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Influence of copper on the structural, mechanical, and biological 
characteristics of Mg–1Al–Cu alloy 
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H I G H L I G H T S  

� Mg–Al–Cu alloys containing various Cu contents were developed via spark plasma sintering. 
� Formation of Al2Cu phase during SPS improved mechanical properties of Mg alloy. 
� Mg–Al-0.25Cu alloys reduced degradation rate of pure Mg and Mg–1Al alloy. 
� Mg–1Al-0.25Cu alloy promoted viability of MG63 compared to Mg–1Al alloy. 
� Mg–Al–Cu significantly prevented from the growth of bacteria.  
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A B S T R A C T   

The aim of this study was to develop biodegradable and antibacterial Mg–Al–Cu alloys consisting of various 
amounts of Cu content (0, 0.25, 0.5 and 1 wt%) using spark plasma sintering (SPS) approach. Moreover, the role 
of Cu on the physical and biological properties of the alloys was investigated. The results indicated the formation 
of Al2Cu intermetallic phase during the SPS process significantly improved the mechanical properties of Mg 
based alloys. Specifically, the compressive strength and yield strength of pure Mg (167 � 9 MPa and 69 � 9 MPa, 
respectively) significantly enhanced to 232 � 2 MPa and 94 � 9 MPa, respectively, in Mg–1Al-0.25Cu alloy. 
Moreover, formation of tertiary alloy simultaneously improved the degradation rate, biocompatibility and 
antibacterial properties of pure Mg, depending on the Cu concentration. Noticeably, incorporation of 0.25 wt% 
Cu significantly diminished degradation rate from 0.039 cm/h in pure Mg to 0.00584 cm/h in Mg–1Al-0.25Cu 
alloy. Moreover, Mg–1Al-0.25Cu alloy noticeably promoted viability of MG63 cells compared to pure Mg, owing 
to the optimized ion release. The antibacterial activity results of samples against Escherichia coli and Staphylo-
coccus aureus revealed that Mg–Al–Cu significantly prevented from the growth of bacteria, depending on the Cu 
content. In summary, Mg–Al-0.25Cu alloy with suitable mechanical characteristics, diminished degradation rate, 
good biocompatibility and antibacterial activities might be a promising biodegradable material for orthopedic 
implant.   

1. Introduction 

Millions of people in the world suffer from bone diseases such as 
arthritis, osteoporosis, bone fracture and tumor [1]. Between them, bone 
fractures, as the most common skeletal disorders, happen due to car 
accident, injuries in sports activities and aging [2]. Metallic based or-
thopedic implants have been widely applied to mechanically fix the 
damaged bone [3]. In order to provide successful bone treatment, bone 
fixtures should provide appropriate mechanical properties, near to those 
of bone tissue (compressive strength of 130–180 MPa, Young’s modulus 

of 3–20 GPa and elongation of 10%) [4]. In another word, depending on 
the time of presentation in the human body, metallic implants are 
divided into two types of degradable or non-degradable (permanent 
implant) [5]. Based on the main concerns facing with the application of 
permanent metallic implants, including stress shielding and secondary 
surgical consequences, biodegradable implants have been developed 
[6–8]. Recently, Mg and its alloys with unique properties such as low 
density (1.74–2.0 gr/cm3) and elastic modulus (41–45 GPa) near to 
those of bone tissue (1.8–2.1 gr/cm3 and 3–20 GPa, respectively) are 
widely applied as a new group of degradable biomaterials for temporary 
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orthopedic implants [9–11]. In addition, magnesium is one of the critical 
elements in the human body and in various biological cycles. The 
amount of Mg is about 25 g in body of adult human with 70 kg weight. It 
needs to mention that more than half of the total amounts stored in bone 
tissue. Magnesium ions also activate many enzymes and stabilize the 
structures of DNA and RNA [12]. In addition, corrosion products of 
magnesium are not only non-toxic for human, but also could encourage 
new bone growth [13]. However, poor mechanical strength and corro-
sion properties of pure Mg result in development of various Mg based 
alloys [14]. Based on the effective role aluminum (Al) on the corrosion 
resistivity and mechanical properties of magnesium, Mg–Al alloys have 
been widely developed as implant materials [15]. However, the sys-
tematic cytotoxicity reported from Al ions results in the development of 
alloys with less Al elements (less than 1 wt%) [16]. 

The current and most important challenge facing with bone fixtures 
is irritation due to formation of biofilm [17]. During the implantation of 
bone fixtures, bacteria adhere to an implant surface leading to biofilm 
formation and consequent infection. Biofilms are resistant to the anti-
biotics, disinfectants, phagocytosis and inflammatory defense system of 
the body, which result in serious complications such as osteomyelitis 
with consequent devastating effects on bone and soft tissues around it 
[18]. To overcome this issue, various types of antibiotics such as Van-
comycin [19] and Gentamicin [20] have been loaded in the implants. 
Another strategy to overcome the biofilm infection is formation of 
various antimicrobial coatings on the implant surface such as 
CuO-polydimethylsiloxane (PDMS) [21], chitosan based [22] and silver 
doped titania (TiO2) thin film coatings [23]. Despite the promising re-
sults, these approaches show issues consisting of the requirement of 
additional steps for antibiotic loading, and antimicrobial coating as well 
as toxic side effects [24]. Therefore, scientists interested about the 
development of antimicrobial and degradable metallic implants con-
sisting of antimicrobial metals including silver (Ag) [25], zinc (Zn) [26], 
and copper (Cu) [27]. Copper is a common antimicrobial metal which 
can confront with a wide range of microbes such as bacteria, fungi, algae 
and viruses [28]. Rashad et al. [29] developed Mg–Cu–Al alloy consisted 
of 1 wt% Cu using metallurgy powder technique and found that the 
mechanical properties of the alloy enhanced compared to Mg–Al alloy. 
However, degradation rate and antibacterial activity of this alloy were 
not investigated. In another study, Li et al. [27] developed Mg–Cu alloy 
and found that incorporation of 0.25 wt% copper in a Mg based implant 
could provide the appropriate antibacterial characteristics and good 
mechanical properties. In another study, Liu et al. [30] evaluated the 
mechanical, biological and antibacterial properties of Mg–Cu alloy with 
different amounts of Cu element (0.03, 0.19 and 0.57 wt%). They re-
ported a good ultimate compressive strength in Mg-0.03Cu alloy 
(199.67 MPa) compared to pure Mg (185.67 MPa). Furthermore, the 
viability of MC3T3-E1 and HUVECs cells after incubation with 
Mg-0.03Cu and Mg-0.19Cu alloys enhanced compared to Mg-0.57Cu 
alloy. However, the role of various concentrations of Cu on the degra-
dation rate of alloy was not investigated. 

In order to develop magnesium based alloys, various strategies have 
been developed consisting of die-cast [31], ball-milling [32] and powder 
metallurgy [33]. Recently, powder metallurgy technique has been 
widely applied to produce Mg based alloys. Powder metallurgy is a 
comfortable approach to produce various alloys at low cost [34]. 
However, the common metallurgy powder process often faced with two 
main issues for Mg based alloys consisting of extensive oxidation and 
high reaction tendency [35]. Therefore, spark plasma sintering (SPS), a 
new advanced powder metallurgy method with high-speed of sintering 
has been introduced as a promising approach to produce active metal 
samples like magnesium based alloys [36]. In the SPS process, the sur-
face of powder heated fast and metallic powders could be sintered in 
lower melting temperatures and a short time (10 min) in the vacuum 
condition. Consequently, the unique features of SPS approach consisting 
of fast heating, less oxidation at higher temperature, lower working 
temperatures than conventional sintering, and its shorter time process 

have resulted in the application of this approach for various metallic 
based alloys [37–40]. Based on our knowledge, the fabrication of 
Mg–Al–Cu alloy using SPS approach has not been investigated, yet. 

In the present study, we used SPS approach to develop antibacterial 
and degradable Mg based alloy, consisting of various amounts of copper 
element (0.25, 0.5 and 1 wt%). It is expected that incorporation of both 
Al and Cu could simultaneously control mechanical properties, corro-
sion resistivity, antibacterial activity and cytotoxicity of Mg alloys 
making them suitable for bone fixtures. 

2. Materials and methods 

2.1. Materials 

Magnesium powder (99.8% purity, Fe: �500 mg/kg, particle size less 
of 70 μm), aluminum powder (99.8% purity less of 60 μm particles size 
range) and copper powder (99.8% purity, particle size less of 63 μm) 
were supplied from Merck Co. 

2.2. Fabrication of Mg–1Al-xCu alloy 

Mg–1Al-xCu alloy was fabricated via a two-step mechanical alloying 
and SPS process, as schematically presented in Fig. 1. Before SPS pro-
cess, Mg–Al–Cu powder mixtures consisting of different amounts of 
copper (0, 0.25, 0.5 and 1 wt%) were prepared. Primarily, Cu and Al 
powders consisting of various concentrations of Cu powder (0, 20, 33 
and 50 wt %) were mixed using a high-energy ball milling (Retsch 
Pm100 model) with stainless steel containers and balls. The weight ratio 
of balls: powder was kept at 12:1. Moreover, 1 wt% stearic acid was 
added to the initial powders to prevent from the agglomeration of 
powders. Moreover, ball diameter (10 mm), milling times (20 h) and 
milling speed (200 rpm) were kept constant in whole experiment. After 
milling, the powders were distributed in ethanol with the concentration 
of 20 wt%, while magnetically stirred for 60 min. Consequently, Al-xCu 
suspensions (20 wt% in ethanol) were added to magnesium powder 
dispersed in ethanol with the concentration of 20 wt%, drop wisely. 
After 3 h mixing by mechanical agitator with the rate of 2000 (rpm), the 
temperature of the mixtures was enhanced to 70 �C to eliminate ethanol. 
The mixtures were finally dried in a vacuum oven (Teb Azma) at 70 �C 
for 2 h. 

Homogeneous mixture of metal powders was consequently loaded 
into cylindrical graphite dies with 15 mm diameter and SPS machine 
(KPF, Model) was applied to densify the powders. SPS process param-
eters such as sintering temperature (600 �C), uniaxial pressure (40 MPa), 
processing time (10 min) and the heating and cooling rate (75 �C/min) 
were kept constant. Moreover, to prevent from oxidation process, sin-
tering process was performed in a vacuum condition. In order to better 
evaluate the role of Cu element, Mg and Mg–Al bulks were similarly 
fabricated. 

2.3. Characterizations of Mg–1Al-xCu alloy 

The chemical composition of the samples was evaluated by X-ray 
diffraction (XRD, Phillips) with Cu Kα radiation. The crystallite size of 
milled powders was calculated using the Williamson-Hall method [41]. 
The phase transformation temperature was determined by differential 
thermal analysis (DTA, Linseis L70/2171) under argon atmosphere at a 
heating-cooling rate of 10 �C/min. 

The microstructure of the samples was also studied by optical mi-
croscope (OM, digital Keyence VH-Z100) and scanning electron micro-
scope (SEM, Philips, XL30) supplied with Oxford EDS system and X-ray 
mapping. Prior to microstructure analysis, all samples were grounded 
with SiC papers up to 5000 grit and polished with alumina suspensions. 
In order to evaluate the microstructure of surface and fracture surface of 
samples using optical microscope, they were etched in a solution of 
100 μl acetic acid, 5 ml distilled water and 15 ml ethanol. Subsequently, 
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microstructures were investigated using a Digital Keyence VH-Z100 
optical microscope. 

Uniaxial compression testing was conducted with a HounsField 
H25KS machine at a parallel orientation compared to the SPS loading 
direction. In this regard, the samples with the dimension of 
3 � 3 � 6 mm (n ¼ 3) were fabricated and mechanical test was per-
formed according to ASTM E9-89a (2000) standard. After plotting the 
stress-strain curves, the mechanical properties consisting of compressive 
strength and yield strength were calculated. It needs to mention that the 
yield strength was measured from the end of the linear region (the final 
point of the linear region). 

2.4. Degradation rate evaluation 

The degradation rate of Mg and Mg–1Al–xCu samples was investi-
gated in simulated body fluid (SBF) solution, according to the ASTM- 
G31-72 [42]. In this regard, the samples with the dimension of 
8 � 6 � 2 mm were soaked in SBF solution at 37 �C and pH ¼ 7.4, while 
the surface area of samples to SBF volume ratio was kept constant. At the 
specific time points, the corrosion products formed on the surfaces of 
samples were studied by XRD, SEM and EDS techniques. Moreover, the 
pH value of the SBF solution, degradation rate, weight loss and the 
hydrogen release rate were examined during the soaking experiment. 
Hydrogen release from each sample was estimated using a homemade 
setup, schematically presented in supplementary Fig. S1. In addition, 
degradation rate (mm/h) were evaluated, according to ASTM-G31-72, 
as below(Eq. (1)) [43]: 

Degradation rate ¼
W

A� T � D
(1)  

where the W is the weight loss (g), A is the sample area exposed to so-
lution (cm2), T is the exposure time (h) and D is the density (g cm� 3). 

Moreover, the weight loss in each samples was determined by Eq. (2) 
[44]: 

Weight lossð%Þ ¼
W1 � W2

W1
� 100 (2)  

where W1 and W2 are the weight of samples, before and after immersing 
in SBF. 

2.5. Cell culture 

The cytotoxicity of Mg–1Al–xCu samples was evaluated on the MG63 
osteoblast-like cell (purchased from the National Cell Bank of Iran (NCBI 
code: C555)). Prior to cell culture, the samples were sterilized in 70 vol% 
ethanol followed by 2 h exposure to UV light. MG63 cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM-low glucose, Bioidea, 
Iran) supplemented with 10 vol% fetal bovine serum (FBS) (Bioidea, 
Iran) and 1 vol% streptomycin/penicillin (Bioidea, Iran) at 37 �C with 
5% CO2. 

The cytotoxicity assay was assessed via a dilution of Mg–1Al–xCu 
extracts (0.12 mg/ml) in contact with MG63 cells (ISO/EN 10993.5, 
1999). This concentration was determined according to the primary 
results obtained from various concentrations of Mg–1Al–xCu extracts 
(0.25, 0.18, 0.12, 0.06, 0.03 mg/ml). Inductively coupled plasma atomic 
emission spectrometry (PerkinElmer ICP-AES) was employed to measure 
the concentration of Mg and Cu ions which were dissolved from the 
alloys. For cell culture experiments, the MG63 cells were seeded on the 
96-well plates with density of 6 � 103 cells/well. Consequently, after 
24 h incubation at 37 �C, the medium was discard and replaced with 
diluted extracts of the samples. 

The cytotoxicity of samples was considered by 3-(4,5-dimethylth-
iazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich) 
assay. At the specific culture time (1 and 3 days), the culture medium 

Fig. 1. The schematic of the fabrication of Mg–Al–Cu alloys.  
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was discarded from the samples and was replaced with MTT solution 
(0.5 mg/ml MTT reagent in phosphate buffered saline (PBS)). After 4h 
incubation, the formazan crystals were dissolved in dimethyl sulfoxide 
(DMSO, Sigma) and the optical density (OD) of the solutions were 
quantified with a microplate reader (Bio Rad, Model 680 Instruments) 
against DMSO (blank) at a wavelength of 490 nm. Finally, the relative 
viability of the cells was calculated based on the equation [45]: 

Relative cell survival ð%Þ ¼
Asample � Ab

Acontrol � Ab
� 100 (3)  

where Asample, Ab and Acontrol are the absorbance of sample, blank 

(DMSO) and control (tissue culture plate (TCP)), respectively. 

2.6. Antibacterial property 

The antibacterial property of the Mg–1Al-xCu alloy extracts was 
examined by the disc diffusion method using Staphylococcus aureus 
(S. aureus) and Escherichia coli (E. coli) bacteria. The Mg–1Al-xCu alloy 
extracts with the concentration of 0.25 g/ml were prepared similar to 
the protocol applied for cytotoxicity test. The bacteria stock solution was 
made by mixing 5–10 colony bacteria population and incubated at 37 �C 
for 24 h. The bacterial suspensions were consequently added to Brain 
heart infusion (BHI) agar plate. After that, some holes were created in 

Fig. 2. XRD patterns of a) pure powders (Al and Cu) before milling and Al-xCu (x ¼ 20,33 and 50) powders after 20 h milling, b) (200) crystal plane of Al and c) (111) 
crystal plane of Cu. d) The crystallite size of Al and Cu in Al-xCu (x ¼ 20, 33 and 50) powders, after 20h milling. 

Fig. 3. a) DTA curves of Al-xCu powders (x ¼ 20,33 and 50). b) XRD pattern of Al–50Cu sample.  
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the center of the plate and then the alloy extracts were inserted in the 
holes. The samples were kept at 37 �C for 24 h and consequently the 
diameter of inhibition zone was calculated to investigate the antibac-
terial property of the Mg–1Al-xCu alloys. 

2.7. Statistical analysis 

The data was studied via one-way ANOVA analyses and stated as the 
mean � standard deviation (SD). Moreover, Tukey’s post-hoc test 
(GraphPad Prism Software (V.6)) was applied to establish a statistical 
significant difference between groups (p-value <0.05). 

3. Results and discussion 

3.1. Characterization of Al-xCu powders 

Before the fabrication of Mg–Al-xCu alloy via SPS approach, the 
milled Al-xCu powder was analyzed. The XRD patterns of the milled 
powders (Fig. 2a) confirmed that 20h-milling process did not result in 
the formation of new phases. All patterns consisted of Al and Cu char-
acteristic peaks, with various intensities, depending on the chemical 
compositions of powder. Results showed that the intensity of the Cu 
characteristic peaks enhanced with increasing Cu content. Furthermore, 
according to the characteristic peak of Al at 2θ � 44.7� ((200) crystal 
plane)(Fig. 2b), a peak displacement to lower angles was occurred 
compared to that of pure Al, indicating that the Cu elements with larger 
atomic radius diffused in Al structure [46]. Moreover, the intensity of 
the characteristic peak of Cu at 2θ � 43.4� ((111) crystal plane) (Fig. 2c) 
reduced after milling process, showing that Cu element was penetrated 
in Al lattice. Nemati et al. [47] similarly studied on the Al-4.5 wt% Cu 
alloy prepared by ball milling method and found that Cu atoms could 
penetrate in Al lattice structure. According to Fig. 2b and c, the broad-
ening of peaks was also happened in Al and Cu characteristic peaks after 
milling process, which could be due to the grain refining. It might be due 
to the reduction in the crystallite size and enhanced lattice strain 
because of sever deformation [48]. To study the effect of Cu content on 
the crystallite size of the powders, the Williamson–Hall method was 
employed. The changes in the crystallite size of Al and Cu in various 
Al–Cu compositions after 20h milling process are presented in Fig. 2d. 
Results showed that the crystallite size of both Al and Cu powders 
enhanced with increasing Cu content. It might be due to the ductile 
nature of Cu element showing a good cushioning effect during the 

milling of Al-xCu powders [48]. Consequently, addition of Cu in Al 
prevented from reduction in the crystallite size of powders, during the 
milling process. 

In order to anticipate the chemical composition of Al–Cu powders 
during SPS process, DTA analysis was performed. According to the DTA 
curves (Fig. 3a), during the heating process, one or two endothermic 
reactions (the negative peaks) were occurred, depending on the powder 
composition. It needs to mention that, according to Al–Cu phase dia-
gram, Al–20Cu, Al–33Cu and Al–50Cu are hypoeutectic alloy, eutectic 
alloy and hypereutectic alloy, respectively [49]. The DTA curve of 
hypoeutectic alloy (Al–20Cu) (Fig. 3a) consisted of two endothermic 
peaks at 546 �C and 580 �C, related to the proeutectic Al(Cu) and 
Al–Al2Cu eutectics reaction, respectively. Moreover, DTA curve of 
Al–33Cu (eutectic alloy) consisted of only one peak at 550 �C, corre-
sponded to the eutectic reaction (equilibrium temperature of Al–Al2Cu 
eutectics is 548 �C). Finally, DTA curve of the Al–50Cu (hypereutectic 
alloy) consisted of two peaks at 541 �C and 590 �C which might be 
related to peritectoid reaction and proeutectic Al2Cu phase formation, 
respectively [49]. In order to confirm these results, the Al–50Cu bulk 
(hypereutectic alloy) was separately fabricated by SPS technique at 
600 �C and 40 MPa pressure for 10 min. XRD pattern of Al–50Cu alloy 
(Fig. 3b) consisted of the characteristic peaks of Al2Cu intermetallic 
phase and Al(Cu) component, confirming DTA analysis curves. 

Fig. 4a–c shows SEM images and EDS analysis of Al–Cu powders 
containing various amounts of Cu content, after 20 h milling. In order to 
evaluated the changes in the morphology of Al–Cu powders during 
milling process, the SEM images of the primarily Al and Cu powders 
were similarly investigated (Supplementary Fig. S2 a, b). Al and Cu 
powders consisted of irregular-shape and branch-like particles, respec-
tively. After 20h milling, the morphology of initially powders was 
completely changed to plate-like. The similar morphology was reported 
for Al-4.5 wt% Cu alloy after 40 h mechanical milling, in a previous 
research [47]. Moreover, increasing in the particle size of powders could 
be detected, indicating that deformation and cold welding occurred 
during the milling process [46]. Resulted showed that, the particle size 
of Al–20Cu, Al–33Cu and Al–50Cu powders was estimated about 
92 � 21 μm, 96 � 24 μm and 117 � 20 μm, respectively. It could be 
found that, the particle size of powders enhanced with increasing Cu 
content, which could be due to the ductile nature of Cu leading to less 
hard-working during milling process. Moreover, the EDS analyses of 
Al-xCu powders indicated that any impurity was not incorporated in the 
milled powders. 

Fig. 4. SEM images and EDS analysis of Al-xCu powders consisting of various amounts of Cu: a) x ¼ 20, b) x ¼ 33 and c) x ¼ 50.  
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3.2. Characterization of Mg–1Al-xCu alloy 

After evaluation of Al-xCu powders, ternary alloy of Mg–1Al-xCu was 
fabricated via SPS process. SEM images and EDS-mapping analysis of 
Mg–1Al-xCu alloy are presented in Fig. 5. Moreover, High magnification 
SEM images and EDS analysis of Mg–1Al-xCu alloys (x ¼ 0, 0.25 and 1 wt 
%) in two difference area (points 1 and 2 in the SEM images) are pro-
vided in Fig. 6. According to the SEM images (Fig. 5a), the secondary 
phases distributed in the matrix of all samples. However, the chemical 
composition of the secondary phases was different, depending on the 
samples type. For instance, according to the formation of eutectic phase 
of Mg and Al elements at 450 �C [50], the white precipitates in Mg–1Al 
were the eutectic Mg(Al) phase developed during the SPS process. In 
another word, SEM and EDS-mapping of Mg–1Al-xCu alloys also 
revealed the formation of white precipitations. Based on DTA curves 
(Fig. 3a), the Al2Cu and eutectic composition (α-Al2Cu) was synthesize 
in Mg–1Al-xCu alloying, during SPS process. Consequently, the white 
precipitations in Mg–1Al-0.25Cu and Mg–1Al–1Cu alloys were Al2Cu 
phase which were formed at 580 �C and 590 �C, respectively, during the 
SPS process (Fig. 3). XRD patterns of Mg–1Al-0.25Cu and Mg–1Al–1Cu 
alloys also confirmed the formation of Al2Cu phase during SPS process 
(Supplementary Fig. S3). Moreover, based on EDS-mapping analysis of 

Mg–1Al-xCu (x ¼ 0.25 and 1 wt%) (Fig. 5b), this secondary phase was 
uniformly distributed in the matrix. High magnification SEM images and 
EDS analysis of Mg–1Al-0.25Cu and Mg–1Al–1Cu alloys (Fig. 6) also 
revealed that Cu and Al elements distributed in white precipitates and 
these precipitates scattered in Mg matrix alloy. According to EDS anal-
ysis, the weight ratio of Mg/Al, Mg/Cu and Cu/Al in various points of 
samples were determined (Fig. 6b). Results revealed that while the point 
“1” in both Mg–1Al-0.25Cu and Mg–1Al–1Cu alloys was Mg-rich, few 
amounts of Al and Cu penetrated in Mg matrix. The weight ratio of 
Cu/Al in the first area of Mg–1Al-0.25Cu and Mg–1Al–1Cu alloy was 0.7 
and 1.25, respectively. Therefore, with increasing Cu content in 
Mg–1Al-xCu alloy, the amount of Cu penetration in Mg matrix alloy 
increased. Moreover, the point “2” in Mg–1Al-xCu (x ¼ 0.25 and 1 wt%) 
alloy was rich of Al and Cu. In these points, the weight ratio of Cu to Al 
elements increased from 1.7 in Mg–1Al-0.25Cu alloy to 3.9 in 
Mg–1Al–1Cu alloy. In another word, SEM images of Mg–1Al-0.5Cu alloy 
revealed the presence of different precipitates with coarser size 
compared to those of Mg–1Al-0.25Cu and Mg–1Al–1Cu alloys. These 
precipitates revealed a layered structure which might be related to the 
eutectic composition of Al and Cu (α-Al2Cu), according to the DTA curve 
(Fig. 3a). In addition, EDS mapping analysis of Mg–1Al-0.5Cu alloy 
showed the presence of Cu-rich layer in the core and Al-rich layer in the 

Fig. 5. a) SEM images and b) EDS mapping analysis of Mg–1Al-xCu (x ¼ 0, 0.25, 0.5 and 1) alloy.  
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shell of these precipitates. EDS analysis also similarly showed that these 
precipitations consisted of two distinct Al and Cu rich layers. Moreover, 
the major of the first area consisted of Mg elements, which few amount 
of Al and Cu elements penetrated in it. 

The relative dense structure of the Mg–1Al-xCu (x ¼ 0.25, 0.5 and 
1 wt%) alloys in addition to the formation of the secondary phase could 
have significant role on the mechanical properties of the samples. Fig. 7a 
shows the stress-strain curves of pure Mg and Mg–1Al-xCu alloys 
fabricated by SPS process. Results showed that the compressive strength 
and yield strength enhanced with increasing Al and Cu elements. The 
compressive and yield strength of samples were extracted from stress- 

strain curves (n ¼ 3) and are presented in Fig. 7b and c. It could be 
found that both compressive and yield strength enhanced after incor-
poration of 1 wt% Al. It could be due to the formation of Mg(Al) solid 
solution and secondary phases during SPS process. The strengthening 
mechanism of Mg–1Al alloy resulted from the interaction between the 
dislocations and the solute atoms (dislocation strengthening mecha-
nism) [51]. The alloying elements make plastic deformation more 
difficult by impeding dislocation motion or decreasing the energy bar-
rier for cross-slip of dislocations [52]. In this mechanism, the movement 
of dislocations in the matrix alloy could be hindered by Mg(Al) solid 
solution. Moreover, based on Fig. 7, the compressive and yield strength 

Fig. 6. a) High magnification SEM images and b) EDS analysis of Mg based alloys.  

Fig. 7. Mechanical properties of pure Mg and Mg–1Al-xCu (x ¼ 0, 0.25, 0.5 and 1) alloys: a) compressive stress-strain curves as well as b) compressive strength and c) 
yield strength of alloys, as a function of Cu content (*P < 0.05). 
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enhanced in Mg–1Al-0.25Cu (232 � 3 MPa and 94 � 4 MPa, respec-
tively) compared to pure Mg (167 � 9 MPa and 69 � 9 MPa, respec-
tively). It might be attributed to the uniform distribution of Al2Cu 
precipitates. According to our previous results, Al2Cu is an intermetallic 
phase with higher strength (about 660 MPa), 0.2% yield strength 
(440 MPa) and Young’s modulus (88 GPa) [53], than those of alloy 
matrix. In a similar research, Homayun et al. [60] showed the role of 
intermetallic particles in mechanical properties of Mg based alloy. They 
investigated the mechanical properties of Mg–4Zn-xAl-0.2Ca 
(x ¼ 0–3 wt%) alloy and showed that incorporation of Al and Zn ele-
ments could promote the mechanical characteristics of Mg via 
solid-solution strengthening and microstructure refinement mecha-
nisms. In this research, the Ca2Mg6Zn3 secondary phase formed in grains 
boundary leading to enhanced strength from 157 MPa (in 
Mg–4Zn-0.2Ca) alloy to 198 MPa (in Mg–4Zn–3Al-0.2Ca alloy). In 
addition, the volume fraction and size of precipitates also affected the 
mechanical properties of the alloys, as similarly reported in previous 
research [54]. According to Fig. 7, the Mg–1Al-0.25Cu with a more 
uniform distribution of Al2Cu particles in the grain boundary revealed 
the greater compressive and yield strength than those of Mg–1Al-0.5Cu 
alloy (177 � 7 MPa and 75 � 2 MPa, respectively). Similarly, Hassn et al. 
[55] found that the Mg–Cu alloy consisting of 17.95 wt% Cu improved 
the mechanical properties compared to pure Mg, due to well distribution 
of Mg2Cu in the matrix. In other research, Trojanova et al. [56] indicated 
that addition of Al to Mg–4Li alloy resulted in the formation of Al2Li and 
Mg17Al12 secondary phases leading to improved mechanic properties of 
alloy according to the precipitation hardening mechanism. 

The degradation behavior of pure Mg and Mg–1Al-xCu (x ¼ 0, 0.25, 
0.5 and 1 wt%) alloy was studied by immersion test. The samples (n ¼ 3) 

were soaked in SBF solution at 37 �C for 10 h and the volume of released 
hydrogen gas, pH value of SBF solution and changes of sample weight 
were recorded (Fig. 8). Generally, when Mg based materials are 
immersed in aqueous solutions, the following reactions occurred [57]: 

Mg → Mg2þ þ 2e ðReaction 1Þ

2H2Oþ 2e→H2 þ OH� ðReaction 2Þ

Mg2þ þ OH� →MgðOHÞ2 ðReaction 3Þ

Mg2þ þ 2Cl� →MgCl2 ðReaction 4Þ

MgðOHÞ2þ 2Cl� →MgCl2 ðReaction 5Þ

At first, Mg dissolved in SBF solution, leading to formation of Mg2þ

ions (reaction 1). As the same time, cathodic reaction (reaction 2) was 
occurred and galvanic corrosion started. Therefore, according to these 
reactions, the volume of released hydrogen directly related to the 
degradation rate of Mg based materials. Consequently, these results 
could provide a trusty method to investigate the corrosion properties of 
Mg [58]. According to the photograph images of various samples after 
10h immersion (Fig. 8a), it could be found that there was a significant 
difference between the surface morphology of samples, depending on 
their chemical composition. With increasing Cu and Al elements, the 
corrosion products deposited on the surface of samples were noticeably 
enhanced. In addition, according to Fig. 8b, the average volume of 
released hydrogen per surface significantly reduced from 1.61 ml/cm2 

(in pure Mg) to 0.41 ml/cm2 (for Mg–1Al alloy). In another word, the 
weight loss and degradation rate of Mg–1Al alloy (Fig. 8c) significantly 

Fig. 8. Degradation evolution of Mg and Mg–1Al-xCu alloy (x ¼ 0, 0.25, 0.5 and 1 wt%) in SBF solution: a) Photograph images of pure Mg and Mg–1Al-xCu alloy 
after 10h soaking in SBF solution. b) The volume of released hydrogen, c) weight loss and average weight loss of samples and d) pH value of SBF solution during the 
soaking of samples. 
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reduced from 22% to 0.039 cm/h to 12.1% and 0.017 cm/h, respec-
tively. Finally, the pH value of SBF solution was also significantly 
improved during the immersion of Mg sample, compared to Mg–Al alloy 
confirming the higher release of OH� ions and consequently greater 
degradation rate [59]. Chun et al. [60] also investigated the degradation 
behavior of AZ31, via immersing in Hanks’ solution at 37 �C. They found 
that the volume of released H2 decreased from 20 ml/cm2 to 2 ml/cm2, 
when Mg was replaced with AZ31 alloy. As a consequence, the presence 
of Al reduced the corrosion rate of Mg. It could be due to the similarity 
between the potential corrosion of alloy matrix and Mg(Al) phase which 
prevented from the galvanic corrosion of Mg–1Al. Furthermore, the 

significant differences in the degradation performance of pure Mg and 
the Mg–1Al-xCu alloys could be detected. Noticeably, the average vol-
ume of released H2 decreased to 0.32 ml/cm2 in Mg–1Al-0.25Cu alloy 
compared to pure Mg (1.61 ml/cm2). In addition, the degradation rate 
and weight loss of Mg–1Al-0.25Cu alloy (Fig. 8c) significantly reduced 
to 0.0058 cm/h and 4.9%, respectively. Moreover, the pH value of SBF 
solution during immersing of Mg–1Al-0.25Cu alloy did not significantly 
change, compared to other samples confirming the reduced degradation 
rate. Improved corrosion resistance of Mg–1Al-0.25Cu alloy could be 
due to the formation of fine Al2Cu precipitates which were uniformly 
distributed in the grain boundary. However, our results demonstrated 

Fig. 9. Degradation evolution of Mg and Mg–1Al-xCu alloys (x ¼ 0, 0.25, 0.5 and 1 wt%) in SBF solution: a) SEM images and b) EDS spectra of pure Mg and Mg–1Al- 
xCu after 10h soaking in SBF solution. 
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that the corrosion resistance decreased with more increasing Cu content 
from 0.25 wt% to 1 wt%. For instance, the degradation rate and weight 
loss of Mg–1Al–1Cu was 0.019 cm/h and 13.9%, respectively, which 
were greater than those of Mg–1Al-0.25Cu alloy. It could be due to the 
formation of Al2Cu and α-Al2Cu precipitates in the Mg–1Al-xCu alloy 
acting as cathode points to stimulate the degradation rate of alloy. The 
role of size and distribution of precipitates on the degradation properties 
of Mg based alloy was similarly reported in previous researches [61]. Liu 
et al. [30] investigated the effect of Cu content on the degradation of 
Mg-xCu alloy (x ¼ 0.03, 0.19 and 0.57 wt%) and found that the volume 
of released H2 and degradation rate of Mg–Cu alloy enhanced with 
increasing Cu content due to the galvanic corrosion occurred in the 
presence of coarse precipitates in the Mg matrix. 

SEM images of pure Mg and Mg–1Al-xCa (x ¼ 0, 0.25, 0.5 and 1 wt%) 
alloys after 1h soaking in SBF solution are provided in Fig. 9a. The 
formation of deep cracks on the surface of pure Mg confirmed that the 
integrity of the sample was destroyed during the immersing in SBF so-
lution. In contrary, the surface of Mg–1Al-xCu alloys was covered with 
the corrosion product layers and the surface crack could not be detected 
on the surface. According to EDS analysis, the corrosion product con-
sisted of magnesium, oxygen, phosphorus and calcium ions indicating 
the formation of magnesium hydroxide [Mg(OH)2] and Ca–P granules 
on the samples. According to XRD pattern of Mg–1Al-xCu alloy after 
immersion test (Fig. 10), these precipitates consisted of hydroxyapatite 
(HA) and Mg(OH)2 phases formed during the soaking in SBF solution. In 
addition to these ions, Cl� ions were deposited on the sample surfaces. 
Based on reactions 3–5, the Mg(OH)2 could change to MgCl2, due to the 

presence of Cl� ions in SBF solution. Dissolution of Mg(OH)2 caused to 
release OH� ions as indirect corrosion products [11]. In addition, the 
PO3�

4 , HPO2�
4 , H2PO�4 and Ca2þ ions presented in SBF solution reacted 

with OH� ions leading to formation of Ca–P nodules on the surface of 
samples, as similarly reported in previous researches [57]. Moreover, 
the morphology of corrosion products was cauliflower and needle 
shapes, which were similar to the apatite deposited in the matrix of 
collagen in human bones [62]. These unique structure could provide 
larger surface to form more HA deposition on the surface of Mg–1Al-xCu 
alloys [63]. 

3.3. Biological properties of Mg–1Al-xCu alloys 

MTT assay was performed to assess the metabolic activity of 
MG63 cells cultured on the extracts of pure Mg and Mg–1Al-xCu (x ¼ 0, 
0.25, 0.5 and 1 wt%) alloys. Fig. 11a shows the cell viability after 1 and 3 
days of culture on the extracts of samples. The Cu and Mg ion concen-
tration in the extracts of alloys are presented in Fig. 11b. It could be 
found that the concentration of Mg and Cu ions enhanced with 
increasing Cu content in the Mg–1Al-xCu alloys. According to Fig. 11a, 
the viability of MG63 cells slightly enhanced with increasing culture 
time on the various samples, showing that all samples were not toxic. 
Between them, Mg–1Al-0.25Cu alloy significantly improved MG63 cell 
viability from day 1 to day 3 (P < 0.05). In another word, incorporation 
of Cu in Mg–1Al alloy significantly improved cell proliferation, 
depending on the Cu concentration. Noticeably, after 3 days of culture, 
the viability of cells cultured on the Mg–1Al-0.25Cu (161.3 � 11.8 % 
control) significantly enhanced compared to that of on the pure Mg 
(129.2 � 9.6 %control) and Mg–Al (108.5 � 2.3 %control) (P < 0.05). 
However, increasing amounts of Cu in Mg–1Al-xCu reduced the prolif-
eration of MG63 cells to 68.4 � 5.2 %control (in Mg–1Al–1Cu) 
(P < 0.05) which might be due to the greater concentration of Cu and Mg 
ions in the culture medium (Fig. 11b). It could be concluded that while 
the lower Cu concentration in the Mg–1Al-0.25Cu improved the cell 
proliferation, incorporation of more Cu in Mg–1Al-xCu alloy resulted in 
reduced cell growth. Cu ions are powerful antioxidant which could 
destroy the free radicals to improve biological properties [64]. However, 
at high concentrations of Cu ions, the cell membrane was damaged 
leading to cell death, as similarly reported in previous researches [65]. 
In a similar research, Liu et al. [30] suggested that the cytotoxicity of 
Mg-xCu alloys (x ¼ 0.03, 0.19 and 0.57 wt%) was related to Cu con-
centration and the biocompatibility of the alloys reduced with 
increasing Cu concentration. 

The antimicrobial activity of the pure Mg and Mg–1Al-xCu alloys was 
also considered via the disc diffusion test against to E. coli and S. aureus 
bacteria (Fig. 12). It could be found that pure Mg executed antibacterial 

Fig. 10. XRD pattern of Mg–1Al-xCu alloy (x ¼ 0, 0.25, 0.5 and 1 wt%) after 
10h soaking in SBF solution. 

Fig. 11. Biological responses of Mg and Mg–1Al-xCu alloy (x ¼ 0, 0.25, 0.5 and 1 wt%): a) Viability of MG63 cells on pure Mg and Mg–1Al-xCu alloys consisting of 
various amounts of Cu content using MTT assays, after 1 and 3 days of culture (*P < 0.05). b) Mg and Cu ion concentrations released into extracts. 
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activity against the bacteria which might be related to the increased pH 
of extracts during the degradation of Mg. Previous researches confirmed 
that bacteria could be alive usually in the pH range between 6 and 8, in 
which bacteria could keep a cytoplasmic pH [66]. In a research, Ren 
et al. [67] investigated the antibacterial activity of pure Mg and Mg alloy 
(AZ31) against E. coli and S. aureus bacteria. In this research, the pH 
values of both bacterial suspensions with Mg and AZ31 alloy increased 
from 7.4 to 10 and 9.5 after 24 h, respectively. The results indicated the 
antibacterial function of Mg and AZ31 as the E. coli and S. aureus bac-
teria would not survive at high pH value (upper than 8). However, as 
time lapse, the pH value stabilized in the physiological environment. 
Consequently, long-term infection may not be avoided. 

Our results also showed that, Mg–1Al-0.5Cu alloy revealed that 
greatest antibacterial activity against both Gram-negative (E. coli) and 
Gram-positive (S. aureus) bacteria (Fig. 12a). According to Fig. 12b, the 
dimension of inhibition zone increased from 0.4 � 0.1 (mm) and 
1.0 � 0.2 (mm) in pure Mg to 4.3 � 0.3 mm and 3.7 � 0.4 mm in 
Mg–1Al-0.5Cu alloy, against E. coli and S. aureus bacteria, respectively. 
It might be due to the highest concentration of Cu ions in the extract. The 
antibacterial mechanism of Mg–1Al-xCu alloys could be occurred via 
two different strategies. At first, the increasing of pH value due to 
degradation of Mg based alloys in physiological environment which led 
to improved antimicrobial properties of Mg–1Al-xCu alloys, as similarly 
reported above. In another word, the antimicrobial activity could be 
related to Cu release in degradation extract of Mg–1Al-xCu alloys. The 
Cu ions could attach to the bacteria cell wall and tear it, leading to 
protein denaturation and cell death [68]. Although the release of Cu ions 
could promote the antimicrobial properties of alloys, the antibacterial 
activity of Mg–1Al-xCu alloys reduced with increasing the amount of Cu 
content upon 1 wt% (Fig. 12a). It might be due to the changes of pH 
value of suspension with increasing Cu content. The pH value of sus-
pensions was nearly fixed and the excess amount of copper ion release in 
Mg–Al–1Cu alloy did not effect the antibacterial properties. Li et al. [27] 
investigated the effect of Cu ions on the antibacterial ability of pure Mg 
and found that the addition of 0.25 wt% could prevent from biofilm 
formation on the Mg based implants. 

It could be concluded that between various samples, Mg–1Al-xCu 
alloy consisting of 0.25–0.5 wt% Cu could provide significant biocom-
patibility and antibacterial properties making it appropriate for bone 
degradable implants. 

4. Conclusion 

In this study, Mg–1Al–Cu alloys were successfully fabricated using 

spark plasma sintering method and their physical, mechanical, degra-
dation, biological and antibacterial properties were investigated. The 
following conclusions could be drawn:  

1. Incorporation of 0.25 wt% Cu in Mg–1Al alloy resulted in greater 
compression and yield strength than pure Mg owing to the formation 
and homogenous distribution of Al2Cu secondary phase. 

2. Incorporation of 0.25 wt% Cu in Mg–1Al alloy resulted in signifi-
cantly reduced degradation rate than pure Mg after immersion in SBF 
solution.  

3. Mg–1Al-0.25Cu alloy significantly enhance the proliferation of 
MG63 cells compared to pure Mg and Mg–1Al.  

4. Release of bioactive Mg and Cu could synergistically produce long 
lasting antibacterial effects. 
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