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Abstract: The crack-free Ni60A coating was fabricated on 45 steel substrate by laser cladding and the microstructure including 
solidification characteristics, phases constitution and phase distribution was systematically investigated. The high temperature 
friction and wear behavior of the cladding coating and substrate sliding against GCr15 ball under different loads was systematically 
evaluated. It was found that the coating has homogenous and fine microstructure consisting of γ(Ni) solid solution, a considerable 
amount of network Ni−Ni3B eutectics, M23C6 with the floret-shape structure and CrB with the dark spot-shape structure uniformly 
distributing in interdendritic eutectics. The microhardness of the coating is about 2.6 times as much as that of the substrate. The 
coating produces higher friction values than the substrate under the same load condition, but the friction process on the coating keeps 
relatively stable. Wear rates of the coating are about 1/6.2 of that of the substrate under the higher load (300 g). Wear mechanism of 
the substrate includes adhesion wear, abrasive wear, severe plastic deformation and oxidation wear, while that of the coating is 
merely a combination of mild abrasive wear and moderate oxidation wear. 
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1 Introduction 
 

In order to meet the need in different service 
environments, many engineering components require 
excellent surface properties such as high wear and 
corrosion resistance. These performances can be 
obtained by laser cladding alloys powder on low cost 
substrate surface [1−4]. Nickel-based alloys coatings, 
with high bonding strength, better corrosion behavior 
and excellent resistance to adhesive and abrasive wear, 
have promising applications in engineering [5−7]. 
Previous researches [8,9] confirmed that NiCrBSi 
colmonoy alloys (for n(Si)/n(B) ratios less than 3) have a 
tendency to develop multiple microstructures under 
different cooling rates, e.g., different cladding speeds or 
substrate temperatures. Abundance of hard Cr-rich 
precipitates and eutectic structures which are fabricated 
under high cooling rate produce high hardness levels but 
at the same time provide easy routes for crack 
propagation. With the decrease of cooling rate, Cr-rich 

precipitates are gradually eliminated, the eutectic 
network is substantially diminished and crack-free 
coating can be fabricated, but hardness levels decrease. 
In addition, COCKERAM [10] found that NiCrBSi 
colmonoy alloys (For n(Si)/n(B) ratios less than 3) have 
lower fracture toughness values in comparison to their 
Co- or Fe-based counterparts. Therefore, it is necessary 
to get the specific cladding Ni60A microstructure, which 
is crack-free and well combines the hardness and the 
toughness, and study the characteristics of this 
microstructure. Moreover, 45 steel as high-quality carbon 
structural steel, is the main material for shaft parts. Such 
parts often run at a high temperature and high stress 
environment, if the wear resistance is insufficient, they 
will fail [11,12]. Despite the growing application of these 
alloys in laser cladding, there is not much data available 
in the literature about the correlation between this 
microstructure, friction and wear behavior of the laser 
cladding Ni60A coating, in particular, under different 
loads and elevated temperature. 

Therefore, an attempt was made to characterize the 
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microstructure of Ni60A alloys (for n(Si)/n(B) ratios less 
than 3) coating with large area on 45 steel substrate by 
laser cladding, also under different loads conditions, and 
the high temperature friction and wear behavior of the 
substrate and those of laser cladding coatings were 
comparatively investigated. 
 
2 Experimental 
 
2.1 Materials and fabrication of laser cladding 

coating 
The material used in this experiment was Ni60A 

alloy powder, with an average size of 50−100 μm, and a 
melting point of 960−1040 °C. Its chemical composition 
is listed in Table 1. Normalized 45 medium steel with 
dimensions of d65 mm × 10 mm was used as the 
substrate. 
 
Table 1 Chemical composition of Ni60A alloy powder (mass 
fraction, %) 

Cr Si B C Fe Ni 

17 4.2 3.7 0.85 7.1 Bal. 

 
Laser cladding coatings with a 33% overlap were 

fabricated with a YLS−4000−S2T−CL type 4 kW IPG 
fiber laser processing system equipped with an ABB 
2400 type 6-axis robot. The powder feeder was the 
DPSF−3 off-axial auto-feeding powder device. A 
shielding of Ar gas with a flow rate of 10 L/min was 
used to blow the powders into the molten pool. The 
powder nozzle was set at an angle of 35° with respect to 
the surface normal of the substrate. The optimizing 
process parameters were selected as laser power of 3.2 
kW, beam scanning speed of 600 mm/min, powder 
feeding rate of 9.0 g/min, and beam diameter of 4 mm. 
 
2.2 Microstructural characterization 

After laser cladding, samples were cut from the 
transversal cross sections of the coating. The samples for 
OM and SEM observations were prepared using standard 
mechanical polishing procedures in association with 
etching in aqua regia at room temperature. 
Microstructures of the coating and the crack were 
observed by optical microscope (OM). In addition, the 
microstructural details were analyzed by ZEISS ULTRA 
55 type scanning electron microscope (SEM), the 
chemical composition was analyzed with an Oxford 
X-Max 50 type energy dispersive spectroscopy (EDS) 
microprobe (20 kV, energy resolution better than 129 eV 
of Mn Kα). The phase composition was identified by 
using a D8 Advance X-ray diffractometer (XRD, 40 kV, 
40 mA, Cu Kα radiation, scanning within 2θ=10°−90°). 
The hardness profile along the depth direction and 
surface microhardness of coating were determined using 

an MH−5 Vickers microhardness tester, at a load of  
200 g and dwell time of 20 s. 
 
2.3 Wear testing 

The friction and wear behavior of 45 steel substrate 
and laser cladding coating (dimensions of d65 mm×   
10 mm) as lower sample against GCr15 ball (a hardness 
of HRC 62−65, diameter of 3 mm) as upper sample was 
tested on an HT-500 pin-on-disk dry sliding wear tester. 
Experimental parameters of wear test are shown in Table 
2. The friction coefficient was continuously recorded by 
the computer connected to the tester; and the wear width 
and the wear depth of the wear scars were measured by a 
TALYSURF CLI 1000 non-contact surface roughness 
profiler which picked spots per 1 μm from the wear  
scars. The wear volume was determined by the depth and 
width of the wear scars. Therefore, the wear volume ∆V 
could be calculated from [13], 
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where L0  refers to the circumference of wear scar, r 
refers to the radius of the GCr15 steel ball, and d refers 
to the width of the wear scar. 

Then, the wear rate ω of the coating was calculated 
from [14] 

 

Nvt
VΔ

=ω                                     (2) 
 

where v refers to the linear velocity of the low sample, t 
refers to the wear time and N refers to the load. For the 
observation of the worn structures, the morphologies of 
the worn surface and the wear debris generated were 
examined by SEM and EDS. 
 
Table 2 Experimental parameters of wear 

Parameter Value 
Temperature/°C 500 
Normal load/g 100−300 
Wear time/min 40 

Rotational speed/(r·min−1) 560 
Rotational radius/mm 2 

Linear velocity/(m·min−1) 7.03 
 
3 Results and discussion 
 
3.1 Microstructure of cladding Ni60A coating 

Figure 1 shows cross-sectional OM morphologies of 
the Ni60A coating. It can be seen that a white bonding 
line (zone) with a thickness of 5 μm is found at the 
coating/substrate interface and the coating is 
metallurgically bonded with 45 steel substrate. It also 
exhibits that the microstructure of coating is typical rapid  
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Fig. 1 Cross-sectional OM morphologies of Ni60A coating:  
(a) Ni60A coating near to interface; (b) Ni60A coating near to 
middle zone; (c) Ni60A coating near to top surface 
 
solidification structure [4,15]. It can be seen that a planar 
growth with a thickness of 5 um and relatively coarse 
cellular are found at the coating/substrate interface   
(Fig. 1(a)). With an increase in distance from the surface 
of substrate, the columnar dendrites are observed in the 
middle of coating (Fig. 1(b)) and the equiaxed grains are 
observed at the top of coating (Fig. 1(c)). The result of 
the XRD analysis shown in Fig. 2 indicates that Ni60A 
coating is mainly composed of γ(Ni), FeNi3, M23C6 
(M=Fe, Ni, Cr), CrB, and Ni3B. Moreover, Cr-rich 
precipitates with different shapes distributed in the 
matrix are not found by OM. They are likely to 
precipitate in an intergranular network of the coarse 
matrix and are enclosed by interdendritic eutectics. 
Meanwhile, a considerable amount of interdendritic 
eutectics also precipitate in an intergranular network of 

the coarse matrix. The previous studies have also shown 
the similar microstructure, and this microstructure is not 
only helpful for improving the toughness of coatings but 
also easily to prepare large-area crack-free coating under 
the condition of no preheating [8,9]. Based on previous 
studies, the formation mechanism of this microstructure 
may be explained. Under high laser power and low 
scanning speed, molten pool liquid retention time is 
longer and the cooling rate is relatively low, which 
results in a high Fe content of coating because of the 
substantial dilution of the steel substrate. In such a 
condition, excessively high Fe contents modify the 
solidification path of the alloy, suppress the primary 
boride and carbide phases at the beginning and diminish 
the interdendritic eutectics at the end of the solidification 
as it can be seen in microstructure of Fig. 1, such 
precipitates with different shapes distributed in the 
matrix are not found by OM. Meanwhile, the absence of 
porosity and microcracks shows that the process 
parameters selected in this work have ensured a high 
quality coating and the microstructure has a low crack 
sensibility. 
 

 

Fig. 2 XRD pattern of Ni60A coating 
 

Although OM could provide a general overview of 
the microstructures, details of the constituent phases and 
their micro-morphologies could only be revealed by 
SEM. The microstructure shown in Fig. 3 is the typical 
feature of the Ni60A coating crystallized in hypoeutectic 
crystal mode under SEM, a considerable amount of 
network eutectics and Cr-rich precipitates locate in a 
large number of intergranular positions of the primary 
matrix. The structure of the coating is fine, uniform and 
close. Figures 3(b) and (c) show the magnified 
cross-sectional SEM images of the coating. It can be 
more clearly seen in Fig. 3(b) that the microstructure of 
the Ni60A coating contains two different zones 
respectively described as dendritic solid solution matrix 
(marked with A) and interdendritic precipitates. In 
addition, interdendritic precipitates contain at least three  
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Fig. 3 Cross-sectional SEM micrographs of Ni60A coating:  
(a) General view of microstructure; (b) Magnified 
cross-sectional micrograph of (a); (c) Detail view 
 
components: interdendritic eutectics with the rod-shape 
structure (marked with B), many flower-shape 
precipitates (marked with C) uniformly distributed in 
interdendritic eutectics and several dark spot-shape 
precipitates (marked with D) scattered in the 
flower-shape precipitates. Figure 3(c) exhibits details of 
interdendritic precipitates, where the rod-shape structure 
interdendritic eutectic phase with a length of 0.2−1 μm, 
the floret-shape structure precipitates with a size of  
0.5−3 μm, and the dark spot-shape structure precipitates 
with a diameter of 0.1 μm are better observed. The 
chemical compositions of various phases by SEM/EDS 
analysis are given in Table 3. According to the EDX 
measurements and the above mentioned XRD analysis, 
the matrix (marked with A in Fig. 3(b)) is a γ(Ni) solid 
solution with small quantities of Cr and Si, and rich in Fe, 

showing that a higher Fe content of coating can influence 
microstructure of the cladding coating [9]. The 
interdendritic eutectics (marked with B in Fig. 3(b)) may 
be identified as Ni−Ni3B eutectics with significant 
quantities of B. The floret-shape precipitates (marked 
with C in Fig. 3(b)) are identified as carbides M23C6  

(M=Fe, Ni, Cr) with significant quantities of Ni and Fe. 
The dark spot-shape precipitates (marked with D in   
Fig. 3(b)) are identified as borides CrB with fewer 
quantities of Ni and Fe. 
 
Table 3 Chemical composition analysis of marked location in 
Fig. 3(b) (mass fraction, %) 

Location Ni Cr Fe C B Si

A 60.66 5.00 29.23 2.52 − 2.59

B 62.26 6.13 15.79 2.22 12.39 1.21

C 19.47 50.42 17.47 11.57 − 1.07

D 7.42 77.94 6.50 0.12 7.30 0.76

 
Figure 4 shows the microhardness profile along the 

depth direction of the Ni60A coating. It is seen that the 
average microhardness of the coating (approximately  
HV 530−580) is about 2.6 times as much as that of the 
45 steel substrate (approximately HV 220), which is 
attributed to the formation of hard phases such as Cr23C6, 
CrB, Ni3B, and FeNi3 during laser cladding process [15]. 
But this microstructure prepared by optimizing process 
parameters has lower average microhardness than that of 
previous studies [9,12,16]. The main reason is that 
quantities of precipitates with different shapes distributed 
in the matrix are suppressed by high Fe contents, due to 
the dilution between coating and substrate. In particular, 
this microstructure helps to improve the toughness of the 
laser deposited coatings, to decrease the crack sensitivity, 
and crack-free laser cladding Ni60A coating will be easy 
to be obtained without preheating conditions [9]. The 
transition from the high values of the coating to the small 
values of substrate is a smooth gradient distribution, this  
 

 
Fig. 4 Microhardness profile of Ni60A coating 



Jian ZHANG, et al/Trans. Nonferrous Met. Soc. China 25(2015) 1525−1532 

 

1529

is because a small region which is accordingly described 
as the binding zone interface (BZ, marked with A) and 
the heat affected zone (HAZ, marked with B) exists 
between the coating and substrate. Due to the dilution 
between the substrate and the coating, the hardness value 
(HV 363) of BZ is lower than that of the coating. Due to 
the occurrence of phase transformation on the surface of 
substrate, the hardness value (HV 260) of HAZ is higher 
than the initial one of substrate material. 
 
3.2 High temperature friction and wear behavior 

Figure 5 illustrates the friction response as a 
function of sliding time for the substrate (Fig. 5(a)) and 
the Ni60A coating (Fig. 5(b)). The 45 steel substrate 
keeps intensive and the instant friction response curve 
fluctuates rapidly. Especially, under applied loads of  
200 g and 300 g, friction coefficients fluctuate rapidly for 
sliding against the 45 steel substrate. The friction pairs 
are composed of GCr15 steel ball and 45 steel substrate 
or the Ni60A coating. It can be observed that the friction 
coefficients of the substrate and the coating decrease 
with the increasing applied loads under the different load 
conditions. It is well known that in the investigated 
sliding systems, an increase in load caused a decrease in 
friction, which is attributed to the oxides produced under 
the higher load condition [16−19]. The contact surfaces 
of the substrate and the coating against GCr15 steel balls 
are easily oxidized to form oxides, due to dry sliding 
wear test conducted at high temperature, especially under 
the higher load. Oxides are known to reduce the critical 
shear stress at the contact points, thereby reducing 
friction in the sliding system. The presence of oxides is 
also confirmed in the subsequent studies. Sliding against 
the Ni60A coating produced higher friction coefficients 
than sliding against the 45 steel substrate under the same 
load condition, but the friction process on the Ni60A 
coating keeps relatively stable and the instant friction 
response curve is smooth, while the friction processing- 
in wear phase evolves into the severe wear phase during 
the whole wear process, while the Ni60A coating 
presents that the running-in wear phase evolves into the 
steady wear phase. It can be attributed to the fact that the 
Ni60A coating has a dense and uniform microstructure 
(Fig. 1 and Fig. 3) and a high microhardness (Fig. 4) as 
well as good high-temperature property, leading to the 
relatively stable friction coefficient during the friction 
and wear test. Under the same load condition, sliding 
against the 45 steel substrate produces lower friction 
values, it can be explained by the following reason, the 
45 steel substrate has a much lower hardness than the 
Ni60A coating and thus is easily plastically deformed 
under the harder material (GCr15 ball), resulting in the 

 

 
Fig. 5 Friction response as a function of sliding time for 
substrate (a) and Ni60A coating (b) under different loads 
 
formation of the smooth contact surface which helps to 
decrease the contribution of the ploughing component to 
friction [18]. 

The wear rates of the 45 steel substrate and the 
Ni60A coating are shown in Fig. 6. It indicates that the 
Ni60A coating has much smaller wear rates than the 45 
steel substrate under the same load condition, and wear 
rates of the Ni60A coating (4.8×10−5mm3/(N·m)) are 
about 1/6.2 of that of the 45 steel substrate (3.45×10−4 

mm3/(N·m)) under the higher load (300 g). This indicates 
that the coating has excellent wear resistance than the 
substrate. Besides, the wear rates of the Ni60A coating 
decrease with the increasing applied loads, while the 
opposite is observed for the 45 steel substrate. The 
excellent wear resistance of the coating was primarily 
attributed to its microstructure, phase constitution, phase 
distribution and the friction and wear process. A 
considerable amount of carbides M23C6 and small 
amount of borides CrB uniformly distributed in the 
interdendritic eutectics rather than γ(Ni) matrix 
effectively reduce the number of wear debris formation 
at the contact zone, owing to the fracture of hard phases  
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Fig. 6 Wear rates of substrate and Ni60A coating under 
different loads 
 
of boride and carbide under high stress, resulting in the 
stable friction process and the low wear rates. Meanwhile, 
uniform tough phases of γ(Ni) solid solution also help to 
depress dual actions which hard phases suffer from the 
inherent residual strain and the shear stress generated in 
the friction process. In this case, the total stress 
centralized on the hard phase is difficult to exceed its 
strength, resulting in the fracture of hard phases and the 
excessive wear debris formation in the contact zone. 
Combining the preceding friction analysis (Fig. 5), the 
wear rates of the 45 steel substrate follow the typical 
trend of increased loads, leading to the increase of wear 
rates [18], and the wear rates of the Ni60A coating 
follow the trend of increased friction coefficient, leading 
to the increase of wear rates. This results from the 
increased loads, leading to the acute fluctuation of the 
friction coefficients and the instability friction process 
for the 45 steel substrate. Thus, sliding against substrate 
suffered from the severe wear, resulting in higher wear 
rates of the substrate. For the Ni60A coating, although 
the load is increased from 100 g to 300 g, the friction 
coefficients of coating decrease and friction process 
keeps relatively stable. Thus, sliding against coating 
suffered from the steady wear, resulting in lower wear 
rates of the substrate. 

The SEM images of the worn surfaces of the 
substrate and the Ni60A coating in Fig. 7 indicate the 
different levels of surface deterioration experienced 
which are consistent with the wear rates results. It can be 
observed that the worn surface of the 45 steel substrate 
shows signs of fatigue spalling and scratching as well as 
some tiny grooves and severe plastic deformation on the 
edges of the wear scar, indicating that the 45 steel 
substrate experienced adhesion wear, abrasive wear, and 
severe plastic deformation (Especially, severe plastic 

deformation on the edges of the wear scar). Scratching 
and grooving are initially caused by the initial 
deformation of asperities on the contact surfaces. 
Subsequent scratching and grooving are caused through 
an abrasive wear mechanism by wear debris fragments 
and the surface of the GCr15 ball [18]. No sign of fatigue 
spalling and plastic deformation are visible on the worn 
surface of the Ni60A coating, and only a large amount of 
deep adhesive craters and fairly short continuous 
ploughing grooves, showing typical characteristic of 
abrasive mechanism [17]. This well corresponds to the 
better wear resistance of the Ni60A coating than that of 
the 45 steel substrate. 
 

 
Fig. 7 SEM images of worn surfaces of substrate (a) and 
Ni60A coating (b) under applied load of 300 g 
 

The chemical compositions of the worn surfaces of 
the substrate and the Ni60A coating, analyzed by EDS, 
are listed in Table 4. It can be seen that the both worn 
surfaces consist of a large amount of O and Fe, 
indicating that the severe oxidation wear during the 
whole wear process. Furthermore, the oxygen content in 
 
Table 4 Chemical compositions of worn surfaces of substrate 
and Ni60A coating (mass fraction, %) 

Worn surface C O Si Fe Ni Cr Mn

Substrate 4.98 26.68 0.28 67.47 − − 0.59

Ni60A coating 7.91 15.76 1.54 23.87 40.21 10.72 − 
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the worn surface of the substrate is higher than that in the 
worn surface of the Ni60A coating. This well 
corresponds to the better oxidation wear resistance of the 
Ni60A coating than that of the 45 steel substrate. 
 

4 Conclusions 
 

1) The cladding Ni60A coating is metallurgically 
bonded to the substrate. It has homogenous fine 
microstructure consisting of γ(Ni) solid solution, a 
considerable amount of network Ni−Ni3B eutectics, 
M23C6 with the floret-shape structure and CrB with the 
dark spot-shape structure uniformly distributing in 
interdendritic eutectics. With increasing distance from 
the surface of substrate, γ(Ni) solid solution with a planar 
growth, column dendrites and the equiaxed grains are 
formed. 

2) The average microhardness of the Ni60A coating 
is about 2.6 times as much as that of the substrate. The 
friction coefficients of the substrate and the coating 
decrease with increasing the applied loads. And the 
coating produces higher friction values than the substrate 
under the same load condition, but the friction process on 
the coating keeps relatively stable, while the friction 
process on the 45 steel substrate keeps relatively 
intensive. 

3) The Ni60A coating has much smaller wear rates 
than the substrate under the same load condition, wear 
rates of the coating are 1/6.2 of that of the substrate 
under the higher load (300 g). Besides, the wear rates of 
the coating decrease with the increase of applied loads, 
while the opposite is observed for the substrate. High 
temperature wear mechanism of the substrate includes 
adhesion wear, abrasive wear, severe plastic deformation 
and oxidation wear, while the coating merely suffers 
from mild abrasive wear and moderate oxidation wear. 
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45 钢基体上激光熔覆 Ni60A 合金涂层的 
显微组织和高温摩擦学行为 

 
张 健，胡 玉，谭小军，郭 亮，张庆茂 

 
华南师范大学 广东省微纳光子功能材料与器件重点实验室，广州 510006 

 
摘  要：采用激光熔覆技术在 45 号钢基材上制备出无裂纹 Ni60A 涂层，详细研究涂层显微组织的凝固特性、相

组成及相分布。系统评估涂层和基材在不同载荷下滑动对磨 GCr15 球时的高温摩擦磨损行为。结果表明：涂层显

微组织均匀致密，主要由 γ(Ni)固溶体、大量的 Ni−Ni3B 网状共晶、小花状 M23C6及不均匀分布于枝晶间共晶组织

中的黑点状 CrB 组成；涂层显微硬度约为基材显微硬度的 2.6 倍；相同载荷条件下，涂层摩擦因数大于基材摩擦

因数，但摩擦过程稳定；在较高载荷条件下(300 g)，涂层磨损率为基材的 1/6.2；基材磨损机制为粘着磨损、磨料

磨损、严重塑性变形及氧化磨损，而涂层磨损机制则为轻微的磨粒磨损和中等程度的氧化磨损。 

关键词：激光熔覆；Ni60A 合金；45 号钢；显微组织；摩擦学行为 
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