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Abstract

Concerns about gas prices and CO2 emissions have pressed both the automotive and the aerospace
industry to produce lighter, safer and more environmentally friendly vehicles. One way to achieve
that goal is the substitution of rivet joints in dissimilar materials by other kinds of joints. Friction Stir
Welding (FSW) is a solid-state joining process that was originally developed to weld materials that could
prove hard or impossible to weld through conventional methods. The advantages of FSW techniques
and the increase in industrial demand for lightweight design structures, naturally led this method to
welding polymeric and composite materials. However, scarce research work has been done with the
aim of exploring the possibility of joining composites with metallic materials with this relatively new
technique. This led to the main goal of this work, which was to develop a new concept of the FSW
process to join composites with metallic materials. This research study was carried out using carbon
fiber and 6082 aluminum alloy in a lap-joint configuration. The influence of the FSW parameters was
investigated and the characterization of the dissimilar joints and their mechanical performance was
obtained. Furthermore, the results of FSW and other non-welding joining methods were compared.
Keywords: Friction Stir Welding, Dissimilar Joints, Composite, Aluminum Alloy

1. Introduction
Plastic materials are highly sought after because of
their low weight, great design flexibility and rel-
atively low manufacturing cost. However, due to
their high elasticity modulus, they are typically
used in combination with metals. In the automotive
and aerospace industries [12] [7], parts constituted
by combinations of metal-plastic are mandatory.

Joining materials has long been essential for the
evolution of technology and industry. The products
our society uses are, in their vast majority, assem-
blies of many individual components for which the
processes of joining materials are of the highest im-
portance. These material joining processes are de-
terminant in offering to the products their specific
functions and in making their manufacturing as ef-
ficient as possible. This supports the importance
of a continuing study and improvement of the ex-
istent methods, as well as the development of new
methods [12].

This paper focuses on a recent method for joining
materials, Friction Stir Welding (FSW), which was
initially projected to weld similar materials, such as
aluminum alloys (AAs) or other light alloys. How-
ever, FSW also shows potential to be used to join
dissimilar materials, although this area has not been
very explored yet [12] [1].

This work will study the use of FSW in join-
ing a metal and a non-metal material, leading to

increasing knowledge about FSW itself, and serv-
ing as a guide to future works. Additionally, this
study is relevant due to the increasing demand
for structures with better performance and increas-
ingly lower weight, which can only be achieved by
combining different materials to obtain new hybrid
structures.

2. State of the Art
2.1. Joining Techniques of Dissimilar Materials
The joining of dissimilar materials poses an in-
creased challenge. These materials have very dif-
ferent chemical compositions and physical proper-
ties. The incompatibility of these properties (melt-
ing point, thermal conductivity, thermal expan-
sion, ductility, fatigue, elasticity modulus, etc.) can
bring some difficulties during the joining process
and subsequent product utilization. To succeed in
joining these materials, it is necessary to overcome
all these issues. Furthermore, the joining of dissim-
ilar materials becomes increasingly difficult as the
scale we consider becomes smaller [12].

The available techniques to join materials can be
divided in three main categories: mechanical, chem-
ical and thermal processes. Sometimes, techniques
from different categories can be combined to obtain
better results. The several existent methods in each
class are here defined and characterized regarding
their main advantages and disadvantages.
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2.1.1 Mechanical Fastening

Mechanical fastening is a process of joining materi-
als with at least 500 years of history, and uses ex-
ternal components to the material, such as screws
or rivets, to link two different materials. This is an
ideal process when there is the necessity of assem-
ble and disassemble the product. However, it in-
creases significantly the weight of the product and
promotes stress concentration in the hole where the
screw or rivet fits. Despite this disadvantage, this
process can be applied to metal-plastic joints, con-
ceiving a great flexibility in design and manufactur-
ing [12] [7] [1].

Amongst mechanical fastening methods, Blind
Rivets were used, and as such, explained in more
detail. One of its main advantages is the speed
of installation, as they do not require threads and
torquing to make up their assemblies. They are
made of two assembled parts, an outer rivet body,
which remains clamped in the assembly, and an in-
ner mandrel, which is drawn up tight with a riveting
tool, either hand powered, or more commonly power
actuated. The mandrel body separates by design
during the installation by snapping off. Commonly,
they are made of steel or aluminum [17].

2.1.2 Adhesive Bonding

Adhesive bonding is a technique of joining materi-
als in solid state. When considered macroscopically,
it’s the two-dimensional (surface-to surface) adher-
ence of two similar or different types of material to
each other. It is one of the most important ma-
terial phenomena in nature and technology. Many
years of experience gained from adhesion research
have shown that it is wise to investigate the dif-
ferent aspects involved in the creation of adhesive
joints on the one hand, and their behavior within
the assembly on the other hand [2].

Adhesive bonding usually undergoes the follow-
ing procedure. First, the adherent is cleaned up or a
primary layer is applied, then an adhesive is applied
and finally the two materials are joined, by pressur-
ing and drying the adhesive. The composition and
contact area of the adhesive will determine the char-
acteristics of the bond, the viscosity of the adhesive
and the energy of the substrate surface [12] [7] [1].

This kind of joint has been very used in the last
years because it allows the linkage of many kinds of
different materials, such as plastics, metals, rubber
and even glass [12].

This process has many advantages, namely low
stress concentration, improvement of fatigue resis-
tance, and good surface finishing. Additionally, it
works well as a repair method, and for weight re-
duction, relevant for the automotive and aerospace
industries [1].

On the other hand, this method has its own dis-
advantages. The joints are vulnerable to environ-
mental exposure, and cannot be undone without
damage to the materials themselves. When the ad-
hesive fails, it does so in an instantaneous, rather
than progressive manner. Moreover, a careful sur-
face preparation is needed and it is only resistant
to shear stresses [7] [1].

2.1.3 Welding

The last joining method in this section is welding.
There are many different welding methods.

Nowadays, there are many techniques to weld
metals to metals, such as shielded metal arc weld-
ing, gas tungsten arc welding, gas metal arc welding
and submerged arc welding [1], as well as techniques
to weld polymers to other polymers such as Fric-
tion Spot joining [16]. This last process began to
be studied recently and will serve the objective of
this paper in studying Friction Stir Welding (FSW)
in joining dissimilar materials.

2.2. Friction Stir Welding
A short summary about several techniques of join-
ing similar and dissimilar materials was presented in
Section ??. In this section, the Friction Stir Weld-
ing technique is described. This description will be
more detailed, as the main goal of this paper is the
study of this technique. FSW was invented in 1991
by The Welding Institute [12] [16] [19] [9] [13]. As
mentioned in the introduction, FSW was primarily
conceived to weld similar materials, such as AAs
with other light alloys, but it also has the potential
to be used to join dissimilar materials (although
this application has not been thoroughly explored
yet) [12] [1]. This technique has been used in di-
verse industrial branches, namely the maritime, the
aerospace and the automotive industries [16] [19]
[9].

In this method, a cylindrical tool with a profile
pin is plunged in the joining area of the compo-
nents and rotated with a precise rotational speed.
This causes plastic deformation in the joining area
by heating and stirring. Consequently, the material
will be soften and mixed. As the tool goes forward
the joint cools and consolidates [12] [16] [19] [9] [13].
Note that the material of the tool must be more re-
sistant than that of the components to be welded
[9]. A scheme of this technique is presented in Fig-
ure 8.

The main parameters of this technique are the
tool geometry, rotational speed, applied force,
shoulder penetration and feed rate [12] [16] [19] [13].
Tool geometry concerns the shape of the pin (which
can be tapered or simply cylindrical), the tool di-
ameter and the pin diameter [16].

The main advantage of FSW is the fact that
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Figure 1: Principles of FSW [19].

reaching the melting point of the components is not
necessary. As a consequence, the residual stresses
and distortions developed are much lower in com-
parison with other conventional welding methods [1]
[19] [9]. Other advantages can be highlighted, such
as not needing filler material, the resistance of the
joint to corrosion and the non-consumable nature
of the tool [12].

The main disadvantage of FSW lies on the fact
that equipment to realize FSW has not been fully
developed yet [1]. This happens because FSW is
relatively new and it was not yet fully studied.

Ferrous materials have been increasingly replaced
in industrial applications, mostly by AAs. The con-
ventional methods employed were not effective to
weld some AAs and, because of that, other tech-
niques were studied, such as FSW [19] [10].

The objective of this paper is the thorough study
of FSW in joining dissimilar materials, namely be-
tween aluminum and composites, and compare it
with other methods. For that, in this section, some
conclusions that other studies got in joining similar
materials, metallic dissimilar materials and dissimi-
lar materials with at least one non-metallic material
are presented.

In a study realized by K. Krasnowski et al., the
influence of the tool geometry in FSW welding Al
6082 was studied. It was concluded that this AA
was able to be welded by FSW, but mainly the tool
geometry, in fact, influenced the mechanical prop-
erties of the joints. From the three types of tools
used, better results were obtained with the conven-
tional and Triflute tools [10]. Figure 9 shows the
3D model of the three different tools used in this
study.

In a study by A. Suri regarding the usage of two
different kinds of tools for the application of FSW
to commercial aluminum plates, it was verified that:

• To obtain a welding surface zone with the min-
imum number of defects, at the same feed rate,
the rotational speed should be not too high nor
too low. For the first tool, the best results were
obtained at a rotational speed of 800 RPM and

Figure 2: Tool: a) conventional; b) triflute; c) sim-
ple [10].

for the second tool, between 1200 and 1400
RPM.

• Significant increases in welding toughness are
observed when using the first tool, especially
at higher rotational speeds (from 1200 RPM to
1400 RPM), where the increases vary between
30 and 50%.

• The tension resistance of the joint was always
higher in joints manufactured using the second
tool [19].

Figure 3: Second Tool (improved tool); First Tool
(conventional tool) [19].

In a study where FSW was used to weld AA5059
and high density polyethylene sheets of 4 mm thick-
ness, its feasibility was demonstrated. [8]

Various welding parameters were tested until a
defect-free weld was reached, by using a pin offset of
1.4mm, rotation speed of 710 RPM and transverse
velocity of 63 mm/min [8].

The favourable conclusion of this test was an im-
portant achievement because AA and HDPE joints
are used in a wide variety of industrial applica-
tions [8].

In a study of Friction Lap Welding between
AA6061 and MC Nylon-6 sheets with dimensions
of 150 x 75 x 2 mm, high quality lap joints were
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obtained [11]. The main difference between FLW
and FSW is that the FLW tool does not have a stir
pin [11]. As the two techniques are very similar, the
conclusions of this study may be extended to FSW.

Another study was made about using FSW on a
Nylon 6 plate of 10 mm thickness with a specially
designed left-hand threaded tool pin profile. With a
rotational speed of 1000 RPM and a welding feed of
10mm/min, it was concluded that Nylon 6 material
can be welded by the threaded pin profile in the
FSW process [15].

The results of these last two studies are important
because Nylon 6 is one of the most used polymer
materials in engineering applications [15].

In a paper that studied the usage of dissimilar
FSW between AA 7075 and polycarbonate (PC)
plates with dimensions of 50 x 20 x 3 mm, it was
possible to conclude that these materials can be
successfully joined by FSW, and for a rotational
speed of 3250 RPM and transverse speed of 100
mm/min, a maximal tensile load of 586 N can be
obtained [14].

3. Preliminary Study
The main objective of this paper is the study of
FSW in the joining of dissimilar materials and com-
pare with other methods of joining. This disserta-
tion focuses on the joining of a metal and a com-
posite by FSW.

In the next sections, this paper will show what
materials were used explaining why, the different
pins and shoulders, the parameters and the method-
ology used. Finally, it will present the results ob-
tained.

3.1. Materials
The materials chosen for this study were the alu-
minum alloy AA6082 and carbon fiber. These ma-
terials were chosen because they are both very used
in the aerospace industry [20].

For this study, 2 mm thick aluminum plates were
used because the majority of the literature con-
sulted used the same thickness.

Regarding the carbon fiber, plates between 1 and
4 mm thick were used. All carbon fiber plates were
0/90...0/90 and produced with the Pre-preg pro-
cess.

3.2. Tools
This paper was based on the study of several dif-
ferent pins and shoulders with different dimensions
and geometries in order to understand what kind of
tool would better suit FSW in dissimilar joints.

Pins with three different diameters (3, 4 and 5
mm) and two different geometries (cylindrical and
conic) were used, as well as shoulders wtih two dif-
ferent geometries (flat and spiral).

Tables 1 and 2 show how these characteristics

were combined in each trial.

Table 1: Summary of the pins used.

Geometry/
Diameter 2 mm 3 mm 4 mm 5 mm

Cylindrical Pin 5 Pin 4 Pin 1 Pin 3
Conic - - Pin 2 -

3.3. Parameters
The main parameters inherent to the FSW are ro-
tational speed, transverse speed, applied load and
plunge depth of the pin [12] [17] [2] [3]. In the case
of dissimilar materials, the upper and downer plate
can also be considered.

In table 3, the values used in each parameter are
presented.

Regarding the plunge depth, it was attempted to
reach at least 50% of the thickness of the downer
plate with the pin, while trying to never be closer
than 0.1 mm of the service table.

3.4. Methodology
In this section, the methods used to join the materi-
als and test the quality of the joint will be explained.
The main steps were Friction Stir Welding, cutting
of the specimens and testing them using a tensile
test.

To weld through FSW, it was used the LE-
GIOTM FSW 3UL of the ESAB company. The
main concern was only to guarantee that the plates
did not move while the pin was in contact. For that,
a structure was used, as can be seen in figure 3.8.

Figure 4: Structure to fix the plates during FSW.

To cut the specimens, while having in mind that
they are not very resistant, specially under torque
in the transverse direction, a prototype was created
that guarantees that, during the cutting, there was
no torque in the joint, in order to ensure the re-
sult is as accurate as possible. One of the parts of
the prototype can be observed in figure 3.9. The

4



Table 2: Summary of the complete tools used.

Shoulder geometry/Pin Pin 1 Pin 2 Pin 3 Pin 4 Pin 5

Flat Tool 1 Tool 2 - Tool 4 Tool 5
Spiral - - Tool 3 - -

Table 3: Parameters used in the tests.

Parameter Value

Rotational Speed 800 – 2000 rpm
Transverse Speed 100 – 1200 mm/min
Applied Load 80 – 200 Kgf

other part is identical but is still needed to provide
support in two different points.

Figure 5: Prototype to fix the specimens to cut.

This prototype was designed as it will be ex-
plained. Figure 3.10 shows a scheme of a joint be-
tween aluminum and carbon fiber.

Figure 6: Scheme of an aluminum- carbon fiber
joint.

The small elevations in the prototype are to com-
pensate the difference in thickness between the sec-
tion where the aluminum plate and the carbon fiber
overlap and the are outside that section. The pro-
cedure concludes with a tensile test and to evaluate
the resistance of each joint.

3.5. Discussion of the results
In this section the discussion of the results for ev-
ery trial using each different tool is presented. The
tables are in appendix A.

From tables 3.6, 3.7, 3.8, 3.9 and 3.10, it can be
observed that FSW was only capable of producing a
joint between aluminum and carbon fiber with tool
1 and tool 2. Every trial made with tools 3, 4 or 5
failed. Table 3.6 shows us that many tensile tests

were not done because the specimens broke in the
moment of cutting them. Even specimens produced
through tool 2 took some damage, but not enough
to break. This was the reason for creating a pro-
totype that, during the cutting process, caused no
torque in the joint, in order to ensure results to be
as accurate as possible. Comparing the first row of
table 3.6 (tool 1 trials) with the second row of ta-
ble 3.7 (tool 2 trials), the only difference between
both trials was the used tool, all the other param-
eters were the same. The results for tool 1 were
100 N against the 20 N for tool 2. Considering that
the only difference between tool 1 and 2 was the
pin geometry (cylindrical and conical respectively)
and since both had the same diameter (4 mm), it
is reasonable to say that cylindrical pins produce
better joints than conical ones. In table 3.6, com-
paring the first row with the last one, where the
only difference in terms of parameters is the relative
position of the materials (in the first, aluminum is
above carbon fiber and in the second it is the other
way around). However, the final result was com-
pletely different, in the first case an higher result
in the tensile test was achieved, in the second case
joining was not possible. Only carbon fiber plates
with thicknesses between 2.4 and 2.9 mm managed
to produce reasonable results, making it the opti-
mal thickness for the carbon fiber plates. Among
all trials the joint with highest resistance in the ten-
sile test was produced with tool 1, with a result of
100 N. The carbon fiber plate was under the alu-
minum plate and the used parameters were 1.5 mm
for the plunge depth, 1000 rpm for the rotational
speed, 200 mm/min for the transverse speed and
170 Kgf for the applied force. In the trials for the
final study, the results were better because of the
use of the cutting support prototype.

3.6. Conclusions
From the discussion of the results of the previous
section it can be concluded that:

• Tool 1 and 2 produced results that support
the possibility of welding aluminum plates with
carbon fiber through FSW.

• It was not possible do a tensile test to many
specimens because in the moment of cutting
the specimens took some damage (before the
cutting prototype).
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• Welding through FSW is better when the alu-
minum plate is above the carbon fiber plate.

• The cylindrical pin presented better results
than conic pin of the same diameter.

• The best thickness to the carbon fiber plate is
between 2.4 and 2.9 mm.

• The best result in terms of the tensile test was
obtained with a rotational speed of 1000 rpm,
transverse speed of 200 mm/min and a applied
load of 170 Kgf with tool 1.

4. Final Study
4.1. Decisions
After a preliminary study that allowed us to under-
stand the effects of the different tools, parameters,
material thicknesses and materials relative position,
it was possible to decide which combination pro-
duced the most resistant joints through FSW. To
chose the best tool we had to take into account it’s
own availability.

From the preliminary study, tool 1 produces the
best results, however, producing this tool takes too
much time. For this reason, the chosen tool the
second best, tool 2, in the respective best configura-
tion: rotational speed: 1000 rpm, transverse speed:
200 mm/min and applied force: 170 Kgf

From the previous section, the best results were
obtained for a plate with the thickness between 2.4
and 2.9 mm. As such, we used a 2 mm thickness
aluminum and a 2.4 mm thickness fiber plate.

Also from the previous section, for the relative
position between the aluminum plate and the car-
bon fiber plate, it was decided the aluminum plate
would be above the carbon fiber.

4.2. Goals
The main goal of this section is to compare FSW
with other joining methods. This section presents
the comparison between FSW, riveting, adhesive
and two hybrid joining methods, FSW with adhe-
sive and riveting with adhesive. This was done to
understand the best method to be used to join alu-
minum with carbon fiber plates based on the results
of the tensile test.

4.3. Methodology
In this section, each of the used methods used to
produce and test the joints is described step by
step. The produced joints were between aluminum
and carbon fiber. Folowing each of the methods, a
tensile test is performed with a rate of 1 mm/min.

4.3.1 Friction Stir Welding

The two material plates are welded together using
Friction Stir Welding, with an overlap of 30 mm.
The specimen is cut with a width of 30 mm.

4.3.2 Riveting

This method starts with cutting both material with
the desired width, 30 mm. The two pieces are
pierced to produce a 3.1 mm hole, and then the
rivet is applied. The rivets had a standard geome-
try, specially suitable for aluminum and steel with
a diameter of 3 mm and a length of 6 mm.

4.3.3 Adhesive

The two pieces to be joined together are cut with
30 mm of width. The aluminum piece is an-
odized using the ASTM-Anodization-D-3933 pro-
cedure. This is necessary in order to improve the
adherence between the aluminum and the adhesive.
The adhesive is applied to the anodized part of
the aluminum piece and the carbon fiber piece is
pressed in the same place. The used overlap is 30
mm and the applied adhesive was the Rtv106.

4.3.4 Friction Stir Welding + Adhesive

As the adhesive is one of the two used methods
for this joint, the aluminum plate has to be an-
odized, again with the ASTM-Anodization-D-3933
produced. The adhesive is applied to the anodized
part of the aluminum piece, following the same pro-
cedure as in section 4.3.3. To the result, the Friction
Stir Welding is applied.

4.3.5 Riveting + Adhesive

Following a similar adhesive process as in section
4.3.3 a hole is made through the joint, piercing the
two materials and the rivet is applied with a pair
of pliers, the rivet is again of standard geometry,
specially suitable for aluminum and steel with a di-
ameter of 3 mm and a length of 6 mm.

4.4. Results and Discussion
In this section, the results of the tensile tests and
the figures of all specimens produced by the differ-
ent methods are presented, as well as the discussion
of the results.

Figure 7: Average results of the five different tech-
nique in dissimilar joints.
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Table 4: Mean maximum load and standard devi-
ation of the tensile test results f the aluminum –
carbon fiber joints.

Mean
Maximum
Load (N)

Standard
Deviation (N)

FSW 604 216
Adhesive 1841 541
Rivet 510 13

FSW + Adhesive 1012 181
Rivet + Adhesive 1708 110

The table 4.1 shows the mean maximum load and
the standard deviation for aluminum – carbon fiber.

The first thing that can be observed from the
figures, but more clearly from tables 4.1, is that
results vary a lot between the different techniques.

The adhesive joint is the one that presents the
highest toughness and ductility.

The FSW joint is tougher than the Rivet joint.
On the other hand, the Rivet joint is more ductile
than the FSW joint.

Regarding the two hybrid joints, FSW with Ad-
hesive and Rivets with Adhesive, the results were
expected to be different from the results of each in-
dividual method, which was verified. This is due to
the fact that each method produced very different
results when compared to the others.

In the case of FSW with adhesive, its ductility
and toughness improve in relation to FSW, but not
in relation to the adhesive joint. In the case of Rivet
with adhesive, its toughness improves in relation to
the Rivet joint while its ductility was relatively the
same. Once again, these characteristics were higher
in the adhesive joint.

Regarding the low bias of the results for the sev-
eral used techniques, the adhesive method produces
very different results in each trial. This difference
can be measured by the standard deviation of the
technique in tables 4.1.

Riveting presents a great consistency every trial.
In table 4.1, this technique presents a standard de-
viation of almost 0.

For the maximum load that each joint could
carry, the adhesive joint obtained the higher re-
sults. However, its standard deviation is very large
in comparison with other techniques. Riveting with
adhesive has a close maximum load and a lower
standard deviation, as such, it is reasonable to think
about which is the best technique. Therefore, it
would be reasonable to make more specimens and
test them to verify which technique would be prefer-
able.

5. Conclusions
In this section, the conclusions that could be taken
from the results of the tensile tests and its discus-
sion will be presented.

• Any of these methods is reasonable to join alu-
minum and carbon fiber plates.

• The adhesive method was the one that pro-
duced the most resistive joint (a mean value of
maximum load of 1841 N).

• The adhesive method presented the higher
standard deviation in the results.

• The riveting method shows a very small stan-
dard deviation.

• The hybrid methods of joining did not show
any improvements in comparison to the base
methods. Instead, the results were worse.
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A. Preliminary Study Tables
The tables for the preliminary study are presented in this appendix.

Table 5: Trials with tool 1.

Up Plate
(thickness)

Down plate
(thickness)

Plunge depth
(distance of the pin

from the table
(mm)

Rotational
Speed
(rpm)

Transverse
Speed

(mm/min)

Applied
Force
(Kgf)

Maximum
Load
(N)

al 6082
(2mm)

Carbon fiber
(2.4mm) 1.5 1000 200 170 100

al 6082
(2mm)

Carbon fiber
(2.4mm) 1.5 1000 250 200 fail to cut

al 6082
(2mm)

Carbon fiber
(2.4mm) 1.5 1000 250 250 fail

al 6082
(2mm)

Carbon fiber
(2.4mm) 1.5 1000 250 220 fail

al 6082
(2mm)

Carbon fiber
(2.4mm) 1.5 1500 250 200 fail to cut

al 6082
(2mm)

Carbon fiber
(2.4mm) 1.5 1300 250 200 fail to cut

Carbon
fiber (2.4mm)) al 6082 (2mm) 1.5 1000 200 170 fail

Table 6: Trials with tool 2.

Up Plate
(thickness)

Down plate
(thickness)

Plunge depth
(distance of the pin

from the table)
(mm)

Rotational
Speed
(rpm)

Transverse
Speed

(mm/min)

Applied
Force
(Kgf)

Maximum
Load
(N)

al 6082
(2mm)

Carbon fiber
(2.9mm) 1.9 1000 200 170 20

al 6082
(2mm)

Carbon fiber
(2.4mm) 1.5 1000 200 170 20

al 6082
(2mm)

Carbon fiber
(2.9mm) 0.9 1000 200 150 25

al 6082
(2mm)

Carbon fiber
(2.9mm) 0.9 1000 220 150 35

al 6082
(2mm)

Carbon fiber
(2.9mm) 0.9 1000 180 150 17
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Table 7: Trials with tool 3.

Up Plate
(thickness)

Down plate
(thickness)

Plunge depth
(distance of the pin

from the table)
(mm)

Rotational
Speed
(rpm)

Transverse
Speed

(mm/min)

Applied
Force
(Kgf)

Maximum
Load
(N)

al 6082
(2mm)

Carbon fiber
(2.4mm) 1 1000 200 170 fail

al 6082
(2mm)

Carbon fiber
(2.4mm) 1 800 200 170 fail

al 6082
(2mm)

Carbon fiber
(2.9mm) 0.9 1000 200 150 fail

Table 8: Trials with tool 4.

Up Plate
(thickness)

Down plate
(thickness)

Plunge depth
(distance of the pin

from the table
(mm)

Rotational
Speed
(rpm)

Transverse
Speed

(mm/min)

Applied
Force
(Kgf)

Maximum
Load
(N)

al 6082
(2mm)

Carbon fiber
(2.4mm) 1 1000 200 170 fail

al 6082
(2mm)

Carbon fiber
(2.4mm) 1 800 200 180 fail

al 6082
(2mm)

Carbon fiber
(2.4mm) 1 800 200 160 fail

al 6082
(2mm)

Carbon fiber
(2.9mm) 0.9 1000 200 150 fail

Table 9: Trials with tool 5.

Up Plate
(thickness)

Down Plate
(thickness)

Plunge depth
(distance of the pin

from the table)
(mm)

Rotational
Speed
(rpm)

Transverse
Speed

(mm/min)

Applied
Force
(Kgf)

Maximum
Load
(N)

al 6082
(2mm)

Carbon fiber
(1.2 mm) 0.5 2000 1100 200 fail

al 6082
(2mm)

Carbon fiber
(1.2 mm) 8 2000 1100 170 fail

al 6082
(2mm)

Carbon fiber
(1.1 mm) 0.6 2000 1200 180 fail

al 6082
(2mm)

Carbon fiber
(1.1 mm) 0.5 2000 1100 175 fail

al 6082
(2mm)

Carbon fiber
(1.1 mm) 0.7 2000 1200 175 fail

Carbon fiber
(1,4 mm)

al 6082
(2mm) 0.4 2000 1100 170 Pin broke

Carbon fiber
(1,4 mm)

al 6082
(2mm) 0.8 2000 1100 160 fail

Carbon fiber
(1.4 mm)

al 6082
(2mm) 0.8 2000 1100 130 fail
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