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The dependences of microhardness H on the load on indentor were obtained for bismuth
single- and polycrystals. The general tendency to H decreasing with P increasing up to
~0.15 N is observed. After that the microhardness practically does not change. In the
range of P~ 0.05-0.15 N, in the H(P) dependences the oscillations are detected whose

presence is explained by qualitative changes in plastic deformation micromechanisms and
in the crystal defect structure under increasing indentor load.

Ilonyuensl 3aBUCUMOCTA MUKPOTBepAocTH H MOHO- M IOJHKPHCTANIOB BUCMYTA OT BeJU-
ynHBl Harpysku Ha maaeHTop P. Habaromaerca obias TengeHiins K cHuxkeHuio H c yseau-
yeruem P go ~0,15 N, mociie yero MUKPOTBEPAOCTD IPaKTUUYECK! He M3MeHsAeTcs. B mHTep-
Base P ~ 0,05-0,15 N na saBucumoctax H(P) o0HApYKEeHBl OCIIMIIAINYA, HAININE KOTOPBIX

CBfI3bIBAETCA C KAUECTBEHHLIMM MBMEHEHUAMH B MHKPOMEXaHMB3MaX IJIAaCTUUYECKOil medopma-
ouu 1 B AedeKTHON CTPYKType KPHCTAJJIa IIPU YBEJUWUYEHUY HArpySKW Ha HUHIECHTOD.

Microhardness H is an important pa-
rameter which determines the material re-
sistance to the plastic deformation under
application of a concentrated load P, creat-
ing a non-uniform stress field [1, 2]. For
macrohardness the law of similarity has ex-
perimentally been established according to
which H value does not depend on the in-
dentation size d. However, in the micro-
hardness measurements the condition of
geometrical similarity usually is not ful-
filled, and there is observed so-called "scale
effect”, which is described quantitatively by
H(P) or H(d) dependences. The existence of
scale effect complicates the comparison of
microhardness values obtained by different
authors, and becomes especially significant
when the mechanical properties of thin
films, coverings and multi-layer structures
are studied.

There is a great number of works devoted
to studying the peculiarities and causes of
scale effect (see, for example, [1-7]). Among
the main factors determining scale effect
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are the change in the plastic deformation
mechanism in the surface layer in compari-
son with the volume, elastic recovery of the
indentation after the load removal, and also
the structural factor determined by the
presence of boundaries separating defect-
free areas. The majority of authors report a
monotonous increase in H with decreasing
P, though in some works a decrease in H
with decreasing load was observed [8, 9]. In
[10] for polycrystalline samples of semicon-
ductor compound CulnSe, in a certain range
of loads we observed a region of anomalous
H growth in the H(P) dependences with in-
creasing P and attributed effect to qualita-
tive changes in the crystal defect subsystem
under certain levels of the plastic deforma-
tion. One should expect that such effects
with a high probability will be observed in
plastic materials, in which the significant
deformations are achieved without the sam-
ple destruction, and will manifest them-
selves more distinctly in single crystals
where the grain boundaries do not impede
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the dislocation movement. The observation
of various kinds of peculiarities in the H(P)
dependences allows us to judge, on the one
hand, about the levels of plastic deforma-
tion, at which the defect structure under-
goes some changes, and, on the other hand,
to choose the optimal load for the H meas-
urement.

The goal of the present work is to estab-
lish the character of the manifestation of
the scale effect under microindentation of
bismuth single- and polycrystals. Bi is a soft
and plastic material [11], has face-centred
rhombohedral lattice close to the cubic one
[12], and is easily cleaved along a perfect
cleavage plane (111). The peculiarities of
the crystal structure and chemical bond
cause the anisotropy of properties, in par-
ticular the anisotropy of mechanical proper-
ties [11]. There is a significant variation in
microhardness values for Bi reported by dif-
ferent authors (from 60 up to 180 MPa).
One of the most probable reasons of this
variation (along with the anisotropy of
properties) is the scale effect, which, to the
best of our knowledge, has not been investi-
gated for Bi crystals.

In the present work the existence of the
scale effect in Bi single- and polyecrystals
was established, the general tendency to the
H growth with decreasing P was detected,
and the plastic instabilities were observed
in a definite range of loads.

The microhardness was measured at
room temperature on a PMT-3 apparatus
using a pyramidal diamond indentor in the
load range of 0.01-0.49 N. The load appli-
cation, contact maintenance and the re-
moval of load lasted for 10 sec each. The
adjustment of the device was carried out
using fresh chips of NaCl crystals. The
error of the measurement of the indentation
diagonal was ~0.2 um. For each sample at
each load at least 20 indentations were ob-
tained. The measurements were carried out
on (111) face of Bi single crystals, grown by
the Bridgman technique, and also on a poly-
crystalline sample. The Bi purity was no
less than 99.999 % of the main compo-
nent. The single-crystallinity and the orien-
tation of Bi crystallographic axes were de-
termined using X-ray diffractometry on
freshly cleaved samples. The samples with
the size of 10x8x6 mm3 were cleaved from
the grown single crystal along the cleavage
plane. The preparation of surface for H
measurements (grinding, mechanical polish-
ing and etching by 15 % HNOj; solution)
was identical for all samples. The (111)
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Fig. 1. The dependence of microhardness H
measured on (111) face of bismuth single
crystals on the load on indentor P. The
dashed line corresponds to the curve con-
structed in the assumption of power law de-
pendence H = A-P7?, where b = 0.21+0.02.

cleavage surface of the single crystal was
oriented relative to the indentor in such a
way that the indentation diagonal was at
the angle of 45° to the sliding direction
[1T0]. The indentations had the equal diago-
nals, but taking into account anisotropy of
Bi mechanical properties the indentation
sides along [1T0] direction had slightly con-
vex shape, which was in good agreement
with the results of the other works [11].
Quite often the wedge-shaped twins were
observed around the indentation. The H
values at each load were obtained as the
mean H, of the measurement of 20 inden-
tations, and the confidence interval AH was
determined as AH = -t,, where B is the
standard error of the mean for the series of
20 measurements, and tn is the Student co-
efficient, which was taken to be equal to 2
[13]. The measurements showed that with
increasing load on indentor, the relative
standard error of the mean value B/Hcp de-
creased from ~ 2 down to ~0.5 % which
actually corresponded to an error of the in-
dentation diagonal measurement. To estab-
lish the possibility of the influence of non-
identical conditions of single crystal growth
and sample preparation for H measure-
ments, three different Bi single crystals
grown by a similar technique were used. It
was established that the variation of H val-
ues for different single crystals did not ex-
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Fig. 2. The dependence of microhardness on
the load on indentor for Bi single crystal on
(111) face (curve 1) and for Bi polycrystal
(curve 2).

ceed the variation of H values within each
sample.

In Fig. 1 the microhardness dependence
on the indentor load measured on (111) face
of Bi single crystals is given. The distinct
manifestation of scale effect is observed: up
to P 2 0.05 N, H decreases with the increas-
ing load, and then the H(P) dependence ex-
hibits the oscillatory behavior, which indi-
cates the existence of plastic instabilities,
and from P~ 0.15 N, the microhardness
value practically does not change under fur-
ther increase in P. The critical values of P,
corresponding to the appearance of oscilla-
tions (P ~ 0.05 N), and also to the minima
and maxima in the H(P) dependences, are
well reproduced for different samples. In
polyerystalline Bi the plastic instabilities
are also observed (Fig. 2), however, the cor-
responding range of loads is shifted towards
greater P in comparison with the single crys-
tal, which can be naturally attributed to the
change in the deformation conditions in the
presence of grain boundaries in crystal.

Scale effect is commonly described
within the framework of Meyer’s power law
P = Ad", from which the power law dependence
H =BP?b is followed, where b= (2 - n)/n
[1, 2]. In Fig. 3, the logarithmic depend-
ences P(d) obtained from the microhardness
measurement on (111) face of Bi single crys-
tal and on the polycrystalline sample are
presented, which show that Meyer’s equa-
tion is in good agreement with the experi-
mental data (the correlation coefficient is
greater than 0.99). The power law coeffi-
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Fig. 3. The logarithmic dependences of the
load on indentor P on the indentation diagonal
for Bi single crystal on (111) face (curve 1) and
for Bi polycrystal (curve 2). P is measured in
newtons and d in micrometers.
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cients n determined from these depend-
ences for Bi single-and polycrystals were n =
1.65+0.03 and n = 1.74+0.03 respectively.

Analyzing the obtained data, one can em-
phasize two principal results: 1) with in-
creasing load on indentor up to P~ 0.15 N
in Bi single-and polycrystals the tendency to
microhardness decreasing is observed, i.e.
the scale effect takes place; 2) in the load
range of P = 0.05-0.15 N, the H(P) depend-
ences have the oscillatory character. Taking
into account these results, the obtained
H(P) dependence can be presented as impo-
sition of the monotonous and oscillating
components. The dashed line in Fig. 1 corre-
sponds to the power law dependence H = BP?,
where the value b=(2 — n)/n = 0.21+0.02
is obtained for n = 1.65%+0.03. In the insert
to Fig. 1, the AH(P) dependence is pre-
sented, where AH is the deviation of H
value from the monotonous component of
the H(P) dependence. The relative oscilla-
tion amplitude amounts to 15-20 %.

The most probable factors determining
the decrease in H with increasing P have
been discussed above. As Bi belongs to soft
and plastic materials [11], elastic recovery
of imprints after microindentation practi-
cally does nor occur. The influence of the
structural factor connected with the pres-
ence of different types of boundaries [7]
also can be excluded, if H is measured on
monocrystalline samples. Thus, it follows
that the principal cause of the scale effect
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in Bi is the difference in the properties of
the surface layer and the crystal volume.
From our point of view, it is necessary to
take into consideration one more factor
mentioned in [10] and connected with the
self-organization processes in the deforma-
tion defect subsystem. At small loads the
dislocation mechanism of plasticity is the
most probable [14, 15]. As deformation in-
creases, the dislocation systems start to ex-
hibit collective properties, resulting in the
formation of stable ordered structures such
as rigidly connected dislocation ensembles
[16]. That is why the observed decrease in
H up to P ~ 0.05 N can be associated not only
with the specificity of the surface layer prop-
erties, but also with the increasing degree of
order in the dislocation structure as the total
number of dislocations increases.

The sharp growth in H at P> 0.05 N
can be caused by the fact that under some
deformation, monotonically increasing
strengthening of the sliding planes reaches
the critical value at which the further dislo-
cation movement along them becomes im-
possible and is replaced by the deforma-
tional twinning. It is known [11] that under
deformation of the Bi cleavage planes (111)
by the concentrated load, the plastic defor-
mation process with twinning in one of
three directions [101] is easily realized in
the crystal, which is proved by the pre-
sented data. In [17] it was shown that the
number of twins emerging under the inden-
tation of Bi single crystals does not depend
on P in the load range of P = 0.05-0.3 N,
while the length of twins increases; how-
ever, the information about the twinning
processes at P < 0.05 N is absent. If we
suppose that at P < 0.05 N the twinning
process takes place, the sharp increase in H
at P~ 0.05 N can be caused by the appear-
ance of secondary twins at a certain critical
value of load or by a change in the average
twin length in a jump-like manner.

On the other hand, collective movement
of dislocations such as plastic rotations,
whose structural carriers are the defects of
disclination type, can lead to the formation of
the dislocation sub-boundaries dividing the
crystal into fragments [16]. The microfrag-
mentation process also can have a threshold
character manifesting itself through jump-
like changes in microhardness.

Thus, the obtained results show that
complex processes take place in a erystal
under increasing load on indentor, when the
interaction between deformation defects
stimulating the appearance of new types of
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defects and self-organization processes in
the defect subsystem becomes the prevailing
factor determining the H value.

From the obtained data it follows that
the H(P) dependences are not always mo-
notonous functions as it is usually sup-
posed. In plastic materials, where the sig-
nificant degree of deformation without de-
struction of a crystal is achieved, the
transition from the micro- to macrohardness
can be accompanied by phenomena caused by
the collective processes in the subsystem of
deformation defects, leading to the appear-
ance of the plastic instabilities.

In the Bi single- and polycrystals under
the microindentation the scale effect is ob-
served: up to P ~ 0.05 N the microhardness

decreases with increasing load on indentor,
and in the range of P = 0.05-0.15 N the
H(P) dependences exhibit the oscillatory be-
havior. The existence of the plastic insta-
bilities is attributed to the collective proc-
esses taking place in the defect subsystem
and resulting in the formation of the conse-
cution of deformation structures under load
increasing.

The existence of scale effect under mi-
croindentation, the complex character of
the H(P) dependences, and the presence of
the plastic instabilities should be taken into
account when choosing the optimal load on
indentor.
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HecTtabinsHocTi maactTuunoi medopmanii y kpucraaax Bi
NpM MiKpPOiHIEHTYBaHHI

O.I. Pozauwosea, I''A. Axoeénesa, C.I'. To6uenrxo

Ogep:xano sanemxuocti Mikporseppocri H MOHO- Ta moJikpucTaaiB BicMyTy Bij BeJaMUMHN
HapBaHTaxKeHHd Ha imgentop P. Cmocrepiraerbcs sarajbHa TEHIEHIIiS 10 3HH:KeHHA H mpu
spocragui P mo ~0,15 N, micas uoro MikporeBepiicTs HpaKTHYHO He sMiHMOE€ThCA. B imTe-
peaai P ~0,05-0,15 N ma sanexuoctsax H(P) BUABIAIOTHLCA OCHMIALIl, HAABHICTD SAKUX
OB A3yeThCA 3 AKiCHMMH a3MiHaMy y MikpomexaHismax 1uracTuuHol xedopmanii Ta y me-
deKTHiNl CTPYKTYpPi KpHucTaaa IpPU 3POCTAHHI HABAHTAMKEHHS HA iHIEHTOD.
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