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Abstract Traditionally, material design and property modifi-
cations are usually associated with compositional changes.
Yet, subtle changes in the manufacturing process parameters
can also have a dramatic effect on the resulting material prop-
erties. In this work, an integrated computational materials en-
gineering (ICME) framework is adopted to tailor the fatigue
performance of a Ni-based superalloy, RR1000. An existing
fatigue model is used to identify microstructural features that
promote enhanced fatigue life, namely a uniform, fine grain
size distribution, random orientation, a distinct grain boundary
distribution (specifically high twin boundary density and lim-
ited low-angle grain boundaries). A deformation mechanism
map and process models for grain boundary engineering of
RR1000 are used to identify the optimal thermo-mechanical
processing parameters to realize these desirable microstructur-
al features. For validation, small-scale forgings of RR1000
were produced and heat-treated to attain fine grain and coarse
grain microstructures that represent the conventionally proc-
essed and grain boundary engineered (GBE) conditions, re-
spectively. For each of the four microstructural variants of
RR1000, the twin density and grain size were characterized

and were in agreement with the desired microstructural attri-
butes. In order to validate the deformation mechanisms and
fatigue behavior of the material, high-resolution digital image
correlation was performed to generate strain maps relative to
the microstructural features. The high density of twin bound-
aries was confirmed to inhibit the length of slip bands, which
is directly attributed to extended fatigue life. Thus, this study
demonstrated the successful role of models, both process and
performance, in the design and manufacture of Ni-based su-
peralloy disk forgings.
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Introduction

Due to their characteristic anomalous strengthening behavior,
Ni-based superalloys are well suited for use as structural com-
ponents in the hot sections of advanced gas turbine engines [1].
Since the 1950s, many decades of engineering advances have
contributed to optimizing their thermo-mechanical properties,
such as their resistance to creep, fatigue, and corrosion at ele-
vated temperatures [2]. Much of the unique characteristics of
Ni-based superalloys can be attributed to their γ-γ′microstruc-
ture, where ordered Ni3Al γ′ precipitates that possess a L12
crystal structure are embedded within a disordered Ni face-
centered cubic (FCC) γ matrix. Thus, the excellent high-
temperature strength and creep resistance can be attributed to
potent levels of precipitate strengthening that restrict disloca-
tion motion during plastic deformation [3]. In many instances,
the properties of these alloys can be further tailored or
engineered by modifying the grain boundary structure or char-
acter distribution [4–6]. For example, the fatigue properties of
high strength, polycrystalline Ni-based superalloys are highly
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sensitive to both the grain size and grain boundary character
distributions [7–9]. In recent years, demand for increasing per-
formance requirements and operating temperatures for ad-
vanced turbine engines has pushed the capabilities of existing
polycrystalline Ni-based superalloys toward their limitations.
As a result, an improved understanding of the dependence of
crack initiation and growth mechanisms on grain boundary
character distributions can potentially contribute to the identi-
fication and development of optimized microstructures that
can effectively extend the capabilities of the material.

Polycrystalline materials possess a grain boundary net-
work, where each individual boundary between neighboring
grains corresponds to a specific misorientation angle relative
to the orientation of the corresponding lattices. The resulting
character of the grain boundary segment greatly influences
both the physical and mechanical properties of a material
[10–12]. Depending on the relative orientations of the high-
angle grain boundaries (HAGBs), the coherency of the bound-
ary between the individual grains with their neighbors may
vary significantly [13]. The coincident site lattice (CSL) is
often used to quantify the degree of coherency along grain
boundaries and describes the number of positions in the re-
spective lattices of neighbor grains where lattice points coin-
cide [14]. The degree of coincidence and structure of the co-
incidence sites can be described by the Σ value, used as a
parameter defining CSL boundaries. Boundaries with few co-
incident sites, e.g., low-CSL boundaries typically withΣ > 29,
tend to contain large concentrations of crystalline defects and
vacancies that serve to both weaken the interface and promote
diffusive mechanisms at elevated temperatures [13]. Since
grain boundary diffusion and sliding are accelerated along
these boundaries, this leads to environmental degradation
and poor resistance to creep deformation. On the other hand,
adjacent or neighboring grains that exhibit high-CSL bound-
aries, or Σ < 29, have relatively coherent interfaces that con-
tain fewer crystalline defects that contribute to weakening the
boundaries. Moreover, since there are comparatively fewer
vacancies and defects along low-Σ interfaces, the mechanisms
by which diffusion and mass transport occur along the inter-
faces also become more sluggish. Among low-Σ boundaries,
twin boundaries,Σ9 andΣ27, to name a few, are referred to as
special grain boundaries.1 These interfaces typically show
lower grain boundary energies compared to those of low-
CSL boundaries and HAGBs [15, 16]. Coherent twin or Σ3
boundaries are the most prevalent type of special grain bound-
aries [17] and possess the lowest grain boundary energy [16].
Therefore, they are highly desirable features for breaking up
the connectivity of the random grain boundary network.

Various grain boundary engineering approaches have been
investigated in recent years as increasing the density of coher-
ent twin boundaries has been shown to be an effective
strengthening mechanism in polycrystalline materials, while
simultaneously maintaining a high degree of ductility [18].
When applied to Ni-based superalloys, grain boundary engi-
neering has been shown to increase resistance to fatigue crack
growth and extend the high cycle fatigue life [19, 20]. When
either a large grain or a cluster of grains within a polycrystal-
line microstructure are favorably oriented for planar slip, cy-
clic deformation conditions may lead to the formation of per-
sistent slip bands that effectively serve as precursors for nu-
cleation of fatigue cracks [21]. Since the length of the persis-
tent slip bands determine the likelihood of crack nucleation,
populating the microstructure with a high density of Σ3 twin
or high-CSL boundaries will serve to inhibit slip transmission
across these boundaries and effectively limit their overall
length [21]. Since the length of persistent slip bands are
bounded by these Σ3 boundaries, the eventual nucleation of
fatigue cracks will likely occur along these boundaries and is
consistent with observations in both pure metals [22–24] and
alloys [21, 25, 26]. Furthermore, the tendency of cracks to
form along twin boundaries [26–30] can also be attributed to
the high degree of elastic strain anisotropy [31, 32] that exists
across these boundaries and induce stress concentrations that
lead to strain localization.

In recent years, microstructure explicit fatigue models for
polycrystalline Ni-based superalloys have been developed
[33–40] that confirm strain localization around microstructur-
al features, primarily at twin boundaries, prior to nucleation of
fatigue cracks. For this particular study, the finite element-
based crystal plasticity model was used to inform the design
of microstructures and identify desirable meso-scale grain
boundary character distributions that could be varied to en-
hance the fatigue performance of a commercially available Ni-
based superalloy RR1000. Following which, innovative hot
deformation based grain boundary engineering techniques
were used to systematically vary the grain boundary character
distributions in small-scale forgings of RR1000. Detailed
strain mapping and microstructural characterization of the
forged alloy were used to validate the effectiveness of grain
boundary engineering on fatigue crack nucleation behavior.

Design for Fatigue Enhancement

A fatigue model was used to inform the design of the micro-
structure of an existing Ni-based superalloy, RR1000, in order
to enhance the fatigue performance. In this material, one of the
primary mechanisms that govern the fatigue life at low tem-
peratures is based on failure due to persistent slip bands
(PSBs), in which strain is localized within the microstructure.
Tanaka and Mura modeled the energy of a PSB [41], which

1 It is noted that a complete description of the GB requires five degrees of
freedom (three for orientation and two for the GB normal). While the GB
networks discussed herein do not represent a unique description of each GB,
they are sufficient to demonstrate correlations for the resulting material
performance.
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has been extended to account for the role of grain boundaries
by Sangid et al. [42] and implemented into a polycrystalline
formulation [43]. The material of interest, RR1000, has been
characterized via electron backscatter diffraction (EBSD), and
the microstructural attributes have been used to create a virtual
instantiation of the material. A statistically equivalent micro-
structure was created that matches the distribution of grain
size and grain boundary content (including density of twins),
possesses a random texture, and is sufficiently large to match
the cyclic strength properties of the material (in terms of yield,
hardening behavior, and maximum stress during strain con-
trolled cyclic loading) [40]. For more details of the microstruc-
ture generation and meshing, please refer to reference [40]. In
order to obtain the micromechanical fields relative to the mi-
crostructure, a crystal plasticity model was implemented.

The flow rule describing the shear strain rate, γ̇α
, on an

individual slip system, α is governed by the following:

γ˙
α ¼ γ˙ o

τα−χα

gα

����
����
m

sgn τα−χαð Þ ð1Þ

where γ̇o is the reference shearing rate, m is the strain rate
sensitivity, τα is the corresponding shear stress on the slip
system α, gα is the critical resolved shear stress of the slip
system α, and χα is the back stress along slip system α. The
critical resolved shear stress on each slip system is updated,

ġα, to account for isotropic hardening.

g˙
α ¼ H ∑

N

β¼1
qαβ γ˙

β
��� ���−Rgα ∑

N

β¼1
γ˙
β

��� ��� ð2Þ

where H and R are the direct hardening and dynamic recovery
coefficients and the latent hardening qαβ represents the inter-
actions between slip systems, such that the coefficient is 1 for
self-hardening (α = β) and 1.2 for latent-hardening (α ≠ β).
The back stress evolution, χ̇α, is expressed as an Armstrong–
Frederick type equation [44]:

χ˙
α ¼ c1γ˙

α−c2χα γ˙
α�� �� ð3Þ

The non-linear kinematic hardening is expressed by Eq. 3,
where c1 and c2 are the direct hardening and dynamic recovery
coefficients, respectively. The output of the crystal plasticity
model provides the stresses and strains along each slip system
within the microstructure. In each grain, it is assumed that a
PSB forms across the centroid of the grain along the slip
system that contains the highest shear stress. The energy of
the PSB is expressed as follows:

EPSB ¼ ∑i f ∫L0γAPBdLþ 1−fð Þ∫L0γSFEdL
n o

þ ~ταbL
n o

þ Eγ
GBnextb

� �h i
∂Xi ð4Þ

where ∂Xi is the incremental slip within the PSB with an asso-
ciated energy barrier expressed as three terms. The first term
represents the energy to form the PSB, where f is the volume

fraction of the γ′ precipitates phase, γSFE is the stacking fault
energy (SFE) of the γ phase, γAPB, is the anti-phase boundary
energy (APB) of the γ′ precipitate, and L is the length of the
PSB traversing throughout the grain. The SFE and APB repre-
sent the energy barriers to shear the γmatrix and γ′ precipitate,
respectively, in forming the PSB. In this model construction,
the SFE and APB values are calculated using molecular dy-
namic simulations based on the normal stress on the slip plane
as stipulated from the crystal plasticity model.

Next, the second term in Eq. 4 represents the energy asso-
ciated with the slip system level stress within the PSB, ~τα,
based on the dislocation pile-up stress inside the PSB [45]
with a Taylor type hardening term [46] and the change in shear
stress on the slip system during a loading cycle as calculated
from the crystal plasticity simulation, Δτα. Further, b is the
Burgers vector. The final term in Eq. 4 represents interaction
energy between the PSB and GB, where Eγ

GB is the transmis-
sion energy for a dislocation to penetrate through a specific
grain boundary type, as detailed in reference [47]. Also, next is
the size of the extrusion or step that forms at the grain bound-
ary, based on an expression of the form given by Mughrabi
et al. [48, 49], such that

next ¼ γ˙
α
b~L

~τα

τ s

ffiffiffiffi
N

p
ð5Þ

In Eq 5, ~L is the length of the PSB normalized by the
average grain size in the material, N is the number of loading
cycles, and τs is the modified Stroh’s stress [50], accounting
for the energy associated with the specific type of GB.

τ s ¼ πEγ
GBμ

2 1−vð ÞL
� �1

2

ð6Þ

Moreover, μ is the shear modulus, v is the Poisson’s ratio.
The PSBs are observed to transverse through low-angle

grain boundaries (LAGBs) with misorientations less than
15° [21, 51], thereby resulting in an overall PSB length that
can stretch over multiple connected grains [21, 52]. Failure
(e.g., fatigue crack initiation) would occur when the energy of
the PSB would attain its stable, minimum value, that is as
follows:

∂EPSB

∂Xi
¼ 0 and

∂2EPSB

∂2Xi
> 0 ð7Þ

Each PSB in the virtual polycrystal was monitored and the
critical PSB is defined as the PSB that is the first to reach its
stable value. A detailed sensitivity analysis, uncertainty quan-
tification, and uncertainty propagation study for the fatigue
model are available in ref. [53].

Next, in order to use the fatigue model to inform the mi-
crostructural design of the alloy, we studied the effect of the
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grain boundaries on the fatigue behavior. For the results
discussed in reference [40], the energy balance for a critical
PSB was modified to probe the role of the adjacent grain
boundary on the fatigue life. As shown in Fig. 1, a single grain
(of diameter 9μm)was selected and the GB energy around the
PSB was varied from a lower limit of 60 mJ/m2 (correspond-
ing to a coherent twin) to an upper limit of 932 mJ/m2 (corre-
sponding to a HAGB, specifically a 38.94° tilt around the
[110]) [54], keeping all the other microstructure parameters
within the fatigue model constant. The analysis was repeated
for a grain cluster (PSB of length 20 μm that spans across a
LAGB). A GB with a lower energy is less likely to nucleate
dislocations and provides a stronger barrier for dislocation
transmission (for similar type of dislocations and stress con-
ditions). Therefore, it is less likely to form a PSB or resulting
extrusions at the GBs, thereby prolonging failure and a longer
fatigue life. For this reason, we adopted the strategy of increas-
ing the density of low energy grain boundaries, e.g., coherent
twin boundaries, via grain boundary engineering.

Grain Boundary Engineering

Typical grain boundary engineering (GBE) processes known
today were first introduced in the mid-1980s and consist of cold
rolling/working at strains ranging from 5 to 20% followed by a
short annealing time at high temperature, in order to promote
the formation of annealing twins [55, 56]. Subsequent iterations
of deformation/anneal are often performed in order to obtain a
sufficient fraction of twin boundaries [57]. The iterations also
allow for the interaction ofΣ3n (n = 1,2,3) boundaries to induce
multiple twinning, the formation of incoherent twins, or triple
junctions. From a commercial manufacturing perspective, room
temperature deformation of high-strengthNi-based superalloys,
such as RR1000, is impractical as these materials can withstand

only limited deformation without cracking. Additionally, forg-
ing die materials cannot withstand the stresses required to de-
form the material and forging equipment would limit the size
and complexity of potential component configurations.
Furthermore, the short annealing times employed to limit re-
crystallization and grain growth are not compatible with the
considerable thermal inertia inherent in large structures.
Finally, the multiple deformation and thermal processing cycles
would add manufacturing lead time and cost even if the afore-
mentioned limitations could be overcome. As such, the current
approaches used for GBE are not ideally suited for the fabrica-
tion of physically large and complex-shaped Ni-based superal-
loy components for propulsion and power generation
applications.

A preliminary investigation aimed at utilizing modified
isothermal forging techniques was performed to aid in the
understanding of how deformation parameters affect the for-
mation of coherent twin boundaries [58–62]. It was concluded
that modest changes in the isothermal deformation parameters
are sufficient to control the amount of residual strain energy
stored in the deformed material [58]. During deformation,
strain energy in the form of dislocations is stored within the
grains. Subsequent annealing triggers the formation of coher-
ent twin boundaries via strain-induced grain boundary migra-
tion (SIBM). From the experimental results, constitutive
models commonly used for describing the formation of twin
boundaries in polycrystalline materials were used to quantify
the density and length fraction ofΣ3 boundaries as a function
of the grain size [63]. The models were further modified to
account for the influence of deformation based on the magni-
tude of strain energy [59] similar to the work of Li et al. on
cold rolling [64, 65]. The resulting density and length fraction
of Σ3 boundaries as a function of the average grain size are
expressed in Eqs. 8 and 9 where d is the density ofΣ3 bound-
aries, kn (n = 1 to 5) are the constants independent of temper-
ature, Es is the stored strain energy,D is the grain size,Dascp is
the grain size in the deformed condition prior to annealing,
LFΣ3 is the length fraction of Σ3 boundaries, LF* is the frac-
tion limit.

d ¼ k1
1þ k2Esð Þ

D
ln

D
k3Dascp

� 	
ð8Þ

LFΣ3 ¼ LF* 1þ k4Esð Þ 1−exp −
D

k5Dascp

� 	� �
ð9Þ

The equations were plotted for deformation parameters lead-
ing to negligible amounts and high densities of intragranular
misorientations in Fig. 2. For each condition, the density of Σ3
boundaries was found to decrease with increasing grain size due
to the loss of the twin boundaries in the grains being consumed
during grain growth. Conversely, the length fraction of Σ3
boundaries increased with increasing grain size due to the

Fig. 1 Influence of grain boundary energy on fatigue life. Two examples
are shown based on simulation results, where a PSB is contained within a
single grain (red curve) and a PSB traverses a LAGB forming a grain
cluster (black curve)
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extension of the grain boundary network that decreases the
length of the random HAGBs, while the twin boundaries extend
across the growing grains. Overall, higher densities and length
fractions of Σ3 boundaries are shown across the range of grain
sizes following annealing of structures that contain the high den-
sity of intragranular misorientations, inset of Fig. 2a.
Consequently, these results support the notion that the isothermal
forging parameters can be optimized and used to control the
grain boundary character distribution of polycrystalline Ni-
based superalloys.

A deformation mechanism map was generated for RR1000
using small-scale cylindrical samples for isothermal compres-
sion testing on a Gleeble system to simulate isothermal forg-
ing, Fig. 3 [58]. Decreasing the deformation temperature and
increasing the strain rate resulted in an increase in the magni-
tude of intragranular misorientation and the maximum flow
stresses measured during deformation. Two regions were
identified in the map of Fig. 3 using the initiation of strain
hardening. In the superplastic flow region, the higher defor-
mation temperatures and slower strain rates did not induce the
storage of sufficient levels of strain energy as grain rotation
and sliding occurs during deformation. Consequently, those
conditions were not conducive to the formation of annealing
twins. Conversely, when dislocation-based plasticity mecha-
nisms are operative during deformation at lower temperatures
and higher strain rates, the generation of geometrically neces-
sary dislocations (GNDs) enables storage of strain energy that
can promote SIBM during subsequent annealing. Thus,
selecting deformation parameters for RR1000 that correspond
to this region of the deformation mechanism map is favorable
for promoting the formation of annealing twins.

Conventional isothermal forging of RR1000 utilizes deforma-
tion parameters that fall within the superplastic flow region of the
deformation mechanism map of Fig. 3. In order to increase the
density of twin boundaries in the microstructure of the material
following deformation and annealing, the deformation

parameters were modified such that the dominant mechanism
for accommodating strain was shifted toward the regime where
dislocation-based plasticity becomes operative.

Forging

Small-scale forging trials of RR1000 were performed on cylin-
ders measuring 38 mm in diameter and 38 mm length extracted
from a consolidated RR1000 billet using electrical discharge
machining (EDM). The cylinders were sent to ATI Ladish for
isothermal forging using two sets of forging parameters. First, the
baseline microstructure was produced by forging the material
using a set of deformation parameters typical for isothermal forg-
ing with a temperature of 1100 °C and a strain rate of 0.003 s−1.
Secondly, a GBEmicrostructure was produced using a deforma-
tion temperature of 1020 °C and a strain rate of 0.05 s−1.
Following compression to 0.75 strain, the forged pancakes mea-
sured ~ 10 mm in height and ~ 79 mm in diameter. EBSD maps

Fig. 2 aDensity and b length fraction of Σ3 boundaries as a function
of varying grain size from annealing heat treatments for two different
deformation conditions. Modeled for RR1000 from experimental
data and adapted from Ref. [59]. The insets represent the

transformation from deformed grain following forging (using
intragranular misorientation maps) to final microstructure following
annealing (with Σ3 boundaries in red, Σ9 in green, Σ27 in blue, and
random HAGBs in black)

Fig. 3 Deformationmechanismmap for RR1000 showing the maximum
stress as a function of the deformation temperature and strain rate with
intragranular misorientation maps for the samples deformed at 1020 °C–
0.05 s−1 and 1100 °C–0.001 s−1. The inset shows an example grain with
intragranular lattice misorientation indicated. Adapted from Ref. [58]
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of the forged baseline andGBEmaterial are shown in Fig. 4. The
criterion used to constitute a grain boundary was based on a 5°
misorientation between neighboring points. The EBSD data was
gathered with step sizes 0.5 and 1 μm for the fine and coarse
grain specimens, respectively. Consistent with the deformation
mechanism map of Fig. 3, the baseline microstructure presented
negligible levels of GNDs, Fig. 3a, while the GBE material ex-
hibited a significant degree of intragranular lattice misorientation,
Fig. 3b.

Following deformation, the average grain size was smaller in
the GBE condition at 2.6 μm compared to 4.1 μm in the baseline
material. Similarly, the length fraction ofΣ3 boundaries was lower
in the GBE condition at 13% compared to 21% in the baseline
forging. Additional details on the calculation of the density and
length fraction of Σ3 boundaries as well as the generation of
intragranular misorientation maps can be found in Ref. [60].

The forgings were cut into halves and subject to either a sub-
solvus or super-solvus heat treatment. The sub-solvus heat treat-
ment was performed at 1115 °C for 4 h, while the super-solvus
heat treatment was performed at 1170 °C for 4 h following 4 h at
1115 °C. For all cases, a controlled cooling rate of 1 °C/s was
maintained from the heat treatment temperature. During super-
solvus heat treatment, above 1140 °C, the dissolution of the
primary γ′ precipitates originally pining the grain boundaries
allows for grain growth [66]. Thus, the sub-solvus condition is
referred to as fine grain (FG) and the super-solvus annealing
corresponds to coarse grain (CG) microstructures. The process-
ing conditions for the four variants of RR1000 are summarized in
Table 1. The grain boundary character distributions of the heat-
treated forgings are characterized in Figs. 5 and 6. Most Σ3
boundaries were present as coherent twin boundaries elongated
throughout the grains. The FG, conventionally forged material
(referred to as the baseline condition), exhibited densities and

length fractions ofΣ3 boundaries of 0.14μm−1 and 25%, respec-
tively, where the density was defined as the length of the Σ3
boundaries taken from the EBSD maps divided by the map area
[60]. The values are averages over 8 stitched regions which re-
sulted in total scanned areas of ~ 200 × 248 μm2. Significantly
higher values were measured in the FG GBE forging at
0.27 μm−1 and 39%, respectively. Similarly, higher values were
also obtained in the CGmicrostructure of the GBE-forged mate-
rial, of 0.06 μm−1 and 46% compared to 0.04 μm−1 and 45% in
the baseline material. However, the differences in the values of
density and length fraction of Σ3 boundaries in the CG material
were limited, which is consistent with the predictions of Fig. 2 for
larger grain sizes. This can also be attributed to the decrease in
density of Σ3 boundaries with increasing grain size due to the
detachment of the twin boundaries from the HAGBs resulting in
the formation of internal twins.

The grain size distributions for each condition were extracted
from the EBSD data. For the determination of the grain size, the
parent and twin grains are treated as distinct grains, as represented
in Fig. 7. The grain size cumulative probabilities are represented in
Fig. 8. Although the parent grain sizes were similar in the baseline
(6.1 ± 0.2μm) and GBEmaterial (5.8 ± 0.1μm) in the sub-solvus
condition, the higher density of twin boundaries in the GBE sam-
ple further divided the grain boundary network, Fig. 5. This result-
ed in comparatively smaller average grain sizes in the GBE mate-
rial as compared to the baseline forgings for both FG and CG
conditions. In the CG condition, smaller grains were observed in
the GBE material from the difference in forging parameters. This
resulted in a difference in parent grain size with an average of
49 ± 6 and 33 ± 3 μm in the baseline and GBE CG forgings,
respectively. Furthermore, the grain sizes measured in the CG
material spanned a significantly larger range (as compared to the
FG material) with maximum sizes of up to ~ 100 μm.

Fig. 4 a, b Intragranular
misorientation and c, d grain
boundary maps for the as-
deformed a, c baseline and b, d
GBE forged billets. The Σ3
boundaries are represented in red,
Σ9 in green, Σ27 in blue, and
random HAGBs (misorientation
angle ≥ 15°) in black. The
LAGBs (5° ≤ misorientation
angle < 15°) are represented in
white in the intragranular
misorientation maps
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Fatigue Simulations

The four lots of materials produced during the forging process
were characterized using EBSD and used to create 10 statistically
equivalent microstructures (SEMs) for each lot of material using
DREAM.3D [67]. All the SEMs used in the current study have at
least 150 grains, which makes them large enough to capture not
only themicrostructural attributes but also the strength properties.
The SEMs serve as representative volume elements for the
strength properties (e.g., yield stress, hardening behavior,
maximum/minimum stress upon cyclic loading in strain control,
i.e., the ability to capture the Bauschinger effect), but not neces-
sarily for the minimum fatigue life. By analyzing the result of the
10 SEMs, we captured variability in the fatigue behavior and
thereby the fatigue performance. Each SEM was subjected to a
single fatigue loading cycle via crystal plasticity to capture the
micro-mechanical fields relative to each of microstructure. Based
on prior digital image correlation of this material [68], it was
observed that the slip bands form during the first loading cycle
(and the number of slip bands were constant with respect to
number of cycles for this particular loading). One cycle of the
crystal plasticity simulation is sufficient to determine the hetero-
geneities in the stress distributions relative to the microstructural
features [40], and the resulting micromechanical fields after one

loading cycle are used for fatigue modeling purposes. For each
individual SEM, the fatigue model deterministically calculates
the fatigue life on a grain-by-grain basis. By using multiple
SEMs, thousands of grains can be probed by the fatigue model
to obtain their respective fatigue lives and the large amount of
data is consolidated to get a fatigue life distribution. The results of
the fatiguemodel are grouped into the CG (super-solvus) and FG
(sub-solvus) conditions and plotted as probability of failure in
terms of cycles to crack initiation, as shown in Fig. 9. As expect-
ed, the sub-solvus annealed RR1000 material displays superior
strength properties when compared to the CG variant, which is
attributed to the fine grain structure with little variability in grain
size distribution. Further, the finer grain structure prevents large
PSBs from forming, thereby extending the fatigue life of the
material.

For each of the SEM simulations, the critical PSB resulting
in crack initiation was further analyzed, such that the PSB
length was recorded. Figure 10 displays the inverse relation-
ship between the PSB length and the cycles to crack initiation.
As previously stated, the GBE structures have an increased
density of twins. Due to the modified isothermal forging pro-
cess utilizing higher strain rates and lower temperatures, the
dislocation mediated deformation results in an increase in
stored strain energy within the microstructure that is relieved

Table 1 Processing conditions
for the four variants of RR1000,
including isothermal forging
condition (temperature and strain
rate) and heat treatment. Each
heat treatment was performed for
4 h with a controlled cooling rate
of 1 °C/s

Conventionally forged (baseline) Grain boundary engineered (GBE)

Fine grain (FG) Forged: 1100 °C and 0.003 s−1

Sub-solvus annealed: 1115 °C

Forged: 1020 °C and 0.05 s−1

Sub-solvus annealed: 1115 °C

Coarse grain (CG) Forged: 1100 °C and 0.003 s−1

Super-solvus annealed: 1170 °C
following 1115 °C

Forged: 1020 °C and 0.05 s−1

Super-solvus annealed: 1170 °C
following 1115 °C

Fig. 5 Grain boundary maps of
the forged a, c baseline and b, d
GBE billets following annealing
resulting in a, b FG and c, d CG
microstructures. The Σ3
boundaries are represented in red,
Σ9 in green, Σ27 in blue, and
random HAGBs in black. The
insets describe the twin density
(with respect to surface area) and
the twin length fraction,
respectively
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by the formation of annealing twins. As shown in Fig. 7, the
annealing twins nucleate and grow across the parent grains
during heat treatment, subsequently reducing the effective,
overall grain size. Thus, the GBE materials extend the fatigue
life in two ways. Firstly, the increased twin density in the grain
boundary engineered materials thereby act to reduce the
length of the potential PSBs that can form. By having a higher
probability of intersecting a twin, the PSB length is limited in
the GBE case. Secondly, the GBE material reduces the quan-
tity of LAGBs, and further limits the formation of PSBs across
grain clusters (similarly oriented grains connected by
LAGBs), which once again reduces the potential PSB length.
Therefore, if the material has a large PSB, it is likely to fail
quickly, but on the other hand, if a large PSB is inhibited from
forming, then the material is likely to fail from smaller PSBs
and consequently possess a prolonged life.

Strain Mapping

It is well known that Ni-based superalloys deform with high
degrees of heterogeneity [69], manifesting high levels of de-
formation along slip bands [29]. In order to understand the
effects of GBE on this material, it is important to capture the
discrete slip bands and their interactions with grain bound-
aries. To capture material heterogeneity during different stages

of deformation, the surface strain is characterized spatially
relative to the microstructural features using digital image cor-
relation. Digital image correlation (DIC) is a technique that
uses a random surface pattern to track displacements from an
initial state. As the sample is deformed, these random surface
features are displaced, mirroring the underlyingmicrostructur-
al surface behavior. Image correlation between initial and de-
formed states yields in-plane surface displacements, which are
then integrated into in-plane strain components [70]. In this
experiment, the initial state is correlated with deformed states
at 1 and 10 fatigue cycles at room temperature. Four different
conditions of RR1000 were investigated during this experi-
ment, as previously summarized in Table 1.

Specimen Preparation and Fatigue Testing Conditions

Dog bone specimens were produced via EDM from forged
disks of baseline and GBE RR1000. Specimens had gauge
sections measuring 10 mm by 3 mm by 1.25 mm thick. A

Fig. 6 Density and length fraction of Σ3 boundaries in the FG and CG
forged baseline and GBE billets. The values are averages over 8 stitched
regions which resulted in total scanned areas of ~ 200 × 248 μm2 for the
FG condition and ~ 800 × 1000 μm2 for the CG condition

Fig. 7 Schematic view of grain area measurement from a parent grain
and b parent grain with twin

Fig. 8 Grain size cumulative distribution plot for the variants of material
produced during this study. The dashed lines represent the average grain
size for each case

Fig. 9 Fatigue model life predictions for CG and FG RR1000 plotted as
the probability of failure, where the cycles to failure are normalized based
on the maximum value observed
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cross-section of the forged disk, through the thickness, was
taken, and EBSD scans were conducted on these areas, in
order to identify and avoid the surface discontinuities pro-
duced by the forging process. Forged surfaces were removed,
such that a consistent microstructure, specifically the twin
density, twin length fraction, and grain size, was present in
all specimens. Specimens were prepped via mechanical grind-
ing and polishing. Final polishing was completed with 0.3 and
0.05 μm alumina and colloidal silica, respectively. Fiducial
markers were placed in a rectangular array in the middle of
each specimen defining the area of interest. The microstruc-
ture was characterized via EBSD scans, in order to acquire the
spatial crystallographic orientations that were used to recon-
struct the spatial position of the grain boundaries.

Specimens were tested with a servo hydraulic MTS ma-
chine with an Epsilon model 3442 extensometer attached.
The first cycle was composed of monotonic loading to 1%
total strain in displacement control in accordance with the
ASTM E8 standard for testing aerospace alloys, followed by
unloading to a near-zero value of stress in load control and the

extensometer was subsequently removed. The maximum
stress at 1% strain was recorded as depicted in the stress-
strain curve for each condition in Fig. 11, and this value of
maximum stress was used as the target stress in subsequent
cycling. Cycles 2 through 10 were performed in load control
with an R-ratio of 0.1 about the measured maximum stress at
1% total strain obtained during the first cycle.

Digital Image Correlation Using Electron Imaging

Images were taken on a Phillips XL40 FEG scanning electron
microscope at a resolution of 3872 × 2904 pixels with a work-
ing distance of 10 mm. A gold nanoparticle pattern was ap-
plied to the specimen’s surface following the procedure
outlined by Kammers and Daly [71]. The gold nanoparticles
provide fine features with sufficient density to enable high-
resolution DIC analysis, which is capable of identifying indi-
vidual slip bands, as shown in Fig. 12. Images were also
corrected for spatial distortions, and a protocol was followed
to minimize drift distortion inherent in electron microscopy
described by Sutton et al. [72]. These distortions were re-
moved from the DIC analysis by use of a certified grid at the
end of eachmicroscopy session. The calibration grid served as
a reference image, which ensured that the reported magnifica-
tion was consistent for each microscopy session; the full pro-
cedure is discussed in detail by Mello et al. [73].

A 100 × 75 μm2 area of interest was observed in the fine
grain specimens, while a larger area of 200 × 200 μm2 was
observed in the coarse grain specimens, in order to capture a
representative number of grains during the characterization of
each specimen. Image correlations were conducted using
Correlated Solutions VIC-2D™. Regions of interest for the
analysis of the fine grain material consist of four stitched im-
ages; each image was correlated using a subset of
0.42 × 0.42 μm2 and a step size of 0.03 μm. The strain maps
for the coarse grain samples consist of six stitched images, two
wide by three long, and each image was correlated using a
subset of 1.34 × 1.34 μm2 and a step size of 0.06 μm. A larger
subset was selected for the coarse grain material to capture the
discrete slip bands; smaller subsets could not capture the rel-
ative large displacements that occurred along slip bands
resulting in poor correlations.

Strain Map Results and Discussion

Digital image correlation using images obtained by elec-
tron microscopy was conducted on the four aforemen-
tioned cases. Strain maps are shown at 10 cycles in
Fig. 12. The strain component along the loading direction
of the specimen is plotted, εxx. Strain maps at 10 cycles
were selected to demonstrate the role of cyclic hardening,
due to the presence of strain accumulation at grain bound-
aries and along slip bands, but well before diffuse strain

Fig. 11 Stress-strain response of the four variants of RR1000, forged
with baseline and GBE parameters and heat treated to the CG and FG
conditions. Only the first initial loading cycle to 1% strain is shown,
where the stress is normalized based on the maximum value of the FG
GBE case

Fig. 10 Fatigue model simulations of the length of the critical PSB
resulting in failure plotted against the normalized cycles to failure based
on the maximum value observed
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images, whereas out-of-plane deformation obscures indi-
vidual slip bands within grains. The white areas in
Fig. 12 correspond to a low confidence value of strain
during the digital image correlation process, and thus, the
subsequent strain value is not reported in the strain map.

Average strain accumulation in the CG baseline and GBE
microstructures in the unloaded state, Fig. 12a, b, are 0.73 and
0.87% after 10 loading cycles, respectively. The baseline
structure demonstrates a larger mean distance between slip
bands, as a consequence almost all slip activity captured is
part of a saturated slip band, where the strain value measured
is 3.5% or greater in the loading direction. Meanwhile, the CG
GBE structure does contain more strain, Fig. 12b. On average,
many of the grains in the CG GBE structure show finer spac-
ing between slip bands, as compared to the CG baseline; this
results in strain not localizing on fewer slip bands but rather
accommodating the deformation overmore slip bands. All slip
bands observed were straight, characteristic of shearing γ′
precipitates [74] in Ni-based superalloys and indicative of
planar slip [75].

The average strain accumulation in the FG microstruc-
tures after 10 cycles in the unloaded state is 2.30% and
1.81%, respectively, as shown in Fig. 12c, d. Therefore,
the FG GBE structure had less average strain at the end

of 10 cycles when compared to the baseline FG sample, as
shown in Table 2. The macroscopic stress-strain curves
were similar for the baseline and GBE material in the FG
samples. Further, the FG material does have a higher
strength in terms of the yield point and stress at 1% strain,
compared to the CG material, as explained by the Hall-
Petch relationship [76, 77]. Due to the higher stress state,
both FG materials, baseline and GBE, showed a higher
degree of plasticity when compared to the CG microstruc-
tures throughout the experiment.

As previously noted, for the FG microstructures (in both
the baseline and GBE cases), the individual slip bands are
obscured, such that strain appears as a continuous field. By
viewing the strain field, strain manifests along 45°

Fig. 12 Scanning electron
microscopy-digital image
correlation showing (εxx), loading
direction strain, after 10 cycles of
a baseline coarse grain, b GBE
coarse grain, c baseline fine grain,
and d GBE fine grain RR1000.
Area imaged for a and b are
200 × 200 μm2, c and d are
100 × 75 μm2

Table 2 Accumulated average plastic strain states of each RR1000
variant after 1 and 10 fatigue cycles in the unloaded state

Deformation state 1 Cycle 10 Cycles

Baseline fine grain 0.53% 2.30%

GBE fine grain 0.58% 1.81%

Baseline coarse grain 0.54% 0.73%

GBE coarse grain 0.66% 0.87%
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macroscopic bands relative to the specimen’s loading di-
rection with distinct patterning around microstructural fea-
tures. Moreover, the higher stress imposed on the FG ma-
terial results in the activation of multiple slip systems with-
in individual grains, as discussed by Boettner et al. [22]
and Kocks and Mecking [78, 79]. These additional slip
systems coupled with the smaller slip band spacing explain
the inability to resolve slip band in the FG material. Shyam
and Milligan [80] investigated the dislocation arrangement
in these FG structures via transmission electron microsco-
py and found that deformation within smaller grains were
driven by an isolated movement of dislocations during de-
formation, not planar slip bands as in coarse grain material.
This resulted in highly homogenous deformation, where
homogenous deformation was defined as highly decreased
spacing between slip bands and activation of multiple slip
systems [80].

The individual slip band length was measured in the
CG specimens using the software ImageJ [81], which is
shown as a cumulative distribution function in Fig. 13.
The GBE material has a higher twin boundary fraction,
which serves as more internal barriers to slip, inside of
each larger parent grain, hindering crack formation.
Davidson et al. [52] presented the super-grain theory, in
which many grains act in concert to promote crack initi-
ation. Similarly, Sangid et al. [21] demonstrated that large
grains and grain clusters connected by LAGBs provided
longer slip bands that promoted long range transmission
and pile up of dislocations serving as a precursor to crack
initiation. Therefore, the increased occurrence of twin
boundaries within a larger parent grain allows the one
large parent grain to behave like a few smaller grains.
Each twin boundary will act as a separate grain boundary,
impeding slip continuity across the larger parent grain,
therefore acting as the mechanism for GBE-based
strengthening and fatigue enhancement of the material.

Conclusions

An integrated computational materials engineering frame-
work is adopted to design and manufacture a Ni-based super-
alloy with the objective to tailor the fatigue performance of the
resulting forged turbine disks. Significant contributions of this
study are summarized as follows:

1. An existing fatigue model, based on persistent slip
bands (PSBs) [20, 40, 42, 43], is used to identify mi-
crostructural features that are beneficial for achieving
an enhanced fatigue life. A PSB of longer length is
attributed to more stored strain and a higher stress con-
centration, therefore leading to a shorter fatigue life.
Therefore, a small, uniform grain size is preferred
without the presence of texture. Further, the grain
boundaries play a critical role in the fatigue perfor-
mance, low-angle GBs, promoting slip transmission
and PSB forming across grain clusters, should be
avoided. Finally, twin boundaries are beneficial in their
role of impeding the length of PSBs that form.

2. Conventional GBE approaches are not suited to the
processing of Ni-based superalloys for turbine disk ap-
plications. Models for the formation and grain size de-
pendence of twin boundaries were used to identify
conditions favorable to the improvement of the grain
boundary network during isothermal forging. A pro-
cess map was developed for RR1000, and GBE was
achieved using hot deformation parameters that trigger
dislocation-based plasticity mechanisms. The residual
strain energy stored within the microstructure promot-
ed the formation of twin boundaries during subsequent
annealing via SIBM.

3. Small-scale forgings of RR1000 were produced using the
conventional forging parameters and the modified forging
parameters to achieve GBE. Furthermore, two heat treat-
ments, respectively, sub-solvus and super-solvus, were
performed to produce fine grain (FG) and coarse grain
(CG) microstructures. The density of twin boundaries
was almost doubled in the GBE condition compared to
the conventionally processed forging, in the FG variants.
The CG only showed a modest increase in the density and
length fraction of twin boundaries.

4. High-resolution DIC was performed on the four var-
iants of RR1000. Each strain map displayed hetero-
geneous deformation along 45° macroscopic bands
relative to the specimen’s loading direction and accu-
mulating around microstructural features, especially
twin boundaries. Individual strain bands could be
readily observed within the strain maps of the CG
material. The length of these slip bands was shorter
across the GBE material, which, as the fatigue model
predicts, is attributed to a longer fatigue life.

Fig. 13 Cumulative probability distributions of the slip band length in
baseline and GBE CG samples as measured from resulting digital image
correlation strain maps
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