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Subsurface structure of alumina associated
with single-point scratching
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The mechanisms of macroscopic ductile deformation of brittle ceramics during grinding
operations are still unclear although the microcracking-free processes of grinding have been
used widely in industry. This paper analyses the dislocation structure in the plastic zones of
scratched alumina. Itis shown that there exist three independent slip systems (two basal and
one prism) and two twin systems even far below the critical onset temperatures of these
systems that is usually expected. This new finding explains the formation mechanism of the
macroscopic deformation induced by scratching and indicates that it is the stress field
around the cutting edge which plays an important role in the activation of the slip systems.

The present study offers a new insight into the mechanism understanding of material
removal in ductile-regime grinding of ceramic materials. © 7998 Chapman & Hall

1. Introduction
Crystallographic slip and mechanical twinning are the
most important mechanisms of deformation in cry-
stalline materials at temperatures up to about half the
melting point [1]. Ductile behaviour of materials is
associated with the possibility of changing their shape
without fracture. As is well known, an arbitrary shape
change is specified by six independent strain compo-
nents. If a material is incompressible, the number of
independent strains reduces to five. Hence, in practice
the plastic deformation of a crystal must be associated
with at least five independent slip or twinning systems
[1]. The ductile behaviour of metals is due to the easy
initiation of multiple slip systems. For ceramic crys-
tals, however, strongly directional bonding (e.g., in
covalent crystals) or electrostatic interactions (e.g., in
ionic crystals) places severe restrictions on the config-
uration of ions at the dislocation core and therefore
limits the range of slip systems. Investigations of plas-
tic deformation of sapphire at elevated temperatures
{above 1000°C) [2-4] have identified the following
slip systems: (000 1) $2110) basal slip [2], {1210}
<10T0) prism plane slip [3] and {1011} §<1101)
pyramidal slip [4]. Basal slip was found to be the
easiest system to be activated and pyramidal slip the
most difficult [5].

The critical temperature for initiating the plastic
deformation in alumina is usually considered to be
1000°C. Nevertheless, it was found that basal and
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prism plane slip systems can be motivated at lower
temperatures by applying a hydrostatic pressure
[6-8]. Lagerlof et al. [5] demonstrated that, under
a hydrostatic pressure, plastic deformation in sapphire
can be achieved at temperatures between 0.1 Ty and
02Ty (Ty =2053°C is the melting point). Prism
plane slip can be activated at temperatures as low as
200°C under a hydrostatic confining pressure, and
basal slip can occur at 400 °C.

Hockey and Lawn [9] showed that the plastic flow
can be initiated in certain ceramics at room temper-
ature by indentation, as a result of the high hydro-
static pressure produced in the indented zone. Their
transmission electron microscopy (TEM) investiga-
tions showed a high density of dislocations and twins
in several ceramics, including sapphire. Furthermore,
they also found that, in alumina, mechanical polishing
introduces a relatively high density of dislocations to
a depth of approximately tum from the polished
surface [10].

The dimensions and structure of the plastic zones in
alumina formed in the vicinity of the single-point
scratched groove were studied by Zarudi et al. [11],
and it was shown that plastic zones consist of high
densities of dislocations and twins, although the slip
systems that caused such plastic deformation were not
identified.

This paper aims to investigate the slip and twin
systems that cause the macroscopic plastic flow
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associated with the single-point scratching of alumina,
using TEM as the major technique for analysis. A
theoretical method of temperature evaluation based
on the principle of energy conservation is proposed
to identify the temperature rise around the cutting
edge.

2. Experimental details

Polycrystalline alumina specimens were made from
commercially available alumina powder of 99.99%
purity (Morimura Brothers Inc., Tokyo, Japan). Sin-
tering was carried out in air at 1700 °C for 10h. The
average grain diameter of the specimen material was
25 um. The scratching experiments were conducted on
a reciprocating sliding machine, the details of which
have been given in [12]. Two types of diamond inden-
ter (a blunt conical indenter of about 100 um tip radius
and a sharp Vickers pyramid indenter with an in-
cluded angle of 136°) were used to generate different
contact conditions of scratching. Specimens measur-
ing 10 mm x 6 mm x 4 mm were scratched after polish-
ing. The normal load applied was 6 N, and the sliding
speed of the indenter was 6 mms ™ 1.

The microstructure of the subsurfaces of specimens
was examined in a Philips EM 430 transmission elec-
tron microscope operating at 300kV. To do this,
a scratched specimen was first sectioned into thin
slices, Imm thick, perpendicular to the scratched
groove (Fig. la). Two slices were glued together in the
manner shown in Fig. 1b. These were thinned mechan-
ically and then by ion milling, to achieve a thickness of
40 nm, suitable for TEM study. If the pastic or damage
zone was not fully revealed, the specimen was thinned
again using the same procedure until the full area of
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Figure I Preparation of specimens for TEM investigations: (a)
cutting thin slices; (b) glueing two slices together.
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damage could be clearly seen. This method of speci-
men preparation enabled the subsurface damage to be
investigated thoroughly in a plane perpendicular to
the scratched surface. The dislocation structure was
examined using the invisibility criterion g-b =0,
where g is the reflection vector and b is the Burgers
vector.

Cross-sections were also examined using a Jeol 505
scanning electron microscope to reveal the dimensions
of any possible damaged regions and the topography
of the groove.

3. Results and discussion

3.1. The initial microstructure

The structure of alumina before scratching is shown in
Fig. 2. The grains were almost dislocation free.

3.2. Topography of the groove and

structure of subsurface after scratching
Fig. 3a shows the topography of the groove formed by
a sharp indenter. It is clear that grains are fractured
and even dislodged during scratching. The damaged
region is clearly seen in the scanning electron micros-
copy image of a cross-section perpendicular to the
groove (Fig. 3b). This region is roughly hemispherical
in shape with an approximate radius of 80 um and is
characterized by a high density of cracks between the
grains. The structure of the material near the bottom
of the groove is shown in the transmission electron
micrograph in Fig. 4a. A severely deformed zone is
observed, containing a high density of dislocations,
deformation twins and a large number of intergranu-
lar and transgranular cracks (Fig. 4). This zone gener-
ally spreads to a depth of about two grains (20—40 pum)
from the surface of the groove.

Unlike the case with the sharp indenter described
above, the groove generated by the blunt indenter was
very smooth, (Fig. 5a). However, this does not imply
that the deformation is purely plastic, since many
microcracks were formed inside the grains (i.e., tras-
granular cracks) in the severely deformed layer (Fig.
5b and c).

The dislocation distribution was extremely in-
homogeneous. For convenience, a region with a low

Figure 2 The initial microstructure of alumina before scratching.



Figure 3 Alumina after scratching with a sharp indenter: (a) top-
ography of the groove; (b) cross-section view.
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Figure 4 Structure of the plastic zone after scratching with a sharp
indenter: (a) highly deformed zone under the groove with cracks; (b)
dislocations and twins in the plastic zone.

{b){c}

Figure 5 Alumina after scratching with a blunt indenter: (a) top-
ography of the groove; (b) dislocation structure of the plastic zone;
(c) twins in the plastic zone.

density of dislocations was chosen to resolve indi-
vidual dislocations and to identify possible slip sys-
tems using TEM.

3.2.1. Basal slip system

One of the investigated regions is shown in Fig. 6. In
Fig. 6a, obtained under the multiple-beam imaging
conditions, a network of dislocations is shown. Fig 6b,
¢ and d are the dark-field images of the same region
obtained using the reflections g = 3300, g = 3030 and
g = 0330, respectively. The dislocations of type A-A
are out of contrast in g = 3300 (Fig. 6b) and g = 3306.
Consequently, the direction of the Burgers vector of
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Figure 6 Basal dislocations in the plastic zone: (a) bright-field image under multiple-bcam conditions (note dislocations of types A-A and
B-B); (b) dark-field image in reflection 3300 (note that dislocations of type A-A are out of contrast); (c) dark-field image in reflection 3030
(note that dislocations of type B-B are out of contrast); (d) dark-field image in reflection 0330 (note that dislocations of types A-A and B-B are

seen clearly).

a type A—A dislocation is [1120]. Because the dislo-
cations lie in the (000 1) plane, they are basal disloca-
tions with the slip system (000 1) 3[1 120]. The dislo-
cations of type B-B are out of contrast in the reflection
g = 3030 (Fig. 6¢). Additional investigations proved
that they are out of the contrast in the reflection
g = 3033. Hence, dislocations of type B-B are basal
dislocations with a Burgers vector in the direction
[1210]. The slip system is therefore deduced to be
(0001) $[1210].

It follows from the above study that there exist at
least two different basal slip systems in alumina after
scratching,

3.2.2. Prism plane slip system

A second dislocation network is shown in Fig. 7a
also obtained under the multiple-beam imaging
conditions. For convenience, we denote the dis-
locations to be analysed as type C—C and those for
distinguishing the location of type C-C as type D-D.
In the dark-field image with g = 3300, two types
of dislocation appeared. However, when using g =
1120 and g = 1123 in the dark-field image, the disloca-
tions of type C-C are out of contrast (Fig. 7c). The
direction of their Burgers vector is thus [1100], and
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the slip system is therefore a prism plane slip
{1120}<1100>.

3.2.3. Deformation twins

Deformation twins were found in the plastic zone after
scratching (Figs 4b and 5b). An analysis of their dif-
fraction patterns proved that there exist two types of
twin.

The diffraction pattern from the first type of twin is
shown in Fig. 8b. The zone axis of the matrix is
[1120]. In the difiraction pattern, reflection of the
matrix and twin have been superimposed with a
rotation of 180° about the axis XY. This means
that the twin composition plane (K;) is parallel to
the electron beam [13]. Therefore the twin plane is
(0001). Furthermore, the shear direction of the
twin (1)) is perpendicular to the electron beam, and
then must be [1100]. Hence this type of twin is a basal
twin.

Fig. 8c represents the diffraction pattern of an-
other type of twin. The zone axis of matrix is [5723],
Again reflections of the matrix and twin (Fig. 8c)
are superimposed with a rotation of 180° about
axis X;Y;. As in the previous case, this means that
the direction of electron beam is parallel to the twin



Figure 7 Prism plane dislocations in the plastic zone: (a) bright-field
image under multiple-beam conditions (note dislocations of types
C-C and D-D); (b) dark-field image in reflection 3300; (c) dark-field
image in reflection 1120 (note that the dislocations of type C-C are
out of contrast).

plane, i.e., K; = (1071 1). Clearly it is a rhombohedral
twin.

It is worthwhile to note that a crack was initiated at
the intersection of the basal and rhombohedral twins
(Fig. 8a).

In summary, five systems (three slip and two twin)
have been identified in the plastic zones induced by
scratching. According to Groves and Kelly [14] and
Chin [1], they are all independent. Hence, the von
Mises criterion of initiation a macroscopic plastic de-
formation in a polycrystalline body is satisfied.

In the following section, we discuss the mechanism
giving rise to these systems.

3.3. Temperature rise during scratching
One of the possible cases of the above dislocation
and twin activation is that the temperature in a
zone undergoing plastic deformation rises above
0.5 Ty.

To examine the possible temperature rise during
scratching, we apply the principle of energy conserva-
tion and assume that all the input energy through
the cutting edge (the diamond indenter) was con-
verted to heat, and that all the heat was conducted
into the alumina specimen. It is clear that an analy-
sis based on these assumptions will overestimate
the temperature rise in the specimen. To examine
the possible temperature rise, let us assume that
the heat flux generated by scratching was distrib-
uted uniformly in a rectangular arga of — b/2 < x <
b/2 and — b <y < b moving along the workpiece
with a speed V, where 2b is the groove width and
V is the speed of the diamond indenter in the
scratching experiment (Fig. 9). The heat conduction
problem can be solved by the Jaeger’s [15] model
(see Appendix A for details). (As the velocity of
scratching is small (6 mms~?), and the groove depth
and the thickness of the dislocation zone are large,
compared with the dimensions of an atom, this micro-
scopic heat conduction model will give sufficiently
accurate estimation of temperature rise in the work-
piece.)

Using this approach, the temperature rise as a
function of b is shown in Fig. 10. It is clear from this
figure that the maximum temperature rise in our spec-
imen is 20 °C, since b = 10 pm. Moreover, the temper-
ature rise is relatively independent of b in the neigh-
bourhood of b =10um and, even for b =0.3um
(which is unlikely for our experiments), the temper-
ature rise is only 300°C. It is therefore clear that no
appreciable temperature rise occurred during scratch-
ing and that the high density of dislocations observed
in the plastic zone is not activated by an elevated
temperature. Hence, the cause of the slipping and
twinning systems is the stress field in the vicinity of the
cutting edge.

4. Conclusions

1. Five independent slip and twin systems have been
found at room temperature in alumina during
single-point scratching. They are two basal slip
systems, (0001) 3[1120] and (000 1) 3[1210], one
prism plane slip system, {1120} <1100, one ba-
sal twin with K; =(0001) and shear direction
11 = [1100], and one rhombohedral twin system
with K; =(1011) and n; =[1012].

2. These slip and twin systems make macroscopic
plastic deformation possible in alumina at room
temperature. The special stress field in the vicinity
of the cutting edge plays an important role in the
motivation of the systems.
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Figure 8 Twins in the plastic zone after scratching: (a) bright-field image; (b) diffraction pattern from the basal twin ((e), reflections of the
matrix which are indexed; (O), reflections of twin); (¢} diffraction pattern from the rhombohedral twin ((®), reflections of the matrix which are

indexed; (Q), reflections of twin).
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Figure 9 The model for temperature rise calculation: (a) the scratch-
ing by a diamond indenter; (b) the heat source model.
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Appendix A

The heat conduction model proposed by Jaeger
[15] deals with a steady rectangular heat source,
moving on the surface of a half-space along the x
axis with a speed V (see Fig. 9). The heat flux, ¢, is
uniformly distributed over a rectangular area of
—1<x<1 and — b <y<b. The distribution of
steady-state temperature rise in the plane z = 0 in the
workpiece can be expressed in a non-dimensional
form as

T(X)=J e "Ko(Iml)dn

X+L w0 oM’ +L)1/2
- e "dn | ——-55dg
J'X—L 1{(112 + )2

where

nKV

T(X)= 2nq

T(X)

K is the conductivity of the material, k, is the modified
Bessel function of the second kind of order zero, and x,
X, L and B are non-dimensional parameters defined
by

Vi
T2y

b
T2

K % Vx
pc 2%

where p is the density and c¢ is the specific heat.
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