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1. Introduction
Glass-ceramics (GC) are polycrystalline materials 
obtained by the controlled crystallisation of suitable 
glasses during heat treatment processes.(1) They 
usually contain one or more crystalline phases and 
a residual glass phase. The types of crystal phases, 
crystallised fraction, crystal size distributions and 
crystal morphologies control most of the properties 
including wear resistance, hardness, refractoriness, 
chemical resistance, dimensional stability, optical and 
electrical properties.(2)

Li2O–Al2O3–SiO2 (LAS) glass-ceramics were 
among the first to be developed, but they still have 
high commercial value due to their excellent chemical 
durability, and refractoriness up to 700°C combined 
with ultra-low thermal expansion, which leads to 
great thermal shock resistance.(3) They are commonly 
used as cooktop plates, telescope mirrors and high 
temperature windows.(4–6) The low thermal expansion 

coefficient of these materials is due to the presence 
of some crystalline phases that exhibit highly aniso-
tropic thermal expansion coefficients (TEC), such as 
β-quartz solid solutions.(7) The slightly positive TEC of 
the residual glassy phase combined with the (overall) 
negative TEC of the crystalline phase results in ultra-
low thermal expansion glass-ceramics.

Commercial LAS glass-ceramics are produced 
by regular glass melting-forming techniques using 
compositions that contain one or more nucleating 
agents, such as TiO2 and ZrO2, followed by (internal) 
nucleation and crystallisation heat treatments.(8) An 
alternative route to produce glass-ceramics is to use 
glass powder compacts of nucleant free compositions, 
followed by appropriate thermal treatments to induce 
simultaneous viscous flow sintering and surface 
crystallisation of the glass particles.(9) The interplay 
between the densification and surface crystallisation 
kinetics may result in a variety of microstructures 
with different porosities and crystalline fractions.(10) 
For instance, if surface crystallisation takes place in 
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the early stages of sintering, viscous flow is hindered 
and a highly porous body is obtained.(11,12) There-
fore, glasses that easily crystallise are not suitable 
to achieve high densification (low porosity) by this 
method.(13) In a previous paper, the best sintering con-
ditions for the same GC analysed in this paper were 
determined, resulting in a sintered glass-ceramic with 
less than 5% residual porosity and a ultra low thermal 
expansion coefficient of 2×10−8 °C−1.(14,15)

From the engineering applications standpoint, 
extensive emphasis has been given to the mechanical 
properties of glass-ceramics. Their flaw propagation 
resistance is one of the most important,(1) whereas the 
other relevant point is wear resistance.

The indentation technique has been used for 
the determination of the hardness (H) and elastic 
modulus (E) of glasses and glass-ceramics.(16–20) The 
interest in this technique has grown in the last years 
due to the development of instrumented indenters 
at nanoscale, also known as nanoindenters(21) and 
the improvement of the procedures for measuring 
these properties, with the possibility of mapping 
the surface properties with micrometer resolution.(22)  
Nanoindenters continuously measure the force and 
displacement during penetration allowing for the 
simultaneous determination of the elastic modulus, 
fracture toughness and hardness.(23)

Besides these properties, the wear resistance is also 
of great interest for some applications. For instance, 
Gant & Gee(24) studied the effect of tribo-chemical 
reaction on the sliding wear of ceramics. According 
to these authors the wear of a ceramic material is 
affected by a synergy of sliding wear and corrosion 
by the fluid. When tribological tests are performed 
under running water, a continuous dissolution of the 
surface occurs by a tribochemical reaction between 
the glass and crystal phases and water.(25,26) The 
interaction between SiO2 and water produces struc-
tural and chemical changes that alter the chemical 
composition and pH on the material’s surface. Ac-
cording to several authors,(e.g. 27) the reaction between 
a soda–lime–silica glass and water happens in two 
stages. In the primary stage there is a substitution of 
the sodium ions by hydrogen ions from the water; 
in this stage there is no interaction between Si–O–Si 
bonds and hydrogen. In the second stage there is a 
breakdown of the Si–O–Si bonds and partial or total 
glass dissolution in the aqueous solution.

The Archard coefficient (K) is used to describe slid-
ing wear and is based on the theory of asperity contact 
(please consult Stachowiak et al(28) for details). The 
Archard coefficient can also be seen as the amount of 
asperity contacts resulting in wear. The value of K is 
never supposed to exceed unity and it has a value of 
10−3 or less for the most severe forms of wear. A low 
value of K indicates that wear is caused by a small 
amount of asperity contacts.(28)

The specific wear rate (W) is defined by(29,30)

W V
PL

=  (1)

where W has units of volume loss per unit of force 
per unit of distance (mm3/Nm), P is the normal load, 
L the sliding distance and V is the calculated volume 
assuming an elliptical wear profile, which is deter-
mined by the expression

2
whlW p

=   (2)

where w is the wear groove width (semi-minor axis), 
h is the wear groove depth (semi-major axis) and l is 
the wear track length. 

The Archard coefficient (K) is the proportional-
ity constant between the real contact area, sliding 
distance and the wear volume(19,28,31,32)

r
KLPV KA L

H
= =  (3)

where V is the volume loss, Ar is the real contact area, 
L is the sliding distance, P is the applied load and H 
is the hardness of the softer surface.

Buchner et al(19)  investigated the friction coef-
ficients, wear rate and Archard coefficient of a 
sintered glass-ceramic (cristobalite (SiO2) and de-
vitrite Na2O.3CaO.6SiO2), compared to granite and 
porcelainised stoneware in wet and dry conditions. 
It was shown that the tribological behaviours of these 
materials change with the test condition. The wear 
rate and the Archard coefficient were higher in the 
wet-conditions than in the dry conditions for the 
three tested materials. The wear rates (in mm3/Nm)  
for the dry condition were 0·2 for the glass-ceramic, 
0·9 for the porcelainised stoneware, and 407 and 
0·7 for the granite [region 1 (mica) and region 2 
(quartz+feldspar)], respectively. For wet-conditions, 
the values were 9 for the glass-ceramic, 5 for the 
porcelainised stoneware, 632 and 8 for the mica and 
quartz+feldspar granite regions, respectively.(19) The 
Archard coefficients (in multiples of 10−3) for dry 
and wet conditions were: 0·0013 and 0·0565 for the 
glass-ceramic, 0·0056 and 0·0327 for the porcelainised 
stoneware, 0·6513 and 1·0118 for the mica region of 
the granite, 0·0065 and 0·0713 for the feldspar+quartz 
region of the granite,(19) respectively.

The aim of this work was to evaluate and com-
pare the hardness, elastic modulus and tribological 
behaviour of a new lithium aluminium silicate (LAS) 
glass-ceramic produced by viscous sintering with 
concurrent crystallisation of glass powder compacts, 
with those of the commercial Ceran used in cooktops.

2. Experimental procedure

2.1. Sintered glass-ceramic preparation 
A specially designed lithium aluminium silicate glass 
was obtained from analytical grade Li2CO3, Al2O3, 
SiO2 and other minor components: K2CO3, MgO, ZnO, 
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BaCO3, P2O5, H3BO3, SnO2 and As2O3. The chemical 
composition of the commercial GC Ceran is presented 
in Guedes et al.(33) The chemical composition of the 
sintered LAS GC was (mol%): 67·3SiO2, 15·6Al2O3, 
8·4 Li2O, 1·6MgO, 0·8ZnO, 2·0P2O5, 1·4B2O3, 0·9K2O, 
0·6SnO2, 1·1BaO, 0·3As2O3. The mixture of precursor 
powders was homogenised and melted in a platinum 
crucible at 1600°C for 3 h in an electric furnace in 
air. The melt was quenched into water and the ‘frits’ 
were crushed in a Fritsch Pulverisette high impact 
ball mill. After adequate sieving, the particle sizes 
ranged from 0·2–60 µm.  

Cylinders (diameter 20 mm, height 4 mm) were 
formed by uniaxially pressing the glass powder at 
60 MPa with 2 wt% oleic acid. Sintered LAS glass-
ceramics were submitted to an initial heat treatment 
at 500°C for 120 min in an electric furnace to remove 
the binder. They were then heated at 30°C/min up to 
1000°C without any holding time. Finally, they were 
cooled inside the furnace with an average cooling 
rate of 15°C/min. The samples were ground on SiC 
paper and subsequently polished in a suspension 
of CeO2. The porosity was determined by optical 
microscopy (Leica DM-RX with a CCD camera DFC 
490) using the image analysis software Image-J. As 
received commercial Ceran® samples were analysed 
in the same way.

2.2. Hardness and elastic modulus

The hardness and elastic modulus were obtained 
by instrumented indentation, where an indenter of 
known geometry is pressed into the material and the 
penetration depth (h) is continuously recorded as a 
function of the applied load (P) for both the loading 
and unloading cycles.(34–36)  We used a XP Nanoindent-
er (MTS) with a Berkovich indenter tip (three sided 
diamond pyramid) with the area function calibrated 
using fused silica, applied loads from 3 to 400 mN, 
corresponding to eight complete loading-unloading 
cycles. Thirty-six indentations (6×6) separated by a 
distance of 150 µm were made, and the results are 
the average of these indentations. The hardness (HIT) 
and elastic modulus (EIT) from the P–h curves were 
determined by the Oliver and Pharr method.(34)

2.3. Tribological properties

The tribological properties were obtained using 
the ball-on-flat reciprocating sliding method(31) in 
a tribometer (CSM), using a tungsten carbide (WC) 
ball 6·3 mm in diameter. A WC ball was chosen as 
the counterface because it provided a necessary 
wear severity that would facilitate comparison of 
the materials wear resistance. We used the follow-
ing conditions: applied load of 5 N, track length 
of 2 mm, with a sliding speed of 2 cm/s and total 
sliding distance of 20 m. The reciprocating sliding 

tests were conducted under two different controlled 
environmental conditions: 53 % relative humidity at 
23°C and under running distilled water at 23°C. These 
two conditions are named dry and wet conditions, 
respectively, and three experiments were realised 
for each condition. The friction coefficient (µ) was 
continuously monitored during the experiments. 
The cross sectional profiles of the wear tracks were 
determined by the nanoindenter in the profilometry 
mode with a Berkovich tip and are the average of 
three measurements made at the centre of each track.

3. Results and discussion 

The hardness and elastic modulus as a function of 
tip penetration depth for each material are shown in 
Figures 1 and 2, respectively. 

The average values of hardness (HIT) are 8·3±0·4 
GPa for the sintered GC and 9·1±0·2 GPa for Ceran. 
The elastic modulus (EIT) are 79±2 GPa for the sintered 
GC and 85±1 GPa for Ceran. Therefore the average 
values of HIT and EIT for the sintered GC are somewhat 
lower, but almost equivalent to those of Ceran.

It is well known that hardness, measured by a 
pointed indenter at small depths of penetration, often 
increases with decreasing depth of penetration. This 
effect is termed as the indentation size effect (ISE).(37) 
In brittle materials, the measurement of hardness is 
influenced by the presence of defects in the contact 
region. These defects can be present from manu-
facture or formed during indentation. For smaller 
applied loads, i.e. small tip contact area, less defects 
are present (or even none), and a higher contact pres-
sure is necessary, resulting in higher hardness values.

According to Chakraborty et al,(38) depending on 
the presence or absence of microstructural defects, 
the specimens may exhibit both mild and strong ISE 
based on the premise that the deformation process 

Figure 1. Hardness as a function of contact depth of the 
( ) sintered glass-ceramic and the ( ) commercial glass-
ceramic (Ceran)
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is controlled by formation, storage, and movement 
of dislocations.

Sample surfaces can also become harder due to 
residual stresses caused by crystallisation. Serbena 
et al(15) investigated the internal residual stresses in 
Ceran and in the same sintered GC studied in this 
work. Those authors reported that the same crystal-
line phase is formed in both glass-ceramics, but the 
composition and volume percentage of the residual 
glassy phases are distinct. Whereas in Ceran about 30 
vol% residual glassy phase is present, in our sintered 
GC only 5–10 vol% residual glass reaches is present. 
The large amount of residual glass in Ceran may be 
responsible for its (slightly) smaller friction coefficient 
in the dry conditions. In the sintered GC the residual 
glass is not homogeneously distributed around the 
crystals. The original glass particles show a large 
size distribution ranging from a few nanometres up 
to 60 µm. After the sinter-crystallisation process, the 
interiors of the largest glass particles remain vitreous 
resulting in isolated portions of the glass phase, with 
an average size of about 11 µm. These glass phase 
regions and porosity contribute to decreasing the 
average values of hardness and elastic modulus for 
the sintered GC, since the measurements were taken 
in random regions of the sample. Further information 
about processing and microstructural characterisa-
tion of this sintered GC can be found in Soares et al.(39)

Another reason for the increase of hardness and 
elastic modulus with decreasing depth of penetra-
tion is the bluntness of the tip of the indenter. As a 
consequence, the actual contact area for very small 
distances from the tip is much larger than at the same 
distance for an ideal indenter. For a given load, the 
penetration of a real indenter is therefore smaller, and 
the hardness and modulus appears to be higher. With 
increasing depth, the influence of the tip bluntness 
becomes smaller and the measured hardness values 

gradually approach those for the ideal shape. It could 
be assumed that this is the case, where the tip area 
was calibrated to the average HIT and EIT of fused 
silica. Therefore, there is a combination of factors 
affecting the hardness and elastic modulus curves 
namely the contribution of residual stresses and 
calibration error.; the ISE affects only the hardness 
values.

The friction coefficient as a function of sliding 
distance is shown in Figure 3 (dry conditions) and 
Figure 4 (wet conditions). Three different regimes 
are identified for all friction coefficient profiles: (a) 
the running-in regime (accommodation between 
surface and ball); (b) the transition regime (complex 
mechanisms of fracture and deformation); and (c) 
the stationary regime (material removal at a constant 
rate).(31,40) In the running-in regime, the WC ball has 
low interaction with the sample; then there is only 
a first contact with the GC surface on the asperities 
and these asperities do not plastically deform. The 
stationary regime is characterised by a three body 
complex interaction involving the sample, the WC 
ball and the debris formed by particle fracture and 
delamination.

The average friction coefficient (μ) was determined 
in the stationary regime (sliding distance > 3 m) in dry 
conditions (Figure 3) for both samples. The station-
ary regime was reached in a continuous way for the 
new GC, while the commercial sample presented an 
abrupt increase of the friction coefficient between 0·15 
and 0·40 m, however, it only reached the stationary 
regime after around 3 m.

A completely different behaviour was observed 
when the tribological tests were performed under 
running water (Figure 4). No stationary regime was 
reached for Ceran, which means that there is a similar 
dissolution of the surface in the aqueous solution 
(0<sliding distance<15 m), due to tribochemical re-
actions of the glassy phase with water.(25,26) Around 
15–15·8 m there was a decrease of the friction coef-

Figure 2. Elastic modulus as a function of contact depth 
of the ( ) sintered glass-ceramic and the ( ) commercial 
glass-ceramic (Ceran)

Figure 3. Friction coefficient profiles of samples tested at 
53% relative humidity (dry) at 23 °C with an applied load 
of 5 N. The total scratch length was 20 m
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ficient of Ceran. Soon after this event the friction 
coefficient started to increase, but did not reach the 
stationary regime up to 20 m. It is known that the 
interaction between SiO2 in the material and water 
produces structural and chemical changes that alter 
the chemical composition and pH on the surface.(27) 

For the experiment in wet conditions, the sintered 
GC reached the stationary regime in a monotonic 
way (Figure 4). In this case the stationary regime was 
reached after about 4·2 m. The decrease in the friction 
coefficient around 5–10 m is due to the lubricating 
effect of the material extracted in the initial stage. 
During the initial stage (accommodation between sur-
face and ball(31,40)) and the transition regime (complex 
mechanisms of fracture and deformation(31,40)) signifi-
cant interaction between the WC ball and the surface 
of the samples occurs. Fracture and deformation of 
the surface take place in these stages and a portion of 
material is removed at a non-constant rate. Part of the 
material removed along with water, probably acts as 
a lubricant in the following stages contribuing to the 
approach to the stationary regime. Figures 5(a) and 
(b) show the groove profiles obtained in the centre 
of the wear tracks for both test conditions, dry (53% 
relative humidity) and wet (running water) at 23°C, 
respectively.

The grooves of both materials are similar, as shown 
in Figure 5(a). When these materials were submitted 
to the same test in running water (see Figure 5(b)) the 
groove sizes increased for both. The specific values 
of wear rate in the dry condition were 10·5×10−6 
mm3/(Nm) for Ceran and 8·4×10−6 mm3/(Nm) for the 
sintered GC. Hence, in this condition, the wear rate 
of the sintered GC was about 20% smaller than that 
of Ceran. The specific values of wear rate in the wet 
condition were about 60×10−6 mm3/(N.m) for both 
glass-ceramics.

The Archard coefficient is typically reported in 
multiples of 10−3.(17,29,35) In the dry conditions, the 
Archard coefficients were 0·0895×10−3 and 0·0608×10−3 

for Ceran and the sintered GC, respectively. In the wet 
conditions, the Archard coefficients were 0·5057×10‒3 
for Ceran and 0·4338×10‒3 for the sintered GC. There-
fore, the sintered GC has a slightly smaller Archard 
coefficient than that of Ceran. The lower value of the 
Archard coefficient (K) indicates that wear is caused 
by a quite small number of asperity contacts.(28)

The porosity (determined by optical microscopy) 
of the sintered GC is 5±1%, whereas the commercial 
GC Ceran has a pore-free surface. Hence the varia-
tions observed in mechanical properties can be as-
sociated with the different surface qualities of the two 
glass-ceramics. The sintered GC has a lower elastic 
modulus probably due to its porosity.

The present results show that the sintered GC and 
Ceran have similar friction coefficients in dry condi-
tions, and that the wear rate is somewhat smaller 
for the sintered GC. The sintered GC presents lower 
coefficients of friction when immersed into water. 
The commercial GC plate shows a sharp decrease in 
the friction coefficient after about 15 m in wet condi-
tions. The results of profile topography indicate a 
greater wear for both samples when immersed in 
water when compared to dry conditions. Considering 
the wet conditions, the sintered GC presents a lower 
coefficient of friction than Ceran. However, Ceran 
shows a sharp decrease in the coefficient of friction 
after about 15 m.

Figure 4. Friction coefficient profiles of samples tested with 
running distilled water (wet) at 23°C with an applied load 
of 5 N. The total scratch length was 20 m

Figure 5. Groove profiles obtained in the centre of the wear 
track for test conditions, a) dry (53% relative humidity at 
23°C). b) Groove profiles obtained in the centre of wear 
track for wet test conditions (running distilled water at 
23°C)
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Figure 6 shows that the surfaces after tribological 
testing, for diff erent experimental conditions.

As can be seen in Figure 6, samples tested under 
dry conditions have a relatively smoother surface. In 
the wet conditions wear was more severe resulting 
in a deeper wear grooves as observed in the Figure 
5. It is also possible to observe surface delamination 
in wet-conditions. Despite the lubricating eff ect of 
water, wear is related to crack growth induced by 
its tribochemical eff ects, and possibly due to debris 
removal by the running water.

5. Conclusions

The new LAS plates, produced by viscous sintering 
with concurrent crystallisation, and Ceran have 
similar friction coeffi  cients. The dry tribological tests 
revealed that the wear rate for the sintered GC is 

20% smaller than for the commercial GC Ceran, but 
in the wet conditions the wear rates are equivalent. 
The Archard coeffi  cient is slightly smaller for the 
sintered GC than for the commercial plate under 
both test conditions.

The main disadvantage of the sinter-crystallisa-
tion process is the presence of residual porosity in 
the material. We verifi ed that despite the fact that the 
sintered GC has about 5%  porosity  its mechanical 
and tribological properties are similar to those of 
Ceran.
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Figure 6. Optical micrographs of the wear track for both test conditions, dry and wet. (a) Sintered GC – Dry; (b) Sintered 
GC – Wet; (c) Ceran – Dry; (d) Ceran – Wet
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