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characteristics, porosity and compression strength of porous titanium
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Abstract

In this work, porous titanium (Ti) foams were successfully produced using spark plasma sintering technique at four
different temperatures (up to 650 °C), in conjunction with vacuum sintering (used as a post-treatment) at a constant
temperature of 1200 °C. To obtain a porous structure, 60 vol% of sodium chloride was included as a pore spacer, with
the addition of polyethylene glycol solution for Ti-NaCl interparticle binding. The work aimed at studying the effect of
sintering temperature on the final pore features and compression resistance of the porous titanium foams. X-ray diffrac-
tion and scanning electron microscopy as characterization techniques were used to analyze phases and pore evolutions,
respectively. The results showed that the pore characteristics and the final porosity of porous titanium foams profoundly
depend on the sintering temperature. The lowest porosity of approximately 53.9 vol%, with denser pore walls, was seen
at the highest sintering temperature. Such foams sintered at 650 °C can resist the compression stress as high as 123 MPa
while exhibiting the stiffness value of 8.1 GPa. The results indicate that the porous Ti foams produced have great potential
for applications in hard tissue engineering.
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1 Introduction

The need for distinct properties such as resistance to corro-
sion, excellent biocompatibility, adequate strength, light-
weight, low stiffness, etc. has enforced the choice of tita-
nium-based materials for implant fabrications. However,
concerns still subsist as the reported stiffness values of
titanium materials are relatively high (=45 GPa) compared
to that of the human cortical bone (20-30 GPa). Such mis-
matches should be avoided to prevent the phenomenon
of stress-shielding, which usually results in adverse effects
such as bone resorption around the implant, premature
revisions, etc. In addition to stiffness mismatch, most of

the implants in the market are usually used as dense solid
parts that most often lack the ability to attach to the host
bone coherently. To counteract such implant problems,
there is a broad interest in directing the research effort on
developing low stiffness porous implants [1, 2].
Nevertheless, care needs to be put in place as the intro-
duction of pores drastically reduces the strength of the
material. A review on the properties of porous biomateri-
als such as iron-, cobalt-, and titanium-based systems by
Lemons and Lucas [3] shows that depending on poros-
ity level, the strength reduction can reach magnitudes as
low as less than 50% of that of nonporous alloys. Lascano
et al. [4] reported the compressive strength of sintered
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dense non-porous Ti as approximately 650 MPa and that
of 40 vol% porosity Ti as 150 MPa. A severe drop in com-
pression strength of a porous NiTi material from 108.8 to
56.2 MPa, with an introduction of minor pores (i.e., total
porosity increased from 53.6 to 55.1 vol%) was witnessed
by Jian et al. [5]. The loss of strength with pore introduc-
tion can be related to the reduced area supporting the
actual stress. That is, a decrease in the sectional area of the
material reduces the pressure needed to yield. It is, there-
fore, the focus of this work to find the balance between
strength and stiffness through manipulating fabrication
variables. Xiang et al. [6] showed a strong dependence of
the yield strength and Young'’s modulus of porous Ti on the
sintering temperature, porosity, and pore size. The authors
stated that an increase in sintering temperature reduces
the porosity of the material and increases the resulting
strength and Young’s modulus. The same behavior was
reported by Shao et al. [7] during an investigation of the
effect of sintering temperature on the development of
porous Ti-39Nb-6Zr alloy.

Several manufacturing techniques are widely used to
produce porous materials. Ahmad et al. [8] used the slurry
foaming method in conjunction with vacuum sintering
to produce titanium foams. The use of the freeze casting
technique was recently reported by Yan et al. [9]. Torres
et al. [10], reports the feasibility of obtaining a porous
structure by simply sintering a loose powder in a furnace,
while, Szyniszewski et al. [11] and Novak et al. [12] suggest
the use of hollow powder sphere and powder reactive sin-
tering methods, respectively. The advantage of the above-
mentioned techniques is that the pore features such as
distribution, size, orientation, and morphology can be eas-
ily controlled. The only challenge with these conventional
techniques, as spotted in the book written by James [13],
is the limited porosity level, which can be achieved. One
promising manufacturing route which is exploited in this
study is the use of powder metallurgy in combination with
the space holder technique. The use of NaCl as a space
holder is widely reported for the development of porous
titanium foams. NaCl is cheap, abundantly available, has
high strength and high melting temperature. Ye and

Fig. 1 SEM micrograph of tita-
nium (a) and sodium chloride
powders (b)
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Dunand [14] corroborate the use of NaCl as it possesses no
health threat due to its low toxicity in the case of residual
content in the implant, and for that, it is considered a suit-
able spacer material. However, the melting point at which
NaCl starts to soften and melts is relatively low for titanium
particles to bind with adequate strength. Such drawbacks
can be offset by the use of spark plasma sintering (SPS),
which brings with it the ability to sinter the powder at
relatively lower temperatures compared to other conven-
tional powder metallurgy sintering techniques. The SPS is
a fast, environmentally sustainable powder sintering tech-
nology which integrates plasma activation, hot pressing,
and resistance heating, and directly connects the high-
frequency pulse current between the pressurized powder
particles. Complementarily, vacuum sintering will be used
to post-treat the specimen after the space holder removal
to increase the strength of the foams. Vacuum space will
help in limiting the titanium specimen contamination and
oxidations.

This study precisely aims to examine the effect of SPS
temperature on the final pore characteristics and compres-
sion resistance of the porous titanium foams. The foams
are developed using a two-step sintering: spark plasma
sintering—vacuum sintering, with NaCl particles used as
space holders.

2 Experimental procedure
2.1 Powders preparation and consolidation

Commercially pure titanium powder of Grade 1, sup-
plied by TLS Technik GMBH & Co. (Germany), having
an average size of <25 um particle size was blended
with NaCl granules (99% purity, 212 um = particle
size 425 um). To avoid the occurrence of Ti-NaCl par-
ticle separation through segregation, a liquid polyeth-
ylene glycol (PEG-400) amounting to approximately 1
wt% of the mixture was added as a binder. The morpho-
logical characteristics of the powders used are shown
in Fig. 1a, b. The powder particles of Ti have a smooth
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spherical surface, while NaCl granules are cubic-cuboi-
dal in shape with round angles. A schematic diagram
summarizing the flow of the whole fabricating pro-
cess is shown in Fig. 2, with steps 1-3. As written in the
process flow, fabrication consisted of three stages, i.e.,
spark plasma sintering (HPD5, FCT SPS Systeme GmbH,
and Germany) at 500 °C, 550 °C, 600 °C, or 650 °C, desalt-
ing and post-treatment at 1200 °C for 60 min.

Figure 2—Step 1; Sintering was conducted at either
of the four different temperatures to produce compacts
of 20 mm diameter and 8 mm in height. The varying
of temperatures is within the effort to obtain an opti-
mum temperature, which gives the highest strength
without softening or melting the salt. During sintering,
the pressure and heating rate of 50 MPa and 50 °C/min,
respectively, were kept constant throughout the cycle.
As shown on the profile, the only parameter which was
varied in this work was SPS temperature; and is thus
often referred to as sintering temperature. Samples
were allowed to cool inside the sintering chamber,
which uses a water-cooling coil system. Step 2; The NacCl
space-holder dissolution method followed by ultrasonic
cleaning treatment was used. For more information on
the fabrication details, the reader is referred to the work
of Makena et al. [15].

It should be noted that up to this stage, the foams
produced do not possess adequate strength for han-
dling, consequently resulting in the need for further
treatment. Step 3; vacuum (107* mbar) sintering was
then employed as a post-treatment to strengthen the
foams. A constant heating rate of 10 °C/min is applied
throughout the cycle, after which the furnace is
switched off to allow the samples to cool inside.

2.2 Materials characterization

Sample preparations upon removal from the post-
treatment furnace involved wire cutting (CUT20, Agie-
Charmilles) into chunks of appropriate dimensions
required for characterizations and compression tests, i.e.,
length of 7.30 mm, the width of 7.30 mm and height of
12 mm. The analysis of pore morphological features and
phases of samples was done by scanning electron micros-
copy (SEM, Carl-Zeiss) and X-ray diffraction (XRD, Cu-Ka
radiation, PANalytical Empyrean model), respectively. The
apparent density of the foams was measured and com-
pared to the theoretical density of the solid titanium to
estimate the porosity of the foams (Makena et al. [15]).
Instron 1342 servo-hydraulic testing machine with a load
cell capacity of 25 kN was used to determine the compres-
sion strength. The compression machine speed was set at
0.5 mm/min and stopped after the compression strain of
20%.

3 Results and discussion
3.1 Phase analysis

The XRD results of the sintered porous titanium speci-
mens are presented in Fig. 3. The XRD pattern of pure
Ti powder was also included for comparison purposes.
A typical close-packed hexagonal (a-hcp) lattice of Ti is
detected as the main phase for all the samples, and the
diffraction peaks are similar in shape. However, the inten-
sity of the sintered foam peaks is extremely low com-
pared to that of the powder, and this can be attributed
to the sample surface morphology effect, as was also
observed by Jamaludin et al. [16]. As the temperature

Step 1 Step 2 Step 3
Spark Plasma Sintering NaCl Removal Vacuum Sintering
_ 60min
O 1200
<
o
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<§ 650 10min @S
2. 600 i)
£ 550 N
= 500
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Fig.2 Process route to fabricate porous Ti foams
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Fig.3 XRD patterns of raw Ti powder and foams sintered at varying
temperatures: 500, 550, 600, and 650 °C

increases, there is a slight shift of the Ti peak at an angle
of 260 = 40.195° (1071) to lower angles. This might be due
to the fading away of the a-peak in expense to the for-
mation of B-phase, which is ambiguously seen on the
patterns. The figure also shows the presence of Ti oxide
(TiO,) in the sintered samples, and it is observed that the

‘,‘\ W RN 9
t{ Interconnected macropores
# through holes

oxide characteristic peaks shorten with an increase in
temperature. The presence of this oxide is formed either
from the reaction of the Ti surface with the decomposing
gases from the PEG-400 binder (C,,H,,.,0,,1) or with
the residual air trapped in the sample. The shortening
of the TiO, peak with temperature can be linked to the
benefits acquired when using SPS. As reviewed by Mati-
zamhuka [17], the SPS technique can produce sparks on
the powder surface, which then breaks and remove the
oxide layer. Nonetheless, no detrimental impurities such
as Cl, NaCl, TiCl,, etc. could be detected in the sintered
porous Ti structures.

3.2 Pore characteristics

The SEM micrographs depicting the effect of sintering
temperature on porous Ti pore features are shown in
Figs. 4 and 5. From Fig. 43, ¢, we can see that the rectangu-
lar shapes of the solid NaCl particles are well replicated and
that the foams structures are firm for soft handling after
desalting. Looking at Fig. 4b, d, the rectangular shapes
and connectivity holes of the macropores are still distinct
even after conducting the post-treatment at a markedly
high temperature. The average diameter size of the pores
is maintained above 100 um as required; Jian et al. [5] rec-
ommend an average pore size larger than 100 um to allow

Fig.4 SEM surface micrographs of as-sintered specimen, a 500 °C, ¢ 650 °C, and post-heat treated b 500 °C+ 1200 °C, d 650 °C+ 1200 °C

porous Ti foams
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Fig.5 SEM micrographs of foams macropore walls sintered at different temperatures, a 500, ¢ 550, e 600, g 650 °C, and sintered plus heat-

treated (b, d, f, h)

for bone tissue ingrowth. From Fig. 53, ¢, e, g, original Ti
powder particles are seen on the pore walls, and it is only
after an introduction of the post-treatment step that these
particles merge to form a dense solid wall (Fig. 5b, d, f, h).
The samples sintered at a higher temperature of 600 °C or
above shows relatively low wall microporosity (see white
arrows) and surface roughness; the micropores are seen

to be progressively closing with temperature. To clearly
understand this phenomenon, we consulted with the work
of Makena et al. [15]. We observed that there is a signifi-
cantincrease in the quantity (necking sites) and intensity
(neck size) of necking during spark plasma sintering with
temperature. Furthermore, a schematic illustration in Fig. 6
was included to describe the contribution of both grain
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Fig.6 Schematic diagram of the four-particle sintering model in two dimensions (a—d); D represents the distance between particles, while

the short red arrows are for a mass movement of atoms

boundary and surface diffusion on pore wall densifica-
tion during sintering. Mass movement takes place along
the free surfaces (Fig. 6a) and grain boundaries (Fig. 6b)
of particles. The model, as was reported in the work of
Wakai and Brakke [18], suggests the grain boundary and
the surface near the neck as the perfect sinks of vacancies
for diffusions which results in particle motion during mass
transportations. Therefore, we can conclude that the sam-
ples sintered at higher temperatures had facilitated atoms
movement during sintering, which then consequently
augmented wall densifications. Figure 6c¢, d depicts the
effect of post-treatment on the wall densification, and it is
at this stage that most of the wall microspores disappear.

3.3 Porosity measurements and compression tests

Figure 7 evaluates the effect of changing the sintering
temperature on the foam’s total porosity. Porosity values
reported here before vacuum sintering, that is before post-
treatment, were taken elsewhere from the work of Mak-
ena et al. [15]. The measured porosity corresponds very
well with the design value of 60 vol%, and decreases with
increasing sintering temperature. Such observations can
be linked with the proposed facilitated mass movement,
which takes place at higher temperatures. Furthermore, a
drastic reduction of porosity is observed after post treat-
ing the samples, and it is worth to note that the degree
of reduction is becoming dominant as the temperature
increase. This can be attributed to the high number of
already-established sintering necks that are obtained at
higher sintering temperatures.

The stress—strain curves, enlarged elastic region, com-
pression strength, and bulk elastic modulus of porous Ti
foams sintered at four different temperatures are shown
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Fig. 7 Porosity of sintered porous titanium as a function of sinter-
ing temperature

in Fig. 8. As seen in Fig. 8a, the foams exhibit similar
stress—strain behavior. The curves of the foams consist
of two distinct regions: (1) an elastic deformation region,
where the relation between stress and strain is approxi-
mately linear; this is the stage where macropore walls and
edges of the porous material are believed to be only bend-
ing, and if the stress is applied and released along this line,
the material will expand back to the original shape without
deformation, and (2) plastic (plateau) deformation region,
where the stress increases slowly or even remains constant
with the strain increasing. In this plateau phase, the pres-
sure applied is adequate to break the contact between
the pore wall Ti particles, which eventually results in the
collapse of the entire matrix. However, the progression
of these curves appears to be incomplete in accordance
with the theory of Gibson-Ashby [19]. The theory suggests
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Fig.8 Compression stress—strain curves (a), enlarged elastic region (b), and compression strength and elastic modulus (c) of porous Ti sin-

tered at different temperatures: 500, 550, 600 and 650 °C

three distinct stages, i.e., elastic stage, plastic stage, and
densification region, under compression loading. The den-
sification stage does not appear in this study. It can be due
to the premature release of the compression force at the
strain of 20%, which was done to avoid an undesirable col-
lapse of the foams sintered at lower temperatures.

The compression strength (yield stress) of the mate-
rials was defined by extrapolating the plateau region
to strain=0, as shown in Fig. 8a. The linear part (elastic
region) of the curves was explored to estimate the Elastic
modulus values of the foams. The zoomed Elastic behavior
of the samples sintered at different temperatures is shown
in Fig. 8b, and visually supports the Elastic modulus values
reported in Fig. 8c. An increase in sintering temperature
increases the foam’s compression resistance from ~ 65 to
123 MPa and stiffness from ~ 5.3 to 8.1 GPa. These incre-
ments were expected as the pore walls get well densified,
with an improved bonding strength within metal powder
particles when the temperature increase. For samples sin-
tered at lower temperatures, i.e., 500 and 550 °C, the sinter-
ing process is inadequate, resulting in higher total porosity

and reduced compressive strength. It should be noted that
the strength and stiffness values obtained in this study
are comparable to that of the human bone (~ 130 MPa,
and elastic modulus of < 30 GPa), and can be regarded as
potential future tissue replacement materials.

4 Conclusions

Porous Ti foams were successfully fabricated using a two-
step sintering method: spark plasma sintering—post-
treatment, with NaCl particles used as space holders. The
effects of the SPS temperature on the pore characteristics,
porosity, and compression strength were studied.

1. Pore walls become denser with no significant changes
in the overall pore shape as the sintering temperature
is increased.

2. The final porosity level of the foam profoundly
depends on the sintering temperature. Titanium foams
with porosities diminishing from 61 to 54 vol% were
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obtained with an increase in temperature. The porosity
of the foams is further reduced during post-treatment,
which closes micropores, and the degree of reduction
becomes more dominant at higher sintering tempera-
tures.

3. The highest compressive strength of 123 MPa was
obtained at a temperature of 650 °C. Stiffness values
reported in this work with an increase in tempera-
ture were extremely low, i.e., 5.3-8.1 GPa. Such values
suggest that these porous Ti foams can withstand
relatively heavy loads with less stress shielding effect
and thus, can be considered as promising biomedical
materials.
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