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Abstract Laser cladding of CoCrCuFeNi high-entropy

alloy (HEA) coatings onto 45 steel was successfully per-

formed using a 3-kW fiber laser. The effect of process

parameters (laser power, scanning speed and powder

feeding rate) on responses (aspect ratio, dilution rate and

microhardness) was systematically investigated based on

response surface methodology (RSM). Process optimiza-

tion was carried out to acquire the desired coating with a

maximum aspect ratio and microhardness and a dilution

rate of 10*20%. A laser power of 773.65 W, scanning

speed of 5 mm/s and powder feeding rate of 15 g/min were

found to be the optimum parameters. The aspect ratio,

dilution rate and microhardness of the optimized CoCr-

CuFeNi coating were determined to be 5.07, 14.29% and

186.8 HV, respectively. Validation experiments under

optimum conditions reveal that the predicted values agree

well with the actual values within a relative error of 10%.

Finally, the microstructure and the microhardness distri-

bution were characterized. The XRD results, together with

the mixing entropy value, confirm that the optimized

CoCrCuFeNi coating belongs to HEAs.

Keywords CoCrCuFeNi high-entropy alloy (HEA)

coating � laser cladding � process optimization � response
surface methodology (RSM)

Introduction

High-entropy alloys (HEAs) are a new type of alloy con-

taining multiple elements, where the content of each ele-

ment ranges between 5 and 35 at.% (Ref 1). HEAs are

inclined to form single-phase solid solutions and nanosized

precipitates rather than brittle phases or other intermetallic

compounds, which is primarily attributed to the high-en-

tropy effect and the sluggish diffusion effect in HEAs (Ref

2). Therefore, HEAs usually possess excellent properties in

terms of high strength (Ref 3, 4), excellent wear perfor-

mance (Ref 5, 6), thermal stability (Ref 7, 8), oxidation

resistance (Ref 9, 10) and favorable corrosion resistance

(Ref 11, 12). Owing to these characteristics, HEAs have

attracted widespread attention in scientific research and

engineering applications (Ref 13).

To date, many methods, such as laser cladding (LC),

plasma cladding, thermal spraying, magnetron sputtering

and mechanical alloying, have been adopted to fabricate

different HEA coatings (Ref 14). Among them, LC emits

less pollution, has a high work efficiency and can be

applied to fabricate thick coatings, all of which offer

advantages over other surface treatment processes (Ref 15).

In addition, the rapid cooling rate during LC can improve

the microstructure and stabilize the phase (Ref 16).

Moreover, laser-clad HEA coatings generally exhibit a

small dilution rate and excellent metallurgical bonding
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with the substrate, which is beneficial for engineering

applications (Ref 17).

As often reported (Ref 13, 18), the LC process param-

eters, especially laser power, scanning speed and powder

feeding rate, provide a significant effect on the geometries

and properties of HEA coatings. Chao et al. (Ref 19) fab-

ricated AlxCoCrFeNi HEA coatings and found that an

increase in laser power produced coatings with larger

depths and widths. Conversely, these two geometrical

features exhibited a decrease in dimension with increasing

laser beam size and scanning speed, while the powder

feeding rate had a negligible influence on these features.

Shu et al. (Ref 20) synthesized a CoCrBFeNiSi HEA

amorphous coating and found that an increase in laser

power reduced the amorphous phase content inside the

coating, which subsequently results in a lower microhard-

ness and worse wear resistance. Zhang et al. (Ref 21)

investigated the relationship between LC process parame-

ters and properties for fabricating FeNiCoCrTi0.5 HEA

coating. The results showed that an increase in specific

energy (defined as laser power divided by the production of

scanning speed and spot diameter) increased the dilution

rate, consequently leading to a decrease in the microhard-

ness of the coating. Ni et al. (Ref 22) investigated the

influence of scanning speed on an Al0.5FeCu0.7NiCoCr

HEA coating and successfully developed a defect-free

coating with superior microhardness at the highest scan-

ning speed due to the ultrafine microstructure generated

inside the coating. Yue et al. (Ref 23) synthesized a laser-

clad AlFeCoCrNiCu HEA coating on a magnesium sub-

strate. As a result, a large amount of Mg was observed in

the lower part of the coating due to severe dilution, which

can degrade the properties of the coating.

Clearly, the laser process parameters that affect the

geometry and property of the HEA coatings usually depend

upon the combination of two or more parameters. There-

fore, it is recommended to reduce experimental efforts and

achieve the optimal value for each parameter through the

design of experiments (DOE) (Ref 24). For instance, Ma

et al. (Ref 25) investigated the influence of process

parameters (laser power, scanning speed and defocus

amount) on responses (dilution rate and residual stress)

while preparing a CoCr1.5FeNiNb0.5 HEA coating. The

empirical models between parameters and responses were

established using analysis of variance (ANOVA) and

response surface methodology (RSM). The minimum

dilution and residual stress were obtained via multi-ob-

jective quantum-behaved particle swarm optimization.

Similarly, Dada et al. (Ref 26) optimized the process

parameters (laser power and scanning speed) to obtain the

maximum microhardness of HEA coatings via RSM. The

established microhardness model revealed a strong corre-

lation between the predicted response and the actual value.

Siddiqui et al. (Ref 27) prepared an AlCu0.5FeNiTi HEA

coating on an aluminum substrate. The effect of laser

power, scanning speed and powder feeding rate on aspect

ratio, dilution rate and clad angle was investigated using

ANOVA and regression analysis (RA) techniques. The

experimental results indicated an evident reduction in

defects and enhancement in geometrical features of the

HEA coating with optimum parameters.

In the previous literature related to LC HEA coatings,

the effects of process parameters on geometry and micro-

hardness have not been studied simultaneously. However,

the geometry and microhardness are interrelated. For

example, the correlation between dilution rate and micro-

hardness can be positive (Ref 28) or negative (Ref 29). It is,

therefore, necessary to take into account the geometry and

microhardness of the HEA coating when investigating the

effects of the LC process parameters. The Co-Cr-Cu-Fe-Ni

HEA system is a well-known and frequently used HEA

system (Ref 7, 30). For LC HEA coatings, the multi-ob-

jective optimization of process parameters and their syn-

ergic effect on geometry and microhardness is rare in the

literature, especially in regard to CoCrCuFeNi HEA coat-

ings. Therefore, based on the RSM technique, this paper

carried out a study of laser cladding CoCrCuFeNi HEA

coatings on 45 steel to investigate the effects of process

parameters (laser power, scanning speed and powder

feeding rate) on the output responses (aspect ratio, dilution

rate and microhardness) and to optimize the process

parameters for acquiring the desired coating with maxi-

mum aspect ratio and microhardness and a dilution rate of

10*20%. Finally, microstructure analysis, as well as XRD

and EDS tests, was conducted for the optimized HEA

coating.

Experimental Setup

Materials and Equipment

Commercial Co, Cr, Cu, Fe and Ni powders (Changsha

Tianjiu Metal Materials Co., LTD) with 99.99% purity and

size range of - 150?300 mesh were selected as the

cladding material. These pure powders were weighed

according to the nominal composition of CoCrCuFeNi

(1:1:1:1:1 in molar ratio) and then mixed for two hours via

ball milling with a speed of 300 rpm and a ball-to-powder

ratio of 2:1 (mass ratio). Normalized 45 steel (100 mm

9100 mm 910 mm) was selected as the cladding substrate

after being ground with sandpaper and cleaned with

ethanol.

The equipment setup is shown in Fig. 1. The LC

experiments were performed using a 3-kW fiber laser

(YLS-3000, IPG Photonics Co., Germany) at a wavelength
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of 1070 nm and a spot diameter of 1.8 mm. The defocus

was set to 20 mm, and argon gas was applied as the

shielding gas with a flow rate of 10 L/min.

The cladded specimens were cut perpendicular to the

laser scanning direction to obtain the cross-section mor-

phology. The cross sections of the cut specimens were

ground by 400-3000 mesh sandpapers, polished with a

polishing agent and then etched using CuSO4/H2SO4/

HCl=5:5:100 (volume ratio). The geometrical features

(width W, height H and depth h) and microstructures of the

coatings were observed using a stereomicroscope (Leica

S9i, Germany) and scanning electron microscope (SEM,

ProX, Netherlands) equipped with energy dispersive

spectroscopy (EDS), respectively. A semiautomatic Vick-

ers hardness tester (HVST-1000Z) was applied for micro-

hardness measurement with a load of 100 g and a duration

time of 10 s. The microhardness of each coating was cal-

culated from the average hardness value of three test points

close to the coating surface (cross section). An x-ray

diffractometer with a Cu Ka source (XRD, D/MAX-Rapid

X, Japan) was used to analyze the phase component of the

coatings.

Method of Analysis

The RSM is a mathematical approach used to establish

reliable empirical relationships between input variables and

output responses (Ref 31). The second-order response

surface model for the three factors is given by Eq. 1:

y ¼ b0 þ
X3

i¼1

bixi þ
X3

i¼1

biix
2
i þ

X3

i

X3

j

bijxixj þ e ðEq 1Þ

where x and y are the independent variables and predicted

response, respectively; b0 demonstrates the coefficient of

the constant term; bi, bii, and bij are the coefficients of the

linear, quadratic and interaction effects, respectively; and e
denotes the statistical error.

The DOE was performed using Design-Expert 13 soft-

ware (Stat-Ease Inc., USA) with Box–Behnken design

(BBD). The BBD is a widely used experimental technique

for optimization, as it can reduce experimental costs

compared with full-factorial experiments. According to the

preliminary test results, the range of each process param-

eter shown in Table 1 was determined on the premise that

the coatings can be continuous without apparent defects on

the surface. The level of each process parameter was

divided into three levels in BBD, namely -1 (lower), 0

(center point) and 1 (higher). The output responses inclu-

ded the aspect ratio, dilution rate and microhardness of the

laser-clad coatings. A schematic diagram of a typical laser-

clad coating is shown in Fig. 2. The expressions for the

aspect ratio and dilution rate are defined by Eqs. 2 and 3,

respectively. The BBD matrix and output responses are

listed in Table 2. Figure 3 presents the cross section of

seventeen single-track LC coatings corresponding to

Table 2.

Fig. 1 Equipment setup

Table 1 Input factors with designed levels

Factors Notation (units) Levels

-1 0 1

Laser power P (W) 600 850 1100

Scanning speed V (mm/s) 2 3.5 5

Powder feeding rate F (g/min) 15 16.5 18

J Therm Spray Tech (2022) 31:1985–2000 1987

123



Aspect ratioðW=HÞ ¼ W

H
ðEq 2Þ

Dilution rate gð Þ ¼ h

H + h
� 100% ðEq 3Þ

Results and Discussion

Effect of Process Parameters on Aspect Ratio

The results obtained from the ANOVA for the aspect ratio

are given in Table 3. The F-value is used to evaluate the

influence of factors on the response. The higher the F-

value, the greater the influence of this factor on the

response. In this case, the scanning speed, with an F-value

of 6.7400, has the largest effect on the aspect ratio, fol-

lowed by the laser power and powder feeding rate. Any

factor with a P-value less than 0.05 was considered sig-

nificant (Ref 31). Thus, the aspect ratio model with a P-

value of 0.0355 is of great significance. Only the interac-

tion between scanning speed and powder feeding rate (VF)

was found to be significant among all the interaction terms.

The laser power (P2) and the powder feeding rate (F2) are

both significant quadratic terms with regard to the aspect

ratio. An insignificant lack of fit (P-value[ 0.05) means

that the model fits the data within the observed variation.

R2 measures the amount of variation around the mean

explained by the model. For a well-fitted model, R2 should

be greater than 0.8 (Ref 32). An R2 value of 0.8442 implies

that 84.42% of the experimental data can be explained by

this model. Adequate precision measures the signal-to-

noise ratio, and a ratio of 8.4998 ([4) reveals adequate

precision for the established model (Ref 33). After

removing insignificant terms, the regression equations used

to predict the aspect ratio with coded and actual factors are

given in Eqs. 4 and 5, respectively:

W=Hcoded ¼ 3:64þ0:6163V � 1:05VF � 0:945P2

þ 0:8525F2 ðEq 4Þ

W=Hactual ¼ 67:82474þ 8:30739V � 0:467778VF

� 0:000015P2 þ 0:378889F2

ðEq 5Þ

The accuracy of the aspect ratio model can be further

verified by the diagnostic plots (Fig. 4), which include theFig. 2 Schematic diagram of a laser-clad coating

Table 2 BBD matrix and

output responses
No. Factors Responses

P,W V, mm/s F, g/min W/H Dilution rate, % Microhardness, HV

1 850 2 18 4.60 50.64 168.62

2 1100 3.5 18 3.45 55.84 159.62

3 850 2 15 2.05 50.88 168.54

4 850 3.5 16.5 4.72 59.60 172.64

5 850 3.5 16.5 3.20 47.57 170.71

6 600 5 16.5 1.73 5.02 184.72

7 850 3.5 16.5 3.50 50.06 170.56

8 1100 2 16.5 2.37 62.98 155.13

9 850 5 18 4.22 13.58 177.44

10 850 5 15 5.88 14.06 174.82

11 600 2 16.5 1.67 17.53 178.02

12 1100 5 16.5 3.79 52.52 166.56

13 600 3.5 18 2.75 10.38 179.65

14 850 3.5 16.5 3.53 49.92 171.52

15 850 3.5 16.5 3.25 48.56 168.73

16 1100 3.5 15 4.35 62.60 158.62

17 600 3.5 15 3.64 12.48 179.47
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normal plot of residuals (Fig. 4a) and the predicted vs.

actual plot (Fig. 4b). The points in Fig. 4(a) lie close to a

straight line, revealing that the residuals are approximately

normally distributed. It is demonstrated that the predicted

values agree well with the actual values (Fig. 4b); thus, the

model for the aspect ratio can be used as a constraint

function.

The perturbation plot shown in Fig. 5(a) describes the

effect of process parameters on aspect ratio, where A, B

and C, respectively, symbolize laser power, scanning speed

and powder feeding rate. It is explicitly observed that the

variation range for the scanning speed is more conspicuous

than that for laser power and powder feeding rate, well-

proven by the largest F-value and the smallest P-value for

the scanning speed given in Table 3. Specifically, the

scanning speed has a positive effect on the aspect ratio. As

the scanning speed increases, the metal powder does not

have enough time to accumulate in the vertical direction;

thus, the layer height manifests a downward trend, leading

to a larger aspect ratio. Before the center point, the laser

Fig. 3 Cross section of seventeen single-track LC coatings corresponding to Table 2

Table 3 ANOVA for aspect

ratio
Source Sum of squares df Mean squares F-value P-value

Model 17.0900 9 1.9000 4.2100 0.0355 Significant

P 2.1700 1 2.1700 4.8200 0.0641

V 3.0400 1 3.0400 6.7400 0.0356

F 0.1013 1 0.1013 0.2247 0.6499

PV 0.4624 1 0.4624 1.0300 0.3448

PF 0.0000 1 0.0000 0.0001 0.9943

VF 4.4300 1 4.4300 9.8300 0.0165

P2 3.7600 1 3.7600 8.3400 0.0234

V2 0.3917 1 0.3917 0.8692 0.3822

F2 3.0600 1 3.0600 6.7900 0.0351

Residual 3.1500 7 0.4506

Lack of fit 1.6100 3 0.5369 1.3900 0.3673 Not significant

Pure error 1.5400 4 0.3859

Cor total 20.2500 16

R2 0.8442 Adeq precision 8.4998

J Therm Spray Tech (2022) 31:1985–2000 1989

123



power has a positive effect on the aspect ratio since an

increase in the laser power produces a deeper molten pool,

making it difficult for the cladding layer to accumulate

vertically. As the powder feeding rate increases, the height

of the powder layer deposited on the substrate increases,

and more heat is used to melt the metal powder instead of

the substrate, forming a narrow and thick coating; thus, the

aspect ratio presents a decreasing trend. After the center

point, the amount of powder melting per unit time

increases with laser power, while the increase in layer

height is more obvious than that of layer width (Ref 34),

leading to a decrease in the aspect ratio. With a continuous

increase in the powder feeding rate, the liquid metal

spreads along the width direction as a result of gravity and

surface tension, which increases the aspect ratio of the

coating.

The contour plots given in Figs. 5(b)-(d) demonstrate the

interaction between laser power and scanning speed, laser

power and powder feeding rate, scanning speed and pow-

der feeding rate on aspect ratio, respectively. As shown in

Fig. 5(b), the aspect ratio increases with the laser power

and scanning speed. When the scanning speed is kept at a

low level, laser powers that are both too high and too low

are not conducive to increasing the aspect ratio. Increasing

the laser power results in a larger aspect ratio over the

whole range of powder feeding rates, as shown in Fig. 5(c).

Furthermore, a larger aspect ratio can be obtained with a

higher or lower powder feeding rate when the level of the

laser power is low. Figure 5(d) illustrates that the closer the

reference point is to the center of the design space, the

smaller the aspect ratio becomes. That is, when the coded

units of scanning speed and powder feeding rate are both at

approximately the zero level, the aspect ratio reaches its

lowest value.

Effect of process parameters on dilution rate

The ANOVA for dilution rate is given in Table 4. The F-

value of the model is 12.1800, and the P-value is less than

0.05, indicating that the model is significant. With an F-

value of 72.8800, the laser power has the greatest influence

on the dilution rate. The scanning speed and powder

feeding rate have less influence on the dilution rate than the

laser power. The scanning speed (V2) and powder feeding

rate (F2) are both significant quadratic terms. The lack of fit

P-value is 0.0834, which means that the model is desirable.

An R2 value of 0.9400 indicates that the dilution rate model

reasonably describes the relationship between process

parameters and output responses. The adequate precision

(signal-to-noise ratio) is greater than 4, implying that this

model can be applied to navigate the design space. Con-

sidering the significant model terms, Eqs. 6 and 7 represent

the regression equations for the dilution rate based on

coded and actual values, respectively.

gcoded ¼ 51:14þ 23:57P� 12:11V � 9:83V2 � 9:02F2

ðEq 6Þ

gactual ¼ �1252:10510þ 0:325627Pþ 21:79672V

� 4:36989V2 � 4:00878F2

ðEq 7Þ

Figure 6(a) presents the normal probability plots for the

residuals that fall in a straight line, implying a normal

distribution for the residuals. It can be inferred from

Fig. 4 Diagnostic plots for aspect ratio: (a) normal plot of residuals and (b) predicted vs. actual plot
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Fig. 6(b) that the predicted results are in agreement with

those obtained from the experiment. Therefore, the model

for dilution rate reveals a high degree of accuracy.

It is evident from the perturbation plot (Fig. 7a) that the

laser power has the greatest effect on the dilution rate,

followed by scanning speed and powder feeding rate,

which agrees well with the analysis results given in

Table 4. Figure 7(a) shows that the laser power has a

negative effect on reducing the dilution rate. Specifically,

an increase in laser power generates a deeper molten pool,

thereby increasing the dilution rate. A reduction in dilution

rate occurs with increasing scanning speed. Although the

powder injected into the molten pool per unit area

decreases with increasing scanning speed, the heat input

also decreases correspondingly, resulting in a reduced

dilution rate. With an increase in the powder feeding rate,

the dilution rate displays a downward trend, which can be

ascribed to the shading effect of the metal powder. The

attenuation rate of the laser energy is approximately pro-

portional to the powder feeding rate (Ref 35). The larger

Fig. 5 Effect of process parameters on aspect ratio: (a) perturbation plot; (b) P and V; (c) P and F and (d) V and F
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the powder feeding rate, the greater the attenuation of laser

energy, resulting in reduced melting of the substrate and

dilution rate.

The contour plots shown in Fig. 7(b)-(d) illustrate the

interaction between laser power and scanning speed, laser

power and powder feeding rate, scanning speed and pow-

der feeding rate on dilution rate, respectively. Fig-

ure 7(b) shows that reducing the laser power or increasing

the scanning speed (less heat input) is beneficial for a low

dilution rate. It is evident in Fig. 7(c) that the dilution rate

increases with increasing laser power over the whole range

of powder feeding rates. In addition, if the laser power is

kept constant, the dilution rate decreases at a higher or

lower powder feeding rate. A low dilution rate can be

obtained at a high scanning speed if the powder feeding

rate remains unchanged, as shown in Fig. 7(d).

Effect of Process Parameters on Microhardness

Table 5 demonstrates the ANOVA for microhardness. The

F-value of the model is 80.6500, which means that the

statistical model is significant for microhardness, and there

is only a 0.01% probability that an F-value this large can

occur due to noise. A P-value lower than 0.05 indicates that

the model term is significant. In this case, the laser power,

scanning speed, quadratic order of laser power (P2) and

scanning speed (V2) are all significant model terms. The

lack of fit is not significant, which means that the model is

Table 4 ANOVA for dilution

rate
Source Sum of squares df Mean squares F-value P-value

Model 6685.1200 9 742.7900 12.1800 0.0017 Significant

P 4442.9500 1 4442.9500 72.8800 \0.0001

V 1172.9500 1 1172.4900 19.2300 0.0032

F 11.4700 1 11.4700 0.1882 0.6775

PV 1.0500 1 1.0500 0.0172 0.8993

PF 5.4300 1 5.4300 0.0890 0.7741

VF 0.0144 1 0.0144 0.0002 0.9882

P2 194.5400 1 194.5400 3.1900 0.1172

V2 407.0400 1 407.0400 6.6800 0.0363

F2 342.5500 1 342.5500 5.6200 0.0496

Residual 426.7500 7 60.9600

Lack of fit 333.1300 3 111.0400 4.7400 0.0834 Not significant

Pure error 93.6300 4 23.4100

Cor total 7111.8800 16

R2 0.9400 Adeq precision 11.9138

Fig. 6 Diagnostic plots for dilution rate: (a) normal plot of residuals and (b) predicted vs. actual plot
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desirable. The value of R2 is extremely close to 1, indi-

cating that the mathematical model agrees well with the

experimental data. The adequate precision is 31.9054,

which reveals a high accuracy for the established model.

After eliminating the insignificant terms, the regression

equations for microhardness in terms of coded and actual

values are represented in Eqs. 8 and 9, respectively:

Microhardnesscoded ¼ 170:83� 10:24Pþ 4:15V � 1:37P2

þ 1:65V2

ðEq 8Þ

Microhardnessactual ¼ 202:30258� 0:023764P

� 9:68639V � 0:000022P2

þ 0:731222V2 ðEq 9Þ

It can be inferred from Fig. 8(a) that the residual values of

the microhardness model are generally distributed in a

straight line.Figure8(b) furtherconfirmsthemodel,as there is

a strong correlation between the predicted and actual values.

Figure 9(a) presents a perturbation plot to illustrate the

effects of process parameters on microhardness at the

center point in the design space. The microhardness of the

Fig. 7 Effect of process parameters on dilution rate: (a) perturbation plot; (b) P and V; (c) P and F and (d) V and F
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coating decreases with increasing laser power. This is

because an increase in laser power leads to increased

melting of the substrate; thus, the dilution rate increases.

(The effect of the dilution rate on microhardness is dis-

cussed later.) Additionally, a larger heat input results in

coarse microstructures in the coating. According to Hall–

Petch theory, a coarse microstructure is not conducive to

improving the microhardness (Ref 36). Increasing the

scanning speed plays a positive role in improving the

microhardness, as an increase in scanning speed leads to

less heat input on the substrate. On the one hand, less heat

input reduces the dilution rate. On the other hand, due to

the accelerated cooling rate of the molten pool, a larger

undercooling increases the nucleation rate, which leads to

refinement of the microstructure and improvement of

microhardness (Ref 37). In contrast, the powder feeding

rate has little effect on microhardness, which is also proven

by its small F-value and insignificant P-value, as given in

Table 5. Since the microhardness remains almost unchan-

ged under different powder feeding rates, the interaction

for P/F and V/F is not discussed in this research.

The effect of the interaction between laser power and

scanning speed on microhardness is shown in Fig. 9(b).

Notably, the microhardness increases with decreasing laser

power and increasing scanning speed. A combination of

Fig. 7(b) and 9(b) shows that there is an inverse

Table 5 ANOVA for

microhardness
Source Sum of squares df Mean squares F-value P-value

Model 1004.7500 9 111.6400 80.6500 \0.0001 Significant

P 839.0700 1 839.0700 606.1700 \0.0001

V 138.0300 1 138.0300 99.7200 \0.0001

F 1.8800 1 1.8800 1.3600 0.2818

PV 5.5900 1 5.5900 4.0400 0.0843

PF 0.1681 1 0.1681 0.1214 0.7377

VF 1.6100 1 1.6100 1.1700 0.3162

P2 7.9000 1 7.9000 5.7100 0.0482

V2 11.4000 1 11.4000 8.2300 0.0240

F2 0.0629 1 0.0629 0.0455 0.8372

Residual 9.6900 7 1.3800

Lack of fit 1.4400 3 0.4800 0.2327 0.8695 Not significant

Pure error 8.2500 4 2.0600

Cor total 1014.4400 16

R2 0.9904 Adeq precision 31.9054

Fig. 8 Diagnostic plots for microhardness: (a) normal plot of residuals and (b) predicted vs. actual plot
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relationship between microhardness and dilution rate, that

is, the microhardness of the coating decreases as the dilu-

tion rate increases. This is because the substrate mainly

contains the Fe element, and an increase in dilution rate

results in a more Fe element being mixed into the CoCr-

CuFeNi coating. On the one hand, a higher Fe content leads

to a decrease in the unstable stacking fault energy (cUSFE)
of the coating, resulting in a decrease in the Hall–Petch

coefficient (Ref 38). The Hall–Petch coefficient can be

used to evaluate grain boundary strengthening (Ref 39, 40),

and the smaller the Hall–Petch coefficient, the weaker the

effect of grain boundary strengthening. Similar results have

been obtained in other studies (Ref 41, 42). On the other

hand, the relative proportion of Cr content in the coating

decreases with increasing Fe content. Compared with other

elements in the CoCrCuFeNi coating, the effect of Cr on

solid solution strengthening is more pronounced (Ref 43).

Therefore, an increase in the dilution rate leads to an

increase in the Fe content in the coating, which weakens

the effect of grain boundary strengthening and solid solu-

tion strengthening, thereby reducing the microhardness of

the coating.

Optimization and Characterization

Multitrack LC coatings are widely applied in product

remanufacturing and surface modification. However, pore

formation frequently occurs at the bottom of overlapping

zones during laser cladding multitrack coatings (Ref 44).

Previous works (Ref 45, 46) have stated that a large aspect

ratio is vital to depositing porosity-free overlapped tracks.

The aspect ratio of a single-track cladding layer can,

therefore, be regarded as a quality criterion for laser

cladding multitrack coatings. To better serve the industrial

application of multitrack LC coatings, it is crucial to gen-

erate the largest aspect ratio to reduce porosity in the

overlapping zones. The dilution rate is defined as the

change degree of the coating composition caused by mix-

ing of the melted substrate into the molten pool. A rela-

tively low dilution rate cannot guarantee a good bonding

quality between the coating and substrate. Conversely, a

large dilution rate can change the element content in the

coating, thereby affecting the coating’s performance.

Generally, a dilution rate of 10*20% is recommended

(Ref 47, 48). Therefore, this work aims to maximize the

aspect ratio and microhardness and acquire a dilution rate

of 10*20%. The corresponding optimization criteria for

the process parameters and responses are listed in Table 6.

The optimum process parameters given in Table 7 are laser

power P = 773.65 W, scanning speed V = 5 mm/s and

Fig. 9 Effect of process parameters on microhardness: (a) perturbation plot and (b) P and V

Table 6 Optimization criteria

Factors or

response

Criterion Limit Importance

Lower Upper

P, W In range 600 1100 3

V, mm/s In range 2 5 3

F, g/min In range 15 18 3

W/H Maximize 1.67 5.88 3

g, % In range 10 20 3

Microhardness, HV Maximize 155.13 184.72 3
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powder feeding rate F = 15 g/min. The cross-sectional

morphology of the optimized CoCrCuFeNi coating is

shown in Fig. 10(a). The validation results indicate that the

errors between the predicted values and actual values for

the aspect ratio, dilution rate and microhardness fall within

10%.

Figure 10(c) shows a magnified view of area c in

Fig. 10(a). Planar crystals were observed in the transition

zone between the coating and substrate, while columnar

dendrites grow perpendicular to the substrate and appear

above the transition zone. The grain morphology is mainly

determined by the cooling conditions during solidification,

typically analyzed in terms of G/R, where G denotes the

temperature gradient at the front of the solid–liquid inter-

face, and R refers to the solidification rate (37). At the

beginning of solidification, the temperature gradient G in

front of the solid–liquid interface is very high, while R is

low as the molten pool mainly releases heat to the substrate

(Ref 49). A high G and low R provide favorable conditions

for the growth of planar crystals in the transition zone.

With the process of solidification, the solid–liquid interface

moves upward, and the G/R value gradually decreases.

Table 7 Optimization and

validation results
P, W V, mm/s F, g/min W/H g, % Microhardness, HV

Predicted 773.65 5.00 15.00 5.62 13.10 178.09

Actual 773.65 5.00 15.00 5.07 14.29 186.80

Error, % 9.8 9.1 4.9

Fig. 10 Cross section of the optimized coating: (a) overall view; (b)-(d) magnified view of area b, c and d, respectively
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Columnar dendrites, roughly perpendicular to the substrate,

are formed above the transition zone as the heat dissipates

most rapidly along the direction perpendicular to the solid–

liquid interface. The structure in the upper part of the

coating is found to be equiaxed dendrites (Fig. 10b). Laser

irradiation generates the highest temperature at the upper

part of the molten pool, resulting in a low G. R here is

much higher as the molten pool is in direct contact with the

air. Regions with a relatively higher degree of undercooling

and nucleation rate tend to form nondirectional equiaxed

dendrites.

It is obvious in Fig. 10(c) that a longitudinal crack

propagates throughout the transition zone. The EDS results

for the dendrite and interdendrite areas shown in

Fig. 10(c) are given in Table 8, where the dendrite and

interdendrite are defined as DR and ID, respectively. Cu

segregation is observed to occur in ID. As mentioned

above, the solidification rate R in the cracking area is rel-

atively low. Heard et al. (Ref 50) stated that for a rapid

solidification alloy, the effective partition coefficient (keff)

of Cu is a function of R, that is, the degree of solute

trapping (analyzed by keff) decreases with decreasing

R. Therefore, a lower R in the cracking area leads to a

smaller keff, and, thus a weaker solute trapping effect of Cu

(Ref 51), indicating a higher extent of Cu segregation in ID

in the cracking area. Moreover, the lower melting point of

Cu and its high mixing enthalpy with the other elements

contribute to the weak bonding force between Cu and the

other elements (Ref 52). Hence, Cu is easily excluded to ID

by preferentially solidified metal (Ref 15), forming holes

and pores in the subsequent solidification process. The

existence of holes and pores impairs the coating’s ability to

withstand internal stress, and it is prone to cracking in the

presence of tensile stress/strain.

It is apparent from Fig. 10(d) that the microstructures in

the heat-affected zone (HAZ) mainly consist of lath

martensite. This can be ascribed to the fact that the tem-

perature in HAZ exceeds the austenitizing temperature

during LC and does not reach the melting point of the

substrate. In the subsequent rapid cooling process, the

microstructures in HAZ transform into martensite (Ref 31),

which is called the martensitic transformation (MT). MT

has a significant effect on the residual stress distribution

during LC. Wang et al. (Ref 53) and Du et al. (Ref 54)

reported that the MT in HAZ increases the tensile stress in

the coating, consequently generating cracks. The hardness

improvement and the volume expansion of martensite in

the HAZ during MT limits the substrate’s plastic defor-

mation near the interface. The MT-induced tensile stress at

the interface cannot be reduced via the substrate’s plastic

deformation, which increases the cracking susceptibility of

the coating. This might be another mechanism for crack

propagation in the transition zone.

Figure 11 depicts the microhardness distribution in the

cross section of the coating. The first microhardness test

point was located near the coating surface, and 24 points

were tested along the depth of the coating with an interval

of 40 lm. The microhardness near the coating surface was

recorded to be 186.8 HV, which is obviously higher than

that of the CoCrCuFeNi coating prepared by plasma

transferred arc cladding (Ref 55). The hardness values are

stable, indicating an evenly distributed structure inside the

coating. The highest microhardness, close to 700 HV, was

observed in HAZ. This can be ascribed to the vast exis-

tence of lath martensite (Fig. 10d), making the micro-

hardness of the HAZ much higher than that of the 45 steel

substrate.

The XRD test result presented in Fig. 12(a) shows that

the phases in the CoCrCuFeNi coating possess a single

FCC structure, similar to results obtained by previous

studies (Ref 8, 15). Nonetheless, the XRD result alone does

not confirm whether the coating belongs to the HEAs.

The mixing entropy is another essential criterion to

confirm whether an alloy belongs to HEAs (Ref 56). The

mixing entropy value of an alloy can be calculated from the

Boltzmann equation (Eq. 10):

Table 8 EDS results of areas in Fig. 10c (at.%)

Areas Co Cr Cu Fe Ni

Nominal 20 20 20 20 20

DR 17.76 16.91 5.17 40.78 19.28

ID 14.41 13.49 16.68 38.81 16.62

Fig. 11 Microhardness distribution along the depth of the optimized

coating.
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DSmix ¼ �R
Xn

i¼1

xilnxi ðEq 10Þ

where n is the number of elements, xi refers to the atomic

concentration of the i th element and R represents the gas

constant (8.314 J/K/mol).

Obviously, the theoretical mixing entropy of a five-

element equimolar alloy is 1.61R. However, Fe was mixed

into the coating due to dilution. As a result, the content of

each element in the CoCrCuFeNi coating deviates from the

theoretical value, as shown in Fig. 12(b). Therefore, it is

necessary to calculate the actual mixing entropy of the

CoCrCuFeNi coating. The EDS results show that the

atomic concentration of each element in the CoCrCuFeNi

coating is Co 0.18, Cr 0.1477, Cu 0.1404, Fe 0.3664, and

Ni 0.1655. The actual mixing entropy of the CoCrCuFeNi

coating is thereby calculated to be 1.53R[1.5R, indicating

that the coating belongs to HEAs (Ref 56). As shown in

Fig. 12(b), the content of each element changes smoothly

in the transition zone, revealing a good bonding quality

between the coating and substrate. The thickness of the

transition zone is approximately 5 lm, which reveals a low

dilution rate under optimum process parameters.

Conclusions

Optimization of the process parameters for laser cladding

CoCrCuFeNi HEA coatings on 45 steel was carried out via

response surface methodology (RSM). The effect of pro-

cess parameters on responses was systematically investi-

gated, and statistical relationships between process

parameters and responses were established based on the

regression models developed by RSM. The main results

can be summarized as follows:

1) The aspect ratio increases with the laser power and

scanning speed. When the laser power is kept low, a

larger aspect ratio can be obtained with a higher or

lower powder feeding rate. Reducing the laser power

or increasing the scanning speed is beneficial for a

low dilution rate. If the laser power remains constant,

the dilution rate decreases at a higher or lower

powder feeding rate. The microhardness increases

with decreasing laser power and increasing scanning

speed, while the powder feeding rate has little effect

on the microhardness.

2) A laser power of 773.65 W, scanning speed of 5 mm/

s and powder feeding rate of 15 g/min are found to be

the optimum parameters. The aspect ratio, dilution

rate and microhardness of the optimized CoCrCu-

FeNi coating are determined to be 5.07, 14.29% and

186.8 HV, respectively.

3) The microstructures inside the coating, from bottom

to top, were found to consist of planar crystals,

columnar dendrites and equiaxed dendrites. A longi-

tudinal crack was observed to propagate throughout

the transition zone, which can be attributed to the

segregation of Cu in the interdendrite areas and the

martensitic transformation in the heat-affected zone.

4) The phases in the coating possess a single FCC

structure, and the mixing entropy of the coating is

calculated to be 1.53R, which together confirm that the

optimized CoCrCuFeNi coating belongs to HEAs.

Fig. 12 XRD and EDS results of the optimized coating: (a) XRD pattern and (b) EDS profile.
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