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Abstract: This study aimed to effectively reduce the cracking susceptibility of the laser clad coating by enhancing the environmental 
temperature during laser cladding, and reveal the residual stress distribution in different depths of the coating. The TiNi/Ti2Ni-based 
coatings were prepared on Ti6Al4V by laser cladding at different environmental temperatures of 25, 400, 600 and 800 °C. The 
changes in residual stress along the depth of the coatings were investigated in detail by the nanoindentation method. Results showed 
that the average residual stress of 2.90 GPa in the coating prepared at 25 °C was largest. With the increase in environmental 
temperature, the average residual stress was reduced to 1.34 GPa (400 °C), 0.70 GPa (600 °C) and 0 GPa (800 °C). For all the 
coatings, the residual stress was increased with increasing the distance from the coating surface. Enhancing the environmental 
temperature can effectively reduce the cracking susceptibility of the coatings. 
Key words: laser cladding; coating; microstructure; environmental temperature; cracking susceptibility; residual stress; 
nanoindentation 
                                                                                                             

 
 
1 Introduction 
 

Titanium alloys are widely used as high- 
performance materials in the aerospace, petro-chemical, 
medical, and aircraft industries due to their low density, 
high specific strength, exceptional corrosion resistance 
and high-temperature mechanical properties. However, 
the application of these alloys in other industrial fields is 
restricted due to their poor tribological properties and 
low hardness [1]. Thus, some surface-modification 
techniques are used to improve the surface structures and 
properties of titanium alloys by changing their surface 
compositions [2,3]. Among these techniques, laser 
cladding is regarded as an excellent technology to fully 
optimize the properties of mechanical components, such 
as limited heat-affected zone, minimal stress deformation 
and good metallurgical bonding between the coating and 
the substrate [4,5]. 

Although laser cladding has many advantages, high 
residual stress usually generates in the coating because of 
its rapid heating and cooling characteristics. 
Consequently, the coating fabricated by laser cladding 

possesses very high cracking susceptibility, which is a 
critical shortcoming that vastly limits the industrial 
application of this technique. Thus, it is very necessary to 
reduce the cracking susceptibility of the laser clad 
coating. Several methods have been used to reduce the 
cracking susceptibility, including designing the 
cladding-material compositions, optimizing the 
processing parameters and preheating the substrate. 
WANG et al [6] prepared the coatings on 45# steel by 
laser cladding the NiCrBSiC alloy powders doped with 
V2O5. They found that the number of cracks was 
significantly decreased with the increase in content of 
V2O5. Furthermore, no cracks generated in the coatings 
when the content of V2O5 was increased to 4%−5% 
(mass fraction). WENG et al [7] fabricated the coatings 
on Ti6Al4V substrates by laser cladding the mixtures of 
Co42 self-fluxing alloy, TiN and Y2O3. The coating with 
1.0% Y2O3 (mass fraction) addition showed good 
metallurgical bonding with the substrate and was free of 
pores and cracks. 

RIQUELME et al [8] produced the SiC-reinforced 
Al matrix coatings on ZE41 magnesium alloy using a 
high-power diode laser (HPLD). The results showed that 
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the optimal parameters for laser cladding were 650 W of 
laser output power and 17 mm/s of laser scanning speed, 
in which the coating with few interface pores and cracks 
had excellent microstructure and mechanical properties. 
ZHOU et al [9] prepared the Ni-based composite 
coatings on A3 mild steel at different processing 
parameters. The results indicated that cracking 
susceptibility was increased with increasing the laser 
output power and laser scanning speed. There were few 
cracks in the coating when the laser scanning speed was 
480 mm/min and the laser output power was 2.5 kW. 

The two methods mentioned above can effectively 
decrease the cracking susceptibility of the laser clad 
coating. However, the selected compositions or 
parameters may be only suitable to the specific 
combination of the coating and the substrate, and may 
have to be adjusted when the coating or the substrate 
changes. Compared with the above two methods, 
preheating the substrate is more universal as it can 
markedly reduce the residual stress in the coating due to 
the reduction in temperature change between the coating 
and the substrate. As a result, the cracking susceptibility 
of the coating is reduced or even eliminated. FALLAH  
et al [10] prevented the crack initiation in the coating by 
preheating the substrate prior to laser cladding of the 
hardfacing alloy stellite 1 on AISI-SAE 4340 steel. 
LESTAN et al [11] investigated the deposition of the 
Metco 15 E powders on cast iron by the laser-engineered 
net shaping (LENS™) technology. The number of cracks 
in the coatings was significantly decreased by preheating 
the substrates. 

The cracking susceptibility of the coating is usually 
evaluated by crack number [12], fracture toughness [13] 
and residual stress [14] in the coating. The number of 
cracks cannot be used to evaluate the crack-free coating 
and to quantitatively evaluate the cracking susceptibility 
of the coating. Fracture toughness of the coating is 
usually measured by the Vickers indentation method. 
This method had been used to evaluate fracture 
toughness of the laser clad coating in previous    
studies [15,16]. Fracture toughness of the coating can be 
calculated with the following equation [16]: 
 

IC 3/2
0.079  lg(4.5 ),  0.6 4.5

P a c
K

c aa
           (1) 

 
where KIC is fracture toughness (MPa·m1/2), P is the 
applied load (N), a is the half-length of the diagonal line 
in an indentation (m), and c is the half-length of   
cracks (m). 

However, the method presents the very low 
precision because of the two reasons. On one hand, based 
on different models, different equations are derived and 
applied to calculating fracture toughness, which leads to 
different calculations. On the other hand, it is very 

difficult to precisely measure the crack length due to the 
irregular and asymmetric cracks produced in the four 
corners of the indentation. The cracking susceptibility of 
the coating is increased with the increase in residual 
stress of the coating. Thus, it can be evaluated by the 
residual stress in the coating. The residual stress can be 
calculated by several methods such as X-ray diffraction, 
hole-drilling and nanoindentation method. However, the 
X-ray diffraction method has a very strict requirement 
for the surface of the coating and is inapplicable to the 
material composed of complicated phases [17]. The 
residual stress measured by the hole-drilling method may 
be affected by the equipment operators. Other than that, 
it is difficult to punch onto the materials with high 
hardness. Due to its depth-sensing capability, the 
nanoindentation method as an effective tool can be used 
to determine the residual stress in the coating. The 
nanoindentation method had been adopted to accurately 
measure the residual stress in the coating by DEAN    
et al [18], ZHU et al [19], WANG et al [20] and KHAN 
et al [21]. 

In this work, the TiNi/Ti2Ni-based coatings were 
prepared on Ti6Al4V alloy by laser cladding at different 
environmental temperatures. The residual stress in the 
zones with different depths of the coatings was 
calculated by the nanoindentation method. Moreover, the 
effects of the environmental temperature on the cracking 
susceptibility of the coatings were investigated in detail. 
 
2 Experimental 
 
2.1 Pre-placed layer preparation 

Ti6Al4V alloys (composition in mass fraction, 6.5% 
Al, 4.26% V, 0.1% C and balanced Ti) were used as the 
substrate and cut into the samples with dimensions of  
30 mm × 20 mm × 10 mm. They were ground with 
150-grit SiC abrasive papers and ultrasonically cleaned 
in ethanol for 15 min. The cladding materials were 
composed of 10% B4C and 90% F102 Ni-based alloy 
with the compositions (mass fraction) of 75% Ni, 1% C, 
16% Cr, 3.5% B, and 4.5% Si. The binder (4% polyvinyl 
alcohol) was placed on the surface of the substrate with a 
brush, and then it was placed into a model (30.2 mm in 
length, 20.2 mm in width, and 10.8 mm in height). The 
mixed powder was filled into the empty space with 0.8 
mm in height above the surface of the substrate in the 
model. The powder was compacted with a tablet machine 
at 30 MPa for 3 min to obtain the pre-placed layer with 
about 0.8 mm in thickness. 
 
2.2 Laser cladding 

Before laser cladding, the samples were preheated 
to 400, 600 and 800 °C in the resistance furnace. Laser 
cladding was performed using a YLS−5000 fiber laser 
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processing system with the following parameters: power 
3 kW, spot diameter 6 mm, and scanning speed 10 mm/s. 
The prepared coatings were named as coatings II, III and 
IV, respectively. The other coating was prepared on the 
sample without preheating (25 °C) and named as  
coating I. 
 
2.3 Microstructural characterization 

Phase constituents of the coatings were analyzed 
using a PANalytical X’ Pert Pro X-ray diffractometer 
(XRD) with Cu Kα radiation (λ=0.1540560 nm). A 
scanning range of 20°−90° and a scanning speed of  
0.013 (°)/s were adopted. The surfaces of the coatings 
were ground with 150-grit SiC abrasive papers prior to 
the testing. The metallographic specimens were prepared 
along the cross sections of the samples and etched with a 
mixed solution consisting of 4 mL of H2O, 6 mL of 
HNO3 and 6 drops of HF for 25 s. Microstructural 
characterization was examined using an S−3400 
scanning electron microscope (SEM) and a GENESIS 
EDAX energy dispersive spectrometer (EDS). 
 
2.4 Nanoindentation tests 

Nanoindentation tests were performed using a 
TriboIndenter® (Hysitron Corporation, USA) with a 
diamond Berkovich indenter. The indenter was also used 
as an AFM tip to observe the indentation surface 
morphology after the indentation tests. The surface 
roughness of the coating significantly affects the 
measurement precision of mechanical properties (such as 
hardness and elastic modulus). Therefore, prior to the 
tests, the surfaces of the coatings were processed to 
reduce the surface roughness. The surfaces of the 
coatings were ground successively with 600-, 1000-, and 
1200-grit SiC abrasive papers in an M−2 pre-grinder and 
then polished using the diamond spray polishing agent in 
a P−2 metallographic polishing machine. After that, the 
polished surfaces were observed at 400 times 
magnification using a VHX−600K optical microscope. 
The surfaces without visible scratches were used for 
nanoindentation tests. AFM results indicated that the 
roughness (Ra) of the sample surfaces was 6 nm, which 
met the requirements of nanoindentation tests. The 
allowable maximum peak load in the TriboIndenter® 
(Hysitron Corporation, USA) is 10 mN. In order to 
reduce the measurement error of hardness caused by the 
size effect as far as possible, the peak load of 10 mN was 
selected to prepare the indentations with a depth of 
100−200 nm in the tests. The loading and unloading time 
were all set at 5 s, and the peak load was maintained for 
5 s. In order to avoid the effect of the size effect on the 
measure precision of hardness, the indentation depth 
should be not less than one-tenth of the sample thickness. 
The thickness of the coatings is about 2 mm. As far as 

the coatings as a whole are concerned, the indentation 
depth (100−200 nm) does not meet the one-tenth 
criterion. However, the study focused on the hardness 
distribution along the depth direction of the coatings, 
further revealed the residual stress distribution in 
different depths of the coatings. Therefore, some 
sublayers (with a thickness of 1−2 m) located at 
different depths of the coatings were selected as the 
research objects. From the perspective, the one-tenth 
criterion can be satisfied for every sublayer in the 
coatings. As shown in Fig. 1, the first group of 
nanoindentations were prepared at sublayer 1 with    
0.1 mm distance from the coating surface. The next 
group of indentations were prepared at different 
sublayers with the same distance interval (0.4 mm). 
Every group included five indentations and the distance 
between the adjacent indentations was fixed at about  
20 m. Due to the change in thickness of the coatings, 
three and five sublayers were selected for the coatings 
prepared at 25 °C and high temperatures (400, 600 and 
800 °C), respectively. 
 

 
Fig. 1 Schematic diagram of nanoindentation tests 

 
The indentations with a depth of 100−200 nm were 

also prepared in the thick coatings to estimate the 
residual stress by some researchers. ZHU et al [19] 
calculated the residual stress in the thick coating by 
preparing the indentations with a depth of 100−200 nm. 
LI [22] also carried out the similar research and the 
results showed that the residual stress measured by 
preparing the indentations with a depth of about 200 nm 
was very close to that calculated by the X-ray diffraction 
method. 
 
3 Results and discussion 
 
3.1 XRD analyses 

Figure 2 illustrates the XRD patterns of the coatings 
prepared at different environmental temperatures. 
Diffraction patterns of coatings I, II, III and IV are highly  
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Fig. 2 XRD patterns of coatings: (a) 800 °C; (b) 600 °C;     

(c) 400 °C; (d) 25 °C 
 
similar, indicating that their phase constituents are   
very alike. The main diffraction peaks of the coatings  
are in a good accordance with the JCPDS cards      
(No. 03-065-5537 for TiNi, No. 00-005-0687 for Ti2Ni, 
No. 00-007-0275 for TiB2 and No. 03-065-8804 for TiC). 
Therefore, the four coatings are composed of TiNi, Ti2Ni, 
TiB2 and TiC. Among them, TiNi and Ti2Ni are the 
matrix, while TiB2 and TiC are the reinforcement. Phase 
constituents of the coatings are hardly affected by the 
environmental temperature. The original NiCrBSi 
powder mainly consists of γ (Ni) as the matrix and some 
intermetallic compounds (Ni3B, CrB, Cr2B and Cr23C6) 
as the reinforcement [15]. Phase constituents of the 
coatings completely differ from those of the original 
powder after laser cladding. During laser cladding, Ti 

from the melting substrate reacts with Ni, C and B from 
the Ni-based alloy and B4C according to the following 
reactions: 
 
Ti+Ni=TiNi                                (2) 
 
2Ti+N=Ti2Ni                               (3) 
 
Ti+C=TiC                                  (4) 
 
Ti+B=TiB2                                                   (5) 
 
3Ti+B4C=TiC+2TiB2                                       (6) 
 
3.2 Macromorphologies of cross-sections of coatings 

Figure 3 shows the morphologies of the cross- 
sections of the four coatings. The profiles of the coatings 
are very similar, presenting the convex shape. No cracks 
and pores are found in the coatings. A strong 
metallurgical bond is formed between the coatings and 
the substrate. The four coatings heated at 25, 400, 600 
and 800 °C with similar widths (about 6 mm) have 
different thicknesses (about 1.90, 2.05, 2.30 and     
2.20 mm, respectively). The thickness approximately 
presents the increasing trend with the increase in 
environmental temperature. This phenomenon is closely 
related to the changes in dilution rate of the coatings 
prepared at different environmental temperatures. During 
laser cladding, a portion of energy is reflected and 
absorbed by the cladding material, the remainder is used 
to melt a thin layer of substrate surface. When the 
coatings are prepared at a higher environmental 
temperature, more extra energy is provided, resulting in 
the melting of more substrates. As a result, the coatings 
with larger thickness are obtained. 

 

 

Fig. 3 Morphologies of cross-sections of coatings heated at different temperatures: (a) 25 °C; (b) 400 °C; (c) 600 °C; (d) 800 °C 
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3.3 Microstructural characterization 

Figure 4 shows the representative microstructures of 
the cross-sections of the four coatings. The 
microstructures in the four coatings are also extremely 
similar. A large number of acicular structures are 
uniformly distributed in the matrix of the coatings. 

To observe the structures in detail, images with 
higher magnification are shown in Fig. 5. The structure is 
composed of two kinds of phases with different 
morphologies. Numerous fine grey strip-shaped/spherical 

particles (phase 1) are uniformly dispersed within the 
block acicular particle (phase 2). The compositions of the 
two phases were analyzed by EDS and the results are 
shown in Table 1. Phase 1 is rich in Ti and C in the four 
coatings and their compositions are very similar. 
Combined with the results of the XRD analysis, it can be 
identified as TiC, whereas, phase 2 only consists of Ti 
and B and can be regarded as TiB2. Therefore, the 
structure can be regarded as the eutectic of TiB2 and TiC. 
The matrix in the coatings is mainly composed of the 

 

 

Fig. 4 Microstructures of cross-sections of coatings heated at different temperatures: (a) 25 °C; (b) 400 °C; (c) 600 °C; (d) 800 °C 
 

 
Fig. 5 Typical microstructures of cross-section of coating I: (a) Microstructure in higher magnification; (b) Matrix; (c) Strip-shaped 

particles uniformly dispersed with acicular particle; (d) Spherical particles uniformly dispersed within acicular particle 
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Table 1 Results of EDS analyses 

Coating Phase 
Mole fraction/% Phase  

information Ti C B Ni Cr Al Si 

I 

1 48.34 51.66 − − − − − TiC 

2 15.37 0.55 84.08 − − − − TiB2 

3 32.49 1.24 − 48.12 4.24 11.27 1.58 TiNi 

4 31.90 2.64 − 32.29 18.30 1.70 10.14 Ti2Ni 

II 

1 45.90 45.10 − 4.50 2.76 − 1.73 TiC 

2 13.56 − 86.44 − − − − TiB2 

3 31.43 2.13 − 42.09 2.46 19.79 1.21 TiNi 

4 34.38 2.52 − 27.44 17.23 4.99 9.49 Ti2Ni 

III 

1 60.30 39.70 − − − − − TiC 

2 15.69 − 84.31 − − − − TiB2 

3 40.11 2.10 − 44.70 3.64 8.57 − TiNi 

4 39.06 1.54 − 26.24 13.66 0.71 8.46 Ti2Ni 

IV 

1 49.60 50.40 − − − − − TiC 

2 20.20 − 76.48 − − − − TiB2 

3 40.61 4.00 − 43.28 3.98 7.18 0.47 TiNi 

4 53.28 1.51 − 24.86 3.21 7.72 2.69 Ti2Ni 

 

gray-white cupped (phase 3) and the light-gray 
protuberant (phase 4) structures. As shown in Table 1, 
the two phases mainly contain Ti and Ni elements (the 
mole ratios of Ti to Ni in phases 3 and 4 are 
approximately 3:4 and 5:3, respectively), accompanied 
by a small quantity of Cr, Al and Si elements. The atomic 
radii of Ti, Ni, Cr, Al and Si are 2.00, 1.62, 1.85, 1.82 
and 1.46 Å, respectively. The electronegativity values of 
the above five kinds of atoms are 1.54, 1.92, 1.66, 1.61 
and 1.90, respectively. Regardless of the atomic radii and 
electronegativity values, Cr and Al are closer to Ti, and 
Si is closer to Ni. Therefore, Ti and Ni are easily 
replaced by Cr/Al and Si, respectively. As listed in Table 
1, the sum of mole fraction of Ti, Cr and Al in phase 3 is 
48.00%, and that of Ni and Si is 49.70%. Thus, phase 3 
can be identified as the TiNi solid solution. The mole 
ratio of (Ti+Al+Cr) to (Ni+Si) in phase 4 is 1.94:1, so 
phase 4 can be considered as the Ti2Ni solid solution. 
 
3.4 Nanoindentation tests 

Figure 6 shows the load−depth curves of the 
coatings prepared at different environmental 
temperatures. The curves clearly show the loading and 
unloading processes. The load applied to the coating 
surface is gradually increased from 0 to 10 mN, during 
which the elastic and the plastic deformations are 
produced successively. The mutual role resulting from 
the two behaviors causes the nonlinear change between 
the load and the depth. The load is gradually decreased to 
zero in the subsequent unloading process, accompanied 

by the recovery of elastic formation while the plastic 
formation is retained. As a result, the indentation is 
formed. 

The slope of the unloading curve is related to the 
elastic modulus of the coating. The large slope indicates 
that the coating possesses a high elastic modulus. The 
residual depth (hf) after unloading can be used to 
characterize the hardness of the coating, wherein the 
greater the residual depth is, the lower the hardness is. 
The load−depth curves obtained in different zones of the 
coating prepared at 25 °C are very scattered, indicating 
that the microstructure is not very uniform. With 
increasing the environmental temperature, the curves 
gradually tend to overlap. Thus, the increase in 
environmental temperature contributes to improving the 
microstructural uniformity of the coatings. 

At present, the Oliver−Pharr method is universally 
used to calculate the hardness (H) and elastic modulus  
(E) of the materials, where hf/hmax<0.7 is required. When 
hf/hmax>0.7, a significant error (even exceeding 50%) 
may be produced due to the serious pile-up deformation 
generated around the indentation edge. The values of 
hf/hmax in different zones of the coatings are listed in 
Table 2. All values are lower than 0.7. 

Figure 7 shows the two-dimensional and three- 
dimensional morphologies of the typical nanoindentation 
prepared in the zone with 0.9 mm distance from the 
surface of coating III. The zone around the 
nanoindentation is comparatively leveled and no obvious 
pile-up deformation is observed. Therefore, the hardness  
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Fig. 6 Load−depth curves of coatings at different environmental temperatures: (a) 25 °C; (b) 400 °C; (c) 600 °C; (d) 800 °C 

 
Table 2 hf/hmax values of coatings 

Coating 
hf/hmax 

0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm

I 0.61 0.50 0.57 − − 

II 0.60 0.56 0.59 0.56 0.64 

III 0.58 0.57 0.56 0.60 0.59 

IV 0.48 0.54 0.57 0.57 0.54 

 

(H) and elastic modulus (E) of the coatings can be 
calculated by the following equations [23]: 
 

maxP
H

A
                                    (7) 

 

2

S
E

A





                                 (8) 

 
where Pmax is the peak load, A is the projected contact 
area, S is the elastic contact stiffness, and  is a 
correction factor depending on the type of indenter 
(=1.034 for the Berkovich indenter used in this study). 

The calculated results are listed in Tables 3 and 4. 
The average hardness values of the four coatings are 
10.67 GPa (25 °C), 10.64 GPa (400 °C), 10.96 GPa 
(600 °C) and 11.82 GPa (800 °C), with their average 

values of elastic modulus being 123.87 GPa (25 °C), 
158.26 GPa (400 °C ), 167.34 GPa (600 °C) and  
165.66 GPa (800 °C), respectively. It can be concluded 
that the environmental temperature has limited effects on 
the hardness and elastic modulus of the coatings. 

High residual stress usually exists in the coating 
fabricated by laser cladding due to its rapid heating and 
cooling characteristics. As a result, the coating possesses 
a severe cracking susceptibility, which has become a 
critical issue hindering its application in industrial fields. 
Therefore, it is very necessary to characterize the 
residual stress in the coating. 

At present, the Suresh model is commonly used to 
distinguish and calculate the residual stress of the 
material, which is mainly based on the difference in the 
maximum depth between a stress-free material and a 
material with residual stress. The model was presented to 
measure the residual stress using the nanoindentation 
method by SURESH and GIANNAKOPOULOS [24] in 
1998. It can be applied to evaluating the residual stress in 
the materials with different thicknesses, from the thick 
coatings prepared by thermal spraying, high-energy 
beam treatment to the thin film materials prepared by 
PVD, CVD and magnetron sputtering, etc. 
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Fig. 7 Two-dimensional (a) and three-dimensional (b) morphologies of typical nanoindentation 

 
Table 3 Average hardness values and their standard deviations (STDEV) of coatings in zones with different distances from surface 

of coatings 

Coating 
H/GPa STDEV/GPa 

0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm 0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm

I 10.2 11.3 10.5 − − 0.1001 0.8000 0.6506 − − 

II 10.9 11.2 11.6 10.2 9.3 0.5508 0.5513 0.6000 0.4006 0.2000 

III 11.8 11.9 11.1 10.0 10.0 0.7003 0.3002 0.6003 0.7002 0.3001 

IV 11.9 12.4 11.6 11.7 11.5 0.6506 0.4005 0.4001 0.2544 0.2000 

 

Table 4 Average values of elastic modulus and their standard deviations (STDEV) of coatings in zones with different distances from 

surface of coatings 

Coating 
E/GPa STDEV/GPa 

0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm 0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm

I 143.5 112.3 115.8 − − 7.9000 7.2114 5.5627 − − 

II 180.8 169.5 143.0 159.0 139.0 1.5052 5.4127 3.8734 7.6612 4.2302 

III 175.7 179.1 168.6 158.7 154.6 5.7518 7.3906 9.4727 10.9690 9.2635 

IV 163.0 177.3 177.7 165.3 145.0 8.9093 9.7623 3.5597 6.2399 1.1950 

 
In previous decades, numerous studies were 

conducted to measure the residual stress of the thick 
coatings by the nanoindentation method. WANG      
et al [25] determined the residual stress in the plasma 
sprayed Fe-based coating with the thickness of about 200 
m by the nanoindentation method. Residual stress with 
a value of 188 MPa was obtained, which corresponded 
well with the value (162 MPa) measured by the XRD 
method. DEY and MUKHOPADHYAY [26] prepared the 
bioactive hydroxyapatite (HAP) ceramic coatings with 
the thickness of about 1 mm on 316 L austenitic stainless 
steel and Ti6Al4V substrates by the micro-plasma 
spraying (MIPS) technique. The residual stress in the 
coatings was calculated by the nanoindentation method. 
The results showed a residual compressive stress of 
approximately 22 MPa existed in the MIPS-HAP coating 

prepared on the SS316L substrate. However, for the 
MIPS-HAP coatings deposited on the Ti6Al4V substrate, 
a residual tensile stress of approximately 11 MPa was 
estimated. These data matched well with those obtained 
via the XRD technique. LI [22] evaluated the residual 
stress in the Fe314 coating with the thickness of about  
2 mm prepared on the surface of 1045 steel by plasma 
cladding. The coatings were annealed at different 
annealing temperatures (500, 600 and 800 °C), 
respectively. The residual stress in the coatings was 
calculated by the XRD method and the nanoindentation 
method. The results showed that the residual stress in the 
coatings annealed at 600 and 800 °C was close to zero, 
while the large residual stress (about 550 MPa) existed in 
the coating without annealing treatment. In addition, the 
residual stresses obtained by Suresh model [24] were 
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more consistent those obtained by the XRD method, 
compared with those obtained by the Yun-Hee Lee model. 
Those studies indicate that the model is suitable to 
measure the residual stress existing in the thick coating. 

To avoid the disturbance of the microstructural 
difference on the maximum depth of the indentation, the 
model theoretically requires the materials without or with 
the residual stress to possess the same microstructure. As 
analyzed above, the microstructures of the coatings 
prepared at different environmental temperatures are 
closely similar. The changes in the maximum depth of 
the nanoindentations are mainly attributed to the 
difference in residual stress. Therefore, the Suresh model 
can be adopted to calculate the residual stress of the 
coatings. When a stress-free sample is confirmed, the 
stress in other samples can be evaluated by the following 
equations [24,27]: 

For the residual tensile stress, we have 
 

2
0
2

1
h

H
h

 
   

 
                               (9) 

 
For the residual compressive stress, we have 
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where h and h0 are the penetration depths in the samples 
with and without the residual stress, respectively, H is the 
hardness of the samples, and α is related to the 
indentation angle of the indenter. For a Berkovich 
indenter, α=24.7°. 

The residual stresses in the clad coating mainly 
include thermal stress, structural stress and restrain  
stress. Among them, the thermal stress is predominant, 
which depends on the difference between the 
environmental and cladding temperatures. In this work, 
the coatings were prepared at 25, 400, 600, and 800 °C, 
respectively. According to the fundamental theories of 
material science, the residual stress in the coating can be 
reduced by decreasing the difference between the 
environmental and cladding temperatures. Moreover, the 
test results also further confirm this. As shown in Fig. 8 
(the load−depth curves obtained in different zones of the 
four coatings), the slopes of the loading curves 
approximately present the rise trend with the increase in 
environmental temperature. This indicates that more 
residual stress is relieved by increasing the environ- 
mental temperature. Therefore, the coating prepared at 
800 °C is selected as the stress-free coating. As shown in 
Fig. 8(a), the load−depth curves of the coatings with 
stress are located below that of the stress-free coating. 
The maximum depth presents the increasing trend with 
the decrease in environmental temperature. Especially for 
the coating prepared at 25 °C, it reaches 188 nm, which is 

much larger than those obtained in other coatings. When 
the same load is applied to the coating, the tensile stress 
tends to promote the formation of an indentation with a 
large depth. The compressive stress will produce the 
contrary effect in the coating. Therefore, it is concluded 
that the tensile stress exists in the coatings. Further, as 
shown in Figs. 8(b)−(e), the load−depth curves obtained 
in other zones of the coatings follow the same pattern. 
The generation of the residual tensile stress will increase 
the cracking susceptibility of the coatings [27]. 

The residual tensile stress (σR) in the coatings was 
calculated by the Suresh model (shown in Table 5). To 
compare the change in residual stress in the zones 
equidistant from different coating surfaces, every testing 
zone in the coating prepared at 800 °C is regarded as the 
stress-free zone. The average value of residual tensile 
stress in the coating prepared at 25 °C is the largest 
(approximately 2.90 GPa). With increasing the 
environmental temperature, the average value is reduced 
to 1.34 GPa (400 °C), 0.70 GPa (600 °C), and 0 GPa 
(800 °C). When the environmental temperature rises 
every 200 °C, the residual tensile stress is decreased by 
approximately 50%. Thus, the rise in environmental 
temperature will contribute to the reduction in residual 
tensile stress in the coatings. 

Similar results were reported by various researchers. 
WU et al [28] discussed a finite element model 
established using the ANSYS software for the single- 
track laser clad Al2O3 ceramic coating prepared on the 
Ti6Al4V substrate. The results showed that preheating 
the substrate could sharply reduce the temperature 
gradient. Therefore, it was effective to restrain the crack 
formation by preheating the substrate. LI et al [29] 
studied the temperature and stress fields in the laser clad 
Ni−WC−Cr3C2 ceramic coating using SYSWELD 
software. The cooling velocity of the coating was 
decreased with increasing the preheating temperature. 
The residual stress in the coating was significantly 
decreased when the substrate was preheated above 
350 °C. FALLAHI et al [30] effectively reduced the 
residual stress generated in the welding process by 
introducing the preheating treatment. ZHANG        
et al [31] prepared the coating by laser cladding the 
Colmonoy 6 powder on the AISI316L austenitic stainless 
steel. The number of cracks was decreased obviously 
with increasing the preheating temperature. Furthermore, 
when the preheating temperature reached 450 °C, no 
cracks were observed. LIANG et al [32] designed a 
substrate preheating system for laser cladding based on 
the heat conducting theory and laser rapid prototyping 
theory. The Ni60A powder was selected as the cladding 
material, and the substrate was preheated to 25, 200, 400, 
500 and 580 °C, respectively. The results showed that  
the substrate preheating can significantly decrease the  
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Fig. 8 Load−depth curves obtained in different zones of coatings: (a) 0.1 mm; (b) 0.5 mm; (c) 0.9 mm; (d) 1.3 mm; (e) 1.7 mm 
 
Table 5 Residual stress (σR) and its standard deviation (STDEV) in different zones of coatings (Every testing zone in coating IV as 
stress-free zone) 

Coating 
σR/GPa STDEV/GPa 

0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm 0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm

I 2.39 3.10 3.21 − − 0.0234 0.2192 0.1989 − − 

II 1.21 1.07 1.20 1.29 1.91 0.0612 0.0527 0.0621 0.0509 0.0411 

III 0.73 0.31 0.59 1.19 0.67 0.0432 0.0078 0.0318 0.0836 0.0201 

IV 0.00 0.00 0.00 0.00 0.00 0.0919 0.0723 0.1922 0.1450 0.2050 

 

thermal stress and the initiation of cracks in the shaping 
process. WANG et al [33] prepared the Cr13Ni5Si2- 
based composite coatings by laser-induction hybrid 
cladding (LIHC). The residual stress in the coatings was 
characterized by the X-ray diffraction method. The 
results revealed that the residual stress in the coatings 
belonged to the tensile stress. When the preheating 

temperature reached 850 °C, the residual tensile stress in 
the coatings was reduced to the minimum value, and the 
average values in the longitudinal and the transverse axes 
were 284.0 and 256.0 MPa, respectively. When the 
preheating temperature was decreased to 750 and 650 °C, 
the residual tensile stresses in the longitudinal axis and 
the transverse axis were increased to 333.0 and 282.0,  
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Table 6 Residual stress (σR) and its standard deviation (STDEV) in different zones of coatings (Zone with distance of 0.1 mm from 

surface of coating IV as stress-free zone) 

Coating 
σR/GPa STDEV/GPa 

0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm 0.1 mm 0.5 mm 0.9 mm 1.3 mm 1.7 mm

I 2.39 3.30 3.57 − − 0.0200 0.2300 0.2203 − − 

II 1.21 1.32 1.98 2.16 2.98 0.0612 0.0651 0.1024 0.1517 0.0641 

III 0.73 0.60 1.39 2.09 2.24 0.0432 0.0151 0.0750 0.0824 0.0673 

IV 0.00 0.31 0.87 1.17 1.93 0.0919 0.0100 0.0300 0.0255 0.0336 

 

434.4 and 372.4 MPa, respectively. Furthermore, when 
the preheating temperature was lower than 650 °C, 
numerous cracks were formed along the surfaces of the 
coatings. Thus, preheating the substrate was a useful 
method to reduce the residual stress in the coatings. 

To compare the changes in residual stress along the 
depth direction of one specific coating, the zone with a 
distance of 0.1 mm from the surface of the coating 
prepared at 800 °C was selected as the stress-free zone. 
As shown in Table 6, the residual tensile stress is 
increased with increasing the distance from the coating 
surface. The similar conclusions were also drawn by 
several researchers. ZHU et al [19] investigated the 
distribution of residual stress in the laser clad Fe-based 
coating. The result showed that the residual stress was 
gradually increased from 200 to 700 MPa with respect to 
the increase in distance from the coating surface. REN  
et al [34] investigated the stress distribution law in the 
laser clad Fe314 alloy coatings prepared on 45 steel. The 
stress distribution in the coatings was analyzed using the 
X-ray diffraction method. The lowest tensile stress of 
200 MPa was measured on the coating surface. With 
increasing the depth, the residual tensile stress was 
gradually increased from 200 to 400 MPa. 

The tensile stress distribution along the coating 
depth is mainly related to the change in temperature 
gradient in the coating. Due to the higher heat 
conductivity of the substrate (5.44 W/(m·K)) than that of 
air (0.0243 W/(m·K)) at room temperature, the 
temperature gradient in the lower zone of the molten 
pool close to the substrate is greater than that in its upper 
zone during the subsequent solidification. As a result, the 
residual tensile stress presents a gradually increasing 
tendency along the depth direction of the coatings. 
 
4 Conclusions 
 

1) The TiNi/Ti2Ni dual-phase coatings reinforced by 
TiB2 and TiC on the Ti6Al4V substrate were prepared by 
laser cladding at different environment temperatures of 
25, 400, 600 and 800 °C. The microstructures in the four 
coatings were exactly similar. The coatings were mainly 
composed of TiNi/Ti2Ni as the matrix and TiC/TiB2 as 
the reinforcement. 

2) The residual tensile stress was generated in the 
coatings during laser cladding. The environment 
temperature directly influenced the residual stress in the 
coatings. When the coating prepared at 800 °C was 
selected as the stress-free coating, the residual stress in 
the coatings prepared at 25, 400 and 600 °C was the 
tensile stress. And the residual tensile stress was 
increased with the decrease in environmental 
temperature (0.70 GPa at 600 °C, 1.34 GPa at 400 °C, 
2.90 GPa at 25 °C). For a specific coating, the residual 
tensile stress was increased with the increase in distance 
from the coating surface. 

3) Laser cladding at high temperatures can 
effectively reduce the cracking susceptibility of the 
coating. 
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不同环境温度下制备的 TiNi/Ti2Ni 基激光熔覆 
涂层中不同深度区域的残余应力分布 
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摘  要：本研究的目的是通过提高环境温度来显著降低激光熔覆涂层的开裂敏感性，并揭示激光熔覆涂层中不同

深度区域的残余应力分布规律。在 25、400、600 和 800 °C 环境温度下通过激光熔覆技术在 Ti6Al4V 基体上制

备了 TiB 和 TiC 增强的 TiNi/Ti2Ni 双相基复合涂层。通过纳米压痕法详细测量了涂层不同深度区域残余应力的变

化情况。结果显示，在 25 °C 环境温度下制备的涂层中平均残余拉应力最大，达到 2.90 GPa。随着环境温度的升

高，涂层中的平均残余应力逐渐下降到 1.34 GPa (400 °C)、0.70 GPa (600 °C) 和 0 GPa (800 °C)。对于所有涂层，

残余拉应力随着离涂层表面距离的增大而增大。环境温度的提高能有效降低涂层的开裂敏感性。 

关键词：激光熔覆；涂层；显微组织；环境温度；开裂敏感性；残余应力；纳米压痕法 
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