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Abstract: To avoid high crack sensitivity of TiB—Ti composite coating during laser cladding process, network-like structure
composite coating was fabricated with laser in-situ technique on titanium alloy using 5 pm TiB, powder as the cladding material. The
microstructure, phase structure and properties of the coatings were analyzed by SEM, XRD, EPMA, TEM, hardness tester and
fretting wear meter. It was observed that the outer ring of the network-like structure was mainly TiB strengthening phase, while the
inner ring was a-Ti grain, and the interface between TiB and Ti matrix was very clean and had a consistent orientation relationship.
The hardness of the cladding layer with network-like structure gradually decreased from the surface toward the interface, but the
average hardness was nearly two times that of the substrate. In the fretting wear test, it was found that the wear resistance of the
cladding layer with network-like structure was larger than that of the substrate under low load (40 N). The results revealed that the
hardness and fretting wear resistance of the titanium-based composite coating could be improved by the introduction of network-like

structure.
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1 Introduction

Titanium alloy is widely used to replace steel for
various parts of aeroengines due to its low density, high
specific strength and good corrosion resistance.
However, the reliability of titanium alloy is greatly
affected by its high coefficient of friction and severe
adhesive wear, especially in fretting wear [1,2]. TiB short
fiber has many attractive attributes, such as high elastic
modulus, high hardness and high wear resistance.
Meanwhile, the compatibility and stability of TiB
particles in Ti matrix are very good [3]. Moreover, the
density and thermal expansion coefficient of TiB and Ti
are very similar, which can reduce the residual stress in
the composite [4]. In the past, researchers had always
pursued uniform distribution of TiB-reinforced phase in
the Ti matrix [5—7]. In recent years, HUANG et al
[8] found that TiB network structure reinforced titanium
matrix composites can be prepared with low energy ball
milling and hot pressing sintering technology. The

plasticity of TiB network structure material was five
times higher than that of the uniform phase distribution
material, and the strengthening effect of TiB network
structure material can also be improved.

The network structure refers to a capsule-like
structure in which the strengthening phase is uniformly
distributed within the matrix. Its remarkable feature is
that the strengthening phase in the accumulation area has
macro continuity and the reinforcing phase of the
network interface does not form complete connection. In
this network structure, the reinforcing phase at the
network interface does not form a complete connection,
so that the plastic characteristic of the network can be
exerted. The interior of the network structure can
effectively hinder crack nucleation and crack
propagation. Compared with the uniform distribution of
the traditional reinforcement phase, the splitting effect of
the reinforcing phase can be greatly reduced. Therefore,
the crack sensitivity of the network structure can be
greatly reduced [9,10]. In addition, the network structure
can exhibit high temperature softening resistance. In
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order to obtain good mechanical properties of TiB
network structure prepared using conventional method,
subsequent thermal deformation or heat treatment is
required [8,11]. Additionally, porosity of the network
structure is hardly eliminated [12,13]. In recent years,
laser cladding technology has gradually become an
important means for surface modification and repair of
titanium alloys due to the advantages of dense
microstructure, good metallurgical bonding between
the coating and substrate and low substrate heat
effect [14,15]. HU et al [16] found that network structure
composite coating can be prepared with laser technique
using large particle size Ti powder and small particle size
B powder as cladding materials. The microstructure of
network structure was dense, and the obtained coating
exhibited excellent mechanical properties and wear
resistance. However, since both TiB, and TiB were
formed using laser in-situ technique when Ti powder and
B powder were cladding materials, and the reaction
driving force of TiB, was greater than that of TiB, it was
difficult to achieve large-area TiB network composites.

At present, an effective way to obtain TiB is to
utilize in-situ reaction between Ti element and B
element. The main materials for providing B element are
B,C, BN, TiB, and B powder [16—19], but both TiB and
TiB, can be formed by in-situ reaction between B,C, BN,
B powder and Ti powder. The formation conditions are
not easily controlled, and the repeatability of
experiments is poor, which makes the composite material
difficult to meet various needs of research and
application. Density and thermal expansion coefficient
among TiB, and TiB and Ti can be very similar [20],
only when TiB was formed by in-situ reaction between
TiB, and Ti, which was favorable for obtaining high
stability and high quality TiB reinforced titanium matrix
composite. Therefore, in the present study, network-like
structure composite coating was fabricated with laser
in-situ technique on the surface of titanium alloy
substrate using TiB, powder as the cladding material, and
the formation mechanism and the properties of the
network-like structure were investigated.

2 Experimental

2.1 Material preparation

TC4 titanium alloy was selected as the substrate
material. The substrate specimen had a diameter of
300 mm and a length of 15 mm. The pre-coated layer
material was pure TiB, powder (purity of 99.5%, and
average grain size of 5 pm). A proper amount of 2123
phenolic resin was used as a binder, and pure TiB,
powder was placed on the surface of the specimen with
pre-coated layer thickness of 0.2 mm. The pre-coated
layer was dried in a vacuum oven at 120 °C for 60 min.

Laser cladding was performed using YLS-6000 IPG
fiber laser under the condition of Ar gas-protected
molten pool with a flow rate of 15 L/h. Process
parameters of laser cladding were selected as follows:
laser power was 1.0-3.0 kW, scanning velocity was
4—10 mm/s and square spot size was 5 mm X 5 mm.

2.2 Microstructure characterization

After laser cladding, the coating specimen was
wire-cut, ground, polished, and etched with an etchant of
V(HNOs):V(HF):V(H,0)=3:2:95. The microstructure of
the coating was examined using a JSM—6490LA
scanning electron microscope (SEM). The phase of the
cladding layer was analyzed using a D/max 2550 VL/PC
type X-ray diffractometer (XRD). The elemental
contents of the microstructure were analyzed using a
JXA—8100 electron probe (EPMA). The fine structure of
the sample was investigated using a JEOL-2100
transmission electron microscope (TEM) at a working
voltage of 200 kV, and the zone axis and orientation
relationship of the phase was determined by selected area
electron diffraction (SAED).

2.3 Performance evaluation

The micro-hardness of the cladding layer and the
substrate was measured using a HXD-1000B
micro-hardness tester with an indentation load of 1.96 N
and dwell time of 15 s. The fracture toughness of the
cladding layer was investigated using an HBV-187.5
electric Bllov hardness tester. According to the theory of
indentation fracture mechanics [21], only driving force
for crack propagation was the residual stress caused by
the elasto-plastic deformation of the indentation tip.
Thus, indentation was made on the polished cladding
layer using an FM—700 digital micro-hardness tester
with a loading load of 30 kg and a holding time of 15 s.
The fretting wear test was performed using the
microvibration friction and wear tester (FTM200). The
contact of fretting wear was the mode of line—surface
contact, and the schematic diagram of the test mode is
shown in Fig. 1. Detailed material data and experimental
parameters are given in Tables 1 and 2. The worn surface
morphology was analyzed using scanning electron
microscopy (SEM). The wear losses of the cladding layer
and the substrate were measured using a Mahr-M1
profilometer.

Moving direction

B

Si;N,

— Coating or
substrate

Fig. 1 Schematic diagram of fretting wear tester
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3 Results and discussion

3.1 Network-like structure characterization

Figure 2 shows the SEM images of the laser
claddings with 5 pm TiB, reinforcement in transverse
cross-section prepared at a laser power of 2.0 kW and
scan speed of 6 mm/s with pre-coated layer thickness of
0.2 mm. First, no cracks and pores were observed in the
cladding layer. Second, a good metallurgical bond
between the cladding layer and the substrate was formed
(Fig. 2(a)). Third, the network-like structure of the
cladding layer was achieved, and the spatial length
gradually increased from the cladding layer surface to
the interface. By careful observation, it was found that
the network-like structure of the top and the middle of
the layer was mainly composed of particles and fine
needles, and the average size of the particles was
1-3 pm, the length and the diameter of the fine needles

Table 1 Si;N, material data

were 4—7 um and 300—500 nm, respectively. The average
spatial lengths of the network-like structure of the top
and the middle of the layer were about 4 and 7 pm,
respectively. However, the network-like structure of the
bottom was composed of fine needles, and the length and
diameter of the fine needles were nearly the same as
those at the top and middle of the layer, but the average
spatial length of the network-like structure increased to
10 pm.

Since B was an element with a low atomic number,
the content of B element was difficult to be quantified
accurately using energy spectrum (EDS). Therefore, the
phases of the coating were analyzed by the combination
of XRD and EPMA. Figure 3 shows the XRD spectrum
of the cladding layer and the areas at the top and the
bottom of the coating for analysis. It can be seen that the
cladding layer was composed of a-Ti,
orthorhombic structure TiB, a small amount of f-Ti and
body-centered cubic (bce) structure TiB. From statistics

mainly

Rod diameter/mm Rod length/mm Rod roughness/um Elastic modulus/MPa

Fracture toughness/(MPa-m3/2) Hardness (HV)

6 10 <0.8 30-32 4.5 1500—1800
Table 2 Fretting wear test parameters
Test temperature/°C Load/N Frequency/Hz ~ Amplitude/pm Time/min Sample size
23-30 40, 80 20 100 30 12 mm % 20 mm x 10 mm

Fig. 2 SEM images of cladding layer at laser power of 2.0 kW, scanning speed of 6 mm/s and pre-coated layer thickness of 0.2 mm:

(a) Macro-shape; (b) Top; (c) Center; (d) Bottom



1668 Ying-hua LIN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1665—-1676

(@) *
*— ¢-Ti
"— A-Ti
v — TiB-Orthorhombic
+— TiB-cubic
*
x Y
v
*
v v M
* v
1 v Y * M ™ W

AN
RS

PG

Fig. 3 XRD spectrum (a) and EPMA composition analysis
areas at top (b) and bottom (c) of cladding layer

combined with XRD analysis, it was confirmed that both
the particle and the fine needles were TiB phases, and the
results were summarized in Table 3. By comparing the
XRD spectrum with the standard peak positions, it can
be found that the positions of some diffraction peaks
were significantly shifted, e.g., the TiB diffraction peaks
of 29.5°, 42.8°, and 63.4° were shifted to the right. The
reason for this was insufficient diffusion of the elements
in the micro-region, due to rapid melting and rapid
cooling by laser, which caused solid solution of Al and V

elements in the nucleation process of TiB phase
(Table 3), resulting in lattice distortion. This was
consistent with the XRD results. Meanwhile, it can be
seen from Table 3 that Area 3 and Area 4 were selected
to analyze Ti matrix at the top and Ti matrix of the region
containing high content of Al element, which favored the
stability of o-Ti. Area 7 and Area 8 were selected to
measure Ti matrix at the bottom, and Ti matrix of the
region containing high content of V element, which
favored the stability of f-Ti. From statistics analyses, it
was found that the contents of Al and V elements at the
top and the bottom of the coating were different. Because
the density of Al was 2.7 g/em’, the density of V was
6.11 g/cm’, and the density of Ti was 4.50 g/cm’, which
was just between the densities of Al element and the V
element, the V element hardly floated up to the top in the
laser cladding process due to its high density, while Al
element easily floated up because of its low density.
Therefore, the content of f-Ti at the bottom of the
coating was greater than that at the top.

Table 3 Elemental contents analyzed by EPMA (at.%)

Position Ti B Al A%
1 55.6 42.8 0.9 0.7
2 57.5 41.3 0.8 0.4
3 95.4 3.8 0.6 0.2
4 94.7 4.1 0.7 0.5
5 54.3 442 0.7 0.8
6 56.8 41.6 1.0 0.6
7 92.1 6.7 0.9 0.3
8 94.3 4.9 0.3 0.5

Figure 4 shows fine structure of TiB—Ti under
TEM. It can be seen that the morphology of TiB was
needle-like, but not completely regular. The diameter of
the tip was reduced, compared with the middle, and the
average diameter was gradually reduced from 0.5 to
0.3 um. The interface between TiB and Ti matrix was
very clean in most areas. The matrix phase around TiB
included S-Ti and o-Ti. The morphology of a-Ti in the
network-like structure was mainly in a long strip
arrangement, and the morphology of S-Ti at the interface
between a-Ti and TiB was more irregular. The number
and the size of f-Ti were significantly less than those of
a-Ti, as shown in Fig. 4(e). The primary f-Ti can be
transformed into secondary o-Ti, and the position of f-Ti
phase would be gradually occupied by a-Ti. Finally, only
a small amount of f-Ti would remain at the secondary
a-Ti grain boundary, and thus, the morphology of £-Ti
was also irregular. This indicated that the Ti matrix
formed in the network-like structure was mainly a-Ti,



Ying-hua LIN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1665—-1676 1669

which was consistent with the XRD results. clearly that the interface between TiB and Ti matrix was

In order to further verify the microstructural very clean without any intermediate impurity phase, the
analyses, the fine structure of TiB/Ti was studied with a thickness of the transition zone was only 2-3 nm
high resolution transmission electron microscopy (Fig. 5(a) and Fig. 5(b)), and the interface had a coherent

(HRTEM), as shown in Fig. 5. It can be seen more structure observed by HRTEM. The internal structure of

0.5 pm

o-Ti[111]]10_1/nm TiB-B27 [010] B-Ti[110]

Fig. 4 TEM observation of TiB—Ti: (a) Bright field images of TiB, a-Ti and f-Ti; (b) Morphology of different Ti matrix structures;
(c) Electron diffraction pattern of a-Ti; (d) Electron diffraction pattern of TiB; (e) Electron diffraction pattern of 5-Ti

@
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Fig. 5 HRTEM images of TiB/Ti: (a) TiB/Ti interface at low magnification; (b) TiB/Ti interface at high magnification; (c) TiB
internal structure; (d) a-Ti internal dislocation
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TiB can be divided into B27 and Bf structures (Fig. 5(c)).
By examining multiple areas, it was found that these two
structures had no fixed position in the TiB grains, and
instead, they can occupy the inner region of the TiB
grains, or they can be present only at the corners of the
TiB grains. The proportion of the two structures was
random, and either B27 structure or Bf structure can be
dominant. The previous research [22] proved that TiBg¢
was a metastable phase. As the laser process proceeded,
TiBgs would transform into TiBg,7, and finally, B27 was
the main structure. However, TiB in the network-like
structure was not completely transferred into B27
steady-state structure. Therefore, the morphology of TiB
would not be completely needle-like. Meanwhile, the
orientation relationship between TiB and Ti was
determined by the tilting angle of the zone axis, as
presented in Fig. 6 and Table 4. It can be seen that the
fixed orientation relationship among a-Ti, B27 and Bf
exists. By statistics analyses, it was found that the
probability of this orientation relationship in the
network-like structure was very high, which was
beneficial to improving the interfacial bonding strength
between TiB and Ti matrix [23,24]. Moreover, the
interior of the Ti matrix also contained a large number of
dislocations (Fig. 5(d)), which were formed mainly due
to plastic deformation of the Ti matrix during
solidification of the molten pool. These dislocations were
beneficial for further strengthening of the cladding layer.

Fig. 6 Image showing phases of TiB and Ti

Table 4 Orientation relationship between TiB and Ti

Phase  T7./(°) T,/(°) Zone axis Angle/(°)
TiB' -47 -84 [001]p¢ 0
TiB? -5.9 4.1 [010],7 0
o-Ti'  -47 -84 [1120] 0
o-Ti? =67 32 [0111] 1.20
B-Ti! 0.4 5.4 [111] 0

3.2 Effects of laser process parameters on micro-
structure of cladding layer
In order to discover the formation conditions of the

network-like structure, the effects of laser process
parameters on the microstructure evolution during the
laser pool solidification were studied. Figure 7 shows the
SEM images of the middle of the cladding layer
produced at a scanning speed of 6 mm/s under different
laser powers with pre-coated layer of 0.2 mm in
thickness. When the laser power was 1.5 kW, the
cladding layer was mainly composed of TiB, particles
(Fig. 7(a)), and the size of the particles was almost the
same as that of the original powder, which implied that

Fig. 7 SEM images of middle of cladding layer at scanning
speed of 6 mm/s and pre-coated layer thickness of 0.2 mm
under different laser power: (a) 1.5 kW; (B) 2.0 kW; (¢) 2.5 kW
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the TiB, particles were not melted or dissolved under a
lower laser energy density, and the in-situ reaction
between TiB, and Ti hardly occurred. Network-like
structure was formed in the cladding layer with the
increasing of laser power (Fig. 7(b)), and the structure
was mainly composed of fine needles and particles. It
was found that both of fine needles and particles were
TiB. With further increase of the laser power (Fig. 7(c)),
it was found that the length of the fine needles became
long, but the network-like structure was not formed.
Figure 8 shows the SEM images of the middle of the
cladding layer under the laser power of 2.0 kW at
different scanning speeds with pre-coated layer of
0.2 mm in thickness. When the scanning speed was
8 mm/s, the cladding layer was mainly composed of TiB,
particles and a small amount of TiB fine needles
(Fig. 8(a)). With the increase of the scanning speed
(10 mm/s), the cladding layer was mainly composed of
TiB, particles (Fig. 8(b)). The network-like structure of
the cladding layer was not found under these two
conditions. Therefore, it can be inferred that formation of
the network-like structure required an increase of the
dissolved amount of TiB, particles, that is, residual TiB,
in the cladding layer needed to be eliminated.

Fig. 8 SEM images of middle of cladding layer at laser power
of 2.0 kW and pre-coated layer thickness of 0.2 mm under
different scanning speeds: (a) 8 mm/s; (b) 10 mm/s

4 Formation mechanisms of network-like
structure during solidification of laser
melting pool

The morphology and the distribution of the
reinforcement in the cladding layer were directly related
to the thermodynamic and kinetic conditions during the
solidification process of the molten pool. The reaction
mechanisms of in-situ synthesis of reinforcements
mainly involved liquid—solid diffusion mechanism and
dissolution—precipitation mechanism [25,26]. In this
study, TiB reinforcement was formed by in-situ reaction
between TiB, and Ti[27]. According to the analysis of
the microstructure evolution, the network-like structure
cannot be formed when the TiB, particles were not
melted or dissolved (Fig. 7(a) and Fig. 8), which
indicated that the key to the formation of the network-
like structure was to eliminate residual TiB, particles in
the cladding layer. However, removal of TiB, particles in
the cladding layer was not guaranteed to form a
network-like structure (Fig. 7(c)), which indicated that
the formation of the network-like structure was also
related to the thermodynamic and kinetic factors during
the solidification process of the molten pool.
Additionally, the formation mechanism of the network-
like structure would be analyzed from the melting stage,
the flow stage and the solidification stage of the molten
pool. The schematic diagram of the formation of the
network-like structure is shown in Fig. 9.

Liquid Ti
(b) TiB, |

Liquid Ti

(a) TiB, (©) Ti\Bz |

Fig. 9 Schematic diagram of formation of network-like
structure: (a) TiB, preset layer; (b) Initial stage of molten pool
formation; (c) Dissolution of TiB, particle; (d) Formation of B
atom; (e) Precipitation of f-Ti nuclei; (f) Formation of
network-like structure

(1) Melting stage

TiB, particles were in the upper layer before laser
irradiation (Fig. 9(a)), and the titanium alloy was in the
bottom layer. Since the melting point (3253 °C) and the
melting enthalpy (83.94 kJ/mol) of TiB, are high, the
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TiB, particles were difficult to melt rapidly under the
short-time laser irradiation. However, the titanium alloy
in the lower layer was preferentially melted by heat
transfer. Thus, the molten pool of Ti liquid was formed,
which can be confirmed by the depression of the macro
morphology of the cladding layer (Fig. 2(a)). In this
process, the melting or the dissolution of TiB, particles
depended mainly on the laser irradiation duration and the
laser irradiation energy density. When the laser scanning
speed was high or the laser power was low, a large
amount of TiB, particles remained in the cladding layer,
as shown in Figs. 7 and 8. In order to obtain the cladding
layer with network-like structure, first it was necessary to
eliminate TiB, particles in the cladding layer. With
reducing the laser scanning speed or increasing the laser
power, the in-situ reaction between TiB, and Ti can be
improved, and thus, the TiB, particles in the cladding
layer can be eliminated.

(2) Flow stage

Pure TiB, was used as a preset layer. Under laser
irradiation, part of the substrate was melted by the heat
conduction of the TiB, particles. In this case, the molten
pool of Ti liquid was formed, and then the TiB, particles
were continuously dissolved into the Ti liquid. In the
initial stage of the molten pool formation, the TiB,
particles were mainly in the upper layer, and the Ti liquid
was mainly in the lower layer, as shown in Fig. 9(b). As
a result, convection of the molten pool was generated
under the action of temperature gradient and
concentration gradient, leading to the continuous
infiltration between Ti liquid and TiB, particles. Since
the pre-coated layer of TiB, was directly irradiated by the
laser, the activity of TiB, particles was promoted, which
greatly improved the solubility of TiB, particles. In this
process, the B atoms released by the dissolution of TiB,
were dissolved in the Ti liquid and then diffused into the
entire molten pool region, as shown in Figs. 9(c, d).

(3) Solidification stage

In the pre-coated layer, TiB, caused hypoeutectic
concentration of B atoms during solidification of the
molten pool, which led to precipitation of f-Ti core from
the Ti liquid. Since the solid solubility of B in the Ti
liquid was limited, the B solute would be released from
the f-Ti core, which caused solute segregation around
the boundaries of f-Ti phase, as shown in Fig. 9(e).
Moreover, when B was enriched to a certain amount, TiB
was formed by in-situ reaction with Ti. Meanwhile, TiB
fine needles were spontaneously formed due to its unique
B27 structure [28]. In addition, B was enriched at the
boundaries of 5-Ti phase, which would hinder the growth
of p-Ti grain, resulting in grain refinement. In the
meantime, f-Ti would be converted to a-Ti during the
cooling process, as shown in Fig. 9(f). The spatial length
of the network-like structure gradually increased from

the cladding layer surface to the interface. The reasons
were as follows. On one hand, the content of Ti matrix at
the bottom of the molten pool was larger than that of the
surface of the molten pool due to the dilution of the
substrate. On the other hand, the TiB, particle was in the
upper layer and the liquid Ti was in the lower layer
during the initial stage, and then the TiB, particles were
continuously dissolved in the liquid. However, the
duration of the molten pool was very short, so the
content of the B element gradually decreased from the
top to the bottom during the solidification process.
Moreover, the core growth rate of f-Ti varied within the
molten pool due to the effects of temperature gradient
and concentration gradient.

According to the above analysis, the key to the
formation of the network-like structure was the
dissolution of TiB, particles and the priority precipitation
of p-Ti core. Moreover, the dissolution of TiB, particles
can be affected by the priority precipitation of 5-Ti core.
HU et al [16] also found that S-Ti nuclei were firstly
formed/separated from the liquid and then grew into
crystal grains during the formation process of the
network structure. Therefore, the melting stage was very
important for the formation of the network-like structure.

5 Properties of cladding layer

5.1 Mechanical properties

Figure 10 presents the results of the micro-hardness
of the cladding layer with network-like structure. It was
shown that the hardness of the top was the highest
(649 HV,,), and it gradually decreased towards the
interface. The hardness of the bottom was the lowest
(572 HV,,). The average hardness of the cladding layer
was about 614.5 HV,. The hardness of the heat affected
zone was low (426 HV,,), but it was higher than that of
the substrate. The average hardness of the cladding layer
was nearly 2 times higher than that of the substrate,
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Fig. 10 Micro-hardness of cladding layer with network-like
structure
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which was mainly due to the introduction of TiB
strengthening phase and Ti grain refinement in the
cladding layer. The amounts of strengthening phases and
Ti grains were gradually reduced from the cladding layer
surface to the bottom, which caused the highest hardness
of the coating surface. Figure 11 shows the indentation
morphologies of the cladding layer with network-like
structure under the indentation load of 30 kg. No cracks
were found, even in the four corner regions of the
indentation, which indicated that the fracture toughness
of the cladding layer can be improved by the introduction
of the network-like structure.

Fig. 11 Morphology of indentation: (a) Overall appearance;
(b) Area 1; (c) Area 2

5.2 Fretting wear performance
Fretting wear test was performed on the substrate
and the cladding layer at room temperature. The results

are given in Table 5. The contact zone of the cladding
layer with the hardness of 612 HV,, was selected as the
research object and compared with the substrate. It can
be seen that the micro-hardness of the cladding layer was
nearly 2 times that of the substrate, but the friction
coefficient of the cladding layer was only slightly lower
than that of the substrate. Figure 12 illustrates the wear
volume losses of the substrate and the cladding layer
under different loads. It can be seen that the wear loss of
the cladding layer was lower than that of the substrate
under low load (50 and 100 N); however, the wear loss
of the cladding layer was higher than that of the substrate
under high load conditions (150 N).

Table 5 Fretting wear test results of contact zone
Average micro-hardness

Average friction

Type (HVq») coefficient
Substrate 330 0.55
Coating 612 0.49
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Fig. 12 Wear volume of substrate and coating under different
loads

To further investigate the fretting wear behavior of
the network-like structure, the worn surfaces of the
substrate and the cladding layer under 100 N load were
examined using SEM. As shown in Fig. 13, adhesion pit
occurred in the surface layer of the substrate, and the
plough scars were obvious. On the contrary, the cladding
layer had less wear scars and the amount of particle
detachment was also reduced. By comparison, it was
found that the depth of particle detachment on the
surface of the cladding layer was less than that of the
substrate. From observing the particle shedding behavior
during the initial stage of fretting wear, multi-path crack
bifurcation occurred during the crack propagation
process, but the particle detachment on the worn surface
of the cladding layer was not obvious, as shown in
Fig. 14(a). However, crack propagation led to a closed
loop during the continuous process of fretting wear,
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Fig. 14 Particle detachment of cladding layer during fretting wear: (a) Reticular crack propagation at initial stage; (b) Particle

detachment

resulting in particle detachment, as shown in Fig. 14(b).
The Ti matrix of the cladding layer was not directly
brought into contact by the introduction of the
network-like structure during the fretting wear process.
Moreover, the formation of TiB was mainly the process
of laser in-situ synthesis, and thus, the interface bonding
strength between the TiB and Ti matrix should be high.
In this case, slipping of TiB short fibers may not occur

during the fretting wear process, and TiB short fibers
were removed only when they were fractured. The
effects of TiB in the network-like structure can be the
load sharing and reducing the contact area of the titanium
matrix during the wear. Therefore, the network-like
structure played a significant role in strengthening the
matrix during the wear process, and protected the soft Ti
matrix from damage.
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6 Conclusions

(1) TiB—Ti network-like structure composite coating
can be prepared via laser in-situ process on titanium
alloy substrate with TiB, particles and appropriate
process parameters. The key to the formation of the
network-like structure was to eliminate residual TiB,
particles in the cladding layer.

(2) The outer ring of the network-like structure was
TiB strengthening phase, and the bonding interface
between the TiB and the Ti matrix was very clean and
had a constant orientation relationship; the inner ring of
the network-like structure was mainly fine a-Ti grains.

(3) The average hardness of the cladding layer with
network-like structure was nearly 2 times that of the
substrate, which was attributed to TiB strengthening,
titanium grain refinement, solid solution strengthening
and dislocation strengthening.

(4) Under low load (40 N), the fretting wear
resistance of the cladding layer with network-like
structure was larger than that of the substrate. The
fretting wear mechanism was particle shedding caused
by the formation of network-like crack closure.
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