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A novel sort of cellular titanium foam with the porosity of 86–90% and the main-pore size of
0.5–3.0 mm was successfully prepared. Such foam exhibited a compressive curve showing three
regimes: the initial elasticity, the middle zigzag plateau, and the final “densification.” This
“densification” presented a course that the broken pieces continually accumulated in those pores
which were unbroken or not entirely broken. The fracture morphology suggested that the
compressive failure was typically brittle for this titanium foam. The electromagnetic shielding
performance was investigated in the radio wave frequency range (0.3–3000 MHz) for this foam,
which showed an evident effectiveness with a good performance at low frequencies. On the
whole, the effectiveness would be superior while the porosity of the sample was relatively small.
It could be inferred that the present foam samples would perform their electromagnetic shielding
mainly by the reflection loss mechanism in the low-frequency range, and give priority to the
absorption loss mechanism at the upper-frequencies.

I. INTRODUCTION

Metal foams are porous materials with dual attribute of
structural and functional actions, and may be used as the
lightweight structure that can reduce noises, absorb energies,
attenuate shock, shield electromagnetic waves, or resist the
fire in a number of fields such as the aerospace, automobile,
communication, ship, and construction industries.1–5 There
have been lots of researches on aluminum foams, but
relatively a little on other metal foams, such as the titanium
foam. Owing to the high melting point and the excellent
corrosion resistance of metallic titanium or its alloy, titanium
foams could be more suitable than aluminum foams for the
more rigorous demand on the ambient temperature and the
service environment.

Unlike aluminum foams that have been widely used and
easy to produce, cellular titanium foams with high porosity
are difficult to obtain,6–9 due to the high melting temper-
ature and easy oxidation of titanium. Not only the prepa-
ration technology for titanium foams need be different from
that for aluminum foams, but also the resultant porous
products would have their own individual behaviors in their
properties.

Titanium foams are attractive for structural and bio-
medical applications,6,10 and they have been already studied
largely on implant materials,9–13 but seldom on engineering

materials. Porous implant materials require their pores to be
three-dimensionally interconnected fully to facilitate the
transport of body fluids, indicating a reticular open-cell
structure.14,15 By comparison with this porous structure, the
cellular titanium foam has been quite rarely researched.13

As well known, metal foams will be developed for lower
bulk density and higher porosity when the structural weight
becomes important. As for porous metal foams based on
different practical applications, the basic mechanical prop-
erty is always the most elementary.1,16–19 Accordingly,
a high porosity titanium foam with cellular structure was
firstly prepared in the present work, and its compressive
behavior, one of the most elementary mechanical properties,
was preliminarily investigated.

Electromagnetic radiation may bring a poor performance
of electronic instruments and equipments, and possibly lead
to the information leakage.20–22 With a broader and broader
application of electronic products, electromagnetic pollution
has had a more and more far-reaching involvement in the
environmental and military security, and the quest for
safeguards against electromagnetic radiation with radio
efficiency has thus become a burgeoning area of research.23

In modern world full of electronic products, one of the most
important issues is a need to shield the electric devices from
electromagnetic interferences (EMI).20 Therefore, the
researches on EMI shielding are getting more and more
attention,22 and a critical requirement for EMI-shielding
material is of low weight, so conductive porous materials
are good candidates.23 Nevertheless, there were only a few
relevant researches on metal foams.21–25 As a practical
performance with the promising prospect of applications for
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metal foams, the electromagnetic shielding effectiveness
was also preliminarily investigated for the present titanium
foam in this paper.

II. PREPARATION OF THE TITANIUM FOAM

Using the space-holder method combined with the
molten powder foaming process,2,5 a sort of cellular
titanium foam with high porosity was prepared with
titanium (Ti) powder as the main raw material and nickel
(Ni) as the main alloy element. The pure titanium powder
and the pure nickel powder with both the size of �300
meshes were firstly selected by the mass ratio of 75:25–
85:15 to uniformly mix together for 2 h, and then in the
resultant mixed metallic powder a certain amount of the
self-made spherical foamer (e.g., the spherical particle
made from the mashed cocoon or the flour, constituting
80–85% of the mixture by volume, and the experimental
result showed the latter not to be good in this work), the
nontoxic adhesive (e.g., the jellylike matter from modu-
lating the potato starch and solvent) and the appropriate
amount of the required additive (such as ammonium
bicarbonate powder) were added according to the set
porosity of the product. Evenly blended, the prefabricated
product was afterward made by pressing in a mold to dry.
The prefabricated product after drying was placed in
a nonoxidizing environment together with the mold, and
rapidly heated to 1000–1200 °C to sinter and then cooled,
during which the organic species carried out a thermal
decomposition to remove the space holder, resulting in
a highly porous product of titanium foam. In the process
of sintering at 1000–1200 °C, some powder-like Ti2Ni
alloy (see Fig. 1) could form and melt in the green body,
which would be very helpful to combining metallic
powders into one whole. The resultant porous product
with porosity of about 90% is shown in Fig. 2 as an
example. Figure 2(a) shows the sample with the main

pores of millimeter-scaled spherical shape. Such product
is of high porosity, so the main pores cannot be closed
generally and are connected with each other by the small
holes [Fig. 2(b)]; the example of the macroscopically
“dense” wall structure [Fig. 2(c)] shows a good binding
of the solid phase, and the irregular fine pores with
micrometer size further increase the connectivity between
the internal pores. The analytical result of x-ray diffraction
(Fig. 1) revealed this product to be composed of the main
phase of Ti and the second of NiTi2, which is in agreement
with that from the phase diagram of Ti–Ni alloys.

III. COMPRESSIVE BEHAVIOR

A. Experimental method

Owing to the structural feature, metal foams would
deform in a very different way from traditional materials,
so the test method of compression for traditional metal
materials could not be fully applicable to porous metals.
Therefore, the present titanium foam was performed
a quasistatic compression test under a condition at room
temperature by the following procedure, referring to the
test method introduce in Ref. 1.

To obtain the sample suitable for compression test at
the current processing level, a specially designed mold
was used to make the columnar sample of titanium foam
(see Fig. 2), which would be capable of executing the
compression test. This sample was about 45 mm in

FIG. 1. X-ray diffraction result of the titanium foam product.

FIG. 2. Morphologies of the cellular titanium foam with spherical
pores: (a) a cylindrical sample with high porosity; (b) a locally magnified
image of the spherical pore structure; (c) the microporous structure of the
cell wall.
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diameter, 50 mm in height, and 86–90% in porosity. In the
process of testing, two ends of the compression sample and
the end of two pressure heads of the test equipment were all
smeared with the graphite to make them smoother, so as to
reduce the friction caused by the relative displacement of
the sample end and the pressure head of the equipment, as
much as possible. An electronic universal testing device
(WDW-3050 type; Beijing United Test Co., Ltd., Beijing,
China) controlled by microcomputer was for the compres-
sion test, with the maximum equipment load of 5 T and the
compression velocity of 1 mm/min.

B. Results and analysis

To know the relatively complete information about the
compressive behavior of this cellular titanium foam with
high porosity, the sample of about 90% porosity was
selected to investigate the destroyed morphologies when
compressed to the nominal strain of about 1/3 and 2/3,
respectively, as well as the relationship between nominal
stress and nominal strain during this compression. The
morphology of the sample compressed to the nominal
strain of about 1/3 (Fig. 3) suggests that the compressive
failure of this titanium foam occurred to be continually
pushed forward by the pore collapse and fracture in the
way of layer by layer in the direction perpendicular to
loading. Because the loading action by the equipment
could result in a stress gradient in the sample, the pore
layer close to the pressure head would be preferentially
damaged. The broken pieces close to the brim of the joint
surface between the sample and the pressure head would
go outside off the sample, and those close to the interior
of the joint surface would drop down inside the pores in
the layer just beneath to make the sample gradually tend
to “densification.” This failure mode that the pores
collapsed in the way of layer by layer in the sample
created a fluctuant plateau area with saw-tooth shape in
the nominal stress–strain curve for the compressive

process (see Fig. 4). Since the pores did not very uniformly
distribute within the actual sample, those located at other
weak positions, although not close to the joint layer
touching the pressure head, would also be preferentially
ruined to promote the “densification” of the sample. Hence
the zigzag plateau area in the nominal stress–strain curve
showed a slowly upward tendency.

The morphology of the sample compressed to the
nominal strain of about 2/3 (Fig. 5) displayed a thorough
destruction of the titanium foam. The nominal stress–strain
curve formed during this compression is shown in Fig. 6,
which is relatively complete to present three regimes of the
initial elasticity, the compressive plateau, and the densifi-
cation. By comparison, only the first two regimes, i.e. the
initial elasticity and the compressive plateau, appear in
Fig. 4, not yet reaching the densification region due to the
nominal strain just stopped at 1/3.

The initial elasticity region and the following zigzag
plateau in the compressive curves in Figs. 4 and 6 indicate

FIG. 3. Morphology of the about 90% porosity sample fractured at
the nominal strain of about 1/3.

FIG. 4. Compressive curve with the nominal strain ended at about 1/3
for the sample of about 90% porosity.

FIG. 5. Morphology of the about 89% porosity sample fractured at
the nominal strain of about 2/3.
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that the present titanium foam would belong to a typical
elastic–brittle porous material. This porous titanium alloy
had its elastic deformation by cell wall bending when it
was at low stress. With the gradual increase of stress, the
porous structure began a brittle collapse when the stress
was larger than the elastic limit of the cell wall, and the
stress steeply decreased. After the first layer of pores
collapsed and felled off, the second layer also worked as
this, so a fluctuant zigzag plateau would show in the
compressive curve. Continually collapsed pieces accumu-
lated inside the pores that had not collapsed or not
completely collapsed, resulting in the “densification” of
the sample to finally cause the subsequent continual
increase of the stress value. As we know, elastic–plastic
foams have their compressive curve commonly showing
three regimes of the initial elastic deformation, the
yielding plateau in succession, and the final densification,
for example, the aluminum foam, which is well known.
The prominent differences between this kind of curves
and the present compressive curve are as follows: the
plateau is relatively smooth for the former, but markedly
fluctuates for the latter; more noticeably, the compression
should be equivalent to that of the corresponding dense
material after densification for the former, to some extent,
but for the latter there would be just a nominal densifi-
cation that is of the increased accumulation of the broken
pieces, and the resultant structure would deviate greatly
from that of the corresponding dense material.

The limiting stress, eD, which is achieved at the
beginning of “densification” during the compression, is
described for foamed materials in Ref. 26:

eD ¼ 1� 1:4ð1� hÞ ; ð1Þ

where h is the porosity of the porous body. In Eq. (1)
taking h 5 89%, a value of the porosity of the titanium

foam sample corresponding to that in Fig. 6, gives the
corresponding “densification” stress to be about 0.85.
Figure 6 shows this limiting stress could actually reach
only about 0.65, which is obviously less than 0.85. This
is caused by the bridging support due to that the above-
mentioned broken pieces resulted from the collapsed
pores filled in those pores that were unbroken or not
entirely broken, so the “densification” regime would
arrive ahead of schedule on the compressive curve. The
continual accumulation of the broken pieces inside the
sample could make it incessantly tend to be “densified,”
and finally the nominal stress would led to a rapid
increase with the increase of the nominal strain. On the
present compressive curve, this final “densification”
regime would come forth apparently earlier than that of
those elastoplastic foamed materials. However, this
“densification” had been resulted from the accumulation
of the broken pieces in the pores, and there would be a lot
of rigid gaps in the “densified” locality, which is quite
different from the densified structure formed in the
corresponding stage in the elastoplastic foamed materials.

To understand the microscopic morphology of the
compressively damaged sample, a scanning electron
microscopy of SEM4800 type made by Hitachi Company
in Tokyo, Japan was also used to observe the fracture
surface structure, with the resolution of 2.0 nm. As shown
in Fig. 7, the fracture morphology of the pore-wall
exhibits a clear cleavage surface, illustrating a brittle
fracture which is corresponding to the zigzag plateau in
the compressive curves in Figs. 4 and 6.

IV. ELECTROMAGNETIC SHIELDING

A. Experimental methods

The DR-S01 shielding effectiveness tester (Beijing Ding-
rong Shichuang Science & Technology Co. Ltd., Beijing,
China) was used to test the electromagnetic shielding

FIG. 6. Compressive curve with the nominal strain ended at about 2/3
for the sample of about 90% porosity.

FIG. 7. SEM fracture image of the sample that was compressed to
break: the pore-wall morphology at the fracture position.
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effectiveness for the present titanium foam samples. Such
a complete set of equipment is shown in Fig. 8. This device
is designed in accordance with the international standard of
ASTM 4935-2010 “Standard test method of electromagnetic
shielding effectiveness of planar materials”, and suitable for
testing the plane wave shielding effectiveness of planar
electromagnetic shielding materials, with a wide range of
the effective testing frequency because of highly precise
machining the coaxial flange parts. The emission frequency
of 0.3–3000 MHz in this test covers the spectrum of radio
waves.

The circular plate sample with the diameter of about
100 mm was made for the titanium foam to be used in the
experiment of the electromagnetic shielding effectiveness.
The pore parameters of the samples are listed in Table I.

B. Results and analysis

The Schelkuniff theory indicates that the shielding
effectiveness (SE, dB) of the shielding material includes
the absorption loss (A), the reflection loss (R), and the
multiple reflection loss (B)21,27,28:

SE ¼ A þ R þ B ; ð2Þ
here:

A ¼ at flr=rrð Þ1=2 ; ð3Þ

R ¼ b� 10 lg flr=rrð Þ ; ð4Þ

B ¼ 20 lg 1� e�2t=d
� �

; ð5Þ

where both a and b are constants; f is the electromag-
netic wave frequency (Hz); t is the shielding material
thickness (mm); rr is the relative electrical conductivity;
lr is for the relative magnetic permeability; d is the skin
depth, and:

d ¼ fprlð Þ�1=2 : ð6Þ
Equations (3) and (4) show the shielding effect of the

material will be derived mainly from the reflection loss of
electromagnetic waves at low frequencies, and mainly
depend on the absorption loss within the material at high
frequencies.

Figure 9 shows the electromagnetic shielding effec-
tiveness for the cellular samples 1 and 2. It reveals that
the shielding effectiveness of the sample gradually
decreased from about 100 dB to about 25 dB with the
increase of the frequency of electromagnetic waves in
the range of 0–1000 MHz. After more than 1000 MHz,
the shielding effectiveness of the sample showed a wavy
platform, of which the center value is approximately
30–40 dB. In the entirely tested frequency range, the
shielding effectiveness of sample 2 is slightly better than
that of sample 1 below 1600 MHz, and is about the same
at above 1600 MHz (the former may be only a little
better than the latter).

The tested curves reveal that both samples showed
a relatively high shielding effectiveness at relatively low
frequencies in the testing range, which could not be high at
relatively high frequencies. This is also in fact in agree-
ment with that the mechanism of reflection loss would be
dominant at low frequencies and that of absorption loss at
high frequencies for the present titanium foam. In general,
the content of metal solid in the high porosity foam is

FIG. 8. DR-S01 tester for electromagnetic shielding effectiveness of
planar materials.

TABLE I. Pore parameters of the cellular titanium foam.

Sample
number

Mean pore-
diameter (mm)

Sample
thickness (cm)

Porosity
(%)

Specific surface
area Sv (cm

2/cm3)

1 ;0.8 ;1.0 ;86 ;400
2 ;2.5 ;1.2 ;89 ;450 FIG. 9. Curves of relationship between electromagnetic shielding

effectiveness and frequency for the cellular porous titanium foams.
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relatively low, and the function that the loss mechanism
can bring into play will be limited after all.

When the porosity is approximately equivalent and the
pore size is not the same, the higher shielding effectiveness
will occur to the foam sample with the smaller pore-size.21

This is because that the smaller pore-size with a roughly
equivalent porosity will mean a greater number of pores,
and the number of the electromagnetic wave reflection
inside the foam will increase, so that the absorption loss
will also increases. In fact, this increase of the reflection
should be substantially resulted from the more interface
between the cell-wall and the air inside the foam, in-
dicating a larger specific surface area of the foam, and not
directly from the smaller pore-size. Of course, the smaller
pore-size and the greater number of pores might make
a larger specific surface area, which would be, however,
also determined by another important factor, the porosity
of the foam.

Reference 29 provides the calculation relation of specific
surface area Sv for metal foams:

Sv � KS

d
1� hð Þ12 � 1� hð Þ


 �
� 1� hð Þn ; ð7Þ

where Sv (cm
2/cm3) is the specific surface area of the metal

foam; d (mm) and h (%) are the average pore-diameter and
the porosity of the foam, respectively; KS is a material
constant that is determined by the material species and the
preparation parameters for the porous body, and also what
characterizes the material species of pore struts or walls
and the structural and deflective state; n is a geometric
factor to characterize the pore structure of the foam, and it
is affected by the specific structure mode of the material,
so is finally also a constant that rests with the material
species and the specific preparation process.

To the present cellular titanium foam, the data29

resulted from the aluminum foam with the similar pore
structure may be used, namely we may take n 5 0.40 and
KS 5 281.8 in Eq. (7), and then we have:

Sv � 281:8
d

1� hð Þ12 � 1� hð Þ

 �

� 1� hð Þ0:4 : ð8Þ

The specific surface area is calculated for the titanium
foam by using the above equation, and the obtained
results are also given in Table I. It is thus clear that the
relatively large pore-sized sample (No. 2) with relatively
high porosity has a larger value of specific surface area,
and it was tested to be higher than the relatively small
pore-sized sample (No. 1) with a smaller value of specific
surface area in the shielding effectiveness at below 1600
MHz. A larger surface on the material may provide more
sites to reflect the electromagnetic wave, namely, it will
be more conductive to reflecting the electromagnetic
wave. This is consistent with that the shielding effect

will be mainly derived from the reflection loss at low
frequencies [see Eqs. (4) and (5)]. Another study result
also shows that the shielding effectiveness of the porous
structure increases with increasing the pore density when
the porosity keeps roughly identical.23 This is in essence
due to a higher pore density (i.e., smaller pore size) in this
case bringing a higher surface area to result in more
reflections of electromagnetic waves in the porous
structure.

Maybe it should be accounted for: the exponential value
would more greatly influence the calculated result by using
Eq. (7), in which taking n 5 0.40 and KS 5 281.8 was for
calculating the specific surface area of samples 1 and 2
based on the structural feature of cellular metal foams.29

Consequently, a small change of the porosity could bring
a large one of the specific surface area for highly porous
metal foams. Accordingly, sample 2 would have a slightly
larger value of the specific surface area than sample 1,
although the porosity just increases from 86% for sample
1 to 89% for sample 2 and the mean pore-diameter
performs a considerable increment from 0.8 mm for sample
1 to 2.5 mm for sample 2. Certainly, the relation will
be another one different from Eq. (8) for the specific
surface area of reticular metal foams, and this is closely
related to their structural feature.

However, the absorption loss will play a more important
role when the frequency of the electromagnetic field gets
higher, and the contribution of reflection loss will decrease.
The metal solid content is relatively higher for sample 1
with lower porosity, inside which there are thus more metal
solid that will more powerfully interact with the electro-
magnetic field, so as to reinforce the absorption loss. In
addition, the higher content of metal solid in the sample with
lower porosity will lead to a larger conductivity, so a more
absorption loss can also be directly inferred according to
Eq. (3) for sample 1. The different loss mechanisms may
jointly work at the same time, but will do severally to
various extents when the specific condition changes. For
sample 1 with more metal solid and sample 2 with larger
surface area, the combined action both of the absorption and
reflection loss mechanisms eventually induced a result that
the shielding effectiveness would tend to being roughly
equivalent in the case of higher frequencies.

Through the present data and the above analysis, we
could conclude some general understandings in this work
for the electromagnetic shielding performance of metal
foams: for a certain type of structure of the metal foam
used for a certain band of electromagnetic waves, the
appropriate pore-size should be determined at first. In
addition to this, the appropriate porosity would be then
selected to achieve the maximum specific surface area for
the low frequency shielding. For the higher frequency
waves, the sufficient content of metallic solid need be also
comprehensively considered, with the specific surface
area as large as possible. That is to say, both the porosity
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as low as possible and the specific surface area as large as
possible need be endeavored to get for the foam used in the
range of higher frequency: a lower porosity is to make
a higher absorption loss, and a larger surface area is to
make a higher reflection loss. Of these two kinds of losses,
only the maximum summation can achieve the best result.
However, reducing the porosity and increasing the specific
surface area of the foam may be contradictory. Therefore,
the relevant parameters need be determined according to
the specific structure of the foam on the basis of Eq. (7), so
as to find out the optimal matching between the porosity
and the specific surface area for the different wave bands.

V. CONCLUSIONS

(1) This work presents a sort of cellular titanium foam
with spherically millimeter-scaled pores, which is
a novel class of porous titanium material with high
porosity of 86–90%. This titanium foam, belonging to
a typical elastic-brittle porous material, presented a com-
pressive curve that showed three regimes covering the
initial elasticity, the zigzag compressive plateau, and
the final “densification”. Such “densification” indicated
a process that the broken pieces accumulated gradually.
The compressive fracture occurred to be continually
pushed forward by the pore collapse in the way of layer
by layer in the direction perpendicular to loading. The
pore layers located at the applied loading place and those
weak positions would be both preferentially ruined.

(2) The present cellular titanium foam exhibited an
evident effectiveness of electromagnetic shielding, which
decreased with the increase of the electromagnetic wave
frequency in the range of 0.3–1000 MHz, and the corre-
sponding curve presented a relatively long platform when
the frequency is between about 1000 and 3000 MHz. The
shielding mechanism of such samples could be mainly by
the reflection loss in the low frequency region and by the
absorption loss in the relatively high frequency range.
Because the content of metallic solid in the highly porous
foam would be relatively low the loss mechanism could
play just a limited role. Therefore, the above-mentioned
platform area would appear in the low value zone of the
whole shielding effectiveness curve.
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