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Abstract: Extremely rapid heating and cooling rates during the additive manufacturing (AM) pro-
cess generate complicated thermal cycles, which affect the microstructure evolution and ultimate
mechanical properties of the alloy. In this paper, FGH96 blocks with a height of 6 mm were prepared
by selective laser melting (SLM) and the microstructure was characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Comparing specimens of varying
heights, it was found that subsequent thermal cycles (STC) coarsened some solidified grains and
accelerated the grain growth along the build direction, together with an increase in texture intensity
and high-angle grain boundaries (HAGBs). After coarsening the grains in the middle portion of the
built block, finer grains were observed near the top area due to a faster cooling rate. There were
numerous dislocations in the grain because of the occurrence of unequal internal tension. In the
middle of the sample with stable thermal cycles, the dislocations were both perpendicular to the grain
growth direction and 45◦ off it. In spite of the texture characteristics, the segregation of elements was
also found to be influenced by thermal cycling. Inherent reheating leads to the increase in the Laves
phase and the decrease in the γ’ phase as subsequent deposition. This was also one of the reasons
why the microhardness of the sample decreased as the building height and the other reason being the
decrease in the solution treatment of the later sediments.

Keywords: selective laser melting; thermal cycles; microstructure evolution; micro-segregation

1. Introduction

Additive manufacturing (AM) has developed rapidly in recent years, due to its char-
acteristics of “line-by-line and layer-by-layer” freely manufacturing parts of any shape [1].
Due to the small laser spot size, selective laser melting (SLM), a crucial technology in
metal additive manufacturing, can accomplish high precision and arbitrary formation of
complex parts [2,3]. The SLM process is often accompanied by fast heating and cooling
under rapid laser scanning, resulting in an extremely complex thermal process [4–6]. Heat
is mainly transferred through heat conduction and convection [7] in all directions. Under
such conditions, the grain structures of the preceding layer may recrystallize under the heat
effect of the succeeding layers. When there is a similar temperature differential between
adjacent layers, even after grain epitaxial growth has occurred, the dendrite orientation of
the following layers is also affected to some extent by the orientation of the previous layer’s
dendrites. Therefore, thermal cycling controls grain epitaxial growth and metallurgical
bonding properties between adjacent tracks and layers [8].
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Considerable previous work [9–14] has been performed to study the effect of thermal
cycles in SLM. Huang et al. [9] demonstrated that due to the influence of the subsequent
thermal cycle, the molten pools’ temperature gradient and the cooling rate of the molten
pool decreased with the increase of the layer number. Further, Yang et al. [10] prepared
thin-wall parts of IN718 alloy and showed that the microstructure evolution of the central
region of the thin wall is closely related to the vertical thermal cycle.

The effect of thermal cycling on the alloy’s microstructure will alter its the mechanical
properties. Mohamad Mahmoudi [11] suggested that the austenite content of the alloy was
increased by thermal cycling, which leads to a decrease of hardness. Gunther Mohr [12]
et al. found that when heat downward conduction was impeded, surface temperature,
molten pool size and porosity at the top of the fabricated part all increased. However, Wang
et al. [13,14] investigated the influence of thermal cycling on the grain texture of IN718 alloy
and found that the mechanical properties did not change significantly with the building
height. Consequently, there are some disagreements regarding the relationship between
thermal cycling and alloy properties along the building height, which is also the subject of
our research.

The most widespread application of SLM is in the aerospace industry, where the
manufacturing of nickel-based superalloys accounts for a large part of its use. Superalloy
refers to the type of alloy that can be utilized reliably in high temperature environments
above 600 ◦C, and has excellent mechanical properties such as oxidation resistance, fatigue
resistance, creep resistance and wear resistance [15,16]. Nickel-based alloy is the most
complex in composition, but also the most widely studied and applied in the aerospace
field. Its high strength is due to its high content of refractory elements, such as Co, Cr,
Mo, W, etc. In addition, some alloys also have Ti-Al elements, which can produce γ’
hardening phase to improve the creep characteristics [16]. It is typically regarded as a
kind of poor welding alloy due to its high content of Ti and Al elements content, which
causes precipitation of high melting-point phases in the interdendritic region and some
low melting-point strengthening phases in the dendritic trunk region [17], resulting in the
initiation of cracks at grain boundaries when subjected to tensile stress [18,19]. Therefore,
during the process of rapid laser processing, not only the grain evolution is complicated,
but also the segregation of refractory elements, which determines that it is necessary to
have a more in-depth understanding of the evolution law of the Al-Ni based superalloy
microstructure under the thermal cycle.

FGH96, a typical Ni-base superalloy with high Ti/Al content, can operate in an
environment of 650–750 ◦C for a long time as a hot-end component in the aero-engine for
its high crack resistance, damage resistance and creep strength [20,21]. Up to date, most
FGH96 parts have been manufactured by powder metallurgy (PM) [22] with few reported
by additive manufacturing. Hao et al. [23–25] demonstrated that FGH96 can be fabricated
by SLM and the effect of solution treatment on microstructure evolution was then studied.

In this paper, typical Nickel based superalloy FGH96 samples were prepared by SLM.
The characteristic evolution of texture, dislocation and microsegregation under thermal
cycling was analyzed. The results shed light on the relationship between the alloy’s
microstructure and the mechanical properties.

2. Experiment

The FGH96 powder used in the experiment was made by gas atomization. Table 1
shows its chemical composition. The powder is typically spherical with a smooth and
neat surface, with only a small amount of satellite powders attached, as seen in Figure 1a.
According to Figure 1b, the powder’s size distribution ranges from 15 to 53 µm.

Table 1. Chemical composition of FGH96 powder (wt.%).

Element Cr Co W Mo Ti Al Nb C Zr Ni

wt.% 15.5–16.5 12.5–13.5 3.8–4.2 3.8–4.2 3.55–3.9 1.95–2.3 0.60–0.80 0.045–0.060 0.03–0.06 bal.
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the layer-by-layer SLM process; (d) specimens chosen from different positions of the SLMed sample.

The AM blocks used in this study were manufactured by an EP-M260 (Beijing e-Plus
3D Tech. Co., LTD, Beijing, China) molding system, with a continuous wave fiber laser.
The system was equipped with a molding chamber size of 266 mm × 266 mm × 390 mm.
Ar was used as a protective gas, and the oxygen content in the chamber was less than 100
ppm. The scanning strategy and shape design are shown in Figure 1c. According to [26],
the rotation angle between two adjacent deposition layers of 67◦ was chosen to obtain a
better microstructure and properties. The sample size was 3 mm × 6 mm × 6 mm, and the
microstructure evolution of the alloy was observed at the bottom, middle and top. The
process parameters used in SLM are shown in Table 2.

Table 2. Parameters used in the experiment.

Analysis Value

Laser power P/W 270
Scanning speed v/(mm/s) 1200

Layer depth d/µm 40
Interlayer rotation 67◦

Hatch spacing h/µm 80

The samples were polished and then corroded with 5 g CuSO4 + 25 mL HCl + 25 mL
C2H5OH mixed solution to observe the detailed microstructure and texture. A scanning
electron microscope (SEM, KSM-7610FPlus, JEOL, Tokyo, Japan) was used to observe the
microstructure, crack morphology and distribution of precipitates. The texture and grain
orientation morphology were detected by electron backscatter diffraction (EBSD, JSM-
7001F, JEOL, Tokyo, Japan). The microscopic characteristics of the samples were observed
by transmission electron microscope (TEM, JEM-2010, JEOL, Tokyo, Japan). A Vickers
hardness tester (Wilson HV1102, Wilson, Norwood, MA, USA) was employed to measure
the hardness of various specimens. The acting load was 500 g and the duration was 20 s.
After that, Image-Pro Plus software [23] (Version 6.0, Media Cybernetics, Inc., Rockville,
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MD, USA) was used to calculate the area fraction of Laves phases in SEM images and the
average values from five repeated measurements were obtained.

3. Results and Discussion
3.1. Typical Microstructure Features of the FGH96 Building Block

Figure 2 shows the vertical section microstructure of the FGH96 sample under SEM
observations, in which BD, SD and TD represent building direction, scanning direction
and track moving direction, respectively. As depicted in Figure 2a, some grains as large
as a few hundred microns are found to grow roughly in the direction of BD. During the
solidification of molten pools, a large cooling gradient may be responsible for the occurrence
of epitaxial growth in an upward direction. Figure 2b presents the morphology of each
molten pool. As demonstrated in Figure 1c, the distribution of molten pools is intertwined
due to the scanning scheme. The variance in the size of each molten pool is caused by the
powder bed’s spreading mechanism. Despite the randomness, it is evident that epitaxial
growth happens through a significant number of layers. Figure 2c illustrates the precise
microstructure distribution in a typical molten pool, with an even semi-elliptical form that is
not symmetrical along the central line (the red dotted line plotted in Figure 2c). In addition,
a residual thermal accumulation from the preceding deposition track causes the central
line of the molten pool to tilt in the opposite direction of TD to the left. Simultaneously,
the increased cooling rate and temperature gradient along the central line result in the
rapid formation of columnar grains upwards towards the center of the molten pool [27],
as shown by the blue lines in Figure 2c, caused by the Gaussian energy distribution of
the laser beam. For the remelting sections of adjacent tracks in the yellow dotted lines, as
shown in Figure 2d, overlapped heat input results in a reduced temperature gradient and
cooling rate, leading to the construction of a structure that is both cellular and dendritic. A
relatively moderate cooling gradient in these locations causes previously formed dendrites
to remelt and eventually solidify into separate cellular structures, as shown in Figure 2d.
However, the arrangement of the cellular crystals retains the shape of the dendrite, with
the direction of growth rotated (~30◦) toward the next track. Both the area of the cellular
crystals and the arrangement angle are affected by the formation of columnar crystals near
the center line, and the resulting temperature field.

The dark region in the SEM image with high magnification is the γ matrix [15], while
the bright white lamellar areas on the dendrite trunks are the Laves phases at the end of
solidification (Figure 2e) [10]. Besides, Figure 2f shows the discrete fine white granular
precipitates distributed in the interdendritic regions, which are identified as MC carbide by
EDS analysis in Figure 2g, presenting the segregation of C, Nb, Mo and Ti elements. It is
difficult to distinguish carbides from γ’ phase because they have similar appearance, so
we confirm the existence of γ’ by selective area electron diffraction (SAED) in TEM [28] as
shown in Figure 3.

The EBSD measurements were used to characterize the texture of different specimens
in the XOZ plane. Figure 4 shows the typical texture of FGH96. As can be seen from
the inverse pole figure (IPF) in Figure 4a, grains in the XOZ plane present a strong <001>
orientation [29]. Some of the elongated grains grew more than approximately 300 µm
in length directionally, indicating that these grains maintain a certain growth orientation
within seven layers (estimated from the 40 µm powder layer thickness). This is due to the
extremely high temperature gradient and cooling rate during the melting and solidification
process of the new layer, which makes the alloy unable to nucleate. Instead, the alloy grows
epitaxial based on the dendrites of the front grains. However, these elongated grains show
strong orientation of <001> and <101>. Figure 4b shows the grain boundary distribution,
where the colors red, green, and blue represent three ranges of misorientation angles (the
angles between the direction of the grain boundaries and <001> direction), namely low
(2–5◦), medium (5–15◦) and high (15–180◦) misorientation angles. Multiple low-angle
grain boundaries are present at the high-angle grain boundary, indicating a significant
number of sub-grains. The pole figures of <001>, <111> and <101> directions are shown in
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Figure 4c. It can be seen from the projection position that the orientation distribution of the
crystal has a certain symmetry, especially in the direction <001>, and its maximum texture
strength is 12.723. Figure 4d,e depict the statistics of the grain size distribution and grain
boundary misorientation angle, respectively. Most of the grain sizes are 30–140 µm with a
few exceeding 200 µm. Nearly 36% of the grain boundary misorientation angles are within
5◦, suggesting that the texture has an excellent <001> orientation.
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3.2. Microstructure Variation along the Building Direction

Figure 5 shows the EBSD images with different heights of bottom to top. It is found
that the fractions of large-size grains (meaning more than 100 µm in diameter) are 40.4%,
52% and 30%, respectively, showing a trend of first-increase-and-then-decrease with the
building height.

The crystal growth, including size and orientation, is determined by a combination
of the temperature gradient, cooling rate and preferred crystal orientation [30]. The grain
size is inversely proportional to the cooling rate. Through the heat conduction effect, more
residual heat travels to the substrate and surrounding thin powder layers during the initial
stage of printing (bottom). At this stage, it is easy to nucleate the grains. Thus, the growth
is largely dependent on the substrate, with a smaller size and disorderly orientation (as
shown in Figure 5a). When the accumulation reaches a certain height (middle), subsequent
thermal cycling (STC) reduces the cooling rate to decrease and hence increases grain size.
The substrate is no longer a factor in dendrite development. When the temperature gradient
is similar to that of the layer immediately next, the solidification front will epitaxially follow
the existing dendrite. The majority of sedimentary layers’ greatest temperature gradient
is vertical downhill, which causes the crystal to grow along the building direction and
intensifies its <001> orientation texture. A higher cooling rate at top leads to some fine
grains of the block because of the thermal convection near the top surface and the reduction
in STC [31,32].

This trend of cooling rate can also be proved by the empirical formula of primary
dendrite arm spacing (PDAS) and cooling rate, as shown in Formula (1) [33]. The average
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PDAS of columnar grains measured by SEM at the three specimens and the cooling rates
calculated are shown in Table 3.

α = 104.47× R−0.31 (1)

where α and R represent PDAS and cooling rate, respectively.
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Table 3. Cooling rate predicted from experimental states.

Specimens αave (µm) R (◦C/s)

Bottom 0.733 8.08 × 106

Middle 1.218 1.57 × 106

Top 0.915 4.34 × 106

However, the proportion of high angle grain boundaries (HAGBs) increases with
the building height, as shown in Figure 5d. The misorientation angle can be utilized to
characterize the strain distribution at the grain boundary of a deformed crystal material.
This pattern can be described as a result of the accumulation of heat induced by layer-by-
layer sedimentary accumulation, which increases the internal residual stress and grain
boundary energy [34,35], leading to the increase in grain boundary mobility.

In fact, according to the previous report [15], the scanning strategy of interlayer rotation
of 67◦ results in a grain texture intensity 3/10 of that of 90◦. However, the experimental
results show that compared with the 90◦ rotation, the irregular thermal cycle of 67◦ leads
to the preferred growth of dendrites with different orientations, which refines grains
and inhibits the vertical epitaxial growth and produces irregular columnar or equiaxial
crystal structures. It also explains why the columnar dendrites can only extend through
four ~ five layers of the molten pool. In addition, the disorderly grain boundaries inhibit
the propagation of cracks.
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Figure 6 shows the typical distribution characteristics of dislocations of SLMed FGH96
samples under TEM. As shown in Figure 6a, many dislocations are distributed in the
matrix, and some are densely wound to form a “dislocation wall” whose arrangement
direction is roughly parallel to that of sub-grain boundaries. Due to the uneven distribution
of internal stress brought by the high thermal expansion and cooling shrinkage in the SLM
process, atomic staggering develops during crystal formation [36]. A locally magnified
dark-field TEM image can be seen in Figure 7b. Grain boundaries become tortuous due
to the presence of precipitated phases, and solute segregation rises the structural stress
of the matrix, resulting in dislocation winding [37], which plays the role of “pinning”
strengthening on LAGBs and prevents grain boundaries from slippage.
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The middle of the sample with a stable thermal cycle (Z ≈ 3 mm) was extracted, and
the dislocation characteristics at a certain Layer N and the subsequent Layer N + 12 were
observed, as shown in Figure 7. Here, the PDAs become bigger and bigger as the number
of layers rises. Additionally, it is evident that dislocation occurs at Layer N at an angle of
45◦ to the direction of grain boundary as a result of the ongoing accumulation of energy
and internal stress (Figure 7b). Furthermore, with the construction to Layer N + 12, another
dislocation perpendicular to the dendrite arm was generated (Figure 7a). It is remarkable
that the latter is restricted to a single large dendrite that begins and ends at the grain
boundaries on both sides, whereas the former spans multiple grains.

3.3. Effect of Thermal Cycling on Segregation of Elements

Generally, the melting and solidification rate at the beginning stage is fast. Refractory
elements (such as Nb, Ti and Mo) have no time to diffuse from the solid phase to the
liquid phase [38], so that more refractory elements remain in the matrix and it is difficult to
form the Laves phase [39]. As heat accumulates, the solidification rate lowers and there
is sufficient time for element segregation, culminating in the L → γ + Laves transition
between dendrites at the conclusion of solidification [10]. Figure 8a,b respectively exhibit
the morphology of the two dislocation networks located at bottom and middle under
HAADF, as well as the EDS analysis of the relevant locations. The Laves phase at the
bottom resembles punctuation, whereas the Laves phase in the middle is chain-like. In
addition, it can be observed that thick and disorderly dislocations frequently accompany of
Laves phase.
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Figure 8. High-angle annular dark field (HAADF)-STEM images and EDS analysis of Laves phase at
(a) bottom and (b) middle.

Figure 9a–c exhibit the SEM images of Laves phase of specimens from bottom to top.
The area fraction of Laves phase calculated by Image-Pro Plus software gradually increases
from 13.92 to 18.82% then to 19.05%, respectively. Under the impact of STC, as the building’s
height increase, the area fraction of Laves phase in the lower layers gradually decreases, while
that of the upper layers’ increases. As a result of inherent heat treatment action of the new
layer, a portion of the Laves phase in the lower layers can be remelted during successive
scanning [40]. In the meantime, the accumulation of thermal cycles is more conductive to the
creation and growth of Laves phase in SLM, and the widening of dendritic spacing coarsens
some precipitated phases that fail to remelt. As demonstrated in Figure 9d–f, the morphology
of Laves phase evolves from a discrete small point at the bottom to a continuous distributed
line at the middle and top, which matches the TEM results.
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Figure 9. (a–c) SEM images at bottom to top with low magnification, in which the white regions
represent Laves phase to show their approximate area fraction. (d–f) Magnified images of the
three specimens.

It should be emphasized that the brittle nature of Laves phase lowers the alloy’s
properties [33]. In the presence of Co, the solubility of the Al/Ti element in the matrix is
diminished. The substantial segregation of Ti element in Laves phase prevents the synthesis
of γ’-Ni3(Al, Ti) despite the absence of Al element segregation. Consequently, despite the
high hardness of the Laves phase itself, the reduction in γ’ still results in a drop in the
alloy’s strength and hardness.

As shown in Figure 10, the microhardness of the FGH96 deposited sample at dif-
ferent building heights was examined to further demonstrate the influence of element
segregation under the influence of thermal cycle on the properties. Average microhardness
decreased from 347 to 331 HV as deposition height increased. There are three reasons for
this phenomenon. Firstly, the increase of Laves phase leads to the decrease of γ’ phase and
then lower hardness of the specimens at higher altitudes, as described above. This is also
the common view of previous scholars [10]. On the other hand, under the heating effect
of the successive thermal cycles, some of the separated refractory elements are partially
remelted and diffused into the matrix solute, which has a solid solution-strengthening effect
and raises the microhardness of these matrix. Aside from that, generally, the hardness of
polycrystalline materials is often correlated with grain boundaries. The relative reduction
in grain size will increase the number of grain boundaries and improve the strength and
hardness of materials [41], which is also one of the causes of the decrease in microhardness
along the building height. The microhardness fluctuation trend of the alloy shows the effect
of heat cycling on the precipitation of Laves phase and γ’ phase, solid solution of refractory
elements, and grain size.



Metals 2023, 13, 121 11 of 13

Metals 2023, 13, 121 11 of 13 
 

 

effect of the successive thermal cycles, some of the separated refractory elements are par-
tially remelted and diffused into the matrix solute, which has a solid solution-strengthen-
ing effect and raises the microhardness of these matrix. Aside from that, generally, the 
hardness of polycrystalline materials is often correlated with grain boundaries. The rela-
tive reduction in grain size will increase the number of grain boundaries and improve the 
strength and hardness of materials [41], which is also one of the causes of the decrease in 
microhardness along the building height. The microhardness fluctuation trend of the alloy 
shows the effect of heat cycling on the precipitation of Laves phase and γ’ phase, solid 
solution of refractory elements, and grain size. 

 
Figure 10. Vickers microhardness of FGH96 by SLM at different heights of specimens. 

4. Conclusions 
In this study, Ni-based superalloy FGH96 samples were prepared by SLM. The char-

acteristic evolution of texture, dislocation and microsegregation under thermal cycling 
was analyzed, and the results provide insights into the relationship between microstruc-
ture and the mechanical properties of the alloy. The main results are summarized as fol-
lows: 

The STC coarsens some solidified grains and strengthens the grain growth along the 
build direction, increasing of texture and HAGBs. Caused by the reduction in STC, a 
higher cooling rate near the top of the sample increased the degree of undercooling during 
solidification and refined the grains. As a result, there are 40%, 52% and 30% large-size 
grains in the bottom, middle and top of the sample, respectively. 

There were several dislocations within the grains as a result of their uneven internal 
tension. Several sets of dislocations perpendicular and at a 45° angle to the grain develop-
ment direction were discovered in the center of a sample that had undergone stable heat 
cycles. 

Thermal cycling increased the number and size of Laves phase, which inhibited the 
precipitation of γ’ phase. In conjunction with grain coarsening and solid-solution 
strengthening of pre-deposited layers, these variables worked together to reduce the hard-
ness along the building height. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/met13010121/s1, Figure S1: Data statistics of specimen bot-
tom measured by EBSD (a) misorientation angle and (b) grain diameter. Figure S2: Data statistics of 
specimen middle measured by EBSD (a) misorientation angle and (b) grain diameter. Figure S3: 
Data statistics of specimen top measured by EBSD (a) misorientation angle and (b) grain diameter. 

Author Contributions: Conceptualization, formal analysis, writing-original draft, L.L.; methodol-
ogy, L.L. and S.N.; investigation, Q.W., Y.Z. and H.F.; writing-review and editing, Q.W., R.Z. and 
F.L.; resources, X.L. All authors have read and agreed to the published version of the manuscript. 

Figure 10. Vickers microhardness of FGH96 by SLM at different heights of specimens.

4. Conclusions

In this study, Ni-based superalloy FGH96 samples were prepared by SLM. The charac-
teristic evolution of texture, dislocation and microsegregation under thermal cycling was
analyzed, and the results provide insights into the relationship between microstructure and
the mechanical properties of the alloy. The main results are summarized as follows:

The STC coarsens some solidified grains and strengthens the grain growth along the
build direction, increasing of texture and HAGBs. Caused by the reduction in STC, a
higher cooling rate near the top of the sample increased the degree of undercooling during
solidification and refined the grains. As a result, there are 40%, 52% and 30% large-size
grains in the bottom, middle and top of the sample, respectively.

There were several dislocations within the grains as a result of their uneven internal
tension. Several sets of dislocations perpendicular and at a 45◦ angle to the grain development
direction were discovered in the center of a sample that had undergone stable heat cycles.

Thermal cycling increased the number and size of Laves phase, which inhibited
the precipitation of γ’ phase. In conjunction with grain coarsening and solid-solution
strengthening of pre-deposited layers, these variables worked together to reduce the
hardness along the building height.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met13010121/s1, Figure S1: Data statistics of specimen bottom
measured by EBSD (a) misorientation angle and (b) grain diameter. Figure S2: Data statistics of
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statistics of specimen top measured by EBSD (a) misorientation angle and (b) grain diameter.
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