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Abstract

Recently, a new dissimilar mechanical joining method, dimple spot welding
(DSW), has been developed for joining steel sheets and aluminum alloys. In
this study, tensile shear tests and fatigue tests were conducted on four types of
dissimilar lap joints, with two types of steel sheets and two types of Al alloys
joined by DSW. Both the tensile shear strength and fatigue strength of DSW
joints were found equal to or greater than those of a self-piercing riveting
(SPR) joint. In all four types of DSW joints, fatigue cracks were initiated from
the Al alloy and were associated with fretting induced by repeated contact and
friction. A finite element analysis showed that the tangential stress was mainly
governed by the friction coefficient and also affected by the steel sheet
strength. Higher-strength steel led to lower tangential stress, resulting in a lon-
ger fatigue life for the DSW joint.

KEYWORDS
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Highlights

« A dimple spot welding (DSW) is developed for joining steel sheets and alu-
minum alloys.

« Tensile shear tests and fatigue tests are conducted on DSW joints and SPR
joint.

« DSW joints shows greater tensile shear strength and longer fatigue lives
than SPR joint.

« Fatigue cracks in DSW joints were initiated associated with fretting.
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1 | INTRODUCTION

To reduce energy consumption for halting global warm-
ing, there is a demand for development of car bodies that
both improve fuel economy and ensure collision safety in
the automotive industry. High-strength steel sheets have
been widely applied to car bodies to reduce weight by
reducing the sheet thickness and improve collision safety
through strengthening their intrinsic mechanical proper-
ties.! Nevertheless, there is a limit to weight reduction by
reducing the thickness of steel sheets. Lightweight mate-
rials, including aluminum alloys, magnesium alloys, and
carbon fiber-reinforced plastics (CFRP), are also being
used in car bodies. Recently, multimaterialization has
been attracting attention.” This involves fabricating car
bodies by combining lightweight materials with high-
strength steel sheets. Particularly, aluminum alloys are
being applied to steel car body structures™* which is
expected to yield an excellent dissimilar joining method
for high-strength steel and aluminum alloys.

Welding is the most widely used joining method in
automotive manufacturing, and various welding tech-
niques have been applied to the car body."* Most joining
methods for car bodies involve resistance spot welding.
The effects of welding time and current on tensile and
fatigue strength have been investigated to examine the
mechanical properties of spot-welded joining of high-
strength steel plates® and the strain distribution in the
joint has also been investigated by digital image correla-
tion* Resistance spot welding between steel and alumi-
num alloys is accompanied by big problems relating to
poor welds due to voids and defects inside the nugget as
well as to the degradation associated with formation of
brittle intermetallic compounds at the welding interface”
Hence, various joining methods such as self-piercing
riveting (SPR), clinching, spot friction welding, and
ultrasonic spot welding have been applied to join dissim-
ilar materials in multi-material car bodies”® SPR is a
joining method where the metal sheets are fastened by
mechanical interlocking” A rivet is punched into two
metal sheets supported by a die, and then a mechanical
interlock is made between the rivet and the two sheets”’
Tensile shear tests and fatigue tests conducted on the
SPR joints of various metal plates have shown that the
strength of SPR joints is comparable to that of spot-
welded joints®'® However, these mechanical joints
require incorporating dedicated joining equipment into
the car body production line, which is very costly. To
develop a method that fabricates a high-strength dissimi-
lar joint using existing welding equipment, Hashimura
et al."' have developed a new dissimilar mechanical join-
ing method, dimple spot welding (DSW), for joining
steel sheets and aluminum alloys.

The DSW joining process'’ is shown schematically in
Figure 1. First, a dimple is pressed into the steel sheet,
while a hole is drilled into the aluminum alloy plate. Sec-
ond, an additional steel sheet called a backing plate is
prepared. The Al alloy plate is sandwiched by the steel
sheet and backing plate, and the dimple of the steel plate
is brought into contact with the backing plate through
the hole of the Al alloy plate. The contact areas of the
steel plate and backing plate are welded by resistance
spot welding to firmly sandwich the Al alloy plate, and
then a dissimilar joint of the steel sheet and Al-alloy plate
can be fabricated. The advantage of DSW is using existing
equipment for resistance spot welding that is widely used
in actual production lines for car bodies, thus the joining
can be achieved without modification. Hashimura et al.
fabricated DSW dissimilar-material joints with the hole
diameter of the Al alloy plate and the dimple depth of the
steel plate as changing variables and conducted tensile
shear tests and cross-tension tests.'! They found that the
static strength of DSW joints is equivalent or superior to
that of joints produced through existing methods such as
SPR and that the tensile shear strength and cross-tension
strength depend on the hole diameter and dimple
depth.'"! Fatigue strength under cyclic loading is also
important when considering a structural material for
practical application to a car body. In addition, the influ-
ences of the base material and combination of steel sheet
and Al alloy also need to be considered.

The purpose of this study is to clarify fatigue proper-
ties of dissimilar steel/aluminum alloy joints fabricated
by DSW. Four types of DSW lap joints were prepared by
changing combinations of steel sheets and Al alloys,
involving two types of steel sheets and two types of Al
alloys. Tensile shear tests and fatigue tests were per-
formed at room temperature. The same tests were per-
formed on an SPR joint for comparison. Tensile shear
tests and fatigue tests have already been conducted in the
previous study'* This study combines the previous exper-
imental data with the results of additional fatigue tests,
and the fatigue failure of DSW joints is examined consid-
ering the stress at the contact surface via elastic plastic
analysis using the finite element (FE) method.

2 | MATERIALS AND METHODS

2.1 | Dissimilar joining using DSW

Four types of DSW specimens were prepared by joining
two types of Al alloys and two types of steel sheets by
DSW. The two Al alloys were 6000 series (A6NO1-T5) and
7000 series (A7003-T5), and the two steel sheets were ten-
sile strength 590 MPa class (SPC590) and 980 MPa class
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FIGURE 1
through dimple spot welding (DSW).

Ilustrations of joining

[Colour figure can be viewed at
wileyonlinelibrary.com]
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(SPC980). Table 1 shows the combination of steels and Al
alloys used for the four types of DSW specimens: DSW-1,
DSW-2, DSW-3, and DSW-4. For comparison, a reference
specimen was prepared by joining SPC980 and A7003-T5
by SPR. The combination of base materials in the SPR
specimen was the same as that of DSW-4. The stress-
strain relationships of all base materials in the uniaxial
tensile tests are shown in Figure 2. Table 2 summarizes
the tensile strength, yield stress and elongation. Figure 3
shows the geometries of the (A) DSW and (B) SPR speci-
mens. The gray and blue areas in the figure indicate the
steel and Al alloy, respectively. The dimple depth of
the steel sheet used for the DSW specimen was 2.0 mm,
and the hole diameter of the Al alloy plate was 10.5 mm.
The interlock of the SPR specimens was 0.5 mm. In this
study, the xyz axes are used to represent the DSW speci-
men directions shown in Figure 1. The x, y, and z axes

\

Backing plate

(2) Middle (3) End

TABLE 1
SPR specimens.

Steel sheets and aluminum alloys used in DSW and

Specimen Aluminum alloy Steel sheet
DSW-1 A6NO1 SPC590
DSW-2 A7003 SPC590
DSW-3 A6N01 SPC980
DSW-4 A7003 SPC980
SPR A7003 SPC980

Abbreviations: DSW, dimple spot welding; SPR, self-piercing riveting.

correspond to the specimen width, direction of uniaxial
loading, and specimen thickness, respectively.

A resistance spot welding machine, set up according
to a report of Hashimura,'' was used for DSW joining. A
chromium copper DR electrode was used as the welding
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electrode. The welding was performed at a constant
applied load of 4.5 kN for 10 cycles at 8.5 kA/60 Hz, fol-
lowed by 10 cycles at 10.5 kA and 10 cycles at 11.5
kA. Figure 4 shows a cross-section of the DSW-2 speci-
men after joining. The hole of the Al alloy plate is not
completely filled in by the steel plate and bucking plate;
hence, a gap of approximately 1 mm in width is gener-
ated between the steel sheet and Al alloy.

2.2 | Tensile shear test

Tensile shear tests were performed on DSW and SPR
specimens using a screw tensile testing machine. An Al
alloy tab was bonded to the grip sections to suppress
bending deformation during the test. The geometries of
tab are illustrated in Figure 3. The test was conducted
under displacement control, with a displacement rate of
5 mm/min.

2.3 | Fatigue test

Fatigue tests were conducted at room temperature using
the same specimens as in the tensile shear test. An
electro-hydraulic fatigue testing machine was used for
the tests. The tab was attached to the specimen at the
same position as in the tensile shear test. The test was

1200 T T T T
SPC980 — _ ~ A6NOIL
1000 —— A7003 | ]
E‘ 200 - - - SPC590
E — SPC980
2 600 _----""TTTTTTTTTTTTTTTToos- .
(0]
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£ 400 .
200 h
0 1 1
0.00 . 0.15 0.20
FIGURE 2 Stress-strain relationships of two types of Al alloys

and two types of steel sheets. [Colour figure can be viewed at
wileyonlinelibrary.com]

Material Tensile strength (MPa) Yield strength (MPa)
A6NO01 257 225
A7003 395 349
SPC590 590 444
SPC980 980 813

conducted under load control with a sinusoidal frequency
of 10 Hz. The load amplitude was set from 0.90 to
3.60 kN, and the load ratio was 0.1.

3 | RESULTS

3.1 | Tensile shear test results

Figure 5 shows pictures of the DSW and SPR specimens
after the tensile shear test. Illustrations of the cross-
section are also shown. In the SPR specimen (Figure 5A),
the rivet was pulled out from the Al alloy plate, and then
the steel sheet and Al alloy were separated. In the cases
of DSW-1 and DSW-3, where the Al alloy strength was
lower, the Al alloy plate failed owing to stress concentra-
tion at the circular hole(Figure 5B). However, in DSW-2
and DSW-4, where the strength of the Al alloy plate is
higher, tensile fracture occurred at the weld nugget of the
steel sheet (Figure 5C).

First, the tensile shear strengths of the DSW-4 and
SPR specimens, which are made of the same base metals,
are compared. Because of the difference in joint dimen-
sions, it is not appropriate to evaluate the strength by
directly comparing the loads applied to the specimens.
For simplicity, the tensile shear strength is compared by
dividing the applied load by the area of the joint: for
DSW-4, the load is divided by the weld area (23.8 mm?);
for SPR, the load is divided by the cross-sectional area of
the rivet shaft (22.9 mm?). Figure 6 plots these values on
the vertical axis as a function of the displacement on the
horizontal axis. At the beginning of the test, the load-
displacement relationship of DSW-4 has a smaller slope
than that of the SPR specimen. This might be because the
early deformation of the DSW specimen is accompanied
by the penetration of the Al alloy plate into the gap
between the steel and Al alloy as shown in Figure 4. In
DSW-4, the load temporarily decreased when the vertical
axis reached 50 N/mm? (circled in Figure 6), at which the
trapped contact area of the steel and Al alloy was
released and slipped. In Figure 6, the maximum values
on the vertical axis are 571 N/mm?® for DSW-4 and
499 N/mm? for the SPR specimen. Therefore, the DSW
joint has tensile shear strength equal to or greater than
that of the SPR joint.

TABLE 2 Mechanical properties of
aluminum alloys and steel sheets used
in this study.

Elongation (%)
9.4

10.8

24.8

13.9
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FIGURE 3

Geometries of the dissimilar joint specimens used in this study. (A) DSW and (B) SPR specimens. DSW, dimple spot

welding; SPR, self-piercing riveting. [Colour figure can be viewed at wileyonlinelibrary.com]

Table 3 summarizes the tensile shear strengths, which
are the maximum loads obtained in the tensile shear tests
for the four DSW specimens and SPR specimen. DSW-2
and DSW-4, fabricated with the higher-strength Al alloy,
have a tensile shear strength of 13.6 kN, which is higher
than that of DSW-1 and DSW-3. The higher-strength Al
alloy leads to a higher tensile shear strength for the DSW
joint, which is not as affected by the steel sheet strength.
In summary, DSW-1 and DSW-3, made with the lower-
strength Al alloy plate, failed at the center hole of the Al
alloy, and their tensile shear strength was lower than that
of DSW-2 and DSW-4, which failed at the weld nugget in
the steel sheet. This indicates that the strength of the
weld nugget in the DSW joint is higher than that of
A6NO1 but lower than that of A7003.

3.2 | Fatigue test results

3.2.1 | Fatigue life

Figure 7 shows the fatigue lives of the DSW-4 and SPR
specimens with the same combination of steel sheet
(SPC980) and Al-alloy (A7003). Here, the number of
cycles to failure of the DSW-4 and SPR specimens is com-
pared by dividing the load amplitude by the cross-
sectional area of the Al alloy plate on the vertical axis.
The fatigue life of the DSW specimen is found to be
approximately 10 times longer than that of the SPR speci-
men, indicating that the DSW joint has superior fatigue
strength. Two types of failure modes were observed in
the SPR specimen: failure at the rivet under higher load
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1.0 mm

FIGURE 4
spot welding.

Cross-section of DSW-2 specimen. DSW, dimple

amplitudes and failure in the Al alloy plate under lower
amplitudes. Several studies have also reported that two
types of failure modes, rivet failure and base metal fail-
ure, are mixed in the fatigue failure of dissimilar SPR
joints.”!* In contrast, all of the DSW-4 specimens (and
the other three specimen types, DSW-1, DSW-2, and
DSW-3) were fractured in the Al alloy plate. The failure
modes of the DSW specimens are discussed in detail in
Section 3.2.2.

The fatigue lives of the four DSW specimen types are
compared in Figure 8. Comparing DSW-1 and DSW-2, in
which the same steel sheet (SPC590) is used, reveals that
the fatigue life of DSW-2 is longer than that of DSW-1.
This is simply because the higher-strength Al alloy
(A7003) is used in DSW-2 and the intrinsically superior
strength of A7003 results in the longer fatigue life of
DSW-2. For the same reason, DSW-4 shows a longer
fatigue life than DSW-3. However, DSW-3 with higher-
strength steel sheet has a longer fatigue life than DSW-1,
even though the same Al alloy is used in both and the
fatigue failure occurs in this Al alloy plate. The trend is
similar for DSW-2 and DSW-4: DSW-4 shows a longer
fatigue life than DSW-2. These test results reveal that the
fatigue failure in DSW joints occurs in the Al alloy plate,
and that while fatigue life is mostly determined by the Al
alloy strength, it is also affected by the steel sheet
strength. The effect of the steel sheet is related to the fret-
ting fatigue, which is specific to the lap joint as discussed
in Section 3.2.2.

3.2.2 | Fracture process during the cyclic
loading in DSW joint

In all the fatigue tests of DSW specimens, fatigue failure
occurred in Al alloys. Figure 9 shows a typical feature of
the side and fracture surfaces of the Al alloy plate. This
figure shows pictures of the DSW-1 specimen subjected
to a load amplitude of 2.25 kN. Figure 9A shows that

fatigue cracks were initiated at the lower right (4 o'clock
position) and lower left (8 o'clock position) of the circu-
lar center hole in the Al alloy and then propagated in a
direction perpendicular to the applied cyclic loading.
Close observation of the 4 o'clock positions shows that
the area near the crack initiation is discolored black,
which is a feature unique to the fatigue test, not
observed in the DSW specimens after the tensile shear
test (Figure 5B,C). On the fracture surface at the crack
initiation site (Figure 9C), the initiated crack is associ-
ated with a black mark, which might be due to the
accumulation of oxidized black wear debris. Although
the crack initiation process could not be observed in-
situ because the Al-alloy surface was hindered by the
steel sheet, the crack initiation site can be estimated as
being at the center of the radial pattern indicated by
the red line in Figure 9C. As revealed in Figure 9B,C,
this crack initiation site is not at edge of the hole but
approximately 1 mm inside the hole. In fatigue tests of
riveted and bolted joints,'">"* cracks typically originate
in the heavy fretting area around the riveted or bolted
zone a short distance away from the holes, where black
wear debris is often observed. Hence, the black debris
observed in Figure 9 is related to the repeated contact,
suggesting that fretting occurs in DSW specimens dur-
ing cyclic loading.

The surface of the Al alloy (Figure 9A) also shows a
white discolored area on the top side (12 o'clock posi-
tion), where contact and friction also occurred during the
fatigue test. However, no crack is observed on this top
side in Figure 9A. This is attributed to the normal stress
distribution along the hole, which will be numerically
discussed on the basis of the FE analysis in Section 4.

In the tensile shear test, the tensile fracture occurred
at the weld nugget of the steel sheet, but this fracture was
not observed in the fatigue test. It is assumed that the
stress concentration at the weld nugget was not large
enough to cause tensile fracture because the load applied
to the specimen in the fatigue test was smaller than that
in the tensile shear test. The fatigue failure occurred in
the Al alloy plate before the tensile fracture in the steel
sheet in the fatigue test on the DSW specimens.

4 | DISCUSSION

There are severe stress gradients at the contact interface
due to frictional and tangential loads, which act as a
flaw generator leading to premature crack nucleation
when compared with plane fatigue situations."*™'® In
this study, fatigue tests were conducted on four types of
DSW specimens with different combinations of steel
sheets and Al alloys. All specimens were fractured in
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FIGURE 5 Overviews of the tensile (A) SPR specimen
shear test specimens. (A) SPR,

(B) DSW-1 and 3, and (C) DSW-2 and
DSW-4. DSW, dimple spot welding; SPR,

self-piercing riveting. [Colour figure can
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(Failed in Al alloy)
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the Al alloy plate, and the fatigue life was found to be
affected not only by the strength of Al alloy itself but
also by the mechanical properties of the steel sheets.
The stress at the contact surface was affected by (1) the
mechanical properties of the steel sheets and Al alloys
and (2) the friction coefficient, which depended on the

Displacement [mm]

combination of base metals. This then affected the
accumulation of fatigue damage in the Al alloy plates.
In this section, DSW specimens are reproduced by an
FE model, and the effects of the combination of base
metals on the stress along the contact surface are exam-
ined numerically.
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41 | FE model of the DSW
dissimilar joint

FE analysis is conducted using Abaqus/Standard 2017.
Figure 10 shows the FE model used in this study. Half of
the actual DSW specimen is modeled considering the
symmetry along the width direction. The geometry is
determined from the cross-sectional picture of the actual
joint as seen in Figure 4. An eight-node brick element
with reduced integration (C3D8R) was used as the main
element, and a six-node wedge element (C3D6) was

TABLE 3 Tensile shear strengths of four DSW specimens and
an SPR specimen.

Tensile shear

Tensile shear strength/area of
Specimen strength (kN) jointed part (N/mm?)
DSW-1 10.6 445
DSW-2 13.7 576
DSW-3 10.5 441
DSW-4 13.6 571
SPR 11.4 499

Abbreviations: DSW, dimple spot welding; SPR, self-piercing riveting.

partially used. The minimum element size near the weld
area was approximately 0.05 x 0.05 x 0.1 mm, and the
mesh was set so that the element size increased away
from the weld area. The mechanical properties of the
base metals were set according to the stress-strain rela-
tionships under the uniaxial tensile tests shown in
Figure 2. The Poisson's ratios of the steel sheets and Al
alloys were set to 0.30 and 0.34, respectively. The Mises
yield criterion was considered for the yield condition.
The friction coefficients in Table 4 were measured for
four combinations of base metals. Here, Model-1,
Model-2, Model-3, and Model-4 correspond to the actual
specimens DSW-1, DSW-2, DSW-3, and DSW-4, respec-
tively, where the measured friction coefficients are used.
Model-1/, Model-2’, Model-3', and Model-4' are hypothet-
ical models in which only the friction coefficients are
changed without changing the other mechanical proper-
ties to examine the effect of the friction coefficient.

In the DSW joints, residual stresses are generated
when the steel sheets are welded through the hole drilled
in the Al alloy plate. Such residual stresses firmly grip
the Al alloy plate. In fact, half of the Al alloy plate
remained between the steel sheets even after the tensile
shear test as seen in Figure 5B. In the FE analysis, the Al
alloy plate was simulatively heated to reproduce the
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FIGURE 7
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Fatigue test results for DSW-4 and SPR specimens. DSW, dimple spot welding; SPR, self-piercing riveting. [Colour figure can
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compressive residual stress in the Al alloy. Although the
residual stress distribution is difficult to reproduce
exactly, the load—displacement diagram in Figure 6 for
the DSW specimens could be approximately reproduced
when the temperature of the Al alloy plate was increased
to 400°C for all four joint types.

4.2 | FE analysis results

The stress under a typical frictional contact appears to
be highly multiaxial and undergoes nonproportional
loading.'*'” Various parameters have been used to
quantitatively describe fatigue damage in complex
stress conditions, following critical plane approaches
including Fatemi-Socie,'® Smith-Watson-Topper,'**° and
others.”’** Fretting specific parameters, such as Ruiz
parameter”* and the tangential stress range-compressive
stress range diagram,*® have also been adopted to life pre-
diction under fretting conditions. The optimum parame-
ters seem to vary depending on the combination of
materials, the geometry of the contact area, and the level
of cyclic loading.'® The most important parameter in the
fretting fatigue is the tangential stress component along
the contact surface.***’

Figure 11 shows the distributions of tangential stress
o, relative slip range A§, and maximum principal stress
o; along the contact surface of the Al alloy plate. An
external load of 5 kN, corresponding to the maximum
load during the cyclic loading with load amplitude of
2.25kN, is applied to Model-1. The tangential stress o7,

The number of cycles to failure

which is an output of Cshear in Abaqus/Standard, is
induced by the combination of contact pressure and
applied stress. Figure 11 shows that higher o7 is gener-
ated at the lower left (8 o'clock position) at a short dis-
tance from the hole, at which the relative slip range (AJ)
also shows larger value. This position corresponds well to
the actual site of crack initiation in the DSW specimen
(Figure 9). The crack initiation was caused by the accu-
mulation of fatigue damage due to the repeated contact
between the steel sheet and Al alloy at this 8 o'clock posi-
tion, which resulted in fatigue failure. In Figure 11, o7 is
also high around the top side (12 o'clock position), where
a certain level of fatigue damage should be accumulated.
Actually, a white discolored area due to the repeated con-
tact and friction was observed on the top side of the DSW
specimens as seen in Figure 9A. However, no cracking
occurred at this position, unlike the 8 o'clock positions.
This is attributed to the distribution of the maximum
principal stress o7: the o; value around the 8 o'clock posi-
tion is tensile, whereas that around the 12 o'clock
position is compressive. This prevents crack propagation
even if a crack is initiated by high tangential stress; there-
fore, the Al alloy plate never failed from the top side.
Actually, no crack is observed around the 12 o'clock posi-
tion in Figure 9A, although repeated friction also
occurred here.

The computed values of o are plotted in Figure 12.
The values of o7 at the nodes along red lines (in the
insert) are plotted as functions of the angle from the bot-
tom position (6 o'clock position). Figure 12A shows the
results of the lower-strength Al alloy (Model-1 and
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(A) Side surface of Al alloy

(B) Schematics of
fracture surface

%
“

FIGURE 9

Edge B o
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Estimated point of
crack initiation :
500 pm

The side view and fracture surfaces of Al alloy in DSW-1 specimen (stress amplitude is 2.25 kN). (A) Side surface of Al alloy,

(B) illustration of failed, specimen and (C) fracture surface near the crack initiation site. DSW, dimple spot welding. [Colour figure can be

viewed at wileyonlinelibrary.com]

Model-3), while Figure 12B shows those of the higher-
strength Al alloy (Model-2 and Model-4). The reason why
these results are separated in Figure 12 is that the resis-
tance to fatigue damage is different for each Al alloy, so
they cannot be directly compared in a single figure.
Figure 12A,B shows that the o7 value for Model-1 and
Model-2, in which the Al alloys are joined with the
lower-strength steel, are higher than those for Model-3
and Model-4, where the Al alloys are joined with the
higher-strength steel. The higher tangential stress leads

to higher fatigue damage, resulting in shorter fatigue life.
The computed results in Figure 12 are consistent with
the fatigue test results in Figure 7.

The steel sheet has two effects on the tangential stress
along the contact surface of the Al alloy plate: (1) the
mechanical properties of the steel sheet can change the
stress at the contact surface and (2) the combination of
steel sheets and Al alloys can change the friction coeffi-
cient, which affects the tangential stress at the contact
surface. Figure 12A,B also shows the resulting values of
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or for Model-1/, Model-2’, Model-3’, and Model-4', for
which only the friction coefficient is hypothetically chan-
ged. Comparing the cases where the base materials are

(IR NTEAVIALAAN

Tt

Al alloy

S

—

Steel

FIGURE 10 Finite element (FE) model of the DSW specimen
used in this study. DSW, dimple spot welding. [Colour figure can be
viewed at wileyonlinelibrary.com]|

TABLE 4 Friction coefficients used
in the FE models.

FE model
Model-1
Model-1'
Model-2
Model-2’
Model-3
Model-3’
Model-4
Model-4’

= . 1
ﬁi m E:g?::eﬁnzﬁ;;erizfs & Structures _WI L E Y

the same but only the friction coefficient is different
(comparing Model-1 with 1/, Model-3 with 3’, Model-2
with 2/, and Model-4 with 4’) reveals that the tangential
stress is significantly reduced by the decrease in the fric-
tion coefficient. This suggests that the friction coefficient
has a more significant effect on the tangential stress in
the DSW specimen. However, comparing the four combi-
nations with the same friction coefficient but different
steel sheets (comparing Model-1 with 3’, Model-1" with
3, Model-2 with 4 and Model-2’ with 4) shows that the
specimen with the higher-strength steel has slightly
lower tangential stress, suggesting that the resistance of
the DSW joint to fretting failure is further increased by
the mechanical properties of the steel sheet. The effect of
the mechanical properties of the steel sheet is less signifi-
cant than that of the friction coefficient, but the higher-
strength steel sheet has an advantage in improving the
fatigue property of the DSW joint.

Frictioncoefficient Aluminum alloy Steel
0.56 A6NO01 SPC590
0.42%

0.45 A7003 SPC590
0.38%

0.42 A6NO01 SPC980
0.56"

0.38 A7003 SPC980
0.45%

Abbreviation: FE, finite element.
“Hypothetical values to examine the effect of friction coefficient.

(A) Tangential stress, oy

CSHEAR1 Cslip1_dif
m +2708e+02 +3.499-02
M. 12.000e+02 +3.206e-02
+1.833e+02 +2.912e-02
+1.667e+02 +2.619e-02
+1.500e+02 +2.325e-02
+1.333e402 +2.031e-02
+1.167e+02 L -
+1.000e+02 IS
+1.444e-02
+8.333e+01 +1.150e-02
+6.667e+01 X
+8.566e-03
+5.000e+01 5.630e-03
+3.333e+01 ot
+ +1.667e+01 +2. e-
L 4+0.000e+00 -2.435e-04

(B) Relative slip range, AS

(C) Maximum Principal stress, o;

ANVANVAZTAN

FIGURE 11 Distributions of (A) tangential stress (o), (B) relative slip range (A6), and (C) maximum principal stress (o7) at the contact
surface of the Al alloy plate. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 Tangential stress as a

(A) Model-1 and 3
0 T T T T T T T T T T T T

—
Ln

Model-1

Lh ~1
o L

Tangential stress, o, [MPa]
&

function of the angle from the bottom
position. The computed values at the
nodes along the red line in the insert are
plotted for (A) Model-1 and Model-3 and
(B) Model-2 and Model-4. [Colour figure
can be viewed at wileyonlinelibrary.com]
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5 | CONCLUSIONS

The fatigue strength of DSW dissimilar lap joints between
steel sheets and Al alloys was investigated experimentally.
Four types of DSW specimens were prepared using differ-
ent combinations of steel sheets and aluminum alloys.
These consisted of two types of steel sheets and two types
of aluminum alloys. Tensile shear tests and fatigue tests
were conducted at room temperature. A FE elastic plastic
analysis was also performed to examine the stress along
the contact surface of DSW specimens. The findings and
conclusions of the investigations are as follows:

1. DSW specimens have tensile shear strengths equal to
or greater than that of the SPR specimen. In DSW
specimens fabricated with the lower-strength Al alloy,
tensile fracture occurred in the Al alloy plate, whereas
the tensile fracture occurred at the weld nugget in
DSW specimens with the higher-strength Al alloy.

The tensile shear strength of the latter DSW speci-
mens was higher than that of the former.

. The fatigue life of the DSW specimens was approxi-

mately 10 times longer than that of the SPR specimen.
In all four DSW specimens, the fatigue crack initiated
from the Al alloy associated with fretting induced by
repeated contact and friction. Although the fatigue
lives of the DSW specimens were mostly determined
by the Al alloy strength, they were also affected by the
steel sheet strength.

. The tangential stress that caused fatigue damage and

crack initiation was higher at a short distance away
from the center hole of the Al alloy plate. This higher
tangential stress area corresponded well to the actual
site of crack initiation. Although the tangential stress
was mostly governed by the friction coefficient, it was
also affected by the steel sheet strength. The higher-
strength steel led to the lower tangential stress, which
resulted in the longer fatigue life of the DSW joint.
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