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A series of grain boundary engineering (GBE) procedures was performed on samples of 800H, a
common iron-nickel base alloy. The effects of varying the GBE parameters (deformation per-
centage and annealing temperature/time) were examined using electron backscatter diffraction
orientation mapping. GBE samples exhibited up to a 70 pct increase in R3n boundary length
fraction compared to the as-received condition. The incorporation of these R3n boundaries was
also measured using a simplified model of two-dimensional grain boundary transport and its
electrical analogy. The results showed thatGBE resulted in increased resistance to grain boundary
diffusion compared to the as-received condition. The evolution of a GBEmicrostructure was also
studied on a per-cycle basis, and the results are shown to be consistent with previous studies.
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I. INTRODUCTION

GRAIN boundary engineering (GBE) is a relatively
new technique for improving the material properties of
metals and alloys with low stacking-fault energy. The
aim of GBE processing is to manipulate the grain
boundary network in order to create greater resistance
to grain boundary–influenced damage mechanisms.
First proposed in 1984,[1] many GBE studies have
shown success in improving desired properties in face-
centered-cubic materials such as nickel alloys, copper,
and brass through the use of GBE. A summary of such
studies is contained in an overview by Randle.[2]

GBE has been employed typically to combat the
effects of intergranular corrosion,[3] cracking,[4] and
creep,[5] although success has also been shown in areas
of ductility,[6] weldability,[7] and microstructural stabil-
ity.[8] In almost all cases, the GBE process itself involves
a series of thermomechanical cycles. These cycles
typically consist of a deformation step (such as plate
rolling), followed by an annealing step, and are nor-
mally repeated between 3 and 7 times. The effect of the
processing has generally been an increase in the fraction
of low-R coincidence-site-lattice (CSL) grain boundaries
with respect to the fraction of randomly oriented high-
angle boundaries (HABs). Early work suggested that
these low-R grain boundaries (sometimes termed ‘‘spe-
cial boundaries,’’ although this term has become some-
what ambiguous) have superior properties compared to
random HABs due to their potential for structural order
in the boundary plane.[9]

The term ‘‘special boundary’’ generally refers to a
boundary classed according to the CSL nomenclature as

having R < 29, where R is the reciprocal of the fraction
of coincident lattice sites across a grain boundary,
should the two grains be theoretically superimposed.
Hence, there is some periodicity across the boundary
(i.e., it is geometrically ‘‘special’’), as opposed to a
random HAB.
Electron backscattered diffraction (EBSD) is typically

employed to identify these low-R grain boundaries, and
provides a measure of the effectiveness of GBE process-
ing by simple statistics such as the fraction of total grain
boundary length identified as low-R. EBSD orientation
maps are built up by calculating the crystal orientation
from diffraction patterns in a defined grid of points on a
polished surface. These crystal orientation data are then
used to determine grain boundary misorientation for
each boundary segment. This misorientation is checked
against specific misorientations unique to each R value,
and thus, a R value can be assigned to a grain boundary
based on the misorientation between adjoining crystals.
However, the CSL model used in EBSD measurements
only describes the relative misorientation between two
adjacent grains (three parameters) but does not give the
orientation of the grain boundary plane itself (two
parameters) and so provides an incomplete description
of the boundary. In addition, although the link between
low-R boundaries and improved properties has been
suggested on many occasions, recent studies have shown
that this is almost certainly an indirect relationship.[10] A
technique has been documented for measuring the five-
parameter grain boundary distribution,[11] based on
single section trace analysis. Despite this, the CSL model
is still often used, though it is normally in conjunction
with other information such as triple point analyses
(e.g., Reference 12). The main reason for using the CSL
model is convenience, since identification of specific
R-value grain boundaries by EBSD is fast, accurate, and
repeatable.
The R3 boundary fraction is thought to be the greatest

contributor to improved material properties and is the
only CSL boundary type shown to have consistently
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different characteristics to those of random HABs. The
coherent annealing twin boundary has {1 1 1} boundary
planes and the lowest free volume of the R3 bound-
aries.[13] Also, a linear correlation exists between the
energy of a boundary and its free volume.[14] Other R3
boundaries, such as the incoherent twin on {1 1 2} planes
and other incoherent boundaries including tilt and twist
boundaries on low-index planes, have higher energies
than the coherent twin, but still are much lower than the
average of random HABs. A study by Randle[10] showed
that in pure nickel, those R3 boundaries considered to be
special (classed as symmetrical tilt, twist, or asymmetri-
cal tilt boundaries with one low index plane, as well as
those on the 011 zone) comprised over 80 pct of the total
number of R3s. In fact, recent research[15] has suggested
that the boundaries with special properties are the ones
terminated by low-index planes.

Of the other low-R boundaries, only the fractions of
the R3n family (R9 and R27) are generally increased by
GBE processing. Thus, it is useful to know whether
these boundaries also exhibit special properties. Cer-
tainly, the R9 descriptor includes boundary configura-
tions, which are of lower energy than the HAB
average.[13] However, the boundary must again be fully
described to calculate this. In the same study mentioned
previously,[10] the proportion of R9s with assumed
special properties was approximately 60 pct. An inves-
tigation using atomic force microscopy combined with
EBSD orientation mapping[16] showed that in a ‘‘bam-
boo-structured’’ sample of INCONEL* 600, the R9 and

R27 boundaries generally possessed lower energies than
the average of the HABs. A recent study[17] concluded
that the R9 boundaries are more resistant to corrosion
than HABs in sensitized 304 stainless steel sheet. The
authors came to the common conclusion that the more a
boundary plane deviates from the exact CSL position,
the more ‘‘normal’’ (in this case, more susceptible to
corrosion) the properties become. In contrast to this,
another recent study[18] using copper showed that R9
and R27 boundaries had irrational boundary planes,
implying that they had no special properties.

The property improvements, which are achieved via
GBE, are often attributed to the interruption of the
HABs as an interconnected network, through the incor-
poration of grain boundaries with special properties (i.e.,
lower diffusivity, higher probability of crack arrest, etc).
Attempts have been made to quantify the level of
disruption to the HAB network by such means as triple
point analysis (e.g., Reference 12) or cluster analy-
sis.[19,20] In typical triple point analyses, the number of
adjoining random (nonspecial) boundaries is counted at
each triple point. The effects of GBE are measured by the
fractions of triple points at the intersection of two or
three special boundaries, which are shown to increase
relative to the fractions of those at the intersection of
zero or one special boundary. However, triple point

analysis does not quantify the disruption to the random
boundary network, since there is no way to distinguish
special boundaries that interrupt the random boundary
network from those that do not. In cluster analysis, the
individual interconnected ‘‘clusters’’ of each boundary
type are analyzed and the average ‘‘cluster mass’’ for
random boundary clusters is shown to decrease signif-
icantly after GBE processing. For example, in as-
received René 41**, over 95 pct of the random HABs

were in clusters larger than 500 grain diameters.[20] This
percentage was then reduced to zero in the grain
boundary–engineered microstructures, indicating that
the percolating network of HABs was disrupted by the
GBE process. This method is a much more direct
measure of boundary connectivity and has shown some
correlation with material properties.[19] A third method
was used by Chen and Schuh,[21] who analyzed GBE
structures as two-dimensional hexagonal diffusion net-
works. In their analysis, each grain boundary segment
was classified according to a binary system as either
special or nonspecial, and assigned a diffusivity based on
its boundary classification. The geometric network of
grain boundaries was then solved using Fick’s first law
combined with mass conservation at each junction, and a
single ‘‘effective grain boundary diffusivity’’ was ex-
tracted. However, the microstructures used in this
analysis were simulated, made up of perfect hexagons
in a grid pattern where the fraction of special boundaries
could be adjusted to simulate various degrees of GBE.
In the present work, a model of grain boundary

connectivity is presented, which is similar to the work of
Chen and Schuh, but applied to real microstructures,
digitized by EBSD analysis. The model also describes a
situation of two-dimensional grain boundary diffusion,
and an analogous electric circuit model is applied. In the
analogous electric circuit, the grain boundaries become a
network of resistors of varying resistance, depending on
boundary length and character. The aim of this model
was to quantify the effect of special boundaries in a real
microstructure, based on the actual boundary topology
that GBE microstructures exhibit, and to compare this
effect between samples of differing thermomechanical
history. By modeling the diffusional properties of the
microstructure, it is expected that correlations may also
be drawn with grain boundary diffusion–based material
properties, such as Coble creep rate.
For each sample analyzed in this work, 24 EBSD

maps measuring 1 9 1 mm were examined. The digi-
tized images were used to construct a network of
resistors and the effective resistance of the network
was calculated. Grain boundaries are interpreted as
resistors with a resistivity determined by the grain
boundary character. For this model, boundary segments
were identified as either special (R3n) or nonspecial. A
study in 2003 of an austenitic Ni-16Cr-9Fe alloy[22]

concluded that, on average, the low-R (R < 29) grain
boundary diffusion coefficient was approximately 12

*INCONEL is a trademark of Special Metals Corporation, New
Hartford, NY.

**Rene 41 is a trademark of ATI Properties Inc., Monroe, NC.
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times lower than that of the HABs (this low-R network
consisted primarily of R3s, as do the present micro-
structures). Therefore, in the present analysis, the
resistivity ratio of q(R3n)/q(HAB) = 12 was also used,
although it is recognized that there is potential for
further refinement of the model to include information
based on boundary type and boundary plane configu-
rations.

The resistance of resistor j is Rj = ljqj, where lj is the
length of the grain boundary segment and qj is the
resistivity (either q(R3n) or q(HAB) depending on the grain
boundary character). There are a total of nt nodes in the
network where subsets of the m resistors meet. The set of
nl terminating nodes on the left are assigned a voltage
V+, and the set of nr terminating nodes on the right are
assigned voltage zero. The current in each resistor is
determined by solving a set of m linearly independent
equations generated from n = nt – nl – nr equations
corresponding to Kirchoff’s Current Law at each
internal node and m-n equations corresponding to
Kirchoff’s Voltage Law for independent paths across
the network from left to right.

The first n equations have the form Rk ajkik = 0 for
node j, where ajk = ±1 for resistors transporting
current to or from the node and ajk = 0 for all others.
The final m-n equations have the form Rk cjkRkik = V+,
where cjk = 1 for resistors in the jth path and cjk =0 for
all others. In matrix form, Ai = b is solved for i, where
A is the m 9 m matrix of coefficients, i is the m 9 1
vector of currents, and b is an m 9 1 vector.

The effective resistance depends on the grain size in
that, as grain size increases, the number of paths
decreases and Reff increases. The aim of the following
analysis is to isolate the topological effects of GBE by
removing the grain size effect. An exact solution for the
grain size dependence of the effective resistance can be
obtained for a self-similar microstructure.

Consider a network of resistors arranged in a regular
hexagonal grid, as shown in Figure 1(a). Compare such
a network comprising resistors of unit length to a
network comprising the same number of resistors of
length x (shown in Figure 1(b)). The ratio of the
effective resistances of these two networks is Reff,x/
Reff,1 = 1/x. The relationship can be shown by consid-
ering the equations from which the net current is
determined. For the first case, Ai = b according to the

preceding method. For the second case, Axix = bx.
Note that the first n rows of Ax correspond to equations
of the form Rk ajkik,x = 0 for each node j and that they
can be scaled by an arbitrary nonzero factor without
affecting the solution of the matrix equation. The final
m-n rows of Ax derive from equations Rk cjkRk,xik,x =
V+ that are related to the corresponding rows of A by a
factor of Rk/Rk,x = 1/x. Therefore, Ax = xA and
bx = b, from which we obtain ix = (1/x)i and thus
Reff,x/Reff,1 = x.
In order to calculate the resistance per unit cross-

sectional length for square images, the effective resis-
tances in the regular hexagonal grid must be repeated 1/
x times in the vertical and horizontal directions to fill the
same space as the original network of unit length
resistors (as shown in Figure 1(c)). This construction
corresponds to a circuit with 1/x resistors in parallel,
where each of those resistors corresponds to a series
arrangement of resistors, each with resistance Reff,x =
xReff,1. The effective resistance of such a construction is
given by Eq. [1]:

Reff;total ¼
1

2

� �
1

1
x xReff;1

" #�1
¼ xReff;1 ½1�

This equation shows that for a perfect hexagonal grid,
altering the grain size by a factor of x will result in the
effective resistance of a unit area also being multiplied
by x. Therefore, to decouple the effect of grain size when
comparing two samples, the effective resistance of the
second sample can be multiplied by (1/x), where x is the
ratio of grain size between the two.
In the present analysis, because of the difficulties in

selecting an appropriate grain size for a binary system of
boundaries, the total HAB length ratio was used in place
of the grain size ratio. The justification for considering
only HABs in this case is that in a parallel system, it is
the low-resistance boundaries that dominate the resis-
tance of the network. For example, for the resistivity
ratio q(R3n)/q(HAB) = 12, adding a similar R3n boundary
in parallel with an HAB will decrease the resistance of
the system by ~7.7 pct. Adding a similar HAB instead
will decrease the resistance of the system by 50 pct. It
should be noted that for the analytical solution con-
cerning a hexagonal grid, the HAB length ratio is
linearly related to the grain size ratio and, hence, may be
substituted.
The overall aim of the present study is to determine

the effect of GBE on the microstructure of alloy 800H, a
high-temperature single-phase alloy used commonly in
the petrochemical industry. This alloy is employed at
high temperatures (~0.7 melting point) and relatively
low stresses. Future studies will investigate whether
GBE has the potential to improve the creep perfor-
mance of this alloy.

II. EXPERIMENTAL PROCEDURES

Material was obtained from Thyssenkrupp VDM
Australia (Mulgrave, Victoria, Australia) in 4.5- and
8-mm sections of plate measuring 300 9 150 mm.

Fig. 1—Idealized microstructures: (a) initial microstructure, (b) ini-
tial microstructure scaled by factor x (0.5 as shown), and (c) scaled
microstructure repeated to restore initial geometry.
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The nominal composition of 800H is 30 to 35 wt pct Ni,
19 to 23 wt pct Cr with a balance of iron and small addi-
tions of aluminum and titanium.[23] The plate was cold
machined into strips measuring 150 9 25 mm for rolling.

Each strip was then cold rolled using one of three
different deformation percentages. Subsequent anneal-
ing was performed in a box furnace at one of three
different temperatures and for 1 of 3 different times.
This cycle was performed 4 times for each sample, with
the same set of parameters (deformation percentage,
annealing temperature, and annealing time). In this
article, each individual process (deformation or anneal-
ing) is referred to as a step, and each combination of
these two steps is referred to as a cycle.

Each processing parameter was assigned three relative
states (low, medium, and high). For reasons of intellec-
tual property ownership, the exact parameters cannot be
reported, and hence, the GBE samples are identified
using the labels S1 through S11. The remaining sample
was not processed and, hence, represents the ‘‘as-
received’’ condition, labeled as AR. The relationship
between the labels and the processing parameters is
shown in Table I.

Sections were cut from each of the samples with the
surface of interest being a cross section perpendicular to
the rolling direction. These sections were mounted using
Buehler Probemet conductive molding compound and
ground to a 600-grit finish using SiC pads. They were
then polished to a 3-lm finish using diamond paste and
finally electropolished using a 10 pct oxalic acid solution
at 1.5 V for 12 seconds.

Orientation maps were obtained using EBSD for each
sample using an HKL Channel 5 EBSD package
(Oxford Instruments Abingdon, Oxfordshire, UK) cou-
pled with a JEOL� JSM 6100 scanning electron micro-

scope. A total of 24 mm2 was mapped for each sample
at a step size of 10 lm. Typical successful pattern
identification rates were between 95 and 98 pct. These
maps were then processed using the HKL noise reduc-
tion algorithm to extrapolate the remaining unindexed

data points, which were almost all in the grain bound-
aries. R3n (n £ 3) boundaries were identified using the
Brandon criterion.[24] For each map, the total boundary
length fractions for R3, R9, and R27 were calculated
automatically using HKL software.
Grain size measurement was semiautomated, using

the HKL software. Since each data point reflects a
specific crystal orientation, grain boundaries are auto-
matically determined as lines dividing groups of points
of similar crystal orientation. Therefore, it is possible to
detect every grain automatically and calculate statistics
such as mean grain diameter. However, without user
input, this method is prone to including some small
‘‘false’’ grains, often misindexed due to changes in
pattern quality either near grain boundaries or occa-
sionally within grains. In order to remove these false
grains from the count, the initial average grain diameter
was calculated, and then a filter was applied. A
threshold value of 4 pct initial average area was
employed and found to exclude most visually identified
false grains, while including most small, true grains. The
main advantages in using this semiautomated method
over the optical methods described in ASTM E112
(Standard Methods for Determining Average Grain
Size) are the increased accuracy and repeatability, and
also the ability to automatically identify grain bound-
aries with specific misorientations (i.e., twin bound-
aries), which is a significant part of this work.
There is evidence to support the inclusion of twin

boundaries in grain size calculations (e.g., Reference 25),
on the basis that twins have an effect on the motion of
dislocations. Therefore, both ‘‘twin-excluded’’ and
‘‘twin-included’’ grain sizes have been calculated for
comparison in this study. The numbers given in Section
III indicate the mean grain diameter based on equivalent
circular grains.
The grain boundary connectivity was analyzed by

considering a simplified model of two-dimensional grain
boundary diffusion, as explained in Section I. The
effective resistance to diffusion (of a specific unit area)
was extracted from the analogous electric circuit, where
grain boundary segments were each assigned a resistance
based on their length and type. The effective resistance
of each sample was normalized by its total HAB length
to decouple the effect of changes in grain size and isolate
the changes in boundary topology.
In order to investigate the microstructural evolution

through GBE processing, two further samples were
processed using the same parameters as S3 and S5.
These samples were analyzed after each of five cycles to
determine the changes in proportion of R3n boundaries,
grain size, and mean R3 angular deviation. This mean
R3 angular deviation was calculated based on the raw
orientation data from the HKL EBSD system. Each
grain boundary segment (defined as a single section of
boundary between two triple points) was assigned a
single misorientation based on the difference between
the mean grain orientation of each neighboring grain.
The deviation from ideal, v, was calculated by then
comparing the boundary misorientation with the ideal
R3 misorientation using standard matrix multiplication
methods.[26] The low-angle boundary (LAB) fraction

Table I. Relative Parameter States for Each Sample;

Specific Conditions are Unable to be Reported

Sample
Deformation
per Cycle

Annealing
Temperature

Annealing
Time

AR — — —
S1 low low low
S2 low low med
S3 low med low
S4 low med med
S5 low med high
S6 low high low
S7 low high high
S8 med med med
S9 med med high
S10 high med low
S11 high med high

�JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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was also calculated within the HKL software, repre-
senting the length fraction of all grain boundaries with
misorientations 2 deg< h < 15 deg.

III. RESULTS AND DISCUSSION

This discussion is divided into four sections detailing
the appearance of a typical GBE microstructure, the
contribution to the GBE mechanism that the present
work provides, the effects of variations in individual
processing parameters, and the microstructural evalua-
tion of GBE samples through connectivity analysis.

A. GBE Microstructure

Figure 2 shows a comparison between the as-received
microstructure (AR) and a representative GBE micro-
structure (S3). Four images, highlighting R3, R9, R27,
and all R3n (n £ 3) boundaries, respectively, in black
with general HABs in gray are presented.

These images are typical of GBE microstructures
reported in the literature. After processing, there is a
clear increase in the number fraction (and, correspond-
ingly, the length fraction) of R3 boundaries, accompa-
nied also by increases in the relative length of R9 and
R27 boundaries. These R9 and R27 boundaries are a
result of the interactions between dissimilar R3 bound-
aries and are geometrically constrained, where three R3n

boundaries meet at a triple junction.

B. Microstructural Evolution

In order to track the evolution of the microstructure
throughout GBE processing, two samples (with the
same processing parameters as S3 and S5) were analyzed

after each of five GBE processing cycles. These samples
were subjected to identical deformation percentages and
annealing temperatures, and therefore, their only differ-
ence is in annealing time. For convenience, these two
samples are referred to in this section as ‘‘short
annealed’’ and ‘‘long annealed.’’ The length fractions
of R3n boundaries were calculated after each GBE cycle,
and the results are shown in Figure 3. A ‘‘diminishing
return’’ trend in terms of total R3n length fraction is
observed for both samples. However, it is important to
note that this trend actually begins at cycle 2. During the
first cycle, the R3n length fraction undergoes very little
change, which indicates that, under these specific con-
ditions, more than one step is necessary to achieve a
GBE state. This statement is in general agreement with
the majority of work in this field,[12,20,27,28] although
there are occasional instances of GBE states being
reported after a single cycle. For example, Kokawa

Fig. 2—Representative comparison between as-received (top) and GBE (bottom) conditions showing (a) R3 boundaries; (b) R9 boundaries;
(c) R27 boundaries; and (d) R3, R9, and R27 boundaries highlighted in black. Gray lines indicate HABs.

Fig. 3—Length fractions of R3n boundaries for (a) short-annealed
and (b) long-annealed samples after each of five GBE cycles.
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et al.[29] report very high length fractions of R < 29
boundaries in an austenitic 304 stainless steel after one
cycle of 5 pct rolling and annealing at 1200 K to 1240 K
(927 �C to 967 �C). Colman and Randle[18] also showed
that in copper a single GBE cycle increased the fraction
of R3s, although these new R3s were mainly not
incorporated into the GB network until subsequent
processing cycles.

When R3n fractions are reported as a function of
processing cycle in the literature,[30–32] the results gen-
erally show a somewhat erratic first or first few steps (the
R3 fraction may actually decrease slightly), followed by
a general increase in the fraction of R3n boundaries. In
this present work, little effect was obtained from
performing the first step, but subsequent processing
steps resulted in increasing fractions of R3, R9, and R27
boundaries.

The reasons for this trend are not well understood,
although the issue has been addressed by Randle and
Davies[31] in a study of alpha-brass. They suggest that
in the initial stages, the immobile twin boundaries
provide strain retention. This is thought to be due
mainly to the back stress generated from dislocation
pileup at these boundaries. The retained strain is
increased with the early deformation steps until it
reaches a threshold level, at which point there is
sufficient driving force for the mobile GB network to
move through the structure, absorbing dislocations and
hence removing the retained strain. During the next
cycle, there is little retained strain. There is evidence of
new twinning during these subsequent cycles, and the
R3n fraction increases. Owen and Randle go further in
a study of 316 stainless steel.[32] They suggest that the
boundary migration is slower when the material has
little retained strain (in the later cycles) and that this
slower migration velocity is more suitable for the
nucleation of annealing twins.

In the present work, it was desirable to determine
whether the results supported the theories given in
previous studies. The angular deviation from ideal
misorientation provides important information about
the energy of boundaries classified as R3 in the net-
work[33] and the amount of retained strain in the grains
on either side of these boundaries. The data are plotted
as a weighted mean deviation parameter, �v, which is
defined as follows:

�v ¼

PnumofR3s

i

viLi

vmax

PnumofR3s

i

Li

½2�

where vi = the angular deviation from ideal of R3
boundary segment i, Li = the length of R3 boundary
segment i, and vmax = the maximum allowable devia-
tion from the Brandon criterion (~8.7 deg).

The weighted mean deviation parameter for both
samples is shown in Figure 4. The LAB fraction is a
separate indicator of retained strain in the lattice and is
also included in Figure 4. In this figure, points are joined
as a guide only.

Figure 4 shows that the mean R3 angular deviation
increases significantly after the first processing cycle.
This trend is present for both samples, although the
increase is greater for the short-annealed sample. The
same result was obtained in a previous study of this
material,[34] where the R3 deviation was then found to
decrease with increasing annealing time up to 90 min-
utes after one deformation step. In both cases, the
increase in R3 deviation is likely due to the effect of
dislocation pileup in the neighboring lattices. Corre-
spondingly, the LAB fraction increases from 4.7 to
11.4 pct for the short-annealed sample and to 5.8 pct for
the long-annealed sample. These results show that the
first processing cycle served to increase the overall
amount of retained strain in the material. It follows that
the annealing conditions were not sufficient in either
case to remove the deformation introduced during the
rolling step, although the long-anneal step should lead
to lower retained strain levels. After the second cycle,
however, the mean R3 deviation parameter decreased to
a level below that of the as-received material in both
samples. Similarly, the LAB fractions decreased to levels
approximately one-third of the as-received condition.
These results indicate that a significant proportion of the
retained strain that was present in the material after one
cycle was removed by the second cycle. Certainly,
migration of mobile boundaries and dislocation absorp-
tion could explain this result. The simplest evidence for
boundary migration is the change in grain size for both
samples, as plotted in Figure 5.
The trend in grain size reflects that of the R3n fraction,

in that it remains constant for the first cycle before
increasing significantly during the second. Less signifi-
cant increases are also observed in the subsequent cycles.
This analysis, therefore, provides evidence of boundary
migration through cycles 2 to 5, which is probably most
significant during cycle 2. Smaller increases in R3n

fraction and retained strain levels are also noticed
during these later cycles.
In summary, both the short-annealed sample and the

long-annealed sample exhibited similar trends during
GBE processing. During cycle 1, levels of retained strain

Fig. 4—Mean R3 deviation parameter (m) and LAB fraction for
short-annealed and long-annealed samples after each of five GBE cy-
cles.
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increased, the R3n fraction remained relatively
unchanged, and the grain size remained constant,
suggesting little boundary migration. During cycle 2,
levels of retained strain decreased significantly to levels
below those of the as-received condition. R3n fraction
and grain size showed their largest increases for all
cycles after cycle 2. In cycles 3 through 5, small increases
were observed in retained strain levels, grain size, and
R3n fraction.

These results are consistent with the mechanisms
discussed previously in the literature. The largest
increases in R3 fraction were observed in both (a) the
same cycle as the largest decrease in R3 deviation
parameter (as in the present study, and also Reference
31) and (b) the cycle immediately following the largest
decrease in R3 deviation parameter.[32] With regard to
the theory that low retained strain levels (and, hence,
relatively slow boundary migration) are more suitable
for the generation of annealing twins, as suggested for
case (b), it is still possible that the absorption of retained
strain (relatively high boundary velocity) and the R3
generation occur consecutively within the same anneal-
ing step, which would be consistent with case (a). The
fact that the as-received condition contained few R9 and
R27 boundaries after its manufacturing process of heavy
deformation and high-temperature annealing would
suggest that extremely high boundary velocities are not
suitable for creating a GBE state.

C. Effects of Processing Parameters

The length fractions of R3n boundaries were calcu-
lated for all 11 GBE samples representing different
combinations of the three GBE parameters. These
results are shown in Figure 6. The as-received sample
(AR) contains boundary length fractions of approxi-
mately 42 pct for R3, ~1 pct for R9, and ~0 pct for R27.
The lack of the R3 geometric counterparts (R9 and R27)
shows that the material is not in a GBE state. The
results show that all combinations of GBE parameters
resulted in increases in the length fraction of R3n

boundaries, as compared to the as-received sample.
Specifically, the increases in R9 and R27 fractions show
that some amount of GBE has taken place in all 11
processed samples.
The average grain size was also calculated for each

sample (both excluding twins and including twins as
grain boundaries) and the results are shown in Figure 7.
In the majority of cases, the GBE process has caused the
ratio between the twin-excluded grain size and the twin-
included grain size to change. For example, this ratio is
~2 in the AR sample and shows increases up to ~3.5 in
the GBE samples. This is obviously consistent with the
introduction of new twins.
As one of the aims of this work was to optimize the

GBE conditions with respect to R3n fraction as well as
grain size, the local effect of variation in each GBE
parameter is briefly discussed in turn.

1. Deformation percentage
The effect of deformation percentage can be seen

when comparing samples S5, S9, and S11. These
samples have all been annealed under the same condi-
tions and represent the three states of deformation (low,
medium, and high). Figure 3 shows that increasing the
deformation percentage within this range causes the

Fig. 5—Grain sizes (including and excluding twin boundaries) of
short-annealed and long-annealed samples after each of five GBE
cycles. Error bars show standard deviation from each set of
24 images.

Fig. 6—Length fractions of R3n boundaries for all GBE samples.

Fig. 7—Grain sizes, including and excluding twins for all GBE
samples.
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length fraction of R3n boundaries to decrease relative to
S5. This general trend is also noticeable when consid-
ering the entire range of the samples, in that the low-
deformation samples (S1-S7) generally show higher R3n

fractions than the medium (S8-S9) or high-deformation
(S10-S11) samples. In terms of grain size, Figure 4
shows that, for the same samples (S5, S9, and S11), the
grain size decreases with increasing deformation.

2. Annealing temperature
The effect of annealing temperature can be isolated by

considering samples S1, S3, and S6, representing low
deformation, low annealing time, and low, medium, and
high annealing temperatures, respectively. Figure 6
shows that there is a local maximum in the R3n fraction
in between Tlow and Thigh, indicating that there is a local
intermediate temperature that will yield the greatest
return in terms of R3n fraction. Figure 7 shows the
expected trend of increasing grain size with increasing
annealing temperature over these three samples.

3. Annealing time
The effect of annealing time is isolated by considering

samples S3, S4, and S5, representing low deformation,
intermediate annealing temperature, and low, medium,
and high annealing times, respectively. In these three
samples, R3n fraction is seen to increase slightly with
increasing annealing time. This result is also noticeable
in the other conditions (e.g., S1 and S2). Figure 7 again
shows the expected trend of increasing grain size with
increasing annealing time for most conditions, although
S4 is slightly anomalous compared to S3 and S5.

4. Summary of GBE parameters
Although the actual parameters used in these exper-

iments cannot be reported, it is important to note that
alloy 800H appears to have a certain combination of
GBE parameters within the range tested, which results
in a local maximum in boundary length fraction of R3,
R9, and R27 boundaries. Small deviations from these
parameters have been shown to still result in GBE, but
with reduced R3n fractions compared to this maximum.
Hence, it is likely that for many examples of GBE
presented in the literature, small alterations in the
relevant parameters may increase the R3n boundary
fraction, possibly leading to a more optimized micro-
structure. The reasons for this are obviously linked to
the GBE mechanism, which is still under research,
although the amount of retained strain in the material
and the migration speed of mobile boundaries have been
suggested as important.[32] Retained strain is built up
during the deformation steps and provides the driving
force for boundary migration. If the retained strain is
insufficient for boundary migration, GBE likely cannot
occur. If the retained strain is too high, special bound-
aries may be destroyed by the introduction of disloca-
tions and may not necessarily revert to their original
geometry. It has also been proposed previously that
boundary velocity may be too high to support new twin
generation. In the present work, it was found that of the
three deformation percentages, the ‘‘low’’ state was
most successful in increasing R3n length fraction, and

therefore, it follows that boundary migration occurred
in all samples. The annealing temperature obviously also
influences boundary migration speed, and it follows that
annealing conditions could also be insufficient for
migration or too high for new twin generation. In fact,
at least one study[35] has been published in the literature
where the R3n boundary fraction was slightly decreased
by attempted GBE processing. Therefore, if the specific
aim of a GBE procedure is to optimize the fraction of
R3n CSL boundaries, it is recommended that a range of
conditions is first tested and then refined surrounding
those that seem to be optimal.

IV. MICROSTRUCTURAL EVALUATION

While the length fraction of low-R CSL boundaries is
used in this case as a measure of how ‘‘engineered’’ the
material is, it should not be used as a predictor of
material properties. Instead, this information should be
combined with other information such as an indication
of the boundary planes (where possible) and a knowl-
edge of the likely damage mechanisms. Some damage
mechanisms such as stress corrosion or Coble creep
(grain boundary diffusion–based creep) rely on the grain
boundary network as a transport network. One major
way in which GBE is thought to resist such mechanisms
is by breaking up the interconnected HAB network and,
therefore, reducing its transport properties. In fact, there
has been some work published regarding the influence of
boundaries with special properties and their effect on
theoretical GB transport networks (e.g., References 36
and 37). However, the measurement of such disruption
has not been standardized. A common method of
measuring the connectivity of the HAB network is to
analyze all of the triple points and classify each based on
the number of special (usually R < 29) boundaries it
joins. However, a situation where multiple twins and
twin variants meet inside a single grain will certainly
increase this fraction, but will likely offer no disruption
to the transport network provided the original HABs
remain. Therefore, a more direct measurement of grain
boundary connectivity is needed.
In the present work, this disruption of the HAB

network can be shown in two ways. Figure 8 shows
sample HAB networks from 2 of the 12 samples (AR
and S5). These images have been processed by removing

Fig. 8—HAB networks of (a) AR and (b) S5 (highest R3n fraction).
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the R3n family. Visual comparison with the as-received
sample shows qualitatively that the connectivity of the
HAB network has been interrupted through the inclu-
sion of these extra R3n boundaries in the GBE sample.

Figure 9 shows the results of the grain boundary
network connectivity analysis, explained in Section I.
This analysis was performed by converting each EBSD
map to a network of resistors where each grain
boundary segment was assigned a resistance value based
on its length and boundary type. The two-dimensional
effective resistance, Reff, of the network was then found
by solving the analogous electric circuit problem.
Plotted are the ratios between the Reff value for each
sample and the Reff value for the as-received sample.
This ratio is denoted �R.

Figure 9(a) shows �R for each sample, as a function of
total HAB length. The dotted line in this figure indicates
the �R values that would result solely from changes in
grain size according to the derived relationship
�R / 1=xð Þ. It is apparent that the majority of the GBE
data lie well above this line, signifying that there is a
definite change in boundary topology, which acts in
addition to the change in boundary length. This is
confirmed in Figure 9(b), showing both the raw and
normalized �R for each sample. These figures show that
all of the GBE samples exhibited some increase in

effective resistance, with the greatest disruption to the
HAB network occurring in samples S4 and S5. These are
also the samples with the highest R3n fractions (Fig-
ure 6). It should also be noted that this difference would
be compounded in the real, three-dimensional case.
These results show that the high-temperature annealed
samples (S6 and S7) exhibit increases in R3n boundary
fraction of ~40 pct, but only a very small increase in
normalized effective resistance. This is consistent with
twin and twin variants being introduced internally
within the existing HAB structure, which will not
effectively disrupt the existing HAB network and may
not reduce grain boundary transport properties com-
pared to an as-received sample with a similar grain size.
As the present analysis has not been previously

published in the literature, a triple junction analysis is
also presented in order to provide some continuity with
existing studies. Figure 10 shows the relative fraction of
triple junctions joining 0, 1, 2, and 3 special (R3n)
boundaries for each sample (0 to 3 SP).
Similar trends are seen when the triple junction

analysis results are considered. Figure 10 shows that
32 pct of the triple junctions in the as-received sample
join only HABs, and approximately 5 pct join three R3n

boundaries. In the highest R3n fraction samples (S4 and
S5), the number of HAB-only triple junctions drops to
10 to 12 pct and the number of R3n-only triple junctions
is increased to 34 to 37 pct. For these samples, the R3n-
only fraction is predominantly made up of the R3-R3-R9
(~66 pct) and R3-R9-R27 (~33 pct) junctions. When the
high-temperature annealed samples are considered (S6
and S7), similar trends are observed, but to a lesser
extent than samples S4 and S5. In this case, the R3n-only
fraction is made up of the same two junctions (R3-R3-R9
and R3-R9-R27) but in the ratio ~73 to ~27 pct. This
shows that fewer multiple twinning operations have
taken place compared to S4 and S5, which is consistent
with the lower R9 and R27 fractions from Figure 6.
Importantly, however, these results could be misinter-
preted as a significant disruption to the HAB network
when compared to the as-received triple junction frac-
tions. The present analysis has shown that this is likely

Fig. 9—(a) Correlation between R and total HAB length for selected
samples, showing the analytical solution for microstructural scaling
effects. (b) R for selected GBE conditions, normalized against total
HAB length.

Fig. 10—Fraction of triple junctions joining zero, one, two, and
three R3n boundaries (0-3SP) for as-received and selected GBE
samples.
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not the case for these samples. Despite this disagree-
ment, in general, there is reasonable correlation between
the triple junction analysis and the connectivity model
used in this work. Both analyses suggest that the greatest
disruption to the HAB network occurs in samples S4
and S5, which also exhibit the highest R3n fractions.

V. SUMMARY AND CONCLUSIONS

A microstructural study of 11 grain boundary engi-
neered samples of alloy 800H was performed using
EBSD. Each sample received a different GBE treatment,
as defined by a matrix of GBE parameters (rolling
deformation percentage, annealing temperature, and
annealing time). The relative length fraction of R3n CSL
boundaries was increased in all cases; thus, it can be
concluded that there is a variety of parameter combi-
nations that will create a GBE material. The maximum
R3n length fraction of 72.1 pct was attained using a
relatively low deformation level and an intermediate
annealing temperature (the specific conditions are
unable to be reported due to confidentiality). Annealing
time had only a small effect under these conditions. The
maximum attained R3n fraction represents a 70 pct
increase over the as-received sample.

Two samples were subjected to a further study,
involving characterization after each of five total GBE
cycles. For both samples, the R3n fraction was shown to
remain unchanged during the first cycle, before increas-
ing through the next four. Retained strain levels (as
measured by R3 deviation and LAB fraction) were
shown to increase during this first cycle, before decreas-
ing sharply during the second. These results are consis-
tent with other such analyses published in the literature
and add support to these studies.

A boundary connectivity analysis method was devel-
oped to measure the extent of R3n incorporation into the
GB network by means of a simplified two-dimensional
diffusion model. All GBE samples exhibited some extent
of R3n incorporation, shown by increases in two-
dimensional diffusion resistance; however, the highest
levels of incorporation were consistent with the highest
R3n length fractions. These results were also consistent
with an analysis of the triple junctions for each sample,
which is a common method of analyzing boundary
connectivity found in the literature. A study of second-
ary creep rate in these GBE conditions is in progress and
is expected to show some correlation with the effective
resistance results. The results of this study will be
reported at a later date.
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