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Abstract
Titanium alloys have been extensively used in biomedical applications owing to its low density, excellent biocompatibility 
(i.e., biological and chemical inertness), and unique mechanical properties. However, there is a high disparity between 
Young’s moduli of the implant and the natural bone. This disparity causes stress shielding in the body. This paper presents 
the effect of particle size and sintering time of Ti–6Al–4V powder used in the formation of a porous implant, sintered at 
980 °C. Morphological characteristics of the sintered samples were obtained with a scanning electron microscope. The 
effect of surface hydrophilicity of the samples was elucidated via surface wettability testing using contact angle meas-
urement with bio-fluid. Mechanical characterization was also evaluated with nanoindentation and a universal testing 
machine. The relation between Young’s modulus and sintering time was presented. It was observed that the wettability 
decreases with sintering time and the Ti alloy powder with particle size < 150 µm had the Young’s modulus that is closer 
to the modulus of the bone; the optimum sintering time was 5 h.
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1 Introduction

Metal plates have been used as implants to fix or replace 
lost organs as well as organs with unsatisfied functions [1]. 
Lane first introduced this method in 1890, where metal 
plates were used for bone fracture fixation [2]. There were 
issues of low yield strength and poor corrosion resistance 
facing metal implants in the past until several research 
works [3–6] that were carried out in the 1920s that led to 
the disco very of 18-8 stainless steel for potential appli-
cations [7–9]. The most widely used alloy for biomedical 
implant in recent times is 316L stainless steel (316L SS) 
due to its low cost as well as its ability to provide reason-
able corrosion resistant [2]. However, when there is a need 
for high wear resistance material for applications such as 
artificial joints, the CoCrMo alloys, and titanium alloys are 

usually considered [2]. Titanium and Ti–6Al–4V are much 
used in orthopedics because of their high shear strength 
and wear resistance [9].

For the past decades, the world has witnessed a surge 
in the number of road accidents [10], therefore, there is a 
high demand for metallic bone plates for bone fractures 
[10]. However, with more youths coming down with need 
for bone implant due to accidents and the average ser-
vice life of an implant is between 10 and 15 years, so there 
is high probability that orthopedic surgical patients will 
need revision surgeries in their lifetime. Hence, Ti-alloys 
with porous structure could be studied to provide solu-
tions to fixation of bone fractures associated with the high 
rates of accidents.

The short service life of implants is associated with 
micro-shifts at the interface between the implant and 
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the bone due to the discrepancy between the two 
mechanical moduli [11]. There is a dissimilarity between 
Young’s modulus of titanium implant (103–120 GPa) and 
bone (10–30 GPa) which can result into stress shield-
ing that can affect the healing and remodeling of the 
bone [12]. There is a direct relationship between Young’s 
modulus and other mechanical properties of Ti–6Al–4V, 
therefore, a reduction in the elastic modulus of the 
alloy will also lead to decrease in its strength; once the 
strength is enhanced, the elastic modulus also increases 
[12]. So, there is a need to strike a balance between the 
elastic modulus and the strength of the Ti–6Al–4V ortho-
pedic implant.

In this article, the mechanical properties of porous 
Ti–6Al–4V was evaluated by varying the sintering time and 
particle sizes of porous Ti-alloy powder while the hydro-
philicity of the samples were examined by contact angle 
measurement.

2  Materials and methods

2.1  Materials

Spherical Ti–6Al–4V alloy powder was procured from 
Phelly Material Inc. (New Jersey, USA), alumina ceramic 
crucibles were purchased from Sigma Aldrich Co. (St. Louis, 
MO, USA), whiles British Standard (BS) sieve, muffle fur-
nace were both obtained from ELE International (Model 
no: 88–0110/02, England, UK). A setup for contact angle/
wettability studies comprised of a black box, 60 Watts 
incandescent bulb, a converging lens, a digital camera, 
phosphate-buffered saline solution (disodium hydrogen 
phosphate (1.44 g/L), potassium chloride (0.2 g/L), potas-
sium dihydrogen phosphate (0.24 g/L) and sodium chlo-
ride (8.0 g/L)) with pH of 7.00 as bio-fluid and micropi-
pettes were locally purchased in Abuja, Nigeria.

3  Experimental procedures

3.1  Sintering process

The as-received Ti–6Al–4V powder was sieved into three 
different particle sizes ranging from 0–150  µm and 
151–300 µm using the BS sieves. The different particle sizes 
were then placed in alumina ceramic crucibles and heated 
in a muffle furnace to 980 °C at a ramp rate of 20 °C/min 
and were held at this temperature for 3 h, 4 h and 5 h. The 
furnace was then allowed to cool down with the samples 
in it at the ramp rate of 20 °C/min.

3.2  Sample preparation for optical and SEM 
characterizations

The sintered samples were first sprayed with ethanol, then 
compressed air was used on each sample to remove unat-
tached Ti–6Al–4V particles from their surfaces. No other 
metallographic procedures were carried out on the sin-
tered samples before the optical and SEM examinations.

3.3  Contact angle measurement

The contact angles, θe were used to determine the wetta-
bility of the sintered Ti–6Al–4V samples. This measurement 
was developed by Young in 1805 [13] by establishing the 
angle that a liquid drop will make with a solid surface. The 
contact angle is defined by the mechanical equilibrium of 
the drop under the influence of three interfacial tensions 
which includes the solid–vapor ( �sv) , solid–liquid ( �sl) and 
liquid–vapour (�lv) surface tensions. The equilibrium equa-
tion is known as Young’s equation [14]:

where �e is known as Young contact angle.
The contact angle measurement was obtained from a 

direct photograph, through the deflection (or reflection) 
of light rays by the liquid prism. The surface of each sample 
was cleaned with ethanol and compressed air to get rid of 
any loose Ti–6Al–4V particles. The sample was then care-
fully placed on the sample holder in a carton box, while 
the bulb was switched on. The micropipette was used to 
draw 50 µL of the prepared solution, and few drops of the 
buffer solution were gently dropped on the substrates 
through the provided opening on the box. The biofluid 
stayed for 2 s on each sample before the digital images 
were recorded. The recorded images were subsequently 
transferred to Gwyddion 2.45 software package to deter-
mine the contact angles between the liquid drop and the 
sample.

3.4  Determination of Young’s modulus

The Young’s moduli of the samples were characterized 
using nanoindentation techniques [7]. This method was 
chosen because of its non-destructive nature compared 
to other mechanical testing methods. Elastic modulus, 
E, and hardness, H, were the mechanical properties fre-
quently measured using load and depth sensing inden-
tation techniques. The data were extracted from one 
complete cycle of loading and unloading [15]. The defor-
mation during loading is assumed to be both elastic and 
plastic as the indenter formed permanent impressions 

(1)�lvcos�e = �sv − �sl
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on the samples. During unloading, elastic displacement 
was expected to be recovered and that aid in analysis. 
This method is therefore not applicable to materials in 
which plasticity reverses during unloading. The Young’s 
modulus of the specimen was extracted using Eqs. (2) 
and (3), respectively.

where S is the measured unloading stiffness and A is 
the contact area, Er is known as the reduced modulus, 
which takes into account the effect of non-rigidity of 
the indenters. E and v are Young’s modulus and Poisson’s 
ratio for the specimen, respectively. Ei and vi are the same 
parameters for the indenter.
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3.5  Compressive strength measurement

Since the application of the implant in the body will be 
subjected to compressive stresses, the compressive 
strength of the samples was obtained. The compressive 
strength of each sample was determined using a universal 
testing machine. Each sample has a hemisphere shape-
like, and the load rate was 3000 mm/min (Fig. 1).

4  Results and discussion

4.1  Optical and SEM characterizations

The optical results from ProScope® optical instrument are 
presented in Fig. 2; it was observed that as the sintering 
time increases, the pores between the Ti–6Al–4V powder 
particles disappeared gradually, this is more evident if you 
compare Fig. 2a and b. More detailed images are shown 
in Fig. 3 below using SEM micrographs. The micrographs 
in Fig. 3 are for same particle size range (300–212 µm) sin-
tered at different temperatures; the contrast between the 
void’s sizes in Fig. 3b and f illustrates the elaborate effect 
of sintering time on pores within the samples.

4.2  Contact angles and wettability

The effect of particles size and sintering time on the 
contact angle, which signifies the wettability of the sub-
strate are presented in Fig. 4. The wettability for particles 
sizes 212–300 µm was much improved with their contact 
angles less 25◦. This angle was also less than the contact 
angles for < 150 µm, and 212–300 µm. For particles sizes 
212–300 µm, the contact angles, � at 3 h, 4 h and 5 h Fig. 1  Contact angle parameters (Modified after [13])

Fig. 2  a Optical image of As-received Ti–6Al–4V powder. b Optical image of Ti–6Al–4V with particle size 212–150 μm, sintered for 4 h



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:819 | https://doi.org/10.1007/s42452-020-2637-z

Fig. 3  SEM micrographs of Ti–6Al–4V with particle size: a 300–
212  µm sintered for 3  h (× 500), b 300–212  µm sintered for 3  h 
(× 1000) c 300–212 μm sintered for 4 h (× 500), d 300–212 μm sin-

tered for 4 h (× 1000). e 300–212 μm sintered for 5 h (× 500). f 300–
212 μm sintered for 5 h (× 1056)
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are respectively ∼ 7◦,∼ 20◦, and 25 ◦ . For particles sizes 
150–212 µm, the contact angles, � at 3 h, 4 h and 5 h are 
∼ 15◦,∼ 25◦ and 52◦ , respectively whiles � for < 150 µm at 
3 h, 4 h, and 5 h were ∼ 18◦,∼ 45◦, and 57 ◦ , respectively.

However, it is evident that the largest particle size 
group (212–300 µm) has the lowest contact angles which 
means that it has the highest wettability compared to par-
ticles sizes < 150 µm and 150–212 µm. This observation is 
because coarse particles sinter slower than finer parti-
cles thereby creating micro-roughness, and besides, the 
biofluid stayed on the samples for 2 s which allowed the 
biofluid to fill the pores of the samples through capillary 
action. There is an apparent effect of sintering time and 
particles size on the contact angles. From our view, sinter-
ing time of 3 h has better wettability for the formation of 
porous Ti–6Al–4V samples because as the sintering time 
increases, the titanium alloy particles are more likely to 
become denser. Lower contact angles suggest the force 
of adhesion between the solid–liquid interface was more 
significant than the cohesive force of the liquid–liquid 
interaction.

5  Mechanical properties

A diamond Berkovich indenter was used for the analysis; 
the elastic modulus and the Poisson ratio of the indenter 
were 1141 GPa and 0.07, respectively [16]. The Young’s 
moduli for the samples with different particle size ranges 
are presented in Fig. 5.

The Young’s moduli of the samples increase with the 
sintering time due to an increase in packing density of 
the particles, which gradually eliminate the pores within 

the samples. This led to stiffer and denser material with 
relatively high Young’s modulus. This result coincides with 
what was reported by some researchers. Lucía Reig et al. 
observed that the stiffness and bending strength of sin-
tered porous Ti–6Al–4V samples increases with sintering 
time [17, 18], while Jose Luis et al. established that there is 
a polynomial relationship between Young’s modulus and 
relative density of the sintered porous Ti alloy [19]. The 
negative effect of porosity on Young’s modulus was also 
corroborated by Martínez et al. [20].

In contrast, the above assertion was only true for sam-
ples with particle sizes < 150 µm and 212–300 µm. The 
Young’s modulus result from samples with particle size 
150–212 µm was not consistence with what was reported 
in literatures even after repeated trials.

However, samples sintered from finer particle sizes tend 
to have higher Young’s modulus when compared to ones 
formed from coarse particle sizes, one of the reasons for 
this observation is that finer particles are likely to develop 
better interparticle necking during sintering which in turn 
will reduce the porosity and give rise to higher Young’s 
modulus. This is also in line with was reported various lit-
eratures [18, 19].

The Young’s modulus of samples with particles less than 
150 µm sintered for 5 h was found to be ~ 35 GPa, and this 
is much closer to that of the natural bone.

5.1  Compressive strength

The compressive strength was extracted from the stress 
versus deformation graph using the data from the univer-
sal testing machine. The compressive strength indicates a 

Fig. 4  Wettability via contact angle  versus particle sizes Fig. 5  Effect of sintering time on Young’s modulus for different par-
ticle sizes
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point on the graph where the applied stress is no longer 
proportional to deformation; this is also known as the yield 
point. Figure 6 shows the compressive strengths obtained 
for different particle sizes and at different durations.

The sample with sizes less than 150 µm sintered for 5 h 
has the highest compressive strength of 180 MPa; one 
of the reasons for this observation is that the less than 
150 µm sample has the highest particle size variation 
thereby making it easy for smaller particles to diffuse into 
the pores in the sample during sintering.

6  Conclusion

This work presents the effect of sintering time on the 
mechanical properties of Ti–6Al–4V powder. The wet-
tability of the Ti alloy samples was also evaluated. It was 
observed that the wettability decreases with an increase in 
sintering time. The smallest particle size group (< 150 µm) 
gives the highest contact angle while the particle sizes 
212–300  µm has the lowest contact angle indicating 
highly wettable surface due to micro-roughness which 
enhances the spread of the bio-fluid drop.

Furthermore, 3 h sintering time has the lowest contact 
angle compared to other sintering time, and this suggests 
that 3 h sintering time would be optimum for the forma-
tion of porous Ti–6Al–4V but unfortunately, the samples 
sintered at this temperature do not have the mechanical 
capability to function properly in a load bearing area of 
the body.

In addition, Young’s modulus and compressive strength 
of the samples through Nano-indentation and universal 
testing machine were analyzed, respectively. It was found 

that the particles size range of < 150 μm sintered for 5 h 
has Young’s modulus of ∼ 35 GPa which is most closer to 
that of the bone (bone Young’s modulus is between 10–30 
GPa); when compared with Ti–6Al–4V datasheet (103–120 
GPa), we observed that there is great disparity between 
the two moduli. One of the reasons for the large differ-
ence in the values of Young’s moduli is the presence of 
voids due to the sintering process of the samples, the 
voids make dislocation of the Ti alloy atoms easier, thereby 
resulting in the smaller Young’s modulus for the porous 
Ti alloy. Metallic powder sintered at lower temperatures 
tends to have lot of voids or porosity which reduces the 
mechanical properties and increases the wettability of the 
samples.

More relevant analysis should be carried out to deter-
mine how the particle sizes and the different sintering 
time of the samples may affect cell proliferation and focal 
adhesion of the osteoblast cells; to measure the effect of 
porosity on the mechanical properties of the samples. 
These are challenges for future work.
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