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Abstract: By controlling various friction stir spot-welded (FSSW) factors, two base sheets AA 5052-H32
and 6061-T6 were selected to bond similar and dissimilar metal joints while considering dissimilar
configuration orders. The effects of weld parameters on the sheer strength and peel strength were
separately developed into empirical models utilizing the integrated central composite matrix design
and response surface methodology (RSM). Meanwhile, the finite element (FE) analysis of the multi-axis
load-bearing characteristics for automotive solder joints during service was carried out. As a result,
the weights of the shear and axial stress, accounting for 90.5% and 9.5% respectively, were employed
to restrict the relationship between multiple target properties, and the resulting security strength
was applied to determine the feasible domain in subsequent parametric optimization. In order to
enable the optimal multi-axis capacities in accordance with the load mode, the genetic algorithm
NSGA-II was chosen to compute the Pareto front and further determine the best compromise solutions.
The obtained optimums corresponding to each joining condition were validated by confirmation runs,
indicating that this coupled multi-objective optimization approach based on working conditions was
beneficial to the targeted improvement of post-weld mechanical properties.

Keywords: friction stir spot weld; process parameter; multi-objective optimization; automotive
joint loads

1. Introduction

With increasing pressure of energy saving and emission reduction on the automotive industry,
the demands for good-performance, high-reliability and lightweight components are getting more
urgent [1]. For the whole vehicle, the heavy use of lightweight materials, especially aluminum alloys,
becomes a major means to achieve weight reduction. Among them, AA 5052-H32 and 6061-T6 are
widely applied in automobile bodies due to their excellent formability and high corrosion resistance [2].
Meanwhile, since the current autobody is assembled from a large number of sheet metal parts through
3000 to 5000 solder joints, a reasonable selection of spot-weld forming process becomes a prerequisite
for ensuring high rigidity of the vehicle. However, aluminum and its alloys with poor weldability have
significant physical and chemical differences with conventional steels. Thereby, the original resistance
spot-welded (RSW) joints generally yield various unavoidable welding defects such as porosity, slag
inclusion and solidification cracks due to the fusion welding method itself, deteriorating the weld
quality and joint properties [3-5]. In contrast, as a solid-state modification process, friction stir spot
weld (FSSW) covers the combined roles of metallurgy and mechanics to overcome the above inherent
defects [6,7]. In addition, such promising process can effectively avoid the formation of excessive
inclusions between overlapped sheets compared to other spot joining techniques such as screwing and
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riveting [8]. Although the process itself can achieve superior joints, improper selection of welding
parameters can still result in inadequate strength and stiffness as well as failure risk during service.
It is worth emphasizing that the process optimization targeted for specific working conditions during
the use of joints has higher engineering value.

In terms of FSSW process, the evolution of the microstructure and the resultant degree of
bonding depend on the thermal generation at contact interface and the superplastic flow of welded
materials, and are further determined by significant parameters such as tool geometry, rotational
speed, plunged depth by shoulder and dwell time [9-11]. Under the premise that other factors are
unchanged, it can be considered that the selected depth directly determines the level of axial welding
force, which is thus expressed by the former. Since the relationship between input parameters and
mechanical results is complicated and non-linear, it is impractical for manufacturers to intuitively
determine optimal parameters based on experience. To predict the optimum parameters and
corresponding performance, a set of approximation methods are available. Tutar et al. [12] and
Lakshminarayanan et al. [13] utilized L9 Taguchi orthogonal array to obtain optimal levels, followed
by analysis of variance (ANOVA) to estimate individual importance of each parameter. The traditional
Taguchi approach has limitations in solving the problems of multi-response optimization. The above
limitation was overcome by combining the Taguchi method with grey relation analysis to achieve
multi-objective optimization of friction stir welding (FSW) parameters [14]. Additionally, extensive
literature [15-17] adopted response surface methodology (RSM) based on approximate models
for parameter optimization, using Full-Factorial Design (FFD), Box-Behnken Design (BBD) or
Central-Composite Design (CCD). The second-order regression expression proved to have a good
prediction effect. In addition to these mathematical hypothesis-based methods, Artificial Neural
Network (ANN) is also useful for modeling and prediction of FSW parameters. Its generalized
learning means that it has a stronger ability to approximate nonlinear functions. Thereby, the genetic
algorithm (GA) or particle swarm algorithm can be applied to search for the Pareto-optimal sets.
Shojaeefard et al. [18] used an ANN-GA integrated approach based on finite element method (FEM) to
investigate the correlations between FSW parameters and multiple output responses for AA5083 butt
joints, and obtained the optimal parameter sets. Similarly, an ANN coupled with the particle swarm
algorithm was proposed to establish the relationship between process parameters and mechanical
properties, and the FSW parameters of dissimilar aluminum alloys (AA7075/AA5083) were further
optimized [19]. Regarding the selection of optimization techniquesin the above literature surveys [18,19],
the Technique for Order Preference by Similarity to the Ideal Solution (TOPSIS) was employed to
determine the best compromise solution.

Although current studies have reported the applications of non-mathematical models and
multi-objective algorithms, there is still a lack of integration of RSM and GA to achieve performance
optimization on FSSW. In particular, the selection of the final solution from the Pareto front is extremely
critical. Since the joints between automotive parts are typically subjected to unbalanced shear stress
and peel stress, multi-axial mechanical capacities are required to provide sufficient safety reserves for
different load forms. However, since the geometry and modified material distribution are symmetric
along the central axis of the keyhole, the formed FSSW joints have significantly different crack resistance
in the direction of lap plane and its normal direction. It is difficult to improve both at the same time
through process optimization. In fact, different mechanical responses may be contradictory with each
other. For example, the FSSW joint using AA7075-T6 was confirmed to own the maximum shear
strength and peel strength at distinct discrete levels of weld parameters, respectively [20]. Hence,
aiming at the optimal capacities in accordance with the load mode under application conditions,
the restrictive relationship between multiple properties in parametric optimization process should be
evaluated on the basis of loads and assigned different weights.

In present study, an integrated optimization approach using RSM and NSGA-II under the
applicability constraints was introduced to optimize FSSW process parameters on automotive aluminum
alloy sheets. Here, RSM was used to set up the empirical relationship between decision variables
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and multi-axis mechanical responses, while main effects and contribution rates of weld parameters
on ultimate strength were analyzed. For targeted optimization, the non-uniform load characteristics
of automotive joints were analyzed. Finally, the NSGA-II algorithm was employed to compute the
non-dominated Pareto sets and further determine the unique optimal solution based on the calculated
load component weights.

2. Materials and Methods

2.1. Materials Characterization

FSSW experiments were performed using rolled sheets of Al-Mg alloy 5052-H32 and Al-Mg-5i
alloy 6061-T6, which have been extensively applied in automotive stamping parts and highly loaded
structural elements. In order to test the eligibility of the original base metals, their elemental
compositions were determined by Energy Dispersive Spectroscopy (EDS, INCA-X-Max, Oxford
Instruments, Oxford, UK). EDS spectra were collected at 30 kV on the scanning electron microscope
(SEM, EV018, ZEISS, Oberkohen, Germany). As a result, their chemical contents are listed in Table 1.
Two types of automotive aluminum alloys were wire-cut into standard material test pieces and
subjected to tensile tests. Table 2 shows the mechanical properties’ parameters after the measurements.

For the welded FSSW samples, to observe the degree of bonding and the evolution of the
microstructure, two samples of similar 6061 and dissimilar 6061/5052 were cut along the central section
of solder joint using a wire-cutting machine. The bonding interfaces were polished and then chemically
etched with Keller’s reagent to reveal the post-weld microstructure, followed by local observations of
the area adjacent to the lap plane using an optical microscope (OM, Imager-M2M, ZEISS, Oberkohen,
Germany) as well as a SEM.

Table 1. Elemental compositions of weldedbase metals (wt. %).

Samples Si Cu Mg Zn Mn Cr Fe Al
AA 5052-H32 0.2 0.0 25 0.0 0.1 0.2 0.2 Bal.
AA 6061-T6 0.7 0.1 1.1 0.1 0.1 0.2 0.1 Bal.

Table 2. Mechanical properties of two automotive aluminum alloys.

Young’s . . . Elongation Section Hardness at

Samples Modulus Ylelc(lNS[;,r:)ngth %i?;?laii\{ﬁ;gf at 50-mm Shrinkage 0.5 N Load
(GPa) & Gauge (%) (%) (Hv)
5052-H32 69.5 141.8 217.5 209 499 59.0
6061-T6 69.8 241.2 320.2 14.9 34.7 74.2

2.2. Experimental Setup

Prior to welding, a wire brush was used to clean the oxide layers of the lapped surfaces to prevent
impurities from incorporating into the post-weld bond area. As shown in Figure 1, a CNC controlled
FSW machine (FSW-LM-AM16, Beijing Seifost Technology Co., Ltd., Beijing, China) was employed to
fabricate the lap and cross joints in the displacement control mode. The stir tool used was made of
high speed steel H56-5-2C and had a conical pin. The detailed dimensions of the tools and the welded
workpieces are visible in Figure 1. Since the welded plates selected for this work were 1.0 mm and
2.0 mm thick, Table 3 lists the used tool specifications corresponding to the two combinations of lap
thickness commonly applied in automobiles.

Further, room-temperature tensile tests were carried out on a universal testing machine (Jilin
Guanteng Automation Technology Co., Ltd., Changchun, China) with 100 kN capacity as per ASTM-E8
standard [21]. The ultimate shear and peel strengths at a quasi-static rate of 1.5 mm/min were recorded
on samples at five metal configurations (see Table 4 for details) using tensile shear specimens and
cross-stretched specimens, respectively.
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Figure 1. Schematic diagram of the friction stir spot-welded (FSSW) process and its detailed dimensions.

Table 3. Specification of the used tools.

Corresponding Total

No. Plate Thickness (mm) Dy (mm) D; (mm) D3 (mm) L (mm)
Tool-1 3.0 (1.0+2.0) 2.6 3.0 10.0 2.0
Tool-2 4.0 (2.0+2.0) 3.0 3.5 14.0 3.0

2.3. Experimental Design

According to the documents available, the predominant weld factors (input variables) affecting
the performance of FSSW joints were identified as rotational speed (N), plunged depth by shoulder
(H) and dwell time (T). In addition to these, the combination of the upper and lower plate materials
and their thickness was classified as the structural factor of the joint (J). The purpose of setting this
factor is to study the influence of the inherent properties of the original base metals on the joint
performance; on the other hand, in the finally established four-factor model formula, the welding
parameters corresponding to each joint type can be rapidly optimized by setting | to several fixed
joint levels.

The working range of each process parameter was first estimated with reference to previous
studies [9,10,12,20,22,23]. The lower limits of N and T were thus determined, and several trial weld
runs were performed to further determine the upper limit of N by varying its value while keeping the
remaining values constant. During this process, excessive N values that may result in visible weld
defects and significantly low tensile shear fracture loads were excluded. Considering the quality and
welding efficiency requirements on automotive assembly lines, the dwell time (T) was chosen to be
below 5 s. In addition, since the margin of Al sheet thickness was 1.0 mm in this work, the plunged
depth by shoulder (H) should be selected to be 0.5 mm or less. Table 4 presents the studied FSSW
process factors, and their codes and actual levels. The upper and lower limits of the parameters were
encoded as +2 and —2, and the codes at intermediate levels can be calculated from the linear conversion.

Table 4. FSSW process factors and their feasible range adopted in this investigation.

Level
Factor
-2 -1 0 1 2
Material and thickness Upper 5052; 1.0 6061; 2.0 5052; 2.0 5052; 2.0 5052; 1.0
(mm) combination of Lower 5052; 2.0 6061;2.0 6061; 2.0 5052; 2.0 6061; 2.0
welded metals, |
Rotational speed, N (rpm) 600 900 1200 1500 1800
Plunged depth by shoulder, H (mm) 0.1 0.2 0.3 0.4 0.5
Dwell time, T (s) 1.0 2.0 3.0 4.0 5.0

Due to the wide range of individual factors, a central-composite rotatable design matrix with
28 runs (see Table 5 for details) was established. The experimental matrix consists of a four-factor,
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full-factorial design with 24 points, eight start points and four center points. The four-dimensional
distribution of these sampling points is presented in Figure 2. The star points can be associated with
the full factor points by the following expressions:

starypper = base + (upper — base)-a, (1)

Stariyper = base — (base — lower)-a, )

where base, lower and upper are respectively the center points at zero-level, low-level and high-level
points for full-factorial design; « is a scale factor, and by adjusting its size, a matrix of different properties
such as orthogonality and rotation can be obtained [24], this study takes a = 2 as a rotational matrix.

Thus, 28 trial runs were used to fit second-order regression polynomial Equation (3) for the
two responses to predict the effect of the input variables on the evaluation indicators. The statistical
significance of the terms in each regression equation was subsequently examined. Combined with the
ANOVA, the linear, quadratic and bidirectional interactions of process factors on the lap shear strength
(Ps) and peel strength (P;) of FSSW joints could be obtained. To develop an adequate model, three
replicate samples were tested for each condition and the indicator was calculated as the average of the
replicates. Figure 3 shows the fabricated 56 joints without replicates.

Y="0+ Z bix; + Z biixl-z + Z bi]‘xix]' 3)

where by is the average of the responses, b;, b;; and b;; are respectively the fitted coefficients of linear,
quadratic and interactive terms.
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Figure 3. A photograph of friction stir spot-welded lap shear and cross tensile specimens using both
automotive aluminum alloys.



Metals 2019, 9, 520 60of 17

3. Resultsand Discussion

3.1. Microstructural Investigation of Bonding Interface

Microstructural analysis of two welded similar and dissimilar alloy samples was conducted to
check the effectiveness and weld quality of the formed joints. Figure 4a displays the macroscopic
appearance of the bonding interface of the similar AA 6061-T6 joint made at rotation speed of 1200 rpm,
plunged depth of 0.3 mm and dwell time of 3 s. The existence of the keyhole caused by the typical
FSSW process will undoubtedly weaken part of the bearing capacity due to the reduction of its bearing
area. However, some studies [25,26] have also shown that the lap shear strength produced by the refill
FSSW is not greatly improved due to its dependence on the size of the hook defect. As observed from
Figure 4a, the visible lap boundaries between upper and lower plates gradually disappeared. Besides,
it is well known that other fusion welds are generally accompanied by obvious thermal defects such as
voids, cracks or distortion [5], which were not detected in this case, indicating a higher-quality joint
was achieved.

~  Material separaﬁon

' Lower 5052H32
b RS SLE interface
el (}Nj,,‘,s""“ " Zigzag scarfing part
Bl - Upper.6061T6 - e TS [\ ’ . i .
%ﬂﬁ* - - P e AR A Overlap boundary IM‘

. Lower 60616
Figure 4. Microstructural investigation of FSSW joints with similar and dissimilar materials. (a) The bonding
cross-sectional interface; (b) Post-weld microstructure adjacent to the lap plane and its Energy Dispersive

Spectroscopy (EDS) result for a similar 6061 joint; (c) Modified microstructure of the bonded region of a
dissimilar 6061 and 5052 joint.

In order to further observe the bonding transition and finer structure at interface, the post-weld
microstructure adjacent to the lap plane was investigated. More detailed microscopic and EDS results
are shown in Figure 4b. As the distance from the weld center decreased, the modified metal exhibits
more precipitates with respect to the base metal (6061), which may be attributed to an increase in
heat input and plastic deformation. It can be seen from the SEM image with a higher magnification
for the completely bonded region that the modified structure was mainly constituted by a mass of
a-Al and evenly dispersed 3 particles as well as several micropores. It is proved by the weight ratio
of the elements that the main component of the second phase was Mg,Si. The above distribution
phenomenon and its measurement result were jointly verified by Tao et al. [27] and Sun et al. [28].
Moreover, the up-curved hook portion of the lap boundary exhibits a zigzag scarfing feature. The above
structural feature, on the other hand, facilitates the mechanical interlocking to reduce the drawback of
its weak bonding.

Similarly, as shown in Figure 4c, the bonding state of the joint using dissimilar aluminum alloys
was observed. Despite the obvious material separation, different grades of metal have achieved
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effective intercalation through fluidity. It can be foreseeable that these differences in microstructure will
lead to different mechanical behaviors of formed joints using distinct material combinations, which will
be investigated below.

3.2. Modeling Using RSM

Using the 28 sets of experimental data given in Table 5, RSM was applied to develop the empirical
relationship between process parameters and multi-axis strength. This procedure was conducted in the
Design Expert software. Meanwhile, ANOVA was employed to test the significance of the models built.
In this work, since the joint type (determined by the properties of welded plates) was incoordinate with
the type of other factors studied, it was considered to have a greater impact on the results than other
process parameters, causing indirect weakening of the significance level of the process. Therefore,
the confidence level desired for the entire model was taken as 0.90 (general significance). Values greater
than 0.10 indicate that the model terms are non-significant.

According to the ANOVA results of both response models shown in Table 6, in terms of Py,
the model F-value implies the model is significant and there is only a 0.02% chance that an F-value this
large could occur due to noise. The very low probability value indicates the shear strength model is of
high significance. From the perspective of goodness of fit, the value of determination coefficient (R?)
greater than 0.9 and the adjusted R? greater than 0.85 are generally acceptable, although the regression
relation cannot account for 8.2% of variability or total deviation. Similarly, the regression model of
peel strength has also proved to be generally significant, suggesting that both developed models are
adequate to cover the design space. By checking the p-value of each model item to eliminate the
non-significant items, the final multi-axis mechanical response expressions were attained as follows:

Py = 24591 —13.77] — 6.91N + 13.32H — 7.42T — 28.25]> — 5.17H* — 4.64T> (4)

P, = 1551 + 0.64] — 1.49N + 0.89H + 1.01]N + 1.07JH — 1.23NH — 1.32]2 + 1.75N% + 0.68H>  (5)

Table 5. CCD matrix and experimental results.

. Factor Tensile Fracture Strength (MPa)
Trial Run
] N H T Shear, P; Peel, P,
1 -1 -1 -1 -1 212.31 16.51
2 1 -1 -1 -1 191.54 10.94
3 -1 1 -1 -1 204.62 13.97
4 1 1 -1 -1 178.85 15.14
5 -1 -1 1 -1 273.85 19.05
6 1 -1 1 -1 207.69 21.78
7 -1 1 1 -1 238.08 12.70
8 1 1 1 -1 203.85 19.83
9 -1 -1 -1 1 196.92 17.29
10 1 -1 -1 1 175.00 16.41
11 -1 1 -1 1 202.31 15.63
12 1 1 -1 1 165.38 16.80
13 -1 -1 1 1 261.54 20.81
14 1 -1 1 1 203.85 20.90
15 -1 1 1 1 228.46 13.87
16 1 1 1 1 198.46 16.90
17 -2 0 0 0 140.00 8.30
18 2 0 0 0 121.54 11.53
19 0 -2 0 0 243.08 26.37
20 0 2 0 0 211.54 17.97
21 0 0 -2 0 215.38 18.36
22 0 0 2 0 230.77 17.48
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Table 5. Cont.

. Factor Tensile Fracture Strength (MPa)
Trial Run
] N H T Shear, P; Peel, P,
23 0 0 0 -2 250.00 14.94
24 0 0 0 2 200.38 15.04
25 0 0 0 0 250.38 15.14
26 0 0 0 0 267.69 16.21
27 0 0 0 0 245.00 14.86
28 0 0 0 0 253.46 16.22

In addition to the above statistical analysis, the contribution rate of each individual item to the
responses is intuitively evaluated as listed in Table 6. As a result, the effect of the joint structure (J) on
P, is most significant with a positive contribution percentage of 77.1%, followed by plunged depth (H),
dwell time (T) and rotation speed (N) in order. Whereas for P, the influence of rotation speed (N)
is especially obvious, followed by |, H, and T. The above analysis demonstrates that the importance
of individual process parameter to the bearing capacity of joints in different directions is completely
inconsistent, further illustrating the necessity of multi-objective optimization to properly balance the
effects of the two and find a compromise solution.

In order to verify the reliability of the models, the correlation between the predicted and
experimental values is shown in Figure 5, indicating that the sample points approached the 45 degree
central axis. This illustrates a good agreement between the predicted and actual values. To further
test the models, another four sets of sample points were randomly selected to verify their accuracy.
As per the relative error results of Table 7, the average error of Ps and P, are 5.64% and 6.77%, and the
maximum errors of Ps and P, are 9.71% and 8.82%, respectively. In this study, the range of relative
errors below 10% is acceptable. Therefore, the established RSM is a suitable approximation to the true
relationship and can be used for predicting the multi-axis tensile strength of FSSW joints.

a | Pa:
300 Ps: b, 26.3734
273.846 I_
121.538 / 8.30273
) S m 25 L}
250 0 o =
ba m
= y /0 E [}
> o S T
s < m
< 200 fu s =
- % &
& 5] = &g o
= 3
k> - 3 5 a
|51 py = %
| "
B L] 3 o
o ~
& 150 w B
10—
) ]
.
100 5]
T T T T T T T T T T
100 150 200 250 300 5 10 15 20 25 30
Experimental Ps (MPa) Experimental Pa (MPa)

Figure 5. Experimental and predicted values of both responses. (a) lap shear strength Ps; (b) cross
peeling strength P,.
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Table 6. ANOVA results of the both response models.

Source Df Adj SS MS F-Value p-Value Cont(r(lyl:)u tion
Model 14 33190.18 2370.73 9.00 <0.001 100.0
J* 1 4548.08 4548.08 17.27 0.001 137
N* 1 1144.98 1144.98 435 0.057 35
H* 1 4256.42 4256.42 16.16 0.002 12.8
T* 1 1321.31 1321.31 5.02 0.043 4.0
JN 1 98.09 98.09 0.37 0.552 0.3
Std. Dev. =16.23, JH 1 427.38 427.38 1.62 0.225 1.3
Mean = 213.28, JT 1 9.246 x 1073 9.246 x 103 351 x107° 0.995 0.0
C.V.=7.6%, R? = 0918, NH 1 178.63 178.63 0.68 0.425 0.5
Adj R? = 0.865, NT 1 18.72 18.72 0.07 0.794 0.1
Adeq precision = 12.70 HT 1 17.10 17.10 0.06 0.803 0.1
2 1 21,055.40 21,055.40 79.96 <0.001 63.4
N2 1 721.99 721.99 2.74 0.122 22
H2* 1 1027.29 1027.29 3.90 0.070 3.1
T2 * 1 867.93 867.93 3.30 0.093 2.6
Residual 13 3423.27 263.33 - - -
Total 27 36,613.46 - - - -
Model 14 315.36 22,53 8.26 <0.001 100.0
J* 1 9.80 9.80 3.59 0.0805 3.1
N* 1 52.96 52.96 19.42 0.001 16.8
H* 1 19.07 19.07 6.99 0.020 6.2
T 1 3.29 3.29 121 0.292 1.0
JN * 1 16.23 16.23 5.95 0.030 5.1
Std. Dev. =1.65, JH* 1 18.26 18.26 6.70 0.023 5.8
Mean =16.46, JT 1 0.26 0.26 0.096 0.761 0.1
C.V. =10.0%, R? = 0.905, NH * 1 24.09 24.09 8.83 0.011 7.6
Adj R? = 0.849, NT 1 1.94 1.94 0.71 0.415 0.6
Adeq precision = 13.65 HT 1 6.83 6.83 2.50 0.138 22
2 1 4275 42.75 15.67 0.002 13.6
N2 * 1 71.83 71.83 26.34 <0.001 22.8
H2* 1 10.70 10.70 3.92 0.069 34
T2 1 0.10 0.10 0.037 0.851 0.0
Residual 13 35.46 2.73 - - -
Total 27 350.82 - - - -

Df: degrees of freedom; SS: sum of squares; MS: mean squares; F: Fisher’s ratio; p: probability; C.V.: coefficient of
variation; * Generally significant (p < 0.1).

Table 7. Results of verification tests and their relative error analysis.

Test Factor Code Ps (MPa) Relative P, (MPa) Relative
Points T N H T Predicted Test Error (%) pregicted Test Error (%)
No. 1 -1 0.5 2 1 221.88 213.95 3.57 13.87 14.84 6.99
No. 2 1 -2 0 -15 218.40 203.70 6.73 22.75 20.80 8.57
No. 3 0 1.5 -1 -0.5 219.61 225.19 2.54 18.85 19.36 2.71
No. 4 -2 0 0.5 2 132.41 145.27 9.71 8.50 7.75 8.82

3.3. Effects of Process Parameters on Responses

Since the subsequent load analysis results in Section 4.2 below show that the automotive solder
joints are mainly subjected to shear stress during service, this section focuses on the influence mechanism
of FSSW welding parameters on the resulting shear strength. Figure 6 depicts the response surface plots
developed for Ps. Itis clear that all lower strength occurs at the extreme levels of every two independent
variables, with the maximum appearing at the intermediate levels. This demonstrates the rationality
of the range of study parameters selected. It can also be noted that the gradient as the values decrease
is relatively larger, providing a smaller process window for industrial applications, which implies the
importance of parameter optimization using DOE approaches rather than empirical selection.

The main effect plots of each process parameter on the average lap shear strength can be seen in
Figure 7. As the value of each factor increases, the P; first ascends and then descends from the middle
of the factor interval. The results show that the form of the materials to be welded, including base
metal strength and plate thickness, play a significant role in determining the tensile strength of welded
joints. The Ps using the similar 2.0 mm plates typically reaches more than 80% of its corresponding
raw material strength. Excessively high or too low process input variables will affect the amount of
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friction heat generated and the plastic fluidity together, which in turn affect the effective bond area and
recrystallized grain size [29]. The above inferences are sufficient to demonstrate the significance of
selecting proper parameters.
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Figure 6. Response surface plots for Ps.

a 0 b 20
240 |- 260 [
= 200 |-
= 240 |
o =
2 ]
< =
gf 160 :’ 220 |-
A Control factors:
Control factors: Ju
N=0 .
120 = 200 H=
H=0 T=0
T=0
80 L L L 1 L 180 L . A . .
3 2 4 0 1 2 3 300 600 900 1200 1500 1800 2100
Joint lap type Rotational speed (rpm)
C 280 d 20
260 [
260 [
240 |
= il
E 220 | =
= 3
kd -
N 00 L Control factors: Sl
J=0 Control factors:
N=0 J=0
180 |- T=0 200 - N=0
H=0
160 . ! L t ’ 180 L L L L y
0.0 0.1 02 0 0.4 05 06 0.0 10 2.0 30 4.0 50 6.0
Plunged depth by shoulder (mm) Dwell time (s)
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4. Loads Analysis of Automotive Joints

4.1. Connecting Element for Decoupling Joint Loads

In order to weigh the proportional relationship of the multi-axis performance in the following
multi-objective optimization, it is necessary to investigate the load situation of automotive joints as
the application object of FSSW joints, so that the optimized properties can be adapted to the actual
working conditions. However, the output load transmitted through joints from the finite element
(FE) code Hyperworks is based on the global coordinate system. Due to the inconsistency between
the directions of shear plane and axial vector of each spot-joint and the global coordinate directions,
the output three-dimensional force in arbitrary directions of space needs to be decoupled based on the
local coordinate system of each solder joint instead of the basic coordinate system. Thereby, decoupled
shear and axial forces can be obtained. To achieve this conversion mechanism, a 1-D flexible connecting
element was developed as shown in Figure 8. The connector is defined between two surface patches
which are quadrilateral or triangle (shell elements SHID-A and SHID-B in this figure). It is also assigned
joint properties including material properties, the diameter D and the effective length L, which are used
to calculate the stiffness of the connector in six directions. Furthermore, the position of the connector
is defined by the projection of the node GS perpendicular to the two surface patches. The element
x-axis (xe) points from the node GA to GB. The element y-axis (xy) is perpendicular to the x-axis and
coincides with the closest coordinate axis in the basic coordinate system. The element z-axis (x;) is the
cross-product of the above two elements.

As illustrated in Figure 9, taking the decoupling analysis in the element x-y plane as an example,
the transmission load (the force vectors WA and WB in this case) carried by the connector GA-GB
can be decomposed into four components, including shear force along the y,, axial stress along the
Xe, bending moments in the plane 2 as well as a pair of balanced torque around the x,, and output
separately. Thereby, the total shear and axial forces after synthesis and their stress can be attained
by numerical calculation of the two sub-planes. This simplified joint modeling was capable to save
computation time and resources for large-scale models such as body-in-white (BIW) while maintaining
analytical accuracy [30].

GSe

Figure 8. Connection between two surface patches.
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/ basic coordinate system,
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of element coordinate system.
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- )
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Figure 9. Moments and internal forces in the element coordinate system.
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4.2. Multi-Axial Stress Analysis

Figure 10 shows the BIW FE model of a typical passenger vehicle with a total of more than 1300
developed connectors for solder joints to integrate all of the components. To reduce the number
of joints used for stress analysis, eleven main force-transmitting components, including A column,
etc., were extracted to analyze the maximum multi-axial stress of the joints that make them up.
These components deliver higher peak loads than the rest and can therefore be used to evaluate the
maximum static and dynamic load requirements of joints. The location and its stress value (MPa) of
the joints with maximum shear or axial stress in partial main components are respectively displayed in
Figure 11.

C column

B column
Front top crossbeam
A column

Front cover plate

Rear floor
stringer
Front crossbeam
of rear floor
Floor crossbeam

Floor stringer

e

i

y 7 ‘ Threshold beam

Figure 10. Main force-transmitting components in a typical BIW.
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Figure 11. The element number and its stress value of the solder joints with maximum shear or
axial stress. (a) Connector with maximum shear stress for the front cover plate; (b) connector with
maximum shear stress for the threshold beam; (¢) connector with maximum axial stress for the C column;
(d) connector with maximum axial stress for the floor crossbeam.

Three typical ultimate load conditions, consisting of full-load bending, torsion and integrated
steering and braking, were separately applied to the body model. The specific loading mode and
corresponding body stiffness measurement results are listed in Table 8. Additionally, in order to
ensure that the solder joints will not fail due to transient overload under various operating conditions,
the dynamic safety factor according to Pawlowski (1969) [31] was also considered into the strength
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check as listed in Table 8. This coefficient was taken to be 1.5 throughout this paper. Thus, the safety
criterion was whether the FSSW solder joint load was lower than the allowable stress value determined
by the product of its static strength and the dynamic safety factor.

Table 8. Specific loadingmode and stiffness measurement results.

Integrated Full-Load

Conditions Full-Load Bending Torsion Steering and Braking
Bidirectional
. - Double H points loaded . )
Loading conditions with moment of 7000 Nm Torque of 3000 Nm acceler:tlc_)n(.) gxg— 11g;
y = 0.
Rigidity, K 11,571 N/mm 10,929 Nm/(°) -
Dynamic safety factor 14-1.6 1.3-1.8 1.4-1.75

The stress value transmitted by each joint under each working condition was calculated,
then decoupled and finally output. The statistical results of the maximum shear stress and axial stress
distributions of the joints connecting the main load-bearing components with others under various
operating conditions are shown in Figure 12. The joints with these largest load values are most likely to
be the initial failure points, so they were checked against the following optimum FSSW joint strength
(Table 10 below) to meet the safety requirement. As can also be seen from Figure 12, it was found
that automotive joints were dominantly shear resistant during service. Based on the sample data
of the total 66 maxima, the general proportions of shear stress and axial stress were estimated to be
about 0.905 and 0.095, which can be used as weights to measure the multi-axis relationship in the
subsequent multi-objective optimization. Besides, by comparing the results of distinct conditions,
the loads under torsion are generally the highest, followed by steering and braking, and full-load
bending. The comparative evaluation of the stress of the major components under the comprehensive
conditions shows that the front cover plate and the floor crossbeam are the members with the highest
requirements on the shear resistance of the joints, and the joints connecting the front crossbeam of rear
floor are subjected to the highest axial stress.
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Main load-bearing components A

Main load-bearing compone‘r’nts

Figure 12. Maximum stress distributions of main load-bearing components under various operating
conditions. (a) Shear stress 7; (b) Axial stress o.

5. Multi-Objective Optimization

5.1. Applicability Constraints and Optimization Using NSGA-1I

In this investigation, the final goal was to achieve the maximum shear and peel strength in
coordination with the load weights of automotive joints while meeting the safety conditions of FSSW
process to vehicles. Therefore, it was required that the optimized joint strength be greater than the
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corresponding allowable load value (the thresholds were taken from the safety criteria resulting from
the stress analysis above). Table 9 summarizes the automotive suitability constraints of multi-objective
parameter optimization for various types of lap joints.

Table 9. Applicability constraints in multi-objective parameter optimization forvarious joint types.

Joint type, J -2 -1 0 1 2
Weight of P 0.905
Weight of P, 0.095
Lower limit of P; (MPa) 190.5 205.7 205.7 205.7 90.3
Lower limit of P, (MPa) 20.2 30.7 30.7 30.7 11.7

In this multi-objective optimization problem, the maxima of the two responses are impossible
to be obtained concurrently because they contradict each other. The Pareto front is considered to
be a non-dominated set made up by a series of optimal solutions after multi-objective equilibrium.
Each of these solutions cannot be improved with respect to one objective unless the other objective is
deteriorated. In order to achieve collaborative optimization of comprehensive properties of FSSW joints,
the Non-dominated Sorting Genetic Algorithm (NSGA-II) was employed to search the design space.
The advantage of NSGA-II is its good exploration performance. Specifically, in the non-dominated
sorting, Pareto’s ability to advance is enhanced by the selection of individuals close to the Pareto front
(see [32] for the more detailed algorithm).

This procedure was executed using the parameter-based design and optimization software ISIGHT
2016. As for NSGA-II, the respective weights of the different targets (given in Table 9) are key parameters
for assessing the fitness in the population evolution and selecting the best compromise solution from
the Pareto frontier. With the purpose of targeted optimization for various joint types, the previous
four-factor multi-response surface models were evolved into differentiated three-factor mathematical
models by giving | different integers from —2 to 2. Then, the welding parameters corresponding
to the five joint types can be separately optimized under their respective constraints. In this way;,
the desired maximum multi-axial ultimate strength required for various materials and sheet thickness
combinations can be attained. Taking the case where [=0, the multi-objective optimization problem
can be mathematically expressed as:

Objective : Maximize Ps(N,H, T)
Maximize P,(N,H, T)

Subjectto: 600 <N <1800,0.1<H<05,1.0<T<5.0,
P, >205.7, P, > 30.7

(6)

5.2. Optimization Results and Verification

In terms of any joint factor, the algorithm generated 2000 sub-individuals through the
crossover-mutation mechanism with population size of 20 and maximum iterations of 100 in the
evolution process, and simultaneously used Pareto superiority to evaluate the merit of generated
individuals. Figure 13 shows the optimization iteration history and result with | = 0 as an example.
From the trend line, the advancing direction in which the solutions converge can be roughly judged.
According to the set limits, the region containing feasible solutions (marked as black dots) was
determined. The Pareto front formed by many optimal solutions is also clearly visible. On the basis
of the dual-target weights, the best compromise solution can be filtered out from the Pareto frontier
sets finally. As a result, for the 2 mm thick AA 5052-H32 and 2 mm thick AA 6061-T6 lapped FSSW
joint, the optimized process parameters were taken as rotational speed of 630 rpm (-1.9), plunged
depth of 0.48 mm (1.77) and dwell time of 2.4 s (—0.65), realizing a shear strength of 264.2 MPa and a
peel strength of 32.8 MPa. Table 10 shows the optimal weld parameters and corresponding output
responses for all joint types.
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Subsequently, in order to verify the above optimization results, the test piece preparations and

tensile strength tests were carried out using the optimized process settings. As illustrated in Table 10,
the maximum relative errors of Ps; and P, are 7.04% and 9.60%, respectively, both within the RSM
error range of 10%. This indicates that this proposed integrated optimization approach satisfies the
prediction accuracy with effective optimal results.

270 . . Best compromise solution, pjreto front
264.23

260

Trend line
N

Lower limit of Pa——»|

Lower limit of Ps

. 32.78
14 16 18 20 22 24 26 28 30 32 34 36
Pa (MPa)

Figure 13. The optimization iterations andresult for the case of | = 0.

Table 10. Multi-objective optimization results and their verification.

Joint type, | -2 -1 0 1 2
Optimal code, (N, H, T) (-2.0,2.0,-0.65) (-2.0,2.0, -0.64) (-1.9,1.77, -0.65) (-1.86, 1.62, —0.67) (=0.93,0.99, —0.64)
Actual parameters, (N, H, T) (1800, 0.5, 2.4) (1800, 0.5, 2.4) (630, 0.48, 2.4) (642, 0.46, 2.3) (921,04, 2.4)
Optimized (MPa) 201.9 261.7 264.2 208.6 107.0
Ps Experimental (MPa) 188.3 2759 245.6 215.2 100.6
Relative error (%) 6.74 5.42 7.04 3.16 5.98
Optimized (MPa) 28.3 33.1 328 30.8 17.7
P, Experimental (MPa) 26.2 35.9 30.1 322 16.0
Relative error (%) 7.42 8.46 8.23 4.55 9.60

6. Conclusions

In this paper, a targeted optimization approach that integrated RSM and NSGA-II with a full

consideration of working conditions was proposed to optimize FSSW process parameters. The purpose
was to derive a purposeful improvement of mechanical properties that matched to the load pattern of

automotive joints. The following conclusions can be drawn:

@

@)

®)

The empirical relationships were developed to estimate the effects of different welded sheet
combinations and corresponding weld parameters on multi-axial tensile strength of formed
solder joints. The results reveal that the original base material properties play a significant role in
determining the shear strength with a positive contribution percentage of 77.1%, followed by
plunged depth, dwell time and rotation speed. The dwell time has no significant effect on the
peel strength.

Using the developed connecting element, the multi-axis load-bearing characteristics of automotive
joints under multiple driving conditions were analyzed. Automotive spot-joints have proven to
be primarily shear resistance. In order to balance dual properties in multi-objective optimization,
the weights of shear stress and axial stress were statistically found to be 0.905 and 0.095, respectively.
Under the automotive applicability constraints, NSGA-II was effectively utilized to deal with
such multi-objective optimization problem. Corresponding optimal weld parameters for various
joint types were obtained and subsequently validated to be in good agreement with the
experimental ones.
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