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I Introduction

Since olden times, the indentation and percussion figures on the smooth and flat
surface of metals and crystals are well known and interesting. Soon, the phenomena
are used for determining crystallographic orientation of crystals 7> ® | for the study
on the plasticity of glass ¢, and especially, for the indentation hardness testing on
metals and crystals.

Some kinds of indentation hardness testing methods have been widely used in
the industry on account of the simple operation of tester and the easy preparation of
specimens. However, the physical meaning of indentation hardness values is not
distinct. Then, about polycrystalline materials, the relation between hardness value
and ultimate tensile strength ®» % and the analysis of the indentation figures on the
surface of material have been studied by crystallographic-plasticity ¢, ; however
the satisfactory results are not necessarily reached. One of the reasons, is that the
details of deformation behaviours in the material arisen by indenter are not com-
pletely accounted for.

In this study, the figures on the surface and the three dimensional deformed-
regions in the interior of indentations, which are made by some kinds of indenter on
cube face of Cu single crystal, are mainly investigated by the dislocation etching.
And the analysis of the deformation-behaviours of indentation and the elements for

determing the hardness values are discussed.

II Experimental method

OFHC copper as material for the specimen is selected because of its distinct
slip habits, its low stacking fault energy and its applicability of the dislocation

etching method. Single crystals are glown by Bridgman method in vacuum
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furnace. The surface normal of specimen for measuring indentation hardness values
is (100} and the axes of specimens for tensile testing have the directions shown in Fig.
1. They are electro-polished. The init;al dislocation density of specimens is about
5x10*/cm?, measured by dislocation etching method.

For making indentations and testing hardness value, J/

the micro hardness tester with some kinds of indenters /

is used. The indenters used are Vickers, Knoop and v ‘\
Conical-indenter with 30, 60, 90, 105, 144 and 180° apex

- S o o a ol

angle. The loads used are 10, 50, 100, and 1000 g for 319 31 306 301 302 163

Fig. 1 Tensile axes of the

conical indenter with 60° apex angle, 100 g for Vickers )
specimens

and Knoop indenter and 1000 g for others. Shimadzu

autograph IS-2000 is used with strain rate ¢ =107?/sec for tensile testing. The tem-

peratures for measuring the hardness values and tensile testing are 77, 210 and 298°K.
The etchant used for dislocation etching is Livingston’s one ® for (111) face and

the original one for cube face. The fine structures of slip lines are investigated with

the replica method and electron microscope JEM 200.

IIT Results and Considerations
3-1 Original etchant for cube face of Cu single crystal

The etchant has the composition shown in Table 1. Fig. 2 shows the etch pits

revealed by it. It is found that they have pyramidal shapes and similar sizes.

Table 1 Composition of the original etchant
for Cuke face of Copper

Distilled Water 28 cc
Ammonium Persulfate 13 cc
Ammonium Water 12 cc

Ammonium Bromide 3.6 cc

Fig. 2 Etch pits on cube face revealed
by new etchant

One to one correspondence hetween the etch pit revealed by new etchant and
dislocation is investigated as follows: on Livingston’s etchant for (111) face, the
correspondence are already recognized . So, on same specimen, etch pit density

on (111) face are measured by Livingston’s etchant and it on cube face by new
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one, and both densities are compared. The results are shown in Table 2 and it is
found that density by the latter are barely smaller, however the orders of the value

Table 2 Comparison between etch pit density by Livingston’s
and Original etchant

Etch pit density (104/cm?)

Specimen
by Livingston’s cne by original one
No. 204 | 10 8.9
No. 205 | 13 11

No. 213 7.0 ; 5.2

coincide with each other. Also as is shown in 3-2, the correspondence between the
slip lines and the etch pit rows is very good. From these results it is found that
the one to one correspondence hetween dislocations and etch pits by new etchant is

almost established.

3 2 Analysis of indentations made by some kinks of indenters and a physical
meaning of indentation hardness value

3-2-1 Indentation figure on the surface

Fig. 3 shows indentation made under the following conditions ; a conical indenter
with 60° apex angle, a load of 1000g, a loading time for 60 sec, and 293°K. It shows
4-deformed regions like a petal
along the (110] direction in coinci-
dence with the crystallographic
symmetry of specimen. Therefore,
the following descriptions are
limited to one quadrant sur-
rounded by the (100) and the
[010) directions from the indenta-
tion center on cube face. The slip

g lines perpendicular to the [110]

direction remarkably appear in

Fig. 3 Indentation with slip traces on cube face

the whole deformed region, and
those parallel to the [110) direction appear along the middle and the edges of the
deformed region. These groups of slip lines are always observed in indentations
made by conical indenters with different apex angles.

Fig. 4 (A) and (B) show Vickers indentations, made under the following con-
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ditions ; the mounds of indenter parallel to the [100) and the (110], a load of 100 g,
a loading time for 15 sec, and 293°K. The observed slip line and deformed regions
are the same as Fig- 3. Therefore, it is found that the figures of indentations made

by an indenter with nearly axial symmetry are almost the same.

Fig. 4 Vickers indentation with slip traces: (A), the mound of
indenter parallel to (100) and (B), to [110)

3-2-2 Distributions of dislocations on cube face for every depth
To obtain the three-dimensional informations of the deformed regions in indenta-
tion, the distributions of dislocations on cube face for every depth are studied by

dislocation etching method. Fig. 5 shows the distributions of dislocations on the

Fig. 5 Indentation with etch pits at surface level on cube face

surface layer. The rows of dislocations are correspondent with slip lines in Fig. 3,
and dislocation densities along the middle and edge parts of the petal-like deformed
region are very high. Fig. 6 shows the result at 0.07 mm depth, and the square-like
high dislocation density region beneath the indenter and the three branched fork-like
one outside the square are observed. Fig. 7 shows the result at 0.54 mm depth.
From these and other results @?, the three dimensional high dislocation clustering

zones in specimen are shown in Fig. 8. Each line through the base of fork-like
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Fig. 6 Distribution of etch pits on (001) section at 0.07 mm depth

Fig. 7 Distribution of etch pits on (001) section at 0.54 mm depth

\
N

Fig.8 Schematic diagram of the disloca-
tion clustering zones. The region
in the vicinity of the indentation
is of more dislocation clustering

one inclines about 45° to the surface of
specimen. The results mentioned above
are observed in the indentations made
by conical indenters with different apex
angles ', Fig. 9 shows the distribu-
tions of dislocations in the indentations
with Vickers indenter for each depth.
Their high dislocation clustering regions
are the same regardless of the direction

of mound of Vickers indenter.

Because the observed high dislocation clustering regions have dislocation density



120 Eiichi SUKEDAI

Fig. 9 Vickers indeatations with etch pits at each deaxth:” (A), diagonal of
indenter parallels to (100}, and (B), to (110}

more than 103/cm? and they seem to be made by the interactions of the dislocations
belonging to many slip systems while indentation is made, they seem to be strong
obstacles to mobile dislocations. Therefore, these regions seem to be an important
factor to determine the indentation hardness value. Also, these regions are always
observed in indentations made by indenters with nearly axialsymetry. Therefore,
the fact is thought to be a cause of the existence of mutual relationship between

Vickers, Rockwell and Brinell hardness values.

3-2-3 Distributions of dislocations on (11i)-sections

To consider the mechanism for making indentation and the properties of the
high dislocation cluétering regions, it is necessary to know the operating slip
systems. So the distributions of dislocations on (11i)-sections at different distances
apart from the indentation center are studied by dislocation etching method.

The appearance on (11i)-section through the indentation center is shown in Fig.
10. A and B corresponds the fork- and the square-like high dislocation clustering

regions in Fig. 8, respectively. In the region C closer to surface and bounded by A, the

dislocations-on divergent slip planes are caused to happen and in the regions D and E
side, those on convergent slip planes happen on the inner side. It is found that the

slip planes on which dislocations occur in the surface- and inner-side are different.
These results are found in indentations made by conical indenters with different

apex angles {0,
Because these results are nearly the same as the distributions of dislocations
on cube face in the indentation made with a Vickers indenter, the deformation

mechanism of indentations on cube face made with the indenters of nearly axial
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svmmetry seems to he the same
as that of high dislocation cluster-

g region in them.

3-2 4 Formation mechanism
and contributions to
hardness value of the
high dislocation clus-
tering regions

In the initiation of the de-

formation-process of indentation,

the dislocations on convergent

) - slip planes seem to be operate
Fig. 10 Distribution of etch pits on (11i) section

through the indentation centre: A, a because of the observed results
cross-section of fork-like clustering zone ; ] .

. . ) beneath the indenter shown in
B, pyramidal clustering zone; C, etch
pits configuration along operative diverg- Fig. 10 and the results of inves-
ent plane; D, convergent planes; E, ] ] o )
(iii) convergent plane tigation about indentations by

spherical indenter ¢!, U3 When
the indenter pznetrates inside farther, the dislocations on divergent and convergent
slip planes seem to operate because of the results shown on C in Fig. 10.

The Burgers vectors of dislocations on convergent slip planes are determined by

[OOI1} f1o1] N
N /

A(m) S
g 0—\ B |\ O 818
(ith o~ 8

vl A
9 OO A)f

(i

Fig. 11 Reaction of dissociated dislocation Fig. 12 Reaction of dissociated dislocation
loops on convergent planes, B show- loops on divergent planes.
ing stair rod dislocation.
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Fig. 13 Three dimensional model of disloca- Fig. 14 Top view of whole figure consisting
tion configuration in the quadrant of 4.quadrants equivalent to Fig. 13.

bounded by (100) and (010) plane. A and B, showing stair rod disloca-

tions having the Burgers Vector
3y/BD and 7v8/AD, respectively

assuming the flow of material to form the hollow ; and those on the divergent slip
planes, by assuming the flow to form the hill in the regions along the (110) direction.
So referring to Hirth’s results on the dislocation-interaction in face centered
cubic metals %, 1%  the dislocation behaviours and interactions on divergent and
convergent slip planes, and along the intersected line of two kinds of slip planes are
considered. The results on convergent slip planes are shown in Fig. 11 ; those on
divergent ones, in Fig. 12; and those along the intersected line of them, in Fig. 13.
Fig. 14 shows the figure, projecting the results of Figs. 11, 12 and 13 on a cube face, and
is similar to Fig. 7. Arrows A and B in Fig. 14 show the sessile dislocations having
Burgers vector, a/3+{100> and a/6+<{013>, respectively. The former has lower self-
energy than the perfect dislocation has, and its contribution to resistance on mobile
dislocations seems larger ¢'®. It is thought that this fact causes the hardness value

along the (100) direction on a cube face to be larger than that of {110).

3-3 Relationship between indentation hardness value and tensile strenght

3-3-1 Comparison of indentations made at 77, 210 and 293°K

Fig. 15 (a) and (b) show indentations made at 77 and 210°K, respectively, under
the following conditions ; conical indenter with 60° apex angle, a load of 1000g and
a loading time for 60 sec. The observed deformed regions and the groups of slip
lines are the same as those observed in Fig. 3 and the distributions of dislocations in

the specimen are the same as those observed in Figs. 5, 6 and 7.
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Fig. 15 Indentations with conical indenter on cube face

(a) made at 77 K

and (bh) at 210 K (Scale=0.1 mm)

Fig. 16 is the fine structure of
slip lines in the region denoted by an
arrow in Fig. 3; and it shows the
parallel slip lines with fine structure
and wide and clear slip band (A), and
the fragmentations (B). It is known
by the study about the deformation
hehaviour on Cu single crystals that
appearances of A and B are due to
the contributions to cross-slipping of
screw dislocations piled up at obsta-
cles. Fig. 17 shows the fine structure
of slip line on indentation at 77 K,
and it has fine, straight and long slip
lines. The observed region is corres-

pondent to Fig. 16. Thus, it is found

Fig. 17 Fine strucure in slip traces of indentation made at 77 K.

Fig. 16 Fine structures in slip traces of inden-
tation made at 293°K.
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that the higher the deformation temperature is, the larger is the frequency of cross-
slipping of screw dislocations piled up at the obstacles (eg.-in high dislocation clustering
regions) in indentation.

3-3-2 Relationships between Knoop hardness value and =;;, value

It is well known that on the tensile tests of single crystals of FCC metals, the
resolved shear stress-strain curves are generally divided into three stages shown in
Fig. 18, and the beginning of stage III is closely con-
nected to the cross-slipping of screw dislocations piled up o o /

at some obstacles ' . Also, because the cross-slipping

shear stress

of screw dislocations depends upon a deformation tem- sagel/ stageX  Stegemm

perature, it is considered that the indentation hardness =

shear strain

beginni tage III :
values and the stress at the beginning of stage III, =, Fig. 18 Shear stress. shear

show a similar inclination. So the relationship between strain curve of FCC
metal

these values are studied.

Fig. 19 shows Knoop hardness values,

measureda t 77, 210 and 293°K, at every

5° from the (110) to (100) direction on a

cube face, and it is found that the lower

the temperature is and the nearer the direc-

tion is to the(100],the higher are the values.

Generally, the strength of materials

20 o gped is dependent on crystallographic orienta-
® 21 0°K . .
® 203% tions and strain rate, etc. Also, of inden-
10 [~ T
| tation hardness testing methods, Knoop
o . L . .
tiol tioo1 indentation hardness values are deter-
o 10 20 30 40 50 60
8 mined by the deformation resistance of

Fig. 19 Diargam of Knoop hardness number  materials along the direction of short-
(K.H.N.) vs the angle 6 of rotation . . .
of the short diagonal of Knoop diagonal of indenter “®, 4 = and are

indenter from [110]) direztion on

most sensitively dependent on crystal-
cube face at 77, 210 and 293°K

lographic orientations. Then, under the

same conditions for measuring Knoop hardness values (at strain rate ¢=1072/sec,
and at 77, 210 and 293°K), the tensile test of specimens having the axes shown in
Fig. 1 are done. Fig. 20 (a), (b) and (c) show the results of specimen No 163,
No 301 and No 319, respectively. Arrows (—) denote the beginning of stage III, and

with a lower deformation tempereture, values of 71 increase and its tendency is the
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Fig. 21 The relationships between the Knoop
hardness number at different directions
on cube face and 71 of Cu single
crystals with the corresponding tensile
axes at each temperature

sams as the depzndence of Knoop hardness values upon the temperature.

Fig. 21 shows variations of Knoop hardness values and 7, on respectively de-
pendent orientations at each deformation temperature and it is found that on each
orientation, they seem to be linearly dependent on one another. This fact suggests
that the temperature dependence of indentation hardness values is attributed by the
same reason as that of =iy in tensile test, and assuming from the results of tensile
test 1 | the resistances to deformations of indentation seem due to such obstacles to
mobile dislocations as the high dislocation clustering regions and the sessile disloca-

tions in the deformed regions of indentation.
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IV Summary

In all indentations made by some indenters, the high dislocation clustering regions
are always observed and similar. Because they are able to act as the resistance
to mobile dislocations, they seem to be a main factor determing indentation hardness
value and to be a cause of the mutual relationship between some indentation hardness
values.

The high dislocation clustering regions are considered by the dislocation theory
and the orientation dependence of indentation hardness values is found to be upon the
sessile dislocations in those regions. Also, indentations at three different temperatures
are compared and temperature dependences of Knoop hardness value and wip are
considered. It is found that the temperature depedences seem to be upon the

temperature dependence of cross slipping of screw dislocations piled up at obstacles.
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