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Abstract--Digital linage analysis has been used to interpret the recrystallization processes (grain boundary 
migration) of rhombohedral camphor which were produced by very low shear deformation in a new Means-type 
apparatus (Hajeek press). For each stage of shearing the following parameters were computed: grey value 
distribution of images, area of selected grains and gram shape orientation. 

The experimental investigations allow the following conclusions to be made. 
(1) Increasing uniformity of grey values (brightness) could be interpreted as indicating that a crystallographic 

preferred orientation developed during shear deformation. 
(2) Extensive increase of grain size and asymmetrical decrease of grain frequency are consequences of grain 

boundary migration. The alterations took place in several stages. 
(3) The grain shapes began changing immediately after the shear deformation started. 
The different stages of grain boundary motion (migration) correspond to distinctive physical sources (dnving 

forces) of migration. 

INTRODUCTION EXPERIMENTAL PROCEDURE 

DYNAMIC recrystallization including dynamic recovery is 
one of the most important processes of rock deformation 
and has become an object of interest for many geol- 
ogists. The in situ observation of recrystaUization behav- 
iour and microstructures during and after experimental 
deformation of low melting point crystalline material 
may help us to understand the processes of dynamic 
recrystallization and recovery as well as of plastic defor- 
mation. An experimental technique applicable to simple 
shearing deformation of samples under microscopic ob- 
servation has been described by Means & Xia (1981). 
This Means-type apparatus (Hajeck press) or a modifi- 
cation, was used by several workers (Means & Dong 
1982, Means 1983, Jessel 1986, Means & Ree 1988, 
St6ekhert et al. 1988). 

All experiments at room temperature show that in low 
melting point crystalline material, the effects of grain 
boundary migration without nucleation and the forma- 
tion of subgrains are dominant. The development of 
shear zones with consequent adjustment of the shape 
and size of grains is an additional spectacular feature. 

The material used in the experiments described here 
was camphor. The deformation and dynamic recrystalli- 
zation of rhombohedral camphor has been described by 
Urai et al. (1980), who discussed mechanisms of dynamic 
recrystallization and similarity between the behaviour of 
camphor and minerals of low symmetry. 

The aim of this paper is to illustrate the application of 
digital image analysis in the interpretation of the recrys- 
tallization processes during the simple shear of rhombo- 
hedral camphor grain aggregates. The application of 
image processing allows a quantitative interpretation of 
visual observations. 

Deformation experiments described in this paper 
were carded out at room temperature using our modifi- 
cation of the Means-type apparatus. The device is 
mounted on the microscope stage. The preparation of 
samples between partially frosted glass slides (ordinary 
thin section glass, Fig. 1) and the following sinistral 
simple shear deformation is similar to that described by 
Means & Xia (1981), Means (1983) and Jessel (1986). 
The glass slides are driven past one another by a motor 
via a gear box and flexible transmission with a speed 
between 0.081 and 4.5 mm rain -1. This corresponds to 
overall shear strain rates (~) between 10 -4 and 10 -6 s -1 
for a sample 10 mm wide. Since deformation is generally 
inhomogeneous local values are significantly higher or 
lower. 

In our experiments photomicrographs in cross- 
polarized light were taken about every 30 min during 
simple shearing at a constant rate (6,25 × 10 -s s-I). The 
photographs (Fig. 2.) show only a small section in the 
central part of the sample, where the effects of shear 
strain are low (shear strain rate ~ = 1.46 × 10 -5 s-1; 

Table 1. Conditions of shear deformation 

Sheafing force 80 N 
Axial force (normal stress on glass) 10 N 
Feed way 12 mm 
Rate of feed (shearing speed) 0.1 mm rain -1 
Temperature room temp. 
Duration of experiment 2 h 
Time between photographs 30 rain 
Overall shear strain rate (9) 6.25 × 10 -5 s -1 
Overall finite shear strain (7) 0.45 
Shear strata rate of investigated section (i') 1.46 × 10 -5 s -1 
Fimte shear strain of investigated section (?) 0.10 
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Fig 1 Specimen assembly and gram boundaries prior and after the 
deformation (two glass shdes with frosted grips (dotted) and interven- 
ing crystalhne camphor) Note. The effects of shear strata are ex- 

tremely low (~0 = shear angle) 

finite shear strain 7 = 0.10) whereas higher strain 
domains occur adjacent to one of the frosted grips (Fig. 
1). A normal stress of 10 N is applied across the plane of 
the sample by spring clips. The conditions of defor- 
mation are presented m Table 1. 

Similar experiments with very low and inhomoge- 
neous shear strain have been made in ice (Kamb 1972, 
Wilson 1986, Burg et al. 1986). 

DIGITAL ANALYSIS OF THE 
PHOTOMICROGRAPHS 

To describe the results of the recrystallization experi- 
ments quantitatively, methods of image processing were 
used m a similar way as in other fields, such as biology, 
medicine and metallography. Applications of image 
processing and thmr fundamentals are summarized in 
Rosenfeld & Kak (1976). 

At first the photomicrographs were digitized by the 
drum scanner FEAG (Kombinat Carl Zeiss Jena). The 
resulting digital data were evaluated using the image 
processing system BVS A6472 (Kombinat Robotron 
Dresden), including eight image memories with a capac- 
ity each of 512 × 512 pixel and a p~peline processor. This 
configuration makes possible fast operations with the 

contents of the ~magc memories, such as colour en- 
coding, thresholdmg, filtering, etc 

The monitor of the image processing system shows a 
colour coded picture of the camphor grams. The colours 
directly depend on the different extraction of the cross- 
polarized light, which results in turn from the different 
crystallographic orientation of camphor grains. There- 
fore the shape of the grey value distribution represents 
the homogeneity of the crystallographic orientation pat- 
terns within the sample But that does not mean that the 
orientation of the ax~s of the camphor grains and their 
strain influenced variation can be detected directly by 
image processing methods (see below). Therefore the 
statistics of the orientation of the grain axes was replaced 
by the statistics of the differential orientation of the 
grain boundaries. This problem is solved in two steps: 0) 
extraction of grain boundaries and (ii) statistics of the 
differential orientation of the boundaries. 

Assuming the grains to be represented by areas of 
more or less homogeneous grey values, the extraction of 
the grain boundaries is a special case of non-linear 
filtering. We used the following steps: high-pass-filtering 
of the original image, thresholding of the high-pass- 
image, inversion of the grey values and skeletonization 
of the resulting stripe-like pattern. In this way the 
original image is transformed into a line pattern rep- 
resenting the grain boundaries. Up to this point the 
pipeline processor of the image processing system may 
be used advantageously. 

The statistics of the orientation of the gram bound- 
aries is done by line tracing starting at all nodes and free 
ends of the skeleton. Only the extraction of the starting 
points may be supported by the pipeline processor, as 
the following line tracing needs each pixel of the skel- 
eton to be treated separately. The orientation of the 
skeleton in a given point is derived from the tangent at a 
parabola through this point and its two neighbours, 
separated by a given number of pixels. Regarding the 
geometric properties of digital lines, the distance be- 
tween the three consecutive points must be three pixels 
at least. Shifting the three-point-operator over the 
whole skeleton the orientation of the gram boundaries in 
each point may be found. The frequency of these values 
may be presented as a rose diagram, representing in our 
experiment the strain influenced orientation of the cam- 
phor grains. 

EXPERIMENTAL OBSERVATION AND 
INTERPRETATION 

In our experiments, crystal-plastic deformation of 
camphor grains began with slip, lattice bending and 
lattice rotation. The lattice rotation led to a change of 
extinction, reflected by the computer determined alter- 
ation of the grey level &stribution (i.e. colour change). 
Therefore Fig. 2 (So - R) shows some different grey 
level distributions (histograms) of the digitalized images 
which represent several stages of defined shear defor- 
mation in one sample The maximum grey value (255) 
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Fig. 2. Htstograms of grey level distributions and the corresponding photomicrographs of camphor representing various 
stages of the shear deformation. S0---immediately before shear deformation (inittal stage, y = 0); S1-S¢---mtervals during 
simple shear deformation (middle stage; $1, y = 0.11; $2, y = 0.21; $3, y = 0.32; $4, y = 0.45); R--2 h after the end of shear 

deformation (final stage, after relaxation). Photograph dimensions: 2 mm per side. 
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Graph of relative ratio of plxels (n) vs intensity of grey value (brightness, 1). The cumulatwe curves indicate an 
advancing uniformity of grey values during shear deformatmn. So, St-S4 and R see explanation, Ftg. 2. 

corresponds to the greatest possible brightness and vice 
versa, the minimum grey value (0) corresponds to the 
greatest possible darkness. 

A comparison of several steps of shear deformation 
indicates an increasing differentiation of the grey level 
distribution up to the formation of a distribution with 
two frequency peaks, with the exception of stage $3 (Fig. 
2). The cumulative curves (Fig. 3) illustrate the relative 
frequency of pixels vs grey value intensity (brightness). 
The increasing brightness (intensity) as an expression of 
advanced uniformity of grey values could be interpreted 
as indicating the development of a crystallographic pre- 
ferred orientation during shear deformation, although 
the orientation of axes were not determined directly. 

Because of our special device, the microscope stage 
cannot be rotated and tilted about several horizontal 
axes. Consequently, the direct correlation between the 
optic orientation of grains and the changes in inter- 
ference colours as in the Price photometric method 
(Price 1973, 1980) is impossible. But the advantage of 
our method compared with Price's method is the higher 
information content of the measured light intensity. 
According to Price the spectrum for an aggregate of n 
mineral grains is the weighted linear sum of individual 
grain spectra, whereas by using digital image analysis the 
local transmission intensity of every grain is detected. 

It is apparent that stage $3 represents an exception. 
An increase of darkness is characteristic for the relax- 
ation phase. These varying developments, also reflected 
by grain size distribution and changes of grain shapes 
(see below), probably results from grain boundary mi- 
gration (GBM) with different driving forces. 

Grain boundaries begin to migrate by shifting of high- 
angle crystal boundaries immediately after the start of 

shearing, too. Figures 2 (So - R), 4 and 5 show this 
migration during different stages of shear deformation. 
Grain boundaries were already serrated and rugged 
before the initial stages of shearing (Figs. 2, So, and 5a). 
Therefore, a weak initial strain should have been intro- 
duced into the material, as a result of sample prep- 
aration. The following shear deformation produced only 
a very low longitudinal strain (Rs 1.52), estimated by the 
two-dimensional strain analysis (Rf method) parallel to 
the XY-plane in the centre of the sample. 

Selected marker particles picked up by the photos 
were used to check the small change of the configuration 
(distances and angles) in the centre (Figs. 6a & b). The 
sense of movement of all markers is equal (Fig. 6c), only 
differing with their angles related to the c-plane. 

During sustained shearing, grain boundary migration 
continued and led to an increase of the average grain size 
and a reduction of the similar lattice orientations and 
consumption of intervening grains (Figs. 4 and 5d). The 
estimation of grain size has been carded out also by 
digital image processing analysis. A computer program 
counts and stores the pixels inside of grain contours. 
Figure 7 shows the results of calculation with regard to 
the different stages of deformation. It is easy to recog- 
nize that a quantitative increase of average grain size 
exists. The larger grains tend to grow at the expense of 
smaller ones. But the growth rate is not constant with 
time for each grain, and not identical for all grains. We 
suppose that this fact depends on the more or less 
favourable orientation of the lattice slip planes for 
gliding. After significant alteration of grain size in the 
first stage, no changes of grain size have been observed 
in the middle stage. The increase of grain size in the last 
stage results from coalescence with neighbouring grains. 
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Fig 4. Maps ot one camphor sample show gram boundary mlgrauon before (So), during ($1--$4) and after (R) shear 
deformation. Map dimensions. 2 mm per side 

We believe that the different increases of grain size are 
controlled by various physical sources of grain boundary 
migration (see Conclusions). Moreover, it becomes ob- 
vious that the boundaries migrate toward their respect- 
we centres of curvature with the result that they become 
increasingly straight, especially in the final stage (Fig. 
5a). 

Rose diagrams derived from the grain boundaries 
before, during and after the shear deformation are 
shown in Fig. 8. It is suggested that the development of 
grain shape changes began immediately after the start of 
shear deformation. 

After each experiment (duration of experiments is 2 
h) the samples were unloaded and relaxation was 
achieved, reflected by extensive grain growth at room 
temperature. Two hours later, the average grain size was 
larger than at any stage in the shear deformation (Figs. 2 
$6, and 4). The features of grain boundaries after their 

relaxation remind us ot secondary recrystallizatlon (in 
spite of different recrystallization mechanisms) charac- 
terized by extremely large growth of only a few grains at 
the expense of others (Poirier 1985). 

DISCUSSION AND CONCLUSIONS 

The conspicuous process in these simple-shear experi- 
ments, carried out at room temperature, is grain bound- 
ary migration. The significant grain boundary migration, 
of the type that produces very irregular, wavy, or ser- 
rated grain boundaries, can go on independently of any 
large concurrent deformation. Migration took place at 
different steps and places of grain boundaries. Periods of 
relative repose will be relieved by phases of conspicuous 
change, whereby the greatest changes have been ob- 
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Fig. 5. Detailed graphs of grain boundary motion. (a) &(b) Grainboundarymigratinnduringsheardeformation;(c) &(d) 
examples of grain dissection. 
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Fig. 6. Results of the sinistral shear experiment in the centre of the sample. Measurements made on markers seen in the 
photographs were used to define the displacements and changes in angles produced by the small deformation (a) Angular 
relationships and distances of three particles (A, B and C) in the initial state. (h) The configuration in the final state. (c) 
Displacements (in mm) and orientations of the particle displacement trajectories for some mdividual markers in stage $3. 

(d) Overall pattern of particle displacement trajectories determined from several selected markers. 
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on shear strata I--mmal stage, II--mlddle stage, m--final stage; So, 
$1-$4 and R see explanation Fig. 2. (1) Pixels under and inside of grain 

contour (hne pattern that represents the gram boundaries) 

served Immedia te ly  af te r  the  beg inn ing  of  shea r  defor -  
ma t ion  and dur ing  re laxa t ion .  

The  driving force for  this  m i g r a t i o n  is no t  known ,  
exactly.  The  d e v e l o p m e n t s  o f  g rey  level  d i s t r ibu t ion ,  
grain size, gra in  shape and  g ra in  o r i e n t a t i o n  d e r i v e d  by  
me thods  of  digital  image  p rocess ing  suggest  severa l  
s tages dur ing  the rec rys ta l l i za t ion  process .  T h e  signifi- 
can~ midd le  s tage is cha r ac t e r i z ed  by  s tab i l i ty  of  gra in  
size (s table  phase)  as well  as by  a d e c r e a s e  of  g rey  va lues  
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Fig 8 Rose diagrams with gram shape onentauons So, $1-$4 and R 
see explanation, Fig 2 

and of  d f f f e r en tmnon  ol grey level  d l s t n b u t t o n  Conse-  
quen t ly ,  the  a s sumpt ion  ~s m a d e  here  that  the  several  
s tages  c o r r e s p o n d  to d i f fe ren t  d r tvmg forces  of  recrystal-  
l izat ion.  In most  of  the  known  d e f o r m a t i o n  expe r imen t s  
with b o u n d a r y  mig ra t ion  the d i f fe rence  in d is locat ion  
dens i ty  (and specific f ree  energy)  be tween  the  grams is 
the  d r ivmg force  for  mJgra tmn ( s t r a in - reduced  b o u n d a r y  
m i g r a t t o n / S I B M .  P o i n e r  1985) But  in our  expe r imen t ,  
the  s to red  ene rgy  of  gra ins  as a resul t  of  the  very low 
shea r  s t ra ta  is no t  high enough  to p roduc e  gra in  bound-  

ary mig ra t ion  in the  ea r ly  s tages  of  d e f o r m a t i o n .  Conse-  
quen t ly ,  at the  beg inn ing  of  d e f o r m a t i o n ,  the  stress- 
i nduc e d  b o u n d a r y  m i g r a t m n  (d i f fe rence  in e las t ic  strain 
ene rgy  b e t w e e n  two gra ins /e las t ic  d e f o r m a t i o n ;  Poir ier  
1985) in c o n s e q u e n c e  of  s amp le  p r e p a r a t i o n  is more  
p r o b a b l y  d o m i n a n t .  D u r i n g  the la te r  s tages  of  defor-  
m a t i o n  the d i f f e rence  m la t t ice  defec t  ene rgy  grows and 
so the  t m p o r t a n c e  of  s t r a in - induced  b o u n d a r y  migra t ion  
m a y  increase .  
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