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Abstract: The hardness and wear resistance of the surface of TC4 titanium alloy, which is widely used
in aerospace and other fields, need to be improved urgently. Considering the economy, environmental
friendliness, and high efficiency, Si-reinforced Ti-based composite coatings were deposited on the
TC4 surface by the high-speed wire-powder laser cladding method, which combines the paraxial
feeding of TC4 wires with the coaxial feeding of Si powders. The microstructures and wear resistance
of the coatings were analyzed using X-ray diffraction (XRD), scanning electron microscopy (SEM),
Vickers hardness tester, and friction and wear tester. The results indicate that the primary composition
of the coating consisted of α-Ti and Ti5Si3. The microstructure of the coating underwent a notable
transformation process from dendritic to petal, bar, and block shapes as the powder feeding speed
increased. The hardness of the composite coatings increased with the increasing Si powder feeding
rate, and the average hardness of the composite coating was 909HV0.2 when the feeding rate reached
13.53 g/min. The enhancement of the microhardness of the coatings can be attributed primarily to the
reinforcing effect of the second phase generated by Ti5Si3 in various forms within the coatings. As
the powder feeding speed increased, the wear resistance initially improved before deteriorating. The
optimal wear resistance of the coating was achieved at a powder feeding rate of 6.88 g/min (wear loss
of 2.55 mg and friction coefficient of 0.12). The main wear mechanism for coatings was abrasive wear.

Keywords: high-speed wire-powder laser cladding; Si-TC4 composite coatings; microstructure;
wear resistance

1. Introduction

Titanium alloys have been widely used in aerospace [1], automotive [2], and biomed-
ical [3] fields, due to their high specific strength [4] and good corrosion resistance [5].
However, the low shear strength and poor wear resistance of titanium alloy surfaces [6,7]
shorten their service life, so improving the wear resistance of titanium alloy surfaces is of
great significance for the application of titanium alloys [8–11]. Surface modification tech-
niques, such as laser cladding [7,9,12], are widely used to improve the surface properties
of metals. Laser cladding technology has become an important modification method for
metal surfaces, due to its high efficiency, low dilution rate, and low thermal impact on the
substrate [13]. In recent years, high-speed laser cladding has been widely studied because
of its advantages in terms of efficiency, dilution rate control, and performance [14].

Currently, the materials used in laser cladding are mainly metal powders, and the
feeding methods include pre-positioned powder spreading [15,16] and coaxial powder
feeding [17,18]. The powder feeding, laser cladding laser energy absorption rate is high,
easy for automating the control, but the powder utilization rate is not high, and the
quality of the powder requirements are high. Laser wire melting [19] uses metal wire as
the material, and compared with powder as raw material, it has the advantages of high
processing efficiency, high material utilization, a large degree of freedom in production,
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good surface-forming quality, high production efficiency, no powder pollution, and so
on, and it has been widely studied [20–23]. In addition to the laser melting of pure
metal wires, some researchers have also carried out laser melting studies on core-spun
wires [24]. The process of laser melting of wire at the same time, according to the need
to add adjustable content of the powder, is a new research idea. Wire-powder synergistic
laser cladding combines the advantages of wire-feeding laser cladding and powder feeding
laser cladding [25], and at the same time, it reduces the oxidation problem of titanium
alloys in the cladding process to a certain extent. At present, researchers have carried
out a lot of work on the direct addition of hard phases, such as WC [26], La2O3, TiB, and
TiC particles [27], in wire-powder synergistic laser cladding. Although the direct addition
of hard phases to titanium-based alloys can significantly improve their hardness and
properties, the differences in thermophysical properties, etc., are prone to cause problems
such as cracks and poor bonding.

Compared to titanium matrix composites with the introduction of non-in situ ceramic
particles, particle-reinforced near-titanium alloys prepared by the in situ method have the
advantages of high wettability and interfacial bonding strength, low contamination, con-
trollable size of the generated reinforcing phases, and low preparation cost [28]. Numerous
studies have shown that Ti5Si3 and other in situ precipitated intermetallic compound-
reinforced phases have the advantages of low density, high melting point, and excellent
resistance to high-temperature oxidation and high-temperature stability [29], which can
significantly improve the microhardness and wear resistance of the coatings [30]. The
Ti3SiC2/Ti5Si3/TiC/Ni25 composite coatings prepared by Yan Hua [31] using laser fu-
sion cladding on TC4 surfaces have excellent microhardness and wear resistance. Zhou
Zhongyan [32] prepared Ti5Si3/Al3Ni2-enhanced composite coatings on the surface of
TC4, and the microhardness, wear resistance, and oxidation resistance of the coatings were
significantly improved. Cui Jianxiao [33] prepared an in situ particle-enhanced TixAl/Ti5Si3
composite coating on a Ti6Al4V alloy by laser melting, which significantly improved the
wear resistance of titanium alloy. Nevertheless, the existing procedures for obtaining in
situ Ti5Si3 and other intermetallic compounds are relatively complex. The combination of
Si and Ti elements using techniques like wire–powder synergy and the in situ generation
of Ti–Si intermetallic compounds holds significant research value [34,35].

The study presents a method of preparing a composite coating by concurrently laser
cladding TC4 wire and Si powder particles onto the surface of TC4 in order to enhance its
hardness and wear resistance. The study also investigates the influence of Si content on the
evolution of the composite coating’s structure and its wear resistance. Without changing the
basic properties of the base material, this study can economically and efficiently prepare the
second phase in situ reinforced modified coating with similar thermophysical properties,
good metallurgical bonding, and significantly improved performance on the TC4 surface,
which creates a new technology of high-efficiency reinforcement of the TC4 surface, fills in
the gaps in the field of high-speed wire-powder laser cladding on the surface of TC4, and
has strong significance in scientific research and the value of engineering application.

2. Experimental Procedures
2.1. Coatings Preparation

The substrates for laser cladding were the 100 mm × 50 mm × 10 mm TC4 plates
that were smoothed and cleaned. The cladding material was TC4 wire with a diameter of
1.2 mm and pure Si powder with a purity of 99.5% and a particle size of 30–45 µm. The
chemical composition of the TC4 wire used for laser cladding is shown in Table 1.

Table 1. Chemical composition of TC4 wire (wt.%).

Fe C N H O Al V Ti

≤0.30 ≤0.10 ≤0.05 ≤0.015 ≤0.20 5.5–6.8 3.5–4.5 Bal.
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The laser cladding experiments were carried out using the high-speed wire-powder
laser cladding equipment (ProLC-3000MT, Shaanxi Tyontech, Xi’an, China) protected by
99.99% argon gas. To satisfy the synergistic feeding of wire and powder into the melt pool,
the laser cladding head was modified, as shown in Figure 1. The TC4 wire, which was
pre-heated by the welder, was fed in the side axis at an angle of 40◦ to the laser beam. The
Si powders, on the other hand, were added to the melt pool coaxially by four uniformly
distributed powder feeding tubes after being transported by high-purity argon gas at
different powder disk speeds in the powder feeder. Well-formed and defect-free fused
cladding layers of titanium matrix composites were prepared under the laser cladding
process in Table 2 and different powder feeding speeds (3.35 g/min, 4.48 g/min, 6.88 g/min,
8.43 g/min, 11.06 g/min, and 13.53 g/min).
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Table 2. Process parameters of high-speed laser cladding.

Power/W Scanning
Speed/mm·s−1

Wire-Feeding
Speed/mm·s−1

Hot Wire
Coefficient

Protective Gas
Flow/L·min Spot Size/mm Overlap

Ratio/%

2000 30 20 1.10 15 3 30

2.2. Microstructures Characterization

After laser cladding, the coatings underwent dye penetrant inspection, wire cutting,
grinding, and polishing. Subsequently, the specimens were corroded using an etchant with
a composition ratio of HNO3:HF:H2O = 3:2:95. The microstructure of the coating cross-
section and the micro-zone chemical composition were analyzed using a scanning electron
microscope (JSM-7200F, JEOL, Tokyo, Japan) equipped with EDS. The phase composition
of the resulting coatings was analyzed using an X-ray diffractometer (X’Pert PRO MPD,
Panalytical, Almelo, The Netherlands) with Cu-Kα radiation over a scanning range of 20◦

to 100◦and a scanning speed of 18◦/min.

2.3. Wear Resistance Testing

The microhardness of the coating sections was measured using a microhardness tester
(TIME6610AT, Beijing TIME, China), applying a loading force of 1.96 N for a duration
of 15 s. The microhardness of each specimen section was measured three times at the
same horizontal position and averaged. The dry wear properties of the composite coatings
were tested using a controlled-atmosphere micro-friction and a wear tester (WTM-2E,
Lanzhou Zhongke Kaihua, Lanzhou, China). The grinding ball used in the experiment
was a GCr15 ball with a diameter of 5 mm. The applied load, sliding speed, and wear
time were 7.84 N, 9.42 m/min, and 60 min, respectively. Friction and wear tests for each
coating were performed three times under the same conditions. Details of the friction wear
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test are shown in Figure 2. The friction coefficients were simultaneously obtained using
the test system. Following ultrasonic cleaning of the specimens with alcohol both before
and after the wear test, the weight loss due to wear was calculated by averaging three
measurements using an electronic balance (BSA124S, Sartorius, Göttingen, Germany) with
an accuracy of ±0.1 mg. In addition, the abrasion width was measured and averaged four
times at different locations for each specimen’s abrasion marks (using scanning electron
microscopy).
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Figure 2. Schematic of friction and wear test details.

3. Results and Discussion
3.1. Phase Analysis

Figure 3 depicts the XRD patterns of Si-TC4 overlay coatings at various powder feeding
rates. It can be seen that the composite coating is mainly composed of α-Ti (PDF#44-1294)
and Ti5Si3 (PDF#29-1362) [36]. The emergence of Ti5Si3 diffraction peaks in the composite
indicates that the presence of the Si element led to a reaction with the Ti element in the
molten pool, leading to the formation of Ti5Si3. It can be inferred that the reaction between
Ti and Si in the molten pool leads to the formation of Ti–Si intermetallic compounds
represented by Ti5Si3 [37]. From Figure 3b, it can be seen that the intensities of the α-Ti
diffraction peaks decrease, and the intensities of the Ti5Si3 diffraction peaks increase as
more Si elements are added, which is due to more Si elements combining with Ti to form
intermetallic compounds. Furthermore, with the addition of Si elements, the diffraction
peak of α-Ti shifts to the right, and according to the Bragg diffraction law (Equation (1)), it
is known that the crystallite spacing of α-Ti is reduced due to the inclusion of Si elements
with a smaller atomic radius.

2dsinθ = nλ (1)
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3.2. Microstructure Analysis

Figure 4 depicts the microstructure of the middle section of the coatings at various
powder feeding rates. The illustration depicts that when powder feeding speeds are lower,
a small amount of the reinforced phase in the cladding layer precipitates along the β-Ti
grain boundaries [38,39]. As the powder feeding speed rises, there is a continuous increase
in the reinforced phase within the cladding layer. When the powder feeding speed reaches
6.88 g/min, the reinforced phase in the cladding layer exhibits a dense distribution with a
petal-like morphology. When the powder feeding rate reaches 8.43 g/min, the petal-like
reinforced phase in the cladding layer shows a more obvious eutectic structure. When the
feeding rate is further increased, the reinforcing phase within the coating transforms into a
segmented rod-like morphology with obvious directionality. Finally, when the feeding rate
reaches 13.53 g/min, the reinforcing phase becomes plate-like and almost covers the entire
coating. However, this also results in an increase in the brittleness of the coating [40].
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Figure 5 depicts the microstructure of the composite coating when the powder feeding
rate is 6.88 g/min. Figure 5a,b demonstrates the distinct dendritic crystal morphology at
the bottom of the coating, with the dendrites growing upwards perpendicular to the fusion
line. The precipitation of the reinforcing phase occurs along the grain boundaries within
the coating. Figure 5c,d depicts the microstructure of the middle section of the coating. In
the middle of the coating, the reinforcing phase is densely distributed in the form of petal
clusters, while the β-Ti phase almost disappears [41]. The petal-like reinforcing phase is
formed by a regular cluster of very fine precipitates, with the central precipitates being the
smallest in size and the periphery precipitates having a longer lamellar shape. Figure 5e,f
illustrates the microstructure of the upper portion of the coating. The reinforcing phases
are arranged in the same direction to form a long strip; this is due to a large amount of Si
element in the upper part of the melt pool. In the process of crystallization, titanium–silicon
intermetallic compounds are the first to precipitate into the incipient phase, and the incipient
phase further grows to form a long strip of reinforcing phases.

The EDS results in Figure 6 confirm the presence of large amounts of Ti–Si intermetallic
compounds in the composite coating.
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The wire-powder laser cladding coatings exhibit distinct morphological changes as the
powder feeding rate varies, transitioning from dendritic formations to petal-like clusters,
and ultimately to block-like structures. The changes observed in the microstructure of
the cladding layer are attributed to alterations in the crystallization characteristics of the
Ti–Si alloy induced by the presence of silicon. When the Si element content is low, the
primary phase of β-Ti precipitates from the liquid phase and undergoes slow growth during
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the cooling process of the melt pool. Consequently, the proportion of Si element in the
remaining liquid phase increases relatively. Upon further cooling of the liquid phase, the
residual components of the liquid phase reach the eutectic point, leading to the occurrence
of a eutectic reaction that results in the formation of β-Ti/Ti5Si3 [28,31,42]. As the feed rate
increases, the proportion of Si in the melt pool continues to increase until it reaches the
eutectic point component. As the liquid phase cools, the entire liquid phase undergoes a
eutectic reaction to form a petal-like and agglomerated eutectic microstructure (Figure 7b).
As the powder feed rate is increased, the Si element content in the melt pool will exceed
the eutectic point component. At this stage, the primary phase in the liquid phase will be
Ti5Si3, representing the intermetallic compounds. As the liquid phase undergoes further
cooling, incipient phases, such as Ti5Si3, experience continued growth, leading to a gradual
decrease in the relative proportion of the Si element in the remaining liquid phase. When
the composition reaches the eutectic point, the residual liquid phase will undergo a eutectic
reaction to produce a small amount of β-Ti/Ti5Si3 eutectic microstructure, which will
eventually form a lumpy or rod-like reinforced phase (Figure 7c).
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3.3. Microhardness and Wear Resistance Analysis

Figure 8 illustrates the distribution of microhardness in the composite coatings during
wire-powder laser cladding at different powder feeding speeds. The figure illustrates a
stepwise increase in the microhardness of the coating as the powder feed rate increases.
The average hardnesses of the composite coatings were 579HV0.2, 636HV0.2, 694HV0.2,
720HV0.2, 766HV0.2, and 909HV0.2, respectively (when the powder feeding rates of Si
were 3.35 g/min, 4.48 g/min, 6.88 g/min, 8.43 g/min, 11.06 g/min, and 13.53 g/min,
respectively). The increase in the Si element content in the cladding coating results in a
corresponding increase in Ti–Si intermetallic compounds within the coating. This leads to
a stronger coating produced by the second phase of the strengthening effect, resulting in a
gradual increase in the microhardness of the coating. Higher hardness is very favorable for
improving the hardness of composite coatings [43,44].

Figure 9 shows the plots of the average friction coefficient and wear weight loss at
various feed rates. The plots indicate a decreasing trend, followed by an increasing trend
in the average friction coefficient and wear weight loss of the composite coatings. The
tribological properties of the composite coatings improve and then deteriorate as the Si
content increases. The lowest wear loss (2.55 mg) and coefficient of friction (0.12) and the
best tribological performance of the composite coating were obtained when the Si powder
was fed at a rate of 6.88 g/min. An optimal content of the Ti–Si-reinforced phase in the
coatings exists, leading to the coatings’ superior tribological performance. It can be seen
that the change rule of tribological properties of composite coatings is not consistent with
the hardness. This is related to the content and morphology of the second phase of Ti–Si;
with the increase in the addition of Si powder, the second phase of Ti–Si increases, and the
hardness of the composite coating increases. However, only the Ti–Si second phase near
the eutectic point composition can significantly improve the tribological properties. The
composite coatings with an inappropriate amount of Ti–Si second phase are prone to severe
abrasive wear during frictional wear, and this harmful effect will offset or even exceed
the beneficial effect of the second phase. It is noteworthy that the coefficient of friction of
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the composite coatings becomes larger than that of the TC4 coating when a small amount
of Si is added (3.35 g/min). This is because, although the addition of a small amount of
Si leads to the in situ generation of a small amount of reinforcing phase in the composite
coating, this beneficial effect cannot counteract the detrimental effects of its abrasive wear.
For similar reasons, the addition of excessively high levels of Si also causes an increase in
the coefficient of friction. It can be seen that the control of the Si content is very important
for the friction reduction effect. In this study, the addition of Si content close to the eutectic
composition (4.48 g/min and 6.88 g/min) was able to reduce friction through the most
beneficial second phase enhancement [26,27,30].
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mechanism is associated with the microhardness of the coating [44,45]. The TC4 coating 
exhibits low microhardness and is susceptible to adhesive wear, whereas the composite 
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Figure 10 illustrates the morphology of the wear tracks for both the TC4 wire material
cladding coating and the wire-powder composite coatings. The abrasion mark widths
of the Si–Ti composite coatings exhibit a reduction, compared to the cladding coating of
TC4. Furthermore, the abrasion mark widths demonstrate a pattern of decreasing and
then increasing, which coincides with the trend of mass loss of the coatings. The TC4 wire
cladding coating exhibits a plastic deformation area in the presence of a large abrasion
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area, whereas the composite coating eliminates the abrasion area. This change in the wear
mechanism is associated with the microhardness of the coating [44,45]. The TC4 coating
exhibits low microhardness and is susceptible to adhesive wear, whereas the composite
coating demonstrates relatively high microhardness and is resistant to adhesive wear. The
abrasive scar morphology of the coating shows more obvious furrows and detachment pits,
and the furrows in the coating are short and intermittent, with obvious abrasive wear [12,46]
phenomenon when the powder feed rate is lower than 8.43 g/min. As the Si content
increases, there is a corresponding increase in the hardness of the coating, as well as an
increase in brittleness. The white abrasive chips in the coating increase significantly when the
powder feed rate is increased above 8.43 g/min. This coincides with the increasing trend of
wear weight loss. The formation of intermittent short furrows in the coating is closely related
to the shedding and sliding of hard second-phase particles within the coating. During the
relative movement of the friction vise, the hard second-phase particles and the abrasive ball
will experience multiple collisions and detachment. The dislodgement of hard second-phase
particles in the friction vise can result in sliding on the surrounding soft substrate, leading
to the generation of a plowing effect. Moreover, the dislodged abrasive chips will collide
with the hard second-phase particles in the coating that have remained intact throughout
the plowing process, leading to the interruption of plowing. After multiple collisions, the
unremoved hard second-phase particles in the coating will be dislodged, leading to the
formation of intermittent, short-plowing furrows through repeated occurrences. It can be
seen that the wear mechanisms of the composite coating include adhesive and abrasive wear,
with limited improvement in tribological performance when the added content of Si powder
is low (3.35 g/min) and when the addition content of Si powder is too much (more than
6.88 g/min). With too much Ti–Si second mutual phase collision shedding, abrasive grain
wear is more serious, and the friction reduction performance is not outstanding, although
the wear resistance is very good. Only when the Ti–Si content is close to the eutectic point
composition that the wear mechanism of the composite coating shows only slight abrasive
wear, with both excellent wear resistance and friction reduction performance.
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Figure 10. Wear morphology of coatings with different powder feeding speeds. (a) TC4 wire
cladding coating; (b) 3.35 g/min; (c) 4.48 g/min; (d) 6.88 g/min; (e) 8.43 g/min; (f) 11.06 g/min;
(g) 13.53 g/min.
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4. Conclusions

In this paper, Si-TC4 composite coatings were prepared on the surface of a TC4
titanium alloy using the process of high-speed wire-powder laser cladding, and the physi-
cal structure, microstructure, chemical composition, microhardness, and wear resistance
properties of the coatings were characterized and investigated; the main conclusions are
as follows:

(1) The composite coatings are mainly composed of intermetallic compounds, such as
αTi and Ti5Si3. With the increase in Si content, the Ti–Si intermetallic compounds in
the composite coatings increase, and the grains become finer.

(2) As the Si content increases, the solidification and crystallization process of the com-
posite coatings change, showing the microstructure changes in Ti–Si from sub-eutectic
to eutectic and per-eutectic, resulting in a microstructure showing a regular transfor-
mation process, such as granular, eutectic clusters, stripes, and rods, as well as blocks.

(3) As the Si content increases, the microhardness of the composite coatings gradually
increases, and the wear resistance shows a tendency to improve and then deteriorate,
due to the intermetallic compounds, such as Ti5Si3, formed in situ in the coatings
with different morphologies. The friction coefficients of the composite coatings with
different Si contents were changed, due to the competition between the favorable
factor of enhancement and the unfavorable factor of abrasive wear brought about
by the in situ generation of the second phase at the same time. The addition of less
or more Si content leads to an increase in the coating friction coefficient. The best
tribological properties were obtained for the composite coating with the eutectic
structure dominated by the powder feed rate of 6.88 g/min.

(4) The wear mechanism of the TC4 wire coating threads was adhesive wear, and that
of the Si-TC4 composite coatings was mainly abrasive wear, which was significantly
influenced by the addition of Si and the presence of intermetals like Ti5Si3.

(5) According to the research results of this paper, the next step of in-depth research
should focus on the precise control of the chemical composition, temperature, or-
ganization, and properties of Si-TC4 composite coatings prepared by high-speed
wire-powder laser cladding.
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