
 

 

Additive manufacturing-based repair of 
IN718 superalloy and high-cycle 
fatigue assessment of the joint 

Sarkar, R., Chen, B., Fitzpatrick, M. E., Fabijanic, D. & Hilditch, T 

Author post-print (accepted) deposited by Coventry University’s Repository 
 
Original citation & hyperlink:  

Sarkar, R, Chen, B, Fitzpatrick, ME, Fabijanic, D & Hilditch, T 2022, 'Additive 
manufacturing-based repair of IN718 superalloy and high-cycle fatigue assessment of 
the joint', Additive Manufacturing, vol. 60, no. Part A, 103276. 
https://doi.org/10.1016/j.addma.2022.103276 
 

DOI 10.1016/j.addma.2022.103276 
ISSN 2214-7810 
ESSN 2214-8604 
 
Publisher: Elsevier 
 
 
© 2022, Elsevier. Licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 
Copyright © and Moral Rights are retained by the author(s) and/ or other copyright 
owners. A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge. This item cannot be reproduced or quoted extensively 
from without first obtaining permission in writing from the copyright holder(s). The 
content must not be changed in any way or sold commercially in any format or medium 
without the formal permission of the copyright holders.  
 
This document is the author’s post-print version, incorporating any revisions agreed during 
the peer-review process. Some differences between the published version and this version 
may remain and you are advised to consult the published version if you wish to cite from 
it.  

https://doi.org/10.1016/j.addma.2022.103276
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 

 

Additive manufacturing-based repair of IN718 superalloy and high-cycle fatigue 1 

assessment of the joint  2 

Riddhi Sarkara,c,*, Bo Chenb, Michael E.Fitzpatrickc, Daniel Fabijanica, Tim Hilditchd 3 

a Institute for Frontier Materials, Deakin University, Waurn Ponds, Victoria 3216, Australia 4 
bSchool of Engineering, University of Leicester, Leicester LE1 7RH, UK 5 

cThe Institute for Future Transport and Cities, Coventry University, Coventry CV1 5FB, UK 6 
dSchool of Engineering, Deakin University Waurn Ponds, Victoria 3216, Australia 7 

 8 

Abstract 9 

Room-temperature high-cycle fatigue (HCF) of IN718 repaired joint via laser direct 10 

energy deposition (DED) were studied with the fatigue axis perpendicular to the joint interface. 11 

Solution treated and aged (STA) were compared with directly aged (DA) conditions. The 12 

wrought IN718 substrate showed equiaxed grains with a size of ~90 m and a high fraction of 13 

annealing twins, whereas the DED deposit revealed a mixture of equiaxed and columnar grains 14 

with an average size of ~20 m. There was little difference between the STA and DA 15 

conditions in the grain length-scale. Micro-hardness results highlighted the need for the heat 16 

treatment as it can remove the heat-affected zone and hardness dip, creating a uniform hardness 17 

profile across the joint. Although the monolithic DED deposit had a similar tensile strength to 18 

the wrought substrate, the DED joint exhibited an overall decreased HCF performance, 19 

regardless of the heat treatment conditions. When the fatigue stress was low, the STA condition 20 

had a better HCF performance than the DA, however, the opposite trend appeared for the high 21 

stress, resulting in a cross-over point on the stress-life S-N plot. Interrupted fatigue tests, 22 

combined with microscopy and fractography, revealed that the fatigue failure occurred in the 23 

substrate for the DED joint in the DA condition, whilst in the deposit zone for the STA 24 

condition due to the distribution and fracture of the Laves and δ phases. Grain boundary 25 

cracking in the substrate near the substrate-to-deposit interface can occur in both cases, 26 

probably due to the Nb-rich liquid  ilms.  27 

 28 

Keywords: Additive Manufacturing, Direct Energy Deposition, Inconel 718, Microstructure, 29 

High Cycle Fatigue. 30 

 31 
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1. Introduction 32 

Inconel 718 (IN718) Ni-base superalloy with good mechanical strength at high 33 

temperature and resistance to oxidation finds its industrial applications in jet engine parts, gas 34 

turbines, and various components in fossil fuel and nuclear power plants [1–3]. Mechanical 35 

properties, especially tensile properties of IN718 fabricated using various additive 36 

manufacturing (AM) methods, were reported in the literature [4–8]. In general, the tensile 37 

strength of AM IN718 parts in as-deposited conditions was significantly lower than the 38 

wrought IN718. However, post-processing heat treatments resulted in a strength level 39 

comparable to the wrought material due to the formation of γʹ and γʺ precipitates. Despite the 40 

strength enhancement achieved by using either the direct ageing (DA) or solution treating and 41 

ageing (STA), the ductility of the AM IN718 in the DA condition was inferior compared to the 42 

STA condition and the wrought IN718, owing to the presence of Laves phase associated with 43 

the non-equilibrium solidification during the AM process [5,8–10]. 44 

High-cycle fatigue (HCF) is one of the important failure mechanisms [11,12]. The 45 

fatigue properties of wrought IN718 are often linked to the δ-phase, although its effect is not 46 

always consistent. It was reported by An et al. [13] that the δ-phase caused the fatigue 47 

performance deterioration. However, Li et al. [14] found improved resistance to intergranular 48 

fatigue cracks due to the presence of the δ-phase at grain boundaries. The highly complex 49 

thermal history during AM leads to significant microstructural variations, including the grain 50 

size, secondary phase and defect, that can affect the fatigue performance [15–20]. Gribbin et 51 

al. [15] observed that wrought IN718 exhibited better HCF performance than the AM IN718 52 

in the STA condition because of the porosities and δ-phase precipitates in the latter. Sui et al. 53 

[11] found improved HCF performance of wrought IN718 compared to laser AM IN718 in a 54 

DA condition, which was attributed to the presence of δ-phase in the wrought samples. The 55 

Laves phase fragmented at high-stress levels, creating microvoids in the Laves-matrix 56 

interface, which led to the early crack initiation and hence the poor fatigue life [11,21]. 57 

However, at lower stress amplitudes, improved fatigue life was observed in the AM material 58 

that was attributed to the Laves phase hindering the crack propagation. Amsterdam et al. [19] 59 

investigated the HCF properties of IN718 processed by laser direct energy deposition (DED) 60 

and found the fatigue performance comparable to the wrought, even with the presence of 61 

porosities (size of 2 µm to 100 µm, with the majority being less than 25 µm) in the DED IN718.  62 

A significant potential for AM applications is component repair, especially for the 63 

DED, a blown-powder AM process. Fusion welding repair of IN718 was studied previously 64 

[22–24], revealing two primary cracking mechanisms of the micro-fissuring and heat-affected 65 
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zone cracking [25–27]. To the best of the authors’ knowledge, there has been no attempt to 66 

assess the HCF performance of the DED repaired joint and literature concerning the fatigue of 67 

IN718 repairs is exclusively limited to fusion welding.  68 

Ono et al. [28] found that the HCF strength of an electron beam welded IN718 joint 69 

was lower than the base metal, with cracks occurring in the heat-affected zone. The fatigue 70 

crack initiation was attributed to the NbC, Laves and δ phases. Sivaprasad and Raman [29] 71 

studied the HCF performance of IN718 weldments in DA and STA conditions and observed 72 

irregular-shaped transgranular fatigue crack growth, causing the failure in the weld zone. The 73 

failure occurred predominantly through the Laves phase in the DA condition, whilst in the 74 

region around the δ and Laves phases in the STA condition. Their subsequent work [30] 75 

observed that the increased volume fraction of Laves phase resulted in the fatigue-life 76 

reduction. The STA condition exhibited better fatigue performance at low-stress levels, 77 

however, the DA condition performed better than the STA counterpart under high-stress levels. 78 

For the STA condition, the δ-needles affected the fatigue life more adversely than the Laves 79 

phase [30]. Alexopoulos et al. [31] found a greater decrease in fatigue performance at the higher 80 

stress than the lower stress by comparison of the TIG-welded with the wrought IN718. 81 

To summarise, there is a contrasting viewpoint about the HCF performance of AM 82 

IN718 when compared to the wrought material, especially due to the complex microstructure 83 

formed under the non-equilibrium solidification, which can trigger some solid-phase 84 

transformation during the post-processing heat treatment. In addition, the HCF performance of 85 

the AM repaired joint structure has not received much attention in the literature. The present 86 

work studies the room temperature HCF performance and failure mechanisms of DED IN718 87 

in both the DA and STA conditions. Our focus is primarily on the DED repaired joint with the 88 

fatigue loading axis being perpendicular to the joint interface. In addition to the fatigue to 89 

failure, interrupted fatigue tests have been designed to elucidate the role of various 90 

microstructural constituents on the initiation and propagation of fatigue cracks. 91 

 92 

2. Experimental  93 

2.1. Sample fabrication 94 

Plasma atomised IN718 powders were obtained from GE additive with a size range 95 

from 45 µm – 105 µm, having a spherical shape as shown in Fig 1. An Optomec LENS MR-7 96 

apparatus was used for the DED repair as well as the bulk sample build, with the laser power 97 

of 500 W and spot size of 1.2 mm, scanning speed of 6.3 mm/s, and powder flow rate of 12 98 
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g/min. The layer thickness was 0.48 mm, and the hatch spacing was 0.95 mm. The melt pool 99 

overlap was estimated as ~50%. As schematically shown in Figure 2(a), an alternate scanning 100 

pattern was used. The oxygen concentration of the build chamber was maintained at less than 101 

3 ppm during the deposition. Argon was used as the shielding gas and carrier gas with a flow 102 

rate of 15 l/min and 6 l/min, respectively. Wrought IN718 with dimensions of 50 mm × 20 mm 103 

× 40 mm (length × width × height) were used as the substrate for the DED repairs. This 104 

essentially created three characteristic regions: the DED IN718 deposit, wrought IN718 105 

substrate plate and the substrate-to-deposit interface.  106 

 107 

 108 
Fig 1: SEM images of the feedstock IN718 powders. 109 

 110 

Schematics of the sample preparation for fatigue tests are shown in Fig 2a and Fig 2b. 111 

Repair region with similar dimensions to the wrought substrate plate was deposited, followed 112 

by using electro-discharge machining to make the hourglass HCF samples, according to ASTM 113 

E466 [32]. The HCF samples consisted of 50% wrought substrate and 50% DED deposit with 114 

the substrate-to-deposit interface in the narrowest part, Fig 2b. This hourglass sample geometry 115 

ensured the maximum cyclic stress was applied at the region as close as possible to the joint 116 

interface. After the fatigue sample extraction, some HCF specimens were subjected to solution 117 

heat treatment followed by ageing, abbreviated as STA, while the other received a direct 118 

ageing, abbreviated as DA. The solution treatment was performed at 980 °C for 1 h, followed 119 

by water quenching. The ageing treatment involved heating at 720 °C for 8 h, followed by 120 

furnace cooling at a rate of 55 °C/h to 620 °C, and then thermal soaking at 620 °C for 8 h, and 121 

finally air cooling to room temperature. Previous work on selective laser melted (SLM) IN718 122 

showed that solution treatment at 1100 °C caused significant grain growth, despite a complete 123 

dissolution of Laves phase [5]. Thus, the solution treatment temperature in the present work 124 
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was chosen to be 980 °C. In addition, both the STA and DA heat treatment parameters conform 125 

with those adopted for the cast and wrought IN718 [5,10,33].  126 

 127 

 128 
Fig 2: Schematics of (a) laser DED repaired block; (b) hourglass fatigue samples extracted 129 

from the block; (c) samples for tensile testing. 130 

 131 

2.2. Monotonic and fatigue testing 132 

Vickers hardness of the repaired IN718 was measured using a Struers Microhardness 133 

tester with a load of 500 gf and a dwell time of 15 sec. To understand the spatial variation in 134 

hardness, indentations were performed with a spacing of 200 µm covering three characteristic 135 

regions of the deposit, the substrate-to-deposit interface and the substrate.  136 

Tensile tests were conducted on the wrought IN718 in the STA condition and on the 137 

DED IN718 in both the DA and STA conditions. The process parameters used to build the 138 

DED IN718 sample block were identical to those employed for the DED repair. The tensile 139 

specimens (Fig 2c) were machined according to ASTM E8 [34], and all tests were carried out 140 

at room temperature on a ±100-kN-capacity hydraulic machine with a constant crosshead speed 141 

corresponding to a nominal strain rate of 10-3 s-1. The tensile results formed an important basis 142 

to choose the fatigue stress levels. 143 

Fatigue tests were carried out at room temperature for generating the stress-life (S-N) 144 

curve, using Instron E10000 with a ±10-kN load cell. Stress-controlled fatigue tests were 145 

performed using a sinusoidal waveform at R = 0.1 and a frequency of 50 Hz. No bending or 146 

buckling was observed during the specimen fixing and fatigue testing. Prior to fatigue testing, 147 
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specimen surfaces were mechanically ground using emery papers successively from 240 Grit 148 

to 4000 Grit. 149 

After the establishment of the S-N curve for the DED IN718 repair joint, the initiation 150 

and growth behaviour of fatigue cracks was studied in detail by adopting the single-specimen 151 

and interrupted testing procedure. The stochastic nature of fatigue leads to a large specimen-152 

to-specimen variation (e.g. fatigue life). Thus, any post-mortem examination to trace the 153 

fatigue crack behaviour needs to be based on a large number of tests, e.g. [35]. In contrast, 154 

performing the single-specimen and interrupted testing approach bypasses the stochastic nature 155 

to some extent, as it permits us to monitor the crack development from various possible sources 156 

and assessing the role of microstructure over various stages towards the anticipated fatigue life. 157 

Prior to the test, specimens were further polished with diamond suspensions from 3 µm to 1 158 

µm and then with OPS colloidal silica suspension. These interrupted experiments were 159 

conducted at two stress levels: one at maximum cyclic stress of σmax = 650 MPa while the 160 

other at σmax = 428 MPa. The test procedure consisted of three steps: (i) cyclically loading the 161 

specimen at a target stress level to the predefined cycle before the actuator movement was 162 

arrested for allowing load relaxation and specimen removal from the test machine; (ii) the 163 

cyclically loaded specimen was ultrasonically cleaned and subsequently examined using 164 

scanning electron microscopy (SEM); (iii) the specimen was remounted in the machine and 165 

fatigue loaded at the same target stress levels for the next set of cycles until re-examination in 166 

the SEM or test end. The test was interrupted at various fatigue cycles ranging from 10 pct to 167 

90 pct of the anticipated fatigue life 𝑁𝑓 as determined by the uninterrupted test.  168 

 169 

2.3. Microstructural characterisation and fractography 170 

Metallographic samples were sectioned from the middle part across the repaired joint 171 

as shown in Fig 2b. They were mechanically ground successively from 240 Grit to 4000 Grit, 172 

polished with diamond suspension from 3 µm to 1 µm and finally with OPS colloidal silica 173 

suspension. A Supra VP55 FEG-SEM, equipped with a backscattered electron (BSE) detector, 174 

was used for imaging. Energy dispersive X-ray spectroscopy (EDS) was used to aid the phase 175 

identification. An electron backscatter diffraction (EBSD) system from Oxford Instrument was 176 

employed to measure the texture and grain size. EBSD data were collected with a step size of 177 

2.5 µm and analysed with HKL Channel 5 software. The circle equivalent diameter generated 178 

by the HKL software from the EBSD data was used for the grain size measurements. The 60° 179 

<111> twin boundary was not considered during grain reconstruction.  180 
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For the interrupted fatigue specimens, a surface area of approximately 2 × 2 mm2 in the 181 

centre of the flat hourglass specimen was tracked and examined using the SEM. The total crack 182 

length and number density of microcracks were then calculated as the average number of cracks 183 

per unit area in mm2; a similar approach was adopted by Majumdar et al. [36] to examine 184 

fatigue crack initiation and propagation on IF steel sheets and Peng et al. [37] on another AM 185 

Ni-base superalloy. The SEM fractography and the cross-section surface observation were 186 

conducted to determine the fatigue failure mechanism.  187 

 188 

3. Results 189 

3.1. DED repaired microstructure 190 

The chosen DED parameter set resulted in highly dense deposits with a porosity level 191 

of <0.05%. No other defects were observed in the heat-affected zone of the wrought substrate 192 

IN718 or at the deposit-to-substrate interface. For both the DA and STA conditions, the 193 

substrate region had equiaxed grains with an average grain size of ~90 µm, Fig 3a and Fig 3b. 194 

In addition, a high fraction (>50%) of ∑3 <110> of twin boundaries was identified, as 195 

manifested by a clear misorientation peak at 60°±5° on the misorientation distribution plot, Fig 196 

3c for DA while Fig 3d for STA conditions. On the contrary, the deposit zone exhibited a 197 

heterogeneous distribution of columnar and equiaxed grains along the Z build direction with a 198 

high fraction of low-angle grain boundaries (defined by the misorientation angle of 2º to 10º). 199 

For the DA condition, the grain size in the deposit zone was measured to be 18.5±0.3 µm, while 200 

that in the substrate was 91.9±11.4 µm. For the STA condition, the grain size was found to be 201 

20.5±0.5 µm in the deposit zone and 88.3±9.8 µm in the substrate. The smaller grain size as 202 

measured in the deposit zone is a combined effect of smaller-sized equiaxed grains and fine 203 

columnar grains (with a high height-to-width ratio).  204 

The inverse pole figure (IPF) maps for both the DA and STA conditions revealed a 205 

relatively weak crystallographic texture along {001} || build direction, with the maximum 206 

multiple of uniform density (MUD) value of 2.54 for the DA while 3.34 for the STA condition 207 

as determined from the pole figures, Fig 3e and Fig 3f. Both pole figures were based on >4000 208 

grains; hence, the texture interpretation has the required statistical importance. Moreover, 209 

analysing the columnar grains alone in the deposit zone (containing >3000 grains) resulted in 210 

the maximum MUD value of 2.98 and 3.08 for the DA and STA conditions, respectively. This 211 

indicates that there is no preferential texture in the deposit zone. Therefore, the effect of texture 212 

on fatigue behaviour is judged to be limited.  213 
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Additional EBSD scan was performed on the as-deposited condition of the DED 214 

repaired joint (i.e. receiving no post-processing heat treatment), with the orientation map 215 

presented in Fig 3g and the corresponding pole figure in the figure inset. In the as-deposited 216 

condition, the average grain size in the deposit zone was measured to be 19.03±0.3 m, Fig 3h, 217 

and the grain size distribution histogram is similar to the DA and STA conditions. In addition, 218 

the maximum MUD was determined as 3.79, which is similar to that of the DA and STA 219 

conditions. Thus, the grain morphology in the deposit zone remained unchanged after the post-220 

processing heat treatment. 221 

 222 

 223 
Fig 3: EBSD maps showing the grain morphology and distribution in the DED repaired joint 224 
for the directly aged (DA) condition in (a) and solution treated and aged (STA) condition in 225 
(b); misorientation distribution in the deposit zone and substrate region in (c) DA and (d) STA 226 

conditions; the {100} pole figure of the deposit zone in (e) DA and (f) STA conditions; (g) 227 
EBSD orientation map and {100} pole figure from the DED repaired joint in as-deposited 228 
condition; (h) comparison of the grain size distribution for the as-deposited, DA and STA 229 

conditions as measured from the deposit zone. 230 
 231 
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Fig 4a shows an SEM micrograph of the wrought substrate IN718 in STA condition 232 

exhibiting near-equiaxed grains with twins in the -matrix, while the inset shows the presence 233 

of blocky MC particles and dispersed δ-phase precipitates along the grain boundaries. The 234 

micro-hardness was measured to be 425±20 Hv, which is similar to previous work [38]. Fig 4b 235 

shows the EDS line scan analysis confirming the presence of (Nb, Ti) C in the wrought IN718. 236 

The NbC appears as a brighter blocky carbide and TiC as a darker round-shaped one. 237 

 238 

 239 
Fig 4: Wrought IN718 substrate: (a) BSE-SEM micrograph showing near-equiaxed grains, and 240 
the figure inset showing blocky carbides and δ phases on the grain boundaries; (b) EDS line 241 
scan for identification of NbC and TiC. 242 
 243 

Fig 5a shows the SEM overview of the DED IN718 joint in the DA condition, 244 

containing the substrate and DED deposited material with the black dashed lines indicating 245 

their interface. Fig 5b and Fig 5c show the high-magnification micrographs of the substrate and 246 

deposit zone, respectively. The brighter contrast particles appearing on both micrographs were 247 

confirmed by EDS point analysis as the Laves phase containing higher than 14 wt.% of Nb. 248 
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For the substrate, Laves phase was observed mainly at or near the grain boundaries, Fig 5b. By 249 

comparison, a higher volume fraction of Laves phase appeared in the DED deposit region, 250 

which could be due to the grain sub-structure, inducing many low-angle grain boundaries, as 251 

revealed by our EBSD-based misorientation analysis in Fig. 3c. Laves phase in the deposit 252 

zone formed in the inter-dendritic regions is as expected, due to the elemental partitioning of 253 

Nb and Mo during the non-equilibrium solidification condition of the DED process [10,39]. 254 

Fig 5d shows the corresponding EDS elemental map, where the Nb-rich grain boundaries can 255 

be seen in the substrate near the deposit-to-substrate interface. These Nb-rich grain boundaries 256 

were likely induced by the constitutional liquation of NbC carbides. The temperature 257 

experienced by the substrate near the interface should be high enough to induce liquation of 258 

carbides (1200 ºC to 1250 ºC). The constitutional liquefication of the NbC can result in the 259 

formation of Nb-rich liquid film at the boundaries and then solidifies in Laves phase 260 

composition [26,40].  261 

 262 

 263 
Fig 5: Microstructure of the DED IN718 joint in DA condition: (a) SEM micrograph of the 264 
deposit-to-substrate region; (b) and (c) high-magnification view showing the phases in the 265 
substrate and deposit zone, respectively; (d) EDS map showing Nb and Mo segregation on the 266 

substrate grain boundary. The marked points 1 and 2 in (b) and (c) indicate EDS point analysis 267 

with the results given in the table. 268 
 269 
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Fig 6a shows the overview microstructure of the DED IN718 joint in the STA condition, 270 

where the deposit region is on the left, while that of the wrought substrate is on the right. 271 

Representative SEM micrographs at higher magnification for the deposit region is shown in 272 

Fig 6b, while that of the substrate region is shown in Fig 6c. The STA heat treatment resulted 273 

in the formation of δ precipitates in both the deposit zone (Fig 6b) and substrate (Fig 6c). The 274 

δ phase can be easily identified by its needle-like shape, and its precipitation occurred 275 

exclusively around Laves particles. The δ phase is an orthorhombic Ni3Nb precipitate, with Nb 276 

concentration of 8 – 10 wt % [10], which precipitates in the range of 860 ºC to 995 ºC (e.g. 277 

[41–43]). Qi et al. [10] claimed that high cooling rates during the repair process restricted the 278 

formation of the δ phase in as-deposited IN718, and the low heating rates during the subsequent 279 

solution treatment at 980ºC resulted in precipitation of the δ phase by dissolving the Laves 280 

phase. As a result, in the deposit zone, the δ precipitates are expected to form along the inter-281 

dendritic region around the Laves phases. Moreover, the solidification conditions during the 282 

repair/deposition process resulted in a heterogeneous distribution of δ precipitates in the deposit 283 

zone. In the substrate, δ precipitates were observed close to the grain boundaries (Fig 6c). Like 284 

the observation in the DA condition, the presence of Nb-rich liquid film (with Laves phase 285 

composition) along the grain boundaries can still be seen in the substrate close to the deposit-286 

to-substrate interface, Fig 6d and the companion table. This indicates a higher temperature than 287 

980ºC would be required to dissolve the liquid film completely. To summarise, the primary 288 

microstructure difference between the STA and DA conditions is the presence of δ precipitates 289 

(that are formed along with Laves phase) in the inter-dendritic region of the DED deposit zone 290 

and along grain boundaries in the substrate near the deposit-to-substrate interface.   291 

 292 



12 

 

 293 
Fig 6: Microstructure of the DED IN718 joint in STA condition: (b) and (c) the enlarged view 294 

showing the phases in the substrate and deposit zone, respectively; (d) EDS map showing Nb, 295 

and Mo segregation on the substrate grain boundary. The marked points 1 and 2 in (b) and (c) 296 
indicate EDS point analysis with the results given in the table.  297 

 298 

The hardness profile across the deposit-to-substrate interface is shown in Fig 7a. In the 299 

as-deposited condition (i.e. receiving no heat treatment), the hardness in the deposit zone was 300 

considerably lower (~250 Hv) compared to the hardness in the substrate (450 Hv). The high 301 

cooling rates of the DED process did not allow the formation of γʹ and γʺ precipitates [38], 302 

which resulted in the low hardness in the deposit zone. A heat-affected zone with ~500 µm in 303 

width can be seen at the substrate side near the deposit-to-substrate interface, Fig 7a, and this 304 

region was characterised by a dip in hardness values. A similar observation was reported in 305 

DED processed IN718 by Zhai et al. [38]. It is likely that high temperatures during the DED 306 

repair already triggered the dissolution of the δ phase in the substrate (1269 K to 1288 K for δ-307 

solvus temperature range) [2,44], and thereby led to a decreased hardness value. The heat-308 

affected zone seemed to extend up to approximately 800 m away from the deposit-to-substrate 309 

interface so that the hardness in the substrate wrought IN718 was restored to the expected high 310 

value. Fig 7a also reveals that a uniform hardness was obtained across the joint in both the STA 311 

and DA conditions, which can be attributed to the formation of the γʹ and γʺ precipitates. 312 

Attempt was made to confirm the presence of γʹ and γʺ precipitates in the heat-treated condition 313 
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of DED IN718. Metallography sample preparation involved polishing down to 1 µm diamond 314 

suspension, and then chemical etching in a solution of 1.5 g CuSO4 + 20 mL HCl + 10 mL 315 

ethanol. Under the SEM scrutiny (Fig 7b), the phase contrast seems to suggest the nanometre 316 

scaled γ′ and γ″ precipitates with the size of ~15 nm, which certainly reaches the limit of SEM 317 

resolution. Future work is needed to reveal these precipitates more clearly using transmission 318 

electron microscopy, which is beyond the scope of the present work. 319 

 320 

 321 
Fig 7: (a) Hardness variation in the DED repaired joint across the deposit-to-substrate interface 322 
in the as-deposited, STA and DA conditions; (b) a representative SEM micrograph showing 323 

the chemically etched DED IN718 in the deposit zone in the DA condition 324 
 325 

3.2. Tensile properties 326 

Fig 8 shows the engineering stress-strain response of the substrate in STA condition 327 

and DED IN718 in the DA and STA conditions. The derived tensile properties are summarised 328 

in Table 1. The yield strength, tensile strength, and elongation-to-failure (expressed as a 329 

percentage) agree fairly well with the values of DED IN718, tested under similar heat-treated 330 

conditions [10,38]. The tensile ductility for the DA sample of the DED IN718 was significantly 331 

low of ~8%, compared to ~17% of the STA sample and ~22% for the wrought IN718 in the 332 

STA condition. The brittle Laves phase provides an easy path for crack formation and failure, 333 

which seems to be responsible for the low tensile ductility in the DA sample. By contrast, the 334 

improved ductility in the STA condition can be attributed to the formation of δ precipitates as 335 

a result of partial dissolution of the Laves phase. The yield strength of the DED IN718 in DA 336 

and STA conditions were slightly higher than the wrought substrate, with the measured 337 

difference in yield strength being <5%. Therefore, the yield strength of the wrought substrate 338 
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was used to choose the appropriate stress levels for the HCF testing, i.e. maximum cyclic stress 339 

levels ranged from 35% to 90% of the yield strength.  340 

 341 

 342 
Fig 8: Tensile stress-strain curves measured using the tensile specimen as per Fig 2c. 343 

 344 

Table 1: Tensile properties of IN718 of the wrought substrate as well as the DED build in both 345 
the STA and DA conditions. Note: the tensile axis was parallel to the Z-build direction, and at 346 

least three tests per condition was conducted to obtain the average value. 347 

Tensile properties of 

IN718 

Heat treated condition 

IN718 – DA  IN718 – STA  Wrought – STA 

Elastic modulus [GPa] 194 ± 17  173 ± 10 176 ± 10 

σ
YS(0.2) 

[MPa] 948 ± 13 946 ± 20 924 ± 12 

σ
UTS

 [MPa] 1134 ± 16 1134 ± 18 1226 ± 10 

Elongation [%] 8.50 ± 0.2 17.20 ± 3.5 22.4 ± 0.6 

 348 

3.3. Fatigue S-N curves  349 

The S-N curves of the DED repaired joint (STA and DA conditions) in comparison with 350 

the wrought IN718 (STA condition) are presented in Fig 9. Fatigue run-out was defined as the 351 

test which did not fail after 5×106 cycles, and these data points were marked with the right 352 

arrow. The fatigue cycles of 5×106, as opposed to 107, has been chosen as the fatigue run-out 353 

in the present work to maintain consistency with a previous work on SLM IN718 [45]. One 354 

sample (the repair-DA condition in Fig. 9) was loaded further until 107 cycles and the sample 355 
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did not fail. Thus, it is less likely that the choice of 5×106 as fatigue run-out will affect the 356 

present research finding. 357 

A power-law model akin to the Basquin’s equation [12] was adopted for fitting the data 358 

(only applicable to the failed samples).  359 

𝜎𝑚𝑎𝑥 = 𝑎𝑁𝑓
𝑏 360 

where 𝑎  and 𝑏  are fitting constants, and the dashed lines correspond to the power-law fit 361 

representing the fatigue performance of the investigated materials, with the derived parameters 362 

as well as the R-squared values summarised in Table 2. 363 

 364 

 365 
Fig 9: Power-law fit S-N curves, and fatigue data points of the DED repaired IN718 joint in 366 

both the STA and DA conditions in comparison with the wrought IN718 in STA condition. 367 

The cross-over point of the STA and DA curves is at the fatigue stress level of 𝛔𝐦𝐚𝐱=500 MPa. 368 
 369 

Table 2: Parameters derived from the HCF fatigue testing 370 

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 

 371 

The general trend is that 𝑁𝑓 increased with the decreasing cyclic stress level of σmax. 372 

The wrought substrate generally outperformed the DED IN718 repaired joint in both the STA 373 

and DA conditions. In terms of the fatigue limit, the DED IN718 repaired joint in the STA 374 
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condition had a similar value of σmax=430 MPa when compared to the wrought IN718 in the 375 

STA condition, whereas the IN718 in the DA condition was about 100 MPa lower. Such a 376 

significant difference in the fatigue limit between the STA and DA conditions for the DED 377 

IN718 repaired joint was not expected as the monotonic tensile strength and the microhardness 378 

of the DED samples was very similar (Table 1 and Fig 7a). Moreover, at low fatigue stress 379 

levels, the STA condition of the DED IN718 repaired joint seemed to show a better fatigue 380 

behaviour than the DA condition. At high-stress levels (60 pct to 90 pct of the yield strength), 381 

however, the DA samples performed better than the STA, and to some extent, the fatigue 382 

property became comparable to the wrought IN718. The fatigue S-N plot shows a cross-over 383 

point at the fatigue stress level of σmax=500 MPa, where the relative fatigue performance of 384 

the two heat treatment conditions (STA vs. DA of the DED repaired joint) switched over.  385 

 386 

3.4. Interrupted fatigue tests 387 

Interrupted fatigue tests were performed using two different maximum cyclic stress 388 

levels; one above (σmax = 665 MPa, ~70 % of average yield strength, abbreviated as YS) and 389 

the other below (σmax = 428 MPa, ~45% of YS) the cross-over point as shown in Fig 9. Both 390 

the STA and DA conditions were considered, and hence in total, four interrupted fatigue tests 391 

were conducted. These tests were interrupted at various percentage of the average life (𝑁𝑓) 392 

ranging from 10% to 90%, to capture the crack initiation and propagation behaviour with the 393 

aid of SEM examination. Overall, these interrupted tests revealed four main preferential sites 394 

for cracking, with representative SEM micrographs in Fig. 10a – Fig. 10f including: (i) grain 395 

boundaries of the substrate close to the substrate-to-deposit interface (Fig. 10a and Fig. 10b); 396 

(ii) carbides in the heat-affected zone of the substrate or DED deposit zone (Fig. 10d); (iii) 397 

transgranular type (Fig. 10c); and (iv) Laves and δ phases in the DED deposit zone (Fig. 10e 398 

and Fig. 10f). In addition, no fatigue crack was associated with the pores. Such an observation 399 

is consistent with the HCF work on SLM [42] and DED [19] IN718. Especially, after reducing 400 

the porosity level from 0.39% to 0.08% and the size to somewhere between 40 µm and 100 μm 401 

by hot isostatic pressing, no improvement in fatigue performance of SLM IN718 was observed 402 

[42].  403 

 404 
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 405 
Fig 10: Fatigue microcracks initiating at various preferential sources on the sample surface, 406 
including (a) and (b) grain boundary of the substrate wrought near the substrate-to-deposit 407 

interface; (c) transgranular cracks and (d) broken carbides as observed in the substrate; (e) and 408 

(f) broken Laves and δ phases in the deposit zone. 409 
 410 

Fig 11(a – d) show the development of a crack with the increasing number of cycles for 411 

the DA specimen tested at σmax = 665 MPa. The corresponding Fig 11e and Fig 11f show the 412 

quantitatively measured size of fatigue cracks and their number density in relation to the 413 

characteristic cracking sites. In detail, a fatigue crack was observed at the interrupting cycle of 414 

40% 𝑁𝑓, Fig 11a, and such a crack developed from a grain boundary in the substrate near the 415 

deposit-to-substrate interface. With the increased fatigue cycles (60% 𝑁𝑓), the fatigue crack 416 

followed an intergranular propagation path, extending to the nearby grains, Fig 11b. 417 
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Transgranular crack growth started to appear with the further increased cycles, and many 418 

micro-cracks were formed ahead of the major dominant crack, followed by their coalescence 419 

into a fatal crack, and finally resulted in the fatigue fracture through the substrate, Fig 11c and 420 

11d. The total crack length and the number density of cracks increased continuously to ~325 421 

µm/mm2 (Fig 11e) and ~6 cracks/mm2 (Fig 11f), respectively, until reaching a plateau at 60% 422 

𝑁𝑓 . In the initial stage of up to 40% 𝑁𝑓 , the high crack density and fast growth rate were 423 

observed in the substrate. In addition, broken metal carbides were seen in the deposit zone, 424 

however, the associated cracks did not grow. To summarise, the fatal fatigue crack occurred 425 

from the grain boundary of the substrate close to the substrate-to-deposit interface for the DA 426 

condition under the high-stress fatigue loading of σmax=665 MPa and R=0.1. 427 

 428 

 429 
Fig 11: Representative SEM micrographs showing the development of a crack in DA specimen 430 

tested at 𝛔𝐦𝐚𝐱 = 665 MPa in various stages of fatigue life: (a) 40% 𝑵𝒇; (b) 60% 𝑵𝒇; (c) 90% 431 

𝑵𝒇; (d) 90% 𝑵𝒇; quantitative measurements of (e) total crack length and (f) number density of 432 

fatigue cracks growing from different sources on the specimen surface.  433 
 434 
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Fig 12a – Fig 12c show the crack development in the STA specimen tested at the same 435 

fatigue stress level (665 MPa) as the DA specimen (Fig 11). Despite some DED process 436 

induced defects appeared in the deposit region, they did not contribute to the fatal fatigue crack 437 

initiation at the later stage. In this case, the major transgranular crack was developed after 60% 438 

𝑁𝑓 in the deposit region, most likely a surface crack initiation as revealed in two-dimensional 439 

view, Fig 12c. The distance of the observed defect to the specimen surface in Fig 12c was about 440 

four to five times greater than the size of the defect, belonging to the internal defect type [38] 441 

and thereby having a limited effect on surface fatigue cracking. A high magnification 442 

micrograph showing cracks at broken δ and Laves phases is shown in Fig 12d.  443 

Based on the quantitative assessment of cracking behaviour, it was found that cracks 444 

appeared simultaneously in the substrate grain boundaries and the deposit zone through the 445 

Laves and δ phases, Fig 12e and Fig 12f. Till 40% 𝑁𝑓, the crack growth predominantly occurred 446 

through the substrate grain boundary with the total crack length measured ~80 µm/mm2, 447 

significantly higher than that observed in the deposit zone (~20 µm/mm2). However, after 40% 448 

𝑁𝑓, the Laves and δ phases along the dendritic arm in the deposit zone provided an easy crack 449 

path, causing a higher total crack length in Fig 12e. This resulted in the fatal crack development 450 

with a very fast rate in the deposit zone, Fig 12c, leading to the failure of the DED IN718 joint. 451 

In this case, the specimen failed prematurely, with the fatigue life being only 65% of the 452 

anticipated 𝑁𝑓. A repeat test was conducted, and the specimen failed at a similar fatigue life, 453 

about 50,000 cycles (~70% of the anticipated 𝑁𝑓). This observation suggests that the crack 454 

initiation and propagation of the STA specimen are very sensitive to the microstructure of the 455 

DED deposit region. To summarise, the fatal fatigue crack occurred at the DED deposit region, 456 

where the characteristic distribution of Laves and δ phases contributed to the crack path 457 

tortuosity for the STA condition under the high-stress fatigue loading of σmax= 665 MPa and 458 

R=0.1. 459 

 460 
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 461 
Fig 12: Representative SEM micrographs illustrating the development of a crack in STA 462 

specimen near the final fracture region, specimen tested at 𝛔𝐦𝐚𝐱 = 665 MPa, in various stages 463 

of fatigue life: (a) 20% 𝑵𝒇; (b) 40% 𝑵𝒇; (c) 60% 𝑵𝒇; (d) a high magnification micrograph of 464 

the deposit zone, with the arrows indicating broken Laves phases and δ phases in the vicinity 465 
of the fatigue crack; quantitative measurements of (e) total crack length and (f) number density 466 

of fatigue cracks. For the characteristic crack at deposit zone associated with Laves and δ 467 

phases, no measurable change in crack length was found between 10% to 40% 𝑵𝒇. Thus, the 468 

curve fitting is not given in (e) to avoid misunderstanding. 469 

 470 

For the interrupted fatigue specimen in the DA condition, tested at σmax = 428 MPa 471 

(low fatigue stress level), the early crack initiation occurred at the grain boundaries of the 472 

substrate, Fig 13a, at 10% 𝑁𝑓. A transgranular crack appeared in the substrate after 40% 𝑁𝑓, 473 

Fig 13b. At 70% and 90% 𝑁𝑓, the crack propagated into the deposit zone from the substrate, 474 

Fig 13c and Fig 13d, respectively. Both the increase in the total crack length and the number 475 

density of cracks can be seen in Fig 13e and Fig 13f, respectively, with a far more frequent 476 

observation of cracks initiated from the grain boundaries at the substrate wrought IN718. The 477 

crack propagation followed a transgranular path, acting as the major crack. As a result, the 478 

number density of transgranular cracks did not increase, as shown in Fig 13f. The cracks grew 479 

into the deposit zone only after significant growth through the substrate at 60% – 70% 𝑁𝑓. For 480 
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the STA condition, the specimen tested at the same stress level did not fail at this stress level 481 

(i.e. fatigue run-out). Representative SEM micrographs of fatigue cracks are shown in Fig 14a 482 

and Fig 14b. A crack first appeared at the grain boundary of the substrate (20% 𝑁𝑓, Fig 14a); 483 

however, the crack did not grow even after the 70% 𝑁𝑓, Fig 14b.  484 

 485 

 486 
Fig 13: Representative SEM micrographs illustrating the development of crack in DA 487 

specimen tested at 𝛔𝐦𝐚𝐱 = 428 MPa in various stages of fatigue life: (a) 10% 𝑵𝒇; (b) 40% 𝑵𝒇; 488 

(c) 70% 𝑵𝒇; (d) 90% 𝑵𝒇; quantitative measurements of (e) total crack length and (f) number 489 

density of fatigue cracks. 490 

 491 

 492 
Fig 14: Representative SEM micrographs showing a non-propagating fatigue crack in STA 493 

specimen tested at 𝛔𝐦𝐚𝐱 = 428 MPa interrupted at: (a) 20% 𝑵𝒇; (b) 70% 𝑵𝒇. 494 
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 495 
In the present work, the coarse NbC (e.g. Fig. 10d) has been identified as the 496 

preferential fatigue crack initiation site; this applies to both the STA and DA conditions of the 497 

DED repaired joint. However, the quantitative measurements made on the interrupted fatigue 498 

test specimens helped to elucidate that such a crack did not propagate to the required length to 499 

trigger the final fatigue failure, despite its early crack initiation. Inclusions such as carbides are 500 

recognised as the important factor affecting the fatigue performance in IN718, however, such 501 

a detrimental role is pronounced at cryogenic temperatures [46] and at high stress levels (i.e. 502 

low-cycle fatigue, with the stress level of above YS) [47,48].  503 

 504 

3.5. Fatigue failure mechanisms 505 

To corroborate the fatigue failure mechanism as observed in the interrupted specimens 506 

for the high and low fatigue stress levels and STA and DA heat treatment conditions, the SEM 507 

cross-sectional view of the fractured surface, as well as SEM fractography, were conducted. 508 

Specimen tested under the σmax = 665 MPa represents the high-stress condition, while that 509 

tested at σmax = 475 MPa represents the low-stress condition. The latter was chosen as the 510 

specimen tested at σmax = 428 MPa in the STA condition exhibited fatigue run-out (Fig 9). For 511 

both the high and low cyclic stresses, the DA specimens exhibited cracks propagating through 512 

the grain boundaries and twin boundaries at the substrate, as shown in Fig 15a and Fig 15d, 513 

respectively. Some secondary grain boundary cracks near the repaired joint were observed, Fig 514 

15d. On the contrary, the STA specimens showed the final failure occurring in the DED deposit 515 

zone near the repaired joint, Fig 15b for the high-stress condition, while Fig 15e for the low-516 

stress test condition, and fractured Laves and δ phases can be seen at the vicinity of the fracture 517 

surface (Fig 15c, Fig 15f). It is likely that with increasing fatigue cycles, the fractured Laves 518 

and δ phases, along with the deformation of the -matrix, led to the formation of microvoids, 519 

which provided an easy crack path, ultimately triggering the failure of the joint.  520 

 521 
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 522 
Fig 15: Cross-sectional view of the region near to the final fracture of the specimen tested at 523 
the maximum cyclic stress of (a) 665 MPa in DA condition, with failure occurring in the 524 

substrate; (b) 665 MPa in STA condition with failure occurring in the deposit zone; (d) 475 525 
MPa in DA condition, with failure occurring in the substrate; (e) 475 MPa in STA condition, 526 
with failure occurring in the deposit zone; (c) and (f) high magnification micrograph of (b) and 527 

(e), respectively, showing the presence of broken δ and Laves phases near the fracture surface. 528 
 529 

Fig 16 summarises the SEM fractography of fatigue failed specimens. The failure 530 

occurred in the substrate of the DED repaired joint in the DA condition while in the deposit 531 

zone in the STA condition. Therefore, the fracture surfaces are representative of the features of 532 

the wrought IN718 in the top two rows, Fig 16a to Fig 16f, whilst the DED deposit zone in the 533 

bottom two rows, Fig 16g to Fig 16l. Overall, the fracture surfaces exhibited characteristic 534 

features of facets, secondary cracks, striation marks, deposition defects, and dimples typical of 535 

microvoid coalescence. The dimples of the STA specimen that failed in the deposit zone were 536 
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finer, and the overall fracture surface was smoother when compared to those of the DA 537 

specimen that failed in the substrate region.  538 

 539 

 540 
Fig 16: SEM fractography showing fatigue crack initiation sites, facets, microcracks on the 541 

fractured surface, and fatigue striations: (a), (b) and (c) DA specimen tested at 𝛔𝐦𝐚𝐱 = 665 542 

MPa; (d), (e) and (f) DA specimen tested at 𝛔𝐦𝐚𝐱 = 475 MPa; (g), (h) and (i) STA specimen 543 

tested at 𝛔𝐦𝐚𝐱 = 665 MPa; (j), (k) and (l) STA specimen tested at 𝛔𝐦𝐚𝐱 = 475 MPa. 544 
 545 

In the DA condition of Fig 16b and Fig 16e, crystallographic facets were observed after 546 

the surface crack initiation. Such facets have been reported in the room-temperature HCF study 547 

of the wrought IN718 and AM IN718 [28,49–52]. Ratchet marks were observed on the fracture 548 

surface, and their presence can be attributed to the multiple cracks propagating on parallel 549 

planes interconnected via secondary perpendicular cracks [51]. In addition to the dimples, 550 

fatigue striations appeared on the fracture surface. The specimen in STA condition exhibited 551 

presence of deposition defects such as porosities, lack of fusion located on the fracture surface, 552 
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Fig 16h and Fig 16k. The surface exhibited a combination of ductile and brittle micro-553 

mechanisms, i.e., facets and dimples (intergranular and transgranular), Fig 16i, highlighting the 554 

complex nature of the DED IN718 microstructure.  555 

 556 

4. Discussion  557 

4.1. Rationalisation of the fatigue performance with microstructure observation 558 

For a polycrystalline material, it is recognised that, below the fatigue limit, the 559 

accumulation of fatigue damage during cyclic loading is dynamically balanced by the 560 

progressive strengthening due to strain ageing [12], and the fatigue failure occurs when the 561 

damage predominates over strengthening. Grain boundaries of the substrate wrought IN718 are 562 

the favourable site for crack initiation and play a major role in the fatigue damage initiation, 563 

regardless of the heat treatment conditions. However, the cyclic failure mechanism differs 564 

when the maximum cyclic stress is above or below the cross-over point of Fig 9. One of the 565 

features identified in the present study, which is believed to weaken the grain boundary strength 566 

under HCF loading, is the Nb-rich liquid films at the grain boundaries of the substrate near the 567 

deposit-to-substrate interface. Due to the high temperatures experienced during welding or AM 568 

processes, the secondary phases, such as intermetallic phases and carbides, suffer local melting 569 

at elevated temperatures. Moreover, due to the rapid heating and cooling rates, the second-570 

phase particles may not be completely dissolved when the eutectic temperature is reached in 571 

the heat-affected zone. The metastable liquid may thus nucleate heterogeneously at the 572 

interfaces between the remaining second-phase particles and the matrix, followed by rapid 573 

melting of the second-phase particles and part of the surrounding matrix [53]. In the case of 574 

IN718, NbC carbides liquate over a range of temperatures, initiating at a temperature range of 575 

1200ºC to 1215ºC, below the 𝛾-carbide eutectic L → (γ + NbC) temperature of 1250ºC [54]. 576 

Thus, liquid on the grain boundaries in the heat-affected zone originates due to constitutional 577 

liquation of the NbC [55], and the quenched-in liquid formed solidifies to a composition similar 578 

to Laves phase. These are identified as the Nb-rich substrate grain boundaries as shown in Fig 579 

5d and Fig 6d. The inability of these liquid films to accommodate the stresses results in crack 580 

formation at the substrate grain boundaries near the deposit-to-substrate interface as shown in 581 

Fig 10a and Fig 10b. 582 

For the interrupted test performed on the STA condition with the σmax = 428 MPa, 583 

which is just below the fatigue limit, non-propagating microcracks at the grain boundary of the 584 

substrate region are observed in Fig 14a and Fig 14b. By comparison, for the DA condition 585 
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tested at a similar stress level, the microcracks initiated at the grain boundary of the substrate 586 

region can propagate, Fig 13(a – c). Therefore, the threshold stress above which those already 587 

initiated microcracks can propagate determines the fatigue limit. This seems to agree with the 588 

higher fatigue limit in the STA condition when compared to DA.  589 

At the high cyclic stress region of Fig 9, the wrought material as well as the DED 590 

repaired joint in the DA condition exhibit higher fatigue life than the DED repaired joint in the 591 

STA condition. The deposit zone has a significantly smaller grain size of heterogeneous 592 

distribution and no annealing twins compared to the wrought material that has coarse equiaxed 593 

grains. Since the crystallographic texture is weak for both the deposit zone and substrate (Fig 594 

3), various microstructural features in the deposit zone, substrate, and the deposit-to-substrate 595 

interface likely act as competing factors influencing fatigue performance. As shown in Fig 5c, 596 

in the DA condition, the substrate grain boundaries in the heat-affected zone (i.e. close to the 597 

deposit region but still in the wrought material) are devoid of any δ phase, but with the Laves 598 

phase presented at the substrate grain boundaries and in the inter-dendritic region in the deposit 599 

zone. The work on IN718 showed that the Laves phase has poor plastic deformation capability 600 

during tensile loading [5,56]. The γ matrix possesses higher deformability and often leads to 601 

the formation of stress concentration sites at the interface between the γ matrix and Laves 602 

phase. As the cracks initiate and grow through the substrate grain boundaries at higher loads, 603 

the failure mechanism in the DA specimen mimicked the failure mechanism of wrought IN718.  604 

From uniaxial tensile tests reported in Fig 8, the STA condition exhibits improved 605 

ductility compared to the DA specimen. While it has been observed that the δ phase improves 606 

fatigue properties in Ni-base superalloys by arresting crack propagation [14,29], this only 607 

occurs at low-stress levels. An et al. [13] reported that the δ phase degraded the fatigue life in 608 

the wrought IN718, and such phenomenon was attributed to the morphology of the δ phase. 609 

The Laves phase and δ precipitates are both enriched in Nb, while the surrounding matrix is 610 

depleted of Nb, resulting in a lack of γ″ strengthening phase [30,57]. Therefore, near the δ 611 

phase, a region depleted in γ″ is formed that may act as the micro-void initiation site. Moreover, 612 

a higher volume fraction of the δ phase in the microstructure would consume the Nb for γ″ 613 

formation during the subsequent ageing treatment. During cyclic loading, dislocations are 614 

easily piled up around the long needle-like δ phase, which leads to high-stress concentration, 615 

and subsequent δ phase debonding from the matrix and helps easy crack propagation along the 616 

long needle-like δ phase surrounded by the precipitate-free-zone. Therefore, the heterogeneous 617 

distribution of the needle-like δ phase and higher volume fraction in the deposit zone likely 618 

made it easier to induce stress concentration sites at high-stress levels, and hence the STA 619 
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specimen at high fatigue stress failed in the deposit zone. At low-stress levels, the debonding 620 

of the δ/Laves phase from the γ matrix did not happen. 621 

 622 

4.2. Fatigue data comparison  623 

The fatigue limit of wrought IN718, as reported in the Aerospace Structural Metals 624 

Handbook (AD737973) [58], is ~500 MPa, which is 75 MPa higher than the wrought IN718 625 

considered in the present study. Such difference in the fatigue strength can be attributed to 626 

grain size difference with the former of ~35 µm while the latter of ~90 µm. HCF tests on 627 

wrought IN718 with different grain sizes by Ono et al. [59] and Kevinsanny et al. [60] revealed 628 

higher fatigue life corresponded to the higher strength and hardness in the fine-grained samples 629 

compared to the coarse-grained samples. It is well known that grain boundaries hinder the slip 630 

transfer between grains, leading to the formation of pile-ups and hardening as the grain size 631 

decreases [12]. Therefore a fine-grained material with higher hardness and strength would 632 

provide higher resistance to plastic deformation, and hence improved fatigue strength is 633 

observed [61].  634 

The fatigue test results from the current study are compared to the literature data. For a 635 

valid comparison, only the room temperature HCF test data obtained at R = 0.1 and using 636 

hourglass specimen geometry are included. Fig 17a compares the present results with the 637 

fatigue data of IN718 manufactured by various AM technologies with a fatigue loading axis 638 

parallel to the build direction [19,52]. The fatigue limit estimated by Witkin et al. [52] on SLM 639 

IN718 was ~ 450 MPa (see Table 2 [52]), tested at R = 0.1, which matches well with the 640 

observed results in the present investigation on the STA specimens while being ~100 MPa 641 

higher than the DA condition. A slightly higher fatigue limit of ~480 MPa compared to the 642 

results of the present STA specimens was reported by Amsterdam et al. [19] for the DED 643 

fabricated IN718 specimens that were solution annealed at 1093ºC and then aged. A solution 644 

treatment temperature of ~1100ºC dissolved the Laves and δ phases in SLM IN718 [62], which 645 

could be the reason for the improved fatigue performance in the work by Amsterdam et al. 646 

[19]. The fatigue life observed by Balachandramurthi et al. [63] in electron beam melted (EBM) 647 

IN718 was consistently inferior compared to both the DA and STA specimens in the present 648 

work, tested at similar maximum stress levels.  649 

Fig 17b shows the data comparison with the welding repaired IN718 with the fatigue 650 

loading axis perpendicular to the weld centreline [30,31]. The DED-repaired IN718 joint tested 651 

at both the DA and STA conditions performed better than the TIG welded IN718 reported by 652 
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Alexopoulos et al. [31]. Compared to the results observed in the current investigation, 653 

Sivaprasad et al. [30] reported superior fatigue properties of the TIG welded IN718 tested in 654 

DA and STA conditions. The difference in the fatigue properties compared to the present study 655 

can be attributed to the innate material properties of the IN718 substrate as depicted by 656 

significantly higher fatigue limit (~750 MPa) of the substrate (wrought) IN718 under 657 

investigation (Fig 17b). However, the fatigue performance of TIG welded specimens reported 658 

by Sivaprasad et al. [30] tested in DA and STA conditions showed a similar trend as reported 659 

in the present study. At higher maximum stress levels, the DA fatigue performance is better, 660 

whereas, at low-stress levels, better fatigue performance and higher fatigue limit are observed 661 

for the STA specimens.   662 

 663 

 664 
Fig 17: Comparison of the present S-N curves with the literature data for IN718: (a) comparison 665 
with AM IN718 components; and (b) comparison with welding repaired IN718. For 666 
comparison purposes, all the fatigue data were generated at R = 0.1 and room temperature.  667 
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 668 

It can be summarised from the present investigation and other reports available in the 669 

literature that wrought IN718 generally outperforms IN718 processed via various AM 670 

techniques or fusion welding. The primary reason for the difference in fatigue performance can 671 

be related to the difference in the microstructure due to various processing methods. Laser-672 

based AM techniques can be broadly classified as DED or SLM processes. High cooling rates 673 

of 103 – 105 K/s are achieved during DED and 105 – 107 K/s in SLM processing [64]. Similarly, 674 

high cooling rates >102 K/s are achieved during welding processes [23]. The non-equilibrium 675 

phases formed during AM processes and welding results in the deterioration of fatigue 676 

properties. Post-processing heat treatments are often employed to improve fatigue properties. 677 

In repair processes (welding/AM), to prevent grain coarsening in the base metal, the solution 678 

treatment temperatures are generally restricted to 980ºC. The solution treatment at 980ºC 679 

results in the formation of δ precipitates along with the retained Laves phase. The formation of 680 

δ precipitates results in slight softening of the material, thereby deteriorating high-stress HCF 681 

properties, however, at stresses below 50% of yield strength, δ precipitates are found to be 682 

beneficial for fatigue properties.  683 

 684 

5. Conclusion 685 

IN718 repaired joint, processed via direct energy deposition (DED), in both the solution 686 

treated and aged (STA) and directly aged (DA) conditions, has been assessed with the fatigue 687 

loading axis being perpendicular to the interface between the wrought substrate and the DED 688 

deposit. The major conclusions are: 689 

1. Performing the post-processing heat treatment is essential for IN718 repairs using DED 690 

processing to eliminate the low-strength heat-affected zone, which can extend up to 800 691 

m in the substrate near the deposit-to-substrate interface. 692 

2. The wrought substrate generally outperforms the DED repaired joint under HCF 693 

testing. However, the performance of the repaired joint is comparable to AM IN718 as 694 

reported in the literature and, in some cases, better than the welding repaired IN718.  695 

3. At high fatigue stress levels, the DA samples outperform the STA samples, whereas, at 696 

low-stress levels, the STA samples perform better. Therefore, a cross-over point 697 

appears in the S-N curves when comparing the DA with STA conditions. The fatigue 698 

failure occurs in the substrate for the DA condition, whereas in the deposit zone for the 699 

STA condition.   700 
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4. The Nb-rich film developed along the grain boundaries of the substrate wrought IN718 701 

near the substrate-to-deposit interface, acts as the crack initiation site. In the STA 702 

condition, the needle-shaped δ precipitates coupled with the Laves phase are effective 703 

in arresting cracks at the low fatigue stress level, however, at high-stress levels, they 704 

provide preferential sites to trigger the microcrack initiation and propagation.  705 

 706 
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