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Grain boundary diffusion and viscous flow governed mechanical
relaxation in polycrystalline materials

Chuangchuang Duan1,2 and Yujie Wei1,2*

ABSTRACT Grain boundary (GB) diffusion and viscous flow
play dominant roles in mechanical relaxation of polycrystal-
line materials. The pioneering work of Zener and Kê, by ac-
counting for relaxation in GBs by viscous shearing, predicts a
single peak in the internal friction spectrum. Later investiga-
tions show the existence of two to three peaks in the internal
friction spectrum when taking into account both GB diffusion
and viscous flow for dissipation. In this paper, we further
identify the characteristic relaxation modes in polycrystalline
materials. We illustrate that competitive viscous flow and
diffusion for normal stress relaxation give rise to distinct de-
pendence of relaxation time on grain size. We construct an
internal friction spectrum mapping based on the competitive
deformation mechanisms including viscous flow in both
normal and tangential directions and GB diffusion. The es-
sential features of internal friction spectrum of polycrystalline
materials from our analysis are consistent with available ex-
perimental observations. These findings may also be applic-
able to study relaxation dynamics of other material systems
such as metallic glasses and porous materials.

Keywords: grain boundary diffusion, viscous flow, internal
friction spectrum, polycrystalline materials, Zener-Kê dissipation

INTRODUCTION
Mechanical loss spectra such as the internal friction spectrum
and loss modulus spectrum hold important clues to the
relaxation dynamics of materials [1–3]. Typically, a peak appears
in the mechanical loss spectrum when a particular dissipative
deformation mode outweighs other competitive ones, which
may tell us about the activation of the particular deformation
mechanism at certain given conditions. Furthermore, as
mechanical energy dissipation or mechanical loss from micro-
structural relaxation often depends on both frequencies and
temperatures, one may decipher the active deformation
mechanisms in the frequency and temperature space. For
instance, viscous flow and self-diffusion are two fundamental
transport phenomena that occur in a wide range of materials.
The coupling between these two processes is a central topic of
condensed matter physics and plays a crucial role in the
relaxation dynamics of materials [4–6].

For polycrystalline materials at elevated temperatures, self-
diffusion and viscous flow in grain boundaries (GBs) constitute
a significant portion of plastic deformation of polycrystalline

materials [7,8] and hence lower the effective modulus [9,10].
The reduction in modulus is accompanied by mechanical energy
dissipation and is a typical relaxation phenomenon [11] which
has been investigated intensively. At elevated temperatures, due
to relatively high mobility of atoms in GBs, the shearing resis-
tance to GB sliding is dramatically less than plastic mechanisms
in grain interiors [12,13]. Upon dynamic loading, Zener [9]
predicted that GB sliding gives rise to a peak in the internal
friction spectrum of polycrystalline materials as a result of free
GB sliding. This dissipation peak Ps was first observed by Kê
[14] in experiments and subsequently confirmed by others [15–
18].

The relaxation via GB sliding is an idealized scenario: GB
sliding cannot operate alone without other deformation
mechanisms to accommodate the incompatibilities that would
otherwise appear at GBs. When the loading time scale is short or
the temperature is relatively low, elastic deformation in grains
will be the mode of accommodation [9,17,18]. The grains are
distorted and the stored elastic strain will provide the driving
force for reversible sliding of GBs upon unloading. Such beha-
vior is an anelastic process originally proposed by Zener [19], in
which the strain in the previous loading process is time-
dependent but recoverable. In these elastically accommodated
GB sliding models [9,17,18], viscous GB sliding is the sole
mechanism for energy dissipation: the shear stress acting across
GBs can be relaxed to zero whereas the normal stress is sus-
tained.

At high temperatures or low strain rates, deformation in the
GB normal direction is also possible and therefore normal stress
may be relaxed as well [10,20–24]. Raj and Ashby [10] con-
sidered the case of GB sliding accommodated by GB diffusion
and estimated the sliding displacement and velocity based on a
wave-shaped bicrystal model. Morris and Jackson [22] and Lee
et al. [23] calculated the internal friction spectrum using the Raj-
Ashby bicrystal model [10] and found a steady-state regime
controlled by Coble creep [25], within which the internal fric-
tion varies inversely with the loading frequency. In addition to
diffusion, viscous flow may also give rise to separation or con-
traction of GBs of a finite width [20,21,24]. Drucker [20] and
Dryden et al. [21] analyzed the creep behavior of polycrystalline
materials in which fluid-like matter in GBs is squeezed out to
accommodate viscous slip. Besides the peak Ps that resulted from
GB sliding, another peak Psq was found in the loss modulus
spectrum due to this squeeze-out process, a direct resultant of
normal stress relaxation [24,26].
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It is important to note that these two modes of accommoda-
tion due to GB diffusion and viscous flow have been studied
separately [10,20–23,26]. In reality, these two processes operate
simultaneously in GBs, and their coupling controls the relaxa-
tion of the polycrystalline materials. In a previous publication
[24], we have demonstrated the size effect of GB diffusion- and
viscous-flow-dominated dissipation. The main purpose of the
present work is to further clarify how GB viscous-flow- and
diffusion-accommodated normal stress relaxation gives rise to
distinct dependence of relaxation time on grain size, and to
construct an internal friction spectrum mapping.

RESULTS

GB viscous flow and GB diffusion
The two aforementioned representative GB mechanisms in
polycrystalline materials, shear in the tangential direction and
compression (dilation) in the normal direction, are shown in
Fig. 1a, b, respectively. The characteristic modes of deformation,
when considered, may be simplified to two distinct deformation
modes in the GB normal direction, as shown in Fig. 1c, d.

Competitive time scales
For a GB subjected to tangential traction, GB deforms by viscous
sliding or viscous shearing (Fig. 1a). Deformation in the GB is
homogeneous, and the hydrostatic pressure is uniform. As a
result, diffusion does not contribute to the relaxation of the
shear stress across GBs. The relative shearing velocity Vs of the
two GB sides in terms of the tangential traction Fs may be
written as

V l
F

d
F= = , (1a)s

gb s

gb

gb s

gb

where l is the GB length, δgb is the GB thickness, ηgb is the GB

viscosity, d (d = αl) is the grain size, with α being a constant, and
the out of plane dimension is taken to be unit. From Equation
(1a), we define an effective GB viscosity as

F
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where C1 is a constant. Accordingly, the characteristic time for
shear stress relaxation [15,27] is
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G= , (1c)s 1

gb
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where G is the shear modulus. When the GB is under normal
compression, both diffusion and viscous flow involve in defor-
mation and stress relaxation in the normal direction. When
diffusion is ultra-slow, GB deformation in the normal direction
is achieved by viscous squeezing [20,21] (see Fig. 1c). Based on
the classical lubrication theory [28], velocity Vsq resulting from
viscous squeezing is related to the traction Fn as
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Similarly, the effective viscosity ηsq and characteristic time τsq
associated with viscous squeezing are given as

C d= , (2b)
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and
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G= , (2c)sq 2
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3
gb

respectively, where C2 is a constant. By comparing Equations
(1c) with (2c) and bearing in mind that d<<gb , the char-
acteristic time for viscous squeezing is much longer than that for
viscous shearing. Often the deformation for viscous squeezing is

Figure 1 Demonstration of diffusion and viscous flow in a GB of a finite thickness. (a) Tangential deformation by viscous shearing. (b) Normal mode, before
deformation. (c) Normal mode, viscous squeezing. (d) Fast GB diffusion leads to homogeneous deformation. (e) Normalized pressure profile for a GB
deformed by viscous squeezing. (f) Diffusion flux driven by the pressure gradient due to viscous squeezing.
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inhomogeneous and generates a non-uniform stress profile,
which may induce diffusion flux when GB diffusion is active. We
show the hydrostatic pressure field p(x, y) for viscous squeezing
in Fig. 1e, and it can be formulated as [28]

( )p F
l y x l= 6

2 + 2 . (3)n
3

2 gb
2

2
2

Diffusion flux J in the GB, by associating local hydrostatic
pressure with chemical potential μ [10] via μ = μ0 + Ωp, with μ0
being the reference potential and Ω the atomic volume, may be
written as

J
D

k T p= , (4)i i
gb

B ,

where the subscript i in Ji indicates coordinates x or y, Dgb is the
GB diffusivity, kB is the Boltzmann constant, and T is the
absolute temperature. Combining Equations (3) and (4), the
normal velocity VCoble due to GB diffusion can be obtained as

V J d
D
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The velocity VCoble reflects the nature of Coble creep [25],
except for a difference in the coefficient. The corresponding
effective viscosity ηCoble and relaxation time τCoble are obtained:
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respectively, where C3 is a constant. Overall, Equations (1c), (2c)
and (5c) give in turn the time scales associated with the defor-
mation modes depicted in Fig. 1a, c and f.

Fast diffusion-governed homogeneous flow
Viscous flow and diffusion are competing mechanisms for
deformation and relaxation of GBs in the normal direction.
Based on the time scales discussed, we examine the relative rate
of GB diffusion and viscous flow. We adopt a length-scale
defined as [29]

D k T= / , (6)gb gb B

where Λ is determined by the viscosity and diffusivity of a GB.
Larger Λ implies faster deformation rate due to GB diffusion in
contrast to that by viscous deformation. In simple liquids and
melts where the motions of atoms are uncorrelated, the Stokes-
Einstein relation holds, ηD = kBT/6πr [30,31], where η is the
viscosity, D is the diffusivity, and r is the atom radius. Conse-
quently, Λ is of atomic size and is independent of temperature.
By contrast, in dense liquids and melts, correlated motions of
atoms take place, and the Stokes-Einstein relation somewhat
underestimates the diffusivity [5,32]. It has been suggested that
“complex fluid” within GB regions exhibits glassy dynamics such
as string-like collective atomic motion [33,34]. Therefore, the
characteristic length Λ of a GB is generally larger than the atom
radius r. Besides, considering the prominent influence of tem-
perature on the dynamic properties of GBs [33,35], Λ may vary
with temperature dramatically.

Substituting Λ into Equation (5a–c), it follows that:
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Combining Equations (7a–c) and (2a–c), we obtain the rela-
tive rate of Coble creep and viscous squeezing:
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When Dgb is small (Λ << δgb), VCoble << Vsq. The deformation
rate resulting from GB diffusion is negligible compared with that
from viscous deformation. Viscous squeezing is the dominant
relaxation mechanism for normal stress. As Dgb (or Λ) increases,
the deformation rate due to diffusion increases and contributes
more to relaxation. For Λ >> δgb, VCoble >> Vsq, and GB diffusion
prevails and becomes the rate-controlling process.

It is emphasized that GB diffusion and viscous flow within
GBs are coupled, which means the diffusion flux and the viscous
flow are intervened with each other. Viscous flow and diffusion
are two rate processes accounting for mass transport. Mass
conservation requires the divergence of the diffusion flux must
be accommodated by viscous flow if no other mechanisms are
involved. For example, if atoms diffuse into a representative
volume element (RVE), it causes viscous deformation of the
RVE to accommodate that volume change. Diffusion flux is
driven by the stress gradient and hence depends on the defor-
mation of GBs. As illustrated in Fig. 1f, as diffusion proceeds, it
leads to a homogeneous deformation and lowers the stress
gradient, which in turn limits the rate of deformation due to
diffusion. There is a limiting case for extremely fast GB diffu-
sion: the stress gradient within GBs is fully relaxed by diffusive
flux. In such a case, GBs under normal traction will deform
homogeneously (see Fig. 1d), and the normal velocity Vho is now
written as

V l
F

d
F= 4 = 4 . (9a)ho

gb n

gb
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Such homogeneous flow sets an upper bound on the normal
velocity when GB diffusivity Dgb or Λ is sufficiently large. The
corresponding effective viscosity ηho and relaxation time τho for
the homogenous flow are

C d= , (9b)
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gb gb

and
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respectively, where C4 is a constant. With Equations (7a) and
(9a), we have
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When Λ is larger than the grain size d, the normal deforma-
tion rate reaches its upper limit and will not increase con-
tinuously with further increase in GB diffusivity (Dgb or Λ).

For the relaxation of GB normal stress, it depends on the
relative magnitudes of three length-scales, to wit: Λ of GBs, GB
thickness δgb and grain size d. When Λ << δgb, viscous squeezing
is the primary mechanism. The relaxation time is given in
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Equation (2c), and scales with the cubic of grain size. When
Λ >> δgb, GB diffusion becomes the rate-controlling process. The
transition from viscous flow-dominated to diffusion-dominated
relaxation occurs when Λ is comparable to δgb. Particularly, if Λ
is larger than d, GB deforms by diffusion-assisted homogeneous
flow, and the relaxation time scales with grain size, as given in
Equation (9c).

Implications on the relaxation of polycrystalline materials
In this subsection, we perform finite element (FE) calculations to
obtain the mechanical loss aroused from GB relaxation in
polycrystalline materials over a broad frequency range. Repre-
sentative polycrystalline samples composed of two-dimensional
hexagonal grains and GBs of finite thickness are adopted (see
Fig. 2a). Grains are assumed to deform elastically, with a shear
modulus G and a bulk modulus K. A continuum theory coupled
with elastic deformation, viscous flow and diffusion is adopted
to describe the mechanical response of GBs. A detailed
description of the continuum model is presented in our previous
work [24].

Loss modulus spectrum
Considering a polycrystalline sample with hexagonal grains in
Fig. 2a, we apply an overall sinusoidal shear strain: t= sinxy 0 ,
with ε0 being the strain amplitude, ω being the angular fre-

quency, t being the time. The resulting overall shear stress is also
a sinusoidal function of time with the same frequency ω but
having a phase shift. The overall shear stress is in the form of

t= sin( + )xy 0 , where θ is the phase shift between the mac-
roscopic stress and strain. The loss modulus G″ and internal
friction Q−1 are determined as G = / sin( )0 0 and
Q = tan( )1 , respectively. In our FE samples, their grain size is
normalized by GB thickness to obtain the GB volume fraction

d= gb , with = 2 3 / for hexagonal grains. We note that

ϕ2 also quantifies the relative rates of viscous squeezing and
viscous shearing, as seen from Equations (1c) and (2c). Another
non-dimensional parameter R, a normalized GB diffusivity, is
introduced,

( )R C
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When R >> 1, the normal deformation rate due to GB diffu-
sion reaches its upper limit. Combined with Equation (8), the
ratio of R to ϕ2 represents the relative rate of Coble creep and
viscous squeezing. R also represents the relative rate of Coble
creep and viscous shearing [29,36]. Fig. 2b shows the loss
modulus spectra for polycrystalline samples with different R,
where G″/G and ωηgb/G are the non-dimensional loss modulus

Figure 2 Loss modulus spectra due to coupled GB diffusion and GB viscous flow. (a) The honeycomb polycrystalline sample with grain interiors (in green)
and GBs (in red). (b) Loss modulus G″/G as a function of frequency ωηgb/G, for samples with ϕ = 0.01 and different GB diffusivities denoted by R. (c) The
relaxation times at the loss modulus peaks in (b) as a function of grain size d and (d) vs. R.
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and frequency, respectively. Here, GB volume fraction of the
polycrystalline samples is set to ϕ = 0.01.

When diffusion is ultra-low and R ≈ 0, dissipation and
relaxation are solely determined by viscous deformation. The
loss modulus spectrum (red line in Fig. 2b) exhibits two peaks Pn
and Ps, resulting from viscous squeezing and viscous shearing,
respectively. Generally, a peak in the loss modulus spectrum
appears at a frequency when ωτ~1, with τ being the character-
istic relaxation time for the particular mode of deformation.
Thus, we can determine, from the locations of the loss modulus
peaks, the relaxation times τsq and τs for viscous squeezing and
viscous shearing, respectively. With different GB volume frac-
tions or grain sizes, we reveal the scaling of the two characteristic
relaxation times on grain size. In Fig. 2c, the non-dimensional
relaxation times τsG/ηgb and τsqG/ηgb are plotted as a function of
grain size d (normalized by δgb). As is seen, the relaxation time
for viscous squeezing τsq scales with the cubic of grain size and
that for viscous shearing τs scales with grain size, which are
consistent with Equations (2c) and (1c), respectively.

When R << ϕ2, the dominant deformation mechanism in the
normal direction is viscous squeezing. Thus, the loss modulus
spectrum (the green line in Fig. 2b, with R = 10−5) varies slightly
compared with that of R = 0. However, as R increases, GB dif-
fusion gradually dominates deformation in the normal direction
of GBs. Consequently, with increases in R (R = 10−3, 10−1), the
normal dissipation peak Pn moves toward the high-frequency
range. The position of Pn is determined by R, indicating Coble
creep is the rate-controlling process.

Ultimately, when the GB diffusion rate is sufficiently fast, Pn
merges with the tangential dissipation peak Ps, since the
relaxation times defined by Equations (1c) and (9c) are of the
same order. It is noted that the loss modulus spectrum does not
vary with further increase in normalized GB diffusivity (R >> 1)
and the position of the peak keeps invariant. In Fig. 2c, we show
that the corresponding relaxation time for this dissipation peak
is proportional to grain size. Considering the relaxation time τs
for Ps also varies proportionally with grain size, this implies that
the relaxation time τn for Pn when R is large scales with grain
size. Such a scaling relationship is in line with Equation (9c).
These observations justify the homogeneous flow facilitated by
GB diffusion.

We extract the characteristic time from the position of the
peak in loss modulus spectrum (Fig. 2b), and plot it as a function
of the normalized GB diffusivity R in Fig. 2d. As is seen, the non-
dimensional relaxation time is invariant with R when viscous
squeezing dominates (R << ϕ2). When ϕ2 << R << 1, is
inversely proportional to R, which is consistent with Equation
(7c) and implies that Coble creep is the dominant relaxation
mechanism. When R ≥ 1, homogenous flow becomes the rate-
controlling process in the normal response of GBs. reaches its
lower limit and is on the order of ϕ−1, as given by Equations (1c)
and (9c). The transitions from viscous squeezing to Coble creep
and then to homogeneous flow occur when R~ϕ2 and R~1 (see
Fig. 2d), respectively.

Theoretical modelling
The phenomena revealed via our FE simulations can be eluci-
dated by using phenomenological models composed of springs
and dashpots. As shown in Fig. 3a, we consider two Maxwell
units representing shear and normal stress relaxation, respec-
tively, and parameters with a subscript ‘n’ are associated with

normal deformation and those with ‘s’ related to shearing. The
two springs Gn and Gs represent the elastic response of grain
interiors which are frequency-independent. The two dashpots ηn
and ηs represent frequency-dependent resistance of GBs, with
decreasing loading frequency leading to lower resistance.

The phenomenological model shown in Fig. 3a may be further
simplified to the models in Fig. 3b when different loading fre-
quencies are considered for better demonstration of relaxation
in polycrystalline solids. At sufficiently high loading frequencies
or short time scales, the deformation is carried entirely by the
springs and the stresses must be all sustained. This indicates the
polycrystalline aggregates do not relax and behave elastically. As
the frequency decreases, the dashpots are prone to deforming
and dissipating energy. The relaxation times of the two Maxwell
units are τs = ηs/Gs and τn = ηn/Gn for shear and normal stress,
respectively [11]. The values of the two springs Gs and Gn are on
the same order of G (shear modulus of grains), while ηs may be
smaller than ηn by orders. Thus, τs << τn, which means shear
stress is relaxed at a rate much faster than that for normal stress.
Near the critical frequency when the shear stress is relaxed, ωηs/
Gs~1, and thus ωηn/Gn >> 1. In this scenario, the dashpot ηn in
Fig. 3a can be neglected, leading to the anelastic model in
Fig. 3b. The GB shear stress is relaxed as the loading frequency
decreases, while the GB normal stress is retained. When ωηs/Gs
<< 1, the dashpot ηs provides negligible resistance to deforma-
tion, indicating the shear stress is fully relaxed. The Maxwell unit
representing the shearing component in Fig. 3a becomes negli-
gible. Thus, the polycrystalline aggregates resemble the viscoe-
lastic model in Fig. 3b. The viscous slip of GBs is accommodated
by both deformations in grain interiors and GBs. At the low-
frequency end, when ωτn << 1, the spring Gn can be neglected
further and the mechanical relaxation is fully controlled by ηn of
the GB.

As shown in Fig. 1, ηn depends on both GB viscosity ηgb and
GB diffusivity Dgb. The inset of Fig. 3a manifests the composi-
tion of dashpot ηn in terms of two dashpots ηsq and ηd, where ηd
denotes the contribution from GB diffusion. Here ηsq is in series
with ηd, and GB viscous deformation and diffusion are two
competing processes. When ηsq << ηd, deformation is mainly
carried by dashpot ηsq, and viscous squeezing is the rate-limiting
process. Conversely, for ηd << ηsq, diffusion becomes the limiting
process. Now ηn can be given as

= + . (12)
n

sq d

sq d

The expression for dashpot ηsq is given in Equation (2b), and
that for ηd may be written as ηd = ηCoble + ηho. For ηho << ηCoble,
we have ηd = ηCoble, while if ηho >> ηCoble, ηd = ηho.

The phenomenological model shown in Fig. 3a also supplies a
quantitative description of the loss modulus spectrum. It is
straightforward to show that the complex shear modulus G* of
the model in Fig. 3a is

G G i G i= 1 / 1 + 1 + 1 / 1 + 1 . (13a)*
s s n n

Hence we obtain the loss modulus G″ as

G
G
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G
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( ) +
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n n
2
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The two parts of the left side of Equation (13b) resemble the
Debye equation [11] in the form of ωτ/(ω2τ2 + 1). They max-
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imize at two critical frequencies Gs/ηs and Gn/ηn, respectively,
corresponding to the two peaks in the loss modulus spectrum as
shown in Fig. 2b. The spring constants are on the order of the
shear modulus of grain interiors and are given as Gn = C5G, Gs =
C6G, where C5 and C6 are two constants. The values of the
dashpots ηs and ηn are given in Equations (1b) and (12),
respectively. In Fig. 3c, d, we show the results from the phe-
nomenological model and FE calculations for honeycomb
samples with two different grain sizes and a range of GB dif-
fusivities. As can be seen, our phenomenological model can
capture the loss modulus peaks for samples of different grain
sizes and GB diffusivities. Moreover, from Fig. 2d, we observe
that the blue line obtained from Equation (13b) also predicts the
transitions in the normal relaxation mechanisms, and shows
excellent agreement with the results from FE calculations.

Internal friction spectrum
Since internal friction Q−1 rather than loss modulus G″ is
commonly used in experiments concerning GB relaxation, we
now study the internal friction spectra of polycrystalline mate-
rials. In Fig. 4a, b, we show the internal friction spectra for
polycrystalline samples with different grain sizes (equivalently ϕ)
and GB diffusivities (R), respectively. Three distinct regimes of
the internal friction spectrum can be identified, for distinct
dependency of internal friction on frequency. In the high-fre-
quency regime, the internal friction spectrum exhibits a peak

located at essentially the same critical frequency as that of Ps in
the loss modulus spectrum. This internal friction peak is
attributed to GB viscous slip, in consistence with the results of
Zener [9] and Kê [14]. The associated relaxation time is pro-
portional to grain size. In Fig. 4c, the relaxation time τs of vis-
cous shearing is used to normalize the loading frequency ω. We
observe the high-frequency internal friction data collapse onto a
single curve. With τs in Equation (1c) and this master curve, we
may determine the internal friction for polycrystalline samples
with various grain sizes in the high-frequency range. Thus, the
time scale τs for tangential relaxation defines a master variable
that controls the internal friction spectrum at the high-frequency
end.

Another important feature of the internal friction spectrum is
that the internal friction varies with frequency as Q 1 1/3

within the intermediate frequency range as shown in Fig. 4. We
find, by plotting Q−1 against ωτn (see Fig. 4d), the internal
friction data within the low-to-intermediate frequency range fall
onto one curve, regardless of different ϕ and R. Therefore, the
time scale τn for normal relaxation specifies the master variable
that controls the internal friction spectrum within that frequency
range.

Similar power law dependency of internal friction on fre-
quency has been observed in experiments conducted on fine-
grained geological materials, with a power law exponent ranging
from −0.2 to −0.4 [37–39]. This phenomenon was attributed to

Figure 3 Phenomenological models to demonstrate the relaxation of polycrystalline materials. (a) A model accounting for different deformation me-
chanisms of GBs to explain the loss modulus spectra. (b) With decreasing loading frequency, the model in (a) can be simplified to illustrate the relaxation
processes. (c, d) Loss modulus spectra for polycrystalline samples with different GB diffusivities R and GB volume fractions, (c) ϕ = 0.01 and (d) ϕ = 0.001.
Solid lines represent results from the model in (a) and dash lines with open circles denote the results obtained from FE simulations.
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stress relaxation at the grain corners [23,40,41]. Based on the
Raj-Ashby bicrystal model [10], Lee et al. [23] also obtained such
a power law behavior. Given the internal friction data they
obtained are about an order of magnitude smaller than that from
experiments, the authors suggested that one may need to
account for the polycrystalline nature to fill the gap between the
calculations and experiments [42]. Fig. 5 shows a comparison of
the internal friction spectrum from our FE calculations with that
from the experimental data [39]. The characteristic time used to
normalize the frequency for the experimental data is measured
using the torsional micro-creep test [41]. The calculations from
our model agree remarkably well with the experimental data.

Conditions for multiple internal friction peaks
In contrast to the two peaks found in the loss modulus spectrum
(Fig. 2b), a single peak exists in the internal friction spectrum as
shown in Fig. 4. However, experimentally, two peaks [43–45]
even three peaks [2,46] in the internal friction spectrum were
reported. In this subsection, we will examine conditions for the
emergence of multiple internal friction peaks.

By assuming GB may maintain a certain elasticity, i.e., G 0gb ,
two peaks due to viscous squeezing and GB diffusion may
appear in the internal friction spectrum. As shown in the inset of
Fig. 6a, a Voigt-type constitutive law containing a dashpot ηgb
and a spring Ggb is adopted to describe the shearing response of
GBs, where Ggb denotes the GB elasticity. First, we consider
viscous deformation within GBs as the only mechanism of
relaxation and dissipation (R = 0). In Fig. 6a, we show the
internal friction spectrum for a honeycomb simple with ϕ = 0.01,
R = 0, Ggb/G = 10−6. An internal friction peak Psq appears as a

result of viscous squeezing within the GBs. We further take into
account GB diffusion as a relaxation mechanism and observe a
third internal friction peak Pd resulted from GB diffusion as
shown in the blue line of Fig. 6a with R = 10−5. Correspondingly,
the effective modulus G of the polycrystalline sample experi-
ences three rapid changes with frequency, compared with the
two rapid changes for the case of R = 0 (see Fig. 6b). This implies
another relaxation process due to GB diffusion occurs.

These three internal friction peaks can be captured by a
phenomenological model shown in Fig. 7a. Compared with the

Figure 4 Two time scales controlling the internal friction spectra of polycrystalline materials. (a) Internal friction spectra (Q−1 vs. ωηgb/G) for samples with
different grain sizes. (b) Internal friction spectra for several GB diffusivities. (c) Internal friction as a function of normalized frequency ωτs, and (d) Q−1 vs. ωτn.

Figure 5 Frequency dependence of internal friction within the inter-
mediate-frequency range. The red dots represent the experimental results
from Jackson and Faul [39] and the blue line comes from our honeycomb
sample based on the FE calculation.
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model shown in Fig. 3a for the case of Ggb/G = 0, two springs ks
and ksq are introduced to include the effects of GB elasticity.
Note that the microstructure and governing equations are con-
sistent for the cases of Ggb/G = 0 and Ggb/G ≠ 0, and only the
shearing response of GBs is different. The values of the dashpots
and the springs in Fig. 7a can be obtained from the case of Ggb/G
= 0 by exploiting the equivalence of effective complex modulus
between a solid-solid composite and a solid-liquid composite
[47]. For the dashpots ηs, ηsq, ηd and the springs Gs, Gn, their
values are the same as those for the case of Ggb/G = 0. The
rigidities for the springs ks and ksq, respectively, are expected to

be proportional to Ggb and follow the same dependences on d/δgb
as the dashpots ηs and ηsq do. With Equations (1b) and (2b), we
obtain in sequential:

k C d G= , (14a)s 1
gb

gb

k C d G= , (14b)sq 2
gb

3

gb

where ks and ksq represent the elastic resistances of GBs when GB
deforms by viscous shearing and viscous squeezing, respectively.

Figure 6 Three internal friction peaks. (a) Internal friction spectra for honeycomb samples with ϕ = 0.01, Ggb/G = 10−3, R = 0 and R = 10−5. (b) The effective
modulus G of the honeycomb samples as a function of the loading frequency.

Figure 7 Exploring the governing parameters (ϕ, R, and Ggb/G) for the emergence of peaks in internal friction. (a) A physical model considering the
influence of the long-term elasticity of GBs. (b) The internal friction spectrum for the sample with ϕ = 0.0975, Ggb/G = 10−3 and R = 10−3, where three peaks
are seen and can be well explained by the model in (a). Loss modulus spectra for honeycomb samples with ϕ = 0.01 over a range of normalized GB diffusivities
R and different Ggb/G: (c) Ggb/G = 10−6, and (d) Ggb/G = 10−3.
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The complex shear modulus G″ for the phenomenological model
in Fig. 7a now can be obtained and written as

G G i k G i k i= 1 / 1 + 1
+ + 1 / 1 + 1

+ + 1 . (15)*

s s s n sq sq d

As shown in Fig. 7b, the phenomenological model predicts
three peaks reasonably well.

Moreover, from the phenomenological model and its expres-
sion in Equation (15), we can identify conditions for the peaks to
occur in the loss modulus spectrum. Table 1 provides a sum-
mary of the possible peaks that may occur in the loss modulus
spectrum, depending on the relationships between grain size, GB
diffusivity, and GB elasticity. For Ggb = 0, two peaks may exist in
the loss modulus spectrum, and the two peaks merge into one
with increasing GB diffusivity, as shown in Fig. 2b. When 0 <
Ggb/G ~ ϕ3, three peaks may exist and gradually overlap with
each other with increase in GB diffusivity (Fig. 7c). While ϕ3 <<
Ggb/G, there are two peaks exist, with exceptions for R = 0 and R
>>1 (Fig. 7d). Note when Ggb/G ≠ 0, the same number of peaks
seen in the loss modulus spectrum may also appear in the
internal friction spectrum with the same set of parameters.

CONCLUSIONS
In this paper, we have investigated the mechanical relaxation of
polycrystalline materials resulting from GB diffusion and GB
viscous flow. Our work extends the understanding upon existing
models [9,17,18,20–23] and highlights the importance of the
coupling between GB diffusion and GB viscous flow in gov-
erning the normal relaxation of GBs. The main findings of this
work are summarized as follows:

We have identified the characteristic modes of deformation in
GBs that control the relaxation processes and validated them by
analyzing the loss modulus spectra of representative poly-
crystalline samples. In our continuum models, the coupled
deformation between GB diffusion, GB viscous flow, and elas-
ticity of grains emerge naturally as a consequence of compat-
ibility.

We revealed a transition from viscous flow-dominated to
diffusion-dominated mechanism for the normal relaxation
process with increasing normalized GB diffusivity R. Since R (or
Λ) is highly temperature-dependent, the transition of normal
relaxation mechanisms may occur in the temperature space. The
two time scales τs and τn are quantified respectively for the
tangential and normal relaxation processes, where τs scales with
grain size and τn may exhibit distinct dependence on grain size
depending on the relative rate of GB diffusion and viscous flow.
The internal friction spectrum from our calculations matches
well with the reported experimental data.

We constructed a mapping between the mechanical loss
spectrum and GB deformation mechanisms. In addition to the
fact that the coupling between self-diffusion and viscous flow
induces plentiful relaxation dynamics of materials, GB volume
fraction and GB rigidity are intervened with the two deforma-
tion mechanisms, and affect the dissipation peaks of a loss
modulus spectrum.

When reaching the above conclusions, we used representative
polycrystalline materials where thin GB layers play the dominant
role. However, we suspect that such method and also the con-
clusions may be extended to other complex material systems
such as porous materials [26,48], polymeric materials [49] and

even metallic glasses [1,50], since there are common features
among those systems: the heterogeneity of material structures at
different length scales and the existence of competing defor-
mation mechanisms including viscous flow and self-diffusion.
Therefore, the findings reported here may serve as guidance for
exploring relaxation dynamics and deformation mechanisms in
those material systems where free-volume-governed diffusion
and localized shearing dominate the relaxation process.
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多晶体晶界扩散与晶界粘滞变形主导的力学弛豫
段闯闯1,2, 魏宇杰1,2*

摘要 晶界扩散和晶界粘滞变形是多晶材料发生力学弛豫的重要原因,
Zener和葛庭燧的开创性工作, 分别解释和从实验上验证了晶界粘滞滑
动引起的内耗峰. 后续研究表明, 当同时考虑晶界粘滞与扩散时, 多晶
体内耗谱上可能出现两个, 甚至是三个内耗峰. 本研究通过阐明晶界扩
散与粘滞变形在晶界法向应力弛豫中的竞争关系, 理论上给出了多内
耗峰的物理机制、明确晶界变形的主导模式与内耗峰之间的关系, 并
揭示了多晶体弛豫时间的不同晶粒尺寸依赖性. 本工作有助于金属玻
璃、多孔介质等非均质材料力学弛豫行为的研究.
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