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ABSTRACT

Directed energy deposition (DED) holds great promise for repair applications involving site-specific deposition
that creates hybrid components. However, it has been reported that failure in hybrid components occurs in the
additively manufactured (AM) side despite its higher strength and excellent consolidation. To unravel the un-
derlying mechanisms responsible for the observed behaviour, we carried out both ex-situ and in-situ mechanical
testing complemented with detailed microstructural characterisation of the wrought, AM and bond interface
regions in hybrid Inconel 718. The role of the local microstructure in the spatial strain development and crack
initiation in the hybrid wrought-AM Inconel 718 is revealed. Most importantly, it is shown that severe inho-
mogeneous plastic deformation quickly developed in the AM side of the hybrid sample, and this is primarily
attributed to few, but very large columnar grains that were preferentially oriented for dislocation slip under
external loading. Furthermore, the AM region of the hybrid Inconel 718 had a lower work-hardening rate that
caused a higher thinning rate during deformation, promoting strain localisation in the AM side. The degradation
in the ductility of AM Inconel 718 is shown to have occurred not because of defects as widely reported for AM
components, but rather as a consequence of the interaction between the brittle Laves phase with the localised slip
bands which were rapidly intensified by the plastic inhomogeneity. This interaction resulted in early crack
initiation in the AM side, primarily leading to the final fracture of the hybrid wrought-AM Inconel 718. The study
also demonstrates that the bond interface is the strongest region of the hybrid component under uniaxial loading,
and reveals the origins of the strength of the bond interface. The insights revealed advance the understanding of
the mechanical performance and the direct failure mechanism in hybrid wrought-AM Inconel 718 components,
and opens new pathways to improve their mechanical integrity.

1. Introduction

Directed energy deposition (DED)

[7,8]. The DED process involves a high local heat input coupled with
rapid cooling rates that vary with respect to the location in the build [9].

is an effective additive This creates a spatial variation of thermal gradient leading to a micro-

manufacturing (AM) and repair technology. DED has multiple advan-
tages over other processes. For example, the printing process in DED is
not confined by a build chamber size as in other AM processes [1]. Also,
the typical heat affected zone (HAZ) and distortion that result from
welding processes and compromise the component integrity are sub-
stantially less severe in DED [2,3]. Yu et al. [4] concluded that the heat
affected zone is 21 times smaller using DED in comparison with arc
welding. The benefits offered by DED have resulted in its wide use for
manufacturing components [5], in repair applications involving site-
specific deposition [2,6], and for manufacturing hybrid components
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structural gradient across the AM build, which is particularly pro-
nounced in the vicinity of the bond interface between the AM build and
substrate [8,10,11]. In addition, the distinctive differences in micro-
structure between the AM and substrate regions in hybrid (or repaired)
components cause significant plastic inhomogeneity of the components
under mechanical loading. It is known that plastic inhomogeneity is
responsible for the strain localisation and subsequent failure of metallic
alloys. Therefore, an in-depth understanding of the plastic in-
homogeneity in the three regions (namely the bond interface, AM and
substrate regions) is crucial to reveal the failure mechanism, helping to
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ensure the mechanical integrity and the overall performance of DED
builds.

A significant number of studies have been performed to investigate
the microstructure and mechanical properties of DED builds, in partic-
ular for the model alloy Inconel 718 [2,7,8,10,12-14]. Inconel 718 is
one of the most commonly utilised alloys in high-temperature applica-
tions, owing to its high strength and excellent resistance to creep, fatigue
and corrosion up to 700 °C [15]. Guévenoux et al. [10] studied the in-
fluence of the microstructural gradient of the bond interface neigh-
bourhood on the plastic strain localisation in an Inconel 718 wrought
substrate repaired by DED. The study showed that strain localisation and
fracture occurred in the AM region [10]. In a similar study performed on
DED-repaired 316L stainless steel, Balit et al. [16] reported that, despite
having a higher strength than the substrate, the AM region was the one
in which inhomogeneous deformation, strain localisation and fracture
occurred. Although this was attributed to the grain size effect, the strain
localisation is not only influenced by the grain size but also the crys-
tallographic orientation distribution and the spatial distribution of other
microstructure such as the dislocation density, chemical segregation and
secondary particles.

Despite the important observation showing the localisation and
crack initiation in the AM side, there has been limited understanding of
the mechanisms governing the inhomogeneity of plastic deformation.
Most importantly, there has not been an examination on how the
interaction of localisation (as a result of the plastic inhomogeneity) and
other local microstructure (such as Laves phase) affects the crack initi-
ation in hybrid wrought-AM Inconel 718. Such examination will help to
understand the loss in ductility of hybrid wrought-AM builds due to
characteristic AM microstructure. Even though Inconel 718 components
are typically heat treated when used in practice, it is crucial to study the
link between the spatial deformation behaviour and individual micro-
structural features in as-built, non-heat treated hybrid Inconel 718
because it helps to understand what microstructural features are most
detrimental (or beneficial) for the development of localisation and
subsequent damage. This essential understanding would guide towards
the in-situ microstructure engineering by AM processing, and provide
better knowledge in selecting more appropriate heat treatment condi-
tions to optimise the AM microstructure, in particular retaining the
beneficial microstructural features and eliminating the undesired ones.
Therefore, this study firstly carried out a comprehensive examination of
the grain morphology, dislocation density, dendritic arm spacing,
chemical segregation, and crystallographic orientation to study the
mechanical constitutive behaviour and plastic inhomogeneity in an as-
built hybrid condition consisting of the bond interface, AM deposit
and wrought condition. Secondly, the evolution of plastic in-
homogeneity and the interaction between the strain localisation and
other microstructure were investigated using ex-situ and in-situ me-
chanical testing to study the role of the plastic inhomogeneity and Laves
phase in the crack initiation, helping to reveal the underlying mecha-
nisms responsible for the loss in ductility of Inconel 718.

2. Material and methods
2.1. Hybrid wrought-AM manufacturing

A hybrid block was manufactured by the DED deposition of Inconel
718 on a substrate of wrought Inconel 718. A Trumpf DMD 505 machine
with a CO4 laser was used to deposit a block of dimensions 100 mm (L) x
40 mm (W) x 50 mm (D) on the substrate. The substrate was an annealed
block of dimensions 200 mm (L) x 45 mm (W) x 50 mm (D). Fresh
plasma atomised powder sourced from AP&C was used and the AM
process was performed at TWI, Sheffield using optimised processing
parameters. DED was performed in a bi-directional raster scan strategy
at a deposition rate of 0.2 kg/h, laser power 1050 W and scan speed
11.25 mm/s. The volumetric energy density was calculated to be 159.5
J/mm?®,
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2.2. Mechanical testing

Wire electrical discharge machining (EDM) was used to extract
different sample profiles (Fig. 1) from the hybrid block for microstruc-
tural characterisation and mechanical testing. In addition to machining
hybrid samples, individual AM and wrought samples were extracted.
The axis of all machined samples was parallel to the building direction,
and the bond interface between the DED deposit and the substrate was
located at the centre of the gauge of each hybrid sample.

An Instron machine was used for tensile testing the hybrid samples,
Fig. 1a, at a strain rate of 10~ s™!. The strain was measured by digital
image correlation (DIC) using a high-resolution camera. In preparation
for DIC tensile testing, the samples were ground, polished and spray
painted with a white primer followed by matte black paint to create a
speckle pattern. During loading, images of 4000 x 3000 pixel resolution
were captured at a rate of 2 images per second for DIC processing, which
was performed using GOM Correlate software. Non-contact strain
quantification by DIC enabled full-field strain measurement across the
gauge of the samples. In addition, virtual extensometers were added
across the full length of the gauge region as well as across the constituent
wrought and AM sides in the hybrid samples to study their local defor-
mation behaviour under uniaxial loading.

The DIC tensile testing setup of the hybrid samples was also adopted
for tensile testing samples of either only the wrought or AM condition,
Fig. 1b. Understanding the behaviour of the two individual conditions
was important to study their interaction and influence on the tensile
behaviour of the hybrid Inconel 718 containing both the wrought and
AM components.

To assess the influence of the microstructural gradient near the bond
interface on the local microhardness, Vickers microhardness testing was
performed. Indentations at a step of 300 pm were made from the
interface towards the bulk of the AM and wrought sides. In addition,
microhardness measurements were performed along the bond interface
and along lines in the wrought and AM sides that were parallel to the
interface but 5 mm distant from it. At least 10 indentations were per-
formed for each measurement set while maintaining a distance between
the indentations of around three times the diagonal length of the
indented region.

2.3. Microstructural characterisation

In preparation for microscopy work, samples were first ground with
SiC paper in sequential steps using 800, 1200, 2000 and 4000 P-grades.
This was followed with polishing using a 50%-50% mixture of oxide
polishing suspension (OPS) diluted in distilled water. Samples were
examined in unetched and etched conditions. Etching was performed by
applying Aqua Regia (5mm® HNOj3 freshly mixed with 15mm® HCI) on
the polished surface for 7-10 s.

Microstructural characterisation was performed using the Olympus
BX53M optical microscope, Zeiss Auriga scanning electron microscope
(SEM), and Zeiss Sigma 300 SEM equipped with an energy dispersive X-
ray spectroscopy (EDS) detector and a high-resolution electron back-
scatter diffraction (EBSD) detector. SEM imaging was performed in
secondary electron (SE) and backscattered electron (BSE) modes using a
voltage of 15 kV. EBSD and EDS were performed simultaneously using a
voltage of 20 kV, aperture of 120 pm, and step size of 1 pm. The EDS data
was processed using Esprit software and the EBSD data was processed
using both Esprit software and MTEX in MATLAB. The density and
spatial distribution of GNDs were calculated from the EBSD data using
MTEX. The GND calculation from EBSD data is based on the quantifi-
cation of crystallographic orientation variations. The local orientation
difference between neighbouring points in a grain is used to derive the
lattice curvature tensor and the dislocation density tensor. Calculated
GNDs are the minimum necessary density to accommodate the local
orientation gradients to ensure lattice continuity [17,18]. The detailed
mathematical description on which the MTEX code is based can be
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Fig. 1. Tensile testing samples: (a) hybrid sample with a thickness of 2 mm; (b) sample of either only the wrought or AM condition with a thickness of 2 mm. All

dimensions are in mm and figures not to scale.
found in Pantleon's study [19].

3. Results and discussion

3.1. Microstructure in the bond interface region

The local microstructure in each of the wrought, AM and bond
interface regions of the hybrid Inconel 718 is first presented in sections
3.1 and 3.3. Afterwards, the mechanisms governing the plastic in-
homogeneity and crack initiation in hybrid Inconel 718 are revealed and
discussed in sections 3.4 and 3.5 in light of the presented microstructure.

Fig. 2 shows the microstructure of the AM, bond interface and
wrought regions of the hybrid Inconel 718. High consolidation and
absence of defects, in particular at the interface region, are important for
the mechanical integrity of hybrid components. Microscopy imaging
revealed that the hybrid component had an excellent consolidation of
99.97% with observation of no lack of fusion, not only in the vicinity of
the bond interface but also in the bulk of the AM deposit.

The cellular dendritic microstructure is influential in the mechanical
behaviour of AM alloys, including Inconel 718 [20-22]. The micro-
structure was observed in the AM side and the primary dendrite arm
spacing (PDAS) was experimentally measured in relation to distance
from the interface, Fig. 3a. Owing to the cellular dendritic growth,
secondary dendrite arms did not sufficiently develop to be considered,

Interface

Wrought

hence only the PDAS was measured and reported. The PDAS was found
to increase with distance from the interface in agreement with previous
studies [9,23]. This change in PDAS is caused by a reduction in the local
cooling rate towards the top of AM builds. The heat transfer primarily
occurs via conduction through the previously deposited layers and
substrate underneath. Therefore, as more DED layers were deposited,
the thermal build-up increased and the local cooling rate decreased,
resulting in an increase in PDAS. The local cooling rate at a given
location is proportional to the PDAS measured as follows [21,23-27]:

—0.33

1 =80T (@)

where A is the PDAS in pm and T is the cooling rate in K/s. Fig. 3b shows
the variation in the cooling rate (estimated using Eq. (1)) with the
change in the measured PDAS.

The crystallographic orientations of grains in the bond interface re-
gion with respect to the building direction (BD) in the hybrid sample are
displayed in Fig. 4a. The microstructure in the AM side next to the
interface is dominated by small grains of rather randomly crystallo-
graphic orientations. However, as the distance from the interface
increased, there was competition between the growth of different
crystallographically-oriented grains. Grains that were more aligned with
the thermal gradient outgrew other misaligned grains [28]. Competitive
growth between grains led to the coarsening of preferred grains in the
AM microstructure, resulting in an increase in grain size with distance

Fig. 2. Interface linking the AM deposit with the wrought material in the hybrid sample: (a) optical micrograph; (b) SEM image. Note that the dark features in the

wrought side seen in the optical micrograph in (a) were carbides and not pores.
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Fig. 3. (a) The variation of the experimentally measured PDAS with distance from the bond interface; (b) estimated cooling rate in relation to the measured PDAS.

Fig. 4. Microstructure in the bond interface region: (a) inverse pole figure (IPF)-BD map showing the variation in grain size and crystallographic orientation at the

interface region; (b) estimate of GND spatial distribution of the same area shown in (a). Note: the unit of the scale bar is m™“.

from the bond interface.

On the other side of the interface, grains in the wrought substrate
were equiaxed. The grains in the HAZ near the interface were larger in
size in comparison to those in the bulk region of the wrought side, as
detailed in Table 1. Also, the grains adjacent to the interface contained a
high density of geometrically necessary dislocations (GNDs), as shown
in Fig. 4b, which resulted from the high thermal gradient in the wrought
substrate. It is worth mentioning that although the GND measurement

2

by EBSD provides significant insights into the accumulation and spatial
distribution of dislocations, it does not provide information on statisti-
cally stored dislocations (SSDs) which also contribute to strain hard-
ening. While the generation and pile-up of dislocations increases the
local strength at the interface region of the hybrid component, it reduces
the local ductility.

Table 1
Average grain size measured from EBSD maps with respect to distance from the bond interface.
Wrought region AM region
100 pm from 500 pm from 5000 pm from 100 pm from 500 pm from 5000 pm from
interface interface interface interface interface interface
Average grain size 81 63 23 106 156 902

(pm)
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3.2. Microstructure in the wrought and AM regions

An EBSD IPF-BD map of the AM region presented in Fig. 5a shows
that competitive growth led to the development of mm-large, columnar
grains. The colour gradient within individual grains in the IPF-BD map
indicates slight misorientations due to the change in orientation across
the interdendritic regions within individual grains, Fig. 5c. Fig. 6 reveals

i e o, £2,
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that the GNDs located at the interdendritic boundaries partly accom-
modate the misorientation between dendrites. The dense presence of
GNDs in interdendritic regions is consistent with TEM observations re-
ported in other studies on Inconel 718 fabricated by laser powder-bed
fusion (L-PBF) showing the high initial dislocation density accumu-
lated at the cellular (or dendritic) boundaries [21,29]. The accumulation
of dislocations can increase the critical resolved shear stress for

Fig. 5. Microstructure in the bulk AM and wrought regions in the hybrid sample: (a) and (b) IPF-BD figures; (c) and (d) grain orientation spread (GOS) maps; (e) and
(f) twin boundary maps; (g) and (h) Taylor factor maps. Note: AM condition was shown in the left column while the wrought was in the right column.
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1015

Fig. 6. (a) SEM micrograph showing cellular dendritic growth in the AM microstructure; (b) EBSD-GND spatial distribution map of the same area shown in (a),

measured in m ™2,

dislocations to slip, leading to high initial yield stress.

In the wrought region far from the interface, the grains were equi-
axed and substantially smaller than those in the AM region, Fig. 5b. Also,
lots of annealing 3 twin boundaries were detected in the region. In fact,
the £3 boundaries constituted 89% of the grain boundaries, but this is
not surprising because the wrought substrate was annealed. In contrast,
no X3 twin boundaries were detected in the AM material.

Deformation of most polycrystalline metals including Inconel 718
occurs by dislocation slip. The slip response in each grain depends on the
crystallographic orientation of the grain with respect to the imposed
stress state. The Taylor factor reflects the influence of the crystallo-
graphic orientation of grains on their slip activity. The higher the Taylor
factor, the lower the slip activity. A higher number of slip systems can be
activated in individual grains of lower Taylor factors that are more
favourably oriented with respect to the applied stress state in compari-
son with other grains that are not preferably oriented. The Taylor factor
maps shown in Fig. 5g-h reveal that the wrought region contained a
random distribution of relatively small “soft” and “hard” grains (i.e.
grains with low and high Taylor factors, respectively). However, the AM
region contained significantly larger grains, with dominant (100) and
(110) orientations along the build direction. As shown in Fig. 5g, the
(110) oriented grains had higher Taylor factors and were “harder” and
more resistant to plastic deformation under uniaxial loading along the
building direction.

3.3. Chemical characterisation

In the wrought region, precipitates had an area fraction of 0.54% and
an average size of 5.3 pm. EDS analysis was performed to identify these
precipitates, as detailed in Table 2. The chemical composition shows
that the precipitates were rich in Nb, Ti and C elements but depleted in
Ni, Fe and Cr, suggesting they were likely to be (Nb,Ti)C carbides.

Fig. 7 demonstrates clear elemental segregation towards interden-
dritic regions in the AM side, with notable Nb segregation, in agreement
with previous studies reported on Inconel 718 fabricated by additive
manufacturing [21,30-32].

Fine precipitates were also observed in the interdendritic regions in
the AM microstructure, as shown in Fig. 8. These precipitates are widely
reported in literature [8,9,12,33-35] as the Laves phase (Ni,Fe,Cr)(Nb,

Mo,Ti). Laves phase is usually considered undesirable because of its
brittle nature [8,15,35]. The size and morphology of Laves phase are
influenced by the processing parameters used during the DED process.
Studies suggest that using a lower energy input during DED increases the
cooling rate, which in turn results in a refined microstructure with
smaller Laves phase [33,34]. As the energy input and deposition rate
used in this study were relatively low, the precipitated Laves phase was
small. However, the area fraction of the Laves phase decreased from
around 2.3% in the AM region near the bond interface to 1.0% in the
bulk region. Moreover, atom probe tomography investigations reported
by Piglione et al. [21] indicate that very fine carbides were also seen
within or in the vicinity of the Laves phase.

3.4. Plastic inhomogeneity in wrought-AM hybrid condition

3.4.1. Plasticity and localisation in the hybrid condition

While the previous sections report the distinct microstructure in each
of the wrought, AM and bond interface regions of the hybrid component,
this section reveals the direct role of the local microstructure in the
spatial strain development and mechanical responses. The tensile
properties are presented in Table 3. The stress-strain plot of the hybrid
sample together with the details of its sub-regions is presented in Fig. 9,
along with the plots of the individual wrought and AM conditions (i.e.
samples that were either only in wrought or AM condition).

Fig. 9 shows that the individual wrought condition had a lower yield
stress (336 MPa) but a higher ultimate tensile stress (779 MPa) in
comparison with the individual AM condition (448 MPa and 751 MPa,
respectively). In other words, the wrought condition had a higher
hardening rate than the AM condition. The difference in yield stresses is
related to the difference in microstructure between the two conditions.
Despite containing a larger grain size (Table 1 and Fig. 5), the AM
condition had a much higher initial dislocation density than the wrought
condition. The calculated average GND density in the AM condition
before deformation (3.3 x 103 m_z) was nearly twice that of its
wrought counterpart (1.6 x 10'® m™2). This high initial dislocation
density in the AM condition explains its initial yield stress. The DIC
measurements, Fig. 9, show that the wrought and AM sides in the hybrid
sample have a nearly identical tensile response to the respective indi-
vidual wrought and AM conditions. However, the total strain of the

Table 2
Chemical measurement in mass percent using EDS.
Ni Fe Mn Cr Mo Nb Ti Cu C Al
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Precipitates in wrought 1.81 £ 1.48 £ 0.30 &+ 0.72 + 3.26 + 66.11 + 7.35 & 0.41 + 17.13 + 0.52 &+
region 1.30 1.27 0.41 0.79 1.32 2.52 1.26 0.85 1.42 0.43
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Fig. 7. Elemental maps in the bond interface region and its surroundings.

Fig. 8. Laves phase in the interdendritic regions in the AM microstructure.

Table 3
Tensile properties.

Yield stress Ultimate tensile Total elongation

(MPa) stress (MPa) (%)

Hybrid samples 311 +48 725+ 18 37+£2
AM region in a hybrid 434 B 44

sample
Wrought region in a

hybrid sample 345 - 34

AM condition 448 + 2 751 +£7 42 +£2

Wrought condition 336 +1 779 £ 1 56 £1

wrought side in the hybrid sample was lower than that of the individual
wrought condition, suggesting that the wrought side in the hybrid
condition should be able to accommodate further deformation should
the sample not have failed prematurely. Most importantly, despite
having a higher yield stress and good ductility, the AM side was the one
in which localisation and fracture consistently occurred in the hybrid
component.

900 ‘ ‘ ‘

800 r 1
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=3
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o
S
(e
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[0)]
g

= Hybrid condition
200 - - -AM side in the hybrid condition g
Individual AM condition

100 Wrought side in the hybrid condition |-
— Individual wrought condition
0 L L 1 1 1
0 10 20 30 40 50 60

Strain (%)

Fig. 9. Representative stress-strain curves of hybrid sample with its sub-regions
in addition to the individual wrought and AM conditions.

DIC observations (Fig. 10) provided insights into the evolution of
plastic deformation, in particular the development of localisation. Under
the external load, the wrought region plastically deformed first while the
AM side largely did not yield (Fig. 10a) because of the lower initial yield
strength associated with the lower initial dislocation density in the
wrought region (Table 3 and Fig. 4). As plastic deformation continued,
the wrought side work-hardened because of the generation of disloca-
tions during plasticity and the interactions between dislocations them-
selves and with other microstructure such as the grain boundaries and
precipitates in the wrought region. The work-hardening of the wrought
side increased its yield strength, reaching the same initial strength of the
AM side, causing the AM side to plastically deform (Fig. 10a-b). The
development of plasticity in the AM side diffused the plasticity (i.e.
reduced the risk of localisation) in the wrought side. The redistribution
of plasticity between the AM and wrought sides is similar to the load
shedding observed in a combination of hard and soft grains [36,37].
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(3]
n
Strain (%)

Fig. 10. (a-e) Deformation stages of the hybrid wrought-AM Inconel 718 under uniaxial loading. The global strain at each stage is indicated at the top of every image.

All figures have the same scale bar shown in (a).

Once the AM side started to yield, the further plastic inhomogeneity of
the hybrid condition depended on the localisation resistance that is
strongly dependent on the work-hardening rate — the higher the hard-
ening rate the better the resistance to localisation. In general, the local
strain in the localised band is higher than the surroundings, resulting in
higher strength in the localised region thanks to the work-hardening. In
other words, the localised region becomes stronger than its surround-
ings, resulting in the redistribution of plasticity to the surrounding area
and diffusing the localised strain. If a material has a low hardening rate,
the redistribution is minimal, worsening the localisation.

The work-hardening of the wrought and AM conditions can be
quantified using the Ludwik-Hollomon equation [38,39]:

o =oy+Ke" 2)

where ¢ is the instantaneous yield stress in MPa, oy is the initial yield
stress, K is a coefficient, ¢ is the true plastic strain, and n is the work-
hardening exponent. From the tensile results, the Ludwik-Hollomon
parameters of the individual wrought and AM conditions were, respec-
tively, calculated as:

o = 336+ 1822¢"% 3)

0 = 447 + 1302¢"7! ()]

According to Consideére's criterion [40], the higher work-hardening
exponent n results in longer uniform strain before the onset of plastic
instability, i.e. better resistance to localisation. The AM condition has a
lower n, Egs. (3) and (4), reaffirming the lower resistance to localisation
in this condition. However, thanks to the higher hardening of the
wrought side, its strength kept increasing at a higher rate, and became
almost the same as that of the AM side at a global strain of 32%. Beyond
this global strain, most of the plasticity was accommodated by the AM
side (Fig. 10d-e). Upon further loading, the deformation in the AM side
was highly inhomogeneous with an increasingly intensifying local-
isation. Towards the final stages of loading, the localisation in the AM
side (Fig. 10e) led to crack initiation and subsequently final fracture in
the AM side.

The highly inhomogeneous deformation and lower hardening rate in
the AM region are due to the spatial variation of the microstructure,
namely the crystallographic orientations, grain size and dislocation
density. The wrought side contained fine grains with a random

distribution of crystallographic orientations (Table 1 and Fig. 5). The
small grain size can induce higher strain-hardening according to the
Hall-Petch relationship [41,42], partly explaining the higher hardening
of the wrought side as shown in Table 4. The higher hardening rate, as
explained, prevented the localisation in the wrought side. In addition,
the uniform distribution of fine grains of random crystallographic ori-
entations (i.e. uniform distribution of “soft” and “hard” grains) in the
wrought side, Fig. 5h, promoted a more isotropic and homogeneous
deformation, explaining the higher uniform strain (reflected by the co-
efficient n in Eq. (2)) for the wrought side. In comparison, the AM side
contained much larger columnar grains (on the mm scale, Fig. 5g versus
h), with few “soft” and “hard” grains occupying relatively large areas
within the sample, as shown in the Taylor factor maps. The large grains
induced a lower hardening rate during plastic deformation. The dislo-
cation density was also already very high in the AM condition prior to
deformation. Therefore, there was minimal generation of new disloca-
tions during deformation while the annihilation of dislocations due to
dynamic recovery should be high because of the high initial dislocation
density, explaining the low hardening in the AM side. Localisation tends
to develop in large grains with small Taylor factors (i.e. “soft” grains).
The low hardening rate in the AM condition accelerated the strain
localisation, increasing the plastic inhomogeneity in the AM side of the
hybrid condition.

3.4.2. Effect of the interface region

The DIC results also reveal that the bond interface was the strongest
region with the least plastic deformation throughout the uniaxial
loading stages. In fact, none of the tested samples fractured in the

Table 4

Strain hardening rate of the individual wrought and AM conditions at a given
global strain. Note “-“sign denotes an apparent softening. Such apparent soft-
ening seen in the AM side was due to the crack growth that occurred due to loss
of load bearing area after the necking initiation.

Global strain Strain hardening rate in wrought Strain hardening rate in AM

e (%) condition (MPa) condition (MPa)
8 1365 955
16 1073 720
24 812 437
32 558 162
38 364 -179
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interface region. The local strain in the interface at the point of fracture
was measured to be 20% and was nearly half the global strain of 40%.
The strength of the interface is directly influenced by (1) the fine cellular
dendritic microstructure (Fig. 4) that contained dense dislocations at the
interdendritic regions in the AM side of the interface; and (2) the high
dislocation density in the wrought side.

Vickers microhardness testing was performed on the polished surface
of a hybrid sample, and the results are presented in Fig. 11. While the
hardness of the wrought region was highest near the interface, the
hardness of the AM region slightly varied towards the interface but was
overall higher than that of the wrought side. The higher hardness in the
region on the wrought side adjacent to the interface is due to the higher
dislocation density, Fig. 4b. However, as the effect of heating and
thermal gradient during the deposition diminished with increasing dis-
tance from the bond interface (in particular outside of the heat-affected
zone), both the GNDs and the hardness level decreased and stabilised in
regions that were about 2 mm away from the interface. It is worth noting
that the hardness of the bulk AM region was higher than the wrought, in
agreement with the higher initial strength measured from the uniaxial
tension (Fig. 9), and this is also attributed to a high density of disloca-
tions at interdendritic boundaries (including GNDs which were quanti-
fied to be twice as dense in the AM side in comparison with the wrought
side, Fig. 6b).

3.5. Crack initiation mechanisms

As noted in the previous section, the failure of the hybrid condition
consistently occurred in the AM side despite its good ductility and higher
strength. This section examines the effect of the AM microstructure and
plastic inhomogeneity development on the crack initiation. SEM imag-
ing was performed on the fracture surfaces and gauge regions of the
deformed hybrid wrought-AM Inconel 718 samples to reveal insights
into the fracture mechanism. As shown in the micrograph in Fig. 12a-b,
the cellular dendritic microstructure was clearly seen on the fracture
surface, suggesting that the initiation and growth of cracks were related
to the solidification microstructure. The surface also contained a sig-
nificant number of dimples, which is indicative of a ductile fracture
mode. Laves phase that is incoherent with the y matrix in Inconel 718
[43,44] was observed in the fracture surface, suggesting the phase's
involvement in the crack initiation.

As the plastic deformation progresses, dislocations increase along
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localised slip lines and pile up at hard obstacles which were the Laves
phase in this study. Such pile-ups of dislocations at obstacles increase the
internal stress in the front of the pile-ups, pushing the leading disloca-
tions to shear through or creating new sources of dislocations in the front
region. Fig. 12b and c show slip lines, suggesting dislocations sheared
through Laves particles. As Laves particles are brittle, such shearing
resulted in micro-cracking. Another mechanism of forming micro-cracks
is related to the increased internal stress induced by the dislocation pile-
ups. Micro-cracks can initiate in hard obstacles and often be aligned at
about 70° to the slip lines as suggested by Stroh [45]. Such crack for-
mation mechanism was seen in regions containing large Laves particles
(the dashed rectangle in Fig. 12b that was magnified in Fig. 12d). Cracks
were seen not to be aligned with the dislocation slip in the matrix, but
inclined at an angle of 40° with respect to the slip lines, suggesting that
such cracks were not due to the dislocation shearing. This angle was
different to 70° that was theoretically predicted by Stroh probably due
to the rotation of particles in the subsequent deformation. The increase
in the internal stress at the interface between the matrix and Laves
particle can also cause debonding at the interface, adding the third
source of crack initiation. Fig. 12e and f show that micro-cracks coa-
lesced to grow into larger cracks along the interdendritic regions. Such a
development of cracks explains why the fracture surface contained a
dendritic microstructure (Fig. 12a).

This study provides a direct observation demonstrating a key role in
the fracture of Laves phase that acted as preferential sites for crack
nucleation and propagation under the loading of DED Inconel 718. The
detrimental impact of the Laves phase in Inconel 718 was reported
previously in literature without detailed discussions on the underlying
mechanisms [8,12,35,43,44,46]. However, this present study shows that
the interaction between Laves phase and localised slip bands resulted in
the formation of micro-cracks, causing an early crack initiation in DED
Inconel 718. This effect is exacerbated by the low resistance to strain
localisation due to a low hardening rate in the DED condition as dis-
cussed earlier in Section 3.4.1. The early initiation of cracks in the DED
condition led to the observed reduced ductility of the hybrid Inconel 718
(Fig. 9). As the cellular dendritic features are also documented in Inconel
718 fabricated by other AM techniques [12,14,30,47-49], the insights
presented in this study directly concerning the interplay between the
precipitates, dislocations and crack initiation are also applicable to
Inconel 718 fabricated by other AM methods. Engineering the micro-
structure to achieve fine grains (for example via achieving the columnar
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Fig. 11. Vickers microhardness testing results: (a) comparing the three regions in the hybrid Inconel 718; (b) outlining the local microhardness evolution with

respect to distance from the bond interface.
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Fig. 12. Fracture surface of the DED Inconel 718: (a) cellular dendrites were seen on the fracture surface; (b) micro-cracks along the gauge region induced by
shearing through fine particles and fracture of larger particles; (c) shearing-induced cracks in particles; (d) fracture of particles; (e) and (f) coalescence and growth of

micro-cracks.

equiaxed transition in solidification), lowering the initial dislocation
density in the as-built and the removal of the detrimental Laves phase
via heat treatments should be a priority in improving the ductility of
AM-processed Inconel 718.

4. Conclusions

This study presents the constitutive relationship between the local
microstructure and the spatial deformation response of hybrid wrought-
AM Inconel 718, and reveals the origins of the strength of the bond
interface. The study also sheds light on the role of the local micro-
structure (grain crystallographic orientations, grain size, initial dislo-
cation density/distribution and Laves) in the development of plastic
inhomogeneity, in particular localised slip bands, and how Laves phase
interacts with the localised slip bands to result in the early crack

10

initiation in the hybrid condition, impacting the mechanical integrity
and compromising the ductility. The main findings are:

(1) Hybrid wrought-AM Inconel 718 components were fabricated
successfully with excellent consolidation and very minimal
porosity.

(2) DIC analysis revealed that the bond interface is the strongest re-
gion in the hybrid sample due to (1) small grains with a high
dislocation density and fine cellular dendrites in the AM side of
the interface, and (2) a high dislocation density in the wrought
side of the interface.

(3) Although the AM side had a higher initial yield strength (hence
higher hardness) thanks to higher initial dislocation density in
comparison to the wrought side, severe plastic inhomogeneity (in
particular severe localisation) was observed in the AM side. The
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(€))

inhomogeneity was primarily attributed to low hardening
induced by very few, but large grains of preferential orientations
for slip, and low generation rate of dislocations during defor-
mation. On the contrary, the fine and randomly oriented grain
microstructure in the wrought region led to a homogeneous
deformation with a higher hardening rate that prevented the
strain localisation.

This present study reveals the main mechanism responsible for
the failure in additively manufactured Inconel 718. Plastic in-
homogeneity causes strain localisation in the AM region. The
interactions between the localised slip and brittle Laves phase in
the AM region are the main mechanism for crack initiation, which
subsequently led to final fracture. The mechanical integrity of
hybrid Inconel 718 can be improved by achieving more equiaxed
and randomly oriented grains (e.g., by changing the scanning
strategy and controlling the solidification mode), lowering
dislocation densities and minimising the Laves phase content
through heat treatments.
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