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This article investigates the effect of different welding currents on the microstructure, nugget diameter, and tensile strength of a
1.5-mm-thick Mg-6Zn magnesium alloy through resistance-spot welding. A detailed analysis is conducted using various experi-
mental techniques, including tensile testing, microhardness testing, optical microscopy, and scanning electron microscopy.
When the current is 16 kA, the hardness and peak value are 62.45 HV and 1.108 kN, respectively. Therefore, when the current is
16 kA, the hardness in the fusion zone is the smallest and the peak value and fusion diameter are the largest, which is the opti-
mal spot-welding parameter. The welded joint is mainly composed of a fusion zone and a heat-affected zone. The microhardness
of the fusion zone is the highest, significantly higher than that of the heat-affected zone and the base material. The fusion zone is
mainly composed of equiaxed and columnar dendrites, and grain coarsening is observed in both the fusion zone and the heat-af-
fected zone. There are two types of fracture modes for welded joints. When the size of the weld core is small, it is the joint sur-
face fracture, and when the size of the weld core is large, it is the button fracture. We conducted in-depth research on the
microstructure characteristics, fracture morphology, and microhardness distribution of the joint.
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V ¢lanku avtorji opisujejo raziskavo vpliva razli¢nih elektricnih tokov varjenja na mikrostrukturo, velikost in »leSnikasto«
obliko navarka ter natezno trdnost spojev 1,5 mm debele plocevine iz magnezijeve zlitine tipa Mg-6Zn, ki so bili izdelani z
uporovnim tockovnim varjenjem. Z detajlno analizo, ki je obsegala razlicne eksperimentalne tehnike (natezni preizkus,
metalografske preiskave z opti¢nim in presevnim elektronskim mikroskopom, meritve mikro trdote) so dolocili vpliv
parametrov varjenja. Pri elektricnem toku 16 kA je bila maksimalna izmerjena mikrotrdota 62,45 HV in natezna trdnost
1108 kN. Pri uporabi elektricnega toka 16 kA je bila v coni taljenja to najniZja izmerjena mikro trdota in velikost navarkov je
bila najvecja, kar pa so optimalni zahtevani pogoji uporovnega tockovnega varjenja. Zvarni spoji so bili v glavnem sestavljeni iz
cone taljenja in toplotno vplivane cone. Mikrotrdote v coni taljenja so bile v vseh primerih najvi§je in vi§je od mikrotrdot
izmerjenih v toplotno vplivani coni ter precej visje od mikrotrdote osnovnega materiala. Cono taljenja so v glavnem sestavljali
grobi enakoosni in stebricasti dendriti. Rast kristalnih zrn je bila opaZena v coni taljenja kot tudi v toplotno vplivani coni. Dva
nacina preloma zvarnih spojev so avtoriji opazili pri analizi pod SEM. Ko je bilo jedro zvara majhno je bila narava prloma krhka
s vidnimi cepilnimi ploskvami. Ko pa je bila velikost jedra zvara velika, so imeli prelomi obliko gumba (iztrgan je bil zvarni
spoj). Avtorji so v ¢lanku natanc¢no opisali mikrostrukturne lastnosti, morfologijo prelomov in mehanske lastnosti zvarnih spojev
izdelanih z uporovnim to¢kovnim varjenjem izbrane Mg zlitine.

Kljucne besede: zlitina na osnovi magnezija, uporovno tockovno varjenje, zvarni spoji, mehanske lastnosti, mikrostruktura
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1 INTRODUCTION

Magnesium and magnesium alloys are currently the
lightest structural metal materials in industry, with a se-
ries of advantages such as high specific strength, good
casting performance, and good electromagnetic shielding
resistance. They are widely used in the aerospace, auto-
motive, and 3C electronic product fields, playing an in-
creasingly important role in achieving lightweight struc-
tural materials. They are known as the "most promising
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and competitive green metal structural materials of the
215t century".'-* However, the poor corrosion resistance,
mechanical properties at room temperature, and poor
weldability of magnesium alloys also limit their wide-
spread application. In order to further improve the appli-
cation range of magnesium alloys, the design and optimi-
zation of magnesium alloys have become a research
hotspot.* In recent years, the development of high-perfor-
mance magnesium alloys has attracted widespread atten-
tion.

Due to the special physical properties of magnesium
alloys, it is difficult to obtain reliable joints during weld-
ing, and the welding of magnesium alloy structural com-
ponents has become a technical key that restricts its ap-
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plication. The main problems of magnesium alloys
during welding include oxidation, coarsening, porosity,
etc. The current welding methods used for magnesium
alloys include resistance-spot welding (RSW),’ friction-
stir welding (FSW),® electron-beam welding (EBW),” la-
ser welding (LBW),® melting-and-inert-gas-shielded
welding (MIG),° etc. Each welding method has certain
specificity and limitations in practical welding applica-
tions. Resistance-spot welding is suitable for magnesium
alloy thin plates rather than continuous connections. It is
a welding method that uses the resistance heat generated
by the current flowing through the welded part to locally
melt the base material and form a joint.

Therefore, this study tested the weldability of a
Mg-6Zn alloy through resistance-spot welding and deter-
mined the optimal process parameters based on the qual-
ity characteristics of the welded joints of Mg-6Zn mag-
nesium alloy. The study was of the influence of different
welding current parameters on the mechanical properties
and microstructure characteristics of magnesium alloys,
providing some basic information for future engineering
applications.

2 EXPERIMENTAL METHODS

The preparation materials for the Mg-6Zn magne-
sium alloy in this experiment are the matrix-element
magnesium (Mg) and the alloying-element zinc (Zn).
The raw materials are: 99 % (w/%, the same below)
magnesium ingots and 99 % zinc ingots. Magnesium al-
loy preparation is carried out using a crucible-type resis-
tance furnace for alloy melting. Before melting, the rust
on the inside of the steel mold is removed using sandpa-
per to ensure that there are no other alloy elements re-
maining inside the iron crucible used for melting. The
iron crucible is then placed in a resistance furnace for
heating to 500 °C, and pure magnesium blocks are
placed to heat up to 735 °C. When it is completely
melted and the temperature reaches 730 °C, turn off the
temperature control power and open the melting furnace
to scrape off the magnesium melt, then add zinc flakes,
stir and keep warm for 20 min, and finally turn off the
temperature control power. Then it was cast into the
mold, and the chemical composition of the final as cast
alloy was analyzed using inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Table 1 lists
the chemical composition of the experimental alloy.

Table 1: Chemical Composition Analysis of Mg-6Zn Magnesium Al-
loy (w/%)

Element Zn Mn RE Mg
Alloy composition 5.75 - - Balance

Remove the oxide layer and oil stains on the surface
of the magnesium alloy to be welded before welding,
and place it in anhydrous ethanol for ultrasonic cleaning
and drying for later use. The experiment used an
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Figure 1: Schematic diagram of welding overlap

Yaskawa AC spot-welding robot for the welding, with
copper selected for the electrodes. The experiment used
an electrode pressure of 1 kN, welding time of 0.4 s, and
welding currents of 12 kA, 14 kA, and 16 kA to weld the
Mg-6Zn alloy. Performance testing was conducted on a
microcomputer-controlled electronic universal testing
machine, and the schematic diagram of the tensile speci-
men is shown in Figure 1. The stretching speed is
Imm/min, ensuring that the line of action of the tensile
and shear forces passes through the center of the melt
during loading. Cross cut the spot welded joint along the
diameter direction of the welding point, and after embed-
ding, grinding, and polishing, use a picric acid solution
to corrode the microstructure of the welding point. Ob-
serve and analyze the microstructure of the fusion zone
of the joint using an optical microscope and scanning
electron microscope. The HX-1000TM/LCD digital
microhardness tester was used to measure the microhard-
ness of the fusion zone, heat-affected zone, and base
metal of the sample after resistance-spot welding with
three different welding currents. The fracture morphol-
ogy and distribution were examined using SEM model
S-4800.

3 RESULTS

3.1 The influence of welding current on the diameter
of spot-welding nuggets

The formation of weld nuggets during resistance-spot
welding largely determines the effective load-bearing
area of the weld in the load-bearing structure.'® Figure 2

Figure 2: Macroscopic morphology of fusion nuclei under different
welding currents: a) 12 kA, b) 14 kA, ¢) 16 kA

Materiali in tehnologije / Materials and technology 59 (2025) 2, 299-305
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Figure 3: Effect of Welding Current on Nugget Diameter

shows the experimental results of the influence of weld-
ing current on the size of the weld nugget. It can be seen
that the current of the welding machine has a significant
impact on the size of the weld nugget. As the welding
current increases, the size of the weld nugget increases.
When the welding current increases from 12 kA to
16 kA. Figure 3 show the diameter of the weld nugget
increases from 2.3 mm to 3.85 mm, and the indentation
depth of the joint increases. The heat source for resis-
tance-spot welding is the resistance heat generated by the
current passing through the welding area. As the welding
current increases, the welding heat input also increases,
resulting in an increase in the size of the weld nugget.!!

3.2 Effect of Welding Current on Weld Seam Structure

The microstructure of the fusion zone determines the
load-bearing capacity of the solder joint. Figure 4 show,
it can be seen that due to the different degrees of
undercooling in different parts of the welded joint,'? the
microstructure of the welded joint obtained by resis-
tance-spot welding Mg-6Zn magnesium alloy consists of
three parts: the base metal (BM), the heat-affected zone
(HAZ), and the fusion zone (NZ);"* The fusion zone is
mainly composed of columnar dendritic zone (CDZ) and
equiaxed dendritic zone (EDZ) inside the fusion zone.
There are significant differences in the microstructure
between the spot welding area and other areas. The
grains in this area are small and evenly distributed, and
the grain distribution has a certain directionality. The re-
sults indicate that the welding current also has an impact
on the microstructure of the weld nugget.'4

As the current increases, the columnar dendritic re-
gion (CDZ) near the heat-affected zone becomes nar-
rower and wider. When the welding current increases,
the temperature in the fusion zone also rises, leading to
an accelerated growth rate of columnar dendrites and an
expansion of the columnar dendritic region. During re-
sistance-spot welding, the temperature gradient and sol-
ute distribution in the fusion zone can affect the growth
direction of crystals, leading to the formation of
equiaxed dendrites. The size and morphology of the
equiaxed dendrites can affect the performance of solder
joints, 1316

As shown in Figure 5, for equiaxed dendrites (EDZ)
in the fusion zone under different welding currents, when
the current is 12 kA and the welding current is low, the

Figure 5: Isometric dendrites (EDZ) in the fusion zone under different welding currents: a) 12 kA, b) 14 kA, c) 16 kA
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Figure 6: Columnar dendrites (CDZ) in the fusion zone under different welding currents: a) 12 kA, b) 14 kA, c¢) 16 kA

heat input is insufficient, resulting in incomplete forma-
tion of fusion nuclei in the weld joint and a relatively
loose structure. When the current is 14 kA and 16 kA,
the welding current gradually increases, the heat is suffi-
cient, and the fusion zone is fully melted and crystal-
lized, forming a relatively uniform equiaxed crystal
structure. As the welding current increases, equiaxed
dendrites become finer and more uniform. It can be con-
cluded that as the current increases, the strength and
toughness of the solder joint improve. At a welding cur-
rent of 12 kA, the welding heat input is small, the nucle-
ation time is short, and there is less melting of the base
metal. It was found that the closer the grains are to the
center of the fusion, the denser the grains. The area near
the heat-affected zone solidifies first, and at the same
time, heat dissipation is faster to form columnar den-
drites."”

During spot welding, due to the passage of the weld-
ing current, the temperature at the welding point rapidly
increases, causing the magnesium alloy to melt and form
a molten pool.'® During the solidification process of the
melt pool, crystals begin to grow and form columnar
dendrites. As shown in Figure 6, with the increase of
welding current, the increase of heat causes the tempera-

Peak value(kN)
o
[=}

<
'S
T

0.2

0.0

L

A

Welding current(kA)

Figure 7: Changes in peak test force under different currents:
a) 12 kA, b) 14 kA, ¢) 16 kA
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ture gradient in the molten pool to increase, and the cor-
responding increase in undercooling is conducive to nu-
cleation, leading to the formation of more crystal nuclei.
The increase in the number of crystal nuclei makes the
columnar dendritic crystals compete for space and re-
sources during the growth process, limiting their growth
and making the columnar dendritic grains smaller and
smaller.’” And more heat will accelerate the crystalliza-
tion rate, shorten the crystal growth time, and also cause
the columnar dendrites to solidify before they can fully
grow.

The grains at the center of the fusion nugget change
from columnar dendrites to equiaxed grains, and the
grains become smaller and more uniform. The narrower
the columnar dendritic zone (CDZ), the smaller the ex-
perimental force and the poorer the mechanical proper-
ties.

3.3 Mechanical properties of resistance-spot welding
Jjoints

Different welding currents can lead to different nu-
cleation diameters. Generally speaking, as the welding
current increases, the nucleation diameter will also in-
crease accordingly.?’ During the spot-welding process,
the welding current generated when the electrode tip
contacts the plate generates heat through the welded part,
causing the joint to melt and form a fusion nugget.?!
When the welding current is low, the heat is not suffi-
cient to completely melt the workpiece, resulting in a
smaller diameter of the weld nugget. With the increase of
welding current, the heat also increases, and the
weldment can melt more fully, resulting in an increase in
the diameter of the weld core. The diameter of the mol-
ten core with currents of 16 kA and 14 kA is larger than
that of 12 kA. Install the six welded samples onto the
tensile testing machine, ensuring that they are securely
installed and well aligned. From Figure 7 it can be seen
that as the welding current increases from 12 kA to
14 kA and then to 16 kA, both the diameter of the weld
core and the tensile mechanical properties gradually in-
crease. When the diameter of the weld core is 2.3 mm,
the tensile shear force of the joint is 0.495 kN. At a
welding current of 14 kA, the diameter of the weld core
is 3.75 mm, and the tensile shear force of the joint is

Materiali in tehnologije / Materials and technology 59 (2025) 2, 299-305
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Figure 8: Macro appearance of the fracture: a) is interface failure, b) and c) are pull-out failures

0.864 kN. When the current is 16 kA, the diameter of the
weld core is 3.85 mm, and the tensile shear force is
1.108 kN. In summary, it can be concluded that the di-
ameter of the melt nugget is basically consistent with the
change in tensile shear force.

3.4 Failure modes of resistance-spot welding joints

The characteristics of the failure modes of magne-
sium alloy spot-welding joints determine the degree of
absorption and load-bearing capacity of the welded
joints, which are generally divided into three types based
on failure modes: interface failure, pull-out failure, and
substrate tearing failure.?> Among them, interface failure
is a poor continuous failure mode, while substrate tear-
ing failure is a better failure mode.>

The macroscopic morphology of the fracture surface
is shown in Figure 8. From Figure 8a, it can be seen
that the failure mode is interface failure when the
spot-welding current is 12 kA.>* When the heat input is
small, joint surface fracture occurs because the size of

the fusion core is small when the current is low, and the
tensile and shear forces it can withstand are also low.
When the applied stress exceeds the shear strength of the
weld core, cracks rapidly propagate at the joint surface,
and the spot welded weld core is separated from the joint
surface, eventually forming a fracture at the joint surface.

Figures 8b and 8c show currents of 14 kA and 16
kA cause button fracture.” Due to the growth character-
istics of the columnar crystal zone near the heat-affected
zone, as stress continues to increase, the columnar den-
drites become thinner, and their ability to resist deforma-
tion is relatively weak, which may quickly reach the
fracture limit. Make it the weak surface of the fusion
core and coincide with the plate seam in the high stress
zone of the lap joint.® With the continuous action of ex-
ternal tensile and shear forces, cracks rapidly propagate
along the melt nugget to the heat-affected zone and the
base metal, causing the melt nugget to be pulled out of
the base metal.

When the current is 12 kA and 14 kA, it can be ob-
served from Figure 9 that the fracture surface is rela-

20 um

Figure 9: Fracture morphology diagram: (a) The fracture morphology of the joint surface under a current of 12 kA, b) The fracture morphology
at high magnification, c¢) The fracture morphology of the joint under 14 kA current is similar to that under high magnification (d), e) The fracture
morphology (f) of the joint surface under 16 kA current is the fracture morphology at high magnification
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Figure 10: Hardness distribution map of different regions of the joint
under different currents

tively flat and smooth with river like patterns, as well as
some regular cleavage steps and small pores.?” And there
are cracks on the surface of the fracture, which is be-
cause it was pulled apart but not pulled, possibly due to
other areas being more fragile. The fracture surface is
perpendicular to the main tensile direction, and after the
sample fractures, the residual deformation is very small,
so it is a brittle fracture.

When the current is 16 kA, cleavage planes? can be
observed from Figure 9, with some tearing edges ap-
pearing on the surface. The fracture surface is relatively
rough, presenting a crystalline or granular appearance,
and obvious grain boundary cracking marks can be seen.
The grain boundaries appear relatively wide. So it is also
brittle fracture. In summary, the fracture surfaces of
spot-welded joints under different currents are all brittle
fractures.

3.5 Hardness of spot-welded joints

The hardness value has good representativeness and
repeatability. It has a wide range of applications in the
research of metals, quality inspection, and evaluation of
the heat-treatment effects. After spot welding, the micro-
hardness of different micro regions varies, so the hard-
ness values of the fusion zone, heat-affected zone, and
base metal of the joint are tested separately. In the exper-
iment, 5 points are selected for each micro region for
testing, and the average value is taken as the hardness
value of that region.

Due to the small indentation after spot welding of
magnesium alloy, the damage to the sample is minimal.?
So the Vickers hardness test was conducted on the sam-
ple. According to the test results in Figure 10, the aver-
age Vickers hardness values of the Mg-6Zn magnesium
alloy in various regions are 80.07 HV, 61.38 HV, and
67.88 HV when the current is 12 kA. When the current is
14 kA, the average Vickers hardness of Mg-6Zn magne-
sium alloy in each region is 81.32 HV, 71.77 HV, and
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69.38 HV. When the current is 16 kA, the average
Vickers hardness of Mg-6Zn magnesium alloy in each
region is 62.45 HV, 61.74 HV, and 70.33 HV. It can be
seen that when the current is 16 kA, the hardness of the
fusion zone is much lower than the other two groups.

4 CONCLUSIONS

This article focuses on the resistance-spot welding
process of Mg-6Zn alloy with a thickness of 1.5 mm and
analyzes and evaluates the effects of different currents on
the nugget diameter, weld microstructure, and mechani-
cal properties of spot welded joints. The following con-
clusions are drawn.

(1) Maximum nugget diameter: When the welding
current is 16 kA, the nugget diameter reaches its maxi-
mum value of 3.85 mm. The variation of the nugget di-
ameter is consistent with that of the tensile shear force.

(2) Optimal spot-welding parameters: When the
welding current is 16 kA, the hardness of the nugget
zone is the minimum, while the peak value and the nug-
get diameter are the maximum.

(3) Fracture mode: When the nugget size is small, the
fracture occurs at the bonding surface; when the nugget
size is large, button-type fracture occurs. Also, due to the
action of the externally applied tensile shear force, the
crack rapidly propagates from the nugget to the heat-af-
fected zone and the base metal.

(4) The nugget zone is composed of equiaxed den-
drites and columnar crystals. As the current increases,
the grains become finer and more uniform.
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