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Abstract

A self-designed nickel-based superalloy, designated as FGH4096M, was prepared by selective laser melting (SLM). Different
heat treatments were performed to improve the mechanical properties of the SLM alloy through optimizing the microstruc-
tures and the features of y’ precipitates. Compared with the as-deposited alloy, the columnar grains with dendritic structures
and equiaxed structures were retained in the alloy after direct aging, but a large amount of tertiary y’ phase precipitated,
especially around the sub-grain boundaries, resulting in the highest tensile strength but the lowest elongation. During solid
solution and aging treatment (SSA), the recovery and recrystallization occurring in the alloy facilitated the grains to be
equiaxed with the increase of solution temperature. For lower solution temperature (below 1100 ‘C), the secondary y’ pre-
cipitates decreased with the increase of solution temperature, while the tertiary y' precipitates from the subsequent aging
process gradually increased; for higher solution temperature over 1100 “C, exceeding the complete dissolution temperature
of the y’ phase, only tertiary y’ precipitates from the subsequent aging process were uniformly distributed in the alloy. After
double solid solution (1170 °C + 1050 ‘C) + aging heat treatment (DSSA), there were three sizes of y’ precipitates in the
alloy. In general, the SLM + SSA (1130 °C) alloy obtained the best comprehensive properties, which could be related to
the homogenized microstructures and the uniform and dense distribution of single sized tertiary y' precipitates in the alloy.
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1 Introduction

Nickel-based powder metallurgy (PM) superalloy is the pre-
ferred material for manufacturing advanced aeroengines due
to its advantages of homogeneous microstructure, free from
macrosegregation and high alloying degree [1, 2]. The alloy,
designated as FGH4096, is the second generation damage-
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tolerant nickel-based PM superalloys, and has been widely
used for its excellent high temperature strength and crack
propagation resistance [3-5].

The selective laser melting (SLM) technique is regarded
as one of the most promising additive manufacturing tech-
nologies [6]. Compared with the traditional technologies, the
SLM shortens the production process of parts and compo-
nents, especially during the R&D process of new products,
thereby greatly improving the production efficiency; it also
improves the material utilization ratio significantly [7]. The
SLM can achieve near-net shape all at once and allows the
rapid manufacturing of complex shape parts in accordance
with the design, free from limitations of tools and molds
[8]. In addition, the SLM has a laser spot diameter on the
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10'-10% microm level, producing parts of uniform structure,
fine grain, low segregation and high density. Therefore, the
SLM technique becomes a hot spot among scholars and
research institutes in aerospace field for the manufacture of
superalloy materials.

The SLM has been well studied for the nickel-based
superalloys. Wang et al. [9] studied the microstructure, phase
transformation and mechanical properties of the SLM and
SLM +HT Inconel 718, and they found that heat treatment
(HT) was crucial for the improvement of mechanical prop-
erties. Holland et al. [10] performed multiscale characteri-
zation of microstructures and mechanical properties of the
SLM and SLM + HT Inconel 718, and they found that HT
reduced the wear rate, enhanced the hardness, removed the
texture and randomized the grain orientation. Meanwhile,
recrystallized grains and twins appeared in the SLM +HT
Inconel 718. Divya et al. [11] analyzed the structure and pre-
cipitated phases of the SLM CM247LC in the deposited and
HT states. They found that the dislocations in the deposited
state alloy were mainly distributed on the sub-grain bounda-
ries, and there was large residual stress inside the alloy. They
also discussed the effect of HT on y' precipitation, which
could have a great impact on mechanical properties. Yao
et al. [12] investigated the effects of HT on microstructures
and tensile properties of pure IN718 and IN718/TiC nano-
composite fabricated by SLM. They found that in both pure
IN718 and IN718/TiC nanocomposite, heat treatment dis-
solved the brittle Laves phase and promoted the precipita-
tion of strengthening y'/y", 8, and MC/M,;C, carbides from
the y matrix. Therefore, heat treatment improved the tensile
strength but decreased the ductility of both pure IN718 and
IN718/TiC nanocomposite. A novel heat treatment includ-
ing higher temperature homogenization at 1150 °C for 2 h
and one-time lower temperature aging treatment at 700 °C
for 12 h was performed on the SLM Inconel 718 alloy by
Li [13], which can overcome the strength-plasticity trade-
off of Inconel 718 alloy. The results showed that recrystal-
lized grains with annealing twins and ultrafine strengthening
phases formed in the specimen subjected to the novel heat
treatment, which improved plasticity by 41% and maintained
ultimate strength at the same level achieved by the tradi-
tional heat treatment. Zhang et al. [14] revealed the effect
of heat treatment on the microstructural evolution of the
SLM Inconel 625 through in-situ synchrotron X-ray scatter-
ing and diffraction, demonstrating that the homogenization
heat treatment can homogenize the SLM alloy. Huang et al.
[15] prepared K4202 nickel-based superalloy by SLM, and
studied the structure and mechanical properties of the alloy
after deposition and HT, reporting better room temperature
properties in the SLM + HT state than in the casting state.

Despite a great deal of research on the preparation of
nickel-based superalloys by SLM, there are few studies on
the preparation of nickel-based PM superalloys by SLM.

Based on the previous studies, it can be concluded that heat
treatment (HT) is an important and essential post-treating
process for the SLM nickel-based superalloys. In this paper,
based on the composition of FGH4096 PM superalloy, a new
type FGH4096M superalloy was designed by adding trace
Mg element. The microstructure and properties of the SLM
and SLM + HT FGH4096M were studied in detail, so as to
provide some technical reference for the SLM nickel-based
PM superalloys.

FGH4096M is a kind of precipitation hardening alloy
and the y' precipitate is the main strengthening phase [16,
17]. The properties of the alloy depend on the amount, size,
shape and distribution of y' precipitate and heat treatment
(HT) directly affects these factors above [18-20], so a suit-
able HT system can effectively improve the mechanical
properties. In addition, the solid solution treatment has a
significant impact on the grain microstructure. Therefore,
heat treatment is a key factor to improve the overall perfor-
mance of the alloy.

2 Materials and Methods

As a starting process, FGH4096M prealloyed pow-
der was prepared through gas atomization, with an
average size of about 25 pm and chemical composi-
tion of 0.033%C-15.84%Cr-13.3%Co0-4.08%W-4.1
2%Mo-2.26%A1-3.79%Ti—0.78 %Nb-minZr-minB-minMg-
bal. Ni (mass fraction, wt%). The surface morphology of the
prealloyed powder is shown in Fig. 1.

The FGH4096M alloy was produced during the SLM
process on an equipment of Concept Laser Company,
which had a single-mode fiber laser, a maximum power
of 95 W, a spot diameter of 45 pm, a maximum laser
scanning speed of 7000 mm/s and a forming space of
90 mm X 90 mm X 80 mm. Argon (Ar) was used as shield-
ing gas to keep the oxygen content below 100 ppm in
the forming space. The laser power was 95 W and the

Fig. 1 Morphology of FGH4096M alloy powder
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successive adjacent layers were scanned with a rotat-
ing angle of 90°, a speed of 1300 mm/s and a hatch
distance of 30 pm. The powder layer thickness was
25 pm. These SLM process parameters have been opti-
mized in another work [21]. The specimens in dimen-
sions of 10 mm X 10 mm X 10 mm for microstruc-
ture observation and the specimens in dimensions of
25 mm x4 mm X 2 mm for tensile test were prepared
during the SLM process according to Chinese GB/T
228-2002 standard. The average values of tensile prop-
erties, such as ultimate strength (cy,), yield strength (GPO_Z)
and elongation (8), based on at least three specimens were
collected during the tensile tests. The loading direction
of the tensile test sample was the same as the deposition
direction (z-axis) of the as-built test sample.

Three kinds of heat treatments (HTs) were carried out
to the SLM specimens: direct aging (DA), solid solu-
tion + aging (SSA) and double solid solution + aging heat
treatments (DSSA). The DA treatment was carried out,
holding 20 h at a temperature of 760 °C, followed by
air cooling. During the SSA treatment, the solid solution
treatment was performed at the solution temperature of
1010 °C, 1030 °C, 1050 C, 1070 °C, 1090 C, 1110 C,
1130 °C and 1150 °C, respectively, holding 4 h before
water quenching. During the DSSA treatment, the speci-
mens were firstly kept at the solution temperature of
1170 °C for 4 h, subsequently water-quenched, then kept
at 1050 °C for 4 h, and finally water-quenched. The speci-
mens with different solid solution treatments were sub-
jected to insulation for 20 h at a temperature of 760 °C,
followed by air cooling. The schematics for three kinds
of HTs were shown in Fig. 2.

The microstructures and properties of the SLM and
the SLM + HT alloys were characterized. After being
ground, polished and etched with (10 g CuCl, + 100 ml
HC1+ 100 ml C,H;OH) reagent, all the specimens
were observed under an optical microscope XTX-200
of Jiangnan Optical Instrument Factory. After being
ground, polished, electropolished for 45 s in (20 vol%
H,SO, + 80 vol% CH;OH) reagent with a 30 V DC power,
and etched electrolytically for 10 s in (9 g CrO;+ 90 ml
H;PO, + 30 ml CH;OH) reagent with a 5 V DC power,
all the specimens were observed through the JSM-6701F
field emission scanning electron microscope (SEM) to
reveal their morphology. The phases were examined
through the equipped energy dispersive spectrometer
(EDS). The crystallographic information of grains was
detected by an electron backscatter diffraction (EBSD)
system with a step size of 1 pm and the data were ana-
lyzed using Oxford HKL Channel 5 software. The tensile
tests were performed on an equipment model WDW200D
by Jinan Time Shijin Testing Machine Group Co.
Ltd, with a strain rate of 107/s.
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Fig.2 Schematics of different heat treatments for SLM FGH100L: a
direct aging, b solid solution + aging, ¢ double solid solution +aging.
AC air cooling, WQ water quenching

3 Results
3.1 Microstructure of SLM FGH4096M

Figure 3 shows the metallographic microstructure of the
SLM alloy, indicating a good metallurgical bonding. The
microstructures in the vertical plane are shown in Fig. 3a,
from which it can be seen that the thickness of the molten
pool is 25-30 pm and the alloy is mainly composed of
columnar grains growing across multiple layers and
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Fig.3 a Microstructure of SLM FGH4096M: vertical plane, b hori-
zontal plane, z-axis indicating the building direction

basically along the forming direction. These columnar grains
with varying contrast and width from a dozen to dozens of
microns had flat grain boundaries generally. Some columnar
grains with a small length were confined to the molten pool.
The dendritic structures with a size of about 0.5 pm were
arranged in the columnar grains, similar to the directional
solidification or casting microstructures [9, 22]. The growth
direction of the dendritic structures was consistent with that
of columnar grains. The scanning strategy with a rotating
angle 90° between the adjacent layers led to the molten pool
tracks as shown in Fig. 3a (the white dotted line was the
cross section of the molten pool, while the black dotted line
was the longitudinal section of the molten pool). The pow-
der layer scanned by laser was melted completely, while the
former solidified layer was melted partially again. Because
the large temperature gradient and high storage energy in the
SLM alloy resulted from the high cooling rate [21], it is not a
good condition for the formation of new grain nuclei. Hence,
the grains grow preferentially on the previously solidified
grains, forming dendritic structures and equiaxed structures.

Figure 3b shows the microstructure in the horizontal
plane of the SLM alloy, in which the orthogonal molten
pool tracks again revealed the laser scanning strategy for
the adjacent layers to rotate 90°. The grains exhibited
irregular shapes in the horizontal plane. Most of grains
were confined to the molten pool with an average width
of about 35 pm, while some grains extended to other

Fig.4 SEM morphology of SLM FGH4096M: a vertical plane, b
horizontal plane, z-axis indicating the building direction

pools. This was affected by the heat source induced by
laser movement. No large precipitates were observed at the
grain boundary. Although the equiaxed cellular structures
were dominant in many grains (as shown in the embedding
figure in Fig. 3b), there were dendritic structures paral-
lel to the cross section in some grains (indicated by the
white arrow), indicating that a small amount of heat flow
transversely transferred to the molten pool boundary after
powder molten.

Figure 4 shows the SEM morphology of the dendritic
structures and cellular structures in the SLM alloy. There
were fine precipitates in the form of MC carbide at the
boundary of the dendritic structures and cellular structures
[22], and the size of MC was below 100 nm. Figure 4a is
the SEM morphology on the vertical plane parallel to the
forming direction. A large number of carbides were precipi-
tated at the boundary of the dendritic structure. A few near-
spherical precipitates in the dendritic structure were fine '
strengthening particles with a size below 100 nm [11]. Due
to the high cooling rate, the ¥’ phase precipitated in a small
amount and size. Figure 4b shows the SEM morphology
on the horizontal plane vertical to the forming direction.
The fine MC carbides precipitated at the boundary of cel-
lular structure. Most of large MC carbides in a size range
of 50-100 nm precipitated at the intersection of different
boundaries of equiaxed structures, while small MC carbides
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with a size below 50 nm tended to precipitate at the bound-
ary of two adjacent equiaxed structures.

3.2 Microstructure of SLM+HT FGH4096M

3.2.1 Metallographic Microstructure of SLM + HT
FGH4096M

The SLM alloy was treated by DA, SAA and DSSA to under-
stand the evolution of the microstructure during the experi-
mental process. Figures 5—7 show the microstructures of the
SLM +HT alloys.

Figure 5a shows the vertical plane morphology of the
SLM + DA alloy. It basically maintained the microstructure
of columnar grains across multiple layers as in the SLM
deposited alloy. There were still relatively fine dendritic
structures or equiaxed structures inside columnar grains
(as shown in the embedded figure). Figure 5b shows the
horizontal plane morphology of the SLM + DA alloy. The
molten pool trace inherited from the SLM alloy was blurred
after DA. Compared with the SLM alloy, the grain morphol-
ogy in the SLM + DA alloy changed little, and the dendritic
and cellular structures were retained in the grains (as shown
in the embedded figure).

Figure 6a shows the vertical plane morphology of the
SLM + SSA (1050 °C) alloy. The alloy still maintained the

Fig.5 Microstructure of SLM + DA FGH4096M: a vertical, b hori-
zontal, z-axis indicating the building direction

@ Springer

dendritic structures and equiaxed structures within columnar
grains, but some of the columnar grain boundaries began to
bend (as indicated by the white arrow in Fig. 6a). Simultane-
ously, there were more precipitates at the boundaries of the
columnar grains, dendritic structures and cellular structures.
Figure 6b shows the horizontal plane morphology of the
SLM + SSA (1050 °C) alloy. The grains with irregular shapes
in the alloy were confined to the areas arranged regularly
like checkerboard. In each grid, there were one bigger grain
in the center and a few smaller grains at the edge. And the
boundaries of grains at the edge of grid began to protrude, as
shown in the embedded figure in Fig. 6b. There were more
precipitates at the boundaries of the columnar grains, den-
dritic structures and cellular structures. Compared with the
SLM + SSA (1050 C) alloy, the metallographic microstruc-
tures in the SLM + SSA (1070 “C) and SLM + SSA (1090 C)
alloys changed little, so no pictures are shown here for them.

Figure 6¢, d show the morphology of the SLM + SSA
(1100 °C) alloy. It could be concluded that the microstructure
of the alloy at the solution temperature over 1100 °C began
to change significantly compared with that at the lower solu-
tion temperature. The main reason was that the SLM alloy
with a high cooling rate had a high temperature gradient,
eventually leading to high storage energy inside [23, 24].
When the solution temperature was increased to 1110 °C,
reaching the recovery and static recrystallization temper-
ature of the alloy, the higher storage energy acted as the
driving force to promote the recovery and recrystallization
process. At the same time, the rapid migration of columnar
grain boundaries and the rapid diffusion of alloying elements
accelerated the disappearance of dendritic structures and cel-
lular structures [23-27]. Therefore, the microstructure of
the alloy changed greatly under this condition. Figure 6¢
shows the vertical plane morphology of the SLM + SSA
(1110 °C) alloy. The columnar grain boundaries underwent
a significant migration process along the short axis direc-
tion, and protruded largely. As the holding time increased,
the grain boundaries continued to migrate and connected
with the sub-adjacent grains, thereby shortening the length
of adjacent grains in the deposition direction [25]. Twins
could be observed in Fig. 6¢ due to the high content of Co
in the alloy, which lowered the stacking fault energy. The
dislocation slip of the alloy was hindered to form twins [28,
29]. Figure 6d shows the horizontal plane morphology of
the SLM + SSA (1110 °C) alloy. Due to the occurrence of
recovery and recrystallization and the migration of grain
boundaries, the checkerboard-like distribution of grains in
the alloy gradually disappeared, and the grain boundaries
inside the checkerboard were bent outwardly and migrated.
During this process, the grains on the checkerboard edge
deformed due to bend. Further, fine grains formed, and some
of them even split into finer grains (as shown in the white
dotted frame of Fig. 6d). The high storage energy in the
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Fig.6 Metallographic microstructure of SLM +SSA FGH4096M: a SSA (1050 C), vertical; b SSA (1050 “C), horizontal; ¢ SSA (1100 °C), ver-
tical; d SSA (1100 “C), horizontal; e SSA (1130 °C), vertical; f SSA (1130 °C), horizontal. z-axis indicating the building direction

SLM alloy made it easier to form recrystallized grains at
the checkerboard boundary (indicated by the white arrow
in Fig. 6d). The formation and growth of the recrystallized
grains were also factors that promoted the disappearance of
the chekerboard-like grain distribution phenomenon. There
were also a few recrystallized grains at the checkerboard
center (as indicated by the black arrow in Fig. 6d). The
appearance of twins as shown in Fig. 6d had an influence on
the morphology of grains. In general, the dendritic structures
and equiaxed cellular structures in the grains disappeared
under SSA (1110 °C).

As the solution temperature increased, the rate of
atomic diffusion and grain boundary migration continued

to increase, and the static recrystallization became more
sufficient. The columnar grain boundaries migrated along
the short axis direction, and the columnar grains were
transformed to equiaxed grains. The number of equiaxed
grains increased, and the grain growth was accelerated.
Figure 6e shows the vertical plane morphology of the
SLM + SSA (1130 °C) alloy. The grains were irregularly
polygonal and tended to be equiaxed. Due to the migra-
tion of the columnar grain boundary, the grain size was
shortened in the vertical direction, which played a role
in refining the grain. Some of the recrystallized grains at
the boundary of columnar grains began to grow (as indi-
cated by the white arrow in Fig. 6e). Figure 6f shows the
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Fig.7 Microstructure (1170 ‘C+1050 C)
FGH4096M: a vertical, b horizontal, z-axis indicating the building
direction

of SLM+DSSA

horizontal plane morphology of the SLM + SSA (1130 °C)
alloy. Many grain boundaries in the alloy were curved,
and some of them extended toward the inside of adjacent
grains (as indicated by the white arrow in Fig. 6f). A large
number of recrystallized grains with a wide size range in
the alloy indicated that some recrystallized grains started
to grow. Most of the recrystallized grains were distrib-
uted at the original grain boundaries and a small number
of twins were present in the alloy. With the continuous
increase of solution temperature, the recrystallization pro-
cess in the alloy was basically completed, e.g., in the cases
of SLM + SSA (1150 °C) and SLM + SSA (1170 °C), but
the grains barely grew.

Figure 7a, b show the metallographic morphology of
the SLM + DSSA (1170 °C+ 1050 °C) alloy. As shown in
Fig. 7a, on the vertical plane of the alloy, the recrystalli-
zation process had been basically completed, followed by
grain growth. The grains with irregular shapes and differ-
ent sizes exhibited slightly curved grain boundaries. Fig-
ure 7b shows the microstructure of the alloy in the hori-
zontal plane. The grains were still in irregular polygonal
shapes, and the grain boundaries were curved after the
double-solution treatment of the alloy. Some twins and
many fine precipitates could be observed in the grains
under the optical microscope.

@ Springer
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Fig.8 The relationship between the volume fraction of y’ precipitate
and the precipitation temperature calculated by Jmatpro

3.2.2 Morphology of y’ Phase in SLM+ HT FGH4096M

Not only the grain size but also the precipitation behavior of
strengthening phase are very sensitive to the HT systems for
the SLM alloy. The y’ phase is the main strengthening phase
of the FGH4096M alloy and the amount, size and distribu-
tion of y' precipitate have a great impact on the properties
of the alloy [28-31]. Therefore, it is of great significance to
study the effect of the HT system on the precipitation behav-
ior of ¥’ phase. The relationship between the amount of y’
precipitate and the precipitation temperature was calculated
by Jmatpro, as shown in Fig. 8, which indicated that the
amount of precipitated y’ phase gradually decreased with the
temperature increasing and began to decrease dramatically
above 1000 °C. The y' phase totally disappeared at the solu-
tion temperature of 1120 °C. Combined with the analysis
of Jamatpro software, the precipitation behavior of y' phase
during DA, SSA and DSSA was investigated, respectively.

Figure 9a, b show the SEM photographs of the SLM + DA
alloy. Since the SLM alloy did not recover and recrystallize
at a relatively lower aging temperature, the metallographic
microstructure of columnar grains was basically maintained,
as in the initial SLM state. After the DA treatment, a large
number of nearly spherical tertiary y’ precipitates with an
average size of 32.8 nm were formed in the dendritic struc-
tures and cellular structures, and especially at the grain
boundaries. Figure 9a shows the y" morphology in the ver-
tical plane of the SLM + DA alloy. Because the y’ phase
forming elements segregated at the boundary of the dendritic
structure, the amount of y' precipitate at the boundary was
larger than that inside, and the boundary of the dendritic
structure coarsened. Figure 9b shows the ¥’ phase morphol-
ogy in the horizontal plane of the SLM + DA alloy. The size
and shape of the y’ precipitate in the horizontal plane were
the same as in the vertical plane, and there were more y’
precipitates at the boundary of cell structures.
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Fig.9 SEM images of microstructure and morphology of y’ precipi-
tates in SLM + DA FGH4096M: a vertical, b horizontal, z-axis indi-
cating the building direction

The relatively higher cooling rate led to high concentra-
tion vacancies inside the alloy and high density dislocations
at the boundaries of the dendritic structure and the cellular
structure during the SLM process [11, 32, 33]. In the sub-
sequent HT process, the strengthening elements, such as Al
and Ti, were more easily to interchange with the vacancies,
thereby promoting the nucleation and growth of the y’ phase
[31, 34]. Meanwhile, the atoms were irregularly arranged at
the boundaries of the columnar grain, dendritic structure and
equiaxed structure, where the atomic mixing entropy was
high and more diffusion channels promoted the diffusion of
strengthening elements, lowering the energy barrier for the
precipitation of the y’ phase [31]. During the DA process,
the strengthening elements such as Al and Ti diffused slowly
in a relatively low temperature, so the y’ precipitates prefer-
entially nucleated near vacancies and dislocations, or at the
boundaries of dendritic structures and cellular structures.
The fine y’ precipitates grew by absorbing Al and Ti ele-
ments nearby. But the growth rate of all the y’ precipitates
in the alloy was so slow that the y' precipitates dispersed
inside the alloy. At the same time, the boundaries of colum-
nar grain, dendritic structure and cellular structure did not
migrate significantly. There were a large number of disloca-
tions at the boundaries of dendritic structure and equiaxed
structure, which was beneficial to the precipitation of the '
phase. Thus the y' phase precipitated more at the boundaries

of dendritic structure and cellular structure than that in the
interior (as shown in Fig. 9a and b).

Figure 10a shows the SEM images of y’ precipitates in
the SLM 4+ SAA (1010 °C) alloy. The secondary y' precipi-
tates, with square or nearly spherical shapes and an average
size of about 250 nm, were arranged along the direction of
the dendritic structure. A small number of nearly-spherical
tertiary y’ precipitates with a size of about 30 nm were dis-
tributed between the secondary y’ precipitates (as shown in
the embedded figure in Fig. 10a). Although the diffusion rate
of the strengthening elements in the alloy increased at the
solution temperature of 1010 °C, the recovery process was
relatively slow at this temperature. So more strengthening
elements in the alloy were concentrated at the boundaries
of the grain, dendritic structure and cellular structure. At
this point, the overall fraction of the y’ phase in the alloy
decreased as shown in Fig. 8, but the rapid diffusion of the
strengthening elements promoted secondary y’ to precipi-
tate and grow rapidly with larger sizes at the boundaries
of the dendritic structures and the cellular structures. The
black dotted line in Fig. 10a represented the columnar grain
boundary, where the distribution of the secondary y' pre-
cipitates was irregular compared with that in the interior of
the columnar grains. This mainly resulted from the different
orientations of columnar grains and dendritic structures. In
addition, the atoms at the grain boundary were irregularly
arranged, so that the precipitation of the y’ phase was rela-
tively irregular. It was also observed that some y' precipitates
began to combine to form larger y’ precipitates, as shown by
the circle in Fig. 10a.

Figure 10b shows the SEM images of y' precipitates in
the SLM + SSA (1030 °C) alloy. The number of secondary
v’ precipitates in the alloy under the solution temperature
1030 °C significantly reduced compared with that under
1010 °C. This agrees with the conclusion in Fig. 8, i.e., the
amount of y' phase in the alloy decreased with the increase
of solution temperature. As shown in Fig. 10b, the y’ precipi-
tates in the interior of columnar grains were still regularly
arranged along the direction of the dendritic structures. The
increase of solution temperature promoted the diffusion of
strengthening elements and the recovery process in the alloy.
However, at this temperature, the diffusion of strengthening
elements was still dominant, and the diffusion channels were
less than that at 1010 °C, so the average size of the second-
ary y' precipitates was relatively large, about 309 nm. In the
meantime, the adjacent secondary y' precipitates segregated
at the boundary of the dendritic structure appeared to fuse
to a large extent, as shown in the dotted ellipse in Fig. 10b.
The secondary y' precipitates with different orientations,
represented by the dotted lines in Fig. 10b, were arranged
at both sides of the grain boundaries, and the primary 7y’
precipitates with large size and irregular shape were formed
by the combination of multiple secondary y’ precipitates at
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Fig. 10 SEM images of microstructure and morphology of y' precipi-
tates in SLM +SSA FGH4096M: a SSA (1010 °C), vertical; b SSA
(1030 °C), vertical; ¢ SSA (1050 C), vertical; d SSA (1070 C), verti-

the grain boundary as shown by the black circle in Fig. 10b.
The combination of the secondary y' precipitates was mainly
driven by the reduction of the interface energy. Due to the
increase of the solution temperature, the matrix absorbed
much more strengthening elements, so that many tertiary
y' particles precipitated in the interior of grains during the
subsequent aging process.

Figure 10c shows the SEM images of y’ precipitates in the
SLM + SSA (1050 °C) alloy. The cubic primary y' particles
with sizes from 400 to 500 nm were precipitated at the grain
boundaries after solid solution treatment at 1050 °C. The
size of the secondary y' precipitates increased slightly, but
the number decreased compared with that in the SLM + SSA
(1030 °C) alloy, which was consistent with the calculated
results in Fig. 8. Most of these secondary y’ precipitates were
distributed along the direction of the dendritic structures in
the grains. The larger secondary y' precipitates were cubic,
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cal; e SSA (1090 C), vertical; f SSA (1110 C), vertical. z-axis indi-
cating the building direction

while the smaller secondary y' precipitates were spherical.
More strengthening elements dissolved in the matrix, and
the recovery process in the alloy was accelerated with the
increase of solution temperature. Although the diffusion rate
of strengthening elements increased, the combination phe-
nomenon of secondary y’ precipitates was rarely observed.
A large number of alloying elements dissolving in the alloy
matrix precipitated in the form of tertiary y' phase during
the subsequent aging process (as shown in the embedding
diagram in Fig. 10c).

Figure 10d shows the SEM images of y' precipitates in the
SLM + SSA (1070 °C) alloy. The precipitation of secondary
v’ phase decreased significantly after solid solution treatment
at 1070 °C. Due to the large quantity of alloy strengthening
elements dissolving in the matrix and the rapid recovery pro-
cess in the alloy, most of secondary and tertiary y' precipi-
tates were randomly distributed with only a small number of
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secondary Y’ precipitates still maintaining the arrangement
along the direction of the dendritic structures. The size of
secondary y' precipitates at the grain boundary was about
222 nm, close to those in the interior of grains.

Figure 10e shows the SEM images of y’ precipitates in
the SLM + SSA (1090 °C) alloy. Only very few secondary
v’ precipitates were distributed at the grain boundary of
the alloy, while a large number of tertiary y' precipitates
were dispersed in the interior of grains. According to the
calculated results in Fig. 8, the precipitation of secondary y’
phase was about 8.3% in the equilibrium state at a solution
temperature of 1090 °C (as shown in Fig. 8), which was
consistent with that shown in Fig. 10e.

Figure 10f shows the SEM images of y’ precipitates in
the SLM + SSA (1110 °C) alloy. In this case, the solution
temperature was close to the complete solution temperature
of the y’ phase, and great changes of the microstructure in
the alloy resulted from the rapid static recovery process,
static recrystallization and rapid grain boundary migration.
The alloy was in a supersaturated state, and the alloy ele-
ments were uniformly dissolved in the matrix. Under the
subsequent aging process, the tertiary y' particles with an
average size of 33.1 nm precipitated uniformly inside the
grain. There were nearly no primary y' precipitates and sec-
ondary y’ precipitates at the grain boundary or in the grain.
As the solid solution temperature continued to rise, exceed-
ing the complete solution temperature of the y’ phase, the
morphology of the y' precipitates formed during the subse-
quent aging process was similar to that in the SLM 4+ SSA
(1110 °C) alloy.

Figure 11a shows the SEM images of y’ precipitates in
the SLM + DSSA (1170 °C+ 1050 °C) alloy. It could be seen
that the y' precipitates with three sizes were distributed in
the alloy. The primary y' precipitates with the size between
0.8 and 1 pm in cubic or irregular shapes were distributed at
the grain boundary; the secondary y' precipitates were dis-
tributed in the gains with the size between 400 and 500 nm
in cubic shape; the tertiary y’ precipitates were distributed
in the gaps between primary 7y’ precipitates and secondary
y' precipitates, with the larger size between 100 and 150 nm
mostly in cubic, bell or petal-like shapes, and the smaller
size of several tens nanometers in spherical shape. The alloy
undergoing the first solid solution treatment at 1170 °C
was in a super-solid solution state, and the solid solution
elements were uniformly distributed in the matrix. Some
defects remaining inside the alloy after solid solution treat-
ment at 1170 °C resulted from many vacancies and disloca-
tions inside the SLM alloy with rapid solidification. When
the alloy underwent a second solution treatment at 1050 °C,
the strengthen elements diffused rapidly in a sub-solid solu-
tion alloy and preferentially segregated to form primary vy’
precipitates at the grain boundary with a low energy barrier.
During the middle and latter stages of the solid solution

Fig. 11 SEM images of microstructure and morphology of ¥ precipi-
tates in SLM + DSSA FGH4096M: a DSSA (1170 ‘C+ 1050 C), ver-
tical, z-axis indicating the building direction; b fusion and growth of
y' precipitates

treatment, the alloy elements were segregated in the vicinity
of vacancies and dislocations to form secondary y' precipi-
tates. Later, a few tertiary y’ precipitates began to nucleate.
During the aging process, the sizes of the primary and sec-
ondary y' precipitates increased, and the earlier nucleated
tertiary y’ precipitates began to grow. Meanwhile, there were
also small sized tertiary y' precipitates, which had little time
to grow. In the second solid solution process at 1050 °C,
the growth of primary and secondary y’ precipitates mainly
depended on the diffusion and segregation of strengthening
elements. During the last stage of aging process, with the
growth of the larger tertiary y’ precipitates and the nuclea-
tion of smaller tertiary y’ precipitates, the contents of the
strengthening elements in the matrix became very low. In
this case, a large number of secondary and tertiary y’ pre-
cipitates led to high interface energy in the alloy. In order
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to reduce the interfacial energy, the primary and secondary
y' precipitates began to absorb the tertiary y’ precipitates
around them for fusion and growth, as shown in Fig. 11b.

The average sizes of y’ precipitates, including primary ¥y,
secondary y' and tertiary y', in the alloys under different HTs
were measured by the ImagelJ software, as shown in Fig. 12.
The average sizes of y' in the SSA (1050 °C) and DSSA
(1170 °C+1050 °C) alloys were relatively larger, about
197 nm and 208 nm, respectively; while the average sizes
of y’ in the DA and SSA (1130 °C) alloys were relatively
smaller, about 32.8 nm and 33.1 nm, respectively.

3.3 Mechanical properties of SLM FGH4096M
and SLM + HT FGH4096 M

The room temperature tensile and hardness tests were car-
ried out on the SLM and SLM +HT alloys. The loading
direction of the specimen was parallel to the deposition
direction (z-axis). The tensile curves are shown in Fig. 13a.
As shown in the figure, the SLM FGH4096M had a high
elongation at room temperature, but its tensile strength was
low. After HT, the tensile strength of the alloy increased. In
particular, the strength of the alloy increased significantly
after DA treatment, but the elongation was decreased. Fig-
ure 13b shows the hardness values of the alloys under differ-
ent treatment conditions. The hardness values of the alloys
after DA and SSA (1130 °C) treatments were relatively high,
448.87HB and 429.56HB, respectively.

Table 1 shows the room temperature tensile proper-
ties (average values) of the SLM alloy and the SLM +HT
alloy. The SLM + DA alloy had the highest room tempera-
ture ultimate strength (1595.56 MPa) and yield strength
(1459.46 MPa), 32.51% and 52.31% higher than that of
the SLM alloy, respectively. The room temperature tensile

200 ~
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<
T

a

1050°C 1070°C 1090°C 1130°C 1170°C+1050°C
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Fig.12 The average sizes of y' precipitates in SLM FGH4096M under
different HT's
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Fig. 13 Room temperature mechanical properties of SLM
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properties of the SLM + DA alloy had exceeded that of the
as-forged alloy.

Considering the overall properties, the SLM + DA and
SLM + SSA (1130 °C) alloys had the best comprehensive
properties. There were only nano-sized tertiary y' precipi-
tates in the alloys under these two treatments, so the fine

Table1 Room temperature tensile properties (average values) of
SLM FGH4096M under different heat treatments

o, (MPa) o, (MPa) & (%)
SLM 1204.13 958.22 24.97
SLM + DA 1595.56  1459.46 5.49
SLM +SSA (1050 C) 1299.75  1039.86 15.68
SLM+SSA (1130 C) 1322.02 1006.36 14.44
SLM+DSSA (1170 C+1050 C) 1325.72  1037.86 10.74
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«Fig. 14 EBSD orientation image maps and local misorientation maps
of the SLM FGH4096M after HT: a, b DA, the inset is sample coor-
dinate; ¢, d SSA(1050 °C); the inset is the inverse pole figure; e, f
SSA( 1130 C); g, h DSSA(1170 "C+1050 C)

tertiary y' precipitates played an important role in improv-
ing the mechanical properties of the alloys. But this conclu-
sion differed from the view proposed in references [17] and
[31], in which there were three sizes of y' precipitates in the
nickel-based PM superalloys with the best comprehensive
properties.

4 Discussion

Compared with the SLM alloy, the grain morphology of the
SLM + DA alloy did not change significantly. The chang-
ing colors in each grain reveal the orientation gradient and
a large number of small angle boundaries in each grain,
as shown in Fig. 14a. Meanwhile, it can be inferred from
Fig. 14a, b that the higher strain and stored energy exist in
the alloy. However, a large number of nano-sized y’ precipi-
tates were formed in the SLM + DA alloy, which was the
main factor affecting the performance of the alloy. Since the
SLM alloy with a high cooling rate was in a supersaturated
state, the y' strengthening precipitates were uniformly and
densely dispersed inside the alloy during the DA process.
It was obviously for this reason that the internal disloca-
tion slip paths were greatly reduced and the external force
required for the dislocation slip was increased, resulting in
the increase of the yield strength. A large number of y’ pre-
cipitates further increased the ultimate strength and hardness
of the alloy. However, the elongation of the alloy decreased
due to the reduction of dislocation slip passages, which
made dislocations hard to slip.

Similarly, a large number of y' precipitates in the
SLM + SSA (1050 ‘C) alloy enhanced the strength of the
alloy, compared with the SLM alloy. The alloys maintained
the columnar grains with different orientations, as shown in
Fig. 14c. However, compared with the SLM + DA alloy, the
SLM + SSA (1050 °C) alloy indicated lower strength, but
higher elongation. The effects of DA and SSA (1050 °C) on
the microstructure of the SLM alloy were concerned: (1) In
solution treatment, the recovery process of the SLM alloy
occurred at a higher temperature than that in aging treat-
ment, and the number of dislocations in the alloy decreased.
In this case, some of the stresses would be released, which
was shown in Fig. 14d. (2) Some of the y' precipitates
segregated at the boundaries of the grain, dendritic struc-
ture and cellular structure under solution temperature of
1050 °C, consuming the strengthening elements dissolving
in the alloy. Therefore, the precipitation of tertiary y' phase
was not uniform and dense during the subsequent aging
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process, the amount of y’ phase precipitation was reduced,
and the dislocation slip paths were increased. As a result,
the strength of the SLM + SSA (1050 °C) alloy was higher
than the SLM alloy, lower than the SLM + DA alloy, and the
elongation of the SLM + SSA (1050 °C) alloy was higher
than the SLM + DA alloy.

The microstructure of the SLM alloy changed greatly
after the SSA (1130 °C) treatment. As the solution tempera-
ture reached the recrystallization temperature of the alloy,
the grain boundaries of the SLM alloy with high storage
energy migrated rapidly and the grains began to recrystallize
and develop towards equiaxed grains, as shown in Fig. 14e.
At the same time, as the solution temperature reached the
fully dissolving temperature of the y' phase, the y’ phase
and the strengthening elements were dissolved in the matrix,
so the alloy was in a supersaturated state and the strength-
ening elements were uniformly distributed in the matrix.
During the aging process, the strengthening precipitates
were uniformly and compactly formed inside the grains
in the form of tertiary y’ phase, of which the morphology
was similar to that in the SLM + DA alloy. The main dif-
ferences in grain morphology between the SLM + DA and
SLM+SSA (1130 C) alloys were as follows: (1) The colum-
nar grains of the SLM alloy were still retained after DA,
while the grains in the SLM + SSA (1130 °C) alloy showed
irregular shapes, and tended to be equiaxed. (2) During solid
solution treatment, because of the occurrence of recovery
and recrystallization, most of stress and a large number of
defects, dendritic structures and equiaxed structures disap-
peared in the alloy, which could be deduced by the Fig. 14f.
By comparing the properties between the SLM + DA and
SLM + SSA (1130 “C) alloys, it could be concluded that the
dendritic structures and equiaxed structures in columnar
grains improved the strength of the alloy to some extent. The
occurrence of recovery and recrystallization process reduced
the number of dislocations and made the alloy in a low
energy state. During the tensile process of the SLM + SSA
(1130 °C), the dislocations began to increase due to the
external force, which improved the elongation of the alloy.

The metallographic microstructure and the precipitate
morphology of the SLM +DSSA (1170 “C + 1050 C) alloy
were very different from those of the SLM alloy. After the
first solid solution treatment at 1170 °C, the alloy recovered
and recrystallized, the dendritic structures and equiaxed
structures disappeared, and the grains tended to be equi-
axed in irregular shapes. Meanwhile, the strengthening ele-
ments were dissolved in the matrix and the alloy was in a
supersaturated state at the temperature exceeding the full
dissolution temperature of y' phase. When the alloy under-
went the second solid solution treatment at 1050 °C, the y’
phase began to precipitate from the supersaturated matrix.
Firstly the primary y' phase precipitated at the grain bound-
ary, the secondary y' phase nucleated and grew in the grain
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at the middle and later stages of the second solid solution,
and the larger tertiary y’ phase began to nucleate at the later
stage. During the subsequent aging treatment, the primary
and secondary y' precipitates continued growing, and the
tertiary y' precipitates were formed and grew. Compared
with the SLM + SSA (1130 °C) alloy, the differences between
them were as follows: (1) There were three sizes of y' pre-
cipitates in the SLM +DSSA (1170 ‘C +1050 C) alloy.
The primary y' precipitates were mainly distributed at the
grain boundary, the secondary y' precipitates were mainly
distributed in the grain, and the tertiary y’ precipitates were
in two sizes and in various shapes. (2) The y' precipitates
in the SLM +DSSA (1170 ‘C+ 1050 °C) alloy grew up by
absorbing strengthening elements or combining with each
other. In this case, the high contents of Al and Ti in the '
phase would lead to the increase of lattice distortion and
strain energy between y' phase and matrix, which could be
inferred from the existence of partially splitting y’ phase in
the alloy. Compared with the room temperature tensile prop-
erties of the SLM + SSA (1130 °C) alloy, the strength of the
SLM +DSSA (1170 C + 1050 C) alloy increased, but the
elongation decreased. While the y’ precipitates with different
sizes increased the slip paths of dislocations, the morphol-
ogy of y' precipitates with different sizes in the alloy varied
greatly, and the contents of Al and Ti in the y’ phase were
high, which led to the increase of lattice distortion between
the y’ phase and the matrix. Thus the dislocation slip resist-
ance would be enhanced, thereby increasing the strength and
reducing the elongation of the alloy.

The microstructural differences between the
SLM +DSSA (1170 ‘C+ 1050 °C) and SLM + SSA (1050 C)
alloys were obvious: (1) The grains in the SLM + DSSA
(1170 C+ 1050 °C) alloy were irregular and tended to
be equiaxed as shown in Fig. 14g, while the SLM + SSA
(1050 “C) alloy maintained dendritic structures and equi-
axed structures within columnar grains. (2) The lat-
tice distortion between the y’ phase and the matrix in the
SLM +DSSA (1170 °C + 1050 C) alloy was larger than that
in the SLM + SSA (1050 “C) alloy, which can be inferred
from the uniform and lesser stress in the Fig. 14h. However,
the y' precipitates in the SLM + SSA (1050 °C) alloys did
not indicate too many combination phenomena, and only
the y' precipitates at the grain boundary tended to com-
bine with each other. By comparing the properties of the
SLM+DSSA (1170 ‘C+ 1050 “C) and SLM + SSA(1050 C)
alloys, it could be inferred that the lattice distortion between
the y' phase and the matrix could play a positive role in
improving the strength of the alloy. The yield strength of
the SLM + DSSA (1170 + 1050 °C) alloy was similar to that
of the SLM + SSA (1050 °C) alloy, but the ultimate strength
of the SLM +DSSA (1170 + 1050 C) alloy is higher than
that of the SLM + SSA (1050 °C) alloy, which is mainly due
to the relatively concentrated stress caused by the tangle of

dislocations in the SLM + SSA (1050 °C) alloy at the later
stage of tensile. By comparing the elongation of the two
alloys, it could be seen that the morphology of the y’' phase
had a great impact on the elongation of the alloys.

From Fig. 14a, c, e, g, it can be observed that the occur-
rence of recrystallization after HT can reduce the texture
to some extent and reduce the effect of anisotropy on the
alloy, which has been proved by the random distribution of
grain orientations. The stress in the alloy would be released
during HT, as shown in Fig. 14b, d, f, h, because of the
occurrence of recovery and recrystallization. The higher the
temperature, the more sufficient the stress release. Figure 15
shows that the local misorientation angle decreases with the
increase of solution temperature, which indicates more stress
release at a higher solution temperature.

Figure 16 shows the relationship between the average size
of y' precipitate and the strength of the alloys under dif-
ferent HTs. The size of ' precipitate in the SSA (1130 ‘C)
alloy is similar as that in the DA alloy, but the latter exhib-
its much higher strength. The SSA (1050 ‘C) and DSSA
(1170 "C+1050 C) alloys with larger sized y' precipitates
exhibit similar strength to the SSA (1130 °C) alloy. This
indicates that the size of y’ precipitate is not the only factor
affecting the strength, which may also be strongly related
to the number and the distribution of y’ precipitate, grain
morphology and so on.

Generally speaking, the occurrence of recovery and
recrystallization can improve the plasticity by releasing
residual energy and refining grains in the alloy. For example,
there were much higher degrees of recovery and recrystal-
lization in the SSA and DSSA alloys, all of which owned
much higher plasticity than the DA alloy. However, those
heat treatments also resulted in a large quantity of strength-
ening precipitates in the alloys, which did harm to the plas-
ticity by reducing dislocation slip passages. Although the
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Fig. 15 Local misorientation angles of SLM FGH4096M under dif-
ferent heat treatments
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SLM alloy owned much higher residual energy, it exhibits
much higher plasticity than the other SLM + HT alloys. A
reasonable explanation of this result may be that during the
heat treatments, the adverse effect of precipitation strength-
ening on the plasticity greatly surpassed the beneficial effect
of recovery and recrystallization on the plasticity.

5 Conclusions

1. The alloys under SLM + DA and SLM + SSA with
solution temperature below 1090 °C retained the simi-
lar grain morphology as the SLM alloy owned. When
the solution temperature was above 1100 °C for the
SLM + SSA alloy, reaching the temperature of recov-
ery and recrystallization, the columnar grains as well
as the dendritic structure and equiaxed structure within
the grains disappeared, and the grains tended to be equi-
axed. The microstructure tended to be isotropic with the
number of equiaxed grains increasing.

2. During the DA treatment and SSA treatment at solution
temperature above 1110 °C, the tertiary y’ precipitates
were dispersed more uniformly in the alloy. When the
solution temperature ranged from 1010 to 1090 °C, the
secondary y' precipitates in the SLM + SSA alloy were
distributed along the growth direction of the dendritic
structure. With the increase of temperature, the number
and the arrangement regularity of the secondary y' pre-
cipitates decreased gradually.

3. When the SLM alloy was treated by DSSA
(1170 C+ 1050 C), there were three sizes of ' pre-
cipitates in the alloy. The y' precipitates with larger size
began to grow in the way of absorbing smaller sized
y' precipitates, and the y' precipitates with similar size
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grew in the way of combining with each other. The lat-
tice distortion between secondary y’ phase and y matrix
increased after the DSSA treatment.

4. The large number, uniform size and dense distribution of
y' precipitates were beneficial to the improvement of the
tensile strength and hardness of the alloy, at the expense
of the elongation. The larger the distortion between 7y’
phase and matrix, the higher the strength and hardness
of the alloy. But the excessive distortion could lead to
the instability of y' precipitates[35].

5. During the heat treatments, the formation of strengthen-
ing precipitates and the recovery and recrystallization
process usually occurred simultaneously in the alloys.
The former could enhance the strength but reduce the
plasticity, while the latter was beneficial to the plastic-
ity. Therefore, all the SLM + HT alloys exhibited much
higher strength than the SLM alloys. The SLM + SSA
and SLM + DSSA alloys owned higher degree of recov-
ery and recrystallization, thus leading to higher plastic-
ity than the DA alloy. However, for all the SLM +HT
alloys, the adverse effect of precipitation strengthening
on the plasticity seemed to greatly overtake the ben-
eficial effect of recovery and recrystallization on the
plasticity. Therefore, all the SLM +HT alloys exhibited
much lower plasticity than the SLM alloy in the present
work.
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