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Abstract--In situ observations of grain boundary sliding and associated accommodation mechanisms in 
experimentally pure- and simple-sheared octachloropropane at 75-85% of its absolute melting temperature and 
at strain rates of 10-5-10 -6  s -1 are discussed. Discontinuities in the strain, rotation and/or translation 
components of deformation across the grain boundary induce grain boundary sliding. The influence of 
crystallographic orientation of grains on grain boundary sliding is so strong that grains unfavorably oriented for 
basal slip contribute to deformation mainly by grain boundary sliding. Grain boundary diffusion and intragranu- 
lar plastic deformation are observed to accommodate grain boundary sliding. Grain boundary diffusion also 
causes grain boundary migration (Types II and III) that is different from conventional grain boundary migration 
(Type I) in being non-conservative, and in the details of boundary movement with respect to material points 
within grains. Grain boundary openings filled with fluid (octachloropropane vapor) are strongly associated with 
grain boundary sliding. Openings develop preferentially along grain boundaries at low angles to the shortening 
direction. Once openings grow, they are closed by thrusting of sliding grains and by diffusion in faster strain-rate 
experiments, and entirely by diffusion in slower strain-rate experiments. An approximately steady openings ratio 
of 0.5-3% of the sample volume persists without the development of any large-scale fracture. All grain boundary 
openings disappear during static readjustment of the microstructure after deformation. 

INTRODUCTION 

IN PLASTIC flOW of  polycrystalline m a t e r i a l s  a b o v e  a b o u t  
30-50% of their absolute melting temperature there are 
two types of deformation mechanisms, lattice mechan- 
isms and boundary mechanisms. The distinction is based 
on whether the individual processes are independent of 
or dependent on the presence of grain boundaries 
(Langdon 1975, 1981, Langdon & Vastava 1982). Two 
important processes of boundary mechanisms are grain 
boundary sliding and diffusional creep. However it is 
difficult to find unequivocal evidence for grain boundary 
sliding and diffusional creep in naturally or experiment- 
ally deformed rocks (Schmid et al. 1977, Schmid 1982, 
Behrmann 1985). 

The aim of this paper is to present detailed, in situ 
observations of grain boundary sliding and associated 
accommodation processes in an experimentally de- 
formed rock analog material. The creation and healing 
of grain boundary openings associated with grain bound- 
ary sliding, their geological implications, three types of 
grain boundary migration, and the recognition of grain 
boundary sliding and openings in rocks will also be 
discussed. 

In the geological literature, there have been several 
terms for grain boundary openings produced during 
plastic flow. Grain boundary void was used most fre- 
quently (White 1977, White & White 1981, Hall 1984, 
Behrmann 1985, Ree 1988, Knipe 1989). However void 
may not be a good term for grain boundary openings that 
are believed to contain some fluid, as in naturally de- 
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formed rocks and in the experiments described here 
(White & White 1981, Behrmann 1985, Urai personal 
communication 1988). lntergranular cavity was used by 
Davidson et al. (unpublished abstract, Leeds Confer- 
ence 1989), but this term is avoided in this paper for the 
same reason. Interg~ranular microfracture (Cox & Ether- 
idge 1989) and grain boundary microcrack (Drury & 
Urai 1990) have also been used. Since grain boundary 
opening in plastic flow does not necessarily involve 
fracturing or cracking (e.g. Stowell et al. 1984, Chokshi 
& Langdon 1987), the term grain boundary opening is 
favored in this paper. 

GRAIN BOUNDARY SLIDING AND ITS 
ACCOMMODATION 

Grain boundary sliding is a process in which grains 
slide past each other along, or in a zone immediately 
adjacent to, their common boundary (Langdon & Vas- 
tava 1982). Adams & Murray (1962) first observed grain 
boundary sliding in experimentally deformed bicrystals 
of NaCI and MgO, where offset of marker lines pre- 
inscribed across the grain boundary occurred. In situ 
observation of grain boundary sliding in a Zn-AI alloy 
was made by Naziri et al. (1973, 1975), using electron 
microscopy. They inferred grain boundary sliding from 
the observation of grain neighbor switching during de- 
formation. Considering the extensive grain boundary 
migration in their photographs, however, neighbor 
switching alone does not provide convincing evidence of 
grain boundary sliding, because neighbor switching can 
be achieved by grain boundary migration alone (Means 
& Ree 1990, Bons & Urai 1992). 
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Fig. 1. (a) Schematic diagram illustrating why grain boundary sliding 
occurs. Top left: two grains (A and B) in the undeformed state with 
two straight marker lines (broken lines). Top right: grain boundary 
sliding due to a strain jump. Bottom right: grain boundary sliding due 
to a rotation jump. Bottom left: grain boundary sliding due to a 
translation jump. (b) Schematic diagram to show that strain, rotation 
or translation jump does not necessarily cause grain boundary sliding. 
Grain A is dextrally sheared (7 = 0.5) while grain B is rigidly 
translated, inducing a strain jump (from a maximum principal strain of 
about 0.28 to zero strain), a rotation jump (from about 14°CW rotation 
of the principal strain direction to zero rotation), and a translation 
jump (from T, = 0 to Tb = 0.5) across the boundary from grain a to b. 
However, grain boundary sliding does not occur since material par- 
ticles at the boundary (black dots) are displaced into the same 

positions by each domainal deformation of the grains. 

science are elastic distortion, dislocation movement and 
diffusion. 

Elastic distortion can accommodate grain boundary 
sliding by deforming sliding and blocking grains elasti- 
cally. With this accommodation mechanism the sliding 
displacement must be small relative to the length of the 
sliding surface, and it may be recoverable when the 
stress is removed (Raj & Ashby 1971). 

Dislocation movement can accommodate grain 
boundary sliding by forming a localized deformation 
zone adjacent to the triple junction within a blocking 
grain ('triple-point fold', Fig. 2a) or at ledges of the grain 
boundary between sliding grains (Gifkins 1976, Ether- 
idge & Wilkie 1979, Langdon & Vastava 1982, Zeuch 
1984, Hashimoto et al. 1987), by deforming a whole 
blocking grain with slip and twinning (Crossman & 
Ashby 1975) (Fig. 2b), or by climb and glide within the 
grain boundary mantle (Gifkins 1976) (Fig. 2c). 

Diffusional accommodation occurs by transport of 
material either along the grain boundaries or through 
the lattices of grains (Raj & Ashby 1971, Ashby & 
Verrall 1973) (Fig. 2d). Grain boundary sliding accom- 
modated by this mechanism is considered as a normal 
part of diffusional creep, since diffusional creep should 
be accompanied by grain boundary sliding to maintain 
coherency between deforming grains (Raj & Ashby 
1971, Ashby & Verrall 1973, Langdon 1975, Gifkins 
1976, Speight 1976, Langdon & Vastava 1982). Grain 
boundary sliding and diffusional creep are, therefore, 
considered to be coupled and mutually accommodating 
(Poirier 1985). 

EXPERIMENTAL RESULTS 

Grain boundary sliding is a probable process in plastic 
flow of polycrystals if there is deformation incompati- 
bility among grains and if the necessary accommodation 
mechanisms for grain boundary sliding can operate. 
Figure l(a) shows, in a schematic way, three possible 
situations for grain boundary sliding, where there is a 
strain jump, rotation jump or translation jump between 
grains. However  strain, rotation or translation jumps do 
not necessarily produce grain boundary sliding if 
material at the contact or boundary is maintained in 
coherent contact by suitably matched deformations of 
the two grains (see also Means & Jessell 1986) (Fig. lb).  

Obviously some simultaneous accommodation mech- 
anisms must operate to avoid the types of overlaps 
between sliding grains as shown in Fig. 1, and between a 
sliding grain and a blocking grain in front of the sliding 
grain. Many authors have suggested that openings also 
should be avoided to maintain a coherency between 
grains (e.g. Crossman & Ashby 1975, Edward & Ashby 
1979). However,  complete coherency at grain bound- 
aries is not a rigid requirement in grain boundary sliding 
(Langdon 1970). Therefore  I will restrict the accommo- 
dation problem to overlaps since only overlaps are 
physically impossible. Accommodation mechanisms 
suggested in the literature of metallurgy and materials 

Thin sheets of octachloropropane (C3C18, hereafter 
called OCP) mixed with marker particles (1000-grit 
silicon carbide) were deformed in a press mounted on 
the stage of an optical microscope for in situ observation 
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Fig. 2. Accommodation mechanisms of grain boundary sliding. (a) 
Localized deformation adjacent to the triple junction within a blocking 
grain (grain 3). (b) Intragranular plastic deformation of a whole grain. 
Dotted lines represent deformation bands. (c) Dislocation glide and 
climb in the grain mantle (after Gifkins 1976). Dotted lines represent 
boundaries between grain mantle and core. Movements of dislocations 
in the mantle are schematically shown. (d) Diffusion along grain 

boundaries around the triple junction (after Gifkins 1976). 
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and recording of deformation processes. This technique 
of 'synkinematic microscopy' is explained in greater 
detail by Means (1989). 

Samples before deformation were annealed at 50- 
60°C in an oven for more than 5 days to provide rela- 
tively coarse and equiaxed grains. Before running an 
experiment, a sample was again heated statically on the 
deformation apparatus at the deformation temperature 
for 2-12 h. Then samples were deformed under pure- 
shear or simple-shear geometry. Strain rate was about 
10 -5 s -1 except in one experiment, TO-202, which was 
done at a shear strain rate of about 10 -6 s -1. Tempera- 
ture during deformation was 60-100°C corresponding to 
75-85%, respectively, of the absolute melting tempera- 
ture of OCP. The conditions of the experiments de- 
scribed in this paper are presented in Table 1. 

The bulk strain of each sample was determined by 
averaging strains indicated by five to 10 sets of three 
marker particles with average distance of about 1 mm 
between the marker particles in a set. The bulk strains of 
smaller areas in samples were calculated in the same way 
as the bulk strain of a sample but using marker particles 
around the specific areas. The intragranular strain of 
individual grains was measured from displacements of 
one-five sets of three widely spaced marker particles 
within a grain, and it is not necessarily homogeneous 
within the grain. Other techniques measuring c-axis, 
grain size and grain-shape foliation are described by Ree 
(1991). 

In the following subsections three simple-sheared 
samples will be described in detail since they have a 
larger population of marker particles than other 
samples, which allows a more complete description of 
grain boundary sliding and its accommodation. Sample 
TO-110, which was deformed mainly by intragranular 
deformation (Ree 1991), shows evidences of grain 
boundary sliding induced by translation and strain 
jumps. In sample TO-105, grain boundary sliding due to 
translation and rotation jumps, and its accommodation 
by intragranular plastic deformation, will be illustrated. 
Although experimental conditions of TO-105 were 
almost the same as TO-110 except the initial c-axis 
orientation (see below), its deformation behavior was 
strikingly different from TO-110, with an extensive 
development of grain boundary openings (see Figs. 7a- 
h) and the greater component of grain boundary sliding 
in its total deformation. In experiment TO-202 which 
was done at the slowest strain rate in this paper, exten- 
sive grain boundary openings also developed. Clear 

evidence of grain boundary sliding induced by trans- 
lation jump, diffusional accommodation and diffusion- 
related grain boundary migration will be presented in 
this sample. 

In preparation of an OCP sample before deformation, 
some preferred orientation of c-axes is always intro- 
duced due to the pressing of the sample between two 
glass slides perpendicular to the plane of observation to 
obtain a desired sample thickness (~-30-40/zm) and 
some preferred extrusion along the deformation window 
during sample pressing. The usual shape of c-axis pre- 
ferred orientation before deformation is a broad, single 
girdle normal to the direction of shear in simple shearing 
experiment as in TO-110 and TO-202 (see Fig. 12f). But 
in sample TO-105 the initial c-axis orientation forms a 
girdle at a low angle to the shear direction for some 
unknown reason (see Fig. 9a). 

Experiment TO-110 

In this experiment, the initial average grain area of 
about I x 10 -2 mm 2 increases by about 23% after a bulk 
shear strain of 0.5. From this strain onwards, the average 
grain area of 1.2 x 10 -2 mm 2 becomes steady to the end 
of the deformation (Ree 1991). Intragranular strain is 
heterogeneous with the stretch ratio (SJS3) of indi- 
vidual grains ranging from 1.3 to 5.5 at a total bulk shear 
strain of 1.3. Progressive increase in the bulk area, 
determined by 10 sets of three marker particles, occurs 
during the deformation and it is about 15% at the end of 
the deformation. 

Figure 3 shows a portion of the sample where eight 
material lines drawn approximately perpendicular to the 
shear direction, with the help of marker particles, pro- 
vide a clue to grain boundary sliding induced by a 
translation jump. At a bulk shear strain of 0.1, tiny grain 
boundary openings occur between grains 93 and 95, and 
between grains 76 and 96 (Fig. 3a). Their size is about 2 
/.tm (or about 0.02 the average grain diameter) wide and 
20-30/zm (or about 0.2-0.3 the average grain diameter) 
long. After an additional local bulk shear strain of 1.2, 
all material lines are stretched and rotated (Fig. 3b). All 
but two material lines passing through grains 95 and 96 
remain more or less parallel to each other without any 
offset. These two lines show offset of about 75/~m across 
the boundary between grains 95 and 96. Grain 95 is not 
strained much. Its basal slip plane is almost perpendicu- 
lar to the shortening direction $3, assuming this direction 
is at about 45 ° to the shear direction. Grain 95 thus is a 

Table 1. Experimental conditions 

Strain rate* Temperature Duration of deformation 
Experiment Deformation type (s -1) Total strain (°C) (h) 

TO-88 Pure shear 2.2 x 10 -5 - 0 . 5  (e3) 70 6.25 
TO-89 Simple shear 7.8 x 10 -5 1.8 (~,) 70 6.42 
TO-100 Pure shear 2.3 x 10 -5 - 0 . 5  (e3) 100 6.17 
TO-105 Simple shear 5.3 x 10 -5 1.8 (~,) 80 9.50 
TO-110 Simple shear 3.8 x 10 -5 1.3 (y) 80 9.50 
TO-202 Simple shear 9.6 × 10 -7 0.2 (~) 60 58.00 

* Axial strain rate for pure-shear experiments and shear strain rate for simple-shear experiments. 
15z141 
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Fig. 3. Maps of the central area of OCP sample TO-110 (a) at bulk 
shear strain ~, of the whole sample = 0.1 and (b) after deformation 
(7 = 1.3). Thick lines represent  material lines drawn using marker  
particles. The bulk strain ellipse of the mapped area is shown in the 
bot tom right of (b). lntragranular  strain ellipses are also drawn for 

most of the grains. 

'hard' grain with the basal plane unfavorably oriented 
for slip (Ree 1990). Grain 96 on the other hand is 
strained almost the same as the bulk strain ellipse for the 
whole group of grains. Without grain boundary sliding 
this strain difference should have been represented by a 
kink-like feature of the material lines without any offset. 
The offset of the lines running through the two grains 
implies grain boundary sliding in which grain 95 is 
translated more or less rigidly past grain 96. 

Figure 4(a) shows the evolution of the boundary 
between grain 95 and a grain left behind (grain 93). Here 
the grain boundary opening noted earlier would increase 
its size as grain 95 slides to the right with respect to grain 
96 if enough material were not added into the opening by 
diffusional influx, or if grain 93 were not translated 

together with grain 95. As seen in Fig. 4(a) the grain 
boundary opening does not grow. Instead it is almost 
closed at the end of the deformation. However, the area 
occupied by four marker particles across the grain 
boundary increases continuously with the deformation 
(Fig. 4a). The total increase in area is about 50% at the 
end of the deformation. Diffusional influx of material 
probably accounts for this area increase. 

An accommodation with the grain blocking the sliding 
grain 95 should involve the diffusional efflux of the 
material, a zone of plastic high strain along the boundary 
or plastic deformation of the blocking grain, unless the 
blocking grain overlaps with the sliding grain or is 
translated together with the sliding grain. Initially the 
blocking grain is grain 100 and later it becomes grain 96a 
after grain 100 has been consumed by grain 96 (Fig. 3). 
In the boundary between grains 95 and 100, a tiny 
opening also develops during the deformation, but it 
closes at the end of the deformation when the boundary 
becomes at a high angle to the shortening direction (Fig. 
4b). Unfortunately there are not enough marker par- 
ticles to measure the area change adjacent to this bound- 
ary. The development of the grain boundary opening 
between grains 95 and 100 may involve an area increase 
around the boundary, suggesting translation of grain 100 
to the right at least as fast as grain 95. Grain sliding along 
the boundary approximately parallel to the bulk shear 
direction as described above was found at eight sites in 
this sample, mainly around hard grains. The amount of 
offset is usually 70-80 pm, or 0.6-0.7 the average grain 
diameter. 

Grain boundary sliding is also expected along bound- 
aries that are not parallel to the bulk shear direction if 
there exists a strain or rotation jump between grains. 
Figure 5 shows the c-axis orientations and marker par- 
ticle trajectories of grains 76 and 78 for a period of 
deformation during which a bulk shear strain of about 
0.7 has accumulated from the stage in Fig. 3(a). The 
trend of the basal slip plane in grain 76 was inclined 
toward the shear direction at the beginning of the 
deformation, and the c-axis of grain 76 rotated clockwise 
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Fig. 4. Evolution of boundaries between (a) grains 93 and 95 and (b) between grains 95 and 100 in sample TO-110. Grain 
100 later becomes grain 96a after consumed by grain 96. Shaded area represents a grain boundary opening. Marker  particles 

are indicated by small circles. 



77 . Bulk ~ ~ / 77 
b) St oio 

t I 

Grain boundary  sliding and grain boundary  openings in experiments  407 

Fig. 5. (a) Western half-circle of a lower-hemisphere stereographic projection showing c-axis trajectories of grains 76 and 
78 in sample TO-110. Open circle and tip of arrow represent c-axis before and after deformation, respectively. Solid square 
indicates c-axis at the stage of (b). c-axis of grain 78 remains in almost the same position after the stage of (b). (b) Map of the 
two grains at a bulk shear strain of the area shown in Fig. 3 --- 0.7. Marker particle trajectories are drawn using marker 
particles that remain in the same grain, relative to a fixed particle in grain 78 (solid circle). Initial position of a marker 
particle is represented by an open circle. The tip of an arrow indicates a marker particle position at a bulk shear strain y - 
0.7. Particle positions in-between are represented by crosses. (c) Marker particle trajectories at the same stage as in (b) but 

relative to a fixed particle in grain 76 (solid circle). 

by about  25 ° after an interval of  deformation in Fig. 5. 
On the other  hand,  the trend of the basal slip plane in 
grain 78 inclined against the shear direction at the 
beginning of the deformation,  and the c-axis of  grain 78 
stayed in almost the same position (Fig. 5a). The trajec- 
tories of marke r  particles in grain 78 relative to a fixed 
point within this grain show displacements approxi- 
mately parallel to the trend of its basal slip plane, 
suggesting basal slip is the pr imary deformation mechan- 
ism in grain 78 (Fig. 5b). The trajectories of marke r  
particles in grain 76 relative to a fixed point within this 
grain also tend to show displacements parallel to the 
trend of its basal plane (Fig. 5c), but whether  basal slip 
predominates  or not is unclear because of the rotation of 
its c-axis. The deformat ion of these two grains with 
different displacement fields results in different maxi- 
mum stretch (S1) directions (44 ° vs 25 ° CCW from the 
shear direction) and in different rotations of  $1 (25 ° vs 
18 ° CW),  even though the stretch ratios in the two grains 
(1.9 vs 2.1) do not differ greatly (Fig. 5b). 

In Fig. 6(a) a material  line was drawn almost perpen-  
dicular to the boundary between the two grains using 
marker  particles within the grains. This material  line is 
approximately parallel to the trend of the basal slip 
plane in grain 78 and at a high angle to that of the basal 
plane in grain 76. As expected with basal slip, the 
segment of  the material  line in grain 78 does not change 

its length and orientation with increasing deformation.  
I f  other  slip systems had been associated with basal slip, 
the material  line initially parallel to the basal plane 
should have changed at least its length. On the other  
hand, the segment of  the material  line in grain 76 
becomes shortened and rotated,  producing an offset of  
the line of  about  80 p m  at the end of the deformation 
(Fig. 6d). Therefore  it is believed that this offset rep- 
resents grain boundary sliding induced by a strain jump 
or difference in the maximum stretch direction and a 
rotation jump between grains 76 and 78. 

Experiment TO-105 

In this simple-shear experiment  (Fig. 7), the average 
grain area of  about  1.3 x 10 -2 m m  2 before the defor- 
mation increases by 53% to 2.0 x 10 -2 m m  2 during the 
accumulation of a bulk shear strain of about  0.9. Then,  
after some decrease in average grain area,  the sample 
maintains a steady average grain area at about  1.8 x 
10 -2 m m  2 to the end of the deformation.  There  is almost 
no change in the bulk area during the deformation.  

Figure 9 shows c-axis fabric diagram before and after 
deformation and c-axis reorientation trajectories of  
some grains in the central area of  the sample. During 
dextral simple shear, the intragranular plastic defor- 
mation of grains is accompanied by clockwise rotation of 

loo ~,m (b  ~ / 7 7  _ 
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Fig. 6. Offset of a marker line crossing the boundary grains 76 and 78 in sample TO-110. (a) Bulk shear strain of the sample 
- 0.1. Additional bulk shear strains of the area in Fig. 3 from the stage (a) are about (b) 0.6, (c) 0.9 and (d) 1.2. Broken lines 
in (d) represent subgrain boundaries. The segment of the marker line in grain 78 was drawn by interpolating the positions of 
marker particles, and the segment in grain 76 was drawn by connecting marker particles. Not all marker particles used to 

calculate strains are shown. 
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c-axes (Fig. 9c). When the c-axes of most grains are in 
positions unfavorable for basal slip, grain boundary 
openings begin to occur in association with relatively 
rigid translation and rotation of most grains in the 
sample (Figs. 7c and 9c). Grain boundary openings 
develop preferentially along boundaries at low angles to 
the shortening direction, inclining against the bulk shear 
direction or the direction of relative displacement of the 
upper part of the shearing sample. Their widths range 
from about 2 pm up to 40/tm with a typical width of 
about 5/~m or about 0.04 the average grain diameter. 
Their lengths, ranging from about 15 to 200/zm, are 
mostly 50/~m or about 0.4 the average grain diameter. 
After an initial increase, grain boundary openings 
occupy 1-2% of the sample area, and remain constant at 
that value until the deformation stops. Further details of 
the evolution of these grain boundary openings will be 
discussed later. 

An example of grain boundary sliding resulting from 
translation jump is illustrated in Fig. 10 which shows 
grain boundary maps, marker particle trajectories and c- 
axis trajectories for three grains in the sample during an 
interval of the deformation. The three grains are de- 
formed mainly by intragranular plastic deformation and 
their c-axes rotate clockwise by 10-30 ° during bulk shear 
strain of about 0.9 (Figs. 10a & b). As the basal planes of 
the grains approach an orientation unfavorable for slip, 
the deformation becomes dominated by grain boundary 
sliding, and openings begin to develop preferentially 
along boundaries at a low angle to the shortening direc- 
tion (Figs. 10c-f). With an additional shear strain of 
about 0.4 from the stage of Fig. 10(a), a material line 
defined by marker particles across the grains 22 and 11 
shows an offset of about 100/~m or about 60% of the 
average grain diameter of the sample (Fig. 10e). The 
maps of marker particle trajectories in Figs. 10(d) & (f) 
indicate that this grain boundary sliding results mainly 
from a translation jump between grains 11 and 22. 

Across the grain boundaries under possible compres- 
sion due to the grain boundary sliding, such as the 
boundary between grains 11 and 3a, and the boundary 
adjacent to the junction of grains 3a, 3b and 22 (Fig. 
10e), the areas occupied by each four marker particles 
show only a few percent decrease from the stage of Fig. 
10(c) to (e). This implies that diffusional accommo- 
dation is not significant at these sites. Note also that the 
grains are not perfectly rigid but are internally strained 
during grain boundary sliding. As indicated by the 
intragranular strain ellipses, however, the magnitudes of 
intragranular strain are lower than that of the bulk strain 
(Figs. 10c & e). Grain 3 is more strongly strained than 
the other grains and shows rotational recrystallization 
resulting in grain-size reduction. This suggests that grain 
boundary sliding is accommodated mainly by intragra- 
nular plastic deformation at these compressional areas. 
At boundaries possibly under extension, grain boundary 
sliding causes openings to occur that could serve as sink 
sites of diffusion. Indeed, some grains show overgrowths 
into the grain boundary openings, suggesting diffusional 
influx into these sites (Figs. 7e & f). The source sites of 

diffusion are not clear from the marker particle popu- 
lation and scale. 

Figure 11 shows grain boundary sliding due to a 
rotation jump between grains 25a and 26. As the sample 
is deformed, intragranular plastic deformation and 
clockwise c-axis rotation are followed by the formation 
of grain boundary openings, as in the previous example. 
After a bulk shear strain of about 1.2 (Fig. l la) ,  the two 
grains deform in significantly different manners. The 
trajectories of marker particles within grain 25a (Figs. 
11d & f) and very weak intragranular deformation 
implied by the incremental, intragranular strain ellipses 
(Figs. 11c & e)indicate that grain 25a is deformed 
mainly by clockwise rigid-body rotation. The c-axis of 
grain 25a also rotates clockwise by about 20 ° (Fig. 1 lb), 
and its grain-size increases with the consumption of 
adjacent grains during this deformation interval. In 
contrast, the intragranular strain of grain 26 is stronger 
even than the bulk strain of the local area comprising 
these two grains. Grain 26 also shows grain-size re- 
duction by rotational recrystallization and grain bound- 
ary migration (Figs. l la-c) ,  and only a small rotation of 
its c-axis (Fig. l lb) .  Grain boundary sliding associated 
with the more or less rigid-body rotation of grain 25a is 
evidenced by the offset of a marker line drawn almost 
perpendicular to the boundary between the two grains. 
The healing and shape change of openings at the north- 
east and southwest boundaries of grain 25a, and the 
creation of openings at the boundary between grains 25a 
and 26, are associated with this grain boundary sliding 
(Fig. l le) .  The reason why the two grains behave 
differently, even though the orientations of their c-axes 
relative to the shear direction are similar at the begin- 
ning of the deformation interval described above, is 
unclear. Perhaps the stress field is highly heterogeneous 
in that area. 

Experiment TO-202 

Experiment TO-202 is the slowest simple-shearing 
experiment described in this paper (~) ~ 9.6 x 10 -7 s -1 , 
Table 1). A total shear strain of about 0.2 was imposed 
over about 58 h, at 60°C. The initial average grain area of 
about 2.2 × 10 -2 mm 2 increases gradually to 2.9 × 10 -2 
mm 2 at the end of the deformation. The change in the 
bulk area does not occur during the deformation. The c- 
axis fabric diagram before deformation shows a broad 
girdle normal to the direction of shear as usually ob- 
served in other simple shearing experiments (Fig. 12f). 

As in experiment TO-105, extensive grain boundary 
openings associated with grain boundary sliding de- 
velop. They develop, however, at a lower shear strain 
than in TO-105 (less than 0.1). Their ratio is about 1% of 
the sample area at y - 0.1. Offset of a marker particle 
line and marker particle trajectories in Fig. 12 indicate 
that a translation jump is mainly responsible for the 
grain boundary sliding between grains 4 and 6 (Figs. 
12a-c). Across a boundary possibly under compression 
due to the grain boundary sliding, the area occupied by 
four marker particles decreases by about 15% during an 
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Fig. 7. Plane light and crossed-polars photomicrographs of simple shearing OCP sample TO-105, before deformation (a & 
b), at ), = 1.1 (c & d), at ~, = 1.2 (e & f) and immediately after deformation with ), = 1.8 (g & h). In close-up views (e & f), 
overgrowth of a grain into the opening (pointer in f) is indicated by a slight difference in interference color of the grain edge 
adjacent to the opening. Most small black particles are silicon carbide markers. Dextral shear direction is horizontal. Scale 

bar is 0.5 mm. 
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Fig. 8. (a) & (b) Plane light and crossed-polars photomicrographs of pure-shearing OCP sample TO-88 immediately after 
deformation with about 50% shortening along horizontal direction: (c) & (d) Simple-shearing OCP sample TO-89 
immediately after deformation (y = 1.8). Dextral shear direction is horizontal. (e) & (f) Same fields as (c) & (d) after 16-h 

static heating. Scale bar is 0:5 ram. 
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Fig. 9. Lower-hemisphere equal-area projections of c-axis of sample TO-105 (a) before and (b) after deformation. 
(c) c-axis reorientation trajectories. Squares represent c-axis positions when grain boundary openings begin to occur. 

increment of bulk shear strain less than 0.1 (Figs. 12d & 
e), suggesting the removal of material by diffusion. The 
upper segment of the boundary between grains 4 and 7 
(41 in the earlier stage) moves toward the marker 
particles in grain 4 as well as toward those in grain 7 (41 
in the earlier stage) (Figs. 12a & b). This suggests 
material efflux from both grains along the boundary. 
The lower segment of the boundary moves toward the 

marker particles in grain 4 and away from those in grain 
7. The distance of the boundary movement toward the 
marker particles in grain 4 is larger than that of the 
boundary movement away from the marker particles in 
grain 7 (Figs. 12a & b). This may indicate that material 
efttux from grain 4 occurs together with the conventional 
volume-conserving grain boundary migration for the 
lower segment of the boundary. At a possible exten- 

( ~ I ' ) ~  O ~  ) 2OOt~m ( C ~  T,.. ~ / ~ a  

i ~  ~ Strain 
Bulk 
Strain 
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Fig. 10. (a) Map of some grains in sample TO-105. Strains represented by ellipses are strains accumulated from the 
beginning. Thick line is a material line. Dotted lines are subgrain boundaries. Bulk strain ellipse represents a strain for the 
total area of the grains shown. Not all marker particles used to calculate strains are shown. (b) c-axis trajectories of grains 3, 
11 and 22. Grain 3 is recrystallized into three smaller grains later. ~ in the inset represent a bulk shear strain of the whole 
sample. Triangle, square and the tip of arrow correspond to stages (a), (c) and (e), respectively. (c) Offset of the material 
line by grain boundary sliding. Strain ellipses represent additional strain from (a). Areas outlined by four marker particles at 
the boundaries between grain 3 and 11, and adjacent to the junction among grains 2, 3 and 22, are indicated by broken lines. 
(d) Displacements of marker particles which remain in the same grain, relative to a fixed marker particle in grain 11 (solid 
circle) and the bulk shear direction horizontal. Open circles are positions of marker particles at stage (a) and the other end of 
strokes are positions at stage (c) or present positions. (e) Further offset of the marker line. Strain ellipses represent 

additional strains from (a). (f) Displacement of marker particles from stage (c) to (e). 
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Fig. 11. Offset of a marker line crossing the boundary between grains 25a and 26 in sample TO- 105 (a, c & e). Ellipses in (a) 
indicate strains accumulated from the beginning of deformation. Bulk strain is the strain of the area around grains 25a and 
26. Ellipses in (c) & (e) represent additional strains accumulated from (a). (b) c-axis trajectories of grains 25a and 26.7 in the 
inset represents the bulk shear strain of the whole sample. The cross and tips of arrows indicate c-axes at stages (a) and (e), 
respectively. (d) Displacements of marker particles remaining in the same grain from (a) to (c) relative to a fixed marker 
particle in grain 26 (solid circle) and the bulk shear direction horizontal. (f) Displacements of marker particles from (c) 

to (e). 

sional site (the left boundary of grain 4), the grain 
boundary opening develops by grain boundary sliding. 
No loss of the contact between grain 4 and the grain to its 
left (not shown) along the lower part of the boundary, 
however, implies that the translation of the grain on the 
left or diffusional influx may also be involved at this site. 

Evolution of grain boundary openings 

The experimental results show that openings grow 
preferentially along grain boundaries at low angles to 
the shortening direction with grain boundary sliding. 
Growth of openings usually involves four grains (Figs. 
13a & c). Once openings grow, they are shortened 
parallel to the shortening direction by thrusting of 
sliding grains and grain overgrowth into the openings. 
With further deformation they are eventually closed 
leading to a neighbor switching of four grains (Figs. 13a 
& c). The magnitude of the minimum principal stretch 
associated with this neighbor switching is about 0.7. This 
value is somewhat larger than that (0.58) of Ashby & 
Verrall's (1973) neighbor switching model where coher- 
ency at the boundary is maintained by diffusion without 
opening. In some cases only two or three grains are 
involved in the opening and closing of a grain boundary 
without any neighbor switching (Fig. 13b). Here grain 
boundary openings are closed as one grain rigidly rotates 

and the grain boundary bearing the openings becomes 
perpendicular to the shortening direction. 

While grain boundary openings are closed in some 
places, approximately the same area of grain boundary 
openings appear in other places. This maintains an 
approximately steady openings ratio of about 1-3% of 
the sample volume in simple-shearing experiments and 
of about 0.5% in pure-shearing experiments without 
development of any large-scale fracture (Figs. 7, 8 and 
14). In one simple-shearing experiment (TO-89), how- 
ever, the ratio increases by a further 1% toward the end 
of the deformation. The mean residence time of indi- 
vidual openings corresponds to a shear strain increment 
of about 0.2 in experiment TO-105 (Ree 1988). Almost 
all grain boundary openings disappear within 15-20 h if 
the deformation is stopped but the temperature is main- 
tained (Figs. 8c-f). 

In the lowest strain-rate experiment in this group 
(TO-202), grain boundary openings are closed almost 
entirely by diffusion. Figure 15 illustrates an example in 
experiment TO-202 where grain boundary openings 
grow by grain boundary sliding due to a translation jump 
between grains (Fig. 15b). The area defined by four 
marker particles across the boundary between grains 20 
and 36 increases by about 20% with the opening of the 
grain boundary. With further deformation, the opening 
between grains 20 and 36 becomes closed but the area of 



the shearing direction in simple shearing experiments 
and to be parallel to the compression direction in pure 
shearing experiments (Fig. 16). The orientations of 
grain boundary openings were also measured at several 
stages during deformation. They all show more or less 
constant distribution with respect to the shortening 
direction as in Fig. 16. 

four marker particles shows almost no area change 
(Figs. 15c & d). As the opening is closed, the northeast 
boundary of grain 20 and the southwest boundary of 
grain 36 move away from the marker particles within 
each grain (Figs. 15b-d). These clearly indicate that the 
grain boundary opening is healed by diffusional addition 
of material onto both grain edges adjacent to the open- 
ing. 

In Fig. 16, the orientations of grain boundary open- 
ings at the end of the deformation are shown as rose 
diagrams with the foliation orientation as a reference 
horizontal axis. The foliation orientation is defined 
statistically by the preferred orientation of long axes of 
grains in this paper. In experiments TO-89 (simple- 
shearing experiment) and TO-88 (pure-shearing experi- 
ment) the openings are preferentially oriented at a high 
angle to the foliation orientation. Their orientation is 
also symmetric with respect to the foliation orientation 
(Figs. 16a & c). In experiment TO-105, however, the 
preferred orientation of the grain boundary openings is 
at a low angle to the foliation orientation (Fig. 16b). 
However in this experiment, the average ratio of long 
axes to short axes of grains is very low (= 1.05 ). With this 
low value of average grain axial ratio, the definition of 
foliation orientation is of uncertain significance. In all 
experiments, the preferred orientation of grain bound- 
ary openings is at a high angle to the direction of the 
maximum finite stretch, and at a low angle to the 
shortening direction ,{3, assuming $3 to be about 45 ° to 

DISCUSSION 

(c 

Grain boundary sliding, its accommodation and three 
types of grain boundary migration 

As shown in Fig. 1 and several experimental examples, 
grain boundary sliding is an expression of displacement 
difference in which material near the contact between 
grains is brought into the different positions by each 
domainal deformation of grains. This displacement 
difference at the contact results from jumps or disconti- 
nuities in the strain, rotation and/or translation com- 
ponents of deformation across the boundary. It is known 
that grain boundary sliding becomes easier as grain 
boundary cohesion is weakened due to an increase in 
temperature, decrease in strain rate, and the presence of 
grain boundary fluid (or melt) films and openings (Marya 
& Wyon 1975, Mitra 1976, White 1977, Paquet & 
Francois 1980, Mainprice & Paterson 1984, Weber 
1986). The results of experiment TO-105 suggest 

0 200~m 
L I I 
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Fig. 12. (a) & (b) Offset of a marker line crossing the boundary between grains 4 and 6 in sample TO-202. (c) 
Displacements of marker particles remaining in the same grain from (a) to (b), relative to a fixed marker particle in grain 6 
(solid circle). The bulk shear direction is horizontal. Duration of deformation in (a) & (b) is 19 and 27 h, respectively. (d) & 
(e) Change of an area outlined by four marker particles from (a) to (b). Ellipses in (e) indicate strains accumulated from (d). 
RC, reference circle for strain ellipse. BSE, bulk strain ellipse of the local area around grains 4, 6 and 7. (f) c-axis fabric 
diagram before deformation, c-axes of grains shown in Figs. 12 and 15 are numbered and marked as squares. Lower- 

hemisphere equal-area projection. 
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Fig. 13. Opening and closing of grain boundaries in simple-shearing experiment TO-105 (a & b) and pure-shearing 
experiment TO-100 (c). The bulk shear strains of the whole sample at the start of each sequence of (a) and (b) are about 1.0 
and 1.3, respectively. In (c) the start of the sequence corresponds to the beginning of the deformation. Additional strains 

around grain boundaries or openings are represented by shaded ellipses. 

that grain boundary sliding can also be influenced by 
crystallographic orientation of grains. When many of the 
grains are unsuitably oriented for single slip on weak 
systems, grain boundary sliding can be activated in 
preference to operating other, stronger slip systems. 

Among several processes accommodating grain 
boundary sliding, grain boundary diffusion and intragra- 
nular plastic deformation are effective in experimental 
examples of this paper. The details of accommodation 
by intragranular plastic deformation are not clear with 
the present observational scale. 

Grain boundary diffusion not only accommodates 
grain boundary sliding but also results in grain boundary 
migration. However, diffusion-related grain boundary 
migration is different from conventional grain boundary 
migration in being non-conservative, and thus in the 
details of boundary movement with respect to material 
points within grains. These grain boundary migrations 
are classified into three types as follows. 

Bulk Shear Strain ('7) 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1,8 2.0 

[] T0-89 J L 4.0 ] Simple Shear • T0-105 ( ............ ) 
VO " : TTO-88 ] Pure Shear | .-''1 

D2 
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.C~Co_ 2.0- .~il,"'"'""" " ~ ~  

0 10 y " "  
Q3 

o 
0 10 20 30 40 50 60 

Bulk Axiat Shortening (Ea, %) 
Fig. 14. Plot of bulk strain vs grain boundary openings ratio. Horizon- 
tal bars are _+ 1 standard deviation of bulk strain. Vertical bars are 

measurement error ranges of grain boundary openings ratio. 

Grain boundary migration (sensu stricto) is a move- 
ment of a boundary away from material points within 
one grain and toward material points within the other 
grain by transferring material across the boundary (Figs. 
17a & b) (see also Urai et al. 1986). With this process 
there is no net gain or loss of material in the area swept 
by the boundary (Type I grain boundary migration). 

Grain boundary diffusion, involving a net gain or loss 
of material, also causes a migration of the grain bound- 
ary with respect to material points across the boundary. 
When material is added to or lost from both grains the 
boundary will migrate away from or toward the material 
points, respectively, of both grains (Fig. 17c, Type II 
grain boundary migration). The upper segment of the 
boundary between grains 4 and 7 (Figs. 12a & b), and the 
northeast boundary o f  grain 20 and southwest boundary 
of grain 36 (Figs. 15b--d) show Type II migration. 

If material is added to or lost from only one grain, the 
boundary will migrate away from or toward material 
points, respectively, within that grain whereas it will 
remain relatively fixed with respect to the material 
points within the other grain (Fig. 17d, Type III grain 
boundary migration). 

Type I migration can be mixed with Type II or III 
migration as already seen in the lower segment of the 
boundary between grains 4 and 7 in Figs. 12(a) & (b). It 
is also possible that one segment of a boundary may 
migrate in Type I behavior while the other segment of 
the boundary migrates in Type II or III fashion. 

To investigate the contribution of grain boundary 
sliding to the total strain, the average axial ratio of 
intragranular finite strain ellipses (Rf,~) was compared 
with the axial ratio of the bulk finite strain ellipse (Rf,a) 
in experiments TO-105 and TO-110. In experiment TO- 
110 where only minor grain boundary openings develop 
locally, the magnitude of the average intragranular 
strain (Rf,i = 3.2) is not much different from that of the 
bulk strain (Rf,B = 3.3), suggesting that the contribution 
of grain boundary sliding to the total strain is minor. In 
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(a) (b) [ 

0 200 /~,m ~, 
I I I 

Fig. 15. Opening and closing of grain boundaries in sample TO-202. At stage (a) a small bulk shear strain (less than 0.1) has 
accumulated since the beginning of deformation. Additional strains accumulated after stage (a) are represented by ellipses 
in the following sequences (b, c & d). Displacements of marker particles within grains 14 and 36 from a former stage relative 
to a fixed marker particle in grain 14 (solid circle) are also shown in stages (b), (c) & (d). The inset at the top right of each 

figure shows change of area outlined by four marker particles around the boundary between grains 20 and 36. 

experiment TO-105 where the development of grain 
boundary openings is relatively extensive, Rf,i and Re,B 
are calculated from when openings begin to occur to the 
end of the deformation. Here the Rf,B value (= 2.3) is 
larger than the Rf,i value (= 1.7). Assuming that grain 
boundary sliding is the main grain boundary defor- 
mation mechanism in this experiment, it accounts for 
about 25% of the total strain for the above deformation 
interval. 

Implication of grain boundary openings 

Grain boundary openings are strongly coupled with 
grain boundary sliding as explained earlier, and they can 
also significantly enhance diffusion by providing paths 

for rapid transport of matter through fluids filling the 
openings (White & White 1981, Raj 1982). If the grow- 
ing and closing behavior of grain boundary openings 
described in this paper operates under natural con- 
ditions, fluid will probably circulate preferentially 
toward growing grain boundary openings and away from 
closing grain boundary openings. This circulating fluid 
will shift the sites at which reaction and alteration are 
concentrated, and will redistribute chemical com- 
ponents (Cox & Etheridge 1989, McCaig & Knipe 
1990). 

In experimental examples described here, grain 
boundary openings are closed partly (as in TO-105) or 
entirely (as in TO-202) by diffusion. However, the 
diffusion in experiments of this paper may be more 

Fig. 16. Rose diagrams of grain boundary openings representing the total length of the long axis per angle of orientation in 
samples (a) TO-89, (b) TO-105 and (c) TO-88. The length of each orientation (5 ° interval ) is normalized to the maximum 

length. FO, foliation orientation. $1, maximum finite stretch direction. $3, shortening direction. 
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Fig. 17. Schematic representation of the three types of grain boundary migration. Heavy solid lines arc grain boundaries. 
Grids in the grains represent lattice planes. Dots indicate marker particles fixed in the material. (a) Initial state. (b) Type I, 

(c) Type II, and (d) Type II1 grain boundary migrations. 

efficient than in three-dimensional aggregate samples 
since there can be an additional pathway for material 
transport between the glass slides and the sample with 
the present geometry of experiment. 

The preferred alignment of grain boundary open- 
ings at low angles to the main shortening direction ($3) 
both in pure and simple shearing deformation (Fig. 16) 
suggests that it may be used as an indicator of the 
instantaneous stretching or flow stress orientation in 
situations where older, rotated openings are continu- 
ously removed. Of course it is difficult or impossible at 
present to recognize such situations in naturally de- 
formed materials. 

The ratio of grain boundary openings is lower in pure- 
shearing deformation than in simple-shearing defor- 
mation (Fig. 14). This difference may result from the 
deformation configuration of the present apparatus 

where a thin sheet of OCP is deformed between two 
glass slides (see Means 1989, figs. lc  & d). In simple- 
shearing configuration there exists a tension along the 
stretching direction whereas there is no tension, only a 
weaker compression, along the stretching direction in 
pure-shearing deformation. The presence of tension in 
the simple-shearing experiments probably facilitates the 
development of grain boundary openings. 

Recognition of grain boundary sliding and opening 

White (1977) suggests several potential indicators of 
grain boundary sliding. These are: constant small grain 
size; equidimensional grain shape; random lattice orien- 
tation; bimodal alignment of grain boundaries; presence 
of grain boundary bubbles; and presence of high dislo- 
cation density adjacent to grain boundary irregularities 
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Fig. 18. Rose diagrams of grain boundaries representing the total length of grain boundaries per angle of orientation. {a) & 
(d) Grain boundary orientations measured from fig. 3 of Drury & Humphreys (1988). (b) & (c) Simple-shearing 

experiment. (e) & (f) Pure-shearing experiment. FO, foliation orientation. $1, maximum finite stretch direction. 
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and triple points. Since the present technique of the 
experiment described in this paper does not allow the 
observation of the microstructure on the dislocation 
scale, the last indicator will not be discussed here. 

In experiment TO-105, the average grain area at the 
end of the deformationis about 1.76 x 10 -2 mm 2, which 
is larger than that of experiment TO-110 (= 1.23 x 10 -2 
mm2). Since the grain boundary sliding is more exten- 
sive in experiment TO-105, smaller grain size does not 
necessarily favor grain boundary sliding. 

In all experiments where grain boundary sliding 
appears to be extensive with the development of grain 
boundary openings, the average grain axial ratio is less 
than 1.4 throughout the deformation. This value is not 
much lower than that of experiment TO-110 (about 1.5 
from shear strain ), = 0.9 onwards) where intragranular 
plastic deformation is more important. Also in another 
experiment not described here (experiment TO-109), 
the average grain axial ratio is lower throughout the 
deformation (1.1-1.3) and intragranular plastic defor- 
mation is predominant. Therefore equidimensional 
grain shape may not be a good indicator of grain bound- 
ary sliding. 

Random lattice orientation may not be a reliable 
indicator of grain boundary sliding either since sample 
TO-105 shows a strong lattice preferred orientation 
(Fig. 9). It has been suggested that some lattice pre- 
ferred orientation could develop when grain boundary 
sliding is accommodated by intracrystalline slip 
(Edington et al. 1976, Etheridge & Wilkie 1979, Schmid 
et al. 1987). 

Bimodal alignment of grain boundaries has been con- 
sidered as a strong evidence of grain boundary sliding 
(Raj & Ashby 1971, Singh et al. 1973, White 1977, 
Schmid et al. 1987, Drury & Humphreys 1988). In 
simple-shear deformation the first maximum is known to 
be parallel to the shear zone boundary with the second 
maximum being at about 70 ° to the shear zone boundary 
(Schmid et al. 1987, Drury & Humphreys 1988) (Fig. 
18a). In pure-shear deformation, two maxima are 
known to be symmetric with respect to the shortening 
direction with an angle of about 45 ° (Singh et al. 1973, 
White 1977, Drury & Humphreys 1988) (Fig. 18d). 
Although the grain boundary orientation in experiment 
TO-105 shows two maxima perpendicular to each other, 
with one maximum 25 ° off from the bulk shear direction 
(Fig. 18c), other experiments do not generate a pre- 
ferred bimodal alignment of grain boundaries (Figs. 
18b, e & f). 

The preferred orientation of grain boundary openings 
is seen to be a reliable criterion of grain boundary sliding 
in experiments described here (Fig. 16). The disappear- 
ance of grain boundary openings during static re- 
adjustment of the microstructure after deformation 
(Figs. 8c-f) suggests that it may not be a valuable 
indicator of grain boundary sliding in naturally de- 
formed rocks. However, if grain boundaries are found to 
carry remnants of former grain boundary openings such 
as an array of bubbles or voids and of second-phase 
inclusions in observation under electron microscopy 

(White & White 1981, Behrmann 1985), and if these 
grain boundaries have a well-defined preferred orien- 
tation (Behrmann & Mainprice 1987), these will be a 
strong indicator of the former existence of grain bound- 
ary openings and grain boundary sliding. Preferred 
orientation of grain boundary bands with a slightly 
different chemical composition from the grain interior 
(Hall 1984) might be another possible indicator of grain 
boundary opening and sliding. 

SUMMARY 

The main contribution of this study has been to 
present clear evidence of grain boundary sliding, its 
accommodation processes and the evolution of grain 
boundary openings. In summary. 

(1) Grain boundary sliding reflects discontinuities in 
the strain, rotation and/or translation components of 
deformation across the boundary. 

(2) Grain boundary sliding can be influenced by a 
crystallographic preferred orientation of grains. Grains 
unsuitably oriented for single slip on weak systems 
contribute to deformation mainly by grain boundary 
sliding. 

(3) Grain boundary diffusion and intragranular plastic 
deformation accommodate grain boundary sliding. 

(4) Grain boundaries migrate in three ways. Type I is 
conventional, conservative grain boundary migration 
without any gain or loss of material in the area swept by 
the boundary. Types II and III are non-conservative 
grain boundary migrations by grain boundary diffusion 
involving a net gain or loss of material. 

(5) Even when the contribution of grain boundary 
sliding to the total deformation is minimal (as in TO- 
110), grain boundary sliding is active from place to place 
due to local discontinuities of deformation between 
grains. 

(6) When the contribution of grain boundary sliding to 
the total deformation becomes more important, the 
development of grain boundary openings is relatively 
extensive. 

(7) These grain boundary openings occur preferen- 
tially along grain boundaries at low angles to the short- 
ening direction. Some balance between opening and 
closing of grain boundaries during deformation main- 
tains an approximately steady openings ratio of about 
0.5-3% of a sample area. Almost all grain boundary 
openings disappear during static readjustment of the 
microstructure after deformation. 

(8) Opening and closing events of grain boundaries 
during deformation usually involve four grains, leading 
to a neighbor switching of the grains. The magnitude of 
the minimum principal stretch associated with this 
neighbor switching (=0.7) is larger than that (=0.58) of 
Ashby & VerraU's (1973) switching model. 

(9) A well-defined preferred orientation of remnants 
of former grain boundary openings is a reliable indicator 
of grain boundary sliding. 
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