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ABSTRACT

NOMENCLATURE

ABBREVIATIONS

INTRODUCTION

The fatigue property of dissimilar spot welds between an aluminium alloy (AA5052) and
a magnesium alloy (AZ31) was studied in this research. The AA5052 and AZ31 coupons
were resistance spot welded together by using an interlayer of Sn-coated steel between
the two coupons. The fatigue test results revealed that the Mg/Al joints had the same
level of fatigue strength as Mg/Mg resistance spot welds. It was found that within the life
range of N;< 10’ cycles, Mg/Al welds degraded faster than Mg/Mg joints. This was
attributed to the larger bending moment on the plane of fatigue failure in the Mg/Al
welds. Three failure modes were observed under different cyclic loading regimes:
Al/steel interfacial failure, Mg coupon failure and Al coupon failure. Fatigue fracture
surface of Mg/Al welds consisted of two distinct regions: crack propagation region with
brittle morphology and final rupture with ductile morphology.
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F = external load on tensile-shear specimens
Fiiny Finaxy = minimum and maximum loads in load-controlled cyclic tests
3F =load range
Ny = fatigue life
R = Load ratdo

EDS = energy-dispersive X-ray spectroscopy
HCF = high cycle fatigue

IMC = intermetallic compound

LCF =low cycle fatigue

SEM = scanning electron microscope

because of a range of desirable properties, for example,
low density, excellent corrosion performance and high

Under the current energy crisis, the reduction of vehicle
mass is a strong demand for the automotive industry. As
the lightest structural metal, magnesium (Mg) has
attracted attentions in various industries, due to the high
specific strength, excellent castability, machinability and
sound damping capability.! Aluminium (Al) alloys are
also extensively utilized in the automotive industry
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specific strength.>® Thus, Mg and Al alloys are viable
alternatives for steel to reduce the weight of vehicles.
Several recent researches aimed at developing
multimaterial automotive body structures, involving Mg
and Al alloys and high-strength steels.® Therefore,
welding between Mg and Al components is a critical part
of the new body structures’ design philosophy.
According to the Al-Mg binary phase diagram,® the
unfavourable hard and brittle Al-Mg intermetallic
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compounds (IMCs) can be formed in the weld region
during the welding process, which results in poor
strength of Mg/Al welds. Several welding methods were
investigated for joining Al to Mg alloys, such as laser
welding,”® vacuum diffusion bonding,”'® gas tungsten
arc welding,'" resistance spot welding,'* ultrasonic spot
welding'**'* and friction stir welding."*~!” Previous stud-
ies demonstrated that the AI-Mg IMCs such as Al;Mg,
and Al;;Mg;; have a harmful effect on the strength of
Mg/Al joint and could hardly be prevented during the
welding process.'”'®*?° To reduce the formation of
Al-Mg IMCs, an interlayer made of a third metal, such
as copper, steel, cerium, titanium and nickel, was placed
between Al and Mg coupons during welding. The effect
of different interlayers has been investigated in a number
of studies.»*! %% It was demonstrated that the addition of
an interlayer restrained the reaction between Al and Mg,
thus reduced the formation of Al-Mg IMC**'~%¢ and
enhanced the joint strength. As a predominant welding
method in the automotive industry, resistance spot
welding been studied to make Al to Mg joints by using
this technique, and several interlayers have been
examined.”**?® In the study of Mg/Al spot welds*” with
an interlayer of Sn-coated steel, the results showed great
increase in the joint static strength compared with that of
the Mg/Al direct welds (no interlayer).

Numerous studies have been performed on fatigue
characterization of similar spot welds, such as steel/steel
and Al/A1?*° However, limited studies are available on
fatigue of Mg/Mg similar spot welds. Behravesh ez al.*'~
33 investigated the fatigue behaviour of magnesium spot
welds with different nugget sizes. They reported that in
the low cycle fatigue (LCF) regime, the fatigue strength
is enhanced by increasing the nugget size. This effect
diminishes in the high cycle fatigue (HCF) regime.’!
Three failure modes were observed: Interfacial failure
and coupon failure occurred in the LCF and HCF
regimes, respectively, and partially interfacial failure was
a transition between the two. Fatigue crack initiates close
to the nugget edge in the LCF regime, but in the HCF
regime, the initiation point moves farther from the
nugget.’? Comparison between spot welds of magne-
sium, aluminium and steel revealed that magnesium and
aluminium spot welds have similar fatigue strength, while
steel exhibits significantly higher strength.”® Fatigue
crack initiation life was estimated in magnesium spot
welds, and it was observed that the portion of crack initi-
ation life to total life increases from LCF to HCF
regime.’® Different fatigue models were used to predict
the fatigue life of magnesium spot welds. The accuracy
of these models was assessed and discussed.” Xiao
et al’* studied the effect of fusion zone microstructure
on the fatigue behaviour of magnesium spot welds. They
reported that refined microstructure in the fusion zone

resulted in a longer fatigue life under high cyclic load
where interfacial failure occurred. Basal slip, pyramidal
slip and twining were identified as the deformation
mechanisms inside the fusion zone, with twinning
appearing more in the welds with coarser microstructure.

A few published works are available on fatigue of mag-
nesium dissimilar joints. Liu et 2/.*° compared the fatigue
strength of Mg/steel spot-welded joints with that of
Mg/Mg similar joints. The results show that the
Mg/steel and the Mg/Mg spot welds have similar fatigue
performance. The fatigue strength of Al/steel dissimilar
friction spot welds is substantially lower (about half) than
that of AI/Al spot joints.***¢ The main reason for the
lower fatigue strength of the Al/steel joint is the brittle
Al-Fe IMCs formed at the interfacial region.’® Mallick
and Agrawal’” compared the fatigue performance of
friction spot welds of Mg/Mg, Al/Al and Mg/Al on ten-
sile shear specimens. They showed that AI/Al and
Mg/Al had the highest and lowest fatigue strength,
respectively. Xu et al’® compared the microstructure
and mechanical behaviour of Mg/steel spot welds with
those of weld-bonded Mg/Mg and Mg/steel joints. In
both Mg/steel spot welds and Mg/steel weld bonds,
fusion zone was formed only at the Mg side, which
consists of equiaxed dendrites at the interface and colum-
nar dendrites near the boundary of fusion zone. Static
and fatigue tests revealed that the weld-bonded Mg/Mg
was stronger than weld-bonded Mg/steel, and both of
them were substandally stronger than Mg/steel spot
welds. This was related mainly to the high stress concen-
tration at the vicinity of the nugget in the spot weld
joints, while the stress distribution in the weld-bonded
joints was more uniform. To the authors’ knowledge, as
of to date, fatigue performance of Mg/Al dissimilar resis-
tance spot welds has not been studied.

"This paper, therefore, aimed to characterize the fatigue
behaviour of Mg/Al resistance spot welds with Sn-coated
steel interlayer. Load-controlled cyclic loads with positive
R ratio were applied to spot weld specimens over a wide
range of load amplitudes. Failure modes under different
cyclic load levels were discussed as well as the crack prop-
agation behaviour. The failure modes were compared
with failure modes in Mg/Mg spot welds. The microstruc-
tures of the joint cross section and fracture surfaces were
analysed by the scanning electron microscope (SEM)
and energy-dispersive X-ray analysis (EDS) methods.

MATERIALS AND EXPERIMENTS

AZ31B-H24 magnesium sheet and AA5052-H32 alumin-
ium sheet were used in the current study of dissimilar
magnesium to aluminium joining. The AZ31B-H24
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Table 1 Composition of the AA5052, AZ31 and Sn-coated steel (in wt%)

Materials Al Mg Fe Mn Zn Si C p S
AA5052 Bal. 2.2-2.8 0.4 0.1 0.1 0.25 — — —
AZ31B 29 Bal. — 0.3 1.1 0.01 — — —
Steel — — Bal. 0.5 — — 0.01 0.001 0.005
sheet was strain-hardened and partially annealed, and the ~ Sun et a/.*’

AA5052-H32 aluminium sheet was strain-hardened and
stabilized. An Sn electroplated, cold-rolled AIST 1008
plain carbon steel sheet (0.6mm) was used as the
interlayer. The thickness of the Sn coating was around
1 pm. The compositions of the as-received materials are
shown in Table 1.

Table 2 shows the monotonic tensile properties of the
base metals along the rolling direction. The AA5052 and
AZ31B sheets have the same thickness of 2 mm and were
cut to rectangular coupons of the size 125 x 38 mm along
the sheet rolling direction.

Before welding, the coupons were cleaned to prevent
porosity and expulsion.”**? A solution of 2.5 g chromic
oxide in 100mL water was used for cleaning AZ31B
coupons, and a solution of 1.2 mL HF, 67.5mL HNO;
and 100mL water was used for cleaning AAS5052
coupons. A Sn-coated steel interlayer with dimensions
of 20x20x0.6mm was inserted between the Mg and
Al coupons before welding. The cleaned coupons were
used to make tensile shear specimens according to the
specifications of the AWS-D17.2 standard,™ as shown
in Fig. 1. The welding procedure to make the spot-
welded specimens was the same as that in the work by

Table 2 Tensile properties of the base metals

0.2% Yield Ultimate Ductility

Materials strength (MPa) strength (MPa) (%)
AAS5052-H32% 190 260 12
AZ31-H24% 224 292 14
- 128 -
lo 38
i
LR ® < R0 a8
\ 1
. 55
Interlayer
P 2
1 )
i i
Spacers
Units: mm

Fig. 1 Spot-welded specimen geometry (dimensions are in mm).

For static and fatigue testing, spacers were used at
the two ends of specimens to fill out the coupon offset
to prevent additional coupon bending, as shown in
Fig. 1. Static and fatigue tests were performed at the
room temperature by using a MTS servo hydraulic
uniaxial machine with FlexTest controller and
+50kN axial force capacity. Static testing was
conducted in the displacement-controlled mode with
the displacement rate of I mmmin~'. The force and
displacement histories as well as the failure mode were
recorded in static tests. Fatigue tests were performed
under load-controlled mode with a load ratio
R=Fpin/ Fax=0.1, where F,,;, and F,,,, are minimum
and maximum forces, respectively. The waveform for
fatigue loading was sinusoidal. Depending on the
applied load, the loading frequency was within the
range of 2 to 30Hz, that is, low frequency for high
cyclic loads and high frequency for low cyclic loads.
Fatigue tests were continued until failure, that is, the
separation of coupons, or up to 10 million cycles,
considered run-outs. The force and displacement
histories, the failure modes and the number of cycles
were recorded in fatigue tests.

An Olympus BXSIM system optical microscope
and JSM 6460 SEM equipped with EDS were used
for the microstructure observation of the joint cross
section and fracture surfaces. For microstructure
analysis from the nugget cross section, the magnesium
side fusion zone was revealed by a Nital Etchant, and
the aluminium side was etched with a 2% HF
solution.

RESULTS AND DISCUSSION

Nugget cross section profile

Figure 2 shows an overview of the cross section of
AA5052/AZ31B spot weld with an Sn-coated steel inter-
layer. As displayed in Fig. 3a, Al-Fe IMCs are formed at
the Al/steel interface. According to the literature,””*"*
the Al-Fe IMCs are expected to consist of FeAl; and
Fe,;Als. The thickness of the IMC layer was about 4 pm
at the centre of nugget and reduced to 2 um towards
the edge. At the Mg/steel interface, Fig. 3b, welding
occurred because of the existence of the Alg(Mn, Fe)s
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Fig. 2 Typical cross section of Mg/Al dissimilar spot weld with
Sn-coated steel interlayer at 36 kA welding current.

layer.* Also, squeezed-out Mg-Mg,Sn eutectic + a-Mg
structure’’ was observed in the Mg side fusion zone near
the edge of the nugget.

Mechanical properties

Static and fatigue performance of Mg/Al joints is
presented and discussed in this section. The mechanical
behaviour of Mg/Al spot welds with Sn-coated steel
interlayer is compared with those of Mg/Al direct welds
(without interlayer). The results for the Mg/Mg spot
welds with the same specimen geometry and testing
condition were included in the comparison as a bench-
mark.’®> The comparison requires a reasonable basis,
especially because the size of nuggets and coupon offsets
are different in the three sets of specimens. To make a
meaningful comparison, the strategy was to compare
the fatigue strength of different material combinations

Al (A)] steel

Al-Fe reaction layer

""" : \ 4

at the highest static strength. In other words, welding
parameters were optimized for each combination,
independently to achieve the highest possible static load.
The optimized welding process was then employed to
make the fatigue specimens.

In earlier studies by the authors, the welding parame-
ters were optimized for Mg/Al spot welds®” and Mg/Mg
spot welds*” to achieve the maximum static tensile shear
load. The optimum welding parameters and average
nugget diameters for Mg/Al and Mg/Mg spot welds are
summarized in Table 3.

The static performance of Mg/Al and Mg/Mg spot
welds is compared in Fig. 4. This demonstrates that the
peak loads and ductility in Mg/Al direct welds are signif-
icantly lower than those in Mg/Al spot welds with inter-
layer, although the nugget diameters are very close
(Table 3). The poor static performance of Mg/Al direct
welds was attributed to brittle Al-Mg IMCs in the fusion
zone.”” In Mg/Al spot welds with interlayer, the Sn-
coated steel prevented the formation of the Al-Mg IMCs
and resulted in substantial improvement in both the peak
load and the ductility. Utilizing the interlayer has made
the Mg/Al spot welds to reach to the same level of peak
load and ductility as Mg/Mg spot welds.

Figure 5 illustrates the fatigue test results in terms of
load-life curve obtained for Mg/Al spot welds with and
without the interlayer. The fatigue test results are also
listed in Table 4. Mg/Al direct welds exhibited poor

)

Als(Mn, Fe)s layer
{

Eutectic + a-Mg

2 tm

Fig. 3 Microstructure of Mg/Al spot welds with Sn-coated steel interlayer: (a) Al/steel interface and (b) Mg/steel interface. [Colour figure can

be viewed at wileyonlinelibrary.com]

Table 3 Optimized welding parameters and weld nugget diameters

Specimen Welding current (kA) Welding time (cycle”) Electrode force (kN) Avg. nugget diameter (mm)
Mg/Mg 34 8 4 104

Mg/Al direct welding 36 5 4 103

Mg/Al with interlayer 36 5 4 10.0°

*1 cycle=1/60's (power frequency = 60Hz).

bFor Mg/Al spot welds with interlayer, the nugget diameter was measured from the Al/steel interface where failure occurred in static tests.
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Fig. 4 Typical load displacement static test results for Mg/Al and Mg/
Mg spot welds. [Colour figure can be viewed at wileyonlinelibrary.com]
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Fig. 5 Fatigue performance of Mg/Al and Mg/Mg spot welds.
[Colour figure can be viewed at wileyonlinelibrary.com]

fatigue strength especially in the LCF regime, which was
expected from the low static strength of these welds, as
shown in Fig. 4 and as reported in an earlier study.”’
Failure in all Mg/Al direct welds occurred through
nugget at the interface, showing very scattered fatigue
strengths. Non-repeatable results of Mg/Al direct welds
limit the reliability of the results for a worthwhile com-
parison between Mg/Al direct welds and other two welds.
Adding the Sn-coated steel interlayer, however, recov-
ered the fatigue strength to the same level as Mg/Mg spot
welds. For Mg/Al spot welds with interlayer, the increase
in the cross-head displacement amplitude versus loading
cycles is shown in Fig. 6 and is compared with that for
Mg/Mg welds under the same load ranges, AF. The fig-
ure includes the results for different life spans, from low
to mid and HCF. This graph demonstrates that during
the load-controlled fatigue tests, the cross-head displace-
ment amplitude is relatively constant at the beginning but
gradually increases, and the rate of change drastically
rises towards the end of the test.

The increase in the displacement amplitude is an indi-
cation of specimen properties’ degradation, that is, loss of
the specimen’s stiffness due to crack initiation and
propagation. The onset of the rise in the displacement
amplitude is an evidence of the fatigue crack initiation
at the nugget edge, and the rapid increase in the slope
represents the domain of the fatigue crack propagation
leading to the final failure. As depicted by Fig. 6, for

Table 4 Fatigue test results for Mg/Al spot welds with and without interlayer and comparison with Mg/Mg spot

welds
Mg/Mg Mg/Al direct welding Mg/Al with interlayer
Life Life Life
Load range [kN] (cycle) Load range [kN] (cycle) Load range [kN] (cycle)
3.33 4873 1.8 1 4.05 1767
3.33 4958 1.71 447 4.05 1317
3.29 4563 1.62 44756 3.6 3070
2.70 10131 1.53 75760 3.6 2173
2.70 10472 1.35 3 3.33 3052
2.70 10068 1.35 117280 3.33 3857
1.80 52384 1.08 1090056 2.7 7691
1.80 82240 0.9 100254 2.7 8793
1.80 46221 1.8 37170
0.90 316298 1.8 40054
0.90 531352 1.35 128088
0.90 >10000000 1.35 132959
0.81 641537 1.08 267328
0.81 679549 1.08 303 603
0.77 486572 0.9 446476
0.77 751491 0.9 475559
0.72 558984 0.72 2343916
0.72 1136069 0.72 2241679
0.72 >10000000 0.675 2924368
0.675 1092087
0.63 >10000000

© 2016 Wiley Publishing Ltd. Fatigue Fract Engng Mater Struct, 2017, 40, 1048-1058
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Fig. 6 Increase in displacement amplitude for Mg/Al and Mg/Mg spot welds under different cyclic loading. [Colour figure can be viewed at

wileyonlinelibrary.com]

the life range of Ny< 10° cycles (Fig. 6a and b), Mg/Al
specimens degrade earlier than Mg/Mg welds, resulting
in shorter lives for Mg/Al welds. However, at higher lives
with N¢> 10 cycles (Fig. 6¢ and d), the trend in the load-
life behaviour for Mg/Mg is a plateau (Fig. 5), meaning
that a Mg/Mg spot weld may have a finite life, for
example, N¢=5x10° cycles, or an ‘infinite’ life, that is,
N¢> 107 cycles under a slightly different load range.
Therefore, a meaningful comparison cannot be made

Al (A)

secondary crack
\ nugget
- h
! . steel

(B)

secondary crack

front front

@

Mg

secondary crack =—*
back

between the degradation rates of Al/Mg and Mg/Mg,
within this life range. The earlier weld degradation and
failure in Mg/Al joints, as shown in Fig. 6a and b for
fatigue lives N¢< 10°, may be attributed to the existence
of interlayer that results in increased bending moment
and higher stress levels.

The degradation rate for Mg/Mg welds for N> 10°
cycles, contrary to lives N¢< 10°, is similar to or faster
than Mg/Al (Fig. 6¢ and d), while stresses in Mg/Al

- o~—Secondary crack

10 mm front

Fig. 7 Fatigue failure modes for the Mg/Al specimens: (a) and (b) front and back of failed specimen subjected to a high cyclic load, AF=3.3 kNN;
(c) and (d) front and back of failed specimen subjected to an intermediate cyclic load, AF = 1.8 kN; (e) specimen subjected to a low cyclic load,
AF=0.7 kN with failure at Mg side; (f) specimen subjected to a low cyclic load, AF=0.7 kN with failure at Al side.
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Fig. 8 Different failure modes in Mg/Al dissimilar welds. [Colour
figure can be viewed at wileyonlinelibrary.com]

remain larger than Mg/Mg. Within the N¢> 10 cycles,
as displayed by Fig. 5, the load-life curve for Mg/Mg
welds exhibits a plateau. This can be attributed to the
fatigue behaviour of AZ31B sheet, because fatigue cracks
in spot-welded specimens initiate and propagate in the
base metal (away from the weld), within the HCF
regime.’” Fatigue strength of AZ31B sheet reaches a
plateau around the life of 10° cycles.**** This means that
a slight change in the stress level within this regime may
result in a finite life or no failure up to Ny=10". Hence,
the degradation behaviour for Mg/Mg welds for
Ng>10° cycles (Fig. 6¢ and d) where the stress levels
are low may be attributed to the plateau nature of fatigue
behaviour of Mg.

Failure modes

Three different failure modes of the Mg/Al joints with
Sn-coated steel interlayer were observed under cyclic
loading: interfacial failure, coupon failure on Mg side
and coupon failure on Al side. Failure mode in Mg/Al
spot welds with interlayer depended strongly on the
fatigue loading condition.

Interfacial failure occurred in specimens subjected to

large cyclic loads (load range, AF>2.7kN). Figure 7a

Al

nugget .

10 mm

shows a typical failure in a specimen subjected to a cyclic
load with AF=3.3kN. High cyclic loads cause severe
bending in coupons, which makes the interfacial plane
more critical than the plane normal to the loading
direction. Therefore, interfacial failure is common under
high cyclic loads.”? Along with the major failure at the
Al/steel interface, secondary cracks were propagated
through the coupon thickness on both Al and Mg
coupons close to the nugget edge, which is depicted in
Fig. 7a and b. The Al/steel interfacial failure indicates
that steel creates better bonding with magnesium than
with aluminium.?’

Coupon failure occurred in welded specimens subjected
to cyclic loading of intermediate and low amplitudes.
When the load range was between 0.9 and 2.7 kN, that is,
the life was within the range of 10Y < Ne< 2x10° cycles,
primary crack initiated at the nugget edge and propagated
in the Mg coupon, while secondary crack was observed in
the Al coupon, as shown in Fig. 7c and d.

Specimens subjected to very low cyclic loading
(AF<0.9kN) demonstrated a transition from Mg
coupon failure to Al coupon failure, as displayed in Fig. 7e
and f. More investigation is needed to explain the transi-
tion in the fatigue failure mode. Figure 8 depicts different
failure modes of Mg/Al spot welds with interlayer.

Fracture surfaces
Mg/Al direct welds

Figure 9 shows the typical fatigue fracture surfaces of
Mg/Al direct welds. Unlike the various failure modes
of the Mg/Al-welded specimens with interlayer, all of
the Mg/Al direct welds failed at the Mg/Al interface
through the nugget, as shown in Fig. 9a. Similar failure

Table 5 EDS analyses results (at%) for the regions shown in Figs. 9
and 10

Spectrum Mg Al Fe
1 48.9 511 —
2 58.9 41.1 —
3 0.2 81.4 18.4
4 23 97.7 —

L Al side >

Fig. 9 Typical fatigue fracture of Mg/Al direct weld: (a) failure mode, (b) fracture surface in Al side and (c) fracture surface in Mg side; points 1

and 2 are for EDS analyses, the results of which are shown in Table 5.
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500 pm

Fig. 10 Fatigue fracture in Mg/Al joints with Sn-coated steel interlayer, under AF = 3.3 kIN: (a) fractured nugget in Al side, (b) secondary crack
in Al coupon, (c) fatigue crack propagation region and (d) final rupture region; points 3 and 4 are for EDS analyses, shown in Table 5.

mode was observed in Mg/Al direct welds under static
tensile shear loading, in the present and previous stud-
ies.”” The SEM images in Fig. 9b and ¢ demonstrate
brittle fracture in the nugget of Mg/Al direct welds.
The EDS analysis results, presented in Table 5 (spectra
1 and 2) revealed that the Al-Mg IMCs are present on
the fracture surface. The low strength, premature
nugget failure, and the brittle morphology of the
fracture surface can be attributed to the formation of
hard and brittdle Al-Mg IMCs, such as Al;Mg, and
Al;;Mg,5, inside the nugget.”'"'®

Mg/Al welds with interlayer

Figure 10 displays the fatigue fracture surface of Mg/Al
welds with Sn-coated steel interlayer, under a high cyclic
load, AF=3.3 kN, which resulted in Al/steel interfacial
failure. Figure 10a shows the fracture surface in Al side,
and Fig. 10b displays a secondary crack through the Al
coupon thickness, region B in Fig. 10a. SEM examination
on the fracture surface (Fig. 10c and d) revealed two
different morphologies on the fracture surface: region
C with brittle morphology representative of fatigue crack

Fig. 11 Fatigue fracture in Mg/Al joints with Sn-coated steel interlayer, Mg sheet, under AF = 0.7 kN: (a) fracture surface overview, (b) location
of fatigue crack initiation (region B as marked in panel a), (c) crack propagation region (C as marked in panel a) and (d) final fracture (region D

in panel a). [Colour figure can be viewed at wileyonlinelibrary.com]
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— 2 iim

Fig. 12 Fatigue fracture in Mg/Al joints with Sn-coated steel interlayer, Al sheet, under AF'=0.7 kN: (a) fracture surface overview, (b) location
of fatigue crack initiation (region B as marked in panel a), (c) crack propagation region (C as marked in panel a) and (d) final fracture (region D

in a). [Colour figure can be viewed at wileyonlinelibrary.com]

propagation and region D with dimpled morphology
indicative of final rupture.

Elemental analysis with EDS demonstrated that
region C contains both Al and Fe elements (spectrum 3
in Table 5), while region D contains only Al (spectrum
4 in Table 5). This observation suggests that fatigue crack
propagation occurred in Al-Fe IMCs and final rupture
inside the Al fusion zone. The brittle structure of the
Al-Fe reaction layer made this region favourable for
crack propagation. Similar observation was made in
fatigue failure of Al/steel welds, that is, fatigue crack
initiated and propagated at Al/steel interface within the
Al-Fe intermetallic layer.*

Figures 11 and 12 show typical fracture surfaces in
the specimens failed in Mg and Al coupons, respec-
tively. In either case, fatigue crack initiated at the sheet
surface close to the nugget edge (Figs. 11b and 12b)
and afterwards propagated towards the thickness.
Figures 1lc and 12c show the fatigue propagation
region with brittle morphology. Figures 11d and 12d
show ductile fracture in the final rupture region.
Similar observations were made at the fatigue fracture
surface of Mg/Mg joint.>®

CONCLUSIONS

The focus in this research was on fatigue characterization
and failure modes of AAS5052 to AZ31B dissimilar
resistance spot welds with Sn-coated steel interlayer.
The conclusions made from this study are as follows:

1. The fatigue results of the Mg/Al joints with Sn-coated
steel interlayer show comparable fatigue strength to
that of Mg/Mg similar welds.

2. Within the life range of Ni< 10°, fatigue degrada-
tion rate is higher in the Mg/Al welds than in

Mg/Mg welds; therefore, the fatigue life for Mg/Al
welds is shorter than that for Mg/Mg welds. This
behaviour was attributed to the existence of an inter-
layer between the two coupons, which adds to the
coupon offset and bending moment in the Mg/Al
welds.

3. Three failure modes were observed in the Mg/Al
joints with Sn-coated steel interlayer under different
levels of cyclic loading: Al/steel interfacial failure,
Mg coupon failure and Al coupon failure. However,
interfacial failure was the only mode of fatigue failure
in Mg/Al direct welds.

4. Failure in LCF regime (fatigue life Ny< 10* cycles)
occurred at Al/steel interfacial region. This observa-
tion indicates that steel creates better bonding with
Mg than with Al, under the welding conditions studied
in the present research. In the HCF regime (up to
Np<2x10° cycles), failure occurred in Mg coupon,
while at longer lives, Al coupon failure was observed.

5. Fatigue fracture surface of Mg/Al direct weld had
brittle morphology, which was attributed to the
brittle Al-Mg intermetallics in the fusion zone.
For Mg/Al welds with interlayer, under high cyclic
loading, fatigue crack propagated in Al-Fe IMCs
leaving a brittle fracture surface, while the final
rupture was in ductile mode. Similarly, under low
cyclic loading, fatigue crack propagation and final
rupture regions had brittle and ductile morphol-
ogies, respectively.
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