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KEYWORDS Abstract Introduction: Titanium (Ti) is widely accepted as a biomaterial for orthopaedic and den-
Dental implants; tal implants, primarily due to its capacity to integrate directly into the bone and its superior corro-
Titanium; sion resistance. It has been suggested that titanium-zirconium alloy (TiZr), with 13-17% of
Titanium-Zirconium Alloy; zirconium, has better mechanical properties than pure Ti, but there are very few published studies
Mechanical properties assessing the suitability of TiZr for high-load- bearing implants. This study aimed to compare the

mechanical properties and microstructures of TiZr and commercially pure titanium (Ti).

Methodology: Pure Ti and TiZr alloy discs were prepared and subjected to characterisation by
nanoindentation, electron dispersive spectroscopy (EDS), X-ray diffraction (XRD), and electron
backscatter diffraction (EBSD).

Results: The TiZr alloy was found to have significantly lower elastic modulus value (p < 0.0001)
and greater hardness than Ti (p < 0.05). The EDS results confirmed the presence of Zr (13-17%) in
the TiZr alloy, with XRD and EBSD images showing microstructure with the alpha phase similar to
commercially available Ti.

Conclusion: The lower elastic modulus, higher hardness, presence of alpha phase, and the finer
grain size of the TiZr alloy make it more suitable for high-load-bearing implants compared to com-
mercially available Ti and is likely to encourage a positive biological response.
© 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Dental implant treatment involves the replacement of missing
teeth using metal screws embedded into the jawbone to sup-
port restoration. The success of implants depends on the for-
mation of a direct functional connection between bone and
the metal surface — a process referred to as osseointegration
(Albrektsson et al., 1981). Titanium and its alloys remain the
most popular material of choice for the fabrication of dental
implants due to their inherent properties of biocompatibility,
corrosion resistance, and mechanical strength (Ikarashi et al.,
2007; Niinomi, 2002; Wen et al., 2002). However, the lower
mechanical/tensile strength of commercially pure titanium
(Ti) and its high elastic modulus and low wear resistance are
reported as causes for concern (Katou et al., 1996; Williams,
1994). Several studies have reported the appearance of
increased wear debris from Ti to be associated with tissue
inflammation (Jacobs et al., 1998; Wang, 1996). The wear
and corrosion of Ti implants can result in the accumulation
of metal particles in the peri-implant tissues (Olmedo et al.,
2009; Tawse-Smith et al., 2012), which may lead to increased
inflammation (Olmedo et al., 2003) and, possibly, hypersensi-
tivity reactions (Siddiqi et al., 2011).

To improve the mechanical strength and wear resistance
of Ti, various elements have been added to create new alloys
from three microstructural categories: alpha-stabilisers (such
as Al, O, N, and C), beta-stabilisers (such as Mo, V, Fe, Cr,
Ni, and Co), and neutral stabilisers (such as Zr). The prop-
erties of Ti alloys vary according to the composition of the
elements. Ti alloys with alpha and near alpha microstruc-
tures exhibit superior corrosion resistance but lower
strength. On the other hand, alpha + beta and beta alloys
such as Ti-6Al-4 V ELI, Ti— 5Al1-2.5Fe, and Ti—6Al-7Nb
have high strength and good formability but relatively low
corrosion resistance (Semlitsch et al., 1985; Wang, 1996;
Zwicker, 1980). Ti-6Al-4 V has gained popularity for its rel-
atively high strength but it has been reported to have greater
toxicity than pure Ti due to the presence of elements such as
Al and V (Okazaki et al., 1996). Similarly, other Ti alloys
such as Ti—-6Al-7Nb and Ti—13Nb-13Zr have been reported
to improve corrosion rate, mechanical properties, and bio-
compatibility (Astrand et al., 2004; Bottino et al., 2009;
Cremasco et al., 2008; Jager et al., 2008; Jungner et al.,
2005; Khan et al., 1999; Schupbach et al., 2005).

In the recent years, zirconium (Zr) has been commonly
used as an alloying element. Zr, which belongs to the same
group as TI, shows chemical and physical properties similar
to Ti. The titanium—zirconium (TiZr) system is a solid solu-
tion, which makes it more resistant to corrosion than other
alloys and gives it biocompatibility comparable with pure Ti
but with better or comparable mechanical properties
(Guglielmotti et al., 1999; Kobayashi et al, 1995;
Kobayashi et al., 1998; Stojilovic et al., 2005; Tsuchiya
et al., 1998). Olmedo et al. (2012) stated that “the elasticity,
corrosion resistance, and other mechanical properties of zir-
conium and its alloys make them a suitable material for
biomedical implants.”

One brand of dental implants that has been marketed com-
mercially by the name of Roxolid® (Straumann, Switzerland)
is made from a TiZr alloy. The manufacturer claims that these
implants have better mechanical strength and improved bio-

compatibility than existing Ti alloy implants (Bernhard
et al., 2009; Gottlow et al., 2012; Grandin et al., 2012; Sista
et al., 2011). Preclinical testing in the developmental phase
showed favourable mechanical strength and corrosion proper-
ties with biocompatibility and comparable osseointegration, as
seen in animal studies (Saulacic et al., 2012; Thoma et al.,
2011). Similarly, in vitro and in vivo studies by our group com-
paring c.p. TI and TiZr on osseointegration have shown
promising results (Sharma et al., 2015; 2016). However, there
are very few research studies on the mechanical properties of
Ti alloyed with 13-17% of Zr.

To the best of our knowledge, there is no published litera-
ture evaluating the structural and mechanical properties of
TiZr with 13-17% Zr concentration. The aim of this study is
to compare the TiZr alloy with pure Ti in terms of their com-
position by electron dispersive spectroscopy (EDS),
microstructure/crystallinity by electron backscatter diffraction
(EBSD), and X-ray diffraction (XRD) and their mechanical
properties (elastic modulus, hardness) by nanoindentation.

2. Materials and methods

2.1. Preparation of specimens

Pure Grade-IV rod Ti was sourced from Southern Implants
(South Africa), and a TiZr alloy (Zr 13-17 wt%) rod was pur-
chased from Huizhou Applied Materials Co., Ltd. (China).
Disks (n = 5) were cut from the Ti and TiZr rods (10 mm
diameter x 1.5 mm thickness). Commercially available Strau-
mann Roxolid® implants with similar Zr composition (13—
17%) (3.5 mm diameter x 12 mm long) were purchased from
Straumann Australia for comparison.

The Ti, TiZr, and Roxolid® implants were embedded in the
conductive SiO,-filled phenolic mounting compound and
sequentially ground and polished.

2.2. Elemental composition by electron dispersive spectroscopy

Elemental analysis was performed using the JEOL 2300F
EDS system at an accelerating voltage of 20-25 kV. The sys-
tem was calibrated before use using metal and mineral refer-
ence standards. The analysis was carried out at 25 kV. Five
different areas of the samples were analysed at 1000x magni-
fication for 100 s / area, with the location of each image
determined in a semi-random manner where one was taken
in the centre and the others from four corners. The results
of all the groups were compared for the presence of compo-
nent elemental peaks.

2.3. Nanoindentation for elastic modulus and hardness

Nanoindentation was performed using an Ultra Micro-
Indentation System (UMIS-2000, CSIRO, Australia) with a
calibrated Berkovich indenter and, a compliance correction
of 0.0002 um/N. Twenty-five indentations (n = 25) were per-
formed per sample using a load of 200 mN with 50 pm spac-
ing between indents. The Poisson’s ratio (0.37), required to
calculate the hardness and elastic modulus, was standardised
across the three materials based on Ti ASTM Grade 4
(Citeau et al., 2005).
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2.4. X-ray diffraction

The phase composition and crystallinity of the alloys Ti, TiZr
and Roxolid® (n = 5) were detected by an XRD system (Phi-
lips, The Netherlands) operated at 60 kV and 60 mA with
nickel filtered CuKa radiation. The phase composition was
identified by matching each characteristic peak with the corre-
sponding International Centre for Diffraction Data files.

2.5. Electron backscatter diffraction (EBSD)

EBSD analyses were performed on three samples in each
group (n = 5) using a scanning electron microscope optimised
for analysis. EBSD patterns were collected at 0.1-0.5 pm step
sizes (Oxford Instruments Aztec @20 kV, ~13nA). EBSD data
were post-processed using HKL CHANNEL 5 software fol-
lowing the methods outlined by Prior et al. (2009). The crystal-
lographic orientation of crystals is determined using Euler
angles. Subsequent phase maps and grain size analyses were
produced, with grains defined as cells and surrounded by
boundaries with misorientations of 10° or more (Shigematsu
et al., 2000).

3. Statistical analysis

The statistical package PRISM (GraphPad Prism 6, La Jolla,
USA) was used for all the statistical analyses. The data were
statistically analysed using analysis of variance (ANOVA)
and Tukey post hoc tests for multiple comparisons between
the experimental groups. The probability of p-value > 0.05
was considered to be statistically significant.

4. Results

4.1. Elemental analysis

The elemental composition of the three materials is presented
in Table 1. The average Zr percentage in TiZr and Roxolid®
was 13.2 £ 0.45% and 1398 + 0.58%, respectively. The
EDS peaks, as shown in Fig. 1, correspond to the elements pre-
sent in Ti, TiZr, and Roxolid®, respectively. All groups
showed characteristic peaks for carbon (Cls) and nitrogen
(N1s), indicating only minor hydrocarbon contamination.

4.2. Elastic modulus

The elastic modulus of the samples is presented in Fig. 2. The
mean elastic modulus of Ti was 99.27 + 1.80 GPa, TiZr
96.42 + 1.53 GPa, and Roxolid® was 96.12 + 2.82 GPa. TiZr
and Roxolid® were found to have significantly lower elastic

modulus values than Ti (p < 0.0001, one-way ANOVA).
However, no statistically significant difference was found
between the TiZr and Roxolid® (p = 0.8712, ANOVA)
values.

4.3. Hardness

The hardness values of the Ti, TiZr, and Roxolid® samples are
presented in Fig. 3. The hardness value of Ti by nanoindenta-
tion was 2.38 £ 0.13 GPa and 2.87 £+ 0.28 GPa and
3.19 £+ 0.09 GPa for TiZr and Roxolid®, respectively. Both
TiZr alloys had significantly higher (p < 0.05) hardness than
Ti. However, there was no significant difference between TiZr
and Roxolid® (p > 0.05).

4.4. Crystallography

The crystal structure of the oxide layer was analysed by assess-
ing the X-ray diffraction pattern. In this study, the Ti surface
had a stronger anatase peak at the same degree as TiZr alloy
and Roxolid®, as shown in Fig. 4. For all three samples, the
diffraction peaks matched well with those of the a-phase.

4.5. Electron backscatter diffraction (EBSD)

Pure Ti has a typical pure hexagonal closed-packed (hcp)
phase with fine-grained microstructure, as shown in Fig. 5.
The average grain size measured was 5.97 um. The TiZr and
Roxolid® specimens had grain sizes smaller than the lower res-
olution limits of the EBSD system (20 nm) (Maitland and
Sitzman, 2007) and, therefore, were not included in the results.

5. Discussion

Mechanical properties and surface characteristics of dental
implants play a critical role in successful and stable osseointe-
gration, while poor bone quality, early loading requirements,
and occlusal forces can lead to the failure of implants. Ti is
the material of choice for implant manufacturing because of
its superior biocompatibility, high corrosion resistance, and
good mechanical properties (Depprich et al., 2008). However,
the lack of adequate tensile strength in load-bearing areas led
to the development of newer Ti alloys with better mechanical
properties and biocompatibility similar to commercially pure
Ti. Amongst the newly developed Ti alloys, TiZr (13-15%
Zr) implants have shown promise as a biomaterial with high
strength and a biocompatible alternative to pure Ti
(Bernhard et al., 2009; Gottlow et al., 2012; Kobayashi
et al., 1995).

There are very few studies in the published literature evalu-
ating the mechanical properties of TiZr with 13-17% Zr con-

Table 1 Elemental composition of materials as evaluated by electron dispersive spectroscopy (EDS) analysis.

Titanium% Zr % C N
Ti 97.6 £ 0.89 X 2.4 + 0.89 2.4 + 2.06
TiZr 81.25 £ 2.34 13.2 £ 0.45 242 + 0.53 2.54 £ 0.82
Roxolid® 80.79 + 3.21 13.98 £ 0.58 1.29 + 0.37 2.71 £ 0.54
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Fig. 1

Electron dispersive spectroscopy (EDS) analysis showing the elemental composition. a) Ti b) TiZr and c¢) Roxolid® implants.
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Fig. 2 Young’s modulus (Y) of Ti, TiZr and Roxolid by nanoindentation. There was a significant difference in Y between Ti compared
to TiZr and Roxolid. (**** p < 0.0001, one-way ANOVA, n = 25, whereas no significant difference was observed between Y of TiZr and

Roxolid [p = 0.8712, ANOVA].
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Fig. 3 Hardness (H) of Ti, TiZr and Roxolid by nanoindentation. Roxolid showed significantly higher 'H’ compared to Ti (****

p < 0.0001, one-way ANOVA, n = 25).

centration. Therefore, this study was performed to assess and
compare TiZr alloy (13-17% Zr) and cpTi in terms of the ele-
mental composition, microstructure/crystallinity, and mechan-
ical properties relating to commercially available Roxolid®
implants.

The results of the elemental analysis showed that the com-
positions of TiZr and Roxolid® aligned with the published

studies (Al-Nawas et al., 2012; Chiapasco et al., 2012;
Thoma et al., 2011). When examined using EDS, the composi-
tions of the two alloys exhibited similar percentages of zirco-
nium, with slightly higher Zr content in Roxolid® but still
within the range of 13-17%, suitable to provide the desirable
properties for implant biomaterial (Bernhard et al., 2009;
Gottlow et al., 2012).
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Fig. 4 X-ray diffraction (XRD) patterns of Ti and Ti Zr alloy. A) Ti, B) TiZr alloy and C) Roxolid implants.
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Fig. 5 Electron backscatter diffraction (EBSD). A) Representative crystal orientation map of the a-phase as evaluated using EBSD. Ti
grains are Euler colour coded based on their orientation & B). Histogram of spatial grain size distribution of Ti in pm.

The difference in elastic modulus between implant material
and bone leads to a “‘stress shielding effect”. Higher stiffness or
elastic modulus of the implant will result in a greater amount
of peri-implant bone loss. A study using finite element analysis
showed that lower elastic modulus helps in the distribution of
stress to the surrounding bone and, therefore, promotes bone
formation (Sumitomo et al., 2008).

The results of nanoindentation showed significantly lower
elastic moduli for TiZr alloys (TiZr and Roxolid®) than Ti —
a finding that has been evidenced in previous studies (for
instance, Ho et al., 2008; Ho, 2008; Hsu et al., 2010). This is
possibly because of the change in crystal size and structure
after the addition of Zr (Ho et al., 2008). Nevertheless, implant

materials with lower elastic moduli are beneficial as they
reduce the stress-shielding effect, prevent bone atrophy, and
promote bone reorganisation around the implant (Sumitomo
et al., 2008).

The addition of Zr precipitates the alpha phase by complete
solid solution, which, in turn, increases the hardness of the
alloy, as mentioned earlier (Ho et al., 2008; Kobayashi et al.,
1998). Furthermore, a study indicating the composition depen-
dence of hardness for TiZr alloys has been published (Ho
et al., 2008). The hardness of Ti increases with an increase in
the Zr concentration and reaches a peak when the percentage
of Zr reaches 50% (Kobayashi et al., 1995). The value is
approximately 2.5 times as high as the hardness of pure Ti
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(Kobayashi et al., 1995). For alloys with concentrations of
over 50% Zr, the hardness decreased with the Zr content.
These results were independent of the alloy’s process/heat
treatments (Imgram et al., 1962). The presence of martensitic
microstructure in all Zr alloys — irrespective of heat treatments
— reinforces the fact that the hardness of TiZr alloys is predom-
inantly determined by alloy composition (Kobayashi et al.,
1995).

As seen in the X-ray pattern of the samples, TiZr and Rox-
olid showed peaks in the same positions as Ti. This indicates
that the addition of Zr does not change the crystalline struc-
ture of the material, corresponding to the alpha phase (hcp),
which is in agreement with the results of previous studies
(Ho et al., 2008). There were higher anatase peaks for Rox-
olid®, which may be due to the presence of the oxide layer
formed. It has been reported that as the oxide layer increases,
there is a predominant increase in the anatase phase (Oh et al.,
2005). There was no hint of B phase peaks or any other inter-
mediate phases. This may be because the TiZr alloy is a com-
pletely solid solution, as previously described. The TiZr alloy
shows a complete solid solution for the low-temperature alpha
phase as well as the high-temperature beta phase (Ho et al.,
2008). For the TiZr alloy, the peaks matched those of the
hep alpha phase of Ti. This contributes to an increase in the
hardness of the material.

As for Roxolid® and TiZr, the biggest difference in
microstructure when compared to Ti was that the two alloys
had a crystal size much smaller than that of Ti. Several
attempts were made to prepare the specimens, but we could
not obtain useable pattern qualities. This could be attributed
to the fine grain sizes of TiZr and Roxolid®, which probably
underwent some sort of grain refinement. Also, TiZr is innately
difficult to prepare due to its high level of hardness (Williams
et al., 2010).

The results of the study confirm that the addition of Zr at
13-15% to Ti increase the strength of the implant, which is
beneficial for high-load-bearing areas and lower elastic moduli,
which reduce the “‘stress shielding” effect and eventually lead
to implant failures. The above, along with superior corrosion
resistance, can be useful in designing implants of smaller diam-
eters in narrow ridges with poor bone support, possibly elimi-
nating the need for additional bone grafting procedures.
Further mechanical properties testing, such as removal torque
tests and tensile strength on cyclic loading, should be con-
ducted. These were not done in this study due to the disc
design of the samples, which is a major limitation. Further
studies should be done with a larger sample size and screw-
shaped implants to simulate commercially available dental
implants for clinical application.

6. Conclusion

A lower elastic modulus and significantly higher hardness for
TiZr (13-17% Zr) make this alloy stronger and suitable for
high-load-bearing implants.
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