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bstract

ense ZrB2–SiC (25–30 vol%) composites have been produced by reactive hot pressing using stoichiometric Zr, B4C, C and Si powder mixtures
ith and without Ni addition at 40 MPa, 1600 ◦C for 60 min. Nickel, a common additive to promote densification, is shown not to be essential;
he presence of an ultra-fine microstructure containing a transient plastic ZrC phase is suggested to play a key role at low temperatures, while a
ransient liquid phase may be responsible at temperatures above 1350 ◦C. Hot Pressing of non-stoichiometric mixture of Zr, B4C and Si at 40 MPa,
600 ◦C for 30 min resulted in ZrB2–ZrCx–SiC (15 vol%) composites of ∼98% RD.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Refractory transition metal borides, such as zirconium
iboride (ZrB2) and hafnium diboride (HfB2), with extremely
igh melting temperatures (>3050 ◦C), have been referred to as
ltra high temperature ceramics (UHTCs). These materials are
roposed to be used at temperature in excess of 1900 ◦C. How-
ver, monoliths of these materials do not withstand temperatures
n excess of 1200 ◦C under oxidizing conditions due to the for-
ation of ZrO2/B2O3 layers. Addition of SiC to ZrB2/HfB2
aterials improves oxidation resistance up to 1500 ◦C, by for-
ation of SiO2 which leads to a more stable and impervious

orosilicate glass layer.1–9 Such materials have been proposed
or sharp leading edges on re-entry vehicle applications, because
f their relatively good oxidation and erosion resistance in hos-
ile environments.10 The family of UHTCs developed by NASA
or SHARP hypersonic aero-thermodynamic research probe-

allistic experiments 1 and 2 (SHARP-B1 and SHARP-B2)
ave been tested under arc-jet conditions.11 Thermo-structural
esigns of critical parts of re-entry vehicles such as nose cap
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nd wing leading edges have been tested and validation is under
rogress for flight conditions.12

Because of the extremely high melting temperatures of
hese materials, usually sintering temperatures of ∼2000 ◦C
re needed to produce dense materials. There have been many
ethods to densify ZrB2 and HfB2 based composites.9,11,13–42

ressureless sintering (PS) has been shown to achieve rela-
ive densities ∼94% at 1800 ◦C in the presence of Fe and Cr
mpurities,13,14 while additions of C and B4C to ZrB2 have
nabled the production of >99% RD at 1900 ◦C owing to the
eduction of surface oxides of ZrO2/B2O3 which would have
therwise melted and led to grain coarsening and consequent
etardation of sintering.15,16 High RD has also been achieved
hrough additions of MoSi2 to ZrB2 at 1850 ◦C17–19 while the
ddition of SiC (20 wt%) and Mo (4 wt%) to ZrB2 required
emperatures ∼2200–2250 ◦C.20 Hot pressing of ZrB2–SiC
omposites using ZrB2 and SiC powder mixtures have produced
98% RD with various sintering additives.9,11,21–30 The addi-

ion of TaSi2 reduced the densification temperature to 1600 ◦C,23

hile Ni additions enabled 98% RD at 1850 ◦C31,32 though with

he penalty that softening of the metal led to catastrophic failure
t temperatures higher than about 1000 ◦C even at low stresses.

In recent years reactive hot pressing (RHP) has been used
o produce ZrB2–SiC composites including uniaxial pressing

mailto:qjayaram@materials.iisc.ernet.in
dx.doi.org/10.1016/j.jeurceramsoc.2009.08.003
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f Zr/ZrH2–B4C–Si powder reactant mixtures33–38 and spark
lasma sintering (SPS) of boride-based ceramic composites39,40

t 1900 ◦C. The mechanisms of densifications were not clear.
ttrition milling of elemental Zr–B, with SiC (20 vol%), and
small amount of B4C powder mixture yielded ZrB2–SiC

omposites at 1700 ◦C.38 The formation of fine ZrB2 and the
limination of oxide impurities using B4C were key factors that
nabled high density at 1700 ◦C. Most recently, a combination
f SPS and reactive synthesis produced ∼98.5% RD ZrB2–SiC
omposites at 1450 ◦C though, once again, the mechanism of
ensification was not clear.41 Recent work on vacuum RHP of
rB2–SiC–ZrC composites using a planetary ball milled Zr, Si
nd B4C mixture led to 97.3% RD at 1600 ◦C after 3 h.42 These
amples are treated at 1450 ◦C for 3 h before reaching the final
emperature. The densification was attributed to the planetary
all milling which creates the defects in the starting materials
nd removal of oxide impurities.

Our recent work showed that dense 2ZrB2–ZrC (97.3%
D) composites could be obtained at ∼1600 ◦C by RHP of

toichiometric mixtures of 3Zr–B4C powders with 1 wt% Ni
0.5 vol%).43 The addition of Ni helps only the completion of
eaction at 1200 ◦C, and once temperature was increased to
400 ◦C or 1600 ◦C the reaction completes without Ni. The same
ork showed that the excess Zr yielded ZrB2–ZrCx composite
ith 99% RD at temperature as low as 1200 ◦C by exploiting

he formation of a non-stoichiometric zirconium carbide (ZrCx)
hich enhances the densification. In addition to the fine grained

0.43–0.64 �m) materials formed, both, reduction in flow stress
s well as greatly increased diffusion coefficients were respon-
ible for the enhanced rates of densification at low temperatures.

Thus, the present work was undertaken to extend the above
oute to establish the possibility of lowering the process temper-
ture and time for ZrB2–SiC composites by RHP of Zr, B4C and
i in various combinations and to study the progress of reaction
s a function of temperature. The effect of Ni addition on reaction
nd densification of ZrB2–SiC composites is also examined.

. Experimental procedure

The following schemes of processing were employed. In the
rst case, ZrB2–SiC (25 vol%) composites were prepared from
toichiometric mixtures using the following reaction:

Zr + B4C + Si → 2ZrB2 + SiC (1)

The above reaction has large negative Gibbs free energy
hanges (�G298 = −395.21 and �G1873 = −342.97 kJ/mol),
howing that the reactions are thermodynamically
avourable.36,42

In a variant of the above route, excess Si and C were added
o increase the amount of SiC to 30 vol% according to reaction
2):
Zr + B4C + 1.26Si + 0.26C → 2ZrB2 + 1.26SiC (2)

The expected theoretical densities of the composites in reac-
ions (1) and (2) are 5.37 g/cm3 and 5.23 g/cm3, respectively.

o
M
a
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In the second case, excess Zr was added to produce ZrB2–
rCx–SiC composites according to reaction (3):

.5Zr + B4C + 0.65Si → 2ZrB2 + 0.5ZrCx + 0.65SiC (3)

ith volume fractions of ZrB2, ZrCx and SiC being ∼70%,
14.5% and ∼15.5%, respectively, and an expected theoretical

ensity of 5.71 g/cm3.
The composites produced according to reactions (1)–(3) will

e referred as ZBSC-1, ZBSC-2 and ZBCSC, respectively, and
hey have been labeled in Table 1. When Ni is added, the amount
orresponds to 1 wt% of the total mixture and a volume fraction
0.5% in the final product.

.1. Materials and processing

Commercial powders of Zr: ∼98% purity (Ti-0.3%, Si-
.5%, Fe-0.2%, Ca-0.15%, Al-0.05%, H-0.2%), 2–10 �m (d50:
.52 �m) particle size (M/s Yashoda Special Metals, Hyderabad,
ndia), B4C: ∼99% purity, ∼10–20 �m (d50: 11 �m) particle
ize (M/s Boron Carbide India Ltd., Mumbai, India), Si: 99%
urity, ∼4 �m particle size (M/s Elkem, Germany), graphite:
ltra high purity (M/s Ultra carbon Corporation, USA) and Ni:
9.5% purity, ∼4 �m particle size (M/s INCO, United King-
om) have been used in the present study. The analysis report of
he B4C supplied by the manufacturer indicates B + C: >99%,
nd free carbon <1%, Fe: <0.2%, B2O3: <0.4%, Si: <0.091% for
he B4C powder. The required amounts of powders according
o ZBSC-1, ZBSC-2 and ZBCSC with 1 wt% Ni were mixed
n ethanol using a rotary ball mill with ZrO2 (8 mol% Y2O3)

illing media for 24 h in a plastic bottle and dried at ∼100 ◦C for
h. Selected compositions without Ni addition were also mixed.
he weight loss of the ZrO2 milling media after each mixing is
2 wt% indicating the incorporation of oxide impurity in the

tarting mixtures.
Since molten Si is likely to be squeezed out during RHP,

he dried powder mixtures were filled in a graphite crucible
ith one end closed. The powder mixture was encapsulated
y flexible graphite sheet to eliminate contact with the die and
lungers. The powder mixture assembly was placed in a graphite
ie of ID-30 mm and 80 mm height. The die/powder assembly
as placed in a vacuum hot press (M/s Materials Research Fur-
aces, Suncook, NH). After attaining a vacuum of 5 × 10−5 Torr,
eating was continued at different rates from 5 to 10 ◦C/min.
he RHP experiments were conducted in the temperature range
400–1600 ◦C for 30–60 min with Ni. The application of pres-
ure was initiated at 1200 ◦C and the required pressure of
0 MPa was reached in ∼25 min, held for the required time
nd released ∼10 min from the start of the cooling sequence.
he details of the RHP are given elsewhere.43,44 To understand

he progress of the reaction of Zr–B4C–Si powder mixtures,
xperiments have been conducted at temperatures in the range
000–1400 ◦C.
In addition, specifically to monitor the progress of conversion
f boron carbide, large particles of B4C were chosen (<74 �m,
/s Sigma–Aldrich, Germany) in the ZBSC-1 starting mixture

ccording to reaction (1). Typical experiments were conducted
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Table 1
Experimental conditions, phases formed and density of the ZrB2–SiC and ZrB2–ZrCx–SiC composites.

Sl. No. Experimental conditions (MPa/◦C/min) Phases Density (g/cm3)

ZBSC-1: 2Zr + B4C + Si → 2ZrB2 + SiC (25 vol%)
1 –/1000/5 (1 wt% Ni) ZrB2, ZrC, ZrSi, ZrSi2, Zr, B4C, Si 2.24
2 –/1200/2 (1 wt% Ni) ZrB2, SiC, ZrO2 2.34 (∼43% RD)
3 40/1400/2 (1 wt% Ni) ZrB2, SiC, ZrO2 3.66 (∼68% RD)
4 40/1400/30 (1 wt% Ni) ZrB2, SiC 4.28 (∼80% RD)
5 40/1400/30 (1 wt% Ni)a ZrB2, SiC 4.60 (85.4% RD)
6 40/1600/30 (1 wt% Ni) ZrB2, SiC 5.22 (∼97% RD)
7 40/1600/60 (1 wt% Ni) ZrB2, SiC 5.25 (97.5% RD)
8 40/1600/30 ZrB2, SiC, B4Cb 5.15
9 40/1600/60 ZrB2, SiC 5.22 (97.4% RD)

ZBSC-2: 2Zr + B4C + 1.26Si + 0.26C → 2ZrB2 + 1.26SiC (30 vol%)
10 40/1600/60 ZrB2, SiC 5.03 (96% RD)

ZBSC-1 (coarse B4C): 2Zr + B4C + Si → 2ZrB2 + SiC (25 vol%)
11 40/1400/30 (1 wt% Ni)a ZrB2, SiC, ZrO2, B4Cb 4.87
12 40/1600/30 (1 wt% Ni) ZrB2, SiC, B4Cb 5.04

ZBCSC: 2.5Zr + B4C + 0.65Si → 2ZrB2 + 0.5ZrCx + 0.65SiC (15 vol%)
13 40/1400/30 (1 wt% Ni)a ZrB2, ZrCx, SiC, ZrO2 4.67 (81.7% RD)
14 40/1600/30 (1 wt% Ni) ZrB2, ZrCx, SiC, ZrO2 5.55 (97% RD)
15 40/1600/30 ZrB , ZrC , SiC, ZrO 5.61 (98% RD)

00 ◦C

a
t

2

p
d
m
f
m
X
w
t
f
F
s
t
i
a

3

c
c
d
g

3

o

1
p
(
t
a
s
l
p
1
a
a

(
a
r
g
3
a
p
p
a
B
(
i
t
c
p

d

a Pressure initiated at 1000 ◦C and remaining samples pressure initiated at 12
b Observed under SEM, RD: relative density.

t 40 MPa and 1400/1600 ◦C for 30 min under conditions similar
o those mentioned above.

.2. Characterization of the composites

The top and bottom surfaces of reactively hot pressed com-
osites were ground and polished using SiC abrasive paper and
iamond paste down to 0.25 �m using an automatic polishing
achine (Ecomet 4000 with Automet 2000, M/s Buehler, USA)

ollowed by ultrasonic cleaning with acetone. The bulk density
easurements were performed using the Archimedes method.
-ray powder diffraction (Philips, Eindhoven, The Netherlands)
as used (Cu K� radiation) to identify the phases present in

he composites. Microstructural observations of polished sur-
aces were made using scanning electron microscopy (SEM,
EI-Sirion, Eindhoven, The Netherlands) with energy dispersive
pectroscopy (EDAX, super-ultra-thin window, Genesis Spec-
rum, Mahwah, NJ 07430, USA). The SiC content and porosity
n the composites reported has been measured through image
nalysis of the SEM micrographs by the line intercept method.

. Results

Initially, results on synthesis and densification of ZrB2–SiC
omposites will be presented, followed by ZrB2–ZrCx–SiC
omposites. The experimental conditions, phases formed and
ensities of the ZBSC-1, ZBSC-2 and ZBCSC composites are
iven in Table 1.
.1. ZrB2–SiC composites

X-ray diffraction (XRD) patterns of the polished surfaces
f the ZBSC-1 (ZrB2–SiC: 25 vol%) composites produced at

D
f
i
t

2 x 2

.

000–1600 ◦C with 1 wt% Ni are shown in Fig. 1. Starting
hases (Zr, Si and B4C) can be clearly seen after mixing for 24 h
Fig. 1A(a)). At 1000 ◦C for 5 min, the sample showed the forma-
ion of ZrB2, ZrC, ZrSi, ZrSi2 and ZrO2 phases with unreacted Zr
nd B4C (Fig. 1A(b)). The enlarged view of Fig. 1A(b) is shown
eparately in Fig. 1B. At 1200 ◦C for 2 min, the ZrC, ZrSi, ZrSi2
ines disappear and lines corresponding to ZrB2 and SiC (�)
hases with tiny peaks of ZrO2 were observed (Fig. 1A(c)). At
400/1600 ◦C the elimination of ZrO2 can be seen (Fig. 1A(d)
nd (e)). Thus, ZrB2 and SiC phases formed via reaction of ZrC
nd Zr–Si compounds with the remaining B4C at 1000–1200 ◦C.

The density of the composites increases from 4.28 g/cm3

80% RD) at 1400 ◦C for 30 min to 5.22 g/cm3 (97.2% RD)
t 1600 ◦C for 30 min and increase in holding time to 60 min
esulted in only a small increase in RD to ∼98%. SEM micro-
raphs of ZBSC-1 composites produced at 40 MPa, 1600 ◦C for
0 min with 1 wt% Ni and without Ni are shown in Fig. 2(a)
nd (b). The effect of Ni addition on final RD of the composite
roduced is marginal (Table 1 as well as the relative absence of
orosity in Fig. 2), however the composites produced without Ni
t 1600 ◦C for 30 min showed the presence of partially reacted
4C particles (Fig. 2(b) and (c)), while those held at longer time

60 min) did not show any B4C (Fig. 2(d)). Thus, the composite
s able to densify in the absence of Ni despite the presence of par-
ially reacted B4C; this is a point that may be seen with greater
larity when the results with coarse B4C (<74 �m) particles are
resented later in this paper.

Typical SEM micrographs of the ZBSC-1 composite pro-
uced at 1600 ◦C for 30 min with 1 wt% Ni are shown in Fig. 3.

istribution of ZrB2 and SiC phases are seen with no evidence

or any other phases (Fig. 3(a)). The EDS plot of the SiC regions
n the composite produced at 1600 ◦C (Fig. 3(c)) shows clearly
he presence of Ni, which may be seen in Fig. 3(b) as very fine
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Fig. 1. The X-ray diffraction patterns of the ZBSC-1 (25 vol% SiC) composites produced with 1 wt% Ni: (a) starting 2Zr–B C–Si powder mixture, (b) –/1000 ◦C
f a/160
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or 5 min, (c) –/1200 ◦C for 2 min, (d) 40 MPa/1400 ◦C for 2 min and (e) 40 MP
: B4C). The enlarged view of A(b) shown separately in B indicates the presen

articles. Also seen in the same figure are dark spots within
he SiC regions, which are due to pores. The estimated porosity
sing image analysis is ∼3%, which correlates well with the
easured RD (97%) of the composite. Thus, dense ZrB2–SiC

omposite can be produced at 1600 ◦C, which is ∼250 ◦C lower
han that reported33,34,36,37 for Zr/B4C/Si mixtures and ∼100 ◦C
ower than Zr–B–SiC–B4C,38 with elemental Zr, B and sub-

icron SiC (0.7 �m).
Typical SEM micrographs with EDS plot of the ZrB2–SiC

omposites produced at intermediate stages of the densification
rocess shown in Figs. 4 and 5 illustrate the phase evolution
uring RHP. The microstructure after 2 min at 1200 ◦C (without
ressure) shows a fine platelet microstructure (Fig. 4(a)) with

ateral dimensions that are less than 1 �m and a thickness of

0.1–0.2 �m. The EDS plot (Fig. 4(b)) showed the presence
f Zr–B–Si–C elements. Even though the XRD (Fig. 1A(d))
howed only ZrB2 and SiC phases, EDS analysis of the sam-

e
t
d
t

ig. 2. SEM micrographs of ZBSC-1 (25 vol% SiC) composites produced at 40 MPa
icrostructure with uniform distribution of SiC is observed in (a) and the partially reac
i, the completion of the reaction can be seen after holding for 60 min (d).
4

0 ◦C for 30 min (�: ZrB2, �: SiC, �: ZrC, �: ZrSi, �: ZrSi2, ©: Zr, �: Si and
ZrB2, ZrC, ZrSi and ZrSi2 phases.

le produced at 1400 ◦C shows regions of intermediate Si-rich
hases (Fig. 5(a) and (c)). As the inner core of Zr–Si and residual
, C react, the outer rim of ZrB2 (Fig. 5(b)) gradually thickens
hile a fine ZrB2–SiC forms in the middle of the composite.
In order to understand the reaction sequence better, compos-

te were prepared with coarse B4C (>74 �m) powder with which
he reaction does not proceed to completion at 40 MPa, 1400 ◦C
or 30 min even in the presence of Ni. As shown in Fig. 6(a),
espite the significant amount of unreacted B4C, densification
s substantially completed. The white regions in Fig. 6(a) cor-
espond to ZrO2 and the XRD patterns up to 1400 ◦C support
uch a conclusion. However, once the temperature is increased
o 1600 ◦C, the ZrO2 peaks disappear, presumably by carboth-

rmal reduction by B4C.16,38 Incidentally, it may be noted that
he presence of minor amount of oxide does not appear to affect
ensification, since the microstructure shown in Fig. 6 has lit-
le porosity, despite the partially reacted B4C. As is described

, 1600 ◦C (a) with 1 wt% Ni for 30 min, (b) without Ni for 30 min. The dense
ted B4C particles are seen in (b). The EDS Plot of B4C is shown in (c). Without
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ig. 3. SEM micrographs of ZBSC-1 (25 vol% SiC) composite produced at 40
rB2 and SiC, respectively. The pores (P) may be seen within the larger SiC reg
f Ni (c).

ater in the discussion, it is possible that the major part of the
arbon in a B4C particle is converted to a single SiC region. It is
ossible to test this hypothesis by assuming that the outer-most
ing of fine SiC corresponds to the original perimeter of the B4C
though this is probably a slight underestimate) and comparing
he areas of the section of the final SiC particle with that of the
riginal B4C. Such a comparison (Fig. 6(c)) yields a SiC: B4C
rea ratio of 0.43 ± 0.11.

Composite (ZBSC-2) made with extra Si and C to yield
0 vol% SiC show a marginally smaller final density of
.03 g/cm3 (96% RD) at 40 MPa, 1600 ◦C for 60 min. The SEM

icrograph of the composite (Fig. 7) shows a bi-modal distri-

ution of SiC and a measured porosity of ∼4% within the larger
iC agglomerates. The volume fractions of SiC in the ZBSC-
and ZBSC-2 composites are 25.5 ± 3.3% and 30.1 ± 5.4%,

T
c
R
i

ig. 4. SEM micrograph (a) of ZBSC-1 (25 vol% SiC) with 1 wt% Ni produced at 120
hases. The EDS plot (b) showed the presence of Zr–Si–B–C.
, 1600 ◦C for 30 min with 1 wt% Ni. The light grey and dark phases in (a) are
(b). The EDS plot of the light grey regions within the SiC showed the presence

espectively, and are in good agreement with calculated values
ccording to reaction (1) and (2).

.2. ZrB2–ZrCx–SiC composites (ZBCSC)

The XRD patterns of the composites produced at 1400 ◦C and
600 ◦C for 30 min are shown in Fig. 8. The observed phases
re ZrB2, ZrCx and SiC with small peaks of m-ZrO2 in both the
ases. The density of the composites increases from 4.67 g/cm3

81.7% RD) at 1400 ◦C to 5.55 g/cm3 (97% RD) at 1600 ◦C
Table 1), whereas without Ni resulted in ∼98% RD at 1600 ◦C.

hese results may be contrasted with earlier reports that indi-
ated that the densification of ZrB2–ZrC–SiC composites by
HP36 and SPS39,40 required temperatures above 1800 ◦C. Typ-

cal back-scattered electron image of the composite with 1 wt%

0 ◦C for 2 min showing the very fine plate-like microstructure of ZrB2 and SiC
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ig. 5. SEM micrographs of ZBSC-1 (25 vol% SiC) composite produced wit
orresponding EDS plots of the Si-rich regions revealing the presence of some

i is shown in Fig. 9. The volume % of SiC estimated in the com-

osite from image analysis is 16 ± 4. The micrograph shows the
ame pore distribution in the larger agglomerates of SiC as seen
arlier in ZBSC-1 and ZBSC-2. o

ig. 6. SEM micrographs of ZBSC-1 (25 vol% SiC) composite (B4C: >74 �m powder)
icrograph showed more partially reacted B4C particles. (b) ZrB2 regions in the for

f SiC ring around ZrB2 rim (R) around B4C particle. (d) The composite produced w
t% Ni at 40 MPa, 1400 ◦C: (a) after 2 min and (b) 30 min. (c) and (d) show
tially which disappears to yield pure SiC as time progresses.

. Discussion
We begin with a summary of the main findings, with emphasis
n aspects that diverge from some earlier reports.

produced with 1 wt% Ni at 40 MPa, 1400 ◦C for 30 min. (a) Lower magnification
mer B4C particle shown by arrows. (c) Progress of the reaction and formation
ith 1 wt% Ni at 1600 ◦C for 30 min showed the elimination of B4C and ZrO2.
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Fig. 7. SEM micrograph of the ZBSC-2 (30 vol% SiC) composite produced at
40 MPa, 1600 ◦C for 60 min shows the distribution of SiC within which pores
are observed (P).

Fig. 8. The X-ray diffraction patterns of the ZBCSC composites produced with
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wt% Ni: (a) starting 2.5Zr–B4C–0.65Si powder mixture, (b) 40 MPa, 1400 C
or 30 min, and (c) 40 MPa, 1600 ◦C for 30 min (�: ZrB2, �: SiC, � : ZrCx, �:
rO2, ©: Zr, �: Si and ♦: B4C).

.1. Reaction of Zr–B4C–Si powder mixtures

Firstly, it is clear that the process of reaction of Zr–B4C–Si to

orm dense ZrB2–SiC composites does not intrinsically depend
n the presence of Ni. The driving force for solid-state exchange
eactions arises from the formation of thermodynamically stable
nal products. A possible sequence of steps resulting in reac-

ig. 9. Back scattered electron SEM image of the ZBCSC composite produced
t 40 MPa, 1600 ◦C for 30 min with 1 wt% Ni showing the ZrB2, ZrCx and SiC
hases.
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ion (1) is similar to that reported earlier in the Hf–Si–B4C35

nd ZrH2–Si–B4C37 systems. The present XRD analysis of the
amples after processing at 1000 ◦C and 1200 ◦C helps to trace
possible sequence of steps that lead to reaction (1).

At 1000 ◦C, the following reactions are envisaged:

Zr + B4C → 2ZrB2 + ZrC (4)

Zr + ySi → ZrxSiy (5)

here ‘x’ is 1 and ‘y’ is either 1 or 2 for ZrSi or ZrSi2.
At 1200 ◦C,

ZrC + 3Si + B4C → 2ZrB2 + 3SiC (6)

rC + ZrSi + B4C + Si → 2ZrB2 + 2SiC (7)

rC + ZrSi2 + B4C → 2ZrB2 + 2SiC (8)

Reactions between Zr and B4C, and Zr and Si (Fig. 1B
nd reactions (4) and (5)) readily take place at temperatures
800–1200 ◦C owing to the high driving forces and large diffu-

ivities of species in Zr. In addition, because Zr is a ductile phase,
ne may readily envisage the formation of B4C–Zr and Si–Zr
nterfaces during ball milling. In contrast, Si and B4C are both
rittle and direct reaction between them to form SiC also neces-
itates the formation of Si-borides which requires much higher
emperature. Recent report on addition of TiSi2 (0–10 wt%) to
iB2 and Gibbs free energy calculation for forming Ti5Si3 and
iB6 showed that this reaction was thermodynamically not fea-
ible below the sintering temperature of 1645 ◦C.45 At 1200 ◦C
fter 2 min, the formation of ZrB2 and SiC (Fig. 1A(c)), are
n agreement with a similar observation made during reactive
intering at 1150 ◦C for 2 h.35,37

The formation of ZrO2 at temperature up to 1400 ◦C and
isappearance (reduction) once the temperature is increased to
600 ◦C may be described by the following reactions:

Zr + B2O3(l) + 2C → ZrB2 + ZrC + ZrO2 + CO(g) (9)

ZrO2 + Si + B4C + 4C → 2ZrB2 + SiC + 4CO(g) (10)

The free carbon present in the starting B4C material (1%)
ay be helpful for the surface reduction of oxides.

.2. Microstructural analysis

The intermediate stages of dissolution of particles include
he formation of a rim that is rich in SiC with fine interspersed
articles of ZrB2, while the majority of the ZrB2 forms an inter-
onnected matrix. As the reaction progresses into the B4C, the
atrix continues to coarsen through transport of the newly gen-

rated ZrB2, presumably by transport through high diffusivity
aths in the SiC (Fig. 6(b)) that are, as yet, not known, involving
liquid phase. This growth of the boride matrix periodically

solates SiC regions which appear as concentric rings of diame-
er ∼5–10 �m around the remaining B4C. The final result is the

ccurrence of a core of SiC, smaller than the size of the original
4C, and almost entirely devoid of ZrB2 (regions R in Fig. 6

c)). Conversion of a B4C particle to SiC by conservation of car-
on yields a volume ratio of SiC: B4C of 0.57, which compares
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avourably with the experimental value of 0.43 ± 0.11. Once
he temperature is increased to 1600 ◦C, the reaction completes
o form clusters of SiC surrounded by ZrB2 (Fig. 6(d)). These
ntermediate stages are not easily discerned in the composites

ade with fine B4C (10–20 �m) in which the reaction proceeds
o completion (Fig. 5).

The microstructural analysis helps in proposing the reaction
echanism as follows. As the reaction progresses, the matrix

ontinues to coarsen through newly generated ZrB2 presumably
y transport through high diffusivity paths in the SiC. This path
ay involve a liquid phase and it is difficult to imagine how

olid-state diffusivity in ZrB2 and SiC could sustain coarsen-
ng at such low temperatures. The reactions between Zr and

4C and between Zr and Si are the ones that are expected to
tart first at 1000 ◦C, as shown by others37,41 at temperatures
s low as 600 ◦C38 at which all phases are expected to be in
olid state. In the present case, the presence of transient ZrC
nd Zr–Si intermetallics at 1000 ◦C in the ZBSC-1 composite
upports such a conclusion. Subsequent conversion of ZrC and
r–Si intermetallics to the final product appears to occur through
mechanism wherein B4C particles are replaced by a fine mix-

ure of product phases (ZrB2–SiC) from which the ZrB2 is able
o continuously attach itself to the matrix, leaving behind a SiC
egion that is relatively free of ZrB2. Such a coarsening sequence
mplies the existence of rapid diffusion paths for Zr and B and
hich are most likely to be due to a liquid.

.3. Densification of the composites

The final densities of the composites produced with and with-
ut Ni after 60 min are similar (Fig. 2(a), (d) and Table 1). A
imilar conclusion holds for the reaction: Ni helps to accel-
rate the reaction, but a slightly longer time can achieve a
imilar result without Ni. The densification is similarly inde-
endent of the reaction as seen in the fact that the composites
ade with coarse B4C (Fig. 6) display little porosity but a sig-

ificant volume fraction of partially reacted B4C. These two
spects suggest that the features that drive densification must
ie elsewhere in the properties of the matrix that is created
uring the reaction. In particular, the insensitivity of densifi-
ation to B4C particle size suggests that heat evolution during
eaction also does not contribute significantly to promoting den-
ification. The sample dimensions, thermal conductivity of the
hases and the fact that reaction between Zr and B4C begins at
600–800 ◦C and is not complete even at 1000 ◦C, together sug-

est that adiabatic effects are not significant. Similar behaviour
as observed in an earlier work43 on RHP of Zr–B4C mix-

ures in which it was shown that the absence of Ni only led
o marginally larger levels of porosity and greater amounts of
etained B4C.

We infer from these observations that the formation of a fine
rained ZrB2–ZrC matrix is the key step that aids densifica-
ion, particularly during the transient heating stage, even in the

i-containing materials (note that even in the ZrB2–SiC com-
osites, ZrC is formed initially as shown in Fig. 1B). Within
his matrix, the role of ZrC assumes some importance since
t is well known that the flow stresses and diffusion coef-

I
O
p
a
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cients in transition metal carbides of ZrC and TiC drops
ignificantly with temperature, particularly in the presence of
on-stoichiometry, as has been demonstrated in deformation
nd densification experiments elsewhere.43,46,47 A second fac-
or that is likely to lead to enhanced densification is the fine
rained microstructure that results from the reaction as illus-
rated in Fig. 4 showing platelets and particles of ZrB2 and
iC of ∼0.3 ± 0.15 �m. Early stages of densification in Zr–B4C
ixtures at 1000 ◦C have shown microstructures with a length

cale of 50 nm.43 Since grain boundary diffusion processes lead
o sintering rates that scale with r4, where ‘r’ is a grain size,
ubstantial enhancements in sintering rates may be expected
rom the microstructural refinement in reactively processed
aterials such as shown here or elsewhere38 compared with

hose that are seen when powders of ∼few �m are used, as in
ressureless sintering or in hot pressing at elevated tempera-
ures.

At higher temperatures (>1200 ◦C), after the equilibrium
hases have formed and ZrC is no longer present, a further fac-
or that can contribute to densification is the presence of liquid
hases: Zr–Si displays a eutectic at ∼1370 ◦C48 and, indeed,
uring the present densification experiments, it is possible to
bserve a sudden increase in the hot press ram displacement at
1330 ◦C, which is close to the onset of melting in the Zr–Si

inary.
The use of ZrB2-based materials at high temperatures

equires elimination of low melting phases. In this connection,
t is worth noting that slightly longer processing times eliminate
he need for Ni as observed in Fig. 2. However, we believe that
ven if Ni used, the small volume fractions (∼0.5%) remaining
s elemental metal unlikely to pose a problem.

. Conclusions

Reactive hot pressing can be used to densify ZrB2–SiC and
rB2–ZrC–SiC composites at temperature as low as 1600 ◦C to
ield ∼97–98% RD with or without Ni. Intermediate phases of
rC and Zr–Si compounds precede the formation of the final
roducts. Tailoring of the reaction mixture allows the SiC con-
ent to be increased to 30 vol% in ZrB2–SiC composite with 96%
D. The densification appears to be driven partly by the presence
f a transient ZrC phase and the fine sub-micron grain structure
eveloped during the early stage of reaction. Additional factors
hat may help complete densification and induce coarsening at
emperatures beyond 1350 ◦C include a transient liquid phase
ased on the Zr–Si eutectic. Nickel addition is not essential for
ensification.
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