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ARTICLE INFO ABSTRACT

Handling editor: L Murr This study investigates the influence of post-manufacture heat treatments on the high-temperature performance
of Inconel 718 produced via Laser Beam Powder Bed Fusion (LB-PBF). Two industrially relevant heat treatment
routes were explored: one optimised for low cycle fatigue (HT1) and the other for creep resistance (HT2), and
their effects were compared against as-received (AR) LB-PBF and conventionally wrought IN718. Mechanical
testing, including tensile, constant load creep, and strain-controlled low cycle fatigue (LCF) at 650 °C, was
complemented by extensive microstructural characterisation via EBSD, SEM, and EDX. HT1 exhibited a signif-
icantly refined microstructure, enhanced twin density, and promoted fine, well-distributed secondary phases,
resulting in superior fatigue performance and creep resistance comparable to wrought material. HT2, while
enhancing tensile strength and hardness relative to AR, offered limited improvement in creep resistance. All LB-
PBF variants exhibited lower ductility and more heterogeneous dynamic strain aging (DSA) behaviour than the
wrought alloy. The study demonstrates that tailored heat treatments can enhance the high-temperature me-
chanical performance of LB-PBF IN718, with HT1 identified as the most effective approach for fatigue-critical
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applications.

1. Introduction

Additive manufacture (AM) brings significant opportunities by of-
fering unprecedented design freedom and the ability to produce com-
plex geometries that are difficult or impossible to achieve with
traditional methods [1,2]. Among the various AM techniques, Laser
Beam Powder Bed Fusion (LB-PBF) stands out due to its precision and
capability to produce high-performance parts directly from digital
models. LB-PBF involves using a high-powered laser to selectively melt
and fuse powdered material layer by layer, resulting in parts with high
dimensional accuracy and excellent mechanical properties [3,4]. In
addition to the aforementioned benefits for LB-PBF, there are many
other advantages to AM such as: material efficiency, customisation and
improved mechanical properties [1,5]. However, AM does have some
disadvantages that need to be considered, including: inherently poor
surface finish in the as-built condition, build size limitations, high initial
cost, and microstructural complexities such as anisotropy and high re-
sidual stress [6]. Although there are some limitations to AM, it has been
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widely adopted by several industries such as aerospace [7,8], automo-
tive [9], healthcare [10] and energy [11,12]. In order to fully integrate
AM components for critical and non-critical components within these
industries, the mechanical and microstructural differences between AM
and their conventionally manufactured counterparts (wrought and cast)
needs to be fully analysed to understand the
process-structure-property-performance relationship [13-17], particu-
larly at elevated temperatures to replicate in-service conditions.
Inconel 718 (IN718), a nickel-based superalloy, has been heavily
implemented within industry because of its excellent mechanical prop-
erties, particularly at elevated temperatures of up to 650 °C [18,19]. Its
unique composition provides high strength, corrosion resistance, and
the ability to retain its mechanical properties in extreme environments,
making it ideal for aerospace, nuclear, and industrial applications [20,
21]. Consequently, IN718 has been widely adopted for use in metal AM
[21-23]. The microstructure of IN718 consists of a face-centred cubic
(FCC) austenitic y matrix strengthened by secondary precipitates of
gamma prime (y) and gamma double prime (y’‘) phases, which are
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Table 1
Chemical composition of virgin IN718 powder and wrought material (wt%).
Element C Si Mn P S Cr Mo Ni
LB-PBF 0.03 0.10 0.06 <0.005 0.002 19.29 2.96 Bal.
Wrought 0.024 0.07 0.09 0.008 0.0003 17.61 2.97 Bal.
Element Cu Co Ti Al Nb Nb (Cb) + Ta B Fe
LB-PBF 0.03 0.17 1.00 0.61 5.13 5.14 0.0020 17.53
Wrought 0.06 0.35 0.95 0.53 5.12 - 0.0031 18.15
Element N Pb Ta (o] Ca Mg Sn Se
LB-PBF 0.011 <0.0005 0.01 0.031 0.00 0.00 - <0.0003
Wrought 0.005 <0.0003 <0.02 <0.0003 <0.0003 0.0015 0.0012 <0.003
Although the variation in microstructure was seen, a similar hardness
“ . _ . .
1065°C 1 1 AQ = Argon Quench was reported in wrought and LB-PBF after applying the aging heat
—— = VC = Vacuum Cool treatment. . . . .
The LB-PBF IN718 microstructure differs to that of its conventionally
o manufactured counterpart due to rapid cooling rates and thermal gra-
760°C 10 hrs -\ dients from the AM process. LB-PBF typically exhibits a microstructure
730°C 8 hrs VC

\_ _650°C 10 hrs

Temperature (°C)

v
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Fig. 1. Schematic of implemented heat treatments.

primarily responsible for the material’s favourable high temperature
properties and resistance to creep [23-25]. The y' phase composition of
Ni3(ALTi,Nb) is an L12 ordered FCC phase that coherently precipitates
within the matrix and hinders dislocation movement. The coherent y’
phase has a composition of Ni3(Nb,Ti) with a body-centred tetragonal
(BCT) D022 structure, which provides significant strengthening (espe-
cially at elevated temperatures) by impeding dislocation movement [26,
271]. Alongside y' and y’¢, phases such as §, carbides, and Laves, can be
present. The & phase is an NigNb orthorhombic DOa structure that
typically forms at grain boundaries and provides grain growth control
during heat treatment [23]. Carbides are usually present in the form of
MC, Ma23Cg or MgC, and are found along the grain boundaries, with the
primary role to enhance grain boundary strength and reduce grain
boundary sliding [28]. The aforementioned phases significantly
improve the mechanical properties of IN718, but on the other hand, the
presence of Laves can be more detrimental. Laves are present as a hex-
agonal (Ni,Fe,Cr)2(Nb,Mo,Ti) structure and form during solidification
and heat treatment, and are present as a brittle intermetallic phase at
grain boundaries or in interdendritic regions [29]. The distribution and
morphology of these phases can be controlled through heat treatment,
optimising the alloy’s properties for specific applications [30-33].
Franco-Correa et al. [31] showed that as-built LB-PBF IN718 displayed
high concentrations of Nb-rich Laves phases, whereas wrought IN718
displayed significant amounts of & phase. Both wrought and LB-PBF
samples displayed MC carbides, but their morphology and distribution
differed: in wrought, the carbides were larger (~10 pm) and located
within grains, whereas in LPB-PBF material, they were smaller (~1 pm)
and situated along grain boundaries. The conventional solution treat-
ment implemented effectively dissolved & in wrought and Laves in
LB-PBF, but did not dissolve the MC carbides. Following aging heat
treatment, MC carbides transformed into M23Cg carbides whilst forming
vy’ from & dissolution in wrought and Laves dissolution in LB-PBF.
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with columnar grains that align with the build direction due to epitaxial
growth from partial remelting and heterogeneous nucleation, with finer
grains near the build platform due to faster cooling rates and heat sink
effects [34-36]. In addition, reduced cooling rates further from the
platform promote micro-segregation and increased Laves phase forma-
tion [37,38]. It is also common for the microstructure of AM IN718 to
present differently with varying processing parameters, influencing
crystallographic texture, microstructural features and mechanical
properties [39-44]. For example, Wang et al. [44] demonstrated that
increasing energy density (18-1000 J/mm?) in LB-PBF IN718 reduces
lack of fusion defects, but can instead introduce keyholing at excessive
levels. The optimised densities were identified between 48 and 623
J/mm3. Overall, variations in energy density induced changes in
microstructure, where high power inhibited Laves but promoted MC
carbides.

Research on process parameters and heat treatments on the porosity,
microstructure, and tensile properties of LB-PBF IN718 was conducted
by Liu et al. [45]. The optimal route of fabrication was found to include
an equivalent energy density of 60.0 J/mm°>, presenting the lowest
porosity of 0.15 %, prior to heat treatment. In their study, Liu et al.
adopted a regime consisting of a single solution at 980 °C for 1 h and
direct aging at 720 °C for 8 h and 620 °C for 8 h. Microstructural analysis
showed that in the as-built condition there was a dense network of Laves
phase due to Nb and Mo segregation. This network acted as a crack
initiator during tensile testing, causing reduced strength compared to
heat treated samples. However, during single solution, the Laves phase
dissolved and & phase was precipitated, whereas direct aging precipi-
tated the y' and ¥’ phases. Also, grain size remained largely unchanged
after heat treatment. Further tensile testing demonstrated that the direct
aging samples exhibited the highest strength due to strain hardening and
Y and y> strengthening. The single solution samples showed moderate
strength but highest elongation due to the presence of 5 phase along the
grain boundaries [45].

Similar research conducted by Kasperovich et al. [46] also investi-
gated optimisation of mechanical performance, via tensile testing of
LB-PBF IN718 through varying process parameters and post-processing
heat treatments. The optimised energy density was again found to be
60.0 J/mm?, exhibiting a porosity volume fraction of 0.32 %. It was
found that double aging at 720 °C for 8 h and 620 °C for 8 h had no effect
on grain size but partially dissolved Laves and precipitated 5, y, and y”’
phases, compared to the as-built (AB) state. This heat treatment reduced
the strength but increased ductility. For homogenisation (1155 °C for 4
h) and hot isostatic pressing (HIP) (1155 °C for 4 h at 100 MPa) the
grains were enlarged, Laves and & phases dissolved, and carbides were
promoted at grain boundaries. Homogenisation displayed more y’’
phase causing higher strength and unchanged ductility but HIP
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Fig. 2. Schematic diagrams of specimen dimensions of A tensile samples, B constant load creep samples and C low cycle fatigue samples. All dimensions in mm.

Table 2
Porosity content in wrought and LB-PBF IN718 variants.

Sample Porosity (% area)
Vertical Horizontal
XY Xz XY XZ
As-received 0.122 + 0.065 + 0.099 + 0.084 +
0.002 0.003 0.013 0.006
Heat Treatment 0.118 + 0.118 + 0.076 + 0.071 +
1 0.016 0.001 0.006 0.021
Heat Treatment 0.183 + 0.108 + 0.097 + 0.087 +
2 0.008 0.002 0.031 0.027

maximised elongation with unchanged strength. HIP was also reported
to decrease porosity from 0.32 % to 0.01 %. Combining heat treatments
showed that double aging after homogenisation or HIP did not change
the type of phases present but confirmed an increase in the volume of y>’
and carbide size. Double aging after HIP also showed an increase in
porosity from 0.01 % to 0.03 %. Additionally, the influence of build
direction was assessed, showing clear mechanical anisotropy due to
texture evolution with vertically built samples exhibiting lower strength
but higher ductility than horizontally built samples. The as-built and
double aged samples showed the most anisotropy and reduced after
homogenisation and HIP [46].

To consolidate and improve the as-built microstructure and me-
chanical properties of LB-PBF material, the implementation of post-
processing, such as heat treatments, is essential. Consequently, this
paper will investigate the influence of varying industrial heat treatment
parameters on the elevated temperature (650 °C) mechanical behaviour
of LB-PBF IN718. Assessment will be carried out on a wrought variant,
as-received (no heat treatment) and two different heat treatments cho-
sen to improve fatigue and creep properties, respectively. The investi-
gation will include a through microstructural analysis and mechanical
characterisation, including tensile, constant load creep and strain con-
trol low cycle fatigue (LCF) experiments.

2. Experimental
2.1. Material background

LB-PBF IN718 samples were fabricated using virgin powder pro-
duced via an inert-gas atomisation process in argon. The chemical
composition is stated in Table 1. The powder size distribution (PSD)
exhibited djg, dsp and dgg values of 5.2 pm, 10.63 pm and 17.25 pm
respectively.

Vertically (90°) built LB-PBF cylinders were fabricated on a FormUp
350 with an inert argon gas atmosphere. Parameters were set by the
manufacturer to provide a volumetric energy density of 44.44 J/mm°.

9883
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Fig. 3. EBSD maps for LB-PBF and wrought IN718.

Table 3

Grain size measurements for wrought and LB-PBF IN718 variants.
Sample ID Without Twins With Twins Twin Density (%) MUD

Grain Area (pmz) Grain Diameter (pm) Aspect Ratio Grain Area (pmz) Grain Diameter (pm) Aspect Ratio

Wrought 618 22,5 0.67 196 12.6 0.49 51.4 1.20
AR XZ 196 10.4 0.42 195 10.4 0.42 0.5 2.27
AR XY 91 7.6 0.55 89 7.6 0.55 0.5 2.20
HT1 XZ 465 14.5 0.49 293 13.3 0.47 25.3 1.87
HT1 XY 252 11.4 0.56 166 10.4 0.52 17.6 1.60
HT2 XZ 176 9.8 0.43 174 9.8 0.43 0.3 1.53
HT2 XY 102 8.0 0.54 101 8.0 0.54 0.4 2.39

Post manufacture, the cylinders underwent various heat treatments, as for 1 h followed by a two step aging at 730 °C for 8 h and 635 °C for 10 h.
detailed in Fig. 1. Heat treatment 1 (HT1) comprised of a solution anneal HT2 was envisaged to enhance the alloy’s resistance to creep damage. A
at 1065 °C for 1 h followed by a two-step aging treatment at 760 °C for selection of cylinders also remained in the as-received (AR) condition,
10 h and 650 °C for 10 h, and was designed to improve the alloy’s LCF providing three different variants of the LB-PBF material.

properties. Heat treatment 2 (HT2) involved a solution anneal at 955 °C The behaviour of LB-PBF IN718 was also compared to the equivalent
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Chemical Composition (wt.%)

Element Region 1 Region2 Regi.on 3 Region 4
(Matrix) ® (Tic (be

Carbide) Carbide)
Ni 48.79 51.78 1.82 1.28
Cr 19.11 11.71 1.50 0.48
Fe 16.61 10.03 0.83 0.34
C 9.23 930 7.04 28.76
Nb 452 13.09 7.18 64.18
Ti 0.88 1.63 61.37 4.96

Al 0.39 0.34 - =
Other Balance Balance Balance Balance

Element

Ni 42.01
Cr 15.73
Fe 15.28
C 12.51
Nb 6.11
Ti 0.93
Al

Fig. 5. An unetched AR LB-PBF IN718 FEG-SEM micrograph at 1,000x magnification alongside B etched AR LB-PBF IN718 FEG-SEM micrograph at 10,000x

magnification with EDS elemental analysis.

wrought material, that was subjected to a solution anneal treatment at
965 °C for 1 h, followed by rapid air cool. The composition of the
wrought alloy is also provided in Table 1.

2.2. Microscopy

Microstructural analysis was performed using Electron Backscatter
Diffraction (EBSD) on a Hitachi SU3500 Scanning Electron Microscope
(SEM). Parameters for EBSD scans were consistent across all recorded
maps: magnification of 100x, accelerating voltage of 20 kV, step size of
0.31 pm, and a 4x4 EBSD camera binning mode. Once captured, the
EBSD scans were processed through Channel 5 Tango software where
settings were defined as 10 pixel per grain minimum as per ISO 13067
[47] and critical misorientation set as greater than 10° with allowed
completion to 2°. Assessment of annealing twins was also completed on
Tango Channel 5 software.

Precipitate and phase analysis was assessed on a JEOL 7800F Field
Emission Gun-Scanning Electron Microscope (FEG-SEM). Various
methods were implemented to fully understand the precipitates present.
Firstly, unetched samples were imaged to assess delta (§) phase and
carbides. The samples were then electro-etched with 10 % phosphoric
acid and Kalling’s No 2 to identify Laves, carbides, 8, ' and y’* phases.
Electro-etching was successfully implemented by ensuring the sample
was freshly polished prior to etching. Electrical settings used were 3.00
V and 0.80 mA. In addition, Energy Dispersive X-Ray Spectroscopy
(EDS) was undertaken using the attached Oxford Instruments SMax 50
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to understand elemental distribution.

Alongside microstructural analysis, a Hitachi SU3500 SEM was also
implemented for fractographic analysis on the mechanically tested
samples.

2.3. Microhardness

Vickers hardness testing was completed on a Struers Duramin-40
M3/A3/AC3 low load hardness tester with a Vickers hardness
indenter. 25 indents were obtained per specimen in a 5 by 5 grid. All
tests were completed to ASTM E92-17 [48] with a 1 kg load and dwell
time of 10 s.

2.4. Tensile

Uniaxial tensile testing was conducted to ASTM E8/E8M [49] at
650 °C on an electromechanical screw machine. Testing was completed
under strain control at 0.0003 s} (0.5 mm/min) until just after yield
was reached; after this point, testing was conducted under load control
conditions using a rate of 5 mm/min in order to preserve the extens-
ometry equipment. Tensile tests were performed on samples machined
in accordance to ASTM E8M, as displayed in Fig. 2a. All samples were
finished with a longitudinal polish. Three elevated temperature tests
were performed on each of the LB-PBF variants (AR, HT1, HT2) and the
wrought material. Heat was applied using a digitally controlled furnace
and was constantly monitored throughout the test by two Type N
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Fig. 6. An unetched HT1 LB-PBF IN718 FEG-SEM micrograph at 1,000x magnification alongside B, C and D etched HT1 LB-PBF IN718 FEG-SEM micrograph at

35,000x magnification with EDS elemental analysis.

thermocouples with a tolerance of +4 °C.
2.5. Constant load creep

Constant load creep testing was performed in accordance with ASTM
E139 [50], with specimens machined to dimensions demonstrated in
Fig. 2b. Samples were machined and finished with a longitudinal polish.
Testing was completed on LB-PBF and wrought IN718 specimens under
a temperature of 650 °C and applied loads ranging from 625 MPa to 690
MPa. Temperature was applied using a digitally controlled radiant
furnace and was constantly monitored throughout the test by two Type
R thermocouples with a tolerance of +4 °C.

2.6. Strain control low cycle fatigue

Strain control low cycle fatigue (LCF) tests were completed accord-
ing to ISO 12106 [51] at 650 °C on a servo-hydraulic mechanical test
machine. Fatigue specimens were machined to the dimensions shown in
Fig. 2c and finished with a longitudinal polish. Testing was conducted at
0.5 Hz, with a triangular waveform, and a loading R ratio of —1.
Maximum strain (¢may) values ranging from 0.3 % to 0.8 % were
employed. The elevated temperature was applied through a standard
radiant furnace and was monitored through two N type thermocouples,
held within a tolerance of £3 °C. At the end of each LCF test, the number
of fatigue cycles to failure, Ny, was defined as the point at which there
was a 50 % drop of the maximum peak stress from the stabilised (Ny/2)
condition.
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3. Results and discussion
3.1. Material and microstructure

Prior to microstructural investigation, a defect analysis was under-
taken on each of the AM materials. In each variant, three separate sec-
tions of material were analysed on both the XY and XZ planes, where
three separate images were recorded on each. Porosity values were
recorded on each image using ImageJ software, from which average
porosity values were calculated for each material type, as displayed in
Table 2. As shown, all samples were deemed to be fully dense (>99.8 %).

The microstructure of LB-PBF and wrought IN718 are presented in
Fig. 3. For the LB-PBF materials, both the XY and XZ planes are shown to
illustrate the anisotropy present in the microstructure. Whereas for
wrought IN718, only the XY plane is shown as the material is isotropic.
In each of the LB-PBF samples, there is no significant texture present in
the epitaxial <100> orientation as multiple of uniform density (MUD)
values all fell below 3.0, yet each of the materials can be seen to have a
level of anisotropy, as demonstrated by the long, columnar grains
exhibited in the XZ plane and smaller, equiaxed grains on the orthogonal
XY plane. Overall, the LB-PBF materials appear finer than the large
equiaxed grains exhibited by the wrought material. In each material
variant, grain size measurements such as grain area, grain diameter and
aspect ratio, were all calculated based on elliptical fittings, with each of
the respective values presented in Table 3.

It is also prevalent that the wrought material contains more evidence
of twinning than the LB-PBF material. As shown, values are reported
both with and without twins included. It is clear that the AR and HT1
variants exhibit a similar microstructure, with refined equiaxed grains
observed in the XY plane and long, columnar grains in the XZ plane. In
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Fig. 7. An unetched HT2 LB-PBF IN718 FEG-SEM micrograph at 1,000x magnification alongside B, C and D etched HT2 LB-PBF IN718 FEG-SEM micrograph at

35,000x magnification with EDS elemental analysis.

Table 4
Vickers microhardness results for wrought and LB-PBF IN718 material variants.

Sample Hardness (HV/1)

XY X7
Wrought 213+ 6 222+ 6
As-received 326 +5 333+8
Heat Treatment 1 469 + 14 475 + 8
Heat Treatment 2 480 £ 11 485 + 12

comparison, HT2 shows larger grains in both the XZ and XY planes,
respectively. Although there is an increase in grain size, there is indi-
cation of anisotropy still present due to the difference in grain area,
grain diameter, and aspect ratio, between the two orthogonal planes.
Overall, the wrought sample has the largest grain area, grain diameter
and aspect ratio (when twins are not included). Out of the LB-PBF
samples, HT1 presents the highest twin density (AR = 0.5 %, HT1 =
21.5 %, HT2 = 0.35 %), but this is still significantly lower than the
wrought material, which exhibited a twin density percentage of 51.4 %.

Further microstructural analysis was undertaken on a FEG-SEM and
EDS to produce micrographs and compositions to identify and analyse
the different phases (carbides, laves, 8, v/, y’*) present within the various
IN718 samples. Wrought, AR, HT1 and HT2 micrographs are shown in
Figs. 4-7 respectively, with supporting EDS data included within the
respective figures. The wrought variant exhibits large blocky carbides
(as highlighted by feature number 4, Fig. 4) with finely dispersed &
phase (feature 2), which can be seen to be significantly different to the
phase morphology and quantity present across the LB-PBF samples. AR
LB-PBF IN718 shows a large continuous Laves network present within
the y matrix (as shown in Fig. 5). In contrast, as given in Fig. 6, HT1

Wrought ——As-received ——Heat Treatment 1 —— Heat Treatment 2
1600 1

1400 1

1000 1

800

Stress (MPa)

600 41

400 A

200 A

0 10 20 30 40 50 60 70 80
Strain (%)

Fig. 8. Stress-strain curves of wrought and LB-PBF IN718 material variants
generated at 650 °C.

presents a y matrix with fine, dispersed carbides (Fig. 6b), 8 (Fig. 6¢) and
Laves (Fig. 6d) phases across grains and grain boundaries. At higher
magnification the presence of ¢ and y>’ is noticeable, which is not the
case for wrought and AR LB-PBF IN718. In addition, the effect of HT2 on
LB-PBF IN718 can be seen in Fig. 7 with the high presence of Laves
(Fig. 7b), carbides (Fig. 7c) and & (Fig. 7d) predominantly located at
grain boundaries. Similarly to HT2, at higher magnifications, the pres-
ence of Y’ and y*’ can be observed. Although EDS cannot be implemented
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Table 5

Tensile properties for wrought and LB-PBF IN718 material variants generated at
650 °C.

Sample UTS (MPa) 0.2 PS (MPa) YS (MPa) Strain to Failure (%)
Wrought 858 + 19.9 632 + 21.9 629 + 14.6 66 + 3.3
AR 938 + 13.1 759 + 14.1 726 + 5.1 29 +1.7
HT1 1186 + 5.7 1034 + 6.5 968 + 16.1 20 +£0.8
HT2 1193 +11.7 1012 +13.8 911 + 14.4 19+ 21

to determine y' and y’‘, the morphology (circular for y' and disc-like for
y’’) aligns with previous research [52-55].

3.2. Microhardness

Results from Vickers microhardness testing are presented in Table 4.
The microhardness trends exhibited by the different sample types can be
directly linked to the respective underlying microstructures. The low
hardness values exhibited in the wrought material are linked to their
large grain size when compared to the LB-PBF samples. A larger grain
size means fewer grain boundaries, therefore, less ‘resistance’ when
indenting causing a lower hardness value. Consequently, the more
refined grain size, as presented by the LB-PBF samples, is reflected by an
increased hardness value. For AR, HT1, and HT2, the different phase
types, quantity, and location, contributes to the variation in hardness
between the different AM samples. The presence of carbides and § is

1000 -

Wrought
A roug
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linked to the higher hardness seen in the heat treated samples (HT1,
HT2) compared to the non-heat treated sample (AR). Although HT1 and
HT2 appear to display similar hardness averages, there is a slight in-
crease for HT2, which is likely due to the increased quantity of carbides
and § situated along grain boundaries. The increased quantity and
location influences the material’s ability to resist pile-up and deforma-
tion, hence the increased hardness in HT2.

3.3. Tensile

A series of tensile tests were performed on the various IN718 mate-
rials at elevated temperature. Fig. 8 present the stress-strain curves
derived from the tests performed at 650 °C. The mechanical property
data generated from the experiments are displayed in Table 5. The re-
sults show that the LB-PBF samples exhibit a higher ultimate tensile
strength (UTS), 0.2 % proof stress (PS), and yield stress (YS), but reduced
strain to failure when compared to the wrought material. Despite the
alternative HT regimes, HT1 and HT2 samples exhibit a very similar
behaviour across all property measures, far exceeding the strength based
properties of the AR equivalent.

The behaviours of the IN718 variants are closely tied to their
microstructural morphologies. While the grain sizes in the LB-PBF ma-
terials are very similar, showing minimal variation across all four ma-
terial properties, the wrought variant exhibits a significantly larger
average grain size to that of the LB-PBF samples. Consequently, the
reduced grain boundary area in the wrought alloy leads to a notable
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Fig. 9. Stress-strain curves of wrought and LB-PBF IN718 material variants generated at 650 °C, highlighting serrated yield resulting from dynamic strain aging.
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Fig. 10. SEM fractographic images of wrought and LB-PBF IN718 tensile samples at low magnification (left column) and higher magnification (right column). A and

B are wrought. C and D are AR. E and F are HT1. G and H are HT2.

decrease in tensile properties compared to the LPBF samples, but with
far superior ductility. Despite this, it is also important to consider the
role of secondary strengthening phases. As shown in Figs. 4-7, the LB-
PBF HT samples appear to exhibit a much higher volume fraction of &
and y phases compared to the wrought and AR materials [54].
Furthermore, even though the presence of y' is less dominant than y> in
IN718, vy’ can provide additional strengthening at elevated tempera-
tures. Likewise, the increased 8 volume fraction in the HT variants can
aid in grain boundary pinning, which subsequently refines the micro-
structure. However, excess & can also be detrimental, having an adverse
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effect on ductility, as seen previously [56] and shown in Fig. 8. There-
fore, a combination of these microstructural differences have contrib-
uted to the superior tensile performance observed in the LB-PBF HT
materials compared to the wrought alloy.

Another notable feature is the presence of dynamic strain aging
(DSA) at 650 °C. DSA represents an instability in plastic flow, associated
with interactions between moving dislocations and diffusing solute
atoms that can lead to increased strength, reduced ductility, and
sometimes serrated flow in stress-strain curves, as seen in Fig. 9. DSA
appears to be present in all the tensile curves for the different material
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variants, yet the type of DSA and magnitude differs. As shown, the
wrought material exhibits the most significant DSA, predominantly
types B and C, whereas the LB-PBF variants show less prominent DSA,
associated more with types D and E. Generally, types B-C occur at
elevated temperature and consist of continuous or sharp drops in stress
followed by gradual recovery, indicating a strong interaction and
pinning behaviour between the dislocations and diffusing solute atoms.
Types D and E are far less common, and are characterised by irregular
fluctuations in the stress-strain curve and typically represent a transi-
tional behaviour between other serration types.

DSA in IN718 is particularly prevalent at elevated temperatures be-
tween 300 and 700 °C, and ' and y’’ strengthening precipitates can also
influence the extent of this serrated yield behaviour. Rezende et al. [57]
found that in IN718 in the solution-treated condition, the serrated
yielding associated with DSA is prominent across a wide temperature
range (125 °C-625 °C), with the type of serration varying based on the
specific temperature and strain rate. Yet, in the aged condition, the
presence of precipitates, such as y** and & phases, can suppress or modify
serration behaviour by hindering dislocation movement.

Such phenomena can consequently affect the mechanical behaviour,
such as increased work hardening and reduced ductility [58]. This is
particularly evident in the LB-PBF HT variants, which experience the
largest magnitude of work hardening amongst the various IN718 ma-
terials, and also the greatest reduction in elongation. This is attributed to
the increased presence of secondary strengthening precipitates in the HT
materials, resulting from the aging period during the respective heat
treatments. However, Weaver et al. [59] previously found that a longer
annealing treatment for 110 h at 750 °C can actually result in the
disappearance of DSA in IN718, as a result of solute depletion due to
precipitation.

The consistency of the DSA present within the different IN718
samples also reflects the homogeneity of the microstructure. Wrought
displays consistent, regular, repeating, serrations whereas the LB-PBF
variants are more sporadic and irregular. This is likely due to the
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homogenous microstructure presented by wrought and the more
heterogenous microstructure presented by the LB-PBF variants.

SEM fractographic images are presented in Fig. 10. From Fig. 10 it is
clear that the wrought samples are the most ductile, with clear evidence
of necking (and a reduced cross-sectional area), a high presence of
dimpling and micro-voids and pronounced shear lips on the fracture
surface. The LB-PBF samples also show some evidence of ductility due to
the presence of micro-voids, but the presence of ductile features is far
less abundant than what is seen in the wrought samples.

3.4. Constant load creep

Results from constant load creep testing, presented in Fig. 11a, shows
the rupture life of the wrought and LB-PBF IN718 samples at varying
stresses at 650 °C. Trends from Fig. 11a suggest that wrought and HT1
are the superior material types when considering creep resistance,
whilst the AR and HT2 variants appear similar in performance yet
inferior to the other materials. The creep behaviours of the different
samples can be linked to their respective grain sizes and microstructural
constituents. Despite the wrought and HT1 materials offering a similar
level of creep resistance, the underlying reasons for this differ. The
wrought material exhibits the largest grain size (618 pm?), followed by
the HT1 material (465 pmz) on the XZ plane, and finally the AR and HT2
variants, which are very similar in morphology. However, despite this
considerable difference in grain size, the HT1 material benefits from the
presence of grain boundary strengthening phases in the form of fine,
dispersed carbides and & phase located in both intra- and intergranular
locations (Fig. 6). In IN718, grain boundary Nb based carbides and &
phase can typically enhance creep resistance by precipitating along
grain boundaries, acting as obstacles to dislocation movement and
impeding grain boundary sliding. However, Gao et al. [60] reported that
after prolonged exposure at elevated temperatures, Nb carbides can
interact with environmental elements, such as oxygen, leading to the
formation of brittle niobium oxides (e.g. NbyOs) at grain boundaries.
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Fig. 12. SEM fractography images of wrought and LB-PBF IN718 creep samples at low magnification (left column) and higher magnification (right column). A and B

are wrought. C and D are AR. E and F are HT1. G and H are HT2.

The oxides can then facilitate crack initiation and propagation, thereby
reducing creep life. Therefore, it can be suggested that at lower applied
stress levels where creep lives would be expected to be longer, the
wrought material would be envisaged to outperform the HT1 variant
due to the expected increase in brittle oxides in the heat treated mate-
rial. This can be seen when comparing the trendlines in Fig. 11a.

A direct comparison of the creep deformation curves for each of the
IN718 variants is presented in Fig. 11b. Here, all tests were performed
under the same conditions (650 MPa and 650 °C). As expected, the
wrought and HT1 materials exhibit a slower minimum creep rate during
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secondary stage creep, and therefore, a longer rupture life compared to
AR and HT2. This is further supported by Fig. 11c¢, where minimum
creep rate of all samples tested is presented. Again, two distinct be-
haviours can be observed, with the wrought and HT1 materials clearly
outperforming the AR and HT2 variants. This suggests that wrought and
HT1 have a lower minimum creep rate compared to AR and HT2.

The superior ductility based properties of the wrought material
(previously detailed in Fig. 8) are again evidenced in Fig. 11b. The
wrought material experiences a significantly higher volume of plastic
strain prior to rupture than the LB-PBF equivalents. This behaviour is
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linked to the larger grain size of the material, where dislocations can
move more freely through the crystal lattice, allowing the material to
deform plastically without fracturing. This can enhance ductility,
especially at higher temperatures where dislocation glide and climb are
more active. Furthermore, the greater twin percentage in the wrought
variant will also favour the material’s creep behaviour as twins help
accommodate plastic strain and delay failure by redistributing stress in
the material. However, excessive twinning can also accelerate failure in
the tertiary creep stage.

Zhang et al. [61] found that in selective laser melted (SLM) IN718,
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during the steady-state creep stage, only a few slip systems are activated
within individual grains, which typically exhibit an irregular grain
morphology. However, in contrast, most slip systems in the forged
variant of IN718 contain a regular grain morphology, where slip can be
activated leading to greater ductility. Furthermore, the authors found
that the primary deformation mechanism in SLM IN718 during the
steady-state secondary creep stage was micro-twinning, whereas in the
forged material, both dislocation slip and micro-twinning contributed to
deformation during secondary creep [61].

Post-test analysis was conducted to assess the fracture surfaces and



P.E. May et al.

DWrought m®As-received @Heat Treatment 1 B Heat Treatment 2

Journal of Materials Research and Technology 36 (2025) 9881-9897

@ Wrought MAs-received MmHeat Treatment 1 mHeat Treatment 2

0.9 2000
1800
08 Tam il
= 1600 m B
é B my
go7 in ] & 1400 .
< <
) L} m
= = 12
T 06 1 mm 3 1200 Eg - 4
E % 1000 8 . »
= £ —F
5 £
;0“ . 2800
@ 04 mm —m 3 600
s
@ 400
0.3 m
200
0.2 0
10 100 1000 10000 100000 1000000 10 100 1000 10000 100000 1000000
Number of Cycles to Failure, N; Number of Cycles to Failure, N;
Fig. 14. LCF behaviour for wrought and LB-PBF IN718 at 650 °C, A Strain amplitude and B Stabilised stress range.
Wrought ——As-received ~———Heat Treatment 1 ——Heat Treatment 2
1000 T 1000 T
800 o S
600
400 1+
200 1+
o =
g £
2-0.7  -0.6 06 07 £ 1000 2000 3000 4000 5000 6000 7000 000
2 a
@ -200 +
-400 4
600 + | ’
ﬁ:—.n-—v A L
800 Fammrmrrmrm
=]

-1000 +
Strain (%)

Number of Cycles

Fig. 15. LCF behaviour of wrought and LB-PBF IN718 at 0.5 % strain amplitude and 650 °C A monotonic (solid) and stabilised hysteresis (dashed) loops and B

mmaximum and minimum stress against number of cycles.

the cavitation behaviour within the microstructures of the respective
materials. Fractographic images are shown in Fig. 12. These show that
the wrought material exhibits the most ductility with a more prominent
presence of micro-voids (Fig. 12b) compared to the LB-PBF materials, all
of which failed in a predominantly brittle nature in a somewhat
checkerboard pattern. Kuo et al. [62] previously reported similar find-
ings when investigating the creep behaviour of SLM IN718. In their
paper, the authors considered the higher cooling rate in the SLM process
which led to an increased dislocation density and the formation of
inter-dendritic precipitates, resulting in inferior creep properties in SLM
alloys. More recently, Oros et al. [63] directly compared the creep
properties of LB-PBF and forged IN718 at 650 °C. They found that the
AM alloy exhibited higher creep strength than the wrought alloy across
nearly all applied stress levels (488-819 MPa), and attributed this to the
increased volume fractions of y” in the matrix and carbides at grain
boundaries. However, like that found in this study, the creep rupture
ductility properties were significantly lower in the AM material
compared to the forged equivalent [63].

Following fractographic analysis, samples were sectioned in the XZ
plane and cavitation analysis was completed on a FEG-SEM, as shown in
Fig. 13. From this it can be seen that wrought and HT1 materials show
cavitations that are uncoalesced whereas AR and HT2 show more severe
cavities that have coalesced. The presence of coalesced cavities indicates
a faster creep rate, a shorter period of tertiary creep and a shorter time to
rupture, which directly reflects the data seen in Fig. 11. Zhang et al. [61]
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previously reported on the reduced tertiary creep stage in SLM IN718.
They found that during the tertiary creep stage, the irregular grain
morphology of SLM IN718 resulted in more severe stress concentrations
developing at the grain boundaries in the form of triple point cracks, and
a subsequently reduced creep performance [61].

3.5. Strain control low cycle fatigue

A series of strain controlled low cycle fatigue tests were performed on
the various IN718 materials, with the results presented in Fig. 14a
(strain amplitude) and Fig. 14b (stabilised stress range). Assessment of
the strain amplitude data shows that the different variants generally
behave very similarly, with minimal scatter observed across the material
types, particularly at higher strain levels. However, when the same re-
sults are compared under their stabilised stress range response
(Fig. 14b), a more clearer trend is established. The results indicate a
more distinct ordering of the materials, where HT1 generally offers the
best LCF performance, followed by HT2, AR and finally the wrought
variant.

Sonntag et al. [64] recently undertook a similar study, comparing the
LCF behaviour of wrought and LB-PBF IN718 materials. In their study,
the LB-PBF material was subjected to a post manufacture HT, similar to
HT1 in this paper. In both studies, a stress relief/homogenisation
treatment was performed at 1065 °C for 1-1.5 h, followed by air cooling
to 50 °C. Then in this research, the material was reheated to 765 °C for
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Fig. 16. SEM fractographic images of wrought and LB-PBF IN718 LCF samples tested at 0.5 % and 650 °C, at low magnification (left column) and higher magni-
fication (right column). A and B are wrought. C and D are AR. E and F are HT1. G and H are HT2.

10 h for solution treating, vacuum cooled to 650 °C for 10 h for ageing
and finally argon quenched. In contrast, Sonntag et al. solution treated
at a higher temperature of 965 °C for 1 h, air cooled to 50 °C, followed by
a two-stage aging treatment at 720 °C for 8 h and 620 °C for 8 h prior to
air cooling. In their research, a total of three strain controlled LCF results
were generated on the wrought and LB-PBF material, at a temperature of
650 °C and R = —1. On analysing the LCF results, the data generated in
this paper appear to slightly outperform those presented by Sonntag
et al., where across comparable applied strain amplitudes (0.5 and 0.7
%), both the wrought and LB-PBF materials exhibit slightly longer
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fatigue lives. Yet across both studies, LB-PBF IN718 outperforms the
wrought equivalent.

Focussing on the 0.5 % strain amplitude tests, the monotonic and
stabilised hysteresis loops for the different samples can be seen in
Fig. 15a. Assessment of the data shows that the wrought material ex-
hibits a considerably greater amount of plasticity on the first cycle
compared to the LB-PBF samples, with HT1 and HT2 showing the least,
staying predominantly within the elastic region until reaching the sta-
bilised condition. All variants undergo cyclic softening. Additionally, the
first loop of the wrought material shows stress drops near the peak stress
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and an exceedance of the defined 0.5 % strain amplitude (which was
corrected within subsequent cycles). This behaviour has been attributed
to DSA and the extensometry attempting to correct itself.

The corresponding maximum and minimum stress recordings for the
0.5 % strain amplitude tests are shown in Fig. 15b. All the material
variants appear to cyclically soften almost immediately, but the soft-
ening is generally less pronounced in the LB-PBF variants compared to
the wrought material. Of the LB-PBF materials, HT1 can be seen to
maintain a higher level of stress throughout the duration of the test,
indicating that the HT has been beneficial to the fatigue properties.

Sonntag et al. [64], observed a similar behaviour when assessing the
LCF behaviour of wrought and LB-PBF IN718 at 650 °C. In their study,
the fatigue lives of the LB-PBF variant were slightly higher than those of
the forged material, and the slower rate of softening observed in the
LB-PBF material may contribute to this slight increase in fatigue life.

As shown earlier, the microstructure of LB-PBF IN718 is charac-
terised by features such as Laves and § phases, which play a pivotal role
in the material’s fatigue performance. At elevated temperatures, these
brittle phases can precipitate along grain boundaries, leading to grain
boundary embrittlement and providing pathways for crack propagation
[65]. Therefore, despite the LB-PBF variants achieving higher stresses
through the initial strengthening provided by the precipitation of Laves
phase, after prolonged exposure, these features have a negative impact
and can act as potential crack initiation sites and sources for accelerated
crack propagation.

In a similar study, Nezhadfar et al. [66] investigated the high tem-
perature fatigue behaviour and microstructural evolution of IN718
produced by laser beam directed energy deposition (LB-DED). In their
research, they analysed the critical role of post-processing heat treat-
ments in enhancing fatigue resistance and found that eliminating
detrimental phases such as Laves and promoting the precipitation of
strengthening phases like y and y>’ through tailored heat treatments, can
significantly improve fatigue life. Among the heat treatments evaluated,
a homogenisation process at 1065 °C for 1 h followed by aging yielded
the best fatigue performance, attributed to the formation of needle-like &
phases that mitigated the adverse effects of pores. Whilst porosity was
not evidenced in the current research, the presence of § has enhanced
the LCF properties of the LB-PBF material, yet the presence of Laves has
led to an embrittling behaviour.

Post-test fractographic analysis was conducted on the 0.5 % strain
amplitude LCF samples. An overall, low magnification image was
captured for each sample, as shown in Fig. 16A, C, E and G. All the
fracture surfaces exhibit surface or near-subsurface initiation sites,
highlighted by red regions, and ductile overload areas, highlighted by
the yellow regions. The wrought material shows one clear initiation
region, akin to a more widely recognised mode of crack growth, whereas
the LB-PBF variants exhibit more non-uniformity and multiple zones of
crack nucleation. Despite this, it is not envisaged that the multiple crack
initiation regions in the LB-PBF materials are associated with any
process-induced defects given the volume fraction measurements
recorded in Table 2 and the assumption that the materials are somewhat
fully dense. Additional higher magnification images were also taken on
the SEM (both SE and BSE) to highlight the initiation zones in more
detail.

4. Conclusions

This study has comprehensively assessed the high-temperature per-
formance of Laser Beam Powder Bed Fusion (LB-PBF) Inconel 718
(IN718) subjected to two distinct post-manufacture heat treatments, in
comparison with both as-received (AR) LB-PBF and conventionally
wrought material. The following conclusions can be drawn:

e Heat Treatment 1 (HT1) effectively refined the LB-PBF microstruc-
ture, increasing twin density and promoting a fine, well-dispersed
distribution of strengthening precipitates (v, y”, 8, and carbides),
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contributing to superior mechanical performance. HT2, although
also enhancing precipitate formation, resulted in coarser grain
structures and a less optimal phase distribution.

Both heat-treated LB-PBF variants (HT1 and HT2) significantly out-
performed the AR material and wrought IN718 in terms of tensile
strength at 650 °C, with HT1 offering a marginal advantage. How-
ever, this came at the expense of reduced ductility compared to the
wrought material.

All material variants exhibited evidence of dynamic strain aging
(DSA) at 650 °C, though the magnitude and type varied. Wrought
IN718 showed more regular and severe DSA features (Types B/C),
while LB-PBF materials displayed more irregular (Types D/E)
behaviour, indicative of microstructural heterogeneity.

HT1 demonstrated creep resistance comparable to the wrought alloy,
due to the synergistic effect of fine grain boundary strengthening
precipitates and an intermediate grain size. In contrast, HT2 and AR
materials exhibited inferior creep behaviour, with faster creep rates
and reduced rupture lives.

HT1 displayed the highest LCF performance among all tested vari-
ants, followed by HT2 and AR, with the wrought material exhibiting
the lowest fatigue strength under cyclic loading at elevated tem-
perature. This was attributed to the tailored precipitate structure and
grain refinement from HT1.

Fractographic analysis revealed that the wrought material retained
the most ductile failure modes, with pronounced dimpling and
necking. The LB-PBF variants, particularly HT1, showed more brittle
features but benefited from multiple crack initiation resistance and
uniform phase distribution.

HT1 emerges as the optimal heat treatment for enhancing both fa-
tigue and creep properties of LB-PBF IN718, offering mechanical
performance closely aligned with or surpassing wrought material in
high-temperature applications. The study confirms that post-
processing plays a critical role in realising the full potential of
additively manufactured superalloys for demanding service
environments.
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