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Deformations in KCI single crystals by spherical
and pyramidal indentor
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An indentation test, using a steel ball and a diamond quadrangular pyramid indentor, were
carried out on the {100} cleaved crystal face of KCI single crystals. The dislocation structures
and strain hardening around an indent were examined. In addition, macroscopic deformations
such as pile-up and the shape of the indent were investigated. It became clear that — because
of the anisotropy of these crystals, plastic deformations, the crystals’ area and the strain hard-
ening around the indents — are larger in the {1 10) direction than in the {100} direction, and
a regular correspondence relation was confirmed, experimentally, between hardness and dis-

location density.

1. Introduction

Wear of material which has rather a rough surface
proceeds by the invasions or friction produced by
sharp asperity tips or wear debris. In order to eluci-
date the mechanism of wear, it is necessary to have
knowledge of the deformation in the materials pro-
duced by such invasions or friction. To study these
problems, it is useful to study the dislocation level
microscopically by using single crystals. In the present
study, the microscopic and macroscopic deformations
in the surface layer of KCl single crystals were inves-
tigated using a steel ball or a Vickers diamond in-
dentor to indent the {100} crystal face. Strain harden-
ing and dislocation structures were examined. In
addition, the pile-up or sinking around an indent were
observed. These experimental results will be useful in
understanding the deformation mechanism of the ma-
terial produced by the invasion brought about by
friction.

2. Experimental procedure

2.1. Sample preparation

KClI single crystals were used for the experiments.
The specimens were cleaved in the {100} face to a size
7.5x15x 5 mm. These specimens were annealed for
10 h in the temperature range 640-740 °C. The disloc-
ation density of the cleaved surface, estimated with
number of etch pits per unit area, was reduced to 6
x 107 m~2 by annealing. The chemical composition of
the solution used for etching was CH; COOH 100 ml
mixed a few quantity of Br,.

2.2. Experimental details
The details of the apparatus used for ball indentation
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tests have been described previously [1]. The indenta-
tions were made under a load range of 1.0-5.0 N using
a 4 mm diameter, steel ball or a diamond pyramidal
indentor. The ball indentor was finally ground to
produce a surface finish of about 0.05um cla. A
micro Vickers hardness tester was used for the pyr-
amid indentation tests. After indentation the plastic
deformations around the indent were examined with
surface-profile testing apparatus of the stylus type.
Hardness distributions were also measured in the
deformed area. The indented surface and its cross-
section were etched to reveal the dislocation structure
resulting from indentation. All the experiments were
carried out in an atmosphere with a temperature of
20°C and a humidity of 40%, because KCl crystals are
hygroscopic and deliquescent.

3. Results and discussion

3.1. Macroscopic deformations

3.1.1. Anisotropy in the shape of the indent
The diagonals in pyramid indentation were oriented
in three ways: (a) parallel to (100> direction, (b)
parallel to {110 direction, and (c) intermediate to
these two. Fig. 1 shows the indents formed immedi-
ately after releasing a load of 5.0 N in these three cases.
It is found that the shape of the indent on the surface
alters from a perfect square [2]. The diagonals are
shorter by about 5.0% in case a than in case ¢; and, as
this length is used to calculate the Vickers Hardness,
H,, a high H, value results in this case. Such differ-
ences in the shape of the indent are due to crystal
anisotropy, and can be understood by considering the
mechanism of slip process. Slips of this material occur
casily in the {110} direction, because (as is shown
later in Fig. 7) etch pits, which show the activities of
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Figure 1 Variation of anisotropy in the shape of indent with direction of indentor (load, 5.0 N).

dislocations, are detected conspicuously in the (110>
direction. That is, KCI single crystals deform more
easily in the {110) direction than in the (100)
direction. The difference in diagonal length with direc-
tion corresponds to this anisotropy.

Fig. 2 shows the surface indented with a steel ball
under a load of 5.0 N. The shape of an indent is almost
square, with diagonals oriented in the {110} direc-
tion. This also indicates that the material can be
deformed most easily in the (110} direction.

3.1.2. Topographical deformation around
indent

Fig. 3 shows surface topographies, recorded with a
surface recorder of stylus type, after loading of pyr-
amidal indentor. Curves a, b, and ¢ were obtained by
tracing on the routes A, B, and C, respectively. The
occurrence of small hills, due to the piling-up actions
of dislocations [3], are observed in each case. The
location of the pile-up corresponds to the swollen
parts of the sides of the pyramidal indent on the
surface. The sinkings of the material, however, are
produced where the sides of the indent cave in. Fig. 4
show the contour lines which are obtained by com-
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Figure 2 Appearance of the deformation under a 5.0 N indentation.

bining the equal-height points in the areas piled-up
and sunk-in. The heights of pile-up and sinking are
shown in micrometres. There are shades of difference
among the contour-line patterns according to the
direction of diagonal. The piled-up arca was observed
in the {110)> azimuth and the sunk-in area was
observed in the <1 00> azimuth. The maximum length
of the ranges of pile-up and sinking are measured as
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Figure 3 Traces of surface-topography features around indent
(load, 2.0 N).

about 300 pm and 200 um, respectively, and the max-
imum height of pile-up and sinking are measured as
about 8.0 pm and 10.0 um, respectively.

3.1.3. Strain hardening around indent

The hardness was measured on an indented surface to
examine the strain hardening around an indent. Fig. 5
plots hardness versus distance from the centre of the
indent. Hardness measured on a cleaved surface be-
fore indentation is about 9.3 + 0.2(H,), which is
shown in Fig. 5 with a chain line. It is clear from this
plot that the range of strain hardening produced by
indentation is much greater in the {110) azimuth
than the {100), under a load of both 3.0 and 10.0 N.
Hardness increases about 20% or 30% at a distance of
250 pm from the centre of the indent under a load of
3.0 or 10.0 N, respectively. Fig. 6 shows hardness
distributions on a cross-section, {100}, cleaved at the
centre of indent. The notch, labelled “A” on the surface
level is an indent. The region inside a chain line is
strain hardened by indentation. The length, B, which
represents the range of hardened area is about 1250
and 2300 um under loads of 3.0 and 10.0 N, respect-
ively. Hardness beneath the indent increases by about
40% and 50% under these loads. These observed
hardness behaviours are considered to be the sum-
mation of the effects of pressure during loading, the
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Figure4 Contour lines (in pm) of Vickers hardness, H, around
indents (load, 2.0 N).

relaxation of the stress during load removal, and of the
residual stress produced during indentation.

3.2. Microscopic deformations

3.2.1. Dislocation-structure pattern

Fig. 7 shows the distribution of dislocations produced
by pyramid indentation under a load of 1.0 N. The
black centre labelled “A” is an indent. Etch pits



13 around the indent overlap with each other, and the
dislocation density is at a very high level. The dislo-
cation structure forms a wing row pattern which ex-
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Figure 5 Relations between hardness and distance from the centre
of the indent. (A) 3.0N, {100); (A) 30N, (110>, (C) 100N,
{100}; (@) I0.0N, <110>.
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Figure 6 Hardness distributions on cleaved cross-section. (a) load,
3.0N, (b) load, 10.0 N.

Figure 7 Distribution of dislocations produced by indentation Figure 8 Distribution of dislocations produced by indentation
(load, 1.0 N). (load, 2.0 N).
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length of the rows in the {1 10) direction is estimated
to reach about three times the maximum length of the
range of piled-up area. Increases in hardness due to
strain hardening are observed in the range in which
the pile-up and sinking of the material are observed. It
is found that the distance from the centre of the indent
to the border of the strain hardened area is about
three times the diameter of an indent, and that the
change in hardness is not confirmed in the outer side
of its range though dislocations are clearly detected.

Fig. 8 shows the distribution of dislocations pro-
duced by pyramid indentation under a load of 2.0 N in
three directions of the diagonal. The dislocation-struc-
ture patterns are almost similar in the three cases.
Compared with the results in Fig. 4, the shape of the
combined range of piled-up and sunk areas is almost
similar to that of the regions of high dislocation
density.

Fig. 9 shows the dislocation-structure pattern ob-
tained under the same load but with a spherical
indentor. In this case also, a range with extremely high
dislocation density is observed around an indent.
Also, the dislocation-structure pattern is quite similar
to that for a pyramid indentation.

The slip systems of the KCl crystals are considered
to be {110} {110, as has been observed in MgO
single crystals [4]. The six slip systems shown in
Fig. 10 are considered. Two of these slip planes inter-
sect the indented surface at a right angle, and the other
four make an angle of 45° with the surface. Slip
directions are labelled in Fig. 10 on these slip planes.
These two kinds of planes can be designated as
{110}o and {110),s, respectively. On these slip
planes the dislocation lines form the loops as shown in
Fig. 10.

Figure 9 Distribution of dislocations produced by indentation
(load, 1.0 N).
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3.2.2. Changes in dislocation density due
to indentation

Fig. 11 shows the relation between dislocation density
and distance from the centre of the indent. At the left
side, out of a chain line the number of etch pits cannot
be measured because they overlap. As the distance
from the centre of an indent increases, the dislocation
density decreases monotonically. This decreasing
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Figure 10 Slip systems in KCI single crystal: (a) {110}o, (b)
{110},s.
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Figure 11 Relation between dislocation density and the distance
from the centre of the indent: (®) 0.25 N, (O) 0.5 N, (@) 1L.ON.
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Figure 12 Relation between hardness and distance from centre of
indent: () 025N, (O) 05N, (@) 1.0N.
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Figure 13 Relation between dislocation density and hardness.

Figure 14 Appearance of deformation on cleaved cross-section (load, 3.0 N).

tendency is similar to the relation between hardness
and distance from the center of an indent in Fig. 12.
Fig. 13 shows the relation between dislocation density
and hardness. The relation shown in this figure does
not change with load because dislocation corresponds
to hardness. The change in hardness due to indenta-
tion is only about 3.0%, whereas the dislocation
density shows about an 18-fold change in value from
20%x108m~ 2 to 3.6 x10° m~2

3.2.3. Observations on cleaved cross-sections
Fig. 14 shows a deformation on a cleaved cross-

section after a 3.0 N pyramid indentation. As the
deformation is deep beneath the indent, the condition
of the dislocation structure cannot be confirmed. It is
found that the dislocation structure forms the pattern
of a letter “X”, making an angle of 45° to the indented
surface in a deeper area than the high-dislocation-
density area. And the dislocation structures which
make an angle of 90° to the surface are scarcely
observed. This shows that dislocation activities are
made mainly on the {1 10}, planes in the inside of the
crystals.

4. Conclusions
1. The indents formed on surfaces indented with a
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ball and a pyramid are not perfectly circular or square
because of crystal anisotropy.

2. The appearances of the pile-up and sinking
around the indent were clarified.

3. The strain hardening around the indent is more
active in the (110} direction than in the {100)
direction.

4. The deformed area formed on a {100} face with a
ball or pyramidal indentor consists of a high-dis-
location-density range and a wing-shaped area of
comparatively low density extending along the (110}
and the {100) directions.

5. A regular correspondence relation is obtained
between hardness and dislocation density.

6. Dislocation activities on the {1 10},, and on the
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{110}, are mainly detected on the indented surface
and on its cross-section, respectively.
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