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The Fe-based alloy coating was prepared on the surface of 25Cr2Ni4MoV steel substrate by laser cladding. The 

microstructure, microhardness, shear strength, friction and wear properties of the laser cladding coating were 

systematically studied. The results show that a good metallurgical bond has been formed between Fe-based alloy coating 

and substrate. The laser cladding layer is a typical dendritic crystal, which is composed of light gray and dark gray 

phases. The shear strength displacement curve shows the typical characteristics of brittle fracture, with an average shear 

strength of 280.83 MPa. The average dry friction coefficient, wear track depth and average wear volume of laser 

cladding Fe-based alloy coatings are (0.45 ± 0.01), (26 ± 3) μm and 0.066615 m3, respectively. The average dry friction 

coefficient, wear track depth and average wear volume of 25Cr2Ni4MoV substrate are (0.60 ± 0.01), (39 ± 3) μm and 

0.13085 m3, respectively. The laser cladded Fe-based alloy coating exhibits much better wear resistance than the steel 

substrate, and the shear strength of the coating displays its potential for the application in the service environment of 

shear stress. 
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1. INTRODUCTION 

Laser cladding is an advanced coating technology that 

simultaneously melts powder and substrate surface and 

coats the melted powder into the substrate melting pool, 

then the powder will solidify into the coating. Laser 

cladding technology obtains many advantages as high 

coating density, high bonding strength and fast fabrication, 

relative to traditional coating technologies like thermal 

spray, cold spray, PVD, CVD and so on [1 – 6]. 

Metal alloy powder, like Fe-based, Ni-based and Co-

based alloy, is usually adopted as the raw material for laser 

cladding. Among these kinds of powder, Fe-based alloy 

powder has been researched on wear-resistant coating 

fabrication more and more, due to its high hardness, high 

wear resistance and relatively low cost. Lu et al. [7] 

investigated the effect of WC content on the microstructure 

and wear resistance of laser cladded Fe-based alloy 

coating. The result showed that the friction coefficient of 

Fe-based alloy coating gradually decreased and the wear 

resistance was improved with the addition of WC. Luo et 

al. [8] fabricated Fe-Al alloy coating on 1045 steel by laser 

cladding, using the alloy powder which was treated by 

high-energy ball milling. The result showed the friction 

coefficient was 0.64, and the wear rate was  

0.3251 × 10−3 mm3·N−1·m−1. Zhao et al. [9] obtained Fe-

Al-Si coating by laser cladding, and investigated the 

effects of laser power and scanning velocity on coating 

properties. They found that as the power and scanning 

velocity increased, the grain size gradually decreased, the 
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hardness and wear resistance were constantly improved. 

The optimal laser power and scanning velocity were 

1600 W and 400 mm/min, respectively. Ju et al. [10] 

prepared Fe-based alloy coating on 42CrMo by laser 

cladding, and researched the element distribution, 

microstructure and properties. The result revealed that the 

coating microhardness was three times higher than the 

steel substrate, the wear rate was half of the substrate, and 

the corrosion resistance was also higher. Li et al. [11] 

fabricated Fe-Cr alloy coating on Fe substrate using laser 

cladding and found that pearlitic structure appeared in the 

transitional area. 

In conclusion, current research about laser cladding 

Fe-based alloy coating was concentrated on the effects of 

element addition, laser power and scanning velocity on 

coating microstructure and properties. However, 

systematic research on coating shear strength and wear 

properties was rarely reported. In some service 

environment, the coatings suffer severe shear stress 

accompanied by wear friction. The shear strength and 

properties should be researched, and the relationship 

between the microstructure, microhardness, shear behavior 

and wear properties deserve to be investigated. In this 

work, Fe-based alloy coatings were fabricated by laser 

cladding, and the microstructure, shear strength and wear 

properties were discussed. 

2. EXPERIMENTAL PROCESS 

2.1. Preparation of the coating 

Commercial Fe-based alloy powder was adopted as 

the raw material fabricated by the gas atomization method. 
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The powder was sieved to control the particle size in the 

range of 50 – 150 μm. The nominal composition was listed 

in Table 1. 25Cr2Ni4MoV steel plates with a size of 

100  100  40 mm were used as the substrate. Before 

laser cladding, the substrate was cleaned with a degreaser 

and deionized water. Then the substrate and powder were 

dried in an oven at 120 ℃ for 30 minutes, benefiting for 

preventing the agglomeration and improving the 

flowability. A 5 kW TJ-HLT5000 type continuous-wave 

CO2-laser system was adopted to fabricate the coatings. 

High purity Argon gas was used as the protective gas 

during the cladding process to prevent the oxidation of 

coatings. The laser cladding parameters were listed in 

Table 2. 

Table 1. Compositions of Fe-based alloy powder 

Element Fe Cr Ni C Mn Mo V Si B O 

wt.% Bal. 17.2 2 0.15 0.25 1.63 0.1 1 0.92 0.05 

Table 2. Parameters of laser cladding 

Substrate 25Cr2Ni4MoV 

Spot diameter 4 mm 

Distance 360 mm 

Feeding rate 220 – 224 g/min 

Scanning speed 6 mm/s 

Laser power 2000 W 

Protecting gas Ar 

2.2. Specimen characterization 

The prepared coatings were wire-electrode cut into 

square specimens with size of 10 mm × 10 mm and were 

hot mounted for subsequent analysis. Then the specimens 

were grinded orderly by sandpaper of 400#, 600#, 1000#, 

1500# and 2000#. After that, specimens were polished to 

mirror the surface using diamond powder of 2 μm and 

1 μm. XRD (X-ray diffraction) equipment (Rigaku 2550, 

Japan) was used to analyze the phase structure of Fe-based 

alloy powder. The scanning velocity, step size was 2θ/min 

and 0.02°, respectively. FSEM (field emission scanning 

electron microscopy, Mira 4, Tescan) was employed to 

investigate the microstructure of powder and the coatings 

before and after the wear friction test. EDS (Energy 

Disperse Spectroscopy, Oxford) was applied to examine 

the element distribution of the coatings. Vickers hardness 

tester was utilized to study the microhardness in various 

areas of coatings and substrate. The load and loading time 

were 5 kg and 15 s, respectively. At least 10 microhardness 

values were examined at every point, and the average was 

adopted as its final microhardness value. A reciprocating 

friction wear testing machine (HRS-2M, Zhongkekaihua, 

Lanzhou) was applied to research the wear performance of 

coatings and substrate. The friction load, reciprocating 

distance, friction time and repeating times were 20 N, 

5 mm, 30 mins and 3, respectively. GCr15 steel balls with 

a diameter of 6 mm were utilized as the counterpart. 

Representative data and curves were used as the final 

friction results of specimens. A universal mechanical 

testing machine (Instron3369, America) was employed to 

study the mechanical properties of the coatings. The 

loading velocity of shear stress was 2 mm/min. Every 

specimen was tested at various locations to improve the 

accuracy of coating shear strength. 

3. RESULTS AND DISCUSSIONS 

3.1. Morphology and phase structure of the 

powder 

Fig. 1 exhibits the cross-sectional morphology of the 

Fe-based alloy powder. From Fig. 1, most powder particles 

display round and ellipsoidal shapes. This kind of powder 

shape will benefit transporting and laser cladding because 

the flowability was excellent and the melting degree was 

uniform. The powder size distributes from 50 to 120 μm, 

and the average is 110 μm. 

 

a b 

Fig. 1. SEM images of Fe-based alloy powders: a – panorama;  

b – local magnification image 

Fig. 2 shows the element map distributions of Fe-

based alloy powder. From the pictures, the Fe, Cr and Ni 

elements uniformly distribute inside the powder particle, 

which indicates the powder obtains a homogeneous 

composition, beneficial to synthesize a high-quality 

coating. 

 

Fig. 2. Element map distributions of Fe-based alloy powder:  

a – selected area; b – Fe element; c – Cr element; d – Ni 

element map distributions 

Fig. 3 displays the XRD pattern of Fe-based alloy 

powder. From Fig. 3, the dominant phase of the coating is 

FeCrXNiY, and the crystal planes are (110), (200), (211), 

(220), respectively. Several Fe3Ni2 phases exist with 

crystal planes of (111) and (200). It can be deduced that 

the Fe-based alloy powder is primarily composed of the 

compounds Fe, Cr and Ni, which are mostly 

nanocrystalline and dendrite crystalline due to the rapid 

cooling velocity of melting powder particles during the 

laser cladding process. The formed fine crystalline will 

improve the microhardness and wear resistance [12, 13]. 

50 μm 50 μm

Fe

50 μm

Cr

50 μm

Ni

a b 
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Fig. 3. XRD patterns of Fe-based alloy powders 

3.2. Microstructure and element distribution of 

the coatings 

Fig. 4 exhibits the interface morphology and element 

distribution between the coating and substrate. It can be 

seen that the bonding between coating and substrate is 

tight, and Fe, Cr, Ni and Mo uniformly distribute in the 

coating. This indicates the element distribution of raw 

material didn’t change during laser cladding. The EDS 

map scanning of Fig. 4 e shows that the O element rarely 

distributes in the coating, and the content is lower than 

1.0 wt.% as tested. The O element in the coating is close to 

that in the raw powder, implying that the inert gas can 

effectively prevent alloy element oxidation and reduce the 

impurity content of the coating. 

 

Fig. 4. Morphology and element map distributions of the 

interface between Fe-based alloy coating and 

25Cr2Ni4MoV matrix: a – SEM image; b – Fe; c – Cr; d –

 Ni; e – O; f – Mo element map distributions 

Fig. 5 presents the microstructure of the laser cladded 

Fe-based alloy coating. From Fig. 5 a, the coating and 

substrate obtain an excellent bond, yet a part exhibits 

several pores which can be due to the CTE (coefficient of 

thermal expansion) difference between coating and 

substrate during the laser cladding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. SEM images of Fe-based alloy coatings prepared by laser 

cladding: a, b – morphologies at interfaces; c, d – local 

magnification images of Fe-based alloy coating near the 

bottom of the molten pool 

From Fig. 5 b, metallurgical bonding exists in several 

regions of the interface, indicating the bonding between 

coating and substrate reached the atomic level. The coating 

near the interface is magnified as exhibited in Fig. 5 c, it 

can be seen the cladded coating in the bottom of the weld 

pool shows the typical dendrite crystalline, which is 

composed of two phases, light grey and dark grey. The 

typical microstructure of laser cladded coatings is due to 

the high temperature gradient during laser cladding. As 

magnified in Fig. 5 d, the dark grey phase is composed of 

fine crystalline. 

Fig. 6 exhibits the element mapping distribution of the 

laser cladded Fe-based alloy coating. From Fig. 6 c and f 

Cr and Mo elements mainly distribute in the dark grey 

phase. From Fig. 6 b and d Fe and Ni elements mostly 

distribute in the light grey phase. This result indicates that 

the dendrite crystalline is composed of Fe and Ni alloy, 

and other components are mainly Cr and Mo alloys. 

During the laser cladding process, the substrate and 

powder form a melting pool with superhigh temperature, 

then rapidly cool down as the laser head moves [14, 15]. 

The high cooling velocity leads to the coarse columnar 

crystalline of metal elements like Fe and Ni, and gradually 

grows up to the crystallographic axis. The crystallographic 

axis crystallizes accompanied by producing latent heat to 

the liquid phase, which leads negative temperature gradient 

along the direction perpendicular to the crystallographic 

axis. Then the second crystallographic axis will grow on 

the first crystallographic axis, exhibiting dendritic shape. 

At the same time, the Cr and Mo alloy fill the gaps 

between the dendrite crystalline [7, 11]. 

Fig. 7 displays the inner morphology of the laser 

cladded Fe-based alloy coating. From Fig. 7 a and b, the 

coating obtains a compact microstructure, and a small 

number of pores are found, which can be ascribed that 

during the laser cladding, some low melting point material 

evaporates from the melting pool and leads to several 

bubbles [16, 17]. 

Dendrites 
Light grey Dark  

grey 

a b 

c d 
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Fig. 6. Element map distributions of Fe-based alloy coatings 

prepared by laser cladding: a – SEM image of the selected 

area; b – Fe; c – Cr; d – Ni; e – O; f – Mo element map 

distributions 

A part of the bubbles can’t escape from the melting 

pool in time, and remain in the formed coating, turning 

into the pores. The inner coating is magnified in Fig. 7 c 

and d, revealing a large amount of dendrite crystalline 

generated which is the typical microstructure of laser 

cladded coating. 

 

Fig. 7. SEM images of middle part of Fe base alloy coatings 

prepared by laser cladding: a – panorama; b – micro-pores; 

c, d – dendritic crystals in the coating 

3.3. Mechanical properties of laser cladded Fe-

based alloy coating 

3.3.1. Microhardness 

Melting pools with a big thickness will generate during 

the laser cladding, which means several large heat-affected 

zones will appear at the interface between coating and 

substrate due to the high energy of the laser. The 

microhardness in the matrix zone, heat affected zone and 

coating zone are exhibited in Fig. 8. It can be seen that 

there is a big difference in the microhardness in various 

zones, and the coating zone obtains the highest 

microhardness among the three zones. It can be inferred 

that the solid solution formed by Fe, Cr and Ni alloy 

significantly increased the coating microhardness and 

strength, especially the Fe-based solid solution [18, 19]. 

The heat affected zone is located in the transitional area of 

the coating and substrate, so the microhardness ranges 

between the above two zones. The Fe, Cr and Ni alloy 

solid solution greatly increase the coating hardness relative 

to the steel substrate. Moreover, the cooling speed is higher 

in the coating than in the heat affected zone and matrix 

zone due to the distance from the laser head to the matrix. 

 

Fig. 8. Vickers hardness values of Fe-based alloy coatings 

prepared by laser cladding 

3.3.2. Shear strength 

The shear strength experiment process was 

demonstrated in Fig. 9. The machined coating sample was 

sheared to fracture, and shear strength-displacement curves 

of the sheared parts are presented in Fig. 10. 

 

 

 

 

 

 

Fig. 9. Shear resistance test of laser cladding Fe-based alloy 

coatings 

From Fig. 10, all the curves exhibit a typical brittle 

fracture characteristic, and the average shear strength 

reaches up to 280.83 MPa. The shear strength represented 

by line 1 is lower than the other two, which should be due 

to microstructure difference in various areas. Additionally, 

the porosity is also an influence factor in the difference in 

shear strength because the area obtaining more pores will 
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display a lower resistance to shear stress than those with 

less pores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Shear strength-displacement curves of Fe-based alloy 

coatings prepared by laser cladding 

Fig. 11 exhibits the shear fracture surfaces of laser 

cladded Fe-based alloy coatings. From Fig. 11 a and b, a 

large number of dimples appeared in the fracture area, 

meaning the shear fracture mainly occurred in the form of 

detaching of particles or grains. Several river-like textures 

and brittle fracture can be seen in Fig. 11 c and d, 

indicating the typical intracrystalline fracture characteristic 

which can provide high strength for the coating. 

 

Fig. 11. SEM images of shear fracture surfaces of laser cladded 

Fe-based alloy coatings: a – panorama; b – high 

magnification image; c – panorama; d – high magnification 

image 

3.3.3. Wear behavior 

The friction curves of laser cladded Fe-based coatings 

and substrate are displayed in Fig. 12. It can be seen that 

the friction curves of the coatings exhibit a stable and 

gentle trend, the average of friction coefficient is 

0.45 ± 0.01. The 25Cr2Ni4MoV substrate shows a unstable 

and fluctuant trend, the average of friction efficient is 

0.60 ± 0.01. From the result, laser cladded Fe-based alloy 

coating obtains a better wear resistance than 

25Cr2Ni4MoV substrate and can be applied in the 

universal industrial field for surface protection. 

 

a 

 

b 

Fig. 12. Friction-time coefficients: a – laser cladded Fe-based 

alloy coatings; b – 25Cr2Ni4MoV matrix 

Fig. 13 exhibits the wear track of the coatings and 

substrate. From the picture, the average wear track depth of 

the coatings was 26 ±3 μm, and that of the substrate is 

39 ± 3 μm. The average wear track depth of the coating is 

smaller than the substrate, mainly because the coating 

obtains higher microhardness than the substrate, and the 

higher microhardness, the stronger resistance to the needle 

tip it owns. Generally speaking, the deeper the wear track 

depth is, the weaker wear resistance it owns. Therefore, the 

laser cladded Fe-based alloy coating obtains better wear 

resistance than the substrate. The average wear volume of 

the laser cladded Fe-based coating is approximately 

0.066615 m3, and that of the substrate is about 0.13085 m3. 

In other words, the wear rate of the coating is about half of 

the substrate, indicating the coating obtains better wear 

properties. This result agrees with the above conclusion. 

Fig. 14 exhibits the friction surface morphology of the 

substrate and coatings. From Fig. 14 a and b, a large 

quantity of coarse broken particles appeared on the 

substrate surface, and several huge particles and big cracks 

can be found. Combining with the above microhardness 

data, it’s obvious that the substrate microhardness was low, 

hence microcracks were generated when the shear stress 

exceeded the ultimate strength during the wear experiment. 

As the wear friction proceeded, the microcracks gradually 

increased, finally a large quantity of bulk material broke 
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off, and a lot of fine particles were produced, which was 

the typical abrasive wear mechanism morphology [20, 21]. 

 
a 

 
b 

Fig. 13. Wear track profiles: a – laser cladded Fe-based alloy 

coatings; b – 25Cr2Ni4MoV matrix 

 

 

 

 

 

 

 

 

 

 

Fig. 14. SEM morphologies of worn surfaces: a – matrix ×2000; 

b – matrix ×5000; c – Fe-based alloy coating ×2000;  

d – Fe-based alloy coating ×5000 

From Fig. 14 c and d, the coating surface was 

relatively smooth, and many lamellar humps were found. It 

can be inferred that the coating microhardness was super 

high, meaning the resistance to the counterpart was strong. 

Therefore, the friction load can hardly exceed the 

resistance, indicating the microcracks can’t easily generate. 

As the wear friction continued, the reciprocating motion of 

friction load led to fatigue stress which caused local 

delamination and several humps can be found resulting 

from it. 

4. CONCLUSIONS 

1. Metallurgical bonding was formed at the interface of 

laser cladded Fe-based alloy coating and 

25Cr2Ni4MoV substrate. The coating exhibited 

typical dendrite morphology and was composed of 

two phases displaying light grey and dark grey, 

respectively. 

2. The microhardness of the cladding coating zone is 

markedly higher than the transitional zone and 

substrate. The shear strength-displacement curve 

exhibits typical brittle fracture characteristics, and the 

average shear strength reached 280.83 MPa. 

3. The friction coefficient, wear track depth and average 

wear volume of laser cladded Fe-based alloy coating 

are 0.45 ± 0.01, 26 ± 3 μm and 0.066615 m3, 

respectively. 

4. The wear resistance of laser cladded Fe-based alloy 

coating is much higher than 25Cr2Ni4MoV substrate, 

indicating the coating can greatly protect steel 

substrate from wear friction. 
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