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Microstructure and dry wear properties of Ti-Nb alloys for dental prostheses
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Abstract: The microstructure and properties of a series of binary Ti-Nb alloys for dental prostheses with niobium contents ranging
from 5% to 20% were investigated. The experimental results indicate that the crystal structure and morphology of Ti-Nb alloys are
sensitive to their niobium contents. When Nb content is 5%, the acicular a crystal grain is observed. When Nb content is 10%, the
coarse equiaxed crystal grain and the fine, acicular o crystal grain are observed. When Nb content is 15%, only the o equiaxed crystal
grain is observed. When the alloy contains 20%ND, the equiaxed and dendritic a crystal grain are observed. For Ti-Nb alloys, the
increase of Nb content modifies the microstructure of Ti-Nb alloys significantly and decreases their compression elastic modulus, in
which Ti-20Nb alloy shows the largest compression strength and Ti-5Nb alloy shows the best plasticity. The dry wear resistance of
Ti-Nb alloys against Grl5 ball was investigated on CJS111A ball-disk wear instrument. For Ti-Nb alloys, Ti-10Nb alloy shows a
smallest steady friction coefficient, Ti-5Nb alloy shows the smallest wear depth and best wear resistance, and Ti-15Nb alloy shows

the largest wear depth and worst wear resistance. The phenomenon of furrow cut happens and furrows form during wear tests.
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1 Introduction

Titanium and its alloys have been increasingly used
for some dental appliances because of their excellent
biocompatibility, corrosion resistance, and mechanical
properties[1—3]. Commercially pure titanium (CP-Ti) has
been pointed out to have disadvantages of low strength,
difficulty in polishing, and poor wear resistance.
Therefore, titanium is still insufficient for high-stress
applications[4]. Ti-6Al-4V alloy, originally developed as
an aeronautical material, has been tested as a
replacement for CP-Ti, because of its higher strength
with sufficient corrosion resistance; however, the
cytotoxicity of elemental vanadium is questionable[5—6].
Subsequently, Ti-6Al-7Nb alloy, developed for
orthopedic application as a wrought material, has been
evaluated as a new alloy for dental casting. Ti-6Al-7Nb
alloy offers a potential biocompatibility advantage over
Ti-6Al-4V owing to the absence of vanadium. But in
terms of mechanical properties it is quite similar to
Ti-6Al-4V, and it still contains aluminum[5—7]. The
preferred titanium alloy for biomedical applications
should have low modulus of elasticity, excellent

mechanical strength, corrosion resistance, formability,
and no potential toxic elements. As a result, Nb, Ta, Mo,
Zr and Sn are selected as the safest alloying elements to
titanium[7—9]. Among other alloys, researchers have
extensively studied Ti-Cu and Ti-Mo alloys in regard to
various properties for dental applications[1, 8, 10].
Otherwise, CHAI et al[10—11] have extensively studied
Ti-Nb alloys for shape memory alloys. But Ti-Nb alloys
for dental applications haven’t been reported. Therefore,
the studies on Ti-Nb alloys for dental applications have
the important academic values and application values.

Wear characteristics constitute another aspect of the
performance of dental alloys. The accumulation of wear
debris will produce an adverse celluar response leading
to inflammation, release of damaging enzymes,
osteolysis, inflection, implant loosing and pain[9].
Therefore, in order to select a suitable dental material, it
is the most important to understand wear behaviour of
experimental materials.

In the present study, the microstructure and
mechanical properties of a series of binary Ti-Nb alloys
with Nb contents ranging from 5% to 20%(mass fraction)
were investigated. Otherwise, the dry wear resistance of
Ti-Nb alloys against Grl5 ball was investigated on
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CJS111A ball-disk wear instrument.
2 Experimental

Ti-Nb alloys with four kinds of contents of niobium
(5%, 10%, 15% and 20%) were selected for this study.
The series of Ti-Nb alloys were prepared from 99.4%
pure titanium powder and 99.9% pure niobium powder
using a commercial arc-melting vacuum-pressure casting
system (LZ5, Luoyang Mingtao Corp. China). The
melting chamber was first evacuated and purged with
argon. Appropriate amounts of metals were melted in a
graphite hearth with a tungsten electrode. The ingots
were remelted prior to casting to improve chemical
homogeneity.

The specimens were cut from as-cast ingots by
electrospark-erosion. The dimension of specimen was
d 12 mm >5 mm. The specimens for observing
microstructure were sanded on SiC paper(grade from 240
to 1 200), finished by polishing with diamond powder
and eroded with 8%HF+15%HNO;+77%H,0. The
solidification microstructures were observed by means of
OLYMPUS BH2- UMA optical microscope (OM) and
transmission electron microscope (TEM) (Philips CM12
TEM). The TEM specimens were produced by
electrolytic jet polishing of 3 mm thin disks cut from the
casting samples. The Vickers hardness measurements
were performed using a HV—5 Vickers tester with a load
of 4.9 N for 30 s. Compression testing was conducted at
room temperature at a rate of 1 mm/min on INSTRON
5 500 compression instrument. The dimension of
specimen was d 3 mm><5 mm.

The dry sliding wear tests were carried out on a
CJS111A ball-disk wear instrument, by using Grl5 ball

as a counterface material (3 mm in radius and hardness
HV750). The specimens for the experiments (disks, 12
mm in diameter and 2 mm in thickness) were cut from
the castings. The experimental parameters were
estimated as follows: dry condition, normal load 2 N,
test-disk rate 100 r/min and test-disk wear radius 3.5 mm.
Friction coefficients were automatically recorded as a
function of time of cycle. Wear scars were examined by
SEM and Nano Indenter XP.

3 Results and discussion

3.1 Microstructure and mechanical properties of

Ti-Nb alloys

The microstructures of Ti-Nb alloys are shown in
Fig.1. When Nb content is 5%, the acicular a crystal
grain is observed (Fig.1(a)). When Nb content is 10%,
the coarse equiaxed crystal and the fine, acicular a
crystal grain are observed (Fig.1(b)). When Nb content is
15%, only the equiaxed crystal is observed (Fig.1(c)).
When the alloy contains 20%Nb, the equiaxed and
dendritic o crystal grain is observed (Fig.1(d)).

Fig.2(a) shows a typical bright-field TEM image of
Ti-5Nb alloy. The thick lath-type structure is observed.
The sizes of the a laths range from 0.5 to 1.5 um. The «
laths appear in different directions. Fig.2(b) shows a
typical bright-field image and Fig.2(c) shows SAD
pattern taken from a phase of Ti-10Nb alloy. The sizes of
the acicular a phase range from 0.15 to 0.3 um and the
acicular a phase appears in different directions.

The main performances of Ti-Nb alloys are shown
in Table 1. All the Ti-Nb alloys have much higher
Vickers hardness values (HV319—-341) than that of CP-Ti
(HV160), Ti-6A1-4V (HV294) and Ti-13Nb-13Zr
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Table 1 Main performances of Ti-Nb alloys

Vickers Compression Compression

. Compression
Alloy hardness strength/ elastic modulus/ i
ratio/%
(HV) MPa GPa
Ti-5Nb 319 1442 26.7 249
Ti-10Nb 333 1423 26.0 18.3
Ti-15Nb 335 1401 24.5 12.3
Ti-20Nb 341 1522 23.3 14.7

(HV285)[8]. Among all Ti-Nb alloys, Ti-5Nb alloy has
the lowest Vickers hardness value (HV319). The
Ti-20Nb alloy has the highest hardness (HV341). Crystal
grain size and crystal structure/phase can affect the
Vickers hardness of the alloy.

Like Vickers hardness, the compression strength of
Ti-Nb alloys (1 442—1 522 MPa) is much higher than
that of Ti-6Al-4V(960 MPa). Among all Ti-Nb alloys,
Ti-20Nb alloy has the highest compression strength
(1 522 MPa), and Ti-15Nb alloy has the lowest strength
(1 401 MPa), while Ti-20Nb alloy has the lowest
compression elastic modulus (23.3 GPa), and Ti-5Nb
alloy has the highest compression elastic modulus (26.7
GPa). Ti-15Nb alloy has the lowest compression ratio
(12.3%) and that of Ti-5Nb alloy is the highest. The
crystal grain structure has an effect on the mechanical
properties.

3.2 Dry wear properties of Ti-Nb alloys

Variation of friction coefficients of Ti-Nb alloys
against Grl5 ball with the lasting test time is shown in
Fig.3. When Nb content is 5%, the friction coefficient is
not constant but takes a higher value between 0.74 and
0.80 (curve 1) at the final stage after cycling for about
950 s. When Nb content is 10%, the friction coefficient
has a sable stage between 0.27 and 0.32 and remains
constant between 0.74 and 0.76 (curve 2) after cycling
for 950 s. When Nb content is 15%, the friction
coefficient is between 0.76 and 0.86 (curve 3) at the final
stage after cycling for 950 s. When Nb content is 20%,

the friction coefficient is between 0.79 and 0.90 (curve 4)
at the final stage after cycling for 950 s.

Under dry condition, at the early stage the alloy
structure is slightly pressed. In the second stage, some
particles gradually detach at the two edges of contact
accompanied by a rapid increase of friction coefficient.
Then, more and more particles are detached. The friction
coefficient is not constant but takes a higher value at the
final stage. The friction coefficient of Ti-10Nb alloy
among all of Ti-Nb alloys is the lowest. The friction
coefficient reflects the wear resistance at some degree.
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Fig.3 Variations of friction coefficients of Ti-Nb alloys against
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Grl5 ball with cycling time

Fig.4 and Fig.5 show the SEM photographs of worn
surfaces and wear particles of Ti-Nb alloys against Gr15
ball, respectively. The worn surface of Ti-10ND alloy is
observed to be much smoother than that of other Ti-Nb
alloys (Fig.4(b)) and the wear particles are smaller than
those of other Ti-Nb alloys (Fig.5(b)). The sizes of wear
particles are 0.5-2.5 um and a few bigger wear particles
are observed. The light furrows are observed on the worn
surfaces of Ti-10Nb, Ti-15Nb and Ti-20Nb alloys
((Fig.4(b), Fig.4(c) and Fig.4(d)) and the wear particles
of Ti-15Nb and Ti-20Nb alloys are bigger (Fig.5(c) and
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Fig.5(d)). The average size of wear particles is about 2
um and the wear particles of Ti-15Nb appear in
aggregation (Fig.5(b)).

The wear track profiles measured by Nano Indenter
XP on the worn specimens are shown in Fig.6. The wear
track profile of Ti-15Nb alloy is very smooth. The wear
track profiles of Ti-5SNb, Ti-10Nb and Ti-20Nb alloys are
not smooth. The wear particles accumulated on the worn
surface cause this result. Table 2 shows the maximum
wear scar depth of Ti-Nb alloys. For Ti-Nb alloys,
Ti-5Nb alloy shows the smallest wear depth and best

wear resistance and Ti-15Nb alloy shows the largest
wear depth and worst wear resistance.

When the clinical longevity of a restoration is
considered, its wear resistance is one of the important
characteristics that must be studied. However, wear
testing procedures are not standardized, and many types
of wear testing have been used[1]. Generally, around or
cone-shaped specimen acting as a stylus opposes a flat
specimen[12]. In general, metals with low theoretical
tensile and shear strengths exhibit higher coefficients of
friction than high-strength materials[1]. An association

Fig.4 SEM photographs of worn surfaces of Ti-Nb alloys against Gr15 ball: (a) Ti-5Nb; (b) Ti-10Nb; (c) Ti-15Nb; (d) Ti-20Nb

Fig.5 SEM photographs of wear particles of Ti-Nb alloys against Gr15 ball: (a) Ti-5Nb; (b) Ti-10Nb; (c) Ti-15Nb; (d) Ti-20Nb
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Fig.6 Cross-section profiles of wear tracks for Ti-Nb alloys: (a) Ti-5Nb; (b) Ti-10Nb; (c) Ti-15Nb; (d) Ti-20Nb

Table 2 Maximum wear scar depth of Ti-Nb alloys

w(Nb)/% Maximum wear scar depth/um
5 5.373
10 7.394
15 10.735
20 7.312

between wear characteristics and hardness was reported:
wear value decreases with increasing hardness. When the
properties of titanium materials are evaluated by
parameters obtained from indentation depth, the depth
was found to decrease with increasing content of
impurities. The change in depth value is caused by the
effect of yield strength and flow stress[13—14]. However,
in previous studies on CP titanium and some titanium
alloys, OHKUBO C et al did not find any correlations
between the amount of wear and the strength data. And
they also found that there is no correlation between the
bulk hardness and wear[1]. In addition, there are other
factors for wear characteristics. Wear particles have an
influence by a surface-damage mechanism, and the
surface condition is reported to be influential in the wear
characteristics of dental amalgam alloys[15—16]. We did
not find any correlations between the amount of wear
and the strength data of Ti-Nb alloys. Otherwise, it was

also found that there is no correlation between the bulk
hardness and the wear of Ti-Nb alloys.

4 Conclusions

1) The microstructure and mechanical properties of
Ti-Nb alloys was evaluated. For Ti-5Nb alloy, the
acicular o crystal grain is observed and the coarse
equiaxed crystal and the fine, acicular a crystal grain are
observed in Ti-10Nb alloy. For Ti-15Nb alloy, only the
equiaxed crystal is observed and the equiaxed and
dendritic a crystal grain is observed in Ti-20Nb alloy.

2) The Vickers hardness values of Ti-Nb alloys
increase with the increase in the niobium content. The
compression modulus decreases with the increase in the
niobium content. Among all Ti-Nb alloys, Ti-20Nb alloy
has the highest compression strength (1 522 MPa) and
Ti-15Nb alloy has the lowest strength (1 401 MPa).

3) Wear characteristics can be partially attributed
not only to mechanical properties but also to surface
condition and the microstructures of Ti-Nb alloys. For
Ti-Nb alloys, Ti-5Nb alloy shows the smallest wear
depth and best wear resistance and Ti-15Nb alloy shows
the largest wear depth and worst wear resistance.

4) The phenomenon of furrow cut happens and
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furrows form during wear tests.
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