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TiC whiskers with good quality and high yield are prepared by a modified chemical vapour
deposition (CVD). The whisker morphology and factors affecting its formation have been
investigated. Various whisker morphologies such as Wool-, Hassock-, Cluster-, bar-,
Hedgehog-, and bamboo-like, are observed under different conditions. The morphologies
of TiC whiskers are markedly affected by the gas flow rate and the C/Ti ratio, which is
supposed to be related to concentration variation and the formation of Ni-Ti eutectic liquid
phase. The growth characteristics of TiC whiskers are also affected by the stability of
deposition parameters. It is found that in the course of whisker growth on nickel substrate,
the well known VLS mechanism is not necessarily dominant. It is effective in the initial
stage, but then might change to the VS mechanism with the dissipation of liquid droplets at
the whisker tips. The deposition temperature plays an important role in changing from the
VLS to the VS mechanism. C© 1998 Kluwer Academic Publishers

1. Introduction
Whiskers are used as reinforcement in composite ma-
terials for increasing their strength and toughness. In
ceramic matrix composites (CMC), the main effect of
the whiskers is to toughen the brittle ceramic matrix.
The required properties of the whiskers for use in CMC
are their size and morphology, the compatibility with
matrix materials and the interfacial bonding between
matrix and whiskers. At present, many carbide and ni-
tride whiskers, such as SiC and Si3N4, have been used
for both metal matrix composites (MMC) and ceramic
matrix composites (CMC) [1–3]. In comparison with
SiC and Si3N4 whiskers, however, the newly developed
TiC whisker has much higher strength (especially high
temperature strength), corrosion resistance, better ther-
mal and electrical properties, and better compatibility
with alumina matrix [4–6]. Therefore, in recent years,
many experiments have been made on the preparation
of the TiC whiskers [7–9].

Whisker morphology, such as shape, size, aspect ra-
tio, and smoothness, has important effect on the tough-
ening of CMC, which is usually achieved through a
combination of crack defection, crack bridging, and
whisker pull out. The whisker morphology is related
to the growth mechanism, and they both are affected
by the deposition parameters. In the present exper-
iment, TiC whiskers are economically prepared by
a modified CVD method, is based on the reaction:
TiCl4(g)+CH4(g)=TiC(s)+ 4HCl(g). The intention
of this paper is to study the morphologies and the ef-
fects of deposition parameters on the characteristics
of the TiC whiskers prepared by the modified CVD
method. The growth mechanism of the whiskers is also
discussed in detail.

2. Experimental procedure
Instead of the horizontal reaction tube used by other
authors [7–9] and in our previous works [10–11], the
modified CVD method uses a vertical graphite tube of
30 mm in inner diameter heated by a nickel-chromium
alloy coil. The inner diameter of the gas inlet is reduced
greatly, so that the flow rate increases significantly. The
TiCl4-CH4-H2- (and/or Ar) gas mixture is used as re-
actant and a pure hollow nickel cylinder as substrate
which is placed near to the gas inlet around the in-
ner reaction tube wall. The TiC whiskers are obtained
by this new method with high yield and consequently
lower cost, due to the appropriate movement of vapor
phase for the deposition.

The morphologies of TiC whiskers are observed with
a scanning electron microscope (SEM). The structure
and growth direction of the TiC whiskers are exam-
ined by a transmission electron microscope (TEM). The
contents of the components and impurities of the TiC
whiskers are determined by energy-dispersive spectro-
scopic (EDS) analysis.

3. Results and discussion
3.1. Whisker morphology
The geometric features such as size and aspect ratio
of the TiC whiskers prepared by the modified CVD
method are desirable, as shown in Table I. The whisker
microphotographs indicate that whiskers obtained un-
der different conditions may have different morpholo-
gies. Various morphologies, such as Wool-, Hassock-,
Cluster-, and bar-like are observed, as shown in Fig. 1.

It is found that the gas flow rate dependence of the
morphology is noteworthy. With low gas flow rate,
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Figure 1 The morphologies of (a) wool-, (b) hassock-, (c) cluster-, and (d) bar-like TiC whiskers.

TABLE I The characteristics of the TiC whiskers (75 min)

Deposition Diametera Aspect ratio Growth
temperature (◦C) (µm) (L/D) directionb

1125 0.01–1.0 100–1000 [1 0 0]
1150 0.05–1.7 100–1000 [1 0 0] [1 1 1]
1200 0.1–2.0 200–1000 [1 0 0] [1 1 1]

aSEM, bTEM

typical Wool-like morphology is obtained at 1125◦C
with a C/Ti ratio of 1.7 : 1 (Fig. 1(a)). However, with
high gas flow, typical Hassock- and cluster-like mor-
phology are observed for the same deposition temper-
ature and C/Ti ratio (Fig. 1(b), 1(c)), and bar-like mor-
phology can be observed at above 1200◦C and the same
C/Ti ratio (Fig. 1(d)). The effect of gas flow rate on the
morphology is likely due to the change in the concen-
tration of the gas phase. At a higher gas flow rate, more

CH4 and TiCl4 are carried to the central region by the
flowing gas. Thus, the concentration in the central re-
gion is higher than that in the annulus region between
the central region and the nickel substrate cylinder.
High concentration favors the one-dimensional growth
of whiskers, and leads directly to the whisker growth
from the bottom of the annulus to the central region.
So the whisker growth morphology may be hassock-,
cluster-, or bar-like. Low gas flow rate has little effect
on the distribution of the concentration of the gas phase,
so the whiskers can grow more randomly, and the mor-
phology is wool-like.

Apart from the total gas flow rate, the flow ra-
tio, in particular the ratio of the flow rate of TiCl4
to that of methane (C/Ti), plays a key role in de-
termining the morphology of TiC whiskers. Fig. 2
shows the morphologies of the TiC deposits with var-
ious C/Ti at the same location at the temperature of
1125◦C. When the C/Ti ratio is more than 2.0, the
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Figure 2 Scanning electron micrograph of the deposits with various
C/Ti (1125◦C, 60 min): (a) C/Ti= 2.5, (b) C/Ti= 1.06, (c) C/Ti= 1.7.

Figure 3 Hedgehog-like whisker growth on the carbon rich regions.

TiC whiskers sporadically scatter in the substrate, as
shown in Fig. 2(a). Binary Ni-Ti eutectic liquid droplets
formed in the initial stage of the whisker growth initi-
ates TiC whiskers growing according to the VLS mech-
anism [11]. With the depletion of the titanium, result-
ing from the reduction of TiCl4 with H2, fewer liquid
droplets are available as nucleation sites. Wokulskiet
al. [8] explained that it was difficult for TiC whisker to
grow at high C/Ti ratios due to sedimenting carbon hin-
dering its growth. But our experimental result is in con-
trast to this conclusion. In a specially designed experi-
ment, we intentionally deposited some carbon on nickel
substrate prior to the formation reaction of TiC whisker,
and found that the TiC whiskers with high yield grew
as hedgehog-like in the carbon rich regions, as shown
in Fig. 3. Therefore, the small amount of whiskers de-
posited at the high C/Ti may be due to a deficiency of
titanium rather than excessive carbon. When the C/Ti
ratio is approximately 1.0 or less, TiC whiskers will not
form due to insufficient carbon (see Fig. 2(b)). Instead,
titanium will react with the nickel substrate to form a
low melting point Ni-Ti binary eutectic alloy micro-
crystal. The optimum value of the C/Ti is about 1.7 in
this experiment. The morphology of whiskers obtained
at this C/Ti is shown in Fig. 2(c).

The stability of deposition parameters, especially the
gas flow rate, has an important effect on the morpholo-
gies of TiC whiskers. Smooth and straight whiskers
are obtained with the gas flow rates controlled stably.
When the gas flow rates are changed irregularly, some
other whisker shapes can be observed. Fig. 4(a) shows
a micrograph of bamboo-like whiskers. The diame-
ters of these whiskers are periodically thin and thick.
Similar periodic diameter change was reported in the
literature [12–14]. The periodicity in the diameter of
these whiskers was regarded to be related to the pertur-
bation of supersaturation [12]. The periodic changes of
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Figure 4 Scanning electron micrograph of (a) bamboo-like TiC
whiskers and (b) whisker with sharp diameter shrinkage due to the fluc-
tuation of the deposition parameters. (c) TEM micrograph of branch
whisker growth from the mother whisker and their identical growth di-
rection of〈1 0 0〉.

whisker diameters in the present study may also be due
to the fluctuation of supersaturation. Fig. 4(b) shows
that the whisker diameter decreases greatly when the

Figure 5 TEM micrograph of (a) TiC whiskers with growth direction of
〈1 0 0〉 and (b) with growth direction of〈1 1 1〉.

flow rate of TiCl4 vapor is reduced suddenly. As shown
in Fig. 4(c), TiC whiskers with branches are observed.
The formation of these whiskers is also due to the undu-
lation of deposition parameters. Although shape change
exists in a single whisker, the growth direction is iden-
tical along the whole whisker (see Fig. 4(c)). The TEM
images show that the growth directions of the whiskers
obtained in the present experiment are mainly〈1 0 0〉
and〈1 1 1〉, as shown in Fig. 5.

3.2. Growth mechanism
There are two well-accepted whisker growth mecha-
nisms: the Vapor-Solid (VS) mechanism and the Vapor-
Liquid-Solid (VLS) mechanism. The vapor-solid pro-
cess is the basis of the axial screw dislocation growth,
and the spherical liquid droplet on the whisker tip is the
inherent characteristic of the VLS mechanism.
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Figure 6 (a) Scanning electron micrograph of TiC whiskers growth by the VLS mechanism. (b) TEM micrograph of a spherical liquid droplet on a
whisker tip.

Figure 7 EDS spectra of (a) the apex and (b) the root of a whisker with liquid globule tip, (c) the apex of a whisker with facet and microstep tip.

At low deposition temperatures (below 1125◦C),
nearly all of these whiskers bore liquid globules on
their tips, as shown in Fig. 6. The EDS analysis shows
that nickel exists in the liquid globules, but not in the

whisker roots, as shown in Fig. 7(a), Fig. 7(b), respec-
tively. So it can be ascertained that the VLS mechanism
is responsible for the whisker growth at low deposition
temperatures.
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Figure 8 (a) Scanning electron micrograph of a whisker tip surrounded
by facets, (b) TEM micrograph of whisker with microsteps at tip, and its
electron diffraction pattern. (c) Whisker with layers in both whisker tip
and root.

The SEM and TEM images show that apart from
spherical liquid droplets on the whisker tips, many
whisker tips surrounded by facets are also observed

Figure 9 Scanning electron micrograph of (a) the TiC whiskers growth
by the VS mechanism (layers in the root whisker) changing to the VLS
mechanism with the aid of liquid droplet, (b) the whisker with repeated
orthogonal crooks.

around 1150◦C, as shown in Fig. 8(a). Even lay-
ers and microsteps are observed in the whisker tips
and the whisker roots growth from them, as shown
in Fig. 8(b), (c). The TEM image shows that these
whisker roots and tips both have the same growth direc-
tion (Fig. 8(b)), and the EDS analysis shows no pres-
ence of nickel in these tips, as shown in Fig. 7(c).
This indicates that the VS mechanism may operate
in the whisker growth process in this case. Kato and
Tamari [15] regarded that the whisker tips being sur-
rounded by facets might be related to the change of
the whisker growth mechanism from the VLS to the
VS mechanism. Wanget al. [13] suggested that a
chemical reaction played a role in facilitating the VS
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Figure 10 Scanning electron micrograph of TiC whiskers with tapered
tips.

nucleation. Although several viewpoints exist regard-
ing the possible reaction process, it is commonly ac-
cepted that the reduction of TiCl4 and methane decom-
position may exist in the TiC formation reaction [7, 11].
That is

TiCl4(g)
H2(g)

—−→ TiCl3(g)
H2(g)

—−→ TiCl2(g)

H2(g)
—−→ TiCl(g)

H2(g)
—−→ Ti(g)

CH4(g)→CH3(g)→CH2(g)→CH(g)→C(g)

The energy barrier for VS nucleation might be lowered
by the reaction between certain reduction and decom-
position products, such as TiCl and CH. The energy
required for VS nucleation may facilitate the VS mech-
anism. Therefore, we presume that a tendency for the
VLS mechanism to change to the VS mechanism exists
in the whisker growth process at relative high deposition
temperature. It is quite possible that TiC whiskers grow
by the VLS mechanism at the initial growth stage, then
change to the VS mechanism with the liquid droplet dis-
appearing from the whisker tips. Fig. 9 shows that once
new liquid droplets form on the tips of the whiskers
growing by the VS mechanism, these whiskers will
be back to grow in accordance with the VLS mech-
anism, which accompanies the change of growth di-
rections and the formation of crooks (Fig. 9(a)). The
undulation of the deposition parameters, in particular
the deposition temperature, often induces this. Even
repeated orthogonal crooks can be observed when the
deposition parameters fluctuate periodically, as shown
in Fig. 9(b). This indicates that the dissipation of liquid
droplets in the whisker growth process may determine
the change from the VLS to the VS mechanism. The
liquid droplet may disappear due to the escape of nickel
from the eutectic liquid alloy. The nickel escapes either

by evaporation [7] or reaction to produce certain vapor
phase of nickel alloy [9].

When the deposition temperature is increased up
to 1200◦C (the vapor pressure of Ni(s) at 1200◦C is
2× 10−5 Torr), an interesting result is found. The TiC
whiskers not only grow on nickel substrate, but also on
the inner wall of the graphite reaction tube. Nearly all
of whisker tips become more and more tapered and no
droplet has been found on the whisker tips, as shown
in Fig. 10. It indicates that the VS mechanism holds
in this case. The liquid droplets disappearing from the
tips of the whiskers may be due to the increase of the
evaporation speed of nickel atoms with temperature, or
the depletion of nickel taking part in the reaction.

4. Conclusion
TiC whiskers with good quality and high yield are pre-
pared by a modified CVD method. Various whisker
morphologies are observed under different conditions.
The major factors affecting the whisker morphology
are the gas flow rate and the C/Ti ratio. Typical wool-
like growth morphology of whiskers is obtained at a
lower gas flow rate, while hassock-, cluster-, and bar-
like whiskers are obtained at a higher flow rate. The
difference in morphology can be ascribed to the differ-
ence in concentration of the vapor phase. The effect of
the C/Ti on the whisker morphology is related to the
formation of Ni-Ti eutectic liquid phase which initiates
whisker growth. Furthermore, the stability of deposi-
tion parameters also affects the whisker morphology
and growth mechanism. The whiskers prepared in this
experiment are perfect single crystals. The main growth
directions are〈1 0 0〉 and〈1 1 1〉. The VLS mechanism
is not necessarily dominant in the whisker growth pro-
cess. At low deposition temperature, the TiC whiskers
grow on the nickel substrate accoding to the VLS mech-
anism. With the increase in temperature, the VLS mech-
anism operates at the initial stage, then changes to the
VS mechanism with the dissipation of liquid droplets
at the whisker tips. The deposition temperature plays
an important role in determining the change from the
VLS to the VS mechanism.
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