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Abstract

The development of subgrain boundary misorientations with strain in dry, synthetic NaCl polycrystals, deformed at elevated temperature,

has been investigated using electron backscattered diffraction (EBSD). At low natural strains, up to 0.5, average misorientations of subgrain

boundaries increase with strain and a power law relationship exists between strain and average misorientations. The average misorientations

are strongly influenced by grain orientation, suggesting that the misorientation–strain relationship may also be texture dependent in materials

with high plastic anisotropy, like NaCl. A slight grain size dependency of the average misorientations was observed. The results indicate that

with suitable calibration, average subgrain boundary misorientations may offer a method for estimating the strain accommodated by

dislocation creep in NaCl and thus perhaps in other geological materials, although current theories for polycrystalline plasticity imply that

misorientations may also depend on stress in some situations.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The rheological behaviour of naturally deformed rocks is

generally controlled by several different mechanisms that

can operate simultaneously or consecutively and can affect

the microstructure. Estimating strain from microstructures

can therefore be difficult, especially when more than one

deformation mechanism is operative (Passchier and Trouw,

1996). For instance, deformation at temperatures in the

range 100–200 8C of synthetic NaCl, dried to contain only a

few ppm of water, is dominated by dislocation creep and

microstructures contain elongated grains and subgrains

(Trimby et al., 2000; Watanabe and Peach, 2002; Ter Heege

et al., 2005). When water is present, microstructures are

dominated by grain boundary migration recrystallization

(Spiers et al., 1986; Urai et al., 1986) but elongated grains,

subgrains and free dislocations may still be present (Spiers

and Carter, 1998). Although these microstructures show that
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dislocation creep has occurred, only small strains are needed

to produce a high density of free dislocations, and subgrains

form by 0.10 strain (Carter and Heard, 1970). This means

that other less easily recognized processes, such as pressure

solution creep (Spiers et al., 1990) or crack seal mechanisms

may also have contributed to grain elongation processes and

together with phenomena such as grain boundary sliding,

may even be the major contributor to the bulk strain during

deformation. The same argument applies equally to other

rock types, such as quartz tectonites (Mitra, 1976; Harrison

and Onasch, 2000).

As the presence of subgrains is sufficient only for

establishing that dislocation activity has occurred, quantify-

ing any systematic trends in subgrain development with

strain in a given material may be useful for establishing a

strain gauge for dislocation creep deformation, as well as

providing insight into the role of subgrain rotation in

dynamic recrystallization (Pennock et al., 2004). One

potential method of assessing dislocation creep strain is to

measure how the subgrain misorientation angle increases

with strain. A small number of misorientations have been

measured in various deformed materials using both light

microscopy (LM) (Avé Lallement, 1985) and transmission
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Fig. 1. Stress–strain curves for deformed NaCl (see Table 1, unsmoothed

data, corrected for change in area and specimen length).
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electron microscopy (TEM) (Hughes et al., 1997). More

recently, many more subgrain misorientations have been

measured with EBSD mapping in metals and NaCl (Randle

and Engler, 2000; Humphreys, 2001; Pennock et al., 2002;

Hurley and Humphreys, 2003; Pennock and Drury, 2005).

The average misorientation of subgrain boundaries, qav, is

frequently reported to show a power law relationship with

strain, 3, of the form:

qavf3n (1)

where nZ4–6, depending on the type of subgrain boundary

(Hughes et al., 1997; Pennock et al., 2002; Pennock and

Drury, 2005).

Using EBSD, Pennock et al. (2002) and Pennock and

Drury (2005) showed that individual subgrains in dry

synthetic NaCl deformed in the dislocation creep regime

were surrounded by segments of subgrain boundaries with a

wide range of misorientations. Subgrain boundaries were

separated into three types, depending on the boundary

misorientation and spatial distribution. Equiaxed subgrain

boundaries were ubiquitous, and generally had lower

misorientations, whereas long straight subgrain boundaries

had higher misorientations and extended between several

subgrains: extended subgrains were often associated with

either triple points or dissected grains. A weak core–mantle

development of subgrains and subgrain boundaries was also

noted. The formation of new grains by subgrain rotation

recrystallization was limited in these materials at strains of

0.5 (Pennock et al., 2004).

Many variables, including strain, influence subgrain

development and may influence misorientation values,

such as deformation conditions (confining pressure,

temperature and strain rate), material properties (grain

orientation, neighbouring grain orientation, grain size and

fluid content). The angular resolution of the technique

used to measure misorientations (LM, TEM, EBSD) may

also influence the range of misorientations that can be

measured. Pennock et al. (2002) found that EBSD

mapping variables, such as ‘noise’ caused by angular

resolution limits, step size, processing of non-indexed

pixels and filtering data to remove noise (Pennock and

Drury, 2005), all influenced average misorientation

values in NaCl, particularly using etched NaCl samples.

However, the average misorientation parameter may still

provide useful data on the state of a material, including

the dislocation creep strain magnitude, depending on the

scatter in the data produced by other effects and on

whether the qav versus 3 relationship is reproducible for

all EBSD systems (Pennock and Drury, 2005). This

paper examines the effect strain, grain orientation, texture

and grain size have on the average misorientation values,

with the aim of assessing the potential of qav versus 3

relationships for estimating dislocation creep strain in

geological materials.
2. Materials and methods
2.1. Sample preparation

Cylinders, 3 cm in diameter, were prepared from

synthetic NaCl by cold pressing and annealing to a final

density of w99.5% (Peach and Spiers, 1996; Ter Heege,

2002). To minimize the occurrence of grain boundary

migration recrystallization (Trimby et al., 2000) samples

were dried in flowing argon, mostly to a water content of

5G2 ppm (Watanabe and Peach, 2002) (Table 1). This

procedure gave initial average grain sizes ranging from 300

to 400 mm, although variations in the drying sequence

resulted in some variations in grain size between batches.

The cylinders were deformed in axi-symmetric compression

using a triaxial testing machine under a confining pressure

of 50 MPa at 165G10 8C (w0.4 Tm) and at constant

displacement rate, equivalent to a final strain rate of w6!
10K7 sK1 (Peach and Spiers, 1996; Ter Heege, 2002; Ter

Heege et al., 2005). Under these conditions dry NaCl does

not undergo dynamic recrystallization by grain boundary

migration and continues to work harden (Ter Heege et al.,

2005). The samples deformed relatively homogeneously,

although there was some minor barrelling at higher strains.

Final natural strains ranged from 0.07 to 0.54 (Fig. 1). The

0.15 strain sample (PK119a) showed lower stress values,

related to the slightly higher water content of this sample

(11 ppm). Samples were cooled to room temperature

(approximately 1.5 8C/min) and sectioned soon after

deformation; sections were made of the central portion of

the cylinder, parallel to the compression direction, and

polished in a dry room (Urai et al., 1987). All sections were

lightly etched for 10 s, either in saturated salt solution

containing ferric chloride, or in methanol, and finally

washed with either hexane or ether.



Table 1

Information on samples used in deformation experiments

Sample Drying procedure Water (ppm) Grain sizea (mm) Natural strain

PK67 0.2 8C/min to 350 8C/16 h; 0.2 8C/min to 530 8C/68 h – 310 Undeformed

PK67h As for PK67 3 0.28

PK67m As for PK67 6 0.54

PK73 1.5 8C/min to 560 8C/25 h – 126 Undeformed

PK73a As for PK73 7 0.5

PK119b 2 8C/min to 700 8C/1 h; 0.5 8C/min to 530 8C/44 h 7 329 0.07

PK119a As for PK119a 11b 412 0.15

a Grain sizes of undeformed material were determined using linear intercept of at least 100 grains from light micrographs.
b Argon gas ran out during drying.
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2.2. Microscopy and EBSD

The microstructures of deformed and undeformed

material were examined using LM and orientation contrast

in the scanning electron microscopy (SEM). Conditions

used for EBSD mapping NaCl, 12 kV, 2 nA, were mostly

the same as in previous work (Pennock et al., 2002; Pennock

and Drury, 2005). EBSD data were collected and analysed

using HKL Channel 5 software and either a Philips XL30

SEM with a SIT camera, or a Philips XL30 SFEG SEM and

a Nordlys CCD camera.

In all EBSD work, a 4 mm step was used to determine

misorientations of subgrains, which gave a reasonable

representation of the subgrain microstructures (average

subgrain size 12 mm) and misorientations; smaller step sizes

required more time to comprehensively map grain mis-

orientations and increased the relative number of non-

indexed pixels along etched boundaries, whereas large step

sizes cumulated orientations across several subgrains

(Pennock et al., 2002). Smaller step sizes of 1–3 mm were

used to examine details of subgrain microstructures.

The quality of the EBSD maps was good, as subgrain

misorientations of 0.58 were resolved and showed good

correlation with etched microstructures (Pennock and

Drury, 2005). Maps were filtered to remove orientation

noise using VMAP (in-house software, courtesy of F.J.

Humphreys, Manchester University) (Humphreys et al.,

2001). Filtering removed many of the low misorientations

caused by orientation noise and poor pattern quality along

boundaries. Filtering to remove low angle misorientations

caused by noise allowed resolution of misorientations to

better than 0.58 and gave a good representation of the etched

microstructures. All EBSD maps are shown after filtering.

The frequency distribution of subgrain boundary length

per unit area as a function of misorientation angle was

determined from nearest neighbour pixel misorientations

after replacing most non-indexed pixels with an average of

nearest neighbour pixel orientations. The average misor-

ientations of subgrains O0.58 of individual grains were also

calculated. At higher strains of about 0.5, a few subgrain

boundaries completely enclosed regions to create new

grains with grain boundary misorientations O168. Dis-

tinguishing these boundaries from original grain boundaries
was often not possible and these boundaries were not

included in the average misorientation calculation. In many

instances, segments of the subgrain boundary developed

misorientations O168, and these were included in the

calculation of average misorientations, as the boundary

segments did not completely surround a region to form a

new grain. The arithmetic average of the grain average

distributions, qav-grains, was determined for each strain.

Frequency distributions based on grain averages gave a

good insight into the standard deviations and spread of

average misorientations on a grain basis for a given strain.

With knowledge of the standard errors, it was possible to

assess the influence of grain size on average misorientation

values.
3. Results
3.1. Microstructure

The undeformed material (Table 1) contained mostly

polygonal recrystallized grains and the occasional square-

shaped grain (Fig. 2a). One batch had a slightly lower

original grain size of 126G12 mm (PK73). A few grains

contained subgrains with low misorientations, !28,

measured with EBSD. Sometimes larger grains contained

remnant internal grains; the volume fraction of these grains

was quite small, up to about 1% of the area in the 0.07

strained sample.

In the deformed samples grains became flattened with

increasing strain and most grain boundaries remained

smooth (Fig. 2b). Boundaries were preferentially etched

and some porosity, mostly inter-granular, was observed,

especially after cleaning samples with ether. There was

evidence for a small amount of slow grain boundary

migration in deformed samples in the form of micron-scale

grain boundary serrations, which occurred at the intersec-

tion of subgrains with grain boundaries throughout materials

with higher water contents (PK119a). All samples contained

subgrains, although a few grains in each sample, usually

with a grain size less than 100 mm, contained relatively few

subgrains.

Qualitative assessment of the subgrain boundary



Fig. 2. Light micrographs showing typical grain shapes of: (a) undeformed (PK73) and (b) deformed material (PK73a). Arrow shows remnant, internal grains.
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misorientations in EBSD mapped microstructures (Fig. 3

shows typical details as a function of strain) showed that

there was considerable variation in the subgrain misorienta-

tions, both within individual grains and between grains.

Individual segments of subgrain boundaries differed

significantly in misorientation and it was unusual for an

individual subgrain to be surrounded by misorientations O
58 at strains of 0.5. The micrographs show that equiaxed

subgrains were ubiquitous at all strains and generally

surrounded by boundaries with very low misorientations !
28; at strains of 0.28 and above a marked preferential

alignment of these subgrain boundaries at about 458 to the

compression axis was visible. In some grains extended

subgrain boundaries (arrowed in Fig. 3) formed that were

longer than the equiaxed subgrain size.

At the lowest strain, 0.07 (Fig. 3a), many of the subgrains

were not completely enclosed by boundaries of O0.58

misorientation, i.e. many subgrain boundaries had misor-

ientations !0.58. Extended subgrain boundaries developed

at 0.07 strain with misorientations of 2–58 and some triple

junctions showed extended subgrain boundaries with

misorientations as high as 5–108. A few grains (e.g. middle

of lower grain, Fig. 3a) showed high misorientation

boundaries in the central portion of the grain, which, by

analogy with other microstructures, are thought to be

associated with triple junctions of internal, or island, grains

located beneath the mapped surface. At 0.15 strain (Fig. 3b)

subgrains with boundary misorientations 0.5–28 were

ubiquitous. These subgrain boundaries tended to surround

equiaxed shaped subgrains. Extended subgrain boundaries

showed an increase in misorientations to greater than 58. At

0.28 strain, (Fig. 3c) the majority of subgrains were

surrounded by boundaries with misorientations of at least

2–58, and many extended subgrain boundaries reached 5–

108. At 0.5 strain (Fig. 3d) sections of extended boundaries

had developed misorientations greater than 108 but the

majority of equiaxed subgrain boundary misorientations

remained less than 58. These trends in subgrain boundary

misorientations development with strain are shown in Fig. 4.
The log–frequency distribution clearly shows that the

majority of subgrain boundary misorientations have low

misorientations !58 even at strains of about 0.5.

Many extended subgrain boundaries were associated

with triple junctions at all strains, others occurred in grains

that split into widely differing orientations, often with a

banded appearance. Grains, containing predominantly

equiaxed or both equiaxed and extended subgrain bound-

aries, were selected (Table 2). The grains containing

extended subgrain boundaries were generally oriented

with h110i crystal axes at a high angle to the compression

axis (see Table 2). As an individual grain orientation spread

out with increasing strains, the original orientation was

difficult to define. Extended subgrain boundaries did not

generally surround individual subgrains, although corner

sections of original grains were nearly ‘cut-off’ by high

angle subgrain boundaries at higher strains. At higher

strains, 0.5, some of the extended subgrain boundaries

developed much smaller subgrains along their boundaries

(Fig. 3d) many of which were smaller than the 4 mm step

size used to map the average misorientations. Very

occasionally, these small subgrains reached sufficient

misorientation to form small new subgrains.
3.2. Average angular misorientations

The average misorientation values of selected grains

after 0.54 strain (PK67m) are also shown in Table 2. Grains

containing extended subgrain boundaries in addition to the

equiaxed subgrain boundary types showed up to 18 variation

in average misorientation and had higher average mis-

orientations than grains in which extended subgrain

boundaries were absent. The grains containing extended

subgrain boundaries represented at least 37% of the mapped

area.

Inverse pole figures (IPFs) for the compression axis

obtained from EBSD maps of nearby locations in sample

PK67m (0.54 strain) are shown in Fig. 5. Each map showed

differences in texture and average misorientation values; in



Fig. 3. EBSD micrographs of deformed material for strains: (a) 0.07, (b) 0.15, (c) 0.28 and (d) 0.5 (samples PK119b, 119a, 67h and 73a, respectively). Changes

in orientation with respect to the compression axis (vertical) are shown in colour. Arrows show extended subgrain boundaries, which are often associated with

high misorientations, as shown by change in colour within individual grains. In (d), smaller subgrains along extended subgrain boundaries are also arrowed.

More subgrain detail is visible in (d) because the EBSD map was made with a 2 mm step size compared with a 4 mm step used in to (a)–(c).
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general, a map with a single h101i fibre texture (Fig. 5c) had

a lower average misorientation. The differences in average

misorientation as a function of fibre texture subsets are

given in Table 3 for two samples (PK73a and PK67m). In
general, areas with h111i, h100i and h115i fibres oriented

approximately parallel to the compression axis had higher

average misorientation than areas oriented with h120i or

h110i, although this trend was not so strong in sample



Fig. 4. Log–frequency distribution is shown for subgrain misorientations at

different strains. Higher angle misorientations increase in frequency with

strain, although the majority of misorientations remain less than 58. Sample

PK73a (strain 0.5) had a smaller initial grain size compared with other

samples and shows a greater frequency of higher angle misorientations (SIT

camera system, 4 mm step, unfiltered).

Table 3

Average misorientations for different fibre textures in samples PK73a and

PK67m. Fibre textures were made by selecting specific poles to be parallel,

within 88 deviation, to the compression direction (4 mm step, unfiltered

data, SIT camera system)

Fibre texture Average misorientation 8 (% data points)

Grain size 310 mm

(PK67m)

Grain size 126 mm

(PK73a)

111 1.70 (0.2) 1.72 (0.8)

100 1.50 (1.0) 1.83 (1.9)

115 1.56 (7.9) 1.81 (10)

120 1.33 (36.5) 1.75 (27.4)

110 1.37 (19.1) 1.73 (13.7)

Complete map 1.92 2.27
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PK73a. Table 3 shows that the smaller grain size material

(PK73a), 126 mm, had higher average misorientation values

than the 310 mm (PK67m) grain size material deformed to

approximately the same strain.

The frequency distribution of average misorientations of

individual grains is shown in Fig. 6. As strain increased

average misorientations of grains both increased and had a

wider range of values. The average misorientations of these

distributions, qav-grains, which included all subgrain bound-

ary misorientations O0.58, are also given. These values are

slightly larger at each strain than the qav values derived from

misorientations in the range 0.5–168 (Pennock and Drury,

2005). Average misorientations based on grains, qav-grains,

are plotted for each strain in Fig. 7. Average misorientations

increased with strain, although the rate of increase

decreased at higher strains in samples with similar initial
Table 2

Average misorientations for selected grains and for the complete EBSD map (

orientation of the grain with respect to the compression axis are given (0.54 strai

Subgrain boundary type Average misorientation 0.5–!168 A

Complete map 1.92

ExtendedCequiaxed 1.74

1.94

2.64

2.28

1.83

2.04

1.76

1.77

Equiaxed 1.42

1.44

1.35 C

1.34 C

1.34 C
grain size. Average misorientations for samples of a similar

grain size followed a power law relationship of the form:

qav�grains Z k13n (2)

where 3 is the true strain, k1 is a constant with a value of 3.38

and n, the power exponent, has a value of 0.42. Analysing

the subgrain misorientation on a grain basis rather than on a

map as a whole, and including all subgrain boundary

misorientations, gives a slightly different result to earlier

work in which EBSD maps as a whole were analysed in the

angular range 0.5–168 (k1 was found to have a value of 3.18

and n was 0.41) (Pennock and Drury, 2005). Therefore, it is

important to use a similar analysis technique for etched

NaCl when comparing data. Grain analysis is more time

consuming, but is the better technique and provides

information about errors and about the spread in orientation

with strain of grains.

Sample PK73a, which had an original grain size of

126 mm and was strained to 0.5, showed a slightly higher

average misorientation value compared with PK67m

(original grain size 310 mm, strain 0.54). In order to

determine whether this difference was significant, the

average misorientation for PK67m was calculated for a

strain of 0.5 using the appropriate values for the power law
PK67m). The types of subgrain boundaries present and the approximate

n, 4 mm step, unfiltered data, SIT camera system)

pproximate orientation huvwi % Data points

100

115 3

115 2

115 1

115 7

115 3

115 4

441 1

415 16

110 5

441 2

lose 110 2

lose 110 2

lose 110 3



Fig. 5. Inverse pole figures for the compression axis direction, showing differences in texture between EBSD maps taken from nearby locations in the central

portion of a deformed sample (PK67m). The number of grains mapped and the average misorientations for each map are also given. The strength of the h101i

pole and the presence of other poles orientated away from h101i influence the average misorientation. Slightly lower misorientations are seen in maps with a

single h101i maximum (contoured as multiples of uniform density, half width 108, cluster size 58).
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relationship based on the grain averages (nZ0.42 and k1Z
3.38) to give 2.46G0.118. This is slightly smaller than the

value of 2.71G0.118 for PK73a (see Fig. 7).
4. Discussion

The main objectives of this work have been to examine

the effect that strain, grain orientation, texture and grain size

have on the average misorientation values in dry NaCl. The

quality and processing of EBSD maps is briefly discussed,

as these influence misorientation values. First, the micro-

structures are summarized.

As the presence of very small amounts of water assist

rapid grain boundary migration (Watanabe and Peach,

2002) and removes subgrain misorientations (Trimby et al.,
Fig. 6. Frequency distribution of grain average misorientations for different strai

confidence for about 80 grains, are shown.
2000), the samples in this study were dried to very low water

contents of a few ppm. The grain serrations and equant

grains, which contained relatively few subgrains, suggest

that a few regions underwent dynamic recrystallization by

rapid grain boundary migration, probably assisted by

localized pockets of water. However, the volume fraction

of these grains was !1% and generally not included in

EBSD maps used to calculate the average misorientations.

While samples were quenched from the deformation

temperature at a practical rate, the cooling rates were

relatively slow compared with rapid quenches used for

unconfined deformation. Microstructures are therefore

likely to have been fully recovered so that subgrain

misorientations were probably slightly higher than at

deformation temperatures. Nevertheless, misorientation–

strain behaviour of NaCl shows a similar trend to that found
ns, 3. Averages of these distributions, qav-grains, and standard errors at 90%



Fig. 7. Average misorientation of grain averages, qav-grains, as a function of

strain. Average misorientation increases with strain. A power law

relationship trend line is shown, excluding sample PK73a, which had a

smaller original grain sizes than other samples. The average misorientation

value for sample PK67m is also shown adjusted to a strain of 0.5

(misorientation range O0.58, CCD camera, at least 80 grains, 4 mm step

maps).

G.M. Pennock et al. / Journal of Structural Geology 27 (2005) 2159–21702166
for deformed metals (Hughes, 2002), which are generally

rapidly cooled to retain the deformation microstructures.

Furthermore, slower cooling rates are more likely to occur

in naturally deformed rocks.

Deformation of dry NaCl at 0.4 Tm resulted in subgrain

formation even at very low strains of 0.07. The types of

subgrain boundaries present, equiaxed and extended, were

similar to those reported for h100i single crystal experiments

on NaCl (Raj and Pharr, 1989) and in cold (0.3 Tm) and hot

(O0.5 Tm) worked aluminium and some aluminium alloys

(Humphreys and Drury, 1986; Delannay et al., 2001;

Barnett and Montheillet, 2002; Hurley and Humphreys,

2003).

As extended subgrain boundaries tended to form in

grains that did not have h110i parallel to the compression

axis, grain orientation is likely to be an important factor in

determining the type of subgrain boundary and average

misorientation of a grain. However, extended subgrain

boundaries often formed across only part of a grain,

implying that surrounding grain orientation also influenced

the microstructure. This was most pronounced at triple

junctions where the constraints of surrounding grains were

the greatest.

With increasing strain, the different types of subgrain

boundary in NaCl developed different ranges of misorienta-

tions (Fig. 3), with the result that by 0.54 strain average

misorientations of individual grains typically differed by

about 18 (Table 2), but differences could reach 38 (Fig. 6).

These misorientation differences are likely to have a

considerable effect on the stored energy of different grains,

with important implications for recrystallization. As 500–

1000 grains are needed to describe fully bulk textures,

variations in texture occur between individual EBSD maps

containing relatively few grains. Variations in texture can
cause differences in average misorientation between

samples or sub-areas and are likely to cause the spread in

average misorientation values observed for EBSD maps

from areas containing only 10s of grains (Fig. 5 and

Table 2). Misorientations from at least 80 grains are needed

to determine a representative average misorientation value

for a particular material state of strain or recrystallization.

Furthermore, the step size used to map subgrain micro-

structures should be small enough so that individual

subgrain boundaries are measured (Pennock et al., 2002).

Obtaining accurate values of the average misorientation is

therefore demanding on EBSD mapping times, particularly

for larger grain size materials requiring small step mapping.

Further work is needed on duplicate samples to assess the

sample to sample variation.

EBSD mapping of etched NaCl contains more artefact

misorientations along boundaries than found in other

materials, because of the etch topography. The EBSD

camera system used to map misorientations was found to

affect average misorientation values and filtering maps

increased misorientations (Pennock and Drury, 2005).

These differences were explained in terms of the percentage

of non-indexed pixels present in the maps and were not so

pronounced in other materials in which subgrain boundaries

were not etched (Hurley and Humphreys, 2002). An

improved polishing method for NaCl should improve the

map quality and reduce the differences in average

misorientation values caused by noise reduction and

filtering to reduce noise.

In material deformed to strains of at least 0.15, many

subgrain misorientations were above the angular

resolution limit of 0.58 and average misorientation values

based on misorientations O0.58 were representative.

However, after very low strain deformation (!0.07)

proportionally more misorientations were present that

were below the angular resolution limit for EBSD. Average

misorientation values at low strains were therefore slightly

overestimated. For similar reasons, the average misorienta-

tion of the undeformed material was far higher than

expected (Fig. 7). For this reason, the trend lines used to

fit the qav-grains versus 3 data were calculated using the data

for the 0.07–0.54 strained samples and the undeformed

average misorientation value was rejected. The expected

trend would be for the undeformed average misorientation

to go through zero and a power law relationship satisfies this

constraint.

Providing the EBSD data collection and processing are

similar, the average misorientations can be fitted to a power

law relationship given by Eq. (2), with coefficients of

determination, R2, better than 0.99 and nw0.4 (Pennock and

Drury, 2005). This is an encouraging result and suggests that

an average misorientation–strain relationship determined

using EBSD might provide useful information about strain

accommodated by dislocation creep in a material.

Our data on samples PK73a and PK67m (Figs. 6 and 7)

suggest that the average subgrain misorientation in dry NaCl
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may be slightly dependent on the initial grain size, such that

a higher misorientation occurs in a smaller grain size

material. Theoretical models for polycrystalline plasticity

(Ashby, 1970) imply that the grain size will influence the

accommodation strains required to maintain compatibility

between different grains. In Ashby’s model the misfit is

accommodated by a density, rg, of homogeneously

distributed geometrically necessary dislocations:

rg Z �e=4bD (3)

where ē is the average strain, b the Burgers vector and D the

grain size. If the dislocations are arranged by recovery into

subgrain walls, with an average misorientation, qg, across

the walls, rg can be expressed in terms of qg (Hughes et al.,

2003):

rg Z Svqg=b (4)

where Sv is the boundary area per unit volume, which is

equal to 2/L (Pickering, 1976): setting L, the mean intercept

length to dg, the average spacing for geometric subgrain

boundaries, gives:

qg Z k2 �edg=D (5)

where k2 is a constant. Thus at constant subgrain size, i.e.

constant stress, the average misorientation for geometric

subgrain boundaries is a function of average strain, grain

size and average spacing for geometric subgrain boundaries.

Subgrains may also form by statistical (or incidental)

trapping of dislocations into boundaries (Kuhlmann-Wils-

dorf and Hansen, 1991), with an average spacing ds, and

theoretical studies (Pantleon, 1998) suggest that qs, the

average misorientation across statistical subgrain bound-

aries is independent of grain size for a constant subgrain

size:

qs Z k3Oð �e=dsÞ (6)

where k3 is a constant.

Geometrical and statistical subgrain boundary misor-

ientations have been studied using TEM (Hughes et al.,

1997, 2003). Hurley and Humphreys (2003) argue that their

equiaxed subgrains identified with EBSD are likely to be

statistical in origin and the extended subgrain boundaries

observed in the current work in NaCl are probably

geometric in origin.

The microstructures shown in Fig. 3, showing extended

subgrain boundaries dissecting grains and emanating from

triple junctions, suggest that the spacing of geometric

subgrain boundaries, dg, depend on grain size, D. These

subgrain types have a much larger spacing than

equiaxed subgrains and in the limit when a grain splits

itself into two subgrains, can approach the grain size. If dg

can be expressed as some factor of grain size, D/x, where in

the most simple form x is a constant, then Eq. (5) for

geometric average misorientations becomes dependent only

on strain:
qgf �e (7)

A similar result can be derived for core–mantle microstruc-

tures, in which a mantle of higher misorientation subgrain

boundaries occurs: the grain size, D, in Eq. (5), can be

replaced by a mantle width, which can be expressed in terms

of some multiple of the subgrain size, dg. Statistical

subgrains are not expected to depend on grain size.

An estimation of the grain size effect for geometric

subgrains can be made from the gradient of a log qg versus

log D plot (Eq. (5)), which gives a slope of K1 for the

Ashby model. In our work, in which the subgrain size is

approximately constant, and no distinction was made

between dg and ds, a slope of K0.1 was found (for PK73a

and PK67m, average misorientations and grain sizes are,

respectively, 2.71 and 2.468 and 126 and 310 mm). The grain

size effect on average misorientations found for NaCl is

therefore much weaker than that predicted by Ashby’s

model (Eq. (5)) and consistent either with Eq. (7) for

geometric subgrains, or a dominance of statistical subgrain

boundaries (Eq. (6)).

Most studies, however, predict that subgrain size, d, is

dependent on stress, s, with:

df1=sp (8)

where p is a constant (Raj and Pharr, 1989; Hampel et al.,

1998; Stone et al., 2004); for NaCl single crystals, p was

found to have a value of 1.1 for extended subgrain

boundaries and 0.45 for equiaxed subgrains (Raj and

Pharr, 1989). If dg is solely dependent on stress, substituting

in Eq. (5) gives a relationship in which qg is dependent on

strain, grain size and stress:

qgf �e=ðs1:1DÞ (9)

Similarly, substituting for statistical subgrains, ds, in Eq.

(6) gives:

qsfOð �es0:45Þ (10)

i.e. statistical subgrain boundary misorientations depend on

strain and stress. However, the stress dependence for qs is in

the opposite sense to that given for qg. The average

misorientation of a microstructure will therefore depend on

the balance of statistical and geometric subgrain boundary

types. In the present study, samples work hardened, and

subgrain misorientations may have been influenced by both

stress and strain. Further work is needed to determine

whether a power law relationship holds under steady state

conditions.

The EBSD determined strain exponent value, n, for

NaCl, 0.42, is lower than predicted in Eq. (5) for geometric

boundaries, where n is 1, and approaches that predicted in

Eq. (6) for statistical subgrain boundaries, where n is 0.5.

However, Ashby’s model does not take into account texture

development, or multiple slip, and these effects are expected

to reduce the strain dependence of qg at higher strain

(Leffers, 1975). Other theoretical studies, based on finite
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element modelling of fcc systems, also predict a power law

relationship between the average misorientation and strain,

with n, the strain exponent equal to 0.5 for qs and 0.7 for qg

(Mika and Dawson, 1998), in agreement with Pantleon’s

model, Eq. (6) (Pantleon, 1998). A value of nZ0.68 can

also be determined from Leffers’ model (Leffers, 1975) for

geometric dislocations. The theoretical model agrees with

the experimental TEM studies on fcc metals deformed over

a wide range of temperatures (Hughes et al., 1997, 2003;

Hughes, 2002). The lower values for NaCl might be caused

by an overestimate of the low strain misorientation value, as

discussed earlier, or by a difference in crystalline plasticity

between NaCl and metals, or by a difference in the

deformation mode, as the current work was based on

compressive deformation and other experimental and

theoretical studies were based on rolled deformation

microstructures, which develop different textures.

A further consideration to the application of average

misorientation value to determine strain is the effect of

texture on the average misorientation values. The current

work is based on samples with an almost random initial

texture (Pennock et al., 2004). Final textures depend on the

strain path and might influence misorientation values. As

misorientations vary with texture and grain orientation, the

average misorientation values in a rock with an initial

texture is likely to develop different average misorientation

values. An orientation dependence could also result in

different average misorientation–strain relationships for

compression, pure shear, tension and torsion deformation

paths, depending on the texture differences that develop.

A potential application of the average misorientation

strain relationship would be to estimate the strain produced

by dislocation creep in naturally and experimentally

deformed rocks. If dislocation creep is the sole mechanism

then the average subgrain misorientation could be used to

estimate finite strain in naturally deformed rocks. The

average misorientation versus strain relationships may need

to be calibrated for the effects of initial grain size and stress.

Inherited microstructures from earlier deformation events

will limit the applicability of the average misorientation–

strain relationship; for example undeformed sediments may

contain many grains with inherited subgrains.

In addition, average subgrain misorientations will only

provide an estimate of the dislocation creep strain if static

and dynamic grain boundary migration is limited. As

extensive migration consumes old grains and subgrain

boundaries, average misorientations depend only on the

strain increment since the crystal was swept by a high-angle

grain boundary. For example, in quartz average strain

estimates based on subgrain misorientations will be

applicable in the recovery controlled creep regime (Hirth

and Tullis, 1992; Tullis, 2002), which is common during

deformation at greenschist facies conditions (Stipp et al.,

2002). At higher temperatures in quartz extensive grain

boundary migration often occurs (Stipp et al., 2002). In

naturally deformed NaCl the presence of grain boundary
fluids results in extensive grain boundary migration during

plastic deformation at low temperatures (Urai et al., 1987).

Thus, average misorientations in highly deformed natural

NaCl will only reflect the local post-recrystallization

dislocation creep strain. If strains are too low for the onset

of extensive grain boundary migration (Watanabe and

Peach, 2002) then average misorientations in natural NaCl

may be used to estimate strains produced by dislocation

creep. The application of average misorientations to

estimate strain will clearly be limited by static recrystalliza-

tion, which will remove subgrains. Static recovery may also

alter average misorientations.

As discussed above, the average misorientation of

undeformed or very low strained material is overestimated.

As grain boundary migration recrystallization also creates

an inhomogeneous distribution of subgrains, from fully

recrystallized grains to heavily deformed grains, an over-

estimation of average misorientations values is also

expected for these microstructures. An alternative approach

for determining strain from subgrain misorientation

measurements is therefore needed for microstructures that

are recrystallized by grain boundary migration, or for very

low strained material in which the majority of the subgrain

misorientations are below the angular resolution limit for

EBSD. An alternative method for determining an average

misorientation–strain relationship for these microstructures

would be to include all mapped misorientations, not just a

selected angular range, and to scale the average misorienta-

tion values in terms of mapped area, to give a boundary

density (Wheeler et al., 2003). Another approach to

assessing strain, which might be more applicable to

naturally deformed rocks in which subgrain microstructures

have low misorientations or are inhomogeneously distrib-

uted, might be to examine misorientation gradients within

individual grains (Barton and Dawson, 2001; Pennock et al.,

2002; Kamaya et al., 2005).

Microstructural studies show clear evidence for the

operation of multiple deformation mechanisms in naturally

deformed rocks (Mitra, 1976; White, 1982; Knipe, 1989;

Stöckhert et al., 1999; Harrison and Onasch, 2000). If

microstructures are grouped by deformation mechanism

then crystal plastic microstructures are often the most

pervasive in naturally deformed quartz rocks (Harrison and

Onasch, 2000; Tullis, 2002). However, pervasive undula-

tory extinction, deformation bands and subgrains may be

produced by relatively low strains so quantitative methods

are needed to determine how strain is partitioned between

different mechanisms (Mitra, 1976; Onasch et al., 1997).

The strain produced by dislocation creep can be estimated

from lattice rotations in deformation bands (Wu and

Groshong, 1991) and from deformed rutile needles in quartz

grains (Mitra, 1976). With suitable experimental calibra-

tions, for subgrain size with stress, and for grain size,

average subgrain misorientations measured by EBSD might

be used to estimate dislocation creep strains.

The average misorientation determined using EBSD is a
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useful measure of strain involving dislocation creep for

experimentally deformed materials and might be very useful

in assessing strain partitioning, providing EBSD mapping

data are collected with a suitable step size and processed in a

similar manner. However, there are practical limitations to

applying this technique to naturally deformed rocks, such as

mapping large grain sizes with a small step size, or mapping

microstructures where the subgrains are inhomogeneously

distributed. Furthermore, in theory, the misorientation–

strain relationship is stress dependent and needs to be

calibrated to account for differences caused by textures and

grain sizes.
5. Conclusions

1. In dry, synthetic NaCl, the average misorientation of

subgrains measured using EBSD can be expressed as a

function of strain in terms of a power law relation, of the

form qav-grainsZk13n, with n approximately equal to 0.4.

This relationship holds for a material of constant grain

size deformed in compression, providing EBSD proces-

sing is similar.

2. The average misorientation shows a weak grain size

dependence, with higher misorientations occurring in

smaller grain sized material. This is also consistent with

some models of polycrystalline plasticity.

3. Current theory for subgrains suggests that average

misorientations may also be stress dependent.

4. Subgrain misorientations are influenced strongly by

grain orientation and surrounding grains and hence the

average misorientation–strain relationship may be

texture dependent.

5. Measurement of at least 80 grains is needed for an

accuracy of 0.118 in the average misorientation.

6. It may be possible to use average misorientation values

to estimate strain contribution by dislocation creep in

rock materials, notably NaCl.
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