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ABSTRACT
There exists a growing body of literature that correlates the fraction of “special” boundaries
in a microstructure, as described by the Coincident Site Lattice Model, to properties such as
corrosion resistance, intergranular stress corrosion cracking, creep, etc. Several studies suggest
that the grain boundary character distribution (GBCD), which is defined in terms of the relative
fractions of “special” and “random” grain boundaries, can be manipulated through
thermomechanical processing. This investigation evaluates the influence of specific
thermomechanical processing methods on the resulting GBCD in FCC materials such as oxygenfree electronic (ofe) copper and Inconel 600. We also demonstrate that the primary effect of
thermomechanical processing is to reduce or break the connectivity of the random grain
boundary network. Samples of ofe Cu were subjected to a minimum of three different
deformation paths to evaluate the influence of deformation path on the resulting GBCD. These
include: rolling to 82% reduction in thickness, compression to 82% strain, repeated compression
to 20% strain followed by annealing. In addition, the influence of annealing temperature was
probed by applying, for each of the processes, three different annealing temperatures of 400, 560,
and 800°C. The observations obtained from automated electron backscatter diffraction (EBSD)
characterization of the microstructure are discussed in terms of deformation path, annealing
temperature, and processing method. Results are compared to previous reports on strainannealed ofe Cu and sequential processed Inconel 600. These results demonstrate that among
the processes considered, sequential processing is the most effective method to disrupt the
random grain boundary network and improve the GBCD.
INTRODUCTION
Watanabe first discussed “grain boundary design and control” in reference to the
manipulation of the relative fractions of “special” and “random” boundaries in order to improve
certain bulk materials properties [1]. Since that time, such manipulations have become known as
grain boundary engineering. Grain boundary engineering has been demonstrated to be a viable
means of improving certain properties of low to medium stacking fault energy FCC materials
such as austenitic stainless and microalloyed steels [2,3], nickel and nickel-based alloys [2, 415], and lead alloys [16-18]. The susceptible properties are typically grain boundary controlled,
such as corrosion and stress corrosion cracking [2, 4-18], creep and cavitation [19-22], and
weldability [23].
Recent advances in grain boundary engineering have resulted from a number of factors. One
of the most significant is the commercialization of a scanning electron microscopy (SEM) based
technique to accurately and rapidly characterize crystal misorientations between grains in order
to determine the GBCD [24-26]. Less than a decade ago, these misorientations were determined
through time consuming transmission electron microscopy (TEM) or electron channeling within
the SEM [27,28]. With automated EBSD hardware and software, it is now possible to acquire
approximately 10,000 data points per hour, thus allowing characterization of a statistically
significant number of grain boundaries in a reasonable time frame. Additional factors
contributing to the recent advances in grain boundary engineering are reports by Palumbo et al.
[2-13, 16-18] of the optimization of the GBCD through practical thermomechanical processing
schedules and the recognition that improvements in the special fraction can play a crucial role in

controlling the properties. A demonstration that boundary properties depend on misorientation
has been presented in these proceedings by Bedrossian et al. [29] who have studied the
susceptibility of individual grain boundaries to corrosion by coupling automated EBSD with
atomic force microscopy (AFM). The AFM observations have identified the sites of localized
attack observed in the EBSD as random grain boundaries. The deepest attack occurred at certain
triple junctions composed of three random grain boundaries and no attack was observed at the Σ3
boundaries. A number of observations of this type have revealed a correlation between
misorientation and localized corrosion processes [29]. These findings, coupled with our recent
experimental results, suggest that increasing the special fraction is a necessary, but insufficient
condition to assure property improvements that depend on intergranular processes. This is
because the GBCD is a scalar quantity and does not contain details of the connectivity of the
random grain boundary network. In order to improve properties, it appears imperative that the
random grain boundary network be disrupted, which is accompanied by an increase in the
GBCD.
Research in the area of grain boundary engineering has concentrated on two primary
thermomechanical-processing paths to improve the GBCD, strain annealing and strain
recrystallization. Strain annealing typically involves low levels of strain (on the order of 3 to
7%) followed by long annealing times. In the case of high-purity Ni studied by Thomson and
Randle [14], strains of 6% followed by anneals for 168 hours were shown to modestly increase
the special fraction. An additional benefit of the strain annealing lies in the “fine-tuning” of the
misorientations to smaller deviations from the exact CSL description. Multiple, or repeated
strain annealing treatments on ultrahigh-purity Ni-16Cr-9Fe were performed by Was et al. [15]
to improve creep and cracking resistance. The improvement in the GBCD resulted from a two or
three step deformation and annealing treatment. Tensile straining of 2 to 5% was followed by
annealing at 890°C to 940°C for 1 to 20 hours. This process essentially doubled the number
fraction of special boundaries from 16 - 20% in the solution annealed material to 26 - 43% in the
specially processed case. It should be noted that the authors reported by number fraction and
excluded coherent twin boundaries in their analysis, thus understating the total special fraction
relative to other values in the literature reported by length fraction.
A fundamentally different approach to grain boundary engineering was taken by Palumbo
and co-workers [2]. Their approach uses a sequential strain-recrystallization process to modify
the grain boundary network. Typically, low to moderate levels of strain, in the range of 5 to 30%
are followed by short anneals, on the order of 2 – 10 minutes [2]. The annealing temperatures
and times are chosen to allow recrystallization without subsequent excessive grain growth. This
sequential processing is effective in producing a fine grain size, reducing texture, and increasing
the special fraction. Palumbo et al. have reported significant improvements in properties
including corrosion resistance, stress corrosion cracking, weldability, creep, and total elongation
to failure [2-13, 16-18]. The present authors have studied strain-recrystallization in oxygen-free
electronic (ofe) Cu and several Ni-based alloys. Successful sequential thermomechanical
processing induces multiple twinning, that is the formation of twin-related variants or Σ9 and
Σ27 boundaries [30,31].
The substantial improvements in the properties are most intriguing due to the potential
transferability of the processing protocol to industrial settings. Typical metalworking practices
start with ingot casting, generally followed by extensive forming steps used to reduce the ingot to
usable forms such as bars, tubes, plates, or sheets. The thermomechanical processing sequences
generally involve large deformation steps; with a minimum number of anneals to reduce the
length of time, and thus overall cost of the forming process. Although this practice has been
successful in producing quality products at affordable cost, recent work of Palumbo et al. [2-13,
16-18] indicates that significant improvements in many properties are possible with
modifications to the processing schedules. This investigation focuses on evaluating the influence
of processing method and annealing temperature on the resultant GBCD and connectivity of the
random grain boundary network.

EXPERIMENT
Thermomechanical Processing
A series of experiments was designed to evaluate the influence of annealing temperature and
processing method on the resulting microstructure and GBCD. The starting material for the
strain-annealing examination was Hitachi ofe Cu in the form of a 76-mm diameter by 152-mm
long bar with compositional analysis given in reference [30,32]. The 76-mm diameter bar was
forged 55%, annealed at 375°C for 4 hours, forged approximately 50%, and then rolled to 9.5
mm. The resultant disk was annealed at 375°C for one hour to induce full recrystallization.
Strain annealing was performed by compressing samples between 6 and 7%, followed by a
relatively high temperature, long time, two-step anneal described in reference [33].
Strain recrystallization processing was performed on Inconel 600 and ofe Cu. A slab cut
from commercial purity Inconel 600 bar form was subjected to a thickness reduction of 20% per
rolling sequence. After each deformation process, the slab was annealed at 1000°C for 15
minutes followed by water quenching. This sequential strain recrystallization processing
sequence was repeated 7 times [30,34,35]. A series of strain-recrystallization processing
schemes for ofe Cu were constructed to examine the influence of temperature and processing
method on the resultant GBCD. One goal was to evaluate the influence of annealing temperature
for the same level and paths of deformation. A second goal was to evaluate the difference
between deformation by uniaxial compression and rolling. A third goal was to evaluate the
effectiveness of sequential processing. Starting material for this series was ofe Cu bar, 38-mm in
diameter and 76-mm long.
Three different processing schemes were devised. The first involved deformation by
compression to 82% strain followed by annealing for ten minutes at one of the three
temperatures, 400, 560, or 800°C. All annealing treatments were performed in a box-type
furnace in air. The second processing scheme involved deformation by rolling to 82% reduction
in thickness followed by annealing for 10 minutes in air. The third processing scheme required
multiple sequential deformations followed by annealing. The material was compressed 20% and
annealed. This cycle was repeated to a total strain of 67%. In addition, a fourth processing
sequence comprised a single 20% strain by compression followed by an annealing treatment.
The final processing scheme was a single 67% strain by compression with the same annealing
treatment. The last two processing paths employed an annealing temperature of 800°C.
Characterization of the GBCD
Automated EBSD was employed to characterize the GBCD and connectivity of the random
boundary network. Individual orientation measurements are on a hexagonal grid at discrete
points on the sample. At each point, the orientation is recorded along with coordinates
describing the position. To evaluate the GBCD, misorientations between data points are
calculated and then evaluated in terms of the Coincident Site Lattice Model [36,37] using the
Brandon Criterion [38] for the acceptance angle. Maps are drawn using color, or thickness, of
line to represent the type of boundary, special or random. The length fractions of special and
random boundaries are reported for comparison purposes with literature reports. The random
grain boundary network is analyzed by generating the CSL map, then removing the special
boundaries. The resultant map reveals only the random grain boundaries, which can be
evaluated in terms of connectivity of the network in two dimensions.

RESULTS AND DISCUSSION
Strain Annealing of OFE Cu
Oxygen-free electronic copper was obtained in the form of 76-mm diameter bars with a
starting grain size of about 125 µm. After processing the initial bar to plate material, the special
fraction was approximately 70% with a grain size about 10 microns. Similar to the results of
Thomson and Randle [14], the strain annealing process resulted in modest increases in the
special fraction and tightening of the deviation from the exact CSL misorientation. The total
special fraction approached 85% after ~6% strain followed by annealing for 14hr at 275°C then
7hr at 375°C while increasing the grain size to 65 microns [33]. A number of drawbacks are
evident from careful examination of this approach. First is the grain growth that occurs as a
result of the long time anneals. The second drawback is a slight increase in texture that occurs as
a result of this grain growth. Third is the presence of special boundaries, such as “island twins,”
that increase the observed length of special boundaries in the microstructure but do little to
improve properties since they do not contribute to the grain boundary network.
Strain Recrystallization Processing of Inconel 600
Sequential strain recrystallization processing by rolling of Inconel 600 is quite effective in
increasing the overall special fraction as shown in Figure 1a. As the number of processing
sequences increases, the total special fraction, the fraction of Σ3 boundaries, and the fraction of
Σ3n boundaries increase. Most importantly, however, is the increasing ratio of Σ3n to Σ3 that
indicates multiple twinning events in the microstructure. This increase in the ratio of Σ3n to Σ3
appears correlated with a disruption in the connectivity of the random grain boundary network as
shown in Figure 1c. That, however, is only revealed when the GBCD is considered in terms of
the frequency of occurrence, as the boundary length fraction of the low energy Σ3 boundaries
obscures the importance of other Σ3n boundaries like Σ9 and Σ27.
Evidence is now mounting for the argument that the connectivity of the random grain
boundary network is the critical parameter in determining and predicting properties. One line of
current research involves using sequential thermomechanical processing to disrupt the
percolative paths in the material and quantitatively measuring the connectivity of the random
boundary network [34,35]. To illustrate this point, the random grain boundary network has been
extracted from the CSL maps as shown in Figures 1 b and c for the as-received material and the
material processed five times. Although the grain size (including twin boundaries) of the alloy
remains the same or slightly decreases as a function of processing, the network of random grain
boundaries becomes sparse, and percolating paths through the structure break as the fraction of
special boundaries increases.
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Figure 1. (a) Special fraction by frequency of occurrence as a function of processing number for
Inconel 600, (b) random boundary network for the as-received Inconel 600, and (c) random
boundary network for the material sequentially processed 5 times.

On-going studies [31] using detailed TEM indicate that the breakup of the random boundary
network may proceed by a boundary decomposition mechanism whereby, during the process of
annealing, an immobile boundary can decompose into a lower energy configuration, one branch
of which is presumably more mobile than the original boundary. Thus, new special boundaries
can be introduced into a microstructure that in all likelihood aid in the break-up of the random
boundary network.
Strain Recrystallization Processing of OFE Cu
Characterization of the GBCD in the as-received condition revealed a total special fraction of
approximately 15%. The fractions of Σ3, Σ3n, and total Σ boundaries for ofe Cu processed in the
82% compressed form (labeled as 400-82), 82% rolled form (400-P), and sequentially
compressed and annealed at 400oC (400-S) are shown in Figure 2. Compression deformation to
82% followed by the 10 minute anneal at 400°C results in a total special fraction of about 56%.
The plate processing, i.e., rolling to 82% reduction in thickness followed by annealing produces
a microstructure with approximately 57% special fraction. It is evident from this figure that
sequential processing is the most effective in increasing the fraction of special boundaries.
Nearly 70% of all boundaries are classified as special for this thermomechanical-processing
route, an increase of approximately 15% over compression or rolling processing. As discussed
above, one measure of the effectiveness of the processing is the ratio of Σ3n to Σ3. This ratio is
essentially constant for the 82% compression and rolling deformation, but increases for the
sequentially processed material.
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Figure 2. Special fraction as a function of processing scheme for the 400°C annealing
temperatures indicates that sequential processing (400-S) improves the GBCD more effectively
than compression deformation to 82% (400-82) or rolling to 82% reduction in thickness (400-P).
Figure 3 shows the CSL maps for the as-received ofe Cu, as well as the 400-82, 400-P, and
400-S samples. Both the one-step rolled and compressed samples exhibit a relatively high
fraction of Σ3 boundaries located in the interior of the grains. However, interactions between
individual twins are observed to be minimal. In contrast, sequential processing increases the
ratio of Σ3n to Σ3 through the mechanism of boundary decomposition and multiple twinning.
These CSL maps are then processed to remove all special boundaries leaving behind only the

random boundary network allowing a qualitative visual comparison of the connectivity. These
images in Figure 4 reveal that the breakup in the connectivity of the random boundary network
occurs only through sequential processing cycles.
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Figure 3. Special boundary maps for the ofe Cu processed at 400°C. Special boundaries
indicated as thick black lines, CSL boundaries indicated as thin gray lines. (a) As-received, (b)
400-82, (c) 400-P, and (d) 400-S
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Figure 4. Random boundary maps extracted from the special boundary maps in Figure 3. (a) Asreceived, (b) 400-82, (c) 400-P, and (d) 400-S.
An additional effect was observed as a result of the sequential processing. The texture was
observed to randomize during the sequential processing in agreement with [2]. Figure 5 shows
two pole figures, the first from the as-received Cu, and the second from the sequentially
processed material. The texture is observed to decrease by a factor of two.
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Figure 5. Pole figures of the (a) as-received Cu and (b) 400-S material. Texture is observed to
decrease by greater than a factor of two.
Figure 6 shows a plot of the special fraction as a function of the processing scheme for an
annealing temperature of 560°C. The results at this temperature are similar to the 400°C
annealing temperature in that the greatest increase in special fraction occurs during sequential
thermomechanical processing. Sequential processing improves the special fraction by 16% over
compression, and 10% over rolling.
The random boundary network was extracted from the special boundary maps as shown in
Figure 7. These maps qualitatively reveal that a breakup in the connectivity of the random grain
boundary network occurs only through sequential processing. Figure 7d shows the CSL map
from the same region in the sequentially processed material (Figure 7c) and serves to
demonstrate the mechanism by which boundary decomposition and multiple twinning disrupt the
random grain boundary network.
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Figure 6. Special fraction as a function of processing scheme indicates that sequential processing
(560-S) improves the GBCD more effectively than compression deformation to 82% (560-82) or
rolling to 82% reduction in thickness (560-P).
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Figure 7. Grain boundary maps extracted from the special fraction maps in Figure 6. (a) 560-82,
(b) 560-P, (c) 560-S, and (d), CSL boundary map from the same region as c with CSL
boundaries in thick lines and random boundaries as thin lines.
The special fraction as a function of processing scheme for the materials annealed at 800°C is
shown in Figure 8 and includes two other processes for comparison; one-step compression to
67% to match the total reduction of the sequential processing and one-step compression to 20%.
The random boundary maps shown in Figure 9 reveal imperceptible differences in the random
boundary network. The microstructures resulting from annealing at 800°C differ from the lower
temperature anneals in that the GBCD and random boundary connectivity are mostly insensitive
to processing type. The average grain size of the materials deformed to 82% (800-82 and 800-P)
is approximately 150µm indicating that grain growth following recrystallization dominates the
evolution of microstructure. The sequentially processed material reaches a maximum special
fraction of less than 60%, nearly equal to all other processes. The average grain size approaches
100µm, considerable less than in the 82% compressed or rolled material. Combined with the
observation that sequential processing does not significantly disrupt the random grain boundary
network in Figure 9c, this suggests that the microstructure essentially regenerates during each
processing sequence.
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Figure 8. Special fraction as a function of processing scheme indicates that the GBCD is
relatively independent of processing method at an annealing temperature of 800°C.
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Figure 9. Random boundary maps extracted from the special boundary maps in Figure 8. (a)
800-82, (b) 800-P, and (c) 800-S.
A simple means of comparing the overall effects of temperature and processing method is
summarized in Figure 10. The special fraction is plotted as a function of processing method and
temperature. For both the 400°C and 560°C annealing temperatures, the sequentially processed
material shows significant improvements in the GBCD over other processing methods. In
addition, there appears to be little difference in the resulting special fractions between the
deformation by rolling and compressive deformation processes.
The sequentially processed ofe Cu in this investigation was deformed by compression.
Modifications to the GBCD through thermomechanical processing of Inconel 600 revealed
similar improvements with sequential deformation by rolling [30,34,35]. It can be inferred from
these two results that in order to improve the special fraction sequential and repeated
deformation by rolling or compression followed by annealing is the most effective processing
route.
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Figure 10. Special fraction as a function of processing scheme for the three processing
temperatures and deformation schemes.

CONCLUSIONS
It has been demonstrated that both the deformation path and annealing temperature play a
strong role in determining the connectivity of the random grain boundary network and GBCD.
Compression deformation or rolling deformation to 82% strain increase the special fraction
primarily through an increased fraction of annealing twins contained within the grains as evident
from the relatively low ratios of Σ3n to Σ 3. This ratio, which shows a correlation to the
connectivity of the random grain boundary network indicates that twin-twin interactions are a
minimum. Sequential strain-recrystallization processing is much more effective than either onestep compression or rolling deformation in disrupting the random grain boundary network. This
is clearly evident in the random grain boundary maps as well as the increased ratio of Σ3n to Σ3.
Annealing at 400°C or 560°C achieve similar disruptions of the grain boundary network and
GBCDs after sequential processing. However, annealing at 800°C minimizes the influence of
processing method due to the increased tendency for grain growth.
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