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PARTICULATE COMPOSITE MATERIALS TECHNOLOGY

by

R. E. Riley and J. M. Taub

ABSTRACT

Data are presented on various composite materials investigated at the Los
Alamos Scientific Laboratory. The significance of powder morphology and the
fabrication and final property characteristics of these materials are discussed.

INTRODUCTION

The Los Alamos Scientific Laboratory's (LASL) Mate-
rials Technology Group has been involved in the technol-
ogy of composites for many years. LASL's involvement
has included studies on various combinations of elemental
and compound materials, and on in situ, laminated, cold-
press-sintered, and hot-pressed composites. The optimiza-
tion of properties has always depended upon the powder
characteristics and purity of the raw materials.

IN SITU COMPOSITES

One of the least understood composites today is the in
situ or liquid-phase-sintered composite. Based on our
studies on WC-Co and the W-Ni-Fe alloy composite sys-
tems, we have determined that the lack of uniformity and
reproducibility of properties in this type material is partly
due to variations in powder characteristics and thermal
treatments. If the surface chemistry is vastly different for
the starting materials, we cannot expect a simple liquid-
sintering treatment to overcome these differences.
B. Kieffer* presented data on the effect of postsolid-
state-sintering treatments on the properties of WC-Co
alloys. These posttreatments homogenized the matrix
alloy giving less data scatter and optimized matrix
strength.

LASL's studies on the W-Ni-Fe composite system1

have included particle-size effects, liquid-phase-sinter

'Paper presented at the Second International Powder Metallurgy
Conference held at Stuttgart, Germany, May 1968.

times and temperatures, the use of an isothermal hold
below the final liquid-phase-sinter temperature, Ni-Fe
ratio effects, additives, sintering atmospheres, etc. The
matrix phase of this material is subject to hydrogen
embritdement; however, this problem can be minimized
or eliminated by cooling the material from ~1200 C in an
inert atmosphere or vacuum, or by a postvacuum treat-
ment.

LASL's approach has been to investigate the influence
of additives on strengthening the matrix phase as well as
strengthening and increasing the ductility of the tungsten
particles. Of the many additives investigated, rhenium was
the only one that resulted in a marked increase in the
strength of the alloy as well as a change in the structure,
as shown in Table 1. The Ni-Fe ratio and content were
held constant and rhenium was substituted for part of the
tungsten. The data2 show a significant increase in strength
that can be attributed to the rhenium. The rhenium also
changes the appearance of the microstructure of these
alloys, as shown in Fig. 1.

COMPOSITE THERMAL INSULATORS

Laminnt'd Composites

Laminated composites have received little attention at
LASL. However, we recently studied a laminate of ZrC
and Grafoil for use as a high-temperature insulator in a
hot-hydrogen environment. The insulating qualities of this
material were excellent; however, delamination and
leaching of the carbon through the cracks eliminated it as



TABLE 1

PROPERTIES OF RHENIUM CONTAINING W-Fe-Ni ALLOYS

Sample
Number

0692-6
0692-9
0692-8
0692-10
0692-1
0692-11
0692-7
0692-2
0692-3
0692-4

Rheniuma

Content
(wt%)

0
2
3
4

5
6
7.5

10.0
15.0
20.0

Bulk Density
(g/cm3)

18.13
18.19
18.15
18.23
18.15
18.22
18.27
18.22
18.29
18 33

(% Theo)

99.8
100.0
99.7

100.1
99.5
99.9

100.0
99.5
99.5
99.4

Hardness
(DPH)

320
345
365
390

385
415
435
460

565

755

Compressive
0.2% Offset

(kpsi)

86.0
90.0
93.9

100.0
104.0
110.3
118.7
132.7
167.6
219.6

Yield
Strength

0.5% Offset
(kpsi)

93.6
101.8
109.6
117.5
122.7
129.6
139.0
154.5
193.0
247.3

Young's
Modulus
(10* psi)

52.4
52.4
53.0
53.0
53.4
52.8
53.6
52.0
52.0
52.6

aA)I 3lloys contained 3.5 wt9^ Ni, 1.5 wt% Fe. plus the indicated amount of rhenium. The remainder is tungsten.

a candidate for this application. A typical structure show-
ing a delamination crack is shown in Fig. 2.

MC-MOj COMPOSITES

Another insulator candidate for the hot-hydrogen envi-
ronment consisted of hot-pressed refractory-metal
MC-MO2 composite mixtures. The metal systems investi-
gated included zirconium, niobium, tantalum, hafnium,
and uranium. Thermal conductivity measurements at 37
to 50°C were the parameters selected to evaluate these
materials. The prime candidate system was ZrC-ZrO2.

3 A
comparative method involving transient measurements
based on standard materials was used in determining the
conductivity. The measured values compared with the
related values for pure standard samples of the same
specimen configuration are presented in Table II. The
data show that composition had little effect on the ther-
mal conductivity of the ZrC-ZrOi composites.

It was therefore decided to investigate the influence of
thermal treatment at 1800, 2300, and 25OO°C for times
up to 16 h on the thermal conductivity of the 75 vol%
ZrO2-25 vol% ZrC composites. The results are summa-
rized in Fig. 3.

The decrease in conductivity with increased time at
temperature through 8 h appears to be a result of chem-
ical change and is associated with (1) the evidence of
formation of monoclinic ZrO2, (2) a decrease in the ZrC
lattice parameter, and (3) a decrease in sample density.

Beyond 8 h at temperature, the conductivity increased
to about the same level as the as-pressed material. This
increase was associated with an increase in density and a
decrease in the amount of the monoclinic ZrO2 phase
present as determined by x-ray diffraction.

Metallographic results on the samples treated at
1800 C showed evidence of a structural change seen as a
white, needle-like precipitate within the ZrO2 grains.
There was no evidence of a surface reaction on these
samples. The series treated at 2300 C showed the forma-
tion of a surface reaction that generally increased with
increasing exposure time. All samples treated at 2500°C
showed evidence of melting.

The exact mechanism contributing to the low thermal
conductivity of these materials is not known. It has been
speculated that one of the constituents responds in a way
similar to the effect represented by a void, a phenomenon
that has been established. A second theory is based on the
fact that alloying takes place at the interface of the oxide
and carbide particles resulting in an MO C alloy
interference zone.

Studies were conducted on NbC-ZrO2 and TaC-ZrC2

composites vith similar results. While both systems were
comparable to the ZrC-ZrO2 system with respect to insu-
lating characteristics, they have no apparent advantages,
and may, conceivably, when heat-treated, oxidize the
carbide to form the volatile Nb2Os or Ta2O3, respec-
tively.

The thermal conductivity of a number of other
carbide-oxide systems measured at 50°C is shown in



C-1520-34 (100X).

C-1520-31 (SOOX). C-1520-34 (SOOX).

Fig. 1.
Microstructure ofW-Ni-Fe alloys with rhenium (left) and without rhenium (right).
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Fig. 2.
Cross section of hot-pressed NbC Grafoil washer and structure.

TABLE II

THERMAL CONDUCTIVITY DATA

Composition
Density

ZrO2

75 vol% ZrO2, 25 vol% ZrCa

75 vol% ZrO2, 25 vol% ZrCb

50 vol% ZrO2, 50 vol% ZrC5

25 vol% ZrO2, 75 vol% ZrCb

ZrC
Standards
Lava (fired)
Inconel 702
A12O3 (CRS-3)
BeO

aCaO stabilized ZrO2.

bUnstabilized ZrO2.

(g/cma)

4.970
5.394
5.487
5.362

(% Theo)

93.91
90.24
92.60

K
(W/m°K)

1.7
1.8 to 2.3

1.55
2.6
3.5

27.3

0.98
12.3
31.5

212.0

• ' - " " . • •



2 6
2.4

.2-1.8

.2 i.6

u

§ 1 2

Eo.8

hO.6
0.4
0.2

0 I 2 3 4 5 6 7 8 9 10 II 12 (5 14 15 IS 17 (8
Exposure to H2 ot Temperature ( h )

Fig. 3.
Thermal conductivity of 75 vol% ZrO2 and 25 vol% ZrC
composites.

TABLE III

THERMAL CONDUCTIVITY
OF CERTAIN COMPOSITES AT 50°C

\

\
• •

• V
. \
. • ' \

—' —' •

•

/

Initial
Density
• 5.57
«5.52
• 5 41

•

Temp
"C

loOO •

2300 .
2500

Composition Conductivity
(W/m°K)

Density8

(g/cm3)

uo2
75
50

uo2
75
50

HfO2

75
50

ZrC
25
50

HfC
25
50

HfC
25
50

3.58
2.97

2.9
3.0

4.10
2.88

7.5B
6.70

8.13
8.60

8.14
8.14

'Apparent bulk density as computed from weight and dimensional
measurements at room temperature. These values are a little below
the true density values-

Table III. The data show that these materials are also very
goocTinsulators. The data, with respect to the ZrC-UO2

composite, demonstrate the surprising fact that this mix-
ture has a conductivity lower than that of either pure
component at the appropriate density (ZrC ~19.0 W/rn°K
and UO2 ~7.0 W/m°K). Most surprising is the fact that an
increase in the proportion of the higher conductivity ZrC
phase decreases the conductivity of the mixture. Such a
result was totally unexpected.

In certain very high-temperature applications, a
composite insulator must retain its dimensional and

structural integrity. No severe structural or dimensional
change was encountered until melting was observed. The
materials listed in Table IV showed no evidence of degra-
dation or melting after being exposed at the indicated
temperature and for the times shown. The HfC-HfO2

system is of particular interest because of its very high-
temperature compatibility.

CARBIDE-GRAPHITE COMPOSITES

The physical limitations of the more common mate-
rials at very high temperatures have led to an exploration
of a class of material that might possibly possess some
useful characteristics under these extreme conditions. The
materials in question are graphite composites, which
possess favorable strength properties at high temperatures,
and refractory metal carbides. Tantalum carbide has an
extremely high melting point, ~39OO°C, and a relatively
high TaC-C eutectic temperature of 3710°C. Niobium
carbide has a melting point of ~35OO°C and an NbC-C
eutectic temperature of ~325O°C. Consequently, the
intriguing possibility that composites of these high-
temperature materials possessed favorable mechanical and
physical properties at very high temperatures led to their
selection for study.4"8

Two programs were designed to investigate this class of
materials in a systematic manner. One program was
designed to investigate raw material variables, such as
panicle size and type, on the material properties of hot-
pressed composites wherein the process variables were
held constant. All composites were based on 46 vol%
TaC-NbC solid-solution carbide content. Five carbon or
graphite variations were used and the solid solution was
obtained by combining 50/50 wt% mixtures of the TaC
and NbC powders.

The second program used this same mixture of carbide
and was designed to investigate the effect of composition

TABLE IV

COMPATABILITY TEMPERATURE
OF CARBIDE-OXIDE COMPOSITES

System

HfCHfO2

HfCUO2

NbCZrO2

ZrCZrO2

Temperature
<°C)

2600
2500
2300
2300

Time
(h)

8
4
8

16



on the properties of hot-pressed TaC-NbC solid-solution
carbide composites wherein the raw material variables and
the processing procedures were held constant.

The effect of graphite type and size on the room
temperature flexure strength is presented in Fig. 4. The
data show that as the particle size of 1008-type graphite
flour decreases, there is a significant and accompanying
decrease in flexure strength. This, of course, is to be
expected because the finer the graphite, the greater the
extent of graphite matrix, thus approaching the strength
of graphite. Note that the strength is quite high when
compared with most commercial graphite. This is because
no binder was used and the strength is associated with the
extent of the metallurgical bond between the carbide and
the graphite particles.

The Varcum flour was made by curing, baking, and
graphitizing Varcum-8251 resin, which is a partially
polymerized furfuryl alcohol. This material was crushed
to a flour and the —325-mesh fraction was used for this
investigation. The average particle size was comparable to
that of the -325-mesh 1008 flour. The Varcum flour is
not really graphitized, but is basically a glassy carbon that
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Fig. 4.
Effect of graphite type and particle size on the flexure
strength of hot-pressed 39.7 wt% TaC-39.7 wt% NbC-20.6
wt% carbon composites.

is believed to be partly responsible for its having a highei
strength than its counterpart in the 1008 flour. Th<
thermax flour is a very fine, almost spherical carbon blacl
and results in very low mechanical strength. Similar trend!
and results were observed for room temperature com
pressive strength and tensile strength.

Evaluation of potential high-temperature and high
power density reactor components requires rapid assess
ment of the relative thermal-stress and thermal-shoct
capability of candidate materials. Two new experimenta
techniques have been developed to meet this requirement
Both methods establish temperature gradients in materia
samples of simple geometry, essentially flat washers. Bj
establishing successively higher levels of the temperature
differences, the onset of cracking or fracture can be
determined and the relative thermal-stress resistance car
be established. One technique is a steady-state (thermal
stress) method, wherein an external radiator establishes a
temperature difference from the outside to the inside
diameter of the washer samples. The second method use;
a large radio-frequency power supply to establish a tran-
sient temperature profile radially in the washer by very
rapidly heating (thermal shocking) the outermost rim of
the washer samples.

Preliminary results on graphite and metal carbide-
graphite composite material have established that both
methods produce reproducible data and yield similar
rankings for the thermal-stress resistance of different
materials. Therefore, only the thermal-shock rating is
presented in Fig. 5.

With decreasing graphite particle size there is a gradual
increase in thermal-shock ranking at crack initiation. The
material containing the Varcum flour had the highest
ranking due partly to the fact that this flour is a glassy
carbon. The thermax had the lowest radiation tempera-
ture at crack initiation. This we believe to be due to
insufficient carbide to bond this ultrafine carbon black
flour.

The effect of composition on thermal-shock ranking is
shown in Fig. 6. There is a gradual decrease in thermal-
shock resistance with increasing carbide content. How-
ever, it must be remembered that the graphite type and
particle size can also have a significant effect on the
thermal-shock resistance as is shown by the spread repre-
sented by the vertical line.

The data very dramatically show the influence of com-
position, wherein the raw materials and processing are
held constant. Again, the graphite type and particle size
have significant effects, as shown by the spread repre-
sented by the vertical line.

In summary, there is a decrease in strength with
decreasing graphite particle size. Although we did not
present any physical property data, there is an increase in
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Fig. 5.
Effect of graphite type and particle size on the thermal-
shock ranking of hot-pressed 39.7 wt% TaC-39.7 wt%
NbC-20.6 wt% carbon composites.

electrical resistivity and thermal-stress resistance with
decreasing graphite particle size. Thermal expansion
appears to be affected little by raw material variations;
whereas, dynamic modulus is greatly affected. These fac-
tors, plus graphite or carbon type and size, must be
considered when trying to tailor a composite toward a
particular requirement.

METAL-BORON COMPOSITES

In the development of a nuclear rocket engine, A1-IOB
control plates9 were used in the KIWI reactors of LASL's
Rover program. This material was difficult to fabricate,
expensive, and not readily available. Because of these
disadvantages, we had to find a material that would
eliminate any or all of these properties. However, boron is
an excellent neutron absorber. Therefore, if a compound
consisting of commercial boron could be used, the expen-
sive and complicated separation of the 10B isotope would
be eliminated. In addition to the cost consideration, the
material selected must (l)be of the neutron-alpha (nju)

o>400 -
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Fig. 6.
Effect of carbide content on the thermal-shock ranking of
hot-pressed carbide graphite composites. (Carbide consists
of a mixture of 50 v)t% TaC-50 wt% NbC.)

type neutron absorber, (2) be dimensionally stable after
repeated cycling between 20 and 450°K, (3) be of suffi-
cient strength and ductility to permit fabrication, and
(4) be structurally stable during heating at 800° K.

Based on these criteria, pure copper was selected as the
matrix material10 because it does not undergo any phase
transformations during thermal cycling, and thus gives
dimensional stability. It is also a ductile material and is
structurally stable at temperatures above 800°K. Boron
carbide (B4C) was chosen as the neutron absorber.
Although B4C is brittle, it is compatible with copper at
the temperatures under consideration; and by dispersing
the B4C in a copper matrix, the duaility required for the
fabrication of the control plates is obtained. Boron car-
bide has the advantages of being relatively cheap com-
pared to IOB and being readily available from commercial
sources.

A program was established to obtain neutronic data for
Cu-B4C alioys of varying B4C content and to develop a
fabrication process for the control plates. The results of
these investigations are shown in Fig. 7. The data indicate
that Cu-21.9 wt% B4C is essentially the equivalent of the
Al-20 wt% l0B material used previously.
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MISCELLANEOUS

Time and space limitations do not permit discussion of
the many other composite systems investigated at LASL;
however, some of these systems included the development
of a nonswelling Mo-UO2 cermet, an improved thermal-
shock-resistant TaC-Ta chopped-wire composite, and
many others. We must emphasize again that optimization
of any composite system is dependent upon a complete
understanding of the particulate characteristics of the raw
materials.
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