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High-quality magnesium foams were fabricated by an infiltration technology using tailor-made salt-flour
mixture space holders. The pore structures and mechanical properties of space holder particles as well as
the resultant foam production with spherical pores were characterized in the present study. The particles
after high-temperature sintering dissolved rapidly in water due to their porous structures, guaranteeing
the weak corrosion and high-purity of magnesium foams. The spherical pores foams exhibited usual
stress-strain behaviors and nearly isotropic properties. The yield strengths of the foams increased with
the decrease of sample porosity, and the relative mechanical properties of foams were mostly dependent
on their relative densities, which obeyed a power law relation. Moreover, porous magnesium materials
with tunable pore structures could be fabricated owing to the flexible forming features of salt-flour mix-
ture, showing great application prospects in bone implant material field.
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1. Introduction

Magnesium (Mg) foams have drawn much attention as promis-
ing biodegradable bone implant materials due to their outstanding
biocompatibility, favorable mechanical properties and similar por-
ous structures close to that of natural bones [1]. In order to pro-
duce Mg foams suitable for bone implants, many techniques
have been developed including powder metallurgy [2-7], molten
metal infiltration [8-12], metal foaming [13,14], metal/gas eutectic
unidirectional solidification method [15], and so on. These technol-
ogies do have yielded Mg foams with a variety of pore structures
and desired properties, but there still exist limitations and short-
comings. For example, in the first two approaches, the residues
of resolvable space holders or porous preform materials are usually
inevitable in the cell walls that give rise to the pollution and dete-
riorated physical/chemical properties of Mg foams. Wen et al.
found that a little amount of carbon remained on the cell wall sur-
face of Mg foams when preparing them using carbamide particles
as the space holder [2]. However, the carbon residues would seri-
ously impair the biocompatibility of the foams [1]. Moreover, even
though with the same porosity the Mg foams showed noticeably
different compressive flow stresses in the plateau region due to
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the uneven distribution of the different sized pores in the samples
[3]. In order to overcome these shortcomings, Hao et al. used
round-shaped carbamide particles to substitute those polygonal
ones and introduced a preliminary low-temperature consolidation
and dissolution process prior to high-temperature sintering [4].
This process effectively eliminated the residues of space holder
particles in the cell walls and improved the quality of Mg foams.
However, the foams still presented brittle characteristics.
High-quality metal foams have often been obtained through
infiltration technology. In the molten metal infiltration process
for fabricating aluminum foams, NaCl (crude salt) particles are
the most widely used preform material [16]. However, this mate-
rial would be unsuitable for the preparation of Mg foams because
of its strong corrosion effect as well as the high chemical activity
of Mg matrix. Hence, it is necessary to find other preform materials
of weak corrosiveness or shorten the dissolution time of preform to
reduce the corrosion of Mg matrix. Xu et al. [10] adopted MgS0O,4 to
substitute NaCl in fabricating Mg foams via infiltration process and
found that the corrosion of Mg matrix was reduced indeed, but the
dissolution time was not obviously shortened, which was not suit-
able for the fabrication of large-scale Mg foam samples. Staiger
et al. utilized 3D net shaped polymeric materials as the cell wall
pattern filled with NaCl paste to prepare topologically-ordered
Mg foams through burning-out the polymer, sintering the NaCl
particles and infiltrating molten Mg [11,12]. The resultant Mg
foams had very high purity and underwent quite weak corrosion
due to quick dissolution of NaCl preform. These researches
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demonstrate that the employment of easily soluble space holders
is an effective way to fabricate high-purity Mg or Mg alloy foams.
In consideration of biomedical applications, it is of great value to
obtain open-cell Mg foam with superior purity to ensure its bio-
compatibility and predictable mechanical performance to fulfill
required load bearing functions during the implantation period.
Although the Mg foams produced by the aforementioned metal
foaming and metal/gas eutectic unidirectional solidification tech-
nologies have no harmful residues, they are not suitable for bone
implants due to the inconsistent morphologies with closed cell
structures [1,13,14].

Recently, a new method has been developed in fabricating alu-
minum foams using a soluble mixture of flour and salt powder as
the space holder [17]. The preform can easily and quickly dissolve
in water after the infiltration and thus should be also appropriate
for fabricating Mg foams. The other advantage is the flexible shapes
of space holder due to the easy forming characteristics of flour,
being very beneficial to providing the metal foams with different
pore structures and mechanical properties. Therefore, this technol-
ogy was utilized in the present study with the objective of process-
ing Mg foams with high-purity, spherical pores and favorable
properties. The results are expected to provide useful information
for the further studies on the development of Mg foams and their
applications in the bone implant field.

2. Experimental details

Spherical salt-flour mixture particles were produced by granu-
lation method [18], and the process is outlined schematically in
Fig. 1. Specifically, crude salt was pulverized and then classified
through a 200-mesh sieve. The resultant salt powders (powder size
<74 pm) and comparable sized flour with different contents (5, 10,
15 and 20 percent in weight ratio) were evenly mixed together.
Finally, the spherical salt-flour mixture particles were acquired
on a pan-type pelletizer utilizing spray water as the binder. After
that, the spherical particles with the average diameter of 1.6 mm
were obtained by sieving and then heated to 680 °C for 2 h in air
atmosphere to make the water volatilize and flour pyrolyze. Thus,
the additives could be removed, which left behind the salt particles
with high porosity (refer to Fig. 2a and b). The preform was subse-
quently prepared by stacking a number of salt particles under an
appropriate axial compression in a cylindrical mould.

Mg foam was prepared by infiltrating molten Mg into salt pre-
form followed by the dissolution of salt in ingot. Specifically, Mg
ingot (99.7% purity) was placed on top of the mould and vacuum
was pulled to 4 x 102 mbar residual pressure, and then the mould
was heated to 680 °C for 1 h before molten Mg was infiltrated into
the preform using argon pressurized to 0.1 MPa. After solidifica-
tion, the ingot was taken out and machined to the desired dimen-
sion prior to the removal of salt in 0.001 M NaOH water solution.
The morphology of the resultant production is presented in
Fig. 2c. The porosity of the sample was determined by the equation.

P=(1-po/ps) (1)
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Fig. 1. Schematic illustration of the process for fabricating spherical salt-flour
mixture particles.

where pg is the apparent density of the sample determined by its
dimension and weight, and p; is the density of Mg. The open poros-
ity Pp was estimated by the Archimedes method.

Py = (Vs — Vg)/V; (2)

where V; and V; are the samples’ volume and drained water volume
respectively.

The dissolution rate of spherical salt particles was characterized
via an immersion test: 1 g specimen was immersed in 30 mL water
and the crude salt was exerted for comparison. The morphologies
of salt particles and foams were characterized on a field-emission
scanning electron microscope (FE-SEM, FEI Sirion 200), and the
surface profile of Mg foam was analyzed by EDS microanalysis sys-
tem attached to FE-SEM. The compressive tests for salt preform
and resultant foams were performed using an Instron 3369 mate-
rials testing system with a crosshead speed of 2 mm/min. The sam-
ples for the compressive tests were 20 mm in diameter and 20 mm
in height. The elastic modulus of Mg foams were calculated on the
basis of curves fitted to the linear elastic regions of the stress-
strain curves and yield strength values were determined using
the 0.2%-offset method.

3. Results and discussion
3.1. The structure and properties of spherical salt particles

Typical structure of salt-flour mixture particles fabricated by
granulation method is shown in Fig. 2a. The particles are nearly
spherical in shape and vary in size, and the diameter of the particle
is centered largely in the range of 1.4-1.6 mm. The particles with
desired size could be acquired by the optimization of granulation
parameters. It was pointed out that the binder content and rota-
tional speed as well as granulation time could affect the size distri-
bution of granules [18]. In order to enhance the efficiency of
granulation, the short granulation time (5 min), high rotational
speed (240rpm) and the appropriate spraying water (about
0.1 mm in diameter) were determined to fabricate spherical salt-
flour mixture particles in the study. As can be seen from Fig. 2b,
the single salt particle after high-temperature sintering appears
obviously vesicular structure, except for the numerous cavities in
spheroid mainly given by the volatilization of water and the burn-
ing-out of flour, the other reason could be attributed to the granu-
lation process itself that combined fine powders into larger
agglomerates without forming pressure, this would inevitably lead
to the loose packing of salt-flour mixture powders (refer to the
high magnification image inserted in Fig. 2b).

The dissolution rates of crude salt and spherical salt particles in
water were characterized by immersion experiments. The time
required for crude salt to dissolve was more than 15 min, while
the complete dissolution of spherical salt particles with different
flour adding (5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%) were about 45,
25, 20 and 20 s respectively. The dissolution rate of salt particles
enhances with the increase of flour adding due to their high poros-
ity, which was formed by the loose aggregation of fine salt-flour
mixture powders, the volatilization of water as well as the flour
pyrolysis. It was validated from Fig. 3a-d that many pores formed
in the salt particles after high-temperature sintering. As observed
from the image inserted in Fig. 3a that many sintering necks
emerged on the border of interparticle contacts. Moreover, the
densification was obviously discovered through visualized volume
shrinkage after sintering. It was stated that boundary diffusion
would dominate the sintering of NaCl powders with the size below
150 pum and lead to densification [19]. Therefore, the formation of
sintering necks should be attributed to the boundary diffusion
among fine salt powders. The prediction has been confirmed by
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Fig. 3. FE-SEM images of salt particles processed with different flour adding (a) 5 wt.%, (b) 10 wt.%, (c) 15 wt.%, (d) 20 wt.%.

Gokhale et al., who carried out a sintering experiment on iron pow-
ders and further revealed that the number of interparticle contacts
was mainly determined by the initial stacking state of fine powders
[20]. Hence, the conclusion of this study could be drawn that the
aggregation state of fine salt-flour mixture powders was the decid-
ing factor for the number of sintering necks. Thus, with the
increase of flour adding, the density of salt powders aggregation
decreases, and the number of interparticle contacts becomes less
after sintering, which would finally inhibit the boundary diffusion
(refer to Fig. 3b-d). So it is easy to infer that the greater flour add-
ing in salt-flour mixture particles, the higher porosity of the final
object has, and the more penetrating channels between the water
and salt particle hold, hence the water can easily penetrate into
salt particles and make them dissolve accelerative.

As the flour adding in salt-flour mixture particles enhances to
20 wt.%, a few fibrous materials formed on the edge of the interpar-
ticle contacts (refer to the image inserted in Fig. 3d) after sintering,
this was possibly due to the incomplete burning-out of flour, which
would exert a deleterious affect on the dissolution rate and
mechanical property of salt preform.

In order to get an extensive knowledge of salt preform to deter-
mine its stacking state, compressive tests were carried out and the
stress—strain curves are shown in Fig. 4. A linear rise in stress can
be observed at the initial stage and a short plateau emerges at the
strain point of 2%, here the weight ratio of unbroken salt to starting
value of four salt preforms are 98.5%, 96.8%, 95.6% and 97.1%
respectively. The values of broken ratio are quite low which
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Fig. 4. Stress-strain curves of spherical salt particles.

indicated that the initial strain was mainly caused by the plastic
deformation of salt particles. Therefore, the precompression
towards salt particles in a cylindrical mould for preform prepara-
tion was settled at 2% straining. The following increase in stress
was accompanied by the crush of salt particles, this was confirmed
by the compressive tests till 10% in strain: the unbroken ratio
dipped to 65%, 62.8%, 59.5% and 61.3% correspondingly. Compared
with the four curves, the stress of the salt particles decreases with
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the increase of flour adding, but an abnormal phenomenon was
observed on the salt preform processed with 20 wt.% flour adding,
this could be due to the incomplete burning-out of flour which
improved its compressive strength.

3.2. The structure and properties of Mg foams

A series of parameters, such as pore size, cell wall thickness,
porosity and open porosity have been used to characterize the
Mg foam structure in the study. As shown in Fig. 5a, the foams
were discovered to contain mainly two types of pores: the macrop-
ores obtained as a result of the dissolution of salt particles and the
small pores derived from the interparticle contacts. The small
pores usually distributed on the cell center, generating the connec-
tion tunnels among macropores, which made the foams present
very high open porosity (99%). The cell wall (the border region of
two macropores) thickness was in the range of 0.2-0.6 mm, show-
ing a great amount of fluctuations, and the cell edge (refer to
Fig. 5a) surrounded by more than two pores have similar nonuni-
formity in dimension, which would lead to some difficulties in per-
formance simulations. The macropore diameter (D) was about
1.5 mm, slightly smaller than the average diameter of primary
salt-flour mixture particles, this could be induced by the particle
densification occurred in sintering process. The small pore diame-
ter (d) was in the range of 0.6-0.9 mm, as has been reported by our
group [21], the value of d was mainly determined by the infiltra-
tion pressure, the salt particle radius and the wetting angle
between the liquid magnesium and the salt particles as the packing
density of salt preform is constant. Thus, it could be deduced that
the infiltration parameters play a critical role on the connectivity of
Mg foams, which would also provide great flexibility for the struc-
tural design of spherical pores Mg foams. Fig. 5b shows the EDS
profile of Mg and O for porous Mg sample, no Cl or other elements
were detected, this suggested that there was no chemical reaction
occurred during the infiltration process, showing a very promising
application prospect as biodegradable bone implant materials. A
small amount of O was observed on the cell wall, this was probably
due to the surface oxidation of foams stored at room temperature.

Except for the structure analysis, the mechanical properties of
Mg foams which should match with the target substitution need
to be studied and the results of Mg foams for compressive tests
are shown in Fig. 6. It is found that the curves exhibit similar trend
and present usual compressive properties of metallic foams [4],
that is, an elastic stage at the beginning, a quite long plateau region
with a nearly constant stress and a densification stage where the
stress rapidly increases. Unlike the properties of samples produced
by powder metallurgy method, which appear obvious brittle nat-
ure, the porous Mg with spherical pores in the study exhibits a typ-
ical elastic-plastic deformation characteristic due to the excellent
metallurgical quality given by the infiltration technology. It has
been noted that cell edge bending is the dominant mechanism that

controls the linear elasticity; the plateau is associated with the
buckling and collapse of cell walls; and the subsequent increase
in stress is a consequence of the compression of solid itself after
complete collapsing of cells [22]. As observed in Fig. 6a, the two
foam samples machined from the same ingot along different direc-
tions have similar porosity and mechanical property, showing
nearly isotropic characteristics. However, it is noteworthy that
two curves appear a bit difference: sample 2 machined along the
transverse direction has higher yield strength and longer plateau
region, this could be caused by the plastic deformation of salt pre-
form after 2% straining axial compression that finally led to the
pore elongation at transverse direction in the ingot, which would
increase the buckling and collapse range of the cell walls. Mg
foams with different porosity by varying the compression amount
towards salt preform were acquired and the effect of porosity on
the mechanical property was studied. It is evident from Fig. 6b that
the yield strength of Mg foam increases with the decrease of poros-
ity. As discussed by Gibson and Ashby [22], cell edge bending dom-
inated the linear elasticity during the first stage of deformation,
thus, it could be deduced that as the porosity decreases, the value
of the cell edge raises, finally resulting in the increase of yield
strength. As mentioned above, the cell wall thickness of foams pre-
sents inhomogeneous feature and the initial loading curves in
Fig. 6 are not exactly linear, leading to mechanical properties that
are lower than expected. The reason could be ascribed to the weak-
est cell wall which would act as the nuclei of buckling formation
for the initiation of strain localization [4,23]. As the uniaxial com-
pression proceeds, the deformation propagates through the foam,
finally resulting in a band of collapsed cells. As the porosity of
the sample decreases, the plateau region becomes narrowed and
the stress after yielding increases relatively rapidly, the phenome-
non was obviously observed in the samples 3-5. Concretely, the
yield strengths of Mg foams containing porosities in the range
54.4-70.4% vary between 3.57 and 8.65 MPa, and the resultant
elastic modulus are between 20.6 and 50 MPa, which are in the
range of mechanical properties of cancellous bone [2]. Many
empirical relations obtained by a best fit to the experimental data
and theoretical relations have been proposed to describe the
dependence of the mechanical properties of foams on their poros-
ities [22,23]. Gibson and Ashby put forward a modest bending strut
model and deemed that the strength of foam is linearly dependent
on the relative density [22]. However, this model is only valid for
the cellular solids with relative densities of less than 0.3. Esen
and Bor studied the dependence of relative mechanical properties
of titanium foams on their relative densities and revealed that they
obeyed a power law relation [23]. In the present study, the depen-
dence of the relative yield strength (g¢/d;) and relative Young's
modulus (Eo/Es) of Mg foams on their relative densities (o/ps)
was observed to be in conformity with Esen’s conclusion, as shown
by the fitted line in Fig. 7, where a density of 1.74 g/cm >, yield
strength of 21 MPa and Young’s modulus of 40 GPa are used as
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Fig. 5. (a) FE-SEM image of Mg foam with the porosity of 64% and (b) EDS profile of Mg (84.73 wt.%) and O for foam (15.27 wt.%) samples.
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(a) 50 v Sample 1 with the porosity of 62.8% »,V: N
« Sample 2 with the posority of 62.4% :
40t
—_ v
I
= 30 4
3
w)
o 20+
% along longitudinal direction
10+ e
o sasasnapanasnees” A along transverse direction
0 Ll L L L L L L
01 02 03 04 05 06 07
Strain
foams.
1 T
0o Yield point d -
- 084 L 1eld point data L. >
b"’ 074 = Young'smodulusdata .-~ F1E-3 =
)
= Sa)
N
L E
@ =
@
£ 2
A g
= w»
5 g
= =
o &
[
£ :
= =
o =
o~ o]
0.1 . ; . . 1E-4 &
0.25 0.3 0.35 0.4 0.45 0.5

Relative density (p /p ()

Fig. 7. Change of relative Young’s modulus and yield strength with relative density.

the bulk properties of pure Mg in calculating the relative
properties:

Eo/Es = 0.006(p,/p,)*®  (R* = 0.9994) (3)

G0/0s = 2.068(p,/p,)** (R = 0.9985) (4)

While the proportionality constant and the exponent might
reflect the foam parameters, such as pore morphology, shape and
arrangement of the cell walls. Moreover, various Mg foams with
tunable pore structures can be acquired through the construction
of salt-flour mixture space holders permitted by the easy forming
characteristics of flour. For instance, lotus-type porous Mg (refer to
Fig. 8a) was fabricated based on a stacking of noodle-shaped space
holders using a handmade noodle maker (see Fig. 8b). Therefore, in
the present study, Mg foam productions have great flexibility in
regulation of structure and properties, showing abroad application
prospects as bone implant materials.

4. Conclusions

A weakly corrosive and highly flexible salt-flour mixture space
holder material was developed for fabricating Mg foams by a mol-
ten metal infiltration process. The results show that the space
holder particles have high dissolution rate, making the resultant
foams exhibit high-quality without harmful residues in the cell
walls. The foams presented usual stress—strain behaviors and good
mechanical properties, depending on the porosities or the relative
densities of the foam samples. The shapes of the space holder
material can be tailored to yield varied pore structures and proper-
ties of Mg foams to meet the needs of practical applications.
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