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Abstract: Carbon-fiber-reinforced ultrahigh-temperature ceramic (C/UHTC) matrix composites are
an attractive candidate for fabricating various hot structures. The present study aimed to establish a
Si-free Zr–Ti melt-infiltration method for fabricating C/UHTC matrix composites. To achieve this,
the wettability of Zr–Ti alloys on carbon and their reactivity to carbon were examined. The alloys
were melted on graphite plates and infiltrated into model preforms, which were made of porous
carbon and had median pore diameters of 3 µm. The results showed that the apparent contact angle
between Zr–Ti and C measured from melted alloys on carbon in room temperature was ~20–42◦

and that the alloys infiltrated into the preforms regardless of the Zr or Ti content. However, with an
increase in the Zr content in the alloys, carbon disappeared and was absorbed into the alloys since
the reactivity of Zr was higher than that of Ti and the specific surface area of the porous preform
was higher than that of carbon-fiber-reinforced carbon composites, which are a typical preform of
C/UHTC matrix composites. These results clearly indicate that not only the capillary flow during
infiltration but also the reactivity of alloys to preforms should be considered in the process design for
fabricating high-density composites via Zr–Ti infiltration.

Keywords: melt infiltration; Zr–Ti alloys; ultrahigh-temperature ceramic composites; capillary flow

1. Introduction

Transition metal borides and carbides with melting temperatures of >2500 ◦C are well
known as ultrahigh-temperature ceramics (UHTCs) [1–3]. Some Ti-, Zr-, and Hf-based
UHTCs and their composites with a dispersed second phase, such as SiC, MoSi2, and ZrSi2
can be used in oxidizing atmospheres due to the fact that an oxide scale is formed, which
prevents further oxidation [4–7]. Moreover, the fracture toughness of UHTCs is almost
the same as that of conventional engineering ceramics (2–6 MPa

√
m) [2], and the density

of UHTCs is relatively high (~6 g/cm3 or higher) [1–3]. To facilitate the use of UHTCs in
fabricating hot structures, such as leading edges and nose cones for hypersonic vehicles and
thermal protection systems for re-entry vehicles, carbon-fiber-reinforced UHTC (C/UHTC)
matrix composites have been developed [8]. C/UHTC matrix composites are classified as
ceramic matrix composites (CMCs) and have good damage tolerance since carbon fibers
prevent unstable crack propagation even after matrix cracking occurs in UHTCs [9,10].
Since the oxidation behavior of C/UHTC matrix composites is similar to that of monolithic
UHTCs, C/UHTC matrix composites are also considered as an attractive candidate for the
hot structures mentioned above [8,11].

To process C/UHTC matrix composites, conventional fabrication methods used for
CMCs such as sintering, chemical vapor infiltration (CVI), polymer impregnation and
pyrolysis (PIP), and melt infiltration (MI) based on Si (Si-MI) have been employed. Sin-
tering is a traditional technique used for dense polycrystalline ceramics. However, it is
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difficult to manufacture components that are large or have complicated shapes by this tech-
nique [12,13]. CVI and PIP are often used for the fabrication of UHTC composites [14–17].
However, CVI and PIP require repeated infiltration of organic compounds. Thus, these
techniques have a longer process time (>10 cycles) than other techniques. Moreover, CVI
and PIP require complex organic compounds for the formation of UHTC matrices.

MI methods based on Si and Si alloys (e.g., Si–Hf, Si–Ti, Si–Zr) have a shorter process
time than CVI and PIP since melted Si can easily infiltrate preforms containing carbon-
based UHTC powders and react to form a SiC matrix [18–21]. Generally, the MI process has
been used for fabricating C/SiC composites, which are used as wear components [22–24].
In the case of C/UHTC composites, melted Si also reacts with preforms containing UHTC
powders. However, the generation of reaction-formed products with lower melting tem-
peratures than Si is inevitable. The authors fabricated C/ZrB2–SiC–ZrC composites by Si
and Si-ZrSi2 eutectic with a melting temperature of ~1380 ◦C. However, severe degradation
occurs during heat exposure at 1700 ◦C in air since the eutectic mixture melts and flows
toward the outside of the composites under dynamic pressure [11,25]. Moreover, SiO(g)
is formed by the oxidation of Si and/or SiC, which is not desirable for UHTC matrix
composites exposed to temperatures above 2000 ◦C, since a SiO2(l) layer, which is well
known as a barrier to oxygen diffusion, is not formed on the surface by the oxidation of
Si and/or SiC [26,27]. Since SiO(g) is a gaseous species, the oxidation of Si and/or SiC
causes the formation of a porous layer and the oxidized region is delaminated from the
porous region [3,4,28,29]. Thus, the development of a Si-free MI method is required for the
formation of C/UHTC matrix composites.

MI metals (or alloys) and their melting points are summarized in Figure 1. As a
Si-free MI process, Zr-based MI (Zr-MI) has been applied to the formation of C/ZrC
composites [30]. Zr is successfully infiltrated into the carbon preform, and ZrC is formed as
a matrix. Zr-MI is one of the solutions to fabricate Si-free composites. However, a process
temperature of ~2000 ◦C is required since the melting point of Zr is very high (~1875 ◦C). To
reduce the process temperature of Zr-MI, this study focuses on Zr–Ti alloy MI into porous
carbon preforms. The minimum melting point of the Zr–Ti alloy is ~1540 ◦C (Ti-37at%Zr)
and is similar to the melting point of Si [31]. In addition, ZrC and TiC, which are formed by
the reaction of Zr and Ti with C, respectively, have high melting points and are classified as
UHTCs.
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Thus, Zr–Ti MI is an attractive solution for the development of lightweight C/UHTC
matrix composites. In the case of the Zr–Ti MI process, microstructural control is important.
However, the control is difficult to achieve since physical phenomena such as capillary
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formation between carbon and the liquid alloy, interfacial reactions, and permeability
of the liquid alloy during infiltration are still not well understood. These phenomena
are dependent on infiltration conditions such as the temperature, time, and the porous
structure of preforms as well as the physical properties of alloys. To the best of the authors’
knowledge, the relationship among capillary flow, reactivity, and infiltration behavior is
still not known.

Thus, the objective of this study is to provide fundamental experimental data for the
infiltration of Zr–Ti into porous media and thereby to facilitate the application of the Zr–Ti
MI process to the fabrication of novel lightweight C/UHTC matrix composites. In the
present study, the effect of the composition of Zr–Ti alloys on interfacial reactions and the
permeability of the alloys to model porous carbon preforms are considered. The infiltration
behavior and the microstructures and reaction-formed products after MI are discussed.

2. Materials and Methods
2.1. Preparation of Zr–Ti Alloys for MI

Zr and Ti chunks (99.9%, Kojundo Kagaku Co., Ltd., Saitama, Japan) were used as raw
materials. Zr–Ti alloys were fabricated in an arc-melting furnace (Nissin Giken, Saitama,
Japan). Arc-melting was carried out in Ar atmosphere and ingots with the diameter of
~70 mm and the thickness of ~10 mm were obtained. To ensure homogeneity of the alloys,
arc melting was repeated four times. In the present study, Zr–Ti alloys with three different
compositions were prepared; the alloys were Ti-12at%Zr (20wt%Zr), Ti-37at%Zr (52wt%Zr),
and Ti-80at%Zr (88wt%Zr), which were denoted as TZ12, TZ37, and TZ80, respectively.
For a Zr–Ti binary system, the melting temperatures of these alloys were ~1540–1750 ◦C,
which are lower than that of Zr (Figure 2).
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2.2. Measurement of Wetting Angle between Graphite and Zr–Ti Alloy

To evaluate the wettability of Zr–Ti alloys on carbon, a graphite plate with dimensions
of 25 mm × 25 mm × 5 mm (thickness) was prepared as a substrate with a roughness of
less than 10 µm. Zr–Ti alloys with dimensions of 5 mm × 5 mm × 5 mm were cut from
ingot and set on the graphite plate. Next, the plate with the alloys was set into a carbon
furnace and heated at a rate of 50 ◦C/min. The alloys were melted at 1750 ◦C for 15 min in
an Ar atmosphere. Since the melting point of alloys were ~1560–1700 ◦C, alloys existed as
liquid for 17–23 min during exposure. To prevent oxidation, Ar was introduced into the
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furnace and the furnace chamber was vacuumized thrice before MI. Then, the furnace was
cooled and the samples were removed from the furnace below 200 ◦C.

2.3. Infiltration of Zr–Ti Alloys into Porous Media

Porous carbon materials with continuous pore structures were used as model preforms.
The median pore diameter was ~3 µm, which was measured by mercury porosimeter
with the pressure of mercury by 0.024–414 MPa [32,33]. Details of the model preform
microstructures have already been reported. The model material is composed of glassy
carbon derived from the carbonization of a resole-type phenolic resin. In the present study,
three Zr–Ti alloys with different compositions were melted and infiltrated into the model
preforms with dimensions of 4 mm × 6 mm × 60 mm (thickness). The preforms with the
alloys were set into graphite crucibles with a diameter of 10 mm and a depth of ~15 mm.
To prevent a reaction between the crucibles and Zr–Ti alloys, the crucibles were coated
with boron nitride (BN) by spraying (h-BN spray, Showa Denko Co., Ltd., Nagano, Japan).
The Zr–Ti alloys (~2 g) were set into the coated crucibles, and porous carbons were placed
on the Zr–Ti alloys vertically. Then, porous carbons were fixed with BN coated carbon
fiber reinforced carbon composites (C/C) jig not to tilt during processing. Zr–Ti alloy MI
was carried out under the same conditions described in the previous subsections. For
comparison purposes, acetone was also infiltrated into porous carbon at room temperature
(25 ◦C) in air to observe the infiltration behavior briefly. Acetone infiltration is a well-known
method for confirming infiltration behavior in porous media [34].

2.4. Microstructural Characterization

After infiltration, the graphite plates and model preforms containing the Zr–Ti alloys
were embedded in epoxy resin and cut into two pieces to measure the wetting angle be-
tween the Zr–Ti alloys and graphite and to understand the reaction between them through
cross-sectional observation. The embedded specimens were also cut and polished using
diamond paste up to a depth of 1 µm. The specimen microstructures were observed by scan-
ning electron microscopy (SEM, S-3000H, TM-3000, Hitachi High-Tech Corporation, Tokyo,
Japan), and elemental analysis was carried out by energy-dispersive X-ray spectroscopy
(EDX, oxford Instruments, Aztec micsF+ x-stream-2, Abingdon, UK). To evaluate the crystal
structures of the specimens, powder X-ray diffraction (XRD, MiniFlex600, Rigaku Corpo-
ration, Tokyo, Japan) analysis was carried out. The X-ray wavelength, scan speed, and
diffraction angle range were 0.154 nm (CuKα), 2◦/min, and 20–80◦, respectively.

3. Results and Discussion
3.1. Wetting between Graphite and Zr–Ti Alloys

The typical cross sections of the melted Zr–Ti alloys on the graphite plate are shown
in Figure 3. For all the compositions, the Zr–Ti alloys melted and spread on the graphite
plate. The spread length seemed to increase with an increase in the Zr content in the alloys.
The apparent contact angle (ϕ), which is defined as shown in Figure 3, for TZ12, TZ37, and
TZ80 was 20◦, 41◦, and 42◦, respectively. Since the angle is measured from melted alloys
on graphite plate at room temperature, it is defined as the “apparent” contact angle. The
angle increased with a decrease in the Ti content in the Zr–Ti alloys. Since the coefficient
of thermal expansion (CTE) of C (~0–0.1 × 10−6/◦C) is considerably lower than that of
the alloys (~6–8 × 10−6/◦C) and carbides (~7–9 × 10−6/◦C), tensile stress is induced by
CTE mismatch and causes partial delamination, which does not affect the apparent contact
angle of the spread alloys since delamination occurs during cooling. The interfacial reaction
between carbon and the alloys during processing is discussed in detail in Section 3.3.
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The apparent contact angles of the alloys are also defined.

3.2. Infiltration of Zr–Ti Alloys into Model Preform

The typical microstructures of the model preform after infiltration are shown in
Figure 4. The alloys infiltrate from the bottom to the top. Hence, the infiltration height
is defined as the distance between the bottom of the model preform and the top of the
infiltrating alloys (Figure 4).
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The relationship between the infiltration height x and time t is shown in Figure 5. The
estimated curves are expressed by Washburn’s equation [34] as follows:

x =

√
γ cos ϕ

2µ
rt, (1)

where γ, ϕ, µ, and r represent the surface tension, wetting angle, fluid viscosity, and pore
radius of the media, respectively. Moreover, assuming that the entire amount of the alloy
infiltrates into porous carbon, the ideal infiltrated distance (height) xideal can be calculated
by using the alloy volume Valloy and the cross-sectional area S of porous carbon as follows:

xideal =
Valloy

S
. (2)
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Since the density of the Zr–Ti alloy is between the densities of Ti (4.51 g/cm3) and
Zr (6.52 g/cm3) even when the Zr and Ti content in the alloys varies according to the
reaction, it is recognized that 13–18 mm is the ideal height of the infiltrating alloy under
the present conditions.

The infiltration height for acetone was ~20 mm at 20 s and ~30 mm at 60 s. After
600 s, acetone was fully infiltrated. In addition, the infiltration heights for TZ12, TZ37, and
TZ80 were 8.9 ± 0.8, 14 ± 3.5, and 11 ± 1.6 mm, respectively. The infiltration terminated
within a few seconds for all the alloys. These results and estimations clearly reveal that
the infiltration of the Zr–Ti alloy into the model preform depends on not only the capillary
flow but also the reactivity among Zr, Ti, and C.

3.3. Microstructures of Model Materials

The results of a detailed observation of the interface between the melted alloys and
graphite plate along with the results of EDX point analysis are shown in Figure 6. Backscat-
tered electron (BSE) images clearly showed two contrasting regions: a brighter gray contrast
region and a darker gray contrast region. The uniform darker gray contrast region was
observed in the outside regions of TZ12 and TZ37. In the inside regions of TZ12 and TZ37,
the two contrast regions were mixed. However, TZ80 had a uniform brighter gray contrast
region. Since, the contrast in BSE images is determined by the atomic number, a bright
contrast indicates a Zr-rich phase and a dark contrast indicates a Ti-rich phase. Although
the content of elements obtained by EDX is qualitative, EDX point analysis confirmed that
the Zr content in the inside region (Point B) was greater than the Ti content in the outside
region (Point A). Notably, C was detected at both Points A and B.
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dispersive X-ray (EDX) point analysis for C, Ti, and Zr.

The enlarged views of the top, middle, and bottom regions of the infiltrated model
preform are shown in Figure 7. Each of these regions is defined in Figure 4. Although the
brightness and distribution of contrast were different, the darker and brighter contrast
regions (Points D and B in Figure 7) were mixed in the middle and bottom regions of the
specimen. In all the model preforms, the top region exhibited uniform contrast.
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The XRD patterns in Figure 8a indicate that the diffraction peaks of the model preforms
are located between those of TiC and ZrC [35,36] for each plane index. This means that
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there exist patterns for ZrxTi1-xC with a NaCl structure, which is the same structure as
those for TiC and ZrC. There are no patterns for residual alloys, which is a reasonable
observation since ZrC and TiC are both proportional solid solution compounds and the
alloys are fully converted to carbides. Peaks of carbons are also not detected due to the fact
that the model preform is composed of glassy carbon. By focusing on the lattce parameter
a of ZrxTi1-xC, the Zr and Ti concentrations in ZrxTi1-xC were evaluated from the XRD
patterns, as shown in Figure 8b [37]. The (111) peaks of ZrxTi1-xC at 2θ = 33.54–35.64◦

(33.54◦, 33.58◦, 34.82◦, and 35.64◦) can be observed in Figure 8a. Based on Bragg’s law, the
diffraction condition, which is well known, can be expressed in terms of the lattice spacing
d, diffraction angle θ, and X-ray wavelength λ (λ = 0.154 nm for a CuKα radiation source)
as follows:

2d sin θ = λ. (3)
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Figure 8. (a) Powder X-ray diffraction (XRD) patterns obtained after infiltration into model preforms. (b) Relationship
between lattice parameter and Zr content in ZrxTi1-xC.

The crystal structure of ZrxTi1-xC is cubic. The relationship between the lattice param-
eter and lattice spacing is expressed as follows:

a = d
√

h2 + k2 + l2, (4)

where h, k, and l represent the plane indices. From Equations (3) and (4), the lattice
parameters corresponding to the (111) peaks with 2θ = 33.54◦, 33.58◦, 34.82◦, and 35.64◦

are 0.4622, 0.4617, 0.4457, and 0.4358 nm, respectively. Therefore, these results imply that
ZrxTi1-xC (x = 0.05–0.73) is formed. TZ80 forms Zr-rich carbides, whereas TZ12 forms
Ti-rich carbides. In contrast, TZ37 forms carbides with Zr-rich, Ti-rich, and intermediate
compositions.

To explain microstructural differences, a pseudobinary phase diagram was obtained
for the TiC–ZrC system, as shown in Figure 9 [38]. The diagram clearly shows that spinodal
and binodal decomposition occurs in the system depending on the composition of TiC
and ZrC. Thus, a uniform distribution of darker and brighter contrast regions is formed
by spinodal decomposition (TZ37 and TZ80), and separate darker and brighter contrast
regions are formed by binodal decomposition (TZ12). The uniform contrast region in
the top and bottom regions is considered to represent the phases where the Ti content
is considerably greater than the Zr content since it is difficult for spinodal or binodal
decomposition to occur in Ti-rich ZrxTi1-xC (x = 0.05 or less) owing to the fact that ZrxTi1-xC
contains Zr in the range of 5–73 at%.
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To investigate the reactivity between the alloys and carbon, the Gibbs free energy of
formation (∆Gf) for TiC and ZrC [39] was determined, as shown in Figure 10. For TiC and
ZrC, the ∆Gf values at 1750 ◦C were −158 and −180 kJ/mol, respectively. This implies
that the formation of ZrC is more stable than that of TiC thermodynamically. Hence, the
melting points of TZ12 and TZ80 vary during infiltration, and as infiltration progresses,
further infiltration becomes difficult since the Ti content in the alloys causes an increase
(TZ12) or decrease (TZ80) in the melting point (Figure 2). In addition, the flow of TZ37
and TZ80 on the graphite plate probably continues after the formation of carbides at the
alloy–graphite interface.
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During the infiltration of the alloys into the model preforms, carbons are diffused
into the alloys to form carbides since the solid solubility limit of C for Ti and Zr is only
~1 at%. Then, the disappearance and absorption of carbon (mentioned in Section 3.2) are
mainly induced by the reaction between Zr and C. This phenomenon is accelerated by the
large specific surface area of the model preform (2.23 m2/g). To consider the fabrication of
C/UHTC matrix composites by Zr–Ti alloy MI, C/C composites are used as the preform.
Generally, the size of the transverse cracks in C/C composites, which are considered as
channels during infiltration, is 10–20 µm, which is considerably higher than that of the
porous carbons used in this study. This implies that the disappearance and absorption of
carbon are not as critical as those of the model preform for the fabrication of C/UHTC
matrix composites since the specific surface area of the transverse cracks is ~0.03 m2/g,
which is considerably smaller than that of the model preform. These results indicate that
the infiltration condition for Zr–Ti alloys should be designed by considering not only the
capillary flow but also the reactivity between the alloys and carbon. For the infiltration
of C/C composites, TZ37 is the most suitable alloy since its melting point does not vary
according to the reaction during infiltration as mentioned above, and hence, the design of
the infiltration condition is easy.

4. Conclusions

To provide fundamental knowledge required for the development of novel C/UHTC
composites by Zr–Ti alloy MI, the wetting behavior of Zr–Ti alloys on graphite and the
infiltration of alloys into porous carbons were investigated. The conclusions obtained in
the present study are summarized below.

The wetting of Zr–Ti alloys on carbon is favorable since the alloys are spread on the
graphite plate and the wetting angles estimated from solidified samples are 20–42◦. The
spread length of TZ12 is smaller than those of TZ37 and TZ80. This is attributed to the
increase in the melting point of TZ12 during melting since the reactivity of Zr and C is
higher than that of Ti and C.

Zr–Ti alloys infiltrate into the model preforms regardless of the differences in com-
position. However, a part of the model preform disappears, and the disappearing part
becomes larger as the Zr content in the alloys increases on account of the higher reactivity
of Zr. This result clearly confirms that the design of Zr–Ti MI should consider not only the
capillary flow but also the reactivity to the preform used for infiltration. For developing
novel C/UHTC composites by the infiltration of alloys into C/C composites, TZ37 is the
most suitable alloy since the melting point does not change owing to the reaction during
infiltration. In addition, the disappearance and absorption of carbons are not as critical as
those of the model preforms since the channels and specific surface area of C/C composites
(~10–20 µm and ~0.03 m2/g) are larger and smaller than those of the model preforms
(~3 µm and ~2.23 m2/g), respectively.
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