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Analyzing the compressive behavior of porous Ti6Al4V by X-ray microtomography
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Samples with 40% vol. of pores and a pore size distribution between 100 and 500 pm were produced
by powder metallurgy from Ti6Al4V alloy powders. Sintering was performed at 1300 °C during one
hour in an inert Argon atmosphere in a vertical dilatometer. The compressive strength and the porosity
of these samples was investigated before and after compression tests through X-ray microtomography.
The values of the elastic modulus (8GPa) and yield strength (80MPa) are within the range of those
used in bone implants. Porosity leads to greater deformation whereas fracture of compacts occurs
perpendicularly to the applied load. It was determined that the origin of the failure is generated by
rupture of interparticle necks and, large pores enhance the propagation of cracks.
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1. Introduction

Nowadays, different materials such as stainless steel,
Co and Ti based alloys have emerged to produce the next
generation of biomedical implants'®. One of the major problems
to overcome is to reduce or to accommodate the mechanical
properties, as they are most of the time higher than those
found in human bones. In order to solve this problem, porous
materials have become an interesting alternative’. However,
when ceramic materials are used for these applications there
are some difficulties due to their low toughness compared
to that of bone. Contrary to this, metal alloys provide better
elasticity when used as implants, nevertheless, their corrosion
resistance is relatively poor due to body fluids attack, as well
as their bioactivity. In a previous study, Oshida® compiled
the biocompatibility range for common biomaterials, where
a decreasing order in biocompatibility was found as follows:
niobium, tantalum, titanium, zirconium, aluminum, 316L and
molybdenum. Among those materials, the Ti6Al4V alloy
is preferred because its overall combination of properties
is good, for instance, its mechanical properties can be
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modified by introducing artificial pores to obtain similar
values to those of the human bone®!. Ryan et al.!! reviewed
the different techniques for manufacturing porous materials
using in biomedical applications, the most common being
the inclusion of salt particles which are usually removed
before or during the sintering process. Regularly, the induced
porosities are large because they can stimulate osseointegration.
According to Camron et al.'?, pore size between 100 and
400 um is necessary to promote osseointegration, although,
Bobyn et al.'* observed that there is a good bone growth
in pores smaller than 50 pm. Another important feature is
the interconnectivity of the porosity in order to allow the
passage of fluids and substances that nourish the bones. This
has received less importance as it is difficult to quantify by
conventional characterization techniques. However, the use of
computerized microtomography (CMT) allows the analysis of
samples in 3D without any damage to them, also, it has been
widely used in the characterization of materials manufactured
by powder metallurgy mainly, because of the good contrast
obtained between the solid and porous phases'*".
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The present work focuses on the fabrication and
characterization of highly porous Ti6Al4V alloy materials.
In where, quantitatively data of the porosity were assessed
through CMT analysis such as; volume fraction, size
distribution and interconnectivity before and after compression
tests, thus; the effect of the porosity on the compression
properties is evaluated.

2. Materials and Methods

2.1. Sample preparation

Powders of the Ti6Al4V alloy with spherical particles
with a size distribution between 45 and 100 um (Fig. 1a)
were mixed with ammonium bicarbonate (NH4) HCO3 (Fig.
1b) powders with irregular shape and a size distribution
between 100 and 500 um. The purpose of the latter being to
act as a spacer, in order to obtain a material with large pores.
The initial powders were observed with the aid of a Field
Emission Scanning Electron Microscope (FESEM) Mira3
LMU, Tescan (Fig. 1), in order to determine their shape and
size. The volume fraction of (NH4)HCO3 particles was 30
vol.%. First, the mixture was prepared in a turbula for 30
min. Next, 10% by weight of PVA was added as a binder.
The mixture was then poured into an 8§ mm diameter stainless
steel die and the powders were pressed at 500 MPa by means
of an Instron 1150 universal machine to obtain cylindrical
compacts with a height of 12 mm. The (NH4) HCO3 used
as a pore former was removed at 180 °C during 6 hours in
an electric furnace and then, the PVA was removed by slow
heating the samples at 5 °C/min up to a final temperature of
500 °C with a dwell time of 40 min under a high purity argon
atmosphere. The sintering step was performed in a Linseis
L75V vertical dilatometer at 1300 °C with a sintering plateau
of 1 hunder a high purity protective atmosphere mentioned
above. The density of each sintered sample was calculated
from the measurement of its mass and volume. The relative
density (D) is defined as the weight density of the compact
divided by the theoretical density of the dense Ti6Al4V
alloy, whereby, the pore volume fraction can be obtained by
taking the 1-D value. The sintered samples dedicated to SEM
observation were cut and the surface was metallographically
prepared by grinding and polishing using abrasive SiC
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sandpaper and alumina powders. A cross-sectional image
of the sintered sample is presented in Fig. 1c, where it is
clearly appreciated the pores generated by the salt.

2.2 Image acquisition and processing

The 3D images were acquired with a Zeiss 510 Xradia
Versa computerized microtomographer (CMT), before and
after the compression test. 1600 projections were taken
around 360° of the sample with a CCD camera of 1024x1024
pixels with a voxel resolution of about 10 pm. A virtual 2D
slice of the initial image is shown in Fig. 2a. In order to
perform an analysis of the porosity, the whole 3D image
volumes were filtered with the plug-ins included in the
Image J program, both; unsharp mask and median filters
were used to enhance the contrast between grains and pores,
as it can be seen in Fig. 2b. Then, a separation of the solid
and empty phases as a function of the gray level, which
is obtained by absorption of the radiation of the sample
that is determined by the atomic number of the material.
In this case, the void has a small absorption compared to
the Ti6Al4V. A thresholding procedure was then applied to
separate the solid and the porous phases. We use a manual
thresholding constrained with the global relative density that
was previously measured on the whole sample from mass
and volume. In the obtained binary images, the solid phase
was represented by a voxel intensity of 255 and the pore
phase by a voxel intensity of 0. Then, in order to improve
the quality of the binary images, successive morphological
operations such as opening and closings with an octahedron
as structural element were applied. Opening operation
allows to eliminate small islands and sharp peaks or capes
in the image. On the contrary, closing operation smooths the
contours and help us to eliminate small holes and, fills gaps
on the contours. The image after the morphological operations
is shown in Fig. 2c. Finally, the pore volume fraction was
calculated by dividing the number of voxels corresponding
to the pore phase by the total number of voxels in the image.
The pore size distribution was estimated by measuring the
pore volume accessible to an octahedral structural element,
which starts with a size of 2 voxels per side and it increases
at each step, this methodology has been used by different
authors to determine a distribution of pores when porosity
is interconnected for both, metallic and ceramic foams'®'8,

Figure 1. Initial powders, a) Ti-6Al-4V, b) ammonium bicarbonate and c) cross section of the porous sample after sintering.
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Figure 2. Virtual 2D slices of the initial image a), filtered image b), binary solid image c), binary pores image d) and binary pores

segmented image e).

In order to determine the interconnectivity of pores
from the binary 3D images, first, the porosity was set with
an intensity of 255 and the solid phase at 0, Fig. 2d. Second,
we labeled these objects, and we obtained a new volume
to identify every object in the image with a different grey
value. Third, as the interconnected porosity was the largest
pore inside the sample, we could extract it from the image
by thresholding the image with the grey level value of that
object that represented the pore. Finally, we calculated
the volume fraction of the remaining objects in the image
and, the percentage of closed porosity was obtained by the
difference in the total existing porosity'.

With the aim to assess the coordination number of large
pores, a segmentation procedure was achieved to separate the
large pores as individual objects inside the 3D image. This
was achieved using the watershed method used by different
authors for segmented particles'** with the aid of the Avizo
software. This procedure helps us to consider large pores
as individual object in the 3D image, Fig. 2e. This image
allows us to calculate additional information of the pore,
like sphericity and coordination number.

The sphericity was defined as the sphere's surface area
enclosing the same volume as the 3D object (eq. 1):

Frd
K

where Sp is the sphericity, V and S are the volume and

S, =6V )

the surface, respectively. This classic parameter, derived
from the Saltykov 3D shape index®! was used to describe
the shape of rocks'® and, it is an indicator of the irregularity
of particles. As Sp approaches to a value of 1, the particle
is consider to be spherical in shape.

The pore coordination number (Z) was estimated as
follows: contact areas were obtained from intermediate
images of the particle separation process. In those images,
each object (particle or contact area) was tagged and labeled,
so that the contacts associated to each pore (distance < 1
voxel) were identified, as well as list of pores touching it.
The mean coordination number was calculated for the whole
volume. This method induces a slight overestimation of the
coordination number due to the nonzero image resolution??,
which can be corrected as a function of the resolution and
the average pore size as proposed by Vagnon et al..

2.3. Compression tests

After sintering, the lower and upper surfaces of the sample
were polished prior to the compression tests performed
under ASTM D695-02 using a universal mechanical testing
machine; Instron 1150. Tests were performed with a Strain
rate of 0.5 mm.min™! . Young's modulus (E) and yield stress
(Gyicl ») were calculated from the stress-strain curve.

3. Results and discussion

3D images of the whole sample after sintering are shown
in Fig. 3. The distribution of large pores created with the
salt particles inside the sample seems to be good since they
are randomly distributed in the whole volume without large
agglomerates, as it can be noticed in Fig. 3a. A 3D rendering
of the sintered Ti6Al4V particles is shown in Fig. 3b. It is
clearly noticed the large pores as well as the roughness on the
surface, which is mainly due to interconnected large pores.
Fig. 3c on the other hand, shows the porosity in 3D inside the
sample. It is observed that pores have a rounded shape as a
result of introduction of salt particles. From these images, it
was found that the elimination of the pore-former particles did
not generate cracks or defects in addition to the porosity. Fig.
3d shows the pores segmented as individual objects inside the
3D image, where each color represents a different large pore.

The stress-strain curve of the compression tests performed
on the porous samples is presented in Fig. 4. Initially, tests
were carried out until complete failure and the deformation
value was observed to be very high, around 50% for samples
with 45% porosity. The value of the yield stress was 80
MPa and the value of the Elastic Modulus was found to
be 8 GPa. In this figure, another compression test is also
depicted, which was interrupted at a deformation of 10%.
This sample was observed before and after the compression
test by X-ray microtomography in order to follow the
changes in the porosity during testing. As it can be seen, the
reproducibility of the test is very good, which is due to the
fact that the volume fraction of pores obtained for samples
varied only around 2%. The Elastic Modulus values reported
for different types of human bones range from 1 to 20 GPa
and yield values between 4 and 200 MPa, depending on the
type of bone; spongy or cortical''?*%. The values obtained
in this study, are in the range of applications for implants.
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Figure 3. 3D images of porous sample after sintering a) multiortoslices, b) 3D representation of solid phase, ¢) pores inside of the sample

and d) pores segmented.

Figure 4. Stress-strain curve of porous samples.

Fig. 5a shows a 2D virtual slice of the same cross section
of the above mentioned sample before compression, while Fig.
5b shows the virtual slice after the interrupted compression
test. As it can be seen, there is a preferential deformation
zone at the top of Fig. 5b, where the initial porosity decreased
drastically due to the plastic deformation suffered where 10%
of plastic deformation was achieved. In the lower part of
the image, the initial pores can be distinguished, although,
modifications in shape and size are seen but, with the same
distribution within the sample. This anisotropic behavior in
the deformation indicates that the induced porosity generates
certain instability in the sample leading to the weaker walls
of the structures to collapse, while the porosity is being
closed progressively supporting more deformation. The
contribution of porosity to the ductility of the material was
previously reported by Biswas and co-workers?’.

A 3D representation of the volume affected by compression
test is shown in Fig. 6. The generation of cracks in the face
perpendicular to the load is also noticed, Fig. 6a. It can
be seen that cracks grow through large pores that are also
deformed, whereas their volume is reduced, Fig. 5b. The pore
shape shown in Fig. 3¢ is no longer distinguishable in Fig. 5b

Figure 5. 2D transverse slices of porous samples, (a) before and
(b) after interrupted compression test.

because of the deformation of large pores. Some elongated
pores in the perpendicular direction to the compression load
are observed, and most of the porosity became a complex
shape that is still interconnected.

Figure 6. 3D representation of the volume affected by the compression
(a) in the solid phase and (b) porosity.

The pore size distribution of the samples before and after
the compression tests is presented in Fig. 7. It was found that
in the sample before compression, 30% of the total pores are
less than 50 pm, which would indicate that the remaining
porosity concentrates between particles. The remaining
porosity remains because the initial Ti6A14V particles are
coarse, thus, the sintering is slow and the densification is
gradually reduced during the process. On the other hand, it
can be seen that 70% of the remaining pores correspond to
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pores larger than 100 pm, which are related to the size of the
ammonium bicarbonate particles introduced to generate the
voids. This pore size distribution indicates that there is almost
no agglomeration of salt particles, since the pores would
be larger than 500 pm. After compression, it is possible to
observe that the volume fraction of pores smaller than 50 pm
is reduced up to the half of its initial value. This indicates that
the deformation found in the compression curves generates
arearrangement of the particles by closing the smaller pores
first and, in turn, creating some larger and longer pores by
the coalescence of these. It is also possible to note that
the pore fraction with pores larger than 200 pm is slightly
increased, however, a reduction in the global porosity was
the result of the deformation during compression as it can
be seen in Table 1.

With the aim of understanding the evolution of the
porosity. Fig. 8 shows 3D images of the pores in the collapsed
and regular deformation regions (as indicated in Fig. 5b),
before and after the compression test. First, for the collapsed
region, it can be observed that most of the small pores existing

Figure 7. Pore size distribution before and after compression test.

Table 1. Characteristics of the porosity evaluated from 3D images.
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before compression are considerably reduced, see Figs.
8a and 8b. This observation corroborates the reduction of
pores smaller than 50 um, as it was quantified in Fig. 7. The
interconnected large pores are forming new and elongated
pores due to the deformation suffered which in turn, leads to
fissures. It can be intuited that the porosity favors the path
of the cracks created during the compression test. On the
other hand, pores located in the regular deformation zone,
Figs. 8c and 8d did not show a crack-like formation but, it is
noticed that smaller pores were closed, and the larger ones
become rounded. It was also found that interconnectivity
between large pores before compression is increased by the
interparticle pores that disappears during compression and
the final interconnectivity after compression is mainly due
to contact between large pores. This observation explains
why the pore interconnectivity is reduced and the pore
coordination number increased, as shown in Table 1.

Quantitative data of porosity before and after compression
are presented in Table 1. For this case, the entire porosity of
the sample was taken into account, thus, the average values do
not undergo such drastic changes since the collapsed region
is a third of the whole sample. It was found that the volume
fraction of the porosity is reduced up to 11%, corresponding
to the value of the macroscopic deformation undergone
during the compression test. The interconnectivity of the
porosity was also reduced by 10%. This is mainly due to the
elimination of interparticle pores; either by rearrangement of
particles and/or by coalescence with larger pores resulting
in fissures. This is in agreement with the increment of 7% in
the median pore size, which might be due to the coalescence
with smaller pores and the elongation of the pores due to
the deformation. Finally, the increase in the coordination
number of large pores indicates that the cracks are formed
by the connection between the large pores, since it increases
by 35%, although, the total value of interconnectivity of the
porosity was reduced.

Sample Volume fraction Interconnectivity Median size pore Sphericit Coordination
P (%) (%) (d50) P y number

Before compression 394 99.5 228 0.662 2.01

After compression 34.7 90 245 0.726 2.72

Figure 8. 3D images of porosity before and after compression test in two different zones, a) and b) failure volume; c) and d) deformed zone.
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4. Conclusions

The compression behavior of porous samples of the
Ti6Al4V alloy for potential surgical implant applications
was studied in which large pores were artificially created and
characterized by X-ray microtomography. It was determined
that the porosity decreases the mechanical properties of the
alloy up to values that are in the range of those reported for
human bones. It was also found that the porosity is completely
interconnected, which would favor the passage of body fluids
between the implant and the bones of patients.

It was observed that the fracture of the samples is
perpendicular to the load, contrary to cast materials which
usually fail at 45° angle, which means that failure of porous
samples occurs through layers from the top to the bottom
of the sample. This behavior is clearly induced by the size,
shape and orientation of large pores artificially introduced
in the matrix of Ti6Al4V particles. Thus, the cracks are
generated and grow through the large pores breaking the
interparticular necks formed during sintering.

Finally, it was concluded that the methodology used for
the creation of large pores is adequate, since the distribution
of the large pores inside the sample is well developed and
the results of stress and Elastic Modulus are replicable.
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