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Abstract

As an advanced additive manufacturing technology, laser cladding has become a research hotspot in the fields of
rapid manufacturing and surface modification in recent years. The quality of the cladding layer directly depends on
the choice of process parameters. In order to obtain high quality cladding layer, the effects of laser power, scanning
speed, and powder feeding rate on the quality of JG-3 iron-based powder cladding layer were studied by interaction
orthogonal experiments. Three-dimensional measurement laser microscopy (3D MLM) and variance analysis were
used to analyze the results. It was found that the interaction between laser power and powder feeding rate directly
affects the optimum process parameters. Laser power 750 W, scanning speed 420 mm/min, and powder feeding rate
6.96 g/min were selected as the optimum process parameters. Scanning electron microscope (SEM), X-ray diffraction
(XRD), and Thermo-Calc software were used to analyze the microstructure, phase composition, and solidification
process of the coating, and compared with the experimental results. The results show that under the optimum
process parameters, a dense crack-free and non-porous coating was obtained. The coating can be divided into three
areas: coating zone (CZ), bonding zone (BZ), and heat affected zone (HAZ). The CZ is composed of a-Fe, Cr;B,
Fe,B, and Cry3C¢ phases. The calculated results obtained from the Thermo-Calc software are in good agreement
with the experimental data. It is beneficial to the coating design for a desirable microstructure and mechanical
properties.
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1 Introduction
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tianbiaoyudyx @ gmail.com Laser cladding is a rapid prototyping and surface modification

technology, which has been developed in recent years [1, 2]. It
has the characteristics of rapid condensation and rapid solidi-
fication, good metallurgical bonding between cladding layer
and substrate, fine microstructure and high strength, and hard-
ness [3, 4]. In order to obtain a better cladding layer and
provide some theoretical basis for laser cladding powder, in
recent years, many scholars or teams have studied the influ-
ence of process parameters on the macro morphology, micro-
structure, dilution rate, and mechanical properties of the clad-
ding layer [5-10].

Goodarzi et al. [11] studied the effect of the process param-
eters on the coating geometry. The results show that laser
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power and scanning speed are the main parameters controlling
the layer width. Marzban et al. [12] studied the effects of laser
power, scanning speed, and powder feeding rate on the width,
melting height, and depth of the cladding layer through L9
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orthogonal experiment. Principal component analysis (PCA)
and TOPSIS were combined to optimize the laser cladding
process. The experimental results show that this method can
effectively obtain the best combination of laser cladding pa-
rameters (laser power, 1 kw; scanning speed, 0.5 m/min; pow-
der feeding rate, 8 mg/min.) Shi et al. [13] investigated and
studied the parameter optimization and performance of
20CrMnTi low-carbon alloy steel composite powder.
Taguchi OA and Topsis methods were used to optimize the
process parameters of laser cladding gradient materials. Chen
[14] used the orthogonal experimental design method to study
the influence of laser additive manufacturing process on the
characteristics of shaped parts. It was found that process pa-
rameters had the following influences on sedimentation char-
acteristics: W= —1.2206+0.0051P+0.691D, and H=
10.2167 —0.0075V + 0.7816R. Laser power and spot diameter
have important influence on cladding width, scanning speed,
and powder feeding rate have significant influence on the
cladding height.

In laser cladding, the microstructure and properties of coat-
ing specimens are dependent on the process parameters used.
Marek et al. [15] analyzed the influence of process parameters
on microstructure and abrasive wear resistance of laser clad
WC-NiCrBSi coatings. It was found that the selection of pro-
cess parameters is crucial, as they significantly affect the final
coatings’ wear resistance. In the cladding regions, the non-
homogeneity of the coating’s microstructure was responsible
for significant selective abrasive wear behavior. Yu et al. [16]
studied process parameter optimization and performance test-
ing in direct laser manufacturing, and discussed in detail key
parameters affecting part performance and process stability.

The above results show that in the laser cladding process,
the process parameters have an important impact on the ge-
ometry and microstructure of the cladding layer, but the inter-
action of various factors in the laser cladding process is not
considered, and the microstructure and phase of the cladding
layer are not calculated in advance.

Iron-based alloy is a kind of alloy powder with low price,
wide source, and good comprehensive performance. Widely
used in many fields such as aerospace, industry, agriculture,
and chemical industry. In this paper, JG-3 self-fluxing iron-
based alloy powder is selected as the research object, and JIS
S45C steel is used as the substrate. The effects of the main
process parameters and their interactions on the microstruc-
ture and morphology of the cladding layer were studied to
obtain a laser cladding layer with great morphology and uni-
form microstructure. The phase composition and

solidification process of the best coating were calculated by
thermal calculation software, and the results were compared
with experimental results. It provides some theoretical basis
and technical support for part repair and cladding forming
parts.

2 Experiment condition
2.1 Experimental materials

In this experiment, JIS S45C steel with the size of 120 mm X
100 mm x 10 mm® was selected as the substrate. Polish the
steel surface with sandpaper to remove the oxide film from the
surface of the steel, and then clean with alcohol and dry.
Cladding material is iron-based self-fluxing alloy powder
JG-3 whose shape is nearly sphere. The powder is dried in a
drying oven at a constant temperature of 80 °C for 6 h to
prevent the powder from blocking the powder feeding pipe.
The chemical composition of JG-3 powder and substrate ma-
terial is shown in Table 1.

The powder size is selected between 100 and 400 screen
mesh (38 um—150 um) and powder morphology is observed
by scanning electronic microscope (SEM), as shown in Fig. 1.

2.2 Experimental facilities

The experiments were carried out on an open-loop laser clad-
ding system, which includes a YLR-1000 optical fiber laser, a
MCWL-50DTR water cooling machine, a RC52 cladding
head, a vertical machining center, a double-cylinder powder
feeder, an electrical control system, a laser operation integra-
tion cabinet, and a RC-CAM rapid prototyping software. The
laser is continuous wave optical fiber; with a calibration wave-
length of 1020 nm. The spot diameter is 2 mm, and the
defocusing amount is 16 mm. The stability of the system is
sufficient to meet the requirements of the DLF process. The
working principle is shown in Fig. 2.

3 Experimental design
3.1 Factors and levels
In the practical work, there is more than one factor to measure

the experimental results. In the multifactor orthogonal test, the
quality or degree of one factor level is restricted by another

Table 1 Chemical composition

(Wt%) of JG-3 powder and C Cr Si Ni Mn PSS Cu B Fe

substrate material(provided by the

suppliers) JG-3 0.12 16.5 0.8 - - - - 09  Bal
JIS S45C  0.42-05 <0.25 0.17-0.37  <0.25 0.5-0.8 <0.045 <0.25 - Bal.

@ Springer



Int J Adv Manuf Technol (2020) 107:2623-2633

2625

Fig. 1 The morphology of the
powder JG-3
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factor level, and there may be a certain contradictions between
the optimal test schemes of each factor. Therefore, when ana-
lyzing the test results, we must comprehensively consider all
factors and their interactions to find the best experimental
scheme.

In the process of laser cladding, the geometry of clad-
ding layer is highly affected by process parameters. In this
paper, the orthogonal experimental method was used to
study the influence of main process parameters (laser
power, scanning speed, and powder feeding rate) and their
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interaction on the quality of laser cladding JG-3 powder.
According to the facilities and conditions of the laborato-
ry, combined with the single-track single-factor experi-
ments at the previous stage, the level value is determined
by floating up and down at the best level. In order to
facilitate the interaction analysis, each group of factors
only takes 2 levels, and orthogonal scheme is designed
to obtain the optimum process parameters of laser clad-
ding JG-3 alloy. Specific experimental factors and levels
are shown in Table 2.
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Fig. 2 Schematic of laser cladding process
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Table 2 Factors and level of

Scanning speed (B)/(mm min 1) Powder feeding rate (C)/(g min ")

experiments Level Laser power (A)/W
600
2 750

300 6.96
420 8.66

3.2 Interactive optimization scheme design

The key of interactive experimental scheme is the design of
the Table head. The columns occupied by factors and interac-
tions should be arranged correctly, otherwise, factors and in-
teractions will be mixed together, and no clear and reliable
results can be obtained [17].

Since this is a three-factor and two-level interaction orthog-
onal experiment, the sum of the degrees of freedom is 6(f7=
a+fs+fctfaxp+faxc+fpxc=0), the number of experi-
ments: n>fr+ 1="7. Therefore, the orthogonal table of
Lg(27) for 8 experiments was selected to arrange 3 factors A,
B, and C, and the interaction between A x B, A x C, and B x C
was considered. Table of Lg(2”) was shown in Table 3.

Arrange A and B as the first and second columns, respec-
tively, and determine the position of interaction item A x B
according to Table 3. First, find the column numbers (1) and
(2) on the diagonal of the table, then look horizontally from (1)
to the right, and look vertically from (2). The intersection is
the number 3, that is, 3 is the column number of interaction
item A x B. Similarly, if factor C is arranged in the fourth
column, the interaction terms A x C and B x C should be
arranged in the fifth and sixth columns, respectively, and the
seventh column should be arranged as the error column.
Table head design is shown in Table 4, and the specific exper-
imental scheme is shown in Table 5.

The quality of cladding layer formed by different process
parameters has obvious difference. The improper selection of
process parameters will lead to the failure of cladding layer
and the formation of powder adhesion, porosity, and crack
[18, 19]. In order to solve the above problems, according to
the experimental design scheme, an interactive orthogonal ex-
periment was established, and the results were analyzed.

Table 3 Lg(2") interaction between two columns

Number 1 2 3 4 5 6 7
(@) @) 3 2 5 4 7 6
() 2 1 6 7 4 5
3) 3) 7 6 5 4
) “) 1 2 3
(5) ) 3 2
(6) 6) 1
@) @)

4 Results and discussion
4.1 Morphology analysis of cladding layer

The single-track experiment of laser cladding was performed
on the substrate. The length of each track is about 26 mm, and
the distance between them is 4.0 mm. Figure 3 shows the
macro morphology of the sample surface. The surface of the
coating is smooth without cracks and serious powder adhe-
sion, which prove that the cladding powder has excellent pro-
cessing performance.

The samples were cut perpendicular to the direction of the
coatings with a wire cutting machine, then they were sanded
with 240#, 400#, 600#, 800#, 1000#, 1500#, and 2000# sand-
paper in sequence and polished with a water-grinding
polishing paste having a particle size of 2.5. The samples were
corroded by aqua regia, and then the morphology of samples
was measured by three-dimensional measurement laser mi-
croscopy (3D MLM). The cross-section of single-track is
shown in Fig. 4.

In order to optimize the process parameters of laser clad-
ding JG-3 alloy powder, the depth, width, and height of the
coatings were mainly measured, and the test results and com-
putational analysis were listed in Table 6.

According to the test results shown in Table 6, the variance
analysis method was used to analyze the effects of laser pow-
er, scanning speed, and powder feeding rate and the interac-
tion between the two on the depth, width, and height of the
coating.

F is the proportion of MSj to MSe. MS;j is the mean of the
deviation squared sum of various factors, and MSe is the mean
of'the deviation squared sum of errors. The F value reflects the
importance of various factors on the target value. F' value
calculation method:

MS;
Fj=—2" 2
g MSE ( )

Table 4 Table head design

Factor A B AXB C AxC BxC Blank

Number 1 2 3 4 5 6 7
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Table 5 Specific experimental
scheme No.  Laser Scanning speed A x B Powder feeding AxC BxC Ermror Result
cladding (B)/(mm min ") Rate(C)/(r min 1)
(AW
1 1 1 1 1 1 1 1
2 1 1 1 2 2 2 2
3 1 2 2 1 1 2 2
4 1 2 2 2 2 1 1
5 2 1 2 1 2 2 2
6 2 1 2 2 1 1 1
7 2 2 1 1 2 1 1
8 2 2 1 2 1 2 2

Among them, MS, is the sum of the deviations squared of
the error columns. Since the interaction only occupies 1
column, MS;;= MS;, the specific calculation method is as fol-

lows:
55= 0 (KiKo) ()
df; =r-1 (4)
SS;
MS; = f (5)
J

SS; represents the sum of deviations squared of any column
(™ column) in the orthogonal table. The df; and df;; represent
the degrees of freedom corresponding to any column of the
orthogonal table and the degrees of freedom corresponding to
the interaction column, respectively. The variance analysis is
shown in Table 7.

It can be seen from Table 7, the effect of laser power on
depth and width is very significant. Because the greater the
laser power, the more laser is received by the powder and the
substrate, the more energy is received, the more the powder
melts, and the depth and width of the single-track clad
increase.

The influence of scanning speed on height, width, and
depth is sequentially reduced. The powder feeding rate has a
significant effect on the height, and has a certain influence on

the depth and the width. In addition, the interaction between
laser power and powder feeding rate has a certain influence on
the height. It is necessary to consider the horizontal matching
table of factors A and C, as shown in Table 8. Optimum
schemes with the maximum width, the minimum depth and
height are shown in Table 9.

If the influence of the interaction between A and C is not
considered, the optimum solution is A;B,C,. Considering the
interaction, optimum solution is A,B,C;, and it can be seen
that the interaction have a direct impact on the selection of the
optimum process parameters.

4.2 Dilution rate

Dilution rate plays an important role in the laser cladding
process. First, it can ensure the bonding strength between
the melt layers, form a high-quality metallurgical bond be-
tween the layers, and reduce internal defects (pore, crack,
etc.); Moreover, it determines the remelting depth of the so-
lidified melt layer, and directly affects the forming efficiency,
the quality of the layer, and the stability of the coating
[20-22]. The dilution rate 1 examines the percentage of the
substrate material in the cladding area.

Since the true dilution range of the cladding area is mainly
below the surface of the substrate, the dilution rate is usually
calculated using the ratio of the cross-sectional area measure-
ments. Figure 5 is a cross section diagram of laser cladding.

Fig. 3 Macro morphology of the coatings
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Fig. 4 Section morphology of single-track cladding layer

The formula for the dilution rate is s = 2ab/3, and the sim-
plified one is the Formula (6) where w, /, and d are the width,
height, and depth of the cladding area, respectively. Therefore,

Table 6  Test results and computational analysis

the optimum process parameters affecting the dilution ratio of
the cladding region can be found by paying attention to the
height of the cladding region and the depth of the fusion zone.

No. A B AB C AC BC Blank Depth (d) Width (w) Height (h)
1 1 1 1 1 1 1 1 301.5 1972.1 688.7
2 1 1 1 2 2 2 2 326.7 1982.1 718.7
3 1 2 2 1 1 2 2 301.5 1916.9 4573
4 1 2 2 2 2 1 1 261.3 1881.9 542.8
5 2 1 2 1 2 1 2 618.2 2157.9 598.1
6 2 1 2 2 1 2 1 547.8 2062.7 824.2
7 2 2 1 1 2 2 1 557.9 2027.6 487.6
8 2 2 1 2 1 1 2 492.5 1987.3 648.3
Depth K 1191 1794.2 1678.6 1779.1 1643.3 1673.5 1668.5 T=3407.4

K 2216.4 1613.2 1728.8 1628.3 1764.1 1733.9 1738.9 P=1,451,296.845

R 1025.4 181 50.2 150.8 120.8 60.4 70.4 0=1,592,879.82
Factor importance C>B>A
Optimum schemes C,BrA;
Width K, 7753 8174.8 7969.1 8074.5 7939 7999.2 7944.3 T=15,988.5

K 8235.5 7813.7 8019.4 7914 8049.5 7989.3 8044.2 P=31,954,016.53

R 482.5 361.1 50.3 160.5 110.5 9.9 99.9 0=32,005,738.79
Factor importance A>B>C
Optimum schemes A5B,C,
Height K; 2407.5 2829.7 25433 2231.7 2618.5 2477.9 2543.3 T=4965.7

K 2558.2 2136 24224 2734 2347.2 2487.8 2422.4 P=3,082,272.061

R 150.7 693.7 120.9 502.3 2713 9.9 120.9 0=3,189,668.41
Factor importance A>C>B
Optimum schemes AC B,
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Table 7  Variance analysis Table 9 Different indicator optimum schemes
Source of difference ~ SS df MS F Significance Index Factor order Optimum scheme
Depth A 131431 1 131,431 28355 * Depth A>B=C AyB,C,y
B 4095 1 4095 883 © Width A>B>C A,B,C,
c 2843 1 2843 613 © Height B>C>A A,B.C,
AC 1824 1 1824 394 ®
AB err 1391 3 464
BC cracks are easily generated. From the perspective of dilution
e rate, scheme A,B,C; is better.
Total 10,152
Width A 20101 1 29,101 5539 * 4.3 Verification and analysis
B 16,299 1 16299 31.03 &
C 3220 1 3220 613 O The quality of the cladding layer is affected by both the macro
AC 1526 1 1526 291 ® morphology and the microstructure. Since there are two opti-
AB e 1576 3 505 mization schemes considering and ignoring the interaction
BC between process parameters, it is necessary to further analyze
e and verify the cladding layer quality.
Total 22,621 The microstructure of the optimized process parameter
Height A 2839 1 2839 309 ® coating is shown in Fig. 6. It can be found that the entire
B 60152 1 60152 6541 * cladding layer has no pores and cracks, and the cladding layer
AB 1827 1 1827 199 ® under the above optimized parameters has formed a good
c 31538 1 31538 3429 * metallurgy combination with the substrate.
AC 9200 1 9200 1000 © Figure 6a is the cross-section macrograph of a single-track
BC  err 1839 2 920 coating, which can be divided into three regions: clad zone

e

Total 102,730

* = significant impact; ® = high impact; ® = some impact; ® = no signif-
icant impact

2

5 z e d

“h+d

S1F 52 %xww+m

(6)

The dilution rate of optimum schemes A;B,C, and A,B,C;
were calculated based on the above analysis, and the results
were 0.32 and 0.53, respectively. According to the previous
experimental experience of the laboratory and the characteris-
tics of powder, substrate, and equipment, the dilution rate of
40-60% is more appropriate. Too low dilution ratio, such as 1,
2,3, and 4 in Fig. 4, does not have good combination with the
substrate, and is easy to curl and peel off; while 5, 6, and 8§ in
Fig. 4, there are too many powder in one-time cladding, which
exceeds the range of laser energy cladding, and pores and

Table 8 Factors A and C level collocation table

Factor Ay A,

C (688.7+457.3)2=573
G (718.7 +542.8)/2 =630.75

(598.1 +487.6)/2 = 542.85
(824.2 +648.3)/2=736.25

(CZ), bonding zone (BZ), and heat affected zone (HAZ).
Figure 6b and ¢ show the top and middle microstructure of
the coating, respectively, which consist of equiaxed dendrites.
Due to the high cooling rate of the top, it solidified when it has
not yet nucleated to become bigger, and it is finer than the
other parts, which plays an essential role in the wear resistance
and hardness of the layer. In the middle of the cladding layer,
uniform fine equiaxed dendrites with insignificant orientation
are formed. Because the influence of the shielding gas is
small, the distance from the substrate is far, the temperature
gradient is not as large as that at the bottom, the heat dissipa-
tion loses its directivity, and the speed in all directions is ba-
sically the same, resulting in uniform equiaxed dendrites.

As shown in Fig. 6d, a columnar grain is generated at the
bottom of the cladding layer, which is approximately perpen-
dicular to the substrate. The reason is that the bottom of the
cladding layer mainly relies on the heat dissipation of the
substrate, and the temperature gradient is large, and the heat
dissipation direction is perpendicular to the substrate, so the
columnar grain is generated perpendicular to the substrate.

The microstructure of scheme A;B,C, cladding layer is
shown in Fig. 7. There is not enough energy to melt the pow-
der, and there is multiple powder adhesion on the outside of
the cladding layer. And the molten pool formed is too small to
dissipate heat before solidification, and finally, equiaxed
grains appear instead of columnar crystals as shown in
Fig. 6. At the top of the cladding layer and in the middle of
the cladding layer are primary free dendrites and coarse
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Fig. 5 Typical geometry
characteristics of single-track
cross-section

Cladding Zone \

Bond Zone

Heat affected
zone

Substrate \

dendrites, respectively, rather than fine and uniform equiaxed
dendrites, as shown in Fig. 7b and c. There is a region with
poor metallurgical bonding between the cladding layer and the
substrate. The molten metal liquid flows to the outermost layer
of the molten pool, solidifies gradually during the flow pro-
cess, and then forms an area that does not bond with the
substrate, as shown in Fig. 7d, which is greatly detrimental
to the formation quality. Therefore, in order to obtain better
geometric morphology and forming quality, the optimized
cladding scheme has obvious advantages over the scheme
A1B,C,.

The microstructure and X-ray diffraction spectrum of CZ
under optimal process parameters are shown in Figs. 6 and 8.
The microstructure of CZ is fine, uniform, and dense. The

Fig. 6 Micrographs of different
zones in optimized cladding layer
a morphology of single-track
cross-section. b The top
microstructure of the cladding
layer. ¢ The middle
microstructure of the cladding
layer. d The bottom
microstructure of the cladding
layer

@ Springer

A
Y

phase constituents of the CZ are a-Fe, Cr,B, Fe,B, and
Cr,3Cg according to the index results of the X-ray diffraction
spectrum as shown in Fig. 8.

It is necessary and interesting to analyze the solidification
process, phase fractions, and phase compositions of laser clad
Fe—base alloy coatings on JIS S45C steel. In Fig. 9, the tem-
perature of the coating is on the transverse axis, and the molar
fraction of the coating phase is on the longitudinal axis. So the
relationship between phase fractions and temperature can be
expressed from this figure. These lines represent the molar
fraction of the phase calculated by Thermo-Calc software.

During laser cladding processing, laser beam irradiated the
surface of the substrate, photon energy converted into heat,
and propagated toward the interior. When the temperature is

Fine equiaxed
dendrites
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Fig. 7 Micrographs of different
zones in under scheme A;B,C, a
Morphology of single-track cross-
section. b The top microstructure
of the cladding layer. ¢ The
middle microstructure of the
cladding layer. d The bottom
microstructure of the cladding
layer

higher than the melting point of the clad powder and the sub-
strate, a molten pool is formed and part of the molten substrate
comes into the coatings. And then the temperature of the molten
pool decreases quickly due to the cooling down of the substrate.
The solidification process and the reaction scheme in the coat-
ings during the laser cladding process are as follows:

(1) Cr,B and Fe,B phases started to precipitate from the
molten pool at about 1290 °C then quickly increased
from zero to the maximal value 0.13 mol at about

2 Y S vy \

A 2 '\II

Poor metallrgical ;
bonding

1270 °C, while the amount of liquid phase reduced to
zero when the temperature decreased to 1260 °C, as
shown in Fig. 9.

(2) As the temperature continuously decreased, the mole
fraction of Cr,B and Fe,B phase remains unchanged still
to 100 °C, whereas the fraction of austenite phase in-
creased to the maximal value of 0.87 mol at about
1100 °C, and then remains unchanged to 900 °C.

(3) The calculated mole fraction of Cr,3Cg and ferrite phase
almost firstly nucleated and grew up at the same

Fig. 8 X-ray diffraction spectrum 40000
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Fig. 9 Calculated phase fractions
as a function of temperature for 10
the coatings
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temperature (900 °C), and the mole fraction of Cry;Cqg
and ferrite phase increased to 0.84 and 0.03 mol at
850 °C. Then Cr,3C¢ remained stable at 0.03, during
which the ferrite remained stable at about 400 °C, and
then gradually decreased to 0.77 mol.

According to the above analysis, the solidification process
and reaction scheme of the molten pool during the laser clad-
ding process are: Liquid—Liquid+Cr,B + Fe,B — Cr,B +
Fe,B + austenite—Cr,B + Fe, B + austenite+Cr,3Cg + fer-
rite—Cr,B + Fe,B + Cry3Cg + ferrite.

5 Conclusions

(1) The interaction between laser power and powder feeding
rate has a direct influence on the selection of the opti-
mum process parameters. Considering this point, the op-
timum process parameters for laser cladding JG-3 pow-
der are: laser power 750 W, scanning speed 420 mm/min,
and powder feeding rate 6.96 g/min.

(2) The experiment was carried out under optimum process
parameters. Figure 6a is the transverse cross-section
macrograph of the layer. The clad coatings are free from
pores and cracks with a thickness of about 2.4 mm.

(3) Through further microstructure comparative analysis, the
optimized parameter combination is verified to ensure
the reliability of the optimization results. The microstruc-
ture of the optimized process parameters is finer than that
of other schemes, which have a positive effect on the
hardness, wear resistance and other mechanical proper-
ties of the cladding layer.
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(4) The coating consists of three regions: CZ, BZ, and HAZ
of the substrate. CZ consists of a-Fe, Cr,B, Fe,B, and
Crp3C¢ phases. The experimental results are in good
agreement with the calculated results. It is beneficial to
design coatings with a desirable microstructure and me-
chanical properties.
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