 1. The furnace chamber bottom
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TABLE I

TYPICAL SPECTROCHEMICAL ANALYSIS OF

URANIUM-PLUTONIUM CARBIDE Specimens

Element ~m Element ~m

Li <2 Ni < 10

Be <1 Cu <2

B <1 Zn < 20

Na <5 Sr < 10

Mg <5 Zr < 100

Al <10 Nb < 100

Si <20 Mo <5

Ca <5 Cd < 10

v <5 Sn <5

Cr <10 Ta <1000

Mn <5 w < 100

Fe <20 Pb <5

co <5 Bi <2
—..————

aThe analysis shown here is for a UO .47 PUO.5A specimen.

plate rests on the glovebox floor. The furnace heating
eIement consists of a 0.030-in. -diam molybdenum wire
wound inside an alumina tube. The specimen rests on a
tantalum anvil that can be raised, lowered, or rotated
from outside the glovebox by a push-rod which passes
through a vacuum gland and water-cooled jacket below
the glovebox. For an indentation to be made, the speci-
men is raised until the indenter is contacted and lifted off
its support. Rotation of the table below the vacuum
chamber also causes the anvil to rotate, thus allowing a
series of indentations to be made without cooling the
furnace. The tests were conducted in vacuo (1 x lCi6 Torr
at temperature).

Indentations made with this hardness tester cannot
be measured in situ because there is no viewing system.
After the specimen is cooled, it is cIeaned ultrasonically
to remove loose contamination, and is then transferred
out of the plutonium glovebox on a clean glass plate into
the operating area, where a standard Leitz microhardness
tester is used to measure the indentations.

The hardness indentations were made with a load of

approximately 200 g, which is the minimum weight of the
indenter and holder. The hardness numbers were calcu-
lated from the standard formula for a Vickers 136” dia-

mond pyramid indenter. Diamond or alumina indenters
were used to 10000. B4 C indenters were used at higher
temperatures.

TABLE II

COMPOSITION OF URANIUM-PLUTONIUM

NITRIDE SPECIMENS

N

c

Si

Ti

Sn

Mg

Cu

Ta

o

u

Th

w

Pb

Cd

Zn

Zr

B

Mo

Ni

Bi

Fe

Nb

PuN,

ppm, unless

otherwise

stated

(LASL)

5.49(wt%)

10

< 50

<1

1

<1000

223

26

< 75

< 30

1

<3

<5

< 300

< 0.5

< 30

<5

< 0.5

<5

< 300

aProbably about 2000.

IV. RESULTS AND DISCUSSION

UN,

ppm

w

4.95 + 0.05

250

30

< 10

<2

<5

<2

?a

< 0.5
--

--

--

Hot-hardness curves for a series of uranium-pluto-
nium carbide compositions are shown in Fig. 2. Each
point represents the mean of from 5 to 20 measurements
taken in from one to four separate experiments. The
shapes of the curves for the monocarbides are similar. The
hardness values decrease gradually with increasing temper-
ature up to about 400 to 5000C; there is then an increase
in the softening rate over a relatively narrow temperature
range, after which the materials again soften less rapidly
with increasing temperature. For some of the composi-
tions tested, at relatively high homologous (T/Tin) tem-
peratures the relative harnesses then again decrease at a

I
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Fig. 1

Diagram oftbe microbardness apparatus.

greater rate. In the example of PuC0.931 ,the hardness
decreases from DPH777at room temperature toapproxi-
mately DPH 600 at 400°C. The softening rate then in-
creases, and from 400 to 600”C the hardness drops from
approximately 600 to 200 DPH. From 600 to800°C the
hardness values again decrease less rapidly, while at tem-
peratures greater than 800°C the relative hardness again
decreases rapidly.

[t is apparent that the curves do not follow the
classic Ito-Shishokin7 form, viz., two straight line seg-
ments intersecting at a temperature near half the melting
point, 0.5 Tm,9 and 0.4 to 0.75 Tm for certain interme-
tallic compounds.’” A more detailed analysis of the gen-
eral shape of the curves can be made from Fig. 3, which is
a plot of hardness vs homologous temperature for the
plutonium monocarbide specimen. The curve may be di-

vided into three parts: ( 1) a nonlinear section, PQR, from
room temperature to about 0.47 TM,(2) a linear segment,

RS, from 0.47 to 0.57 Tm, and (3) a linear segment, ST.
The segment ST possibly corresponds to the high-temper-
ature branch of the Ito-Shishokin curve, where diffusion-
controlled processes such as dislocation climb and grain
boundary sliding are believed to be the predominant de-
formation mechanisms. Below point S, deformation pre-
sumably occurs by slip. The behavior below point R may
be due to dislocation interactions with solute impurities

.-
;

~ \

i
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3
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1.4549P
= 11.45 g/cm3

I

I01 I I I I I I 1 I I I 1 I I
02 8 10 12

TE;PERA;URE (“C/100)

Fig. 2

Hot-hardness curves for uranium-plutonium car-
bides.

or to charged defect-dislocation interactions such as have
been proposed by Westbrookll for nonstoichiom”etric
compounds.

If the line segment RS is extrapolated to room
temperature, a hardness is obtained near the experiment-
ally determined value, P. lt appears Iikely that the low-
temperature branch of the curve would be PRS if there
were no charged defect or impurity-dislocation interac-
tions, but that as a result of these interactions, whatever
their exact nature, the rate of softening is retarded until a
temperature is reached (in this case ‘O. 36 Tm at point Q)
where the charged defects and/or impurities start to
become mobile and th~ dklocations, in effect, become
unpinned. At this point the softening rate increases. Final-
ly, a temperature is reached (point R) where the defect/

impurity dislocation interactions are negligible and the
softening rate becomes that which would have held up to
the lto-Shishokin in flexion temperature had the interac-
tions at lower temperatures not resulted in a hardening
effect.

PuC0.931 is the extreme in the series of carbide
compositions studied, and the analysis of its hardness
curve applies on[y qualitatively to the solid-solution car-
bides. The general similarity of the solid~olution hardness
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curves, however, makes the above admittedly speculative
analysis of the shape of the PuC0.931 curve appear reasona-
bly applicable to the solid-solution carbides also.

Evidence for solid-solution hardening in alloys of

UC and PuC can beseenin Fig. 4. The UC hardness value
was taken from the work of DeCrescente and Miller. *2
Although the composition survey was not complete, it
appears that the hardness at 1000”C increased with in-
creasing PuC content up to about 53 mol% PuC. This
trend was readily observed at temperatures between 600

and 1000°C. If the pattern continued at higher tempera-
tures, namely at > 1200”C where creep measurements
have been made for UC and (U, PU)C, then the solid-
solution carbides might be expected to be more creep
resistant than UC. Yet, as shown in Fig. 5, solid-solution
carbides have been reported to have higher creep rates13
than UC. 14 Moreover, if the existing creep data are
extrapolated to lower temperatures, at about 105 O“C the
lines would cross; that is, the creep rate of UC would be
equal to that of the solid-solution carbide. This is consis-
tent with the hot hardness which indicates that, in the
temperature range from about 600 to 1000°C, the solid-
solution carbides are harder to deform than is UC.

At high temperatures, > 0.5Tm, where diffusional
processes are important, a defect structure such as that
found in PuC1 -x might be expected to be relatively weak,

whereas at intermediate temperatures charged defects or
impurities could result in a strengthening effect. For
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Fig. 4
Hardness of U-PU monocarbides at 1000”C.

instance, if the solute plutonium is regarded as an impuri-

ty in (U, PU)C, at intermediate temperatures the drift
velocity of the solute atoms or of associated vacancies
might decrease enough to impede dislocation motion and
result in a higher hardness than that obtained for pure
UC. Self-diffusion data for plutonium in the solid~olution
carbides are so limited that independent corroboration of
this mechanism is not possible at this time.

The hot-hardness data for PuN obtained in this
study are compared in Fig. 6 to literature values for UN
and U0.7PU0.3N. Solid-solution hardening apparently oc-
curs in this system also. The “bump” in the PuN hardness
curve at 7000C is a phenomenon which has also been
observed in UN by Harrison and Pape. 5 They reported
that the metallic impurity content did not influence the
bump, and attributed the bump to a change in the defor-
mation mechanism. French and Hodkin6 did not report a
comparable phenomenon in their work on U0.7PU0.3N.
The sharpness of the knee or the bump appears to de-

crease with increasing load. This fact suggests that the
inflection may be a surface effect, possibly caused by an
adsorbed oxygen layer on the nitride specimens. The
oxygen content of Harrison’s specimen was relatively high

(see Table II).
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Hot hardness of uranium+lutonium nitrides.

v. suMMARY

This study has yielded information on the hardness
of potential advanced LMFBR fuels. Plutonium-contain-

ing monocarbides and mononitrides do not yield the
classic Ito-Shishok in hardness curves. The nonlinearity of
the carbide curves at low homologous temperatures may

be caused by impediments to dislocation motion of the
vacancy-impurity type.

References

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

J. Reavis, Los Akimos Scientific Laboratory, unpublished
data.

R. Benz, C. G. Hoffman, and G. N. Rupert, “UC-UCZ Phase
Boundaries,” High Temp. Sci. 1,342-359 (1969).

M. W. Sbupe, A. E. Ogard, and J. A. Leary, “Synthesis and
Fabrication of Pure, Single-Phase Uranium-Plutonium Mono-
carbide Pellets, ” Los Alamos Scientific Laboratory Report
LA-4283 Utdy 1969).

J. D. L. Harrison, “The Hot Hardness of Uranium Carboni-
tndes, “ in Fuels and Materials Development Program Quarter-
ly Progress Report for Period Ending June 30, 1968, Oak
Ridge National Laboratory report 0RNL43 30, D. J. Rucker,
Ed. (November 1968), pp. 49-51.

J. D. Harrison and R P. Pape, “Factors Affecting the Hard-
ness of Uranium Mononitride at Elevated Temperatures,” in
Plutonium 1970 and Other Actinides, Part 1, W. N. Miner, Ed.
(Institute of Mining, Metallurgical, and Petroleum Engineers,
New York, 1970), pp. 518-525.

P. M. French and D. J. Hodkin, “Mechanical properties and
Compatibility of Uranium-Plutonium Carbides,” in Plutonium
1965 (Institute for Metals, London 1967), pp. 697-720.

K. Ito, “The Hardness of Metals as Affected by Tempera-
ture,” Tohoku Science Repts. 12, 137 (1923).

V. P. Sbishokin, ‘The Hardness and Fluidity of Metals at
Different Temperatures,”’ Z. Physik. Chem. 189, 263 (1930).

J. H. Westbrook, ‘“temperature Dependence of the Hardness
of Pure Metals,” Tr.wrs. Am. Sot. MeraIs 45, 221-248 (1953).

E. R. Petty, “Hot Hardness and Other Properties of Some
Binary Intermetallic Compounds of Aluminium, ” J. Inst.
Metals 89, 343-349 (1960-61).

J. H. Westbrook, “The Temperature Dependence of Hardness
of Some Common Oxides,” Rev. Int. Hautes Temp. Refract. 3,
47-57 (1966).

M. A. DeCrescente and A. D. Miller, “High Temperature
Properties of Uranium Carbide,” in Carbides in Nuclear Ener-
gy, Vol. 1., L. E. Russell, Ed. (Macmillan and Co., Ltd.,
London, 1964), pp. 342-357.

M. Tokss, “High Temperature Compressive Creep and Hot
Hardness of Urartium-Plutonium Carbides,” Los Alarnos Sci-
entific Laboratory report LA-4704 (July 1971 ).

D. E. Stellrecht, M. S. Farkas, and D. P. Moak, “Compressive
Creep of Uranium Carbide,” J. AM. Cerarn. Sot. 51,455-458
(1968).

HK/ml :245 (20)


