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Abstract Laser cladding is a novel additive manufacturing
and surface treatment process associated with many interac-
tive process parameters. Using the response surface method
with a central composite design, a structured design of exper-
iments approach was chosen to examine the influence of se-
lected process parameters on the bead geometry and hardness
for single-track laser-cladded specimens using AISI 420 stain-
less steel powder on a AISI 1018 substrate. In the present
study, robust predictive models for hardness, bead aspect ra-
tio, and wetting angle with the substrate were determined
using multiple regression analysis. The geometry and hard-
ness relationships to the process inputs were evaluated using
F-statistics from the analysis of variance and compared by
utilizing perturbation plots, 3D surface mapping, and contour
plots. The highly coupled non-linear relationships are evident
from these analyses, but this study revealed that the laser
speed has the most significant effect on the bead microhard-
ness and the powder feed rate was found to be the most sig-
nificant parameter for these bead geometry parameters. The
perturbation plots confirmed this sensitivity of those process

parameters. This research study gives a guideline for the se-
lection of appropriate process parameters for the laser clad-
ding process to achieve desired hardness and bead geometry.

Keywords Predictivemodeling . Laser cladding . Bead
geometry .Microhardness . ANOVA

1 Introduction

Laser cladding (LC) is one of the potential additive
manufacturing (AM) processes for fabricating a metallic
near-net shape 3D part, layer by layer directly from the
CAD file. Its usage is also growing as a protective coating
solution to repair the worn surfaces of engine parts and tools
by depositing a high-quality coating. A laser is used as a heat
source tomelt the depositingmetallic powder (or wire) and the
outer part of the substrate [1]. A high-power diode laser beam
used in this process can be tailored to a variety of industrial
applications with a small to big spot size (less than 1 to
7.2 mm) with localized and minimal heat input [2]. The supe-
rior mechanical properties of laser-cladded parts and the ho-
mogenous metallurgical bond with a low dilution and heat-
affected zone (HAZ) in the substrate make the LC technology
an attractive process for both cladding and AM.

The mechanical and physical properties of laser-cladded
parts are partially dependent on the process parameters asso-
ciated with the LC process, and they are largely unknown.
Understanding these relationships is essential in developing
robust process solutions which are minimally affected by the
external sources of variability [3].

As summarized in Table 1, the main process parameters
explored by researchers include (but are not limited to): the
laser power (LP), the powder feed rate (FR), the laser scanning
speed (LS), the lens focal length (FL), and the distance
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between the contact tip to the workpiece (CTD). Additional
input parameters, such as the powder grain sizes, surface nor-
mal to torch angle, etc. are described in Urbanic et al. [4].
Several experimental design methodologies [2, 5–16] are pro-
posed by researchers to examine the statistical relationships
between the process parameters and their impact on the bead
geometries and mechanical properties. Those researchers have
reported the use of design of experiments and process param-
eters optimization using full factorial design, Taguchi design,
and the response surface method (RSM) with a central com-
posite design.

Parisa Farahmand and Radovan Kovacevic [2] used a cen-
tral composite design (CCD) with the RSM for the multi-
objective optimization for cladding with AISI H13 using the
process parameters LP, FR, and LS on the clad bead geometry
and clad microhardness. They found that the FR and LS had a
significant effect on the clad height, the heat affected zone
(HAZ) depth, and the clad microhardness.

Yuwen Sun et al. [5] employed the CCD and RSM to build
a mathematical model. They examined the influence of the LP,
LS, and FR on the cladding-bead geometry of Ti6Al4V clad-
ding on a TC4 substrate, but they did not assess hardness.
They used the ANOVA method to establish relationships be-
tween the process parameters and the output responses. Their
analysis indicated that the FR had a significant effect on the
width and height of cladding coating, while LS had the most
significant effect on the penetration depth.

Shuang Liu and Radovan Kovacevic [10] investigated the
effects of the main processing parameters such as the LP, FR,
the carrier gas flow rate, and the stand-off distance on the
output results of powder catchment efficiency and the clad
geometry. They also used the RSM with a CCD to find out
the statistical relationships and optimal processing parameters.
They found that the carrier gas flow rate had the most signif-
icant effect on the powder catchment efficiency. The FR,

carrier gas flow rate, and interaction of the carrier gas and
stand-off distance were the most significant factors affecting
the clad height, while the LP was the most effective factor
affecting the clad width.

Hyoung-Keun Lee [17] used the Taguchi Method to max-
imize the deposition efficiency in the cladding of Co alloy
powder. He found that the powder feed position had the most
significant effect on the deposition efficiency. Graf et al. [18]
used a full-factorial design to determine the effect of process
parameters on the bead geometry of laser metal deposition of a
Nickel-based superalloy René 80. Saqib et al. [6], Urbanic
et al. [8], and Aggarwal et al. [12] performed similar analyses
using RSM and CCD along with an artificial neural network
to establish statistical model and relationship between bead
geometry (width, height, penetration, and dilution) and the
main process parameters for laser-cladded AISI 420 stainless
steel. The present study used all five process parameters in-
cluding the FL and CTD, which are shown in Fig. 1.

Most of the researchers have focused on the bead geometry
when developing predictive models. However, two important
characteristics of bead geometry, namely the aspect ratio of the
bead (width-to-height ratio and depth of penetration to bead
width ratio) and the bead wetting angle, have not been investi-
gated. Also, there is a lack of research on the statistical relation-
ships between the process parameters and the bead microhard-
ness. The clad geometry functional characteristics must be con-
sidered in tandem with the bead geometry for effective process
planning solutions. The current authors investigated [19] pre-
dictive modeling approaches for microhardness by using a sim-
ple multiple regression for a narrow set of parameters and ex-
perimental settings by perturbing one factor at a time around a
central set point. However, the model was not expandable for a
wide range of process parameter settings. For process planning,
quadratic models need to be developed for the large set of
variables involved in the laser cladding process.

Table 1 Summary of literature review

Author reference Materials/process DOE strategy Expt. factors Output variable

Farahmand et al. [2] H13/LC RSM/CCD LP, FR, LS Bead geometry, hardness

Yuwen Sun et al. [5] Ti6Al4V/LC RSM/CCD LP, FR, LS Bead geometry

Onwubolu et al. [9] Diamalloy’02/LC RSM LP, FR, LS clad angle

Shuang Liu et al. [10] Fe-based alloy
(CrMoNiCFe)/LC

RSM/CCD LP, FR, CGFR, SOD Powder catchment efficiency,
clad geometry

Hyoung Lee [17] Co alloy powder/LC Taguchi SGT, LPS, FR, LS, PFA, PFP, FP Deposition efficiency

Benjamin Graf et al. [18] René 80 (Ni)/LC Full factorial LP, SD, LS, FR Bead geometry

Urbanic et al. [6, 8, 12] 420 St. steel/LC RSM/CCD FR, LP, FL, LS, CTD Bead geometry

Mondal et al. [13] NiCrMo Alloy/LC Taguchi FR, LP, LS Bead Geometry

LC laser cladding, DOE design of experiments, RSM response surface methodology, CCD central composite design, CTD contact tip to workpiece
distance,CGFR carrier gas flow rate, FR powder feed rate, FL focal length of the Lens, FP focal position of a laser beam, LP laser power, LS laser speed,
LPS laser pulse shape, PFA powder feed angle, PFP powder feed position, SD spot diameter, SGT shielding gas type, SOD stand-off distance
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The present research targets laser-cladded AISI 420 stainless
steel for single-track beads. The application of 420 stainless steel
is increasing as one of the potential alloys for laser cladding
additive fabrication. Unlike other stainless steels, the properties
of this stainless steel can be changed by heat treatment [20].
Hence, these steels are generally used for a wide range of appli-
cations such as steam generators, pressure vessels, mixer blades,
cutting tools, and medical applications. Moreover, it provides
excellent wear resistance and high surface hardness required
for the die and tool repair when coated by laser cladding [21].

In this paper, the RSM is applied using the CCD to establish
the experimental conditions. F-statistics from the analysis of
variance (ANOVA), perturbation plotting, surface mapping,
and contour plotting methods are employed to investigate the
statistical correlations among the process parameters, bead ge-
ometry, and the bead microhardness. Quantitative and qualita-
tive analyses are performed to illustrate the non-linear influence
of the laser cladding process. The long-term goal of this re-
search is to develop process planning strategies for the additive
manufacturing process to fabricate a component with the de-
sired geometry and physical characteristics. This research will
help to predict the bead aspect ratio as the width can be easily
measured (i.e., with a camera control system), while functional
characteristics such as hardness can easily be correlated to the
strength of laser-cladded AISI 420 stainless steel [22, 23].

2 Research methodology

The methodology for the experimentation strategy, data col-
lection, and simulations is presented in this section. The pro-
cess flow for the overall research plan is illustrated in Fig. 2,
showing the various experimentation, simulation, and analysis
aspects. This paper focuses on the statistical analyses ele-
ments, which are presented in section 3.

2.1 Design of Experiments (DOE)

The statistical software Design-Expert Version 10 was
employed to configure the experiments using the response
surface methodology with a CCD. It is hypothesized that the
CCD approach can provide the necessary information related
to the process parameters and their interactions on the re-
sponse variables (e.g., microhardness, bead geometry) over a
wide range of process settings. This design approach is also
readily expandable, if necessary. A five-factor, five-level de-
sign matrix was established at a half fraction and an alpha
value of 2, with 3 replicates of the factorial and the axial
points, and 18 replicated central points. The CCD approach
provides 96 experimental runs (18 central points and 78 non-
central points) in contrast to a full-factorial DOE approach,
which would require 55 experiments [24]. The experimental
configuration and codes are shown in Table 2.

2.2 Laser cladding experiments

The experiments were performed at an industrial facility using
a 4-kW fiber diode laser coupled to an articulated robotic arm,
on a 6.4-mm flat bar of medium carbon steel substrate. The

Fig. 2 Procedure of the experimentation, simulation, validation, and
research outputs

Fig. 1 Laser cladding
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powder density of the stainless steel was 4.37 g/cm3 with a
53–180 μm grain size [21]. The chemical composition of the
alloy powder is shown in Table 3.

A high-power laser beam was focused on the substrate
materials to generate a molten pool, while the AISI 420 stain-
less steel metal powder was injected simultaneously into the
focal area of the laser through coaxial nozzles with flowing
argon gas. The argon gas serves as a shield to protect the
molten pool from oxidation. A series of the single beads were
cladded on the substrate with different processing parameters
(Table 2) [21].

2.3 Light optical microscopy and measurement of bead
geometry

The metallographic work such as grinding and polishing of
the cross-sectional samples was done manually as per the
Struers application notes for the stainless steel materials
[25]. The microscopy observations were made using a Leica
Q5501W light microscope. The bead width, height, and depth
of penetration were measured using Image-Pro Plus software
as per the bead geometry shown in Fig. 3a. The bead width-to-
height ratio, the penetration depth-to-the bead width ratio, and
the bead wetting angle are calculated based on the measured
bead geometry.

2.4 Measurement of bead microhardness

A Buehler microhardness tester was used to measure the bead
microhardness (Vickers) using a load of 200 g and a loading
time of 12 s. The measurements were performed at the center
of the bead at a 100-μm interval from the top of the bead, and
through the dilution and HAZ, and part of the substrate mate-
rials. Two measurements were performed at a 250-μm dis-
tance, from each side of the first indentation set (Fig. 3a)
[21]. The average hardness values were measured from these
three measurements. This generated 5–8 values per bead. This
set of averaged hardness values from the center line is used to
generate a baseline set for the finite element analysis (FEA)
simulation models. This experimental microhardness data is

collected from a selected set of experiments. The balance of
the data is generated from simulation results, as the FEAmod-
el results correlate well to the collected hardness data.

2.5 Simulation of bead microhardness

The LC simulationwas performedwith the finite element (FE)
software, SYSWELD. This simulation solution considers the
variable thermal and mechanical properties of the cladded and
substrate materials along with the metallurgical reactions. The
nodal temperatures and phase transformations are calculated
in a coupled thermal-metallurgical-mechanical analysis. The
thermo-physical properties depend on the temperature and the
metallurgical proportions of each phase. Information on the
heat source, boundary conditions, governing thermal equa-
tions, mesh, and convergent studies for the simulation and
the model goodness of fit for single and overlapping beads
are provided in the current authors’ earlier study [26–28].
Similar analytical model of laser cladding by power injection
is also found in the study of Toyserkani et al. [29] and Fu. Y.
et al. [30].

Experimental hardness data from a wide variety of bead
shapes are used to validate the model. Figure 1b depicts the
simulated hardness variation data from the top of the bead to
the HAZ in the substrate. The simulation hardness data and
the experimental data are found to have a good agreement

Table 2 Process parameters and
coding Factors Units Notations Coding and values of Factors

−2 −1 0 1 2

Powder feed rate (FR) gm/min FR 10 15 20 25 30

Laser power (LP) kW LP 1 2 2.5 3 4

Focal length of lens (FL) mm FL 380 390 400 410 420

Laser speed (LS) mm/s LS 5 7.5 10 12.5 15

Contact tip to

workpiece distance (CTD)

mm CTD 21 22 23 24 25

Table 3 Chemical composition of the cladding powder (420 stainless
steel)

Chemical elements Percentage of composition (%)

Carbon 0.23

Manganese 1.2

Chromium 12.6

Silicon 0.5

Iron Balance

Cobalt 0.02
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(Fig. 1c); consequently, simulation data is used along with the
average measured hardness values.

2.6 Predictive modeling

The experimental and simulation data are utilized to develop
statistical-based predictive models. The analysis of variance
(ANOVA) technique was utilized for finding the statistically
significant process parameters and their interactions. To de-
velop the relationship between various processing parameters
and the corresponding response variables, a second-order re-
gression model was used to fit the experimental data, as de-
scribed in Eq. (1):

y ¼ β0 þ ∑
k

j¼1
β jx j þ ∑

k

i; j¼1
βijxix j þ ∑

k

j¼1
βjjx j

2 þ ϵ……………………… ð1Þ

Where y is the predicted response value for this quadratic
model with β0 as the y-intercept and βj, βij, and βjj are the
regression coefficient of linear, interaction, and quadratic
terms; xj is the processing parameter; k is the number of fac-
tors; and ε is the associated error.

When considering the effects of five process parameters
associated with the LC process, Eq. (1) can be re-written as:

y ¼ β0 þ β1
*FRþ β2

*LPþ β3
*FLþ β4

*LSþ β5
*CTD

þβ12
*FR*LPþ β13

*FR*FLþ β14
*FR*LSþ β15

*FR*CTD

þβ23
*LP*FLþ β24

*LP*LSþ β25
*LP*CTDþ β34

*FL*LS

þβ35
*FL*CTDþ β45

*LS*CTDþ β11* FRð Þ2 þ β22* LPð Þ2

þβ33* FLð Þ2 þ β44
* LSð Þ2 þ β55 CTDð Þ2…………………::

ð2Þ

Where.

FR Power feed rate
LP Laser power
FL Focal length of lens
LS Laser speed
CTD Contact tip to workpiece distance

The multiple regression results were utilized to predict the
optimal settings and to create a final model equation for the
respective responses as per Eq. 2.

Fig. 3 a A cross-sectional bead sample showing the bead geometry (W
width, H height, D depth of penetration, α wetting angle), dilution zone
(diffusion between clad and substrate), heat affected zone, substrate, and

the hardness measurement lines. b FEA model for a single bead laser
cladded sample. c Comparison of hardness profile of experimental
results with the simulated result for a single bead sample
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3 Results and discussions

3.1 Multiples regression analysis

The ANOVAmethod was used to trace the significant process
parameters and their interactions effect on the predicted re-
sponses. The key results for the ANOVA outcomes are pre-
sented in Table 4. The overall regression model for bead W/H
ratio, bead D/W ratio, bead angle, and bead microhardness are
found to be significant with an F-value of 43.36, 41.17, 32.13,
and 65.98, respectively, with a P value of 0.0001. There is
only a 0.01% chance that such a large F value could occur
due to noise. Usually, values of “Prob > F” being less than
0.05 indicate that the model terms are significant at a 95%
confidence level [31].

The R-squared values for all the models are between 0.90
and 0.95 (Table 4). This means approximately 90–95% of the
variability of the response values are accounted for with Eq.
(2). However, to understand how close these data are fitted to
the regression line or how well the quadratic model fits those
set of observations, two additional types of R-squared values

are calculated: the Adjusted R-squared (between 0.87 and
0.94) and predicted R-squared values (between 0.85–0.91).
Both sets of values are in reasonable agreement with each
other as the differences between each set of adjusted and pre-
dicted R-squared values is less than 0.2 [31]. It is to be noted
that the adjusted R-squared provides an unbiased estimate of
the population R-squared.

Table 5 summarizes the most significant factors in the pre-
dictive models. Figure 4 illustrates the significance of the pro-
cess parameters (linear term) on the predictive responses as
per their rank based on the F-statistics. It is revealed that the
FR is the most significant process parameter for the bead
aspect ratio and wetting angle, while LS is most significant
for the bead microhardness. Similar observations were report-
ed by Farahmand et al. [2] and Yuwen Sun et al. [5]. Though
the FL is the most insignificant process parameter for the bead
geometric characteristics, it has a significant effect on the bead
microhardness. Most interestingly, the LP is found to be less
significant despite being a prime input for melting the alloy
powder and substrate. It is believed to be due to fact that the
melt pool saturation temperature could be attained at a much

Table 5 Most significant factors on the bead geometry and bead microhardness

Most significant factors on the bead geometry and bead microhardness
(Based on ANOVA, F statistics)

Ranking #
parameters

Bead geometry Bead microhardness

w/h ratio D/W ratio Wetting angle

Linear Interaction Quadratic Linear Interaction Quadratic Linear Interaction Quadratic Linear Interaction Quadratic

1 FR FR*LS FR2 FR FR*LS FR2 FR FR*LP FR2 LS FR*LS CTD2

2 LS FL*CTD CTD2 LS FL*CTD CTD2 LS FL*CTD CTD2 FL LP*FL LS2

3 CTD LS*CTD LS2 CTD LS*CTD LS2 LP LS*CTD LP2 FR LP*CTD LP2

4 LP FR*LP LP2 LP FR*LP LP2 CTD LP*LS LS2 LP FL*CTD FL2

5 - FL*LS FL2 – FL*LS FL2 – – FL2 CTD FL*LS FR2

FR powder feed rate, LP laser power, LS laser speed, CTD contact tip to workpiece distance,

FL focal length of lens, W/H width-to-height ratio, D/W depth of penetration-to-width ratio

Table 4 Analysis of variance (ANOVA) results for multiple responses

Model Sum of
squares (SS)

Degree of
freedom (df)

Mean square
(MS)

F value p value R-
squared
value

Adj. R-Sqd.
value

Pred. R-
Sqd. value

Responses Regression Residuals Regression Residuals Regression Residuals Prob > F

Bead W/H ratio 215.79 17.2 20.0 69.0 10.79 0.25 43.4 0.0001 0.93 0.90 0.88

Bead D/W ratio 0.22 0.02 20.0 69.0 0.01 2.6 × 104 42.2 0.0001 0.92 0.90 0.87

Bead wetting angle 2514.93 270.02 20.0 69.0 125.8 3.91 32.1 0.0001 0.90 0.87 0.85

Bead
microhardness

3.6 × 105 18,823.5 20.0 69.0 18,000 272.80 66.0 0.0001 0.95 0.94 0.92
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lower range of power (1000–2500 W). Therefore, more than
2500 kW of LP is a waste and does not have any significant
effect [19]. More details on the individual effect of those pro-
cess parameters and their interactions are discussed in
Section 3.2.1.

3.1.1 Development of predictive models

Based on the coefficient estimates of RSM multiple regres-
sion shown in Table 6, the final regression equation for the

predictive models of the bead W/H ratio, D/W ratio, bead
wetting angle, and bead microhardness are expressed in
Eqs. 3, 4, 5, and 6. These regression coefficients represent
the expected change in response variables per unit change
in factors when all remaining factors are held constant. The
coefficients for each of the factors indicate the amount of
change one could expect in the response output given a
one-unit change in the value of that factor at a constant
value for all other factors in the model. For example, if
FR is considered as a factor, then an increase of 18.51 in
the microhardness value for every one-unit increase in FR
is expected, keeping all other factors in the model Eq. 6
constant.

Bead
W
H

Ratio ¼ 4:08−1:2*FRþ 0:38*LP−0:075*FLþ 0:73*LS

þ0:35*CTDþ 0:15*FR*LP−0:083* FR*FL

−0:5*FR*LS þ 0:033*FR*CTD−0:094*LP*FL

−0:1*LP*LS þ 0:13*LP*CTDþ 0:15*FL*LS

−0:22*FL*CTD−0:15*LS*CTDþ 0:53* FRð Þ2

þ0:28* LPð Þ2 þ 0:19* FLð Þ2 þ 0:23* LSð Þ2

þ0:28* CTDð Þ2

ð3Þ

Table 6 Estimated coefficients
for complete quadratic models Coefficients estimate Response outputs

Bead W/H ratio Bead D/W ratio Bead wetting angle Bead microhardness

Intercept 4.08 0.0870 26.3 615.53

β1 −1.2 −0.0280 4 17.14

β2 0.38 0.0420 −1.5 20.19

β3 −0.075 −0.0019 0.15 25.61

β4 0.73 −0.0210 −2.62 33.14

β5 0.35 −0.0023 −1.26 7.08

β12 0.15 −0.0016 −1.04 8.58

β13 −0.083 0.0025 0.12 13.25

β14 −0.5 0.0086 0.51 −16.67
β15 0.033 −0.0029 −0.45 5.46

β23 −0.094 −0.0050 0.43 −15.83
β24 −0.1 −0.0014 0.87 −0.83
β25 0.13 −0.0070 −0.45 15.46

β34 0.15 −0.0014 −0.51 14.08

β35 −0.22 −0.0035 0.94 −15.21
β45 −0.15 0.0062 0.89 −11.46
β11 0.53 0.0030 −1.27 8.13

β22 0.28 0.0061 −1.2 −19.11
β33 0.19 −0.0037 −0.69 19.01

β44 0.23 0.0039 −0.75 17.8

β55 0.28 0.0044 −1.25 31.76

Fig. 4 Significance of process parameters on the predicted Bead
geometry and bead microhardness
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Bead
D
W

Ratio ¼ 0:087−0:028*FRþ 0:042*LP−1:9� 10−3
*
FL

−0:021*LS−2:35� 10−3
*
CTD−1:59� 10−3

*
FR*LP

þ2:55� 10−3
*
FR*FLþ 8:61� 10−3

*
FR*LS−2:89

�10−3
*
FR*CTD−5:04� 10−3

*
LP*FL−1:38

�10−3
*
LP*LS−7:0� 10−3

*
LP*CTD−1:44

�10−3
*
FL*LS−3:46� 10−3

*
FL*CTDþ 6:23

�10−3
*
LS*CTDþ 3:02� 10−3

*
FRð Þ2 þ 6:1

�10−3
*
LPð Þ2−3:74� 10−3

*
FLð Þ2 þ 3:89

�10−3
*
LSð Þ2 þ 4:37� 10−3

*
CTDð Þ2

ð4Þ

Bead Wetting Angle ¼ 26:3þ 4:0*FR−1:5*LP þ 0:15*FL

−2:62*LS−1:26*CTD−1:04*FR*LP

þ0:12*FR*FLþ 0:51*FR*LS−0:45*FR*CTD

þ0:43*LP*FLþ 0:87*LP*LS−0:45*LP*CTD

−0:51*FL*LS þ 0:94*FL*CTDþ 0:89*LS*CTD

−1:27* FRð Þ2−1:2* LPð Þ2−0:69* FLð Þ2

−0:75* LSð Þ2−1:25* CTDð Þ2

ð5Þ

Microhardness ¼ 620:36þ 18:51*FRþ 2:88*LP þ 23:85*FL

þ31:76*LS þ 8:46*CTDþ 10:65*FR*LP

þ11:19* FR*FL−18:73*FR*LS þ 7:52*FR*CTD

−17:90*LP*FL−2:90*LP*LS þ 17:52*LP*CTD

þ16:15*FL*LS−17:27*FL*CTD−13:52*LS*CTD

þ3:31* FRð Þ2 þ 4:10* LPð Þ2 þ 14:77* FLð Þ2

þ12:97* LSð Þ2 þ 26:93* CTDð Þ2

ð6Þ

Where.

FR Power feed rate
LP Laser power
FL Focal length of lens
LS Laser speed
CTD Contact tip to workpiece distance

3.1.2 Validation of the developed models

Figure 5 shows the residuals vs. predicted values of the mul-
tiple regression for all models. There is no strong curvature or
clusters or unequal variation observed in the distribution of

Fig. 5 Residual vs. predicted
value of data points
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Fig. 6 Actual value vs. predicted
value of microhardness

Fig. 7 Perturbation plots
showing the effect of all
processing parameters on the
predicted responses. (curves AA,
BB, CC, DD, and EE represent
FR, LP, FL, LS, and CTD,
respectively)
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data that may indicate problems with the regression models.
Data points fall randomly on both sides of the zero line. No
outlier residuals are observed outside of the two red lines. This
indicates that there is no problem with the residuals and pre-
dicted responses. Since the number of data points was large
and the residuals are normally distributed, the significant re-
lationship between the process parameters and the output re-
sponses indicated by the p value is accurate.

Based on Eqs. 3–6, the predicted value of the bead W/H
ratio, D/W ratio, bead wetting angle, and bead microhardness
are calculated for the coded value of the process parameters
and depicted in Fig. 6. These graphs illustrate that the models
are well fitted with the experimental and regression results.
For instance, 100% of the predicted microhardness values
are found within a 0 ± 4% error, where 80% response is within
a 0 ± 2% error. Similarly, 83% of the predicted response of
bead aspect ratio is found to be within a ± 10% error.

3.2 Relative effects of the process parameters
on the predictive responses

The determination of the relative effects of the process vari-
ables is an important aspect of multiple regression analysis.
The relative importance and the relative effects of the main

process parameters (factors) and their interactions are ranked
based on their respective F-statistics (Table 5). Since F-statis-
tics measures the variations of the sum of squares, more var-
iations come from the more sensitive or more significant fac-
tors [32]. However, F-statistics cannot illustrate the effect of
individual process parameters and their interaction on the re-
sponse outputs. Therefore, perturbation plots are created to
explain the relative effect of the individual process parameters,
while 2D contour plots and 3D surface plots are created to
explain the interactions of those process parameters on the
response outputs.

3.2.1 Individual effect analyses

Figure 4 illustrates the relative importance and significance
level of the individual process parameters on the respective
predictive responses. However, their detailed effects are illus-
trated by the perturbation plots shown in Fig. 7. These plots
also compare the significant effects of all the factors at a par-
ticular point in the design space for their respective models.
The predicted responses are plotted against the coded factors
by changing only one factor over its range while holding all
the other factors constant. The reference point is set to the
experimental configuration midpoint.

Fig. 8 a 2D contour plot and b
3D response surface plot show the
interaction effect of powder flow
rate (FR) and laser speed (LS) on
the bead width to height ratio

Fig. 9 a 2D contour plot and b
3D response surface plot show the
interaction effect of focal length
of the lens (FL) and contact tip to
workpiece distance (CTD) on the
bead width-to-height ratio
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In Fig. 7, the curves AA (FR), BB (LP), DD (LS), and EE
(CTD) have large curvatures, which indicates that the related
process parameters are very sensitive to the respective re-
sponse in their respective model. The curve CC (FL) shows
a relatively flat line in Fig. 7a–c indicating that the FL is truly
insensitive to its respective responses. The curve EE also
shows a flat line in Fig. 7b, indicating its (factor CTD) insen-
sitivity to the D/W ratio.

Figure 7 a and b shows that the FR curve AA has the
highest negative effect on the bead W/H and D/W ratios com-
pared to any other factors. However, the FR has the highest
positive effect on the bead wetting angle, as shown in Fig. 7c,
which is logical. The AA curve in Fig. 7d shows that FR has a
mild positive effect on the bead microhardness.

Figure 7b shows that the LP curve BB has the highest
positive effect on the D/W ratio, which is realistic as more
laser power will increase the penetration depth. The LP (curve
BB) also shows the mild effect on the beadW/H ratio (Fig. 7a)
and a mildly negative effect on the bead wetting angle (Fig.
7c). Curve BB has a shallow convex shape for the bead mi-
crohardness in Fig. 7d, so its influence is situation dependent.

The curve DD in Fig. 7d shows that the LS has a very
positive effect on the bead microhardness. Interestingly, this
finding is strongly supported by the earlier study done by the
current authors [21, 33] using different analysis techniques. It
was found that at a higher laser speed, a higher residual stress
generated due to higher cooling rate during solidification of
the laser-cladded sample. Consequently, a very fine martens-
itic matrix along with eutectic delta ferrite and carbide phases
(e.g., Cr23C6) contributed for the higher hardness in the bead
zone [33].

The curve DD in Fig. 7a shows that the LS has a positive
effect on the beadW/H ratio. However, it has a negative effect
on the D/W ratio (Fig. 7b) and the bead wetting angle (Fig.
7c). On the other hand, it is observed that the FL curve CC
does not show any significant effect on the bead geometry
(W/H ratio, D/W ratio, and bead wetting angle), but there is
a concave curve for the bead microhardness (Fig. 7d). Similar
to the LP, this parameter’s influence is situation dependent.

The curve EE shows that CTD has a positive effect on the
bead W/H ratio (Fig. 7a), while a negative effect on the bead
wetting angle (Fig. 7c). However, it does not show a signifi-

Fig. 11 a 2D contour plot and b
3D response surface plot show the
interaction effect of laser power
(LP) and contact tip to work
distance (CTD) on the depth of
penetration to bead width ratio

Fig. 10 a 2D contour plot and b
3D response surface plot show the
interaction effect of powder flow
rate (FR) and laser speed (LS) on
the depth of penetration-to-bead
width ratio
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cant effect on the D/W ratio despite showing both positive and
negative effects on the bead microhardness. The trends ob-
served in all those curves are elaborated in Section 3.2.3.

3.2.2 Two-factors interaction effect analyses

Selected two-factor interaction effects are depicted in the 2D
contour plots and 3D surface mapping plots in Figs. 8, 9, 10,
11, 12, 13, 14, 15, 16, and 17. The plots are non-linear and
asymmetric and include saddle surfaces. There is a strong
interaction effect of FR and LS on the bead W/H ratio (Fig.
8) and a moderate interaction effect of FL and CTD on the
same response output (Fig. 9). Both figures illustrate an asym-
metric concave response surface. The FR influence on the
D/W ratio depends on the LS (Fig. 10). Both the magnitude
and direction are in variety, as can be seen by the surface twist.
The influence of the LP has also impacted the CTD values.
The smaller the CTD value (a shorter distance) and the higher
the power, the greater the D/W ratio, which is realistic. The
interaction effects of the FR and LP and FL and CTD, on the
bead wetting angle, generates convex surfaces (Figs. 12 and

13). Noticeable asymmetry can be observed with the FR and
LP relationships.

The two-factor relationships for the microhardness are
more complex. In Fig. 14, at the minimum FR and LS
values, the lowest hardness results. Changing either or both
increases the hardness. A saddle surface is generated when
evaluating the LP and FL and the LP and CTD (Figs. 15
and 16). Figure 15 shows that bead microhardness in-
creases at a higher FL with a medium LP setting and de-
creases at the interaction of both at their lower values,
while Fig. 16 shows that microhardness increases at both
extremely high and extremely low value of LP and CTD
compared to the average central value. These surfaces
clearly illustrate the difficulty in developing predictive
models that can capture the process variation effects. For
the FL and CTD interaction, a concave surface, with lim-
ited asymmetry, is generated. The contours of the predicted
response are almost concentric circles. The predicted bead
microhardness is found unchanged in an increasing manner
as the interaction of the FL and CTD is rotated about the
center (0,0). This rotatability is a rational basis for the
selection of a response surface design [3].

Fig. 12 a 2D contour plot and b
3D response surface plot show the
interaction effect of powder flow
rate (FR) and laser power (LP) on
the bead wetting angle

Fig. 13 a 2D contour plot and b
3D response surface plot show the
interaction effect of focal length
of the lens (FL) and contact tip to
work distance (CTD) on the bead
wetting angle
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3.2.3 Quadratic effect analyses

The perturbation plots, as well as the contour and surface plots,
are used to portray the actual quadratic effect by adding signifi-
cance level of curvature on the individual curve and 2FI surfaces.

As can be seen in Fig. 7d, the curve EE (relating to factor
CTD) has the highest curvature compare to all other factors on
the respective responses showing the highest quadratic effect
of CTD on the bead microhardness. On the other hand, the
curve CC (relating to factor FL) is found to be relatively flat in
Fig. 7a–c, which indicates that the FL has the least quadratic
effect on the D/W ratio (Fig. 7b),W/H ratio (Fig. 7a), and bead
wetting angle (Fig. 7c). Interestingly, all factors show a con-
cave relationship with the bead W/H ratio (Fig. 7a), a convex
relationship with the bead wetting angle (Fig. 7c), a combina-
tion of concave and convex relationship with the bead micro-
hardness (Fig. 7d), and a combination of concave, convex,
and almost flat (least quadratic effect), relationship with the
D/W ratio (Fig. 7b). These trends are summarized in Table 7.

Similarly, when those quadratic effects are applied on the
2D contour plots and 3D surface plots, they may create a

minimum, maximum, or a saddle point response surface.
However, sometimes there are variations from the pure mini-
mum, maximum, or saddle point response surfaces. In those
cases, quadratic effect indicates a rising ridge or a falling ridge
systems [34]. Figures 8, 9, and 17 illustrate a response surface
with a minimum, Fig. 13 shows a maximum, and Figs. 15 and
16 illustrate surfaces with a saddle point. On the other hand,
Figs, 10, 11, 12, and 14 deviate from the pure minimum or
maximum surface, thus creating a falling ridge (Fig. 10) and
rising ridge systems (Figs. 11, 12, and 14). These plot shapes
are summarized in Table 8.

In all cases, the factors with high quadratic effect facilitate
to locate the optimum predicted response or a stationary point
with reasonable precision by characterizing the shape of the
surface [3].

3.3 Process planning challenges

The complex, highly coupled characteristics associated with
laser cladding have been highlighted in these predictive
modeling analyses. The parameters that have a great influence

Fig. 15 a 2D contour plot and b
3D response surface plot show the
interaction effect of laser powder
(LP) and focal length of the lens
(FL) on the bead microhardness

Fig. 14 a 2D contour plot and b
3D response surface plot show the
interaction effect of powder flow
rate (FR) and laser speed (LS) on
the bead microhardness
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on hardness have a lesser influence on the bead geometry, but
all process parameters and several interactions are statistically
significant. For example, if a process planner desired a
4 ± .1 mm bead width, with a minimum 0.7 mm bead height
(features readily measurable for real-time feedback control),
there is a wide array of process settings that can generate the
required geometry. There are five inputs (four inputs are con-
trollable, and one input is a setup parameter—the focal length)
and three geometric output requirements. A sample of exper-
imental settings that provide a geometric solution is shown in
Table 9. It can be seen that there is a wide range of settings for
each parameter.

However, from Eq. 6, the predicted bead hardness indicates
that the hardness can vary between 616 and 757 HV200. This
is a wide range of hardness values, and as there is an empirical
relationship between hardness and ultimate tensile strength
[22, 23, 35], there will be an impact on the mechanical prop-
erties of the clad. Establishing a threshold range for the desired
hardness as well as the bead aspect ratios can provide con-
straints assist in selecting optimal settings that will result in
desired geometry and functional characteristics.

4 Summary and conclusions

Selecting process settings to fabricate a laser clad bead, which
has the desired geometry and mechanical properties, is a chal-
lenge. Consequently, a structured experimental approach was
taken to investigate relationships and develop predictive
models. To minimize experiments, a RSM study, using a
CCD, for predicting bead geometry and bead microhardness
characteristics for laser-cladded AISI 420 stainless steel
single-track beads has revealed important relationships among
the process parameters and the response outputs. Predictive
models for the bead geometry (W/H ratio, D/W ratio, and bead
wetting angle) and the bead microhardness are developed
using the RSM regression analysis. The statistical significance
of the individual process parameters, their two-factor interac-
tions, and quadratic effects on the predicted response output
are analyzed using the F-statistics, perturbation plots, 2D con-
tour plots, and 3D surface plots.While F-statistics can identify
the relative importance of the factors over the others on the
predictive response, it cannot quantify the effects whether
happened in a positive way or negative way. That limitation

Fig. 16 a 2D contour plot and b
3D response surface plot show the
interaction effect of laser powder
(LP) and contact tip to work
distance (CTD) on the bead
microhardness

Fig. 17 a 2D contour plot and b
3D response surface plot show the
interaction effect of focal length
of lens (FL) and contact tip to
workpiece distance (CTD) on the
bead microhardness
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of F-statistics can overcome by using perturbation plots.
Perturbation plots can identify and quantify both the positive
and negative effects of the linear factors on the respective
predictive responses. However, a perturbation plot cannot
show the interaction effect of the process parameters. 2D con-
tour plots and 3D surface plots are employed to interpret the
two-factor interaction effect keeping the other factors constant
at reference level (coded 0), where the quadratic effects are
reflected indicating the trends of curvature in the response
values.

Based on the performed RSM multiple regression and
ANOVA results the following conclusions can be drawn:

1. The RSM analysis with a CCD approach is found to be a
very efficient methodology to develop a robust prediction
model using multiple process parameters for the bead as-
pect ratios, wetting angle, and the bead microhardness.

2. The ANOVA results for the R-squared values, the predict-
ed R-Squared, and adjusted R-square values show that the
regression models are significantly fitted with the data for
a wide range of process settings. Therefore, a general
model with a database of coefficients can be used to select

process parameters and/or predict results for the bead ge-
ometry characteristics and hardness with confidence.

3. The FR and LS are found to be the most significant pro-
cess parameters on the bead geometry characteristics and
the bead microhardness, respectively. Consequently,
selecting process parameters to generate a bead geometry
only may lead to undesirable hardness results.

4. The interaction of the FR and LS has the most signifi-
cant effect on the bead aspect ratios and bead micro-
hardness, while the interaction of the FR and LP has the
most significant effect on the bead wetting angle. The
interaction of the FR and FL has the most insignificant
effect on the predicted bead geometry. However, this
interaction factor is still significant for the bead micro-
hardness. The interaction of the LP and LS had the
most insignificant effect on the predicted bead micro-
hardness though this factor is still significant for the
bead aspect ratio. Therefore, a very intriguing and com-
plex relationship is observed within the process param-
eters and their interactions on the predicted bead geom-
etry and bead microhardness. This analysis illustrates
the difficulty in generating optimal solutions.

Table 7 Quadratic effect of
process parameters on the bead
characteristics

Process
parameter

Related curve
(Fig. 7)

Quadratic/ curvature (type, magnitude and slope) effect of process
parameters on the bead characteristics

W/H ratio D/W ratio Wetting angle Microhardness

FR AA C, Steep, −ve Flat, Steep, −ve VX, Steep, +ve C, Shallow, +ve

LP BB C, Shallow, +ve Flat, Steep, +ve VX, Shallow, −ve VX, Steep, +ve

FL CC C, Shallow, ±ve VX, Shallow, ±ve VX, Shallow, ±ve C, Steep, +ve

LS DD C, Shallow, +ve Flat, Steep, −ve VX, Shallow, −ve C, Steep, +ve

CTD EE C, Shallow, +ve C, Shallow, ±ve VX, Shallow, −ve C, Steep, ±ve

C concave, VX convex, +ve positive, −ve negative, ±ve positive/negative

Table 8 Quadratic effect of two-factor interactions on the bead characteristics

Two-factor interactions Quadratic/ curvature (type, magnitude) effect of two-factor interactions on the bead characteristics

W/H ratio D/W ratio Wetting angle Microhardness

FR*LS Concave, Minimum
(Fig. 8)

Concave, Falling Ridge
(Fig. 10)

– Concave, Rising Ridge
(Fig. 14)

FL*CTD Concave, Minimum
(Fig. 9)

– Convex, Maximum (Fig. 13) Convex, Minimum (Fig. 17)

LP*CTD – Concave, Rising Ridge
(Fig. 11)

– Twist, Saddle (Fig. 16)

FR*LP – – Convex, Rising Ridge
(Fig. 12)

–

LP*FL – – – Twist, Saddle (Fig. 15)
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5. The CTD has the highest quadratic effect on the bead
microhardness followed by LS. The FR has the highest
quadratic effect on the bead geometry despite having the
least effect on the bead microhardness. The FL has the
least quadratic effect on the responses except for the bead
microhardness. The quadratic effects of those process pa-
rameters add significant curvature on the contour plots as
well as identify a minimum, maximum, or a saddle point
and ridge (rising ridge or a falling ridge) systems on the
response surfaces of their respective 2D contour plots and
3D surface plots; therefore, simplified and linearized
models cannot effectively predict solutions unless the
range of process settings is narrow.

6. The 83% of the predicted response of the bead aspect
ratios are found to be within ±10% error. However,
100% of the predicted responses for the bead microhard-
ness are found to be within the ±4% error against the
actual microhardness. Hence, these predictive model
structures are found to be representative for a wide range
of settings for laser cladding of AISI 420 stainless steel.

7. Due to the observed non-linear results, more experimental
data needs to be collected to expand the models for over-
lapping and stacked beads for the laser cladding process.

This research will be expanded upon using the experimen-
tal approaches described in this work to consider evaluating
the hardness and geometric characteristics for overlapping and
multi-layer deposition scenarios. Also, the influence of the
process parameters on the resultant residual stresses will be
analyzed. This research will provide a foundation for optimi-
zation models for process planners to develop an optimal fab-
rication strategy.

Nomenclature

2D 2 Dimensional
2FI 2 Factor Interaction
3D 3 Dimensional

ANOVA Analysis Of Variance
CCD Central Composite Design
CTD Contact Tip toWorkpiece Distance
D/W Depth of Penetration to Bead Width Ratio
DF Degree of Freedom
FL Focal Length of Lens
FP Focal Position of a laser beam
FR Powder Feed Rate
HV Hardness (Vickers Microhardness)
LC Laser Cladding
LP Laser Power
LPS Laser Pulse Shape
LS Laser Speed
MS Mean Squares
PFA Powder Feed Angle
PFP Powder Feed Position
RSM Response Surface Methodology
SD Spot Diameter
SGT Shielding Gas Type
SOD Stand-Off Distance
SS Sum of Squares
W/H Bead Width to Height Ratio
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