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Damage-free processes of grinding of brittle materials have been widely used in industry for 
producing electronic and optical components with high surface integrity. It has been found 
that the transition threshold from ductile f low to brittle fracture during the process of 
material removal plays a central role in the quality control of a machined surface. However, 
the precise microscopic mechanism which governs the formation of dislocation structure 
and micro-cracking when machining a brittle material such as alumina, remains unclear. The 
mechanism of formation and structure of the plastic or damage zones in alumina of two 
different grain sizes (1 and 25 gm) subjected to single-point scratching with sharp and blunt 
indenters were studied in this paper. Using transmission electron microscopy, characteristic 
features of the plastic/damage zone in terms of loading conditions and microstructure of the 
materials were carefully investigated. It was found that the grain size and the geometry of the 
indenter had a great effect on the dislocation structure of the plastic zone and that the 
subsurface damage could be very severe, even though the machined surfaces appeared 
damage-free. These results indicate that the ductile f low to brittle fracture transition in 
machining brittle ceramics is more complicated than previously thought and that a reliable 
criterion has yet to be established to predict a real damage-free grinding process. 

1. Introduct ion 
To produce satisfactory ceramic components of high 
precision and high surface integrity, machining pro- 
cesses such as grinding must be conducted in a dam- 
age-free regime so that material removal is without 
micro-cracking both on the surface and in the subsur- 
face [1]. Extensive studies [2-5] have been carried out 
to demonstrate the effect of machining parameters, 
such as the depth of cut, loop stiffness of machines, 
properties of coolant, and so forth. In all these invest- 
igations, the damage-free regime was said to be 
achieved if a smooth and damage-free machined sur- 
face was obtained when examined by a scanning elec- 
tron microscope. Indeed, this procedure has been 
commonly adopted and used as a criterion of damage- 
free machining by both researchers and manufactur- 
ing engineers. From the point of view of deformation 
of materials, however, the mechanisms of transition 
from ductile flow to brittle fracture are far from being 
fully understood. Specifically, to the authors' know- 
ledge, the slip systems of dislocations induced by the 
cutting edges and their relations with microcracking 
are unclear. 

The process of material removal in a grinding op- 
eration could be viewed, to a great extent, as an 
integration of a set of single-point cuts [5-8]. There- 
fore, an investigation into the material's response to 

single-point scratching would offer an insight into the 
deformation mechanisms caused by grinding. Rel- 
evant past studies on single-point scratching covered 
mainly the following aspects: topography of scratched 
surfaces [9, 10], microfracture and deformation phe- 
nomena [11, 12], and determination of coefficient of 
friction and hence the ratio of normal to tangential 
forces [12]. Again, as mentioned above, the mecha- 
nism of material removal was classified as brittle frac- 
ture or plastic deformation [13, 14] just according to 
the surface topography of the scratched groove. Also, 
although previous studies on indentation of brittle 
materials, both theoretical and experimental [15-17], 
have examined in detail the deformation mechanisms 
under the indenter and, to a certain degree, material 
removal processes, these are not entirely relevant to 
the machining operation, which is the subject of inter- 
est in this paper. 

The brittle nature of ceramics is generally con- 
sidered to be the main reason for the lack of plastic 
deformation. There is little or no plasticity involved in 
the bond-rupture process. Most cracks are disloca- 
tion-free [18] and only a few cracks are considered to 
be caused by interracial mismatch dislocations [19]. 
Take alumina as an example. The possibility of plastic 
deformation of alumina at room temperature induced 
by indentation and abrasion has long been doubted 
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[20], as this material has ionic/covalent bonding 
which limits the number of independent slip systems. 
Also, the critical temperature causing the brittle to 
ductile transition in alumina is higher than 0.5TM 
(TM~2000 ~ is the melting temperature). Therefore, 
it seems unlikely that a sufficient number of slip sys- 
tems would be activated at room temperature to make 
possible homogeneous plastic deformation. However, 
Peter et al. [21] recently found that if a hydrostatic 
pressure was applied, plastic deformation in sapphire 
could be achieved at a temperature much lower than 
the above critical transition temperature. In this case, 
the systems of prism plane slip at 200 ~ and basal slip 
at 400 ~ were detected. This might be related to the 
observations of Hockey and Lawn [18] who, with the 
aid of transmission electron microscopy, found a high 
density of dislocations and twins in sapphire at room 
temperature, as the indenter would create a high hy- 
drostatic stress in the indented zone. 

Clearly, existing results are insufficient to explain 
the fundamental mechanisms of deformation of 
a whole class of ceramics in the regime involving 
ductile-brittle transition in relation to the processes of 
material removal. Therefore, the present work aimed 
to investigate the microstructure of the subsurface of 
alumina subjected to single-point scratching and to 
provide essential information for further study of 
damage-free grinding. As the first step, we examined in 
detail the different mechanisms caused by two differ- 
ent grain sizes of an alumina under different scratch- 
ing conditions. 

2. Experimental procedure 
Polycrystalline alumina specimens were made from 
commercially available alumina powder of 99.99% 
purity (Morimura Brothers Inc., Tokyo). Sintering 
was carried out in air at 1300-1700~ for 2-18 h 
depending on the grain size required. Specimens with 
two grain sizes, 1 and 25 gm, respectively, were used to 
demonstrate the grain-size effect when all other test 
conditions were the same. The scratching experiments 
were conducted on a reciprocating sliding machine, 
the details of which were given elsewhere [9]. Two 
types of indenter, a blunt diamond conical indenter of 
about 100 gm tip radius and a sharp Vickers pyramid 
indenter with an included angle 136 ~ , were used to give 
different contact conditions of scratching. Specimens 
measuring 10 x 6 x 4 mm 3 were used after polishing 
that was carried out in two steps using diamond pastes 
of two different particle size with average diameters of 
3 and 1 gm respectively. The normal load applied was 
6 N  and the sliding speed of the indenter was 
6 mm s-1. Tangential forces during scratching were 
measured with a linear variable displacement trans- 
ducer (LVDT). 

The microstructure of the subsurfaces of specimens 
was examined by a transmission electron microscope 
(TEM) Philips EM430 operating at 300 kV. To do 
this, a scratched specimen was first sectioned into thin 
slices, 1 mm thick, perpendicular to the scratched 
groove, Fig. la. Two slices were glued together in the 
manner shown in Fig. lb and thinned down first mech- 
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Figure 1 Preparation of specimens for TEM investigations: (a) cut- 
ting into thin slices; (b) gluing two slices together. 

anically and then by ion milling to a thickness of 
40 nm suitable for TEM study. If the plastic or 
damaged zone was not fully revealed the specimen was 
thinned down again using the same procedure until 
the full area of damage could be clearly seen. This 
method of specimen preparation enabled us to investi- 
gate the subsurface damage thoroughly in a plane 
perpendicular to the scratched surface, and therefore 
detect subsurface structure immediately below the sur- 
face and to identify changes in the structure due to 
deformation. Such cross-sections were also examined 
using a scanning electron microscope (SEM) JM505 to 
reveal the dimensions of any possibly damaged regions. 

3. Results and discussion 
3.1. The initial microstructure of alumina 
Examination of the microstructure revealed that the 
density of dislocations was extremely low in the 
coarse-grained (25 gin) alumina. The majority of 
grains were dislocation-free, Fig. 2a. The porosity of 
the material was also very clear. A tooth-like structure 
was, however, observed at the grain boundaries, 
Fig. 3a, which could be identified as stacking faults. 
The high density of such faults at the grain boundaries 
shows the existence of residual stresses in the coarse- 
grained alumina after sintering. 

In contrast, the fine-grained alumina (1 gin) was 
very inhomogeneous in grain size (Fig. 2b). It varied 
from 0.8-5 gm with an average value of 1 gm. Poros- 
ity was also obvious among the grains. Similar to the 
coarse-grained alumina, no dislocations were detected 
inside the grains. However, no tooth-like structure 
was observed at the grain boundaries (Fig. 3b). This 
indicates that the residual stresses in the fine-grained 
alumina due to sintering are much smaller. 



Figure 2 The initial microstructure of alumina after sintering: 
(a) 25 ~tm grains; (b) 1 ~tm grains. Grains are dislocation-free. 

Figure 3 The structure of grain boundaries of alumina after sinter- 
ing: (a) 25 gm grains; (b) 1 ~tm grains. Tooth-like structure is clearly 
seen at grain boundaries of the coarse-grained ceramic. 

3.2. Subsurface microstructure due to 
polishing 

The surface of a polished coarse-grained alumina 
specimen prepared for the scratching experiments 
was smooth with only a few grains fractured due to 
polishing. There was a layer of high dislocation 
density about 0.5 gm thick beneath the polished 
surface (Fig. 4a). On the other hand, for the fine- 
grained alumina the polished surface (Fig. 4b) was 
very smooth. No grains were broken during 
polishing and no dislocations were detected on the 
subsurface of the polished specimen even though 
the polishing procedure was the same as for the 
coarse-grained alumina. This indicates that disloca- 
tion initiation is much harder in the fine-grained 
alumina. 

3.3. Structure of the subsurface 
after scratching 

3.3. 1. Scratching with a sharp indenter 
3.3.1.1. Coarse-grained alumina. The topography of 
the groove, Fig. 5a, shows that grains were fractured 
and even dislodged during scratching. The profile of 

the groove was irregular and differed from that of the 
indenter whose width and depth were both about 
20 gm, see Figs 5a and 6a. (The width of the groove is 
more than 20 gm in Fig. 6a due to fractured and 
dislodged grains). The damage region was clearly seen 
in the scanning electron micrograph of a cross-section 
perpendicular to the groove (Fig. 5b). It was hemi- 
spherical with an approximate radius of 80 gm and 
was characterized by a high density of cracks running 
between the grains which were almost separated. 

The structure of the material at the bottom of the 
groove is shown in Fig. 6. A severely deformed zone 
could be observed. The deformed structure was com- 
plex, containing a high density of dislocations, defor- 
mation twins and a large number of cracks (Fig. 6b-d). 
This zone spread to a distance of about two grains 
(20~40 gm) from the border of the groove and con- 
tained many dislocation bands (Fig. 6c). It was im- 
possible to resolve the individual dislocations in the 
bands. Rhombohedral  twins were also detected 
(Fig. 6d) with a high density of dislocations near their 
boundaries. 

A preliminary contrast analysis using various dif- 
fracting conditions verified that different slip systems 
were activated during scratching. Triple junctions 
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Figure 4 Subsurface structure of alumina after polishing: (a) 25 ~m 
grains; (b) 1 gm grains. Note the subsurface layer with a high 
density of dislocations in the coarse-grained alumina. 

Figure 5 Coarse-grained alumina after scratching with a sharp in- 
dentor. (a) Topography of the groove, and (b) subsurface damage. 

detected in the region examined also confirmed this 
conclusion. Cracks developed between and through 
the grains. The initial structure was so heavily 
damaged that it was impossible to determine indi- 
vidual features of the structure where cracks were 
formed. 

3.3.1.2. Fine-grained alumina. The topography of the 
scratched surface of the fine-grained alumina is shown 
in Fig. 7a. The groove was smooth but radial cracks 
could be clearly seen on the surface near the groove. 
The included angle of the groove was about 150 ~ 
(Fig. 8a) which was larger than that of the 
indenter (136 ~ ) because of the elastic recovery of the 
alumina. 

Almost no separation of grains occurred during 
scratching of the fine-grained alumina. In fact, the 
density of defects was lower at the grain boundaries 
because the initiation of cracks between grains was 
harder and thus grain separation was more difficult. 
Only a limited number of cracks was found beneath 
the first row of grains. The median cracks, however, 
were formed at a distance of 5 6 gm below the surface, 
Fig. 8b. The length of the median cracks was about 
15 gin, and was approximately the size of the damage 
zone. The damage region in the fine-grained alumina 
was four times smaller than that in the coarse-grained 
alumina. 
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The structure of the plastic or damage zone under- 
neath the groove bottom from which median and 
radial cracks emanated could be examined in 
Fig. 8b-d in more detail. The grains in the surface 
layer of about 1 gm thick were severely deformed 
(Fig. 8c). The density of dislocations was comparable 
to that in the coarse-grained alumina. A few grains 
below, there was a highly deformed layer but with 
a much lower dislocation density (Fig. 8d), where 
individual dislocations and dislocation loops could 
be clearly distinguished. Fig. 8d shows the centre of 
a dislocation loop located at the boundary of a 
grain. Accordingly, the dislocation source was at the 
grain boundary, which could be created by grain 
sliding via extended loading. No cracks went through 
the grains. Twins appeared only occasionally. Im- 
mediately below this layer (about 5 gm below the 
surface), a median crack was formed (Fig. 8b) which 
propagated mainly along grain boundaries. Although 
the median crack was initiated in the deformed layer, 
it grew quickly through the region without detectable 
deformation. No separation of grains took place in the 
whole process. 

As mentioned before, the plastic or damage zone in 
the coarse-grained alumina was characterized by both 
a high dislocation density and the appearance of 
rhombohedral  twins. In addition, the dislocation dis- 
tribution was very inhomogeneous. At the same time, 
many transgranular and grain-boundary cracks were 
formed. Therefore, the main difference in the structure 
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of the plastic or damage zones of the fine- and coarse- 
grained aluminas was the formation of rhombohedral  
twins and inhomogeneity of dislocation distribution. 
It is well known that inhomogeneous distribution of 

Figure 6 Scratching test with a sharp indenter on 25 ~tm coarse- 
grained alumina. (a) General view of groove profile. Note the ir- 
regular form of the groove. (b) The highly deformed zone under the 
groove with cracks. (c) Dislocation structure of the plastic zone. 
Note regions with high and low dislocation densities. (d) Rhom- 
bohedral twins in the plastic zone. 

dislocations is not favourable for crack resistance and 
that the appearance of twins would cause additional 
cracking. Furthermore,  the interaction of rhombohed-  
ral twins may nucleate macroscopic cracks [21]. The 
same effect could be observed for intersecting twins 
with grains boundaries. It then follows that in the 
fine-grained alumina, the homogeneous distribution 
of dislocations in the severely deformed layer and the 
low density of dislocations in the lightly deformed 
layer cooperatively increase the crack resistance of the 
material. Hence, the fine-grained alumina has a higher 
ductile-brittle transition threshold; though it should 
be noted in the case studied that median/radial cracks 
do occur (Figs 7a and 8b). 

3.3.2, Scratching with a blunt indenter 
3.3.2.1. Coarse-grained alumina. Unlike what hap- 
pened in the experiments with the sharp indenter, the 
groove generated by the blunt indenter was very 
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vidual dislocations could be distinguished, Fig. 9c, 
and the characteristic structure where cracks were 
initiated could be recognized. Thus microcracks were 
found to form in the direction parallel to the corres- 
ponding rhombohedral  twins and slip planes and at 
the sites of intersecting twins, Fig. 9b. All these obser- 
vations indicate that the appearance and development 
of cracks were strongly dependent upon the existence 
and morphology of twins. The damage zone was lim- 
ited to the first and second rows of grains. No damage 
was found beyond the third or fourth row of grains. 
Furthermore, grain sliding leading to grain-boundary 
fractures became more obvious in the severely de- 
formed layer. 

3.3.2.2. Fine-grained alumina. Figs 7c and 10a show 
the smooth groove formed by the blunt indenter. 
Similar to scratching coarse-grained alumina, the 
boundaries of the grains at the bottom of the groove 
were significantly weakened owing to the severe defor- 
mation, Fig. 10b. Grain sliding also took place. The 
width of the damage region was about 10 gin. The 
structure of the first row of grains was highly de- 
formed, but the second and third rows possessed only 
a low density of dislocations (Fig. 10c). No disloca- 
tions were detected in and beyond the fourth row of 
grains. Hence, the depth of the zone affected by plastic 
deformation was about 3 gin. The density of disloca- 
tions was quite low here, because the blunt indenter 
reduced the level of the hydrostatic stress. As opposed 
to the sharp indenter no median or lateral cracks 
could be detected. Nor  could the well-known cone 
cracks be observed. 

Figure 7 Topography of the surface after scratching. (a) Fine- 
grained alumina, sharp indenter; (b) coarse-grained alumina, blunt 
indenter; (c) fine-grained alumina, blunt indenter. 

smooth, Figs 7b and %, with a depth of about 9 gm 
and a width of 20 gm. However, this does not mean 
that the deformation of material is purely plastic. 
TEM examinations of the cross-section perpendicular 
to the scratched groove showed that cracks were de- 
veloped beneath the first row of grains. The blunt 
indenter also created many microcracks inside the 
grains (i.e. transgranular cracks) in the severely de- 
formed layer. The structure of the damage zone had 
a distinct feature compared with that formed by the 
sharp indenter. Many rhombohedral  twins appeared 
in the severely deformed layer, Fig. 9b. Moreover, the 
density of dislocations was low and therefore indi- 
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3.4. Discussion and implication for 
ductile-regime grinding 

In the following discussion, we make no distinction 
between the plastic and the damage zones and we use 
them interchangeably. Strictly speaking, a purely plas- 
tic zone should only contain a region of deformed 
grains inside which dislocations occur in certain slip 
systems and deformation twins develop. There should 
be no intergranular or transgranular cracks. However, 
due to the inhomogeneous dislocations and twins, 
microcracks may be found inside the grains and at 
grain boundaries. A damage zone encompasses both 
the inner plastic zone with associated microcracks and 
an outer zone of grain-boundary fractures where 
the grains may contain a low density of dislocations. It 
is therefore difficult to distinguish physically the pure- 
ly plastic zone from the damage zone. In some cases 
the damage zone also includes median/lateral cracks 
(for a sharp indenter) and cone cracks (for a blunt 
indenter). 

With the exception of the case of a sharp indenter 
on coarse-grained alumina, in all the other three cases 
investigated, the grains in the first row were always 
highly deformed during scratching, the material struc- 
ture was changed, and the groove surfaces were 
smooth. All these observations strongly indicated that 
plastic deformation was a major mechanism of mater- 
ial removal. 
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Although the nature of the systems of dislocation in 
the severely deformed layer have not been explored, 
our experimental observations suggested that different 
slip systems were involved. However, the existence of 

Figure 8 Scratching test with a Vickers indenter on fine-grained 
alumina. (a) Profile of the groove. The first row of grains is not seen 
in the picture, (b) Median crack beneath the plastic zone. Note that 
the median crack begins in the region with the deformed grains and 
extends past the undeformed grains. (c) The structure of the first 
deformed grains under the bottom of the groove. (d) Dislocation 
structure of the third to fifth rows of the grains. 

slips could not guarantee the prevention of cracking. 
Most importantly, the subsurface damage must be 
considered even if the groove appears to be damage- 
free. The dimensions of the plastic or damage zone i n  
the subsurface of a specimen depend on the type of 
indenter used (which alters the loading condition and 
thus the stress field in the material), and the grain size 
of the material (which determines the material 's re- 
sponse to the applied stress). 

The nature of the grain boundaries plays a signifi- 
cant role on the damage caused by scratching. 
A strong boundary between grains would offer a 
superior damage resistance. Because the fine-grained 
alumina had a higher boundary strength and was free 
of residual stresses relative to the coarse-grained 
alumina, for scratching with the sharp indenter, the 
depth of the damage zone was much smaller (i.e. 
15 ~tm as opposed to 80 gm). The extent of grain 
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Figure 9 Scratching test with a blunt conical indenter on 25 gm coarse-grained alumina. (a) Profile of the groove; (b) rhombohedral twins in 
the plastic zone, note the crack along the twins; (c) dislocation structure of the plastic zone, individual dislocations can be distinguished. 

sliding is also related to the strength of the grain 
boundaries. The aluminas studied in our experiments 
did not have a grain-boundary strength sufficient to 
prevent grain sliding leading to intergranular cracks in 
the severely deformed layer when a blunt indenter was 
used. Consequently, a purely plastic groove could not 
be achieved. It is noted that the grain boundaries have 
provided barriers for the spreading of the deformed 
structure. For  example, the dislocations in the coarse- 
grained alumina were able to spread to a depth of 
30 gin, while in the fine-grained ceramics it was only 
about 4 gm. 

Now consider the different response of the two 
aluminas under the same scratching conditions. As 
discussed before, two special features were detected in 
the plastic or damage zone of the coarse-grained 
alumina: the appearance of rhombohedral twins and 
inhomogeneous distribution of dislocations. Because 
all the aluminas were prepared from the same powder 
and possessed the same crystallographic structure, the 
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energy of activating twins must be the same. But the 
nucleation of twins in the coarse-grained alumina was 
easier because this material had a higher density of 
defects at the grain boundaries that acted as sites for 
initiation of twins. Consequently, the twins led to the 
inhomogeneous distribution of dislocations as the lat- 
ter were concentrated at its boundaries [21]. An ex- 
tremely high dislocation density in some places has led 
to crack formation as well as twins intersecting each 
other and at the grain boundaries. The formation of 
cracks underneath the groove in the coarse-grained 
alumina is strongly dependent on the structure of the 
plastic or damage zone. In the case of fine-grained 
alumina the absence of twins in the plastic zone and 
homogeneous dislocation distribution have prevented 
crack initiation inside the plastic zone.. This fact leads 
to the conclusion that in evaluating the machinability 
of ceramic materials and the threshold of brittle-duc- 
tile transition, the subsurface structure of the plastic 
zone must be considered. Lawn et al. [22] recently 
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Figure 10 Scratching test with a conical blunt indenter on 1 ~tm fine-grained alumina. (a) Profile of the groove; (b) subsurface zone, note 
cracks under the first row of grains; (c) dislocation structure of the plastic zone. 

discussed another type of brittle-ductile transition in 
which the microstructure is tailored to promote 
microfracture and other energy absorption mecha- 
nisms within a local zone under the indenter (instead 
of the usual cone fracture or median/lateral cracks) 
which gives a non-linear and hence psuedo "plastic" 
stress-strain curve. However, in ductile-regime grind- 
ing, such damage is not permitted and the "ductility" 
obtained is not relevant for damage-free machining. 

4. C o n c l u s i o n s  
1. Plastic zones were discovered during scratching 

alumina under different sliding conditions. The 
dimensions and structure of such plastic zones de- 
pended greatly on the types of alumina and indenters 
used. 

2. The plastic zone in the coarse-grained alumina 
(25 gm) was characterized by twins and a high density 
of dislocations produced by different slip systems. 
However, in the fine-grained alumina (1 gm) there was 
a much lower density of dislocations. 

3. The existence of rhombohedral  twins and in- 
homogeneous distribution of dislocations in the 
coarse-grained alumina were the sources of cracking 
inside the plastic zone. 

4. The initial microstructure of the alumina in- 
fluenced to a great extent its response to scratching. 
The stacking faults on the grain boundaries of the 
coarse-grained alumina due to sintering led to easy 
separation of grains and the formation of a large 
damage zone. 

5. Surface examination by SEM could not guarantee 
real damage-free scratching or grinding. The subsurface 
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damage must seriously be considered. A better and 
more reliable criterion should be developed to predict 
real damage-free grinding. 
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