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ARTICLE INFO ABSTRACT

Keywords:

Additive manufacturing
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The development of additive manufacturing, or three-dimensional (3D) printing, technologies has produced
breakthroughs in the design and manufacturing of products by enhancing design freedom and minimising
manufacturing steps. In addition, the complex, unique microstructures imparted by the additive processes offer
prospects of unprecedented advances to produce high-performance metal alloys for high-temperature and cor-

Superallo . . . is . .
IncI:mel 725 rosive environments. Here, we present the first additive manufacturing of Inconel alloy 725, an advanced nickel-
Microstructure base superalloy that is the widely accepted gold standard material of choice for oil and gas, chemical, and marine

applications. We explore the printability of Inconel alloy 725 and identify a wide processing space to build
material with a crack- and near-pore-free microstructure. The conventionally heat-treated Inconel alloy 725 has
an equiaxed, near-fully recrystallised microstructure containing copious twin boundaries and nano-precipitates.
It also displays promising tensile properties and corrosion resistance compared to its wrought counterpart. Our
work opens the door toward additive manufacturing of Inconel alloy 725 components with optimised micro-

Tensile properties
Corrosion properties

structure and topology geometry for applications in harsh environments.

1. Introduction

Additive manufacturing (AM), or three-dimensional (3D) printing,
has revolutionised manufacturing across all major industrial sectors,
including aeronautics, automotive, biomedical, construction, space, and
many others [1-4]. In contrast to traditional subtractive manufacturing,
which produces parts by removing material, AM builds parts by suc-
cessively adding material in a layer-wise fashion. This process results in
reduced material waste, minimised manufacturing steps, and enhanced
design freedom. AM is deemed a disruptive technology for making metal
alloy components for load-bearing applications [5]. The additive process
offers added design freedom that can directly impact the performance
and lifetime of parts made from structural metal alloys. For example,
superalloy turbine blades with complex internal cooling channels can be
produced by AM [6], eliminating the need for expensive ceramic in-
vestment moulds as required by traditional manufacturing routes. In
another instance of added design freedom, AM is capable of fabricating

parts with 3D architected lattices or truss networks with effective ma-
terial use and optimised strength-to-weight ratios [7].

Besides geometry-related improvements in part performance, AM
can impart unique microstructures that enhance the failure resistance of
metallic materials. One example is AM of austenitic stainless steels,
which can show an exceptional combination of high tensile properties
[8], corrosion resistance [9], and hydrogen embrittlement resistance
[10]. The performance improvements stem from the additional
strengthening mechanisms brought about by the formation of solidifi-
cation cellular structures [8,11], suppression of second-phase pre-
cipitates [9], and phase stability of the material during deformation
[10], which are ascribed to the non-equilibrium cooling conditions of
the AM process. Furthermore, AM enables structural materials with
unprecedented property tuning through composition [12] or micro-
structure adjustments [13,14]. These adjustments can be tailored locally
by varying the process parameters or feedstock material point-by-point
in the printed part. As an example, one could make components by AM
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that are tough and ductile on the inside while resistant to failure or
degradation on the outside skin, by, for instance, locally manipulating
the composition [15], grain size and morphology [16], grain boundary
network [17], or phase distribution [18].

This new materials design paradigm could easily find an application
in the oil and gas, chemical, and marine industries, which have a history
of catastrophic failures. Unlike other sectors like automotive and aero-
space, these industries have been slow to adopt AM since most of the
potential printed parts are critical components that must withstand
extreme conditions. In the years ahead, AM is poised to broadly reshape
industries like oil and gas where parts can be stored digitally and
manufactured on-demand in offshore facilities, removing costly logistics
and warehousing. Designing new metal alloys from scratch for AM,
while certainly needed, can be prohibitively time-consuming and costly.
Adapting current grades of metal alloys to AM can be more cost-effective
with shorter design cycles. One promising commercial alloy to engineer
by AM is Inconel alloy 725 (IN725, UNS N07725), an age-hardening
nickel-chromium-molybdenum-niobium-based superalloy that com-
bines the excellent strength and toughness found in Inconel alloy 718
(IN718) with the corrosion resistance displayed by Inconel alloy 625
(IN625) [19]. A notable example of catastrophic mechanical failure of
the IN725 includes the recent field failure of a part made from wrought
material [20]. The failure is believed to be associated with stress
corrosion- and/or hydrogen-induced cracking. AM may provide a
practical solution to these problems by leveraging its enhanced part and
microstructure design freedom. Although many studies report on the
printability of commercial nickel-base superalloys (see Table 1), AM of
IN725 has yet to be explored.

Here, we report on the AM of IN725 by laser-based powder bed
fusion (L-PBF) for the first time. We assess the printability of IN725
using a Prager-Shira diagram and thermodynamic modelling, and pre-
dict that the material is resistant to cracking during L-PBF. We explore
the scan speed-hatch distance space for L-PBF IN725 and identify a wide
region to build material with a crack- and near-pore-free (relative den-
sity of >99.5%) microstructure. We characterise the grain structure of
near-defect-free IN725 before and after heat treatment, consistent with
ASTM standards. Strongly textured, coarse columnar grains appear in
the as-printed metal alloy. By contrast, upon heat treatment, the metal
alloy shows a near-fully recrystallised microstructure with fine, equi-
axed recrystallised grains containing copious twin boundaries and nano-
precipitates. The tensile properties of the L-PBF IN725 in the heat-
treated condition meet the strength-ductility requirement for its
wrought counterpart. The AM metal alloy also shows promising corro-
sion resistance compared to conventional wrought material. Our work
opens a pathway toward AM IN725 components that can provide

Table 1
Summary of commercial nickel-base superalloys built by AM.
Alloy Institute Year Ref.
Inconel alloy No‘rthwestern Polytechnical University, 2008 [21]
718 China
I“Z‘;r;el alloy University of Michigan, USA 2000  [22]
Inconel alloy . . e
738LC ETH Zurich, Switzerland 2013 [23]
Im;t;r(;el alloy University of Paderborn, Germany 2013 [24]
CM247LC University of Birmingham, UK 2014 [25]
Inconel alloy Singapore Inst}tute of Manufacturing 2014 [26]
100 Technology, Singapore
CMSX-4 Georgia Institute of Technology, USA 2014 [27]
Inc;gr;el alloy Institute of Metal Research, China 2018 [28]
Haynes 282 Wayne State University, USA 2019 [29]
I“‘;‘i‘;‘z alloy University of Sheffield, UK 2020 [30]
Inconel alloy Nanyang Technological University, 2022 This
725 Singapore work
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extended service under extremely harsh environments.
2. Methods
2.1. Thermodynamic modelling

We calculated the solidification path of IN725 using Thermo-Calc
Software (www.thermocalc.com) [31] with a Scheil-Gulliver solidifi-
cation model and TTNi8 thermodynamic database. We obtained the
solidification path of IN725 under the same conditions with the same
procedure as for other commercial nickel-base superalloys [32]. We
assessed the printability of IN725 by comparing the risk to strain-age
cracking and hot tearing between IN725 and other commercial nickel-
base superalloys (data previously reported in ref. [32]). We defined
the freezing range (ATy) of alloys as the temperature range between the
liquidus temperature (T—o) and the temperature corresponding to a
solid fraction of 0.99 (Tfs—0.99).

2.2. Sample preparation

We produced samples of IN725 from gas-atomised powder (25-63
pm in diameter, supplied by Carpenter Technology Corporation, Fig. 1a)
with a nominal composition shown in Table 2. We built the samples
using a custom-made L-PBF printer equipped with a pulsed fibre laser
(SPI Lasers, G4) with a central emission wavelength of 1060 nm and
maximum average power of 200 W. We produced two sets of samples
with rectangular and dog-bone shapes, respectively (Fig. 1b). The first
was 3 mm in width, 7.5 mm in height, and 15 mm in length. The second
had a gauge length of 10 mm, gauge width of 2 mm, and height of 15
mm. To build the block samples, we set the laser power (P) to 200 W,
beam diameter (D) to 110 pm, and layer thickness (t) to 50 pm. We
varied the scan speed (v) between 400 and 900 mm s~! and the hatch
spacing (h) between 45 and 120 pm. We chose to fix the laser power to
the printer’s maximum value (200 W) since the process window for
producing defect-free L-PBF metal alloys widens with increasing laser
power, as shown in previous work [33]. We then chose to vary scan
speed and hatch distance, both of which contribute to pore formation in
L-PBF [34,35]. To build the dog-bone-shaped sample, we set P = 200 W,
t=50 pm, D =110 pm, v = 700 mm s %, and h = 60 pm. In this work,
these specific parameters led to builds with the highest density. During
the L-PBF of both sample sets, we chose a raster scan pattern with an
increment of 67° between each layer and used nitrogen as the shielding
gas. No preheating was used during the L-PBF process.

We cut the block samples along the y-z cross-section and prepared
their surfaces by standard metallurgical procedures. We selected the
block sample produced with optimised process parameters (i.e., those
used to build the dog-bone-shaped samples) for detailed microstructural
characterisation in both the as-printed and heat-treated conditions. We
followed a heat-treatment regime (Fig. 1c) consisting of a solution
treatment (1040 °C for 1 h followed by water quenching) followed by
ageing (732 °C for 8 h followed by furnace cooling to 621 °C, holding 8
h, and air cooling), as per the 2017 ASTM B805 standard (Standard
Specification for Precipitation Hardening Nickel Alloys Bar and Wire [36]).

2.3. Microstructural characterisation

We measured the areal porosity of each block sample using images of
their entire cross-sections obtained with an optical microscope. We
examined the grain structure of the as-printed and heat-treated L-PBF
IN725 by electron backscatter diffraction (EBSD) in a scanning electron
microscope (JEOL, JSM-7800F PRIME) equipped with an EBSD detector
(Oxford Instruments, Symmetry S2). We carried out EBSD using a step
size of 500 nm, accelerating voltage of 20 kV, and working distance of
20 mm. We analysed the EBSD data using the software AztecCrystal
(www.nano.oxinst.com). We identified the phases in the gas-atomised
powder as well as in the L-PBF IN725, both in the as-printed and heat-
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Fig. 1. L-PBF and heat treatment of IN725. a Inverse pole figure map along the out-of-plane direction of gas-atomised IN725 powder. Inset, small circular regions of
un-indexed pixels inside of an IN725 polished powder, presumably representing porosity. b Schematic of the block and dog-bone-shaped samples with their z-axis
parallel to the build direction. ¢ Schematic overview of the heat treatment regime applied herein.

Table 2
RMIT Classification: Trusted

Alloy Cr Mo Fe Nb Ti Al B Co

Ta Si Mn C Mg Cu (¢} N Ni

IN725 19.43 7.40 4.44 3.78 1.71 0.66 0.004 0.01

0.065 0.01 0.01 0.013 0.01 0.05 0.006 0.004 Bal.

treated conditions, using an X-ray diffractometer (Malvern Panalytical,
Empyrean) with Cu Ka; radiation. We inspected the distribution and
morphology of precipitates in the as-printed and heat-treated L-PBF
IN725 using transmission electron microscopy (TEM, JEOL, JEM-
2100F). We prepare the TEM lamellae using a focused ion beam (FIB)
microscope (ZEISS, Crossbeam 540).

2.4. Tensile testing

We prepared tensile specimens with a thickness of 1 mm by
sectioning the dog-bone-shaped sample with electrical discharge
machining. We polished both sides of the gauge section by standard
metallurgical procedures. We performed tensile testing at an initial
strain rate of 1 x 10~3 s}, using a universal testing machine (Shimadzu,
AGS-50kNX) equipped with a non-contact digital video extensometer
(Shimadzu, TRViewX). We compared the values of strength and ductility
obtained from tensile testing (averaged over three repeats for both the
as-printed and heat-treated L-PBF IN725) with the tensile requirements
for wrought IN725, as per the 2017 ASTM B805 standard [36].

2.5. Electrochemical and corrosion testing

We performed potentiodynamic polarisation testing to assess the
corrosion behaviour of PBF IN725, both in the as-printed and heat-
treated conditions. We compared the results to those obtained from
wrought IN725. The wrought IN725 exhibits a fully recrystallised,
precipitation-hardened microstructure, as studied previously [37,38].
We used a BioLogic potentiostat controlled by the software EC-Lab
(BioLogic). We mounted the specimens in epoxy resin with one side
exposed to the electrolyte and the opposite side electrically connected to
the working electrode via a copper wire. We ground and polished the
exposed side of the samples to a #2000 grit finish and then ultrasoni-
cally cleaned them with ethanol. We perform the potentiodynamic
polarisation in a conventional flat cell comprising a working electrode
(the tested specimen with the exposed surface area of ~0.5 cm?), sil-
ver-silver chloride reference electrode, and platinum mesh counter
electrode (~2 cm?). We selected 3.5 wt% NaCl solution as the electro-
lyte, and we conditioned the specimens in electrolyte for 1 h to stabilise

an open circuit potential before the testing. We carried out polarisation
scans in a linear upward manner from —0.25 V (vs. open circuit po-
tential) to 1 Vag/agc1 With a scanning rate of 1 mV s~! and limiting
current density of 1 mA cm™2 in a naturally aerated condition at room
temperature (25 °C). We repeated the tests at least three times per
sample to ensure good reproducibility.

3. Results
3.1. Alloy manufacturability via L-PBF

The high-temperature strength of nickel-base superalloys derives
from the fine-scale precipitates of the y’ (L1,, primitive cubic) and y”
(D042, body-centred tetragonal) phases in the ductile y matrix (Al, face-
centred-cubic, FCC) [39]. Many nickel-base superalloys are unsuitable
for fusion-based AM due to their rapid precipitation of y’ and/or y”
particles following solidification, which hinders the relaxation of
stresses in the age-hardened material, resulting in strain-age cracking
[40]. The susceptibility of nickel-base superalloys to strain-age cracking
is often explained using Prager-Shira diagrams [41], which show that
increasing the content of y’- and y”-forming elements (e.g., aluminium,
titanium, niobium, tantalum, etc.) increases the propensity of nickel-
base superalloys to strain-age cracking. Originally developed for weld-
ing technologies [41], these diagrams have been adapted for evaluating
the risk of nickel-base superalloys to strain-age cracking during fusion-
based AM [32]. In Fig. 2a, we plot a modified Prager-Shira diagram
for various commercial nickel-base superalloys. Following an empirical
rule, an alloy tends to strain-age cracking if the weight percentages of
aluminium, titanium, niobium, and tantalum are Wp + 0.5Wrg +
0.3Wnp + 0.15W, > 4 wt%. The diagram indicates that IN725 is the
least susceptible of the precipitation-hardening alloys studied to strain-
age cracking.

Another possible issue with the manufacturability of IN725 by L-PBF
is cracking during solidification, often termed hot tearing or solidifica-
tion cracking [42]. The Scheil-Gulliver model for solidification and
freezing range are often used to predict the susceptibility of an alloy to
hot tearing. A large freezing range AT¢ usually leads to less liquid being
available for feeding along grain boundaries near the end of



C.J. Todaro et al.

Materials Characterization 194 (2022) 112454

a 3 b 1,400
3 251 o A
8 @ 'N939
z @ IN738LC 1,300 P
i i —~
= 21 OO o (1)
S o
+ 15 5) £1,200 - AT,
EZ 9]
Q.
@ O 5 @7
PR H ® 282 o .
= aynes
£ v cm247.C. @ 1100 4 (1): fec, liquid @)
) (2): fce, MC carbide, liquid @) /\ v
© 05 4 Risks strain-age (3): fcc, MC carbide, 9, liquid A
— cracking (4): foc, MC carbide, 8, Laves, liquid ®)
(5): fcc, MC carbide, 6, Laves, n, liquid
0 . . . 1,000 . . : .
0 2 4 6 8 0 0.2 0.4 0.6 0.8 1
Wy, (Wt%) Solid fraction
€ 500 o
CM247LC
400
3 IN939 Risks
° (@) hot tearing
(o]
S 300 - ® @) 1
%’ IN738LC
2 Haynes 282
& 200 | / @0
=
<
[}
w
100 A
. Risks strain-age
cracking
0 . . .
0 2 4 6 8 10

Strain-age cracking merit index (wt%)

Fig. 2. Risk of cracking of IN725 during fusion-based AM. a A modified Prager-Shira diagram for various commercial nickel-base superalloys. b The Scheil-Gulliver
solidification path of IN725. ¢ The freezing range AT; of various commercial nickel-base superalloys versus their strain-age cracking merit index Mgac.

solidification to resist cracking. Based on our thermodynamic pre-
dictions using the Scheil-Gulliver model, the freezing range AT¢of IN725
is 268 K (Fig. 2b). To evaluate the likelihood of IN725 to hot tearing, we
plot the freezing range AT of various commercial nickel-base superal-
loys versus their strain-age cracking merit index [32] (Msac = Wa1 +
0.5Wrj + 0.3Wnp + 0.15Wry,) (Fig. 3c). The freezing range AT limit for
risk to hot tearing of 280 K is, to a first approximation as has been
assumed previously [32], between that of Inconel alloy 738LC (285 K)
and IN718 (265 K). The former often suffers from hot tearing [43,44],
while the latter frequently resists it [45,46]. Based on this plot, our
thermodynamic modelling predicts that IN725 resists hot tearing during
fusion-based AM.

A closer examination of the solidification path of IN725 (Fig. 2b)
suggests that there is no rapid drop in temperature in the last stages of
solidification, which is crucial for the printability of superalloys [32]. A
solidification cracking index (SCI) developed by Kou [47] can be used to
further assess the susceptibility of an alloy to cracking during solidifi-
cation by determining the maximum steepness of its curve of tempera-
ture (T) versus the square root of fraction solid (fg/ 2.

SCI = |aT /d(f,'?) | €h)

We calculate the SCI for IN725 over the last stages of solidification
(fs = 0.9-0.99) to be 2021 K. The SCI value of IN725 is comparable to

other printable alloys such as IN718 (921 K) and ABD-850 AM (3577 K)
and much lower than those of difficult-to-process alloys such as Inconel
939 (7170 K) and Inconel 738LC (6681 K) [32]. This SCI analysis helps
to further rationalise the low solidification crack susceptibility of IN725
during fusion-based AM.

3.2. Processing parameter space

To identify v-h combinations (i.e., scan speed-hatch distance) for
defect-free L-PBF IN725, we quantify the porosity in an array of 36
samples with different v (400, 500, 600, 700, 800 and 900 mm s Dandh
(45, 60, 75, 90, 105 and 120 pm) values by optical microscopy. In
Fig. 3a, we plot the porosity of each sample (proportional to the bubble
size) versus v (x-axis) and volumetric energy density (E, y-axis). The
latter represents the energy transferred to the powder bed for melting
and is typically expressed as E = ;2. We identify three key regions in this
processing parameter space for L-PBF IN725: (1) risk of keyhole defects
for v < 600 mm s’l, (2) risk of lack-of-fusion defects for v > 700 mm s+
andE<74J mm’g; and (3) near-porosity-free builds for v > 700 mm s
and E > 74 J mm 3. Fig. 3b-d show some representative optical mi-
crographs of these three cases. We find that the near-porosity-free builds
have E values of 74-127 J mm >, This finding is in good agreement with
what has been reported in the literature for L-PBF IN625 (60-100 J
mm*?’) [48] and L-PBF IN718 (80-110J mm’3) [49]. Low scan speeds v
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Fig. 3. L-PBF of near-defect-free IN725. a A bubble plot showing porosity in samples as a function of scan speed v (x-axis) and volumetric energy density E (y-axis). b-
d Optical images showing representative samples with keyhole pores (E = 222 J mm 2 and v = 400 mm s ) (b), lack-of-fusion pores (E = 37 J mm~2 and v = 900
mm s ) (¢) and near-defect free microstructure (E = 95 J mm > and v = 700 mm s~ %) (d).

are known to result in spherical keyhole pores, which are associated
with local recoil pressure on the liquid below the laser due to intense
vaporisation [35]. On the other hand, combinations of high scan speeds
v and low volumetric energy densities E can result in lack-of-fusion
pores, which originate from inadequate fusion bonding among succes-
sive hatches and layers [34]. We observe no cracks in any of the samples
consistent with the predictions of our qualitative analysis (Fig. 2). We
highlight that, under optimal conditions, porosity in L-PBF IN718 and L-
PBF IN625 can be reduced to around 0.1-0.2%, which is lower than
what we have achieved in this work. We expect that the increased re-
sidual porosity in this work stems from porosity in our gas-atomised
powder, which was produced in a small batch. Indeed, we observe
small circular regions of un-indexed pixels inside some powder particles
(Fig. 1a).

Throughout the rest of the paper, we focus on samples produced
using v = 700 mm s~ ' and h = 60 pm, which yield the densest builds
(relative density of ~99.6%).

3.3. Grain structure

To analyse the grain structure of our samples, we plot EBSD inverse
pole figure grain maps of the as-printed and heat-treated metal alloy
(Fig. 4). The as-printed metal alloy shows a series of large columnar
grains (several hundred micrometres in length) aligned along the build
direction, z, and having a strong (100), fibre texture (maximum value of
multiples of uniform density of 7.1) (Fig. 4a). Comparable textures have
been obtained for other nickel-based metal alloys printed using the same
raster scan strategy employed in this work [50,51]. The EBSD mea-
surements further indicate that the as-printed metal alloy contains a
large fraction of low-angle grain boundaries (49% of the total grain
boundaries) (Fig. 4b). We compute the average grain size based on the
high-angle grain boundaries in Fig. 4b to be 173 pm. The grain orien-
tation spread map in Fig. 4c shows that the misorientation between each
measured point in a grain and the average orientation of the grain is
substantial, and amounts to an average of 5.9° (Fig. 4c). Large intra-
granular orientation spread often implies the presence of geometric
necessary dislocation (GND) structures within grains, which are another
common feature of as-printed metal alloys produced by L-PBF. We
determine the average GND density in as-printed L-PBF IN725 using the
orientation data collected by EBSD and the Weighted Burgers Vector
technique to be 0.39 x 10'* m~2. Such microstructural features are

hypothesised to originate from the compression-tension stresses
rendered by the localised heating and cooling cycles upon laser scanning
[52].

In comparison, the heat-treated alloy shows mostly randomly ori-
ented equiaxed grains containing many 3{111} <110> coherent twin
boundaries (CTBs) and average grain size of 68 pm (computed by
including all CTBs) (Fig. 4d). The heat treatment has not only replaced
many of the low-angle grain boundaries with £3 CTBs (56% of the total
grain boundaries) but also markedly reduced the average spread in
orientation within grains from 5.9° to 1.1° (as evidenced when
comparing Fig. 4b to e and c to f). The heat treatment has also reduced
the average GND density to 0.14 x 10 m™2, about a third of that
estimated before heat treatment. These features are indicative of
recrystallisation. Intragranular orientation spread is often used as a
means to distinguish recrystallised from non-recrystallised grains, where
the orientation spread within the former is lower than that of the latter
[53]. We select values of grain orientation spread smaller than 2° to
isolate recrystallised grains and compute their occurrence in both the as-
printed and heat-treated microstructures. We find an increase in the area
percentage of recrystallised grains from 28% to 89% upon heat treat-
ment. We conclude that our L-PBF IN725 undergoes rapid recrystalli-
sation upon heat treatment (within the short treatment time of 1 h) and
without any additional thermomechanical processing. This is in contrast
to the recrystallisation of L-PBF 316 L, which requires additional me-
chanical deformation before heat treatment at 1050 °C [54].

To assess the solidification structure of L-PBF IN725 and its evolution
upon heat treatment, we use a combination of backscattered electron
(BSE) imaging and EBSD (Fig. 5a-d). The BSE micrograph of the as-
printed metal alloy (Fig. 5a) shows solidification cells about a micron
wide within the grains of high orientation spread (Fig. 5b). Conversely,
the heat-treated microstructure exhibits no cells within recrystallised
grains (Fig. 5¢, d). Hence, we conclude that recrystallisation during heat
treatment eliminates the cell structure. We note that the polished sur-
faces of both the as-printed and heat-treated IN725 do not show any
obvious second-phase particles within grains or at grain boundaries by
SEM, suggesting that no second-phase particles are distinguishable at
the micrometre scale. After etching their polished surfaces, we find thin
films at intercellular regions of the as-printed IN725 (Supplementary
Fig. 1). We expect that the films are either solute-enriched FCC y matrix
or secondary phases (e.g., Laves), forming by solute segregation during
solidification. To further identify the phases in our samples, we analyse
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Fig. 4. Grain structure of L-PBF IN725. EBSD analysis of the as-printed (a-c) and heat-treated (d-f) alloy. a, d EBSD inverse pole figure maps along the z-axis. Insets
show the corresponding {100} contoured pole figures. b, e Grain boundary maps. c, f Grain misorientation maps.

the x-ray diffraction (XRD) measurements of the as-printed and heat-
treated metal alloy, as well as the pre-alloyed powder, which we take
as reference (Fig. 5e). The X-ray diffraction patterns confirm the possi-
bility of the FCC y matrix, y’-, and/or y”-precipitates in the L-PBF IN725.
We cannot resolve these phases because their peaks overlap with each
other. We resolve such phases by TEM in the next section.

3.4. Precipitation of intermetallic phases

We rely on TEM to investigate the presence of precipitates in our
samples. The results, shown in Fig. 6, indicate the absence of precipitates
inside the as-printed metal alloy but their presence in the heat-treated
one. Selected area diffraction of the as-printed alloy reveals electron
diffraction spots of single-phase FCC y matrix (Fig. 6a). Selected-area
electron diffraction of the heat-treated metal alloy shows additional
superlattice diffraction spots corresponding to other phases (Fig. 6b).
We adopt the [001], zone axis to unambiguously identify the pre-
cipitates, following the technique of Paulonis et al. [55] and the theo-
retical diffraction patterns given in Ref. [56]. In this orientation, the
diffraction pattern shows electron diffraction spots belonging to y’- and
y’-precipitates. Thus, the (001) spot marked by the arrow in Fig. 6b is
composed of a point, which is a (001), reflection, and a streak, which is

a (002),~ reflection. We capture the detailed geometry and distribution
of y’-precipitates, which are the principle strengthening particles in
y”-precipitate-containing nickel-base superalloys [39]. Fig. 6¢ shows the
dark-field TEM image of y”-precipitates taken from the (101),~ reflection
marked by the orange circle. The precipitates are uniformly distributed
within the FCC y matrix and have disk-shaped geometry, with a length of
~9 nm and width of ~3 nm. These results are comparable to what has
been reported for wrought IN725 [37]. We do not observe any other
obvious secondary phases in our TEM specimens. Nonetheless, we
cannot ignore the possibility that second-phase particles (e.g., Laves,
carbides, oxides, §, etc.) exist in our alloy, which demands in-depth TEM
experiments to verify [57].

3.5. Tensile properties

To assess the mechanical properties of L-PBF IN725, we plot the
engineering stress-strain behaviour of the alloy in tension—both in the
as-printed and heat-treated conditions—and compare the results against
the 2017 ASTM B805 standard for wrought IN725 [36], as well as the
literature data on L-PBF IN625 [58] and L-PBF IN718 [59] which were
heat-treated following ASTM standards. We show the experimental re-
sults in Fig. 7a and detail the tensile properties in Table 3. Comparing



C.J. Todaro et al.

0° I 8°

Materials Characterization 194 (2022) 112454

e
oV,
©(200) oy"
0(204)
o(111)
0(112) *(220)
As-printed 0(220)
A,
3
s
2
‘@
c
2o
=
Heat-treated
Pz
Powder
. . . . |
30 40 50 60 70 80
20 MM 26 (o)

Fig. 5. Solidification structure and phases in L-PBF IN725. a, b BSE images acquired by SEM of the as-printed (a) and heat-treated (b) alloy. ¢, d Grain misorientation
maps acquired by EBSD of the as-printed (c) and heat-treated (d) metal alloy from the same regions shown in a and b, respectively. e XRD patterns of our L-PBF
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Fig. 6. Precipitates in L-PBF IN725. a, b Selected-area electron diffraction patterns with the [001], zone axis for the as-printed (a) and heat-treated (b) metal alloy. ¢
Dark-field TEM image taken from the (101) reflection marked by the red circle in b, highlighting coherently diffracting domains corresponding to y”-precipitates. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the as-printed and heat-treated alloy, we note an increase in the strength
of the metal alloy after heat treatment (~42% and ~26% increase in
yield strength, oy, and ultimate tensile strength, oyrs, respectively) but a
decrease in elongation at fracture (¢, ~23% decrease). The fracture
surfaces of both samples mostly consist of ~700 nm-sized dimples
(Fig. 7a, b), which is indicative of void coalescence during ductile
fracture. The heat-treated L-PBF IN725 meets the requirements of tensile
properties for conventional wrought material. When comparing the
different L-PBF metal alloys in their standard heat-treated conditions,
IN725 exhibits strengths and an elongation till fracture in between those
of IN625 and IN718.

50 nm

3.6. Corrosion properties

To characterise the corrosion behaviour of our samples, we perform
potentiodynamic polarisation tests on the as-printed and heat-treated L-
PBF IN725 and compare the results against the wrought counterpart.
Fig. 8 displays the typical polarisation curves for each material in 3.5 wt
% NaCl. Such gcurves are widely used to benchmark the corrosion
resistance of metallic materials in different environments [60].
Following repeated tests, we detail the average characteristic corrosion
values for our samples in Table 4. The polarisation curves of both the L-
PBF IN725 and wrought IN725 specimens display a similar polarisation
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Fig. 7. Tensile testing of L-PBF IN725. a Representative engineering stress-strain curves of the as-printed and heat-treated metal alloy; error bars represent one
standard deviation. b, ¢ SEM micrographs of the fracture surfaces of the as-printed (b) and heat-treated (c) metal alloy.

Table 3
Mechanical properties of selected nickel-base superalloys.

Alloy Condition  Yield Ultimate Elongation at Ref.
strength, 6, tensile fracture, &
(MPa) strength, (%)
oyrs (MPa)
As-
L-PBF printed 593 940 34.2 This
IN725 Heat- 842 1188 2.5 work
treated
Wrought Heat-
IN725 treated 827 1137 2 (36
L-PBF Heat-
IN625 treated 650 o7 47 (58]
L-PBF Heat- 1102 1362 10.1 [59]

IN718 treated
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Fig. 8. Potentiodynamic polarisation curves for L-PBF IN725 in the as-printed
and heat-treated conditions in 3.5 wt% NaCl. Results for the wrought coun-
terpart are included for comparison.

Table 4

Characteristic corrosion values of IN725 determined from potentiodynamic
polarisation in 3.5 wt% NaCl. Results for L-PBF IN718 under similar conditions
from the literature are included for comparison.

Alloy Condition Corrosion Corrosion Pitting
potential, Ecopr current, icorr potential, Ep;,
(Vag/age) (BA cm™?) (Vag/age)
L-PBF As-printed —0.23 + 0.02 2.66 £0.21 0.61 £ 0.01
IN725
L-PBF Heat- —0.21 = 0.01 2.33 £ 0.40 0.59 + 0.02
IN725 treated
Wrought Heat- —0.20 + 0.02 3.24 £ 0.42 0.65 £+ 0.01
IN725 treated

response in the active region of the anodic branch (approximately below
120 mV anodic overpotential). We note corrosion potential E.q, values
for the L-PBF and wrought specimens in the range of —0.21 to —0.23
Vag/agcl, slightly more negative than that of the wrought metal alloy
(0.2 Vag/agc)). We also note that the extrapolated values of I.o for the
metal alloys tested herein are similar, where the difference in I. be-
tween the L-PBF and wrought samples is <1 pA cm™2 These results
signal that our L-PBF IN725—both in the as-printed and heat-treated
conditions—exhibits a comparable nobility and corrosion rate to its
wrought counterpart. Interestingly, upon transition to the passive re-
gion, we measure a relatively lower anodic Tafel-slope and higher pas-
sive current density in the passive potential range of ~0.25 to 0.5 Vag,
agcl for the L-PBF specimens compared to the wrought specimens. This
observation is in good agreement with the less noble E; values
measured for the as-printed (0.61 Vag/agc) and heat-treated (0.59 Vag,
Agcl) specimens as opposed to the wrought ones (0.65 Vag/agc). The
minor effect of heat treatment on the corrosion values of L-PBF IN725 is
consistent with what has been reported for L-PBF IN718 following a
similar heat treatment regime [61].(

4. Discussion

In this work, we have shown that IN725 can be included in the
palette of metallic materials which can be readily manufactured by L-
PBF. More specifically, we carried out the first analyses of the risk of
IN725 to cracking during fusion-based AM using a Prager-Shira diagram
and thermodynamic modelling. Such a methodology has been proven
effective for evaluating the printability of metal alloys in fusion-based
AM [32]. Our assessment revealed a tendency of IN725 to resist
cracking during fusion-based AM, with comparable behaviour to that of
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the well-studied, easily printable metal alloys IN718 and IN625. Our
experimental results validated the high resistance of IN725 to cracking
during L-PBF, in which we obtained crack-free samples across the entire
processing window studied herein. We also identified a wide processing
window for printing IN725 with near-porosity-free (relative density of
>99.5%) microstructures. Our work demonstrates excellent printability
of L-PBF IN725, that is, the ability of the metal alloy to print with a
crack- and near pore-free microstructure by L-PBF. The wide processing
window suggests the possibility of further engineering the microstruc-
ture of the metal alloy during printing by tuning processing parameters,
to optimise combinations of mechanical and corrosion properties.

The as-printed L-PBF IN725 displayed textured columnar grains and
fine solidification cell structures. Such a microstructure is well reported
in many commercial metal alloys produced by L-PBF, including similar
metal alloys IN625 [58] and IN718 [62], and is attributed to the intrinsic
high cooling rates and high temperature gradients of the manufacturing
process [63,64]. By contrast, the heat-treated L-PBF IN725 showed
mostly randomly oriented recrystallised equiaxed grains having a high
density of £3 CTBs and no evidence of solidification cells. Previous work
on L-PBF austenitic stainless steel revealed that, during heat treatment,
X3 CTBs nucleate new recrystallised grains with mobile grain bound-
aries that sweep and consume the as-printed microstructure [65]. The
high fraction of £3 CTBs in the heat-treated L-PBF IN725 likely aided the
massive recrystallisation of the metal alloy during heat treatment.

The recrystallisation response of the L-PBF IN725 to standard heat
treatment is unlike other commercial L-PBF nickel-base superalloys. For
instance, standardised heat treatments (following both wrought [66]
and AM [67] standards) do not trigger recrystallisation of L-PBF IN718,
which instead requires substantially higher solution treatment temper-
atures of >1100 °C [62,68-70]. Similar observations were made in
studies on L-PBF IN625 [71], where solution treatments using temper-
atures of only the utmost limit (>1080 °C) given by the standard [72]
result in recrystallization. Recrystallisation can aid the release of age-
hardening constituents (niobium, titanium and aluminium) into the
nickel matrix by dissolving second-phase particles [73] and cell net-
works. Also, recrystallisation often results replaces columnar grains with
equiaxed ones. Equiaxed grains are conducive to isotropic mechanical
properties and therefore more desirable for structural applications, in
general. Previous work found that as-printed IN718 exhibits higher
strength but lower ductility in the x-direction compared to the z-direc-
tion due to columnar grains aligned along the build direction [74]. Thus,
we expect that the tensile data reported herein for the as-printed IN725
represent upper and lower bounds for the strengths and elongation,
respectively. In addition, previous research demonstrated that a L-PBF
IN718 with a heat treatment-inducing recrystallised microstructure
possesses near-isotropic tensile properties along different loading di-
rections [75]. In this regard, although the tensile data are limited to one
direction herein, we expect that our heat-treated L-PBF IN725 with
recrystallised grain structure should exhibit near-isotropic tensile
properties. Our work shows that the recrystallisation temperature of L-
PBF IN725 is satisfied by standard heat treatment. In this regard, L-PBF
IN725 together with the standard heat treatment are uniquely well-
suited for attaining a well-homogenised and near-fully recrystallised
grain structure.

The heat-treated L-PBF IN725 exhibits strength and ductility that
meet the requirements of the ASTM standard for conventional wrought
material. The yield strength oy of the L-PBF IN725 increased by ~42%
after heat treatment. The as-printed and heat-treated microstructures
showed a large difference in GND and cellular structures (both sub-
stantial in the as-printed sample but sparse in the heat-treated one) and
CTBs and strengthening-precipitates (only present in the heat-treated
sample). The presence of each of these microstructural features can
enhance the strength of metal alloys by blocking dislocation movement.
Our results, therefore, suggest that the primary contributing factor to the
strengthening of L-PBF IN725 are the nano-precipitates and CTBs while
the secondary contributing factors are the GND and cellular structures.
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The mechanical performance of our L-PBF IN725, which is lower than
that of IN718 but higher than IN625, can be rationalized based on the
classic strength-ductility trade-off, where most metallurgical mecha-
nisms for increasing strength lead to a loss in ductility. Based on their
composition of y’-forming elements, IN718 exhibits increased
precipitation-hardening over IN725, while IN625 possesses limited
precipitation-hardening and is often considered non-precipitation-
hardenable. Hence, the variation in mechanical properties between
the different metal alloys may be explained by their precipitation-
hardenability, per the strength-ductility paradigm. We importantly
note that many studies have shown that newly designed heat treatments
that shift away from industry standards can provide optimised me-
chanical performance combinations in L-PBF IN718 [57,76] and L-PBF
IN625 [71,77,78]. This points to opportunities to enhance the me-
chanical properties of our L-PBF IN725 by tailoring the heat treatment,
and we believe this is an important area for future work.

The heat-treated L-PBF IN725 showed corrosion characteristics
comparable to that of wrought metal alloy, owing to their analogous
microstructure, i.e., essentially fully recrystallised grains containing a
high density of nano-precipitates. Despite being free of precipitates—-
which can increase susceptibility to corrosion by promoting strong
micro-galvanic corrosion [79]—the as-printed L-PBF IN725 exhibits
similar corrosion behaviour to the two precipitate-containing samples
(heat-treated wrought and L-PBF IN725). Other microstructural features
such as residual stresses and cellular structures, including accompanying
GND networks and LAGBs, may increase the propensity of as-printed AM
metal alloys to corrosion [80]. Future dedicated experiments are
required to elucidate the individual contributions of such microstruc-
tural features to the corrosion behaviour of as-printed AM metal alloys.

5. Conclusion

We have additively manufactured Inconel alloy 725 (IN725), for the
first time, by laser-based powder bed fusion (L-PBF). Our conclusions are
as follows:

e We assessed the printability of IN725 using a Prager-Shira diagram
and thermodynamic modelling. Our assessment predicted the metal
alloy resists cracking during AM.

e We explored the processing space for L-PBF IN725 and identified a
wide region to print the material with a crack- and near-pore-free
(relative density of >99.5%) microstructure. The wide processing
region suggests the possibility of further engineering the micro-
structure and performance of the metal alloy during AM by tuning
processing parameters.

e We characterised the grain structure of near-defect-free IN725 before
and after conventional heat treatment. Strongly textured, coarse
columnar grains appear in the as-printed metal alloy. By contrast,
upon heat treatment, the metal alloy shows a near-fully recrystallised
microstructure with fine, equiaxed grains containing many twin
boundaries and strengthening precipitates.

We assessed the tensile and corrosion performance of L-PBF IN725.

The L-PBF IN725 in the heat-treated condition exhibits a strength-

ductility-corrosion combination that meets the standard for its

wrought counterpart.

Our efforts provide a starting point for using L-PBF to produce IN725
components for potential use in extreme environments.
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