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Abstract

We employed a scanning force microscopy technique to determine the ratio of grain boundary and surface energies in copper using
the thermal grooving method. Samples of ultrafine grain copper obtained by four passes of equal channel angular pressing were heat
treated in a reducing atmosphere at 400 �C for 15 min and at 800 �C for 2 h. The average dihedral angles of the grain boundary grooves
after the former and the latter heat treatments were 152.4 ± 6.3� and 164.2 ± 4.3�, respectively, which can be translated into the differ-
ence by a factor of 1.8 in average grain boundary energies. This difference implies that the grain boundaries in ultrafine grain copper
produced by equal channel angular pressing are in a state of high non-equilibrium that cannot be fully relaxed after a short annealing
at 400 �C, but that undergoes significant relaxation after annealing at 800 �C.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The reduction of average grain size represents a tradi-
tional way of improving mechanical properties of polycrys-
talline metals and alloys. Severe plastic deformation (SPD)
methods developed during the last three decades offer one
of the most efficient ways to produce bulk ultrafine-grained
(UFG) metals and alloys with the average grain size in the
sub-micrometer range. Equal channel angular pressing
(ECAP) is a sub-group of the SPD techniques which is
most suitable for industrial scale-up [1–6]. Its main princi-
ple is repetitive pressing of a metal billet through a bent
channel. Shear bands formed during pressing constitute
preferential sites for the nucleation of dislocations. Thus,
the sub-division of grains into cells results in grain refine-
ment. Subsequent cycles of pressing together with the rota-
tion of the billet between the passes cause the accumulation
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of more dislocations in the cell walls, increase the misorien-
tation angles between the cells and, therefore, promote the
formation of high-angle grain boundaries (HAGBs) [2].

In addition to the UFG microstructure, alloys produced
by ECAP exhibit many unusual functional properties,
which have been attributed to the special state of grain
boundaries (GBs) in these alloys. The term ‘‘non-equilib-
rium GBs’’ has been applied to GBs in a highly strained,
energetically metastable state [1]. These GBs exhibit a
higher interfacial energy, higher intensity of strain fields,
higher diffusivity and larger free volume than their relaxed
counterparts.

The modification of GB properties due to the accumula-
tion of lattice dislocations has been reported by Grabski
and Korski [7]. They observed an increase of GB energy
in Cu due to absorption of lattice dislocations during the
migration of GBs, and concluded that these GBs transform
into a non-equilibrium state. Based on this approach, Naz-
arov [8–11] has developed a structural model that describes
both the formation mechanism of non-equilibrium GBs
during plastic deformation and their properties. The
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starting point for the model is a low-angle GB (LAGB),
which can be described as a periodic dislocation array in
the framework of classical Read–Shockley model [12,13].
Hence, all GB properties are expressed as the sum of con-
tributions of individual dislocations forming the GB. In
particular, the elastic strain field in the vicinity of GB is
the sum of the elastic strain fields of individual disloca-
tions. Because of the periodicity in distribution of disloca-
tions, the elastic fields of individual dislocations cancel
each other out at large distances from the LAGB, so that
only a short-range strain field near the GB remains. This
periodicity in distribution of dislocations is lost in non-
equilibrium GBs which evolve during plastic deformation
by absorbing a large number of lattice dislocations. These
trapped dislocations dissociate into two different compo-
nents with the Burgers vectors normal (±bn) and tangential
(bt) to the GB plane. While the tangential components are
glissile and form pile-ups at triple lines, the normal ones are
sessile. Both dislocation populations (pile-ups of glissile
extrinsic GB dislocations and disordered networks of ses-
sile GB dislocations) contribute to the increase in energy
and changes in the properties of these non-equilibrium
GBs. In the framework of this dislocation model the fol-
lowing properties of non-equilibrium GBs can be quanti-
fied: the root-mean-square (RMS) strain in the vicinity of
GBs, the GB excess energy cb, and the GB excess volume.
For example, the total elastic energy, Eel, associated with a
non-equilibrium GB can be calculated as the volume (V)
integral of all stress (rij) and strain (eij) components associ-
ated with the disordered array of GB dislocations:

Eel ¼
1

2

Z Z Z
rij � eij dV ð1Þ

The resulting expression for the GB energy, c, is then:

cb ¼
Gb2 � qvd

12pð1� mÞ ln
d
b

� �
ð2Þ

where qv is the density of dislocations in the bulk ECAP-ed
material, b is the Burgers vector, d is the grain size, and G
and m are the shear and Poisson’s moduli, respectively. Eq.
(2) predicts that for Cu produced by ECAP with common
values of qv � 6 · 1015 m�2 and d � 200 nm the energy of
non-equilibrium GBs should be about 1.2 J m�2 [8–11],
i.e. nearly twice its equilibrium value [14].

Although the concept of non-equilibrium GBs is widely
employed for describing the properties of UFG materials
produced by SPD, its experimental foundations are still
controversial. First, the measurements of GB properties
requiring heat treatments at elevated temperatures (i.e.
GB energy and diffusivity) are difficult because of insuffi-
cient thermal stability of the microstructure of SPD-pro-
cessed alloys. For example, while several researchers
reported significantly enhanced GB diffusivity in UFG
materials produced by SPD [15–18], in some other studies
the measured GB diffusivities were consistent with the
known data for coarse-grained materials [19,20]. Secondly,
most of the experimental support presented so far in favor
of the hypothesis of non-equilibrium GBs is indirect in nat-
ure (i.e. the GB properties are extracted from kinetics of
grain growth or magnetic properties). A critical review of
the available experimental evidence for the non-equilib-
rium GB character in UFG materials produced by SPD
is given elsewhere [21].

The GB energy, cb, is the most direct indicator of the
degree of GB non-equilibrium. The GB energy can be mea-
sured in UFG materials employing differential scanning
calorimetry (DSC). For instance, Huang et al. [22] mea-
sured the enthalpy released during grain growth in nano-
crystalline copper (with an initial average grain size of
8.5 nm) produced by compaction of particles. The value
of cb extracted from the enthalpy release was 0.7 J m�2,
about the same as the well-known value for pure copper
(0.6 J m�2) [14]. Concerning the effect of plastic deforma-
tion, it was shown that UFG copper exhibits a higher exo-
thermal peak with respect to cold-rolled copper due to the
higher values of elastic and capillary energy stored in the
former [23]. It should be noted that the DSC results alone
are too indirect, and for a better understanding of the phys-
ical processes in the UFG alloys they should be combined
with the results obtained by other characterization tech-
niques. For example, the comparison of the DSC peak inte-
gral intensity of ball-milled metals with the X-ray
diffraction (XRD) peak broadening shows that the heat
released is proportional to the square of the RMS strain
[24]. The energy released is, therefore, associated with
strain relaxation.

In spite of the fact that DSC measurements provide a
quantitative estimation of GB energy, this technique suffers
from several drawbacks. First, the heat released (DH) dur-
ing grain growth characterizes some average value of GB
energy; it is impossible to determine the differences in ener-
gies between individual GBs or the parameters of GB
energy distribution using this method. Secondly, the relax-
ation of some other defects (i.e. dislocations) can contrib-
ute to DH values measured by DSC, so that only the
upper limit of cb can be obtained. Another drawback of
this method is that it can be employed for GB energy mea-
surements in fine-grained polycrystals only. As grain size
increases, the total area of interfaces decreases and the
intensity of the DSC peak associated with grain growth
drops below the detection limit of the technique.

In the view of the above problems in quantifying the
degree of GB non-equilibrium, it is very attractive to imple-
ment the method of scanning force microscopy (SFM) to
measure the ratio of GB and surface energies for individual
GBs using the thermal grooving technique [25–31]. Among
the advantages of this method are its simplicity, the capa-
bility of measuring the relative energies of individual GBs
and the possibility of conducting the measurements in
polycrystals with very different grain sizes. The goal of this
work was to quantify the degree of GB non-equilibrium in
ECAP-processed Cu employing the SFM and thermal
grooving techniques. To achieve this goal we compared
the GB energies in the UFG Cu obtained by ECAP with



Fig. 1. The region in the BC4 sample of ECAP-ed Cu exhibiting equiaxed
grain structure and high misorientations between grains.
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those of relaxed GBs in coarse-grained Cu obtained from
the same initial material.

2. Experimental

Cylindrical pure copper (99.98 wt.% Cu) ingots with the
diameter of 50 mm were processed by four ECAP passes at
room temperature, following route BC [2]. The major impu-
rities were O (29 wt. ppm), P (18 wt. ppm), Ag and Fe
(5 wt. ppm each). After the usual polishing routine (SiC
papers and diamond paste with 6 lm particle size), electro-
chemical polishing was performed (50 wt.% H3PO4 solu-
tion, 2.1 V) for 1 h in order to remove the surface layer
damaged by polishing. All heat treatments were conducted
in a quartz-tube reactor under a constant flow
(0.25 cm3 s�1) of dry forming gas (90% N2–10% H2) at
atmospheric pressure. The furnace is equipped with a mag-
netic knob that enables the fast insertion of the cold sam-
ples into the hot working zone of the furnace. The
temperature was measured directly at the sample position.
Two different annealing conditions were selected:

� The first set of samples (denoted as samples A) was
annealed at 400 �C for 15 min. Our preliminary trial
and error experiments have shown this to be the lowest
temperature and shortest annealing time that are neces-
sary to produce GB thermal grooves which can be char-
acterized with a reasonable accuracy in the SFM.
� The second set of samples (denoted as samples B) was

annealed at 800 �C for 2 h. At these conditions we
expect a significant relaxation of the GBs.

The measurements of GB groove dihedral angles were
performed by SFM (AutoProbe CP, Park Scientific-
VEECO, USA) operated in the contact mode. Scans were
performed with CSC11/50 ultrasharp W2C-coated Si tips
with a 50 nm nominal radius of curvature. GB groove pro-
files taken from the SFM images after a routine flattening
operation enabled us to calculate the relative values of GB
energy.

The conventional method for measuring the GB energy
is based on the geometry of the equilibrium thermal groove
being formed at the intersection of the GB plane with the
free surface. Under the assumption of full surface isotropy,
the condition for mechanical equilibrium of the triple line
is:

crel � cb=cs ¼ 2 � cos
w
2

� �
ð3Þ

where w is the dihedral angle at the triple line, cs and crel are
the surface energy and the relative dimensionless GB en-
ergy, respectively. The complete methodology of extracting
the values of crel from the SFM scans was detailed by us
elsewhere [31].

Orientation imaging microscopy (OIM) was employed
for the characterization of misorientational degrees of free-
dom of the GBs in annealed samples. The OIM is a part of
the TSL-EDXA system for electron backscattered diffrac-
tion (EBSD), and is mounted on a Sirion high-resolution
scanning electron microscope (SEM). The system includes
acquisition hardware (DigiView1612 CCD Camera), data
collection software and analytical software for OIM.

Observations of the microstructure of as-pressed sam-
ples were performed employing the JEOL FX-2000 trans-
mission electron microscope (TEM) with an LaB6

filament operating at 200 kV. TEM samples were cut per-
pendicular to the pressing direction into slices 500 lm
thick. Further electrochemical etching (10 min in 50 wt.%
H3PO4 solution at 2.1 V) was performed to reduce the
thickness to about 100 lm. Discs 3 mm in diameter were
cut and thinned by electrojet polishing in the same solution
with the current of 50 mA. Bright field images were taken
to characterize the microstructure. Qualitative data of mis-
orientation was obtained by the selected-area electron dif-
fraction (SAED) using a 2 lm2 aperture.

3. Results

3.1. Microstructure observations

The as-pressed samples exhibited a UFG microstructure
with an average grain size of 300 nm. Fig. 1 is a TEM
bright field image of the sample after ECAP showing its
UFG microstructure. The SAED pattern was taken from
the whole region, indicating high misorientations between
the individual grains.

Recrystallization and grain growth occurred in both sets
of samples during heat treatments. An SFM topography
image of the sample annealed at 400 �C for 15 min (sample
A) is shown in Fig. 2. These conditions of relatively low
temperature and short annealing time were sufficient for
obtaining a measurable GB grooving. The GB grooves
can be recognized in Fig. 2 as dark lines visualizing the



Fig. 2. An SFM topographic image showing the microstructure of the
ECAP-ed Cu sample annealed at 400 �C for 15 min.
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microstructure. The average grain size measured from the
SFM images is about 3 lm. The samples annealed at
800 �C for 2 h (samples B) exhibited much larger grains
of the average size of tens of micrometers.

3.2. Relative GB energy measurements

The SFM imaging of selected GB grooves was per-
formed with the fast scanning direction normal to the
groove line. The dihedral angle (w) was determined from
representative linear topography profiles taken across the
groove. The difference in dihedral angles is clearly seen
from the representative topography images displayed in
Fig. 3: w values of 151� and 165� were measured for A

and B samples, respectively. According to Eq. (3), this cor-
responds to relative GB energies of 0.50 and 0.26, respec-
tively. It should be noted that the energies of the GBs
displayed in Fig. 3 correspond to the central parts of the
respective GB energy distributions (see Fig. 4). This indi-
cates that the average relative GB energy in the samples
annealed at 400 �C is significantly higher than the average
relative energy of relaxed GBs in the sample annealed at
800 �C.

In order to obtain a statistically reliable trend, a total
number of 30 randomly selected GB grooves were exam-
ined in each set of samples. Fig. 4 presents a distribution
of corresponding crel values, denoting the number of GBs
that fall into a given crel interval. The width of the selected
interval of crel was 1/30. A clear distinction between both
sets of data can be observed in Fig. 4: the majority of
GBs in samples A are concentrated at higher crel values
than in samples B. The corresponding average GB energies
are 0.48 ± 0.11 and 0.27 ± 0.07, respectively. The two
energy distributions overlap in the range of 0.25–0.4.

3.3. Grain misorientations statistics

Several OIM images containing a few hundreds and a
few dozens of grains in samples A and B, respectively,
were acquired from the SEM. The purpose of these mea-
surements was to make sure that the difference in GB
energies in two sets of samples did not originate from a
difference in the relative numbers of low-energy near-R3
GBs (here R is a reciprocal density of coincident sites) in
the sampled sets, providing that these special GBs exhibit
extremely low energies [32]. The distribution of the misori-
entation angles was determined from the OIM images
after removing the ‘‘bad’’ pixels exhibiting the orientation
very different from their immediate surrounding (these bad
pixels are associated with the EBSD patterns of poor qual-
ity). Then, the pairs of neighboring points in the OIM
image exhibiting a certain misorientation angle were
counted. This quantity, normalized by the total number
of misoriented pixels in the OIM image, represents the
fractional length of GBs that possess a given misorienta-
tion angle, normalized by the total lengths of all GBs in
the respective cross-section. It is apparent that this frac-
tional length represents the probability of randomly pick-
ing a GB with a certain misorientation angle during the
SFM measurements, and therefore this is a parameter of
GB character distribution relevant in the context of the
present study. We found that the fractional length of R3
GBs in sample A is higher than that in sample B by a fac-
tor of approximately 3 (see Fig. 6).

4. Discussion

The annealing parameters selected in this study enabled
the process of thermal grooving in both sets of samples.
Annealing of copper at 400 �C (�0.5Tm, where Tm is the
melting temperature) for 15 min is expected to produce
thermal GB grooves by a surface diffusion mechanism
[33,34]. For this range of temperatures, the empirical corre-
lation for the surface diffusion coefficient, Ds, in face-cen-
tered cubic metals [35]

Ds ¼ 1:4� 10�5 exp �7 � T m

T

� �
m2 s�1 ð4Þ

yields a diffusion length of about 100 lm for these anneal-
ing parameters, which is much larger than the groove
width (less than 1 lm). Therefore, it follows that the dihe-
dral angles obtained in both sets of samples correspond
to the full mechanical equilibrium established at the roots
of GB thermal grooves. Moreover, these grooves cannot
be associated with the electrochemical etching performed
prior to annealings because a significant grain growth oc-
curred in the samples during subsequent heat treatments
such that the final GB grooves formed at an initially pla-
nar surface. Thus, the dihedral angles determined by
SFM in this work represent the true mechanical equilib-
rium at the triple junction (TJ) which justifies the use of
Eq. (3).

The average relative GB energy in samples A is almost
twice as large as that in samples B. Under the assumption
that only a partial relaxation of the non-equilibrium state
occurs in the GBs in samples A (this point will be justified



Fig. 3. SFM topography images showing the GB grooves in the ECAP-ed copper annealed at 400 �C for 15 min (a), and at 800 �C for 2 h (b), and the
representative linear topography profiles taken across the GBs, together with the corresponding dihedral angles, in the samples annealed at 400 �C for
15 min (c), and at 800 �C for 2 h (d).

Fig. 4. A histogram showing the distribution of the relative GB energies,
crel, measured for about 30 GBs in each sample.

Fig. 5. The temperature dependence of the GB relaxation time controlled
by GB diffusion and calculated according to Eq. (5) with grain diameters
of 300 nm (solid line) and 3 lm (dashed line). In addition, the same
dependence was calculated under the assumption of volume diffusion
controlled kinetics [43] for the grain diameter of 100 lm (dotted line).
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further on), we obtained here a validation of the concept of
non-equilibrium GBs: a metastable state that transforms
into the relaxed, equilibrium state during annealing at ele-
vated temperature (800 �C). This finding is in a good agree-
ment with the results of several previous studies. For
example, the theory of Nazarov (see Eq. (2)) predicts a
ratio of 2 between the energy of non-equilibrium and
relaxed GBs for copper with a similar grain size. Zhilyaev
et al. [39] used the DSC method to measure the enthalpy
released during grain growth in UFG nickel samples pro-
duced by several modifications of SPD. The values of
released enthalpy were correlated with the GB energy con-
sidering the initial and the final grain size, as well as a geo-
metrical shape factor. It was found that the estimated GB
energy in the SPD-processed nickel was higher than the GB



Fig. 6. The misorientation dependence of the ratio of fractional lengths of
GBs with a certain misorientation angle in the samples annealed at 400
and 800 �C. The line is added as a visual aid.
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energy in relaxed samples by a factor of about 1.4–1.7.
Apart from the studies of GB energy, measurements of
GB diffusion in UFG alloys obtained by ECAP indicate
the increased diffusivity in the as-processed state [15–
18,21]. For example, we reported the bimodal diffusion
behavior of Ni along the GBs of a UFG Cu–0.17 wt.%
Zr alloy obtained by ECAP [21]. Two distinct slopes in
the measured diffusion profiles indicated the coexistence
of two populations of GBs with diffusivities which are
either comparable with the GB diffusivity in coarse-grained
Cu or higher than the latter by 2–3 orders of magnitude.
We associated these ‘‘fast’’ GBs with the non-equilibrium
GBs produced during ECAP. It is known that both GB
energy and diffusivity increase with increasing GB free vol-
ume [32,40], so that non-equilibrium GBs with an increased
free volume should exhibit both increased energy and
increased diffusivity. In fact, the GB diffusion is much more
sensitive to variations in GB free volume than GB energy.
However, the latter is the most direct indication of the non-
equilibrium state of GBs.

An important question is how representative of the as-
pressed state the GBs in samples A are. Fig. 2 clearly
demonstrates that the average grain size in these samples
increased by a factor of approximately 10 during anneal-
ing. In several previous works it has been shown that the
process of non-equilibrium GB relaxation in UFG and
nanocrystalline materials can occur even prior to both
recrystallization and grain growth. For example, Tschöpe
et al. [36] measured the heat released in nanocrystalline
Pt samples by DSC and correlated it with their grain
size. It was shown that although grain growth begins
only at 500 K, exothermal peaks in the DSC heating
curves are already observed at 400 K. Other experiments
in nanocrystalline metals using the DSC technique [37,38]
indicate the presence of exothermal peaks at tempera-
tures lower than the threshold temperature for grain
growth.
In our analysis of relaxation kinetics of non-equilibrium
GBs we will consider three processes:

i. absorption of lattice and GB dislocations by the
recrystallization front;

ii. annihilation of GB dislocations during grain growth
(recovery). This may occur, for example, when two
dislocations with the opposite Burgers vectors meet
at the TJ during grain growth;

iii. diffusion-controlled climb of GB dislocations and
their dissociation products with subsequent annihila-
tion at the TJs.

Process (i) leads to an increase in the density of GB dis-
locations with increasing grain size and may lead to an
increase in GB energy [7]. It should be emphasized that
new GBs formed during recrystallization and grain growth
inherit the dislocations trapped in the original GBs, since
the dislocations are topological defects that can be annihi-
lated only when certain geometrical conditions are met. It
is clear that once the lattice dislocation is trapped in the
GB, its origin (whether it arrived at the GB during ECAP
or during recrystallization) is irrelevant. Therefore, we
treat process (i) as just an additional source of GB non-
equilibrium. In any case, the contribution of mechanism
(i) to the increase in GB energy is similar in samples A

and B because in both of them the UFG matrix is fully
consumed.

Processes (ii) and (iii) both lead to the relaxation of non-
equilibrium GBs by similar mechanisms (the annihilation
of GB dislocations at the TJs); however, it is clear that
mechanism (ii) alone cannot lead to the full relaxation of
GBs. Indeed, full relaxation can be achieved only if each
surviving GB has been swept many times by the moving
TJs, which is obviously not the case at the initial stage of
normal grain growth. Therefore, we conclude that process
(iii) controls the overall kinetics of the relaxation of the
non-equilibrium GB state.

The relaxation of the non-equilibrium GBs by several
possible mechanisms that enable GB dislocation climb
has been discussed in a number of experimental and theo-
retical works [41–45]. The characteristic relaxation time of
the non-equilibrium GBs, s, depends on the rate of mass
transport toward the GB dislocations cores enabling dislo-
cation climb. As will be confirmed later, the dominating
mechanism of mass transport at 400 �C is GB self-diffusion
[44,45]. At this temperature, it enables much faster relaxa-
tion kinetics compared with the mechanism based on
vacancy diffusion in lattice [41–43], which is operational
at 800 �C. The relaxation time is [45]:

s � 10:9 � kT
GXdDb

d3 ð5Þ

where Db, d, G and X are the GB self-diffusion coeffi-
cient, the GB width, a shear modulus of the material
and the atomic volume, respectively. k is Boltzmann con-
stant and d is a characteristic diffusion length. According
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to the approach of Ref. [45], this diffusion length is com-
parable with the range of strain fields exerted from the
GB dislocations that can be still distinguished in TEM
before final spreading (d � 60 nm). However, the spread-
ing of GB dislocations does not necessarily mean full
relaxation of the free volume associated with this disloca-
tion. This free volume may be preserved in the cores of
GB dislocation dissociation products (sessile intrinsic
GB dislocations with short Burgers vectors), which need
to climb the whole way toward the neighboring TJs to
be annihilated there. Therefore, in our approach we will
assume that the grain diameter is a more accurate estima-
tion for d, since the TJs serve as the sources or sinks of
material needed for dislocation climb. We believe that
identifying d with the grain diameter gives a better
description of the relaxation kinetics of GB excess vol-
ume in UFG materials than the original approach of
Ref. [45] developed for the description of TEM observa-
tions of GB dislocations spreading in coarse-grained
materials. It should be noted that while the relaxation
kinetics is grain size independent within the framework
of the original approach of Ref. [45], our approach pre-
dicts an acceleration of relaxation kinetics with decreas-
ing grain size.

Fig. 5 shows the temperature dependencies of s calcu-
lated using Eq. (5) for the initial (300 nm) and final grain
diameters at 400 �C (�3 lm). It can be seen that the relax-
ation time decreases with increasing temperature, and
increases with increasing grain diameter. The relaxation
time calculated for an initial grain size of 300 nm at
400 �C (solid line) is about 4 min. However, at 400 �C the
recrystallization rate must be taken into account since the
relaxation time s is comparable to the total annealing time.
Based on our studies of the recrystallization kinetics in
UFG Cu reported elsewhere [46], the extrapolated time
required for 99% recrystallization at 400 �C is about 3 s.
This time is much shorter than the total annealing time
at this temperature (15 min), and therefore the relevant
value of grain diameter which should be used in Eq. (5)
is 3 lm (the dashed line in Fig. 5). The corresponding relax-
ation time is about 64 h. Therefore, we can conclude that
annealing at 400 �C for 15 min preserves a certain degree
of non-equilibrium in the GBs mainly as a result of incom-
plete relaxation of GB dislocations inherited by new GBs
from the initial UFG microstructure.

In contrast with samples A, we expect that samples B
should represent the relaxed state of GBs. In practice, it
takes a few minutes to reach a temperature of 800 �C.
According to the data extrapolated from our study of the
recrystallization kinetics in UFG Cu [46], the recrystalliza-
tion time at this temperature is much shorter than the
annealing time (2 h). Therefore, the average size of the
recrystallized grains (tens of micrometers) is expected after
several minutes of annealing at most. At this temperature,
the dominating relaxation mechanism is controlled by vol-
ume diffusion, as described by Sangal and Tangri [43]. The
parameters corresponding to pure copper with a grain size
of 100 lm were employed in the estimates based on the
model of Sangal and Tangri, yielding the temperature
dependence shown in Fig. 5 by the dotted line. For
800 �C the corresponding relaxation time is about 30 s.
Therefore, we conclude that samples B represent well the
relaxed GB state.

Fig. 5 shows that for the grain sizes relevant in the con-
text of this study the change in GB relaxation mechanism
from one controlled by GB diffusion to one controlled by
volume diffusion is expected at a temperature of about
550 �C. This justifies retroactively the choice of relaxation
models [43,45] made in the above discussion.

Although the GB grooves analyzed in SFM were
selected randomly, the difference in GB energies in the sam-
ples A and B observed in this study might be associated
with a change in the GB character distribution upon grain
growth, rather than with a relaxation of the non-equilib-
rium GBs. In particular, one can expect that an increase
in the fraction of the low-energy GBs (like the R3 twin
boundaries) in the total GB population will result in a
decrease in the average GB energy. Our OIM observations
indicate, however, that the fractional length of the R3
boundaries in samples B is smaller by a factor of 3 than
the respective fractional length in samples A. In order to
visualize the change in GB character distribution upon
annealing, we plotted in Fig. 6 the misorientation depen-
dence of the ratio between the fractional lengths of GBs
with a given misorientation angle (irrespective the misori-
entation axis) in the cross-sections of samples A and B.
This dependence exhibits sharp peaks at certain misorien-
tation angles corresponding to low-R CSL misorientations
of R3, R9, R11, R17a, R19a and R29. It is known that these
misorientations also correspond to the cusps in misorienta-
tion dependencies of GB diffusivity and mobility, and may
(or may not) be associated with the cusped minima in the
misorientation dependence of GB energy [32,47–49]. The
most relevant in the context of this study is the difference
in the fractional length of R3 GBs, which are known to
be of a very low energy (except of close inclinational vicin-
ity of symmetrical incoherent {112} twins). Other low-R
GBs, though representing local cusps in GB energy, may
not correspond to the globally low GB energies. In fact,
it has been shown that the frequency of the GBs terminated
by low-index planes (i.e. {111} twist GBs) in a-brass
increases upon grain growth, and these GBs probably rep-
resent the global minima of GB energy in the five-dimen-
sional space of geometrical parameters [50]. It is unlikely,
however, that these low-energy GBs are overrepresented
in the statistical sampling of GBs in samples B whose rela-
tive energy was measured by SFM. Indeed, the average rel-
ative GB energy in samples B determined in this study
(0.27 ± 0.07) is very close to the average energy of random
high-angle GBs in Cu and Au (0.3) determined in a number
of earlier thermal grooving studies [51,52]. Also, the distri-
bution of relative energies of random high-angle GBs in
high-purity Cu wires annealed at 1030 �C is quite similar
to the distribution of GBs in samples B measured in this
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study (see Fig. 4) [52]. Therefore, we can conclude that the
increased relative GB energy in samples A stems from the
non-equilibrium state of GBs and not from their character
distribution.

Other point that should be clarified is a possible effect
of the annealing temperature on the dihedral angles w
(and, correspondingly, on the values of crel). The temper-
ature dependence of the equilibrium dihedral angle
between two interfaces contacting the GB at the triple line
has been studied in a number of earlier works. Eustatho-
poulos [53] and Coudurier [54] studied the process of GB
grooving in the presence of a liquid phase in several
metallic systems. In all cases the dihedral angle between
two solid/liquid interfaces at the root of the GB groove
decreased with increasing temperature. The decrease of
dihedral angle with increasing temperature was reported
by Allen [55] for several metal/metal and metal/vapor
couples, and by Shin et al. for the GBs in polycrystalline
alumina annealed in air [28]. Similar trend was observed
in the study of Felberbaum et al. [56], in which the equi-
librium dihedral angles of the intergranular Pb inclusions
in the Cu/Pb alloy were measured at different tempera-
tures. The decrease of dihedral angle with increasing tem-
perature can be understood in terms of the difference in
excess entropies of the GBs and solid/liquid or solid/
vapor interfaces. The latter two types of interfaces exhibit
higher degrees of structural disorder and lower atomic
thermal vibration frequencies than those in the GBs,
which translate into higher excess entropy. Therefore,
the ratio between cb and cs increases with increasing tem-
perature, which, according to Eq. (3), means decreasing w.
In the present work we observed the opposite trend. This
means that the measured ratio of 1.8 between the average
relative GB energies in samples A and B represents only
the lower limit of the actual ratio calculated using the
GB energies at the same temperature, which again con-
firms the high degree of non-equilibrium of the GBs in
samples A.

Finally, the possible effect of surface and GB segrega-
tion of residual impurities on the calculated values of crel

should be discussed. The oversized impurities (i.e. Bi in
Cu) segregate more strongly at the free surfaces than at
the GBs, which results in an increase in crel since the seg-
regating impurities lower the interfacial energy [27]. This
effect is more pronounced at low temperatures because
the amount of segregated impurities increases with
decreasing temperature. However, recent data on the
kinetics of GB segregation in Cu show that the annealing
time at 400 �C (15 min) employed in this study is insuffi-
cient for achieving the equilibrium segregation level [57].
According to segregation diagrams presented in Ref.
[57], reaching 50% of GB saturation in the Cu–50 at. ppm
Bi alloy at 400 �C requires annealing times of longer than
100 h, even if the fast diffusion along the dislocation cores
is taken into account. Therefore, the effect of residual
impurities on crel can be disregarded in the context of
the present work.
5. Summary and conclusions

The relative energies of GBs in UFG copper obtained by
ECAP were determined using the thermal grooving tech-
nique. The dihedral angles at the roots of GB grooves
formed after annealings at 400 �C for 15 min and at
800 �C for 2 h were determined with the aid of SFM. The
following conclusions can be drawn from this study:

1. A UFG microstructure with equiaxed grains of approx-
imately 300 nm in size was obtained in Cu after ECAP
processing according to the BC4 scheme. Annealing of
the as-pressed samples at 400 �C for 15 min and at
800 �C for 2 h resulted in full recrystallization of the
UFG microstructure and average grain sizes of 3 and
100 lm, respectively.

2. The average relative GB energies in the ECAP-ed sam-
ples annealed at 400 and 800 �C are 0.48 ± 0.11 and
0.27 ± 0.07, respectively. This difference in energy is in
a good agreement with the theoretical estimates of the
energy of non-equilibrium GBs in UFG metals obtained
by severe plastic deformation, which are based on the
dislocation model.

3. The estimates based on GB dislocation climb models
demonstrate that only incomplete relaxation of the
non-equilibrium GB state can be achieved after 15 min
of annealing at 400 �C, while a full relaxation should
be achieved after annealing at 800 �C for 2 h. It was con-
cluded that the high relative GB energy in the samples
annealed at 400 �C is a result of the partial preservation
of the non-equilibrium GB state caused by ECAP.

4. The OIM measurements of the misorientational
degrees of freedom of the GBs in the samples annealed
at 400 and 800 �C demonstrated a lower fractional
length of low-R CSL boundaries in the cross-sections
of the samples annealed at higher temperature. In
the sample annealed at 800 �C the fractional length
of R3 twin GBs exhibiting particularly low energy
was lower than the same fraction in the sample
annealed at 400 �C by a factor of 3. It was concluded
that the change in GB character distribution upon
recrystallization and grain growth cannot explain the
observed difference in relative GB energies. The
observed difference in GB energies is, therefore, a
direct experimental verification of the hypothesis of
non-equilibrium GBs.
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[27] Schöllhammer JS, Chang L, Rabkin E, Baretzky B, Gust W,

Mittemeijer EJ. Z Metallkd 1999;90:687.
[28] Shin W, Seo W, Koumoto K. J Europ Ceram Soc 1998;18:595.
[29] Tibble PA, Heywood BR, Richardson R, Barnes P. Mat Res Soc

Symp Proc 2000;580:207.
[30] Saylor DM, Rohrer GS. J Am Ceram Soc 1999;82:1529.
[31] Amouyal Y, Rabkin E, Mishin Y. Acta Mater 2005;53:3795.
[32] Randle V. The role of the coincidence site lattice in grain boundary

engineering. London: The Institute of Materials; 1996.
[33] Mullins WW. J Appl Phys 1957;28:333.
[34] Mullins WW. Trans Metall Soc AIME 1960;218:354.
[35] Philibert J. Atom movements – diffusion and mass transport in
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