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ABSTRACT
Recrystallization, possibly triggered during heat treatments by plastic strains of only 1–2%, is highly
deleterious to Ni-based single-crystal superalloys. Herein, we successfully recover plastic defor-
mation and enhance the supersolvus critical strain for recrystallization by ramping the annealing
temperature slowly from 1100 °C to γ ′-solvus point. This preempts recrystallization during the sub-
sequent supersolvus solutionizing treatment. The proposed method is validated in single-crystals
compressed to 5.9% plastic strain at room temperature. After supersolvus solutionizing, an almost
dislocation-free single-crystal with uniformly distributed γ ′-precipitates is obtained. The proposed
method offers a practical means to bring down the overall expenses of single-crystal turbine blades.

IMPACT STATEMENT
Anoptimizedpre-solutionizing recoveryheat treatment canelevate the critical plastic strain value for
recrystallization in Ni-based superalloy single-crystals to 3 times higher than previously established.
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1. Introduction

Ni-based single crystal (NBSC) superalloys have been
widely used for high-pressure turbine engine blades
with complex geometries in modern aeronautical and
energy-generation industries [1]. Plastic deformation
and associated microscopic defects such as disloca-
tions are likely to be introduced into them in almost
every stage of their production: from manufacture to
assembly to transportation [2]. Then, either during the
mandated post-manufacturing heat treatment or during
high-temperature service, those dislocations can trig-
ger recrystallization (RX), which results in a polycrys-
talline microstructure with high-angle grain boundaries
(HAGBs) [3–6]. Since HAGBs can severely degrade the
high-temperature creep and fatigue resistances of the
NBSC parts [7], every effort is made to optimize the heat
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treatment protocols such that any dislocation introduced
during the plastic deformation are either eliminated or
minimized. In the process, the excess stored energy is
relieved, and thus RX is prevented [2,8,9].

Typically, a supersolvus solutionizing step during the
heat treatment is necessary for imparting chemical and
microstructural homogeneity that, in turn, will lead to an
optimizedmechanical performance of the superalloy. RX
can occur easily during this step. Tomeasure the recovery
capability of a given NBSC, its supersolvus critical plas-
tic strain, ε∗, is identified. It is defined to as the plastic
strain, εp, above which RX cannot be preempted during
the supersolvus solutionizing treatment.

It is apparent that a higher ε∗ leads to a lower rejec-
tion rate of the NBSC part during the quality control
exercise. It, in turn, would result in lowering of the
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overall expenses associated with the manufacturing and
maintenance of the NBSC superalloy blades. Although
ε∗ depends on the deformation temperature, even the
highest value of it reported hitherto for room tempera-
ture uniaxial compressive deformation is only between
1% and 2% [2,10]. Successful recovery annealing at
1100 °C for 6 h has been reported recently to preempt
recrystallization in the 3D-printed NBSC superalloys
which intrinsically contain high and nonuniformly dis-
tributed residual strains [11].However, it remains unclear
whether such protocol is also effective to thosewith exter-
nally imposed strains, and whether and how the protocol
can be optimized to enhance ε∗.

In this paper, we propose and validate a novel heat
treatment protocol that involves a sub-solvus recovery
annealing by slowly ramping the temperature, to lower
the stored energy first and hence minimize the driving
force for RX, prior to standard supersolvus solutionizing.
The validity of the new strategy is verified on an AM3
NBSC superalloy that was plastically deformed in uniax-
ial compression to a εp as high as 5.9%. Microstructural
evolution during the recovery annealing was character-
ized in detail to understand the dislocation density reduc-
tionmechanisms. The proposedmethodology provides a
practical means to prevent the NBSC parts from recrys-
tallizing into a polycrystalline microstructure, and thus
enhance the finish product rate and lower the overall cost.

2. Material andmethods

Cylindrical specimens with 5mm diameter and 10mm
length were cut from solutionized [001] cast AM3 NBSC
boules, a first-generation superalloy with the chemical
composition of 7.9Cr, 5.5Co, 2.2Mo, 5.0W, 2.0Ti, 5.9Al,
3.6Ta, 0.002C, and balance Ni, all in weight percent. They
were subjected to uniaxial compression to εp of 3.7%,
4.2%, 5.3 and 5.9% at a nominal strain rate of about
8× 10−5 s−1 at room temperature. εp in each specimen
was measured from the relative reduction in length due
to compression. The deformed cylinders were axially sec-
tioned into two or four pieces for the recovery studies.
As shown in Figure S1 in the Supplementary Informa-
tion (SI), the dissolution of the γ ′-precipitates starts at
1100 °C and gets completed at 1280 °C. On this basis,
three types of recovery annealing protocols were selected
(Figure S2 in SI). In Type 1, the recovery annealing tem-
perature, TR, was set constant at either 1100 or 1150 °C.
In Type 2, TR was increased in a stepwise manner, from
1100 to 1270 °C, which is 10 °C below the solvus tem-
perature. In Type 3, TR was ramped up continuously
from 1100 °C to the γ ′ solvus temperature (1280 °C). The
total time allowed for recovery in all these three heat-
ing methods was maintained approximately the same

(∼2 h). After recovery annealing, each specimen was
solutionized at 1300 °C (same to the standard solution-
izing temperature of AM3) for 30min, which was long
enough for recrystallized grains, if any, to grow up to tens
of microns or larger, which will enable their easy detec-
tion. For comparison, an identical specimen compressed
to εp = 3.7% was also solutionized without any recovery
treatment. All the heat treatment experiments were car-
ried out in a muffle furnace under air atmosphere. This
led to the oxidization of the samples’ surfaces. Therefore,
the oxide layers were removed bymechanical peeling and
polishing, before mounting the heat-treated specimens
onto the 70o sample stage for the EBSD scans. The peel-
ing and polishing led to the inevitable formation of rough
edges and irregular corners on the sample cross-sections.

3. Results

Electron backscatter diffraction (EBSD) with a step size
of 10 μm was used to map the crystal orientation of
the specimens after the solutionizing treatment. With-
out recovery annealing, recrystallization occurs readily
in the reference specimen subjected to a εp of 3.7%. In
it, more than 20% of the scanned area is occupied by the
recrystallized grains (Figure 1a). In contrast, a two-hour
recovery at 1150 °C preempted recrystallization com-
pletely in the specimen with a εp of 4.2% (Figure 1b).
Recovery was found to be highly sensitive to TR. As
demonstrated in Figure S3a of SI, annealing at 1100 °C
for even 11 h does not result in sufficient recovery and
hence cannot prevent recrystallization even in a speci-
men with εp = 3.7%. Thus, a higher TR is necessary to
recover the stored energy more thoroughly. Too high a
TR, however, can trigger recrystallization, as displayed in
Figure S3b, when the temperature is ramped directly to
the solvus temperature. To overcome this dilemma, Type
2 recovery, which involves multiple steps of annealing at
incremental temperatures, is applied to a specimen with
εp = 5.3%; Figure 1c shows that recrystallization is suc-
cessfully prevented in it. When εp is increased further to
5.9%, HAGBs with misorientation angles of up to 30o are
observed (Figure 1d). The continuous gradual ramp-up
of Type 3 recovery strategy allows for an even higher fin-
ishing temperature without increasing the risk of recrys-
tallization, and thus the supersolvus critical strain could
be increased to 5.9% (Figure 1e). Although a 15o mis-
orientation still exists over a millimeter-length scale after
supersolvus solutionizing, no HAGBs could be detected.
This confirms complete suppression of recrystallization.
The misorientation present is not large enough to influ-
ence on high-temperature creep properties on NBSC
superalloys in a significant manner [12,13]. Thus, the
proposed protocol not only maintains the single-crystal
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Figure 1. (a) to (e) Inverse pole figure (IPF) maps along the compression direction of the EBSD scanned cross-sections of specimens
with various strain levels after recovery annealing and solutionizing treatment. (f ) γ ′ morphologies before deformation and after heat
treatment.

Figure 2. TEM observation of the dislocations in the 5.9% strained NBSC superalloy (a) before and (b) after recovery and subsequent
solutionizing heat treatment.

structure, but also preserves themorphology and volume
fraction of the γ ′-precipitates (Figure 1f), fulfilling the
requirements of a successful heat treatment.

Besides crystal orientation, the dislocation structures
in the as-deformed and post-annealed superalloys are
characterized using a transmission electron microscope
(TEM). Prior to any heat treatment, a high density, ρ

(>5× 1014 m−2, measured by using the line-intercept
method [14]), of dislocations are observed in the narrow
γ -channels in the sample with a εp of 5.9% (Figure 2a).
In stark contrast, ρ is only 1× 1013 m−2 (Figure 2b),
i.e. less than one-fiftieth of that in the as-deformed state,
after solutionizing treatment that incorporates the pre-
solution recovery annealing.

To understand how the sub-solvus annealing assisted
the plastic strain recovery, the microstructural evolu-
tion in the specimen with εp = 5.9% is studied in
detail. When the temperature is first increased rapidly
to 1100 °C (the starting point of the continuous ramp-
up recovery), the low magnification scanning electron

microscope (SEM) image recorded under the secondary
electron mode (Figure 3a) shows a grid-like structure
at hundred-micron scale, with bright rectangular-shaped
interiors and ∼10 μm wide dark edges. A higher mag-
nification image indicates that the dark and bright con-
trasts come from different γ ′ morphologies (Figure 3b).
Dark edges consist coarsened γ ′-particles. The coars-
ening directions in even an individual dark band are
non-uniform, suggesting inhomogeneous strain distri-
bution in the as-deformed sample (Figure 3c) [15]. In the
relatively brighter rectangular regions, the γ ′-particles
retain their typical cuboidal shape, although some of
them also show the tendency of coarsening, as high-
lighted with the yellow circles in Figure 3d. TEM charac-
terization reveals the formation of dislocation networks
at the γ /γ ′ interphase boundaries, while the γ ′-particles
are still dislocation-free (Figure 3e). Recovery annealing
results in the partial dissolution of the primary γ ′. As
the specimen is cooled down, fine (∼25 nm in diameter)
secondary γ ′-particles reprecipitate in the γ -channels. In
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Figure 3. SEM and TEM characterizations of the specimen that was deformed and then subjected to recovery annealing at 1100 °C.
Grid-like structures observed at (a) low and (b) high magnification in SEM. Morphologies of the (c) coarsened and (d) cuboidal γ ′ in the
dark and bright contrast regions of (a), respectively. TEM image of the (e) coarsened γ ′ surrounded by dislocation networks at the γ ′/γ
interphase while the (f ) secondary γ ′ rich regions are almost dislocation-free.

secondary γ ′ dominated regions, almost no dislocations
are found (Figure 3f).

As the temperature is ramped slowly to 1150 °C
(Figure 4a), the grid-like structure is replaced by the
widely distributed coarsened γ ′-precipitates across the
whole sample. More secondary γ ′-particles (with an
average size of 50 nm) are observed in the widened
γ -channels that are present between the coarsened pri-
mary γ ′-particles. Similar to the case in Figure 3f, dislo-
cation networks are only observed at the γ /γ ′ interphase
boundaries. When the temperature is further elevated to
1270 °C, differences in the microstructures of dendritic
core and interdendritic regions are noted. These are a
result of the micro-segregation induced solvi variation
between these two regions (Figure S1) [16]. This differ-
entiates the overall microstructure from that annealed
at relatively low temperatures (compare Figure 3 and
Figure 4a, for example). In the dendrite cores, full solu-
tionization is accomplished (Figure 4b), and thus a uni-
form cuboidal-shaped γ ′ microstructure is obtained; all
the dislocations have been fully annihilated. In the inter-
dendritic regions, however, γ ′ is not fully solutionized
(evidenced by the high-volume fraction of fine secondary
γ ′-particles and coarsened primary ones in the SEM
image), and thus some dislocations remain at the inter-
phase boundaries between the undissolved primary γ ′-
precipitates and the γ -matrix (Figure 4c).

4. Discussion

On the basis of the observed microstructural evolution,
the mechanisms of plastic deformation and its recovery
during annealing are discussed below. Most of the dislo-
cations induced by the room-temperature plastic defor-
mation (for up to ∼6% plastic strains) occur within the
narrow γ -channels. Considering that the volume fraction
of the γ -matrix is only ∼30%, forcing such a high density
of dislocationswithin it is energetically unfavorable. Dur-
ing the pre-solutionizing recovery annealing, ‘pipe’ diffu-
sion, which is facilitated by the pre-existing dislocations,
takes place easily near the localized deformation regions
[17,18]. Thus, both partial dissolution and coarsening of
the γ ′-particles are accelerated at elevated temperatures,
resulting in mobile γ /γ ′ interphase boundaries. Conse-
quently, the dislocations, whose mobility was resisted or
even pinned by the γ ′-precipitates, becomemobile again.
The broadened γ channels provide sufficient space for
them to interact with each other. In the process, dislo-
cation annihilation and formation of networks, both of
which result in the lowering of the stored energy, are pro-
moted. Further increase in TR leads to a reduction in
the volume fraction of γ ′-particles and the decomposi-
tion of the dislocation networks that form at the γ /γ ′
interphase boundaries. These mechanisms, in turn, fur-
ther bring down the stored energy, and thus preempt
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Figure 4. Microstructure of the specimen thatwas deformed to a plastic strain of 5.9% and then recovery annealed at high-temperature.
(a) SEM and TEM characterization showing the evidence the coarsening of γ ′-particles and formation of dislocation networks after
annealing at 1150 °C. As the temperature is slowly ramped to 1270 °C, (b) dendrite cores are composed of uniformγ ′-particles and almost
no dislocations, while (c) low volume fraction of primary γ ′-particles and low density of dislocations are observed in the interdendritic
zones.

RX from occurring even when the temperature is fur-
ther increased above the solvus point. In the absence
of a proper recovery protocol, in contrast, recrystalliza-
tion will be triggered during supersolvus annealing in a
short period of time. As demonstrated through Figure S4,
dislocation slip bands are observed in the as-deformed
specimen. Within these bands, although misorientations
of ∼4o is accumulated gradually over a length scale of
about 400 μm, the pixel-to-pixel orientation change is on
the order of only 0.6o or less. However, after only 3min
annealing at 1300 °C, recrystallized grains and high-
angle grain boundaries are rendered in the deformed
specimen, probably due to the rapid migration of the
polygonization-induced boundaries and the interaction
between such boundaries and the dislocations within its
swept area. This illustrates the necessity of recovery heat
treatment in preventing recrystallization. The partially
dissolved γ ′-particles not only release the dislocations
from the γ /γ ′ interface, create more spaces for disloca-
tions to annihilate and rearrange into low-energy con-
figurations, but also constrain the long-range motion of
dislocations to form high-angle grain boundaries.

The experimental observations establish that higher
annealing temperatures favor a complete recovery of the
stored energy. On the other hand, if directly annealed at
high-temperatures, the deformed NBSC superalloys may
undergo recrystallization; the rendered HAGBs will then
migrate quickly to ruin the single-crystal microstructure.
Thus, the protocol of recovery annealing prior to solu-
tionizing is optimized to release the stored energy gradu-
ally and, in the process, reduce or even eliminate the driv-
ing force for recrystallization. It shows that ramping the
annealing temperature continuously and slowly is prob-
ably the most effective way to achieve it. Through this
approach, a NBSC superalloy strained to 5.9% is success-
fully recovered, and recrystallization is fully preempted.
In other words, the supersolvus critical strain has been
pushed to 5.9%, which is about 3–5 times higher than
those previously reported [10]. It must be emphasized
here that in the plastically compressed cylinders, dislo-
cation slip bands, around which the strains are concen-
trated locally, are readily observed at 45o to the loading
direction. Most of the plastic strains are accommodated
in the slip bands, while the strains are much lower in
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regions that are outside of the bands. Therefore, the suc-
cessfully recovered local plastic strains are likely to be far
higher than the measured global strains.

In the deformed specimens, strain-induced misorien-
tation within the non-recrystallized grains persists even
after recovery annealing and solutionizing; such mis-
orientation appears to increase with εp. Different from
HAGBs that are rendered by recrystallization, themisori-
entation appears with a continuous orientation gradient
without any abrupt change or sharp boundary. From
Figure 1e, a misorientation of 13o over a length of 3mm
is found. As displayed in Figure S5, the density of the
geometrically necessary dislocations required for it is
estimated to be of order of 1012 m−2 [19], which is rel-
atively low and consistent with the observation made
on Figure 2b. Prolonging the solutionizing treatment
does not appear to reduce the misorientation (Figure
S6), suggesting that the remnant geometrically neces-
sary dislocations are hard to eliminate through annealing.
The prolonged solutionizing experiment also proves that
the stored energy has been eliminated completely, and
thus recrystallization will not be triggered with a longer
annealing time.

The recovery annealing strategy developed in this
study has been explored on another brand of room tem-
perature deformedNBSC superalloy: SRR99. By applying
the continuous ramp-up recovery protocol, the super-
solvus critical plastic strain is measured to be no lower
than 4.6% (Figure S7), confirming a wider applicability
of such a heat treatment protocol. Successful recovery
annealing at 1100 °C for 6 h has been reported recently
to preempt recrystallization in the 3D-printed NBSC
superalloys, which intrinsically contain high and nonuni-
formly distributed residual strains [11], as well as in the
NBSC superalloys tensile crept to 0.15% plastic strain
[20].More systematic study is needed to confirmwhether
the recovery of the plastic strains can be accomplished
in a significantly shorter period. This may be tedious
because the recovery annealing time that is necessary is
a function of the magnitude of pre-strain. Practically, a
two-hour pre-solutionizing recovery annealing is com-
pletely acceptable from both the productivity and energy
consumption perspectives, because it is a relatively short
period compared to those of the industrial standard heat
treatments, which usually contain several hours of super-
solvus homogenization and then tens of hours aging
annealing.

5. Conclusion

In summary, we demonstrate that Ni-based superalloy
single-crystals can be successfully recoveredwithout trig-
gering recrystallization after being deformed plastically

at room temperature in uniaxial compression by subject-
ing them to a sub-solvus annealing prior to the stan-
dard solutionizing heat treatment. Using a higher recov-
ery annealing temperature favors the recovery of larger
plastic strains. For reaching those and prevent any RX
(during the subsequent solutionizing treatment), ramp-
ing the temperature slowly and continuously is optimal.
With such a strategy, a maximum of 5.9% plastic strain is
successfully recovered in AM3 superalloy single crystals,
which is more than three times the plastic strains recov-
ered (1–2%) in prior literature. During recovery, coars-
ening of the γ ′-particles takes place along with partial
dissolution, creating mobile γ /γ ′ interphase boundaries
and more room for dislocations to be unpinned from
the phase boundaries, interact to annihilate, and form
the low-energy network configurations. Through such
mechanisms, the total stored energy is effectively low-
ered. Thus, even after subsequent supersolvus solutioniz-
ing treatment, the single crystalline nature is maintained,
and the dislocation density is brought down to the level
comparable to that of the cast samples. Our investiga-
tion offers a practical way to protect the deformed single
crystalline Ni-based superalloy parts from recrystallizing
and sheds light on the lowering of the over-all cost of the
turbine blades.
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