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Abstract
Friction stir welding (FSW) as a welding process for polymers is growing steadily, owing to its inheren1t advantages. The 
developed forces during the joining process are sensitive to the parameters used and affect the quality of the weld in terms of 
voids and defect formation. This study focuses on the analysis of the effects of four FSW parameters on the developed forces 
in joining polycarbonate (PC) 4 mm thick sheets. The porosity of the produced seams was investigated with micro-computed 
tomography. The dimensional deviation (top surface retreat) was also assessed with the same method. The produced seams 
were further inspected with microscopy. A Taguchi L9 array was formed. Analysis of variances provided prediction models 
for the developed forces, the porosity, the dimensional deviation, and the welding resistance rate (Fx/Fz), which were the 
response metrics of the study. The model’s reliability was evaluated with a confirmation run. Low travel and high rotational 
speeds reduce the forces in the process and lead to higher mechanical performance. Low travel speeds also reduce the porosity 
of the weld and affect its dimensional accuracy. The overall results offer valuable insights for optimizing the performance 
of FSW welds in PC sheets, which was the aim of the study (reduced porosity, dimensional deviation, etc.). The developed 
models ensure their successful application in real-world scenarios. Finally, the findings and the analysis were correlated with 
the mechanical strength of the welded PC sheets, revealing, and interpreting the mechanisms leading to higher mechanical 
performance of the samples.
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Nomenclature
ANOVA	� Analysis of variances
AS	� Advancing side
CCW​	� Counterclockwise
CNC	� Computer numeric control
CW	� Clockwise
DOE	� Design of experiment
DSC	� Differential scanning calorimetry
FSW	� Friction stir welding
HAZ	� Heat-affected zone
HAM	� Hybrid additive manufacturing
MAPE	� Mean absolute percentage error
MEP	� Main effect plot
NZ	� Nugget zone
PC	� Polycarbonate
RS	� Rotational speed
RT	� Residual thickness
RTS	� Retreating side
RPM	� Revolutions per minute
SEM	� Scanning electron microscopy
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SV	� Side view
Tg	� Glass transition temperature
TGA​	� Thermogravimetric analysis
TMZ	� Thermomechanically affected zone
TS	� Travel speed
TV	� Top view
WE	� Weld efficiency
WT	� Welding temperature
µ-CT	� Micro-computed tomography

1  Introduction

Friction stir welding was developed as a specialized tech-
nique to join parts that are challenging to weld using tradi-
tional methods [1]. It was introduced by the British Welding 
Institute in 1991, mainly for aluminum parts welding [1]. 
The method is an autogenous welding process, featuring 
a non-consumable welding tool [2]. It is also considered 
an energy-efficient parts-joining method tool [2]. Due to 
these unique characteristics, the use of the process rapidly 
expanded and different aluminum grades [2–9] were investi-
gated, for example, the AA5083 [10, 11], Al-5052 [12], and 
the AA6061 [13–20]. AA6061 has been tested also in the 
friction stir spot welding method, and modeling tools, such 
as the Taguchi design of experiments, have been applied to 
analyze and optimize the results [21–23]. Many results have 
been presented to cover a wide range of research aspects in 
the field [12, 24, 25]. A common subject in the research is 
the effect of the FSW parameters on the performance of the 
weld [26, 27]. Parameters, such as the weld tool geometry, 
rotational, and travel speed, influence the produced seams’ 
morphology and strength [28]. These parameters should be 
properly adjusted, as they affect, for example, the developed 
forces during the welding process [29, 30], and by extent, the 
developed forces may result in defects in the produced seam 
[31]. The importance of the developed forces during the 
FSW process has led to the introduction of various research 
works reporting and correlating the FSW parameters with 
the performance of the weld for the aluminum material [30, 
31]. Additionally, models have been proposed in the litera-
ture for the study of the developed forces, heat, and friction 
during the FSW of aluminum alloys [32]. Modeling tools 
are common for the analysis of experimental data [33], and 
tools such as ANOVA have also been utilized in the field 
[15]. The method has found application in various industries, 
such as in shipbuilding, household applications, aerospace, 
and automotive sectors [34].

An obvious expansion of the method was in polymeric 
materials, which are difficult to weld with conventional 
welding methods [35, 36], and the polymeric composites fol-
lowed [37]. The initial challenge encountered in the research 
was assessing the feasibility of the process [38]. Then, the 

same with the aluminum, which was initially studied, the 
effect of parameters, such as the weld tool, on the produced 
weld performance was assessed [39]. Research involves 
polymers popular in various types of applications, such as 
high-density polyethylene (HDPE) [40], poly(methyl meth-
acrylate) (PMMA) [41], and acrylonitrile butadiene styrene 
(ABS) [42]. Polymeric composites have been investigated 
as well [43]. Dissimilar [44] and hybrid (metal-polymer) 
joints have been also attempted [45, 46]. As expected, the 
feasibility of welding 3D-printed polymeric parts has been 
investigated, with their 3D printing structure introducing 
additional challenges for the successful implementation of 
the method [47]. In the case of 3D printed parts, again the 
effect of the FSW parameters on the weld performance is 
examined [48], while hybrid joints have been achieved as 
well [49]. Popular polymeric materials behavior in the FSW 
have been reported, such as polylactic acid [50], polycarbon-
ate (PC) [51], ABS [52], polyamide 6 [53], and poly (methyl 
methacrylate) (PMMA) [49, 54], and a few composites [55]. 
The defects in the produced seam with the FSW process on 
polymers are highly correlated with the developed forces 
during the process (same with the aluminum, presented 
above) [56] due to their effect on the material flow and the 
seam formation [57]. For example, high axial forces can lead 
to reduced thickness due to the outpouring from the weld 
nugget of the soft material [35]. Defects have consequences 
on the strength of the weld [58]. The developed forces can be 
adjusted by the welding parameters [57] (studies on polypro-
pylene), indicating again the importance of selecting proper 
FSW parameters, to produce efficient seams. Forces devel-
oped are proportional to the contact shear stress, and it was 
found that higher tool rotational speed reduces the interfacial 
contact shear stress, leading to lower developed forces [51]. 
The heat produced is also proportional to the contact stress 
and it increases with the increase of the welding (travel) 
speed [51]. Additionally, the interfacial pressure (between 
the tool and the material) reduces, as the material softens 
[51]. The tool geometry also affects the developed forces 
during the process, as the literature reports [59]. Forces are 
usually measured experimentally, with different setups and 
configurations presented [60]. For the PC polymer, forces 
during the FSW have been investigated on 3 mm thick sheets 
using a dynamometer, considering the rotational and the 
welding speed as parameters [51]. Due to the importance of 
both the developed forces and the temperature when welding 
polymeric materials with the FSW process, simulation tools 
have been introduced [61].

Herein, polycarbonate (PC) polymer was investigated due 
to its popularity in various types of industrial applications 
such as optical [62], medical [63], electronics [64], and the 
automotive sector [65]. It has been applied in pure but also in 
composite form [66]. Recently, research has expanded in the 
3D printing technology [67–69], and different composites 
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have been introduced to further improve its applicability 
[70–73]. Statistical tools have been applied to analyze the 
experimental findings in this case as well [74–77]. The 3D 
printing structure makes such an approach more necessary 
since the anisotropic behavior among other characteristics 
of the 3D printed parts further increases the complexity of 
the parameter effects analysis [78, 79].

Due to its extensive industrial use, its performance in the 
FSW process has merit. Therefore, it has been investigated 
in various aspects of the technology, apart from the devel-
oped forces during the process, mentioned above, such as in 
hybrid joints [80]. The effect of parameters on the perfor-
mance of the weld, such as the use of lubrication [81], the 
orientation of the weld tool [82], the weld tool rotational 
speed [83], and the weld tool geometry [84] have been stud-
ied. Numerical modeling tools have also been introduced 
[85] to simulate the material flow [86]. Apart from the 3 mm 
PC sheets cited above, 10 mm sheets have also been studied, 
and it was found that the performance of the weld is highly 
sensitive to the parameters used in the FSW process [87]. 
The mechanical performance of the weld of 4 mm thick PC 
sheets in the FSW process has been reported, and the experi-
mental findings were analyzed and optimized with statistical 
modeling tools [88].

Joining polymeric sheets with the FSW process is a chal-
lenging task, as shown by the literature review presented 
above. Additionally, the developed forces during the pro-
cess have not been often investigated or correlated with 
other aspects of the process, such as the internal structure 
(porosity) of the produced seam, the dimensional accuracy 
(top surface retreat), and the mechanical performance of 
the welded parts. Herein, for the first time, the developed 
forces during the welding process with the FSW method of 
4 mm thick PC sheets were studied. Statistical tools were 
applied to optimize the process. The effect of the weld tool 
geometry was considered, and the weld internal structure 
was evaluated with sophisticated µ-CT scanning. The find-
ings were correlated with the mechanical performance of 
the welds, which was assessed in a previous study [88] in 
an attempt to establish a connection between these aspects 
(forces, weld structure, and mechanical performance). Four 
FSW parameters were the control parameters for the inves-
tigation, i.e., weld tool travel speed (weld speed), rotational 
speed, shoulder, and pin diameter. The shoulder diameter is 
rarely investigated [89], while the shoulder-to-pin ratio is 
also an important parameter usually studied for the FSW of 
aluminum [90] and only recently assessed for the PC poly-
mer in the literature [88]. An L9 Taguchi was compiled for 
the analysis. The forces, the porosity, and the dimensional 
characteristics (actual to nominal thickness of the produced 
seam) were correlated, and the analysis provided the opti-
mum parameters. ANOVA led to the formation of prediction 
models for the response metrics, which were verified and 

evaluated with confirmation runs [105]. Such an analysis 
contributes to the completeness of the work and significantly 
increases the merit of the provided results for wide industrial 
use.

2 � Materials and methods

A flow chart outlining the algorithm of the experimental 
process followed in this research study is depicted in Fig. 1. 
The left side of the figure illustrates screenshots from the 
study’s experimental procedures. PC sheets welded were 4 
mm thick. The materials’ information, along with the FSW 
process followed, the assessment of the thermal properties 
of the PC polymer using thermogravimetric analysis and 
differential scanning calorimetry (to validate the state of the 
material during the FSW process), the welding tools (i.e., 
their fabrication process), as well as the temperatures devel-
oped during the process (again, to validate the state of the 
material during the FSW process), along with the mechani-
cal performance of the welds, are presented analytically in 
a previous work of this research team [88]. A parameter 
designated “welding resistance rate” was introduced as the 
ratio between the longitudinal and the vertical force, which 
is analogous to the friction coefficient metric without being 
the same.

2.1 � FSW forces measurement

For the measurement of the forces developed during the 
FSW process, a 3-component dynamometer Kistler 9257BA 
(Winterthur, Switzerland) was fitted on the swing table of a 
vertical 5-axis machining center Haas VF2 (Oxnard, Cali-
fornia, USA). This high-precision apparatus is capable of 
acquiring and recording the developed force components 
(Fx, Fy, and Fz), throughout the process. Raw quantita-
tive data are provided which can be then turned into graphs 
along the trajectory the machine’s spindle followed. Herein, 
a new metric was also introduced, named “welding resist-
ance rate.” The welding resistance rate was calculated as the 
ratio between the longitudinal and the vertical force at each 
point (Fx/Fz), which is analogous to the friction coefficient.

2.2 � Microscopy and µ‑CT scanning

The morphological characteristics of the produced seams 
were inspected with a Kern OKO 1 optical microscope, 
equipped with the ODC 832 5MP camera (Balingen, 
Germany).

In this research, the weld seam internal structure, in terms 
of voids, porosity, and potential defects, was examined with 
µ-CT scanning. The dimensional deviation at the welded 
region was also measured (actual to nominal thickness of the 
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welded sample), to evaluate the retreat of the seam surface. 
These were achieved by employing a Tomoscope HV Com-
pact 225 kV Micro Focus CT-scanner from Werth Messtech-
nik GmbH (Giessen, Germany). This CT scanner features a 
(1024 × 1024) pixel detector and a 225 kV micro-focused 
X-ray tube. Two distinct scan series were conducted: one 
at 60 L magnification, resulting in a voxel size resolution of 
60 µm, for analyzing the dimensional deviations (actual to 
nominal comparison of the 3D geometry), and another one 
at 16 µm (16 L) voxel size resolution to inspect more pre-
cisely the specimen interior structure and the voids formed. 
The specific parameters have been set as follows: exposure 
time of 125 ms per step, 1600 steps per revolution of the 
rotary table (each 0.225°), X-ray power set at 50 W, and the 
acquisition of three images per step to enhance the accuracy. 
These parameters were selected based on the size and mate-
rial density of the samples to achieve optimal image quality. 
The reconstructed 3D geometry of the examined samples 
was quantitatively and visually analyzed using the CT data 

set with the assistance of VG Studio MAX 2.2 software from 
Volume Graphics GmbH (Heidelberg, Germany).

2.3 � Taguchi L9 design of experiment and ANOVA

In the previous study of this research team [88], a two-step 
Taguchi design process was implemented. First, a screening 
experimental process was performed, to adjust the control 
parameter levels. The more suitable control parameter val-
ues from this process were then employed to form a sec-
ond Taguchi L9, ensuring that the values used for the study 
were appropriate for the process. This was verified by the 
acquired results and their validation with the confirmation 
runs. Herein, TS, RS, SD, and PD were the control parame-
ters, and their values were selected as the ones that produced 
the best results in the abovementioned study, in the second 
Taguchi iteration, regarding the mechanical properties of 
the produced welds. These values were used to form an L9 
Taguchi matrix for the current research, which is shown in 

Fig. 1   On the right side, the steps of the experimental procedure are 
depicted. On the left side, images from the experimental procedure 
are illustrated a PC sheets preprocessing, b weld tools fabrication in 

the CNC lathe, c fixture, d FSW process, e cutting of the samples, f 
created weld seam, g test samples, h evaluation with µ-CT scanning
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Table 1. The two control parameters related to the geometri-
cal characteristics of the weld tool, i.e., SD and PD, were 
selected to determine the effect of the shoulder-to-pin ratio 
in the process. As mentioned, the shoulder-to-pin ratio has 
proven to be a critical parameter for the performance of the 

weld of aluminum parts welded with the FSW process [90]. 
In polymeric parts, the shoulder-to-pin ratio only in the PC 
polymer has been investigated so far, to the authors’ best 
knowledge [88].

Next, an analysis of variance (ANOVA) was utilized, 
leading to the formulation of equations for the six (6) 
response measures, i.e., Fx, Fy, Fz, porosity, dimensional 
deviation (actual to nominal), and welding resistance rate. 
Subsequently, the produced equations’ anticipated precision 
was computed, and their dependability was assessed through 
a confirmation run.

3 � Results

3.1 � µ‑CT scan results: dimensional deviation

In Fig. 2, screenshots from the acquired 3D geometry with 
the µ-CT scanner of one welded specimen per run are 
depicted. In each image, the weld region is magnified and 

Table 1   Taguchi L9 design: control parameters and levels

Run TS (mm/min) RS (rpm) SD (mm) PD (mm)

1 2 600 8 2
2 2 800 9 3
3 2 1000 10 4
4 4 600 9 4
5 4 800 10 2
6 4 1000 8 3
7 6 600 10 3
8 6 800 8 4
9 6 1000 9 2

Fig. 2   One sample from each run, as shown by the µ-CT scanning. In each sample, the weld region is presented magnified in the corresponding 
inset image
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presented as an inset image to highlight the differences in 
the weld pattern due to the different FSW settings in each 
run. From the initial visual inspection, some welds appear 
to have a smooth pattern (Run 3), others to be rougher (Run 
8), others to have a consistent circular pattern (Run 1), etc. 
Following the study, the runs in the diagonal of the L9 array 
were further assessed (Runs 1, 5, and 9), as these three runs 
involve control parameter values from the entire range 
assessed herein.

Figure  3 presents µ-CT images focused on the weld 
region for the three aforementioned runs on the diagonal of 
the L9 (1, 5, and 9). The dimensional deviation is presented 
with a color-coded chart, while the circular FSW pattern 
and the differences between the three runs are more clearly 
depicted. All control parameters have higher values in Run 
9, median values in Run 5, and lower values in Run 1. The 
circular pattern is more condensed in Run 1 and is becoming 
sparser in Run 5 and even more in Run 9. The dimensional 
deviation seems to be smaller in Run 9 and higher in Run 5. 
To have more concrete results on the dimensional deviation, 
the data acquired from the µ-CT scanning process are quanti-
fied in Fig. 4, in which their distribution is also presented. 
As shown, Run 9 has the lowest dimensional deviation in 
absolute value but has the highest positive deviation (points 
higher than the nominal thickness of the sample) and the 

second higher negative deviation (surface retreat). Run 1 has 
the second lowest dimensional deviation in absolute value 
and the second higher positive deviation, featuring also the 
lowest negative deviation. Run 5 has the highest absolute 
deviation and the highest negative dimensional deviation, 
featuring the lowest positive dimensional deviation as well. 
Such differences show the importance of the FSW param-
eters in the formed weld seam, especially since the negative 
deviation means a smaller cross-section on the sample and 
thus lower loading bearing for the sample.

3.2 � µ‑CT scan results: porosity

Figure 5 presents quantitative data related to the porosity 
of the weld region, as they were determined with the µ-CT 
scanning process. More specifically, the number, the size, 
and the sphericity of the voids, along with their distribution 
are depicted for the three indicative runs (1, 5, and 9). The 
upper part shows the size distribution of the voids for the 
three runs. Runs 1 and 5 have a rather similar structure in 
terms of void number and distribution. Run 9 voids have a 
larger range of sizes, and the voids are extended to larger 
sizes than the other two runs. The bottom part of the figure 
shows the total number of voids per run. Run 5 has fewer 
voids than the other runs, while Run 9 has more voids than 

Fig. 3   Dimensional deviation of the thickness of the produced welds compared to the nominal cross-section of the sample. The characteristic 
regions of the weld are indicated (AS, TMZ, RTS) along with the FSW settings for each run depicted, a, b Run 1, c, d Run 5, and e, f Run 9
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Fig. 4   Quantification of the dimensional deviation of the samples depicting the deviation distribution and the percentage of points with positive, 
absolute, and negative deviation, respectively for a, b Run 1, c, d Run 5, and e, f Run 9

Fig. 5   Distribution of the voids’ volume (upper part of the image), size, and shape (lower part of the figure) for Runs 1, 5, and 9
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the other two runs. Again, it is shown that their size (Run 
9) is extended to larger diameters than the other two runs. 
Also, Run 5, although having fewer voids than Run 1, from 
their distribution, it is shown that it has more than Run 1 
voids with larger size. A color scale depicts the deviation 
of the voids’ shape from the spherical shape. In all three 
runs, smaller in diameter voids have larger deviations from 
the spherical shape, and as the size of the voids increases, 
they tend to better approximate the spherical shape. Finally, 
smaller in size voids are more compact, while, as their size 
increases, the larger in size voids are more scattered. Fig-
ure 6 shows a cross-section at the weld region for (a) Run 1, 
(b) Run 5, and (c) Run 9, visualizing the voids formed, their 
size, and their distribution. The void analysis results were 
acquired by means of the µ-CT scan software tool.

3.3 � FSW forces

Figures 7 and 8 show the developed force distribution in 
the three directions (Fx, Fy, and Fz) along the seam for 
Run 7 and Run 5, respectively. For Run 7 (Fig. 7), forces 
exhibit a disturbance at the beginning of the seam, where the 
welding tool enters the sample, and then they have a rather 
smooth profile, without large deviations. The highest force 
is developed in the vertical direction (Fz). The force in the 
transversal direction (Fy) is about an order of magnitude 
lower, while the force in the longitudinal direction (Fx) is 
about two times the force in the transversal direction (Fy). 
The highest variation in the forces is about the same (~20 

N) in all directions. The disturbances in the forces appearing 
in the graphs, as they were recorded by the dynamometer, 
are in good agreement with the formation of the circular 
patterns in the FSW seam. This is the case for Run 5 as well 
(Fig. 8). Still, in this case, the disturbances in the forces are 
much higher, especially in the vertical direction, in which 
the developed force varies from approximately 40 to 160.16 
N (higher than the Fz of Run 7, with much higher deviation). 
The force in the transversal direction (Fy) is much lower but 
higher than the force in the longitudinal direction (Fx) in this 
case and with higher deviation as well. These forces profile 
results in a rougher pattern for the FSW seam formed. By 
observing the graphs, forces in all three directions are high 
at the beginning of each circular pattern, they decrease along 
it and increase again with a peak at the beginning of the next 
one, and so on. This shows a high correlation between the 
developed forces and the surface pattern of the weld seam, 
which also affects the dimensional accuracy of the seam 
(cross-section dimensional deviation), as mentioned above. 
Figure 9 presents two examples of welds achieved with good 
(Runs 4 and 7) and inferior quality (Runs 3 and 8) welds 
when visually inspected. The welds with inferior quality 
showed inferior mechanical performance as well [88].

3.4 � Taguchi L9 design of experiment experimental 
results

To quantitively analyze the experimental results and 
determine the effect of the control parameter levels on 

Fig. 6   Distribution of the voids in a random cross-section of the weld presented in color code for a Run 1, b Run 5, and c Run 9
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the response metrics, the average value and deviation 
of the response metrics are presented in Table 2. Forces 
Fx and Fy have values that do not significantly differ, 
although the lowest and the highest values were not found 
on the same run for these two metrics, and the Fx forces 
have higher deviation. Fz forces are overall significantly 
higher. No clear pattern and correlation between the 
developed forces and the porosity, the dimensional devia-
tion, and the welding resistance rate can be found at this 
stage of the analysis, so further analysis is required to 
derive such results.

To assess the effect of each control parameter (and level) 
on the response metrics, MEP was formed and is presented 
in the following Figs. 10, 11, and 12. Figure 10 depicts 
MEP for the three-force metrics. In all three forces, the 
Rs is ranked as the no. 1 parameter in importance, with its 

increase leading to a reduction in the forces’ value. Apart 
from that, no other common observation can be derived for 
the forces. PD is ranked as the no. 2 parameter in importance 
for the Fx and the Fy metric (no. 3 for the Fz metric), having 
the opposite effect between them. Its rise increases Fx and 
decreases Fy, while it has an overall mild effect on Fz. SD 
has overall a mild effect on Fx (ranked as no. 4 in impor-
tance) and Fz (ranked as no. 2 in importance), while its 
median value decreases Fy (ranked as no. 4 in importance). 
Ts is ranked as no. 3 in importance for the Fx and the Fy 
metrics, while it is ranked as no. 4 in importance for the Fz 
metric. Its increase increases Fx and decreases Fy, while it 
has an overall mild effect on Fz.

Regarding the actual to nominal metric and the poros-
ity (Fig. 11), Ts is ranked as the no. 1 important control 
parameter. Its rise increases the porosity and decreases the 

Fig. 7   Force distribution along the weld seam for Run 7 and magnified graphs at random segments a at the beginning of the seam (Fx), b in the 
middle (Fy), and c at the end of the seam (Fz)
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dimensional deviation. For these two response metrics, 
the “smaller the better” criterion is the required one. PD is 
ranked as no. 2 in importance control parameter, with its 
increase reducing the porosity and increasing the dimen-
sional accuracy. SD is ranked as no. 3 in importance control 
parameter, with its increase again reducing the porosity and 
increasing the dimensional accuracy. Finally, Rs is the least 
important among the four control parameters (ranked no. 
4), having a mild effect on the porosity and its increase 
reducing the dimensional deviation. Figure 12 shows the 
MEP for the developed temperature during the FSW process 
(data retrieved from [88]) and the calculated welding resist-
ance rate metric. In three of the four control parameters, the 
two metrics have a similar response, with the increase of 
Ts and PD increasing the two metrics, and the Rs leading 
to lower metric values. Only in the SD control parameter 

does the response of the two metrics differ, with higher val-
ues resulting in reduced welding resistance rate and lower 
temperature values recorded with the median SD control 
parameter value. To further assess the relationship between 
the control parameters in each response metric, interaction 
plots were formed and are provided in the supplementary 
material of the study.

3.5 � ANOVA

The linear regression model (LRM) for each response is cal-
culated as follows:

(1)Yk = ak +

n
∑

i=1

bi,kxi + ek

Fig. 8   Force distribution along the weld seam for Run 5 and magnified graphs at random segments a at the beginning of the seam (Fx), b in the 
middle (Fy), c at the end of the seam (Fz)
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where k represents the quality output (e.g., Force in X axis, 
Force in Y axis, Force in Z axis, porosity, actual to nomi-
nal dimensional deviation, µ (friction coefficient)), a is the 
constant value, b is the coefficients of the linear terms, e is 
the error, and xi the six (n = 4) control parameters, i.e., the 
welding tool shoulder diameter and pin diameter, the weld-
ing travel and rotation speed.

The ANOVA tables for the response metrics of the 
study are provided in the supplementary data. For the 
Fx metric, F-values are more than acceptable, except for 
the SD control parameter and so are the P-values which 
approximate zero (except for the SD control parameter 
again). R values reported higher than 87.2%, showing 
the sufficiency of the model to predict the specific met-
ric. The same observations were found for the F and the 
P values for the Fy metric, while R values higher than 
70.70% were found, which is also an acceptable result. 
For the Fz metric, F and P values are not acceptable 

for the Ts and the PD control parameters. On the other 
hand, R values reported higher than 77.97%, showing the 
sufficiency of the model to predict the specific metric. 
Regarding the porosity, F and P values are not sufficient 
for the Rs control parameter. R values higher than 71.21% 
are reported. For the dimensional deviation, F and P val-
ues are sufficient for prediction. R values higher than 
73.49% are reported. Finally, for the welding resistance 
rate, F and P values are not acceptable for the Rs con-
trol parameter. R values higher than 68.30% are reported, 
which is the lowest among the response metrics but still 
sufficient for prediction. Based on these tables, the pre-
diction models for the response metrics were formed, as a 
function of the control parameters [91] and are presented 
in the following Equations (2)–(7):

(2)
F
X
=14.94 + 1.819 ∙ TS − 0.03014 ∙ RS

+ 0.645 ∙ SD + 3.987 ∙ PD

Fig. 9   Good quality welds 
(Runs 4 and 7) and welds with 
visually inferior quality (Runs 
8 and 3)

Table 2   Mean average values 
and standard deviations of 
measured responses for the 
force in the X axis, force in Y 
axis, force in Z axis, porosity, 
actual to nominal dimensional 
deviation, and µ (friction)

Run Force X (N) Force Y (N) Force Z (N) Porosity (%) A2N@95% (µm) µ

1 15.52 ± 0.73 22.02 ± 0.48 101.12 ± 5.52 0.37 ± 0.01 381.02 ± 4.61 0.154 ± 0.007
2 11.99 ± 0.98 12.03 ± 0.74 55.39 ± 3.30 0.31 ± 0.02 388.16 ± 9.00 0.216 ± 0.013
3 12.73 ± 0.48 8.43 ± 0.62 56.17 ± 4.06 0.32 ± 0.01 414.25 ± 8.71 0.228 ± 0.022
4 24.53 ± 0.57 9.15 ± 0.34 102.49 ± 3.40 0.34 ± 0.02 395.04 ± 4.63 0.240 ± 0.011
5 8.01 ± 0.66 15.37 ± 0.68 72.28 ± 5.85 0.37 ± 0.02 395.72 ± 5.04 0.112 ± 0.016
6 8.01 ± 0.64 6.32 ± 0.41 48.49 ± 4.05 0.35 ± 0.01 368.35 ± 5.51 0.167 ± 0.025
7 28.53 ± 0.58 11.72 ± 0.64 104.82 ± 4.74 0.41 ± 0.01 378.24 ± 2.55 0.272 ± 0.011
8 21.87 ± 0.54 11.01 ± 0.37 56.43 ± 3.76 0.43 ± 0.01 375.63 ± 5.12 0.389 ± 0.019
9 11.67 ± 0.77 7.55 ± 0.28 59.24 ± 3.29 0.44 ± 0.01 329.97 ± 4.33 0.198 ± 0.023
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(3)
F
Y
=43.23 − 1.016 ∙ TS − 0.01716 ∙ RS − 0.639

∙ SD − 2.726 ∙ PD

(4)
F
Z
=134.6 + 0.650 ∙ TS − 0.12045 ∙ RS + 4.54

∙ SD − 2.93 ∙ PD

(5)
Porosity = 0.4224 + 0.02367 ∙ TS − 0.000012

∙RS − 0.00933 ∙ SD − 0.01733 ∙ PD

(6)
A2N@95% = 307.8 − 8.30 ∙ TS − 0.0348

∙RS + 10.53 ∙ SD + 13.04 ∙ PD

Fig. 10   MEP for a Fx, b Fy, and c Fz

Fig. 11   MEP for actual to nominal dimensional deviation (red lines) and porosity (teal lines)
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The Pareto charts were created to illustrate the key control 
factors with significant statistical influence on each response 
measure. Alongside the Pareto charts, graphs were generated 
comparing actual values to predicted values, demonstrating 
the convergence between them. In this context, two met-
rics were computed: the average absolute proportion error 
(MAPE) [92] and the Durbin-Watson statistic (indicating 
positive autocorrelation if it is less than 2, neutral autocor-
relation if it is between 2 and 3, or negative autocorrelation 
if becomes greater than 3 [93]. The predictive models for 
all response metrics were examined, and they proved to be 
highly reliable as the results surpassed acceptable standards. 
For the dimensional deviation metric (Fig. 13a), all the con-
trol parameters were found to be statistically important. The 
MAPE factor was found to be 2.20% which is an exceptional 
result, while the Durbin-Watson statistic was 2.36 showing a 
neutral autocorrelation of the results. For the porosity metric 
(Fig. 13b), all the control parameters, except Rs, were found 
to be statistically important. The MAPE factor was found 
to be 5.38% which is a very good result, while the Durbin-
Watson statistic was 1.86 showing a positive autocorrela-
tion of the results. For the welding resistance rate metric 
(Fig. 14), all the control parameters, except Rs, were found 
to be statistically important. The MAPE factor was found to 
be 16.62% which is an acceptable result, while the Durbin-
Watson statistic was 1.41 showing a positive autocorrela-
tion of the results. Additional Pareto charts are included 
in the supplementary material of the study. In Fig. 15, a 

(7)
� = 0.1303 + 0.02176 ∙ TS − 0.000061

∙RS − 0.01615 ∙ SD + 0.06541 ∙ PD

three-dimensional surface graph portrays the relationships 
between the response metrics and the two most influential 
control parameters for each metric.

3.6 � Confirmation run

One more test run (Run 10) was conducted to assess the pre-
cision of the predictive models. The control parameter set-
tings for the validation run can be found in Table 3. Table 4 
shows the response metrics’ average values and deviations 
as they were derived from the confirmation run. Analyti-
cally, the experimental results from the confirmation run for 
each replica are presented in the supplementary data of the 
research. Table 5 is a validation table, presenting the actual 
and the predicted values of the response metrics and the dif-
ference (error) between them. As shown, in all response met-
rics, the accuracy is more than acceptable. Only on the weld-
ing resistance rate, the deviation between the actual and the 
predicted value is higher (24.19 %), still within acceptable 
limits. Such a higher deviation was anticipated for the spe-
cific metric, considering the ANOVA results, in which the 
outcome showed that higher deviations should be expected.

4 � Discussion

Four FSW parameters, two related to the welding condi-
tions and two to the weld tool geometry, were studied, 
with their levels already being optimized in a previous 
study with a screening Taguchi process [88]. The quality 
of the weld differs according to the weld conditions. The 

Fig. 12   MEP for the welding temperature (red lines) and welding resistance rate (friction indicator, teal lines)
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statistical analysis followed suggested the optimum con-
ditions among the ones studied. The optimization of the 
mechanical performance was the subject of a previous study 
[88]. The study herein focused on the developed forces dur-
ing the FSW process, and the results were correlated with 
the respective mechanical test results of each case to find 
a possible correlation between the forces and the mechani-
cal performance. In specific runs, the weld showed inferior 
quality, while in others, the weld quality was good. No sig-
nificant differences were found between samples welded 
with the same conditions. This indicates that the conditions 
during the weld process are the ones affecting the quality of 
the weld. The inferior quality welds have an effect on the 
mechanical performance as was reported in this previous 

study, in which a screening process was followed to derive 
the control parameter levels that achieved better results. All 
the issues faced in the screening process are presented in 
this previous work. Therefore, no major issues were faced 
herein in the FSW process of the PC sheets. The control of 
the welding process is achieved by maintaining constant 
weld parameters in each case. This is achieved by the equip-
ment used, through the computer numeric control technol-
ogy. The control parameters achieving better results were 
the subject of this study regarding the developed forces, the 
porosity, and the dimensional accuracy, and the previous 
study regarding the mechanical performance of the samples.

The developed forces during the FSW processing of 4 
mm thick PC sheets were measured, and a sophisticated 

Fig. 13   The Pareto chart and predicted vs. actual graph for a actual to nominal dimensional deviation and b porosity

Fig. 14   The Pareto chart and predicted vs. actual graph for the welding resistance rate (friction indicator)
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µ-CT scanning technique was used to assess the poros-
ity of the produced weld and its dimensional accuracy in 
terms of the control parameters and levels. The aim was 
to correlate the findings and optimize the process param-
eters with statistical modeling tools (Taguchi design). 
Additionally, the results aimed to interpret the mechani-
cal performance of the welded samples and correlate the 
forces during the process and the produced porosity with 
the mechanical performance of the weld. Rs was the most 
important control parameter affecting the developed force 
in all directions (Fx, Fy, and Fz). The developed forces 
were similar in the Fx and the Fy directions and signifi-
cantly higher in the Fz direction. Their values were highly 
affected by the values of the control parameters with the 

highest Fx force recorded being 350% higher than the low-
est one, about the same for the Fy component and about 
215% for the Fz component. The remaining response 
metrics of porosity and the dimensional deviation of the 
created weld seam were not that highly affected by the 
Rs control parameter. They were highly affected by the 
Ts parameter and the PD parameter, showing once again 
the importance of the weld tool geometry on the produced 
seam. The difference between the highest and the lowest 
values reported was about 42% for the porosity and about 
25% for the dimensional deviation. Strangely enough, the 
analysis showed that increased porosity leads to lower 
dimensional deviation in the produced weld. The high-
est porosity was reported in Run 9, in which the lowest 
dimensional deviation was also reported, while the highest 
dimensional deviation (Run 3) was reported on samples 
having relatively low porosity. Higher Ts values lead to 
increased dimensional accuracy in the seam, while higher 
Ts values also develop higher temperatures in the weld 

Fig. 15   Three-dimensional graphs for the response metrics of the study vs. the two most critical control parameters for each response metric a 
Fx, b Fy, c Fz, d A2N@95%, e porosity, and f µ

Table 3   Control parameters and 
levels for the confirmation run

Run TS RS SD PD

10 4 1000 10 3

Table 4   Mean average values and standard deviations of measured responses for force in X axis, force in Y axis, force in Z axis, porosity, and 
actual to nominal dimensional deviation for the confirmation run

Run Force X (N) Force Y (N) Force Z (N) Porosity (%) A2N@95% (µm) µ

10 9.59 ± 0.78 7.52 ± 0.58 62.43 ± 4.91 0.35 ± 0.02 447.48 ± 23.66 0.154 ± 0.010
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(Fig. 12), thus making the material softer, which probably 
leads to higher dimensional accuracy, considering also the 
mechanisms reported in the literature in the introduction 
section [57]. On the other hand, the increased porosity can 
be probably attributed to the cooling of the polymer from 
higher temperatures [94–96]. On the other hand, correlat-
ing the porosity and the dimensional deviation with the 
developed forces, no clear connection can be found. Both 
the highest and the lowest porosity (Runs 9 and 2, respec-
tively) and dimensional accuracy (Runs 3 and 9, respec-
tively) values were achieved in runs, in which the devel-
oped forces were rather low. The only obvious connection 
is that the increased Ts, which highly affects these two 
response metrics, increased also the Fx force.

Regarding the weld tool geometry, SD was the least 
important control parameter affecting the developed forces, 
while PD highly affected the Fx and the Fy forces. With the 
control parameter levels studied, the reported as important 
in the FSW of aluminum sheets, shoulder-to-pin diameter 
ratio ranging from 2 to 5. The lowest forces were found 
with a shoulder-to-pin diameter ratio value of 2.66, while 
the highest Fx and Fz force was found with a shoulder-
to-pin diameter ratio value of 3.33 and the higher Fy with 
4. This shows that, although the PD affects the developed 
forces, the extreme shoulder-to-pin diameter ratio values 
(high or low) do not lead to extreme force values (high or 
low). Similar outcomes can be assumed for the porosity and 
the dimensional deviation. The highest porosity was found 
with a shoulder-to-pin diameter ratio value of 4.5 and the 
lowest one with 3. The highest dimensional deviation was 

found with a shoulder-to-pin diameter ratio value of 2.5 
and the lowest one with 4.5. Only the welding resistance 
rate (Fx/Fz) was highly influenced by the shoulder-to-pin 
diameter ratio, with its lowest value found with the highest 
shoulder-to-pin diameter ratio value of 5, and its lowest one, 
with the highest shoulder-to-pin diameter ratio value of 2. 
This is an indication of the effect of the weld tool geometry 
on the developed force and the joining mechanisms taking 
place during the FSW process. This response metric is also 
highly affected by the Ts and the PD control parameters, with 
higher values leading to higher welding resistance rate val-
ues, following a similar pattern with the temperature (higher 
temperature values).

By correlating the findings herein for the developed forces, 
porosity, and dimensional deviation on the FSW of 4 mm PC 
sheets, with the produced joined samples’ mechanical per-
formance from the literature (samples welded with the same 
FSW conditions) [88], a connection between the response 
metrics was attempted. The highest tensile strength was 
achieved in the run (Run 6), which had the lowest developed 
forces. The highest tensile modulus of elasticity was achieved 
in the run (Run 7), which had the highest developed Fx and 
Fz forces. The highest flexural strength was achieved in a 
run (Run 9), which also had rather low developed forces. 
The highest flexural modulus of elasticity was achieved in a 
run (Run 8), which similarly to the tensile modulus of elas-
ticity had high Fx forces, while the Fy force had a median 
value, and the Fz force was rather low. The highest tensile 
strength was achieved in samples with rather low poros-
ity and median dimensional deviation. The highest tensile 
modulus of elasticity was achieved in samples with rather 
high porosity and median dimensional deviation. The highest 
flexural strength was achieved in samples with high porosity 
(surprisingly the highest one reported) and the lowest dimen-
sional deviation. The highest flexural modulus of elasticity 
was achieved in samples with also high porosity and median 
dimensional deviation. Regarding the welding resistance rate, 
high values resulted in samples with inferior strength in both 
the tensile and the flexural test, while low values resulted 
in average tensile strength and rather high flexural strength 
values. Regarding the control parameters, the Rs affecting 
the developed forces were also the most important parameter 
affecting the properties of the welded samples in the tensile 
test. This was also an important parameter for the flexural 
strength of the samples (ranked as no. 2). This shows a con-
nection between the developed forces and the mechanical 
strength of the produced weld. Ts affecting the porosity also 
leads to reduced tensile and flexural strength at higher values, 
with parts also having higher porosity percentages. Higher 
PD values increase the dimensional deviation, and the tensile 
and flexural strength are decreased.

In the literature, to the authors’ best knowledge, not much 
research is available on the developed forces on PC sheets 

Table 5   Validation table

Run nο. 10

Actual Force X (N) 9.59
Force Y (N) 7.52
Force Z (N) 62.43
Porosity (%) 0.35
A2N@95% (µm) 447.48
µ 0.15

Predicted Force X (N) 10.49
Force Y (N) 7.44
Force Z (N) 53.36
Porosity (%) 0.36
A2N@95% (µm) 384.22
µ 0.19

Absolute error Force X (%) 9.34
Force Y (%) 1.06
Force Z (%) 14.53
Porosity (%) 3.99
A2N@95% (%) 14.14
µ (%) 24.19
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during the FSW process, and no study investigates the poros-
ity and the dimensional deviation of the produced weld. In a 
study on 3 mm PC sheets jointed with the FSW process [51], 
the forces reported are higher than those reported herein. The 
two studies agree on reporting Fx and Fy force components 
significantly lower than the Fz ones. Also, the Fy forces are 
slightly higher than the Fx forces in both studies. The differ-
ence in the highest force values reported between the two stud-
ies can be attributed to several parameters, such as the different 
PC sheet thickness (3 mm vs. 4 mm), the different grades, 
and, more importantly, the different FSW parameter values. 
For example, in [51], the lowest Rs value (2000 rpm) was two 
times higher than the Rs value (1000 m) studied herein. It is a 
common finding in the research of FSW that the FSW param-
eters highly affect the result of the weld, as mentioned in the 
literature review section of the current study. Therefore, such 
differences are expected, but the overall trend is the same in 
the two studies, verifying the reliability of the process followed 
and the trustworthiness of the provided results.

5 � Conclusions

This study focuses on assessing the forces developed during 
the joining of 4 mm thick PC sheets with the FSW process. 
The key findings can be summarized as follows:

•	 Ts highly affects the porosity and the dimensional devia-
tion of the seam (low values reduce porosity to 0.31% 
and the Fx force to 8 N, while high values reduce dimen-
sional deviation to 329.97 µm and increase the Fx force 
to 28.53 N, which is ~356% higher than the lower force 
reported).

•	 In Run 6 (Ts 4 mm/min, Rs 1000 rpm, 2.66 shoulder-to-pin 
ratio), the lowest forces were developed, i.e., Fx 8.01 N, 
Fy 6.32 N, and Fz 48.49 N, while the highest Fx and Fz 
force was developed in Run 7 (Ts 6 mm/min, Rs 600 rpm, 
3.33 shoulder-to-pin ratio), i.e., Fx 28.53 N, Fz 104.82 N.

•	 The lowest porosity of 0.31% was found in Run 2 (Ts 2 
mm/min, Rs 800 rpm, 3 shoulder-to-pin ratio).

•	 The lowest dimensional deviation of 329.97 µm was 
found in Run 9 (Ts 6 mm/min, Rs 1000 rpm, 4.5 shoul-
der-to-pin ratio).

•	 The lowest welding resistance rate of 0.112 was found in 
Run 5 (Ts 4 mm/min, Rs 800 rpm, 5 shoulder-to-pin ratio).

•	 Rs which highly affected the mechanical properties of 
the welded parts in previous work [88] also affected the 
developed forces (its increase reduced all, three force 
metrics and increased the tensile properties), show-
ing a correlation between the developed forces and the 
mechanical strength of the welded parts.

•	 In the confirmation run (run no. 10, Ts 4 mm/min, Rs 
1000 rpm, 3.33 shoulder-to-pin ratio), Fx was 9.59 N, Fy 

was 7.52 N, Fz was 62.43 N, porosity was 0.35, dimen-
sional deviation was 447.48 µm, and the welding resist-
ance rate was 0.154. The error from the predicted was as 
good as 1.06% for the Fy and up to 24.19% for the weld-
ing resistance rate, while most values had an error below 
10%, showing the reliability of the provided modeling 
equations and the process followed in total.

The ANOVA prediction models can be directly applied 
in the industry to predict the expected forces, porosity, and 
dimensional deviation of PC sheets welded using the FSW 
process. This information can serve as a guide for selecting 
appropriate control parameter settings, enabling the produc-
tion of superior performance and high-quality weld seams. 
In future research, it is intended to extend the range of con-
trol parameter levels and evaluate additional control factors 
to gain a more comprehensive understanding of the behavior 
of 4 mm thick PC sheets when joined using the FSW pro-
cess. Special attention would be given to the control param-
eters that showed a higher effect on the response metrics.
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