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The Contribution of Mechanical Spectroscopy to Understanding Grain Boundary Sliding
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This review paper shows that grain boundary sliding (GBS) is a general phenomenon occurring in all 
classes of inorganic materials: ceramics, metals and composite materials. The occurrence of relaxations 
attributed to GBS is also quite general and therefore the mechanical spectroscopy constitutes a sensitive 
and universal technique to study such phenomenon. GBS is widely observed in ceramics. It can be 
due to the presence of an amorphous layer between the grains as in zirconia or to dislocations, as in 
alumina. In each case, a high temperature GBS peak has been identified. In metals, GBS is observed 
in some deformed materials but the correlation of such phenomenon with internal friction peaks has 
been controversial. In 1941, C. Zener describes a geometrical model of GBS that could give rise to a 
relaxation mechanism. In 1947, Kê observed a large relaxation peak in polycrystalline aluminum. This 
peak being absent in single crystals, the relaxation was attributed to GBS. Today, the Zener model can 
still be used in most cases for relaxations occurring in the grain boundaries. Instead, according to the 
grain boundary type, the material or the temperature, either dislocations or the gliding of a disordered 
layer produce the grain boundary relaxations. 
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1. Introduction

Grain boundary sliding (GBS) is a well-known mechanism 
leading to plasticity of materials such as ceramics, metals 
and composites. In fine grain ceramics, GBS constitutes the 
principal mechanism of deformation at high temperature1,2. 
This phenomenon has been attributed to the presence of a 
glassy layer between the grains3 both in oxides and nitrides. 
However, in ceramics that do not contain such layer, 
GBS has been attributed to dislocations emitted from the 
boundary4. In all cases, GBS must be associated with bulk 
deformation in order to keep the coherency of the material5. 
The presence of a phase different from that of the matrix in 
the grain boundary is also determinant for the deformation of 
composite materials such as cermets6. In particular, a change 
of the thermodynamical equilibrium under stress allows the 
infiltration of cobalt of WC boundaries in WC-Co based 
cemented carbides7. In metals, deformation by GBS is more 
rarely observed directly, even if it has been considered as a 
creep mechanism. Direct evidence of GBS has been reported 
mostly in Zn alloys8,9. However, many simulation studies 
have been published concerning nanocrystalline materials10. 
The mobility of grain boundaries, such as that of any other 
defect, can be evidenced by mechanical spectroscopy. This 
technique consists in measuring the phase lag tan(ϕ) between 
a periodic stress ei t

0v v= ~  with angular frequency ω and 
strain ei t

0f f= ~ z-Q V.
Such a phase lag depends on the energy Wdiss dissipated 

in the material by defects that are moving under the action 
of the periodic stress:

					            (1)

Where Wel. max. is the maximum elastic energy stored 
during a cycle. It can be shown11 that if τ is the characteristic 
relaxation time (no distribution), tan(ϕ) displays a Debye 
peak as a function of angular frequency ω (equation 1). The 
amplitude of the relaxation is the factor Δ and the maximum 
of the peak attains a value of Δ/2. The main proof of the 
existence of grain boundary relaxations is generally the 
comparison of the spectrum of a single crystal with that of 
a polycrystal. This paper reviews the evidences of GBS at 
the atomic scale that have been observed by mechanical 
spectroscopy.

2. Ceramics

The first peak attributed to GBS in ceramics was reported 
by Lakki in polycrystalline zirconia12 who elaborated a 
model based on GBS with a restoring force at triple points. 
However, the first comparison between a polycrystal and a 
single crystal was actually displayed by Donzel et al.13 as 
shown in Figure 1. By observing the figure 1, one could argue 
that a peak is present in the single crystal and therefore it 
could not be attributed to GBS. In reality, the peak of the 
single crystal is a point defect Zener peak that was attributed 
to Ca dopant with an activation energy of 422 kJ/mol et 
an attempt frequency f0=10-14. The temperature and the 
activation energy distinguish the GB peak from the Zener 
peak. It is interesting that Donzel evidenced two GBS peaks 
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with more or less the same activation energy (560 kJ/mole): 
a first one at lower temperature that should be attributed 
to a glass transition in amorphous pockets at triple points 
and the second one, which is the true grain boundary peak. 
In high purity samples, only the true GBS peak is present. 
Since these peaks are located at very high temperature, 
isothermal frequency scans are not adapted to measure the 
activation energy since the calculation should be based on 
a few spectra. The method of the Master Curve was then 
used to measure activation energies. It consists in shifting the 
frequency spectra obtained in isothermal conditions in order 
to obtain a unique matching curve. The plot of δ(log(f)) vs. 
δ(1/T) produces an Arrhenius plot from which the activation 
energy can be found. However, the fit is not straightforward. 
Mazaheri14 realized that after high temperature isothermal 
annealing, the level of internal friction in isothermal spectra 
was decreasing. He supposed that the strain depends on grain 
size according to a Dorn creep law15. Therefore, he was able 
to introduce in the master curve procedure a fit based on 
the grain size dependence, in addition to the temperature 
dependence. So, the isothermal spectra are not only shifted 
in frequency but also (vertically) according to log(tan(ϕ)):

					            (2)

The grain size exponent p is that found in the Dorn 
creep law. Then, adopting an Ostwald ripening power law 
for growth kinetics16:

					            (3)

The exponent m=3 is often taken for isotropic growth. 
Combining equations 2 and 3, one can then expect an internal 
friction varying as :

					            (4)

Effectively a slope .m
p

0 3=  was found corresponding 
to an interface reaction growth17 with p=1. Such a slope 

becomes instead .m
p

0 53=  in alumina. This is close to p=2 and 
m=3, which is expected for dislocation climb. Effectively, in 
alumina grain boundaries are crystalline and no amorphous 
zone is found. The mechanism modeled by Lakki was indeed 
based on dislocation climb18.

3. Cermets

Cermets constituted by WC-Co or TiCN-Co are important 
materials for the manufacturing of cutting tools. Since 
the tool working conditions involve high temperatures, 
the mechanisms leading to plastic deformation have been 
investigated extensively6. GBS has been considered as the 
main mechanism of high temperature creep. In fact, GBS 
of WC grains was observed by markers in WC-Co19. But, in 
parallel with GBS, clear signs of cobalt infiltration of the grain 
boundaries are observed both in WC-Co and TiCN-Co7,20. At 
the temperature where those phenomena are observed, a high 
mechanical loss peak is shown by mechanical spectroscopy21 
(Figure 2). The peak is very broad, which can be justified 
by the variety of grain boundary orientations. The peak was 
tentatively analyzed as the superimposition of 4 peaks22. 
In this case, the activation energies of such peaks are not 
anymore apparent. The amplitude of the 4 peaks varies as 
a function of the temperature, which can be correlated with 
the degree of infiltration (or segregation) of the cobalt into 
the WC interfaces.

4. Metals

In 1941, C. Zener23 predicted a grain boundary relaxation 
and made the first model of GBS in the anelastic limit, i.e. 
considering the grain boundaries pinned at triple points and 
sliding between. Such a model predicted a relaxation strength 
essentially depending on the Poisson ratio v. By taking 
v=0.3, the amplitude of the peak should be Δ=0.64. In 1947, 
T.S. Kê that was Research Associate in Zener’s Institute of 
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Figure 1. Comparison of temperature spectra between a 3YT ZrO2 
polycrystal and a ZrO2-16mol.%CaO single crystal

Figure 2. Isothermal frequency scans measured upon heating and 
colling in a WC-10vol%Co with some Ta addition
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Metals in Chicago discovers a large relaxation with Δ=0.4 
at about 200 °C in aluminum24. The relaxation is absent in a 
single crystal and Kê deduces that grain boundaries must be 
responsible the relaxation (Figure 3). Moreover, by developing 
Zener’s theory, he comes to the conclusion that the GBS 
peak amplitude should not depend on grain size while the 
relaxation time should increase linearly with grain size. Such 
trend corresponded to observations in the aluminum samples25. 
For almost 30 years, grain boundary relaxations were studied 
in Hefei where T.S. Kê had become Professor until some 
doubts were expressed in two groups in France, in Poitier by 
Woirgard et al.26,27 and in Lyon28,29. These authors show that 
by making accurate experiments on a single crystal, a peak 
can be found at the same temperature as the peak attributed 
to GBS. The peak found in the single crystal is always much 
smaller than that of polycrystalline samples. Those findings 
support the idea that dislocations are responsible for the 
GBS peak discovered by Kê. Another argument supporting 
the dislocation theory is the strong sensitivity of the peak 
to microstructure. It can be noticed that cold work modifies 
the peak both restoring it28 or decreasing it30. On the other 
hand, the presence of impurities clearly enhances the peak 
amplitude while shifting it at higher temperature 31,32. This 
result is very important. In fact, it is regrettable that so many 
efforts have been devoted to studying very pure materials 
and in particular aluminum. It is very likely that in the case 
of aluminum, the peak is due to dislocations. But in very 
pure aluminum, the microstructure is very complex and 
only long and meticulous studies relating the microstructure 
and the internal friction spectrum subcomponents may be 
convincing. Instead, the use of alloys, even complex, often 
produces very stable and reproducible peaks.

An example was obtained with Ni20at.%Cr33. The 
internal friction and elastic shear modulus temperature 
spectrum of polycrystalline Ni-20 at.% Cr, obtained both 

during heating and cooling, is presented in Figure 4. The 
spectrum mainly shows two internal friction peaks, marked 
P1 and P2, respectively, as well as a large thermal hysteresis 
between the curves obtained during heating and cooling. The 
same thermal cycle was applied to a single-crystal specimen 
(Figure 5). In this case, only the P1 peak is observed, whereas 
the peak P2 and the large thermal hysteresis are totally 
absent. This result eliminates the possibility for the peak P2 
to be due to any dislocation mechanism inside the grains. 
Another experiment, (Figure 5) was performed on a 12% 
cold-rolled Ni-20at.%Cr single crystal. Heating above the 
peak temperature (1200 K) leads to recrystallization. After 
two cycles, the internal friction spectrum was identical 
to that of the polycrystalline specimen shown in Figure 
4. The hysteresis in the Ni-Cr peak is related to solution-
precipitation of chromium carbides that can be observed at 
grain boundaries. In order to confirm that the precipitation 
hinders the GBS, it was possible to produce a sample where 
no carbon was present and therefore no carbides. In such case, 
a stable GBS peak can be observed on heating and cooling. 
These experiments also show that probably a collective GBS 
phenomenon is involved.

More recently, a detailed study was developed on a 
gold alloy widely used in jewellery: Au10at%Cu30at%Ag. 

Figure 3. Grain boundary peak in aluminum as reported by Kê24

Figure 4. Hysteretic behaviour in Ni-20at.%Cr. The peak P2 only 
appears if sample is heated above 1200 K

Figure 5. Spectra obtained in Ni-20at.%Cr starting from single 
crystal (1,2), after 12% cold work at RT (3) and upon successive 
cooling after 6 h at 1200K 4. Curves 5 and 6 represent the following 
heating and cooling cycle
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A broad peak P2 is found at about 750 K at 1 Hz, but 
such peak is completely absent in single crystals34. The 
spectrum (Figure 6a) looks very similar to that of Ni-Cr 
with a Zener peak P1 that precedes on heating the GBS 
peak. However, the peak P2 is stable and no hysteresis has 
been found. Very accurate measurements of the activation 
energy give 2.08 eV with an attempt frequency of 1 1014 
Hz35. A similar peak is found in pure (4N) gold at 600 K in 
the polycrystalline state while the single crystal does not 
show any evidence of a peak in the same temperature region 
(Figure 6b). Since in this alloy the GBS peak is very stable, 
the authors investigated in depth the effect of grain size. 
Replicating the measurements by Cao described above, a 
monocrystalline 18-carat sample was cold-worked stepwise 
from 2% to 12% at room temperature 36. The mechanical loss 
spectrum was then analyzed at each step. At low deformations, 
the exponential high temperature background increases. 
At a critical deformation of 10%, a peak very close to that 
of the polycrystal appeared. Moreover, samples deformed 
between 2% and 8% evidence the existence of an intermediate 
stage. The high temperature peak, which can be evidenced 
only in frequency spectra, characterizes the mobility of 

low angle grain boundaries as proven by the comparison 
with an intentionally synthesized one. It is likely that the 
mobility of low angle grain boundaries is controlled by the 
movement of dislocations.

In Au-Cu alloys, it is relatively easy to control the 
grain growth, which occurs at 950 K well above the peak 
temperature. In a study by Maier et al.34, a sample was 
cycled in temperature several times and annealed at 923 
K or even 1000 K in order to obtain grain growth. At each 
cycle, a metallographic observation allows the grain size 
measurement. The variation of the peak relaxation time 
depended exactly as the inverse of the grain size as predicted 
by Zener. Instead the peak amplitude was independent of the 
grain size. These measurements prove unequivocally that 
the topological model proposed by Zener applies very well 
to polycrystalline homogeneous materials. At this point, 
one should recall that the behavior of a polycrystal with a 
bamboo structure, i.e. grain boundaries completely crossing 
the sample and parallel to the shear direction, is completely 
different: in this case the amplitude of the GBS peak should 
depend on the grain size density i.e. A/V where A is the total 
surface of the grains and V is the sample volume. Kê had 
made the first experiments proving such a relation37. More 
recently two groups have worked on bi-crystals either made 
of aluminum38 or Au-Cu-Al 39. By reducing the size of the 
sample it is very easy to control and to assess the grain 
boundary density. Clearly, in the case where grain boundaries 
are crossing the internal friction specimen to each end, the 
dependence on grain boundary density was fully proven.

All these data provide convincing phenomenological 
evidences that a grain boundary relaxation exists in metals. 
However, the microscopic mechanism leading to such relax-
ations are still controversial. Molecular dynamics simula-
tion may lead to a deeper insight about those mechanisms. 
For example, simulation in Au polycrystals of a ∑5 GB, 
undergoing shear deformation40 show that grain boundary 
migration coupled to sliding is found below 700K. Above 
1000 K, only GBS is observed. Two models, one based on 
migration and the other based on sliding can be developed. 
They provide expressions for the relaxation strength D and 
the relaxation time t. They are then compared to experimental 
measurements performed on polycrystals34. The observed 
grain size dependence of D and t, i.e. D independent of 
grain size and t linearly dependent on the inverse of grain 
size, support the sliding model against the migration one.

5. Conclusions

Exploring a wide range of materials from ceramics to 
metals and composites, grain boundary sliding is a mechanism 
that strongly affects plastic deformation. It is also clear 
that such mechanism of macroscopic deformation can be 
related to microscopic relaxations evidenced by Mechanical 
Spectroscopy.

Figure 6. a) Spectrum obtained in Au10at%Cu30at%Ag alloy at 
0.5 Hz. The peak P2 that only appears in the polycrystal is attributed 
to grain boundaries. b) In pure gold the peak appears at lower 
temperature, at about 600 K
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In ceramics, grain boundary sliding can be due either 
to the presence of an amorphous layer such as in ZrO2 or to 
dislocations such as in Al2O3.

The presence of the second phase in grain boundaries is 
critical for GBS in WC-Co composite materials. The change of 
the thermodynamical equilibrium at high temperature causes 
the cobalt infiltration of tungsten carbide grain boundaries. 
Grain boundary relaxation peaks are associated to this effect.

In metals, GBS is more rarely supported by macroscopic 
evidences. However, relaxations related to the presence of 
grain boundaries are widespread. The original geometrical 
mechanism of sliding imagined by Zener seems applicable 
in most cases. However, there is still a debate about the 
microscopic mechanisms. In fact, in very pure metals such 
as aluminum or copper, complex dislocation movements 
involving climb and glide, are likely to cause the GBS.

In alloys, instead a phase transition involving the for-
mation of an amorphous phase could favor the glide of the 
boundary and once again justify the Zener model.
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