
Citation: Huang, S.; Chen, B.; Liu, W.;

Zhou, B.; Zhang, X.; Zeng, Q.; Guo, S.

Effect of Heat Treatment on

Microstructure and Properties of

GH3536 Fabricated by Selective Laser

Melting. Metals 2022, 12, 1184.

https://doi.org/10.3390/

met12071184

Academic Editor: Evgeny

A. Kolubaev

Received: 23 June 2022

Accepted: 9 July 2022

Published: 12 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Effect of Heat Treatment on Microstructure and Properties of
GH3536 Fabricated by Selective Laser Melting
Shuai Huang 1, Bingqing Chen 1, Wei Liu 1, Biao Zhou 1, Xuejun Zhang 1, Qi Zeng 2,3 and Shaoqing Guo 1,*

1 3D Printing Research and Engineering Technology Center, Beijing Institute of Aeronautical Materials,
Beijing 100095, China; hshuai987@buaa.edu.cn (S.H.); hwtkjcbq1984@163.com (B.C.);
liuwei2011621@sina.com (W.L.); zhoubiao0317@163.com (B.Z.); zhangxuejun621@163.com (X.Z.)

2 AECC Hunan Aviation Power Plant Research Institute, Zhuzhou 412002, China; 12024082@zju.edu.cn
3 School of Aeronautics and Astronautics, Zhejiang University, Hangzhou 310027, China
* Correspondence: gsq0046@sina.com

Abstract: Selective laser melting (SLM) forming technology to prepare nickel-based superalloy parts
can significantly save costs and solve bottleneck problems. The extremely high-temperature gradient
and large residual stress during SLM lead to structural defects and compositional segregation. The
parts formed by SLM urgently need heat treatment to control the microstructure composition and
improve mechanical properties. Results showed that the heat treatment did not significantly change
the microcracks and pores in the SLM sample, but the carbides in the grain boundary gradually
changed from a granular distribution to a continuous strip distribution. After heat treatment, the
elongation increased significantly, but the yield strength decreased. The tensile fracture of the SLM
samples changed from a transgranular fracture to a ductile fracture, and obvious plastic deformation
occurred, confirming that heat treatment can improve the benefits of the SLM sample.

Keywords: selective laser melting; GH3536; microstructure; heat treatment

1. Introduction

Selective laser melting (SLM), as a kind of additive manufacturing technology, uses
a laser as a heat source to achieve a high-quality metal powder layer by point-by-point
melting, line-by-line overlap, and layer-by-layer solidification [1–3]. It has many advan-
tages, such as saving raw materials, not being limited by the complexity of the shape, not
requiring molds, and having a short preparation cycle. It is suitable for the manufacture of
parts with complex shapes and high precision [4–6].

GH3536 alloy is a nickel-based superalloy (corresponding to Hastelloy-X) and its
main strengthening elements are Cr and Mo [7–9]. The alloy has excellent durability,
creep resistance, high-temperature stability below 900 ◦C, and the short-term working
temperature can be as high as 1080 ◦C [10]. It is mainly used to make hot-end components
and high-temperature gas-cooled reactors. However, these components are complex in
shape, and there are often flow channels or porous structures inside. Traditional processes
are mostly made by welding multiple composites, which is not only difficult to ensure
dimensional accuracy, but also affects the stability of gas flow [11]. The use of SLM forming
technology to prepare GH3536 alloy components can significantly save costs and solve the
bottleneck problem [12–14].

The current research on the SLM of GH3536 alloy mainly focuses on the optimization
of process parameters, defect control, and microstructure evolution [15–20]. There are
significant differences in structure between SLM-formed alloys and traditionally processed
alloys. Han et al. [21] found that adding 1 wt.% TiC nanoparticles in the GH3536 powder can
not only increase the ratio of sub-grain and small-angle grain boundaries in the structure,
but also eliminate hot cracks in the deposited parts. Tensile strength and yield strength
at room temperature increased by 98 and 115 MPa, respectively. Wang et al. [15] studied
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the formed GH3536 and hot isostatic pressing (HIP) treatment and found that the HIP
treatment could close voids in the SLM alloy and improve the ultimate fatigue strength of
formed parts.

During the SLM forming process, alloy powder needs to be melted, solidified, and
cooled within an extremely short time. The high-temperature gradient caused by the local-
ized heat input and the large residual stress generated during the solidification process will
lead to structural defects of the alloy. Therefore, the SLM forming parts usually need post-
heat treatment to repair the internal defects, control the composition and microstructure,
and improve mechanical properties.

2. Experimental Details

Gas-atomized spherical GH3536 alloy powders were used as raw materials for SLM
deposition. GH3536 alloy (Cr: ~20.4 at%, Mo: ~10.1 at%, Fe: ~17.0 at%, and Ni) powder is
mainly spherical and the particle size range is 20~40 µm with an approximately normal
particle size distribution.

The equipment uses a solid fiber laser as the laser source, the maximum laser power is
400 W, the effective forming size is 250 mm × 250 mm × 325 mm, the scanning speed is
1000 mm/s, the scanning spacing is 0.11 mm, the slice layer thickness is 40 µm, and the
thickness of the substrate is 40 µm. The size of the tensile samples is Φ 13.5 × 73 mm and
the diameter of the work section is Φ 13.5 mm.

The substrate for forming is 316 stainless steel, the size is 250 mm × 250 mm × 30 mm,
the preheating temperature is 100 ◦C, and the whole preparation process is carried out in
an Ar atmosphere. After SLM forming, these samples are separated from the substrate by
wire cutting, which is recorded as the as-deposited sample (SLMed sample). The SLMed
GH3536 was kept at 1130 ◦C for 2 h and air-cooled to room temperature; these samples are
recorded as heat treatment samples (HTed sample) [22].

Due to the process characteristics of SLM, the SLMed GH3536 tends to have microstruc-
ture and properties in the forming direction: building direction (defined as a longitudinal
direction, longitudinal sample), laser scanning direction (defined as transverse direction,
transverse sample), and 45◦ direction (45◦ sample), as shown in Figure 1. The microstruc-
ture of SLMed GH3536 in different directions is observed, and mechanical properties are
measured according to GB/T 228.2-2015. The temperature of the tensile tests is 815 ◦C and
the tensile speed is 1 mm/min.

Figure 1. Tensile samples and sampling location.

3. Results and Discussion
3.1. Macroscopic Morphology before and after Heat Treatment

To observe pores and cracks inside the sample in three directions, samples were
ground and polished. Figure 2a–c shows the morphology of the SLMed samples. There
were many pores formed by unfused regions between scan lines inside the sample; some
cracks spread along the grain boundary. Since the grain boundary was a post-solidification
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area when the liquid metal was insufficiently fed, thermal cracks were easily generated at
the grain boundary, and the bonding at the grain boundary was weak. Under the action
of thermal stress, the crack was easily spread along the grain boundary and increased
form failure.

Figure 2. Surface morphologies of SLM GH3536 alloy samples before (a–c) and after (d–f) heat
treatment in different directions.

In addition, there were closed pores in the SLM sample. The pores originated from
the voids left between alloy powders during the spreading process. When SLM occurred,
the gas remaining in these voids failed to escape from the rapidly solidified melt in time.
The huge temperature gradient generated during the rapid solidification and cooling of
the melt caused micro-cracks to appear when the residual stress exceeded the maximum
tensile strength [23]. The number of pores and cracks in each direction did not change
significantly after heat treatment, the heat treatment had little effect on it, and the effect
was limited, as shown in Figure 2d–f.

3.2. Mechanical Properties before and after Heat Treatment

Figure 3 shows the mechanical properties of the SLMed and HTed GH3536. The
tensile strength, elongation, and area contraction of the transverse sample, 45◦ sample,
and longitudinal sample increased in turn, while the yield strength did not change sig-
nificantly. The cold-rolled GH3536 sheet formed by the conventional processing had a
tensile yield strength of 310 MPa, a tensile strength of 725 MPa, and an elongation of 35%
at room temperature. The maximum tensile strength of the SLMed samples was 778 MPa
(longitudinal samples) and the maximum yield strength was 578 MPa (transverse samples).
The comprehensive mechanical properties of transverse specimens were weaker than those
of longitudinal specimens, and the mechanical properties were anisotropic. The difference
between the transverse and longitudinal microstructures of samples was the main reason
for the difference in the tensile properties [24].
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Figure 3. Room−temperature tensile properties of samples before and after heat treatment: (a) tensile
strength; (b) yield strength; (c) elongation; and (d) the contraction of area.

After heat treatment, the tensile strength did not change significantly, the yield strength
decreased obviously, and the elongation and area contraction increased significantly. Con-
tinuously distributed carbides were precipitated at the grain boundary which increased the
grain boundary strength and increased the high-temperature elongation. It could be seen
that the morphology of grain boundary carbides had a great influence on the elongation of
GH3536 alloy.

The high-temperature tensile test was carried out according to the GB/T 228.2-2015
standard, and the mechanical properties at 815 ◦C of different samples were obtained.
Figure 4 shows the histogram of the high-temperature mechanical properties of samples.
The tensile strength and yield strength of SLMed GH3536 at 815 ◦C were higher than those
of HTed GH3536, but the elongation after fracture and the contraction of the area of the
former were significantly lower than those of the latter. SLMed samples had high strength
and poor shaping. The grain size of the SLMed sample was much smaller than that of
the hot-rolled sample, which was the main reason that the tensile strength of the former
at 815 ◦C was higher than that of the latter. The carbides dissolved into the matrix at
high temperatures, and the carbides in the matrix dissolved uniformly. During cooling,
the carbide precipitation temperature range stayed for a long time and the precipitation
kinetic energy was large. Therefore, more continuous carbides were precipitated at the
grain boundary, which played a role in the grain boundary. The effect of strengthening and
the high-temperature elongation had been significantly improved.
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Figure 4. High−temperature tensile properties of samples before and after heat treatment: (a) tensile
strength; (b) yield strength; (c) elongation; and (d) the contraction of area.

3.3. Microstructure before and after Heat Treatment

Figure 5 shows the microstructure of the SLMed and HTed GH3536 alloy. There were
many micro-cracks and pores in the SLMed specimens. The cracks were mainly due to the
large stress generated during the SLM process. The pores were due to the rapid melting
and solidification such that the gas cannot be removed in time. The morphology of the
molten pool formed under the action of laser beam scanning could be seen in the low-
magnification structure (Figure 5a,d,g). Inside the molten pool, there were a large number
of columnar crystals that were epitaxially grown perpendicular to the fusion line, as well
as fine equiaxed crystals and dendrites, and the columnar crystals spanned continuously
(Figure 5b,e,h). Close to the molten pool, there was an obvious “layer-to-layer” pool
boundary overlap line between the melt pools, and these boundaries were distributed
similarly to fish scales. Columnar crystals ran through the multilayer molten pools. Each
molten pool was closely combined by metallurgical bonding, which cannot only ensure the
bonding strength between the layers of the molten pool but also ensure the microstructural
continuity in the growth direction. There were grains of different sizes in the structure, and
the grain directions were interlaced with each other.

Figure 5c,f,i shows the high magnification of the grain boundary precipitates in the
cross-section of SLMed GH3536. There were irregular near-equiaxed grains in the mi-
crostructure. At the end of the rapid solidification process of GH3536 alloy, the powder
will melt into a γ matrix. Due to the fast solidification speed during the forming process,
most of the precipitates were too late to precipitate. Carbides were precipitated at the grain
boundaries of the microstructure in the alloy. Carbon was the main forming element of
carbides in the deposited structure of GH3536 alloy. A small number of carbides were
precipitated at the grain boundaries. With the increase in carbon content, the number of
carbides precipitated at the grain boundaries increases, and the morphology changes from
dispersed particles to continuous chains.
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Figure 5. Microstructure changes before heat treatment: (a–c) transverse microstructure; (d–f) longi-
tudinal microstructure; and (g–i) 45◦ microstructure.

According to the rapid solidification theory, during the rapid solidification process,
the growth direction of the columnar crystals was opposite to the heat dissipation direction.
During the laser melting deposition forming process, the heat was dissipated mainly
downwards and outwards through the substrate and the formed parts. According to laser
fusion deposition modeling, a portion of the substrate material would melt into the molten
pool when the first layer was formed. The remelting depth in the middle of the cladding
layer was greater than the remelting depth on both sides, forming a new molten pool. As
the forming height increases, the width of the formed specimen increases with the heat
build-up during the forming process. During the laser melting deposition forming process,
in addition to the melting process, metallurgical reactions will also occur in the molten
pool, accompanied by thermal effects, which affect the morphology of the molten pool.

The effect of heat treatment on the alloy precipitates formed by SLM was promoted.
The C element determined the microstructure and mechanical properties of GH3536 alloy.
When it exceeded the limit of solid solution, C would form M23C6 carbides with Cr, Mo, and
W. During SLM, C was also easy to segregate at the grain boundary to form carbides [25].
Carbide was a brittle phase in the alloy and reduced the material plasticity sharply, which
easily led to cracks in the SLM manufacturing process. After heat treatment, the carbides in
the grain boundary gradually changed from a granular distribution to a continuous strip
distribution (Figure 6). There were white granular or flaky phases in the grain boundaries
of the SLMed GH3536. After heat treatment, the deposited structure disappeared, the
original laser scanning traces could not be observed, and recrystallization occurred. During
the heat treatment process, the internal carbides were dissolved, and the internal alloying
elements were homogenized.
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Figure 6. Microstructure changes after heat treatment: (a–c) transverse microstructure; (d–f) longitu-
dinal microstructure; and (g–i) 45◦ microstructure.

3.4. Grain Characteristics before and after Heat Treatment

Figure 7 shows the EBSD results of the SLMed and HTed samples in three directions.
The growth trend in all directions was gradually consistent. For the transverse samples,
more than 70% of grains were below 35.0 µm in size, and the average size was 43.2 µm.
The grain difference between longitudinal samples and 45◦ samples was not obvious. After
heat treatment, the grain orientation changed significantly, especially for the 45◦ samples
which gradually grew toward the (001) direction (Figure 8). In addition, the grain size
gradually increased, and the average grain size was 46.8 µm in both the transverse samples
and the longitudinal samples.

Figure 7. Grain orientation and size distribution of SLMed GH3536 before heat treatment: (a,b)
transverse sample; (c,d) longitudinal sample; and (e,f) 45◦ sample.
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Figure 8. Grain orientation and size distribution of HTed GH3536 before heat treatment: (a,b)
transverse sample; (c,d) longitudinal sample; and (e,f) 45◦ sample.

3.5. Fracture Morphology before and after Heat Treatment

Figure 9 is the tensile fracture morphology of the SLMed GH3536 alloy. The tensile
fracture showed obvious transgranular characteristics. The scan line traces can be clearly
identified on the fracture. After SLM, the GH3536 alloy sample was subjected to an external
load during the tensile process; micro-pores were generated due to the fragile joint between
the carbide and γ matrix, and along the grain, the boundary direction grew up. Tensile
cracks mainly originated and propagated at the fusion line and eventually led to the fracture
of samples.

The tensile fracture after heat treatment was mainly dimple morphology, and the
sample had obvious plastic deformation which belonged to the ductile fracture (Figure 10).
The fracture periphery was serrated, and there were a large number of secondary cracks
on the outer surface of the sample. Low magnification observation showed that there
were many deep holes in the section and the size of the pores was different. At high
magnification, many small pores could be seen connected to form large pores. During the
tensile test, the cracks in different areas initiated and grew in the form of a micro-pore
aggregation until the sample broke, and the cracks in different planes expanded to form
tearing edges.
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Figure 9. Changes in tensile fracture morphology before heat treatment: (a–c) transverse sample;
(d–f) longitudinal sample; and (g–i) 45◦ sample.

Figure 10. Changes in tensile fracture morphology after heat treatment: (a–c) transverse sample;
(d–f) longitudinal sample; and (g–i) 45◦ sample.
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During the high-temperature tensile process, the intragranular strength and grain
boundary strength jointly determined the strength and plasticity, the amount and mor-
phology of the intragranular precipitates determined the intragranular strength, and the
morphology of the grain boundary precipitates determined grain boundary strength. Un-
der the high-temperature environment, the fracture positions of GH3536 alloy were all
intergranular fractures, and the grain boundary was the weak area (Figure 11).

Figure 11. High-temperature tensile fracture before heat treatment: (a–c) transverse structure;
(d–f) longitudinal structure; high-temperature tensile fracture- after heat treatment: (g–i) transverse
structure; and (j–l) longitudinal structure.

4. Conclusions

(1) There are pores and cracks in the SLMed GH3536 samples, and the number in each
direction did not change significantly. The tensile strength, elongation, and area
reduction in transverse, 45◦, and longitudinal samples increased in turn, while the
yield strength did not change significantly. After heat treatment, the yield strength
decreased, while the elongation increased significantly.

(2) There were irregular near-equiaxed grains in the cross-sectional microstructure of
SLMed GH3536. After heat treatment, the carbides in the grain boundary gradually
changed from a granular distribution to a continuous strip distribution, and a white
granular or flaky phase precipitated in the grain boundary.

(3) The growth trend of SLMed GH3536 was gradually consistent in all directions. In the
transverse samples, more than 70% of grains were below 35 µm in size. After heat
treatment, the grain orientation of the 45◦ sample changed significantly and gradually
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grew in the (001) direction. The tensile fracture of SLMed GH3536 samples changed
from a transgranular fracture to a ductile fracture after heat treatment.
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