
 
 

University of Birmingham

Achieving ultra-high strength and ductility in
Mg–9Al–1Zn–0.5Mn alloy via selective laser melting
Chang, Cheng; Liao, Hanlin; Yi, Lin; Dai, Yilong; Cox, Sophie C.; Yan, Ming; Liu, Min; Yan,
Xingchen
DOI:
10.1016/j.apmate.2022.100097

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Chang, C, Liao, H, Yi, L, Dai, Y, Cox, SC, Yan, M, Liu, M & Yan, X 2023, 'Achieving ultra-high strength and
ductility in Mg–9Al–1Zn–0.5Mn alloy via selective laser melting', Advanced Powder Materials, vol. 2, no. 2,
100097. https://doi.org/10.1016/j.apmate.2022.100097

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 07. May. 2024

https://doi.org/10.1016/j.apmate.2022.100097
https://doi.org/10.1016/j.apmate.2022.100097
https://birmingham.elsevierpure.com/en/publications/098f2121-26f3-4be1-9cd6-c68244e3315d


Advanced Powder Materials 2 (2023) 100097
Contents lists available at ScienceDirect

Advanced Powder Materials

journal homepage: www.keaipublishing.com/en/journals/advanced-powder-materials
Achieving ultra-high strength and ductility in Mg–9Al–1Zn–0.5Mn alloy via
selective laser melting

Cheng Chang a,c,d, Hanlin Liao a,c, Lin Yi a,b, Yilong Dai b, Sophie C. Cox d, Ming Yan e,f,
Min Liu a,**, Xingchen Yan a,*

a Guangdong Provincial Key Laboratory of Modern Surface Engineering Technology, National Engineering Laboratory of Modern Materials Surface Engineering Technology,
Institute of New Materials, Guangdong Academy of Sciences, Guangzhou 510651, China
b School of Materials Science and Engineering, Xiangtan University, Xiangtan 411105, China
c ICB UMR 6303, CNRS, Univ. Bourgogne Franche-Comt�e, UTBM, F-90010, Belfort, France
d School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
e Department of Materials Science and Engineering, Southern University of Science and Technology, Shenzhen 518055, China
f Jiaxing Research Institute, Southern University of Science and Technology, Jiaxing 314050, China
A R T I C L E I N F O

Keywords:
Selective laser melting
Mg–Zn–Al–Mn alloy
Response surface analysis
Microstructural evolution
Mechanical properties
* Corresponding author.
** Corresponding author.

E-mail addresses: liumin@gdas.gd.cn (M. Liu), y

https://doi.org/10.1016/j.apmate.2022.100097
Received 7 September 2022; Received in revised fo
Available online 31 October 2022
2772-834X/© 2022 Central South University. Publi
CC BY-NC-ND license (http://creativecommons.org
A B S T R A C T

Fabrication of the Mg–9Al–1Zn–0.5Mn alloy with excellent mechanical performance using selective laser melting
(SLM) technology is quite difficult owing to the poor weldability and low boiling point. To address these chal-
lenges and seek the optimal processing parameters, response surface methodology was systematically utilized to
determine the appropriate SLM parameter combinations. Mg–9Al–1Zn–0.5Mn sample with high relative density
(99.5 � 0.28%) and favorable mechanical properties (microhardness ¼ 95.6 � 5.28 HV0.1, UTS ¼ 370.2 MPa, and
At ¼ 10.4%) was achieved using optimized SLM parameters (P ¼ 120 W, v ¼ 500 mm/s, and h ¼ 45 μm). Sample
is dominated by a random texture and microstructure is primarily constituted by quantities of fine equiaxed grains
(α-Mg phase), a small amount of β-Al12Mg17 structures (4.96 vol%, including spherical: ½2110�α// ½111�β and long

lath-like: ½2110�α// ½115�β or ½1011�α// ½321�β), and some short rod-shaped Al8Mn5 nanoparticles. Benefiting from
grain boundary strengthening, solid solution strengthening, and precipitation hardening of various nanoparticles
(β-Al12Mg17 and Al8Mn5), high-performance Mg–9Al–1Zn–0.5Mn alloy biomedical implants can be fabricated.
Precipitation hardening dominates the strengthening mechanism of the SLM Mg–9Al–1Zn–0.5Mn alloy.
1. Introduction

Magnesium (Mg) alloys have grasped considerable attention in the
biomedical field owing to their excellent biological properties, ultra-low
density close to the human bone, and no stress shielding phenomenon [1,
2]. Although biodegradability of the Mg-based materials extensively
promotes their applications in the biological fields, nonetheless, the
mechanical properties of Mg alloys will be significantly reduced after the
in-vivo degradation, resulting in a premature fracture of the implants [3].
Hence, designing and fabricating a type of high-performance Mg-based
materials possessing good strength and toughness has become one of the
current important chanllenges.

Mg–Al–Zn–Mn alloy series is one of the most popular compositions
among cast magnesium family. Al acts as a reinforcing element,
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increasing strength and fluidity for casting, while Zn and Mn enhance
biocompatibility, plasticity, and corrosion resistance [4,5]. Thus,
Mg–Al–Zn–Mn alloy, in particular to Mg–9Al–1Zn–0.5Mn alloy, has
emerged as a promising candidate for bone implants since it combines
suitable mechanical properties and corrosion resistance [6]. Neverthe-
less, restricted by the inherent nature of the hexagonal close-packed
(HCP) structure (i.e., only a few slip systems in α-Mg matrix), it is not
possible to fabricate the Mg alloy at low or room temperatures (i.e.,
below 225 �C) [7,8]. As such, forming Mg–9Al–1Zn–0.5Mn alloy only
can be conducted at elevated temperature. Mg–9Al–1Zn–0.5Mn alloy
manufactured via equilibrium solidification (i.e., casting) always have
quite a large grain size, leading to poor mechanical properties (i.e., ul-
timate tensile strength�250 MPa, elongation�5%) [9]. While other
thermoforming techniques (i.e., extrusion and rolling) often result in a
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Fig. 1. (a) Powder morphology with an inset of particle size distribution; (b) typical SLM Mg–9Al–1Zn–0.5Mn samples.

Table 1
Chemical composition of the Mg–9Al–1Zn–0.5Mn powder and the samples
fabricated using different manufacturing methods (wt.%).

Elements Al Zn Mn Fe Si Cu Mg

Powder 8.69 0.63 0.23 0.0021 0.038 0.003 Bal.
Cast state 8.3 0.35 0.50 0.005 0.1 0.03 Bal.
SLM state 9.53 0.59 0.28 0.0025 0.04 0.003 Bal.
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typical basal texture within the α-Mg matrix due to the characteristics of
the processing methods [10]. The anisotropy of the microstructure will
greatly impair the mechanical properties of the Mg–9Al–1Zn–0.5Mn
alloy. Notably, manufacturing bone implant is extremely difficult via
these thermoforming approaches since designs often exhibit internal
structures, curved surfaces, and ultra-fine lattices. A series of post-heat
treatments and machining processes are needed to meet the re-
quirements of the bone implants. Hence, newmanufacturing methods are
in great demands to obtain intricate structures using these Mg alloys.

Selective laser melting (SLM), an attractive metal additive
manufacturing techniques, can directly manufacture high-density
metallic parts without any molds [11,12]. A ‘point-by-point,
track-by-track, layer-by-layer’ method to selectively fuse the metallic
powder bed using one or multiple laser beams endows it a high flexibility
to fabricate complex structures. Benefit from its high-energy input
(10–103 J/mm3 [13,14]) and ultra-high cooling rate (104–106 K/s [15,
16]), tailored microstructure and tunable sophisticated structures can be
obtained jointly from micro-scale to macro-scale. Moreover, advantages
like reusable recycled powders, high manufacturing precision, little or no
post-machining also broaden the possibilities of the SLM-fabricated Mg
alloy products. Thus, different types of Mg-based materials have been
fabricated via SLM process, including pure Mg [17], Mg–Zn alloy [10],
Mg–Zn–Ca alloys [18,19], Mg–Zn–Zr alloys [20], Mg–Al–Zn alloys [21],
and rare-earth containing Mg alloys [22].

However, many challenges still exist to manufacture Mg alloys via
SLM: (I) poor weldability due to a low boiling point (~1091 �C) and
excellent affinity for oxygen; (II) easily producing hot cracks owing to a
large coefficient of thermal expansion (α ¼ 27.6 � 0.6 � 10�6/K at 380
�C for Mg–1Al alloy [23]); (III) readily producing micro-pores caused by
the hydrogen escape and high vaporization pressure phenomena. As
known, rare earth (Re) elements like La, Ce, Y, Nd, Gd, and Sm, etc., have
the functions of removing H, O, Fe and other inclusions in the melted Mg
alloys, purifying the SLM-fabricated products. Nevertheless, some Re
elements would be accumulated in the human organs, in particular to the
spleen, liver, lung, and kidney, along with the degradation of the Mg–Re
alloys [24]. Hence, to ensure biosafety, exploring high-performance SLM
Mg alloys without Re elements, like Mg–Al–Zn–Mn alloys, attracts much
attention.

So far, restricted by the multiple limitations of Mg alloy itself and the
difficulty of powder acquisition, there are relatively few reports on the
SLM-produced Mg–Al–Zn–Mn alloys. Most obtained Mg–xAl powders
with different compositions via mechanical ball milling method and
manufactured the corresponding SLM samples [25,26]. Apparently, lots
of unfused Al particles were segregated within the SLM samples, leading
to a significant reduction of their mechanical properties [6]. A few re-
searchers used pre-alloyed Mg–9Al–1Zn powder to study the effects of
the SLM processing parameters on the microstructure and mechanical
2

properties of the SLM-produced samples [5]. Nonetheless, they only
focused on the scanning velocity and hatch distance, while ignoring the
influence of the laser power on the material properties, let alone the
mechanism of the different factors on the target performances. Moreover,
even though the addition of nanoparticles is an effective route to boost
their ultimate tensile strength (~345 MPa), a significant reduction in
elongation (~1.1%) will severely limit their applications in implants
[27].

To systematically study the effects of the SLM processing parameters,
especially the interaction factors, on the microstructure and mechanical
properties of the SLM Mg–9Al–1Zn–0.5Mn alloy, a series of central
composite design (CCD) experiments were conducted and analyzed in
this research. Solidification process, microstructural evolution, and
strengthening mechanism were studied in detail to fill the research gap
within the SLM community and offer a theoretical guide to manufacture a
high-property SLM Mg–9Al–1Zn–0.5Mn alloy for biomedical
applications.

2. Experimental details

2.1. Raw material and SLM process

As displayed in Fig. 1, spherical gas-atomized Mg–9Al–1Zn–0.5Mn
powder were supplied by Institute of New Materials, Guangdong Acad-
emy of Sciences, and the particle size distribution (D10 ¼ 24.6 μm, D50 ¼
41.6 μm and D90 ¼ 62.7 μm) was detected using a laser diffraction
powder analyzer (Mastersizer 2000, UK). The cast Mg–9Al–1Zn–0.5Mn
alloy ingots were purchased from Dongguan Eontec. Co. Ltd., China.

To determine the composition changes before and after SLM fabri-
cation, chemical compositions of the powders and samples under
different states were characterized via an ICP-OES (SPECTROGREEEN,
Spectro Analytical Instruments GmbH, Germany), respectively. The cor-
responding reults are listed in Table 1.

To reduce the possibility of oxidation or even explosion of Mg-based
alloy powders during the SLM process, a home-made SLM system
(GDINM-D150) for fabricating Mg-based alloys was developed, as
exhibited in Fig. 2. An explosion-proof filter system was specially
customized to store the recycled Mg-based powders (i.e.,① in Fig. 2). To



Fig. 2. Self-developed SLM system (GDINM-D150) alongside with featured devices.

Table 2
SLM parameters adopted in this study.

Laser parameters Value/Unit

Wavelength (λ)
Rotation angle (α) 67�

Spot size (d) 45 � 4 μm
Stripe width (s) 5 mm
Layer thickness (t) 40 μm
Preheat temperature (T) 120 �C
Hatch distance (h) Low level (�1) ¼ 40 μm; High level (þ1) ¼ 50 μm
Laser power (P) Low level (�1) ¼ 60 W; High level (þ1) ¼ 150 W
Scanning velocity (v) Low level (�1) ¼ 400 mm/s; High level (þ1) ¼ 600 mm/s

Table 3
Face-centered CCD matrix adopted in this study and the corresponding results.

No. Independent variable Dependent variables (responses)

P
(W)

v (mm/
s)

h
(μm)

Average relative
density (%)

Average microhardness
(HV0.1)

1 105 500 40 99.6 � 0.21 92.8 � 2.56
2 105 500 45 99.7 � 0.15 94.5 � 3.77
3 60 500 45 81.9 � 0.96 83.8 � 5.12
4 60 600 40 74.8 � 0.81 75.2 � 2.18
5 105 500 45 98.7 � 0.88 93.2 � 1.34
6 105 600 45 96.6 � 0.91 90.4 � 5.11
7 105 500 45 98.3 � 0.67 92.8 � 3.24
8 60 400 50 80.9 � 0.86 82.6 � 4.58
9 105 500 50 95.9 � 0.95 92.3 � 6.51
10 105 500 45 97.2 � 0.53 93.1 � 2.24
11 150 400 50 96.2 � 0.48 92.0 � 2.67
12 105 500 45 97.7 � 0.26 93.6 � 5.13
13 60 600 50 71.8 � 0.93 73.8 � 4.27
14 150 400 40 98.3 � 0.44 94.4 � 3.18
15 150 600 50 97.7 � 0.68 93.6 � 6.25
16 105 400 45 98.3 � 0.95 93.4 � 4.11
17 105 500 45 99.5 � 0.21 93.7 � 5.04
18 150 500 45 99.4 � 0.33 96.1 � 3.27
19 150 600 40 97.2 � 0.98 93.6 � 4.28
20 60 400 40 87.6 � 0.84 85.5 � 2.18
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alleviate keyhole-induced micro-pores during the SLM fabrication, a
focus-tunable lens device was mounted near the galvo mirror so as to
slightly adjust the laser focal length (i.e.,② in Fig. 2). Besides, two high-
precision oxygen probes (i.e.,③ in Fig. 2, detection accuracy¼ �3 ppm)
were quipped in the working chamber to detect the oxygen content.
Multiple scanning strategies, especially an alternating X/Y raster strategy
with a rotation angle of 67� were chosen (i.e.,④ in Fig. 2). SLM-produced
cubic samples for material characterization (10 mm � 10 mm � 10 mm)
3

and dog bone specimens for tensile testing (73 mm � 11 mm � 3.5 mm)
were manufactured in (Fig. 1b). To avoid the oxidation in the SLM pro-
cess, oxygen content in the working chamber was set to below 30 ppm via
pumping a high-purity argon flow (99.999 vol%).

In this study, central composite face-centered design (CCF), a second
order experimental design with a full factorial, was selected to code the
independent variables and establish the experiment matrix via a Minitab
Statistical Software. Ranges of the explored SLM parameters are listed in
Table 2. Experiment matrix including independent variables (laser
power, scanning velocity, and hatch distance) and dependent variables
(average relative density and average microhardness) are summarized in
Table 3 after a series of explorations. Then, response surface methodol-
ogy (RSM) was conducted for optimizing the SLM parameters and a
regression equation was calculated to predict the aforementioned re-
sponses. A second order polynomial regression equation as exhibited in
Eq. (1) is used to predict the response by considering the input param-
eters [28]:

y¼ a0 þ
Xk

i¼1
aixi þ

Xk

i¼1
aiix2i þ

Xk

i;j¼1;j 6¼i
aijxixj (1)

where y is response, a0 is average of responses, ai, aii, and aij are response
coefficients. The 2nd, 3rd, and 4th terms denote the main, quadratic, and
interaction effects, respectively.

2.2. Material characterization and mechanical properties

An optical microscope (OM, Leica Dmi5000 m, Germany) and a field
emission scanning electron microscope (FE-SEM, ZEISS GeminiSEM 300,
Germany) equipped with an energy-dispersive x-ray spectroscopy (EDS,
EDAX XLT TEM-SDD, America) were used to study the microstructure of
the Mg alloy samples. Each specimen was carefully polished using SiC
grinding papers and etched for 15 s in a mixed solvent of nitric acid and
ethanol (4 ml nitric acid and 96 ml ethanol). The phase composition was
detected by x-ray diffraction (XRD) using a RIGAKU Smartlab XRD
equipped with 9 kW X-ray emitter at 40 kV and 100 mA in a 2θ range of
30–90� with a scanning step size of 0.02� and scanning speed of 6 s per
step. Crystallographic orientations were characterized via an electron
back-scattering diffraction (EBSD) spectrometer (Oxford Ultim max 65,
UK) and analyzed using the Channel 5 software. Grain size distribution
was obtained as per the ISO 13067:2020 standard. A transmission elec-
tron microscope (JEOL JEM-2100F, Japan) was used to study the nano-
structures and the distribution of precipitates. To reveal the distribution
of nanoprecipitates in different micro-regions, high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) with
EDS analysis was also performed.

Relative densities of the SLM Mg–9Al–1Zn–0.5Mn alloys samples



Table 4
ANOVA results for the relative density.

Source Degrees of freedom Adj. SS Adj. MS F-value P-value

Model 5 1028.80 205.761 106.08 0.000
P 1 618.33 618.331 318.78 0.000
v 1 23.09 23.088 11.9 0.004
h 1 15.91 15.906 8.2 0.013
P2 1 346.7 346.698 178.74 0.000
Pv 1 24.78 24.782 12.78 0.003
Error 14 27.16 1.940 0.000
Lack-of-Fit 9 20.28 2.253 1.64 0.305
Pure error 5 6.88 1.375
Total 19 1055.96

*R2 ¼ 0.9743, Adj. R2 ¼ 0.9651, Pred. R2 ¼ 0.9353.

Table 5
ANOVA results for the microhardness.

Source Degrees of freedom Adj. SS Adj. MS F-value P-value

Model 7 583.828 83.404 191.00 0.000
P 1 382.405 382.405 875.74 0.000
v 1 24.628 24.628 56.40 0.000
h 1 4.032 4.032 9.23 0.010
P2 1 29.126 29.126 66.70 0.000
v2 1 9.288 9.288 21.27 0.001
h2 1 3.773 3.773 8.64 0.012
Pv 1 24.383 24.383 55.84 0.000

Error 12 5.240 0.437
Lack-of-Fit 7 2.952 0.422 0.92 0.556
Pure Error 5 2.288 0.458
Total 19 589.068

*R2 ¼ 0.9911, Adj. R2 ¼ 0.9859, Pred. R2 ¼ 0.9716.
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were measured based on the Archimedes principle via a Mettler-Toledo
ME-TE analytical balance. A theoretical density value of the SLM
Mg–9Al–1Zn–0.5Mn alloy used in this study is 1.82 g/cm3. Microhard-
ness of the samples was measured using a Vickers hardness tester
(EmcoTest Dura Scan 70G5, Austria) with a load of 100 gf and an
indentation time of 20 s. Ten indentations were randomly conducted on
the polished surface and the average microhardness value was calcu-
lated. Tensile tests were carried out at room temperature according to the
ASTM E8M at a displacement rate of 0.5 mm/min. Mechanical properties
including ultimate tensile strength (UTS), yield strength (YS), and frac-
ture strain were recorded directly from a Zwick/Roell Z100 tensile tester.
The value of the strain-to-failure was read through the strain gauge and
electronic extensometer with a range of 10 mm that were equipped on
the gauge section of the test samples. Then, a percentage total elongation
at fracture (At) and elastic modulus (E) were measured and calculated on
Fig. 3. Response optimizer results of microhardness and RD with a non-etched OM i

4

the basis of the ASTM E111-17 standard. The fracture surfaces of the
tensile samples were inspected using SEM.

3. Results and discussions

3.1. Analysis of variance (ANOVA)

To seek the appropriate SLM parameter combinations, relative den-
sity (RD, %) and microhardness (HV, HV0.1) were selected as the prin-
ciplal optimization objectives. A series of experiments based on the CCF
design and corresponding results were conducted and summarized in
Table 3. After using the RSM analysis, ANOVA results of the responses
were listed in Table 4 and Table 5, respectively.

As displayed in Table 4, F-value of this model is 106.08, indicating a
significant model. Specifically, P-value of each model term also existed at
an ultra-low level (0.000«α ¼ 0.05), illustrating the selected linear (i.e.,
P, v, h), square (i.e., P2), and interactive terms (i.e., Pv) are quite signif-
icant. Thus, prediction model between relative density (RD, %) and these
main processing parameters can be determined as below (eq. (2)):

RD4 ¼ 15215560:2þ 2705095:304P� 180724:891v� 809570:4708h

� 13199:65811P2 þ 1255:123133Pv (2)

High R2 (i.e., 0.9743) and predicted R2 (i.e., 0.9353) also demonstrate
that this mathematical model can predict the response for new obser-
vations well.

Similarly, as for the microhardness response, F-value of the model is
191.00 with a low P-value (0.000«α ¼ 0.05), indicating high confidence
of this one (Table 5). Moreover, P-values of model terms are much low
(«0.05), highlighting the chosen linear (i.e., P, v, h), square (i.e., P2, v2,
h2), and interactive terms (i.e., Pv) are quite significant. Therefore,
mathematical model between microhardness (HV, HV0.1) and these main
processing parameters were confirmed (eq. (3)):

HV4 ¼ � 325937463:4þ 813106:8716Pþ 368778:2679vþ 11839113:94h

� 4651:700757P2 � 532:6153947v2 � 135759:0327h2 þ 1123:123767Pv

(3)

High R2 (i.e., 0.9911) and adj. R2 (i.e., 0.9859) display this model
well fit the experimental data.

To obtain the SLM parameter combinations with high density and
microhardness, a response optimizer was applied to further seek pro-
cessing parameters and the predicted values thereof. RD is a vital factor
affecting the microstructure and mechanical properties of the SLM
samples. Hence, RD was set to 100%, and the microhardness was ex-
pected to be as high as possible. As presented in Fig. 3, when a series of
nset taken from the typical SLM samples fabricated using optimized parameters.

astm:E8
astm:E111-17


Fig. 4. Phase composition and the average effective micro strain of the different Mg–9Al–1Zn–0.5Mn states: (a) XRD curves; (b) magnified view of (a); (c) δhklcosθhkl
(Y)-2sinθhkl (X) curves.

Table 6
Phase volumetric fraction and average dislocation density in the different
Mg–9Al–1Zn–0.5Mn states.

Phase fraction (vol%) Key indicators calculated using W–H method

α-Mg β-Al12Mg17 D (nm) ϵ ρd ( � 1014 m�2)

Powder 94.96 5.04 83.27 0.00525 7.40
SLM state 95.04 4.96 60.41 0.00275 5.35
Cast state 72.80 27.20 110.04 0.00096 N/A
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processing parameters (i.e., P ¼ 120.7787 W, v ¼ 496.4694 mm/s and h
¼ 43.9299 μm) was locked in accordance with the above two models,
theoretical RD (99.8796%) and microhardness (95.1606 HV0.1) can be
determined. Then, to verify the accuracy of the established models, cubic
samples were further fabricated using the processing parameter combi-
nations (i.e., P ¼ 120 W, v ¼ 500 mm/s and h ¼ 45 μm) based on the
equipment conditions and Table 2. After measuring and calculating, RD
and microhardness of the SLM samples are 99.5 � 0.28% (Figs. 3) and
95.6 � 5.28 HV0.1, proving the accuracy and validity of the prediction
model. Hence, SLM parameters (i.e., P ¼ 120 W, v ¼ 500 mm/s and h ¼
45 μm) was chosen as the optimized combinations to manufacture more
SLM samples for latter microstructure observations and mechanical
property tests.
3.2. Phase composition

Two main phases, α-Mg phase (JCPDS # 35–0821) and β-Al12Mg17
phase (JCPDS # 73–1148), were detected in the XRD spectra (Fig. 4a). As
displayed in Fig. 4b, there is little difference in the peak positions of the
cast, powder and the SLM states, indicating a low level residual stress
within the SLM samples. Thus, the high-temperature preheat treatment
(i.e., 120 �C) applied in the SLM process has an excellent effect on the
removal of residual stress, thereby avoiding the possibility of the residual
stress induced cracks. Interestingly, as depicted in Fig. 4b, relative intensity
of β-Al12Mg17 phase within the powder and SLM samples is noticeably
lower than the cast equivalent. To quantitatively compare the phase con-
tents within the different Mg–9Al–1Zn–0.5Mn samples, the Reference In-
tensity Ratio (RIR) and Rietveld Refinement methods [29,30] was utilized
to calculate the volume fraction of the different phases. As listed in Table 6,
content of the β-Al12Mg17 phase in the cast state (27.20 vol%) is much
higher than that of the powder (5.04 vol%) and SLM samples (4.96 vol%).
It can be ascribed to the ultra-high cooling rate of the vacuum atomization
(103–105 K/s [31]) and SLM process (104–106 K/s [15]), leading to a short
existence of the Mg alloy melt. Hence, there is not enough time for the
β-Al12Mg17 phase to form and grow.
5

To further analyze the dislocation density triggered by the rapid
cooling rate, Williamson-Hall (W–H) plot method [32] was utilized to
calculate the dislocation density within the different Mg–9Al–1Zn–0.5Mn
states:

δhkl � cos θhkl ¼ λ

D
þ 2ϵ � sin θhkl (4)

where δhkl is the full width at half maximum intensity (FWHM) of the
different states, θhkl is the Bragg refraction angle, D is the average sub-
grain size, λ is the wavelength of the x-ray (for Cu radiation, λ ¼ 0.15405
nm), ϵ is the average effective microstrain.

Thus, average subgrain size (D, nm) and average effective microstrain
(ϵ) of the different Mg–9Al–1Zn–0.5Mn states can be obtained from the
δhklcosθhkl (Y) vs. 2sinθhkl (X) linear functions (Fig. 4a). The diffraction
profiles used for this part were the (100), (002), (101), (102), (110),
(103), and (200) crystal planes of the α-Mg phase. Then, the dislocation
density (ρd, m�2) is calculated from the following equation [33,34]:

ρd ¼
2

ffiffiffi
3

p
ϵ

bD
(5)

Where b is the Burgers vector (b ¼ 0.295 nm) [33]. Key indicators
calculated using W–H method and the dislocation density within the
different states are listed in Table 6 and plotted in Fig. 4c.9.

As displayed in Fig. 4c and Table 6, extremely high cooling rate re-
sults in an ultra-low subgrain size and a great microstrain within the
powder (i.e., D ¼ 83.27 nm and ϵ ¼ 0.00525) and the SLM samples (i.e.,
D ¼ 60.41 nm and ϵ ¼ 0.00275) compared to the cast alloy (i.e., D ¼
110.04 nm and ϵ ¼ 0.00096). Therefore, the dislocation densities in the
powder and SLM samples can separately reach 7.40� 1014 m�2 and 5.35
� 1014 m�2, which will further promote their microhardness and
strength. Notably, subgrain size obtained from the cast samples exceeds
100 nm and the Coefficient of Determination (i.e., R2) of the linear fit is
only 0.41, indicating that the W–H method is not suitable for analyzing
the cast samples with large subgrain (>100 nm). Besides, the microstrain
in the as-cast state is only 0.00096, illustrating an ultra-low dislocation
density level within the cast specimens.
3.3. Microstructural evolution

Fig. 5 presents the microstructure of the cast samples. Typical primary
α-Mg dendrites with secondary arms are clearly detected in Fig .5a. A
dendritic segregation containing a large amount of coarse and lamellar
β-Al12Mg17 phase along the grain boundaries of the α-Mg dendrites can
be observed in Fig. 5b and c. Based on the solidification theory and the
Mg–Al phase diagram, the divorced eutectic α-Mg and continuous



Fig. 5. Microstructure of the cast Mg–9Al–1Zn–0.5Mn samples: (a) OM; (b) SEM; (c) main elements distribution analyzed by EDS.

Table 7
EDS analyzing results of the different micro-regions of the cast samples.

Terms Region 1 Region 2

Weight (wt.%) Atom (at.%) Weight (wt.%) Atom (at.%)

Mg 65.40 68.92 76.64 79.75
Al 31.40 29.82 20.33 19.06
Zn 3.06 1.20 2.82 1.09
Mn 0.14 0.06 0.21 0.10
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β-Al12Mg17 simultaneously formed on the primary α-Mg, and then the
secondary β-Al12Mg17 lamellar structures discontinuously precipitated
from the supersaturated α-Mg matrix. Furthermore, reticular β-Al12Mg17
(micro-region 1) and α-Mg þ needle-like β-Al12Mg17 structures (micro-
region 2) can be observed in Fig. 5b. Thus, according to the EDS results of
the different micro-regions (Table 7), three typical microstructures can
be determined: primary α-Mg (black arrows), divorced eutectic α-Mgþβ-
Al12Mg17 (red arrows) and reticular β-Al12Mg17 (blue arrows).

Fig. 6 shows the microstructure features of the SLM
Mg–9Al–1Zn–0.5Mn samples. Laser tracks (pink arrows) and molten
pools (red arrows) can be clearly detected as displayed in Fig. 6a and d. A
large quantity of equiaxed grains were formed within the center of the
molten pools, as marked by black arrow in Fig. 6d; while only a small
number of columnar dendrites were generated at the boundaries of the
molten pools (blue arrow in Fig. 6d). Interestingly, a few irregular mi-
cropores (purple arrow) also formed at these boundaries as detected in
Fig. 6d. It can be mainly ascribed to the lack of fusion due to insufficient
energy input. During SLM, a local turbulent gas flow may be created by
some byproducts, including low boiling point Zn vapor (907 �C [35]).
The interaction of the laser and these byproducts would considerably
impair the energy input. The laser source utilized in our SLM device is a
Gaussian mode, which may further diminish the energy input at the edge
of the laser spot. Therefore, irregular micropores were easily produced at
the molten pool boundaries owing to a few unmelted particles.

Fig. 6b and e presents the microstructures and substructures of the
SLM samples on the different cross-sections. As observed in Fig. 6b, only
dense equiaxed grains containing fine cellular structures were detected
on the XY cross-section. Contrastingly, a gradient structure composed of
equiaxed grains and columnar dendrites (yellow arrows in Fig. 6e) was
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visualized within the molten pools, especially at the boundary regions.
This unique structure was dominated under the synergic effect of the
temperature gradient (G) and solidification velocity (R) of the molten
pools during the SLM fabrication. However, it's quite difficult to distin-
guish the grain formation mechanism only via the SEM images. Hence,
detailed analysis will be presented in EBSD part (Fig. 7).

The distribution of the main alloying elements is displayed in Fig. 6c,
f, and Table 8. Intergranular structures are the Al-rich regions (i.e., micro
regions 3 and 4) where abundant Al element was detected. Interestingly,
except for the grain boundaries, intensity of Al element in α-Mg matrix
was also high (Fig. 6c, f), indicating a large amount of Al dissolved in the
matrix. The maximum solid solubility of Al in magnesium is as high as
12.9 wt% based on the Mg–Al phase diagram [36]. Thus, such high
cooling rate of SLM (104–106 K/s [15,16]) would cause a large amount of
Al element to dissolve into the α-Mg matrix, and cannot produce the
coarse reticular β-Al12Mg17 structures like the cast state (Fig. 5). Exis-
tence of a small amount of fine and dense Al-rich regions also proves that
the content of β-Mg17Al12 phase in the SLM samples is much lower than
that of the cast samples, which was also observed from XRD analysis.

Fig. 7 presents the EBSD results of the SLM samples under different
cross-sections to explore the grain growth mechanism and crystallo-
graphic orientation. As displayed in Fig. 7a, an inverse pole figure (IPF)
of XY cross-section, average width of the laser tracks (white dash lines)
was 24.12 � 0.025 μm much less than that of the laser spot size (i.e., 45
� 4 μm). Under irradiation of the high-intensity laser, low melting point
Mg-based powder would be easily fused, thus a series of narrow laser
tracks with high overlap ratio are produced. Microstructure of the XY
cross-sections was mainly composed of a large quantity of ultra-fine
equiaxed grains. Only a bit of coarse grain regions (black arrow)
formed near the boundaries due to the intrinsic heat treatment (IHT)
during SLM. As detected in Fig. 7b, average grain size of the XY cross-
section is 1.95 � 0.125 μm. Particularly, submicron grains (<1 μm:
18.14%) and ultrafine grains (1–2 μm: 38.78%) occupy a large fraction,
exerting a substantial effect on the mechanical properties. The pole fig-
ures (PFs) in Fig. 7c do not present a symmetrical tendency, although the
HCP structure has a good symmetry. The maximum multiple of uniform
density (MUD) in {0001} PF is merely 1.44 («5), indicating a random
texture on the XY cross-section. Notably, the strongest MUD can be
grasped near the Z axis of the {0001} PF (i.e., building direction),



Fig. 6. Microstructure features of the SLM Mg–9Al–1Zn–0.5Mn samples on XY cross-section: (a) OM; (b) SEM; (c) main elements distribution of magnified view of (b);
and on XZ cross-section: (d) OM; (e) SEM; (f) main elements distribution of magnified view of (e).
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demonstrating a texture tendency along the building direction. Lack of
dominant texture in PFs can be attributed to the non-uniform G in the
molten pools caused by the in-situ formation of nanoparticles (like
β-Al12Mg17) as well as the 67� rotation scanning strategy, leading to the
absence of a preferred direction of solidification.

IPF of the SLM sample on the XZ cross-section is displayed in Fig. 7d.
The gradient structures constituted with quite fine columnar dendrites
and equiaxed grains can be observed. Formation and distribution of the
columnar dendrites and equiaxed grains were not only governed by the
ratio of G/R, but also affected by the heat dissipation direction and melt
flow behavior [37]. During the rapid solidification,G between themolten
pools and the low-temperature substrate is quite high along with a low R
value, resulting in a high G/R. A typical characteristic of epitaxial
columnar dendrites perpendicular to the molten pool interface was thus
formed. Since the heat dissipation direction at the bottom of the molten
pool was mainly through the surrounding solidified multi-tracks and
powder bed, the growth direction of dendrites was mostly opposite to the
heat dissipation direction (blue arrows in Fig. 7d). G/R value at the top of
the molten pools was low due to a high R caused by the multiple con-
vection heat transfer routes, i.e., from the center to the periphery of the
molten pools, and from the surface of the molten pools to the surrounding
environment. Moreover, heterogeneous nucleation would occur at the
top of the molten pools, facilitated by the partially melted powders and
some in-situ formed nanoparticles. Hence, large quantities of fine equi-
axed grains were generated at the top of the molten pool. However,
remelting phenomenon caused by the SLM process not only led to the
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fewer equiaxed grains on the XZ cross-section than the XY cross-section
(Fig. 7a), but also the dendrite coarsening due to the IHT effect (black
arrow in Fig. 7d). Interestingly, columnar dendrites would also grow
obliquely in the direction of melt flow (indicated by pink arrows in
Fig. 7d). The melt flow scoured the solute-rich layer at the front of the
columnar dendrites, resulting in an uneven distribution of the solutes
around the dendrite tips. Consequently, solute concentration towards the
melt flow direction is lower than that away from the melt flow direction,
further suppressing grain growth away from the direction of melt flow.
Therefore, the grain growth direction would be biased towards the laser
scanning direction (indicated by the pink and blue arrows in Fig. 7d).

As detected in Fig. 7e, average grain size on the XZ cross-section
(3.11 � 0.118 μm) is 59.49% coarser than that of the XY counterpart
(1.95 � 0.125 μm in Fig. 7b). Especially, appropriation of the submicron
grains (<1 μm: 7.18%) and ultrafine grains (1–2 μm: 66.82%) is lower
than that of the XY one. Notably, the maximum MUD is only 2.68 («5)
presented in PFs (Fig. 7f), indicating a random texture, despite a large
quantity of columnar dendrites generated within the XZ cross-section.
Similar to the {0001} PF on the XY cross-section, the strongest texture
is near the Z-axis. Hence, although a texture tendency along the building
direction existed on the XZ cross-section, however, the whole SLM
Mg–9Al–1Zn–0.5Mn sample was still dominated by the random texture.

Fig. 8 and Table 9 reveal the nanostructures and specific compositions
of some micro-regions within the SLM samples characterized using TEM.
Bright field image (BFI) was captured along the ½2110� axis (i.e., a-di-
rection in the HCP system), which can be demonstrated by the selected



Fig. 7. EBSD results of the SLM Mg–9Al–1Zn–0.5Mn samples on XY cross-section: (a) IPF; (b) PFs; (c) grain size statistics; and on XZ cross-section: (d) IPF; (e) PFs; (f)
grain size statistics.

Table 8
EDS analysis of elemental composition for different micro-regions in the SLM
samples.

Terms Region 3 Region 4

Weight (wt.%) Atom (at.%) Weight (wt.%) Atom (at.%)

Mg 81.62 83.65 82.56 84.26
Al 17.17 15.85 16.86 15.50
Zn 0.71 0.27 0.38 0.14
Mn 0.50 0.23 0.20 0.09
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area electron diffraction (SAED) of the α-Mg matrix as displayed in
Fig. 8a. Numerous nanoparticles evenly distributed in the fine equiaxed
grains (1.58 � 0.367 μm similar to the EBSD results) arouse plenty of
dislocation walls (marked by blue arrow). As seen in Fig. 8b, large
spherical nanoparticles (~95 nm) were pinned around the dislocation
lines (pink arrows), resulting the dislocation tangles. With the help of
SAED pattern and EDS results (micro region 5 in Table 9), these spherical
nanoparticles can be confirmed as the β-Al12Mg17 phase. Interestingly,
there are no parallel crystallographic planes between the α-Mg matrix
and the β-Al12Mg17 particles despite ½2110�α// ½111�β. Thus, it is
reasonable to believe that these β-Al12Mg17 nanoparticles retained within
the SLM samples were derived from some incompletely fused β-structures
in the feedstocks, further leading to a dislocation strengthening.

Use of STEM enabled further visualization of nanoparticles and their
morphology as seen in Fig. 9a. Combined with the distribution of main
elements (Fig. 9b) and the atomic ratio of micro-region 6 (Mg:Al	17:12
in Table 9), the long lathlike nanoparticles with a width of about 25 nm
can be identified as β-Al12Mg17 phase. Different from the spherical β
phase characterized in Fig. 8, the β phase in Fig. 9a has a Burgers
orientation relationship with α-Mg matrix (i.e., ½2110�α// ½115�β and
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½1011�α// ½321�β), as shown in the SAEDmap of Fig. 9c. A large amount of
dissolved Al element existed within the SLM samples due to the rapid
solidification, as discussed in the SEM part. Therefore, numerous nano-β
particles were precipitated under the IHT effect, further pinning the
dislocation lines. Interestingly, quantities of short rod-like Mn-rich par-
ticles were also found around the subgrain boundaries in Fig. 9a and b.
Ignoring the influence of Mg element within the matrix, combined with
the EDS results of micro-region 7 (Al:Mne8:5 in Table 9) and the SAED
pattern (Fig. 9c), the short rod-shaped nanoparticles can be determined
as Al8Mn5 phase. According to the Mg–Al–Mn ternary phase diagram
(Fig. 9d [38]), a series of metallurgical reactions would occur in the
Mn-rich melt, as indicated by the pink red dot:

L !950�1000�C
β�MnþL !900�950�C

Al8Mn5 þ α�Mgþ L (6)

Al11Mn4 þα�Mg !600�620�C
Al4MnþMg17Al12 þα�Mg (7)

Nevertheless, owing to an extremely high cooling rate of the SLM,
only high-temperature Al8Mn5 phase was formed and preserved instead
of Al11Mn4 and Al4Mn phases. Notably, based on the planar lattice dis-
registry calculations [39], the lowest lattice mismatch of the (0001)α-Mg
and (110)Al8Mn5 is 22.07% much higher than that of the (111)β-Mg17Al12
and (111)Al8Mn5 (1.21%). Hence, short rod-shaped Al8Mn5 nanoparticles
can not only promote the nucleation and growth of the β phase (Fig. 9a),
but also trigger a dispersion strengthening due to its incoherent interface
with the matrix.

3.4. Mechanical properties and tensile behavior

Detailed mechanical properties of the Mg–9Al–1Zn–0.5Mn samples
fabricated via different process are presented in Fig. 10 and Table 10.
Average microhardness of the SLM samples (95.6 � 5.28 HV0.1) is about



Fig. 8. TEM observations of the SLM Mg–9Al–1Zn–0.5Mn samples: (a) BFI; (b) magnified view of (a) under the HAADF mode and the corresponding SAED.

Table 9
EDS analyzing results of the different micro-regions within the TEM foils.

Terms Region 5 Region 6 Region 7

Weight
(wt.%)

Atom
(at.%)

Weight
(wt.%)

Atom
(at.%)

Weight
(wt.%)

Atom
(at.%)

Mg 60.66 63.12 54.64 57.21 47.68 58.00
Al 39.34 36.88 45.36 42.79 24.84 27.21
Mn / / / / 27.48 14.79
Zn / / / / / /
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30.1% higher than that of the powders (73.3 � 6.89 HV0.1) and cast
counterparts (74.0 � 4.01 HV0.1). Notably, all mechanical property in-
dexes of the SLM samples are much better than those of the cast ones.
Specifically, the UTS (370.2 MPa) and At (10.4%) of the SLM specimens
with the best mechanical properties are 145.5% and 300% higher than
those of the cast sample (UTS ¼ 150.8 MPa, At ¼ 2.5%), respectively.
Favorable elastic modulus (39.8–42.4 GPa) of the SLM samples, close to
that of the human cortical bone (10–30 GPa [40]), also shows an excel-
lent prospect for bone implant applications.

A UTS-At bubble map of the biomedical magnesium alloys fabricated
using different processes is depicted in Fig. 11. Normally, UTS of the
magnesium alloys are quite difficult to surpass 300 MPa as well as
maintaining a good ductility (i.e., At>5%) if without a series of post-
treatment processes. However, the ultra-low grain size and nano-
particle strengthening observed in Mg–9Al–1Zn–0.5Mn SLM samples can
enhance their mechanical properties. Thus, SLM-produced high-perfor-
mance biomedical magnesium alloys offer sufficient data support and a
theoretical basis for the customized medical implants.

Fig. 12 demonstrate the fractographies of the Mg–9Al–1Zn–0.5Mn
samples under cast and SLM state, respectively. Generally, fracture
mechanism of Mg-based materials at ambient temperature is brittle as
cleavage or quasi-cleavage mode due to the few activated slip system
within the HCP structures. As displayed in Fig. 12a, there is no necking
phenomenon on the fracture surface of the cast samples. Notably,
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numerous micro cracks (pink arrows) and cleavage facets (green arrows)
can be detected (Fig. 12a and b), indicating a typical cleavage fracture
failure. As analyzed in the previous part (Fig. 5), micro cracks may be
easily produced between the matrix (i.e., α-Mg phase) and high-hard
intermetallics (i.e., β-Al12Mg17 structures) during the tensile test. Then,
micro cracks would further propagate along the coarse grain boundaries,
thus leading to a brittle fracture of the cast samples.

Unlike the cast state, a clear necking phenomenon (black arrows) can
be observed within the SLM samples, as revealed in Fig. 12c. Moreover, a
number of large dimples (oranges arrows) and tearing ridges (purple
arrows) can be observed in Fig. 12d, presenting a ductile fracture feature.
Nevertheless, a few residual powder particles still exist on the fracture
surface, playing an adverse impact on the ductility. As such, significant
improvements in mechanical properties were accompanied by a transi-
tion from a brittle fracture (Fig. 12a and b) for cast samples to a ductile
fracture mode for SLM samples (Fig. 12c and d).

Based on the aforementioned characterization results, improvement
in yield strength (σYS, MPa) of the SLM Mg–9Al–1Zn–0.5Mn samples can
be principally attributed to grain boundary strengthening (σGB, MPa),
solid solution strengthening (σSS, MPa) and precipitation hardening (σP,
MPa). Thus, σYS can be predicted through function (8):

σYS ¼ σGB þ σSS þ σP (8)

Strength increment associated with the grain size can be evaluated by
the Hall-Petch formula as follows [49]:

σGB ¼ σ0 þ kd�1=2 (9)

where σ0¼ 11MPa is the lattice intrinsic resistance to dislocationmotion
[49], k ¼ 164 MPa μm1/2 is the constant for grain boundary strength-
ening contribution [50], and d ¼ 2.53 � 0.181 μm is effective grain size
obtained from EBSD statistics.

Effect of solid solution strengthening on the strength increment can
be expressed as below [51]:



Fig. 9. STEM-EDS results of the SLM Mg–9Al–1Zn–0.5Mn samples: (a) BFI; (b) mapping; (c) SAED of the different micro-regions within (a); (d) cross-section of the
Mg–Al–Mn ternary phase diagram (1000 K, 1 bar) [38].

Fig. 10. (a) Microhardness distribution and (b) tensile strength of the Mg–9Al–1Zn–0.5Mn samples under different states.

Table 10
Mechanical properties of the Mg–9Al–1Zn–0.5Mn samples under different states.

State Microhardness
(HV0.1)

YS
(MPa)

UTS
(MPa)

E
(GPa)

At

(%)

Powders 74.0 � 4.01 / / / /
Cast sample-
1

76.4 � 6.78 114.2 150.8 32.3 2.5

Cast sample-
2

70.2 � 5.02 112.3 148.9 30.4 2.6

SLM sample-
1

95.2 � 5.44 261.2 369.1 41.7 9.0

SLM sample-
2

94.8 � 5.08 269.9 370.2 42.4 10.4

SLM sample-
3

96.7 � 5.03 254.6 350.2 39.8 9.8
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σSS ¼ σu þ 3:1εGc1=2

700
(10)
where σu ¼ 39 MPa is yield strength of pure magnesium [52], ϵ ¼ 0.74
MPa is an experimental parameter [53], G ¼ 1.66 � 104 MPa is the shear
modulus of the matrix [54], and c is the concentration of the solute
(at.%). Only the solid solution strength effect of Al element was consid-
ered in this study but neglecting the effects of Zn and Mn elements due to
the quite low of the Zn element (0.59 wt%) and Mn element (0.28 wt%)
within the SLM samples. Thus, cAl can be determined as 6.57 � 0.211
at.% after calculating according to the results of Tables 1 and 6.

Strength enhancement derived from the precipitation hardening was
mainly triggered by the numerous β-Mg17Al12 nanoparticles, as charac-
terized in Figs. 8 and 9. Owing to the different crystallographic structures
and lattice constants between the high-hardness nanoparticles and ma-
trix, thus, four main factors constitute the improvement caused by the



Fig. 11. UTS-At bubble map of the biomedical magnesium alloys fabricated via different processes [1,5,9,10,15,20,22,26,27,41–48].

Fig. 12. Representative SEM fractography images of the Mg–9Al–1Zn–0.5Mn samples under: (a) cast state and (b) enlarged view of (a); (c) SLM state and (d) enlarged
view of (c).

Table 11
Contributions of the different strengthening mechanisms for YS of the SLM
Mg–9Al–1Zn–0.5Mn sample.

Designations Strengthening contribution (MPa) Fraction (%)

σGB 114.11 38.11
σSS 52.94 17.68
σP σOrowan 13.36 4.46

σLB 0.65 0.23
σCTE 62.40 20.84
σGND 55.93 18.68

Predicted σYS 299.40 N/A
Experimental σ 269.90 N/A
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precipitation hardening mechanism, i.e., Orowan strengthening (σOrowan,
MPa), load-bearing effect (σLB, MPa), coefficient of thermal expansion
(CTE) mismatch (σCTE, MPa), and geometrically necessary dislocation
density (σGND, MPa) [55]. Therefore, the σP could be evaluated as
follows:

σP ¼ σOrowan þ σLB þ σCTE þ σGND (11)

The strength increment due to the Orowan process between the
nanoparticles and the matrix (σOrowan, MPa) can be evaluated by the
following formular [56]:

σOrowan ¼ Gb

2π
ffiffiffiffiffiffiffiffiffiffiffi
1� v

p ��
0:779ffiffi

f
p

�
� 0:785

�
dt

ln
0:785dt

b
(12)
11
where b ¼ 3.21 � 10�10 m is the Burgers vector [54], v ¼ 0.35 is the
Poisson ratio [53], dt is the mean grain size of the reinforced
YS



Fig. 13. (a) Strengthening mechanism-Contribution radar map of the SLM Mg–9Al–1Zn–0.5Mn sample; (b) SLM-fabricated different types of the biomedical implants.
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nanoparticles, and f is the fraction of these high-hardness nanoparticles.
After measuring and calculating the above indicators in 10 TEM micro-
graphs, dt and f of this study can be confirmed as 84.86 � 2.156 nm and
1.85 � 0.118%, respectively.

Improvement induced by the load-bearing effect from the matrix to
the enhanced nanoparticles (σLB, MPa) can be described as follows [55]:

σLB ¼ 0:5σmf (13)

where σm ¼ 70 MPa is YS of the Mg–Al alloy matrix [57].
σCTE due to the difference between the thermal expansivities of the

matrix and the nanoparticles can be described via the following function
[56]:

σCTE ¼ αGb
�
12ΔTΔCf

bdt

�1=2

(14)

where α ¼ 1.25 is a constant [55], ΔT is the temperature increment (the
processing temperature is 873 K and the ending temperature is 293 K)
[58], ΔC (ΔC ¼ CMg–CMg17Al12) is the difference between the CTEs of the
matrix and the nanoparticles (CMg ¼ 2.61 � 10�5 K�1, CMg17Al12 ¼ 7.5 �
10�6 K�1 [57]).

Contribution of the geometrically necessary dislocation density
(σGND, MPa) is presented below [55]:

σGND ¼ αGb
�
f 8γ
bdt

�1=2

(15)

where γ ¼ 0.013 is the shear strain calculated using the Taylor factor
[55].

By substituting Eqs. 12–15 into Eq. (11), we can attain the σP due to
the precipitation hardening. After calculating Eqs. (9) and (10), σGB and
σSS can be obtained. Predicted results are demonstrated in Table 11 and
Fig. 13a, indicating a good consistency with the experimental one (i.e.,
Predicted σYS ¼ 299.40 MPa, Experimental σYS ¼ 269.90 MPa). Contri-
butions of various strengthening mechanisms to the YS is as follows:
σP>σGB>σSS. Hence, precipitation hardening can be regarded as the
dominant factor in the strengthening mechanism of the SLM
Mg–9Al–1Zn–0.5Mn samples. Fig. 13b exhibits a variety of SLM
biomedical implants fabricated using the optimized parameters,
demonstrating the infinite possibilities of SLM Mg-based materials in the
biomedical applications.

4. Conclusions

Mg–9Al–1Zn–0.5Mn specimens with ultra-high tensile strength and
excellent ductility was directly manufactured via SLM process. Micro-
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structural evolution, phase transformation, crystallographic texture, and
mechanical properties of SLM Mg–9Al–1Zn–0.5Mn samples were sys-
tematically studied in this work. The primary conclusions are listed as
follows:

(1) Mg–9Al–1Zn–0.5Mn samples with high relative density (99.5 �
0.28%), good microhardness (95.6 � 5.28 HV0.1), outstanding
strength (UTS¼ 370.2 MPa), and favorable ductility (At ¼ 10.4%)
were fabricated using the optimized SLM processing parameters
(i.e., P ¼ 120 W, v ¼ 500 mm/s, and h ¼ 45 μm).

(2) α-Mg phase (JCPDS # 35–0821) and β-Al12Mg17 phase (JCPDS #
73–1148) were detected within the SLM samples. These SLM
samples are composed of ultra-fine equiaxed grains (Ave. grain
size ¼ 1.95 � 0.125 μm) on the XY cross-sections and a gradient
microstructure (Ave. grain size ¼ 3.11 � 0.118 μm) on the XZ
cross-sections. The SLM Mg–9Al–1Zn–0.5Mn samples were
dominated by the random texture.

(3) Numerous spherical β-Al12Mg17 (½2110�α// ½111�β), long lath-like

β-Al12Mg17 (½2110�α// ½115�β and ½1011�α// ½321�β), and short
rod-shaped Al8Mn5 nanoparticles were formed in the SLM
samples.

(4) Contributions of the strengthening mechanisms to the yield
strength is as follows: σP> σGB>σSS. Precipitation hardening can
be considered as a principal element of the strengthening mech-
anism of the SLM Mg–9Al–1Zn–0.5Mn samples.
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