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Abstract

Effects of dynamic recrystallization on lattice preferred orientation (LPO) in olivine were investigated through the

combination of two SEM-based techniques, electron backscattered diffraction (EBSD) technique for crystallographic

orientation measurement and backscattered electron imaging (BEI) for dislocation observation. Samples are experimentally

deformed olivine aggregates in simple shear geometry. In the sample deformed at T= 1473 K and high stresses (f 480 MPa),

only incipient dynamic recrystallization is observed along grain-boundaries. Orientations of these small recrystallized grains are

more random than that of relict grains, suggesting an important role of grain-boundary sliding at this stage of recrystallization.

In the sample deformed at T= 1573 K and low stress (f160 MPa), dynamic recrystallization is nearly complete and the LPO is

characterized by two [100] peaks. One peak is located at the orientation subparallel to the shear direction and is dominated by

grains with high Schmid factor. The other occurs at high angles to the shear direction and is due to the contribution from grains

with low Schmid factor. Grains with high Schmid factor tend to have higher dislocation densities than those with low Schmid

factor. Based on these observations, we identify two mechanisms by which dynamic recrystallization affects LPO: (1)

enhancement of grain-boundary sliding due to grain-size reduction, leading to the modification of LPO caused by the relaxation

of constraint for deformation; (2) grain-boundary migration by which grains with lower dislocation densities grow at the

expense of grains with higher dislocation densities. Based on the deformation mechanism maps and stress versus recrystallized

grain-size relation, we suggest that the first mechanism always plays an important role whereas the second mechanism has an

important effect only under limited conditions. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lattice preferred orientation (LPO or fabric) could

develop either through the rotation of crystallographic

axis during dislocation creep or twinning (e.g., van

Houte and Wagner, 1985) or by recrystallization (e.g.,

Gottstein and Mecking, 1985; Doherty et al., 1997).

Although the mechanisms of LPO development due to

deformation-induced lattice rotation are well under-

stood, including cases where the number of available

slip systems is small (e.g., Molinari et al., 1987; Ribe

and Yu, 1991; Wenk et al., 1991), the mechanisms of

LPO development during recrystallization, particu-

larly dynamic recrystallization, are poorly understood

(Lister and Price, 1978; Green et al., 1970; Gottstein
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and Mecking, 1985; Urai et al., 1986; Karato, 1987a,

1988; Jessel, 1988a,b; Gleason et al., 1993; Wenk et

al., 1997; Doherty et al., 1997; Wenk and Tomé, 1999;

Kaminski and Ribe, 2001).

Two processes could affect the LPO development

during dynamic recrystallization. Firstly, small grains

formed by dynamic recrystallization may relax the

constraints for deformation of grains and hence the

number of slip systems activated will be reduced,

which could lead to a change in LPO. Secondly,

dynamic recrystallization sometimes involves strain-

induced grain-boundary migration. Grains with low

dislocation densities will grow by consuming grains

with high dislocation densities. When orientation

dependence of dislocation density is strong, this

process leads to a new type of LPO.

Consequently, the key to understand the way in

which dynamic recrystallization affects LPO is the

microstructures, such as dislocation distribution and

its relation to crystallographic orientation as well as

size and morphology of grains. An earlier study by

Karato (1987a, 1988) investigated the dislocation

structures using backscattered electron imaging

(BEI) technique (Karato, 1987b), but the orientation

measurements were made using an optical microscope

with poor spatial resolution. Zhang et al. (2000)

measured LPO of olivine aggregates using electron

backscattered diffraction (EBSD) technique (Dingley

and Randle, 1992; Adams et al., 1993), but the

dislocation structures were not investigated in any

detail. The main purpose of this study is to extend

these previous studies by combining these two high-

resolution SEM-based techniques in order to improve

our understanding of the role of dynamic recrystalli-

zation in the development of LPO.

2. Samples

A large number of simple shear deformation

experiments on olivine aggregates were carried out

by Karato’s group using a gas-medium, high-pressure

and temperature apparatus. Among them, samples of

two series of experiment conducted at 1473 and 1573

K, respectively, show distinct difference in micro-

structural and textural development (Zhang et al.,

2000). Samples deformed at T= 1473 K and relatively

high stress (300–500 MPa) showed small degree of

recrystallization (10–20%) and most of the original

grains show large elongation. We call this type of

microstructure as H-type microstructure. On the other

hand, samples deformed at 1573 K and relatively low

stress (130–200 MPa) show higher degree of dynamic

recrystallization and grain-shape is nearly equant, we

call this, L-type microstructure. We selected one

representative sample from each group, PI-284 from

H-type and MIT-23 from L-type (Table 1). PI-284 was

deformed at a constant strain rate of 9.5� 10� 5 s� 1

and temperature 1473 K to a final strain of 120%. The

deviatoric stress kept increasing and the final value

was f 478 MPa. The deformation of MIT-23 was

carried out at nearly the same strain rate as PI-284, but

at a higher temperature (1573 K). The sample shows a

peak strength f 150 MPa at f 40% strain and a

slight strain hardening thereafter. The final strain of

this sample is f 140% at maximum stress of f 160

MPa. For more details of deformation experiments,

see Zhang et al. (2000).

3. Experimental techniques

3.1. Dislocation density measurement

Dislocations and grain-boundaries were observed

on decorated samples using BEI (Karato, 1987b). This

technique allows to investigate dislocation structures

over whole sample area with a spatial resolution of to

f 0.1 Am. Decoration was made in air at T= 1073 K

for 1 h. The sample surface was then gently polished

to remove a thin layer of oxides. The work was carried

out on JEOL 840A SEM located in University of

Minnesota, operated at 15 kV accelerating voltage, 10

nA probe current and 8 mm working distance. A

number of 5� 5 or 10� 10 Am2 windows or irregular

Table 1

Conditions for deformation experiments (Zhang et al., 2000)

Sample T

(K)

c rmax

(MPa)a
ċ
(s� 1)b

di
(Am)c

df
(Am)d

PI-284 1473 1.10 478 9.6� 10� 5 37 2–35

MIT-23 1573 1.43 160 9.5� 10� 5 34 10

a Maximum stress (r1� r3).
b Shear strain rate.
c Initial grain-size.
d Final grain-size (in PI-284, grain-size is bi-modal).
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shape windows out of each grain were used to measure

the dislocation density from backscattered electron

images where dislocation density is defined as:

qu
X

l=V ð1Þ
where q is the dislocation density and Sl is the total

length of dislocations in a volume V (see Karato and

Lee, 1999).

3.2. Crystallographic orientation measurement

EBSD technique was employed to determine crys-

tallographic orientation (Dingley and Randle, 1992;

Adams et al., 1993; Prior et al., 1999). The work was

carried out on JEOL 840 SEM customized with HKL’s

EBSD system at the University of Minnesota. The

spatial resolution of this system is about 1 Am. All

EBSD patterns were manually indexed using HKL’s

Channel4 software package. The bulk LPO was col-

lected randomly at fixed step with step size varied

according to grain size, whereas LPO of specified

grain groups, such as small or large grains (Sample

PI-284) and grains with different dislocation density,

were measured separately. The samples for EBSD

measurement were mechanically polished. They were

then polished using colloidal silica as suspension to

remove the surface damage and coated with a thin

carbon-layer (about 3 nm). The sample was mounted

onto a stage whose top surface is inclined with 20j to

the electron beam. The SEM was operated under 30

kV accelerating voltage, 10 nA beam current and 25

mm working distance.

4. Results

4.1. Grain and dislocation structures

4.1.1. Sample PI-284 (H-type)

Sample PI-284 shows typical core–mantle struc-

tures with elongated original grains (old grains) as

cores rimmed by small grains derived from dynamic

recrystallization (Fig. 1a). These microstructures are

similar to that of deformed quartzite in regime II

(Hirth and Tullis, 1992), suggesting that progressive

subgrain rotation is the dominant mechanism of

recrystallization in this regime. The elongated original

grains contain a number of sub-boundaries and sub-

grain formation is more pronounced at the margins of

the old grains than at their centers (Fig. 1a). The small

grains are mainly developed along old grain bounda-

ries, forming zones with the width of f 1/5 of the

size of original grains and occupied less than 10% of

the total volume (Fig. 1a). Dynamic recrystallization

also occurs along some shear bands. These new grains

with the grain-size around 1–3 Am have nearly

equiaxed grain-shape (Fig. 1b) and in most cases their

boundaries assume near equilibrium morphology, but

non-equilibrium morphology, such as four-grain junc-

tions, is often seen (pointed by arrows in Fig. 1b).

Dislocation distribution is heterogeneous. Disloca-

tion densities in large original grains are generally

higher than those of new grains. In fact, new grains

near the boundaries of large grains are generally

dislocation-free (Fig. 1b). Measurements of disloca-

tion density are performed on 83 grains. The result

shows that the dislocation density varies in the range

of 0 to f 50 Am� 2.

4.1.2. Sample MIT-23 (L-type)

In sample MIT-23, dynamic recrystallization is

much more extensive and almost all regions are

replaced by new grains (Fig. 1c). The grain structure

is characterized by nearly equiaxed to slightly elon-

gated grain-shape and the average shape of grains

does not reflect overall strain of the sample. These

features are comparable with that of deformed quartz

in regime III (Hirth and Tullis, 1992), suggesting that

both subgrain rotation and grain-boundary migration

are responsible for microstructural development in

this regime. The grain-size varies from 2 to 15 Am
with the mean size around 5–8 Am.

Dislocation distribution in sample MIT-23 is also

highly heterogeneous (Fig. 1d). Measurements on 157

grains show that dislocation density ranged from 1 to

45 Am � 2. Generally, there exists a correlation

between grain-boundary morphology and dislocation

density. Grains with low dislocation densities (or

portions of grains with low dislocation densities) tend

to have convex outward grain-boundary morphology

whereas grains with high dislocation densities (or

portions of grains with high dislocation densities)

have concave outward grain-boundary morphology

(Fig. 1d), suggesting that the grains with low dislo-

cation density are growing while grains with high

dislocation density are shrinking.
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4.2. Lattice preferred orientation (LPO)

Microstructural observations show that dislocation

density is heterogeneous and grain-boundary mor-

phology is also variable. Therefore, LPO was not

only measured for overall samples, but also measured

separately for grains with different microstructural

characteristics in order to investigate the role of

Fig. 1. Microstructures of olivine aggregates deformed by simple shear. The starting materials are hot-pressed aggregates with nearly

equilibrium grain morphology (grain size is 34–37 Am). (a) An optical micrograph of PI-284, showing typical core–mantle structures. (b) A

close-up BEI micrograph of sample PI-284 from a region near grain-boundary, showing a large number of dynamically recrystallized grains with

four-grain junctions (shown by arrows) which suggest extensive grain-boundary sliding (or grain switching events). (c) An optical micrograph

of sample MIT-23 showing nearly complete recrystallization. (d) A BEI micrograph of sample MIT-23. Note the heterogeneity in dislocation

densities and corresponding variation in grain-boundary morphology. All images are taken from XZ section with X parallel to the horizontal

edge. X = Shear direction; Z= shear plane normal. (a)+(c) are taken under crossed nicole.
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microstructural heterogeneity in the development of

LPO. Two different microstructural characteristics

were used to classify grains. First, grains were grouped

in terms of dislocation density: high-density grains (top

30%), low-density grains (bottom 30%) and intermedi-

ate-density grains (middle 40%). Second, grains were

also classified due to grain size (H-type sample).

4.2.1. Sample PI-284

The bulk LPO of this sample is shown in Fig. 2a.

The peak of [100] axes is strong and oriented close to

the shear direction. The [001] axes form a less

pronounced peak sub-parallel to the shear direction

and a weak girdle perpendicular to the shear plane.

The poles of (010) form two clusters within a girdle

normal to the shear plane.

The LPOs of different grains are grouped accord-

ing to the dislocation density and are displayed in Fig.

2b–d. Grains of high dislocation density (12–50

Am � 2) show a strong [100] peak close to the shear

direction with the peak of [010] around the pole of the

shear (Fig. 2b), indicating that these grains are

Fig. 2. LPOs of sample PI-284, showing contours of density of poles in the lower-hemisphere equal-area stereographic projection. The density

of poles is relative to the uniform distribution. (a) Pole figures of bulk sample; (b) pole figures of grains with high dislocation density (DD)

(upper 30%); (c) intermediate dislocation density (middle 40%) and (d) low dislocation density (lower 30%). The projection of the sample

coordinate (X, Y and Z) is given by an insert figure.
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Fig. 3. LPO of small grains in Sample PI-284. See Fig. 2 for the reference for plotting. Lower hemisphere equal area projection.

Fig. 4. LPOs of sample MIT-23, showing contours of density of poles in the lower-hemisphere equal area stereographic projection. The density

of poles is relative to the uniform distribution. (a) Pole figures of bulk sample; (b) pole figures of grains with high dislocation density (upper

30%); (c) intermediate dislocation density (middle 40%) and (d) low dislocation density (lower 30%). The projection of the sample coordinate

(X, Y and Z) is given by an insert figure. Lower hemisphere equal area projection.

K.-H. Lee et al. / Tectonophysics 351 (2002) 331–341336



deformed predominantly by dislocation glide on the

[100] (010) slip system. Grains with low and medium

dislocation densities have modest peaks of [100] and

[001] axes at high angles with respect to the shear

direction. The [001] peaks seem stronger for grains

with low to intermediate dislocation densities (Fig.

5c–d) in comparing with that of grain of high dis-

location density.

The data measured from small grains throughout

the sample are plotted in Fig. 3. The measurements

were made for small grains that are associated with a

large number of original grains in order to minimize

the bias caused by the orientation of large (parent)

grains. LPOs of small grains are weaker in comparing

to that of the bulk sample (Fig. 2a). Considering that

small grains occupy less than 15% of the total sample

volume, they do not make a significant contribution to

the bulk LPO of the sample.

4.2.2. Sample MIT-23

The LPO of this sample is characterized by dual

peaks of [100]. One is nearly parallel to the shear

direction and the other weaker one is inclined at

f 60j to the shear direction (Fig. 4a). The [001] axes

do not form a peak close to the shear direction as they

do in Sample PI-284, but scattered around the direc-

tion perpendicular to both the shear direction and

shear plane normal. The peak of [010] is sub-parallel

to the pole of the shear plane.

LPOs of grains of high dislocation density (14.5–

43 Am� 2) are comparable to that of grains of high

dislocation density group in sample PI-284 and are

very close to the single crystal orientation with the

peak of [100] parallel to the shear direction, [010]

peak close to the pole of shear plane and [001] axes

around the direction parallel to the shear plane and

normal to the shear direction (Fig. 4b). It is consistent

with the easy slip on the [100](010) slip system.

Grains with low dislocation density ( < 4.0 Am� 2)

display a relatively weak LPO in comparing to grains

of high dislocation density group. Most of the [100]

axes are scattered in a plane inclined at 45j to the

shear plane and that of [010] axes form a peak close to

the periphery at an angle of 30j to the pole of the

shear plane (Fig. 4d). Grains of medium dislocation

density group (4.0–14.5 Am � 2) contain fabric com-

ponents from both low and high dislocation density

groups (Fig. 4c). Comparing the bulk LPO with that

of three different grain groups, it is evident that the

dual peaks of [100] of bulk sample are related to

grains with different dislocation densities. The [100]

peak close to the shear direction is clearly contributed

by grains with high dislocation density, while the

other peak, inclined at f 45j to the shear direction,

is formed by grains of low and medium dislocation

density.

5. Discussions

5.1. Effects of grain-size reduction

Effects of grain-size reduction can be most clearly

investigated for H-type samples where grain-size dis-

tribution is bimodal (Fig. 1a). Microstructural obser-

vations suggest that small grains are formed as a result

of dynamic recrystallization. The LPO of small-

recrystallized grains in PI-284 is significantly weaker

than that of original grains (comparing Fig. 2a with

Fig. 3). Moreover, a large number of four-grain

junctions (Fig. 1b) indicate active grain switching

events (or grain-boundary sliding) (Ashby and Verrall,

1973). Furthermore, many of the small grains in H-

type samples are dislocation-free and their morphol-

ogy shows near equilibrium geometry (Fig. 1b). These

observations strongly suggest that small grains in H-

type samples are deformed by diffusional creep or

grain-boundary sliding. This conclusion is supported

by the deformation mechanism maps (Fig. 5), show-

ing that stress/grain-size conditions for small-recrys-

tallized grains in H-type samples are well in the

diffusional creep regime.

This implies that deformation occurs by a combi-

nation of dislocation and diffusion creep (or grain-

boundary sliding) when dynamic recrystallization

occurs. When these grain-size-sensitive deformation

mechanisms make a significant contribution to total

strain, then the constraints on deformation, such as the

von Mises condition, can be relaxed. This will lead to

a change in the mechanisms of deformation from

multi-slip regime in coarse-grained samples to sin-

gle-slip regime in small-grained samples as suggested

by Drury and Fitz Gerald (1998). Consequently,

dynamic recrystallization will strengthen and/or sim-

plifies LPO in olivine so that a ‘‘single-slip’’ LPO

may be realized by this mechanism. This provides an
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explanation for the fast rotation of [100] peak towards

shear direction after significant dynamic recrystalliza-

tion as observed by Zhang and Karato (1995) and

Zhang et al. (2000).

5.2. Effects of grain-boundary migration

Effects of grain-boundary migration can be identi-

fied by correlating dislocation density with grain-

boundary morphology and grain size (e.g., Fig. 1d).

We often observe curved boundaries between two

grains with largely different dislocation density in

which dislocation density is lower in a grain toward

the center of curvature than that in the other grain. In

these cases, we infer that the boundary is likely to have

been migrating caused by the heterogeneity in disloca-

tion density (Karato, 1989a). Such features are com-

monly observed in L-type samples (Fig. 1d), but less

pronounced in H-type samples. Therefore, we will

discuss the effects of grain-boundary migration only

in reference to the observations in L-type samples.

The dual [100] peaks in LPOs of L-type sample

(Fig. 4) are due to the contribution of grains from two

different groups. While the first peak sub-parallel to

Fig. 6. (a) Inverse pole figures (generated by plotting the orientation of principal compressive stress (r1) into the crystallographic coordinate)

showing distribution of r1 for grains of three different dislocation density (DD) groups. (b) Contour map of Schmid factor in crystallographic

coordinate calculated for the [100](010) slip system of olivine.

Fig. 5. A deformation mechanism map of olivine (after Karato et al.,

1986) with grain-size stress conditions of the samples used in this

study. Solid circles represent the initial grain-size and the hatched

ellipsoids show recrystallized grain-size. In the sample PI-284, only

a small fraction of the sample was recrystallized, and these regions

fall in the diffusion creep regime whereas the majority of the sample

remains in the dislocation creep regime. In contrast, in the sample

MIT-23, recrystallization is nearly complete and the final grain-size

is close to the boundary between diffusional creep and dislocation

creep regimes, but still in the dislocation creep regime.

K.-H. Lee et al. / Tectonophysics 351 (2002) 331–341338



the shear direction is predominantly formed by grains

with high dislocation density and concave outward

grain-boundary morphology, the second peak corre-

sponds to grains with low dislocation density and

convex outward boundaries. As grains of low dislo-

cation density are likely growing by consuming grain

of high dislocation density, it is reasonable to suggest

that formation of secondary [100] peak is due to

strain-induced grain-boundary migration.

To better understand the processes by which grain

boundary migration modifies LPO, we have inves-

tigated the correlation between dislocation density and

crystal orientation and the relationship between the

Schmid factor and dislocation density as shown in

Fig. 6a–b. The inverse pole figures (IPFs) in Fig. 6a

are generated by plotting the principal compressive

stress (r1) in to the crystallographic coordinate of each

grain belonging to different dislocation density. Fig.

6b shows a contour map of a Schmid factor calculated

for the [100](010) slip system on a crystallographic

coordinate as a function of orientation of principal

compressive stress. We can clearly see the following

trend: the grains with high dislocation densities have

crystallographic orientations with high Schmid factor

for the [100](010) slip system while the grains with

low dislocation densities have orientations with low

Schmid factor for the same slip system. Such a

dependence of dislocation density on crystallographic

orientation leads to selective growth of grains with

low Schmid factors, resulting in a significant modifi-

cation to LPO.

6. Summary

Two important processes have been identified by

which dynamic recrystallization modifies LPO in

olivine. First, grain-size reduction caused by dynamic

recrystallization enhances the contribution from grain-

size sensitive flow to total strain and modifies LPO.

We suggest that this will reduce the number of slip

systems needed for deformation of a polycrystalline

aggregate and strengthen LPO and rotate it toward the

‘‘single-slip LPO.’’ According to the deformation

mechanism maps (Karato et al., 1986) and the stress

versus dynamically recrystallized grain-size (Karato et

al., 1980) in olivine, the contribution from grain-size

sensitive creep is significant under most of experi-

mental and natural deformation conditions (see also

Drury and Fitz Gerald, 1998).

Second, we have clear evidence for modification of

LPO by grain-boundary migration. Grain-boundary

migration results in the secondary peak at the orienta-

tion corresponding to the low Schmid factor for the

dominant slip system. However, the degree to which

this process modifies the LPO is likely to depend on

the degree of heterogeneity in dislocation density and

the rate of boundary migration relative to the rate of

rotation of orientation due to deformation (e.g., Kar-

ato, 1987a). The present results show that the con-

tribution from the primary and the secondary peak is

roughly equal under the experimental conditions,

which is consistent with the model by Karato

(1987a). Relatively low temperatures may favor the

contribution of grain-boundary migration, but the

heterogeneity in dislocation density will be low under

high stress conditions and low temperatures because

of the operation of multi-slip systems.

Some modeling studies addressed the role of

dynamic recrystallization on LPO development in

olivine (Wenk and Tomé, 1999; Kaminski and Ribe,

2001). Both of these studies suggested that the

observed rapid rotation of peaks in pole figures is

due to ‘‘oriented nucleation.’’ They considered that

nucleation of new grains occurs selectively from

grains with high Schmid factors and they grow, with-

out changing their orientations, to dominate the LPO.

Some of our results are not quite consistent with these

models. Firstly, their models imply that grains with

high Schmid factors should have highly heterogene-

ous dislocation density: grains prior to recrystalliza-

tion should have high dislocation density whereas

newly recrystallized grains should have very low

dislocation density. However, the present results show

that grains with high Schmid factors are dominated by

those with high dislocation density (Fig. 6). Secondly,

grains with high Schmid factor are, by definition, easy

to deform. Therefore, dislocation densities of those

grains should soon become high and they will stop

growing. We consider that although nucleation likely

occurs in highly deformed grains, grains that grow

and significantly modify LPO are those which have

largely different orientations from their parent grains:

grain orientations in these highly deformed regions

are largely modified by subgrain-rotation, and among

many grains with different orientations, those with
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low Schmid factors will selectively grow. In short, our

observations suggest the importance of ‘‘oriented

(selected) growth’’ in LPO development associated

with dynamic recrystallization.

Bystricky et al. (2000) performed large strain simple

shear deformation experiments on olivine aggregates

under the conditions nearly identical to that of experi-

ment PI-284 (H-type). The LPO of their samples at

similar strains is much the same as ours, but LPO

appears to evolve with strains. At larger strains LPO

is characterized by a strong peak of [100] parallel to the

shear direction and [001] and [010] axes define a girdle.

The contribution from b=[001] slip appears to decrease

with strain due presumably to the relaxation of con-

straints on deformation by grain-size reduction.

Finally, we emphasize that the present results are

on samples that contain relatively small amount of

water. Recent studies in our lab indicate that water has

profound effects on LPO development in olivine and

the kinetics of dynamic recrystallization (Jung and

Karato, 2001a,b). Therefore, the role of dynamic

recrystallization under water-rich conditions may be

substantially different from that under water-poor

conditions.
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