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Abstract

We designed a specialized structure for friction stir-welded hollow extrusions for high-
speed trains in order to fulfill security and economic requirements. A sequentially coupled
thermo-mechanical model was used to investigate the thermal stress distribution in the
designed structure. The results show that stress concentration was the most important factor
in high calculated stress and that increasing the supporting rib width and the arc radius on
the advancing side of the supporting rib can effectively improve structural security. Finally,
an optimized structure was obtained, and friction stir welding experiments were carried
out to verify the simulation’s precision.

Keywords: structural design; hollow extrusions; thermo-mechanical model; friction stir
welding

1. Introduction
Aluminum hollow extrusions have been extensively used in the railway car-body

manufacturing industry for two reasons: First, the use of an aluminum alloy will reduce
the vehicle’s weight, meaning that fuel consumption, which accounts for more than 99%
of a vehicle’s life cycle energy, can be reduced significantly [1,2]. Furthermore, 6000 series
aluminum alloys are used most extensively on account of their high strength/weight ratio,
good ductility and formability, and strong corrosion resistance [3,4]. Second, the hollow
extrusions can integrate the functions of the beams and plates because of their high rigidity,
thus decreasing the number of components to be welded and shortening the welding line
considerably [1,5].

Friction stir welding (FSW), as a solid-state joining technique, can eliminate the typical
defects caused by conventional fusion welding and is a promising method in welding
hollow extrusions [6,7]. The technological characteristics of FSW mean that the welding
force plays a key role in the welding process. Trimble et al. [8] recorded the forces in a
three-axis coordinate system when friction stir-welding AA 2024-T3 plates. The results
showed that the vertical force Fz was much larger than the other two in-plane forces (Fx

and Fy), and it would reach a peak value of 21 kN when the tool (with a pin length of
4.6 mm) reached the target depth of 4.8 mm. Astarita et al. [9] studied the influence of
process parameters on the welding forces in friction stir-welded AA 2024-T3 sheets, and a
maximal vertical force from 15 to 18 kN was required to achieve a defect-free weld. These
investigations demonstrate that a considerably large welding force is needed to achieve
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a good weld. When the welding force is not large enough, it is easy for welding defects
to form. Elangovan et al. [10] conducted friction stir welding on a 6 mm thick AA6061
aluminum alloy using a tool with a pin length of 5.5 mm and investigated the effect of
axial force on weld formation and mechanical properties. They found that when the axial
force was 6 kN, root flaws and even surface grooves occurred. When the axial forces
were 7 kN and 8 kN, defect-free welds were achieved, and the welds produced with an
axial force of 7 kN exhibited superior tensile properties. However, when FSW is applied
to welding aluminum hollow extrusions, some practical difficulties will be encountered.
This is because a sufficiently high welding force is needed to achieve a good weld with
FSW, but the hollow extrusions have a lower bearing capacity due to a lack of supporting
backing plates. So, developing a structural design for hollow extrusions to meet security
requirements represents a key challenge.

Until now, the structural design of hollow extrusions has mainly been achieved
through the empirical approach or the traditional trial-and-error method. In practical
circumstances, some hollow extrusions with various cross-section shapes need to be ma-
chined, and the extrusion dies must be repaired or even remanufactured. Moreover, many
welding tests are required to examine the security of the hollow extrusions. This is very
time-consuming and extremely expensive; therefore, a solution is needed that will allow us
to evaluate the structural safety in a short time at low cost. A few authors have attempted
to solve this problem using numerical simulation methods. Kawasaki et al. [11] introduced
a design for a joint for FSW-ed aluminum hollow extrusions according to material selection
and welding conditions and built a numerical model using LS-DYNA to study the thermal
stress distribution in the structures. The simulated data agreed well with the measured
ones, all showing that the overall structure, including the joint, could sustain the welding
load in the process and be safe enough for real-world application. Shahri et al. [12,13] tested
the fatigue properties of hollow extrusions (no information was given about the structural
design) welded via FSW and carried out a stress analysis on the profiles using the critical
distance method. The authors found that the failures occurred at either interface notches in
the weld or at stress concentrations in the base material, and their method was not able to
predict the failure location and fatigue limit.

In summary, numerical simulations have been utilized to investigate the security
of design profiles and guide structural designs. But previous investigations have only
demonstrated the safety of current structures, and detailed methods for designing hollow
extrusion structures have not yet been reported. Therefore, in this paper, we report on the
design of specialized hollow extrusions for HSTs manufactured via friction stir welding
according to security and economic concerns, establish a thermal–mechanical model to
assess the security of structures with various cross-section shapes, and propose and friction
stir-weld an optimized structure to verify the reliability of the structural design.

2. Experimental Procedures
2.1. Material Selection and Production of the Hollow Extrusions

The AA6005A aluminum alloy was extruded and then subjected to T6 heat treatment
(solution + artificial aging) prior to welding. The nominal chemical compositions are listed
in terms of weight percent and mechanical properties in Table 1.

In the actual manufacturing process, a 6005A aluminum alloy ingot was first produced
using the hot-top continuous casting method and then machined via a computer numerical
control (CNC) (Heilongjiang Guangda CNC Machine Tool Co., Ltd., Harbin, China) lathe
to remove surface impurities, including the loose layer, segregation layer, oil pollution,
and oxide. Then, an induction heating furnace was used to heat the ingot. The allowable
temperature range was 460–520 ◦C, which ensured that the ingot had a sufficient plastic flow
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capacity, averting some surface defects such as overburning and hot cracking [14]. This was
followed by the most important stage, hot extrusion: the ingot was placed into the porthole
extrusion die system, consisting of the upper die and lower die, and the extrusion process
was performed at a constant isothermal temperature of 460–500 ◦C and an exit speed of
1.2–1.8 m/min. After this, press quenching in an aqueous medium, a method of combining
solution treatment and extrusion, was performed to avoid the precipitation of Mg2Si and
maintain the Mg and Si in the supersaturated solid solution. This technology can not only
achieve the desired microstructure but also satisfy the requirement of modern industry for
short production cycles and low costs. Finally, the hollow extrusions were subjected to
artificial aging at 175 ◦C for 8 h for the purpose of improving their strength quickly.

Table 1. Chemical compositions and mechanical properties of 6005A-T6 aluminum profile.

Chemical Composition (wt. %) Mechanical Properties

Si Mg Mn Fe Cu Cr Zn Ti Al Tensile
Strength Elongation

0.5–0.9 0.4–0.7 0.5 0.35 0.3 0.3 0.2 0.1 Bal 296 MPa 9.7%

2.2. Welding Experiments

To investigate the structural safety of the hollow extrusions, we conducted friction
stir welding experiments. The 6005A hollow extrusions were machined into welding
samples with a length of 300 mm, a total width of approximately 250 mm, and a butt
thickness of 4.7 mm. After mechanical abrading with steel brush and chemical cleaning
with acetone, the samples were clamped onto the welding worktable; a backing plate was
not needed. The welds were fabricated using an FSW machine (FSW-3LM-003, Beijing FSW
Technology Co., Ltd, Beijing, China) along the longitudinal direction, which was parallel to
the extrusion direction. The welding tool consisted of a 24 mm diameter shoulder and a
conical right-hand screwed pin; the median diameter and length of the pin were 8.5 mm
and 4.5 mm, respectively. Figure 1 shows the schematic view of the laboratory fixtures for
producing an FSW joint. The specific FSW parameters are as follows: rotational speed of
1000 r/min, welding speed of 1000 mm/min, axial force of 17 kN, and tilt angle of 1.5◦.
The welding experiments were repeated three times to ensure reliable results. Specimen
preparation and metallographic analysis were carried out according to the ASTM E3 [15]
and ASTM E407 [16] standards, respectively.

Figure 1. Schematic drawing of the fixtures for fabricating an FSW joint.

3. Structural Design of the Hollow Extrusions
When it comes to the structural design of hollow extrusions, two main factors must be

taken into consideration, security and economy, as shown in Figure 2.
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Figure 2. Important factors to be considered in the structural design of extrusions.

The first step is to assess the structural security from the angle of welding force and
the bearing capacity of the hollow extrusions. Figure 3 shows the cross-section and local
details of our hollow extrusions, determined based on several factors. Firstly, heat is
generated by friction between the tool and matrix, as well as through plastic deformation,
and the heat input in the FSW is much lower than that in conventional fusion methods. The
maximum temperature ranges from 0.8 to 0.9 Tm (where Tm is the melting temperature of
the material), which means that there is no melting during the FSW, and filler metal material
is not needed. In addition, the introduction of a gap at the butting interface may lead to
a reduction in the effective bearing area, which has a negative impact on the mechanical
properties of the joint [17,18]. Therefore, the joint is designed as an I-shape that has no
gaps when we ignore machining accuracy. Secondly, when a non-consumable rotating tool
is inserted into the workpiece and rigidly fixed using clamps, welding forces, including
vertical and in-plane forces, will be generated through deformed material, blocking the
rotation and advancement of the tool, and the vertical force is the predominant force in
achieving a defect-free weld. We must be mindful that the vertical force is not distributed
uniformly on the shoulder. It is well known that the temperature distribution in the weld
zone is asymmetric due to the difference in the flow velocity of the plastic material on
the retreating side (RS) and advancing side (AS), and it has been proven via numerical
simulations and experimental results that the temperature in the region on the RS is lower
than the corresponding region on the AS [19]. Thus, the material on the RS will bear a larger
vertical force Fz because the yield strength will increase monotonously with the decrease in
temperature. Based on these considerations, the supporting rib is placed directly under the
joint line, bearing most of the axial force, and an auxiliary rib is added on the RS to share part
of the axial force. The distance of the auxiliary rib from the welding center D1 determines
the extent to which it undertakes the welding force, and the function of the auxiliary rib
is inversely proportional to D1. The value of D1 depends directly on the distance D2,
shown in Figure 3b, and D2 cannot be very close to zero in terms of workpiece assembly.
Thirdly, several filets marked by red and green ellipses are added to the corners; they can
improve the “liquidity” of plasticized materials at the corners and prevent some defects in
the extrusion process. Additionally, the filets located at the supporting and auxiliary rib
(marked by red ellipses) allow a smooth transition and significantly reduce the degree of
stress concentration. Fourthly, other non-critical measurements of the hollow extrusion,
including the length, width, height, and wall thickness, can be obtained according to
previous design experience.

The second step is to consider the economic aspects of manufacturing the hollow
extrusions; the requirement is to reduce the weight as much as possible, i.e., to minimize
the cross-sectional areas. Meanwhile, maximizing the cross-sectional areas within the ac-
ceptable range represents the best solution to ensure structural safety. Hence, a compromise
needs to be put forward. In this work, initial structures are designed for hollow extrusions
and a numerical simulation method is used to evaluate their structural safety. Through
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analysis of the simulated results, the “dangerous” locations can be found and modifica-
tions can be made by changing the dimensions of the corresponding locations. Finally, an
optimized structure is proposed to simultaneously meet the safety criteria and economic
requirements, allowing the local cross-sectional area of the extrusion to be reduced by
approximately 5%.

Figure 3. Cross-section shape of (a) the hollow extrusions and (b) local details taken from the red
dotted box in (a).

4. Model Description
In order to maintain sufficient precision and remarkably improve computing efficiency,

a sequentially coupled thermo-mechanical method including a transient heat transfer model
and a static general model is used to investigate the thermal stress distribution in the hollow
extrusions. That is, the thermal model is solved first (with a given moving heat source to
calculate the temperature field), and then the temperature field is applied as a load to the
mechanical model. In the mechanical model, material properties (yield strength, elastic
modulus, etc.) are updated with the temperature, but the mechanical model does not affect
the thermal model in return.

4.1. Meshing and Material Properties

The dimensions of the initial structures for the hollow extrusions are shown in Figure 4.
Two profiles must be meshed due to their structural asymmetry, and the detailed mesh
generation is shown in Figure 5. The meshes with a dimension of 1 mm × 1 mm × 1 mm
in the A zone are smaller than those in the B and C zone, and the length of the A zone LA
is greater than the shoulder diameter DS, which can guarantee computational accuracy
in thermal and stress fields in the weld zone. The meshes in the zones B (B1 and B2)
and C (C1 and C2) will become coarser. In other words, the dimensions of the meshes
change along the transverse direction (TD) and normal direction (ND), but not along the
welding direction (WD). The finite element thermal model consists of 166, 428 nodes and
130, 400 elements.

Figure 4. The dimensions of the initial structures designed for hollow extrusions (Unit: mm).
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Figure 5. Grid mesh of the established thermal model: (a) top view, (b) left view.

The values of different temperature-dependent physical parameters at elevated tem-
peratures are listed in Table 2, and the values that cannot be obtained directly are deduced
from the fitting curves. The density and Poisson ratio of the material vary slightly with
temperature, and they can be taken as 2700 kg/m3 and 0.3, respectively.

Table 2. Temperature-dependent physical properties of 6005A-T6 alloy. Adapted from ref. [20].

Temperature (◦C) 20 100 150 200 250 300 400

Specific heat (J/kg·◦C) 921 924 - 1005 - 1047 1089
Thermal conductivity

(W/(m·K)) 118 121 - 126 - 130 138

Expansion (µm/(m·◦C)) 22.8 24.7 25.5 26.5 - - -
Young’s modulus (GPa) 68 62 58 55.5 52 44 -

Yield strength (Mpa) 160 150 135 125 105 80 -

4.2. Thermal Model

In the thermal model, the face flux qshoulder is used to describe the surface heat from
friction between the shoulder and workpiece, and the body flux qpin is used to describe
the inner heat from plastic deformation and friction between the pin and workpiece. The
specific formulae can be written as follows [21,22]:

qshoulder = ωr
σs(T)√

3
, R2 ≤ r ≤ R1 (1)

qpin =
2ωσs(T)
cos α

√
3
·

R3
2 + (1 − sin α)R3

3

R3
2 − R3

3
(2)

where ω is the rotation speed, r is the distance from the integration point to the tool center,
σs(T) is the yield strength, which is updated according to the instantaneous temperature
provided by the thermal model, R1 is the radius of the shoulder, R2 and R3 are the root and
tip radius of the pin, respectively, and α is the semi-cone angle of the pin.
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4.3. Mechanical Model

Then, the thermal histories predicted by the previous thermal model are applied to
the mechanical model as the boundary condition. The backing plate and clamps are treated
as rigid constraints. The force is caused by the thermal expansion of the extrusions, plus
the downward force exerted by the tool. For the medium with a volume of V and surface
boundary of S, the energy conservation equation can be expressed as

∫
V

{
ρ

(
Q − ∂U

∂t

)
+ σij

∂vi
∂xj

}
dV =

∫
S

HdS (3)

where ρ is the density, Q is the inner energy, U is the volume heat flux, σij is the Cauchy
stress, νi is the velocity field, and H is the density of heat flux per unit area. According to
the virtual work theory, the structural displacement ui satisfies the following formula:

∫
V

σij
∂δui
∂xi

dV =
∫
V

ρbiδuidV−
∫
V

ρ
∂vi
∂t

δuidV (4)

where bi is the volume force.
In the MSC.MARC finite element analysis, the material is modeled as elastic–plastic

with isotropic properties. The von Mises yield criterion is adopted, with isotropic hardening
and strain rate sensitivity treated using a piecewise linear method. Material properties
(Young’s modulus, yield strength, thermal expansion coefficient, etc.) are defined via
tabular input as functions of the temperature. Under this setting, the yield stress is not a
function of the temperature alone; it also depends on the equivalent plastic strain (harden-
ing) and, through piecewise linear interpolation, on the equivalent plastic strain rate (rate
sensitivity). The yield function is therefore written as

F = σ− σy(ε
p, T,

.
ε

p
)= 0,

_
σ=

√
3
2

SijSij (5)

where Sij is the stress deviation, σ is the von Mises equivalent stress, and σy is the current
yield strength, which is interpolated from user-defined tables as a function of the equivalent
plastic strain εp, temperature T, and equivalent plastic strain rate

.
ε

p. The hardening law is
isotropic, meaning that the yield surface expands uniformly with increasing εp.

The subsequent plastic deformation needs dF = 0; then, the Formula (5) can be pre-
sented as

∂F
∂σij

∂σij

∂t
− 2

3
σ

dσ

∂εp − 2
3

σ
∂σ

∂T
∂T
∂t

= 0 (6)

The total thermo-elastic–plastic incremental strain in the model consists of elastic,
plastic and thermal strain, and the total incremental strain can be expressed as

∂εij

∂t
=

∂εe
ij

∂t
+

∂ε
q
ij

∂t

∂ε
p
ij

∂t
+

∂εth
ij

∂t
(7)

Further, the change rate of the elastic stress can be given as

∂σij

∂t
= Dijkl(T)

∂εe
kl

∂t
+

∂Dijkl(T)
∂t

∂εe
kl (8)

where Dijkl(T) is the elastic stiffness matrix for a linear isotropic material that depends on
the temperature and reflects the elastic constitutive relationship of the material.
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5. Results and Discussion
It is well known that the tool suffers forces via a three-coordinate axis due to its rota-

tional and linear movement, including the vertical axial force Fz in the ND, the longitudinal
force Fx in the WD, and the transverse force Fy in the TD. The value of Fz is much higher
than Fx and Fy, and it will reach its peak when the tool finishes plunging and is about to
traverse along the joint line [23,24]. At the same moment, the temperature of the points di-
rectly under the tool will reach the highest temperature, which indicates the lowest bearing
capacity in the hollow extrusions [25]. So, the moment the tool has finished plunging and
is preparing to travel along the WD can be seen as the most “dangerous” moment.

The welding force applied on the workpiece can be simply divided into three parts:
σs from the shoulder, σps from the pin side, and σpb from the pin bottom, as illustrated in
Figure 6a. The σps can be neglected when calculating the axial force because α is very small
(sin α ≈ 0.1). In FSW, heat generation and transfer of any point on the shoulder or pin
surface cannot be equal, and it is unreasonable to postulate that the stress from different
parts will be distributed uniformly. In this work, the tool-acting area is segmented into
12 concentric circles, and the radius differences in the neighboring circles are all 1 mm. In
each ring, the stress is selected as the yield strength at the average temperature of four nodes
(white boxes), as shown in Figure 6b. Then, the forces are applied to the elements as the
mechanical boundary condition, and the structural stress is calculated via the mechanical
model. When evaluating the structural safety of the extrusions, the ratio of permissible
stress to calculated stress should be greater than or equal to S1, and S1 should be 1.15
for each individual load case, according to European Standard EN 12263:2010 [26]. In
accordance with fourth strength theory, the calculated stress (von Mises stress) of any point
can be written as

σc =

√
1
2

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

(9)

where σc is the calculated stress, and σ1, σ2, and σ3 are the principle stresses along the x, y,
and z directions, respectively. The permissible stress equals the yield strength σs,t at the
actual temperature. So, the verification criteria for security can be described as

σs,t

σc
≥ 1.15 (10)

 

Figure 6. Schematic view of (a) forces applied to the workpiece, (b) force distribution in the mechani-
cal model.

The distributions of calculated stress on various sections are displayed in Figure 7. It
can be seen that the maximum calculated stress on the longitudinal section through the tool
center is only 82.0 MPa. The high-stress zone is located at the arc transition region on the
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AS of the supporting rib, and the maximum value is about 118.2 MPa, which demonstrates
that the existence of the arc causes a severe stress concentration. The auxiliary rib on
the RS undertakes part of the applied welding force, and the calculated stress at the arc
transition region on the RS of the supporting rib is reduced significantly. For purpose of
performing a quantitative evaluation of the security of the current structure, the permissible
and calculated stress of nodes versus the distance from the welding line at different depths
from the top surface (shown in Figure 7a) are shown in Figure 8. At the same depth, the
temperature difference among the nodes is small, and the permissible stress fluctuates
within a very narrow range. With the increase in depth, the temperature of nodes with
the same distance from the welding line apparently decreases due to the thermal diffusion
and heat conduction, and there are obvious changes in the permissible stress. As for the
calculated stress, the values of nodes near the welding line are higher than those far from
the welding line before stress concentration occurs, while the values of nodes located
at the arc transition region are much higher than those in other regions. As a result, at
depths of 5.4 mm and 8.4 mm, the variation trends in permissible and calculated stress
are opposite. The peak calculated stresses are all located at the center, and their values
are 55.6 MPa and 61.5 MPa. The permissible stresses at the corresponding points are
30.7 MPa and 47.3 MPa. When the depth is 12.7 mm, the calculated stress begins to sharply
increase due to the occurrence of stress concentration. The peak calculated stress reaches
94.9 MPa, and the corresponding permissible stress is 63.0 MPa. As the depth increases
to 14.7 mm, the maximum stress is reached in the W4-R5 structure, calculated to have a
value of 118.2 MPa, due to the most serious stress concentration, and it is located at the
point of intersection between the arc and the line on the transverse section through the tool
center. The permissible stress at this point is only 83.0 MPa, which is much lower than the
calculated stress. At the depth of 16.4 mm, the peak calculated stress decreases to 98.6 MPa,
and the permissible at the same point increases to 97.4 MPa. Overall, the calculated stresses
for many nodes are higher than their permissible stresses, especially the nodes at a depth
of 14.7 mm. This shows that the current structure cannot sustain the applied welding force,
and some modifications should be made to increase the permissible stress and reduce the
calculated stress of nodes. The former is required to lower the temperature of nodes, and
the latter to enlarge the effective bearing area and weaken the stress concentration. Based
on the above stress analysis, it can be seen that the width of the supporting rib W and the
arc radius on the AS of the supporting rib R are the major factors that affect the permissible
and calculated stress of nodes. So, increasing the dimension of W or R can not only directly
enhance the bearing capacity of the structure but also increase the permissible stress of
nodes because of the greater heat dissipation area. For convenience, the structure with a W
of 4 mm and an R of 5 mm is denoted as the W4-R5 structure.

Figure 9 shows the distributions of calculated stresses on various sections in the W5-
R5 structure. The most serious stress concentration in this structure is still at the point
of intersection between the arc and line on the transverse section through the tool center,
but the increase in W makes the point move outwards along the TD. The cross-sectional
area of the initial overall structure is 3016 mm2, and that of W5-R5 is 3024 mm2. The
increasing of the cross-sectional area reduces the maximal calculated stress from 118.2 MPa
to 107.6 MPa. Figure 10 shows the permissible and calculated stresses of the nodes at a
depth of 14.0 mm. The permissible stress of the node with a distance of −3 mm from
the welding line increases to 105.5 MPa, which is almost equal to the maximal calculated
stress. It is clear that increasing the W to 5 mm can improves the structural safety, but this
modified structure is in a critical state, and it is hard to evaluate whether it is safe or not.
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Figure 7. Distribution of the calculated stress on various sections in the W4-R5 structure: (a) transverse
section through the tool center, (b) horizontal section at a depth of 14.7 mm, (c) longitudinal section
through the tool center.

To study the influence of W and/or R on the permissible and calculated stress, three
other modified structures, W5-R2, W5-R8, and W6-R5, are designed, and the local cross-
section shapes of these modified structures and the initial structure are shown in Figure 11.
The outline of the initial W4-R5 structure is shown with the black line, and lines with
various colors are used to outline the modified structures. It is found that increasing
W will make the maximal stress point move outwards along the TD, and increasing or
decreasing R will make the maximal stress point move upwards or downwards along the
ND. The cross-sectional areas of the W5-R2, W5-R8, and W6-R5 structures are 3024 mm2,
3048 mm2, and 3048 mm2, respectively. When the structural design changes, the depth
of the point with the maximal calculated stress from the top surfaces also changes, and
this depth is called depth 4. The nodal permissible and calculated stress of the modified
structures at depth 4 in various modified structures are presented in Figure 12. It can be
observed that the maximal calculated stress and the permissible stress at the same point
in the W5-R2 structure are 120.1 MPa and 104.3 MPa, which demonstrates that the W5-R2
structure cannot meet the security requirement. With an increase in the W or R, the maximal
calculated stress decreases dramatically. The maximal calculated stresses in W5-R8 and
W6-R5 structures are only 94.2 MPa and 92.8 MPa, while the corresponding permissible
stresses reach values of 116.2 MPa and 112.7 MPa. The results show that both the W5-R8
and W6-R5 structures can satisfy the security demand, and W6-R5 is finally selected as the
optimal structure.

Then, the hollow extrusions were extruded and machined into welding samples, and
the welding experiment was carried out to fabricate an FSW joint. The obtained joint was
cross-sectioned perpendicular to the welding direction for metallographic analyses using
an electrical-discharge cutting machine. The metallographic samples were polished using a
diamond paste, etched with Keller’s reagent, and observed using an optical microscope.
Figure 13 shows the surface appearance and macrostructure of transverse sections for
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the joint. Figure 13a shows that the weld is fine and uniform, and no surface defects or
excessive welding flash can be observed. Figure 13b shows clearly that there are no internal
defects such as voids or grooves in the joint. Furthermore, the supporting rib shows no
macroscopic geometric deformation (e.g., bending, warping, or necking), indicating that
the structure did not undergo global failure during the FSW process. It should also be noted
that this structure has passed all necessary tests and has been used in the construction of a
certain type of high-speed train, as shown in Figure 14.

Figure 8. The permissible and calculated stresses versus distance from the welding line at various
depths in the W4-R5 structure: (a) 5.4 mm, (b) 8.4 mm, (c) 12.7 mm, (d) 14.7 mm, and (e) 16.4 mm.
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Figure 9. Distribution of the calculated stress on various sections of the WR-R5 structure: (a) trans-
verse section through the tool center, (b) horizontal section at a depth of 14.7 mm, (c) longitudinal
section through the tool center.

Figure 10. The permissible and calculated stresses versus distance from the welding line at a depth of
14.0 mm in the W5-R5 structure.

 
Figure 11. The comparison of local cross-section shapes between the modified structures and initial
W4-R5 structure: (a) W5-R2, (b) W5-R8, (c) W6-R5.
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Figure 12. The nodal permissible and calculated stresses versus distance from the welding line at
depth 4 in different modified structures: (a) W5-R2, (b) W5-R8, (c) W6-R5.

 

Figure 13. The obtained joint: (a) surface appearance, (b) cross-section of B-B in (a).

 

Figure 14. The optimized structure applied to a certain type of high-speed train.
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6. Conclusions
(1) Specialized structures for friction stir-welded hollow extrusions are designed in

order to satisfy security and economy requirements.
(2) In the initial designed W4-R5 structure, the maximum calculated stress reaches

a value of 118.2 MPa, and the corresponding permissible stress is only 83.0 MPa, which
demonstrates that the initial structure cannot sustain the applied welding force.

(3) Four other modified structures, W5-R5, W5-R2, W5-R8, and W6-R5, are designed
by changing the dimensions of W and/or R, and the W6-R5 structure is finally selected as
the optimized structure through a comparison of the permissible and calculated stress and
the cross-sectional area.

(4) Friction stir welding technology is successfully applied to 6005A-T6 hollow extru-
sions, and the obtained joints show a good surface and cross-sectional morphology.
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