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Abstract: Porous Zn-xMg alloy scaffolds (x=5 wt%, 10 wt%, 15 wt%) were fabricated as bone tissue engineering scaffold by spark 

plasma sintering (SPS) using the same volume content space holder (NaCl). The effect of Mg content on the mechanical properties 

and microstructural characterizations of the porous Zn-xMg alloys scaffold was revealed. Results show that with the increasing 

content of Mg from 5 wt% to 15 wt%, the porosity increases from 40.3% to 54.3% and the mean open pore size increases from 289 

µm to 384 µm due to the dealloying effect of Mg. Mechanical test results indicate that porous Zn-Mg alloy is a typical elastic-brittle 

metallic foam and porous Zn-10Mg is the best among three scaffolds. The strength and elastic module of the scaffolds show good 

biomechanical compatibility and is promising to be used as a lower load-bearing implant material. 
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Nowadays, biomedical porous metal materials as a new type 

structure and functional materials are followed with interest. 

Porous structure can not only provide large inner space for in-

growth of new bone tissue and capillaries, but also contribute to 

reduction of stress-shielding effect due to its low elastic 

modulus

[1-3]

. A variety of biomaterials have been developed and 

designed into porous structures, including degradable metals. 

The degradation rate of zinc, as one of biodegradable and non-

toxic elements, is relatively lower than that of magnesium. Ac-

cording to the standard electrode potential Mg(-2.37 V)< 

Zn(-0.763 V)< Fe(-0.44 V), the degradation rate of zinc falls in 

between the rates of Mg and Fe

[4]

. Zinc is also one of necessary 

nutrient element for human, and it plays an important role in the 

metabolism of human body, such as involving in the synthesis 

of more than 80 kinds of enzymes, and directly participating in 

cell division and regeneration

[5]

. However, the use of pure Zn in 

porous scaffold is rather limited because of its insufficient me-

chanical properties, especially the strength

[6,7]

. Therefore, 

modifying the mechanical properties by adding alloying ele-

ments would be an effective way. Currently, Zn-Cu, Zn-Sr, 

Zn-Ag, Zn-Mg alloys were developed as biodegradable materi-

als

[8-11]

. Among these zinc-based alloys, both Zn and Mg as 

biodegradable and necessary elements for human have received 

great attention. Therefore, in this work, Mg was chosen as the 

alloying element to form porous Zn-Mg binary alloys scaffold.  

Usually, the main methods for fabricating porous metal 

scaffolds include, air pressure infiltration method 

(APIM)

[6,10,11]

, additive manufacturing (AM) 

[12,13]

 and powder 

metallurgy (PM) 

[1-3,14,15]

. Compared with the APIM and AM, 

the PM is more convenient and cheaper. In this method, car-

bamide, NaCl and ammonium bicarbonate particles were usu-

ally used as space holders in the PM and APIM. Among the 

three space holders, NaCl particle has good solubility and 

relatively higher melting point (801�°C) than matrix metals, 

which promises NaCl could not react with matrix metal during 

sintering. 

In this work, porous Zn-xMg alloy scaffolds (x= 5, 10, 15, 

wt%) with space holder were fabricated by spark plasma sin-
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tering (SPS). In order to make the pores as connected as pos-

sible, identical 50% volume content of space holder (NaCl 

particle) was added in the three components. The effect of Mg 

addition on the pore characteristics and mechanical properties 

of porous Zn-Mg alloy scaffolds were investigated in detail. 

Additionally, the deformation behavior of the porous Zn-Mg 

alloys scaffolds were analyzed by describing the compressive 

stress-strain curve and observing the fracture morphology of 

bending test.   

1  Experiment 

Commercially pure Zn (99.99%, particle size <50 µm) and 

pure Mg (99.88%, particle size <50 µm) were used as raw 

materials. NaCl particles with hexahedron shape (sieved by 

standard sieves into 100~400 µm) were used as the space 

holder. Fig. 1a shows the morphology of NaCl particles. 

Power Zn and Mg were milled in an agate pot at a speed of 

350 r/min for 4 h by planetary ball milling (QM-QX 0.4L). 

The mass ratio of the power to agate ball was 2:1. Fig. 1b 

shows the Zn-Mg particles after ball milling, whose average 

size is 5~25 µm. After that, the sieved NaCl particles were 

mixed into the Zn-Mg powders. No agate ball or lubricant was 

added during the second mixing. In order to avoid oxidation, 

the entire ball milling process was carried out under argon 

protection. Then these mixtures were fed into φ30 mm cylin-

drical-shaped graphite die. Spark plasma sintering 

(SPS-331LX Fuji Electronic Industrial Co., Ltd, Japan) proc-

ess consisted of three steps: heating up to 575 K at the rate of 

75 K·min

-1

, then heating up to 635 K at the rate of 30 K·min

-1

 

and keeping at 635 K for 5 min. The entire sintering process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  SEM images of raw materials: (a) space holder NaCl particles 

sieved in the range 100~400 µm, (b) Zn and Mg mixed pow-

der after 4 h ball-milling 

was under axial applied stress of 5 MPa in vacuum. After 

cooling to room temperature, the obtained specimens were 

subjected to ultrasonic treatment in deionized water to remove 

the space holder.  

The phase constitutes were detected by X-ray diffraction 

(XRD, Rigaku D/Max 2550V) using Cu Kα radiation at a 

scanning rate of 4°·min

-1

. The pore structure was observed by 

using optical microscopy (OM, Leica DM2700M) and scan-

ning electron microscopy (SEM, Mira3) equipped with an en-

ergy dispersive spectroscopy (EDS, OXford). The average 

size of open pore was analyzed by the Image Pro Plus 6.0 us-

ing OM images. The total porosity (P) of the porous Zn-Mg 

alloys was calculated by using the Mass-Volume principle: 

s

1- 100%

M

P

V ρ

 

= ×

 

⋅

 

                         (1) 

Where, M and V are the mass and volume of the porous sam-

ples, respectively. And ρ

s

 is the theoretical density of 

Zn-xMg/NaCl composite. 

The specimens for compressive tests were machined into 

cylinders having the size of φ 6 mm×11 mm, and the sample 

size for three-point bending tests was 25 mm × 6 mm × 6 mm. 

Uniaxial compression was loaded with the speed of 0.5 

mm/min using DNS100 testing machine, at room temperature 

of 25 °C. Three samples were tested for each component. The 

fracture surfaces following three-point bending tests were ob-

served by SEM.  

2  Results and Discussion 

2.1  Pore structure characterization 

The digital image of porous Zn-xMg (x=5 wt%, 10 wt%, 

15 wt%) alloy scaffolds is shown in Fig.2. Optical micro-

graphs at latitudinal cross-section of porous Zn-Mg alloy 

samples with different contents of Mg are shown in Fig.3. It 

can be found from Fig.3a that those pores made by remov-

ing NaCl particles have regular square shapes. However, it 

can be seen from Fig. 3b and 3c that with the content of Mg 

increasing, the independent pores turn into interconnected 

and the width of interconnected galleries between pores 

widen obviously, resulting in the open pores size increase. 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Digital image of porous Zn-xMg alloy scaffolds 
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Fig.3  Optical micrographs of porous Zn-Mg scaffolds with different Mg mass contents (black area is the pore): (a) porous Zn-5Mg, (b) porous 

Zn-10Mg, and (c) porous Zn-15Mg 

 

Fig.4a to 4c show the open pore size statistical distribu-

tion of porous Zn-Mg scaffolds. The measured porosity and 

mean pore size (an equivalent pore diameter) are shown in 

Fig.4d. It could be found that with the content of Mg in-

creasing, the porosity increases from 40.3% to 54.3% and 

average pore size also increases from 289 µm to 384 µm. 

According to the Ref. [3], the porosity in the range of 

30%~50% and the optimal pore size of 100~400 µm are 

suitable for new bone tissue and capillaries ingrowth. 

Therefore, the pore characteristics of porous Zn-Mg alloy 

scaffold can well meet those of bone. 

The reason is that the density of Mg (1.74 g/cm

3

) is far be-

low that of Zn (7.14 g/cm

3

); therefore, although the mass ratio 

of Mg is lower than that of Zn, the volume ratio of Mg in 

specimen is not low. In the porous specimen with 15 wt% of 

Mg, the volume ratio of Mg reaches up to 42.97%. After al-

loying between Zn and Mg during SPS sintering, there may 

still remain some pure Mg in samples. When removing the 

space holder by using ultrasonic dissolution, the remained Mg 

also reacted with H

2

O acutely to produce corrosion products 

Mg(OH)

2

[2,3,16]

. Meanwhile, the process of dissolving NaCl re-

leased some chlorides. The chlorides would react with 

Mg(OH)

2 

rapidly, breaking the Mg(OH)

2 

protective layer and 

accelerating corrosion rate of Mg. These reactions are ex-

pressed as follows: 

Anodic reaction

 

−+

+→ e2MgMg

2

             (2) 

Cathodic reaction 2H

2

O+2e

-

→H

2

+2OH

-                  

(3)

 

Corrosion products

 

2

2

)OH(MgOH2Mg →+

−+

       (4) 

−−

+→+ OH2MgClCl2)OH(Mg

22

  

(5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Open pore size statistical distribution of the porous Zn-Mg scaffolds: (a) Zn-5Mg, (b) Zn-10Mg, (c) Zn-15Mg, and 

(d) porosity and average pore size of porous Zn-Mg alloy scaffolds 
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Actually, the process of removing space holder (NaCl) is 

similar to a dealloying process to consume Mg element. 

The result is that this process makes the pore and pore in-

terconnected. Meanwhile, it also increases the pore size and 

porosity.  

Fig.5 shows the EDS analysis results of the inner pore of 

porous Zn-10Mg scaffold. Na and Cl were not found in this 

analyzed region, indicating that the NaCl particles in this 

range were removed clearly. There was slight oxidation on 

the inner pore wall, and the mass content of Mg in this re-

gion was lower than the initial addition, which confirmed 

that there has indeed been a slight dealloying process. 

Fig.6a to 6c shows the axial cross-sectional photographs 

of porous Zn-xMg alloy scaffolds. From these figures, it 

could be found that the inner pores made by removing NaCl 

particles remained almost equiaxial and distributed evenly, 

which were not affected by the compression during SPS 

process. And these images show that the pore walls densi-

fied well without macro cracks. Although the porosity of 

porous Zn-15Mg has reached 54.3%, very close to the 

volume content of space holder, the porosity of porous 

Zn-10Mg and porous Zn-5Mg is still lower than 50%. It 

means that some small size NaCl particles may remain un-

dissolved in closed pores.  

2.2  Phase analysis 

Fig.7a shows the phase composition of porous Zn-xMg 

alloys scaffolds. As observed in the XRD patterns, porous 

Zn-Mg alloys mainly contained two secondary phases 

MgZn

2

, Mg

2

Zn

11

, one minor phase ZnO and pure Zn phase. 

No pure Mg peak was found in Fig.7. Indeed, the elemental 

Mg of the surface layer of the porous samples has been al-

most consumed due to the dealloying effect as mentioned 

above. According to Mg-Zn binary phase diagram, theoretically, 

the Zn could react with Mg at 625 K

[17]

, causing exsolution pre-

cipitation and forming secondary Mg

2

Zn

11

, MgZn

2

. Fig.7b and 

Fig.7c are the BSEM image of porous Zn-5Mg and EDS

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  EDS analysis of inner pore structure of porous Zn-10Mg scaffold 

 

 

 

 

 

 

 

 

 

 

Fig.6  BSEM images of porous Zn-Mg scaffolds with different Mg mass contents (axial cross-section, the white arrows indicate pressure  

direction of SPS: (a) porous Zn-5Mg, (b) porous Zn-10Mg, and (c) porous Zn-15Mg 
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Fig.7  XRD patterns of sintered porous Zn-Mg alloy scaffolds (a), BSEM image of porous Zn-5Mg (b) and the EDS results of the arrowed 

point (c) 

 

analysis of the secondary phase. The atom ratio between Zn 

and Mg element is nearly 5.5, indicating that the secondary 

phase can be confirmed as Mg

2

Zn

11

 phase. 

Furthermore, during the SPS process, with the help of spark 

discharge and pressure, the momentarily generated Joule 

heating between powder particles

[18,19]

, could accelerate the 

alloying of Zn and Mg. It could be confirmed by the XRD 

patterns that with the increase of Mg content the peak of Zn 

decreases and the peaks of secondary (Mg

2

Zn

11

, MgZn

2 

) be-

come stronger obviously.  

2.3  Evaluation of mechanical properties 

The mechanical properties of porous Zn-Mg binary alloy 

scaffolds are shown in Table 1. Because the prepared scaffolds 

would like to be mainly used for cancellous bone repair, ex-

cessive elastic modulus will induce stress shielding effects, 

which is not conducive to bone tissue healing. According to 

Ref. [3, 20], the yield compressive strength (YCS), Young’s 

elastic modulus (E

c

) and ultimate flexural strength (UFS) of 

human nature cancellous bone are 1.8~150 MPa, 0.1~20 GPa 

and 2~180 MPa, respectively. The elastic modulus and yield 

strength of porous Zn-Mg alloy scaffolds, which range from 

1.5~7.6 GPa and 39~101 MPa, respectively, all can match the 

required range for lower load-bearing bone tissue application. 

Compared with the porous Zn-based alloy scaffolds pre-

pared by APIM

[6,10,11]

, with the help of spark discharge and 

pressure during SPS, the pore wall of SPS sintered scaffolds is 

denser than that of the other method (Fig.6b and Fig.10). 

Hence, the porous Zn-Mg alloy scaffolds fabricated by SPS 

have higher mechanical properties. Besides, it could be found 

from these results that the mechanical properties of porous 

Zn-10Mg alloy scaffold were higher than those of the other 

two scaffolds. Generally, the mechanical properties of porous 

metal were determined by porosity and pore size

[1,11-14]

. How-

ever, in this work, the mechanical properties of porous Zn-Mg 

alloy scaffolds are not only a function of porosity and pore 

size, but also a function of Mg content. On the positive hand, 

Mg plays a role of alloying element for strengthening the me-

chanical properties by solid solution and precipitating the 

secondary phase (MgZn

2

 and Mg

2

Zn

11

). On the negative hand, 

the addition of Mg also changes the porosity and pore size by 

dealloying during removing space holder process. As de-

scribed by the classical Gibson-Ashby model

 [21]

, the elastic 

modulus and plateau strength have an inverse proportional 

exponential relationship between porosity, and the equations is 

shown as follows. Therefore, under the positive and negative 

effects of Mg, porous Zn-10Mg scaffold has excellent me-

chanical properties among porous Zn-Mg alloy scaffolds with 

three different mass content of Mg. 

1

s 1 s

/ ( / )

n

E E C ρ ρ=

                           (6) 

2

p y 2 s

/ ( / )

n

Cσ σ ρ ρ=

                            (7) 

Where E is the elastic modulus of the porous scaffold, E

s 

is the elastic modulus of the solid bulk material, (ρ/ρ

s

) is the 

relative density of porous scaffold, σ

p

 is the plateau strength 

of porous scaffold, σ

y 

is the yield strength of

 

solid bulk ma-

terial and C

1

, C

2

, n

1

 and n

2

 are constants depending on the 

pore structure. 

2.4  Fracture mechanisms of the porous scaffolds 

The compressive stress-strain curves of the studied mate-

rials are shown in Fig.8. Despite the different porosities and 

mass content of Mg, the compressive strength of the porous 

scaffolds exhibited a similar increasing tendency with the in-

crease of strain. The compressive curves suggest that the 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Compressive stress-strain curves of porous Zn-Mg alloy 

scaffolds sintered at 625 K 
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porous Zn-Mg alloy scaffolds are typical elastic-brittle me-

tallic foam 

[14,19]

. Because of the precipitation strengthening 

effect of secondary phase Mg

2

Zn

11 

and MgZn

2 

causing the 

plasticity worse, at the beginning, there was a short 

line-elastic deformation stage of less than 10% strain. Then 

a long stage with a little reduction or plateau of stress to 

large strain became more evident with the increase of po-

rosity, about 20% strain for porous Zn-15Mg scaffold with 

54.3% porosity. Actually, a temporary stress concentration 

occurred in the inner pore structure, pore structure broke, 

and then the stress was released. It means the pore structure 

was destroyed layer by layer. With the strain of porous 

Zn-5Mg scaffold increasing from 25% to 32% and strain of 

porous Zn-10Mg scaffold increasing from 35% to 42%, the 

stress all increased rapidly. This is a typical densification 

stage (Fig.9).  

Fig.10 shows the flexural fracture surface of porous 

Zn-10Mg scaffold after three-point bending test. The flex-

ural fracture surface is smooth without large deformation of 

pore structure, which suggests that the fracture mechanism of 

bending is more like brittle fracture. The flexural fracture 

process of the porous Zn-Mg scaffolds can be divided

 

Table 1  Porosity, average pore size and mechanical properties of porous Zn-xMg alloy scaffolds 

Samples Porosity/vol% Pore size/µm YCS/MPa E

c

/GPa UFS/MPa E

f

/GPa 

Porous Zn-5Mg 40.3 289 81 2.2 53 3.4 

Porous Zn-10Mg 45.9 338 101 4.3 71 7.6 

Porous Zn-15Mg 54.3 384 54 1.5 39 5.3 

Porous Zn-3Cu (APIM) 

[10]

 68 400-450 11.42 0.95 - - 

Porous Zn-3.5Ag (APIM) 

[11]

 59 329 13.7 - - - 

Nature cancellous bone

 [3,20]

 - - 1.8~150 0.1~20 2~180 0.1~20 

Note: YCS-yield compressive strength, E

c

- elastic modulus of compression, UFS- ultimate flexural strength, E

f 

- elastic modulus of flexure 

 

 

 

 

 

 

 

 

 

 

Fig.9  Schematic diagram of typical compressive deformation mechanism of metallic porous scaffold 

 

 

 

 

 

 

 

 

 

 

Fig.10  BSEM images of flexural fracture surface (porous Zn-10Mg with 45.9% porosity, white arrows indicating the cracks): (a, b) morpholo-

gies of macro-cracks and pore structure, (c, d) magnified images of the micro-cracks formed after testing on the pore walls 

 

into two stages. At the beginning, the surface of porous area 

was subjected to external loading. When the stress reached 

the limit of deformation strength of pore wall materials (ul-

timate compressive strength), the micro-cracks were initi-

ated and transmitted on the edge of weak pore wall and then 

form the original cracks. Then with external loading going 

on, the deformation around the original cracks in internal 

connected pore structure broke, and new micro-cracks ini-

tiated around the macro-cracks. Finally, the crack went 

across the entire section, and macroscopic fracture occurred 

in the porous sample. It could be seen clearly from Fig. 10b 

and 10c that the macro-crack extends along the weak pore 

wall and micro-cracks initiate around the macro-crack, 

which is in agreement with the above idea.  

Macro-crack 

a 

Macro-crack 

b 

Micro-crack 

d 

Micro-crack 
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3 Conclusions 

1) With the addition of Mg increasing from 5% to 15%, 

the open pore size of scaffolds increases from 289 µm to 

384 µm, and porosity increases from 40.3% to 54.3%, due 

to dealloying effect of remained pure Mg when removing 

NaCl particles. 

2) With the help of spark discharge and pressure from 

spark plasma sintering, a sufficient metallurgical reaction 

between zinc and magnesium produces a large amount of 

secondary phase (MgZn

2

, Mg

2

Zn

11

). 

3) The porous Zn-Mg alloy scaffold is a typical brittle 

metal foam. The yield stress and E modules value of the 

porous Zn-xMg scaffolds all match the required range for 

lower load-bearing bone application. 
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