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Abstract: Lotus-type porous Mg–xMn (x=0, 1, 2 and 3 wt.%) alloys were fabricated by metal/gas eutectic 
unidirectional solidification (the Gasar process). The effects of Mn addition and the fabrication process on the porosity, 
pore diameter and microstructure of the porous Mg−Mn alloy were investigated. Mn addition improved the Mn 
precipitates and increased the porosity and pore diameter. With increasing hydrogen pressure from 0.1 to 0.6 MPa, the 
overall porosity of the Mg−2wt.%Mn ingot decreased from 55.3% to 38.4%, and the average pore diameter also 
decreased from 2465 to 312 μm. Based on a theoretical model of the change in the porosity with the hydrogen pressure, 
the calculated results were in good agreement with the experimental results. It is shown that this technique is a 
promising method to fabricate Gasar Mg–Mn alloys with uniform and controllable pore structure. 
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1 Introduction 
 

Magnesium alloys have received intensive 
attention as a new type of degradable bio-  
materials [1,2]. The densities, elastic moduli, and 
stiffness values of magnesium alloys are close to 
those of human bone [3,4]. Furthermore, porous Mg 
alloys are promising biodegradable materials for 
orthopedic applications. These porous biomaterials 
have been confirmed to facilitate bone ingrowth and 
may allow for efficient soft tissue attachment to 
supplement the stability of the implant by biological 
fixation [5]. However, the poor strength and fatigue 
resistance of traditional porous materials with 
randomly distributed pores may dramatically 
restrict their applications [6]. Compared with 
traditional porous materials, materials with the 
lotus-type porous structure prepared by the Gasar 

technique present less stress concentration around 
the pores with stress along the longitudinal 
direction of the pores, and they show excellent 
mechanical properties [7]. This processing method 
was first reported by SHAPOVALOV [8] and 
utilizes the so-called “metal/gas eutectic reaction”, 
in which the melt is solidified into a solid solution 
and a gas phase [9−11]. The pore structures of these 
materials look like lotus roots, so they are also 
called lotus-type porous materials. Various pure 
materials and a small amount of alloys have been 
fabricated into the lotus-type porous structure, such 
as Cu [12], Mg [7,13], Al [14], Fe [15], Ni [16],  
Si [17], Al−Cu [18], Al−Ti [19], steel [20], and Cu 
alloys [21,22]. The pore size and porosity can be 
controlled by the gas pressure during melting   
and solidification, the solidification velocity,    
the temperature during melting, and other 
parameters [23,24]. 
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Considering the advantages described above, 
magnesium alloys with the lotus pore structure 
prepared by Gasar process are the most promising 
bone implant materials for orthopedic applications. 
However, pure magnesium has limited clinical 
application because of its rapid degradation in the 
body and early failure in chloride-containing 
solutions, including human body fluids. Therefore, 
development of magnesium alloys with Zn, Ca, and 
Mn elements (essential elements to human health) 
is a research focus of biodegradable metals [1,25]. 
Researchers have found that small addition of 
elemental Mn to Mg results in Mg–Mn alloys with 
good corrosion resistance. GARDEL et al [26] 
found that up to ~2 wt.% Mn doping can slightly 
reduce the cathodic kinetics. In addition, GENG  
et al [27] found that Mg–Mn alloy cervical implants 
can be used in small animal experiments and proper 
surface modification can effectively improve the 
corrosion resistance of the alloy. Mg−Mn alloys can 
also induce less than 5% hemolysis and reduce the 
corrosion rate in both SBF (simulated body fluid) 
and the Hank’s solutions [28]. Thus, fabrication and 
research of Mg−Mn alloys with the lotus-type 
porous structure can play a great role in 
development of degradable porous biological 
magnesium alloys. 

Unfortunately, few magnesium alloys have 
been fabricated by the Gasar process. In this work, 
lotus-type porous Mg–Mn alloys were fabricated by 
the Gasar process under various hydrogen pressures. 
The effects of the alloying element on the porosity 
and pore size of the lotus-type porous Mg–Mn alloy 

were investigated. The influence of the hydrogen 
pressure on the porosity was experimentally and 
theoretically studied to provide a scientific basis for 
the fabrication of Gasar biodegradable Mg alloy. 
 
2 Experimental 
 

Lotus-type porous Mg–x wt.%Mn (x=0, 1, 2 
and 3) alloys were fabricated by the Bridgman-type 
directional solidification method. The chemical 
compositions of the fabricated Mg alloy ingots are 
given in Table 1. A schematic diagram of the 
apparatus used for the Gasar method is shown in 
Fig. 1. The furnace chamber was separated into a 
heat zone and a cold zone by a turn-over plate. The 
copper chiller connected with the dummy bar was 
in the cold zone, and the mold containing the 
Mg–Mn alloy was in the heat zone. The alloy was 
heated under a vacuum degree of 0.05 Pa. After 
introduction of hydrogen (0.1−0.6 MPa) into the 
chamber, the melt was held at 700 °C for 2 h to 
ensure hydrogen saturation (Fig. 1(a)). The 
turn-over plate was then opened, and the dummy 
bar rapidly rose up to fetch the mold, and pulled it 
 
Table 1 Chemical compositions of lotus-type porous 

Mg−xMn alloys 

Alloy 
Content of element/wt.% 

Mn Mg 

Mg−1wt.%Mn 0.96 Bal. 

Mg−2wt.%Mn 2.18 Bal. 

Mg−3wt.%Mn 3.22 Bal. 
 

 

 

Fig. 1 Schematic diagram of apparatus used for fabrication of Gasar ingot: (a) Heating process; (b) Cooling process 
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Fig. 2 Schematic diagrams of sampling process:       

(a) Longitudinal section; (b) Cross-section; (c) Sampling 

for microstructure observation 

 
down to the cold zone at a drawing speed of     
1.5 mm/s (Fig. 1(b)). The ingots obtained were 
nearly 80 mm in diameter and 80−100 mm in height 
depending on the porosity. Each cylinder ingot was 
cut into two parts along the central axis (Fig. 2(a)), 
and each half cylinder ingot was cut into slices 
every 20 mm along the longitudinal direction, as 
shown in Fig. 2(b). A cubic sample (Fig. 2(c)) was 
cut for the microstructure tests. Each upper surface 
of the slices was polished with a series of emery 
papers from 400 to 1000 grits. Subsequently, the 
slices were successively cleaned with acetone and 
ethanol in an ultrasonic cleaner. Finally, all of the 
upper surfaces were scanned with a HP-G3010 
scanner. The pore diameter and surface porosity 
were analyzed with image analysis software. The 
overall porosity of the entire ingot was evaluated 
through Archimedes’ principle. The preferred 
orientation of the directionally-solidified sample 
was analyzed by X-ray diffraction (XRD Bruker 
D8/Aduance). The microstructures of the specimens 
were investigated by optical microscopy (Zeiss 
Axio lmager), scanning electron microscopy (SEM 
Zeiss GEMINISEM 500), electron probe 
microanalysis (EPMA JEOL JXA8230) and 
transmission electron microscopy (TEM Tecnai 
F30). The samples for SEM and EPMA 
examination were ground with SiC emery paper up 
to 4000 grade, and polished with diamond paste 
down to 1 μm. The samples for optical microscopy 
examination were etched in 4% Nital solution. The 
TEM foils were prepared by mechanical thinning 
and ion-beam technique. 

 
3 Results 
 
3.1 Effect of Mn content on pore structure of 

Mg−Mn alloy 
The morphologies of the Mg–2wt.%Mn alloy 

on the longitudinal section and cross-section at the 
middle part of the ingot are shown in Figs. 3(a) and 
(b), respectively. Mg–Mn alloys with the lotus pore 
structure were successfully fabricated by the new 
Gasar apparatus and the whole distribution of pores 
was approximately homogeneous. Cross-sectional 
views of the lotus-type porous pure Mg, 
Mg−1wt.%Mn, Mg−2wt.%Mn and Mg−3wt.%Mn 
ingots at different heights are shown in Fig. 4. The 
diameters of the pores were the smallest in porous 
pure Mg, and coarser pores were found in the 
Mg−2wt.%Mn alloy ingot. However, with further 
increasing the Mn content to 3 wt.%, the pore 
diameter slightly decreased. With increasing height 
of the ingots, the pores became coarser. The 
dependences of the surface porosity and average 
pore diameter on the Mn content of the lotus-type 
porous Mg–Mn alloys at different heights are 
shown in Figs. 5(a) and (b), respectively. The pore 
diameter slightly increased with increasing sample 
height. As the Mn content increased from 0 to 1, 2 
and 3 wt.%, the average pore diameter increased 
from 216 to 258, 312 μm and then decreased from 
312 to 302 μm, respectively. The surface porosity 
first increased then decreased with increasing Mn 
addition. Similar to the surface porosity, as the Mn 
content increased from 0 to 1, 2 and 3 wt.%, the 
overall porosity of the ingots increased from 36.2% 
to 36.9%, 38.4%, and then decreased from 38.4% to 
37.5%. 
 

 

Fig. 3 Pore morphologies on longitudinal section (a) and 

cross-section (b) at middle part of fabricated Gasar 

Mg−2wt.%Mn alloy ingot (T=700 °C, P(H2)=0.6 MPa) 
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Fig. 4 Pore morphologies of transversal sections of ingots with different Mn contents at different heights 

 

 
Fig. 5 Comparison of average pore diameter (a) and surface porosity (b) of ingots with different Mn contents at 

different heights 

 

XRD patterns of the cross-section 
perpendicular to the solidification direction for the 
pure Mg, Mg−1wt.%Mn, Mg−2wt.%Mn and 
Mg−3wt.%Mn ingots are shown in Fig. 6. For pure 
Mg, the (1122)  peak was higher than the other 
peaks, which indicates that the normal direction of 
the (1122)  planes was preferentially orientated 
along the solidification direction. Similarly,     
the preferentially orientated directions of 
Mg–1wt.%Mn, Mg–2wt.%Mn and Mg–3wt.%Mn 
were the normal directions of the (1013) , (1013)  
and (1012)  planes, respectively, which indicates 
that the addition of Mn affects the pore structure 
and grain growth. Optical microscopy images of the 
microstructure parallel to the solidification direction 
for the porous Mg–3wt.%Mn alloys are shown in 
Fig. 7. Coarse precipitates were found in the grains 
and the sizes were several micrometers (Fig. 7(a)). 

 

Fig. 6 XRD patterns of pure Mg and Mg−Mn alloys 

 
Fine precipitates were also found along the 
boundary (area circled in Fig. 7(b)), and a pore was 
found near this boundary. There were also some 
precipitates near the end of the pore (Fig. 7(c)), 
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which indicates that these precipitates can affect the 
nucleation of the pores. The element distribution of 
the porous Mg–3wt.%Mn alloy determined by 
EPMA is shown in Fig. 8. The precipitates along 

the boundary and in the grain had similar 
compositions. They were rich in Mn and barely 
contained any Mg element, and they were 
considered to be α-Mn. 

 

 
Fig. 7 Optical microscopy images of microstructure parallel to solidification direction for porous Mg−3wt.%Mn alloys: 

(a) Coarse precipitates in grains; (b) Fine precipitates along boundary; (c) Precipitates at end of pore 

 

 

Fig. 8 Element distributions of porous Mg−3wt.%Mn alloys determined by EPMA 
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3.2 Effects of H2 pressure on pore structure of 

Mg−Mn alloys 
The typical pore morphologies at different 

heights for lotus-type porous Mg−2wt.%Mn ingots 
produced with different H2 pressures are shown in 
Fig. 9. The average pore diameter decreased with 
increasing hydrogen pressure. Similar to Fig. 4, the 
pore diameter slightly increased with increasing 
sample height. The dependences of the surface 
porosity and average pore diameter on the hydrogen 
pressure for lotus-type porous Mg−2wt.%Mn 
specimens fabricated at a melt holding temperature 
of 700 °C are shown in Figs. 10(a) and (b). 
Increasing the hydrogen pressure decreased the 
porosity and average pore diameter. When the 
hydrogen pressure increased from 0.1 to 0.2, 0.4 
and 0.6 MPa, the overall porosity changed from 
55.3% to 49.6%, 42.6% and 38.4%, and the average 
pore diameters decreased from 2465 to 1222, 598 

and 312 μm, respectively. 
 
3.3 Effect of formation of pores on micro- 

structure of Mg−2wt.%Mn alloy 
To further investigate the effect of the pores on 

the microstructure of the Mg−2wt.%Mn alloy, the 
nonporous Mg−2wt.%Mn alloy was fabricated by 
the same process (melt temperature of 700 °C and 
drawing speed of 1.5 mm/s) for comparison. The 
microstructures of longitudinal sections of the 
nonporous and porous Mg−2wt.%Mn alloys are 
shown in Figs. 11(a) and (b), respectively. The size 
of the columnar grains was larger in the nonporous 
Mg−2wt.%Mn alloy than in the porous 
Mg−2wt.%Mn alloy. For the porous Mg−2wt.%Mn 
alloy, fine grains with width less than 100 μm were 
found near the pore area. The grains nucleated at 
the pore wall, rapidly grew into the nearest melt, 
and gradually bent to grow along the solidification 

 

 

Fig. 9 Pore morphologies of transversal sections at different heights for Mg−2wt.%Mn ingots fabricated with different 

hydrogen pressures 
 

 

Fig. 10 Comparison of average pore diameter (a) and surface porosity (b) of ingots at different heights produced with 

different hydrogen pressures 
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Fig. 11 Optical microscopy images of microstructure parallel to solidification direction in nonporous (a) and porous (b) 

Mg−2wt.%Mn alloys and TEM bright field image near pore area of porous Mg−2wt.%Mn alloy (c) 

 

direction. A TEM images of the porous Mg– 
2wt.%Mn alloys near the pore area is shown in 
Fig. 11(c). And very fine grain with width of nearly 
3 μm was found in the alloy and the selected area 
electron diffraction pattern showed that this grain 
was the α-Mg phase (beam direction [01 10] ). 
 

4 Discussion 
 
4.1 Effect of Mn content on pore structure of 

Mg−Mn ingots 
Figure 12(a) shows that the solubility of H2 in 

the Mg–Mn melt at 700 °C linearly increases with 
increasing Mn content [29]. In general, more H2 
dissolved in the melt leads to higher porosity. 
However, in this work, the porosity of the Mg–Mn 
alloy did not significantly increase when the Mn 
content was above 2 wt.%. Mg–Mn phase diagram 
in the Mg-rich corner is shown in Fig. 12(b) [30]. 
The first equilibrium is a peritectic reaction at 
651 °C, and the solubility of Mn in the Mg matrix 
at this temperature is 2.2 wt.%. When the content of 
Mn increases to, for example 3 wt.%, the excessive 

Mn exists as β-Mn (above 700 °C) or α-Mn in the 
liquid Mg–Mn melt. More solid Mn in the Mg melt 
may increase the number of bubble nucleation sites, 
which can lead to escape of the bubbles during the 
melt cooling process. Thus, the porosity decreased 
when the Mn content increased to 3 wt.%. ONISHI 
et al [16] and KASHIHARA et al [31] found that 
addition of NiO powder, as a form of inclusion, can 
increase the number of nucleation sites and the 
insoluble hydrogen may be trapped by these sites, 
which can increase the porosity. However, in this 
work, more Mn solid in the Mg matrix did not 
significantly increase the porosity. It is known that 
precipitation of α-Mn in Mg, which is different 
from inclusion of NiO, shows less defects (pits and 
cracks) at the interface, and there is a coherent 
interface relationship between Mg and α-Mn with 

Mg(1010) //(301)Mn and Mg[12 16] // Mn[123]  [32], so 
less insoluble hydrogen can be trapped. 

With the increasing of doping amount of Mn, 
the thermal conductivity of Mg−Mn alloy decreases, 
which can decrease the solidification speed and 
increase the pore diameter. When the Mn content is  
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Fig. 12 Effects of alloying elements on solubility of hydrogen in Mg at 700 °C [29] (a) and Mg-rich corner of Mg−Mn 

phase diagram [30] (b) 

 
below 2.2 wt.%, Mn exists as a solid solution in the 
melt at 700 °C, and as the Mn content reaches     
3 wt.%, besides the solid solution, more α-Mn or 
β-Mn can precipitate from the melt. Usually, the 
precipitates have less effect on the thermal 
conductivity than the solid solution, and the 
decreasing degree of the thermal conductivity is 
reduced as the Mn content further increases from 
2.2 wt.%. In addition, more Mn as precipitates in 
the melt may increase the number of pore 
nucleation sites and may lead to the decrease in the 
average pore diameter, which is similar to the effect 
of NiO on the pore diameter in lotus-type porous 
nickel [16]. 
 
4.2 Prediction of porosity of Mg−2wt.%Mn 

fabricated with different H2 pressures 
It is known that the porosity is an important 

parameter, and it is sensitive to the pressure. LIU  
et al [9] successfully predicted the porosity by a 
theoretical model of Mg/H2: 

0 s s l m

0 s s l m pore l

[ (1 ) ]

[ (1 ) ]

C C RT

C C RT P

  


   
 


  

           (1) 

where ε is the theoretical overall porosity, R is the 
gas constant, Tm is the melting point of the metal, 
Ppore is the gas pressure in the pore, which is almost 
equal to the furnace atmosphere, C0 is the initial 
hydrogen concentration in the liquid metal, Cs is the 
hydrogen concentration in the solid metal, ρs and ρl 
are the densities of the solid and liquid metal near 

the temperature of melting point, and α is the 
escape coefficient, which is equal to the ratio of the 
escaping hydrogen and the original hydrogen 
concentration in the liquid metal. In this work, C0 
and Cs are the initial hydrogen concentrations in the 
liquid and solid Mg–2wt.%Mn alloy, respectively. 
The mole fraction of hydrogen in the alloy, xH, can 
be determined by the following equation [21]: 

ex
H H, mln ln / ( )i ii

X x x G RT               (2) 

where xH is the mole fraction of hydrogen in the 
alloy, xi is the mole fraction of alloying element i in 
the alloy, xH,i is the mole fraction of the hydrogen in 
the pure element i, and ex

mG  is the excessive 
molar Gibbs free energy. The solubilities of 
hydrogen in the liquid and solid pure element 
Mg/Mn, SH,Mg/Mn, are expressed by the following 
equations [33]: 
 

2
H,Mg

0

(H )2533 1
ln 6.558 ln

2

P
S

T P

 
    

 
 (liquid)  (3) 

 

2
H,Mg

0

(H )2210 1
ln 5.701 ln

2

P
S

T P

 
    

 
(solid)    (4) 

 

2
H,Mn

0

(H )2045 1
ln 5.415 ln

2

P
S

T P

 
    

 
(liquid)    (5) 

 

2
H,Mn

0

(H )1378 1
ln 4.553 ln

2

P
S

T P

 
    

 
(solid)     (6) 

 
And ex

mG can be expressed as follows: 
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ex
mG =xixjLi,j                               (7) 

 
Li,j is the Redlich–Kister parameter. For 

Mg–Mn binary alloy [34]: 
 

0,liquid
Mg,MnL =25922.4+9.0357T                  (8) 

 
1,liquid
Mg,MnL =−3470.8                         (9) 

 
0,HCP
Mg,MnL =37148.1−1.8103T                 (10) 

 
The density of the Mg–2wt.%Mn alloy was 

calculated by the linear addition principle. The 
predicted porosity values of Mg–2wt.%Mn alloys 
with different hydrogen pressures were in good 
agreement with the experimental values (Table 2). 
 
Table 2 Comparison of calculated porosities and 

experimental values from hydrogen pressure effect on 

porosity of Mg−2wt.%Mn alloy 

Hydrogen 
pressure/MPa 

Experimental  
porosity/% 

Calculated 
porosity/% 

0.1 55.3 61.2 

0.2 49.6 53.7 

0.4 42.6 44.6 

0.6 38.4 39.2 

Melting temperature: 700 °C; withdraw speeding: 1.5 mm/s 
 
4.3 Effect of pores on microstructure of Mg− 

2wt.%Mn alloy 
In this work, microstructural evolution in the 

porous material was different from that in the 
nonporous material. In the porous alloys, the grains 
near the pore were finer than those in other areas, 
and the growth direction of the grains was deflected. 
This indicated that hydrogen bubbles can influence 
grain nucleation in the Mg–Mn alloys. In addition, 
the deflection of the crystalline lattice resulted from 
the different temperatures near the bubble area and 
inside the melt, and this temperature gradient can 
influence the growth of the crystal. 

Based on the above results, a model for pore 
formation in the Mg–Mn alloys is schematically 
illustrated in Fig. 13. The existence of the Mn phase 
in the melt can provide nucleation sites for pores 
(hydrogen bubble, circle area 1), and the formation 
of the pore in the melt also influences nucleation 
and growth of Mg−Mn grains (circle area 2). Thus, 
the Mg–Mn alloy fabricated by the Gasar   
process shows a unique pore structure and 
microstructure. 

 

 
Fig. 13 Schematic illustration of pore formation in 

Mg–Mn alloy during cooling process 

 
5 Conclusions 
 

(1) As the content of Mn increased from 0 to  
2 wt.%, the overall porosity of the ingot increased 
from 36.2% to 38.4%, and the overall porosity 
decreased from 38.4% to 37.5% when the Mn 
content further increased to 3 wt.%. The average 
pore diameter increased from 216 to 258 and 
312 μm, and then decreased to 302 μm when the 
Mn content increased from 0 to 1, 2 and 3 wt.%, 
respectively. The α-Mn phase can precipitate in the 
grains or along the grain boundaries. 

(2) With increasing of hydrogen pressure from 
0.1 to 0.6 MPa, lotus-type porous Mg–2wt.%Mn 
alloys with porosities from 55.3% to 38.4% and 
average pore diameters from 2465 to 312 μm were 
fabricated with a melting temperature of 700 °C and 
a withdraw speed of 1.5 mm/s. The calculated 
porosity changing with the hydrogen pressure 
agreed well with the experimental results. 

(3) Addition of Mn had a significant effect on 
the pore structure and grain growth. Compared with 
the nonporous Mg–2wt.%Mn alloy, the size of 
grains decreased in the porous Mg–2wt.% Mn alloy 
and more fine grains were found near the pore area. 
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采用金属/气体共晶定向凝固法制备 
藕状多孔 Mg−Mn 合金 

 

周灿旭 1，刘 源 1,2，张华伟 1,2，陈 祥 1,2，李言祥 1,2 

 

1. 清华大学 材料学院，北京 100084； 

2. 清华大学 先进成形制造教育部重点实验室，北京 100084 

 

摘  要：采用金属/气体共晶定向凝固工艺(Gasar 工艺)制备藕状多孔 Mg−xMn(x=0，1，2，3，质量分数，%)合金。

研究 Mn 含量以及工艺参数对多孔镁锰合金孔隙率、孔径和显微组织的影响。结果表明，Mn 的加入促进含 Mn

析出相的形成，并提高材料的孔隙率和孔径。随着氢气压力从 0.1 MPa 增加到 0.6 MPa，Mg−2%Mn(质量分数)铸

锭的体孔隙率从 55.3%下降到 38.4%，平均孔径从 2465 μm 下降到 312 μm。通过理论模型计算不同氢气压力条件

下制备的铸锭体孔隙率，预测结果与实验结果吻合较好。因此，采用 Gasar 工艺可以制备出均匀且孔结构可控的

藕状多孔镁锰合金。 

关键词：多孔材料；Mg−Mn 合金；孔隙率；Gasar 工艺；定向凝固 
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