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A highly porous Ti6Al4V with interconnected porous structure has been developed in our
previous study. By using a so-called “Multiple coating” technique, the porous Ti6Al4V can
be tailored to resemble cancellous bone in terms of porous structure and mechanical
properties. A thin layer of Ti6Al4V slurry was coated on the struts of base porous Ti6Al4V to
improve the pore structure. After two additional coating, pore sizes ranged from 100 μm to
700 μm, and the porosity was decreased from ∼90% to ∼75%, while the compressive
strength was increased from 10.3 ± 3.3 MPa to 59.4 ± 20.3 MPa and the Young’s modulus
increased from 0.8 ± 0.3 GPa to 1.8 ± 0.3 GPa. The pore size and porosity are similar to that
of cancellous bone, meanwhile the compressive strength is higher than that of cancellous
bone, and the Young’s modulus is between that of cancellous bone and cortical bone.
Porosity, pore size and mechanical properties can be controlled by the parameters in such
multiple coating processes. Therefore the porous Ti6Al4V with the characteristics of
cancellous bone is expected to be a promising biomaterial for biomedical applications.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Development of porous metallic biomaterials associ-
ated with their applications in orthopaedics is becom-
ing an increasingly important research project, com-
pared with that of dense metallic biomaterials. Porous
metallic biomaterials facilitate bone ingrowth and there-
after improve the interlock between implants and bone.
While developing a new porous metallic biomaterial, we
have to consider a number of requirements. Firstly, the
material must be biocompatible. Secondly, the porous
metallic biomaterials should have a high porosity and
a porous structure similar to that of human cancellous
bone, which therefore can provide sufficient space for
tissue ingrowth and exchange of body fluids. A num-
ber of research groups have reported porosity and pore
size of porous biomaterials are important parameters for
bone ingrowth [1–3]. Although there are wide discrep-
ancies regarding the optimal pore size for effective bone
ingrowth, a minimum pore size of 100-150 μm is gen-
erally considered acceptable for healthy bone ingrowth.
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Besides porosity and pore size, pore size distribution,
pore shape, fenestration size and interconnectivity of
the pores [3–5] have also shown their influences on
bone formation. Thirdly, the porous metallic material
must have suitable mechanical properties [6, 7] includ-
ing a higher compressive strength and an appropriate
Young’s modulus [8].

Due to their excellent biocompatibility and corrosion
resistance as compared to conventional stainless steels
and cobalt-based alloys [6, 9], titanium and its alloy have
been widely used as biomaterials in biomedical devices
for a long time. Although there are several methods to
make porous titanium and its alloy, such as sintering par-
ticles and fibres together [10], or processing a mixture
of titanium powder and a polymer pore-former [11], the
mechanical properties and pore structure of the result-
ing porous materials could not be compared with those
of human cancellous bone. Accordingly, we developed
a new processing technique to make porous Ti6Al4V
for biomedical applications.
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The porous Ti6Al4V was fabricated by a poly-
meric sponge replication process, which involves the
following steps: impregnation of a polymeric sponge
by immersing it in a Ti6Al4V slurry, removal of ex-
cess slurry, drying, debinding (the sponge is burned
out) and sintering, resulting in a positive replica in
Ti6Al4V of the original polymeric sponge [12]. The
porous Ti6Al4V obtained possesses a reticulated net-
work with pore size ranging from 100 μm to 1000 μm.
After the polymeric sponge was burned out, thin struts
,cracks and triangular voids were left inside the struc-
ture, which would be sensitive to structural stresses [13,
14]. The purpose of this study was to develop a new
method to produce porous Ti6Al4V, which may bet-
ter resemble cancellous bone mechanically and struc-
turally.

2. Materials and methods
2.1. Study design
2.1.1. A suitable slurry for multiple-coating
A Ti6Al4V slurry allowing homogenously coating onto
a porous Ti6Al4V was developed with regard to com-
position and viscosity.

2.1.2. Porosity and pore size versus coating
times

The influence of coating times on the porosity and pore
size of porous Ti6Al4V was investigated.

2.1.3. Permeability
The influence of coating times on permeability of
porous Ti6Al4V was studied.

2.1.4. Mechanical properties
The influence of porosity on the mechanical proper-
ties of the porous Ti6Al4V with respect to compressive
strength and Young’s modulus was evaluated. Micro
hardness was measured before or after multiple coat-
ing.

2.2. Multiple-coating technique
2.2.1. Materials
Base porous Ti6Al4V with a pore size of 100–
1000 μm was fabricated by ‘polymeric sponge repli-
cation’ method as described previously [15]. The sam-
ples were subjected to ultrasonic cleaning in acetone,
ethanol (70%), and demineralised water for 15 min re-
spectively. The slurry used in this process was termed as
“Slurry I [16]”. Cancellous bone was obtained through
boiling goat cancellous bone for one week to remove
collagens and other components.

2.2.2. Thin Ti6Al4V slurry (slurry II) for
coating

The slurry used has the following chemical compo-
sition (in weight percentage wt%): 63.4% Ti6Al4V
powder (North-west no-ferrous institute, China),
31.7% demineralised water, 1.5% Polyethylenegly-
col4000 (PEG4000, Fluka Chemie GmbH, Germany),
0.4% methylcellulose (MC, Fisher Scientific B.V,
The Netherlands), 1% dispersant (Dolapix, Aschim-
mer&Schwarz GmbH Germany), 1%ammonia solution
(25%, Merck) and 1% 1-Octanol. Firstly, demineralised
water was mixed with PEG4000 and MC by stirring
for 1h, then Ti6Al4V powder was added and stirring
continued for 1.5 hrs, finally, Dolapix, ammonia solu-
tion and 1-octanol were added to improve rheological
behavior. Stirring was subsequently continued for an-
other 1 h to achieve homogeneous slurry. The viscosity
of the thin Ti6Al4V slurry was measured by viscome-
try (Brookfield Engineering Labs DV-II+ viscometer)
with a spindle of RV4 at the speed of 20 rpm at room
temperature.

2.2.3. Multiple coating
The base porous Ti6Al4V was dipped into Slurry II
for 30 seconds and then taken out. High-pressure air
was used to remove excess slurry to achieve a thin ho-
mogenous coating on the struts and to prevent the slurry
from blocking the pores. After coating, the samples were
dried for 1h at 80 ◦C and for 24 hrs at room tempera-
ture. Finally, the samples were sintered at 1250 ◦C under
high vacuum (10−5 mbar) with a dwell time of 2 hrs.
The coating procedure can be repeated before sintering
to obtain samples with multiple coating.

2.3. Characterization
2.3.1. Porosity
The porosity of porous Ti6Al4V sample was calculated
from its weight and volume by comparing the bulk den-
sity of cylindrical samples (n = 10) with the theoretical
one of Ti6Al4V: 4.45 g/cm3.

2.3.2. Pore size and porous structure
By using an environment scanning electron micro-
scope (ESEM, XL30 ESEM-FEG, Philips, The Nether-
lands), the structure of porous Ti6Al4V were analyzed
from cross-sections of the samples. From these cross-
sections, estimations of the pore sizes were made by
linear measurements. Pieces of porous Ti6Al4V (di-
mensions ��� 10 × 12) were cut off by using a WOCO50
sawing machine and a WOCO 997 sawing blade (Wolf-
gang Conrad) and polished with a series of SiC sand
papers (types from 800, 1200 and 2400). After sawing
the samples (n = 5, respectively) were cleaned in an
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ultrasound water bath and dried before ESEM obser-
vation.

2.3.3. Permeability
A permeability test was performed with a self-designed
permeability-meter [17]. Briefly, a cylindrical sample
was mounted in a tube connected to a wide diameter
water reservoir which was positioned at a certain con-
stant height. The flow of water through the sample was
measured in ml/sec. Normalized for the dimensions of
the sample, it provided measure of the sample’s per-
meability. The samples with different porosity (coating
times) were tested to study the relationship between
permeability and the number of additional coating
times.

2.3.4. Mechanical properties
Before and after coating, micro hardness was mea-
sured under a micro hardness tester (SHIMADZU,
Japan). Based on the trial testing, a load of 500 g ap-
plied for 35s to a diamond shaped indents was cho-
sen. Ten samples from each batch were randomly cho-
sen. The compression tests of porous Ti6Al4V samples
( ��� 10×12 mm, n = 10) were performed at room temper-
ature with a crosshead speed of 1 mm/min (Zwick/Z050,
Germany). The Young’s modulus was calculated by
the load increment and the corresponding deflection
increment between the two points on the straight-line
part.

3. Results
3.1. Ti6Al4V slurry (slurry II) for coating
The chemical composition of the two slurries used for
sponge replication (Slurry I) and later multiple coat-
ing (Slurry II) were listed in Table I, showing they
share the same ingredients but different concentrations
of Ti6Al4V powders and binders and therefore result-
ing in rheological behavior. Fig. 1 shows the viscosity
of Slurry I [15] and Slurry II.

TABL E I Ti6Al4V slurry composition for polymeric sponge replica-

tion and multiple coating

Slurry I Slurry II

coating Multiple-

Composition foam (wt%) coating (wt%)

Demi water 18.5 31.7

PEG4000 3 1.5

Dolapix 1 1

Ammonia 1 1

Octanol 1 1

Methylcellulose 0.5 0.4

Ti powder 75 63.4

Figure 1 Viscosity data of Ti6Al4V slurry I and slurry II.

Figure 2 Macrostructure of porous Ti6Al4V (Arrows indicated the crack

and triangle hole).

3.2. Pore structure
Fig. 2 shows macrostructure of the base porous Ti6Al4V
under high magnification. Some large flaws can be seen,
such as cracks and triangular voids (denoted by arrows
in the figure) in the struts. These flaws and a number of
thin struts will contribute significantly to the strength.
The macrostructure of the base porous Ti6Al4V and af-
ter one additional coating are shown in Fig. 3(a) and (b).
As prepared, without extra coating, the porous structure
looked too thin. However, these drawbacks were over-
come greatly by one extra coating: the cracks being
filled by titanium powder turned the porous body denser.
It appears that the macro structure of porous Ti6Al4V is
not affected significantly by an additional coating treat-
ment. It was found that the pores of porous Ti6Al4V
are spherical in shape, and the porous body retains its
interconnected porous structure. The struts without or
with one additional coating are shown in Fig. 3(c) and
(d). Fig. 3(e) shows the macrostructure of cancellous
bone, displaying a striking similarity with the structure
of Fig. 3(a) and (b).

3.3. Porosity and pore size
Fig. 4 shows the porosity and pore size versus coating
times. It can be seen that the porosity and pore size are
dependent on the number of additional coating times,
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Figure 3 Macrostructure and microstructure of porous Ti6Al4V. (a)

Macrostructure without any additional coating, (b) Macrostructure with

one time coating, (c) Struts without any extra coating, (d) Struts with one

time coating, (e) Cancellous bone. (Continued on next page.)

Figure 3 (Continued.)

Figure 4 Porosity /Pore size of porous Ti6Al4V as function of the num-

ber of additional coating times.

decreasing with increasing coating times. It implies the
porosity and pore size of porous Ti6Al4V can be con-
trolled by multiple coating. However, the increase of
coating times might result in pore isolation and pore
closing.

3.4. Permeability
Fig. 5 shows the permeability data of porous Ti6Al4V
with different porosities and human cancellous bone

Figure 5 Permeability data of porous Ti6Al4V with various porosities

and human cancellous bone.
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TABL E I I Mechanical properties of porous Ti6Al4V

Additional Compressive Young’s Micro

coating strength modulus hardness Sample

Sample times Porosity (MPa) (GPa) (HV) number

PTC0 0 89 ± 1 10.3 ± 3.3 0.8 ± 0.3 373 ± 17 10

PTC1 1 81 ± 2 35.5 ± 7.2 1.5 ± 0.3 369 ± 14 10

PTC2 2 76 ± 2 59.4 ± 20.3 1.8 ± 0.3 379 ± 16 10

Figure 6 The stress-strain curves of porous Ti6Al4V with different

porosities.

under transverse direction [18]. It can be seen that the
permeability increases with porosity. Porous Ti6Al4V
with high porosity has a high value of permeability.
The first coating significantly decreased the permeabil-
ity, additional coating having less effect. It is clear that
porous Ti6Al4V after multi coating has similar perme-
ability as human cancellous bone. The permeability test
also enables to check repeatability of the coating pro-
cess. In one batch of samples after coating, the standard
deviation in permeability is relative low. The measured
porosities (listed in Table II)also prove the repeatability
of the coating process.

3.5. Mechanical properties
The mechanical properties of porous Ti6Al4V were
evaluated by compressive strength, Young’s modulus
and micro hardness, and the results are listed in Table II.
Results of Vickers (Hv) micro hardness showed that no
difference in micro hardness was caused by additional
coating treatment. However, the compressive strength
increased from 10 to 35.5 MPa after one extra coat-
ing. The Young’s modulus also increases with the num-
ber of extra coating times. This suggests that the com-
pressive strength and Young’s modulus can be adjusted
by the number of additional coating. Fig. 6 shows the
stress-strain curves of porous Ti6Al4V with different
porosities. It can be seen that the plateau stresses in-
crease with decreasing porosity.

4. Discussion
4.1. Ti6Al4V slurry for multiple coating

(Slurry II)
The base porous Ti6Al4V with interconnected macro
and micro structure has a high surface area and high
affinity to the slurry, providing the possibility of pro-

ducing porous Ti6Al4V with higher strength by multi-
ple coating techniques, and further improving the mate-
rial structure. The viscosity of the Ti6Al4V slurry is an
important parameter. It was known that a stable slurry
with high solids content and a certain value of viscosity
is a prerequisite to an evenly distributed coating on the
struts of the sponge [19]. Given the type of the binder,
the higher concentration of the binder, the higher the
viscosity of the resulting slurry will be. Considering the
process of coating a sponge, it is suggested that a thicker
coating on the sponge struts is beneficial to maintain
the reticulated pre-forms after the sponge substrate is
burned out. When coating sponges, the excess slurry
can be removed by rolling-pressing while the sponges
are immersed in the slurry so that high viscosity slurry
can be used. On the other hand, in case of additional
coating, the excess slurry has to be removed by high
pressure air, so the viscosity of the slurry should be low
and posses a good fluidity for going through the network
of the base porous Ti6Al4V. However, if the slurry is
too thin, only a limited area of the base porous is coated,
making it difficult to achieve evenly distributed coating
on the struts. Our experimental outcomes show the two
slurries are optimal for fabricating the base body and
the additional coating.

4.2. Permeability
The permeability of porous Ti6Al4V after two times ex-
tra coating is quite comparable to that of human cancel-
lous bone. Therefore the porous Ti6Al4V after multiple
coating can be expected to be a promising biomaterial
for biomedical applications. In general, when porous
materials are studied, two parameters are widely used:
porosity and pore size, including mean value and distri-
bution. The other parameters like interconnectivity, in-
terconnection pore sizes are seldom mentioned. It was
found that measuring permeability is an easy and effec-
tive method to reveal the structural properties of porous
materials. Permeability data reflect a combination of
(1) porosity, (2) pore size and distribution, (3) inter-
connectivity, (4) interconnection pore size and distribu-
tion, (5) orientation of pores with respect to flow direc-
tion. Therefore, permeability can be taken as a compre-
hensive intrinsic parameter for describing macroporous
structure precisely and quantitatively in the future, and
probably more relevant than porosity and mean pore
size in characterizing porous materials structure.
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4.3. Mechanical properties
The mechanical properties of porous Ti6Al4V were
studied by compressive strength, which increased sig-
nificantly as the porosity decreased with the increasing
of coating times. For metallic foams, the mechanical
parameters are affected by the relative density of foam
(ρr = ρ/ρs , the density of the foam ρ divided by that of
the solid material ρs).Gibson and Ashby [20] suggested
a general model, in which the relationship between the
relative strength, Young’s modulus, and relative density
are given by:

σpl/σys = C1(ρ/ρs)N1 (1)

E/Es = C2(ρ/ρs)N2 (2)

where σpl is the plateau stress of the foam; σys is the
yield stress of solid material; E is the Young’s modulus
of the foam; Es is the Young’s modulus of solid mate-
rials, and C1, C2, N1 and N2 are constants, depending
on cell structure parameters. For the case of aluminium
foam with lower density (ρr < 0.2), Gibson and Ashby
found the following coefficients and exponents for the
model:

σpl/σys = 0.3(ρ/ρs)3/2 (3)

E/Es = (ρ/ρs)2 (4)

with C1 = 0.3, N1 = 3/2, C2 = 1, N2 = 2. Fig. 7
shows the effect of porosity on the compressive strength

Figure 7 Effect of porosity on the compressive strength and Young’s

modulus of porous Ti6Al4V (comparison of experimental data and data

from theoretical data). (a) Effect of porosity on the compressive strength;

(b) Effect of porosity on the Young’s modulus.

(shown in Fig. 7(a)) and Young’s modulus (shown in
Fig. 7(b)) of the porous Ti6Al4V according to the exper-
imental data and theoretical data calculated from Gib-
son and Ashby’s model. The experimental data do not
fit the Gibson-Ashby’s model. The reason is obviously
that the different processing techniques of porous alu-
minium and porous Ti6Al4V resulted in different pore
morphology, and therefore different constitution rela-
tionship.

With regard to the effect of the relative density on the
mechanical properties of porous Ti6Al4V, based on the
Gibson and Ashby model expressed in Equation 1 and
Equation 2, coefficients fitting our experimental results
are calculated as:

σpl/σys = 0.5(ρ/ρs)3/2 (5)

E/Es = 0.76(ρ/ρs) (6)

Where C1 = 0.5, N1 = 3/2, C2 = 0.78, N2 = 1, for
E = 210 GPa, and σys = 827 MPa [9].

The main problems of implant materials generally
used in load bearing application are twofold: (1) The
high Young’s Modulus of the dense metallic materials
and the low strength of polymers and brittleness of ce-
ramics as compared with human bone. A number of
reports showed that lower Young’s moduli of implants
resulted in stresses and strains that are close to those
of intact bone, and may better reduce the stress shield-
ing due to too high Young’s moduli [21–23]. Although
dense Ti6Al4V has a Young’s modulus only about half
of those of 316L stainless steel or CoCrMo alloy, it is
still about 10–20 times higher than the Young’s modulus
of human bone. Recently there has been an increasing
interest in developing new titanium alloys with lower
Young’s modulus, such as Ti-15Mo [24], Ti-15Zr-4Nb-
2Ta-0.2Pd [25] and Ti-35Nb-5Ta-7Zr [26], but they are
still higher than that of human bone. Fig. 8 shows the
Young’s modulus of commonly used implant materi-
als [27, 28]. It can be seen that the Young’s modulus’s
of porous TI6Al4V is between that of cancellous and
cortical bone. (2) Although ceramics are good bone sub-
stitutes (osteoconductive), they are too brittle and weak
to provide sufficient strength for load-bearing condition.
Fig. 9 shows the compressive strength of various implant
materials [27, 28]. It can be found that porous Ti6Al4V
has much higher compressive strength than that of
porous ceramics and polymers. The porous Ti6Al4V
with a porosity of 76% has a strength of 59 MPa, the
strength of trabecular-bone with 75% porosity is in the
range of 10–50 MPa. As it is shown previously that we
can adjust the strength and Young’s modulus of porous
Ti6Al4V by our multiple-coating technique to meet the
requirements of porous bone substitute.

Three mechanisms can be used to explained the im-
provement of the strength of porous Ti6Al4V by mul-
tiple coating. Firstly, some large flaws, such as cracks,
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Figure 8 Young’s Modulus of different implant biomaterials.
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Figure 9 Compressive strength of different porous implant biomaterial

comparing with bone.

were filled with Ti6Al4V powder. Secondly, the addi-
tional high vacuum sintering has a further advantage of
reducing any contaminations existing on the surface of
the powder particle and base body. Therefore, the fu-
sion of Ti6Al4V particles was enhanced by the less ab-
sence of titanium carbide, titanium nitrides and oxides
in the outer surfaces, resulting in increased mechanical
properties of the final porous body. Thirdly, the poros-
ity was decreased by multiple coating, as discussed
above.

5. Conclusions
Porous Ti6Al4V with cancellous bone properties was
successfully made by multiple coating techniques.
Porosity, pore size and mechanical properties can be
adjusted to correspond with bone. The permeability test
proved the repeatability of the multiple coating process,
and the permeability value increases with porosity of
porous Ti6Al4V. Our findings show that both structural
and mechanical properties of porous Ti6Al4V are com-
parable to those of human cancellous bone. Therefore
this material can be expected to find better practical
application for tissue engineering scaffolds and ortho-
pedic implants

Acknowledgements
This study was financially supported by IsoTis S.A. The
authors would thank gratefully HuipinYuan for his help-
ful discussion.

References
1. H . U . C A M E R O N, R. M. P I L L I A R and I . M A C N A B , J

Biomed. Mater. Res. 10 (1976) 295.

2. B . S . C H A N G, C. K. L E E , K. S . H O N G, H. J . Y O U N,
H. S . R Y U and S . S . C H U N G , Biomaterials 21 (2000) 1291.

3. A . J . C L E M O W, A. M. W E I N S T E I N, J . J .
K L A W I T T E R, J . K O E N E M A N and J . A N D E R S O N , J
Biomed Mater Res. 15 (1981) 73.

4. J . D . B O B Y N, R. M.P I L L I A R, H. U.C A M E R O N, G.
C .W E A T H E R L Y and G. M.K E N T , Clin Orthop. (1980) 291.

5. E . W. W H I T E , J . N . W E B E R, D. M. R O Y, E . L .
O W E N, R. T . C H I R O F F and R. A. W H I T E , J. Biomed.
Mater. Res. 9 (1975) 23.

6. J . E . L E M O N S and L . C . L U C A S , J Arthroplasty. 1 (1986)

143.

7. R . D . C R O W N I N S H I E L D , Instr Course Lect. 35 (1986) 144.

8. D . D . M O Y L E, J . J . K L A W I T T E R and S . F . H U L B E R T ,

J. Biomed. Mater. Res. 7 (1973) 363.

9. M A R C L O N G and H. J . R A C K , Biomaterials. 19 (1998) 1621.

10. R . M. P I L L I A R , Intern. J. Powder Metallurgy. 34 (1998) 33.

11. B . M A T I N, S . C O R N E L I A, H. P . B R O N K R E M E R and

H. B A U R , Advance Eng. Mater. 2 (2000) 196.

12. J . P . L I , S . H . L I , C . A . V A N B L I T T E R S W I J K and K.
D E G R O O T , J. Biomed. Mater. Res. 73A (2005) 223.

13. R . B R E Z N Y and D. J . G R E E N , J. Am. Ceram. Soc. 72 (1989)

1145.

14. F . F . L A N G E and M. M E T C A L F , ibid. 68 (1985) 225.

15. J . P . L I , S . H . L I and K. D E G R O O T , Key Eng. Mater. 218
(2001) 52.

16. J . P . L I , C . A . V A N B L I T T E R S W I J K and K. D E G R O O T ,

J. Mat. Sci:Mat in Med. 15 (2004) 951.

17. S . H . L I , J . R . D E W I J N, J . P . L I and P . L A Y R O L L E ,

Tissue Engin. 9 (2003) 535.

18. M. J . G R I M M and J . L . W I L L I A M S , J. Biomechanics 30
(1997) 743.

19. J . Y . L I N and Y. Z H A N G , Powder Metallurgy Technology. 18
(2000) 12.

20. L . J . G I B S O N and M. F . A S H B Y , in “Cellular Solids: Struc-

ture and Properties” (Cambridge University Press, Cambridge,

1997).

21. E . C H E A L, M. S P E C T O R and W. H A Y E S , J. Orthop. Res.

10 (1992) 405.

22. P . P R E N D E R G A S T and D. T A Y L O R , J. Biomed. Eng. 12
(1990) 379.

23. J . L . L E W I S , M. J . A S K E W, R. L . W I X S O N, G. M.
K R A M E R and R. R . T A R R , J Bone Joint Surg. 66-A (1984)

280.

24. W. F . H O, C . P . J U and J . H . C H E R N , Biomaterials 20
(1999) 2115.

25. Y . O K A Z A K I , Y . I T O, A. I T O and T . T A T E I S H I , Mater
Trans.34 (1993) 1217.

26. T . A H M E D, M. L O N G, J . S I L V E S T R I , C . R U I Z and H.
J . R A C K , in the 8th World Titanium Conference. 1995, Birming-

ham, UK.

27. J . D . B O B Y N, S . A . H A C K I N G and S . P . C H A N , in

Scientific Exhibit, Proc of AAOS, Anaheim, CA (1999).

28. J . J . K R Y G I E R, J . D . B O B Y N and R. A. P O G G I E , in

Proc SIROT, Sydney, Australia (1999).

Received 17 May 2004
and accepted 9 May 2005

185


