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� As-deposited Wireþ Arc Additively
Manufactured (WAAM) Inconel (IN)
718 contains Laves phase in the
microstructure.

� A modified post-deposition heat
treatment successfully dissolved Laves
phase without precipitating d phase.

� Changes to the grain structure
through heat treatments reduced
anisotropy in elevated temperature
tensile properties.

� Elevated temperature tensile proper-
ties of WAAM IN 718 meet minimum
specifications for cast but not for
wrought material.
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a b s t r a c t

WireþArc Additive Manufacturing (WAAM) can be used to create large free-form components out of
specialist materials such as nickel-base superalloys. Inconel (IN) 718 is well suited for the WAAM process
due to its excellent weldability. However, during deposition, WAAM IN718 is susceptible to micro-
segregation, leading to undesirable Laves phase formation in the interdendritic regions. Further, the
WAAM process encourages columnar grain growth and the development of a strong fibre texture, leading
to anisotropy in grain structure. This unfavourable microstructure can be addressed through specialised
post-deposition homogenisation heat treatments. A new modified heat treatment was found to be
effective in dissolving Laves phase, whereas a standard treatment precipitated d phase. Tensile test re-
sults revealed that Laves and d phases lead to low ductility when present in a precipitation-hardened
matrix. The modified heat treatment also reduced the anisotropy in grain structure, leading to almost
isotropic elevated temperature tensile properties, which meet minimum specifications for conventional
cast but not for wrought material. Specialised post-deposition heat treatments, which address the unique
microstructure of WAAM IN718, are crucial to achieving optimal mechanical properties.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
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Fig. 1. WAAM equipment setup within the glove box.
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building up a part layer by layer. Unlike powder-based
manufacturing methods, WAAM can be used to build large parts
quickly, due to its higher deposition rates. WAAM builds are near-net
shape, which reduces machining operations and material wastage in
comparison to traditional manufacturing methods of machining
from a casting or forging. One study demonstrated that for an
external landing gear assembly, the technique can provide material
savings of up to 220 kg per part [2]. The cost-effectiveness of WAAM
is multiplied when used with expensive materials such as titanium
alloys and nickel-base superalloys. A fundamental property that
determines a material's suitability to WAAM is weldability. One of
themost weldable nickel-base superalloys is Inconel (IN) 718. Its low
Ti and Al contents decrease its susceptibility to strain age cracking
[3]. It is a precipitation hardenable superalloy known for its high-
temperature strength and is widely used in the aerospace, nuclear,
oil and gas industries. The alloy is hardened predominantly by a
body-centred tetragonal phase, gamma double-prime, g” (Ni3Nb),
which is typically precipitated in post-process aging treatments [4,5].

Deposition of IN718 using WAAM techniques has been demon-
strated to be viable in several studies usingmetal-inert-gas (MIG) [6],
tungsten-inert-gas (TIG) [7e9] and cold metal transfer (CMT) [10],
although careful control of build parameters is necessary to prevent
porosity and crack-like defects. In the as-deposited condition,WAAM
IN718 has a dendritic microstructure decorated with Laves phase
(Ni,Cr,Fe)2(Nb,Mo,Ti) and carbides [6e10]. Laves phase is generally
deemed detrimental for mechanical properties, as its formation de-
pletes thematrix of Nb for g” precipitation and its presencemay have
an embrittling effect on the material. There are two possible ways of
dealing with Laves phase e (i) preventing its formation during
deposition, and (ii) dissolving it back into the matrix through ho-
mogenisation heat treatments. The formation of Laves phase, due to
elemental segregation of heavier elements into the interdendritic
regions, is governed by thermal conditions during deposition. At
present, this is difficult to monitor and control due to the complex
thermal cycling that the part undergoes during the WAAM process
[11]. Therefore, post-deposition heat treatment is currently the most
viable way of managing Laves phase in the as-deposited micro-
structure. However, standard heat treatment schedules, which are
designed for cast or wrought IN718, may not be suitable for WAAM
materials as they have a different starting microstructure.

The mechanical properties of WAAM materials at elevated tem-
perature are especially important for IN718 since thismaterial ismost
commonly used for high temperature applications. Whilst tensile
properties of WAAM IN718 at room temperature have been shown to
be comparable to cast material [8] but short of wroughtmaterial [10],
the properties at elevated temperature remain largely unknown.

WAAM IN718 in the as-deposited condition has been found to
have large columnar grains and a strong crystallographic texture
[9,10]. Unlike fine-grained polycrystalline wrought materials, the
grain structure of WAAM IN718 is highly anisotropic which could
lead to direction dependent mechanical properties. It is important
to assess the extent of anisotropy and reveal the relationship be-
tween the grain structure andmechanical properties, as knowledge
of this structure-property relationship is critical in understanding
the underlying mechanisms which govern the mechanical behav-
iour of WAAM materials. Although separate tensile properties for
WAAM IN718 loaded in different directions have been reported [10],
the extent of their anisotropy has not been quantified, and their
relationship with the anisotropic grain structure remains unclear.

Post-deposition heat treatment can be a convenient way of
improving the microstructure and grain structure of WAAM ma-
terials. However, little is known about the effects of heat treatments
on grain size and texture, and the resulting mechanical properties
of WAAM IN718. Although the use of high-pressure cold rolling
[12e14] has been found tomitigate the formation of large columnar
grains through recrystallisation, rolling requires expensive tooling,
increases overall deposition time, places additional limitations on
part geometry, and the levels of recrystallisation could vary across
the height of the build [15]. Therefore, alternative ways of
improving the grain structure of as-deposited material must be
developed and the resulting direction dependency on mechanical
properties must be examined.

In this work, the effectiveness of heat treatments in improving
the microstructure and tensile properties of WAAM IN718 material
was investigated, and the extent of anisotropy in tensile properties in
relation to its microstructure was assessed. This was performed by
comparing the (i) microstructure, (ii) grain size and texture, (iii)
tensile properties at room and elevated temperature, of WAAM
IN718material in both the as-deposited and heat-treated conditions.

2. Methodology

2.1. WAAM wall manufacture and sample extraction

AWAAM wall specimen was built using a Migatronic 320 A AC/
DC plasma controller with a water-cooled plasma torch in an argon
filled glove box, as shown in Fig. 1. Purified argon was used to
produce the plasma and for shielding. The position of the torch was
controlled using a three-axis linear CNC system. IN718 wire, man-
ufactured by INCO Alloys Limited, with diameter of 1.2mm and
chemical composition detailed in Section 2.5, was guided through a
jig to the tip of the torch.

Each layer of the WAAM wall was deposited in an oscillating
pattern about the wall axis. WAAM build parameters were selected
based on previous work by Xu et al. [15]. The distance from the
torch to the deposition surface was maintained at 8mm. The cur-
rent used was 240 A for the initial layers and was gradually
decreased to 200 A after 18 layers. The torch travel speed was
6.5mm/s, and the wire feed speed was adjusted between 1.5 and
2m/min. The final build dimensions are 300mm length by 27mm
thickness by 68mm height (Fig. 2). No defects were observed from
X-ray radiographs of the wall, although the minimum detectable
size is 1.2mm. Metallographic slices and cylindrical tensile speci-
mens were extracted from the wall as shown in Fig. 2.

2.2. Heat treatment strategies

Heat treatments were performed using a vacuum furnace. The
samples were positioned near the centre of the furnace chamber,
using a stainless steel jig assembly. Samples were placed on a
ceramic tile alongside titanium getters. Two thermocouples were
placed in contact with the jig assembly to measure the internal
temperature during the heat treatment. A photograph of the setup



Fig. 2. Photograph of IN718 WAAM wall labelled with build dimensions, direction axes, oscillating torch path and extraction locations of metallographic slice and tensile specimens.

C.E. Seow et al. / Materials and Design 183 (2019) 108157 3
is shown in Fig. 3.
Two separate homogenisation treatments were investigated, (i)

AMS 5383 [16] homogenisation treatment at 1100 �C for 1 h, air
cool, and solution treatment at 980 �C for 1 h, air cool (Standard
HSA) and (ii) a modified homogenisation treatment at 1186 �C for
40min, air cool (Modified HA). The latter treatment is a novel
modification of the homogenisation treatment of AMS 5383 [16],
designed based on the Laves phase eutectic temperature at 1185 �C
[17,18], used here for the first time on WAAM IN718 material. The
modified homogenisation treatment also has a shorter hold time to
reduce grain growth. Both treatments were followed by a standard
double aging treatment, (720 �C for 8 h, furnace cool, and 620 �C for
8 h, air cool). In addition, one set of samples were aged without any
homogenisation or solution treatment (Aging only). The tempera-
ture traces for the Standard HSA and Modified HA materials are
shown in Fig. 4.
Fig. 3. Internal chamber of vacuum furnace used to perform heat treatments.
2.3. Metallographic preparation and analysis

Metallographic specimens were mounted, ground and polished
to 0.25 mm. They were etched electrolytically with 20% H2SO4 at 3 V
for 10 s. For Electron Backscatter Diffraction (EBSD), samples were
given a final polishing with colloidal silica suspension. Light mi-
crographs were taken using an optical microscope. Backscatter
electron (BSE) images were taken using a ZEISS EVO Scanning
Electron Microscope (SEM). Energy Dispersive X-ray Spectroscopy
(EDX) analysis was also conducted using the SEM with an acceler-
ating voltage of 20 keV. Point analyses were performed using a spot
size of 1 mm. EBSD analyses were performed using a ZEISS SIGMA
Field Emission Gun SEM and an Oxford Instruments Nordlys de-
tector, with an accelerating voltage of 30 keV, aperture of 60 mm
and step sizes between 3 and 5 mm.
2.4. Hardness and tensile testing methods

Vickers hardness testing was performed in compliance with BS
EN ISO 6507-1 [19], using a load of 10 kg.Measurements weremade
at varying distances from the substrate. Standard tensile tests were
performed to BS EN ISO 6892-1 [20] at room temperature and BS
EN ISO 6892-2 [21] at 650 �C. For the latter, a high temperature
extensometer was used to measure strain. Elongation at 650 �C was
determined using the total length of the specimen, as gauge
markings were masked by the discolouration of specimen surface
during the high temperature test.
2.5. Characterisation of wire feedstock

The chemical composition of the IN718 wire feedstock is within
the specifications of SAE International AMS5383 [16] and AMS5662
[22], as shown in Table 1, measured using Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) for major ele-
ments and inert gas fusion elemental analysis for C, N and O. Ti- and
Nb-rich inclusions were found in the wire cross section, as shown
in the Backscatter Electron (BSE) image and corresponding EDX
spectra in Fig. 5. Spot 1 is likely to be a carbo-nitride containing
both Ti and Nb, whose morphology and elemental composition is
discussed further in Section 3.1.2. Spot 2 is likely to be MC-type
carbide NbC, which is typically found in IN718. The distribution of
the particles in thewire (streaks alignedwith thewire axis) suggest
that they might have been introduced during thermomechanical
processes, such as rolling or extrusion, which are commonly used in
wire production.
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Fig. 4. Measured temperature traces for (a) standard homogenised and solution-aged and (b) modified homogenised and aged WAAM IN718 materials.
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3. Results

3.1. As-deposited microstructure

3.1.1. Interlayer boundaries and dendritic microstructure
The as-deposited (As-Dep) WAAM IN718 etched metallographic

specimen (Fig. 6) revealed alternating light and dark bands which
seem to correlate with newly deposited material and re-heated
zones. The interface between the bands is referred to as the inter-
layer boundary. The macrograph insert (Fig. 6) also shows epitaxial
dendrite growth from the substrate plate generally in line with the
build direction, indicating that the thermal gradient is the largest in
this direction. Some dendrites have grown across interlayer
boundaries and can be several millimetres long. The interlayer
boundaries were observed to correspond to differences in dendrite
patterns in the light micrographs (Fig. 7), but may be also be caused
by a combination of weak segregation banding and solute parti-
tioning in the heat affected zones, which has been recently
observed in WAAM titanium alloys [23]. The curvature of the
interlayer boundaries in Fig. 6 and Fig. 7 is likely to be partially due
to the spreading of the molten pool towards the edge during
deposition. The slightly outward-angled dendrite growth direction
at the edges of the sample (shown in Fig. 7a and c) suggests that
there was a small shift in the thermal gradient, which could be due
to heat dissipation from the edges of the deposit.
3.1.2. Laves phase, inclusions and carbides
Laves phase, along with Ti- and Nb-rich inclusions (also found in

the wire feedstock described in Section 2.5), were found in the As-
Dep microstructure. The contrast of the SEM BSE images (Fig. 8a),
which is contributed by topography and elemental differences [24],
show particle morphology and elemental contrast in the micro-
structure. Elements in the phase particles were identified from EDX
spot analysis spectra (Fig. 8b). The main elements in the g-matrix,
which is represented by Area 1 in Fig. 8a, are Ni, Cr and Fe, as shown
by their large peaks in the corresponding spectrum in Fig. 8b.
Smaller peaks were observed for Nb and Mo, as would be normally
expected for IN718, whose chemical composition is detailed in
Section 2.5.
Table 1
Chemical composition of INCO Alloy IN718 wire (wt%).

Element Ni Cr Fe Nb Mo

Composition 53.54 19.31 17.16 4.88 3.0
Laves phase, appearing as light spots with island-like
morphology (Spot 2 in Fig. 8a), were found to be richer in Nb and
Mo than the matrix, inferred from the larger Nb and Mo peaks in
Spectrum 2. These observations of Laves phase are consistent with
those reported in observations of direct laser deposited IN718 [25],
where the authors have confirmed the identity of Laves phase using
Transmission Electron Microscopy (TEM). The presence of Laves
phase is evidence of elemental segregation caused by a high heat
input and slow cooling rate [26] during WAAM deposition. The role
of Laves phase in mechanical properties, and strategies to mitigate
its formation are discussed in Section 4.1.

Ti- and Nb-rich inclusions, have block-like morphology and can
appear as dark or light spots (Spots 3 and 4 in Fig. 8a) depending on
their proportions of Ti and Nb (dark spots are richer in Ti than Nb
and vice versa). The smaller peaks in Spectra 3 and 4 are likely to
have been contributed by the matrix, as the minimum spot size for
EDX analysis (1 mm) is larger than the particles in Spots 3 and 4.
Spot 4 in particular appears to be a Ti-rich core with a Nb-rich shell,
consistent with TEM observations of similar particles in IN625
fusionwelds [27], which the authors identified to be carbo-nitrides
with a TiN core and NbC shell. TiN particles can act as nucleation
sites for the formation of carbides like NbC [28,29], resulting in this
type of complex particles. NbC is expected in the microstructure as
it forms before Laves phase in the IN718 solidification sequence
[30]. In contrast, TiN is likely to have come from the wire feedstock
as its melting point (2950 �C [31]) is much higher than the tem-
perature of the melt pool, therefore remains in the solid state
throughout the WAAM deposition. This type of Ti- and Nb-rich
carbo-nitride has also been previously reported in various IN718
materials: WAAM [10,15], cast ingots [32] hot-rolled bars [33],
fusion welds [34] and claddings [35], indicating that these in-
clusions may have come from melting or thermomechanical pro-
cesses commonly used to produce IN718 products.
3.2. Effect of heat treatment

3.2.1. Heat-treated microstructures
One purpose of the heat treatments is to dissolve Laves phase into

the matrix. To this end, the startingWAAM IN718microstructure has
Al Ti C N (ppm) O (ppm)

2 0.53 1.03 0.03 112 <50



Fig. 5. SEM backscatter electron image and corresponding EDX spectra showing TiN and NbC particles in the wire feedstock.
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responded well to both the Standard HSA and Modified HA treat-
ments, as shownby the BSEmicrographs in Fig. 9a and b respectively,
which show little to no trace of Laves phase in the microstructures.
Laves dissolves by diffusion of atoms into the matrix, at a rate
dependent on the temperature and hold time of the homogenisation
treatment [18]. Without any homogenisation treatment, the Aging
only BSE micrograph (Fig. 9c) looks more similar to that of As-Dep
WAAM IN718 (Fig. 8a), with Laves phase largely unchanged. This is
due to the lower temperatures in the aging treatment, which are
insufficient for dissolving Laves phase into the matrix.

However, the Standard HSA treatment also precipitated d phase,
whose identity has been inferred from its needle-like morphology
and location at the grain boundaries, as shown in Fig. 9a. Similar
observations of d phase have been made in forged IN718 by Valle
et al. [36], who confirmed using TEM diffraction patterns that
d phase has a needle-like morphology, which can be clearly
distinguished from spherical g’ and elliptical g”. In wrought IN718,
the precipitation of d occurs between 860 �C to 995 �C [37] and
requires Nb content of around 6e8% [38]. This implies that d phase
is likely to have precipitated during the 980 �C, 1 h solution treat-
ment, which has been observed in selectively laser melted IN718
[39,40]. In addition, the dissolution of Laves phase during the ho-
mogenisation treatment may have created Nb-enriched regions in
the microstructure, at which d is more likely to precipitate. This has
been previously observed in 980 �C, 1 h solution treated WAAM
IN718 (no homogenisation treatment) [10,15], with d phase pre-
cipitation around partially dissolved Laves phase. The acceptance of
d phase in themicrostructure is dependent on several factors, which
are discussed in Section 4.2. Ti and Nb-rich particles were found to
remain in the heat-treated microstructures. Ti-rich nitrides and Nb-
rich carbides are unlikely to be affected significantly by these heat
treatments as their saturation-solubility [29] and eutectic [30]
temperatures are higher than the treatment temperatures.
Fig. 6. Macrograph showing locations of light micrographs A, B, C in F
3.2.2. Heat-treated hardness and tensile properties
Another purpose of the heat treatments is to strengthen WAAM

IN718 through precipitation hardening. Whilst the three heat-
treated samples have undergone the same aging treatment, their
response may differ due to the difference in microstructures prior
to the aging treatment. Vickers hardness, which is one indication of
the material's response to the aging treatment, was found to have
almost doubled in the heat-treated samples (Standard HSA,
Modified HA and Aging only), as summarised in Fig. 10a. This shows
that the aging treatments are largely responsible for the hardening
effect, which is likely to be due to the precipitation of g” particles in
the matrix. In addition, measured hardness values are relatively
uniform across the build height in all four samples (Fig. 10a).

Amongst the heat-treated samples there is a small variation in
Vickers hardness values. The hardest at 434HV is the Standard HSA
sample, followed by Aging only at 411HV, and the lowest is
Modified HA at 392 HV. From the microstructures described in
Section 3.2.1, the Modified HA material would be expected to have
the best response to the aging treatment due to the lack of Laves or
d phases, which diminish available Nb for g” precipitation. How-
ever, this was not reflected in the results and one possible expla-
nation for this is described in Section 3.3.1. The higher hardness of
the Standard HSA sample than the Aging only sample suggests that
despite the precipitation of d, the dissolution of Laves phase im-
proves the material's response to aging.

The strengthening effects from the aging treatment can also be
observed in the tensile properties of the materials, shown by the
stress-strain curves in Fig. 10b. The yield strength (YS0.2), obtained
using 0.2% proof stress, and ultimate tensile strength (UTS) for all
three heat-treated samples are at least 250MPa higher than that of
the As-Dep samples. However, the elongation (EL) of the Standard
HSA and Aging only samples were just one-tenth that of the As-Dep
samples. The poor elongation in the Standard HSA and Aging only
ig. 7, dendritic features, re-heated zone and interlayer boundaries.



Fig. 7. Optical micrographs of As-Dep WAAM Inconel 718 material in the through-thickness section at locations shown in Fig. 6.
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samples could be due to Laves and d phases acting as stress con-
centrators in the precipitation-hardenedmatrix. Although the As-Dep
material also contains Laves phase, its more ductile matrix may have
compensated for the stress concentration effect. Overall, theModified
HA samples showed the best combination of YS0.2, UTS and EL.
3.3. Direction dependence before and after heat treatment

3.3.1. Grain morphology and texture
Grains in the As-Dep sample were found to be columnar with

long axis in the build direction. The grains are coarse, with length
up to several mm, as shown in EBSD maps in Fig. 11a. Columnar
grain structures have also been observed in materials built from
other AM processes, such as selectively laser melted IN718 [41,42]
and electron beam melted IN718 [43] and Ti-6Al-4V [44].

In theModified HA sample, grains were found to have coarsened
to more than three times the size of those in the As-Dep sample
(Fig. 11b). Grain coarsening is likely to be a result of the high ho-
mogenisation temperature used in the Modified HA treatments.
The grains retain some of their previous morphology, longer in the
build direction than in the other directions. Equivalent grain di-
ameters in the TT, WA and BD directions are shown in Table 2. The
coarse grains in the Modified HA sample could be a reason for its
lower hardness, YS and UTS compared to the Standard HSA and
Aging only samples, as described in Section 3.2.2.

The As-Dep material has a strong fibre texture, indicated by the
colouring of the EBSD maps (Fig. 11a) and pole figure (Fig. 12a). The
colouring of the EBSD maps shows the strong crystallographic
texture of the As-Dep material, where the grains have a preferential
orientation in the build direction. The pole figure shows a high in-
tensity in the centre of the figure, indicating that most of the grains
have their 〈100〉 directionwell-aligned with the build direction. The
scattered intensity along the rim of the pole figure, indicates that the
Fig. 8. As-Dep WAAM Inconel 718 material (a) backscatter electro
grains are randomly rotated about the build direction. In contrast,
the texture of theModified HA sample is weaker than that of the As-
Dep sample, shown by the more random colouring of the EBSD
maps in Fig. 11b and the scattered spots in Fig. 12b. The intensity of
the spots in the latter is likely to be due to the large grain size and
limited number of grains used in the analysis.

3.3.2. Tensile properties

3.3.2.1. Stress-strain curves. Tensile properties, from As-Dep and
Modified HA materials in the build and wall axis directions, were
obtained from the stress-strain curves shown in Fig. 13 and are
summarised in Table 3. The As-Dep material displays weak direc-
tion dependency in tensile properties at room and elevated tem-
peratures. Direction dependency manifests in UTS at room
temperature, but in YS0.2 at elevated temperature, both of which are
higher in the build direction. These observations can be attributed
to the columnar grains and fibre texture of the As-Dep material, as
described in Section 3.3.1. Although the As-Dep samples displayed
good ductility (EL of at least 9%), the scatter in the results is large.

The Modified HA material displays tensile properties with weak
direction dependency at room temperature, and almost no direc-
tion dependency at elevated temperature. Direction dependency at
room temperature manifests as a higher YS0.2 in the wall axis di-
rection. This could be due to the elliptical grain morphology and
weak texture as described in Section 3.3.1. The UTS in both di-
rections are relatively similar. At elevated temperature, direction
dependency is greatly reduced, where the average YS0.2 and UTS in
each direction differ by not >21MPa. The Modified HA material is
also less ductile at elevated temperature than at room temperature,
indicated by the poorer elongation. The extent of anisotropy for
both the As-Dep and Modified HA materials is described in Section
3.3.2.2. A comparison of the measured tensile properties with those
from conventional material are shown and discussed in Section 4.5.
n images and (b) corresponding EDX spectra of spot analysis.



Fig. 9. Backscatter electron images of WAAM IN718 after (a) Standard HSA, (b) Modified HA and (c) Aging only heat treatments.
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Dynamic strain aging (DSA) behaviour was observed to be more
extensive in the Modified HA material than in the As-Dep material,
indicated by early onset of the serrations in the stress-strain curves
shown in the insert of Fig. 13b. DSA behaviour, which occurs when
diffusing solute atoms and mobile dislocations interact, can be
influenced by hardening precipitates g” in wrought IN718 [46], and
has been observed in electron beam melted IN718 containing g”
[47]. In addition, the unique fibre texture of the As-Dep material
could also have contributed to the absence of DSA behaviour, which
has been observed in laser deposited IN625 [48].
3.3.2.2. The extent of anisotropy. The extent of anisotropy can be
represented as a ratio of the material properties in one direction
over the properties in another. The further the property ratio is
from 1, the more anisotropic the material is. The property ratio, R,
for YS0.2, is given by RsYS¼ sYSWA/sYSBD, where sYS refers to YS0.2 and
subscripts WA and BD refer to wall axis and build direction
respectively. R for YS and UTS of the As-Dep and Modified HA
materials at room and elevated temperatures, is shown in Fig. 14.
For comparison, tensile properties of WAAM IN718 reported by Xu
et al. [10] have also been included.

The R-values shown in Fig. 14 are relatively close to 1, indicating
that the tensile properties (YS and UTS) ofWAAM IN718material are
only weakly anisotropic. The As-Dep materials displayed R-values
furthest from 1, with the largest at 1.236 (As-Dep RT Wire B [10]),
and smallest with 0.855 (As-Dep RT and As-Dep 650). From this, it
can be concluded that the YS and UTS of As-Depmaterial in the wall
axis direction is at least 0.85 that of the build direction. Of the heat-
treated materials (i.e. Modified HA and Standard STA [10]), the
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Modified HA material displayed almost isotropic properties at
elevated temperature, with R-values for both YS andUTS closest to 1.
4. Discussion

4.1. Laves phase mitigation

Despite the presence of Laves phase in the microstructure (as
described in Section 3.1.2), the As-Dep material displayed good
tensile properties comparable to equivalent conventional material
(discussed in Section 4.5). However, poor elongation was observed
in the Aging only tensile sample (reported in Section 3.2.2), which
has been attributed to the embrittling effect of Laves phasewithin a
precipitation-hardened matrix. Therefore, if WAAM IN718 material
is to be used in a precipitation-hardened condition, post-deposition
heat treatments should include a suitable homogenisation heat
treatment to address Laves phase prior to precipitation hardening.

Further, the effectiveness of the homogenisation treatment may
be dependent on the size and distribution of Laves phase in the As-
Dep microstructure. As described in Section 3.3.1, the use of a high
homogenisation temperature designed to address Laves phase has
led to undesirable grain coarsening. Mitigating the formation of
Laves phase during deposition could help in the design of ho-
mogenisation heat treatments to dissolve Laves phase without
significant grain coarsening. This can be achieved by lowering the
homogenisation treatment temperature and shortening the hold
time, or both. For example, Laves phase dissolutionwas achieved in
electron beam weld fusion zones with a 980 �C, 1 h solution treat-
ment [26] and selective laser melted samples with 1180 �C, 15min
b
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Table 2
Average grain diameters for as-deposited and modified solution aged material,
measured using line intercept method [45].

Average grain size (mm)

As-Dep Modified HA

TT 76.9± 24.0 365.4± 91.8
WA 93.8± 29.6 297.2± 109.9
BD 250.0± 365.2 766.7± 200

Fig. 11. Inverse pole figure EBSD maps of (a) As-Dep and (b) Modified HA materials, with IPF colouring reference in BD showing high angle (>15�) grain boundaries.
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homogenisation treatment [49], as both materials (in the as-
welded/as-deposited condition) had finer and more sparsely
distributed Laves phase than As-Dep WAAM IN718 material. In
addition, partial dissolution of Laves phase was achieved in laser
powder fed additively manufactured IN718 [50] with 1050 �C,
15min homogenisation treatments, which changed the
morphology of Laves from long striped to granular, thereby
improving the tensile properties of the material.

Although it is difficult to monitor and control the thermal con-
ditions during deposition, strategies have been adopted in welding
to mitigate the formation of Laves phase. In arc welding, the use of
pulsed as opposed to continuous current sources have been found
to produce weld fusion zones with smaller and less densely
distributed Laves phase particles [38,51], due to decreased heat
input. Further, increasing weld cooling rates have been shown to
decrease the segregation of Nb in the weld fusion zone [52].
Adopting these techniques in WAAM may help in minimising the
formation of Laves phase in the as-deposited microstructure.

4.2. Role of d phase in ductility

It has been assumed that the presence of d phase in a
precipitation-hardened matrix was largely responsible for poor
elongation in the Standard HSA sample (reported in Section 3.2.2).
The possibility of poor elongation being caused by other factors
such as defects is small, as all other tensile samples with loading
Fig. 12. Pole figures of (a) As-Dep and (b) Mod
axis in the build direction (except the Aging only sample, discussed
in Section 4.1), displayed elongation above 5%. Nonetheless, the
effect of d phase on mechanical properties is largely debated in the
literature and is often discussed in the context of hot working
formability [53,54], where ductility prior to precipitation hardening
is of more interest. It is generally accepted that large amounts of
d phase deplete the matrix of Nb for g” precipitation, which results
in a decrease in strength. However, in the range of 0.3 to 1.4%
volume fraction, d phase has been found to have no effect on the
yield and ultimate tensile strength, but decreased ductility by up to
10% in precipitation-hardened IN718 [36]. Apart from tensile
properties, d phase also has effects on stress rupture and creep
properties. In wrought IN718 samples without d phase, the stress
rupture life and creep elongation to failure was found to be twice
and four to five times those containing d phase [55]. Whilst it is
specified in AMS5662 [22] that the presence of Laves phase within
the microstructure is not acceptable, that of d depends on specific
requirements. Owing to the complex effects of d phase on me-
chanical properties, heat treatment strategies for WAAM IN718
material should be designed with careful consideration of the ef-
fects of d phase.

4.3. Grain structureetensile property relationship

Despite the columnar and elliptical grain morphology of the As-
Dep and Modified HA materials (described in Section 3.3.1), the
tensile properties of both materials (Section 3.3.2) do not appear to
be significantly direction dependent. Although this observation has
been reported in another study [10] of WAAM IN718 material, the
reasons behind this observation remain unclear. For the As-Dep
material, it would be expected that both the grain shape and fibre
texture would contribute to anisotropic tensile properties. For the
Modified HA material, contributions from the elliptical grain shape
would be expected to be higher given the reduced texture. None-
theless, the property ratios for both the As-Dep and Modified HA
ified HA materials, determined from EBSD.
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and (b) elevated temperature (650 �C).
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materials as described in Section 3.3.2.2 were found to be close to 1,
indicating that the relationship between grain structure and tensile
properties is indirect.

4.4. Tensile fracture surface morphology

Ductile fracture was observed to be the main failure mechanism
of the As-Dep and Modified HA tensile samples, which is consistent
with the observed tensile properties described in Section 3.3.2.1. This
is evidenced by the dimples observed on the fracture surfaces of the
samples, shown in Fig. 15a, which are characteristic of microvoid
coalescence. The As-Dep and Modified HA samples tested at both
room and elevated temperatures, displayed similar dimple
morphology at highmagnification. Particleswithin the dimpleswere
found to be rich in Nb. Given their size (~1 mm), they are likely to be
either Nb-rich carbides or Laves phase (for the As-Depmaterial). At a
lower magnification, a difference in dimple patterns was observed
between the samples loaded in the wall axis and build directions, as
shown in Fig.15b and c. The former displays dimples neatly arranged
in rows much like the interdendritic patterns shown in Fig. 7b,
whereas the latter displays dimples in a random pattern. This im-
plies that microvoids have initiated at inhomogeneities in the
microstructure, such as carbides, nitrides and Laves phase, as
described in Section 3.1.2. As these inhomogeneities tend to form in



Table 3
Summary of tensile properties.

Room temperature Elevated temperature (650 �C)

As-Dep Aging only Standard HSA Modified HA As-Dep Modified HA

Loading direction BDa WAa BD BD BD WA BD WA BD WA
UTS (MPa) 756± 47 646 1072 1116 1044± 14 1073± 36 628± 39 621 821± 2 800± 51
YS0.2 (MPa) 431± 39 421 951 1065 856± 6 932± 2 395± 38 338 734± 18 720± 21
EL (%) 21.3± 7 17.7 2.0 0.9 19.9± 1 21.1± 8 9.0± 3 13.9 6.7± 3 5.9± 3

a BD and WA refer to build direction and wall axis respectively.
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the interdendritic region, their distribution probably resulted in the
patterns observed in Fig. 15b and c, and may be a contributing factor
to the weakly anisotropic tensile properties of WAAM materials.
4.5. Comparison of tensile properties with conventional materials

The overall tensile performance of WAAM IN718 can be judged
by comparisonwith conventional material. For the As-Depmaterial,
a reasonable comparison would be all-weld-metal properties in
the as-welded condition, and for the Modified HA material, pre-
cipitation hardened cast (AMS 5383 [16]) and wrought (AMS 5662
[22]) materials. The respective tensile properties are shown in
Table 4.

At room temperature, the As-Dep material is weaker and less
ductile than as-welded IN718, likely due to the coarser grains and
more extensive Laves phase distribution in the former. The Modified
HA material exceed the minimum specifications for cast IN718, not
that of wrought IN718. One contribution to the inferior YS and UTS of
the Modified HA material is its large grain size (described in Section
3.3.1) as compared to the maximum grain size allowable in AMS
5662 [22] (ASTM 2). At elevated temperature, tensile properties
of the Modified HA material do not meet the minimum specified
for wrought IN718. As AMS 5383 [16] does not specify minimum
tensile properties for elevated temperatures, reported results from
IN718 castings [56]were used instead for comparison. The YS andUTS
of the Modified HA material exceeded that of the castings, but EL did
not.

Considering that IN718 is most commonly used at elevated tem-
peratures, the tensile properties of WAAM IN718 material are insuf-
ficient to replace conventional wrought material like for like. Whilst
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Fig. 14. Property ratios for yield strength (YS) and ultimate tensile strength (UTS) of
post-deposition heat treatments can improve the tensile properties
from the As-Dep condition, the properties after a Modified HA treat-
ment remain lower than the minimum specifications for wrought
IN718. Although there is potential in optimising the temperature and
hold time of the post-deposition homogenisation treatment to ach-
ieve finer grains which may improve tensile properties, the As-Dep
microstructure provides an unfavourable starting point for improve-
ment of mechanical properties through post-deposition heat treat-
ments to the same level as conventional wrought material.
Nonetheless, post-deposition heat treatments are crucial in optimis-
ing the mechanical properties of WAAM IN718 material.
5. Conclusions

The following conclusions can be drawn from this work:

i. As-deposited WireþArc Additive Manufactured IN718 ma-
terial has a dendritic microstructure containing Laves phase,
Ti- and Nb-rich inclusions. The presence of Laves phase
provides evidence for the occurrence of micro-segregation
during the deposition process.

ii. A standard aging treatment does not dissolve Laves phase
into solid solution. A standard homogenisation and solution
treatment dissolves Laves phase, but precipitates acicular
d phase at the grain boundaries. A modified homogenisation
treatment was found to achieve dissolution of Laves phase
without precipitating d. Ti-and Nb-rich inclusions seem to be
largely unaffected by the heat treatments.

iii. The as-deposited material has columnar grains with long
axis in the build direction and displays a fibre texture, where
.236
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WAAM IN718 materials from this work and reported values from Xu et al. [10].



Fig. 15. Secondary electron images of fracture surfaces from tested tensile specimens (stress strain curves in Fig. 13), showing (a) dimples indicating microvoid coalescence
characteristic of ductile fracture, and differences in dimple patterns observed in fracture surfaces normal to (b) wall axis and (c) build directions.
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the 〈100〉 direction is preferentially aligned with the build
direction. The grain size of modified homogenised and aged
material is almost three times larger than in the as-deposited
state and displays a weaker texture.

iv. As-deposited WAAM IN718 displays weakly anisotropic
properties at room and elevated temperatures. The yield and
ultimate tensile strengths measured perpendicular to the
build direction are at least 0.85 of that parallel to the build
direction. Modified homogenised and aged WAAM IN718
material displays weakly anisotropic properties at room
temperature, but almost isotropic tensile properties at
elevated temperature.
Table 4
Comparison of tensile properties with equivalent conventional materials.

Condition Room temperature

As-Depa As-weldedb Modified HAa Castc

UTS (MPa) 729± 63 833 1062± 32 827
YS0.2 (MPa) 430± 6 565 901± 41 724
EL (%) 20.4± 6 28 20.7± 7 3

a Average of 4e5 tensile samples from both BD and WA directions.
b Reported values from tests of samples from manual gas tungsten arc process welded
c Minimum values specified in AMS 5383 Table 3 [16].
d Minimum values specified in AMS 5662 Tables 2B and 3B [22].
e Reported results [56] from tests of castings homogenised at 1200 �C, 48 h followed b
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