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ABSTRACT

The structural application of lightweight magnesium alloys in the automotive industry inevitably
involves dissimilar welding with steels and the related durability issues. This study was aimed at evalu-
ating the microstructural change and fatigue resistance of Mg/steel resistance spot welds, in comparison
with Mg/Mg welds. The microstructure of Mg/Mg spot welds can be divided into: base metal, heat
affected zone and fusion zone (nugget). However, the microstructure of Mg/steel dissimilar spot welds
had three different regions along the joined interface: weld brazing, solid-state joining and soldering.
The horizontal and vertical Mg hardness profiles of Mg/steel and Mg/Mg welds were similar. Both Mg/
steel and Mg/Mg welds were observed to have an equivalent fatigue resistance due to similar crack prop-
agation characteristics and failure mode. Both Mg/steel and Mg/Mg welds failed through thickness in the
magnesium sheet under stress-controlled cyclic loading, but fatigue crack initiation of the two types of
welds was different. The crack initiation of Mg/Mg welds was occurred due to a combined effect of stress
concentration, grain growth in the heat affected zone (HAZ), and the presence of Al-rich phases at HAZ
grain boundaries, while the penetration of small amounts of Zn coating into the Mg base metal stemming

from the liquid metal induced embrittlement led to crack initiation in the Mg/steel welds.

Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved.

1. Introduction

With increasing use of magnesium alloys in automobile struc-
tures due to their high strength-to-weight ratio, dissimilar welding
of magnesium alloys to steel has to be considered. It is much more
challenging to accomplish magnesium-to-steel (Mg/steel) dissimi-
lar welding than to make magnesium-to-magnesium (Mg/Mg)
similar welds, in view of the large differences of electrical/thermal
conductivity, thermal expansion coefficient, melting point, etc. [1].
Various methods such as arc [2], friction stir [3], and resistance
spot welding [1] have been explored for dissimilar welding of mag-
nesium-to-steel. Good static strength of Mg/steel joints has been
achieved, for example, almost 100% shear strength of Mg base
material by using a Ni or Cu interlayer [4] and 95% of Mg/Mg spot
joint strength by using resistance spot welding [1]. The question
arose if the fatigue performance of Mg/steel dissimilar welds
would also be acceptable since, to the authors’ knowledge, no such
studies have been reported in the open literature so far.
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Only a few publications on the fatigue strength of other mate-
rial combinations are available in the open literature; usually it
has been reported that the fatigue strength of dissimilar welds is
much lower than that of base metals and similar welds. For exam-
ple, the fatigue strength of butt joined aluminum-to-steel (Al/steel)
welds was reported to be 30% lower than aluminum base metal [5].
The fatigue strength of friction stir spot welded Al/steel was about
half that for comparable Al/Al spot welds [6,7]. It is believed that
brittle intermetallic layers are the main reason for poor dissimilar
joint performance because fatigue failure of dissimilar welds al-
ways occurred at the interface where intermetallic compounds
were formed, which typically have a low critical stress intensity
factor and fast crack propagation rate [6].

The objective of the present work was, therefore, to evaluate the
microstructure and fatigue properties of Mg/steel dissimilar welds
and identify the underlying fracture mechanisms. The fatigue
properties of Mg/Mg welds were also determined in the present
study for the purpose of comparison.

2. Experimental procedure

The material used in this study was a strip cast AZ31B Mg alloy
and hot-dip galvanized HSLA steel, with a thickness of 1.5 mm and
0.77 mm, respectively. The selected thinner steel was aimed to
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Fig. 1. Microstructures of base materials selected in the present study: (a) AZ31 and
(b) HSLA.

reduce the heat generation and increase the heat flow of steel side.
The microstructures of the Mg and steel base materials are shown
in Fig. 1a and b, respectively. The AZ31 alloy consisted of equiaxed
grains. The HSLA steel had a fine-grained ferrite matrix with dis-
persed carbides at the grain boundaries. The average coating
weight of the HSLA steel was 77 g/m? (~11 pm in thickness).

Lap welded joints were made by assembling test coupons which
were cut to approximately 25 mm width and 100 mm length
according to the American Welding Society (AWS) standard D
17.2 [8]. Specimens were ultrasonically cleaned for 5 min in ace-
tone. Prior to welding the surfaces of the Mg coupons were further
cleaned with a solution of 2.5% (w/v) chromic acid to minimize sur-
face oxides. Specimens were welded using a MFDC resistance spot
welding machine (a product of Centerline Ltd.) in the constant cur-
rent mode. The configuration of the welds is shown in Fig. 2a. Sym-
metrical electrode caps (FF25) with a sphere radius of 50.8 mm and
face diameter of 16 mm were used for welding Mg/Mg. Asymmet-
rical electrodes, with a FF25 electrode cap against the Mg side and
a flat face electrode against the steel, were used for Mg/steel to bal-
ance the workpiece heating by reducing the current density and
increasing the cooling rate of the steel sheet.

Fatigue tests were conducted using an Instron 8874 servo-
hydraulic fatigue testing system in a load-control mode at a load
ratio of R=0.2. The test frequency was between 2 and 30 Hz
depending on the load level. The failure criterion was set as final
separation of test coupons or the tests were stopped at a number
of 107 cycles if no failure occurred. Two spacers corresponding to
the thickness of the other end were used to compensate for coupon
offset and prevent the initial bending during the tests.
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Fig. 2. Schematic diagrams of tensile test and spot welds: (a) configuration of
resistance spot welded test coupons and (b) schematic diagram of Mg/Mg and Mg/
steel spot welds.

The fracture surface morphology and microstructures were
examined by an optical microscope, and a JEOL JSM-6460 scanning
electron microscope (SEM) equipped with an Oxford energy-dis-
persive spectrometer (EDS). The metallographic samples were sec-
tioned across the weld centre parallel to the loading direction, and
then hot mounted at 120 °C, ground, polished and etched with a
solution of 4.2 g picric acid, 10 ml acetic acid, 70 ml ethanol, and
10 ml water. The nugget size was measured by etching the cross
section of the welded samples. Samples after fatigue tests were
cross-sectioned along the loading direction and through the weld
center as well. The microhardness profiles of the welds were mea-
sured on the cross-sections using a LECO MHT-200 Vickers microh-
ardness apparatus, with a load of 100 g and a holding time of 15 s.

Fig. 2b shows the schematic diagram of Mg/Mg and Mg/steel
spot welds. The Mg/Mg weld had a systemic nugget (fusion zone)
at both upper and lower welded sheets. In the Mg/steel weld, the
steel did not melt; the Mg melted and formed a nugget on the steel
surface. The dashed lines indicate hardness profile testing position.
The horizontal test lines were close to the faying surface where fa-
tigue crack initiation occurs because of the stress concentration [7].
The vertical test line was positioned outside of the fusion zone and
close to the notch where cracks have been found to propagate [7].

3. Results
3.1. Microstructure and microhardness

Figs. 3 and 4 show the microstructures of as-welded Mg/Mg and
Mg/steel. For the Mg/Mg spot weld as shown in Fig. 3, Al rich
phases at grain boundaries were observed both in the nugget (or
fusion zone, FZ) and heat affected zone (HAZ), which was the
brighter area as confirmed by EDS analysis. This was commonly
observed in other AZ31 Mg welds made by other welding methods,
such as arc and laser welding, which is related to microsegregation
and constitutional liquation [9,10]. However, Al rich phases in
AZ31B Mg base material were barely visible under SEM, as shown
in Fig. 1a, which is because those Al rich phases were dissolved into
matrix during the heat treatment of sheet processing [11].

As discussed in our previous study [1], the microstructure of
Mg/steel dissimilar spot welds could be divided into three different
regions along the interface of the joined area from center to outside
(from right to left in Fig. 4a): weld brazing (magnesium alloy was
melted and brazed to steel), solid-state joining (magnesium to
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Fig. 3. Microstructure of Mg/Mg weld.

steel), and soldering (Zn as solder). No continuous intermetallic
layer was observed in the interface of solid state and weld brazing
region under SEM examination as shown in Fig. 4b, which may be
the reason that the joint strength was comparable to Mg/Mg welds.
In contrast, interfaces with a micro-scale intermetallic layer, such
as Al/steel joints, have low fatigue strength [12]. It is interesting
to note that in the soldered region the zinc penetrated into the
magnesium base material along the grain boundaries (Fig. 4a and
c). Table 1 shows the chemical compositions of the soldering areas
as determined via EDS analysis. The soldering layer had a chemical
composition of about 52 at% Mg, 42 at% Zn and 6 at% Al, and the Zn
penetrated region had about 92 at% Mg, 6 at% Zn and 2 at% Al.

Fig. 5a and b show the hardness distribution along the tensile
loading direction of Mg/Mg and Mg/steel welds, respectively. The
fusion line was positioned at 0 mm. The Mg side of the Mg/steel
weld had a similar hardness profile and values as in the Mg/Mg
weld, i.e., the lowest hardness appeared in the nugget and the
highest in the base metal. At the steel side of the Mg/steel weld
the hardness showed a progressive increase in local hardness mov-
ing outwards from left to right. This may be due to the formation of
martensite islands during cooling [13]. Fig. 5¢ shows the hardness
profile along the thickness direction. The hardness profile of the
Mg side in the Mg/steel welds was also similar to that of Mg/Mg
with an average of about HV 65. The hardness of the steel side
was above HV 140, with the highest hardness appearing near the
center where the martensite transformation occurred [1]. In short,
the horizontal and vertical Mg hardness profiles of Mg/steel and
Mg/Mg welds were similar. The hardness of steel in Mg/steel was
more than twice that of Mg.

3.2. Failure mode and fatigue strength

Figs. 6 and 7 show typical cross-section images of failed Mg/Mg
and Mg/steel samples fatigued at a 2.0 kN maximum cyclic load,
respectively. For the Mg/Mg weld as shown in Fig. 6, fatigue cracks
mostly propagated into the Mg base metal from both loading ends.
It was found, as shown in Fig. 6b and c that fatigue cracking either
initiated at the HAZ, or hundreds of micrometers away from the
nugget edge. FEA modeling showed that maximum von Mises
stress did not occur right at the notch but about 0.2 mm away from
the notch [14]. Therefore, crack initiation sites were determined by
the combined effect of stress concentration, grain growth in HAZ,
and Al rich phases at the HAZ.

The cracking in Mg/steel welds started at the notch root of both
steel and Mg ends but propagated along different directions, as
shown in Fig. 7a and b, respectively. At the Mg end, a crack
propagated into the Mg base metal until failure occurred. At the

Weld brazing

15 48 SEI

Fig. 4. Microstructure of Mg/steel weld: (a) Mg/steel; (b) higher magnification
image of weld brazing region in (a); and (c) higher magnification image of soldering
region, with Zn penetrated on Mg side in (a).

Table 1

Elemental composition of different points in Fig. 4a, in at%.
Area Mg Al Fe Zn
Soldered zone 52 6 - 42
Zn penetration 92 2 - 6

steel end, the crack only propagated along the Mg and steel inter-
face into the nugget for a distance of 400-500 pm, which is much
smaller than the nugget size (9.4 mm). This indicates that the crack
propagation rate of the Mg and steel interface was much lower
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Fig. 5. Hardness profiles of Mg/Mg similar and Mg/steel dissimilar welds: (a) Mg/
Mg, parallel to the loading direction; (b) Mg/steel, parallel to the loading direction;
and (c) Mg/Mg and Mg/steel, normal to the loading direction.

than that of the Mg base metal, confirming better joint strength of
the Mg/steel weld interface.

Fig. 8a shows the maximum cyclic load vs fatigue life of spot
welded specimens, in which the nugget diameter of Mg/Mg and
Mg/steel welds was 7.8 and 9.4 mm, respectively. It seems the
fatigue life of the Mg/steel weld was longer than that of the Mg/
Mg weld, and the difference between them decreased with decreas-
ing maximum load (recorded in the semi-log coordinate) when
keeping the load ratio constant (R = 0.2). However, since the nugget
size could change the stress distribution which is directly related to
the fatigue properties of spot welds [15], the fatigue strength of
similar and dissimilar welds may not be simply compared on the
basis of Fig. 8a.

Fig. 6. Mg/Mg spot weld after fatigue test at a maximum load of 2.0 kN: (a) overall
view; (b) higher magnification image of crack initiation site A; and (c) higher
magnification image of crack initiation site B.

The high cycle fatigue failure mode of both Mg/steel and Mg/Mg
welds was through thickness (Figs. 6 and 7), in which the primary
cracks initiated outside of the nugget and propagated into the Mg
base metal through-thickness. It follows that the failure mecha-
nism at the microstructural level was in fact dominated by tensile
fracture [16]. The distribution of the tensile stress around the nug-
get can be simplified as [16],

0(0) = Omax - €OS 0, (1)

where 0 is from —90° to 90° and o ,,,« is the maximum tensile stress
occurring at 0 =0°. It should be noted that both Mg/Mg and Mg/
steel samples barely rotated during high fatigue tests with proper
spacers added in the clamping area. Therefore, the stiffness
difference between Mg and steel could be ignored. Then the applied
tensile load P becomes [16],
m/2 d T

P= 0(0)-=t-cos0-d0 =~ tdomax = 0.785td o max, 2)

—m/2 2 4
where t is thickness, d is nugget diameter, and o,ax is the maximum
stress around the nugget. Re-arranging Eq. (2) yields [16],
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Fig. 7. Mg/steel spot weld after fatigue test at a maximum load of 2.0 kN: (a) Mg
end; (b) steel end.

P
Omax = 785¢d" (3)

In the present study t should be 1.5 mm because both similar
and dissimilar welds failed at the Mg side. o,.x should be
positioned in A and A’ in Fig. 2a where the crack initiated. The max-
imum cyclic load shown in Fig. 8a could then be “normalized” by
using omax to better compare the similar and dissimilar welds. As
shown in Fig. 8b, the “normalized” fatigue curves of dissimilar
and similar welds were similar. Thus good fatigue resistance was
obtained for the current dissimilar welds in contrast to the usual
behavior in which the fatigue strength of dissimilar welds was
much lower than similar welds [6,7].

3.3. Fractography

Figs. 9 and 10 show typical images of fracture surfaces of Mg/
Mg and Mg/steel weld fatigued at a maximum cyclic load of
0.85 kN, respectively. In general, fatigue fracture surfaces can be
divided into three regions: crack initiation, crack propagation and
final rapid failure. Fatigue crack initiation occurred either from
the surface (Fig. 9b) or a sub-surface defect (Fig. 9c). The initiation
site of Mg/Mg weld comprised 95 wt% Mg and 5 wt% Al via EDS
analyses. The Al content at the fatigue initiation site was observed
to be higher than that of the base metal, suggesting that Al rich
phases (mostly B-Al;,Mg;7, as shown in Fig. 3) formed at the grain
boundary of HAZ during the high temperature process of welding.
It has been proved that the Al;;Mg;; along the grain-boundaries
has a negative influence on ductility and fracture toughness of
Mg-Al alloys [17]. Therefore, the Al rich grain boundaries usually
acted as fatigue initiation sites. The morphology of the propagation

(a) 25
e Mg/Mg
—_ ® Mg/steel
E 20k (X} ]
3
—: 1.5F ® =n
2
Iy
£ 1.0F
g @ u
3 . .
S o5t N ° - =
00 1 1 1 1
10° 10* 10° 10° 10’
Number of cycles to failure (N)
(b) 250
® Mpg/Mg
200 L oo B Mg/steel
L |
_ [
g 150
2 -1
g
b- 100 F -
[ ]
°
50 e & a
0 i PR | i PR | i PETErErE T | i PETETEET |
10° 10 10° 10° 107

Number of cycles to failure (N)

Fig. 8. Fatigue life data of similar Mg/Mg and dissimilar Mg/steel spot welds: (a) the
maximum load vs number of cycles to failure and (b) the normalized maximum
stress vs number of cycles to failure.

areas C (close to initiation site) and D (at the middle of the coupon
width, close to Mg coupon surface) were almost the same, which
were mainly characterized by fatigue striations (Fig. 9d). This sug-
gests that cracks propagated with relatively lower speed at least
until reaching the surface of the specimen. Out of the width direc-
tion, final rapid propagation areas exhibited a tensile-like fracture
surface feature since they were characterized by dimples, as shown
in Fig. 9e. This was due to the fact that the load-carrying capacity of
the final remaining ligament/cross-section was exhausted at the fi-
nal stage of fatigue crack propagation.

Only a surface initiation mode was observed in Mg/steel welds
(Fig. 10a). The crack initiation site of Mg/steel contained more Zn
with a chemical composition of 57 wt% Mg and 43 wt% Zn. The
crack propagation characteristics of the Mg/Mg welds were similar
to those of Mg/steel welds as shown in Fig. 10b suggesting that the
propagation processes of Mg/Mg and Mg/steel would be similar
since both proceeded in the Mg coupon.

According to the fracture morphologies shown in Figs. 9 and 10,
the primary crack propagation of both Mg/steel and Mg/Mg spot
welds could be divided into three stages, as schematically
illustrated in Fig. 11. In stage I, cracks propagated along both the
sheet thickness and width directions at a relatively low rate. The
fracture morphology can be characterized as fatigue striations
(Figs. 9d and 10b). The fatigue propagation ended until visible
cracks reached the top and/or bottom of the specimen surface,
but the two sheets were not separated, as shown in Fig. 11b, stage
II. In stage III, cracks propagated along the width direction until the
sample was broken into two parts. No fatigue striations could be
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Fig. 9. Fracture surface morphology of Mg/Mg weld tested at a maximum cyclic load of 0.85 kN: (a) overall view; (b) surface crack initiation site (area A); (c) subsurface crack
initiation site (area B); (d) typical image of propagation region (area C and D); (e) fast propagation region (area E).

Fig. 10. Fracture surface morphology of Mg/steel dissimilar weld tested at a
maximum cyclic load of 0.85kN: (a) crack initiation site and (b) typical crack
propagation region.

observed in this region, where the propagation rate was fairly high,
corresponding to the final rapid propagation stage.

4. Discussion
4.1. Liquid metal induced embrittlement

The Liquid Metal Induced Embrittlement (LMIE) refers to the
loss of ductility of normally ductile metals and alloys when
stressed while in contact with a liquid metal [18]. The study on
the occurrence of LMIE in the Mg-Zn couple is limited, but many
investigations have been done for the Fe-Zn couple and several
suggested mechanisms of LMIE have been reported, such as pre-
existing cracks, stress-assisted dissolution, and the weakening of
interatomic bonds by the presence of a liquid metal at the crack
tip. The susceptibility to LMIE is related to chemistry of couples,
grain size, grain boundary chemistry, residual stress or dislocation
density, exposure conditions, etc. [19].

During welding, the liquid Zn was in contact with Mg and steel
sheets and penetrated into the Mg along grain boundaries. The ob-
served crack initiation sites of Mg/steel welds showed an inter-
granular fracture surface and contained around 50 wt% Zn which
corresponds to the soldered region in Fig. 4a and c. So crack initi-
ation of dissimilar welds was a typical LMIE which was caused
by penetrated Zn. In terms of the ductility and fatigue strength,
the LMIE of the Mg-Zn couple should be more damaging than
the grain boundary segregation of the Mg-Al couple because the
Mg-Zn intermetallic intergranular layer was wider and distributed
continuously while the segregation of Mg-Al was narrow and dis-
tributed discontinuously along the grain boundaries. It also means
that the crack initiation time of Mg/steel welds should be less than
that of Mg/Mg welds. However, since the welding time was only
0.13 s, the Zn evidently had not enough time to penetrate deeply
into the surface. This can be seen in Figs. 4c and 10a, where the
penetration depth of the LMIE was 30-60 pm, being less than 4%
of the sheet thickness.

At less than 450 °C, Zn penetration can be observed in both
steels and Mg alloys [20]. The current observation of Zn penetra-
tion occurring only in Mg suggests that the Zn-Mg couple was
more susceptible to LMIE than the Zn-Fe couple. It also suggests
that specific attention should be paid when Zn based filler metal
is used to braze/solder Mg alloys.
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Fig. 11. Schematic illustration of fatigue failure process. (a) stage I, cracks propagated around the nugget outer-area and though the thickness; (b) stage II, visible cracks
appeared at the center of the top or bottom specimen surface, but the two sheets were not separated; and (c) stage IlI, cracks propagated along the sheet width direction until

two sheets were separated.

4.2, Fatigue life

Due to the special geometry of the spot welds, it is hard to
determine the crack initiation life and propagation rate. Copper
and Smith [21] applied a direct voltage between the nugget and
clamped coupon in order to measure the crack propagation rate
online, and observed that cracks initiated almost at the onset of
the test and thus macrocrack propagation dominated the fatigue
lives of the order of 2 x 10° cycles. In contrast, McMahon et al.
[22] measured crack propagation length of half-sectioned nuggets
and concluded that crack initiation occupied a significant part of
the fatigue life. In the present case of comparing Mg/steel and
Mg/Mg spot welds, in spite of different crack initiation sites, simi-
lar crack propagation mechanisms were observed (Figs. 9 and 10),
and similar fatigue life was obtained after the nugget size and
sheet thickness were taken into consideration based on Eq. (3),
as shown in Fig. 8b. This suggests that the majority of fatigue life
would be spent in crack propagation. Further studies in this aspect
are needed to confirm this deduction.

5. Conclusions

The Microstructure and fatigue properties of Mg-to-steel dis-
similar resistance spot welds were evaluated in this study, in com-
parison with Mg/Mg welds. The main conclusions are as follows:

(1) The Mg/steel dissimilar welds showed almost the same fati-
gue performance as the Mg/Mg similar welds.

(2) The crack initiation of Mg/Mg welds occurred basically from
the HAZ. Both stress concentration and weakening in the
HAZ were responsible for the initiation of Mg/Mg welds. The
Mg/steel welds appeared to exhibit only surface crack initia-
tion which was attributed to the presence of liquid metal
induced embrittlement in the Mg-Zn couple arising from the
squeezed out liquid Zn during welding. The penetration depth
of the LMIE was less than 4% of the sheet thickness and caused
no obvious reduction in the fatigue propagation life.

(3) Similar fatigue crack propagation path and characteristics
were observed in both types of Mg/Mg and Mg/steel spot
welds, leading to equivalent fatigue lives of the similar and
dissimilar spot welds.
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