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Abstract High-power direct diode laser (HPDDL) offers a
wide laser beam with a top-hat intensity distribution, making it
an ideal tool for large-area cladding. In this study, a systemic
study on the HPDDL cladding process was carried out by
depositing Fe-based powder on ASTM A36 steel substrate.
The effects of input processing parameters (laser power, pow-
der feeding rate, carrier-gas flow rate, and stand-off distance)
on the output responses (powder catchment efficiency, clad
height, and clad width) were analyzed. The experimental
matrix was designed, and a quadratic regression model was
developed using a response surface methodology (RSM).
Based on the developed model tested by the analysis of
variance (ANOVA) method, the relationship between the out-
put responses and the processing parameters were analyzed
and discussed. The optimal parameters were identified by the
desirability function in order to maximize the powder catch-
ment efficiency, clad height, and clad width.

Keywords High-power direct diode laser (HPDDL) -
Response surface methodology (RSM) - Powder catchment
efficiency - Clad height - Clad width

1 Introduction

Laser cladding by powder injection, one of the surface mod-
ification techniques, has been widely used in the industry to
repair or build valuable components and tools. Generally, the
powder is fed laterally [ 1] or coaxially [2] into the molten pool
which is generated by a laser beam with a Gaussian intensity
distribution. Several clads can be overlapped to cover a large
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area. The width-to-height aspect ratio is a critical factor that
causes the inter-run pores of the overlapped clad and it is
desired to be more than 5:1 [3]. However, a Gaussian laser
beam tends to produce the clad with a pronounced convex
surface that has a lower aspect ratio. In addition, due to the
high intensity at the center of a Gaussian laser beam, the
dilution of the deposited clad is large [4].

The development of high-power diode lasers (HPDDL) up
to 10 kW with a wide rectangular laser spot has great potential
in a large-area deposition. Compared with the other high-
power lasers (CO, or Nd:YAG laser), HPDDL is characterized
by a high electricity efficiency, a long lifetime, a good absorp-
tion by metals, and low capital and operational costs [5].
HPDDL offers a large rectangular laser spot, allowing the
deposition of a wide clad with a flat surface. The top-hat
intensity distribution of the diode laser minimizes dilution to
only 3 % or even less [6]. With these advantages, many
cladding works have been done with HPDDL [7-9]. Well-
bonded clads with a small dilution and superior properties
were obtained, which indicated the effectiveness and versatil-
ity of HPDDL. Very importantly, the multiple tracks overlap-
ped together well to create a very flat surface profile, as shown
in Fig. 1.

There exist complex relationships between the input pro-
cessing parameters such as laser power and powder feeding
rate on the deposited results such as powder catchment effi-
ciency and clad geometry. In order to successfully utilize the
cladding technique, the processing parameters should be con-
trolled carefully. A number of experiments have been carried
out by varying one parameter at a time with a trial-and-error
method [2, 10, 11]. However, this method is costly and time
consuming, and the obtained results may not be optimal.

The application of statistical methods such as the design of
experiments (DoE) is an efficient way to decrease experimen-
tal efforts and evaluate the effect of each parameter of interest
on the results. For example, a Taguchi design was used by Lee
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Fig. 1 Multi-track of Fe-based alloy deposited on mild steel plate

[12] to maximize the deposition efficiency. Singh et al. [13]
used a full factorial design of experiments in laser-assisted
micromachining to optimize the cutting/thrust force and the
depth of cut. Graf et al. [14] used a central-composite-design
(CCD) method to determine the effects of processing param-
eters on the clad width and height. Some researchers tried to
find out the empirical relations between the clad characteris-
tics and the main processing parameters and to optimize the
parameters [15]. Response surface technology (RSM), as one
of the main applications of DoE, has been conducted to
estimate the unknown mechanism and obtain an optimal
response based on a sequence of designed experiments.
Manonmani et al. [16] used this method for predicting the
effect of laser processing variables on weld geometry. Khan
et al. [17] optimized the welding parameters with the quality
criteria of maximizing the weld resistance length and shear
force, and minimizing the weld width by using RSM. Badkar
et al. [18] performed laser transformation hardening for opti-
mizing laser power, scanning speed, and focused position on
the hardening width and depth. The application of RSM in the
laser cladding process was mainly involved with the optimi-
zation of the processing parameters such as laser power,
scanning speed, and powder feeding rate. Onmubolu et al.
[19] developed a clad wetting-angle model in terms of these
parameters and found the optimal parameters to generate the
clad with a large wetting angle. Mondal et al. [20] studied the
influence of input parameters on the clad height and width.
They found that the laser scanning speed and powder feeding
rate were the most significant factors. Sun and Hao [21] made
a full investigation on clad characteristics including the height,
width, width/height ratio, and dilution. They found that the
powder feeding rate was the most significant factor. The laser
power had a positive effect on clad width. The width/height
ratio and dilution increased with an increase in laser power
before exceeding the central point and gradually descended
when laser power was continuously increased. The powder
feeding rate had positive effects on clad height and width
whereas negative effects on clad dilution and width/height
ratio. Scanning speed had negative effects on clad height, clad
width, and dilution.
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There is still a lack of application of the statistical analysis
method and knowledge of the relations between the cladding
results and important parameters in wide-clad deposition. In
the HPDDL cladding process, the powder was fed laterally
through a wide nozzle into the molten pool by means of a
carrier gas. Powder striking the molten pool was completely
melted and was used to build up the clad, while powder
striking on the solid substrate surface outside the molten pool
bounced and was lost or adhered to the hot clad surface. The
low powder catchment efficiency is a challenging issue in the
process. The characteristics of the clad geometry in determin-
ing the clad quality is another critical concern. Therefore, in
this work, a study on HPDDL cladding of Fe-based alloy was
presented to investigate the effects of the main processing
parameters (laser power, powder feeding rate, carrier-gas flow
rate, and stand-off distance) on the output results (powder
catchment efficiency and clad geometry) and to find out the
optimal processing parameters.

2 Experimental design and setup
2.1 Response surface methodology

The cladding parameters and their experimental ranges were
determined by the preliminary experiments. Laser power
(LP), powder feeding rate (PF), carrier-gas flow rate (CG),
and stand-off distance (SD) were selected as optimization
variables. The Design Expert version 8 (V8) software was
used to code the parameters. CCD is very efficient, providing
much information on experiment variable effects and overall
experimental error in a minimum number of required runs. A
four-factor, three-level CCD matrix was established with 24
axial points and 6 replicated central points. The upper limit of
a factor was coded as +1, the lower one was coded as —1, and
the middle one was coded as 0. In this study, the measured
responses were the powder catchment efficiency, clad height,
and clad width. The independent processing parameters with
their coded levels are listed Table 1.

Being able to obtain the optimal results, the first step is to
develop the relationship between various processing parame-
ters and the corresponding responses. Here, a second-order
regression model was used to fit the experimental data, as
described in Eq. (1) [22]:

k k k
y=By+ Y B+ Y B+ > B+ (1)
j=1 j=1

i<j

where y is the predict response, (3 is the intercept coefficient,
f3; is the linear coefficient, 3; is the quadratic coefficient, x; is
the processing parameter, £ is the number of factors, and ¢ is
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Table 1 Cladding pa-

Table 2 Some properties of Fe-based alloy powder and A36 mild steel
substrate

rameters and their levels Independent variables ~ Code levels
-1 0 1
LP, kW 3 35 4
PF, g/min 40 50 60
CG, SCFH 10 15 20
SD, mm 8 10 12

the associated error. The overall procedure of the parameter
optimization is as follows: (a) select design parameters and
their limits; (b) develop a design matrix using a central com-
posite design; (c) conduct the experiments; (d) measure the
powder catchment efficiency, clad height, and clad width; (e)
build the mathematical model to correlate the processing
parameters to the results; (f) confirm and validate the model;
and (g) select the desirability method and obtain the optimal
set of parameters.

2.2 Experimental setup

The experimental setup comprised two powder feeding noz-
zles installed at the side of the laser head with a tilted angle of
35°, an 8-kW Coherent HPDDL, a 6-axis KUKA robot, and
an AT-1200 high-pressure rotary powder feeder, as shown in
Fig. 2. The HPDDL was focused into a 12x 3 mm? rectangular
spot. Its divergence angle for the x-slow axis and z-fast axis
was a=23° and =19°, respectively. In order to protect the
lens from the reflection of the light and the ricochet particles,
the entire laser head was tilted by 10°. Argon as the shielding
gas was supplied to shield the molten pool from oxidation and
the lens from the pollution of the fume and ricochet particles.
Fe-based alloy powder supplied by Hoganas Company was
used during the experiments, and A36 mild steel was selected
as the substrate. Some material properties of the powder and
substrate are listed in Table 2.

Fig. 2 a Experimental setup, b
laser head installed with powder
nozzles [25]

Powder  Particle size (um) Chemical composition (%)
Fe-based 45-180 1.82 C; 4.5 Mo; 15.9 Ni;0.82 Mn; 28.1
alloy Cr; 1.28 Si; 0.0576 Ni; 0.008 S; Bal.

Fe
Substrate Melting point (°C) Chemical composition (%)

A36mild 1,480 0.23 C; 0.02 Si; 0.49 Mn; 0.01 S; 0.01
steel P; 0.01 Ni; 0.03 Cu; Bal. Fe

The single-clad experiments were repeated three times at
each set of processing parameters. The deposited clads were
crosscut, mounted in epoxy resin, and polished to examine the
clad geometrical characteristics with respect to the clad height
and width. Figure 3 shows the scheme of a typical clad cross
section. H is the clad height, and W is the clad width. The
powder catchment efficiency is defined as the ratio between
the net clad weight and the fed powder weight. The experi-
mental design matrix and the measured responses are shown
in Table 3. Figure 4 presents the clad shape and dimensions of
some selected samples.

3 Results and discussion
3.1 Development of the statistical model

Design Expert V8 software was used to develop the model
that well described the response factors in regression analysis.
The adequacy of the developed relationship was tested using
the analysis of variance technique (ANOVA) at the confidence
level of 95 %. The insignificant model terms were eliminated
by the step-wise regression method.

Tables 4, 5, and 6 show the detailed ANOVA results for the
responses (powder catchment efficiency, clad height, and clad
width), respectively, where DF, SS, MS, F, and p represent the

Powder
feeding

Substrate
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Fig. 3 Scheme of a typical laser clad

degree of freedom, sum of squares, mean of squares, F statis-
tics that is a ratio between group variation and within-group
variation, and p value that determines the significance of the
test, respectively. The F values of the three models implied the
models were significant. The p values of less than 0.01 %
indicated the model term was significant. The lack-of-fit /" and
p values of the models indicated that lack of fits were not
significant relative to the pure error. The values of R* of 0.829,

Table 3 Central composite design of experiments

Expno. LP PF CG SD Catchment Clad Clad width
efficiency  height

1 -1 -1 -1 -1 0625 1.026  11.785
2 1 -1 -1 -1 0.667 1.713  13.582
3 -1 1 -1 -1 0.608 1.846  11.491
4 1 1 -1 -1 0627 2.109  13.745
5 -1 -1 1 -1 0531 1251 12.127
6 1 -1 1 -1 0.631 1.491 12.455
7 -1 1 1 -1 0516 2202 12.173
8 1 1 1 -1 0584 2.020  13.505
9 -1 -1 -1 1 0.614 1.548  12.280
10 1 -1 -1 1 0.715 1.684 13.713
11 -1 1 -1 1 0.569 2269 12.116
12 1 1 -1 1 0.609 2289  13.269
13 -1 -1 1 1 0.284 0.692  12.983
14 1 -1 1 1 0.487 1.116  12.396
15 -1 1 1 1 0.356 1.173  13.154
16 1 1 1 1 0.430 1.385  13.501
17 -1 0 0 0 0.563 1.554  12.450
18 1 0 0 0 0.641 1.738  13.430
19 0 -1 0 0 0.649 1.684  13.080
20 0 1 0 0 0.588 2.043  13.136
21 0 0 -1 0 0.640 1.842  12.999
22 0 0 1 0 0.514 1.500  12.029
23 0 0 0 -1 0525 2.028 12.416
24 0 0 0 1 0.444 1.660  13.265
25 0 0 0 0 0.641 1.678  12.530
26 0 0 0 0 0.654 1.766  12.500
27 0 0 0 0 0.586 1.589  12.940
28 0 0 0 0 0.707 1.850  12.63
29 0 0 0 0 0.680 1.706  12.58
30 0 0 0 0 0.603 1.498  12.53

@ Springer

0.8938, and 0.907 were close to 1, indicating the high corre-
lation between the experimental and measured data. The “Pred
R®” was in reasonable agreement with the “Adj R%.” “Adeq
Precision” detecting the experimental signals-to-noise ratio
were 17.491, 22.797, and 18.98, respectively. They were all
greater than 4, which indicated an adequate signal.

Seen from Table 4, the analysis of variable result for the
powder catchment efficiency shows that the carrier gas (CG)
had the most significant effect; the laser power (LP) as well as
the first (SD) and second order [(SD)?] of the stand-off dis-
tance had less effect; the interaction of carrier gas and stand-
off distance [(CG)(SD)] had the least effect. For the clad
height model, the results in Table 5 show that the powder
feeding rate (PF), carrier-gas flow rate (CG), and interaction of
the carrier gas and stand-off distance [(CG)(SD)] were the
most associated with the clad height; the laser power (LP) and
stand-off distance (SD) had less effect; the second order of
laser power [(LP)?] as well as the interaction of the laser power
and powder feeding rate [(LP)(PF)] had the least effect. In the
clad width model, the analysis of variance results in Table 6
show that the laser power (LP) was the most significant term.
The stand-off distance (SD), carrier gas (CG), interaction of
the laser power and stand-off distance [(LP)(SD)], and inter-
action of the laser power and carrier gas [(LP)(CG)] had less
effect. The powder feeding rate (PF) had the least effect.

The final models for the corresponding responses in terms
of coded factors are shown in Egs. (2), (3), and (4).

Powder catchment efficiency = 0.62 + 0.042(LP)
—0.074(CG)—0.044(SD)—0.042(CG)(SD)—0.076(SD)?
(2)

Clad height = 1.74 + 0.11(LP) + 0.29(PF)~0.19(CG)
~0.1(SD)~0.073(LP)(PF)-0.23(CG)(SD)~0.12(LP)?

(3)

Clad wdith = 12.75 + 0.65(LP)~0.057(PF) + 0.16(CG)
+0.19(SD)~0.16(LP)(CG)~0.2(LP)(SD) + 0.2(PF)>

(4)

and the final models in terms of actual factors are shown
below:

Powder catchment efficiency = —1.7546 + 0.0832(LP)
+0.0272(CG) + 0.42(SD)-0.0042(CG)(SD)—0.019(SD)*
(5)

Clad height = —11.269 + 4.314(LP) + 0.08(PF)
+0.192(CG) + 0.294(SD)—0.0147(LP)(PF)
—0.023(CG)(SD)—0.48(LP)>

(6)
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Fig. 4 Cross section of the
selected clad (the number on each
graph indicates the experiment
number in Table 3)

Clad wdith = 1.683 + 4.283(LP)~0.209(PF) + 0.25(CG)
+0.811(SD)-0.0625(LP)(CG)~0.204(LP)(SD)

Table 4 ANOVA for powder catchment efficiency

Souce SS DF MS F  p Prob>F +0.002(PF)*
Model 023 5 0.047 19.04 <0.0001 Significant (7)
LP 0.031 1 0.031 20.47  0.0006
CG 0.098 1 0.098 54.62 <0.0001
3.2 Validation of the developed model
SD 0.035 1 0.035 17.42  0.0003 velop
CG)SD) 0.028 1 0.028 21.6 0.0010 ..
( )2( ) Generally, it is necessary to check the developed model before
(SD) 0.041 1 0.041 17.31 0.0001

investigation or optimization of the responses. The normal
probability plot of the studentized residuals was one of the
most important diagnostics, as shown in Fig. 5. It can be seen
that the normality assumption was satisfied as the residual plot
approximated along a straight line. Figure 6 further confirms

Residual ~ 0.048 24  0.00202

Lack of fit 0.038 19 0.002 096  0.5799 Not significant
Pure error  0.010 5 0.00209

Cortotal 028 29

R2=0.829 the predicted model, where the calculated responses according
Adj R =0.793 to Egs. (5), (6), and (7) were plotted as the functions of the
Pred B2 =0.736 measured data. It was demonstrated that the predicted values

Adeq precision=17.491 agreed well with measured results.

Table 5 ANOVA for clad height Table 6 ANOVA for clad width

Source SS DF MS F )4 Prob>F Source SS DF MS F p Prob>F
Model 3.6 7 0.51 2645 <0.0001 Significant Model 10.2 7 1.46  30.56 <0.0001 Significant
LP 022 1 022 1126  0.0029 LP 768 1 7.68 160.92 <0.0001

PF 146 1 146 7529 <0.0001 PF 0.059 1 0.059 123 0.2788

CG 068 1 0.68 3495 <0.0001 CG 043 1 043  9.12 0.0063

SD 0.19 1 0.19 10 0.0045 SD 068 1 0.68 14.27 0.001

(LP)PF)  0.086 1 0.086 4.43 0.0469 (LP)(CG) 039 1 039 8.18 0.0091

(CG)YSD) 085 1 085 439  <0.0001 (LP)(SD) 067 1 0.67 13.95 0.0011

(LPY 0.1 1 0.1 5.34 0.0306 (PF)? 0.3 1 0.3 6.21 0.0207

Residual 043 22 0.019 Residual 1.05 22 0.048

Lack of fit  0.35 17 0.021 131 0.4116 Not significant Lack of fit 091 17 0.054 2 0.2283  Not significant
Pure error  0.078 5 0.016 Pure error  0.13 5 0.027

Cor total 402 29 Cor total 1125 29

R*=0.8938 R*=0.907

Adj. R*=0.86 Adj. R =0.877

Pred. R* =0.7782 Pred R* =0.837

Adeq precision=22.797 Adeq. Precision=18.98
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Fig. 5 Normal probability plot of residuals for a powder catchment
efficiency, b clad height, and ¢ clad width

Besides, three confirming experiments were carried out
with the new cladding conditions within the range defined
earlier. For the actual responses, the value was obtained by
averaging three measured results. Table 7 summarizes the
experimental conditions, the actual responses, the predicted
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height, and ¢ clad width

values, and the percentage of errors. The results demonstrated
that the developed models were quite accurate for prediction.

3.3 Effects of cladding process parameters

The effects of processing parameters on powder catchment
efficiency, clad height, and clad width were evaluated in terms
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Table 7 Confirmation experiments

Exp.no. LP,kW PF g/min CG,SCFH SD, mm Powder catchment efficiency ~ Clad height, mm  Clad width, mm
1 3.25 45 12.5 9 Actual 0.653 1.594 12.4
Predicted 0.6243 1.5901 12.1657
Error % 4.395 0.243 1.890
2 3.75 55 17.5 11 Actual 0.5459 1.701 12.85
Predicted 0.586 1.6931 13.0787
Error % —7.346 0.463 —-1.780
of perturbation and 3D surface plots. The perturbation plots
were used to present the effect of all the parameters with
respect to a center point of the design space. The 3D surface
plot was used to investigate the effect of some significant
interactive terms.
Perturbation
074 ¢ 3.3.1 Powder catchment efficiency

o
o
\

A: laser power
C: carrier gas flow rate
D: stand-off distance

N
~
\

Powder catchment efficiency
S
W
\

0.3

\ \ \ 1
-0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

1
-1.000

Fig. 7 Perturbation plot illustrating the influences of the input variables
on powder catchment efficiency

Fig. 8 CCD images of the
molten pool at the carrier-gas flow
rate of a 10 SCFH and b 20 SCFH

Figure 7 presents the perturbation plots to show the effect of
each processing parameter on the powder catchment efficien-
cy. It could be seen that the laser power had a positive effect on
the powder catchment efficiency, while the carrier-gas flow
rate had a negative effect. Increasing the stand-off distance
until it reached the center value improved the powder catch-
ment efficiency. Then, the powder catchment efficiency
descended as the stand-off distance was continuously in-
creased. A higher laser power generated a larger molten pool
with a higher temperature. More particles were captured and
melted to form the clad. The powder particles that were fed
with a lower carrier-gas flow rate traveled slower in flight and
had a longer interaction time with the laser beam. They were
more likely melted and clung to the clad surface. As seen in
Fig. 8, at a low carrier gas, some of the particles which did
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Fig. 9 Powder flow image

not enter the molten pool remained on the substrate sur-
face. When the substrate was moving, the particles in front
of the molten pool were melted and contributed to the
deposition volume of the clad. At a high carrier-gas flow
rate, the particles with a high traveling speed were bounced
off or blown away by the gas flow. Moreover, too high
carrier-gas flow rate affected the convection of the molten
pool and might cause the irregular surface of the deposited
clad [23]. Figure 9 shows that the two powder flows
converged at around the distance of 10 mm where a max-
imum powder concentration was obtained. The substrate
placed away from the intersection position would decrease
the powder catchment efficiency.

The ANOVA summary shown in Table 4 indicated that the
interactive model term of carrier-gas flow rate and stand-off
distance was significant. Figure 10a and b shows a 3D surface
plot and a contour graph illustrating the effect of carrier-gas
flow rate and stand-off distance on the powder catchment
efficiency. It shows that at a stand-off distance of 10 mm, a
lower carrier-gas flow rate could provide a higher powder

Color points by value of the
powder catchment efficiency:

(a) I 0.715

Powder catchment efficiency

Stand-off distance, mm 9.00

8.00 10.00

Perturbation

217 A laser power B
2 — B: powder feeding rate
C: carrier gas flow rate
c 1.9 — D: stand-off distance
g
= 1.8 4
.20
2 17
<
=
O 1.6 —
1.5 —
1.4 —

T T T T
-0.500 0.000 0.500 1.000
Deviation from Reference Point (Coded Units)

T
-1.000

Fig. 11 Perturbation plot illustrating the influences of the input variables
on clad height

catchment efficiency. A high stand-off distance combined
with a high carrier-gas flow rate would result in a much lower
powder catchment efficiency.

3.3.2 Clad height

Figure 11 presents the perturbation plots to show the effects of
all parameters on the clad height. It could be seen that the clad
height increased with an increase in powder feeding rate. At a
higher powder feeding rate, more particles were injected into
the molten pool, contributing to the height of the clad. The
carrier-gas flow rate and stand-off distance had negative ef-
fects on the clad height. Moreover, the effect of carrier gas was
more significant than the stand-off distance. An increase in the
carrier-gas flow rate would decrease the powder catchment
efficiency, resulting in a lower clad height. The farther the
substrate was placed from the nozzle, the worse convergence
of the powder stream had, and less the portion of powder was
deposited. It was also observed that the clad height was
rapidly increased with an increase in laser power before ap-
proaching the center point of the design space and then

Powder catchment efficiency

11.00 =

10.00 —

9.00 —

Stand-off’ distance, mm

8.00 4 | | | 1 |
10.00 12.00 1400 16.00 18.00 20.00
Carrier gas flow rate, SCFH

Fig. 10 a 3D surface plot and b contour graph of interaction effect of carrier-gas flow rate and stand-oft distance on powder catchment efficiency
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Color points by value of
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4.00 12
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Fig. 12 a 3D surface plot and b contour graph of interaction effect of laser power and powder feeding rate on clad height

descended gradually. An increase of laser power enlarged the
molten pool size that would melt more particles, contributing
to the higher clad. While the laser power surpassed the central
point, the high temperature in the molten pool decreased the

Perturbation
13.2 A
A laser power
B: powder feeding rate
13 — C: carrier gas flow rate D
D: stand-oft distance
B
g 12.8 —
= c c
=]
z
< 126 - B
=
O D
12.4 —
12.2 —
T T T T T
-1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

Fig. 13 Perturbation plot illustrating the influences of the input variables
on clad width
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viscosity of the liquid metal. As a result, the material spread
out and the clad height decreased.

In the ANOVA in Table 5 shown above, the interactive
model term of laser power and powder feeding rate was
significant. Figure 12a and b presents a 3D surface plot and
a contour graph illustrating the effect of the laser power and
powder feeding rate on the clad height. It shows that a large
powder feeding rate combined with a high laser power would
produce a high clad.

3.3.3 Clad width

Figure 13 shows the perturbation plots to illustrate the effects
of all parameters on the clad width. It could be seen that the
clad width increased with an increase in laser power, powder
feeding rate, and stand-off distance. Obviously, the high laser
power generated a larger molten pool. At a higher powder
feeding rate, more particles were injected into the molten pool
and the molten pool overflowed. As a result, the clad width
was increased. The effect of the stand-off distance on the clad
width was related to the convergence of the powder flow and

Clad width, mm
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Fig. 14 a 3D surface plot and b contour graph of interaction effect of laser power and carrier-gas flow rate
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Fig. 15 a 3D surface plot and b contour graph of interaction effect of laser power and stand-off distance on clad width

the interaction between the powder flow and the laser beam.
The clad width was almost kept constant at different carrier-
gas flow rates.

In the ANOVA in Table 6 shown above, the interactive
model terms of laser power and carrier gas, as well as laser
power and stand-off distance were significant. Figure 14a and
b presents a 3D surface plot and a contour graph illustrating
the effect of laser power and carrier gas on the clad width. It
shows that a high laser power combined with a large carrier-

Table 8 Optimization criteria used in this study

Parameter or response Criteria Limits Importance
Lower Upper
LP, kW Isin range 3 4 3
PE, g/min Is in range 40 60 3
CG, SCFH Isin range 10 20 3
SD, mm Is in range 8 12 3
Powder catchment efficiency Maximize 0.284 0.715 5
Clad height, mm Maximize 0.692 2289 5
Clad width, mm Maximize 11.491 13.745 3

gas flow rate would produce a wide clad. Figure 15a and b
presents a 3D surface plot and a contour graph illustrating the
effect of laser power and stand-off distance on the clad width.
It shows that a high laser power combined with a large stand-
off distance would increase the clad width.

3.4 Optimization and confirmation

The desirability function approach is one of the most widely
used methods in industry for the optimization of processing
parameters with multiple responses [24]. The general ap-
proach of the desirability function is to transfer each response
into a desirability function D bounded between 0 and 1. In the
current study, a maximum requirement is set for powder
catchment efficiency, clad height, and clad width. Hence, the
desirability function can be defined as follows [24]:

0 i 106 i
D) = (L) it fan s ) e ®)
T if £ (59) 2 o

Table 9 Optimal solutions as obtained by Design Expert V8 based on the criteria

Number LP, kW  PF, g/min CG,SCFH SD,mm  Powder catchment efficiency  Clad height, mm  Clad width, mm  Desirability
1 4 59.99 10 11.06 0.715 2.200 13.547 0.952
2 4 60 10 11.1 0.714 2.202 13.548 0.951
3 3.99 60 10 11.04 0.715 2.203 13.533 0.951
4 4 60 10 10.95 0.720 2.193 13.548 0.950
5 3.97 60 10 11.01 0.715 2.207 13.511 0.950
6 4 60 10.12 11.01 0.715 2.190 13.548 0.949
7 3.98 60 10 1091 0.719 2.199 13.517 0.948
8 4 60 10.23 10.95 0.715 2.180 13.548 0.947
9 4 59.33 10 11.06 0.715 2.186 13.525 0.946
10 3.94 59.97 10 10.93 0.715 2215 13.459 0.946
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Fig. 16 Cross section of the clad deposited under the optimal operative
conditions

where fi.in 1s the lower value, f;,.« 1s the upper value, and r is a
weight to indicate the shape of the desirability function. De-
sirability of the response increases when value of the response
approaches the desired target. To determine the optimal ex-
perimental condition for HPDDL cladding, Design Expert V8
was utilized for the optimization operation. Table 8§ summa-
rized the optimization criteria of the multiple responses.

The most desirable experimental conditions were listed in
Table 9. It can be seen that the ranges of the most desirable
processing parameters are laser power from 3.94 to 4 kW,
powder feeding rate from 59.33 to 60 g/min, carrier-gas flow
rate from 10 to 10.23 standard cubic feet per minute (SCFH),
and stand-off distance from 10.91 to 11.1 mm. In order to
validate the optimal operative conditions, the experiment was
performed at the parameters of LP=4 kW, PF=60 g/min,
CG=10 SCFH, and SD=11.1 mm. The cross section of the
clad was shown in Fig. 16, and the results were listed in
Table 10. It proves that using the optimal parameters the clad
with desirable requirements could be obtained. Moreover, the
measured results were found in good agreement with the
predicted values.

4 Conclusions

The current study mainly involves the statistical analysis and
optimization of processing parameters in laser cladding of Fe-
based powder using HPDDL. Several conclusions can be
drawn as follows:

(1) The empirical relationships were developed to predict
the powder catchment efficiency as well as the clad
height and width using RSM. The predicted values
agreed well with the experimental results.

Table 10 Difference between the actual and predicted results under
optimal operative conditions

Source Powder catchment ~ Clad height, mm  Clad width, mm
efficiency

Actual 0.679 2.354 13.521

Predicted 0.714 2.202 13.548

Error % =5.15 6.46 -0.02

(2) According to the results of ANOVA tables, the carrier-
gas flow rate had the most significant effect on the
powder catchment efficiency. The powder feeding rate,
carrier-gas flow rate, and interaction of the carrier gas
and stand-off distance were the most significant factors
affecting the clad height. The laser power was the most
effective factor affecting the clad width.

(3) The desirability optimization results show that the pro-
cessing parameters of laser power from 3.94 to 4 kW,
powder feeding rate from 59.33 to 60 g/min, carrier-gas
flow rate from 10 to 10.23 SCFH, and stand-off distance
at 10.91 to 11.1 mm were the optimal setting to obtain
the high powder catchment efficiency, and large clad
height and width. The obtained results could be of a great
interest to the uses of high-power laser cladding process.
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