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Abstract

Microstructural modification processes like dynamic recrystallization and grain growth can have a major effect on the transient
and (semi-)steady state flow behaviour of deforming materials. Work on metals and ceramics suggests that deformation-enhanced
changes in grain topology and the corresponding increase in fraction of non-hexagonal grains, called cellular defect fraction, can
promote grain growth during deformation. The present study tests this hypothesis, by investigating the evolution of the cellular
defect fraction during deformation, accompanied by grain growth, of aggregates with distributed grain sizes. For this purpose, we
made use of the ELLE 2D microstructural modeling package. We simulated and quantified microstructural evolution under
conditions where both surface energy driven grain boundary migration (GBM) and homogeneous deformation or grain size
sensitive (GSS) straining were allowed to occur. The simulations show that contemporaneous GBM and simple geometrical
straining of grain aggregates with distributed grain size and coordination number lead to extra grain neighbor switching, an increase
in defect fraction, and enhanced grain growth. An increase in defect fraction was also found in a selected set of natural calcite
mylonites that, with increasing temperature, show an increase in grain size and contribution of GSS creep. Analysis of defect
fraction thus appears to be a good microstructural tool to establish whether or not a material has experienced normal static (defect
fraction ∼0.7) or dynamic grain growth (defect fraction ∼0.8).
© 2006 Elsevier B.V. All rights reserved.
Keywords: Grain growth; Deformation; Topology; Aspect ratio
1. Introduction

1.1. Background and general problem statement

Microstructural modification processes like dynamic
recrystallization and grain growth can have a major effect
on the transient and (semi-)steady state flow behaviour of
deforming materials. For example, high strain (torsion)
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experiments on coarse-grained olivine (Bystricky et al.,
2000) and calcite materials (Schmid et al., 1987; Rutter,
1995, 1998; Pieri et al., 2001; Barnhoorn et al., 2004)
have demonstrated transient strain weakening related to
grain refinement by dynamic recrystallization. Relatively
high shear strains were needed to approach steady state
flow. Materials with relatively small starting grain sizes
may, on the other hand, show strain hardening related to
ongoing grain coarsening (e.g., olivine materials: Karato
et al., 1986; Hirth and Kohlstedt, 1995). Evidently,
meaningful modeling of large strain flow in the Earth
must take into account microstructural evolution effects
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that cause rheological changes (e.g., Braun et al., 1999;
Urai and Jessell, 2001; Montesi and Hirth, 2003;
Yamasaki, 2004). This requires a mechanism-based
understanding of microstructure modification processes.

In a recent experimental study (Kellermann Slote-
maker et al., 2004), we deformed fine-grained synthetic
forsterite aggregates at a strain rate of 5×10−6 s−1,
600MPa confining pressure and a temperature of 950 °C.
Under these conditions, the forsterite material deforms by
a grain size sensitive (GSS) creep mechanism involving
grain boundary sliding (GBS), after McDonnell et al.
(1999). We observed strain hardening in the stress–strain
curves as well as an increase in grain size during the
experiments. More importantly, comparison of the results
of the deformation tests with heat treatment (static) tests
showed that grain growth was strain-dependent (i.e. dy-
namic) rather than time-dependent (cf. static grain
growth). No lattice preferred orientation developed in the
samples (Kellermann Slotemaker et al., 2004) and only
little evidence was found for dislocation activity on TEM
scale (McDonnell et al., 1999). We thus concluded that
grain boundarymigration (GBM) in thematerial, resulting
in dynamic grain growth (DGG), was dominantly surface
energy driven. It is known from metals and ceramics that
DGG and GSS creep, with a strong GBS signature, are
intimately related processes (Seidensticker and Mayo,
1998a). Models by Sato et al. (1990) and Sherwood and
Hamilton (1992, 1994) propose that grain (neighbor)
switching during GBS (after Ashby and Verrall, 1973)
may increase the probability of high-sided grains coming
in contact with low-sided grains, in turn stimulating grain
growth. Sherwood and Hamilton (1992, 1994) hypothe-
sized that deformation-induced grain neighbor switching
results in changes in grain topology, i.e. an increase in the
fraction of non-hexagonal grains (in 2D), called the cel-
lular defect fraction (originally defined by Hillert, 1965).
Indeed, measurements of grain topology in the forsterite
samples showed an increase of the cellular defect fraction
with increasing strain, consistent with the increase in grain
size and related strain hardening.

The results of the experimental study on synthetic for-
sterite (Kellermann Slotemaker et al., 2004) corroborate
the importance of understanding microstructure modifica-
tion during flow of Earth materials. However, it is as yet
not clear if analysis of the cellular defect fraction is a useful
and generally applicable tool to identify DGG in relation to
grain neighbor switching and deformation. It is the broad
objective of the present paper to shed light on this.We used
the 2D numerical modeling package ELLE (Jessell et al.,
2001) to simulate combined deformation and surface e-
nergy driven GBM, specifically aiming (a) to investigate
the evolution of cellular defect fractionwith strain and time
in relation to grain growth with or without contempora-
neous deformation, and (b) to test the hypothesis that extra
neighbor switching induced by deformation causes an
increase in cellular defect fraction, which in turn leads to
enhanced grain growth. In our approach, we tested homo-
geneous ‘geometrical’ deformation as well as simulated
inhomogeneous GSS creep. By ‘geometrical’ deformation
we simply mean bulk homogeneous straining of the com-
plete aggregate, i.e. as if the grain boundaries are com-
pletely passive elements in the aggregate. This deformation
type is useful since it allows a straightforward approach to
investigate the effect of changes in grain boundary geo-
metry on grain growth. The effects of inhomogeneous GSS
creep are less straightforward to interpret but are more
applicable to the results of the forsterite work and other
experimental studies on real materials.

Limited previous modeling work has been performed
on combined homogeneous or inhomogeneous defor-
mation and GBM. Bons and Urai (1992) studied simul-
taneous operation of surface energy driven GBM and
homogeneous area-conservative deformation using a
simple 2D network model. They demonstrated that syn-
deformational grain growth slows down the progressive
increase in aspect ratio normally associated with deve-
lopment of a shape-preferred orientation during homo-
geneous straining. However, they also found that if a
grain shape preferred orientation is present, it slows
down grain growth. Using a similar type of 2Dmodeling,
Bate (2001) focused on the effect of deformation on
GBM in nominally Zener-pinned microstructures and
observed DGG, which he ascribes to deformation in-
duced perturbations of the grain boundary geometry. The
present study forms the next step forward by applying a
modeling approach similar to Bons and Urai (1992) and
Bate (2001), but looking in detail at (and quantifying)
geometrical changes in grain topology, in particular
defect fraction, which in turn link up with analytical
neighbor switching models of Sherwood and Hamilton
(1992, 1994) and Sato et al. (1990).

In this study, we explicitly excluded any grain size
reduction mechanism contributing to grain size evolu-
tion. As such, the results are not directly applicable to
(high) strain zones where dynamic recrystallized grains
resulted from competition between grain size reduction
and grain growth. The results could, however, apply to
shear zones which experienced significant grain size
reduction, causing rocks to switch in deformation me-
chanism to dominant GSS creep. Rather than ongoing
grain size reduction, the continued microstructural evo-
lution in such a shear zone would dominantly involve
normal (or dynamic) grain growth (e.g. Herwegh et al.,
2005).
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The paper startswith a brief overviewof dynamic grain
growth theories presented in the literature, followed by an
outline of our modeling approach. We then present the
results of the modeling runs and assess how the present
and previous modeling studies relate to the analytical
approaches of grain neighbor switching. Finally, we dis-
cusswhat factors need to be considered in future studies of
DGG and make a comparison with natural rocks through
defect fraction analysis on microstructures of selected
carbonate mylonite samples, which were already exten-
sively studied by Herwegh et al. (2005).

1.2. Dynamic grain growth models

Various experimental and modeling studies on grain
growth behaviour during deformation have been per-
formed (e.g. geological materials: Schmid et al., 1977;
Karato et al., 1986; Walker et al., 1990; metals and
ceramics: Holm et al., 1977; Holm et al., 1993; Sherwood
and Hamilton, 1994; Seidensticker and Mayo, 1998a;
modeling studies: Wilkinson and Caceres, 1984; Sato et
al., 1990; Sherwood and Hamilton, 1992, 1994; Rabino-
vich and Trifonov, 1996; Seidensticker andMayo, 1998b;
Kim et al., 1999; Kim and Hiraga, 2000; Bate, 2001;
Haslam et al., 2003). The following points emerged as
being important in explainingDGG: (a) GBMkinematics,
(b) deformation mechanisms, (c) deformation ‘mode’, i.e.
homogeneous vs. inhomogeneous, and aspect ratio for-
mation, and (d) topological changes. These points will be
discussed in more detail below, with particular emphasis
on the last aspect, in line with the aims of our study.

1.2.1. GBM kinematics
In materials that show fast grain boundary migration

under static conditions, a dynamic component induced
by deformation may contribute little to the overall grain
growth and, hence, will be hard to recognize. Conse-
quently, DGG is usually recognized in materials in
which static grain growth is very slow or pinned due to
the presence of one or more pinning phases (Seiden-
sticker and Mayo, 1998a; Bate, 2001). Zener pinning
can be established by the presence of relatively small-
scale solutes and impurities at the grain boundary or by
larger scale discrete particles or pores included within
the grain matrix (Evans et al., 2001). Depending on the
size of a pinning phase relative to the average matrix
grain size, an average uniform (small sized pinning phase)
or varying non-uniform (large sized pinning phase) Zener
drag must be accounted for. In turn, this variation in
pinning geometry may have a large effect on the net result
of combined deformation and GBM (Bate, 2001). In
materials with fast static grain growth, a dynamic
component might well be present, but may contribute
little to the overall grain growth. In natural rocks, Zener
pinning is a common feature (Olgaard, 1990; Mas and
Crowley, 1996; Krabbendam et al., 2003; Herwegh and
Berger, 2004). In such rocks, dynamic grain growth may
provide a significant contribution to the total grain growth.

1.2.2. Deformation mechanisms
SomeDGGmodels specifically focus on how physical

properties of GSS (diffusion) creep, whether or not
combined with GBS, can result in enhanced migration of
grain boundaries on the grain scale (Kim et al., 1999; Kim
and Hiraga, 2000) and down to the atomistic scale
(Haslam et al., 2003, 2004). Other models focus on the
effects of accommodation by GBS. This mechanism may
induce excess vacancies or dislocations in the grain bound-
ary region, which can increase grain boundary mobility
(Clark and Alden, 1973; Rabinovich and Trifonov, 1996)
or the driving force for GBM (Wilkinson and Caceres,
1984). Since our motivation for doing the current study
came from the results on forsterite, which did not show
evidence that production of dislocations or excess va-
cancies in the grain boundary region played a role, it will
not be considered further in this paper.

1.2.3. Deformation ‘mode’ and aspect ratio formation
Homogeneous ‘geometrical’ deformation is a sim-

plified way of strain accumulation and is not related to a
deformation mechanism with a specific microphysical
basis. Nevertheless, this type of deformation allows
straightforward straining of grain aggregates resulting in
an increasing aspect ratio and associated development of
a grain shape preferred orientation. In combination with
GBM, homogeneous deformation has been shown to
cause accelerating (Bate, 2001) as well as decelerating
effects (Bons and Urai, 1992) on grain growth. More
realistic modeling of deformation necessarily needs to
take into account inhomogeneous straining to some
extent, assuming a distributed grain size and a specific
GSS (diffusion with or without GBS) or GSI (disloca-
tion) creep mechanism. This will introduce a variable
level of heterogeneity in the accommodation of strain
between and/or within grains, which also may influence
aspect ratio formation (Bate, 2001).

1.2.4. Topological changes
Related to this are the various forms of grain neighbor

switching ‘events’ and changes in distribution of grain
coordination number and cellular defect fraction (Sato
et al., 1990; Sherwood and Hamilton, 1992). Grain neigh-
bor switching related models on static and dynamic
grain growth specifically base their grain growth (rate)



Fig. 1. Schematic drawing showing the evolution of a group of six grains undergoing surface energy driven GBM and neighbor switching, resulting in
normal grain growth (after Fig. 4 of Hillert, 1965); coordination number is shown within each grain. Average coordination number remains 6 at all
shown stages. Defect fraction is shown at each stage. (a) The initial state with two defects, i.e. one 5- and one 7-sided grain, Xd=2/6=0.33. (b) The 5-
sided grain has become 4-sided due to a neighbor switch (arrow), Xd=3/6=0.50. (c) The 4-sided grain has become 3-sided due to another switch
(arrow), Xd=3/6=0.50. (d) Finally the 3-sided grain has disappeared and thus net grain growth has taken place Xd=2/5=0.40. Note a 5- and a 7-sided
grain are still present in the final state.
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relations as a function of time (Hillert, 1965), strain
(Sato et al., 1990) and strain rate (Sherwood and
Hamilton, 1992, 1994; Seidensticker and Mayo, 1998b)
on the various ways of grain neighbor switching. Such
switching events can be considered as variants of defect
‘climb’ and ‘glide’ in analogy to the atomistic dis-
location theory. Measures to describe grain topology are
the arithmetic mean and second moment, i.e. the stan-
dard deviation, of the coordination number distribution
(e.g. Weaire and Kermode, 1983; Anderson, 1988;
Bons, 1993). Defect fraction is an additional way to
describe the state of the coordination number distribu-
tion with a single value. Recalling Von Neumann's rule
(1952), in two dimensions a 5-sided or lower coor-
dinated grain will tend to shrink while a 7 or higher
sided grain will tend to grow (Fig. 1). After a neighbor-
switching event, there is a chance that grains changed
their coordination number, resulting in a higher or lower
defect fraction. According to Hillert (1965), neighbor
Fig. 2. Schematic illustration of deformation (GBS+diffusion)
induced neighbor switching; coordination number is shown within
each grain. (a) Initial state with four 6-sided grains being subjected to
vertical compression, Xd=0/4=0.0. (b) Final state after deformation
and neighbor switching as top and bottom grains have become direct
neighbors and both gained an extra side, while the two middle grains
have been separated and both lost a side, Xd=4/4=1.0 (after Sherwood
and Hamilton, 1994, their Fig. 6).
switching during normal grain growth (Fig. 1), i.e.
surface energy driven GBM without any deformation,
occurs at a characteristic constant defect fraction of
0.75. Note that, although the defect fraction is constant,
the absolute number of defects must decrease, given
that the total number of all grains in the system decreases
with net grain growth. Individual grains may switch back
and forth from defect (non-hexagonal) to hexagonal
coordination, depending on the evolution of migrating
boundaries of neighboring grains.When deformation, e.g.
by some combination of GBS and diffusion creep, occurs
alongside normal grain growth, this can introduce extra
neighbor switching events (Fig. 2), resulting in a change
in defect fraction away from the steady state value of 0.75
for normal grain growth. If a higher fraction is produced,
enhanced grain growth is expected. The latter forms the
rationale for an analytically derived relation between
strain rate and DGG rate presented by Sherwood and
Hamilton (1992, 1994), expressed as:

d
:
dyn ¼ kd dd e: ð1Þ

where
.
ddyn is the DGG-rate, λ is a rate-parameter, d is the

instantaneous average grain size and ε˙ is the strain rate.
Note that d can vary between different grain growth
experiments as well as within a single experiment. Thus,
in practice, data are best compared by normalizing (1) by
the instantaneous average grain size (Seidensticker and
Mayo, 1998a):

d
:
dyn

d
¼ kd e

: ð2Þ

According to the model of Sherwood and Hamilton
(1992), the value of the rate-parameter λ largely depends
on the defect fraction, Xd, as they show that:

k ¼ k Vd Xd ð3Þ

where k′ is a scaling constant.



Fig. 3. Representation of the 2D finite element map of a grain
aggregate (modified after Piazolo, 2001, see her Fig. 3.2). Each
polygon domain (e.g. the light-gray area) forms a grain, which can be
assigned a number of properties, such as viscosity. All polygons can, if
desired, be triangulated to smaller elements using a Delaunay
triangulation routine. This triangulation is, in contrast to the polygons,
nodes and boundary segments, not permanent and can be used
temporarily e.g. for the basil deformation routine. Triangulation
elements may also have individual properties, including the stress and
strain state during deformation.
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From the above list of parameters that are of im-
portance in DGG, we concentrate on changes in to-
pology and, to a lesser extent, on changes in aspect ratio
(and related deformation ‘mode’), since these are
potentially useful as measurable microstructural para-
meters. In the approach of Sherwood and Hamilton
(1992), DGG is simply a response to extra neighbor
switching and increasing defect fraction induced by
some deformation event, irrespective of which physical
processes are actually involved in the neighbor switch-
ing. Therefore, as a first order approach, it appears
reasonable to model GBM in combination with simple
homogeneous deformation, which allows an unambig-
uous investigation of geometric effects of deformation
on defect fraction evolution and grain growth. More-
over, results are directly comparable to studies by Bons
and Urai (1992) and Bate (2001), which have already
proven this to be a successful way to simulate static
grain growth and DGG. However, these investigations
did not include quantitative analysis of topological
changes during their simulations. A logical next step
would be to perform GBM combined with inhomoge-
neous GSS creep simulations, which potentially predict
more realistic topological changes. The theory of
Sherwood and Hamilton (1992, 1994) on DGG predicts
extra neighbor switching by GBS and possible related
changes in coordination number distribution and defect
fraction for dynamically grown material. However, to
our knowledge, not many constraints are yet established
on the dependence of defect fraction on deformation,
leaving the value of λ in (1)–(3) with a large uncertainty.
Our approach will supply a first order calibration of such
variation in defect fraction, Xd (3).

2. Method

2.1. General approach

Grain microstructures of heat-treated and deformed
material can be analyzed to quantify defect fraction
using conventional image analysis techniques. Similar-
ly, 2D simulations allow quantification and systematic
investigation of various microstructural parameters, like
defect fraction, and their evolution. Such microstruc-
tural analysis forms a powerful tool to test neighbor
switching based DGG theories and verify/calibrate the
variation in defect fraction under conditions of com-
bined GBM and deformation. We concentrated on
single-phase material.

We used the 2D microstructural modeling package
ELLE to perform the simulations. This package pro-
vides a variety of routines to simulate individual mi-
croprocesses. In principle, ELLE is based upon a two-
dimensional network structure in which grains are re-
presented by polygons, and polygons are in turn defined
by a closed set of connected nodes (see Fig. 3, modified
after Piazolo, 2001). Straight boundary segments
connect the nodes, of which there are two types, i.e.
double nodes, connected to two neighboring nodes and
triple nodes, connected to three neighboring nodes
(Fig. 3). The latter reside at a triple point, where bound-
aries between three neighboring grains merge into one
point. Average distance between nodes is controlled by
user-defined parameters. Theminimum allowed distance
between two nodes, referred to as ‘switchdistance’, is set
to a fixed value in all tests andmaximum node separation
is defined as 2.2×switchdistance. In the general case
where separation is lower or higher than this range,
nodes are removed or added, respectively. If separation
between two triple nodes is below theminimum they will
switch neighbors rather than remove one of the triple
nodes. The modeled area is a square finite element map
(area set to 1000) with periodic boundaries, i.e. it is
continuous on opposite sides of the frame. In this way,
boundary effects are avoided as long as the modeled
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polygonal network is sufficiently fine-grained. For more
detailed information on the ELLE system, the reader is
referred to Jessell et al. (2001) and the ELLE website
(http://www.microstructure.info).

We effectively simulated contemporaneous activity
of deformation and GBM by iteratively combining small
strain and time steps of each separate process. To per-
form small steps of homogeneous deformation we used
an ELLE routine named elle_manuel. This routine sim-
ulates homogeneous simple shear deformation. Shear
strain step size is set as a displacement-value in the x-
direction of the finite element map. The ELLE rou-
tine elle_gg is used to simulate surface energy driven
GBM. elle_gg allows a quick (short computation times)
evaluation of surface energy driven GBM, without the
need to specify values for time, temperature and pressure,
or material parameters like grain boundary mobility and
activation energy for GBM. For a single boundary node,
local boundary curvature, w, is defined as 1/R, where R
is the radius of an imaginary circle fitted through the
specific node and its 2 neighboring boundary nodes. This
curvature, w, forms the local driving force for GBM
and is used to calculate the node-displacement, movdist,
per stage (i.e. the time-unit) according to the following
relation:

movdist ¼ wdM ð4Þ
whereM is a rate-constant comparable to GBM mobility,
defined as:

M ¼ speed�upd switchdistance2d 0:02 ð5Þ

In (5) speed_up limits the distance a nodemaymove in
any one stage and 0.02 is a fixed constant allowing the
value for speed_up to vary within the range 0.3–1. As
switchdistance is kept constant in all simulations, the
value ofM can only be varied by artificially changing the
speed_up-value. In (4) amaximumvalue formovdist is set
at 0.2×switchdistance to prevent large node movements,
in case of strong acute angles between nodes, which could
destabilize the network. The movement calculation is
done for each boundary node within each stage, where a
‘GBM time step’ consists of a specified number of stages.
The program outputs mean statistics on grain size, grain
shape and other parameters at a preset interval of stages.

We used basil, which is a finite element code for
calculating viscous deformation developed separately
from the Elle code (Barr and Houseman, 1992, 1996), to
simulate inhomogeneous GSS deformation. During a
basil deformation step, the polygonal network tempo-
rarily requires Delaunay triangulation (see Fig. 3). basil
simulates simple shear deformation like elle_manuel,
but rather than homogeneously deforming the micro-
structure (i.e. applying uniform viscosity), the program
permits a spatially variable Newtonian (or non-New-
tonian) viscosity. This way basil can model deformation
of an aggregate with variable internal viscosity as also
done by previous workers (Bons et al., 1997; Piazolo et
al., 2002; Jessell et al., 2004, 2005). Each grain in a
(starting) microstructure can be assigned a specific vis-
cosity-value depending on user-defined parameters.
Using this approach Piazolo (2001) and Piazolo et al.
(2002) calculated a dislocation density dependent
viscosity for each grain as:

g ¼ gbase þ q1=2 ð6Þ
where ρ is the dislocation density and ηbase is a base
viscosity specific to temperature, pressure conditions,
and mineral species. In the present study, it was not our
intention tomodel real values for viscosity corresponding
to a specific material and natural conditions. Rather, our
goal was to get a crude impression of the effect of spa-
tially variable viscosity in comparison to simple homo-
geneous deformation. We applied the same approach as
in (6) (by Piazolo et al., 2002), and calculated a grain size
dependent viscosity, according to the following relation:

g ¼ cd d3 ð7Þ
where d is the grain size, calculated as the equivalent
circular diameter of the grain area, and c is a scaling-factor
(arbitrarily set to 104). The grain size exponent is chosen to
be 3, a typical value for grain boundary diffusion controlled
creep. In practice, the approach in relation (7) allowed us to
model deformation with relative viscosity differences
between larger and smaller grains up to four orders of
magnitude (for the fine-grained starting microstructure),
similar to grain size dependent Newtonian creep. It is
emphasized that this sort of modeling of GSS deformation
is not based on any specific physical process; we simply
imply grain size dependence through an intrinsic variable
viscosity definition. After each GBM step, and before the
following basil deformation step, we recalculated the
viscosity value for each grain, as some grains may have
grown, while others may have shrunk. basil requires input
of boundary conditions on traction (stress) and/or velocity.
Maximum strains of the order of 100% are possible.

During every simulation, intermediate output fileswere
saved at regular time intervals such that the evolution of
grain size, grain coordination and grain shape can be
evaluated. Dynamic grain growth rate,

.
ddyn, was calculat-

ed according to the following relation (after Seidensticker
and Mayo, 1998a):

d
:
dyn ¼ ðdtotal � dstaticÞ=ttotal ð8Þ

http://www.microstructure.info


79A. Kellermann Slotemaker, J.H.P. de Bresser / Tectonophysics 427 (2006) 73–93
where dtotal is the grain size resulting from both static and
dynamic contributions to grain growth, and dstatic is the
statically grown grain size over a similar period of time,
ttotal.

A single starting microstructure has been used for all
simulations. It wasmade artificially, contains 1500 grains,
and is single phased with zero porosity (see Fig. 4). The
starting microstructure has close to lognormal grain size
Fig. 4. (a) Starting microstructure used for all simulations. Color-
coding represents grain size dependent viscosity variation. (b) Starting
grain size distribution, showing a close to log-normal shape. (c)
Starting coordination number distribution of approximate normal
shape (cf. Fayad et al., 1999).
distribution and normal grain coordination number
distributions (see Fig. 4b–c), similar to our forsterite
microstructure (McDonnell et al., 1999; Kellermann
Slotemaker et al., 2004). The microstructure is similar to
microstructures commonly observed in natural rocks (e.g.
Ranalli, 1984; Michibayashi, 1993; Dijkstra, 2001) and
synthetically prepared materials (Karato et al., 1986;
Rabinovich and Trifonov, 1996; Bergmann et al., 1998;
Fayad et al., 1999; Ter Heege et al., 2005; Zhilyaev et al.,
2005).

2.2. Simulations

As described above, simultaneous activity ofGBMand
deformation is modeled by iteratively combining small
time and shear strain steps of each process respectively.
Time is defined as the number of computational GBM
stages that have elapsed. A time step has a prescribed
number of GBM stages and is followed by a shear strain
step with a preset size. Shear strain rate is then calculated
as the ratio of shear strain step-size (dimensionless) over
GBM time step-size (i.e. no. of stages) resulting in a unit
of 1/stage. The GBM stage-unit used in the modeling
could be converted to an absolute amount of time if
constraints are available for the grain boundary mobility
of the relevant material. Two simulation types (A and B)
of combined deformation and GBM were performed:

Type A: We used elle_manuel for small steps of
homogeneous deformation and elle_gg for small
time-steps of GBM. In total 16 constant shear strain
rate simulations were done up to a shear strain of 2,
where shear strain rate was varied over 2 orders of
magnitude.
Type B: We used basil for small steps of GSS creep
and again elle_gg for small steps of GBM. 7 constant
shear strain rate simulations were performed up to a
shear strain (γ) of 2, with strain rate being varied one
order of magnitude.

GBM time-step-size and shear strain step-size both
can change the strain rate, but the smaller the time step the
more closely truly contemporaneous activity of GBM and
deformation is simulated, i.e. smaller time steps give higher
resolution. Thus, to investigate grain growth behaviour at
varying strain rates, it is most practical to only vary strain
step-size and keep the time-step-size constant at a small
value, maintaining a constantly high resolution. On the
other hand, at constant strain rate a larger GBM time-step
allows a larger deformation-step size, giving lower
computation time. In about half of all simulations, we
used the smallest possible time step size of 1 stage, but for



Fig. 5. (a) Increase in grain size (i.e. average equivalent circular
diameter) resulting from simulation test15-st for static grain growth
(gray symbols and line) and for the combined deformation plus GBM
simulation (black symbols and line). (b) Evolution of defect fraction
and aspect ratio for test15. Defect fraction and aspect ratio remain
more or less constant at their starting values during the static grain
growth simulation, while they show gradual but significant increase
for the combined deformation plus GBM simulation.

Table 1
List of all simulations and specific preset test-conditions

Test
no.a

Simulation
typeb

Shear
strain-step-
size

GBM time-
step-size
(stages)

Shear
strain rate
(1/stage)

GBM
speed-up
factor

test33 A 1.0E−04 1 1.0E−04 0.3
test16 A 2.0E−04 1 2.0E−04 0.3
test19 A 4.0E−04 1 4.0E−04 0.3
test17 A 1.0E−03 1 1.0E−03 0.3
test15 A 2.0E−03 1 2.0E−03 0.3
test20 A 4.0E−03 1 4.0E−03 0.3
test18 A 1.0E−02 1 1.0E−02 0.3
test14 A 2.0E−02 1 2.0E−02 0.3
test34 A 5.0E−04 5 1.0E−04 1
test32 A 1.0E−03 5 2.0E−04 1
test31 A 2.0E−03 5 4.0E−04 1
test30 A 5.0E−03 5 1.0E−03 1
test29 A 1.0E−02 5 2.0E−03 1
test13 A 2.0E−02 5 4.0E−03 1
test25 A 5.0E−02 5 1.0E−02 1
test27 A 1.0E−01 5 2.0E−02 1
test23 B 4.0E−03 1 4.0E−03 0.3
test21 B 1.0E−02 1 1.0E−02 0.3
test22 B 2.0E−02 1 2.0E−02 0.3
test28 B 1.0E−02 5 2.0E−03 1
test11 B 2.0E−02 5 4.0E−03 1
test24 B 5.0E−02 5 1.0E−02 1
test26 B 1.0E−01 5 2.0E−02 1

a Note that each test number refers to both a combined GBM plus
deformation test and a complementary single GBM test. All tests
started with the same microstructure.
b A=homogeneous ‘geometrical’ deformation; B=heterogeneous

GSS deformation.
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practical (calculation-time) reasons the other half was done
using a time step size of 5 stages. This also gave us the
chance to check how sensitive the simulations were to a (5-
fold) decrease in resolution. Furthermore, to detect the
presence of possible large statistical uncertainties caused by
a significant decrease in number of grains over long time
periods (when imposing slow strain rates), we also varied
the speed_up parameter in (5), setting its value to 1 or 0.3.
This resulted in two combinations of preset test parameters
for both type A and B simulations.We will refer to them as
respectively the ‘5&1’ and the ‘1&0.3’ combination, where
the first number refers to the GBM time step size (5 or 1)
and the second number to the speed_up value (1 or 0.3). In
addition, complementary static grain growth tests were
done for each combined GBM+deformation simulation
over similar periods of time, to be able to compare grain
growth behaviour with and without contemporaneous
deformation. A complete list of all simulations and specific
preset conditions is given in Table 1. In the following, we
will refer to a combined GBM-deformation simulation as
‘testXX-dyn’ and to a complementary static grain growth
simulation as ‘testXX-st’.
3. Results

3.1. Normal grain growth

A representative example of grain growth (test15-st)
produced when only GBM is allowed to occur is shown
in Fig. 5a. To show that this and other simulations
produced realistic static grain growth kinetics, we used
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the conventional grain growth law (after Burke and
Turnbull, 1952; Atkinson, 1988; Evans et al., 2001)
given by:

ðdstaticÞn � ðd0Þn ¼ kd t ð8Þ

where d0 is the initial grain size, t is time, n is the grain
growth exponent (typically varying between 2 and 5;
Evans et al., 2001), and k is a temperature-dependent
rate constant. Using linear regression analysis in
(dstatic)

n− (d0)
n versus t space, and taking k as a cons-

tant, a best fit of the growth data of test15-st to Eq. (8)
gives n=2.0, with a correlation coefficient, R2, of
0.9990. Considering all static grain growth tests with a
minimum duration of 500 stages, we found the average
best-fit n-value is 2.3±0.3. More pronounced variation
occurs in shorter duration tests, i.e. for tb500 stages.
Thus, following an initial transient stage, static grain
growth conforms well to the theoretical ‘exponential’
law (Eq. (8)). Furthermore, defect fraction and aspect
ratio are both more or less constant during normal grain
growth, as shown by characteristic plots of both
parameters versus time for test15-st in Fig. 5b. For a
quantitative overview of the microstructural parameters
Table 2
Quantitative overview of main simulation results for all tests

Test
no.

Duration
(stages)

Final values GBM test (static grain
growth)

Final values GBM

No. of
grains

Average
grain size

Defect
fraction

Shear
strain

No. of
grains

test33 20000 213 2.44 0.54 2.0 199
test16 10000 355 1.89 0.69 2.0 319
test19 5000 559 1.51 0.72 2.0 496
test17 2000 849 1.22 0.68 2.0 770
test15 1000 1096 1.08 0.70 2.0 996
test20 500 1265 1.00 0.70 2.0 1184
test18 200 1401 0.95 0.71 2.0 1333
test14 100 1438 0.94 0.70 2.0 1397
test34 20000 84 3.89 0.71 2.0 76
test32 10000 159 2.83 0.62 2.0 140
test31 5000 244 2.28 0.59 2.0 235
test30 2000 468 1.65 0.71 2.0 424
test29 1000 694 1.35 0.68 2.0 615
test13 500 922 1.18 0.70 2.0 841
test25 200 1210 1.03 0.70 2.0 1117
test27 100 1341 0.97 0.71 2.0 1253
test23 450 1284 1.00 0.70 1.8 1204
test21 160 1412 0.95 0.70 1.6 1376
test22 90 1449 0.94 0.70 1.8 1407
test28 1000 694 1.35 0.68 2.0 585
test11 500 922 1.18 0.70 2.0 798
test24 200 1210 1.03 0.70 2.0 1161
test26 100 1341 0.97 0.71 2.0 1277
for all tests see Table 2. In general, defect fraction only
slightly varies between 0.67 and 0.72, with an exception
for a few tests with a duration≥5000 stages, where its
value can drop as low as 0.54 (Table 2). Microstructural
evolution during static grain growth (test15-st) is shown
in Fig. 6a–e at time intervals of 250 stages.

3.2. Combined GBM and homogeneous deformation

3.2.1. Dynamic grain growth and evolution of grain
geometry

In the case of combined GBM and homogeneous de-
formation, a component of extra ‘dynamic’ grain growth
is observed compared to the static grain growth curve.
This is well illustrated by the results of test15-dyn (Fig. 5a).
Both defect fraction and aspect ratio significantly increase
with time (and strain) compared to the semi-constant
values measured during normal grain growth (Figs. 5b and
6f–j). Increase of defect fraction (from an initial value of
0.71) is gradual and reaches values up to 0.81 at the end of
the runs, where γ=2. This microstructural evolution is
consistently found to be the same in all of the combined
deformation plus GBM tests. Final defect fraction values
of all simulations are summarized in Table 2.
+def test (dynamic grain growth) Average
DGG-rate
(1/stage)

Average
grain size

Defect
fraction

Aspect
ratio

DGG-
fraction (%)

2.53 0.75 2.05 5.26 8.03*10−7

2.00 0.72 2.12 9.66 4.61*10−6

1.60 0.81 2.24 13.66 1.14*10−5

1.29 0.80 2.42 16.81 2.61*10−5

1.13 0.81 2.59 25.23 4.97*10−5

1.04 0.80 2.97 29.17 8.33*10−5

0.98 0.80 3.69 42.87 1.22*10−4

0.95 0.77 4.45 41.09 1.57*10−4

4.09 0.68 1.95 6.30 4.73*10−6

3.02 0.68 2.02 8.88 4.19*10−6

2.33 0.77 2.05 3.08 4.92*10−6

1.73 0.81 2.18 10.29 2.90*10−5

1.44 0.80 2.32 16.30 5.05*10−5

1.23 0.82 2.44 17.89 1.05*10−4

1.07 0.80 2.73 28.60 2.23*10−4

1.01 0.81 3.19 38.78 3.63*10−4

1.03 0.82 2.84 30.41 8.03*10−5

0.96 0.79 3.27 30.39 7.76*10−5

0.95 0.79 3.94 46.35 1.36*10−4

1.48 0.80 2.12 21.81 7.65*10−5

1.26 0.83 2.30 25.75 1.56*10−4

1.05 0.78 2.73 17.02 2.23*10−4

1.00 0.81 3.21 31.24 2.51*10−4



Fig. 6. Microstructural evolution during test15 of (a)–(e) the static grain growth simulation and (f)–(j) the combined deformation plus GBM
simulation.
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Fig. 8. Log-scale plot of average normalized DGG rate versus natural
strain rate for all Type A, i.e. homogeneous deformation plus GBM,
combined tests. A linear trend line is shown for Eq. (2), if λ and k′ in
(3) are constant.
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3.2.2. Dynamic grain growth rate and effect of strain
rate

The rate of DGG is evaluated for all simulations
using relation (2). The normalized DGG rate shows
more or less constant behaviour with ongoing strain/
time at constant strain rate after an initial period of
transient DGG rates (Fig. 7). For most simulations, a
continuous slight decrease in DGG rate is observed at
shear strains above 1.0. This is best seen in the higher
strain rate tests. However, this decrease of normalized
DGG-rate with time is small compared to the increase
in DDG rate with increasing strain rate (cf. test14-dyn
to test33-dyn; Fig. 7). To get a better picture of how
DGG-rate increases with strain rate, we calculated the
average normalized DGG-rate for each test, using only
data for γ=1 and higher, i.e. when the dynamic grain
growth rate is more or less constant. The increase of the
averaged normalized DGG rate with strain rate is
shown in Fig. 8. The two different curves in Fig.
8 correspond to the two different combinations of
‘GBM time-step size’ and ‘speed_up’-values (see Table
1). As long as λ and k′ in Eqs. (1)–(3) are constant, a
linear relation with a slope of 1 can be expected
between DGG rate and natural strain rate (in the log–
log space of Fig. 8). This appears to be the case for
intermediate values of strain rate, where both types of
GBM+deformation combinations overlap. At higher
strain rates, data lie below this linear trend, implying
decreasing values for λ (cf. Eq. (2)). This is more
pronounced for the 1&0.3 combination. Also at low
strain values, the data do not follow the linear trend of
Fig. 7. Evolution of normalized DGG rate with strain for all Type A,
1&0.3-combination tests.
the intermediate strain rates, the 5&1.0 value being
anomalously different.

Fig. 9 shows the final average aspect ratio of the
grains at γ=2 as a function of strain rate. We observe
more flattening (increase in aspect ratio) when the strain
rate is higher. Moreover, Fig. 9 shows that for high
resolution but low speed_up (1&0.3) there is signifi-
cantly more increase in aspect ratio, especially at the
highest strain rates, compared to lower resolution but
higher speed_up (5&1.0).

The evolution of defect fraction with strain, as a
function of strain rate, is shown in Fig. 10. There is some
scatter in defect fraction evolution with varying strain
rate, but no systematic dependence on strain rate emerges
from the data (Fig. 10a,c). At shear strains above∼1.4, a
Fig. 9. Dependence of aspect ratio on strain rate for all Type A tests, i.e.
homogeneous plus GBM. Aspect ratios taken at shear strain of 2.



Fig. 10. Evolution of defect fraction, Xd, with strain for all Type A tests; (a) 1&0.3-combination tests with shear strain rate N4.0×10−4, (b) 1&0.3-
combination tests with shear strain rate≤4.0×10−4, (c) 5&1.0-combination tests with shear strain rate N4.0×10−4, (d) 5&1.0-combination tests with
shear strain rate ≤4.0×10−4.
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constant value for the defect fraction is approached
within the range 0.76–0.81. While trends are clearly
defined at fast strain rates, defect fractions for both single
GBM and GBM plus deformation irregularly vary and
reach lower values as a function of strain at low shear
strain rates, i.e. ≤4.0×10−4 (Fig. 10b,d and Table 2).

3.3. Combined GBM and GSS deformation

3.3.1. Dynamic grain growth and evolution of grain
geometry

Test28-dyn (Table 2)) is a representative example of
combined GBM and GSS deformation at an intermediate
strain rate. In this test, we observed more DGG during
GSS deformation compared to homogeneous deforma-
tion (test29-dyn) (Fig. 11a). The evolution of defect
fraction is similar to that in the homogeneous case,
but less increase in aspect ratio is observed (Fig. 11b).
Qualitatively, small grains in the distribution seem to
develop a stronger grain shape preferred orientation than
larger grains, but with decreasing grain size at the final
shrinking stages, this stronger aspect ratio diminishes
again (Fig. 12).

3.3.2. Dynamic grain growth rate and effect of strain
rate

Fig. 13 shows the dependence of DGG rate on strain
rate for all GSS deformation plus GBM combined
simulations. For the type B 5&1.0-combination, the
usual increasing trend in DGG rate with increasing
strain rate is observed, but at higher strain rates there is a
strong deviation from the linear trend expected if λ (and
k′) is constant (Fig. 13). All type B 1&0.3 simulations
show lower DGG rates and no real trend can be
observed. This is partly due to the fact that the range in
strain rate is small and restricted to the higher values:
because of rapidly increasing calculation times it
became impractical to perform type B simulations at
lower strain rates. It is only at the lowest two applied
strain rates for the type B 5&1.0-combination, i.e.
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test28-dyn and test11-dyn, that we observe a higher
DGG rate when compared to the equivalent homoge-
neous deformation tests. All remaining GSS deforma-
tion tests show a lower or equal DGG rate (Fig. 13),
suggesting lower or equal λ-values. Similarly, aspect
ratio analysis only shows significantly lower values for
test28-dyn and test11-dyn (Fig. 14). The microstructure
developed in the higher strain rate tests (test21-dyn to
test24-dyn and test26-dyn) shows that small grains
locally develop unrealistically large aspect ratios.
Furthermore, only a few small grains seem to be able
Fig. 12. Microstructures (lower left quarter of modeled square cell) of
test13 (upper image) and test11 (lower image) at a shear strain of 2.
Test13 is a homogenous deformation plus GBM combined simulation
showing a clear homogenous flattening of all (large and small) grains.
Test11 is the equivalent GSS deformation plus GBM combined
simulation showing that, in comparison to test13, larger grains are less
flattened, while smaller grains have higher aspect ratios. Note the few
smallest grains that show a more or less equidimensional shape.

Fig. 11. (a) Evolution of grain size with time for static grain growth
(GBM) (dotted line and diamond gray symbols, test28–29), combined
GBM plus homogeneous deformation (continuous line and diamond
black symbols, test29), and combined GBM plus GSS deformation
(continuous line and triangle symbols, test28). Note enhanced grain
growth in the GBM plus GSS deformation run (test29) compared with
the other types of simulation. (b) Evolution of defect fraction and
aspect ratio for GBM plus deformation (homogeneous or GSS); both
show gradual but significant increase.
to shrink enough for them to regain a more or less
equidimensional shape (Fig. 15). This delayed their final
disappearance.

4. Discussion

4.1. Mechanism of modeled DGG

Using 2Dmicrostructural modeling to combine simple
homogeneous (or inhomogeneous GSS) deformation and



Fig. 13. Log-scale plot of average normalized DGG rate versus natural
strain rate for all type B, i.e. GSS deformation plus GBM, combined
tests. Type A tests are also shown as lines without symbols for
comparison (taken from Fig. 8).
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GBM,we observed a component of grain growth not seen
under static conditions. In other words, we produced
strain induced (dynamic) grain growth. In association
with the dynamic grain growth, a systematic increase in
cellular defect fraction, Xd (3), as a function of strain was
observed (Figs. 5b and 10). A change in defect fraction,
and hence in grain topology, together with a change in
average grain size, implies that extra grain neighbor
switching must have taken place. Our modeling thereby
demonstrates the general validity of the hypothesis that
extra neighbor switching induced by deformation causes
an increase in cellular defect fraction, which in turn leads
to enhanced grain growth. Our modeling involved
Fig. 15. Microstructures (lower left quarter of modeled square cell) of
test27 (upper image) and test26 (lower image) at a shear strain of 2 and
higher strain rate than in Fig. 12. Test27 is a homogenous deformation
plus GBM combined simulation showing a clear homogenous
flattening of all (large and small) grains. Test26 is the equivalent
GSS deformation plus GBM combined simulation showing that, in
comparison to test27, larger grains are less flattened, while smaller
grains have higher aspect ratios. Moreover differences in aspect ratio
between large and small grains have become more pronounced, such
that now also most of the smallest grains show significant flattening.

Fig. 14. Dependence of aspect ratio on strain rate for all type B, i.e.
homogeneous plus GBM, combined tests at constant shear strain of 1.6
for the 1&0.3 combination and at a shear strain of 2 for the 5&1.0
combination. Equivalent type A values are also included for
comparison.
homogeneous or inhomogeneous straining of grains
rather than GBS plus accommodating diffusion creep
(cf. Fig. 2). Grain neighbor switching in our deforming
aggregates with distributed grain size and coordination
number can be envisaged as depicted in Fig. 16. Here it is
schematically shown how extra deformation-induced
neighbor switching can take place compared to static
GBM. Compared to one switching event in Fig. 1b, two



Fig. 16. Schematic drawing of geometrical strain plus GBM induced grain neighbor switching in an aggregate with distributed grain size and
coordination number. (a) Initial microstructure similar to Fig. 1a, Xd=2/6=0.33. (b) Sheared microstructure, small arrows indicate grain boundary
segments of the 5-sided grain, which are bounded by distorted triple junctions, i.e. ≠120 angles, Xd=2/6=0.33. (c) The unstable triple junctions have
moved toward each other via GBM to regain a stable geometry, Xd=2/6=0.3. (d) Ongoing GBM has led to 2 switching reactions and the 5-sided grain
has become 3-sided. Only one 6-sided grain remains, giving a defect fraction of 0.83 in this particular microstructure.
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switching events occurred in Fig. 16d, leading to a higher
defect fraction and more rapidly shrinking small grains.
For example, compare the 3-sided grain in Fig. 16d with
the larger 4-sided grain in Fig. 1b.

Any 2D grain neighbor switching event is preceded
by a stage in which the grain boundaries involved form a
quadruple point. There are various ways to develop a
quadruple point. One scenario, proposed by Bons and
Urai (1992; their Fig. 10), showed how homogeneous
flattening of a group of 4 equally-sized ideal hexagonal
grains (Fig. 2a) can result in (extra) surface-energy-
driven GBM, leading to strain-induced neighbor switch-
ing without grain growth. In their approach, the evo-
lution of grain boundary geometries up to ca. 40%
shortening (0.5 natural strain) results in an unstable
stage when two triple points merge into a quadruple
point, where the boundaries intersect at 60° and 120°
angles. In this evolution, grains develop an elongated
shape (aspect ratio N1). Pure grain boundary or lattice
diffusion (Coble or Nabarro-Herring) creep can produce
a similar quadruple point. These diffusion mechanisms
change the shape of the grains, as is the case in the Bons
and Urai (1992) scenario, but do not disturb the 120°
equilibrium angles at triple points. Although the theories
behind conventional Coble and Nabarro-Herring GSS
creep do not explicitly include any grain switching, such
microstructural modification is inevitable for the 4 grain-
aggregate with ideal hexagonal grains as used by Bons
and Urai (1992), as can be seen in Fig. 2. Ashby and
Verrall (1973) explicitly incorporate neighbor switching
in a model for diffusion-accommodated GBS and also
predict a quadruple point stage at ca. 40% shortening (cf.
Bons and Urai, 1992). In contrast to the above scenarios,
in their model all boundaries are now at 90° angles, and no
elongated grain shape develops. Further, Ashby and Ver-
rall's model presumes a completely different flow pattern
on the grain scale, i.e. less volume displaced per unit strain
and a shorter length of diffusion pathways compared to
conventional GSS creep. Irrespective of how a quadruple
point develops, the geometry will be unstable and will be
modified by a subsequent stage of GBM to re-equilibrate
grain boundaries. As a result, a single indistinguishable
grain boundary geometry develops, with equal-sized and
equidimensional hexagonal grains. We suggest it is
reasonable to assume that all types of deformation-related
neighbor switching lead to similar changes in topology of
aggregates with distributed grain size and distributed
coordination number (in contrast to an idealized honey-
comb network). This may affect two measurable micro-
structural parameters: (1) it can increase the defect
fraction, following Sherwood and Hamilton (1992), and
(2) it can enhance the grain growth. Both of these effects
are observed in all our tests. Two important caveats to the
above must be dealt with. First, the homogeneous
flattening as modeled in the present study lacks a true
physical basis in terms of a specific deformation
mechanism. Thus, process rates as seen in the modeling,
for instance the number of grain switching events per
strain or time increment, might be very different from
nature. However, from the above it appears that flattening
plus GBM, as applied in simulations (Bons and Urai,
1992), will produce neighbor switching at roughly the
same strain as predicted for theoretically based diffusion-
accommodated GBS or conventional GSS creep. The
amount of strain necessary to induce a neighbor switching,
obviously, controls the number of switching events per
time unit (at a certain strain rate) and thusmost likely effects
the resulting dynamic grain growth rate. We therefore do
not expect large differences in dynamic grain growth rate to
be produced by the present modeling, in experiments, or in
nature. A second point is that the present modeling pro-
duces a strong grain shape preferred orientation with
increasing strain. However, in real materials and natural
rocks deformed by dominant GSS creep, a large com-
ponent of GBS is frequently inferred and grain-shapes are
more or less equidimensional even if large strains were
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reached. This marked difference between the present
modeling and nature does result in dissimilar (dynamic)
grain growth rates, which will be discussed further below.

4.2. Microstructural evolution and strain rate effects

Together with a gradual increase in defect fraction,
we also observed an increase in aspect ratio with strain
(Fig. 5b). Bons and Urai (1992) performed similar
combined GBM plus deformation simulations to those
of our study and observed that GBM tends to impede the
increase in aspect ratio when compared to deformation
without GBM. They further concluded that the presence
of a strong aspect ratio slows down grain growth. This
conclusion was based on the comparison of results from
twomodeling runs with different starting microstructures.
In one run, an initial microstructure was homogeneously
flattened first, before static grain growth was allowed. In
the other run, the same initial microstructure was allowed
to grow without prior deformation. Our approach was
different, since grain growth and flattening occurred
(quasi) simultaneously. Nevertheless, we confirm the
conclusion of Bons and Urai (1992) as shown by our
observation of a small but systematic decrease in DGG
rate with strain (i.e. flattening) at constant strain rate (see
Fig. 7), together with a prominent decelerating increase in
DGG-rate with increasing strain rate (see Fig. 8). This
correlates well with a strain- and strain rate-dependent
increase of aspect ratio (see Figs. 6 and 9). In our simu-
lations, the retarding effect of aspect ratio formation on
grain growth does not result in less net grain growth
compared to the static tests. This is because of the en-
hancing effect of deformation on grain growth related to
neighbor switching, which probably dominates the
impeding effect of aspect ratio increase.

The divergence between the 5&1.0 and 1&0.3 com-
binations in Fig. 8 at higher shear strain rates (2×10−3–
2×10−2) appears strongly related to stronger aspect
ratio formation at a lower speed_up -value (or GBM
mobility), as shown in Fig. 9. At lower intermediate
shear strain rates (4×10−4–2×10−3), both combina-
tions overlap and the DGG rate parameter λ in relations
(1)–(3) is more or less constant (Fig. 8). In addition, we
found a very consistent increase in defect fraction, Xd

(3), which approaches a constant level around 0.81 at
these strain rates (see Fig. 10a,c). In other words, both
rate parameter λ and defect fraction remain constant
with increasing (intermediate) strain rate. Moreover, the
decrease in λ at the lowest shear strain rates (1×10−4–
4×10−4) correlates well with the decreasing trend in
defect fraction for static grain growth tests and with the
greater variability and smaller increase in defect
fraction for combined GBM plus deformation tests
(Fig. 10b,d). This supports the hypothesis that λ is
strongly related to defect fraction, Xd, as in Eq. (3). At
lower strain rates, the increased variability in defect
fraction is probably an artifact of the decrease in number
of grains after long periods of time. This causes statistical
inconsistencies in the distributions in grain size and
coordination number of the strongly coarsened modeled
aggregate. This must also have triggered the anomalous
high DGG-rate at the lowest stain rate for the 5&1.0
combination (test34-dyn), as this microstructure experi-
enced the greatest amount of grain growth of all the
simulations; in fact only 76 grains remained from the
1500 grains at the start (see also Table 2).

4.3. The effect of GSS deformation

In order to obtain a crude impression of the effect of
GSS deformation, we invoked viscosity decrease with
decreasing grain size in our model, so that smaller grains
were more easily deformed and flattened than larger
grains (Fig. 12). Compared to grains undergoing homo-
geneous deformation, this resulted in a more heteroge-
neous evolution of aspect ratio and grain shape preferred
orientation, which can explain higher DGG rates at
slower strain rates and lower DGG rates at higher strain
rates. At intermediate strain rates, the local strain heter-
ogeneities between larger and smaller grains result into a
lower overall aspect ratio (test28-dyn and test11-dyn,
Fig. 14) and thus higher DGG rates compared to homo-
geneous deformation under the same conditions. The
higher strain rates and/or lower speed_up values in all
other GSS tests result in similar aspect ratios compared
to homogenous deformation. Nevertheless, the strain
heterogeneities are perhaps even more prominent in
these tests (Fig. 15) and we propose that, in this case,
GBM of the now strongly flattened smallest grain size
fraction cannot keep up with the deformation (see also
Bate, 2001). This may impede final shrinkage and may
prevent disappearance of these smallest grains (Fig. 15),
leading to lower DGG rates compared to homogeneous
deformation. Advances in modeling techniques eventu-
ally will allow more physically based simulation of GSS
creep, possibly including accommodation by GBS and
grain rotation (e.g. Ford et al., 2002) to be incorporated
in ELLE. This will limit the formation of a strong aspect
ratio and its significant effect on DGG behaviour at high
strain rates and would make the results better applicable
to interpreting the behaviour of natural rocks and super-
plastically deformed materials. Our goal in the present
study was only to investigate whether GBM plus geo-
metrical (in)homogeneous deformation could induce



Fig. 17. Log-scale plot of average normalized DGG rate versus natural
strain rate for all simulations of this study (of Figs. 6 and 13) compared
to the average linear relationship calibrated by Seidensticker and Mayo
(1998a,b) and the upper and lower bounds of this calibration.

89A. Kellermann Slotemaker, J.H.P. de Bresser / Tectonophysics 427 (2006) 73–93
extra neighbor switching, resulting in a higher defect
fraction and in enhanced grain growth.

As noted above, an increase in aspect ratio is found to
have a strong decelerating effect on the rate of dynamic
grain growth. We further emphasize that in this study we
did not include dislocation activity, related grain size
reduction, formation of interconnected weak layers, or
other development of organized strain heterogeneities.
In case these processes are active, an increasing dy-
namic grain growth rate with increasing strain rate will
be difficult to interpret, in particular because faster strain
rate generally gives higher stresses resulting in smaller
(!) recrystallized grain sizes. In the following sections
we will further elaborate on the relevance of the model
results for natural systems and experiments on real
materials.

4.4. Comparison to existing models and experimental
work

The various theoretical, modeling and experimental
studies on DGG have indicated a range of values for the
strain rate sensitivity of rate parameter λ in (1)–(3),
from 0.13 (Seidensticker and Mayo, 1998a) up to ∼1
(Wilkinson and Caceres, 1984). Seidensticker and
Mayo (1998a) summarized DGG data on a wide
range of metallic and ceramic materials tested within
a large range of temperatures and found surprisingly
consistent strain rate dependency. The compiled data of
Seidensticker and Mayo (1998a) fall within a band of
linear strain rate sensitivity λ with upper and lower
limits of 0.04 and 1, respectively (average 0.13). A
comparison of our data to the calibration by Seiden-
sticker and Mayo (1998a) is shown in Fig. 17. Our
simulation data for λ (Figs. 8, 11 and 17) vary between
0.07 and 0.01, and are positioned near the lower limit
of the range for real materials of Seidensticker and
Mayo (1998a). This first order agreement of the
modeling results with experimental data on real
materials gives confidence in the general validity of
our conclusions. If anomalous aspect ratio development
in future modeling can be reduced (see Section 4.3),
DGG rate might very well reach the average λ of 0.13.
At the highest strain rates, the experimental record
shows incipient breakdown of the linear relationship
due to a supposed deformation mechanism switch from
superplasticity to dislocation creep (Wilkinson and
Caceres, 1984). This nicely agrees with the lower DGG
rate values predicted in this study at the highest strain
rates. If such a mechanism switch is accompanied by an
increase in aspect ratio formation, our modeling may
provide a good approximation of this breakdown in the
linear trend of natural strain rate vs. normalized DGG
rate.

The microstructural modeling study of Bate (2001)
investigated GBM during deformation of uniform Zener-
pinned aggregates and produced higher DGG rates and λ
(0.4 to 0.5) than those from the compilation of
Seidensticker and Mayo (1998a) or from our simulation
runs. This suggests that if Zener-pinning could be intro-
duced into our simulations, the component of dynamic
grain growth may well be significantly larger. We aim to
take this into account in future modeling, as our forsterite
microstructures (Kellermann Slotemaker et al., 2004) also
showed definite effects of grain boundary pinning. It is
worth noting that the ELLE system has the potential to
model non-uniform Zener-drag by introducing an uncon-
nected distribution of discrete second phase grains into the
microstructure, which would be even more realistic than
the applied uniform Zener-drag by Bate (2001).

4.5. Relevance of the model results to natural rocks

The results of the ELLE 2D microstructural modeling
suggest that analysis of the fraction of non-hexagonal
grains in a deformedmaterial represents a way to establish
whether dynamic grain growth has occurred. Recognizing
this process in natural rocks can be of great help in the
interpretation of the rheological behaviour in a geody-
namic context. In order to test and illustrate the potential
of defect fraction analysis, we measured defect fractions
in some natural calcite mylonites from the Helvetic Alps,
Switzerland. The samples were selected from a suite of
calcite rocks that show significant syndeformational grain
growth, analyzed in detail by Herwegh et al. (2005). The



Fig. 18. Plots of microstructural data versus temperature for 5 selected
calcite mylonite samples (a) increase of grain size with increasing
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mylonites come from thrust planes in a nappe stack
consisting of the Doldenhorn, Gellihorn and Wildhorn
nappes. The initially fine-grained limestones were
inferred to have been deformed at a strain rate of about
10−11 s−1 and a temperature between 250 and 379 °C.
With increasing deformation temperature, the grain size
and grain aspect ratio increases (Table 3, Fig. 18), while
the crystallographic preferred orientation of calcite c-axes
remains of similar strength. Rheological modeling using
full grain size distributions and composite flow laws for
GSS and grain size insensitive (GSI) creep (see Ter Heege
et al., 2004) indicate an increase in the GSS component of
the overall creep rate with increasing temperature (see
Table 3). From themeasurements andmodeling, Herwegh
et al. (2005) concluded that with increasing temperature
(a) grain growth became the major microstructure
modification process in the fine-grained rocks, and (b)
enhanced mass transfer / diffusion processes occurred,
rather than increased activity of dislocation mechanisms.

The same (2D) grain boundary maps as used by
Herwegh et al. (2005) were taken to measure grain
coordination numbers and to determine defect fractions
(Table 3, Fig. 18). The defect fraction was found to be
relatively low (∼0.75) at low temperature, in samples
dominantly deformed by GSI mechanisms. Given that
these samples were highly strained, but show small grain
sizes and low aspect ratios, competition between grain
growth and grain size reduction must have kept the grains
relatively small and close to equidimensional. This pro-
duced a microstructure that looks ‘static’, which is con-
sistent with the low defect fraction. In contrast, the calcite
mylonites deformed at higher temperature show high
defect fractions (∼0.9). The increase in defect fraction
corresponds to the change in slope in the grain size vs.
temperature and aspect ratio vs. temperature trends
(Fig. 18). Following Herwegh et al. (2005), these mi-
crostructure modifications indicate an increased contribu-
Table 3
Data overview natural calcite mylonites

Sample Temp,
T (°C)

1/T
(103/K)

Grain
size
(μm)

Aspect
ratio

%
GSSa

(%)

Defect
fraction

Ge-3 250 1.91 2.5 1.25 ∼0.3 0.76
Wi-16 317 1.69 7.0 1.56 ∼2.0 0.74
Do-8 345 1.62 10.7 1.47 93–100 0.78
Do-28 361 1.58 23.7 1.75 60–100 0.91
Jung-986 379 1.53 40.6 2.78 31–87 0.93

a %GSS indicates the relative contribution of GSS creep to the total.
Calculation of %GSS depends on the character of the grain size
distribution, chosen experimentally calibrated flow laws and assump-
tions regarding homogeneous stress or homogeneous strain rate
through the aggregate (see Herwegh et al., 2005).

temperature, (b) increase of aspect ratio with increasing temperature
and (c) increase in defect fraction with increasing temperature (see also
Table 3).
tion of grain growth to the grain size stabilization process.
Apparently, anisotropic grain growth becomes more pro-
minent at higher temperature, related to amore pronounced
contribution of GSS mechanisms to the overall creep. The
higher defect fraction at higher temperature is fully
consistent with this, suggesting grain neighbor switching
played an important role in the deformation.

In summary, the increased component of syndefor-
mational grain growth and the enhanced contribution of
GSS creep mechanisms to the overall creep inferred by
Herwegh et al. (2005) for the Helevetic limestones are
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reflected in an increase in fraction of non-hexagonal
grains. An analysis of defect fractions therefore helps in
interpreting the development of natural microstructures.

5. Conclusions

We used a 2D microstructural modeling approach to
investigate the evolution of defect fraction (i.e. the
fraction of non-hexagonal grains) during combined grain
boundary migration and deformation to test the hypoth-
esis that strain-induced neighbor switching can result in
enhanced grain growth. We conclude the following.

1. Using simple 2D microstructural modeling of grain
growth during deformation we were able to produce
a component of grain growth not seen under static
conditions.

2. This (component of) dynamic grain growth correlates
well with a systematic increase in defect fraction, Xd.
Starting with a value of 0.71, the defect fraction gra-
dually increases with strain, approaching a constant
level around 0.80 at shear strains above ∼1.4.

3. Non-linear strain rate sensitivity of dynamic grain
growth rate at the lowest and highest strain rates can be
linked to microstructural changes in grain topology
and geometry, namely varying defect fraction and
aspect ratio. This supports the hypothesis that the rate
parameter λ in the relation dḋyn=λ ·d ·ε˙ is strongly
related to defect fraction (ḋdyn=dynamic grain growth
rate, d=grain size and ε˙=strain rate).

4. At relatively low strain rates, dynamic grain growth
rate is faster if straining is simulated via inhomoge-
neous GSS creep rather than by simple homogeneous
deformation.

5. At intermediate strain rates,we found a good correlation
between our dynamic grain growth rate and strain rate
data and already published models and experiments on
dynamic grain growth. Both show a constant rate
parameter λ. The linear strain rate sensitivity and
constant defect fraction (∼0.8) observed at intermediate
strain rates in this study provides preliminary con-
straints on the variation of the rate parameter λ.

6. Analysis of defect fraction appears to be a good
microstructural tool for establishing whether or not a
material has experienced normal static (defect fraction
∼0.7) or dynamic (defect fraction∼0.8) grain growth.
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