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The AZ31B magnesium alloy was laser-welded at three different (1.2, 1.6, and 2 kW) laser output powers in the
present work. All the butt weld joints are almost defect-free. The size of the weld joint slightly increases with
increasing laser output power. The weld metal is formed by columnar grains of the alpha phase at the weld
metal/base metal interface, but a finely equiaxed grain microstructure is formed in the centres of fusion zones.
The minor phases are Mg;7Al; 5 and (Al,Mg)gMns. The weld metal microstructure manifests clear refinement with
a decrease in laser output power. Microstructural changes are reflected in changes in mechanical properties; weld
joints prepared at the lowest laser output power manifest the highest microhardness, ultimate tensile strength,
yield strength, and almost 90% joint efficiency. This is related to the different extents of strengthening mech-
anisms that act most effectively in weld joints made at 1.2 kW laser output power. Detail analysis of fracture
surfaces confirmed that lower laser output power and general microstructural refinement favours the formation
of plastically deformed material, which is in excellent agreement with both the experimentally determined and

the calculated values of yield strength.

1. Introduction

Magnesium alloys are widespread construction materials due to their
high strength-to-specific density ratio. As the lightest structural mate-
rials, they are often used in various industries, e.g. in aerospace, auto-
motive, and electronics. Among these materials, the non-heat-treatable
alloys alloyed with Al and Zn (AZ class) are of great importance. The
microstructure of these alloys consists of a Mg-based hexagonal alpha
solid solution and an intermetallic phase of Mg;7Al;5 [1-3]. In wrought
AZ-class alloys, the matrix consists of equiaxed grains; the Mgj7Alj2
phase particles are located at the grain boundaries as a result of their
segregation during solidification [4].

Over the last decade, great attention has been paid to the welding of
magnesium alloys because of the gradually increasing use of lightweight
metals in a variety of industrial branches. However, their unfavourable
physical and chemical properties, such as low boiling temperature, high
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vapour pressure, and large solidification shrinkage, make serious ob-
stacles in fusion welding such as unstable weld pools, underfill, excess
root penetration, loss of alloying elements, excessive porosity, and large
distortion [5]. As an alternative method to the fusion welding tech-
niques of Mg-alloys, explosive welding has been established [6]. This
welding method can overcome the problems associated with the solid-
ification of Mg alloys; however, its suitability for welding of different
components is limited. Another way to reduce the undesirable effects of
unfavourable metallurgical characteristics of Mg alloys on the quality of
weld joints is to minimize the size of the weld pool. The use of laser beam
welding (LBW) offers to reduce the volume of molten metal to a very low
level; moreover, it is possible to carefully control the processing pa-
rameters influencing process stability and reproducibility to reliably
produce defect-free welds [5].

The quality of the obtained laser weld joints is governed by the
welding parameters and thereby, by the presence of defects as well as by
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the resulting weld's microstructures. If too low laser power density is
used, for instance, then macro defects like undercuts or low penetration
can be encountered in weld joints [4,5,7]. The excessive heat input, on
the other hand, may lead to the burning loss of magnesium and alloying
elements, which results in an incompletely filled groove [4]. The use of
appropriate filler metal (in the form of wire) can effectively compensate
for these metal losses [8]. Besides that, the filler metals reduce burn-up
and weld drop-through and reduce the porosity of joints. To obtain a
stable welding process and accepted weld quality (without macro-
defects), a balance between laser output power, welding speed,
focusing, and other parameters must be thoroughly chosen. Internal
porosity is another type of macro-defect that can deteriorate the quality
of weld joints. In the welding of Mg alloys, the internal porosity may
result from the collapse of unstable keyholes (too deep keyholes are
inherently unstable) [9]. Other sources of internal porosity in weld
joints of magnesium alloys are turbulent flow of molten metal in the
weld pool [5], initial pre-existing pores [5,10], interaction of molten Mg
with surrounding air or moisture [11], surface oxide films [5], and
contaminants (hydrides, grease/releasing agents, surface coatings, dirt
picked up during the forming operation or storage of components) [5,8].
In cast Mg alloys, the extent of internal porosity in weld joints strongly
depends on the initial gas porosity in the base material [5,10]. There-
fore, it is necessary to reduce the porosity in cast Mg alloys by using
vacuum casting, for instance, in order to manufacture well-weldable
castings. Some Mg alloys are inherently poorly weldable; one typical
reason is the large temperature solidification interval, which makes the
alloys sensitive to solidification cracking. The Mg-Zn-Zr or Mg-Al-Zn
alloys are the most typical examples [5].

The microstructures of fusion zones of welded magnesium alloys are
typical by the presence of columnar crystals of alpha phase, growing
perpendicularly to the fusion boundary [7,12-17]. The second micro-
structural feature that occurs in the centres of the welds is equiaxed
grains [13,14,18,19]. A significant refinement of grains occurs in weld
metal, as compared with base metals, because of the rapid solidification
of molten metal during laser welding, e.g. [7,12,13,18,20]. The minor
phase that is present in fusion zones of welded AZ-class Mg alloys as less
or more regularly shaped and sub-micron-sized particles is Mgi7Al;o
[12,14,18,21]. Besides, AlgMns nano-sized particles were also observed
in some investigations [22].

In most cases, the hardness of fusion zones manifests a clear incre-
ment as compared with the base metal. Wang et al. [4] and Coelho et al.
[23] recorded a 10 HV hardness increase in the fusion zone in com-
parison with the AZ31B base metal. The welding of AZ31 material by
using a Nd:YaG laser gave similar hardness increments [22]. Much more
remarkable, an almost 25 HV increase in hardness was found by Zhang
et al. [17] by laser welding of the Mg-10Li-3Al-3Zn alloy. Alternatively,
a hardness decrease was also recorded in fiber laser-created fusion zones
of the AZ31 alloy by Chowdhury et al. [14]. But a plastically deformed
alloy was used for welding in this case instead of recrystallized ones
utilized in other works.

The recorded ultimate tensile strength (UTS) values make up usually
90-95% of the UTS of the base metals (joint efficiency 90-95%)
[4,15,22], at correspondingly lower (by 10-20%) elongation. However,
the UTS also depends on the heat input into the materials; higher heat
inputs result in lower values of joint efficiency [14,17] since greater
weld joints with coarser internal microstructures are formed. An
exception was the Mg-10Li-3Al-3Zn alloy, where the joint had the same
(or slightly higher) UTS as compared with the base metal [17]. But a
slight increase in UTS is accompanied by a 15% sacrifying of elongation.
At this place it is also worth noting that, in the latter cited source, the
corrosion resistance of the weld joints has also been examined. The
obtained results infer that there is no worsening but rather an
improvement in the corrosion resistance of weld joints in comparison to
the base metal.

Even though many studies on the welding of AZ-class alloys have
been published to date and the resulting microstructures, mechanical
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Table 1
Chemical composition of the examined AZ31B magnesium alloy (in wt%).

Al Zn Mn Si Cu Fe Ni Mg

3.06 0.75 <0.2 0.1 0.05 <0.005 <0.005 Balance

Table 2
Mechanical properties of as-delivered sheet made of AZ31B magnesium alloy, as
measured by tensile test at the room temperature.

Ry, [MPa] Rpo.2 [MPa] Asg, [%] HV
253 201 15 49
Table 3
Chemical composition of filler wire (in wt%).
Al Zn Si Mn Cu Ni Mg
2.65 1.21 0.015 0.24 0.05 0.01 Balance

properties, and formation mechanism of welding defects such as cracks,
porosity, element loss, and craters in the welded seams of laser-welded
magnesium alloys have been described, the research about the effects of
heat input on the interconnection between the microstructures and
mechanical properties of weld joints is deficient to our knowledge.
Therefore, the effects of laser output input on the microstructures and
mechanical properties of laser welded AZ31 magnesium alloy joints are
in-depth investigated and discussed in the present work. Moreover, the
relationship between the microstructures and mechanical properties is
thoroughly described. The obtained results are supplemented with
detailed TEM investigations of weld joints as well as with the mor-
phologies of the obtained tensile fractured surfaces. Finally, experi-
mentally determined yield strength magnitudes of weld metals are
compared with the calculated ones by considering the obtained
microstructures.

2. Experimental
2.1. Characterization of material

In the present study, a 2 mm thick sheet made of AZ31B alloy with
the nominal chemical composition in Table 1 was used for in-
vestigations. The main mechanical properties of the as-delivered sheet
are listed in Table 2. The chemical composition of the filler wire is given
in Table 3.

2.2. Laser equipment and welding parameters

Just prior to welding, the specimens were subjected to fine grinding
by 600-grit emery paper in order to remove the oxides from the surface.
Then, the specimens were cleaned with acetone and dried. Butt-welded
joints were done by using a TruDisk 4002 YB:YAG disk laser in
continuous-wave mode with a wavelength of 1.03 pm and a maximum
power of 4 kW. The diameter of the laser spot was 200 pm, and the
divergence of the laser beam was 8 mm.mrad. The whole welding pro-
cess was controlled by a 6-axis robot M-710iC/50. Argon with a purity of
99.996% was used as a shielding gas to protect the surface and the root
of the weld against oxidation. For better protection efficiency a four-
tube shielding gas nozzle has been used. This protection was active for
further approx. 15 s after forming the weld joint. To compensate for the
loss of alloying elements, a filler wire made of AZ31 (composition given
in Table 3) with a diameter of 1.2 mm was used. Based on the recent
processing optimization [24], the only processing variable in this work
was the laser output power, while the other processing parameters were
kept constant, Table 4. Fig. 1 shows the experimental setup of the
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Table 4
Welding parameters used in the current work.
No. Laser power Welding Heat input [J/mm] Wire feed rate Type of shielding gas Shielding gas flow rate Focusing
[kW] Speed [em/min] [1/min] [mm]
[mm/s]
1 1.2 40 30 110 Ar 30 0
2 1.6 40 40 110 Ar 30 0
3 2.0 40 50 110 Ar 30 0

Focusing optics

/4

) Nozzles \for§]
shielding gas %

Fig. 1. Experimental setup for laser welding of AZ 31B alloy in the cur-
rent work.

welding process.
2.3. Microstructural examinations

The metallographic preparation of samples was performed following
the commonly used method: the specimens were first grinded on a set of
abrasive emery papers with a grit of 120, 400, 600, and 1200, and then
mechanically polished. For structural analyses, cross-sectional samples
of weld joints were etched in Picral reagent (100 ml of ethanol and 4.2 g
of picric acid) for 12 s. The macro-microstructures were examined using
a Neophot 32 light microscope and, for more detailed analysis (and
fractography), by using a JEOL 7600F scanning electron microscope
(SEM) coupled with electron dispersive spectroscopy (EDS). The grain
size was measured following the CSN EN ISO 643 standard by using ten
randomly acquired light micrographs from each characteristic zone of
welded sheets. For assessment of the size and interparticle spacings of
Mgj7Al; 5 particles, twenty randomly acquired SEM micrographs were
used; 3000x magnified microstructures were used for interparticle
spacing determination, while their size was estimated on 10,000x
magnified micrographs. A method by Martinkovic [25] was adopted for
both the size- and interparticle spacing determination. The

Fig. 2. A schematic of the microhardness measurements throughout the laser-
welded material.

determination of the contents of the main alloying elements Al and Zn in
the matrix has been done using EDS analysis. Thirty randomly located
EDS spectra were considered, and the mean values were calculated from
the obtained results.

The samples for transmission electron microscopy (TEM) were pre-
pared by the focused ion beam (FIB) technique using a FEI Scios 2 Dual
Beam scanning electron microscope. TEM lamellas were prepared in
cross-section geometry (lift-out technique), which produces a lamella
perpendicular to the bulk sample surface. Transmission electron mi-
croscopy and high-resolution TEM (HRTEM) were performed on the FEI
Talos F200X device operating at 200 kV with an X-FEG source and point-
to-point resolution below 0.24 nm. The micrographs were recorded on a
CCD camera with a resolution of 4096 x 4096 pixels using the User
Interface software package. The samples were also analysed in scanning
transmission (STEM) mode with energy dispersive spectrometry (EDS).
The EDS detection system was used to determine the elemental area
distribution in nano-sized areas inside the welded metal. The technique

12.00

2.00_

Fig. 3. A drawing of the tensile test specimen.
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Fig. 4. Plan-view light micrographs showing weld beads (images a, c, €) and
roots (images b, d, f) produced using the laser power of (a-b) 2.0 kW, (c-d) 1.6
kW, and (e-f) 1.2 kW.

3 top side @ e
25 a I

‘Weld joint width [mm]
.
n

2 1.6 1.2
Laser output power [kKW]

Fig. 5. The effect of laser power on the top side and root weld width.

of high-angle annular dark-field (HAADF) imaging was performed in
nanoprobe-TEM mode with probes of below 1 nm size and a camera
length of ~205 mm, using the standard annular dark-field detector. In
order to determine the nature of minor phases, a selected area diffrac-
tion (SAED) technique has been used.

Computed tomography from Zeiss, designated Metrotom 1500, was
used to determine the presence of porosity, the distribution of pores in
their dimensions and volumes in the weld metal. Metrotom OS 2.8
software was used for scanning, and VG Studio MAX 3.0 software was
used to evaluate the results. Welded joints with a length of 100 mm were
used to detect pores in the weld metal. The computed tomography
scanning parameters were as follows: Filter: Cu 1.5 mm; Number of
projections: 2000; Voxel size: 82.57 pm; Voltage: 170 kV; Current: 600
pA; Distance from X-ray lamp: 310 mm; Integration time: 2000 ms;
Detector resolution: 1024 x 1024 px. The Buehler IndentaMet 1100 was
used to determine the Vickers HV 0.1 (load of 0.98 N) microhardness.
According to a schematic in Fig. 2, the distance between two adjacent
indents was 200 pm in the base material, but it was reduced to 100 pm. A
tensile test of the laser weld specimens has been carried out by using a
LabTest 5.250 Splmachine at the room temperature and with a cross-
head speed of 5 mm/s. To ensure the rupture of the specimens inside the
weld metal, a notch was created in the weld joints. A drawing of the
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tensile test specimen is in Fig. 3.
3. Results and discussion
3.1. Welds appearance and macrostructure

Figure 4 shows plan-view images of the top sides and roots of pre-
pared welded joints. The surfaces of the welds are relatively smooth,
manifest a regular shape, and are free of spatters, cracks, or undercuts.
Fig. 5 shows the effect of laser beam power on the width of the weld
joint. It is clear from the image that both the top side and root width
decrease with decreasing the laser beam power; the average top side
width values were 2.14, 1.82, and 1.74 mm for laser powers of 2, 1.6,
and 1.2 kW, respectively. The corresponding average root width values
were 1.84, 1.66, and 1.6 mm.

The cross-sections of weld joints created at different laser beam
powers are shown in Fig. 6. The samples are all fully penetrated,
showing a relatively uniform width of welded seams. All the weld joints
manifest fairly narrow weld beads, with almost no distortion, cracks, or
drop-through. The joint made at a laser power of 2 kW is almost pore-
free, Fig. 6a, while only small porosity can be found in the joints
made at 1.2 and 1.6 kW, Figs. 6b, c. Moreover, all the samples manifest a
slight excess weld metal on the top surface (0.15-0.22 mm) and exces-
sive root penetration (0.21-0.23 mm). The obtained results infer that the
use of welding wire (as a filler) has a beneficial effect on the quality of
weld joints. If no filler was used in recent experimental works, e.g.
[4,12,15] then the obtained weld joints showed a variety of imperfec-
tions, such as craters, undercuts, enhanced porosity, incompletely filled
groves or total collapse of the weld. While full penetration, uniform
width of welded seams, low internal porosity, and the absence of micro-
cracks are typical features of weld joints produced by using an appro-
priate filler [14,26].

The internal porosity level of weld joints is far below 1 vol% for all
three analysed weld joints, Fig. 7. From the literature review, it follows
that increased heat input leads to an increase in the internal porosity of
weld joints. Wang et al. [4] have used three values of heat inputs (85.7,
62.5 and 44 J/mm) for laser welding of AZ31 alloy, and the corre-
sponding porosity levels were 10.6, 2.2 and 0.4%. Shen et al. [21] laser-
welded the AZ61 alloy, at four heat inputs from the range of 21-33 J/
mm, and arrived to the finding that the joint efficiency (UTS of welding
joint/base metal) strongly increases with a decrease of heat input. They
suggested that pores and craters are generated in the weld seam because
of evaporation of Mg and Zn at too high heat inputs (lower welding
speeds), and that these defects deteriorate the yield strength of the
joints. It is worth noting that no filler metals were used in these two
works. However, the porosity can be decreased to values far below 1 vol
%, by optimizing the welding parameters (heat input, use of shielding
gases, careful preparation of welded metals just prior to welding, use of
proper filler metal) [3,4,19,23,27]. In these cases, there was only a
marginal or no effect of internal porosity on the ultimate tensile strength
of weld joints detected. But the ductility of weld joints was significantly
reduced even at very little porosity, which is reflected in the brittle
fracture of tensile specimens in the majority of cases [14,19]. It is thus
highly desirable to produce almost pore-free weld joints; in this case, the
mechanical properties obtained describe the material and are not
resulting from weld defects influence [17,22]. In the present work, the
material was carefully cleaned before the welding, the weld was well
protected against oxidation, and proper filer wire was used. Therefore,
the obtained welds do not suffer from a large porosity content, sug-
gesting that the obtained values of mechanical properties will charac-
terize the welded material only.

3.2. Microstructure

The microstructure of the base metal consists of grains of Mg-based
a-solid solution and fine particles of the Mgj;7Al;o phase, Fig. 8. The
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Fig. 6. Cross-sectional light micrographs of the welds made at the laser power of a) 2.0 kW; b) 1.6 kW; ¢) 1.2 kW. BM: base material; WM: weld metal; HAZ: heat-

affected zone (almost invisible at low magnification).
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Fig. 7. Internal porosity of weld joints in differently welded samples.

average grain size is 32.7 pm.

The microstructures of the BM-WM interface of the welds made at
1.2, 1.6, and 2 kW are shown in Figs. 9a, c, and e. There is only a very
narrow (a few tens of pm) heat-affected zone shown on the micrographs.
It is typical by slightly coarsened grains, due to the high temperature
exposure of the material. Weld metal microstructures adjacent to the
fusion lines are mainly columnar, with the direction of less or more
ordered grains parallel to the thermal gradient. But the grains are also
disordered in some sites, and there are also irregularly-shaped grains
visible on the micrographs. The percentage of disordered or irregularly
shaped grains cannot be determined exactly; however, it seems that this
percentage increases with increasing heat input (or the size of the weld
pool). Columnar microstructures are transformed to equiaxed towards
the centre of fusion zones, Fig. 9b,d,f. The average values of grain size
were determined to be 20.51, 26.37, and 29.59 pm for welds made at

Fig. 8. A light micrograph showing the microstructure of the base material.

1.2, 1.6, and 2 kW, respectively. Besides the equiaxed alpha-phase
grains, the fusion zones exhibited numerous regularly-shaped
Mgi7Al12 particles. These particles are located mainly inside the
grains, but some of them are also present at grain boundaries, Fig. 10. In
contrast, the base material contains only a very limited number of these
particles, see images in Fig. 10a,c, and e. Quantitative metallographic
analysis revealed that the mean diameter of the Mg;7Al;2 particles lies
around 114 nm and is practically independent on the laser power output
within the analysed range. Conversely, the volume fraction and inter-
particle spacings of these particles are both strongly influenced by laser
output power; the volume fractions were 0.00709, 0.00465 and
0.00379, and the interparticle spacings were 1.5820, 1.8158, and
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e
ST

Fig. 9. Light micrographs showing the BM-WM interface of the welds made at 1.
at 1.2 kW (b), 1.6 kW (d), and 2 kW (f).

1.9502 pm for the output powers of 1.2, 1.6, and 2 kW, respectively. The
results of quantitative microstructural analysis as well as the calculated
mean values of the main alloying element contents (determined by EDS)
are summarized in Table 5.

The obtained weld metal microstructures are typical features of so-
lidified Mg-based metals after fusion welding. Various authors
[13,15,23,28-30] have reported the presence of columnar grains in
neighbouring fusion lines of weldments made of Mg alloys after either
laser- or electron beam welding. The orientation of columnar grains and
their ordering can be explained by the generally accepted theory of
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2 kW (a), 1.6 kW (c), and 2 kW (e), and the centre of fusion zones of the same welds

welding metallurgy: the unmelted base metal acts as the substrate for
nucleation and subsequent growth of new grains in the weld pool. These
grains grow in a parallel direction but in a reverse orientation to the
thermal gradient in the molten and solidifying weld metal. In well-
ordered microstructures, some authors also attempted to estimate the
changes in size of columnar grains as a function of weld pool size.
Chowdhury et al. [14], for instance, indicated that both the length and
width of columnar grains increase with heat input (increasing the weld
pool size) for the AZ31B-H24 alloy.

The presence of partially disordered or irregularly shaped grains in
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Fig. 10. Backscattered scanning electron (BSE) micrographs showing the BM-WM interface of the welds made at 1.2 kW (a), 1.6 kW (c), and 2 kW (e), and the centre

of fusion zones of the same welds at 1.2 kW (b), 1.6 kW (d), and 2 kW (f).

the close-to-fusion boundary area is the second aspect that deserves
attention. The primary dendrite axes grow from the solid/liquid inter-
face in the direction of the thermal gradient in this area. The solidifi-
cation then continues with branching the primary dendrites; thus,
secondary dendrite arms are formed. If the cooling rate is not high
enough then the columnar dendrite may be broken because of the
constitutional supercooling of the molten alloy, which can be expressed
by Eq. (1).
1-K

G _mxp;

i G o N

x> D K )
Where G is the temperature gradient, Sy is the solidification rate, m is

the slope of the liquid phase line in the particular phase diagram, py, is

the density of the liquid, D is the diffusion coefficient of the solute, and K
is a constant. It implies from Eq. 1 that the lower the G, the larger the
constitutional supercooling, and the columnar dendrites are easier to
break.

In most cases, the melt becomes more enriched with alloying ele-
ments at the root of the secondary dendrite arms. Consequently, the
growth at the root is slowed down, and its curvature increases, Fig. 11.
The relationship between the curvature at the root and the equilibrium
temperature can be expressed by Eq. (2).

T,
T—T0=—2><kax><y><ﬁ ()
0

where k is the root curvature, Ty is the equilibrium temperature, Vy is the
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Table 5

The results of quantitative microstructural analysis (grain size, parameters of
Mg;7Al; 5 particles) and calculated mean values of main alloying elements
contents (determined by EDS).

Laser Grain Content of Parameters of Mg;,Al;, particles
output size elements in
power [pm] the matrix
[kw] [at.%)]
Al Zn Volume Diameter Interparticle
fraction [pm] spacing [pm]
[-1
1.2 20.51 2.31 0.32 0.00709 0.11 1.582
1.6 26.37 3.19 0.31 0.00465 0.11 1.816
2 29.59 269 027 0.00379 0.11 1.950

molar volume in the solid state, AHj is the standard molar enthalpy, and
y is the interfacial energy. From the equation, it is evident that the larger
the root curvature, the lower the equilibrium temperature.

From Eq. 2, it can be deduced that the melting point of the secondary
dendrite arm is low at its root because of the large curvature. The den-
drites are thus more amenable to breaking at the roots, see Fig. 11.
Moreover, convection in the melt pool (which often occurs in laser beam
welding) can further promote the columnar dendrite breakdown and
their change to the equiaxed grains, by decreasing the thermal gradient.

The presence of equiaxed grains in the centre of fusion zones is also a
common feature of laser- or electron beam-welded Mg alloys [4, 12, 13,
15, 21, 23, 26, 28-30]. In the current work, an increase in grain size
from 20.51 to 29.59 pm with an increase in laser output power from 1.2
to 2 kW was detected. A similar phenomenon was recorded in some
scientific works dealing with laser beam welding of AZ31 [12,14] or
AZ61 [21] alloys. It is known that an increase in laser power, at a con-
stant welding speed, will cause an increase in heat input. It is also proven
that, as the heat input is increased, the cooling rate within the melt pool
decreases during solidification. That is to say, the slower the cooling rate
during solidification, the longer the time available for grain growth.
Moreover, there is a strong dependency between the nucleation rate I
and the degree of supercooling AT (which essentially decreases with
heat input). This dependency is expressed by Eq. 3:

16><7:><}'3><T§>< 1

2AR2 X kg x T (AT)2 3

I =1y xexp| —

where I is the nucleation rate, I is the index factor, y is the interface
energy, Ahy, is the enthalpy per unit volume, kg is the Boltzmann con-
stant, and AT is the supercooling. It is proven that the nucleation rate

Curvature radius
at the tip :

1 .
Curvature radius
at the root

Constitutional
supercooling
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increases with the increase in supercooling and vice versa. In the current
work, the increase in heat input enlarges the molten pool; thus, the
holding time at high temperatures in the weld centre is prolonged, and
the solidification rate decreases. Therefore, one can expect that a large
number of nuclei are melted again, while only a limited number of
nuclei can grow into equiaxed grains of large size due to sufficient
growing time.

By visual inspection of the obtained light micrographs from the
fusion zone Fig. 9b,d, and f, and by their comparison with the as-cast
microstructure of the same alloy (e.g., [31]), it may be concluded that
these are solidification microstructures and that the most significant
difference between them is in their dispersity. Similar microstructures
were obtained by many authors in fusion zones of laser beam [7, 12, 13,
14, 21, 23, 32] or electron beam-welded [30] AZ31 or AZ61 alloys.

The explanation of the presence of great amounts of Mgi;Alj, in
fusion zones as compared with base metal is also an important issue.
Chowdhury et al., in their works [14,32], have suggested that the
Mg7Al; 5 particles are actually “divorced” eutectic structures and that
their presence in the as-welded metal was caused by the fast nonequi-
librium cooling of the weld pool during welding. However, they also
stated that no normal eutectic structure in the form of alternating layers
of alpha-phase and Mgj7Al;, would be possible in the AZ31 Mg alloy
containing only 3 wt% Al based on the equilibrium phase diagram under
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Fig. 13. TEM micrographs showing typical microstructures of weld metal made at 1.2 kW laser power. Bright field overview image (a) and results of STEM/EDS

analyses of matrix and precipitates (b).

equilibrium cooling. Therefore, the assumption on “divorced” eutectics
seems to be counterintuitive since no eutectic (although “divorced”)
microstructure can be formed in the given system since the eutectics are
formed only at 12.7 wt% Al above [33]. A more reliable concept of the
Mg;7Al; 5 formation was proposed by Quan et al. [12]. After the laser
welding, the melt alloy is rapidly solidified and cooled to room tem-
perature. At the same time, the maximum solid solubility of Al in Mg
decreases from 12.7 wt% to about 2.0 wt% (at the room temperature),
Fig. 12. There is a difference between the actual Al content in the alloy
(3 wt%) and the maximum solid solubility of Al in Mg at the room
temperature; hence, the remnant Al enters to the Mg;7Al;5 compound
that is formed in the alloy.

At this place it is worth to note that the Mg;7Al;» phase exists in a
relatively wide range of Al contents in binary Mg—Al system, Fig. 12
[34]. The upper Al content corresponds to the stoichiometry MgsAl, (60
at.%Mg), at the eutectic temperature of 437 °C. Nevertheless, the Al
content in the Mg;7Al;, slightly decreases with temperature; hence, the
formation of MgsAl, is unlikely in magnesium alloys with Al content
lower than approx. 12.7 wt% (maximum solid solubility of Al in Mg).

Quan et al. [12] have also pointed out that Mg;;Al;, particles may
appear at grain boundaries (intergranularly) or inside the grains
(intragranularly scattered particles). The location of these particles de-
pends mainly on heat input and, thus, on the cooling rate. With
decreasing heat input, the cooling rate increases, so most Al atoms
cannot diffuse to the grain boundary in time. Therefore, most of the
particles are located inside the grains. In the current work, the majority
of particles was found to be intragranular because of relatively low heat
input, which is in good agreement with the results published by Quan
etal. [12].

In the current work it was also observed that the volume fraction of
Mgi7Al 5 particles decreases with laser output power, but the inter-
particle spacing increases at the same time. This finding is in excellent
agreement with the results obtained by Shen et al. [21] who examined
the metallurgical consequences of laser welding of the AZ61 alloy. They
demonstrated that the higher cooling rate in the welds improved the
nucleation of the Mg;7Al;, particles (but also the a-Mg grains, see dis-
cussion above), which may have resulted in a decrease in their inter-
particle spacings (or an increase in their number). On the other hand, the
size of the Mgj7Al; 5 particles is practically independent on the applied
welding parameters, suggesting that the differences in cooling rates
between each particular weld joints are not enough to be reflected in the
differences in particle sizes. Gao et al. [35] have investigated micro-
structures of hybrid laser MIG welded dissimilar Mg—Al-Zn alloys. They
have found much coarser Mg;7Al; 3 particles in the MIG-welded parts of

the weld joints as compared with those formed in laser-welded parts. It
should be noted, however, that the MIG-welded parts of the joints were
much larger than the laser-welded ones, which resulted in considerable
differences in cooling rates during solidification.

The presence of very narrow heat-affected zones in laser-welded Mg
alloys is a typical feature of applying this technique for the joining of
these materials. Coelho et al. [23], for instance, reported a width of the
heat-affected zone of 10 pm in the Nd:YAG laser-welded AZ31 alloy.
Also, they observed only a slight increase in grain size in HAZ, while a
coarsening of Mg;7(Al,Zn), particles has been detected. The increased
grain size found in the current work can be due to the high temperature
in the close-to-fusion zone region, which may exceed the recrystalliza-
tion temperature of the alloy [32].

Figure 13a shows an overview bright-field TEM micrograph of the
weld metal of the joint made by laser irradiation with an output power of
1.2 kW. First of all, shear bands are clearly visible on the micrograph,
suggesting shear deformation of the material inside the grains. In
addition, several precipitates are visible; their size ranges between 50
and 200 nm. STEM imaging coupled with EDS analysis Fig. 13b iden-
tified significant differences in their chemistry, suggesting their different
natures. The particle denoted as “1” is rich in Al and Mn (about 45 wt%
Mn, 40 wt% Al, and 15 wt% Mg), while the particle “2” contains around
50 wt%Zn, 40 wt%Mg, and 10 wt%Al, and the particle “3” has 60 wt%
Mg, 30 wt%Zn, and 10 wt%Al at the same time. Based on the estimated
amounts of the main elements, the probable stoichiometry (in at.%) of
these three particles can also be delineated. Of course, the influence of
the high magnesium containing matrix should inevitably be taken into
the consideration. The particle “1” has an approximate Al + Mg vs. Mn
atomic percent ratio of 1.78, which is near to 1.6 typical for (Al
Mg)sMns. This phase may appear in the fusion zones of the given alloy,
as reported by Commin et al. [22], for instance, in a form of regularly
shaped and around 100 nm-sized particles. Of note, this phase neither
occurs in the Al—Mn binary [36] nor in the Al-Mn-Mg ternary equilib-
rium diagram [37] at a room temperature. However, it can exist at much
higher temperatures in both systems. Since the laser welding is a highly
non-equilibrium process, a part of the (ALLMg)sMns particles can be
preserved at room temperature after rapid cooling. The particle “2”
manifests a Mg-to-(Zn + Al) atomic percent ratio of approx. 1.45. This is
close to the value of 1.42, which is typical for the Mg;7(AL,Zn);5. The
presence of Mgj7(Al,Zn);2 compound is a typical feature of laser- or
electron beam-welded AZ31 (or similar) alloys [22,23,30,38]. More-
over, it seems that the Mg;7(Al,Zn);, phase appears in the fusion zones
in two variants: The first one is incoherent particles with a size up to
300-500 nm, as demonstrated in Fig. 10, and the second variant is
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Fig. 14. TEM images of the weld metal in the weld joint made by using a 1.2 kW laser output power. (a) bright-field micrograph; (b) HRTEM micrograph showing

nano-sized precipitates inside the matrix; (c) more detailed HRTEM micrograph showing MgjAl; 5 precipitates.
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Fig. 15. TEM images of the weld metal in the weld joint made by using a 1.6 kW laser output power (a) bright-field TEM micrograph, (b) EDS maps and elemental
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line profile throughout the micrograph 15a, and (c) HRTEM image showing Al;»Mg;7 phase in the Mg matrix.
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Fig. 16. Typical microhardness profiles across the laser-welded joints at different output power values.
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represented by nano-sized coherent particles Figs. 14, 15. The cause of
incoherent Mg;7(Al,Zn);, particle formation was delineated in the
earlier text; briefly, their formation can be ascribed to the difference
between the liquid- and solid solubility of Al in Mg and to inhibited
diffusion of Al from the interior of grains to the grain boundaries
resulting from the rapid solidification. On the other hand, the presence
of nano-sized particles may be attributed to their preferential solid-state
precipitation at sites with enhanced Mn content, as Tamura et al.
pointed out [39]. The source of sites with enhanced Mn content is not
clear yet; one can only hypothesise that this may be due to the partial
decomposition of (Al,Mg)sMns during cooling. The particle “3” contains
approx. 75 at.% Mg and only 10-15 at.% Zn or Mg. This composition
does not match any of the existing phases in Mg—Al or Mg—Zn binary
diagrams, due to the much higher Mg content. One can hypothesise that
the measurement may be influenced by the high Mg content in the
matrix.

The presence of Mgi7(Al,Zn);5 in laser-welded AZ31 alloy was also
confirmed by HRTEM analyses of the obtained weld metal. A bright-field
TEM micrograph of the 1.2 kW laser output power-welded sample,
Fig. 14a, shows a Mg matrix with a huge number of precipitates inside.
Corresponding SAED patterns (in the inset) clearly delineate highly
oriented crystalline grains of Mg-matrix (bright spots in patterns), while
additional diffraction rings are from different intermetallic phases.
Indeed, a large number of nanoparticles of a few nanometres in size are
distributed within the matrix, as Fig. 14b illustrates. In fact, the lattice
spacings in the nanoparticles are clearly visible in the magnified image,
Fig. 14c. The interplanar spacings are estimated to be about 0.218 and
0.215 nm, which match the Mg;7Al;2 phase [40], and the 0.160 nm
spacing is typical for hexagonal Mg solid solution [41].

Figure 15a shows a bright field TEM image of the weld metal ob-
tained with 1.6 kW laser power. Also, in this case, the microstructure is
composed of the matrix and areas with the presence of a great number of
nanosized precipitates. These precipitates are rich in alloying elements,
mainly Al and Zn Fig. 15b. In a similar way to the weld metal produced
at 1.2 kW laser output power, HRTEM investigations revealed the
presence of the Mg;7Al;; phase within the matrix, Fig. 15c. It should be
noted here that the examination of weld metal obtained at 2 kW laser
output power gave very similar outcomes.

3.3. Microhardness distribution

From the microhardness distribution across the weld joints and
adjacent zones, it is evident that all the fusion zones have a higher
microhardness than the base material (~65 HV 0.1). The average values
were 78, 80, and 83 HV 0.1 for weld joints made at the output powers of
2, 1.6, and 1.2 kW, respectively, Fig. 16. The higher microhardness of all
weld joints as compared with the base material can be attributed to the
formation of a supersaturated alpha solid solution along with the
enhanced population density of Mg;7Al;» phase particles. Very consis-
tent results were obtained by many authors after laser- or electron beam
welding of different Mg-alloys such as AZ31 [4, 20, 22, 23], AZ61
[20,21], AZ91 [20], or Mg-10Li-3Al-3Zn [17] alloys. In these works,
increased microhardness values in weld metals were attributed to
various phenomena that take place during the welding heat cycle. These
phenomena involve general microstructural refinement, less or more
extensive dissolution of Mgj7Al;5 and thus the formation of supersatu-
rated solutions, and refinement of precipitates (in the case of Mg-10Li-
3Al-3Zn [17]). Decreasing the laser output power produces slightly
higher microhardness inside the fusion zones. As evident from Figs. 5
and 6, lower laser output power produces smaller weld joints. One can
this expert faster heating/cooling cycles in these cases. This may, for
instance, further increase the supersaturation of solid solution and
microstructural refinement. Quantitative microstructural analyses
revealed a decrease in both the grain size and the interparticle spacings
of Mgy7Al;5 with decreasing the laser output power, which is consistent
with the last consideration. Similar observations were obtained by Wang
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Table 6
Effect of laser output power on the tensile properties of laser welded AZ31 alloy.

Laser output power [kW] UTS [MPa] YS [MPa] Joint efficiency [%]
1.2 226 164 89.3
1.6 203 126 80.2
2 176 119 69.6

et al. [4] for laser-welded AZ31 alloy and by Shen et al. [21] for laser-
welded AZ61 alloy. As the main source of increased hardness obtained
in weld joints produced at lower output power, more extensive micro-
structural refinement (Hall-Petch strengthening) was considered.

3.4. Tensile testing and fractography

The results of the tensile tests are listed in Table 6. The ultimate
tensile strength (UTS) approaches that of the unwelded base metal in the
case of 1.2 kW laser output power, and the joint efficiency is close to
90%. However, increasing the laser output power to either 1.6 or 2 kW
reduced both the UTS and YS and produced lower joint efficiency. There
are only a few papers that have in-depth examined the mechanical
properties of weld joints made on different AZ-class alloys. In one of
them, Shen et al. [17] have established a decreasing UTS from 268 to
143 MPa with a decreasing laser welding speed from 2800 to 1800 mm.
min~! for laser welding of AZ61 alloy. Very consistent results were
achieved by Chowdhury et al. [14] for fiber laser-welded AZ31 material.
Of note, any decrease in laser welding speed results in a larger weld
bath, thus in a slower heating /cooling cycle. This may be reflected, for
instance, in coarser internal weld joint microstructure and lower solid
solution supersaturation. In the current work, variations in heat input
were obtained by changes in laser output power. It has been determined
that higher laser output power produces a coarser microstructure than
what is obtained by lower output power. The variations in mechanical
properties of weld joints, Table 6, can be considered logical.

Figure 17 is a compilation of overview SEM images of fracture sur-
faces for weld joints prepared by different laser output powers. All the
fracture surfaces feature more or less equi-axed dimples together with
cleavage facettes, suggesting a mixed ductile/brittle fracture behaviour.
Similar appearances of fracture surfaces after tensile tests were also
obtained by other authors [14,17,21,30,32]. It is worth noting that the
tensile testing in the current work as well as in the cited papers was
conducted at very slow strain rates at the room temperature. Slow strain
rates usually promote the creation of ductile fractures. However, mag-
nesium and its alloys crystallize in a hexagonal close-packed structure
and the number of slip systems is therefore limited at room temperature.
Detailed SEM images, Fig. 18, with particular emphasis on the initiation
of ductile dimples, clearly delineate that the dimples are a result of a
decohesive initiation at intermetallic particle/matrix interfaces. The
more Mg;7Al;, particles present in the microstructure, the higher is the
probability of ductile fracture initiation and propagation. Quantitative
assessment of Mg;7Al;5 particles revealed their highest volume fraction
and correspondingly lowest interparticle spacing in the weld joint made
at 1.2 kW output power. This may be one of the possible sources of the
best UTS for this particular weld joint.

3.5. Confirmation calculations

The increase in UTS and YS can be attributed to grain refinement,
variations in dissolved alloying elements in the matrix, and the changes
in quantitative characteristics of the minor Mg;7Al;; phase. Based on the
measured/calculated microstructural parameters (see Table 5), the
magnitudes of individual contributions can be estimated.

3.6. Solid solution strengthening

The AZ31 alloy contains two main alloying elements: aluminium and
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Fig. 17. Typical overview SEM images showing the fracture surfaces after tensile testing of the weld joints prepared at the output power of (a) 1.2 kW, (b) 1.6 kW,

and (c¢) 2 kW.

zinc. These elements form a substitutional solid solution with magne-
sium. As compared with the base material, the aluminium content in the
weld joint is influenced only slightly by the welding process. Contrarily,
zinc content is slightly reduced since zinc is evaporated much more
easily during welding. The effect of solid solution strengthening may be
given by Eq. 4 [42]:

Y8, = X x C*? )]
where X is a constant (197 MPa x c¥ 3, according to [42]), and C is the
concentration of the given solute (at.%).

3.7. Grain boundary strengthening

The effect of grain size on the yield strength can be estimated by the
well-known Hall-Petch relation, which is given by Eq. 5 [43]:

YSos = 0, +kxd™'? 5)
where o, is the constant (called also ,lattice intrinsic resistance to
dislocation movement, it is 11 MPa [44]), k is a constant that charac-
terizes the relative strengthening caused by grain boundaries (according
to Gao et al. [45], the k = 164 MPa x pml/ 2), and d is the grain diameter.
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3.8. Precipitation strengthening

Laser welding is a highly non-equilibrium process as it induces high
heating and cooling rates in welded materials. When the magnesium
alloy AZ61 was laser-welded, for instance, the cooling rates during the
solidification of molten metal ranged between 1 and 2 x 10% Ks™? [21].
For the AZ31 alloy, a high cooling rate results in a substantially
increased amount and population density of minor Mg;7Al; 5 particles
formed in the fusion zones, Figs. 9, 10. The interfaces between the
matrix and Mgy7Al;, particles are incoherent since these phases are
different in their crystal structures and lattice parameters. Therefore, the
total magnitude of strengthening can be divided into four partial con-
tributions, namely: a) the Orowan process, which is defined as an
interaction between dislocations and incoherent particles; b) the load
transfer from a matrix to Mgj7Al; 5 particles; ¢) the contribution given by
the generation of new dislocations, which results from differences in
thermal expansion between the matrix and Mgj7Al;» particles; and d)
the geometrical incompatibility between a matrix and Mg;7,Al;» parti-
cles that also causes the formation of geometrically necessary
dislocations.

a) Orowan process. For spherical or almost fully regular-shaped parti-
cles, Figs. 9, 10a, the yield stress increment can be expressed by Eq. 6
[42]:
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Fig. 18. Detailed SEM images showing the fracture surfaces after tensile testing of the weld joints prepared at the output power of (a) 1.2 kW, (b) 1.6 kW, and (c)

2 kw.

MxGxb xlxln(d')
2xaxV1l—v 4 r,

where M is the Taylor factor (considered to be 5), G is the shear modulus
of the matrix (determined to be 17 x 10% MPa), b is the magnitude of
burgers vector for Mg (3.2 x 10710 m, according to [44]), v is the
Poisson number, A is the interparticle spacing of Mg;7Al; 5 particles, r, is
equal to b, and d; is the mean diameter of Mg;7Al;» particles.

YSor = (6)

b) Generation of new dislocations due to differences in thermal
expansion.

New dislocations are generated through the effects caused by
different thermal expansivities of the matrix and intermetallics. This
may make a substantial contribution to the total yield strength and can
be expressed by Eq. 7 [46]:

)

1/2
¥Sis = ax Gxbx (w)

b x d,

where G is the shear modulus of the matrix, a is a constant (1.25, ac-
cording to [46]), b is the magnitude of burgers vector for Mg, AT is the
difference between the solidus line temperature of the alloy (estimated
to be 833 K, based on the data published in [42]) and the room tem-
perature, AC is the difference between thermal expansion coefficients of
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the matrix (3.2 x 105K [47]) and Mg17Ali2 (7.5 x 10" ° K [46]), f
is the volume fraction of Mg;7Al;o, and d; is the mean diameter of
Mg17Al; particles.

¢) Load transfer.

During the plastic deformation, load is transferred from the matrix to
the minor-phase particles. The Mg;7Al;5 particles are mostly regularly
shaped, Fig. 10. Therefore, the strengthening contribution can be
quantitatively estimated using Eq. 8 [46]:
f

YS;r =0, X=

2 ®

where oy, is the yield strength of the matrix (this value can be considered
equal to YSg) and f is the volume fraction of Mg;7Al; 2.

d) New dislocation formed due to geometrical incompatibility.

SEM images in Fig. 10 show that a great number of Mg;7Al;5 parti-
cles are generated in fusion zones. They are incompatible with the ma-
trix; thus, the generation of geometrically necessary dislocations during
deformation is caused. The contribution of this phenomenon can be
given by Eq. 9:
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Table 7
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Contributions to the total yield strength value [MPa] of the weld joints are calculated from microstructural characteristics. YSss: solid solution strengthening; YSgp:
grain boundary strengthening; YSor: Orowan process; YStg: generation of new dislocation due to differences in thermal expansion; YS;r: load transfer; YSgro: new

dislocation formed due to geometrical incompatibility.

Laser output power [KW] YSss [MPa] YSgp [MPa] Precipitation strengthening Calculated YS [MPa]
Al Zn YSor [MPa] YSte [MPa] YSyr [MPa] YScro [MPa]
1.2 16 4.3 47.2 20.4 39 0.37 32 159.27
1.6 19.8 4.2 42.9 17.7 32 0.28 26 142.88
2 17.7 3.8 41.1 16.5 29 0.21 23 131.31

Yield strength [MPa]

120
90
m
60
30
0
2 1.6

Laser output power [kW]

BYS experimental BYS calculated

Fig. 19. Comparison of experimentally determined yield strength values with
calculated ones.

8xrxf X”f)m ©)

YScro =ax G xbx ( bxd
where G is the shear modulus of the matrix, a is a constant (1.25, ac-
cording to [46]), b is the magnitude of the burgers vector for Mg, v is the
shear strain (0.013, according to [21]), f is the volume fraction of
Mgi7Alyo, and d; is the mean diameter of Mg;7Al; 5 particles.

From Table 7, it shows that the effect of most strengthening mech-
anisms increases with a decrease in laser output power (or decrease in
heat input). The highest contribution to the final yield strength value is
from the grain boundary strengthening. But the contributions from the
precipitation strengthening also play an important role. The lower than
expected contribution of solid solution strengthening in the case of 1.2
kW laser output power may be due to the considerably increased amount
of Mgi7Al; 5 particles formed in this particular weld joint. These particles
need a much higher amount of aluminium for their formation; hence, the
solid solution is logically depleted by Al. By comparing the calculated
yield strength magnitudes with the ones determined by tensile testing,
Fig. 19 it is shown that they are in excellent agreement (difference max.
12% in the case of 1.6 kW laser power). This may be mainly due to the
low defect density (like pores) of the weld joints, see Fig. 7. The
assumption that the obtained values of mechanical properties charac-
terize the welded material only is correct.

4. Conclusions

In this study, the effect of laser beam power on the microstructure
and mechanical properties of AZ31B magnesium alloy weld joints were
investigated. The following main conclusions could be drawn:

- All the weld joints produced at laser output power in the range of
1.2-2 kW are almost defect-free.

- The microstructures of the weld joints contain columnar grains ori-
ented perpendicularly to the fusion zone-base metal interface and
equi-axed grains in the centres of the welds. The minor phase is
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Mg;7Al;2; however, the weld joints also contain different nano-sized
precipitates like Mg;7Al;5 or (Al,Mg)gMns.

The obtained as-welded microstructures are refined as compared
with the base metal. The extent of microstructural refinement in-
creases with decreasing laser output power.

Weld joints manifest elevated microhardness values as compared
with the base metal. The highest microhardness (83 HV 0.1) is ach-
ieved by using the lowest laser output power.

The ultimate tensile strength of the weld joints is lower than that of
the base metal; the highest values were produced by 1.2 kW laser
output power. The use of higher laser output power resulted in a
decrease in ultimate tensile strength. The same applies for yield
strength. The obtained yield strength values are in very good
agreement with the calculated ones, with a maximum difference of
12%. This indicated that the measured values of mechanical prop-
erties are almost not influenced by the imperfections of weld joints
and represent the welded material only.
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