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Abstract

In this paper, we aim to investigate the heat generated during friction stir lap welding in polypropylene sheets. In this method, the
generated heat significantly depends on the tool’s rotational and linear speed, geometry, and tilt angle. Heat analysis and
measurement during welding are performed numerically to validate the experimental results. A 3-D symmetric Finite Element
(FE) model was created to estimate the generated and distributed heat. As is shown, the heat is mainly generated around and
underside the tool due to the high friction between the rotating tool and the workpiece. This paper provided a good intuition on the
generated and distributed heat during the FSW process, which can be considered a reference to produce optimum and high-
quality products with fewer tests. Therefore, in this paper, the effect of a number of parameters on the generated heat during the
welding process is studied experimentally and statistically and simulated in three different levels. The obtained results demon-
strated a significant relationship between the properties and process parameters using analysis of variance (ANOVA) and
response surface method (RSM) (Box-Behnken). Moreover, the results revealed that the effect of parameter interactions could
be evaluated using the proposed mathematical model by analyzing the presented plots. In addition, the results from the simulated
model using finite element software and Altair’s HyperWorks confirmed the mathematical model estimations and the experi-
mental results. The created model can successfully predict 92% of the welding joint temperature using the conditions and
materials proposed in this paper. The results of the simulation analysis were validated and compared with the experimental tests,
indicating a temperature difference of approximately 6%. The most effective parameter in heat generation is the rotational speed
of the tool, which is responsible for up to 70% of the overall heat. Tool’s geometry (15%), traveling speed (11%), and tilt angle
(4%) are the other parameters effective in generating heat in the process, in respective order.

Keywords Friction-stir welding - Tensile strength - Polypropylene sheets - Optimization model - ANOVA analysis - Finite
element method - Heat generation

Introduction

In recent years, the utilization of metal in transportation, con-
struction, and aviation industries is vastly replaced by thermo-
plastics due to several advantages such as lighter weight, flex-
ibility in design, low production costs, higher toughness, ther-
mal and electrical insulation, and corrosion resistance [1].
However, plastics have several disadvantages in operation,
including various primary defects such as limited operating
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temperature and low strength. To overcome these problems
and provide geometrical and dimensional immutability, plas-
tic mat xerials are produced in integrated forms and are jointed
permanently, rather than semi-permanent or temporary.
Several methods are employed to join polymers, including
adhesive joint, mechanical joint, and fusion welding [2].
Among these methods, the FSW is currently prevalent in poly-
mer joining since it does not require filler materials and exter-
nal energy sources, provides homogeneity in the welding zone
and minimum heat shocks on the workpiece, does not alter the
physical and chemical properties of the based material, and
offers desirable mechanical properties [3]. The FSW method
is a novel technique invented at The Welding Institute (TWI)
in 1991. It is considered an environmental-friendly process
(due to the lack of filler material) and is known as a solid-
state bonding process. Moreover, it prevents large distortions,
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cracks caused by thermal shocks, the formation of large den-
dritic structures, the occurrence of porosity and shrinkage,
oxidation and discoloration, and creates an effective area of
vast heat at the junction. In addition, it prevents the formation
of fragile areas between the heterosexual material and high
energy consumption. In this method, the heat required at the
joint relies on the thermal energy generated by the mechanical
friction between the rotating tool and the workpiece [4, 5].
This paper investigates the heat generated in the pin region
during the FSW process, with a specific concentration on the
heat generated under the pin and its side. The friction between
the workpiece and tool will generate frictional heat. This heat
will degrade the strength of the polymer pieces prior to
reaching the melting point, which moves the tool along the
weld path, resulting in the solid-state joining of the two pieces.

Solid-state welding provides an excellent opportunity to
increase commercial application of polymers. Recently,
FSW is used in commercial polymer joining, including the
formation of strong bonds in the turbulent region and the
region under the influence of thermomechanical force (due
to macromolecular agitation) and the joining of stirred carbon
fiber in the bond using thermomechanical behavior for the
carbon-fiber-reinforced polyetherimide in the point friction
welding process [6]. Moreover, commercial applications of
this welding method include constructing jets and nuclear
waste storage tanks and connecting heterosexual materials in
car hulls, decks of warship structures, parts in shape, non-
linear geometries, and the floor panels of the trains [7].

As shown in the research on polymers, it is better to use
FSW in polymer joining to achieve a high-strength structure.
The reason is that in this method, the workpiece remains solid,
and its properties are not degraded [8]. However, existing
problems and challenges, including the reliability and struc-
tural integrity of the welding, necessitated advancement in
FSW technology. Therefore, novel control strategies have
been developed on the following three inherent issues: (1)
supporting the back and fixing the root penetration problem
by designing the bobbin tool FSW in the FSW process (BT-
FSW), self-support FSW (SSFSW), and penetrating FSW
(PFSW), (2) removing weld thinning in FSW using the sta-
tionary shoulder FSW (SSFSW2) and the micro-plunge-depth
FSW (MPD-FSW), and (3) eliminating keyholes and other
defects of the FSW process (regenerative processes) such as
friction plug welding (FPW), and filling friction stir welding
(FFSW) [9].

As indicated in [10—13], the tool’s geometry, rotational and
traveling speed, and tilt angle are the effective parameters on
the welding quality, among which the cylindrical-conical pin
offers the most effective geometry. They found that enhancing
the rotational speed and reducing the traveling speed of the
tool yields more heat and influences the welding properties.
Moreover, the effect of pin angle on the surface quality is also
investigated in these studies. In specific, they observed that an
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effective tool angle leads to more plunging and better material
mixing, while higher rotational speed and tool angle fails to
produce the desired outcome [14]. Adopting an optimum tool
tilt angle, employing stationary shoulder, and preheating have
been recommended to control the welding process and pro-
vide a successful FSW [10, 15].

Similar results were reported for different pin geometries
(square, triangular, threaded, and conical) for a vast range of
rotational and traveling speeds [16]. An appropriate selection
of effective parameters on the produced pieces (using FSW) is
essential. In other words, if a high rotational speed is selected
during PE welding, the exorbitance heat is generated, and
consequently, melted material may outpour from the welding
line border [10, 17]. Moreover, researchers carried out several
studies on the analytical modeling of FSW. Based on their
experimental evaluations, a model was obtained for the calcu-
lation and analysis of friction factor in FSW [18].

The thermo-mechanical model simulation of FSW is an-
other issue investigated in the literature. In specific, [19] re-
ported that the flow of material closer to the surface of the
workpiece depends on the rotational speed of the shoulder.
Thermo-mechanical analysis of the FSW using the FE method
was performed in [20]. In this study, the researchers presented
a thermal model to demonstrate temperature history in accor-
dance with the experimental data. Moreover, The FE method
was employed in [21] to model the FSW temperature, and an
FE model was developed according to this method for the
evaluation of temperature distribution in plates welded using
the FSW process.

The processing parameters were also studied based on both
thermal and mechanical outputs of Friction Stir Welded 2024-
T3 Aluminum alloy. In [22], they predicted the thermal be-
havior and residual stress of the alloy using the ANSY'S soft-
ware. Arif et al. used FEM to obtain the maximum tempera-
ture during friction stir welding of aluminum alloy and vali-
dated the numerical results through comparison with the cor-
responding experimental outcomes [23]. Using the numerical
method, the researchers presented a numerical evaluation
model to accurately and practically analyze the FSW results.
Moreover, they introduced the threaded tool as an effective
structure in material agitation. However, this structure has a
high risk of failure during FSW operations. The most optimal
model reported with threaded cone pin has 800RPM rotational
speed and 30 mm/min linear speed [24].

In [25], the HyperWorks software was employed to study
the temperature distribution in FSW based on FEM. As dem-
onstrated there, during FSW, under and around the shoulder
are the heat-affected zones. Another research investigated the
temperature distribution during FSW using ANSYS and
HyperWorks [26]. The effect of transverse tool speed on
FSW is investigated numerically by Zhao Zhang and Hong
Wu Zhang using a thermo-mechanical model. As demonstrat-
ed in that study, when the transverse speed is increased, the
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stirring effect of the welding tool weakens, which is the reason
for the weld flaw [27].

The FE modeling is employed in [28] to determine the
maximum temperature in FSW. In this study, the numerical
results were validated, and the maximum temperature in the
FSW for stainless steel was studied using ANSY'S. Moreover,
the researchers conducted a comprehensive study of heat
transfer in polymer foams using the Response Surface
Method (RSM). In this study, a regression model was provid-
ed to predict the overall thermal conductivity using variance
analysis with a maximum error of 4% [29]. Using the analysis
of variance (ANOVA) and Taguchi theory, Azdest et al. op-
timized the impact resistance of the polymer-based nanocom-
posites by optimizing the rotational and linear velocity of the
tool in the FSW process [30]. In addition, they successfully
optimized the tensile strength of the high-density polyethylene
friction welded pipes with similar performance, indicating that
the rotational speed is the most effective parameter for increas-
ing the tensile strength of the welded pipes [31]. Furthermore,
the effect of parameter interactions on the shrinkage of poly-
carbonate in the injection molding process was studied in [32].
They proposed a regression model to estimate the shrinkage
rate. Finally, Hassanzadeh et al. employed ANOVA to predict
the thermal conductivity of polymer foams and obtained sig-
nificant relationships between the effects of foam density and
cell size on various thermal conduction mechanisms [33].

The RSM method was proposed by Mendes et al. to model
and optimize FSW in polymers [34]. Azarsa et al. employed
RSM as a statistical method to estimate mechanical properties.
They proposed a meaningful relationship between mechanical
properties and welding parameters of high-density polypro-
pylene plates [35]. Rahbarpor et al. [36] and Mostafapour
et al. [37] studied the feasibility and welding quality of plastic
composites, along with the effect of input parameters on the
tensile strength of the joint. In specific, they analyzed the
jointed workpieces using RSM and concluded that the gener-
ated heat is significantly effective on the maximum tensile
strength. Moreover, Bagheri et al. studied the mechanical
characteristics of acrylonitrile butadiene styrene (ABS) sheets

a F

Fig. 1 A schematic of the polypropylene sample under friction-stir welding

welded using FSW and proposed a significant relationship
between the mechanical properties of workpiece and process-
ing parameters using ANOVA and RSM [38].

In the present paper, DOE (Design of Experiment) software
and RSM were employed to investigate the effects of various
parameters on the heat generated during FSW in three differ-
ent levels. In specific, three rotational tool speeds (1000—-850—
700 rpm), travel tool speeds (70—50—-30 mm/min), tilt angles
(0—-1-2 degree), and shoulder to pin diameter ratios (12.4—
12.5-12.6) are the effective parameters. The range of the input
parameters has been selected according to previous studies
and through preliminary experimental verifications.
Moreover, axial force, workpiece restraint force, ambient tem-
perature, and the material employed for tool and workpiece
are considered the fixed parameters. The obtained numerical
results have been compared with the corresponding experi-
mental results. Then, the results were analyzed using Design
Expert 11 software, and a mathematical model is obtained
based on effective parameters and the heat generated in the
welding process.

Materials and methods
Sample preparation and method

In this paper, the sheets employed for friction stir welding
were 100 x 80 X 6 mm compression-molded polypropylene
(Jahan Teflon Co., Iran). Samples were cut in rectangular
shapes with dimensions of 80 X 100 mm using Guillotine.
Then, two edge to edge sheets were used for welding (Fig. 1).

Hot-work steel (H13) is the most common tool for friction-
stir welding [39]. Therefore, a tool was prepared using 20 mm
hot-work steel with the desired geometry (Fig. 2). As the stud-
ies on the tool indicate, the concave shoulder creates joints
with higher strength, due to the increased thickness of the
top sheet [40]. Thus, the tool shoulder was created in a con-
cave shape with an angle of 4 degrees. Table 1 presents the
specifications of the tool employed in this research. Following
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Fig. 2 The tools employed in the study

the thermal operation, the tool was hardened to 50 HRC.
Then, a special fixture was designed using a CNC milling
machine to stabilize the components for the friction-stir
welding. Accordingly, polypropylene sheets with dimensions
of 80 x 200 mm were constructed. Figure 3 illustrates an im-
age of the fixture.

The proper selection of process parameters is vital in
achieving a proper joint and an excellent tensile strength.
For this purpose, it is important to understand the properties
of the material to examine the effect of production parameters
on the tensile strength of the joints. Table 2 provides the prop-
erties of the polypropylene employed in this study at 25 °C.

Calculating the generated heat

A thermal camera (CA 1950 DiaCAm 2 thermal camera,
Chauvin Arnoux, United Kingdom) with a calculation range
of =20 to +250 °C is used to evaluate the generated heat. The
temperature of the samples was measured at room tempera-
ture. To increase the reliability of temperature measurements,
the experiment was repeated three times, and the average of
the highest heat was recorded.

Experiment design

In the present study, RSM and Design Expert 11 were used for
statistical modeling. The Box-Behnken Design (BBD), as one
of the prominent types of RSM, is a quadratic design method
based on three-level incomplete factorial designs [41]. This
method enables parameter estimation in a quadratic model,

design measurement, and calculation of the mismatch param-
eter values [42].

Comparing BBD and other response surface designs (e.g.,
central composite or full factorial design) confirms that the
efficiency of BBD is superior to both design methods. A large
number of researchers have employed traditional experimen-
tal methods to evaluate the efficiency and effect of parameters
in the friction-stir spot welding process [42]. To this aim, one
parameter is considered a variable, while the rest are assumed
constant. However, this method significantly increases the
cost and time.

In the design proposed in this article, the answers were
modeled by fitting a second-order polynomial expressed as

Eq. (1):
Y = 50+ Blx1 + £2x2 + B3x3 + ($12x1x2 + $13x1x3
+ (623x2x3 + B11x212 + (322x222 + (333x232 (1)

where x1, x2, and x3 represent independent variables, 30
shows the y-intercept, 51 to 333 are fitting constants, and Y
is the response (R% or q). The number of test points can be
obtained from Eq. (2) [43]:

N =2K(K-1) + C0O )

In this equation, K demonstrates the number of variables,
and CO represents the number of focal points. In this paper, K
and CO are considered 4 and 5, respectively, requiring 29
experiments. The RSM is a set of useful mathematical and
statistical techniques to analyze problems and optimize the
response using several independent variables that affect either
a dependent variable or the response. In addition, ANOVA
was used to examine the significance of the parameters.
Table 3 shows the process parameters used in this study.

Results and discussion
Optimization based on Box-Behnken design

The BBD was employed to evaluate the effect of the tool’s
rotational and travel speeds, diameter ratio, and tilt angle on
the generated heat. First, the mathematical model is construct-
ed using the BBD to define the interaction and relationships of
the parameters to estimate and control the generated heat.
Then, ANOVA is employed to express the effect of each
parameter on the generated heat.

Table 1 Specifications of the tool

used in this study Shoulder Shoulder length Pin profile ~ Pin diameter Pin length Shank diameter
diameter(mm) (mm) (mm) (mm) (mm)
12 15 Cylindrical ~ 4-5-6 5.7 20

@ Springer
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Fig. 3 The fixture used for
friction-stir welding

Model creation and variance analysis

The generated heat obtained from the experimental analysis is
presented in Table 4. The presented 2-D model was employed
to find the relationship between input parameters and the gen-
erated heat. The regression model of the processing parame-
ters, obtained using RSM for the response developing process,
is presented in Eq. (3).

Temperature = +31.13753-223.23337 D/d
+ 0.711649 Rotational speed
+ 0.884917 Travel speed

+ 46.19292 Title angle—0.044933
D/d*Rotational speed—10.74500 D/d*
Title angle—0.000897 Rotational speed*

Travel speed—0.338875 Travel speed*
Title angle

+ 55.96534 D/d’—0.000289 Rotational speed’

(3)

The results of ANOVA for the considered model are pre-
sented in Table 5. In ANOVA, R? is defined as the ratio of the
variation of a specific parameter to the total variation. In [44],
R? is recommended to be 0.8 to provide an appropriate esti-
mation of the model. In this paper, R? and the corrected R? are

Table 2 Polypropylene

properties Melt flow index 3
Tensile strength (MPa) 34
Elongation at break (%) 350
Flexural modulus (MPa) 1310
Brittleness temp (°c) 15

Vicat softening point (°c) 154-150
Rockwell hardness (R-scale) 95
Impact strength (ft Ib) 10

0.9733 and 0.9585, respectively (See Table 6), to confirm the
model reaction. Moreover, the obtained values for P and F in
the model were 65.61 and 0.0001, respectively, indicating the
effectiveness of the created model. While a P value of less
than 0.1 indicates the effectiveness of a model, higher values
show ineffectiveness [44]. F-test is employed to determine the
significance of the regression coefficients using the standard P
value. Generally, a higher F value, as well as a lower P value,
shows a higher significance level for the coefficients [45].

Statistical evaluation of the model accuracy

It is essential to evaluate the accuracy of the model to achieve
an appropriate design. As can be seen in Table 6, the estimated
R? is 0.9214, which shows a 92% predictability of the created
model for a variety of outputs. Figure 4 shows normalized
residuals and error percentage following the initial model cor-
rection. Moreover, it is evident in Fig. 4 that proximity to the
line points indicates the absence of an outlier. In other words,
data points farther from the line have a higher error
percentage.

Figure 5 shows the conformity of the obtained results with
the statistical model and the real values. As can be seen, there
is a good agreement between the estimated results and their
corresponding real values.

The effect of the four variables on the generated heat is
shown in Figs. (6 and 7). In these figures, the surface response
is plotted as a function of one parameter and two parameters in
Figs. 6 and 7, respectively. As can be seen in Fig. 6, according

Table 3 The maximum and minimum level for the evaluated factors
Parameters Units Minimum level Maximum level
D/d mm/mm 2 3

Rotational speed rpm 700 1000

Travel speed mm/min 30 70

Tilt angle Deg 0 2

@ Springer
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Table 4 DOE using Box-Behnken Design, and the temperature for each experiment

Factor 1 Factor 2 Factor 3 Factor 4

Run A:D/d B:Rotational speed C:Travel speed D:Title angle Temperature Predicted value Percentage difference
(experimental)

mm/mm pm mm/min Deg °c °c %
1 3 850 30 1 158.64 154.36 2.8
2 2 850 50 2 150.56 150.14 —0.3
3 25 850 70 2 125.67 123.51 -1.7
4 2 850 70 1 138.97 138.06 -0.7
5 2.5 1000 30 1 143.65 142.30 -0.9
6 2.5 850 50 1 131.66 132.22 0.4
7 3 850 50 2 144.68 147.05 1.6
8 3 700 50 1 135.61 137.35 1.3
9 2.5 850 50 1 132.69 132.22 -0.4
10 2.5 850 30 2 146.16 145.71 -0.3
11 2.5 850 70 0 129.63 132.29 6.5
12 3 1000 50 1 149.08 149.74 0.4
13 2 700 50 1 121.86 122.96 0.9
14 2 850 30 1 144.68 146.71 1.4
15 2.5 700 50 0 115.51 113.78 -1.5
16 2 850 50 0 136.44 134.63 -13
17 25 1000 70 1 127.85 128.28 0.3
18 2.5 700 30 1 119.36 117.80 -13
19 25 1000 50 0 135.21 132.90 -1.7
20 3 850 70 1 147.19 145.72 -1.0
21 2.5 1000 50 2 135.12 137.68 1.9
22 2 1000 50 1 148.81 148.82 0.0
23 2.5 700 50 2 118.30 118.55 0.2
24 2.5 850 30 0 123.01 127.38 34
25 2.5 850 50 1 135.13 132.22 22
26 2.5 850 50 1 132.39 132.22 —0.1
27 2.5 700 70 1 114.32 114.53 0.2
28 3 850 50 0 152.05 153.03 0.6
29 2.5 850 50 1 130.14 132.22 1.6
Table 5 The Effect of each variable on elongation according to the variance analysis
Source Sum of squares df Mean square F-value p value
Model 3788.76 10 378.88 65.61 <0.0001 Significant
A-D/d 175.80 1 175.80 30.44 <0.0001
B-Rotational speed 1097.51 1 1097.51 190.07 <0.0001
C-Travel speed 224.21 1 224.21 38.83 <0.0001
D-Title angle 68.35 1 68.35 11.84 0.0029
AB 45.43 1 45.43 7.87 0.0117
AD 115.46 1 115.46 19.99 0.0003
BC 28.94 1 28.94 5.01 0.0380
CD 183.74 1 183.74 31.82 <0.0001
A? 1351.19 1 1351.19 234.00 <0.0001
B? 291.13 1 291.13 50.42 <0.0001
Residual 103.94 18 5.77
Lack of fit 90.75 14 6.48 1.97 0.2697 Not significant
Pure error 13.19 4 3.30
Cor total 3892.70 28
Source Sum of squares df Mean square F-value p value
Model 3788.76 10 378.88 65.61 <0.0001 Significant
A-D/d 175.80 1 175.80 30.44 <0.0001
B-Rotational speed 1097.51 1 1097.51 190.07 <0.0001
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Table6 ANOVA results for the generated heat in the FSW process

Standard deviation 2.40 R? 0.9733

Mean 135.32
CV. % 1.78

Adjusted R?
Predicted R?

Adeq precision

0.9585
0.9214
27.4239

to the F and P values, all the linear parameters, interactions,
and quadratic parameters are effective except for C* and D”.
As demonstrated in Fig. 6a, when the ratio of the shoulder
diameter to pin is increased, the generated heat experienced
a slow increase, followed by a significant increase. Moreover,
according to Fig. 6b, enhancing the rotational speed to
900 rpm increases the response surface, while such effect is
not present in further enhancements. However, based on the
presented plot in Fig. 6¢, when the travel speed increases, the
surface response declines. In other words, the travel speed has
an inverse effect on the surface response. Finally, as shown in
Fig. 6d, the surface response increased gradually with tool
angle enhancement.

Contour plots and optimum point determination

The parameter correlations and interactions of the input pa-
rameters are presented in Fig. 7. Each plot demonstrates the
effect of two variables in the selected range. It should be noted
that in these plots, two parameters are considered variables,
and one is constant. These plots provided a better insight into
the effect of each variable on the generated heat. Contour (a)

o
o

O O
o wv
53]

Uy

~
o

w
o

Normal % Probability
S 8

-
v o
[}

-400  -300 -200 -100 000 100 200 300
Externally Studentized Residuals

Fig. 4 Normal plot of the residuals
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Fig. 5 Conformity of the predicted results with the actual values

demonstrates that an increase in rotational speed and the tool
diameter ratio leads to a significant increase in the generated
heat. On the other hand, this increment is insignificant in the
case of increasing the ratio of shoulder to pin diameter. As can
be seen in contour (d), the generated heat is declined by travel
speed increment. Moreover, the tool angle enhancement leads
to an insignificant increase in the generated heat.

Figure 8 presents an overview of the effect of all parame-
ters on the generated heat. The results show that the tool’s
rotational speed (70%), shoulder to pin diameter ratio (15%),
travel speed (11%), and tilt angle (4%) affected the generated
heat in the FSW process. Figure 9 illustrates the percentage of
the effectiveness of each parameter.

The previous sections studied the effect of several param-
eters on the generated heat. Moreover, a mathematical model
was created to estimate this effectiveness. The following sec-
tions aim to validate these results using numerical simulation
and obtain an optimum processing temperature during FSW.

Numerical simulation of FSW
Determining the generated heat during FSW

In this section, the model is simulated numerically based on
the thermo-mechanical procedure. For this purpose, first, the
generated heat caused by the friction between the tool and
workpiece during FSW must be calculated. During this pro-
cess, heat is generated near the tool and workpiece. A simpli-
fied model of the tool is presented as follows, which can be
employed to determine the generated heat. In this equation,
Rshoulder is shoulder diameter, Rprobe is pin diameter, and
Hprobe is pin height.

@ Springer
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Fig. 6 The match percentage of a b
statistically predicted results and 160 160
actual results

-
w
o
-
w
o

) g
2140 140
=1 =]
= =
° °
gl 30 8-1 30
: :
[ [
120 120
110 110
2 25 3 700 850 1000
D/d (mm/mm) Rotational speed (rpm)
c d
160 160
150 150
< g
2140 140
3 =]
= =
° °
8130 8-130
£ £
o o
- -
120 120
110 110
0.5 083 1.16 0 1 2
Travel speed (mm/min) Title angle (Deg)
a b
160 160
150 |
140 |
s 130 | %
g s
é. 120 , %
5 [
110
2
1000
3
1
3 D: Titl le (Deg) .
850 itle angle (Deg] 25
B: Rotational speed (rpm) 25 0 2 A: D/d (mm/mm)
700 2 A: D/d (mm/mm)
c 160 , d 160
150 150,
140 |
g 130 | E
s s
é. 120 , %
2 -
110
70 2
1000 0
50 -
C: Travel speed (mm/min) 850 D: Title angle (Deg) 50
30 700 B: Rotational speed (rpm) o 30 C: Travel speed (mm/min)

Fig. 7 Interaction of input parameters

@ Springer



Int J Mater Form (2021) 14:1067-1083

1075

160
150 A
A
g 140
g C
=
& D8
g .
Ewi0 D :
[t
120
B
110
-1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

Fig. 8 The effect of the effective parameters (A: D/d, B: Rotational
speed, C: Travel speed, D: Title angle) on the temperatures of the joint

Moreover, Q1, Q2, and Q3 are the generated heat in the
shoulder, the lateral surface of the pin, and underside the pin,
respectively. Thus, the overall generated heat is O,y = O1 +
0, + 0. The generated heat in each contact region is deter-
mined based on Eq. (4).

dQ = wdM = wrdf = WrT ougent (4)

In this equation, w is the rotational speed of the tool, M is
the moment, F is force, A is the contact area, and r is the radial
distance from the pin axis in the cylindrical coordinates sys-
tem. Based on Eq. (4), the generated heat in the tool shoulder
(Q1) can be determined using Eq. (5).

27 (Rohoulder
0 =T

Ryrobe contact”™ (1 +tana)drdt9:%71wtc,-,,mc, (R R ) (1-+tana)

3 _
houlder”*probe

Fig. 9 Percentage of the
effectiveness of processing
parameters on the generated heat
in the FSW process

|
D:Title angle .

The generated heat in the pin is divided into two portions:
Q2 (from the lateral surface) and Q3 (from the underside sur-
face). By integrating Eq. (3) in the lateral surface, the gener-
ated heat at the lateral surface is calculated based on Eq. (6).

27 (H probe 5
0, = IO -[O WTcontactRpmbedng

2
= ZWWTcontactRpmbeH probe (6)

Equation (7) presents the generated heat underside the pin,
obtained by integrating Eq. (3) in the pin tip.

27 (Rprobe 2 -
O3 = .[0 JOP WT contacr” drd = EﬂchOmaCtRzmb‘-’ ()

Thus, the total generated heat is determined using Eq. (8)
[46].
2 3 3
Qtotal = Ql + QZ + Q3 = §7TWTcorztact((Rshnuld@rfR,,mb(,) (1 + tanll)
+R;robe +3 R;robeHP’ obe )

(3)

Thermal simulation of FSW

Numerical simulations were performed using Altair
HyperWorks 2019 according to the thermo-mechanical pro-
cedure. A 100 80 x6 mm plate with hexagonal elements was
constructed for welding. Due to the large displacements in the
friction welding process, a method must be adopted that ac-
curately predicts heat generation and plastic strain. For this
purpose, three Lagrangian, Eulerian, and coupled
Lagrangian-Eulerian approaches can be used. If the
Lagrangian approach is employed, there will be a deviation
and excessive distortion of the elements due to the deforma-
tion and the movement of the element nodes in the transla-
tional three degrees of freedom. This distorts the elements and,
ultimately, results in an inefficient analysis unless a much
smaller mesh is applied to the entire model. Nevertheless, this

C:Travel speed -
ey
speed

o

10 20 30 40 50 60 70 80
Percentage of effectiveness
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will increase the cost and analysis time. The Eulerian tech-
nique uses a method in which the nodes of the elements can
move, while the shape of the elements is almost preserved
during the plastic displacement and changes only in terms of
dimensional scale.

In this paper, the coupled Lagrangian-Eulerian technique is
used in the simulation. Unlike the Lagrangian element, the
Eulerian elements do not change in geometry during the sim-
ulation and remain constant. The Eulerian element is initially
empty, and matter must be attributed to this empty element in
the desired volume. Due to the absence of distortion in
Eulerian elements, they can properly model large deforma-
tions. Plus, simulations are highly cost-efficient. Dimensions
and parametric conditions of the friction stir welding process
were simulated by Wu et al. using the Lagrangian-Eulerian
technique based on experimental working conditions [47]. In
this investigation, the friction welding process pp. was simu-
lated based on coupled Euler-Lagrange method CEL. The
model (tool and workpiece) was simulated in three dimen-
sions using the Eulerian-Lagrangian method. In addition, the
Johnson-Cook model and thermal properties were used for
workpiece material pp. CEL method provides the benefits of
Lagrangian and Eulerian meshing methods simultaneously
and can precisely simulate the physical boundary.

Using the Eulerian-Lagrangian approach, Nandan et al. nu-
merically simulated the two processes of friction stir welding
and point friction stir welding and calculated the temperature
and force on the tool for both processes. Based on their results,
the Lagrangian coupling Euler approach can properly predict
the temperature and force required to perform welding [48].
Ansari et al. developed a three-dimension finite element mod-
el based on the coupled Eulerian-Lagrangian approach to
model the heat in tools and workpiece in FSW. Based on their
results, coupled Lagrangian-Eulerian technique could provide
a relatively good prediction of the temperature distribution in

the tool and workpiece, along with the flow of materials in
different welding areas [49]. Moreover, Eskandari et al. inves-
tigated and simulated the friction stir process of aluminum
alloy using the coupled Lagrangian-Eulerian technique.
Their results confirmed that this numerical method has the
ability to properly analyze the stress and heat in the process
[50]. The simulated model in that study possesses real-world
model conditions and dimensions, and the finite element mod-
el has been developed with 2200 hexahedral elements and
2507 active nodes to simulate turbulent friction welding.

The analytical results in the present study were compared
with the corresponding experimental outcomes, and accord-
ingly, the observed temperature difference was approximately
6%. Therefore, it can be concluded that the presented model
can properly estimate the temperature distribution. Based on
the obtained results, the temperature distribution in the work-
piece was such that even though the maximum temperature
during the welding process was (158.32 °C) was enough for
workpiece stirring, the material did not melt.

In this study, three successive thermal steps were consid-
ered: (1) tool rotating and plunging, (2) rotating and stirring,
and (3) rotating along with travel speed. The majority of the
heat was generated when the tool penetrated the polypropyl-
ene sheet. Evaluation of this heat is the primary goal of this
study. Based on Eulerian mesh, the mesh shape was un-
changed during analysis, while the material point was
displaced in each element. The following figures represent this
simulation process and its results. Figure 10 represents the
definition of the tool and workpiece geometry, tool tilt angle,
rotational speed, translation speed, and process parameters
coupling.

Figure 11 shows the temperature distribution schematic
during the FSW process. As this figure demonstrates, the red
region (around and underside the shoulder) identifies the
zones with the highest heat generation.

Fig. 10 Tool and workpiece
information in HyperWorks

Tool and Workpiece information:

g Friction Stir Welding- Butt Joint - 4

Width of Left Plate W1 100 mm Shoulder Diameter DS: 12 mm
DS HS
Width W2 100 mm Shoulder Height HS: 15 mm
FIRE= HP  H2
Thickness H1 6 mm PinDiameter DP: 4 mm
Length of Plates: 80 mm PinTiltAngle 2 deg
OK Cancel
@ Friction Stir Welding- Butt Joint BC Parameters - X
Process Conditions
Temperature of Plates: 25 degC Rotational Speed: 850 pm
Translation Speed: 05 mmjs
OF Cancel
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Fig. 11 Isometric view of the
simulated model of the friction
stir welding process showing
temperature contours from
minimum (blue) to maximum
(red) values

Figure 12 illustrates the temperature distribution up-view
during FSW. As can be seen, the maximum generated heat is
seen around the pin and shoulder, while the effect of temper-
ature on the workpiece is degraded farther from this region.

The effect of pin penetration into the workpiece is shown in
Fig. 13. Further tool penetration leads to more friction, and
consequently, more heat will be generated.

The maximum heat is generated underside and around the
shoulder, as well as around the pin, as was observed in exper-
imental results. This effect was also confirmed in the numer-
ical simulation shown in Fig. 14.

Table 7 reports the comparison between the numerical and
experimental results. As can be seen from these results, the
average difference is approximately 6%, which can be due to
the inappropriate placement of the thermal camera. The max-
imum temperature difference in the numerical and experimen-
tal analysis was 15 °C, which indicates a deviation of approx-
imately 10.5%. On the other hand, the minimum difference
was about 1 °C, indicating an insignificant deviation of 0.7%.

Figure 15 demonstrates the comparative plots of generated
heats in numerical and experimental analysis. Although some
higher and lower results were observed in numerical

Fig. 12 Temperature gradient
contour in the top surface of the bl
workpiece. During movement, — 3.813E+02
the tool moves to the middle- 3.722E+02

. 3.630E+02
point of the plate 3.530E+02

3.447E+02
3.356E+02
3.264E+02
3.173E+02
+02
ult

Contour Plot

Max = 3.905E+02
Nodes 2147

Min = 3.081E+02
Nodes 126

Temperature (K)(Scalar value)

1: optiResHvtransOut
HyperXtrude Analysis : Steady State Result : Frame 1

simulation compared with the experimental results, the devi-
ations were acceptable.

The effect of each processing parameter on the generated
heat is illustrated in Fig. 16. According to the plots, there is a
good agreement between each parameter in experimental and
numerical investigations. As previously observed in the ex-
perimental model and is evident in Fig. 16a, the generated heat
initially decreased slightly, followed by an increasing trend.
Similar to the experimental results, the numerical simulation
confirmed that the rotational speed enhancement leads to a
linear response surface increment, as shown in numerical re-
sults (See Fig. 16b). Moreover, as shown in Fig. 16¢, when the
travel speed increased, the response surface declined. In other
words, the travel speed has a deteriorating effect on the re-
sponse surface, which was confirmed in both experimental
and numerical analyses of the present study. As Fig. 16d
shows, the experimental and numerical results are in good
agreement, and the response surface inclined slightly by tool
angle enhancement.

If the shoulder influences a higher area on the intersecting
surface and the pin is large enough to stir on the intersect
boundary (not remove the stock), then a more appropriate

1: optiResHvtransOut
rude Analysis : Steady State Result: Frame 1
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Stepl

Step2

Step3

Fig. 13 Temperature history for tool and workpiece during pin penetration

joint can be obtained. As observed in the experiments and
simulations of the current study, when the tool diameter ratio
increased or the ratio of pin diameter to the shoulder diameter
decreased, the generated heat reduced slightly and increased
afterward.

Higher tilt angles applied more compressive force on the
workpiece and squeezed the polypropylene sheets (similar to
the forging process). Excessive tilt angles lead to stock remov-
al from the sheet surfaces, unsettled welding uniformity, and
occasional penetration of the tool into the workpiece due to

@ Springer
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exorbitance friction and force, which result in improper con-
nections. Proper adjustment of the tool angle improves the
controllability of the generated heat to yield a proper connec-
tion. The experimental and numerical results demonstrated
that the glass transmission temperature is necessary to obtain
an appropriate joint because the mechanical properties of the
polypropylene welded using FSW are directly affected by
temperature variation in the process. Therefore, it is essential
to control the generated heat, especially around the glass tran-
sition temperature, to improve the welding quality.
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Step4

Step5

Fig. 13 (continued)

Conclusion

In this paper, the friction stir welding process for joining poly-
propylene sheets was investigated based on the Box-Behnken
Design. To this aim, the effect of the tool’s rotational speed,
travel speed, tilt angle, and diameter ratio was also studied.
Moreover, the effective range of the parameters was deter-
mined based on experimental and numerical analysis. As

Fig. 14 Cross-sectional view of
the temperature profile

Contour Plot
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b
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demonstrated in the results, proper selection of these parame-
ters in the presented ranges controls the generated heat and
consequently improves the welding quality and reduces the
cost by reducing the number of required experiments.

The results show that the tool’s rotation speed (70%), di-
ameter ratio (15%), travel speed (11%), and tilt angle (4%)
affected the heat generated in the FSW process. FSW simula-
tions using Altair’s HyperWeld provided a novel opportunity

1: optiResHvtransOut
HyperXtrude Analysis : Steady State Result: Frame 1
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Table 7 DOE using Box-Behnken Design, and results of the comparison of the peak temperature

Factor 1 Factor 2 Factor 3 Factor 4
Run A:D/d B:Rotational speed C:Travel speed D:Title angle Temperature Temperature Percentage
(experimental) (simulation) difference
mm/mm rpm mm/min Deg °c °c (%)
1 3 850 30 1 158.64 146.21 -8.5
2 2 850 50 2 150.56 158.32 4.9
3 2.5 850 70 2 125.67 138.38 9.2
4 2 850 70 1 138.97 142.76 2.7
5 2.5 1000 30 1 143.65 151.61 53
6 2.5 850 50 1 131.66 136.80 3.8
7 3 850 50 2 144.68 140.27 -3.1
8 3 700 50 1 135.61 12545 -8.1
9 2.5 850 50 1 132.69 136.80 3.0
10 2.5 850 30 2 146.16 145.10 -0.7
11 2.5 850 70 0 129.63 13491 39
12 3 1000 50 1 149.08 146.89 -1.5
13 2 700 50 1 121.86 131.56 7.4
14 2 850 30 1 144.68 149.84 34
15 2.5 700 50 0 115.51 126.85 8.9
16 2 850 50 0 136.44 145.38 6.1
17 2.5 1000 70 1 127.85 142.79 10.5
18 2.5 700 30 1 119.36 129.86 8.1
19 2.5 1000 50 0 135.21 149.09 9.3
20 3 850 70 1 147.19 135.02 -9.0
21 2.5 1000 50 2 135.12 148.67 9.1
22 2 1000 50 1 148.81 156.83 5.1
23 2.5 700 50 2 118.30 128.92 8.2
24 2.5 850 30 0 123.01 132.73 7.3
25 2.5 850 50 1 135.13 136.80 1.2
26 2.5 850 50 1 132.39 136.80 32
27 2.5 700 70 1 114.32 121.98 6.3
28 3 850 50 0 152.05 143.01 —6.3
29 2.5 850 50 1 130.14 136.80 49
Fig. 15 The measured e Experimental e Simulation
temperature along the welding 160
line
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to develop and extend the modeling and simulation of con-
nection processes, which, in addition to validating practical
results, provided acceptable results. The proposed model can
predict the generated heat with high accuracy of 92%. The
results obtained from HyperWorks software and experimental
analysis indicated that there is about a 6% average difference
between the experimental and numerical results, which can be
due to inappropriate placement of the thermal camera. In ad-
dition, the maximum and minimum temperature difference
was 15 °C (about 10.5%) and 1 °C (about 0.7%), respectively.

The increase in the rotational speed of the tool increased the
generated heat due to higher friction, which improved the
welding quality. However, temperature enhancement was
beneficial only up to glass transition temperature. In higher
temperatures, the material was deformed, and the welding
quality was degraded significantly. Moreover, increasing the
travel speed dissipated the generated heat and prevented the
polymer sheets from reaching the glass transition temperature.
On the other hand, extreme reduction in speed led to extra heat
concentration on a specific area of the workpiece that de-
formed the sheets and decreased the welding quality. If the
generated heat was maintained within the range of glass tran-
sition temperature and the melting temperature of the work-
piece, the resulting fittings had higher quality. In addition,
since the pin diameter reduction decreased the heat generation,

Title angle (Deg)

the shoulder was more responsible for the generated heat than
the pin surface during the FSW process. Finally, the inlet
heating (along the welding line) increased by increasing the
rotational speed of the tool.
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