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Abstract 

Biodegradable scaffolds are essential parts in hard tissue engineering. A highly porous magnesium-zinc (Mg-Zn 4 wt.%) scaffold 
with different Mg-Zn powder to liquid media ratios (50 wt.%, 70 wt.% and 90 wt.%) and different concentrations of ethanol (0 vol.%,  
10 vol.%, 20 vol.% and 40 vol.%) were prepared through modified replica method. The mechanical properties were assessed through 
compression test and the structures of scaffolds were examined by Scanning Electron Microscope (SEM). Results show that, the increase 
in Mg-Zn powder to liquid media ratio (50 wt.% to 90 wt.%) in ethanol free slurry, increases the thickness of struts (37 µm to 74 µm) and 
the plateau stress (0.5 MPa to 1.4 MPa). The results obtained from X-ray Diffractometry (XRD) and compression test indicate that con-
suming ethanol in liquid media of replica, results in higher plateau stress by 46% due to less Mg-water reaction and no formation of 
Mg(OH)2 in the scaffold. The results of porosity measurement indicate that water-ethanol mixture composition and different solid fractions 
have no significant effects on true and apparent porosities of the fabricated scaffolds. 
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1  Introduction 

Biodegradable scaffolds are a class of implants that 
degrade gradually in human body with a suitable host 
reaction elicited by the released degradation products. 
They should disappear entirely upon fulfilling the mis-
sion of supporting the restoration of bone defects leaving 
no implant residues. Therefore, no further surgical op-
eration is required for the implant removal[1,2].  

It has been shown in the literature that the archi-
tecture of a porous implant has a great effect on the bone 
ingrowth into the pore space[3]. Porous structure pro-
vides adequate space for cell migration, adhesion, pro-
liferation and differentiation, allowing new bone tissue 
ingrowth[4]. Although porosity is necessary for scaffolds, 
however, it considerably reduces the scaffold's 
strength[1]. Recently, porous Mg and Mg alloys have 
been specially suggested as metallic scaffolds[5–7], be-
cause of mechanical properties close to those of human 
bone, in vivo biodegradation characteristics in body 
fluids and also natural ionic content that may have im-
portant functional roles in physiological systems[1].  

A variety of processing methods have been devel-
oped to fabricate porous Mg based scaffolds, such as 
powder metallurgy[6,8,9], laser perforation[10,11], titanium 
wire space holder[12], hydrogen injection[13] and negative 
salt pattern molding[14]. In addition, there are some 
methods like freeze-casting[15], plasma-spray[16], 3D 
rapid prototyping[17] and Polymeric Sponge Replication 
(PSR) method[18–22], which have been used to fabricate 
some metallic/ceramic based scaffolds. The PSR method 
has received particular attention because it can provide 
very high porosity with good interconnections between 
pores[23]. In this method, ceramic/metallic powders are 
mixed with a solver, dispersant and binder into slurry, 
which will be used to impregnate a polymer foam tem-
plate. After drying, the dispersant, binder and polymer 
foam are removed and the powder framework is sin-
tered. The metallic/ceramic foam will replicate the 
polymer foam structure. Therefore, it is possible to 
fabricate highly porous open-cell metallic/ceramic foam 
with a uniform cell structure similar to the polymer 
foam[20,22,24]. The PSR method has been used to  
fabricate hydroxyapatite[19,20]  and  titanium[21,22,24]  based 
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Table 1  Coding, condition, thickness of the struts and plateau stress of different samples 

Name of the sample Mg-Zn powder (wt.%) Ethanol in liquid media (vol.%) Mean thickness of the struts (µm) Plateau stress (MPa) 

MZ50-E0 50 0 37 ± 7 0.50 ± 0.05 

MZ70-E0 70 0 58 ± 8 0.75 ± 0.06 

MZ90-E0 90 0 74 ± 7 1.40 ± 0.08 

MZ70-E10 70 10 57 ± 9 0.86 ± 0.05 

MZ70-E20 70 20 56 ± 8 0.98 ± 0.06 

MZ70-E40 70 40 58 ± 8 1.10 ± 0.07 

 
scaffolds. Lee et al.[21] produced a titanium based scaf-
fold using PSR method with porosity about 70% and 
compressive strength of 18 MPa. They prepared their 
slurry by dispersing TiH2 powder in ethanol containing 
of triethyl phosphate as a dispersant and polyvinylbutyl 
as a binder. Using the same method, Ahmad et al.[24] 
fabricated titanium scaffolds with porosity up to 80% 
and compressive strength of 14.85 MPa. Wang et al.[25] 
have introduced a mixture of deionized water and eth-
anol as a modified solvent to the preparation of titanium 
slurry in PSR method. The addition of ethanol to the 
titanium slurry improved compressive strength of tita-
nium scaffold by increasing the compactness of the 
skeleton. 

It seems that, the modified PSR method has not 
been applied for the fabrication of the magnesium-zinc 
scaffold so far. Hence, the main objective of this re-
search is to assess the processability of highly porous 
magnesium-zinc (Mg-Zn 4 wt.%) scaffold through 
modified PSR method. The effect of processing vari-
ables such as the compositions of water-ethanol mixture 
and the powder metal to liquid media ratios on micro-
structure and mechanical strength of the scaffolds has 
been studied. 

2  Materials and methods 

2.1  Porous Mg-Zn scaffold fabrication process 
Polyurethane (PU) sponges (MEAY Co., Ltd. 

China; average pore size of 300 µm – 700 µm) as the 
sacrificial template of 10 × 10 × 10 mm dimension were 
dipped into Mg-Zn 4 wt.% slurry with 50 wt.%, 70 wt.% 
and 90 wt.% of Mg-Zn powder (Mg: particle size of  
63 µm, Merck, CAS No. 7439-95-4; Zn: particle size of 
10 µm, Merck, CAS No. 7440-66-6, Germany),  
1.5 wt.% of polyvinyl alcohol (PVA) and 1 wt.% of 
Dolapix in water-base liquid media (distilled water with 
0 vol.%, 10 vol.%, 20 vol.% and 40 vol.% ethanol). 

Excess slurry was removed from the PU templates by 
squeezing the sponge to avoid PU template pore filling. 
All struts of the PU sponge should be covered with 
magnesium slurry. The obtained green magnesium foam 
was dried for 24 h at room temperature; then, it was 
exposed to 10–5 mbar vacuum and heated at 450 ˚C for  
1 h for polyurethane removal. An increase in tempera-
ture from 450 ˚C to 550 ˚C, for 2 h allows magnesium 
sintering. The process was carried out at heating and 
cooling rate of 5 ˚C·min−1. Different coding and condi-
tion for the samples are shown in Table 1.  
 
2.2  Microstructural observation  

The effect of Mg-Zn powder to liquid media ratio 
on microstructure of scaffolds was characterized through 
Scanning Electron Microscope (SEM; XL 30, Philips, 
Netherlands). The samples were gold coated through a 
sputter coater before observation.  
 
2.3  Porosity measurement  

The amount of porosity was measured according to 
ASTM B962 standard by Archimedes method with dis-
tilled water impregnation. The apparent (interconnected) 
porosity was obtained as: 

w d

w s

Apparent porosity = 100,
W W
W W

−
×

−
             (1) 

where Wd, Ww and Ws are the weight of the sample,  
in air, including water and suspended in water, respec-
tively. 

The true porosity including both closed and ap-
parent porosities could be calculated according to the 
following equation: 

d

w s

Ture porosity = 1 100,
( )

W
W Wρ

− ×
−

          (2) 

where ρ is the theoretical density of Mg-Zn 4 wt.%. The 
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measurement was performed for three times in order to 
obtain the mean value of true and apparent porosities. 
 
2.4  Phase identification 

To assess the probable phases formed during this 
process (initial powders, fabricated template in water, 
fabricated template in ethanol-water mixture and sin-
tered sample), X-ray diffraction (XRD: Philips, 
X’Pert-MPD, Netherland) was applied as the radiation 
source Cu-Kα (λ = 1.5405 A◦), at 40 kV, at the rate of  
2θ = 1˚·min−1 in the range of 2θ = 20˚ – 80˚. 
 
2.5  Compression test 

Compression test for the fabricated cubic porous 
samples of (10×10×10 mm) was carried out through an 
universal testing machine (INSTRON 5566S, USA), 
according to ISO 13314:2011 at a 1 mm·min−1 
cross-speed. The test was run on the samples (with the 
same condition) for three times in order to estimate the 

mean value and standard deviation of the plateau stress 
of the sintered samples. 

3  Results and discussion 

3.1  SEM observation 
The morphology and microstructure of raw mate-

rials is shown in Fig. 1. It is evident that, polyurethane 
sponge contains of interconnected pores smaller than 
700 µm (Fig. 1a) and the particles shape of magnesium 
and zinc powders are irregular (Fig. 1b) and spherical 
(Fig. 1c), respectively. The microstructure of the sintered 
samples at different magnifications is shown in  
Fig. 2, in which, the thickness of Mg-Zn scaffolds struts 
is increased by an increase in Mg-Zn powder to liquid 
media ratio (Figs. 2a – 2c). 

Microstructure of the scaffolds fabricated by con-
suming different compositions of water-ethanol mixtures, 
indicate that, no differences is observed among different 
samples. According to the results obtained through SEM  

 

 
Fig. 1  SEM micrographs of raw materials. (a) Polyurethane sponge; (b) particles of magnesium powder; (c) particles of zinc powder. 

 

1 mm

200 μm50 μm

(a) (b) (c)

1 mm 1 mm

(e)(d)

 
Fig. 2  SEM micrographs for different Mg-Zn porous scaffold fabricated by Mg-Zn powder to liquid media ratio of (a) 50 wt.%,  
(b) 70 wt.%, (c) 90 wt.% after sintering, (d) a strut of scaffold at higher magnification and (e) hollow struts (polyurethane removal). 
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observations, almost all pores of the scaffold are inter-
connected, the magnesium particles are completely 
welded to each other (Fig. 2d), polyurethane is com-
pletely removed from the core (center) of struts,  
and hollow magnesium based struts are formed  
(Fig. 2e). 

According to the results obtained through ImageJ 
processing of the SEM images, the struts thickness of the 
Mg-Zn scaffolds increases from 37 µm to 74 µm, by an 
increase in the metal powder content of the slurry from 
50 wt.% to 90 wt.%. It is evident that the ethanol content 
of the liquid media had no effect on the thickness of the 
struts. 
 
3.2  Phase identification 

Results of XRD are exhibited in Fig. 3, indicating 
that initial powders (mixture of Mg-Zn powders) consist 
of merely pure magnesium and zinc phases. The dried 
template fabricated in water (MZ70-E0) before sintering, 
was crushed and analyzed. As seen in the figure, in this 
sample, Mg(OH)2 is formed, indicating the interaction 
between magnesium and water during template fabrica-
tion process; while Mg(OH)2 is not formed in the fab-

ricated template where water-ethanol mixture 
(MZ70-E40) is consumed. It is assumed that, ethanol 
inhibits the reaction between water and magnesium 
during template fabrication process. Although Mg(OH)2 
is not observed in the sintered samples, but small peak of 
MgO is observed for both fabricated templates. Direct 
oxidation of magnesium or decomposition of Mg(OH)2 
may result in MgO formation. It is suggested that, during 
sintering, the small amount of MgO phase reduces the 
strength of bonding between particles. Therefore, it is 
expected that, the compressive strength of samples fab-
ricated in water-ethanol slurry could be higher due to 
less Mg-water reaction.   

The XRD pattern of the sintered sample consists of 
sharp peaks of pure magnesium phase and small peaks of 
MgO phase. No intermetallic phase is observed between 
magnesium and zinc in the pattern because of their low 
concentration, which corresponds to the findings of 
Seyedraoufi et al.[5]. 
 
3.3  Porosity of samples 

The results of porosity measurement indicate that 
composition of water-ethanol mixture has no significant  
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Fig. 3  X-ray diffraction pattern of (a) sintered Mg-Zn scaffold, (b) immersed template in water + ethanol (MZ70-E40) before sintering, 
(c) immersed template in water (MZ70-E0) before sintering, and (d) mixture of initial Mg-Zn powders.  
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effect on true and apparent porosities of magnesium 
scaffolds. In (MZ50-E0), (MZ70-E0) and (MZ90-E0) 
samples, with an increase in the solid fraction, true po-
rosity is decreased from 82% to 81% and the apparent 
porosity is decreased from 81% to 79%. Decreasing of 
the porosities can be attributed to the thickening of the 
struts which would results in the higher compressive 
strength as shown in next section.  

Porosity measurement shows that, for all cases, the 
open porosity ratio is in excess of 0.98, indicating that 
most cells are interconnected. It should be mentioned 
that, cancellous bones consist of an interconnected po-
rous structure with the porosity of 30% to 95%[1], and the 
interconnectivity of pores and appropriate porosity are 
necessary conditions for successful cell viability in 3D 
scaffolds[26]. Therefore, the fabricated magnesium based 
scaffold could be intentioned from two aspects of in-
terconnectivity and the amount of porosity. 

Comparing the results of porosity measurement, 
indicates that water-ethanol mixture composition and 
different solid fractions have no significant effects  
on true and apparent porosities of the fabricated scaf-
folds. 
 
3.4  Compressive strength  

The compressive engineering stress–strain curves 
of different samples are illustrated in Fig. 4. Different 
coding, condition, mean thickness of the struts and pla-
teau stress for different sintered samples are shown in 
Table 1.  

According to the results obtained from the com-
pression tests, the plateau stress of the sintered scaffolds 
increases from 0.5 MPa to 1.4 MPa, as the solid content 
of Mg-Zn powder in ethanol free slurry increases from 
50 wt.% to 90 wt.%. This phenomenon is due to the 
thickening of the struts (Fig. 2). It is evident that by 
increasing the solid content of Mg-Zn powder in ethanol 
free slurry from 50 wt.% to 90 wt.%, the thickness of the 
struts of scaffold increases from 37 µm to 74 µm, where 
higher force is required to compress the pores of the 
scaffold.   

As shown in Fig. 4 and Table 1, the plateau stresses 
of MZ70-E0, MZ70E-10, MZ70-E20 and MZ70-E40, 
are about 0.75 MPa, 0.86 MPa, 0.98 MPa and 1.1 MPa, 
respectively. It  is  evident  that the plateau  stress  of  

St
re

ss
 (M

Pa
)

 
Fig. 4  The engineering stress-strain curve for different Mg-Zn 
porous samples. 
 
Mg-Zn scaffold fabricated through modified replica 
method increases with the ethanol content of slurry, 
because the ethanol inhibits the Brucite/MgO formation 
on the surface of magnesium powder beads, allowing 
their better diffusion. Although, the compressive 
strength level of the samples is relatively low, but it is in 
cancellous bone strength range (0.2 MPa – 80 MPa[1]).  

In general, the authors here recommend consuming 
water-ethanol mixture for Mg-Zn scaffold fabrication in 
which replica method is adopted. This mixture inhibits 
Brucite/MgO formation of Mg powder in the slurry, thus, 
higher compressive strength could be obtained. 

4  Conclusion 

Highly porous Mg-Zn 4 wt.% scaffolds were fab-
ricated through modified replica method. Different 
concentrations of ethanol with different metal powder to 
liquid media ratios were consumed and applied for 
scaffold fabrication. The struts thickness and the plateau 
stress increase with the Mg-Zn powder to liquid media 
ratio. Water-ethanol mixture composition and different 
solid fractions have no considerable effects on true and 
apparent porosities of the fabricated scaffolds. Con-
suming ethanol in the slurry inhibits the MgO/Mg(OH)2 
formation on the surface of magnesium powder beads 
which results in higher plateau stress of the scaffolds by 
46%. The compressive strength of fabricated porous 
scaffolds made of reactive metals through replica 
method is subject to the struts thickness and its bonding 
strength. 
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