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Abstract
This paper presents a comprehensive review on the mechanism of pore formation, mechanical properties, and applications of
metallic porousmaterials. The different manufacturing techniques ofmetallic porousmaterials using various pore-forming agents
(e.g., sodium chloride, polymethyl methacrylate, magnesium, and cenosphere) are highlighted in the first part of this review.
Subsequently, the pore formationmechanism and poremorphology in final products as well as corresponding pore-forming agent
removal techniques (e.g., sintering-dissolution process, thermally stimulated decomposition, thermally melted elimination, and
embedding cenosphere technique) are specifically discussed. Then, some major influential factors on the mechanism of pore
formation, including pore size, shape, distribution, and porosity, are analyzed in detail. Meanwhile, the primary mechanical
properties such as compressive strength, elastic modulus, fatigue properties, and flexural strength of metallic porous materials
depending on pore morphology and porosity are explored in detail. Furthermore, their applications in structural and functional
aspects according to their pore morphology and mechanical properties are emphatically summarized. Finally, this review article
highlights some important factors for advanced wear-resistant tool and biomedical implant applications of porous metallic
materials.
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1 Introduction

The discovery of microporous/mesoporous materials has
opened up great opportunities in industrial applications.
However, the applications of porous materials (typically highly
porosity) and metal foams (metals with pore deliberately inte-
grated into their structure) depends on their physical and me-
chanical properties [1]. For example, closed cell porous mate-
rials having higher mechanical properties are mainly used in
structural applications. On the other hand, opened cell porous
structure materials which contain interconnected porous

structure as well as poor mechanical properties are mainly used
in functional applications. Generally, metallic porous materials
are widely used in wear-resistant tools, biomedical implants,
catalyst, and heat exchangers because of their exceptional
physical properties such as high gas and liquid permeability,
high strength-to-weight ratio, low density, and excellent energy
absorption characteristics [2–4].Various fabricating processes
have been developed to manufacture the metallic porous ma-
terials. The mainly research methods include sol-gel, polymer
porosifier method, foaming method pore-forming agent/space
holder method, and additive manufacturing (AM) techniques
[5–11]. Among the above processes, the fabrication tech-
niques, e.g., space holder method and additive manufacturing
(AM) have been widely used to manufacture the metallic po-
rous materials without contamination. Undoubtedly, the poros-
ity and pore morphology of metallic porous materials depends
on several factors for example types of pore-forming agents
(e.g., sodium chloride, polymethyl methacrylate, magnesium
and cenosphere) volume percentage, size, and shape, and
sintering process. Furthermore, the porosity and pore morphol-
ogy strongly influence on the structure and/or mechanical
properties of metallic porous materials [12–15].
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With respect to their origin and structure, the pores in final
structures can be divided into two categories, (1) the inherent
pores (without pore-forming agents) and (2) the generated
pores (with pore-forming agents). Generally, this inherent
mesoporous structure is the intrinsic characteristics of powder
metallurgy products, which is mainly formed due to the par-
ticles size, distribution and density of starting powders [16].
On the other hand, the different mixtures of raw materials and
pore-forming agents are cold pressed to form composite
blocks prior to sintering and then the generated pores are in-
troduced in the final products after thermal processing
(sintering or solidification of metallic melts) by employing
various pore-forming agents. Generally, the generated poros-
ity of metallic materials can be classified into two categories,
which are open porosity and closed porosity, depending on the
connectivity of the pores [17]. Open porosity as the typical
representative in final structure of porous materials is mainly
obtained after burning out the pore-forming agents or remov-
ing the leachable preforms. Along this line of consideration,
the porous materials with closed porosity are fabricated by
adding the preliminary-obtained cenospheres (e.g., alumina
bubble particles) to mixed powders before thermal processing
and then the closed pores resulted from cenospheres are ob-
tained in sintered metallic porous materials. In addition, the
pore morphology (size, shape and porosity) in the final
sintered bodies depends on the type, size and volume percent-
age of pore-forming agents as well as the removal processes of
pore-forming agents [18]. Particularly, the removal and
manufacturing processes depends on the types of pore-
forming agents and affects the physical and mechanical prop-
erties of metallic porous materials to an extent. Furthermore,
the porous materials having same apparent porosity but the
different pores size and shape react in a different way under
the same conditions. Therefore, the “pore size” is a property of
major importance in practical applications of porousmaterials,
but it is even less susceptible to precise definition [19].
According to the relative pore size in basic structural elements
of the porous material, they could be classified into four types
and defined as follows: (i) macropores (r > 1000 nm)—are
specified as pores with size considerably higher than individ-
ual element size; (ii) micropores (100 < r < 1000 nm)—are
pores with approximately the same size as the structural ele-
ments; (iii) submicropores (r < 100 nm)—have pores that are
considerably smaller then structural particles; and (iv)
ultramicropores (r < 1÷2 nm)—could be found inside struc-
tured elements [19, 20].

This article aims to provide a review on the manufacturing
process of metallic porous materials, mechanical properties
evaluation and their advanced industrial applications. The pore
morphologies, e.g., size, shape, porosity, and connectivity are
discussed depending on the manufacturing process and nature
of the pore-forming agents. In addition, their mechanical prop-
erties primarily, e.g., compressive strength, fatigue properties

elastic modulus and flexural strength, and their structural ap-
plications (e.g., wear-resistant tools and biomedical implants)
and functional applications (e.g., catalyst and heat exchangers)
are specifically discussed in detail. For an easy understanding
of the fabrication techniques for metallic porous materials, a
summarized flowchart is firstly demonstrated in Fig. 1.

2 Mechanism of pore formation
and fabrication technology of metallic porous
materials

Techniques for fabricating metallic porous materials provide
various pore structures; depending on their applications, it is
possible to obtain porous structures with various pore size,
shape and distribution. In methods of phase separation tech-
niques (e.g., sintering-dissolution process, thermally stimulat-
ed decomposition, and thermally melted elimination) and em-
bedding cenosphere technique primarily elaborated as fol-
lows, the porosity and mechanical properties can be effective-
ly controlled by altering the volume percentage and size of the
pore-forming agents. In the phase separation technique, the
various pores appear owing to temperature changes and re-
moval processes to achieve the removal of pore-forming
agents, which are always tiny and irregular. In case of embed-
ding technique, the porosity is tailored by the amount and size
of the embedded preliminary-obtained cenosphere particles,
leaving closed pores in the final structure. On the other hand,
in advanced additive manufacturing (AM) technique, the con-
tinuous porous materials are manufactured using layer-by-
layer deposition through high-energy electron beam melting
(EBM) and selected laser sintering (SLS) processes.

2.1 Sintering-dissolution process

The various pore-forming agents (e.g., sodium chloride, car-
bamide, and saccharose) offering peculiar properties, such as
water-soluble, non-toxic, low-cost, and high melting points,
make them a considerable removable additive by applying
sintering-dissolution process (SDP). It was worthy noted that
these additives dissolve in water from the green bodies prior to
sintering and generated pores in the final products [21].
Moreover, processing parameters (e.g., pore size, sintering pa-
rameters) of SDP have a significant effect on the porosity and
physical properties of the porous material [22–24]. The flow-
chart for operations of SDP technology is visualized in Fig. 2.

Among the water-soluble pore-forming agents, sodium
chloride (NaCl) particles have been considered a suitable
pore-forming agent to fabricate the porous materials, due to
their good inherent physical properties such as solubility, high
melting points, non-toxic, and low cost. However, the corro-
sion may take place with the NaCl particles left in final struc-
ture without sufficiently dissolution. Therefore, the machining
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performance of porous materials would be affected by the
pore-forming NaCl particles size, distribution, concentrate
and dissolution technique (Table 1, 1–4).Wang et al. [21] used
NaCl particles to fabricate an opened cell porous Cu material
with 71.3% porosity by using SDP primarily. The study
showed that the optimized compaction pressure and sintering
temperature were 250–300 MPa and 940–960 °C, respective-
ly. Golabgir et al. [22] also manufactured an opened cell po-
rous Fe-Al materials (having porosity about 65%) by adding
the pore-forming NaCl particles and polyester resin (binder)
through the sintering-dissolution process. They reported that
the oxidation resistance of opened cell porous Fe-Al materials
improved as increasing the sintering temperature and dissolu-
tion time. Jha et al. [23] manufactured the opened cell porous
titanium materials with 65–80% porosity using NaCl particles
as temporary pore-forming agents. They found that the pore-
forming agents were successfully removed from the final
products through the hot water treatment after sintering.
Furthermore, Zhao et al. [24] investigated the pores structure
and formation mechanism of high porosity NiTi alloys (hav-
ing porosity approximate 90%) fabricated by powder metal-
lurgy technique using raw powders of Ti, Ni and pore-forming
NaCl particles. Their findings indicated that the porosity was
increased linearly with the volume percentage of NaCl parti-
cles under the same forming pressure and sintering process in
a vacuum furnace at 950 °C for 2 h.

Similarly, carbamide ((NH2)2CO) has also been recognized
a suitable water-soluble pore-forming agents for developing
metallic porous materials as presented in Table 1 (5–6). Bakan
[25] proposed a novel water leaching and sintering process to
fabricate stainless steels with 70% porosity by using irregular
(NH2)2CO particles as pore-forming agents. The results from
the detection of the macro-pore structure revealed that the pore
shape, size and distribution could be tailored with this above
process. Bafti and Habibolahzadeh [26] evaluated the effect of
processing parameters (e.g., applied pressure, dissolving time
of spacer, sintering temperature, and time) and additives struc-
ture (e.g., pore size, shape, and distribution), on the micro-
structure of aluminum porous materials with 40–85% porosity
via power-(NH2)2CO space route. They found that the ideal
morphology of porous materials were obtained using
spherical-shaped (NH2)2CO particles.

Saccharose (C12H22O11) is a considerable potential and
non-toxic material, easy to fabricate a structural material as
pore-forming agents (Table 1, 7–8). Michailidis et al. [27]
fabricated the porous aluminum materials with porosities
(50–75%) via powder metallurgy using a leachable pore-
forming agent of C12H22O11 particles. The findings suggested
that good reproducibility was achieved especially in porous
materials with small pore size. The porous titanium compos-
ites of designed porosity (approximately 50–70%) were fab-
ricated by adding spherical and polyhedral-shaped C12H22O11

Fabrication technology
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Fig. 1 Flowchart of fabrication techniques for metallic porous materials

Fig. 2 Flowchart for operations of sintering-dissolution process technology
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particles and then their morphology was investigated by
Jakubowicz et al. [28]. The results from the microstructure
and morphology revealed that the porous titanium composites
fabricated with 100 mesh Ti powder and spherical-shaped
C12H22O11 particles was related to better sintering compared
with 325 mesh Ti powders and polyhedral-shaped C12H22O11

particles.

2.2 Thermally stimulated decomposition

There are some published reports on the studies of metallic
porous materials with various space holder additives, such as
polymethyl methacrylate (PMMA) (Table 2, 1–2) [29, 30],
ammonium hydrogen carbonate (NH4HCO3) (Table 2, 3)
[31], titanium hydride (TiH2) (Table 2, 4–5) [32, 33],
exhibiting pyrolysis, non-toxic and non-contamination for
metal powders. Generally, these low melting point volatile
materials are thermally decomposed during the heat treatment
process and initiated irregular-shaped pores in the sintered
bodies as shown in Fig. 3. Briefly on this process, the mixer
of low melting point volatile pore-forming agents and raw
matrix powders compacted at room temperature to make
green bodies and then the pore-forming agents burn-out dur-
ing sintering process and leave a porous structure. Through an
even dispersion of powder mixture a uniform distribution of
pores (often with random shape) are achievable [34].
However, the heating rate during the burning out process for
removing the volatile pore-forming agents is quite important

to avoid the processing defects such as swelling, delamination
and cracks.

Gülsoy and German [29] investigated the production of
microporous austenitic stainless steel 316L (having porosity
approximately 40–60%) with polymethyl methacrylate
(PMMA) decomposed easily during sintering process.
Findings were that the raw materials exhibited excellent
mouldability and no separation of the binder was observed.
Furthermore, the increases in the volume fraction and average
size of PMMA in a range of 10–40 μm led to decrease the
elastic modulus and the density of sintered bodies. Xie et al.
[30] studied the mechanism of pore formation of microporous
aluminummaterials with high porosity fabricatedwith a mixer
of aluminum powders and PMMA particles. The results
showed that the pores in final structure could be controlled
by varying the size of pore-forming agents PMMA powders.

Hsu et al. [31] fabricated the porous Ti-7.5Mo alloys with
pore sizes of approximately 0.15–0.6 mm via powder metal-
lurgy based sintering process (at 1100 °C for 10, 15, and 20 h,
respectively) using Ti and Mo raw powders and 60 vol.% of a
thermolabile pore-forming agent ammonium hydrogen car-
bonate (NH4HCO3) powders. A positive correlation between
the relative density of the specimens and sintering times was
obtained.

Luo et al. [32] evaluated the decomposition behavior of
titanium hydride (TiH2) powders as the blowing agent
employed to fabricate porous aluminum materials. The heat
treatment process for TiH2 at 500 C between 1 and 5 h in air
was found to be the most favorable method to manufacture

Table 1 Various pore-forming agents used in foam fabrication by sintering-dissolution process.
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porous aluminum materials. In addition, Ahn et al. [33] pro-
duced highly porous titanium materials (82 ± 1.3 vol.%) with
large interconnected pores using vacuum-assisted processing.
A good shape tolerance with a uniform porous structure was
shown both with and without vacuum-assisted processing.

2.3 Thermally melted elimination

The thermally melted additives (e.g., magnesium (Table 3, 1)
[35] and ice (Table 3, 2) [36]) are also successfully used as
pore-forming agents to fabricate metallic porous materials.
These pore-forming agents melt during the sintering process.
The flowchart for operations of thermally melted elimination
process is visualized in Fig. 4.

Aşık and Bor [35] studied the fatigue behavior of porous
Ti-6Al-4V materials fabricated via powder metallurgy pro-
cess, where spherical magnesium powders were utilized to
produce the highly porosities (51–65%) and large size pores
(approximately 375 μm) using magnesium as a vaporizable
pore-forming agent sintered at 1200 °C for 2 h. The final
structure was composed with spherical, interconnected and

irregular-shaped micropores. However, the porous titanium
alloys with elongated-shaped pores were fabricated by
Chino and Dunand [36] using the directional freeze casting
(DFC) technique due to the removal of ice dendrites after
freeze-drying processes. Signs of embrittlement were emerged
in sintered structures owing to the high powder oxygen
content.

2.4 Embedding cenosphere process

Owing to the relatively high melting point, the embedded
preliminary-obtained Cenosphere particles as pore-forming
agents in the metal matrix are not thermally decomposed or
melted during the sintering process; thus, the closed pores
appear in final structures (Table 4) [37–39]. Figure 5 visual-
izes the flowchart for operations of embedding cenosphere
process.

Guo and Rohatgi [37] initially fabricated and evaluated
aluminum cenospheres composites with cenospheres as rein-
forcements via powder metallurgy techniques. An appropriate
pressure parameter was found to produce metal matrix

Table 2 Various pore-forming agents used in foam fabrication by thermally stimulated decomposition technology.

Fig. 3 Flowchart for operations of thermally stimulated decomposition technology
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syntactic foams. Furthermore, Rheinheimer et al. [38] fabri-
cated ultra-light weight cement composites with closed pores
using hollow cenosphere particles as pore-forming agents and
established the composite model to analyze the homogeniza-
tion of the hollow spheres. A good consistency between the
numerical simulation and the measured data was achieved.
Meanwhile, Vogiatzis and Skolianos [39] evaluated the
sintering mechanisms and microstructure of porous metal ma-
trix materials embedded with ceramic cenospheres (10–40
vol.%) through powder metallurgy route. A relative homoge-
neous distribution of the cenospheres was observed with lim-
ited clustering especially at low temperatures (610 °C)

2.5 Additive manufacturing

Recently, additive manufacturing technique plays an impor-
tant role to manufacture the near-net-shape complex dense or
porous part with tailored mechanical properties for biomedical
and aerospace applications. In this process, complex-shaped
parts are manufactured from the computer aided design
(CAD) by the addition of metal layer by layer through an
electron beam melting (EBM) or a direct metal laser sintering
(DMLS) techniques [40–42]. To briefly explain this
manufacturing process, a high-energy electron beam or a
high-power laser is scanned on the metal powder surface

and sintered a thin metal layer according to CAD models.
After completing the first layer, a new layer of material is
deposited on the top and this process is repeated until the
desired shaped part is completed according to Fig. 6.

3 Mechanical properties of metallic porous
materials

For metallic porous materials, the evaluation of mechanical
properties including compressive strength, fatigue behavior,
elastic modulus, and flexural properties is the critical factors
for specific industrial applications. Similar to the situation
with the mechanism of pore formation and fabrication tech-
nology, these properties have been studied variously in the
breadth and depth of the reported literature. Furthermore, the
parametric studies with the sintering process, porosity and
fabrication technology have received the most attention,
which is dependent on the evaluation of these properties
reflecting the integrality performance of metallic porous ma-
terials. Therefore, the fine control of pore characteristics of
metallic porous materials and resulting mechanical behavior
is worth studying to achieve the design requirements for a
specific application.

Table 3 Various pore-forming agents used in foam fabrication by thermally melted elimination technology.

Fig. 4 Flowchart for operations of thermally melted elimination technology
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3.1 Compressive properties

Generally, the mechanical property of metallic porous mate-
rials under compressive loads is significantly influenced with
the internal architecture as well as porosity [43, 44]. A bulk of
theoretical and experimental studies have been reported re-
garding compressive strength dependence on structural varia-
tions. The compressive strength of metallic porous materials
with various fabrication technologies are given in Table 5.
Jiang et al. [45] evaluated the physical properties and com-
pressive properties of porous aluminum materials with high
porosity (approximate 70%) synthesized with different shapes
of the carbamide particles. Themeasurement results suggested
that a higher compressive strength was obtained with
spherical-shaped pore-forming agents than that of manufac-
ture with strip-shaped pore-forming agents. Nieh et al. [46]
investigated the influence of pore morphology on compres-
sive strength of opened cell porous aluminummaterials. Their
study confirmed that the pore shapes of porous metallic ma-
terials were greatly influenced on their mechanical properties
as compared to their pore size. Furthermore, Bafti and
Habibolahzadeh [47] reported that angular carbamide parti-
cles significantly reduced mechanical properties and then the
desired compressive strength of porous aluminum material
were obtained via employing the spherical-shaped pore-
forming particles. For porous titanium materials,
Imwinkelried [48] studied the mechanical properties of titani-
ummaterials with porosities (50–80%) via powder metallurgy
by employing nonspherical-shaped ammonium hydrogen car-
bonate (NH4HCO3) particles as pore-forming agents. A

weaker structure along the compaction direction was observed
owing to the uniaxial pressing. Tuncer et al. [49] investigated
the influence of pore aspect ratio on the structure and com-
pressive strength of porous titanium materials with spherical,
angular, and needle-like carbamide particles. According to the
Fig. 7, an approximately reverse tendency was given between
average aspect ratio pores and compressive strength, irrespec-
tive of the porosity and then the decline of compressive
strength could be avoided by adding low aspect ratio particles,
that is, spherical-shaped particles.

In addition, the effect of porosity of porous Ti-10Mo alloy
manufactured using NH4HCO3 as pore-forming agents on the
compressive strength and elastic modulus was elaborately
studied by Gao et al. [50]. The porosity of this material in-
creased as increasing the volume percentage of pore-forming
agents NH4HCO3 particles. The porosity of this material has
proven to be the main influences on a sustained declination in
the compressive strength and elastic modulus.Wang et al. [51]
investigated the compressive strength and deformation mech-
anism of the porous copper materials by employing pore-
forming agents NaCl particles under quasi-static compressive
condition. The stress-strain curves showed a slight depen-
dence on strain rate at high strain levels in densification stage.
Moreover, the phenomenon of the layer-by-layer collapse was
observed due to the high stress, which revealed the predomi-
nant deformation mechanism of opened cell porous copper
alloys. Nakaş et al. [52] studied the influence of porosity on
the compressive strength of porous TiNi materials using
spherical-shaped magnesium powders with average size of
450 μm. The continuous declination in compressive strength

Fig. 5 Flowchart for operations of embedding cenosphere process

Table 4 Various pore-forming agents used in foam fabrication by embedding cenosphere process
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and elastic modulus was revealed due to an increase in poros-
ity. Li and Dunand [53] evaluated the mechanical properties of
porous titanium materials with aligned pores using DFC tech-
nology of aqueous slurries of titanium powders, followed by
ice sublimation and powder sintering. The semi-ductile behav-
ior and high-energy absorption of porous titanium materials
appeared under compressive loads. Sankaranarayanan et al.
[54] evaluated the effect of cenosphere particles on the com-
pressive behaviors of porous magnesium materials. Their

experimental results showed a slight improvement in com-
pressive strengths of porous magnesium materials by
employing cenosphere particles as pore-forming agents.
Vogiatzis et al. [55] proposed a new mathematical model to
predict the compressive strength of porous aluminum-ceramic
cenospheres materials. The relative error between the experi-
mental and theoretical magnitude calculated by Eq. (1) as
follows appeared at 15% below without considering the influ-
ence of cenospheres fragments numerically.

σcth ¼ C � Pc

3 ln
1

1‐ρsf

� �
−A

� � � 1−Vcenoð Þ3=2 þ σwall � Vceno � 1− 1−
t
R

� �3
� �3=2

0
BB@

1
CCA ð1Þ

where σcth was the estimated compressive strength and C a
constant assumed equal to 0.3. Pc and ρsf were the relative
density of the compact green body and the examined mate-
rials, respectively. Awas constant equal to 0.9, σwall the com-
pressive strength of the wall material of the cenospheres, and
Vceno the volume fraction of cenospheres. t is the wall thick-
ness and R is the radius of the cenospheres.

3.2 Elastic modulus

Recently, porous metallic artificial implant plays an important
role for load-bearing parts. However, for load-bearing implant
applications, the evaluation of elastic behavior of porous ma-
terials is one of the critical factors because of their

mismatching elastic properties with human cortical bones as
presented in Table 6 [56].

Our previous studies have confirmed that highly porous
materials significantly decrease the elastic modulus and com-
pressive strength [13, 34]. Niu et al. [57] developed a classical
equation between the elastic modulus and relative density of
porous materials and expressed as follows:

E=Es ¼ ρ=ρs ð2Þ
σpl=σys ¼ 0:3 ρ=ρsð Þ3=2 ð3Þ

where E is the elastic modulus of porous materials, Es is the
elastic modulus of the cell edge solid material, σys is the yield
strength of the cell edge solid material porous materials, and
σpl is the plateau stress of the of porous materials.

Scaffold design
CAD based

Image based (MRI/CT)

Fig. 6 Additive maunfacturing
process for near-net-shape
metallic porous materials [40–42]
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3.3 Fatigue properties

On account of the structural characteristics of metallic porous
materials used in an increasing range of applications, especial-
ly in load-bearing orthopedic implants and automobile field,
the fatigue behavior under service should be investigated.
Particularly, porous titanium alloys have been recognized as
a suitable candidate for prostheses or dental implants because
of their biocompatibility with tissue among several other op-
tions (e.g., porous aluminum or cuprum alloys). To ensure
ingrowth of tissue, the formation and fatigue crack growth
resulted from the response to the repeated cyclic loading
should be investigated, which seriously affects its service life
[58]. As has already been stated, the structural and functional
fatigue of porous Ni-Ti alloys under cyclic loading was eval-
uated by Eggeler et al. [59]. The structural fatigue was found
to be depended on the occurrence and development of surface
cracks and the functional fatigue was closely related to the
increase in the inner residual strain. Meanwhile, Lin et al.

[60] investigated the microstructure and fatigue properties of
porous Ti35Nb alloy under cyclic loading. The recorded value
of fatigue limits were displayed as 15.12 MPa at 107 cycles
(Table 7, 1). In addition, the fatigue cracks was tended to
appear on the wall of micropores and developed along this
wall. Eventually, the fatigue cracks of porous Ti35Nb alloy
were visualized due to the redundant load transferred by the
failure of adjacent struts. Similarly, Nakaş et al. [52] evaluated
the fatigue behavior of porous Ni-Ti alloys fabricated with
magnesium particles as pore-forming agents under cyclic
loading. The value of fatigue limit was found approximately
to be 60% of yield strength, which was irrelevant to the po-
rosity (Table 7, 3). In addition, the fatigue fracture was detect-
ed owing to the formation of coalescence of microcracks on
the pore surfaces due to the development of the macro-cracks
on the pore walls. Meanwhile, the obvious crack was aligned
at 45° to the loading direction.

Furthermore, the construction components of vehicles are
also evaluated the fatigue behavior owing to the frequent vi-
brations and repeated mechanical straining. Zettle et al. [61]
studied the fatigue properties of porous aluminum materials

Fig. 7 Compressive strength evolution with aspect ratio of the produced
porous titanium materials at three different porosity levels [49]

Table 6 Elastic modulus and porosity of metallic materials [56]

Material No. Porosity [%] Elastic modulus [GPa]

Bone 1 5–90 0.1–30

Dense Ti 2 0 80–130

Porous Ti 3 78 5.3

Porous Ti6Ta4Sn 4 75 4.6

Porous Ti NbSn 5 30–60 10.8–33.2

Porous Ti10 Nb10Zr 6 59 5.6

Porous TiZr 7 70 15.3

Porous Ti15Mo5 Zr3Al 8 26 20

Dense Ta 9 0 185

Porous Ta 10 75–85 2.5–3.9

Table 5 Compressive behaviors of metallic porous materials with various fabrication technologies

No. technique Raw materials Pore-forming agents Porosity
[vol%]

Pore shape Compressive
strength (MPa)

Elastic modulus
(GPa)

1 Sintering-dissolution process Titanium [49] Carbamide 44 Spherical
Angular
Needle-like

185
175
140

–

2 Thermally stimulated decomposition Titanium [43]
Ti-15Mo [53]

NH4HCO3 78
7.9
29.7
62.5

Spherical
Spherical

35
1166
360
82

5.3
49.2
25.6
4.6

3 Thermally melted elimination TiNi [52] Magnesium 49
58
64

Spherical 273.45 ± 9.25
174.75 ± 10.75
93.27 ± 5.30

8.71 ± 0.24
5.87 ± 0.31
2.93 ± 0.03

4 Embedding cenosphere process Magnesium [54] Cenosphere 13.24
26.48
39.72

Spherical 45.0 ± 2.1
42.9 ± 1.6
43.1 ± 1.8

218 ± 8
226 ± 11
221 ± 7
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under fully reversed loading conditions. The fatigue limit was
about 1.1–1.4 MPa at 109 cycles under fully reversed tension-
compression loading [Table 7 (2)]. Meanwhile, the initial de-
fects (e.g., precracks, holes) in the interior structure of pores
are likely to generate the initial cracks and the fatigue fracture
appears preferentially in areas with low material density or
large pores. The fatigue crack was also preferentially devel-
oped on thin walls of micropores, and eventually developed
along this wall.

3.4 Flexural properties

For the flexural properties of metallic porous materials, only a
few parametric investigations have been reported. As has al-
ready been stated, the flexural property is largely dependent
on the magnitude of porosity and inhomogeneity of metallic
porous materials. Imwinkelried [48] evaluated the flexural
properties of porous titanium materials (50–80%) with
NH4HCO3 particles as pore-forming agents using three point
bending test. The flexural strength of the 3-point bending tests
was calculated by Eq. (2). Results suggested that the maxi-
mum flexural stress was closely correlated with the porosity.
In addition, the combination of various failure types on the
pore walls (e.g., bucking, bending, and tearing) was observed
on the fracture morphology. Similarly, Amigó et al. [62] used
NH4HCO3 particles as pore-forming agents to fabricate the
porous TiCP3 materials with porosities (35–80%) and studied
their flexural properties. A higher flexural strength is obtained
by employing smaller size and lower volume percentage of
pore-forming agents NH4HCO3 particles. For closed-pore me-
tallic alloys, Ma et al. [63] conducted the 3-point bending tests
for porous Cu-Sn-Ti alumina composites (having porosity 20–
50%) by employing alumina bubble particles. Their results
confirmed that the flexural strength could be tailored by alter-
ing the size and concentration of alumina bubble particles.

σmax ¼ 3FL

2bh2
ð4Þ

where F is the maximum load. L, b, and h are the span (a
distance between supports), width, and thickness of
specimens.

4 Application of metallic porous materials

Metallic porous materials or metallic foams are commercially
used in various applications according to their physical and
mechanical properties. The most important commercial appli-
cations of these materials are in the structural (e.g., wear-
resistant tools and biomedical implants) and the functional
(e.g., catalyst and heat exchangers) fields, which is dependent
on the characteristics of metallic porous materials such as
morphology, metallurgy, processing, and economy.

4.1 Structural application of metallic porous materials

4.1.1 Wear-resistant tools

A consistent increase in demand of grinding wheel in the field
of machining the difficult-to-machine materials for high
strength and toughness materials (e.g., nickel and titanium-
based alloys) with high efficiency and precision used in aero-
space and automotive industry has been presented in recent
years [64–74]. Compared to resin and vitrified bond
superabrasive grinding wheel, the prominent characteristics
of the metal bond ones, (e.g., high toughness, high wear re-
sistance, and long tool life) make them an ideal option in
machining the hard and brittle materials. However, the fre-
quently dressing is required to prevent the clogging of grind-
ing wheel due to their insufficient chip storage capacity and
poor self-sharpening [75–83]. Furthermore, the poor machin-
ing efficiency and quality to grind the difficult-to-machine
materials will be affected by the above reasons [84–86]. On
account of the exceptional properties of metallic porous ma-
terials, properly designed the structure of metallic porous ma-
terials by employing the various types of pore-forming agents
can improve the performance of the working layer of grinding
wheels [87, 88]. In addition, the porous structure of the outer
surfaces results in the formed additional cutting edges and
then the empty interiors turn into the temporary shallow stor-
age for grinding chips [89]. Naturally, the pores generated by
embedding pore-forming agents play a critical role in grinding
processes [90]. Along this line of consideration, properly de-
signed the structure of metallic porousmaterials by employing
various types of pore-forming agents is of vital importance to

Table 7 Fatigue behaviors of metallic porous materials

No. Raw materials Pore-forming agents Porosity
[vol%]

Applied load type Frequency (Hz) Compressive
strength (MPa)

Run-out
(cycles)

1 Ti-35Nb [60] NH4HCO3 66 Compression-compression 10 10.15 107

2 Aluminum [61] TiH2 – Tension-compression 5 1.1–1.4 109

3 Ti-Ni [52] Magnesium 49
58
64

Compression-compression 5 88.76
54.90
26.47

106
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achieve high porosity and desired mechanical performance
simultaneously.

Recently, the pore-forming agents, i.e., granulated sugar
[91], polymethyl methacrylate (PMMA) [92] and butyl carba-
mate [93] have been employed to obtain the grinding wheel
with high porosity. However, the pore characteristics (e.g.,
shape, size, and distribution) generated with the above pore-
forming agents by adopting various removal process (i.e.,
sintering-dissolution, thermally stimulated decomposition,
and thermally melted elimination technique) were always tiny
and irregular and then unable to accurately obtain the satisfac-
tory physical property and mechanical performance of grind-
ing wheel with high porosity [94]. The embedded alumina
hollow particles (see Fig. 8) as pore-forming agents were put
forward to fabricate metallic porous materials by Ding et al.
[95]. The high interfacial strength of the stable protecting
layers be tween Cu-Sn-Ti compos i t e s and CBN
superabrasives, Cu-Sn-Ti composites and alumina hollow par-
ticles was investigated. Furthermore, the fabricated porous
metal-bonded CBN wheels (as presented in Fig. 9) showed a
good grinding performance. Chen et al. [96] evaluated the
grinding performance of Cu-Sn-Ti bonded CBN wheels with
a bending strength of 60 MPa and 30% porosity by using 0.5-
mm-size alumina hollow particles (Fig. 10). The results
showed that the grinding forces, specific grinding energy,
and temperatures of the porous bonded CBNwheels are lower
than that of vitrified bonded CBN wheels. Ma et al. [63] eval-
uated the microstructures and mechanical properties of the
porous Cu-Sn-Ti alumina composites by employing alumina
hollow particles. The experimental results displayed that the
pore size and distribution could be tailored accurately to fab-
ricate the satisfactory porosity and mechanical properties of
the porous Cu-Sn-Ti alumina composites and then the wear-
resistant tools by employing the porous Cu-Sn-Ti materials
would be obtained.

4.1.2 Biomedical implants

Metallic materials (e.g., stainless steel, cobalt-chromium al-
loys, pure Ti and its alloys, and bioactive metallic glass) play
a pivotal role as biomaterials to assist with the repair and
replacement of natural bones [97–100]. These artificial metal-
lic implants are more applicable for load-bearing applications
as compared with ceramics or polymer materials due to their
unique combination of high strength and fracture toughness
[101, 102]. However, the metallic implants are usually much
stiffer as compared to the natural bone represented in Fig. 11a.
This mismatch of the Young’s modulus can cause stress-
shielding effects under load-bearing load potentially leading
to bone resorption as shown in Fig. 11b and eventual failure of
such implants. Therefore, it is critically important for metallic
implants to have well-matching mechanical properties to min-
imize the stress-shielding effects and their biological
properties.

From the biological point of view, the biocompatibility and
osteoconductive characteristics of porous materials are closely
related to the pore morphology such as size, shape, connectiv-
ity, and porosity because of their cell attachment, proliferation,
and bond strength between the tissue and the artificial implant
in the human body [103–105]. It is well documented that the
opened cell porous structure with pore sizes in a range of 50 to
800 μm is suitable for introducing tissue ingrowth which an-
chors the prosthesis to the surrounding bone and prevents the
implant loosening. Moreover, according to the natural bone
structure, the porosity of the porous artificial implants should
be in range of 30 to 50%, to increase the surface-to volume ratio
of the porous materials and, therefore, to promote bone remod-
eling, cell attachment, growth, and migration [106–108]. From
mechanical point of view, the elastic moduli and fracture
strength of porous metallic implants should be as close to the
human bones. The matching mechanical properties can mini-
mize the stress-shielding effects and prevent the premature fail-
ure [109]. From in vivo study, it is confirmed that the

Fig. 8 Morphology of alumina bubble particles with a diameter of 150–
250 μm [95]

Fig. 9 Porous metal-bonded CBN grinding wheel [95]

Int J Adv Manuf Technol (2018) 95:2641–2659 2651



interconnected metallic porous materials improve the bone in-
growth and interfacial bonding as presented in Table 8
[105–107]. Furthermore, Bandyopadhyay et al. [110]
manufactured porous titanium implants with porosities (25%)
and evaluated effect of porosity on osteointegration properties
in vivo. The distal femur model of male Sprague-Dawley rats
was established for a period of 4 and 10 weeks, which was
detected with microcomputed tomography. In addition, the
strong interfacial bonding between porous titanium implants
and the surrounding tissue was closely correlated with porosity
at early stage of osseointegration regardless of surface modifi-
cation. Compared to porous titanium alloys, porous magnesium
alloys may be better candidates as biodegradable implants,
which can be gradually dissolved and then absorbed or elimi-
nated from body during the stage of convalescence. However,
the physical and mechanical properties of porous magnesium
alloys as biomedical materials such as poor connectivity and
poor corrosion resistance in body’s internal environment re-
quire further investigation [111]. Porous tantalum alloys as a
new developing direction of bone tissue engineering come into
sight in view of superior properties such as good biocompati-
bility, corrosion resistance, bone induction, and regeneration.
Though porous tantalum alloys have superior properties, there
is still possibility of trouble in mass preparation [112].

4.2 Functional application of metallic porous
materials

4.2.1 Catalyst and catalyst carrier

Since the discovery of porous materials attention has been
directed to explore their potential applications in catalysis or
absorption fields. The mesoporous materials are appropriate
for being used not only as acidic, basic, or redox catalysts but
also as carriers of highly dispersed metallic or oxidic phases.
The mesoporous materials allow the larger molecules to enter
the pore system, to be processed there and to leave the pore
system again [113, 114]. Liu et al. [115] applied the ordered
porous transition metal oxides to remove volatile organic
compounds by employing the catalytic combustion method.
The resulting catalyst offering excellent catalytic properties
such as high reactants interfacial area, low temperature reduc-
ibility, and unique porous structure make it a considerable
attention as an effective catalyst to eliminate volatile organic
compounds. Mikami et al. [116] pointed out that porous Ni
materials exhibited high catalytic activity by employing a cer-
tain amount of zirconium for the hydrogenation of nitrate in
water. In addition, the blockage of porosity could be avoided
by employing the element of zirconium and then the porous

a b

After 2-yearInitial stage

3.68mm

Fig. 11 a Mechanical comparisons of metallic alloys and natural bones and b stress-shielding effect of cobalt-chromium tibial baseplates [101, 102]

Fig. 10 Morphology of porous
bonded CBN wheels. a
Photograph. b SEM micrograph
[96]
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Table 8 Histology images after in vivo study of artificial metallic porous implants [105–107]
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structure of Ni-based solid catalysts was preserved eventually.
Giani et al. [117] investigated the application of the open-
porosity metallic materials as catalyst carrier in gas-solid cat-
alytic processes for short periods of contact times and high
reaction rates, which typically governed by diffusional mass
transport. Furthermore, metallic porous materials have been
widely employed to degrade pollutants catalytically.

4.2.2 Heat exchangers

The advanced power system requires higher cooling capability,
and the use of opened cell metallic porousmaterials is one of the
suitable ways to increase the heat exchange rate. According to
the high surface area to volume ratio, thermal conductivity, and
mixing capability of fluids, the metallic porous materials make
them effective for the improvement of heat exchanging. A sche-
matic representation is shown in Fig. 12 of the mechanisms by
which heat transfer can occur in porous materials [118].

Recently, aluminum- or copper-based porous materials hav-
ing high conductive and opened cell pores received a special
attention as heat exchangers. As has already been stated, the
heat transfer performance is largely dependent on the porosity
[119, 120], pore size [121, 122], and wall connection [123] of
metallic porous materials. Bhattacharya et al. [119] pointed out
that the effective thermal conductivity was closely correlated
with the porosity of metallic porous materials. Meanwhile, a
numerical investigation of porous aluminum materials with
high porosity used for air-cooled heat exchangers was

elaborated by Ejlali et al. [120]. The results revealed that the
heat removal capacity could be improved by applying porous
aluminum alloys to a great extent compared to conventional
finned design. Boomsma et al. [121] evaluated thermal resis-
tances of heat exchangers fabricated with compressed porous
aluminum materials. Results indicated that nearly half of mag-
nitude of thermal resistances was generated with compressed
porous aluminummaterials compared to the best heat exchang-
er under same conditions. Furthermore, Mao et al. [122] de-
clared that the heat transfer capability could be strengthened by
optimizing the porosity and thickness of porous aluminum al-
loys. In addition, the convective heat transfer is strongly depen-
dent on the pore size of metallic porous structure [123]. Zhao
et al. [124] indicated that the effective thermal conductivity of
porous FeCrAlY materials increased with the increasing of
pores size (0.1–7 mm) under vacuum condition. Hutter et al.

Fig. 12 Mechanisms of heat transfer in porous materials [118]

Fig. 13 Comparison of porous metal reactors. Inserted commercial
porous elements (20 and 30 ppi) on the left; the fully sintered structure
on the right. The SEM image depicts the roughness of the sintered
material [125]
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[125] stated that the pseudo-convective heat transfer rate of the
fully sintered structure revealed a 30% increase compared to the
sintered structure without wall connection. A comparison mor-
phology of metallic porous reactors between commercially
available porous metal reactors and the fully sintered structure
is illustrated in Fig. 13.

5 Conclusions and future challenges

This comprehensive review confirmed that the mesoporous
and microporous metallic materials are successfully
manufactured using various advanced manufacturing process-
es. Three-dimensional (3D) continuously porous metallic ma-
terials are tailored by advanced additives manufacturing (AM)
technique. On the other hand, the randomly opened cell or
closed cell metallic porous materials are manufactured using
powder metallurgy technique. The pore-forming agents are
removed by heat treatment or dissolving processes without
leaving identifiable processing defects (e.g., formation of a
second phase, delamination, and cracks). The irregular shapes
pores are distributed throughout the final structure. However,
the pore morphologies for example pore size, shape, porosity,
and connectivity rely on the physical behavior and volume
percentage of pore-forming agents. It is noticeable that the
porosity in metallic porous materials negatively impact on
their mechanical properties.

Although there are great progresses in manufacturing pro-
cess of metallic porous materials, there are still significant
challenges:

(1) The pore morphologies depending on various factors
(e.g., pore-forming agent types, size, shape and prices,
the removal process, and the sintering technology) have
a great influence on the microstructure and/or mechani-
cal properties of metallic porous materials. A partially
ordered arrangement of the pores has been achieved in
previous studies. However, the uniformity of the pores in
final whole structure needs to be studied further.

(2) Though the parametric investigations with the sintering
process, porosity, and fabrication technology have been
studied, there is no practicable theoretical and numerical
model to estimate the influence of various parameters on
the microstructure and mechanical properties.

(3) Awide-ranging applications in structural (wear-resistant
tools and biomedical implants, etc.) and the functional
(catalyst and heat exchangers, etc.) aspects of metallic
porous materials have been discussed. However, their
highly manufacturing cost minimized their application
area. Therefore, it is necessary to establish a cost-
effective manufacturing technique that can match the
physical and mechanical properties of metallic porous
materials for advanced industrial applications.
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