Low-Temperature Processing of ZrB2-ZrC Composites
by Reactive Hot Pressing
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Dense ZrB2-ZrC and ZrB2-ZrCx~0.67 composites have been produced by reactive hot pressing
(RHP) of stoichiometric and nonstoichiometric mixtures of Zr and B4C powders at 40 MPa and
temperatures up to 1600 C for 30 minutes. The role of Ni addition on reaction kinetics and
densiﬁcation of the composites has been studied. Composites of ~97 pct relative density (RD)
have been produced with the stoichiometric mixture at 1600 C, while the composite with
~99 pct RD has been obtained with excess Zr at 1200 C, suggesting the formation of carbon
deﬁcient ZrCx that signiﬁcantly aids densiﬁcation by plastic ﬂow and vacancy diﬀusion mechanism. Stoichiometric and nonstoichiometric composites have a hardness of ~20 GPa. The grain
sizes of ZrB2 and ZrCx~0.67 are ~0.6 and 0.4 lm, respectively, which are ﬁner than those
reported in the literature.
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I.

INTRODUCTION

REFRACTORY transition metal borides and
carbides, such as ZrB2, ZrC, HfB2, HfC, and TaC, have
been called ultra-high-temperature ceramics (UHTCs),
because of their high melting points (>3000 C), better
oxidation and corrosion resistance. The UHTCs have
been investigated for applications that include thermal
protection materials for advanced re-entry vehicles,
molten metal crucibles, and high-temperature electrodes.[1–3] The high melting point, strong covalent
bonding and low self-diﬀusion coeﬃcient of ZrB2-based
composites typically require pressure-assisted sintering at
very high temperatures (>1900 C). The ZrC0.9-ZrB2
composite has been produced by sintering and directional
solidiﬁcation in argon atmosphere at 2300 C.[4,5] The
hardness and fracture toughness
of the composites were
pﬃﬃﬃﬃ
24 GPa and 5.44 MPa m, respectively. Composites of
ZrB2-ZrC have been fabricated by inﬁltration of Zr metal
into the B4C preform at 1850 C to 2000 C for 1 to
2 hours.[6–10] These composites showed the formation of
ZrB2-ZrCx with free Zr metal. The self-propagating hightemperature synthesis of mechanically alloyed Zr-B-C
powder (MA-SHS) was used to produce the ZrB2-ZrC
powder composite in air followed by spark plasma
sintering (SPS). The relative density (RD), hardness
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and fracture
pﬃﬃﬃﬃ toughness were 98 pct, 17.8 GPa, and
3.4 MPa m, respectively.[11–12] High-density ZrB2-based
materials have also been obtained by hot pressing at
temperatures lower than 2000 C with the addition of
sintering aids such as Ni[13] and pressureless sintering at
temperature ~1850 C with the addition of B4C.[14] SPS
of ZrB2-ZrC composites with the addition of lanthanum
(1 to 5 wt pct) enhanced the RD to 99 pct and reduced the
densiﬁcation temperature to 1800 C.[15] Reactive hot
pressing (RHP) of Zr and B4C powder mixture at 30 MPa
and 1900 C for 60 minutes resulted in 98.4 pct RD with a
bending strength of ~450 MPa.[16] The two-stage transient plastic phase processing of three diﬀerent molar
ratios of Zr to B4C (3:1, 3.5:1, and 4:1) at a ﬁnal
temperature of 1600 C for 4 hours yielded ZrB2-ZrC
composites with full density.[17] It has been recently
shown that high energy milling of elemental Zr and B
can be used to produce ZrB2 at temperatures as low as
600 C, and dense ZrB2-SiC composites can be obtained
at 1700 C.[18]
Because boron compounds are cheaper and easier to
handle, the present study is undertaken to systematically
establish the possibility of lowering the process temperature by reactive densiﬁcation of ZrB2-ZrC composites
starting with Zr and B4C powders. In an earlier work on
processing of TiN-TiB2 composites, it was shown that a
small amount of Ni (1 wt pct) addition to the starting
Ti-BN mixture could substantially decrease the densiﬁcation temperature from 1850 C to 1400 C.[19] The
presence of a transient Ti-Ni liquid phase was shown to
aid not only pore removal but also completion of the
reaction. Because the eutectic in the Zr-rich portion of
the Zr-Ni phase diagram is similar to the Ti-rich portion
in Ti-Ni, our aim was to investigate the eﬀect of Ni
addition and to examine whether temperatures as high
as those commonly used are essential. The eﬀect of
excess Zr on reaction kinetics and densiﬁcation has also
been studied.
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II.

EXPERIMENTAL PROCEDURE

The stoichiometric ZrB2-ZrC and nonstoichiometric
ZrB2-ZrCx composites were produced by RHP of
zirconium (Zr) and boron carbide (B4C) powders using
the following reactions, which have large negative free
energies:[16]
3Zr þ B4 C ! 2ZrB2 þ ZrC

½1

3:5Zr þ B4 C ! 2ZrB2 þ 1:5ZrC0:67

½2

The expected volume fractions of the individual
phases formed from Reaction [1] are 70.38 pct ZrB2
and 29.62 pct ZrC and from Reaction [2] are 61.64 pct
ZrB2 and 38.36 pct ZrC~0.67. The theoretical densities of
the composites with 1 wt pct Ni, according to the rule of
mixtures, are 6.31 and 6.26 g/cm3, respectively. Density
values of 6.1 g/cm3 for ZrB2, 6.73 g/cm3 for ZrC, and
6.47 g/cm3 for ZrC~0.67 are used in the calculation of the
theoretical density of the composites.
A. Materials and Processing
Commercial powders of Zr: purity ~98 pct, particle size
2 to 10 lm (M/s Yashoda Special Metals, Hyderabad,
India); B4C: purity ~99 pct, particle size 10 to 20 lm; D50:
11 lm (M/s Boron Carbide India Ltd., Mumbai); and Ni:
purity ~99.5 pct, particle size ~4 lm (M/s Inco, London,
UK) have been used in the present study. The analysis
report supplied by the manufacturer indicates B + C:
>99 pct, free carbon <1 pct; Fe: <0.2 pct; B2O3:
<0.4 pct; and Si: <0.091 pct for the B4C powder.
X-ray diﬀraction (XRD) patterns of the starting B4C
and Zr powders are given in Figure 1, and B4C powder
indicated a small carbon (graphite) peak (Figure 1(a)).
The required amounts of Zr and B4C powders were
mixed in ethanol using ZrO2 (8 mol pct Y2O3) milling
media for 24 hours in a plastic bottle and dried at
~100 C. Powder mixtures with 1 wt pct Ni were also
prepared. The weight loss of the milling media measured
after each mixing is ~2 wt pct, indicating ZrO2 may be
present as impurity in the starting mixture. The dried
powder mixtures were ﬁlled in a graphite die (25-mm
internal diameter and 80-mm height). Direct contact
between the powder mixture and die/punch assembly
was avoided by using ﬂexible graphite sheet (0.2-mm
thickness). The RHP experiments were conducted in a
vacuum hot press (Materials Research Furnaces, Suncook, NH). A typical RHP experiment involved the
following steps: after evacuating the furnace to 5 · 10-5
torr, the samples were heated to 300 C at 4 C/min,
held for 15 minutes to remove the gases present on the
surface of the particles, and heated at 5 C to 10 C/min
to diﬀerent required temperatures and maintained for
30 minutes. The pressure of 40 MPa on the sample was
usually applied ~25 minutes before reaching the ﬁnal
temperature, held for the required time, and released
within 10 minutes from the start of the cooling
sequence. The sample assembly was cooled to room
temperature at 10 C/min.
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Fig. 1—XRD patterns of the starting powders: (a) B4C (e—B4C
and —graphite) and (b) Zr. The starting B4C powder shows a small
graphite impurity peak.

The RHP experiments with stoichiometric mixtures
were conducted in the temperature range 1200 C to
1600 C for 30 minutes. In the experiments up to
1400 C, the application of pressure was initiated at
1000 C and the pressure was maintained for 30 minutes.
For the experiment at 1600 C, the application of pressure
was initiated at 1200 C. The RHP experiments with
nonstoichiometric mixture were conducted in the temperature range 1000 C to 1400 C for 5 to 30 minutes.
B. Characterization of Reactive Hot-Pressed Composites
The top and bottom surfaces of reactively hot-pressed
composites were ground and polished using SiC abrasive
paper and diamond paste down to 0.25 lm using an
automatic polishing machine (Ecomet 4000 with Automet 2000, M/s Buehler, Lake Bluﬀ, Illinois) followed by
ultrasonic cleaning with acetone. The XRD patterns
were recorded (Philips, Eindhoven, The Netherlands)
using Cu Ka radiation to identify the phases present in
the composites. The lattice parameter (Å) of ZrC in
stoichiometric and nonstoichiometric composites was
calculated by recording the XRD patterns in the 2h
range of 94 to 154 deg (using graphite monochromator
in the diﬀracted beam) and using standard extrapolation
functions to determine the true lattice parameter at a
Bragg angle of 90 deg. Density measurements were
VOLUME 39A, JULY 2008—1497

the temperature range 1200 C to 1600 C are presented.
The role of excess Zr on the reaction and densiﬁcation of
the composite at lower temperatures in the temperature
range 1000 C to 1400 C is presented later. The
experimental conditions, phases observed, density, and
hardness of the stoichiometric and nonstoichiometric
composites are presented in Tables I and II.

conducted using the water displacement method after
boiling the samples in water for 1 hour and cooling to
room temperature. Vickers hardness measurements
(Model HSV-20, Shimadzu Corporation, Kyoto, Japan)
were performed on the polished surfaces at a test load of
500 g (4.9 N) and a holding period of 15 seconds. An
average of 15 readings was taken for each reported
value. Microstructural observations of polished surfaces
were made using optical microscopy (Axiovert 200 M
MAT, Carl Zeiss Light Microscopy, Goettingen,
Germany), scanning electron microscopy (SEM) (FEISirion, Eindhoven, The Netherlands) with energy-dispersive X-ray microanalysis (EDAX, super-ultra-thin
window, Genesis Spectrum, Mahwah, NJ), and transmission electron microscopy (TEM) (FEI Tecnai F30,
Eindhoven, The Netherlands) along with EDAX at
300 kV operating voltage. The average grain size of
ZrB2 and ZrC reported has been measured through
image analysis of the SEM micrographs by the line
intercept method by counting a minimum of 300 grains.
The selected polished samples were etched using
HF:HNO3:H2O solution in the ratio of 2:3:95 for
10 seconds.[10] The amount of unreacted B4C present
in the composite was also estimated using optical
micrographs. The TEM samples were prepared through
conventional specimen preparation steps of dimpling
and argon ion beam milling.

III.

A. Stoichiometric ZrB2-ZrC Composites
The XRD patterns of the polished surfaces of the
ZrB2-ZrC composites produced at 40 MPa, 1200 C for
30 minutes with 1 wt pct Ni and without Ni are shown
in Figure 2. The patterns show only ZrB2 and ZrC
phases with a small peak of ZrO2; lines corresponding to
the starting Zr and B4C are not present in any of the
composites. The measured lattice parameter of the ZrC
in the composite produced with Ni is 4.686 ± 0.001 Å
and does not change with processing temperature
(1200 C to 1600 C). The measured lattice parameter
without Ni is also 4.686 ± 0.001 Å at 1600 C. Typical
optical micrographs of the composites produced at
40 MPa, 1200 C for 30 minutes with 1 wt pct Ni and
without Ni are shown in Figure 3. The RD of the
composites is calculated using the measured bulk density
and theoretical density of sample calculated using the
rule of mixtures, as predicted by the reaction stoichiometry. The density of the composite (with or without Ni)
increases from 5.428 g/cm3 (86 pct RD) at 1200 C to
6.131 g/cm3 (97.2 pct RD) at 1600 C (Table I). It
appears that there is no eﬀect of Ni addition on
densiﬁcation. However, the composite produced at
1200 C with Ni does not show unreacted B4C particles

RESULTS

Initially, the results on the stoichiometric ZrB2-ZrC
composite produced with and without nickel addition in

Table I.
Sl No.
1
2
3
4
5
6

Experimental Conditions, Density, Phases Observed, and Hardness of the Stoichiometric ZrB2-ZrC Composites
Experimental
Conditions (MPa/C/Min)
40/1200/30 (1 wt pct Ni)
40/1200/30
40/1400/30 (1 wt pct Ni)
40/1400/12
40/1600/30 (1 wt pct Ni)
40/1600/30

Bulk Density,
g/cm3 (RD)
5.428
5.443
6.058
5.966
6.131
6.110

±
±
±
±
±
±

0.024
0.009
0.003
0.004
0.003
0.003

(86.1 pct)
(96.1 pct)
(95 pct)
(97.2 pct)
(97.2 pct)

Phases Present
ZrB2,
ZrB2,
ZrB2,
ZrB2,
ZrB2,
ZrB2,

ZrC
ZrC, B4C* (2.97 pct)
ZrC
ZrC
ZrC
ZrC,

Hardness (GPa)
—
—
18.9 ± 0.8
—
21.1 ± 1.1
20.1 ± 1.8

*Observed by optical microscopy and SEM.

Table II.
Sl No.

Experimental Conditions, Density, Phases Observed, and Hardness of the Nonstoichiometric ZrB2-ZrC Composites
Experimental
Conditions (MPa/C/min)
-/1000/5 (1 wt pct Ni)
40/1000/30 (1 wt pct Ni)
40/1000/30
40/1200/30 (1 wt pct Ni)
40/1200/30
40/1400/30 (1 wt pct Ni)

1
2
3
4
5
6

Bulk Density,
g/cm3 (RD)
4.299
5.723
5.705
6.201
6.103
6.263

±
±
±
±
±
±

0.057
0.009
0.003
0.008 (99 pct)
0.003
0.002 (99.9 pct)

Phases Present
ZrB2,
ZrB2,
ZrB2,
ZrB2,
ZrB2,
ZrB2,

ZrC,
ZrC,
ZrC,
ZrC
ZrC,
ZrC

Zr, B4C**
Zr,* B4C**
Zr,* B4C**
B4C** (0.28 pct)

Hardness (GPa)
—
—
—
22.1 ± 0.7
19.7 ± 4.5
22.4 ± 0.7

*

Weak peaks observed in XRD.
Observed by optical microscopy and SEM.

**
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Fig. 2—XRD patterns of the stoichiometric ZrB2-ZrC composites at
40 MPa, 1200 C for 30 min: (a) starting powder mixture, (b) composite with 1 wt pct Ni, and (c) composite without Ni (—ZrB2,
n—ZrC, s—Zr, e—B4C, and ¤—ZrO2). Note that owing to the
coverage of B4C particles by the heavy element zirconium, during
mixing, the peaks for B4C are not visible.

in contrast to ~3 vol pct B4C estimated in the composite
without Ni (Figure 3(b) and Table I), thereby suggesting that Ni aids in the completion of the reaction.
Typical SEM micrographs of the etched composite
produced at 1400 C and 1600 C with Ni are shown in
Figures 4(a) and (b). Only a few pores are present
without any residual B4C. The EDAX spectra of the
ZrB2 and ZrC grains are shown in Figures 4(c) and (d).
An enlarged view of the spectra shows the ability to
resolve the closely spaced Zr, C (inset in Figure 4(d)).
The presence of ZrB2 is indicated by a ﬂattening of the
peak due to the overlap of the Zr-M and B-K lines (inset
in Figure 4(c)). The grain sizes of ZrB2 and ZrC phases
are 0.65 ± 0.2 lm and 0.44 ± 0.2 lm, respectively, for
the composites produced at 1400 C and 1.56 ± 0.6 lm
and 1.15 ± 0.4 lm, respectively, for the composites
produced at 1600 C. These values are signiﬁcantly
lower than 5 to 10 lm for ZrB2 and 2 to 7 lm for ZrC
reported earlier,[10,11,15] but comparable to the submicron sizes of 0.5 ± 0.3 lm reported for ZrB2 in the
ZrB2-SiC composite.[18] The TEM micrograph of the
stoichiometric composite and electron diﬀractograms of
the ZrB2 and ZrC phases produced at 1400 C are
shown in Figure 5. The TEM-EDAX analyses of the
carbide grains show a C/Zr stoichiometry of 65/35 with
a scatter of 7 pct.
The hardness of the ZrB2-ZrC composite produced at
1600 C for 30 minutes are ~19 to 20 GPa, which is
better than 17 GPa for samples produced by SPS.[11,12]
B. Nonstoichiometric ZrB2-ZrCx Composites

Fig. 3—Optical micrographs of the ZrB2-ZrC composites produced
at 40 MPa, 1200 C for 30 min: (a) with 1 wt pct Ni and (b) without
Ni. The gray regions are unreacted B4C particles, as evidenced from
the B and C signals in the X-ray spectrum (not shown).
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The XRD patterns of nonstoichiometric ZrB2-ZrCx
composites produced at diﬀerent temperatures (1000 C
and 1200 C) are shown in Figure 6. Substantial
formation of ZrB2 and ZrC can be observed just after
5 minutes at 1000 C (Figure 6(b)). At 1200 C, the
reaction was complete after 30 minutes and the XRD
patterns reveal only ZrB2 and ZrCx~0.67 phases. The
weak reﬂections that arise from carbon vacancy ordering in ZrCx~0.67 could not be detected (JCPDS: 32-1489).
The measured lattice parameter of nonstoichiometric
ZrCx~0.67 in the composite is 4.682 ± 0.001 Å and also
does not change with processing temperature (1200 C/
1400 C). The TEM micrograph of the nonstoichiometric composites produced at 1400 C is shown in
Figures 7. The electron diﬀraction patterns conﬁrm the
presence of ZrB2 and ZrC with no evidence for any
superlattice reﬂections from any carbon vacancy ordering. The TEM-EDAX analysis of the carbide grains
showed a change in C/Zr stoichiometry to 50:50 in the
nonstoichiometric grains with a scatter of 7 pct. Absolute quantitative estimation of carbon by EDAX is
unreliable owing to contamination and absorption.
However, if we use the composition determined from
the stoichiometric composite, which is 65:35, as reported
previously, as a 1:1 standard, it is clear that the material
made with excess Zr displays the same rock-salt carbide
phase with a signiﬁcant substoichiometry in the carbon
content.
The density variations with the processing temperature of nonstoichiometric composites are given in
VOLUME 39A, JULY 2008—1499

Fig. 4—SEM micrographs of the etched ZrB2-ZrC composite produced at 40 MPa, for 30 min with 1 wt pct Ni: (a) 1400 C and (b) 1600 C.
The dark gray particles are ZrB2, and the light ones are ZrC particles, as shown by the respective B and C signals in the X-ray spectra in (c) and
(d). Spectra from two principle phases, ZrB2 and ZrC, are shown in (c) and (d) as insets at a high resolution to show the ability to distinguish
the two phases based on the low-energy peaks.

Fig. 5—(a) Bright-ﬁeld TEM micrographs of ZrB2-ZrC composite
produced at 40 MPa, 1400 C, 30 min (1 wt pct Ni) with selected
area electron diﬀraction patterns for the (b) ZrB2 and (c) ZrC
phases.
1500—VOLUME 39A, JULY 2008

Fig. 6—XRD patterns of the nonstoichiometric ZrB2-ZrCx composites produced with 1 wt pct Ni: (a) unreacted powder mixture, (b)
—/1000 C/5 min, (c) 40 MPa/1000 C/30 min, and (d) 40 MPa/
1200 C/30 min (—ZrB2, n—ZrCx, s—Zr, and e—B4C).
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Fig. 7—(a) Bright-ﬁeld TEM micrographs of ZrB2-ZrCx~0.67 composite produced at 40 MPa, 1400 C for 30 min (1 wt pct Ni) with
selected area electron diﬀraction patterns for the (b) ZrB2 and (c)
ZrC.

Table II. It may be noted that the composite with near
theoretical density has been achieved even at 1200 C. It
is also observed that the addition of Ni (1 wt pct) results
in an increase of density from 6.1 to 6.2 g/cm3 (99 pct
RD) at 1200 C. Typical optical micrographs of the
composites produced at 40MPa, 1200 C for 30 minutes
without and with 1 wt pct Ni are shown in Figure 8.
Unreacted B4C particles may be seen when Ni is absent
(Figure 8(a)), but the composite containing Ni shows
completion of the reaction, as seen in the optical
micrographs of material made at 1200 C (Figure 8(b)).
Thus, Ni is important to ensure completion of the
reaction (Table II).
The early stages of reaction at 1000 C for 5 minutes
are shown in Figure 9. The unreacted B4C particles and
residual metal along with the reaction products are seen
(Figure 9(a)) and can be correlated with the XRD
observations (Figure 6(b)). The EDAX spectra of the
B4C regions in Figure 9(b) show resolvable B and C
K-lines (inset), while regions devoid of B and C,
which were identiﬁed as metallic in the composite
(Figure 9(c)), indicate a semiquantitative composition
of 86 at. pct Zr and 14 at. pct Ni. After 30 minutes
holding at 1000 C, the Ni concentration increases to
23 at. pct, illustrating the progress of the reaction.
The magniﬁed view of the region around the unreacted B4C particle (Figure 9(d)) reveals platelet
morphology of the ZrB2/ZrCx. Typical SEM micrographs of the composites produced at 1200 C and
1400 C are shown in Figure 10. The ZrB2 and ZrCx~0.67
grains produced are in the submicron range and
are 0.64 ± 0.3 lm and 0.43 ± 0.2 lm, respectively
(1200 C). These are somewhat lower than those in
the stoichiometric composites produced at 1600 C
in the present study (1.56 ± 0.6 lm for ZrB2 and
1.15 ± 0.4 lm for ZrC) and much lower than those
reported in the literature.[10,15] The hardness of the
ZrB2-ZrCx~0.67 composite produced at 1200 C and
30 minutes with Ni is ~22 GPa.
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Fig. 8—Optical micrographs of the ZrB2-ZrCx~0.67 composites
produced at 40 MPa, 1200 C for 30 min: (a) without Ni showing
unreacted B4C particles and (b) with 1 wt pct Ni showing completion of reaction. The dark regions are pores.

IV.

DISCUSSION

The principal ﬁndings in the results in Section III, i.e.,
the ability to densify ZrB2-ZrC composites at temperatures well below 1900 C and the pronounced role of
excess Zr on reaction and densiﬁcation of the composites, will be examined in turn.
A. Effect of Processing Temperature on Densiﬁcation
of Stoichiometric Composites
The reduction in densiﬁcation temperature for the
stoichiometric composite from those in excess of
1900 C[16] to as low as 1400 C to 1600 C suggests
that the reaction products are signiﬁcantly sinterable.
One possible reason is the ﬁne scale of the microstructure and the resulting presence of a large number of
interfaces (ZrB2/ZrC; Figure 4) that can aid diﬀusive
transport, similar to that observed in the reaction
sintering of TiN-TiB2 composite[20] and the RHP of
ZrB2-SiC composite,[18] where the TiB2 and ZrB2 grains
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were also in the submicron range. In the present case,
both the ZrB2 and ZrC grains are ﬁner and the
microstructural scale achieved here is signiﬁcantly lower
than those produced earlier in conventional hot pressing/sintering. Because composites with 86 pct RD have
been attained even at 1200 C (Table I), it seems
possible that a ﬁne, interpenetrating microstructure with
a large number of interfaces prevailed in the crucial,
second stage of sintering. The formation of the composite product is by dissociation of B4C and diﬀusion of
B and C into Zr (Figure 9(a)). Also, the formation of the
boride-carbide mixture is accompanied by a volume
reduction of ~19 pct, which can lead to cracking and a
further reﬁnement of the microstructure due to local
crushing under applied pressure.
B. Effect of Nonstoichiometry on Reaction
and Densiﬁcation of the Composites

Fig. 9—SEM micrographs of the ZrB2-ZrCx composites produced at
1000 C in 5 min with 1 wt pct Ni: (a) unreacted dark grains of B4C
and metallic regions, (b) EDAX spectra of B4C grain, inset shows
the separation of B and C, (c) EDAX spectra of the metallic regionZr-Ni (86 at. pct-14 at. pct), and (d) region A-ZrB2 platelets (dark
gray) with ZrC.
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The most remarkable ﬁnding is the pronounced role
played by excess Zr in reducing the process temperature
to achieve full density to 1200 C—an unprecedented
low value in ZrB2-ZrC composites (Table II). The
absence of elemental Zr from XRD (Figure 6(d)) or
optical (Figure 8(b))/SEM (Figure 10(a)) micrographs,
the high hardness (similar to that of the stoichiometric
composite), and the evidence from TEM-EDAX (C/Zr
ratio) clearly support the formation of nonstoichiometric zirconium carbide. The diﬀerences in the measured
lattice parameter for ZrC and ZrCx~0.67 in the composites (4.686 and 4.682 Å) are consistent with the trends
reported in the literature (ZrC0.97-4.698 Å and ZrC0.584.691 Å).[21,33] The formation of platelet morphology
(Figure 9(d)) of the ZrB2/ZrCx is similar to that seen in
melt inﬁltrated samples containing excess Zr metal[6–10]
and those samples produced in two-stage processing.[17]
In the present study, it is also noticed that the unreacted
B4C was accompanied by the presence of ZrB2 platelets
from which one may conclude that free Zr also exists. As
the reaction progresses, the metal is eliminated with the
formation of ZrB2-ZrCx~0.67 phases and results in an
equiaxed microstructure (Figures 10(a) and (b)). The
composite produced without Ni at 1200 C showed a
small amount of unreacted B4C in the nonstoichiometric
composite (0.28 vol pct; Table II), which is signiﬁcantly
lower than in the stoichiometric composite (2.97 vol pct;
Table I). This conﬁrms that while Ni can help the
reaction, the addition of excess Zr can, by itself, also
increase the reaction kinetics. The B4C contains some
free carbon, which may be used to form more ZrC than
expected from the reactions, though this change is
diﬃcult to notice experimentally. Notice that despite the
presence of some free carbon in the starting B4C, there is
no evidence for unreacted graphite in the ﬁnal stoichiometric composite. It is generally believed that the
oxides of B2O3 and ZrO2 on the surface of B4C and Zr
inhibit the densiﬁcation by promoting coarsening
through evaporation condensation at temperatures of
1500 C to 1800 C.[22–24] In the present case, it is
proposed that any excess carbon in the B4C would
reduce the B2O3 or ZrO2 (from oxidation of Zr or from
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Fig. 10—SEM micrographs of the etched nonstoichiometric
ZrB2-ZrC~0.67 composites produced at 40 MPa, 30 min with 1 wt pct
Ni: (a) 1200 C and (b) 1400 C. The dark grains are ZrB2 and the
light ones are ZrCx~0.67. Both phases display grain sizes in the submicron range.

ZrO2 milling media) by the following reactions:
2ZrO2 + B4C + 3C ﬁ 2ZrB2 + 4CO (g) and ZrO2 +
B2O3 (l) + 3C ﬁ ZrB2 + 3CO (g). Recently, it has also
been shown that these reactions are thermodynamically
favorable at 1000 C and 1044 C, respectively, during
vacuum sintering.[25] A hint that such a gas evolution
might be taking place comes from the observation that
the vacuum level suddenly drops around ~900 C.
We now address the issue of how such a microstructure as described previously can promote densiﬁcation
at low temperature with speciﬁc reference to yielding
and creep. The transition metal carbides are known to
exist over a range of compositions, e.g., Ti, Zr, and Hf
carbides have C/metal ratio ranging from 0.65 to
0.98.[21,26,28,29] In this context, the temperature dependence of the yield behavior with respect to nonstoichiometry assumes importance. For example, the yield
strength of TiC0.66 is about 65 MPa as compared to
450 MPa for TiC0.93 at 1200 C.[26] Also, at temperatures around 1000 C, the carbides of Ti and Zr undergo
brittle-to-ductile transition and deform readily on
{111}Æ1
10æ[26–30] in addition to the room-temperature
slip system of {110}Æ1
10æ. In reactive densiﬁcation of the
Ti/B4C system, it has been reported that the formation
of TiCx helps in the densiﬁcation of TiB2-TiC composites.[31,32] Also, in the case of TiC0.95, the critical resolved
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shear stress (CRSS) decreased from ~141 to ~72 MPa,
and for TiC0.83, the CRSS decreased from ~91 MPa at
1000 C to ~46 MPa at 1200 C, respectively. ZrC, like
its group IV counterpart TiC, shows a falling yield stress
with deviations from ideal stoichiometry.[21,28] For
ZrC0.875, the CRSS reduces from ~163 MPa at
1000 C to ~87 MPa at 1200 C.[28] The present composite has a likely stoichiometry of ZrCx~0.67 and hence
its CRSS is expected to be even lower. Thus, during hot
pressing, it is likely that the local stresses around particle
contacts are considerably higher than the nominal
applied stress and can exceed the ﬂow stress, thereby
leading to plastic ﬂow, which can aid densiﬁcation.
An additional mechanism for densiﬁcation comes
from vacancy creation through nonstoichiometry, which
is known to enhance the mass transport through solidstate diﬀusion during sintering in ceramics. Nonstoichiometric carbides are characterized by a large eﬀective
diﬀusion coeﬃcient (Deﬀ), as a result of which they
sinter more easily than stoichiometric carbides.[33] The
Deﬀ for ZrCx phases was found to grow appreciably with
the increase in carbon-vacancy concentration at all
temperatures, including an increase from 5.1 · 10-15
m2 s-1 for ZrC0.95 to 1 · 10-10 m2 s-1 for ZrC0.68 at
1800 C. It has been shown that the activation energy
for grain growth for ZrCx decreases from 53.4 kcal/mol
at x = 0.97 to 42.8 kcal/mol at x = 0.65.[34]
Thus, even though ZrB2, the primary phase in both
composites, is not expected to change its densiﬁcation
behavior, we believe that the existence of a substoichiometric ZrC plays a major role in enabling densiﬁcation
at temperatures as low as ~1200 C (Reaction [2]) due to
enhanced plastic ﬂow[35–37] and creep[38,39] in hot pressing, whereas the composite containing the stochiometric
carbide requires at least 1600 C. The ﬁnal RD values of
the stochiometric composites in the present work are
similar to those obtained by RHP[16] at a much higher
temperature of 1900 C. Broadly speaking, it may be
noted that the ZrB2-ZrC composites produced in the
present work have similar grain size to those of ZrB2
produced at 1700 C[18] and are signiﬁcantly ﬁner than
those reported at higher temperatures.[10,11,15] The
hardnesses of the composites are better than those
displayed by similar materials made earlier,[11,15] presumably due to the reﬁnement in microstructure.
The eﬀect of Ni addition on completion of reaction
and densiﬁcations can be summarized as follows. The
Zr-Ni binary phase diagram[40] (Figure 11) reveals a
eutectic at ~960 C. At low processing temperatures
(e.g., 1000 C for 5 minutes), Ni aids in the formation of
Zr-Ni liquid phase locally, wherein the B4C dissolves,
forming ZrB2 and ZrC phases, and with an increase in
time, the local Ni concentration increases and leads to
solidiﬁcation. In the presence of Ni, the reaction goes to
completion in stoichiometric and nonstoichiometric
composites, as indicated by the absence of B4C in the
ﬁnal products at 1200 C (Figures 3(a) and 8(b)). In the
nonstoichiometric mixture, however, the excess Zr
present in the mixture prolongs the duration of Zr-Ni
liquid, resulting in densiﬁcation at lower temperature
(1200 C). However, in contrast to our earlier observation in Ti-BN,[19] densiﬁcation appears to proceed
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