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Bone resorption and possible fracture of host tissue are some consequences resulting from the mismatch between
the Young’s Modulus of the constituent materials of implants and bone that compromises the reliability of im-
plants for replacing damaged bone tissue. The use of functional graded porous materials presents an interesting
approach that could help decrease the Young’s modulus while simultaneously mimicking highly hierarchical
porosity of the bone structure. However, these structures are more difficult to fabricate than those with ho-
mogenous porosity. The design and distribution of this porosity in the implant must ensure the biomechanical
and biofunctional balance of the bone tissue it is intended to replace. In this study, Ti radially graded structures
were successfully fabricated using Spark Plasma Sintering combined with Space Holder Technique. The effects of
temperature on porosity and mechanical properties were thoroughly examined. The results indicated that this
processing route allows to achieve good control of porosity, close to the amount of added spacer. Yield stress of
181 MPa and an elastic modulus of 56 GPa were obtained for samples sintered at 800 °C for 5 min under a
pressure of 6.3 MPa. These mechanical properties make the structure a viable candidate for replacing human
long bones.

1. Introduction years or over, the “oldest-old”, has increased substantially in most

countries and regions, and this trend is expected to accelerate in the

Bone degradation has been identified as one of the primary causes of
reduced mobility and well-being in the elderly [1]. In fact, adults over
the age of 35 are the group most affected by reduction in bone density
[2-4], with a reported 40 % reduction in strength that could be further
increased by the combined action of cyclic loading degradation and
surface wear of the joints [5] Additionally, there are other contributing
factors, such as (i) an increase in life expectancy in developed countries
and (ii) a growing demand for different types of implants to replace
failing parts, particularly in young patients. The first factor is related to
the fact that the world’s population is ageing [6,7]. In recent years, the
number of people aged 60 years or over, the “older”, and those aged 80
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coming decades [8]. The second aggravating factor is the increasing
demand for different types of implants used to replace the knee, hip,
elbows, and shoulder, due to reasons such as fractures [9], replacement
of broken parts, accidents [10] or aesthetic procedures [6,11-14].
Approximately, 10-15 % of implants have been reported to fail before
10 years of permanent use, leading to 20 % of implant surgeries being
performed to correct failed procedures [15]. This aspect is particularly
relevant in young patients who require longer-lasting prostheses and/or
implants to return to a normal life, implying higher load levels [15].
Metallic biomaterials are commonly used materials for bone tissue
replacement and load-bearing applications. Among them, Ti-based
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materials are widely demanded due to their most suitable characteristics
for biomedical applications, such as their excellent mechanical proper-
ties (yield strength 170-483 MPa and tensile strength 240-550 MPa),
low density, corrosion resistance, and adequate response both in vitro
and in vivo [16]. However, titanium and its alloys present a significant
drawback, which is the difference between the stiffness of titanium
(~100-110 GPa) and bone tissue (~2-30 GPa), leading to the phe-
nomenon of stress-shielding [17]. This phenomenon compromises the
reliability of implants by promoting bone resorption and possible frac-
ture of host tissue [18], risking appropriate implant performance [19].
An effective approach to minimise this phenomenon is to reduce the
Young’s modulus of the biomaterial by modifying the micro and mes-
ostructure [20].

One of the strategies employed to decrease the Young’s modulus is to
introduce porosity into the structure. In this sense, metallic porous
biomaterials have demonstrated a lower elastic modulus than their fully
dense counterparts [21,22], which can be similar to that of the host
bone, reducing the phenomenon of stress-shielding, and promoting cell
proliferation and differentiation [23]. Powder metallurgy is a
manufacturing process that can be utilised to obtain porous structures
when combined with the space-holder technique, as it offers the possi-
bility of produce customised porous titanium samples for biomedical
applications in a cost-effective way [20]. The combination of this
method with the space holder technique emerges as an effective way to
provide high levels of porosity (35-80 %) with a homogeneous distri-
bution in the samples, with a pore size suitable for cell growth (50-400
pm) [24]. Various materials are regularly used as temporary space
holder particles, including ammonium bicarbonate [25-27], carbamide
[24], K2CO3 [28], polymethyl methacrylate (PMMA) [29,30], and
polyvinyl alcohol (PVA) [31], which are subsequently removed by
evaporation at low temperatures. Sodium chloride is another space
holder that is removed by dissolution in water [17,26,32-35] and pre-
sents several advantages, such as low cost, easy dissolution, and negli-
gible residual toxicity [36]. However, while this combination of
techniques increases porosity, leading to a reduction in Young’s
modulus, it also decreases mechanical strength, falling below the
required level for bone replacement [37,38]. Therefore, the aim is to
achieve a balance between the benefits of high and low porosity by
creating functionally graded porous materials (FGPMs), which are
porous structures with porosity gradients distributed over its volume
[39,40]. In biomedical field, the FGPMs is considered an innovative
strategy for enhancing the performance of implants with advantages
over monolithic materials, because the gradual transitions of porosity
introduce functional changes in its properties and reduces the stress
shielding [40,41]. In this sense, radially graded porous distribution with
porosity levels of 60 %, 40 %, and 20 % from the centre outwards to
obtain materials with suitable mechanical strength and low elastic
modulus while mimicking the structure of bone [40]. Wang et al. [42]
have studied the application of porosity graded structure in the design of
femoral stem in order to relieve the bone resorption and promoting
osseointegration by finite element analysis. The best performance for
radial gradients was found to be the one with a porosity increased
inwardly, i.e. the densest layer is the external one. In this sense, the
fabrication of materials which exhibits the mentioned porosity gradient
is attractive due to its potential for its use in applications where the
stress distribution has to be controlled to avoid stress concentration as in
femoral stem, or intervertebral disks [43,44].

Generally, FGPM biomaterials are more challenging to fabricate
compared to uniform or homogenous biomaterials [43,45]. A func-
tionally graded pore distribution can be achieved through a few
methods, such as, additive manufacturing [46-51], powder metallurgy
[36], creep expansion of argon-filled pores and electric current acti-
vated/assisted sintering [37,52-56]. Various hot consolidation tech-
niques have been used to manufacture this type of components,
including hot press sintering [57], hot isostatic pressing [571, and Field
Assisted Sintering Technique/Spark Plasma Sintering (FAST/SPS)
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[21,58-62]. In particular, FAST/SPS offers the advantage of high heat-
ing and cooling rates, resulting in a short processing time that signifi-
cantly enhances mechanical properties and inhibits grain growth at
relatively low temperatures [62-66].

In previous work, Torres et al. [67] obtained titanium structures with
radial porosity gradient using the space-holder technique and sintering
in a tube furnace. A device designed to compact, in a sequential manner,
structures with a radial distribution was designed and implemented
[68,69]. The device can produce radial gradient porous structures from
metallic and ceramic powders, but could also be used to produce gra-
dients of functional composition [70,71]. For the design of these struc-
tures, the densest layer was considered in the centre, and the most
porous layer in the outer layer, resulting in a stiffness of 8.3 GPa and a
Yield stress of 278 MPa. It can be observed that the stiffness of the
sample is low in relation to what is required for the replacement of
cortical bone, which may be due to the fact that when manufacturing the
outer layer (which corresponds to the layer with the highest volumetric
fraction) is manufactured with higher porosity, suitable to withstand
lower loads, to promote bone ingrowth or for the replacement of
trabecular bone. Conventional sintering of titanium, however, requires
long sintering times and the use of inert atmospheres or high vacuum to
avoid oxidation problems, which can impair the mechanical properties
of the part.

Yilmaz et al. [72], fabricated a FGPM consisting of a core of porous Ti
and a dense Ti-HA outer layer using conventional sintering. The sin-
tering was made at 1200 °C for 2 h and reached a porosity level of 58 %
for the core, and a porosity level of 29 % for the outer layer, which are
aimed to mimic the trabecular and cortical bone, respectively. The
mechanical results obtained by means of nano-indentation showed that
the FGPM exhibited elastic moduli of 19 and 43 GPa for the inner and
outer layers, respectively. Those results suggested the adequate use of
the produced structure for bone replacement, and the cell viability study
showed an improve of the biological properties. Nonetheless, the pro-
duction of the mentioned FGPM is a long process due to the heating and
cooling rates that can be achieved using conventional sintering.

For their part, Zhang et al. [73] synthesised homogeneous samples
with 38 % porosity sintered by SPS, non-conventional sintering process,
using NH4HCOj3 as a spacer, obtaining a stiffness of 11.2 GPa and a
compressive strength of 287 MPa. In this case, a special matrix was
necessary to avoid applying pressure on the sample in order to control
porosity and densification. Baghtifouni et al. [74], for its part, achieved
a titanium sample with a longitudinal porosity gradient with layers of
30/60/70/60/30 vol%, NaCl through SPS sintering, which had
adequate stiffness for bone tissue replacement. With the latter, it can be
demonstrated that it is possible to achieve a porosity gradient through
SPS, but to the best of our knowledge to date, no studies have been
carried out with a functional radial porosity gradient through the SPS
sintering and space holder technique.

In this study, a new route of fabrication for titanium structures which
exhibit radial porosity gradient has been developed. In the developed
route, the SPS was carried out using conventional tooling and sintering
without the space-holder particles, allowing the whole fabrication cycle
to be more efficient than the existing routes reported up to date, in terms
of versatility, repeatability, and cost-effective when compared to the
processes reported up to date in order to achieve controlled porosity
gradients. The objective of this research is to develop, process, and
characterise Ti samples with a decreasing porosity gradient from the
centre to the surface, obtained by the space holder technique using NaCl
as a temporary spacer particle, and consolidated by FAST/SPS. The main
goal is to enhance the mechanical strength of the sample by achieving an
optimal porosity distribution. This will allow the layer with the highest
volumetric fraction to withstand higher loads, while simultaneously
obtaining a stiffness similar to that of bone by incorporating greater
porosity in the centre and mimicking its structure. The proposed struc-
ture is intended to have similar properties of long bones which exhibit a
radial gradient with a porous core (trabecular bone) and a dense outer
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layer (cortical bone).

2. Materials and methods
2.1. Preparation and characterisation of the starting materials

Titanium powder grade 4 (Alfa Aesar, USA) was selected as the
matrix material, while sodium chloride (Loba Chemie, India) was used
as spacer particles. To control the pore size, sodium chloride particles
with a size in the range of 100-400 pm were chosen [75]. The sieving of
the NaCl particles was carried out in a Gilson® SS3 device (Gilson
Incorporated, USA), with 40 and 140 mesh sieves, according to the
ASTM E11 standard [76]. This technique used to restrict the particle size
was selected to limit pore size, as for implant applications it has been
found that this factor could affect cell growth and proliferation [77].

Prior to the consolidation stage, a morphological analysis of the
starting powders and NaCl particles was conducted using Scanning
Electron Microscopy (SEM) with a Quattro S SEM microscope (Termo
Fischer Scientific, USA), following the ASTM standard F1877 [78]. Ti-
tanium particle size analysis was performed by means of laser beam
diffraction with an Analysette 22 unit (Frisch GmbH, Germany). Once
the starting materials were characterised, the specimens for further
study were manufactured.

2.2. Preparation of green and sintered FAST/SPS samples

Before the consolidation of the samples, various mixtures that
construct the radial porosity gradient were prepared. Table 1 displays
the various proportions of titanium and NaCl that were employed. To
ensure complete homogenisation, each combination was blended for 40
min on a TURBULA® T2F mixer (WAB, Switzerland). The quantity of
powders prepared was determined based on the final dimensions of the
test cylinders, which are 16 mm in height and 20 mm in diameter
(height/diameter = 0.8), in accordance with ISO 13314 [79] and ASTM
E9 [80].

Then each mixture was uniaxially compacted with a Zwick/Roell
7100 universal testing machine (Zwick/Roell, Germany). In order to
create the radial gradient, a sequential compaction device was
employed. The compaction process involved the following successive
steps shown in Fig. 1.

1. Core compaction: The bushings were assembled in the compaction
matrix, leaving a free space of 8 mm in diameter. This space was then
filled with the mixture corresponding to the core (Blend 1), which
was compacted at 500 MPa with an advance speed of 3 mm/min, and
a holding time of 2 min. Afterward, the core was extracted and
prepared for the next stage.

. Compaction of the intermediate layer: The compaction matrix was
assembled with the external sleeve, leaving a free space of 14 mm in
diameter. The compacted core was placed on the lower base using
petroleum jelly to prevent movement, and the punch was centred to
clear the space that will be occupied by the intermediate layer. The
space was filled with the mixture corresponding to the intermediate
layer (Blend 2) and compacted under 400 MPa with an advance
speed of 3 mm/min and a holding time of 2 min. Subsequently, the
green compact was extracted, ready to be compacted in the final
stage.

Table 1
Proportions of Ti and NaCl used to obtain the porous graded samples.

Layer vol% Ti vol% NaCl

Blend 1
Blend 2
Blend 3

40
60
80

60
40
20

Internal
Intermediate
External
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3. Compaction of the external layer: The green compact was positioned
on the lower base using one drop of petroleum jelly to prevent
movement, and the punch was centred to clear the 20 mm diameter
space that the outer layer will fill. The die cavity was then filled with
the Blend 3, corresponding to the external layer, and compacted
under 300 MPa with an advance speed of 3 mm/min and a holding
time of 2 min. At this point, the final green compact was extracted
and ready with the radial gradient.

After green consolidation, the spacer particles were removed, prior
to sintering of the samples, by dissolution in the distilled water at 50 °C
(without agitation). In order to prevent NaCl saturation in the distilled
water and facilitate spacer removal, the water was replaced every 2 h by
suction to avoid any manipulation of the samples. During this removal
cycle, drying steps were performed every 4 h in an oven at 110 °C for 40
min. The mass loss was measured after each cycle to ensure the elimi-
nation of NaCl. The process was finished when the mass loss stabilised.

Subsequently, sintering was conducted using a FAST/SPS KCE®-FCT
HP D-10 equipment (FCT Systeme GmbH, Germany), with a 20 mm
diameter graphite matrix and punches. The green samples were sintered
under a uniaxial pressure of 6.3 MPa in a high purity (99.95 %) argon
atmosphere. The sintering process consisted of two stages: firstly, the
samples were heated up to 600 °C at a rate of 150 K/min, followed by an
increase in the sintering temperature (700 and 800 °C) at a rate of 50 K/
min. The dwell time was 5 min, and then the samples were cooled at an
approximate rate of 350 K/min. The sintering process was conducted
with DC current without pulses. The sintering curves are depicted in
Fig. 2. After sintering, the samples were characterised to analyse their
physical, microstructural, and mechanical properties.

2.3. Physical and microstructural characterisation of the sintered samples

Given that the manufacturing process employed in this study in-
volves applying pressure to the sample during sintering, it is imperative
not to neglect the dimensional changes (i.e., shrinkage). To assess
shrinkage, both the diameter and height dimensions of the cylindrical
samples were measured before (in their green state) and after sintering
stage, using a digital Vernier calliper. By comparing measurements of
these dimensions, the volumes of both the green and sintered samples
were calculated, allowing for the quantification of the shrinkage
percentage.

The Archimedes’ method of distilled water impregnation was used to
estimate the density of the sintered samples due to its experimental
simplicity and reasonable reliability (ASTM B962) [81]. This method
utilises the mass of the specimen under various conditions: in air,
impregnated, and immersed in distilled water. The total porosity, Pr,
and interconnected porosity, P;, were calculated on the basis of the
density values obtained. With these values, it can be determined
whether the structure exhibits a closed-cell or an open-cell
configuration.

For the microstructural analysis, the specimens were then prepared
following conventional metallographic procedures according to ASTM
E3 [82]. The final step involved mechanical-chemical polishing using
colloidal silica and hydrogen peroxide. The size, morphology, and
porosity distribution were analysed through image analysis (IA) of mi-
crographs obtained by Optical Microscopy (OM) using a Nikon Eclipse
MA100N microscope (Nikon Corporation, Japan) and by Scanning
Electron Microscopy (SEM) on a FE-SEM Thermoscientific Quattro S
(Thermo Fisher Scientific, USA). Image analysis was conducted using
Image-Pro Plus® software (Media Cybernetics, USA). The following
porosity parameters were characterised: (i) total porosity obtained by
image analysis (P(IA)); (ii) equivalent pore diameter (D), defined as
the average porosity diameter measured from the centroid of the pores;
(iii) pore shape factor (Fp); and (iv) mean size of the neck between pores
(micropores resulting from the powder metallurgy process: Apy,; mac-
ropores produced by the spacer particles: Ag). The results were
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1. Core compaction
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Fig. 2. Sintering curves employed to produce the studied samples.

expressed as mean + standard error. A mean difference test was per-
formed to determine the influence of the sintering temperature on the
equivalent diameter of the pores and the pore shape factor, with a sig-
nificance level of p,qie < 5 %. The pore morphology and interfaces in the
functionally graded porous materials (FGPM) samples were analysed
using SEM Thermoscientific Quattro S (Thermo Fisher Scientific, USA).

Surface roughness was also measured using a Mitutoyo SJ-310
roughness gauge (Mitutoyo, Japan). The parameters measured accord-
ing to ISO 4287 [83] were: (i) arithmetical mean roughness (Ry), (ii) root
mean square roughness (R,), (iii) mean height of the profile (R.), and
(iv) maximum height of the profile (R;).

2.4. Mechanical characterisation of the sintered samples

Microhardness measurements were performed using a LECO LM
300AT microdurometer (LECO, USA) equipped with a Vickers indenter.
A load of 98.07 mN was applied for 7 s, and at least 20 measurements per

2. Intermediate layer compaction

imamm jiate

Unloading and ejecting

Fig. 1. Sequence of steps applied for the fabrication of green samples to obtain a radially distributed porosity gradient. Each layer contains a different percentage of
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3. External layer compaction
300 MPa

.20 mm

Compacted sample
with radial gradient

Bleﬂd 2

Core
Intermediate
layer

External
layer

Actual sample

sample were made in areas without pores to avoid the measures could be
affected by this stress intensity factor. Furthermore, nanoindentation
tests were conducted using an iNano nanoindenter (Nanomechanics
INC, USA) equipped with a Berkovich diamond indenter. Prior to
indentation, the calibration was done following the Oliver-Pharr method
[84] in fused silica. The nanoindentation test was carried out with a load
of 50 mN for 1 s and a strain rate of 0.2 s

Furthermore, leveraging the results of the modulus of elasticity by
nanoindentation and the porosity determined through image analysis,
an estimation of the modulus of elasticity and yield stress of the func-
tionally graded porous structure was performed. Since each layer had a
different percentage of porosity, the mechanical properties of each layer
were estimated.

The modulus of elasticity was evaluated using the Nielsen eq. [85] as
follows:

(1-P)
1+ (— — 1) P
where E, is the modulus of elasticity of each porous layer, E is the
modulus of elasticity of the substrate material, P is the percentage of
porosity, and Fy is the pore shape factor.

To estimate the yield stress, the correlation proposed by Jha et al.
[86] was used:

2.206
oy, = 0.74-0,,- (%)

where oy, is the yield stress of each porous layer, oy ; is the yield stress of
the substrate material, pj, is the density of the porous layer, and p; is the
density of the substrate material.

Using the mechanical properties obtained for each layer, the me-
chanical properties of the complete structure with radial gradient
behaviour were estimated using the mixing rule (ROM) with a correction
factor. This was determined on the basis of the findings of Wu et al. [87],
assuming that the layers in the gradient structure had similar

E;- @

(2)
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thicknesses. Thus, the expression used to estimate the mechanical
properties was:

3

Xr = ny Z (Xi'Vi)

i=1

3)

where X7 is the estimated mechanical property X of the gradient struc-
ture, n, is the correction factor for the property X, X; is the value of the
mechanical property of the umpteenth layer, and V; is the volume
fraction of the umpteenth layer. In the proposed structure, the volume
fractions are 51 %, 33 % and 16 % for the external, intermediate and
internal layer, respectively. For gradient structures with layers of similar
thickness, the correction factors were 1.36 for the modulus of elasticity
and 1.13 for the yield stress.

3. Results
3.1. Characterisation of the starting powders

SEM images of titanium powders and NaCl particles, along with their
particle size distributions, are presented in Fig. 3. The titanium particles
exhibit an irregular morphology, ranging in size from 5 to 100 pm, with
a mean particle size of 50 pm. In contrast, NaCl particles display a
polygonal shape and vary in size from 50 to 700 pm, with an average
particle size of 250 pm. Understanding these parameters is crucial due to
the speed of the sintering process used, in order to determine the holding
capacity of the geometry capacity for future applications.

3.2. Physical and microstructural characterisation of the sintered samples

The dimensions of the green and sintered samples, along with the
calculated volume, geometric density, and shrinkage, are summarised in
Table 2. It can be seen that the diameter tends to increase, while the
height decreases. This behaviour can be attributed to the compacting
pressure applied to the sample during the sintering stage and the

- : . : 100 ~
() Percentage ; é
w0l ="" Cumulative | 480 g’o
S " :
& ' g
1

2 30- ! 1% &
E ! 2
g 20- ] 1% 2
o % 5
S o]
K / E
o , 420 5
h g
,/ 3
0 T ; ) e

0.1 1 10 100 1000

Particle size (um)
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clearance between the green sample and the graphite die used for sin-
tering. Comparing the calculated volumes (assuming a bulk cylinder),
shrinkages of 15.79 % and 21.07 % were observed for the samples sin-
tered at 700 °C and 800 °C, respectively.

Micrographs obtained by OM of the samples of Ti grade 4 with
radially graded porosity obtained by space holder technique and FAST/
SPS are shown in Fig. 4. Each group of figures surrounds the cross-
sectional image of the corresponding sample. In general, a radial
gradient porous distribution is observed; the porosity increases gradu-
ally to the centre of the sample, bioinspired in the gradual porosity of
human bones, such as, femoral stem, or intervertebral disks. In both
cases, the three gradient zones as well as the interlayers are differenti-
ated, as will be discussed below, the porosity in each zone is in accor-
dance with the spacer content used. In general, the structural integrity of
the interfaces is good, where the three layers are clearly visible. The
most noticeable interfaces are those between the external layer and the
intermediate layer, due to the lower porosity of that. Fig. 4 (a) — (e)
depict the zones that constitute the sample sintered at 700 °C: (a)
external layer, (b) intermediate layer, (c) internal layer, and their
respective interfaces: (d) interface 1- between the external layer and
intermediate layer and interface 2- between the intermediate layer and
the internal layer. Fig. 4 (f) — (j) show the zones that constitute the
sample sintered at 800 °C. As it is observed, the sample sintered at 800
°C exhibits a higher densification and better joining at interfaces,
showing a gradual transition when compared to the sample sintered at
700 °C.

In addition, SEM images show the regions of interest on the fabri-
cated samples (Fig. 5). In Fig. 5 (a) and (b) the interface between the Ti
powder particles forming the consolidated material can be observed and
the Fig. 5 (c) and (d) show the interface between the external layer and
the intermediate layer of both samples. Both cases have an accentuated
interface due to an orderly particle arrangement brought about by the
compaction phase. The Fig. 5 (e) and (f) depict the interface between the
intermediate layer and the internal layer of each sample, respectively.
This region, with a high probability of pore coalescence, causes the

30 - - 100
(d) Percentage i &
- - - - Cumulative P
180 &
) I
& 20 g
S 19 g
£ z
=l

2 10] 1° 2
L -
& =
{20 B
g
=
0 T T T 0 <

0.1 1 10 100 1000

Particle size (um)

Fig. 3. SEM images of particles: (a) Ti; and (b) NaCl; Particle size distribution of: (c) Ti; and (d) NaCl.
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Table 2
Characteristic dimensions of green and sintered samples.
Sintering temperature Sample state Diameter Height Volume Density Shrinkage
el [mm] [mm] [em®] [g/cm®] [%]
700 Green 19.98 + 0.02 12.59 + 0.04 3.947 + 0.029 2.34 £ 0.02 15.79 + 0.30
Sintered 20.02 + 0.03 10.56 + 0.05 3.324 + 0.036 2.86 + 0.03
800 Green 19.97 + 0.07 12.82 4+ 0.09 4.015 + 0.080 2.33 £0.05 21.07 £1.01
Sintered 20.18 + 0.03 9.91 £ 0.02 3.170 + 0.022 3.05 £ 0.02

Fig. 4. Micrographs obtained by OM of Ti structures with a porosity gradient produced by SPS. Sample sintered at 700 °C: (a) external layer; (b) intermediate layer;
(c) internal layer; (d) interface 1; and (e) interface 2. Sample sintered at 800 °C: (f) external layer; (g) intermediate layer; (h) internal layer; (i) interface 1; and (j)

interface 2.

formation of elongated defects in the interface. According to Fig. 5 (c),
the junction like-crack in the sample sintered at 700 °C is approximately
three times wider than that in the sample sintered at 800 °C, and the gap
is even visible in the overview shown in Fig. 4 (f). Nonetheless, from a
general standpoint, it is difficult to distinguish the presence of the
elongated defects in the sample sintered at 800 °C (Fig. 4 (1)). Finally,
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Fig. 5 (g) and (h) provide detailed images of the pores that can be found
in the structure. It is observed that the pores, despite having a polygonal
geometry, due to the spacer geometry, present rounded corners.

Fig. 6 shows frequency distribution histograms of the pore sizes
found in the fabricated samples, showing the contribution of each layer.
The Table 3 compiles the information obtained from the image analysis,
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800 °C

8"

Fig. 5. SEM images of regions of interest of Ti structures with radially graded porous structure obtained through FAST/SPS. Sample sintered at 700 °C: (a) Surface;
(c) Interface 1; (e) Interface 2; and (g) Pore. Sample sintered at 800 °C: (b) Surface; (d) Interface 1; (f) Interface 2; and (h) Pore.

separated by each layer that forms the structures with gradient porosity,
and the results of the Archimedes’ test and the porosity obtained
through image analysis for the entire samples. All the information pre-
sented in these tables is given in terms of the mean =+ standard error.

From the Archimedes’ test, it was determined that the total porosity
and interconnected porosity for the sample sintered at 700 °C are 40.6 %
and 41.3 %, respectively. For the sample sintered at 800 °C, the values of
total porosity and interconnected porosity are 33.8 % and 34.6 %,
respectively. In both cases, it is observed that the porosity is predomi-
nantly interconnected.

In terms of porosity, the differences between the values obtained in
the samples sintered at 700 °C with respect to those obtained at 800 °C
are 9.2 %, 3.4 %, and 8.2 % for the external, intermediate, and internal
layers, respectively. The porosity of the sample sintered at 700 °C is
higher than those of the specimen obtained at 800 °C. However,
considering the initial design of the porosity of the sample, based on the
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percentage of added spacer particles, selecting 800 °C as the sintering
temperature results in a porosity very close to the design values (18.2 %
+1.9; 42.7 % + 1.6 and 57.4 % =+ 4.1 vs 20 %, 40 and 60 vol% NaCl).

Furthermore, the equivalent pore diameter (D,4) for both samples
ranges from 50 pm to 900 pm, as shown in Fig. 6. The same Fig. 6
highlights that the layer that contributes most of the pores is the external
layer of each sample.

The porosity distribution shows that, for both sintering tempera-
tures, 95 % of the porosity consists of pores up to 500 pm and, in Fig. 4, it
is observed that the pore size in the internal layers is larger than the pore
size in the external layers.

The calculated pore shape factor was 0.82 and 0.62 on average for
the samples sintered at 700 °C and 800 °C, respectively. Regarding the
pore shape factor of each layer, it can be observed that the internal
layers have the lowest values, being 0.65 and 0.45 for the samples sin-
tered at 700 °C and 800 °C, respectively.
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Fig. 6. Pore size distribution of samples sintered at: (a) 700 °C; (b) 800 °C.

Table 3

Porosity parameters of samples and total porosity obtained by means of the image analysis (IA) and Archimedes’ test.

Sintering temperature Layer Image analysis Archimedes’ test

Tsine Deq Fy Ash P(IA) P(IA) Pine Pr

[°C] [pm] [pm] [%] [%] [%] [%]

700 External 187 + 24 0.85 £ 0.22 710 + 245 27.5 £ 4.6 39.8£2.6 40.6 + 0.4 41.3+£0.3
Intermediate 313+ 17 0.64 + 0.20 425 + 116 46.1 +1.8
Internal 381 + 55 0.65 + 0.22 276 + 121 65.7 + 3.7

800 External 141 + 24 0.73 + 0.29 1257 + 459 182+ 1.9 32.6 £ 1.4 33.8+0.4 34.6 £0.3
Intermediate 245 + 23 0.52 + 0.22 568 + 129 42.7 £1.6
Internal 293 +71 0.45 + 0.20 340 + 182 57.5 + 4.1

" Calculated using the ROM of Eq. (3).

The microporosity values were 15 pm and 22 pm for the samples
sintered at 700 °C and 800 °C, respectively. On the other hand, mac-
roporosity values are in the range of 340-950 pm and 270-650 pm for
the samples sintered at 700 °C and 800 °C, respectively. The difference
between these ranges is much greater than the difference found between
the distances of microporosity.

Table 4 summarises the parameters obtained in the roughness test
performed on the samples with gradient porosity. The results were
expressed in terms of mean =+ standard deviation, where the R, values
are 19.01 pm and 10.81 pm for the samples sintered at 700 °C and 800
°C, respectively.

3.3. Mechanical characterisation of sintered samples

In addition to the study of surface characteristics and porosity, which
can affect cell adhesion and proliferation, assessing the mechanical
properties is also important to ensure the proper mechanical perfor-
mance of the porous structure. The microhardness values obtained by
means of conventional microindentation are 205.02 and 217.80 HV( o1
for the samples sintered at 700 °C and 800 °C, respectively. Fig. 7 show
representative P-h curves for each layer which compound the gradient
structure, and Table 5 presents the retrieved information from the P-h
curves. All the P-h curves show a pseudo-creep behaviour (see the
plateau area of the curve) despite the short dwell time, as a result of the
porosity. The Young’s modulus is affected by the porosity as well,

Table 4

Obtained roughness parameters of the top view surface of the sintered samples.
Sintering temperature R, Ry R, R,
[°C] [pm] [pm] [pm] [pm]
700 19.0+£09 25111 1179+ 47 159.7 £17.4
800 10.8 £ 0.7 15.0+0.9 744 +38 109.6 + 5.5
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exhibiting values comprised between 44.7 and 65.9 GPa. Nonetheless,
when indentations were performed in relatively fully dense zones, the
achieved values for Young’s modulus were of 85.7 and 98.8 GPa for the
samples sintered at 700 °C and 800 °C, respectively.

Table 6 presents a summary of the estimated mechanical properties
using the Nielsen method [85], Jha correlation [86], and Wu correction
factors [87] for samples with radial porosity gradient and their con-
stituent layers, obtained from the values of the porosity percentage and
the pore shape factor determined by image analysis. Information is
expressed in terms of the mean value + standard error. It can be
observed that the values acquired for the sample sintered at 700 °C are
lower than those estimated for the sample sintered at 800 °C. Conse-
quently, the calculated elastic modulus is 41.26 and 56.08 GPa for the
samples sintered at 700 °C and 800 °C, respectively. Regarding the
estimated yield stress values, they are 144 and 181 MPa for the samples
sintered at 700 °C and 800 °C, respectively. These values are compared
with the properties of human bone, where the Young’s modulus is
comprised in the range of 0.1-0.5 GPa for trabecular bone [20], and
20-25 GPa for cortical bone [67] and the yield strength is in the range of
2-12 MPa for trabecular bone [20], and 90-230 MPa for cortical bone
[88]. In particular, the femoral human bone, which has a porous core
and a denser outer layer [89], as the proposed porous gradient proposed
in this work, has a Young’s modulus of 19 GPa and a yield strength of
115 MPa [90].

4. Discussion

During the sintering stage, the formation of necks confers the me-
chanical strength of the structure. The formation of these necks results in
dimensional changes (shrinkage), which are inherent to the powder
metallurgy process. Additionally, the sintering technique employed in
this study (FAST/SPS) applies uniaxial pressure to the sample, which
tends to increase the shrinking phenomenon. Nonetheless, the maximum
shrinkage percentage found in this study is 21 % for the sample sintered
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Fig. 7. Representative P-h curves at 50 mN load and 1 s of dwell time for sintered samples at: (a) 700 °C and (b) 800 °C.

Table 5

Representative values of nanoindentation measurements in each layer for the

obtained samples.

Sintering Layer Porosity ~ Max. Elastic Pseudo-
temperature penetration recovery creep
[°Cl [%] [nm] [nm] [nm]
700 External 27.5 + 1012 + 30 158 + 4 31+2
4.6
Intermediate  46.1 + 1058 + 33 160 + 4 34+2
1.8
Internal 65.7 + 1075 + 37 166 + 6 47 £3
3.7
800 External 18.2 £ 1035 + 32 147 £ 5 35+2
1.9
Intermediate 42.7 + 1088 + 40 192 +£ 6 38+3
1.6
Internal 57.5 + 1226 + 33 196 +£ 7 41 +£2
4.1
Table 6

Experimental (Epgp) and Estimated mechanical properties using the Nielsen
method [84], Jha correlation [85], and Wu correction factors [86] for structures
with radial gradients based on the mixing rule (ROM).

Sintering Layer Exp. Estimated
temperature Eosp Enielsen GY,Jha Erom Gy,ROM
[°C] [GPa] [GPa] [MPa] [GPa] [MPa]
700 External 65.9 44.1 + 180 + 41.3 144
+ 1.3 5.7 59 + 4.3 + 15
Intermediate ~ 56.0 19.9 + 91+7
+1.1 1.5
Internal 52.9 8.0 + 36+9
+ 1.0 1.9
800 External 59.2 62.1 + 229 + 56.1 181
+1.1 3.2 11 + 2.7 +9
Intermediate ~ 54.7 23.4 + 105 +
+1.0 1.6 6
Internal 44.7 11.4 + 57 +
+ 0.9 2.5 12
Human bone Trabecular - 0.1-0.5 2-12 19.0 115
Cortical - 20-25 90-230 + + 16*
1.8%

with the space-holder technique, that presents a linear shrinkage
ranging between 15 and 20 % [92].

Regarding the physical and microstructural characterisation of the
samples, the observed porosity agglomeration at each interface can be
the result of different phenomena: the quantity of space holder added in
each layer, the rearrangement of the powder particles during pre-
compaction, the combined effect of mechanical property discrepancies
between each layer, and/or the applied pressure during the sintering
process. It is worth highlighting the fact that the radially graded porosity
was achieved, despite the pressure applied during sintering.

The sample configuration was meticulously devised to confer resil-
ience upon the external, more compact layers, enabling them to with-
stand the compressive forces imparted during the sintering procedure.
This strategic arrangement effectively prevents potential collapse within
the interior, more porous layers.

According to the results obtained from the image analysis, it was
determined that the porosity distribution in the three gradient zones is
consistent with the amount of spacer particles used in each layer.
Furthermore, regardless of the sintering temperature used, a significant
amount of interconnected porosity is observed in all the zones. The
higher the concentration of spacer particles, the greater the coalescence
of the pores. This coalescence phenomenon results in the formation of

more irregular pores. This can be seen in the core layer. Furthermore,
the sintering temperature has an effect on the equivalent pore diameter,
which decreases when increasing temperature. Also, lower temperatures
and the concentration of spacer particles lead to higher particle coa-
lescence, resulting in elongated defects. In particular, the temperature
impact on particle diffusion is more pronounced at the internal in-
terfaces, as the union between two highly porous layers (40 vol% and 60
vol%), as seen in the sample sintered at 700 °C (Fig. 4(e) and (e)). This
represents a potential stress concentrator and a region with a high

probability of structural failure. The enhanced homogeneity observed in
the sample sintered at 800 °C can be attributed to the notable increase in
the diffusion rate resulting from higher sintering temperatures in the
FAST/SPS process, promoting better neck formation [93,94].
Conversely, the absence of elongated defects in the overall view of the
sample sintered at 800 °C signifies a more reliable union.

Furthermore, rounded corners of the observed pores reduce stress
concentration and decrease the probability of failure, while the rough-
ness observed on the internal walls can be beneficial to cell adhesion and

* Values for femoral human bone.

at 800 °C. Considering that the green sample has been sintered after the
removal of the space-holder particles, this mentioned value is relatively
low compared to typical shrinkages obtained by other high densification
techniques, such as Hot-Isostatic Pressing, which typically range from 30
to 35 % [91]. Furthermore, it is comparable to the shrinkage obtained by
other techniques such as metal injection moulding (MIM) when used

improve osseointegration [23].
Moreover, upon comparing the porosities measured by Archimedes’

test, it is evident that the relative percentages of interconnected porosity
compared to total porosity are 98.3 % and 97.6 % for samples sintered at
700 °C and 800 °C, respectively. These values indicate that the obtained
samples present an open-cell structure, with a substantial interconnec-
tedness of nearly all total porosity in both samples. This characteristic
proves to be advantageous and highlights the potential application of

236



R. Chavez-Vasconez et al.

these structures as porous implants, facilitating fluid transport and
promoting bone ingrowth [20,95,96]. It is observed that the porosity
determined from the image analysis (P(IA)) has a standard deviation of
approximately 5 % in both analysed cases, which encompasses the entire
range of porosity obtained by Archimedes measurements (Pr). This in-
dicates that it does not represent a significant error affecting the mea-
surements, confirming that both methods are reliable for the
determination of porosity, despite image analysis considering only the
analysed surface.

Based on the comparison of means, it was determined that these
differences are statistically significant (pyque < 0.05). This significant
difference also extends to the total porosity of the samples, concluding
that with an increase of 100 °C in sintering temperature, the total
porosity of the sample is reduced by almost 10 %. This can lead to
reinforcement of the porous material, allowing it to withstand higher
mechanical loads before collapsing. Moreover, the mechanical bonding
between Ti particles achieved during cold compaction by means of
deformation and cold-welding, have allowed to withstand the pressure
applied during sintering without the collapse of the structure. Hence, it
was possible to utilise the minimum pressure required to ensure contact
between punches and the sample during the sintering stage, thereby
attaining adequate current flow for the formation of sintering necks.
Furthermore, due to the sintering mechanism of the FAST/SPS tech-
nique, which operates via Joule’s effect and is localized at particle
contact points, lower temperatures (50-60 % of the material’s melting
point [97]) can be employed compared to conventional sintering
methods (80-90 % of the material’s melting point [98]) to achieve
sintering necks. This approach allows an optimal balance between
biomechanical and biofunctional behaviour in bone replacement ap-
plications. The obtained porosities, close to the design values for the
sample sintered at 800 °C, demonstrate the potential of employing
FAST/SPS in conjunction with the space holder technique to achieve
structures with desired porosity percentages or tailor-maid design
without the need for specialised tools.

It is essential to consider that due to the dimensions of the outer layer
of each sample, which corresponds to 51 % of the total sample volume,
this region contributes the most to the pore count. As a result, the mean
equivalent pore diameter for the entire sample tends to resemble the
mean equivalent pore diameter of the outer layer.

Furthermore, in the literature, it has been reported that cell migra-
tion may be limited in small-sized pores, and cell adhesion may be
affected by pore size [77]. In this regard, Akay et al. [99] observed that
in 40 pm pores, there was higher cell viability, and cell migration
occurred more rapidly than in 100 pm pores. Nonetheless, these sizes
were not effective for cellular penetration or mineralisation. This high-
lights the importance of the inherent porosity in the powder metallurgy
manufacturing route, which needs to be accompanied by a larger-sized
porosity to achieve synergy that enhances the biological performance of
the structure. Additionally, it has been reported that porosity with sizes
ranging from 100 to 300 pm allows for cellular penetration, migration,
growth, as well as optimal tissue vascularization [75]. On the other
hand, larger-sized pores facilitate the transport of oxygen and nutrients
into the scaffold, aiding in better integration between the bone and the
implant [100]. However, large pores provide a low rate of bone
ingrowth, this is due to the fact that at early stages of bone formation
only a small amount of bone fills the implant pores, which results in
more empty spaces in large porosities compared to small porosities
[100]. In addition, the stress concentration in porous Ti samples in-
creases with pore size and decreases with pore distance, due to the stress
field interactions between the pores [101]. While no clear consensus has
emerged yet regarding the optimal pore size for bone ingrowth, inter-
connected pore structure with pore sizes between 50 and 300 pm pro-
vides a suitable environment for osseointegration and osseoconduction,
which improves bone implant fixation [102,103]. Nonetheless, the
appropriate pore size for bone regeneration is still not well defined due
to the different advantages that can provide small pores as well as large
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pores [104-106]. For this reason, the use of structures with porosity
gradients is attractive to allow all the necessary enhancement in bio-
logical activity that leads to proper bone growth, highlighting the rele-
vance of the porosity distributions obtained in both samples.

The fact that the pore size in the inner layers is larger than that in the
outer layers is mainly due to the amount of spacer added. Having a
greater amount of spacer particles in the inner layer increases the
probability of two spacer particles coming together and forming a much
larger pore. Besides, statistically significant differences are found in the
equivalent pore diameters in each layer, when employing a sintering
temperature of 800 °C. Nevertheless, in accordance with the re-
quirements for good biological performance of porous structures, the
equivalent pore diameters found with both sintering temperatures fall
within the recommended pore size ranges. Thus, the difference found
mainly corresponds to a higher densification of the structure as a result
of the greater diffusion resulting from the use of a higher temperature
during the sintering process [66].

The pore shape factor (Fy) describes the aspect ratio of the pores. An
Fyvalue of 1 indicates a round pore, while a value close to 0 indicates a
needle-shaped pore. The shape of the pores plays a decisive role in cell
growth. In this regard, Bidan et al. [107] observed that by optimising the
shape of the pores, the rate of growth of bone tissue in the porous
structure can be increased, with cells tending to grow faster in square
pores (Fr = 0.78) without convexities. In this work, the values are close
to those reported by Bidan et al. [107] for square pores, which is
consistent with the polygonal morphology of the spacer particles used.
On the other hand, the shape factor values obtained in the inner layer of
both samples may result from the agglomeration of spacer particles,
which tend to form elongated pores when they come together. The shape
factor values increase in the intermediate layers and reach their
maximum values in the external layer, reinforcing the criterion that pore
agglomeration reduces the shape factor value.

Upon comparing the pore shape factor values, there is indeed a sig-
nificant difference observed in statistical terms (p,qe < 0.05) between
samples sintered at different temperatures. Nevertheless, this difference
does not dramatically affect the mechanical performance of the struc-
ture since the pores are not elongated, which could cause an anisotropic
behaviour.

The pore distance (1) allows to determine the average spacing be-
tween pores. Two types of pore distances were measured in this study:
(i) the distance between micropores (4,n), which are formed during the
manufacturing process of metal powders, and (ii) the distance between
macropores (4s,), which are induced by the addition of spacer particles.
Regarding the micropore values obtained, it is noteworthy noting that
they are smaller than the sizes of the metal powder particles used.
Therefore, they do not correspond to the detachment of particles
resulting from poor sintering, but rather to the unfilled interstices due to
the morphology of the metal powders during compaction. Notwith-
standing, the difference between the ranges of macropore distances
confirms that higher densification was achieved at sintering tempera-
tures of 800 °C, which is consistent with the porosity values and
equivalent pore diameter. The increased spacing between pores con-
tributes to a stiffer structure, with the outer layer having the highest
distances and being responsible for supporting the mechanical stresses
[101].

Apart from porosity, surface roughness can also impact the interac-
tion between bone and the implant, potentially affecting adhesion,
growth, proliferation, and differentiation of osteoblastic cells [108]. In
this study, the obtained R, values exceed the commonly studied
threshold (<5 pm) for assessing the effect of roughness on cell behaviour
[109]. However, previous research by Ponader et al. [110] showed that
if R, is below 25 pm, surface roughness has a positive effect on the
differentiation and proliferation of human osteoblast cells, while R,
values above 57 pm have negative effects. Additionally, Shaoki et al.
[111] found through in vivo studies that implants with rough surface
(Rq=10.65 pm; Rg = 13.05 pm) tend to exhibit greater cell adhesion and
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differentiation compared to implants with smoother surfaces (R, = 0.33
pm; Ry = 0.43 pm). Therefore, it can be observed that the sample sin-
tered at 800 °C has R, y Ry values similar to those in the study by Shaoki
et al. [111], whereas both samples have R, < 25 pm roughness values,
indicating a potential positive effect on cell differentiation and prolif-
eration in in vitro or in vivo studies. The values of R, and R, provide
insights into the depth of the pores. For instance, Tsukanaka et al. [112]
reported porous Ti structures manufactured by Selective Laser Melting
(SLM) with R, values around 150 pm, which did not have specific effects
on osteoblastic differentiation compared to flat-rolled Ti surfaces.
Hence, it can be expected that the values obtained in this study would
also not have negative effects on cell behaviour.

In terms of mechanical characterisation of the sintered samples, the
microhardness values obtained for both samples are lower than the
average microhardness value of Ti grade 4 (301 HV). This can be
attributed to the presence of microporosity, as the indentations made on
the analysed surfaces have diagonal lengths of 10.41 + 1.85 pm and
9.93 + 1.84 pm for the samples sintered at 700 °C and 800 °C, respec-
tively, which are very close to the reported micropore distances (4,m). To
mitigate the interference of porosity with hardness measurements,
nanoindentation analysis was performed, where the achieved values are
higher than those reported by Ertoter et al. [113] for bulk samples with a
bimodal nanocrystalline structure of Ti c.p., manufactured by SPS. The
nanoindentation values also fall within the hardness range reported by
Chaudhari & Bauri [114] for bulk samples of Ti c.p. produced by SPS.
Moreover, the range of the elastic modulus for the sample sintered at
800 °C includes the elastic modulus value of pure titanium (110 GPa),
indicating that the sintering temperature was sufficient to adequately
consolidate the metallic powders, which aligns with the observations
made in optical microscopy and SEM images.

As expected, the representative P-h curves presented for each layer of
the gradient show a direct effect of the porosity level on the achieved
mechanical properties. Each curve shows a pseudo-creep behaviour,
which is higher when the porosity level is increased. This effect is related
to the mean free path of the samples; i.e. when the distance between two
pores (A) is high enough, the porous titanium substrate will behave close
to the fully dense c.p. Ti [115]. Comparing the mechanical properties
estimated from the nanoindentation measurements with the calculated
ones by means of Nielsen’s equation, it can be seen a similar behaviour
when comparing the different layers which comprises the gradient
structure. As expected, the nanoindentation measurements have
reached higher values due to the scale, but permit to validate the ones
obtained by means of mathematical expressions.

The obtained mechanical property values are those expected owing
to the higher degree of porosity and lower elastic modulus achieved at
the lower temperature. Furthermore, the internal layers exhibit signifi-
cantly lower properties compared to the external layers, which can be
attributed to the porosity distribution. Since the volumetric fraction of
the structures is higher in the layers with less porosity, the estimated
mechanical properties for the entire sample are similar to those of the
denser layers. Additionally, the estimated Young’s modulus values are
closer to the value of cortical bone’s Young’s modulus (approximately
30 GPa), which helps mitigate the stress shielding phenomenon, a
persistent issue in the development of structures for bone replacement
[21,67].

Nonetheless, the bones of the adult skeleton are composed by two
regions that display different architectures [116]: (i) the outer region is
formed by cortical bone which exhibits a porosity that ranges 5-15 vol
%, and (ii) the inner region, formed by trabecular bone that has porosity
in the range of 40-95 vol% [117]. The porosity level affect directly the
mechanical properties of each bone: cortical bone can withstand stress
up to 150 MPa, and has an elastic modulus up to 30 GPa, while
trabecular bone can withstand stress up to 50 MPa and exhibits an
elastic modulus up to 10 GPa [104]. In this sense, each layer of the
produced structures mimics the hierarchical structure of the bone. In
one hand, the inner layer reached yield strength in the range of 36-57
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MPa with an elastic modulus of 8-11 GPa is comparable to the trabec-
ular bone. On the other hand, the outer layer reached yield strength in
the range of 180-229 MPa and an elastic modulus of 44-62 GPa,
meeting the mechanical requirements of cortical bone. The intermediate
layer provides additional mechanical resistance to enhance the behav-
iour of the inner layer while smoothly changes the porosity from 60 vol
% at the inner layer to 20 vol% at the outer layer.

In the case of the estimated yield stress values, it is crucial for them to
be close to that of cortical bone (approximately 180 MPa) in order to
fulfil the intended function for which these structures are designed
[21,67]. In this regard, it can be observed that only the sample sintered
at 800 °C meets the design requirements for the intended application.
Nonetheless, it can be stated that the mechanical behaviour will be
enhanced when the osseointegration of the implant is completed, due to
the fact that the new formed bone will fill the pores conferring more
mechanical strength [41]. Also, it is important to remark that when
sintering at high temperature (800 °C), the interfaces between layers are
homogeneous improving the mechanical integrity, which in combina-
tion with a denser outer layer may help to enhance the fatigue behaviour
of the proposed structure [74]. Torres et al. [67] reported titanium
structures with a radial porosity gradient fabricated using conventional
powder metallurgy, which exhibited an elastic modulus of 8.3 GPa and a
yield stress of 278 MPa. Nevertheless, these structures had an inverse
porosity gradient compared to the one presented in this work, where the
denser layer is located inside the structure while the more porous layer is
on the outside. Since the layers have different volumetric fractions,
which directly influence the mechanical properties of the structure,
direct comparison of the results is not possible. One notable difference
between the fabrication of these two structures is the processing time:
using SPS, the sintering time was 5 min at 800 °C, whereas conventional
sintering takes place for 2h at 1250 °C [67] (0.5 h vs. 24 h of cycle time).

To the best of our knowledge, the manufacturing of titanium struc-
tures with radial porosity gradient using the Spark Plasma Sintering
(SPS) technique has not been reported to date. Baghtifouni et al. [74]
successfully fabricated titanium structures with longitudinal porosity
gradient using SPS. In their work, a sintering temperature of 440 °C with
a sintering time of 8 min was used, and various combinations of porosity
were tested. Only the structure with layers of porosity of 30/60/70/60/
30 vol% NaCl exhibited the required yield strength for bone tissue
replacement applications. The failure mode in their work determined
that structures with a longitudinal porosity gradient withstand higher
mechanical stresses, because cracks change direction when transitioning
from one layer to another, thus delaying failure. However, the provided
images did not show the interfaces that would allow verification of the
bonding quality between layers. Therefore, the sintering temperature
(440 °C) might have been a limitation in achieving larger samples with
better mechanical properties.

In another study, Zhang et al. [73] fabricated porous titanium sam-
ples by means of SPS, using NH4HCO3 as spacer particles and a specially
designed matrix to avoid applying pressure to the sample, while keeping
sintering temperatures ranging from 1000 to 1200 °C during 5 min.
They successfully obtained induced porosity with the spacers, with mi-
cropores of 20 pm. In this study, a sintering temperature lower than that
employed by Zhang et al. [73], but higher than that used by Baghtifouni
et al. [74], was achieved, thanks to no temperature limitation given by
NaCl as a spacer due to it was removed before sintering, while obtaining
good porosity control without the need for a matrix to avoid pressure
application. For its part, Li et al. [49] fabricated gradient structures with
radial porosity by Laser Powder Bed Fusion (LPBF); elastic moduli
<20GPa were obtained, however the fatigue life of the material was
insufficient, the pore morphology obtained facilitated crack initiation.
Thus, the study of these structures is planned to be extended to deter-
mine their actual mechanical and fatigue behaviour, as fatigue is one of
the main mechanical failures of implants [21], in addition to studying
their biological behaviour.



R. Chavez-Vasconez et al.

5. Conclusions

In this study, Ti grade 4 samples with a radially graded porous
structure were successfully fabricated using FAST/SPS combined with
space holder technique utilising NaCl as spacer particles. The influence
of temperature on porosity and mechanical properties was leading to the
following conclusions:

e The FAST/SPS processing route, combined with the spacer tech-
nique, proved highly effective in producing tailor-made titanium
samples with a radial porosity gradient. This technique eliminates
the need for a matrix to prevent pressure application during sinter-
ing. By sintering these samples at 800 °C for 5 min under a pressure
of 6.3 MPa, interconnected porosity is achieved, maintaining the
desired porosity percentage induced by the spacer particles.

The sizes and morphology of both macro and micropores, as well as
the resulting roughness values, fall within the appropriate ranges for
ensuring cell viability, adhesion, and proliferation. These structures
exhibit significant potential for utilisation in bone replacement
applications.

Sintering the samples at 800 °C yields results in more uniform in-
terfaces, effectively reducing stress concentration effects. Further-
more, each layer contributes to the overall structure’s mechanical
properties, achieving in a yield stress of 181 MPa and an elastic
modulus of 56GPa. These mechanical properties make the structure a
viable candidate for replacing human long bones, meeting the
required standards for yield stress (o, ~ 180 MPa) and elastic
modulus (approximately 30 GPa) while having a hierarchical struc-
ture that mimics the natural bone.
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