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A substantial internal friction peak associated with grain boundary �GB� has been observed in pure alumi-
num bicrystals with �100� tilt GBs, which is similar to that observed for �112� tilt GBs in the previous work
�Phys. Rev. B 71, 060101�R� �2005��. The peak is suggested to be induced by GB sliding, but with different
mechanisms in microscopic scale for different types of GBs by considering their difference in relaxation
parameters. The relaxation parameters for low-angle GBs with a �100� tilt axis are at the same level as those
with a �112� tilt axis, and can be interpreted by the glide and climb of dislocations composing the GB, but
controlled by climb. The studied high-angle high � ��=29� �100� tilt GB behaves similarly to high-angle
general and high � �112� GBs; their mechanism is possibly associated with a local rearrangement of disordered
atom groups. The studied low � ��=5� �100� tilt GB exhibits a special behavior �i.e., high activation energy
and low relaxation strength�, which is attributed to its low free volume. The �100� tilt GBs with angular
deviations from exact �5 but within the near-CSL �coincidence site lattice� limit also exhibit some special
behavior, but to a lesser extent.

DOI: 10.1103/PhysRevB.72.174118 PACS number�s�: 62.40.�i, 61.72.Mm, 61.72.Lk

I. INTRODUCTION

The internal friction peak associated with the grain
boundary �GB� in polycrystals was extensively investigated
by Kê,1,2 Benoit,3,4 and others.5,6 This peak has been used to
study some GB related processes in polycrystalline
materials.7–9 But the data for polycrystals involve contribu-
tions of different types of GBs, from which the information
of an individual GB cannot be evaluated.

There have been many investigations on the properties of
bicrystals with different misorientation angles and different
types of GBs.10–15 However, the study on internal friction of
bicrystals was seldom.16–18

Recently, we measured the internal friction of pure Al
bicrystals with a series of �112� tilt GBs, including low-
angle, high-angle general and high � GBs.19 The activation
parameters of an internal friction peak were found to reveal a
distinct change between low- and high-angle GBs, indicating
different mechanisms. But in the work, no bicrystal with low
� GB was included, due to the lack of low � GB for the
�112� tilt axis.

Since the GB properties depend not only on the misorien-
tation angle but also on the tilt axis, the study of bicrystals
with different tilt axes is necessary to get more information
of the GB internal friction and the GB structure. Besides, a
lot of works indicate that low � GBs often exhibit some
special properties, such as high resistance to high-
temperature GB sliding, fracture, and corrosion.10,11 Hence,
the present paper attempts to study the internal friction in
pure Al bicrystals with a series of �100� tilt GBs, including
low angle, high angle, low �, and high � GBs.

II. EXPERIMENTAL

The Al bicrystals used in this study were prepared by the
Bridgman method. The total impurity content was 7.7 ppm,

the main impurity elements �in ppm� were as follows: P:
3.74; Si: 0.99; Ce: 0.99; Cu: 0.40; Fe: 0.36; La: 0.24; B:
0.18; As: 0.14; Th: 0.13; Ti: 0.12; V: 0.11. All the bicrystals
were characterized to have a planar symmetric tilt GB with a
�100� tilt axis. The misorientation angles were 7.5°, 9.3°,
14.5°, 33.4°, 36.0° �close to �5, 36.9°�, 41.2°, and 43.1°
�close to �29, 43.6°�.

The specimens were about 65 mm in length, 4 mm in
width, and 2 mm in thickness. The planar boundary was
parallel to the length and perpendicular to the width, located
in the middle of the width. The specimen was clamped on the
plane of the width at both ends. The length between clamps
was about 50 mm, so the effective boundary area in the
specimen was about 50�2 mm2. During an internal friction
measurement, the specimen was periodically twisted at the
upper end, while the lower end was fixed.

The internal friction was measured using a forced vibra-
tion method at constant excitation strain amplitude 1�10−5

in an automatic inverted torsion pendulum. The internal fric-
tion Q−1 was determined by a direct measurement of the
phase angle, �, by which the strain lags behind the stress.
The measurements were taken in air at three frequencies
�0.3, 1.0, and 3.1 Hz� with ascending or descending tempera-
tures changing at the rate of 2 K/min.

The experimental procedures are similar to those in the
previous work,19 so that the data obtained in this study can
be compared with Ref. 19.

III. RESULTS

Figures 1�a�–1�c� show the internal friction vs tempera-
ture at 1 Hz in the pure Al bicrystals with misorientations
7.5°, 36.0° �close to �5�, and 43.1° �close to �29�, respec-
tively. It can be seen that an obvious internal friction peak
appears at medium temperature in the bicrystals, but disap-
pears in the single crystals which were cut from the same
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grown product adjoining the bicrystals. It is evident that the
observed peak should be associated with the GB. The peak is
stable, appearing at both ascending and descending tempera-
tures. It also appears in the other bicrystals listed above, and
disappears in the corresponding single crystals.

Figure 2�a� shows an example for the internal friction
measured at three different frequencies �0.3, 1.0, and 3.1 Hz�
represented by the bicrystal with 7.5°. It can be seen that the
peak shifts to higher temperature at higher frequency. Figure
2�b� shows the corresponding dynamic modulus �in arbitrary
unit�, which drops sharply around the internal friction peak
temperature. In contrast, the modulus of the single crystals
goes down slowly along a straight line, without the sharp
drop �not shown here�.

As is well known, the internal friction peak induced by an
anelastic relaxation process occurs at the following
condition:2,5

�� = ��0 exp�H/kTp� = 1, �1�

where � is the circular frequency ��=2�f , f is the measur-
ing frequency�, � is the relaxation time, �0 is the preexponen-
tial factor, H is the activation energy, k is the Boltzmann
constant, and Tp is the absolute temperature of the peak.

The peak was considered to be superimposed on a back-
ground Qb

−1 expressed by2,5

Qb
−1 = A1 + A2 exp�− A3/kT� , �2�

where A1 , A2, and A3 are constants. After subtracting the
background by a fitting procedure20 as used in Ref. 19, the
net internal friction peak can be resolved from the experi-
mental curve, as shown in Fig. 2�c�.

The peak widths of the bicrystals are broader than that for
a single relaxation time, the distribution parameters of relax-
ation time � are generally in the range of 1.0–0.25, which is
similar to that for �112� tilt GBs, but is smaller than that
��3.5� for ordinary polycrystals.

With the net peak height Qmax
−1 and the measured value of

�, the relaxation strength can be determined according to the
formula2,5

	 =
Qmax

−1

f2�0,�� − Qmax
−1 /2

, �3�

where the values of parameter f2�0,�� are obtained from
Table 4.2 in Ref. 5.

FIG. 1. The internal friction vs temperature in Al bicrystals with
�a� 7.5°, �b� 36.0° �close to �5�, and �c� 43.1° �close to �29�, and
the adjoining single crystals at 1 Hz. FIG. 2. �a� The internal friction and �b� dynamic modulus in the

Al bicrystal with 7.5° measured at different frequencies, and �c� an
example for resolving an experimental internal friction curve.
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With the net peak temperatures at different frequencies,
the activation energy H and the preexponential factor �0 can
be obtained based on Eq. �1�. Figure 3 shows the Arrhenius
plots �natural logarithm of circular frequency � vs the recip-
rocal of net peak temperature 1/Tp� for Al bicrystals with
7.5°, 36.0°, and 43.1°. In Fig. 3, because the peak tempera-
tures of 36.0° are much higher than others, two different
scales of 1 /T at upper and lower abscissas are used for dif-
ferent bicrystals to condense the space of the figure.

The obtained values of H , �0 , Qmax
−1 , and 	 for different

misorientations are listed in Table I. The data of H , �0
�log10�0�, and 	 vs the misorientation angle are plotted in
Figs. 4�a�–4�c�, respectively.

IV. DISCUSSION

During the measurement of internal friction, the planar
GB in the bicrystals is subjected to a cyclic shear stress,
which will induce a cyclic sliding �perhaps combined with
rotation� of the GB. Thus the observed internal friction and

modulus decrease can be attributed to the time-dependent
GB sliding.

From Table I and Fig. 4, one can see that the relaxation
parameters are different among different types of GBs. The
origin and implications will be discussed jointly with the
results obtained in the previous paper.19

A. On the relaxation parameters of low-angle GBs

The relaxation parameters of the �100� tilt GBs with 7.5°,
9.3°, and 14.5° are very similar to each other. Their activa-
tion energies H are about 1.3 eV, the preexponential factors
of relaxation time �0 are of the order of 10−12 s, and the
relaxation strengths 	 are in the range of 0.17–0.19. These
parameters are on the same level within experimental error
as those of low-angle �112� tilt GBs19 �for the latter, the
values of H are about 1.4 eV; �0 is of the order of
10−12–10−13 s; and 	 is equal to 0.17–0.18�. It indicates that
the 7.5°, 9.3°, and 14.5° �100� tilt GBs belong to a low-angle
region, and that the low-angle �100� and �112� tilt GBs ex-
hibit the same behavior.

In the tilt low-angle GBs, the dislocations can be consid-
ered as discrete. The spacing d between primary edge dislo-
cations can be expressed by

d = b/
 , �4�

where 
 is the misorientation angle, and b is the magnitude
of Burgers vector. The sliding of the low-angle GBs can be

FIG. 3. Natural logarithm of the circular frequency � vs the
reciprocal of the net peak temperature 1/Tp for Al bicrystals with
7.5°, 36.0°, and 43.1°.

TABLE I. The activation energy H, the preexponential factor of
relaxation time �0, the internal friction peak height Qmax

−1 , and the
relaxation strength 	 for different misorientation angles 
 of planar
symmetric �100� tilt boundaries in pure Al bicrystals.



H �eV�
�±0.05� �0 �s�

Qmax
−1

�±0.004�
	

�±0.02�

7.5° 1.27 1.9�10−12±1 0.069 0.19

9.3° 1.31 1.5�10−12±1 0.058 0.17

14.5° 1.30 1.6�10−12±1 0.051 0.17

33.4° 1.99 4.8�10−17±1 0.051 0.20

36.0°, �5 2.25 3.6�10−18±1 0.038 0.15

41.2° 2.04 1.4�10−17±1 0.061 0.21

43.1°, �29 1.67 6.2�10−16±1 0.061 0.20

FIG. 4. �a� The activation energy H, �b� the logarithm of the
preexponential factor of relaxation time �0, and �c� the relaxation
strength 	 vs the misorientation angle.
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accomplished by the glide and climb of dislocations compos-
ing the GB, but controlled by climb. The measured activation
energy of internal friction is close to that of lattice diffusion
�1.3 eV� in pure Al,21 and is reasonable for the dislocation
climb mechanism.

Winning15 pointed out that the transition angle between
low- and high-angle GBs depends on the critical spacing �or
reversely, the critical density� of the dislocations composing
the GB. From Eq. �4�, we know that for 7.5°, 9.3°, and 14.5°,
d=7.6b, 6.2b, and 4.0b, respectively �the magnitude of Bur-
gers vector b of 1/2 �110�-type dislocations in Al is 0.286
nm�.15 It implies that for the �100� tilt GBs, when d�4b, the
GBs are in the low-angle region.

B. On the relaxation parameters of high-angle general and
high � GBs

When 
 increases to the high-angle region, Eq. �4� is no
longer valid, and the GBs cannot be described by regular
arrays of primary dislocations. For 
=43.1° �close to �29�,
the data of H �1.67 eV�, �0 �10−16 s�, and 	 �0.20�, as given
in Table I, are on the same level as those of general high-
angle �112� GBs and a high � ��=35� �112� GB �Ref. 19�
�for these �112� GBs, H�1.65 eV, �0=10−15–10−16 s, and
	=0.17–0.26�. It indicates that the behavior of the high
� ��29� �100� GB is similar to that of high-angle general
�112� GBs and a high � ��=35� �112� GB. This is in agree-
ment with the criterion suggested by Palumbo and Aust11 that
when the value of � is equal to or larger than 29, the coin-
cidence site lattice �CSL� GBs will lose their special proper-
ties. The structure of the high � GBs might be assumed to be
similar to that of the general high-angle GBs.

In these GBs, the dislocations will no longer be discrete,
but possibly degenerate to numerous disordered atom
groups. The elementary process of GB sliding is possibly
associated with a local rearrangement of disordered atom
groups.2

The origin of the higher H ��1.65 eV� for these GBs is
not clear at present. A possible explanation is the effect of
impurity segregation. If we suppose that more impurities
would segregate in these high-angle GBs owing to their
stronger interaction with impurities, a higher H might occur.

C. On the relaxation parameters of low � and near-CSL
GBs

Since the deviation angle of 36.0° from the exact �5
�36.9°� is less than 1°, we may call the 36.0° GB as a �5 GB
for briefness. As will be seen below, the GBs with 33.4° and
41.2° can be called near-CSL �near �5� GBs.

The relaxation parameters of a 36.0° �100� tilt GB ��5�
are quite different from those of low-angle, high-angle gen-
eral, and high � GBs. As shown in Table I, it has a high H
�2.25 eV�, a small �0 �10−18 s�, and a low 	 �0.15�. Such a
special behavior should originate from the fact that its mi-
crostructure is nearly the same as that of exact �5, neglect-
ing the secondary GB dislocations.

Figure 5 is a schematic illustration of a �5 �100� tilt GB
in a face-centered-cubic lattice. One can see that the atoms

composing the GB are closely packed and arranged in regu-
lar fashion. As pointed out by Sutton and Balluffi,10 the ef-
ficiency of emission �absorption� of atoms �or vacancies� in
such low � GBs is very low, so that an additional energy is
needed to drive source �sink� action to accomplish the diffu-
sion and the GB sliding. Besides, when an atom moves
within the GB, the adjoining atoms should adjust their posi-
tions to keep the GB at low energy state; accordingly, a
correlated motion should occur. Perhaps owing to the above-
mentioned reasons, the high activation energy is observed.
Since the atoms composing the low � GB are closely
packed, the density of GB sliding units and hence the relax-
ation strength will be low.

It seems interesting to compare our internal friction data
with those obtained by Li and Chou22 in the diffusion of Cr
along GB in Nb bicrystals. In their work, the activation en-
ergy was measured to be 1.68 eV for low-angle GBs
��15.0° �; about 1.8 eV for general high-angle GBs; and
2.29 eV for the �5 �001� GB. They attributed the high acti-
vation energy for the �5 GB to its low free volume. The
results of GB diffusion in Ref. 22 are similar to those of
internal friction in this study.

The activation parameters for 33.4° and 41.2° �both val-
ues of H are about 2.0 eV and �0 of the order of 10−17 s� are
near to those for 36.0° �see Table I�. The reason may be
originated from the fact that the angular deviations of both
33.4° and 41.2° from the exact �5 �36.9°� are within the
near-CSL limit.

The criteria for the maximum angular deviations from ex-
act CSL proposed by Brandon23 and Palumbo and Aust15 are,
respectively,

	
1 = 15 ° �−1/2, �5�

	
2 = 15 ° �−5/6. �6�

For �5, we have 	
1=6.7° and 	
2=5.5° according to Eqs.
�5� and �6�, respectively. One can see that whatever criterion
is used, the deviations of both 33.4° and 41.2° from 36.9°
�i.e., 3.5° and 4.3°� are within the limit, and hence they can
keep some “special” properties, but to a lesser extent. Their
GB structure can still be described by Fig. 5, but accommo-

FIG. 5. Schematic illustration of �5 �100� tilt GB in a face-
centered-cubic lattice.
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dated with localized networks of secondary GB dislocations
�SGBDs�.10

In the near-CSL GBs, the efficiency of the source �sink� is
still limited, but the atom diffusion can be accomplished via
the climb of SGBDs.10 Hence the activation parameters are
near to those of CSL GBs.

D. On the relaxation strength and GB sliding displacement

The maximum relaxation strengths 	 for the bicrystals
with �100� and �112� tilt GBs are 0.21 �Table I� and 0.26
�Ref. 19�, respectively. They are lower than that �about 0.5�
for Al polycrystals �with purity of 99.99% or 99.999%�.2 It
can be understood by the fact that the GB area in the unit
volume of the bicrystals is much lower than that of ordinary
polycrystals �with grain sizes of 0.2–0.8 mm�.

If we adopt the viscous sliding model,2 the GB sliding
displacement in the bicrystals can be estimated from the re-
laxation strength and the specimen dimension, as we did in
Ref. 19. In the internal friction measurement, the strain am-
plitude �=10−5� includes the elastic strain o and the ane-
lastic strain a �which is caused by GB sliding�. Based on the
dimension of the specimen �the width s=4 mm=4
�106 nm�, the total displacement along the planes parallel to
GB in the whole specimen is x=s=40 nm. In order to sepa-
rate a from the total strain, we use the following
equation:5,19

	 =
MU − MR

MR
=

a

0
, �7�

where MU and MR are unrelaxed and relaxed moduli, respec-
tively. From Eq. �7�, we have

a = �0 + a�
	

1 + 	
= 10−5 	

1 + 	
=

xa

s
, �8�

where xa�=as� is the GB sliding displacement. Using s=4
�106 nm, and substituting the lowest value 	=0.15 and the
highest value 	=0.21 �Table I� into Eq. �8�, we obtain xa
=5.2 nm and 6.9 nm, respectively. Thus the sliding displace-
ments of the �100� GBs are in the range of 5.2–6.9 nm,
which are similar to those �4.6–8.2 nm� for �112� tilt GBs in
bicrystals as estimated in the previous paper.19

The sliding displacement of GBs in internal friction of
ordinary polycrystals was estimated by Raj and Ashby24 as-
suming that the GBs have a sinusoidal shape. The average
value estimated is about 5 nm, which is of the same order as
those in the bicrystals.

The detailed mechanism of the GB internal friction peak
is to be further studied for bicrystals and polycrystals. For
the bicrystals, the mechanism of low-angle GBs is relatively
clear, while that of high-angle GBs needs more effort.

V. SUMMARY

�1� A substantial internal friction peak associated with the
grain boundary �GB� has been observed in pure aluminum
bicrystals with �100� tilt GBs which is similar to that ob-
served for �112� tilt GBs in the previous work. The peak is
suggested to be induced by GB sliding, but with different
mechanisms in microscopic scale for different types of GBs
by considering their difference in relaxation parameters.

�2� The relaxation parameters for low-angle GBs with
�100� tilt axis are at the same level as those with �112� tilt
axis. They are interpreted by the glide and climb of disloca-
tions composing the GB, but controlled by the climb.

�3� The peak for the studied high � tilt GBs �including a
�29 �100� tilt GB and a �35 �112� tilt GB� behaves similarly
to that of high-angle general tilt GBs. This is in agreement
with the criterion suggested by Palumbo and Aust that when
��29, the CSL GBs will lose their special properties. The
mechanism of the peak for high-angle general and high �
GBs is possibly associated with a local rearrangement of
disordered atom groups.

�4� The peak for the studied low � ��=5� �100� tilt GB
exhibits a special behavior �i.e., high activation energy and
low relaxation strength�, which is attributed to its low free
volume. The �100� tilt GBs with angular deviations from
exact �5 but within the near-CSL limit also exhibit some
special behavior, but to a lesser extent.

�5� The GB sliding displacement in an internal friction
measurement has been estimated from the relaxation strength
and specimen dimension for the bicrystals. The estimated
values for �100� tilt GBs are in the range of �5.2–6.9 nm�,
which are comparable with those �4.6–8.2 nm� estimated for
�112� tilt GBs, and of the same order as that ��5 nm� esti-
mated by Raj and Ashby in ordinary polycrystals.
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