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Abstract: Fe-based coating was produced on pure Ti substrate by the laser cladding technology. The composition and microstructure 
of the fabricated coating were analyzed by scanning electron microscopy (SEM), X-ray diffraction (XRD) and transmission electron 
microscopy (TEM) technique. The tribological properties were tested through sliding against AISI52100 steel ball at different normal 
loads and sliding speeds. Besides, the morphologies of the worn surfaces and wear debris were analyzed by scanning electron 
microscopy (SEM) and three dimensional (3D) non-contact surface mapping. The results show that the prepared Fe-based coating 
has a high hardness of about 860 HV0.2 and exhibits an average wear rate of (0.70−2.32)×10−6 mm3/(N·m), showing that the Fe-based 
coating can greatly improve the wear resistance of pure Ti substrate. The wear mechanism of the coating involves moderate adhesive 
and abrasive wear. 
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1 Introduction 
 

Titanium and its alloys have high strength, excellent 
corrosion resistance, low density, high specific strength, 
low modulus and good biocompatibility, so they are 
vastly expanded into many industrial applications such as 
aeronautical, marine, power generation, chemical 
industries, sports and leisure transportation, and 
biomedical devices [1−10]. However, their poor wear 
resistance is a serious concern for applications where 
wear phenomena are present, which limits their 
engineering applications [11−18]. Therefore, there is an 
increasing interest in improving surface properties of 
titanium and its alloys through various surface 
modification techniques, i.e., laser cladding, ion 
implantation, electroless deposition, physical vapor 
deposition (PVD), chemical vapor deposition (CVD), 
carburizing, nitriding, and oxidation studied [19−26]. 
More recently, laser cladding technology has attracted 
attention of various research groups due to several 
unique advantages such as laser cladding with high 

energy density, offering high heating/cooling rates 
(103–108 K /s) for the development of non-equilibrium 
phases with fine grained microstructure and novel 
properties [27], and also the fabricated coatings are very 
dense and have strong metallurgical bonding to 
substrates [28]. 

Laser cladding Fe-based coatings are regarded as 
promising materials for tribological applications due to 
their high bonding strength, high hardness and excellent 
wear resistance, as well as cheaper than cobalt- or 
nickel-based coatings [29−33]. So, it is anticipated that 
Fe-based coatings can be prepared on titanium and its 
alloys’ surface with excellent wear resistance property, 
and can be used as a candidate material to aid to the 
surface engineering titanium and its alloys components 
working under wear conditions. However, to the best of 
our knowledge, there are few data on the tribological 
characteristics of laser cladding Fe-based coating 
prepared on titanium and its alloys. 

Therefore, in the present study, to improve the wear 
resistance of pure Ti substrate, Fe-based coating was 
fabricated on its surface by laser cladding technology. The  
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microstructure and tribological properties of the prepared 
Fe-based coating were systematically investigated. 
 
2 Experimental 
 

Pure Ti (TA2) discs with 31 mm in diameter, 10 
mm in thickness were used as the substrates. Prior to 
coating preparation, the substrates were abraded with 
SiO2 grit. The Fe-based alloy powder 
Fe62Ni3Cr4Mo2W3Si6B17C3 (in mole fraction) was used as 
the starting material. The powder was pre-placed onto 
the surface of the substrate without any binding materials, 
with a thickness of approximately 1.0 mm before laser 
cladding. 

A 10 kW CO2 laser processing system was 
performed for laser cladding. Laser processing was 
conducted in argon shielding gas. The laser beam was 
focused down to a diameter of 3 mm. Coverage was 
achieved with overlapped track of 50%. The other laser 
processing parameters were as follows: laser power    
2 kW, beam traverse speed 1000 mm/min. 

After laser cladding the Fe-based coating was 
sectioned and ground for the microstructural analysis. 
Metallographic cross section of the laser cladding sample 
was ground with 600, 1200 and 2000# SiC sandpapers, 
and a 1.0 μm Cr2O3 paste. The sample was then etched in 
a solution of HF, HNO3 and H2O with a volume ratio of 
2:1:47 at room temperature for approximately 60 s 
before observation by a scanning electron microscope 
(SEM) (JSM−5600LV; JEOL, Ltd.) equipped with 
energy-dispersive spectrometer (EDS, KEVEX). A 
TECNAI-G2-F30 field emission transmission electron 
microscope (TEM, FEI, Oregon, USA), operating at 300 
kV, was performed to obtain TEM images. The phase 
compositions of the composite coating were identified 
with X-ray diffraction (XRD) analysis (D/max 2400; 
Rigaku, Ltd.) using 40 kV, 100 mA and Cu Kα radiation 
in a scanning range of 2θ from 15° to 85°. 

The microhardness of Fe-based coating along the 
depth direction was analyzed on a microhardness tester 
(MH−5 Vickers; Shanghai Everone Instrument, Ltd.) at 
1.96 N for a dwelling time of 5 s. 

The tribilogical behaviors of the laser cladding 
Fe-based coating were evaluated on a reciprocating 
tribometer (UMT−2MT; Center for Tribology, Inc.) 
sliding against a 6 mm diameter AISI52100 steel ball 
(with a hardness of about 700 HV0.2) in a nominally dry 
environment, at normal loads from 5 to 15 N at a sliding 
speed of 0.1 m/s. Tests with sliding speeds from 0.025 to 
0.200 m/s at a normal of 10 N were also conducted. The 
amplitude was 5 mm and total sliding distance was   
180 m for each test. The friction coefficient was 
continuously recorded by the test system and the wear 
volume was determined using a three-dimensional (3D) 

non-contact surface mapping profiler (MicroXAM; ADE 
Corporation, Inc.). Three tests were conducted under 
each test condition, and the averaged values were used. 
The worn surfaces were also analyzed using a SEM and 
surface mapping profiler. 
 
3 Results and discussion 
 
3.1 Composition and microstructure of Fe-based 

coating 
Figure 1 presents XRD patterns of the laser 

cladding coating. It can be found from Fig. 1 that the 
prepared coating is mainly composed of Fe, Fe2Ti, Fe2B, 
Fe3Si, Ti2Ni and Fe2O3 phases. After laser cladding, Fe 
element partly reacted with the melt Ti to transform to 
Fe2Ti intermetallic compound, which could be attributed 
to the high energy density of the CO2 laser beam. In 
addition, the existence of Fe2O3 phase in the laser 
cladding coating can be attributed to the reaction 
between melt Fe and residual air in the protector during 
laser cladding. 
 

 
Fig. 1 XRD pattern of laser cladding coating 
 

Figure 2 shows the SEM image and corresponding 
elements Fe and Ti distribution map on cross section of 
the coating. It can be seen that the prepared coating is 
free of cracks. However, few pores are visible in coating 
zone, which could be explained by the gas trapping due 
to large fluid viscosity induced by material particles in 
the laser melt pool [34] or the encapsulated bubbles 
generated during the laser cladding process [35]. In 
addition, it can be observed from Fig. 2 that the prepared 
Fe-based coating is metallurgically bonded to its 
substrate with a thickness of about 1.0 mm. Furthermore, 
it can be also seen that the corresponding Fe element is 
dispersed relatively uniformly on the cross section of 
coating, and Ti element with relatively more content near 
the coating/substrate interface. It should be noticed that 
between coating and substrate, the coating has a diffuse 
zone with depth of about 60 μm. This is a favorable 
evidence for Fe-based coating to be metallurgically 
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Fig. 2 SEM image (a) and corresponding elements Fe (b) and 
Ti (c) distribution map on cross section of Fe-based coating 
 
bonded to the substrate. 

Figure 3 gives the cross-sectional SEM micrograph 
of laser cladding Fe-based coating, with image near the 
top surface and the interface presented for better 
observing the interfacial microstructure. As shown in  
Fig. 3(b), it is further confirmed that the prepared 
Fe-based coating was metallurgically bonded to the pure 

Ti substrate. The Fe-based coating was composed of fine 
block-like phase near the top surface and bottom with a 
size almost less than 5 μm, which is attributed to the fact 
that laser cladding process offers high heating and 
cooling rates (103−108 K /s) for the development of fine 
grained microstructure [27]. 
 

 
Fig. 3 Cross-sectional SEM micrographs of Fe-based coating 
near to top surface (a) and near to interface (b) 
 

Detailed microstructural characterization of the 
Fe-based coating was analyzed by TEM, which is shown 
in Fig. 4. The bright field TEM image indicates that 
Fe-based coating consists of block-like grains, and the 
corresponding SAED pattern clearly reveals that it 
contains heteromorphy Fe2Ti phase. 
 

 
Fig. 4 TEM image (a) and corresponding SAED pattern (b) of 
Fe-based coating 
 
3.2 Microhardness of Fe-based coating 

Figure 5 gives the microhardness profile along the 
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depth direction of laser cladding Fe-based coating. It can 
be seen that Fe-based coating gives a high average 
hardness of approximately 860 HV0.2, which is about 4.5 
times that of pure Ti substrate (approximately 190 HV0.2). 
The distinctive high hardness of the Fe-based coating 
could be attributed to the presence of hard phases, such 
as Fe2Ti, Fe2B, Fe3Si and Ti2Ni phases, in the coating 
zone. It is also clear that the microhardness profile of 
Fe-based coating in the coating/substrate bonding zone 
has a sharp falling. Namely, the microhardness greatly 
varied from about 780 HV0.2 to 300 HV0.2. 
 

 

Fig. 5 Microhardness profile of Fe-based coating 
 
3.3 Tribological properties of Fe-based coating at 

different normal loads and sliding speeds 
Figures 6 and 7 show the variations of friction 

coefficient of the laser cladding Fe-based coating as a 
function of normal load (at a sliding speed of 0.1 m/s) 
and sliding speed (at a normal load of 10 N), respectively. 
It is obviously seen that the friction coefficients of 
Fe-based coating decreased with increasing normal load 
or sliding speed. The friction coefficients of Fe-based 
coating decreasing with increasing normal load can be 
explained by the normal load increasing faster than the 
increase of apparent contact area. Due to the fact that 
Fe-based coating has significantly high microhardness 
and leads to high loading capacity, during the friction 
and wear tests the Fe-based coating sliding against 
AISI52100 steel ball presented a relatively small increase 
rate in the apparent contact area and corresponding lower 
friction coefficients at high normal loads [36]. The 
friction coefficients of Fe-based coating decreased with 
increasing sliding speed due to higher sliding speeds 
under unlubricated dry sliding conditions; contact 
shearing and ploughing was so rapid that friction heat 
was generated at a rate much faster than that being 
conducted away, which results in generation of much 
more frictional heat, accordingly high temperature 
elevation on the contact surface. As a result, with 
increasing the sliding speed, the local temperature 

increased [37,38]. The more intense localized heat 
lowered the strength of the contact surfaces more greatly 
and formed tribolayers, thereby lowering the friction 
coefficient rapidly [39]. 

 

 

Fig. 6 Variation of friction coefficient of Fe-based coating 
against AISI−52100 steel ball as function of normal load at 
given sliding speed of 0.1 m/s 

 

 
Fig. 7 Variation of friction coefficient of Fe-based coating 
against AISI−52100 steel ball as function of sliding speed at 
given normal load 10 N 

 
The variations of wear rate of the laser cladding 

Fe-based coating as a function of normal load (at a 
sliding speed of 0.1 m/s) and sliding speed (at a normal 
load of 10 N) are presented in Fig. 8 and Fig. 9, 
respectively. As can be seen in Fig. 8, the wear rate of 
the Fe-based coating increased with increasing the 
normal load, which is in accordance with the Archard’s 
wear law [40]. While the wear rate of the coating 
decreased rapidly with increasing the sliding speed. The 
wear rate of Fe-based coating decreased with increasing 
the sliding speed, which is attributed to the fact that at 
higher sliding speeds, ploughing and shearing was so 
rapid that friction heat was generated at a rate much 
faster than that being conducted away. Thus, with 
increasing the sliding speed, the temperature of contact 
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area increased, and the high temperature lowered the 
strength of the contact surfaces, thereby lowering the 
friction coefficient, and leading to reducing in wear rate. 
In addition, it is interesting to notice that the wear rate of 
the coating under these wear conditions exhibited 
average wear rate of (0.70−2.32)×10−6 mm3/(N·m). It has 
been found in our previous work that the wear rate of 
pure Ti substrate in the 10−4 mm3/(N·m) order of 
magnitude [41]. This result indicates that the laser 
cladding Fe-based coating has an excellent wear 
resistance and can greatly improve the wear resistance of 
 

 

Fig. 8 Variation of wear rate of Fe-based coating against 
AISI−52100 steel ball as function of normal load at given 
sliding speed of 0.1 m/s 

 

 
Fig. 9 Variation of wear rate of Fe-based coating against 
AISI−52100 steel ball as function of sliding speed at given 
normal load of 10 N 
 
pure Ti substrate. 

To understand the underlying wear mechanism of 
laser cladding Fe-based coating upon the variation of 
normal load and sliding speed, SEM images of the worn 
surfaces of the coatings were analyzed, as shown in   
Fig. 10. It can be seen that shallow grooves and 
tribolayers (patches) emerged on the worn surfaces of the 
Fe-based coating (see Fig. 10). This fact indicates the 
abrasive and adhesive wear occurred during the wear tests 

 

 

Fig. 10 SEM images of worn surfaces on Fe-based coatings under different conditions: (a) Normal load of 5 N, sliding speed of 0.1 
m/s; (b) Normal load of 15 N, sliding speed of 0.1 m/s; (c) Normal load of 10 N, sliding speed of 0.025 m/s; (d) Normal load of 10 N, 
sliding speed of 0.2 m/s 
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for Fe-based coating and AISI52100 steel ball friction 
pairs. It should be noted that with the increase in normal 
load from 5 N to 15 N and sliding speed from 0.025 m/s 
to 0.2 m/s, tribolayers are developed on the worn surface 
of Fe-based coating (see Fig. 10), namely, increasing the 
normal load and sliding speed increases the possibility of 
formation of tribolayer. It is known that local 
temperature increases with the increase of normal load 
and sliding speed [42], and dry sliding wear causes large 
plastic strain, contact shearing and ploughing, leading to 
relatively high temperature on the worn surface of 
friction pair. Furthermore, the high local temperature 
may cause the transfer of elements and the tribolayers 
may form. The tribolayer can prevent direct contact 
between the frictional pair, reducing the contact area, 
thereby the friction coefficient drastically decreases 
[37−39,43]. 

In order to better understand the underlying wear 
mechanism, the counterbody AISI52100 steel ball and 
the wear debris were also analyzed. Figure 11 gives the 
3D non-contact surface mapping of the worn surface of 
the AISI52100 steel ball at normal loads of 5 N and 15 N 
(sliding speed of 0.1 m/s) and at sliding speeds of 0.025 
m/s and 0.2 m/s (normal load of 10 N). As can be seen 
from the four figures that the worn surface of the 
AISI52100 steel ball shows regular grooves. This result 
confirms the existence of abrasive wear between the 
friction pair. And it can be also observed that at a given 
sliding speed of 0.1 m/s, the diameter of wear scar of the 
AISI52100 steel ball increased with increasing normal 
load (see Fig. 11(a) and Fig. 11(b)), while the diameter 
of the AISI52100 steel ball decreased with increasing the 

sliding speed from 0.05 m/s to 0.2 m/s at a given normal 
of 10 N (see Fig. 11(c) and Fig. 11(d)). This is in good 
agreement with the result of the wear rates of the 
Fe-based coating at different normal loads and sliding 
speeds. Figure 12 shows the SEM images of the wear 
debris of the Fe-based coating against AISI52100 steel 
ball at a normal load of 15 N (sliding speed of 0.1 m/s). 
The wear debris is block-like and in spherical shape with 
a small size. The generation of small wear debris during 
the wear testing indicates that the friction pair 
experienced moderate wear and the Fe-based coating has 
an excellent wear resistance [3]. The spherical shaped 
wear debris shown in Fig. 12 is formed from the 
block-like wear debris through milling [44]. 
 
4 Conclusions 
 

1) Fe-based coating was fabricated successfully on 
pure Ti substrate by laser cladding. 

2) It was found that the prepared coating mainly 
contains Fe, Fe2Ti, Fe2B, Fe3Si, Ti2Ni and Fe2O3 phases. 
The prepared Fe-based coating was metallurgically 
bonded to the pure Ti substrate and composed of fine 
block-like phase near the top surface and bottom with a 
size less than 5 μm. 

3) The Fe-based coating has a high average 
microhardness of about 860 HV0.2 in the coating zone. 
The friction and wear experiments show that Fe-based 
coating with average wear rate of (0.70−2.32)×10−6 
mm3/(N·m) can greatly improve the wear resistance of 
pure Ti substrate, experiencing moderate adhesive and 
abrasive wear. 

 

 

Fig. 11 3D non-contact surface mapping of worn surfaces of counterbody AISI52100 steel ball: (a) Normal load of 5 N, sliding speed 
of 0.1 m/s; (b) Normal load of 15 N, sliding speed of 0.1 m/s; (c) Normal load of 10 N, sliding speed of 0.025 m/s; (d) Normal load 
of 10 N, sliding speed of 0.2 m/s 
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Fig. 12 SEM image of wear debris of Fe-based coating against 
AISI52100 steel ball at normal load of 15 N and sliding speed 
of 0.1 m/s 
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纯钛表面激光熔覆铁基耐磨涂层结构及摩擦学性能 
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摘  要：利用激光熔覆技术在纯钛表面制备铁基涂层。用 XRD、SEM、TEM 分析涂层的相组成和晶体结构。在

UMT−2MT 摩擦磨损试验机上对铁基涂层在不同载荷和不同滑动速度下的摩擦磨损性能进行测试。用 SEM 和 3D

表面轮廓仪分析铁基涂层磨损后的表面形貌和磨屑形貌。结果表明：钛表面激光熔覆制备的铁基涂层的显微硬度

约为 860 HV0.2，具有优异的耐磨性能，磨损率为(0.70~2.32)×10−6 mm3/(N·m)，可以显著提高纯钛基材的耐磨性能；

涂层的磨损机理为轻微的磨粒磨损和粘着磨损。 

关键词：钛；铁基涂层；激光熔覆；摩擦磨损 
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