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Abstract

Carbon fiber-reinforced zirconium carbide matrix (C¢/ZrC) composites were fabricated by a liquid metal infiltration process at 1200 °C, using
low melting Zr;Cu,o, ZrCu and Zr,Cu alloys as infiltrators. The effects of Cu on microstructure and mechanical properties of the composites were
investigated. The results indicated that the products were composed of either single- or polycrystalline ZrC, C and Cu. With increasing Cu content
in the infiltrators, the yield of ZrC decreased from 43.7 vol% to 27.9 vol%. When ZrCu was used as an infiltrator, the obtained composites
exhibited a better bending strength of 98.2 + 3.1 MPa. What is more, the use of Zr,Cu could provide the highest fracture toughness of the

composites with a moderate debonding.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: B. Composites; B. Microstructure; C. Mechanical properties; D. Carbides; Liquid metal infiltration

1. Introduction

Zirconium carbide (ZrC) is usually referred to as an ultra-
high temperature ceramic (UHTC) for its unique properties
such as extremely high melting point, relatively low density,
high strength [1-4], and superior ablation resistance at
high temperatures [5,6], which enables it to be used in extreme
environments associated with hypersonic flight and rocket
propulsion [1,2,7]. However, the poor plasticity of ZrC
ceramic restricts its development and applications [6,7].
A potentially effective approach to improve its toughness is
introduction of long continuous carbon fibers into the ceramic
as reinforcement [6-9].

Among the fabrication processes for continuous fiber
reinforced ceramic matrix composites, the liquid metal infiltra-
tion (LMI) has many advantages, including short fabrication
period, low cost, near net shape, etc. [10—13]. This process has
been adopted to prepare Cy/ZrC composites, by infiltrating
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porous C¢/C preforms with molten Zr [6,9]. But due to the high
melting point of Zr (1850 °C) [14], the infiltration process can
only be operated above 1900 °C, resulting in a great damage to
the fibers. Recently, Zr,Cu alloy has been used as an infiltrator
to produce C¢/ZrC composites at temperature as low as
1200 °C [7,15]. However, the effects of Cu additive on
microstructure and performance of the final composites have
not been reported so far.

In this paper, C¢/ZrC composites were prepared at relatively
low temperature, by vacuum infiltrating porous C¢/C preforms
with low melting Zr—Cu alloys. The influences of Cu content
in the melts on microstructure and mechanical properties of the
composites were investigated.

2. Experimental procedure
2.1. Materials preparation
Porous C/C preform with porosity of about 40% was

fabricated by a needle-punching technique combined with the
PIP method, using phenolic resins as the precursor. The carbon
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fiber (T300, an average diameter of about 7 um, Toray in Japan)
fraction is about 30 vol%.

Three Zr—Cu alloys with Zr/Cu molar ratios of 7:10, 1:1 and
2:1 were used as reactive infiltrators for this study. The alloy
ingots were received from Hunan Rare Earth Metal & Material
Institute, prepared with spongy Zr pieces (99.6% purity) and
electrolytic Cu plates (99.99% purity) by arc melting.

The preparation of C¢ZrC composites included stages as
follows: Zr—Cu alloys were placed in graphite crucibles and
heated up to 1200 °C in a vacuum of 0.5 Pa. After the alloys
melted completely, C;/C preforms were mechanically driven
into the melts, kept there for 1-3 h, then separated from the
liquid Zr—Cu baths and cooled spontaneously to room
temperature.

2.2. Characterization

The volume fractions of solid phases and the theoretical
porosities of the specimens were determined by inductively
coupled plasma (ICP) and chemolysis, based on the theoretical
densities of 6.63 gcm ™ for ZrC, 1.55 gcm > for deposited
C, 8.96 gcm > for Cu, 6.49 gcm ™ for Zr and 1.76 gcm >
for T300 fibers. The details were described elsewhere [7,16].
The open porosities were measured on five samples using the
Archimedes method. The phases were analyzed by X-ray
diffraction with a Bruker D8 Advance instrument. The micro-
structures were observed by scanning electronic microscopy
(SEM, Quanta-200) and transmission electron microscopy
(TEM; JEOL, Tokyo, Japan; JEM-2010F). The TEM sample
was prepared by grinding a bulk sample to about 80 pm in
thickness and then a 3 mm diameter disc was cut out. The disc
was subsequently dimpled and ion milled.

2.3. Mechanical properties tests

Flexural strength and elastic modulus were measured using a
four-point bending test (Model 5566, Instron Corp., High
Wycombe, UK), according to GB/T 6569-2006 and GB/T
10700-2006 Standard (China), respectively. Length of the force
arm was 15 mm and crosshead speed was 0.5 mmmin~'. At
least 10 specimens with a dimension of 3.0 mm x 4.0 mm x 60
mm and a span of 45 mm were tested to obtain the average data.
Fracture toughness was evaluated by the single-edged notched-
beam test according to GB/T 23806-2009 Standard (China). Five
samples with a span of 30 mm were measured at a crosshead
speed of 0.05 mm min~'. Length of the force arm was 15 mm.
The test bars, 3.0 mm x 6.0 mm x 40 mm, were notched by
electromachining with a 0.2 mm-diameter Mo line. The notches
were about 0.2 mm in width and 3.0 mm in depth.

3. Results and discussion
3.1. Thermodynamics consideration

Assuming a complete consumption of Zr in the alloys, the
reactions between carbon and Zr—Cu melts can be expressed as

follows:
C(s)+ %ZrZCu(l) —ZrC(s)+ %Cu(l) (1)
C(s) + ZrCu(l) - ZrC(s) + Cu(l) )
C(s)+ %ZmCulo(l) —ZrC(s)+ ]7—OCu(1) 3)

The changes of Gibbs free energy (AG°) were calculated to
estimate the feasibility of the above reactions. The results
(Fig. 1) show that AG® of all three reactions at temperature
above 1200 K is negative. Thereby it is thermodynamically
favorable to form ZrC phase from reactions between C and
alloys. It is worth noting that AG® of reaction (3) is more
negative than that of others, indicating that the formation of
ZrC from Zr,Cu,q is the most favorable. According to Zhang
et al. [17], the increase of Cu could promote and accelerate
Zr—C reaction occurrence by prior formation of liquids at a low
temperature.

3.2. Composition and microstructure

XRD patterns of the obtained C¢/ZrC composites are shown
in Fig. 2. It can be found that all the specimens have the same
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Fig. 1. Changes in Gibbs free energy for reactions (1)—(3).
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Fig. 2. XRD patterns of the C/ZrC composites fabricated by Zr—Cu alloys.
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Table 1
Compositions of the C¢/ZrC composites fabricated by Zr—Cu alloys.

Specimens Porosity (%) Volume fractions of phases(vol%)
C-fiber ZrC C Residual melt
Zr Cu
By Zr,Cu 99+ 1.3 319427 43.7+2.8 63+ 14 1.74+0.6 65+1.2
By ZrCu 55+0.7 31.9+27 40.1 +£2.1 83+0.6 23+1.1 119+ 1.0
By Zr;Cuyq 52409 319427 279+ 1.7 158+1.3 32+14 16.0+ 1.5

Fig. 3. SEM micrographs of cross-section of the C¢/ZrC composites fabricated by (a) Zr,Cu, (b) ZrCu and (c) Zr,Cuyy.

constituent phases ZrC, C and Cu. Therefore, the reaction
products are in accordance with the predictions based on
thermodynamic equilibrium. Cu instead of Zr,Cu, compound
as the product implies a complete consumption of Zr free from
Cu/Zr ratio of the infiltrator. Table | presents the compositions
of the C¢/ZrC composites. As indicated, ZrC with a yield of
27.9—43.7 vol% is demonstrated to be the dominant phase of
the composites.

It is also revealed from Fig. 2 that, with increasing Cu in the
alloys, the diffraction peaks of ZrC become weaker and the
tiny peaks of carbon are enhanced. Confirmed by the results
listed in Table 1, Cu exhibits a negative influence on
production of ZrC. This can be ascribed to two aspects: one
is that the increase of Cu would accordingly reduce the content
of Zr, and then the formation of ZrC is limited due to lack of
Zr supply. The other is that, based on the formation mechan-
ism of ZrC reported previously [7,17] and the Cu—C phase
diagram [18], the presence of Cu can depress the solubility of
C in the melt and consequently inhibit the production of ZrC
ceramics.

The representative cross-sections of the composites are
shown in Fig. 3. As revealed, all the composites have relatively
homogeneous distribution of phases. For the composites
fabricated by Zr,Cu, there exist many pores bigger than
1 pm (shown by arrows in Fig. 3a), meaning that the pores
cannot be filled completely when Zr—Cu alloy with low Cu
content is used as the infiltrator. On the contrary, the other
two composites are much more compact (Fig. 3b and c).
Therefore, it can be inferred that the increase of Cu favors
densification of the Cy¢ZrC composites. As reported by
Adelsberg et al. [19] and Tong et al. [20], the growth of ZrC

is rapid and expansive; thus the aperture necks are liable to be
choked during the melt impregnation process, consequently
retarding the next infiltration steps. Due to the repressive effect
of Cu on Zr-C reaction, the increase of Cu in the melt can
slow down the formation of ZrC to avoid aperture chokes.

The bright matrix parts were magnified to observe the
details in Fig. 4. Either micrometer-sized or nano-sized
particles with regular octahedron shapes are dispersed within
the matrixes (Fig. 4a). Determined by TEM analysis, the
micrometer scale particles are fundamental f.c.c. ZrC single
crystals (Fig. 5a), and the nano-scale ones are polycrystalline
(Fig. 5b). Their coexistence implies that the growth of ZrC is
accompanied by a crystalline transformation from polycrystal
to single crystal.

It can also be seen from Fig. 4 that, with increasing Cu in
the alloys, both the size and crystallization of the grains
decrease (Fig. 4b and c). That is, Cu inhibits the growth of
ZrC. As reported in Refs. [21,22], the transition-metal carbides
such as TiC or ZrC preferentially form non-stoichiometric
TiC, (ZrC,) nuclei with a metastable crystallographic structure
at the earlier period of nucleation, and then grow and evolve
towards stoichiometric TiC (ZrC) with a stable lattice struc-
ture. It can be foreseen that the improvement of crystalline
structure would be retarded consequentially with the increase
of Cu in the melt. However, further studies are needed to
confirm this.

3.3. Mechanical properties

Mechanical properties of the C¢/ZrC composites are sum-
marized in Table 2. As indicated, the mechanical properties of
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Fig. 5. TEM bright-field images of (a) the interface between a micrometer-sized ZrC particle and the residual melt with an inset of diffraction pattern from the
particle, and (b) the residual Cu-enriched melt with an inset of diffraction pattern from the nano-sized pellet.

Table 2
Mechanical properties of the C¢/ZrC composites fabricated by Zr—Cu alloys.

Specimens Flexural strength (MPa) Elastic modulus (GPa) Fracture toughness (MPa m'?)
By Zr,Cu 62.7+2.7 376+ 1.9 63+0.6
By ZrCu 98.2+3.1 435+28 55405
By Zr;Cuyo 91.1434 498422 41408
the C¢/ZrC composites are apparently affected by Cu content in 50+
the alloy. The use of alloy with high Cu content could provide —de— By 250Uy
better bending strength and elastic modulus. For example, the 40- e~ ByzrCu
. . . —&—By Zr,Cu
composites fabricated by ZrCu have the highest flexural
strength of 98.2 + 3.1 MPa, about 50% higher than that of
. . . Z 304
composites derived from Zr,Cu. According to the above =
microstructure analysis the superior performance of compo- b
sites from ZrCu might mainly benefit from their compact — 20+
structure with high yield of ZrC, since the pores can greatly
weaken the capacity of matrix to transfer load. 10 -
Typical bending load-displacement curves are shown in LA\“
Fig. 6. For the curve of composites fabricated by Zr;,Cuy, an 0 . S

initial quasi-linear elastic region is followed by an increasing
nonlinear load up to a maximum. After reaching the maximum
value the load decreases sharply, indicating that the sample
displays a typical brittle fracture behavior. While for the curve

00 01 02 03 04 05 06
Displacement /mm

Fig. 6. Bending load/displacement curves of the C/ZrC composites fabricated
by Zr—Cu alloys.
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Fig. 7. SEM micrographs on the fracture surfaces of the C¢/ZrC composites fabricated by (a, b) Zr,Cu alloys, (¢, d) ZrCu, and (e, f) Zr;Cu,.

of sample fabricated by ZrCu, a zigzagging decline region can
be observed. Particularly, the composites fabricated with
Zr,Cu show an evidently nonlinear rise until the maximum
load is reached, and then a gradual decline follows. Therefore,
the fracture behavior of the obtained composites is ameliorated
with the decrease of Cu in the alloy, which is in agreement
with the results listed in Table 2.

SEM photographs of the fracture surfaces are shown in
Fig. 7. As revealed, there are fiber pullouts accompanied
with the fracture process of the composites, though the pulled-
out fibers are a few and short. Consistent with the evolution of
fracture behavior, both the amount and length of pulled-out
fibers decrease with increasing Cu in the alloys (Fig. 7b, d
and f).

As discussed by Wang et al. [23], fiber/matrix interfacial
characteristics play a crucial role in determining a toughening
mechanism such as interfacial debonding and fiber pull-out.
For the composites fabricated by Zr,Cu, a strong ZrC-forming
reaction might occur on the matrix/fiber interface. However,
owing to the mismatch of thermal expansion coefficients
(TEC) between C and ZrC (TECc=1.2 ppm/K, TEC,,c=6.9
ppm/K) [20], ZrC presents only a weak adherence to carbon
fibers. During the damaging process, cracks from the matrix
are deflected along the interfaces which favored the fibers pull-
out (Fig. 7b) and contributed to relatively high fracture
toughness. With increasing Cu content in the melt, the
formation and growth of ZrC get slower and the mismatch
of TEC is consequently alleviated. Besides, the residual
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Cu-enriched melt acts as an excellent wetting agent to stick
ZrC with fibers tightly. As a result, a strong-bonding interface
is produced, facilitating cracks propagated straightly through
the fibers and leading to a flat fracture surface (Fig. 7d and f).

4. Conclusions

The C¢ZrC composites were fabricated at 1200 °C, by
vacuum infiltrating porous C¢C preforms with molten
Zr;Cuy, ZrCu and Zr,Cu alloys. The influences of Cu content
in infiltrators on microstructure and mechanical properties of
the C¢/ZrC composites were investigated. Results indicated
that the obtained composites had the same constituent phases
ZrC, C and Cu. ZrC as the dominant phase was identified to be
either single- or polycrystalline. With the increase of Cu in
infiltrators, both the growth and crystallization of ZrC grains
were inhibited, and the yields of ZrC ceramic decreased from
43.7 vol% to 27.9 vol%. When ZrCu alloy was used as an
infiltrator, the obtained composites have the highest strength
of 98.2 + 3.1 MPa. The use of Zr,Cu could provide the highest
fracture toughness of the composites with a moderate
debonding.
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