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Abstract

Among various brittle materials, the mica-based glass-ceramics are of greater scientific interest, because of their machinability. Considering the
potential of these materials as dental implants, an understanding of the wear behavior in oral environment is important. In the present investigation,
K,0-B,0;-A1,0;-Si0,-MgO-F glass-ceramics containing about 70% crystals, heat treated at 1040 °C for 12 h was subjected to fretting against
steel ball in artificial saliva (AS) environment. In order to elucidate the influence of environment on the friction and wear behavior, control
experiments were also performed under dry ambient conditions. A systematic decrease in wear rate with test duration was recorded with a
minimum wear rate of 10~> mm?®/Nm after 100,000 fretting cycles in AS medium. Scanning electron microscope—energy dispersive spectroscopy
(SEM-EDS) analysis indicated the formation and brittle fracture of tribochemical layer in AS medium, whereas mica crystal pull-out was a

dominant mechanism in dry conditions.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Inlast two decades, various biocompatible ceramic and glass-
ceramic (GC) materials have been researched for biomedical
and dental applications'. The dental ceramics/GC are particu-
larly considered for use as restorative materials and supporting
structures. Based on the increasing clinical problems associ-
ated with the long time wear of the dentine, Mair and others
attempted to investigate the wear mechanisms of human teeth
and glass-ceramic materials.”> While considerable work has
been carried out in microstructural evolution of various GC
materials,®'? systematic research in understanding the domi-
nant wear mechanisms is rather limited for this important class
of material.

In a study on the dry unlubricated sliding behavior, Park and
Ozturk'? demonstrated the dominating influence of the amount
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and orientation of wollastonite phase on the hardness and wear
of the apatite—wollastanite (A—W) GC. The wear resistance of
the material decreased as the wollastonite amount is decreased.
In different work Xiao et al. observed that the frictional proper-
ties of CaO-MgO-Al;03-Si0O; (CMAS) glass-ceramics were
related to the contact pressure and sliding speed, while plastic
deformation and recrystallization were identified as dominant
wear mechanisms during sliding tests in dry conditions.!* The
tribological study with Dicor glass-ceramic against alumina
revealed higher COF of 0.8 in dry conditions.!> Based on the
Hertzian contact studies, it was argued that the wear of mica-
containing Macor GC is controlled by the short-crack toughness
as well as by the size and volume fraction of mica plates.'>!6
In a tribological study of feldspathic porcelain ceramics
against silicon nitride in simulated oral conditions, Yu et al.
illustrated the prominent effect of load than sliding speed and
frequency of oscillation.!” The reduction in friction and wear
of cordierite GC was attributed to the formation of thin gel-
like reaction layers as a result of ion-exchange in hydrochloric
acid, while the network dissolution process was responsible
for the increased wear and friction in caustic soda solutions.'®
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Table 1
Composition of base glass used in the present work.

Starting materials Precursor constituent ~ Amount (in wt.%)

Quartz powder SiO, 48.94
Aluminum nitrate nona hydrate AlL,O3 16.29
Magnesium hydroxide carbonate MgO 17.45
Potassium nitrate K,O 7.15
Boric acid (H3BO3) B,03 5.25
MgF, F~ 3.85

Nagarajan et al. reported a clear transition of wear from local-
ized fracture at low load to contact or spallation mode at high
loads, when mica-containing GC were slided against alumina
under distilled water lubrication. It was further argued that
microcrack-induced fracture occurs either along the interface
of weak mica—glass interface or mica cleavage planes.!” In
another study of the sliding of glass composites against alu-
mina in distilled water, it was found that the wear dominates
by formation and delamination/dissolution of the tribochemical
layer/products.?’

The present work is a part of our ongoing research
activity in the area of GCs. In our recent work,21:22
the development of some unusual spherulitic—dendritic
crystals as well as their in vitro dissolution proper-
ties of KoO-B>03-Al,03-S10,-MgO-F glass-ceramics were
reported. In a follow-up work, it was demonstrated how the vari-
ation in fluorine content over 1-4% influences the crystallization
as well as microstructure development and mechanical proper-
ties (hardness, strength) in K,O-B>03-Al,03-Si0,-MgO-F
glass—ceramics.23 In particular, these GC materials exhibited
higher hardness and comparable elastic modulus values than
that observed in any other dental restorative materials.”! In
order to explore the potential of this compositionally varied GC
system for use as dental restorative material, a clear understand-
ing of the tribological behavior is essential. In this perspective,
the purpose of the present work is to understand the friction
and wear behavior of the K;O-B;03-Al,03-Si0,-MgO-F
glass-ceramic material with 70% mica crystal content, when
subjected to fretting against steel. A major part of the work
is focused in elucidating the influence of environment on the
mechanisms of material removal, when tested in dry and AS
medium.

2. Experimental procedure
2.1. Production and characterization of GC

The composition used for production of GC in the
K>0-B;03-Al,03-Si0,—MgO-F system is given in Table 1.
Various precursor materials used to produce the base glass
include high purity optical grade quartz flour (Sipur Al
Bremthaler Quartzitwerk, Germany), aluminum nitrate nona
hydrate (Riedel-de-Hahn AG, Germany), magnesium hydroxide
carbonate (Merck, Germany), potassium nitrate (Merck, Ger-
many), boric acid (Merck KGaA, Germany), and MgF, (Merck
KGaA, Germany). The glass batch of appropriate composition

Table 2
Mechanical and physical properties of the glass ceramic (GC), used in the
tribological study.

Density (gm/cc) 2.83

Three-point flexural strength (MPa) 80.6£7.7
Elastic modulus (GPa) 69.7+£2.9
Vickers hardness (GPa) 64+12

was mixed by Eirich Mixer (Germany) for 5min, and there-
after, melting of the glass composition was carried out in a
platinum crucible at 1550 °C for 2h using electrical furnace.
The glass melts were cast into a mild steel mould to obtain
plates, and subsequent annealing was performed for 2h in the
temperature range of 600-650 °C. The composition of the base
glass was analyzed by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) (spectroflame modula FTM 08,
Germany). Two-stage heat-treatment was done to crystallize
the glass to convert into GC. The nucleation was done in the
temperature range of 750-850 °C for 6 h, followed by crystal-
lization at 1040 °C for 12h holding time. Our earlier study?>
illustrated that the combination of the above processing scheme
produces glass-ceramic material with optimal combination of
crystal volume fraction and mechanical properties. The heat-
ing and cooling rates were maintained at 180 °C/h throughout
the heat treatment cycle. The surfaces of the samples were pol-
ished using standard metallographic (emery) papers and finally
with diamond paste (from 9 to 0.25 wm). The final surface
roughness of the samples prior to wear testing was measured
using Laser surface profilometer (PGK-120, Mahr, Germany)
and found in the order of 0.05 wm. The spatial resolution and
vertical resolution of the profilometer are 0.1 pwm and 0.5 nm,
respectively (claimed by the manufacturer). The polished sur-
face was etched with 12% hydrofluoric acid (HF) with varying
time of 1-3 min at different zones of the sample for revealing
the crystal morphology in the bulk GC sample. The conven-
tional point counting method using SEM images of the etched
surfaces revealed a large amount (70 vol.%) of mica crystals
in the investigated GC material. Various mechanical proper-
ties of the GC material are listed in Table 2. More details

about the properties of the GC can be found in our recent

paper.?

2.2. Tribological study

The tribological experiments were performed using a
computer-controlled fretting machine (DUCOM TR281-M,
Bangalore, India), which produces linear relative oscillating
motion with ball-on-flat configuration. By a stepper motor, the
flat sample was made to oscillate with a relative linear displace-
ment of constant stroke and frequency. The displacement of the
flat sample was monitored by an inductive displacement trans-
ducer and a piezoelectric transducer was used to measure the
friction force. Variation in tangential force was recorded and
the corresponding COF was calculated on-line with the help
of a computer-based data acquisition system. More details of
the tribometer can be found elsewhere.?* Polished GC bars
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Fig. 1. (a) Schematic diagram of the fretting wear tester and (b) tribological contact. P is applied load.

of 25mm x 5mm x 4 mm were used as flat (moving) materi-
als and commercial SAE 52100-grade steel (hardness ~ 7 GPa)
balls of 10 mm diameter were selected as counterbody (sta-
tionary) materials. It can be noted here that the ideal mating
material would have been natural human tooth. However, steel
counterbody was chosen based on two reasons: (a) similar hard-
ness as that of the developed GC or dental prosthetic materials
(Ni—Cr alloy, ceramic, etc.) and (b) the difficulties in prepara-
tion of ball samples with human tooth material. Similar wear
studies of dental materials against steel were also previously
reported.”> Schematic of the selected tribological contact is
shown in Fig. 1(b). Prior to wear testing, both GC and steel
samples were ultrasonically cleaned using acetone. The fret-
ting tests were carried out in ambient conditions in air without
using any lubricant (dry conditions), and using AS medium with
selected parameters of 1 N load, 8 Hz oscillation frequency and
100 wm (gross slip regime) linear stroke length. The compo-
sition of AS is given in Table 3. The experiments were done
for different test durations of 5000, 10,000, 50,000 and 100,000
cycles.

After wear testing, the surfaces were cleaned with acetone
and the wear volume was computed from the measured trans-
verse wear scar diameter using Klaffke’s equation.?® It must
be noted that the use of this equation is justified for fretting
conditions where the wear scar diameter is larger than twice
the Hertzian contact diameter, which is in accordance with our
experiments. Furthermore, from the estimated wear volumes,
the wear rates [wear volume/load x sliding distance) mm3/Nm]
were calculated. SEM—EDS analysis was performed in order to
identify the dominant mechanisms of material removal.

3. Results
3.1. Friction and wear data

The friction and wear properties of investigated GC against
steel were evaluated both in air (dry) and AS media for differ-
ent test durations. The COF was measured continuously during
the entire test period. All the tests were repeated for two to
three times and the reproducibility of the frictional behavior is
fairly confirmed. In Fig. 2, the average value of experimentally
measured COF is plotted against test duration for GC/steel tri-
bocouples in both conditions of dry and AS. In general, COF
sharply increases within first few thousand cycles and thereafter
attains the steady state condition. A higher COF value of 0.88
was recorded for the GC/steel couple when tests were conducted
in dry conditions, while a COF of 0.67 was recorded in case
of AS medium tests. Also, noticeable fluctuations still appear
throughout the steady state region for both the cases.

The high COF value measured in dry conditions can be
attributed either due to the interaction of the asperities of two
mating surfaces or due to the interaction of glass-ceramic asper-
ity with hard debris particles. As will be mentioned below,
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Table 3
Composition of artificial saliva.
Material Amount (gm) per 1L Comment

of distilled water
NaCl 0.4 99.9% pure, AR grade
KCl 0.4 99.5% pure, AR grade
CaCl,-2H,0 0.795 99.5% pure, AR grade
NaH,PO4-2H,0 0.78 99% pure, AR grade
Na,S-9H,0 0.005 99.9% pure, AR grade
Urea 1 99.5% pure, AR grade

Number of cycles

Fig. 2. Evolution of COF during fretting of investigated GC in dry and AS
environment. Counter body: 10 mm diameter steel ball; load: 1 N; stroke length:
100 wm; oscillation frequency: 8 Hz.
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the wear involving steel counterbody always produces iron
oxide debris particles, which are even harder than steel mat-
ing body. Therefore, the abrasion by hard oxide debris in case
of dry conditions, i.e. more contributions from the second factor
will evidently lead to increased COF. However, such scenario
changes in AS medium and the particular effect of AS medium
on the friction and wear behavior will be further discussed in a
later section.

The wear rate data for the investigated GC materials is
presented in Fig. 3. Irrespective of environment, the wear
rate systematically decreases with the fretting test duration.
It appears that the wear rate for the investigated GCs in the
selected tribological environment varies in the range of 10™*
to 107> mm3/Nm. Considering the application of extremely low
load (1 N) and also low sliding velocity (much less than 0.1 m/s),
the wear rate of the investigated GC against steel is one order of
magnitude higher than that of various structural ceramic mate-
rials (typical wear rate ~10~ mm?3/Nm), investigated earlier in
our group.?’ Such difference is obvious to expect because of
much lower hardness of the presently investigated GC mate-
rials. However, when compared with other GC materials, the
wear rate of the investigated GC is at least one order of magni-
tude lower.!d Further, it is evident from Fig. 3 that wear rate is
less in AS medium than in dry conditions at any given test dura-
tion. The wear rate decreases systematically from 3.5 x 107 to
1.2 x 107> mm?>/Nm during fretting of GC in dry or AS environ-
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Fig. 3. Wear rate of GC after fretting in dry and AS medium for different time
duration. Around 10-15% deviation around the reported data were measured in
our experimental results.

ment. After fretting for 100,000 cycles, a maximum wear rate of
9 x 1075 mm3/Nm is measured for GC in dry conditions, while a
minimum wearrate of 1 x 10> mm3/Nm for GC in AS medium.
From the above observation of lower magnitude of wear rate and
decreasing trend in wear rate with test duration, longer durabil-

Fig. 4. SEM image illustrating the overall fretting damage experienced by GC plate, after testing against steel ball at 1 N load for 5000 cycles, 8 Hz frequency,
100 pm stroke length (a and b) in dry condition and (c and d) AS medium. Inset in (b) shows EDS analysis of the corresponding worn surface. The doubly pointed

arrows indicate fretting directions.
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400 pm o

Fig. 5. SEM image illustrating the fretting damage experienced by GC plate, after testing against steel ball in dry condition (a and b) and AS (c and d) at 1 N load
for 10,000 cycles, 8 Hz frequency, 100 m stroke length. Inset in (d) shows EDS analysis of the tribolayer. The doubly pointed arrows indicate fretting directions.

ity or better wear resistance during long-term application of the
presently investigated GC could be expected.

3.2. Wear mechanisms

In order to understand the nature of dominant mechanisms
during the wear process, detailed SEM—EDS analysis of worn
surfaces of investigated GC samples was conducted after fret-
ting against steel in different environment. Some representative
SEM images of the worn surfaces at different stages (number of
cycles) of fretting are presented in Figs. 4 through 7.

During initial stages, the overall fretting damage of the GC
in dry conditions reveals dispersion of small size debris parti-
cles (Fig. 4a and b). EDS analysis (inset in Fig. 4b) reveals the
presence of iron along with the glass elements (aluminium, mag-
nesium, silicon, fluorine, potassium, oxygen, etc.), indicating
material transfer from steel ball. However, the tribolayer forma-
tion is significantly absent in dry conditions. On the other hand,
the worn surface is mainly characterized by the formation of
tribolayer after fretting in AS medium for 5k cycles (Fig. 4c and
d). Though the layer does not cover entire area of the wear scar,
deformation or smearing of the smooth layer is certainly evi-
dent. Fig. 5 represents the worn surfaces of GC after 10k cycles.
The striking difference from the earlier stage is the severity of
the wear in terms of considerable pull-outs and increased num-
ber of debris when fretted in dry conditions (Fig. 5b). However,

the absence of potential tribolayer indicates that its formation
is not feasible after 10k cycles. In case of AS medium, a thick
tribolayer appears to form, while its removal is evident through
peel-off or delamination (Fig. 5d). Further, one may note that
the wear scar is elliptical, when compared against circular wear
scar in dry conditions (Fig. 5¢).

The roughness, pull-outs as well as the number of agglom-
erated brighter debris particles increased, when the wear
progresses to S0k cycles in dry conditions. When the EDS spec-
trum of the unworn GC surface (inset in Fig. 6a) is compared
with that of debris (inset in Fig. 6b), it can be understood that
fretting results in the pull-out, and oxidation of the constituents
of GC as well as the counterbody steel material. Further, the
iron found in the debris on the worn surface of GC indicates
material transfer from steel ball. On the other hand, prolonged
duration of fretting in AS medium resulted in the small and
elliptical wear scar that is completely covered with the dense
layer (Fig. 6¢). The dispersion of debris around the periphery of
the wear scar is interesting to note, which is otherwise absent
in case of dry conditions. Such dispersion of debris might be
attributed to the continuous flushing in and out of the AS due
to the reciprocating action of fretting. High magnification SEM
image of the GC worn surface after 50k fretting cycles (Fig. 6d)
reveals the presence of large number of cracks, indicating the
characteristic brittle fracture and spalling of the tribolayer. Sim-
ilar features were explained as a result of contact fracture and
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Fig. 6. SEM image illustrating the overall fretting damage experienced by GC plate, after testing against steel ball at 1 N load for 50,000 cycles, 8 Hz frequency,
100 pm stroke length in (a and b) dry and (c and d) AS medium. EDS analysis of the respective unworn surfaces are shown as insets (a) and (c), while that of worn
surfaces are provided as insets (b) and (d). The doubly pointed arrows indicate fretting directions.

spalling, when Dicor GC was slided against alumina in distilled
water environment.'® The opening-up of cracks indicates the
hygroscopic nature of the layers, formed during fretting in AS
medium.

The severity of the pull-outs is further increased with
increase in number of cycles (100k) in dry conditions (Fig. 7).
Further, Fig. 7b reveals the formation of thin layer fragments
and their smearing on the worn surface after 100k cycles. The
characteristics of the worn surface after 100k cycles in AS
medium are, in general, similar to that after 50k cycles, namely
the elliptical and smaller wear scar, formation of potential
tribolayer protecting the base surface, the dispersion of fine
debris around the periphery of the wear scar and the brittle
nature of the tribolayer with number of cracks. In addition,
the tribochemical layer is observed to have fine grooves in the
fretting direction, indicating mild abrasion due to the sliding of
hard debris particles (see Fig. 7d).

4. Discussion

Based on the above mentioned observations of friction, wear
and topographical features of the worn surfaces, the influence of
the AS medium on the fretting wear behavior of the investigated
GC during fretting against steel can be discussed.

As the hardness difference between the mating materials is
minimal, the local welding and detachment of asperity junc-

tions result in the significant adhesion during initial stages of
fretting in dry conditions. The steep raise of the COF plot dur-
ing running-in-period could be attributed to this fact. During
progress of the fretting, asperities are subjected to deformation
or fracture, resulting in the formation of debris. The interaction
of the either surfaces with continuously evolving debris, provide
steady state in the frictional behavior. The debris are transferred
to the counter surface and/or subjected to oxidation in ambi-
ent conditions of testing. Further, the hard debris particles are
responsible for abrading the counter surface. Thus, the debris
consists oxides of both the mating surfaces (see EDS analysis).

The hard oxide debris formed during continuous fretting
results in the three-body wear. In dry conditions, the pro-
longed fretting results in the formation of increased number of
agglomerated debris. Further, the higher value of average COF
value (~0.9) observed throughout the test duration necessarily
indicates that the wear occurs mainly through the removal of
crystalline mica phase (Fig. 2). When tests were conducted in
AS medium, it is highly possible that the pulled-out mica debris
particles are subjected for the hydroxylation. This could be noted
as significant effect of corrosion phenomenon occurring at the
wet tribocontacts.”® The hydroxides are eventually compacted
to form tribochemical layer during extended fretting such that it
protects the base GC surface from further wear. The decreased
friction/wear rate against that in dry conditions is in agreement
with this fact. The presence of macrocracks on the tribochemical
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Fig. 7. SEM image illustrating the overall fretting damage experienced by GC plate, after testing against steel ball at 1 N load for 100,000 cycles, 8 Hz frequency,
100 pwm stroke length in (a and b) dry and (c and d) AS medium. Insets in (b) and (d) reveal EDS spectra of the worn surface after fretting in dry and AS medium,

respectively. The doubly pointed arrows indicate fretting directions.

layer suggests drying of the viscous layer, resulting in the brittle
fracture.

In order to analyze the thermo-mechanical effect at the dry tri-
bocontact, we have analytically computed both Hertzian contact
stress as well the maximum contact temperature rise. Following
Hertzian contact mechanics approach,? the initial contact pres-
sure is calculated as 196 MPa and the initial contact diameter
is ~40 wm. Observing Figs. 4-7, it is clear that the fretting
at the tribocontact considerably expand the scar diameter to
500-600 wm, depending on the number of testing cycles. Such
a considerable increase in scar diameter reduces the contact
pressure to 0.51-0.35 MPa. In addition, the Archard’s model*°
estimated very low rise in contact temperature (17 °C) at the dry
tribocontact in the present case. Such negligible contact tem-
perature rise should be attributed to the combination of low
load (1 N) and sliding speed (0.0016 m/s). From the above, it
is therefore clear that the extent of wear damage must be related
to the contact stress severity, than to the thermal effect when
tests were conducted in dry conditions. Further, worn surfaces
in dry conditions reveal rough surfaces than that in AS medium.
The contrast in the back-scattered electron (BSE) images indi-
cates that the crystalline glass phase is pulled-out during the
wear. Considering the large amount (70%) of mica crystalline

phase in the unworn GC, its easy pull-out from the soft glass
phase and subsequent fracture is highly possible during fretting
process.

On the other hand, the evolution of hydroxide-rich tribolayer
is responsible for the reduction in wear rate in AS medium.
The failure of the layer and the fracture of crystalline phases
resulted in the higher COF value (~0.67); however less than
that observed in dry conditions. Therefore, it is understood
from the above observation that the dominant wear mechanism
changes from stress-induced mechanical wear at dry contact to
the corrosion-induced tribochemical wear at wet contacts, when
GC is fretted against steel.

The implication of the present investigation is significant in
terms of the influence of the saliva on the wear performance of
the developed dental restorative GC material. In dry conditions,
the COF and wear are high due to the mica crystals pull-outs
and abrasion. On the other hand, the presence of AS medium
is beneficial in reducing the friction and wear by forming dense
viscous tribochemical layer. Based on the present experimen-
tal results obtained under the selected fretting conditions and
also in the backdrop of the good combination with the in vitro
reactivity,?? the investigated mica-based GC materials appear to
be a better choice for use in dental applications.
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Summary of the tribology test results obtained with some of earlier developed GCs as well as human teeth and comparison with the presently investigated GC. The

variation in friction/wear rate depends on the variation in operating conditions.

Tribocouple Operating conditions COF

Wear rate (mm?>/Nm) ‘Wear mechanisms Reference

Human teeth vs. steel 20N, dry/AS, 0.002 m/s

Human teeth vs. 1N, AS, 0.0005 m/s, 8000 0.12-0.55
Al O3 cycles
Dicor vs. Al,O3 49N, 0.0014 m/s, dry 0.7-0.077
Dicor vs. Al,03 1N, 0.0025 m/s, distilled 0.4-0.6
water
Ca0-MgO-A1,03-SiO; 0.01-0.5 m/s, dry, contact 0.05-0.65
(self-mated) pressure 0.1-1.4 MPa
MgO-Ca0O-Si0,-P,05-F 10N, 0.025 m/s, dry 0.75
vs. ZrO,
K70-B,03-A1,03-Si0,-MgO-F 1N, 0.0016 m/s, dry/AS,
vs. steel 100,000 cycles

0.8-1.2 (dry) 1.0 (AS) -

0.88 (dry); 0.67 (AS) 12 x 1075 (dry);

Oxidative wear and 2

microfracture
- Fretting fatigue;
adhesive wear

2.6x 1073 Microfracture 15
103 t0 1074 Localized fracture 19
1073 t0 1074 Microcracking, 14

abrasion

0.7 x 107 Abrasive and adhesive 3

wear
Tribomechanical wear
(dry); tribochemical
wear (AS)

Present work
2 x 1073 (AS)

Finally, it is instructive to compare the tribological properties
of the presently investigated GC material with that of the earlier
developed material. In an effort to do so, a summary of the fric-
tion and wear rate data along with the operating parameters for
some of the earlier developed GCs and commercial Dicor mate-
rials is provided in Table 4. In addition, some results of the test
with human teeth are also mentioned in Table 4. It is known that
the Dicor material, developed commercially for dental restora-
tive applications, exhibit a modest combination of hardness
(350 MPa), E-modulus (66.2-91.1 GPa) and strength property
(127 MPa). A comparison of presently developed material with
Dicor and our material, in terms of tribological properties, indi-
cate a better wear resistance property and comparable frictional
property in artificial saliva under similar operating condition (see
Table 4). It is therefore likely that the present GC material will
have better durability than Dicor. As far as the frictional prop-
erties of human teeth are concerned, the presently investigated
GC material/steel couple has lower COF than human teeth/steel
mating couple. Also, our material exhibits comparable tribologi-
cal properties like MgO-CaO-Si0,—-P>O5-F/ZrO; tribocouple.
As far as the mechanisms of material removal are concerned,
Table 4 indicates that the microfracture/tribomechanical wear
is the major wear mechanisms for the GC. While this is
true in dry conditions for the present case, this paper also
adds that the tribochemical layer formation governs wear in
AS medium.

At the close, a comprehensive comparison in terms of
mechanical and wear properties of the presently investigated GC
with that of the earlier developed GCs indicate good potential as
dental restorative material (also see Ref. 23). However, further
work is needed to assess the optical translucency, machinability
and long term durability property. The preliminary work in our
laboratory reveals the good biological compatibility, in terms of
good cell viability (MTT tests) of human osteoblast cells as well
as better anti-microbial property (E. coli and S. epidermidis cell
line) of the presently investigated GC system. However, in vivo
osseointegration (clinical trials) needs to be carried out before
their applications can be realized.

5. Conclusions

A glass-ceramic with 70% mica crystals in KoO-B>03—
Alr03-Si0,-MgO-F system was heat treated at 1040 °C for
12 h and subjected to fretting wear against steel in dry and AS
environments. The initial Hertzian contact stress was 196 MPa
for the selected operating parameters. The influence of the envi-
ronment and fretting duration on the friction and wear behavior
of GC material can be summarized as follows:

(a) The co-efficient of friction increased during initial running-
in-period and thereafter, attained steady state period,
irrespective of the fretting environment. However, a higher
value of steady state COF ~ 0.88 was measured at dry con-
tact, while in AS medium, much lower COF 0.67 was
recorded. A higher COF in ambient condition commensu-
rate well with the severity in abrasion.

(b) Wear rate varied in the order of 10~* to 10™> mm?/Nm and
a systematic decrease in wear rate with test duration was
recorded in both cases of testing medium. A comparison
with the earlier developed GC as well as commercial Dicor
material reveals better combination of the friction and wear
resistance property of the investigated glass-ceramic.

(c) The topographical observations of the worn surfaces using
SEM-EDS analysis indicate that the material was removed
primarily by tribomechanical wear assisted by pull out of
crystals in dry conditions, whereas the formation and brittle
fracture of tribochemical layer was dominantin AS medium.
In addition, the material transfer from the counterbody was
also observed in both ambient environment and AS medium.

(d) Irrespective of the test environment, large amount of debris
particles are formed and found to be dispersed largely
around wear scars. In AS medium, the stability of the
thick tribochemical layer appears to govern the material
removal. The occasional spalling of the tribolayer con-
tributes to wear, but to alower extent than that in dry/ambient
conditions.
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