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a b s t r a c t

Determination of the controlling nucleation and recrystallisation mechanisms from a samples micro-
structure are essential for understanding how the microstructure formed and evolved through time. The
aim of our research was to apply a quantified analytical approach to the identification of the controlling
nucleation, recrystallisation and microstructural modification mechanisms. We used electron backscatter
diffraction to quantify the microstructures of naturally deformed quartz-rich rocks which were deformed
at various temperature and pressure conditions. Our results show that ratios of the recrystallised grain
size to the subgrain size with values less than 1 (0.5e0.7 in the data presented here) suggest bulge
nucleation, whereas ratios of w1 suggest subgrain rotation nucleation. Other supporting evidence for
subgrain rotation nucleation is an increase in misorientation from the centre of an original protolith
‘parent’ grain to the edge. All samples show evidence for modification of the microstructure due to grain
boundary sliding including increased misorientation angles between grains and movement of recrys-
tallised grains between parent grains. By systematically analysing sample microstructures it is possible to
separate out evidence to determine the controlling nucleation and recrystallisation mechanisms, as well
as being able to identify microstructure modification mechanisms. Using microstructural quantification
via EBSD allows a systematic methodology to analyse samples from any location from an objective
viewpoint.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The microstructures of quartz rocks deformed by creep mecha-
nisms are important as they can be used to interpret deformation
processes and conditions (Bell and Etheridge, 1976; Lloyd and
Freeman, 1994; Poirier and Guillope, 1979; Urai et al., 1986) in the
Earth’s crust. The pattern of quartz crystallographic preferred
orientations (CPOs) (Schmid et al.,1986) can be used to constrain the
conditions of deformation and the kinematic strain path. Recrys-
tallised grain size can be used to estimate stress magnitudes (Ord
and Christie, 1984; Stipp and Tullis, 2003; Twiss, 1986). An under-
standing of dynamic recrystallisation is crucial to understanding
both CPO evolution and quantitative use of microstructures.

Dynamic recrystallisation processes are embedded in the
concept of the three regimes of dislocation creep that have been
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identified from the microstructures of experimentally deformed
quartz samples (Hirth and Tullis, 1992). Regime 1 represents lower
temperatures, faster strain rates and the microstructure is charac-
terised by inhomogenously deformed parent grains with patchy
undulatory extinction and very fine recrystallised grains. Regime 2
represents increased temperature or decreased strain rate, the
microstructure is characterised by flattened parent grains with
sweeping undulatory extinction. The microstructure can show
a core and mantle structure, and the recrystallised grain size is
similar to the subgrain size of the parent grains. Regime 3 repre-
sents high temperature or low strain rate, and the microstructure is
characterised by elongate parent grains with highly lobate
boundaries and a high proportion of recrystallised grains.

The dominant recrystallisation mechanisms in regimes 1e3
have become a particular focus of attention (Stipp et al., 2002a).
Strain-induced grain boundarymigration (SIGBM) (Urai et al., 1986)
and subgrain rotation recrystallisation (SGR) (Guillope and Poirier,
1979) are the two key processes identified as important in the
dynamic recrystallisation of minerals. There is general consensus
that regimes 1 and 3 are dominated by SIGBM, facilitated by a high
driving force (dislocation density) or a high mobility (related to
higher temperatures), respectively, and that regime 2 is dominated
rights reserved.
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by SGR recrystallisation (G. Hirth personal communication). The
nucleation mechanisms will control the initial recrystallised grain
size andwill influence the evolution of both rheology and CPOs. The
SGR nucleation mechanism dominates in regime 2 and may also be
an important nucleation mechanism in regime 3, creating new
grains that can then grow by SIGBM (Urai et al., 1986). Since
dislocation climb is difficult in regime 1 due to the low tempera-
tures, SGR should not be an effective nucleation mechanism
therefore nucleation is by grain boundary bulging. The relative
roles of SGR and bulging for nucleation of recrystallised grains in
each of the dislocation creep regimes have never been fully
established.

Bestmann and Prior (2003) and Wheeler et al. (2003) suggested
using the orientation of the recrystallised grains in relation to their
parent grains as a tool to indicate nucleation mechanism. Nucle-
ation via SGR or by bulging should both give rise to similar daughter
and parent grain orientations and rational parentedaughter
misorientation axes, which form the subgrain walls (Bestmann
and Prior, 2003; Mariani et al., 2009). However many observa-
tions suggest that recrystallised grains tend to have high-angle
misorientations to parent grains with non-rational, random
misorientation axes (Bestmann et al., 2008; Bestmann and Prior,
2003; Halfpenny et al., 2006, 2004; Prior et al., 2004; Skemer and
Karato, 2008; Storey and Prior, 2005). Such observations may
relate to nucleation mechanisms that are not fully understood
(Hobbs, 1968; Vernooij et al., 2006a; Wheeler et al., 2003) or to
modification by twinning. However, a more common explanation is
grain boundary sliding (GBS) which allows recrystallised grains to
become dispersed throughout the microstructure with a weak-
ening of the CPO strength (Bestmann et al., 2008; Bestmann and
Prior, 2003; Halfpenny et al., 2006; Skemer and Karato, 2008;
Storey and Prior, 2005) and randomisation of grain boundary
misorientation axes (Jiang et al., 2000). It has been suggested that
SGR leads to recrystallised grains which are (within error) the same
size as the internal subgrains of the parent grain (Halfpenny et al.,
2006; Stipp et al., 2010; Urai et al., 1986). In contrast bulging
produces recrystallised grains which are smaller than the internal
subgrain size (Halfpenny et al., 2006).

Automated electron backscatter diffraction EBSD (Prior et al.,
1999) is critical to this work, because it allows quantification of
the microstructure in terms of grain size, subgrain size, full crys-
tallographic orientation and misorientation (Bestmann and Prior,
2003; Halfpenny et al., 2006; Pennock et al., 2006; Stipp and
Kunze, 2008; Trimby et al., 1998; Valcke et al., 2006). Naturally
deformed quartz aggregates representative of regimes 1e3 (Hirth
and Tullis, 1992) have been chosen for this study. The aim of this
research is to understand the nucleation mechanisms during
dynamic recrystallisation of quartz. We reason that if microstruc-
tures can be quantified then they can be systematically compared
regardless of location or deformation conditions. This will allow the
determination of the controlling nucleation and recrystallisation
mechanisms as well as defining microstructural modification
mechanisms after nucleation and recrystallisation have taken place.

2. Samples

2.1. Regime 1 samples

Sample Stac B is a natural mylonitic quartzite collected from the
Stack of Glencoul (Grid Ref. NC 28882876), in the Assynt region, NW
Scotland. Callaway (1884) first described these rocks, which are
now classed as S>L and L-S tectonites. The protolith for these rocks
was a Cambrian quartzite, which was deformed by the Moine
Thrust at greenschist facies conditions (Law et al., 1986, 2010). The
sample was collected approximately 70 m below the Moine Thrust
and exhibits 20% recrystallisation. The sample contains w1%
muscovite and is equivalent to sample SG15 of a previous study
(Law et al., 1986).

Samples I2, I4 and I5a are from naturally deformed quartz veins
from the Upper Val di Sole north of the Adamello/Presanella massif,
Tonale Line (Eastern Alps, Italy), a dextral strike-slip segment of the
Periadriatic fault system (Heitzmann, 1987; Schmid et al., 1989).
The samples collected are from a ‘natural laboratory’, in which
deformation occurs across a range of temperatures (250 �Ce700 �C)
related to the synkinematic Oligocene emplacement of the Pre-
sanella intrusion of the Adamello pluton (Stipp et al., 2004, 2002a).
A constant confining pressure of 250e300 MPa and a strain rate of
10�11e10�13/s have been calculated for all Tonale Line samples
(Stipp and Schmid, 1998; Stipp et al., 2002b). The main foliation
dips 80� and strikes EeW to ENEeWSW, and a stretching lineation
plunges on average at 12� towards 257�. Samples I2, I4 and I5awere
deformed between 300 and 450 �C, estimated from metamorphic
mineral assemblages of metasediments which host the veins (Stipp
et al., 2002a,b).

2.2. Regime 2 samples

Sample CT210b is from the Sesia Zone, European Western Alps,
lower Aosta valley, Italy (Grid Ref. 409.416�, 5043.720N) (Trepmann
and Stockhert, 2003). The sample experienced a late stage of
inhomogeneous deformation involving mylonitic shear zones with
variable orientation, at temperatures of 300e350 �C (Kuster and
Stockhert, 1999; Trepmann and Stockhert, 2003), fluctuating pore
fluid pressures, very high stresses and correspondingly high stain
rates of 10�11e10�12/s (Kuster and Stockhert, 1999; Trepmann and
Stockhert, 2001, 2002). The sample contains w99% quartz with
a few white jadeite porphyroclasts. The sample consists of 35%
recrystallised grains, between quartz ribbons.

Sample I10 is a naturally deformed quartz vein collected from
the Tonale Line (see details in Section 2.1). It was deformed at
w500 �C, based on metamorphic mineral assemblages of meta-
sediments which host the veins (Stipp et al., 2002a,b).

2.3. Regime 3 samples

Sample Stac A was collected at the Stack of Glencoul (see details
in Section 2.1), 5 m below the Moine Thrust, from the white
Cambrian quartz mylonites (Law et al., 1986). The sample is 65%
recrystallised and contains approximately 1% muscovite. The
sample is equivalent to sample SG10 of a previous study (Law,1987;
Law et al., 1986, 2010; Lloyd et al., 2010).

Samples I6, I7, I8, I9, and I11b were collected from naturally
deformed quartz veins from the Tonale Line (see details in Section
2.1), and were deformed at 520e630 �C based on metamorphic
mineral assemblages of metasediments which host the veins (Stipp
et al., 2002a,b).

3. Analytical details

3.1. Sample preparation

Oriented rock samples were cut into slabs and areas of interest
were selected. The billets for the thin section were oriented with
lineation parallel to the long or short axis of the billet (Halfpenny,
2010). Standard XZ (parallel to lineation and perpendicular to
foliation), 30 mm thick polished thin sections were
chemicallyemechanically polished using colloidal silica fluid
(Lloyd, 1987) to remove surface damage. The thin sectionwas given
a thin carbon coat and the edges of the specimen surface were
painted with conductive carbon paint to prevent charging. Sample
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Fig. 1. Terminology diagram. (A) Original protolith grains are termed parents. (B)
Recrystallised grains that are in contact with a parent grain are termed neigh-
bouredaughters. (C) All other recrystallised grains, not in contact with a parent grain
are termed daughters. (D) The data from only 1 mm either side of the parent to
neighbouredaughters HAGB are termed edges.
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analysis areas were selected using optical and electron microscopy
using forescatter detectors to collect orientation contrast (OC)
images (Prior et al., 1996). The chosen analysis regions were
representative of the thin section’s overall microstructure.

3.2. EBSD analytical conditions

Full crystallographic orientation data were gathered using
automatically indexed EBSD patterns collected on either a CamScan
X500 Crystal Probe SEM fitted with a field emission gun and
a FASTRACK stage or a Philips XL30 SEM fitted with a tungsten
filament. The EBSD patterns were collected using a 20 kV acceler-
ation voltage and a beam current of 30 nA on the CamsScan and
3 nA on the Philips. The working distance was 25 mm and the angle
Fig. 2. Microstructural maps of Stac B, I2, CT210b, I10, Stac A and I9. Ai, Bi, Ci, Di, Ei, Fi are
marked on these images mark the locations of the misorientation profiles presented in Fig
figure key in the top right corner of each image. Aii, Bii, Dii, Eii, Fii component maps, grains ar
figures. Uncoloured grains are dispersed more than 30� away from the centre of a defined or
the chosen start location (red square marked on map and pole figure) up to a maximum m
between the specimen surface normal and the incident beam was
70�. Samples were mapped by moving the beam on a grid with
a fixed step size of 2 mm and then moving the stage in-between
each map. The step size was chosen ensuring that the recrystal-
lised daughter grains and the subgrains contained ample (8e10)
measurement points.

The EBSD patterns were indexed using the HKL Technology
(now part of Oxford Instruments) manufacturer’s software package
CHANNEL (Schmidt and Olesen,1989). Averagemeasuring timewas
0.2 s per point. The raw data have 51%e79% of pixels indexed as
quartz. The non-indexed points correspond to grain boundaries,
cracks and secondary phases.

3.3. Paper terminology

In this paper, grains are defined using EBSD data as areas
enclosed entirely by high-angle grain boundaries (HAGB). In
accordance with TEM data (Shigematsu et al., 2006; White, 1977)
HAGBs have misorientations �10�. Subgrains are defined as areas
enclosed entirely by low angle grain boundaries (LAGB) with
misorientations �2� (Trimby et al., 1998). We have defined grain
types based on their characteristics and location in the micro-
structure (Fig. 1). It is obvious from both optical and EBSD data that
some grains are large, elongate, show internal deformation and
highly serrated grain boundaries (Fig. 2): we interpret these as to be
original protolith grains and refer to them as parent grains (Fig. 1).
These were selected manually from the EBSD grain data. The
remaining grains, i.e. those that are small and relatively strain-free,
are interpreted as recrystallised grains and are termed daughter
grains (Fig. 1). Daughter grains touching a parent grain (although
not necessarily the parent grain from which they formed) are
optical images of the area corresponding to the EBSD mapped area. The coloured lines
. 4. Aii, Bii, Cii, Dii, Eii, Fii are texture component maps coloured according to the pole
e coloured if they are located within one of the defined orientation domains on the pole
ientation domain. Cii texture component map plots misorientation angle variation from
isorientation of 104.5� .
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referred to as neighbouredaughter grains (Fig. 1). A one pixel area
either side of the defined parent HAGB is termed an edge (Fig. 1).
The CHANNEL software allows data related to parent grains,
neighbouredaughter grains, daughter grains and edges to be
extracted from the set of all grains, so that the properties of each
group can be analysed.

3.4. Data manipulation and presentation

Processing of raw data is required (Bestmann and Prior, 2003;
Prior et al., 2009) in order to generate misorientation data
(Wheeler et al., 2001) and ensure that grains and subgrains can be
rigorously defined (Trimby et al., 1998). In particular isolated mis-
indexed pixels need to be removed and non-indexed areas along
grain boundaries and inside grains need to be filled with an
orientation calculated from the surrounded indexed pixels. The
processing procedures applied here are very similar to those out-
lined in Bestmann and Prior (2003). Given that non-indexed grain
boundary regions are rarely more than one pixel wide we are
confident that these procedures did not introduce significant
artefacts or data biases.

Parental aspect ratios were measured either from the EBSD
maps or from the thin section (when the EBSDmaps did not contain
the full parent grains, only sample CT210b). Grain and subgrain
sizes are calculated as the diameter of a circle of equivalent area to
themeasured grain/subgrain area from the EBSD data. All grain size
measurements will have a lower cut-off defined by the spatial
resolution of the measurement technique. EBSD data are particu-
larly problematic in this regard in that grains defined by a very
small number of pixels can be an artefact of regions of poor
indexing or systematic misindexing (Bestmann and Prior, 2003;
Prior et al., 2009). For this reason we eliminated all grains smaller
than four times the step size so that the lower size threshold in size
distributions is 8 mm. Errors on the sizes of individual grains and
subgrains are estimated to be the step size (2 mm). The generated
grain data were exported from the CHANNEL software and the
statistical calculations were performed in Microsoft Excel. Also, it
must be noted that all size measurements are a minimum as no 2D
sectioning technique recognises the actual size without stereolog-
ical correction.

Orientation data are displayed on lower hemisphere, equal area
pole figure projections, contoured pole figures are generated from
the CHANNEL software using a contouring conewith a half width of
15�. Misorientation data are displayed as profiles, misorientation
angle distribution histograms and angle/axis pair relationships.
Misorientation profiles plot misorientation angle relative to the
first point of the profile. Each profile plots from the centre of the
parent grain and moves to the edge. The profile lengths vary due to
the variable size of the parent grains. The misorientation angle
distribution histograms show the relative frequency of misorien-
tation angles. Relative frequency is the ratio of the observed
frequency of some outcome and the total frequency of the random
experiment. This is calculated for misorientation data between
neighbouring points in a map. The misorientation angle distribu-
tion histograms plot 5� bins for angular relationships located (a)
within parent grains only, (b) 1 pixel wide edges between parent
grains and neighbouredaughters, (c) within and between all
neighbouredaughter and daughter grains. Misorientation angle/
axis pair relationships are displayed in the crystal reference frame
on an inverse pole figure. The data were normalised to �100 data
points for each 10� angular plot so that the strength of the plots can
be accurately compared. The data were contoured by the CHANNEL
software using a contouring cone with a half width of 15�.
Maximum and minimum stated for the contouring related to the
multiples of uniform distribution.
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I6 as it was larger than 100 microns.
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4. Results

Table 1 summarises important microstructural parameters
quantified using EBSD for all the samples. Of these 6 are illustrated
in detail; Stac B, I2, CT210B, I10, Stac A and I9. These are repre-
sentative samples of regimes 1, 2 and 3. In this section we indicate
how each parameter provides insight, as follows.

4.1. Semi-quantitative strain indicators

4.1.1. Daughters %
This indicates how much recrystallisation has taken place.

4.1.2. Parent aspect ratio
This relates to finite strain; the shapes, though, will not be

faithful indicators of the strain ellipse in the XZ plane because a)
each grain will have been in a different initial orientation and b)
once recrystallisation has commenced, parent grains and matrix
may behave differently.

4.1.3. Average parent grain size
This is used for comparison with the subgrain size (see below).

4.2. New grain and subgrain sizes

4.2.1. Average subgrain size
This will be used to compare against the recrystallised grain

sizes (see below, Table 1 and Fig. 3).

4.2.2. Average neighbouredaughter grain size
This is the average size of the new grains adjacent to the parent

grains. We will argue that the difference between this and the
average subgrain size (within parents) carries important informa-
tion on recrystallisationmechanisms (see below, Table 1 and Fig. 3).

4.2.3. Average daughter grain size
This is the average size of all those newgrains not in contact with

a parent grain. We assume that these grains will have been in
existence for longer than the neighbouredaughters and hence
there may have been additional processes to modify their sizes.

4.2.4. Ratio of neighbouredaughter to subgrain size
Compares the average size of new grains in contact with any

parent grain with the average internal subgrain size. We will argue
that this measure can be used to determine the recrystallisation
mechanism.

4.3. Crystallographic data

4.3.1. Orientation gradients at margins of parents
We explored the amount and pattern of plastic strainwithin the

parent grains by examining misorientation profiles (Fig. 4). Each
misorientation profiles start at the centre of the parent grain and
approaches the edge, but all profiles have been plotted at the same
scale covering a distance of 100 mm. The orientation differences
between the edges of parent grains and positions 20 mm inside
provide an indication of overall orientation gradient. We calculated
average gradients over the first 20 mm on several profiles from each
sample to gain some insight into the variability. Table 1 shows the
minimum, average and maximum gradients from selected profiles
fromeach sample. For example Fig. 4E shows10profiles fromStacA;
the maximum gradient over the first 20 mm is 0.9�/mm (purple
profile) whilst the average overall profiles is 0.5�/mm (Table 1). We
also use the general form of the profiles in our interpretation. If
recrystallisation is by subgrain rotation, we expect that therewill be
an increase inmisorientation fromcore tomargin of parent grains. If
recrystallisation is by bulging, then there is no necessity for such an
increase. The results show that for samples Stab B, I2, Stac A and I9
the profiles show randomfluctuationswhereas samples CT210b and
I10 profiles which are increasing in misorientation (Fig. 4).

4.3.2. Orientation data
In all cases the parent grains are a small population and the

CPOs shown here are not volumetrically representative. In all these
samples the neighbouredaughter grains include the same orien-
tation clusters seen in the parent grains, but show greater disper-
sion of the data and a reduction in CPO strength (compare
maximum contour values for parent grains with
neighbouredaughters on Fig. 5 and Table 2). In samples I2 and
CT210B, a “new” orientation of neighbouredaughters close to the
centre of the pole figure are seen, which does not correspond to the
orientation of any of the parent grains (Fig. 5B and C). The orien-
tation data for all samples are summarised in Table 2.

Pole figures do not illustrate the spatial distribution of grains
with different orientations. To analyse the dispersion of orienta-
tions further, we defined orientation domains on the pole figures,
showing c-axis orientations up to 30� from each of the original
parent orientations (coloured insets on Fig. 6). An orientation
domain with 30� spread was chosen as it captured the majority of
parent grains of a particular orientation. Each EBSD analysis point
was then colour-coded on a map (Fig. 6) in the same scheme as on



0

5

10

15

0 20 40 60 80 100

20

25

120 140 160 180 200

0

5

10

15

0 20 40 60 80 100

20

25

120 140 160 180 200

0

5

10

15

0 20 40 60 80 100

20

25

120 140 160 180 200
0

5

10

15

0 20 40 60 80 100

20

25

120 140 160 180 200

0

5

10

15

0 20 40 60 80 100

20

25

120 140 160 180 200

0

5

10

15

0 20 40 60 80 100

20

25

120 140 160 180 200

A
LAGB

Distance µm

Stac B

CT210B

I9

LAGB

Stac AE

D

F

I2

I10C

Distance µm

LAGB

B

Distance µm

LAGB

Distance µm

Distance µm

Distance µm

LAGB

LAGB

Fig. 4. Misorientation profiles of Stac B, I2, CT210b, I10, Stac A and I9 plotting misorientation relative to the first point on the profile, which means the misorientation is added up
sequentially from the first point. Each transect is shown in a different colour and the locations are marked on Fig. 2 in corresponding colours. Some of the LAGBs have been marked
onto the profile.

Fig. 5. Equal area, lower hemisphere, pole figures of Stac B, I2, CT210b, I10, Stac A and I9. The data were contoured using a contouring cone with a half width of 15� . The maximum
and minimum numbers relate to the multiples of uniform distribution and show the strength of the texture. Top row: Parent grains only. Bottom row: Neighbouredaughter grains
only. For each sample the data are summarised in a pole figure cartoon which shows the kinematic framework with foliation EeW and perpendicular to the page (Z ¼ pole to
foliation), lineation (�) horizontal within the foliation, and the shear sense indicated by arrows.
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Table 2
Orientation data summary for all samples. Column 1, shows the sample code. Columns 2e5, state the texture style and strength for parent and neighbouredaughter grains.
Column 6, provides a qualification of the relationship between the parent grains and neighbouredaughters. Column 7, is a description of the daughter grain relationships.

Sample
code

Parent grains
c-axis texture

Parent grains
maximum
texture strength

Neighbouredaughter grains
c-axis texture

Neighbouredaughter
maximum
texture strength

Parent/Neighboure
daughter relationship

Daughter grains

I2 Z cluster 57.12 More dispersed Z cluster
D new Y cluster

17.60 Enclosed D next to Located on lobate grain
boundaries

Stac B Z cluster 13.95 More dispersed Z cluster 7.33 Enclosed D next to Located on lobate grain
boundaries

I4 Great circle or
two clusters

37.72 More dispersed great circle or
weaker two clusters

11.42 Enclosed þ next to Located on lobate grain
boundaries

I5a Strongly stretched
Y cluster
down towards Z

17.31 More dispersed Y cluster 10.30 Enclosed þ next to Located on lobate grain
boundaries

CT210b Single bottom
Z cluster

38.43 More dispersed Z cluster
D new Y cluster

11.04 Next to other parent Mixed orientations in matrix

I10 23 Z clusters 10.22 More dispersed Z clusters 5.83 Next to other parent Mixed orientations in matrix
Stac A Z cluster 14.45 More dispersed Z cluster 4.35 Next to other parent Mixed orientations in matrix
I9 Z cluster 14.57 More dispersed Z cluster 4.74 Next to other parent Mixed orientations in matrix
I11b Line of clusters/

single girdle
14.92 More dispersed line of

clusters/single girdle
10.04 Next to other parent Mixed orientations in matrix

I8 Z cluster 18.69 Slightly more dispersed Z cluster 6.22 Next to other parent Mixed orientations in matrix
I7 Z cluster þ weak

X cluster
20.53 More dispersed Z þ X clusters 6.29 Next to other parent Mixed orientations in matrix

I6 Great circle 20.35 More dispersed great circle 9.42 Next to other parent Mixed orientations in matrix
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the pole figure. Uncoloured grains are dispersed more than 30�

away from the centre of a cluster. The aim is to show how recrys-
tallised grains with orientations close to parent grains are distrib-
uted around the sample. One might expect neighbouredaughter
grains with a similar orientation to a particular parent to be in the
vicinity of that parent. This is not always so e in all the maps, there
are areas of the matrix where daughter grains from different
orientation clusters are mixed (Fig. 6). Even daughter grains adja-
cent to a particular parent may have orientations corresponding
more closely to that of another distant parent grain.

The texture component maps for samples Stac B and I2 highlight
bulges (enclosed within yellow circles) which have formed on the
boundaries of the parent grains and the neighbouredaughters
orientations that are mixed between the parents (Fig. 6(AieAiii)
and (BieBiii)). The texture component map of CT210b was calcu-
lated by plotting the misorientation relative to a chosen point (red
square on Fig. 2(Cii)) at the bottom edge of the map in the blue
coloured parent grain, up to the maximum misorientation allowed
(104.5�), using a rainbow colour scheme (Fig. 6(Cieiii)). The bulk of
the recrystallised grains show similar colours and are of the same
orientation as the two parent grains; however the red coloured
grains are misorientated between 80� and 104.5� from the two
parent grains and represent the recrystallised grains of the second
cluster of the pole figure (Fig. 5C).

4.3.3. Misorientation statistics
EBSD data enable themisorientations across all boundaries to be

calculated and it is useful to display the statistics using histograms
(Fig. 7). Consider first the histograms for within parent grains on
Fig. 7, there is a peak which corresponds to LAGBs forming subgrain
walls with misorientation angles of <10� (Table 3). We suggest that
that the highest relative frequency misorientation angles represent
early-formed LAGBs which have incorporated themost dislocations
during recovery. After these angles the frequency of boundaries
drop off and are lowest for boundaries with the misorientation
angular range of 20e45�. The other main feature is a build up in
frequency of boundaries to a sharp peak at 60� in every case (Fig. 7).
Inverse pole figures confirm that the misorientation axis related to
this peak is parallel to [c], and this peak may be due to Dauphiné
twinning within the parents (Fig. 8) and all samples exhibit this
twin relationship (Table 3).
The middle histograms for each sample of Fig. 7 represent the
boundaries between the parent grains and the neighbouredaughter
grains for a 1 pixel wide area either side of the parent grain HAGB.
All of the plots exhibit a peak of LAGBs then the frequency of
boundaries drop off to a lull around 30e40� and then increase to
a second boundary angle peak at 60�, Dauphiné twins (Table 3). The
frequency of boundaries then decreases again.

The third histogram on Fig. 7 describes the boundaries within
and between the neighbouredaughter and daughter grains. The
data exhibit a strong LAGB’s peak, these boundaries are contained
within the neighbouredaughter and daughter grains. Then there is
a clear frequency decrease which reaches a minimum for misori-
entation angles in the range 25e40�. The frequency of boundaries
exhibiting the angles then increases to a maximum at 60�.

Fig. 8 illustrates which crystallographic axis the data have been
rotated about and by what angular relationship. All of the samples
show the strongest maxima to correspond to a 60� rotation
around the [c]-axis, this may be due to the formation of Dauphiné
twins. The orientation of angles/axis pair relationships for <10� is
controlled by the active slip systems moving the dislocations to
form subgrain walls. As the slip systems active are dependent
upon the deformation conditions of the sample this explains the
variability shown in 2e10� plot. The plots 10e20�, 20e30�,
30e40�, 40e50� basically show a weakening of the strongest
angles/axis pair relationship next to them, illustrating a modifica-
tion of the strong LAGB and Dauphiné twin boundary relationships
(Table 3).

5. Discussion

The sample microstructures have been described and charac-
terised qualitatively and quantitatively using EBSD. The EBSD was
used to: (1) characterise the CPO; (2) calculate themisorientation of
the grain boundaries and internal substructure; (3) characterise the
spatial relationship of the misorientation; (4) identify the parent,
neighbouredaughter and daughter grains; (5) calculate the average
parent grain aspect ratio; (6) quantify the internal subgrain size of
the parents; (7) quantify the average grain size of the
neighbouredaughters; and (8) calculate the misorientation angle/
axis pairs. Due to the quantification of the sample microstructures
it is possible to numerically compare the results. The data can be



Fig. 6. Highlighted texture component map areas from the maps presented in Fig. 2 of Stac B (Ai, Aii, Aiii), I2 (Bi, Bii, Biii), CT210b (Ci, Cii, Ciii), I10 (Di, Dii, Diii), Stac A (Ei, Eii, Eiii) and
I9 (Fi, Fii, Fiii). Each panel illustrates mixed orientations (different coloured grains next to each other) and grain boundary bulges (highlighted by yellow circles). How the maps are
produced is explained in the text and in Fig. 2.
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used to support a microstructural interpretation concerning the
controlling nucleation and recrystallisation mechanisms active
during deformation. We now discuss how the different types of
data relate to deformation and recrystallisation mechanisms. Fig. 9
gives a schematic summary of the different types of microstructure.
5.1. Subgrain rotation recrystallisation (SGR)

SGR involves the glide and climb of dislocations to initially form
LAGBs or subgrain walls. With further deformation and recovery,
more dislocations aremoved into the subgrainwall which causes an
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misorientation angles between neighbouring pixels inside the parent grains. The middle histogram plots data only from the edges. The third histogram plots the relationships for
neighbouredaughters and daughter grains (all recrystallised grains).
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increase in the misorientation between the two sections of lattice,
and thus rotation of the subgrain. As this process continues the
misorientation angle between the parent grain and the subgrain
slowly increases until it reaches a critical angle (10� for quartz
(Shigematsu et al., 2006;White,1977)). At this point the structure of
theboundarychanges and sodoes theboundary’s classification from
an LAGB to a HAGB. If SGR is the controlling nucleation mechanism
the recrystallised daughter grains should be of a similar size to the
internal subgrains of the parent grain (Urai et al., 1986). Also the
range of grain sizes should be similar between the subgrains and
neighbouredaughter grains. SGR recrystallisation is characterised
by grains with very similar dislocation densities (Tullis et al., 1990).

The microstructures of CT210b and I10 are consistent with SGR
as the dominant recrystallisation mechanism (Fig. 9B) because:

(1) recrystallised neighbouredaughter grain size is the same as the
internal subgrain size of the parents (Table 1);

(2) the range of subgrain and neighbouredaughter grain sizes is
similar (Fig. 3); and

(3) misorientation increases from the centre of the parent grains to
the edge (Fig. 4, Table 3), they show core and mantle structure
(Gifkins, 1976) illustrated by White (1976) which is character-
istic of SGR (Hirth and Tullis, 1992).
5.2. Driving force for strain-induced grain boundary migration
recrystallisation (SIGBM)

SIGBM occurs by the movement of a grain boundary from one
parent grain into another, the pinching off of a boundary bulge,
nucleates a new recrystallised grain. SIGBM can begin by bulge
nucleation (Bailey and Hirsch, 1962), a distinctive feature of
bulge nucleation in dynamic recrystallisation is that while
several boundaries of a new grain may be established by grain
boundary migration, full isolation of the grain may commonly
be achieved by the development of a bridging subgrain
boundary and its conversion by progressive SGR into a grain
boundary (Urai et al., 1986). SIGBM can be facilitated by high
driving force (dislocation density difference) or by high
mobility (higher temperature) depending upon the deformation
conditions.

5.2.1. SIGBM due to high driving force
Evidence for SIGBM due to a high driving force includes

a strongly variable dislocation density and the presence of highly
irregular grain boundaries. The irregular boundaries are caused by
the creation of bulges and transfer of material across the grain
boundaries. The areas that bulge will tend to have relatively low
internal strain energy and consume areas of high internal strain
energy, producing a relatively strain-free new grain. The bulge size
is not controlled by the subgrain size of the parent but the differ-
ence in dislocation density between the grains and bulge growth
can be maintained whilst this driving force exists. Because the
parental internal subgrain size does not control the recrystallised
neighbouredaughter grain size, the neighbouredaughter grain
size range is independent of the subgrain size range. New grains
can also develop along deformation bands (Etheridge and Hobbs,
1974) and other areas of high dislocation density which allow the
lattice to become sufficiently misorientated for a HAGB to develop
(White, 1976).
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Samples Stac B, I2, I4 and I5a provide evidence for recrystalli-
sation by SIGBM facilitated by high driving force (Fig. 9A) because:

(1) the parent grains exhibit highly serrated grain boundaries
(Fig. 2);

(2) the neighbouredaughter grains exhibit little internal defor-
mation (Fig. 2);

(3) subgrains and neighbouredaughter grains are not the same
size (Fig. 3, Table 1);

(4) the size ranges of subgrains and neighbouredaughter grains
are different (Fig. 3); and

(5) no increase in misorientation from the centre of the parent
grains to the edges (Fig. 4, Table 3).
5.2.2. SIGBM due to high mobility
Evidence for SIGBM due to a high mobility includes the pres-

ence of highly irregular grain boundaries and the development of
a large portion of recrystallised grains. A large proportion of
recrystallised grains can be produced as the driving force has not
been depleted. The irregular boundaries are caused by the
movement of the HAGB of a parent grain due its high mobility. As
for SIGBM due to a high driving force the bulge size and recrys-
tallised size range are independent of the subgrain size of the
parent.

Samples Stac A, I9, I11b, I7, I8 and I6 evidence which supports
recrystallisation via SIGBM due to high mobility for (Fig. 9C) are:

(1) all parent grains show highly serrated boundaries (Fig. 2);
(2) neighbouredaughters with very little to no internal deforma-

tion (Fig. 2);
(3) the misorientation angles inside the parent grains do not

increase from the centre of the grain to the edge (Fig. 4,
Table 3);

(4) the subgrain size and the neighbouredaughter grain size are
not similar (Fig. 3, Table 1);

(5) the subgrains and neighbouredaughter grain size ranges are
different (Fig. 3); and

(6) all samples have a large proportion of recrystallised grains
which are multiple layers thick (Figs. 2 and 6, Table 1).
5.2.3. Controls on bulge size
The bulge size could be restricted by impurities in the sample

pinning the boundaries of the growing bulge. This could be possible
for limiting the size of a few bulges but could not have affected all
bulges as it would require each sample to have impurities which are
evenly spaced throughout the microstructure to cause the pinning.
None of the microstructures showed an even distribution of
impurities (Fig. 2), although the few impurities which do exist may
contribute to grain boundary pinning. Another possible method of
restricting the bulge size is removal of the driving force for SIGBM;
the bulges can only keep growing so long as theymaintain a critical
dislocation density difference or the boundaries have highmobility.
It may also be possible that the driving force behind bulge growth
can only sustain bulges up to a specific grain size before the bulge
has been converted into a newgrain. The end size of the bulge could
simply be a function of how long the bulges have to grow before the
bridging subgrain boundary angle increases sufficiently to convert
the bulge into a recrystallised grain.

5.3. Processes of increasing the misorientation angle

The nucleation and recrystallisation mechanisms discussed
abovewould all create grain boundaries withmisorientation angles



Fig. 8. Comparison of neighbouring misorientation axis and angles plotted in crystallographic coordinates on 10� interval inverse pole figures for Stac B, I2, CT210b, I10, Stac A and
I9. Each triangle presented for the same sample contains �100 data points, this allows the texture strength (max and min values) to be directly compared. The data were contoured
using a contouring cone with a half width of 15� . The locations of important crystallographic axes are marked on the first plots and are the same for all plots.
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of 10� (when LAGB turns into a HAGB). Table 3 lists the most
abundant misorientation angles between the parent grains and
neighbouredaughters, as well as the angles between the
neighbouredaughters. There is a lot of variation in the misorien-
tation angle ranges, from 10 to 15� up to 90 to 95�. Some samples
show a peak misorientation range of 10e15�, but for all samples at
least 50% of the grain boundaries between parent and
neighbouredaughter grains have misorientation angles of >30�

(Table 3).
Following nucleation, any rotation without crystallographic

control would randomisemisorientation axes (Jiang et al., 2000). The
amount of weakening of the CPO would be dependent upon the
strength and length of time that the mechanism controlling the
rotations persisted. Initial strain-induced bulging occurs between
original parent grains. After the formation of neighbouredaughter
grains between the two parents, subsequent bulging will be
between these neighbouredaughter grains and the parents. One
might argue that the degree of CPO dispersion observed could be
generated by the progressive misorientation as each new ‘layer’ is
formed.However, singlegrainwide layersbetween twoparents show
asmuch dispersion as thicker bands of daughter grain (Figs. 2 and 6).

Other mechanism(s) must have acted upon the
neighbouredaughter grains to increase their misorientation after
nucleation. In Table 2 the spatial relationships of the interpreted
neighbouredaughter grains and daughter grains are summarised.
Assuming that each neighbouredaughter grain has recrystallised
from a parent of a similar orientation, these columns highlight
movement of the neighbouredaughter grains betweenparent grains,
and their incorporation with other orientations of the recrystallised
matrix. There are two microstructural modifications that need to be
explained: (1) the increased misorientation angles between grains,
and (2) spatial mixing of recrystallised grain orientations. It is
important to remember that a thin section is a 2D view of a 3D
aggregate and a recrystallised daughter grainwhich in a map view of
the thin section is not close to any parent grain could be right next to
one in the third dimension.

There are a few possible methods for increasing the misorien-
tation between grains, including brittle deformation, twinning,
and GBS.

5.3.1. Continued plasticity and movement of dislocations into
HAGBs

Continued rational rotation of boundaries cannot be achieved by
continuing to add dislocations into the boundary, once a HAGB
structure has been developed. The Hall-Petch theory states that
grain boundaries constitute an obstacle to dislocations and as they
pile up behind the grain boundary, the stress concentration at the
tip of the slip plane increases and will eventually cause the grain
boundary to yield.When this happens deformation is transferred to
the next grain, not the grain boundary (Hall, 1951; Petch, 1953).

5.3.2. Cataclasis
Some shear zones may initiate along planar microcracks and

further microcracking results in a cataclastic shear zone (Vernooij
et al., 2006b). In this situation new grains can develop by the
rotations of rigid rock fragments, and the rock can then be over-
printed by a phase of plastic deformation. It is possible that there
was some early brittle deformation in our samples, but it is unlikely



Fig. 9. (A) Regime 1 samples summary diagram (samples Stac B, I2, I4 and I5a), which shows the misorientation of parental subgrain boundaries to be randomly arranged. The
internal subgrain size is larger than the neighbouredaughter grain size. There is limited development of recrystallised grains. Some recrystallised grains adjacent to each parent
exhibit orientations similar to the parent grains. (B) Regime 2 samples summary (samples CT210b and I10) shows the development of core andmantle structure. The internal subgrain
size is approximately the same size as the neighbouredaughters. Some neighbouredaughters show orientations similar to the parent grains. (C) Regime 3 samples summary diagram
(samples Stac A, I9, I11b, I8, I7, I6) of the microstructure data showing the misorientation does not gradually increase from the centre of the parent grain. The internal subgrain size is
larger than the neighbouredaughter grain size. There is the development of a large proportion of recrystallised grains and some exhibit orientations similar to the parent grains.
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that there would be no preservation of this brittle event. To check
for brittle deformation evidence the samples were imaged using
cathodoluminescence and no textures which are characteristic of
brittle deformation were noted. Therefore we ruled out brittle
processes as a possible mechanism in these samples for increasing
the misorientation angles.

5.3.3. Twinning
Dauphiné twins (180� rotation about 0001, the [c] axis, shows

up as a 60� rotation due to symmetry in EBSD data) cause dramatic
increases in the misorientation angle and every sample analysed
shows the presence of Dauphiné twins (Table 3) (Menegon et al.,
2011). The Dauphiné twins are dominant in the misorientation
angle/axes of 50e60� in pair data analyses, where the plots always
exhibit an extremely strong cluster about the [c] axis (Fig. 8). The
misorientation angle/axis pair plots for each of the samples tend to
show strong clustering for the LAGBs and Dauphiné twins. There
are other twin laws besides Dauphiné (Kruhl and Peternell, 2002;
McLaren, 1986) which are rarer (Japan Law) or cannot be recog-
nised by diffraction data (Brazil) (Friedel, 1923). These other twins
may also be important for increasing the misorientation angles
(Vernooij et al., 2006a). Thus twinning is a mechanism capable of
forming HAGBs but only specific angles which relate to the twin
law. Any rotation necessary to cause higher or lower angles would
have to be performed by another mechanism.

5.3.4. Grain boundary sliding (GBS)
GBS is a mechanism which is capable of accommodating inter-

grain incompatibility (Zhang et al., 1996). GBS can also cause
neighbour switching, which can result in spatial mixing of the
grains. GBS can be mechanical, frictional or diffusion accommo-
dated; a small amount of GBS can actually enhance fabric (CPO)
development but increased or dominant GBSwill weaken the fabric
(Zhang et al., 1994). GBS becomes faster as the boundaries become
geometrically simplified (Gifkins,1976). The following features have
been used as evidence of dominant GBS: (1) square and rectangular
grains; (2) smooth straight grain boundaries; (3) voids along the
grain boundaries especially at triple junctions; and (4) alignment of
groups of grains to form planes of grain boundaries parallel to
mylonite foliation (White, 1977, 1979). Another criterion for the
operation of dominant GBS is that the recrystallised grain size
(neighbouredaughter and daughter grain size) is smaller than the
stable subgrain size for a given temperature and stress (Ball, 1997;
Ball and Hutchinson, 1969; Mohamed and Langdon, 1976; White,
1979). Many of our samples exhibit a recrystallised
neighbouredaughter grain size which is smaller than the subgrain
size of the parents, suggesting the operation of GBS.

The microstructural evidence for GBS from the samples includes
the alignment of secondary phases along grain boundaries, and the
polygonal shapes of the recrystallised grains (Fig. 2). The misorien-
tationaxisdata for theLAGB(plotsof2e10�) exhibit strongclustering,
but the strengthof the clusters always decreases above2e10� and the
plots for 10e20� and 20e30� tend to exhibit the weakest clustering
values (Table 3, Fig. 8). This is interpreted to indicate the effect of GBS,
which causes further rotationof the grains and increases ordecreases
the misorientation angles accordingly. Hence the plots of 40e50�

(which normally show fairly strong clusters) may be an expression
of GBS altering and modifying the Dauphiné twins. Also, when the
CPO plots of the parent grain orientations are compared with the
neighbouredaughter grain orientations, the neighbouredaughters
always show the same pattern of CPO but weaker. This weakening
suggests microstructural modification by GBS.

The texture component maps (which illustrate how the orien-
tations of the grains are distributed throughout the microstructure)
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show that the neighbouredaughter grains have been moved from
being in contact with the parent grain they presumably recrystal-
lised from to being in contact with another parent (Fig. 6). Also the
orientations of recrystallised neighbouredaughters have been
mixed throughout the matrix. GBS can cause these orientation
distribution dispersions through neighbour switching. GBS is
a mechanism which is very important for modifying the micro-
structure with continued strain, causing increases/decreases in the
misorientation angles between grains and neighbour switching.

6. Summary and conclusions

Various quartz-rich samples which exhibited deformed micro-
structures characteristic of dislocation creep regimes 1, 2 and 3
have been quantified using EBSD. The samples were deformed
under varying conditions (temperatures of 300e600 �C) and
therefore should have experienced different recrystallisation
mechanisms. By utilising the EBSD technique to measure the full
crystallographic orientation of the parent grains,
neighbouredaughters and daughter grains, a detailed analysis of
the microstructure has been undertaken.

1. The ratio of subgrain size to recrystallised grain size can be used
to constrain the nucleation mechanism for all regimes.

2. Microstructural evidence suggests that SIGBM dominates in
regimes 1 and 3, whereas SGR nucleation dominates regime 2.

3. Twinning is an important mechanism for producing HAGBs in
all regimes.

4. GBS is required to produce the observed spatial distribution
grains in all regimes.

5. GBS is required to construct the displayed range of misorien-
tation angles between grains in all regimes.
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