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� 3D-printed Ni-superalloy single
crystals face four major challenges (R.
A.S.H.).

� Designed a single-step treatment to
meet all the RASH requirements.

� Recovery to avoid recrystallization
while preventing stray grain growth.

� Optimized annealing duration
homogenizes chemical and
precipitates distribution.
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Single-crystal Ni-based superalloys are currently the material of choice for turbine blade applications,
especially with the emerging additive manufacturing (AM) that facilitates the manufacture/repair of
these single crystals. This promising AM route, however, comes with a dilemma: in the fusion and heat
affected zones after e-beam or laser induced melting, one needs a solutionizing annealing to relieve the
residual stresses and homogenize the chemical/microstructure. The super-solvus solutionizing tempera-
ture is usually adopted from the protocol for the cast superalloys, which almost always causes recrystal-
lization and stray grain growth, resulting in a polycrystalline microstructure and degrading the high-
temperature mechanical performance. Here we demonstrate a custom-designed post-printing heat treat-
ment to replace the conventional super-solvus one. The recovery and relatively low temperature dimin-
ish the driving force for recrystallization and the movement of stray grain boundaries, without
suffocating the chemical/microstructural homogenization thanks to the narrow dendrite width and short
element segregation distance. The optimal duration of the heat treatment is proposed to achieve atomic-
diffusion mediated chemical homogenization while limiting c0-particle coarsening in the interdendritic
regions. Our strategy makes it practically feasible to resolve several bottleneck problems with one pro-
cessing/treatment, removing a seemingly formidable obstacle to effective additive manufacturing of
superalloy single crystal products.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ni-based superalloy single crystals are now widely used for tur-
bine blades and vanes in modern aerospace industries [1]. How-
ever, making complicated shapes and internal cooling passages
[2] in these single crystals has turned out to be much more difficult
and expensive, when compared with conventional precision
investment casting [3]. In recent years, 3D printing, also known
as additive manufacturing, has emerged as a powerful solution to
this problem, not only shortening the processing chain and mini-
mizing the waste, but also providing the possibility to repair dam-
aged and/or worn single crystal superalloy parts to extend their
service life [4,5]. Rejuvenation (restoration/repair) of microstruc-
tures is effective in extending the life of superalloy blades [6],
whereas 3D-printing enables precise shape control. However,
while crack free superalloy single crystals have been successfully
printed [7–9], their microstructure often fails to meet the homo-
geneity [10] and stability [11] requirements. In many cases the
heat treatment protocol applied to 3D-printed parts is almost the
one used for cast parts, with no modification or just shortening
of the homogenization time [12]. Nevertheless, as reported previ-
ously, due to the inadequate consideration in optimization of heat
treatment protocol the nucleation of recrystallized grain across the
fusion zone cannot be suppressed [13]. As a result, it is always nec-
essary to devise a suitable post-printing heat treatment, under
either ambient or high-pressure conditions [14,15].

To achieve excellent high-temperature performance, Ni-based
superalloys incorporate tens of alloying elements, including refrac-
tory elements like Re, W and Mo, to form Ni3(Al,Ti) c0-precipitates
with L12 structure that are coherent with the solid-solution-
strengthened austenitic c-matrix [16,17]. When produced with
the 3D printing approach, the superalloy is deposited layer-by-
layer through local melting of the powder feedstock with designed
chemical constituents using either a laser or an electron beam heat
source [18–20]. Superalloy single crystals are produced under a
steep temperature gradient [21], which outperform their polycrys-
talline counterparts in terms of resistance to creep and fatigue
[7,11]. Another advantage brought by the high cooling rate is the
relatively fine dendrite structure (several micrometers in width
[22]) and consequently suppressed chemical inhomogeneity across
dendrites compared to cast superalloys in which the dendrites are
usually hundreds of microns wide [23]. Stray grains tend to form
on metal surface where the temperature gradient is no longer par-
allel to the building direction [24,25], thus they are inevitable in
3D-printed superalloy single crystals on both the outer surface of
the blades and the inner surfaces of the internal cooling structures
[7]. The outer surface can be machined and/or milled to regain the
single crystalline structure, but not the inner surfaces of the cool-
ing structures. Fortunately, the local service temperature near the
inner surfaces is lower than that at the outer surface by several
hundred degrees Celsius; the stray grains there are bearable as
long as they do not growmuch larger into the interior [26,27]. Dur-
ing solidification, the c-matrix forms first, and ejects the c0-
forming elements into the remaining liquid in-between the den-
drites, lowering the liquidus temperature [28]. Once the interden-
dritic liquid solidifies, its solvus temperature is elevated due to
enriched c0-formers, and as a result the c0-precipitates in these
regions form earlier and grow bigger than those in dendrite cores
(DCs). Also, the c0-precipitate volume fraction and mechanical
properties become inhomogeneous across the dendrite width
[29–32]. Another issue arising from the rapid cooling rate is the
high thermal stress [33–35]. The high-density dislocations induced
by thermal stress provides the driving force for recrystallization in
the bulk, and for stray grain boundary migration near the surface,
both of which are detrimental or even disastrous, as they ruin the
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single-crystalline microstructure desired for retaining high-
temperature mechanical properties.

From the discussion above, there appear to be four major chal-
lenges facing the post-printing heat treatment for 3D-printed
superalloy single crystals. Specifically, a successfully customized
protocol must be able to (1) release most of the stored energy
due to dislocation defects (excess enthalpy, stored in the crystal lat-
tice, associated with the dislocations generated by the internal
stress) [10], (2) avoid recrystallization completely [7,11,36], (3)
suppress stray grain growth as much as possible [25,37], and (4)
homogenize the chemical/microstructure distribution to a level
comparable with that in cast alloys [12]. From here on these
requirements are acronymized as the RASH challenges. In this
paper, we evaluate previously reported heat treatment protocols
against these four demands, and then design a novel and yet simple
heat treatment, which will be demonstrated to accomplish all the
RASH actions via a solutionizing annealing prior to aging treatment.

This new strategy is conceived based on the following two con-
siderations. First, since the diffusion distance, which is propor-
tional to dendrite width, is greatly reduced in the 3D-printed
superalloy due to the fast cooling rate, chemical homogenization
at a level similar to the super-solvus solutionizing treatment in
the traditional cast products can be achievable with a treatment
at a temperature between the solvus point of the DCs and that of
the interdendritic regions (IRs); this temperature is lower than
the conventional solutionizing annealing temperature for superal-
loy single crystals, which is above the solvus temperature, usually
conducted at 1300 �C or higher, to dissolve all the precipitates
across DCs and IRs completely. In our new case, undissolved pre-
cipitates remain. Second, by setting the solutionizing temperature
above the solvus of the c0-precipitates in the DCs while below that
in IRs, the dislocations moving freely in the DCs allow for a speedy
recovery. In the meantime, the undissolved c0-precipitates in IRs
would be able to impede the massive motions and interactions of
dislocations, nucleation of recrystallized grains, and migration of
stray grain boundaries [6]. The success of such a novel treatment
will be demonstrated in the following, in three types of superalloy
single crystals with different chemical constituents produced using
either a laser or an electron beam heat source.

2. Material and methods

In this study, three types of superalloy single crystals were
investigated, which were electron beam melted AM3, laser direc-
ted energy deposition 3D-printed AM3, and laser directed energy
deposition 3D-printed SRR99. The nominal compositions of AM3
and SRR99 and their alloyed powders used here are Ni-8Cr-
5.5Co-2.25Mo-5W-6Al-2Ti-3.5Ta and Ni-8Cr-5Co-10W-5.5Al-
2.2Ti-3.0Ta in weight percentage, respectively. The [001] cast
AM3/SRR99 single crystal base-metal boules were cut into
cylinders � 4 mm in height. Electron beam melting with no feed-
stock was carried out using a DMAMS Zcomplex3TM electron-
beam 3D-printing system operated in a 10-3 mbar vacuum. Elec-
tron beam of 15 mA was accelerated to 60 keV and focused onto
the base metal surface to form a melt pool. Line scanning was pro-
grammed with the velocity of 10 mm/s to ensure epitaxial dendrite
growth in the melt pool. A fusion zone (FZ) of about 1500 lm in
width and 800 lm in depth was generated. Laser 3D-printing
was conducted on an in-house developed coaxial laser cladding
apparatus equipped with a CO2 laser with a beam size of 2 mm.
The gas atomized superalloy powders with diameters ranging from
48 to 180 lm with similar composition to the base metal were
coaxially injected at a 11 g/min feeding speed by high-purity Ar
gas carrier into the molten pool formed by the laser beam with a
power of 2000 W and 2 mm/s laser scanning speed. The interlayer
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spacing was 0.2 mm with a back-and-forth scan path. Therefore,
the molten powder solidified on top of the crystal and deposited
layer by layer. More detailed information about the manufacturing
process can be found elsewhere [38].

Three heat treatment approaches were employed and compared
in this study. In our novel heat treatment protocol with solutioniz-
ing annealing, the electron beam melted and laser 3D-printed sin-
gle crystal superalloys were first solutionized at an optimized
temperature and then aged at 1100 �C and 870 �C for 6 h and
20 h, respectively. The optimized solutionizing condition was opti-
mized to be 1270 �C for 15 min. Comparisons were made with
identical electron beam melted and laser 3D-printed samples, heat
treated via two other protocols. The ‘‘standard heat treatment” was
carried out in a similar manner as the novel heat treatment, except
that the solutionizing treatment was at 1300 �C. Note that the
duration of the so-called standard solutionizing heat treatment
was significantly shorter than that in the superalloy handbook,
because of the narrow dendrite width. The last heat treatment pro-
cess involves a recovery annealing step at 1100 �C for 6 h, prior to
the standard heat treatment. The heating rate of all specimens was
set at 15 �C/min. All the heat treatment experiments were per-
formed using a CARBOLITE� RHF 1500 muffle furnace, equipped
with an R-type thermocouple installed at the center of the back
inside wall of the furnace chamber to monitor the temperature.
In order to verify the accuracy of the temperature, an AM3 cast
superalloy single crystal was firstly solutionized at 1300 �C for
3 h and then annealed at temperatures from 1260 to 1280 �C for
30 min, respectively. The solvus temperature of the c0-
precipitates in the DCs was measured to be between 1260 �C and
1270 �C and between 1270 �C and 1280 �C in the IRs, respectively,
through secondary electron images taken with a SEM (Fig. S1),
which is in agreement with the literature [39]. All samples were
air cooled at the rate of approximately 300 �C/min once the heat
treatment was finished.

The microstructure was examined under secondary electron
mode in a SEM after etching in 25 % phosphoric acid water solution
at the voltage of 5 V for 10 s. WDS for element distribution study
was conducted in a SuperProbe JXA-8230 Electron Probe Microan-
alyzer at the accelerating voltage of 20 kV. EBSD was carried out
after the sample surface was polished electrochemically in 10 %
perchloric acid alcohol solution at the voltage of � 30 V for 60 s.
All TEM images displayed in this manuscript were taken in a
JEM-2100F field emission electron microscope at the accelerating
voltage of 200 kV. X-ray microdiffraction (lXRD) sample was
electro-polished in the same way, and then scanned using micro-
focused synchrotron polychromatic X-ray beam on Beamline
12.3.2 at the Advanced Light Source of Lawrence Berkeley National
Laboratory [40]. The collected Laue diffraction data were processed
using a custom-developed software based on the peak position
comparison method to measure [41,42] and visualize [43] the
strain distribution accurately. Diffraction peaks were searched
based on a user-defined peak to background threshold and fitted
using a 2D Lorentzian function to obtain the peak position pre-
cisely. By comparing the angles between experimentally measured
diffraction peak positions with the theoretically calculated ones,
the strain tensor and thus the equivalent strain are calculated.
TEM specimens were prepared using the conventional twin-jet
electropolishing.
3. Results

3.1. Necessity for custom-designed heat treatment

As illustrated in the upper panel of Fig. 1a, the standard heat
treatment of cast superalloys consists of hours of super-solvus
3

solutionizing treatment to homogenize the chemical distribution,
followed by a long period of aging treatment to precipitate out,
ripen and stabilize the c0-precipitates [37,39,44]. However, with
such a heat treatment, recrystallization sets in readily from the
heat affected zone (HAZ), and the newly formed recrystallization
grains as well as the existing stray grains grow large quickly as
the grain boundary mobility is high once the specimen is heated
above the solvus temperature (Fig. 1b). This recrystallization, ren-
dering the single crystal polycrystalline, wastes all the efforts that
have been made to achieve the single-crystalline microstructure
desired for high temperature mechanical properties. Clearly, the
standard heat treatment cannot meet the RASH challenges for
3D-printed superalloy single crystals.

Efforts have been made before, to solve the recrystallization
issue by applying a pre-solutionizing annealing step to the 3D-
printed superalloy single crystals at sub-solvus temperature, as
shown in the middle panel of Fig. 1a. With this step, a large fraction
of the stored energy due to dislocation defects is released prior to
solutionizing treatment, taking away the driving force for recrys-
tallization [10]. Afterwards, the standard ageing process is
employed, which produces cuboidal c0-precipitation microstruc-
ture indistinguishable from the cast base metal. However, stray
grain growth is not precluded during the super-solvus solutioniz-
ing treatment, because the migration of high-angle grain bound-
aries is activated, as indicated by the crystal orientation
distribution (inverse pole figure) maps obtained from electron
backscatter diffraction (EBSD) scans before and after (Fig. 1c) heat
treatment of a laser 3D-printed single-crystalline superalloy AM3
specimen. Similar observations have also been recorded in electron
beam melted superalloy single crystals (Fig. 2). This necessitates a
surface subtractive machining process before super-solvus solu-
tionizing heat treatment, to get rid of the seeds of stray grains.
Such an extra machining step is not feasible for internal cooling
structures, and is in any case time-consuming and costly.

Considering that both recrystallization and stray grain growth
occur under the precondition of the complete solid-solutioning of
c0-precipitates, we have conceived a different heat treatment pro-
tocol. It also consists of two steps of solutionizing and aging treat-
ment, but the solutionizing treatment is carried out at lower
temperature (1270 �C for 30 min in this case) instead of the con-
ventional super-solvus one, as displayed in the bottom panel of
Fig. 1a. The specimen is exactly the same as the one used for recov-
ery pre-annealing plus super-solvus solutionizing heat treatment,
but a pronounced difference in stray grain size is seen in Fig. 1d
in laser 3D-printed superalloy single crystal AM3. As shown in
Fig. 2, when the additive manufacturing heat source is changed
to electron beam, this method still works well, although here no
feedstock is supplied. In other words, combining recovery anneal-
ing and super-solvus solutionizing into a solutionizing heat treat-
ment at a temperature between the solvus point of the DCs and
that of the IRs meets the ‘‘avoid recrystallization” and ‘‘suppress
stray grain growth” requirements. In the next section, we will fur-
ther tune the temperature and duration of this custom-designed
heat treatment to homogenize the chemical and microstructure
distribution.

3.2. Optimization of annealing temperature and duration

In order to meet all the RASH requirements, the annealing tem-
perature and duration need to be carefully tailored and optimized.
Firstly, the microstructure and residual strains of the as-electron-
beam-printed superalloy single crystal are demonstrated in
Fig. 3. The c0-particles are tiny (30–50 nm in diameter) and irreg-
ular in the DCs, whereas in the IRs they appear in almost cuboidal
shape with rounded corners and edge length of 70–100 nm. Based
on the contrasted size and shape distribution, the dendrite widths



Fig. 1. Crystal orientation distributions resulted from various heat treatment protocols. (a) Three different heat treatment protocols are considered. (b) Direct super-solvus
treatment results in recrystallized microstructure. (c) As-printed single crystal superalloy. (d) Recovery (pre-annealing) before super-solvus treatment helps to prevent
recrystallization, but stray grains grow bigger. (e) Custom-designed heat treatment at 1270 �C eliminates both recrystallization and stray grain growth. TL and Tsol in (a) stand
for liquidus and solvus temperatures, respectively. (b - e) are the inverse pole figures obtained from EBSD mapping scanned with 10 lm, 3 lm, and 3 lm step size,
respectively. (c - e) show a quasi-in-situ experimental results of the almost identical area before and after heat treatment.
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are measured to span from 3 to 10 lm in FZ. Micro-segregation is
clearly seen from the X-ray wavelength dispersive spectra (WDS)
maps, showing enriched W in DCs, and Ti and Al in IRs. After
electron beam melting, the crystal is riddled with dislocations
[45]. The elastic strain associated with these defects is measured
using synchrotron-based lXRD. An area of 80 lm (horizontal) �
1150 lm (vertical) across the FZ and the heat affected zone
(HAZ) is scanned using a micro-focused polychromatic X-ray beam
with 2 lm spatial resolution, as marked in Fig. S2, and the lattice
strain tensor at each scanning position is measured from the Laue
diffraction pattern. The equivalent strain eeq is calculated from the
strain tensor, as a representative of the magnitude of the local

strain, eeq ¼
ffiffi
2

p
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðexx � eyyÞ2 þ ðeyy � ezzÞ2 þ ðezz � exxÞ2 þ 6ðe2xy þ e2xz þ e2yzÞ

q
,

where eij is one of the six strain tensor components. As shown in
Fig. 3c, the equivalent strain varies pronouncedly in the building
direction, but is quite uniform in the horizontal direction; in
Fig. 3d the average equivalent strain magnitude is therefore plotted
as a function of the distance to the melting line. The highest lattice
strain,�4� 10-3, appears near the interface between FZ and HAZ. It
decreases gradually into FZ, reaches the minimum value of
1.5 � 10-3 at the position about 350 lm away from the interface,
and increases slightly to an almost steady 2 � 10-3. In the HAZ,
the strain distribution is even more non-uniform. The equivalent
strain drops to almost zero in a range of 300 lm and then increases
4

back to � 3 � 10-3. Although the exact elastic stiffness tensor for
AM3 single crystal was not obtained, the peak tensile residual
stress is estimated (assuming a modulus of the order � 200 GPa)
to be on the order of 0.8 GPa. This stress is rather high and likely
to cause local deformation with dislocation accumulation, provid-
ing a fertile site for recrystallization nucleation when the temper-
ature is elevated to 1300 �C, at which the migration of high-angle
boundaries is potent, Fig. 1b. The dislocation density and structure,
which is strongly influenced by not only the stress but also the c/c0

structure, are studied under a transmission electron microscope
(TEM). As seen in the bright-field image in Fig. 3e, curly disloca-
tions near the melting line, where only tiny c0-particles exist, are
heavily tangled, with a density of approximately 6 � 1014 m�2

measured using the line-intercept method [46]. In the HAZ, the
density of dislocations is similar to the interfacial area, while the
structure is quite different. Because the primary c0-particles are
only partially dissolved, c-channels are narrower and dislocations
are straight and parallel, with pile-ups at the c/c0 interfaces [47].

Secondly, the solvi of the c0-precipitates in DCs (T1) and IRs (T2)
are measured by annealing the specimen at various temperatures
for a constant period of time (15 min in this study) and then mon-
itoring the evolution of the SEM image contrast. Once the electron-
beam-printed AM3 superalloy was annealed above T1 (1260 �C, as
displayed in Fig. 5a), the c0-precipitates in the DCs are fully dis-
solved and then reprecipitate as larger and almost uniform



Fig. 2. The crystal orientation map of the electron-beam-melted AM3 superalloy single crystal showing the same area from a quasi-in-situ experiment: (a) as-melted, (b)
after recovery and super-solvus solutionizing, and (c) after the novel heat treatment. The stray grain seeds on the top surface grow much bigger during super-solvus heat
treatment but stay almost unchanged after the novel heat treatment.

Fig. 3. Microstructure of the electron-beam-melted AM3 superalloy single crystal. Distributions of (a) c0 particles, (b) constituent elemental species, (c-d) equivalent strain,
and (e-f) dislocation structures are all inhomogeneous.
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cuboids; meanwhile, the c0-precipitates in the IRs are partially dis-
solved, resulting in the disappearance of the contrast between DC
and IR in some regions. As the annealing temperature goes above
T2 (1280 �C in this case), the contrast between DC and IR becomes
almost homogeneous. These observations suggest that the opti-
mized temperature for the solutionizing heat treatment lies
between the solvi from 1260 �C to 1280 �C.

To guide the selection of the duration time, the diffusion equa-
tion d ¼

ffiffiffiffiffiffiffiffi
4Dt

p
is employed [12]. By taking the reported diffusion
5

coefficient D of alloying elements Al, Ti, Ta, and W [48] and setting
the diffusion distance d as half of the dendrite width (5 lm), the
diffusion time t is calculated for each temperature between
1260 �C and 1280 �C. The pace setter, W, migrates the most slowly
and the annealing time needs to be longer than 13 min when the
specimen is heat treated at 1260 �C, and 10 min for 1280 �C. For
experimental verification of the calculation, the 3D-printed speci-
men is annealed at 1270 �C for 10 min, �15 % shorter than the cal-
culated time. The chemical composition distribution is found still
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inhomogeneous, as seen in the WDS map in Fig. 5b. Therefore, in
the following the annealing time of all experiments is no shorter
than the calculated values.

The resulting microstructure is sensitive to the annealing tem-
perature. As displayed in Fig. 5c, after annealing at 1276 �C for
10 min, stray grains grow rapidly and overwhelm the whole
electron-beam-printed volume. Consequently, the desired anneal-
ing temperature should be set below 1276 �C to fulfill the ‘‘sup-
press stray grain growth” and ‘‘avoid recrystallization”
requirements.

In order to understand how temperature and time influence the
homogeneity of the c0 microstructure, identical specimens were
solutionizing annealed at 1270 �C for 15 min and 30 min, respec-
tively (Fig. 5d). For the same period of time (15 min), 1270 �C
annealing results in the c0 microstructure with less contrast than
that annealed at 1260 �C; while extending the annealing time
(from 15 min to 30 min, or even longer as shown in Fig. 4) results
in more pronounced contrast and thus microstructural inhomo-
geneity. Same result has also been reported lately on designing
heat treatment protocol of laser deposited single crystal superalloy
[49]. Overall, using a shorter time at a higher temperature gener-
ates a more homogeneous microstructure.

By plotting the observations above into a single ‘‘treasure map”,
we close in on the desired heat treatment protocol, as demon-
strated in Fig. 5e. In this map, the boundaries are demarcated by
the several considerations outlined in the preceding paragraphs.
Specifically, the gray areas in this map are not acceptable, as these
conditions would subject the alloy to either recrystallization/stray
grain growth (increasing in degree when moving to the right), or
inhomogeneous chemical composition (increasingly inhomoge-
neous moving towards the bottom). Only in the blue region, can
recrystallization and stray grain growth be successfully prevented,
and the chemical uniformity achieved. The bottom right corner of
the blue region, indicated by the yellow zone, is the most favorable,
because lower temperature together with longer annealing time
would be harmful for the c0 particle size homogeneity [49]. Going
in this direction leads us to the best spot (1270 �C for 15 min, as
marked by a red star).
3.3. Stress/strain and microstructural characterization

After heat treatment, the c0-particles in the IRs are about 200–
300 nm in edge length, bigger than those in the DCs (�100 nm).
The c channels in the IRs widens to � 30 nm, also wider than those
in the DCs (only a few nm). No contrast remains between the DCs
Fig. 4. The microstructure of electron-beam 3D-printed AM3 superalloy single crystal aft
(d) 120 min. The c0-precipitates in the IRs were measured � 510 nm, 700 nm, 1000 nm, a
duration elongates.
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and IRs in the WDS maps of the FZ. The element maps of W, Al, and
Ti displayed in Fig. 6b indicate little chemical inhomogeneity after
the new heat treatment. This is confirmed by the significantly
reduced fluctuations in the element distribution line scans across
the dendrites when compared with the scans before (Fig. 7, It is
noted that the line scans were carried out on identical specimens,
but not exactly at the same position). The equivalent strain map in
Fig. 6c reveals directly that the lattice strain in the interfacial
region, where the strain is high and inhomogeneous in the as-
printed state, becomes low and uniform. Detailed analysis shows
that the equivalent strain has a nearly constant magnitude at about
0.5� 10-3, which is roughly the lower-boundmeasurement limit of
the lXRD technique. The dislocations still show a distribution that
is moderately non-uniform, after heat treatment. The DCs become
almost dislocation free, with only 2 dislocations in the observed
area (Fig. 6e). But in the IRs, the dislocation density is higher
(5 � 1013 m�2) and more inhomogeneous, as observed in Fig. 6f.
From other TEM images taken in the same specimen, the disloca-
tion density is in a range from 3 � 1013 m�2 to 1 � 1014 m�2.

From the results above, we conclude that all the four RASH chal-
lenges are resolved via the custom-designed heat treatment. That
is, the stored energy due to dislocation defects is released, recrys-
tallization is avoided, stray grain growth is suppressed, and the
chemical distribution is homogenized. What is to be dealt with
next, is the morphology of the c0-particles that subsequently
evolve during ageing, and the remaining (left-over) dislocation
contents. After the heat treatment at 1270 �C for 15 min, the
electron-beam-printed AM3 single crystal is aged following the
standard heat treatment protocol to evolve the c0-particles. In
the DCs, regular cuboidal c0-particles with the side length of
450 nm are obtained in both FZ and HAZ, and recovery reduces
the dislocation density (Fig. 8a and b) to less than 1 % of that in
the as-printed single crystals, and only individual dislocation can
be detected occasionally. However, inside the IRs the microstruc-
ture is not fully uniform. In the IRs in FZ, c0-particles coarsen mod-
erately, and dislocations are observed to align parallel to the c/c0

phase boundaries (Fig. 8c). The dislocation density in this region
is 5 � 1013 m�2, about 10 times lower than that in the as-printed
state while 10 times higher than that in the DCs. In the IRs in
HAZ, coarsening of c0-precipitates can be observed. From the
bright-field TEM image in Fig. 8d, the c0-precipitates are embraced
by dislocations; this is because the majority of the dislocations try-
ing to recover are blocked effectively by the strengthening precip-
itates, while only a small proportion of dislocations penetrate into
c0-precipitates. The dislocation density in this region is measured
er being solutionizing annealed at 1270 �C for (a) 15 min, (b) 30 min, (c) 60 min, and
nd 1320 nm, respectively, indicating they become more and more coarsened as the



Fig. 5. Optimization of heat treatment temperature and time. (a) The microstructure evolution of the c0-particles in the electron-beam-printed AM3 superalloy, after
annealing at 1260 and 1280 �C for 15 min. (b) shows the chemical inhomogeneity across dendrites when time is insufficient. (c) is the inverse pole figures obtained from EBSD
mapping scanned with 10 lm step size. (d) The contrast of c0-particles becomes weaker after annealing at 1270 �C for 15 min. (e) shows a treasure map locating the optimized
heat treatment parameters (yellow region with red star).

Fig. 6. Microstructure after the heat treatment of the AM3 superalloy single crystal. The distributions of (a) c0-precipitations, (b) element and (c-d) equivalent strain become
homogeneous, although (e-f) dislocation densities in the DC and IR are different.

S. Lin, K. Chen, W. He et al. Materials & Design 222 (2022) 111075

7



Fig. 7. Element distribution across the dendrite width before and after our new heat treatment.

Fig. 8. Microstructure of AM3 superalloy single crystal after heat treatment, 1270 �C for 15 min with subsequent ageing treatment. c0-precipitates in the DCs of (a) FZ and (b)
HAZ are uniform and dislocations are completely annihilated. Coarsening of c0-precipitates in the IRs of (c) FZ and (d) HAZ occurs and dislocations tend to reside along the c/c0

interface.
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to be approximately 1014 m�2, higher than that in the IRs of FZ but
still 5 times lower than that in the as-printed single crystals. The
microstructure distributions of the c0-particles of the fully heat
treated laser 3D-printed superalloys after heat treatment (Fig. S3)
are quite similar to those in the electron beam melted one.

It must be noticed that the size and/or morphology of the c0-
particles in the fully conventionally heat-treated cast superalloys
are not completely homogeneous either [50], mainly because the
dendrite widths of cast superalloys are on the order of hundreds
of microns such that the chemical composition from the DCs to
the IRs cannot be homogenized even when the solutionizing heat
treatment is carried out above the solvus temperature. Therefore,
the minor inhomogeneity resulted from our novel heat treatment
is believed to be acceptable. More details about this inhomogeneity
will be discussed further in the next section.
4. Discussion

Post 3D-printing heat treatment, as one of the most effective
approaches to tune the microstructure and thus mechanical prop-
erties of superalloys, has attracted a lot of attention. Because of the
fine dendritic structures, shortening the heat treatment time has
been proposed; however, the solutionizing temperatures in previ-
8

ous reports are still higher than the solvus of c0-precipitates, under
either ambient or high pressures [12,15]. This is because in many
of these previous investigations the 3D-printed superalloys are
polycrystalline, and thus recrystallization is acceptable. For 3D-
printed single crystals, RASH issues pose major challenges – low
temperature for short time leads to inhomogeneous chemical dis-
tribution, while high temperature (higher than 1320 �C for exam-
ple) for even very short time may still trigger recrystallization.
Exploiting the fact that the presence of c0-particles can impede
the motion of dislocations and high-angle grain boundaries, we
have designed a novel heat treatment approach to achieve recov-
ery and chemical homogenization with a solutionizing annealing
step at a temperature between the solvus point of the DCs and that
of the IRs. Different from the previously employed super-solvus
solutionizing heat treatment, which just adopts the solutionizing
temperature from the standard heat treatment protocol estab-
lished for the cast superalloys, the solutionizing temperature is
optimized in a two-step manner: firstly measuring the solvi of
c0-particles in DCs and IRs, and then further specifying the critical
temperature that does not induce recrystallization and stray grain
growth.

We now take a closer look at the mechanisms as to how the
RASH issues are resolved. As illustrated in Fig. 9, a high-density



Fig. 9. Evolution of c0-precipitate size/morphology and dislocation density/configuration during the heat treatment and subsequent aging heat treatment. Light and dark blue
colors in the as-printed state indicate chemical inhomogeneity, which is homogenized after heat treatment.
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of dislocations, non-uniform chemical composition, and non-
identical c0-particle size/morphology are formed in the as-printed
superalloys, although the non-uniformity is the most obvious at
locations on the surface. When the temperature is elevated to
above the solvus temperature (1280 �C for the AM3 superalloy sin-
gle crystal in this report) of the DCs but below the IRs, atomic dif-
fusion easily covers half of the dendrite width (only a distance of
10 lm or less in 3D-printed superalloys), to achieve compositional
homogeneity. Since the c0-particles in the DCs are totally dissolved,
dislocations move readily without obstacles to mediate recovery.
In the IRs, although the much wider c-channels provide a spatial
playground for dislocations to interact with one another, c0-
particles in these regions are not fully dissolved and the remnants
impede the motion of dislocations and high-angle grain bound-
aries. This is why the dislocation density is brought down effec-
tively and meanwhile recrystallization is largely avoided and
stray grain growth is suppressed. These left-over dislocations and
their associated energy, during the aging heat treatment, provide
the driving force for c0-particle growth, which is similar to the
coarsening mechanism discussed previously [51].

An interesting question is whether it is possible, and how, to
further enhance the homogeneity. It is obvious that elevating the
solutionizing heat treatment temperature would promote the
Fig. 10. The microstructure of laser-printed AM3 superalloy single crystal after being solu
and 20 h, respectively. c0-precipitates in the DCs of (a) FZ and (b) HAZ are uniform and dis
and (d) HAZ occurs and dislocations tend to reside along the c/c0 interface.
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homogeneity of the size and morphology of c0-precipitates,
because recovery would be more thorough, leaving less disloca-
tions and lower residual strain/stress after heat treatment. How-
ever, higher solutionizing temperature also increases the
likelihood for recrystallization and stray grain growth, especially
the latter. As we observed, stray grains grow bigger significantly
at 1276 �C after annealing for 10 min (Fig. 5c). Consequently, we
conclude that while the compositional homogeneity is relatively
easy to achieve, the c0-morphology homogeneity is counterbal-
anced by the risk of forming high-angle grain boundaries that are
prone to migration. This trade-off could lead to an optimized solu-
tionizing temperature. As for treatment durations, systematic
investigation shows that extending the annealing time to 30 min
leads to even more severe c0-coarsening (Fig. 10). Reducing the
annealing time to 10 min or even shorter exposes the 3D-printed
superalloys to the risk of inhomogeneity in chemical composition.
By balancing all these factors, we determined the heat treatment
parameters to be 1270 �C for 15 min.

How much the non-uniform c0-precipitates in the IRs would
influence the high-temperature mechanical properties of the
superalloy single crystal is of interest. To quantify the effects
would require extensive future research but a rough estimate can
be made here. It has been reported that the high temperature creep
tionizing annealed at 1270 �C for 30 min and then aged at 1100 �C and 870 �C for 6 h
locations are completely annihilated. Coarsening of c0-precipitates in the IRs of (c) FZ



Fig. 11. The orientation and c0-microstructure of the laser 3D-printed SRR99 super-alloy. (a-b) EBSD inverse pole figures indicate that after heat treatment, recrystallization is
prevented, stray grain growth is suppressed, and thus the single crystal microstructure is kept. (c-f) SEM and TEM observations displaying that the c0-precipitates have the
same size and cuboidal morphology in the DCs of the fusion and heat affected zones, while c0-particle coarsening is observed in the IRs.
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properties of crept superalloy single crystal René 5 could be
restored by 82 – 85 %, compared to the cast René 5 superalloy,
by means of rejuvenation heat treatment with solutionizing at
the temperature 28 �C below the solvus and then standard aging,
while � 65 % of the high temperature creep properties could be
restored when the solutionizing temperature is reduced to 56 �C
below the solvus point [6]. It is inferred that elevating the solution-
izing temperature is beneficial to the restoration of creep perfor-
mance. In our study, the solutionizing temperature is only 10 �C
below the solvus of the c0-precipitates in IRs, so the creep perfor-
mance is not expected to compromise much after the new heat
treatment.

We note that the custom-designed annealing strategy to tackle
the RASH issues reported in this study can be applicable to a vari-
ety of 3D-printed superalloys. Our heat treatment is successful for
both laser and electron beam 3D-printed (or melted) AM3 superal-
loy single crystals. Laser 3D-printed SRR99 single crystal has also
been tested (Fig. 11), with the same outcome when it comes to
accomplishing RASH.

Finally, the simplicity and efficiency are appealing attributes of
our new custom-designed annealing approach. Compared to the
previous ‘‘recovery annealing plus standard heat treatment”, both
time and energy consumption are markedly reduced, shortening
the processing chain and reducing the associated costs and wasted
parts. More importantly, the existing stray grains, which are
unavoidable due to the nature of 3D printing, do not coarsen with
this heat treatment. Since the service temperature of the single
crystal blades will be lower than the solutionizing treatment tem-
perature, we expect the stray grains to be stable during service.
Our method also offers a double insurance in case there are occa-
sionally some tiny stray grains leftover on the surface after post-
printing machining or etching.
5. Conclusion

In summary, we have designed a new heat treatment protocol
to release stored energy, avoid recrystallization, suppress stray
grain growth, and homogenize the chemical and microstructure
distribution, all of which are mandated for 3D-printing manufac-
ture and repair of Ni-based superalloy single crystals. It is remark-
able that the multiple RASH requirements are satisfied all at once,
via an optimized solutionizing annealing treatment. Specifically, as
ultra-fine dendrite width is generated by the steep temperature
gradient of the 3D-printing process, the necessary distance for dif-
10
fusion to cover is greatly reduced, making solutionizing heat treat-
ment at the lower temperature adequate to accomplish chemical
homogenization. Meanwhile, by setting the heat treatment tem-
perature between the solvus points of DCs and IRs, the dislocations
move freely in the DCs to annihilate fully, eliminating the stored
energy that drives the nucleation of recrystallizing new grains,
while the remaining precipitates in the IRs are able to hinder the
motion and interactions of dislocations, the nucleation of recrystal-
lization and the migration of stray grain boundaries. Meanwhile,
our experiments and diffusion analysis successfully singled out
an annealing time that is sufficiently long to homogenize the
chemical species distribution, while as short as possible to limit
the c0-particle coarsening in the undissolved IRs. Via the construc-
tion of a temperature–time ‘‘treasure map”, 1270 �C for 15 min is
found to be the ‘‘sweet spot” for optimal solutionizing to resolve
the RASH issues. Such a tactfully crafted heat treatment thus pro-
vides a much-needed stepping stone, for making 3D printing prac-
tical to the manufacture and repair of single-crystal superalloy
parts, as exemplified above by the AM3 superalloy single crystals
3D-printed using either electron or laser beams, including those
with leftover surface stray grains.
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