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By taking into account the mutual interaction among relaxation species, the data of grain boundary �GB�
internal friction of Al bicrystals obtained in our previous works �Phys. Rev. B 71, 060101�R� �2005�; Phys.
Rev. B 72, 174118 �2005�� are further analyzed based on a coupling model. It is found that the high-angle GBs
exhibit a strong coupling; while the low-angle GBs exhibit a weak coupling. It is shown that the basic
mechanism of GB internal friction is GB diffusion for high-angle GBs, and dislocation climb for low-angle
GBs. The previously puzzling behaviors �measured high activation energy and broad peak width� of GB
internal friction in bicrystals with high-angle GBs and in polycrystals are satisfactorily explained in the light of
the coupling model.
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I. INTRODUCTION

The grain boundary �GB� internal friction peak was dis-
covered 58 years ago and has been extensively investigated
in polycrystalline Al and many other materials.1–9 The peak
appears in polycrystals, but disappears in single crystals, in-
dicating that the peak is associated with GBs. It usually ex-
hibits an activation energy higher than that of GB diffusion
and a peak width broader than that for single relaxation time.
The peak is generally recognized to be induced by anelastic
sliding of GBs, but the data of polycrystals involve mixed
contributions of different types of GBs, from which the role
of an individual GB cannot be evaluated. That is the possible
reason that the detailed mechanism of the peak in polycrys-
tals has not been clearly clarified.

In order to reveal the behavior of an individual GB, we
investigated the internal friction of Al bicrystals containing
tilt GBs with various misorientation angles and tilt axes.10,11

The bicrystals were made of pure Al with total impurity con-
tent 7.7 ppm, the main impurity elements �in ppm� were: P:
3.74, Si: 0.99, Ce: 0.99, Cu: 0.40, and Fe: 0.36, etc. A similar
internal friction peak appears in the bicrystals but disappears
in the adjoining single crystals, confirming that the peak is
associated with GB.

We found that the activation parameters of the peak in the
bicrystals are different for low- and high-angle GBs.10,11 For
the low-angle GBs, the activation energies are 1.3–1.4 eV,
and the pre-exponential factors of relaxation time are of the
order of 10−12 s. Such behaviors have been explained by dis-
location climb mechanism; i.e., the GB sliding is accom-
plished by the glide and climb of dislocations composing the
GB, and controlled by climb.

However, for the high-angle GBs, the physical meaning of
the activation parameters are hardly understood. The mea-
sured activation energies are about 1.65 eV for the random
and high � high-angle GB, as high as 2.0–2.25 eV for the
low � high-angle GBs, while the pre-exponential factors of
relaxation time are several orders smaller than 10−12 s. Be-
sides, the peak widths for high-angle GBs are broader than
those for low-angle GBs, but narrower than those of poly-
crystals. Although the measured high activation energies

were attributed to the effect of GB structure and impurity
segregation,10,11 the basic mechanism of the peak for high-
angle GBs is still not clear.

In the previous investigations in polycrstals and bicrys-
tals, the internal friction was expressed based on the Debye
relaxation function, and the peak broadening was attributed
to a lognormal �i.e., Gaussian� distribution of relaxation
times.2,8 In the literature up to date, the interaction between
basic relaxing species in GB internal friction has not been
taken into account.

Although the low-angle GBs can be described by regular
arrays of discrete dislocations, the microstructure of high-
angle GBs is not fully understood. Nevertheless, any high-
angle GB can be considered to include numerous ordered
and disordered structural units, and the local concentration of
impurities is thought to be higher than the average value
owing to impurity segregation.2,12 We think that in the relax-
ation process of GBs �especially the high-angle GBs�, the
correlated motion and mutual interaction between different
relaxing species may occur. Hence, the possible role of the
coupling effect should be considered.

In the present paper, we attempt to take into account the
coupling effect in the GB internal friction to reveal its basic
mechanism. It will be seen below that in the light of the
coupling model, the previously puzzling problems for poly-
crystals and bicrystals with high-angle GBs �e.g., measured
high activation energy and peak broadening� can be under-
stood, and the basic mechanism emerges.

II. THE COUPLING MODEL

The coupling model proposed by Ngai and
co-workers13–19 is based on the theory of many-body inter-
action, and has been successfully applied to the relaxation of
many correlated systems, such as amorphous polymers, me-
tallic glasses, and glassy ionic conductors. It has also been
successfully applied to the correlated relaxation in metals
and oxide ceramics, such as the Snoek-Köster
relaxation,20–22 precipitate relaxation,23 and oxygen ion
diffusion.24 These applications make the basic mechanisms
more clearly.
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According to this coupling model, the relaxation function
C�t� is different in two regions separated by a crossover time
tc. When t� tc, the basic relaxing units relax independently
as if the mutual interactions have no effect on the relaxation
rate, and the relaxation function takes the form of purely
exponential function �the Debye relaxation function�

C�t� = exp�− t/�� . �1�

where � is the uncoupled �i.e., independent� relaxation time.
However, when t� tc, the effects of mutual interactions take
hold and slow down the independent relaxation rate, and the
relaxation function takes the form of stretched exponential
function �a non-Debye relaxation function�

C�t� = exp�− �t/�*�1−n� , �2�

where �* is the coupled �or correlated� relaxation time and n
is the coupling parameter with the value of �0�n�1�,
which increases as the coupling strength increases.

The existence of tc is based on theoretical considerations,
and confirmed by neutron-scattering experiments and
molecular-dynamics simulations. The magnitude of tc is of
the order of 10−11–10−12 s for amorphous polymers, and
10−12–10−13 s for metals and ionic conductors.13–19 In inter-
nal friction of low-frequencies ��1 Hz� as in our case, tc

takes only an insignificant amount of relaxation time, and the
relaxation according to Eq. �2� takes practically all the time.

From the condition of continuity of relaxation functions
�1� and �2�, we have

�* = �tc
−n��1/�1−n�. �3�

According to Eq. �3� and considering the temperature depen-
dence of relaxation time ��=�0 exp�E /kT�, where k is the
Boltzmann constant, and T is the absolute temperature�, we
have

E = �1 − n�E*, �4�

�0 = tc
n�0

*�1−n�, �5�

where E and E* are the uncoupled and coupled activation
energies, and �0 and �0

* are the pre-exponential factors of
uncoupled and coupled relaxation times, respectively.

The internal friction can be expressed by the compliances

Q−1��� = J2���/J1��� , �6�

where � is the circular frequency, J1 and J2 are, respectively,
the real and imaginary parts of the complex compliance
J���, and J���=J1���− iJ2���. The complex compliance is
given by the one-side Fourier transformation of the deriva-
tive of the normalized relaxation function C�t�, which de-
scribes a mechanical relaxation for quasistatic perturbation:

J��� = JU + �J�
0

	 �−
dC�t�

dt
�exp�i�t�dt , �7�

where �J= �JR−JU�, JR is the relaxed compliance, and JU is
the unrelaxed compliance.

Substituting Eq. �2� into �7�, we have

J1��� = JU + �1 − n��J�
0

	

z−n exp�− z1−n�cos���*z�dz ,

�8�

J2��� = �1 − n��J�
0

	

z−n exp�− z1−n�sin���*z�dz , �9�

where z= t /�*. Using Eqs. �6�–�9�, the internal friction as
functions of n and ��* can be calculated numerically. For the
convenience to fit the experimental data, the internal friction
can be expressed as functions of n and log10 � at constant
temperature, or as functions of n and 1/T �or log10 �*� at
constant frequency since �*=�0

* exp�E* /kT�.20–23

When n=0, E* reduces to E, and the internal friction peak
versus log10 � or 1/T has a symmetrical shape. When n�0,
the peak has an asymmetrical shape, the measured E* and the
peak-width increase with the increase of n.22

It is noted that there is evidence showing that25,26 for the
coupling strength below a certain threshold, such systems
would relax to an uncorrelated state; while for the coupling
strength higher than the threshold, the mutual interaction oc-
curs spontaneously. It indicates that when n is below a cer-
tain critical value, the relaxation species are essentially inde-
pendent, and the measured E* is identical with the uncoupled
E.

III. THE APPLICATION TO GB INTERNAL FRICTION

Based on the considerations that the coupling effect �or
correlated motion� is possibly involved in the relaxation pro-
cess of GBs due to their specific microstructures �as men-
tioned in Sec. I�, and that the coupling model is shown to be
a useful tool to detect the coupling effect and reveal the basic
mechanism of coupled relaxation �as mentioned in the last
section�, we attempt to apply the coupling model to GB in-
ternal friction.

By using a nonlinear fitting procedure, which is estab-
lished by Wang and Fang based on Eqs. �6�–�9� and has been
used for oxygen ion diffusion,24 we have further analyzed the
internal friction data of pure Al bicrystals obtained in Refs.
10 and 11. The net internal friction peak and the background
�which is assumed to exponentially increase with tempera-
ture� can be resolved from the experimental data, and the
value of coupling parameter n at best fit can be concurrently
obtained.

Figures 1�a�–1�c� show the examples of Q−1�1/T plots
for the pure Al bicrystals with different types of GBs. From
the figures, we can see that owing to n�0, the peak shapes
are not symmetrical. �If we normalize the net peaks to the
same height, we can see clearly that the asymmetry and
peak-width increase with the increase of n�.

Figure 1�a� shows the case of a low-angle GB with
	100
 7.5°. The coupling parameters of low-angle GBs are
n�0.25. Figure 1�b� shows the case of a random high-angle
GB with 	112
 40.2°. The coupling parameters for the ran-
dom and high � high-angle GBs are in the range of 0.35–
0.44.
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Figure 1�c� shows the case of a low � high-angle GB with
	100
 36.0° �close to �5,36.9°�, the value of n is as high as
0.53. For the near-low �5 GBs �	100
 33.4° and
	100
 41.2°�, the values of n are 0.49 and 0.48, respectively.

Table I lists the coupling parameters, measured, and de-
coupled activation parameters. The measured activation pa-
rameters E* and �* are taken from Refs. 10 and 11. The
decoupled activation parameters E and � for high-angle GBs
are calculated by using Eqs. �4� and �5� based on the mea-
sured E* and �* �which are coupled�. In the calculation of �0,
the crossover time tc=10−12 s is adopted.

By considering that the coupling parameters of low-angle
GBs are below a threshold �see the next section�, the mea-
sured activation parameters E* and �* are considered as un-
coupled.

Figure 2 shows the uncoupled �or decoupled� activation
energies E for different misorientation angles in the bicrys-
tals.

We can see from Table I and Fig. 2 that after using the
coupling model to exclude the coupling effect from the mea-

sured data, the activation parameters become more easily to
be understood than before. The values of E for low-angle
GBs are in the range of 1.3–1.4 eV, which can be attributed
to lattice diffusion, while the values of E for high-angle GBs
are in the range of 1.0±0.1 eV, which can be attributed to
GB diffusion. The detailed analyses will be given in the next
section.

The values of �0 for low-angle GBs are in the range of
10−11�10−12 s, which is of the order of the reciprocal of
atomic vibration frequency �1/
D�, while the values of �0 for
high-angle GBs are in the range of 10−13–10−14 s, which is
near to but still lower than 1/
D. The reason for the differ-
ence of �0 between low- and high-angle GBs is unknown at
present.

FIG. 1. Internal friction vs reciprocal temperature in pure Al
bicrystals with tilt boundaries of �a� 	100
 7.5°, �b� 	112
 40.2°, �c�
	100
 36.0° �close to �5�. The solid line denotes the resolved peak,
and the dashed line denotes the background.

TABLE I. The measured activation energy E*, measured pre-
exponential factor of relaxation time �0

*, coupling parameter n, de-
coupled activation energy E, and decoupled pre-exponential factor
of relaxation time �0 for different misorientation angle � of 	112

and 	100
 tilt boundaries in pure Al bicrystals �� denotes in low-
angle region�.

Tilt axis �
E* �eV�
�±0.05� �0

* �s�
n

�±0.01�
E �eV�
�±0.05� �0 �s�

	112
 �5.8° 1.39 10−11.3±1 0.22 — —

�11.1° 1.44 10−12.2±1 0.25 — —

14.1° 1.66 10−15.1±1 0.38 1.03 10−13.9±1

33.8°�35 1.64 10−14.7±1 0.42 0.95 10−13.6±1

40.2° 1.68 10−14.1±1 0.36 1.08 10−13.3±1

44.0°�21 1.65 10−15.4±1 0.44 0.92 10−13.9±1

	100
 �7.5° 1.27 10−11.7±1 0.20 — —

�9.3° 1.31 10−11.8±1 0.22 — —

�14.5° 1.30 10−11.8±1 0.25 — —

33.4° 1.99 10−16.3±1 0.49 1.01 10−14.2±1

36.0°�5 2.25 10−17.4±1 0.53 1.06 10−14.5±1

41.2° 2.04 10−16.9±1 0.48 1.06 10−14.5±1

43.1°�29 1.67 10−15.2±1 0.35 1.09 10−14.1±1

FIG. 2. The uncoupled �or decoupled� activation energy E vs
misorientation angle � for 	112
 and 	100
 tilt GBs in the bicrystals.
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IV. DISCUSSION

The difference in coupling parameters between low-angle
GBs �n�0.25� and high-angle GBs �n�0.35� indicates that
a weak coupling occurs for the former, and a strong coupling
occurs for latter. The difference of coupling parameters
should be associated with the difference of microstructure.

The weak coupling for low-angle GBs might originate
from the long-range interaction between the discrete disloca-
tions composing the GB. This viewpoint is supported by the
fact that n slightly increases with increasing misorientation
angle �Table I�. As well known, the spacing d of dislocations
composing the low-angle GBs is inversely proportional to
the misorientation angle �,

d = b/� �10�

where b is the magnitude of Burgers vector. Thus, the in-
crease of � will lead to a decrease of dislocation spacing and
an increase of mutual interaction.

By considering the low coupling parameters �n�0.25�
and the discrete relaxation units, the coupling strength for
low-angle GBs can be considered below the threshold as
introduced in Refs. 25 and 26. Here the threshold is thought
to be the limit of weak coupling due to long-range interac-
tion; beyond the threshold, the strong coupling due to short-
range interaction would occur. Thus, the relaxation species
for low-angle GBs can be regarded as independent, and the
measured activation parameters for low-angle GBs are actu-
ally uncoupled.

The measured activation energies �E*=1.3–1.4 eV� of
low-angle GBs are close to that of lattice self-diffusion
��1.3 eV� in Al.27 By taking into account the possible effect
of impurity segregation, the basic mechanism of GB internal
friction for low-angle GBs can be attributed to dislocation
climb, as suggested in our previous works.

The strong coupling for high-angle GBs �n�0.35� might
originate from the short-range interaction or correlated mo-
tion. In random high-angle GBs, the dislocations will no
longer be discrete but possibly degenerate to numerous dis-
ordered atom groups. For a relaxation process to occur, an
atomic rearrangement in the disordered groups and thus a
correlated motion occurs.2 The high-angle high � GBs be-
have similarly to random high-angle ones,10,11 and a similar
situation is expected.

For the coincidence site lattice �CSL� high-angle GBs �es-
pecially the low � GBs�, the atoms composing the GBs are
closely packed and arranged in regular fashion. When an
atom moves within the GBs, the adjoining atoms should also
adjust their positions to keep the GBs at a low energy state.
Accordingly, a strong coupling �n�0.5� occurs.

The decoupled activation energies E for the high-angle
GBs are found in the same range of 1.0±0.1 eV. It indicates
that the basic relaxation processes for the high-angle GBs
�including random, high �, and low � GBs� are the same,
but the different coupling strengths result in different mea-
sured activation energies E* for different types of GBs.

Gleiter and Chalmers9 pointed out that, the activation en-
ergies of GB diffusion Eb with respect to that of lattice dif-
fusion E0 are in the range

0.5E0 � Eb � 0.8E0. �11�

For self-diffusion in Al, E0 is about 1.3 eV,27 then Eb for GB
self-diffusion is expected in the range of 0.65–1.04 eV. Since
the impurities tend to segregate in GBs, the GB diffusion of
impurity elements should be involved in GB internal friction.
The Eb of impurity GB diffusion is usually higher than that
for GB self-diffusion. For example, the Eb of Cu or Fe in Al
is about 1.05 eV,28 which is consistent with the decoupled
activation energies �1.0±0.1 eV� for high-angle GBs. Thus,
the decoupled activation energies for high-angle GBs in this
study can be attributed to GB diffusion �self-GB diffusion
combined with impurity GB diffusion, but possibly con-
trolled by the latter�.

Based on the coupling model, the peak width should in-
crease with the increase of n, hence the peak widths of high-
angle GBs are broader than those of low-angle GBs, as ob-
served.

It seems interesting to compare the uncoupled �or decou-
pled� activation energies in Fig. 2 with the data of migration.
Winning and co-workers29–32 extensively investigated the
unidirectional migration under a constant stress in pure Al
bicrystals with 	112
 and 	100
 tilt GBs. It was observed that
the average activation energies of low- and high-angle GBs
are respectively close to those of lattice self-diffusion and
GB self-diffusion. The dislocation climb was suggested to be
the migration mechanism for the low-angle GBs, and GB
diffusion was suggested for the high-angle GBs.

Previously, we puzzled over the observations that the
measured activation energies of GB internal friction for high-
angle GBs are much higher than those of migration. Now it
becomes clear that the problem comes from the coupling
effect involved in the measured internal friction. After de-
coupling, we can see that the microscopic mechanism of in-
ternal friction is actually the same as that of unidirectional
migration. Perhaps because the impurities keep in GBs dur-
ing internal friction measurement but partly leave off from
GBs during long-distance migration, the activation energies
of internal friction are slightly higher than those of migration
by about 0.15 eV.

So far, we have applied the coupling model to GB internal
friction in the bicrystals. Since a polycrystal contains differ-
ent types of GBs, the GB internal friction of a polycrystal
should have a mixed mechanism. Besides, different GBs
have different coupling parameters, which will result in a
distribution of relaxation times and induce an additional
peak-broadening �that is the reason the peak width of a poly-
crystal is broader than that of a bicrystal�. If we simply use
the fitting procedure of the coupling model to a polycrystal,
the coupling parameter would be overestimated due to the
additional peak-broadening.

For example, we have made a trial to apply the coupling
model to a pure Al polycrystal �with the same purity as the
bicrystals�, whose measured activation parameters are E*

=1.55 eV and �0
*=10−14.4 s. Using the abovementioned fit-

ting procedure, we obtain n=0.6, and thus E=1.55�1−0.6�
=0.62 eV. Obviously, the coupling parameter n is overesti-
mated and the real activation energy E is underestimated.
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Usually a polycrystal has a large fraction of random high-
angle GBs. If we adopt the coupling parameter of the random
high-angle GBs �n�0.36�, which is also the mean value of
all the bicrystals, to be the overall coupling parameter of the
polycrystal, we obtain E=1.55�1−0.36�=0.99 eV. It is on
the same level as that of bicrystals with high-angle GBs.
Thus, the behavior of a polycrystal can be represented by
that of random high-angle GBs.

In the present paper, we show that the coupling effect is
involved in the measured data of GB internal friction, and
provide a deeper understanding of the measured data. We
think that besides the coupling effect, some other factors
�which might interfere in the intrinsic behavior of GB inter-
nal friction� should also be considered. As pointed out by
Benoit,6,7 in the case that the GB structure and activation
energy are dependent on temperature, the measured activa-
tion parameters should be carefully examined.

V. SUMMARY

By taking into account the mutual interaction among re-
laxation species, we have applied the coupling model to fur-
ther analyze the GB internal friction of pure Al bicrystals
obtained in our previous works, provided a deeper under-
standing of the measured data, and revealed the basic mecha-
nism of GB internal friction. The main results obtained in the
present paper are as follows.

�1� It is found that the coupling parameters are differ-
ent between low- and high-angle GBs. The low-angle GBs
exhibit a weak coupling �n�0.25�, which is attributed to
long-range interaction, while the high-angle GBs exhibit a
strong coupling �n�0.35�, which is attributed to short-range
interaction or correlated relaxation.

�2� By considering that the coupling strength of low-
angle GBs is below the threshold, the relaxation species of
low-angle GBs can be regarded as uncoupled. Hence, the
conclusion deduced from the measured activation parameters
is valid, i.e., the basic mechanism of GB internal friction for
low-angle GBs is dislocation climb.

�3� The measured high activation energies of high-
angle GBs are induced by the coupled relaxation. After “de-
coupling,” the uncoupled activation energies are on the same
level as that for GB diffusion. This means that the basic
relaxation processes for the high-angle GBs �including ran-
dom, high �, and low � GBs� are the same. The basic
mechanism of GB internal friction for high-angle GBs is GB
diffusion �self-GB diffusion combined with impurity GB dif-
fusion, but possibly controlled by the latter�.

�4� The uncoupled �or decoupled� activation energies
of low- and high-angle GBs are respectively on the same
level as those of unidirectional migration in pure Al bicrys-
tals with 	112
 and 	100
 tilt GBs. It indicates that the basic
mechanisms of GB internal friction and unidirectional migra-
tion for the studied tilt GBs are the same.

�5� Since a polycrystal contains different types of
GBs, the GB internal friction of a polycrystal has a mixed
mechanism. The previously puzzling behaviors �measured
high activation energy and broad peak width� of GB internal
friction in polycrystals can be explained in the light of the
coupling model.
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