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In this paper, the laser cladding is created by using Co50 powder and TiCmixture, covering a H13 hot-working steel substrate.�e
samples are analyzed by the hardness test, XRD, SEM, and friction test to identify the forming phases, microhardness distribution,
and wear-resistant characteristics.�e results indicated that hardness reduces from the coating zone to the substrate, achieving the
highest value at the coating zone. Increasing the content of TiC results in improving the coating hardness.�e coatings with 10%–
20% TiC show high-quality surface morphology and macrograph. With 30% TiC, the hardness obtains a higher hardness, but the
surface appears to crack. �e microstructures of the coatings present a well-mixed and well-distribution of the TiC particle on the
Co matrix. �e friction coefficient of H13 steel and Co50 coating reaches the maximum value when the load is 50N and mostly
decreases with the increase in the load.�e wear rates of H13 steel and Co50 coatings mainly increase with the increase in the load.
�e temperature has a greater influence on the friction coefficient of the Co50 coating. However, the temperature has a small effect
on the friction coefficient of the 20% TiC coating. �e wear resistance of 20% TiC coating is higher than that of H13 steel, Co50
coating, and 10% TiC composite coating. At room temperature, the wear mechanism of the coating is mainly brittle spalling,
adhesive wear, and ploughing. At 700°C, the wear mechanism is mostly oxidation wear and fatigue wear. After laser cladding, the
service life of the coated surface could be greatly improved. �e Co + 20% TiC coating has high hardness and wear resistance.

1. Introduction

Most machinery failures are caused not by fractures but by
wear and damage of friction surfaces in dynamic joints.
More than half of the fuel used to run cars, locomotives, and
other vehicles is essential to overcome the resistance caused
by friction in the engine parts. Similarly, the process of using
hot-work mold steels requires the surface must have the
same strength and ductility, especially resistance to wear and
heat fatigue at high temperatures. Currently, there are many
advanced methods of improving surface quality that have
been applied, such as carburizing, nitriding, and nitro-
carburizing. In general, the harder the material is, the more
the brittleness. Researchers are trying to find an ideal ma-
terial that has both high hardness and high thermal and
flexural strength. �e machining methods such as milling,

lathing, electrical discharge machining, and electroplating
change the structure and physical andmechanical features of
the surface layers. Recently, surface modification technol-
ogies are rapidly developed and applied to create a hard
surface while still preserving the flexibility of the substrate.
One of those techniques is coating the surface with high
hardness and small abrasion coefficient on materials with
high flexural strength.

Friction abrasion is a complex process, influenced by
many factors. Especially at high temperatures, in addition to
the oxygen process, the hardness and durability will be
significantly reduced, and thermal expansion will change the
organization of the coating. �ese phenomena are complex
but common forms of damage [1–3]. When using hot-
working molds, the surface is required to have a high-
temperature strength and toughness, especially the wear
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resistance thermal fatigue performance at high temperature.
For the surface layer, its wear friction is a complex process,
which is affected by many factors such as load, sliding speed,
ambient temperature, type of friction pair, and surrounding
medium. �erefore, it is very important to study the high-
temperature friction and wear properties of the surface layer.
Under high-temperature conditions, as the temperature of
the mold increases, the degree of oxidation and thermal
expansion increase. Moreover, the hardness and strength
decrease results in changing the microstructure of the mold.
It is an extremely complex form of failure, which makes the
wear resistance of the material reduce dramatically. In the
laser cladding field, a great number of researches have been
reported on the wear resistance and corrosion resistance of
coating alloy layers. Recently, the friction and wear prop-
erties of cladding layers have been studied at room tem-
perature. However, there is not much research on friction
and wear properties and its corresponding microstructure at
high temperatures. Especially, the effect of adding TiC in
laser cladding has not been reported yet [4–7]. �erefore, a
study on the high-temperature friction and wear perfor-
mance of the cladding layer is particularly important.

In recent years, laser cladding (LC) method has been
considered as an advanced material surface modification
method, being developed at rapid speed. LC technology is
proved to be useful in repairing and restoring the worn
surfaces, especially surfaces with a large size [8–10]. In this
LC method, melting techniques of metal/carbide base layer
have been strongly developed in recent years to improve the
wear resistance of the base material. In particular, the
coating of self-melting Co alloy can improve the oxidation
resistance and wear resistance on the surface of the material
[7, 11–15].

Co-based alloy has excellent high-temperature perfor-
mance, high-temperature wear resistance, high-temperature
corrosion resistance, good thermal strength, and cold and
hot fatigue performance. In addition, it has good thermal
conductivity and low thermal expansion coefficient and
good performance in shock resistance, creep resistance, wear
resistance, and corrosion resistance. It still has good oxi-
dation resistance and abrasion resistance above 600°C, still
maintaining a high hardness at 800°C, and having a good
antioxidation performance at 1080°C, which are very suit-
able for hot work of die steel. Xiao-hong et al. and other
studies have shown that the H13 hot-work die steel surface
after laser cladding Co-based alloy significantly improves the
high-temperature hardness and thermal fatigue resistance of
the die [16]. �is result proves that the surface laser cladding
technology can strengthen the mold surface, or the repair of
the old mold has broad application prospects. Qian et al. and
others performed laser cladding on the surface of H13 die
steel and successfully prepared a Co-based alloy coating [10].
�e coating and H13 steel substrate showed good metal-
lurgical bonding characteristics. After laser cladding, the
H13 steel base, the surface hardness, and wear resistance of
the material have been significantly improved [3]. Zhao et al.
indicate that the Co-based coating and the substrate showed
a good metallurgical combination. After the thermal fatigue
test, the Co-based coating still maintained high hardness and

high-temperature cracking, which proved that Co-based
coating has good wear resistance [4].

Nowadays, a higher quality is required for the function of
coatings, and normally, a single material cannot meet. Re-
cently, the addition of WC, B4C, SiC, Cr2C3, TiN, and other
ceramic particles to the Co-based alloy can change the
structure of the Co-based alloy and significantly improve the
performance of the coating. Zhiyuan et al. reported a
cladding Co-based alloy coating and TiN/Co-based com-
posite coating on the surface of low-carbon steel. �e results
show that TiN has a significant improvement effect on the
structure of the cladding layer, which promotes the re-
finement of its structure, and the dendrite is equiaxed.
Crystal transformation can also significantly improve the
microhardness and wear resistance of Co-based alloy
coatings [17]. Song-hua et al. studied the laser cladding of
Co60 and the addition of Cr2C3/Co coatings with different
contents of Cr2C3 (wt.%) on the surface of low-carbon steel.
�e study found that the hardness, wear resistance, and
high-temperature resistance of Cr2C3/Co coatings. �e
oxidation and corrosion resistance are significantly im-
proved than Co60 coating [18]. Moreover, the prior study
also shows laser cladding Co55 coating on the surface of low-
carbon steel and adding 20% B4C (vol.%) coating (B4C/Co).
�e results show that the added B4C significantly refines the
dendrite structure of the coating. Compared with the Co55
coating, the B4C/Co coating has significantly improved
microhardness and wear resistance [19]. However, com-
prehensive studies by Huang et al. and others found that, in
liquid steel, SiC is extremely unstable and easily reacts with
steel, and Cr2C3 is easily soluble in the steel matrix. However,
WC and Mo2C can react with the matrix to form new
carbide phases, such as M6C and MC carbide. Al2O3 has
good chemical stability, but its wettability with steel is not
good. It is difficult to be wetted by liquid steel, and it cannot
be evenly dispersed in liquid steel. Above 900°C, AlN par-
ticles dissolve into austenite. In this process, austenite grains
will grow rapidly, and particles such as TiB2 and B4C are only
suitable for the preparation of iron-based powder metallurgy
materials. �e crystal structure of NbC, TiC, VC, and ZrC
particles are all face-centered cubic, thermodynamically
stable, and suitable for steel materials [8].

Among carbide ceramic particles, TiC has excellent
comprehensive properties with high hardness (3200HV),
good thermal stability, a high melting point of 3150°C, and
good resistance to high-temperature oxidation. In addition,
TiC has a small coefficient of thermal expansion, good di-
mensional stability, high elastic modulus, stable thermo-
dynamic properties, and easy dispersion. It has a broad
application prospect of wear-resistant ceramic-reinforced
phase, and it has been widely used in the fields of wear
resistance and high-temperature resistance and has been
widely concerned by the material science circle [20–22]. TiC
can be used as ideal second-phase reinforcement, often used
as composite abrasives, as well as high-temperature oxida-
tion and corrosion-resistant materials. TiC-containing
composite materials are a hot field in the research of
composite materials, and they have great application value
and are constantly developing [23, 24].



Compared with WC, TiC has a lighter weight and higher
hardness. Emamian et al. have shown that TiC has a better
effect than WC as a reinforcement and can obtain a higher
wear resistance [25, 26]. Currently, laser cladding of Ni-
based or Fe-based composite coatings using TiC as the
ceramic reinforcement phase has been studied. Wu and
Hong prepared two types of TiCp/Ni alloy coatings on the
surface of 5 CrMnMo steel: in situ TiCp coatings and directly
added TiCp coatings. �e study found that there is a pop-in
phenomenon in the loading curve of the TiCp near interface.
�e interface hardness and elastic modulus of the substrate
near the interface area are low. �e loading curve of the in
situ TiCp near the interface area does not have a pop-in
phenomenon, and the hardness and elastic modulus are high
and present a continuous gradient distribution character-
istic. �is presents that the in situ TiCp at the interface has
high stiffness and strong toughness [27, 28]. Pei studied laser
cladding TiCp/Ni-based composite wear-resistant coating on
the surface of 45 steel.�ey have found that the rapid growth
of TiC particles mainly comes from the collision and
bonding of the particles. �e solidification front preferen-
tially captures the relatively slow floating TiC particles. �e
decisive factor leads to the in situ generation of the gradient
structure of the cladding layer [29].

In order to obtain a high-quality coating, the ratio of the
liquid phase to the ceramic phase in the coating should be
controlled first. Gao et al. studied the TiC/Ni laser cladding
layer on the surface of titanium alloy. �e results showed
that TiC- and Ni-based alloy powders were laser cladding at
a ratio of 1 : 3 (vol.%) to obtain a denser structure, with no
pores and cracks. TiC/Ni-based coating hardness is 3 times
that of the substrate, and the friction coefficient of the laser
cladding layer increases with decreasing environmental
pressure [30]. Xu et al. discussed the laser cladding of TiC/
Fe-based composite coating on the surface of 0.2% carbon
steel. �e experimental results found that, with the increase
in TiC content in the coating, the structural characteristics of
TiC/Fe-based coating changed and the hardness increased.
�e thermal stress in the coating increases with the increase
in the TiC content. When the content reaches 30% (wt.%),
pores appear in the TiC aggregation, and the coating and the
substrate have poor wetting and reverse warpage [31]. Pei
et al. generated a 30% TiCp/Ni-based composite wear-re-
sistant coating on the surface of 0.45% carbon steel. �ey
revealed that the coating structure is composed of TiC
particles, c-Ni solid solution dendritic primary crystals, and
its interphase M23C7 + c-Ni eutectic composition; TiC
particles are distributed in the c-Ni crystal. �e morphology
of TiCp is closely related to its dissolution behavior during
laser cladding. Its growth mechanism includes in situ pre-
cipitation, bridging growth, independent nucleation growth,
and precipitate out [32]. Li et al. have successfully prepared
an in situ TiC/Ni composite coating on the surface of low-
carbon steel. �ey have found that the coating contains TiC
particles and Ni phase, which shows that TiC particles are
synthesized by the in situ reaction. In addition, with the
increase in TiC content, the hardness and wear resistance of
the composite coating increase [33]. However, too much TiC
in the Co-based coating is not good for the bonding strength

between the coating and the substrate because increasing the
TiC content is decreasing the Co-based content. While Co
plays the role of a bonding agent between the coating and the
steel substrate, reducing it will lead to a decrease in the
bonding quality.�erefore, increasing TiC toomuch or higher
results in poor bonding coating, and they can be peeled.

�e way of adding carbide ceramic reinforcing particles in
the composite coating is divided into two types: external ad-
dition method and in situ self-generation method. �erefore,
there are generally two ways to prepare metal-based ceramic
composite coatings: adding ceramic reinforcement and in situ
ceramic reinforcement. �e most difficult problem is the in-
terface problem between the external ceramic phase and the
base metal: due to the large difference in thermal physical
parameters between the external ceramic phase and the base
metal, and there is an obvious interface, the particles are often
oxidized and burned or melted and decomposed during the
cladding process. It is easy to cause cracks in the coating and the
loss of the reinforcing phase and the formation of the brittle
phase in the coating, which greatly affects the application of this
technology in actual production. In addition, the interface
between the external ceramic phase particles and the metal
matrix will form undesirable reactants and deposits, making
the interface a weak interface with low strength and toughness.
�e reinforced particles are often susceptible to contamination
during processing, which can easily lead to poor wettability of
the particles and the matrix and low binding ability, thereby
damaging the mechanical properties of the composite material.
Many scholars have conducted a lot of research on this
problem in order to solve or alleviate the cracking of the coating
and have made great progress, but there has been no report on
applying this technology to industrial production, andmost are
still in the laboratory research stage.

�e carbide ceramic particle addition method is gen-
erally to precoat the reinforcement particles on the surface of
the desired reinforcing substrate or mix it with the alloy
powder to form the desired spray material. Laser and other
heat sources are used to heat and melt the precoating or
spraying powder so that the reinforcement particles enter
the metal matrix to strengthen the substrate surface to form
a metal matrix composite layer. �e reinforcing particles are
allowed to enter the surface of themetal matrix to strengthen
the substrate and form a metal matrix composite layer.
According to the temperature of the process, it can be di-
vided into a liquid-phase process and a solid-phase process.
Previous research reports on the method of adding particles
are still rare, but because of the good effect of the added
particles on the refinement and performance of the cladding
layer, it has attracted more and more attention. A study by
Huang et al. has shown that compared with in situ pre-
cipitation, the additive method is more controllable and
overcomes the uncertainty and difficulty in the number and
size of particles generated by the in situ precipitation
method. �e refinement of the original austenite grains and
the later processing process both play a role [8].

In addition, the added particles are used as nucleation
particles to provide a large number of dispersed particles to
promote heterogeneous nucleation. During the solidifica-
tion and rolling deformation of the molten steel, the



structure of the steel material can be refined. You-Wei et al.
studied the influence of chemical composition on the
structure and properties of TiCp/Fe in situ composites and
pointed out that C is a key factor affecting the growth of
crystal nuclei [9]. However, when the composition ratio of C
and Ti is significantly higher than the standard stoichiometry
of TiC, harmful flake graphite will be produced in the
structure, thereby reducing the impact toughness and
hardness of the material. From the above research results, it
can be seen that the addition of ultrafine particles to the steel
has a very good effect on the refinement of the structure and
performance improvement of the steel. �e laser cladding
and ceramic particle-reinforced metal matrix composite
coating technology are simple and easy to implement, but
this method still has many problems in the modern met-
allurgical production process.

�e method of the mechanical application of ceramic
particles is generally to directly add the ceramic phase to the
laser melting pool, or the ceramic phase is first made into a
mechanically mixed powder or coated powder with the metal
powder and then laser cladding. �e coated powder is most
widely used in Co-coated WC and Ni-coated WC. During
laser cladding, the core material is protected by the coating
material, which can reduce or prevent the burning of the core
material and improve the coating performance. �e coated
powder is significantly different from the mechanically mixed
powder made from powders with different components. �e
single particles in the powder are composed of two or more
solid-phase materials with different compositions and have
obvious phase interfaces, and the mechanical components
between the phase components are generally mechanical.
�ese aspects will lead to coating cracking or peeling damage
during the application process [12, 13] and will also bring
some difficulty in the cladding process, and the particle phase
size is determined by the size of the added ceramic particles. It
is generally several tens of micrometers, rarely less than 1 μm,
and the distribution of particles is difficult to control. Fur-
thermore, the external ceramic phase and the alloy easily
interact with each other at high temperatures, resulting in the
burning of the ceramic phase.

�is paper focuses on the wear resistance and hardness
of Co-based alloy coatings and TiC/Co-based composite
coatings at both room and high-temperature conditions.�e
effects of different TiC contents, loads, rotation speeds, and
temperatures on the dry sliding friction and wear properties
of TiC particle-reinforced Co-based coatings were studied.
�rough analysis of wear morphology, microstructure, and
high-temperature dry friction and wear properties, the
mechanism of high-temperature friction and wear was
discussed to provide a reference for the practical
applications.

2. Experimental Method

2.1. Materials and Experimental Methods. �e experiment
selected H13 steel, with some main components shown in
Table 1. �e steel sample size is 100mm× 30mm× 10mm.
�e chemical compositions of self-melting Co50 alloy
powders are listed in Table 2. �e Co50 particle size is about

53 μm. TiC powder has 99.5% purity, and its particle size is
around 10 μm. Initially, the steel surface is cleaned up by
abrasive paper, rinsed with alcohol and acetone liquid, and
then dried by oven.�en, a preplaced powder layer that used
a homemade binder coats the test sample. After that, an LC
method is applied to melt it. Preplaced powder layers consist
of a Co50 alloy powder layer and 10%, 20%, and 30%
TiC+Co50 composite powder layer (% by weight), with
∼1mm thickness. �ose preplaced powder layers on H13
steel surface are then dried in an oven for 8 hours, before
being melted down by the LC method.

Laser cladding Co50 coating and Co50/TiC composite
coating are made at Kunming University of Science and
Technology. LC machine is the type of GS-6000 TFL
transverse-flow CO2 with the main parameters: the laser
power 3.3–4.2 kW, scanning speed 350–500mm/min, the
distance from the laser head to the based steel surface
50mm, and flow of Argon air protective coating 8 L/h; the
remaining technology parameters are given in Table 3.

2.2. Methods for Determining the Mechanical Properties.
�e experiment chose a hardness testing machine type
HMV-WIN, with load 1.961N (HV0.2), and stopped time is
15 s to test. A bonding zone is selected between the coating
and H13 steel as the origin, and then, the samples are
measured hardness above and below the origin, in which the
top origin is a positive value and vice versa. Wear-by-friction
testing machine is used at high-temperature-type MMU-5G
to study the wear resistance of coatings from room tem-
perature to high-temperature with pin-on-disc wear of
friction pairs (Figure 1(a)). �is type of equipment is often
selected to test a laser coating. Some main technical indi-
cators of the testing machine are listed as follows; for in-
stance, test force: the working range of the axial test force is
10–5000N.

�e error range of testing force is ±1%; therefore, the
error range of the CoF which is the ratio between the friction
force and the normal force is ±2%. Friction torque: the
maximum friction torque is 5N·m; the relative error of the
friction torque indication is ±2%. Spindle speed-changing
system: single-stage transmission system 0.1–2000 r/min;
spindle speed error ±1%. Temperature: the temperature of
the cylindrical heating furnace is ∼1100°C; 2 K-type ther-
mocouples (with a cylindrical heating furnace); temperature
control accuracy� ±(0.3 + 0.005t) (°C), in which “t” is the
absolute value of the test temperature.

Table 1: Chemical composition of the H13 steel sample using in the
experiment (weight).

Element C Si Mn Cr Mo V Fe
% 0.43 1.17 0.48 4.79 1.38 0.94 Bal.

Table 2: Chemical composition of Co powder using in the ex-
periment (weight).

Element C W Si B Cr Mo Fe Co Ni
% 0.6 3.0 3.5 2.25 20.0 5.1 5.0 Bal. 14.0



In this test, the force experiment value is chosen as 98N,
the speed is 200 r/min, wear time is 2 h, and run out 3min.
�e upper sample employed H13 steel, Co-based coating,
and TiC/Co-based composite coating with φ 4×15mm of
size and 3 samples/one time experiments (Figure 1(b)). �e
lower sample (friction pair) uses Cr12MoV, which is cold
work tool steel heat-treating (Figure 1(c)).

�e friction coefficient is applied as the index of friction
and wear performance, and its value is read directly by the
testing machine. �e upper sample uses the amount of wear
as the wear performance index. Relative wear resistance
expresses the comparison of the wear resistance of H13 steel,
Co-based coating, and TiC/Co T-based composite coating.
�e calculation of the amount of wear can be calculated
according to following equation:

ΔL �
M1 − M2

TSρ
, (1)

where ΔL is the wear rate of the sample, M1 is the weight
before testing the sample, M2 is the weight after testing, T is
the wear time, S is the wear surface area, and ρ is the density
of the sample.

�e accuracy of the wear rate mainly depends on the
accuracy of the accuracy of measuring M1 and M2 and
normal pressure P. Since the accuracy of normal pressure is
±1%, the accuracy of the microbalance is 0.1mg, which is
very small compared to the weight of the sample. �erefore,
the accuracy of the wear rate is ±2%.

�e CoF can be read directly by the tester. Bymeasuring the
normal force and frictional force, the machine can calculate the
CoF.�e normal force is a certain force and is set up with 98N.
Figure 2 shows the interface of MMU-5G machine testing
system. Testing parameters such as test force, sliding speed and
temperature can be set directly and recorded in real-time. �e
friction force and friction coefficient can be saved directly as
dynamic curves on the computer. In testing machine type
MMU-5G, the friction force was continuously measured using a
strain gauge [34, 35].

2.3. Data Collection and Analysis System. Figure 2 shows the
interface of MMU-5G machine testing system. Testing pa-
rameters such as test force, sliding speed, and temperature
can be set directly and recorded in real time. �e friction

Table 3: Technical parameters and samples surface of the LC method applied in the experiment.

Sample Co50 (wt.%) TiC (wt.%) Laser power P (kW) Scanning speed Vs (mm/min) Laser power density Pw (kW·s/cm2)

S0 100 0 3.3 400 12.57
S1 90 10 3.6 500 10.97
S2 80 20 3.9 350 16.98
S3 70 30 4.2 350 18.29

Specimen 
holder

Clad

Cr12MoV disc

Disc holder

(a)

15

+0
Φ4–0.03

2-Ø
5.5

(b)

Ø43
17.5 17.5

0.8

0.01 A A

3

(c)

Figure 1: Pin-on-disc wear of friction pairs and friction testing samples: (a) MMU-5G high-temperature wear tester and its principle;
(b) upper specimen; (c) friction pair.



force and friction coefficient can be saved directly as dy-
namic curves on the computer.

3. Results and Discussion

3.1. Analysis of Microhardness. Figure 3 shows the appear-
ances of hardness marks, and Figure 4 illustrates the

microhardness distribution of the coatings. �e hardness of
the coatings is classified into three distinct areas, and the
hardness variation in these areas is quite high. �e average
hardness number of H13 steel is 208 HV0.2, while the average
hardness numbers of S0, S1, S2, and S3 coatings are 499
HV0.2, 552 HV0.2, 590 HV0.2, and 824 HV0.2, respectively.
�e hardness values of all S0, S1, S2, and S3 coatings are
higher than H13 steel 2.4, 2.7, 2.8, and 4.0 times, respectively.
From the steel substrate to the top of the coating, the
hardness increases rapidly, which means the abrasive re-
sistance of the workpiece also increases accordingly. �ese
results prove that, after applying the LC method, the
hardness of the H13 steel surface is significantly improved.
�e BZ between the coating and the steel substrate has a
lower hardness than the CZ. Because the Fe atoms from the
substrate diffuse into the coating during the melting pro-
cess, these Fe atoms have a bad effect of diluting other
components, leading to a decrease in the hardness of the
BZ. �e HAZ has a higher hardness than the substrate. �e
main reason is that Co and Mo elements and other alloy
elements, under the heat effect of laser beams, diffuse into
the steel substrate, forming a stronger solid solution [10]. In
addition, due to the heat effect of the laser beam, the
temperature of the HAZ is higher than the critical point
AC3, and then, the temperature drops suddenly. �is is
considered as HAZ is quenched, similar to a martensite
transformation when rapidly cooled from austenite,
making the hardness of this area is relatively high. Far away
from BZ, this quenching effect is weaker due to the smaller
temperature difference between heated and nonheated
areas; therefore, the hardness number decreases gradually
[11].

�e laser cladded region consists of c-Co, TiC, Co3Ti,
and CoO phases, as shown in XRD results. As the hardness
of these phases varies in a wide range, TiC possesses a very
high hardness and c-Co has a much lower hardness. �ese
phases do not evenly distribute in the laser cladded region, as
shown in Table 4. Moreover, as the HVmicrohardness tester
has a very small indenter, the hardness number presents a
localized value.�erefore, the hardness of the cladded region
presents a variation.

�e hardness of the S0 coating is improved because of
the appearance of a high hardness Cr1.12Ni2.88 phase. �is
phase is well dispersed on the matrix of c-Co solid solution,
forming a eutectic microstructure with a high hardness,
which hinders the development of the grain, thereby pro-
ducing a microstructure of fine grains. Moreover, the alloy
Co50 consists of Cr, Ni, Fe, and C elements, so during the
scanning process of the laser beam, these elements dissolve
into a solid solution of c-Co, which strengthens the solid
solution.

S1, S2, and S3 coatings have a higher hardness than S0.
As increasing TiC content, the hardness of the coatings
increases. �e main reason is that TiC which has extremely
high hardness is increased, and the newly formed phases
have higher hardness and melting points. Additionally, the
Ti and C atoms themselves react to form a new TiC with a
better structure than before. In addition, the coatings also
have nonmelting TiCs and partially melting TiC that retains
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the main characteristics of carbides. �ey are fine particles
and dispersed uniformly, improving the strength and the
hardness of this coating [2].

�e hardness changes and uneven distribution of S1, S2,
and S3 coatings appear due to the existence of a large

number of incompletely dissolved TiC particles and in situ
TiC. During the LC process, the original TiC particles were
burnt, contaminated by the interface, and the melting phase
of the enhanced phase was deficient. �e TiC particles in situ
were generated by an in situ reaction, thus solving the
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Figure 5: Effect of the load on the friction coefficient at the speed of 200 r/min: (a) friction coefficient of S0 coating and H13 steel; (b) the
average friction coefficient.

Table 4: Microstructure with different shapes of TiC.

S0 coating S1 coating S2 coating S3 coating

Upper part

Middle part

Bottom part



problems of enhanced phase thermal stability and interface.
When testing the hardness, the hardness value of in situ TiC
particles is higher than that of other regions, which is the
main reason for the uneven distribution of microhardness of
the coating.

3.2. Analysis of Overlay Shape with Different Component
Ratios and Different Technology Parameters. �e specific
laser power density corresponding to each coating is shown
in Table 3.�e laser power density is determined by the laser
power and the size of a laser pointer. Typically, the higher the
laser power, the easier it is to perform the spraying, but it is
difficult to clad due to conditions and costs of the equip-
ment. In contrast, for small laser power, maximum nozzle
wattage is limited, and the energy density of the laser
scanning process becomes the most important parameter
that affects the performance of the coating. During the
crystalline coating process, laser power density and scanning
speed will determine the temperature and heating time of
laser energy for the precoating powder. Generally, when the
laser power is small and the scanning speed is high, the
coating will have a low firing temperature, short duration,
and small coating thickness. By contrast, when the laser
power density is high and the scanning speed is low, the
coating will evaporate and the thickness of the coating is also
reduced. But when the thickness of the coating increases, its
dilution rate decreases rapidly, and the occurrence of defects
such as pitting, cracking, and peeling in the coating also
increases. With the appropriate combination of laser power
and scanning speed, the thickness and the quality of the
coating can be optimized.

�e existence of the coating compounds morphology
and macrograph of the coating from the transverse cross
section with different component ratios is shown in Table 5.
Overall, as the ratio of TiC in the coating increases, the
appearance of the coating changes from bright white to black
color. S0 coating has a distinctive bright white color and a
relatively smooth surface, and the two side edges are also
quite smooth. On two edges of S1 coating, there are some
residual spraying materials. Moreover, on the surface of the
coating, there are a lot of porous materials. In contrast, S2
has better quality than S1, but the coatings have a large
undulating level, and the flatness of the coatings is quite low.
In addition, there is still residual spraying material, and the
surface of the coatings still has porous. Lastly, the S3 sample
has a good surface morphology, and there is no porosity on
the surface, but cracks appear in the surface which is almost
perpendicular to the scanning direction of the laser beam.
Moreover, S3 coating also has a small undulating and peeling
phenomenon.

3.3. Analyzing Microstructure. Table 4 shows the micro-
structures of the four coating sections. It can be seen that a
very narrow “white bright band” appears at the interface
between the S0, S1, and S2 coatings and the substrate, which
shows that a good metallurgical bond is formed between the

S0, S1, and S2 coatings and the substrate and the S3 coating.
Because the TiC content is relatively large, the coating
cannot be combined with the substrate. �e structure
characteristics of the S0 coating have obvious white den-
drites and gray eutectic structure between the dendrites.
Among them, the morphology of the dendrites is a little
complicated: the bottom of the coating has the growth
characteristics of columnar dendrites and is perpendicular to
the bonding area. It develops towards the solidification of the
coating surface and the middle of the coating transitions
from a large number of columnar dendrites to dendrites; the
surface layer of the coating is mainly equiaxed. It can be
found that the size of the dendrite and eutectic is related to
the relative position in the coating. �e farther the away
from the bonding zone, the finer the dendrite, and the
smaller the eutectic structure spacing. A comparative study
shows that the microstructure of S1, S2, and S3 coatings has
more black TiC particles than S0 coatings, and the TiC
particles are dispersed and can play a good role in hard
reinforcement. In addition, compared with the S0 coating,
the S1, S2, and S3 coatings have no neat columnar dendrite
composition and no obvious dendrite growth direction, and
only a small amount of dendrites and more eutectic
structures exist. In addition, as the amount of TiC in the
precoat increases, the TiC content of the coating increases
accordingly.

In addition, Table 4 also shows the microstructure with
different shapes of TiC on S1, S2, and S3 coatings. It can be
seen that, in the S1 coating, besides the original TiC particles
(black) that are not fully melted, there are also primary TiC
particles (white) that are precipitated in situ from the liquid
phase during solidification. Observing the morphology of
TiC, it can be found that, from the bottom to the surface
layer, the morphology of incompletely melted TiC is mainly
spherical, while TiC precipitated in situ exists in different
forms. �e morphology of TiC in the S1 coating structure is
different due to its different parts in the molten pool; its
composition, temperature distribution, and cooling rate are
different. TiC in the middle and the surface of the coating is a
large block structure, while the bottom of the coating has a
low temperature and insufficient melting, the rapid heat
transfer effect of the cold matrix and the cooling rate are
large, and the TiC grains are too late. It has stopped growing
when it is large, so a fine granular structure is formed. S2
coating indicates a large amount of TiC in the form of cross
petals and twigs. In the middle part and upper part, TiC
mostly exists in a spherical shape. TiC behaves in two ways in
the alloy melt: one is that TiC has been completely dissolved
and presents a large, densely distributed and developed
dendritic morphology. Moreover, the developed dendrites
are mostly cross-shaped, and the orientation tends to be
consistent; the second is that the TiC particles in the added
powder are not completely dissolved and mainly exist as
spherical structures. Especially, in the coatings, the size of
TiC varies greatly: from the bonding zone to the surface of
the coating, the size of TiC gradually increases. In the S3
sample coating, the figure points out that TiC exists like a
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large number of diffusely distributed spherical structures.
Unlike S2 coating, TiC particle size in S3 coating has no clear
gradient change.

3.4. Effect of Load on Friction andWear Properties of H13 and
Co50 Coatings. Figure 5 shows the effect of the load on the
wear coefficient at a speed of 200 r·min−1. �e friction co-
efficient of H13 steel and S0 coating decreases with the
increase in the load, reaching the largest value at a load of
50N. As the load increases, the microconvex body of the
contact surface is deformed, and the contact area of the
friction pair and the friction force increases. According to
adhesion theory, when the stress is not large, the contact
between the two surfaces exists in an elastic state. At this
time, the real contact area is proportional to the 2/3 power of
the pressure, and the friction force is proportional to the real
contact area and, therefore, inversely proportional to the 1/3
of the stress. According to the classic tribological formula,
the friction coefficient is the ratio of the friction force to the
normal force. Hence, if other conditions remain unchanged,
as the load increases, the coefficient of friction decreases. At
this time, since the contact area of the friction pair no longer
increases significantly, the magnitude of increase in the
friction force is not as large as that of the load, so the friction
coefficient decreases as increasing stress.

When the load is less than 100N, the friction coefficients
of the two materials are more different than that of more
than 100N, and the friction coefficient of H13 steel is higher
than S0 coating. When a load of H13 steel and S0 coating is
100N, the friction coefficient is relatively stable, as shown in
Figure 5(a). As the load increases from 100N to 200N, the
friction coefficient fluctuates slightly. As the stress increases
to a certain degree, the particles are stuck off or embedded in
the friction parts, which make the actual contact area

increase accordingly. �erefore, the friction coefficient does
not change much. �e high hardness phases in S0 can make
the actual contact area smaller than in H13 steel, so the
friction coefficient of S0 is lower than H13 steel.

Figure 6 shows the relationship between the amount of
wear weight loss and the wear rate as a function of load. It
can be seen that when the loads of H13 steel and S0 coating
increase from 50N to 100N, the wear rate increases.
However, at 150N, the wear rate decreases. For further
improvement in the load, the wear rate rises again.When the
load is 200N, the wear rate reaches the maximum value. In
general, the wear rates of H13 steel and S0 coating both
mostly increase with the increase in the load. Generally, the
wear rate increases gradually on increasing the load. Due to
the increased load, the temperature rises and the material is
softened. As a result, the friction coefficient and the wear rate
will be reduced. �e data show that, under different loads,
the S0 coating has better wear resistance than H13 steel,
especially at 150N and 200N. �e larger the load is, the
more wear-resistant the S0 coating than H13 steel is, which
can greatly improve the serving life of the coated parts.

3.5. Effect of Sliding Speed on Wear-Resistant H13 and Co50
Coatings. Figure 7 shows the effect of sliding speed on the
friction coefficient. As the sliding speed increases, the
friction coefficients of H13 steel and S0 coating show a trend
of decreasing first and then increasing. Heat and temper-
ature changes due to the sliding speed will change the
properties of the surface layer and the interaction. As
damage conditions during the friction process alter, the
friction coefficient also changes. When the sliding speed
increases, the atoms on the surface of the friction pair, which
are in an unbalanced state, interacts with the surrounding
media to produce a surface film.
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Figure 6: Effect of load on the (a) wear weight losses and (b) wear rates.



�e surface deformation and temperature rise during
friction lead to promoting the formation of the surface film.
Due to the existence of the surface film, the atomic or ionic
bonding force between the friction pairs is replaced by the
weaker Van der Waals force. �e impact of reducing surface
molecular forces reduces the effect of surface molecular
forces. In addition, as the mechanical strength of the surface
film is lower than that of the base material, shear resistance

decreases, and the friction coefficient also decreases. As the
sliding speed enhances, the surface film is strongly
destroyed, the surface roughness and the wear debris in-
crease, and the friction coefficient also rises.

Figure 8 shows the effect of sliding speed on the amount
of wear and the wear rate of H13 steel and S0 sample. With
H13 steel, when the sliding speed of H13 steel is less than
200 r/min, the wear rate increases, as shown in Figure 8(a).
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Figure 7: Effect of sliding velocity on the friction coefficient at the load of 100N: (a) S0 coating and H13 steel; (b) the average friction
coefficient.
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When the sliding speed exceeds 200 r/min, the wear rate
decreases.With the S0 sample, the wear rate mostly increases
as increasing the sliding speed. When the sliding speed
improves from 100 to 150 r/min, the wear rate decreases
slightly. Above the speed of 150 r/min, the wear rate of the S0
coating increases rapidly as increasing the sliding speed.

When the sliding speed is less than 150 r/min, the
temperature of the surface of the friction pair is not high, and
the friction surfaces are not softened. In addition, the surface
film will be generated to maintain the friction surface. At
lower sliding speeds, the shear and furrow forces are smaller;
therefore, the wear rate is lower, as shown in Figure 8(b). As
the sliding speed increases, the temperature of the friction
surface increases, and a severe oxidation process will occur.
�e oxide film will rupture at a large sliding speed. At the
same time, the increase in temperature will weaken the
material’s resistance to plastic deformation and cause serious
wear. �e wear rate has increased significantly. Chen and
Wang [14] studied the wear properties of the TiC/FeAl
cladding layer and found that the sliding friction coefficient
which was obtained under different sliding wear conditions
is not obvious. It indicated that the friction coefficient of the
TiC/FeAl coating is not sensitive to changes in load and
sliding speed, a similar result to this research.

�e improvement in wear resistance of S0 coating is a
result of the appearance of strengthening phases such as
Cr1.12Ni2.88 which are uniformly distributed in the coating
and slows down the wear process of the coating. In addition,
the solid solution strengthening and fine-grain strengthening
make the microhardness improve and therefore enhance the
wear resistance. S0 coating consists of c-Co dendrites as the
main constituent phase, and there are network cocrystals
between these dendrites.�e solid solution strengthening and
the network of eutectic framework mainly reflect its wear

resistance. However, because the hardness of the S0 coating is
similar to that of the friction parts and its eutectic structure is
distributed in a network, during the high-stress wear process,
the brittle network eutectic is prone to stress concentration,
which causes spalling pits [4, 5].

3.6. Effect of Temperature on Friction and Wear Performance
of Co-Based Alloy Coating. �e effect of temperature on the
coefficient of friction of the S0 coating is shown in Figure 9.
�e temperature has a great influence on the friction co-
efficient of the friction pair. �e friction coefficient oscillates
as the temperature rises. From room temperature to 200°C,
the friction coefficient improves as the temperature in-
creases. From 200°C to 600°C, the friction factor experiences
a decline as the temperature goes up. Finally, from 600°C to
700°C, the friction coefficient enhances as the temperature
climbs up. At room temperature, 200°C, and 700°C, the
friction pair has a large friction coefficient. �e friction
coefficient depends on the state of the friction surface. If the
friction surface has large stiffness, low roughness, and no
interaction with the abrasive metal, it will have a low friction
coefficient.

Due to the increase in temperature and the effect of
frictional heat, the temperature of the friction surface goes
up, which often causes the oxidation of the friction surface.
At lower temperatures, the presence of an oxide film on the
friction surface of the friction pair is beneficial to prevent
adhesive wear. As the temperature increases, severe oxi-
dation occurs, and oxidative wear and shedding oxide act as
abrasives, which produce secondary wear on the friction pair
and reduce the wear performance of the friction pair. If the
friction pair is softened, it may cause a sudden change in
tribological properties.
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Figure 9: Friction coefficients of S0 coating: (a) From room temperature to 700°c and (b) the average friction coefficient



Figure 10 shows the friction and wear morphology of the
S0 coating at different temperatures. From room tempera-
ture to 700°C, the wear scars of the S0 coating are getting
deeper. Especially at 700°C, the surface of the S0 coating is
dark yellow, which indicates that the S0 coating is severely
oxidized [14]. At 500°C, 600°C, and 700°C, the worn surface
has deep concave resistance.

�e analysis of the wear of the S0 sample is shown in
Figure 11. It can be seen that when the temperature increases
from room temperature to 300°C, the wear weight losses
reduce. From 300°C to 600°C, the wear weight increased. As
the temperature rises above 600°C, the wear weight losses
reduced again.

3.7. Effect of Temperature on Friction and Wear Performance
of TiC/Co-based Composite Coating. Figure 12 presents the
effect of temperature on the friction coefficient of the S2
coated pin-disk friction pair. �e friction coefficient fluc-
tuates around 0.4 on increasing the temperature. �e
temperature has a negligible influence on the friction co-
efficient of the friction pair. From room temperature to
700°C, the friction pair has a relatively stable friction co-
efficient. Especially at 600°C and 700°C, the friction coeffi-
cient of S2 coating remained unchanged.

Figure 13 shows the friction and wear morphology of the
S2 coating at different temperatures. From room tempera-
ture to 700°C, the wear scar of the S2 coating is getting
deeper than S0 coating. At 600°C and 700°C, the wear surface
has a deep concave resistance. In addition, at 700°C, the
surface of the S2 coating shows a small amount of blue
particles.

�e analysis of the wear weight losses of the lower
sample is shown in Figures 14 and 15. Generally, the wear
weight losses rise on improving the temperature. �e wear
weight losses on the specimen increase from room tem-
perature to 300°C, and then it decreases and rises again.�e
lower sample is Cr12MoV cold work die steel, which will
soften at high temperature, while the S2 sample has better
heat resistance and can keep the material performance
stable. In the friction process, the friction mechanism is
mainly based on the cutting of hard materials to soft
materials, leading to sudden changes in friction perfor-
mance, which makes the friction and wear process unable
to proceed normally. At 800°C, the lower sample is severely
abraded; although the wear time is reduced by half, the
wear amount is about 10 times than that at 700°C, as
presented in Figure 16.
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Figure 10: Worn morphologies of the S0 cladding at different temperatures: (a) room temperature; (b) 200°C; (c) 300°C; (d) 400°C; (e)
500°C; (f ) 600°C; (g) 700°C; (h) 700°C with high magnification.
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Figure 11: Effect of temperature on the wear weight losses of S0
coating.



�e bonding between the coating and the substrate plays
an important role in the mechanical characteristics of the
samples. Induced residual stress is an important factor that
strongly affects the mechanical properties of the cladding
layer. Especially, too high-induced residual stress may cause
the microcrack or fracture during working [36]. In this
paper, the laser cladding parameters are selected so that the
achieved cladding layer is well-connected to the substrate, as
shown in BZ in Figure 4. Moreover, the friction test and the
morphology of the coating after the friction test also shows

the good bonding between the coating and the substrate, as
shown in Figures 10, 13, and 16. �ese results indicate the
well-bonding between the coating and the substrate and the
minor affection of the induced residual stress. Furthermore,
the level of the induced residual stress is often rather low, as
they are relieved during the cyclic heating and cooling in the
laser cladding process [37]. Moreover, the induced residual
stress mainly affects the strength of the coating through the
modulus of elasticity [38].�e elastic modulus values of H13
steel and Co are 210GPa, and 211GPa, respectively, which is
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Figure 12: Friction coefficients of S2 coating at various temperatures: (a) friction coefficient from room temperature to 700°C; (b) average
coefficient.

50µm

(a)

50µm

(b)

50µm

(c)

50µm

(d)

50µm

(e)

50µm

(f )

50µm

(g)

12.5µm

(h)

Figure 13: Worn morphologies of the S2 cladding at different temperatures: (a) room temperature; (b) 200°C; (c) 300°C; (d) 400°C;
(e) 500°C; (f ) 600°C; (g) 700°C; (h) 700°C with high magnification.



very close to each other. �is is why Co-based alloys can
create a high-quality coating on the H13 steel substrate
[39–41].

4. Analysis of Friction and Wear Mechanism at
Room Temperature and High Temperature

4.1. Coefficient of Friction andWear Loss. Because S3 coating
is not well combined with H13 substrate, the test of the
friction and wear performance only selects H13 steel and S0,
S1, and S2 samples. �e maximum working temperature of
hot-work tool steel is 700°C, so the maximum testing

temperature is chosen as 700°C. In a certain working en-
vironment, the stability of the laser cladding layer decides its
performance. �erefore, research on the microstructure and
properties of the cladding layer at high temperatures is
significantly important.

Figure 17 shows the friction coefficient-time curve of
H13 steel and S0, S1, and S2 samples at room temperature
and 700°C. It can be seen that, at room temperature, the
friction coefficients of H13 steel and S0, S1, and S2 slightly
fluctuate around about 0.5 (0.542, 0.501, 0.569, and 0.508,
respectively). However, at 700°C, the friction coefficients of
H13 steel and S1 strongly oscillate around 0.623 and 0.619,
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Figure 14: Effect of temperature on the wear weight losses of lower specimen.
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Figure 15: �e wear morphologies of lower specimen at different temperatures: (a) room temperature; (b) 200°C; (c) 300°C; (d) 400°C;
(e) 500°C; (f ) 600°C; (g) 700°C; (h) 800°C.
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Figure 16: Friction coefficient and worn morphology of S2 coating at 800°C.
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Figure 17: Friction coefficient vs. time curves of H13 steel and coatings at room temperature and 700°C: (a) H13 steel; (b) S0 coating; (c) S1
coating; (d) S2 coating.



respectively. �e friction coefficient of S0 shows a rapid
upward trend. Initially, the friction coefficient is small due to
the presence of an oxide film on the surface. However, after
10min, the oxide film was worn through, and there was a
tendency to change from a weak wear state to a severe wear
state.

Under the same test conditions, the friction coefficient of
S2 coating is very stable. �is value is rather high, indicating
that, after adding TiC, the wear resistance of the coating is
significantly improved. �e wear resistance of S0 coating is
mainly based on the strengthening effect of the solid solution
and the newly Cr1.12Ni2.88 reinforcement phase. �ey are
uniformly distributed in the coating, having the effect of
increasing durability. Besides, their fine microstructure also
helps improve the hardness of S0. �e hardness of the S0
sample is also as high as the other samples. However, the
microstructure of Co50 alloy is characterized by a eutectic
structure existing in the form of networks [3]. �erefore,
under the effect quite high of the stresses in the friction
process, the brittleness of organizations of this grid-like form
easily creates concentrated stresses, from which microcracks
and peels can easily appear.

Moreover, during the decomposition process of TiC
particles, they could combine with other molten elements to
product perinatal dendrite solid solution [4]. S2 coating is
mainly composed of initially TiC, in situ TiC, Cr2Ni3, and
c-Co solid solution. �ese solutions are formed and spread
evenly on the fine, small dendrite and eutectic [5], therefore,
increasing durability for cohesion between these micro-
structures and improving the durability and wear resistance
of the coating.

In addition, the S2 sample does not show plastic de-
formation, and its wear mechanism is mainly the adhesion
type. In addition, the hardness of S2 is higher than S0,
minimizing the surface deformation and thus delaying the
time of cracking formation as well as its development speed.
�ese effects result in reducing the risk of cracks failure. �e
friction coefficient of S2 was stable with a quite high value.
Candel et al. [7] show that, when the laser beam’s power
density increases, the wear resistance is almost unchanged.
Due to the positive influence of increasing the TiC con-
centration, contributing to the increase in the growth time of
TiC in γ-Co, thereby, the sample possesses a rather smooth
friction surface.

By adding an appropriate amount of TiC, the wear re-
sistance of the coating has been majorly improved. After
laser cladding treatment, the hardness of the coating surface
increased, which can reduce the deformation of the coating
surface under the force, delay the crack initiation time, and
reduce the expansion speed.

In order to further analyze the friction and wear
properties of the coating, Table 6 gives the weight loss of H13
steel and S0, S1, and S2 coatings at room temperature and
700°C. At room temperature, the average weight loss of H13
steel and S0 coating is 27.8mg and 23.9mg, respectively. At
the same conditions, the average weight loss of S1 and S2
coatings reduced to 19.6mg and 18.0mg, respectively. It
means that, after laser cladding treatment, the wear resis-
tance of H13 steel has been significantly improved, and S1

and S2 coatings have a better wear resistance than S0
coatings.�is is because TiC/Co-based cladding has a higher
hardness. During the wear process, when the particles on the
friction parts meet the hard phase in the coating, the forming
scratches are shallower, smaller, or even terminated.
�erefore, the cladding sample showed a stronger wear
resistance ability, and its wear weight loss was smaller.

At 700°C, the wear weight loss of H13 steel is only 3.0mg,
which is less than that of S0, S1, and S2 coatings. �is is
because the peeled metal chips are hot-pressed and could be
welded to form larger pieces during the wear process.
Moreover, abrasive particles and exfoliated metal will also
adhere to the coating surface under stress.�is also results in
the greatest wear resistance on friction parts of H13 steel. At
the same conditions, the wear weight loss of S0, S1, and S2
coatings is about 5.0mg, while the wear weight losses of S1
and S2 friction parts are much 4 and 6 times larger than that
of S0 friction parts.�erefore, it can be concluded that S2 has
minimal wear weight loss, and the wear resistance is the best.

From the above analysis, surface modification of H13
steel by laser cladding can highly improve its wear resistance.
�is is closely related to the hardness, density, and uni-
formity of the structure and the melting point of the coating.
It is generally believed that the main factors affecting the
mechanical properties of metal materials are plasticity,
hardness, and tensile strength, in which the wear resistance
of the surface has a roughly linear relationship with its
hardness. �e analysis of the weight loss under various
conditions shows that the higher the hardness of the ma-
terial, the smaller the weight loss. S1 and S2 have a higher
wear resistance. However, since the strengthening of car-
bides is not effective as significant as other second-phase
particles, therefore, their weight loss is almost the same.

�e wear resistance of S1 composite coating is higher
than that of S0 coating. �e main reason is that, during the
process of laser cladding, TiC which melts and precipitates is
formed with the matrix elements to generate new carbides.
�e unmelted or semimelted TiC particles are diffusely
distributed in the cladding area and play a hard rein-
forcement role. S1 coating is composed of unmelted TiC, TiC
in situ, TiCo3, Cr2Ni3, and Cr-Ni-Fe-C solid solution with a
fine eutectic structure. In addition, the hardness of S1
composite coating is higher than that of S0 coating, and the
carbides are finer distributed. In the fine dendrite and eu-
tectic structure, TiC plays as the core-shaped radial carbide
which enhances the bonding between the coating structures;
thereby, its wear resistance is effectively upgraded.

S2 coating has better antiwear performance as their TiC
content is higher. When the S2 coating and the friction part are

Table 6: Wear weight losses of the samples in the friction-wear test
at room temperature and 700°C.

Condition Sample
Wear weight loss (mg)

H13 steel S0 S1 S2

Room temperature Coating 27.8 23.9 19.6 18.0
Cr12MoV 40.6 4.3 8.8 14.3

700°C Coating 3.0 5.5 5.2 5.0
Cr12MoV 4989.7 65.1 273.0 360.5



facing each other, as S2 is mainly composed of carbides, the
friction parts are easily embedded in the softer c-Co solid so-
lution. In addition, during the ploughing process, friction parts
encounter fewer obstacles; as a result, a deeper furrow is formed.

Secondly, the hardness of the S2 sample is higher than S1
one. In the wear process, increasing the coating hardness can
reduce the deformation of the coating surface, decrease the
propagation speed, postpone crack initiation time, and delay
the chance in crack nucleation. However, the friction co-
efficient of the S2 coating is higher than S1. It may be due to
the existence of hard phases in S2. Under high stress for a
long time, the massive hard phase flakes and peels; thus,
wear resistance is reduced [6].

4.2. Friction andWearMorphology. Figures 18 and 19 show
the friction and wear morphology of H13 steel and S0, S1,
and S2 coatings at room temperature and 700°C. At room
temperature, H13 steel and S0, S1, and S2 coatings have fine
and shallow scars. No cracks can be found, and the surfaces
only have a small amount of melted adhesion. �e H13 steel
has the deepest wear scars and furrows. �e wear surfaces of
the S0 and S1 coatings have polishing plastic deformation
and spalling pits with slight furrows. When observing the
plastic deformation area, the interior of the plastic defor-
mation area is smooth.�is is the result of the adhesive wear
effect, as seen in Figure 20(a). �e wear surface of the S2
coating is smoother than S1, and there is almost no obvious
deformation. However, there are also spalling areas slight
furrows and slight adhesive wear, as shown in Figure 20(c).
�erefore, at room temperature, the wear mechanism of H13
steel is mainly brittle spalling and ploughing, while the wear
mechanism of S0, S1, and S2 coatings is mainly brittle
spalling, adhesive wear, and ploughing.

At 700°C, the pits on the worn surface are deep and
small, and scratches with raised edges are flattened, as shown
in Figure 20(d). At this time, the friction coefficient is large,
but the wear amount is small. S1 and S2 have deeper wear
scars than S0, and the surface of S0 is dark yellow, while only
a few blue particles are seen on the surfaces of S1 and S2.�e
S0 coating has the most severe oxidation. �is indicates that
S1 and S2 are relatively slightly oxidized, and after adding
TiC, the wear resistance of the coating is significantly
improved.

�ese above experiments indicate that the S0, S1, and S2
coatings significantly improve the wear resistance of the H13
steel substrate. �is H13 steel surface has a lower hardness
and poor wear resistance of the substrate.�e surface is prone
to plastic deformation or even cracks due to severe extrusion.
At the same time, the peeling metal chips will also be hot-
pressed and welded to form larger abrasives particles during
the wear process. Under stress, these larger pieces and
abrasive particles without sharp edges produce severe plastic
deformation and obvious furrows on the wear surface [1–3].

4.3. XRD Analysis of Friction and Wear Surface. �e exis-
tence of the coating compounds is studied by using the XRD
method. At room temperature, from S0 to S2 samples with
different amounts of TiC in the coating, some phases appear
such as c-Co, TiC, Co3Ti, CoO, and FeO, as shown in
Figure 21(a). We can ignore FeO because it comes from the
friction disc and the precursors of the coating consist only
TiC and Co50. c-Co, TiC, Co3Ti, and CoO compounds
appear in the coating because of the high-temperature effect
of the laser treatment on TiC and Co50 in the atmospheric
condition. CoO appears due to the oxygen in the atmosphere
oxidizes Co. �e existence of Co3Ti indicates strong
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Figure 19: Worn morphologies of samples at 700°C: (a) H13 steel; (b) S0 coating; (c) S1 coating; (d) S2 coating.
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Figure 18: Worn morphologies of samples at room temperature: (a) H13 steel; (b) S0 coating; (c) S1 coating; (d) S2 coating.



interaction and diffusion between TiC and Co powders. �e
microhardness number of Co3Ti is higher than Co but much
lower than TiC. �erefore, the amount of this Co3Ti phase
could affect the microhardness of the cladded surface.

In order to further analyze the wear mechanism of the
coating, Figure 21 shows the XRD spectrum of the wear
surface of H13 steel and S0, S1, and S2 coatings at room
temperature and 700°C. At room temperature, Fe3O4 oxides
appear in H13 steel samples, CoO and FeO oxides exist in S1
samples, while oxides are not present in S0 and S2 samples.
At 700°C, H13 steel sample consists of Fe2O3 oxides, and
there is a large amount of CoCr2O4 oxide in the S0 sample.
S1 sample contains CoO, CoTiO3, and a small amount of
NiCr2O4 oxides, while the S2 sample appears a large amount
of CoCr2O4 and NiCr2O4 oxides. �e improvement in the
surface wear properties of the coatings is closely related to
the presence of these oxides. �is means that, at 700°C, the
wear mechanism of H13 steel, S0, S1, and S2 coatings is
mainly oxidation wear and fatigue wear.

�e reason for these phenomena is that, as the tem-
perature rises, the oxidation of the surface sample is in-
tensified. �e forming oxide film avoids adhesive wear
caused by metal contact and protects the worn surface.
However, the oxide film is often brittle and extremely prone
to crack initiation and fatigue crack growth under external
force; therefore, it is easy to produce fatigue spalling [15].
After the oxide film is fatigued and peeled off, the metal in
the peeling area will continue to be oxidized. �is is a dy-
namic wear process where oxidation and spalling are al-
ternate. Observation of the wear morphology of H13 steel
and S0, S1, and S2 samples at 700°C, it was also found that no
cracks were generated on the wear surface. A study by Xiong
et al. has shown that, at high-temperature conditions, a
dense oxide protective film which can be formed on the
material surface and well combined with the substrate can
effectively prevent the material from oxidizing. �e mate-
rial’s resistance to high-temperature erosion wear will be
significantly improved [42].
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Figure 21: XRD patterns of H13 steel and S0, S1, and S2 coatings (a) at room temperature and (b) 700°C.
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Figure 20: Worn morphologies of S0 and S2 coatings at room temperature and 700°C: (a) polishing plastic deformation in S0 coating at
room temperature; (b) solid oxide compact layer in S0 coating at 700°C; (c) compound layer removal in S2 coating at room temperature;
(d) pitting corrosion in S2 coating at 700°C.



After adding TiC, the strength of the microstructures of
S1 and S2 is improved, the grains are refined, and various
defects in the coating are reduced. In addition, TiC which
has a much higher hardness than the matrix and disperse in
the ductile matrix enhances the bonding between phases.
When the coating is worn, these TiC particles have an ex-
tremely strong resistance to deformation. On the one hand,
they can support the load, play a uniform load, and reduce
friction and wear, so the friction coefficient changes little and
the wear resistance is correspondingly improved. On the
other hand, they protect the substrate, and thereby, the wear
resistance of S1 and S2 coatings with TiC particles is sig-
nificantly improved. In addition, in the laser cladding layer,
some TiC particles are not dissolved; however, there are also
some TiC pyrolysis reactions that generate TiC in situ. TiC in
situ forms a densely distributed TiC phase on the substrate
surface that is tightly bound with the substrate.�emodified
layer has a much higher hardness than the substrate, which
greatly improves the wear resistance [43].

5. Conclusions

(1) �e hardness reduces from the coating to the sub-
strate, reaching the highest value at the coating zone.
In the HAZ, the hardness reduces rapidly. Increasing
the content of TiC leads to improving the hardness of
the coating.

(2) �e coatings with 10%–20%TiC present high-quality
surfacemorphology andmacrograph.With 30% TiC,
the hardness reaches a higher hardness but the
surface appears to crack. �e microstructures of
these coatings indicate a well-mixed and well-dis-
tribution of the TiC particle on the Co matrix.

(3) �e friction coefficient of H13 steel and Co50 coating
reaches the maximum value when the load is 50N and
mostly decreases with the increase in the load.�ewear
rates of H13 steel and Co50 coatings mainly increase
with the increase in the load. �e temperature has a
greater influence on the friction coefficient of the Co50
coating. However, the temperature has a small effect on
the friction coefficient of the 20% TiC coating.

(4) �ewear resistance of 20% TiC coating is higher than
that of H13 steel, Co50 coating, and 10% TiC
composite coating. At room temperature, the wear
mechanism of the coating is mainly brittle spalling,
adhesive wear, and ploughing. At 700°C, the wear
mechanism is mainly oxidation wear and fatigue
wear. After laser cladding, the service life of the
coated surface could be greatly improved.

Data Availability

�e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

�e authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

�e authors acknowledge HCMC University of Technology
and Education and Kunming University of Technology.
�ey gave them an opportunity to join their team and access
the laboratory and research machines. Without their ap-
preciated support, it would not be possible to conduct this
research.

References

[1] M.-x. Wei, S.-q. Wang, L. Wang, X.-h. Cui, and K.-m. Chen,
“Selection of heat treatment process and wear mechanism of
high wear resistant cast hot-forging die steel,” Journal of Iron
and Steel Research International, vol. 19, no. 5, pp. 50–57,
2012.

[2] M. X.Wei, F. Wang, S. Q.Wang, and X. H. Cui, “Comparative
research on the elevated-temperature wear resistance of a cast
hot-working die steel,” Materials & Design, vol. 30, no. 9,
pp. 3608–3614, 2009.

[3] C. Xianghong, W. Shuqi, J. Qichuan, and C. Kangmin,
“Research on thermal wear of cast hot forging die steel
modified by rare earths,” Journal of Rare Earths, vol. 25, no. 1,
pp. 88–92, 2007.

[4] Y. M. Zhao, J. L. Wang, and J. W. Mou, “Microstructures and
properties of Co-based alloy coatings prepared on surface of
H13 steel,” China Welding, vol. 19, no. 3, pp. 41–44, 2010.

[5] Ye. Si-you, J.-y. Liu, and W. Yang, “Quality of H13 alloy
coating on H13 steel prepared by laser cladding,” Surface
Technology, vol. 8, no. 44, pp. 81–87, 2015.

[6] J. S. Guo, J. W. Su, and C. S. Guang, “Research on impact wear
resistance of in situ reaction TiCp/Fe composite,” Wear,
vol. 269, no. 3-4, pp. 285–290, 2010.
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