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1. Introduction 

Among body tissues, bones with porous and dense 

forms (cancellous and cortical) have a high potential 

for restoration [1]. Therefore, more than 400,000 

bone grafting surgeries in Europe and around 600,000 

bone grafting surgeries in U.S. are performed per year 

[2]. However, more than one thousand patients die in 

the graft waiting list [3]. On the other hand, it has been 

predicted that due to the increase in the road accidents 

and trauma injuries, implant markets growth will have 

been 116 billion dollars by 2020 [4]. In tissue 

engineering, 3D porous structures called scaffolds are 

used to replace the injured tissue. Actually, the 

scaffold acts like a temporary bed for cell adhesion 

and let's cells stick to it; this is followed by cells 

proliferation and differentiation, eventually leading to 

the new tissue growth and replacement [5].  

Investigations on porous metals such as stainless 

steel, titanium and cobalt based alloys has shown that 

these materials have limitations including the release 

of metal ions and the mismatch of the Young’s 

modulus to the surrounding bone tissue [6]. A 

biodegradable metal like magnesium, if used in a 

porous state in the body, can be degraded completely 
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after implantation, leading to the significant 

formation of a new bone and stimulating angiogenesis 

[2]. Moreover, this metal has some advantages such 

as proper biocompatibility, ability of 

osteoconductivit [7- 9] and cytocompatibility for new 

bone formation [2], low thrombogenicity, better 

endothelialization [10], as well as adequate elastic 

modulus for load bearing applications [8, 12, 13]. 

Of the disadvantages of this bio-metal is its rapid 

degradation and also the formation of a thin gray layer 

of magnesium hydroxide (Mg(OH)2) over the surface 

which are in contact with a physiological solution [9]. 

However, when used as implant, magnesium 

corrosion creates a non-toxic metal oxide which is 

easily excreted through urine [8]. 

The powder metallurgy technique and the use of 

spacer agent particles are one of the ways in which 

porous magnesium scaffolds can be produced. In this 

method, spacer agent particles of carbamide and 

ammonium bicarbonate are often used as spacer agent 

[6, 9, 11, 13- 22]. To fabricate a high quality 

magnesium scaffold using carbamide (H2N-CO-NH2) 

spacer agent, it should all products of pyrolysis to be 

removed before sintering. Because pyrolysis of 

carbamide during sintering could release some toxic 

gases like ammoniac and cyanic acid (HNCO) and or 

solid products such as Ammelide and Ammeline, that 

these products decompose at temperatures much 

higher than magnesium sintering temperature [23]. 

The literatures shows that the dissolution process of 

spacer agent particles was performed by various 

solutions such as distilled water, 0.001 molar sodium 

hydroxide solution, and ethanol solutions [15-17]. 

According to previous researches [15-17], none of the 

previously used solutions have been able to remove 

the spacer particles completely, prior to the sintering 

process. 

The current study introduced a modified dissolution 

method (distilled water+HF acid) for the carbamide 

(as spacer agent) removal; and also, the optimum 

sintering temperature for the fabrication of the 

magnesium scaffolds. 

 

2. Materials and Methods 

A magnesium powder (Merck: CAS 7439-95-4) with 

the purity of 99% and a particles size smaller than 50 

µm was used as the scaffold matrix, and carbamide 

particles almost isometric (Merck: CAS 57-13-6) 

with the size of 700 µm were used as the space holder 

agent. After calculating the weight of the magnesium 

powder and carbamide particles for producing the 

magnesium scaffold with the nominal porosity of 

65%, powders were carefully mixed with a small 

amount of ethanol (~2% in weight) as the binder and 

pressed in a cylinder mold with the optimum pressure 

of 350 MPa [15] using a 30 ton press machine. Then, 

in order to prevent the reaction of magnesium and 

carbamide particles, the carbamide particles were 

removed by the modified dissolution method 

(Distilled water twice + 48% HF solution) 

(Hydrofluoric acid 48%- HS Code: 28111100) before 

the sintering process. In order to leach the spacer 

agent particles out from compacted pellets, they were 

first soaked in distilled twice for 50 min and then for 

50 min into HF solution. As soon as samples were 

taken out of the HF solution, the samples were 

cleaned with ethanol and dried for 12 hours. 

Afterwards, green porous samples were sintered at the 

temperatures of 540, 580 and 620 ℃ for 2.5 hours in 

a vacuum furnace (1 × 10−4 Torr) with the heating 

rate of 5 
℃

𝑚𝑖𝑛
. After sintering, the average actual 

porosity was determined according to Equation (1) 

[24]: 

 

Equation (1)  𝑃𝑎 = (1 −
𝜌𝑓

𝜌𝑀𝑔

)  ˣ 100 

 where 𝑃𝑎 is the actual porosity, ρ is the density of the 

porous sample (calculated from the dimensions and 

weight) and ρMg is the density of pure magnesium 

(1.74 g/cm3). The weight and dimensions of the 

samples were measured using a digital balance of 

0.0001 gram and a digital caliper with a precision of 

0.01 millimeter, respectively. 

In fact, 
𝜌𝑓

𝜌𝑀𝑔
 is the relative density of the sintered 

magnesium scaffold. 

XRD test with a Cu-Ka source were used to phase 

analyze on the surface of the magnesium sample after 

sintering and magnesium powder. 

 Scanning Electron Microscope (SEM: Philips XL-

30) and optical microscope (OM: NIKON EPIPHOT 
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300) were used to study the microstructure and 

morphology of the magnesium scaffolds. The 

compression strength of prepared magnesium 

scaffolds was measured using compression testing of 

cylindrical samples with diameter and height of 8×8 

mm. The tests were performed in accordance with 

ISO 13314 standard using compression strength 

equipment (HOUNSFIELD: H30KS) at room 

temperature with crosshead speed of 0.5 mm.min-1. 

Each test was repeated three times and the average 

values were reported. 

 

3. Results and discussion  

3.1. Carbamide removal 
Results of carbamide removal from inside the 

magnesium scaffold with 65% porosity (cold 

compacted at 350 MPa) were obtained by measuring 

the weight of the dry samples before and after the 

dissolution process. The results show that after 50 min 

immersion in distilled water twice, 70±2% of spacer 

agent particles (carbamide) were removed, and 

22±2% of these particles were removed for 30 min 

immersion in HF solution. Overall, 96±2% of 

carbamide particles were removed during the 

dissolution process by the modified dissolution 

method for 100 min. While, according to our previous 

results, 50% and 70% of spacer agents were removed 

after 50 min immersion in NaOH solution and 

ethanol, respectively. In the following, only 10% and 

5% of residual spacer agent particles in the pellets 

were removed by 0.001 molar sodium hydroxide and 

ethanol solutions by immersion for future 30 min, 

respectively. Spacer agent removal by NaOH and 

ethanol solutions, didn’t lead to complete carbamide 

removal at 80 min of soaking [15]. The use of NaOH 

solution to remove spacer agent particles leds to 

oxidation of the scaffold [14, 15]. 

Fig. 1, presents a magnesium scaffold, sintered at 580 

C. The carbamide particles of this scaffold were 

removed using modified dissolution method. It is 

evident that the surface of scaffold is completely 

clean, and without any visible contamination. On the 

other hand, it is demonstrated that [14, 23], total 

thermal decomposition of urea requires temperatures 

above the melting point of magnesium. Also, Khodaei 

et. al [25], have been demonstrated that, the 

ammonium bicarbonate residue, cannot be removed 

totally from the of the pores of sintered titanium 

scaffold including 70 wt.% of ammonium bicarbonate 

at 1200 ℃. So, it is necessary to remove the spacer 

agent particles before the sintering process. For 

magnesium scaffold fabrication with lower porosity, 

longer dissolution time is predicted by HF solution. 

Usually, initial heating cycle at 250-350 ◦C for 1-4 h 

were used by researchers [9, 13, 18, 26] during 

sintering of magnesium scaffold for carbamide 

removal. While, by leaching out of carbamide 

particles using the modified dissolution method 

(distilled water twice + HF solution), this step heating 

can be removed, and this, will lead to the reduction of 

time and costs of sintering process. Also this 

decrement, can reduce the chance of magnesium 

oxidation and contaminations. 

Results indicated that just about 4±2% percent of 

carbamide was remained into closed pores (mainly in 

the center of sample) of magnesium scaffold after 

dissolution in HF that might be removed because of 

struts shrinkage during sintering process. 

 

Based on the literature of review, magnesium 

immersion in HF for 24 h, result in formation of MgF2 

at the surface at thickness of 1.5 μm [27, 28]. Also 

Drynda et al. [29] reported 10-20 μm MgF2 layer 

formation at the surface of Mg-Ca alloy including 

thick layer of Mg(OH)2 after immersion in HF for 96 

h, According to the equation 2 (magnesium hydroxide 

converted to magnesium fluoride) 

 

Equation 2        Mg(OH)2 + 2HF →MgF2+2H2O   

 

3.2. Analysis of X-ray diffraction (XRD) patterns  

The X-ray diffraction patterns of initial magnesium 

powder and sintered magnesium scaffold at the 

temperature of 620℃ are shown in fig. 2(a-b). 

According to the Fig. 2a, X-ray pattern of initial 

magnesium powder, mainly consisted of pure 

magnesium (PDF No.: 00-035-082). In addition of 

small peak at 28 degree, related to magnesium oxide 

(periclase. PDF No.: 00-030-079). Magnesium oxide 

is naturally formed at the surface of magnesium 

powders. While at the XRD pattern of magnesium 
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scaffold (Fig. 2b), the peak of magnesium oxide is not 

observable, meaning that HF solution dissolved or  

 

Figure 1. A sample of magnesium scaffold sintered at 580 ° C with 65% porosity (Carbamide removal by the modified 

dissolution method). 

 

 
 

Figure 2: XRD pattern for: a) initial magnesium powder, b) sintered magnesium scaffold after carbamide removal using 

modified dissolution method.  
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removed magnesium oxide at the surface, and instead, 

magnesium fluoride peaks (PDF NO.: 01-070-2268) 

are observable. This means, a thin layer of magnesium 

fluoride is formed at the surface of magnesium after 

immersion in HF solution for 40 min. Several studies 

have shown that [2, 27, 41] this coating can be 

protected against corrosion and the release of 

hydrogen can be reduced due to the improved 

corrosion resistance of magnesium. 

Based on the literature of review, small peak of 

magnesium oxide was observable for magnesium 

scaffolds, which spacer agent was removed using 

water base sodium hydroxide solution [15] and or 

thermal method [19, 21, 22, 42], at 43 degrees. So it 

is evident that, modified dissolution method (distilled 

water twice + HF solution) has more superiority than 

the others carbamide removal methods, because, the 

use of HF solution in this method leads to oxide 

removal or at least fewer oxidation of magnesium 

during spacer agent removal. According to the 

equation 3 and its Gibbs free energy, magnesium 

oxide removal by HF is reasonable. 

 

Equation 3:         MgO (s) + 2HF (l) →MgF2 (s) + H2O 

(l)   G= -139 kJ/mol         [43] 

 

 

It is noted that, the oxidation of MgF2 and conversion 

to MgO in air occur at temperatures above 800℃ [44]. 

So, MgF2 could not be decomposed during the 

sintering of magnesium at a protective atmosphere 

(vacuum or argon).  

 

3.3. Morphology and microstructures of the 

magnesium scaffolds 

The morphology and microstructures of the 

magnesium scaffolds sintered at 540, 580 and 620℃ 

are shown in Fig. 3. 

 

According to SEM and OM microscope images (Fig. 

3), at 530℃, the boundary between powder particles 

could be recognized clearly and the struts of pores are 

larger, while at 580℃, the boundary between the 

powder particles has been reduced by the migration of 

atoms and slightly narrowed the struts of the pores. 

But, it could be said that at 630℃, the boundaries 

between the magnesium powders has almost 

disappeared and the walls of pores are somewhat 

thinned which in some places are removed by heat. 

According to the results of microscopy, increasing the 

temperature of sintering leads to more atomic 

migration at higher temperatures and more tendency 

to become more rigid (to reduce the free surfaces and 

reduce the Gibbs free energy of surface). 

 

Figure 3: SEM and OM images of the magnesium scaffolds with the porosity of 65%, as sintered at 530℃ (a, d), 

580℃ (b, e) and 630℃ (c, f).
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3.4. Scaffolds porosity 

It was observed that during the sintering process, 

when sintering temperature was increased to ~ 90% 

and ~ 96% of the pure magnesium melting point, the 

dimensions of the scaffolds decreased by 4% and 7%, 

respectively, due to shrinkage of the scaffolding 

during the sintering process. At sintering 

temperatures 90% ~ and 96% ~ melting point of 

magnesium, the actual porosity of the scaffolds 

decreased to 3% than the theoretical porosity. This 

can be due to the close of micropores during the 

sintering process or dissolution in HF solution, which 

results in the formation of a magnesium fluoride layer 

on the scaffold surfaces. So that, from microscopic 

pictures, it could be seen that the connection between 

micropores was removed due to the shrinkage of 

fragments. 

 

3.5. Mechanical properties of the scaffolds 

According to the curves obtained from the 

compression test (Fig. 4), the mechanical properties 

of the samples sintered at 580 and 630℃ were higher 

than those of the sample sintered at 530℃. Thus, as 

could be seen from Fig. 5 that with increasing the 

sintering temperature from 530 to 630℃, the 

mechanical properties of the sintered magnesium 

scaffolds were improved (approximately from 2 MPa 

to 6 MPa); this could be due to the development of 

adequate bonding between the magnesium particles.  

Based on the results reported by Hao et al. [17], the 

applicable temperature to produce magnesium 

scaffolds is in the range of 610-630℃. So, a much 

higher sintering temperature could lead to melting 

parts of the magnesium particles, resulting in the 

formation of the magnesium globules during the 

sintering process and the non-uniform distribution of 

the pore size, as well as the distortion with the 

undesired shape [17].  

 

The results showed that compressive mechanical 

properties (average plateau stress) and the average 

elastic modulus were enhanced as the temperature 

was increased, showing the proper conformity with 

the mechanical properties of some cancellous bones. 

Table 1 shows the elastic modulus and mechanical 

properties of some cancellous bones [45, 46] and the 

results of Hao et al. [17], and Aida et al. [16], in 

comparison to the fabricated magnesium scaffolds in 

current study. Magnesium scaffolds fabricated in the 

current study and the researches of Hao and Aida, 

have been fabricated with almost same conditions and 

materials. According to Table 1, the results show that 

the magnesium scaffold that had been removed the 

spacer agent particles prior to the sintering process by 

the modified dissolution method has a higher 

mechanical strength than the magnesium foam 

produced by Hao and Aida, which removed some 

spacer agent particles by thermal method. 

Figure 4. Engineering stress–strain curve for the compression test of the magnesium scaffolds, sintered at different 

temperatures. 
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Figure5. Results of the compression test for the magnesium scaffolds. 

 

 
Table 1. Mechanical properties of the magnesium scaffolds with the porosity of 65%-70%, as sintered at 

different temperatures, in comparison to some cancellous bones [16, 17, 45, 46]. 

 

Elastic modulus  

(GPa) 

Strength  

(MPa) 

Sintering temperature 

and time (℃) & (h) 
Specimen 

-- 1-35 
 

---- 

Cancellous bone 

 (Femoral head) 

-- 1-5 
 

---- 

Cancellous bone 

(proximal to tibia) 

0.05-0.5 2-12 
 

---- 
Cancellous bone 

---- 4 
 

630-2.5 

Magnesium scaffold by  

Hao et al. 

---- 3.8-4.8 
 

600 & 630-2.5 

Magnesium scaffold by  

Aida et al. 

0.11-0.13 4.48-6.00 
 

580 & 630-2.5 

The current magnesium 

scaffold 

 

According to the data presented in table 1, it was 

evident that the fabricated magnesium scaffolds in 

this study had mechanical properties comparable to 

those of the cancellous human bone; therefore, they 

could be a good candidate for load bearing 

implantation. Also, future efforts will focus on  

 

 

controlling the degradation rate of the magnesium 

porous scaffold for bone implantation.  

 

4. Conclusion 

Since determining the suitable sintering temperature 

and also, clean dissolution process can affect the 
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propertites of the magnesium porous scaffolds, the 

role of the sintering temperature in the 

microstructures of pores (micro and macro pores), 

and the mechanical properties of magnesium porous 

scaffolds was studied.  

The results showed that the optimum mechanical and 

microstructural properties of the magnesium scaffold 

could be obtained by sintering at the temperature 

range of 580-640℃. Also, carbamide particles 

dissolution by modified dissolution method has more 

superiority in compare with the others conventional 

carbamide removal methods. The use of HF solution 

has advantages, such as removal of spacer agent 

particles as much as possible (about 96% ± 2%) 

before the sintering process, decreasing the time and 

costs of sintering and possible contamination of 

magnesium, fewer oxidation of magnesium during 

spacer agent removal and also improved mechanical 

properties. 
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