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Abstract: With the increasing demand for lighter, more environmentally friendly, and affordable
solutions in the mobility sector, designers and engineers are actively promoting the use of innovative
integral dissimilar structures. In this field, friction stir-based technologies offer unique advantages
compared with conventional joining technologies, such as mechanical fastening and adhesive bond-
ing, which recently demonstrated promising results. In this study, an aluminum alloy and a glass
fiber-reinforced polymer were friction stir joined in an overlap configuration. To assess the main
effects, interactions, and influence of processing parameters on the mechanical strength and pro-
cessing temperature of the fabricated joints, a full factorial design study with three factors and two
levels was carried out. The design of experiments resulted in statistical models with excellent fit
to the experimental data, enabling a thorough understanding of the influence of rotational speed,
travel speed, and tool tilt angle on dissimilar metal-to-polymer friction stir composite joints. The
mechanical strength of the composite joints ranged from 1708.1 & 45.5 N to 3414.2 £ 317.1, while the
processing temperature was between 203.6 & 10.7 °C and 251.5 £ 9.7.

Keywords: friction stir joining; composite joints; joint morphology; mechanical strength; processing
temperature; full factorial design

1. Introduction

According to the European Environment Agency, the current transport model exhibits
a major downside by being responsible for about a quarter of the EU’s total greenhouse gas
emissions that accelerate the climate change crisis. For this reason, in seeking a climate-
neutral EU by 2050, the decarbonization of the mobility sector has become a priority within
political and industrial agendas, demanding the adoption of alternative propulsion systems
to replace fossil fuel-based methods [1].

To this end, battery-based electric vehicles (BEVs) and hydrogen fuel cell vehicles
(hFCVs) have become prominent alternatives, with extensive research and investment
in recent years [2-4]. Nevertheless, given the early stage of technological development,
significant challenges need to be addressed to fully embrace such propulsion systems. On
the one hand, and despite recent improvements, BEVs still exhibit low energy density in
their batteries when compared with fossil fuels, leading to heavier vehicles than internal
combustion engine (ICE) ones and jeopardizing the autonomy/range as well as the dynamic
performance [5-7]. Additionally, the thermal management of battery systems is another
key factor that directly influences BEV performance since operating temperatures out of
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the optimal range lead to a significant decrease in range/autonomy [8,9]. On the other
hand, in hFCVs, H; storage requires extreme conditions such as very high pressure or
very low temperatures, respectively, depending on whether it is stored in a gas or liquid
state [3,10]. Furthermore, metallic reservoirs are also prone to Hy embrittlement with
significant deterioration of both their static and fatigue properties [11,12]. These technical
requirements result in a significant weight increase in H, metallic containers in order to
ensure a safe and durable operation [13].

To overcome these challenges, new integral multi-purpose designs are required; there-
fore, dissimilar structures offer the ability to take advantage of each material’s strengths,
becoming desirable in today’s reality. Even though dissimilar structures are advantageous
and desirable, the inherent differences in physical, mechanical, and chemical properties of
the base materials cause new challenges during joining processes, and the development of
suitable manufacturing technologies is now, therefore, required [14].

One line of research that might tackle these difficulties is solid-state joining, in which
the drawbacks associated with melting and re-solidification processes are mitigated, re-
sulting in joints with superior properties [15-17]. In the 1990s, friction stir welding (FSW)
technology was applied to the manufacturing of fuel tanks and later fitted on satellite
launch vehicles, exhibiting remarkable results in terms of improved joint strength, with
reduced costs associated with manufacturing operations [18].

FSW is a solid-state welding process, and, for that reason, the issues commonly associ-
ated with re-solidification in fusion welding processes such as cracking, excessive softening
of the heat affected zone (HAZ), distortion, and/or residual stresses, can be minimized.
During the welding process, the mechanical energy supplied by the tool is converted into
heat through friction between the surface of the tool and the base materials. Moreover, the
energy released by the materials undergoing severe plastic strain is also converted into
heat, and both mechanisms generate the necessary heat input to produce the desired joint;
therefore, it is considered a clean and environmentally friendly technological process [15].
The FSW process is commonly divided into the following four stages: (i) the plunging
stage, (ii) the dwelling stage, (iii) the welding stage, and (iv) the retracting stage [19]. The
industrial application of such technology is not confined to the aeronautical /space industry,
with the automotive industry also showing interest in applying FSW technology to the
manufacturing processes associated with battery trays [20,21], battery packs [22], and the
fuel cell system’s subframe [23].

Enabling the design and manufacturing of integral dissimilar structures extends the
scope of applicability and also its impact. A considerable amount of research on FSW and
its industrial applications has been associated with aluminum alloys and, in recent years,
the use of FSW to join metal alloys and polymer matrix composites has also taken a step
forward. Following industrial trends and needs, a wide array of successful research has
been carried out on joining different sets of metal alloys and polymers/composites. The
reported research has shown that the main binding mechanisms developed between such
dissimilar materials using friction stir-based technologies are mechanical interlocking and
chemical adhesion, in which the tooling geometry and heat input control were shown to be
key factors in the enhancement of the joints’ mechanical behavior [24-32].

Derazkola et al. [33] successfully joined a 5000 series aluminum alloy and polymethyl
methacrylate in an overlap configuration. The morphological features were identified as
the primary binding mechanism, enabling mechanical interlocking between base materials.
Moreover, chemical bonding along the joints’ interface promoted a secondary bonding
mechanism, enhancing the joints” strength. Using the same configuration, Ratanathavorn
and Melander [34] used friction stir welding to join a 6000 series aluminum alloy and
polyphenylene sulfide. The joining region showed a blend of aluminum chips inserted
within the polymeric matrix, and the mechanical interlocking was pointed out by the
authors as the primary joining mechanism.

In order to explore the feasibility of joining a magnesium alloy and polyethylene, Liu
et al. [35] used friction lap welding (FLW) as a joining technology. Pre-joining treatments
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such as corona discharge and plasma electrolytic oxidation were used on the surfaces
of the polymeric and metallic sheets. The main binding mechanism involved chemical
bonding between base materials through the induced oxidation interlayer created by
the pre-treatment. The polymer was kept embedded within the oxidation interlayer,
creating mechanical interlocking at the micro-scale. In the same way, Okada et al. [36]
investigated composite joining between metals and polymers using FLW. In their research,
they attempted to join a 2000 series aluminum alloy with ethylene-acrylic acid copolymer
(EAA) and high-density polyethylene (PE). When using the metallic sheet in the as-received
condition, the authors were only able to join it with EAA, although after anodizing the
metallic sheet, it was possible to join it with both polymers. The main difference was
in the presence of a functional group in the EAA polymeric chain, in contrast with PE.
This discrepancy was indicated as the main reason behind the different joinability between
material pairs when using the aluminum alloy in the as-received condition. After anodizing,
the interface revealed polymeric material physically attached to the oxide film, inducing the
mechanical interlocking effect at the micro-scale, and this was in line with the observations
and conclusions of Liu et al. [35].

Friction stir-based technologies enable the fabrication of composite joints with me-
chanical strengths that may vary significantly, given that the used base materials also
exhibit substantially different mechanical properties. Consequently, the comparison among
published studies is usually accomplished by using the joint efficiency, the ultimate tensile
strength (UTS) ratio between the joint and the weakest base material, as a benchmark.
Table 1 presents a summary of the results obtained in this field.

Table 1. Joint efficiency of dissimilar joints using friction stir-based technologies.

Base AA6082 AA6061 AA6061 AA5058 AA5052 AA5058
Materials Noryl™ PEEK PC PMMA PP PC
Joint efficiency 47% 20% 35% 60% 17% 70%
Reference [19] [28] [29] [33] [37] [38]

The fatigue behavior of dissimilar friction stir joints is heavily dependent on the
existence of defects such as voids and hooks, particularly in the case of overlap joints,
since these defects act as stress raisers, inducing crack nucleation over time. Furthermore,
it was reported that the presence of micro-defects also increases fatigue crack growth
in dissimilar joints due to the development of secondary cracks [14]. Although joining
dissimilar materials remains a challenge, friction stir-based technologies show potential to
overcome it through process improvements toward enhancing fatigue and impact strength
in addition to static strength, which are prerequisites for the widespread adoption in BEVs
and hFCVs.

In this research study, the full factorial design method and ANOVA were used to ex-
plore the impact of the tool tilt angle and the rotational and travel speeds on the mechanical
strength and processing temperature of composite joints manufactured with a friction stir
joining (FSJ)-based technology. The composite interface was subjected to a comprehensive
analysis by assessing the hardness profile as well as the macro- and microstructures of the
cross-section of the fabricated joints.

2. Materials and Methods

An engineering-grade polymer, Noryl™ GFN2, and an aluminum, magnesium, and
silicon alloy, AA6082-T6, were joined using a friction stir-based technology. Noryl™
is a family of polymers based on modified polyphenylene ether resin with high-impact
polystyrene. Depending on the grade, it may be reinforced with glass fibers to further
improve the inherent physical and chemical attributes, as is the case of the GFN2 grade,
which incorporates 20 wt. % of short glass fibers. The key attributes of this material
are associated with its high heat resistance and dielectric strength, excellent dimensional
stability, good processibility, and low density, offering a good balance of mechanical and
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chemical properties. AA6082-T6 is a medium-strength aluminum alloy that offers good
machinability and weldability while exhibiting superior corrosion resistance. The main
physical and thermo-mechanical properties of the base materials can be found in Table 2.

Table 2. Main thermo-mechanical and physical properties of the base materials.

. E P UTS £ K Thnelt
Material (GPa) (g/cm®) (MPa) (%) (W/(m°C)) (o)
AAT6£82’ 70 2.70 *290 10 180 580

Noryl 7 1.25 80 25 0.26 + 280

* Yield strength: 250 MPa ** Tg,q: 143 °C.

To assess the main effects and interactions of tilt angle and rotating and travel speeds
on the mechanical strength and processing temperature of friction stir composite joints
among such base materials, a full factorial design of experiments was outlined, as summa-
rized in Table 3.

Table 3. FFD factors, symbols, and levels.

Factor Symbol Unit Level 1 Level 2
Rotational speed w rpm 600 1000
Travel speed \Y mm/min 100 140
Tilt angle x o 2 3

The aluminum and polymeric plates, with 2 and 5 mm of nominal thickness, respec-
tively, were cut into 300 x 125 mm plates and positioned with an overlap of 40 mm. The
composite joints were fabricated using a custom-built FSW machine equipped with a mod-
ular tool composed of a 2 mm long and 5 mm diameter threaded cylindrical probe attached
to a flat shoulder with outdented screw features and a 16 mm diameter. Both components
were manufactured using AISI1045, a medium-carbon steel, so that proper load transfer
and geometrical stability were ensured throughout the joint fabrication process. The tool
path was set to be centered within the overlapping region. The polymeric plate was posi-
tioned on the advancing side (AS) of the joining centerline underneath the aluminum plate,
as depicted in Figure 1. The fabrication process was position-controlled with a constant
vertical position of 4.9 mm above the backing bar (refer to Figure 1 for further details).

Considering the torque and forces induced on the base materials, the clamping system
was also designed to ensure their relative position while providing a stable setup during
the joining procedure. To measure the thermal history throughout the joining processes,
6 k-type thermocouples were installed on the upper surface of the aluminum plates and
connected to a National Instruments™ c-series 9181 Ethernet chassis (Austin, TX, USA)
with an acquisition rate of 70 Hz. To record the thermal measurements, NI SignalExpress
2013 software was used. The thermocouples were positioned 15 mm to each side of the
joining path and were 75 mm away from each other, as schematized in Figure 1.

After the joints were fabricated, they were cut perpendicularly to the joining centerline
into five specimens, three of them were 25 mm wide, and the remaining two were 5 mm
wide. The 25 mm wide specimens were subjected to quasi-static tensile shear testing using
the Instron™ 5566 universal testing machine (Norwood, MA, USA). The 5 mm specimens
were cold mounted, polished, and etched, with each one of the samples being subjected
to scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) and
microhardness testing. The SEM/EDS analyses were performed using an analytical SEM
Hitachi™ $2400 (Tokyo, Japan) with a Bruker light elements EDS detector (Billerica, MA,
USA), whereas the microhardness tests were performed on a Shimadzu™ HMV-2 machine
(Kyoto, Japan).
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Figure 1. (a) Experimental procedure setup and schematic of (b) the schematic of process: 1—plunging
stage, 2—dwelling stage, 3—joining stage, and 4—retracting stage, (c) side view detail with the main
processing parameters, and (d) top view with the thermocouples’ relative position (not to scale).

3. Results and Discussion

A full factorial design of experiments is a methodical approach that systematically

analyzes the effects of multiple factors and their interactions on response variables. This
methodology enables a comprehensive analysis of all possible combinations of factors
levels, ensuring that no significant main effects or interactions are overlooked within
the region under investigation. The use of a FFD of experiments leads to accurate and
reliable conclusions about the factors” impact on the response since the experimental data
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are subjected to an analysis of variance, which provides quantitative metrics over the
significance of each factor and their interactions [39].

A two-level FFD (2X) with three factors (k = 3) was designed to assess the influence of
joining parameters on the mechanical strength and processing temperature of aluminum-
polymer friction stir composite joints. Since the DoE was designed with three factors
(tilt angle, rotational speed, and travel speed) and two levels, a total of eight (23 = 8)
composite joints with different parameter settings were fabricated. The range associated
with each independent variable under analysis was based on previous research carried out
by Correia et al. [19,40]. The numerical expressions that relate the joining parameters to both
mechanical strength and processing temperature are expected in the form of Equation (1).

Y = Bo+ B1 X1+ BaXo + B3 X3 + P12 X1 Xo + P13 X1 X3 + B3 X0 X3 + 123 X1 X0 X3 +€ (1)

Since an FFD with two levels will always provide an apparent linear relationship
between the independent and dependent variables, and to experimentally confirm the
fitness of the obtained FFD mathematical model, an additional composite joint (J9) was
fabricated using the central values of the domain volume under analysis.

3.1. Mechanical Strength

Table 4 lists the processing parameters and levels used to fabricate each composite
joint, as well as the average ultimate tensile load (UTL) obtained for each configuration. The
lowest mechanical strength was obtained in joint J7 with an average UTL of 1708.1 = 45.5 N,
which was approximately half of the mechanical strength exhibited by joint J4, with an
average UTL of 3414.2 £ 317.1 N. From the tensile shear strength test results, it was
also noticeable that an increase in joint strength also implied an increase in the standard
deviation of the results, with joint J4 exhibiting the most dispersed results, whilst joint J7
evidenced the second lowest standard deviation of mechanical strength.

Table 4. Summary of the FFD tensile shear test results and recorded processing temperature.

Joint w \4 o Avg. UTL
ID (rpm) (mm/min) (0) (N)
n 600 100 2 2294.8 + 2152
2 1000 100 2 1749.9 + 174.7
I3 600 140 2 2168.8 + 222.4
. T4 1000 140 2 34142 + 317.1
FFD joints 15 600 100 3 1789.6 + 58.7
16 1000 100 3 2323.6 4 244.7
17 600 140 3 1708.1 + 45.5
18 1000 140 3 18452 + 42.4
Validation joint 19 800 120 25 2350.0 & 192.4

To obtain a mathematical relationship between the processing parameters and me-
chanical strength, the results were subjected to an analysis of variance (ANOVA). The
analysis was conducted with a confidence interval of 95% to determine the significance
of the statistical model and its terms. The significance of each term was determined by
assessing the F- and p-values, which are listed in Table 5.

The terms with a p-value over 0.05 indicate that they are not significant, and for that
reason, the independent parameter travel speed and the two-way interaction between the
tilt angle and rotational speed were found to be non-significant. As expected, the remaining
independent variables and interactions were significant, with the three-way interaction
term exhibiting the largest contribution (25.7%) to the mechanical strength of the composite
joints. The tool tilt angle and its two-way interaction with the travel speed contribute 20
and 25.4%, respectively. Thus, these three terms account for over 70% of the UTL of the
fabricated joints. In what refers to the fitness of the model, the determination coefficient
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(R?) was found to be 0.908, meaning that around 90% of the variance in the UTL can be
explained by the independent variables (w, v, and «). Additionally, the adjusted value
(AdjR? = 87.5%) indicates a good fitness of the model, being close to 90%.

Table 5. Quasi-static tensile shear testing variance analysis—ANOVA.

Source DF SS MS F-Value p-Value Contribution
w 1 666,511 666,511 14.60 0.001 7.0%
A 1 180,533 180,533 3.95 0.061 1.9%
lod 1 1,892,478 1,892,478 41.45 <0.001 20.0%

w-v 1 996,732 996,732 21.83 <0.001 10.5%

w-o 1 23,862 23,862 0.52 0.479 0.3%

Vol 1 2,399,492 2,399,492 52.56 <0.001 25.4%
w-v-x 1 2,427,639 2,427,639 53.17 <0.001 25.7%
Error 19 867,433 45,654 9.2%
Total 26 9,454,679

R? = 90.8%, adjusted R? = 87.5%, predicted R? = 80.2%

The main effect plots on UTL are displayed in Figure 2, and it is observable that, con-
trarily to the rotational and travel speeds, the tool tilt angle exhibits a negative relationship
with the composite joint strength, denoted by the negative slope of the plot effect. This
means that within the range of analysis, a decrease in tool tilt angle is expected to increase
the joint strength, whilst increasing rotational and travel speeds induce a positive effect on
joint strength, with each one of the parameters having its own contribution, as discussed
previously. By analyzing the interaction contour plots displayed in Figure 3, the non-linear
behavior of the composite joint strength is observable, confirming a significant interaction
among the processing parameters. On the one hand, the interaction between travel and
rotational speed revealed a wide saddle-like response for lower values of those parameters.
In this region, the composite joint strength is lower yet less sensitive to changes in those
parameters, explaining the significant reduction in the variance in the response identified
in Table 4. When analyzing the interaction between tilt angle and travel speed, it is also
observable that a wide saddle-shaped response for low values of travel speed leads to
lower values of UTL. As identified previously, the variance in this region is low, and the
response is less sensitive to small changes in the joining parameters. On the other hand,
higher levels of the UTL response are found in the corners of the regions under analysis,
and, due to this fact, they will exhibit a significant amount of variance considering the
increased sensitivity to small changes in the operating conditions.

Additionally, given the shape of the main effects and interactions plots, it seems that
the optimum level would be close to the values obtained with joint J4’s parameters. Yet,
the optimum region is very narrow (as evidenced in Figure 3), which may lead to increased
volatility in the results, as occurred in the results obtained with joint J4.

Taking into consideration all the above, the mathematical model that relates the
composite joints’ UTL and the processing parameters, with a confidence interval of 95%, is
given by Equation (2).

UTL = 36744 — 53.78-w — 275.4-v — 12286« 4 0.4485-w-v +19.4-w-x 4+ 95.6-v-o« — 0.159-w-v- (2)

Using the mathematical model expressed in Equation (2), the predicted UTL for the
joints fabricated with the parameters associated with the validation joint (J9) is 2333.0 N.
Since the average UTL of joint ]9 was found to be 2350.0 &= 192.4 N, the error between
the predicted value and the experimental one was 0.73%. This way, the accuracy and
predictability of the model could be considered experimentally validated.
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Figure 2. Main effects of the joining parameters on UTL.
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Figure 3. Contour plots of UTL as a function of interactions between (a) rotational speed and travel
speed, keeping a 2.5° tilt angle, (b) travel speed and tilt angle, keeping 800 rpm of rotational speed,
and (c) tilt angle and rotational speed, keeping 120 mm/min of travel speed.
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3.2. Processing Temperature

The processing temperature during the FSJ process is one of the key factors enabling
the fabrication of sound metal-polymer composite joints. The temperature build-up pre-
dominantly originates from two thermo-mechanical effects: (a) heat generation due to
friction between the tool (shoulder and pin) and the base materials and (b) heat release due
to base materials’ plastic flow [40-42].

The processing temperatures were measured both on the AS and RS of the joints, and the
average values are listed in Table 6. As observed by Correia et al. [40] and Silva et al. [43], the
average processing temperature is higher on the advancing side, which is a behavior that can
be explained by a more intense stirring flow on this side of the processing centerline.

Table 6. Average processing temperature on AS and RS of each composite joint.

Joint w \4 o Avg. Tas * Avg. Trs **
ID (rpm) (mm/min) (o) °C) O
N 600 100 2 243.6 £7.2 240.2 £ 84
]2 1000 100 2 2539+ 115 2368 +£17.2
J3 600 140 2 2415+ 14.6 183.7 £ 15.8
J4 1000 140 2 251.5+£9.7 247.0 £27.3
J5 600 100 3 203.6 £10.7 1645 £20.1
J6 1000 100 3 228.6 £11.8 172.8 +25.3
J7 600 140 3 2241 £122 193.7 £19.2
J8 1000 140 3 24114+147  186.8 £11.1
]9 800 120 2.5 2322+£209  2121+151

* Tas: temperature on AS, ** Trs: temperature on RS.

Taking into consideration that the fabrication of friction stir composite joints implies
important levels of thermo-mechanical processing of the base materials, the assessment
of the process temperature within the joining regions becomes extremely difficult. For
that reason, the average temperature at the advancing side was considered a proxy of the
processing temperature. The mathematical relationship between the joining parameters
and the average processing temperature on the AS was determined by carrying out an
ANOVA with a 95% confidence interval. The significance of each term and its contribution
to the average advancing side temperature is summarized in Table 7.

Table 7. Advancing side temperature analysis of variance—ANOVA.

Source DF SS MS F-Value p-Value Contribribution
w 1 485.76 485.76 15.52 0.017 24.7%
v 1 101.22 101.22 3.23 0.146 5.1%
o 1 1083.63 1083.63 34.63 0.004 55.0%
V- 1 174.81 174.81 5.59 0.077 8.9%
Error 4 125.16 31.29 6.4%
Total 8 1970.58

R? = 93.7%, adjusted R? = 87.3%, predicted R? = 70.0%

For enhanced accuracy of the model, a backward elimination of the terms with a
cut-off value of 0.1 was incorporated, and consequently, the terms with p-values larger
than this value were disregarded. From the resulting statistical model, the independent
variables, i.e., tilt angle and rotational speed, were found to be the ones with the largest
contribution to the average AS temperature, with 55.0 and 24.7%, respectively, accounting
for almost 80% of the contribution.

In terms of the fitness of the model, the R? was found to be 93.7%, while the adjusted
R? was found to be 87.3%, both indicating the good fitness of the model. Henceforth, the
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numerical expression that relates the average temperature on the AS and the processing
parameters can be found in Equation (3).

Tas = 381.1 4+ 0.03896-w — 0.991-v —79.4-« + 0.467-v-o 3

In this way, and in accordance with the statistical model, the predicted average tem-
perature on the AS during the joining process with the parameters of joint J9 is 237.6 °C.
Compared with the average experimental value of 232.2 °C displayed in Table 7, the error
is found to be 2.3%, which experimentally validates the statistical model. When further
analyzing the thermal history of the fabricated composite joints, as displayed in Figure 4, it
was also distinguishable that despite the significantly different performance evidenced by
each joint, the recorded temperatures were found to be between the softening and melting
temperatures of Noryl™.

J1 J2 J3
S 300 S 300
_—
¢ 1 v $ 2 » *
3 200 s - 200 | ¢ *
* )
100 100
2 3 1 2 3 1 2 3
Location Location Location
J4 J5 J6é
5 300 - 5 300
MR 20| ¢ o 2 = 200 | $ 3
* . b4 * *
r— —
100 100
2 3 1 2 3 1 2 3
Location Location Location
J7 J8 J9
—~ 300 300
. g « T = b4 3
$ - 200 & 200 N
4 I,
100 100
2 3 1 2 3 1 2 3
Location Location Location
¢ Tas ¢ Trs —— Tmelt —— Tsoft

Figure 4. Composite joint processing temperature on the advancing side (Tas) and retreating side (Trs).

This evidence corroborates the hypothesis proposed by Correia et al. [40], who state
that the polymer softening temperature acts as the minimum processing temperature
required to enable the proper development of binding mechanisms, while processing
temperatures substantially higher than the melting temperature may disable the joining
ability of the process due to polymeric overflow. On the one hand, all the tested specimens
failed at the polymeric end of the joints rather than through the joints’ interface, and, on
the other hand, none of the specimens showed polymeric overflow. These themes will be
further analyzed subsequentially in this paper.

3.3. Hardness

The analysis of the microhardness profile was performed in joints J4, J6, and J7 since
they exhibited the maximum, intermediate, and lowest mechanical strengths, respectively.
Given that we are analyzing a metal-polymer composite joint, the measurements were
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Figure 5. Microhardness testing scheme and results for joints J4, J6, and J7.

After examining the hardness plots displayed in Figure 5, it could be concluded that
the change in processing parameters did not have a relevant effect on this attribute. The
hardness profile measured over the aluminum line (which only covers the aluminum side
of the joint) evidenced a W shape that was also observed by several authors [44—46]. This
shape is a characteristic associated with heat-treatable aluminum alloys, such as the present
case, when subjected to friction stir processes [44]. These profiles depict a noticeable drop
in hardness within the thermo-mechanically affected zone (TMAZ) and stirring zone (SZ)
of the aluminum portion of the joint, even with small differences in the recorded hardness
values in the different joints. Compared with the values measured on the aluminum portion
over the joint line (the line that covers both the aluminum and polymer), the hardness
was found to be slightly higher and in line with the W-shaped profile characteristics.
Regarding joint ]J7, the hardness values were found to be almost the same when comparing
the aluminum line and joint line. One reason that might explain this behavior is a more
homogeneous grain size within the stirring region in joint J7, whereas joints J4 and J6 might
have a finer grain toward the joint line, which will lead to increased hardness within this
region. Regarding the measurements taken over the polymeric portion of the joint, the
values were found to be stable around the nominal value, regardless of the region and joint
under analysis.

The three obtained profiles revealed a substantial decrease in hardness at the alu-
minum portion of the joints, indicating that the metallic alloy lost the hardening properties
associated with the T6 heat treatment of quenching. As a result, it is expected that the
strength of the aluminum plate in these regions also decreased, as suggested by Costa
et al. [44]. Nevertheless, this foreseeable decrease in the mechanical strength of the alu-
minum did not have a relevant impact on the joints” strengths for two main reasons: (i) the
major difference in mechanical strength between both base materials (even without the
quenching hardening properties) and (ii) the failure of the joints took place at the polymeric
end of the joints in all the tests, as analyzed in the following section.
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3.4. Macro- and Microstructure

The visual inspection of the fabricated composite joints revealed a superior surface
finish with well-defined onion rings and exit holes, which are key geometrical features
associated with friction stir-based technologies [15,47]. Nonetheless, some neglectable flash
was observed in joints J1 and J7.

With the purpose of identifying morphological characteristics that might explain the
differences in mechanical performance among the composite joints, a thorough analysis of
the macro- and microstructures of joints’ cross-sections was accomplished. To comprehen-
sively characterize the composite joints” interfaces, SEM/EDS analysis was performed in
six distinct locations on the previously selected joints—J4, J6, and J7—as schematized in
Figure 6.

The macrostructure of the joining region of the three joints was found to be remarkably
similar, with the aluminum plate being clinched into the polymeric plate. The interface
between the base materials evidenced a prominent double concavity shape, which is a
geometrical feature that induces macro-mechanical interlocking between the base materials,
as previously reported by Correia et al. [19,40]. All three joints exhibited a small void
located between the stirring zone (5Z) and the thermo-mechanically affected zone (TMAZ)
toward the RS of the joints; this defect was also identified and explained by Derazkola
etal. [27,33,38,48] and Huang et al. [28,49]. Even so, these defects did not directly affect the
mechanical performance of the joints, as all of them failed outside the joining region.

Contrarily, the microstructural examination revealed significant differences among
the joints under analysis. On the one hand, the joint with the highest mechanical strength,
J4, evidenced a smooth transition between the base materials in all six locations along
the interface perimeter (see Figure 6 for further insights), meaning that the effective and
apparent joining areas were the same. On the other hand, the joint with intermediate
mechanical strength, J6, revealed micro-gaps in positions A, B, and F, while the joint with
the least mechanical strength, J7, revealed similar gaps in positions A, B, E, and F as
depicted in Figure 6. For this reason, joint J7 displayed the smallest effective joining area,
and joint J6 had an intermediate value, which was in line with the mechanical performance
exhibited by each joint. On the one hand, the observed gaps might be explained by the
major differences in the thermo-mechanical behavior of the base materials (enumerated
in Table 2), leading to different heating and cooling rates (identified in Figure 4), that may
induce geometrical incompatibilities along the interface throughout the joining process,
as identified by Li et al. [50]. On the other hand, since the experimental procedure was
designed so that the process was position-controlled, another possible explanation for
these gaps might be related to the trade-off between the vertical position, which was kept
constant, and the vertical force, which might have decreased to keep the vertical position.

Additionally, the previously mentioned microstructural gaps may also provide an
explanation for the fracture site of the specimens. The failure of the specimens occurred
on the AS of the overlap area in the transition between the composite joint region and the
polymeric base material, as observable in details A, B, and C in Figure 7. This behavior was
already reported by Correia et al. [40], who indicated that the resulting composite joints’
geometries significantly affected the amount of secondary bending moment generated due
to the base materials’ neutral line misalignment. Consequently, as the levels of secondary
bending moment increase, the bending stress also increases, reaching the UTS of Noryl™
at lower values of UTL. Moreover, the fracture region in joint J7 was found to be located
between positions D and E (refer to Figures 6 and 7 for further details), where the cross-
sectional area of the polymeric plate is decreased because of the aluminum plate clinching,
further decreasing the UTL recorded in these joints. In this way, the differences in the
mechanical strengths of the fabricated composite joints can be directly attributed to the
effective joining area, but also indirectly to the development of secondary bending moments
within the joining regions and the decrease in the cross-sectional area of the polymeric plate
next to these regions.
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Figure 6. Cross-sectional macro- and microstructures of (a) Joint J4, (b) Joint J6, and (c) Joint J7.
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Figure 7. Fractured specimens associated with joints J4, J6, and J7.

4. Conclusions

In the present research study, a full factorial design of experiments was carried out
to thermo-mechanically characterize AA6082-T6 to Noryl™ GFN?2 friction stir composite
joints in overlap configuration, with the following highlights:

e  After statistical analysis, it was possible to mathematically describe and predict both
the mechanical strength (UTL) and processing temperature (using Tas as proxy) as a
function of the processing parameters—rotational speed (w), travel speed (v), and the
tilt angle (o). The models were validated after comparing the predicted values, given
by the numerical expressions, with the experimental ones. The resulting errors were
found to be 0.7% of the UTL prediction and 2.3% of the average Tas prediction.

e  From the thermal history of all fabricated joints, it could be concluded that processing
temperatures between the softening and melting temperatures of Noryl™ enable the
development of proper binding mechanisms, resulting in significant joint strength.

e Joint strength was found to be mainly governed by the effective joining area, which
might be considerably reduced by micro-gaps between base materials along the com-
posite interface.

e  The hardness profiles were found to be similar among the analyzed joints. The mea-
surements taken over the aluminum lines revealed a noticeable decrease in hardness
toward the SZ, with the minimum values observed in the TMAZ, forming the charac-
teristic W-shaped profile. The hardness measurements over Noryl™ did not evidence
a significant change regardless of region and joint under analysis.

Author Contributions: Formal analysis, A.N.C,; investigation, AN.C., BM.G. and G.C.; methodol-
ogy, AN.C.; supervision, D.F.O.B., R.B. and V.I.; writing—original draft, A.N.C.; writing—review
and editing, D.F.O.B., R.B. and V.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the European Union under the Next Generation EU, through
a grant of the Portuguese Republic’s Recovery and Resilience Plan (PRR) Partnership Agreement,
within the scope of the project PRODUTECH R3—“Agenda Mobilizadora da Fileira das Tec-
nologias de Produgao para a Reindustrializagao”—aiming at the mobilization of the production
technologies industry toward the reindustrialization of the manufacturing industrial fabric (Project
ref. nr. 60—C645808870-00000067; Total project investment: EUR 166.988.013,71; Total Grant: EUR
97.111.730,27) and an individual FCT grant with the reference 2022.11157.BD.

Institutional Review Board Statement: Not applicable.



Polymers 2024, 16, 602 150f 16

Data Availability Statement: Data are available upon request to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. European Environment Agency. Decarbonising Road Transport—The Role of Vehicles, Fuels and Transport Demand; Publications Office
of the European Union: Luxembourg, 2022.

2. Nazir, H.; Muthuswamy, N.; Louis, C.; Jose, S.; Prakash, ].; Buan, M.E.M.; Flox, C.; Chavan, S.; Shi, X.; Kauranen, P; et al. Is
the H(2) Economy Realizable in the Foreseeable Future? Part Iii: H(2) Usage Technologies, Applications, and Challenges and
Opportunities. Int. |. Hydrogen Energy 2020, 45, 28217-28239. [CrossRef] [PubMed]

3. Chakraborty, S.; Dash, S.K.; Elavarasan, R.M.; Kaur, A.; Elangovan, D.; Meraj, S.T.; Kasinathan, P; Said, Z. Hydrogen Energy as
Future of Sustainable Mobility. Front. Energy Res. 2022, 10, 893475. [CrossRef]

4. Sacchi, R.; Bauer, C.; Cox, B.; Mutel, C. When, Where and How Can the Electrification of Passenger Cars Reduce Greenhouse Gas
Emissions? Renew. Sustain. Energy Rev. 2022, 162, 112475. [CrossRef]

5. Andwari, A.M.; Pesiridis, A.; Rajoo, S.; Martinez-Botas, R.; Esfahanian, V. A Review of Battery Electric Vehicle Technology and
Readiness Levels. Renew. Sustain. Energy Rev. 2017, 78, 414-430. [CrossRef]

6. Danzi, F; Salgado, RM,; Oliveira, J.E.; Arteiro, A.; Camanho, PP; Braga, M.H. Structural Batteries: A Review. Molecules 2021,
26, 2203. [CrossRef] [PubMed]

7. Jin, T,; Singer, G.; Liang, K.; Yang, Y. Structural Batteries: Advances, Challenges and Perspectives. Mater. Today 2023, 62, 151-167.
[CrossRef]

8.  Weragoda, D.M,; Tian, G.; Burkitbayev, A.; Lo, K.-H.; Zhang, T. A Comprehensive Review on Heat Pipe Based Battery Thermal
Management Systems. Appl. Therm. Eng. 2023, 224, 120070. [CrossRef]

9. Rao, Z.; Lyu, P; Du, P; He, D.; Huo, Y.; Liu, C. Thermal Safety and Thermal Management of Batteries. Battery Energy 2022,
1,20210019. [CrossRef]

10. Massaro, M.C,; Biga, R.; Kolisnichenko, A.; Marocco, P.; Monteverde, A.H.A.; Santarelli, M. Potential and Technical Challenges
of on-Board Hydrogen Storage Technologies Coupled with Fuel Cell Systems for Aircraft Electrification. J. Power Sources 2023,
555, 232397. [CrossRef]

11. Gong, P; Turk, A ; Nutter, ].; Yu, F; Wynne, B.; Rivera-Diaz-Del-Castillo, P; Rainforth, W.M. Hydrogen Embrittlement Mechanisms
in Advanced High Strength Steel. Acta Mater. 2022, 223, 117488. [CrossRef]

12. Dwivedi, S.K.; Vishwakarma, M. Hydrogen Embrittlement in Different Materials: A Review. Int. |. Hydrogen Energy 2018,
43, 21603-21616. [CrossRef]

13. Manoharan, Y.; Hosseini, S.E.; Butler, B.; Alzhahrani, H.; Senior, B.T.E.; Ashuri, T.; Krohn, J. Hydrogen Fuel Cell Vehicles; Current
Status and Future Prospect. Appl. Sci. 2019, 9, 2296. [CrossRef]

14. Correia, A.N.; Braga, D.F,; Moreira, PM.; Infante, V. Review on Dissimilar Structures Joints Failure. Eng. Fail. Anal. 2021,
129, 105652. [CrossRef]

15. Mishra, R.S.; Ma, Z.Y. Friction Stir Welding and Processing. Mater. Sci. Eng. R Rep. 2005, 50, 1-78. [CrossRef]

16. Pereira, M.A.R.; Amaro, A.M.; Reis, PN.B.; Loureiro, A. Effect of Friction Stir Welding Techniques and Parameters on Polymers
Joint Efficiency-a Critical Review. Polymers 2021, 13, 2056. [CrossRef] [PubMed]

17.  Maggiore, S.; Banea, M.D.; Stagnaro, P.; Luciano, G. A Review of Structural Adhesive Joints in Hybrid Joining Processes. Polymers
2021, 13, 3961. [CrossRef] [PubMed]

18.  Ahmed, M.M.Z.; Seleman, M.M.E.-S.; Fydrych, D.; Cam, G. Friction Stir Welding of Aluminum in the Aerospace Industry: The
Current Progress and State-of-the-Art Review. Materials 2023, 16, 2971. [CrossRef] [PubMed]

19. Correia, A.N.; Santos, PA.M.; Braga, D.F.O.; Baptista, R.; Infante, V. Effects of Friction Stir Welding Process Control and Tool
Penetration on Mechanical Strength and Morphology of Dissimilar Aluminum-to-Polymer Joints. . Manuf. Mater. Process. 2023,
7,106. [CrossRef]

20. Patel, V.; De Backer, J.; Hindsefelt, H.; Igestrand, M.; Azimi, S.; Andersson, ].; Sall, J. High Speed Friction Stir Welding of
Aa6063-T6 Alloy in Lightweight Battery Trays for Ev Industry: Influence of Tool Rotation Speeds. Mater. Lett. 2022, 318, 132135.
[CrossRef]

21. Kang, S.; Kim, J.; Jang, Y.; Lee, K. Welding Deformation Analysis, Using an Inherent Strain Method for Friction Stir Welded
Electric Vehicle Aluminum Battery Housing, Considering Productivity. Appl. Sci. 2019, 9, 3848. [CrossRef]

22. Gera, D.; Fu, B,; Suhuddin, U.E,; Plaine, A.; Alcantara, N.; dos Santos, J.F.; Klusemann, B. Microstructure, Mechanical and
Functional Properties of Refill Friction Stir Spot Welds on Multilayered Aluminum Foils for Battery Application. J. Mater. Res.
Technol. 2021, 13, 2272-2286. [CrossRef]

23.  Yahaba, T.; Sayama, M.; Kobayashi, T.; Kato, T. Development of Friction Stir Welding Technology for Subframe for Fuel Cell
System. Trans. Soc. Automot. Eng. Jpn. 2009, 47, 19-27.

24. Khodabakhshi, F.; Haghshenas, M.; Sahraeinejad, S.; Chen, J.; Shalchi, B.; Li, J.; Gerlich, A. Microstructure-Property Characteri-

zation of a Friction-Stir Welded Joint between Aa5059 Aluminum Alloy and High Density Polyethylene. Mater. Charact. 2014,
98, 73-82. [CrossRef]


https://doi.org/10.1016/j.ijhydene.2020.07.256
https://www.ncbi.nlm.nih.gov/pubmed/32863546
https://doi.org/10.3389/fenrg.2022.893475
https://doi.org/10.1016/j.rser.2022.112475
https://doi.org/10.1016/j.rser.2017.03.138
https://doi.org/10.3390/molecules26082203
https://www.ncbi.nlm.nih.gov/pubmed/33920481
https://doi.org/10.1016/j.mattod.2022.12.001
https://doi.org/10.1016/j.applthermaleng.2023.120070
https://doi.org/10.1002/bte2.20210019
https://doi.org/10.1016/j.jpowsour.2022.232397
https://doi.org/10.1016/j.actamat.2021.117488
https://doi.org/10.1016/j.ijhydene.2018.09.201
https://doi.org/10.3390/app9112296
https://doi.org/10.1016/j.engfailanal.2021.105652
https://doi.org/10.1016/j.mser.2005.07.001
https://doi.org/10.3390/polym13132056
https://www.ncbi.nlm.nih.gov/pubmed/34201742
https://doi.org/10.3390/polym13223961
https://www.ncbi.nlm.nih.gov/pubmed/34833260
https://doi.org/10.3390/ma16082971
https://www.ncbi.nlm.nih.gov/pubmed/37109809
https://doi.org/10.3390/jmmp7030106
https://doi.org/10.1016/j.matlet.2022.132135
https://doi.org/10.3390/app9183848
https://doi.org/10.1016/j.jmrt.2021.06.017
https://doi.org/10.1016/j.matchar.2014.10.013

Polymers 2024, 16, 602 16 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Barakat, A.A.; Darras, B.M.; Nazzal, M.A.; Ahmed, A.A. A Comprehensive Technical Review of the Friction Stir Welding of
Metal-to-Polymer Hybrid Structures. Polymers 2022, 15, 220. [CrossRef] [PubMed]

Shahmiri, H.; Movahedi, M.; Kokabi, A.H. Friction Stir Lap Joining of Aluminium Alloy to Polypropylene Sheets. Sci. Technol.
Weld. Join. 2016, 22, 120-126. [CrossRef]

Derazkola, H.A.; Khodabakhshi, E; Simchi, A. Friction-Stir Lap-Joining of Aluminium-Magnesium /Poly-Methyl-Methacrylate
Hybrid Structures: Thermo-Mechanical Modelling and Experimental Feasibility Study. Sci. Technol. Weld. Join. 2017, 23, 35-49.
[CrossRef]

Huang, Y.; Meng, X.; Wang, Y.; Xie, Y.; Zhou, L. Joining of Aluminum Alloy and Polymer Via Friction Stir Lap Welding. |. Mater.
Process. Technol. 2018, 257, 148-154. [CrossRef]

Patel, A.R; Kotadiya, D.J.; Kapopara, ].M.; Dalwadi, C.G.; Patel, N.P,; Rana, H. Investigation of Mechanical Properties for Hybrid
Joint of Aluminium to Polymer Using Friction Stir Welding (Fsw). Mater. Today: Proc. 2018, 5, 4242-4249. [CrossRef]

Wang, T.; Li, L.; Pallaka, M.R.; Das, H.; Whalen, S.; Soulami, A.; Upadhyay, P; Kappagantula, K.S. Mechanical and Microstructural
Characterization of Az31 Magnesium-Carbon Fiber Reinforced Polymer Joint Obtained by Friction Stir Interlocking Technique.
Mater. Des. 2021, 198, 109305. [CrossRef]

Choi, J.-W.; Morisada, Y.; Liu, H.; Ushioda, K.; Fujii, H.; Nagatsuka, K.; Nakata, K. Dissimilar Friction Stir Welding of Pure Ti and
Carbon Fibre Reinforced Plastic. Sci. Technol. Weld. Join. 2020, 25, 600-608. [CrossRef]

Khodabakhshi, F; Haghshenas, M.; Chen, J.; Amirkhiz, B.S,; Li, J.; Gerlich, A. Bonding Mechanism and Interface Characterisation
During Dissimilar Friction Stir Welding of an Aluminium /Polymer Bi-Material Joint. Sci. Technol. Weld. Join. 2016, 22, 182-190.
[CrossRef]

Derazkola, H.A.; Kashiry Fard, R.; Khodabakhshi, F. Effects of Processing Parameters on the Characteristics of Dissimilar
Friction-Stir-Welded Joints between Aa5058 Aluminum Alloy and Pmma Polymer. Weld. World 2017, 62, 117-130. [CrossRef]
Ratanathavorn, W.; Melander, A. Dissimilar Joining between Aluminium Alloy (Aa 6111) and Thermoplastics Using Friction Stir
Welding. Sci. Technol. Weld. Join. 2015, 20, 222-228. [CrossRef]

Liu, FEC; Liao, J.; Gao, Y.; Nakata, K. Effect of Plasma Electrolytic Oxidation Coating on Joining Metal to Plastic. Sci. Technol. Weld.
Join. 2015, 20, 291-296. [CrossRef]

Okada, T.; Uchida, S.; Nakata, K. Effect of Anodizing on Direct Joining Properties of Aluminium Alloy and Plastic Sheets by
Friction Lap Joining. Weld. Int. 2017, 32, 85-94. [CrossRef]

Alhatti, A.IL; Sheikh-Ahmad, J.; Almaskari, F.; Khan, K.A.; Deveci, S.; Hosny, A.I. A Study of the Friction Stir Lap Welding of
Aab5052 and Polypropylene. Polymers 2023, 15, 4481. [CrossRef]

Derazkola, H.A.; Elyasi, M. The Influence of Process Parameters in Friction Stir Welding of Al-Mg Alloy and Polycarbonate.
J. Manuf. Process. 2018, 35, 88-98. [CrossRef]

Montgomery, D.C. Design and Analysis of Experiments, 2nd ed.; Wiley: New York, NY, USA, 1984.

Correia, A.N.; Santos, P.A.; Braga, D.F,; Cipriano, G.P.; Moreira, PM.; Infante, V. Effects of Processing Temperature on Failure
Mechanisms of Dissimilar Aluminum-to-Polymer Joints Produced by Friction Stir Welding. Eng. Fail. Anal. 2023, 146, 107155.
[CrossRef]

Nandan, R.; Debroy, T.; Bhadeshia, H. Recent Advances in Friction-Stir Welding—Process, Weldment Structure and Properties.
Prog. Mater. Sci. 2008, 53, 980-1023. [CrossRef]

Cole, E.G.; Fehrenbacher, A.; Duffie, N.A.; Zinn, M.R.; Pfefferkorn, EE.; Ferrier, N.J. Weld Temperature Effects During Friction Stir
Welding of Dissimilar Aluminum Alloys 6061-T6 and 7075-T6. Int. . Adv. Manuf. Technol. 2013, 71, 643-652. [CrossRef]

Silva, A.C.E; De Backer, J.; Bolmsjo, G. Temperature Measurements During Friction Stir Welding. Int. J. Adv. Manuf. Technol. 2016,
88, 2899-2908. [CrossRef]

Costa, M.I,; Rodrigues, D.M.; Leitao, C. Analysis of Aa 6082-T6 Welds Strength Mismatch: Stress Versus Hardness Relationships.
Int. J. Adv. Manuf. Technol. 2015, 79, 719-727. [CrossRef]

Moreira, PM.G.P; Santos, T.; Tavares, S.M.O.; Richter-Trummer, V.; Vilaga, P.; De Castro, PM.S.T. Mechanical and Metallurgical
Characterization of Friction Stir Welding Joints of Aa6061-T6 with Aa6082-T6. Mater. Des. 2009, 30, 180-187. [CrossRef]
Baratzadeh, F.; Boldsaikhan, E.; Nair, R.; Burford, D.; Lankarani, H. Investigation of Mechanical Properties of Aa6082-T6/Aa6063-
T6 Friction Stir Lap Welds. J. Adv. Join. Process. 2020, 1, 100011. [CrossRef]

Kumar, N.; Wei, Y.; Mishra, R.S. Friction Stir Welding of Dissimilar Alloys and Materials; Friction Stir Welding and Processing;
Butterworth-Heinemann: Oxford, UK, 2015.

Derazkola, H.A.; Simchi, A. An Investigation on the Dissimilar Friction Stir Welding of T-Joints between Aa5754 Aluminum
Alloy and Poly(Methyl Methacrylate). Thin-Walled Struct. 2019, 135, 376-384. [CrossRef]

Huang, Y.; Meng, X.; Xie, Y.; Wan, L.; Lv, Z.; Cao, ].; Feng, J. Friction Stir Welding /Processing of Polymers and Polymer Matrix
Composites. Compos. Part A Appl. Sci. Manuf. 2018, 105, 235-257. [CrossRef]

Li, M.; Xiong, X.; Ji, S.; Hu, W.; Yue, Y. Achieving High-Quality Metal to Polymer-Matrix Composites Joint Via Top-Thermic
Solid-State Lap Joining. Compos. Part B Eng. 2021, 219, 108941. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/polym15010220
https://www.ncbi.nlm.nih.gov/pubmed/36616569
https://doi.org/10.1080/13621718.2016.1204171
https://doi.org/10.1080/13621718.2017.1323441
https://doi.org/10.1016/j.jmatprotec.2018.02.043
https://doi.org/10.1016/j.matpr.2017.11.688
https://doi.org/10.1016/j.matdes.2020.109305
https://doi.org/10.1080/13621718.2020.1788814
https://doi.org/10.1080/13621718.2016.1211583
https://doi.org/10.1007/s40194-017-0517-y
https://doi.org/10.1179/1362171814Y.0000000276
https://doi.org/10.1179/1362171815Y.0000000012
https://doi.org/10.1080/09507116.2017.1346893
https://doi.org/10.3390/polym15234481
https://doi.org/10.1016/j.jmapro.2018.07.021
https://doi.org/10.1016/j.engfailanal.2023.107155
https://doi.org/10.1016/j.pmatsci.2008.05.001
https://doi.org/10.1007/s00170-013-5485-9
https://doi.org/10.1007/s00170-016-9007-4
https://doi.org/10.1007/s00170-015-6866-z
https://doi.org/10.1016/j.matdes.2008.04.042
https://doi.org/10.1016/j.jajp.2020.100011
https://doi.org/10.1016/j.tws.2018.11.027
https://doi.org/10.1016/j.compositesa.2017.12.005
https://doi.org/10.1016/j.compositesb.2021.108941

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Mechanical Strength 
	Processing Temperature 
	Hardness 
	Macro- and Microstructure 

	Conclusions 
	References

