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ABSTRACT 

A brief overview of the evolution of microstructures during deformation is 
presented within the framework of grain subdivision. Three aspects of the 
evolving microstructure that are related to recrystallization are emphasized. These 
include the formation of high angle dislocation boundaries during deformation, 
the local environment of crystallographic orientations and a new scaling method 
for modeling detailed microstructural data. 

1. INTRODUCTION 

The deformation of polycrystals produces dislocation structures which evolve with 
continued deformation. These dislocation structures together with the crystal 
orientations are the basic elements which control several material properties 
including recrystallization, crystallographic texture distributions and the plastic 
response in metals and solid solution alloys with moderate to high stacking fault 
energies. Dislocation structures are also important, albeit with a lesser 
contribution, to the same properties of alloys and metals with precipitates, second 
phases, particle dispersions, and/or the deformation twins formed in low stacking 
fault energy metals. 

Extensive experimental observations show that key dislocation structures are 
common to a broad range of metals, alloys, and deformation modes (Bay, Hansen 
and Kuhlmann-Wilsdorf 1989; Ananthan, Leffers and Hansen 1991; Hughes and 
Hansen 1991; Bay, Hansen, Hughes, Kuhlmann-Wilsdorf 1992; Hughes 1993a; 
Hughes 1993b; Driver, Juul-Jensen and Hansen 1994; Liu and Hansen 1995a; Rosen, 
Juul-Jensen, Hughes and Hansen 1995). Furthermore, these key structures evolve 
within a common framework for microstructural evolution which we call grain 
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subdivision (Bay, Hansen and Kuhlmann-Wilsdorf 1989; Kuhlmann-Wilsdorf 
1989; Hansen 1990; Hughes and Hansen 1991; Bay et al. 1992). 

In the general case, this grain subdivision occurs at two size scales. The smaller 
subdivision is made by dislocation cell boundaries which contain on average small 
lattice rotations, while the larger subdivision is made by geometrically necessary 
boundaries which surround groups of cells and have larger misorientations. The 
larger misorientations arise from the lattice mismatches which develop between 
the differently deforming regions formed by the grain subdivision. Geometrically 
necessary boundaries include microbands, dense dislocation walls, lamellar 
boundaries, and sub grains. This subdivision occurs throughout deformation from 
small to large strains with a continued refinement in the size scale of the 
subdivision with increasing deformation. A third and larger level of grain 
subdivision may also occur for grains or single crystals of special orientations. This 
third level includes deformation and transition bands. Finally local subdivision 
may take place near grain boundaries and grain boundary triple points.. 

The framework of grain subdivision has been further analyzed and understood by 
considering the mutual stress screening of the dislocation self-stresses, the driving 
force to minimize the energy of the dislocation structure per unit line length of 
dislocation and the requirements for strain accommodation during deformation 
(Bay et. al. 1989,1992; Kuhlmann-Wilsdorf 1989; Hansen 1990; Hughes and Hansen 
1991). The first two are encompassed by the principle and hypothesis of low energy 
dislocation structures known as LEDs (Kuhlmann-Wilsdorf 1989). 

A brief overview of microstructural observations of evolving grain subdivision 
will be presented first. Following the overview, three aspects of grain subdivision 
that are pertinent to recrystallization will be emphasized. The first is the creation, 
location and surroundings of higher and high angle deformation boundaries. High 
angle boundaries are important nucleation sites and their surroundings control the 
growth of the nuclei. The second is the distribution of local orientations during 
deformation which will influence the orientation and growth of nuclei during 
recrystallization, as well as the final recrystallization texture. The third is a new 
approach for modeling deformation microstructures and stored energy 
distributions based on a dynamic scaling hypothesis and the subdivision of grains. 
This last aspect describes an approach that would enable the quantitative 
incorporation of deformation microstructures into recrystallization models. Each 
aspect will be described generally and then illustrated with specific examples. 

2. MICROSTRUCTURAL OBSERVATIONS 

2.1 Small to medium strain microstructures (&M < 0.8). At the smallest 
subdivision scale dislocation cells form in materials with medium to high stacking 
fault energy and a small friction stress, (Le. Al, Cu, Ni, Ta). Cells are incidental 
dislocation boundaries (IDBs) which arise from the statistical trapping of 
dislocations and include forest dislocations (Kuhlmann-Wilsdorf and Hansen 
1991). At the larger subdivision size scale, long dislocation boundaries surround 
groups of equiaxed cells to form cell blocks (CB). An example of cell blocks formed 
early in the deformation process in copper cold rolled (cr) 5% is shown in the TEM 
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micrograph of Fig. la. The arrangement and distribution of the cell blocks within a 
grain is shown in the back scattered SEM micrograph in Fig. lb. An example of 
these types of structures at an intermediate strain is shown in Fig. 2. The long 
dislocation boundaries enclosing cell blocks are geometrically necessary boundaries 
(GNBs) which incorporate the lattice rotations arising from differing slip conditions 
across the boundaries (Kuhlmann-Wilsdorf and Hansen 1991). The GNBs observed 
at small strain include single dense dislocation walls (DDWs) and microbands 
(MBs) comprised of either paired dislocation boundaries or strings of small pancake 
shaped cells. The definitions of dislocation structures in this paper are defined in 
(Bay et al. 1992). 

Fig. 1. Grain subdivision begins early in the deformation process as shown by the 
cell blocks in copper 5% cr. a) TEM micrograph of DDWs/MBs surrounding cell 
blocks. b) Backscattered SEM micrograph showing arrangements of CBs across 
grains. The rolling direction is marked RD in a longitudinal side plane. 
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Fig. 2. Cell blocks formed by DDWs and MBs in nickel cold rolled to 20% cr. The 
dashed and dotted lines are the traces of (111) planes perpendicular and 35” to the 
plane of the paper respectively. (Hughes and Hansen 1991). 
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Fig. 3. The probability density distributions for misorientation angles of a) IDBs and 
b) GNBs as a function of rolling reduction for cold rolled aluminum. (after Liu and 
Hansen 1995b). 

Geometrically necessary boundaries contain on average larger lattice 
misorientations than the incidental boundaries. This increase in angle as well as 
an increase in angular spread for GNBs compared to IDBs is clearly shown in the 
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probability distributions of misorientations as a function of strain for pure 
aluminum Fig. 3a and 3b (Liu and Hansen 1995b). Of further note is the 
proportionality between the average angle and the square-root of the strain for a 
wide strain range (Fig. 4). The proportionality constant is much higher for the 
GNBs as compared to the IDBs. The GNBs accumulate dislocations at a higher rate 
than the IDBs. The higher rate of angular increase with increasing strain for GNBs 
is consistent with energy considerations. The incremental increase in boundary 
energy decreases with increasing boundary angle consistent with the logarithmic 
relation between boundary energy and misorientation angle (Read and Shockley 
1950). Wolf (1990a and b) has shown that the Read-Shockley equation for boundary 
energy is valid for a number of boundary types from tilt to twist type boundaries. 
The boundary types that have been observed in aluminum are also diverse (Wert, 
Liu and Hansen 1995). 

The 
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observed grain subdivision has a clear pattern in which the GNBs are in 
families of nearly equally spaced and paralfel long walls (e.g. Fig. 5). These 
geometrically necessary boundaries have special macroscopic orientations with 
respect to the deformation axis. These macroscopic orientations remain consistent 
within a given strain regime and for a given deformation mode. 

2.2 Medium to large strain microstructures (&"M >0.8). Consistent and gradual 
changes occur in the dislocation structure with Greasing strain. Both the spacing 
of GNBs and incidental boundaries decrease with increasing deformation 
indicating that grain subdivision continues to refine with increasing strain. For 
example compare the wide spacing of the small strain structure of DDWs and MBs 
in Fig. 2 to the very narrow spacing of lamellar boundaries (LBs) at large strain (Fig. 
6). Sinuous strips of many fine lamellae alternate with strips of equiaxed subgrains 
and widely spaced lamellae. In between the lamellar boundaries, dislocation cells 
are arranged one cell deep and a few to several cells along the length. This narrow 
arrangement is in contrast to the much wider arrangement of 2-5 cells deep across 
cell blocks at smaller strains. The macroscopic orientation of the GNBs with respect 
to the sample axis changes orientation from small to large strains. At large strains 
this orientation is parallel to the direction of maximum flow, whereas at small 
strains the direction is near the direction of the maximum shear stress. The 
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Fig. 5. Microbands and CBs in nickel deformed by torsion, Ev~=0.35. The direction 
of shear is indicated by arrows. (Hughes and Nix 1989). 

gradual transition between the small strain structures, i.e. DDWs/MBs, and the 
large strain structures, i.e. LBs, is aided by coarse slip in S-bands (Fig. 7a and b). This 
transition has been described in Hughes and Hansen (1993). 

A distinction has been made between these various boundaries because they are 
characteristic of different strain regimes and have morphological differences. For 
example, DDWs and MBs are characteristic of small strains (&,M < 0.5) (Fig. 1,2 and 
5), whereas LBs and subgrains are characteristic of the large strains ( E ~ M  >LO)  (Fig. 6) 
for metals and alloys and for bcc and fcc crystal structures. All types are present at 
intermediate strains. 

2.3 High angle boundaries. Misorientations across both MBs and LBs increase with 
increasing strain. Some of these boundaries will become high angle boundaries 
with increasing deformation, possessing the concomitant high energy and mobility 
that is of interest for recrystallization. The development of boundaries with large 
angular spreads during deformation has been known qualitatively for a number of 
years e.g. through x-ray techniques (Barrett and Levenson 1940). Further, the 
misorientation across many of these boundaries is of a magnitude characteristic of 
ordinary high angle boundaries (Read and Shockley 1950; Bellier and Doherty 1977). 
High angle boundaries are defined as those with angles above 15-20’ (Read and 
Shockley 1950). Because the size scale of these boundary spacings is much less than 
one micrometer, it is difficult to obtain quantitative microstructural and 
crystallographic data. Thus, there are but a handful of reports which have observed 
and measured individual high angle deformation boundaries following medium 
to large strain deformation. These include the observations of Langford and Cohen 
(1975) in wire drawn Fe-Si, Chandra, Embury and Kocks (1982) in an unstable AI 
single crystal following channel die deformation, Heilmann, Clark and Rigney 
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Fig. 6. TEM micrograph of nickel following 98% cr showing long lamellar 
boundaries (LBs). Cells are also present. (Hughes and Hansen 1993) 

Fig. 7. a) S-bands intersecting MBs and forming LBs with moderate misorientations 
in nickel following 7O0/oCr. S-band examples marked SBs (Hughes and Hansen 1993) 
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Fig. 7. b) When S-bands cluster into groups within a grain, strip-like regions 
delineated by high angle boundaries are created. This process is shown 
schematically in the bottom left corner of the figure. The orientations A, B, C are 
represented by their respective selected area diffraction patterns at top right. The 
SAD for B is rotated 20 O about [111] from regions A and C. The interaction between 
microbands (MB) and the S-bands creates a lamellar boundary (LB) nearly parallel 
to the rolling direction in Ta-1OW 50% cr. (Hughes 1993a). 
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(1983) in friction deformed Cu, Rollett (1988), in torsion deformed aluminum 
Gudmundsson, Brooks and Wert (1991) in a rolled Al-Zr-Si alloy containing 
particles, Rosen et al. (1995) aluminum rolled to intermediate strains and Hughes 
and Hansen (1995) in heavily rolled nickel. A statistical analysis of the expected 
grain boundaries compared to the observed high angle boundaries shows that most 
of these high angle boundaries are formed by the deformation process at the places 
where grains subdivide and are not original grain boundaries (Hughes and Hansen 
1995). These different observations show that high angle boundaries formed 
during deformation are common to a diverse set of materials and conditions from 
single crystals to polycrystals, pure materials, alloys and particle containing 
materials, fcc and bcc crystal structures; and different deformation modes. 

While the earliest reports established that high angle boundaries form, what is 
significant in the new data is the long length of many high angle boundaries, the 
ability to extract the angle/axis pair for these boundaries and to know the local 
texture and pattern of orientations surrounding these boundaries across a long 
distance in the sample (Hughes and Hansen 1995). Two specific examples of this 
misorientation pattern with distance at large strains are shown in Figs 8a,b,c and 
9a,b. The orientation changes between the crystallites occurred sharply at the 
boundaries. The axes for these misorientations, plotted in a standard triangle in 
Figs. 8b and 9b, are generally scattered across the whole triangle. The wide range of 
axes as well as the alternating nature of the misorientations in Figs. 8 and 9 show 
that the orientation changes are more alternating in character than strictly 
cumulative. These boundaries include near twist and tilt boundaries as well as 
mixed typed boundaries. There is also a tendency for some high angle boundaries 
to cluster together. 

Both single and polycrystal studies show that the number of high angle boundaries 
formed across a grain depends on the crystal orientation. For example, stable single 
crystals develop low to medium sized misorientations while unstable single 
crystals develop high angles (Chandra, Embury and Kocks 1982; Becker et al. 1991; 
Weiland 1992), The clustering of high angle boundaries as well as the clustering of 
small angle changes measured along a line in rolled nickel shows that some types 
of grain orientations have a greater tendency to subdivide with higher angle 
boundaries than others in polycrystals (Hughes and Hansen 1995). This tendency is 
in agreement with earlier observations showing an effect of grain orientation on 
the subdivision with high angle boundaries (Lee, Duggan and Smallman 1993; Lee 
and Duggan 1993). 

In addition to crystal orientation, another specific effect on the number of high 
angle boundaries is that of deformation mode. High angle deformation boundaries 
are much more frequent in simple shear and torsion than in rolling. For example 
27 high angle boundaries may be formed across a grain in torsion compared to 4-5 
in rolling of the same polycrystalline nickel. This is shown by a comparison of Figs. 
8 and 9. While this example is not large, it is supplemented by the combined data 
sets of Rollett (1988) for torsion and Heilmann, Clark and Rigney (1983) for friction 
induced shear and for rolling of aluminum (Hughes 1995), This difference may be 
due to the much larger lattice rotations occurring during simple shear compared to 
the very small lattice rotations in rolling. The other difference in the high angle 
boundaries which depends on deformation mode is their length. The high angle 
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Fig. 8. a) The disorientations (minimum misorientation) measured in (c) show an 
alternating character with distance along the normal direction. The absolute values 
of the angles are plotted. b) The axes of the misorientations are plotted in a 
standard triangle. Axes for I angles I 2  35 are plotted as e; axes for angles 181 I 8  I 
<35 as A; axes for Ianglesl-dB as 0. c) Micrograph and sketch of the dislocation 
boundaries in nickel 98% cr showing the location and environs where orientation 
measurements were made. The dotted extensions of the dislocation boundaries 
schematically show the location of the low and high angle boundaries. (Hughes 
and Hansen 1995). 

boundaries in torsion are one quarter to one half the length of the high angle 
boundaries observed in rolling. Note also that grain thickness decreases much 
more slowly with increasing deformation in torsion than in rolling. Thus while 
more high angle boundaries are created during shear deformation than rolling, the 
average spacing of all high angle boundaries, including grain boundaries, is similar 
for both at a given strain level. This similarity suggests a more fundamental size 
scale for the spacing of high angle boundaries at large strains. 

2.4 Local orientations. The orientation environment of GNBs, in general, and high 
angle boundaries, specifically, is very diverse in many polycrystals and single 
crystals at large strains (Weiland 1992; Hughes and Hansen 1995; Liu, Hu and 



Deformation microstructures and local orientations 

a 60 I I b 

40 

20 

0 

-20 

-40 

-60 
0 2 4 6 8 10 

Distance along z axis (pm) 

I I I I A I  I 
001 

Fig. 9. The disorientations (minimum misorientation) for nickel deformed by 
torsion, &vM'4, show an alternating character with distance along the z direction. b) 
The axes of the misorientations are plotted in a standard triangle. Axes for langlesl 
2 35 are plotted as e; axes for 185 I 8 I <35 as A; axes for langlesl <18 as 0. 

Hansen 1995; Rosen et al. 1995). This orientation and environment effects 
nucleation and growth (Ridha and Hutchinson 1982; Koken et al. 1988; Habiby and 
Humphreys 1993; Liu, Hu and Hansen 1995) . The formation of many high angle 
boundaries also shows that individual grains break up into regions which represent 
different texture components. 

For example, if on average 3-4 grains were sampled in Fig. 8, then each grain will 
have subdivided, on average, into 4-5 different regions across its thickness . These 
differing orientations encountered over small distances in the normal direction 
following rolling of nickel to 98%cr are shown Fig. 10 in homochoric space (Ibe and 
Lucke 1972 and Frank 1987). Although plotting the orientations with a standard 
orientation distribution function (ODF) in Euler space is more familiar, plotting the 
same orientations in homochoric space allows one to preserve a minimum angle 
relationship between nearest neighbors and to simultaneously display the 
orientation identity as well as misorientation angle. The orientations change from 
a close cluster of S orientations to more abruptly varying orientations along the a 
and p fibers and include random orientations. For example, these spatially 
sequential orientations may diverge roughly along the p fiber and then jump back 
to be near a previous orientation in the sequence or jump to unrelated random 
components. 

Many different texture components are traversed over short distances in Fig. 10 
showing that the general environment of high angle boundaries is quite diverse. 
This diversity is greater than expected either from single crystal studies of unstable 
crystals diverging along a common axis or from simple models of diverging 
orientations. The diversity in these as deformed orientations matches the diversity 
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of orientations measured by (Juul-Jensen 1995a) for recrystallization nuclei and 
deformed neighbor orientations. Thus a growing nuclei will traverse varied 
orientation and stored energy fields as it grows. These varied orientations make it 
highly unlikely that a growing nuclei will maintain a single misorientation axis 
with respect to the deformed matrix. 

To provide a more familiar reference and a further example, local orientation data 
for the previous example of nickel 98% cr and for aluminum 90% cr are plotted 
within standard ODF plots (Figs. l l a  and b, respectively). The orientations in Euler 
angles of the individual crystallites are plotted in Fig. 11 together with the level one 
contour (i.e. the 1 times random intensity contour) and peak intensity position of 
the macroscopic ODF determined by neutron diffraction. Both the macroscopic 
ODF and the micro ODF show typical rolling texture distributions. The Euler 
angles of these measurements made over a small distance nearly occupy the full 
range of components along the a and p fibers of Figs. 11, showing a wide range of 
texture components in a small distance. These individual orientatiGs generally 
fall within the level one contours of the macroscopic ODF. However they also 
show a wide spread about the measured peak intensities for the macroscopic ODF. 

The spread in orientation due to the microstructure can be estimated by averaging 
the difference in Euler angles between the individual orientations and the Euler 
angles of the nearest ideal rolling texture components in the ODF. The ideal rolling 
components used in this calculation included S {123}<63&, copper { 112}<11i>, brass 
{110}<112>, and Goss {011}<100>, where {hkl}<uvw> is the rolling plane and rolling 
direction respectively. Those spreads are shown in Table 1 for each of the angles 
and for an rms combination of the three. Similar angular spreads of 7-8" about each 
of the three angles <pl, 4, and q2 are found both for nickel and aluminum (Table 1). 
Additionally, a radial spread of 14" is calculated in the three dimensions, <pL 4, q2/ by 
taking the average of the individual three dimensional radii in Euler space. 
Individual radii were calculated as the rms average of the three Euler angles for an 
individual point in the ODF. This preliminary comparison between 

Table 1. The average spread in Euler angles of the individual crystallite positions 
in Euler space from the location of the nearest ideal component provides a 
measure of the microstructural contribution to the observed spread in texture. 

Average of the rms 
average of all angles 

Material/ Average Average Average (E d(Agli2+ A@i2 + 
AT2 ACP? i2)>/n 4 Condition 

nickel, 8" 7" 7" 
98% cr 

aluminum 7" 7" 6" 
90% cr 

14" 

14" 
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X A 
Fig. 10. A group of individual crystallite orientations from Fig. 8 are arranged with a 
minimum angle relationship between adjacent neighbors and plotted in 
homochoric space. The diverse pattern of orientations along a line in the sample is 
more easily visualized in homochoric space compared to the standard ODF 
presentation. The three dimensional fundamental space is outlined lightly and is a 
clipped cubesque shape. The center of the fundamental space is the origin and 
represents the sample axes in the cube orientation, e.g. the z axis refers to the 
normal direction, the x the rolling direction, and the y the transverse direction. 
The vector from the origin to the crystallite point is the axis of rotation between the 
crystal to the sample reference for that crystallite, while the magnitude of that 
vector is a simple function of the angle of rotation from crystal to sample space. 
That function provide an equal area-like representation of orientations. The length 
of lines joining nearest neighbor orientations are approximately proportional to the 
misorientation of the boundaries between the orientations. There is some 
distortion for orientations far from the origin (and from the perspective) as 
indicated by the two angle changes marked 47". A cluster of S orientations within 
the fundamental space begins the traverse from left to right in the micrograph of 
Fig. 8c. Points are labeled: S=S, C=copper, B=brass, G=Goss, R=random orientations. 

a macroscopic ODF and the orientations of individual crystallites indicates that the 
sampling using convergent beam analysis is representative for the specimens. 

The microstructural subdivision of grains into crystallites having a large spread in 
orientations will cause a corresponding spread within the deformation texture, 
thereby decreasing the sharpness of the peak intensity values. Regions separated by 
both high angle boundaries and low angle boundaries contribute to this spread 
(Hughes and Hansen 1995). Calculated deformation textures frequently predict 
much higher intensities at the peak intensity points in the ODF as well as much 
narrower angular spreads in intensity about those peaks than found in 
experiments. Smoothing factors used in recent texture simulations to reduce the 
sharpness of those calculated textures to the approximate levels observed in 
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Fig. 11. The orientation in Euler angles of individual crystallites is plotted together 
with the level one contour (i.e. the 1 times random intensity contour) and peak 
intensity position of the macroscopic ODF determined by neutron diffraction. The 
intensities of the peak positions in the ODF range from 6-10 times random The 
macroscopic ODFs show typical rolling texture distributions. The individual Euler 
angles have not been arranged to reflect a minimum angle relationship between 
nearest neighbor crystallites. With that caveat, the Euler angles of these 
measurements made over a small distance occupy the full range of components 
along the p fiber showing a wide range of texture components in a small distance. 
These individual orientations show a wide spread about the measured peak 
intensities for the macroscopic ODF. a) nickel cold rolled 98% across 7.5 pm in ND 
(Hughes and Hansen 1995) . b) aluminum cold rolled 90% across 30j.un in ND. 

experiment, include 7.5" (Kocks and Neckar 1994) and 7-8" (Savoie and Jonas 1994). 
However, larger smoothing factors from 7-14", may be more representative for 
textures developing at large strains. 

2.5 Scaling of microstructural Darameters. The deformation microstructures in the 
previous sections are characterized by evolving length scales with increasing 
deformation. These length scales include the spacing between dislocation 
boundaries and the magnitude of the angular misorientation across the boundaries. 
These various length scales exist as distributions of sizes, although generally only 
an average value of these length scales has been measured and considered. More 
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recently, measurements of microstructural distributions have been aided by the 
development of automatic and semiautomatic techniques (e.g. Weiland 1992; 
Lassen and Juul Jensen 1993; Liu and Hansen 1995a). The probability distributions 
of misorientations in cold rolled aluminum shown in Figure 3 (Liu and Hansen 
1995b) are specific examples of these new data. 

Mathematical descriptions of these distributions are sought because they provide 
key input into the modeling of stored energy distributions and recrystallization as 
well as of the texture spread described in the last section. Finding the function or 
parameters which would consolidate these different distributions into one (or 
more) general curve(s) further enhances the utility of these data. Analyzing these 
distributions using the method of a scaling hypothesis for describing self-organizing 
systems (e.g. Bales and Chrzan 1994) is one method of achieving those goals. The 
related idea of self-similarity in dislocation structures (which are self organizing 
systems) has been put forward previously by (Kuhlmann-Wilsdorf 1977) in her 
mesh link theory and in the relationship between cell size and stress.-’That earlier 
treatment of self-similar dislocation structures, however, did not explicitly take into 
consideration the overall distribution of structures, a limitation which the newer 
scaling approach removes. 

This new scaling method is illustrated for these microstructures using the varied 
distributions plotted in Fig. 3a. Recall that the angular spread of these distributions 
increases and the peak height decreases as the strain level is increased, so that these 
distributions of cell misorientations as a function of strain do not coincide. 
Strikingly, if these distributions are scaled by the average angle measured in each 
distribution, then the three small strain distributions collapse into a single scaled 
distribution (Figure 12) (Hughes, Liu, Chrzan and Hansen 1995). Thus to obtain the 
distribution of cell boundary misorientations at a small strains all we need to know 
or measure is the average angle. Further this scaling strongly suggests that the 
main factor controlling the distribution of cell misorientations is the average angle. 

One may also use the relationship between the average angle and the accumulated 
effective strain. Figure 4 shows that the both the average misorientation across 
GNBs and across IDBs (cells) is proportional to the square-root of the strain. Thus 
by knowing a single parameter, the strain, the entire misorientation distribution 
across cell boundaries can be specified. Knowing the misorientation angle 
distribution also gives us a handle on the energy distribution as a function of strain 
through the Read-Shockley (1950) equation for the dependence of energy on the 
misorientation angle. What we do not know at this point is why the distributions 
scale by the average angle or why the average angle scales with the square-root of 
strain. Those questions are the subject of further investigation including computer 
modeling and/or Monte Carlo simulations. 

Of equal note to the scaling of the small strain data, is the divergence of the 
medium strain (50°/0 cr, E ~ M =  0.8) distribution from the general small strain 
distribution (Fig. 12). This divergence parallels the observations of a turbulent 
transition from a small strain microstructure to a large strain microstructure. This 
divergence at moderate strains is not surprising since changes in the operative 
process mechanismts) may be indicated by a breakdown in the scaling (Bales and 
Chrzan 1994). 
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Fig. 12. The probability density functions of the cell misorientation angle (using the 
data of Fig. 3a) normalized by the average misorientation angle scale to the same 
function for strains less than 40% cr or = 0.60. The function at 50% cr or = 
0.8 is slightly different paralleling the transition from a small strain to a large strain 
microstructure. (Hughes et al. 1995) 

The results of this scaling further underscore the need to separate the dislocation 
boundaries into different types for microstructural analysis and modeling. If both 
IDBs (cells) and GNBs (MBs, DDWs, subgrains) are grouped into a single 
distribution, then the distributions do not scale. The separate distributions of GNBs 
and IDBs are governed by different parameters as originally suggested (Kuhlmann- 
Wilsdorf and Hansen 1991). A more detailed discussion of the scaling of these 
misorientations is given in (Hughes et al. 1995). 

3. DISCUSSION 

The previous sections reviewed deformation microstructure evolution within the 
framework of grain subdivision. Grain sudivision, high angle boundaries and the 
spatial distributions of local orientations described herein are all important for 
nucleation, grain growth and texture formation during recrystallization. Those 
relationships are covered by others in these proceedings, see for example, Doherty 
(1995) and Juul Jensen (1995). Thus the following discussion will emphasize the 
formation of high angle boundaries which are important for all aspects of 
recrystallization. 

3.1 Origin of higher and high angle boundaries. While scattered observations of 
higher and high angle boundaries formed by deformation processes are found in 
the literature as discussed in the previous section, suggestions as to their origin are 
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rare. It is important to consider the origin of these boundaries and their 
surroundings within the deformed structure, since both will have a strong 
influence on nucleation and growth during recrystallization. In the following 
subsection five mechanisms/suggestions will be presented on the origin of higher 
and high angle deformation boundaries. These are 1) coarse slip in S-bands; 2) cell 
block formation; 3) coalescence of boundaries at large strains; 4) an ambiguity of slip 
systems for unstable crystal orientations; and 5) grain-grain or grain triple point 
interactions. 

S-bands: The S-band structure provides a very visual illustration of a mechanism 
by which deformation structures can develop a relatively large frequency of long 
higher and high angle boundaries. We have proposed previously that S-bands are 
an indication of coarse intersecting slip which arises for strain accommodation and 
strongly interacts with the pre-existing microstructure (Hughes and Hansen 1993). 
This coarse slip may be either uniformly distributed across a grain or cluster 
nonuniformly into strip-like regions. The nonuniform clustering-of S-bands 
results in a third and coarser scale of grain subdivision, much larger-than that of 
DDWs and MBs. This subdivision is apparent at the interface between a region 
with undisturbed MBs and a region of MBs through which many S-bands have 
passed (Fig. 7). That interface develops into a long dislocation boundary, usually, a 
lamellar boundary, with a higher misorientation than the MB boundaries and 
other lamellar boundaries. A grain is thus further subdivided into large strip-like 
regions separated by higher angle boundaries as shown in Fig. 7, and in the 
schematic drawing of Fig. 13. 

The S-bands are an indication of the different selections of slip systems which are 
operating in different regions. Those regions with many S-bands have a larger 
proportion of intersecting slip than regions with undisturbed MBs. While these 
large strip-like regions contain a fine scale subdivision defined by the MBs, at least 
one slip system is common to most of the smaller MB regions within each large 
strip-like region. This commonalty of slip is indicated by the coarse slip of many 
nearly parallel S-bands throughout the larger region. Thus groups of closely spaced 
S-bands become the markers of a large strip-like region which shares at least one 
common slip system, that delineated by the S-band. Continued intersecting slip on 
this common slip system(s) will rotate the large region away from the adjacent large 
region which has little intersecting slip. Thus these rotations will cause the 
interface between the large strip-like regions to develop into a long high angle 
boundary Fig. 7. A long high angle boundary formed in this manner will be 
segmented along its length with somewhat differing orientations due to the 
preexisting differences in the intersected microbands. (Hughes 1993a; Hughes and 
Hansen 1993). 

The uniformity or heterogeneity of the coarse slip in S-bands leads to different 
arrangements of high angle boundaries within a grain. At one extreme, a uniform 
spacing of individual S-bands will lead to a uniform structure with only medium 
sized misorientations, less than about 10 '. At the other extreme, a grain will be 
uniformly subdivided several times by high angle boundaries formed by a series of 
regions which alternate in strips that are locally deformed by many S-bands and 
strips that contain nearly undisturbed microbands. In the middle, would be grains 
in which only a few sections of that grain have these alternating strips. This last 
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Fig. 13. a) Schematic drawing of a high angle boundary formed at the intersection 
between a region of microbands (MBs) and lamellar boundaries (LBs) formed 
during cold rolling. The alternating misorientations across the LBs are indicated by 
+- signs. b) the same region in a) following an anneal. An intergranular nuclei (N) 
has formed at the boundary between the MBs and LBs. In the regions surrounding 
the nuclei, the remnants of MBs have been heavily recovered and are interspersed 
with new equiaxed subgrains (ES). (Rosen et al. 1995) 

*$***‘w! case would lead to clusters of high angle boundaries interspersed with clusters of 
low to medium angle boundaries (e.g. Fig. 8). A sequence of several high angle 
lamellar boundaries formed from these alternating strips will have alternating 
misorientations across that sequence (Fig. 13). 

Cell blocks: The dense-dislocation walls and microbands which separate different 
cell blocks steadily increase their average misorientation angle with increasing 
strain as shown in Fig. 4. The spread in the distribution of angles about the average 
misorientation angle also increases with increasing strain. There is an energy 
benefit for boundaries with a higher angle to accumulate misorientation at a higher 
rate than lower angle boundaries due to the logarithmic dependence of boundary 
energy with misorientation angle as represented in the Read-Shockley equation 
(1950). Further the observed misorientation angle probability distributions are 
asymmetric and biased towards the higher misorientation angles (Fig. 3) ,  consistent 
with these energy considerations. Consequently some of the GNBs created by grain 
subdivision from the beginning of deformation will develop into high angle 
boundaries simply by the accumulation of increasing misorientation with 
increasing deformation. 

Coalescence of boundaries: The number of boundaries across the thickness of a 
grain decreases with increasing strain at large strains (Langford and Cohen 1969). 
This trend is the opposite of that observed at small strains in which the number of 
boundaries across a grain thickness increases steeply with increasing strain as 
shown in Fig. 14. Consequently a large proportion of boundaries will be combined 
together at large strains. This coalescence can include different combinations of 
both high and low angle boundaries. The resultant angle change across the 
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Fig. 14. The average number of GNB intercepts across a single average grain in the 
ND as a function of increasing strain for cold rolled nickel and aluminum. The 
number of boundaries rapidly increases with strain initially reaching a peak near a 
strain of 0.8 and then decreases with increasing strain. 

combined boundaries will depend on either the alternating or cumulative character 
across the angle/axis pairs of boundaries. By considering the measured sequences 
of nearest neighbor orientations one can test this idea. If two boundaries combine 
during deformation, then the volume of material in the crystallite between the 
boundaries moves to a new location or is absorbed by its neighboring crystallites. 
With the middle crystallite gone, the next nearest neighbor crystallites become near 
neighbors across a new boundary. Thus one is interested in the misorientation of 
next nearest neighbors to approximate the necessary angle change across a new 
boundary following coalescence. From 150 measurements of individual crystallites, 
148 of 149 misorientations between next nearest neighbors were analyzed and gave 
misorientations which were either nearly the same size or less than the previous 
boundary misorientation and had a very different axes. In one case however, the 
combination created a high angle boundary from two medium angle boundaries 
which was greater than 35 O. This result is not surprising in light of the great 
variety of boundary axes and diversity of neighbor orientations which makes 
strictly cumulative misorientations uncommon (Hughes 1995). 

SpeciaZ orientations: In unstable crystals, such as those oriented in either a cube or 
rotated cube orientation during rolling, there is a large ambiguity in the choice of 
operative slip systems within the crystal (Chin 1973). Also, because of the 
symmetry of these special orientations, one choice of slip systems leads to an 
opposite lattice rotation from the other choice. This ambiguity then leads to large 
scale splitting of the crystal into regions which rotate in opposite directions from 
each other. Observations of this effect are found in Hu (1962), Walter and Koch 
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(1962) and Walter and Koch (1963) rolling of bcc crystals in the cube orientation; 
Chandra, Embury and Kocks (1982) {111)<112> fcc crystal deformed in a channel die; 
Becker, Butler, Hu and Lalli (1991) fcc rotated cube deformed in a channel die; 
Malin, Huber and Hatherly (1981) oriented single crystals of copper after rolling; 
Akef and Driver (1991) cube oriented fcc crystals in a channel die; and in Bellier and 
Doherty (1977) and Lee and Duggan (1993) for coarse grained polycrystals. The large 
orientation changes of roughly 30" which develop to separate regions with different 
slip system choices are accommodated by transition bands. Although the 
terminology is not completely consistent (Hansen 1992), a transition band is a series 
of adjacent boundaries that have a regular pattern of small but diverging and 
cumulative orientation changes across the band width. The angle change is 
accommodated over a finite region not over a single boundary. This result is 
distinct from the polycrystal observations in the previous section. In those 
observations large angle changes occurred sharply at a boundary and did not show a 
regular pattern. 

Grain-grain interactions: During deformation grain-grain interactions may locally 
change the selection and number of slip systems operating near the boundary in 
order to accommodate the strain mismatch across the boundary. This type of 
behavior may be further enhanced at grain boundary triple points. For example 
five slip systems may be needed for strain compatibility in a region around the 
grain boundary but fewer than five will operate at regions away from the grain 
boundary (Kocks and Canova 1981). This difference will lead to the formation of 
different types of structures very near the grain boundaries (Barlow, Bay and 
Hansen 1985) . The width of the region directly influenced by the boundary is 
observed experimentally to be about 1 to 10 pm in width (Barlow, Bay and Hansen 
1985; Hansen 1985; Randle, Hansen and Juul-Jensen 1995). The misorientations 
observed in the structures near a grain boundary have been found to be in some 
cases much smaller than the average or much larger than the average (Randle, 
Hansen and Juul-Jensen 1995). Thus, it is likely that some high angle deformation 
boundaries will arise as a result of the geometric requirement for strain 
accommodation near grain boundaries. This idea has been modeled recently using 
a finite element based polycrystal plasticity code (Beaudoin, Mecking and Kocks 
1995). In that simulation large orientation changes, that are indicative of the 
creation of high angle boundaries, occurred near the grain boundaries between 
complementary S { 123j <63& components during channel die compression. 

- 
- 

*-+-?&y&k 

4. CONCLUDING REMARKS 

Dislocation boundaries that form during deformation can be classified into 
different types with differing origins. This distinction is important since 
boundaries developing from different origins will have different misorientation 
ranges and orientation surroundings. In general the orientation environment is 
quite diverse and encompasses many texture components across small distances. 
These factors will have a high impact on recrystallization. 
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