Effect of surface states of steel on
microstructure and mechanical properties of
lap joints of magnesium alloy and steel by
friction stir welding
Y. C. Chen* and K. Nakata
AZ31 Mg alloy (top sheet) and steel (zinc coated steel and brushed finish steel) were friction stir
lap welded, and the effect of surface states of steel on the microstructure and mechanical
properties of joints was examined. The failure loads of the zinc coated steel joints could reach
2?3 kN. Mg alloy and brushed finish steel could not be welded in current experimental conditions.
The presence of zinc coat promoted the formation of liquid low melting Mg–Zn eutectic products
at the interface. The liquid products, as well as broken oxide films and surface contaminants, were
forced out of the joining interface by the high pressure produced by the tool. As a result, fresh
interfaces were exposed, which led to the mutual diffusion between magnesium alloy and steel.
Findings of the present study suggest that the presence of zinc coat significantly improves the
weldability in friction stir lap welding of magnesium alloy and steel.
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Introduction
Magnesium alloys are increasingly being used in
automobile structures, from seat frames and door
frames to the auto body.1,2 Steels are the first choice
for structural components in the auto body.1 The need
of light weight in automotive body leads to the
increasing use of the joining of magnesium alloy and
steel in vehicle manufacture. Therefore, the development
of reliable joints between magnesium alloy and steel
becomes urgent, and the joining difficulties between
magnesium alloy and steels must be faced.1–4 It is
difficult to join Mg alloys to steels by conventional
fusion welding processes. Liu and Zhao4 studied the lap
joining of the dissimilar alloys of AZ31B Mg alloy and
304 steel by a laser Gas Tungsten Arc (GTA) hybrid
welding technique. A transition zone formed at the
interface of the Mg–Fe. The presence of transition zone
deteriorated the mechanical properties of the joints.
Therefore, the joints did not show high strength and
fractured at the interface.
The friction stir welding (FSW) process5 can weld Mg
alloys6–10 and steel11–18 and achieve high quality joints
than fusion welding technology. Good welds can be
produced when FSW is used to join dissimilar materials
of magnesium alloys and steels. Watanabe et al.19
studied the weldability of FSW AZ31 magnesium
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alloy/SS400 steel and reported that the rotation speed,
the position of the pin axis had a significant effect on the
strength and the microstructure of the joint. Current
studies only reported the weldability of solid state
welding or fusion welding of magnesium alloy/steel
and the preliminary results of mechanical properties and
microstructure evolution of the joints.4,19 Systematic
research about the effect of the surface state of steel on
the weldability of Mg alloy and steel has not been
reported.
In the present study, 1?6 mm thick AZ31 magnesium
alloy and two kinds of 0?8 mm thick steel sheets (zinc
coated steel and brushed finish steel) are selected as the
experimental materials for friction stir lap welding. The
magnesium alloy sheet is put on the steel sheet. To
eliminate the effect of the stir behaviour of the tool and
highlight the effect of the surface states of steel on the
weldability, a 1?5 mm long probe is selected so that the
probe tip of the tool does not touch the surface of
the steel sheet during welding. The tensile properties of
joints and microstructural features in the lap interface
are examined, and the effect of the surface state of steel
on the weldability of Mg alloy and steel is discussed.

Experimental procedure
The base materials (BMs) used in this study were a
1?6 mm thick AZ31 magnesium alloy sheet and a
0?8 mm thick low carbon steel sheet. For comparison,
two kinds of steel sheets were selected, i.e. zinc coated
steel and brushed finish steel. The chemical composition
and mechanical properties of the BMs are shown in
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1 a cross-sections of zinc coated steel joint and b front view of fracture surface at Mg alloy side; image shown are from
fractured weld samples taken from top surface of bottom Mg sheet

Table 1. Rectangular welding samples, 300 mm long by
100 mm wide, were lap welded using a FSW machine.
The welding parameters were rotation speed of
25 rad s21 and welding speeds of 3?3 and 5 mm s21.
The upsetting force of the welding tool (made of SKD61
steel) was 3?92 kN. The shoulder diameter and probe
diameter of the tool were 15 and 5 mm respectively. The
length of the probe was 1?5 mm, and the welding tilt
angle was 3u.
After welding, the joint was cross-sectioned perpendicular to the welding direction for the metallographic
analysis and tensile tests using an electrical discharge
cutting machine. The cross-sections of the metallographic specimens were mechanically ground with water
abrasive paper and polished with 3 and 1 mm diamond,
and observed by optical microscopy. The mechanical
properties of the joint were measured using tensile tests.
The tensile tests were carried out at room temperature at
a crosshead speed of 0?0167 mm s21 using a tensile
testing machine, and the mechanical properties of the
joint were evaluated using three tensile specimens
cutting from the same joint. The shape of the test
specimen was rectangular, and the width of each
specimen was 20 mm.
The welding thermal cycle histories along the interface
during FSW were measured by an array of K type
thermocouples (0?2 mm diameter) at various locations
from the weld centre. Microstructure characteristic and
element distribution along the interface were analysed
by SEM equipped with an energy dispersive X-ray
spectroscopy (EDS) analysis system. Fracture surfaces
of joints were analysed using X-ray diffraction (XRD)
after tensile test.

states of steel have a significant effect on the mechanical
properties of lap joints welded with the same welding
parameters. Joints of zinc coated steel fracture at the
interface, with failure loads reaching 2?3 kN. Joints of
brushed finish steel split during preparation of tensile
test samples. It indicates that the presence of zinc coat
greatly improves the friction stir lap weldability of
magnesium alloy and steel.
The macroscopic view of traverse section of zinc
coated steel joints is shown in Fig. 1a. Figure 1b
presents the front view of the fracture surface of the
magnesium alloy. It can be seen from Fig. 1a that
magnesium alloy and steel are tightly joined.
Microstructure at the side of magnesium alloy is
characteristic of friction stir welded magnesium alloy.
In this study, we are mainly concerned about structure
at the interface. From the typical fracture surface of the
joint (seen in Fig. 1b), it can be seen that two significant
zones are produced after welding. For convenience’s
sake, the two zones are defined as zone 1 and zone 2.
Obviously, the width of zone 1 exceeds the length of the
probe diameter. Zone 2 presents characteristics of
resolidifying process. The total width of bonding land
(zone 1zzone 2) is about 19 mm, wider than that of the
shoulder diameter.
The macroscopic view of traverse section of brush
finished steel joints is shown in Fig. 2a. Figure 2b
presents the front view of the fracture surface of the
magnesium alloy. The microstructure at the interface is
quite different from that of zinc coated steel joints.
From the fracture surface of the joint, we can see that
only one zone is produced after welding. The width of
this zone is y3?5 mm, slightly smaller than the length
of the probe diameter. It indicates that surface states of
steel have a significant effect on the width of bonding
land of magnesium alloy/steel lap joints.
Figure 3 shows the microstructure at the centre of lap
interface (position A shown in Fig. 1a) of magnesium
alloy and zinc coated steel. It can be seen from Fig. 3a

Experimental results
Table 2 shows the tensile shear strengths and fracture
locations of lap joints of AZ31 magnesium alloy with
two kinds of steels. Tensile test results show that surface

Table 1 Chemical compositions and mechanical properties of base materials (BMs)
Chemical composition, mass%

Mechanical properties

BMs

Al

Cu

Mn

Fe

C

Mg

Ni

P

Zn

S

Strength, MPa

Elongation, %

AZ31
Zn coated steel

3
0?06

…
0?02

0?2
0?20

…
Bal.

…
0?04

Bal.
…

…
0?01

…
0?013

1
…

…
0?005

239
328

13
33?4
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2 a cross-sections of brushed ﬁnish steel joint and b front view of fracture surface at Mg alloy side; image shown are
from fractured weld samples taken from top surface of bottom Mg sheet

that structure of the joint consists of three layers, i.e.
microstructure in stir zone of magnesium alloy, an
intermetallic compound (IMC) layer and BM of steel.
The representative concentration profiles of Mg, Zn, Al
and Fe cross the interface between magnesium alloy and
steel are shown in Fig. 3b–e. Zn has not been detected,
while plenty of Al has been found. The result suggests
that it is possibly at the bonding interface that IMC of
Al/Mg or Al/Fe forms.
Figure 4 shows the microstructure at position B
shown in Fig. 1a. There is solidified structure in the
gap between magnesium alloy and zinc coated steel. As
shown in Fig. 1a, this position has slightly exceeded the
domain of shoulder diameter of the tool. The representative concentration profiles of Mg, Zn, O and Fe cross
the interface are shown in Fig. 4b–e. The concentration
profiles of Mg and Zn detected in this region indicates
the possible presence of Mg–Zn eutectic structure (ES).
There are two kinds of phases in this zone, the white
substrate and the black massive phase. Quantitative
analysis of the chemical compositions by EDS shows
that the black massive phase consists of 80?1 at.-%Mg,
11 at.-%O and 8?9 at.-%Zn, while the white substrate
contains 62?56 at.-%Mg, 5?7 at.-%O and 31?73 at.-%Zn.
This result suggests that the black phase is primary
phase Mg, and the white substrate is Mg7Zn3.
Meanwhile, this zone shows an apparent O rich
characteristic. It suggests that liquid ES with O rich
products flows to this position during FSW.
Figure 5 shows microstructure at the centre of lap
interface of magnesium alloy and brushed finish steel.
The typical concentration profiles of Mg, Al and Fe
cross the interface are shown in Fig. 5b–d. It can be seen
that there is no IMC layer at the interface. Magnesium
metal is pushed into the concavities of the brushed finish
steel surface. Magnesium alloy and steel are joined
through some kind of mechanical bonding, and the

Table 2 Tensile test results of steel BMs and FSW joints
Joint type

Failure Fracture
load
location

Zinc coated steel joints (3?33 mm s21)
Zinc coated steel joints (5 mm s21)
Brushed finish steel joints (3?33 mm s21)
Brushed finish steel joints (5 mm s21)

2?3 kN
0?6 kN
…
…

Interface
Interface
Interface
Interface

bonding land is only under the domain of the probe
diameter (see Fig. 2b).
To detect whether IMC forms at the interface, X-ray
diffraction patterns from fractured surfaces of the
magnesium alloy and steel are analysed. X-ray diffraction analysis results are shown in Fig. 6. For zinc coated
steel joints, diffraction lines from IMC of Fe4Al13 are
detected at the steel side. At the same time, elements of
Mg and Fe from BMs are also detected. For brushed
finish steel joints, only elements of Mg and Fe are
detected. This result indicates that no IMC form at the
interface, when the brushed finish steel is selected as BM
in current experimental conditions. The joining between
magnesium alloy and brushed finish steel is made
through mechanical bonding.

Discussion
Microstructure analysis and mechanical properties test
results show that surface states of steel have a significant
effect on the friction stir lap weldability of magnesium
alloy and steel. For solid state bonded joint of dissimilar
metals, there are two main factors controlling the joining
performance.20 One is the intimate contact between
dissimilar materials, and the other is the microstructure,
particularly the formation of IMCs. In the present
experiment, the surface of steel does not get any surface
treatment before welding so that the effect of the
original surface state of steel on the weldability could
be studied. No fresh metal surface is exposed before
welding, so there is no intimate contact between
magnesium alloy and steel. For brushed finish steel
joints, there are lots of concavities on the rough surface
of steel. The magnesium alloy is pushed into these
concavities during FSW. Magnesium alloy and steel are
joined through mechanical bonding, and the bonding
land is only under the domain of the probe diameter.
Therefore, brushed finish steel joints do not exhibit
considerable failure load. However, for zinc coated steel
joints, the joints exhibit considerable failure load
compared with the brush finished steel joints.
Obviously, the presence of zinc coat significantly
improves the weldability of magnesium alloy and steel.
As we know, the metal in the lap interface undergoes the
synthetic effect of the thermal cycle and the mechanical
cycle during FSW because of the action of friction, stir
and extrusion of the tool. Thus, high temperature and
high pressure are generated at the interface. Welding
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3 SEM and EDS analysis results at position A shown in Fig. 1a

heat cycle histories are measured with an array of K type
thermocouples during FSW. The measure positions are
shown in Fig. 7. The peak temperatures at positions of
0, 8 and 20 mm are about 522, 450 and 136uC
respectively. Such temperatures are lower than the
melting points of Mg and Fe BMs (648 and 1538uC
respectively),21 but higher than the melting point of Zn
and Mg–Zn eutectic point (420 and 339uC respectively).21 In other words, the peak temperature in the
lap interface centre is higher than the melting point of
Zn and Mg–Zn eutectic point, which results in the
formation of a liquid phase. The joining mechanism of
magnesium alloy and zinc coated steel are explained
below. High temperature first leads to the melting of zinc
coat, and high pressure simultaneously results in the
rupture of surface oxide films at both sheets’ surface,

which promotes the formation of low melting Mg–Zn
eutectic products. High pressure then forces the liquid
Mg–Zn eutectic reaction products, as well as broken
oxide films and surface contaminants, to move far away
from the weld centre. These mixture spread along the
interface and then pile into the natural gap between two
sheets. In this way, the fresh interfaces are exposed, and
they are tightly extruded together after the liquid phase
is pushed out. There is mutual diffusion of Mg/Fe and
Al/Fe, which leads to the formation of a new IMC at the
lap interface.

Conclusion
AZ31 magnesium alloy and two kinds of steels were lap
welded using FSW technology. The effect of surface

4 SEM and EDS analysis results at position B shown in Fig. 1a
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5 SEM and EDS analysis results at position C shown in Fig. 2a

states of steels on the weldability of magnesium alloy
and steel was investigated.
The AZ31/zinc coated steel joints showed higher
failure loads than the AZ31/brushed finish steel joints,
which proves that the presence of zinc coat significantly

improved the weldability of magnesium alloy and steel.
The appearance and extrusion of low melting eutectic
phase at the interface led to the exposure of fresh metal
surface, which increased the mutual diffusion between
magnesium alloy and steel.

6 X-ray diffraction analysis results from fracture surface of joints (3?33 mm s21) a from Mg side of brushed ﬁnish steel
joint; b from Fe side of brushed ﬁnish steel joint; c from Mg side of zinc coated steel joint and d from Fe side of zinc
coated steel joint
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7 Locations of inserted thermocouples for temperature measurement during FSW (3?33 mm s21)
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