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Abstract: The effects of thermal treatments on the structure, mechanical properties, wear resistance, and in vitro
corrosion protection in artificial saliva (AS) were investigated for a newly developed Ti20Nb13Zr (TNZ) alloy. XRD
and SEM analyses were used for structural and microstructural analysis. The in vitro corrosion properties of the samples
were investigated using electrochemical impedance spectroscopy and linear polarization resistance techniques up to an
immersion time of 168 h. The tribological characteristics were evaluated with a linear reciprocating tribometer. SEM
analysis showed that solution treatment and aging influenced the size and distribution of «a phase. The air-cooled and
aged samples exhibited the highest microhardness and macrohardness, for which the wear resistances were 25% and
30% higher than that of the untreated sample, respectively. The cooling rate significantly influenced the corrosion
resistance of the TNZ samples. The treated samples showed a reduced corrosion rate (50%) for long immersion time up
to 168 h in AS. The furnace-cooled and aged samples exhibited the highest corrosion resistance after 168 h of
immersion in AS. Among the treated samples, the aged sample showed enhanced mechanical properties, wear behavior,
and in vitro corrosion resistance in AS.
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galvanic effects of various titanium implants in

1 Introduction

Ti and Ti alloy TiAl6V4 (Ti64) are used in
dentistry and orthopedics due to higher bio-
compatibility, enhanced mechanical properties and
corrosion protection [1—5]. Corrosion studies of
Ti64 alloy have been conducted in artificial saliva
(AS) and oral rinse for dental applications [6,7].
For dental applications, the sintered Ti64 alloy
exhibited better performance than the casted alloy
under corrosion and tribocorrosion conditions in
saliva [4]. The electrochemical behavior and

artificial saliva showed that the best performance
was obtained when wusing Ti/Ti6Al4V and
Ti/CoCr; furthermore, comparisons revealed that
these material combinations provided superior
performance to Co-based alloys [8]. However, the
release of metal ions from the surface leads to
inflammation [9].

Moreover, reports have shown that V and Al
exhibit toxicity effects [10]. Due to the limited wear
resistance of Ti alloys, implants made from these
materials are prone to the release of metallic
ions, which may enter the bloodstream and cause
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inflammation and pain [11]. Moreover, this surface
degradation may lead to the subsequent failure of
the implant [12]. Therefore, numerous other Ti
alloys have been developed and introduced as
implant materials, including Ti6Al7Nb alloy [13]
and Ti20Nb13Zr (TNZ) alloy [2,14,15], which are
categorized as a+f and near f alloys, respectively.
To increase the service lives of implants, the
mechanical properties, corrosion behavior, and wear
resistance of Ti biomedical alloys require further
enhancement [16]. Heat treatment (HT) was
reported to influence the performance of Ti and Mg
alloys [17,18]. Aging TiMoZrFe alloy results in
increased strength and modulus due to precipitation
of a and o phases in the f matrix [19]. The
mechanical properties of TNZS-xO alloys are
influenced by aging treatment [20]. The high
cooling rate of treated TiNbTaZr samples leads to
the formation of S, " and w phases. The corrosion
resistance of Ti alloys is affected by solution
treatment [21]. The surface hardness of Ti—30Nb—
1Fe alloys is improved by aging treatment [22].
HT provides the best combination of the
mechanical characteristics [23,24].  Although
several investigations have been reported on the HT
of Ti—6Al-4V, few studies have been reported on
the HT of Ti—Nb—Zr alloys. HT of TNTZ alloys
exhibits a good combination of ductility and
strength [25]. The aging affects the mechanical
characteristics of the Ti alloy due to precipitation of
o phase [26]. Compared to commercial Ti64 alloy,
TNZ alloy exhibits better mechanical properties [2],
in vitro corrosion resistance in simulated body fluid
(SBF), and bioactivity [15]. Recently, HUSSEIN
et al [27] have studied the effect of HT on the
biocorrosion properties of TNZ in SBF for implant
applications. To determine the potential of utilizing
thermally treated TNZ alloy for dental applications,
this research aims to examine the effect of HT of
TNZ alloy on the corresponding microstructure,
hardness, wear rate, and in vitro corrosion in AS.
The samples were heated above the f-transus
temperature and then cooled in water, in air, and in
a furnace. Then, the water-cooled samples were
aged.

2 Experimental

The samples used in the current study were
20 mm discs with 4 mm in thickness composed of a

newly fabricated Ti20Nb13Zr (at.%) (TNZ) alloy.
This new alloy was developed from the nontoxic
and biocompatible elements of Ti, Nb, and Zr
(purity of 99.9%) via a powder metallurgy process
(the blended powder was milled for 10h in
argon and then sintered with spark plasma
sintering) at 1200 °C. The details of TNZ
fabrication were reported in Refs. [2,15]. The
molybdenum equivalent was calculated to be
14364 for Ti—20Nb—13Zr alloy, as reported
previously [15], which is above the value of 10.0
that is essential to stabilize f-Ti [14]. The HT was
performed in a tube furnace (GSL—1700X, MTI)
under a high-purity Ar environment. The samples
were placed in an alumina crucible, which was
loaded in the furnace and heated to 900 °C at
10 °C/min. The samples were held isothermally at
900 °C for 1 h before being water-cooled (WC),
air-cooled (AC), or furnace-cooled (FC). The
quenched sample was aged at 500 °C for 5 h and
then cooled in air.

After HT, the samples were ground with a
sequence of 200, 300, 400, 600, and 800-grit SiC
papers, after which the samples were polished to
obtain a mirror-like surface. Then, the samples were
etched in a solution (20% HF in water). The phases
of the treated alloy were characterized via XRD
(Rigaku, Kurary, Japan) at 40 kV and 30 mA with a
scan range of 20° to 90°. The microstructure of the
alloy was investigated via SEM (JEOL, Japan) at
15kV. The mechanical properties of the alloy
were assessed by performing microhardness and
macrohardness measurements with a Vickers
hardness tester (Buehler MMT—-3, USA) at three
different loads of 3, 5, and 20 N. The hardness
value represents the average of 10 readings taken at
least 1 mm apart at all sites on the samples.

The corrosion resistance of the thermally
treated TNZ samples was evaluated with a Gamry
Reference 3000 electrochemical workstation. The
tested electrolyte—AS solution was prepared, and
the in vitro corrosion test was conducted using the
previous reports to evaluate the performance
of the treated TNZ alloy as dental implants [28,29].
A conventional three-electrode assembly was
used to perform the electrochemical impedance
spectroscopy (EIS) and linear polarization
resistance (LPR) tests up to 168 h. Treated TNZ
samples with an exposure area of 1.76 cm” were
used as the working electrode, whereas a graphite
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rod and a saturated Ag/AgCl electrode were used as
the auxiliary and reference electrodes, respectively.
Before each electrochemical experiment, the
treated TNZ sample was immersed in AS for
approximately 1 h to reach a stable open circuit
potential (OCP). The EIS examinations were
performed using the frequency range of 100 kHz to
0.01 Hz with an amplitude of 10 mV. The EIS
results were further analyzed with Echem Analyst
software, and the obtained results were displayed in
Nyquist and Bode plots. An LPR test was also
carried out by applying a potential of +25 mV from
the OCP for up to 168 h.

The tribological characteristics of the untreated
(UT) and thermally treated samples were evaluated
with a linear reciprocating tribometer (TR—282,
Ducom Instruments, India) and subsequently
compared. A hardened steel ball with a radius of
3mm was used as the counterpart under the
environmental test conditions (an ambient
temperature of (23+£5) °C and relative humidity of
(50+5)%). A normal load of 10 N was applied for a
distance of 100 m, which was accomplished by
reciprocating at a frequency of 5 Hz; this frequency
corresponds to a linear reciprocating velocity of
0.05m/s over a stroke length of Smm. A
weight-loss method with the aid of an analytical
weight balance (AB—224, Phoenix Instruments,
USA) was used to quantify the specific wear rate,
which is expressed as the mass loss (mg) per
normal load (kN) per total reciprocating distance
(m). An optical profilometer (Contour GT-K,
Bruker, USA) was used to observe the 3D profile of
the wear track and to corroborate the results
obtained from the mass-loss measurements.

3 Results and discussion

3.1 Microstructure and structure

XRD pattern of as-sintered (untreated) (a+p)
TNZ alloy is presented in Fig. 1(a). The XRD
pattern confirms the presence of both phases (f and
a). The higher intensity of f phase compared to a
phase indicates the higher amount of S phase
compared to a phase. The microstructure of
the untreated sample consists of £ (bcc) matrix
(whiter area) surrounded by a (hcp) phase (darker
area), as shown in Fig. 1(b).

The newly developed (a+f) TNZ alloy was
subjected to HT under different conditions. SEM
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Fig. 1 XRD pattern (a) and SEM image (b) of untreated
TNZ alloy

was used to analyze the microstructural evolution
after various treatments. After solution treatment,
the WC sample primarily contained the f matrix
with a very small amount of a phase at the
grain boundary, as shown in Fig.2(a). A high-
magnification image showed the presence of a
phase, which was needle-like, in the § matrix. The
major portion of a phase in the WC samples was
transformed into f phase due to the fast cooling
rate. However, the amounts of a phase in the AC
and FC samples increased due to the decrease in
cooling rate, as shown in Figs.2(b) and (c),
respectively. Moreover, due to reduced cooling rate
compared to the WC sample, less a phase
transformed to S phase, and the volume fraction of
o increased, as greater time was given for a phase
to grow. The WC sample was then subjected to
aging at 500 °C for 5 h. The microstructure of the
aged samples revealed that both grain boundary o
and intergranular o phases were formed (Fig. 2(d)).
Additionally, a fine secondary a precipitate, which
was needle-like, was formed after aging.

These phases were also confirmed from the
XRD patterns, as presented in Fig. 3. The XRD
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Fig. 3 XRD patterns of thermally treated TNZ samples
under different conditions: (a) WC; (b) AC; (c¢) FC;

(d) Aged

pattern for the WC sample mainly showed the
phase with a high-intensity peak and low-intensity
peaks of o phase, which indicates small amount of a
phase in this sample. Moreover, there are small
peaks observed in the WC sample, which are
indexed to be a” martensitic phase. This martensitic
phase may be considered as an intermediate phase
between S and o [30]. For the AC, FC, and aged
samples, the intensity of the a peaks was higher
than that in the WC samples, indicating that the
former samples have a higher volume fraction of a
phase; these findings were confirmed from the SEM

a, intergranular

images shown in Fig. 2. The martensitic a” phase
formed after water cooling became unstable and
was converted to either f or atf after aging, as
noted in an earlier report [31]. A proper
microstructure is essential for an alloy to be used in
biomedical applications, as the microstructure
influences the mechanical, physical, and corrosion
properties of the alloy. In this study, the alloy
microstructure was influenced by different HT
processes. TiNbZr alloy consists of a+f phase, and
the amount of # phase in the alloy was influenced
by the solution temperature, and consequently, the
response to aging [32]. Based on the alloying
elements, two phases are stabilized: a phase and f
phase. Also, based on their structures, the Ti alloys
can be classified as a, near-a, o+f, or f alloys [33].
The S phase possesses high workability, excellent
fatigue behavior, and good hardening ability. The
HT response of Ti alloys originates from the
instability of the S phase at lower temperatures. The
solution treatment of Ti alloy produces a high
amount of S phase. The supersaturated phase
decomposes, and the aging controls the
microstructure and strength. The aging increases the
elastic modulus and hardness of § phase due to the
precipitation of fine a phase. It has been reported
that o phase is formed after cooling S phase below
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the p-transus temperature [34]. Additionally, the
shape of a phase is influenced by the thermal
treatment conditions [35]. Furthermore, the
previous reports showed that the martensitic phase
is formed during solution treatment above the
[-transus temperature of titanium alloy [36,37],
which agrees with the obtained results.

3.2 Vickers microhardness and macrohardness

The Vickers hardness (HV) of the treated
samples is depicted in Fig. 4 at three different loads.
Among the samples subjected to solution treatment
at 900 °C, the AC sample exhibited the highest
Vickers hardness value. Due to higher cooling rate
during water cooling, the WC sample contains less
o phase in the microstructure. Besides, the Vickers
hardness value of the WC sample is limited by the
presence of the soft martensitic phase. In contrast,
the AC sample had a higher amount of a phase,
which contributed to its increased hardness. The
fine intergranular a phase precipitated after aging,
thereby increasing the volume fraction of grain
boundary o and enhancing the Vickers hardness
value: the hardness value of the aged sample was
HV (587.246.3), whereas that of the WC sample
was HV (564+8.9). These results confirm the XRD
and SEM observations. The aging increases the
hardness of Ti alloys due to the precipitation of the
fine a phase in a matrix of the § phase. The solution
treatment of Ti alloy produces a high amount of
phase due to the transformation of a to f. The
quenching after the solution treatment maintains the
f phase. However, the subsequent aging after
solution treatment leads to the decomposition of the
[ phase and the martensitic phase, resulting in high
strength. A similar trend of results has been
obtained from the thermomechanical treatment of
TNZV alloy [38]. According to Ref.[39], the
microstructure and compositions mainly control the
mechanical characteristics of a material. In addition,
more specifically for a+f titanium alloys, the
mechanical characteristics are affected by the
relative amount of each phase and their
corresponding morphologies, and these parameters
could be altered by the HT [40]. The dispersion of a
phase in the f matrix contributes to increasing the
hardness of heat-treated samples. Moreover, this
phenomenon enhances the dislocation motion at the
a/p interface, thereby increasing the strength of the
matrix.
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Fig. 4 Hardness of thermally treated TNZ samples

The phases of the UT alloy are the f phase
(BCC) crystal structure and a phase (HCP).

The WC sample includes a small amount of a
and the martensitic a” phase (orthorhombic)
structure. Due to relatively high cooling rate for the
WC sample, solute atoms have less time to
precipitate from S phase, which results in less
amount of o phase compared to AC and FC
samples.

For AC and FC samples, the cooling rate was
reduced, so the atoms had more time and energy,
and could obtain sufficient energy to break the bond
of the adjacent atom and diffuse. Then, the diffused
atoms could rearrange, and hence more o phase was
formed. a phase (HCP) crystal structure has a
lower slip system compared to f phase (BCC).
Therefore, a high load is required for plastic
deformation for a phase, which will result in
increased strength. Moreover, fine a grain, which
transforms from the f matrix during the AC, FC,
and precipitate during aging, will increase the
interaction between the dislocations, which
inhibit the movement of dislocation and contribute
to improving the hardness [41]. The observed
difference between microhardness
hardness was due to the indentation size effect [42],
which resulted from numerous aspects: surface
effects [43], friction [44], or strain hardening
gradient [45].

and macro-

3.3 In vitro corrosion in AS

Figure 5(a) displays the LPR plots of the
thermally treated and bare samples in AS. The
results show that the relation of current density
vs potential illustrates good linearity near corrosion
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potential ¢.,,. From the obtained LPR plots, the
electrochemical ~ parameters, including  the
polarization resistance (R,) corrosion current
density (Jeorr), and corrosion rate, were calculated,
and the obtained values were plotted in Figs. 5(b—d),
respectively. The decrease in the R, values with
respect to the increase of the immersion time was
observed in the case of the untreated TNZ sample,
and this variation was lower in the case of the
treated TNZ samples (Fig. 5(b)). For the untreated
TNZ sample, as the immersion time increased from
1 to 24 h, R, slightly decreased from 558.55 to
224.45 kQ-cm’; a dramatic reduction in R, was
observed when the immersion extended up to 168 h,
wherein R, was only 60.25 kQ-cm”’. As the value of
Jeorr 18 in direct proportion to the corrosion rate, a
lower value of J., normally indicates a higher
corrosion resistance [46]. From Fig. 5(c), all the
treated TNZ samples exhibited lower J.. values
than the untreated sample; particularly, the aged and
FC samples exhibited the lowest J., values. Based
on the obtained corrosion current density (Jeor)
values, the corrosion resistance of the samples from
high to low is characterized as follows: FC > aged >

AC > WC > untreated TNZ sample. Figure 5(d)
clearly showed that the untreated TNZ sample
exhibited the highest corrosion rate, for which the
value was nearly twofold that of the treated
TNZ samples. Besides, the treated TNZ samples
exhibited a more stable and uniform corrosion rate
as the exposure period increased. Furthermore, both
the aged and FC samples showed a lower corrosion
rate than the other samples, which indicated that
these samples had better corrosion resistance than
other samples in AS. Particularly for the FC sample,
the corrosion rate was still very low after 168 h of
exposure in AS. The improved corrosion resistance
of the FC sample was obtained because of the slow
cooling rate and the high volume fraction of o
phase, which further facilitated the formation of a
more compact and protective surface film [27].
Figure 6(a) presents the Nyquist plots of the
heat-treated and untreated alloy after 1h of
immersion in AS. The Nyquist plot was
characterized by a large quarter-capacitive arc,
which represents single relaxation time constant
behavior in the investigated frequency range.
A closer comparison of the Nyquist plots of the
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Fig. 6 Nyquist (a) and Bode (b) plots of UT and treated
samples after 1 h of immersion in AS

treated and untreated samples shows that the
diameter of the curve/charge transfer resistance (R.;)
increases in all the treated TNZ samples after 1 h of
immersion in AS. The higher R, values in the
treated samples demonstrate the impact of the
microstructure on the corrosion performance of the
treated TNZ samples [27]. Figure 6(b) presents the
Bode plots of the heat-treated and untreated alloy
after 1 h of immersion in AS. At high frequencies
ranging from 10° to 10’ Hz, the impedance modulus
(IZ) became constant, indicating that the impedance
was controlled by electrolytic resistance. In a wide
frequency range (lower and middle frequencies),
the impedance response exhibited a linear behavior
with a slope of approximately —1 in all investigated
samples, which was the distinctive response of the
capacitive performance of a passive layer [47]. At
the lowest frequency of 0.01 Hz, the value of 1Z] for
the untreated TNZ sample was found to be
10°Q-cm? after 1 h of immersion in AS. After heat
treatment, the |ZI values for the aged, FC, AC, and
WC samples were 185.50, 280, 156.45, and
122 kQ-cm’, respectively. In the Bode phase angle
plots (Fig. 6(b)), three distinctive regions were

observed in the investigated frequency range. The
phase angle decreased to 0° in the higher frequency
regions due to the response of the solution
resistance. In contrast, in the middle frequency
region, the maximum phase angle reached above
80° in all investigated samples, demonstrating the
near capacitive response of the passive film;
particularly, the FC samples exhibited the highest
phase angle of 82°. In the lowest frequency range,
lower phase angles were observed in all cases. The
EIS measurements up to an immersion time of
168 h evaluated the influence of the exposure
period on the corrosion resistance of the samples in
AS, which is a primary prerequisite for biomedical,
dental implants. The EIS results are presented in
Figs. 7 and 8.

Furthermore, to validate the obtained EIS
results, the experimental EIS curves were simulated
using a proper equivalent circuit model (the inset in
Fig. 6(a)). Based on the obtained large semicircular
capacitive arc and the one time constant in the
spectra, the modified Randle’s circuit [Ry(R.Qua)]
(where R, is the solution resistance; R is the
resistance of charge transfer; Qg is the constant
phase element (CPE) of double layer capacitance)
was used to fit the obtained EIS data [15]. This EIS
circuit model contains a parallel combination in
series, in which the solution resistance exists
between the working and reference electrodes.
A constant phase element (CPE, Q) could be
employed on behalf of the capacitor, balancing the
nonideal behavior due to the influence of variations
from the surface heterogeneities of the samples. The
parameter R, which is directly associated with the
rate of metal dissolution, is the resistance of charge
transfer through the passive film; generally, a higher
R, value signifies enhanced corrosion resistance.
From Table 1, the R, values of the FC and aged
samples were substantially higher than those of the
other samples, indicating that the corrosion reaction
was efficiently inhibited by the metal/electrolyte
interface. Furthermore, the lowest Oy values of the
aged and FC samples revealed less dissolution and
enhanced passivity. Moreover, the highest nq
(ngq is the exponent of the CPE of double
layer) values of these samples after 168 h of

exposure further corroborated the maximum
uniformity of the passive film developed on the
sample surface, which indicated improved

corrosion resistance in AS.
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Table 1 EIS parameters for UT and treated samples in AS
uT Aged FC AC WC
Parameter
lh 24h 168h 1h 24h 168h lh 24h 168h 1h 24h 168h 1h 24h 168h
(Q{ecsr/nz) 125 123 136 116 123 143 135 141 129 128 124 137 125 138 144
(k!f-cct/mz) 110 101 84 185 182 175 280 271 252 156 143 123 122 117 107
Qal | 89 123 21 42 S8 15 26 34 32 47 67 41 57 69
(uF-cm?)
R4l 096 094 089 096 096 095 097 096 095 096 092 091 095 0.93 0.90

In general, the mode of microstructure
regulates the size and extent of solute segregation in
Ti alloys. After solution treatment, the WC sample
exhibited a majority of f matrix with a minor
amount of a phase at the grain boundary, whereas
the amount of o phase increased for AC and FC
samples due to the slow cooling rate. Also, less
amount of a phase changed to f phase due to this
slow cooling rate in comparison with the WC
sample, and the volume fraction of a phase
increased by reducing the cooling rate since a
sufficient period was given for a phase to grow [31].

The WC sample was then subjected to aging at
500 °C for 5h, and the microstructure of aged
samples exhibited both a grain boundary and
intergranular o phases. The microstructure of the
FC sample showed a matrix of pre-existing S grain
with laths on it [48]. The volume fraction of the a
phase in the FC sample was higher in comparison
with those of the AC and WC samples, as the
volume fraction was strongly influenced by the
cooling rate. FC encouraged the transformation of f
phase to o phase and a higher number of nucleation
sites for a phase [49]. The microstructure of the FC
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consisting of a higher volume fraction of a phase is
considered to be the desired structure for enhanced
corrosion resistance due to more homogeneity
in the phases. Improved corrosion protective
performance of the FC sample is possible because
of slow cooling rate with higher volume fraction of
a phase in comparison with AC and WC on the
surface of treated TNZ samples, which further
facilitated to form more compact and protective
nature of the surface film.

3.4 Tribological properties

The coefficient of friction (CoF) as a function
of the reciprocating distance is shown in Fig. 9 for
all treated samples. The samples exhibited similar
CoF characteristics during the sliding process, and
the HT barely influenced the behavior. Furthermore,
the CoF curves of the UT (untreated sample), FC,
AC, and WC samples were steadier than that of the
aged sample, which experienced a fluctuating,
unsteady CoF curve, especially after a long sliding
distance. This finding can be attributed to the
increased hardness of the aged sample, provided by
the precipitation of the fine a phase in the £ matrix
during aging. However, this fluctuation does not
cause a significant change in the average steady
state CoF, as shown in the inset of Fig. 10. The
samples exhibited similar CoF values of 0.54+0.01,
which is considered typical for commercial Ti
alloys under similar wear test parameters and
conditions; this conclusion has also been reported
by previous investigators [50].

The similarity in the CoF wvalues despite
different heat treatments can be associated with the
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Fig. 9 Coefficient of friction as function of reciprocating
distance for UT and treated samples

intrinsic properties of rapid oxide formation in
TiNbZr alloys when exposed to atmospheric
conditions. The sliding effect also increases the
interfacial temperature, thereby increasing the
propensity for the formation of a thin oxide
film. Accordingly, the interfacial conditions and
characteristics remain similar throughout the sliding
duration, as new oxide films are readily formed
after wearing action.

The 3D profilometer images of the wear track
showing the wear depth are shown in Fig. 10,
whereas the corresponding wear rate of the samples
is displayed in Fig. 11. The wear depth and by
extension the wear volume slightly increased in the
following order: UT > FC > WC > AC > aged. The
UT sample possessed the highest wear rate of
5.4 ng/(kN-m), whereas a slight improvement of
approximately 5% and 7.5% was attained for the
FC and WC samples, respectively. However, for the
AC and aged samples, the wear resistance was
enhanced by approximately 25% and 30%,
respectively. The large particle size of a phase in
the FC samples and the high percentage of the S
phase in the WC samples, as shown in the XRD
analysis, had a slight effect on reducing the wear
rate of the treated alloys due to the low hardness of
these samples. On the other hand, the increased
percentage and smaller size of the phase in the AC
sample improved the mechanical properties,
provided this sample had high wear resistance.
Similarly, for the wear resistance of the aged
sample, the precipitation of very fine a phase and
the decrease in the soft § phases provided enhanced
mechanical and wear resistance properties, as
displayed in Fig. 11.

Figure 12 depicts the SEM micrographs
of the wear tracks and the corresponding
high magnification images to elaborate the wear
mechanisms. From the inserts in Figs. 12(a—e), it
can be seen that a significant amount of debris is
generated, which can be associated with the brittle
nature of the TNZ samples. This debris decreases
with the heat treatment, and the lowest debris
generated can be attributed to the aged sample.
Additionally, the debris is associated with the size
of the wear track, which can be observed in the
SEM images in Figs. 12(a—e),
collaborate the 3D optical profilometer images in
Fig. 10. The debris affects the wear of the samples
by acting as a third body in a three-body abrasive

which also
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Fig. 11 Wear rate of UT and treated samples under
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wear mechanism  whereby trapped debris
contributes to the ploughing component of the
sample wear. Figures 12(f, g) show a significant
amount of trapped debris in the wear tracks of UT
and WC samples, respectively.

Similarly, trapped wear debris can be observed
in the wear track of the FC sample evident from a
large amount of debris, as shown in Fig. 12(i).
Furthermore, large grooves can be observed in wear
tracks of UT, WC, and FC samples due to the effect

of large size of debris, and this contributes to the
increased wear rate. Meanwhile, the accumulated or
compacted debris observed in the wear track of AC
sample exhibited a ductile characteristic, as can be
seen from the flow of the buildup debris in
Fig. 12(h). This compacted debris contributes little
to the three-body abrasive wear, resulting in
tribo-film, thereby reducing the wear during sliding.
A similar type of debris has also been observed for
Ti alloys [50]. However, less debris was observed in
the wear track of the aged sample (Figs. 12(e, j)).
Furthermore, the inserts on the left top corner
of Figs. 12(f—j) show the backscattered electron
(BSE) images revealing the compositional contrast
of the wear track to assess any position
compositional difference in the wear track. It can be
seen that the aged sample shows significant
contrast as compared to other samples signifying
tribochemical reactions that result in the formation
of oxide films. CARQUIGNY et al [51] reported
that the Ti—10Zr—10Nb—5Ta exhibited improved
tribological properties as compared to the
Ti—6Al—4V alloy due to the formation of oxide on
the surface; while the low tribological properties of
Ti—6Al—-4V were attributed to the high reactivity of
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Fig. 12 SEM images of wear tracks of UT (a, f), WC (b, g), AC (c, h), FC (d, 1), and aged (e, j) samples (Circles show
the oxidized debris, rectangles show the wear debris and arrowheads indicate the grooves)

aluminum resulting in adhesive wear between the or/and Zr. Fe and Cr observed in the EDS analysis
sliding parts. EDS analysis of the wear tracks, as are from the counterface steel ball and may also
shown in Fig. 13, substantiates the presence of  contribute to the formation of oxides. It should
oxides, and the oxides are possibly oxides of Ti, Nb, be noted that the UT and WC samples demonstrate
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Fig. 13 EDS analysis results of wear tracks of UT (a), WC (b), AC (c), FC (d), and aged (e) samples

mainly abrasive wear with slight oxidation, as the wear track and debris, illustrating uniform
evident from the EDS analysis (Figs. 13(a, b)). This oxidation but with lower oxygen content. However,
is evident from the similar oxygen composition in a substantial difference in the oxygen composition
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exists between the debris and the wear track
of samples AC and FC, as in Figs. 13(c, d),
respectively. This may illustrate that the oxide films
are less adhesive and are easily worn off during
sliding. Contrastingly, the wear track and little
debris observed for the aged sample (Fig. 13(e))
exhibit similarly high oxygen content. This affirms
the uniform oxidation of the wear track and that the
oxides are good adherent. This preferential
oxidation can also be attributed to the precipitation
of the fine a phase in the f matrix during aging. The
o. phase is known to be more stable and exhibits
improved mechanical properties [40]. Thus, based
on the BSE images and the EDS analysis, the aged
sample shows the highest oxidation, which might
be associated with the improved wear resistance.
The formation of the adhesive and dense oxide film,
coupled with the enhanced mechanical properties,
can be instrumental in limiting the abrasive
component of the wear and overall improve the
wear resistance.

4 Conclusions

(1) The aged and AC TNZ samples exhibited
higher microhardness and macrohardness than the
WC and FC samples.

(2) The tribological properties of the untreated
sample were slightly improved to approximately
5% and 7.5% for the FC and WC samples,
respectively. Further improvement in the wear
resistance to around 25% and 30% was attained for
the AC and aged samples, respectively. However,
the coefficient of friction was not influenced by the
heat treatment.

(3) The wear mechanism was primarily
abrasive wear, while the formation of oxide film on
the AC and aged samples coupled with improved
mechanical properties can be instrumental in
improving the wear resistance.

(4) The aged sample showed the highest
microhardness and macrohardness, wear resistance
(increased by 30%), and reduced corrosion rate
(50%) for long immersion time of up to 168 h in
AS.

(5) The improvement in hardness, corrosion,
and wear resistance of the thermally treated samples
compared to the untreated alloy makes the
thermally treated TNZ alloy a viable candidate for
dental applications.
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