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ABSTRACT: Titanium foams have potential applications in

orthopedic and dental implants because of their low elastic @

modulus and good bone in-growth properties. In the present study,

a novel method for the preparation of three-dimensional

interconnected microporous titanium foams has been developed. (— NiricAdd

This method is based on the insertion of a filler metal into the  Titanium Yurium e Pores

titanium metal by arc melting, followed by its removal by an

electrochemical dealloying process for the development of foams. — Q
Complete removal of the filler metal by the electrochemical

dealloying process was confirmed by an X-ray diffractometry

(XRD) analysis, whereas scanning electron microscopy (SEM) (1) As - cast Titanium Alloy (2) Electrochemical Dealloying (3) Titanium Foam
analysis of the developed foams showed the development of

interconnected porosity. Ti foams with different levels of porosities were successfully developed by varying the amount of the filler
metal. Mechanical and thermal characterizations of the developed foams were carried out using compression testing and laser flash
apparatus, respectively. The yield strength and elastic modulus of the developed foams were found to decrease by increasing the
volume fraction of pores. The elastic modulus of the developed titanium foams (15.5—36 GPa) was found to be closer to that of
human bones, whereas their yield strength (147—170 MPa) remained higher than that of human bones. It is therefore believed that
the developed Ti foams can help in reducing the problem of stress shielding observed in orthopedic implants. The thermal diffusivity
of the developed foams (4.3—0.69 mm?/s) was found to be very close to that of human dentine.

Bl INTRODUCTION the implant and the bone weakens, thereby leading to aseptic
loosening and fracture.””"® Most of the currently used implant
materials are stiffer than bones, and stress shielding occurs
almost invariably.’

Polymeric biomaterials and polymer composites are used in
various biomedical applications because of their biocompati-
bility and bioactivity; however, they possess poor mechanical
properties.’”” The use of ceramics (alumina and calcium
phosphates)'® has also been explored for such applications,
mainly due to their high biocompatibility, bioactivity, high
hardness, high compressive strength, and wear resistance,' >
but they display inherent limitations of poor fracture toughness
and a high Young’s modulus.”*™%¢ Also, 316L stainless
steel,”’ > cobalt—chrome alloys,27’31 and titanium and its
alloys®”*'~** are the commonly explored metallic systems for

An ideal implant material must possess the optimum
combination of biological, mechanical, and thermal proper-
ties." Biocompatibility is required to achieve an ideal
interaction between the body and the implant.” The optimum
combination of mechanical properties is required for the
shaping of implants, to avoid the stress-shielding phenomenon,
and to avoid fracture under static and cyclic loadings.”* A low
thermal diffusivity is required to protect neighboring bones
and/or tissues during implantation.

The Young’s modulus of an ideal implant material should be
as close to that of the human bone as possible for effective load
distribution and to avoid stress shielding.*” Bones have the
tendency to grow in the direction of the applied load and build
higher strength in the direction of loading.”” The division of
load between an implant and the bone depends on their
relative Young’s moduli. If the Young’s modulus of the implant Received:  April 14, 2022
is higher than that of the bone, the load is primarily applied on Accepted:  July 20, 2022
the implant, and the neighboring bone weakens over time as it Published: January S, 2023
experiences little or no loading. The greater the difference
between the Young’s moduli, the greater the stress shielding
and the faster the bone weakens. As a result, the bond between
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Figure 1. SEM images and XRD results of the as-cast and dealloyed Ti-15 atom % Y (F3) sample: (a) SEM of the as-cast sample; (b) SEM of the
dealloyed sample/foam; (c) XRD results of the as-cast and dealloyed samples.

implant applications. Corrosion resistance, ease of availability,
and ease of fabrication make stainless steel the most widely
used biomaterial, but it possesses a high Young’s modulus (193
GPa).”**7*%7% Cobalt—chrome alloy systems (CoCrWNi and
CoNiCrMo) are preferred for high load-bearing applications
because of their high tensile strengths (793—860 MPa), but
their Young’s moduli (210—232 GPa) are even higher than
that of stainless steel*>1%338740

Titanium and its alloys show a high degree of biocompat-
ibility,”>*' high tensile strength (pure titanium: 550 MPa),*
and a relatively lower range of Young’s modulus (pure
titanium: 110 GPa),"”?”?"*™* which is still too high when
compared with that of the cortical bone,***73%#6~*
can be an ideal candidate for implant applications provided its
Young’s modulus could be brought further closer to that of the
human bone. Introduction of porosity may help in reducing its

Titanium

Young’s modulus.*” Different methods have been previously
used for the development of titanium foams, which include
31 space holders,”*° replication,””"
bubble generation,””%* freeze casting,®>** and rapid proto-
typing.”*""" A method that provides accurate control of the
volume fraction of pores, pore morphology, pore size, and pore
interconnectivity needs to be developed.

In the proposed project, we aim at developing a novel
method for the development of three-dimensional (3D)
interconnected microporous Ti foams. Besides the reduction

melt infiltration,’

of the elastic modulus, the introduction of porosity may help in
increasing the capability of bone in-growth and introducing
high roughness and a relatively high coefficient of friction,
which may help in implant fixation with the tissues.
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B EXPERIMENTAL PROCEDURES

Titanium and yttrium pellets with purity >99.95% were used as
raw materials for the preparation of Ti—Y alloys by arc melting
under an argon atmosphere. Titanium and yttrium have high
affinity toward oxygen. To reduce the chances of oxidation of
raw materials during melting, a vacuum level of 2 X 10~ mbar
was attained before the introduction of high-purity argon
(99.999%). Before the melting of Ti—Y alloys, the titanium
getter was melted to absorb any traces of oxygen. Each sample
was melted five times and flipped over after each melting to
ensure chemical homogeneity. The weight loss of samples
during melting was measured and was found to be less than
0.5%. Electrochemical dealloying for the selective dissolution
of yttrium was carried out by immersing the prepared samples
in concentrated HNO; for 24 h, and the weight loss of each
sample was recorded as a function of time. Each sample was
thoroughly cleaned by ultrasonication in water and in ethanol,
followed by drying at 100 °C. Microstructural characterization
of the as-cast and de-alloyed samples was performed by
scanning electron microscopy (SEM) (JEOL-JSM 6490A).
Standard metallographic procedures were employed for the
surface preparation of the samples for SEM analysis. Crystal
structure characterization of these samples was performed
using a Philips diffractometer (Bragg—Brentano geometry),
which was equipped with a monochromatic Cu K radiation.
Compression tests were conducted using a Shimadzu universal
testing machine at a strain rate of 107" mm/min. Samples for
the compression test were cut using an electric discharge
machine (EDM) wire cutter and polished afterward to acquire
parallel sides. Circular discs for thermal diffusivity measure-
ments were cut using an electric discharge machine (EDM)
wire cutter, polished to obtain perfectly parallel sides, and
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Figure 2. Studied compositions (dotted line) superimposed on the Ti—Y phase diagram. Figure adapted from ref 72.

analyzed on a laser flash apparatus at temperatures between
298 and 623 K.

B RESULTS AND DISCUSSION

The present study is dedicated to the development of pure
titanium foams by the insertion of a suitable filler metal into
titanium metal by melting and its removal by an electro-
chemical dealloying method. An ideal microstructure for the
development of foam by this method should contain titanium
as the matrix and the filler element in the interdendritic spaces.
Interdendritic areas are interconnected in three dimensions,
and therefore, successful removal of the filler element will help
in the development of 3D interconnected microporous
titanium foams. The choice of the filler element is therefore
of utmost importance. It should be soluble in titanium in the
liquid state and immiscible in it in the solid state. The filler
metal, as a result, will try to separate itself from titanium during
solidification and will help in the creation of a titanium-rich
matrix with the filler element segregated in the interdendritic
areas. The enthalpy of mixing between the titanium and filler
elements and the difference in their densities is very important
to obtain such a microstructure. The thermodynamic
instability of the filler vis-a-vis matrix element is important
for its removal by the electrochemical dealloying method for
the development of titanium foam. The enthalpy of mixing
between Ti and the filler metal should be high enough so that
filler metal remains insoluble in titanium in the solid state, but
it should not be so high that it separates itself even in the liquid
state. Separation of the filler element from titanium is not
desirable in the liquid state as it will eventually lead to
completely separated zones of titanium and filler metal, and
ultimately, the development of foam by electrochemical
dealloying will not be possible. The density of the filler
metal is also very important. A large difference in the density of
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the filler metal and titanium may facilitate their separation in
the liquid state and result in completely separated zones of the
two metals after solidification. The filler metal therefore should
have a moderately positive enthalpy of mixing with titanium
and a density similar to that of titanium. A judicious selection
of the filler metal is required for the successful development of
the desired microstructure. Ti has been found to possess a
positive enthalpy of mixing with some alkali metals (Cs),
alkaline earth metals (Ba), lanthanides (La, Ce, Pr), and
actinides (Th, Pu), but they either have a very large difference
in density with respect to titanium or have a strongly positive
enthalpy of mixing with titanium. Yttrium has been found to
possess a moderately positive enthalpy of mixing with titanium
and its density is also close to that of titanium. It was therefore
decided to employ yttrium as the filler metal for the
development of the desired microstructure and for the
development of titanium foam.

A Ti-15 atom% Y alloy was prepared by arc melting under
an argon atmosphere to verify the aforementioned hypothesis.
Scanning electron microscopy of the as-cast sample, shown in
Figure 1la, reveals a microstructure that consists of a titanium
matrix, whereas yttrium was found to segregate to the
interdendritic areas. X-ray diffractometry (XRD) analysis of
the as-cast sample revealed the presence of peaks correspond-
ing to pure titanium and pure yttrium. Lattice parameters of Ti
and Y were found to be similar to those of pure Ti and Y,
respectively, thereby confirming their insolubility in each other
in the solid state. SEM analysis of the as-cast samples
confirmed the development of the desired microstructure for
the further development of titanium foam by the electro-
chemical dealloying method. The standard equilibrium
potential of Y**/Y (—2.372 SHE) is more negative than that
of Ti**/Ti (—1.63 SHE), and it can be easily removed from the
developed alloy by the electrochemical dealloying method. The

https://doi.org/10.1021/acsomega.2c02340
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Table 1. Selected Compositions and Their Densities

composition (atom %)

composition (weight %)

density of sample (g/cm?) porosity (%)

name of sample Ti Y Ti Y
F1 95 S 91.10 8.90
F2 90 10 82.90 17.10
EF3 85 15 75.32 24.68
F4 80 20 68.30 31.70

as-cast (d;) de-alloyed (d,) (d, — dy)/d,) x 100
4.450 4.093 8.02
4.536 3.781 16.64
4.489 3.438 23.41
4.471 3.088 30.93
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Figure 3. SEM images of the (a) as-cast F1, (b) F1 foam, (c) as-cast F2, (d) F2 foam, (e) as-cast F4, and (f) F4 foam samples.

developed alloy was therefore immersed in nitric acid for the
selective dissolution of yttrium. SEM and XRD analyses of
samples were carried out after immersion in nitric acid to study
the effect of the electrochemical dealloying process on the
microstructure. An SEM image of the dealloyed sample, shown
in Figure 1b, confirms removal from the interdendritic areas,
resulting in the development of interdendritic porosity on the
surface of the sample. XRD analysis of the dealloyed sample,
shown in Figure Ilc, reveals the presence of peaks
corresponding to pure titanium, whereas peaks corresponding
to the presence of yttrium were not observed. It was therefore
concluded that dealloying resulted in the complete removal of
yttrium not only from the surface but also from the interior of

1879

the sample. Complete removal of yttrium was possible only if
yttrium-rich areas were interconnected in three dimensions. It
was therefore concluded that the successful removal of yttrium
from the interconnected interdendritic areas led to the
development of the 3D interconnected open cell porous
titanium foam. SEM analysis of the de-alloyed samples is
shown in Figure 1b, which confirms the presence of
interconnected porosity. It was therefore concluded that the
proposed method can be used for the development of 3D
interconnected microporous titanium foams.

The level of porosity that can be obtained in the titanium
foam through this method is related to the amount of yttrium
present in the alloy and its successful removal through

https://doi.org/10.1021/acsomega.2c02340
ACS Omega 2023, 8, 18761884
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Figure 4. X-ray diffraction patterns of as-cast alloys and their respective foams after electrochemical dealloying: (a) F1, (b) F2, and (c) F4 samples.

electrochemical dealloying. To evaluate the effect of increasing
amounts of yttrium on the pore morphology and distribution,
Ti—Y alloys with varying amounts of yttrium were prepared by
arc melting under an argon atmosphere. The Ti—Y phase
diagram calculated with the help of Thermocalc software using
TCHEA database is shown in the Figure 2.

Figure 2 shows that a monotectic reaction may occur at
higher concentrations of Y and result in the separation of
titanium-rich and yttrium areas in the liquid state. As a result,
the microstructure desired for the development of titanium
foam by electrochemical dealloying may not be obtained. It
was therefore decided to maintain the amount of yttrium in the
alloy at less than 30 atom %. Ti—Y alloy compositions selected
in the present study for the development of titanium foams by
electrochemical dealloying are shown as dotted lines in Figure
2 on the Ti—Y phase diagram and are indicated in Table 1.
SEM images of the alloys before and after electrochemical
dealloying are shown in Figure 3.

Figure 3 shows that foams with different levels of porosity
can be successfully obtained by varying the amount of yttrium
in the master alloys. The pore morphology and distribution are
strongly correlated to the distribution of yttrium in the
microstructure, which is dependent on the solidification path
of the master alloys. Figure 2 shows that the solidification
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range decreases by increasing the amount of yttrium in the
alloys (up to 30 atom % Y). As a result, the microstructure of
the alloys changed from coarse to fine, the pore size decreased,
and the pore distribution became more homogeneous. This
change in the microstructure is evident from the images shown
in Figure 3. XRD patterns of the same samples before and after
electrochemical dealloying are shown in Figure 4.

XRD analysis of the sample before and after dealloying
confirmed the complete removal of yttrium from the matrix. It
is therefore concluded that Ti foams with different levels of
porosities and pore sizes can be obtained by varying the
amount of yttrium in the master alloys.

Thermal diffusivity and compression test measurements
were performed to evaluate the effect of the increase in
porosity on the thermal and mechanical properties of the
developed titanium foams. Circular discs were cut out of the
samples using an EDM wire cutter and were polished to obtain
the desired level of surface flatness and thickness for thermal
diffusivity. Results of thermal diffusivity of the developed foams
as a function of temperature are shown in Figure 5.

Figure S shows that the thermal diffusivity of the samples
decreased with an increasing amount of porosity. The decrease
in thermal diffusivity was attributed to the increasing amount
of air in the samples and its low thermal diffusivity. The low

https://doi.org/10.1021/acsomega.2c02340
ACS Omega 2023, 8, 18761884
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Figure S. Variation of the thermal diffusivity of the developed foams
with temperature.

thermal diffusivity of the developed titanium foams makes
them suitable for dental implant applications. Compression
tests were carried out to evaluate the effect of the volume of
porosity on the mechanical properties of the developed

titanjum foams. Samples for the compression test were
prepared using an EDM wire cutter. The stress—strain curve
of titanium foams and variation of the yield strength and
Young’s modulus as a function of the amount of porosity are
shown in Figure 6.

Figure 6 shows that the yield strength and elastic modulus of
the developed Ti foams decreased with an increase in the level
of porosity. The yield strength of the developed Ti foams
(1503 MPa > yield strength > 170.3 MPa) is in the range of
the strength of the cortical bone (100—230 MPa).”” The
elastic modulus of the developed foam (16.18 GPa > elastic
modulus > 38.05 GPa) was also found to be in the range of the
elastic modulus of the cortical bone (7—30 GPa).”’
Mechanical properties of the developed foams are in the
range of the cortical bone and can be ideal materials for
orthopedic implants to overcome/minimize problems of stress
shielding. The proposed method can be used for the
development of titanium foams with a broad spectrum of
mechanical properties by varying the amount of filler elements
and resulting levels of porosities. A comparison of the yield
strength and Young’s modulus of the titanium foams
developed in the present study with different biomaterials is
shown in Figure 7.

In contrast to previously developed biomaterials, the
mechanical properties of the titanium foams developed in
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Figure 6. (a) Stress—strain curves of the developed foams. (b) Variation of the yield strength as a function of porosity. (c) Variation of the elastic

modulus as a function of porosity.
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Figure 7. Variation of yield strength as a function of the elastic
modulus of different materials including foams prepared in the
present study (A, alumina; PSZ, partially stabilized zirconia; CF,
carbon fiber; TA, titanium alloys; S, 304-series stainless steel; Ti,
commercially pure titanium; HAP, hydroxyapatite; TCP, tricalcium
phosphate; E, enamel; D, dentin; HSP, high-strength polymer; B,
bone; P, polymeric materials). Figure adapted from ref 74.

the present study are in a range similar to that of human bones,
in general, and cortical bones, in particular. The method
proposed in the present study therefore possesses extreme
utility for the development of Ti foams capable of overcoming
the problem of stress shielding in orthopedic implants.

In addition to obtaining the desired set of mechanical
properties in the developed titanium foams, the method
proposed in the present study offers several advantages over
previously used methods. The space holder method”>™"” has
been considered as one of the most suitable methods for the
development of titanium foams. The microstructure and
mechanical properties of the foams developed by this method
are strongly dependent on a number of variables, which
include the size and shape of the space holder particles,
compacting pressure, sintering temperature, etc. The space
holder method generally results in a closed-cell morphology,
nonhomogeneous distribution of pores, and anisotropic
mechanical properties. The replication method has also been
used for the development of titanium foams; however, the
average pore size of the developed foams was very coarse
(>500 pm), which severely degraded their mechanical
properties.”” Foams developed by the replication method
also possessed anisotropic properties. Bubble generation
methods and freeze-casting methods®* have also been used
for the development of titanium foams; however, they offer
reduced pore connectivity, require a complicated experimental
setup, and are more prone to contamination. In contrast to the
aforementioned methods, the method proposed in the present
study provides accurate control of the volume of pores, 3D
pore connectivity at very low levels of porosity, microstructural
homogeneity, and isotropic mechanical properties. The
proposed method requires a very simple experimental setup,
involving the use of a melting furnace for the insertion of the
filler element and immersion in acid for its removal for the
development of interconnected porosity.
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B CONCLUSIONS

e A novel method for the development of titanium foams
that provides accurate control of the volume fraction of
pores, 3D pore connectivity at very low levels of
porosity, microstructural homogeneity, and isotropic
mechanical properties has been proposed.

e Microstructural and crystal structure results of as-cast
samples confirmed the insertion of the filler metal only
in the interdendritic areas of the titanium matrix. The
filler metal was successfully leached out later by the
electrochemical dealloying process, leaving behind a 3D
interconnected network of micropores in the titanium
matrix.

e Titanium foams with different levels of porosities were
successfully prepared and mechanically and thermally
characterized.

e Mechanical properties of the developed titanium foams
were found to be in the range of the mechanical
properties of cortical bones, thereby making them ideal
materials for orthopedic implant applications.

e The developed titanium foams showed significantly
lower values of thermal diffusivity in comparison with
their solid counterparts, thereby pointing out their
suitability for dental implant applications.
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