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Mechanism of brittle-ductile transition of a glass-ceramic rigid substrate
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Abstract: The hardness, elastic modulus, and scratch resistance of a glass-ceramic rigid substrate were measured by nanoindentation and
nanoscratch, and the fracture toughness was measured by indentation using a Vickers indenter. The results show that the hardness and elastic
modulus at a peak indentation depth of 200 nm are 9.04 and 94.70 GPa, respectively. These values reflect the properties of the glass-ceramic

2 The material removal mechanisms are

rigid substrate. The fracture toughness value of the glass-ceramic rigid substrate is 2.63 MPa-m
seen to be directly related to normal force on the tip. The critical load and scratch depth estimated from the scratch depth profile after
scratching and the friction profile are 268.60 mN and 335.10 nm, respectively. If the load and scratch depth are under the critical values, the
glass-ceramic rigid substrate will undergo plastic flow rather than fracture. The formula of critical depth of cut described by Bifnao ef al. is

modified based on the difference of critical scratch depth
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1. Introduction

Glass-ceramic substrates are beginning to be used in the
construction of magnetic thin-film rigid disks for their rigid-
ity, shock (dent) resistance, and smoothness over commonly
used Ni-P coated aluminum-magnesium substrates [1]. Us-
ing glass-ceramic rigid substrates, the recording density
and access speed of hard disks can be improved [2].
However, glass-ceramic rigid substrates need to have not
only very good flatness and low surface roughness but also
no surface damage and scratches. The glass-ceramic rigid
substrate is a kind of hard brittle material and easy to fail in
the way of wear-out failure because of brittle fracture, so it is
difficult to machine this kind of hard brittle material. In re-
cent years, many researchers have tried their best to obtain
superior quality by ductile regime machining of brittle
materials [3-6], but the mechanism of brittle-ductile transi-
tion of hard brittle materials still lacks in-depth study.
Though a lot of indentation tests for hard brittle materials
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have been done by Vickers hardness tester to analyze the
formation and propagation of the microcrack and its fea-
ture [7-9], in real ultraprecise machining, machining is al-
ways in dynamic state. Traditional microindentation tests
are always in static state, so they cannot reflect the real ul-
traprecise machining. Nanoscratch is a new kind of
method to visualize the transition from a brittle to a ductile
mode during the real machining of brittle materials [10].

This paper aims to measure the properties of the
glass-ceramic rigid substrate by the nanoindentation con-
tinuous stiffness measurement (CSM) technique and study
the mechanism of brittle-ductile transition of glass-ceramic
rigid substrate using nanoscratch technique.

2. Experimental

Lithium aluminosilicate (LAS) glass ceramics were used.
The composition (wt%) of the glass raw materials is: Li,O
3.5, A1,0; 19.8, SiO, 67.5, TiO, 4.2, Na,0O 2.5, MgO 2.5,
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and K,0O 0.5. TiO, was introduced as a nucleation agent,
Na,O and K,0 were used to reduce the melting tempera-
ture and viscosity of the glass and improve the glass
workability. The glass raw materials were melted in a
laboratory electric furnace with Globar heating elements in
quartz crucibles at 1600-1650°C for 8 h with stirring and
molded in a pre-heated die. The glass was annealed at
580°C for 1 h and slowly cooled in the furnace to eliminate
internal stress. One-, two-, and three-stage heat-treatments
were carried out under isothermal conditions at 660-800°C.
The exact heat-treatment schedules were as follows: the
first stage was held at 660°C for 24 h, the second stage was

Int. J. Miner. Metall. Mater., Vol.18, No.2, Apr 2011

held at 720°C for 18 h, and the third stage was held at
800°C for 12 h. The dimension of the glass ceramics is 10
mmx6 mmx1 mm. Prior to testing, the glass ceramics were
cleaned by ultrasonic in acetone for 10 min, and then
weathered by nitrogen gas to remove any organic con-
taminants. The morphologies and surface roughness of the
glass ceramics were observed and examined on a
non-contact surface topography instrument (ADE). The
morphologies of the glass ceramic are shown in Fig. 1. It
can be seen that the surface roughness of the glass ceramic
is 1.00 nm within 859 umx639 um and its undulation is
smaller.
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Fig. 1.
pattern; (b) three-dimensional pattern.

Hardness and elastic modulus were calculated from the
load-displacement data obtained by nanoindentation using a
Nano Indenter XP (MTS Systems Corp.) equipped with the
CSM option and the lateral force measurement (LFM) op-
tion. This instrument monitors and records the dynamic load
and displacement of the three-sided pyramidal diamond
(Berkovich) indenter, having a tip radius of about 50 nm and
an included angle of 65.2° during indentation with a force
resolution of about 50 nN and displacement resolution of
about 0.01 nm. The indentation technique for fracture
toughness measurement was based on the measurement of
the lengths of median and radial cracks produced by inden-
tation. A Vickers indenter (a four-sided diamond pyramid)
was used in a microhardness tester. A load of 1.96 N was
used in making the Vickers indentations. The indentation
impressions were examined using an optical microscope
with photogrammetric apparatus to measure the length of
median-radial cracks.

In nanoscratch studies, the three-sided pyramidal diamond
(Berkovich) indenter, having a tip radius of about 100 nm and
an included angle of 65.2°, was drawn over the sample sur-

Surface profile of glass ceramics before nanoindentation and nanoscratch (within 859 pmx639 pm): (a) two-dimensional

face, and the load was ramped up, until substantial damage
occurred. The friction coefficient was monitored during
scratching. To obtain scratch depths during scratching, the
surface profile of the glass ceramic was obtained by scanning
the sample at a low load of about 100 uN, which was insuffi-
cient to damage the sample surface.

3. Results and discussion

3.1. Nanoindentation properties

The elastic modulus and hardness as a function of contact
depth for the glass ceramic is shown in Fig. 2. As shown in
Fig. 2, the trend that the hardness changes with contact
depth is similar to that of the elastic modulus. When the
contact depth is between 0 and 60 nm, the hardness in-
creases with the increase of contact depth. Similarly, the elas-
tic modulus also increases with increasing contact depth
when the indentation is below 30 nm, due to the fact that the
practical tip of the diamond indenter is of a finite radius
of sharp point. This effectively sets a limit on the mini-
mum indentation depth that is necessary to obtain reliable
elastic modulus and hardness data [11]. When the indenta-
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tion is more than 60 nm, the hardness and elastic modulus
stay constant, on the whole. Those values reflect the proper-
ties of the glass ceramic. The hardness and elastic modulus
at a peak indentation depth of 200 nm are 9.04 and 94.70
GPa, respectively.
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Fig. 2. Hardness and elastic modulus as a function of contact
depth.

The optical image of Vickers indentations made at a
normal load of 1.96 N for 10 s on the glass ceramic is shown
in Fig. 3. As shown in Fig. 3, in addition to the indentation
marks, radial cracks are found, emanating from the indenta-
tion corners and the radial cracks are straight. The method
used to calculate the fracture toughness (Kjc) was developed
by Lawn et al. [12] and it relates crack length (c) to Kic as
follows.

Fig. 3. Optical image of Vickers indentation made at a nor-
mal load of 200 g for 10 s.

1/2
e 520

where « is an empirical constant depending on the geometry
of the indenter, E the hardness, H the elastic modulus, and P

the peak indentation load. For Vickers indenters, « is empiri-
cally found based on experimental data and is equal to 0.016
[12]. Both E and H values are obtained from the nanoindenta-
tion data (Fig. 2). The crack length is measured from the cen-
ter of the indent to the end of crack using an optical micro-
scope with photogrammetric apparatus. For one indent, all
crack lengths were measured. The crack length ¢ is obtained
from the average values of five indents. Based on Eq. (1), the
fracture toughness value of the glass ceramic is 2.63
MPa-m'2.

3.2. Nanoscratch properties

Optical images of the scratch are shown in Fig. 4. The
scratch depth and friction coefficient profiles as a function
of normal load and scratch distance are shown in Figs. 5 and
6, respectively. As shown in Figs. 4-6, the nanoscratch in-
cludes three stages. At the first stage, when the normal load
is between 0 and 26.10 mN, the scratch depth profile ob-
tained after the scratch does not change with respect to the
initial profile, as shown in Fig. 4(a). This is attributed to an
elastic recovery after the removal of normal load. The glass
ceramic exhibits a continuous increase in the friction coeffi-
cient with increasing normal load from the beginning of the
scratch, as shown in Fig. 5. At the second stage, when the
normal load is between 26.10 and 268.60 mN, the tip plows
a trough via plastic deformation of the glass ceramic, leav-
ing a ductile groove, as shown in the optimal image in stage
IT of Fig. 4. From Fig. 5, reduction in scratch depth is ob-
served after scratching as compared to that during scratching.
This reduction in scratch depth is attributed to an elastic re-
covery after the removal of normal load. The glass ceramic
also exhibits a continuous increase in the friction coefficient
with increasing normal load, as shown in Fig. 6. The con-
tinuous increase in the friction coefficient during scratching
is attributed to the increasing plowing of the sample by the
tip with increasing normal load. When the normal load in-
creases to 268.60 mN (indicated by A on the scratch depth
and the friction profiles), the scratch depth profile obtained
after the scratch on the glass ceramic and the friction coeffi-
cient begin to fluctuate. The optimal image of stage III
shows that there are many cracks on the side of the scratch
right from the load of 268.60 mN, which is probably re-
sponsible for the fluctuation in the scratch depth and the
friction profiles. The scratch depth after scratching indicates
the final depth which reflects the extent of permanent dam-
age and plowing of the tip into the sample surface, and is
probably more relevant for visualizing the damage that can
occur in real machining [13]. For the glass ceramic, there is
a large discreteness in the scratch depth data after the load of
268.6 mN, which is associated with the generation of cracks,
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Fig. 4. SEM images of the scratch: (a) stage I; (b) stage II; (c) stage III.
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Fig. 5. Scratch depth as a function of normal load and scratch
distance.
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Fig. 6. Coefficient of friction as a function of normal load and
scratch distance.

material removal and debris. Therefore, the critical load and
scratch depth estimated from the scratch depth profile after
scratching and the friction profile are 268.60 mN and 335.10
nm, respectively.

3.3. Critical depth of cut

The transition from a brittle to a ductile mode during the
machining of brittle materials is described in terms of en-
ergy balance between the strain energy and the surface en-
ergy [14]. Localised fractures produced during the applica-
tion of cutting force are of interest in the machining of brittle
materials. Machining is an indentation process and during

this indentation cracks are generated. These cracks play an
important role in ductile regime machining.

The critical indentation depth (d.) for fracture initiation is
described as follows [15]:

2
ET

where b is a constant.

Bifnao et al. [14] established a correlation between the
calculated critical depth of cut and the measured criti-
cal-grinding-infeed-rate (i.e., the grinding infeed that will
produce 10% surface fracture). From this correlation, the
constant of proportionality for Eq. (2) can be estimated.

2
d, - 015%)[%) G

Substituting £=94.70 GPa, H=9.04 GPa, and Kic=2.63
MPa'm'? obtained from our experiment into Eq. (3), one ob-
tains d=133.00 nm. This value is very different from the criti-
cal depth (d. = 335.10 nm) obtained from the nanoscratch.
Reasons for the difference are analyzed as follows. First, the
basic hypothesis of ductile-regime grinding (i.e., brittle-ductile
transition for a reduced infeed rate) is only validated for fused
silica by a series of grinding tests. Second, using SEM, a grid
counting technique is devised to quantify the real percentage of
surface fracture [14], but this grid-counting technique is some-
what subjective. In addition, the relevant properties are meas-
ured for each material using microindentation techniques;
however, we measured the hardness and elastic modulus of
the glass ceramic using nanoindentation techniques. The
measurement of hardness by indentation is a standard pro-
cedure, while the determination of Kjc and E by indentation
is a developing area of research. The properties of the mate-
rial surface vary with indentation depth at which they are
measured. This surface property variability is especially
troubling for the measurement of Kjc. Size-scale effects lead
to a dependence of Kjc on crack size (R-curve behavior),
which can be a large effect in certain materials. Such mate-
rial-related property variations complicate the extrapolation
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of properties from the scale of indentation (~10 um) to the
scale of microgrinding (<1 pm). Finally, Eq. (3) is obtained
in the static state, but in real work, machining is always in a
dynamic condition. Therefore, Eq. (3) is only an empirical
formula based on a series of grinding tests for fused silica.
Materials exhibiting significant variations in Kjc with inden-
tation depth are not well represented by the model. Therefore,
substituting £=94.70 GPa, H=9.04 GPa, and Kjc=2.63
MPa-m"? obtained from our experiment into Eq. (2), the con-
stant of proportionality for Eq. (3) can be modified.

2
d. - 038(%)(%) @

4. Conclusions

(1) The hardness and elastic modulus at a peak indenta-
tion depth of 200 nm are 9.04 and 94.70 GPa, respectively.
These values reflect the properties of the glass ceramic.

(2) The indentation technique for fracture toughness
measurement is based on the measurement of the length of
median-radial cracks produced by indentation. The fracture

toughness value of the glass ceramic is 2.63 MPa-m"?.

(3) The material removal mechanisms consist of elastic
deformation, plastic grooving, and crushing. The material
removal mechanisms are seen to be directly related to nor-
mal force on the tip. The critical load and scratch depth es-
timated from the scratch depth profile after scratching and
the friction profile are 268.60 mN and 335.10 nm, respec-
tively. If the load and scratch depth are under the critical
values, the glass ceramic will undergo plastic flow rather
than fracture.

(4) Based on the properties of glass ceramic obtained
from the experiment, the formula of critical depth of cut de-
scribed by Bifnao et al. is modified.
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