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The twinning of antimony single crystals in nanoindentation has been investigated. The role of twinning in the
formation of the impression of the Berkovich pyramid on the surface (111) of antimony single crystals has
been established. A new method of investigation of the mechanical twinning of single crystals has been devel-
oped. For the first time, the duration of the process of twinning has been determined experimentally by a di-
rect technique.

As of now, the role of twinning in the formation of the indenter impression in testing of single crystals for
hardness has been studied adequately [1–5]. The development of nanoindentation technology [6, 7] has opened up new
possibilities of studying such a process of plastic deformation as twinning. Therefore, it is of interest to study the ef-
fect of twinning on the process of formation of the impression of the Berkovich pyramid on the surface (111) of Sb
single crystals and to develop a new technique of investigation of twinning, which is based on the fixation of the
penetration depth of the indenter in the case of increasing load on it.

Experimental Technique. Antimony single crystals were grown by the Bridgman method from a raw material
of 99.999% purity. The samples were obtained by splitting the single crystals along the cleavage plane (111). Owing
to a pronounced cleavage, the split-off plane was suitable for investigations without further treatment.

The surface (111) of the antimony single crystals was deformed on a Nano Indenter II nanohardness tester
(Nano Instruments, USA). The device is intended for testing for hardness by the Berkovich trihedral indenter at small
(to 20 g) loads. During the tests, the relation between the displacement h of the Berkovich indenter and the load P on
it is recorded with high accuracy. The measurement accuracy of the impression depth is %0.04 nm and the load on
the indenter is %75 nN. Deformation of the single crystals was executed at different rates, reaching 12 mN/sec.

The appearance of twins at the indenter manifested itself on the P = f(h) curves in the form of discontinuities
of the function P = f(h). After unloading, twins in the indenter impression were observed with an optical microscope.

The dependences ∆h = f(t) were constructed in order to determine the duration of the process of twinning.
The value of the mean contact pressure P was found as a function of the depth penetration of the indenter.
Experimental Results and Their Discussion. Figure 1 gives the dependences P = f(h) for different rates of

loading. On the P = f(h) curves, we observe discontinuities which indicate the appearance of the twins in antimony
single crystals as a result of the effect of increasing concentrated load on its surface (111).

In the absence of twinning, the dependence P = f(h) can be described by the known relation [8]

P = 
Hh

2

k
 . (1)

As has been shown by the experimental results of this work (Fig. 1), the loading rate affects the character of
dependence (1). In the absence of twinning, for different rates of loading dependence (1) in the general case can be
described by the function

P = α 
Hh
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 , (2)
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where α is a certain dimensionless coefficient dependent on the loading rate. In (2), α is the parameter characterizing
the sensitivity of the material to the deformation rate. The necessity of introducing this parameter is caused by the fact
that with increase in the loading rate the P = f(h) curve shifts to the region of smaller h.

In the case where twinning occurs, the function P = f(h) is a piecewise-continuous function (Fig. 1) and it has
the form

P = 
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As has already been noted, with increase in the rate of loading of antimony single crystals the dependence P
= f(h) shifts to the region of lower h, which is shown in Fig. 1c. Therefore, α > 1.

As is clear from Fig. 1, the appearance of twins is accompanied not only by the discontinuity of the P = f(h)
curve but also by a certain slight displacement of it to the region of higher h. Therefore, βj < α (j ≠ 1) and β1 = 1,
since no twinning was observed at the initial instant of loading.

An important measure of the process of twinning is the value of the density of dislocations ρtw on its
boundaries. The use of nanoindentation allows one to find ρtw as follows. We write the expression

ε
.
 = 

1
h

 
dh
dt

 = ρtw bV . (4)

It is easy to show that (4) yields

dh
dt

 = ρtwbdl . (5)

Integrating (5), for a single twin we have

ρtw = 
2

bL
 ln 

h2
′

h1
′
 . (6)

The quantity L is found experimentally. Since the twinning rate is known [9], we calculate L for the twin formed from
the formula

Fig. 1. Relation between the load on the indenter and the depth of its penetra-
tion at loading rates of: a) 0.25, b) 3, and c) 12 mN/sec. P, mN; h, nm.
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L = 2V (t2 − t1) . (7)

For the case of twinning given in Fig. 2, the time of the process has a value of the order of 0.8 sec. From
the boundaries of the discontinuity region of the P = f(h) curve (Fig. 3) we find that h1 = 2320 nm and h2 = 2330
nm. Taking V = 10−4 m/sec and b = 2⋅1010 m [2], for the twin considered we obtain from (6) and (7) that
L C 160 µm and ρtw C 0.25⋅10−8 m−2, which corresponds to the experimental data of [2, 9, 10] and indicates the le-
gitimacy of the technique suggested for studying the main parameters of twinning.

Figure 4 gives the dependence of the mean contact pressure p produced in the indenter impression on the
penetration depth of the indenter. The appearance of twins on the p = f(h) curve manifests itself as a sharp decrease.

Using the data of Figs. 1 and 4, one can describe the process of deformation of the surface (111) of antimony
single crystals by the Berkovich indenter in the case where the deformation is accompanied by twinning. The follow-
ing stages can be distinguished in the process indicated:

1) a relatively slight increase in the mean contact pressure before the appearance of a twin;
2) a sharp decrease in p accompanied by acceleration of the penetration of the indenter into the depth of the

material upon a slight change in the load;
3) further penetration of the indenter into the investigated material follows law (3).
Thus, twinning facilitates the relaxation of internal stresses in the indenter impression, thus decreasing the

mean contact pressure and increasing the velocity of indenter penetration into the depth of the material.
As a result of the investigation of twinning by the method of nanoindentation, we have established that the

appearance of twins on the P = f(h) and p = f(h) curves is revealed by the discontinuities of the indicated functions.
The method of nanoindentation allowed us to determine the duration of the process of twinning. A technique for de-
termining the density of twinning dislocations in the twins appearing at the indenter has been suggested.

Fig. 2. Dependence of ∆h on the time t. ∆h, nm; t, sec.

Fig. 3. Magnified picture of the portion of discontinuity of the P = f(h) curve.
P, mN; h, nm.

Fig. 4. Mean contact pressure p as a function of the penetration depth of the
indenter. P, GPa; h, nm.
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NOTATION

h, penetration depth of the indenter (displacement of the indenter), nm; P, load on the indenter, N; p, mean
contact pressure, Pa; hi and hi+1, preceding and subsequent displacements of the indenter, nm; t, time, sec; H, micro-
hardness of the material, Pa; k, geometric parameters determined by the shape of the indenter; βj, coefficient indicating
a deviation of the function P = f(h) from (2) upon the appearance of the jth twin; hj, value of the displacement of the
indenter which determines the limits of continuity of the function P = f(h) between the instants of the appearance of
twins, nm; ε

.
, rate of deformation of the material by the indenter, sec−1; b, Burgers vector of a twinning dislocation,

m; V, mean velocity of twinning dislocations, m/sec; l, mean free path of twinning dislocations determined as l = L/2
[2] (here L is the length of a twin, µm), µm; h1′  and h2′ , penetration depths of the indenter at the instants before the
twinning and after it respectively (determined experimentally from Fig. 3), nm; t2 and t1, instants of time before the
twinning and after it (determined from Fig. 2), sec. Subscript: tw, twin.

REFERENCES

1. H. M. Chan and B. R. Lawn, J. Am. Ceram. Soc., 71, No. 1, 29–35 (1988).
2. O. M. Ostrikov, Twinning of Ion-Implanted Bismuth Single Crystals, Author’s Abstract of Candidate’s Disserta-

tion (in Physics and Mathematics), Minsk (1999).
3. O. M. Ostrikov, Zh. Tekh. Fiz., 70, No. 12, 39–42 (2000).
4. O. M. Ostrikov, Fiz. Metallov Materialoved., 89, No. 5, 106–109 (2000).
5. O. M. Ostrikov, Inzh.-Fiz. Zh., 72, No. 5, 967–970 (1999).
6. W. C. Oliver and G. M. Pharr, J. Mater. Res., 7, No. 6, 1564–1583 (1992).
7. N. V. Novikov, S. N. Dub, Yu. V. Mil’man, I. V. Gridneva, and S. I. Chugunova, Sverkhtverd. Mater., 18, No.

3, 36–45 (1996).
8. A. M. Korsunsky, M. R. McGurk, S. J. Bull, and T. F. Page, Surface Coatings Technol., 99, 171–183 (1998).
9. V. I. Bashmakov and M. M. Brodskii, Kristallografiya, 17, No. 4, 833–836 (1972).

10. M. V. Klassen-Neklyudova, Mechanical Twinning of Crystals [in Russian], Moscow (1960).

203


