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PREFACE

During recent years, techniques and methods for determining the crystallographic
orientations in selected local regions of the microstructure, have been developed and
automated to a level which allows rapid and accurate data collection. Thus, detailed
characterisation, including orientation aspects, has become possible. This has led to
breakthroughs in the quantitative description and understanding of basic metallurgical
processes. Within the field of thermomechanical processes in particular, new knowledge
about plastic deformation and the growth of new grains during recrystallization has been
gained. The present work deals with growth during recrystallization. However, the new
knowledge about plastic deformation has shown to be essential in the understanding of
recrystallization, so some of the new results on deformation are also included. The work is
in four parts covering experimental methods, experimental results, modelling and
interpretation of results. Eight papers [A1-A8], published by the author alone, or together
with colleagues, form the basis of this work and are reprinted in the Appendix.

The aim of this report is to give a coherent description of how the crystallographic
orientation may affect growth during recrystallization. The aim is technical, in the sense
that it describes how orientation growth dependencies can be measured experimentally, it
gives examples of orientation-dependent growth rates and it discusses the effects hereof
on the recrystallization texture and microstructure. Reasons for orientation-dependent
growth rates are also discussed, but again, the primary aim is to provide a technical
description of the most important mechanisms, rather than to derive fundamental and
detailed conditions for grain boundary movements.

The hope is that this report, together with the eight selected papers, will give a
comprehensive description of the topic. Therefore, some parts of this report are written as
short summaries of the original papers, and the reader is referred to these for more
detailed information. Other parts, however, describe, for example, data processing and
data interpretation in more detail than it has been possible in the journal papers. So,
altogether, the report and papers should enable a reader, first of all, to use the suggested
methods and models and, secondly, to understand how the crystallographic orientation
can affect the growth during recrystallization.

The selected papers cover work dating back for more than 10 years. In the report, major
focus is placed on the more recent papers as these represent the present state of the art.
The earlier papers have, however, been important for the development of the field and,
therefore, are included in this work.

The eight selected papers are referred to in the report as Al to A8 and other papers by the
author (either as prime author or as co-author) are referred to as A9-A32. The works of
other authors are presented in a separate list and referred to by numbers.
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1. INTRODUCTION

When a material is plastically deformed, point defects and dislocations are introduced in
the material. This content of defects and dislocations, and, thus, the associated stored
energy in the material can be reduced by annealing. Basic processes taking place in the
deformed material during annealing are recovery, recrystallization and grain growth.

That deformation and annealing can change the mechanical properties of metals,
including hardness, strength, formability, fracture toughness etc. has been known
empirically for thousands of years, and fundamental studies of these processes date back
to more than 150 years. (For a historical overview see [1]). It is hence not surprising that
vast amounts of knowledge have been accumulated. However, major progress in the
understanding and quantification of the basic mechanisms of deformation and annealing
has taken place over the last decade. Three factors have been of prime importance for this
progress:

New, advanced experimental techniques and methods have been developed. In
particular, the development and automatization of local orientation techniques, which
allow determination of the crystallographic orientation in selected, local volumes in
the microstructure, have been shown essential. These techniques have enabled
quantitative characterizations during all stages of deformation and annealing.

More powerful computers, combined with more elaborate mathematical procedures,
have offered new possibilities for modelling and for simulation of deformation and
annealing processes. One trend has been to extend existing model and simulation
codes to work on a more local scale (typically a um-scale) and to include information
about both microstructures and crystallographic orientations.

The drive and stimulation from industries to quantify basic mechanisms that they can
implement in their models for thermomechanical processing have also been essential
for the recent progress. Keen competition between companies forces industries to
optimize their products continuously, to give stricter specifications and to reduce the
rejection rate. The trend in industry within the last 10-15 years has therefore been to
replace costly empirical trial and error optimizations with more fundamentally based
optimization wherever possible. (For a detailed discussion of the relevance of such
optimizations of industrial thermomechanical processing in the aluminium industry
see [2]).

The present work deals with recrystallization taking place during annealing.
Recrystallization is generally separated into two distinct processes: nucleation and growth.
During nucleation, almost defect-free nuclei form in the deformed microstructure. During
growth, these nuclei grow by grain boundary migration. The nucleation and growth
process may take place consecutively or simultaneously, in the sense that while already
developed nuclei grow, new nuclei develop elsewhere in the deformed microstructure.
The recrystallization process is completed when the entire deformed matrix is replaced by
a new grain structure. Examples of a partly and a completely recrystallized microstructure
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microstructure are shown in Fig. 1. Besides changing the microstructure, recrystallization
generally results in a change in texture (in the preferred crystallographic orientations). An
example is shown in Fig. 2.

RD

200 |im

Fig. 1 Microstructure of pure aluminium, a) Partly recrystallized state. Regions with
still deformed matrix material have a stripy appearance, b) Fully recrystallized state.

A key question in the understanding of recrystallization is: Does the crystallographic
orientation of the nuclei or grains (nuclei/grains) affect their growth or not? Although, the
discussion of this question began around 1930 (3 - 5), it has not been settled yet, and more
than twenty-five keynote papers have been given on this topic within the last 10 years at
international conferences on recrystallization and textures [A4,A7,A9,A10,6-29]. Recently,
most attention has been paid to heavily deformed polycrystalline materials and interest
has been focused on the development of recrystallization microstructures and textures. For
scientists, it is, and has been, a challenge to understand the mechanisms controlling this
development. For industry, it is essential to be able to optimize this development in order
to improve technological properties of a given material. A notable example of the latter is
the improvement of deep drawing characteristics of aluminium sheet for beverage can
applications.

By using the newly-developed experimental techniques for local orientation determination
mentioned above, it has now become possible to measure directly the growth rate of
nuclei/grains with different orientations in polycrystalline materials [A3]. Thus it is
possible, without assumptions to quantify whether the crystallographic orientation of the
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Fig. 2 Texture of Cu (OFHC) represented by 3 dimensional orientation distribution
functions, a) Cold rolled to 92% reduction in thickness, b) As a) but annealed to
complete recrystallization at 121°C [A6]. (The contour levels are 1, 2, 3, x random
intensity.)

nuclei/grains affect their growth or not, and to do so for the materials, deformation and
annealing conditions which are of interest.

In the present work, it was chosen to study growth in heavily cold deformed, medium to
high Stacking Fault Energy (SFE) fee metals, and among these, cold-rolled aluminium and
copper were selected. These metals typically develop medium to strong cube textures
upon recrystallization, i.e. a microstructure with many grains having a crystallographic
orientation close to cube (with a {100} plane parallel to the rolling plane and a <001>
direction parallel to the rolling direction), but also many grains with other orientations. As
such, the metals are ideal for studying whether nuclei/grains of the cube orientation grow
differently (e.g. faster or slower) than the other nuclei/grains. If a material with a very
strong texture has been selected, only nuclei/grains of almost one and the same
orientation would develop, and no "competing orientations" could be detected. If a
material with a very weak, almost random, texture was selected, identification of which
nuclei/grain orientations to look at would be difficult and statistical limitations would
emerge.

Other important reasons for choosing cold-rolled aluminium and copper for the present
work are that they are of industrial interest and that a great deal of information has been
gained recently on the development of deformation microstructures and local distribution
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of orientations in these metals. Such information is necessary for understanding the
growth mechanisms.

Both pure and commercial purity metals were studied to see the possible effects of
impurities/second phase particles. No complex alloys, like heat-treatable aluminium
alloys, are included. The growth rate measuring method would apply equally well to such
alloys, but it was felt that data interpretation should be clearer and of a more basic nature
in the more simple systems.

The outline of the present work is as follows:

The first part deals with the development of experimental methods to study growth rate
orientation dependencies in the bulk of polycrystalline materials (Chapter 2 +
A1,A2,A3,A5). The best among these experimental methods is then used to quantify
growth rate orientation dependencies for a series of selected metals and deformation +
annealing conditions. The results are the first of their kind and prove that crystallographic
orientation can have a significant effect on growth rates (Chapter 3 + A3,A6,A7). When
experimental observations display effects of crystallographic orientations, models for
recrystallization have to be developed which take orientation into account. This has led to
a new generation of recrystallization models - multicomponent models - which include
information about both microstructure and texture (Chapter 4 + A4,A8). The new
multicomponent models have been used to investigate recrystallization in a series of
materials, deformed and annealed under selected conditions. Only a few results from this
specific-case modelling are included in this report for illustration purposes; for more
information, the reader is referred to the original papers. Instead, results from a more
general type of simulation are included (Chapter 5 + A8). Here, one of the
multicomponent models is used to predict the effects of orientation dependent growth (as
that observed and reported in Chapter 3) on the development of recrystallization textures
and microstructures under various nucleation assumptions.

Finally, knowledge about the characteristics of the deformation microstructures and
distribution of orientations on a local scale, typical for the selected metals deformed to
high strains has led to the discovery of a new mechanism which is important for growth,
(Chapter 6 + A6,A7).
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2. EXPERIMENTAL METHODS TO STUDY GROWTH RATES OF GRAINS WITH
DIFFERENT ORIENTATIONS

In this chapter, experimental methods vised to study the effects of crystallographic
orientation on growth during recrystallization in polycrystalline materials will be
described and evaluated. Some of these methods reveal growth in the bulk of large
samples whereas others are suitable for studies in, or near, the surface. With the surface
techniques, for example by in-situ annealing in a high-voltage electron microscope, very
precise information about the movement of specific boundaries can be obtained. However,
doubt always exist, whether the observations reflect the bulk processes, or whether they
are controlled by surface effects, such as oxidation and surface geometry. Only bulk
methods will, therefore, be considered here.

Before starting the description and discussion of such methods, impingement between
nuclei/grains can have significant effects on the recrystallization process [All] as well as
on growth rate determinations and shall thus be described in some detail here: During
recrystallization the nuclei may form far apart, fairly randomly distributed in the
microstructure or closer together at special potential sites like triple junctions, original
grain boundaries, deformation inhomogeneities or second phase particles. Then they
grow, the driving force being provided by the energy stored in the plastically deformed
matrix. Sooner or later the nuclei or grains, as they are called after some growth, will
impinge upon other nuclei/grains. An example is shown in Fig. 3. Here several
nuclei/grains are seen which have impinged upon each other. In the sketched version
(Fig. 3b), the impinged grain boundary segments are shown by thick lines. These
impinged grain boundaries or grain boundary segments will not experience further
driving force from deformed matrix material and will not move further by
recrystallization. When the aim is to determine growth rates during recrystallization, it is
the velocity of the free unimpinged grain boundaries or grain boundary segments which has
to be determined.

Among the bulk techniques, a traditional method to determine the growth rate is to
measure the size of the largest grain in a partly recrystallized sample or in a series of
partly recrystallized samples, and simply divide the size by the corresponding annealing
time. Typically, this method has been used for growth rate determinations not taking the
orientation of the nuclei/grains into account [e.g. 30,31]. However, if the orientations of
the nuclei/grains are determined and categorized into preselected orientation groups (e.g.
all nuclei/grains with orientations within x degrees from an ideal orientation "i" may be
referred to as "i" nuclei/grains), effects of orientation on growth rates may also be
determined [A12]. However, irrespective of whether orientations are included or not,
several problems are associated with this method: (i) even when a major number of
nuclei/grains are characterized, large uncertainties are associated with the determination
of the largest grain sizes, (ii) the method can only be used in the earliest stages of
recrystallization, where impingements between grains are not dominating the growth
(typically less than 15% recrystallized) and, (iii) variations in growth rates of individual
nuclei/grains within an orientation group, for example, due to different surroundings., are
not registered, only the highest rate is determined. This method has, therefore, not been
much used recently, and shall not be considered further here.
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Fig. 3 Partly recrystallized microstructure of pure aluminium, a) Micrograph, b)
Sketch of the micrograph; deformed regions are shown in grey and the nuclei/grain
boundary segments which have impinged upon other nuclei/grains are shown by a
thick line.

During the last 10-15 years, information about effects of orientation on growth rates has
mainly been achieved from two other types of measurements: texture measurements and
simultaneous size and orientation measurements. These types of measurements have been
used both for static investigations, for example, looking at the fully recrystallized state and
for kinetic investigations following the recrystallizarion process. But in neither case, direct
information about growth rates is obtained; growth rate results can only be deduced
indirectly, via an interpretation of the data. An example of such an interpretation could be:
if it is observed that nuclei/grains of a specific orientation, "i", develop to become larger
than other nuclei /grains, it is because the "i" nuclei/grains have a higher growth rate than
the others. A main problem is, however, that information about nucleation sites and rates
are not included and this may result in wrong interpretations of growth rates. If, for
example, nuclei of a given orientation "i" form in clusters, they will, early in the
recrystallization process, impinge upon each other and their growth will stop in the
direction of the impingement. So, regardless of how high their true growth rate was, they
will appear small in the grain size distribution, or, as a weak texture component. A data
interpretation not taking the nucleation sites and, therefore, the impingements into
account will in such a case conclude that the "\" nuclei/grains are characterized by slow
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In spite of these difficulties, the two methods have in the 80s and early 90s been very
important for the development in the understanding of growth during recrystallization.
The two methods shall therefore be described shortly in the following.

The best method for the determination of orientation effects on growth rates available
today is the so-called extended Cahn-Hagel method [A3]. It is based on a determination of
both the development of recrystallized volume fraction and free unimpinged interfacial
area of the individual nuclei/grains. Therefore, the method can determine directly the
average growth rates of recrystallizing nuclei/grains without assumptions about
nucleation sites and rates. This method will be described in detail in section 2.3. Finally,
the benefits of a combined use of all 3 methods will be pointed out in section 2.4.

2.1 Texture methods

Recrystallization is typically associated with a significant change in texture [e.g. A9,32]
and the texture changes may be used to gain information about growth during
recrystallization. Textures are mostly determined by x-ray or neutron diffraction
techniques. The main difference between the two techniques is that x-rays sample the
texture within a relatively thin layer of material, whereas the neutrons typically sample
complete bulk textures. Depending on the problem, the more suitable technique of the two
may thus be chosen. With both techniques, first pole figures are measured for a series of
(hkl) reflections, and then the corresponding three dimensional Orientation Distribution
Function (ODF) is calculated. Standard procedures are available for both the experimental
measurements and the data analysis [e.g. 33]. Both static and kinetic texture measurements
have been performed.

Static measurements. The texture is measured before and after recrystallization and by
comparing the two measurements, information about growth has been deduced. Typically
this is done by applying a specific growth assumption to the deformation texture - for
instance, all nuclei with a 40° <111> misorientation relationship to the deformed material
grow twice as fast as the other nuclei. The "transformation texture" calculated in this way
can then be compared to the measured recrystallization texture to test whether the growth
assumption can simulate the experiment correctly [e.g. 13,16,34,35].

A problem with this method is that nothing is known about the orientation of the nuclei.
So assumptions have to be made, and these can, of course, have significant effects on the
calculated transformation texture and thus on the evaluation of growth assumption. In
some studies [e.g. 36,37] this problem is overcome by measuring the orientations of a large
number of nuclei in a lightly annealed sample using local texture techniques. The
calculations of the transformation texture can then be based on this "nucleation texture",
and a more reliable evaluation of the growth assumption is thus possible. However, even
in this case, information about nucleation sites and rates is lacking, which, as discussed
above, may affect the interpretation.
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Kinetic measurements. A neutron diffraction texture instrument has been especially
developed [A2,A13]. It is equipped with a position sensitive detector positioned with its
axis vertical. So, instead of only measuring one point in a pole figure with a given sample
setting, a whole section of a small circle (see Fig. 4) is measured simultaneously. With mis

Fig. 4 Measuring points along the
position sensitive detector with one
sample setting covering 34° of a small
circle in the pole figure plane [A2].

equipment, the measurement of a complete pole figure typically takes less than Vi hour,
depending somewhat on the scattering cross section of the sample material. With the fast
neutron texture equipment, the complete texture transformation during recrystallization
may thus be followed in-situ while annealing the sample. An example of results from such
an investigation is shown in Fig. 5. Alternatively, the kinetics of single texture components
may be studied. For this type of measurement, the sample is positioned so that the
position sensitive detector covers particularly interesting components. A time resolution
in the order of seconds is thus achieved [A13]. An example is shown in Fig. 6.

The data give very precise information concerning how the concentration of different
texture components evolves during recrystallization, and it is clear to see if a given
component increases/decreases faster than another one. Furthermore, the data have the
virtue of being in-situ data whereby any scatter or uncertainty introduced by using
different samples annealed for different periods are illiminated.

2.2 Size and orientation methods

The aim of this method is to determine simultaneously the size and orientation of
nuclei/grains. This can be done using local texture techniques, such as microdiffraction
and Kikuchi-line techniques in TEM, channelling patterns and Electron Back Scattering
Patterns (EBSP) in SEM, Kossel x-ray diffraction or crystallographic etching techniques.
Among these, the EBSP technique has recently been the most widely applied. It has a
better spatial resolution than the channelling pattern (SEM) and the Kossel x-ray
diffraction, and a more precise orientation determination than the etching techniques.
Compared to the TEM based techniques, the EBSP technique offers a much large area of
inspection and easier sample preparation. The spatial and the orientation resolution are,
however, significantly poorer in the SEM than in the TEM, but for recrystallization growth
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TIME(h)

Fig. 5 The development of specific texture components during isothermal annealing at
95°C of copper (OFHC) cold rolled to 90% reduction in thickness [A2].

20 30 40 50 60

TIME I minutes)

70 80 90

Fig. 6 Kinetic curve for the initial evolution of the cube texture component, {100}
<001>, in commercially pure aluminium (A1-2S) cold rolled 90% measured during
annealing at 253°C. The full line is a best fit to a kinetic equation. (The notation {100}
<001> or more generally {hkl} <uvw> refer to a crystallographic orientation with a
{hkl} plane parallel to the rolling plane and a <uvw> direction parallel to the rolling
direction) [A2].
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studies, where nuclei /grains larger than 1 \im have to be characterized and orientations
are classified within orientation groups typically not less than 5-10° wide, the resolutions
of the SEM based EBSP technique match the requirements, and the technique is thus ideal
for simultaneous determination of size and orientation during recrystallization. (For a
further discussion see [A5]).

Static measurements. The method may be used to characterize fully recrystallized
samples. The size of a nucleus/grain may be determined looking directly at the
microstructure. And the orientation may be determined by placing the electron beam
inside the nucleus/grain and switching to EBSP mode. This procedure is, however, rather
time consuming to use, and it is often preferable to stay in the EBSP mode and make line
scans through the structure by moving the beam or the sample. By recording the vernier
positions of the sample stage (in the case of sample movement) at which the EBSPs
change, the chord lengths (linear intercept lengths) of the corresponding grains are
determined. In the data-analysis the grains are catalogued, according to their orientation,
into selected orientation groups, and size-orientation relationships may be deduced. From
the data, one can see if grains of a specific orientation have exceeded the growth of the
other grains.

Kinetic measurements. Information about the kinetics may be obtained, if size-orientation
measurements are performed for a series of partly recrystallized samples annealed for
various times. In this case, a distinction between recrystallized nuclei/grains and
deformed matrix is necessary. This may be made based on the characteristics of the EBSPs
(A5,A14,38): When the scan is through a recrystallized nucleus/grain, the EBSP is
invariant (showing one, single, orientation) and sharp. Whereas the EBSP will often
change rapidly (or the pattern moves around) due to misorientations between
neighbouring volumes in the deformed microstructure, and the patterns may be blurred
or non-existent when scanning through deformed material. For the recrystallized
nuclei/grains, chord lengths and orientations are determined as described above.

Kinetic size-orientation measurements give precise information about how the sizes of the
nuclei/grains with the selected orientations evolve during recrystallization. This type of
measurement was, to the author's knowledge, first carried out using channelling patterns
in an investigation of recrystallization in heavily cold rolled aluminium [A1,A15]. The
results are shown in Fig. 7. In a publication by Hjelen, Nes and FLoier at Int. Conf. on Al
Alloys (1986) it was stated that "A new wave in this discussion has emerged with the
recent investigation by Juul Jensen et al. [A1,A15] and by Nes and Solberg [39]". Indeed,
nowadays a number of major laboratories studying recrystallization are measuring size-
orientation relationships, for example Drexel/Los Alamos [e.g. 40,41], Trondheim [e.g.
42,43], Aachen [e.g. 27], Manchester [e.g. 44], Alcan [e.g. A16], Alcoa [e.g. 45] and Ris0 [e.g.
A1,A6].
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Fig. 7 The average size of nuclei/ grains with different orientations (belonging to
different texture components) measured in a series of partly recrystallized
commercially pure aluminium (A1-2S) samples (cr 90%) annealed at 253°C [Al].

2.3 Extended Cahn-Hagel method

Using this method, average growth rates of nuclei/grains having different orientations are
determined directly. The basic idea was originally suggested by Cahn and Hagel (46) for
the formation of pearlite during austenite decomposition of steel.

Cahn and Hagel showed that the overall transformation rate is given by

(1)

where, X is the volume fraction of transformed material, t is the reaction time, <G> is the
spatially - averaged interface velocity, and Sv is the interfacial area per unit volume
separating the parent and product phases.

It was later shown that the method is equally successful for characterizing recrystallization
(30,40,41,47-49). In the recrystallization case, X is the volume fraction of recrystallized
material, t is the annealing time, <G> is the average growth rate, and Sv is the total "free"
unimpinged grain boundary of the nuclei/grains per unit sample volume - i.e. the
interfacial area between recrystallized and deformed material.

The latest development of the Cahn-Hagel method has been to extend it to include
crystallographic orientations [A3]. Thereby, average growth rates of grains of various
specified orientations <G,> can be determined. This only requires that the crystallographic
orientations of the individual nuclei/grains are determined. Then
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£ . . . (2,
Where "i" refers to a specific orientation (or orientations within x degrees of a specific
orientation).

To calculate <G;>, X, and Svi first have to be determined. Often this is done by a lineal
analysis of the microstructure. Stereologically it has been shown that X is equal to the line
fraction of recrystallized material provided the test lines are chosen randomly (3D) in the
microstructure [50,51]. X, is thus equal to the line fraction of material with orientation "i".

The basic equation relating the number of intersections of test lines with a system of
interfaces or surfaces in space was derived several times ([52] was the first). The derivation
is based upon the geometrical probability of intersecting an element of surface area with a
large number of test lines. The number of intersections NL per unit length of test line is
calculated, and when averaged over all orientations of test lines, the surface area or
interfacial area per unit volume, Sv, is found to be

SV = 2NL (3)

and

Svi = 2N u (4)

where Nu is the number of intersections of boundaries separating a deformed region from
a recrystallized nuclei/grain of orientation "i" per unit line length.

Using the EBSP technique in the SEM, it is possible to determine the orientation of
volumes larger than 1 |xm, and the technique is therefore very well suited to determining
Xf and Njj. The typical experimental procedure is to make line scans through the
microstructure (see Fig. 8). As described in section 2.2, recrystallized regions are
distinguished from deformed regions by the steadiness and blurring of the EBSPs. For
each recrystallized nucleus/grain, the orientation is determined automatically by a
computer [A5,A17,A18,53,54], and the nucleus/grain is then catalogued into one of a
number of preselected orientation groups. In Fig. 8, the nuclei/grains are catalogued into 3
orientation groups, each represented by a colour: red, blue and green. For each
nucleus/grain also the linear intercept length (chord length) is measured and stored in the
computer. The number of transitions between deformed and recrystallized regions of
orientation "i" (or vice versa), r^, is counted. When the linear scan is completed, X; is
calculated as the sum of all linear intercept lengths of i-oriented nuclei/grains divided by
the total length L of the line scan. Nu is equal to nu/L and thus Sri = 2 • nLi/L.

The main concern in determining <Q> from (2) once Xj and Svi are measured as a function
of time, is in finding the time derivative of Xr The same concern applies to the standard
Cahn-Hagel approach where the orientations, "i", are not included. As discussed by
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Fig. 8 Sketch of line scan through a partly recrystallized microstructure. Deformed
regions are shown in white, and recrystallized nuclei/grains are shown in colour. The
nuclei/grains are categorized into 3 orientation groups each represented by a colour -
red, blue and green. For each scan along a randomly oriented line the following 5
characteristics are recorded: i) The chord length of each recrystallized nucleus/grain,
ii) the length of deformed regions, iii) the number of interfaces between deformed
material and recrystallized nuclei/grains of each orientation, Svl, iv) the number of
interfaces between recrystallized nuclei/grains of orientation "i" and " j" , R̂  and v) the
total length of the scan-line.

Vandermeer and Juul Jensen [A19] this concern is minimized if a suitable function
describing X(t) can be deduced from which the time derivative can be calculated.
Frequently, the Avrami equation [55-57] is used

X = 1 - exp(-k • r°) (5)

where k and (J are constants. There are, however, many recrystallization studies where it
has been observed that this equation does not describe X(t) sufficiently well over the entire
annealing time period [e.g. A19,28,58-60]. An example is shown in Fig. 9. Other functions
have to be chosen. It has been found [A6,A19] that better fits are obtained using an
exponential function or a power law:

log In
1-X

Bexp[-C(logt-D)';] (6)

log In - i - ) = A + B(log t) + C(log t)2 + D(log t)3

V I — A
(7)
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Fig. 9 Double-logarithmic plot of In versus t for annealing of 92% cold rolled,

OFHC copper. (In the figure "Vs" is used instead of "X".) The fact that one straight line
cannot fit the data well shows that the Avrami equation cannot represent the
recrystallization kinetics [A19].

where A, B, C, D, E are fitting constants. Both functions generally describe the
experimental data well. An example is shown in Fig. 10. As the exponential function (6)
seems to give the most reasonable results just outside the investigated time interval, this
function is generally chosen. It is however worth noticing that only insignificant
differences are obtained between the growth rates calculated based on the two functions
above, (6) and (7) [A6]. One concern could be the many fitting constants compared to the
often fairly low number of experimental points (typically 5 to 10). But as the fitting
constants are used only to gain a precise description of the experimental data not for any
interpretation of physical phenomena, this is generally not important for the resulting
growth rates.

Fig. 10 Similar plot as Fig. 9 and the same experimental data. The full line is here the
best fit to equation (6) with "E" fixed at one. It can be seen that the equation (6)
represents the experimental data well over the entire annealing period. (Redrawn
version of figure from [A19].)
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The functions in (6) and (7) were also found to describe well the development of the
individual orientation groups, Xr When equation (6) or (7) is used to describe X^t), the
time derivative is calculated numerically.

When evaluating the potentials of the extended Cahn-Hagel method, a drawback is the
time taken to collect the necessary EBSP data which typically requires a week (or more)
hard work at the SEM. However it appears, at present, to be the best method available to
study orientation effects on growth during recrystallization. Common to both the
extended and the standard Cahn-Hagel method is that impingements between
nuclei/ grains do not cause problems, as it is only the movements of free-unimpinged
boundaries (or boundary-segments) which are measured and included in the growth rate
calculations. Also, there are no assumptions made about spatial distribution of the nuclei
or the nucleation rate. Further, the growth rates may be anisotropic with respect to the
sample axis. When the aim is to achieve true statistical average growth rates, the only
requirement is that the test lines are selected randomly in the sample and, of course, that
statistically sufficient data are collected. (In specific recrystallization studies, it may be
decided not to use random test lines, but lines along major sample axes - for example
along the rolling direction of rolled sheet metals. In that case, growth rates along the
selected direction(s) are obtained.)

2.4 Combined use of the experimental methods

Recrystallization in general, is a complex process and to gain an as complete and precise
description of the process as possible, it is, in most cases, beneficial to use several
complementary methods in the characterization. This was discussed in [A2].

When the aim is to determine average growth rates for nuclei/grains of different
crystallographic orientations, the extended Cahn-Hagel method is ideal to use. But even in
this case, where one method can give the answer directly, it is advisable to also use bulk
texture and size-orientation information.

Important examples for the present work are:

Determination of the recrystallized texture in the complete bulk sample by static
texture measurements eases the selection of suitable orientation groups and can be
important when checking to see if the extended Cahn-Hagel analysis using EBSP
measurements along discrete lines is representative for the entire material.

Determination of the texture kinetics by the neutron measurements gives better
statistical data than the EBSP measurements and may thus be used for comparisons,
and to evaluate the suitability of kinetic functions for X(t) (as equation (6) and (7)).

Size-orientation data are useful to evaluate reasons for orientation dependent growth
rates (see section 3.4) and for modelling purposes (see Chapter 4). (It is worth noticing
that the size-orientation data are obtained without any extra work when doing an
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EBSP scan together with the other data necessary for the extended Cahn-Hagel
analysis.)
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3. GROWTH RATES DETERMINED BY THE EXTENDED CAHN-HAGEL
METHOD

As the extended Cahn-Hagel method is the best technique available today for direct
studies of effects of orientation on growth rates during recrystallization, results obtained
by this method will be presented in the following. Whereas many results exist from
traditional Cahn-Hagel analysis of recrystallization, the extended Cahn-Hagel analysis
has, so far, almost exclusively been used by the present author and co-workers. The only
exception is, to the author's knowledge, the work by Hutchinson and Ryde on the
recrystallization of cold rolled steels presented at the Rise Symposium 1995 [28]. However,
their growth rate analysis was limited to a narrow recrystallization range (0.3 < X < 0.4)
and was, in that range, based on characterization of only 3 samples. These results will
therefore not be included in the following. The data to be shown are those published in
A3,A4,A6,A7. The full data analysis is described in detail (not possible in a journal
publication) for one material and annealing condition, whereas only the final resulting
growth-rate curves are presented for the other materials and annealing conditions.

The materials to be dealt with cover pure as well as less pure (commercial purity)
aluminium and copper. By including the commercial purity aluminium in the
investigation, information about influences of impurities is obtained. In the literature, it
has been argued that a reason for the observed orientation effects in commercially pure
aluminium could be impurity pinning. Also, an initial size advantage of special subgrains,
has been suggested as an explanation for the observed results. Such interpretations are
discussed in relation to the present data in the final section of this chapter.

3.1 Materials

The materials investigated were pure aluminium, aluminium of commercial purity and
copper (OFHC) (see Table I). Three of the four starting materials were prepared in
research laboratories (see Table I), whereas the aluminium AA1050 commercial purity
material was prepared on an industrial scale by a combined effort from Hydro
Aluminium, Norway and Alcan Int., UK as part of a Brite/Euram project. This Al AA1050
was cast as ingot with dimensions 0.6x1.2x3.3m and homogenized in accordance with
standard industrial practice by Hydro Al. An almost random texture and a very
homogeneous grain size distribution with an average size of 100 urn were achieved by
break-down rolling and reheating at Alcan. All aluminium materials were rolled at room
temperature at Ris0 to a total reduction in thickness of 90%, whereas the copper material
was rolled also at room temperature in the University of Braunschweig to 92% reduction.
(This is referred to as cold rolling or just cr.) The subsequent isothermal annealing was
carried out in various air, vacuum and bath type furnaces. More details are given in Table
I.

The EBSP scans were performed along principal, non - random, directions in the samples -
along RD and/or ND and/or TD. The resulting growth rate data therefore represent the
average growth rates along these principal directions. The scan directions were chosen to
capture the main growth anisotropies. For example, for Al AA1050 annealed at 280°C, the
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Table I Samples used for extended Cahn-Hagel analysis of orientation effects on growth rates

Material**

Pure Al

A1-2S

A1-AA1050

Cu OFHC

Initial
Material
prepared

at

Riso

Ris0

Hydro Al
and
ALCAN

Braun-
schweig

Purity

99.996

99.6

99.5

99.96

Initial
heat

treatment

240°, lh

600°C,24h
vacuum,
furnace
cool

600°C, 24h
vacuum,
slow
cool to
500°C then
furnace cool

450°C,
IVihin
5N argon

Second
phase

particles

_

FeAl3
2.3 um

FeAl3

1.7 um

-

Initial
grain
size
|xm

230

50

100

35

Initial
texture

Cube

Weak
cube

-random

-

Rolling
reduction

%

90

90

90

92

Annealing
Furnace

Air

He-furnace
f =

50°C/min.

Molten-tin
bath

Air

DSC-7
calorimeter

Annealing
temp.

°C

110

253

280

245

121

EBSP
scan

directions

RD + TD

RD + TD

RD + ND *

RD + ND

RD + TD

In the report, the word "copper" is sometimes used instead of Cu
commercial pure aluminium or just aluminium.

(OFHC), and A1-2S and A1-AA1050 may be referred to as

3
00



grains were fairly equiaxed when seen in the rolling plane section (RD/TD aspect ratio =
1.1), whereas, in the longitudinal section, the RD/ND aspect ratio was 1.4. In this case, the
EBSP scans were along RD and ND. For further details see Table I.

3.2 Growth rate analysis in aluminium AA1050

In this section the extended Cahn-Hagel analysis is described in detail for Al AA1050 cold
rolled 90% and isothermally annealed in a bath at 280°C (the condition marked by an
asterisk in Table I). The choice of this material and annealing condition for the detailed
description was somewhat arbitrary.

A series of partly recrystallized samples was prepared by annealing for different times
between 120 and 7200 seconds to achieve various degrees of recrystallization between 2%
and 95%. The overall bulk texture was determined by neutron diffraction [A13,A20] in the
deformed state and after complete recrystallization. The corresponding ODFs are shown
in Fig 11. The deformation texture (Fig. lla) is typical for aluminium with peak intensities
around 7-9 times random along the skeleton line (running through the (p2-sections from Br

Fig. 11 Textures represented by ODFs of aluminium AA1050. a) Cold rolled to 90%
reduction in thickness, b) As a) but annealed to complete recrystallization at 280°C.
(The contour levels are 1,2,3, x random intensity) [A6].

{110} <112> through S {123}<634> to Cu {112}<111>). The recrystallization texture (Fig.
lib) contains a cube component {100}<001>, retained rolling components (compare Fig.
lla and lib) and a relatively large volume fraction of other components apparently
randomly distributed in the Euler space. In the following, the last will be referred to as the
random component. These 3 components, cube, rolling and random were selected for the
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extended Cahn-Hagel analysis. The ODF (Fig. lib) also shows that the full width half
maximum of the cube and rolling texture components is about 15° in Euler space. Thus
EBSP data were separated into these 3 components: cube - within 15° in Euler space from
the ideal cube positions, rolling - within 15° from any of the 3 main rolling components
(Br, S, Cu) and all the remaining orientations are catalogued as part of the random
component.

EBSP scans were made along RD and ND in the longitudinal sample section. For each
sample and in each direction, more than 1 mm long line scans were made. The EBSP
results are listed in Table DL The table shows that some differences exist between the data
measured along RD and ND respectively. This is most marked for the average grain sizes,
showing that in the almost fully recrystallized state (7200 sec.) the grains have an aspect
ratio of 1.4. In the following, the average values of the RD + ND results will be used. (If
growth rates along RD and ND were to be determined separately, more data would have
been required to improve the statistics.)

Information about the increase in average nuclei/grain size with annealing time for the 3
orientations is obtained directly from the data. The results are shown in Fig. 12. It is seen
that initially the cube nuclei are similar in size to the other nuclei, but that the cube
nuclei/grains grow to become the largest in the fully recrystallized state.

102

Fig. 12 The average size of nuclei/grains with different orientations (belonging to
different texture components) measured for a series of partly recrystallized aluminium
AA1050, cr 90% and annealed at 280°C [A6]

The number of intersections, nL, between recrystallized nuclei/grains and deformed
material and the total length of line scan, L, is used to calculate S^ = Zn^/L for each
component. (It is important to note that for the sample annealed 7200 seconds to 95%
recrystallization, the statistics on the n^ data are poor. Therefore, this point is not used in
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Table II Results of EBSP measurements in a series of partly recrystallized samples of Al AA1050, cr 90% and annealed at 280°C.
(Ran = Random, Rol = Rolling and Cub = Cube orientations. Tot = total, including all orientations)

Anneal.

(s)

120

300

600

1800

3600

7200

Scan
dir

RD
ND
Aver
RD
ND

Aver
RD
ND
Aver
RD
ND

Aver
RD
ND

Aver
RD
ND

Aver

L

(M«0
14377
6465

20842
6520
4482
11002
5996
1840
7836
1520
1035
2555
2410
1829
4239
1531
1605
3136

Ran

52
39
91
69
51
120
57
50
107
52
30
82
81
76
157
60
90
150

Number of grains

Rol

13
26
39
19
28
47
30
43
73
14
32
46
36
52
88
30
46
76

Cub

5
2
7
5
4
9
4
0 .
4
4
2
6
13
11
24
8
12
20

Tot

70
67
137
93
83
176
91
93
184
70
64
134
130
139
269
98
148
246

Ran

3.3
2.2
2.8
4.4
2.7
3.7
6.2
3.3
4.9
6.1
5.5
5.9
14.2
11.1
12.7
15.3
10.3
12.3

Average size (|im)

Rol

3.1
1.8
2.2
4.4
2.4
3.2
4.9
2.7
3.6
6.7
4.2
5.0
9.4
7.0
8.0
12.6
9.0
10.4

Cub

3.0
1.5
2.6
4.8
4.5
4.7
5.3
-

5.3
5.0
18.0
9.3
16.3
13.8
15.2
17.0
17.9
17.5

Tot
3.2
2.0
2.6
4.5
2.7
3.7
5.8
3.0
4.4
6.2
5.2
5.7
13.1
9.8
11.4
14.6
10.5
12.1

Ran

1.22

4.01

6.69

18.94

47.04

58.83

x,(
Rol

0.41

1.37

3.35

9.00

16.61

25.20

%)

Cub

0.09

0.38

0.27

2.18

8.61

11.16

Tot

1.56
2.09
1.72
6.35
4.98
5.79
8.72
15.27
10.26
28.36
32.37
29.98
70.58
74.30
72.19
93.73
96.76
95.28

Ran

83
65
148
87
82
169
79
58
137
50
37
87
56
43
99
4
7
11

Rol

23
48
71
25
44
69
41
57
98
18
35
53
21
21
42
2
2
4

Cub

4
4
8
2
6
8
7
0
7
4
4
8
7
7
14
0
1
0

Tot

110
117
227
114
132
276
127
115
242
72
76
148
84
71
155
6
10
16
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the <G[> calculation). The results for the cube and the random component are plotted
against the total volume fraction of recrystallized material in Fig. 13. The typical shape of
Ŝ  versus Xj curves are observed: early in the recrystallization process Sv increases with
increasing X, because nuclei form and grow, and thus have larger and larger interfacial
areas (per sample volume). Later Svl decreases with increasing X, because more and more
impingement between the grains is occurring.

D Cube component
° Random component

0.2 0.4 0.6 0.8

Fig. 13 Free unimpinged interfacial area for cube and random nuclei/grains as a
function of the fraction recrystallized in aluminium AA1050, cr 90% and annealed at
280°C.

The calculated fraction of recrystallized material of each orientation X;(t), is fitted to the
exponential function (6) given in section 2. The results for all three components are shown
in Fig. 14. Due to the far lower number of cube nuclei/grains measured compared to
random and/or rolling nuclei/grains, larger statistical errors are inherent for this
component. However, as can be seen in Fig. 14, a reasonable fit between the experimental
points and fitting equation is obtained in all cases.

Using the fitted constants, dXj/dt is calculated for each component at the experimental
annealing times, t, which, when divided by the corresponding Sv-value, directly gives the
average growth rate <G;> for the given time and for the given component. The results are
plotted separately for each component in Fig. 15. It can be seen that the growth rate of
each component decreases by almost a factor 10 during the recrystallization.
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TIME (sec)

Fig. 14 Time dependence of the change in volume fraction of recrystallized material
with a given orientation in aluminium AA1050, cr 90% and annealed at 280°C. a)
Random, b) Rolling and c) Cube. The full lines are best fits to equation (6).

Fig. 15 Average growth rates as a function of annealing time in aluminium AA1050, cr
90% and annealed at 280°C. a) Random, b) Rolling and c) Cube.

When the growth rates of the different components are compared, it is seen that the cube
nuclei/grains grow significantly faster than nuclei/grains having random and rolling
orientations. In Fig. 15 the experimental growth rates are fitted to the equation

<G> = k • f° (8)

which is frequently used to represent this type of data (e.g. 47,49) and where k and a are
constants. It can be seen that the equation gives a good fit to the data, and the fitting
constants are listed in Table III. From the values in Table in, it can be seen that, for
example, at t = 600 (X = 10%) the cube nuclei/grain grow approximately 1.9 and 1.5 times
faster than the rolling and random nuclei/grains, respectively. The growth advantage of
cube nuclei/grains is maintained during the entire recrystallization process. This can be
seen from Fig. 16c where the growth rate results for all 3 components are plotted on one
graph.
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Table IE Fitted values for k and a in equation (8)

Component

Random

Rolling

Cube

k (nm • s"J)

0.1085

0.0820

0.1388

a

0.53

0.52

0.50

3.3 Growth rate results

Growth rate results for all the materials and deformation-annealing conditions listed in
Table I are shown in Fig. 16. For each of the curves, an analysis as described in section 3.2
has been carried out*. The calculated growth rates are fitted to equation (8), and the
full/broken lines show the best fits. From the figure, it is clear that the behaviour of the
material described in Section 3.2 is fairly typical. In all cases it is observed that the growth
rates decrease significantly during recrystallization. The decrease is most pronounced in
the pure materials (pure Al and OFHC Cu) where the a-values are around 1.0. In the
commercial purity Al materials, the decrease is smaller with a-values in the range 0.3-0.7.
Decreasing growth rates are reported in the majority of the recrystallization studies using
the standard Cahn-Hagel analysis [e.g. 41,47], and various explanations have been

*- The recrystallization texture of the commercial purity aluminium contained cube, rolling and random
components for all the investigated deformation and annealing conditions. Therefore these 3 components
were chosen for the analysis in all these cases. The texture of the pure aluminium and OFHC copper did
not show significant retained rolling components after recrystallization. Therefore, no rolling component
was included in the data analysis for these two materials. In copper, twin boundaries were treated like
ordinary boundaries. With the view that a cube grain and its twin(s) can be regarded as a single growing
geometrical entity, cube and cube twin nuclei/grains were classified as belonging to the same group. A
further discussion of this is given in [A21].

- The data in Fig. 16b are the first data obtained by the extended Cahn-Hagel method [A4]. In this first
analysis the Avrami equation [55-57] was used to fit the X versus t data. The EBSP X versus t data showed

a reasonable linear relationship when In -—— versus t was plotted on logarithmic scales, i.e. the Avrami
1 — X

equation seemed to give a reasonable fit to the data. When other methods, neutron diffraction, hardness
and optical microscopy were also used to determine X for the partially recrystallized samples (see Fig.

17), a closer look, however, showed that the Avrami equation overestimates In for long annealing
1 — X

times. Therefore, for the present work, the exponential function (6) 'was used to fit the X(t) data, and a
new growth rate curve was calculated. A comparison between the original and new result, however,
reveal no major differences.

- In Fig. 16 sometimes <G> and sometimes G are used for the average growth rate, similarly the word
"other" in Fig. 16a has the same meaning as "random" in Fig. 16b-e.
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Fig. 16 Average growth rates as a
function of annealing time. (Both <G>
and G represent average growth rates.)
The full and broken lines are best fits to
equation (8). a) Pure Al, b) A1-2S, c) Al-
AA1050 annealed at 280°C, d) Al-
AA1050 annealed at 245°C, e) Cu
(OFHC) [A7].
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Fig. 17 Time dependence of volume fraction recrystallized in A1-2S annealed at 253°C
determined by a variety of experimental techniques.

suggested: i) recovery of the deformed matrix occurring simultaneously with the
recrystallization, thus reducing the driving force for recrystallization, ii) inhomogenous
distribution of dislocations, and therefore stored energy, in the deformed matrix; regions
with high stored energy recrystallize first resulting in high growth rates, and iii)
impurities both in solid solution and present as small particles, pin the boundary motion;
as the boundaries move, more and more impurities are collected and the growth rate will
thus decrease. This latter explanation seems not to apply to the present data, as the
decrease in growth rate is most pronounced in the pure materials where impurity effects
should be less.

To further investigate the reasons for the decreasing growth rates, more measurements
and analysis are under way: for the copper samples, the stored energy has been measured
by calorimetry in the University of Braunschweig in the same samples used for the present
growth rate analysis [A22]. From these data an analysis of relations between growth rate
and remaining stored energy are being analyzed [A23]. For the commercial purity
aluminium samples an analysis of effects of annealing temperature and heating rate are
presently being carried out. However, as the aim of this work is to investigate effects of
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crystallographic orientations, reasons for the decreasing growth rates shall not be
discussed further here.

The crystallographic orientation has significant effects on the growth rates (see Fig. 16). In
all the examples investigated, it was found that the cube nuclei/ grains grow faster than
the random and rolling nuclei/grains. Typically, the cube growth advantage is in the
range 1.5 to 2.5 (except near complete recrystallization in the low temperature annealed Al
AA1050 material - Fig. 16d).

3.4 Discussion of growth rate results

In the analysis described above, the random and the rolling components contain a
selection of orientations, whereas the cube component only contains orientations near the
cube (within 15°). This means that enclosed in the rolling and random components there
are nuclei/grains of many orientations which may have different growth rates. Ideally,
each individual orientation should be treated separately. This however, would require an
enormous data collection (the actual amount being determined by the number of
orientation classes and the frequency of their occurrence), in order to obtain statistically
significant results. The present type of analysis which includes a few main components
must, therefore, be considered as the best realistic solution at present.

The results presented in section 3.3 show that cube nuclei/grains grow faster than the
others. A question could be if this is a genuine orientation effect, or if other factors could
affect the results and lead to wrong conclusions about orientation effects. Three such other
factors have been discussed at conferences and in the literature. The first relates to
nucleation sites; it was suggested that the cube nuclei develop at more separated, less
clustered sites than rolling/random nuclei which would result in a faster cube growth
[39]. The extended Cahn-Hagel analysis, however, determines the growth rate of free-
unimpinged boundaries or boundary segments, thus orientation-dependent nuclei
clustering will not affect the results.

The second "other factor" relates to pinning of boundaries by impurities. If the boundaries
of random/rolling nuclei/grains were more affected by impurities than the cube
nuclei/grain boundaries, the cube nuclei/grains would grow faster [61]. This
phenomenon should be expected to be most marked for the commercial purity Al, where
resistivity measurements show that elements originally in solid solution precipitate during
annealing [62]. There are, however, two reasons to believe that selective impurity pinning
of the rolling/ random grain boundaries is not the explanation for the present growth rate
results: i) pure as well as less pure materials show the same type of behaviour and ii)
selective impurity pinning of rolling/random grain boundaries during the annealing
would cause a more significant decrease in the growth rate of these grains than of the cube
grains. As can be seen from Fig. 16, this is not the case. The cube growth rate decrease at a
similar rate (or in some cases even at a higher rate) than the rolling/random rate.

The third and last factor, which has been discussed, relates to the size of the nuclei. In hot
rolled aluminium it was observed that the cube oriented subgrains and nuclei are larger
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than the others [43,63]. Simply because of their size advantage, one may then expect the
cube nuclei/grains to grow faster, a phenomenon called microgrowth selection [e.g. 64].
However, for the present materials and annealing conditions, no initial size advantage of
cube nuclei was observed. For the Al AA1050 material, this can be seen in Fig. 12.

In the author's opinion there is, therefore, no doubt that the observed growth advantage of
the cube nuclei/grains is a genuine orientation effect.
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4. RECRYSTALLIZATION MODELLING INCLUDING ORIENTATION ASPECTS

The results presented in chapter 3 show that the orientations of the nuclei/grains can have
significant effects on the growth rates during recrystallization. Realistic modelling of
recrystallization therefore requires that nuclei/grains of individual orientations can be
treated separately. This conclusion has led to a new generation of recrystallization models.
These new generation models are developed by extending traditional microstructural
models to include orientation aspects also. This is typically done by classifying the nuclei
into a limited number of texture components and allowing nuclei of each class to have its
own nucleation and/or growth characteristics. These new models will be referred to
collectively as multicomponent recrystallization models.

Optimal recrystallization models have to contain information about both microstructure
and texture. So, although the texture description in the multicomponent recrystallization
models, is at present usually less detailed than that of the traditional recrystallization
texture models (which include no information about microstructure [e.g. 34,35]) the
multicomponent models are considered to be those of the future and only this type of
models will be considered here. In the following, the various multicomponent modelling
approaches are described.

At present 4 multicomponent modelling approaches exist. Three of these are numerical
simulations: Monte-Carlo simulation, cellular automata/network models and the
component model, and one is analytical: the microstructural path method.

The Monte-Carlo simulation is based on stochastic computer simulations using energy
functions to define nucleation and growth. The method was first used to simulate grain
growth (an overview is given by Anderson [65]) and extended later to simulate
recrystallization also [66-69]. By introducing orientation dependent stored energies in the
deformed matrix, the method was finally modified to simulate the textural development
during recrystallization also [70-72]. The method was used in 1991 to simulate
recrystallization in low-carbon steel, but has since then not been further developed or used
to simulate other materials, and shall not be described in any further detail here.

The cellular automata [60,73] and node displacement network models [74,75] both operate
from a predefined deformation microstructure. Various transition or growth rules are then
applied to simulate what happens during nucleation and growth. Presently this type of
modelling is being expanded to include crystallographic orientations in the deformed
matrix as well as of the recrystallization nuclei/grains [76]. This expanded method seems
very promising but is still in the development stage and no results have been published
yet.

The remaining two methods have recently been used extensively and shall therefore be
described in more detail in the following.

Riso-R-978(EN) 33



4.1 The component method

The component method belongs to the category of computer simulations which have been
termed numerical geometrical models. This type of modelling to investigate
recrystallization was first suggested by Mahin, Hanson and Morris [77], and later
expanded to treat more complex nucleation conditions [78-81] and to operate in
"extended" space as well as real space [82]. In the component method, this approach of
recrystallization simulation, is further developed to treat nuclei/grains of different
orientations individually [A4].

The simulations are carried out using a 3D cubic computer "sample" see Fig. 18. The size

• orientation A
• orientation B
o orientation C

Fig. 18 Sketch of the 3D computer sample. Nuclei of 3 different orientations are
distributed in the sample. A selected 2D plane of inspection is shown in grey [A4].

of the sample is determined by the number of grains, N, in the simulation and the
nucleation density. As input the following information is needed:

General: Number of grains and number of different orientations (or components) here
referred to by "i".
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Nucleation: The total nucleation density, the size of the nuclei, r(i), the nucleation rate,
n (t, i) and the spatial distribution of the nuclei which also may depend on
the orientation "i".

Growth: Grain shape (i) and growth rate G(i, t).

First the N nuclei are distributed according to the nucleation information, after which each
nucleus has a position (x, y, z) and a nucleation time to ascribed to it. For each grid point in
the computer sample the time when each of the N nuclei/grains arrives there is calculated,
and it is registered which nucleus/grain arrives there first and at what time. No grains are
thus allowed to grow into already recrystallized sites. This corresponds to the assumption
generally used in recrystallization modelling, that the nuclei/grains stop growing when
and where they impinge upon each other but continue to grow freely in all other
directions (see Fig. 19).

Fig. 19 Sketch of the impingement assumption. The two nuclei/grains will stop
growing in the direction where they impinge upon each other but continue to grow
unaffected in all other directions [A4].

From the stored data, it is straightforward to obtain output information about the
simulated texture composition and microstructure at any time t during the annealing. The
simulated microstructure can be seen in selected planes in the "computer sample",
examples are shown in Fig. 20, and grain size data are obtained by the linear intercept
method in these selected planes. Thereby data which are directly comparable to typical
experimental grain size measurements are obtained.

For further information about the component method see [A4].
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Fig. 20 Examples of simulated microstructures. The different colours represent
nuclei/grains of different orientations, a) Partly recrystallized (the assumption of
nucleation along lines in the microstructure is apparent), b) Fully recrystallized.

The component method has been used for simulations of the recrystallization of 90% cold
rolled A1-2S (see Table I) [A4,A12,A24].

36 Riso-R-978(EN)



The advantages of using the component method relate to the facts that

i) the results contain a full microstructural description and the texture composition is
also included,

ii) direct comparisons with experimental results are straightforward,

iii) it is relatively easy to define and change the nucleation and growth assumptions.

A drawback, however, is that the method requires significant computer memory and
CPU-time, which in practice means that simulations often have to be limited to around
5000 grains and thus to acquire results without too much statistical scatter, the same
calculation often has to be repeated several times using different seeds of nuclei describing
the positions [A8,A25].

4.2 The microstructural path method

The microstructural path method, belongs to the category of recrystallization models
which have been termed analytical geometrical models. The basic idea in the modelling is
to operate in the so-called "extended space" i.e. in a space where impingements between
nuclei/grains are ignored and the grains are assumed to nucleate and grow unhindered
into already recrystallized volumes. Mathematical relationships are used to calculate the
true volume fraction of recrystallized material from the extended volume fraction. This
approach was first utilized assuming nucleation at random sites in the deformation
microstructure by Kolmogorov [83] Johnson and Mehl [84] and in particular by Avrami
[55-57]. In the random nucleation case the mathematical relationship transforming the
extended volume X^ to the true volume X is

dX i x

In recent years, this approach to recrystallization modelling has been expanded to
consider complex nucleation and growth conditions [e.g. 49,82,85,86]. Very importantly, in
these later works, not only X and Xex but also the interfacial area per unit volume
separating recrystallized nuclei/grains from deformed material, Sv and Svex, are calculated
[85]. Sv and Svex have been shown to be very critical parameters describing characteristics of
the recrystallization process. The interrelationship of X and Sv describes the so-called
"microstructural path function" of the recrystallization [85], hence the name of this
method, which in the following will be referred to as the MPM.

The newest developments of MPM have allowed modelling where individual texture
components are treated separately [A21,A25-A27,85]. This has involved the development
of mathematical models based on realistic nucleation and growth premises which take into
account mutual impingement between the components. So far multicomponent MPM
analyses are available for the following nucleation and growth conditions:
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Nucleation sites: random, clustered along lines or clustered on planes
rate: pre-existing nuclei (site saturation) or constant nucleation rate

Growth rate: constant or time dependent
shape: spherical or spheroidal (oblate and prolate) (shape preservation

throughout the annealing is assumed).

To analyse a given recrystallization process, first a model is selected from this library of
available models and tested against experimental data (X t̂), Sri(t)). If the match between
model and experimental data is unsatisfactory, either the model parameters are refined or
a new analytical model is developed. This is repeated until a good match is achieved. The
thereby optimized recrystallization model contains full information about nucleation sites
and rates as well as growth rates and shapes.

The multicomponent MPM analysis has so far been used for investigating recrystallization
of 90% cold rolled A1-2S (see Table I) [A26] and 92% cr Cu (OFHC) (see Table I) [A21].

Once the mathematics of the MPM library models have been developed, the method is fast
and relatively easy to use. It requires only limited (PC) computer power, and full kinetic
information - not only selected discrete points - is obtained. A sound analysis of a given
recrystallization process requires mainly that (i) a library model has been or can be
developed which describes properly the actual nucleation and growth processes, and (ii)
reliable experimental determination of X;(t) and Svi(t).

4.3 Combined approaches of multicomponent modelling

Both the component and the MPM method have strengths and limitations, as already
discussed in the previous sections. Some of the main limitations can, however, be
overcome by the combined use of the two methods.

A flow diagram of the combined modelling approach is shown in Fig. 21. First a MPM
analysis is carried out based on experimental Xj(t) and S^t) data. The resulting nucleation
and growth models are then used as input for the component method simulation.
Thereby, a full microstructural and textural description is obtained which can be
compared to experimental data. Typically, the experimental data comprise the volume
fraction of recrystallized material of orientation "i" at time t, X,(t) (i.e. the texture
composition) the unimpinged interfacial area, Svi(t), the size distribution of each
orientation, "i", and the interfacial area of mutual impingements between recrystallized
grains of orientations "i" and "]", R,,(t). When a satisfactory match between simulated and
all experimental results is obtained, it is believed that correct and complete nucleation and
growth models have been deduced.

By the combined use of the component and the MPM method, only relatively few sets of
input nucleation and growth assumptions, namely those predicted by the MPM analysis,
have to be simulated numerically in the component method. Thereby, the main problem of
the component method - the vast needs for memory and CPU-time, is reduced.
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Fig. 21 Flow chart showing the combined MPM and component method approach of
recrystallization modelling (revised version of figure in [A7]).

If the MPM analysis is used alone, there is no absolute assurance of the uniqueness of the
solution; it can not be proven whether other nucleation and growth models, not yet in the
library, could have described the experimental data better or equally well. One may
therefore term the result of the MPM analysis a "best guess" [A25].

However, by combining the MPM with the component method, further microstructural
characteristics than just X, and Svi are simulated. If these also match the experimental
results, it makes the "best guess models" more reliable.

Furthermore, by the combined use of the methods more information about clustered
nucleation may be obtained. The MPM analysis operates under idealized conditions, so if,
for example, the assumption is that the nuclei develop in linear clusters, the MPM
calculations are for infinite long, straight lines with random directions relative to the
sample axes. With the component method, these idealized conditions may be relaxed and
one can determine, for example, how long the lines need to be (equivalent to how many
nuclei should form in each individual cluster), how should they be arranged in space and,
whether the lines need to be straight or could they be jagged.
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The combined modelling approach has been used to characterize recrystallization in 90%
cold rolled A1-2S and Al AA1050 (T = 280°C) (see Table I) [A25,A27]. A main result of
these investigations, is that very good agreements between simulated and experimental
data are obtained. Examples of the agreement can be seen in Figs. 22-24.

It is believed that the combined modelling approach described above is at present the best
choice to use when characterizing a given recrystallization process. It has, however, been
argued that the methods (both the MPM and component method) depend too heavily on
experimental data and do not really do what a model should, namely predict something. It
is of course correct that the methods described are merely tools analysing complex sets of
experimental data. However, the outcome of the analysis comprises for full descriptions
of, or actually models for, the nucleation and growth processes taking place under the
given recrystallization conditions. The necessity of collecting the required experimental
data is clearly annoying, but in the author's opinion unavoidable with the present level of
understanding of basic nucleation and growth mechanisms. Before more general
recrystallization models can be developed, basic knowledge about, for example, stored
energy - and misorientation - distributions in the deformed matrix, recovery and
nucleation mechanisms, as well as grain boundary migration rate mechanisms are
required.

0.2

Fig. 22 Size distributions in fully recrystallized state including grains of all
orientations. The histograms show the experimental results and the full lines represent
the simulated results. L, X both mean the chord lengths of the grains, a) A1-2S, cr 90%,
recrystallized at 253°C [A25]. b) A1-AA1050, cr 90%, recrystallized at 280°C [A27].
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Fig. 23 Textural evolution during recrystallization of A1-AA&30, cr 90% at 280°C.

v|total) ig t h e t Q t a l v o l u m e f r a c t j o n of recrystallized material (=f;X) and vft is the

volume fraction of the individual components (= X.). The poii&si-show experimental
results and the lines the simulated results [A27].

(tol)

Fig. 24 Evolution in free unimpinged interfacial area of nuclei/grains of the various
orientations in A1-AA1050, cr 90%, annealed at 280°C. Marks as ii\ Fig. 23 [A27].
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5. EFFECTS OF ORIENTATION DEPENDENT GROWTH RATES ON
RECRYSTALLIZATION TEXTURE AND MICROSTRUCTURE

Technologically, it is extremely important to know and to be able to control textural and
microstructural development during processing. A lot of money and effort is spent in
improving reproducibility, in optimizing these two characteristics and, thus, the
properties of the product. This was, for example, reflected in a recently-completed
BRITE/EURAM project in which Ris0 was prime proposer and 6 other partners including
3 major European aluminium companies participated. For a synopsis report see [A28].

If the growth rate of the nuclei/ grains depends on their orientation, the textural and
microstructural development will be affected. It is intuitively obvious that if grains of a
given orientation, "i", grow faster than the other grains, the "i" grains will become larger
than the others and consequently a widening of the recrystallized grain size distribution
should be observed. Also, the orientation dependent growth will lead to a strengthening
of the i-type recrystallization texture. The magnitude of these effects is however difficult to
predict as they depend critically on the nucleation conditions (density, sites and rates).
With the aim of addressing typical industrial questions, the component method has been
used to simulate the recrystallization microstructure, texture and kinetics for orientation-
dependent growth conditions as those reported in chapter 3, and for various nucleation
assumptions. These assumptions cover typical experimental findings in many metals at
various deformation and annealing conditions. The results are thus believed to be of
general value. The results are published in [A8] and in the following the main
microstructural and textural results will be summarized.

5.1 Simulation assumptions

In the simulations it was assumed that the nuclei/grains may be categorized into 2 groups
(type I and type II) and that type II nuclei/grains grow 1.0 to 2.5 times as fast as type I
nuclei/grains. This choice of assumptions relates to the results presented in chapter 3. The
nucleation was assumed either to be instantaneous, at the beginning of annealing (a
condition often referred to as site saturation), or to continue at a decreasing rate during the
annealing. The number of type II nuclei was either 10% or 30%. The nucleation sites were
either randomly distributed or in predefined clusters. Three types of clusters were used: 1)
1-8 nuclei developing around random •points in the microstructure, 2) 1-10 nuclei
developing along random lines and 3) 1-100 nuclei developing on parallel planes. Either all
nuclei, or only type I nuclei were assumed to form in such clusters. These nucleation
assumptions were chosen to cover typical experimental findings. In all the cases the same
nucleation density was assumed.

In the published paper [A8] the effects of all the variable nucleation and growth
assumptions are described. Here emphasis will only be placed on the preferential growth
effects.
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5.2 Texture

The results of the simulations show that the texture development under all nucleation
conditions is strongly affected by the preferential growth. This can be seen in Fig. 25.
When all nuclei/grains are assumed to have identical growth rates, the texture
composition is of course determined by the number percentage nuclei of the two types
(here 10% or 30%). When the type II nuclei/grains grow 2.5 times faster than type I, the
volume fraction of type II is 2 to 5 times as high. And when it is assumed that type II
nuclei developed at non-clustered sites, type II textures up to 95 volume percentage can be
obtained even though only 10-30 percent of the nuclei are of type II orientation.

RANDOM POINTS LINES PLANES

INSTANTANEOUS
NUCLEATION

oo Initial 10% type II
• • Initial 30% type II
— Only type I in clusters

CONTINUOUS
NUCLEATION

1.5 2.5 1.5 2.5

Fig. 25 Volume fraction of type II grains in the fully recrystallized state as a function of
the growth rate advantage - k(II)/k(I) for various nucleation assumptions. "Random,
points, lines, planes" refer to the nucleation site assumption [A8].

5.3 Microstructure

Examples of the simulated recrystallization microstructures are shown in Figs. 26. The
average grain size, including grains of both types, is to a large extent determined by the
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Fig. 26 Simulated fully recrystallized microstrucrures. Red grains are type I (slow
growing) and green grains are type II (fast growing), a) Only type I grains - all
growing at the same rate, instantaneous nucleation at random sites, b) 10% type II
nuclei growing 2.5 times faster than type I nuclei, instantaneous nucleation at random
sites, c) 30% type II nuclei growing 2.5 times faster than type I nuclei, instantaneous
nucleation at sites clustered around random points [A8].
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selected nucleation density; only a slight increase in the average size is observed when the
growth rate of type II nuclei/grains is increased. This is because of the reduced probability
of intersecting the small (type I) grains when measuring the grain size using the linear
intercept method.

An increase in the growth rate of type II nuclei/grains leads to a significant increase in the
size ratio between type II and type I grains. This is illustrated in Fig. 27. Typically, a
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Fig. 27 Average recrystallized grain size of type II grains relative to type I grains as a
function of the growth advantage (k(H)/k(I)) for the various nucleation conditions
[A8].

growth advantage of 2.5 results in a size advantage in the range 1.5 -1.8. That there is not
a one to one relationship, in the sense that a growth advantage of x-times should result in
a size advantage of also x-times, is due to the increased probability for impingements
when the grains grow fast.

The grain size distribution is also strongly affected by orientation dependent growth. This
is clear already from a visual inspection of the simulated microstructures (Fig. 26). If all
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nuclei form instantaneously at random sites and grow with the same speed, a very narrow
size distribution evolves with no grains larger than 3 ̂ times the average size. This is shown
by the grey histograms in Fig. 28a, b. Already by introducing 10% type II nuclei growing
2.5 x faster than type I nuclei, the recrystallized grain size distribution widens significantly
(see the white histogram in Fig. 28a). In this case, 2.4% of the grains are larger than 3 x the
average size and the maximum size is 4 x the average. In case of clustering of the nuclei,
further widening is observed. An example is shown in Fig. 28b. Here it is assumed there
are 30% type II nuclei growing 2.5 times faster than type I nuclei and all nuclei form
instantaneously along lines in the deformed microstructure. In this case a size distribution
with many small and many large grains is observed: more than 15% of the recrystallized
grains are less than half the average size and the maximum size is 6.5 x the average.

L
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v., D <R> = 11.1 |im -
i , • D <R>=10.7 ̂ im

3 4
R/<R>

Fig. 28 Normalized grain size distributions. The grey histograms in both figures are
for a simulation with only nuclei of one type (instantaneous nucleation at random sites
- see also Fig. 26a). The width of each bar in the histograms (grey or white)
corresponds to 0.5x<R>/R. The white histograms are for various conditions: a) 10%
type II nuclei, k(II)/k(I) = 2.5, instantaneous nucleation at random sites (see also Fig.
26b), b) 30% type II nuclei, k(II)/k(I) = 2.5, instantaneous nucleation at sites clustered
along lines [A8J.
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6. DISCUSSION OF REASONS FOR ORIENTATION-DEPENDENT GROWTH
RATES

The results presented in chapter 3 show that in all the investigated cases crystallographic
orientation has an effect on the growth rate: the cube oriented nuclei/grains grow faster
than the other nuclei/grains. Reasons for such orientation dependent growth rates shall be
discussed in what follows.

The growth rate of recrystallizing nuclei/ grains depends on the driving force, F, provided
by the stored energy in the deformed matrix and on the mobility of the boundaries, M. In
most cases the simple relationship

G = M F

has been found to fit experimental data well [e.g. 87-89]. Both F and M may depend on
crystallographic orientation - F on the orientations within the deformed matrix and M on
the misorientation across the moving boundary.

That the driving force may depend on orientation relates to observations that the
dislocation density, and therefore the stored energy, may be different in grains or single
crystals of different orientations. The first serious observations of this dealt with
measurements of cell size and misorientation across cell boundaries in 70% cold rolled
iron [90] and it was concluded that Euo > Em > Em > E]00 (see also [91]). Here E^ refers to
the stored energy within a region of hkl-orientation. Such orientation dependent stored
energies have also been observed more recently in hot and cold deformed aluminium
using similar measuring principles [92,93] and by x-ray line broadening measurement of
cold and hot rolled steel [94].

It was Barrett [4] who first made the suggestion that grain boundary mobility depends on
the misorientation across the boundary. The experimental verification of this idea was
provided by the classic Beck experiment [95], in which the growth of artificially created
nuclei into a well-characterized, deformed single crystal matrix was studied. In the fifties
and early sixties, several groups performed experiments of this type, and for fee metals, it
was generally found that grains with an approximate 40° misorientation around a
common <111> axis exhibit the highest growth rate [e.g. 95-99]. This fast growth
misorientation relationship was recently confirmed by grain growth bicrystal experiments
[100]. The magnitude of the preferential growth effect may depend on materials and
process parameters, such as purity and solute content [101-103], as well as annealing
temperature [104,105]. Also the actual grain boundary plane is of importance and as
discussed by Beck et al. [106,107] in fee metals tilt boundaries will move faster than twist
boundaries. In spite of these "finer details", the 40° <111> misorientation fast growth
result is so clear and convincing that it has been named "oriented growth" and has been
used extensively to explain the recrystallization texture development in competition with
the "oriented nucleation" hypothesis. (For a discussion of oriented growth versus oriented
nucleation see Doherty et al. [9].)
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When interpreting the present growth rate results, the classic observations and theories of
orientation-dependent driving force, F, and mobility, M summarized briefly above, are, of
course, essential. As it shall be discussed in the following, the growth of nuclei/grains in a
heavily cold deformed polycrystalline matrix is, however, significantly different from that
in the deformed single crystal Beck experiments referred to above. The single crystals in
these experiments were either weakly deformed or had a stable orientation, whereby
deformation microstructures with only small orientational spreads were developed. When
a nucleus/grain grows in such a deformed matrix, the misorientation relationship
between the nucleus/grain and the matrix will remain largely unchanged during the
entire growth period, and will be almost identical at different segments of the boundary.
Recent investigations have shown that in heavily cold deformed polycrystalline metals,
the original grains are heavily subdivided, and the nuclei/grains experience growth in
much more turbulent matrix surroundings during the recrystallization. After a description
of the deformation microstructure typical for the investigated materials, reasons for
orientation-dependent growth rates under these circumstances are discussed.

6.1 Deformation microstructures

During recent years, significant progress has been achieved in the characterization and
understanding of the microstructural development during cold deformation (for
overviews see [108-110]). Several medium to high SFE, fee metals (Cu, Ni, Al) has been
studied in detail after deformations to low, medium and high strain by rolling, torsion and
compression (channel die). The morphology of the different dislocation configuration has
been characterized using mainly TEM but also channelling contrast SEM. The local
crystallographic orientations and their relations to the dislocation configurations have
been quantified using the Kikuchi line technique in TEM and the EBSP technique in SEM.

It has been found that during deformation the original grains subdivide by the
development of dislocation boundaries. At low and medium strain, the dislocation
boundaries typically are dense dislocation walls (DDWs), microbands (MBs), S-bands and
ordinary cell boundaries. Relatively large angular misorientations are observed across
many DDW/MBs whereas the cell boundaries are of low angles [A29,lll,112]. It is a
common observation that most DDW/MB are aligned at an angle of about 40° and ~90° to
the rolling direction when inspected in the longitudinal (RD-ND) and rolling (RD-TD)
sample section, respectively [A30,109]. This directional alignment is sketched in Fig. 29.

Fig. 29 Schematic drawing of the geometrical direction typical for DDW/MBs with
respect to the sample axes [A30].
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Depending on the orientation of the original grain, the grain size, the deformation
conditions and sample material, the DDW/MBs may form on crystallographic <111>
planes or may form by a combination of slip on several <111> planes whereby non-
crystallographic macroscopic DDW/MBs evolve [e.g. 108-110]. It is an important
observation that the original grains become subdivided, not only into volume elements
with orientations having a random scatter around an average grain orientation, but also
into volume elements having orientations belonging to different texture components [e.g.
A31,110]. An example is shown in Fig. 30.

At higher strains also lamellar boundaries almost parallel to the rolling plane form and
subgrains may develop.

At the strains relevant for this work (cr 90 and 92%), the deformation microstructure
typically contains all the types of dislocation structures mentioned above: one sees areas
where lamellar boundaries predominate, others where DDW/MBs delineate areas with
few cells (cell blocks) and slightly larger areas with cells or subgrains. An example and a
sketch of a typical structure are shown in Fig. 31. Many of these dislocation boundaries are
associated with high misorientations. For example, in 90% cold rolled aluminium AA1050
(see Table I) a TEM-Kikuchi line analysis of misorientations across each dislocation
boundary along ND showed that 20 out of 91 boundaries had a misorientation larger than
15° [113]. Some of these - approximately 5 - are expected to be original grain boundaries,
whereas the remaining 15 have developed during the deformation.

The heavy subdivision and development of intragranular high angle boundaries can also
be seen by EBSP scans through the structure [A6]. This is illustrated in Fig. 32 where the
misorientation between neighbouring 1 |im areas is plotted versus position for 100 |J.m
long linear scans along RD and ND in 90% cold rolled aluminium AA1050 (which had an
initial grain size of 100 (im see Table I). Histograms showing the same data are shown in
Fig. 33. In this example, the distance between high angle boundaries (> 15°) is 2.3 (xm and
4.4 (o.m when measured along ND and RD respectively [A6]. Similar distances were
observed in other aluminium materials with different initial grain sizes [93,110].

As for the lower strains (e.g. Fig. 30), the high angle boundaries separate material with
orientations belonging to various of the typical rolling texture components [114,115]; in
other words, each original grain divides into several different texture components. This
may be seen by carrying on a 2-dimensional EBSP mesh scan through the deformed
microstructure and by using different colours to represent the typical texture components.
An example is shown in Fig. 34. The subdivision into small (<5 \im) blocks of material and
the significant mix of texture components is obvious.

Finally, important for the interpretation of the growth rate data, is that no transition
bands, cube bands or shear bands are observed in the present materials.
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Fig. 30 Caption - next page.

52 R1S0-R-978 (EN)



Fig. 30 Pure aluminium cold rolled 50%. a) Micrograph showing DDW/MBs (marked
MBls) and an S-band (marked S) b) same picture as a) but colours are used to show the
local orientations. The subdivision into volume elements belonging to different texture
components is apparent [A31].
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Fig. 31 A1-2S cold rolled 90%. a) Micrograph showing areas with lamellar boundaries
(almost parallel to RD), with DDW/MBs (seen at angles of about 40° to RD) and with
cells or subgrains [A32]. b) Sketch of a typical microstructure (LB marks lamellar
boundaries and MB marks DDW/MBs).
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Fig. 32 Misorientation angles between neighbouring 1 Mm areas in aluminium AA1050
cold rolled 90%. The sign of the angle is determined from the corresponding rotation
axis: if the axis is in a right hand side triangle the sign is positive and it is negative if
the axis is in a left hand side triangle, a) Scan along RD. b) Scan along ND [A6].
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Fig. 33 Histograms showing the distributions of misorientation angles of Fig. 32 [A6].
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Fig. 34 Aluminium AA1050 cold rolled 90%. a) Orientation image micrograph (OIM)
showing the distribution of crystallographic orientations in the deformed
microstructure. Various orientations are represented by colours. Ten orientations are
chosen: C - 1100) <001>, Gs - {110} <001>, Bs - {110} <112>, S - {123} <634>, Cu - {112}
<111>, Cl - {122} <221>, C2 - {001} <110>, A - (310) <130>, B - (310) <001> and 10 -
(014) <041>. Distances in Euler space from these ideal orientations are represented by
different shadings. b) As a) but here lines are used to show the magnitude of
misorientation angles between neighbouring measuring points, the thinnest line
corresponds to 15°-20°, the next thinnest line to 20°-25° etc. in 5° steps.

6.2 Nuclei and grains in heavily cold deformed matrices

Already when a nucleus is formed in a heavily cold deformed matrix such as that
described above, it will typically be surrounded by matrix material of different
orientations at various segments along its boundary. And during its growth, the boundary
conditions will constantly change, as various segments of the boundary move to meet new
deformed material with different orientations. An illustration of the "segmentation" of
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nuclei/grain boundaries is given in Fig. 35. Here the EBSP technique was used to measure
orientations in a 2 dimensional mesh along RD and ND in aluminium AA1050 cold rolled
90% and annealed for 600 seconds at 280°C in a bath furnace (see Table I). This annealing

10 >12 14 > 6 >I8 »

,0-12 14 US IB ?0

f ***** *******#***********/ ***** * *>

Fig. 35 As Fig. 34 but here for a sample annealed 600 seconds at 280°C in a bath
furnace. A nucleus is seen in green colour.

treatment corresponds to approximately 10% recrystallization (see Table II). Selected
orientations are represented by colours. One nucleus is seen surrounded by deformed
matrix characterized by a wide variety of orientations and one can imagine how the
nucleus/grain will constantly meet matrix material with "new" orientations during its
growth.

A consequence of the heavy subdivision of the deformed matrix into small (< 5 urn, linear
dimension) volume elements of different orientations, is that the misorientation
relationship between a nucleus/grain and the surrounding deformed matrix can not be
characterized by a single set of misorientation parameters (e.g. an axis/angle pair).

To study misorientation relationships one may choose to characterize the deformed matrix
surrounding selected nuclei/grains [e.g. 115] in detail, or to use a statistical approach
where very many nuclei/grains are studied, but the misorientation is only measured at
one "random" point of each nucleus/grain boundary [A6]. Each method has advantages
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and disadvantages, but when the aim is to obtain data which can be used to evaluate
average growth rate data, as those presented in chapter 3, the statistical approach is most
appropriate [A6]. It is worth noticing that a disadvantage common to both methods is that
they are static, non-in-situ measurements. The probability of seeing a given misorientation
relationship is thus inversely proportional to the corresponding mobility. In other words,
when a boundary or boundary segment experiences a high mobility misorientation
relationship, the nuclei/grain will quickly move to consume the corresponding deformed
matrix and the probability of detecting this misorientation relationship will therefore be
relatively smaller.

Statistical misorientation distributions were determined for copper (OFHC) and
aluminium AA1050 (see Table I) in [A6], and the main results shall be summarized below.

From EBSP line scans through the microstructure of partly recrystallized samples, the
orientations are measured of each recrystallized nucleus/grain and of the neighbouring
deformed matrix point on the line - i.e. in the points marked by a double arrow in Fig. 36.
The misorientations are calculated and expressed as axis-angle pairs choosing the
minimum rotation relationship angle among the 24 equivalent solutions.

Fig. 36 Sketch of partly recrystallized microstructure, nuclei/grains are shown in
white. EBSP orientation measurements were performed at positions marked by "X",
and misorientations are calculated from sets of orientations as those marked by the
double arrows [A6].

Results are shown in Fig. 37. As expected, the misorientation distributions are very wide.
Typically the rotation axes cover the stereographic triangle fairly homogeneously and the
rotation angles are in the entire range from ~0° to 62.8°.
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Fig. 37 Misorientations between nuclei/grains and the deformed matrix.
Misorientation angles are shown in histograms and the axes are shown in unit
stereographic triangles. In the stereographic triangles, different signatures are used for
axes with different angles (9): • G > 35°, V 20° < 9 < 35°, o 9 < 20°. a) Al AA1050 (X =
2%) b) Al AA1050 (X = 30%) c) Cu (X = 2%) d) Cu (X = 95%) [A6].
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As in the growth rate determination, the recrystallized nuclei/grains are categorized into
groups according to their orientation (typically cube, rolling and random). The
misorientation angles for the different groups of nuclei/grains are shown in Fig. 38. It can
be seen that for both copper and aluminium, the cube (cube-twin) nuclei/grains have
larger misorientation angles than the random and rolling nuclei/grains. These results may
be compared to the misorientation angle distribution in a completely random orientation
distribution [116]. In Fig. 38 the "random distribution" is shown as an insert. By
comparing the figures, it can be seen that the cube (cube-twin) misorientation distributions
are fairly close to the random distribution, whereas the rolling and random nuclei/grains
have a larger proportion of lower angle boundaries.

6.3 Growth of nuclei/grains in heavily cold deformed matrices

During the growth of a nucleus/grain in a heavily cold deformed matrix, the boundary
will constantly meet new types of deformation microstructures (volume elements with
lamellar boundaries, DDW/MBs, subgrains, cells) and new crystallographic orientations.
Its growth conditions will, therefore, change constantly. Furthermore, even nearby
segments of the boundary may experience quite different growth conditions because of
small-scale variations in the deformed matrix. The nuclei/grains will therefore not have a
constant mobility, M or driving force, F along their boundaries. In what follows, effects of
driving force and mobility orientation dependencies on growth rates under such
conditions are analyzed.

The energy stored in the deformed matrix, and therefore the driving force for
recrystallization, may depend on the crystallographic orientation of the deformed matrix,
also in heavily cold deformed metals. However, because of the subdivision into very fine-
scale (< 5 um, linear dimension) volume elements of different orientations and types of
dislocation structures, the possible variations in F will be on similar fine scale. Each
nuclei/grain may therefore, independently of its orientation, experience the local
variations in F.

Preferential misorientation relationships between nuclei/grain and deformed matrix
leading to high boundary mobilities, like the 40° <111> rotation relationship, may exist but
only locally in time and space. Consequently, one can expect "orientation acceleration" of
the boundary migration on a local scale whenever a grain boundary segment fulfils the
preferential misorientation relationship. If such a preferential misorientation relationship
is fulfilled more often for the cube nuclei/grains than the others, this may explain the
observed cube growth advantages. This mechanism for explanation of preferential cube
growth has been suggested [5,117,118] and is often referred to as a "compromise
orientation" mechanism.

For the present aluminium (AA1050) and copper, however, the misorientation
measurements show that all types of nuclei/grains (cube, rolling and random) have a
broad range of misorientation axis/angle pairs to the deformed matrix [A6] (see section
6.2), with very few 40° <111> boundaries. The number of boundary segments with a
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Fig. 38 Misorientation angles between nuclei/grains of various orientations and the
deformed matrix. The data include all investigated annealing times, a) Al AA1050,
random grains b) Al AA1050, rolling grains c) Al AA1050, cube grains d) Cu, random
grains e) Cu, rolling grains (these are included in the analysis in spite the fact that the
level of rolling texture in the recrystallized state is about random level, and the rolling
grains may equally well be included in the random grains) f) Cu, cube grains g) Cu,
cube twin grains [A6]. As an insert the distribution of misorientation angles in a
completely random textured material is shown [116].
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rotation axis within 5° of the <111> was determined, and among these, those with a 35°-
45° misorientation angle were also determined. The results are listed in Table IV. In total,
less than 3% of the boundary segments are within 5° of the <111> and less than 0.5% also
fulfil the 35°-45° angle condition. In other words, extremely few boundary segments are of
the 40° <111> type. This is also the case for the fast growing cube nuclei/grains (see Table
IV).

Table IV Number of boundary segments within 5° of a <111> misorientation axis and
number of boundary segments which in addition to the <111> axis also have
a near 40° (35°-45°) misorientation angle.

Grain orientation

Random

Rolling

Cube

Random

Rolling

Cube

Cube twin

<111> <111> + 40°

Aluminium (AA1050)

2

4

0

1

0

0

Copper (OFHC)

4

1

5

7

1

1

1

1

A third possibility for explaining the orientation dependent growth rates may relate to a
newly found mechanism [A6,A7] where the presence of low angle boundaries between
nuclei/grains and the surrounding deformed matrix is of importance. When twinning can
be ignored, it is generally believed that the nuclei develop with orientations like those
present in the deformation texture. During their formation and growth, the nuclei may
therefore meet local volumes in the deformed matrix of their own, or almost their own,
orientation resulting in a low angle boundary segment. As it is generally observed that the
mobility of low angle boundaries is low [e.g. 119-121] such volumes will pin the boundary
locally, and retard its movement. This mechanism has been called "orientation pinning"
[A7] and is illustrated in Fig. 39. Here an imaginary nucleus of a given orientation, "i", is
shown in grey. In the neighbouring deformed matrix, volume elements of "i", or near "i",
orientation are also shown in grey. In the sketched example, it is clear that orientation
pinning will hinder the movement of the top and right-hand side of the nucleus boundary,
whereas the lower part is more free to move.

Depending on the volume fraction and distribution of the texture components in the
deformed matrix, orientation pinning can affect to different degrees the average growth
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Fig. 39 Sketch illustrating orientation pinning. An imaginary circular nucleus is shown
in a typical deformation microstructure. Areas of DDW/MBs and lamellar bands are
marked by MB and LB, respectively. When the nucleus grows into areas of nearly its
own orientations - as those shown in grey - the motion of the corresponding boundary
segment will be retarded by orientation pinning [A7].

rate of nuclei/grains with different orientations. 3D numerical simulations were used to
quantify the magnitude of orientation pinning for various typical deformation
microstructures and nucleation conditions. It was found that if the nuclei develop at
random positions in the deformation microstructure, not particularly associated with
deformation Volume Elements of their Own (or nearly their own) Orientation (VEOO), the
average area fraction being orientation pinned is equal to volume fraction of VEOOs. This
is independent of the size and shape of the VEOOs and the size of the nuclei. However, the
distribution of the pinned area fraction depends significantly on these parameters. This is
illustrated in Fig. 40. The figure shows that if the VEOOs are small and uniformly
distributed, almost all nuclei will experience the same orientation pinning (see Fig. 40a). If,
on the other hand, the VEOOs are large (e.g. > 2 x the size of the nuclei), some nuclei will
be very strongly pinned, whereas many other nuclei (still of the same orientation) will not
be pinned at all (see Fig. 40b).

If the nuclei form at VEOOs, the average area fraction of orientation pinning increases
significantly compared to the random nucleation case. And in this situation the
deformation and nucleation parameters have significant effects on both the average
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Fig. 40 Histograms showing distributions of nuclei surface area being pinned by
orientation pinning (computer calculations). It is assumed that there is 30 vol %
VEOOs in the deformed microstructure and that the nuclei size in 5 (xm. a) VEOO
radius = 1 urn. b) VEOO radius = 10 um.

orientation pinning and the distribution. The results for the average pinning are shown in
Fig. 41. It can be seen that even in the case where there is only 5 volume percent VECK), an
average pinning of up to 70% can be observed, depending on the sizes of the VEOOs and
the nuclei.

The magnitude of orientation pinning in the present Al (AA1050) and Cu (OFHC)
materials can be quantified from the statistical measurements of misorientations [A6]. In
this investigation, it was found that the rolling and randomly oriented nuclei/grains in
both Al and Cu are surrounded by 10%-25% low angle boundaries (< 10°). Cube (and in
copper also cube twin) nuclei/grains, on the other hand, are only surrounded by 3-10%
low angle boundaries. Orientation pinning therefore occurs about 3 times as often for
rolling and random nuclei/grains as for cube nuclei/grains. This will clearly affect their
relative average growth rates. If for simplicity it is assumed that the only difference
between the two types of nuclei/grains is the difference in fraction of low angle
boundaries, and all low angle boundaries move more than 10 times as slowly as the
average of other boundaries, it is found that the growth advantage for the cube
nuclei/grains compared to the other nuclei/grain should be about 1.3 times. In other
words, orientation pinning can account for a significant fraction of the observed growth
rate orientation dependency.
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7. CONCLUSIONS

The growth of nuclei and grains during recrystallization has been studied with the aim of
investigating effects of crystallographic orientation in heavily cold rolled fee metals. The
work has involved the development of experimental methods, quantitative
characterization, the development of recrystallization models and the proposal of a new
physical mechanism important for orientation dependent growth. The main conclusions
are:

The development of automated techniques for the determination of the
crystallographic orientation in selected local regions of the microstructure have
allowed the standard Cahn-Hagel method for growth rate measurements to be
extended to include the orientations of the nuclei/grains. It is, thus, possible to
determine growth rates of nuclei/grains with different orientations individually. This
extended Cahn-Hagel method is the most powerful technique available today for
statistical studies of the average growth rate of nuclei/grains with different
orientations in polycrystalline materials. The method applies to the entire
recrystallization process and the velocity (migration rate) of the free unimpinged
boundaries is determined directly, without any assumptions about nucleation sites,
rates or orientations.

By using the extended Cahn-Hagel method, it is proven that recrystallization growth
rates may depend significantly on the crystallographic orientation of the
nuclei/grains. This result is based on growth rate measurements in heavily cold
deformed pure and commercially pure aluminium and copper recrystallized under
several different annealing conditions.

A consequence of the observed orientation dependent growth rates is that
recrystallization models also have to take the crystallographic orientation into account.
Combined use of analytical MPM and numerical component methods is very powerful
when analyzing experimental data and thereby deducing complete nucleation and
growth models, including orientation aspects. These nucleation and growth models
describe in detail the microstructural development of individual orientations (or
texture components) during recrystallization including: volume fraction of
recrystallized material, texture composition, interfacial area between deformed matrix
and recrystallized nuclei/grains, average grain size and grain size distributions of
nuclei/grains of all orientations as well as interfacial area separating recrystallized
nuclei/grains of the various orientations.

By using recrystallization models which take orientation effects into account, it is
shown that growth advantages, such as those observed experimentally, strongly
affect, in particular, the texture development and the grain size distribution.
Furthermore, when simulating recrystallization in specific materials under specific
deformation and annealing conditions, the agreement between experimental and
simulated results is significantly improved compared to that obtained with modelling
techniques which do not consider orientation aspects.
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The orientation pinning mechanism is of importance for growth in deformed metals.
In particular, when the material by the deformation is subdivided into volume
elements belonging to different texture components which are small compared to the
recrystallized grain size. This is typically the case for metals deformed to medium and
high strains. Orientation pinning may affect the growth rate ratio between
nuclei/grains of different orientations: Nuclei/grains with an orientation not very
common in the deformed matrix, will, on average, not be much affected by orientation
pinning, and will thus have a growth advantage compared to nuclei/grains which are
more heavily pinned because of a high volume fraction of that texture component in
the deformed matrix. It is shown that orientation pinning is an important mechanism
which is necessary for the understanding of orientation dependent growth rates in
heavily cold rolled aluminium and copper.
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Dansk Resume
(Summary in Danish)

Sammenhaengen mellem den krystallografiske orientering af kim/korn (kim og korn) og
deres vaeksthastighed under rekrystallisation er blevet unders0gt med henblik pâ at forstâ
udviklingen af mikrostruktur og tekstur i polykrystallinske metaller. En sâdan forstàelse
er meget vigtig, idet mange egenskaber afhaenger af metallets mikrostruktur og tekstur.
Det gaelder f.eks. hárdhed, styrke, formbarhed, overfladeegenskaber og magnetiserbarhed.
Emnet er sâledes interessant bade videnskabeligt og industrielt. Men pâ trods af en meget
omfattende forskningsindsats, har emnet vaeret (og er stadigt) kontroversielt. Dette skyl-
des isaer manglen af en velegnet eksperimentel teknik til kvantitativ bestemmelse af sam-
menhaengen mellem orientering og vaeksthastighed. En sâdan teknik er nu udviklet og
beskrevet i dette arbejde. Teknikken er anvendt til bestemmelse af vaeksthastigheder i flere
kraftigt deformerede fee metaller - bade rene metaller og gaengse industrielle metaller. Det
er blevet vist, at vaeksthastigheden kan afhaenge signifikant af orienteringen, og rekrystal-
lisationsmodeller/simuleringsmetoder er udviklet, som tager h0jde for dette. Endelig
omfatter arbejdet en fortolkning af de mâlte vaeksthastigheder, hvilket har f0rt til defini-
tion og beskrivelse af en ny fysisk mekanisme "orientation pinning", der er vigtig for
vaekst i deformerede metaller.

Arbejdet er rapporteret i otte udvalgte publikationer (A1-A8), som er medtaget i appen-
diks.

1.
Formálet med arbejdetsj0rsie del var at finde en velegnet eksperimentel metode til under-
sogelse af sammenhaengen mellem orientering og vaeksthastighed. Tre metoder blev ana-
lyseret: Metode 1 er baseret pâ teksturmâlinger. Ud fra en sammenligning af den krystal-
lografiske tekstur Í0r og efter rekrystallisation kan det fastlaegges, om nogle orienteringer
udvikles specielt kraftigt og forskellige hypoteser for vaakst kan analyseres.

Metode 2 er baseret pâ samtidig mâling af st0rrelse og orientering af kim/korn. Ved at
inddele alie kim/korn i orienteringstyper (f.eks. alle kim/korn med en orientering inden-
for 15° fra en ideel "cube" orientering, {100} <001>, h0rer til typen "cube") kan man mâle
om kim/korn af specielle orienteringstyper vokser sig sterre end de 0vrige.

Bade metode 1 og 2 giver vaerdifuld information om rekrystallisationsprocessen, men kan
kun benyttes til vaekstanalyse hvis kimdannelsessteder og kimdannelseshastigheder ken-
des. Det der 0nskes besternt, er nemlig hastigheden af "frie" korngraenser, d.v.s. korn-
graenser hvis bevaegelse ikke er stoppet pá grund af "sammenst0d" med andre kim/korn.
Relationer mellem kimorientering og kimdannelsessteder/kimdannelseshastighed vil der-
for have betydning for resultaterne af metode 1 og 2: Hvis for eksempel alle kim af orien-
tering "A" dannes i klumper taet sammen og alle andre kim dannes separat, fjernt fra hin-
anden, vil "A" kimene hurtigt stede sammen og deres vaekst vil stoppe, hvorimod de
andre kim/korn kan vokse mere frit. Resultatet vil derfor blive, at det rekrystalliserede
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materiale vil have en svag "A" tekstur og "A" kornene vil vaere smâ, uanset hvor hgj den
sande vaeksthastighed af "A" kim/korn er.

I metode 3 er det frie overfladeareal af kim/korn inkluderet i analysen og metoden kan
derfor benyttes uafhaengigt af antagelser/unders0gelser af kimdannelsen. Metoden er
udviklet baseret pà en Cahn-Hagel analyse af vseksthastighed:

hvor X er den rekrystalliserede volumenfraktion, t er varmebehandlingstiden, <G> er
gennemsnitsvaeksthastigheden og Sv er det frie overfladeareal af kim/korn.

Ved at benytte moderne automatiserede elektronmikroskopimâlemetoder kan man
bestemme X, og Ŝ  for kim/korn af orientering "i" og ved at udvide Cahn-Hagel analysen
til ogsâ at inkludere den krystallografiske orientering, kan vaeksthastigheder bestemmes
for kim/korn af forskellige orienteringer. Metoden sk0nnes at vaere den bedst mulige af
de i dag eksisterende metoder til statistisk bestemmelse af vaeksthastighed under rekry-
stallisation. I det felgende vil den blive refereret til som "krystallografisk Cahn-Hagel ana-
lyse".

2.
Formálet med arbejdets anden del var at bruge den krystallografiske Cahn-Hagel analyse-
metode til at undersoge orienteringens indflydelse pa vaekst under rekrystallisation. Kräf-
tigt kold valset rent og "industrielt rent" aluminium samt kobber blev anvendt, og vaek-
sten blev undersagt for i alt 5 varmebehandlingsforLab. Samtlige unders0gelser viste at
Orienteringen er vigtig for vaekst. Typisk blev det observeret at kim/korn med cube ori-
entering (indenfor 15° fra den ideelle orientering {100} <001>) vokser 1,5 til 2,5 gange sä
hurtigt som kim/korn af andre orienteringer.

3.
Formálet med arbejdets tredje del var at udvikle modeller og simuleringsmetoder, der
tager heijde for at vasksthastigheder kan vaere orienteringsafhaengige; samt at benytte disse
modeller/metoder til forudsigelse af mikrostruktur- og teksturudviklingen under rekry-
stallisation. To sâdanne metoder blev udviklet: komponentmetoden og MPM (the micro-
structural path method).

Komponentmetoden er en 3-dimensional numerisk metode. Dannelsen og vseksten af
kim/korn med forskellige orienteringer (komponenter) behandles separat. Som input
kraeves information om kimdannelse og vaekst for hvert komponent, og som output fâs
fuld information om mikrostruktur, tekstur samt kinetik. Metoden kan bruges bade til
simulering af specifikke rekrystallisationsforl0b, hvor eksperirnentelle data bruges som
input og til mere generelle typer simuleringer, hvor forskellige antagelser - for eksempel
om vasksten - kan afpraves.
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MPM er en analytisk metode, der er udviklet pâ "Naval Research Laboratory, Washington
DC". Som led i et samarbejde, blev metoden udvidet til ogsâ at tage hajde for oriente-
ringsafhaengigheder. Metoden benyttes oftest til analyse af specifikke rekrystallisations-
forl0b. Ved at udvaslge matematiske funktioner der reprassenterer typiske kimdannelses-
og vaekstprocesser og sammenligne beregnede vaerdier for X¡ og Svi med eksperimentelle
malinger, findes de funktioner der giver bedst overensstemmelse. Dermed opnâs en
beskrivelse af kimdannelses- og vaekstprocessen for kim/korn af forskellige orienteringer.

Komponentmetoden og MPM har vaeret anvendt separat og kombineret til to typer rekry-
stallisationsberegninger: i) konkrete tilfaelde og ii) generelle beregninger af betydningen af
orienteringsafhaengig vaekst.

I de konkrete tilfaelde var mâlet at opnâ korrekte og komplette beskrivelser af bade kim-
dannelsen og vaeksten for kim/korn af alle orienteringer. Dette blev opnâet ved detaljeret
sammenligning med et stört antal eksperimentelle data for bade delvist og fuldt rekrystal-
liserede pr0ver. Denne type beregninger blev med succès udfort for kraftigt koldvalset
kobber og industrielt rent aluminium.

Generelle beregninger blev udf0rt for at forstâ danneisen af rekrystallisationsmikro-
strukturer og -teksturer under vaekstbetingelser som de eksperimentelt observerede (se 2.
ovenfor). Beregningerne blev gennemfart for en serie kimdannelsessituationer typisk for
rene og for pratikelholdige metaller. Beregningerne viste, at bade kimdannelsen og de
orienteringsafhaengige vaeksthastigheder har stor betydning for rekrystallisationsforl0bet
samt for mikroStruktur- og teksturudviklingen. Den orienteringsafhaengige vaekst er
specielt vigtig for teksturens styrke og for kornst0rrelsesfordelingen. Data af denne type
kan benyttes til at forudsige mikrostruktur- og teksturdannelsen under givne kimdannel-
ses- og vaekstsituationer.

4.
Formâlet med arbejdets^/mfe og sidste del var at analysere betydningen af forskellige fysi-
ske mekanismer for orienteringsafhaengig veekst i kraftigt deformerede metaller. Det er
vist, at opbrydning under deformation af de originale korn i smá volumenelementer med
hver deres krystallografiske orientering er saerdeles vigtig for vaeksten under rekrystalli-
sation, og en ny mekanisme "orientation pinning" er pâvist. Ideen bag orientation pinning
mekanismen er, at hvis et kirn under sin danneise eller vaekst m0der et volumenelement i
den deformerede Struktur med samme, eller naesten samme, krystallografiske orientering
som det selv har, vil der lokalt dannes en lavvinkelgraense med lav mobilitet, og vaeksten
vil stoppe lokalt, eller blive forsinket. Betydningen af orientation pinning for den gennem-
snitlige vaeksthastighed vil afhaenge af kimets orientering, deformationsteksturen samt
opbrydningen af deformationsmikrostrukturen. Kim med en orientering der ikke er saerlig
hyppig i deformationsteksturen vil i gennemsnit vokse hurtigere end kim med deforma-
tionsteksturorienteringer. Det er vist, at orientation pinning er saerdeles vigtig for forstâ-
elsen af de eksperimentelt observerede vaeksthastigheder i kraftigt kold valset aluminium
og kobber.
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Det udf0rte arbejde har efter forfatterens opfattelse f0rt til f0lgende:

- Udvikling af máleteknik: Med nye elektronmikroskopimetoder kan den krystallografiske
orientering bestemmes i smâ (< 1 \im) udvalgte volumenelementer i mikroStrukturen.
Ved at inkludere denne krystallografiske information i en Cahn-Hagel analyse af vaekst-
hastighed, er det muligt direkte at mâle vaeksthastigheder af kim/korn med forskellige
krystallografiske orienteringer i polykrystallinsk materiale. Metoden refereres til som
"krystallografisk Cahn-Hagel analyse" (pá engelsk "extended Cahn-Hagel method").

- Kvantificering af orienteringens betydning for vœksthastighed: Ved at bruge den krystallo-
grafiske Cahn-Hagel analysemetode er det vist, at orienteringen af kim/korn kan have
kraftig indflydelse pâ vaeksthastigheden. Dette résultat er baseret pâ analyser af alumi-
nium og kobber kold valset til reduktioner omkring 90%.

- Udvikling og anvendelse af rekrystallisationsmodeller: Nye metoder til modellering af rekry-
stallisation er blevet udviklet. Det specielle ved metoderne er, at de tager hensyn til at
kim/korn af forskellig orientering kan opfere sig forskelligt under rekrystallisationsfor-
Labet, f.eks. vokse med forskellig hastighed. Metoderne er benyttet til modellering af
konkrete rekrystallisationsforlob samt til generelle beregninger af indflydelsen af orien-
teringsafhasngig vaekst for en raekke forskellige kimdannelsessituationer.

- Definition af fysisk mekanisme: Nár kim/korn dannes og vokser i et polykrystallinsk
metal, vil de med en vis sandsynlighed, afhaangig af deres egen orientering og defor-
mationsstrukturens opbrydning, rruade omrâder i den deformerede mikrostruktur som
har stort set samme orientering som de selv. Derved dannes en lavvinkelkorngraense
med lav mobilitet, som lokalt vil stoppe, eller forsinke, vaeksten. Denne mekanisme
refereres til som "orientation pinning". Det er vist, at orientation pinning bidrager
vaesentligt til de eksperimentelt observerede forskelle i vaeksthastighed for kim/korn af
forskellig orientering i kraftigt kold valset aluminium og kobber.

Til slut kan bemaerkes, at dette arbejde blev pâbegyndt for ca. 10 âr siden med det pri-
maere formal at undersege et fysisk faenomen. Som sâdan ma arbejdet betegnes som
grundforskning. Men, at det ogsâ har industriel betydning er blevet dokumenteret inden
for de sidste par àr, hvor specielt aluminiumindustrien har vist stor interesse for de
observerede vaekstresultater. Desuden benytter flere industrier i dag de udviklede ekspe-
rimentelle teknikker og 2 store udenlandske aluminiumvirksomheder (Alcoa og Hydro
Aluminium) er p.t. ved at implementere de nye rekrystallisationsmodeller til simulering af
varmvalsning.
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TEXTURE DEVELOPMENT DURING RECRYSTALLIZATION
OF ALUMINIUM CONTAINING LARGE PARTICLES

D. JUUL JENSEN,1 N. HANSEN1 and F. J. HUMPHREYS2

'Metallurgy Department, Riser National Laboratory, DK-4000 Roskilde, Denmark and department of
Metallurgy and Material Science, Imperial College, London SW7 2BP, England

(Received 3 March 1985; in revised form 2 May 1985)

Abstract—The recrystallization process in heavily deformed commercially pure aluminium containing
large intermetallic particles was studied by in situ neutron diffraction texture measurements and various
microscopical techniques including texture measurements in local areas and simultaneous determination
of size and orientation of individual grains. The formation and growth of recrystallization nuclei at the
particles and in the matrix were examined by correlating the measured change in texture to the observed
change in microstructure. It was found that prolific nucleation of grains having a wide spread of
orientations takes place close to larger particles or clusters of particles early in the recrystallization process.
The texture of fully recrystallized material, however, contains only a relatively weak random component
showing that the randomisation effect of the particles was limited. This was ascribed to a slower growth
of randomly oriented grains compared with those with other orientations.

Resume—Nous avons etudie la recristallisation dans un aluminium pur du commerce contenant de
grandes particules, soumis a une forte deformation, par des mesures de texture par diffraction neutronique
in situ et par diverses techniques microscopiques incluant des mesures de texture locale et la determination
simultanee de la taille et de l'orientation de grains individuels. Nous avons examine la formation et la
croissance de germes de recristallisation sur les particules et dans la matrice en reliant le changement de
texture mesure au changement de microstructure observe. Nous avons trouve qu'une germination
prolifique de grains ayant une large gamme d'orientation se produit pres des plus grandes particules et
des amas de particules, tot dans le phenomene de recristallisation. Cependant, la texture du materiau
completement recristallise ne contenait qu'une composante aleatoire relativement faible, ce qui montre que
les grains les particules n'avaient qu'un effet limite pour orienter aleatoirement. Nous l'avons attribue a
une croissance plus lente des grains orientes aleatoirement que des grains presentant d'autres orientations.

Zusammenfassung—Der RekristallisationsprozeB stark verformten, kommerziell reinen Aluminiums mit
groBen intermetallischen Teilchen wurde untersucht. Hierzu wurde die Textur mit Neutronenbeugung in
situ gemessen; auBerdem wurden verschiedene mikroskopische Techniken angewendet einschlieBlich der
Texturmessung in kleinen Bereichen und der Bestimmung der GroBe und Orientierung einzelner Korner.
Die Bildung und das Wachstum der Rekristallisationskeime an den Teilchen und in der Matrix wurde
ausgewertet, indem die gemessenen Texturanderungen mit den beobachteten Anderungen in der Mi-
krostruktur korreliert wurden. Die Keimbildung von Kornern mit groBen Orientierungsunterschieden
findet zu Beginn des Rekristallisationsprozesses uberwiegend in der Nahe groBer Teilchen oder von
Anhaufungen von Teilchen statt. Die Textur des vollstandig rekristallisierten Metalles enthalt jedoch nur
eine relativ kleine zufallige Komponente, welches darauf hinweist, daB der storende EinfluB der Teilchen
beschrankt ist. Die Ursache wird einem langsameren Wachstum der zufallig orientierten Korner im
Vergleich zu des anderen Orientierungen zugeschrieben.

1. INTRODUCTION textural changes during cold deformation and re-
crystallization. The material investigated was com-

Second phase particles in a metallic matrix may have merciatly pure aluminium containing a dispersion of
a pronounced effect on the deformation and re- large intermetallic iron-aluminium particles in alumi-
crystallization behaviour. Studies have concentrated nium. An aluminium system was chosen because
on the effect of particles on the development in detailed information exists about the microstructural
microstructure and the changes in texture during changes during deformation and recrystallization of
deformation and recrystallization, respectively; these particle containing aluminium alloys [3-7]. Further-
two aspects have been covered in recent conference more, the effects of variations in composition and
proceedings [1,2]. However, information about si- fabrication parameters on the recrystallization tex-
multaneous changes in microstructure and texture is tures have been examined in detail [8-17].
relatively limited, although such information would
be very useful both from a fundamental and an 2. EXPERIMENTAL
applied point of view.

The present study is of the effect of large particles 2 L SamPle preparation
in a metal matrix on both the microstructural and The material used was commercially pure alumi-
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Table 1. Chemical composition
(wt%)

Fe
Si

0.33
0.09

Mn < 0.02
Cr < 0.02

Less than 0.01 wt% Mg, Cu, V, Ti,
Pb, Zn, Sn, Ni, Bi, Be.

nium with a chemical composition as given in Table
1. The amount of iron in solid solution was reduced
by a heat treatment at 600°C for 24 h in vacuum
followed by slow cooling in the furnace. A starting
material with an average grain size of 50 ̂ m was
produced by cold rolling to 50% reduction in thick-
ness followed by annealing at 350°C for 1 h. At this
stage the material contained plate-shaped inter-
metallic FeAl3 particles, which have an aspect ratio
(diameter-thickness ratio) in the range 1-8. The mean
size of the particles (average of thickness and di-
ameter) is 2.3 /jm and the size range is 0.2-7 /*m. The
texture of the starting material is shown in Fig. 1. It
is seen that it is relatively weak, but not random, with
the ideal orientations [18] {001}<100> and
{110}<001> as the dominant texture components.

For the recrystallization experiments the starting
material was cold rolled to 90% reduction in thick-
ness, and circular discs with a diameter of 15 mm
were stamped out. To avoid contribution from the
surface texture, these discs were reduced in thickness
by etching for 60 s in NaOH before they were stacked
to form the final cylindrical composite specimens for
the neutron measurements. The total height was
5.1 mm.

The annealing of the specimens was done iso-
thermally in a furnace attached to the neutron texture
spectrometer. The atmosphere in the furnace was
helium and a typical heating rate was 50°C/min. The
furnace temperature remained constant to +2°C.
The annealing temperatures were selected in the
range 250-340°C resulting in recrystallization times
of between 5 minutes and 20 h.

Annealed specimens were investigated micro-
scopically (see sections 2.3 and 2.4). For light micros-
copy the samples were electropolished and anodized
in a 1.8% HBF4 solution using a current of
0.1-0.4 A/cm2. Thin foil specimens for TEM and a
few HVEM investigations were made by jet polishing
[19] in an ethanol/perchloric acid at -20°C. For
SEM the samples were electropolished as for light
microscopy.

2.2. Neutron diffraction measurements

The texture of the bulk specimens was determined
by neutron diffraction using a neutron spectrometer
modified for fast texture measurements [20]. This
spectrometer is specially equipped with an Euler
goniometer and a linear position-sensitive detector
placed to detect the diffracted intensity along several
degrees of a Debye-Scherrer ring. A typical record-
ing time for a complete 1/4 pole figure from the
aluminium samples was 12min.

During annealing of each specimen the devel-
opment in texture was followed in situ. An overall
picture of the changes was obtained by measuring
two pole figures [in general (111) and (200)] con-
tinuously during the process; thus, the time resolution
was 24 min. For more detailed kinetic investigations
the development of specific texture components was
measured. As the linear position-sensitive detector
covers 34° of a small circle in the pole figure plane,
it is possible to position the sample so that the
detector records the change in intensity of one or even
a few texture components simultaneously, in a matter
of seconds.

For the deformed and annealed (partly or fully
recrystallized) samples, 3 complete 1/4 pole figures
[(111), (200) and (220)] were measured and the three-
dimensional orientation distribution function (ODF)
was calculated according to the series expansion
method [21]. The series were truncated at /raas = 22
and only terms of an even rank in / were considered.
This means that some loss in precision of the ODF
occurs, but as the observed textures consist of rela-
tively weak and broad components, the actual error
in the main components is relatively small.

The ODFs were represented graphically as a func-
tion of the Euler angles, <£,, O, <t>2 using equidensity
lines in <t>2 = constant sections [22]. A measure for the
volume fraction of each main texture component is
calculated by integration over 15deg around the
respective points in the Euler space.

2.3. Electron diffraction measurements

2.3.1. Microtexture. Partial pole figures from re-
gions of interest such as those containing second
phase particles were determined from deformed or
annealed specimens by a computer-controlled trans-

Levels 1.2.3 ip2 sections 0,5 90°

Fig. 1. The texture of the starting material before the final
cold rolling.
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Levels 1.3.4 <p2 sections 0,5 90°

Fig. 2. The texture of a specimen cold rolled to 90%
reduction.

mission electron diffraction (microtexture) technique
[23]. In this method, a diffraction pattern of the
selected area, of typical diameter 10/im, is obtained
by conventional methods from a thin foil under
examination in a TEM/STEM instrument. The in-
tensity of diffraction around a selected
Derbye-Scherrer ring is measured and displayed
graphically as the specimen is tilted in steps of 1,5°
through ±50°.

2.3.2. Size and orientation measurements. A simul-
taneous determination of both the orientation and
size of individual recrystallized grains, in partly and
fully recrystallized specimens, was obtained from
selected area channelling patterns (SACP). Electro-
polished specimens were placed in a JEOL 100 CX
TEMSCAN set to detect SACPs from areas of
~ 1 pm diameter. As the specimen was mechanically
traversed under the beam, using a calibrated stage,
the SACP was noted and classified as being from
either deformed material (diffuse or nonexistent pat-
tern), or recrystallized material. In the latter case the
patterns were compared with those from several ideal
orientations {hkl}(uvwy corresponding to the main

components found in the recrystallized texture. (For
further details see [24].)

If the observed grain orientation was within ~ 5°
of {hkl}, and the rotation of the pattern was within
~ 10° of <M)H>> then the grain was classified as being
{hkl}<uvv>y. Grains with other orientations, not
being among the main recrystallized texture com-
ponents, were designated as being of random orien-
tation.

By noting the stage positions at which patterns
changed, the size of the grains or unrecrystallized
regions was estimated. Several traverses, each of
2 mm, were made on each sample, and thus the
number and size of recrystallized grains of specific
orientations could be measured rapidly (~3
grains/min). The grain size, here measured as a linear
intercept, is transformed to the equivalent circle
diameter (ECD) by multiplication with (4/7t).

2.4. Light microscopy

The electropolished and anodized specimens were
examined under polarized light. The grains in the
recrystallized material were approximately equiaxed
and the grain size were measured in the rolling plane
as the equivalent circle diameter using a computer-
ized image analyzer (Kontron video-plan).

3. RESULTS

3.1. The deformed state

As the microstructure of similar specimens in the
cold worked state has been discussed elsewhere [6],
only the texture will be considered.

3.1.1. The rolling texture. After cold rolling to 90%
reduction in thickness the aluminium samples have
the texture shown by the ODF in Fig. 2. It consists
of an orientation tube running through Euler space,
plus some {110} <001> texture. The calculated vol-
ume fraction of the main components in the tube and
the {110}<001> component is listed in Table 2.

The rolling texture has characteristics of both an
alloy-type [25] and a pure metal (copper-type) [26]
rolling texture. For example, the presence of the
{110} <001> component is typical of the alloy-type
texture but the ratios of the components in the rolling
tube (for example {110} <112>/123 <634» is more
characteristic of the pure metal rolling texture.

Table 2. The volume fraction in % of the main texture components, calculated by an integration over 15
degrees in Euler space

{110}
<001>

Rolling components
{110}
<U2>

{123}
<634>

{112}
<1H>

rolling
total

Cube
component

{001}
<ioo>

Random
components

Cold rolled
90%

Annealed at
253°C

Annealed at
278°C

Annealed at
341°C

9

11

10

6

21

6

5

2

34

17

15

17

16

11

12

14

80

45

42

39

—

18

17

20

20

37

41

41
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Levels 1. 2.3 ip2 sections 0.5,.

Fig. 3. The texture of a specimen cold rolled 90",, and fully
recrystallized at 253 C.

In similar materials given more or less equivalent
pretreatments a rolling texture of the pure metal type
is commonly found [14-16]. However, in some
Al-Fe-Si alloys an alloy type texture has been
observed for quenched materials, this being ascribed
to the presence of relatively large amounts of iron in
solid solution [16]. In the present material the amount
of iron in solid solution was reduced by slow cooling
in the furnace, so the presence of the j 110} (001)
texture component is ascribed not to iron in solution
but to the starting texture in the material before the
final cold rolling (see section 2.1). This is supported
by measurements of the deformation texture of less
heavily deformed samples (cold rolled to 15, 30 and
50% reduction) where it was found that the amount
of {110} (001) texture was almost independent of the
degree of deformation [27].

3.2. The recrystallized .state

3.2.1. The recrystallization texture. The re-
crystallization texture is shown by an ODF in Fig. 3.
It is seen that this texture contains a cube texture
component {001} (100), the components of the roll-
ing texture ({110}(001). }1IO}(112). {123}<634>
and {112} (I II)) and a relatively large volume frac-
tion of other components apparently randomly dis-
tributed in the Euler space. The calculated volume
fraction of each of the texture components is given in
Table 2. Annealing temperatures may have an effect
on the recrystallization texture [14], but as shown in
Table 2 there was little difference in texture between
specimens annealed in the range 250-340 C.

During recrystallization the main components of
the rolling texture are changed differently.
{IIOJ(OOI) is almost constant and { I12f ( l l l ) ,
{123} (634), and {110} (112) are reduced re-

20

15

i 1 0

a

0 10 20 30 40 50 60 70 80 90
GRAIN SIZE l u m l

(E.C.D.I

Fig. 4. Grain si/.e distribution in the rolling plane in
specimen rccrystallized at 253 C.

spectively to approximately 75. 50, and 25",,. In total,
the volume fraction of material with the rolling
texture in the recrystallized state is approximately
halved compared to the deformed state.

3.2.2. The microstructwe in the reerystaHized state.
The grain size distribution in the recrystallized speci-
men was determined by light microscopy and the
result of measuring 600 grains in a section parallel to
the rolling plane for a sample annealed at 253 C is
shown in Fig. 4. This distribution is relatively broad
(range 1 85/im) with an average grain size of
24.9 ^m. An increase in the annealing temperature

Fig. 5. Light micrograph from a specimen recrystallizcd at
253 C (rolling plane), showing small grains associated with

large particles (A| and cluster of particles (B).
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20 « 60 80 100
GRAIN SIZE l|ifnl (E.C.D.)

Fig. 6. The grain size distribution in the rolling plane in a
specimen recrystallized at 253°C. The different shadings

correspond to grains with different orientations.

(up to 340°C) has no significant effect on the grain
size.

It is found that the smallest grains often are
associated with large particles or a cluster of particles.
A typical example of this is shown in Fig. 5. Here a
number of grains with a diameter less than 10 /im are
seen close to large particles (marked A) and to a
cluster of particles (marked B).

Further details about recrystallized structure were
obtained by a simultaneous determination of grain
size and orientation in the SEM. The result from an
examination of approximately 500 grains is shown in
Fig. 6. The figure shows that there is a relationship
between the size of a grain and its orientation.
Recrystallized grains with the cube orientation
({001}<100» are among the largest in the distribu-
tion, whereas randomly oriented grains are among
the smallest.

3.3. Recrystallization kinetics

3.3.1. Development in texture. The development in
texture during recrystallization was followed by mea-
suring the (111) and (200) pole figures in situ during
the annealing and calculating the corresponding
ODFs. The volume fraction of each of the main
components plotted as a function of time shows that
the texture changes are continuous during the re-
crystallization process [28].

11000

2 9000

7000

|001)<100>
I

(123)<634>
t

0 5 10 15 20
CHANNEL NUMBER

Fig. 7. Measured intensities along the detector for a speci-
men ~50% recrystallized at 253°C.

SJ 34/000

K 32J0OO

£ 30,000

28,000i
UJ 26,000
z

22,000

20,000

16,000

16,000

14,000

(001) <1O0>

Random component

20 30 40 50 60
TIME (minutes)

70 80 90

Fig. 8. Kinetic curves for the initial evolution of
{001}<100>, {I23}<634> and a "random" component,
measured close to the centre of the (200) pole figure during
annealing at 253°C. O: experimental points; : best fit

to Avrami.

Detailed information about the development of the
different components during recrystallization was ob-
tained by measuring partial (200) pole figures keeping
the sample fixed so that the detector covered the
central cube component, the {123}<634> close to the
ND-RD line and the "random" component in be-
tween. Figure 7 shows an example of the intensity
measured along the detector for the given setting of
the sample at a state when the sample was approxi-
mately 50% recrystallized. The peak in the centre of
the pole figure (low channel numbers) corresponds to
the cube component, and the peak around channel 14
is the {123}<634> component. By spatial integration
over each of these peaks the development in the two
components can be followed. For recrystallization at
253°C the initial development is plotted in Fig. 8. It
can be seen that the cube component {001}<100> at
this annealing temperature starts to increase after an
incubation period of approximately lOmin. The
{123} <634> rolling component increases slightly but
after about lOmin a decrease in the intensity is
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(b)

Fig. 9. Partial (111) pole figures obtained by the TEM
microtexture technique of an approximately 10% re-
crystallized specimen, (a) Unrecrystallized matrix region, (b)
Adjacent area containing nuclei associated with a large

particle. A, B are the orientations of the nuclei.

observed. As this component is present in both the
deformed and recrystallized state, it is not possible
with neutron diffraction to distinguish between vol-
umes of this texture as being either deformed or
recrystallized. The evolution of the {123} <634> com-
ponent may be explained by an immediate devel-
opment and growth of grains with the {123}<634>

orientation giving rise to the increase seen in the first
lOmin. As new recrystallized grains with other orien-
tations may develop and grow some of the deformed
material with the {123}<634> texture will disappear
resulting in the observed decrease in the intensity.

A measure for the development in random com-
ponent is obtained by integration over the central
channels between the two peaks. It can be seen that
the increase in the random component is not very
large during the time interval in Fig. 8.

The kinetics for the growth of recrystallized grains
in a deformed matrix are often described by an
Avrami equation [29]

x = l - e x p (-/f t")

where x is the volume fraction of recrystallized
material, / is the time and K, ft are constants charac-
teristic of the process. An equation of this type has
also been used to describe the development of single
texture components [30]. As different texture com-
ponents can start to develop at different times the
Avrami equation has been modified to include an
incubation time as a fitting parameter

I(t ) = / „ - ( / „ - /„) exp [ - K(1 - /„)"] for / > t0

/(O = /0 for t < ( 0

where /0, /„ are the measured intensities at time zero
and infinity and t0 is the incubation time. These
equations have been used to fit the actual kinetic
results for the cube and the random component.
These fits based on the least squares method are in
good agreement with the measured intensities from
the beginning to the completion of the re-
crystallization. For the cube component the fit re-
sulted in an incubation time t0 = 11 + 2 min, whereas
the best fit for the random component was with no
incubation period. The initial part of the re-
crystallization curves for the two components are
shown in Figs 8(b) and 8(c).

3.3.2. Development in the microstructure. The ori-
entation of nuclei in partly recrystallized specimens
was studied using the microtexture technique de-
scribed in section 2.3, and an example is given in Fig.
9. Figure 9(a) is a (111) pole figure of a 10 n m diame-
ter unrecrystallized region of a grain with the rolling
texture {110}<112>. Figure 9(b) shows an adjacent

Table 3. Volume fraction and number of grains for the three texture components (cube, rolling and random)
determined by SACP

Annealing
time (min)
% Recrystallized

Volume fraction
(%)

Number of
grains per
unit volume

cube
rolling
random

cube
rolling
random

2-
2-
9-

15
10

1
3
6

lO"6

io- '
io- '

3
1
6

30
18

2
6

10

• IO- '
• I O - '

• IO- '

2-
1-
3-

60
26

4
11
11

10"«
10"'
io- '

2
1
6

140
47

12
15
20

• I O - '

• IO- '
• 1 0 '

1
2
5

240
81

15
33
33

• I O - '
•10- '
• IO- '

830
100

18
41
40

I I O " 6

2-10" '
7 10- '
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10'

Fig. 10. The average size of grains with different orien-
tations, measured for a series of specimens annealed at

253°C.

area of the same grain, containing a 2 ̂ m diameter
particle at which nucleation has occurred. The nuclei,
marked with A and B, is seen to be misorientated up
to 30° from the {110} <112> orientation of the matrix.
The results obtained in the present investigation are
consistent with other work [31] in which the misori-
entation between the matrix and nuclei formed at
particles was found to be between 15° and 40°.

Very few cube nuclei were observed in the TEM in
specimens which were 5-10% recrystallized, and
there was no evidence of their association with
particles.

From a series of partly recrystallized samples all
annealed at 253°C the development of each of the
texture components was followed by the simulta-
neous determination of size and orientation of re-
crystallized grains in the SEM. From the size and
number of grains of a particular texture component
measured on the polished surface of a specimen, the
volume fraction of the texture component was calcu-
lated, as was the approximate number of grains per
unit volume, assuming the growing grains to be
spherical. Table 3 shows the result of the in-
vestigation. It was found that nucleation of all the
texture components had occurred by the time that the
specimen was ~10% recrystallized. The table indi-
cates that after this time, the number of grains
remains approximately constant, implying no further
nucleation. In Fig. 10 the size of grains with the
different orientations is plotted as a function of time.
It is seen that cube grains grow faster and grains of
random orientation grow the slowest. Thus, there is
a significant volume fraction of cube-oriented grains
in the fully recrystallized sample, even though there
are approximately fifty times as many grains of
random orientation.

4. DISCUSSION

The recrystallization behaviour of aluminium may
be greatly affected by small amounts of alloying

elements which can be present in solid solution or as
precipitated particles. The effect of such particles may
depend on whether their precipitation occurs before
the recrystallization heat treatment or if precipitation
and recrystallization take place simultaneously
[11,14,15]. In both cases important parameters are
the size, shape, volume fraction and distribution of
particles. In the present study the specimens are
prepared in such a way that precipitation during
recrystallization is eliminated. The starting structure
consists of large intermetallic particles in an alumi-
nium matrix, and it is assumed in the following that
this structure is stable during the recrystallization
process. This assumption is supported by the obser-
vation that the texture development during re-
crystallization is not significantly changed by a vari-
ation in the annealing temperature (see Table 2). This
discussion will therefore be limited to the effect of
particles on the microstructures and textures devel-
oping during deformation and recrystallization of
aluminium.

It is a general observation [e.g. 2] that the presence
of large particles in a metallic matrix may affect the
texture changes bath during deformation and during
recrystallization. It appears, however, that a small
volume fraction of particles has little effect on the
deformation texture [14,15] and the present results
support these findings. However, the effect of par-
ticles is much more pronounced during the re-
crystallization process.

The components of the recrystallization texture
have been classified as cube, rolling and random
orientation. The cube orientation is characteristic of
pure aluminium [25], whereas a combination of cube
and other orientations is observed in aluminium
containing alloying additions in solute solutions and
as intermetallic precipitates [10-17]. In
aluminium-iron alloys containing a very small
amount of iron in solid solution earlier studies [14]
have shown that the recrystallization texture consists
mainly of a cube component. In the specimens in-
vestigated the amount of iron in solid solution is
small and accordingly a relatively large cube com-
ponent should be expected. However, the data show
that the cube components accounts for only approxi-
mately 20% of the recrystallized texture and remain-
ing part consists of approx. 40% random and 40%
rolling components. The large percentage of com-
ponents other than cube may be related to the
presence of the particles. However, it is possible that
elements in solid solution also may affect the re-
crystallization texture.

The microstructural development during cold roll-
ing and recrystallization of aluminium containing
large intermetallic particles has been dealt with in
earlier work [6]. It has been observed that defor-
mation zones form around the large particles and
that nucleation occurs within such zones during
recrystallization. In combination with the nucleation
at particles other nucleation sites away from the
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particles are operative. The orientation of a number
of nuclei at intermetallic particles was analyzed in the
present study by electron diffraction and it was
commonly observed that the orientation is related to
the orientation within the deformation zones at the
particles (see Fig. 9). Such nuclei are misoriented
from the matrix and it may be assumed that the
growth of these nuclei will result in recrystallized
grains with a large spread in orientation.

The texture of the fully recrystallized material not
only reflects the orientation of the nuclei but also
their rate of formation and growth. The neutron
texture measurements indicate that grains having the
rolling or random texture are nucleated almost in-
stantaneously whereas grains of cube orientation
appear after an incubation period (see Fig. 8). After
an initial period of 15 min the number of grains of the
different orientations remain constant during the
remaining part of the recrystallization process (see
Table 3). The number of grains of cube orientation
is significantly smaller (of the order of 50 times) than
the number of grains of the other orientations. How-
ever, the growth rate of the cube grains is much larger
than for the two other components (Fig. 10), and this
results in a significant contribution of cube grains to
the final texture.

The grains close to the particles have a wide spread
of orientations. However, such grains have a rela-
tively low growth rate which may explain that the
presence of large particles in aluminium randomizes
the texture to only a limited extent.

5. CONCLUSIONS

In cold-rolled (90%) aluminium containing large
intermetallic particles (FeAl3) the recrystallization
nuclei form at the particles and in the matrix. The
orientation of the nuclei and their rate of formation
and growth determines the recrystallization texture,
which consists of cube, rolling and random orien-
tations.

The grains nucleated at particles show a fast nucle-
ation rate and low growth rate whereas the grains of
cube orientations are relatively few but characterized
by a high growth rate. As a result the presence of
large nucleation stimulation particles randomizes the
texture to only a limited extent.
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ABSTRACT

Three recently developed techniques whereby information about local or
global textures can be obtained, are reviewed, and their application to
the study of annealing processes is considered. The three techniques are:

- the electron backscattering technique, whereby the crystallographic
orientation of selected grains or areas down to -0.5/im in diameter are
determined in the scanning electron microscope;

- the microtexture technique, whereby the texture of selected local areas
(typically 5-10 pan in diameter) in the microstructure are determined by
transmission electron microscopy;

- the in-situ neutron texture technique, whereby the bulk texture and the
texture transformation during annealing of typically 1 cm samples are
determined by neutron diffraction.

The experimental set-up and the data handling procedures are described for
each of the three techniques; their potential for annealing investigations
is discussed and illustrated via various examples. Finally, as an example
of how the three techniques can complement each other, results from an
investigation of the recrystallization process in a fibre reinforced metal
matrix material - Al + SiC - are reviewed.

1. INTRODUCTION

Annealing is an essential part of thermomechanical processing of metals and
alloys. The recovery, recrystallization and grain growth processes which
occur during annealing are therefore of great Importance both from a funda-
mental and an applied point of view (eg. Proc. Rise 7, 1986). Annealing
processes can take place under static or dynamic conditions, i.e. take
place either after a plastic deformation process is completed or together
with the plastic deformation during hot working. This paper will be limited
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to consider static annealing.

In the study of annealing processes the changes in microstructure and -cry-
stallographic orientation - texture - are of importance. Traditional micro-
scopy techniques - optical microscopy, transmission and scanning electron
microscopy - are still the most important tools used to characterize the
microstructure at various stages during annealing. However, to get informa-
tion about changes in crystallographic orientation many new powerful tech-
niques have been developed which may be used to supplement the classic
texture determination by X-ray diffraction. (For reviews, see Proc. Rise 5,
1984; Bunge 1986; Masteller and Bauer 1978). The present paper concentrates
on three such techniques, the electron backseattering, the microtexture and
the in-situ neutron texture technique.

Using these techniques the following important aspects of annealing can be
addressed:

- Potential nucleation sites, i.e. areas with large local lattice misorien-
tations, may be identified using the microtexture technique.

- Orientation relationships between a nucleus and the surrounding matrix
may be determined by the microtexture technique.

- The growth rate of nuclei with different orientations may be determined
using the electron backscattering technique.

- The overall recrystallization kinetics may be followed on-line using the
neutron texture technique.

- Grain growth kinetics may be studied on-line using the neutron texture
technique, and orientation relationships between neighbouring grains may
be determined by the electron backscattering technique.'

Although the three experimental techniques on which this paper is focussed
each give important information about annealing, which otherwise is impos-
sible or extremely time consuming to get, they do indeed not fully charac-
terize the processes. In the attempt to get a complete, precise description
of a given annealing process, it is therefore in most cases necessary to
use several complementary techniques and combine the results. In the paper
it is discussed how the three selected techniques can add new information
to the general description of annealing and as an example of how the tech-
niques may be combined., results from an investigation of the recrystalli-
zation in a metal matrix composite material are reviewed.

2. EXPERIMENTAL TECHNIQUES

2.1. Electron backscattering. The aim of the technique is to enable a
determination of the crystallographic orientation of selected local areas -
less than 0.5 fim diameter - in the microstructure. The technique operates
in a scanning electron microscope (SEM), i.e. it is possible to inspect a
large sample area. Selected area channelling or selected area diffraction
techniques might be used as alternatives to the electron backscattering
(EBS) technique giving equivalent information. However, the selected area
channelling technique is limited by a more coarse spatial resolution than
EBS and with the diffraction technique in a transmission electron micro-
scope the sample areas which can be inspected are restricted to the thin
areas. For more overall investigations of annealing processes the electron
backscattering technique is therefore in general advantageous to use.



Combined advanced techniques

Incident
Electron BeoT>

Leod Glass
Window

T V Camera

^Specimen
Position of

Recording Film

Pnosphor Screen

The principle of the electron backscattering (EBS) technique is similar to
that of the SEM backscattered Kikuchi pattern technique (Alam, Blackman and
Pashley 1954- Venables and Harland 1973; Venables and Bin Jaya 1977). .In
the SEM the incident electron beam is focussed as a stationary probe on the
specimen surface. If the specimen is perpendicular to the incident beam, a
large proportion of the electron signal is absorbed. However If the speci-
men is positioned so as to make a small angle (typically -20°) with the
incoming beam, a large fraction of the beam is backscattered or diffracted,
and sufficient contrast is obtained to view the back-scattered diffraction
patterns on an imaging screen or film placed directly within the microscope
chamber see Fig. 1. A considerable advance In the technique occurred when

Dingley implemented the
use of a low light tele-
vision camera focussed on
the phosphor screen to
image the pattern and a
microcomputer to inter-
rogate it (Dingley, 1984).
It was after these refine-
ments were included that a
texture analysis system
based on electron back-
scattering became viable.

The EBS system has been
Installed on several SEMs.
The phosphor imaging
screen and low light TV
camera can be mounted in
either the side or rear
port of the microscope
chamber, such that the
specimen holder is about
40 mm from the screen. A
consequence of the short
specimen to screen di-
stance is that the angular
range of the EBS diffrac-
tion pattern is very
large, typically greater
than 60°, which greatly
facilitates pattern re-
cognition. An EBS diffrac-
tion pattern is shown in
Fig. 2. Patterns may be
obtained throughout a
range of accelerating
voltages and beam cur-
rents; typical values for
nickel or iron based ma-
terials are 30kV and 3nA.
The high spatial resolu-
tions achievable are
caused.by the high propor-
tion of back scattered
electrons (due to the
tilted specimen configura-
tion) compared to the

Fig. 1. Schematic diagram illustrating
experimental arrangement for imaging
pattern. (Dingley 1984).

the
EBS

Fig. 2. An EBS pattern from germanium.
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absorbed fraction, and thus the sample volume is governed by the probe
size. Because the patterns arise from the 10-30nm
below the specimen surface depending upon the atomic number, it is essen-
tial that this surface region is relatively undeformed. The specimen pre-
paration must therefore include a final stage of either electropolishing or
chemical etching in order to remove surface damage.

The geometrical parameters of the system are calibrated by use of a crystal
of known orientation, such as single crystal silicon wafer cleaved along
(001). The position of the sample volume with respect to tilt and rotation
must remain constant between calibration and data acquisition; this is
achieved by mounting the specimen in a special pre-tilted holder, inclined
at 19 - 20° to the electron beam. The tilt and rotate controls on the
microscope are maintained at zero. The inclination angle is chosen so as to
make the [114] direction in the silicon calibration specimen the pattern
centre (i.e. normal to the viewing screen) since the angle between [114]
and the [001] specimen normal is 19.4° (Fig. 3a). During calibration the

screen

110

1
1
0

z

I

b)

Fig. 3. a) Schematic illustration of how the specimen to screen distance L,
the pattern centre (A) and the (001) normal from single crystal silicon are
used to provide an angular calibration of the screen, b) The image screen
as viewed by the operator during calibration, illustrating the XYZ refer-
ence axes. The X axis of the specimen coordinate system is parallael to the
horizontal direction on the viewing screen, the Y axis is parallel to the
vertical axis and the Z axis is parallel to the specimen normal coming out
of the diagram to give right-handed axes.

distance between [001] and [112], which is positioned vertically below it
in the Y direction (see Fig. 3), is measured on the screen and thus the
specimen to screen distance, L, is known. Clearly, L will change if a dif-
ferent specimen height is chosen, and so data should be acquired with the
specimen positioned at the same height as for calibration. In practice if
patterns are collected along a line parallel to the X direction (see Fig.
3b) this constraint is unimportant, and for orientation relationships be-
tween neighbouring grains, it is irrelevant. Alternatively, the screen may
be arranged to be parallel to the specimen.



Combined advanced techniques

Data collection and analysis from a selected region are semi-automatic. The
operator is required to nominate two zone axes and position the cursor on
each of them in turn. From this input, plus the working specimen height,
the absolute orientation relative to the specimen coordinate system is
computed to an accuracy of about 0.5°. This analysis takes about 30
seconds. Subsequently grain orientations, grain misorientations expressed
as axis/angle pairs, pole figures and Rodriques-Frank maps (Frank 1988) are
available. The computational methods are outlined elsewhere. (Dingley
1984).

2.2. Microtexture. The aim of the technique is to enable local texture
measurements from selected areas in the microstructure. The size of the
selected area is typically 5-10 /jm in diameter, i.e. the area is so small
that the measured texture really represents that of a local microstructural
region, but on the other hand is so large that significant texture varia-
tions can exist within the area and hence a determination by individual
diffraction measurements for example using selected area diffraction or the
EBS technique becomes too comprehensive.

The microtexture technique was
developed independently by
Humphreys and by Weiland and
Schwarzer (Humphreys 1983;
Humphreys 1984a; Weiland and
Schwarzer 1984; Schwarzer and
Weiland 1986). In a transmis-
sion electron microscope (TEM)
the indicent electron beam is
focussed on a selected area of
a thin foil specimen. From

— B

Deflection
coils there some of the electrons

will be diffracted to the dif-
ferent (hkl) Debye-Scherrer
rings (see Fig.

toaccording
scattering

4 and 5a)
normal Bragg

Center of
screen

2dhkl s i n

dh:

(1)

kl is the distance
(hkl) lattice planes,

h kl

Fig. 4. Schematic diagram illustrating
the experimental arrangement for the
microtexture technique.

where
between
9s is the scattering angle (see
Fig. 4) and X is the
wavelength. By a deflection of
twice a Bragg angle 9s, the
corresponding (hkl) Debye-
Scherrer ring is brought to the
center of the screen and the

electron beam intensity can be measured by the transmission detector (see
Fig. 4). This intensity is proportional to the volume fraction of crystal-
lites having the normal to the (hkl) plane bisecting the angle 26s between
the incident and the diffracted beam. The distribution of diffracted inten-
sities around the entire (hkl) Debye-Scherrer ring is measured by making a
circular deflection scan as illustrated in Figs. 4 and 5a. The data from
such a scan may be presented in a (hkl) pole figure, and as the Bragg
angles generally are less than 1°, the data fall on the edge of the pole
figure as shown in Fig. 5b. If now the specimen is tilted the angle Aa
around the specimen axis AB (see Figs. 4 and 5a) and the intensity of the
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Fig. 5. a) Schematic diffraction pattern, b) Data from a) plotted as a
(hkl) pole figure, c) Pole figure including data from specimen tilted Aa
about AB. d) Partial pole figure obtained by tilting the specimen through +
a. e) Same data as d) replotted as a pole figure in the plane normal to C.
(Humphreys 1983).

Debye-Sherrer ring from S - 0 to 180° is measured, information about inten-
sities along another great circle - AEB - in the pole figure is obtained
(Fig. 5c). Thus by repeating this a number of times with different tilts up
to + Aa, a partial pole figure as shown in Fig. 5d is determined. (Follow-
ing the approach of Humphreys (1983) the partial pole figure data is re-
plotted as a pole figure in the plane perpendicular to C, see fig. 5e).

The spatial resolution of the technique is limited by two factors: i) as
the specimen is tilted the area being examined will move, and even with a
good eucentric tilting stage this lateral movement will be -1/im, ii) at a
given tilt angle, a, a selected area of diameter X becomes an ellipse of
major axis X/COSQ, the volume of material contributing to the diffraction
pattern therefore increases with increasing |a|. These two effects re-
stricts the smallest size of area which can be studied to about 5 /im.
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The angular resolution, A, along a Debye-Scherrer ring is determined by
(Humphreys 1983)

()
r LA

where P is the diameter of the detector aperature, L is the camera length,
X is the electron wavelength, r is the radius of the selected (hkl) Debye-
Scherrer-ring and d^^ is the distance between the corresponding (hkl)
lattice planes. For example operating the TEM at 200 kV with a camera
length of 380 cm and a 3 mm detector aperature, this will result in an
angular resolution equal to 4.2° for the (111) pole figure of aluminium.

The microtexture technique may be used with any transmission electron
microscope equipped with a transmission electron detector and an eucentrlc
tilt stage. At Imperial College, London (Humphreys 1984a) and TU,
Clausthal-Zellerfeld (Schwarzer and Weiland 1986) the complete operation of
the technique is computerized. What is needed by the user is to select the
area of interest and switch the microscope to diffraction mode. After ad-
justing alignment etc., the computer is started, and the scans in a and S
are performed automatically. Typically a is tilted between -50° and +50° in
steps of 1.5° and S is scanned from 0° to 180° in steps of 1.5°. While
measuring, the recorded intensities are displayed on a monitor and stored
in the computer for further data analysis. Typically a complete run takes
10 minutes.

An unique option with the technique is that a particular texture component
within a measured pole figure can be selected and by dark field imaging the
corresponding microstruetural region is seen.

2.3. In-situ neutron texture. The aim of the technique is to enable fast
texture measurements of complete bulk samples. The penetration depth of
neutrons in most metallic materials is rather large, typically several
centimeters. If therefore the size of a sample is less than a couple of
centimeters in each direction, a texture determined by neutron diffraction
is the true bulk texture. With the more commonly used X-ray diffraction
technique the limited penetration (less than 100 fan) restricts texture
measurements to very small samples or selected layers of a larger specimen.
The in-situ neutron texture technique further enables a complete texture to
be determined rather fast, in less than 1/2 hour. This means that texture
transformations during annealing can be studied on-line, which is not poss-
ible using standard X-ray or neutron diffraction techniques.

The in-situ neutron technique was developed at the Risa DR3 reactor (Juul
Jensen and Kjems 1983; Juul Jensen, Hansen, Kjems and Leffers 1984). The
basic principle is rather similar to that of the more well known X-ray
diffraction technique (Schultz 1949; Welch and Puch 1982): A monochromatic
X-ray or neutron beam is incident on the sample. From there the beam will
be diffracted according to normal Bragg scattering (see Eq. (1)). At a
given angle 20s to the incident beam, the intensity of the diffracted beam
is recorded. This intensity is proportional to the volume fraction of cry-
stallites having the normal to the selected (hkl) planes bisecting the
angle between the incident and the diffracted beam (see Fig. 6), and can be
represented as one point in a (hkl) pole figure. By scanning the setting of
the sample, a map of the crystallite orientations can be obtained and
plotted as a pole figure. In general, a single (hkl) pole figure do not
give the full information about the texture of a material. However, by
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i n c i d e n t

beam

detector

combining the data of at
least two pole figures from
different (hkl) reflections
the complete three dimen-
sional orientation distri-
bution function (ODF) de-
scribing the texture can be
obtained. For a recent over-
view of standard experimen-
tal techniques and methods
of ODF analysis see Bunge
and Esling (1982).

The experimental set-up used
for the in-situ texture
measurements is shown sche-
matically in Fig. 7a. It is
a fairly standard set-up for
neutron texture measurements
except the detector which is
a 50 cm long linear position
sensitive detector (PSD)
placed with its axis verti-
cal. If the wavelength (see
Eq. 1) of the incident neu-

tron beam is selected so that the scattering angle 20s is equal to 90°, the
PSD simultaneously records the diffracted intensity along -50° of a (hkl)
Debye-Scherrer ring (see Fig. 7b). So for one setting of the sample not
only one point of the pole figure but a large part (-34°) of a small circle
is determined (see Fig. 8a). This means a considerable enhancement of the
data collection rate compared to standard equipments.

sample

Fig. 6. Schematic illustration of the
texture measuring principle. For each
grain, lattice planes with the distance
dhkl a r e i n d i c a t e d- Only the grains shaded
in grey fulfil the Bragg scattering condi-
tion.

Fig. 7. a) Schematic illustration of the experimental arrangement as seen
in a horizontal plane for the in-situ neutron texture technique, b) Illu-
stration of the use of a position-sensitive detector to measure the inten-
sity distribution along a (hkl) Debye-Scherrer cone. At 20s-90° the cone
degenerates to a plane and the detector axis lies completely in this plane.
(Juul Jensen and Kjems 1983).

A complete pole figure, or any part of it, is obtained by rotating the
sample discontinuously in the Euler goniometer (see Fig. 7a), with the
sample fixed while counting. Typically 180 settings of the sample are re-
quired for a complete pole figure measurement. However owing to symmetry
this number can in general be reduced. For example, for symetrically rolled
materials only a quarter pole figure is needed. In this case 61 settings of
the sample is used to obtain the sampling mesh shown in Fig. 8b. Typical
measuring times for the quarter pole figure mentioned (with an accuracy of
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2-3% as determined by counting statistics) are in the range 7 to 15 minutes
depending on the scattering cross section of the sample material.

Fig. 8. a) With one sample setting the detector covers 34° of a small
circle in the pole figure plane, b) The sampling mesh. (Juul Jensen and
Kjems 1983).

On applying the calculation method introduced by Bunge (1969) at least two
pole figures from different (hkl) reflections are needed to determine the
ODF (assuming cubic crystallite and orthorhombic sample symmetry). A typi-
cal time resolution is therefore about 20 minutes. Thus, it is possible to
make reasonably accurate ODF-based kinetic investigations of annealing
processes, which involves a texture transformation over at least a couple
of hours.

The kinetics of very fast processes, where this time resolution is insuf-
ficient, can be followed by means of partial pole figures that focus on
selected texture components. Here the sample orientation is changed only
between a few preselected positions. In the limiting cases the sample is
kept fixed during the measurements, but as the position sensitive detector
covers 34° of a small circle in the pole figure plane (Fig. 8a), it is
possible to position the sample so that the detector records the change in
intensity of one or even a few texture components simultaneously, and thus
a time resolution of the order of seconds is obtained.

In general, cylindrical samples with a total volume between 0.1 and 2 cm
are used. For heavily rolled materials this relative large sample volume is
achieved by stacking a number of circular discs on top of each other.

The complete operation of the measurements is computerized. What is needed
by the user is to mount the sample, switch on the beam and start the com-
puter. While measuring the recorded intensities are displayed as pole
figures on a colour monitor and stored in the computer for ODF analysis.
When the measurement of a pole figure is completed, the pole figure is
automatically plotted by an 8 colour jet-ink printer.

3. NEW DEVELOPMENTS

Besides upgrading the computers used to control the microtexture and the
in-situ neutron texture technique, at present there are no plans for major
improvements or further developments of these two techniques. For the EBS
technique two new procedures, namely i) a method for fully automatic EBS
pattern recognition and analysis and ii) a measuring procedure for deter-
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mlnatlon of grain boundary planes will be described briefly in the follow-
ing.

Although techniques like the EBS technique, which are based on measurements
of individual grains, yield very complete information, the greatest draw-
back to texture type investigations is the practical difficulty of obtain-
ing sufficient data to achieve a statistically significant result in a
reasonable time. This, for example, is a problem for the determination of
growth rates of grains with different orientations during recrystalliza-
tion. Reliable fully automatic diffraction pattern acquisition and analysis
procedures would here be advantageous. At present such a procedure for EBS
pattern analysis is being developed and tested (Juul Jensen and Schmidt
1989). Image processing procedures are used to find the most clear
bands/lines In a pattern. Typically, for an annealed aluminium sample 2 - 4
lines are precisely identified. From these, the possible orientation solu-
tions are calculated and by checking the positions of less clear lines,
which could not be found using the image processing procedures the pattern
is indexed. At present the method seems to work reasonably well but further
tests are needed before it can be concluded if it is reliable enough to
continue the development.

In order to give a complete description of a grain boundary geometry the
orientation of the grain boundary plane needs to be determined. The signi-
ficance of this parameter is that the grain boundary free energy, the mobi-
lity and other characteristics are strongly dependent upon the position of
the boundary; a low Z CSL value alone is not sufficient criterion for the
boundary to be identified as "special" with respect to its properties
(Randle 1989a; Paidar 1987). Recently a method has been devised for
measuring the orientation of the grain boundary plane (Randle and Dingley
1989a, b ) . The method relies on locating the position of the boundary trace
both on the specimen surface from which EBS diffraction patterns are ob-
tained and on adjoining specimen face which Is perpendicular to it (Randle
1989b).

4. APPLICATIONS

The three techniques can each be used to address important aspects of
annealing processes. In Table I their present potential for studies of
deformation structure-texture relationships, nucleation processes, growth
of nuclei, recrystallization kinetics and grain growth processes is shown.
In the table + Is used when the technique either can give information which
is otherwise unattainable or when the technique can significantly reduce
the required experimental work. - is used when the technique Is of no or
little value and (-), (+) indicate levels in between.

In table I it is marked that the EBS and the neutron texture techniques are
rather unsuited for investigations of deformation structure/texture rela-
tionships. This might seem somewhat dubious as both techniques already have
been used for this type of investigations. For example the EBS technique
has been used to give information on localised dislocation densities in
local areas of the deformation structure (Mackenzie and Dingley 1986,
Quested Henderson and McLean 1988). As the strain is increased the EBS
patterns become increasingly diffuse. By determining the diffuseness an
estimate for the strain accumulated within individual grains is obtained.
However, at high strains the quality of the EBS patterns becomes too poor,

S refers to the reciprocal density of coinciding lattice sites in a
coincident site lattice, CSL.
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and at present the method is limited to strains below -10% - 15%. To avoid
this problem 0rsund, Hjelen and Nes (1989), in a study of local lattice
curvatures in aluminium deformed to 90% reduction, prior to EBS examination
annealed the specimen for short times in a salt bath to produce subgrains
which were easyly detectable by the EBS technique. By a systematic examina-
tion of the orientation distribution within well defined texture compo-
nents, they showed that the subgrain misorientation, in general, accumu-
lated into a long range lattice curvature. An example is shown in Fig. 9.

0 10 20 30 40
DISTANCE [uml

a) b)

Fig. 9. Subgrain misorientations in Al cold rolled to
90% reduction, a) Misorientations within the Cu compo-
nent ({112}<111>) measured both parallel and perpendi-
cular to the rolling axis (RD). b) Pole figure showing
the rotations (in three dimensions), the numbers refer
to the position given in a). (Brsund, Hjelen and Nes
1989).

Such a short time annealing procedure may be the solution in certain cases.
However, in general, the rather coarse spatial resolution limits the poten-
tial of EBS for investigations of deformation microstructure/texture rela-
tionships at higher strains. Therefore the (-) in Table I.

Table I. Evaluation of the techniques for investigations of various aspects
of annealing processes.

EBS Micro-
texture

Neutron-
texture

Deformation structure/texture
Nucleation
Growth of nuclei
Recrystallization kinetics
Grain boundary geometry and grain growth

The neutron texture technique has been used to determine the deformation
texture in a variety of materials. However, as the technique determines the
global texture, i.e. the statistical orientation distribution of a large
number of grains, no information relating directly to the microstructure is
obtained. Further, deformation textures often seem to be rather insensitive
to changes in parameters such as composition of a given material
(Hutchinson 1989) presence of particles (Juul Jensen, Hansen and Humphreys
1988) and development of shear bands (Hirsch, Lucke and Hatherly 1988). A
change of these parameters can significantly alter the annealing process.
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To get fundamental information about annealing mechanisms based on deforma-
tion texture measurements alone is therefore at present considered not to
be possible (marked by the - in Table I).

In the following subsections examples of annealing investigations in which
the selected techniques can really contribute with new and important in-
formation are reviewed. These examples represent the +'s in Table I.

4.1. Deformation structure/texture. In order to understand and characterize
the early stages of annealing, information about the deformation micro-
structures and orientation relationships is needed.

The microtexture technique has been used to characterize lattice rotations
associated with inhomogeneities in the deformation microstructure. For
example, if large non-shearable particles (>0.1 pm) are present in the
material, localized deformation zones with large lattice rotations are
generated adjacent to the particles during the deformation (Humphreys 1978;
Humphreys 1979) . The textural spread within the complete deformation zone
has been determined by microtexture measurements (Humphreys 1983; Humphreys
1984b; Humphreys and Kalu 1987, Kalu and Humphreys 1988; Juul Jensen,
Hansen and Humphreys 1985). It was found that extremely large lattice rota-
tions (<40°) can be present in the deformation zone. Further it was found
that the magnitude of the rotations depends on parameters such as particle
size and shape, strain, strain rate and deformation temperature. However,
for high strains (e > 2) the misorientations are in general quite large

Another type of deformation inhomogeneities studied by microtexture
measurements is different types of bands (e.g. deformation bands, transi-
tion bands, microbands and shear bands). Schwarzer and Ueiland (1988)
studied the orientations within deformation bands and shear bands in
titanium sheets. They found that the deformation bands have orientations
similar to that of the matrix, whereas the orientations within the shear
bands were distinctly different. Hansen, Kalu and Juul Jensen (1989)
studied the rotations associated with microbands in aluminium cold rolled
to 86% reduction. (For definition of microbands, see Bay, Hansen and
Kuhlmann-Wilsdorf (1989)). A typical example of a microband and the
measured microtexture is given in Fig. 10. The results show that microbands
can cause large local misorientations.

Fig. 10. a) (111) microtexture pole figure from aluminium cold rolled to
86% reduction. The selected region is a 7 pm area covering a microband and
the surrounding matrix. A, B and C refer to orientations within the micro-
band and D represents orientations in the matrix, b) Micrograph showing a
typical microband marked M (rolling plane section, RD rolling direction).
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Previously selected area diffraction, microdiffraction and X-ray transmis-
sion Kossel diffraction techniques have been used to determine local
lattice misorientatlons associated with particles in deformed single cry-
stals (Humphreys, 1978; Chapman and Stobbs 1969) and within deformation and
shear bands (Hutchinson, Duggan and Hatherly 1979, Inokuti and Doherty 1978
and Bellier and Doherty 1977; Fukutomi, Suzuki and Kamijo 1989). Compared
with these techniques a significant advantage using the microtexture
technique is that the texture (and textural spread) is determined for a
whole microstructural region (5 - 10 Jim) automatically. This means reduc-
tion in the required labour.

4.2. Nucleation. The orientations of nuclei associated with deformation
inhomogeneities in high purity aluminium cold rolled to 90% reduction have
been studied by the EBS technique (Hjelen and Nes 1988). In agreement with
earlier observations they found that transition bands, shear bands and
grain boundaries were preferential nucleation sites. Further they found
that there was a close correlation between the type of nucleation site and
orientation of the nuclei. For example cube-oriented ((100}<001>) grains
were found to grow out from transition bands in the {112}<111> deformation
texture and S-oriented ((123}<634>) grains were nucleated in shear bands.

For investigations of this type the EBS technique is very powerful as it
allows inspections of large sample areas and can classify the orientation
of even small nuclei.

Large particles may act as potential nucleation sites, and the microtexture
technique has been used to ascertain this role of the particles (Juul
Jensen et al. 1985; Kalu and Humphreys 1988). An example is shown in Fig.
11. It can be seen that the orientations of the nuclei are within the de-
formation zone. In principle, the orientation of a nucleus may be anywhere
within the orientation spread of the deformation zone. In agreement with
earlier observations (Gawne and Higgins 1969; Chan and Humphreys 1984) it
is, however, generally found that the misorientation between a nucleus and
the local matrix is more than 15°.

/

/
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p

M

\

\

7
Fig. 11. (Ill) microtexture pole figure from a region containing a 2 pm
silicon particle from a partly annealed Al-0.8wt% Si specimen. The orien-
tations of matrix (M), recrystallization nucleus (N) and limit of the par-
ticle deformation zone (P) are marked. (Kalu and Humphreys 1988).
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The possibility of getting directly the orientation relationship between a
nucleus and the surrounding matrix using the microtexture technique is an
important advantage compared to the more traditional microscopy techniques
applied to study orientations of nuclei (eg. Gawne and Higgins 1969; Chan
and Humphreys 1984; Ridha and Hutchinson 1982; Haratani, Hutchinson, Dilla-
more and Bate 1984; Ferran, Doherty and Cahn 1971).

4.3. Growth of nuclei. The growth of nuclei having different orientations
has been followed using the EBS techniques (Hjelen and Nes 1986). For
example Hjelen and Nes (1986) studied the growth rate of cube-oriented
({100}<001>) grains relative to the growth rate of grain otherwise oriented
in commercially and high purity aluminium deformed to 90% reduction. They
found that in the commercially pure material the cube grains tended to be
bigger than the other grains whereas in the pure material the average cube
grain size was almost equal to that of all grains. Previously the same type
of investigations has been carried out using selected area chanelling
patterns in a TEMSCAN and a SEM microscope (Juul Jensen et al. 1985; Nes
and Solberg 1986). Compared to these techniques an advantage using EBS is
the better spatial resolution (EBS: 0.5 pm, TEMSCAN: 1 - 2 pm, SEM: 10 ftm)
which enables identification of patterns already from the start of nuclea-
tion. In studies of this type, the orientation of a large number of grains
needs to be determined. An easy analysis of diffraction patterns therefore
is important. With the semiautomatic procedure used for the EBS patterns
this analysis is rather fast and straight forward. A fully automatic ana-
lysis procedure would, however, further facilitate this type of investiga-
tions .

4.4. Recrvstallization kinetics. During recrystallization a large lattice
reorientation or change in texture usually occurs (Hu 1981). Using the
neutron texture technique such changes can be followed on-line. An example
is shown in Fig. 12. Here the variation in volume concentration of main
texture components in copper cold rolled to 90% reduction is calculated by
integration around the corresponding components in the ODF and plotted
versus annealing time. From the data it can be seen how the cube texture
component strengthen during recrystallization at the expense of the rolling
components.

Results of this type can be used to evaluate kinetic models. The measured
data shown in Fig. 12 are fitted to an Avrami type of equation (Avraml
1940):

X - X» - ( X«-V exp(-A(t-to)0) for t > tQ (3)

where X is the volume concentration of a given texture component at time t,
X^ and X Q are the corresponding volume concentrations at time «° and 0
(start of annealing), respectively, tQ is a possible incubation period and
A, f} are constants representative for the annealing process. It is seen
that the equation gives a reasonable fit to the measured data and thereby
an accurate determination of the fitted parameters A, p.

To get kinetic information about fast processes or for obtaining more pre-
cise information about specific events happening during a slower process,
e.g. for investigations of incubation periods, the partial pole figure
technique can be used. For example, the development in the (100)<001> and
the {123}<634> components have been followed by measuring a partial (200)
pole figure keeping the sample fixed so that the detector covered the two
components during annealing (see Fig. 13a). By spatial integration over
each of these peaks the development in the two components can be followed
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Fig. 12. The development of specific texture compo-
nents during isothermal annealing at 95°C of pure
copper, cold rolled to 90% reduction. (Juul Jensen and
Hu 1989).

(Fig. 13b). Based on this type of data the incubation periods can be deter-
mined very accurately.

The neutron texture technique has also been used for controlled "texture
tailoring" in aluminium (Juul Jensen and Hansen 1985). By adjusting the
heating rate, the annealing time and temperature during on-line measure-
ments, according to the actual texture development, it was possible to
control the direction of the development. In spite, a rather limited range
of annealing temperatures and large variation in the rolling to cube tex-
ture ratio was obtained. And an almost balanced texture (rolling/cube - 1)
was achieved by annealing at 250°C for 1/2 hour followed by 36 hours at
230°C. Experiments of this type, where the kinetic texture information is
used directly, may be a tool for optimizing the texture and thereby for
example improve the formability of a given material.

Compared to other on-line techniques used in the study of recrystallization
kinetics, eg. stored energy measurements (eg. Haessner and Schdnborn 1985)
the texture technique is considered to give data which are easier to corre-
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late to the development and growth of nuclei, and therefore more direct
information about the recrystallization is obtained.

(oml<ioo>
t

{I23l<634>

5 10 15
CHANNEL NUMBER

10 20 30 40 50 60 70

TIME Imnutesl

Fig. 13. a) Measured intensities along the position-sensitive detector for
an aluminium specimen cold rolled to 90% reduction and annealed to ~50%
recrystallization. b) Kinetic curve showing the initial development of the
cube ((001}<100>) texture. (Juul Jensen et al. 1985).

Fig. 14. (200) pole figures from the edge region (a and b) and the central
region (c and d) of a rolled Al-Li based alloy obtained by EBS (b and d)
and by conventional texture measurements (a and c).
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4.5. Grain boundary peoroetrv and grain growth. The majority of EBS inves-
tigations as yet reported in the literature pertains to fully recrystal-
lized structures and to grain growth after completed recrystallization. A
number of these studies has been concerned with the spatial distribution of
grains having different orientations. For example in iSiissinvestigation of a
rolled and annealed aluminium-lithium alloy it was found that the centre
grains have an elongated morphology whereas near the specimen edge, grains
are much smaller and equiaxed. Here the two regions of differing grain
structure are not intermixed and therefore it was possible to measure the
texture both by EBS and by a conventional macroscopic means for comparison
(Wismayer and Ralph 1989). Figure 14 shows (200) pole figures from the
central and edge regions of the specimen sheet. Clearly the texture is
markedly different between the sample populations and there is excellent
agreement between the techniques, even though the sampled grains for EBS is
fairly small (100 grains total).

As another example Randle, Ralph and Dingley (1988) studied the grain dis-
tribution in a nickel-base superalloy. They found a characteristic spatial
arrangement of grains after recrystallization - bands of large grains are
interspersed with much smaller grains. By selecting these two grain size
extremes as separate populations, two texture variants are obtained, which
compliment each other to give a random texture (Fig. 15). Similar measure-

Fig. 15. a) Typical "banded" microstructure of nickelbase superalloy PE16,
where bands of large grains are interspersed with smaller grains. Inverse
pole figures in the grain normal direction for b) small grains in bands and
c) large grains in bands. (Randle, Ralph and Dingley 1988).
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ments taken for large and small grains from the same specimen, but where
the juxtaposition of large/small grains does not form bands, show that here
the textures of both sets of grain sizes are not differentiated as in the
banded case.

When the orientation of contiguous crystals Is known, orientation relation-
ships can be derived and analysed in terms of models which describe inter-
facial geometry, e.g. the coincident site latice model, CSL, (e.g. Brandon
1966), the planar matching/coincident axial direction model (e.g. Randle
and Ralph 1988a) and the interface-plane scheme (Wolf 1988). The essential
point is that non-random geometry of some interfaces, e.g. CSLs, which may
confer "special" physical properties. The identification and promotion of
these "special" boundaries in polycrystals Is termed "grain boundary de-
sign" (Watanabe 1984). Thus, the grain misorientation texture (GMT) may be
equally important as the grain texture since many physical properties are
related directly to the interfacial structure, such as grain boundary
migration, grain boundary diffusion, precipitation, etc.

In this area EBS has been used to examine the link between carbide preicpi-
tation on low CSLs compared to random boundaries (Randle and Ralph 1987),
to investigate the fracture properties of Ni^Al (Mackenzie, Vaudln and Sass
1988) to study the effect of prestrain on the GMT during the grain growth
incubation period (Randle and Brown 1988, 1989) and to gain insight into
the role that CSLs play during grain growth (Randle and Ralph 1988b). The
two last mentioned studies show that the proportion of CSLs increases
during the grain growth incubation period. For the case where large grains
are surrounded by smaller ones, CSLs tend to be concentrated in the bound-
aries between small grain rather than in the boundaries between the large
grain and the surrounding small ones (Randle and Ralph 1988b). Figure 16

GMT

0.7 2.1 3.6 22.7 53.4

Fig. 16. Grain misorientation texture plots of a) boundaries between small
grains and b) boundaries between large and small grains. The unit triangle
Is divided into regions which contain the indicated percentage of misorien-
tation axes for a random distribution. (Randle and Ralph 1988b).

shows that this trend is apparent on a GMT plot. The GMT plot can be con-
sidered as the grain misorientation analogue for an inverse pole figure
where axes of misorientation are plotted instead of a crystal direction.
For the cubic system, it is possible to calculate the proportion of axes
which will fall in each region marked on Fig. 16 if the GMT Is random. In
this case, a Student's t-test has been used to assess the non-randomness of
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the distribution and shows that the distribution for boundaries between
small grains is less random than those between large and small grains. The
non-random spread tends to be accommodated in the (111) and (110) corners
of the unit triangle which indicates the likelihood of a higher than aver-
age proportion of CSL boundaries.

The textural development during grain growth in cold drawn and recrystal-
lized pure copper rods has been followed by the neutron texture technique
(Grant, Juul Jensen, Ralph and Hansen 1984). It was found that grains
having the (111) normal direction parallel to the fibre axis, grow at the
expense of grain with the (100) direction along the fibre axis. The devel-
opment of these two main texture components was followed via the partial
pole figure method (as in the section about recrystalliztion kinetics) to
determine the growth rate of the components for the various annealing tem-
peratures .

Compared to other texture measuring techniques (based on X-ray or neutron
diffraction) the main advantage is that the in-situ neutron texture tech-
nique is fast, enabling on-line studies of texture changes. Thereby the
statistical scatter and the required experimental work is significantly
reduced. Further the high penetration of neutrons ascertain that the
measured textures are true bulk textures and coarse grained specimens are
generally not a problem.

5. RECRYSTALLIZATION OF AL-SiC

The development of metal matrix composites for extremes of performance is
at present one of the challenges for materials architecs. The mechanical
properties of these materials depend heavily on the production and pro-
cessing routes, and to get a scientific basis for optimizing the properties
it is important to understand for example the microstructural and textural
development taking place during various thermomechanical processing. Not
much work has yet been concentrated on studies of this type. In the follow-
ing results from on-going investigations of the recrystallization in heavi-
ly rolled fibre reinforced aluminium will be reviewed. (For further
details, see Liu, Hansen and Juul Jensen (1989); Juul Jensen, Hansen and
Liu (1989)). This is to illustrate how determinations of crystallographic
orientations by the three selected techniques and microstructural investi-
gations by TEM may be combined to further the understanding of annealing
processes. It has to be noted, that the reported investigations still are
far from being complete; several unsolved questions remain. Some of these
will be considered in the following and it will be discussed how they might
be addressed experimentally.

The material used is a powder blended Al-SiC composite containing 2 vol.%
short whiskers. After processing the average dimensions of these fibres are
0.5 jan in diameter and 2 pm in length. Before the annealing experiments the
material is cold rolled to 90% reduction in thickness.

In the deformed state, TEM and microtexture investigations show that defor-
mation zones with large local lattice rotations - in general >15° - develop
at the fibres; and adjacent to fibre agglomerates very complex zones with
high dislocation densities and very rapid orientation changes develop.
During the early stages of annealing also TEM and microtexture investiga-
tions reveal that nucleation predominantly takes place close to fibre
agglomerates, and that these nuclei have a very wide range of orientations
covering orientations which are present in the deformation zones, i.e.
typical spread rolling texture components plus some {100}<013>. During the
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annealing these nuclei grow, most of them with a rather low growth rate,
but few with a significantly higher rate resulting in a rather broad grain
size distribution in the recrystallized state. EBS investigations show that
this variation in growth rate seems to be most pronounced for the
(100}<013> grains out of which -25% have a size larger than 3 x the average
grain size in the recrystallized state. This large fraction of large
{100}<013> grains corresponds well with the observed macroscopical texture
development determined by neutron diffraction, namely that -60 vol.% of the
recrystallization texture is {100}<013>.

At present it is not known why some of the {100)<013> grow to become so
large. It may relate to the spatial distribution of {100}<013> nuclei or to
local variations in stored energy. EBS investigations of samples annealed
to the beginning of nucleation may be used to study the spatial distribu-
tion of the {100)<013> nuclei and perhaps more detailed microtexture
studies of similar samples can tell if these nuclei develop at special
sites which are likely to have particular stored energy characteristics
(for example if they nucleate predominantly within original grains of a
specific orientation or at special deformation zones).

Fast kinetic, partial pole figure measurements by neutron diffraction indi-
cate that (100)<013> grains grow at the expense of the various deformation
texture components with various rates. This effect has to our knowledge not
been observed for more conventional alloys. Complete ODF kinetic investiga-
tions can be used to get precise data on this point.

Further, it would be of interest to have growth curves for the various re-
crystallization texture components, i.e. curves that show the average grain
size as a function of annealing time (isothermal annealing) for grains of
different orientations. This type of data may be obtained by simultaneous
measurements of size and orientations of recrystallized grains in a series
of partly recrystallized samples using the EBS technique.

6. CONCLUSIONS

The three selected techniques, whereby information about local or global
textures can be obtained, are all powerful tools for investigations of
various aspects of annealing processes.

- The electron backscattering technique can determine the crystallographic
orientation of grains down to -0.5 ftm in diameter over a large sample
area. It is an efficient technique for achieving detailed and direct
information about local microstructure/texture relationships and due to
the good spatial resolution and large sample area it can be used to study
entire annealing processes including the early stages of nucleation.

- The microtexture technique can determine the texture of selected local 5
- 10 /im areas in the microstructure. The technique is unique for studies
of lattice rotation at deformation inhomogeneities and nucleation at
particular sites like deformation zones and bands in the microstructure.
It directly gives information about orientation relationships between the
nuclei and the surrounding material.

- The in-situ neutron texture technique can determine the bulk texture of
large specimens. It gives a precise description of the macroscopic tex-
ture, and the technique is especially developed to allow measurements of
texture transformations, for example during annealing. Thereby orienta-
tion related on-line kinetic data is obtained which gives information



Combined advanced techniques

about overall recrystallization and growth processes and can be used to
evaluate annealing models.
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Introduction

To further the understanding of recrystallization, the growth process following nucleation has been
studied. The present paper focuses on the following two aspects: (i) development of grain size
distributions as a function of annealing time and crystallographic orientation of the grains and (ii) the
average growth rate <G> also as a function of time and orientation. Experimental data on the
development of size distribution and <G> versus time are very scarce (1-3), and to the author's
knowledge nothing has been published about orientation effects on the two parameters. The electron
back scattering pattern (EBSP) technique used in scanning electron microscopy enables determination
of the crystallographic orientation within selected areas (> 1 um) in the microstructure over a large
sample area. The technique is thus well suited for studies of the recrystallization growth aspects outlined
above.

Experimental

Material The material was commercially pure aluminium (99.4%), the main impurities being Fe (0.33
wt%) and Si (0.09 wt%). The amount of Fe in solid solution was reduced by a heat treatment at 600°C
for 24h in vacuum, followed by furnace cooling. A recrystallized starting material with an average grain
size of 50um was produced by cold rolling to 50% reduction in thickness, followed by annealing at 350°C
for lh. The specimens were then deformed 90% by cold rolling and annealed at 253°C for periods
ranging from 5 minutes to 15 hours. The preparation procedure is described in more detail in (4) and
the specimens used for the present study are identical to those used in the previous investigation (4).
For an overview of the samples see Table 1.

Electron back scattering measurements A simultaneous determination of the crystallographic orientation,
the size of individual recrystallized grains, and the free surface area between deformed and
recrystallized material was obtained from electron back scattering patterns (EBSP). The specimens were
mechanically, chemically and electrolyn'cally polished and were placed in a JEOL 840 SEM. This
microscope was equipped with a phosphor screen, a back scatter detector and a very-low-light sensitive
TV camera mounted in the side port. The EBSPs were recorded using a frame grabber and indexed
according to the procedure described in (5). The spatial resolution of the EBSP technique is - lpm. For
regions in the deformed material the EBSPs are thus diffuse, whereas within recrystallized regions sharp
EBSPs are observed. From previous neutron diffraction texture measurement, it is known that during
recrystallization the texture changes from the typical Al deformation texture to a texture containing cube,
retained rolling components and a rather large volume fraction (-40%) of grains which are fairly
randomly distributed in Euler space (4). In the following these latter grains will be referred to as the
random component. In the present investigation the orientation of recrystallized grains was calculated
from the EBSPs and expressed in Euler angles <p,, $, <h- K the observed grain orientation was within 15°
from the cube (fl00}<001>) or one of the rolling components, ({110}<112>, (123}<634>, {112}<111>) the
grain was classified as cube or rolling respectively; otherwise; it was designated as being of part of the
random component.

09S6-716X/92 $5.00 + .00
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Table 1 Overview of Samples and EBSP Data

Anneal.
time
(sec.)

900
1800
3600
8400
14400
14400
49800

cube

10
9
18
18
19
14
31

Number of grains
roll.

21
24
68
60
51
117
106

random all

145
152
139
149
136
151
201

176
185
225
227
206
282
339

Length of
EBSP
lines (um)

29898
17692
17111
7724
4847
10185
11584

Nuclei or
grain density
(urn'3)

•Iff5

12
14
7
11
6
4
2

X-overall
(%)

6
13
25
50
81
81
100

Each specimen was mechanically transversed under the beam. The plane of inspection was the rolling
plane and the transverses were along the rolling direction. By noting the stage position at which patterns
changed, the sizes (linear intercept values) of grains or deformed regions were measured, and the
transitions between recrystallized and deformed regions were noted. From these data, grain size
distributions for grains of the different orientations at the various annealing times were obtained. Also
the average growth rates as a function of recrystallization time and orientation were determined.

Optical microscopy revealed that the grains are equiaxed in the rolling plane but slightly elongated
(aspect ratio 1.5) in the longitudinal plane section, and that the recrystallization takes place
homogeneously through the thickness of the samples. The latter is supported by the fact that almost
identical results are obtained where two rolling planes at approximately 1/3 and 1/2 sample thickness
of the sample annealed for 240 minutes are examined.The growth data presented in the following are
therefore considered to be representative for growth in the rolling plane (along RD-TD) but not
necessarily for growth perpendicular to the plane (along ND).

Calculation of average growth rates A method of determining the average growth rate has been
suggested by Cahn and Hagel (6) and has been utilized and elaborated on (1,3,73). The increase in
volume of recrystallized material, dX, during a short annealing interval dt is quite generally given by

dx S v ( t ) (1)

where Sv(t) is the free or unimpinged surface area per unit volume at time t, and <G> is the average
growth rate, i.e. the average velocity with which the recrystallization interface moves normal to itself,
at time t.

The free surface area per unit volume Sv is determined from line scans through the microstructure (9)

S v ( t ) = 2 WL (2)

where NL is the average number of intersections (between deformed and recrystallized material) per unit
length of a random test line. The only requirement for eq. 2 to be fulfilled is that the test lines are placed
randomly (in random directions and at random inspection planes) (9).

The increase in volume of recrystallized material per unit time, dX/dt (eq. 1), may be determined
directly from the EBSP data. However, as "only" 6 samples were used for the EBSP investigation, a
statistically rather poor determination of dX/dt was achieved. Therefore, the EBSP data were used
together with X versus t data determined previously by neutron diffraction, optical microscopy, hardness
measurements and STEM for identical samples plus a few extra samples (4,10). The X versus t data were
fitted to an Avrami equation

x = 1 - exp (-K • t") (3)
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where K and (3 are constants. Considering the experimental scatter, equation (3) gives a good fit to the
data for the entire annealing period and dX/dt is thus calculated directly from (3).

To determine the growth rate for grains of a specific crystallographic orientation (eg cube) equations 1,2
are used in a slightly modified form

s;<t) = 2

(4)

(5)

where c refers to grains of orientation c. The rolling and random grains seem to follow rather closely
the development of "all grains". Therefore dX/dt for these two components were determined as
described above. For the cube grains, the development in grain size distribution is significantly different
from that of "all grains". It was therefore considered necessary to use dX/dt as determined for cube
grains only. Two techniques were used for the sole measurement of cube grains: neutron diffraction
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FIG. 1. Grain size distributions (linear intercept values) for grains of different orientations after different
annealing periods a) b) c) 15 minutes (-6% recryst.), d) e) f) 140 minutes (-50% recryst.), g) h) i) 830
minutes (100% recryst.) ("All" includes grains of all orientations).
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texture measurements (10) and the EBSP data. The X° determined by neutron diffraction are equal to
Vc(t)/Vc(~), where Vc(t) and V°(~) are the volume concentration of c-grains at time t and infinity (fully
recrystallized), respectively. Thus, for each component, the X values represent volume fraction of
recrystallized material, and values between 0 and 1 are obtained. Using EBSP, it is most straight forward
to calculate Xc as the length fraction of c-grains of the entire test line (L), i.e. Xc = Lc/L. In this case, Xc

represent volume fraction of c-grains in the material. This difference in definition of Xc gives rise to
different definitions of N \ (see eq. 5). When neutron data are used, NC

L is the number of interfaces
between c-grains and deformed material per unit "c-length" of the test lines (i.e. it is taken into account
that c-grains only occupy a certain fraction of the test lines). When EBSP data are used, N \ is number
of c interfaces per unit length of the total test line. Both techniques were used to calculate the cube
growth rate and rather similar results were obtained. However, using the neutron technique, all cube
grains within the sample is determined. The data is therefore statistically much more reliable than the
EBSP data, and the results shown in the following are thus based on the neutron diffraction data.

Results

Grain sizes For each sample, the size and orientation was determined for 175 - 340 grains (See Table 1).
Grain size distributions were plotted for cube, rolling, random and all (including grains of all
orientations) grains. For all samples, the rolling and random distribution are fairly similar and the rolling
distributions will therefore not be shown in the following. In Fig. 1 the distributions are shown for
samples annealed for 15, 140 and 830 minutes corresponding to approximately 6%, 50% and 100%
recrystallization. Early in the recrystallization process the distributions (both average grain size and
shape of grain size distribution) are fairly similar. Later in the processes, however, significant differences
are observed. The distributions of cube grains continue to be rather narrow, whereas the random and
overall distributions widen.

The average grain sizes of cube rolling and
random grain are shown in Fig. 2. This curve is
almost identical to that measured previously (4)
and shows that in the fully recrystallized state,
the average grain size of cube grain is about 1.7
times as big as grain of other orientations.

Growth rates The <G> versus t curves are
shown in Fig. 3. It can be seen that <G>
decreases with time for all components. It has
been suggested that <G> = k/t where k is
constant (1). The present data also shows that
log <G> decreases linearly with log (t) for all
components, however, the slopes are not equal
to one. Instead the equation

<G> = k • t"° (6)
gives a good fit to the data when a - 0.3.

FIG. 2. The average size (linear intercept values)
of grains with different orientations.

A comparison between the <G> versus t curves for the cube and random component (Fig. 3b) shows
that <G>,.ube = 1.7 <G>random for all annealing times. The growth rate of rolling grains follows that of the
random grains rather closely.

Discussion

Grain size distributions In the fully recrystallized state, the grain size distribution for grains of all
orientations (Fig. Ig) is very wide. The maximum grain size is 6 times the average size. If new nuclei
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FIG. 3. The average growth rates <G>. a) all grains b) cube, rolling and random grains; the full lines are
least squares fit to cube and random growth rates.

form constantly during the recrystallization process or if the distribution of nudeation sites is non-
random it is expected that the grain size distribution in the fully recrystallized state will be wide.
However, site saturation seemed to be fulfilled (considering the experimental scatter) for the present
study (see Table 1 and (4)). A consequence of inhomogeneous distribution of nuclei would be that many
grains were stopped by impingement early in the process and therefore remained small. This does not
seem to be the case for the present results. Firstly, the number of very small grains (5 5 um) decreases
during the entire annealing period (see Fig. 4). Secondly, the number of neighbours along the EBSP test
line was determined for very small grains (< 5 um) and for larger grains (> 10 um) in the sample
annealed 140 minutes to - 50% recrystallization. It was found that 24%, 55% and 21% of the small grains
were free (surrounded by deformed matrix on both sides), had one neighbour, or two neighbours,
respectively. The same results for the large grains were 20%, 56% and 24%. It can therefore be concluded
that the small grains are as free to grow as the large grains.

FIG. 4. The number fraction of grains less than
5 um for grains of all orientations (o) and
random grains (v).

Another explanation for the wide grain size
distribution relates to orientation dependent
growth rates. Clearly, if all grains of one orien-
tation grow fast and others more slowly, the
resulting grain size distribution will be wide.

Average growth rates The average growth rates
<G> were determined using dX/dt = <G> Sv(t).
In general, growth rates are determined as the
largest grain size after a short anneal divided by
the annealing time. For the present experiments,

the latter calculation method gives Gma, = 6 10"3 um/sec for t = 15, 30 and 60 minutes corresponding to
6,13 and 25% recrystallization. This value is about 2-3 times larger than <G> (see Fig. 3). If instead the
average grain size is used for the calculation, the Gaverage = 3 10"3 um/sec which agrees fairly well with
<G>. However, this easy method to determine Gmax or G,vmge is only applicable at short annealing times
where impingement can be neglected. (The relative slow growth rates relate to the low annealing
temperature).

For all orientations, it was found that the average growth rates decrease as <G> = k t"° where a - 0.3
(see Fig. 3). That <G> decreases with time agrees well with earlier findings (1). However the slope (a
- 0.3) is less than the value a ~ 1 which have been found experimentally for silicon-iron (1) and is used
extensively in recrystallization modelling (eg. 8). The decrease in growth rate with t has been related to
recovery occurring simultaneously with the recrystallization, and it is well known that recovery depends
strongly on the actual state (eg. impurity content, degree of deformation) of the material. It is therefore
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not surprising that a may vary, as seen in a study of recrystallization in copper in which a wide range
of a's were also found (3). To further clarify this, studies of temperature effects on <G> are in progress.

The average growth rate of cube grains is for all annealing times, about 1.7 times larger than that of
rolling and random grains. The growth rates determined are the average speed at which free boundaries
move. In other words, even if the cube grains were wore isolated than the other grains, this will not
affect the results since only unimpinged parts of the boundaries are included in the calculation. The
reason that cube grains grow faster may relate to a 40° <111> rotation (11) or simply to a higher mobility
of grain boundaries which have large misorientations to the surrounding matrix so that these nuclei have
a growth advantage compared to nuclei with smaller misorientations (12). It is supposed that cube grains
are nucleated at intergranular sites and will therefore have a large misorientation. Original grain
boundaries and deformation zones around FeAl3 particles on the other hand are preferential sites for
rolling and random grains, and they may therefore have smaller misorientations.

Conclusions

The recrystallization of 90% cold rolled aluminium was studied during isothermal annealing. It was
found that the crystallographic orientation has a significant effect on the growth during recrystallization.

The grain size distribution in the fully recrystallized state is very wide, which cannot be explained either
by constant nudeation or inhomogeneous distribution of nudeatdon sites. Orientation dependent growth
has to be considered.

The average growth rates decrease as <G> = k • f" where a - 0.3 for grains of all three orientations
(cube rolling and random)- However, cube grains grow on average 1.7 times faster than rolling and
random grains.
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Introduction

During recrystallization, grains of different crystallographic orientations may nucleate and grow with
different characteristics; grains of one orientation may, for example, nucleate early at particular sites and
grow faster than grains of other orientations. Such orientation dependencies can significantly affect the
recrystallization microstructure and texture.

The aim of this paper is to demonstrate a computer model which can take into account the various
nucleation and growth behaviour of different components (grains of different orientations). For each
component, input information about the nucleation and growth characteristics is required. At any stage
of recrystallization, simulated results for fraction recrystallized, 3-D or 2-D grain size distributions and
texture are obtained. The model is used to simulate the recrystallization of 90% cold rolled aluminium.
The input data are experimental data and the simulated results for recrystallization kinetics, grain size
distributions and texture are compared to the experimental results. Finally the significance of using more
than one component in the simulation is discussed on the basis of the aluminium data.

The Component Model

A 3 dimensional "computer sample" is considered (see Fig la). The size D^,, of this sample is determined
by the number of grains in the simulation Ng and the average recrystallized grain size. For spherical
grains that is

D L " N, 4/3 * <r>3 (1)

where <r> is the average recrystallized grain radius. The Ng grains are first distributed in the computer
sample. This distribution may be random or in any predetermined form (e.g. nuclei in bands or clusters).
The position (x,y,z), the crystallographic orientation (texture component no.) and the time of nucleation
to are stored for each nuclei. The grains then grow. The growth rate may depend on direction (x,y,z),
grain orientation (i) and annealing time (t). The size of a given grain which has not yet impinged upon
a neighbouring grain at time t is thus

rfii = rofi) * p Gj (i,t) dt for t > tJS) (2)

where j refers to x,y,z direction, ro is the size of the nuclei and G|(i,t) is the growth rate in direction j of
grains with orientation i at time t. to is the nucleation time.

For each point (x,y,z) in the computer sample, equation (2) used to calculate, which of the N( grains
arrived there first. For each x,y,z position, the grain number and the arrival time are stored in a "sample

0956-716X/92 $5.00 + .00
Copyright (c) 1992 Pergamon Press Ltd.
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» orientation A
• orientation 8
o orientation C

FIG 1. a) Sketch of the 3-D computer sample. Nuclei of 3 different texture components (crystallographic
orientations) are distributed in the sample, b) Sketch of the impingement assumption.

table". This approach corresponds to the principles applied in most recrystallization modelling (1-4):
namely, that the grains grow freely until they impinge upon another grain/nuclei. Growth is then
stopped (for both grains) in that direction, but continues unhindered in any other direction (see Fig. lb).

Using the "sample table", it is now straightforward to determine the volume fraction recrystallized and
the volume concentration of each texture component at any annealing time. To obtain data comparable
to that of microstructural measurements, selected planes in the computer sample may also be examined
(Fig. la). Average grain sizes and grain size distributions for the different components, as well as for all
grains, are obtained by the linear intercept method in these planes.

The following information is needed as input for the simulation: i) the overall average grain size, ii) the
number of recrystallization texture components to be considered, iii) nucleation parameters (density, rate,
size and spatial distribution of nuclei) and iv) growth parameters (rate and dimensionality). The
nucleation and growth parameters must be determined for grains belonging to each texture component.
Finally statistical information about the number of grains in the simulation and the number of inspection
planes is needed. Typically, 5000 grains and 3 inspection planes are used. This resulted in CPU-times
of around 10 hours on a VAX 8700.

Various approaches have been used for modelling recrystallization (1-11). All the models can be used
for simulations of microstructural development. So far only the texture-Monte Carlo (3,8) and the
component (this paper and (11)) models have been used for texture simulations.

Simulations using the component model is closely related to a specific experiment, and significant
experimental work is required to obtain the necessary input data. One may argue that this is not really
modelling since most of the data are measured experimentally. However, with precise experimental data
on, for example, growth rates, the simulation allows evaluation of nucleation assumptions which are less
well-known and experimentally much harder to determine. In general, it is felt that since so many
different principal mechanisms can lead to the same recrystallization results (eg. recrystallized
microstructure), further modelling should be based on as solid experimental data as possible.
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Application to Experiment

The component model has been used to simulate the recrystallization of commercially pure aluminium
(Al-99.6%). The material contained 0.5 vol% large (0.2-7 um) intermetallic FeAl3 particles; it was
deformed by cold rolling to 90% reduction and was annealed at 253°C. The nucleation was characterized
by TEM (12), the texture and recrystallization kinetics by neutron diffraction (13), and the growth rates
and grain size distributions of grains of the different orientations by EBSP (14).

Input parameters for simulation The two first input parameters (see above) are fairly easily determined:
(i) the average recrystallized grain size (including grains of all orientations) is 33 um and (ii) the
recrystallization could be described by 3 components (13): cube, retained rolling and other texture
components more or less randomly distributed in the orientation space - here referred to as random
texture. Thus, the number of components in the simulation is 3. (iii) Concerning the nucleation
parameters (density, rate, size and distribution) the EBSP studies (14) have shown that -7%, 26% and
67% of the nuclei/grains are of cube, rolling and random orientation, respectively, and that site
saturation seems fulfilled. The size of the nuclei was determined to 3 um (12) and the distribution of the
nuclei seemed fairly random (a random site distribution is therefore assumed in the simulation), (iv) The
growth parameters (rate and dimensionality) are determined from EBSP and optical measurements. It
was found (14), that the average growth rates <G> of tree (unimpinged) grains boundaries decreased
with annealing time as

<G> = k • r (3)

where a -0.3 for all 3 components and k is a different constant for the 3 components (see Fig. 2).
For example, for the cube grains k was 1.7 times
larger than k for the random grains (see table 1).

Optical microscopy revealed that the
recrystallized grains were equiaxed in the rolling
plane. In the longitudinal plane, the grains had
an aspect ratio of 1.5, which is not too far from
equiaxed. In the simulation spherical growth is
assumed.

Although the component model is devised to
take the individual behaviour of several texture
components into account, it was also considered
relevant for purposes of comparison to do the
simulation using only one component (including
grains of all orientations). In this case, results
similar to those of other models were expected.
In total, therefore, 2 simulations with different
growth rates and number of components, but
otherwise identical input parameters were
carried out. For an overview see table 1.

-
• cubs
o rolling
- random -

~-^cube

random
i

t (sec)

FIG. 2. The average growth rates <G>
of cube, rolling and random grains;
the solid lines are least squares fits to
the cube and random growth rates.
(14).

Table 1 Growth rate input parameters
Simulation Number of

Components

3
1

all

0.011

for simulations

cube

0.027

k
rolling

0.012

(<G> (um/sec) see

random

0.017

all

.23

eq. (3))

cube

.29

a
rolling

.24

random

.30
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Simulated Results

Examples of simulated microstructures are shown in Fig. 3. The simulated and experimental results for
texture composition and average grain sizes in the fully recrystallized state are listed in Table 2. As can
be seen, there is very good agreement between simulated and experimental results. Only the type I (with
3 components) simulation results are listed in the table. In the type II simulation (with 1 component -
all grains) of course, no information about texture composition and grain sizes of individual grains is
obtained. Only the average grain size of grains of all orientations is simulated and, as this is one of the
input parameters, it is no surprise that the simulated result also is 33 um.

The simulated grain size distributions (lines) are shown superimposed on the experimental data
(histograms) in Fig. 4. Finally, recrystallization kinetics data are shown in Fig. 5. Both type I and II
simulations give a reasonable fit to the experimental data. However, the 3-component case (type I) is
closer to the experimental value, (3 = 1.4 (determined by a least squares fit to the experimental points).

(a) (b) (0

FIG. 3. Simulated microstructures (Type I simulation). The cube grains appear almost black, rolling
grains light grey and random grains dark grey, a) 6%, b) 50%, c) 100% recrystallized.

Table 2 Simulated and Experimental Results (Fully Recrvstallized State)

TEXTURE (%)

cube
rolling
random

GRAIN SIZE (um)

cube
rolling
random
all

Experiment

neutrons

18
37
45

EBSP

24
28
48

EBSP

53
34
28
33

Simulation

(Type I)

21
28
51

49
34
32
34
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FIG. 4. Grain size distributions (linear intercept values). The histograms represent experimental EBSP
data and the lines (solid and broken) represent simulated results.
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FIG. 5. Recrystallization kinetics, volume fraction
recrystallized, X, versus annealing time. The
lines are simulated results.

FIG. 6. The average growth rates of cube and
random grains in pure aluminium.

Discussion

It has been shown experimentally that grains of different crystallographic orientations can grow with
different rates (14). By modifying a computer code similar to that used by Mahin et al. (15) to allow for
several texture components, it has been possible to introduce such texture effects and to model the
recrystallization texture and average grain size of grains with different orientations. Good agreement
between simulation and experimental results was obtained. The simulated grain size distribution is
somewhat more narrow than the experimental one. Further consideration of the following may be
needed: A) a further subdivision of the random component into specific texture components - note that
the simulated/experimental agreement is not as good for random grains (see Fig. 4). B) a less random
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distribution of nucleation sites - again this seems to be most important for the random grains. C) grain
growth, in the sense that some large grains grow at the expense of smaller grains. Although the low
annealing temperature (253°C) does not seem to support this argument, it has been observed
experimentally that the nuclei/grain density decreased somewhat during annealing (14). D) finally a
change in growth dimensionality from spherical to slightly elliptical (aspect ratio 1.5) may have some
small effects on the simulated results.

The main effect of using 3 components in the simulation as opposed to 1, is to broaden the simulated
grain size distribution. With 3 components, the maximum simulated grain size is 3.5 times the average
grain size, whereas the corresponding value with 1 component is 2.5. Experimentally, the maximum size
is 6 times the average.

It remains to be shown whether the general significance of texture effects is as great as observed in the
present investigation. This may depend on the material and annealing conditions. However, the example
demonstrated here is not unique as can be seen from Fig. 6, where the growth rates of cube and random
grains in pure aluminium are shown.

An indication of significant texture effects is a broad grain size distribution and, in that case, whether
grains of a specific orientation are large or small. From this data alone, it cannot be concluded whether
it is a) growth effects b) orientation dependent inhomogeneous nucleation (eg. nuclei of one orientation
being more clustered than others) or c) a combination of grown and nucleation effects which causes the
broadening. Further measurements for example of growth rates are needed.

Conclusions

The crystallographic orientation can have significant effects on growth during recrystallization. This can
be taken into account in the component model since grains of different orientations are treated
separately. It was found that by using 3 components (= 3 orientations) and experimentally-determined
growth rates, the recrystallization kinetics, texture and average grain size could be simulated very
accurately. Further the agreement between experimental and simulated grain size distribution is
significantly improved when 3 components are used in the model, instead of only one.
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AUTOMATIC EBSP ANALYSIS FOR
RECRYSTALLIZATION STUDIES

D. JUUL JENSEN

Materials Department, Ris0 National Laboratory, DK-4000 Roskilde Denmark

The potential of local texture techniques for investigations of recrystallization are reviewed. The need
for automatization of such techniques is discussed. It is shown how orientation measurements using
one of these techniques, the electron back scattering pattern (EBSP) technique, can be made fully
automatic.

KEY WORDS Recrystallization, image processing, EBSP.

1. INTRODUCTION

Traditionally, recrystallization has been studied using mostly microscopy and
texture techniques. It has, however, proved to be very complicated to relate the
microstructure development to the bulk texture results. Local texture techniques,
which give information about the crystallographic orientation within selected
areas of the microstructure can be used to link the microstructure to the bulk
texture results and may thereby help to further the understanding of the
recrystallization mechanisms.

2. LOCAL TEXTURE TECHNIQUES AND RECRYSTALLIZATION

2.1. Techniques

Several techniques may be used in the determination of the crystallographic
orientation in selected local areas of the microstructure. Most of these techniques
are electron microscopy techniques by which the microstructure is seen directly in
the microscope and the orientation of individual subgrains/grains is determined
from analysis of electron diffraction patterns. An overview of such techniques is
given in Table 1.

The TEM techniques (Heimendahl, Bell and Thomas, 1964, Hirsch, Howie,
Nicholson, Pashley and Whelan, 1965, Chapman and Stobbs, 1969, Ralph and
Ecob, 1984, Humphreys, 1988) are characterized as having a very good spatial
resolution, i.e. the crystallographic orientation of even small subgrains in highly
deformed structures may be determined. TEM investigations are often limited by
difficulties in preparing large areas of electron transparent material. However,
new thinning techniques (Klepeis, Benedict and Anderson, 1988), as applied to
semiconductor materials, may also give improved TEM foils in metals.

With the SEM techniques (Newbury and Yakowitz, 1975, Hall and Hutchin-
son, 1980, Dingley, 1981, Humphreys, 1988, Juul Jensen and Randle, 1989) large



Table 1

TEM

TED

SEM
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The main characteristics of three classes of

selected area diffraction
micro diffraction
convergent beam

transmission electron
diffraction (pole figures)

channeling
electron back scattering (EBSP)

JENSEN

local texture

Spatial
resolution

2 fim
20 nm
2nm

s5 fim

10 fim
1 /um

techniques

Angular
accuracy

Spot

2°
0.2°

2°

0.5°
1°

Kikuchi

o.r
0.1°
0.1°

sample areas can be inspected routinely. However, the orientation of subgrains
smaller than ~1 fim can not be determined, and fine details of the microstructure
are not as well resolved as in the TEM.

The geometry of an X-ray transmission texture camera may be applied for
transmission electron diffraction and a pole figure for a selected region (5 jum) can
be obtained (Humphreys, 1983, Weiland and Schwarzer, 1984). The principle of
this technique is to measure the diffracted intensity along an (hkl) Debye
Scherrer ring, and to scan the tilting of the thin foil specimen from 0-60° to cover
as large a part of the {hkl} pole figure as possible. Typically, the texture within
5-20 jum selected local regions of the microstructure is determined in this way
(Humphreys, 1988). Once the pole figure measurement is completed, it is
possible to identify elements in the microstructure corresponding to specific parts
of the pole figure (Weiland, 1991a). This technique, in the following referred to
as "TED", is ideal for measurements of all orientations within a selected region
of the microstructure.

Other techniques, like the Kossel technique (Peters and Ogilvie, 1965, Bellier
and Doherty, 1977, Dadson and Doherty, 1992) and synchrotron radiation
techniques (Gottstein, 1988), have also been used to measure local crystal-
lographic orientations. However, as no simultaneous information about the
microstructure is obtained with these techniques, they will not be considered
here.

2.2. Recrystallization
The three types of local texture techniques discussed above, the TEM, SEM and
TED techniques, can each be used to address important aspects of the
recrystallization process. In Table 2 the present potential of TEM/Kikuchi, TED
and SEM/EBSP for the study of the various aspects of recrystallization are
suggested. These aspects—nucleation, growth and recrystallized structure—will
be discussed in the following.
Nucleation: Important questions which may be answered from the acquisition of
local texture information are: i) What sites in the deformed microstructure are
potential nucleation sites? ii) Is there a relationship between the nucleation site
and the orientation of the nuclei? iii) What are the orientation relationships
between a nuclei and the surrounding matrix?
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Table 2 Potentials of 3 local texture techniques for studies of recrystallization

TEM TED SEM
(Kikuchi) {EBSP)

Nucleation + + +
Growth - - +
Recrystallized structure - — +

It is very well known that two criteria must be fulfilled for a site to be a
potential nucleation site (question i) (above); a large lattice misorientation is
needed, and the driving force must be sufficient for the nucleus to grow. Also it is
fully established that original grain boundaries, large second phase particles,
transition bands and shear bands are nucleation sites (e.g. Doherty, 1980).
However, it is not understood why for example only some of these sites become
operational (e.g. only few nuclei develop along a grain boundary), why the nuclei
may develop near but not at the transition band (Driver, 1992), or why some
nuclei for no obvious reason stop growing very early in the recrystallization
process (Bay and Hansen, 1979, Juul Jensen, Hansen and Humphreys, 1985,
Humphreys and Juul Jensen, 1986). For studying this, it is of interest to measure
the orientations of the individual deformation subgrains near the potential
nucleation sites. For materials deformed to medium and high strain only the TEM
techniques have the required spatial resolution, whereas for materials deformed
to a low strain or by hot deformation, SEM/EBSP becomes important.
Furthermore, TED and SEM/EBSP may be used for a spatially more coarse
mapping of orientation distributions in the deformed structure, which may be
used in the explanation of the limited growth of some nuclei.

All three types of techniques may also be used in studying question ii) and iii)
above. The TEM techniques can give the most precise and detailed results to
both questions. However, at present a serious draw back is the limited sample
area in a typical thin foil and therefore the limited chance of finding nuclei.
Furthermore, for studies related to question ii), the time involved in measuring
all the individual orientations of nuclei and surrounding subgrains in the matrix
may be overwhelming. For this the TED technique is clearly much more
effective. With SEM it is straightforward to find, and to determine, the
orientation of the nuclei. Due to recovery in the matrix during annealing to the
start of nucleation, orientations of matrix subgrains can in general also be
measured by EBSP (Hjelen, 0rsund and Nes, 1991). However, the microstruc-
ture is not so clearly resolved as in the TEM. For example it may be difficult to
see whether a nucleus has developed at a transition band or if it is at an
intragranular segment of a high angle grain boundary or a microband. As such it
may be difficult to answer questions i) only using SEM. For a few particularly
interesting nuclei, it may be valuable to locate the position of the nucleus in the
SEM, and then produce a TEM foil from that region (Lindbo, 1991) and
continue the investigation by TEM.
Growth. Important microstructure/texture questions are: i) How does the growth
rate depend on the annealing time and does the growth rate and time dependence
vary with the orientation of the grain? ii) Are there preferred orientation
relationships between a growing grain and the matrix?
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For studying the question i) the SEM/EBSP technique is very well suited since
the size and orientation of the grains is easily determined. From a series of partly
recrystallized specimens, the average growth rate G of each group of grain
orientations may be determined using the equation (English and Backofen, 1964,
DeHoff, 1968):

where X is the volume fraction recrystallized, t is the time and A is the interfacial
area separating recrystallized from unrecrystallized grains (the migrating bound-
ary area).

Using this method, it is straight forward, but very time consuming, to
determine statistically reliable results for the growth rates.
Question ii) is of course very difficult to answer. The local texture techniques
considered here cannot be used for in-situ experiments and conclusions can
therefore only be reached very indirectly.
Recrystallized structure local texture techniques may be used to study the
following important questions i) Is there a relationship between the grain size and
grain orientation? ii) What is the grain boundary geometry?

Also for these types of investigations the SEM/EBSP technique seems to be
the most powerful (see Table 2), since the other techniques are restricted by the
limited sample area.

The size and orientation of the grains may be determined by first measuring the
size of a grain looking directly at the microstructure. Then the grain orientation
may be determined from the corresponding EBSP pattern. This procedure
requires a series of microscope manipulations and is therefore rather time
consuming. A faster procedure is to stay in "EBSP-mode" and make line-scans
by either moving the beam or the sample. When the pattern changes a new grain
is reached. In this way the orientations are determined directly and linear
intercept values for the grain sizes are obtained.

The potentials of SEM/EBSP for characterization of the grain boundary
geometry are discussed elsewhere in these proceedings (Randle, 1992, Watanabe,
1992) and will not be considered here.

3. AUTOMATED TECHNIQUES AND EBSP

3.1. Automated Techniques

Reasonably fast and user-friendly procedures for semiautomatic analysis of the
orientation patterns (Kikuchi, EBSPs etc.) are available for the local texture
techniques discussed above (Venables, Harland and bin-Jaya, 1976, Carr, 1982,
Schwarzer and Weiland, 1984, Dingley, Longden, Weinbren and Alderman,
1987, Schmidt, Bilde-S0rensen and Juul Jensen, 1991, Weiland 1991b). An
important question is therefore, if it is worthwhile to develop fully automatic
indexing procedures?

The answer to the question probably depends on the type of investigation in
mind. For the recrystallization studies discussed above, the answer may be an
equivocal yes. For example, for the TEM studies of the deformation microstruc-
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ture and the SEM studies of nucleation, it is very important to locate precisely in
the microstructure where for example the subgrain or nucleus is. A "blind"
automatic scan through the structure would in general only give little relevant
information. In these cases, it would be convenient to have an image processing
procedure which directly could index a given pattern without the need for the
operator to mark bands or poles. However, the extra time and effort required in
marking the patterns using the semiautomatic procedures are in general of minor
importance. For the SEM investigations of the growth rates and size-orientation
relationships, on the other hand, line scans through the structure (in the EBSP
mode) give the required information-the orientations, the sizes (linear intercept
values) and the migrating boundary areas A (Eq. (1)) of the grains. It is of course
possible to do such scans semiautomatically, but to collect statistically reliable
data requires several days or often weeks of very exhausing work. Automatisation
of the indexing of EBSP is thus clearly necessary. Such automation would not
mean that a sample is placed in the SEM and the results come out directly. It is
believed that for the investigations discussed, an initial microstructural inspection
is always necessary. By this inspection, it is determined along which line or lines
the scan should be made and what the appropriate step size is. The aim of the
automation is then to develop a system, which, after calibration, allows automatic
scanning along the predetermined line and determination of all orientations
without any involvment of a human operator.

3.2. Experimental Set-up

The principles and experimental set-up for the EBSP technique are very well
known (Dingley, 1981, 1984), and shall not be described here. However, it should
be noted that the quality of the EBSPs depends strongly on the position in which
the phospor imaging screen is placed in the SEM (Alam, Blackman and Pashley,
1954, Hjelen, 1990). This is illustrated in Figure 1. Here EBSPs taken with the
phosphor screen mounted in the rear port (a standard commercial version of the
EBSP set-up) and in the side port are shown. The difference in quality of the two
patterns relates to the lower position of the screen relative to the sample when
the side port is used (Figure lb). Here the intensity of back-scattered electrons is
higher, and the signal to noise ratio of the EBSP is therefore better. All following
EBSP to be shown in this paper is taken with the phospor screen mounted in the
side port.

3.3. Automatic Indexing of EBSPs

Several semi-automatic analysis procedures for the determination of crystal-
lographic orientations from EBSPs are available (Dingley, Longden, Weinbren
and Alderman, 1987, Schmidt, Bilde-S0rensen and Juul Jensen, 1991). Recently,
work has been concentrated on developing image processing procedures by which
the computer identifies elements (bands or poles) in EBSPs (Juul Jensen and
Schmidt, 1990, Wright and Adams, 1991, Wright and Adams, 1992, Krieger
Lassen, Juul Jensen and Conradsen, 1992). By combination of the two types of
procedures, the analysis and image processing procedures, the indexing of EBSPs
can be made fully automatic.
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Figure 1 Typical EBSPs from aluminium a) Phosphor screen mounted in SEM rear port, b)
Phosphor screen mounted in SEM side port.

Two such procedures are reviewed in the following:

1. Image processing: Computer identification of lines corresponding to bands
in the EBSP (Krieger Lassen, Juul Jensen and Conradsen, 1992).
2. Analysis: Calculation of the crystallographic orientation based on the input
of lines corresponding to bands in the EBSP (Schmidt, Bilde-S0rensen and Juul
Jensen, 1991).

The two procedures have been shown to be very powerful in finding EBSP lines
and indexing EBSPs, respectively. They are, however, not yet operating together.
Indexing is thus not yet fully automatic, but it is discussed how this goal may be
achieved.
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Figure 2 Reduced EBSP (corrected for background and reduced to 100 x 100 pixels) corresponding
to Figure lh.

Image processing The aim of this routine is to find lines corresponding to EBSP
bands. First the original EBSP (see Figure lb) is corrected for background and
reduced to a 100 x 100 pixel picture by summation over 4 x 4 pixel squares in the
original picture (only the central 400 x 400 parts of the original EBSP is
considered). This reduction in the number of pixels significantly reduces the
computer time needed later in the programme, and no important information is
lost. The reduced picture corresponding to Figure lb is shown in Figure 2.

The position of the bands in the reduced image is found using a Hough
transform. The standard Hough transform (Hough, 1962) is designed to find lines
in binary images. Each point, (x, y), in the picture different from zero is
transformed to a sinusoidal curve

R = x cos 6 + y sin 6 (2)

where 6 is the range 0-180° (see Figure 3). If the points (JC, y) lie on a straight
line all the sinusoidal curves will intersect in a common point (R, 0) in the Hough
space. The parameters R, 9 describe the line (see Figure 3).

This simple procedure has to be somewhat modified to be optimal for finding
lines in an EBSP picture (Figure 2). The EBSP picture is not binary, and too
much information is lost in attempts to making it binary using various edge
detection and thresholding techniques. Instead the EBSP picture is used as it is.
Each pixel is transformed to the sinusoidal curve according to equation 2 with an
intensity equal to the intensity of that pixel. This means, that an EBSP band will
develop into a series of intense sinusoided curves which will intersect in a broad
peak in the Hough space. The width of the peak depends on the width of the
EBSP band. Figure 4 shows the result of this modified Hough transform.

Due to the nature of the Hough transform (Eq. 2) the peaks corresponding to
lines of any width will be butterfly shaped (Van Veen and Groen, 1981, Leaves
and Boyce, 1987). By using a butterfly filter the most intense points in the Hough
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180

Figure 3 Principles of the Hough transform, a) straight line in the (x, >•) image space, b) Hough
curves of the (x, y) points in a) shown in the (R, 0) Hough space.

space (Figure 4) are enhanced and identified. The parameters of the lines
corresponding to center lines of EBSP bands are calculated from these Hough
points using the fact that EBSP bands cross in common poles (Krieger Lassen et
ai, 1992). The result of this identification is shown in Figure 5. Here the
computer identified lines are shown superimposed on the original EBSP. It can be
seen that 15 lines have been identified. This very high number of correctly
identified lines is typical. For a series of 25 EBSPs from commercially pure
aluminium, from 12 to 16, lines were identified in the different patterns. On
average 14 lines were found.

Compared to other image processing procedures used for EBSP analysis (Juul
Jensen and Schmidt, 1990, Wright and Adams, 1991, Wright and Adams, 1992),
the present procedure seems rather effective. It requires no a priori information
about the sample or microscope conditions, it is relatively simple to implement
and it finds a significantly larger number of EBSP bands. For further information
about the routine, see Krieger Lassen et al. (1992).

Figure 4 Peaks in the Hough space resulting from a modified Hough transform of Figure Ib.
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Figure 5 Lines identified by the image processing procedure (shown as dark lines) superimposed on
the original EBSP (as in Figure lb).

Analysis. The aim of this routine is to determine the crystallographic orientation
from the input of lines corresponding to bands in the EBSP. Each EBSP band
corresponds to crystal lattice plane (hkl), and the determination of the crystal-
lographic orientation of the EBSP is, in the present programme, entirely based on
a comparison of interplanar angles.

Before any EBSPs from a given sample material can be analysed, a reference
table containing the interplanar angles characteristic for that sample material has
to be created. Each table is based on input information about the number of
atoms per unit cell (n), the atom positions (xjt yr zt) and the atomic form factor
(fj). The structure factor is calculated for all low index (hkl) reflections.

S(hkl) = 2 f,{hkl) exp (-i 2n(hx, - kyt- + lz,)) (3)

The diffracted intensity of an (hkl) EBSP band, is to a first approximation,
proportional to S(hkl) x S*(hkl) (Schmidt and Olesen, 1989).

Since only the strongest reflecting bands (bands with high values of S(hkl) x
S*(hkl)) are seen in an EBSP (typically less than 100), the interplanar angles
between these are calculated (Young and Lytton, 1972) and stored in the
reference table. For a given material it is only necessary to calculate the reference
table once.

For each experimental EBSP, two or more lines are identified (at present by an
operator). These are transformed to a set of three dimensional planes, and the
corresponding interplanar angles are calculated. By comparison with the angles in
the reference table the most likely solution is calculated and the corresponding
simulated EBSP is superimposed on the experimental EBSP. The operator can
accept or reject the solution. If rejected other possible solutions are tested. When
three bands, not intersecting in a common pole are used as input, the correct
solution is obtained at the first attempt in 80% of the cases.

For further information about the procedure, see Schmidt et al. (1991).
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For automated indexing, the next step is to use those lines identified by the
Hough image processing procedure in the analysis procedure. Two approaches
for doing this are considered:

One approach is to use three of the identified lines as input in the analysis
calculation. Among the possible solutions, the correct one is selected by
comparing the lines in the simulated EBSP to those found by the computer in the
experimental EBSP. If all "experimental lines" correspond to one (and only one)
of the simulated patterns, the solution is accepted. Another approach is directly
to use all of the computer identified lines as input in the analysis calculation. In
the latter case, the set of equations to calculate the orientation is largely
overdetermined. A statistical estimation, taking into account the quality of the
computer identified lines, is used to find a possible solution; only if this solution is
unambigiously determined is the solution accepted.

4. CONCLUDING REMARKS

Microtexture techniques are powerful tools for studies of nucleation, growth of
nuclei and the recrystallized structure. However, the time necessary to determine
statistically reliable results is often a major problem. At present, work is
underway to develop image processing procedures which automatically index
EBSP patterns without the need for an operator to identify bands, poles etc. It is
believed that during 1992 these routines will become as reliable as any of the
semiautomatic procedures. Combined with computer controlled sample or beam
movement, such routines will allow automatic orientation determinations. This
will significantly improve the potential of the technique.
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Abstract—Average growth rates and misorientations between recrystallization nuclei (or grains) and
neighbouring deformed matrix material have been studied for partially recrystallized samples by the electron
back scattering pattern (EBSP) technique in heavily cold rolled aluminium and copper. It was studied how
the annealing time and the crystallographic orientation of nuclei/grains affects the growth rates and
distribution of misorientations. The two materials, aluminium and copper, develop a weak and a strong
recrystallization cube texture respectively. Information about effects of cube texture strength was therefore
also obtained. It was found that grains of cube orientation grow faster than grains of other orientations.
A wide distribution of misorientation relationships was observed to exist between the growing grains and
the neighbouring deformed matrix, and this distribution was not significantly affected by the annealing time.
The faster growth of the cube oriented grains may be ascribed to a larger misorientation between cube grains
and deformed matrix than that between other grains and the matrix.

1. INTRODUCTION

Growth of new grains in a deformed matrix during
recrystallization is an integral part of thermomechani-
cal processing. It is one of the basic processes that
controls the microstructure and crystallographic
texture, and may therefore significantly affect the
mechanical properties of the material. It has long
been discussed whether grains of certain crystallo-
graphic orientations grow preferentially. In the
classic Beck experiments, where artificially nucleated
new grains grow in deformed single crystal matrices,
very clear evidence for oriented growth was observed
[1-9].

More recently, several recrystallization experiments
using deformed polycrystals have also shown oriented
growth [10-12]. However, in other experiments, little
or no oriented growth was observed [13-15]. In most
of these polycrystal experiments, the conclusions
about oriented growth were based either on
simultaneous measurements of crystallographic orien-
tations and size of recrystallized grains (i.e. are grains
of a specific orientation larger than the other grains?)
or on a comparison between nucleation and
recrystallization textures. In the present work, average
growth rates for grains of various orientations were
measured directly, which eases the interpretation. For
this, the Cahn-Hagel approach [16, 17] was used. It is
a statistical approach, in which average growth rates
of free, unimpinged boundaries can be determined
throughout the entire recrystallization process for any
nucleation distribution and nucleation rate. Optical

microscopy was typically used for such measurements.
However, by using modern electron back scattering
pattern techniques, it is possible also to measure the
grain orientation. Therefore such average growth rates
can be determined for individual grain orientations
[18].

Two heavily cold deformed polycrystalline ma-
terials, aluminium of commercial purity and pure
copper, were chosen for the investigation because they,
to a certain extent, resemble each other; in other
aspects they are very different. The cold deformation
microstructures and textures are of the same type [19]
and both materials also develop cube texture upon
recrystallization. However, the driving force for
recrystallization is much larger and the cube texture is
more than twice as strong in the copper than in the
aluminium material.

A recrystallization nuclei/grain in a heavily
deformed polycrystal during its growth meets very
many different crystallographic orientations at various
times and positions along its periphery. This means
that the misorientation relationship between a grain
and the deformed matrix is not characterized by a
single set of misorientation parameters. In the present
work, a statistical description of the misorientation
distribution, representative for the entire sample, is
obtained by measuring the misorientation between a
nuclei/grain and the neighbouring deformed matrix
at one point of the grain periphery for many
nuclei/grains. Furthermore, the effects of annealing
time, and crystallographic orientation of the nuclei/
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Table 1. Overview of the alumimum samples together with the number of boundaries inspected and the average misonentation angles. The
percentage of low, medium and high misorientations angles, and the percentages of rotation axes within zones I, II and III (see insert to Fig. 7)

are also given

Annealing
time(s)

120

300

600

1800

3600

7200

£ all times

Jf
(%)

1.7

5.8

10.3

30.0

72.2

95.3

—

Scanning
direction

RD
N D

RD + ND
RD
ND

RD + ND
RD
ND

RD + ND
RD
N D

RD + ND
RD
ND

RD + ND
RD
ND

RD + ND
RD
ND

RD + ND

No.

55
59

114
57
66

123
64
58

122
36
38
74
42
36
78

3
5
8

257
262
519

Average

31.8
35.0
33.5
31.9
35.4
33.8
30.6
36.6
33.4
26.5
32.9
29.8
34.8
40.0
37.2
25.2
36.7
32.4
31.2
35.9
33.3

Misorientation angle

0-20

22
17
19
30
20
24
31
21
25
38
26
32
17
11
14
33
20
22
28
19
23

%
20-35°

33
36
34
26
24
25
24
22
24
22
29
26
36
17
27
33
20
25
28
26
27

>35°

45
47
47
44
56
50
45
57
51
38
45
42
48
72
59
33
60
50
44
55
50

Misorientation axis

I

26

19

19

26

29

—
30
20
25

%
II

39

48

37

41

39

—
39
42
41

III

35

33

43

34

32

—
31
38
34

grains on such misorientation distributions are studied
with the aim of correlating the data to the observed
average growth rates.

2. EXPERIMENTAL

2.1. Materials

The aluminium material was of commercial purity
(AA 1050) containing 0.32% Fe and 0.15% Si. It was
prepared by DC casting, homogenization at 600°C,
slow cooling, break down rolling and annealing. This
starting material contained 0.5 vol.%, 1.7 /imeutectic
particles. The average grain size was 100 /mi. The
starting texture was predominantly random with a
small contribution from the cube orientation,
{100}<001>, having a peak intensity of 2.4 x random
[20]. For the recrystallization experiments the
starting material was cold rolled to 90% reduction in
thickness. The annealing of the specimens was done
isothermally at 280°C in a molten tin bath. Six
different annealing times in the range 2 min-2 h (see
Table 1) were chosen to produce a series of partly
recrystallized samples.

The copper material was 99.96% pure, the main
impurities being Pb, As, Ni, Ag, Co and Fe. The
initially cold drawn bars were sealed in glass tubes
under 5 N argon gas and annealed at 450°C for lj h.
The average grain size was 35 /mi. The samples were
deformed by cold rolling to 92% reduction in
thickness. The annealing was done isothermally at
121 °C in a DSC-7 calorimeter made by Perkin Elmer.
In total, 12 different samples annealed for various
times in the range from 12.5 min to 2{ h were prepared
[21]. For the present investigations, ten of these
samples were selected (see Table 2).

The bulk textures of both the Al and Cu samples
were measured by neutron diffraction [22] and ODFs
were calculated using the series expansion method [23].

2.2. EBSP measurements

For the EBSP investigations, the samples were
mechanically polished down to 1 /mi diamond paste,
and finally electropolished in STRUERS A2 electro-
lyte for 30 s at a current of 2 A. The aluminium
samples were inspected in the longitudinal plane
section (the rolling direction, RD, and the normal

Table 2. Data as in Table 1 but here for copper

Annealing
time(s)

750
1050
1200
2190
2670
3150
3300
4800
5100
7800

£ all times

X
(%)

2.0
9.3

34.3
65.7
57.4
76.0
70.8
88.4
90.4
94.6

—

No.

110
94
75
48
26
35
39
41
43
40

551

Average

33.3
35.8
36.1
40.4
42.4
39.2
36.4
38.9
32.7
37.1

36.4

Misorientation angle

0-20°

27
16
17
15
8

17
18
12
28
18

19

%
20-35°

22
23
23
4

19
14
26
20
16
18

19

>35°

51
61
60
81
73
69
56
68
56
65

62

%
I

22
27
30
10
12
34
21
24
14
20

22

Misorientation axis

II
38
35
31
31
35
29
38
24
47
33

35

III

40
38
39
59
54
37
41
51
38
48

43
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ilitii
Fig. 1. Sketch of a partly recrystallized microstructure, grey
areas indicate deformed matrix. Positions of EBSP
orientation measurements are shown by " x ". The double
arrows mark sets of orientations from which misorientations

are calculated.

direction, ND, section), whereas it was the rolling
plane section RD and transverse direction, TD, which
was studied in the copper samples.

The samples were mounted in an eucentric stage and
inspected in a JEOL 840 SEM equipped with a
phosphor screen and a CCD very-low-light camera
mounted in the side port. The EBSP patterns were
indexed using an automatic image processing
procedure [24].

Each specimen was examined while it was manually
traversed under the electron beam using a calibrated
stage. Regions of deformed material were identified as
regions with diffuse EBSPs with meandering crystallo-
graphic poles; whereas recrystallized regions (> 1 /im)
have sharp patterns with stationary poles. Line scans
were made along RD and ND in the aluminium
samples and along RD and TD in the copper samples.
Every time the pattern changed from a deformed to a
recrystallized region or vice versa, or from one
recrystallized orientation to another, the crystallo-
graphic orientation was determined. In Fig. 1, a sketch
is given of where the orientations were measured,
relative to the recrystallized grains.

The recrystallization appeared to happen fairly
homogeneously throughout the samples of the
aluminium material, whereas it was very hetero-
geneous in the copper material. For example, in a
sample recrystallized 50%, one could find large areas
which were close to 100 or 0% respectively [21].
Therefore long EBSP scans up to 20 mm, and many
samples, were required for the copper investigation.
The number of orientations measured in each of the
partly annealed Al and Cu samples were in the range
200-350 and 250-750, respectively. In total 5697
orientations were determined for scans covering
9.16 cm in Cu and 4.96 cm in Al.

2.2.1. Determination of growth rates. A statistical
method, originally suggested by Cahn and Hagel [16],
was used to determine the average recrystallization
growth rates. From the series of partly recrystallized

samples, the spatially-averaged free interface velocity
(or growth rate <G)) was determined from

where X is the volume fraction of recrystallized
material at annealing time t and S, is the
free/unimpinged surface area of the recrystallized
nuclei/grains. As shown by Underwood [25], 5, can be
determined statistically from line scans through the
microstructure as 5, = 2AY, where N\_ is the number of
intersections between recrystallized and deformed
material. If also the crystallographic orientation of the
recrystallized grains are determined, the method may
be extended to also give average growth rates of grains
with a given crystallographic orientation [18]. This is
described in the Appendix.

From EBSP line scans through the microstructure
of the partly recrystallized samples, as described in the
section above, X, NL and therefore <G) is directly
determined provided a proper function for AX;) is
applied (see Appendix). The method is universal in the
sense that there are no preassumptions about the
nucleation or growth procedures; it applies also if the
nuclei are clustered, if the nucleation continues during
the recrystallization and/or if the growth is non
spherical. And, as impingement between recrystallized
grains is included, the method applies throughout the
entire recrystallization process.

2.2.2. Determination of misorientation distributions.
From sets of orientations like those marked by double
arrows in Fig. 1, the misorientation between a
recrystallized grain and the neighbouring deformed
matrix is calculated. In other words, the misorienta-
tion is measured between a recrystallized nuclei/grain
and one point of the neighbouring deformed matrix.
This is done and for many nuclei/grains in two
different scanning directions, a statistical description
of the misorientation distribution is thus obtained.
Alternatively, misorientation distributions can be
obtained by measuring the orientation of the deformed
matrix at many points around the single nuclei/grains.
This clearly gives more detailed information about the
misorientation situation for the single grains.
However, due to the extended labour and measuring
time required for this latter type of investigation, the
number of nuclei/grains studied will be limited with the
risk of only covering special nuclei/grains or sample
areas. The present work aims at describing the
misorientation generally for all grains or for alt grains
of a given crystallographic orientation, and does not
focus on single selected grains. Therefore, the
statistical approach with long line scans along the
major sample axis were chosen. Furthermore, the data
are used for comparison with average growth rates
determined in the same statistical manner (see above)
and not for evaluating the movement of single
boundaries.

The misorientation results are expressed as
angle-axis pairs; the minimum rotation angle among

AM 4.VII N
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the 24 equivalent solutions is selected. The recrystal-
lized grains are classified according to their
orientation; in aluminium as cube (within 15° from
{100}<001», rolling (within 15° from B: {110}<112>,
S: {123}<634> or C: {112}<111» or random (any
other orientation); and in copper as cube, cube-twin,
rolling or random. This choice of orientation classes is
based on the recrystallization texture developed in the
two materials.

3. RESULTS

3.1. Texture and microstructure development

After cold rolling to 90% reduction, the two
materials have typical copper type rolling textures [26].
The texture is somewhat stronger in the aluminium. In
copper, some cube texture is still present (volume
fraction of about 5%). Otherwise the two deformation
textures are very similar. The cold deformed
microstructures of both materials are typical defor-
mation structures, which are subdivided by dislocation
boundaries such as dense dislocation walls, mi-
crobands, lamellar bands and ordinary cell boundaries
[27]. These boundaries are generally associated with
large misorientations [12, 28,29], hence large vari-
ations in crystallographic orientations exist in the
deformed microstructure on a scale which is small
compared to the recrystallized grain size. This is
illustrated in Fig. 2, where the misorientation between
neighbouring 1 /jm areas is plotted vs position for
100 ftm linear scans along RD and ND through the
deformed aluminium microstructure. Note that the
initial grain size before deformation was 100 ^m; after
deformation the grains will therefore on average be
1000 fim along RD and 10 j»m along ND. This means
that the many high angle misorientations (> 15°) in
Fig. 2(a) cannot be associated with original grain
boundaries. In Fig. 3 the measured misorientations in
the deformed matrix are plotted in histogram form. It
can be seen that the deformed matrix contains a large
fraction (>25%) of intergranular high angle
dislocation boundaries, the distances between these
are <5 nm and even within a very limited distance
(< 5 /jm) inside an original grain, one may find several
of the typical rolling components (e.g. Goss, B and S)
[29].

After annealing to complete recrystallization at
280 and 121°C for aluminium and copper respectively,
recrystallization textures as shown in Fig. 4 have
developed. The aluminium texture contains a weak
cube component plus retained rolling components
whereas the copper texture is a strong cube plus
cube twin texture. The volume fraction of "cube
grains"—within 15° of the ideal cube orientation—is
approx. 10 and 50 vol.% in the aluminium and
copper respectively. The average recrystallized
grain size is 12.1 and 7.5 fim in the Al and Cu,
respectively.

The EBSP measurements on the partly recrystal-
lized samples yield information about the develop-

40 60
ND (urn)

Fig. 2. Misorientation angle between neighbouring 1 fira
areas is the aluminium deformed microstructure. The sign is
determined from the corresponding rotation axis: if it is a
right hand side triangle the sign is +, and —if it is in the left

hand side, (a) Scan along RD; (b) scan along ND.

ment in grain size during recrystallization. In Fig. 5 the
size of the grains with the different orientations is
plotted as a function of annealing time in aluminium.
It is seen that the cube grains grow to become the
largest in the fully recrystallized state. This is similar
to what has previously been found in another
aluminium material annealed at a lower temperature
[30]. Also, in the copper material, the cube grains grow
to become larger than the random grains. In the fully
recrystallized state the size of the cube grains is 1.6
times that of the random grains.

6 0 •

40

20

0

RD " ND "

IrT-HiTTTT-i
20 40 60 0 20 40 60

A6 (deg)

Fig. 3. Histograms showing the distributions of misorienta-
tions in the aluminium deformed microstructure in Fig. 2.
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Fig. 4. Texture of the fully recrystallized specimens: (a)
aluminium; (b) copper.

3.2. Growth rates

The average growth rates, G, of the grains of the
different orientations were determined using the
Cahn-Hagel approach [16,17] (see the Appendix),
and the G vs t curves are shown in Fig. 6. The
experimental points are fitted to the equation [31]

G = k t -

which gives a good fit to the data.
For both materials the cube grains grow faster than

grains of other orientations. In the aluminium, the

average growth rates of cube and other grains decrease
with annealing time at almost identical rates (a « 0.5
independently of grain type), and the cube grains
always grow ~ 1.5 times faster than the random grains,
and ~ 1.7 times faster than the rolling grains. In the
copper, the growth rate of cube/twin grains decreases
faster than that of the random grains during annealing;
early in recrystallization (t = 1000 s, XK\Q%)
Gcube/iwia/Grandom = 2.5, whereas later (t = 5000 s,

3.3. Orientation relationships

The misorientation angles are plotted as histograms
and the rotation axes are plotted into unit
stereographic triangles. Typical examples are shown in
Fig. 7. The results show that as expected, a very wide
variety of misorientation relationships exists between
growing grains and the neighbouring deformed matrix
for both aluminium and copper. Typically, the
rotation axes cover the stereographic triangle fairly
randomly and the rotation angles are in the whole
range from 0° to 65°.

In Table 1 and Table 2 the average misorientation
angles are listed together with the percentages of low
(0°-20°), medium (20°-35°) and high (> 35°) angles for
the two materials, respectively. The average misorien-
tation angles are in the range 3O°-37° in aluminium
and 33°-42° in copper.

The misorientation axes were classified into three
zones: I, II, HI (see the insert to Fig. 7). The results are
listed in Table 1 and Table 2, and show that the
majority of axes are in zones II and III.

In the recrystallized state, the grains in aluminium
were found to be equiaxed in the rolling plane section,
whereas in the longitudinal plane section they were
slightly elongated along RD with an aspect ratio
(RD/ND) of 1.4. In Table 1 the results are therefore
separated into two groups—scans along RD and ND
respectively. The results show that the average
misorientation angle is larger for ND than for RD
scans. On average it is 35.9° along ND and 31.2° along
RD. The misorientation axes cover the entire
stereographic triangle for both types of scans.

In the copper material, the recrystallized grains were
also found to be equiaxed in the rolling plane section.
The misorientation results from EBSP scans along RD
and TD were identical. In Table 2, therefore all results
are summed without distinction of scanning direction.

3.3.1. Effect of annealing time. The annealing time
does not seem to significantly affect the distribution of
misorientation angles or rotation axes (some of the
distributions are shown in Fig. 7). Both early and late
in the recrystallization process, the distribution of
misorientation angles is very wide, and there is no
trend of any major changes in the distributions with
time. This is illustrated for aluminium in Fig. 8. Here,
the percentage of boundaries with low (<20°) and
high (>35°) rotation angles are plotted vs annealing
time (see also Table 1). It can be seen that the
percentage of the two types of boundaries does not
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change with annealing time. A similar result is
observed for copper (see Table 2). A consequence of
this is that also the average misorientation angle is
independent of annealing time. A total average of
33.3° and 36.4° is observed for aluminium and copper
respectively.

Also the distribution of rotation axis within the
stereographic triangle is apparently independent of
annealing time (see Fig. 7 and Table 1 and Table 2).

3.3.2. Effect of recrystallizedgrain orientation. For
aluminium, the recrystallization nuclei/grains were
classified according to their crystallographic orien-
tation into three groups: cube, rolling (B + S + Q a n d
random. "Random" is simply every orientation more
than 15° outside cube and rolling. The same
orientation groups plus cube twin were selected for the
copper material. Since there are no significant effects
of annealing time, the results to be shown in the
following are summed over time, i.e. the results
contain all the data measured for aluminium and
copper respectively.

The misorientations to the deformed matrix for the
grains of the different orientations are shown as
histograms in Fig. 9. It can be seen that for both copper
and aluminium, cube grains have larger and rolling
grains smaller misorientations than the random
grains. The average misorientations are listed in
Table 3. Also, the distribution of misorientation axis
is affected by the grain orientation. In Fig. 10, the
percentages of boundaries within the three zones of the
stereographic triangle (see insert to Fig. 7) are plotted.
The percentages of high angle boundaries (>35°)
relative to the total number of boundaries are also
plotted in Fig. 10. The results show that cube and cube
twin grains have the majority of the rotation axes in
zone III, whereas the random grain axes are

preferentially in zone II and the rolling grains have
axes in all three zones. Furthermore, for the cube (and
cube twin) grains, most of the misorientation axes in
zone III also are of a large misorientation angle,
whereas, for example for the rolling grains, many of
the misorientation angles are low for the zone III axis.

4. DISCUSSION

The development of the recrystallization micro-
structure and texture depends on the nucieation and
growth processes. In the present investigation the
emphasis was on the growth aspects of recrystalliza-
tion.

4.1. Preferential growth

The results clearly show that preferential growth is
observed in the present experiment. In both
aluminium and copper, the cube grains on average
grow significantly faster than grains of other
orientations. Further, as can be seen in Fig. 5, initially
during the recrystallization process, the cube grains
are of similar average size as the other grains. The
faster growth rate of the cube grains is therefore not
related to an initial size advantage of cube nuclei, but
must be considered as a true selective growth effect.
Also "microgrowth selection" [32,33] can be
excluded, as the growth advantage of the cube grains
is observed during the entire recrystallization process.

The present observation that the cube grains grow
faster is in agreement with earlier results for Al single
crystals [34-39], as well as polycrystalline Cu
[10, 11, 40] and Al [18, 30,41-46]. However, in other
polycrystalline Al investigations no preferential
growth was observed [13-15,47-49], In the studies
where preferential growth was excluded, but a cube

18
16
14
12

• cube
o random
v rolling

10z

i

103

(sec)
10"

Fig. 5. The average size (linear intercept values) of grains with different orientations as a function of
annealing time (aluminium).
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10"z
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^ ^

. .1

• cube
v random
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v*^ random

roiling^1

•

102

a
103

sec
104

10°

10-1

| i ( T 2

a

10-3 -

10-4

T I - I I 1 M l | I I . I 1 T T T | 1 ' ' I "

v random
a cube + cube twin

. cube + cube twin

: random

10*
b

103 104

TIME (sec)
105

Fig. 6. The average growth rate of grains with different
orientations as a function of annealing time, (a) Alu-
minium—for the rolling component, the experimental points
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texture still develops upon recrystallization [13-15,
48,49], it is remarkable that most of the materials are
hot deformed. This would mean that the deformed
microstructure in which the cube (and other) grains
nucleate and grow may be different from those in the
cold rolled materials. Weiland and Hirsch [50] and
Vatne et al. [48] found that in hot deformed
aluminium, bands of cube orientation (cube bands)
are present even after large deformation, and that
cube nuclei are formed in these cube bands [51, 52].
The cube bands are typically 1-5 ^m wide, and can be
quite close to each other (e.g. 10 urn apart) [53]. It is
at present not clear how the presence of cube bands
in the deformed microstructure and cube nucleation
in cube bands affect the growth possibilities of these

cube grains. However, it seems clear that when a cube
nuclei is formed in a cube band it will be partly
surrounded by cube oriented deformed materials and
during its growth it will meet other cube bands. This
may reduce the overall average cube growth rate
because of the low mobility of such low angle
boundaries.

In the present Al material, no cube bands were
observed in the deformed microstructure, and cube
nuclei were found to predominantly have B
{110}<112) and random oriented neighbouring
material early in the recrystallization process (< 10%
recrystallized).

4.2. Boundary mobility orientation dependence

Barrett [54] first made the suggestion that the grain
boundary mobility depends on the orientation
relationship between the growing grain and the
surrounding matrix material. In the classical Beck
experiment [2] this was studied, following the growth
of artificially created nuclei of all orientations in a
well characterized, deformed single crystal matrix. It
was generally found that the fastest growing grains
have a misorientation very close to 40° around a
<111) axis to the deformed matrix [1-6, 55], In the
present investigation the misorientations between
recrystallized nuclei/grains and the surrounding
deformed matrix were determined for a series of
partly recrystallized polycrystalline Al and Cu
samples. The results show that the distribution of
misorientation angles and axes are very broad and
that very few boundaries (<0.5%) have the 40°
< 111) misorientation. Practically all possible rotation
angles and axes were observed. This is the situation
for both cube and grains oriented differently, and yet
the cube grains are observed to grow faster than the
other grains.

The difference in the two types of misorientation
distributions, the sharp 40" <111) and the present
broad ones, relate to the distribution of orientations in
the deformed matrices. In the Beck experiments the
deformed matrices are single crystals, and even in the
case where the single crystal is heavily deformed, the
texture of the deformed crystal is very narrow [2, 55],
A growing. grain will therefore meet a fairly
homogeneous orientation distribution. In heavily
deformed polycrystals, however, the deformed matrix
is very turbulent, containing many different orien-
tations even in a limited area (see Fig. 2 and Fig. 3).
When a nuclei is formed in such a matrix it is therefore
already surrounded by deformed matrix of different
orientation at various places along its periphery.
During the growth, the nuclei will meet matrix
materials which are very differently oriented at
different parts of its boundary and at different
annealing times. This is illustrated in Fig. 11, where
imaginary nuclei are shown superimposed on a sketch
of the deformed microstructure of 90% cold rolled
aluminium. The deformation microstructure is
subdivided by dislocation boundaries such as
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microbands, lamellar bands and subgrain boundaries
(see Fig. 11) which typically, at these high strains, are
associated with large misorientations as well as
ordinary cell boundaries. The intergranular high angle
dislocation boundaries are typically less than 5 /«n
apart (see Fig. 2 and Fig. 3). Due to the large local
orientation variations in the deformed matrix, the
misorientation distribution between the nuclei/grains
and the surrounding matrix must therefore, in heavily
cold deformed polycrystals, be broad and not sharp,
for example 40° <111), rotation. This is the situation
for all nuclei/grains, also the faster growing cube ones.
The assumption that 40° < 111) rotations can explain
preferential growth does therefore not apply to heavily
deformed polycrystals. (Here it is chosen to use the
term "preferential growth" for the faster growth of the
cube grains, as the more usual "oriented growth" often
is associated with a 40° <111) misorientation
relationship.)

Other reasons for the observed preferential growth
of the cube grains in the present materials must
therefore be sought. When the misorientation
distributions of the cube, rolling and random grains
are compared (Fig. 9), it is clear that there is a
difference in the fraction of low angle (<15°)
boundaries. The cube grains have few ( < 10%) and the
rolling grains have many (>30%) of these types of
boundaries. This could, at least in part, be the
explanation for the preferential cube growth, as it is
generally observed that the mobility of low angle
boundaries is low. In deformed Al single crystals it
was, for example, observed that the growth rate of
boundaries with misorientation below 15°-20° (twist)
or 10° (general boundaries) were close to zero (this was
also the case for near first order twin boundaries),
whereas other boundaries had a growth rate of
1-5 cm/s [56], If it is assumed that the low angle
boundaries on average move 10 times as slowly as
other boundaries, this would in the present case result
in an average growth advantage of cube relative to
rolling grains of ~ 1.3.

4.3. Time dependence

It is observed that the growth rate of grains of any
orientation decreases with annealing time throughout
the entire recrystallization process in both aluminium
and copper (see Fig. 6). This agrees with earlier
observations [31]. It could be expected that this
decrease may relate to changes in misorientation
between the recrystallized nuclei/grains and the
surrounding deformed matrix. The results, however,
show that there are no significant effects of time on the
misorientation distributions. It has also been
suggested that the stored energy in the deformed
material can be inhomogeneously distributed [57].
This would mean that the areas of highest stored
energy recrystallize first and the recrystallization
kinetics will change with annealing time [57]. However,
as it should be expected that different levels of stored
energy relate to grains of different initial orientations,
the misorientation between the recrystallized grains
and the deformed matrix should also change during
the recrystallization. This seems not to be the case. In
another investigation, the present EBSP copper data
were compared to results of stored energy measure-
ments [21]. Also in that investigation it was concluded
that the stored energy could not be very inhomoge-
neously distributed. Extensive TEM studies of
deformed aluminium also revealed that the defor-
mation microstructure—cell size, average misorienta-
tion etc.—(and therefore the stored energy) is not very
different from area to area.

Yet other explanations for the decreasing growth
rates have to be sought. One of these could be recovery
taking place simultaneously with recrystallization
[58-60]. Investigations of the effects of heating rate on
the growth rates are presently being carried out in an
attempt to clarify this.

4.4. Recrystallized microstructure and texture

Both materials studied have cube texture in the
recrystallized state. In the aluminium the cube texture
is medium strong, whereas in the copper it is very
strong. In the aluminium the strength of the cube
texture relates to the preferential growth of the cube
nuclei/grains. Whereas in the copper, which has about
the same preferential growth behaviour as the
aluminium, the stronger cube/twin texture is due to
many more cube/twin nuclei than in the aluminium
and than would be expected from random nucleation.
The strong cube texture in the copper material is
therefore a consequence of both preferential nucle-
ation and growth.

The recrystallized grain size distributions in the two
materials are fairly broad. The maximum grain size is
respectively 3.7 and 3.9 times the average size in
aluminium and copper. Preferential growth can clearly
cause large size variations of the recrystallized grains
[61]. Furthermore, if the material has a constant
nucleation rate (in contrast to site saturation) or if the
nucleation sites are inhomogeneously distributed in
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the microstructure, the grain size distribution will
further widen.

In order to simulate a recrystallization behaviour, as
observed in the present materials, where different
texture components behave differently, it is clearly
necessary to develop models that treat the individual
components separately. Models of this type are
starting to appear [61-63].

5. CONCLUSIONS

Growth rates and the orientation relationships
between nuclei/grains and the surrounding deformed

Table 3. Average misorientation angles in degrees for grains/nuclei of
various orientations

Aluminium Copper

Random
Rolling
Cube
Cube twin

35.1
29.8
41.7

34.2
27.6
36.1
38.6

matrix have been studied for partially recrystallized
heavily deformed aluminium and copper by the
electron back scattering pattern technique. With this
technique, it is possible to scan large sample areas and
obtain results which are statistically significant for the
entire sample. It was found that:

• In both aluminium and copper, the average
growth rate of the cube grains is higher than that of the
other grains. In aluminium it is ~ 1.5 times higher than
that of the random grains throughout the entire
recrystallization process. In copper, the growth
advantage of the cube grains is found to decrease
during the anneal, but the cube growth rate is always
higher than that of the random grains. These faster
growth rates relate well with the fact that the cube
nuclei/grains have a lower volume fraction of low
angle boundaries to the neighbouring deformed
matrix than the other grains have.

• Misorientation distributions between recrystal-
lized grains and the neighbouring deformed matrix are
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very broad, with no sharp preferred orientation
relationships. This is due to the fact that the
deformation microstructure of heavily cold deformed
polycrystals is very turbulent with many inter-
granular high angle dislocation boundaries (typically
less than 5 ^m apart). The annealing time does not
seem to affect the misorientation distributions
significantly.

• The preferential growth of cube oriented grains
can explain the strength of the recrystallization cube
texture in aluminium. In copper, the strong cube

recrystallization texture relates to a combination of the
development of many cube nuclei and preferential
growth of these.
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Fig. 11. Sketch illustrating the deformed microstructure in 90% cold rolled aluminium. Areas with
microbands and lamellar bands are marked MB and LB respectively. Imaginary nuclei are shown in grey

superimposed on the deformation microstructure.
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APPENDIX

Calculation of average growth rates of free
unimpinged boundaries

A methodology to determine average interface velocities in
solids undergoing diffusional phase transformation was
suggested by Cahn and Hagel [16], and the procedure is very
well suited for the determination of average growth rates
during recrystallization [17,18,31,64-66]. The spatially-
averaged free interface velocity or growth rate <G) is given
by

d7 (Al)

where dX is the increase in volume fraction of recrystallized
material during a short annealing interval dr, and S, is the
interfacial area per unit volume separating recrystallized and
deformed material, i.e. the migrating interfacial area.
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For a series of partly recrystallized samples, X, Sv can
be determined from line scans through the microstructure
[25]

& = 2M. (A2)

where NL is the number of intersections (between deformed
and recrystallized material) per unit length of a random test
line. X is directly determined as the linear fraction of
recrystallized material along the random test line.

This methodology to determine <G), can be extended
to also determine <G)C for grains of specific crystallo-
graphic orientations c, which requires measurements of
the orientation of the individual recrystallized nuclei/grains
[18]

5S = 2NI- (A4)

The only concern in applying the equations above, once the
properties X and S, are measured as functions of annealing
time, is in finding the time derivative of X. It requires a
definition of a function X=f{t) which describes the
experimental data well. This problem was discussed by

Vandermeer and Juul Jensen [66], and for the present
materials, it was found that the Avrami equation

X= 1 - e x p ( - (A5)

could not be used. Instead a power law and an exponential
function were used having the forms

log I

A + B(loS i)+C(log tf+DQog tf (A6)

logl

A + B exp [ - C(log / - DY\ (A7)

where A, B, C, D and E are fitting constants. It was found
that both equations fit the experimental data well within the
investigated time interval, but the exponential function (A7)
seemed to give the most reasonable results just outside the
investigated time interval. Therefore this function was
generally applied. However, for the copper data, the power
law function (A6) was also used, and reassuringly, the
results for <G)C using the two methods were very similar
(see Fig. 6).
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ABSTRACT

Direct and indirect methods to study effects of crystallographic orientation on growth
during recrystallization are described and their potentials are discussed. Recent results
obtained by these methods are summarized. Growth in heavily cold deformed
polycrystalline materials are discussed with reference to new data on grain subdivision by
dislocation boundaries during deformation. It is shown that in these materials, simple
oriented growth relationships cannot describe faster growth of grains with specific
orientations. Other possibilities are discussed. Effects of cube bands, present after hot
deformation, are also analysed. Finally, a new simulation approach, which allows
orientation dependent growth rates to be included, is outlined.

1. INTRODUCTION

Whether the crystallographic orientations of the nuclei have effects on their growth during
recrystallization or not, has been the topic of discussions for decades. This was clearly
reflected in a panel discussion at the ICOTOM8 texture conference (Doherty, Gottstein,
Hirsch, Hutchinson, Lucke, Nes and Wilbrandt 1988). Here it was agreed that
"recrystallization textures (RT) develop by growth selection from a limited spectrum of
nuclei orientations" but that further investigations should be carried out to "help establish
more clearly the relative importance of the oriented nucleation (ON) and oriented growth
(OG) contributions to recrystallization textures (RT)". Since then, many such experiments
have been carried out using modern advanced experimental techniques, and it is an aim of
this paper to summarise and discuss the results. Both single crystals and polycrystalline
materials have been studied. In another keynote paper at this conference, the behaviour of
single crystals is reviewed (Driver, 1995). The present paper is therefore limited to
polycrystalline materials.

Most of the recent polycrystal investigations, are for recrystallization after high strain (E > 2)
deformation. Furthermore the majority of the investigations has been for aluminium. This
paper therefore concentrates on heavily cold and hot deformed, medium to high stacking
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fault energy (SFE), materials; and with the aim of achieving a further understanding of the
growth processes, the results are related to the characteristic microstructures and
microtextures developed in these metals after deformation to high strains. Only growth
during primary recrystallization is considered.

2. EXPERIMENTAL METHODS AND RESULTS

In recent years, new techniques and methods have been introduced which have significantly
advanced the understanding of growth during recrystallization. In particular, local texture
techniques have shown to be important. Examples are: microdiffraction and Kikuchi line
techniques in TEM, channelling patterns and electron back scattering patterns (EBSP) in
SEM and crystallographic etching techniques. Based on such techniques, various methods to
study effects of orientation on growth during recrystallization have been developed. Some
of these methods are of indirect nature in the sense that for example the texture changes or
development in grain size of differently oriented grains are determined and therefrom
information about the growth is deduced. Other methods follow more directly the growth of
the grains either focusing on the motion of single grain boundaries or using statistical
methods to determine the growth rates for categories grains with different orientations. In
the following both these two types of methods are reviewed and typical results herefrom are
given.

2.1 Indirect methods. An experimentally easy method, is to measure the crystallographic
bulk texture by X-rays or neutrons before and after recrystallization. A "transformation
texture" may be calculated from the deformation texture assuming specific preferential
growth relationships, like nuclei with a 40° <111> misorientation to the deformed matrix
(texture) grow faster than other nuclei. A comparison between the calculated transformation
texture and the experimental recrystallization texture then shows if the assumed growth
relationship(s) can simulate the experiment correctly. Recent results obtained using this
technique are summarized in Table 1, and an example showing how good agreement can be
obtained is given in Fig. 1.

Problematic with this method is that the orientation of the nuclei are based on assumptions,
not experimental measurements. Typically, it is assumed that the nuclei have either random
orientations (e.g. Hirsch 1986, Engler and Liicke 1992, Bunge and Kdhler 1992) or have
selected orientations corresponding to the deformed grains/orientations of the highest
Taylor M-factor (Kestens and Jonas 1995). This may of course have significant effects on the
results. In some studies (eg. Bottcher, Hastenrath, Liicke and Hjelen 1991, Habiby and
Humphreys 1994), this is overcome by measuring the "nucleation texture" (orientations of a
large number of nuclei) using local texture techniques like the Kossel or the EBSP technique.
Then the measured nucleation texture is simply compared to the recrystallization texture, to
determine if there is an orientation effect on growth. Results of this technique are listed in
Table 1.

Another widely applied indirect method relies on measurements of size-orientation
relationships for a series of partially recrystallized samples, thereby seeing if grains of
specific orientations are larger than others. This may be done using channelling patterns or
EBSP in the SEM, Kossel X-ray diffraction or crystallographic etching techniques. Recently,
EBSP has been the most widely applied technique for this type of investigations. Typically
line-scans are made through the structure by either moving the sample or the beam. When a
recrystallized nuclei/grain is found, its orientation and chord length are recorded. If the
nucleation/growth is anisotropic with respect to the sample axis, either random line



Table 1. Experimental data collected from literature on the effects of crystallographic orientation on growth during recrystallization.

Cold
Deformed

Hot + Cold
Deformed

Hot
Deformed

Effects of
orientation
observed*

Yes
Yes
Yes
Yes
Yes

Yes 2)
Yes

Yes 2)
Yesl)

No
Yes
Yes

Yes 3)
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No

Yes 3)
Yes

Material

AlPure
Al-1050
Al-1050

CuOFHC
Al

Al1050
A11050
A11050

AlMnMg
AlMnMg

Cu super pure
Cu pure

Cu
Al
Al

AlCu
ARMCO iron

IF steel
Si steel
AISi

AlPure
AIMn
A11050
A11050

AlMnMg
AlMnMg

AIMn

e

2.3
2.3
2.3
2.5
~

3.0
2.3
3.0
3.5
3.5
3.0
3.0
-2.3
>2.0

—
1.4-4.6

-
2.0
0.9
2.0
2.3
2.0

Ext. 90%
Ext. 90%

-
-

2.3

Rex. Temp.
xT.

0.15
0.43
0.38
0.11

—
0.61
0.38
0.61
0.45
0.68
0.13
0.16

0.09-0.28
-
—

0.33-0.68
-
-

0.47
0.37
0.68
0.42

0.55 - 0.67
0.71
0.5
0.5
0.75

Method

Extended Cahn-Hagel
Extended Cahn-Hagel
Extended Cahn-Hagel
Extended Cahn-Hagel

Synchrotron
Size
Size
Size
Size
Size

Size misorientation
Size misorientation
Size misorientation

Texture
Texture
Texture
Texture
Texture

Texture (incl. nuc.)
Texture (incl. nuc.)

Size
Texture (nucl.)

Size
Size
Size
Size

Texture

Reference

Juul Jensen 1992b
Juul Jensen 1995
Juul Jensen 1992a
Juul Jensen 1995
Gastaldi and Jourdan 1984
Nes and Solberg 1986
Juul Jensen etal. 1985
Hjelenetal.1991
Daaland et al. 1993
Daaland et al. 1993
Sztwiertnia and Haessner 1991
Sztwiertnia and Haessner 1990
Duggan etal. 1993
Engler and Liicke 1992
Hirschl986
Engler etal. 1995
Bunge and Kohler 1992
Kestens and Jonas 1995
Bottcher etal. 1991
Habiby and Humphreys 1994
Hjelenetal.1991
Weiland etal. 1995
Samajdar et al. 1994
Doherty etal. 1993
Daaland etal. 1993
Vatne etal. 1994
Rickert et al. 1991

en

o
o

§
§

cro

1
5-

* The "Yes, No" etc. in this column are the authors conclusions.

1) Ascribed to precipitation effects 2) Ascribed to location of nuclei (cluster effects) 3) Ascribed to micro growth selection
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Fig. 1. Recrystallization texture in 96% deformed Al Fe Si annealed at 300°C for 10* sec.
a) Experimental result, b) simulated result assuming the deformation texture is statistically
transformed by all possible 40° <111> rotations (Hirsch 1986).

directions or preselected principal directions have to be chosen, for the line scans. Deformed
material is separated from recrystallized grains based on the characteristics of the EBSPs
(Krieger Lassen, Juul Jensen and Conradsen 1994). When scanning through deformed
microstructure, the EBSPs will change rapidly due to misorientations between neighbouring
volumes and the EBSPs may be blurred. But when scanning through a recrystallized
nuclei/grain, the EBSP is invariant and sharp. This distinction between deformed and
recrystallized material, is easiest if the deformed matrix consists of small cells/subgrains
with relatively large misorientations across the dislocation boundaries (i.e. the EBSPs are
very blurred) and/or if the recrystallized grains are large.

Recent results using this technique are summarized in Table 1 and two examples are shown
in Fig. 2. It is seen that in the one case (Fig. 2a), the cube grains grow to become significantly
larger (-1.6 times) than the other grains, whereas in the second case (Fig. 2b) only a small
difference between the cube and other grain sizes is observed.

Common to both these indirect methods (also the texture method including nucleation) is
that information about nucleation (sites and rates) is not included. This may affect the
interpretation if the results are used for analysis of growth rates. If, for examples, nuclei of a
given orientation develop in clusters, their growth will be stopped early in the process due
to impingement and they will appear small in the grain size distribution or as a weaker
texture component no matter what their growth rate is. This is illustrated in Fig. 3. The
figure shows, that even if the fast growing grains (here cubes) grow 2.5 times as fast as the
other grains, the two types of grains will have identical average recrystallized grain sizes if
the fast growing grains nucleate on clustered lines and the other grains at random sites.
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ANNEALING TIME 1102sec]
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Fig. 2. The average sizes of grains with different orientations determined by the EBSP
technique for a series of partially annealed samples, a) Al (99.4%) cold rolled 90% and
annealed at 253°C (Juul Jensen 1992a). b) AI Mn Mg hot rolled and annealed at 330°C
(Daaland, Dronen, Vatne, Naess and Nes 1993).

2.2 Direct methods. The most direct method to study orientation effects on growth rates is
to monitor the movement of a selected boundary in-situ. HVEM, TEM and SEM techniques
have been used for this. However, these techniques only reveal surface motions and here the
focus is on bulk processes. Alternatively, the average growth rate <G> may be determined
statistically from a series of partially recrystallized samples. Following the Cahn-Hagel
approach (1962)

— =< G > A
dt

(1)

where X is the volume fraction of transformed material after annealing for time t and A is
the surface area of the migrating boundaries.

If also the crystallographic orientations of the individual growing grains are determined, as
it is possible by the EBSP technique, the average growth rates of grains of various
orientations <G> can be determined (Juul Jensen 1992a)

dt
-=<G,>A ; (2)

It can be shown (Underwood 1968) that A or A. can be determined statistically from line
scans through the microstructure in random direction relative to the sample axes

A = 2NL or A, = 2NLi (3)
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where NL is the number of intersections per unit length of the test line between recrystallized
grains and surrounding deformed matrix (in determination of A., the NL's are categorized
according to the orientations, i, of the recrystallized grains).

(D
N

3 -

2 -

5T
•- 1

0

Type of nuclei in clusters:

k(cube)/k(other)

Fig. 3. Simulation of ratios between the average recrystallized grain size of cube and of other
grains as a function of the relative growth advantage of the cube grains for various
nucleation assumptions. The growth rates were assumed to follow the equation <G> = k f",
and different k values were used in the simulation. The nucleation was assumed to appear
clustered along random lines in the structure - 5 to 10 nuclei on each line. Top curve - all
"other" nuclei were assumed to develop in clusters whereas cube nuclei form alone at
random sites. Middle curve - all nuclei of both types develop in clusters. Bottom curve - only
cube nuclei in clusters and all other nuclei form as single nuclei at random sites.

As it typically is fairly straight forward to separate recrystallized nuclei/grains from still-
deformed matrix (for example using the EBSP technique based on the characteristics of the

(see eq. (1)patterns, see section 2.1), X(0 and A(i) are readily determined. To calculate
dt

and (2)), a function which describes X(1)(t) well, has to be selected. Very often the Avrani
equation is used. However in general this equation does not describe X(1)(t) too well over the
entire annealing time interval (e.g. Doherty, Rollett and Scrolovitz 1986). An exponential
function of the form

login 1

l-X(t)
= A-Bexp(-C(logt-D)B) (4)
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where A, B, C, D and E are fitting constants, seems to be much more applicable. For a
detailed discussion of this see Vandermeer and Juul Jensen (1994a).

Results obtained by this extended Cahn-Hagel method is summarized in Table 1 and shown
in Fig. 4. So far, this type of investigations has been limited to heavily cold rolled Al and Cu.
The data show that in these metals there is an orientation effect on growth.

This method to determine statistical growth rates is much more time consuming to use than
the indirect methods described above; it typically takes several days of work to collect the
necessary EBSP data, but it seems, at present, to be the best method available to study
orientation effects on growth during recrystallization. As it is only the movement of the free-
unimpinged boundaries which are included in the calculation, impingement does not cause
problems. Furthermore, there are no assumptions about nucleation (spatial distributions or
rates), and the growth may be anisotropic. The only requirement is that the test lines are
selected randomly in the sample (3D).

To study movements of single boundaries, a new possibility is to use hard x-rays from
synchrotron beam lines. The penetration depth depends on the synchrotron source and on
the atomic number Z of the material, but is in the centimetre range for most standard
metals. Furthermore the flux is very high. By proper collimation and focusing, the
orientation within very small sample volumes (in the (im3 range) in the bulk of a larger
sample can be determined. This may allow in-situ studies of the growth of one or a few
nuclei/grains of known orientation(s) in a small, selected, well characterized volume of the
deformed matrix within the bulk of a larger sample. This technique and preliminary results
are presented elsewhere in these Proceedings (Poulsen and Juul Jensen 1995).

3. GROWTH IN POLYCRYSTALS COLD DEFORMED
TO HIGH STRAINS

The growth of nuclei/grains during recrystallization depends strongly on the deformation
microstructure in which they are growing. Recently, significant progress has been achieved
in the characterization of the deformation microstructures, and a framework for the
microstructural development as a function of strain, common to fee, medium to high SFE
metals has been suggested (Bay, Hansen, Hughes and Kuhlmann-Wildsdorf 1992).
Furthermore, local misorientations and orientation distributions within the deformed grains
have been quantified (eg. Hansen and Hughes 1995, Hughes and Hansen 1995, Liu and
Hansen 1995). In another keynote paper (Hughes 1995), the evolution of deformation
microstructures and local orientations are reviewed, but main results very relevant for
growth during recrystallization of heavily cold deformed polycrystals will be shortly
summarised below.

It has been shown that the original grains at high strain are subdivided by dislocation
boundaries such as lamellar boundaries, microbands, subgrain boundaries (and maybe
shear bands) as well as ordinary cell boundaries. Typically the cell boundaries are of low
misorientation, whereas the other types of boundaries are associated with large
misorientations. As an example, misorientations measured across each dislocation boundary
for a scan along ND in 90% cold rolled commercially pure Al is shown in Fig. 5. All together
20 or 22% of the 91 boundaries crossed are associated with a misorientation larger than 15°.
Some of these - approximately 5 - are original grain boundaries, but the remaining ones
have developed during the deformation.
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Fig. 4. Average growth rates determined
by the extended Cahn-Hagel method as a
function of annealing time, a) Pure Al
(99.996%), cr 90% annealed in air at 110°C
(Juul Jensen 1992b). b) Al (99.4%), cr 90%
annealed in vacuum at 253°C (Juul Jensen
1992a). c) Al (AA 1050) industrially cast
and homogenized, cr 90% annealed in a
bath at 280°C (Juul Jensen 1995). d) as c)
but annealed in air at 245°C. e) OFHC Cu,
cr 92% annealed in air at 121°C (Jiml
Jensen 1995).
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Fig. 5. Misorientation angles across
dislocation boundaries in the
deformed microstructure inspected
in the longitudinal section in the
aluminium of Fig. 4c and d (Hansen
and Hughes 1995).

0* 12* 36° 48* 60'

The high angle boundaries make sharp transitions between deformed material of very
different orientations and they appear very close to each other. For example, in 90% cold
rolled commercially pure Al, it has been found that the average distance between high angle
boundaries (>15°) is 2.3 urn and 4.4 urn when measured along ND and RD respectively. A
typical scan along ND is shown in Fig. 6.

-50

Fig. 6. Misorientation angles
between neighbouring lum areas
determined by an EBSP scan along
ND in the cold deformed
microstructure of the aluminium
of Fig. 4c and d. The sign is
determined from the
corresponding rotation axis: if it is
a right hand side triangle the sign
is + and - if it is in the left hand
side (Juul Jensen 1995).

40 60
ND(nni)

It is clear that the growth of nuclei in such a heterogeneous matrix is very complex. Already
when a nucleus is formed it is surrounded by matrix of different orientations at various
places along its periphery. And during the growth, the nucleus will meet deformed material
having very different orientations at various parts of its boundaries and at various stages
during the annealing. Consequently, a wide spectrum of misorientation axes and angles
between nuclei/grains and their surrounding deformed matrix must be expected. This has
also been found experimentally (Sztwiertria and Haessner 1990, Juul Jensen 1995). An
example is shown in Fig. 7. Here the misorientation between nuclei/grains and the
surrounding matrix in a partly annealed 90% cold rolled commercially pure Al sample is
shown. It can be seen that almost all possible axis/angle pairs are present. Also if the
nuclei/grains are classified according to their orientations (eg. cube, rolling or random) no
sharp peaks are observed in the misorientation distributions (see Fig. 8.).
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Fig. 7. Misorientations between growing
nuclei/grains and the deformed matrix
of the Al shown in Fig. 4c and d
annealed for 180 sec. The misorientation
angles are shown as histograms and the
axes are shown in unit stereographic
triangles. Different signatures are used
for axes with different misorientation
angles: • boundaries with high
misorientation 9 > 35°, x medium
misorientation 20° < 9 < 35° and o low
misorientations 9 < 20° (Juul Jensen
1995).

Fig. 8. Misorientation angles between
growing cube nuclei/grains and the
deformed matrix along ND and RD in
the aluminium shown in Fig. 4c and d.
The data include all annealing times
(Juul Jensen 1995).
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Single crystal experiments (e.g. Beck, Sperry and Hu 1950, Kohara, Parthasarathi and Beck
1958, Liebmann, Lucke and Masing 1956) and later bicrystal experiments (Gottstein and
Shwindlerman 1992) have shown exceptionally high mobility of boundaries with specific
misorientation relationships, for example with a near 40° <111> misorientation. This has led
to the standard definition of "oriented growth", namely that nuclei/grains with a special
misorientation relationship to the deformed matrix grow faster than other grains. For
heavily deformed polycrystals this definition can however not (at least not in its standard
form), be used to describe the growth of the nuclei/grains because of the large local
orientation variations in the deformed matrix. (Not even, when a growth advantage of
nuclei/grains of a specific orientation (often cube) is observed (see Fig. 4 and Table 1)).
Oriented growth may of course take place locally when a segment of a nucleus/grain
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boundary meets a (typically small) volume in the deformed matrix with which a preferential
misorientation relationship exists. But to explain the observed growth advantages (eg. Fig.
4) also other possibilities have to be sought.

Such a possibility may relate to the presence of low angle boundaries between nuclei/grains
of the various orientations and the surrounding deformed matrix. When twinning can be
ignored, it is generally believed that nuclei develop with orientations already present in the
deformed state. During their formation and growth they may therefore meet local volumes
of the same, or almost the same orientation resulting in low angle boundary segments. As
the mobility of low angle boundaries is low (e.g. Doherty 1978) such volumes will act as
obstacles to the moving boundary and pin it (until the boundary has finally moved across or
"unzipping" may have taken place). This effect, which in the following will be termed
orientation pinning, is illustrated in Fig. 9. Here an imaginary nucleus of a given orientation
A is shown. In the neighbouring deformed matrix, local volumes which could be cell blocks
or subgrains, of A or near A orientation is shown in grey. In the sketched example, it is clear
that the movement of top and right-hand side of the nucleus boundary will be hindered by
orientation pinning whereas the lower part is more free to move. If nuclei/grains of given
orientations (e.g. of retained rolling orientations) are more likely to meet deformed material
of their own orientation than other types of grains (e.g. cubes) are, it is clear that orientation
pinning will affect the relative growth rate of the two types of nuclei/grains (reducing more
severely that of the retained rolling orientations).

LB

Fig. 9. Sketch illustrating orientation pinning. An imaginary circular nucleus is shown in a
deformation microstructure typical for heavily cold rolled polycrystals. Areas of microbands
and lamellas bands are marked by MB and LB respectively. When the nucleus grows into
areas of nearly its own orientation, as those shown in grey, the boundary motion will be
hindered in that direction by orientation pinning.

To illustrate the importance of orientation pinning, data from annealing of heavily deformed
Al and Cu (Juul Jensen 1995) are summarised below. By a statistical investigation of
misorientations between nuclei/grains of cube, rolling and random orientations and the
surrounding matrix, it was found that the rolling and randomly oriented nuclei/grains in
both Al and Cu were surrounded by about 10-25% low angle (<10%) boundaries to the
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deformed matrix whereas only 3-10% of the cube (and in Cu cube twin) boundaries were of
low angle. The orientation pinning is therefore occurring about 3 times as often for rolling
and random grains than for cube grains. This will clearly affect the relative growth rates,
reducing more severely that of the rolling and random nuclei/grains. If it for simplicity is
assumed that the low angle boundaries are completely immobile, and all other boundaries
have identical mobilities, this would mean that the cube nuclei/grains will grow about 1.3
times as fast the other grains. Experimentally a cube growth advantage of about 1.6 is
observed in Al (see Fig. 4). In this simple calculation, effects of orientation pinning on
neighbouring segments of the boundary is not included. Orientation pinning together with
"local oriented growth" (fast movement of boundary segments having a preferential
orientation-relationship, e.g. 40° <111>) therefore seems to provide a reasonable explanation
for the observed growth advantage.

4. GROWTH IN ALUMINIUM HOT DEFORMED TO HIGH STRAINS

Like for cold deformed polycrystals, in recent years major progress has been achieved in the
characterization of the hot deformation microstructure. The identification of cube bands in
hot deformed aluminium has shown to be very important both scientifically and
industrially. In the following effects of the hot deformation microstructure with cube bands
on growth will be discussed. Elsewhere in these Proceedings, 3 keynote papers are
describing the effects of cube bands on nucleation and on processing of industrial
aluminium (Doherty, Samajdar, Necker, Vatne and Nes 1995, Hirsch and Engler 1995 and
Weiland 1995).

After hot rolling to high strains, the microstructure typically is a laminar structure with
lamellar boundaries (LBs) approximately parallel to the rolling plane. Between the LBs are
almost equiaxed subgrains with a very low interior dislocation density. An optical
micrograph showing a typical microstructure in 86% plane strain compressed aluminium is
shown in Fig. 10. The distance between the LBs is, in this case, in the range 5-15 p i , which

Fig. 10. Optical micrograph of partly annealed hot deformed Al. The starting material is
identical to that of Fig. 4c and d but here it is hot deformed by plane strain compression at T
= 400°, £ = 2.5 s"1 and e = 2.0 at Pechiney. The sample has been annealed in a bath at 400°C
for 300 sec.
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matches the width of the (deformed) original 100 urn grains. The LBs are generally
associated with high misorientations whereas there is little variations in the crystallographic
orientation between the LBs. This can be seen in Fig. 11, where the misorientation between
neighbouring points -1 nm apart - are shown for an EBSP scan along ND.

Fig. 11. Misorientation angles between
neighbouring lum areas determined by
an EBSP scan along ND in the hot
deformed microstructure of the
aluminium shown in fig. 10.

25 50 75
Distance (pm)

100

Of particular interest, is the cube orientation. Hot rolling of aluminium alloys have shown
that the cube orientation is metastable and bands (lamellas) of cube orientations are seen in
the microstructure even after heavy deformations (e.g. Weiland and Hirsch 1991, Vatne,
Daaland and Nes 1994, Samajdar, Doherty, Panchanadeeswaran and Kunze 1994). For
example, in Al lMn lMg hot rolled to a total reduction of 96%, the "cube bands" are 1-5 um
wide at this strain and can be seen quite close together - e.g. 10 um apart (Daaland 1993). It
is furthermore found that the subgrains within the cube bands are larger than other
subgrains and that cube oriented nuclei develop in these cube bands (Samajdar and Doherty
1995, Vatne, Furu and Nes 1995). When a cube nuclei is formed in a cube band it is at least
partly surrounded by low angle boundaries. An example of this has been seen in Al (AA
1050) deformed by plane strain compression at 400°C to e = 2.0. Two samples annealed at
400°C for 180 and 300 seconds, respectively (corresponding to 17% and 35%
recrystallization) were examined by EBSP and the misorientations between 15 arbitrary cube
nuclei and the surrounding deformed matrix along RD and ND were determined. The result
is shown in Fig. 12. It can be seen that approximately half the boundaries are relatively low
angled whereas the others half are of very high misorientations. Also later, during their
growth to the final recrystallized grain size (in this case 80 um), the cube nuclei/grains may
meet other cube bands creating new low angle boundaries.

The growth in direction of the low angle boundary segment will be hindered by orientation
pinning as discussed for the cold deformed materials. This will be the case for cube
nuclei/grains as well as for all other nuclei/grains of orientations similar to those in the
deformation texture. So maybe orientation pinning will affect the growth of all types of
nuclei more or less equally in the hot deformed materials. This is in agreement with
size/orientation investigations, which all have shown that the orientation has no effect on
the size of the recrystallized grains after hot deformation (see Table 1). In this context it
would be of interest to examine growth rates in a series of samples deformed at different
Zener-Holloman parameters, Z, and thereby study possible relationships between the
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stability of cube bands (which are known to decrease at increasing Z) and the ratio between
the growth rate of cube and of other grains.

Fig. 12. Misorientation angles between
15 cube nuclei/grains and the
neighbouring hot deformed matrix
along ND and RD in the aluminium
shown in Fig. 10 and 11. The data
include annealing times of 120 and 300
seconds.
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5. MODELLING RECRYSTALLIZATION INCLUDING
ORIENTATION EFFECTS

A new trend in recrystallization modelling, is to include the orientations of the nuclei/grains
(Tavernier and Szpunar 1991, Juul Jensen 1992b, Vandermeer and Juul Jensen 1994b, Furu,
Vatne, 0rsund and Nes 1995). As an illustration of how this may be done, a combined
analytical and numerical procedure developed at the Naval Research Laboratory in
Washington DC and at Ris0, will be shortly described below.

A schematic diagram showing the procedure is given in Fig. 13. At first a detailed
experimental characterization is carried out. Using a local texture technique, like the EBSP
technique, maybe supplemented by bulk texture measurements, it is fairly straightforward
to determine the volume fraction of recrystallized material, X(t), the free unimpinged surface
area of the recrystallized grains A(t), the texture, grain size distributions and interface area,
R(t), between recrystallized grains for a series of partly recrystallized samples. All these
parameters are categorized according to the orientation, i, of the recrystallized
nuclei/grains.

The next step in the procedure is to analyse the X.(t) and A.(t) data by the microstructural
path method (MPM). A detailed description of the MPM is given in another keynote paper
elsewhere in these Proceedings (Vandermeer 1995). By a qualified trial and error procedure,
nucleation and growth models are developed which fit the X and A, data. The deduced
models are expressed in terms of nucleation rates, growth rates and shapes for the
individual orientation categories. They depend critically upon the impingement "rules" that
are prescribed: do the nuclei form randomly in the structure, in clusters along lines on
planes etc.? The result of this step is a set of nucleation and growth models which might be
termed a "best guess".
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Fig. 13. Flow chart showing the combined MPM and simulation approach of
recrystallization modelling.

Fig. 14. Normalised grain size distribution
(linear intercept values) for grains of all
orientations. The histogram is
experimental EBSP data and the full line is
the simulated result 0uul Jensen and
Vandermeer 1995).

A further validation of the "best guess" nucleation and growth models is obtained by 3D
numerical computer simulations (Juul Jensen 1992b), which is the next step in the procedure
(see Fig. 13). Here, effects of variations in the suggested input parameters from the MPM
analysis, as well as effects of specific nucleation clustering are studied. Concerning the latter
aspect, it is for example determined how large the clusters should be, how they should be
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arranged in space and if nuclei of different orientation categories develop at separate
clusters or mixed together within the individual clusters. The output is a full textural and
microstructural description at any selected annealing time. The simulated results are then
compared to the experimental results, and generally very good agreement can be obtained
(Juul Jensen and Vandermeer 1995). An example of this is shown in Fig. 14. The final result
of the combined MPM and simulation procedure is complete nucleation and growth models
which are able to describe the recrystallization under the given materials and processing
conditions.

6. CONCLUSIONS

Significant advances in the understanding of growth during recrystallization in heavily
deformed polycrystals have been achieved using modern methods to measure growth rates
and to characterize the development of deformation microstructures and microtextures.
Findings very important for growth during recrystallization have been that in cold
deformed polycrystals, the original grains are heavily subdivided by deformation induced
high angle boundaries and in hot deformed aluminium, bands of cube orientation exist after
deformation.

- The Cahn-Hagel method extended to include the crystallographic orientation of the
nuclei/grains is at present the most powerful technique available to study statistically the
growth rate of nuclei/grains with different orientations. In the not too far future, high
energy synchrotron techniques may enable direct in-situ measurements of the movement
of single selected boundaries in the bulk during recrystallization.

- Due to significant grain subdivision by high angle dislocation boundaries during
deformation to high strains, a recrystallization nuclei/grain will be surrounded by many
different orientations and the surroundings will change during the growth. Preferential
growth misorientation relationships (e.g. a 40° <111> rotation) can therefore only exist
locally in space and time.

- When the recrystallization nuclei/grains have orientations similar to components of the
deformation texture, they may, during their formation and growth, meet deformed
material of their own, or almost their own, orientation and then become partly
surrounded by low angle boundaries. Since the mobility of low angle boundaries is low,
this may cause local "orientation pinning" of the moving boundary.

- Depending on the volume fraction and distribution of the texture components in the
deformed matrix, orientation pinning can affect differently the average growth rate of
nuclei/grains with different orientations. Nuclei/grains with orientations alien to the
deformed matrix will not be affected by orientation pinning resulting in a growth
advantage of these grains. Examples of this are seen in cold deformed Al and Cu.
"Orientation acceleration" of growth may occur locally when a preferential growth
misorientation between a nucleus/grain and the matrix exists, and thus affect similarly
the relative growth rates of nuclei/grains of different orientations.

- A future aim is to incorporate the characteristics of the deformation microstructure in the
recrystallization modelling/simulation programmes to be able to simulate directly
consequences of local oriented growth and orientation pinning on the recrystallization
kinetics, texture and microstructure.
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Simulation of Recrystallization Microstructures and Textures:
Effects of Preferential Growth

D. JUUL JENSEN

Three-dimensional (3-D) simulations of recrystallization were carried out using an approach where
grains of different orientations are characterized by different nucleation and growth parameters. The
aim was, by simulation, to study the effects of preferential growth on recrystallization under various
nucleation assumptions. The simulations were based on the assumptions that (1) a material can be
represented by two types of grains, one that grows 1.5 to 2.5 times faster than the other type; (2)
the nucleation takes place either instantaneously when annealing is started or continuously during
the annealing period; and (3) the nucleation sites are distributed either randomly or in clusters (around
points, along lines, or on planes). These assumptions relate to common experimental observations.
It was found that the nucleation and growth assumptions have very significant influences on the
recrystallization characteristics. The preferential growth of one type of grain in particular affects the
width of the recrystallized grain size distribution and the texture development. Furthermore, it was
found that many different nucleation and growth assumptions can result in identical recrystallization
microstructures and textures. The results of the simulations are discussed with reference to typical
experimental findings.

I. INTRODUCTION

DURING recrystallization of deformed materials, nuclei
develop and grow at the expense of the deformed matrix.
The crystallographic orientation of the nuclei may be of
importance for their growth, and there may be relations
between the orientation of the nuclei and the site at which
they develop. This has been shown experimentally using
modern automated local orientation techniques, such as the
electron back scattering pattern technique.'1-2' By this tech-
nique, statistically accurate average growth rates of grains
of various crystallographic orientations can be deter-
mined.131 It is often found that grains of special orientations
grow faster than other grains.1") Such preferential growth
of one type of grain can have a large effect on recrystalli-
zation, on microstructural and textural development, and on
kinetics. The magnitude of this effect, however, depends
critically on the nucleation pattern, which determines the
impingements among the various types of grains. If, for
example, the fast growing nuclei develop in clusters and
the other nuclei do not, the preferential growth effects will
be limited.

By using local orientation techniques, it has been shown
that nuclei of different crystallographic orientations may
form at different types of sites.17" However, to get statis-
tically reliable data on nucleation rate and on the density
and distribution of potential nucleation sites is not straight-
forward. In the present work, simulations are, therefore,
used to calculate the effects of preferential growth under
various nucleation assumptions. A similar approach was
previously used by Frost and Thompson110) for two-dimen-
sional (2D) simulations of effects of nucleation conditions
on the microstructural development. But in this work ori-
entation effects were not considered. In the present work,
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the component method11" is used for the simulations. Con-
ditions, typical for recrystallization of heavily deformed,
medium to high stacking fault energy fee metals are se-
lected. Typically, growth data are chosen, and nucleation
conditions covering extremes of experimental observations
are assumed in the simulations. In total, 59 types of re-
crystallization processes are simulated, and the effects of
preferential growth on the recrystallization kinetics, texture,
and microstructure under the various nucleation conditions
are described and discussed.

II. SIMULATION APPROACH

A. The Component Method

The component method allows three-dimensional (3-D)
simulation of recrystallization. It is possible to perform the
simulation with as many texture components (grain orien-
tations) as desired (and, therefore, the two components as-
sumed in the present work), and it is straightforward to
define nucleation and growth conditions for the different
components. It is a geometrical method very similar to that
introduced by Mahin et a/.1'21 but extended to include the
various components. The component method has already
been described.1111 However, new aspects, for example, con-
cerning continuous nucleation, have been used for the first
time in this work. Therefore, a short resume will be given
to introduce the method.

A cubic matrix (computer sample) is considered, the size
of which is determined by the number of grains in the sim-
ulation (Ay and the nucleation density. First, the A^ grains
are distributed in the matrix. They may be distributed at
wish (for example, one component may be at random sites
and another clustered on two-dimensional (2-D) planes).
For each nuclei, the following information is stored: (1) the
nucleation position (x,y,z), (2) the crystallographic orien-
tation (texture component number), and (3) the nucleation
time. If a nuclei, «;, is associated with a long nucleation
time (i.e., nucleated late) its site may become occupied by
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Table I. Simulation Parameters (The Ones Marked by an
Asterisk Are Variable, Changing from Simulation to

Simulation; the Others Are Fixed at the Given Value for All
the Simulations)

Nucleation
Density
Size
* Number of texture

components
* Number of fractions of

component 2 (type II)
* Sites (spatial distribution)
*Rate

Growth
Shape
Rate

m (type i)
• hill) (type II)

Statistical
Number of grains (Ng)
Number of inspection planes
Number of inspection lines in

each plane

2.4 • lO"4 ju.nr3

4 £tm
(1)2

10, 30 pet

random or clusters
instantaneous or continuous

spherical
G = k-t"

- 0 . 5
0.) IMll&°+"

0.15 to 0.25 Aim/s"**"

5000
3

10

a neighboring grain (nucleated early). In that case, the nu-
clei, n,, will never become active.

Then, the nuclei are allowed to grow. The growth rates
may depend on sample direction (x,y,z), grain orientation
(texture component number) and annealing time (/). It is as-
sumed that growth stops when two grains impinge (in that
direction) but continues unaffected in all other directions.

For all grid points in the computer sample, it is registered
which of the Ng grains arrived there first and at what time.
At any annealing time, it is therefore straightforward to
calculate (1) the volume fraction of recrystallized material,
(2) the textural composition, (3) the average grain size, and
(4) the grain size distributions for the individual texture
components and for all grains. As these results are available
at any annealing time, the recrystallization kinetics are also
fully described. The grain size data are obtained by the
linear intercept method in selected planes in the computer
sample. Thereby, data directly comparable to typical ex-
perimental microstructural measurements are obtained.

In the present work, the effects of the selected nucleation
and growth parameters on only the simulated recrystalli-
zation grain size, grain size distribution, texture, and re-
crystallization kinetics have been described. In the
simulated data, however, much more information is avail-
able, such as number of grain edges and grain corners and
the unimpinged surface area of the grains in the partly re-
crystallized stages.

B. Simulation Conditions

The parameters for the simulations are given in Table I.
The chosen values relate to common experimental obser-
vations explained later.

1. Nucleation parameters

a. Nucleation density and nuclei size
These parameters are chosen as typical values for heavily

rolled A1.[4I3I4) These parameters determine the size scale

and initial condition for recrystallization, but they are, rel-
atively unimportant for the simulated results (which, when
possible, are given as normalized results).

b. Number of components
In heavily deformed, medium to high stacking fault en-

ergy (SFE) fee metals, it is often observed that grains of
cube orientation behave significantly different from the
other grains—they may nucleate at special sites1891 and
grow faster than the other grains.1"1 Therefore, two texture
components (types of nuclei/grains) are selected. However,
for purposes of comparison, simulations using only one
"average" component were carried out.

c. Nucleation rate
It is either assumed that nucleation is instantaneous (site

saturation at zero time), or that nucleation continues to take
place during the recrystallization process. In the latter case,
two rates, a fast rate (1 nucleation/s) and a slow rate (1
nucleation/2s), are assumed. In the continuous nucleation
case, some of the potential nuclei will never nucleate. That
is, a neighboring grain that has nucleated earlier has already
grown to occupy the potential nuclei's position. This means
that the nucleation density in the sample will be lower than
in the instantaneous nucleation case. Depending somewhat
on actual growth rates (/t(II)/A(I)) and number of nuclei of
the two orientations, about 80 and 70 pet of the potential
nuclei will become active in the fast and slow nucleation
rate situation, respectively.

d. Nucleation distribution
Various assumptions about the spatial distribution of the

nuclei are used:

(1) All nuclei form at random positions over the entire
sample volume.

(2) By particle simulated nucleation, nuclei are often de-
veloping in the deformation zone around a large sec-
ond-phase particle.171 This is simulated by assuming that
the nuclei are formed in clusters around selected ran-
dom points in the microstructure. From one to eight
nuclei are assumed to form at each point (particle).

(3) Triple line junctions, where three original grains meet,
are known to be potential nucleation sites.1151 This is
simulated by letting nuclei develop in clusters along a
line in the microstructure. These lines have random di-
rections relative to the sample axes. One to ten nuclei
are assumed to form at each nucleation line, and the
distance between two neighboring nuclei was selected
randomly in the range 0 /un to rf!2, where rf is the
final average radius of the grains {rf — 10 /xm). One
of the nucleation lines (with eight nuclei) is shown in
Figure l(a).

(4) Original grain boundaries or deformation-induced in-
tragranular high angle boundaries stimulate nuclea-
tion.t8'6"1 After high strain deformation by rolling,
these boundaries (as seen in 2-D sections) are planes
which are mostly aligned along the rolling plane. To
simulate this type of nucleation, the nuclei are formed
in clusters on 2-D planes in the microstructure. The
planes are selected to be parallel to the rolling plane.
One to one hundred nuclei are assumed to form on each
plane. They are formed at random arcs on rings around
a random point. The distance between the rings is 2
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Table II. Effects of Using Five Different Nucleation Seeds (Results Are Given for Two Different Recrystallization Process
Assumptions)

Assumption

Random nucleation,
10 pet type II nuclei,
t(II)/t(I) = 2.5

Type I nuclei on
clustered lines; type II
random nucleation,
30 pet type II nuclei,

mm = 2.5

Seed
Number

1
2
3
4
5
1
2
3
4
5

Average Grain
Size (yum)

12.3
12.5
12.4
12.3
12.6
14.1
14.0
13.5
13.2
14.3

Average Size (11)/
Average Size (I)

1.63
1.65
1.60
1.57
1.59
3.00
2.99
2.96
3.04
2.95

Vol Pet (II)

51.2
53.7
53.5
50.8
50.6
92.7
91.7
89.5
91.6
93.7

ha (»)

695
698
672
676
718
460
459
462
468
450

areas are still deformed matrix. The simulation is for 30
pet type-II nuclei growing 2.5 times as fast as type I. The
sample is 66 pet recrystallized. Already, at this stage, the
dominance of the fast-growing type-II grains is clear. The
spherical growth assumption is apparent in the shape of the
grains. In the following discussion, only the fully recrys-
tallized microstructures will be described. Some of the sim-
ulated microstructures with different nucleation and growth
conditions are shown in Figure 3. From the figure, it can
be seen that the variation in nucleation and growth para-
meters and the introduction of two types, instead of one
type, of grains have very significant effects. When only one
type of grain is included in the simulation (Figure 3(a)), a
homogeneous microstructure with straight boundaries ap-
pears, whereas in the two component cases (Figures 3(b)
through (j)), a more inhomogeneous grain size distribution
evolves, and the boundaries between the two components
become curved due to the difference in growth rate.

Figures 3(b) through (d) show the changes in micros-
tructure and texture composition as the growth rate of type-
II grains (A(II)) increases relative to that of type-I grains
(A(I)). When ^II)/*(I) is 1.5 (Figure 3(b)), the microstruc-
ture is still fairly homogeneous and dominated by type-I
(red) grains. As the growth rate ratio increases, type-II
(green) grains become larger and more dominating.

The effects of continuous instead of instantaneous nucle-
ation are illustrated by Figures 3(e) and (f). Less type-I (red)
grains are seen when the nucleation rate is fast (Figure 3(f)).

Examples of clustered nucleation are shown in Figures
3(g) through (j). Figure 3(g) shows the recrystallized mi-
crostructure when all nuclei are clustered around random
points, and Figure 3(h) is a partly clustered case where
type-I nuclei develop in clusters, but type-II (green) grains
have nucleated as single unclustered nuclei at random sites.
In the partly clustered case (Figure 3(h)), type-II (green)
grains dominate more but have a smaller average and a
more homogeneous size distribution than in the fully clus-
tered case (Figure 3(g)).

In Figures 3(i) and (j) microstructures for nucleation
along lines and on planes are shown. The microstructures
appear stripy due to early impingement in one or two di-
rections, respectively.

B. Average Grain Sizes

The average recrystallized grain size is plotted vs the
growth advantage of type-II grains (4(II)/*(i)) for the var-

ious nucleation conditions in Figure 4. The four top dia-
grams are for instantaneous nucleation, whereas the bottom
two diagrams are for continuous nucleation. Each column
represents different types of nucleation sites: random, clus-
tered around points, clustered on lines, and clustered on
planes. The figure shows that, for all nucleation conditions,
an increase in &(II)/&(I) leads to an increase in the average
recrystallized grain size. Typically, this increase is about 20
pet. That there is not a simple direct correlation between
the growth rate ratio and the size advantage in the sense
that a growth rate ratio of for example 2.5 yield size ad-
vantages of only 1.5, related to the increased probability for
impingement of the fast growing grains. If type-II nuclei
are not clustered, but the other are clustered around points
or lines, the increase in average grain size with increasing
growth rate is larger. When the nucleation takes place con-
tinuously at random sites, the increase in average grain size
is up to 37 pet. In most cases, the number of type-II nuclei
(10 or 30 pet) does not have much effect.

The comparison with the average grain size data for nu-
cleation on the aligned planes (the right column) is more
complicated because the result (linear intercept value) now
depends on the direction of the line. The results presented
in Figure 4 are average values for scans along normal di-
rection (ND) and rolling direction (RD), i.e., perpendicular
and parallel and to the direction of the nucleation planes.
The grains grow relatively freely along the ND but expe-
rience early impingement along the RD and transverse di-
rection. Because the line scans are only along the ND and
RD, the results will overestimate the true 3-D grain size.
However, as this would be a typical experimental measur-
ing procedure, also experimentally one would get an over-
estimated grain size under these nucleation conditions. The
data in Figure 4 show that, unlike the other clustered cases,
a smaller average grain size is developed when the type-II
nuclei are non-clustered. This relates to the fact that, in
these partly unclustered conditions, the microstructure is
completely dominated by the type-II grams that are spher-
ical and not needle or stick shaped (and, therefore, not over-
estimated but measured correctly).

The ratios between average grain size of type-II and
type-I grains are shown in Figure 5. An increase in type-II
growth rate always leads to an increase in this size ratio.
Typically, a growth rate advantage of 2.S results in size
advantages in the range of 1.5 to 1.8 (if both types of nuclei
have similar nucleation conditions). That there is not a one-
to-one relationship in the sense that a growth advantage of
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Fig. 1—Illustration of the spatial distribution of nuclei (a) along a line
and (6) on a plane parallel to the rolling plane.

fim: one nuclei on the first ring, two on the next, etc.
An example is shown in Figure l(b)

In the clustered cases (2 through 4), it is assumed that
the nuclei in the individual clusters form very close to
each other (probably closer than in reality), and within each
cluster, only one type of nuclei develops. Consequently,
grains in the simulated microstructures are very small in
one or two dimensions, and there are clusters of orienta-
tions. This is not often observed experimentally. Larger dis-
tances and mixed-type nucleation would lead to more
typical microstructure. However, for the present purpose, it
is considered better to somewhat exaggerate to be able to
see the full effects of these types of clustered nucleation.

One further option is investigated for the clustered nu-
cleation cases (2 through 4). Experimentally, it is observed
that sometimes one type of nuclei develops in clusters,
whereas others do not. For example, in heavily cold-rolled
particles containing Al, randomly oriented (type I) nuclei
develop in clusters near the large particles, whereas cube
(type II) nuclei originate from other, less clustered sites in
the microstructure. In the simulations, two options are
therefore selected: (1) all nuclei develop in a number of
clusters; and (2) only type-I nuclei are clustered, whereas
type-II nuclei are free and nucleated randomly in the
microstructure.

2. Growth parameters

a. Grain shape
Optical microscopy reveals that the grain shape in recrys-

tallized, heavily cold-rolled metals like Cu and Al often is
fairly equiaxed (also seen in the longitudinal sample section).151

Therefore, spherical growth is chosen for the simulations.

b. Growth rate
Experimentally, it is generally observed that the average

growth rate, (G), of free (unimpinged) boundaries decreases
with annealing time, during recrystallization as15181

where k and a are constants.
In the few experimental investigations where (G) has been

determined for different texture components, it is typically
found that the slope at which the growth rate decreases as a
function of t is similar for the different components.'319' For
the present simulation, a = -0.5 was selected.

The k values were also chosen to be representative for
experimental observations of recrystallization of heavily
cold-rolled Al and Cu.i"-5' For type I, k = 0.1 «™/s<«+1>, and
for type II (e.g., the cube component), k = 0.15 to 0.25
/xm/s("+" were chosen.

3. Statistical parameters
The statistical parameters were chosen to get reasonable

computing times (<5 hours on a VAX* 4600) and con-

* VAX is a trademark of Digital Equipment Corporation, Maynard, MA.

verging results. For the various simulations, the random
number in the program was always initiated in the same way.
Thereby, the simulations could always be repeated with iden-
tical results. A different initiation of the random number gen-
erator changes the nucleation seeds, and because of the
limited number of grains in the simulation, slightly different
results may thus be obtained. The results for five different
nucleation seeds and two different types of recrystallization
process assumptions are listed in Table II. For the present
purpose, the variations in results caused by the different nu-
cleation seeds are considered to be of minor importance.

ffl. RESULTS

A. Microstructural Appearance

The simulations give information about the microstruc-
tural appearance at any stage during the recrystallization.
An example is shown in Figure 2. The red grains are type
I and the green ones are the fast-growing type II. The white
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x times does not result in a size advantage of x times is due
to the increased impingement probability for the fast-grow-
ing grains. If, however, only type-I nuclei are clustered and
type II are free, the size advantage of type-II grains can
become very significant: up to 3 times for the present nu-
cleation and growth assumptions (Figure 5).

C. Grain Size Distributions

The size distributions are significantly affected by the
growth and nucleation parameters. If instantaneous nucle-
ation at random sites of only one type of grain is assumed,
a narrow grain size distribution evolves (gray part of the
histograms, Figure 6). For example, no grains have grown
larger than 3 times the average grain size. Already, by in-
troducing 10 pet type-II grains growing 2.5 times faster
than type-I grains, the distribution widens significantly
(Figure 6(a)). Now, 2.4 pet of the grains are larger than 3
times the average size, and the maximum size is 4 times
the average. This result corresponds to the microstructure
shown in Figure 3(d). Continuous, instead of instantaneous,
nucleation leads to several large recrystallized grains and a
large fraction of relatively small grains in the grain size
distribution (compare Figures 6(a) and (b)). When the nu-
clei develop in clusters (partly or fully clustered), even
wider distributions develop (Figures 6(c) and (d)). The

maximum size in these cases is in the range of 4 to 9 times
the average size.

D. Texture

Already, from the simulated microstructures (Figure 3),
it is clear that the texture varies between extremes (from
10 to —95 pet type-II texture). The results are summarized
in Figure 7. The development is as expected in the sense
that the faster type-II grains grow, the more these grains
dominate the recrystallization texture. And if the type-II
grains are free when nucleated, whereas type-I grains are
not, strong type-II textures develop. It is, however, re-
markable that only 10 pet type-II nuclei can give recrys-
tallized textures in which these grains account for up to
95 vol pet.

The various assumptions about clustering of the nuclei
(if all nuclei are clustered) do not have significant effects
on the resulting texture, and also the nucleation rate does
not affect the texture. This latter relates to the fact that both
components (types I and II) are assumed to have identical
nucleation rates in the simulations.

E. Kinetics

The Avrami equation1201 is generally used to describe ex-
perimental recrystallization kinetics data:
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Fig 2 -Simulated partly recrystallizcd microstructurc Green grains are
type II and red ones are type 1 The input assumptions are 30 pet type II
nuclei, continuous nucicalion {1 nucleation,112 s)at random nucleation sites
in the deformed micrestructure, and *(!!)'*( I) = 2.5. The spherical growth
is very apparent.

(0
Fig. 3—Simulated fully recrystallized microstructures. Green grains are type II and red ones are type
I. The input assumptions are as follows.
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distributions that are too narrow compared to experimental
findings. It is shown experimentally that for the heavily
deformed materials referred to earlier, the maximum grain
size is typically 5 to 7 times the average, and 5 to 10 pet
of the grains are larger than 3 times the average.13-2425' One
component simulation assuming instantaneous nucleation
(site saturation) at random sites results in grain size dis-
tributions in which no grains are larger than 3 times the
average size. By introducing preferential growth in a two-
component simulation, broader grain distribution with
maximum grain sizes in the range of 4 to 9 times the

average is developed, thus covering the experimental
range.

B. Ambiguities

A recrystallized material is often characterized by its tex-
ture and grain size. A notable result of the simulations is
how many nucleation and growth conditions actually lead
to identical textures and grain sizes. An example is given
in Table III. Here, all the nucleation and growth conditions
are listed which give a 45 vol pet type-II texture and a
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X = 1 - exp \ -

where k, tm, and /3 are constants characteristic of the process.
However, it is often found that this equation does not give
an adequate fit of the experimental data particularly at short
and Jong annealing times.'21'22! This is also the case for the
present simulated data. Two examples are shown in Figure
8. In the case of instantaneous nucleation at random sites, a
deviation at short annealing times is observed. This is due
to the fact that the nuclei are "bom" with a finite size (2-
fim radius). When the nucleation sites are clustered, larger
deviations, also at long annealing times, are observed.

In spite of these deviations, the Avrami equation gives a
reasonable determination of tm (not of /3), and the simulated
data are fitted to this equation to get an impression of the
effects of preferential growth on the kinetics. The fitted results
for tm are plotted in Figure 9. As can be seen, tll2 decreases
when the growth rate of type-II grains is increased. The de-
crease is less significant when the nuclei appear in clusters or
when the nucleation continues during the annealing process.

IV. DISCUSSION

A. Effects of Preferential Growth

The effects of preferential growth on the recrystallization
texture, microstructure, and kinetics have been investigated.

Experimentally, a growth advantage in the range 1.3 to 2.1
of cube-oriented grains compared to other grains has been
observed in several heavily cold-rolled, medium to high
SFE fee metals.'"' Due to earlier impingements, the growth
of these fast-growing grains will be relatively more hin-
dered than that of the other grains. It is, therefore, not
straightforward to estimate the effects of preferential
growth based just on information about the growth advan-
tage. In the present work, 3-D computer simulations are
used to study preferential growth effects under various nu-
cleation assumptions. It was found that an increase in the
relative growth rate of one component (e.g., type II) leads,
as intuitively expected, to an increase in the average re-
crystallized grain size, a wider grain size distribution, a
larger ratio of the average grain size of the two types of
grains, a stronger (type II) texture, and faster kinetics. The
magnitude of these effects depends strongly on the specific
nucleation conditions. The most marked effects are seen
on the texture: 10 pet type-II nuclei that grow 2.5 times
as fast as the others result in recrystallization textures with
50 to 90 vol pet type-II grains (Figure 7). This agrees with
the development of strong cube recrystallization textures
in most heavily deformed, medium to high SFE fee met-
als.123'

Another important implication of preferential growth is
a significant widening of the grain size distribution. Models
assuming only one component, and therefore neglecting a
possible preferential growth, in general predict grain size
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Table III. Nucleation and Growth Conditions Which All
Result in a 45 Pet Type II Recrystallization Texture and
Recrystallized Grain Size of 10 to 15 jam ("F" Refers to
Only Type I Nuclei Being Clustered and Type II Nuclei

Forming at Random Sites)

Nucleation
Rate

Nucleation
Sites

Pet of
Type II Mli
Nuclei K

Grain
t)/ Size
1) (Mm)

>3X
Average

Grain
Size

Instantaneous random

clustered
at points

clustered
along lines

clustered
on planes

Cont. (fast) random

Cont. (slow) random

30
10
30
10
30 F
10 F

30
10
30 F
10 F

30 F
10 F

30
10

30

1.4
2.2
1.4
2.3
1.1
1.4

1.3
2.2
1.1
1.4

1.1
1.3

1.4
2.2

1.4

11.3
12.0
11.7
12.6
12.0
12.5

10.0
10.8
10.5
12.0

14.0
15.0

13.5
14.5

14.9

<1 pet
~1 pet
~1 pet
~3 pet
~1 pet
~5 pet

~5 pet
~5 pet
~4 pet
~5 pet

<1 pet
~5 pet

<1 pet
~4 pet

<1 pet

introduction of several "orientation components" can have
very significant effects on all three recrystallization char-
acteristics, and that, typically, several sets of nucleation
growth assumptions lead to identical recrystallization tex-
tures and grain sizes.

The effects of preferential growth of grains of one ori-
entation (referred to as type II) are studied. Experimentally,
realistic growth rates were selected. It is shown that pref-
erential growth leads to a very strong type-II texture de-
velopment and a significant widening of the normalized
grain size distribution. With only 10 pet type-II nuclei, re-
crystallization textures containing up to 50 to 90 vol pet of
type-II grains develop, and grain sizes up to 9 times the
average size are observed. The overall average grain size
and the kinetics are somewhat affected by the preferential
growth, here the nucleation assumptions are clearly more
important. The simulations also illustrate that some of the
discrepancies between experimental observations and more
simple simulations like the width of the grain size distri-
bution can be diminished, if not eliminated, if two or more
orientation components and preferential growth are consid-
ered in the simulations.
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recrystallized grain size of 10 to 15 /xm. In total, 15 dif-
ferent sets of the selected nucleation and growth parameters
(out of the original 59) give these results. Even if the size
distribution is included, ambiguities still exist. For example,

seven sets of parameters give distributions with ~ 1 pet of
the grains larger than 3 times the average size. And, these
many "solutions" are when only one nucleation density is
assumed. If the nucleation density was also a free parameter
in the simulation, the list would have been almost infinite.

It is, therefore, clear that when various recrystallization
assumptions or a full recrystallization model have to be
checked against experiments, additional, sensibly chosen
recrystallization characteristics have to be included. When
the test is on the possibility of preferential growth, addi-
tional sensitive characteristics are the average size of the
fast-growing grains relative to the other grains together with
information about clustering. This latter may be determined
by measuring the free unimpinged surface area of the var-
ious grains as a function of the fraction recrystallized ma-
terial (i.e., the microstructural path function).P61

V. CONCLUSIONS

A 3-D numerical method to simulate recrystallization is
presented. It allows crystallographic aspects to be taken into
account in the sense that nuclei/grains of different crystal-
lographic orientations are treated individually and can be
characterized by different nucleation and growth parame-
ters. The simulations contain full information about the mi-
crostructure, texture, and kinetics. It is shown that the
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