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Abstract: Steel matrix composites reinforced with TiB,+TiC reinforcement were produced by laser melting mixture of B4C, TiO,, Al
and Fe-based self-melting alloy powders. The results show that TiB,+TiC ceramic particles were synthesized from the reaction of
B,C, TiO, and Al alloys during laser cladding process. The reinforcement particles were evenly distributed in the coating. TiB, grew
in rectangle shape, but TiC presented irregular cubic shape. The wear resistance of the coating was higher than that of the substrate of
1045 steel; meanwhile, the friction coefficient of the coating was considerably lower than that of 1045 steel.
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1 Introduction

It is well know that TiB, and TiC have low friction
coefficient, high elastic modulus, high hardness, high
melting temperature and low theoretical density [1].
They have received significant attention as reinforcement
in metal matrix composites (MMCs). Recent years,
multiple ceramic particles reinforced MMCs, such as
TiB,—TiC/Fe [2,3], TiB,—TiC/Ni [4], ALO;—TiB,/Al [5],
ALO;-TiC/Fe [6], have been developed. These efforts
have resulted in the combination of properties that are
not available in a single ceramic material. Conventional
production method, such as high-temperature sintering,
often requires adding the ceramic reinforcement phases
into the metal matrix directly. However, it often leads to
poor wetting behavior between ceramic phase and metal
matrix, resulting in segregation of reinforcing phases as
well. To overcome the disadvantage of the directly
adding ceramic phase technique, a novel processing
route has evolved, where the reinforcement can grow in
situ in the metal matrix utilizing either the exothermic
nature of reactions or the crystallization during
solidification.

Recently, laser in situ synthesis technology has been
widely used in fabricating ceramic reinforced metal
matrix surface composite coating because of its rapid
cooling rate and high efficiency. In comparison with
other technologies, highly confined and controlled local
heat generated by the laser beam can yield the in
situ-fabrication of a ceramic composite coating with
metallurgical bonding to the substrate without destroying
the properties of the substrate. The key feature of this
technology is the localized melting and solidification in
shallow depth within a short time, meanwhile the
substrate material remains cool and serves as an infinite
heat sink. Thus, a wide variety of chemical and
microstructural states cannot be destroyed owing to the
rapid heating and cooling process. Laser in situ synthesis
technology has been used for fabricating ceramic phase
of TiB,, TiC or TiB,~TiC reinforced metal matrix
composite coatings [7-9]. However, there are few
published literatures of laser in-situ synthesis technology
on the fabrication of TiB,—TiC ceramic via melting
mixture of B4,C, TiO, and aluminum powders.

In the present investigation, an attempt is made to
synthesize TiB,—TiC multiple ceramic reinforcement by
laser beam melting of the precursor of B4C, TiO, and Al
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blended powders on AISI 1045 steel substrate.
2 Experimental

The powder mixture of the coating alloy was
prepared from Al (99% purity), TiO, (anatase, 99%
purity), and B4C (90% purity, balance B,O; and C). To
improve the formation of the coating, Fe-based
self-melting alloys and CaF, (98.5% purity) were added
to the raw clad powders. The sizes of TiO,, Al and B,C
particles were estimated to be 36, 10 and 20 um,
respectively. The normal mole ratio of TiO,, B4,C and Al
corresponds to the following reaction:

B,C+3TiO,+4A1=—2TiB,+TiC+2Al,0; (1)

In order to achieve a homogeneous distribution, the
raw powders were mixed in a blender for 1 h under
protection of argon gas. The precursor was mixed with
organic binder and then pre-placed on a steel plate to a
thickness of approximately 1.2 mm for the laser cladding
process.

The AISI 1045 steel plates with dimensions of 100
mmx100 mmx10 mm were used as the substrate. They
were polished with emery paper and washed with
acetone subsequently in order to provide a clean surface.

A continuous CO, laser with a maximum power of
5000 W was employed to perform the laser cladding
process. Multimode laser beam was delivered using optic
reflective mirror and defocused to a beam diameter about
3 mm. The laser cladding parameters used in the
experiment were laser power 2000 W, scan speed 5
mm/s and protective gas 10 L/min (argon). Multi-track
cladding with 33% overlap ratio was made to create the
coating.

All specimens were etched with a solution of 3%
nital. The microstructure and compositions were
analyzed on a SU-70 field emission scanning electron
microscope (FESEM) and transmission electron
microscope (TEM). The chemical compositions were
identified by energy dispersive spectroscopy (EDS)
coupled with FESEM. A type of D/Max—2500PC X-ray
diffractometer (XRD) with Cu K, radiation operated at
60 kV and 40 mA was used to analyze the phase
structure. Dry sliding wear tests were carried out on an
M-2000 block-on-ring wear tester at room temperature
applied test load of 49 N, relative sliding speed of 0.84
m/s and a sliding distance of 1260 m, and average value
of wear volume loss was taken from three measurements.

3 Results and discussion

3.1 Microstructure and phase structure

The typical XRD pattern of the coating is shown in
Fig. 1. It is clearly indicated from Fig. 1 that the phases
of the coating are mainly TiB,, TiC, a-Fe(Ni,Cr),

y-Fe(Ni,Cr) and M,Cs, providing that TiB, and TiC
reinforcements are obtained through the metallurgical
reaction. However, there are no any Al,O; peaks in the
XRD pattern because the reaction of Al and TiO, to form
AlLO; primarily occurs at about 1000 °C [10]. The
density of the Al,O; (p=3.8 g/cm’) is less than that of
iron melting, which leads to Al,O; particles to float
upward the melting pool and form the slag. In addition,
while the appropriate mole ratio of B,C, TiO, and Al is
used, the coating is in the absence of brittle phases, such
as Fe,B, FeB, FeTi and Fe,Ti. The avoidance of such
brittle phase is important to the cracking-resistance of
laser-clad coating.
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Fig. 1 XRD pattern of laser synthesized composite coating

Figure 2(a) shows the typical macro-morphology of
the composite coating. Overlapped laser track with a
relatively smooth surface can be observed. It reveals that
the coating demonstrates enough toughness, which can
be proved by the fact that no cracks are shown in the
coating. In addition, a sound metallurgical joint between
the coating and substrate is also observed (shown in
Fig. 2(b)). The region adjacent to the coating experiences
thermal cycling during the laser processing and the heat
affected zone forms.
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Fig. 2 Macroscopic view of composite coating: (a) Overview;

(b) Cross-sectional view
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Figure 3 shows the SEM image of the composite
coating and the EDS results. It can be seen that the
coating presents a microstructure essentially consisting
of reinforcing particles dispersed in a metal matrix. The
morphology of the reinforcements can be approximately
categorized into two kinds: deep grey with rectangular
shape and light grey with irregular cubic shape. EDS
results of the reinforcement (marked as 4 and B) are
shown in Figs. 3(b) and (c), respectively, which indicate
that there is titanium concentration in rectangular and
irregular cubic phase, and boron mainly concentrates in
the rectangular phase; however, carbon mainly
concentrates in the irregular cubic phase. Moreover, both
of them are lack of iron element. Thus, combing

the XRD result, it can be deduced that those deep gray
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Fig. 3 Microstructure of laser synthesized coating: (a) SEM
images of reinforcement; (b) EDS analysis for marked A4
reinforcement; (c) EDS analysis for marked B reinforcement

reinforcements with rectangular shape are TiB,, while
light grey reinforcements with irregular cubic shape are
TiC particles. In addition, it is important to note that
most of TiC particles cling to TiB,, implying that TiB,
particles are formed before TiC.

Figure 4 shows the curves of the Gibbs free energy
vs temperature of the above reactions [11—15]. It can be
seen that the reaction of TiO, and Al has the lowest
Gibbs free energy, implying that Al,Oj is firstly to form,
and then synthesize TiB, and TiC. Moreover, TiB, has
the highest melting point, therefore it is likely to separate
first from the melt during the cooling process of the laser
cladding. In other words, TiB, can be formed via the
nucleation-growth mechanism. The TiB, blocky
morphology can be rationalized based on its C32 crystal
structure. The TiB, crystal is formed by trigonal prisms
closely packed in different directions, with growth along
the [0001] and (1100) directions involving alternating
Ti and B layers in both cases [16,17]. Therefore, crystal
of TiB, growing unconstrained from the melt tends to
form the blocky morphology. On the other hand, TiC is
known to have a rock-salt NaCl-type structure that Ti
atoms array the face centered cubic (FCC) sublattice
while carbon atoms occupy the free sites of the
octahedral configuration forming another FCC sublattice
[18], therefore, its growth mechanism is well known to
be the lateral growth [19]. That is, the (001) direction is a
fast growing direction for an FCC crystal structure
during solidification. In theory, the fast growing rate in
this direction leads to the formation of the main dendrite
arms of TiC under slow cooling solidification conditions.
However, in the present study, TiC shows irregular cubic
shape. This may attribute to high cooling rate of the laser
processing, leading to the rapid rate of solidification.
Moreover, growth of TiC particles is restricted by the
rectangle TiB,. Therefore, the growth of dendrite TiC is
restrained.

TEM images of the TiB, and TiC in the coating
are illustrated in Figs. 5(a) and (c), respectively. The
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Fig. 4 Curves of Gibbs free energy vs temperature for reaction
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Fig. 5 TEM images and SAED patterns of TiB, and TiC: (a) TEM image of TiB, crystal; (b) SAED pattern of TiB,; (c) TEM image

of TiC crystal; (d) SAED pattern of TiC

corresponding selected area electron diffraction (SAED)
patterns of the TiB, and TiC crystal are shown in Figs.
5(b) and (d), respectively. It further proves that TiB, and
TiC have been in-situ synthesized in the composite
coating. Straight and clean interface between reinforce-
ments and ferrite matrix without the presence of reaction
product was observed. Such an interface is typical for the
in situ synthesized composites, and it is also beneficial
for the improvement of wear resistance.

3.2 Wear properties of coatings
The block-on-ring wear test results as cumulative
mass loss over a period of 25 min are shown in Fig. 6.

25
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Fig. 6 Wear mass loss of substrate and composite coating as
function of sliding distance

It can be seen that the composite coating indicates
much superior wear resistance to the uncoated substrate,
implying that a significantly enhanced wear resistance is
caused by the in situ TiB, and TiC particles in the
composite coatings.

Figure 7 indicates the variations of friction
coefficient for the substrate and laser clad coating as a
function of sliding distance under dry sliding wear test
conditions. The friction coefficient of the coating
(oscillated around 0.45) is considerably lower than that
of substrate (oscillated around 0.65). This may be
attributed to the higher hardness of the composite
resulting in lower real area of contact, therefore, a
smaller number of junctions which require less energy to
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Fig. 7 Variations of friction coefficient for 1045 steel substrate
and composite coating as function of sliding distance
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get sheared during sliding as compared with the substrate;

on the other hand, TiB, and TiC ceramics have lower
friction coefficients (TiB,:0.45; TiC: 0.25), and
reinforcements reduce the contact area of the matrix with
the counterface, leading to minimizing the smearing
effect of the Fe-based coating on the counterface surface.
Hence, the composite coating may enhance the hardness
and wear resistance without evidently increasing the
friction coefficient of the coatings.

4 Conclusions
1) Using TiO,, B4C and Al powders as precursor,

TiB,—TiC reinforced iron matrix laser clad composite
coating on medium carbon steel substrate was obtained.

2) Phase constituents of the coating are mainly o-Fe,

TiB, and TiC. The microstructure of the composite
coating consists of rectangle TiB, and irregular cubic
TiC particles distributed uniformly in the o-Fe. TiB,
presents deep grey, but TiC shows light grey. Moreover,
TiC clings to TiB, particles growth.

3) In situ TiB,~TiC/Fe composite coating has an
excellent wear resistance and a lower friction coefficient
under dry sliding condition because of the presence of
TiB, and TiC reinforcement in the composite coating.
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