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ABSTRACT

Objectives

This structured review was performed to analyse the mechanical properties and biological
implications of the Titanium-Zirconium alloy and to associate the findings with human bone
parameters.

Materials and methodology

A thorough search was done in Medline/ PubMed databases, Cochrane library, IEEE Xplore,
Google scholar to search for articles on Titanium-Zirconium Implants upto February 2019. The
structured review was performed in accordance with PRISMA/PICO requirements.

Results
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Total number of articles collected from the search was 8 out of which 2 were included from hand
searched articles. The studies included in the review evaluated the mechanical properties and
biological implications of Titanium-Zirconium alloy with varying proportions of zirconium.
Conclusion

Titanium-Zirconium is a popular alloy that started off as an alternative for Commercially pure
Titanium (Cp Ti) and Ti-6Al-4V(TAV) dental implants. Claims have been made that the Ti-Zr
alloy is superior in strength and more biocompatible to Cp Ti and TAV. It has been implied that
different concentrations or ratios of Zirconium complexed with titanium change the mechanical
and biological properties of the material. Currently Ti 13-17Zr is the most popular alloy for
dental implant. Hence in this review, we have attempted to evaluate the mechanical properties
and biological implications of Ti-Zr, based on various studies done with different ratios of Ti-Zr.
Keywords: Titanium-Zirconium, Zirconium-Titanium, mechanical properties, cytotoxicity,

tensile strength

1. INTRODUCTION

Titanium (Ti) is the most biocompatible and
nontoxic biomedical material [1]. Pure Ti
was first used for medical application in the
1960s [2]. Commercially pure Ti(Cp Ti) and
TiNi, Ti-6Al-4V(TAV), Ti-6Al-7Nb are
among the materials currently being used for
this purpose [2, 3]. But then researchers
discovered the strength of Ti to be too low
which impeded its wide application. It has
been reported that the gradual release of
aluminium and vanadium ions from the
surface of Ti-6Al-4V alloy into the
surrounding fluid causes local adverse tissue
reactions and immunological responses [4].
Therefore, an increasing number of

researchers were devoting themselves to

search for alternative Ti alloys to replace

CP-Ti in implant use [5]. The need to
develop an implant material which has
improved  mechanical  strength  while
retaining biological properties of existing
titanium alloys [6] culminated in to the
invention of Titanium-Zirconium alloy.

The development of new Ti—Zr alloys for
medical devices was first established in 1995
when [7] investigated this new alloy for its
suitability as a biomedical implant [7].
Zirconium (Zr) and Ti belong to the IVb
group in the periodic table, thus possessing
similar chemical properties [3]. Zirconium is
considered a neutral element when added to a
solid solution with titanium because it has an

identical allotropic transformation with a

similar phase transition temperature. When in
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a solid solution with titanium, in both a and
phases, it promotes hardening and slows the
speed of phase transformation. This element
has great solubility in both crystalline phases
of titanium and can form alloys of various
proportions, with proportional increases in
mechanical strength (such as tensile strength,
hardness, and flexural strength) and
improvement in corrosion potential [3].
Earlier studies have shown that the formation
of solid solutions with zirconium can
decrease the o' martensitic transformation
temperature of titanium [3, 8]. The addition
of zirconium can also decrease the melting
temperature of titanium, which can reduce
the cost of casting and swaging [3]. It was
found that Zr offers a superior corrosion
resistance over most other alloying systems
across a wide range of environments and Zr
also shows an acceptable mechanical strength
and satisfactory biocompatibility [9].

Improved mechanical properties of Ti-Zr
compared to Ti need to be supported by
improved biological characteristics to result
in better osseointegration and implant
success. Literature has reported poor cell
adhesion and cell proliferation of Ti-Zr in
comparison to Ti [10]. Literature evidence
demonstrates positive correlation between

the levels of Zirconium and alkaline

phosphatase levels. Owing to the negative

biological effects reported, it is very
important to further look into the evidence
available on the biological implications of
addition of zirconium to titanium.

2. MATERIALS AND METHODS

This review was done in accordance with the
PRISMA guidelines which were laid down
by [10]. The structured search question was
framed using PICO method given by [11].
The search strategy was then formulated
using the same search question. The
structured question was then wused to
formulate the search strategy.

SEARCH QUESTION: At what
concentration of Zirconium in TiZr alloy are
the mechanical and biological properties
closest to human bone?

SEARCH STRATEGY:

The search strategy included searching
MEDLINE/ PubMed, Google Scholar,
Scholar’s portal, IEEE database. PICO search
terms were used are mentioned below.

P- zirconium titanium, zirconium titanium
alloys, zirconium titanium implants, titanium
zirconium  alloys, titanium  zirconium
implants, zr ti, zr ti implants, ti zr, roxolid,
narrow diameter implants.

I- compressive strength, tensile strength,
shear strength, fatigue, cyclic fatigue, fatigue

strength, biomechanics, hardness, hardness

number, surface roughness, sla, slactive, acid
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etching, sand blasting, density, corrosion,
corrosion resistance, mechanical properties,
elastic modulus, modulus of elasticity,
biomaterials.

O- osseointegration, cell adhesion, cell
attachment, cellular attachment, osteoblasts,
fibroblasts,

macrophages,  cytotoxicity,

biocompatibility, cytocompatibility,
histochemistry, mesenchymal cells, cell
differentiation.
HAND SEARCHED ARTICLES:
In order to complete the search the following
journals were hand searched for articles on
the subject of interest from January 1970 to
January 2019

- Journal of Prosthetic Dentistry

- Clinical Oral Implant Research

- Journal of Prosthodontics

- Journal of Biomaterial Applications

- Journal of Alloys and compounds

- Journal of Material Sciences
This research was supplemented by cross
checking the reference lists of the selected
studies and review articles to locate

additional papers that could meet the

eligibility criteria fixed for this study. Also,
the “grey literature” was investigated by
means of direct contacts with the authors.
INCLUSION CRITERIA:

- Atrticles with studies on Titanium-
Zirconium alloy or implants and the
mechanical properties and biological
implications.

- Outcome measures included are
mechanical properties

- In vitro studies included

- Studies answering the PICO
questions

- Invivo Animal studies are included

- Studies with various compositions of
Ti-Zr

EXCLUSION CRITERIA:

- Review studies

- Case reports

- Surface treatments and treated

- Alloys of Ti-Zr with other metals

- Studies where ratios of composition
of Ti-Zr is not mentioned

mechanical

- Clinical studies with

properties evaluated
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Figure 1: Flowchart showing search strategy
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Figure 2: PICO terms used to search in the PubMed database
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3. RESULTS

A total of 316 articles were obtained from the
database search. Out of these 316 articles, 26
articles were selected after title exclusion.
Two more articles were added by hand
search which made a total of 28 articles.
After this, a full text evaluation of these 28
articles was done; of which only 8 were
included into the structured review based on
the inclusion criteria. The data was extracted
independently by two examiners. Where
resolution was not possible, a third review
author was consulted.

After data extraction, the studies were sorted
inclusion and

based on predetermined

exclusion criteria. Studies rejected at this or

subsequent stages were recorded in the table

of excluded studies, and reasons for
exclusion recorded the data extraction forms
were piloted on several papers and modified
as required before use. All authors were
contacted for clarification or missing
information.

From the reviewed 8 articles, mechanical
properties and biological implications were
extracted using data extraction table. 6 out of
8 studies have done biocompatibility and
cytotoxicity tests and 7 out of 8 have done
tests on mechanical properties. Compressive
strengths of varying concentrations of TiZr

were evaluated only in one study.
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NA
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NA

NA

NA

NA
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Lotz et al
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No

No

Lee et al
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Ti 202r

Ti 30Zr
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Alpha MEM

Mouse osteoblasts;
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35%

Yes

Corderio et al*
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July 2018

TAV

Ti5Zr

Ti10Zr

Ti15Zr

CpTi

TAV

Ti5Zr

Ti10Zr

Ti15Zr

Alpha MEM

Mouse osteoblasts;
MC3T3-E1

«

Chen et al

Ti

March 2008

Zirconium

Simulated body
fluid

Ti 50Zr

NA

NA

NA

No

Figure 4: Data extraction table showing Biological implications
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Table 1: Risk of bias

S. No

Study Title

Randomisation

Allocation
concealment

Blinding

Risk of bias

Microstructure, mechanical properties,
and preliminary biocompatibility evaluation of
binary Ti-Zr alloys for
dental application

No

No

No

High

Evaluation of corrosion resistance of implant-use
Ti-Zr binary alloys with a range of compositions

No

High

Comparable responses of osteoblast
lineage cells to microstructured hydrophilic
titanium—zirconium and microstructured
hydrophilic titanium

No

High

Titanium -Zriconium binary alloyas dental implant
material: Analysis of the influence of compositional
change on mechanical properties and in vitro
biologic response

No

High

The effect of the solute on the structure, selected
mechanical properties, and biocompatibility of Ti—
Zr system alloys for dental applications

No

High

The influence of surface energy of titanium-
zirconium alloy on osteoblast cell functions in vitro

No

High

Characterization of chemically treated Ti-Zr system
alloys for dental implant application

No

High

Effect of Surface Roughness of Ti, Zr, and TiZr on
Apatite Precipitation From Simulated Body Fluid

No

High

4. DISCUSSION

The current structured review, reviews &
articles on titanium zirconium alloys. In the
collected articles, mechanical properties of
various compositions / ratios of titanium
zirconium were given. However the
exclusions were not statistically significant
and so larger studies with stronger design are
required to provide conclusive evidence. A
Meta-analysis could not be performed with
the studies

included, as the outcome

parameters measuring the mechanical

properties were different in all the studies.

4.1 MECHANICAL PROPERTIES:
Mechanical properties define the quality of
the implant and its close approximation to the
bone.

4.1.1 COMPRESSIVE STRENGTH

In a study by [12], they have evaluated the
effect of increasing concentrations of
Zirconium in TiZr alloy. The study showed
that as the ratio of zirconium increases the
compressive strength increases. In all the
included studies this is the only study where

compressive strengths were evaluated. Ti—Zr

alloys consist of alpha and beta phase with

IJBPAS, October, 2020, 9(10)
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lamellar shapes which increases the
compressive strength as the concentration of
Zr increases.

4.1.2 TENSILE STRENGTH

Tensile strength is the property that resists
the plastic deformation of metal. Higher the
tensile strength the lesser plastic deformation
happens while torque loading a dental
implant. In the study by [13], the tensile

strengths of Til0Zr, Ti30Zr, Ti50Zr, Ti70Zr

were studied with an Instron-type universal
testing machine. There is an increase in the
tensile with a ratio of Ti30Zr upto 980 Mpa,
which was also the result given by [14]. The
rise in tensile strength was seen till 30%
concentration of Zirconium and a gradual
drop was seen as the Zr concentration
increases beyond 30%. Grade 4 Titanium has
a tensile strength of 970 Mpa as studied by
[15] which put Ti 30Zr closest to it.

Lee et al 2016

B Tensile strength Mpa

Ti 10Zr Ti 30Zr

Ti 50Zr Ti 70Zr

Figure 6: Graphical representation of the effect of variation in the proportion of zirconium in Ti-Zr alloy on the tensile
strength

4.1.3 ELASTIC MODULUS

Elastic modulus is an important property to
implant materials and it should be
comparable to that of bone tissue to prevent
bone atrophy and to stimulate its remodeling
by the effective load transfer and uniform
stress distribution [16, 17]. It is an important
factor whether the stress shielding (i.e.

insufficient loading of bone due to the large

difference in elastic modulus between the
implant device and its surrounding bone)
occurs or not [1, 3, 18]. It is reported that the
elastic modulus of human bone ranged from
4.4 to 28.8 GPa [1]. According to [12], the
elastic modulus of Cp Ti shows an elastic
modulus of 103 GPa while the series of Ti—
Zr alloys exhibited lower elastic modulus

ranging from 53.5 GPa for Ti-35Zr to 59.3

IJBPAS, October, 2020, 9(10)
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GPa for Ti-5Zr which is much closer to
human bone. [13] also presented in his study
that elastic modulus of Ti 45-50Zr showed 85
GPa where Cp Ti showed more than 120

GPa. In the study by [19] there is an
imbalance in the graph of elastic modulus
comparing TAV, Cp Ti and Ti-xZr, where
TAYV showed highest elastic modulus

Corderio et al 2018

CpTi TAV Ti 5Zr Ti 10Zr

B Elastic modulus Gpa

Ti 15Zr Bone

Figure 7: Graphical representation of the effect of variation in the proportion of zirconium in Ti-Zr alloy on the elastic
modulus

4.1.4 HARDNESS

Of the included articles only 2 studies
performed Vickers Hardness test on various
concentrations of TiZr. As per [19], there is
an increase in the hardness of the alloy at
Ti5Zr and a gradual decrease from beyond.
In another study by [13], the vickers hardness
test results shows an increase from Til0Zr to
Ti40Zr and a gradual drop till Ti90Zr. The
TiZr ingot used in the previous study is 2 mm
thickness whereas the later one is 1 mm
thickness showing increased hardness for
narrow diameter implants.

4.1.5 SURFACE ROUGHNESS

Roughness of the implant is assessed after it
undergoes surface treatment. The surface
roughness of the implant changes based on
the type of surface treatment and the material
with which the implant is made. Hardness
also places a roll in surface the treatments as
the higher the value the harder it is to abrade
a surface. [20] in his study used different
grits of Silicon Carbide abrasive (SiC) and
ground the implant samples. This study was
performed comparing Ti, Zr and Ti50Zr,
where the results showed no significant

difference in the surface roughness when

treated with different grits of SiC. Only

IJBPAS, October, 2020, 9(10)
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Ti50Zr showed a slight lower microns of
roughness comparably. A study was done on
Anodization of Ti50Zr by [21] also showed
increase in the surfaces roughness. Ti5S0Zr
shows a

roughness of 0.17um on

anodization. On comparison, Ti50Zr showed
better surface roughness on anodization
(0.17um) compared to SiC grit abrasives
(0.2um).

Chen et al 2008

2

12
I 0.6
Ti

i

Zr

120 grit
1.2| B 240 grit
600 grit

B 1200 grit

0.4

i

Ti 50Zr

Figure 8: Variation in the surface roughness depending on the different grits of Silicon Carbide used to abrade the
surface of Ti-Zr alloy

4.2. BIOLOGICAL IMPLICATIONS
Biocompatibility is the second important
property as the lack of it is a failure of the
material. The properties considered for the
structured review are, cell attachment, cell
differentiation, cell viability etc were
evaluated. Of the 8 included studies, 6
articles showed cell culture results.

4.2.1 CELL ATTACHMENT /
ADHESION

It is the first criteria we looked into in
biological implications. In all the included

studies cell attachment was assessed by

osteoblasts of which 4 studies used mouse

osteoblasts, 1 study used Murine osteoblasts
and 1 used Normal Human Osteoblasts
(NHO). [12] mentioned that no adverse
effects were seen on biocompatibility and
cytotoxicity testing with osteoblasts on
various compositions of TiZr. In [13] study,
density of cell attachment was high on
Ti30Zr on a 4 hour culture and shifted to
Til0Zr at 24 hour. Impaired cell adhesion
and spreading were noticeable with a higher
Zr concentration among all the alloys. [22]
showed in his study that the biocompatibility
of Cp-Ti slightly decreases with the addition
of Zr. This means that the Zr has slightly

IJBPAS, October, 2020, 9(10)
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affected the biocompatibility of Cp-Ti. But
the advantage of using Zr to enhance the
mechanical properties of Cp-Ti outweighs
this slight decrease in biocompatibility.

4.2.2 ALKALINE PHOSPHATASE

ALP is linked to the membrane via
glycosylphosphatidylinositol (GPI) anchors
by means of posttranslational modification.
Tissue-nonspecific  alkaline  phosphatase
(TNAP) is expressed on the cell membrane
of hypertrophic chondrocytes, osteoblasts,
and odontoblasts, and is also concentrated on

the membranes of the matrix vesicles

budding from these cells [23, 24]. Rise in

alkaline phosphatase is the measure of cell
differentiation. These levels were evaluated
in 3 studies. As per [10] there were minimal
but comparable values of alkaline
phosphatase between Ti SL Active and TiZr
SL Active, but significant difference with the
Tissue culture polystyrene (TCPS) which is
the control group. In [13] study, the alkaline
phosphatase levels were high on Til0Zr on
day 7 and high on Ti50Zr on day 12 culture.
A study by [21] also showed an increase in
ALP levels with addition Zirconium to

titanium.

Table 2: Levels of evidence

S. No

Study

Type

Level

Microstructure, mechanical properties,
and preliminary biocompatibility evaluation of binary
Ti-Zr alloys for
dental application

In vitro study

Level 5

Evaluation of corrosion resistance of implant-use Ti-Zr
binary alloys with a range of compositions

In vitro study

Level 5

Comparable responses of osteoblast
lineage cells to microstructured hydrophilic titanium—
zirconium and microstructured hydrophilic titanium

In vitro study

Level 5

Titanium -Zriconium binary alloyas dental implant
material: Analysis of the influence of compositional
change on mechanical properties and in vitro biologic
response

In vitro study

Level 5

The effect of the solute on the structure, selected
mechanical properties, and biocompatibility of Ti-Zr
system alloys for dental applications

In vitro study

Level 5

The influence of surface energy of titanium-zirconium
alloy on osteoblast cell functions in vitro

In vitro study

Level 5

Characterization of chemically treated Ti-Zr system
alloys for dental implant application

In vitro study

Level 5

Effect of Surface Roughness of Ti, Zr, and TiZr on
Apatite Precipitation From Simulated Body Fluid

In vitro study

Level 5
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5. CONCLUSION
Based on the structured review, TiZr has
shown better mechanical properties. The
elastic modulus of TiZr is much closer to that
of human bone when compared with Cp Ti
which makes it a better implant material. The
biocompatibility and cytotoxicity of TiZr is
comparatively lesser than Cp Ti which is
overlooked due to the need for implants with
better mechanical properties.
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