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Abstract
Titanium alloys’ exceptional mechanical qualities, remarkable corrosion resistance, and biocompatibility have made them 
popular choices for use as metallic materials in medical applications. Since solid titanium alloys have a larger elastic modulus 
than real human bones, porous titanium alloys are used in place of solid titanium alloys to get results that are comparable 
to those of human bones and meet orthopedic requirements. In this work, porous titanium was fabricated using powder 
metallurgy processes to study the e�ects of porosity and pore size on the compressive strength and electrochemical response. 
To obtain foams with varying pore features, the content of NaCl was varied between 0 and 80 vol%. Furthermore, NaCl 
particles of varying sizes between 100 and 600��m were employed. Subsequently, specimens underwent preparations for 
analysis using optical microscopy and scanning electron microscopy to examine the microstructure. Additionally, 3D X-ray 
micro-CT scanning was used to provide detailed information on the foam porosities. The pore size of the sample a�ects its 
corrosion resistance against the 0.9-wt%. NaCl solution and the lowest corrosion rate were recorded with the sample having 
the �nest pores. Instead, with compressive strength the trend goes the other way round, i.e., strength increases with pore size. 
As expected, the compressive strength of the porous titanium was found to be showing a linear relationship with porosity.

Keywords Porous titanium�· Spark plasma sintering�· Corrosion�· Compressive strength

1  Introduction

Titanium-based alloys, cobalt–chromium alloys, and 316L 
stainless steel are the most typical materials utilized in bio-
medical applications. Hard tissue replacements in prosthetic 
bones, joints, dental implants, etc. are among their areas 
of application [1–3]. Titanium alloys are gaining increas-
ing popularity due to their remarkable properties, such as 
their low density, great resistance to corrosion, and low 
Young’s modulus [2, 4, 5]. However, their Young’s modulus 
of 103–120 GPa, compared to that of a bone (10–30 GPa), 
still poses a risk of making bone remodeling and healing 

di�cult. Several authors have suggested the addition of 
porous structures to titanium-based materials to reduce such 
sti�ness discrepancies [4, 5]. This brings about another chal-
lenge as the porous structures are contradictory since the 
pores weaken the materials’ mechanical strength and render 
them susceptible to corrosion attack.

Several e�orts have been explored to produce optimized 
porous structures with improved corrosion resistance and 
mechanical properties. Makena et�al. [6] conducted corro-
sion experiments on the porous titanium (Ti) with varying 
porosities between 0 and 70 vol%. They observed a sig-
ni�cant increase in current density and corrosion rate with 
porosity. The current density rose from ± 7.66E-9 A/cm2 to 
± 1.87E-5 A/cm2, and the corrosion rate went from as low 
as ± 6.650E-5 mm/year to ± 0.16210 mm/year. The authors 
attributed the behavior to the ine�ciencies of the protective 
oxide layer against corrosion as porosity increases. Separate 
authors, Dabrowski et�al. [7] also investigated the impact 
of titanium porosity on corrosion resistance. Instead, they 
found that materials with higher porosity demonstrate less 
susceptibility to corrosion. They explained the phenomenon 
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by arguing that highly porous structures show a high level 
of hydrophobicity, which might be due to the gas bubbles 
trapped inside the pores, increasing the corrosion resistance 
by shielding the transportation of the active chloride ions to 
the surface. The surface wettability is one factor believed to 
be very crucial when coming to surface corrosion resistance. 
A hydrophobic surface gives a water-repellent property, with 
relative corrosion resistance as reported in the work of Rodi� 
et�al. [8] and Zhang et�al. [9], who studied the superhydro-
phobicity properties of surface-modi�ed aluminium alloys. 
According to García-Cabezón et�al. [10], porosity increases 
the susceptibility of porous materials to local corrosion and 
decreases the corrosion potential value (Ecorr). The relatively 
small holes in the cell walls hinder the �ow of oxygen. Gen-
erally, oxygen is vital for the stability and preservation of 
the oxide layer on titanium, and a constant supply is very 
crucial [11]. As with Seah et�al. [12], using porous titanium 
materials with high porosity and open, linked pores is rec-
ommended, since it will facilitate electrolyte �ow and sup-
plement the oxygen supply during the passivation process.

Loginov et�al. [13] reported a 13-fold decrease in plateau 
stress when the Ti sample porosity was increased from 50 
to 80 vol%. Similarly, Aslan et�al. [14] fabricated porous 
Ti6 Al4 V alloys and observed a diminishing compressive 
strength and elastic modulus from 171 to 40 MPa and 5 to 
2 GPa, respectively, with increasing porosity. In addition to 
porosity, pore size was also found to a�ect the mechanical 
properties of the Ti alloy, i.e., the larger the pore size the 
lower the compressive strength. In their research, Wang 
et�al. [15] observed a correlation between pore size and 
several properties of the porous titanium. They found that 
the increasing pore size led to enhanced surface wettability 
and a reduction in the elastic modulus. As with the work of 
Aslan et�al. [14] their results also showed that samples with 
smaller-sized pores exhibit the highest compressive strength. 
Zhao et�al. [16] reported the decreasing yield strength of 
porous Ti with pore size. The authors concluded that there 
are fewer stress concentrator sites in the fine-pored Ti 
because of the reduced pore spacing. As a result, the coarse-
pored Ti’s greater stress concentrations caused the matrix 
surrounding the pores to give earlier, which decreased the 
bulk yield strength. The impact of pore size, which ranges 
from 600 to 1200 �m, on the corrosion and compression 
behaviors of Ti–6 Al–4 V sheet-based gyroid implants 
was investigated by Ebrahimi et�al. [17]. Their �ndings 
demonstrated that when pore size increased, the implants’ 
strength and Young’s modulus decreased. However, the 
corrosion resistance of the implants was improved with the 
increasing pore size.

Nevertheless, the e�ect of porosity on elastic modulus 
and compressive strength is more dominant compared to 
that of pore size distributions [18]. An optimization of pore 
features such as size, pore size distribution, and pore shape 

is also of interest in tackling the issue of corrosion in these 
materials [19, 20]. To encourage the use of porous metals 
in orthopedics, research into the mechanical characteristics 
and causes of corrosion must be continued. The goal of this 
work is to methodically investigate how porosity and pore 
size a�ect the compressive strength and corrosion behavior 
of titanium foam. A two-step sintering process spark plasma 
sintering and vacuum sintering was utilized to create a 
porous Ti material. NaCl particles were employed as space 
holders. To obtain foams with di�erent porosities, the NaCl 
concentration was varied from 0 to 80 vol%. In addition, 
di�erent sizes of NaCl particles ranging from 100 to 600 
�m were used. The 3D X-ray micro-CT scans of the samples 
were also reported on the e�ects of porosity and pore size 
on the pore’s interconnectivity.

2 � Experimental Procedure

2.1 � Powder Material

Commercially pure titanium powder (ASTM Grade 1, sup-
plied by TLS Technik GMBH & Co., Germany) produced by 
gas atomization was used. The particle surface morphology 
and size distribution of the titanium powder were investi-
gated using scanning electron microscopy (FESEM, JSM-
7600 F, JEOL, Japan) equipped with Energy-Dispersive 
X-ray Spectrometer (EDS) and Microtrac Bluewave particle 
size analyzer, respectively. An electron beam with an accel-
erating voltage of 15–20 kV, a probe current of 0.5 × 10–9 
A, and a working distance of 10 mm were used for SEM 
imaging. The INCA analyzer software used was set to 70-s 
acquisition time and a processing time of 2 s. The chemical 
composition of the Ti powder was �  98.94 wt% Ti, �  0.87 
wt.% Cu, and �  0.19 wt% Al. The Ti powder has a spherical 
shape with smooth surfaces (Fig.�1a) and an average particle 
size (D50) of 19.7 �m (Fig.�1b). The granules of NaCl (purity 
> 99.5%) were used as space holders. The NaCl has a cuboi-
dal shape with round edges as shown in Fig.�2.

2.2 � Manufacture of�Porous Titanium Foams

Titanium powder was blended with NaCl granules using 
a turbula mixer (Turbula System Schatz, Switzerland) at 
a rotational speed of 49 rpm for 8�h. Polyethylene glycol 
(PEG) was added to the mixture before mixing to minimize 
the segregation of the heavy and �ne particles of titanium. 
The space holder particles of di�erent sizes prepared by 
sieving into di�erent sizes of 100–212 �m, 212–425 �m, 
425–600 �m, 100–425 �m, and 100–600 �m, were used. In 
addition, samples with various NaCl increments from 0 to 
80 vol% were also fabricated. For samples with varying pore 
size distributions, porosity was �xed at 60 vol%, whereas, 
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for porosity variation studies, a space holder size was �xed 
at 212–425 �m. The samples were produced by compacting 
and heating the mixture using a spark plasma sintering 
(SPS) (H-HPD25-SD/FL, FCT Systeme GmbH, Germany) 
and thereafter removing the salt by water dissolution to 
leave the pores. To address the concerns of the potential 

contamination of the sca�old by residual space-holding 
particles, dedicated experiments were conducted by the 
authors [21], and concluded that no residual NaCl were 
present. Porous foams with an estimated height of 10 mm 
and diameter of 20 mm were produced at the sintering 
temperature of 650 °C, pressure of 50 MPa, and a �xed 
holding time of 10 min. The maximum temperature was 
reached at a constant rate of 50 °C/min for all the samples. 
The SPS sintered samples were thereafter heat treated in 
an argon gas-�lled furnace at the temperature of 1200 °C 
for an hour to further strengthen their pore walls. For more 
porous samples fabricating details, the reader is referred to 
our previous studies [21, 22]. Optical microscopy (Nikon 
Eclipse LV500) was used to accomplish the samples surface 
characterization of the sintered samples. To assess the 
interconnectivity of the pores and variations in porosity 
and pore size, we employed a micro-focus X-ray micro-CT 
scanner (Custom Nikon HMX ST Scanner) equipped with 
a 225-kV X-ray source and a 2000 × 2000-pixel �at panel 
detector. The foams were loaded at an angle of roughly 
10–45�  to ensure that no edge artifacts were present [23]. 
Refer to Makena et�al. [6] for further scanning set-up details. 
Samples were then cut using a wire cutter (Wire Electrical 

Fig. 1   SEM morphology of the as-received titanium: a particle morphology and b particle size distribution

Fig. 2   SEM particle morphology of the as-received sodium chloride
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Discharge Machining, CUT20, AgieCharmilles) into chunks 
of appropriate dimensions, i.e., 5�mm diameter and 10 
mm height of rectangular shaped and 1 × 1�cm cubes for 
compression and corrosion tests, respectively.

2.3 � Compression and�Corrosion Tests

Compression testing was conducted at an ambient 
temperature of �  22 °C utilizing an Instron 1314 universal 
testing machine equipped with a 25-kN load cell capacity. 
The samples underwent compression at a consistent strain 
rate of 0.008/s. The ultimate strength of the individual 
sample was extracted from the stress–strain profiles. 
Analysis of pore surface crack initiation and propagation 
post-testing was performed via SEM. For corrosion tests, 
a conventional sample preparation involving attachment 
of an insulated copper wire to the surface using aluminum 
conducting tape, followed by cold mounting with epoxy 
resin was used. The samples were then abraded using a 
1200-grit silicon carbide metallurgical paper following 
ASTM-G59-97 standards, degreased with acetone and 
�nally rinsed with distilled water. Corrosion characteristics 
of the samples were examined in a 0.9-wt% NaCl solution 
at a temperature of T = 37 °C ± 1 °C using a 3-electrode 
electrochemical cell arrangement. The 0.9-wt.% NaCl 
solution, with osmolality comparable to that of the human 
body, provided a cost-e�ective and straightforward medium 
for investigating the behaviour of titanium biomaterials [24]. 
Electrochemical measurements were carried out using an 
Autolab Potentiostat (PGSTAT302 N computer-controlled) 
equipped with Nova version 2.1.4 software. The sample was 
used as the working electrode, while a platinum sheet served 
as the counter electrode and a silver/silver chloride 3-M 
KCl electrode functioned as the reference electrode (SSE). 
To ensure stability at the open-circuit potential (OCP), the 
specimens were immersed in the electrolytes for 200 min 
before potentiodynamic linear polarization. Subsequently, 
potentiodynamic polarization curves were scanned from 
��0.25 V (vs. OCP) to approximately + 2 V (vs. Ag/AgCl) at 
a rate of 0.0006 V/s. The standard technique of extrapolating 
anodic and cathodic Tafel lines was used to estimate the 
corrosion potential (Ecorr) and corrosion current density 
(jcorr). Next, using the corrosion current density and the 
corrosion rate (CR, mm/year), the corrosion rate was 
computed using the following formula [25]:

To convert the units from cm/s to mm/year, we used 
the conversion factor 3.17E-9; the atomic weight of the 
sample is represented by M (g/mol); the number of electrons 
exchanged in the reaction is indicated by n; the density of the 

�� � ����� � �
� ������
� �� �� ��

sample is indicated by � (g/cm^3); the Faraday constant is 
F (96,485 C/mol); and the area of the sample is represented 
by A (cm^2).

3 � Results and�Discussion

3.1 � Pore Characteristic

Figure�3 shows optical micrographs of the sintered sam-
ples with varied design porosities. Two types of pores can 
be observed, i.e., micro- and macro-pores. The imaging 
was done on the cross-section and as can be seen, porosity 
increases with NaCl vol% content. As expected, the 0-vol.% 
sample surface is dominated by micropores only. The macro-
pores resemble the shape of the space holder NaCl. Both 
kinds of pores are well distributed on the surface of the 
samples and can easily be distinguished from solid matrix. 
A near complete pores interconnectivity is observed with 
the 80-vol% porosity sample. Arifvianto et�al. [26] asso-
ciated the higher connectivity with the increased number 
of contact points between spacer particles inside the highly 
porous sca�old preforms. An average pore size was also a 
factor of interest and the samples with di�erent pore sizes 
were also prepared. Their optical snaps are shown in Figs.�4 
and 5. Figure�4 varies the overall pore size, whereas Fig.�5 
studies the e�ect of pore size distributions. As observed in 
Fig.�4, the average pore size increases with the design NaCl 
size. The overall number of individual pores decreases with 
increasing average pore size. This is simply because, for 
�ne NaCl particles, more particles are required to maintain 
the 60 vol%. Figure�4a constitutes �ner pores, followed by 
Fig.�4b and then Fig.�4c. The pore size range increases as 
we move from Fig.�5a–c. This is in line with their design 
NaCl sizes of (a) 212–425 �m, (b) 100–425 �m, and (c) 
100–600 �m.

Figures�6 and 7 represent the micro-CT scanners of the 
samples with varied pore sizes and distributions. The CT 
scans were included to help in visualizing the degree of 
the interconnectivity of the adjacent pores when varying 
the sample’s pore size. As seen in Fig.�6, blue spots are 
relatively becoming dominant with the increasing pore size 
from 100 to 212 � �  through to 424–600 �m. The blue spots 
represent the isolated/closed pores, whereas the red ones 
represent the open and connected pores. Therefore, this is an 
indication that there is an increase in pore interconnectivity 
with decreasing pore size. Figure�7 supports the notion of 
improved connectivity of the pores within smaller pores. 
The �ner size range (see Fig.�7) of 100–425 �m shows the 
least number of blue spots and is followed by a broader range 
(100—600 �m). This high interconnectivity within small 
pores can be attributed to the presence of more design spacer 
particles (high surface area) per volume.
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Fig. 3   Optical microscopy images for both dense (0%) and porous Ti foams ranging from 40 to 80% porosity

Fig. 4   Optical microscopy images of 60% porous Ti foam with a varied average pore size distribution, a 100–212 �m, b 212–425 �m, and c 
425–600 �m
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3.2 � Potentiodynamic Polarizations

Figure�8 displays the OCP curves of the sintered samples 
with varied pore sizes and ranges. As seen, the OCP val-
ues are drifting toward positive potentials, indicating the 
formation of a protecting surface layer when exposed to 
the 0.9-wt% NaCl solution. All the samples have reached 
a stable potential within the �rst 200 s of exposure. As 
shown in Fig.�8a, the samples with smaller pores stabi-
lize at more positive potentials than the ones with larger 
pores. The phenomena are further witnessed in Fig.�8b 
when the addition of the small pores is made to the sample 
with large pores slightly shifting the potential toward more 
positive values. The potentiodynamic polarization curves 
of the samples with varied pore size distributions and 
ranges are shown in Fig.�9. As shown in Fig.�9a, a sample 
with small pores in the range of 100–212 �m exhibits the 
lowest passive current. The passive current increases with 
pore size. However, increasing the pore size from 212–425 
�m to 425–600 �m seems to be reducing the passive cur-
rent readings. To consolidate our �ndings, the sample 
with the pore size of 212–425 �m was fabricated this time 
with the inclusion of the small pores to give a 100–425 
� �  sample, and large pores to give 100–600 �m sample. 
Figure�9b shows that the inclusion of smaller pores pro-
duces a protective surface with signi�cantly lower passive 

current, whereas little to no signi�cant changes are seen 
with smaller and larger pores combinations. This is in line 
with the suggestions observed from the open-circuit poten-
tials. It is attributed to the fact that the connectivity of the 
pores increases with decreasing pore size. Well-connected 
pores allow a free �ow of the electrolyte and fewer pockets 
of crevice sites [7, 27, 28]. As with Wenzel’s equation, 
Xiong et�al. [29] found that the higher the concentration of 
interconnected pores and surface roughness, the more the 
likelihood for the surface wettability transformation from 
hydrophobicity to hydrophilicity. The hydrophilicity will 
mean more absorption/adsorption of the electrolyte to the 
exposed surface, allowing the in�ux of metal ions to �ow 
into the solution with less corrosion resistance [8, 9]. The 
reduction of the passive current when increasing the pore 
size from 212–425 �m to 425–600 �m mentioned above 
might be due to the improved surface oxide layer proper-
ties since they are bigger and wider open. Small pores in 
this study are suspected to produce an oxide layer with 
weak properties [6]. However, electrochemical impedance 
spectrometry tests will be needed in future to con�rm the 
claim.

Table�1 presents the Ecorr, jcorr, and CR values obtained 
from the polarization curves. The Ecorr values align with 
the open potentials depicted in Fig.�8. Notably, the sample 
consisting of smaller-sized pores (100–212 �m) exhibited 

Fig. 5   Optical microscopy images of 60% porous Ti foam with varied average pore size distribution a 212–425 �m, b 100–425 �m, and c 100–
600 �m
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the lowest current density and corrosion rate, which could 
be attributed to factors such as pore interconnectivity and 
hydrophobicity [27, 30]. Another factor that might have 
played a role in lowering the corrosion attack is the surface 
tension forces (factor of hydrophobicity) that will hinder the 
penetration of the solution into the pores [19]. The coarser 
pore size distribution sample resists the corrosion attack 
better in comparison to the mid-sized pores sample. The 
sample with the widest size range (100–600 �m) exhibits 
the highest corrosion rate.

3.3 � Compression Tests

Figure�10 shows the compressive stress–strain curves 
illustrating the failure progression during a compression 
test of the Ti foam. The compression test was stopped at 
different strains to study the mode of deformation of the 
material. It is observed that the tests were reproducible 
as the curves follow the same trajectory. The stages cor-
respond to plastic deformation (E1), mid-way (E2), and 

near-full densification of the pores (E3). Figure�11�shows 
the macroscopic diagrams of a deformation process of 
the rectangular Ti foam from 10 mm height. As shown in 
the figure, there is a progressive reduction in height dur-
ing the compression. Figure�11E1 shows the deformation 
of Ti foam in the plastic deformation zone of the defor-
mation process, and no significant changes in shape can 
be detected. From the picture in Fig.�11E2, which is the 
mid-way between plastic deformation and fully densified 
compact, it can be observed that a significant reduction in 
height occurred, and there are signs of onset shear defor-
mation occurrences. With the progression of the compres-
sion, obvious shear deformation in Fig.�11E3 is observed 
at a near-full densified compact. When the sample is com-
pressed at a low loading rate, the material is expected to 
first absorb the energy at the elastic region until the com-
pressive tensile stress exceeds the local tensile strength of 
the sinter necks. This will then give rise to the local crack 
initiation and propagation at the onset of plastic failure. 
This propagation will progress parallel with the loading 

Fig. 6   Three-dimensional 
micro-CT images of samples 
with varied pore size  
distributions
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direction. The propagation will often be hindered by the 
local strength of the pore wall grains, thereby changing 
the direction or disappearing completely. Perpendicular 

cracks will then be closed off during compression, giv-
ing rise to increased resistance to the compressing anvils 
(densification region) as seen by E3. Figure�12 shows the 

Fig. 7   Three-dimensional 
micro-CT images of samples 
with varied pore size  
distributions

Fig. 8   Open-circuit potential as a function of time, a e�ect of pores size and b e�ect of pores size distribution
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SEM micrographs of the progressing compression col-
lapse of the porous Ti surface. Figure�12a represents the 
surface before the tests, and no cracks or signs of defor-
mations can be detected. Figures�12b–d show the surface 
deformation of the sample as the compression load is 

increased and are related to Figs.�10 and 11 E1, E2, and 
E3, respectively. As can be seen in Fig.�12b, only a few 
cracks can be seen, that is, the load is not enough to break 
the sintering bond between the particles and the mate-
rial has only endured plastic deformation. A significant 
number of intergranular cracks are obvious in Fig.�12c. 
In this figure, the pressure was adequate to break the con-
tact between the particles. Figure�12d is characterized by 
cracks all over the surface and the material is at the onset 
of a total collapse (densification). A distinct intergranular 
crack can be seen in Fig.�12d.2.

Figure�13 illustrates the e�ect of porosity on the compres-
sive strength of porous Ti. As anticipated, the incorporation 
of pores reduces the material’s strength. The dense titanium 
showed high strength and was still within the elastic range 
when the test was stopped. The elastic–plastic densi�cation 
behavior is very dominant with the 40-vol.% porous sample 
and diminishes with porosity. At 80% porosity, the plastic 
region is very clear with the other two regions being hard to 
notice. As the porosity increases, the Ti yield compressive 
strength and elastic modulus dramatically drop. The 0�vol% 
exhibited the highest strength and sti�ness of > 460 MPa 
and 18.70 ± 1.13GPa, respectively. The strength and elastic 
modulus of 80 vol% were the smallest, at 11 ± 3 MPa and 
0.61 ± 0.32GPa, respectively. These values are comparable 
to the values reported in the studies by Arifvianto et�al. [31] 
and Gao et�al. [32]. The diminishing mechanical proper-
ties with an introduction of pores is well connected to the 
reasoning that pores act as defects, and stress concentra-
tors [33, 34], the higher the porosity, the more there are 
stress sites and more failure sites. In addition, increasing 
porosity will inevitably reduce the thickness and strength 
of the pore walls [31, 32]. Figure�14�is included to show the 
extent of deformation of the samples as a function of poros-
ity. As can be seen, the �nal height of the sample decreases 

Fig. 9   Potentiodynamic polarization curves of samples a e�ect of pore size distribution and b e�ect of pore size range

Table 1   Corrosion parameters of the samples evaluated in a 0.9-wt.% 
NaCl solution at 37 °C

Pore size Ecorr (V) jcorr (A/cm2) CR (mm/y)

100–212 �m 0.061 �  0.0001 (7.69 �  0.33)E-060.036810 �  0.006

212–425 �m � 0.0020 �  
0.0001

(1.85 �  0.28)E-050.16074 �  0.03

425–600 �m 0.022 �  0.0003 (1.25 �  0.44)E-050.10816 �  0.02

100–425 �m 0.010 �  0.0001 (2.44 �  0.65)E-060.063040 �  0.001

100–600 �m � 0.0050 �  
0.0002

(2.61 �  0.71)E-050.20016 �  0.0005

Fig. 10   Mode of deformation during compression test
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with porosity. The 0% samples do not show any signs of 
change in height, diameter, or shape. The sample prepared 
with 80% space holder volume has the lowest height of ± 6 
mm after the test. The failure mode of the 40% and 60% 
samples is dominantly through shear, which shifts to bar-
relling with the 80% porosity sample. As with the study of 
Li et�al. [35], the samples with higher uniaxial compressive 
strength are known to resist the crack propagation and they 
resort to realizing their absorbed strain energy in the form 
of shear fracture instead of barrelling. The 80-vol.% sample 
does not have enough strength to hinder the crack propaga-
tion and therefore, the cracks continue in the loading direc-
tion, leading to the expansion of its laterals. Porosity dictates 
the crack propagation and failure mode. Loginov et�al. [13], 
observed the change in pore shape from near round to oval 
in the middle section of the sample at an angle of 15° with 
the compression loading, whereas the inclination changed 
to 45° with porosity variations. Gao et�al. [32] observed a 
change in shear band inclination reduction from 45o with a 
65% porosity sample to lower values (approaching 0°) with 
increasing porosity. Both studies reported no changes in the 
pore shape at the top and bottom of the samples.

Figure�15 studies the e�ect of pore size distributions on 
the compressive strength of porous titanium. As shown, the 
yield compressive strength increases with pore size. Of the 
pore sizes, the strength of the 425–600 �m sample was the 
largest at 80.33 ± 1.53 MPa, and the smallest strength was 
exhibited by the sample with the pore sizes in the range of 
100–212���  , at 59.67 ± 1.44 MPa. This might be attributed 
to the high surface area of the smaller pores in comparison to 
the larger pores. The high surface area will mean more sites 
for failure, as mentioned earlier [36]. In addition, smaller salt 
particles will have an agglomeration tendency during sample 
fabrications, leading to the formation of agglomerated pores 
and increased failure probabilities [37, 38]. In contrast, sam-
ples with larger pores are expected to have pores with less 
surface area, and more dense solid structure that can actively 
support against the load. Predictably, the use of a broader 
pores size range, i.e., a mixture of small and large pores, 
produces a strength falling in between. Relatively to the 
study of Wang et�al. [15], who reported a gradual decrease 

of elastic modulus with an increase in pore size, the variation 
of pore size in this study seemed not to signi�cantly a�ect 
the sti�ness of the samples. The elastic modulus values of 
the samples were restricted between 3 and 4 GPa.

4 � Conclusion

Porous Ti with di�erent levels of porosity and pore sizes 
were successfully fabricated using the spark plasma 
sintering—space holder technique, followed by furnace post-
treatment. The corrosion response in relation to the pore 
size was examined, alongside the assessment of porosity and 
pore size e�ects on the compressive strength. The ensuing 
conclusions are outlined below:

•	 The pore’s interconnectivity increases with increasing 
porosity between 0 and 80 vol% and reduces with pore 
size (425–600 �m < 212–425 �m < 100–212 �m). 
This connectivity factor significantly influenced the 
corrosion characteristics of the Ti foams, i.e., the higher 
the connectivity, the fewer the crevice pockets and thus 
improved corrosion resistance.

•	 The sizes of the pores a�ect the corrosion resistance of 
the porous titanium; herein the resistance was reduced 
with the increasing pore size. The lowest corrosion rate 
of 0.036810 �  0.006 mm/year was observed with the 
�nest pores sample of 100–212 �m. This was attributed 
to the hydrophobicity of the small pores sample, in 
comparison to the larger pore samples. The relative ease 
of electrolytes to �ow through the small pores due to the 
high interconnectivity also played a major role.

•	 The introduction of pores reduces the material's compres-
sive strength linearly. The failure occurs through bending 
and cracking of the pore walls. The overall failure mode 
changes from shear to barrelling with increasing poros-
ity. The pore size was also found to be in�uencing the 
compressive strength. The strength decreases with pore 
size, and that is due to the increased number of pores per 
area, leading to more stress concentrator sites.

Fig. 11   A macroscopic diagram of the Ti foam deformation process
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Fig. 12   SEM micrographs of the exterior collapse characteristics of porous Ti foams at (1) low magni�cation and (2) high magni�cation of a 
uncompressed, b E1, c E2, and d E3
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Fig. 13   Compression stress–strain curves of Ti with di�erent porosities in comparison to the dense counterpart

Fig. 14   A macroscopic com-
pression deformation of Ti 
foams with di�erent porosities

Fig. 15   Compression stress–strain curves of porous Ti demonstrating the e�ect of pore size
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The human compact bone has an elastic modulus of 
between 12 and 17GPa, but the human cancellous bone had 
less than 3GPa. Furthermore, the compressive strength of 
human bone was found to be between 2 and 180 MPa. The 
compressive strength and elastic modulus of porous Ti dis-
covered in this work between ± 11 MP and ± 160 MPa, and 
± 0.61 GPa and ± 18.70 GPa, respectively, are similar to 
those of a human bone. As a result, these porous Ti materi-
als have great potential for use in biomedicine. In our future 
work, we will study the possibility of including some bio-
compatibility alloying elements such as Nb, Mo, and Sn in 
the porous structures and see if we can improve their proper-
ties. Tests such as in�vivo biocompatibility and bone forma-
tion mechanisms will also be conducted.
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