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a  b  s  t  r  a  c  t

Tungsten–zirconium  carbide  composites  were  fabricated  at different  temperatures  by  the displacive
compensation  of  porosity  (DCP)  method,  the  microstructure,  mechanical  properties,  and  ablation  resis-
tance were  investigated.  It was found  that  no  WC  phase  was  left in  the  composites  prepared  at  1400 ◦C,
and  a few  residual  W2C particles  were  surrounded  in W  product.  Microstructure  analyses  revealed  that
zirconium atoms  diffused  into  tungsten  carbide  to  form  ZrC  and  W Zr  besides  carbon  diffused  into  the
eywords:
–ZrC composites
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Zr2Cu  melt.  Composites  fabricated  at 1400 ◦C  had  a  flexural  strength  of  356.7  ± 15.2  MPa,  an elastic  mod-
ulus  of  193.7  ± 9.8 GPa,  a fracture  toughness  of  7.0  ± 0.7  MPa  m1/2, and  a hardness  of  13.6  ±  0.7  GPa.  After
ablated  by  an  oxyacetylene  flame  for 30 s, the higher  temperature  prepared  composites  had  a better
ablation  resistance,  the  linear  ablation  rate  was  0.0033  ± 0.0004  mm/s,  and  the  mass  ablation  rate  was
0.0012  ±  0.0001  g/s.
blation resistance

. Introduction

Tungsten, due to its high melting point, high strength, high
hermal conductivity, and low thermal expansion coefficient,
s attractive for aerospace applications, such as rocket noz-
les and re-entry components [1–4]. Zirconium carbide, for its
xtremely high melting temperature (3540 ◦C), relatively low
ensity (�[ZrC] = 6.63 g/cm3, one third of �[W]), good ablation
esistance [4–6], and being consistent with tungsten [7,8], has been
ntroduced into the refractory metal [4,6,7].  Furthermore, compos-
tes of these two materials can improve the flexural strength of
ungsten and the fracture toughness of zirconium carbide at ele-
ated temperature [9,10].

The tungsten–zirconium carbide composites have been pro-
uced with tungsten and ZrC powders by hot pressing [4,6,9–12],
he composites had superior elevated temperature strength, higher
lastic modulus, lower density, and lower conductivity compared
ith the monolithic tungsten, the interdiffusion of Zr and W to

orm (Zr,W)C solid solution was beneficial to achieving good bond
trength of the W/ZrC interface [9].  W–ZrC composites were also
roduced via in situ reaction sintering by Zhang et al. [13]. In this
rocess, a solid-state reaction between ZrO2 and WC  was  used, and

rC powder was added to adjust the microstructure. Recently, a
ovel method for preparation the composites, known as the dis-
lacive compensation of porosity (DCP) method, was  developed by
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Dickerson and Sandhage et al. [7,14–16]. The DCP method, in which
a molten Zr2Cu alloy infiltrated into and then reacted with a porous
WC perform at modest temperatures, was effective and promising
for fabricating ZrC/W composites. Zhao studied the wetting of WC
by molten Zr2Cu [17], Amadeh investigated the infiltration param-
eters on composition of the composites [18], and Lipke fabricated
W–ZrC composites with complex geometries using this method
[19].

However, there is little information available on the properties
of the W–ZrC composites prepared by the DCP method, making
such an investigation is necessary and valuable. In this work, we
focus on the microstructure, mechanical properties, and ablation
resistance of the W–ZrC composites.

2. Experimental procedure

2.1. Raw materials

The porous rigid preforms were prepared with the following commercial mate-
rials: WC powder (D50 = 0.45 �m,  purity: 99.9%, Xiamen Golden Egret Special Alloy
Co., Ltd., China), polycarbosilane (PCS, average molecular weight: 1300, soften
point: 210 ◦C, National University of Defence Technology, China). The WC  powder,
together with 3 wt.% PCS were mixed in a polypropylene bottle using WC balls and
xylene as the grinding media for 2 h. The mixed materials were dried in a plate
(400 mm × 300 mm)  at room temperature and then granulated using a 100 mesh
sieve. The granules were die-pressed at a peak stress of 20 MPa for 5 min to form
bars  (40 mm × 35 mm × 3.5 mm). The green bars were heated to 1200 ◦C for 0.5 h in

flowing Ar (purity: 99.999%) and then cooled spontaneously to room temperature,
the  heating rate was  20 ◦C/min.

The commercial Zr2Cu ingots (purity: 99.6%, Hunan Rare Earth Metal & Material
Institute, Hunan, China), were used as the reactive infiltrant. Zr2Cu ingots were pre-
pared with spongy Zr pieces (purity: 99.6%) and copper cylinders (purity: 99.99%)

dx.doi.org/10.1016/j.jallcom.2011.05.105
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. XRD patterns of the resulting composites prepared at different temperatures.

y  arc melting. To allow for homogenization, each ingot was  flipped and remelted
hree times.

.2. Preparation of W–ZrC composites

Before reactive melt infiltration, pieces of the solid Zr2Cu ingot were placed on
op of the WC preforms within a flat-bottomed graphite crucible (purity: 99.995%,
70 mm × 40 mm).  The molar ratio of Zr2Cu:WC used in each experiment was  2–3:1.

he furnace atmosphere was  a mild vacuum about 20 Pa for all temperatures. The
r2Cu-covered preforms were heated to high temperatures for 2 h at 10 ◦C/min and
hen cooled spontaneously to room temperature.

Fig. 3. The BSE images of composites prepared at different temperatures: (a) 1200 ◦C
and  (b) 1400 ◦C.

Fig. 2. The backscattered electron image with corresponding EDS analyses on different phases in the composites prepared at 1400 ◦C.
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ig. 4. (a) TEM micrograph of the composite prepared at 1400 ◦C. (b) EDS analyses
1)–(4)  in (a), respectively.

.3. Evaluation of the microstructure and properties of the composites
A  Rigaku X-Ray Diffractometer was used to carry out X-ray diffraction analysis
f  the polished cross sections perpendicular to the growth direction. The scanning
ate was  chosen as 4 ◦/min. Backscattered electron images of polished cross
ections were obtained with Quanta-200, and secondary electron images were
btained with a S4800 FE-SEM. EDAX was performed to determine chemical
e four parts in the TEM graph. (c)–(f) Selected diffraction patterns relative to part

composition. The TEM sample was prepared by grinding a bulk sample to about
80  �m in thickness and then a 3 mm diameter disc was cut out. The disc was

subsequently dimpled and ion milled. Images and selected area electron diffrac-
tion  (SAED) patterns were obtained with a transmission electron microscope
(TEM; JEOL, Tokyo, Japan; JEM-2010F). Image analysis was  conducted to deter-
mine the composite phase content (ImageJ 1.42q, National Institutes of Health,
Bethesda, MD).
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Fig. 5. Fracture surface of W–ZrC composites prepar

Flexural strength was measured using a three-point-bending test on five spec-
mens of 3.0 mm × 4.0 mm × 40 mm with 30 mm span and a crosshead speed of
.5 mm/min. Elastic modulus was calculated by the bending method based on the
hinese Standard GB/T 10700-2006. Fracture toughness was  evaluated by a single-
dge notched-beam test with a 24 mm span and a crosshead speed of 0.05 mm/min,
hree samples were tested. The test bars, 3.0 mm × 6.0 mm × 40 mm,  were notched
y electromachining with a 0.2-mm-diameter Mo  line. The notches were about
.2  mm in width and 3.0 mm in depth. All samples were gotten by the electric
ischarge machining, ground, polished with a series of diamond pastes to a sur-
ace finish of 0.5 �m,  and bevelled the edges. Microhardness was determined on
moothly polished surfaces using Vickers indentation at a load of 1 kg and a dwell
ime  of 15 s, the reported hardness values were the average of five indentation

easurements.
The ablation properties were tested using an oxyacetylene flame in a self-made

acility according to GJB323A-96 Ablation Standard. The pressures of oxygen and
cetylene were 0.4 MPa  and 0.095 MPa, respectively. The ablation gun with a gun-
oint diameter of 2 mm was  ignited firstly, the flux of acetylene and oxygen were
urned to 1.116 m3/h and 1.512 m3/h, respectively. The ablation gun was then moved
erpendicular to the sample surface. The distance between the tip of the gun and the
op  of the sample was  10 mm.  The exposure time under the torch flame was 30 s.
he  heat flux was  calculated from the heat absorbed by water flowing through a
alorimeter and the value was 4152.9 kW/m2. At least three samples with a dimen-
ion  of 30 mm × 30 mm × 4 mm were examined in each test. The linear ablation rate
nd the mass ablation rate were calculated by the thickness change and the weight
hange before and after the test for each sample [6].

. Results and discussion

.1. Microstructure

Two composites have been prepared at different temperatures,
RD patterns are shown in Fig. 1. Peaks of tungsten and zirconium
arbide were observed in both the two diffractions. There was  WC
eft in composites prepared at 1200 ◦C, while the process temper-
ture increased to 1400 ◦C, the residual WC grains reacted to form

2C [20]. The comparison of peak intensity has been used to deter-
ine the crystalline texture [21,22]. Compared with the two  XRD

atterns, the peak intensities of the ZrC products had no obvious
ifference, the intensities of W(1  1 0) were about the same, but the
ap of peak intensity of W(2  0 0) was bigger than that of W(2  1 1).
he differences indicated that the degrees of crystallization of the
hree crystal faces might be differently sensitive to the tempera-
ure. The preferred crystallization face was W(1  1 0) in which there
ere the densest atoms, the W(2  0 0) crystal face grew better at last
ith the process temperature increased. The different sensitivity
ight be ascribed to the different density of atoms in each crys-

al face. Diffraction angles of all crystal faces were shifted to lower
ngle positions when the temperature increased, which means the

attice parameters of W and ZrC increased, and there were some
ther atoms solved in W and ZrC grains.

The backscattered electron image and EDS analysis of polished
ross-sections of the composites prepared at 1400 ◦C are shown in
different temperatures: (a) 1200 ◦C and (b) 1400 ◦C.

Fig. 2. Combined with the EDS analysis and the XRD patterns, the
brightest parts were ascribed as the tungsten phase, the dark parts
were ZrC phase, and the gaps between W grains and ZrC grains
were filled with the residual Zr–Cu alloy (grey parts). The W phase
was discontinuous, which came from the raw WC  powder and was
different from the continuous W matrix in the hot-pressed W–ZrC
composites reported by Roosta and Zhang [8,10].  The size of the W
particles was  about 1–4 �m,  and there should be about 19% volume
decrease theoretically when 1 mol  WC reacted to form 1 mol W.
Because carbon atoms in the ZrC product also came from the raw
WC material, the ZrC grains surrounded the W phase. The carbide
appeared in regular polygons, which means that each ZrC particle
was a single crystal, and it can play an important role in strength-
ening. The W particles and ZrC particles were found distributing
asymmetrically, the reason was that small particles got together
and grew up for long time heating.

The composites prepared at different temperatures were com-
pared in Fig. 3. The contrast in the micrographs was intentionally
changed to better show the residual tungsten carbide. It was found
that the residual reactant was  a grey core surrounded by a relatively
bright coating. After the interface reaction, the unreacted WC par-
ticle was surrounded by the W layer, subsequently carbon atoms in
the core diffused out in the further reaction [16,19]. When the tem-
perature increased, the diffusion became easier, and there should
be fewer remnants. Image analysis revealed that there was about
18.1 vol.% residual reactant in the composites prepared at 1200 ◦C,
and the value was much smaller (about 6.9 vol.%) in the composites
prepared at 1400 ◦C.

Composites fabricated at 1400 ◦C were examined with TEM. The
EDS analysis revealed that there were W,  Zr, Cu, C elements in
part (1), the diffraction pattern indicated tungsten was the main
phase, and W2C, W2Zr, and ZrC were present in the W grain.
The composition indicated that there might be another reaction
mechanism that zirconium atoms had diffused into the WC  par-
ticle besides carbon atoms diffused out. The diffraction pattern in
Fig. 4(e) showed that there were some Cu atoms dissolved in the ZrC
grain, and nano scale inclusions were also found in the grain, which
has been found by Zou et al. [23]. Meanwhile, Fig. 4(d) revealed
that part (2) was  a pure ZrC grain. The C/Zr ratio in part (3) was
much lower than that in part (2) from the EDS analyses, and the
size was smaller, so the ZrC in part (3) was  carbon-deficient and
newly formed [24], its growth could be understood from the com-
parison of the two parts. When carbon atoms diffused into the
Zr–Cu melt, they bonded with Zr atoms to form ZrCx, and cop-

per atoms took up the lacunas in the unsaturated ZrCx grains.
Carbon atoms in ZrCx became saturated with the reaction time
prolonged, and copper was extruded out at the same time. After
the reaction finished, most copper was expelled out of the body
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Table  1
The mechanical properties of W–ZrC composites prepared by the DCP method.

Infiltration temperature (◦C) Flexural strength (MPa) Elastic modulus (GPa) Fracture toughness (MPa m1/2) Vickers hardness (GPa)

15.9 5.3 ± 1.1 8.6 ± 0.4
9.8 7.0 ± 0.7 13.6 ± 0.7

[
W

3

t
p
p
o
t
t
h
t
p
p
h
b
t
p

F
a

1200 288.4 ± 12.3 179.9 ± 

1400 356.7 ±  15.2 193.7 ± 

15,19], a litter alloy (part (4)) was left because it was  surrounded by
 and ZrC.

.2. Mechanical properties and fracture characteristics

Mechanical properties of the W–ZrC composites prepared by
he DCP method were listed in Table 1. Compared with the com-
osites prepared by hot pressing and reactive sintering [9,13],  the
roperties were not very good. One reason was that the content
f tungsten was much smaller, the maximum content was  38 vol.%
heoretically when all WC powder reacted to form W and ZrC, while
he content was at least 60 vol.% in the composites prepared by
ot pressing or reactive sintering. The other reason was  that the
ungsten phase distributed in isolated particles, while the tungsten
owder was sintered together in the composites prepared by hot
ressing and reactive sintering. Composites fabricated at 1400 ◦C

ad better properties than the ones prepared at 1200 ◦C, this could
e explained by the differences in the microstructure between the
wo composites. The composites prepared at 1200 ◦C had more WC
articles left, the particles were stuck together by the pyrolysates

Fig. 6. Crack paths during the fracture toughness measurement of W–ZrC compos-
ites prepared at 1400 ◦C.

ig. 7. Morphologies of the ablated W–ZrC composites prepared at 1400 ◦C: optical images of the sample before (a) and after (b) ablation; SEM micrographs relative to A (c)
nd  B (d) in (b).
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Table 2
The ablation properties of W–ZrC composites prepared at different temperatures by
the  DCP method.

Infiltration
temperature (◦C)

Linear ablation
rates (mm/s)

Mass ablation
rates (g/s)

o
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e

c
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o
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[

[

[

[

[
[

[

[
[
[

[

[

[

1200 0.0087 ± 0.0006 0.0013 ± 0.0002
1400 0.0033 ± 0.0004 0.0012 ± 0.0001

f PCS (Fig. 3(a)), so there were more bugs in the composites.
nother reason was that there were more tungsten particles sin-

ered together in the higher temperature prepared composites
Fig. 3(b)), this may  be beneficial to improve the mechanical prop-
rties.

The fracture surface of composites fabricated at 1200 ◦C was
oarser than that of the composites prepared at 1400 ◦C (Fig. 5).
he fracture mode was different in the two composites, it was inter-
ranular in the low temperature fabricated composites, while the
rocessing temperature increased, the interface binding strength

ncreased, the fracture mode translated to be transgranular. The
rack path is shown in Fig. 6. All were short cracks, and distributed
n the residual alloy. The extending of the cracks was stuck by the

 grains and was deflected by the ZrC grains, the zigzag feature
f the cracks was beneficial to the improvement of the toughness
10].

.3. Ablation resistance

Since the composites are used to produce high temperature
omponents, in which ablation is the main cause of material fail-
re, the oxyacetylene flame ablation test was done to estimate the
esistance. The ablation properties are listed in Table 2. The lin-
ar and mass ablation rates were obtained by the dimension and
eight change per second of the samples before and after ablation

est. As can be seen, composites prepared at 1400 ◦C had a better
blation resistance.

The macrographic pictures of the composite prepared at 1400 ◦C
efore and after ablation are shown in Fig. 7. The ablated sur-
ace with a light green layer showed two different parts (A and B)
hich were magnified in Fig. 7(c) and (d). During the ablation pro-

ess, ZrC would react with oxygen in the flowing gas to form ZrO2
25,26],  dense ZrO2 layer were found at the brim region which could
nhance the ablation resistance. When it cooled down, ZrO2 trans-
ormed from tetragonal phase to monoclinic phase, which leaded
o a large volume change. At the center of the ablated sample, ZrO2
palled off the surface for this reason.
. Conclusions

W–ZrC composites were fabricated at 1200 ◦C and 1400 ◦C by
he displacive compensation of porosity (DCP) method. Compos-

[

[
[
[

mpounds 509 (2011) 8327– 8332

ites prepared at 1400 ◦C had no WC left, only a few W2C was  found
to be surrounded by the tungsten. Besides carbon atoms diffused
out, zirconium atoms in the melt have diffused into the WC  grains
to form ZrC and W2Zr. Composites prepared at 1400 ◦C had better
mechanical properties and ablation resistance. They had a flexural
strength of 356.7 ± 15.2 MPa, an elastic modulus of 193.7 ± 9.8 GPa,
a fracture toughness of 7.0 ± 0.7 MPa  m1/2, and a Vickers hardness of
13.6 ± 0.7 GPa. After the composites were ablated by an oxyacety-
lene flame for 30 s, the higher temperature prepared composites
had a better linear ablation rate of 0.0033 ± 0.0004 mm/s and a
better mass ablation rate of 0.0012 ± 0.0001 g/s.
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