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Paper findings and significance

In this work a study was carried out to evaluate how the Friction Stir Spot Welding process
parameters affect the temperature distribution in the welding region, the welding forces and the
mechanical properties of the joints. A set of tests was carried out by varying the process parameters,
namely rotational speed, axial feed rate, plunging depth and dwell time.

The mechanical properties of the joints were assessed by executing shear tests on the specimens.

A dependency of welding forces and maximum achieved temperature on rotational speed and feed
rate was observed: high values of rotational speed and low values of feed rate lead to lower welding
forces and higher welding temperatures. In particular, the shear resistance of the joints reaches an
optimum for intermediate conditions of temperature and welding forces, when the material
temperature and pressure reach the condition for solid state phenomena occurrence. An increase of
the shear resistance can be observed for increasing values of plunging depth and dwell time.

The experimental data collected were also used to set up and to validate a simulative model of the
process. The peculiarity of the developed FEM model is a 2D approach used for the simulation of a
3D problem, in order to guarantee a very simple and practical model able to achieve results in a
very short time. An index for the prediction of the joint shear resistance using FEM simulations,

basing on the mean stress and the joining temperature, was finally proposed and validated.

Sincerely,

Gianluca D’Urso



Highlights (for review)

Highlights

Mechanical properties of the joints strictly related to rotational speed: optimal conditions for

intermediate values

Mechanical properties decrease for high feed rate and increase for low plunging depth and

dwell time

Optimal mechanical properties for intermediate conditions of welding temperature and

forces
The proposed FEM model well predict welding forces and temperature

Prediction of the joint resistance using FEM simulations, basing on mean stress and

temperature
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Abstract

A study was carried out to evaluate how the Friction Stir Spot Welding process parameters affect
the temperature distribution in the welding region, the welding forces and the mechanical properties
of the joints. An experimental campaign was performed by means of a CNC machine tool and
FSSW lap joints on AA6060-T6 aluminum alloy plates were obtained. Five thermocouples were
inserted into the samples to measure the temperatures during the tool plunging. A set of tests was
carried out by varying the process parameters, namely rotational speed, axial feed rate, plunging
depth and dwell time. Axial welding forces were measured during the execution of the experiments
by means of a piezoelectric load cell. The mechanical properties of the joints were assessed by
executing shear tests on the specimens. A correlation between process parameters and joints
properties was found.

The experimental data collected were also used to set up and to validate a simulative model of the
process. The peculiarity of the developed FEM model is a 2D approach used for the simulation of a
3D problem, in order to guarantee a very simple and practical model able to achieve results in a
very short time. The 2D FEM model, based on a specific external routine for the calculation of the

developed thermal energy, due to the friction between tool and workpiece, was set up using the
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commercial code Deform 2D. An index for the prediction of the joint shear resistance using FEM

simulations was finally proposed and validated.

1. Introduction

Friction stir welding is a well-known solid state joining process developed by The Welding Institute
(TWI) in Cambridge UK and patented in 1991 [1,2]. FSSW (Friction Stir Spot Welding) is a variant
of the linear FSW, developed by Mazda Motor Corporation (Sakano et al. [3]) and Kawasaki Heavy
Industry (Iwashita [4]). This welding technology is suitable to obtain spot lap joints and consists in
a process similar to the FSW, except for the tool movement: the rotating tool is plunged into the
overlapped sheets up to a predetermined depth, the rotating tool is held in that position for a specific
time (often named dwell period or dwell time) and finally it is retracted. Several variations of the
process also include a limited horizontal movement of the tool. The frictional heat generated at the
interface between tool and workpiece softens the surrounding material, while the movement of the
pin yield the material flow in both the circumferential and the axial directions [5]. The mixing of the
plasticized material and the pressure applied by the tool shoulder result in the formation of a solid
bond region [6]. FSSW can be considered as a transient process due to its short cycle time (usually
a few seconds). During FSSW, the process parameters determine the amount of generated heat, the
material plasticization around the pin, the weld geometry and therefore the mechanical properties of
the joint [7].

FSSW is already applied in several industrial fields as a valid alternative to other spot joining
technologies such as riveting, resistance spot welding (RSW) etc. In particular, this technology has
recently received large consideration from automotive, aerospace, in-white and other industries.
Such innovative techniques also allow to join the so-called un-weldable or hard-to-weld light alloys
or advanced high-strength steels (AHSS) [8, 9]. Moreover, this technology can be applied to join

non-metallic materials, such as polymers [10, 11]. A disadvantage of this technology is that a



keyhole generally remains at the center of the stirred zone, if a retractable pin technology is not
used.

Heat and plastic flow, due to tool rotation, determine remarkable microstructural modifications
resulting in a local change of material mechanical characteristics around the joint. In particular,
moving from the periphery of the joint towards the joint axis, the base material (BM), in which no
metallurgical modification are expected, is initially found. Then, there is a heat affected zone
(HAZ), where the material undergoes a thermal load that modifies microstructure and mechanical
properties. Afterwards, a thermo-mechanically affected zone (TMAZ) can be observed, in which
the material is plastically deformed by the tool stirring action and an increase of the material
average grain size is expected. Finally, the nugget is located in the middle of the joint, in this
recrystallized area original grains are usually replaced with fine grains of uniform size [12, 13].
Furthermore, FSSW joints show a particular configuration: the tip of the notch at the surfaces in
contact between the welded plates is curled upward. This effect is caused by the material flow
during welding and it is commonly defined hooking effect or hook [14-16]. This hook is due to the
upward bending of the initial sheets interface after penetration of the tool in the lower plate and its
presence is considered a major concern when discussing the fracture of friction stir spots welds
[17]. The oxide layer initially localized on the surfaces of the sheets is broken during welding and
distributed through the weld, so affecting the joint resistance.

As already said, the quality of the FSSW joints depends on several process and geometrical
parameters; the process parameters are spindle rotational speed, axial feed rate, dwell time and
plunge depth, while the geometrical parameters are shape and diameter of both tool pin and
shoulder. If process conditions for the welds are not optimized, the resulting joint may be not
effective or even contain weld defects. The increasing application for this welding technology has
attracted attention and interest of many researchers who have studied several aspects, such as the
determination of optimal sets of process parameters, the mechanical strength and the

microstructural properties of the joints, that in many cases show a reciprocal dependence.



Some Authors demonstrated that the lap shear load first increased, and then decreased for
increasing values of the tool rotation speed [3, 18]. Other Authors observed that higher weld
strength can be related to a larger stir zone size, achieved by reducing the tool rotation speed [19
20]. In [21] it was found that the shearing resistance of the weld increases for decreasing values of
the tool rotating speed and for increasing tool plunge rate. In [20] it was declared that the weld lap
shear strength can be increased by increasing the dwell time or by optimizing this parameter, as
reported in [22]. On the opposite, some Authors [23] found that the resistance of the joints
decreases when decreasing the tool rotating speed.

As demonstrated by the literature cited above, the results on how the process parameters affect the
joint properties are diverse and the influence of the welding conditions on the joint characteristics
and fracture is not yet fully understood; then, only a general comparison can be achieved because of
different alloy use, varied alloy thickness and tool design.

A potential valid method to deepen some aspects concerning the thermo mechanical phenomena
occurring during FSSW is based on the simulation of the process by means of FE codes.

Many investigators have tried to simulate friction stir welding process even though the use of FEA
methods in this field is not widespread because, in general, it is an hard task, due to the high strain
and strain rate occurring during the process, resulting in a complicated problem involving non-
linear material behavior, excessive mesh distortion and high computational efforts. Moreover a
validation based on the experimental measure of temperature and welding forces is always essential.
Some three-dimensional models have been developed for friction stir spot welding (FSSW) using
different approaches and FEM codes. A computational fluid dynamics (CFD) approach was used by
Gerlich et al. [24] to model FSSW. Using the same approach, the temperature distribution and the
flow of metals, by using the computational fluid dynamic code FLUENT with non-Newtonian fluid
model, was analyzed by Langerman and Kvalvik [25] and by Colegrove and Shercliff [26]. In
general, when a fluid model is used, it is difficult to approximate metal properties of the plastic

deformation behavior. On the other hand, in [27], the thermo-mechanical processes during the



plunge phase was analyzed by means of numerical simulation and the model was set up by using a
rigid welding tool and a deformable work-piece, meshed using eight node-coupled temperature
displacement brick elements. In [28], temperature, stress and temperature-deformation aspects were
analyzed for aluminum alloy AA6061-T6 workpieces; adaptive meshing, which uses brick elements
and allows to preserve mesh quality under high strain conditions, is used to simulate material flow
and temperature distribution in FSSW process. Rajamanickam et al. [29] and Zhang and Zhang [30]
analyzed the temperature distribution and the plastic deformation by using the finite element code
ABAQUS with an elastic—plastic deformation model. D’Urso et al [31] set up a 3D rigid-plastic
model by using DEFORM to analyze welding force and temperature distribution as a function of
the process conditions.

The present work deals with an experimental and simulative study of the FSSW process for the lap-
joining of thin aluminum sheets. An experimental campaign was performed on AA6060-T6
aluminum sheets. The FSSW process was applied on couples of overlapped sheets by varying
rotational speed, feed rate, plunging depth and dwell time. Axial welding forces and temperature
distribution in the joining region were recorded during the tests and their dependency from the
welding parameters was studied. Shear tests were also performed to evaluate the quality of the
joints as function of the welding conditions. The results were used to feed a simulative FEM model
for the prediction of temperature distribution and welding forces. A numerical model of the FSSW
process was developed and implemented using the commercial FEM code Deform 2D. A final

comparison between numerical and experimental results was performed to validate the model.

2. Experimental procedure
2.1 Experimental set up
A Friction Stir Spot Welding (FSSW) experimental campaign was performed by means of a CNC

machine tool. FSSW lap joints were executed on AA6060-T6 aluminum alloy sheets having a



thickness equal to 2 mm. The tool was fabricated using AISI 1040 steel, shoulder and pin diameters
were respectively equal to 12 and 4 mm. Two different experimental investigations were performed
to evaluate how the welding process parameters affect the thermal distribution in the welding

region, the welding forces and the mechanical properties of the joints.

2.2 Thermal characterization and welding forces

The specimens used for these tests were made as single parts, by milling a plate with an initial
thickness equal to 4 mm. The geometry and the dimension of the specimens are shown in figure 1.
This solution was set up to avoid possible effects due to the thermal contact resistance between the
plates and to guarantee proper and stable measurements of the temperatures during the tests. Five
holes having a diameter equal to 1 mm were executed on each sample, in the width direction, at a
specific distance from the specimen center (4, 5, 7, 8, 10 mm). These holes were carried out at half
height of the overlapped part of the samples (2 mm) and their depth was equal to half of the
specimens width (15 mm). Five thermocouples having a diameter equal to 1 mm were inserted into
the holes during the execution of the FSSW experiments. A specific clamping system was
fabricated to block the specimens and several thin rectangular slots were machined to allow the
thermocouples entrance (figure 2). A Kistler piezoelectric load cell was used to measure the
welding forces in axial (Z) direction. The tests were carried out varying tool rotational speed (S)
[rpm], feed rate (F) [mm/min], plunging depth (Z) [mm] and dwell time (t) [s]. The tests were based
on a Box-Behnken Design (factors: 4, replicates: 1, base runs: 27, total runs: 27, center points: 3).

All the welding conditions are resumed in table 1.
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Figure 1 - Details of the specimens prepared for the thermal analysis.

Figure 2 - Details of the clamping system.

Table 1. Welding conditions for the thermal analysis experiments.

Rotational Plunging Dwell
Speed (S) F‘ﬁﬁ?ﬂgﬂ Depth (2)  Time (1)
[Rpm] [mm] [s]
1000 30 3.7 10
1000 20 37 15
5000 10 37 10

3000 20 3.8 0.5



5000 30 3.7 1.0

3000 30 3.7 1.5
3000 20 3.7 1.0
1000 20 3.6 1.0
3000 10 3.7 15
5000 20 3.8 1.0
1000 20 3.7 0.5
3000 20 3.7 1.0
3000 10 3.8 1.0
3000 30 3.8 1.0
3000 10 3.7 0.5
3000 20 3.8 15
5000 20 3.7 15
5000 20 3.7 0.5
3000 20 3.7 1.0
1000 20 3.8 1.0
1000 10 3.7 1.0
3000 20 3.6 15
3000 30 3.6 1.0
3000 30 3.7 0.5
3000 10 3.6 1.0
5000 20 3.6 1.0
3000 20 3.6 0.5

2.3 Mechanical characterization

Sheets having a length of 100 mm, a thickness of 2 mm and a width of 30 mm were overlapped for
40 mm and friction stir spot welded. Also in this case, the tests were carried out by varying S, F, Z
and t. The experiments were based on a Multilevel Factorial Design (factors: 4, replicates: 2, base
runs: 72, total runs: 144, number of levels: 4; 3; 3; 2). The values of the varied parameters are

reported in table 2.



Table 2. Values of the parameters varied in the experiments for the mechanical characterization.

Rotational Plunging

Feed Rate (F) Dwell
Speed (S) ; Depth (2) .
mm/min Time (t) [s
Rpm] [ ] (] (®) [s]
500 — 1000 — 3.6-3.7-
3000 — 6000 10-20-30 38 05-15

The mechanical properties of the joints were evaluated by means of shear tests. A universal testing
machine Galdabini (50 kN load cell) was used for this purpose. The traverse rate was set equal to 5
mm/min and a preload equal to 100 N was applied. The mechanical properties of the welded joints
were investigated along a direction orthogonal with respect to the overlapping line. Two plates
having a thickness equal to 2 mm were fixed on the edges of the specimens to avoid possible

parasite bending moments. Figure 3 shows the shear test set up.

Additional plates Clamping System

Specimen

Figure 3 - Example of the shear test set up.

3. Analysis of the results
3.1 Welding forces and temperature
The Analysis of Variance (ANOVA) was carried out on the maximum values of data coming from

the thermal and welding force tests. A general good repeatability with low data scatter was observed



in all cases. The main results, reported in table 3, show that welding force and temperature are
influenced by both rotational speed (S) and feed rate (F), being the p-values very low (less than the
alpha value set to 0.05). A partial influence can be ascribed to plunging depth (Z), while dwell time
(s) resulted to not influence significantly the considered output parameters. A second degree effect
on welding force, related to rotational speed, was also evidenced by the ANOVA. Based on these
considerations, only the parameters that resulted to be significant were taken into account in the

further analysis.

Table 3. ANOVA output for welding forces and temperature indicators.

P-value
Source 'Melding T2 T3 T4 TS5
force
S 0 0 0 0 0 0
F 0 0 0 0.022 0.027 0.006
Z 0.036 > 0.05
t > 0.05 > 0.05
S*S 0 >0.05

As an example, the regression equation of the temperature distribution for T1 (temperature
measured by the thermocouple located at 4 mm from the joint axis, that is in all cases the maximum
revealed temperature), is reported in eq. 1 as a function of all the parameters resulting effective

from the analysis.

T1=318+0.0718S-1.38 F (1)

The temperature distribution [C°], measured by the thermocouples T1 and T3, is reported in figure
4 as a function of S and F. A systematic behavior can be observed in the thermal distribution: a
more sharp and higher peak of temperature is measured for low values of feed rate (at the same

rotational speed). For high rotational speed the raise of temperature is faster with respect to the



lower speeds. Finally, for low values of feed rate, the temperature distribution at the initial phase of
the process results very similar independently by the thermocouple position (first part of the curves
continuous and dashed almost overlapped); on the contrary, for high values of the feed rate, the

thermal distribution retard leads to an overlapping of the curves in the last phase of the process.
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Figure 4 — Temperature distribution [C°] as a function of S and F, measured by the thermocouples

T1land T3.



Figure 5 shows the maximum temperature (at five different distances from the joint axis) and the
maximum axial welding load as a function of tool rotational speed (S). The temperature values refer
to an intermediate value of feed rate (F=20 mm/min). Figure 6 shows the temperature and the axial
welding load as a function of feed rate (F) for an intermediate value of rotational speed (S=3000
rpm). Figure 7 shows the temperature and the axial welding load as a function of the plunging depth
(2) for intermediate values of rotational speed (S=3000 rpm) and feed rate (F=20 mm/min). As a
general remark, the temperature increases for increasing values of rotational speed, while slightly
decreases for increasing values of feed rate. The welding forces decrease for increasing values of
rotational speed, while they increase when feed rate increases too. Finally, the maximum welding
forces usually increase for deeper values of tool penetration. As a general consideration, the
increase of rotational speed and the consequent higher thermo-mechanical contribution leads to an
increase of the material temperature; this gives rise to the reduction of material penetration
resistance and then to the reduction of axial welding force. On the contrary, the increase in welding
speed accelerates the entire welding process, reducing the time in which the thermal distribution
between tool and workpiece and within the workpiece itself occur; these conditions limit the

temperature increase that results in higher welding force.
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Figure 5 - Temperature and axial welding load as a function of tool rotational speed (S)
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Figure 6 - Temperature and axial welding load as a function of feed rate (F)
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Figure 7 - Temperature and axial welding load as a function of plunging depth (2)

In order to give a more concise representation of the results, figure 8 shows both welding force and
maximum temperature data as a function of the F/S (feed rate divided by rotational speed) ratio, that
represents the feed rate per unit revolution [mm/rev]. In effect, this parameter is strictly related to
the thermal contribution. The data concerning plunging depth and dwell time were averaged since

considered as not significant from the ANOVA analysis.



As a general conclusion, it is possible to state that high values of rotational speed and low values of
feed rate lead to high welding temperatures and low welding forces. An opposite result can be
obtained by means of high rotational speed and low feed rate. This effect can be related to the
thermal contribution which in general increases for decreasing values of the ratio between F and S.
Anyway, some more considerations can be drawn taking into account also the results of the

mechanical tests reported in the following paragraph.
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Figure 8 - Welding force and temperature at different position from the welding axis, as a function

of the F/S ratio.

3.2 Mechanical characterization

ANOVA (Analysis of Variance) statistical investigation was also carried out on the data coming
from the shear test. Table 4 shows the ANOVA output in terms of P-values of the process
parameters for shear resistance indicator. Figure 9 shows the main effect plots for shear resistance
as a function of the welding parameters. A general good repeatability was found in all cases and all

the considered factors (S, F, Z and t) influence the mechanical properties of the joints in terms of



shear resistance, being the p-values very low. Moreover, no significant interaction between the
factors can be found except for “S*Z” that has shown a p-value under 0.05. By combining these
results with the data coming from the thermal analysis, it is possible to observe that plunging depth
and dwell time do not influence the process conditions (temperature and welding force), even if

they influence the mechanical properties of the joint.

Table 4. ANOVA output, P-values of the process parameters for shear resistance indicator.

Source P-value

S 0
F 0.001
Z 0
t 0.001
S*Z 0.001
3.0 S [rpm] F [mm/min]
2.5+
2.0 A1 —
— ;\.
g s / N—"
=
(@) T T T T T T T
§ 500 1000 3000 6000 10 20 30
§ 3.0 Z [mm] t [s]
=
()]
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T T T

36 37 38 5 15

Figure 9 — Main effect plot, data means for shear load at rupture (expressed in kN)



The combined effect of S and F is shown in figure 10a: in this case it is possible to observe how the
F parameter has a significant effect only for a limited range of rotational speed while feed rate is
effective in the whole tested range. In order to appreciate the effects of the second degree parameter

“S*7”, a 3D plot is reported in figure 10b.
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Figure 10 - Surface plot, shear load at rupture (expressed in kN) as a function of S,F (a) and as a

function of S, Z (b).

As showed in figure 9, the mechanical properties of the joints are strictly related to the rotational
speed and in particular an optimal condition (relative maximum of the shear resistance vs. rotational
speed curve) was evidenced in correspondence of F=1000 rpm. This is in agreement with some
studies reported into the literature [3,18]. Moreover, the increase of feed rate results in a general
reduction of mechanical properties. Within the limits of the present investigation, a general increase
of the shear resistance can be observed for increasing values of the plunging depth. A similar
consideration can be also made for the dwell time.

In order to give more concise information, maximum shear strength, maximum temperatures and
maximum welding forces were finally plotted as a function of the feed rate per unit revolution
(F/S). Figure 11 shows the shear strength [kN] and the maximum welding temperature [°C]
(temperature measured by the thermocouple closest to the welding axis, T1) as a function of F/S

ratio [mm/rev]. A power fitting low of the temperature distribution was also plotted together with



the interpolating equation; a very good matching was found (R? = 0.94). Figure 12 shows the shear
strength [kN] and the maximum welding force [N] as a function of F/S ratio [mm/rev] together with
a logarithmic fitting equation of the welding force distribution; also in this case a good matching

was achieved (R* = 0.94).

=O=Shear Strenght

3.0 - 500
\ ={3= Temperature

25 3 A~ u
5 . .L‘J \ —— Power
E | /\ (Temperature) &)
= 20 S
5 N ¢
£ \\ - 400 E
= 15 g
# N g
=] \ E‘
< =SS
210 v =225 625011 S
7 Re—0.944 \ >/f

0.5 300

0 0.01 0.02 0.03 0.04 0.05 0.06
F/S [mm/rev]
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The shear strength vs. F/S curve shows an intermediate region in which optimal mechanical
properties of the joints can be achieved. For very low values of the F/S ratio the temperature in the
joining region is too high, resulting in low welding forces and consequent limited hydrostatic
pressure applied to the material. This condition produces joints with limited shear strength. On the
opposite, for very high values of the F/S ratio, the temperature of the material is too low and under a
certain limit the solid state bonding phenomena does not occur even if a very high pressure,
resulting by high axial forces, is applied (see figure 12). Finally, an optimal combination of these
two conditions minimizes the thermal effects on the material and, at the same time, increases the

compressive (hydrostatic) stress in the joint region.

4. FEM simulation

A 2D model has been developed in DEFORM 2D environment to easily and quickly simulate a
FSSW operation in terms of generated heat, temperature distribution and force required. Since it is
not possible to simulate the pin rotation using a axisymmetric model, a specific simulation approach

has been adopted to compute the heat generated by the pin.

4.1 model description
The approach followed to set up the simulations is based on an analytical model for the heat flux

calculus described in [32]. A scheme of the analytical model is reported in figure 13.



|
SR

ro_| | dr
| S e

Figure 13 — Scheme of the 2D analytical model.

The heat flux g can be calculated as the product of the torque Mt acting on the pin and due to the
friction present at the interface between the pin and the parts to be welded and the angular velocity
o:

q=Mt-w @)
Where w is expressed as a function of the rotational speed S:

®=2r-5/60 3

While Mt can be calculated as the integral of the infinitesimal torque contribution due to the friction

acting at the pin-parts interface:
Mtz_[Rr-zﬁ«rp‘f~dr=IR27z~r2-p~f~dr 4)
0 0

Where R is the pin radius, p is the pressure in r and f is the friction coefficient.



If p is considered uniformly distributed, it can be calculated as:

p=F/\ )

Where F is the vertical force acting on the pin and A the contact area of the pin; afterwords, Mt can

be calculated as:
2 3
MtZEﬂ'-R p-f (6)

When these equations were implemented in the 2D FEM model, the integral was transformed in a
sum of finite terms. Moreover, since the FEM engine can calculate the local pressure acting on the
single boundary element of the pin mesh, the pressure can be defined as a function of the radial

position and Mt can be more correctly expressed as:

n-1
Mt 222”' i (Fa = 1) Pijsr - f (7

i=1

Where n is the total number of the pin boundary nodes at the interface between pin and parts, r; and
ri+1 are the radius values of the i-th and (i+1)-th nodes, r; ;.1 is the average value of these two radii
and pi i+1 is the pressure acting on the boundary element included between the i-th and (i+1)-th

nodes (see figure 14).
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Figure 14 — Scheme of the 2D FEM model.

Then, the heat flux generated at the pin-workpiece interface along the element defined by the i-th
and the (i+1)-th nodes corresponds to the single term of the last expression multiplied by the
angular velocity o and divided by the circular area, defined by the same nodes. This heat flux was
imposed to the pin as boundary condition. Thanks to the coupled thermo-mechanical simulation set
up, the imposed heat flux locally increases the temperature of both the pin and the welding region as
the tool rotates. Since the set of calculus previously described cannot be carried out directly into the

model, an external routine was developed for this purpose.

4.2 model validation

Some simulations were finally run, the process parameters were set according to the experimental
tests, while material properties were selected from Deform database. Figure 15 shows an example
of the simulative temperature distribution generated by the following process parameters: S= 5000

rpm, F=10 mm/min, Z=3.7 mm, t=1s5.
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Figure 15 — Example of FEM output: temperature distribution (S = 5000 rpm, F = 10 mm/min, Z =

3.7 mm).

A validation of the FEM model was performed through the comparison of numerical and
experimental data. Figures 16 a-c-e show a comparison between numerical and experimental results
in terms of temperature distribution at 4 mm from the joint axis vs. axial stroke curves (S=1000 rpm
and F=30 mm/min, S=3000 rpm and F=20 mm/min, S=5000 rpm and F=10 mm/min). The same
kind of comparison was executed in terms of maximum axial force and reported in figures 16 b-d-f.
If we consider the complexity of the simulated process, a satisfactory matching was achieved: the
simulative curves well approximate the corresponding experimental ones and the maximum
estimated values differ at least for 17% in forces and 1,6% in temperatures. An acceptable matching
was achieved in terms of curves behaviour. It must be noted that a significant discrepancy was only
observed for the welding forces in the condition S=1000 rpm and F=30 mm/min; in this specific
case, having a very low F/S ratio, the FEM model is not able to predict a particular behaviour

(different from all the other conditions) evidenced by the experiments.
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Figure 16 - Comparison between numerical and experimental results in terms of temperature

distribution at 4 mm from the joint axis vs. axial stroke curves (a-c-e) and maximum axial force vs.

axial st

roke (b-d-f).

Basing on the previous considerations, the mean (hydrostatic) stress and the temperature in the

welding region are strictly related to the joint shear strength. Then, a simulative predictive index of

the joint resistance was defined basing on these two parameters and reported in eq. 8.

Resistance index =

|0'idr|T2

k

(8)




Where k is a constant value (in this specific case set equal to 30000), oig is the mean stress and T
the maximum temperature measured in the welding region at the last simulative step. A comparison
between experimental and simulative results in terms of shear strength and predictive resistance
index as a function of the F/S ratio is reported in figure 17. A good matching between experimental
and simulative curves was achieved. A significant discrepancy can be observed only in the first part
of the curve, were the combination of very high tool rotational speed and low feed rate result in

severe thermal conditions and low welding forces.
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Figure 17 - Comparison between simulative and experimental results in terms of shear strength and

predictive resistance index as a function of the F/S ratio.

5. Conclusions

An experimental campaign was carried out to study how the FSSW process parameters affect the

thermal distribution in the welding region, the welding forces and the mechanical properties of the



joints. A dependency of welding forces and maximum achieved temperature on rotational speed and
feed rate was observed: high values of rotational speed and low values of feed rate lead to lower
welding forces and higher welding temperatures. The mechanical properties of the joints are strictly
related to these aspects. In particular, the shear resistance of the joints reaches an optimum for
intermediate conditions of temperature and welding forces, when the material temperature and
pressure are high enough for the solid state phenomena occurrence. Moreover, an increase of the
shear resistance can be observed for increasing values of plunging depth and dwell time.

A simulative model for the evaluation of thermo-mechanical effects in FSSW was proposed in this
study. The peculiarity of the FEM model set up for this work is a 2D approach used for the
simulation of a 3D problem. This solution resulted in a very rapid simulative tool, if compared with
3D FSSW simulations that usually require several hours or even days for the computation. An index
for the prediction of the joint shear resistance using FEM simulations was finally proposed and

validated.
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Table 01

Rotational Speed (S) Feed Rate (F) Plunging Depth (Z) Dwell Time (t)

[Rpm] [mm/min] [mm] [s]
1000 30 3.7 1

1000 20 3.7 15
5000 10 3.7 1

3000 20 3.8 0.5
5000 30 3.7 1

3000 30 3.7 15
3000 20 3.7

1000 20 3.6

3000 10 3.7 15
5000 20 3.8 1

1000 20 3.7 0.5
3000 20 3.7

3000 10 3.8

3000 30 3.8

3000 10 3.7 0.5
3000 20 3.8 15
5000 20 3.7 15
5000 20 3.7 0.5
3000 20 3.7

1000 20 3.8

1000 10 3.7

3000 20 3.6 15
3000 30 3.6 1

3000 30 3.7 0.5
3000 10 3.6

5000 20 3.6

3000 20 3.6 0.5




Table_02

Rotational Speed (S) Feed Rate (F) Plunging Depth (Z)  Dwell Time (t)
[Rpm] [mm/min] [mm] [s]

500 — 1000 — 3000 — 6000 10 —20 - 30 36-3.7-3.8 05-15




Table_03

P-value
Source WVElding T2 T3 T4 T5
force
S 0 0 0 0 0 0
F 0 0 0 0.022 0027  0.006
z 0.036 >0.05
t >0.05 > 0.05
S5*s 0 > 0.05




Table_04

Source  P-value

S 0
F 0.001
y4 0
t 0.001

S*Z 0.001




