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Abstract

Effect of doping with Zr(Re) on the structure and physical–mechanical properties of b-rhombohedral boron has been studied. In

all specimens p-type conductivity was found. Internal friction and dynamic shear modulus of the specimens were investigated at

frequencies of torsion oscillations (0.5–5Hz) in the temperature range 80oTo1000K. The increase of Zr(Re) concentration in the

samples results in increase of their hole concentration, this increasing and shifting the observed IF maxima to lower temperatures;

activation energy of the maxima and frequency factor of the relaxation processes decrease by 10–15%. Effects of change of the

structure-sensitive properties observed in Zr-(Re)-doped boron are analyzed in view of changes of activation energy necessary for

the motion of twinning boundaries and stacking faults.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Real structure of b-rhombohedral boron is character-
ized with twins and stacking faults along the {100}
planes [1]. Doping boron with transition metals
results in increase of dislocation density [2,3]. The
increase of density of defects leads to increase of carrier
concentration and, as a result, of conductivity of the
material [4]. In such conditions, we are given a good
opportunity to study an influence of concentration of
defects and electro-physical characteristics on structure-
sensitive internal friction (IF) and shear modulus of
boron.
It is known that characteristics of the intensive IF

maxima occurring in b-boron at 530 and 570K are
changing due to doping with Zr [3], V(Ti) [5], Re [6] or
Fe [7]. It was shown that doping of boron with these
metals causes certain changes to the mobility of
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dislocation-origin defects responsible for the IF pro-
cesses at 530 and 570K.

2. Experimental

In the present work, there have been studied room-
temperature electro-physical characteristics, IF tempera-
ture spectrum and shear modulus of Zr-(Re)-doped
b-boron specimens. The specimens for the investigations
were prepared in a high-temperature resistance furnace
in vacuum. Concentration of the dopants was defined on
a micro-analyzer ‘‘Camebax’’. Electro-physical charac-
teristics of the specimens as well as their conductivity
were established using the data on measurements of Hall
coefficient and electrical conductivity in a static mag-
netic field. The investigated specimens exhibited hole
conductivity with the hole concentration varying from
1� 1017 to 1� 1019 cm�3. The IF and shear modulus
measurements were carried out at torsion oscillations by
the method described in Ref. [8]. IF spectra of B–Zr
specimens were measured in the temperature range
80oTo1000K and those of B–Re specimens—in the
temperature range 80oTo300K.
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3. Results and discussion

Table 1 shows the values of hole concentration and
activation parameters of the relaxation processes. Low-
temperature IF spectrum of boron doped with 0.3 at% Zr
exhibits two maxima at 145 and 230K at frequencies of
B0.5Hz (Fig. 1, 1). At the amplitude of oscillations of
about 1� 10�5, the maxima do not depend on the
direction of temperature changes. Increase of the fre-
quency up to 5.5Hz causes shift of the maxima to higher
temperatures. Temperatures of the IF maxima depend on
frequency of oscillations, that indicate to their relaxation
origin. Activation energies of the IF relaxation maxima at
145 and 230K are 0.16 and 0.40 eV, respectively. The
corresponding frequency factors are 5� 106 and
8� 109 s�1. In the temperature range 80oTo300K,
intensity of the maxima and IF background increase with
the increase of room-temperature cyclic deformation
where amplitude of oscillations is 5� 10�4, number of
cycles—500. Simultaneously, the maxima shift to lower
temperatures by 10–15K. On the curve of relative shear
modulus of the initial specimens (before cyclic deforma-
tion), there are observed shear modulus defects at the IF
maxima; above 125K the modulus increases up to 200K;
at temperatures from 240 to 300K a change of the shear
modulus is insignificant (Fig. 1, 10).
Figs. 1 and 2, show that the IF maxima, observed at a

frequency of B0.5Hz in boron doped with 0.5 at% Zr,
Table 1

Physical–mechanical characteristics of Zr-(Re)-doped b-boron

Materials Hole concentration

(cm�3) (T ¼ 300K)

Temperature of the

maxima (K)

B+0.3 at% Zr 1� 1017 145

230

500

540

695

B+0.5 at% Zr 5� 1017 140

225

490

540

690

B+1at% Zr 3� 1018 135

210

475

540

685

B+0.3 at% Re 5� 1017 150

235

B+0.5 at% Re 1� 1018 140

230

B+0.8 at% Re 6� 1018 130

230
are more intense and they shift to lower temperatures.
Activation energy and frequency factor of the IF
maximum at 140K are 0.14 eV and 2� 106 s�1, respec-
tively. Analogous characteristics of the maximum at
225K are reduced even to a greater extent (activation
energy B0.35 eV; frequency factor—1� 109 s�1).
At a frequency of B0.8Hz, IF spectrum of boron

doped with 1 at% Zr exhibits the following changes:
both maxima shift to lower temperatures; the second
maximum at B210K significantly broadens and in-
tensity of the background increases (Fig. 1 and 3). The
background at 300K and both IF maxima exhibit
amplitude dependence. These maxima shift to the
temperatures 135 and 210K, respectively. Values of
their activation energy and frequency factor reduce to
0.12 and 0.30 eV and 1� 106 and 8� 108 s�1, respec-
tively. Relative shear modulus in the vicinity of the IF
maxima is also reduced (Fig. 1, 3).
In the temperature range 300oTo1000K at frequen-

cies ofB1Hz, IF spectrum of boron doped with 0.3 at%
Zr exhibits intensive maxima at temperatures of 500,
540, 570 and 695K (Fig. 2, 1). The maxima are imposed
on a relatively low IF background which up to 1000K is
not temperature dependent. Intensity of the IF maxima
at 570 and 695K sharply increase with the increase of
amplitude of oscillations. A position of the maximum in
the vicinity of 570K does not depend on oscillation
frequency thus proving for its non-relaxation origin.
Activation

energy (eV)

Frequency factor

(s�1)

Shear modulus

(GPa) (T ¼ 300K)

0.16 5� 106 190

0.40 8� 109

1.10 8� 1011

1.30 5� 1012

2.00 8� 1014

0.14 2� 106 205

0.35 1� 109

0.90 5� 1011

1.30 5� 1012

1.90 5� 1014

0.12 1� 106 210

0.30 8� 108

0.85 2� 1011

1.30 5� 1012

1.80 1� 1014

0.15 5� 1016 175

0.40 9� 109

0.14 2� 106 180

0.35 5� 109

0.13 1� 106 190

0.30 3� 109
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Fig. 1. Effect of doping with Zr on low-temperature IF (Q�1) and on

relative shear modulus (G=G0) of b-boron.

Fig. 2. Temperature dependence of IF (Q�1) and shear modulus (G)

of b-boron doped with Zr.

Fig. 3. Effect of doping with Re on low-temperature IF (Q�1) and

on shear modulus (G=G0) of b-Boron.
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Temperatures of the maxima at 500, 540 and 695K
change with the change of oscillation frequencies, i.e.,
these maxima have relaxation nature. The relaxation
processes at 500, 540 and 695K are characterized with
activation energies 1.10, 1.30 and 2.00 eV and frequency
factors 8� 1011, 5� 1012, 8� 1014 s�1, respectively.
Changes observed in the IF spectrum of boron doped

with 0.5 at% Zr at frequencies of B1Hz, are as follows:
intensity of the maximum at 490K significantly in-
creases while that of the maxima at 540 and 570K
decreases (Fig. 2, 2). In the vicinity of 700K, intensity of
the maximum doubles. At 570 and 695K the IF has an
amplitude-dependent character.
Activation energy and frequency factor of the IF

relaxation maximum at 490K are relatively low (0.90 eV
and 5� 1011 s�1, respectively). Activation energy and
frequency factor of the maximum at 540K are 1.3 eV;
5� 1012 s�1, respectively, while the same characteristics
at 690K become rather low (1.9 eV; 5� 1014 s�1,
respectively).
Intensities of the IF maximum at 475K found in

boron doped with 1 at% Zr significantly increase and
those of the maxima at 540 and 570K decrease. In the
vicinity of 685K, the maximum acquires broadened and
symmetric form (Fig. 2, 3). Shear modulus at the
temperatures of all IF maxima significantly decreases,
while with the increase of Zr concentration an absolute
value of shear modulus increases (Figs. 2, 10-30).
In the temperature range 80oTo300K at frequen-

cies of B0.8Hz, IF temperature spectrum of boron
doped with 0.3 at% Re is characterized with low maxima
at 150 and 235K. The maxima imposed on the IF
background are not temperature dependent (Fig. 3, 1).
Increase of the amplitude of oscillations from 1� 10�5 to
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5� 10�4 causes increase of intensities of these maxima. At
torsion oscillations of B5Hz, the maxima shift to higher
temperatures by 10–15K. Values of activation energy and
frequency factor of the IF maxima are 0.15 and 0.40 eV,
5� 106 and 5� 109 s�1, respectively. After the cyclic
deformation at B500K intensities of both maxima
significantly increase. Increase of intensities of the
maxima is not so pronounced, after annealing of the
specimens for 3 h at B700K. In the region of the IF
relaxation maxima, dynamic shear modulus defects are
detected (Fig. 3, 10). Full suppression of the defects is
possible after 1 h annealing at 1000K.
Increase of the intensities of low-temperature IF

maxima in boron doped with 0.5 at% Re is more
evident; the first maximum shifts to lower temperatures
by 10K (Fig. 3, 2). Activation characteristic of this
maximum is rather low (activation energy—0.14 eV;
frequency factor—2� 106 s�1). Intensities of the maxima
decrease after the specimen annealing in vacuum
(10�3 Pa) for 1 h at 1000K.
In the specimens doped with 0.8 at% Re, further

increase of the intensities of IF maxima is observed
(Fig. 3, 3); the first maximum shifts to 130K and obtains
symmetric shape. Activation energy and frequency
factor of this maximum decrease to 0.13 eV and
2� 106 s�1, respectively. The second maximum at
230K is characterized by activation energy 0.3 eV and
frequency factor 3� 109 s�1.
Thus, our investigations show that doping of boron

with Zr as well as with Re leads to decrease of activation
characteristics of low-temperature maxima. However, it
is interesting to note that in contrast to doping with
Re [6], doping with Zr causes sharp increase to the
intensity of IF maximum in the vicinity of 700K. This
effect is similar to that observed in Fe-doped boron [7].
It is known that Zr broadens boron unit cell along the

trigonal axis [9]; besides, the increase of Zr concentra-
tion in boron matrix results in slightly increased electric
conductivity of the material [4]. In this connection, we
may suppose that significant increase of the intensity of
IF maximum at 700K as well as decrease of the value of
activation energy of the relaxation processes are rather
due to plastic deformation of the lattice than to any
electronic effects caused by doping with Zr. Amplitude-
dependent character of the IF and the observed values
of their activation parameters, also presence of defor-
mation twins and stacking faults in the structure of
boron, allow us to compare these maxima with
dislocation-type IF maxima observed in metals [10]
and semiconductors [11]. It can also be assumed that IF
maximum in the vicinity of 130–140K may be due to the
detachment of single geometrical kinks on twinning
dislocations from point defects. As for the IF maximum
in the vicinity of 230K, it may be attributed to the
motion of geometrical kinks on partial dislocations in
local stress fields of point defects.
As a possible mechanism for the explanation of
formation of the IF maximum at 500K, a motion of
twinning surface dislocations may be assumed by creating
and broadening dislocation loops on the {100} planes. IF
maximum at 700K may be caused by reversible broad-
ening of stacking faults along the {100} twinning planes.
Gradual increase of the absolute value of room-
temperature shear modulus in Zr-(Re)-doped boron with
an increase of Zr(Re) concentration may be explained by
formation of strong local bonds between atoms of boron
and those of doping elements.
4. Conclusions

Electro-physical characteristics and IF temperature
spectra of Zr-(Re)-doped boron have been studied. It
was established that concentrations of free charge
carriers increase from 1� 1017 to 1� 1019 cm�3, inten-
sities of low-temperature relaxation IF maxima increase;
activation energies of these maxima decrease; appreci-
ably decrease activation characteristics of the intense IF
maxima at 500–530 and 700K. As a possible mechanism
for the explanation of low-temperature maxima, the
detachment from point defects of single geometrical
kinks formed on twinning dislocations is offered; for the
high-temperature maxima—the motion of twinning
surface dislocations (B500–530K) and stacking faults
(B700K) in the stress field.
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