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H I G H L I G H T S  

• Ti6Al7Nb shows a two-phase microstructure with increased grains. 
• The addition of YSZ reinforcements reveals the presence of evenly distributed α+β lamellae. 
• Enhanced hardness property of reinforced titanium composites is ascribed to solid solution strengthening. 
• A significant noble shift in Ecorr and reduces the corrosion current density is evident in the titanium composites.  
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A B S T R A C T   

A study of spark plasma sintered Ti6Al7Nb alloy reinforced with yttria stabilized zirconia (YSZ) has been carried 
out to assess the biocorrosion response in Hank’s solution. The results indicate that the microstructural changes 
resulting from YSZ addition to Ti6Al7Nb were considerably different from pure Ti6Al7Nb. All the Ti6Al7Nb +
YSZ composites showed a higher Vickers microhardness value with Ti6Al7Nb + 10%YSZ exhibiting the most 
enhanced hardness value of 955.3 HV0.1. Furthermore, all Ti6Al7Nb + YSZ present higher corrosion resistance in 
Hank’s solution than Ti6Al7Nb alloy except Ti6Al7Nb + 1YSZ which shows a significant drop in Ecorr and Icorr 
values. This could be due to grain refinement with less stable oxide film growth kinetics. The combination of 
mechanical property and corrosion resistance of the fabricated Ti6Al7Nb + YSZ alloy could make it a suitable 
material for dental implant in the nearest future.   

1. Introduction 

There has been a sporadic increase in patients requiring biomedical 
implants/surgery with artificial alternatives. Such implants include but 
are not limited to maxillofacial [1], prostheses [2], hip joint [3], and 
dental implants [4]. The price of the latter costs between $1500 and 
$2000 per implant. Also, the failure rate of dental implants has been 
estimated to be about 5–10% either shortly or years later [5]. Conse-
quence upon these dental implant statistics, in-depth research on the 
fabrication of biomaterials that are suitable for dental implants has been 
of keen interest in materials and biomedical engineering. A major factor 
that should be considered is the biocompatibility of the implant material 
in the oral cavity. Metallic biomaterials are suitable for load-bearing 

applications; hence, they should have sufficient fatigue strength and 
appreciable hardness. Metallic materials are preferably used in com-
parison to polymeric and ceramic materials, owing to advanced 
manufacturing technologies whose parameters can be optimized to 
achieve improved properties. Although austenitic stainless steel [6] and 
Co–Cr–Mo [7] alloys have been reportedly used for the fabrication of 
dental implant biomaterials, however, titanium alloys have proven to be 
more advanced and attractive for dental and other biomedical 
applications. 

Pure titanium and Ti6Al4V alloys have been widely used in the 
biomedical industry even though they were originally designed as 
structural materials for automobile and aerospace applications [8,9]. 
Moreover, Ti6Al4V alloy is characterized by the low elastic modulus, 
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which is in close range with that of the bone, in addition to excellent 
resistance to corrosion from the formation of passive titanium oxide 
layer (TiO2) when it reacts with the body fluid [10]. However, this oxide 
and vanadium was recently discovered to be carcinogenic, according to 
the National Institute for Occupational Safety and Health and Interna-
tional Agency for Research on Cancer. To eliminate the deleterious effect 
of these substances, Ti6Al7Nb has recently gained attention, and it has 
proven to be an acceptable replacement for Ti6Al4V alloy [11]. 
Niobium, one of the major elements in the alloy, is non-toxic and does 
not adversely react with the human body. It also helps regulate the 
elastic modulus of the titanium alloy to a value closer to that of human 
bone. 

Titanium exhibits a hexagonal close-packed structure (α-phase) at 
room temperature in its pure state. It undergoes an allotropic trans-
formation at 882 OC to a body-centred cubic structure (β-phase) [12,13]. 
The incorporation of stabilizing elements such as aluminium, vanadium 
and niobium results in the formation of crystalline α, β or α+β based on 
the respective phase stabilizer. Aluminium as an α-phase stabilizer in-
creases the stabilizing temperature, while the β-phase is stabilized by 
niobium at a temperature below the transformation temperature, 
thereby forming a eutectoid system with titanium [14,15]. Yttria sta-
bilized zirconia is formed from the stabilization of the cubic crystal 
structure of zirconium oxide (ZrO2) with yttrium oxide (Y2O3) at room 
temperature. Amongst the commonly used ceramic reinforcement, YSZ 
has attracted the interest of several researchers in the field biomedical 
engineering for applications such as femoral ball, dental implants, lig-
aments, and prosthetic heart valves due to its low plaque affinity and 
high wear resistance [16,17]. Also, metallic based composites reinforced 
with YSZ has been proven to exhibit less susceptibility to leaching or 
corrosion, thereby eliminating the signs and symptoms of metal hyper-
sensitivities in patients [18,19]. 

Recent research has shown the use of YSZ in dental fillings, implants, 
hip replacement, and femoral heads due to their osseointegration 
characteristics [20,21]. The mechanical properties of YSZ ceramic 
reinforcement include enhanced strength, toughness, and good trans-
parency [22]. 

Corrosion is one of the major challenges that are faced by implants in 
humans, and this can be ascribed to the presence of proteins, water, 
dissolved oxygen, and ions such as hydroxides and chlorine in the body 
[23]. Dental implants face an aggressive environment in the mouth 
owing to the saliva’s acidic pH, which ranges from 5.2 to 7.8 [24]. 
Furthermore, the effect of fluorine and hydrogen ions adversely affects 
the resistance of titanium alloys to corrosion, and this has been exten-
sively studied [25,26]. Apart from the acidification induced by local 
foods and beverages, the promotion of an acidic environment by oral 
bacteria has been reported to be one of the main reasons for the 
decreased corrosion resistance of titanium and its alloys. This results in 
microbial corrosion immediately after the dental biomaterials are 
inserted into the mouth. The micro gaps between the abutments and 
implants, in addition to the surface of the outer implants, are covered by 
saliva and protein-rich pellicle fluid [27]. These liquids promote the 
transfer of bacteria to these implants. 

Hanks’ solution salt has been used by researchers in corrosion 
analysis of biocompatible materials for dental and orthopaedic appli-
cations as it provides an enabling environment that will maintain the 
physiological and structural integrity of human body fluid [28,29]. This 
special category of salt is designed to be used within a short term at 
ambient operating conditions. Aside its various classes of salt, it also 
contains glucose which is sterilized by membrane filtration [30]. Since 

the aim of this research is to ascertain the biocompatibility of the 
fabricated Ti6Al7Nb alloys, Hank’s solution will therefore be used as the 
corrosive electrolyte. 

The nature of the passive oxide layer formed on the surface of the 
Ti6Al7Nb implant was investigated in Hank’s solution by Lavos- 
Valereto and Wolynx [31]. The results from the study showed that the 
Ti6Al7Nb alloy formed a two-layer oxide film that comprised of a porous 
outer layer, and a dense inner layer. However, the excellent corrosion 
performance was ascribed to the former, while the latter layer enhanced 
the osseointegration capability. A more recent study by Hariharan et al. 
[32] determined the influence of yttria stabilized zirconia, and hy-
droxyapatite bioceramics on Ti6Al7Nb alloy. The bioceramics were 
deposited on the titanium alloy via electron beam coating technique. 
[33], as increased temperature during the coating process resulted in 
stoichiometric imbalance. The presence of the bioceramics further 
decreased the corrosion rate by 49.3%, and YSZ was specifically re-
ported to aid bonding, thereby reducing the dissolution rate of the 
coated layer in the corrosive medium. 

Owing to the establishment of the biocompatibility and enhanced 
mechanical properties of YSZ bioceramic and Ti6Al7Nb alloy, this pre-
sent study investigates the effect of different volume percentage of YSZ 
bioceramics on the mechanical modification and corrosion behaviour of 
spark plamsa sintered Ti6Al7Nb-YSZ alloy in simulated body fluid 
(Hank’s solution). 

2. Experimental procedure 

Ti6Al7Nb powder (particle size:20–63 μm) supplied by TLS Technik, 
Bitterfeld was used as the matrix, while Yttria (3 mol%) Stabilized Zir-
conia powder (particle size of D5Õ1 μm, Zr (Hf)O2:94,5% purity; 
Y2O3:5,2 ± 0,2%) supplied by Stanford Advanced Materials, USA served 
as the reinforcement. The elemental composition of the Ti6Al7Nb and 
YSZ starting powders are presented in Table 1. To ensure even distri-
bution of the YSZ reinforcement within the Ti6Al7Nb matrix, the pow-
ders were mixed in a T2F Turbula shaker mixer for a period of 3 h at a 
speed of 49 rpm in a dry medium. The varying proportion of the 
dispersed YSZ reinforcement is presented in Table 2. The admixed 
powders were consolidated in a HHPD 25 Spark plasma sintering ma-
chine designed by FCT Germany. Prior to sintering, the admixed pow-
ders were poured into a graphite die coated with a graphite sheet. The 
latter ensured adequate conduction between the die and powder parti-
cles and also facilitated easy removal of the sintered specimens. The 
admixed powders and sintered compacts were further analysed using a 
Zeiss Sigma scanning electron microscope (SEM). X-ray diffraction 
(XRD) was carried out using a Rigaku Ultima IV diffractometer with 
monochromatic Kα and Cu radiation at 30 kV and 40 mA, while the 
present phases were identified using X’Pert Highscore software. The 
samples used for SEM and XRD analyses were sectioned to a dimension 
of 10 mm × 10 mm and prepared using standard metallographic 

Table 1 
Chemical composition of Ti6Al7Nb and YSZ powders.  

Elements (mass %) Ti Al Nb C Fe O N Zr Y Hf Na O 

Ti6Al7Nb 87.11 6.02 6.53 0.02 0.19 0.12 0.01 - - - - - 
YSZ 0.02 – – – 0.01 – – 68.03 4.29 2.04 0.01 25.6  

Table 2 
Composition based on mixing ratio of starting powders.  

Sample Composition Matrix: reinforcement ratio (%) 

1 Ti6Al7Nb 100:0 
2 Ti6Al7Nb + 1% YSZ 99:1 
3 Ti6Al7Nb + 3% YSZ 97:3 
4 Ti6Al7Nb + 5% YSZ 95:5 
5 Ti6Al7Nb + 10% YSZ 90:10  
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procedures. Vickers hardness measurements were performed on a Fal-
con Innovatest hardness tester, and a load of 10 g was applied across the 
matrix and reinforcement phases. To assess the susceptibility of the 
specimens to biocorrosion in Hanks’ Balanced Salt Solution (HBSS), 
electrochemical measurement was conducted using potentiodynamic 
polarization on a three-electrode VersaSTAT 4 potentiostat, which 
operates on a Versastudio software. The specimens were prepared for 

corrosion testing by attaching a conductive wire to one end of the 
specimen to ensure conduction, and this was followed by cold mounting 
in epoxy resin. To remove the resin layer formed on the surface of the 
specimen, it was further ground to 1000 grits of silicon carbide emery 
papers polished using diamond suspension to ensure a smooth surface. 
Open circuit measurements were conducted for 2 h prior to potentio-
dynamic polarization test to ensure the stability of the specimens in the 

Fig. 1. (a) SEM (b) EDS and (c) XRD analysis of the Ti6Al7Nb powder.  

Fig. 2. (a) SEM (b) EDS and (c) XRD analysis of the YSZ powder.  
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Hanks’ solution. Potentidynamic polarization scans were carried out 
from an initial potential of −1.2 V to a final potential of 1.5 V at a scan 
rate of 0.2 mV/s. The tests were repeated severally for reproducibility. 
The SEM micrographs of the corroded surface were examined after the 
corrosion tests. 

3. Results and discussion 

3.1. Starting and admixed powders characterization 

The SEM micrographs, EDS analysis in addition to the XRD phase 
analysis of the Ti6Al7Nb and YSZ powders are shown in Figs. 1 and 2 
respectively. Fig. 1a presents a spherical morphology of the Ti6Al7Nb 
powder with few satellites that are tightly attached to the bigger satel-
lites. The EDS analysis reveals the presence of titanium, aluminium and 

Fig. 3. SEM and EDS images of admixed Ti6Al7Nb and (a) 1% YSZ (b) 3% YSZ (c) 5% YSZ (d) 10% YSZ.  
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niobium as the principal elements present in the powder, with titanium 
exhibiting more dominance than aluminium and niobium. Fig. 1c shows 
the phases present in the powder. The peaks of both α and β phases are 
evident in the plot, and this confirms the stabilizing efficiency of 
aluminium and niobium. Likewise, the micrograph of YSZ, as seen in 
Fig. 2a reflects agglomerated powder particles. The EDS analysis shown 
in Fig. 2b agrees with the reported chemical composition, while the 
phase analysis (Fig. 2c) indicates the presence of monoclinic, tetragonal, 
and cubic ZrO2 as the major phases in the powder. In powder metal-
lurgy, powders are mixed to obtain an inter-particle dispersion, which 
ensures homogeneity between the powder constituents, although chal-
lenges such as varying particle size, shape and surface nature of indi-
vidual powders have been identified. The influence of the mixer-induced 
force on the disintegration of the powder particles is shown in Fig. 3 
(a–d). During mixing, the YSZ and Ti6Al7Nb powder particles are sub-
jected to a drop and impact effect, which is supported by the mechanism 
of translation, inversion, and rotation motions [34]. The drop and 
impact force deforms the powders and reduces them to nano and sub-
micron sizes. Fig. 3a and b shows the infilling of the YSZ particles into 
the Ti6Al7Nb micropores. Reduced particles of the YSZ diffuse into the 
micropores formed from the defragmentation of the Ti6Al7Nb owing to 
the shear force from the mixer. Moreover, Fig. 3c and d reveal minimal 
segregation and agglomeration in the admixed powders. It is noteworthy 
that segregation often occurs when there is a difference between the 
particle sizes and structural morphology of the powders to be mixed 
[35]. However, recent mixing equipment is designed to reduce this 
challenge. 

3.2. Phase identification and microstructural analyses 

The XRD patterns exhibited by the sintered compacts are studied to 
understand possible chemical reactions and phase transformations that 
occurred owing to the mixing and spark plasma sintering technique 
adopted for the consolidation of the powders. The plot of the patterns 
generated from the XRD analysis is presented in Fig. 4. The strongest 
peaks are seen to be recorded at 2 θ values of 30.33◦, 35.44◦, 38.59◦, 
40.32◦, 40.48◦, 50.30◦ and 53.32◦. The analysis further shows that only 

α and β Ti phases are dominant in the unreinforced Ti6Al7Nb specimen. 
This behaviour can be attributed to the presence of Al and Nb, which act 
as phase stabilizers. The broadening of peak observed in the peak formed 
at a 2 θ value of 30.33◦ with an increase in the volume percentage of the 
YSZ reinforcement also indicates a decrease in crystallite size of the 
Ti6Al7Nb composites. The broadening evident in other peaks can be as a 
result of reduced structural deformation from the mixing technique used 
for dispersion of the reinforcement within the matrix [8]. It is note-
worthy that the spark plasma sintering (SPS) method does not promote 
even solidification of admixed powders in a liquid state; hence, a 
solid-state reaction occurs between the Ti6Al7Nb and YSZ, which sup-
ports the formation of YSZ precipitates around the boundary of 
Ti6Al7Nb matrix [36]. 

The microstructural evolution of the Ti6Al7Nb matrix and compos-
ites reinforced with YSZ is investigated under an optical microscope, and 
the micrographs obtained are presented in Fig. 5. Fig. 5a shows the 
distribution of acicular and globular α (white) grains within the β grains 
(dark). The acicular α phase exhibits a basketweave arrangement, which 
is also an attribute of the Widmanstätten structure. A similar micro-
structure was reported in a study by Bolzoni et al. [37]. The incorpo-
ration of 1 and 3% YSZ reinforcements as revealed in Fig. 5b and c led to 
a more homogeneous microstructure with the combination of α grains 
and evenly distributed α+β lamellae across the micrographs, and this 
behaviour can be ascribed to the homogeneous distribution of these 
reinforcement particles, even though the presence of some undissolved 
reinforcements is evident. Fig. 5d and e, which presents the micrographs 
of composites with increased YSZ addition (5% and 10%), further reveal 
microconstituent coarsening, which increases the grain size of the 
Ti6Al7Nb matrix. A higher reinforcement proportion and sufficient 
holding time during sintering can promote the formation of coarse β 
grains and increase the size of the α grains. It should be noted that there 
is nucleation of the α grains nucleated from the β grains when the sin-
tering temperature is between 1200 and 1350 ◦C [38]. The absence of 
pores in the microstructure can also be attributed to adequate mixing of 
the matrix and reinforcement. The SEM morphology of the sintered 
specimens is seen in Fig. 5(a–e). As revealed in Fig. 6a, the Ti6Al7Nb 
shows a two-phase microstructure with increased grains. The distance 

Fig. 4. XRD pattern of sintered compacts.  
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between the basketweave laths is quite irregular in comparison with the 
microstructures of the reinforced Ti6Al7Nb specimens. This can be due 
to the body centre cubic (bcc) crystal structure of the β-Ti, which has a 
smaller atomic packing factor than the α-Ti with a hexagonal closed 
pack structure (hcp). Fig. 6b presents slight/no microstructural varia-
tion due to the reduced proportion of the YSZ particles Fig. 6c confirms 
even dispersion of the YSZ particles across the boundaries of the 
Ti6Al7Nb matrix. Comparing this with the previously discussed micro-
graph, the microstructure is seen to be refined, with the formation of 
more phases upon the addition of YSZ reinforcement. Fig. 6d and e 
shows larger and well-dispersed reinforcements with a bit of agglom-
eration evident in Fig. 6d. The increased YSZ addition is also seen to 
promote grain size refinement, and the lamellar spacing between the α 
and β colonies becomes smaller. The addition of the YSZ particles pro-
vides sites for nucleation and increases the amount of energy stored. A 
similar observation was reported in a study by Singh et al. [39]. It is also 
important to note that excessive addition of reinforcement causes 
movement of a valence electron, which increases interatomic bonding 
due to its low ionization energy and the extra stress field, which prevents 
atomic diffusion of the reinforcement particles [40]. Therefore, the 

proportion of incorporated reinforcement into the matrix system should 
be minimal. 

3.3. Microhardness 

The values obtained from the measurement of Vickers microhardness 
of the unreinforced Ti6Al7Nb alloy and YSZ reinforced alloys are illus-
trated in Fig. 7. The unreinforced Ti6Al7Nb alloy records the least 
microhardness value of 302.5 HV, and this value is seen to undergo a 
spontaneous increase upon an increase in the proportion of incorporated 
YSZ reinforcement. The fatigue life and wear properties of Ti6Al7Nb 
alloys are improved when the hardness property is sufficiently 
enhanced, thereby reducing the need for revision surgeries [41]. From 
Fig. 7, the increased hardness values of the reinforced Ti6Al7Nb alloys 
can be related to solid solution strengthening, which results from elastic 
interactions between the solute and dislocation strain fields [42]. The 
incorporated YSZ atoms stir up strengthening by solid solution mecha-
nism regardless of the diffusional transformation of the α phase to β 
phase at high temperature. Furthermore, the reduced particle size of the 
YSZ reinforcement played a crucial role in improving the hardness 

Fig. 5. Optical micrographs of spark plasma sintered (a) Ti6Al7Nb (b) Ti6Al7Nb + 1%YSZ (c) Ti6Al7Nb + 3%YSZ (d) Ti6Al7Nb + 5%YSZ (e) Ti6Al7Nb + 10%YSZ.  
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property of the composites. Research has shown that nanosized particles 
often exhibit an excellent sintering rate owing to their high driving force 
and short migration distance. These particles also promote uniform 
distribution, enhancing high density and homogeneous structure [43]. 
Also, the change in particle and shape during powder mixing can induce 
a strengthening effect through grain refinement, increasing the com-
posites’ hardness property. Other mechanisms contributing to hardness 
enhancement in titanium composites include the Friedel-Fleisher effect, 
Orowan strengthening and the Hall-Petch effect [44]. The former can 
account for the strengthening effect induced by substitutional YSZ atoms 
in the Ti6Al7Nb lattice [45]. The formation of precipitates owing to the 
addition of reinforcements to the Ti6Al7Nb alloy occurs in a discon-
tinuous trend and is dependent on time and temperature. This subject 
the constituents of the composites to irregular distribution, which 
accumulate in the lattice at high temperature, leading to clustering or 
local superstructure such as one phase separation. Guinier-Preston (GP) 

zones are formed at sufficient time and temperature in the solid solution, 
and this makes them exhibit a strengthening effect similar to coherent 
precipitations. If the precipitated particles are large and hard (YSZ), 
dislocation line begins to bend within the region of the particle in 
accordance with Orowan mechanism until it is enclosed, and bow out 
leaving a loop around the particles [46]. According to a study by Jiang 
et al. [47]. There can be a possible formation of AlZr3 compound, which 
often act as a strengthening phase in composite/alloy systems. However, 
further increment in the proportion of YSZ reinforcement will not pro-
duce any significant change in the microstructural evolution but can 
promote the formation of more dominant YSZ phases which can enhance 
the mechanical properties of the composites. 

3.4. Corrosion study in Hanks’ solution 

The response to the sintered compacts to biocorrosion was analysed 
in Hanks’ solution using open circuit and potentiodynamic polarization 
electrochemical techniques, and the plots obtained are presented in 

Fig. 6. SEM micrographs of sintered (a)Ti6Al7Nb (b) Ti6Al7Nb + 1%YSZ (c) Ti6Al7Nb + 3%YSZ (d) Ti6Al7Nb + 5%YSZ (e) Ti6Al7Nb + 10%YSZ.  

Fig. 7. Plot of hardness values with error bars for sintered compacts.  

Fig. 8. Open circuit potential plots for sintered specimens in Hanks’ solution.  
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Figs. 8 and 9, respectively. To support the potentiodynamic polarization 
plot, the curves were fitted using Tafel extrapolation on the Versastudio 
software, and the relevant corrosion parameters obtained are recorded 
in Table 3. Open circuit potential provides information on the passive or 
active state of a material, as well as critical information on the oxide 

layer’s stability in passive materials such as titanium. From Fig. 8, the 
unreinforced Ti6Al7Nb specimen and alloy with 3% YSZ are seen to 
undergo a sporadic potential increase by shifting to a more noble di-
rection, thereby indicating the formation of stable oxide layers on the 
surface of the specimens with time. Lakshmi et al. [48] reported a 
similar observation in their study. However, other specimens showed 
higher corrosion potential with a bit of fluctuation seen in the specimen 
reinforced with 5% YSZ. This fluctuation seen in the plots can be 
ascribed to the dissolution and rapid formation of passive film on the 
surface of the specimens. Overall, the specimen with 10% YSZ exhibited 
more resistance to dissolution in the test electrolyte, while the unrein-
forced sintered Ti6Al7Nb alloy showed the least stability in the solution. 
It is noteworthy that the shift in the potential of the reinforced Ti6Al7Nb 
alloys towards the electropositive direction, does not depict corrosion 
enhancement, but it shows that the reinforced alloys are thermody-
namically stable in the Hanks’ solution. The potentiodynamic polari-
zation curves is represented in Fig. 9. The specimens show different 
curves, with the unreinforced Ti6Al7Nb exhibiting the least corrosion 
resistance as it records a corrosion potential and current density of 
−0.43 V and 551.75 nA, respectively. Additionally, the incorporation of 
YSZ particles into the Ti6Al7Nb matrix increased the corrosion resis-
tance of the resulting composites as the corrosion potential shifted to-
wards the electropositive direction. However, the composite with 3% 
YSZ displayed the highest susceptibility to corrosion as it records a 
corrosion potential of −0.38 V. In comparison, the least corrosion sus-
ceptibility is evident in the specimen reinforced with 10% YSZ as its 
corrosion potential shifts more towards the electropositive direction 
with a corrosion potential of −0.15 V. This behaviour can also be a result 
of the formation of higher quantity of cathodic β-phase, which prevented 
the corrosion of the α-YSZ phases. Further observation also reveals that 
all the sintered compacts have similar current density, which indicates 
they have close oxide layers in the electrolyte. It is also important to note 
that the unreinforced Ti6Al7Nb specimen shows a bit of passivity, while 
the composites exhibit a pseudopassivity as seen in the circled region in 
Fig. 8 Between the potential range of 0.1 V and 0.6 V due to dissolution 
and regeneration of protective layers on the surface of the specimens 
during the corrosion test. Porcayo-Palafox et al. [49] reported a similar 
observation in their study, as all the investigated biomaterials exhibited 
both passive and pseudopassive behaviour. 

Fig. 9. Potentiodynamic polarization curves of sintered samples in 
Hanks’ solution. 

Table 3 
Corrosion parameters of the sintered specimens from Tafel extrapolation.  

Specimen Ecorr 
(mV) 

Icorr 
(nA) 

Anodic current 
(mV) 

Cathodic current 
(mV) 

Ti6Al7Nb −433.40 551.75 535.66 535.66 
Ti6Al7Nb+1% 

YSZ 
−245.83 565.43 389.18 389.18 

Ti6Al7Nb+3% 
YSZ 

−383.02 541.60 506.65 506.65 

Ti6Al7Nb+5% 
YSZ 

−309.64 937.21 517.81 517.81 

Ti6Al7Nb+10% 
YSZ 

−151.87 665.93 556.13 556.13  

Fig. 10. Post corosion SEM examination of sintered (a) Ti6Al7Nb ((b) Ti6Al7Nb + 1%YSZ (c) Ti6Al7Nb + 3%YSZ (d) Ti6Al7Nb + 5%YSZ (e) Ti6Al7Nb + 10%YSZ.  
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3.5. Post-corrosion surface examination 

Fig. 10 reveals the morphology of the sintered specimens after the 
potentiodynamic polarization test in Hanks’ solution as analysed by 
SEM. The respective EDS spectrum taken across each micrograph is 
attached to the SEM images to provide information on the elements 
retained on the specimen surface after corrosion. The EDS images of the 
composites are seen to contain dominant titanium, niobium, aluminium 
and zirconium and oxygen peaks. Generally, titanium and its alloys are 
prone to aggressive corrosive attack since they have the ability to form 
passive oxide layers, which isolate them from corrosive environment. 
From Fig. 10a, a deep cavity is generated on the surface of the sample, 
owing to the attack of corrosive ions present in the Hanks’ electrolyte. 
The micrograph presented in Fig. 10b shows a different phenomenon, as 
the presence of large cavity is absent. Instead, localized corrosion across 
the surface of the specimen the evident. The Ti6Al7Nb matrix suffers 
from anodic corrosion due to several microscopic corrosion cells form-
ing between the matrix sites and the phases formed by the reinforcement 
particles (cathode). However, an increase in the proportion of the 
incorporated reinforcement in Fig. 10c revealed a surface with a grooves 
pattern, and this shows that the formation and growth of passive oxide 
layers is evident in the specimen [50]. Further increase in the volume 
percentage of the YSZ particles to 5% in Fig. 10d shows an inhomoge-
neous surface characterized by the formation of ridges. This is related to 
its higher corrosion potential value and the evident pseudo-passive 
behaviour it exhibits. However, the evidence of pitting or localized 
corrosion is rarely observed in Fig. 10e, owing to the high proportion of 
YSZ particles incorporated into the alloy matrix. This indicates that YSZ 
reinforcement provided adequate protection to the Ti6Al7Nb substrate. 
One of the reasons for the superior hard-tissue compatibility of titanium 
and its alloy over other metals is its self-capacity to generate biocom-
patible calcium phosphate [51], and this feature is often used to increase 
the hard-tissue compatibility of titanium and its alloys through surface 
modification. Moreover, YSZ has been reported to generate zirconium 
phosphate in Hanks’ solution, which has is also a biocompatible com-
pound [52,53]. 

4. Conclusion 

In this study the microstructural characteristics, microhardness and 
biocorrosion behaviour of 

Ti6Al7Nb samples without and with addition of yttria stabilized 
zirconia fabricated by spark 

Plasma sintering technique have been investigated, and the conclu-
sions are as follow:  

• The Ti6Al7Nb depicts an α/β structure with the distribution of 
acicular and globular α (white) grains within the β grains (dark). The 
addition of 1, 3, 5 and 10 wt% YSZ reinforcements show a more 
homogeneous microstructure with the presence of α grains and 
evenly distributed α+β lamellae.  

• Increasing the yttria stabilized zirconia content in Ti6Al7Nb alloy 
from 1 to 10 wt % increases the vickers microhardness and bio-
corrosion resistance of the alloy.  

• Ti6Al7Nb + YSZ composites show a significant noble shift in Ecorr and 
lower corrosion current density (Icorr).  

• The incorporation of YSZ enhanced the formation of oxide passive 
layers, which promoted the corrosion resistance of the reinforced 
YSZ composites. This was further confirmed by the presence of ox-
ygen in the EDS spectrum analysed by SEM. 
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