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Abstract

Titanium carbide particle (TiCp) reinforced Ni alloy composite coatings were synthesized by laser cladding using a cw 3 kW
CO2 laser. Two kinds of coatings were present in terms of TiCp origins, i.e. undissolved and in situ reacted TiCp, respectively. The
former came from the TiCp pre-coated on the sample, whereas the latter from in situ reaction between titanium and graphite in
the molten pool during laser irradiation. Conventional and high-resolution transmission electron microscope observations showed
the epitaxial growth of TiC, the precipitation of CrB, and the chemical reaction between Ti and B elements around phase
interfaces of undissolved TiCp. The hardness, H, and elastic modulus, E, were measured by nanoindentation of the matrix near
the TiCp interface. For undissolved TiCp, the loading curve revealed pop-in phenomena caused by the plastic deformation of the
crack formation or debounding of TiCp from the matrix. As for in situ generated TiCp, no pop-in mark appears. On the other
hand, in situ reacted TiCp led to much higher hardness and modulus than that in the case of undissolved TiCp. The coating
reinforced by in situ generated TiCp displayed the highest impact wear resistance at both low and high impact conditions, as
compared with coatings with undissolved TiCp and without TiCp. The impact wear resistance of the coating reinforced by
undissolved TiCp increases at a low impact work but decreases at a high impact work, as compared with the single Ni alloy
coating. The degree of wear for the composite coating depends primarily on the debonding removal of TiCp. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Laser surface cladding of particle reinforced metal
matrix composite (MMC) coatings shows high poten-
tial for producing the wear resistant surface layers for
ambient and high temperature performance [1,2]. The
increase in hardness and wear resistance is primarily
due to particle reinforcement of the metal matrix and
resistance to plastic flow by particle during wear and
abrasion. Contributions also come from solidification
reaction products such as fine-scale, dendritic and eu-
tectic carbides which form within the metal matrix as a

result of melt/carbide interactions, and from phase
transformation products such as solid solutions, precip-
itates, dispersoids, and martensitic phases. The rela-
tively soft and ductile binder metal contributes the
toughness necessary for surface engineering
applications.

Various types of carbide and binder alloy composi-
tions can be chosen in order to achieve various prop-
erty requirements. Matthews [3] clad a paste of
Hastellite (50% WC and 50% NiCrSiB, all weight per-
cent) pre-placed on a steel substrate and suggested that
such a hard facing technique is highly promising for
many applications. A SiC powder plus Stellite (CoNi-
WFeSiC) composite coating was studied by Abbas and
West [4] on EN3b steel and showed excellent wear
resistance due to enhanced hardness. Ayers et al. [5,6]
injected 30–50 vol.% of 100 �m TiCp into the laser-
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melted zone of titanium alloy (Ti6Al4V) and observed
an increase in the hardness to about 450 Hv and a
decrease in the coefficient of friction. Partial solution of
TiCp occurred during the laser processing, and TiC
dendrites formed during solidification. Lei et al. [7]
analyzed the microstructure of 30% TiC reinforced
Ni-alloy coating and observed that the coating en-
hanced the abrasive wear resistance. Jasim et al. [8] and
Abboud et al. [9] presented details of a functionally
graded clad built up by overlapping laser-processed
tracks, with a stepwise increase in the proportion of
reinforcement.

The microstructure at interfaces between the rein-
forced particle and matrix crucially affects the mechan-
ical properties of the coating. Most wear failures of
MMC coatings are sensitive to the particle–matrix
interface. This is because the stress transfers through
phase interfaces by a shear mode to realize the strength-
ening of the coating. The structure around the interfa-
cial of the reinforced particle varies to a high degree in
the molten pool. As far as carbides are concerned, such
as WC, SiC, and TiC, etc. dissolution to various degree
occur in the molten pool and may lead to a re-growth
[10]. Kooper et al. [11] pointed out that the fine,
re-precipitated particles contribute mainly to the in-
crease in the wear resistance. The chemical reaction
also occurs at the phase interface between the particle
and binder alloy. Furthermore, the reaction product
will undoubtedly have a strong influence upon the
interfacial structure and overall properties of the coat-
ing [12]. However, few microstructural observations
and mechanical property determinations have been per-
formed at phase interfaces. To our knowledge, the
mechanical behavior, such as toughness, hardness, and
modulus, is poorly understood. In addition, it is noted
that the impact wear resistance of the MMC coating is
seldom studied [13], as compared with the abrasive and
sliding wear. The mechanism of the impact wear is
mainly due to the lack of ductility at interfaces
where cracks form and grow. Thus, the optimization of
toughness and hardness is required especially at phase
interfaces between the reinforced particle and the ma-
trix.

More recently, it has been possible to reliably study
the property much near the interface by the use of
nanoindentation methods [14,15]. The scale of the de-
formation is much smaller; depths and forces are in the
range of a few nm and nN, respectively. The
‘nanomethods’ exclusively adopt the contact compli-
ance method. Direct imaging of the indentation, while
possible, is generally not a viable experimental proce-
dure. In the present work, the microstructure, mechani-
cal properties such as, hardness and modulus, at phase
interfaces between the reinforced particle and the ma-
trix, and the impact wear resistance of the coating were
studied and are reported.

2. Experimental

Commercial 5CrMnMo steel was used as the sub-
strate. The chemical composition of the steel was
0.43C, 1.23Cr, 1.18Mn, 0.23Mo, balance Fe (all wt.%).
A powder mixture of 30 vol.% TiC and 70 vol.% Ni
base self-fluxing alloy was used as the coating material.
The chemical composition of the Ni alloy was 16Cr,
3.5B, 4.5Si, and 0.8C, balance nickel (all wt.%). The Ni
alloy particles had an average size of −280 mesh and
appeared to be spherical, while TiCp particles were less
than 6 �m in size and irregular in shape. TiCp and
polyethylene glycol were used to obtain a pasty mix-
ture. The paste was pre-coated onto the specimen sur-
face by brushing to a thickness of about 0.8 mm.

A 3 kW continuous wave CO2 laser was employed to
produce the coating. The parameters varied were the
laser power, beam size, and beam scanning speed. The
processing parameters were established after a few trial
runs. The criteria for determining the optimum quality
of the coatings were based on a compromise of highest
hardness, best homogeneity, and lowest occurrence of
cracks. On the basis of these criteria, the best process-
ing conditions were determined to be as follows: tra-
verse speed for 14 mm s−1, beam diameter for 3 mm,
and laser power for 2.5 kW. An argon atmosphere was
used to protect the molten pool from the surrounding
air.

Another kind of TiCp reinforced Ni-alloy coating
was obtained in a manner described in Ref. [16,17],
which provided details of this coating synthesis and
resulting microstructure. The coating material consisted
of a powder mixture of titanium plus graphite (total 30
vol.%) and a Ni-alloy (70 vol.%). The ratio of titanium
to carbon powders corresponded to that of stoichiomet-
ric TiC. The average size and purity of titanium and
graphite powders were −320 mesh and −300 mesh
and 99.9 and 99.99%, respectively. Using this method,
TiCp was introduced into the coating by in situ reaction
between titanium and graphite. The in situ generated
TiCp was different from undissolved TiCp obtained by
the above pre-coating method mainly in two aspects.
Firstly, the in situ generated TiCp had submicron size,
often much smaller than that of undissolved TiCp.
Secondly, it was compatible with the matrix and the
phase interface was free from the deleterious precipita-
tion and chemical reaction as well [16].

The morphology, microstructure and phase interface
of the coating were observed using a scanning electron
microscope (SEM), X-ray diffraction (XRD), analytical
transmission electron microscope (ATEM) and high-
resolution transmission electron microscope (HRTEM)
equipped with EDX.

The mechanical properties near the TiCp–matrix in-
terface were studied using a CMES nanoindentor. This
instrument could monitor and record the dynamic load
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and displacement during indentation. The load and
displacement resolution was 0.3 �N and 0.17 nm, re-
spectively. A berkovich indentor was used. The system
was thermally buffered from its surroundings and the
room in which it is housed was temperature-controlled
to within �1°C. Hardness (H) and elastic modulus (E)
were calculated from the load versus displacement data
obtained during nanoindentation. Hardness itself was
calculated as the nominal stress underneath the inden-
tor at any point in time, i.e. the applied load to the
indentor was divided by the projected area. Because the
indentor geometry was known, the area was, in prac-
tice, calculated directly from measurements of the total
depth. The elastic contribution to this depth was sub-
tracted, so that the resulting hardness measurement
reflected the resistance of the material to plastic flow
only. The relevant equations for the modulus calcula-
tion were
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E and � were, respectively, the Young’s modulus and
Poisson’s ratio, with the subscripts i and s referring to
the sample and indentor, respectively. The composite
modulus, Er, was obtained from the unloading slope
(dP/dL) and required determination the plastic depth
at which unloading begins (hp). � is constant. A value
of �i=0.31 was chosen, since this is the Poisson’s ratio
for the Ni alloy.

The impact wear experiment was performed using an
Impact Wear Test Machine. The experimental condi-
tions were as follows: impact work of 0.2 and 3 J,
respectively, impact frequency of 120 cycle min−1,
room temperature of 22�1°C, and relative humidity of
45�5%. The specimen dimension was �10 mm×40
mm. Multiple laser tracks were used and the shift
between two successive tracks was kept constant. The
optimum shift used to ensure a constant thickness
coating was determined to be about 30% of the beam
diameter. A GCr15 steel, with a compositions of 1.08C,
1.52Cr, balance Fe (all wt.%), was used as the friction
counterpart rotated at a speed of 120 rpm. The heat-
treatment condition was austenizing at 1153 K for 1 h,
oil cooling and tempering at 853 K for 2 h, and its
hardness was HRC62. Solid Al2O3 particles of average
size of −380 mesh were used as abrasives. The abra-
sives were fed into the space between the specimen and
the counterpart at a flow rate of 180 g min−1. The
surface was polished before tests, because after laser
clad processing all specimens had surface roughness of
at least a few tens of micrometers.

3. Results and discussion

3.1. Interfacial structure of undissol�ed TiCp

Fig. 1 shows the XRD spectrum of the coating
reinforced by undissolved TiCp. The main phases con-
sist of TiC, �-Ni austenite, (Fe, Cr)23C6, (Fe, Ni)3B6,
Ni3Si, and TiB.

Fig. 2 shows the scanning electron micrograph of the
cross-section of the coating. It is seen that the undis-
solved TiCp is distributed uniformly in the coating.

Fig. 3(a) is a bright-field TEM image showing the
interfacial character of the undissolved TiCp. Two
kinds of precipitates can be seen. One appears thin
loop-like (�) and the other granular (�). Fig. 3(b) is the
dark-field TEM image obtained using the diffraction
spot (111). It is seen that the loop-like precipitate has
the same contrast with TiCp. It is deduced that the
loop-like precipitate is TiC grown epitaxially. This is
evidence of the partial dissolution of TiCp on heating
and their regrowth on cooling. Fig. 3(c) is the selected
area diffraction pattern (SADP) of TiCp in Fig. 3(a).

Fig. 1. XRD spectrum of the coating.

Fig. 2. SEM micrograph showing the coating reinforced by undis-
solved TiCp.
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Fig. 3. TEM micrographs: bright-field image showing epitaxial growth of TiC (�) and precipitation of CrB (�) (a), dark-field image of TiCp (b),
SADP of TiCp (c), SADP of CrB (d).

Fig. 3(d) is SADP from the granular precipitate. It is
determined that the granular precipitate is CrB. The
nucleation of CrB at interfaces between TiCp and the
matrix is widely observed.

Fig. 4 shows the HRTEM image at interfaces be-
tween undissolved TiCp and the matrix. A thin reaction
layer is clearly seen at the edges of the undissolved
TiCp. The crystal structure was not determined due to
its small size. However, the chemical composition of the
layer was analyzed using EDX. It is determined that the
layer consists of Ti and B, with the latter ranging from
38 to 63 at.%. Thus, the thin layer formation is proba-
bly due to the chemical reaction of TiCp with B in the
matrix.

For the MMC coating with undissolved TiCp rein-
forcements, interfaces are thermodynamically unstable
and have the kinetic possibility to evolve to a more
stable configuration due to the high temperature in the
molten pool during laser cladding. Chemical reactions
to a various degree may occur at phase interfaces.
Therefore, the epitaxial growth, precipitation, and
chemical reaction are present at the interface of undis-
solved TiCp. These brittle metallic compounds may
impair the mechanical properties and bring about a
low-stress failure at the phase interface between TiCp

and the matrix.

In situ MMCs are multiphase materials whose rein-
forcing phases are synthesized in a metallic matrix
during their composite fabrication. They offer attrac-
tive advantages as compared to the conventional
MMCs: (1) the in situ formed reinforcements are ther-
modynamically stable in the matrix, leading to less
degradation in high temperature; (2) the reinforcement-
matrix interfaces are clean, contributing to an improve-

Fig. 4. HRTEM micrograph showing a chemical reaction layer
around the phase interface of undissolved TiCp.
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Fig. 5. Load-displacement curve near the TiCp interface. (a) undis-
solved TiCp, (b) in situ reacted TiCp.

face. Fig. 5(a) and (b) correspond to undissolved and in
situ reacted TiCp, respectively. The indent distance
from the interface is about 200 and 120 nm, respec-
tively. Fig. 5(a) shows clearly several pop-in marks,
with the displacement from a few to tens of nanome-
ters, right from the beginning of loading during inden-
tation even at a very low load. In addition, as for
undissolved TiCp, it is noted that the pop-in park
appears throughout the loading curve with various
loads. However, no pop-in marks appear in Fig. 5(b) in
case of the in situ reacted TiCp.

Pop-in marks in the loading curve predict either
onset of plastic deformation of crack formation or TiCp

debonding from the matrix. Pop-in phenomenon, in
fact, represents the fracture toughness, i.e. resistance to
crack initiation and propagation near the TiCp–matrix
interface. Thus, the pop-in mark may have resulted
from the low fracture toughness. As far as in situ
reacted TiCp is concerned (Fig. 5(b)), however, no
pop-in marks appear during loading over a wide range.
This suggests that there is no formation of cracks or
debonding of TiCp from the matrix. The interfacial
microstructure has a strong influence upon the fracture
toughness. The formation of brittle compounds due to
precipitation and chemical reaction at interfaces ad-
versely affects the fracture toughness and leads to a low
stress fracture. Therefore, it is concluded that the phase
interface of in situ generated TiCp has higher fracture
toughness than that in the case of undissolved TiCp.

Fig. 6 reveals the distribution of E and H at matrix
regions near phase interfaces corresponding to undes-
solved and in situ generated TiCp, respectively. E and H
all have a gradient distribution. However, it is noted
that the in situ generated TiCp gives values of E and H
much higher than undissolved TiCp does. This means
that in situ reacted TiCp may effectively enhance the
hardness and modulus of the matrix and decrease the
stress concentration near the interface.

In situ generated TiCp is introduced into the metal
matrix by a direct reaction. It may be more compatible
with the matrix and the phase interfaces may be clean
[16]. Meanwhile, TiCp formed in situ is ultra-fine and
thermally stable [16,17]. Therefore, TiCp generated in
situ can increase E and H effectively.

The results provided useful information that in situ
reacted TiCp has a higher stiffness and a better combi-
nation of strength and toughness than those of undis-
solved TiCp do.

3.3. Impact wear resistance

Fig. 7 shows the relative wear resistance. The relative
wear resistance is determined by calculating the ratio of
the measured weight change of the single Ni-alloy
coating to that of coatings with TiCp. Under the condi-
tions of both low (0.2 J) and high (3 J) impact work,

Fig. 6. Distribution of modulus (E) and hardness (H) near the phase
interface. (a), (b) Undissolved TiCp (c), (d) in situ reacted TiCp.

Fig. 7. Relative wear resistance of various coatings after the impact
work of 0.2 and 3 J, respectively.

ment of wettability; (3) the in situ formed reinforcing
particles are finer in size and their distribution is more
uniform, resulting in better mechanical properties of the
MMCs. As for in situ reacted TiCp, therefore, the phase
interface is clean and free from gas absorption, oxida-
tion or other deleterious surface reactions [16]. This is
considered to be one of main advantages of in situ
generated interfaces.

3.2. Distribution of hardness and modulus

Fig. 5 is the representative load-displacement curve
in the matrix region very near the TiCp–matrix inter-
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the coating reinforced by in situ reacted TiCp has the
best wear resistance, as compared with the coating
reinforced by undissolved TiCp and the single Ni-alloy
coating. As for the coating reinforced by undissolved
TiCp, the wear resistance increases at the low impact
work but decreases at the high impact work, as com-
pared with the single Ni-alloy coating.

The morphologies of the worn surface after impact
work of 3 J are showing in Fig. 8. For the coating
reinforced by in situ reacted TiCp (Fig. 8(a)), only mild
adhesive wear with fine scratches appears. For the
coating reinforced by undissolved TiCp shown in Fig.
8(b), however, both the severe delamination wear of
large areas and the desquamation of a large amount of
TiCp from matrix occur. In addition, microcracks form
next to the existing defects or the drastic plastic defor-
mation zones in the subsurface layers. Thus, the impact
wear mechanism is the sequence of nucleation and
propagation of microcracks at phase interfaces, and
then debonding of carbide from the matrix in the
present coating.

Basically, to improve effectively the impact wear,
surface and subsurface plastic deformation, crack initia-
tion, and crack growth should be reduced [13]. The
onset of microcracking depends on the fracture tough-
ness. The wear resistance will be enhanced with an
increase in fracture toughness when microcracking be-
comes the predominant wear mechanism. The delami-
nation wear mechanism is less load dependent, being
mainly a function of the number of defects in the
materials [18]. Plastic deformation during wear causes
dislocation pile-ups in the subsurface layers leading to
the formation of microcracks followed by delamination.
In addition, the desquamation of TiCp from matrix is
mainly determined by the fracture toughness of the
interface between TiCp and the matrix.

The fine TiCp reacted in situ enhances the fracture
toughness of not only the phase interface but also the
bulk coating. The gradient distribution of hardness may
also alleviate the stress localization near interfaces.

Meanwhile, finely and dispersely distributed TiCp parti-
cles reacted in situ may effectively restrain the deforma-
tion of the ductile matrix. This means that the in situ
TiCp coating possesses a much higher resistance to
plastic deformation and microcracking and as a result,
an enhanced resistance to debonding of particles from
the matrix. The phase interface of undissolved TiCp

presents various precipitates. The phase interface has a
low fracture roughness and as a result, microcracks
easily form especially at a high impact load. This is why
the coating has a poor wear resistance at a high impact
work, as compared with the single Ni-alloy coating.

Therefore, under the present wear condition, it is
expected that a large amount of fine, disperse and
well-distributed in situ TiCp particles with a strong
interface bond will be sure to enhance the wear proper-
ties of the layer effectively.

4. Conclusions

The phase interfaces between TiCp and the matrix are
studied by ATEM and HRTEM in a Ni-alloy coating
reinforced by TiCp. The epitaxial growth of TiC, pre-
cipitation of CrB and M23C6 compound, and chemical
reaction layer are observed.

TiCp generated in situ leads to a high toughness,
hardness, and modulus than undissolved TiCp does.
For TiCp undissolved, pop-in phenomenon can be seen
in the load-displacement curve. Pop-in marks result
from onset of plastic deformation from the crack for-
mation or debonding of particle from the matrix.

The coating reinforced by TiCp reacted in situ has the
best impact wear resistance at both low and high
impact work. The coating reinforced by undissolved
TiCp has a high wear resistance only at low impact
work but not at high impact work, as compared with
the Ni alloy coating without TiCp. The degree of wear
for the composite coating depends primarily on the
debonding removal of TiCp.

Fig. 8. SEM micrographs of worn surface after the impact work of 3 J. (a) In situ reacted TiCp, (b) undissolved TiCp.
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