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Abstract: The semi-solid-metal 6063 aluminum alloy was developed for the automotive industry.
The objective of this research was to optimize parameters in friction stir welding process that can
provide the highest tensile strength. The ANOVA factorial design was used to analyze rotation speed,
welding speed, and tool geometry at different factor levels of experimentation. The results showed
that the optimized tensile strength was 120.7 MPa from the cylindrical tool, rotation speed was
from 1300 to 2100 rpm, and welding speed less than 75 mm/min in the coefficient of determination
R? was 95.09%, as can be considered from the regression equation. The examination of the stir-zone
and thermal mechanical affected zone using SEM and EDX showed that the new recrystallization
of the microstructure causes fine grain in the stir-zone, coarse grain in advancing-side thermal
mechanical affected zone, and equiaxed grain in the retracting-side thermal-mechanical affect
zone. The intermetallic compounds of 3-AlsFeSi phase transformation phase were formed to three
types, i.e., 3”-AlsFe, Mg,5i, and AlgFe,Si phase were observed. Moreover, in the stir-zone and
thermal-mechanical-affected zone, defects were found such as flash defects, void or cavity defects,
crack defects, lack of penetration defects, tunnel defects, kissing bond defects, and dendrite formation
defects affecting weldability.

Keywords: friction stir welding; semi-solid-metal (SSM) 6063 aluminum alloys; optimization;
factorial design

1. Introduction

The semi-solid-metal (SSM) 6063 is Al-Mg aluminum alloy materials that were developed for new
techniques for forming castings in a semi-solid state, which application used in the automotive and
other industries. Gullino et al. [1] discovered the gas-induced semi-solid-metal (GISSM) technique with
casting temperatures below the Tm, where Tm is the melting temperature of the material, leading to
the reduction of problems after casting, such as shrinkage, porosity, cracking after casting and damage
to the mold. The semi-solid casting with the release of gas bubbles can reduce the problem after
casting the samples well. Simultaneously, the AlI-Mg-S5SM 6063 aluminum alloy will be researched
to produce an inner door for cars and is more likely to develop in other parts of motor vehicles
further considered by Wannasin et al. [2]. In addition, the friction stir welding process (FSWp) have
continuously had a role to joint welding in many automotive parts and floor panels of Shinkansen
train described by Richter-Trummer et al. [3]. The FSWp is invented by Wayne Thomas at The Welding
Institute (TWI) in the UK [4]. With many welding advantages, the FSWp was popular because it can
lower temperature while welding (temperature in the range of 0.5-0.8 Tm), leading to low distortion
and shrinkage, excellent mechanical properties, no filler wire, no porosity, no gas shielding, and the

J. Manuf. Mater. Process. 2020, 4, 123; doi:10.3390/jmmp4040123 www.mdpi.com/journal/jmmp


http://www.mdpi.com/journal/jmmp
http://www.mdpi.com
https://orcid.org/0000-0002-2132-9644
http://www.mdpi.com/2504-4494/4/4/123?type=check_update&version=1
http://dx.doi.org/10.3390/jmmp4040123
http://www.mdpi.com/journal/jmmp

J. Manuf. Mater. Process. 2020, 4, 123 2 of 20

saving of energy. Moreover, it can weld dissimilar joint materials and environmentally friendly [5-8].
However, studying the optimum parameters of FSWp for semi-solid cast aluminum alloy is therefore
a challenge. This study covers the search for parameters that affect the joint quality of welds and
good mechanical properties. Ten years ago, many researchers tried to find good parameters in these
FSWp. According to Meengam et al. [9], friction welding parameters of SSM 7075 aluminum alloy
affect precipitation of MgZn, phase in the friction zone. For mechanical properties, the different
parameters during welding make the integrity of the quality welds different as well, whilst the
friction stir welding methods for welded joint for the Al-Mg-Si alloy lead to the change of the weld
zone formation new zone, named the “Triangle zone”, assessed by Hua ji et al. [10]. The optimum
parameters for FSWp of the Al 5052 sheet joint also cause thermal optimization while welding obtained
by Hosseini et al. [11]. At the same time, Boukraa et al. [12] improved the optimization of FSWp of
Al-Li on AA2195-T8 with 3D transient heat-transfer numerical simulation found that good condition
reduces welding time by 11% and 38% energy saved. Moreover, the shape of the tool pin also affects
the quality of joint substantiate; Li et al. [13] investigated bobbin tool geometry of FSWp of ZK60-T5
magnesium alloy that affects the weld quality, and the result showed that the taper angle pin of
10° reduced the travel force and bobbin tool geometry welding speed to 600 mm/min for resulting
in optimized welding quality observed. The type of joint and tool pin profiles of FSWp affected the
mechanical properties and the change of microstructure; the butt joints gave good performance from
welding with tapered cylindrical tools, as considered by Goel et al. [14], and different tool pins had
different defects after being welded. Piccini and Svoboda [15] evaluated different tool pin profiles
and butt and scarf joint effects on the efficiency of welding. They found that butt joints fabricated
with tapered cylindrical tools obtained their highest tensile strength at 162 MPa. Another reason to
reduce the observed tensile-strength problems of A1,03 oxide film present on the weldment from
FSWp of AA2198-T851 Alloy as described by Donatus et al. [16]. The sound joined of Fe-22Cr-5A1-3Mo
steel (Kanthal APMT™) affects parameters from rotation speed 600 rpm and a traverse speed of
25.4 mm/min, affecting strengthening mechanisms, mechanical properties, and microstructure analysis,
as explained by Sittihoa et al. [17]. The optimization of dissimilar FSWp between the 6N01 and 7N01
was high-quality joint strength, when the estimated fatigue of FSWp joints tested found that a good
relationship between fatigue strength and tensile strength is cw (R = —1) = 0.53 6B was obtained
reported by Sillapasa et al. [18]. Predicting with mathematical equations can solve duplicate experiment
problems can lead to reducing the use of materials in experimental. Bayazid et al. [19] investigated
the dissimilar joint between 6063 with 7075 aluminum alloy by FSWp, when was predicted via the
Taguchi method showed that the regression equation could predict the tensile strength precision.
Likewise, Kumar and Murukan [20] investigated the optimized parameters of dissimilar joint between
a AA6061-T6 and AINp composite and how they affect tensile strength from FSWp. They found that
tool rotation speed, welding speed, axial force, and percentage of reinforcement influenced the ultimate
tensile strength and elongation percentage. Variance analysis with analysis of variance (ANOVA)
statistical method helped them develop a regression model to predict ultimate tensile strength and
elongation percentage. Although the FSWp of aluminum alloy succeeds, optimized parameters for
welding are also necessary and important because they can save the cost and evaluate mechanical
properties of implementations in production. Therefore, the experimental design is introduced to
reduce material wastage which is important for FSWp. Moreover, General Full Factorial Design (GFFD)
of experiments technique is a model developed to validate the analysis of variance, which could reduce
the cost for the welding process described by Palanivel et al. [21].

Consequently, the main idea of this study was to find optimized parameters for FSWp of SSM
6063 aluminum alloy, such as rotation speed, welding speed, and different shapes of tools that
influence welding quality. In this experiment, the result of tensile strength was analyzed with a
statistical engineering program, with the GFFD model, to develop equations to forecast tensile strength
optimization of welded joints observed. The regression equations found in the research can be used
to predict tensile strength, which is useful to use. We payed attention to the sound joins of samples
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and the microstructure mechanism transformation of AlsFeSi eutectic phase formation after FSWp
examined by Scanning Electron Microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
was used to evaluate the distribution of alloys elements in the stir zone (SZ) and Thermo-Mechanically
Affected Zone (TMAZ), respectively. Besides this, some of the samples were measurements for tensile
strength and hardness properties tests, to analyze the weldability observed.

2. Materials and Methods

2.1. Materials

The material used in this experiment was SSM 6063 aluminum alloy in a rectangular shape with
75 x 150 x 6 mm. The samples were prepared to form surface roughness approximately 3-5 um by
using Mitutoyo model S] 210 (make: Mitutoyo Co., Ltd., Kanagawa, Japan), which was sponsored
by GISSCO company limited (Songkhla, Thailand). The SSM 6063 aluminum alloy formed by the
SSM technique was discovered by Wannasin [22]. The ingot was melted in semi-solid status with
casting temperature at 629 °C. Then, the flowing of nitrogen gas rate was controlled at 14 L per
minute, through porous graphite, for 12 s. This nitrogen gas will inhibit the formation of dendrite
structured because this nitrogen gas can destroy the primary dendrite structure during the hardening
step. However, this nitrogen gas promotes microstructures of the material to form as globular grain
structures, from which the melting temperature can be calculated. The solid fraction is 33.34%,
and the liquid fraction is 66.66%, which can be explained by the equation of lever rule [23]. After that,
the squeezed casting step was done with a pressure of 350 N, from a GISSM Casting System machine,
model V2. After the gas was induced into semi-solid casting, the base microstructure of SSM
6063 aluminum alloys consisted of x-aluminum matrix and 3-AlsFeSi eutectic phase, the x-aluminum
matrix looked round, like a petal from a flower, and the 3-AlsFeSi eutectic phase inserted itself along
the grain boundary shown in Figure 1. The particle grain size of the o-aluminum matrix was around
32-45 um (gray particles). The Als;FeSi eutectic phase was formed as a plate-like shape (black particles).
The alloys contain SSM 6063 aluminum alloy, which has silicon and magnesium elements as the main
ingredients, and the chemical composition is shown in Table 1, with the melting point at 654 °C,
tensile strength at 149 MPa, and Vicker’s hardness properties at 67 HV. The mechanical properties are
shown in Table 2.

Figure 1. A globular microstructure of base SSM 6063 aluminum alloys.

Table 1. Chemicals properties of the base semi-solid-metal (SSM) 6063 aluminum alloy used in this
experiment [22].

Element Mg Si Fe Others Al
SSM 6063  0.45-0.90  0.20-0.60 0.35 0.15 Balance
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Table 2. Mechanical properties of the base SSM 6063 aluminum alloy used in this experiment [22].

Ultimate Tensile
Strength in MPa

149 27-42 112 67

Elongation in mm Yield Strength in MPa Hardness in HV

2.2. Experimental Procedures

In this experiment, three parameters of FSWp of SSM 6063 aluminum alloy were studied—rotation
speed, welding speed, and different shapes of tool pin geometry. The welding tool pin geometries
were cylindrical, triangular, square, and pentagon, which were manufactured from H13 tool steel.
The welding tool was designed to be a good heat input. The relationship between shoulder diameter to
pin diameter (D/d) ratio at 3.84 for cylindrical when the shoulder diameter was 20 mm and the tool pin
diameter was 5.2 mm obtained by Khan et al. [24]. The side lengths of triangular, square, and pentagon
were 4.2, 4.4, 5.6 mm respectively. However, the shoulder diameter of all welding tools was 20 mm.
Moreover, the height of the pin tool is also the same size at 4.8 mm. The details of the pin geometry
tool are shown in Figure 2.

Figure 2. Different tool pin geometry for friction stir welding process (FSWp) of SSM 6063 aluminum
alloys: (a) cylindrical, (b) triangular, (c) square, and (d) pentagon.

These samples were placed like a butt-welded joint pattern in which the sides were placed adjacent
to the others. These were placed on a fixture and clamped tightly. The heat insulation was supported
between the fixture and the base of the FSW machine, to prevent the distribution of heat while welding.
The welding direction rotated clockwise, and the tilt angle was at 3°. Then, the welding tool was set to
the start position of welding, and the compression load was applied to make the shoulder tool contact
the samples, with a rate of 2.7 mm/min, for the tool pin to sink into the material. During this period,
the presence of high friction could be observed from scraps of metal that came out of the surface
of the welding material. Next, the compression allowed the shoulder tool to sink into the material,
with a depth of plug at 0.6 mm, and hold for 30 s, to generate heat from the surface the of welding tool
between the samples’ surface of the material. Next, the welding tool was moved into the direction as
specified. In order to make a complete welding, the welding tool was held for 30 s at the last position.
Then, the welding tool was up to complete the process. However, a keyhole was still observed on the
welded piece. The optimized parameters led to good weldability, and the defects can cause unrelated
welding parameters shown in Figure 3.
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Heat insulation

Clamped

Figure 3. The schematic view of the steps for principle FSWp of SSM 6063 aluminum alloys.

2.3. Development of Regression Model

All welding factors were designed according to the GFFD matrix. There are 3 parameters with
4 levels of each parameter design which are the total of 4% models. Thus, all 64 experiments led to the
proper and accurate experimental design. The condition shown in Table 3 provides the tensile strength
obtained after FSWp. The tensile strength and joint efficiency results are shown in Table 4 which were
used to create the regression model equation to assess the relationship of all three parameters in the
experiment, leading to an accurate prediction. We used a personal computer (PC, Intel(R) Core(TM)
i5-9300H central processing unit (CPU) 2.40 GHz, random access memory (RAM) Double Data Rate 4
(DDR4) 16 GB, Bangkok, Thailand; model: ASUS) for simulating the parameter optimization with
Minitab 19 software (Minitab, LLC, State College, PA, USA).

Table 3. The FSWp of parameters and its levels.

; Levels
Experiment Parameters Notation Unit
No. -1 -2 -3 -4
1 Rotation speed R Rpm 1100 1320 1750 2220
2 Welding speed w mm/min 30 60 90 120
3 Tool geometry T — Cylindrical ~Triangular Square  Pentagon

R, rotation speed; W, welding speed; T, tool geometry.

Table 4. The result of the experimental design of model 4% with 64 general full factorial designs.

Experiment Design Matrix Process ;::ilgl:h Efgi:;::lcy Experiment Design Matrix Process ;;i:ri;l:h E ﬂ:;(c’il::lcy
No. R w T (MPa) (%) No. R w T (MPa) (%)
1 —4 —4 -1 101.52 68.13 33 —4 -3 —4 108.45 72.79
2 -3 -2 —4 105.22 70.62 34 -2 -3 -2 98.41 66.05
3 -2 -4 —4 96.00 64.43 35 —4 -1 -3 83.51 56.05
4 -4 —4 -3 79.87 53.60 36 -2 -4 -1 83.35 55.94
5 -4 -2 -3 84.64 56.81 37 -3 -4 -3 81.02 54.38
6 -1 —4 -3 74.09 49.72 38 -3 -1 -1 120.20 80.67
7 -3 -4 —4 111.11 74.57 39 -3 -1 -2 107.00 71.81
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Table 4. Cont.

Experiment  Design Matrix Process Tensile Joint Experiment ~ Design Matrix Process Tensile Joint
No. R W T Strength  Efficiency No. R w T Strength Efficiency
(MPa) (%) (MPa) (%)
8 -3 -2 -2 78.44 52.64 40 -3 -3 -1 107.27 71.99
9 -1 -2 -3 108.25 72.65 41 —4 —4 —4 88.51 59.40
10 -2 -1 -2 104.79 70.33 42 -2 -1 -3 97.23 65.26
11 -2 -1 -4 108.99 73.15 43 -4 -2 -2 100.29 67.31
12 -1 -3 -2 63.37 42.53 44 —4 —4 -2 76.62 51.42
13 -1 -1 -3 111.55 74.87 45 -4 -3 -1 97.08 65.15
14 -1 -2 -2 101.42 68.07 46 -1 -1 -2 103.39 69.39
15 —4 -1 -1 113.96 76.48 47 -2 -3 -1 113.18 75.96
16 -3 -3 -2 89.09 59.79 48 -1 -3 -4 107.98 72.47
17 -1 -1 -4 112.74 75.66 49 -1 -2 -1 101.85 68.36
18 -1 -2 -4 114.76 77.02 50 -3 -2 -3 115.53 77.54
19 —4 -3 -3 111.58 74.89 51 -2 -3 -3 93.00 62.42
20 -1 -3 -1 90.07 60.45 52 -1 —4 -1 88.79 59.59
21 -1 —4 -4 80.99 54.36 53 -4 -1 —4 101.08 67.84
22 -3 -1 -4 108.35 72.72 54 —4 -1 -2 96.25 64.60
23 —4 -2 -1 111.11 74.57 55 -2 -2 -2 102.66 68.90
24 -3 -2 -1 11543 7747 56 -2 -4 -2 65.15 43.72
25 -2 -2 -3 96.03 64.45 57 -3 -4 -2 82.07 55.08
26 -2 -3 -4 95.09 63.82 58 -3 -3 —4 91.06 61.11
27 -1 -4 -2 47.93 3217 59 -2 -4 -3 83.36 55.95
28 -2 -1 -1 114.98 77.17 60 -3 -1 -3 101.90 68.39
29 -2 -2 -1 123.59 82.95 61 -1 -3 -3 105.70 70.94
30 -2 -2 -4 118.76 79.70 62 —4 -2 —4 112.70 75.64
31 -3 —4 -1 106.53 71.50 63 -3 -3 -3 92.70 62.21
32 -1 -1 -1 115.50 77.52 64 —4 -3 -2 83.39 55.97

2.4. Mechanical Testing and Metallurgy

After in FSWp, the samples were taken to test the mechanical properties on a machine
(Mazak, Singapore; model: VCN-430A), and the results are shown in Figure 4a. The samples for
tensile strength were prepared in a rectangular shape, with the geometry and dimensions shown in
Figure 4b. The test was performed under room temperature and carried out at a crosshead speed
at 1.27 x 1072 mm/s, with a universal testing machine (Lloyd, South Carolina, USA; model: EZ50),
according to the American Society for Testing of Materials standard in ASTM E8M-04 observed.
Finally, Vicker’s microhardness was conducted on Matsuzawa model MMT-X (make: Matsuzawa Co.,
Ltd., Akita, Japan), with a 1.96 N, the diamond probe, and indent period of 10 s. The position of the
measure was in the center of the samples, through the weld zone, and maintained a 0.2 mm space
between each indentation shown in Figure 4c. For the metallurgy analysis, the samples were cut and
prepared for polishing by emery papers from P320 up to P1200 grit, respectively. Then, the samples
were polished with alumina powder (Buehler brand, Illinois, USA), in micro-particle sizes 5, 3, and 1 pum,
respectively. Finally, the samples were etched with Keller’s reagent mixed in proportion volume
as follows: 190 mL in H,O, 5 mL in HNOj3, 3 mL in HCl, and 2 mL in HF. These chemicals were
taken from UBU Materials Laboratory, Ubon Ratchathani University, Ubon Ratchathani, Thailand.
The microstructural evaluation was carried out by using a light optical microscopy (OM) and
an Optika microscope, (Optika, Ponteranica Bergamo, Italy; model: B-382PHi-ALC), and phase
transformation on the joint of the samples was carried out by a scanning electron microscope with
back-scattered electron image mode and assessed by the SEM and variations in compositions of
alloying elements by energy-dispersive X-ray spectroscopy with EDX detector (FEI-Quanta, Zurich,
Switzerland; model: 400FEG).
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Figure 4. Schematic diagram of FSWp of SSM 6063 aluminum alloys as (a) FSW sample, (b) tensile
strength sample, and (c) hardness sample.

3. Results and Discussion

3.1. Optimization Parameters with General Full Factorial Design Analysis

The ANOVA analyses were evaluated in relation to the parameters with tensile strength.
The evaluation with regression equations is used for parameter participation. The accurate regression
equation is selected to predict the tensile strength for industrial applications, in order to reduce waste
in the production system. The response function tensile strength (T'S) of the FSWp joint is a function
of rotation speed (R), welding speed (W), and tool geometry (T), relating to each other significantly.
These factors could affect the integrity of the weld, formation of defects, and different tensile properties.
The tensile strength results from all experiments are shown in Table 4. The experimental results
show that the maximum tensile strength can be determined from the cylindrical tool and observed
from rotation speed at 1320 rpm, welding speed 60 mm/min with an average tensile strength of
123.59 MPa. When calculating the joint efficiency from Equation (1), 82.95% of the joint efficiency value
was calculated as shown in the 29th experiment. On the contrary, it was found that the triangular tool
tended to provide lower tensile strength from rotation speed 1110 rpm, welding speed 120 mm/min with
an average of 47.93 MPa, which joint efficiency 32.17% shown in the 27th experiment, compared with
the tensile strength base materials. These results are consistent with Goel et al. [14].

Joint efficiency = UTS of friction joint/UTS of SSM 6063 Aluminum alloy X 100% 1)

However, the results from the square and pentagon tools are similar. The tensile strength results
showed a good tendency of better tensile strength than the triangle tool but less than a cylindrical tool.
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These can be explained by the ability of material flow around different pin tools to cause a relationship
model of the tensile equation to have different tensile strength values, according to the tool geometry
report by Wang et al. [25].

The relationship model of the tensile equation is determined by the variable function in the
experiment, in which the variability of all three factors will affect the change in tensile strength
described by Dinaharan et al. [26]. It can be expressed as follows:

TS = f(R, W, T) 2)

However, another regression equation that describes the response surface of tensile strength,
which is in the form of a function “Y”, has been described according to Montgomery et al. [27].

Y = by + Zb;X; + Tb;i X% + TbX;X; ®3)

When by is the average response surface, b;, b;;, and b;; are the response coefficient which is the
main factor. For covariate X; and X;, these factors have an interaction effect on the parameters. In the
experiment, three factors can be described as polynomial equation below:

Tensile Strength (TS) = bo + bl(R) + bz(W) + bg(T) + bll(Rz) + bzz(wz) + b33(T2) + blz(RW) +

4)
b13(RT) + by3(WT)

where b is the average of responses of tensile strength, by, by, bs ... b1, by, bsz ... byp, bis,
by3, are the coefficient that depends on the respective main and interaction factors considered by
Seetharaman et al. [28]. The regression model analysis indicates that the p-value of factors in this
experiment affecting the tensile strength of SSM 6063 aluminum alloy using the FSWp process was less
than 0.05 significant level. These factors were rotation speed (R), welding time (W), tool geometry (T),
square term of rotation speed (R X R), square term of welding time (W x W), and square term of tool
geometry (T X T). In addition, the main factors, that affect the tensile strength and the co-factors of
tree factors also influenced the tensile strength, can be considered from the interaction between the
rotation speed and welding time (R X W), interaction between the rotation speed and tool geometry
(R x T), and interaction between the welding time and tool geometry (W X T), respectively. The p-value
of this regression model was 0.000, which is better than the previous model, as shown in Table 5.
The coefficient of determination R?> was 95.09%. In order to verify the accuracy of this equation,
this equation was rechecked and can be used to predict the tensile strength.

Tensile strength = 124.80 + 0.0382 R — 0.157 W — 35.450 T — 0.000016 R? — 0.003336 W?

5
+7.006 T? + 0.000252 RW — 0.00071 RT + 0.008 WT  (MPa) ©

To confirm the results from these regression equations, the regression equations were employed to
predict tensile strength and to conduct the experiment to find the appropriate parameters in the FSWp
process of SSM 6063 aluminum alloy. The repeated experiments were conducted to verify the accuracy
of this regression equation by 12 replications. These experiments were conducted under the conditions
of rotation speed 1320 rpm, welding speed 60 mm/min, and cylindrical tool, to confirm the test results.
The following tensile strengths were recorded: 120.17, 119.85, 117.21, 118.99, 121.01, 125.32, 122.45,
119.38, 121.71, 123.23, 118.84, and 120.44 MPa respectively. The calculated average tensile strength
value was at 120.7 MPa. Therefore, all 12 values of average tensile strength were in the forecasting
range, according to the response optimizer, from 86.17 to 138.41 MPa (95% PI), as shown in Table 6.
Thus, it can be concluded that it was not statistically different. This equation can be used to predict the
tensile strength in the FSWp process of SSM 6063 aluminum alloy [29].
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Table 5. Analysis of variance analysis for tensile strength.

Source DF Adj SS Adj MS F-Value p-Value
Regression Model 63 43,840.4 695.88 39.33 0.000 Significant
Linear 9 27,307.9 3034.21 171.50 0.000
R 3 890.3 296.76 16.77 0.000
W 3 15,497.5 5165.82 291.99 0.000
T 3 10,920.2 3640.05 205.75 0.000
2-Way Interactions 27 9341.8 345.99 19.56 0.000
RxW 9 4264.1 373.79 26.78 0.000
RxT 9 2320.7 257.89 14.57 0.000
WxT 9 2757.0 306.33 17.31 0.000
3-Way Interactions 27 7190.7 266.32 15.05
RxWxT 27 7190.7 266.32 15.05
Pure Error 128 2264.6 17.69
Total 191 46,105.0
S =4.20619 R?=95.09%  Adjusted R? = 92.67%

Table 6. The response optimization analysis for tensile strength.

Prediction for Shear Strength

Multiple response prediction

Variables Setting
Rotation speed (rpm) 2220
Welding speed
: 30
(mm/min)
Tool geometry 1
Response Fit SE Fit 95% CI 95% P1
Tensile strength 112.29 2.43 107.49, 117.09 86.17,138.41

Figure 5 shows the contour plot, and the graphic characteristic was nonlinear. The result found
that the inner oval area had the highest tensile strength at 110 MPa, and the outer oval area showed
the lower tensile strength values of 85, 90, 95, 100, and 105 Mpa, respectively. When considering the
relationship between R and W, it was found that increasing rotation speed and lowering welding speed
tended to increase the tensile strength; the relationship of these two variables must be appropriated
for tensile strength optimization, as shown in Figure 5a. The relationship between T and W is also
significant in tensile strength optimization. The cylindrical tool tends to give better tensile strength
than other tool geometry, due to the flowing ability of material around the pin, as shown in Figure 5b.
While the relationship of T is an influence of the change of tensile strength optimization, it was
found that the increase of rotation speed tends to increase tensile strength significantly, as shown in
Figure 5c. However, the result of welding at too-high rotation speed leads to the occurrence of the
flash defect, and that is the reason for the lower mechanical property. The evaluation of three factors
in the experiment can explain optimization factors affecting tensile strength; the contour plot and
response optimization analysis show that rotation speed ranged from 1300 to 2100 rpm, welding lower
75 mm/min and cylindrical tool suitable for FSW of SSM 6063 aluminum alloy. Therefore, the benefit of
this statistical analysis helps to reduce material waste in the experiment and can accurately predict the
desired results described by Ryan [30]. However, multiple optimizations could further improve the
regression equations, in order to create a perfect condition for the auto industry.
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Figure 5. The contour plot of tensile strength vs. R, W, and T of the welded on FSWp of SSM
6063 aluminum alloys.

3.2. Tensile Strength in the Joint Analysis

The evaluation of stress and strain deformation from a tensile test is shown in Figure 6. It shows that
plastic deformation behavior is observed and the slope of the graph is high because of the good bonding
of dislocated atoms. However, the acting force on the specimen results in dislocation of atoms which
can destroy and cause the strength of the material to be decreased. It is noteworthy that the material has
a fast elongation rate, which is an elastic deformation behavior because some of the atomic adhesion
were changed. This is due to the action leading to material weakness and material fracture [31]. On the
contrary, some materials have high toughness property, resulting in the difficulty of atomic dislocation to
be destroyed. This can be explained why elastic deformation behavior is in a small range. For example,
from rotation speed 1320 rpm, welding speed 60 mm/min, and cylindrical geometry of the tools,
the maximum tensile strength was at 123.59 MPa and the elongation rate was at 23 mm, because SSM
6063 aluminum alloys have the strength and ductile property. However, fracture position in the
advancing-side thermal mechanical affected zone (AS-TMAZ) was a coarse grain of microstructure
and low hardness property, leading to the fracture of samples after tensile strength test in such
area. Moreover, some fractures of the samples have been found in the SZ due to defects occurring
after welding, resulting in less weldability [32]. However, all experimental results tend to be in the
same direction.

Stress (MPa)

135 Max: 123.59 MPa

120 —
7 T

90 | / \
75 /

601 / l L

45 N Y v
R& | | o - w AS
30 s = T b
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0
0 5 10 15 20 25
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Figure 6. The stress—strain of the welded joint on FSWp of SSM 6063 aluminum alloys.
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3.3. Vickers Hardness Analysis

Figure 7 shows that Vicker’s hardness profiles from the welded joints from all different tool
geometries have similar hardness values; the base metal (BM) was casted with higher hardness than
other areas from the average at 64 to 68 HV, while resulted in the average hardness in SZ was 42 to
55 HV and the hardness of TMAZ is the lowest when compared to other areas with an average hardness
of 29 to 34 HV. The hardness simulation is shown in Figure 7a. It is noteworthy that the microstructure
transformation of the Als;FeSi phase of intermetallic compounds affects the difference in hardness
properties. In the SZ, the recrystallization and deformation formation of intermetallic compounds of
the AlsFeSi phase resulted in the small particles leading to new precipitation of the Als;FeSi phase.
Moreover, temperature cycle and friction force are other causes of hardness properties in SZ [33],
the residual stress in the SZ can also give different hardness results mentioned in Zhang et al. [34].
In the TMAZ, the temperature cycle of materials was diffused. This is the area where the temperature
cycle causes the incomplete recrystallization of the microstructure leading to lower hardness than in
the SZ and BM. The experimental results consider that the hardness value from the cylindrical tool
was higher than the hardness values from triangular, square, and pentagon tools because the different
geometry tools make AlsFeSi phase facture and unequal in size. In the same sense, the pentagon tool
and all other geometry tools provide similar temperature cycle results because it can affect the flow of
materials and distribution of intermetallic compounds in SZ [35]. On the other hand, the triangular
tool provides lower hardness because the triangle shape of the pin tool provides poor ability for the
material to flow in SZ. Noticed that, the hardness profiles in welded joint similar to W-shape shown
in Figure 7b, which are in accordance with the study from Goel et al. [14]. The lower hardness in
AS-TMAZ leads to the explanation of the behavior of the broken sample during the tensile strength test.

80
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v S "
T w0 b et 2% *
[} ()™
BM 15 =N
_E 30 ' C
~
L RS-TMAZ SZ AS-TMAZ
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Distance from SZ center (mm)

Figure 7. Vicker’s hardness profiles: (a) Vicker’s hardness profiles in the cross-section of the welded
on FSWp of SSM 6063 aluminum alloys and (b) Plot graph between Vicker’s hardness profiles and
Distance from SZ center.
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3.4. Microstructure in Joint Analysis

After FSWp, the microstructure evaluation under an optical microscope showed that the globular
grain structure resembled petal flowers due to the transformation phase in the SZ and the TMAZ. This is
because the heat results in the softening of both x-aluminum matrix and 3-AlsFeSi phase and friction
force affects the fracture of the 3-AlsFeSi phase. However, after parameter optimization, the defects
will be eliminated and materials will be subject to recrystallization [36], leading to a homogenous
and sound joint, which can be observed from the rotation speed at 1320 rpm and welding speed at
60 mm/min with the cylindrical tool pin shown in Figure 8. The changes of microstructure in SZ and
TMAZ are different because the influence of both heat and friction force induces grain refinement [37].
Both areas can be grouped into three types of structural changes: First, fine grain areas in SZ are
recrystallized in a very small size comparing to other areas and form as 3-Als;FeSi phase shown in
Figure 8h. This is because the tool pin directly touches the SZ and stirs until it becomes a small fracture
shape. Second, coarse grain areas in AS-TMAZ are in a bigger size of 3-Al;FeSi phase compared to the
SZ. This is because AS-TMAZ received only heat, unlike SZ, which received both heat and friction
force, as shown in Figure 8e f. Finally, equiaxed grain areas in the retracting-side thermal-mechanical
affect zone (RS-TMAZ) were influenced by heat and some friction force causing plastic deformation.
The globular grains were transformed to be elongated grains, especially x-aluminum matrix elongated
in the direction of rotational flow. Moreover, for heat-affected areas next to TMAZ, the growth of the
a-aluminum matrix is shown in Figure 8a, which may lead to the ductile properties of the material.
The difficulty of microstructural changes depends on the input energy during FSWp, which was
evaluated by Heidarzadeh et al. [38] shown in Figure 8b,c. Some of the 3-AlsFeSi phases still form as
plate-like structure. The evaluation of welding parameters shows that the differences in parameters
in the experiment lead to a different amount of heat and force during FSWp. However, the heat
generated during FSWp significantly contributes to the microstructural changes to plastic deformation,
viscous dissipation of materials, and friction heat generation, which mostly occurs from heat input
behavior reported by Zhanga et al. [32]. This can be expressed as in the following equation.

o Qtotul . Qshoulder 27-[/’1 FnRiw

Heat Input (HI) = >~ 083 — 0830 (kJ/mm) (6)

where “HI” is heat input, “Qioy” is the overall heat generation, “Qgpouiger” is heat generated by tool
shoulder, “v” is welding speed (mm/min), “rt” is the constant value, “u” is frictional coefficient between
the surface of tool shoulder and surface of the sample (for frictional coefficient between aluminum
alloy and tool steel approximately as 0.2-0.8, studied by Javadi and Tajdari [39]), “Fn” is spindle
downforce of friction (kN), “Ri ” is the tool shoulder radius, “w” is the observed rotation speed (rpm).
According to Equation (6), it clearly demonstrates that the increase in rotation speed, downforce of
friction, and tool radius result in the higher heat input. Additionally, the measurement of peak
temperature at the SZ during FSWp shows that there was approximately from 360 to 412 °C. This heat
is enough for the SZ to form new precipitation, but the arrangement of the atoms is incomplete because
welding time is too short. Nevertheless, the shear stress during FSWp significantly affects the change
of microstructures and mechanical properties. The shear stress is related to the particle size of the
intermetallic compound. From Equation (7), it proves that increased rotational speed can increase
the shear stress. The shear stress of the material can be described in the form exponential function
presented by Quintana et al. [40].

7, = Ae B¢ 7)

where 7, is the local shear yield stress of the material, A is friction force, B is the area of the shoulder
tool in experimental design, and w is the rotational speed respectively. The crucial consideration shows
that the relationship of the rotating speed with the shear stress (torque) is the reason for the broken
characteristics of the particles and the different particle sizes after welding.
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i

4 AS-TMAZ
Soun |

Fine grain

Figure 8. The photography of microstructure in the joint from rotation speed 1320 rpm, welding speed
60 mm/min, and cylindrical tool. (a—i) nine different types of microstructural changes were observed
under microscope.

However, when the microstructure in the welding joint was evaluated, six types of defects were
observed. If the selected welding parameters are not optimized, these can cause a variety of defects.
The first type of defect was a flash defect. It is found in the lower welding speed and higher rotating
speed from both cylindrical and pentagon pin tools. These flash defects were formed due to excess heat
input, as shown in Figure 9a. Likewise, the cylindrical and pentagon tool can induce the void or cavity
defects which were caused by too-high welding speeds, unsuitable forging load, and inappropriate
tool tilt angle, as shown in Figure 9b. The third type of defect came from a triangular tool with stress
concentration in joint, lack of material flow, lower heat input, and shrinkage, as shown in Figure 9c.
Simultaneously, lack of penetration and tunnel defects (Figure 9d) were from the higher welding speed,
lower rotating speed, lower depth of plunge, and local variations in the sample thickness, leading to
low heat input while welding. These reasons caused the defects described in [41]. The kissing bond
defect is the fifth type of defects that was appeared at the weld joint for FSWp of SSM 6063 aluminum
alloy. When the welding speed was too high, the preparation of the oxide layer was removed from
the faying surface of the sample and insufficient of how material flows, shown in Figure 9e [42].
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Finally, when a high rotating speed and low welding speed were selected, they caused very high
heat input. Dendrite formation defect was surprisingly observed from the samples. A new dendrite
structure was formed as columnar grains, as shown in Figure 9f. This defect is an important finding
because this type of defect is not usually found in semi-solid materials [43].

Flash defects \

—— l l l SO Void or Cavityadefects
o A Y :

skt Bl & b

(d) Tunnel defects (e)

Figure 9. The six patterns of the defects of SSM 6063 aluminum alloy after FSWp in many different
conditions for this experiment: (a) the flash defects, (b) the void or cavity defects, (c) the crack
defects, (d) lack of penetration and tunnel defects, (e) the kissing bond defects, and (f) the dendrite
formation defects.

According to SEM analysis, the plate-like shapes in BM were deformed into needle-type
precipitations in TMAZ and transformed into rod-type precipitations in SZ with the shear stress
shown in Figure 10. This rod-type precipitation in SZ has the smallest size of (3-AlsFeSi particle
compared to other areas, in which the size of base intermetallic compound p-AlsFeSi particle was
79-114 pm (Figure 10a). The intermetallic compound (3-AlsFeSi phase receives shear stress during
welding, resulting in 3-AlsFeSi phase incomplete precipitations (unstably), as shown in Figure 10b.
Likewise, the broken behavior of intermetallic compound (3-AlsFeSi phase in the center of SZ was
small in size with the average particle size around 8-13 um. This new crystallization produces good
hardness properties shown in Figure 10c, and it is found at the bottom of the pin tool area shown in
Figure 10e. The size of the intermetallic compound [3-Al5FeSi phase is slightly increased. In this area,
heat and shear stress are difficult to access and the particle size is around 17-24 um. The permanent
fracture and deformation of the eutectic phase were significantly influenced by welding parameters.
The mechanism of uniform phase distribution and similar particle sizes provide fatigue and hardness
properties reported by Rao et al. [44]. The heat, shear stress, and cooling rates are important components
for the complete precipitation. The sequence of 6XXX aluminum alloy mechanism precipitation can
be observed as follows: a (SSS) GP zones—needle-type 3”—lath-type Q'—=Q + Si. As previously
mentioned, the heating and cooling rates promote the formation of GP zones, which lead to the highest
hardness [45]. For precipitation mechanism, Al-Mg-Si-Fe system can be observed in equilibrium with
the aluminum solid solution system (3-Al;FeSi— 3’-AlgMgs— 3”-AlsFe. This FSWp creates short heat
input, leading to difficult crystallization in GP zones, but some elements of the Mg,Si, AlgFe;Si phase
in SZ were observed. The low solubility of iron in the x-aluminum matrix makes all elements a
supersaturated solid solution (SSS) that cannot be formed. The Fe-containing phase compound can
promote hardness, and this is the reason for the joint performant [46].
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B-Al:FeSi

Figure 10. The evaluated of the microstructure in the welded joint by SEM from cylindrical tool,
rotation speed at 1320 rpm, and welding speed at 60 mm/min. (a—f) six patterns of microstructural
changes were observed.

The elemental analysis in the welded joint with EDX-Ray spectroscopy is shown in Figure 11.
The welded joint was photographed by SEM shown in Figure 11a. This SSM 6063 aluminum alloy has
a face-center-cubic (FCC) crystal structure [47], which the similar atomic size results in the substitution
diffusion mechanism of atoms. When heat can give the activation energy and make the diffusion
of Si, Mg, and C-atoms to be inserted into the Al-atoms. This diffusion is found to be diffused
between the atoms of one element and another atom from other elements shown in Figure 11b.
For Fe-atom, it has a body-center-cubic (BCC) crystal structure and is large in size, compared to other
alloys [48]. This causes the atoms to difficultly move to result in the concentration of the element in little
quantity to be analyzed shown in Figure 11e. On the contrary, Si, Mg, and C-atoms are small atoms.
Thus, they require lower activation energy to create a good diffusion mechanism. This can be observed
from the high concentration of those elements shown in Figure 11d,f,g. However, the concentration of
the elements can be evaluated by the EDX technic. It shows that FSWp of SSM 6063 aluminum alloy is
non-steady-state diffusion, because the diffusion concentration of atoms in one area changes from time
to time and can be explained by Fick’s second law [49].

% =1-erf(x/2VDt) 8)
where C0 is the concentration of atoms that are in the solid-state before diffusion. Cs is the concentration
of atoms on the solid surface, the concentration of atoms at the distance from the surface x at time t. D is
the diffusion coefficient (m?/s) and t is diffusion time (s) respectively. The temperature and time effect
is related to diffusion. It is observable from Si and Mg atoms that have the ability of good diffusion
around 7.4 and 9.4 (Atomic%) due to its small atomic size and high atomic concentration causes the
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ability to well diffuse shown in Figure 11f. Likewise, the atom of Fe can diffuse well because heat
stimulates the movement of atoms, and the high temperature tends to make Fe change from crystal
structure to FCC lead to the ability of diffusion [50]. However, the appropriate diffusion mechanism
results in the completion of the samples after welding.

BEEENE
i (h)
- Element Weight %  Atomic % o
Al (K) 85.9 722 05
Si(K) 0.3 74 0.0
> Fe (K) 0.2 7.7 0.0
3 Mg (K) 04 9.4 0.0
N C (K) 13.3 3.3 0.5

Figure 11. The micrographic mapping image by EDX spectroscopy of the welded joint: (a) the presence
of SEM micrographs, (b) the presence of element phase maps, (c) the presence of aluminum element,
(d) the presence of silicon element, (e) the presence of iron element, (f) the presence of manganese
element, (g) the presence of carbon element, and (h) the present of EDX results of the secondary phase.

4. Conclusions

In this experiment, the evaluation of optimization parameters of butt5joint welding for SSM
6063 aluminum alloy from FSWp resulted in the following conclusions:
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1. For the optimization of tensile strength prediction from the regression equation, the mathematical
relationship of factors found that the response optimizer was 86.17 to 138.41 MPa from cylindrical
tool, rotation speed was 1300 to 2100 rpm, and welding speed was 75 mm/min with the coefficient
of determination R? at 95.09% when verifying tensile strength was 120.7 MPa with confident
o = 0.05 and demonstrating the accuracy and precision.

2. The maximum tensile strength was at 123.59 MPa, and maximum elongation was at 23 mm
from the rotation speed at 1320 rpm and welding speed at 60 mm/min with the cylindrical tool.
The joint efficiency was at 82.95%, compared to the tensile strength at 149.00 MPa of base SSM
6063 aluminum alloy. On the other hand, the lowest tensile strength (47.93 MPa) was from the
rotation speed at 1110 rpm and welding speed at 120 mm/min; joint efficiency stayed consistent
at 32.17%, in all, over AS-TMAZ.

3.  The hardness profiles in the welded joint are similar to “W” shape. It was also found that heat,
friction force, and microstructure changes are the causes of different hardness in each area,
and TMAZ shows the lowest hardness in comparison to other areas.

4.  The globular microstructure of base SSM 6063 aluminum alloy transformation phase was formed
as new recrystallization of the microstructure, which can be grouped into three types of structural
changes: (1) fine-grain areas in SZ, (2) coarse-grain areas in AS-TMAZ, and (3) equiaxed-grain
areas in RS-TMAZ. Moreover, the average size of the intermetallic compound (3-Al5FeSi phase was
around 79-114 pum. Its structure changes from a needle-like structure of base particle precipitation
to 3”-AlsFe phase, which was a small particle size with an average of 8-13 um in SZ from rod-type
and elements formula of Mg,Si and AlgFe,Si phase observed.

5. Six types of defects after welding found in SZ and TMAZ come from the differences in welding
parameters. There are flash defects, void or cavity defects, crack defects, lack of penetration
defects, tunnel defects, kissing bond defects, and dendrite formation defects. These can affect the
ability of the joint efficiency.
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Abbreviations

The following abbreviations are used in this manuscript:

SSM semi-solid-metal

GISSM gas-induced semi-solid-metal

FSWp friction stir welding process

ANOVA analysis of variance

GFFD General Full Factorial Design

SEM Scanning Electron Microscopy

EDX energy-dispersive X-ray spectroscopy

OM optical microscopy

BM base metal

SZ stir zone

TMAZ thermal mechanical affect zone

AS-TMAZ advancing-side thermal mechanical affect zone
RS-TMAZ retracting-side thermal mechanical affect zone

ASTM American Society for Testing and Materials
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