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Abstract
The present work aims for an initial computational simulation with finite element analysis of the friction riveting process.
Knowledge and experimental data from friction riveting of AA2024-T351 and polyetherimide supported the computational
simulation. Friction riveting is a friction-based joining technology capable of connecting multiple dissimilar overlapping mate-
rials in a fast and simple manner. In this paper, the plastic deformation of the metallic rivet, process heat input, and temperature
distribution were modeled and simulated. The plastic deformation of the metallic rivet is of key importance in creating the
mechanical interlocking and main joining mechanism between the parts, being this the focus of this work. The influence of the
polymeric material was considered a dynamic boundary condition via heat input and pressure profiles applied to the rivet. The
heat input, mainly generated by viscous dissipation within the molten polymer, was analytically estimated. Three experimental
conditions were simulated. The heat flux values applied in modeling of the different conditions were determined (8.2, 9.1, and
10.2W/mm2). These yielded distinct plastic deformations characterized by a diameter of the rivet tip, from the initial 5 mm to 6.2,
7.0, and 9.3 mm. The maximum temperatures were 365, 395, and 438 °C, respectively.
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1 Introduction

The field of dissimilar and hybrid connections has nowadays a
great importance for several industries, and it is continuously
challenging the more traditional methods, e.g., mechanical
fastening and adhesive bonding, for their applications. Given
this growing interest for alternative joining technologies, it is
ever more crucial to have not only deep knowledge regarding
the processes on an experimental/practical level but also being
able to simulate the mechanisms present during those. This
can lead to more lean and efficient methodologies for the

application of such hybrid connections, pushing the envelope
on the usage of less conventional materials, having fewer con-
straints posed by the limitations of these new alternative join-
ing technologies.

Friction riveting is one of such new alternative technolo-
gies. Developed and patented by Helmholtz-Zentrum
Geesthacht [1], this joining process consists of a rotating cy-
lindrical metallic rivet being pressed against overlapping poly-
meric components, generating heat by friction and creating
metallic insert spot joints. Polymers with and without fiber
reinforcements and both thermoplastics and thermosets have
been successfully joined [2–5].

The extreme effects that small parameter variation can have
on the final deformed geometry of the rivet tip (joint forma-
tion) have been investigated and reported by Pina Cipriano
et al. [3, 6, 7]. The friction riveting is a fully transient process,
encompassing dissimilar materials with quite different physi-
cal behavior and temperature dependent properties. During
the friction riveting, the temperature evolves from room tem-
perature to peak values in the range from 1.4Tg to 0.9Tm [2–4,
8]. The heat generation depends on high shear rates, initially
localized mostly in the polymer-based component, but arising
to the metallic component in the later stages of the process.
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Therefore, the numerical simulation of the friction riveting
process is quite complex and computationally demanding, as
it couples geometric, material, and formulation’s non-lineari-
ty. Thus, simplifications and assumptions must be made.
Considering the number of works and investigations into
new possible applications and material combinations using
friction riveting process [5, 9], it is of great importance that
the understanding of the process also be developed from a
computational modeling stand point.

This work presents the first study using as research tool the
numerical simulation of the friction riveting process applied to
AA2024-T351 and polyetherimide (PEI), given the mechani-
cal properties and application of these materials in aircraft
industry. The numerical modeling analyses were developed
using the Abaqus software. The temperature evolution of the
polymeric material, being expelled during the production and
geometric characterization of joint consolidation, was regis-
tered and evaluated for a given set of process parameters. The
former was used as a base for an input in the finite element
model (FEM) and the latter as a comparison and validation
tool.

2 Materials and methods

2.1 Materials

The metallic rivets used to perform the joints were produced
from extruded rods of AA2024-T351. The featureless (plain
smooth) cylindrical rivets were 5 mm of diameter and 60 mm
of length. Some relevant mechanical properties are shown in
Table 1.

The polymeric material used as a base plate for the metallic
insert spot joints produced was PEI. The plates were cut into
70 × 70 mm2 specimens with 13.4 mm of nominal thickness,
from extruded plates (Quadrant Engineering Plastic Products,
Germany). It is important to mention that this is an engineer-
ing plastic with a glass transition temperature (Tg) of about
215 °C [11]. These materials have been addressed with greater
depth in the previously published literature regarding the ex-
perimental part related to this work [3, 6, 7].

2.2 Friction riveting joining process

The friction riveting process, in the configuration used for the
joints investigated in this work, involves a cylindrical metallic

rivet being pressed in a nolmal direction against the surface of
the amorphous thermoplastic part, while rotating at constant
rotational speed (RS). Given the low thermal conductivity of
the polymer, the heat initially generated by solid friction melts
or softens the polymer and allows the insertion of themetal. At
this stage, heat is mostly generated by internal shearing and
viscous dissipation within the polymer component. This great-
ly increases the local temperature of the metal, at the penetrat-
ing tip of the rivet during the friction time (FT), allowing the
plasticizing of the material and its subsequent deformation
inside the polymer. The final deformation can be further in-
creased by increasing the axial load applied to the rivet, from a
previously constant friction force (FF) to a forging force
(FoF), during a forging time (FoT). This last phase of the
process was used for the joints currently investigated, but it
is not strictly necessary to perform a successful connection as
has been demonstrated by Pina Cipriano et al. [7], where the
authors studied how a reduction of applied load process re-
quirements can be advantageous, despite resulting in lower
mechanical performance when compared to the use of a forg-
ing phase.

Figure 1 represents the phases of the process. It is schemat-
ically represented how the rivet deforms during the process
and which are the assumed conditions of both pressure and
heat flux that lead to such material behavior (detailed in Fig. 1
b and c).

On the detail of Fig. 1b, it is schematically represented how
the distributions of both heat flux (q(r)) and pressure (p(r)) are
assumed for the short initial stage of the process, as the rivet
begins to be inserted into the polymeric material. At this point,
the heat flux is assumed to be higher at the outer radius, given
the friction between solid surfaces that occurs prior to the
melting or softening of the unreinforced polymer. The detail
of Fig. 1c illustrates how the heat flux is assumed to have the
same type of distribution along the radius as the pressure,
since process transitions to a steady-state phase. This will be
further discussed in Section 2.6.

2.3 Joint formation and investigated joining
conditions

The joint formation of the specimens investigated has been
reported in literature [3]. The connections were produced
using a friction riveting joining equipment: RNA, H. Loitz-
Robotik, Hamburg, Germany. The equipment was custom
build for lab-scale purposes, having a maximum rotational
speed of 21,000 rpm and 24 kN of axial force. The non-
destructive analysis performed by X-ray micro-tomography
(Seifert Isovolt 320/13, Russia) allowed a geometrical charac-
terization of the plastic deformation that underwent by the
rivet tip as a result of the friction riveting process. The mea-
surement used in this work as a comparison criterion is the
maximum width of the deformed rivet tip (W).

Table 1 Selected AA2024-T351 properties [10]

R0.2 [MPa] Rm [MPa] E [GPa] Poisson’s ratio Melting Point [°C]

310 427 72 0.33 518–548
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The experimental joint specimens, hereby defined as
Conditions 1, 2, and 3, investigated in this work were pro-
duced using the parameter sets presented in Table 2. These
joining conditions were selected from the overall DoE (CCD)
performed by Pina Cipriano et al. [3] and represent three high-
ly distinct levels of rivet plastic deformation, presented in
Section 3.3 of the present work.

2.4 Process temperature and statistical analysis

The process temperature was assessed by measuring the tem-
perature of the expelled polymeric flash material, resulting
from the insertion and deformation of the rivet [3]. The max-
imum achieved temperatures were determined from the data

collected via infrared thermometry during the process: high-
end camera series ImageIR, Infratech GmbH, Germany. The
statistical significance of all terms was evaluated at each iter-
ation step by a stepwise backward elimination procedure,
within a response surface methodology, which was used to
establish a predictive model for the process temperature as a
function of the process parameters used in this combination of
materials and parameter windows. The same methodology
that has been used and previously published for other process
responses was applied in the present work for the process
temperature [3]. Figure 2 shows an example of the thermog-
raphy measurements carried out during the process, from
which the process temperature was determined.

2.5 Energy input

A preliminary heat input model has been reported in literature
by Amancio and Dos Santos [8]. This model arising from
principles applied to friction welding processes of both metal-
lic and polymeric materials aims to give an estimation of the
power being converted into thermal energy during the friction
riveting process. The total heat input is considered to arise

Fig. 1 Schematic representation of the friction riveting process phases in
its basic configuration: a pre-joining setup; b softened/molten polymer
layer is formed by the rotation and pressure applied; c initial plastic

deformation of tip of the rivet; and d final joint consolidation. Detail of
exemplifying the profiles of heat flux (q(r)) and pressure (p(r)) applied by
the polymeric material on the rivet tip

Table 2 Parameter sets to produce the investigated joints

Condition RS [rpm] FT [s] FF [N] FoT [s] FoF [N]

1 18,000 1.6 2000 1 5100

2 19,000 1.4 2500 1.5 4500

3 20,000 2 2000 1 5100
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from four distinct contributions during the process. Two of
these contributions result from the solid friction phase that
takes place during the initial instants of the process. The other
two contributions arise from viscous state effects, namely,
viscous dissipation. Amancio and Dos Santos concluded that
the axial contributions, resulting from the normal force ap-
plied, were negligible in comparison with the contributions
arising from friction, both solid and viscous. The solid contri-

bution, Qsol
fr , is determined based on calculations for friction

welding of metals and of spin welding of polymers [12]. The
proposed final simplification takes the form of

Qsol
fr W=m2
� � ¼ 2

3
� π � μ � P rð Þ � vmax ð1Þ

where μ represents the kinematic friction coefficient, P(r), the
normal pressure distribution over the flat circular area at the
rivet tip—in contact with the polymeric plate—and vmax is the
tangential velocity at the outer radius of the rivet.

The viscous component of the frictional contribution,Qvisc
fr ,

arises from the adaptation of the proposed calculation for in-
ternal viscous energy dissipation proposed by Potente and
Reinke [12]. Given the rheological similarities with the
steady-state viscous dissipation phase of the friction riveting
process and assuming simple shear deformation, the following
equation can be used:

Qvisc
fr W½ � ¼ η∙γ2 � Vol ð2Þ

where η is the molten state polymer viscosity and γ and
Vol are the shear rate and volume of the referred molten
polymer, respectively. This equation was rearranged to
obtain the value per area.

Qvisc
fr W=m2
� � ¼ η∙

vmax2

h
ð3Þ

Here, h represents the axial depth of molten polymer layer
ahead of the rivet tip. The molten polymer viscosity is deter-
mined by taking into account both the temperature and shear
rate applied to the polymer. Beginning with the determination
of the viscosity at a given temperature and absent shear rate,
ηT, Amancio and Dos Santos used the Williams-Landel-Ferry
equation [13]:

ηT ¼ η0 � exp
−C1 � T−Tg

� �
C2 þ T−Tg

� �
ð4Þ

In this equation, η0 represents the viscosity of the polymer
at its transition temperature, Tg; C1 and C2 are material-related
constants; and T is the temperature of interest.

Following the proposed modified Cross formulation, by
Stokes and Poslinski [14] for polymer spin welding, the vis-
cosity of the molten polymer under shear, η, can be deter-
mined with the following equation:

η ¼ ηT � 1þ ηT−γ
τ*

� 	αh in−1
α ð5Þ

Here, τ∗ represents the constant related to the point at
which the material is in transition to non-Newtonian shear-
thinning behavior, α is the breath index of the curve, and n
is the power law coefficient associated with rheological be-
havior of the polymer. Given the low contribution of the axial
terms of the model, a simplified equation used by Amancio
and Dos Santos is presented in the following form [8]:

Qtotal W=m2
� � ¼ 2

3
� π � μ � P rð Þ


 �
þ η � vmax

h

� 	� �
� vmaxð6Þ

2.6 Numerical simulation

Using Abaqus software, in the first phase of the work, the
deformation experienced by the metallic rivet during the
friction riveting process was simulated via a fully coupled
thermo-structural analysis, using an axisymmetric model,
solved with explicit method. The explicit solving approach
was selected due to the high non-linearity character of this
model [15]. In this work, the experimental interaction be-
tween the metal and the polymer was modeled using a
simplified approach. The real total resistance, offered by
the polymer, to the advance of the rivet was known, as the
process was experimentally investigated using a force-
controlled time-limited variant. This load was applied

Fig. 2 Infrared thermography used to obtain the maximum process
temperature, measured on the material being expelled as flash
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directly on the top circular surface of the plunged rivet tip, as
seen in Fig. 3. Part of the rivet on the opposite side (non-
plunged extremity) was constrained, to simulate the experi-
mental setup, where the rivet is clamped by the chuck tool
connected to the spindle of the joining equipment.

The heat power was modeled by applying a heat flux
resultant from the calculations using the viscous term of
Eq. 6. The obtained results were 8.2, 9.1, and 10.2 W/
mm2, for Conditions 1, 2, and 3, respectively. The initial
instantaneous solid friction part of the process was simulat-
ed by imposing a temperature equal to the glass transition
temperature, Tg = 215 ° C , of the process at the rivet tip
surface as an initial condition. The contribution of the rota-
tion of the rivet is the main mechanism generating heat dur-
ing the experimental process and is taken into account in the
shear rate experienced by the molten polymer, and inherent
heat generation. Considering the molten polymer flow ad-
vancing ahead of the rivet tip, without rotation, it can ini-
tially be simplified as a parallel flow against the circular
plate of a cylinder, with a stagnation point at the central axis
of the rivet. Given this flow velocity radial gradient, the
resulting pressure applied to the rivet by the polymer must
also be modeled as radius-dependent. For these initial stud-
ies, a radial second-order distribution was modeled by a
field function (f(r) = 0.04r2–0.25r + 0.45) that was used to
apply the pressure load.

Themetallic material behavior was governed by a Johnson-
Cookmodel (Eq. 7), with the material coefficients used shown
in Table 3 [17].

σ MPa½ � ¼ Aþ Bε
n� 	

1þ Cln
ε�
ε�0

 !" #
1−

T−Troom

Tm−Troom


 �m� �

ð7Þ

The FEM analysis was defined as having two domains,
where the plunged tip of the rivet was modeled with adaptive
meshing, using arbitrary Lagrangian-Eulerian (ALE) ap-
proach. This finite element scheme was selected in order to
allow the initial mesh to accommodate the extreme deforma-
tion experienced by the rivet. The properties of the material
were defined as functions of temperature. A constant room
temperature (25 °C) was imposed to the surface of the non-
plunged extremity, upper half, of the rivet simulating the
clamping by the refrigerated chuck connected to the spindle
of the joining equipment.

The mesh established could accommodate the material plastic
flow, bymaking use of anALE approach to adaptivemeshing, at
a frequency of one every increment, using an enhanced control
algorithm for the evolving geometry at the tip of rivet. Preventing
the mesh used from being excessively distorted given the mate-
rial flow, a reduced integration thermal-stress coupled axisym-
metric element was used (CAX4RT). The total number of vari-
ables in the model was 12,456. Mass scaling was also applied to
the whole model, in order to keep the time increment to 1E-8.
These were simplifications necessary to reduce the computation-
al cost of the analysis. The first step of the analysis simulated the
friction phase of the process, corresponding to the application of
rotation and friction force during a given friction time period.
During this step, both pressure and the determined heat flux were
applied to the rivet. Following this, a second step was applied, in
order to simulate the second experimental phase, designated as a
forging phase, during which it is assumed that no heat generation
occurs, since experimentally the rotation is brought to a halt, and
themetallic rivet further deforms plastically, given the plasticized

Fig. 3 Schematic representation of the experimental conditions modeled,
depicting the applied displacement (U) and temperature (T) constraints
and use of radial functions (F(r)) of pressure (p) and heat flux (q)

Table 3 Johnson-Cook material model parameters for AA2024-T351
[16]

A [MPa] B [MPa] n C m Tm [°C]

369 684 0.73 0.0083 1.7 522

Table 4 Parameters for heat input calculations

Input parameter PEI Input parameter PEI

η0 [Pa.s] [14] 1.83E+
13

τ∗ [MPa] [14] 1.02

C1 [14] 31.96 α [14] 0.68

Tg [°C] [11] 215 n [18] 0.32

C2 [14] 51.6 h [mm] 1
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state resulting from the friction phase. The heat flux was applied
to the rivet tip along the radius using the same distribution as for
the pressure (f(r)), previously mentioned. The magnitude of en-
ergy being transferred to the rivet was determined at an assumed
constant temperature (375 °C) in these preliminary investigations
on the process simulation.

3 Results and discussions

3.1 Heat input

For the conditions investigated, the heat input was de-
termined using the parameter values of Table 4, applied
to Eqs. (4), (5), and (6).

The remaining necessary parameter specific to each experi-
mental condition, shear rate, necessary to determine the heat flux
is shown in Table 5, assuming a thickness of 1 mm of molten
polymer flow ahead of the rivet tip, under shear. These were
determined following the calculations described in Section 2.5.
The heat flux was determined at a temperature of 375 °C.

3.2 Rivet plastic deformation computational model

Although higher energy is generated by viscous dissipation at
the outer radius of the rivet, since the velocity gradient is
higher, the energy transferred to the rivet is assumed to be
lower in this region in comparison to the center of the rivet.
This is due to the fact that the polymer in this region is ex-
pelled as flash material as the rivet is inserted, being continu-
ously replenished by newly molten/softened polymer. On the
contrary, at the center axis of the rivet where the pressure is
higher, the polymer is expected to transfer more energy to the
metallic rivet; hence, it is expected that the metal is achieving
higher temperatures at this region, as previously discussed in
Section 2.6. This is in accordance with the typical plastic
deformation geometry of the metal, which seems to evidence
an earlier softening of the material at the center axis than at the

Fig. 4 Example of the metallic rivet microstructure after the plastic
deformation during friction riveting (FT, 2.2 s; FF, 3000 N; RS,
19000 rpm; FoT, 1 s; FoF, 4000 N): a partial view of the deformed
rivet tip; b detailed view of the central area of the rivet tip in contact

with the polymer, where dynamic recrystallization microstructural
changes can be seen highlighted by arrows; and c region of the rivet
feature with the highest increase in radius, where no significant changes
observed

Table 5 Process parameters for heat flux calculations

Condition γ [s-1] vmax [m/s]
(T=375 °C) (T=375 °C)

1 73.6 3.34

2 77.7 3.52

3 81.8 3.71
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outer radius. As such, it was assumed that the pressure and
temperature accumulation at the inserted tip of the rivet evolve
during the process with the changes in the heat flux being
generated, from the initial instances, solid friction, to a steady
developed process, as represented in Fig. 1. For the purposes
of this work, the steady-state developed process mechanisms
are considered (Fig. 1c), since these account for most of the
energy applied to the rivet [8].

These assumptions were correlated to the material changes
experienced by the metal located at the tip of the rivet.
Figure 4 represents the typical microstructure of a metallic
rivet which undergoes a considerable plastic deformation dur-
ing friction riveting. The results observed with microstructural
analysis corroborate the assumption that the temperature in-
crease in the metallic material is higher at the central region,
where highly compacted and also equiaxed, visually smaller
grains can be detected in a thin layer at the bottom part of the
rivet tip center, evidencing the occurrence of annealing mech-
anisms, such as partially dynamic recrystallized grains,
resulting from the temperatures and strains experienced by
the material (Fig. 4b). Although for a different process variant,
Amancio [19] has also reported these trends in previous works
using the same amorphous thermoplastic and a drawn
AA2024-T3 rivet. The fact that at the outermost region (Fig.
4c), the grain structure remains coarse as in the as-received
rivet, is evidence that despite the higher speed, given the great-
er distance to the center, the increase in temperature experi-
enced by the metal appears to be insufficient to promote the
occurrence of dynamic recrystallization-dependent grain re-
finement [20]. Hence, the assumption that both temperature
and pressure at themetal are higher at the rivet axis, previously
described in Section 2.6 (see also Fig. 1), can be, for the
purpose of this study, validated. Additional metallurgical
characterization by SEM-EBSD and TEM would be required
to confirm these assumptions. Nevertheless, these were out of
the scope of this publication.

The plastic deformation at the tip of the rivet was assessed
by comparing the increase in diameter observed experimen-
tally and the result of the numerical simulation, the measure-
ment designated as maximum width of the deformed rivet tip
(W). The overall geometry of the plastically deformed mate-
rial was evaluated qualitatively, being the objective to obtain a
bell-shaped deformation, characteristic of the materials used
when joined by friction riveting without the occurrence of
excessive plastic deformation. For the joining conditions be-
ing investigated, the predicted process temperature was found
to be comparable to the measured values registered experi-
mentally during the joining process by infrared tomography.
The predictive model was determined following the same
methodology applied in previous works available in literature
[3, 6]. The determined equation for the process temperature as
a function of the coded values ([− 2, 2]), with these corre-
sponding to the ranges of the process parameters (FT, [1.4,

2.2] s; FF, [1.5, 3.5] kN; RS, [17,000, 21,000] rpm; FoT, [0.5,
2.5] s; FoF, [3.3, 5.7] kN), of the process parameters is

T ¼ 436:04þ 16:21 RS þ 20:60 FT þ 22:37 FF

þ 0:61 FoT þ 0:55 FoF þ 12:21 FoT*FoF ð8Þ

The model validation resulted in an adjusted R-squared of
78.2%, with a standard error, S, of 15.3 °C and a predicted R-
squared of 74.7%.

Both the experimental and predicted temperature results
were found to be in accordance with the maximum tempera-
ture values at the center of the rivet tip surface, registered for
the simulated process, as a result from the heat flux and pres-
sure profile applied to the rivet tip. This comparison can be
seen in Fig. 5, for the three conditions and the three sets of
temperatures for each condition.

Small differences between the predicted values and those
measured experimentally were observed. A good accuracy

Fig. 5 Plotted comparisons between process temperatures obtained
experimentally (IR), predicted by the statistical model (SM), and
simulated (S) over the friction phase of the joining time for a Condition
1, b Condition 2, and c Condition 3
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between the predicted and simulated results was also ob-
served. One process-associated limitation that can explain
the local variations, of the experimental values, is the irregular
molten polymer flash material formation and expulsion as the
rivet is being inserted [3], varying slightly with increasing
rivet insertion and its plastic deformation. These results make
it possible to assume that the maximum temperature predictive
regression model is an accurate tool to determine the process
temperature evolution during joining, as a function of the pro-
cess parameters, in a simple and analytical manner, for the
combination of material being investigated. Also, given the
similarity of the temperature values, the assumptions, the ap-
proximations, and the determined values for the heat flux ap-
plied to the rivet can be considered validated.

The plastic deformation of the rivet tip was characterized by
the maximum width of the deformed rivet tip (W). The exper-
imental and simulated results were compared to assess the ac-
curacy of the model. Figure 6 shows the maximum temperature
at the end of the friction phase and the final plastically deformed
rivet for the simulated process after forging phase.

When compared with the experimental deformation
(Fig. 7), it is possible to observe that for Condition 1 (smallest

rivet deformation), the same value for W (6.2 mm), was ob-
tained for both experimental and simulated results. With the
increase of energy and deformation, the computational results
begin to deviate from the experimental ones. For Condition 2,
an experimentalW of 7mmwas not well matched by the finite
element analysis, which yielded a W of 6.6 mm, although the
overall rivet tip’s plastic deformation shape was similar. In the
case of the condition with the highest deformation (Condition
3), the model was not able to accurately predict the deforma-
tion (W). The maximum width measured experimentally was
9.3 mm, while the value resulting from the computational
simulation was 8.3 mm. This difference in values may be
explained by the fact that some of the assumptions and sim-
plifications considered for the finite element analysis can be-
come not suitable for such plastic deformation. With the in-
crease of plastic deformation experienced by the rivet, the
polymeric material being expelled during the process is ex-
pected to encounter higher resistance when flowing outwards,
as it tends to follow the exterior contour of the metallic defor-
mation (local increase of radius at the rivet tip), rapidly chang-
ing the subsequent material response to the process. Not only
this but also the fact that a higher volume of material involved

Fig. 6 Simulated process results for both temperature distribution (NT11) and displacement (U) for a Condition 1 (T = 664 °C and W= 6.2 mm), b
Condition 2 (T = 690 °C and W= 6.6 mm), and c Condition 3 (T = 742 °C and W= 8.3 mm)
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in heat exchanges is expected to gradually modify the local
plastic deformation phenomena. The quantification of these
evolutions is expected to become necessary in order to in-
crease the accuracy of future works on a computational model
of the process, particularly influencing local changes at outer
radius of the rivet.

By increasing the computational resources and refining the
boundary conditions applied in this model, it is probable that
these results can be improved, achieving a higher accuracy with
those obtained experimentally. Despite this fact, it is already
possible to state that the model can give a qualitative indication
to the mechanical performance of friction riveted connections.
This is further reinforced by previous publications which have
established good correlations between the plastic deformation
of the rivet and the quasi-static mechanical performance of the
joint, particularly for the cases investigated here, which consti-
tute energy-efficient connections as defined by Pina Cipriano
et al. [6].

4 Conclusions

The present work was able to demonstrate that despite the
assumptions and simplifications, it was possible to obtain a
good correlation between the simulated plastic deformation of
the metallic rivet and the experimental results of the joints
produced. As a first investigation on modeling the friction
riveting process, the results validated the use of the prelimi-
nary heat input model proposed in literature for the process, as
a tool for estimating and simulating the energy being delivered
to the rivet. This was verified by the good accuracy that the
temperature evolution observed computationally demonstrat-
ed to the experimental results. Also, the temperature statistical
predictive model presented was validated as a good simple
analytical tool, capable of yielding the process temperature
as a function of the parameters. The assumptions
made regarding the heat flux applied to the metallic rivet,
specifically that it is highest at the center of the rivet, can be

considered valid, since the resulting simulations demonstrated
similar plastic deformation to the experimental results. For
higher levels of rivet deformation, further investigations
should be carried out in order to improve result accuracy.
Given the fact that the plastic deformation occurs considerably
fast and at such elevated temperatures, changes on both the
adaptive meshing rules and material model used might be
necessary in order to improve the accuracy of the computa-
tional model for high rivet plastic deformation cases. Once a
good correlation between the modeled results and higher plas-
tically deformed conditions is achieved, a qualitative level of
mechanical performance can be inferred from the simulation
without the need for experimental results, given established
correlations published in literature.
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