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Abstract: Magnesium alloys are perspective materials for use in transportation, aerospace and medi-
cal industries, mainly because of their good load-to-weight ratio, biocompatibility and biodegrad-
ability. For the effective production of magnesium components by the laser powder bed fusion
(LPBF) process, the process parameters with verified mechanical properties need to be determined.
In this paper, we prepared bulk samples with a high relative density of AZ91D magnesium alloy.
Tensile tests were then performed on LPBF samples to evaluate the mechanical properties. Our
results show that the bulk samples achieved a relative density >99%, in multiple planes over the full
sample height, while the mechanical properties reached values of Y = 181 MPa, UTS = 305 MPa and
As 65 = 5.2%. The analysis by scanning electron microscope revealed fine 3-MgjyAl;, particles in the
microstructure, which have a positive effect on the mechanical properties. The chemical composition
of magnesium alloy AZ91D changed slightly during processing by LPBF due to the evaporation of
the Mg content. However, the resulting composition still corresponds to the range specified by the
ASTM standard for the AZ91D alloy.

Keywords: AZ91D; magnesium alloy; laser powder bed fusion; energy dispersive spectroscopy;
scanning electron microscope; process parameters; single tracks; porosity

1. Introduction

Nowadays, one of the trends in the transport industry is the reduction in the carbon
footprint, targeting mainly vehicles and aviation. The most attractive way to reduce the
carbon footprint is to reduce the weight of parts, which can be achieved effectively by
combining lightweight materials with additive manufacturing technologies.

The advantages of combining lightweight materials with additive manufacturing
technology are used to produce complex parts in the automotive and aerospace industries.
One of the lightweight material groups consists of magnesium alloys, which have low
weight, good energy absorption and thermal and acoustic properties [1]. In addition,
magnesium alloys have good specific strength due to their light weight [2,3]. In particular,
the magnesium alloy AZ31 is more durable than the aluminum alloy 2017A at low fatigue
cycles with stress amplitudes of less than 150 MPa [3,4]. However, the processability of
magnesium alloy is complicated due to the narrow temperature range between the melting
and boiling points [5] and due to the high affinity of magnesium alloys for oxygen [6].

For the production of parts from magnesium alloys, casting is mainly used. Cast
components have bad uniformity of the microstructure because the alloying elements
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are segregated in the matrix of Mg, which is caused by the wide range of liquid phases
between Mg and Al or Mg and Zn. Therefore, the produced part needs to be optimized
by heat treatment. The disadvantages of this process are high cost and long cycle time,
which are needed for the production of parts. These issues can be solved by using additive
manufacturing technology, which allows the production of complex parts [7].

One of the additive technologies that is possible for the production of magnesium
alloys is the LPBF process. LPBF uses a high-power laser to melt the metal powder into
the shape of parts layer by layer [8,9]. Production of complex parts without imperfections
requires an optimal combination of LPBF process parameters, i.e., laser power, laser speed,
hatch distance and production strategy. In the case of magnesium alloys, the right combi-
nation of process parameters is more important because the high energy of laser power can
cause the evaporation of magnesium, which leads to the formation of imperfections such
as porosity [10-12].

Therefore, in this study, the LPBF process parameters are developed for the production
of volume parts from magnesium alloy AZ91D. The DoE method is used to produce the
cubic samples with different process parameter combinations. The best combination of
process parameters is used for the production of tensile samples to obtain the mechanical
properties of magnesium alloy AZ91D processed by LPBF technology.

2. Materials and Methods

Magnesium alloy AZ91D was processed by LPBF to obtain the optimal process pa-
rameters based on the high relative density. First, the basic experiment of single-track
welds was performed to find out the optimal range of process parameters, i.e., laser power
(LP) and laser speed (LS), for further production of bulk samples. The optimal range of
process parameters was used for the design of volume process parameters by design of
experiment (DoE) for the production of bulk cube samples. The porosity of samples was
evaluated by metallographic analysis. The process parameters with the highest relative
density were used for the production of bulk samples for tensile testing to determine the
mechanical properties.

2.1. Fabrication of Samples

All samples were produced by an SLM 280"t machine (SLM Solutions Group AG,
Liibeck, Germany) equipped with a 400 W ytterbium continuous wave fiber laser. The laser
source has Gaussian power distribution focused on the spot size diameter of 82 um. Argon
inert gas was used to prevent the magnesium alloy AZ91D from oxidation. The fumes
created by the vaporization of alloying elements of magnesium alloy AZ91D powder blur
the laser and reduce the energy of the laser beam on the melting of the powder particles.
Therefore, the more powerful gas pump (Becker, SV300/2, Cuyahoga Falls, OH, USA) was
used to increase the suction of fumes. A layer thickness of 50 um and a platform preheated
to 135 °C were used in all experiments.

Magnesium powder AZ91D (Dome Metals Co., Ltd., Zhengzhou, China) was used
for the experiments. The powder particles had a median diameter distribution of 38.6 um,
Dy 21.8 pm and Dgy 56.9 um (Figure 1). The chemical composition of powder particles
determined by atomic absorption spectroscopy is described in Table 1 (values were supplied
by powder producer).

Table 1. Chemical composition of magnesium alloy AZ91D powder.

Element

Mg

Al Zn Mn Si Cu Fe

Wt.%

Balance

9.08 0.65 0.23 0.04 <0.01 <0.01
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Figure 1. SEM image of magnesium alloy AZ91D powder.

2.2. Process Parameter Development
2.2.1. Single-Track Welds

Weld track shape is one of the key parameters for a reliable LPBF process. Due to
the repeating nature of the layer-by-layer approach, the side-by-side overlapping and
follow-up overmelting of weld tracks happen during the fabrication of the next tracks.
In case the original single-track weld shows inconsistencies such as irregular shape and
entrapped vapor cavities or instabilities such as interrupted track or even balling effect, the
possibility of a reliable process resulting in a homogenous material with low porosity is
very low.

The depth of the weld tracks (TD, Figure 2a) is given by the laser melting mode
(conduction or keyhole) [13], which is dependent on a number of parameters such as the
type of material, the size of the particles used, the volumetric energy density and the
absorptivity of the material. The absorptivity and vaporization play an important role in
the transition from conduction to keyhole mode [14]. During the keyhole mode, the weld
track is typically more unstable, and incomplete collapse of the vapor cavity leaves voids
in the wake of the laser beam [15]. The track height (TH, Figure 2a) plays an important
role in the built-up perspective. The collapsed/deepened tracks or very-low-height tracks
should be eliminated from further use because, in follow-up layers, new material would
not be built up and only overmelting and the gradual evolution of defects would occur. The
width of the track (TW, Figure 2a) drives the hatch distance parameter when the volumetric
material is built. Typically, 30-50% overlapping is used between neighboring weld tracks.

b)

Figure 2. (a,b) Measured parameters of single track—track height (TH), track depth (TD), track width
(TW), (c) bulk cube samples and (d) bulk cuboid samples.

The experiment with single-track welds was performed to determine the optimal
combination of process parameters that leads to the production of weld tracks without
imperfections. A wide range of process parameters was used, i.e., laser power of 150210 W
with a step of 10 W and laser speed of 325-750 mm /s with a step of 25 mm/s. Single tracks
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were scanned to analyze the continuity and track widths (Figure 2b) by digital microscope
(Keyence VHX-6000, Z250R lens, zoom 250, Mechelen, Belgium). Then, metallographic
analysis was performed to evaluate the geometry of the single tracks (Figure 2a), i.e., track
height and track depth [16]. Metallographic analysis also provides insight into the quality
of the produced tracks, revealing imperfections such as entrapped pores, cracks and large
cavities, which should be excluded from further experiments.

2.2.2. Bulk Samples I

To evaluate the influence of process parameters on material quality, relative density is
typically the main factor. Therefore, bulk cube samples with dimensions of 13 x 13 x 13 mm
were produced (Figure 2c). The meander scanning strategy with rotation of laser track
direction by 67° in each layer was used. The processing parameters to produce cube
specimens were selected based on the design of experiment (DoE) methods. The boundary
conditions were based on the optimal range of process parameters from the previous
experiment, i.e., laser power in the range of 150210 W, laser speed of 475-750 mm/s
and overlap of 30-50%. The hatch distance is calculated as a percentage of overlap from
the track width measured in the previous experiment. A total of 20 cube samples were
produced in total.

2.2.3. Bulk Samples II

Two sets of process parameters were used to produce bulk cube samples with di-
mensions 20 x 20 x 20 mm to evaluate the formation of porosity in a larger volume. The
first set of process parameters was selected based on the relative density of cube samples
(Table 2, sample 4-1). The second set of process parameters is based on an analysis of
process parameters and porosity values obtained from the cube experiment using DoE in
the software MiniTab. Those process parameters for which the DoE predicts a porosity of
only 0.04% are used (Table 2, sample 4-2). The porosity of samples was detected in three
perpendicular planes, and the process parameters with higher relative density are used in
the further experiment.

Table 2. Selected process parameters for the test of bulk samples.

Bulk Sample LP (W) LS (mm/s) OL (%) HD (mm) RD (%)
4-1 180 612.5 40 0.133 99.4 4+ 0.02
4-2 197 669 54 0.100 ~100

Note: the last column in the table shows the expected values of porosity for bulk samples.

2.2.4. Bulk Samples III

The optimal process parameters based on the results from the previous experiment, i.e.,
laser power of 180 W, laser speed of 612.5 mm/s and overlap of 40%, were used to produce
bulk cuboid samples for evaluation of relative density over the sample height. During
sample production, many factors affect the quality of samples. In the case of magnesium
alloy AZ91D, the production is mainly affected by fumes from melting the powder particles.
Therefore, the experiment was designed to evaluate the stability of production by the SLM
machine. Four samples with a base dimension of 12 x 12 mm and heights of 20, 40, 60 and
80 mm (Figure 2d) were produced. The stability of production was evaluated based on the
relative density of samples with different heights.

2.3. Relative Density

The relative density was evaluated on the cross-sections of the cube and bulk samples.
The samples were metallographically prepared by wet grinding and polishing and observed
by a light microscope (Zeiss Axio Observer Z1m, Oberkochen, Germany). The relative
density of cube samples was observed in the XY plane. The bulk samples were analyzed
in the three perpendicular planes to obtain the porosity distribution in the sample. The
bulk samples were divided into smaller parts and then analyzed in the XY and XZ planes
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to obtain the pore distribution through the samples (Figure 3a). The relative density
was measured by image analysis in the software Image] as a percentage of black color
representing pores and white background color of the specimen material (Figure 3b,c).

(b)

Figure 3. (a) Bulk sample divided into the sections for metallographic processing, (b) image of
porosity in the sample after metallographic processing and (c) image from Image] software for
evaluation of relative density.

2.4. Mechanical Properties

Samples with a dimension of 12 x 12 x 74 mm were produced in two separate jobs
with optimal process parameters from the previous experiment (Bulk samples II). The
samples were prepared by machining according to DIN 50125 (Form B), with a sample
diameter of 6 mm and gage length of 30 mm. Machining was performed to obtain the
required shape of the sample; furthermore, removing the surface layer of the sample
reduces the influence of subsurface porosity. The two samples were tested in the as-build
state by a universal testing machine (Zwick/Roell Z250, Zwick GmbH & Co. KG, Ulm,
Germany) according to the EN ISO 6892-1 standard at room temperature.

2.5. Fractographical Analysis

After the tensile testing, the broken samples were used for fractographic analysis to
determine the fracture mechanism of samples produced by LPBE The analysis was performed
using a scanning electron microscope (SEM-Zeiss Ultra Plus, Oberkochen, Germany).

2.6. Microstructural Analysis

The microstructure of tensile samples was analyzed, and the shape and distribution
of pores were observed. Additionally, the solidification of the track pool was analyzed to
describe the microstructure of produced material. The cross-sections of the broken tensile
samples (out of the gauge length of the samples) were metallographically processed. The
cross-sections samples were etched by Nital 1% compound and evaluated using a light
microscope (Olympus GX51, Olympus, Tokyo, Japan).

2.7. Chemical Composition

Due to the higher susceptibility to evaporation of alloying elements during the LPBF
process, the chemical composition of powder and LPBF processed material was analyzed
by energy dispersive spectroscopy (EDS).

3. Results and Discussion
3.1. Single-Track Welds

Based on the literature review described in Section 2.2, a map of the process parameters
for the experiment is drawn up (Figure 4a). The map is divided into three areas depending
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on the energy range achieved for each single-track group. The energy value E is determined
by Equation (1).
_LpP
LS -LT'(
where LP is the laser power (W), LS is the scanning speed (mm/s) and LT is the layer
thickness (mm).
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Figure 4. (a) Map of process parameters for single-track test with defined areas and (b) representative
single track for a specific area (metallographic image and 3D digital microscope image).

The individual single-track welds were inspected to identify the parameters that
resulted in high-quality single tracks. Such parameters were considered to be suitable for
further investigation. They are characterized by the optimal shape of the cross-section and
the continuity of the track. The continuity of the track is affected by significant contractions
observed in the entire volume of the single-track series. Based on the inspection, the main
characteristics of the single tracks in each area are identified as follows:

e A—The region with a low value of input energy E = 3.7—4.7 ] /mm shows a suitable
depth of 179 £ 25 pm to connection with previous layers and a width of 204 4+ 11 pm
of the single track; however, the tracks in this region are not continuous. There are
often areas where the material is not completely melted (unmelted powder particles
occurred, Figure 4b—blue frame), which significantly affects both the continuity and
the height of the track (32 &= 14 pum).

e B—The region with an average input energy E = 4.7-6.5 ] /mm shows no cracks or
pores around the weld (Figure 4b—green frame). The track depth is 218 £ 21 um, the
track height is 22 & 2 um and the track width is 215 £ 6 um. Due to the relatively
uniform dimensions of the track and the continuity of all tracks in this area, area B is
evaluated as suitable for further testing.

o  C—The region with a high value of the input energy value E = 6.5-12.7 ] /mm shows
an excessive depth of 338 £ 81 pm and a width of 233 &+ 20 um of single tracks.
Metallographic analysis reveals the frequent occurrence of cracks and pores both in the
deposit and in the surrounding material (Figure 4b—red frame), while the continuity
of the deposit is not guaranteed.

Based on the analyses and their comparison, 27 process parameters were evaluated as
suitable for further testing (Figure 5). These are single tracks in the green area that show
good cross-section shape and continuity. The balling effect, pores and cracking are not
observed in them. These factors indicate a stable behavior of the weld tracks in their entire
sample length. Similar results were obtained in the studies [17-19] for the magnesium
alloys, where three areas that characterize almost identical defects in individual welds are
also observed.



Appl. Sci. 2023,13,1377

7 of 16

200 1 E A @
- “——————‘——““—
= 195[
] T T e . e
- O I ) B T I
3165 N
150 [ 54 .' o A,
300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750
Laser speed (mm/s)
Figure 5. Metallographic images of single tracks for the entire experimental area. Green border
represents parameters used for follow-up testing.
3.2. Bulk Samples I
In the following step, cube samples were produced in three series to minimize the
negative effects of the sample position of the platform. Using DoE, a total of 20 process
parameters were used, which are listed in Table 3. LP and LS from the previous single-track
test were chosen as the DoE input marginal parameters (Section 2.1). Furthermore, the
distance between the individual tracks ("Hatch distance’—HD; Figure 6) and the percentage
of overlap of individual tracks (‘Overlap’—OL) are included in DoE. HD is calculated using
OL and the width of the tracks from the single-track weld test. In addition, the table shows
the values of the input energy density E,, which is determined according to Equation (2),
and the resulting values of relative areal density (RD) of the material:
LP
Ey= oo { mmﬂ 2
= 1srr-ap |/ @)
Table 3. Overview of process parameters and measured values of area relative density (RD) of cube
samples with standard deviation, XY plane.
Group Sample LP (W) LS (mm/s) OL (%) HD (mm) E, (J/mm3) RD (%)
1-1 150 750 50 0.098 40.8 99.2 £ 0.02
1-2 150 475 30 0.151 41.8 99.0 £ 0.02
1-3 180 612.5 40 0.133 442 99.2 £0.12
1 1-4 210 475 50 0.126 70.2 98.0 & 0.02
1-5 180 612.5 40 0.133 442 98.9 £0.11
1-6 210 750 30 0.153 36.6 98.8 +0.01
1-7 180 612.5 40 0.133 442 99.1 £ 0.01
2-8 150 475 50 0.108 58.5 98.4 + 0.03
2-9 210 475 30 0.176 50.2 92.8 £ 0.05
2-10 210 750 50 0.110 50.9 98.4 £ 0.02
2 2-11 150 750 30 0.137 29.2 94.8 £0.11
2-12 180 612.5 40 0.133 442 98.8 £ 0.04
2-13 180 805 40 0.120 37.3 97.2 £ 0.06
2-14 138 612.5 40 0.120 37.6 97.6 = 0.08
3-15 180 612.5 26 0.164 35.8 99.0 £ 0.01
3-16 222 612.5 40 0.135 53.7 99.0 £ 0.01
3 3-17 180 612.5 54 0.102 57.6 99.3 £0.21
3-18 180 420 40 0.144 59.5 97.7 £ 0.04
3-19 180 612.5 40 0.133 44.2 99.4 £ 0.02
3-20 180 612.5 40 0.133 442 99.0 £ 0.02
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Figure 6. Parameters of tracks in cube sample [20].

Representative images of the samples with the lowest and highest relative densities
are shown in Figure 7. The highest relative density was achieved in sample 3-19 with the
process parameters LP = 180 W, LS = 612.5 mm/s, HD = 0.133 mm and OL = 40%. These
process parameters are used several times to avoid calculation and measurement errors in
production of only one sample. On the other hand, sample 2-9 shows extensive porosity
(Figure 7a) mainly consisting of spherical pores and voids with a size of 10-200 um. The
pores and voids are irregularly distributed throughout the sample volume. Local line
alignment of the cavities can be observed, indicating the correlation of their formation with
the laser beam track as a consequence of high input energy density [21,22]. The porosity of
sample 3-19 is minimal (Figure 7b). Spherical pores with a size of about 10 um occur mainly
in the subsurface region of the sample. The AZ91D alloy investigated in the study by Wei
et al. [23] shows a similar result with a relative density of 99.52% and an input energy
density E, = 166.7 ]/ mm?. In this case, the E, value is several times higher than in the case
of sample 3-19 (E, = 44.19 J/mm?®). The clear difference between the E, values and the
almost identical relative density can be explained by several factors. First of all, the different
pieces of equipment used to produce samples must be taken into account. Additionally, the
method of calculating E;, should be taken into consideration (Equation (2)), as the same E;,
values can be obtained with different input parameters. Therefore, it is always necessary
to compare the process parameters themselves. For sample 3-19, these are: LP = 180 W,
LS =612.5 mm/s, HD = 0.133 mm and LT = 0.05 mm, while in the case of Wei et al. [23],
they are LP =200 W, LS = 333.3 mm/s, HD = 0.09 mm and LT = 0.04 mm. From the process
parameters, it can be seen that despite an almost identical relative density of the material,
different microstructural properties can be expected.

|
?i

i

—— 2000 ym

(a) (b)
Figure 7. Cross-section images of the samples (a) 2-9 (RD = 92.8%); (b) 3-19 (RD = 99.4%).
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3.3. Bulk Samples 11

The following test was intended to show the influence of the size (volume) of the
sample on the occurrence of defects in the material when the process parameters from the
previous experiment are used. Therefore, based on the test with cubic samples, two sets
of process parameters were selected and tested on bulk samples. The first set was chosen
as the parameter set that leads to the minimum porosity values for the cube tests (Table 2,
sample 4-1). The second parameter set was proposed based on the DoE as parameters for
estimating the minimum resulting porosity (Table 2, sample 4-2).

After preparation, the porosity of the samples was evaluated in three perpendicular
planes according to Section 2.3. Table 4 shows the measured values of porosity for the
individual planes of both samples. Contrary to expectation, both samples contain a con-
siderable number of pores and cavities distributed throughout their volume. In contrast,
no cracks are observed in any of the samples tested. Due to the lower average porosity
and the lower generation of fume gas during the SLM process, the parameters used for the
production of sample 4-1 were chosen as input for the following test.

Table 4. Porosity measured in different planes and relative density.

Porosity (%)
Bulk Sample RD (%)
Plane XY Plane YZ Plane XZ Average
4-1 21+0.12 5.2+ 0.34 3.7+£0.22 3.7 96.3 £1.26
4-2 41+0.25 33+0.15 4.7 +£0.39 4.0 96.0 £ 0.57

3.4. Bulk Samples II1

The following series of samples were used to detect porosity changes at different
heights in bulk samples. For the production, the parameter set from Table 2 sample 4-1
was used because, in the previous experiment, it led to lower porosity. After production,
the individual samples were cut and metallographically prepared for the observation of
porosity with a light microscope. Image analysis was used to evaluate the relative surface
density of the samples in the XY planes at different sample heights (Figure 2d). An overview
of the measured values can be found in Table 5. The marking of the samples corresponds to
Figure 3a. Larger spherical pores at all height levels are observed in the subsurface area of
the samples. The regular arrangement of pores in the subsurface area is usually the result
of a local increase in energy at the end of the individual hatching vectors, which is caused
by the deceleration at the end of the vector and the acceleration at the beginning of the
neighboring vector (turnaround point), which can be removed with the use of so-called
skywriting in newer scanning units [24]. Only very small gas pores of about 10 um size
are observed in the volume of the sample, as shown in Figure 8. A specific or significantly
different pore arrangement in the individual height levels was not observed.

Table 5. The resulting values of the porosity of the XY planes.

Height
5-4.4
80 mm 0.7%
5-3.3 5-4.3
60 mm 0.5% 0.5%
10 5-2.2 5-3.2 5-4.2
mm 0.5% 0.4% 0.9%
20 5-1.1 5-2.1 5-3.1 5-4.1
mm 1% 0.7% 0.5% 1.1%

Average porosity 1% 0.6% 0.5% 0.8%
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Figure 8. Test of bulk samples II, plane XY, (a) 5-4.1; (b) 5-4.4.

Table 6 shows the values of the relative density of the XZ planes in the individual
samples (Figure 3a). The lower part of the samples (0-20 mm above the platform) shows
a higher percentage of porosity than the area of the samples in the height plane > 20 mm
above the platform. Figure 9 compares the lower (Figure 9a) and upper area of sample
5-4 (Figure 9b). In the lower area, a more frequent occurrence of larger spherical pores
(100 £ 20 pm) is observed, mainly in the subsurface area of the sample, in contrast to
the upper part of the sample where only the occurrence of small pores (10 & 6 pm) is
observed. Total porosity is also significantly higher in the lower areas. On the other hand,
no significant influence of the sample size on the resulting porosity is observed, in contrast
to the study published by Phutela et al. [25], where a significant decrease in porosity is
detected with increasing sample size for the alloy Ti-6Al-4V.

Table 6. The resulting values of the porosity of the XZ planes.

Height Range
5-4.4
60-80 mm 0.5%
5-3.3 5-4.3
40-60 mm 0.7% 0.4%
5-2.2 5-3.2 5-4.2
20-40 mm 0.7% 0.5% 0.6%
0-20 5-1.1 5-2.1 5-3.1 5-4.1
—eUmm 1% 1.4% 0.7% 1.7%
Average porosity 1% 1% 0.6% 0.8%

—— 2000 pm°

(a) (b)

Figure 9. Test of bulk samples II, plane XZ, (a) 5-4.1; (b) 5-4.4.
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3.5. Tensile Testing

To assess the mechanical properties, the tensile tests were carried out at room tem-
perature. For the fabrication of the samples, the process parameters from the previous
test are retained. Table 7 shows the mechanical properties of the AZ91D alloy obtained by
experiments and from the literature (Ys—0.2% proof stress, UTS—ultimate tensile strength
and Ajs ¢5—% elongation at break). Sample 7-1 has a higher ductility value compared to the
other samples. The low mechanical properties of sample 6-1 can be attributed to defects
that occurred during the SLM process. Wei et al. [23] attribute the different tensile test
results of the studied alloy AZ91D to the number of pores present in the microstructure
and the occurrence of the 3-Mgj7Al;; phase, which increases with increasing E; value. The
different properties of sample 7-1 can be attributed to the specific value of E, and related
amount of -MgjyAlj; phase as was discussed by Wei [23] and Niu [21]. The E, value
of sample 7-1 is 44.2 ] /mm?, the sample prepared by Wei [23] (SLM) is 166.7 ] /mm? and
the sample prepared by Niu [21] (SLM) is 277.8 ]/mm3. Therefore, a different amount of
[3-Mgi7Al;; in the material is expected, influencing the resulting mechanical properties, as
reported in the study by Wei [23].

Table 7. Results of tensile test performed at room temperature for AZ91D.

Ys (MPa) UTS (MPa) A5'65 (%)
6-1 182 196 0.3
7-1 181 305 52
Wei SLM [23] 254 296 1.83
Niu SLM [21] 225+5 306.5 + 8.4 2405
Wei Cast [23] 160 225 3

3.6. Fractographic Analysis

Fractographic analysis was performed on the broken samples after tensile testing.
Numerous unmelted powder particles and pores were visible on the fracture surface of
sample 6-1 (Figure 10a). This phenomenon can be attributed to a local defect that occurred
during the fabrication of sample 6-1 when there was a short job interruption caused by
a pressure drop in the chamber and the fumes were not properly extracted before the
subsequent laser processing began. The accumulated fumes caused the laser beam to
scatter and resulted in the material not being sufficiently melted. Outside the defect area,
the damage mechanism is of low-energy ductile character with a fine dimple morphology
(Figure 10b).

(b) :

Figure 10. Fracture surface of sample 6-1: (a) unmelted powder particles and pores; (b) fine dimple
morphology, powder particle.

Local pores (Figure 11a) and hints of cleavage facets (Figure 11b) were observed on the
fracture surface of sample 7-1, which exhibited fine dimple morphology. The morphological
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features of the fracture surface indicate a low-energy ductile fracture. Similar results are
obtained by Liu et al. [26] for the alloy AZ61.

(b)

Figure 11. The fracture surface of sample 7-1: (a) spherical pores with cracks; (b) fine dimple

morphology with hints of cleavage facets.

3.7. Microstructural Analysis

Two metallographic sections were made of the thread heads of sample 7-1. Initially,
the first section was performed in the longitudinal direction (L) and the second in the
transverse direction (T) in relation to the central (macro) axis of the sample. In the following
step, the relative areal density was measured in these samples. The longitudinal sample
has a porosity of 0.6% and the transverse sample of 0.3%. In both cases, the pores were
mostly small and of irregular shape.

The microstructure can be seen in both sections in the etched state in Figure 12.
Figure 12a shows solidified melt pools. Individual pools overlap each other, indicating
good metallurgical bonding between adjacent layers. In the cross-section (Figure 12b),
individual laser trajectories are visible. The trajectories are not continuous, which is due
to a change in orientation during the scanning of the individual layers. Similar results are
obtained in other studies [1,23,26]. The irregular shape of the pores in the material is visible
in the metallographic images. The cavities are predominantly very small (approximately
10 um) and distributed over the entire volume of the sample.

(@) (b)

Figure 12. Sample 7-1: (a) longitudinal-L section; (b) transverse-T section.

For a detailed assessment of the microstructure, an analysis using a scanning electron
microscope (SEM) was carried out. Figure 13 shows the very fine microstructure of the
material, consisting of the x-Mg matrix, divorced 3-Mg;7Alj, phase at the grain boundaries
and very small, irregularly arranged, Mn-rich precipitates [27,28]. The image shows the
difference in grain size in the area of the center of the solidified melt pool and at its edge
(fusion boundary), where the microstructure is much finer. To determine the actual chemical
composition of individual phases, energy dispersive spectroscopy (EDS) was performed
(Table 8).
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Figure 13. SEM image of microstructure in longitudinal section.
Table 8. Results of EDS chemical microanalysis of individual phases [wt.%].
Mg Al Zn Mn
Matrix «-Mg 94.33 5.35 0.32 -
Eutectic-phase 3-Mgi7Al12 80.27 15.78 1.40 -
Precipitates rich in Mn 79.35 15.31 1.23 411

3.8. Chemical Composition

For the LPBF processed material, the chemical composition analysis of a sample
area of ~14,000 umz was performed using EDS. Table 9 shows a decrease in Mg content,
which is attributed to the evaporation of this element during the SLM process [29]. The
magnesium has a low boiling point (1107 °C) and low evaporation heat (5.272 kJ /kg) at
ambient pressure [5,30]. Evaporation of Mg causes a shift of other constituents to higher
values [1,23]; thus, the overall composition slightly changes, but is still in the range of the
ASTM standard for AZ91D alloy. The accuracy of the EDS measurement method must also
be considered when assessing constituents’ change (detection limit of the EDS method is
approx. 0.1 wt.%) [31].

Table 9. Results of EDS chemical analysis of the material before and after the SLM process [wt.%].

Mg Al Zn Mn
EDS—powder 90.46 8.58 0.69 0.27
EDS—after SLM 90.22 8.64 0.89 0.25
ASTM B94-18 standard Bal. 8.3-9.7 0.34-1.0 0.15-0.5

3.9. Future Outlook

As the relative density results of bulk samples IlI show a fairly even distribution of
porosity over height, the mechanical properties exceed those achievable by the casting
process, and the values are still comparable to recent studies, future research will be aimed
at assessing the fatigue properties. Research has shown that some lightweight materials
fabricated by the LPBF process can have good high-cycle fatigue properties [32]. The
S-N curves show that they can withstand over 5 x 107 cycles without sample failure [33].
With optimization of the main process parameters such as laser power, laser speed, hatch
distance and laser defocusing, control of the fatigue life can be reached [34]. Furthermore,
the results of bulk samples II suggest that the energy density should be optimized for
each part geometry (thin, thick and overhanging) to achieve uniform microstructure and
properties [35].
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4. Conclusions

The research performed in this study revealed the basic possibilities of AZ91D al-
loy processing using the LPBF process. During the research, process parameters were
investigated, leading to the most suitable configuration. The resulting parameters led to
a fine internal structure for the volume sample, competitive mechanical properties and
minimization of internal porosity. Based on the abovementioned experiments and analyses,
the following findings have been concluded:

e  The process parameters of the SLM technology for the alloy AZ91D were developed
and tested. With the developed parameters, a relative density of 99% and more was
achieved for the cube samples. The final configuration, which resulted in low porosity
and a fine, uniform microstructure, consisted of the following parameters: LP = 180 W,
LS =6125mm/s, HD = 0.133 mm and LT = 0.05 mm.

e  The results of the tensile test showed very good mechanical properties of the material
(Ys = 181 MPa, UTS = 305 MPa and A5 g5 = 5.2%). Compared to the literature data,
sample 7-1 showed more than twice higher ductility.

e  Fractographic analysis performed after the tensile tests revealed that the damage
mechanism is of low-energy ductile character with a fine dimple morphology.

e Light microscopy of the etched samples was used to obtain basic information about
the microstructure of the processed material. The microstructure showed the typi-
cal structure of solidified melt pools in the longitudinal direction. In addition, the
directivity of the solidified pools of the given laser trajectory was observed in the
transverse direction.

e A detailed SEM analysis revealed a fine 3-Mgj7Al;; phase presence within the solid-
ified melt pools and in the areas of the fusion boundaries separating the individual
pools. EDS microanalysis was used for the determination of the chemical composition
of the phases in the processed material.

e  The studied alloy AZ91D showed a loss of wt.% of Mg after LPBF processing due to
evaporation. The other alloying elements did not significantly change, and the result-
ing chemical composition was in the range of the ASTM standard for AZ91D alloy.

Author Contributions: Conceptualization, J.J. and 0.C,; methodology, K.N.; software, K.N.; vali-
dation, O.C., JJ., L.P. and D.K,; formal analysis, K.N.; investigation, K.N.; resources, S.G. and S.S.;
data curation, ].J.; writing—original draft preparation, K.N., 0.C. and JJ; writing—review and
editing, K.N., J.J., 0.C., DK, LP,S.G. and S.S.; visualization, J.J.; supervision, L.P. and D.K.; project
administration, L.P. and D.K.; funding acquisition, D.K., S.G. and S.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the European Commission within the framework of the
INTERREG V-A Austria—Czech Republic in the project “ReMaP” (Interreg project no. ATCZ229).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Manakari, V.; Parande, G.; Gupta, M. Selective Laser Melting of Magnesium and Magnesium Alloy Powders: A Review. Metfals

2017, 7, 2. [CrossRef]

2. Chen,]J,; Tan, L; Yu, X,; Etim, L.P;; Ibrahim, M.; Yang, K. Mechanical Properties of Magnesium Alloys for Medical Application: A
Review. J. Mech. Behav. Biomed. Mater. 2018, 87, 68-79. [CrossRef] [PubMed]

3.  Kurzynowski, T.; Pawlak, A.; Smolina, I. The Potential of SLM Technology for Processing Magnesium Alloys in Aerospace
Industry. Arch. Civ. Mech. Eng. 2020, 20, 23. [CrossRef]

4. Ciesla, M,; Junak, G.; Marek, A. Fatigue Characteristics of Selected Light Metal Alloys. Arch. Metall. Mater. 2016, 61, 271-274.

[CrossRef]


http://doi.org/10.3390/met7010002
http://doi.org/10.1016/j.jmbbm.2018.07.022
http://www.ncbi.nlm.nih.gov/pubmed/30041141
http://doi.org/10.1007/s43452-020-00033-1
http://doi.org/10.1515/amm-2016-0051

Appl. Sci. 2023,13,1377 150f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pawlak, A.; Rosienkiewicz, M.; Chlebus, E. Design of Experiments Approach in AZ31 Powder Selective Laser Melting Process
Optimization. Arch. Civ. Mech. Eng. 2017, 17, 9-18. [CrossRef]

Czerwinski, F. Oxidation Characteristics of Magnesium Alloys. JOM 2012, 64, 1477-1483. [CrossRef]

Gangireddy, S.; Gwalani, B.; Liu, K.; Faierson, E.J.; Mishra, R.S. Microstructure and Mechanical Behavior of an Additive
Manufactured (AM) WE43-Mg Alloy. Addit. Manuf. 2019, 26, 53-64. [CrossRef]

Yap, C.Y.; Chua, C.K,; Dong, Z.L,; Liu, Z.H.; Zhang, D.Q.; Loh, L.E.; Sing, S.L. Review of Selective Laser Melting: Materials and
Applications. Appl. Phys. Rev. 2015, 2, 041101. [CrossRef]

Taltavull, C.; Torres, B.; Lopez, A.J.; Rodrigo, P.; Otero, E.; Rams, J. Selective Laser Surface Melting of a Magnesium-Aluminium
Alloy. Mater. Lett. 2012, 85, 98-101. [CrossRef]

Aboulkhair, N.T.; Everitt, N.M.; Ashcroft, I.; Tuck, C. Reducing Porosity in AlSi10Mg Parts Processed by Selective Laser Melting.
Addit. Manuf. 2014, 1, 77-86. [CrossRef]

Thijs, L.; Verhaeghe, F.; Craeghs, T.; Van Humbeeck, J.; Kruth, ].P. A Study of the Microstructural Evolution during Selective Laser
Melting of Ti-6Al-4V. Acta Mater. 2010, 58, 3303-3312. [CrossRef]

Suchy, J.; Horynova, M.; Klakurkova, L.; Palousek, D.; Koutny, D.; Celko, L. Effect of Laser Parameters on Processing of
Biodegradable Magnesium Alloy WE43 via Selective Laser Melting Method. Materials 2020, 13, 2623. [CrossRef]

King, W.E.; Barth, H.D.; Castillo, V.M.; Gallegos, G.E; Gibbs, ] W.; Hahn, D.E.; Kamath, C.; Rubenchik, A.M. Observation
of Keyhole-Mode Laser Melting in Laser Powder-Bed Fusion Additive Manufacturing. J. Mater. Process. Technol. 2014, 214,
2915-2925. [CrossRef]

Khorasani, M.; Ghasemi, A.H.; Leary, M.; Sharabian, E.; Cordova, L.; Gibson, I.; Downing, D.; Bateman, S.; Brandt, M.; Rolfe, B.
The Effect of Absorption Ratio on Meltpool Features in Laser-Based Powder Bed Fusion of IN718. Opt. Laser Technol. 2022, 153,
108263. [CrossRef]

Cunningham, R.; Zhao, C.; Parab, N.; Kantzos, C.; Pauza, J.; Fezzaa, K.; Sun, T,; Rollett, A.D. Keyhole Threshold and Morphology
in Laser Melting Revealed by Ultrahigh-Speed x-Ray Imaging. Science 2019, 363, 849-852. [CrossRef]

Aversa, A.; Moshiri, M.; Librera, E.; Hadi, M.; Marchese, G.; Manfredi, D.; Lorusso, M.; Calignano, F; Biamino, S.; Lombardi, M.;
et al. Single Scan Track Analyses on Aluminium Based Powders. |. Mater. Process. Technol. 2018, 255, 17-25. [CrossRef]
Islamgaliev, R.K.; Kulyasova, O.B.; Mingler, B.; Zehetbauer, M.; Minkow, A. Structure and Fatigue Properties of the Mg Alloy
AMG60 Processed by ECAP. Mater. Sci. Forum 2008, 584-586, 803-808. [CrossRef]

Ng, C.C,; Savalani, M.; Man, H.C. Fabrication of Magnesium Using Selective Laser Melting Technique. Rapid Prototyp. . 2011, 17,
479-490. [CrossRef]

Zhang, B.; Liao, H.; Coddet, C. Effects of Processing Parameters on Properties of Selective Laser Melting Mg-9%Al Powder
Mixture. Mater. Des. 2012, 34, 753-758. [CrossRef]

Zhang, B.; Li, Y.; Bai, Q. Defect Formation Mechanisms in Selective Laser Melting: A Review. Chin. . Mech. Eng. 2017, 30, 515-527.
[CrossRef]

Niu, X.; Shen, H.; Fu, ].; Feng, J. Effective Control of Microstructure Evolution in AZ91D Magnesium Alloy by SiC Nanoparticles
in Laser Powder-Bed Fusion. Mater. Des. 2021, 206, 109787. [CrossRef]

Wu, C.L.; Zai, W,; Man, H.C. Additive Manufacturing of ZK60 Magnesium Alloy by Selective Laser Melting: Parameter
Optimization, Microstructure and Biodegradability. Mater. Today Commun. 2021, 26, 101922. [CrossRef]

Wei, K.; Gao, M.; Wang, Z.; Zeng, X. Effect of Energy Input on Formability, Microstructure and Mechanical Properties of Selective
Laser Melted AZ91D Magnesium Alloy. Mater. Sci. Eng. A 2014, 611, 212-222. [CrossRef]

Mostafaei, A.; Zhao, C.; He, Y.; Reza Ghiaasiaan, S.; Shi, B.; Shao, S.; Shamsaei, N.; Wu, Z.; Kouraytem, N.; Sun, T.; et al. Defects
and Anomalies in Powder Bed Fusion Metal Additive Manufacturing. Curr. Opin. Solid State Mater. Sci. 2022, 26, 100974.
[CrossRef]

Phutela, C.; Aboulkhair, N.T.; Tuck, C.J.; Ashcroft, I. The Effects of Feature Sizes in Selectively Laser Melted Ti-6Al-4V Parts on
the Validity of Optimised Process Parameters. Materials 2020, 13, 117. [CrossRef]

Liu, S;; Yang, W.S.; Shi, X,; Li, B.; Duan, S.; Guo, H.; Guo, J. Influence of Laser Process Parameters on the Densification,
Microstructure, and Mechanical Properties of a Selective Laser Melted AZ61 Magnesium Alloy. J. Alloys Compd. 2019, 808, 151160.
[CrossRef]

Jauer, L.; Meiners, W.; Vervoort, S.; Gayer, C.; Zumdick, N.A.; Zander, D. Selective Laser Melting of Magnesium. Key Eng. Mater.
2020, 839, 144-149. [CrossRef]

Yang, Y.; Ling, C.; Li, Y.; Peng, S.; Xie, D.; Shen, L.; Tian, Z.; Shuai, C. Microstructure Development and Biodegradation Behavior
of Additively Manufactured Mg-Zn-Gd Alloy with LPSO Structure. J. Mater. Sci. Technol. 2023, 144, 1-14. [CrossRef]

Wei, K.; Wang, Z.; Zeng, X. Influence of Element Vaporization on Formability, Composition, Microstructure, and Mechanical
Performance of the Selective Laser Melted Mg-Zn-Zr Components. Mater. Lett. 2015, 156, 187-190. [CrossRef]

Gieseke, M.; Noelke, C.; Kaierle, S.; Wesling, V.; Haferkamp, H. Selective Laser Melting of Magnesium and Magnesium Alloys. In
Magnesium Technology 2013; Springer International Publishing: Cham, Switzerland, 2013; Volume 839, pp. 65-68.

Goldstein, LJ. Scanning Electron Microscopy and X-ray Microanalysis, 3rd ed.; Springer: New York, NY, USA, 2003; ISBN
0-306-47292-3.

Zhou, Y.; Abbara, EMM,; Jiang, D.; Azizi, A.; Poliks, M.D.; Ning, F. High-Cycle Fatigue Properties of Curved-Surface AlSi10Mg
Parts Fabricated by Powder Bed Fusion Additive Manufacturing. Rapid Prototyp. J. 2022, 28, 1346-1360. [CrossRef]


http://doi.org/10.1016/j.acme.2016.07.007
http://doi.org/10.1007/s11837-012-0477-z
http://doi.org/10.1016/j.addma.2018.12.015
http://doi.org/10.1063/1.4935926
http://doi.org/10.1016/j.matlet.2012.07.004
http://doi.org/10.1016/j.addma.2014.08.001
http://doi.org/10.1016/j.actamat.2010.02.004
http://doi.org/10.3390/ma13112623
http://doi.org/10.1016/j.jmatprotec.2014.06.005
http://doi.org/10.1016/j.optlastec.2022.108263
http://doi.org/10.1126/science.aav4687
http://doi.org/10.1016/j.jmatprotec.2017.11.055
http://doi.org/10.4028/www.scientific.net/MSF.584-586.803
http://doi.org/10.1108/13552541111184206
http://doi.org/10.1016/j.matdes.2011.06.061
http://doi.org/10.1007/s10033-017-0121-5
http://doi.org/10.1016/j.matdes.2021.109787
http://doi.org/10.1016/j.mtcomm.2020.101922
http://doi.org/10.1016/j.msea.2014.05.092
http://doi.org/10.1016/j.cossms.2021.100974
http://doi.org/10.3390/ma13010117
http://doi.org/10.1016/j.jallcom.2019.06.261
http://doi.org/10.4028/www.scientific.net/KEM.839.144
http://doi.org/10.1016/j.jmst.2022.09.059
http://doi.org/10.1016/j.matlet.2015.05.074
http://doi.org/10.1108/RPJ-09-2021-0253

Appl. Sci. 2023,13,1377 16 of 16

33. Xu, ZW.,; Wang, Q.; Wang, X.S.; Tan, C.H.; Guo, M.H.; Gao, P.B. High Cycle Fatigue Performance of AlSil0mg Alloy Produced by
Selective Laser Melting. Mech. Mater. 2020, 148, 103499. [CrossRef]

34. Linares, ].M.; Chaves-Jacob, J.; Lopez, Q.; Sprauel, ].M. Fatigue Life Optimization for 17-4Ph Steel Produced by Selective Laser
Melting. Rapid Prototyp. J. 2022, 28, 1182-1192. [CrossRef]

35. Giganto, S.; Martinez-Pellitero, S.; Cuesta, E.; Zapico, P.; Barreiro, J. Proposal of Design Rules for Improving the Accuracy of
Selective Laser Melting (SLM) Manufacturing Using Benchmarks Parts. Rapid Prototyp. |. 2022, 28, 1129-1143. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.mechmat.2020.103499
http://doi.org/10.1108/RPJ-03-2021-0062
http://doi.org/10.1108/RPJ-06-2021-0130

	Introduction 
	Materials and Methods 
	Fabrication of Samples 
	Process Parameter Development 
	Single-Track Welds 
	Bulk Samples I 
	Bulk Samples II 
	Bulk Samples III 

	Relative Density 
	Mechanical Properties 
	Fractographical Analysis 
	Microstructural Analysis 
	Chemical Composition 

	Results and Discussion 
	Single-Track Welds 
	Bulk Samples I 
	Bulk Samples II 
	Bulk Samples III 
	Tensile Testing 
	Fractographic Analysis 
	Microstructural Analysis 
	Chemical Composition 
	Future Outlook 

	Conclusions 
	References

