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Abstract: The spindle characteristic signal (forces and vibrations) at different friction stir lap welding
(FSLW) parameters were studied. The result indicated that the spindle force and vibration have
different trends with the change of welding parameters. For further study, the spindle dynamic per-
formance evaluation model by means of the Technique for Order Preference by Similarity to the Ideal
Solution (TOPSIS method) was established. The model was used to calculate the relative approach
degree B under different welding process parameters. The correlation between the characteristic
signal and the joint properties was obtained. The model was validated by mechanical performance
testing and microscopic observation. The results showed that the model evaluations were consistent
with the experimental results.

Keywords: friction stir lap welding; characteristic signal; microstructure; mechanical properties

1. Introduction

Restrictions on environmental protection, energy conservation, and emission reduc-
tions have become increasingly stringent in the automobile manufacturing industry. As an
important means of energy savings and emission reduction for automobiles, weight reduc-
tion is receiving more and more attention from countries all over the world. Aluminum
and magnesium alloys are widely used in the automotive industry as ideal lightweight
materials due to their high damping capacities, high specific strengths, low weights, and
excellent formability properties [1,2]. However, the greatest challenge for joining dis-
similar materials of aluminum and magnesium alloys is the formation of intermetallic
compound (IMC) phases in the welded joint of the two alloys. Intermetallic compounds
can easily lead to cracks in the welds [3,4]. Researchers have attempted to join dissimilar
aluminum/magnesium alloys using brazing [5], diffusion welding [6], ultrasonic weld-
ing [7], laser welding [8], resistance welding [9], and arc welding [10], but each of these
methods is associated with unique problems. As a new solid phase joining technique,
friction stir lap welding (FSLW) is a kind of welding form derived from friction stir welding
(FSW), which can effectively suppress the generation of IMCs because the welding heat
input is low during the welding process, so the base material only undergoes plastic flow
and does not melt under the effect of the tool. Furthermore, with the help of the high strain
rate and large deformation during FSLW, the distribution of IMC is effectively improved,
making FSLW the ideal joining technique for these two light alloy materials.

The weld formation during FSW is divided into surface formation and cross-sectional
formation. The surface form directly affects the performance of the FSW weld [11]. To date,
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researchers have performed a large amount of useful work to investigate the influence
mechanism of the welding process parameters, such as the welding and rotation speeds, on
the formation of the weld [12–21]. Zhang et al. [14] obtained defect-free joints during the
FSW of dissimilar AM60 Al/AZ31 Mg metals by adjusting the welding process parameters.
Huang et al. [15] used a friction stir welding method to join the AA2024-T4 plates with
drastically different thickness and investigated the influence of pin length on joint features
and mechanical properties. Li [16] prepared FSW samples of dissimilar metal butt welds
of AZ91Mg/A383 Al at ν = 40 mm/min and ω = 700–1500 rpm. This showed that the
surface quality of weld would reduce at too high or low rotation speed. In the FSW welding
process, a solid joint of the dissimilar metals is formed by the action of a tool driven by the
high-speed rotation of the mechanical spindle. Some scholars have analyzed the quality of
the formed FSW welds from the perspective of the spindle performance [22–24]. Forcellese
et al. [22] researched the FSW butt joint of the same material, AZ31 Mg, and observed
the changes of the axial force of the spindle during the welding process. This indicated
that as the axial force increased, the heat input to the weld increased, the fluidity of the
weld material increased, and the smoothness of the weld surface improved. Boccarusso
et al. [23] studied the effects of the axial and lateral forces of the spindle on the surface
morphology of the weld. The results indicated that the axial force on the spindle played
the dominant role in the formation of the weld, but an increase in the lateral force of the
spindle could reduce the stability of the material flowed inside the weld and lead to surface
defects and roughness. Chen et al. [24] suggested that when the spindle force was too
small, the joint could not form an effective connection, but when the axial force on the
spindle was too large, the material in the weld would be extruded outward and caused
surface flash defects. A smooth, defect-free weld surface could be formed only when the
spindle force was an appropriate value. Collectively, all of these studies had addressed
the effects of the welding parameters on the weld formation or the influence of the spindle
force alone on the weld formation, but some outstanding issues remain. For example,
the internal relationship between the spindle dynamic performance (force and vibration)
and welding process parameters and the influence of the spindle dynamic performance
on microstructures and properties of dissimilar aluminum/magnesium friction stir lap
welding have yet to be investigated.

Therefore, this paper focused on magnesium and aluminum alloys as the research
objects. The goal of the study was to comprehensively evaluate the dynamic performance
of the spindle using the Technique for Order Preference by Similarity to the Ideal Solution
(TOPSIS) [25,26] method and to investigate the correlation between the characteristic signal
and the joint properties. To study the effects of the welding process parameters (rotational
speedω and welding speed v) on the spindle dynamic performance (three-way force and
vibration), in the present work, the different parameter conditions were constructed and
made use of a three-component force measuring system and vibration instrumentation.
The results of the investigation provide a theoretical foundation and scientific basis for
applications of the FSLW joining of dissimilar aluminum and magnesium materials in the
automobile industry.

2. Materials and Methods

In this study, the FSLW welding tests were carried out using a 2 mm-thick 1060
aluminum plate and a 3 mm-thick AZ31B magnesium plate. The dimensions of the plates
were 200 mm × 150 mm, and the chemical compositions are shown in Table 1. Prior
to welding, the dust and greasy dirt on the surface of the aluminum and magnesium
plates were removed with sandpaper and alcohol. All the specimens were constructed
on an HT-JM16 × 8/1 one-dimensional gantry friction stir welding machine (Aerospace
Engineering Equipment Co., Ltd., Suzhou, China) with the aluminum plate on top and the
magnesium plate at the bottom. To ensure an effective joint between the aluminum and
magnesium plates, a tool of pin diameter size 4 mm and shoulder diameter size 14 mm,
was chosen. In the welding process, the tool rotated in a counterclockwise direction and
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maintained a 2.5◦ angle and a 0.2 mm shoulder plunge depth. Welding parameters were
set as separately at ω = 1000, 1500, and 2000 rpm and ν = 30, 50, and 70 mm/min. In
addition, to study the effect of the dynamic performance of the spindle on microstructures
and properties of the joint, the real-time changes of the three forces and the vibrations of the
spindle were monitored separately during the welding process using a Kistler 9257B three-
component cutting force system (Kistler Instruments Co., Ltd., Wintertour, Switzerland)
and DH5922D vibration instrumentation (Jiangsu Donghua Testing Technology Co., Ltd.,
Taizhou, China) (Figure 1a). The three-way acceleration sensor of 1A314E was used; the X,
Y and Z direction sensitivity was 104.2, 100.1 and 99.3 mV/g, respectively. The frequency
range was 0.5–7000 Hz. To examine the macroscopic characteristics of the weld, a cross
section of the weld was extracted from the middle position and, after polishing, examined
under a Zeiss Axiovert 200MAT stereo microscope and a Zeiss Lab A1 microscope (Zeiss,
Jena, Germany). A micro-hardness tester (FM-810, Future-tech, Kawasaki, Japan) was
used to test the cross-sectional micro-hardness of the joint, with a load of 100 gf and a
loading time of 15 s. The tensile specimens were taken from 5 cm away from the start of the
joint with a size of 190 mm × 40 mm (as shown in Figure 1b), and the joint tensile shear
force was measured using a microcomputer-controlled electronic universal testing machine
(WDW-20, Changchun Kexin Test Instrument Co., Ltd., Changchun, China) at a quasi-static
loading speed of 0.5 mm/min.

Table 1. Chemical composition of 1060 Al and AZ31B Mg (wt.%).

Materials Al Mg Zn Cu Mn Si Be Fe

1060 Al 99.6 0.03 0.05 0.05 0.03 0.25 0.1 0.35
AZ31B Mg 3.19 95.45 0.81 0.05 0.33 0.02 0.1 0.005
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Figure 1. (a) Friction stir lap welding (FSLW) equipment. (b) Tensile shear testing and metallographic samples.

The evaluation of the dynamic performance of a spindle is a comprehensive, quantita-
tive, and multi-factor ranking problem. The dynamic performance of the spindle relies on
many factors, therefore we chose a set of parameters with the best dynamic performance of
the spindle from multiple datasets, compared and analyzed the influencing factors, and
comprehensively optimized and ranked them. Table 2 shows the experimentally obtained
data from the tests. The influencing factors included two layers, and the hierarchical
analysis of the six influencing factors are shown in Figure 2.
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Table 2. Dynamic performance of spindle under different welding parameters.

Parameter
Coding

ω

(rpm) ν (mm/min)
Forces (N) Vibration Acceleration

(m/s2)

Fx Fy Fz ax ay az

1 1000 30 300 808.1 2138 0.027 0.015 0.015
2 1000 50 302.1 884.7 2529 0.01 0.005 0.052
3 1000 70 327.4 1250 4093 0.136 0.158 0.287
4 1500 30 310 826.3 3260 0.051 0.069 0.127
5 1500 50 322.5 1032 3891 0.054 0.055 0.104
6 1500 70 342 1331 4915 0.16 0.195 0.201
7 2000 30 341 789.1 2427 0.047 0.076 0.108
8 2000 50 337.8 906.9 2696 0.057 0.118 0.256
9 2000 70 352.1 924.4 2830 0.062 0.083 0.167
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Figure 2. Spindle dynamic performance evaluation model using the Technique for Order Preference
by Similarity to the Ideal Solution (TOPSIS).

To build the model, the following assumptions were made: (i) except for the nine sets
of welding process parameters given, all other welding conditions were identical; (ii) the
three factors considered in the selection of the optimal parameters were determined by
multiple tests and based on relevant data. Their effects on the dynamic performance of the
spindle were in the following order: vibrations and three forces [27].

3. Results and Discussion
3.1. Three Forces

In the FSLW process, the interaction between the spindle and the specimen during
the forming process of the weld may be divided into four phases: the plunging stage
(I), dwelling stage (II), welding stage (III), and pulling-out stage (IV) [22]. The spindle
experiences different forces in different phases. For example, the time dependence of the
three forces on the spindle under the FSLW welding parameter of 1500 rpm and 70 mm/min
are shown in Figure 3. From Figure 3, it can be seen that the red, blue and yellow line
represent the Fx, Fy and Fz, respectively.



Coatings 2021, 11, 19 5 of 19

Coatings 2021, 11, x FOR PEER REVIEW 5 of 20 
 

 

tinuously generated heat that flowed into the base material and caused it to reach a ther-
moplastic state. This ensured an effective joint in the initial weld along the weld advancing 
direction. As the base material continued to soften and the dwell time of the spindle con-
tinued to lengthen, Fz showed a significant decreasing trend, as shown in Figure 3. Gao 
et. al. [29] pronounced that the axial force decreased sharply in the dwelling stage because 
the heat generation by shoulder–workpiece friction produced more plasticized material. 
Moreover, Fx and Fy also decreased slightly. 

In the welding stage (Stage III), the tool was moving from the region of high material 
softening to the region of low material softening. All three forces on the spindle increased 
substantially [23], and their increases were in the order of Fz > Fy > Fx. After this short 
period of transition, the welding entered a more stable state, where the stability of Fx was 
the best, and its change with time could be ignored. Fy was in the range of 1400 ± 300 N, 
and Fz fluctuated in the range of 5000 ± 1000 N. 

During the pulling-out stage (Stage IV), the tool stopped advancing while maintain-
ing a constant rotational speed and pulled away from the weld surface, leaving a keyhole 
on the surface of the plate. During this stage, the contact area between the tool and the 
plate decreased continuously, and the three forces on the spindle continued to decay until 
the tool was completely pulling out the surface of the plate and all three forces decreased 
to zero. 

 
Figure 3. Schematic diagram of the time curves of the three forces on the spindle and the locations 
of the different phases under the condition of 1500 rpm and 70 mm/min. 

Based on the above analysis of the entire welding process, it was found that in Stage 
I, II, and IV, the spindle acted on the plate for a brief period and the three forces fluctuated 
over a wide range. These two characteristics greatly increased the difficulty analyzing of 
the relationship between the rotation speed, the welding speed, and the three forces on 
the spindle, and they also lowered the accuracy of the analysis significantly. For this rea-
son, the time dependence of the axial force in Stage III was used to analyze the variation 
trends of the welding process parameters as a function of the axial force. 

An orthogonal test was designed for the welding process parameters using ω = 1000, 
1500, and 2000 rpm and ν = 30, 50 and 70 mm/min. Figure 4 shows the time dependence 
of the three forces for the FSLW welding of aluminum and magnesium under nine sets of 
welding process parameters. 

Figure 3. Schematic diagram of the time curves of the three forces on the spindle and the locations of
the different phases under the condition of 1500 rpm and 70 mm/min.

During the plunging stage (Stage I), the tool started to rotate and was pressed down
until it plunged into the parent material to the specified depth. In this stage, the tool
continued to be pressed into the yet-to-be-softened metal material, and the axial force
(Fz) increased sharply with time [28], while the lateral force (Fx) and the feed force (Fy)
increased slightly. Forcellese et al. [22] claimed that the axial force quickly risen owing to
the strength of the deforming material to the pin penetration that prevailed on the softening
due to the heat generated by the stirring action of the rotating pin.

After reaching the predetermined downward force, the tool rotated in place in the
dwelling stage (Stage II). The friction between the rotating tool and the base material
continuously generated heat that flowed into the base material and caused it to reach
a thermoplastic state. This ensured an effective joint in the initial weld along the weld
advancing direction. As the base material continued to soften and the dwell time of the
spindle continued to lengthen, Fz showed a significant decreasing trend, as shown in Figure
3. Gao et. al. [29] pronounced that the axial force decreased sharply in the dwelling stage
because the heat generation by shoulder–workpiece friction produced more plasticized
material. Moreover, Fx and Fy also decreased slightly.

In the welding stage (Stage III), the tool was moving from the region of high material
softening to the region of low material softening. All three forces on the spindle increased
substantially [23], and their increases were in the order of Fz > Fy > Fx. After this short
period of transition, the welding entered a more stable state, where the stability of Fx was
the best, and its change with time could be ignored. Fy was in the range of 1400 ± 300 N,
and Fz fluctuated in the range of 5000 ± 1000 N.

During the pulling-out stage (Stage IV), the tool stopped advancing while maintaining
a constant rotational speed and pulled away from the weld surface, leaving a keyhole on
the surface of the plate. During this stage, the contact area between the tool and the plate
decreased continuously, and the three forces on the spindle continued to decay until the
tool was completely pulling out the surface of the plate and all three forces decreased to
zero.

Based on the above analysis of the entire welding process, it was found that in Stage I,
II, and IV, the spindle acted on the plate for a brief period and the three forces fluctuated
over a wide range. These two characteristics greatly increased the difficulty analyzing of
the relationship between the rotation speed, the welding speed, and the three forces on the
spindle, and they also lowered the accuracy of the analysis significantly. For this reason,
the time dependence of the axial force in Stage III was used to analyze the variation trends
of the welding process parameters as a function of the axial force.

An orthogonal test was designed for the welding process parameters usingω = 1000,
1500, and 2000 rpm and ν = 30, 50 and 70 mm/min. Figure 4 shows the time dependence
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of the three forces for the FSLW welding of aluminum and magnesium under nine sets of
welding process parameters.

Coatings 2021, 11, x FOR PEER REVIEW 6 of 20 
 

 

 
Figure 4. The three directional forces during the FSLW process stage. (a) 1000 rpm, 30 mm/min; (b) 
1000 rpm, 50 mm/min; (c) 1000 rpm, 70 mm/min; (d) 1500 rpm, 30 mm/min; (e) 1500 rpm, 50 
mm/min; (f) 1500 rpm, 70 mm/min; (g) 2000 rpm, 30 mm/min; (h) 2000 rpm, 50 mm/min; (i) 2000 
rpm, 70 mm/min 

The results in Figure 4 show that after the stirring spindle entered the stable feeding 
phase, the axial force first increased and then decreased. As the welding process parame-
ters changed, the curves for the three forces also changed accordingly. With the stirring 
spindle rotating at ω = 1000, 1500, and 2000 rpm, the stability of the three forces decreased, 
and the range of fluctuations increased as the welding speed increased, such as the curve 
fluctuation in Figure 4a being smaller than that in Figure 4b,c. At v = 30, 50, and 70 
mm/min, the three forces fluctuated more frequently as the rotation speed increased. For 
Fx, the fluctuation was larger in Figure 4a–c than that in Figure 4 d–i. The increase in the 
three-way force of the spindle was more frequent. At the same time, due to the increase 
in the rotation speed, the heat input to the weld joint increased, the plasticization of the 
metal increased [30,31], and the range of fluctuations of the three forces became even 
smaller during the welding process. 

In the study of the relationship between the rotational speed, the welding speed, and 
the three forces on the spindle, the three forces were fitted to a normal distribution. The 
fitting equation for the normal distribution is shown in Equation (1), the original data 
were determined by calculating the action time of axis force in force-time curve by 
MATLAB, and the fitting results are shown in Figure 5. The three forces basically followed 
a normal distribution, therefore the average values (μ) of the fitted curves were used to 
represent the three forces in the analysis of the relationship between the three forces, the 
rotational speed and the welding speed: 

( )2
221F( ) = e

2

μ
σ

−
−

πσ

x

X  (1)

where μ and σ represent the mean value and standard deviation, respectively. 

Figure 4. The three directional forces during the FSLW process stage. (a) 1000 rpm, 30 mm/min; (b) 1000 rpm, 50 mm/min;
(c) 1000 rpm, 70 mm/min; (d) 1500 rpm, 30 mm/min; (e) 1500 rpm, 50 mm/min; (f) 1500 rpm, 70 mm/min; (g) 2000 rpm,
30 mm/min; (h) 2000 rpm, 50 mm/min; (i) 2000 rpm, 70 mm/min.

The results in Figure 4 show that after the stirring spindle entered the stable feeding
phase, the axial force first increased and then decreased. As the welding process parameters
changed, the curves for the three forces also changed accordingly. With the stirring spindle
rotating atω = 1000, 1500, and 2000 rpm, the stability of the three forces decreased, and the
range of fluctuations increased as the welding speed increased, such as the curve fluctuation
in Figure 4a being smaller than that in Figure 4b,c. At v = 30, 50, and 70 mm/min, the three
forces fluctuated more frequently as the rotation speed increased. For Fx, the fluctuation
was larger in Figure 4a–c than that in Figure 4 d–i. The increase in the three-way force of
the spindle was more frequent. At the same time, due to the increase in the rotation speed,
the heat input to the weld joint increased, the plasticization of the metal increased [30,31],
and the range of fluctuations of the three forces became even smaller during the welding
process.

In the study of the relationship between the rotational speed, the welding speed, and
the three forces on the spindle, the three forces were fitted to a normal distribution. The
fitting equation for the normal distribution is shown in Equation (1), the original data were
determined by calculating the action time of axis force in force-time curve by MATLAB,
and the fitting results are shown in Figure 5. The three forces basically followed a normal
distribution, therefore the average values (µ) of the fitted curves were used to represent the
three forces in the analysis of the relationship between the three forces, the rotational speed
and the welding speed:

F(X) =
1√
2πσ

e−
(x−µ)2

2σ2 (1)
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where µ and σ represent the mean value and standard deviation, respectively.
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To investigate the effect of the rotation and welding speeds on the three forces on the
spindle, a response surface mathematical model with the rotational and welding speeds as
independent variables and Fx, Fy and Fz as dependent variables was used, according to
the center combination method in the Design Expert 12.0 software. The reliability of the
model was verified based on the accuracy of the model [32,33]. To facilitate the design of
the model, the independent variables were assigned encoded parameter values. The actual
and encoded values are shown in Table 3. Two factors, three-level central composite design
matrix were selected to minimizing experimental conditions. The upper and lower limits of
each parameter are coded as 1 and −1, respectively. The coded values for the intermediate
(0) level were the rest of parameters. A total of nine experiments were required in this
central composite design experimental design. The independent variable parameter matrix
and the experimental results of the response values are shown in Table 4.

Table 3. Important factors and their levels.

Factor
Coding Level

−1 0 1

ω (rpm) 1000 1500 2000
v (mm/min) 30 50 70

Table 4. Test results of matrix independent variables and their response values.

No. ω (rpm) v (mm/min) Fx (N) Fy (N) Fz (N)

1 0 0 322.5 1032 3891
2 0 −1 310 826.3 3260
3 1 −1 341 789.1 2427
4 −1 0 302.1 884.7 2529
5 0 0 322.5 1032 3891
6 1 0 337.8 906.9 2696
7 −1 1 327.4 1250 4093
8 0 1 342 1331 4915
9 1 1 352.1 924.4 3830
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For this test, a mathematical model was established using a second-order fitting
equation, as shown in Equation (2):

Yi = b0 + ∑ bixi + ∑ bijxixj + ∑ biix2
i
+ ε(i = 1, 2, . . . , n) (2)

where xi and xj denote the independent variables, b0 is a constant term, bij represents the
interaction coefficients of the two input variables, bii is the second-order effect of parameters
xi, ε is a random error, and Yi is the value of the response function. In this experiment, the
two factors and three response equations can be expressed as [32]:

Fx = a0 + a1 ×ω+ a2 × ν + a3 ×ω× ν + a4 ×ω2 + a5 × ν2

Fy = b0 + b1 ×ω+ b2 × ν + b3 ×ω× ν + b4 ×ω2 + b5 × ν2

Fz = c0 + c1 ×ω+ c2 × ν + c3 ×ω× ν + c4 ×ω2 + c5 × ν2
(3)

Calculations using the Design Expert 12.0 software yielded the following response
equations of the three forces:

Fx = 321.82 + 19.83×ω+ 14.68× ν− 8.46×ω× ν− 1.24×ω2 + 4.81× ν2

Fy = 1056 + 2.68×ω+ 236.73× ν− 161.26×ω× ν− 184.29×ω2 − 1.44× ν2

Fz = 3825 + 86.83×ω+ 890.17× ν− 220×ω× ν− 1146.5×ω2 + 328.5× ν2
(4)

Using the ANOVA module of the Design Expert 12.0 software, the accuracy of the
response surface model was tested. In the analysis of variance process, the values of P and
F reflect the reliability of the model. The greater the values of F, the smaller the values
of P were, and the higher the reliability of the model was. Generally, a P value less than
0.05 indicates that the model is significant, and a P value greater than 0.1 shows that the
model is poor and cannot be used reliably. The results in Table 5 show that the Fz response
surface model and the v, ω, and v2 terms were all highly significant. In addition, the
closer the coefficient of determination, R2, between the actually measured value of the
response surface function and the predicted value of the model was to 1, the better the
fit was between the predicted and experimental values. In the Fz model, R2 was as high
as 0.98, which indicated a high degree of fitting between the predicted and experimental
values. Figure 6 shows the correlation graphs of experimental and predicted values. From
Figure 6, it was found that the predicted and experimental values of the response surface
function were evenly distributed on both sides of the 45◦ inclined line, indicating that the
response surface models of Fx, Fy and Fz had high fitting accuracy and the models were
applicable.

Table 5. ANOVA test results.

Source Sum of
Squares df Mean

Square F Value p-Value
Prob > F

Model 5,524,000 5 1,105,000 78.35 0.0022 Significant
ω 24,809.12 1 24,809.12 1.76 0.2767 -
v 2,607,000 1 2,607,000 184.88 0.0009 -
ωv 86,610.53 1 86,610.53 6.14 0.0894 -
ω2 2,483,000 1 2,483,000 176.06 0.0009 -
v2 203,800 1 203,800 14.45 0.0320 -

Residual 42,306.67 3 14,102.22 - - -
Lack of Fit 42,306.67 2 21,153.33 - - -
Pure Error 0 1 1,105,000 - - -
Cor Total 5,567,000 8 - - -
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Figure 7 shows the response surface plots for the rotational speed, welding speed
to the forces Fx, Fy and Fz. Figure 7a shows that the variation trend of Fx was clearly
different from those of Fy and Fz. Whenω = 1000 rpm and v = 30 mm/min, Fx exhibited
the minimum value. As the rotational and welding speed increased, Fx increased and
assumed the maximum value when ω = 2000 rpm and v = 70 mm/min. On the XY
horizontal plane of the response surface plot, the contour line for Fx was approximately a
circular arc. This indicated that the rotational speed and the welding speed interacted very
weakly with Fx and had only an overlaying effect. Furthermore, over the entire variation
range of the fitted parameters, Fx fluctuated in the range of 300–360 N, and the welding
process parameters had little effect on the changes of the Fx values [34]. Similarly, the
Fy also obtained a minimum at ω = 1000 rpm and v = 30, and the interaction dropped
sharply as it approached 1000 rpm and 30 mm/min. In Figure 7b, the rotational and
welding speeds had an interacting effect on Fy [35]. For a given rotational speed, as the
welding speed increased, Fy increased. For a given welding speed, when the rotational
speed increased, Fy first increased and then decreased, with the maximum occurring
at approximately ω = 1500 rpm and v = 70 mm/min. As shown in Figure 7c, Fz was
approximately symmetric about the horizontal plane ofω = 1500 rpm. At v = 30 mm/min,
Fz decreased sharply as the rotational speed approached 1000 and 2000 rpm, reaching a
maximum atω = 1500 rpm and v = 70 mm/min. On the XY horizontal plane, the contour
had an elliptical shape, and the interaction of the rotation and welding speeds with Fz was
quite significant. Under this interaction, Fz changed minimally for ω = 1300–1700 rpm
and v = 40–60 mm/min. Residual plots are shown in Figure 7d–f, which indicate that the
fitting accuracy of all experimental date was up to 97%, and the experimental analysis was
dependable.
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3.2. Vibration

FSLW spindle vibrations usually have an adverse effect on welding, and its degree of
influence was often related to the vibration acceleration at high rotation speed. Therefore,
the vibration acceleration was used to study the vibrations. Figure 8 shows the frequency
spectrum of Z vibration acceleration of the spindle with different welding parameters.
From Figure 8, it can be seen that the Z direction vibration acceleration frequency spectrum
changed slightly under different welding speed when the rotational speed was fixed
(Figure 8b,d,e). However, when the welding speed was constant, the Z direction vibration
acceleration frequency spectrum changed significantly with different rotational speeds
(Figure 8a–c). This proves that the rotational speed has a great influence on the vibration
of spindle. In order to compare the vibration acceleration of different welding speeds
and rotational speeds, the vibration acceleration data was calculated by DHDAS dynamic
signal test and analysis software. The mean value of vibration acceleration is shown in
Figure 9.
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As shown in Figure 9, under the welding processing, the vibration acceleration of
three direction was slight whenω = 1000 rpm, and v = 30 mm/min. When welding speed
v = 30 and 50 mm/min, as the welding speed and rotational speed increased, the vibration
acceleration of three direction increased. However, when welding speed v = 70 mm/min,
the vibration acceleration ofω = 1000 andω = 1500 rpm was larger and it decreased sharply
in the X and Y directions whenω = 2000 rpm (Figure 8a,b). In Figure 8c, when rotational
speed v = 70 mm/min, the vibration acceleration of Z direction decreased with the increase
in rotational speed.
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3.3. Spindle Dynamic Performance Evaluation Model
3.3.1. Consistent Processing of Indices

Consistent processing of the indices can effectively avoid irrational evaluation results,
because the various indices had different orders of magnitude. The linear proportional
transformation method can effectively retain the size relationships and ratios of the in-
dices before and after the change. Hence, to be as realistic as possible and eliminate the
differences between the indices, the linear proportional transformation method was used
to transform indices on an extremely large scale.

The two factors, i.e., the forces and vibrations, each have their own standards. In the
present parametric study, the three forces possessed extremely large indices: the greater the
force, the better the performance was. For vibrations, the indices were small: the smaller
they were, the better the performance of the spindle was. For convenience, the reciprocals
of the vibration were used and converted into very large indices for the calculation. The
linear proportional transformation method was used to standardize the indices by letting:

x∗ij =
xij

max xij

(
max xij 6= 0, 1 ≤ i ≤ 9, 1 ≤ j ≤ 6

)
(5)

The evaluation matrix was obtained as follows:

R =



0.852031 0.607137 0.434995 0.37037 0.333333 3.466667
0.857995 0.664688 0.514547 1 1 1
0.929849 0.939144 0.832757 0.073529 0.031646 0.181185
0.880432 0.620811 0.663276 0.196078 0.072464 0.409449
0.915933 0.775357 0.791658 0.185185 0.090909 0.5
0.971315 1 1 0.0625 0.025641 0.258706
0.968475 0.592863 0.493795 0.212766 0.065789 0.481481
0.959387 0.681367 0.548525 0.175439 0.042373 0.203125

1 0.694515 0.575788 0.16129 0.060241 0.311377


All subsequent calculations of the data were based on the evaluation matrix R.

3.3.2. Establishing Hierarchical Structure Map

Based on the known evaluation indices, it was determined that there were four layers:
object layer O, criterion layer C, sub-criterion layer D, and program layer P. An analytic
hierarchy process diagram, as shown in Figure 10, was established. The first layer, object
layer O, was for the evaluation of the FSLW spindle dynamic performance. The second
layer, criterion layer C, had the two first-level indices—the three forces and vibration—to
evaluate the dynamic performance of the FSLW spindle. The third layer, sub-criterion layer
D, had second-level indices (six indices including Fx, Fy and others) for evaluating the
dynamic performance of the FSLW spindle. The fourth layer contained the nine sets of
weld process parameters studied herein.
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3.3.3. Determining the Weight Vector

According to assumption (ii) above, as shown in Table 6, a 1–9 scale aij was used to
measure the relative importance of any two criterion layers Ci and Cj to the object layer O.

Table 6. Meaning of aij scale.

aij Scale Factor Ci is ___ factor Cj

1 Equally important to
3 Slightly more important than
5 More important than
7 Much more important than
9 Extremely more important than

2, 4, 6, 8 The intermediate value between two adjacent judgments of

If the influence of three-dimensional force and vibration on target layer is the same in
criterion layer C, then criterion layer C and target layer O are both assigned values of 0.5.
In other words, the normalized weight of criterion layer C to target layer O is as follows:

w(2) = (0.5, 0.5)T (6)

The hierarchical structure included two parts: the criterion layer and the sub-criterion
layer. Therefore, according to Table 6, a pairwise comparison matrix A1 for D1, D2 and
D3 with respect to C1 was firstly constructed and then the relative weight vector w1

(3) was
calculated. The position weight was set to 0 for factors in the sub-criterion layer that had
no effect on C1. Thus, the relative weight vectors w1

(3) of six factors with respect to C1
were constructed. Similarly, the relative weight vectors w2

(3) of each factor with respect to
C2 may be constructed using the same method.

Then, a pairwise comparison matrix of the sub-criterion layer with respect to the criterion

layers C1 and C2 were constructed: A1 =

 1 1/3 1/5
3 1 1/3
5 3 1

, and A2 =

 1 1/3 1/5
3 1 1/3
5 3 1

,

respectively.
Using the sum method, the maximum feature root of each matrix was calculated and

the corresponding normalized feature vector:
λ1 = 3.0387, λ2 = 3.0387
w(3)

1 = (0.1062, 0.2605, 0.6333)T , w(3)
2 = (0.1062, 0.2605, 0.6333)T .

All layers passed the consistency test.
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The weights for factors at positions that had no influence on C1 in the sub-criterion
layer were set to 0. Thus, this obtained the relative weight vectors w1

(3) of the six factors
with respect to C1. Similarly, the relative weight vectors w2

(3) of each factor with respect to
C2 was obtained using the same method. The relative weight vectors of the sub-criterion
layers for the factors of the criterion layer were as follows:

w(3)
1 = (0.1062, 0.2605, 0.6333, 0, 0, 0)T ,

w(3)
2 = (0, 0, 0, 0.1062, 0.2605, 0.6333)T .

The matrix formed by the column vectors of the relative weight vector of the sub-
criterion layer with respect to the factors of the criterion layer was as follows:

W(3) =
(

w(3)
1 , w(3)

2

)
=



0.1062 0
0.2605 0
0.6333 0

0 0.1062
0 0.2605
0 0.6333


The combined weight of the sub-criterion layer D with respect to the object layer O

was w(3) = W(3)w(2) = (0.0531, 0.1303, 0.3167, 0.0531, 0.1303, 0.3167)T .
Based on the combined weight vector, with respect to the dynamic performance of the

spindle, a weight of 0.0531 was assigned to Fx, a weight of 0.1303 was assigned to Fy, and
a weight of 0.3167 was assigned to Fz. The weight of the spindle vibration was the same
with the forces.

The comprehensive weight of the sub criterion layer D to the dynamic performance of
the spindle passes the combination consistency test.

Therefore, the third layer passed the combination consistency test. The combined
weight of the six factors for their effect on the dynamic performance of the spindle was
w(3) = (0.0531, 0.1303, 0.3167, 0.0531, 0.1303, 0.3167)T

3.3.4. Comprehensive Evaluation Using TOPSIS Method

The combined weighting, based on the evaluation matrix R and the parameters on the
performance of the spindle, was as follows:

zij = wjyij(i = 1, 2, . . . , 9; j = 1, 2, . . . , 6) (7)

Use Equation (6), a weighted evaluation matrix was constructed as follows:

R =



0.0452 0.0791 0.1377 0.0197 0.0434 1.0977
0.0456 0.0866 0.1629 0.0531 0.1303 0.3166
0.0494 0.1223 0.2637 0.0039 0.0041 0.0574
0.0468 0.0809 0.2100 0.0104 0.0094 0.1297
0.0486 0.1010 0.2507 0.0098 0.0118 0.1583
0.0516 0.1303 0.3167 0.0033 0.0033 0.0819
0.0514 0.0772 0.1564 0.0113 0.0086 0.1525
0.0509 0.0887 0.1737 0.0093 0.0055 0.0643
0.0531 0.0905 0.1823 0.0086 0.0078 0.0986


A positive ideal solution Z* (z1*, z2*, . . . , z6*) and a negative ideal solution Z− (z1

−,
z2
−, . . . , z6

−) were determined as follows:
Z∗ = (0.0531, 0.1303, 0.3166, 0.0531, 0.1303, 1.0977),
Z− = (0.0452, 0.0772, 0.1377, 0.0033, 0.0033, 0.0574).
The distances from each parameter to the positive and negative ideal solutions were

calculated as follows:
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d∗i =

√√√√ m

∑
j=1

(zij − z∗j )
2, d−i =

√√√√ m

∑
j=1

(
zij − z−j

)2
, (i = 1, 2, . . . , 9) (8)

The positive and negative ideal solutions were:
d∗ = (0.3582, 0.9860, 1.2803, 1.2939, 1.2008, 1.1940, 1.3237, 1.3885, 1.3402),
d− = (1.0986, 0.4708, 0.1766, 0.1629, 0.2561, 0.2628, 0.1331, 0.0683, 0.1167).
The relative approach degree B of each parameter to the ideal spindle performance

was calculated from C+
i =

d−i
d∗i +d−i

, (i = 1, 2, . . . , 9), as follows:

B = (0.7541, 0.3232, 0.1212, 0.1118, 0.1758, 0.1804, 0.0914, 0.0469, 0.0801).
Based on the relative approach degree B, the spindle performance for each parameter

was ranked in order of merit as follows: P1 > P2 > P6 > P5 > P3 > P4 > P7 > P9 > P8.

4. Model Verification
4.1. Microstructures

The microstructure of P1 and P7 are shown in Figures 11 and 12, respectively. From
Figures 11a and 12a, coarse grains can be observed in the Mg sheet. Figures 11b and 12b
show the interface of the Al and Mg sheets. Islands of a globular phase were observed at
the boundary in the stirring zone with similar morphologies to IMCs and base materials,
which has been discussed by Mohammadi [36]. In the stirring zone, a “swirl zone” can
be observed from Figures 11c and 12c, which shows that the materials are well mixed.
The magnified views of a small region in Figures 11c and 12c are shown in Figures 11d
and 12d, where this stirring zone indicated that grain size decreases significantly after
recrystallization. However, from Figure 12b, a thick IMC layer at the weld interfaces, and
a hook defect appear in macrostructure of Figure 12 can also be observed. It is clear that
the higher heat input causes a more severe formation of intermetallic compounds. The
presence of intermetallic compounds and hooks can reduce the mechanical properties of
the joint.
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4.2. Micro-Hardness and Tension-Shear Strengths

The micro-hardness of different spindle dynamic properties on welding joints are
shown in Figure 13. These results show that the hardness values of Al sheet are limited to
30 HV, and the Mg sheet is limited to 50 HV. A hardness peak appears at the welding center,
and it decrease with the increase in distance from the nugget which can be connected with
the formation of IMCs in the nugget [37]. In P5 and P7, there is a lower micro-hardness in
the welding center than that in nugget zone on both Al and Mg sides. It indicates that the
Al sheet was extruded into a nugget.

Figure 14 shows the tensile-shear strengths of different parameter. For welds produced
at 1000 and 1500 rpm, the average failure load, more than 3000 N, was obtained for FSLW
produced under 30, 50 and 70 mm/min. In comparison, the average failure load of
~2693.5 N was observed using a travel speed of 2000 rpm and the welding speeds of 30, 50
and 70 mm/min. When the rotation speed was fixed as 1000 and 2000 rpm, respectively,
the mechanical properties of the joint first increased and then decreased with the increased
welding speed. However, the mechanical properties of the joint slightly changed when the
rotation speed was fixed as 1500 rpm. Based on the tensile-shear forces F, the mechanical
property for each parameter was ranked in order of merit as follows: P2 > P3 > P4 > P6 >
P5 > P1 > P8 > P9 > P7.
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The correlation coefficient was an indicator of the degree of correlation between two
variables. Its value was used to represent correlations between two variables. The absolute
value of correlation coefficient was above 0.8, which indicated that the two variables had a
strong correlation [38]. On the contrary, if the correlation coefficient is close to 0, there was
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no correlation between the two variables. In the present work, combined with the above
analysis the two variables (the relative approach degree B and the tensile-shear forces F)
were as follows:

B = (P1, P2, P6, P5, P3, P4, P7, P9, P8),
F = (P2, P3, P4, P6, P5, P1, P8, P9, P7)

Therefore, we used the CORREL function to calculate the Pearson correlation coeffi-
cient between two measurement variables. The CORREL function is as follows [34]:

ρB,F =
Cov(B, F)
δBδF

(9)

where ρB,F is the correlation coefficient, Cov(B, F) is the covariance, and δB and δF are the
standard deviation. According to Equation (8), the correlation coefficient ρB,F was 0.81.
This showed that B and F had a strong correlation. In the present work, P1, P2 and P3
represent low rotational speeds, P4, P5 and P6 represent medium rotational speeds, and
P7, P8 and P9 represent high rotational speeds. On the whole, the mechanical properties
of the joint at low and medium rotational speeds exceeded 3000 N, higher than that at
high rotational speeds. The reason for the results may be related to the phenomenon of
resonance. The spindle resonates when the rotation speed is 2000 rpm. Furthermore, at
high rotational speeds, the worst case is the P7. The main reason for this result is related to
excessive welding heat input. It is worth noting that the evaluation model is consistent
with the experimental results.

5. Conclusions

• Based on the Design Expert 12.0 software, the continuous variation process of Fx, Fy
and Fz with the change of the welding process parameters (ω = 1000–2000 rpm and
v = 30–50 mm/min) were successfully predicted. The results showed that Fz was
influenced most strongly by the welding parameters, and the effects of the welding
parameters on the three forces were in the order of Fz > Fy > Fx. In the vicinity
of 1000 rpm and 30 mm/min, all three forces on the spindle showed a trend of
rapid decrease, which could be the reason for the great variation in the mechanical
properties.

• Whenω = 1000–2000 rpm, the vibration acceleration of three directions increased as
the welding speed and rotational speed increased while v = 30 and 50 mm/min. The
vibration acceleration ofω = 1000 and 1500 rpm was larger thanω = 2000 rpm in the
direction of X, Y, and the vibration acceleration decreased with the rotational speed
increase whenω = 2000 rpm in the direction of Z.

• Based on TOPSIS, a dynamic performance evaluation model for the FSLW spindle
was established. The quality of the weld was estimated based on the relative approach
degree B of the spindle dynamic performance relative to the ideal performance. The
influence of the spindle dynamic performance on the quality of the weld was evaluated
comprehensively and verified experimentally. Within a reasonable range of welding
processing parameters, the evaluation model was found to be consistent with the
experimental results.
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