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Abstract The dynamic Young’s modulus of porous tita-
nium and Ti6Al4V with various porosities was measured
using the electromagnetic acoustic resonance method. The
dependence of Young’s modulus (E) on the porosity (P)
has been analysed in detail based on Phani-Niyogi relation

E=E)l - P—PC and  Pabst-Gregorova relation

E =Ey(1 —aP)(1~4-)). We find that both Phani-

iyogi relation and Pabst-Gregorova relation with fixed
material constant n =2 or a = 1 but varying Pc can cor-
rectly account for the dependence of Young’s modulus on
the porosity for porous titanium and Ti6Al4V.

Introduction

Titanium and Ti6Al4V are widely used as materials for
oral, maxillofacial, and orthopedic implants because of
their advantageous mechanical properties and biocompat-
ibility [1-6]. However, a major concern in the practical
applications of metallic implant materials in orthopedic
surgery is the drastic mismatch of Young’s modulus be-
tween the bone (10-30 GPa) and the metallic implants
(about 105 and 110 GPa for Titanium and Ti6Al4V,
respectively). One way to alleviate this problem is to re-
duce Young’s modulus of metallic materials by introducing
pores, thereby minimizing damages to tissue adjacent to
the implant and eventually prolong device life time [6].
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Hence it is important to find the relationship between the
porosity and Young’s modulus for porous materials. A
general expression of the Young’ modulus as a function of
porosity for the porous medium is of the following form:

E = Eof (P), (1)

where E is the Young’ modulus of the porous material and
E, the Young’s modulus of the fully dense material, P is
the porosity, f(P) is a function that correlates the Young’s
modulus to the porosity and is usually obtained fitting the
experimental data.

Several semi-empirical and analytical expressions can
be found in Refs. [7-10]. Knudsen and Spriggs [7, 8]
proposed the following relation:

E = Epe ", (2)

where b is a material constant and related to particles
stacking. This expression has been widely used to predict
the Young’s modulus of porous materials with low P, but it
is unable to satisfy the boundary condition that E equals
zero for P = 1. Phani and Niyogi proposed another
expression for the Young’s modulus [9]:

E:E()(l—Pi)n. (3)

C

where P is the critical porosity at which E = 0, i.e., the
material looses integrity. P- depends on the stacking
geometry of particles, and the material constant n also
depends on pore distribution geometry, such as shape,
connectivity, etc. Equation 3 satisfies quite well the exact
theoretical solution of Young’s modulus at various
porosities for some model systems with ideal and non-
ideal packing geometry. Recently, Pabst and Gregorova
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have presented a much simple relation [10] which can be
written as

P
E = Ey(1 —aP)(l ——), (4)
Pc
where a is defined as the packing geometry factor. In the
case of spherical pore, a is 1, so Eq. 4 can be rewritten as

the extremely simple form [10]:

E:Eo(l—P)<l—£). (5)

Pc

When P-_ 1, Eq. 5 reduces to Coble-Kingery relation
[10]. Thus Pabst and Gregorova relation can be seen as the
general form of the Coble-Kingery relation.

The present paper reports the measurement of dynamic
Young’s modulus of porous compacts of titanium and
Ti6Al4V using an electromagnetic acoustic resonance
method. The aim of our study is to test the above-men-
tioned relation between Young’s modulus and the porosity
and to verify the available models in light of the experi-
mental data.

Theory of dynamic Young’s modulus measurement

In the electromagnetic acoustic resonance method, the
sample is excitated to flexural vibrations by the Lorentz
force from the alternating signals [11]. There will be res-
onance frequency spectroscopy while varying excitated
signals. If hanging the sample on the nodal points at the
distance from the free end of 0.224] and 0.776/ where [ is
the whole length, the fundamental resonance mode was
measured with the frequency named £, [12]. On the basis of
the motion of flexural vibration, the dynamic Young’s
modulus, E, is calculated as the following [13]:

/ 3
E = 0.9464 x 10~ <E) % £, (6)

where h, b and m is the thickness, width and mass of the
sample, respectively. In Eq. 6, T is a correction factor and
taken as 1 in the present work.

Experiment procedure

The specimens were prepared by the power metallurgy
method which consists of mixing, pressing, and heat-
treating steps [4, 5]. Pores were generated after the fugitive
space-holders as the second phase were removed during the
heat treatment. Commercial pure Titanium and Ti6Al4V

powders (—300 mesh, purity > 98.6%) were used. Urea
powders (analytical pure) of =80 + 100 and —60 + 80 mesh
were selected as space-holders for titanium and Ti6Al4V,
respectively. Metal powders and urea powders were well
mixed in an agate mortar, then the mixtures were com-
pacted in a stainless-steel die with 250 MPa pressure,
resulting in a semifinished product in which urea powders
were distributed homogeneously. Porous metals were then
obtained by heating the semifinished material at 200 "C for
2 h to burn out urea powders. In order to increase their
mechanical strength, the obtained porous metals were gi-
ven a sintering treatment at 1200 "C for 2 h. By changing
the weight ratio of mental powders to urea powders, sam-
ples with various porosities ranging from 30% to 66% were
prepared. The size of all samples was cut to
2x4x60mm by an electrosparking machine. The
porosity of each specimen was calculated from measure-
ments of its weight and apparent volume. Microstructures
of the porous titanium and Ti6Al4V samples were observed
with a scanning electron microscope (SEM) and displayed
in Fig. 1.

Results and discussions

Figures 2a and b show the plots of the relative Young’s
modulus versus the porosity of titanium and Ti6Al4V,
respectively, along with the curve fits obtained using
Egs. 2-4. A glance of Figs. 2a, b shows that Young’s
modulus decreases with increasing porosity and, both
Egs. 3 and 4 provide a satisfactory fit for the porosity
dependence of relative Young’s modulus, but Eq. 2 gives a
poor description of the porosity dependence of relative
Young’s modulus. It should be noted that Egs. 3 and 4
involve two adjustable parameters while Eq. 2 only in-
volves one adjustable parameter. The curve fits obtained
with Eqs. 2—4 yield the values of these adjustable param-
eters, which are presented in Table 1.

As can be seen from Table 1, the obtained value of Pc
of porous Ti6Al4V is a bit higher than that of porous
titanium, suggesting that the space-holders particle size has
effect on Pc. In other words, the space-holders particle size
is larger, the value of P is higher. The effect of the space
holders on P, can be explained with the porosity model
based on minimum solid area of particles or bubbles
stacking [9, 18]. In our porous metallic materials, pores are
fabricated by burning out space-holders. The particles
stacking geometry will vary with the ratio of the space-
holder particle size to the metal particle size. When the
space-holder particle size is far larger than that of metal
particle, the pore structures can be considered as bubbles
stacking, the value of P is close to 1; whereas the space-
holder particle size is far smaller than that of metal particle,
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Fig. 1 SEM micrographs of porous titanium and Ti6Al4V. (a)
porous titanium (the average pore size 170 pm), (b) porous Ti6Al4V
(the average pore size 220 um), (¢) micrograph of one pore

the pore structures can be considered as particles stacking,
the value of Pc is below 0.476 [18, 20]. Thus, it may be
expected that the value of P¢ increases with the increase in
the ratio of space-holder particle size to metal particle size.
In our present experiment, the ratio of space-holder particle
size to Ti6Al4V metal size is about 8:1, which is larger
than that of the space-holder particle size to titanium metal
size with 6:1. As a result, the value of Pc of porous
Ti6Al4V is a little higher than that of porous titanium.

@ Springer
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Fig. 2 Young’s modulus is plotted against the porosity of porous
titanium (a) and Ti6A14V (b), along with the curve fits obtained using
Knudsen—Spriggs relation (Eq. 2, the dotted line), Phani—Niyogi
relation (Eq. 3, the solid line) and Pabst—Gregorov relation (Eq. 4, the
dash line)

The material constant n of Phani—-Niyogi relation is re-
lated to pore geometry, such as pore shape, connectivity,
etc [9]. The material constant a in Pabst-Gregorova rela-
tion is also related to pore shape. From Table 1, it can be
seen that the value of n =~ 2 and a =~ 1, respectively.
According to the conclusions by Phani [9, 14] and Pabst
[10], the present results of n &~ 2 and a ~ 1 indicate that
pores in our porous metallic materials are approximately
spherical.

Because both Phani—Niyogi relation and Pabst-Grego-
rova relation agree with the experimental data, there may
exist a certain correlation or link between them. In order to
find their link, we expand Eq. 3 in a power series of P:

n nn—1) ,

(-2
E=Ey(1-—P+50_")p = D0 =2) s
Pc 2P% 6P%.

(7)
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Table 1 The adjustable parameters in Eqs. 2, 3 and 4 obtained the best fits to the experimental data of Young’s modulus-porosity for porous

titanium and Ti6AI4V

Materials Porosity range (%) Eq. 2 Eq. 3 Eq. 4

b PC n A PC
Titanium 35-66 3.57 £0.15 0.75 £ 0.01 1.68 + 0.04 0.89 = 0.039 0.70 £ 0.01
Ti6Al4V 30-66 336 £0.12 0.83 £0.03 1.93 £0.11 1.01 £ 0.09 0.76 + 0.04

Equation 4 can be rewritten in powers of P as the fol-
lowing form:

E:EO[1— <a+PL)P+iP2]. (8)

c Pc

The coefficients of the first-, second- and third-order
terms in Eq. 7 and the coefficients of the first- and second-
order terms in Eq. 8 have been calculated using the data
presented in Table 1. These coefficients are summarized in
Table 2. As can be seen from Table 2, for porous titanium
it is 0.06 (i.e., 3% increases or decreases in the magnitude)
that the difference in the coefficients of the first-order term
between Eqgs. 7 and 8, whereas for porous Ti6Al4V almost
no difference between the first-order-term coefficients.
Similarly, for porous titanium it is 0.25 (13%) that the
difference in the second-order-term coefficients, but for
porous Ti6Al4V it reduces to 0.03 (2%). For porous tita-
nium the coefficient of the third-order terms in Eq. 7 is
0.15, but for porous Ti6Al4V it is 0.03 and could be ne-
glected. We believe that, for porous Ti6Al4V it is a neg-
ligible third-order term in Eq. 8 that results in the tiny
differences in the coefficients of the first- and second-order
terms between Eqs. 7 and 8. Thus, Phani—Niyogi relation
should reduce to Pabst—Gregorova relation for the depen-
dence of Young’s modulus on porosity when the third-
order term in Eq. 8 is negligible.

During the above-mentioned processes of fitting Eqgs. 3
and 4 to the porosity dependence of Young’s modulus, we
find that the fits are very good but the adjustable parameters
(Pc, n and a) in Egs. 3 and 4 show the dependence upon
the selected porosity ranges, which are shown in Table 3.
For example, for porous titanium with porosities 40-66%
the obtained P and n in Eq. 3 are 0.77 and 1.76, respec-
tively, whereas in the porosity range 35-58% P and n are

adjusted to be 0.73 and 1.60. Compared to porous titanium,
the dependence of both Pc and n on the selected porosity
ranges is stronger in porous Ti6Al4V: in the porosity range
35-66% the obtained Pc and n in Eq. 3 are 0.77 and 1.66,
respectively, whereas in the porosity range 30-55% P and
n are adjusted to be 0.93 and 2.24, respectively. Similar
results have been reported by Kovacik [15] in the analysis
of the experiment data of sintered iron. No doubt this is the
bad effect on Eqgs. 3 and 4 with two adjustable parameters
(n and P or a and Pc) and limits their applicability.
Reducing two adjustable parameters to only one may
greatly weaken this unfavorable effect.

Rice has ever proposed a minimum solid area (MSA)
method [16-20] to determine P.. However, for most real
porous materials the value of P. cannot be determined
exactly except for those with idealized stacking of spheri-
cal particles. Kovacik, Matikas, Coronel and co-workers
[15, 21, 22] used the tap porosity as Pc in Eq. 3 to fit
sintered o, titanium aluminide and sintered glass. They
found that the experimental results can be fitted rather well
in low-porosity region but badly in high-porosity region. In
addition, they also used the initial powder porosity as Pc
and found it can give satisfactory fit only for sintered glass.
Thus, the value of P¢ should be determined from fitting the
experimental data. In other words, P should be an
adjustable parameter. Another way is to let P as an
adjustable parameter and fix the exponent n or the
parameter a. When pores are modeled simply by spherical
bubbles for porous titanium and Ti6Al4V, the exponent n
equals to 2 in Eq. 3 and, the parameter a equals to 1 in
Eq. 4. Using n =2 and a = 1 we have fitted Eq. 3 (i.e.,
Phani-Niyogi relation) and Eq. 4 (i.e., Pabst-Gregorova
relation) to the porosity dependence of Young’s modulus as
shown in Figs. 3 and 4, respectively. From Figs. 3 and 4, it
can be seen that both Phani—Niyogi relation with n = 2 and

Table 2 The coefficients of the first-, second- and third-order terms in Eq. 7 plus the coefficients of the first- and second-order terms in Eq. 8

calculated using the data presented in Table 1

Materials Coefficients

Eq. 7 Eq. 8

Ist-order term 2nd-order term 3rd-order term 1st-order term 2nd-order term
Titanium -2.26 1.02 0.15 -2.32 1.27
Ti6Al4V -2.33 1.30 0.03 -2.33 1.33
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Table 3 The two adjustable parameters P, n or a in Eqs. 3 and 4 obtained from the best fits of the experimental results for porous titanium and

Ti6Al4V over different porosity ranges

Materials Porosity range (%) Eq. 3 Eq. 4
Pc n a Pc
Titanium 40-66 0.77 £ 0.01 1.76 + 0.03 0.97 £ 0.02 0.72 £ 0.01
35-58 0.73 £ 0.02 1.60 + 0.06 0.78 + 0.06 0.67 £ 0.01
Ti6Al4V 35-66 0.77 £ 0.01 1.66 + 0.05 0.85 + 0.05 0.72 £ 0.01
30-55 0.93 + 0.08 2.24 +0.26 0.96 + 0.23 0.76 + 0.19
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Fig. 3 Young’s modulus is plotted against porosity for porous
titanium (a) and Ti6Al4V (b). The solid lines are curve fits obtained
using Phani—Niyogi relation with fixed n = 2

Pabst—Gregorova relation with @ = 1 can correctly account
for the porosity dependence of Young’s modulus over the
entire porosity. Table 4 lists the adjustable parameter Pc
obtained by the fitting with Phani—Niyogi relation and
Pabst-Gregorova relation at various porosity ranges. In
sharp contrast to the results presented in Table 3, the only
adjustable parameter P. is nearly independent of the

@ Springer
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Fig. 4 Young’s modulus is plotted against porosity for porous
titanium (a) and Ti6Al4V (b). The solid lines are curve fits obtained
using Pabst-Gregorova relation with fixed a = 1

selected porosity range, suggesting that the influence of
irregularity of pore shape on the Young’s modulus-porosity
relation may be negligible. Thus, we may conclude that,
both Phani—-Niyogi relation and Pabst-Gregorova relation
with the only adjustable parameter P are applicable to the
dependence of Young’s modulus on porosity for porous
materials.
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Table 4 The only adjustable o - _ _

parameter P, in Egs. 3 and 4 Materials Porosity range (%) ﬁq. 3(n=2) E)q. 4(a=1)

with n = 2 or a = 1 obtained ¢ ¢

from the best fits of the Titanium 35-66 0.831 + 0.005 0.728 + 0.004

experimental results for porous

titanium and Ti6AI4V over 40-66 0.832 + 0.004 0.724 + 0.002

different porosity ranges 35-58 0.835 = 0.005 0.731 = 0.006

Ti6Al4V 30-66 0.851 + 0.005 0.757 = 0.006

35-66 0.856 = 0.006 0.761 + 0.006
30-55 0.856 = 0.006 0.763 = 0.008

Conclusions

We have preformed the measurement of the dynamic
Young’s modulus of porous titanium and Ti6Al4V with
various porosities by the electromagnetic acoustic reso-
nance technique. We fit Phani—Niyogi relation and
Pabst-Gregorova relation with two adjustable parameters
to the porosity dependence of Young’s modulus for
porous titanium and Ti6Al4V over a wide range of
porosity. Although these two relations work well for the
porosity dependence of Young’s modulus, the adjustable
parameters (Pc, n or a) show the dependence on the
selected porosity ranges, which limits their applicability.
If using n =2 and a =1, these two relations also cor-
rectly account for the porosity dependence of Young’s
modulus and the left adjustable parameter P is nearly
independent of the selected porosity ranges. Thus, we
may conclude that both Phani—Niyogi relation and Pabst—
Gregorova relation with the only adjustable parameter Pc
and with fixed values of n =2 or a = 1 are applicable to
the dependence of Young’s modulus on porosity for
porous materials.
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