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a b s t r a c t

In order to further confirm the origin of grain boundary (GB) internal friction peak in bicrystals, the effect
of GB density (i.e., GB area in unit volume of specimen) on the internal friction peak in pure aluminum is
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studied. It is found that the increment of GB density leads to a proportional increment of the peak height
(or relaxation strength), while the activation parameters remain unchanged. The results further confirm
that the observed internal friction peak in bicrystals is induced by the GB, rather than lattice dislocations
in grain interior. By analyzing the stress components acting on the GB plane in bicrystals, the internal
friction peak is interpreted by stress induced GB sliding. The restoring force to sliding is assumed due to

teps i
icrystal
luminum

the faceted junctions or s

. Introduction

The grain boundary (GB) internal friction peak was first observed
y Kê [1] in polycrystalline Al, and later also observed in many other
olycrystalline materials [2–15]. The peak appears in the polycrys-
als, but disappears in the single-crystals, indicating that the peak
s induced by GB relaxation. Its behavior and possible mechanisms

ere extensively investigated, but the detailed mechanism has not
een clearly clarified.

Since the data of a polycrystal involve mixed contributions of
ifferent types of GBs which exhibit distinctive structure and prop-
rty [16,17], in order to clarify the mechanism of the GB peak, the
tudy of individual GB in bicrystals is necessary. There were a few
tudies on the internal friction in bicrystals of Cu and Al [5,18–20],
ut the information of the internal friction in bicrystals with differ-
nt types of GBs were lacking.

In recent years, we have systematically studied the internal fric-
ion of pure aluminum bicrystals containing 〈1 0 0〉, 〈1 1 2〉, 〈1 1 1〉
ilt GBs and 〈1 1 1〉 twist GBs with a wide variety of misorienta-
ions [21–26]. It was found that a substantial internal friction peak
ppears in the bicrystals, but it disappears in the adjoining single-
rystals. Since the bicrystals and the adjoining single-crystals are
rown with the same history, it is evident that the peak observed in
he bicrystals is induced by the GB. The activation parameters, the

oupling effect and compensation effect involved in GB relaxation
ave been investigated in detail [23–26].

In order to further examine the origin of the internal friction
eak in bicrystals, the present paper investigates the effect of GB
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density (i.e., GB area in unit volume of specimen) on the peak height
(or relaxation strength). The usual procedure to study the effect of
GB density in polycrystals is by changing the GB area (or the grain
size) in a given specimen volume. But for the bicrystals, it is more
convenient to investigate the effect of GB density by changing the
specimen volume without changing the GB area. The results further
confirm our previous conclusion that the observed internal friction
peak is induced by GB relaxation. In addition, by analyzing the stress
components acting on the GB plane in the bicrystals, the internal
friction peak is interpreted by stress induced GB sliding, while the
restoring force to sliding is assumed due to the faceted junctions or
steps in GBs.

2. Experimental results

The internal friction as a function of temperature was measured
by forced vibration method at constant excitation strain amplitude
1 × 10−5 in an automatic inverted torsion pendulum. The temper-
ature changing rate during heating or cooling was about 2 K/min.
The detailed experimental procedures were described elsewhere
[21–26].

The bicrystals were prepared by Bridgman method with 99.999%
pure Al. The bicrystals were characterized to have a planar sym-
metrical GB. The dimensions of our usually used bicrystals were
50 mm in length, 4 mm in width, and 2 mm in thickness as shown in
Fig. 1(a). The specimens with cross section 4 mm× 2 mm are named
specimen type 1.
For increasing the GB density, we reduced the width from
4 mm to 2 mm by electro-discharge cutting off 1 mm from each
side of lateral surfaces of the specimen type 1, while the length
and thickness of specimen were not changed, as shown in
Fig. 1(b). The boundary area was still 50 mm× 2 mm. The spec-

dx.doi.org/10.1016/j.msea.2010.05.091
http://www.sciencedirect.com/science/journal/09215093
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of relaxation time ˇ, as in the previous works [21,22].
ig. 1. Bicrystal dimensions:(a) 50 mm× 4 mm × 2 mm (specimen type 1). and (b)
0 mm × 2 mm × 2 mm(specimen type 2). The shaded area is grain boundary.

mens with cross section 2 mm × 2 mm are named specimen
ype 2.

We can see that by reducing the specimen volume, the GB den-
ity of the specimen type 2 is doubled compared to the specimen
ype 1, while the GB area and its configuration were not changed.

Figs. 2 and 3 show the examples of internal friction peak for
he specimen types 1 and 2 in bicrystals with 〈1 0 0〉 9.3◦ and
1 1 1〉 34.9◦ tilt GBs respectively (at 1 Hz). The net peak (denoted
y solid line) is obtained by subtracting the background (denoted
y dashed line, which is assumed to exponentially increase with
emperature) from the experimental data by a fitting procedure. It
an be seen from the figures that when the GB density is doubled,
he apparent and the net peak heights are also nearly doubled, while
he peak temperatures are not changed.

Fig. 4 shows the internal friction peak for the specimen types
and 2 in the bicrystal with 〈1 1 1〉 10.8◦ tilt GB at different fre-

uencies. It can be seen from Fig. 4 that the peak shifts to higher
emperature at higher frequency similarly for both types of speci-

ens.

Based on the assumptions that the relaxation obeys the

ebye relaxation function, and without considering the interac-
ion between relaxing species, the peak occurs at the following

ig. 2. Comparison of the internal friction peak for the specimen types 1 and 2 in
icrystals with 〈1 0 0〉 9.3◦ tilt GB at 1 Hz.
Fig. 3. Comparison of the internal friction peak for the specimen types 1 and 2 in
bicrystals with 〈1 1 1〉 34.9◦ tilt GB at 1 Hz.

condition [3]:

ω� = ω�0 exp

(
H

kTp

)
= 1 (1)

where � is the relaxation time, �0 is the pre-exponential factor, ω
is the circular frequency (� = 2�f, f is the measuring frequency), H
is the apparent activation enthalpy, k is the Boltzmann constant,
and Tp is the absolute temperature of the net peak. With the net
peak temperatures at different frequencies, the apparent activation
enthalpy H and pre-exponential factor �0 can be evaluated.

Fig. 5 shows the Arrhenius plots (natural logarithm of circular
frequency ω versus the reciprocal of net peak temperature 1/Tp) for
the specimen types 1 and 2 in bicrystal with 〈1 1 1〉 10.8◦ tilt GB. It
can be seen that the data of the two types of specimens are almost
fallen on the same straight line.

The net peak height Q−1
m , relaxation strength �, and apparent

activation parameters for the specimen types 1 and 2 are listed in
Table 1. The relaxation strengths � are evaluated with the net peak
height Q−1

m and the measured value of the distribution parameter
One can see from Table 1 that the net peak heights Q−1
m (or

relaxation strengths �) for the specimen type 2 are nearly dou-
bled compared to the specimen type 1. Both the ratios of Q−1

m2/Q−1
m1

and �2/�1 are within the range of 2.0 (±0.2). But the activation

Fig. 4. The internal friction peak for the specimen types 1 and 2 in bicrystal with
〈1 1 1〉 10.8◦ tilt GB at different frequencies.
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ig. 5. The Arrhenius plots for the specimen types 1 and 2 in bicrystal with
1 1 1〉 10.8◦ tilt GB.

arameters (H and �0) of the specimen types 1 and 2 are consis-
ent with each other within experimental error, indicating that the

echanism of the peak does not change with the variation of GB
ensities.

The activation parameters in Table 1 will not be specifically
xplained here. As analyzed in our previous papers [23–26], the
ctivation parameters of the low-angle tilt GBs (〈1 0 0〉 9.3◦ and
1 1 1〉 10.8◦) can be explained by dislocation climb mechanism. By
sing the coupling model [27–30], the high activation enthalpy H of
he high-angle 〈1 1 1〉 34.9◦ tilt GB can be attributed to the coupling
ffect (or interaction) between relaxing species. After decoupling,
he specific activation enthalpy H* is evaluated to be ∼1.0 eV, which
s probably related to the basic process of correlated motion in GB
elaxation [23–26].

. Discussion

.1. On the dependence of peak height on GB density

The interesting finding in this study is that the increment of GB
ensity leads to a proportional increment of internal friction peak
eight (or relaxation strength) in the bicrystals.

As well known, the internal friction is a measure of energy loss
n vibration, which can be expressed by [2,3]

−1 = 1
2�

�W

W
(2)

here �W is the energy loss in a cycle per unit volume of specimen,

is the maximum stored energy per unit volume of specimen.
For a specimen with volume V, the stored energy will be W × V.

f the observed internal friction peak is induced by GB relaxation in
icrystals, the energy loss for the peak will be proportional to the
otal GB area (A) in whole specimen. Thus, Eq. (2) can be re-written

able 1
he net peak height Q−1

m , the ratio of Q−1
m2/Q−1

m1, the relaxation strength �, the ratio of
pecimen types 1 and 2 of pure Al bicrystals.

Bicrystal Spec.Type Q−1
m (±0.005) Q−1

m2/Q−1
m1

9.3◦〈1 0 0〉 1 0.063
2.02 0.128

10.8◦〈1 1 1〉 1 0.075
1.92 0.141

34.9◦〈1 1 1〉 1 0.066
2.22 0.145
gineering A 527 (2010) 6028–6032

as

Q−1 = 1
2�

�Wb

W

A

V
(3)

where �Wb is the energy loss per unit area of GB in a cycle, and
(1/2�)(�Wb/W) is a constant (with dimension of mm3/mm2) under
the specific experimental condition.

It turns out from Eq. (3) that under the specific condition, the
peak value of internal friction should be proportional to A/V, i.e., the
GB density. Since the volume V2 of the specimen type 2 is half as the
volume V1 of the specimen type 1, and the GB area (50 mm× 2 mm)
is kept unchanged, the peak height (or relaxation strength) of the
former should be twice as that of the latter.

The experimental results (Figs. 2–4 and Table 1) are in agree-
ment with the consideration of energy loss due to GB relaxation.
Hence it further confirms that the observed internal friction peak
in the bicrystals is induced by the GB.

The results also exclude the possibility that the observed peak
in bicrystals might be induced by the lattice dislocations in grain
interior. If the internal friction peak were induced by lattice dislo-
cations in grain interior, the energy loss �W should be related to
the total dislocation length in unit volume of specimen. When the
specimen volume changes, both energy loss �W and the stored
energy W should change with the same proportion. Referring to
Eq. (2), the reduction of specimen volume should not influence the
peak height (or relaxation strength).

3.2. The stress induced GB sliding in the internal friction

The internal friction peak can be interpreted by stress induced
GB sliding in the bicrystals. The bicrystals with cross section
4 mm× 2 mm or 2 mm× 2 mm are longitudinally aligned along the
length (50 mm). The GB plane is normal to Y-axis and located in the
middle part of bicrystal (see Fig. 6(a)). During internal friction mea-
surement, the lower end is fixed, while the upper end is periodically
twisted.

Consider the stress components acting on the planes of a cubic
volume element containing the GB plane (see Fig. 6(b)). At the given
condition, the shear stresses �zx and �zy are applied on the XOY
planes. According to the equilibrium condition of elastic mechanics,
the shear stress components �xz and �yz should also exist, which are
equal in magnitude with �zx and �zy respectively, but different in
acting plane and direction. In the current case, the normal stresses
�xx, �yy, �zz and shear stresses �xy, �yx are zero.

The applied stress will result in the strain of the specimen. Below
the so-called “equicohesive temperature” Teq [31], the strength of
GB is higher than that of grain, and the GB deforms with the matrix
without separate sliding. But above Teq, the strength of GB is lower
than that of grain, and the viscous sliding of GB takes an important
part in the total strain. Thus the effective shear stresses will result

in torsion and sliding of the GB, the GB sliding is accompanied with
GB torsion. The internal torsion is generally assumed to contribute
negligibly to the strain energy [32]. Hence, from the consideration
of energy dissipation, the GB internal friction is mainly induced by
GB sliding, as generally recognized [1–4].

�2/�1, the apparent activation enthalpy H and pre-exponential factor �0 for the

� (±0.02) �2/�1 H (eV) (±0.05) �0 (s)

0.17
1.8

1.31 1.5 × 10−12±1

0.31 1.42 2.2 × 10−13±1

0.18
1.9

1.26 1.6 × 10−11±1

0.35 1.23 2.0 × 10−11±1

0.31
1.9

1.82 1.1 × 10−18±1

0.60 1.84 1.8 × 10−18±1
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ig. 6. The stress induced GB sliding in the internal friction: (a) the alignment of the
icrystals; and (b) the stress components.

Adopting the viscous sliding model [2,3], the contribution of GB
liding in total strain can be evaluated from the relaxation strength.
n the internal friction measurement, the strain amplitude ε (10−5)
ncludes the elastic strain ε0 and the anelastic strain εa (the latter is
aused by GB sliding). In order to separate εa from the total strain
, we use the following equation [2,3]

= MU − MR

MR
= εa

ε0
(4)

here MU and MR are unrelaxed and relaxed moduli respectively.
rom Eq. (4), we have

εa

ε0 + εa
= εa

ε
= �

1 + �
(5)

The contribution of GB sliding in total strain εa/ε evaluated from
he relaxation strength by Eq. (5) are evaluated and listed in Table 2.
he values of εa/ε for specimen type 1 are 15–24%, and those of
pecimen type 2 are 24–38%.

For the internal friction peak to occur, the GB sliding in poly-
rystals was assumed to be restricted by grain edges and corners in
nelastic internal friction [1–3]. Since there is no grain edge and cor-
er in bicrystals, the restoring force to sliding should be searched

n another way. Many evidences show that a GB is actually not
mooth, but consists of numerous facets with orientations slightly
eviated from the average GB plane [16,33,34]. The length of the
acets is usually of the order of a few hundred nanometers to 1 �m.
hus the faceted junctions or steps in GBs may act as obstacles to

lock the GB sliding.

Based on assumptions of elastic accommodation and sinusoidal
oundary shape, Raj and Ashby ever estimated the GB sliding dis-
lacement in internal friction of polycrystals, they derived the

able 2
he contribution of GB sliding in total strain εa/ε.

Bicrystal Specimen type Relaxation strength, � εa/ε

9.3◦〈1 0 0〉 1 0.17 15%
2 0.31 24%

10.8◦〈1 1 1〉 1 0.18 15%
2 0.35 26%

34.9◦〈1 1 1〉 1 0.31 24%
2 0.60 38%

[
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average GB sliding displacement [35]

U = 4(1 − 	2)
�3


3

h2

�a

E
(6)

where 
 is the wave length of boundary shape, h is the amplitude,
�a is the shear stress, E is the Young’s modulus, and 	 is the Poissons
ratio.

Assuming the facet junctions act as obstacles, the model and
Eq. (6) of Raj and Ashby can also be applied to the faceted bound-
ary in bicrystals. Based on the observations of faceted boundaries
[16,33,34], we may assume the average facet size 
 ≈ 500 nm, and
h = 2–3 nm. Since E=2(1+	)G (G is shear modulus) and �a/G = 10−5,
�a/E = 10−5/[2(1 + 	)]. Inserting these values and 	 = 0.34 into Eq. (6),
we obtain that the average GB sliding displacement in the bicrys-
tals Ū is approximately equal to 6–13 nm, which is a little higher
than but still near to that (≈5 nm) estimated in polycrystals [35].

4. Conclusions

(1) The effect of GB density (i.e., GB area in unit volume of speci-
men) on the internal friction peak in pure aluminum bicrystals
is studied by changing the specimen dimension but not chang-
ing the GB area and GB configuration. It is found that the
increment of GB density leads to a proportional increment of
the peak height (or relaxation strength), while the activation
parameters remain unchanged.

(2) The experimental results are in agreement with the consider-
ation of energy loss by GB relaxation, further confirming that
the observed internal friction peak in the bicrystals is induced
by the GB, rather than lattice dislocations in grain interior.

(3) By analyzing the stress components acting on the GB plane, the
internal friction peak is interpreted by stress induced GB sliding
in bicrystals. The restoring force to sliding is assumed due to the
faceted junctions or steps in GBs.
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