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Numerical Simulation of Friction Stir Spot Welding Process
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Thermo-mechanical simulations of the Friction Stir Spot Welding (FSSW) processes were performed for AA5083-
H18 and AA6022-T4, utilizing commercial Finite Element Method (FEM) and Finite Volume Method (FVM)
codes, which are based on Lagrangian and Eulerian formulations, respectively. The Lagrangian explicit dynamic
FEM code, PAM-CRASH, and the Eulerian Computational Fluid Dynamics (CFD) FVM code, STAR-CD,
were utilized to understand the effect of pin geometry on weld strength and material flow under the unsteady
state condition. Using FVM code, material flow patterns near the tool boundary were analyzed to explain weld
strength difference between welds by a cylindrical pin and welds by a triangular pin, whereas the frictional
energy concept using the FEM code had a limited capacity to explain the weld strength difference.
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1. INTRODUCTION

Friction Stir Spot Welding (FSSW) is an evolving tech-
nique that has been rapidly gaining momentum since the
beginning of this decade and has already found its place in
commercial applications in the automotive industry, espe-
cially to replace conventional welding techniques including
the Resistance Spot Welding (RSW), which showed poor
weldability for advanced high-strength steels as well as alu-
minum alloys [1-6]. Although the principle of FSSW is sim-
ilar to that of linear Friction Stir Welding (FSW), the process
is much more complex in the sense that the actual welding
time itself is short but the process dynamics involved are still
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similar — tool plunge, material mixing (during dwell time)
and tool retraction. FSSW can be considered as an unsteady
state (transient) process whereas linear FSW is a steady state
process, especially for the linear welding process [7,8].

After a rotating tool is plunged into workpieces in a lap
configuration, the tool rotates for a few seconds without
translation motion, which is the dwelling process. The rotat-
ing tool is then retracted from workpieces. Heat is generated
by plastic dissipation at workpieces stirred by the rotating
tool as well as by the friction between the tool and the work-
pieces. The workpieces stirred and softened by heat are ulti-
mately joined together during the FSSW process. The advantages
of FSSW include low residual stress and low energy input
compared to the conventional welding method. One way to
optimize the process is to utilize the thermo-mechanical mod-
eling of FSSW.
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The key parameters to judge the performance of FSSW are
tool geometry, tool rotational speed, plunge depth and hold
(dwell) time. Each of these parameters has an influence on
the weld in terms of heat input, material mixing and weld
cycle time, all of which are crucial to achieving a sound weld
in terms of strength and morphology. The heat generated at
the interface between the tool and the workpiece is an impor-
tant aspect in making good welds. The temperature gener-
ated by the FSW process ranges from 80 % to 90 % of the
melting temperature of the welding material, as measured by
[9] and [10]. The amount of the heat input into the workpieces
dictates the quality of the spot weld (in terms of static strength,
micro-structure, residual stress etc.).

The scope of this paper is to develop a simulation model to
predict weld performance after the FSSW process in terms
of weld strength as well as morphology. The Computational
Fluid Dynamics (CFD) Finite Volume Method (FVM) code
STAR-CD [11] as well as the explicit dynamic FEM code
PAM-CRASH [12] were used. The FSSW process consists
of plunging, dwelling and retracting steps. Unlike linear FSW
[7,8], FSSW cannot be considered as a steady state process
wherein the whole welding process is conducted in a short
time and consists only of a short dwelling step.

In the FVM model, the FSSW process was simulated as a
coupled thermo-mechanical analysis, using the moving (rotating)
mesh method. Two pin geometries, cylindrical and triangular,
were considered to explain their effect on weld strength
difference, as related with hook formation. In the FEM
model, the FSSW process was simulated to evaluate the
effect of various tool geometries on weld strength. Here,
unlike in Eulerian simulations, frictional boundary conditions
were imposed at the interface between the tool and the
material. Contact energy and contact force were then used as
criteria for spot weld strength, since the driving force for the
spot formation is the energy produced by the contact
between the tool and the sheets. Note that the FEM model
was applied first just for the preliminary evaluation of the
effect of various tool geometries on weld strength based on
mechanical analysis only. The thermo-mechanical FVM
simulation was then performed later for the detailed understanding
of the cause of the strength difference considering the two
pin geometries, which showed a major difference.

2. THEORY

For the thermo-mechanical analysis of FSW processes, the
continuity equation as well as the momentum and energy
conservation equations was solved with temperature depen-
dent material properties. The mechanical property was assumed
rate-insensitive and incompressible rigid-perfect Mises plas-
tic [7,8] based on the normality rule; i.e.,

S=2uD
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where D and S are the rate of deformation and deviatoric
Cauchy stress tensors, respectively, and o, £ and u are the
Mises effective yield stress, conjugate effective strain rate and
viscosity, respectively. The yield stress o (7) is temperature
(T) dependent and the viscosity (7, €) is dependent on tem-
perature and strain rate as, from Eq. 1,
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where o is the Cauchy stress tensor, p is density, b is the
acceleration of body force, v is a velocity vector and  is time,
respectively, while D/Dt is the material time derivative and
the density po(7) is temperature dependent. The boundary
condition of Eq. 3 is either the distribution of velocity or trac-
tion. The continuity equation is given as
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where 0/0t is the spatial time derivative.

The energy conservation equation [13] is

DT .

pCpE:V(kVD+Q5 (5)
where C, is the specific heat, £ is the thermal conductivity and
Q is the heat generation rate by plastic dissipation. The spe-

cific heat C,(7T) and the thermal conductivity 4(7) are temper-
ature dependent, while the heat generation rate O becomes

Q =aS:D, (6)

where « is the conversion factor (¢ was assumed to be 1.0 in
this work).
The convective heat boundary condition of Eq. 5 is given by

_h
VT = k(T—TB), @)

where / is the convective heat transfer coefficient and 73 is
the surrounding temperature.

3. EXPERIMENTAL PROCEDURE

3.1. Welding process

FSW was performed on sheets of AA5083-H18 (upper
sheet thickness of 1.64mm and lower sheet thickness of 1.24
mm) and AA6022-T4 (sheet thicknesses of 1.0 mm) by
using a CNC controlled 3-D Linear FSW system called a
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Fig. 1. CNC controlled 3-D linear FSW system ‘HitSpin type GR3DC5T’:
(a) 3-D FSW system ‘HitSpin’ and (b) the machine head.

“HitSpin type GR3DCS5T” that had a 7.5 KW spindle servo-
motor (the spindle motor can operate up to 3000 rpm). As
shown in Fig. 1, this system has 6 axes, i.e., X, Y, Z, A, C-
axis and Spindle. The axial load capacity is designed up to
10 kN, which corresponds to about 5 mm weld depth for alu-
minum and magnesium alloys. The chemical compositions
of the AA5083-H18 and the AA6022-T4 sheets are shown
in Table 1 [14].

Table 1. The chemical composition for AA5083-H18 and
AA6022-T4 in wt.%

Component AAS5083-H18 AA6022-T4
Aluminum, Al 92.4-95.6% 96.7 - 98.7 %
Chromium, Cr 0.0500 - 0.250 % <=0.100 %

Copper, Cu <=0.100 % 0.0100 - 0.110 %

Iron, Fe <=0.400 % 0.0500 - 0.200 %
Magnesium, Mg 4.00 - 4.90 % 0.450 - 0.700 %
Manganese, Mn 0.400 - 1.00 % 0.0200 - 0.100 %

Silicon, Si <=0.400 % 0.800 - 1.50 %

Titanium, Ti <=0.150 % <=0.150 %

Zinc, Zn <=0.250 % <=0.250 %

Fig. 2. Welding jig with a coupon in a cross-tension configuration.

Welds were made in a cross-tension configuration with
coupon dimensions being 150 mm x 50 mm, as shown in
Fig. 2 with the jig used for welding [15]. The specific reason
for welding to be done in this cross-tension configuration
was that welded coupons were to be implemented in an
application in which the structure was subjected to uniaxial
tension loading normal to the welds. Since the purpose of
this study was to evaluate the effect of tool geometry on
static strength, the weld parameters were fixed as follows:
the tool rotation speed was 1,500 rpm for AA5083-H18 and
2,500 rpm for AA6022-T4, while the plunge and retract
speeds were 20 mm/min and the dwell time was 2 s. These
weld parameters gave reasonable results when used in a pre-
liminary study [16]. The tool was made of tool steel H13
with several tool geometries, as shown in Fig. 3 with tool
dimensions [17].

Fig. 3. Pin geometries, (a) conventional tool, (b) unconventional tool
with 12 mm shoulder diameter.
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3.2. Weld characterization

Cross sectional macro- and micro-structures of welds were
examined by using an optical microscope for the AA5083-
H18 sheet. Metallographic specimens were cold mounted in
self-curing resin, and then subjected to mechanical grinding
up to 2400 grit SiC paper and polishing with 0.05 um silica
suspension [18]. The specimens were also tested for weld
strength on an Instron screw driven test machine at a con-
stant crosshead speed of 5.0 mm/min.

4. THERMO-MECHANICAL MODELING

4.1. FEM under the Lagrangian description
4.1.1. Model description and boundary condition

The mechanical simulation of the FSSW process for AA6022-
T4 was performed using the explicit dynamic FEM code
PAM-CRASH [12] without thermal analysis. In this FEM
analysis, the plunging and dwelling steps were simulated as
an unsteady process. Large deformation and severe contact
conditions were simulated with the mass scaling method and
the damage elimination model option, in view of saving
computational time and achieving better numerical conver-
gence. If the time step of an element becomes smaller than
the given mass scaling time step, the code adjusts its mass
density such that its time step equals the given mass scaling
time step. This option is useful in finite element meshes where
element sizes are small but vary and can lead to important
savings in computational time without noticeable deterioration
of the solution. The damage elimination model assumes that,
when the equivalent plastic strain reaches a specific value, at
an integration point, the material point fails so that all the
stress components are set to zero (with ultimate mesh elimination
when all integration points fail). In order to understand the
tool geometry effect on spot weld strength, tools of the vari-
ous shapes shown in Fig. 3 were tried.

The process consists of a rotating tool that plunges into the
workpiece in a lap configuration as shown in Fig. 4. In the
experiments, the tool rotation speed was 2,500 rpm, while
the plunge and retract speeds were 20 mm/min and the dwell
time was 2.0 s. However, the whole process was assumed to
be much faster in simulation to save computational time: the

Fig. 4. Schematic model description and boundary conditions.

Fig. 5. Dimension of the meshes.

tool was plunged for 5.0 ms at the speed of 600 mm/s, and
dwells for 5.0 ms with the rotating speed of 12,000 rpm. The
simulation was intended only for the qualitative understanding
of the tool geometry effect.

The model description and dimensions are shown in Fig.
5, in which the workpiece dimension is 40 mm x 40 mm x 1
mm (the sheet thickness for AA6022-T4). For two sheets in
a lap configuration, two separate workpieces were employed
for simulation and a total of 400,000 solid elements were
implemented with the element size of 0.2 mm x 0.2 mm x
0.2 mm while the tool was modeled as a rigid body. As for
the boundary conditions, the sides of two sheets were fixed
and the bottom surface of the lower sheet was constrained
not to move up and down, while the rest was free traction
including the contact surfaces between the two sheets, as
shown as in Fig. 4.

The contact (friction) force and energy were calculated to
predict the effect of tool geometry on spot strength, since the
driving force of the formation of the spot weld was the fric-
tion energy resulting from the contact. The friction coeffi-
cient was 0.2 and the friction energy was the integration of
the tangential frictional force multiplied by the relative veloc-
ity of the two contacting surfaces.

4.1.2. Material Property

For simplicity in the FEM simulation of the FSSW pro-
cess, the property of the AA6022-T4 was assumed to be
elasto-linear hardening Mises plastic without rate and tem-
perature dependence, as shown in Table 2 [19-21].

Table 2. Material properties of AA6022-T4 at room temperature

Material property AA6022-T4
Density(Kg/m"®) 2,690.0
Young’s Modulus(GPa) 69.0
Yield Stress(MPa) 172.0
Poisson Ratio 0.33
Hardening Modulus(GPa) 1.0
Maximum plastic strain for element (1.5)

elimination(damage model)

The value in the parenthesis is assumed one



Numerical Simulation of Friction Stir Spot Welding Process for Aluminum Alloys 327

4.2. FVM under the Eulerian Description
4.2.1. Model description

The thermo-mechanical simulation of the FSSW process
for AA5083-H18 was performed using the CFD code STAR-
CD [11]. The continuity equation as well as the momentum
and energy conservation equations for the process was
solved. The FSSW process consists of tool plunging, a short
dwelling time and tool retracting steps. But, only the 2 s
dwelling step in which the rotating tool was plunged into the
workpiece in a lap configuration was simulated, as shown in
Fig. 6. Two types of pins were considered: cylindrical and
triangular pins with concave shoulders. Unlike Linear FSW,
FSSW was considered as an unsteady state process wherein
the whole welding process is conducted in a short time and
consists of a short dwelling step.

The cylindrical and triangular pins both have 10 degree
concave shoulders. The pin radius was 2.5 mm and the
shoulder radius was 6 mm, while the pin length was 1.6 mm
from the shoulder edge and the plunge depth of the shoulder
was 0.2 mm. The diameter of the circle inscribed by the tri-
angular pin was the same as the diameter of the cylindrical
pin. The model description and dimensions are shown in
Figs. 7 and 8 with 2.88 mm thickness (two workpieces in a
lap configuration were considered as one piece) with the
workpiece radius of 50 mm. Note that the central region with
the radius of 8 mm was solved for plastic deformation, while

Fig. 6. Schematic views of the friction stir spot welding process.
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Fig. 8. The model dimension, (a) cylindrical pin and (b) triangular pin.

the rest was assumed to be a rigid body (but still subjected to
the heat transfer problem) to reduce computational time. In
total, 155,040 elements and 161,952 elements were used for
the circular and triangular pin models, respectively.
4.2.2. Material properties

The rate-insensitive and incompressible rigid-perfect Mises
plastic property was applied for the workpiece. Temperature

Table 3. Temperature dependent yield stress (OSU experiment)
(Partially measured at OSU with £ = 10" and assumed values
are within parentheses)

Temp. (°C) Y.S.(MPa)

20 440
100 437
200 364
300 181
400 61

(440) (50)

(540) (40)

(570) 0)

Fig. 7. The model description, (a) top view, (b) cylindrical pin (155,040 cells) and (c) triangular pin (161,952 cells).
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Table 4. Temperature dependent density, thermal conductivity and specific heat (calculated for AA5083-H18 from AAS5052-H32 properties)

Temp. (°C) Conductivity (W/m°C) Specific heat (J/Kg°C) Density (Kg/m’)
-20.0 112.5 (106.9) 924.1 2673.9
80.0 122.7 (120.7) 984.2 2642.7
180.0 131.6 (134.5) 1039.6 2629.4
280.0 142.3 (142.9) 1081.2 2611.5
380.0 152.5 (148.9) 1136.6 2589.3
480.0 159.5 1178.2 2567.0
580.0 177.2 1261.4 2549.2
Experiment values are in parenthesis
3.0 - were obtained from Fig. 9 as shown in Table 4. Note that the
S5 2] thermal conductivity measured for AA5083-H18 is very similar
E g e . ___‘___,__.ﬂ/ to the assumed properties, partially justifying the validity of
i S E 207 e the assumed values. The data in Table 4 was implemented in
x 2 n-aj 13— k the user subroutine.
£2 15 ] 4.2.3. Boundary conditions
":’; € E 10}1—m - ] Since the FSSW process was simulated using the moving
-] E o ] (rotating) mesh method, the central meshes with the radius
o ® e of 8 mm were rotating with the tool rotation speed (at 1,500
0.0 1 rpm) to account for the rotating tool (without translation) of

=20 80 180 280 380 480 580
Temperature (°C)

Fig. 9. Temperature dependent material properties for AA5052-H32.

dependent yield stresses for the AAS083-H18 sheets were
used in this work as shown in Table 3, and these stresses
were partially measured at OSU (with £=10""). Since
experimental yield stresses were available only up to 400 °C,
decreasing yield stresses were assumed above 400 °C,
considering that yield stresses vanish near the melting
temperature of AA5083-H18 (574 °C [22]).

As for density and thermal properties, only the room
temperature data was available for AA5083-H18 and its
temperature dependent properties were not available, except
partially for the thermal conductivity. Therefore, assumed
temperature dependent properties were obtained from those
of AA5052-H32 [23] by proportionally modifying the values
considering the ratios of the values of the two materials at
room temperature, as shown in Table 4. Note that Fig. 9
shows the temperature dependent thermal properties of
AAS5052-H32 and Table 5 shows the room temperature
properties of AA5052-H32 and AA5083-H18 [19]. Considering
the difference of the room temperature values, the assumed
temperature dependent thermal properties of AA5083-H18

Table 5. Material properties of AA5083-H18 and AA5052-H32 at
room temperature

Material property AA5083-H18  AA5052-H32
Density(Kg/m”) 2,660.0 2,708.96
Thermal conductivity(W/m°C) 117.208 167.25
Specific heat(J/Kg°C) 962.412 932.57

the dwelling process for 2 s. At all other boundaries except at

Fig. 10. Results for different pin depths of the conventional tools: (a)
total contact energy (frictional energy), (b) measured weld strength and
(c) contact force and area.
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the boundary in contact with the tool, the free traction
boundary condition was applied. At the tool boundary, the
material was assumed to be in perfect contact with the tool
and to rotate at the rotating speed of the tool; hence heat gen-
eration by interfacial friction was ignored.

The convective heat transfer coefficient of 30 W/m’ °C
was used for the top and sides of the work—piece which is
typical for natural convection between aluminum and air
[24]. At the bottom of the workpiece, the convective heat
transfer coefficient was assumed to be 2,000 W/m® °C just
below the tool, at the 8 mm radius region, considering that
heat transfer between two contacting surfaces increases
when the pressure between them increases under the tool
[25]. For the remaining bottom surface, the coefficient was
assumed to be 200 W/m” °C.

5. RESULTS

5.1. FEM under the Lagrangian description

In order to verify the numerical simulation results of these
preliminary trials using the Lagrangian code, simulated
frictional energy (or total contact energy) was compared with
experimental spot weld strength, particularly as associated

Fig. 11. Results for different taper pin shapes and thickness: (a) total
contact energy (frictional energy), (b) measured weld strength and (c)
contact force and area.
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Fig. 12. Results for the unconventional tools: (a) total contact energy
(frictional energy), (b) measured weld strength and (c) contact force
and area.

with tool geometry. In the first category of tool geometry, the
effect of pin depth (or length) in the conventional tools on
spot strength was examined as shown in Fig. 10. As the pin
depth increased, both the frictional energy and experimental
weld strength increased, confirming the correlation between
them. In the second category, the effect of taper pin shapes
was examined, as shown in Fig. 11, for the inverse tapered
pin, taper pin and thick pin (see Fig. 3 for their shapes). In
the third category, the effect of the unconventional tools was
examined as shown in Fig. 12. Unlike the first category, the
second and third categories did not show good correlation
between the fractional energy and measured weld strength.
In particular, the frictional energy of the concave triangular
pin was lower than that of the regular pin, while the measured
weld strength of the concave triangular pin was almost twice
as that of the regular pin. The cause of the weld strength
discrepancy between the two tool shapes will be discussed in
Section 5.2, based on the Eulerian simulation results.

5.2. FVM under the Eulerian description
Temperature profiles at the top surface for the cylindrical
and triangular pins are shown at various moments in Fig. 13,
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Fig. 13. Temperature history at the top surface as time procedure for
the cylindrical pin and the triangular pin, (a) 94.05 °C (lefi-cylindrical)
and 92.65 °C (right-triangular) after 0.01 s, (b) 561.45 °C (left-cylindrical)
and 562.65 °C (right-triangular) after 1s, and (c) 563.75 °C (lefi-
cylindrical) and 564.55 °C (right-triangular) after 2 s.

Fig. 14. Temperature history at the cross section near the tool as time
procedure for the cylindrical pin and the triangular pin, (a) 94.05 °C
(lefi-cylindrical) and 92.65 °C (right-triangular) after 0.01 s, (b) 561.45 °C
(left-cylindrical) and 562.65 °C (right-triangular) after 1 s and (c)
563.75 °C (left-cylindrical) and 564.55 °C (right-triangular) after 2 s.

while Fig. 14 show temperature profiles at the cross section
containing the middle of the tool. The temperature at the
edge of the tool shoulder reached just below the melting
temperature (574 °C [22]) in 0.3 s, after which the heat prop-
agation was initiated. The peak temperature for the cylindri-
cal pin was similar to that of the triangular pin since heat was
mostly generated at the shoulder.

Figures 15 and 16 show the material flow at the cross sec-

Fig. 15. Material flow direction at the cross section near the tool as
time procedure for cylindrical pin, after (a) 1.94 s, (b) 1.95 s and (c)
1.96 s (in °C).

Fig. 16. Material flow direction at the cross section near the tool as
time procedure for triangular pin, after (a) 1.94 s, (b) 1.95 s and (c)
1.96 s (in °C).
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Fig. 17. The picture of the specimen after the tool suddenly stopped
while welding for the concave triangular pin.

tion containing the middle of the tool for the cylindrical and
triangular pins at various instances. For the cylindrical pin,
materials near the tool did not move that much along the
radial direction. However, for the triangular pin, materials
near the pin boundary showed significant in and out motion
along the radial direction, since the boundary of the triangular
pin moved in and out along the radial direction during the
tool rotation. Note that this simulation result, with the material
moving in and out, was compatible with the experiment as
shown in Fig. 17, which is the picture of the specimen after
the tool suddenly stopped while welding for the triangular pin.
Non-cylindrical pin geometry, like the triangular pin geome-
try, caused a severe change of the material flow pattern near
the pin boundary [18].

Note that heat generation of the cylindrical and triangular
pins was similar; only the material flow pattern was differ-

(b)

Fig. 18. Cross sectional macrographs showing crack propagation in
the cross-tension test for (a) cylindrical pin (weld strength: 1,800N)
and (b) triangular pin (weld strength: 3,600N) [18].

ent, which then caused the static weld strength to be differ-
ent. The weld strength for the concave triangular pin was
almost twice that of the concave cylindrical pin, as shown in
Fig. 18 [18]. The triangular pin geometry yielded higher weld
strength compared to the cylindrical pin, since the material
flow pattern affected the hook formation near the pin bound-
ary. The hook formation and top sheet thinning were key geo-
metric characteristics of the friction stir welded specimen,
significantly affecting the weld strength, as shown in Fig. 19 [18].
For welds made with the cylindrical pin, the hook runs
gradually upward and then bypasses the stir zone and points
downward towards the weld bottom, as shown in Fig. 20
[18]. For welds made with the triangular pin, the hook is

Fig. 19. Micro-cross section at the weld center [17].
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Fig. 20. Cross-sectional macrostructures of the welds for the cylindrical
pin (left) and the triangular pin (right): (A) magnified view of the
hook geometry in region I for welds by the cylindrical pin with (al)
and (a2) showing partial metallurgical bonding within region I at the
locations indicated; (B) magnified view of the hook geometry in region I1
for welds by the triangular pin with (b1) and (b2) showing partial and
complete metallurgical bonding in region II at the respective locations
indicated [18].
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directed upward towards the stir zone and ends with a very
short plateau, as shown in Fig. 20. As reported by Fujimoto
et al. [26], immediately next to the pin the material driven by
pin threads moves downward from the upper sheet to the
lower sheet, forming the major portion of the stir zone; the
material originally from the lower sheet is pushed outward
as well as upward towards the upper sheet. Therefore, the
hook bulges upward in the region away from the keyhole
and runs downward towards the bottom of the weld near the
keyhole. In contrast, due to the asymmetric geometry of the
triangular shaped pin, successive rotation of the pin is
believed to enhance the plastic flow of the material in the
vicinity of the pin in the radial direction, compared to the
cylindrical, pin, causing the material to move back and forth
in the radial direction, which results in the breaking-up (dis-
persion) of the hook in the stir zone .With the sustained
hook, the weld with the cylindrical pin shows easy crack
propagation along the hook lie in Fig. 18(a), resulting in the
lower weld strength. The weld with the triangular pin does
not show easy crack propagation in Fig. 18(b) because the
hook was broken by the material mixture promoted by the
radial back and forth motion as shown in Fig. 20(B).

6. SUMMARY

Thermo-mechanical modeling of the FSSW process was
conducted using commercial FEM and FVM codes based
on Lagrangian and Eulerian formulations, respectively. The
Lagrangian FEM and Eulerian FVM codes were applied
under the unsteady state condition to understand the effect of
tool geometry on material flow and weld strength. The weld
strength results for various tool geometries were predicted
based on the frictional energy obtained from the Lagrangian
FEM model, but this approach was acceptable only for rela-
tive comparison among regular (cylindrical) pin geometries.
Using the concept of the material flow pattern, however, the
Eulerian FVM simulation gave reasonable insight that differ-
ent hook shapes near the pin formed by the triangular and
cylindrical pins differentiated their weld strength.
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