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bstract

he microstructural development of a carbon fibre reinforced ZrC matrix composite, Cf/ZrC, manufactured by reactive melt infiltration (RMI) was
nvestigated. The microstructural features of the composite were revealed by optical microscopy (OM), X-ray diffraction (XRD), scanning electron

icroscopy (SEM), and transmission electron microscopy (TEM). It was found that the carbon fibre bundles are surrounded by continuous ZrC

ayers, while the composite matrix is composed of island-like ZrC particles dispersed within an �-Zr–ZrC eutectic phase. Nanosized inclusions
ere found inside some ZrC particles and it was demonstrated that they were �-Zr or �-Zr–ZrC. A formation mechanism of the unique matrix
icrostructure is proposed.
2009 Published by Elsevier Ltd.
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. Introduction

New and innovative structural materials capable of pro-
onged operation in oxidizing environments at temperatures
bove 2000 ◦C are required for future space systems.1 For exam-
le, sharp leading edges and nose tips of advanced hypersonic
nd space vehicles will have to withstand exposure to high tem-
eratures (>2200 ◦C) and severe thermal cycling in both neutral
nd oxidizing environments. The combustion temperature of a
iquid bipropellant rocket engine used for placing satellites in
rbit and planetary exploration will reach close to 3000 ◦C. The
xtreme operational conditions encountered for hypersonic and
pace vehicles as well as rocket propulsion systems present a
reat challenge to the development of ultra high temperature
aterials.
The most widely studied ultra high temperature materials

UHTMs) are refractory borides, nitrides and carbides. Among

hese ultrahigh temperature ceramics, ZrC possesses a melting
oint as high as 3540 ◦C and is one of the most promising candi-
ates for ultra-high temperature applications due to the 2700 ◦C
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∼4900 ◦F) melting point of its protective zirconia (ZrO2) layer.
he oxidation resistance of ZrC is comparable to that of hafnium
arbide, HfC, and the density of ZrC (6.73 g/cm3) is about half
hat of HfC (12.2 g/cm3). However, ZrC ceramics are brittle and
isplay little to no plasticity within a broad temperature range.
s a result, the incorporation of fibres is needed to improve

he fracture resistance and damage tolerance of ZrC. Various
pproaches such as chemical vapor infiltration (CVI), hot press-
ng, spark plasma sintering (SPS), RMI, etc. can be used to
abricate fibre-reinforced ZrC composites. CVI is a lengthy
nd expensive manufacturing process for ceramic matrix com-
osites (CMCs). Additionally, it is very difficult to fabricate a
ully dense CMC. Hot pressing or SPS of fibre/powder stacks
s another technique for consolidating ZrC-based composites.
owever, both hot pressing and SPS are also extremely costly
ue to the high pressures and temperatures involved, and it is vir-
ually impossible to fabricate complex geometries using these
echniques. As a result, both CVI and hot pressing/SPS are not
ractical manufacturing processes for ZrC-based composites.
ecause of these challenges, limited efforts have been made
o develop a ZrC-based composite for ultrahigh temperature
ero-structures.

Reactive melt infiltration/reaction (RMI) has been demon-
trated as a rapid and low-cost manufacturing process

mailto:linhua_zou@hotmail.edu
dx.doi.org/10.1016/j.jeurceramsoc.2009.10.016
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Microstructural characterization was conducted to analyze
the different phases of the Cf/ZrC composite. The work included
studying phase morphologies and determining the overall for-
mation mechanism of the microstructure. A representative area
528 L. Zou et al. / Journal of the Europea

or structural components made of carbon/silicon carbide
omposites.2–7 However, carbon/zirconium carbide composites
abricated by RMI still have not been reported so far. RMI can
e used when one of the ceramic matrix elements possesses a
elatively low melting point and readily wets the fibres. Ideally,
n RMI all available macroscopic porosities (i.e. the porosity
etween fibre laminates and tows) are rapidly filled to yield
dense, uniformly infiltrated composite. Furthermore, compo-
ents with complex geometries, such as sharp leading edges and
ocket engine combustion chambers, can be fabricated easily by
MI.

In this study, the microstructural development of a Cf/ZrC
omposite manufactured by RMI was studied based on
icrostructural analysis, with focus especially on the matrix.
microstructural formation mechanism is proposed.

. Experimental

.1. Materials

The carbon fibre reinforced ZrC composite was fabricated
y Ultramet (Pacoima, CA, USA) using RMI. A high strength
arbon fibre, T700S (Toray, Japan) was selected. In the first
rocessing step, a carbon fibre preform was coated with the
esired interface. The coated fibres were then woven into a two-
imensional fabric preform. Next, a controlled level of carbon
as rapidly deposited onto the preform using CVD to form
porous C/C skeleton. Molten zirconium then infiltrated the

orous preform by wicking action. The molten metal was drawn
long the carbon fibre tows by capillary forces, where it reacted
ith the previously deposited carbon to form the ZrC matrix.

.2. Microstructural characterization

The microstructural features of the melt infiltrated composite
ere thoroughly analyzed using various techniques, including
-ray diffraction (XRD), scanning electron microscopy (SEM)

nd transmission electron microscopy (TEM).
Optical images were taken using a Nikon 9600 light opti-

al microscope with Q Capture software for image acquisition.
ross-sectional view and top view samples were polished to
.05 �m for observation. Sample etching was performed with a
naxis SLR770 ICP Minispec system in flowing Cl2. The recipe

dopted contained 50 vol% BCl3, 10 vol% Ar, and 40 vol% Cl2.
A Panalytical X’Pert Pro X-ray Powder Diffractometer was

sed to carry out X-ray diffraction analysis using a Cu tar-
et. Voltage was set as 45 kV, current 40 mA, and a X’celerator
TMS Scanning Detector was used. X’pert highscore software
as used to identify each peak.
SEM images were obtained with a LEO 1550VP FE-SEM

ith Smart SEM software. EDAX was performed using INCA
oftware for the LEO 1550VP to determine chemical composi-
ion.
Several TEM samples from within ZrC particles were pre-
ared by a focused ion beam (FIB). Conventional methods were
lso used to prepare matrix area samples. TEM samples were
repared by grinding a bulk sample to ∼50 �m in thickness
ig. 1. SEM micrograph of the polished cross section surface of the Cf/ZrC
omposite with labeled microstructural sites of interest.

nd then a 3 mm diameter disc was cut out. The disc was sub-
equently dimpled and ion milled. Images and selected area
lectron diffraction (SAED) patterns were obtained with a JEOL
00CX and a FEI PHILIPS-CM300 TEM.

. Results

.1. General microstructural features of the Cf/ZrC
omposite
Fig. 2. XRD pattern of the Cf/ZrC composite.
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ig. 3. Micrographs of the eutectic phase in the Cf/ZrC composite after plasma

f the composite is shown in Fig. 1. Shown are carbon fibre
undles surrounded by continuous layers, the fibre coatings that
ad been deposited before processing, and island-like particles
istributed throughout a continuous phase in the matrix. X-ray
iffraction results (Fig. 2) of both cross-sectional and top-view
amples show that there exist three phases in the Cf/ZrC com-
osite: carbon, zirconium carbide and alpha zirconium, where
he zirconium phase is residual Zr metal.

The formation of the eutectic phase is confirmed by
icroscopy studies. As shown in Fig. 3, both optical microscope

nd SEM micrographs indicate that the continuous matrix phase
mong ZrC particles possesses a layered structure characteristic
f a eutectic. XRD patterns and EDAX analysis further con-
rmed that this was the Zr–ZrC eutectic phase, while both the

island-like” particles and the continuous layers around the car-
on fibre bundles were identified as ZrC (Fig. 4). In addition to
r and C peaks, the EDAX analysis also detected the presence
f the elements B, O and Al, which are most likely due to sample

Z
e

Fig. 4. The SEM micrographs with corresponding EDAX analysis on diff
ng for 8 min. (a) Optical micrograph and (b) SEM secondary electron image.

reparation. SEM analysis also revealed the presence of many
mall white features inside some ZrC grains. More studies were
arried out on a fully plasma etched sample to characterize the
nner microstructure of some of these interesting ZrC grains.

Analysis of the plasma etched sample shows that
hese interesting features possess unique morphologies. The

icrostructure of the ZrC grains before and after plasma etching
hows that these white inclusions are easily etched away, leav-
ng pores in their place (Fig. 5b). The inclusions are ellipsoidal
ith nano-scale diameters and large aspect ratios. After etching

he depressions left behind are large holes with microscopically
ough surfaces (Fig. 5a). These inclusions merited further study.

.2. TEM studies of ZrC particles in the composite matrix
TEM analysis was conducted on a sample prepared from a
rC particle about 20 �m across, containing inclusions of both
llipsoidal and needle-like shapes (Fig. 6a). A bright-field image

erent phases in the Cf/ZrC composite after plasma etching for 30 s.



1530 L. Zou et al. / Journal of the European Ceramic Society 30 (2010) 1527–1535

F mple)
m

w
a
S
c
(
c
T
Z

S

l
p

l
b
d

F
(
t

ig. 5. The SEM micrographs of the Cf/ZrC composite surface (top-view sa
icrostructure after etching.

as taken of the specimen and it shows that the inclusions
re rather sparsely distributed within the ZrC matrix (Fig. 6b).
elected area electron diffraction (SAED) performed on the cir-
led area confirms that the sample is a single crystal of ZrC
Fig. 6b, inset). An SAED pattern taken of the inclusion (Fig. 6c)
ontains low order diffractions of both ZrC and �-Zr (Fig. 6d).

his indicates that the inclusion is composed of the eutectic
r–ZrC phase.

Another large ZrC particle was prepared for TEM study. The
AED taken of the central area in Fig. 7a is a spot pattern over-

t
Z

f

ig. 6. Micrographs and SAED patterns showing inclusions inside a ZrC grain: (a) S
b) BF image of the ZrC particle with a inset showing the diffraction pattern of the c
he diffraction pattern from the inclusion.
before and after etching (8 min). (a) Microstructure before etching and (b)

aid with rings, which indicates polycrystallinity (Fig. 7b). Both
atterns were found to be characteristic of ZrC.

Not all ZrC particles in the composite matrix are micron-sized
ike the one in Fig. 6. A nano-sized ZrC grain was examined
y TEM (Fig. 8) and also found to be a single crystal. The
iffraction results of the samples shown in Figs. 6–8 demonstrate

hat the particles in the matrix are either single- or polycrystalline
rC.

A high resolution TEM image (Fig. 9) was taken of the inter-
ace between two small ZrC grains. The (1 1 1) planes of the two

EM image showing a ZrC particle with spot or “needle-like” tiny inclusions;
ircled area; (c) BF image showing an inclusion within the ZrC particle and (d)
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Fig. 7. TEM image and diffraction pattern showing: (a) bright-field image of an
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island-like” ZrC particle, (b) diffraction patterns from fundamental f.c.c. ZrC
ingle crystal and polycrystalline. For diffraction of fundamental f.c.c, zone axis:
0 0 1].

rystals are oriented at 23◦ relative to each other. The locations

f several nanosized �-Zr inclusions are indicated by arrows.

The results presented in Figs. 6 and 9 demonstrate that the
nclusions are composed of either the �-Zr or �-Zr–ZrC eutec-
ic phase. Knowing this phase information is the first step to

ig. 8. TEM BF image showing a ZrC crystal in the matrix of the Cf/ZrC
omposite (the inset showing the diffraction pattern from the ZrC crystal).
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ig. 9. HRTEM image showing nanosized �-Zr inclusions inside ZrC crystal.

roviding an explanation of their presence inside some ZrC par-
icles and not others. The details are presented in the following

icrostructure formation mechanism.

. Discussion

Ceramic matrix composites produced by reactive melt
nfiltration possess a multiphase and heterogeneous matrix

icrostructure. The desired outcome of RMI is to produce a
omposite with as much of the ceramic phase as possible. To
etter understand the microstructure development of the Cf/ZrC
atrix, C/SiC produced by reactive melt infiltration is discussed

s for comparison. From the phase diagram of the Si–C system,8

hown in Fig. 10, it can be seen that the phase region is �-SiC
hen the carbon concentration in the silicon melt is higher than
0 at.%. When the carbon concentration is below 50 at.%, the
ystem will be in the two-phase region, which is liquid and
-SiC. SiC precipitates with the temperature decrease, until
nally, the eutectic phase Si–SiC is formed when the tempera-

ure reaches 1404 ◦C. Though a well-studied system, there is still
uch disagreement regarding the formation of SiC during RMI.
he two differing mechanisms reported in the literature main-

ain that either (1) formation of SiC is limited by the diffusivity
f carbon and Si through SiC (Fitzer and Gadow9 and Li and
ausner10); or that (2) formation of SiC proceeds by a solution-
recipitation process (Pampuch et al.,11 Ness and Page,12 and
ingh and Behrendt13).

In the first mechanism, Fitzer and Gadow9 and Li and
ausner10 suggest a two stage mechanism. First, the hetero-
eneous nucleation and growth of SiC leads to the formation
f a continuous polycrystalline SiC layer. Further growth of the

ayer is attributed to the diffusion of the reactive species through
he silicon carbide coating. According to Li and Hausner,10

rowth of the SiC layer at the carbon source occurs through
arbon dissolution in liquid silicon. This dissolution process



1532 L. Zou et al. / Journal of the European Ceramic Society 30 (2010) 1527–1535

phas

f
A
t
g
t
g
t
a
c
c
i
e
c

r
t
t
T
a
a
b

s
m
i
p
f
D
c
a
w
t
i

d
i
e
i
t
b
t
concentration reaches 50 at.%. According to the lever law, the
mass ratio of residual silicon to silicon carbide in the eutectic is
much larger than that of residual zirconium to zirconium carbide
in Zr–ZrC.
Fig. 10. Si–C

orms Si–C clusters that adsorb onto the liquid/solid interface.
fter saturation of this adsorption layer by the Si–C clusters, a

wo-dimensional continuous SiC layer forms through a hetero-
eneous nucleation and crystal growth process. The formation of
his initial continuous SiC layer is very fast, and the subsequent
rowth is controlled by diffusion of C through the SiC layer. In
he second mechanism, carbon dissolves into the silicon melt
nd then SiC precipitates from the supersaturated solution. The
arbon dissolution in Si is exothermic, so the entrance of some
arbon into the melt causes a local temperature increase which
n turn causes more carbon to dissolve. The temperature gradi-
nt in the liquid Si spurs rapid carbon diffusion into the melt to
ooler sites where it then precipitates as SiC.

Favre also reported on the microstructure and mechanism of
eaction-bonded SiC.14 An important feature of their material
hat also appeared in the matrix of the Cf/ZrC composite was
he presence of isolated carbide crystallites in the metal phase.
his was attributed by Favre to the break-up of the SiC layer
nd scattering of isolated SiC particles into the Si matrix. The
uthors determined that the growth of the SiC particles occurred
y a crystallization and fragmentation mechanism.

The similarity of binary phase diagrams of Si–C and Zr–C
ystems (Figs. 10 and 11) implies that the mechanism of reactive
elt infiltration for the two systems might be similar theoret-

cally. In both systems, after the continuous carbide layer is
roduced, further production of carbide depends on carbon dif-
usion through the carbide layer into the isolated molten metal.
ue to the limitation of carbon solubility in the liquid metal, the

omposition falls in the two-phase region, where liquid metal

nd carbide coexist. When the temperature drops, the carbide
ill precipitate from the carbon-saturated metal solution until

he eutectic temperature. At point, all the metal liquid transforms
nto the eutectic phase. However, as the temperature continues to
e diagram.8

rop the phase transformation of �-Zr → �-Zr occurs at 865 ◦C
n the Zr–C system.15 In addition, the C solubility in Zr at the
utectic temperature (∼1.0 at.%) is much higher than that of C
n Si (1.8 × 10−4 at.%).8,16 Only when the carbon concentra-
ion increases to ∼38.5 at.%, can ZrC form through the reaction
etween Zr and C, however, for the Si–C system, SiC forms
hrough the reaction between C and Si only when the carbon
Fig. 11. Zr–C binary phase diagram.17
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Fig. 12. Schematic of the matrix microstructure formation mechanism of the Cf/ZrC composite. (a) Heterogeneous nucleation sites of ZrC at 1950 ◦C; (b) growth
and grouping of ZrC grains at 1950 ◦C; (c) coalescence of ZrC grains and trapping of liquid Zr at 1950 ◦C; (d) growth of ZrC particles with liquid Zr inclusions and
p f �-Z
t 59 ◦C
� d �-Z
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recipitation of �-Zr at 1950 ◦C; (e) coalescence, growth of ZrC, and trapping o
he eutectic phase at 1835 ◦C; (g) phase transformation of �-Zr into �-Zr at 11
-Zr + ZrC and �-Zr inclusions. The eutectic phase composed of �-Zr + ZrC an

In an earlier work by Adelsberg et al.,16 the kinetics of the
irconium–carbon reaction at temperatures above 2000 ◦C were
tudied, the thickness of the continuous ZrC layer as a function of
ime and temperature was obtained, at each temperature investi-
ated from 2000 ◦C to 2860 ◦C. The results showed that the ZrC
hase grew parabolically into the carbon-saturated liquid, which
s indicative of diffusion-controlled reaction. It was demon-
trated that this was controlled by carbon diffusion through the
rC. The carbon solubilities were also measured. The results

ndicated that the carbon solubilities were independent of the
eaction times. The metallographic examination showed that
he ZrC precipitates were found in the metal upon cooling and

istributed uniformly throughout the frozen metal matrix.

Based on our characterization results, Adelsberg et al.’s
ork,16 and the Zr–C phase diagram in Fig. 11,17 the follow-

ng matrix microstructural formation mechanism of the Cf/ZrC

i
t
c
t

r as temperature decreases (above 1835 ◦C); (f) transformation of liquid Zr into
and (h) final microstructure at room temperature, showing ZrC particles with
r serves as the grain boundaries in areas of densely distributed ZrC particles.

omposite is proposed. At the beginning of RMI, the process-
ng temperature was set above the 1875 ◦C Zr melting point.

continuous product layer formed when the infiltrating zirco-
ium metal came into contact with the pyrolytic carbon layer
n the preform and reacted to form ZrC. As the ZrC layer
rew it separated the remaining molten Zr from the pyrolytic
arbon layer. Any subsequent reactions occurred at the metal-
arbide interface by carbon diffusion through the ZrC layer,
.e. the rate-determining step of the reaction.16 Due to this dif-
usion, the carbon concentration in the molten zirconium was
elow 38.5 at.% based on Zr–C binary phase diagram system.17

ccording to Adelsberg et al.,16 the solubility limit of carbon

n liquid zirconium is 1.36 at.% at 2000 ◦C, so the infiltration
emperature for this process was set to guarantee that the carbon
oncentration in the melt fell above 1.0 at.%, which corresponds
o temperatures above ∼1860 ◦C. Coupling this with knowl-
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dge of the phase diagram, the carbon concentration falls within
he range of 1.0–38.5 at.%, in the liquid zirconium and zirco-
ium carbide phase region. In the melt, however, the carbon
oncentration is much less, e.g. about ∼8.5 at.% at 2500 ◦C.16

The start of the reaction process occurred as the temperature
as held at the infiltration temperature, but some temperatures
uctuations were unavoidable. This contributed to the creation
f heterogeneous nucleation sites. ZrC nucleated at these sites
uring the initial undercooling, along with continued growth of
rC at the Zr–ZrC interface. This process is illustrated by the
chematic in Fig. 12. During temperature holding and the ini-
ial undercooling stages, some tiny ZrC particles were produced
t heterogeneous nucleation sites. As some ZrC grains grew
t the Zr–ZrC interface, others coalesced into larger particles
Fig. 12b). In some instances, liquid zirconium became trapped
nside a large ZrC grain during the process of coalescence
Fig. 12c and d). The growth of ZrC grains was accompanied
y a corresponding decrease in the amount of zirconium melt
Fig. 12e and f). These processes, coupled with ongoing carbon
iffusion, continued until the end of infiltration and a decrease in
emperature to below the initial holding temperature but above
he eutectic point of 1835 ◦C.

During cool down, reaction, growth and coalescence contin-
ed at a slower rate. ZrC continued to precipitate from the liquid
r, and subsequently, more ZrC particles were produced until
835 ◦C.

At 1835 ◦C, the eutectic reaction occurred. All liquid zirco-
ium, including that trapped inside ZrC particles, transformed
nto the �-Zr–ZrC eutectic phase (Fig. 12g). With further cool-
ng, most of the reaction and growth processes slowed further,
nd some stopped completely.

Below 865 ◦C, all of the �-Zr + ZrC eutectic was transformed
nto the �-Zr + ZrC eutectic18 (Fig. 12g). As shown in Fig. 12g
nd h, the inclusions composed of the eutectic inside the ZrC
articles became �-Zr + ZrC and the grain boundaries of the ZrC
articles transformed into �-Zr + ZrC.

TEM studies had determined that some of the inclusions are
omposed of �-Zr and not the eutectic. It is surmised that some
f the ZrC in the eutectic gets incorporated into the surrounding
atrix of the ZrC grain so that only �-Zr is left. Further studies

re needed to confirm this.
The shape of an inclusion or precipitate is largely influenced

y the elastic strain energy. According to Nabarro,19 the elastic
train energy for a homogeneous incompressible inclusion in an
sotropic matrix can be expressed as:

Gs = 2

3
μ Δ2Vf

( c

a

)
(1)

here μ is the shear modulus of the matrix, Δ is the volume mis-
t and V is the volume of the unconstrained hole in the matrix.
he function f(c/a) is a factor that takes into account shape
ffects. For a given volume, a sphere (c/a = 1) has the highest
isfit strain energy while a thin, oblate spheroid (c/a → 0) has a
ery low misfit strain energy, and a needle shape (c/a = ∞) is in
he middle range of both.20 Therefore, according to Nabarro’s
pproximation, the equilibrium shape of an inclusion should be
n oblate spheroid. The �-Zr–ZrC inclusions observed in the
ramic Society 30 (2010) 1527–1535

f/ZrC composite have either a spheroidal shape or a needle
hape (Fig. 5), which agrees well with the idea of misfit strains.

. Conclusions

The microstructural development of a Cf/ZrC composite
anufactured by RMI processing was investigated by differ-

nt characterization techniques. The results demonstrated the
xistence of three phases: carbon, zirconium carbide and �-
irconium. The island-like particles in the matrix were found to
e either single- or polycrystalline ZrC. The continuous matrix
hase around these ZrC particles was found to be composed of
he eutectic phase �-Zr + ZrC. Nanosized �-Zr and/or �-Zr–ZrC
utectic inclusions were detected inside some ZrC crystals in the
atrix. Analysis determined that during the holding and initial

ooling stages of reactive melt infiltration, some ZrC nuclei were
roduced and grew into small grains which grew larger through
oalescence.

A formation mechanism of the matrix microstructure was also
roposed. ZrC growth was diffusion controlled and determined
y the diffusivity of carbon through the growing ZrC product
ayer around the carbon source. During temperature holding and
nitial undercooling stages, heterogeneous nucleation of small
rC particles occurred. Some of these particles grew coalesced

o form larger island-like ZrC particles dispersed in the melt. As
ome particles coalesced they trapped liquid zirconium inside as
nclusions. At the eutectic temperature all residual liquid zirco-
ium was transformed into the eutectic �-Zr + ZrC phase. This
as followed by the �-Zr → �-Zr phase transformation at still

ower temperatures. The final inclusions are composed of either
-Zr or �-Zr–ZrC.
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