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1. Introduction

The development of severe plastic deformation (SPD) methods
over the last decades has opened up a new field of metal plastic-
ity, allowing the formation of bulk ultrafine-grained (UFG) and
nanocrystalline (NC) metals at low homologous temperatures.
These materials exhibit a range of unique properties and a
plastic behavior differing from conventional coarse-grained
materials.[1–4] This is caused by their high defect density, in par-
ticular the increased amount of grain boundaries. These grain

boundaries not only act as obstacles for
lattice dislocation motion, but also enable
deformation mechanisms that do not
play a significant role in coarse-grained
materials.[5,6] The transition of deformation
mechanisms at large plastic strains is also
related to the strain saturation stage that
has been unveiled by SPD processing,
which marks the point where strain hard-
ening vanishes and the length scales as
of the microstructure remain constant
and its morphology self-similar.[7] The
dominant deformation mechanisms and
the role of grain boundary-mediated pro-
cesses in SPD-deformed materials have
been investigated extensively.[1,6,8–12] Yet,
a generalized theory is still lacking and
may not even be appropriate, considering
that a variety of deformation mechanisms
have been reported to occur in UFG and
NC materials, depending on the material
and processing conditions, such as shear
band formation, grain boundary migration,
or grain boundary sliding.

The formation of nonadiabatic shear bands has been reported
to be pronounced in UFG materials due to the limited or even
nonexistent strain hardening capacity, especially in bcc metals
that also exhibit a reduced strain rate sensitivity in the UFG
or NC regime.[13] In iron with grain sizes between 80 and
300 nm produced by powder consolidation, nearly all plastic
deformation has been found to be carried by shear bands.[14,15]

While some authors suggest that the shear bands in UFG and NC
materials are formed by grain rotation processes,[5] others sug-
gest that cooperative grain boundary sliding processes are
involved.[10,16]

The migration of grain boundaries in UFGmetals during plas-
tic deformation has been observed via quasi in situ electron back-
scatter diffraction (EBSD) measurements on high-pressure
torsion (HPT)-processed copper subjected to subsequent cold
rolling.[17] The authors conclude that this mechanism controls
the formation of a steady-state regime (i.e., a regime in which
the grain size does not change during further straining) in cold
rolling. Similarly, grain boundary migration is also suggested to
be responsible for the formation of the steady state during
HPT.[7]

The occurrence of grain boundary sliding, that is, a translation
of grains against each other along their shared grain boundary in
rigid body-type motion, is another deformation mechanism that
is often considered to be relevant for the plastic behavior of UFG
metals. While in coarse-grained materials it only occurs at
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The deformation behavior of a ferrite steel with ultrafine-grained (UFG) lamellar
microstructure generated by linear flow splitting is investigated and compared to
a coarser cold-worked reference state, using a set of complementary local
deformation and microstructural characterizations methods. The pile-up around
indentations shows a pronounced anisotropy for the UFG lamellar microstruc-
ture indicating the relative motion of grains along their elongated boundaries.
This observation is confirmed by stepwise compression testing of micropillars
along the normal direction of lamellar-shaped grains using a new faceted pillar
geometry to image the initial microstructure and its evolution throughout the
test. The surface roughening in pillar compression testing can be categorized into
the formation of discrete steps at the surface along particular grain boundaries
and a more gradual roughening that is attributed to intragranular dislocation slip.
Potential mechanisms for the observed grain boundary sliding are discussed
taking several factors such as the strain rate sensitivity and potential Coble creep
rates into account. In conclusion, a grain boundary sliding process carried by
grain boundary dislocations appears to be the most likely explanation for the
observed behavior.
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elevated temperatures,[18] it has been observed at ambient tem-
perature in several UFG materials that were processed by
SPD.[8,10,16] Generally, two underlying mechanisms are dis-
cussed; diffusion along grain boundaries (Coble creep) or motion
of grain boundary dislocations.[19] Some authors restrict the term
“grain boundary sliding” to the diffusion-controlled deformation
process, whereas in this work, the term is used as a phenome-
nological description. Even though there are several models for
the yield strength prediction of NC and UFG materials taking
into account diffusion based grain boundary sliding,[20,21] exper-
imental investigations often do not allow a direct identification of
the underlying mechanism that is causing the sliding process.
Grain boundary sliding is experimentally observed in the form
of steps along grain boundaries at the sample surface around
a Vickers indent in equal channel angular pressing (ECAP)-
processed aluminum[8] as well as at the surface of tensile speci-
men from ECAP-processed nickel and copper.[16] Similarly,
Ivanov et al.[22] attributed the deformation relief evolving on pol-
ished tensile specimen from ECAP-processed aluminum to be
caused by a mixture of grain boundary sliding, shear bands, and
intragranular dislocation slip. In contrast, the deformation of FIB
grid on the cross section of a nickel HPT sample does not show
any signs of grain boundary sliding during further HPT
processing.[23]

A variety of direct and indirect methods has been used to
investigate the governing deformation mechanisms in UFG
and NCmaterials, with both categories having certain limitations
or deficiencies. In case of in situ transmission electron micros-
copy (TEM) observations, the high amount of free surface raises
doubts about whether the results reflect the bulk behavior of the
material. Similarly, in case of in-situ straining or postmortem
investigations of bulk specimen only surfaces can be observed,
whereas the microstructure within the specimen and its evolu-
tion during straining remain unknown. Tomographic methods
that could potentially overcome this limitation are currently still
lacking the resolution to precisely capture the grain shape and
spatial arrangement of UFG or NC microstructures.

Another approach is to investigate lamellar microstructures
with only one dimension in the UFG/NC regime. Due to the
low thickness of the grains in 1D, grain boundary-mediated
deformation processes might occur, while the higher grain size
in the other 2D allows the production of specimen with an
approximately constant microstructure perpendicular to the
observation direction.

Such a lamellar microstructure can be produced by severe cold
rolling, or the linear flow splitting (LFS) process, which is known
for reaching a steady state of grain refinement.[24–26] In this incre-
mental forming process, the band edge of a sheet metal is formed
into a y-shaped profile (process details can be found in
refs. [24,27,28]). Close to the split surface of a LFS profile, high
compressive strains cause the formation of a strongly elongated
UFG microstructure with rolling-type texture. The thickness of
the elongated grains perpendicular to the flange surface lies
in the order of 100 nm while the grain dimensions in the other
two directions can range up to a few micrometers. This micro-
structure is constant parallel to the split surface but exhibits a
strong gradient in the perpendicular direction with grain sizes
increasing with increasing distance to the split surface.
Near the lower flange surface, a conventional cold rolled

microstructure is found. Once a steady state has been reached,
the gradient microstructure stays constant when submitted to
further splitting steps, suggesting that at least near the split sur-
face plastic deformation has to occur without being accompanied
by further grain refinement.

Due to the strongly elongated microstructure as well as the
pronounced microstructural gradient perpendicular to the flange
surface, LFS profiles do not only offer the possibility to investi-
gate the deformation mechanisms occurring in UFG materials,
but also facilitate a direct comparison to coarser microstructures
that were subjected to lower plastic strains by choosing a higher
distance to the split surface.

The aim of this work therefore is to investigate the deforma-
tionmechanisms in the lamellar UFGmicrostructure of LFS pro-
files. To determine whether the UFG microstructure shows a
different bulk deformation behavior compared to a conventional
cold worked microstructure, the strain rate sensitivity of both
microstructures is measured using nanoindentation and the
resulting surface deformation structures around the indents
are compared. To identify the deformation mechanisms in the
UFG region, micropillars are produced by focused ion beam
(FIB) milling and incrementally compressed inside an scanning
electron microscopy (SEM) while imaging the microstructure
before, in between, and after the compression increments. To
ensure the relevance of these micromechanical experiments
the results are compared to the deformation behavior observed
in the indentation experiments.

2. Experimental Section

LFS profile made from a 2mm-thick HC480LA-grade steel sheet
with the following chemical composition 0.07 wt% C, 0.71 wt%
Mn, 0.1 wt% Cr, 0.047 wt% Si, 0.034 wt% Nb, and 0.016 wt% Al
was used for all investigations. The material exhibited a ferritic
microstructure with spherical Fe3C precipitates of up to 1 μm
diameter. LFS was conducted in 20 steps with an incremental
splitting depth of 1mm, leading to a flange span of 26mm,
as schematically shown in Figure 1. For further details on the
LFS process and resulting characteristic UFG gradient micro-
structures, we refer to earlier works.[24–31] For microstructural
analysis, a sample of the profile was ground and polished down
to 0.25 μm diamond suspension, and the final polishing step was
performed using OPS suspension for 5min. The microstructure
in distances of 30 and 600 μm to the split surface was character-
ized by performing EBSD analyses on a cross section (rolling
direction–normal direction [RD–ND] plane, see Figure 1). The
measurements were carried out using a MIRA3-XMH SEM
(TESCAN) equipped with a DigiView V EBSD system (EDAX).
The parameters were chosen according to the local microstruc-
ture, the measurement in a distance of 30 μm was carried out on
an area of 700 μm2 using an acceleration voltage of 15 kV and a
step size of 20 nm. The measurement in 600 μm distance to the
split surface was performed on an area of 1700 μm2 with an accel-
eration voltage of 20 kV and a step size of 30 nm. All EBSDmeas-
urements were analyzed using the TSL OIM Analysis software
(EDAX). The cleanup routines Grain CI Standardization and
Grain Dilation (single iteration) were performed on all datasets.
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Only points with a confidence index exceeding 0.1 were consid-
ered in the evaluation.

To characterize the deformation behavior of the LFS micro-
structure, hardness indents were performed on the cross section
in distances of 30 and 600 μm to the split surface using a G200
nanoindenter (KLA) with a cone tip exhibiting an opening angle
of 60° and a spherical top part with a radius of 5 μm. The tests
were carried out in continuous stiffness measurement mode
using indentation strain rates of ε̇ ¼ Ṗ

P ¼ 10�1, 10�2, and
10�3s�1 (where P is the indentation load) to a target maximum
indentation depth of 2 μm. For both distances to the split surface
seven indentations with a spacing of 60 μm were done at each of
the three strain rates. The hardness values determined by the
indents were averaged and used to determine the strain rate sen-

sitivity m ¼ ∂lnðHÞ
∂lnðε̇Þ .

The deformation behavior of the material surrounding the
indents was characterized by SE imaging using an acceleration
voltage of 15 kV. In addition, the samples were repolished using
0.25 μm diamond suspension and the polishing agent
Masterprep (Buehler) before carrying out EBSD measurements
on an indent with a strain rate ε̇ ¼ 10�3s�1 for both distances
to the split surface. For each depth, the parameters were
chosen to be the same as in the previous microstructural
investigation.

For the pillar compression experiments, the split surface as
well as one of the RD–ND edges was carefully ground and pol-
ished, removing a layer of ≈30 μm from the split surface which
was determined measuring the size reduction of a hardness
indent before and after preparation. Eight micropillars with a
diameter of 5 μm and a height of 8�10 μm were milled into
the sample surfaces at the polished edge using a Zeiss Auriga
60 Focus Ion Beam (FIB) at the Karlsruhe Nano Micro
Facility. A facet was cut into the pillars and additional material
in their vicinity was removed to allow EBSD analyses and back-
scattered electron (BSE) imaging. A schematic drawing and SEM
image of the pillar geometry is shown in the Appendix
(Figure A1). For reference tests, cylindrical pillars without facet
with 5 μm diameter and 10 μm height as well as 10 μm diameter
and 15 μm height were also prepared (five each).

The initial microstructure of the pillars was imaged using
BSE as well as EBSD with an acceleration voltage of 15 kV

and a step size of 10 nm. The pillars were then stepwise com-
pressed inside an SEM using an InSEM nanoindenter (KLA)
with a flat punch tip (Synton-MDP). In each increment, a dis-
placement of 300 nm was aimed at using a constant displace-
ment rate of 10 nm s�1. In between the deformation steps, the
changes in the microstructure of the pillars were documented
by BSE imaging up to the point where surface roughening
prevented further imaging based on channeling contrast. The
cylindrical reference pillars were tested with a strain rate jump
(SRJ) method that was varying the displacement rate between 10
and 1 nm s�1.

The facet of some of the less severely deformed pillars was
subsequently repolished to allow EBSD measurements after
deformation. In an additional step, 200 nm of the facet were
removed by FIB milling and the pillars were imaged again using
EBSD to gain information about the microstructure perpendicu-
lar to the pillar facet.

3. Results

The microstructure in 30 μm distance to the split surface
shown in Figure 1 exhibits a strongly elongated “pancake”
UFG microstructure with rolling-type texture that is characteris-
tic of the region close to the split surface of LFS-processed
material.[29,30] In 600 μm distance to the split surface, a coarser
microstructure with weaker texture containing a lot of subgrain
structures is found. The difference in texture is most pronounced
in the α-fiber area fraction that decreases from 72% close to the
split surface to 30% in 600 μm distance. The inverse grain
boundary density as a measure of the grain size increases from
Sv�1 ¼ 0.11 μm to Sv�1 ¼ 0.41 μm within the same distance.
Additionally, the elongation direction of the microstructure
changes. While the long axis of the grains near the split surface
lies parallel to the split surface, it shows an angle of roughly
45° to it in 600 μm distance. For a higher-resolution microstruc-
tural investigation based on TEM crystal orientation mapping of
the elongated UFG microstructure, we refer to an earlier
publication.[31]

The differences in microstructure are also reflected in the
hardness values found in 30 and 600 μm distance to the split
surface. For all strain rates and in accordance to previous

Figure 1. Schematic of the linear flow split profile geometry (left) and corresponding inverse pole figure maps and orientation distribution functions at
φ2= 45° (right) acquired at 30 and 600 μm distance to the split surface.
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investigations,[29,32] the hardness decreases with increasing dis-
tance to the split surface as shown in Figure 2. For a strain rate of
ε̇ ¼ 10�2s�1, a hardness of 4.9 GPA is found in 30 μmdistance to
the split surface as compared to 3.9 GPa at a distance of 600 μm.
The corresponding strain rate sensitivities are m= 0.019 at
30 μm to the split surface and m= 0.022 in a depth of

600 μm, that is, there are only very minor differences in strain
rate sensitivity between the different depths. These values are
much lower than the value reported for fully annealed iron of
m= 0.054[33] but in a similar range as the strain rate sensitivities
found in SPD-processed iron and ferrite steel.[9,33]

To examine the plastic flow during nanoindentation, the
deformation zones around the indents on the sample surface
are investigated via SEM using SE imaging to visualize the
topography as well as EBSD after repolishing to remove the
pile-up and related surface roughening. At 600 μm to the split
surface, the pile-up of the material in the plastic zone surround-
ing the indent shows only a slightly preferred orientation parallel
to the grain elongation direction, that is, in 45° to the vertical
axis, whereas a lot of features are oriented in radial direction
of the indent (Figure 3a). In contrast, the pile-up at 30 μm to
the split surface is very anisotropic, showing a much wider spac-
ing perpendicular to the direction of grain elongation than par-
allel to it as indicated by white lines in Figure 3d. The UFG
pancake microstructure also affects the pile-up topography.
Some distinct surface steps parallel to the elongation direction
are apparent, indicating a relative motion of lamellar grains par-
allel to each other. A comparison of the indents performed with
different strain rates is shown in the Appendix (Figure A2) and
reveals no qualitative change of the pile-up behavior with chang-
ing strain rate.

In the inverse pole figure (IPF) and local orientation spread
maps from EBSD, the area with increased orientation deviation

Figure 2. Hardness as a function of indentation strain rate at a distance of
30 and 600 μm to the split surface.

Figure 3. a,d) SE image, b,e) IPF map, c,f ) and local orientation spread map in the vicinity of indents in a–c) 600 μm and in d–f ) 30 μm distance to the
split surface performed with an indentation strain rate of 10�3 s�1. White lines indicate the extension of the indentation-induced plastic zone.
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within grains, that is, increased grain substructures, is marked.
This area indicates the zone in which a considerable amount
dislocation-based plasticity occurred during indentation. At
600 μm to the split surface, the area marked in the SE image
is of a similar size compared to the one marked in the EBSD
maps. The comparable dimension of the pile-up region and
the area of increased grain orientation spread indicates that
the plastic deformation induced by the indent is predominately
carried by dislocation activity for the cold worked microstructure.
At 30 μm below the split surface, the IPF map shows the forma-
tion of very small, equiaxed (sub-)grains in the vicinity of the
indents with orientations deviating from the rolling-type texture.
These grains as well as an increase in the local orientation spread
are only found in a radius of ≈1 μm around the indents.
However, the pile-up region spans 2–3 times this distance per-
pendicular to the elongation direction. Parallel to the grain elon-
gation direction, there are only minor differences between the
expansion of the pile-up and the orientation rotations. This leads
to assumption that the plastic deformation is not only carried by
dislocation activity, but also by a grain boundary-mediated

deformation mechanism that causes the formation of steps at
the sample surface.

To investigate the possible grain boundary mediated deforma-
tion mechanisms, incremental pillar compression experiments
were carried out. Figure 4 (left) shows the initial microstructure
of one of the faceted pillars. It exhibits the strongly elongated
structure with rolling-type texture that is characteristic for the
region close to the split surface as already shown in Figure 1.
The pillar contains nearly 100 grains along its height but only
very few grains in grain elongation direction as many grains span
over the full width of the pillar.

The BSE images in Figure 4 show the deformation behavior
of faceted pillars with increasing strain. During the first strain
increments, the lower part of the pillar is nearly unaffected.
This phenomenon can be attributed to the taper angle of the
pillar caused by FIB milling that leads to an increase in
cross-sectional area from top to bottom. For Pillar #1, the defor-
mation in the upper part starts localized at grain boundaries, as
shown by the appearance of the bright-dark contrast in the
microstructure. This evolving contrast is due to the shift of

Figure 4. EBSD analysis on facet of Pillar #1 prior to compression testing (left) and BSE images from incremental pillar compression tests (right),
showing the evolution with increasing strain (Pillar #1) and the initial and final stage for two other pillars (Pillar #2 and Pillar #3).
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the brighter area toward the viewing direction. With increasing
strain, the plastic deformation expands to lower regions, some
of which show a more gradual change in surface roughness as
would be expected in case of dislocation slip within individual
grains. The ratio between highly localized plasticity creating dis-
crete steps in the surface versus more homogeneous plasticity
with less localized roughening varies between the different pil-
lars but both features are found in all pillars that have been
tested (Figure 4).

To determine possible correlations between microstructural
characteristics and the sites of localizations, the microstructure
of a moderately strained pillar (Pillar #1) is investigated before
and after the deformation. The localizations occurring during
the deformation of this pillar as shown in Figure 4 are marked
in the IPF map, the Taylor factor map, as well as the grain
boundary misorientation map of its initial microstructure in
Figure 5.

This figure does not display any significant correlations
between the local orientations or Taylor factors of grains and
the occurrence of localizations between them. There are some
localizations between grains with strongly differing Taylor fac-
tors, yet this is not the case for all localizations. Considering
that frequent crystal orientations such as the rotated cube com-
ponent and orientations along the gamma fiber exhibit strong
differences in their Taylor factors, differing Taylor factors
between neighboring grains are a relatively common feature.
Since only very few of these boundaries show strain localiza-
tions, there is no indication that this phenomenon is related
to strong gradients in the amount of plastic work during com-
pressions that the Taylor factor represents. The grain boundary

misorientation in the areas of localizations does not exhibit
a clear trend either. However, the misorientations based on
EBSD analyses have to be treated with caution, since the
BSE images suggest the existence of some very thin grains
within the pillar that possibly lies beyond the resolution of
the EBSD analysis.

The comparison of the microstructure of Pillar #1 before test-
ing to the one found after compression and FIB polishing in
Figure 6 does not show any substantial deviations near the strain
localization sites. There is no observable change of local orien-
tations that would be a sign of dislocation activity in these areas.
Small changes in the grain geometry can be seen in the area of
the topmost localizations where very small grains are found. The
area of other localizations though does not exhibit changes in
geometry. Therefore, it is more likely that this observed change
in grain size is due to pre-existing deviations in grain geometry in
transverse direction.

The faceted geometry of the pillars and incremental loading
and unloading procedure for intermediate imaging complicate
the determination of stress–strain curves. Therefore, cylindrical
pillars with 5 μm and 10 μm diameter were tested as a reference
to assess the flow stress as well as the strain rate sensitivity. The
exemplary stress–strain curves in Figure A1 show that pillars
with both diameters yield at ≈1200MPa. In all experiments,
the SRJs triggered unstable deformation (horizontal sections),
which prevents a reliable quantification of the strain rate sensi-
tivity. A rough estimate based on the change in flow stress with
increasing strain rate (e.g., second SRJ of 10 μm pillar in
Figure 7) provides an m-value of ≈0.02, which is in line with
the indentation experiments.

Figure 5. EBSD analysis of Pillar #1 prior to compression testing showing image quality maps with a) superimposed IPF map, b) Taylor factor map for
uniaxial compression, and c) grain boundary misorientations. Deformation localization sites that were later observed during testing are marked with
dotted lines.
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4. Discussion

4.1. Deformation Mechanisms

The pillar experiments showed that the deformation of the pillar
is carried almost exclusively by the translation of grains against

each other along their shared grain boundary. This observation is
astonishing considering the unfavorable orientation of nearly 90°
to the loading axis of most grain boundaries in the pillars, which
suggests that little-to-no shear stress acts in their plane. A small
shear stress can be assumed for the grain boundary segments
that deviate from this angle. Due to geometric reasons, this
has to be the case at all triple junctions, implying that some
amount of shear stress has to act on every grain boundary seg-
ment between triple junctions. However, this stress will be low
compared to the applied stress, which is why the underlying
mechanism seems to operate at low shear stresses within the
boundaries. The local initial stress state within the grain bound-
aries that results from the processing is unknown andmight con-
tribute to the observed phenomenon; yet, its impact is limited by
the pillar geometry and stress relaxation caused by the lack of
lateral constraints.

The observations made in the pillar experiments will be
used to identify the underlying mechanism that carries the grain
boundary-mediated deformation. As discussed in the
Introduction, several mechanisms are reported for UFG and
NC materials. Their possible role in the LFS-produced UFG
microstructure will be addressed in the following paragraphs.

Shear band formation as well as grain rotation can be ruled
out as a dominant deformation mechanism in the present mate-
rial by comparing the initial microstructure to the one after
deformation. The highly elongated grain shape also geometri-
cally impedes grain rotations.

Figure 7. Engineering stress–strain curves from pillar compression tests
with SRJ. The initial displacement rate was set to 10 nm s�1 and reduced to
1 nm s�1 at the first SRJ and increased to 10 nm s�1 in case of the 10 μm-
diameter pillar at a second SRJ.

Figure 6. IPF maps of Pillar #1: initial microstructure prior to compression testing (left) and after deformation and repolishing (middle) and after
removal of additional 200 nm from the facet (right). Localization sites of the deformation during compression testing are marked yellow in the initial
condition.
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Grain boundary migration was discussed as the reason for the
formation of a steady state in cold rolling following HPT,[17]

allowing further deformation without accompanying grain
refinement. This suggests that this mechanism might also be
dominant in the investigated LFS UFG microstructure, since
the formation of a steady state is also observed during
LFS.[30,32,34] A coupled motion between grain boundary migra-
tion in its normal direction and in-plane translation[35] is not
likely to cause the observed relative motion. There is a coupling
factor between both translations that always leads to a higher
migration distance in normal direction as compared to the trans-
lation distance.[36] This is disproved by the comparison of the
microstructure before and after deformation that does not show
significant changes in grain thickness at the localizations.
Furthermore, a coupled motion should rather lead to an inclina-
tion of surface segments than the formation of discrete steps.

Another possible deformation mechanism is grain boundary
sliding, which can either be diffusion based or being mediated
by grain boundary dislocations. The strain rate achievable by
diffusion-based grain boundary sliding (Coble creep) is strongly
dependent on the grain size of the material. An upper estimate
can be calculated using the smallest effective grain size occurring
in an HC480LA LFS profile that is ≈200 nm.[37] A stress of
1.5 GPa as an upper estimate from the pillar compression
tests (Figure 7) would result in a Coble creep rate
ε̇Coble ≈ 1.5� 10�14s�1[38] using the extrapolated grain boundary
diffusion coefficient of iron at room temperature of
DGB ≈ 10�27 m2

s .
[39] This assumption might underestimate the

creep rate given that for some NC materials grain boundary dif-
fusion coefficients can be increased by up to four orders of
magnitude.[21,40] However, coble creep rates have a linear relation
to the grain boundary diffusion coefficient; hence, they would
have to increase by about ten orders of magnitude to approach
the strain rates during pillar compression tests or indentation
experiments and even more for the strain rates imposed
during the LFS processing of the material.[24,27] Consequently,
diffusion-based grain boundary sliding cannot play a substantial
role in the deformation behavior of this material. This is also con-
firmed by the strain rate sensitivity m ≈ 0.02 , which should
approach m ≈ 1 [41] in case of diffusion-based grain boundary
sliding.

Based on the principle of exclusion, the motion of grain
boundary dislocations as carrier for the observed localized defor-
mation appears to be the most likely case. In this scenario, the
plasticity would be mainly affected by triple junctions at
which grain boundary dislocations pile up. However, due to
the elongated grain shape, this resistance is supposedly low
for two reasons. First, the average spacing between triple
junctions in sliding direction of ≈1–2 μm is relatively high.
In case of pillar compression with a diameter of 5 μm, there
may even be not a single triple junction present between
some pairs of neighboring grains. Second, the triple junction
angles at the tips of elongated grains strongly deviate from
the equilibrium value of 120°.[31] In contrast to equilibrium triple
junctions, smaller triple junction angles were found to exhibit a
much lower resistance to grain boundary dislocation motion by
Fedorov et al.[42,43] Hence, the microstructural topology should

favor grain boundary dislocation-based plasticity, which is poten-
tially further enhanced in unconstrained small volumes such as
micropillars.

Looking at the angles between the loading axis in pillar com-
pression tests and the observed direction of grain boundary slid-
ing, the shear stresses acting in the plane of relative motion can
be estimated. The actual angles aren’t fully assessable in all
cases, but it appears that they are often very high, reaching val-
ues around 80°. In that case, the shear stress acting in the bound-
ary will be less than 20% of the principle stress in loading
direction. Considering the observed stress levels from pillar
compression tests (Figure 7), it appears that grain boundary slid-
ing can already occur at interfacial shear stresses of 300MPa or
even lower.

4.2. Implications for Bulk Behavior

Due to the small material volume in the tested pillars, the ques-
tion remains whether the observation of localized deformation
is purely due to geometric reasons or is also transferable to the
bulk material. Since the pillar diameter is only slightly higher
than the grain diameter in this direction, nearly no accommo-
dation processes are necessary to allow grain boundary sliding.
This should decrease the stress required for the initiation of the
grain boundary sliding process. However, the flow stress of the
pillars at plastic strains comparable to nanoindentation tests of
≈1400 MPa does not indicate a pronounced softening of the
material due to the lack of lateral constraints. Based on the
indentation hardness for ε̇ ¼ 10�3s�1 (Figure 2), one would
expect a flow stress of ≈1550MPa (assuming a constraint factor
of 3), which is only 10% higher than the measured value.
Hence, the grain boundary sliding mechanism in the pillars
is most likely enhanced by the lack of lateral constraints but
the localization phenomenon is unlikely to be just caused by
the geometry while being entirely absent in more constraint
loading scenarios.

The formation of steps along grain boundaries on the sample
surface around the indents in 30 μm distance to the surface out-
side the zone of dislocation activity can also be attributed to
grain boundary sliding. Therefore, the observations in the pil-
lars can be transferred to the “semibulk” behavior of the mate-
rial around indents. Even though the formation of surface steps
is used as an indication for grain boundary sliding in several
studies,[8,16,22] some authors argue that the sliding is confined
to the very surface due to the lacking constraint at the free sur-
face.[44] While this may be a valid point for equiaxed grains, the
situation is different for the lamellar microstructure in the present
work where the grain size perpendicular to the sample surface is
in the order of several microns. Therefore, the grains exhibiting
grain boundary sliding processes span a distance to the surface in
the same order of magnitude as the plastic zone size below the
indent that can be estimated using Tabor’s approach to be
≈3 μm.[45,46] Consequently, the grain boundary sliding has to
occur in a significant part of the plastic zone. To which extent this
process also occurs within the bulk of LFS profiles, or UFGmicro-
structures generated by SPD processes in general, cannot be
answered at this stage. Geometric constraints and necessary
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accommodation processes will affect the deformation behavior in
bulk material, which should either reduce the contribution of
grain boundary sliding in the presence of competing processes
operating at a similar flow stress or increase the flow stress accord-
ingly. While the elongated microstructure in LFS profiles facili-
tates the observation of the sliding process, this does not imply
that it can only occur in similar microstructures. In the present
case, the shear stresses acting in the boundary are relatively small
compared to the principal stresses as the inclination angle of the
boundaries showing the sliding phenomenon is far from 45° to the
loading axis. In an equiaxed microstructure, a considerable frac-
tion of the total grain boundary area would be exposed to higher
shear stresses than the ones required to trigger the sliding pro-
cesses in the pillar compression test, which could counteract
the effect of lateral constraints.

An obvious approach to check if the mechanism also occurs in
the bulk of LFS processes would be to look at the crystallographic
texture. It can be considered as a fingerprint of the active
deformation mechanisms and has been used to derive slip of
dislocation partials as well as grain boundary sliding in NC
materials.[11,12] However, this approach is not straightforward
in the present case. The strong bcc rolling texture observed in
the lamellar UFG microstructure does indicate that the deforma-
tion mode during grain refinement is predominantly dislocation
slip under plane strain compression but qualitatively, it cannot
disprove or confirm a grain boundary sliding processes. Grain
boundary sliding in a lamellar microstructure as observed in pil-
lar compression tests would mostly conserve the pre-existing tex-
ture, thus leaving little-to-no footprint.

5. Summary and Conclusions

The deformation behavior of a ferritic steel with a UFG lamellar
microstructure has been studied around indents as well as in

pillar compression tests using a faceted geometry to facilitate
microstructural investigations. The key results are summarized
as follows.

– The pile-up behavior around indents in the UFG lamellar
microstructure shows a pronounced anisotropy with
protrusions parallel to the elongation direction related to
blocks of lamellar grains being shifted against each other.

– Micropillar compression tests with complementary micro-
structural analyses reveal two deformation modes:

1) sliding of lamellar grains against creating sharp
edges at the surface.

2) intragranular dislocation slip leading to a more
gradual surface roughening.

– The flow stress in pillar compression experiments is ≈10%
lower than the expected value based on nanoindentation
hardness data. This indicates that there may be some
geometric softening in the pillar due to the lack of lateral
constraints but not to the point that entirely different
deformation mechanisms are expected.

– The grain boundary sliding process is only observed for
some boundaries with no apparent correlation in terms
of misorientation angle, inclination to the loading axis,
or gradient in the Taylor factor of the neighboring grains.

– The strain rate sensitivity m in nanoindentation and pillar
compression is ≈0.02, which is in line with literature data
for bcc Fe with UFG microstructure and indicates disloca-
tion-based plasticity.

– Based on the sum of observations, the grain boundary
sliding processes observed in nanoindentation and pillar
compression experiments is assumed to be carried by
grain boundary dislocations.

Appendix

Figure A1. a) Schematic image of faceted micropillars used in this work and b) SE image of a pillar and flat punch indenter showing the IPF map of the
ion-polished pillar facet as overlay.
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