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Abstract

Laser shock hole-clinching is one of mechanical joining processes in which metal foils are joined together based on plastic
deformation caused by laser-induced shock wave. In the process, fracture often occurs due to the unreasonable arrangement
of laser process parameters, suggesting that it is urgent to seek a feasible way to improve the joint forming quality. However, it
consumes a great deal of time and effort to obtain the optimal solution of process parameters from so many different combina-
tions through experiments and numerical simulations. In this study, the mathematical models between laser process parameters
and joint forming quality were established through response surface methodology (RSM). A finite element analysis model of
laser shock hole-clinching process for pure copper and pre-pierced stainless steel foils was developed, and then it was used to
perform the calculation scheme arranged by design of experiments. Analysis of variance (ANOVA) was implemented to evaluate
the statistical significance of RSM models and the influence of process parameters on objectives. Multi-objective optimization
was carried out to achieve the optimal combination of laser process parameters by using genetic algorithm (GA). It is revealed
that the RSM-GA-integrated approach is an effective way to realize the modeling and optimization of laser process parameters for
laser shock hole-clinching. The pulsed laser energy (E), number of laser pulses (), and laser spot diameter (D) are statistically
significant, and both the interlock value and the maximum thinning rate are sensitive to these parameters based on ANOVA.
The fitting precision analysis indicates that the established RSM models can be used to navigate the design space of variables
and predict the actual data with high accuracy. Moreover, it is found that the influence order of laser process parameters on
the interlock value from strong to weak is N, E, and D, while this order changes to D, N, and E for the maximum thinning rate.
According to the Pareto noninferior solutions and the corresponding values of satisfaction function, the optimal combination is
E=164 mJ, N=25, and D=2.1 mm in the given design space. The GA optimization result has been experimentally confirmed.
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1 Introduction plastic deformation. The process derives from laser shock

forming and expands this forming method to the clinching

Laser shock hole-clinching is one of novel mechanical
joining processes, in which two or more metal foils are
connected together to form an interlock structure based on
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field. Therefore, no heat source or extra rivet is required,
and the formation of the joint depends entirely on the cold
plastic forming of joining partners. Due to the significant
technological advantages, such as non-contact, flexibility,
high efficiency, and lightweight, the process is eminently
suitable for the demand of joining dissimilar materials
with distinct differences in physical and mechanical prop-
erties, especially for metal foils with the thickness in the
micron range.

The joining mechanism of laser shock hole-clinching is
illustrated in Fig. 1a. Unlike a rigid punch available in con-
ventional clinching, a laser beam with adjustable spot size
is used as a soft punch. In order to provide enough laser
energy to form a plasma, the laser system with ns pulse
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Fig.1 a Schematic of laser shock hole-clinching process; b and ¢ a
typical clinched joint (T2 pure copper/304 stainless steel foils) [3]

duration, mm spot size, and the laser power density higher
than 10'2 W/m? level is preferred [1]. While the incident
laser beam reaches the upper surface of absorbent coating,
the coating immediately absorbs the laser energy in a quite
short time and then forms a plasma. Owing to the confine-
ment of confining layer, the plasma expands rapidly in a con-
fined space, resulting in the formation of a shock wave. The
shock wave then propagates into the joining partner I, and
plastic deformation is caused, while the amplitude of shock
wave pressure exceeds the yield strength of the partner I.
Under the continuous effect of laser-induced shock wave,
the joining partner I gradually bulges into the pre-pierced
hole on the joining partner II, and at last the partners are
joined together by means of a form-fit joint [2]. Figure 1b, ¢
present the morphology of a typical clinched joint with the
combination of T2 pure copper and 304 stainless steel foils.

In order to realize the effective clinching of metal foils
through laser-induced shock wave, the innovative design
of experimental facility has attracted much more attention.
Veenaas et al. [4] presented the basic realization method
of laser shock hole-clinching process for dissimilar metal
foils. In their experimental apparatus, there are some essen-
tial components, including the laser system, blank holder,
joining partners, spacer, and bottom plate. A circular hole
is pre-fabricated using laser cutting process on the lower
metal foil (named the joining partner II) to enable the mate-
rial from the upper metal foil (named the joining partner I)
to flow into. A spacer is placed between the joining partners
and the bottom plate to accommodate the inflowing material,
which is crucial for the formation of interlock structure. A
round-point joint with the combination of aluminum/steel is
obtained after a total number of 50 pulses have been applied.
Based on the principle of laser shock hole-clinching process,
other clinching methods have been proposed via numerous
experimental attempts, including the compound clinch-
ing without the pre-fabrication of hole [5], micro-shear
clinching process [6], and incremental clinching process
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[7]. However, it is noted that tens to hundreds of pulses are
needed to implement laser shock experiments, which con-
sumes a great deal of time and effort. In addition, both the
adjustment of process parameters and the measurement of
joint dimensions are troublesome, and thus they limit the
in-depth investigation on the mechanical joining behavior
of metal foils under laser shock [8].

Finite element analysis (FEA) is one of useful approaches
to explore the plastic deformation behavior and to predict the
forming quality in both laser shock forming and clinching
processes, especially in the case that the experimental study
is difficult to conduct, for example, the material flowing
characteristics, the strain/stress distribution, and the evolu-
tion of interlock structure [9]. Wang et al. [10] employed
LS-DYNA software to analyze the deformation history
of clinched joint, which is unable to observe through the
experiment due to the enclosed die structure. The influence
of laser energy and spacer height on the interlock formation
is revealed with the aid of FEA results. Furthermore, Wang
et al. [3] verified the feasibility to join three dissimilar metal
foils in laser shock hole-clinching by FEA. After that, they
carried out experiments to successfully obtain the joint with
three partners by using the clinching parameters achieved
from FEA. In the work proposed by You et al. [11], the
application of laser shock hole-clinching was extended from
a round-point joint to a linear interlock structure. In this
process, the overlapping rate of laser spot plays an important
role in the interlock formation, and thus its effect has been
in-detailed discussed by FEA performed using ABAQUS. In
our previous work [7, 10], the authors presented a FEA study
on the material flowing and clinching behavior of dissimilar
metal foils under multiple laser pulses. Both the temperature
rise and shock wave propagation characteristics were evalu-
ated based on the validated FEA model. The effect of laser
power density on interlock value and thickness distribution
was discussed by a series of simulations. Although FEA
offers convenience for the research of forming and clinch-
ing processes, it still needs much time and energy to estab-
lish a numerical model with high precision and to adjust the
model, while the process conditions have been changed. In
addition, the application ability of FEA strongly relates to
the professional knowledge of operators as well as the pro-
ficiency in FEA software.

Due to the high cost of the experimental study and the
operation difficulty in FEA for analyzing the deformation
behavior in metal forming and joining processes, the sur-
rogate model method has attracted extensive attention. The
main advantage of surrogate model method is that it does
not require knowledge about the specialized field. In addi-
tion, the relationship between the input variables and out-
put objectives can be determined through a specific form
of surrogate function. Artificial neural network (ANN) and
response surface methodology (RSM) are two of the most
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frequently used surrogate models, and they are generally
adopted to approximate experimental and FEA results.
Lambiase and Di Ilio [12] applied ANN to the prediction of
clinching behavior under different clinching tools configu-
rations instead of the heavy finite element simulations. The
predictions from the established ANN model exhibit good
agreement with those from FEA and can be used for the
next optimization. In laser shock peening process, ANN was
used to predict the residual stress [13, 14] and mechanical
properties of treated specimens [15]. Compared with ANN,
an explicit function can be obtained through RSM, which is
quite convenient for practical application. Davidson et al.
[16] employed RSM to develop the prediction model of the
surface roughness for flow-forming process. The result of
the validated experiment shows that the error between the
practical and predicated surface roughness is less than 6%.
In order to predict the maximum temperature in incremental
sheet forming, Bagudanch et al. carried out design of experi-
ments to establish RSM model between material tempera-
ture and process parameters for different polymers [17]. The
analysis of variance indicates that the proposed models are
significant. Mostafanezhad et al. [18] analyzed the form-
ability of Al alloy in two-point incremental forming process
based on RSM, and analysis of variances was performed to
identify the contribution of factors on the responses. The
above-mentioned researches give a constructive application
of surrogate model method in metal forming and clinching
fields. It is noted that a large quantity of experiments and
FEA can be omitted which significantly reduces the research
cost, whereas the effectiveness of surrogate model method
in laser shock hole-clinching process is still not assessed.
In laser shock hole-clinching process, fracture is the
main forming defect, and some typical examples in our
experiment are presented in Fig. 2. Therefore, it is quite
necessary to reasonably arrange the process parameters,
such as laser energy, spot diameter, number of pulses, and
overlapping rate. However, it is not an easy task to obtain
the reasonable arrangement of process parameters from so
many combinations through experiments and numerical
simulations, especially in the case that there are multiple
targets. As a consequence, the application of optimization
technologies offers a powerful way which easily deals with
the requirement for the optimal combination of several
variables with multiple outputs. In the field of mechanical
clinching and laser shock peening processes, some optimi-
zation technologies have been successfully applied, such
as design of experiments [19], Grey relational analysis
[20], Kriging model [21], RSM [22], and genetic algo-
rithm (GA) [12, 23, 24]. Among these attempts, GA is eas-
ily understood and can be conveniently implemented using
MATLAB toolbox, and particularly it is powerful enough
to obtain a global target for multi-objective optimization.

100 pm

400 pm

100 pm

200 pm

Fig.2 Morphology of the fractured joint. a Global view of a typical
fractured joint; b fracture on the neck; ¢ fracture near the bottom cor-
ner; d fracture on the bottom surface

However, the optimal strategy of process parameters in
laser shock hole-clinching is still not developed. In the
light of the described challenges, it is urgent to estab-
lish an effective surrogate model and propose an optimal
strategy for laser shock hole-clinching process through a
detailed investigation.

The aim of the current work is to build a surrogate model
which can successfully predict the forming quality indexes
of clinched joint and to establish a multi-objective optimi-
zation strategy to improve the joint quality. A FEA model
of laser shock hole-clinching process for pure copper and
pre-pierced stainless steel foils was developed by using
ABAQUS software. Central composite design (CCD) was
used to arrange the FEA scheme. The second-order math-
ematical models between laser process parameters and joint
forming quality indexes were established through RSM.
Analysis of variance (ANOVA) was performed to evaluate
the statistical significance of RSM models and the influ-
ence of process parameters on objectives. GA was adopted to
obtain the optimal combination of laser process parameters
considering multiple objectives.

2 FEA modeling of laser shock hole-clinching
process

FEA model is established to perform the calculation scheme
arranged by CCD, and then the combinations of process
parameters and the corresponding FEA results are used to
build RSM models. Some key issues need to be considered
in FEA modeling, including the shock wave pressure load-
ing, material property description, element type selection,
and meshing plan.
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2.1 Shock wave pressure loading

The peak value of laser-induced shock wave pressure P, ,, in
the confining surrounding can be estimated by [25]

@ y.z.1

P =107
ma Go3 M

where a is the coefficient of energy conversion, and it is
usually regarded as 0.1; Z is the shock impedance in relation
to the interaction between the metal foil Z; and the confin-
ing overlay Z,, expressed as 2/Z=1/Z,+1/Z,; I is the laser
power density depending on the pulsed laser energy E, the
laser spot diameter D, and the pulse duration z, expressed
as [ = 4E/zD*z.

The temporal evolution of laser-induced shock wave
pressure in FEA is shown in Fig. 3a. A triangular shape is
adopted according to the changing history of laser pulse. The
pressure is firstly increased to P, at 7, and then it linearly
decreases to zero within the next 27 time. Figure 3b pre-
sents the spatial distribution of the pressure in FEA, which
is generally considered a Gaussian pattern similar to that of
laser beam. The pressure at the moment ¢ and the position
r can be expressed as P(,J)zP(l)exp(—r2 / 2r(2)), in which r,
is the radius of laser spot [26]. The subroutine VDLOAD
was employed to carry out the shock wave pressure loading
in FEA.

2.2 Material property description

The average strain rate of metal sheet in laser shock form-
ing is as high as 10%/s, which mainly relates to the laser
process parameters and the specimen dimensions [27]. In
this high-strain-rate range, the classical Johnson—Cook
constitutive model is usually adopted to describe the mate-
rial mechanical property [28]. It is noted that the forma-
tion of the joint in laser shock hole-clinching completely
results from the effect of laser-induced shock wave, and
thus the temperature softening item in Johnson—Cook
model can be omitted. Therefore, the constitutive model
can be written as

— n £

c=A+Be")(1+ Clné—o) )
where o is the yield strength of metal foil; € is the plastic
strain; € is the strain rate; £, is the reference strain rate;
and A, B, and C are variables related to the specific join-
ing partners. Since it has been proved that the formation
of the joint entirely depends on the plastic deformation of
the joining partner I, the joining partner II is regarded as
a rigid body in FEA due to its relatively high strength. In
the present work, T2 pure copper foil serves as the joining
partner I, and the parameters of the Johnson—Cook model
are as follows: A =90 MPa, B=292 MPa, C=0.025, and
n=0.31[29].

2.3 Finite element modeling

ABAQUS software was employed to implement FEA of
laser shock hole-clinching due to its ability to solve highly
nonlinear problems, especially under high strain rates.
An axisymmetric simplification was adopted, because
the geometrical configurations of both laser spot and
pre-pierced hole on the joining partner II were circular.
Element CAX4R, a 4-node reduced-integration axisym-
metric solid element, was applied to mesh the joining
partner L. In addition, the meshes of the region directly
affected by shock wave pressure on the joining partner I
were refined both in z and r directions in order to better
capture the clinching behavior of metal foils. Figure 4
shows the schematic of established FEA model of laser
shock hole-clinching.

3 Experimental procedure

The purpose of experiments is to verify both the estab-
lished FEA model and the optimal combination of laser
process parameters through GA. A Nd:YAG laser sys-
tem (Nimma-series, Beamtech Optronics Co., Ltd.) was
employed to implement the laser shock hole-clinching
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Fig.4 FEA model of laser shock hole-clinching
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experiments. The output laser energy was measured using
a digital energy meter (FieldMaxII-TOP, Coherent). Opti-
cal quartz glass was chosen to act as the confining layer
due to its good transparency and high stiffness. Ink was
used as the absorbent coating because of its high energy-
absorbing ability and easy removal after clinching process.
Before experiments, the ink was carefully pre-coated on
the glass surface facing the metal foil until it completely
solidified. Table 1 presents the detailed process parameters
in experiments.

In experiments, T2 pure copper with the thickness of
30 pm and 304 stainless steel with the thickness of 100 pm
were used to act as the joining partner I and II, respectively.
The hole on steel foil was manufactured by a fiber laser cut-
ting machine (SF3015, Senfeng Laser Technology Co., Ltd.).
The as-received pure copper foil was annealed in a vacuum
furnace at the temperature of 450 °C for 1 h to eliminate the
rolling direction effect.

Table 1 Detailed process parameters in experiments

Parameter Unit Value
Laser wavelength nm 1064
Pulse duration ns 7.3
Pulse frequency Hz 1
Thickness of quartz glass mm 3
Thickness of ink pm ~80
Thickness of T2 pure copper foil pm 30
Initial grain size of T2 pure copper foil pm 12
Thickness of 304 stainless steel foil pm 100
Pre-pierced hole diameter mm 2.0
Spacer height pm 150
Pulsed laser energy (E) mJ 145-165
Number of laser pulses (N) / 18-26
Laser spot diameter (D) mm 1.9-2.1

4 Design of experiments for fitting response
surface

The goal of RSM is to build an explicit function which links
the joint forming quality indexes to laser process parameters,
and then the proposed model can conveniently predict the
clinching results in various laser shock conditions instead
of experiments and numerical simulations. Moreover, the
established RSM model is used in the subsequent GA
optimization to obtain the solutions of populations during
iterations.

RSM is a compilation of mathematical and statistical
techniques that are used for the modeling and analysis of
the problem in which a response is influenced by many quan-
tifiable variables. With the established RSM models, it can
predict the relationship between the controlling variables
and the concerned responses in a specific range. In addition,
it can be used for finding the critical controlling variables
which significantly affect the response. A representative
RSM contains the design of experiments, the establishment
of an empirical model, and the statistical analysis of the
built model [30].

For clinching and laser shock processes, the second-order
RSM model is usually adopted to identify the relationship
between the variable x and the response y(x)

yx) =y + ijlﬁixi + Z:;lﬂiix,-z + Zz;iﬁi/‘xixj ©)

where f, f;, B;;, and p;; are coefficients of the fitted response
surface.

The design of experiments is essential for RSM mod-
eling, and the choice of the controlling variables and
responses needs to be carefully treated. In laser shock
hole-clinching process, both the pulse duration and laser
wavelength directly relate to the applied laser system,
and thus they are usually kept constant in the process.
Pulse frequency is generally in the range of 1-10 Hz for a
Nd:YAG laser, but the high frequency may make the laser
system overheating when lots of laser pulses are applied.
The pulsed laser energy, number of laser pulses, and laser
spot diameter are easy to adjust, and thus they are usually
selected as changeable variables in practice aiming at dif-
ferent clinching requirement.

In our previous research, it is observed that the too
low laser energy is unable to generate required plastic
deformation of the joining partner I, but the facture will
appear prior to the formation of joint with the too high
laser energy. The determination of the necessary laser
energy has a strong correlation with the mechanical prop-
erties of the joining partners, and meanwhile the clinching
efficiency should also be considered. Therefore, we per-
formed the FEA of laser shock hole-clinching at £=130
and 180 mJ, and the results after 25 pulses are shown in
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Fig. 5. It is found that the interlock value (tg) is as low
as 6.60 pm at £ =130 mJ after 25 pulses, implying that
further laser pulses are needed to enlarge the value, as
seen in Fig. 5a. The ¢y dramatically increases to 44.18 pm
as the laser energy is enhanced to 180 mJ, whereas it is
noted that the maximum thinning rate (#,,,,) is as high as
68.33% (refer to Fig. 5b). It is obvious that the excessively
high thinning may lead to the degradation of joint strength
and even the premature occurrence of fracture in service.
According to the above results, the range of 145-165 m] is
available for pulsed laser energy in the case of pure copper
foil of 30 pm in thickness.

The reasonable number of laser pulses should maintain
the balance between the joint forming quality and the
clinching efficiency. Figure 6 shows a typical relationship
between the number of laser pulses and interlock value
at E=155 mJ and D=2.0 mm. It can be seen that there
is no clear evidence of interlock formation while N < 15.
When 17 pulses have been applied, the fg of about 5 pm
is achieved, and it increases almost linearly under the
effect of further pulses. It is noted that while 27 pulses
have been exerted, the maximum thinning rate reaches
56.77%, which may weaken the load capacity of the joint
if it continues to increase. For the given process param-
eters in Table 1, the range of 18-26 for N was adopted
for RSM modeling.

The determination of laser spot diameter needs to deal
with two conflicting issues. A small spot is helpful to
enhance the amplitude of shock wave pressure, but it reduces
the directly affected area of laser beam on metal foils. On
the other side, an oversize spot may lead to the punching if
the pulsed laser energy is high enough [31]. In addition, the
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relationship of spot diameter to pre-pierced hole diameter
also needs to be considered. In the case of the pre-pierced
hole diameter of 2.0 mm, the laser spot diameter of 1.9, 2.0,
and 2.1 mm was chosen for study, which represents the ratio
of spot diameter to pre-pierced hole diameter of < 1,=1,
and> 1.

Besides the three controlling variables, the response
of RSM model should also be identified. Obviously, g
needs to be considered, because it directly relates to the
fact whether the connection is successful or not. As seen
in Fig. 5, although the laser energy is increased from 130
to 180 mlJ, it is noted that the change of neck thickness
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Fig.5 FEA result in the clinched region after 25 pulses under various pulsed laser energies. a E=130 mJ; b E=180 mJ
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Fig. 7 Local thinning in the clinched joint

(ty) 1s quite small. In fact, among the process parameters
in Table 1, ty varies little, and it is always more than
20 pm according to FEA results, so we do not take it as
a response.

In addition, it is noted that some positions in the FEA result
of Fig. 5b and the experimental observation of Fig. 7 exhibit
excessive thinning, suggesting that the thinning rate is impor-
tant and needs to be assessed for joint forming quality. The
thinning rate # is expressed by

hy—h
n= % 100% 4)
hy

where h, and & are the thickness of the joining partner I
before and after hole-clinching, respectively. It is obvious
that the maximum thinning rate (7,,,,) is crucial to the joint
forming quality, and thus it is chosen as another response of
RSM models.

While both the controlling variables and the responses
have been identified, an experimental design needs to be
carried out. Central composite design (CCD) is one of
the most acceptable design methods for RSM modeling,
and it is used to arrange the simulation scheme using the
established FEA model [22, 32]. For each variable, three
levels are used, and their values are listed in Table 2.
The combinations of variables through CCD are sum-
marized in Table 3, which will be numerically simulated
in sequence.

Table 2 Design variables and their levels

Variable lustration Unit Levels

1 2 3
E Pulsed laser energy mJ 145 155 165
N Number of laser pulses / 18 22 26
D Laser spot diameter mm 1.9 2.0 2.1

Table 3 Central composite design matrix and FEA results

Exp. no. E (m)]) N D (mm) tg (pm) Nmax (%)
1 165 26 1.9 25.52 46.35
2 165 18 2.1 8.22 55.14
3 155 22 2.0 17.98 50.08
4 155 22 2.1 16.27 59.63
5 155 26 2.0 28.90 52.00
6 145 18 2.1 1.43 51.01
7 155 18 2.0 7.26 48.38
8 145 26 1.9 18.60 43.75
9 145 18 1.9 0.94 38.14
10 145 22 2.0 11.41 48.22
11 165 22 2.0 21.08 50.87
12 145 26 2.1 20.95 58.43
13 155 22 1.9 13.31 43.06
14 165 26 2.1 33.88 62.97
15 165 18 1.9 3.54 39.22

5 Results and discussion

5.1 Validation of FEA model

Figure 8 presents the comparison of FEA and experimen-
tal measurements in terms of ¢ and f#y. The laser process
parameters are as follows: E=155 mJ, D=2.0 mm, N=25.
It is distinctly seen that an interlock structure has been pro-
duced after a total number of 25 pulses for both FEA and
experiments. The fg is 24.35 pm in the experiment, while it
is 26.24 pm in FEA. The #y is 26.49 pm from experiments,
compared with 23.80 pm from FEA. As a result, it is con-
cluded that the FEA results have a good consistency with
those of experiments, demonstrating that the established
FEA model is reliable, and it can be employed to carry
out the numerical simulation scheme arranged by CCD.

(@)
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D=2.0 mm
N=25

~=23.80pum

E=155m]J IN=26.49um r

D=2.0 mm o s
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Fig.8 Comparison of FEA (a) and experimental measurements (b)
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The deviation between FEA and actual results is mainly
attributed to the difference in the mechanical properties of
metal foils and the manufacturing tolerance of pre-pierced
hole on the stainless steel foil.

5.2 Establishment of response surface model

Table 3 shows the combinations of laser process parameters
and their FEA results according to the CCD matrix. Design
Expert software was used to perform the experimental design,
and each experimental plan was implemented by using the
validated FEA model. Both tg and 7, were measured from
FEA results, and their values were also summarized in
Table 3. In addition, it can be seen that #5 varies dramatically
in the range of 0.94 to 33.88 pm, while #,,,, changes from
38.14 to 62.97%, implying that the optimization of control-
ling variables is quite necessary in the given design space.
Moreover, it is noticeable that in some cases, #,,,, is larger
than 60%, suggesting that these combinations are unreason-
able and should be taken out in the next optimization.
Based on the data from Table 3, the coefficients of Eq. (3)
can be calculated by using MATLAB software. Therefore, the
mathematical models of responses in terms of fg and 7, are

5.3 Response surface analysis of laser process
parameters

The assessment of the established RSM models is neces-
sary in order to test the prediction ability of models in
the design space. ANOVA is a well-known powerful way
to perform statistical analysis to evaluate the signifi-
cance of established RSM models and the influence of
controlling variables on responses. Moreover, the deter-
mination coefficient R?, the adjusted coefficient Ridj, the
predicted coefficient Rfmd, and signal-to-noise ratio are

also widely used to evaluate the fitting precision of the
models.

5.3.1 Interlock value

Table 4 presents the ANOVA and fitting precision analy-
sis of the RSM model of interlock value. The F value of
233.66 for the model indicates that the model is statisti-
cally significant. The F values of E, N, and D are 229.65,
1719.13, and 53.84, respectively, indicating that the
influence order of these parameters on interlock value

tg = —953.7913 + 1.1483 x E — 7.3403 x N + 884.9053 x D + 0.0327 X E x N 3)
+ 12750 X Ex D + 1.7313 X N x D — 0.0130 X E? + 0.0335 x N> — 275.4444 x D?

rlmax

=25.8712 +2.5553 X E — 0.1290 X N — 268.8331 X D + 0.0060 X E X N

6
+0.6238 X EX D +0.7844 X N X D — 0.0122 X E* — 0.0360 x N* + 57.8889 x D* ©
Table 4 ANOVA and fitting ANOVA for interlock value
precision analysis for interlock
value Source Sum of squares df Mean square Fvalue P value C%
Model 1386.41 9 154.05 233.66 <0.0001  Significant
E 151.40 1 151.40 229.65 <0.0001 10.93
N 1133.37 1 1133.37 1719.13  <0.0001 82.16
D 35.49 1 35.49 53.84 0.0007 2.53
EXN 13.68 1 13.68 20.74 0.0061 0.94
EXD 13.01 1 13.01 19.73 0.0068 0.90
NxD 3.84 1 3.84 5.82 0.0607 0.23
E? 4.34 1 4.34 6.59 0.0503 0.27
N? 0.74 1 074 1.12 0.3386 0.01
D? 19.51 1 1951 29.59 0.0028 1.37
Residual 3.30 5 0.66
Cor total 1389.71 14
Fitting precision analysis for interlock value
R? 0.9976
Ri i 0.9934
Rﬁre J 0.9750
Signal-to-noise ratio 49.79
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from strong to weak is N, E, and D. For each model term,
the P value < 0.05 means that this model term is statisti-
cally significant. Thus, E, N, D, EXN, Ex D, and D? are
significant model terms associated with the interlock
value. The R? of 0.9976 > 0.9 suggests that the estab-
lished model completely satisfies the accuracy require-
ment. The difference between R;Cd (0.9750) and Ridj

(0.9934) is less than 0.2, which further demonstrates the
high fitting precision of the model [33]. For RSM mod-
els, it is desirable that the signal-to-noise ratio is greater
than 4, and it is found that this ratio of interlock value
model is as high as 49.79. This value indicates an ade-
quate signal, suggesting that this model can be used to
navigate the given design space of variables. The com-
parison of predicted and actual interlock values also
proves that the mathematical model is able to predict the
actual data, as seen in Fig. 9.

Figure 10 presents 3D surface graphs and contour maps
for g in terms of different pairs of variables, which iden-
tify the interaction of two variables, while another one
remains unchanged.

As shown in Fig. 10a, b, it can be seen that both a
higher pulsed laser energy and more laser pulses are
beneficial to obtaining a larger interlock value. Obvi-
ously, it is reasonable that more deformation ener-
gies can be available for metal foils in these cases. In

40

30—

20

Predicted /pm

10

I I I I I
0 10 20 30 40

Actual /pm

Fig.9 Comparison of predicted and actual interlock value

addition, it is noted that in comparison to E, the varia-
tion of N results in a greater change of interlock value
(refer to Fig. 10a). For contour maps, the more circular
the contour is, the less significant the interaction of the
two variables is. Thus, both the relatively gentle dis-
tribution and the nearly circular shape of contours in
Fig. 10b indicate that there is no significant interaction
effect between E and N.

Figure 10c apparently presents that the influence of
laser spot diameter on interlock value is different from
those of the other two variables. When a low-level laser
energy is applied, the highest point of interlock value
almost locates at the middle of D. The highest point
moves to D=2.05 mm, while E is in high level. There-
fore, this phenomenon means that neither too large nor
too small spot diameter is preferable to a considerable
interlock value, but the most appropriate D value is eas-
ily captured from the response plots. An elliptical shape
in Fig. 10d illustrates that the interaction effect of E and
D exists.

Figure 10e depicts that the interlock value is more
sensitive to change in N than to change in D. From the
examination of the contour map in Fig. 10f, it is con-
cluded that there is no significant interaction effect
between N and D.

5.3.2 The maximum thinning rate

The ANOVA and fitting precision analysis of the maxi-
mum thinning rate model are shown in Table 5. The F
value of 64.84 suggests that the established model is statis-
tically significant. The F values of E, N, and D are 18.22,
80.90, and 475.84, respectively, indicating that the influ-
ence order of three parameters on the maximum thinning
rate from strong to weak is D, N, and E.

Moreover, from Table 5, it is found that E, N, and D are
significant model terms associated with the maximum
thinning rate due to the P value < 0.05. The R*> 0.9 sug-
gests that the established model completely satisfies the
accuracy requirement. The difference between Réred
(0.9243) and R:dj (0.9762) is less than 0.2, which further

demonstrates the high fitting precision of the model. In
addition, the signal-to-noise ratio is 27.17, suggesting that
this model can be used to navigate the given design space
of variables. The comparison of predicted and actual
maximum thinning rate also proves that the RSM model
can be used to predict the practical result, as seen in
Fig. 11.
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«Fig. 10 3D surface graphs and contour maps for interlock value. a, b
Interaction effect of £ and N at D=2.0 mm; ¢, d interaction effect of
E and D at N=22; e, f interaction effect of N and D at E=155 mJ

Figure 12 shows 3D surface graphs and contour maps
for #,,,« in terms of different pairs of variables. As shown
in Fig. 12a, b, the more both pulsed laser energies and
laser pulses are, the larger the maximum thinning rate is.
Due to the fact that the formation of joint is attributed
to the bulging forming of metal foil under laser shock,
the thickness of metal foil decreases gradually with the
action of biaxial tensile stresses. While more laser ener-
gies and laser pulses are applied, the deformation amount
of metal foil becomes larger, leading to a bigger reduction
in thickness. Furthermore, the variation of N brings about
a greater increase in the maximum thinning rate compared
with E, as seen in Fig. 12a. A slightly elliptical shape in
Fig. 12b indicates that there is a weak interaction effect
between E and N.

Figure 12c reflects that the maximum thinning rate is
more sensitive to change in D than to change in E. Due to
the expression of I = 4E/xD?z, the influence of D squared
on / is apparently stronger than that of E, which further has
a greater impact on P, according to Eq. (1). Therefore,
while D enlarges from 1.9 to 2.1 mm, #,,,,, exhibits rapid
growth from 43 to about 60% when E is in high level. The

relatively gentle distribution of contours in Fig. 12d illus-
trates that there is no significant interaction effect between
E and D.

Figure 12e presents that the change in D plays a more
important role on the maximum thinning rate than that of
N. In addition, the relatively gentle distribution of contours
in Fig. 12f exhibits that there is no significant interaction
effect between N and D.

5.4 Genetic optimization of laser process parameters

The interlock value directly relates to the fact that whether
the laser shock hole-clinching process is successful or not,
the maximum thinning rate is involved with the load capac-
ity of the joint. A large #7,,,, is expected, because it gener-
ally means that the considerable plastic deformation has
occurred. However, under certain circumstances although
the 7., 1s quite large, the interlock structure still fails to
be obtained, as seen in Fig. 7. It confirms that the simulta-
neous optimization of ¢y and #,,,, is necessary. Therefore,
the optimization aims at maximizing both the ¢y and #,,,,
in the given variables space under the constraints. Accord-
ing to our experiments, a joint with a small #g is easy to be
pulled out, and thus at least 10 pm of g is set in the optimi-
zation. The 7. of joint obviously needs to be controlled
lower than 60% (refer to Figs. 5 and 7). On the other side,

Table5 ANOVA and fitting
precision analysis for the

ANOVA for the maximum thinning rate

maximum thinning rate Source Sum of squares df  Mean square  F value P value C%
Model 720.76 9 80.08 64.84 0.0001  Significant
E 22.50 1 22.50 18.22 0.0080 293
N 99.92 1 99.92 80.90 0.0003 13.59
D 587.68 1 587.68 475.84  <0.0001 80.76
EXN 0.47 1 0.47 0.38 0.5661 0.11
ExD 3.11 1 3.11 2.52 0.1733 0.26
NxD 0.79 1 0.79 0.64 0.4608 0.06
E? 3.83 1 3.83 3.10 0.1384 0.36
N? 0.85 1 0.85 0.69 0.4437 0.05
D’ 0.86 1 0.86 0.70 0.4416 0.05
Residual 6.18 5 1.24
Cor Total 726.93 14
Fitting precision analysis for the maximum thinning rate
R 0.9915
Ri i 0.9762
R;C d 0.9243
Signal-to-noise ratio 27.17
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Fig. 11 Comparison of predicted and actual maximum thinning rate

according to Table 3, the 7,,,, in the given variables space is
larger than 38%, so at least 40% of #,,,, is required in order
to accelerate the optimization. Table 6 presents the optimi-
zation criteria with a collection of variables, constraints,
and objectives.

MATLAB software was employed to implement the
GA multi-objective optimization. The population size
was set as 200. For an individual of the population, it
contains a specific combination of E, N, and D. The
established RSM models were called to calculate g
and #,,,, for each population. Selection, crossover and
mutation are three main operators in GA, which was
conducted in order within each iteration. In the present
work, the roulette wheel selection was adopted, and one
cut-point crossover was carried out with the probability
of 0.7. Bit-flip mutation was performed with the prob-
ability of 0.03. The whole optimization lasted for 50
iterations, and the optimization histories of two objec-
tives are shown in Fig. 13.

For a multi-objective optimization problem, it means
that two or more conflictive objectives need to be opti-
mized at the same time. A difficulty lies in the fact
that getting better in one objective often leads to get-
ting worse in another one. Therefore, the target of the
multi-objective optimization is aimed to obtain a set
of solutions that they are not worse for all objective,
which is the well-known Pareto noninferior solutions

@ Springer

Fig. 12 3D surface graphs and contour maps for the maximum thin-
ning rate. a, b Interaction effect of £ and N at D=2.0 mm; c, d inter-
action effect of E and D at N=22; e, f interaction effect of N and D at
E=155m]

[34]. Table 7 presents the 32 groups of Pareto noninfe-
rior solutions after 50 iterations.

In order to comprehensively evaluate the Pareto nonin-
ferior solutions, the satisfaction function F,, is employed
to find the best optimal combination of variables [22, 35]

F fl _f]min f2 _f2min

= + 7
s flmax _flmin meax _f2min ( )

where f] and f, represent tg and #,,, of each solution,
respectively. fi .o fomaxs fimins a0 fomin are the maximum
and minimum values of f; and f, among the Pareto nonin-
ferior solutions. The calculated satisfaction function val-
ues of Pareto solutions set are also summarized in Table 7.
A bigger F,, is expected in order to maximize both fg and
Nmax- Therefore, the best optimal solution can be obtained,
as listed in Table 8. The corresponding tg and 7,,,, of the
best solution by RSM-GA optimization are 31.14 pm and
59.31%, respectively.

5.5 Confirmation test

A confirmation test was performed in order to verify the
optimization result through both FEA and experimental
approaches. Due to the fact that the energy resolution
of the used laser system is 1 mJ and the spot diameter
of 2.07 mm is inconveniently adjusted in practice, the
best optimal parameters are rounded, as seen in Table 8.
Based on the rounding values, both FEA and experiment
were conducted, and the results are presented in Fig. 14.
It can be apparently seen that a joint with a good con-
figuration has been achieved with the aid of optimization
technique.

Table 9 summarizes the tg and #,,,, values from dif-
ferent sources. As shown in Table 9, it is noted that the
difference between the results of RSM-GA optimization
and experiment is 13.65% and 3.63%, suggesting that the
established multi-objective optimization model is relia-
ble for laser shock hole-clinching process. Moreover, the
small deviation between the results of RSM-GA optimi-
zation and FEA further confirms the effectiveness of the
established RSM models, which provides a feasible way
to save time and effort in the development of laser shock
hole-clinching process.
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Table 6 Optimization criteria Table 8 The best optimal parameters according to satisfaction func-
Categories Parameters Bound Directions ton
Lower Upper Parameters E (m]) N D (mm)

Variables E (m)) 145 165 The best optimal solution 163.75 25 2.07

N 18 26 Rounding values 164 25 2.1

D (mm) 1.9 2.1
Constraints tg (pm) 10

Hmas (%) 40 60
Objectives Is Maximize

Mmax Maximize

a b
@, T ® T
28 - —=— Optimal solution after each iteration
—o— Average value of population 8
26 °
g <
<2 236
2 8 —=a— Optimal solution after each iteration
= o0 -
Syl £ 54| —e— Average value of population
4 =]
2 -8
BT ﬁ 52
~ o [~
k=
18| =
50
0 —W W
14 - 48
" 1 L 1 " 1 " 1 " 1 L 1 L 1 L 1 L 1 L Il
0 10 20 30 40 50 0 10 20 30 40 50
Number of iterations Number of iterations

Fig. 13 Optimization histories of objectives. a Interlock value; b the maximum thinning rate

Table 7 Pareto noninferior

i ; No. E (m]) N D(mm) Fy No. E (m]) N D(mm) Fo

solutions and corresponding

satisfaction function values 1 160 25 2.04 1.78 17 145.01 18 1.96 0.01
2 165 25 2.04 1.84 18 145.01 18.44 1.96 0.06
3 163.75 25 2.03 1.82 19 145.01 18 1.96 0.01
4 165 24.55 2.04 1.77 20 145.01 18 1.96 0.01
5 160 25 2.04 1.78 21 145.01 18 1.96 0
6 165 25 2.04 1.84 22 145.03 18 1.96 0.01
7 165 25 2.04 184 23 145.01 18 1.96 0.01
8 165 25 2.04 184 24 145.01 18 1.96 0.01
9 163.75 24.98 2.04 1.83 25 145.01 18 1.96 0.01
10 163.75 25 2.04 1.83 26 145.01 18 1.96 0.01
11 163.75 24.99 2.01 1.66 27 145.01 18 1.96 0.01
12 160 25 2.07 1.93 28 145.01 18 1.96 0.01
13 162.5 25 2.04 1.82 29 145 18.22 1.96 0.03
14 163.75 25 2.07 1.99 30 164.99 18 1.94 0.15
15 165 25 2.04 1.84 31 145.01 18 1.96 0.01
16 160 25 2.07 1.93 32 145.01 18 1.96 0.01
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Fig. 14 Comparison of
experimental and numerical
results using the best optimal
parameters

Table 9 Comparison of two objectives from different sources

Sources tg (um) Deviation (%) 7, (%) Deviation (%)
Experiment 2740 \ 57.23 \
FEA 31.03 13.25 55.60 —2.85
RSM-GA optimi- 31.14  13.65 59.31 3.63

zation

6 Conclusions

In this paper, the mathematical models between laser pro-
cess parameters and joint quality indexes were established
through RSM. ANOVA was performed to assess the statisti-
cal significance of RSM models and the influence of process
parameters on objectives. Multi-objective optimization was
carried out to obtain the optimal combination of laser pro-
cess parameters by using GA. The following conclusions are
drawn from this research:

1. The RSM-GA-integrated approach has been proposed
which realizes the modeling and optimization of laser
process parameters for laser shock hole-clinching. The
prediction accuracy of RSM models and the optimi-
zation result by means of GA are confirmed through
experiments.

2. The pulsed laser energy, number of laser pulses, and
laser spot diameter are statistically significant, and both
the interlock value and the maximum thinning rate are
sensitive to these parameters based on ANOVA. There-
fore, it is necessary for laser process parameters to be
modeled and optimized, while metal foils with different
classification and thickness are joined by laser shock
hole-clinching process.

3. The influence order of laser process parameters on inter-
lock value from strong to weak is N, E, and D, while this
order changes to D, N, and E for the maximum thinning
rate.

4. In the joining of T2 pure copper and 304 stainless steel
foils with the thickness of 30 and 100 pm, the optimal
parameters combination is £=164 mJ, N=25, and
D=2.1 mm.

Additionally, the present research focuses on the mod-
eling and optimization of laser process parameters in laser
shock hole-clinching. Although the established RSM models

Mmax—=7.23%
1s=27.40pum

Nmax=35.60%
1s=31.03um

- ees

exhibit relatively high prediction accuracy, other surrogate
model methods, such as ANN, deserve further attempt to
improve the predictive ability of the complicated nonlinear
problem. Moreover, besides laser process parameters, the
height and diameter of spacer, the pre-pierced hole diameter,
and the thickness of joining partners are worth taken into
consideration as design variables. In addition, the relation-
ship between process parameters and joint strength needs to
be carefully investigated as well as the modeling and opti-
mization of joint strength.
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