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Abstract

Room-temperature high-cycle fatigue (HCF) of IN718 repaired joint via laser direct
energy deposition (DED) were studied with the fatigue axis perpendicular to the joint interface.
Solution treated and aged (STA) were compared with directly aged (DA) conditions. The
wrought IN718 substrate showed equiaxed grains with a size of ~90 um and a high fraction of
annealing twins, whereas the DED deposit revealed a mixture of equiaxed and columnar grains
with an average size of ~20 um. There was little difference between the STA and DA
conditions in the grain length-scale. Micro-hardness results highlighted the need for the heat
treatment as it can remove the heat-affected zone and hardness dip, creating a uniform hardness
profile across the joint. Although the monolithic DED deposit had a similar tensile strength to
the wrought substrate, the DED joint exhibited an overall decreased HCF performance,
regardless of the heat treatment conditions. When the fatigue stress was low, the STA condition
had a better HCF performance than the DA, however, the opposite trend appeared for the high
stress, resulting in a cross-over point on the stress-life S-N plot. Interrupted fatigue tests,
combined with microscopy and fractography, revealed that the fatigue failure occurred in the
substrate for the DED joint in the DA condition, whilst in the deposit zone for the STA
condition due to the distribution and fracture of the Laves and & phases. Grain boundary
cracking in the substrate near the substrate-to-deposit interface can occur in both cases,

probably due to the Nb-rich liquid ilms.

Keywords: Additive Manufacturing, Direct Energy Deposition, Inconel 718, Microstructure,
High Cycle Fatigue.
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1. Introduction

Inconel 718 (IN718) Ni-base superalloy with good mechanical strength at high
temperature and resistance to oxidation finds its industrial applications in jet engine parts, gas
turbines, and various components in fossil fuel and nuclear power plants [1-3]. Mechanical
properties, especially tensile properties of IN718 fabricated using various additive
manufacturing (AM) methods, were reported in the literature [4-8]. In general, the tensile
strength of AM IN718 parts in as-deposited conditions was significantly lower than the
wrought IN718. However, post-processing heat treatments resulted in a strength level
comparable to the wrought material due to the formation of y" and y” precipitates. Despite the
strength enhancement achieved by using either the direct ageing (DA) or solution treating and
ageing (STA), the ductility of the AM IN718 in the DA condition was inferior compared to the
STA condition and the wrought IN718, owing to the presence of Laves phase associated with
the non-equilibrium solidification during the AM process [5,8-10].

High-cycle fatigue (HCF) is one of the important failure mechanisms [11,12]. The
fatigue properties of wrought IN718 are often linked to the 8-phase, although its effect is not
always consistent. It was reported by An et al. [13] that the &-phase caused the fatigue
performance deterioration. However, Li et al. [14] found improved resistance to intergranular
fatigue cracks due to the presence of the 3-phase at grain boundaries. The highly complex
thermal history during AM leads to significant microstructural variations, including the grain
size, secondary phase and defect, that can affect the fatigue performance [15-20]. Gribbin et
al. [15] observed that wrought IN718 exhibited better HCF performance than the AM IN718
in the STA condition because of the porosities and 6-phase precipitates in the latter. Sui et al.
[11] found improved HCF performance of wrought IN718 compared to laser AM IN718 in a
DA condition, which was attributed to the presence of 6-phase in the wrought samples. The
Laves phase fragmented at high-stress levels, creating microvoids in the Laves-matrix
interface, which led to the early crack initiation and hence the poor fatigue life [11,21].
However, at lower stress amplitudes, improved fatigue life was observed in the AM material
that was attributed to the Laves phase hindering the crack propagation. Amsterdam et al. [19]
investigated the HCF properties of IN718 processed by laser direct energy deposition (DED)
and found the fatigue performance comparable to the wrought, even with the presence of
porosities (size of 2 um to 100 um, with the majority being less than 25 um) in the DED IN718.

A significant potential for AM applications is component repair, especially for the
DED, a blown-powder AM process. Fusion welding repair of IN718 was studied previously
[22—24], revealing two primary cracking mechanisms of the micro-fissuring and heat-affected
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zone cracking [25-27]. To the best of the authors’ knowledge, there has been no attempt to
assess the HCF performance of the DED repaired joint and literature concerning the fatigue of
IN'718 repairs is exclusively limited to fusion welding.

Ono et al. [28] found that the HCF strength of an electron beam welded IN718 joint
was lower than the base metal, with cracks occurring in the heat-affected zone. The fatigue
crack initiation was attributed to the NbC, Laves and & phases. Sivaprasad and Raman [29]
studied the HCF performance of IN718 weldments in DA and STA conditions and observed
irregular-shaped transgranular fatigue crack growth, causing the failure in the weld zone. The
failure occurred predominantly through the Laves phase in the DA condition, whilst in the
region around the & and Laves phases in the STA condition. Their subsequent work [30]
observed that the increased volume fraction of Laves phase resulted in the fatigue-life
reduction. The STA condition exhibited better fatigue performance at low-stress levels,
however, the DA condition performed better than the STA counterpart under high-stress levels.
For the STA condition, the 6-needles affected the fatigue life more adversely than the Laves
phase [30]. Alexopoulos et al. [31] found a greater decrease in fatigue performance at the higher
stress than the lower stress by comparison of the TIG-welded with the wrought IN718.

To summarise, there is a contrasting viewpoint about the HCF performance of AM
IN718 when compared to the wrought material, especially due to the complex microstructure
formed under the non-equilibrium solidification, which can trigger some solid-phase
transformation during the post-processing heat treatment. In addition, the HCF performance of
the AM repaired joint structure has not received much attention in the literature. The present
work studies the room temperature HCF performance and failure mechanisms of DED IN718
in both the DA and STA conditions. Our focus is primarily on the DED repaired joint with the
fatigue loading axis being perpendicular to the joint interface. In addition to the fatigue to
failure, interrupted fatigue tests have been designed to elucidate the role of various

microstructural constituents on the initiation and propagation of fatigue cracks.

2. Experimental

2.1. Sample fabrication

Plasma atomised IN718 powders were obtained from GE additive with a size range
from 45 pum — 105 pm, having a spherical shape as shown in Fig 1. An Optomec LENS MR-7
apparatus was used for the DED repair as well as the bulk sample build, with the laser power

of 500 W and spot size of 1.2 mm, scanning speed of 6.3 mm/s, and powder flow rate of 12
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g/min. The layer thickness was 0.48 mm, and the hatch spacing was 0.95 mm. The melt pool
overlap was estimated as ~50%. As schematically shown in Figure 2(a), an alternate scanning
pattern was used. The oxygen concentration of the build chamber was maintained at less than
3 ppm during the deposition. Argon was used as the shielding gas and carrier gas with a flow
rate of 15 I/min and 6 I/min, respectively. Wrought IN718 with dimensions of 50 mm x 20 mm
x 40 mm (length x width x height) were used as the substrate for the DED repairs. This
essentially created three characteristic regions: the DED IN718 deposit, wrought IN718

substrate plate and the substrate-to-deposit interface.

' O 200 pm
Fig 1: SEM images of the feedstock IN718 powders.

Schematics of the sample preparation for fatigue tests are shown in Fig 2a and Fig 2b.
Repair region with similar dimensions to the wrought substrate plate was deposited, followed
by using electro-discharge machining to make the hourglass HCF samples, according to ASTM
E466 [32]. The HCF samples consisted of 50% wrought substrate and 50% DED deposit with
the substrate-to-deposit interface in the narrowest part, Fig 2b. This hourglass sample geometry
ensured the maximum cyclic stress was applied at the region as close as possible to the joint
interface. After the fatigue sample extraction, some HCF specimens were subjected to solution
heat treatment followed by ageing, abbreviated as STA, while the other received a direct
ageing, abbreviated as DA. The solution treatment was performed at 980 °C for 1 h, followed
by water quenching. The ageing treatment involved heating at 720 °C for 8 h, followed by
furnace cooling at a rate of 55 °C/h to 620 °C, and then thermal soaking at 620 °C for 8 h, and
finally air cooling to room temperature. Previous work on selective laser melted (SLM) IN718
showed that solution treatment at 1100 °C caused significant grain growth, despite a complete

dissolution of Laves phase [5]. Thus, the solution treatment temperature in the present work
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was chosen to be 980 °C. In addition, both the STA and DA heat treatment parameters conform
with those adopted for the cast and wrought IN718 [5,10,33].
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Fig 2: Schematics of (a) laser DED repaired block; (b) hourglass fatigue samples extracted
from the block; (c) samples for tensile testing.

2.2. Monotonic and fatigue testing

Vickers hardness of the repaired IN718 was measured using a Struers Microhardness
tester with a load of 500 gf and a dwell time of 15 sec. To understand the spatial variation in
hardness, indentations were performed with a spacing of 200 um covering three characteristic
regions of the deposit, the substrate-to-deposit interface and the substrate.

Tensile tests were conducted on the wrought IN718 in the STA condition and on the
DED IN718 in both the DA and STA conditions. The process parameters used to build the
DED IN718 sample block were identical to those employed for the DED repair. The tensile
specimens (Fig 2¢) were machined according to ASTM E8 [34], and all tests were carried out
at room temperature on a +100-kN-capacity hydraulic machine with a constant crosshead speed
corresponding to a nominal strain rate of 10 s, The tensile results formed an important basis
to choose the fatigue stress levels.

Fatigue tests were carried out at room temperature for generating the stress-life (S-N)
curve, using Instron E10000 with a £10-kN load cell. Stress-controlled fatigue tests were
performed using a sinusoidal waveform at R = 0.1 and a frequency of 50 Hz. No bending or

buckling was observed during the specimen fixing and fatigue testing. Prior to fatigue testing,
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specimen surfaces were mechanically ground using emery papers successively from 240 Grit
to 4000 Grit.

After the establishment of the S-N curve for the DED IN718 repair joint, the initiation
and growth behaviour of fatigue cracks was studied in detail by adopting the single-specimen
and interrupted testing procedure. The stochastic nature of fatigue leads to a large specimen-
to-specimen variation (e.g. fatigue life). Thus, any post-mortem examination to trace the
fatigue crack behaviour needs to be based on a large number of tests, e.g. [35]. In contrast,
performing the single-specimen and interrupted testing approach bypasses the stochastic nature
to some extent, as it permits us to monitor the crack development from various possible sources
and assessing the role of microstructure over various stages towards the anticipated fatigue life.
Prior to the test, specimens were further polished with diamond suspensions from 3 um to 1
pm and then with OPS colloidal silica suspension. These interrupted experiments were
conducted at two stress levels: one at maximum cyclic stress of 6,,,x = 650 MPa while the
other at 0,,,;x = 428 MPa. The test procedure consisted of three steps: (i) cyclically loading the
specimen at a target stress level to the predefined cycle before the actuator movement was
arrested for allowing load relaxation and specimen removal from the test machine; (ii) the
cyclically loaded specimen was ultrasonically cleaned and subsequently examined using
scanning electron microscopy (SEM); (iii) the specimen was remounted in the machine and
fatigue loaded at the same target stress levels for the next set of cycles until re-examination in
the SEM or test end. The test was interrupted at various fatigue cycles ranging from 10 pct to

90 pct of the anticipated fatigue life Ny as determined by the uninterrupted test.

2.3. Microstructural characterisation and fractography

Metallographic samples were sectioned from the middle part across the repaired joint
as shown in Fig 2b. They were mechanically ground successively from 240 Grit to 4000 Grit,
polished with diamond suspension from 3 pum to 1 um and finally with OPS colloidal silica
suspension. A Supra VP55 FEG-SEM, equipped with a backscattered electron (BSE) detector,
was used for imaging. Energy dispersive X-ray spectroscopy (EDS) was used to aid the phase
identification. An electron backscatter diffraction (EBSD) system from Oxford Instrument was
employed to measure the texture and grain size. EBSD data were collected with a step size of
2.5 um and analysed with HKL Channel 5 software. The circle equivalent diameter generated
by the HKL software from the EBSD data was used for the grain size measurements. The 60°

<111> twin boundary was not considered during grain reconstruction.
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For the interrupted fatigue specimens, a surface area of approximately 2 x 2 mm? in the
centre of the flat hourglass specimen was tracked and examined using the SEM. The total crack
length and number density of microcracks were then calculated as the average number of cracks
per unit area in mm?; a similar approach was adopted by Majumdar et al. [36] to examine
fatigue crack initiation and propagation on IF steel sheets and Peng et al. [37] on another AM
Ni-base superalloy. The SEM fractography and the cross-section surface observation were

conducted to determine the fatigue failure mechanism.

3. Results

3.1. DED repaired microstructure

The chosen DED parameter set resulted in highly dense deposits with a porosity level
of <0.05%. No other defects were observed in the heat-affected zone of the wrought substrate
IN718 or at the deposit-to-substrate interface. For both the DA and STA conditions, the
substrate region had equiaxed grains with an average grain size of ~90 um, Fig 3a and Fig 3b.
In addition, a high fraction (>50%) of >3 <110> of twin boundaries was identified, as
manifested by a clear misorientation peak at 60°£5° on the misorientation distribution plot, Fig
3c for DA while Fig 3d for STA conditions. On the contrary, the deposit zone exhibited a
heterogeneous distribution of columnar and equiaxed grains along the Z build direction with a
high fraction of low-angle grain boundaries (defined by the misorientation angle of 2° to 10°).
For the DA condition, the grain size in the deposit zone was measured to be 18.5+£0.3 um, while
that in the substrate was 91.9+11.4 um. For the STA condition, the grain size was found to be
20.5+0.5 pm in the deposit zone and 88.3+£9.8 um in the substrate. The smaller grain size as
measured in the deposit zone is a combined effect of smaller-sized equiaxed grains and fine
columnar grains (with a high height-to-width ratio).

The inverse pole figure (IPF) maps for both the DA and STA conditions revealed a
relatively weak crystallographic texture along {001} || build direction, with the maximum
multiple of uniform density (MUD) value of 2.54 for the DA while 3.34 for the STA condition
as determined from the pole figures, Fig 3e and Fig 3f. Both pole figures were based on >4000
grains; hence, the texture interpretation has the required statistical importance. Moreover,
analysing the columnar grains alone in the deposit zone (containing >3000 grains) resulted in
the maximum MUD value of 2.98 and 3.08 for the DA and STA conditions, respectively. This
indicates that there is no preferential texture in the deposit zone. Therefore, the effect of texture

on fatigue behaviour is judged to be limited.
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Additional EBSD scan was performed on the as-deposited condition of the DED
repaired joint (i.e. receiving no post-processing heat treatment), with the orientation map
presented in Fig 3g and the corresponding pole figure in the figure inset. In the as-deposited
condition, the average grain size in the deposit zone was measured to be 19.03+£0.3 um, Fig 3h,
and the grain size distribution histogram is similar to the DA and STA conditions. In addition,
the maximum MUD was determined as 3.79, which is similar to that of the DA and STA
conditions. Thus, the grain morphology in the deposit zone remained unchanged after the post-

processing heat treatment.
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Fig 3: EBSD maps showing the grain morphology and distribution in the DED repaired joint
for the directly aged (DA) condition in (a) and solution treated and aged (STA) condition in
(b); misorientation distribution in the deposit zone and substrate region in (c) DA and (d) STA
conditions; the {100} pole figure of the deposit zone in () DA and (f) STA conditions; (g)
EBSD orientation map and {100} pole figure from the DED repaired joint in as-deposited
condition; (h) comparison of the grain size distribution for the as-deposited, DA and STA
conditions as measured from the deposit zone.
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Fig 4a shows an SEM micrograph of the wrought substrate IN718 in STA condition
exhibiting near-equiaxed grains with twins in the y-matrix, while the inset shows the presence
of blocky MC particles and dispersed 6-phase precipitates along the grain boundaries. The
micro-hardness was measured to be 425+20 Hv, which is similar to previous work [38]. Fig 4b
shows the EDS line scan analysis confirming the presence of (Nb, Ti) C in the wrought IN718.

The NbC appears as a brighter blocky carbide and TiC as a darker round-shaped one.

100

Wt %

0 10 20 30 40 50
Distance (um)

Fig 4: Wrought IN718 substrate: (a) BSE-SEM micrograph showing near-equiaxed grains, and
the figure inset showing blocky carbides and & phases on the grain boundaries; (b) EDS line
scan for identification of NbC and TiC.

Fig 5a shows the SEM overview of the DED IN718 joint in the DA condition,
containing the substrate and DED deposited material with the black dashed lines indicating
their interface. Fig 5b and Fig 5¢ show the high-magnification micrographs of the substrate and
deposit zone, respectively. The brighter contrast particles appearing on both micrographs were

confirmed by EDS point analysis as the Laves phase containing higher than 14 wt.% of Nb.
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For the substrate, Laves phase was observed mainly at or near the grain boundaries, Fig 5b. By
comparison, a higher volume fraction of Laves phase appeared in the DED deposit region,
which could be due to the grain sub-structure, inducing many low-angle grain boundaries, as
revealed by our EBSD-based misorientation analysis in Fig. 3c. Laves phase in the deposit
zone formed in the inter-dendritic regions is as expected, due to the elemental partitioning of
Nb and Mo during the non-equilibrium solidification condition of the DED process [10,39].
Fig 5d shows the corresponding EDS elemental map, where the Nb-rich grain boundaries can
be seen in the substrate near the deposit-to-substrate interface. These Nb-rich grain boundaries
were likely induced by the constitutional liquation of NbC carbides. The temperature
experienced by the substrate near the interface should be high enough to induce liquation of
carbides (1200 °C to 1250 °C). The constitutional liquefication of the NbC can result in the
formation of Nb-rich liquid film at the boundaries and then solidifies in Laves phase

composition [26,40].

Yl’hase

(OB ..o Phace
'Lm es Pl}d_s:,

Composition (Wt%)
Ni Cr Fe Nb Mo Ti Al Phase
Spectrum 1 44,6 148 147 196 4.6 1.6 0.3 Laves
Spectrum 2 48.0 16.1 155 144 4.0 155 0.5 Laves

Mo

Spectrum

(d) ~_Nbrich -~
“Then A

Fig 5: Microstructure of the DED IN718 joint in DA condition: (a) SEM micrograph of the
deposit-to-substrate region; (b) and (c) high-magnification view showing the phases in the
substrate and deposit zone, respectively; (d) EDS map showing Nb and Mo segregation on the
substrate grain boundary. The marked points 1 and 2 in (b) and (c) indicate EDS point analysis
with the results given in the table.
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Fig 6a shows the overview microstructure of the DED IN718 joint in the STA condition,
where the deposit region is on the left, while that of the wrought substrate is on the right.
Representative SEM micrographs at higher magnification for the deposit region is shown in
Fig 6b, while that of the substrate region is shown in Fig 6¢c. The STA heat treatment resulted
in the formation of & precipitates in both the deposit zone (Fig 6b) and substrate (Fig 6¢). The
d phase can be easily identified by its needle-like shape, and its precipitation occurred
exclusively around Laves particles. The 6 phase is an orthorhombic NisNDb precipitate, with Nb
concentration of 8 — 10 wt % [10], which precipitates in the range of 860 °C to 995 °C (e.qg.
[41-43]). Qi et al. [10] claimed that high cooling rates during the repair process restricted the
formation of the 6 phase in as-deposited IN718, and the low heating rates during the subsequent
solution treatment at 980°C resulted in precipitation of the 6 phase by dissolving the Laves
phase. As a result, in the deposit zone, the d precipitates are expected to form along the inter-
dendritic region around the Laves phases. Moreover, the solidification conditions during the
repair/deposition process resulted in a heterogeneous distribution of 8 precipitates in the deposit
zone. In the substrate, 6 precipitates were observed close to the grain boundaries (Fig 6c). Like
the observation in the DA condition, the presence of Nb-rich liquid film (with Laves phase
composition) along the grain boundaries can still be seen in the substrate close to the deposit-
to-substrate interface, Fig 6d and the companion table. This indicates a higher temperature than
980°C would be required to dissolve the liquid film completely. To summarise, the primary
microstructure difference between the STA and DA conditions is the presence of & precipitates
(that are formed along with Laves phase) in the inter-dendritic region of the DED deposit zone

and along grain boundaries in the substrate near the deposit-to-substrate interface.
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(a) Deposit _' - .

Laves _~
Phase

Composition (Wt%)

Spectrum

Ni Cr Fe Nb Mo Ti Al Phase
Spectrum 1 496 162 159 115 52 172 0.4 0 phase
Spectrum 2 40.7 160 178 16.7 79 0.8 0.2 Laves

Mo

Fig 6: Microstructure of the DED IN718 joint in STA condition: (b) and (c) the enlarged view
showing the phases in the substrate and deposit zone, respectively; (d) EDS map showing Nb,
and Mo segregation on the substrate grain boundary. The marked points 1 and 2 in (b) and (c)
indicate EDS point analysis with the results given in the table.

The hardness profile across the deposit-to-substrate interface is shown in Fig 7a. In the
as-deposited condition (i.e. receiving no heat treatment), the hardness in the deposit zone was
considerably lower (~250 Hv) compared to the hardness in the substrate (450 Hv). The high
cooling rates of the DED process did not allow the formation of y' and y” precipitates [38],
which resulted in the low hardness in the deposit zone. A heat-affected zone with ~500 pm in
width can be seen at the substrate side near the deposit-to-substrate interface, Fig 7a, and this
region was characterised by a dip in hardness values. A similar observation was reported in
DED processed IN718 by Zhai et al. [38]. It is likely that high temperatures during the DED
repair already triggered the dissolution of the 6 phase in the substrate (1269 K to 1288 K for -
solvus temperature range) [2,44], and thereby led to a decreased hardness value. The heat-
affected zone seemed to extend up to approximately 800 um away from the deposit-to-substrate
interface so that the hardness in the substrate wrought IN718 was restored to the expected high
value. Fig 7a also reveals that a uniform hardness was obtained across the joint in both the STA
and DA conditions, which can be attributed to the formation of the y' and y” precipitates.

Attempt was made to confirm the presence of y" and y” precipitates in the heat-treated condition

12
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of DED IN718. Metallography sample preparation involved polishing down to 1 um diamond
suspension, and then chemical etching in a solution of 1.5 g CuSO4 + 20 mL HCI + 10 mL
ethanol. Under the SEM scrutiny (Fig 7b), the phase contrast seems to suggest the nanometre
scaled y' and y” precipitates with the size of ~15 nm, which certainly reaches the limit of SEM
resolution. Future work is needed to reveal these precipitates more clearly using transmission

electron microscopy, which is beyond the scope of the present work.
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Fig 7: (a) Hardness variation in the DED repaired joint across the deposit-to-substrate interface
in the as-deposited, STA and DA conditions; (b) a representative SEM micrograph showing
the chemically etched DED IN718 in the deposit zone in the DA condition

3.2. Tensile properties

Fig 8 shows the engineering stress-strain response of the substrate in STA condition
and DED IN718 in the DA and STA conditions. The derived tensile properties are summarised
in Table 1. The yield strength, tensile strength, and elongation-to-failure (expressed as a
percentage) agree fairly well with the values of DED IN718, tested under similar heat-treated
conditions [10,38]. The tensile ductility for the DA sample of the DED IN718 was significantly
low of ~8%, compared to ~17% of the STA sample and ~22% for the wrought IN718 in the
STA condition. The brittle Laves phase provides an easy path for crack formation and failure,
which seems to be responsible for the low tensile ductility in the DA sample. By contrast, the
improved ductility in the STA condition can be attributed to the formation of 6 precipitates as
a result of partial dissolution of the Laves phase. The yield strength of the DED IN718 in DA
and STA conditions were slightly higher than the wrought substrate, with the measured

difference in yield strength being <5%. Therefore, the yield strength of the wrought substrate
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was used to choose the appropriate stress levels for the HCF testing, i.e. maximum cyclic stress

levels ranged from 35% to 90% of the yield strength.
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Fig 8: Tensile stress-strain curves measured using the tensile specimen as per Fig 2c.

Table 1: Tensile properties of IN718 of the wrought substrate as well as the DED build in both
the STA and DA conditions. Note: the tensile axis was parallel to the Z-build direction, and at

least three tests per condition was conducted to obtain the average value.

Tensile properties of Heat treated condition

IN718 IN718 - DA IN718 —STA Wrought — STA
Elastic modulus [GPa] 194+ 17 173+ 10 176 =10
Oys0.2) [MPa] 948 + 13 946 + 20 924 + 12
6,1 [IMPa] 1134+ 16 1134 £ 18 1226 £ 10
Elongation [%] 85002 17.20+3.5 22.4+0.6

3.3. Fatigue S-N curves

The S-N curves of the DED repaired joint (STA and DA conditions) in comparison with
the wrought IN718 (STA condition) are presented in Fig 9. Fatigue run-out was defined as the
test which did not fail after 5x10° cycles, and these data points were marked with the right
arrow. The fatigue cycles of 5x10°, as opposed to 107, has been chosen as the fatigue run-out
in the present work to maintain consistency with a previous work on SLM IN718 [45]. One

sample (the repair-DA condition in Fig. 9) was loaded further until 107 cycles and the sample
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did not fail. Thus, it is less likely that the choice of 5x10° as fatigue run-out will affect the
present research finding.
A power-law model akin to the Basquin’s equation [12] was adopted for fitting the data
(only applicable to the failed samples).
Omax = aNp
where a and b are fitting constants, and the dashed lines correspond to the power-law fit
representing the fatigue performance of the investigated materials, with the derived parameters

as well as the R-squared values summarised in Table 2.
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Fig 9: Power-law fit S-N curves, and fatigue data points of the DED repaired IN718 joint in
both the STA and DA conditions in comparison with the wrought IN718 in STA condition.
The cross-over point of the STA and DA curves is at the fatigue stress level of ,,,,=500 MPa.

Table 2: Parameters derived from the HCF fatigue testing

Material condition a b Adjusted R-squared
IN718 — DA 8415.53 -0.22 0.88
IN718 — STA 2965.87  -0.14 0.89
Wrought — STA 6641.70  -0.20 0.89

The general trend is that Ny increased with the decreasing cyclic stress level of ..
The wrought substrate generally outperformed the DED IN718 repaired joint in both the STA
and DA conditions. In terms of the fatigue limit, the DED IN718 repaired joint in the STA
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condition had a similar value of o,,,,=430 MPa when compared to the wrought IN718 in the
STA condition, whereas the IN718 in the DA condition was about 100 MPa lower. Such a
significant difference in the fatigue limit between the STA and DA conditions for the DED
IN'718 repaired joint was not expected as the monotonic tensile strength and the microhardness
of the DED samples was very similar (Table 1 and Fig 7a). Moreover, at low fatigue stress
levels, the STA condition of the DED IN718 repaired joint seemed to show a better fatigue
behaviour than the DA condition. At high-stress levels (60 pct to 90 pct of the yield strength),
however, the DA samples performed better than the STA, and to some extent, the fatigue
property became comparable to the wrought IN718. The fatigue S-N plot shows a cross-over
point at the fatigue stress level of 6,,,,,=500 MPa, where the relative fatigue performance of

the two heat treatment conditions (STA vs. DA of the DED repaired joint) switched over.

3.4. Interrupted fatigue tests

Interrupted fatigue tests were performed using two different maximum cyclic stress
levels; one above (o,,.x = 665 MPa, ~70 % of average yield strength, abbreviated as YS) and
the other below (o,,.x = 428 MPa, ~45% of YS) the cross-over point as shown in Fig 9. Both
the STA and DA conditions were considered, and hence in total, four interrupted fatigue tests
were conducted. These tests were interrupted at various percentage of the average life (Ny)
ranging from 10% to 90%, to capture the crack initiation and propagation behaviour with the
aid of SEM examination. Overall, these interrupted tests revealed four main preferential sites
for cracking, with representative SEM micrographs in Fig. 10a — Fig. 10f including: (i) grain
boundaries of the substrate close to the substrate-to-deposit interface (Fig. 10a and Fig. 10b);
(ii) carbides in the heat-affected zone of the substrate or DED deposit zone (Fig. 10d); (iii)
transgranular type (Fig. 10c); and (iv) Laves and & phases in the DED deposit zone (Fig. 10e
and Fig. 10f). In addition, no fatigue crack was associated with the pores. Such an observation
is consistent with the HCF work on SLM [42] and DED [19] IN718. Especially, after reducing
the porosity level from 0.39% to 0.08% and the size to somewhere between 40 um and 100 um
by hot isostatic pressing, no improvement in fatigue performance of SLM IN718 was observed
[42].
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Fig 10: Fatigue microcracks initiating at various preferential sources on the sample surface,
including (a) and (b) grain boundary of the substrate wrought near the substrate-to-deposit
interface; (c) transgranular cracks and (d) broken carbides as observed in the substrate; (e) and
(F) broken Laves and 6 phases in the deposit zone.

Fig 11(a — d) show the development of a crack with the increasing number of cycles for
the DA specimen tested at 0,,,x = 665 MPa. The corresponding Fig 11e and Fig 11f show the
quantitatively measured size of fatigue cracks and their number density in relation to the
characteristic cracking sites. In detail, a fatigue crack was observed at the interrupting cycle of
40% Ny, Fig 11a, and such a crack developed from a grain boundary in the substrate near the
deposit-to-substrate interface. With the increased fatigue cycles (60% Ny), the fatigue crack

followed an intergranular propagation path, extending to the nearby grains, Fig 11b.
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Transgranular crack growth started to appear with the further increased cycles, and many
micro-cracks were formed ahead of the major dominant crack, followed by their coalescence
into a fatal crack, and finally resulted in the fatigue fracture through the substrate, Fig 11c and
11d. The total crack length and the number density of cracks increased continuously to ~325
um/mm? (Fig 11e) and ~6 cracks/mm? (Fig 11f), respectively, until reaching a plateau at 60%
Ng. In the initial stage of up to 40% N, the high crack density and fast growth rate were
observed in the substrate. In addition, broken metal carbides were seen in the deposit zone,
however, the associated cracks did not grow. To summarise, the fatal fatigue crack occurred
from the grain boundary of the substrate close to the substrate-to-deposit interface for the DA

condition under the high-stress fatigue loading of 0,,,,=665 MPa and R=0.1.
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Fig 11: Representative SEM micrographs showing the development of a crack in DA specimen
tested at omax = 665 MPa in various stages of fatigue life: (a) 40% N¢; (b) 60% N; (c) 90%
Ny, (d) 90% N; quantitative measurements of (e) total crack length and (f) number density of
fatigue cracks growing from different sources on the specimen surface.
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Fig 12a — Fig 12c show the crack development in the STA specimen tested at the same
fatigue stress level (665 MPa) as the DA specimen (Fig 11). Despite some DED process
induced defects appeared in the deposit region, they did not contribute to the fatal fatigue crack
initiation at the later stage. In this case, the major transgranular crack was developed after 60%
N¢ in the deposit region, most likely a surface crack initiation as revealed in two-dimensional
view, Fig 12c. The distance of the observed defect to the specimen surface in Fig 12c¢ was about
four to five times greater than the size of the defect, belonging to the internal defect type [38]
and thereby having a limited effect on surface fatigue cracking. A high magnification
micrograph showing cracks at broken & and Laves phases is shown in Fig 12d.

Based on the quantitative assessment of cracking behaviour, it was found that cracks
appeared simultaneously in the substrate grain boundaries and the deposit zone through the
Laves and 6 phases, Fig 12e and Fig 12f. Till 40% N¢, the crack growth predominantly occurred
through the substrate grain boundary with the total crack length measured ~80 um/mm?,
significantly higher than that observed in the deposit zone (~20 pm/mm?). However, after 40%
N¢, the Laves and & phases along the dendritic arm in the deposit zone provided an easy crack
path, causing a higher total crack length in Fig 12e. This resulted in the fatal crack development
with a very fast rate in the deposit zone, Fig 12c, leading to the failure of the DED IN718 joint.
In this case, the specimen failed prematurely, with the fatigue life being only 65% of the
anticipated Ny. A repeat test was conducted, and the specimen failed at a similar fatigue life,
about 50,000 cycles (~70% of the anticipated Nf). This observation suggests that the crack
initiation and propagation of the STA specimen are very sensitive to the microstructure of the
DED deposit region. To summarise, the fatal fatigue crack occurred at the DED deposit region,
where the characteristic distribution of Laves and 6 phases contributed to the crack path
tortuosity for the STA condition under the high-stress fatigue loading of ¢,,,,= 665 MPa and
R=0.1.
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Fig 12: Representative SEM micrographs illustrating the development of a crack in STA
specimen near the final fracture region, specimen tested at o,,,x = 665 MPa, in various stages
of fatigue life: (a) 20% N; (b) 40% Ny; (c) 60% Ng; (d) a high magnification micrograph of
the deposit zone, with the arrows indicating broken Laves phases and & phases in the vicinity
of the fatigue crack; quantitative measurements of (e) total crack length and (f) number density
of fatigue cracks. For the characteristic crack at deposit zone associated with Laves and
phases, no measurable change in crack length was found between 10% to 40% N. Thus, the
curve fitting is not given in (e) to avoid misunderstanding.

For the interrupted fatigue specimen in the DA condition, tested at 6,,,,x = 428 MPa
(low fatigue stress level), the early crack initiation occurred at the grain boundaries of the
substrate, Fig 13a, at 10% Nf. A transgranular crack appeared in the substrate after 40% N,
Fig 13b. At 70% and 90% N, the crack propagated into the deposit zone from the substrate,
Fig 13c and Fig 13d, respectively. Both the increase in the total crack length and the number
density of cracks can be seen in Fig 13e and Fig 13f, respectively, with a far more frequent
observation of cracks initiated from the grain boundaries at the substrate wrought IN718. The
crack propagation followed a transgranular path, acting as the major crack. As a result, the
number density of transgranular cracks did not increase, as shown in Fig 13f. The cracks grew
into the deposit zone only after significant growth through the substrate at 60% — 70% Ny. For
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the STA condition, the specimen tested at the same stress level did not fail at this stress level

(i.e. fatigue run-out). Representative SEM micrographs of fatigue cracks are shown in Fig 14a

and Fig 14b. A crack first appeared at the grain boundary of the substrate (20% Ny, Fig 14a);

however, the crack did not grow even after the 70% Ny, Fig 14b.
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Fig 13: Representative SEM micrographs illustrating the development of crack in DA
specimen tested at 6,,,x = 428 MPa in various stages of fatigue life: (a) 10% N; (b) 40% Ny;

(c) 70% Ny; (d) 90% N; quantitative measurements of (e) total crack length and (f) number

density of fatigue cracks.
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In the present work, the coarse NbC (e.g. Fig. 10d) has been identified as the
preferential fatigue crack initiation site; this applies to both the STA and DA conditions of the
DED repaired joint. However, the quantitative measurements made on the interrupted fatigue
test specimens helped to elucidate that such a crack did not propagate to the required length to
trigger the final fatigue failure, despite its early crack initiation. Inclusions such as carbides are
recognised as the important factor affecting the fatigue performance in IN718, however, such
a detrimental role is pronounced at cryogenic temperatures [46] and at high stress levels (i.e.

low-cycle fatigue, with the stress level of above YS) [47,48].

3.5. Fatigue failure mechanisms

To corroborate the fatigue failure mechanism as observed in the interrupted specimens
for the high and low fatigue stress levels and STA and DA heat treatment conditions, the SEM
cross-sectional view of the fractured surface, as well as SEM fractography, were conducted.
Specimen tested under the 6,,,x = 665 MPa represents the high-stress condition, while that
tested at o,,,x = 475 MPa represents the low-stress condition. The latter was chosen as the
specimen tested at 6,,,,x =428 MPa in the STA condition exhibited fatigue run-out (Fig 9). For
both the high and low cyclic stresses, the DA specimens exhibited cracks propagating through
the grain boundaries and twin boundaries at the substrate, as shown in Fig 15a and Fig 15d,
respectively. Some secondary grain boundary cracks near the repaired joint were observed, Fig
15d. On the contrary, the STA specimens showed the final failure occurring in the DED deposit
zone near the repaired joint, Fig 15b for the high-stress condition, while Fig 15e for the low-
stress test condition, and fractured Laves and 6 phases can be seen at the vicinity of the fracture
surface (Fig 15c, Fig 15f). It is likely that with increasing fatigue cycles, the fractured Laves
and o phases, along with the deformation of the y-matrix, led to the formation of microvoids,

which provided an easy crack path, ultimately triggering the failure of the joint.
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Fig 15: Cross-sectional view of the region near to the final fracture of the specimen tested at
the maximum cyclic stress of (a) 665 MPa in DA condition, with failure occurring in the
substrate; (b) 665 MPa in STA condition with failure occurring in the deposit zone; (d) 475
MPa in DA condition, with failure occurring in the substrate; (e) 475 MPa in STA condition,
with failure occurring in the deposit zone; (c) and (f) high magnification micrograph of (b) and
(e), respectively, showing the presence of broken 6 and Laves phases near the fracture surface.

Fig 16 summarises the SEM fractography of fatigue failed specimens. The failure
occurred in the substrate of the DED repaired joint in the DA condition while in the deposit
zone in the STA condition. Therefore, the fracture surfaces are representative of the features of
the wrought IN718 in the top two rows, Fig 16a to Fig 16f, whilst the DED deposit zone in the
bottom two rows, Fig 169 to Fig 16l. Overall, the fracture surfaces exhibited characteristic
features of facets, secondary cracks, striation marks, deposition defects, and dimples typical of
microvoid coalescence. The dimples of the STA specimen that failed in the deposit zone were
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finer, and the overall fracture surface was smoother when compared to those of the DA

specimen that failed in the substrate region.
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Fig 16: SEM fractography shown fatigue crack initiation ites, facets, 'micoas on the
fractured surface, and fatigue striations: (a), (b) and (c) DA specimen tested at op,,x = 665
MPa; (d), (e) and (f) DA specimen tested at 6,,,x = 475 MPa; (g), (h) and (i) STA specimen
tested at o, = 665 MPa; (j), (k) and (I) STA specimen tested at 6,,,x = 475 MPa.
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In the DA condition of Fig 16b and Fig 16e, crystallographic facets were observed after
the surface crack initiation. Such facets have been reported in the room-temperature HCF study
of the wrought IN718 and AM IN718 [28,49-52]. Ratchet marks were observed on the fracture
surface, and their presence can be attributed to the multiple cracks propagating on parallel
planes interconnected via secondary perpendicular cracks [51]. In addition to the dimples,
fatigue striations appeared on the fracture surface. The specimen in STA condition exhibited

presence of deposition defects such as porosities, lack of fusion located on the fracture surface,
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Fig 16h and Fig 16k. The surface exhibited a combination of ductile and brittle micro-
mechanisms, i.e., facets and dimples (intergranular and transgranular), Fig 16i, highlighting the

complex nature of the DED IN718 microstructure.

4. Discussion

4.1. Rationalisation of the fatigue performance with microstructure observation

For a polycrystalline material, it is recognised that, below the fatigue limit, the
accumulation of fatigue damage during cyclic loading is dynamically balanced by the
progressive strengthening due to strain ageing [12], and the fatigue failure occurs when the
damage predominates over strengthening. Grain boundaries of the substrate wrought IN718 are
the favourable site for crack initiation and play a major role in the fatigue damage initiation,
regardless of the heat treatment conditions. However, the cyclic failure mechanism differs
when the maximum cyclic stress is above or below the cross-over point of Fig 9. One of the
features identified in the present study, which is believed to weaken the grain boundary strength
under HCF loading, is the Nb-rich liquid films at the grain boundaries of the substrate near the
deposit-to-substrate interface. Due to the high temperatures experienced during welding or AM
processes, the secondary phases, such as intermetallic phases and carbides, suffer local melting
at elevated temperatures. Moreover, due to the rapid heating and cooling rates, the second-
phase particles may not be completely dissolved when the eutectic temperature is reached in
the heat-affected zone. The metastable liquid may thus nucleate heterogeneously at the
interfaces between the remaining second-phase particles and the matrix, followed by rapid
melting of the second-phase particles and part of the surrounding matrix [53]. In the case of
IN718, NbC carbides liquate over a range of temperatures, initiating at a temperature range of
1200°C to 1215°C, below the y-carbide eutectic L — (y + NbC) temperature of 1250°C [54].
Thus, liquid on the grain boundaries in the heat-affected zone originates due to constitutional
liquation of the NbC [55], and the quenched-in liquid formed solidifies to a composition similar
to Laves phase. These are identified as the Nb-rich substrate grain boundaries as shown in Fig
5d and Fig 6d. The inability of these liquid films to accommodate the stresses results in crack
formation at the substrate grain boundaries near the deposit-to-substrate interface as shown in
Fig 10a and Fig 10b.

For the interrupted test performed on the STA condition with the 6,,,x = 428 MPa,
which is just below the fatigue limit, non-propagating microcracks at the grain boundary of the

substrate region are observed in Fig 14a and Fig 14b. By comparison, for the DA condition
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tested at a similar stress level, the microcracks initiated at the grain boundary of the substrate
region can propagate, Fig 13(a — ¢). Therefore, the threshold stress above which those already
initiated microcracks can propagate determines the fatigue limit. This seems to agree with the
higher fatigue limit in the STA condition when compared to DA.

At the high cyclic stress region of Fig 9, the wrought material as well as the DED
repaired joint in the DA condition exhibit higher fatigue life than the DED repaired joint in the
STA condition. The deposit zone has a significantly smaller grain size of heterogeneous
distribution and no annealing twins compared to the wrought material that has coarse equiaxed
grains. Since the crystallographic texture is weak for both the deposit zone and substrate (Fig
3), various microstructural features in the deposit zone, substrate, and the deposit-to-substrate
interface likely act as competing factors influencing fatigue performance. As shown in Fig 5c,
in the DA condition, the substrate grain boundaries in the heat-affected zone (i.e. close to the
deposit region but still in the wrought material) are devoid of any & phase, but with the Laves
phase presented at the substrate grain boundaries and in the inter-dendritic region in the deposit
zone. The work on IN718 showed that the Laves phase has poor plastic deformation capability
during tensile loading [5,56]. The y matrix possesses higher deformability and often leads to
the formation of stress concentration sites at the interface between the y matrix and Laves
phase. As the cracks initiate and grow through the substrate grain boundaries at higher loads,
the failure mechanism in the DA specimen mimicked the failure mechanism of wrought IN718.

From uniaxial tensile tests reported in Fig 8, the STA condition exhibits improved
ductility compared to the DA specimen. While it has been observed that the & phase improves
fatigue properties in Ni-base superalloys by arresting crack propagation [14,29], this only
occurs at low-stress levels. An et al. [13] reported that the 6 phase degraded the fatigue life in
the wrought IN718, and such phenomenon was attributed to the morphology of the & phase.
The Laves phase and & precipitates are both enriched in Nb, while the surrounding matrix is
depleted of Nb, resulting in a lack of y” strengthening phase [30,57]. Therefore, near the &
phase, a region depleted in y” is formed that may act as the micro-void initiation site. Moreover,
a higher volume fraction of the & phase in the microstructure would consume the Nb for y”
formation during the subsequent ageing treatment. During cyclic loading, dislocations are
easily piled up around the long needle-like 6 phase, which leads to high-stress concentration,
and subsequent & phase debonding from the matrix and helps easy crack propagation along the
long needle-like & phase surrounded by the precipitate-free-zone. Therefore, the heterogeneous
distribution of the needle-like & phase and higher volume fraction in the deposit zone likely
made it easier to induce stress concentration sites at high-stress levels, and hence the STA
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specimen at high fatigue stress failed in the deposit zone. At low-stress levels, the debonding

of the 8/Laves phase from the y matrix did not happen.

4.2. Fatigue data comparison

The fatigue limit of wrought IN718, as reported in the Aerospace Structural Metals
Handbook (AD737973) [58], is ~500 MPa, which is 75 MPa higher than the wrought IN718
considered in the present study. Such difference in the fatigue strength can be attributed to
grain size difference with the former of ~35 pum while the latter of ~90 pum. HCF tests on
wrought IN718 with different grain sizes by Ono et al. [59] and Kevinsanny et al. [60] revealed
higher fatigue life corresponded to the higher strength and hardness in the fine-grained samples
compared to the coarse-grained samples. It is well known that grain boundaries hinder the slip
transfer between grains, leading to the formation of pile-ups and hardening as the grain size
decreases [12]. Therefore a fine-grained material with higher hardness and strength would
provide higher resistance to plastic deformation, and hence improved fatigue strength is
observed [61].

The fatigue test results from the current study are compared to the literature data. For a
valid comparison, only the room temperature HCF test data obtained at R = 0.1 and using
hourglass specimen geometry are included. Fig 17a compares the present results with the
fatigue data of IN718 manufactured by various AM technologies with a fatigue loading axis
parallel to the build direction [19,52]. The fatigue limit estimated by Witkin et al. [52] on SLM
IN718 was ~ 450 MPa (see Table 2 [52]), tested at R = 0.1, which matches well with the
observed results in the present investigation on the STA specimens while being ~100 MPa
higher than the DA condition. A slightly higher fatigue limit of ~480 MPa compared to the
results of the present STA specimens was reported by Amsterdam et al. [19] for the DED
fabricated IN718 specimens that were solution annealed at 1093°C and then aged. A solution
treatment temperature of ~1100°C dissolved the Laves and 6 phases in SLM IN718 [62], which
could be the reason for the improved fatigue performance in the work by Amsterdam et al.
[19]. The fatigue life observed by Balachandramurthi et al. [63] in electron beam melted (EBM)
IN718 was consistently inferior compared to both the DA and STA specimens in the present
work, tested at similar maximum stress levels.

Fig 17b shows the data comparison with the welding repaired IN718 with the fatigue
loading axis perpendicular to the weld centreline [30,31]. The DED-repaired IN718 joint tested
at both the DA and STA conditions performed better than the TIG welded IN718 reported by
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Alexopoulos et al. [31]. Compared to the results observed in the current investigation,
Sivaprasad et al. [30] reported superior fatigue properties of the TIG welded IN718 tested in
DA and STA conditions. The difference in the fatigue properties compared to the present study
can be attributed to the innate material properties of the IN718 substrate as depicted by
significantly higher fatigue limit (~750 MPa) of the substrate (wrought) IN718 under
investigation (Fig 17b). However, the fatigue performance of TIG welded specimens reported
by Sivaprasad et al. [30] tested in DA and STA conditions showed a similar trend as reported
in the present study. At higher maximum stress levels, the DA fatigue performance is better,
whereas, at low-stress levels, better fatigue performance and higher fatigue limit are observed
for the STA specimens.
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Fig 17: Comparison of the present S-N curves with the literature data for IN718: (a) comparison
with  AM IN718 components; and (b) comparison with welding repaired IN718. For
comparison purposes, all the fatigue data were generated at R = 0.1 and room temperature.
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It can be summarised from the present investigation and other reports available in the
literature that wrought IN718 generally outperforms IN718 processed via various AM
techniques or fusion welding. The primary reason for the difference in fatigue performance can
be related to the difference in the microstructure due to various processing methods. Laser-
based AM techniques can be broadly classified as DED or SLM processes. High cooling rates
of 10% — 10° K/s are achieved during DED and 10° — 107 K/s in SLM processing [64]. Similarly,
high cooling rates >10? K/s are achieved during welding processes [23]. The non-equilibrium
phases formed during AM processes and welding results in the deterioration of fatigue
properties. Post-processing heat treatments are often employed to improve fatigue properties.
In repair processes (welding/AM), to prevent grain coarsening in the base metal, the solution
treatment temperatures are generally restricted to 980°C. The solution treatment at 980°C
results in the formation of & precipitates along with the retained Laves phase. The formation of
d precipitates results in slight softening of the material, thereby deteriorating high-stress HCF
properties, however, at stresses below 50% of yield strength, & precipitates are found to be

beneficial for fatigue properties.

5. Conclusion

IN718 repaired joint, processed via direct energy deposition (DED), in both the solution
treated and aged (STA) and directly aged (DA) conditions, has been assessed with the fatigue
loading axis being perpendicular to the interface between the wrought substrate and the DED
deposit. The major conclusions are:

1. Performing the post-processing heat treatment is essential for IN718 repairs using DED
processing to eliminate the low-strength heat-affected zone, which can extend up to 800
um in the substrate near the deposit-to-substrate interface.

2. The wrought substrate generally outperforms the DED repaired joint under HCF
testing. However, the performance of the repaired joint is comparable to AM IN718 as
reported in the literature and, in some cases, better than the welding repaired IN718.

3. At high fatigue stress levels, the DA samples outperform the STA samples, whereas, at
low-stress levels, the STA samples perform better. Therefore, a cross-over point
appears in the S-N curves when comparing the DA with STA conditions. The fatigue
failure occurs in the substrate for the DA condition, whereas in the deposit zone for the
STA condition.
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4. The Nb-rich film developed along the grain boundaries of the substrate wrought IN718

near the substrate-to-deposit interface, acts as the crack initiation site. In the STA
condition, the needle-shaped 6 precipitates coupled with the Laves phase are effective
in arresting cracks at the low fatigue stress level, however, at high-stress levels, they

provide preferential sites to trigger the microcrack initiation and propagation.
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