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Abstract

This study offers significant insights into the multi-physics phenomena of the SLM process and the subsequent porosity characteristics of
ZK60 Magnesium (Mg) alloys. High-speed in-situ monitoring was employed to visualise process signals in real-time, elucidating the dynamics
of melt pools and vapour plumes under varying laser power conditions specifically between 40 W and 60 W. Detailed morphological analysis
was performed using Scanning-Electron Microscopy (SEM), demonstrating a critical correlation between laser power and pore formation.
Lower laser power led to increased pore coverage, whereas a denser structure was observed at higher laser power. This laser power influence
on porosity was further confirmed via Optical Microscopy (OM) conducted on both top and cross-sectional surfaces of the samples. An
increase in laser power resulted in a decrease in pore coverage and pore size, potentially leading to a denser printed part of Mg alloy.
X-ray Computed Tomography (XCT) augmented these findings by providing a 3D volumetric representation of the sample internal structure,
revealing an inverse relationship between laser power and overall pore volume. Lower laser power appeared to favour the formation of
interconnected pores, while a reduction in interconnected pores and an increase in isolated pores were observed at higher power. The
interplay between melt pool size, vapour plume effects, and laser power was found to significantly influence the resulting porosity, indicating
a need for effective management of these factors to optimise the SLM process of Mg alloys.
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer review under responsibility of Chongqing University

Keywords: Selective laser melting (SLM); Magnesium (Mg) alloys; Biodegradable implants; Porosity; In-situ monitoring.

1. Introduction

Magnesium (Mg) alloys have emerged as a promising al-
ternative to conventional biomedical implant materials such as
titanium (Ti) and stainless steels. Their unique biodegradabil-
ity and biological compatibility make them well-suited for
use in cardiovascular stents and temporary fixation devices
(e.g., fracture fixation screws and pins) [1]. This biodegrad-
ability eliminates the need for a second surgery to remove
the implants as they degrade harmlessly in the body, reduc-
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ing long-term complications. The applications of Mg alloys
extend beyond the biomedical field, contributing to enhanced
fuel efficiency in the automotive industry and structural in-
tegrity in the aerospace and space industries due to their
lightweight properties and high strength-to-weight ratio [2].
Yet, regardless of their diverse applications, the critical chal-
lenge of managing their degradation rate remains, emphasis-
ing the need for focused investigations. This concern, pri-
marily impacted by material porosity [1,3], is prevalent not
only in the biomedical field but also in the aforementioned
sectors, where material durability and integrity are the key
issues.

Manufacture of Mg parts by conventional methods (e.g.,
forming, casting, machining, etc.) presents significant chal-
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lenges. These methods always involve multiple processes to
control microstructure and shape complex geometries [2]. Fur-
thermore, porosity, as an influential factor in Mg degradation,
is hard to regulate. These limitations have led to the rise in
popularity of Selective Laser Melting (SLM). SLM is an ad-
vanced metal 3D printing process. It enables the direct manu-
facture of Mg alloys with intricate designs and improved mi-
crostructural properties in a single step [4,5]. However, SLM
is also a complex process, involving numerous interrelated
parameters, such as laser power, scanning speed, layer thick-
ness, etc. Each of these plays a unique role. For instance,
the laser power has a direct effect on the melting process,
while the scanning speed and layer thickness are primarily
responsible for determining the cooling rate and the degree
of overlap between layers, respectively. The delicate balance
and interplay among these parameters can significantly im-
pact the degree of porosity in Mg alloys [4,6]. A study by
Deng et al. [7] highlighted the significance of laser power
over scanning speed in affecting the porosity during the SLM
process. When the Mg alloys are fabricated using optimised
SLM parameters, densities up to 93% can be achieved [8]. In
some cases, full density can be obtained [2]. Besides, the use
of in-situ process monitoring via a high-speed camera pro-
vides real-time observations of the SLM process, generating
valuable data on how process signals, such as melt pool dy-
namics and vapour plume, dynamically change under different
parameter settings [9,10]. This can lead to a more in-depth
understanding of how process parameters impact the porosity
of printed parts.

Porosity is a common occurrence in SLM-printed parts,
including Mg alloys. It refers to the presence of voids (or
pores) within the printed materials. Porosity can significantly
influence the degradation properties of Mg alloys, accelerat-
ing their degradation [3]. Therefore, understanding the char-
acteristics of porosity, including size, type, and distribution,
is fundamental to controlling these degradation properties and
extending the lifespan of implants. While there is a signifi-
cant body of research investigating the effect of porosity on
the properties of SLM-printed parts, the focus has largely
been on Ti-6Al-4V and stainless steels [11-16]. Gong et al.
[11]. observed that minor pores (<50 pwm), constituting up to
1% of the total volume in Ti-6Al-4V, had negligible impact
on tensile strength. Biswal et al. [12] found that the internal
pore shape and position can influence the fatigue strength of
SLM-processed Ti-6Al-4V, potentially more than the pore size
itself. Stef et al. [13] indicated that the existence and 3D ar-
rangement of porosity affect both tensile toughness and crack
path in Ti-6Al-4V. Regarding stainless steels, Suryawanshi
et al. [14] pointed out that aggressive ions (i.e., chloride ions)
tend to gather in surface pores, thereby accelerating the corro-
sion process. In line with this, Wang et al. [15] reported that
the level of porosity and corrosion resistance in SLM-printed
stainless steels are inversely related, with enclosed sub-surface
pores displaying vulnerability to pitting corrosion. Yang et al.
[16] similarly revealed that increased porosity levels make
SLM-printed stainless steels more likely to suffer pitting cor-

rosion, leading to formation of unstable passive films that are
easily compromised.

From the literature, it is evident that porosity has a signif-
icant impact on both mechanical and corrosion properties of
materials. Previous studies on Ti-6Al-4V and stainless steels
illustrate that the effects of porosity can range from negligible
to highly significant depending on pore size, shape, and loca-
tion. Whilst the current study primarily focuses on the anal-
ysis of pore characteristics in SLM-printed Mg alloys, it is
important to recognise that the broader implications of poros-
ity on their degradation properties remain underexplored. In
biomedical applications, where the degradation behaviour of
SLM-printed Mg alloys is vital, a thorough understanding of
porosity becomes crucial.

Two primary methods are generally employed to un-
derstand and measure porosity in the SLM-printed alloys:
non-destructive and destructive techniques. In terms of non-
destructive methods, X-ray computed tomography (XCT) is
widely used. It allows a quick and comprehensive 3D porosity
analysis without damaging the sample. While XCT has gained
significant attention in the literature for analysing porosity in
SLM-printed parts, most of these studies have focused on Ti-
6Al-4V [17-20] and stainless steels [21-24]. Notably, none
have specifically investigated the porosity of SLM-printed Mg
alloys using this technique.

Despite their intrusive nature, destructive methods (i.e.,
optical microscopy, OM and scanning electron microscopy,
SEM), provide more detailed insights into porosity character-
istics [25]. They facilitate a high-resolution examination of
size, type, and distribution of isolated pores. In comparison,
XCT often faces challenges in detecting and analysing pores
below its resolution limit. It is important to note that neither
XCT, OM, nor SEM can independently provide a holistic un-
derstanding of porosity. Thus, a combined approach utilising
both non-destructive and destructive methods is essential. It
ensures a comprehensive understanding of porosity in SLM-
printed Mg alloys.

The current study aims to address the gaps in our under-
standing of porosity in the SLM-printed Mg alloys, posing
several key research questions. First, how does different en-
ergy input, achieved through the modulation of laser power,
influence the characteristics of porosity? Second, how can in-
situ monitoring of the SLM process aid in correlating process
signals with porosity? Third, is it possible to establish clas-
sification rules for different porosity characteristics, such as
size and type, to facilitate detailed porosity analysis? Lastly,
can a combined analysis employing XCT (non-destructive),
as well as OM and SEM (destructive methods), yield a com-
prehensive understanding of porosity?

By answering these questions, this study seeks to sig-
nificantly advance the understanding of porosity control for
SLM-printed Mg alloys. The novelty of this research lies
in its holistic approach, which integrates in-situ monitoring,
variation in laser power, and a combined application of non-
destructive (XCT) and destructive (OM and SEM) porosity
analysis methods.
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Table 1

Elemental composition of ZK60 Mg powders for SLM experiments in this study.

Composition Mg Zr Zn Fe Mn Ni Si Cu Al

wt. % 94.46 0.33 5.1953 0.0035 0.0055 0.003 0.0007 0.001 0.0006

2. Materials, experiments and methodology

2.1. Materials, SLM process and in-situ monitoring by
high-speed camera

Spherical ZK60 Mg powders, which were sourced from
TangShan WeiHao Ltd., China, were utilised in this study.
Their particle size varied from 20 to 63 pwm, with a dsy mea-
surement of 38 wm. The elemental composition of these pow-
ders is shown in Table 1. Prior to the SLM process, the pow-
ders underwent drying in a vacuum at 60 °C for 48 hours,
achieving a humidity level of 5%. ZK60 was chosen because
of its commercial availability, non-toxicity, and significant po-
tential in biomedical applications [4].

The study employed a Selective Laser Melting system,
SLM®125 (SLM Solutions Group AG, Germany), equipped
with a continuous-wave Yb-doped Fibre laser (wavelength
1070 nm), for the manufacturing process. The process was
carried out in a chamber that was saturated with ultra-high
purity argon gas (99.999%). Given the high reactivity of Mg
powders with oxygen, the oxygen levels within the chamber
were maintained below 100 ppm throughout the SLM process.
The pressure inside the chamber was set to 50 mbar.

In the context of SLM, a substrate plate made of stainless
steel was used due to its high melting point, good thermal
conductivity, and low thermal expansion coefficient. These
properties make it an ideal base for the SLM process, pro-
viding stability and support during the formation of the sam-
ples. The substrate plate was pre-heated to 100 °C to mitigate
thermal stress by minimising the thermal gradient in the melt
pool.

The scanning strategy adopted for this study is illustrated
in Fig. 1(a). During the initial stage of the SLM process, it
is important to ensure strong adhesion between the fabricated
parts and the substrate plate. To meet this requirement, the
first layer printing was repeated four times, securing a robust
bond for the layers that followed. The cylindrical ZK60 Mg
samples, displayed in Fig. 1(b), with a diameter of 6 mm and
a thickness of 3 mm, were produced at three different laser
powers: 40 W, 50 W, and 60 W. Each sample was built from
a total of 100 layers, and each set of conditions was repeated
45 times, resulting in a total of 135 samples. These were then
used for a variety of characterisations and analyses. The laser
scanning speed, laser spot size, and layer thickness remained
constant across all samples, set at 600 mm/s, 123.4 pm, and
30 pm, respectively.

After the SLM process, the samples were separated from
the stainless-steel substrate using wire-cutting techniques to
ensure a precise and smooth cut without damaging the sam-
ples.

In-situ monitoring during the SLM process has become an
area of considerable interest for both industry and academia,
driven by the relatively high failure rate of SLM products and
the substantial costs associated with the process. To further
investigate the complexities of the SLM process, this study
utilised a high-speed camera (NPX-GS6500UM, GongYeShi-
Jie Ltd., China) capable of recording at 460 fps. The high-
speed camera facilitated real-time observations of transient
phenomena in the SLM process such as melt pool dynamics
and vapour plume behaviour.

To compare the size of the melt pool under different laser
powers (40 W, 50 W, and 60 W), screenshots of process sig-
nals, spanning time frames from 0 s up to 500 ms in 50
ms intervals, were converted into 8-bit images. These im-
ages were subsequently analysed using the ImageJ software.
Within an 8-bit image, the grey value, which is influenced
by the amount of light a pixel absorbs, can range from 0 to
255. A pixel presenting a higher grey value is brighter, while
a lower value indicates a darker pixel. Pixels possessing a
grey value of 255, which appear white, provide a metric for
determining the size of the melt pool. This is due to the radi-
ant intensity and inherent brightness associated with the melt
pool. These attributes can be effectively captured using the
image processing technique as described by Berumen et al.
[26].

2.2. Sample polishing

Following the SLM manufacturing process, the samples
were cleansed with 99.5% ethyl alcohol (Thermo Fisher Sci-
entific Inc., USA) in an ultrasonic bath for 10 minutes. They
were then thoroughly dried in a dry box, maintaining a hu-
midity level of less than 30%.

Afterwards, the samples were hot mounted and polished in
preparation for further examination. An automatic polishing
machine (AutoMet 250, Buehler Ltd., USA) was employed
for this purpose. It is important to note that magnesium alloys,
such as the ZK60 Mg in this study, are generally regarded as
challenging to polish due to their high reactivity and relatively
low hardness.

The polishing protocol encompassed several steps. The ini-
tial step involved the use of a P400 SiC paper under a load
of 20 N and a speed of 200 rpm until the surface was pla-
nar. Subsequent stages employed oil-based diamond slurries
of different granularities: a 9-pwm slurry applied for 6 minutes
at 150 rpm, a 3-pm slurry used for 5 minutes at 100 rpm,
and finally, a 1-pm slurry for 4 minutes, again at 100 rpm.

To minimise exposure to air, the ZK60 Mg samples were
quickly rinsed with distilled water and immediately immersed
in 99.5% ethanol (Thermo Fisher Scientific Inc., USA) after
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Fig. 1. (a) Laser scanning strategy adopted in the SLM process of ZK60 Mg samples. The black arrows indicate the laser scan vectors; (b) the SLM-printed
cylindrical Mg samples by different laser powers between 40 W and 60 W. Each set of laser conditions was repeated 45 times.

each polishing stage. They were then ultrasonically cleaned
for approximately 5 minutes. Following the polishing, the
samples were promptly placed in a vacuum desiccator with a
pressure of around 0.14 bar and left undisturbed for at least
24 hours prior to further inspection.

2.3. Porosity analysis by OM

The porosity analysis conducted on the ZK60 Mg samples
was carried out using an OM which comprises two compo-
nents: a monocular microscope (AmScope H800-3PL, United
Scope Europe BV, Netherlands), and a digital camera (Am-
Scope MU2003, United Scope Europe BV, Netherlands).

A schematic illustrating the process of obtaining individ-
ual surface images and their subsequent combination to form
the merged images of the entire surfaces can be seen in
Fig. 2. Individual optical images were captured at 50x mag-
nification for both the top and cross-sectional surfaces of the
samples. Each individual optical image had a resolution of
5440 x 3648 pixels. Following this, multiple individual opti-
cal images from both surface types were combined to create
merged optical images, which provide a comprehensive view
of each surface type. To represent the entire top surface, ap-
proximately 30 individual images were used, while the entire
cross-sectional surface was illustrated with around 15 images.
The merged optical images were created using the EdrawMax
software. The merged image, representing the entire top sur-

face, had a resolution of 14,967 x 14,680 pixels, while the
merged image of the entire cross-sectional surface had a res-
olution of 16,393 x 10,000 pixels.

Afterwards, these merged images were analysed using Im-
agel] software. As demonstrated in Fig. 3(a), black areas in
optical images represent the pores on the samples. To isolate
the effect of the background, its colour was altered to white
using Adobe Photoshop. The Otsu thresholding algorithm was
then implemented to derive the corresponding binary images,
as shown in Fig. 3(b) [27]. This allowed for the determina-
tion of pore coverage and distribution on each sample. The
Otsu algorithm is renowned for its ability to convert grayscale
images into binary format by finding the threshold that min-
imises the intra-class variance of the grayscale levels. In the
OM analysis, the pore coverage refers to the percentage of
surface area occupied by the pores.

These binary images underwent further evaluation through
the “particle analysis’’ function in Image]. In this stage, as
illustrated in Fig. 3(c), the size and morphology of each
pore were quantitatively measured. The Feret Diameter was
adopted to characterise pore size while circularity was used
to characterise pore morphology.

In the fields of image analysis and microscopy, the Feret
diameter serves as a tool to measure the size of an object in
a designated direction within an image. It is defined by the
distance between two parallel lines tangent to the boundary
of the object. Two primary types of Feret diameters exist:
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Fig. 3. Image processing procedures for porosity analysis; (a) the merged optical image; (b) the corresponding binary image obtained by Otsu thresholding

algorithm; (c) particle analysis image by ImageJ with magnified view.

(i) the Maximal Feret Diameter, which represents the longest
distance between any two points on the perimeter of the ob-
ject, and (ii) the Minimal Feret Diameter, which indicates the
shortest distance between parallel tangents touching the ob-
ject from opposing sides. In this study, Maximal Feret Di-
ameter was adopted. These measurements provide insights
into the dimensions and morphology of the object. For a de-
tailed understanding of the Feret Diameter and its computa-
tion methodology, one may refer to the study by Yap [28].

2.4. Error validation and surface morphology by SEM

To assess the accuracy of the OM method, nine pores
were selectively imaged at random sample locations using

both OM and SEM. Their areas were then measured, anal-
ysed and compared using ImageJ software. For the image ex-
traction process, Adobe Photoshop was employed. With tools
such as the Lasso, pores were manually isolated from the
images. These pores were subsequently saved as individual
files on separate layers for further analysis. The imaging in-
struments used were the Zeiss Axiolab 5 optical microscope
(Germany) for OM and the Tescan VEGA3 SEM (Czech) for
SEM.

Additionally, the surface morphology of ZK60 Mg sam-
ples, produced at 40 W, 50 W, and 60 W, was examined
using SEM at magnifications of x400, x1k, and x3k. Sur-
face contaminants were eliminated through polishing before
observation.
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2.5. Porosity analysis by XCT

In addition to the OM analysis for porosity, XCT was
also employed to measure and analyse the porosity of dif-
ferent samples. The model of XCT machine was YXLON
FF20 CT (YXLON International GmbH, Germany), equipped
with VGStudio Max 3.0 software. During the measurement,
the tube generated a Femtosecond X-ray Experiment (FXE)
transmission beam, operating at 90 kV voltage and 70 pA
current. While higher voltage and current can produce more
high-energy X-rays, they also increase the number of lower-
energy X-rays prone to scattering, which intensifies noise
[29]. To mitigate this noise, a 1 mm thick aluminium filter
was employed and the machine utilised 1080 projections.

The voxel size is closely related to the sample size. For
the cylindrical ZK60 Mg samples measured in this study, as
shown in Fig. 1(b), the voxel size was 3.8 wm. The XCT
porosity analysis was conducted using the VGStudio Max
3.0 software. It is noteworthy that the minimum volume of
8 voxels, which corresponds to a 2 x 2 x 2 matrix, acts
as a baseline filter to screen out potential noise or insignif-
icant micro-pores that might not have a substantial impact
on the pore coverage and distribution analysis. This focuses
the analysis on pores of relevant size that can affect material
properties. On the other hand, the threshold of 125 voxels,
represented by a 5 x 5 x 5 matrix, is typically used to gain
insights into pore morphology. This higher threshold ensures
that only the more significant, well-defined pores are anal-
ysed, providing a clearer picture of the pore structure and in-
terconnectivity without being skewed by smaller, potentially
irregular pores. It is important to note that the selected voxel
thresholds align with the practices and resolution constraints
from the literature [25,30,31]. Adhering to these guidelines
mitigates inaccuracies and ensures the results are valid and

comparable with other studies in the field. Presuming that
the pores are spherical in shape, the equivalent diameter of 8
voxels was 9.3 um, while that of 125 voxels was 23.3 pum.
It is noted that in XCT analysis, pore coverage denotes the
volume fraction of porosity. Given that pores are viewed as a
distinct phase, their area fraction in the 2D slices is indicative
of the volume fraction in the 3D structure [32].

The signal to noise ratio (SNR) and contrast to noise ratio
(CNR) are employed to evaluate the image quality of rep-
resentative reconstructed images in XCT [33]. They can be
calculated using the following equations:

SNR = 8material

Omaterial

CNR = 8material — 8background
Omaterial

In both equations, gmateriat and Zpackgrouna represent the aver-
age grey value for two selected regions of interest (ROIs), one
inside the material and the other outside. oopject and Gpackeround
represent the standard deviations for these respective ROIs.

In this study, the values determined for SNR and CNR
were 23 and 1, respectively. While the SNR value indicated
good image quality [34], the comparatively low CNR value
implied challenges in differentiating the ZK60 Mg samples
from their background [34], as further highlighted in Fig. 4.
Consequently, manual removal of background noise was re-
quired. Traditional algorithms for porosity analysis in VGStu-
dio Max, like the Only Threshold and Default algorithm, were
found to be unsuitable for this study. Therefore, the Custom
Defect Mask algorithm was employed. In this approach, the
algorithm initially assigns a “probability’” value to potential
defects (those larger than the resolution threshold). Only those
with a probability value greater than 1 are identified as porosi-
ties.
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Fig. 5. A schematic diagram of the in-situ monitoring by the high-speed camera, with illustration of multi-physics phenomena during SLM process. It is a
re-constructed diagram based on the multi-scale, multi-physics phenomena reported by Panwisawas et al. [35].

3. Results and discussion
3.1. SLM complexity and in-situ monitoring observations

Despite the extensive study of SLM over many years, its
fundamental mechanics remain challenging to comprehend
due to the intricate interplay of multiple physical phenom-
ena across various length and time scales [35]. An example
of this complexity is when the laser interacts with the metal
powder, leading to the simultaneous interaction of all four
states of matter: solid, liquid, gas (or vapour), and plasma,
for which there are hardly any physics-based models avail-
able to tackle such complexity [35]. Given the complexity
and high failure rate inherent in SLM, the implementation of
in-situ monitoring throughout the process is important [36].
This allows for deeper insights into the procedure and facil-
itates prediction of the early-print quality, eventually saving
both time and resources.

Fig. 5 presents the schematic diagram of in-situ monitoring
via a high-speed camera used in this study with a frame rate
of 460, and a time interval of 50 ms between two consec-
utive frames.The diverse multi-physics phenomena occurring
during the SLM process are also illustrated in Fig. 5. SLM

is performed within a build chamber filled with inert gas to
minimise oxygen content. The inert gas aids in the removal
of by-products generated during SLM, such as vapour plumes
and spattered particles [37], counter to the laser scanning di-
rection.

Fig. 6 shows screenshots of process signals at different
time frames under varying laser power conditions. 0 s repre-
sents the start of the printing process, while 500 ms indicates
the completion of printing for one sample. Two primary ob-
servations can be made in Fig. 6: the emergence of white
spots and smoke during laser processing. White spots denote
intensely heated objects, such as melt pools and spattered par-
ticles [9]. However, the size of these particles usually ranges
from dozens to slightly over a hundred microns, falling below
the resolution limit of the camera used in this study [38]. Con-
sequently, the white spots (seen in Fig. 6) are identified as
melt pools. The smoke observed represents vapour plumes,
which are generated due to excessive energy input causing
metal vapour.

3.1.1. Analysis of melt pool dynamics
During SLM, laser irradiation causes the metal powder
to melt, forming a localised molten area known as the melt
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pool. This transient phenomenon, which involves rapid heat-
ing, melting, and solidification, is crucial to the properties of
the printed part [10].

Commonly, high-speed cameras are utilised for capturing
these dynamics, providing real-time visualisation of the pro-
cess. However, these cameras, including the one used in this
study, face limitations in capturing ultrafast transient events
due to their spatial and temporal resolution constraints. Thus,
the focus in this study is directed towards a more discernible
feature of the melt pool which is based on its intense light
emission (or the brightness of the white spot) to inform the
melt pool size. This methodology is in line with the work
conducted by Berumen et al. [26].

The number of white pixels (i.e., grey value equals 255)
in each screenshot in Fig. 6 was recorded and averaged.
The results revealed counts of 16.7, 23.2, and 59.7 for
the laser powers of 40 W, 50 W, and 60 W, respectively.
These results indicate that with an increase in laser power,

the melt pool size expands, as evidenced by the increased
brightness.

3.1.2. Analysis of vapour plume dynamics

Vapour plume dynamics, an integral part of the SLM pro-
cess, has been analysed under different laser powers (Fig. 6).
The observations show a noticeable change in the turbulence
of the vapour plume, which is more laminar at 40 W and
increasingly turbulent at 60 W.

The stronger turbulence at higher laser power is attributed
to enhanced heat generation around the laser beam focal spot.
This excess heat causes the surrounding gas to expand, induc-
ing convection currents that contribute to the turbulence of the
vapour plume [39]. Additionally, a higher laser power results
in the vaporisation of more material, leading to an increase
in the volume of the vapour plume. As a result, gases and
particles within the vapour plume are ejected at increased ve-
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locities and in larger volumes, leading to enhanced turbulence
[40].

3.2. Surface morphology analysis of top surface by SEM

The top surface morphology of the samples produced at
different laser powers is illustrated in the SEM images (in
Fig. 7). Upon examination, the impact of laser power on pore
formation and subsequent microstructure is evident. The sam-
ples of 40 W, 50 W and 60 W display pores of various
shapes and sizes. Notably, an inverse relationship between
laser power and pore coverage is observed, with lower laser
powers resulting in higher pore coverages.

This trend becomes noticeable in the 40 W and 50 W
samples, where un-melted and partially melted powders are
more prominent. The presence of these un-melted and par-
tially melted powders can be attributed to the lower energy
inputs compared to the 60 W sample. Increased energy input,
as observed at 60 W, can result in a denser component. This
densification can be explained by the enhanced energy input at
60 W facilitating more complete melting of the metal powder.
Such complete melting aids in eliminating microscopic pores,
culminating in a denser material structure. However, the bal-
ance of energy input for the SLM-printed Mg alloy is delicate
due to its inherently low melting and boiling points. Exces-
sively high energy input, such as that beyond 60 W, could
cause a rapid phase transition from solid/liquid to gas. Such
phase transition could introduce defects, like cracks. To pro-
vide deeper insight and validate these observations, a detailed
analysis of porosity using OM for the top and cross-sectional
surfaces, and XC for the entire sample, will be presented in
Sections 3.3, 3.4, and 3.5, respectively.

3.3. Porosity analysis on top surface by OM

3.3.1. Pore coverage analysis on top surfaces

Fig. 8(al), (bl), and (cl) show the merged OM images
for the samples of 40 W, 50 W, and 60 W, respectively. Their
corresponding binary OM images, processed with the Otsu
algorithm via Imagel [27], are depicted in Fig. 8(a2), (b2),
and (c2). Pore coverage measurements revealed that the 40 W,
50 W, and 60 W samples had the pore coverages of 20.5%,
15.6%, and 11.5%, respectively, suggesting an inverse rela-
tionship between laser power and pore coverage. This also
implies that higher laser powers lead to more effective fusion
of the powders, supporting the SEM observations presented
in Fig. 7.

3.3.2. Pore size and morphology analysis on top surfaces

The Analyse Particles function in Image] enabled a thor-
ough examination of pore size and morphology, providing
individual identification and characterisation of each pore as
illustrated in Fig. 8(a3), (b3), and (c3). Circularity is cho-
sen as a parameter to evaluate pore morphology, with lower
values signifying more irregularly shaped pores.

It is crucial to note that certain interconnected pores, char-
acterised as pores linked with adjacent ones, can be identified

using OM as illustrated in Fig. 8. However, due to the limi-
tations inherent to ImageJ, these interconnected pores cannot
be separately analysed. Therefore, they were not subjected to
individual analysis.

The distributions of pore sizes and morphologies are shown
in Fig. 9. Pores were grouped into three categories based on
their size: small (<100 pm), intermediate (100-200 wm), and
large (>200 wm). The smallest detectable pore size was 0.4
pm. The 40 W sample exhibited the smallest maximum pore
size, while the 50 W sample had the largest. However, these
distinctions are not depicted in Fig. 9(al-c1) for visual clarity.

From the pore size distribution plots in Fig. 9(al-cl), a
total of 4641 pores were identified on the 40 W top surface,
and the number increased to 5229 and 4853 on the 50 W and
60 W top surfaces, respectively. The smallest pores that can
be identified from the 40 W to 60 W samples was 0.4 pm.
Notably, the largest identifiable pore on the 40 W top surface
(728.5 pwm) was smaller than those on the 50 W top sur-
face (966.9 pm) and 60 W top surface (865.3 wm). It should
be noted that the maximum pore size does not display in
Fig. 9(al-cl) for viewing clarity too.

Despite the largest identifiable pore being smaller on the
40 W top surface, it cannot be inferred that the size of the
largest pore on samples can be reduced by applying 40 W
laser power as the porosity analysis was not conducted in
three dimensions. This highlights a limitation of porosity anal-
ysis by OM. The pore size of the 40 W sample were the
largest with a value of 40.94£69.2 pwm, whereas that of the
50 W sample reduced to 34.64+59.3 pm and that of the 60
W sample further fell to 30.9£51.7 pm. On all samples, the
majority of pores (about 90%) were of smaller sizes. Even
though the percentage of intermediate-sized pores was simi-
lar in all samples, the total number of those pores decreased
from 359 to 307 when the laser power increased from 40 W
to 60 W. Additionally, the percentage of large pores was 4%
(205 in total) on the 40 W sample. It declined to 3% (131 in
total) and 2% (78 in total) on the 50 W and 60 W samples,
respectively. It implied that the intermediate-sized and large
pores can be reduced by increasing the laser power.

3.4. Porosity analysis on cross-sectional surface by OM

3.4.1. Pore coverage analysis on cross-sectional surfaces

Fig. 8(dl), (el), and (f1) show the entire cross-sectional
surfaces of the 40 W, 50 W and 60 W samples. The method-
ology used for image analysis of pore distribution, coverage,
size, and morphology on the cross-sectional surfaces was the
same as that used for the top surfaces. It is necessary to note
that the samples were printed with the same thickness in the
SLM process. However, a slight variance in the sample thick-
ness was observed due to the settings of the wire-cut machine
used to detach the samples from the substrate.

The smallest identifiable pore size on the cross-sectional
surface was 0.4 wm. When comparing the pore coverage with
the 50 W and 60 W samples, the 40 W sample exhibited the
highest pore coverage (20.0%), which decreased to 14.2% on
the 50 W sample and dropped to the lowest coverage of 9.4%
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Fig. 8. OM porosity analysis on the top surfaces (al-c2) and cross-sectional surfaces (d1-f2) at x50. (al-f1), the merged OM images display the entire top or
cross-sectional surfaces; (a2-f2) show the corresponding binary image for the pore coverage analysis; the magnified views of the pores identified using particle
analysis function in ImageJ are highlighted in red.
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Fig. 9. OM pores statistics acquired from the top surfaces of 40 W, 50 W, and 60 W samples in Fig. 8 (a2), (b2) and (c2); the pore size distribution (al, bl,
and cl) and scatter plot of pore circularity as a function of pore size (a2, b2, and c2. Smaller pores (0-100 pm), intermediate-sized pores (100-200 pm), and

larger pores (>200 wm) are denoted as S, I and L in this figure.

on the 60 W sample. Therefore, an increase in laser power at
60W can enhance the density of the samples.

3.4.2. Pore size and morphology analysis on cross-sectional
surfaces

As demonstrated in the pore size distribution graphs in
Fig. 10(al-cl), a total of 4001 pores were detected on the 40
W cross-sectional surface, with 5343 and 4378 pores observed
on the 50 W and 60 W cross-sectional surfaces, respectively.
Regarding pore size, the maximum identifiable pore size on

the 40 W sample was 601.5 wm, while it was 364.8 pm on
the 50 W sample and 412.6 pm on the 60 W sample. The
smallest identifiable pores (0.4 pm) were found in all sam-
ples, irrespective of the laser power applied. The 40 W sample
had the largest pore size, measuring at 26.6+48.6 pm. This
pore size in the 50 W sample decreased to 19.0433.6 pm,
and for the 60 W sample, it dropped further to 18.24+31.6
pm. The majority of pores (i.e., > 90%) were of small sizes
(<100 pm). In the 40 W sample, there was a notable presence
of intermediate-sized pores (100-200 pm) and large pores
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Fig. 10. OM Pores statistics acquired from the cross-sectional surfaces of 40 W, 50 W, and 60 W samples in Fig. 8 (d2), (e2) and (f2); the pore size
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(>200 pm), with counts of at 171 and 66 respectively. As
the laser power increased, the count of both intermediate-
sized and large pores decreased, with the 60 W sample hav-
ing the fewest at 97 for intermediate-sized pores and 28 for
large pores.

Regarding pore morphology, only a few smaller pores ex-
hibited a circularity below 0.2. In contrast, intermediate-sized
and large pores showed a circularity ranging from 0.1 to 0.4
and 0.1 to 0.3, respectively. This trend agrees with the ob-
servations from the top surfaces, where pores exceeding 100
pm predominantly exhibited irregular shapes.

In summary, the findings from the pore analysis of the
cross-sectional surfaces correspond with those of the top sur-
faces. Increasing the laser power appears to reduce pore cov-
erage, pore size, and the occurrence of intermediate and
large pores. Pores exceeding 100 wm predominantly exhib-
ited irregular shape, while circular pores (with a circular-
ity exceeding 0.8) were largely confined to those smaller
than 50 pm. It is important to highlight that, irrespective
of the laser power applied, the pore size on the cross-
sectional surfaces was consistently smaller than on the top
surfaces.
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Summary of pore characteristics in different samples analysed by XCT.

3

Pore type Number Volume, mm Volume fraction (or
pore coverage), %
40 W Isolated 219 0.01 0.01
Interconnected — 10.98 18.12
Overall — 10.99 18.13
50 W Isolated 495 0.02 0.03
Interconnected — 10.68 15.22
Overall — 10.7 15.25
60 W Isolated 1545 0.21 0.44
Interconnected — 4.27 8.89
Overall — 4.48 9.33

3.5. Porosity analysis using XCT

3.5.1. Brief introduction to XCT for porosity analysis

XCT is a non-destructive method that is popular in both
academia and industry for its rapid scanning capabilities. Af-
ter the samples are scanned and data is reconstructed, a 3D
representation of their internal structure is created (shown in
Fig. 11), facilitating a thorough 3D porosity analysis.

3.5.2. Identification of pore types and their analysis

In the samples, as depicted in Fig. 11(al-cl), nearly all
the pores appeared to be interconnected, suggesting a connec-
tion to adjacent pores. These interconnected pores are high-
lighted in red and will be referred to as “interconnected pores”
throughout this analysis. Alongside these, isolated pores were
also observed in each sample. To ensure a structured analysis,
the XCT porosity analysis was segmented into two parts: (i)
the overall porosity analysis, which encompasses both isolated
and interconnected pores, and (ii) the isolated porosity anal-
ysis which focuses only on the isolated pores while omitting
the interconnected ones. A schematic diagram representing
this categorisation is depicted in Fig. 11. The data detail-
ing the count, volume, and volume fractions for each pore
type (isolated, interconnected, and overall) is summarised in
Table 2.

3.5.3. Overall porosity analysis

The XCT porosity analysis reveals pore coverage of
18.13%, 15.25%, and 9.33% for the 40 W, 50 W, and 60 W
samples, respectively. For these samples, the smallest identi-
fiable pores were 17.7 wm, 12.5 pm, and 13.6 pwm, respec-
tively. These values are notably larger than the theoretical
XCT resolution threshold of 9.3 wm, as mentioned in Sec-
tion 2.5. It is important to note that the OM method, as de-
scribed in Sections 3.3 and 3.4, can detect pores that are
smaller than the aforementioned limit. Therefore, utilising a
combination of XCT and OM imaging techniques can enable
a more thorough and comprehensive evaluation of the sample
porosity.

3.5.4. Interconnected and isolated porosity analysis

The interconnected porosity analysis demonstrated that the
samples subjected to 40 W and 50 W have considerably larger
interconnected pore volumes, amounting to 10.98 mm?® and

10.68 mm?* respectively. These volumes equate to pore cov-
erages of 18.12% and 15.22%. In contrast, the 60 W sample
exhibited a smaller volume of 4.27 mm?3, corresponding to a
pore coverage of 8.89%. Given the intricate nature of inter-
connected pores, a simple count is insufficient for represen-
tation. Their volume serves as a more indicative measure.

After extracting the interconnected pores, the number and
volume of isolated pores were measured and analysed for
each sample. Fig. 11 (a2-c2) shows the cross-sectional views
of these isolated pores, while their top views are presented
in Fig. 11(a3-c3). The samples of 40 W, 50 W, and 60 W
had 219, 495, and 1545 isolated pores, leading to volumes
of 0.01 mm?3 0.02 mm? and 0.21 mm?, respectively. These
volumes correspond to the pore coverages of 0.01%, 0.03%,
and 0.44%, respectively.

When comparing the 60 W sample to its 40 W and 50
W counterparts, there is a noticeable increase in the number
of isolated pores spread throughout the 60 W sample. How-
ever, the concentration of these pores in the central region
reduced. This observation could be a result of the increased
energy from the 60 W laser, enabling a more complete melt-
ing process, and thus promoting a more even redistribution
of material. Such even redistribution could lead to a more
consistent dispersal of isolated pores across the sample. The
lower concentration of isolated pores in the central region
may be due to higher cooling rates compared to the periph-
ery. The rapid cooling could prevent the formation of exten-
sive interconnected pore networks and subsequently result in
the predominance of isolated pores.

In addition, isolated pores with the size larger than 200 pm
were primarily located at the periphery of the 60 W sample,
as indicated by the pores coloured with green, orange, and red
in Fig. 11(c3). This finding suggests that heat accumulation at
the edges, a phenomenon commonly observed in laser-based
manufacturing processes due to slower heat dissipation, could
promote the formation of larger pores. Rapid solidification
under higher temperatures might lead to these large pores as
gases or volatile elements are entrapped.

Although the 60 W sample exhibited a higher number of
isolated pores, their concentration in the central region was
found to be reduced. However, the underlying factors driving
this discrepancy remain inconclusive, necessitating further in-
vestigations in future studies.
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Fig. 11. XCT porosity analysis of the 40 W, 50 W, and 60 W samples provided with schematic diagrams to aid the visualisation of pore types: (al), (bl)
and (cl) include both isolated and interconnected pores, while (a2-c3) include only the isolated pores. The scales in this figure reflect variations in pore size
distribution across different samples. As such, the colour-coded representation of pore sizes is specific to each individual sample.

3.5.5. Pore size distribution, sphericity, and aspect ratio ical”. Conversely, those with a sphericity less than 0.6 are
In the SLM-printed Mg samples, both sphericity and aspect ~ termed “irregular”. From this irregular category, pores with an
ratio metrics are used to characterise the isolated pore shape. aspect ratio higher than 2 are identified as “elongated”. The

Sphericity measures pore regularity, with pores registering a  aspect ratio, determined by the ratio of maximum to mini-
sphericity higher than 0.6 being categorised as “near spher- mum pore diameter, offers insight into pore elongation. It is
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Fig. 12. XCT pore statistics acquired from the 40 W, 50 W and 60 W samples in Fig. 11 (a2-c2); the pore size distribution (al, bl, and cl), scatter plot of
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noteworthy that elongated pores tend to be more vulnerable
to localised stress concentrations during stretching, a finding
supported by [17].

The distribution graphs of pore size, as well as the scat-
ter plots of pore sphericity and aspect ratio as a function of
pore size for different samples are presented in Fig. 12. Most
isolated pores on all samples exhibited an irregular shape,
with a sphericity lower than 0.6, as depicted in Fig. 12(a2-
c2). Generally, sphericity decreased with increasing pore size.
Such observations indicate that pore size does not necessar-
ily dictate its aspect ratio, as evident from Fig. 12(a3-c3).
Even smaller pores can manifest a high aspect ratio. The
samples consistently revealed elongated pores, with an aspect
ratio > 2.

The XCT analysis indicated that at 40 W and 50 W, the
interconnected pores constituted over 99% of the total pore
volume, while at 60 W, they decreased to 95% due to an in-
crease of the isolated pores. It is important to note that such
interconnected pores could significantly influence the degra-
dation performance of Mg alloys compared to isolated pores.
This can be attributed to their inherent spatial arrangement,
fostering a wide network conductive to molecular interactions.

[ | OM (Top Surface)
20 _I_ [/./] OM (Cross-section)
_I_ [ IXcT
9
5 151 Em T
g 7
S
S 10
O
2
S
o 5]
0 1

50W
Laser Power

40W 60W

Fig. 13. Comparison of average pore coverages between the OM and XCT
measurements across different samples. The error bars indicate n=3.

3.5.6. Comparative analysis between OM and XCT

The bar chart in Fig. 13 shows the average pore coverages
across different samples, as determined through the OM and
XCT porosity analysis conducted in Sections 3.4 and 3.5,
respectively. Apart from the 50 W cross-sectional surface,
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Table 3

Variations in pore sizes as measured by OM and SEM. The pores were captured from the top surfaces of different
samples and their variations were represented by error percentages.
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the average pore coverages identified by OM were generally
higher than those identified by XCT. However, it is worth not-
ing that the difference is not substantial, with OM indicating
slightly higher percentages.

Such difference can be attributed to the resolution differ-
ences between the two imaging techniques. The superior reso-
lution of OM, reaching up to 0.4 pm, allows it to detect finer
details, resulting in the identification of a higher number of
pore. On the other hand, the resolution of XCT is limited to
details larger than 9.3 pwm. Therefore, the ability of OM to
detect and quantify smaller pores, which fall below this XCT
resolution threshold, is an important factor contributing to this
observed variance.

Comparing both methods emphasises the synergistic bene-
fits of using XCT and OM together to achieve a more compre-
hensive analysis of porosity in the SLM process. XCT offers
a non-destructive approach for 3D analysis of the samples,
revealing internal structures. In contrast, OM offers detailed
2D insight at a higher resolution. Therefore, by combining
XCT and OM, one can obtain a comprehensive perspective

on the porosity, capturing insights into pore sizes, spatial ar-
rangement and their interrelationships.

3.6. Error analysis of OM measurements

The accuracy of porosity analysis via OM images can be
influenced by several factors: (1) the optical resolution of mi-
croscope, (2) potential optical aberrations that might distort
the image, (3) the resolution of camera and subsequent digi-
tisation of the image [41], and (4) the algorithm employed
by the image analysis software. It is worth noting that the in-
herent optical aberrations in microscopy can introduce errors,
potentially influencing the accuracy of the porosity analysis.

For error assessment, nine distinct pores were selected:
three each from interconnected, irregular, and near-sphere cat-
egories, for comparison between OM and SEM imaging tech-
niques. SEM was chosen for this comparative analysis due to
its outstanding resolution, larger depth of field, and enhanced
capabilities in distinguishing surface and material contrasts
[42], which can contribute to a more precise measurement
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of pore sizes. The results of this analysis are presented in
Table 3. The error percentage was calculated using the fol-
lowing equation:

Asem — Ao

Error% = M 100%

Asem
Where Apm is the area of each pore as measured from the
OM image, and Aggym is the area of the corresponding pore
as captured in the SEM image.

Overall, the error percentages in Table 3 ranged from -
0.03% to -0.45% with an average value of -0.18 £ 0.16%.
When examining the error percentages by pore type: the inter-
connected pores showed the average error of -0.16 £ 0.11%,
whilst the average errors of the irregular pores and the near-
sphere pores were found to be -0.15 £+ 0.02%, and -0.24
4 0.10%, respectively. No significant difference in error per-
centages were observed across these pore categories. In this
context, a negative percentage indicates the pore size mea-
sured by OM was larger than that measured by SEM. Except
for one interconnected pore, all other measurements yielded
negative percentages, suggesting that the pores measured by
OM were consistently larger than those obtained from SEM.

3.7. Implications of process signals captured by high-speed
cameras on porosity

3.7.1. Effect of melt pool size on porosity

In general, the influence of the melt pool size on porosity is
indirect but important. A larger melt pool primarily indicates
enhanced fusion between metal powders, effectively reducing
porosity. This reduction in porosity stems from the stronger
cohesion and integration of the particles within the larger
melt pool, leading to a more solid, compact, and thereby less
porous final product.

However, an excessively large melt pool can have its own
issues. When the melt pool is too large, it may cause the
collapse of the molten material. This collapse occurs because
the structural integrity of the larger melt pool can be compro-
mised due to the lack of sufficient supporting material around
it, causing a collapse into the void space and the subsequent
formation of porosity [43].

The optimal balance between these two factors: sufficient
fusion and melt pool collapse, therefore plays a crucial role
in controlling the level of porosity in the printed Mg parts,
underlining the importance of carefully controlling the melt
pool size during the SLM.

3.7.2. Effect of vapour plume on porosity

The vapour plume generated during SLM has significant
implications for the porosity of the Mg samples. During the
laser-powder interaction, material vaporisation gives rise to
a plasma, which forms a plume above the melt pool. This
plume applies localised pressure (or recoil pressure) to the
liquid material potentially introducing environmental gas into
the melt pool, a process which can contribute to porosity
[44,45].

The degree of turbulence within the vapour plume plays a
crucial role in the extent of this gas intrusion. A more turbu-
lent vapour plume, as observed in the 60 W sample, implies
increased localised pressure, thus increasing the chances of
environmental gas intrusion into the melt pool and subse-
quently, higher porosity. However, in the case of the 60 W
sample, the higher laser power increases the temperature of
the melt pool, leading to lower viscosity [25]. This reduc-
tion in viscosity helps the entrapped gas coalesce and escape
before the melt pool solidifies, thereby reducing the poros-
ity [25]. This suggests that although a more turbulent vapour
plume may potentially lead to increased porosity, other fac-
tors, such as the energy input from the laser, can counteract
this effect.

3.7.3. Essential high-speed camera specifications for
in-depth analysis of SLM melt pool and vapour dynamics

For an in-depth analysis of melt pool dynamics and vapour
plume behaviour, spatial resolution is a critical parameter. The
ideal camera should be capable of obtaining images at a res-
olution where each pixel corresponds to dozens of microme-
tres. Such high spatial resolution is essential for capturing
subtle variations in the melt pool as well as the details of
vapour plume behaviour. Temporal resolution, defined by the
frequency at which images are captured, holds significance
equivalent to spatial resolution. Given the rapid progression
of events within the SLM process, a camera with a frequency
exceeding 1000 Hz is recommended, as indicated by Grasso
et al. [46]. Frame rates of this magnitude are crucial to ensure
an accurate representation of real-time events and deviations
in both melt pool dynamics and vapour plume behaviour dur-
ing the SLM process.

3.8. Porosity and its impact on material properties

The relationship between the characteristics of pores
(specifically volume fraction, type, size, shape, and location)
and the material properties in SLM is intricate and multi-
faceted. Generally, materials with a higher volume fraction
of pores have more porous space, which can lead to dimin-
ished mechanical strength and increased susceptibility to cor-
rosion. In terms of pore types, interconnected pores present
a greater risk for localised degradation when compared to
isolated pores. This is because they offer a more extensive
channel for fluids, thereby elevating the risk of propagating
corrosion throughout the material.

Regarding pore size and shape, larger pores are conven-
tionally viewed as more detrimental than their smaller coun-
terparts. Furthermore, pores that are irregular and elongated
can become focal points for stress, resulting in compromised
mechanical attributes such as tensile and fatigue strength [17].
Concerning pore location, Al-Maharma et al. [47] reported
that pores located near the surface regions determined the
initiation of fatigue damage and the initial corrosion rate of
materials. In addition, they found that pores located between
the deposited layers have a strong and decisive influence on
the toughness properties of materials when the load is applied
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Table 4

Pore characteristics: comparison of Mg alloy with SLM-printed Ti-6Al-4V and 316L.

Type of alloy Specific alloy

Percentage of Publication year

irregular pores [Reference]

Mg alloy ZK60 >95% This work
Ti-6Al-4V <50% 2020 [17]

<5% 2022 [18]

<20% 2019 [19]

<5% 2021 [20]

<5% 2023 [49]

<50% 2022 [50]

<10% 2022 [51]

<5% 2021 [52]

Stainless steel 316L <80% 2014 [21]
<50% 2019 [27]

<10% 2021 [53]

transverse to the layer direction, since these defects lead to
delamination between the deposited layers.

It is essential to note that the specifics of how these pores
impact on properties can be different based on the type of ma-
terial being processed. For example, while stainless steels may
maintain higher corrosion resistance even with larger pores,
Mg alloys could exhibit pronounced degradation in the pres-
ence of similar porosity. Furthermore, research by Du Plessis
et al. [48] suggests that pores below a certain critical size,
such as 50 pm, might not have a substantial impact on the
mechanical properties of the material. However, this critical
pore size is material dependent. For instance, while it may
be 50 wm for ZK60 Mg, it could be 200 wm for stainless
steel. Given these variations, there is a need for more detailed
investigation in the future to better understand the relative sig-
nificance of pore size across different materials.

3.9. Pore characteristics: comparison of Mg alloy with
SLM-printed Ti-6Al-4V and stainless steel 316L

Compared to the commonly-used alloys printed by SLM
in the literature, namely 316L [21,23,41] and Ti-6Al-4V
[17-20,49-52], Mg alloy exhibited a notably higher preva-
lence of irregular pores (sphericity < 0.6). As detailed in
Table 4, this alloy displayed over 95% irregularity. Several
inherent factors in Mg alloys contribute to this notable
difference. Firstly, the distinct solidification dynamics of
Mg, combined with its increased intrinsic reactivity, can
lead to gas entrapment or atmospheric reactions during the
SLM process [54]. Secondly, the higher thermal conductivity
of Mg can result in rapid and uneven cooling during the
SLM process [54], further contributing to the formation of
irregular pores. Lastly, the grain structure and morphology
of SLM-printed Mg are significantly different from those of
316L and Ti-6Al-4V [54], with grain boundaries potentially
acting as initiation sites for defect formation [55].

4. Conclusions

In the SLM process, multi-physics phenomena introduce
certain complexities. Utilising a high-speed camera, this study

captured the real time dynamics of melt pools and vapour
plumes under varying laser power settings. It was observed
that an optimal balance between sufficient fusion and melt
pool collapse is essential for managing porosity in the SLM
process. Furthermore, the turbulence level of the vapour
plume, paired with laser energy input, can influence the
incorporation of environmental gases into the melt pool.
This directly affects the porosity of the SLM-printed Mg
parts.

The microscopic investigations using OM and SEM indi-
cate that increasing laser powers from 40 W to 60 W can
lead to a denser structure (i.e., reduction in pore coverage).
The OM results also suggest the size of pores larger than 100
pm can be effectively reduced by applying the laser power of
60 W. For all samples, pores less than 50 pum in size are pri-
marily observed to be nearly circular, with a circularity above
0.8. On the contrary, pores larger than 100 pm predominantly
exhibit irregular shapes.

In addition to the OM 2D images, XCT provided a 3D
perspective of the Mg samples. The XCT results indicate
that the interconnected pores constitute over 99% of the to-
tal pore volume for the 40 W and 50 W samples. In con-
trast, increasing the laser power to 60 W appears to pro-
mote the formation of isolated pores, resulting in a reduction
of interconnected pores to 95%. It should be noted that a
small discrepancy was observed between the XCT and OM
results. This could be attributed to the difficulty of XCT in
detecting finer pores that fall below its resolution threshold
(< 9.3 pm).

Finally, the OM method employed in this study allows
the capture of full-surface images, presenting a potentially
cost-effective and precise method for assessing porosity in
the SLM process. This OM method can serve as an alterna-
tive approach to XCT without compromising the quality of
porosity analysis.
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