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ABSTRACT

The microstructure and damage evolution behavior of IN718 alloy prepared by selective laser melting (SLM,
referred to as SLM IN718 alloy) under different heat treatment processes were studied using optical micros-
copy, scanning electron microscopy, electron backscatter diffraction, microhardness tests, and other material
tests, combined with digital image correlation. The heat treatment of the SLM IN718 alloy achieved different
degrees of recrystallization and transformed the microstructure from dendritic crystals to bulk crystals with the
precipitation of a large number of " and Y phases. As the heat-treatment temperature was increased, the & phase
of the SLM IN718 alloy was precipitated and then dissolved, the microhardness and strength of SLM IN718
alloy increased and then decreased, the elongation decreased and then increased, and toughness fracture was the
main fracture mode. Therefore, heat treatment can be used to alter the relative proportions of recrystallized and
substructured grains in the SLM IN718 alloy, thereby modulating its overall mechanical properties. After heat
treatment, the damage factor entered the rapid damage stage earlier, and the critical damage factor increased as
the critical plastic strain was increased. Further, the damage evolution equations of the SLM IN718 alloy under
different heat treatment processes were established.

Keywords: Selective-laser-melted IN718 alloy; heat treatment; damage evolution; digital image correlation;
microstructure.

1. INTRODUCTION

Selective laser melting (SLM) is an additive manufacturing technology with the advantages of high material
utilization, short production cycle, and direct construction of metal components of arbitrary complex shapes;
thus, it is successfully applied for the manufacture of a wide range of metal parts [1-5]. IN718 alloy is a
nickel-chromium—iron precipitation-hardened alloy with niobium and molybdenum and has been extensively
used in aerospace and nuclear industries because of its exceptional mechanical behavior at high temperatures
and corrosion resistance [6, 7]. The SLM of IN718 alloys overcomes the limitations of traditional machining
and manufacturing methods, including the long manufacturing cycle time and difficulty in machining complex
parts, thereby providing a new approach for the design and manufacture of IN718 alloy components [8, 9]. How-
ever, the molding process of the SLM technology with repeated heating and rapid solidification usually results
in defects, such as high residual stresses, suppressed precipitation phases, and microcracking, decreasing the
fatigue performance, yield strength, and tensile strength of the resulting components [10-12].

Heat treatment is an important method for optimizing the microstructure and mechanical properties of
metallic materials. HE [13] performed solution and double-aging heat treatment for the rapid laser prototyping
of the IN718 alloy and found that its yield and tensile strengths significantly improved after heat treatment,
whereas the ductility and elongation decreased. CHLEBUS et al. [14] performed a double-aging heat treatment
on an SLM-fabricated IN718 alloy (hereafter, simply referred to as SLM IN718 alloy), noting that heat treat-
ment did not completely eliminate the texture. Moreover, the yield strength, tensile strength, and hardness of the
aged SLM IN718 alloy were slightly higher than those of the wrought alloy, and the elongation values slightly
decreased but remained satisfactory. ZHAO et al. [15] performed solid-solution and aging heat treatment on an
SLM IN718 alloy. The precipitation of the y” strengthening phase can be further optimized and the correspond-
ing mechanical properties of the SLM IN718 alloy improved significantly by adjusting the aging treatment
conditions. In particular, the elongation of the SLM IN718 alloy at room temperature significantly increased
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to 29% with a slight decrease in strength. ZHANG et al. [16] conducted different aging heat treatments on an
SLM IN718 alloy. The mechanical properties of the SLM IN718 alloy after aging treatment improved compared
to those of the as-deposited alloy. In particular, the strength and hardness of the SLM IN718 alloy tended to
increase and then decrease with the aging time.

Digital image correlation (DIC) is a photomechanical method used to obtain the strain field on the mate-
rial surface by comparing the change in the speckle field on the surface before and after material deformation
and applying a relevant calculation method [17, 18]. This method is widely used in various scientific fields
because it allows the full-field strain measurements of materials in noncontact situations. POPOVICH et al. [19]
studied the damage process of an IN718 alloy using DIC, determining that hot isostatic pressing did not affect
its microstructure. Moreover, the strain evolutions of the samples before and after different heat treatments were
similar. OKEIL et al. [20] applied DIC to the axial tensile tests of deformed reinforcement bars embedded in
concrete and cement paste samples, revealing the differences in the surface crack expansion of the reinforcement
bars. WEI et al. [21] exhibited the surface damage evolution of a Cu alloy using DIC. SI ef al. [22] combined
DIC and acoustic emission to monitor the fatigue damage process in TC4 alloys. The combination of both meth-
ods effectively obtained the fatigue damage condition of the structural components and monitored the fatigue
crack activity online.

Although the effect of heat treatment on the microstructure and mechanical properties of SLM IN718
alloys has been extensively studied, its effect on the damage evolution of SLM IN718 alloys has rarely been ana-
lyzed using DIC. Therefore, this study conducted tensile tests on SLM IN718 alloy after different heat treatment
processes and used DIC. The damage evolution of the SLM IN718 alloy was determined, and a damage evolu-
tion equation was established. The relationship between the damage evolution and macroscopic deformation of
the SLM IN718 alloy was revealed. This study provides a reference for optimizing the heat treatment system of
SLM IN718 alloys.

2. MATERIALS AND METHODS

2.1. Materials and sample preparation

EP-M250 equipment was used to prepare the SLM IN718 alloy with the chemical composition listed in Table 1.
Under Ar atmosphere, the substrate was preheated to 80 °C to release the residual stresses generated by the fabrica-
tion between the SLM IN718 alloy and substrate plate using strip scanning. The laser power was 285 W, the scan-
ning speed was 960 mm/s, and the interlayer angle was 67°. The material-forming details are shown in Figure 1.
The prepared SLM IN718 alloy strip samples with a thickness of 1.5 mm were cut into dog-bone-shaped tensile
samples by wire electrical discharge machining (AG400L) with the dimensions shown in Figure 2.

2.2. Heat treatment

For the heat treatment, the tensile samples of the SLM IN718 alloy were placed in a pipe furnace (SG-GL1200)
at room temperature and heated at a rate of 5 °C/min until reaching the required temperatures. The samples were
subjected to three different heat treatments, namely, double-aging heat treatment (denoted as DA), solution and
double-aging heat treatment (denoted as SDA), and homogenization and double-aging heat treatment (denoted
as HDA). The specific heat treatment conditions are shown in Table 2.

2.3. Test methods

The Vickers microhardness of the samples was obtained using a digital microhardness tester (Figure 3) with
a test force of 9.8 N and holding time of 10 s. Ten microhardness data points were randomly taken from each
sample and statistically analyzed to obtain the average value.

The samples were corroded using a metallographic etching solution (HCI:C,H,OH:CuCl, ratio of 100
mL:100 mL:5 g). The microstructures were observed by optical microscopy (OM; LEICA DM6 M) and scan-
ning electron microscopy (SEM; QUANTA FEG650). The samples were subjected to electrolytic polishing

Table 1: Chemical composition of the SLM IN 718 alloy (wt%).

C Si Mn S P Cr Ni
0.05 0.043 0.03 0.002 0.034 19.01 52.30
Al Nb Ti Cu B Mo Fe
0.57 5.07 1.00 0.02 0.003 3.06 Bal
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Figure 1: Schematic of the SLM IN718 alloy deposition.
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Figure 2: Dimension of the tensile samples (mm).
Table 2: Heat treatment conditions of the samples.
SAMPLE HEAT TREATMENT PROCESS

DA 720 °C for 8 h/FC at 620 °C for 8 h/AC

SDA 980 °C for 1.5 b/ AC at 720 °C for 8 h/FC at 620 °C for 8§ h/AC

HDA 1080 °C for 1.5 h/ AC at 720 °C for 8 h/FC at 620 °C for 8 h/AC

Note: FC: furnace cooling, AC: air cooling.

Figure 3: Microhardness test.
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Figure 4: Tensile and DIC test.

using 10% HCIO, + 90% C,H,OH as the electrolytic polishing solution with the polishing voltage of 25 V, pol-
ishing temperature of —20 to —30 °C, and electrolytic polishing time of 45-60 s. Electron backscatter diffraction
(EBSD) was performed on electrolytically polished samples to observe their internal microstructures.

Speckle spray treatment was applied by spraying a series of irregular DIC scatter test speckles onto the
sample surface using black matte paint. The tensile tests of the samples were conducted at room temperature by
a Landmark mechanical property tester at a tensile rate of 1 mm/min. During the tensile test, a charge-coupled
device camera was set to take photographs every 1 s for the DIC (Figure 4).

3. RESULTS AND DISCUSSION

3.1. Microstructure

Figure 5 shows the microstructure of the SLM IN718 alloy. The as-deposited sample has a fine and compact
organization with obvious melting marks and a large number of fine dendrites and columnar crystals distrib-
uted alternately. The dendritic crystals inside the DA sample transformed into block crystals, and the melt
marks gradually faded. Meanwhile, the melt marks on the SDA sample completely disappeared, the segregation
structure was dissolved, the grains coarsened, and the microstructure was relatively uniform. The HDA sample
achieved complete recrystallization. In particular, its columnar crystals and dendrites disappeared and were
replaced by large equiaxed crystals with noticeable grain coarsening and straightened grain boundaries.

Figure 6 shows the SEM micrographs of the SLM IN718 alloy. At the intersection of the scanned strips,
the as-deposited sample exhibits alternating distributions of coarse dendrites in a honeycomb shape and fine
dendrites in long strips with different orientations. Numerous white linear Laves phases precipitated, forming a
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Figure 6: SEM micrographs of the SLM IN718 alloy: (a) as-deposited, (b) DA, (c) SDA, and (d) HDA.

clear boundary between the dendritic regions. The DA sample exhibits a more inhomogeneous overall structure
with a higher number of precipitated phases. Among them, the Laves phase is distributed in long strips or rings,
whereas the y’ and y"' phases are precipitated in large quantities. A large number of Laves phases is dissolved
in the SDA sample, whereas short rods or needles of & phases are precipitated. A large amount of 6 phase is
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dissolved in the HDA sample, and the hindering effect for the grain boundary migration decreases, thereby
greatly coarsening the grains.

Figure 7 shows the orientation morphology obtained by EBSD (inverse pole figure (IPF)) of the SLM
IN718 alloy after different heat treatments. In the remelting area, the grain domains of the DA sample grain
domains owing to the diffusion of heat flow to the surrounding solidified metal, thereby disrupting its growth
in the <001> direction. The growth direction became complex and variable with both the parallel growth of
columnar crystals and varying sizes of equiaxial crystals. The SDA sample has a checkerboard-like structure
with a more uniform grain distribution compared to the DA sample; however, their grain orientation patterns are
similar. The grains in the HDA sample coarsen with flat boundaries and several annealing twins. The large num-
ber of highly angular-oriented twin boundaries in the material indicates the increase in the orientation difference
between the grains in the material.

Figure 8 shows the distribution of the recrystallized microstructure of the SLM IN718 alloy after dif-
ferent heat treatments. The DA and SDA samples have similar internal microstructural distributions, which are

Figure 7: IPF images of the grain structures obtained by different heat treatments: (a) DA, (b) SDA, and (c) HDA. (d) IPF
legend.
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Figure 8: Distribution of the recrystallized microstructure of the SLM IN718 alloy after different heat treatments: (a) DA,
(b) SDA, and (c) HDA.
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Table 3: Volume fractions of recrystallized, substructured, and deformed grains in the SLM IN718 alloy after different heat
treatments (%).

SAMPLE RECRYSTALLIZED SUBSTRUCTURED DEFORMED
DA 6.2 86.1 7.7
SDA 7.9 85.8 6.3
HDA 72.3 27.6 0.1

predominantly substructured grain with few recrystallized and deformed grains. The HDA sample has a large
number of recrystallized grains and a certain number of substructured grains with almost no deformed grains.
The volume fractions of the recrystallized, substructured, and deformed grains in the microstructure of the SLM
IN718 alloy after different heat treatments are shown in Table 3. The heat treatment of DA to HDA increased the
recrystallized volume fraction from 6.2% to 72.3% and decreased the substructured volume fraction from 86.1%
to 27.6% and the deformed grain volume fraction from 7.7% to 0.1%. Therefore, heat treatment facilitates the
internal organization of the material from substructured grains the recrystallized grains. As the heat-treatment
temperature was increased, more the recrystallized grains are transformed.

Figure 9 shows a kernel average misorientation (KAM) map of the SLM IN718 alloy after different heat
treatments. The KAM map consists of 24 neighboring points, and the orientation difference between the core
and neighboring points indicates the local orientation difference, which indicates the residual stresses within the
material, that is, as the orientation difference increases, the residual stresses are more concentrated [23]. The
green area in Figure 9 shows the area of the residual stress concentration. The internal residual stresses of the
SLM IN718 alloy improved to different degrees with heat treatment. The residual stress distribution states of the
DA, SDA, and HDA samples are essentially identical, and the residual stresses are concentrated in and around
the deformed grains. The DA and SDA samples exhibit a more pronounced residual stress. The deformed grains
with high localized orientation difference in the HDA samples almost disappeared with minimal residual stress.
Thus, the residual stress inside the SLM IN718 alloy can be eliminated through heat treatment.

3.2. Mechanical properties

Figure 10 shows the microhardness of the SLM IN718 alloy. The microhardness of the SLM IN718 alloy after
three heat treatments is significantly improved from that of the as-deposited sample. After heat treatment, a large
number of y" and y" phases are precipitated, acting as reinforcement, thereby providing good structural stability
and significantly increasing the microhardness of the sample [24, 25]. The SDA sample had the highest micro-
hardness of 483.981 HV. Meanwhile, the microhardness of the HDA sample is lower that of the SDA sample
owing to the significant dissolution of the 6 phase, enlarged grains, and complete release of residual stresses.

The stress—strain curve of the SLM IN718 alloy is shown in Figure 11, and the mechanical properties
are shown in Table 4. The as-deposited sample has the highest plasticity with an elongation of 21.6% but the
lowest strength with a tensile strength of 911 MPa. After heat treatment, the strength of the SLM IN718 alloy
greatly increased and the plasticity decreased owing to the considerable precipitation of the y' and y" phases,
which have good microstructural stability [24]. The SDA sample has the highest tensile strength of 1497 MPa
but the lowest plasticity with the elongation of approximately 8.3% because of the large quantities of dissolved
Laves phases, further diffusion of solute elements, and homogeneous precipitation of a large number of 6 phases
inside the crystals and at the grain boundaries. The & phase promoted the dislocation pinning in the matrix, hin-
dering dislocation movement and greatly decreasing the elongation while increasing the strength of the SLM
IN718 alloy [25-28]. The HDA sample has lower strength and higher plasticity than that of the SDA sample.
The microstructure is dominated by recrystallized grains owing to the massive dissolution of the  phase. A large
number of annealing twins appeared, and the grains coarsened. Moreover, the precipitated phase is insufficient
for strengthening the grain boundaries, thereby decreasing the strength and increasing the plasticity [29].

As shown in Table 4, the product of the strength and elongation after heat treatment is 18.1 GPa% when
the volume fractions of recrystallized grains and substructured grains in the DA sample are 6.2% and 86.1%,
respectively. The product of the strength and elongation for the DA sample is 12.4 GPa% for the volume frac-
tions of 7.9% and 85.8% for the recrystallized and substructured grains, respectively. For the HDA sample, the
volume fractions of recrystallized and substructured grains are 72.3% and 27.7%, respectively, and the product
of strength and elongation reached 22.2 GPa%. As the elongation of the recrystallized grains improved, the
toughness of the substructured grains increases owing to their high dislocation density. For the HDA sample,
both microstructures have high volume fractions, resulting in the highest product of strength and elongation.
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Figure 9: KAM of the SLM IN718 alloy after different heat treatments: (a) DA, (b) SDA, and (c) HDA.
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Figure 11: Stress—strain curve of the SLM IN718 alloy.
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Table 4: Mechanical performance of the SLM IN718 alloy.

SAMPLE TENSILE STRENGTH FRACTURE (TENSILE STRENGTH) %
(MPa) ELONGATION (%) (FRACTURE ELONGATION) (GPa%)
As-deposited 911 21.6 19.7
DA 1435 12.6 18.1
SDA 1497 8.3 124
HDA 1345 16.5 222

Thus, the volume fraction of the recrystallized and substructure grains can be adjusted by heat treatment to reg-
ulate the ductility and strength of the alloy and optimize their mechanical properties.

3.3. Fracture morphology

The fracture mode of the SLM IN718 alloy was investigated by observing its fracture morphology using SEM.
Figure 12 shows the results of the analysis. The tensile fracture morphology of the SLM IN718 alloy is composed
of dimples with different depths and sizes with a ductile fracture mode. Small and shallow dimples are observed
in the as-deposited sample, exhibiting a sequential distribution consistent with the large-angle dendritic crystals
with epitaxial growth characteristics. This is ascribed to the repeatedly rapid heating and cooling of the IN718
alloy during SLM, resulting in large compositional segregation and residual stresses in the alloy with large
defects at the grain boundaries. After heat treatment, the toughness dimples in the three samples became larger
and deeper with a more uniform distribution because of the precipitation of the strengthening phases.

3.4. Damage evolution

Uniaxial tensile tests were conducted using an MTS-Landmark mechanical property tester and a DIC equipment
to investigate the damage deformation of the SLM IN718 alloy. Figure 13 displays the global strain cloud map
of the samples at various deformation stages before and after heat treatment. The SLM IN718 alloy enters the
plastic stage during the tensile process with heat treatment, and strain-concentration area and uneven deforma-
tion appeared in the sample. As the strain-concentration area decreases, a clear necking area is observed on the
strain cloud map, and the material damage is concentrated in this area. The apparent damage evolution behavior
of the SLM IN718 alloy was quantitatively analyzed using DIC to obtain the strain field data in the experimental
loading direction (Y direction). The point-partitioning is shown in Figure 14. A total of 5000 data points, which
are ensured to fully cover the entire sample area, was randomly selected from the DIC observation area. Mean-
while, 300 data points, which are ensured to fully cover the deformation-concentration area, were randomly
selected in the deformation-concentration area. The average strain ¢ is defined as:

_ |1 1
&= %Z?ﬂo &) " 3000 (e, (1

5000

1 300 —_ . . . . 1
where 33,25, represents the € of 300 data points in the strain-concentration area, and 55,52 7"'¢,), represents

the € of 5000 data points in the entire strain field.

According to Equation (1), the degree of strain concentration in the SLM IN718 alloy increases as &
increases. Therefore, € can reflect the apparent damage evolution characteristics of the SLM IN718 alloy. The
relationship between € and macroscopic deformation was quantitatively described from the curve of € and engi-
neering strain ¢ of the SLM IN718 alloy, as shown in Figure 15. Similar variations are noted on the £ and ¢ of the
SLM IN718 alloy before and after heat treatment, in which € increases with the increase of ¢. During the initial
deformation stage, ¢ as the ¢ increases slowly, suggesting the absence of an obvious strain-concentration area.
When ¢ reaches a certain value, ¢ rapidly increase, at which a clear strain-concentration area appears.

The degree of damage to the SLM IN718 alloy was further characterized by normalizing € and defining
the damage factor D as follows:

D=¢/¢g,, 2)

where g is the average strain at fracture. The range of D is between 0 and 1. When D = 0, the SLM IN718
alloy is in its initial state without damage. When 0 < D < 1, the SLM IN718 alloy is in the stretching process,
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Figure 12: Tensile fracture morphology of the SLM IN718 alloy: (a) as-deposited, (b) DA, (c) SDA, and (d) HDA.
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Figure 13: Global strain cloud map of the SLM IN718 alloy at various deformation stages: (a) as-deposited, (b) DA,
(c) SDA, and (d) HDA.

whereby the degree of damage to the alloy increases with D. When D = 1, the SLM IN718 alloy fractures and
fails. Therefore, the expression transformation of damage from 0 to 1 is obtained by establishing D.

The D evolution curve of SLM IN718 alloy is shown in Figure 16. The D of the SLM IN718 alloy before
and after heat treatment varies with ¢ with the same evolutionary laws. Subsequently, the curvature of the D
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fitting curve was calculated. The point with the highest curvature is defined as the critical damage factor D,
and the corresponding strain is defined as the critical plastic strain .. The D . before and after heat treatment is
shown in Figure 17. When 0 < D < D, the SLM IN718 alloy is in the early stage of deformation with slow dam-
age accumulation. When D = D, the damage begins to increase rapidly. The deformation starts to concentrate
towards local areas. When D . < D < 1, the damage enters the rapid accumulation stage. When D = 1, the SLM
IN718 alloy fractures and fails. Figure 17 shows the highest D,. of the as-deposited sample with the latest rapid
damage and lowest D . of the SDA sample with the earliest rapid damage.

By fitting the D of the SLM IN718 alloy with an exponential function, the damage evolution equations
of the SLM IN718 alloy are obtained as follow:

As-deposited sample:

e\
D=0.1937| —— 3)
0.1564
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HDA sample:
e 6.6161
D=0.1512 (6)
0.1249
The fitting equation is then combined to establish the general equation:
e c
D=4l = (7
B

where 4 is the plastic damage model parameter, B is the fractured plastic strain, and C is the plastic damage
model index.

4. CONCLUSIONS

This study investigated the microstructure of the SLM IN718 alloy after different heat treatments. Uniaxial
tensile tests were conducted on the SLM IN718 alloy after different heat treatments, and its damage evolution
behavior was studied using DIC. The following conclusions were drawn from this work:

(1) After heat treatment, the SLM IN718 alloy underwent varying degrees of recrystallization and the micro-
structure transformed from dendritic to block crystals. The melt scar gradually disappeared, and large quan-
tities of y" and y” phases precipitated. With the increase in the heat-treatment temperature, recrystallization
was gradually completed. The crystal tended to transform to equiaxial grains with grain coarsening. The &
phase first precipitated and then dissolved. Moreover, the hardness and strength of the SLM IN718 alloy
increased and then decreased, the elongation declined and then increased, and toughness fracture was the
fracture mode.

(2) The ductility and strength of the alloy can be tuned using the proportion of recrystallized and substructured
grains with various heat treatment methods. The recrystallized grains improved the ductility, whereas the
substructured grains improved the toughness owing to their high dislocation density. For the HA samples,
the proportions of recrystallized and substructured grains were 72.3% and 27.6%, respectively, and the
product of strength and elongation was 22.2 GPa%, which can be further optimized in future studies.

(3) The D of the SLM IN718 alloy increased with the increase of ¢, and its evolution exhibited slow defor-
mation and rapid damage stages. After heat treatment, D entered the rapid damage stage earlier. As ¢,
increased, D . increased. The evolutions of D of the as-deposited and HA samples were more similar than
those of the other samples. The product of the strength and elongation of the as-deposited and HA samples
were 19.7 and 22.2 GPa%, respectively, reflecting the complementary effect of strength and ductility to
damage evolution. Finally, a general equation for the damage evolution of the SLM IN718 alloy under
different heat treatments was established.
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