
Introduction

Magnesium alloys, with their unique
properties such as lower density, electro-
magnetic shielding, and damping capabil-
ities (Ref. 1), have great potential for
industrial applications. At present, steel is
still one of the dominant materials in in-
dustry. Joining the two types of materials
would achieve weight reduction and en-
ergy savings in the aerospace, aircraft, and
automotive fields. Since the physical and
chemical differences between the two ma-
terials such as melting temperature, elec-
trical potential, and crystal structure are
huge, and there is no interaction accord-
ing to the Mg-Fe binary diagram, it is dif-
ficult to join them together. When gas
tungsten arc welding (GTAW) with a
greater heat input was applied to weld the
two materials in any joint configuration,
two cases occurred. One was that Mg al-
loys melted but the steel did not, and the
other was that the steel melted while big
holes formed in the Mg alloys. In both

cases a joint could not be obtained. It is
impossible for the two materials to be
melted at the same time because the melt-
ing temperature of steel is as high as
1500°C  and the boiling temperature of
magnesium is as low as 1090°C, while the
melting temperature of the magnesium is
rather low up to 650°C. When the pulsed
Nd:YAG laser beam welding process was
used, the two materials could be joined to-
gether, although the weld appearance was
rather poor and the joint strength did not
reach practical use. Moreover, due to
3–10% electo-optical transformation effi-
ciency and 8–20% absorptivity for
Nd:YAG laser (Ref. 1) of Mg alloys at
room temperature, a large amount of elec-
tricity would be consumed by laser, which
conflicts with the present appeal of energy
saving. However, the molten Mg alloys can
absorb nearly 100% of the laser (Ref. 1),

thus GTAW can be used to melt Mg alloys,
while the laser could be employed to cre-
ate deeper penetration (Ref. 2) into the
steel. In view of the complexity of the as-
sembly of the workpiece and relevant stud-
ies of our team (Ref. 3), a lap joint
configuration was adopted. In the present
study, an orderly combination of laser and
GTAW in a hybrid welding process was in-
vestigated as an alternative choice (Refs.
4, 5) for joining Mg alloy to mild steel in a
lap joint. A lower GTAW current can melt
the Mg alloy fully without excessive con-
sumption of laser energy, and the laser
creates sufficient penetration, so the ad-
vantages of both processes are utilized to
their maximum. Consequently, using the
two processes together is possible, and the
aim of saving energy can be achieved.

Watanabe (Ref. 6) reported that the
joint strength was improved with the in-
sertion of metal by resistance spot weld-
ing; nevertheless, excessive inserted metal
could decrease the strength of the joint. D.
Pierre (Refs. 7, 8) examined the chemical
reaction between mild steel and liquid
Mg-Si and Mg-Mn alloys. It showed that
only the intermetallics and solid solutions
of Fe-Si and Fe-Mn were detected at the
Mg alloy/steel interface without interdif-
fusion between Fe and Mg elements,
which indicates a  Mg alloy/steel joint with
higher strength may be realized with the
addition of alloying elements. Our previ-
ous works (Refs. 9, 10) studied that the
bonding mode of Ni- or Cu-added joints
was “semimetallurgical.” What is more im-
portant is the joint shear strength was im-
proved significantly with the addition of
alloying elements into the lap joint.

Generally, wetting in metal to metal is a
vital factor in soldering and brazing (Refs.
11, 12), and it usually depends on the con-
tact angle. The adhesion of molten metal on
a solid one also depends on the contact
angle, suggesting that the adhesion is closely
related to the wettability. According to our
previous works (Refs. 9, 10, 13), with the ad-
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ABSTRACT
Mg-Al-Zn alloys and Q235 mild steel were successfully joined in a lap joint with a hy-

brid laser-GTAW process. Fracture locations, joint strength, and fracture surfaces were
observed. The results showed that the fracture locations of direct joints usually occurred
at the Mg alloy/steel interface, while that of interlayer-added joints occurred across the
fusion zone. The joint shear strength of a direct joint was much lower than that of in-
terlayer-added ones, and the strength of Sn-added joint was actually the tensile strength.
With the addition of interlayers, the type of joint rupture changed from cleavage to quasi-
cleavage, indicating that the joint plasticity was improved, and the wettability of the melt
on steel was also enhanced. The conclusions were that the wettability contributed to a
compact metallurgical bonding between the weld metal fusion zone and steel, and thus
to the improvement of joint shear strength. The interlayer selection should follow the
principle of elevating its wettability on steel and avoid massive production of brittle in-
termetallics in the joint. The content of the interlayer is also discussed.
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dition of alloying elements, no gaps were
found that could deteriorate the joint shear
strength between the fusion zone and steel
in the weld pool. Therefore, the aim of this
study was to use the wettability of AZ31B
Mg alloy on mild steel,  with and without the
addition of interlayer elements, to interpret
the above phenomenon of gap disappear-
ance, and to reveal the joint-bonding mech-
anism and to explore the principle for joint
interlayer selection.

Experimental Procedure

Materials

The materials used were 2-mm-thick
plates of AZ31B and AZ61 Mg alloy and
1.2-mm-thick sheet of Q235 steel, which is
equivalent to Cr.D steel of AST-USA or
E235B of 630-ISO. Their composition is
shown in Table 1. They were all in dimen-

sions of 60 × 80 mm. Interlayer materials
were Ni, Cu, and Sn with purity of 99.9 wt-
%, and Cu-Zn alloys that were H80 and
H62. Their composition is shown in Table 2.
All the interlayers were 0.1 mm thick and
cut into 5~8 × 70 mm. Before welding, the
base and interlayer materials were all rinsed
and ground.

Welding Progress

A lap joint of Mg alloy on steel plate was
adopted with the overlapping width of
10~15 mm. The interlayer was set between
the two materials as shown in Fig. 1A. The
hybrid heating source is also shown in Fig.
1A. The axis of the Nd:YAG pulsed laser
equipped with a GTAW torch was perpen-
dicular to the plate of Mg alloy. The acute
angle between the two axes was 40 deg as
shown in Fig. 1A. The joint would not be
formed without the penetration depth into

the steel created by the laser, which is seen
in the joint cross section shown in Fig. 2.
Thus, it can be said that the laser has a lead-
ing role during welding. The welding pa-
rameters for optimum shear strength of all
the interlayer-added and direct joints are
shown in Table 3.

Tensile Shear Test

After welding, the weldment was cut
into 10-mm-wide specimens. A sketch of
it is shown in Fig. 1B. The tensile shear
test was carried out with a travel speed of
2 mm/min at room temperature. The
shear strength was calculated according to
the following equation: σb_shear=F/S//,
where F and σb_shear are the load and the
ultimate tensile shear strength (UTSS), re-
spectively; S// at the joint interface be-
tween the interlayer and steel is an initial
rectangular bonding area with the width of
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Fig. 1 — A — Sketch of the setup; B — the specimen for tensile shear
test (mm).

A

B

Fig. 2 — Transverse section of an interlayer-added joint.

Fig. 3 — Morphology of weld joint with an interlayer.

Table 1 — Chemical Compositions of Base Materials (wt-%)

Mg Al Zn Mn Si P S C Fe

AZ31B Bal. 2.5–3.5 0.6–1.4 0.2–1.0 0.1 — — — 0.0025
AZ61 Bal. 5.5–7.5 0.5–1.5 0.15–0.4 ≤0.018 — — — ≤0.01

Q235 mild steel
— — — 0.30–0.65 0.12–0.30 ≤0.045 0.050 0.14–0.22 Bal.

(Cr.D/AST-USA)
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a specimen as its length and with the width
of the weld pool as its width, as shown in
Fig. 2. The shear strength of the joint is the
average of at least three specimens.

Microstructure Observation

Ruptured specimens after the tensile
shear test were reassembled to identify the
fracture location, and the transverse sec-
tions, which were etched by Nital’s reagent
(volume 4% HNO3 ethanol), were ob-
served by scanning electron microscope
(SEM) and optical microscopy. The frac-
ture surfaces were also observed by SEM.

Experimental Simulation

As wetting the steel with a Mg alloy is
also a vital process during welding, the
AZ31B Mg alloy, with and without inter-
layers, was used to examine whether the
wettability of the melt was improved. In

Table 2 — Chemical Compositions of Cu-Zn
Alloys (wt-%)

Cu Zn Fe Pb

H80 81 18.87 0.1 0.03
H62 61.5 38.32 0.15 0.03

A

A

C

B

B

D

Fig. 4 —  Fracture location of different joints. A — With AZ31B Mg alloy; B —  with AZ61 Mg alloy.

Fig. 5 — Fracture location of interlayer-added joints with A — Ni; B —  Cu; C —  Sn; D — Cu-Zn alloys interlayer. Due to no remarkable
difference of the fracture location between H80- and H62-added joints, (D) represents the features of both of them.

Table 3 — Welding Parameters in the Experiment

Parameters Value

Laser Power, W 420–430
Laser Focal Spot, mm 0.6–0.8

Defocus, mm –2.5
Pulse Frequency, Hz 33
Welding Speed, mm/min 750
Argon Flow Rate, L/min 5 for laser, 15

for GTAW
GTAW Current, A 75
Arc Length, mm 0.8~1
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addition, the wettability of AZ61 Mg alloy
was examined.

Alloy Preparation

A typical transverse section of an inter-
layer-added joint is shown in Fig. 2. The de-
pletion of the interlayer, which interacted
with molten Mg alloy in the fusion zone
(FZ), could be estimated from the size of
area shown in Fig. 2, and each interlayer de-
pleted accounts for 10~18 wt-% of the FZ,
therefore the Mg alloy in the wetting exper-
iment can be alloyed by those interlayer el-
ements. Then the Mg alloys AZ31B-Ni,
AZ31B-Cu, AZ31B-Sn, AZ31B-H80, and
AZ31B-H62 were all prepared in the same
amount of 1.5 g, which was estimated ac-
cording to the melted content statically by
laser-GTAW in 1 s.

Wetting Procedure

The sessile drop experiment (Ref. 14)
was employed to study wettability. During
the experiment, a high-purity argon gas at-
mosphere was maintained inside a fur-
nace. The sample placed in the furnace
was a steel plate with 1.5 g of Mg alloy on
it. The furnace was heated up to 10~20°C
higher than the liquidus temperature,
which was determined on the basis of in-
terlayer element-Mg binary phase dia-
grams. The furnace would hold at that
temperature for 30 min to achieve equi-
librium state, which was to keep the con-
tact angle of the melt constant. Thereafter,
a few protective agents that could not in-
teract with but only wrap the melt were
added to the sample, and thus it could be
taken out of the furnace and swiftly cooled
to room temperature to imitate the cool-
ing process of welding. Finally, the contact
angles were recorded and measured by a
camera system. The contact angles were
average values of at least three samples.

It is well known that the arc and laser
of a hybrid heating source could generate
extremely high temperatures up to
3000~4000°C in several microseconds
(10–6 s), which means that the melt in the

weld pool could be heated to a rather high
temperature. Thus, the melt could well
wet on steel at that high temperature be-
cause the wettability can be enhanced with
the increase of temperature (Refs. 15, 16).
While the heating rate of the furnace
could not reach that high, insulation for a
long time would be an alternative method
to keep contact angles of the melt constant
(Refs. 10, 17).

Results

Figure 3 shows the morphology of a
weld joint. It can be seen that some little
bulges (pointed out by the arrows) are pre-
sented at the surface of the joint, and the
ripples of the joint are generally regular
except at the right end. When the hybrid
welding moves to the end where the sur-
faces of the workpiece and working plat-
form are not at the same level, the change
of arc length leads to variation of arc volt-
age immediately, and then to the change
of heat input, causing a bad appearance at

the end of the joint.
Figure 4 shows the fracture locations of

the joints with different Mg alloys. The
dotted line in Fig. 4A presents a typical
fracture path between AZ31B Mg alloy
and Q235 steel. Most of the FZ is de-
tached from the steel, and the residual
part inside the molten pool bonded well
with the steel. The bonding in Fig. 4B is
better than that shown in Fig. 4A, indicat-
ing that the bonding between the two ma-
terials is more compact. As the load
direction is parallel to the joint interface
during shear test, and the crack initiation
usually occurs at oval regions, the FZ
would be subjected to shear force, and
thus, the position where the poor metal-
lugical bonding between the Mg alloy and
steel was located would fracture first.
Some particles can also be seen in the FZ
of both images, suggesting that spatter oc-
curred in the welding process.

The fracture locations of the joints with
various interlayers are presented in Fig. 5.
From Fig. 5A, B, and D, it can be seen that
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Fig. 7 — Fracture surfaces of different joints with A — No interlayer; B — Ni; C — Cu; 
D — Sn; E —  H80; F — H62 interlayer.

Fig. 6 — Ultimate tensile shear strength
(UTSS) of joints with different interlayers.
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the fracture occurred across the fusion
zone and the interlayers are well com-
bined with the AZ31B Mg alloy after ten-
sile shear test. According to our previous
research (Refs. 9, 10), intermediate phases
were generated between the Mg alloy and
the interlayer, thus they were metallurgi-
cally bonded. Figure 5C shows a special
case where the fracture location is differ-
ent from the other three figures because
the fracture is actually the tensile fracture.
As the melting temperature of pure Sn is
much lower than that of the Mg alloy, the
molten Sn interlayer close to the weld
pool was likely to mix into the pool due to
the effect of flow during welding, and then
be frozen following the swift cooling
process. Thus, the pattern shown in Fig.
5C was formed. In view of nonuniform
compositions adjacent to the melting line
in the FZ, the fracture is prone to occur in
the square region shown in Fig. 5C. How-
ever, the residual part embedded into the
steel combines with the steel closely, and
the same cases of the cracked joints could
also be seen in Fig. 5A, B, and D. It is in-
teresting and noticeable that they all
bonded well with steel, which is discussed
later.

The joint shear strength with different
interlayers is shown in Fig. 6. Comparing
with direct joint, the shear strength of Ni,
Cu, and Cu-Zn alloy-added joints in-
creases significantly or even surpasses that
of base metal AZ31B Mg alloy, which is
160 MPa, denoted by the dash dot line.
However, the strength of the Sn-added
joint, which is actually the tensile strength,
shows comparatively lower value. As men-
tioned above, the Sn interlayer could not
maintain its original state, which led to in-
homogeneous compositions in the FZ and
deteriorated joint properties. From the
role that the laser-GTAW hybrid welding
technique and interlayers play, Fig. 6 can
tell us that the technique could be utilized

to join Mg alloy and
steel, and with the ad-
dition of suitable inter-
layers, the joint shear
strength could reach a
significantly high
value. Accordingly, the
hybrid welding tech-
nique is a major prem-
ise for joining the two
materials, and is a determining factor dur-
ing welding, while in order to obtain a
joint with higher shear strength, the addi-
tion of an interlayer is a must. Conse-
quently, without the laser-GTAW hybrid
welding technique, a joint could not be re-
alized; and without suitable interlayers,
the joint shear strength could not reach a
high value.

Figure 7 shows fractographs of the joints
after tensile shear test. Figure 7A presents
some massive steps and large cleavage
planes with flat surfaces, indicating that the
direct joint exhibits brittle fracture features.
With the addition of Ni and Cu interlayers,
more and more tearing arises and little
cleavage flat planes are shown in Fig. 7B
and C, suggesting that the joint fracture
presents both ductile and brittle features,
which is so-called quasi-cleavage fracture. It
implies that Ni- and Cu-added joints pos-
sess certain plasticity that may also be one
of the reasons that the shear strength of
both joints is higher than that of the direct
joint. In Fig. 7D, an obvious boundary along
the dashed line can be seen. The fracture
surface upon the line is rougher than that
below the line. As the fracture surface was
obtained from the square regions in Fig. 5C,
the part above the line is the fracture sur-
face adhering to the upper part of the FZ,
and the other beneath the line is the frac-
ture of remelted Sn, showing that the upper
fracture is more ductile than the lower one,
and also testifying that the nonuniform
composition in the FZ is adverse for joint

performance. The case of fracture surface
in Fig. 7C is almost the same to that of Fig.
7B and C; however, the fracture surface of
H62-added joint in Fig. 7F is a little differ-
ent from that of Fig. 7E, because there are
much finer cleavage planes on the surface,
suggesting that the fracture of the joint is in-
clined to fragile rupture, but is still more
ductile than that shown in Fig. 7A.

Discussion

Solidifying Process

In the laser-GTAW hybrid welding
process of lap joining AZ31B Mg alloy to
Q235 mild steel, the Mg alloy was the first
to melt when the hybrid heating source was
applied. Once the steel was melted,  the Mg
element was drastically gasified as  shown
in Fig. 8. As the melting temperature of
Q235 steel is as high as 1500°C, which is
much higher than the 1090°C boiling tem-
perature of Mg, the gasification of Mg in-
evitably occurs. With the welding process
moving on, the rest  of the molten Mg alloy
would flow back to fill the space and weld
pool created in the steel. Transverse sec-
tions are shown in Figs. 4 and 5. When the
interlayer was added into the joint, the in-
teraction between the Mg alloy and the in-
terlayer, and that between the interlayer
and the steel, should be considered. How-
ever, it is noticeable that before the Mg
alloy was melted, the Sn interlayer must
have been in a liquid state due to its rather
low melting temperature of 232°C. There-
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Fig. 9 — Contact angles of different Mg alloys on Q235 steel. A —
AZ31B; B — AZ61.

Fig. 8 — Schematic view of the welding process.
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fore, an irregular shape after solidification
is shown in Fig. 5C. As for the Cu-Zn inter-
layer, from H80 to H62, the content of Zn
element increased from 20 to 38 wt-% in-
side the interlayer, while the boiling tem-
perature of Zn, which is 906°C, is also lower
than the melting temperature of steel, thus
spatter appears more drastically than that of
other joints during welding.

Wetting Behavior in the Welding
Process

As the hybrid heating source moved
along, the solidification process took
place. However, the molten steel had to be
solidified prior to the molten Mg alloy so
that  the melt of the Mg alloy could nucle-
ate on the sites provided by the solidified
steel. A key factor that determines
whether a melt could nucleate well on a
site is the wetting behavior of liquid on
solid. The wettability can be estimated by
the contact angle (Ref. 17). The smaller
the contact angle is, the better the wetta-
bility and the easier the nucleating
process. The work of adhesion Wa as de-
fined by the famous Young-Dupre equa-
tion (Refs. 18, 19) is as follows:

Wa = σlν(1 + cosθ) (1)

where θ is the contact angle and σlν is in-
terfacial energy of liquid/vapor. Based on
the reports of Ksiazek (Ref. 17) and Shen
(Ref. 20), the relationship between the in-
terfacial energy of the melt and tempera-
ture could be expressed simply as follows:

σlν = C0 – C1 (T – C2) (2)

where C0, C1, and C2 are constant, and T
is temperature of the experiment. It can be
seen that the interfacial energy σlν de-
creases with increase of temperature in
liquid state, which is beneficial to the im-
provement of wettability in terms of
Young’s equation (Ref. 21). However, a
differential equation on temperature to
Equation 1 is shown below

W′a(T) = C3 + C3 cosθ – sinθ.θ′(T).σlν (3)

where C3 is still constant. During weld-
ing, the variation of temperature is rather
swift, which means that the temperature
in the weld could reach extremely high or
low values in a short time, and the wet-
ting behavior would keep on until the
melt solidified completely. The contact
angle can become rather small or even in-
variable with increasing temperature
(Refs. 21–23), while sinθ and σlν in
Equation 3 would be small enough, thus
the third term on the right of Equation 3
can be eliminated. Therefore, in the
welding process, it could be seen that the
variation of Wa to temperature could
only be associated with contact angle, and
the effect of σlν can be almost neglected,
indicating that σlν could be seen as a con-
stant during the wetting experiment. The
increment of Wa could improve the in-
terfacial shear strength (Ref. 21) and thus
the bonding between two materials. The
contact angle θ0 of molten AZ31B Mg
alloy on Q235 steel is 143 deg as shown in
Fig. 9A, while θ1 in Fig. 9B is 114 deg,
indicating that the wettability of molten
Mg alloy on steel is improved with the ad-
dition of alloying element Al, and that Al
could be used as a sort of active element
(Ref. 24) that contributes to the im-
provement of wettability of molten Mg
alloy on steel. Compared with the lap
joints shown in Fig. 4, molten AZ61 Mg
alloy is easier to nucleate on the site of
the steel, and thus the bonding between
them is more compact, which could also
be seen from the maximum shear
strength comparison that is 101 MPa for
AZ31B joint and 125 MPa for AZ61 joint
(Ref. 25).

The fracture location shown in Fig. 5
indicates that although the bonding be-
tween the FZ and steel is mechanical ac-
cording to our previous works (Refs. 9,
10), they are all bonded compactly with
each other in the tensile shear test. Due to
massive intermetallic phases produced in
the FZ (Refs. 9, 10, 13), the composition

of the weld did not match that of the base
metal AZ31B Mg alloy any more, and the
wettability of the alloying melt (AM) on
steel may be different from that of the
molten Mg alloy. In order to examine the
wettability of the AM, wetting experi-
ments were conducted, and the results
shown in Fig. 10 indicate that the contact
angles of the AM on steel decrease in con-
trast with the wetting angles in Fig. 9A.
Accordingly, the wettability of the AM was
indeed increased, and thus the work of ad-
hesion Wa between the AM and steel was
increased, leading to a more compact
bonding between the AM and steel, which
could interpret why the FZ combined well
with steel as shown in Fig. 5.

Shear Strength Improvement

The penetration depth into the steel was
an important factor for strength improve-
ment. Obviously, if there was no penetra-
tion depth into the steel, there would be no
lap joint strength. The effect of penetration
depth on the joint shear strength was inves-
tigated by other reports (Ref. 25) and Shan
(Ref. 26), and the results showed that the
strength would be elevated with the increase
of penetration depth. The optimum shear
strength of the direct joint in Refs. 25 and
26 is not more than 125 and 123 MPa, re-
spectively, indicating that deeper penetra-
tion could not increase the shear strength
further. Moreover, gaps could be found be-
tween the FZ and steel (Refs. 10, 13) in di-
rect joints, which may be one of the reasons
that the joint shear strength degraded. The
fracture location shown in Fig. 4A also ver-
ifies the effect of the gaps, suggesting that
the bonding between the Mg alloy and steel
is really poor. However, with the addition of
interlayers, the wettability of molten metal
in the weld was improved substantially, as
the gaps disappeared between the FZ and
steel (Refs. 9, 10), and thus the bonding be-
tween the FZ and steel was enhanced
greatly. Consequently, the phenomenon of
the fracture location in Fig. 5 can be com-
prehended easily. Meanwhile, with the ad-
dition of interlayers, a lot of intermetallics,
which play a vital role in the joint strength-
ening effect (Refs. 10, 25),  were generated
in the FZ, and the bonding mode changed
from complete mechanical to “semimetal-
lurgical” (Refs. 9, 10, 25). Accordingly, the
joint shear strength improved significantly
as shown in Fig. 6. Besides, from the joint
fracture surface of Fig. 7, it can be inferred
that the joint also gained certain plasticity
with the interlayer addition due to the trans-
formation of the fracture mode.

Interlayer Selection

Actually, the reason that the wettability
of AM was advanced is mainly attributed to
the wetting on steel by those elements se-
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Fig. 10 — Contact angles of AZ31B Mg alloy with different alloying elements. A — Ni;
B — Cu; C — Sn; D — H80; E — H62.

A B C

D E

Qi -- 1-11 CORRECTED:Layout 1  12/13/10  4:29 PM  Page 6



lected. As the wettability of Cu, Ni, Sn, or
Zn on steel is good (Refs. 15, 27, 28), the
AM in the weld pool could well wet on steel
after the addition of these elements. Theo-
retically, the more these elements were
added into the AZ31B Mg alloy, the more
the wettability of the AM on steel was im-
proved. However, in the present experi-
ment, taking the Cu-added joint as an
example, when the content of Cu was up to
more than 30 wt-% of the FZ, the weld ap-
pearance was good without penetration
depth into the steel or rather bad with big
holes, both of which would cause the joint
shear strength to decrease drastically. In the
present experiment, approximately 30 wt-%
of Cu corresponds to a 0.3-mm-thick Cu in-
terlayer, which if added into the joint can
lead to weld failure. The optimized param-
eters used in the experiment were set for
joining 2-mm-thick Mg alloy to 1.2-mm-
thick steel in a lap joint. Increasing either
laser energy or GTAW current could de-
grade the joint bonding. Hence, the amount
of Cu interlayer should be confined within
but excluding 30 wt-%. Although molten Al
could wet well on steel (Ref. 29), the selec-
tion of it may not be suitable for the joint.
Massive brittle phases Mg17Al12 and
Mg2Al3 (Refs. 30, 31) could be produced
during welding, which would embrittle the
joint and deteriorate the strength. There-
fore,  joint embrittlement should be avoided
during interlayer selection.

Conclusions

With the addition of interlayers, the
wettability of AZ31B Mg alloy on steel
was significantly improved. Some conclu-
sions are as follows:

1) The bonding of interlayer-added
joints is more compact between the fusion
zone and steel than that of direct joints. 

2) Better wettability and deeper pene-
tration in the weld contribute to greater
shear strength in a lap joint. With the lack
of either, the joint strength could not
achieve higher value.

The principle of interlayer selection for
a lap joint between Mg alloy and steel is as
follows: First, the wettability of alloying el-
ements on steel should be good, indicating
that the contact angle ought to be as small
as possible; second, the amount of the in-
terlayer used during welding depends on
the thickness of base materials. In terms
of 2-mm-thick Mg alloy and 1.2-mm-thick
Q235 steel, the best content of Cu, Ni, and
Cu-Zn alloy is in the range of 10–18 wt-%
or 0.1-mm-thick interlayer; third, massive
production of brittle intermetallics should
be avoided with the addition of selected
interlayer.
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