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a b s t r a c t

The cyclic mechanical properties and microstructural stability of severe plastically deformed copper were
investigated by means of micro bending experiments. The ultrafine-grained structure of OFHC copper
was synthesized utilizing the high pressure torsion (HPT) technique. Micron sized cantilevers were
focused-ion-beam milled and subsequently tested within a scanning electron microscope in the low
cycle fatigue regime at strain amplitudes in the range of 1.1 � 3.2 * 10�3. It was found that HPT processed
ultra-fine grained copper is prone to cyclic softening, which is a consequence of grain coarsening in the
absence of shear banding in the micro samples. Novel insights into the grain coarsening mechanismwere
revealed by quasi in-situ EBSD scans, showing i) continuous migration of high angle grain boundaries, ii)
preferential growth of larger grains at the expense of adjacent smaller ones, iii) a reduction of misori-
entation gradients within larger grains if the grain structure in the neighborhood is altered and iv) no
evidence that a favorable crystallographic orientation drives grain growth during homogeneous coars-
ening at moderate accumulated strains, tested here.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Grain size reduction by severe plastic deformation (SPD) is well
established to synthesize bulk ultrafine-grained (UFG) or nano-
crystalline (NC) samples. Similar to the static strength, the perfor-
mance in the high cycle fatigue (HCF) regime has been proven to be
enhanced significantly compared to the coarse grained (CG)
counterparts for UFG [1e4] and NC materials [5e8]. The reason for
enhanced fatigue limits or HCF performance can be explained by a
shift of the onset of microplasticity, necessary to induce fatigue
damage, to higher stress levels than in the CG condition. Unfortu-
nately, the performance of such materials in the low cycle fatigue
(LCF) regime, where higher plastic strain amplitudes are present, is
deteriorated and cyclic softening is promoted. For UFG materials,
which will be in the focus of the current work, cyclic softening has
been found to occur not only under strain controlled conditions
(decreasing stress amplitude) for purity levels above 99.9% [9e12],
but also in stress controlled experiments above a certain stress
amplitude, where the softening is reflected in a continuously
t (M.W. Kapp).
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increasing strain amplitude [11,12]. However, these studies have
conflicting viewpoints about the impact of the strain amplitude.
Although it is frequently reported that cyclic softening is more
pronounced at higher strain amplitudes [1,13,14], other experi-
ments show that low strain amplitudes and the concomitant
enhanced lifetime enable time dependent thermally activated
processes to occur and promote cyclic softening [11]. Also, material
parameters can be decisive for the occurrence or magnitude of
cyclic softening, for instance, a high purity level [14] or the grain
shape [1]. Although it is well known that different SPD procedures
generate materials of different grain boundary structures, the grain
boundarymisorientation has been disregarded in the context of the
cyclic mechanical response for a long time. Although cyclic soft-
ening was revealed for structures consisting of major fractions of
low angle grain boundaries (LAGB) [1] or high angle grain bound-
aries (HAGB) [11], their direct influence has not been investigated
systematically.

For UFG materials, three mechanisms have been found to
contribute to the observed cyclic softening, which are i) shear band
formation, ii) coarsening of the fine scaled grain structure [15,16] as
well as iii) a reduction of the defect density, in especially dislocation
density [3,9], or a combination of them. Thesemechanisms can lead
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Fig. 1. Schematic drawing of a miniaturized bending beam with dimension labels of
the width w, height h, length l and bending length lb, as well as the distribution of the
normalized bending moment Mb(x) along the x-axis. Strain ε(y) and stress s(y) values
along the y-axis are indicated.
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to early strain localization, fatigue damage and failure of the sam-
ples. The small grain size and the resulting large grain boundary
fraction was suspected to be responsible for these microstructural
instabilities as it offers large driving forces for grain growth.

Despite the extensive work carried out on this topic, detailed
knowledge about the initiation and evolution of these structural
instabilities is still at its infancy. As an example, the nature of the
grain growth process in these fine-scaled structures is currently not
completely understood. A thorough description, whether grain
growth proceeds in discrete events or in a rather continuous
manner, if a certain incubation time is needed, or which grains will
start to grow, is still unclear. Further issues include whether a
certain crystallographic orientation is favored to grow or shrink, as
well as the importance of the grain boundary type (LAGB, HAGB).

The ambiguities about the processes inducing structural in-
stabilities prevent an understanding of how cyclically stable ma-
terials need to be designed. A sound identification of the driving
forces for the underlying processes and how they evolve are of
utmost importance to control the microstructural stability in a
successful way.

To gain a thorough understanding about the mechanisms
occurring during cyclic loading of UFG structures, a suitable
experimental setup was looked for. Cyclic micro bending experi-
ments, conducted inside a scanning electron microscope (SEM),
allow for a unique correlation between changes in the micro-
structure and the local stress-strain state. Further, tracing the same
sample area throughout the entire experiment enables the detec-
tion of crucial changes in the surface morphology, for instance
shear bands or fatigue cracks which in turnmay affect the softening
process. Special emphasis was placed on the identification of
possible correlations between boundary misorientation and crys-
tallographic orientations with structural instabilities.
2. Experimental

Quasi constrained high pressure torsion (HPT) [17] was used to
synthesis an oxygen free high conductivity (OFHC) copper (99.95%)
with ultrafine grains. The HPT disk diameter d and its thickness t
were 15 mm and 7.5 mm, respectively. Deformationwas conducted
at a pressure of 3.5 GPa for 15 revolutions n, which resulted in an
equivalent v. Mises strain εeq of 87 at an HPT radius r of 12mm, from
which the sample was extracted, according to Eq. (1)

εeq ¼ 2pnr
t

ffiffiffi

3
p : (1)

Such strains are sufficient to obtain constant mechanical and
structural properties throughout the entire HPT disk, except the
very center (r < 1mm). In this steady state region the grain size was
measured by electron back scatter diffraction (EBSD) to be 530 nm
(area weighted).

For the cyclic micro bending experiments, a platelet was
extracted from regions of saturated microstructure, which was
subsequently cut into rods of 1 mm � 1 mm in cross-section. The
top of the rods were electrochemically etched to form tips, where
the final bending beam was focused-ion-beam (FIB) milled with a
Zeiss LEO 1540 XB dual beam FIB workstation. For the bending
beams, thickness to length ratios between 1:1 and 1:2 were used. A
schematic drawing of a bending beam is shown in Fig. 1. The actual
size of all samples tested can be found in Table 1.

To illustrate the mechanical and the structural changes, two
samples have been selected for this study, denoted sample A and B.
The cyclic micro bending experiments were conducted inside a
SEM (Zeiss LEO982) using an ASMEC UNAT (sample A) and a
Hysitron PI85 (sample B) microindentation system to impose the
strain amplitude. A FIB milled tungsten double blade gripper was
used to impose the cyclic load onto the samples. The bending
beams were loaded under displacement control, resulting in plastic
strain amplitudes εa;pl of 1:1� 3:2� 10�3 at the outer fiber, with a
stress ratio R ¼ �1 at a strain rate _ε in the range of
2:6� 3:8� 10�3s�1 (for details see Table 1). For sample B EBSD
scans were conducted after 100, 200, 300 and 400 cycles to track
the coarsening process.

The elastic contributions of the measured displacement stem-
ming from the needle, SEM-stage and the specimen holder were
taken into account by correcting the measured compliance using a
method according to Wurster et al. [18]. The outer fiber stress ss
was calculated from the force-displacement data, based on elastic
bending beam theory according to Eq. (2):

ss ¼ 6Flb
wh2

(2)

Although this is a good approximation for small strain ampli-
tudes, it overestimates the stress at larger strain amplitudes. The
outer fiber strain εs according to Eq. (3):

εs ¼ uh
2llb

(3)

is simply derived from the applied displacement and assumed to be
constant in the gauge length. The measured force is F, the bending
length lb, gauge section width w, gauge section height h, the beam
deflection u and the gauge section length l.
3. Results

3.1. Cyclic hysteresis loops

The cyclic hysteresis loops of sample A are shown in Fig. 2 for
two different plastic strain amplitudes, εa;pl ¼ 1:1*10�3 (a) and 1.9
* 10�3 (b-d), respectively. For both strain amplitudes only certain
cycle numbers (90, 990, 2990, 4990, 5790 for εa;pl ¼ 1:1*10�3 and

90, 790, 990, 1190 after the increase to εa;pl ¼ 1:9*10�3) are plotted
to ensure a better visibility. The maximum tensile and compressive
surface stresses at the lower strain amplitude εa;pl ¼ 1:1*10�3 in
Fig. 2a stay nearly constant up to 5790 cycles, corresponding to an
accumulated plastic strain εacc,pl of 25.5 according to Eq. (4):



Table 1
Dimensions in mmof the tested bending beamswithwidthw, height h, length l and bending length lb and the testing parameters strain rate _ε in s�1, plastic strain amplitude εpl,a,
the number of cycles N and the total applied accumulated plastic strain εacc,pl.

h w l lb _ε εa,pl N εacc,pl

Sample A (step I) 5.0 7.5 10.0 42.0 2.6 � 10�3 1.1 � 10�3 5800 25.5
Sample A (step II) 5.0 7.5 10.0 42.0 3.8 � 10�3 1.9 � 10�3 1200 34.6
Sample B 3.4 3.3 2.7 12.6 3.1 � 10�3 3.2 � 10�3 400 5.1
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εacc;pl ¼ 4*εa;pl*N (4)

However, an increase of the applied plastic strain amplitude of
sample A to 1.9 * 10�3 (Fig. 2bed) causes a continuous drop in the
maximum surface stresses during 1190 cycles, corresponding to an
accumulated plastic strain of 34.6. The estimated maximum surface
stress drops by 5% and 7% of the maximum stress, from 541 and
-595 MPa to 515 MPa and �552 MPa, at the maximum of the
positive and negative displacement deflection after 1190 cycles,
respectively.

3.2. Changes in the surface morphology

In addition to the cyclic stress-strain response of the samples,
SEM images were taken to capture possible changes of the surface
morphology. SEM images taken from the outer fiber side surface of
sample A in Fig. 3a show that cyclic bending for 5800 cycles at
εa,pl ¼ 1.1 * 10�3 (εacc ¼ 25:5) and for additional 1200 cycles at
Fig. 2. Cyclic hysteresis loops for strain amplitudes of a) εa,pl ¼ 1.1 *10�3 and b-d) εa,pl ¼ 1.9 *
amplitude, b) whereas cyclic softening occurred for the larger strain amplitude at the max
εa;pl ¼ 1:9*10�3 (εacc ¼ 34:6) already caused a significant degra-
dation of the sample surface. A very local roughening becomes
visible at the transition from sample head to the gauge section,
where the maximum bending moment and thus, stresses and
strains, are applied to the cantilever. Sample B (Fig. 3b) shows
similar features of surface damage at the highly strained region of
the cantilever consisting of severe depressions and protrusions.
However, although surface roughening serves as a precursor for
fatigue crack initiation, those have not been observed at the surface.
Furthermore, shear or cyclic slip bands emerging at the sample
surface are frequently reported for ECAP processed samples [3], but
are not visible on the micro cantilever surfaces.

3.3. Changes in microstructure

As mentioned earlier, the observed cyclic softening could be a
consequence of grain coarsening. To capture structural changes
during cyclic loading, BSE images of the cantilever were recorded.
10�3. a) No changes in the maximum surface stress were observed for the smaller strain
imum of the c) negative and d) positive displacement deflection.



Fig. 3. Localized damage initiation at the highly strained region (outer fiber, clamping) of a) sample A tested at εa,pl ¼ 1.9 * 10�3 and b) of sample B tested at εa,pl ¼ 3.2 * 10�3 taken
after 400 cycles with protrusions and depressions.
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BSE images shown in Fig. 4 were taken from the side surface and
from the top surface of FIB prepared cross-sections (labelled 1, 2, 3)
of sample A in a certain distance from the neutral axis as marked in
the schematically drawn cantilever. Considering that a plastic strain
amplitude of 1.9 *10�3 is applied to a cantilever of 7.5 mmwidth, the
maximum plastic strains occur at the outer fiber region, whereas
near the neutral axis, the cantilever will still deform approximately
elastically (see stress-strain distribution schematically drawn in
Fig. 1). Inherent to the bending geometry, the magnitudes of the
elastic strains and stresses are applied in terms of a gradient along
the side surface in Fig. 4, decreasing towards the neutral axis, where
they finally disappear. As a consequence, during cyclic bending the
grain size evolves heterogeneously along the cantilever width. Near
the neutral axis, a region with low stress-strain values, the grain
size has not changed significantly (Fig. 4, side surface), compared to
the initial state. This is also visible in the BSE images of the top
surface (see image labelled 1), reflecting the microstructure in the
thickness direction of the cantilever. In regions closer to the outer
fiber, where larger strains are active, single grains have already
coarsened, approaching more than 1 mm in size (see image labelled
2). This coarsening is even enhanced at the outer fiber, where the
maximum stress and strain is present, resulting in single grains,
which have grown up to almost 2 mm in size (see image labelled 3),
still embedded in an UFG matrix, where limited grain growth
occurred.

To analyze the mechanisms of grain coarsening in more detail
(e.g. crystallographic orientation of growing grains), sequential
EBSD scans of the gauge section were performed throughout the
experiment on sample B. These results are depicted in Fig. 5. At first
glance, a comparison of the IPF maps (top row) between the as-HPT
processed material (0 cycles, Fig. 5a), the state after 100 cycles
(Fig. 5b), 200 cycles (Fig. 5c), 300 cycles (Fig. 5d) and 400 cycles
(Fig. 5e) does not yield major differences. However, a closer look
manifests three different processes that occur manifoldly at various
positions of the cantilever. The identified processes are: growth of
larger grains, appearance of new grains and reduction of misori-
entation gradients. Examples at positions where these processes
occurred are shown in the magnified details (labelled 1, 2, 3) in
Fig. 5aee). Firstly, a growth of larger grains at the expense of
adjacent smaller grains was captured frequently (second row). For
example, it can be seen that the grain boundary of the larger grain
(turquois) migrates towards the bottom left in the direction of the
smaller adjacent grain (orange), which continuously shrinks until it
finally disappears after 400 cycles (see Fig. 5e). Secondly, a new
grain appeared and grows during cycling (see light green grain in
third row). Although it cannot be proven, this process might be
explained by the fact that a growing grain from just below the
surface consumed grains partially covering the observed surface.
Thirdly, a reduction of misorientation gradients, seen as LAGB with
small misorientation angles, appeared in certain grains (forth row).
This is illustrated for a pink grain, exhibiting a misorientation of
4.2� in the undeformed state (Fig. 6a), which is removed after 100
cycles (Fig. 6c). However, misorientation gradients are not neces-
sarily removed, as shown for a purple grain with an initial misori-
entation gradient of 5.1� (Fig. 6b) retaining a misorientation
gradient of 4.9� after 100 cycles (Fig. 6d). It should be mentioned
that these processes do not occur in an isolated way. Quite on the
contrary, many structural changes of the grain structure occur as a
consequence of a combination of the mentioned processes. For
instance, in detail 2) a new grain appears (light green) and un-
dergoes a growth procedure similar as remarked for detail 1) with
the addition that growth occurs in every grain direction, so that is
has eventually more than doubled its size. Similarly, also the
reduction of misorientation gradients in detail 3) is accompanied
by the migration of the grain boundary and a distinct expansion of
the grain size.
4. Discussion

Cyclic softening in strain controlled fatigue experiments under
LCF conditions has been frequently observed in the past for high
purity copper or aluminum [1,3,9,11,12,19]. In these experiments,
the principal structural changes responsible for early strain locali-
zation and thus a deteriorated mechanical performance have been
identified. These changes include shear band formation, grain
coarsening [11,19] and a reduction of the initial dislocation density
[3]. Despite the vast number of studies, the basic mechanisms
leading to structural instabilities, or how they can be avoided, could
not be identified.

Most of the studies mentioned above have been conducted on
UFG metals synthesized by ECAP. The reported mechanical and
microstructural instabilities therein refer to microstructures of
different grain shape (equiaxed, elongated) and grain boundary
structures (different fraction of HAGB and LAGB), depending on the
chosen ECAP route and number of passes [20]. ECAP structures
synthesized by a large number of passes are especially character-
ized by a majority of HAGB, which is similar to HPT structures. Due
to the large strains applied during HPT, the structure of the current
work consists of about 80% HAGB and 20% LAGB [21]. The cyclic
hysteresis loops in Fig. 2 confirm that also the HPT structure is
prone to cyclic softening, akin to ECAP structures, where the cyclic
stress decreases after just 20 cycles at a comparable plastic strain
amplitude of εa;pl ¼ 1*10�3 [11]. There, the pronounced macro-
scopic softening stems from a severe localization of the applied
cyclic strain in shear bands, where the coarsening process seems to
be enhanced. In the present study, SEM images of the tested



Fig. 4. BSE images of the side surface of sample A after 1200 cycles at εa,pl ¼ 1.9 * 10�3

show a gradient in the grain size evolution, which increases from the neutral axis
towards the outer fiber. BSE images from the top surfaces confirm a smaller grain size
in the region near the neutral axis (position 1), which increases with increasing strain
amplitude (position 2) and shows grains with a size of a few micrometers near the
outer fiber (position 3).
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cantilevers indicate that a homogeneous grain size increase after
cyclic loading (Fig. 4) is responsible for the degradation of the stress
response. Although the occurrence of grain coarsening correlates to
observations for ECAP structures [11], no shear bands developed
during the number of cycles tested (Figs. 3 and 4). It should be
mentioned that the homogeneous and moderate grain coarsening
could be a consequence of the micro mechanical setup, which does
not allow for large scale shear bands to form due to the confined
sample dimensions. Furthermore, it is assumed that the homoge-
neous grain coarsening does not weaken the cyclic strength as
much as in the case when severe grain growth is localized in large
scale shear bands. Beside grain growth, a reduction of the dislo-
cation density has been found to contribute to cyclic softening as
the grain boundary becomes more defined during the fatigue
experiment [3]. This results are consistent with the seminal work of
Feltner and Laird, where cold worked structures, consisting mainly
of cells of LAGB type, were tested in the LCF regime [22,23]. Simi-
larly as in the ECAP structures, the cell walls appeared sharper after
the fatigue experiment and in addition also defects in the cell
interior were less frequently found [23]. Although defect densities
have not been measured directly in the present work, such changes
in the dislocation content have been found to occur most promi-
nent during the very first cycles, while for larger cycle numbers
changes in the hysteresis loops become negligible [23,24]. These
results seem plausible even for UFG structures tested here, as
excess dislocations may annihilate easily at the numerous grain
boundaries until a certain density, sufficient to realize a given
plastic strain amplitude is reached. However, the results of this
micro bending experiment show continuous softening up to accu-
mulated strains of 34.6. For this reason, although contributions to
the softening from a reduction in the dislocation density cannot be
excluded for the very first cycles, in the authors' opinion the main
reason for the cyclic softening observed here, is a consequence of
grain coarsening.

An often and controversially discussed parameter influencing
the amount of cyclic softening is the applied strain amplitude.
Whereas many studies report enhanced cyclic softening for larger
strain amplitudes [1,14,25], other works show more pronounced
softening for low strain amplitudes, where the extension of the
lifetime should promote thermally activated grain growth. In that
context, the accumulated plastic strain εacc;pl ¼ 4Nεa;pl , which
additionally takes into account the number of cycles tested, is an
often overlooked parameter. For instance in thework of H€oppel and
Mughrabi [11] the increased cycles to failure observed at a lower
strain amplitude ðNf ¼ 160014 and εa,pl ¼ 2 * 10�4) lead to a larger
accumulated plastic strain as compared to a higher plastic strain
amplitude (εa,pl ¼ 1 * 10�3 and Nf ¼ 6552). Consequently, the

enhanced cyclic softening ratio CSR ¼ 1�
Ds
2 Nf =2

Ds
2 N¼1

, taking into account

the stress drop at half of the sample lifetime Ds
2 Nf =2

, revealed for the

lower plastic strain amplitude accords to a higher accumulated
plastic strain. Solely considering the plastic strain amplitude in the
current results would suggest that a minimum plastic strain
amplitude is required for the onset of cyclic softening, which was
absent until the plastic strain amplitudewas increased to 1.9 * 10�3.
It is important to note, that cyclic softening did not only go along
with an increased plastic strain amplitude, but also with an
increased accumulated plastic strain due to an increased cycle
number. Although the simultaneous linear increase of strain
amplitude and accumulated strain of the experimental procedure
does not allow to unambiguously differentiate, which parameter is
responsible for the onset of cyclic softening, the accordance with
the work of H€oppel and Mughrabi [11] suggests that the accumu-
lated strain is decisive for the onset of softening mechanisms and
the subsequent degradation of the cyclic stress.

For the comparison of the micro bending experiment with
macro experiments it is important to take into account that i) micro
bending samples have a strong strain gradient and hence, a
gradient in strain amplitude and accumulated strain, ii) in macro
samples the coarsening is related to the macroscopic strain
amplitude and the accumulated macroscopic strain, however,
coarsening occurs often in shear bands, iii) no shear bands are
formed in micro samples, therefore homogeneous coarsening takes
place, which is more pronounced at the outer fiber due to the
mentioned gradient. Although the stress amplitude also obeys a
gradient, the stresses applied to the outer fiber region are nearly
constant as soon as the yield stress is reached. Assuming for
simplicity a linear cyclic stress increase from the neutral axis to the



Fig. 5. EBSD images of a) the initial structure and after b) 100, c) 200, d) 300 and e) 400 cycles show that in most cases large grains grow at the expense of smaller grains (example
shown for position 1), a suddenly appearing grain continuously grows (example shown for position 2) and misorientation gradients disappear in large grains (example shown for
position 3).
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outer fiber, one can calculate at which cantilever height the applied
stress equals the yield stress, which has been found to be around
443 MPa UFG copper of 99.97% purity [26]. For the lower applied
plastic strain amplitude of 1.1 * 10�3 the macroscopic yield stress
barely catches the outer fiber region, whereas at the larger plastic
strain amplitude of 1.9 * 10�3 the yield stress is reached at a dis-
tance of 500 nm from the outer fiber. Interestingly, grain growth
occurs even in a larger distance of 1.5 mm away from the outer fiber
(Fig. 4, side surface view), where the cyclic stress is with 340 MPa,
distinctly lower than the macro yield stress. However, micro
yielding will take place.

As mentioned earlier, shear banding does not contribute to the
observed softening, at least at these low accumulated plastic
strains. Thus, the significant contribution to the observed softening
must necessarily arise from grain coarsening. Themain questions of
the coarsening process are still unresolved, for instance: i) Is the
nature of the grain growth process of continuous or discontinuous
manner and does it occur immediately or is a certain incubation
time needed? ii) Is the type of grain boundary relevant for grain
coarsening? iii) Do crystallographic orientations exist, which pref-
erentially grow? iv) Is the driving force for grain coarsening of
thermal or mechanical nature? v) What is the direct impact on the
mechanical response? The clarification of these ambiguities is of
utmost importance and will be stressed with regard to the present
results in the following paragraphs.

i) It was argued in the past that grain coarsening in cyclically
loaded OFHC UFG copper is similar to dynamic recrystalli-
zation [2,11]. However, in these experiments only the final
structure could be analyzed, without any knowledge of what
happened during the cyclic loading in the structure. From the
quasi in-situ experiments it could be deduced that grain
coarsening is most likely caused by a continuousmigration of
grain boundaries (Fig. 5). Although the structure was not
continuously traced during cyclic bending, but only after 100
cycles for the first time, it is very unlikely that a certain
critical strain has to be applied to initiate the boundary
migration process, as observed in classical dynamic recrys-
tallization studies [27]. The structures tested here were
already deformed to severe strains, where continuous
boundary migration was found to occur, restoring an equi-
librium structure which consists only of deformation texture
components at low homologous temperatures [28,29]. Large
grains were frequently observed to grow at the expense of
smaller ones. This growth process seems to occur in a
continuous manner, where the grain boundary migrates to-
wards the smaller grain and continuously sweeps over it.
Grain growth processes studied by in-situ TEM on UFG Al
thin films under continuous loading conditions during
nanoindentation [30] or tensile straining [31] similarly show
a rapid movement of a general grain boundary whereby
larger grains usually grew at the expense of adjacent smaller
grains. The accordance in these two essential points with the
present experiments suggests that the principal mechanisms
for grain coarsening have to be the same for monotonic and
cyclic loading conditions.

ii) Approximately 80% of the boundaries generated during HPT
are HAGB and 20% LAGB, which are mainly observed within
larger grains. The current experiments show that they react
differently to the applied cyclic strain. This is in contrast to



Fig. 6. a-b) Misorientation profiles within two initial grains depicted from EBSD measurements; c) misorientation gradient disappears in certain grains after 100 cycles, d) while it
remains in others after 100 cycles. Lines from where misorientation profile stems are marked in the small inserts, low angle grain boundaries are drawn in white.
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early studies on ECAP structures exhibiting a large fraction of
low angle grain boundaries, where the main coarsening
procedure was characterized by a distinct growth of the cells
having small misorientation angles [9]. The current experi-
ments clearly show, while the HAGB were the ones that
cause grain growth (see HAGB as black lines for detail 1 in
Fig. 5), the LAGB within the grain interior remain pretty
stable, with only minor misorientation changes (see LAGB as
white lines in Fig. 6b,d). Only in cases where surrounding
grains in the neighborhood disappear or a migration of the
boundary is observed the misorientation of the LAGB is
distinctively reduced (see for instance Fig. 6a,c where blue
and orange grains at the top shrink and disappear), which
allows for accommodation of plastic strains. Because
considerable changes of the LAGB seem only to occur if a
particular grain's surroundings are changing significantly,
they are likely to be classified as geometrically necessary
boundaries [27]. This means that they realize a certain
misorientation gradient along the grain, necessary to
accommodate plastic strain with respect to the neighbor-
hood. If the surroundings change due to growth or shrinkage,
the character of this boundary is also prone to change.

iii) As not all of the grain boundaries within the sample cross-
section migrate, it is of interest, whether grains of a certain
crystallographic orientation are more susceptible to grow or
shrink. In an earlier study focusing on grain boundary
migration during severe monotonic cold rolling of HPT pro-
cessed Cu, no preferred crystallographic orientation was
found to grow [28]. Quite contrary, stress differences
between neighboring grains arising from differences in the
Taylor factor or the grain size led to differences in the strain
energy density, which seemed to trigger the direction of the
migration process [28]. However, under cyclic loading con-
ditions, a preferential growth of a certain crystallographic
orientations could not be identified in this study, at least
within these lowaccumulated plastic strains of 5.1, as applied
here.

iv) We have shown that grain coarsening is the consequence of
migrating grain boundaries. However, the decisive and most
challenging question is: what drives the boundary to move?
It has been argued that fatigue induced grain coarsening is
thermally driven, since lower strain rates showed an
enhanced effect [2]. Although certain thermal activation can
never be neglected, the observation of large growing and
small shrinking grains in monotonic loading tests at elevated
temperatures led to the conclusion that the curvature of the
grain boundary triggers the migration direction of the grain
boundary [32]. Therefore, smaller grains exhibit a stronger
concavity and tendency to shrink and disappear. However,
this grain size effect can also be explained in lieu of the
elastic strain energy. Thereby the variance in strain energy
density, which is smaller in larger grains due to a lower yield
stress, but larger in smaller grains due to an increased yield
stress, may act as a driving force. However, since the portions
are small, it is likely that at low homologous temperatures a
thermal or further mechanical activation of the grain
boundary is required, for instance given by the interaction
between dislocations and grain boundaries [31]. Still such
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processes cannot explain the eventual movement direction
of the grain boundary, which determines which grain has to
disappear. In our opinion, at low homologous temperatures,
the difference in yield stress as a consequence of different
sizes of the adjacent grains determines the shrinking grain
and so triggers the migration direction of the boundary [28].

v) Although common agreement exists concerning the contri-
bution of grain coarsening to cyclic softening [1,2,11], it could
not be identified yet to what extent this is the case. The
difficulty is to differentiate the portions contributing to cyclic
softening that stem from grain coarsening, compared to
those from shear banding, dislocation annihilation or already
formed fatigue cracks. Although the current experiments
reveal a major contribution to cyclic softening from the
coarsening of the ultrafine-grained structure, the impact of
dislocation annihilation cannot be excluded completely.
Furthermore, fatigue cracks are not visible on the side sur-
face, however, an initiation of nanocracks from the rough-
ened cantilever top surface cannot be excluded by
experimental evidence. Therefore, the softening portion
solely stemming from the cyclically induced enlargement of
the grain size will not be quantified and requires a different
experimental approach.
5. Conclusion

Cyclic micro bending experiments were performed on UFG
OFHC copper micro cantilevers in the low cycle fatigue regime.
Cyclic softening was observed, which could be explained by a
coarsening of the UFG structure. Contributions to softening by
shear bands could not be revealed up to an accumulated plastic
cyclic strain of 34.6 in these micron sized samples. The grain
growth process was studied in more detail via quasi in-situ EBSD
measurements revealing new aspects and confirming prior obser-
vations about cyclically induced grain growth mechanisms. Hence,
the main conclusions that can be drawn about cyclically induced
grain growth are as follows:

i) Grain growth increases with the accumulated plastic strain.
ii) No preferred crystallographic orientation was observed to

grow or shrink, while there seems to be a tendency for larger
grains to grow at the expense of smaller grains.

iii) Grain growth and shrinkage is realized by a continuous
migration of large angle grain boundaries.

iv) Small angle grain boundaries within larger grains seem to be
geometrically necessary, as they disappear only if their
neighborhood is altered.

v) As grain growth is occurring at low homologous tempera-
tures in regions of high plastic strain, boundary migration
seems to require a mechanical activation and not, as often
assumed, only large applied stresses.

vi) As small grains tended to disappear more frequently, the
migration direction seems to be triggered by differences in
the elastic strain energy.
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