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A B S T R A C T   

Using additively manufactured (AM) tubular IN718 specimens, this study was conducted to understand the ef-
fects of wall thickness, surface machining, and hot isostatic pressing (HIP) on tensile and fatigue behaviors. The 
tubular specimens with thin wall (TW) features and narrow flow channels (NFC) had machined external surfaces 
and a combination of different internal surface (machined vs. unmachined) and heat treatment (with HIP vs. 
without HIP) conditions. On one hand, in terms of tensile properties, HIP was found to decrease strength while 
slightly improving ductility under quasi-static loading. Both surface machining and larger wall thickness were 
found to improve ductility without influencing the strength. On the other hand, HIP, surface machining, and wall 
thickness had no measurable influence on fatigue performance in the low and mid cycle fatigue regimes. Some 
positive effects of wall thickness on fatigue life were noticed in the high cycle fatigue regime for TW specimens 
undergone HIP and internal surface machining. The results suggested that the post-processing steps of AM IN718 
TW and NFC parts could potentially be eliminated to reduce production cost and lead time if the targeted ap-
plications were fatigue critical in low and mid cycle fatigue regimes.   

1. Introduction 

Thin wall (TW) and narrow flow channel (NFC) geometries are 
widely used in some components of aircraft, storage vessels, and heat 
exchangers. These geometries often have complex features and 
machining poses significant challenges (in some cases such geometries 
are not even machinable) as high stresses/temperatures during the 
cutting operation cause distortion and dimensional errors in produced 
parts [1]. This issue is exacerbated while cutting hard-to-machine alloys 
such as IN718 [2], which, due to its excellent corrosion resistance and 
elevated temperature mechanical properties, is often found in harsh 
environments [3]. Interestingly, IN718 possesses decent weldability 
(due to its low Ti and Mo content) making it compatible with additive 

manufacturing (AM) processes, whose near-net shaping capability 
significantly minimizes the need for machining and thus reduces pro-
duction costs [4,5]. Nevertheless, several issues including elemental 
segregation, volumetric defects, and surface roughness from the AM 
process can adversely affect the mechanical properties of the fabricated 
parts [6–8], which generally necessitates post-processing heat treat-
ments (HT), hot isostatic pressing (HIP), and surface machining [9], 
respectively. 

The HIP cycle was shown to homogenize the microstructure and 
reduce/eliminate volumetric defects in IN718 due to high temperatures 
(1100–1180 ◦C) and pressure (~100 MPa) [10,11]. Studies by Bala-
chandramurthi et al. [12] and Sadeghi et al. [13] on laser powder bed 
fused (L-PBF) IN718 showed slightly better fatigue resistance of speci-
mens underwent both HIP & HT in low cycle fatigue (LCF) and mid cycle 

Abbreviations: AM, Additive manufacturing/Additively manufactured; AMSC, America Makes & ANSI Additive Manufacturing Standardization Collaborative; BSE, 
Back-scattered electron; EBSD, Electron backscatter diffraction; E-PBF, Electron powder bed fusion/fused; f,, Frequency; HCF, High cycle fatigue; HIP, Hot isostatic 
pressing/Hot isostatic pressed; H + M, HIP and machined; H + UM, HIP and unmachined; HT, Heat treatment/Heat treated; ID, Inner diameter; IPF, Inverse pole 
figure; IN718, Inconel® 718; LCF, Low cycle fatigue; L-PBF, Laser powder bed fusion/fused; MCF, Mid cycle fatigue; NFC, Narrow flow channel; NH + UM, NonHIP 
and unmachined; OD, Outer diameter; PSB, Persistent slip band; SEM, Scanning electron microscope; SR, Stress relief; SA, Solution annealing; t, Thickness; TW, Thin 
wall; XCT, X-Ray computed tomography. 

* Corresponding author at: National Center for Additive Manufacturing Excellence (NCAME), Auburn University, Auburn, AL 36849, USA. 
E-mail address: shamsaei@auburn.edu (N. Shamsaei).  

Contents lists available at ScienceDirect 

Additive Manufacturing 

journal homepage: www.elsevier.com/locate/addma 

https://doi.org/10.1016/j.addma.2022.103264 
Received 9 August 2022; Received in revised form 23 October 2022; Accepted 1 November 2022   

mailto:shamsaei@auburn.edu
www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2022.103264
https://doi.org/10.1016/j.addma.2022.103264
https://doi.org/10.1016/j.addma.2022.103264
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2022.103264&domain=pdf


Additive Manufacturing 60 (2022) 103264

2

fatigue (MCF) regimes compared to heat treated (HT) only specimens. 
This could primarily be attributed to the dissolution of the populous 
detrimental δ phases in the HIP & HT specimens. In contrast, Gribben 
et al. [14,15] revealed that HIP & HT condition was not beneficial to 
mechanical performance of L-PBF IN718. The high cycle fatigue (HCF) 
results indicated lower fatigue resistance of HIP & HT specimens 
compared to HT ones. They attributed this behavior to coarsened 
microstructure, and HIP induced annealing twins, which caused early 
crack initiations. Interestingly, a study by Muhammad et al. [16] on 
L-PBF IN718 in HT only condition showed crack initiations from facets 
due to the operation of persistent slip bands (PSBs), despite the presence 
of relatively large volumetric defects (>40 µm) in the specimens. 
Combining crystal plasticity simulations and experiments, Dodaran et al. 
[17] showed that PSB-mediated fatigue crack initiation life of IN718 was 
inversely related to the free slip distance within grains, and thus, the 
relatively large grain size in the HT only L-PBF IN718 favored 
PSB-mediated fatigue crack initiation. As such, the application of HIP 
can further coarsen the microstructure, and therefore, reduce the fatigue 
resistance. These recently demonstrated insensitivity of AM IN718 fa-
tigue properties to volumetric defects can potentially challenge the 
present industrial practice of ubiquitous application of HIP. 

Surface condition is another factor that can affect the mechanical 
properties of AM IN718 parts to varying degrees. For tensile properties, 
excessively high surface roughness (such as those typical of the electron 
powder bed fusion (E-PBF)) was shown by Zhao et al. [18] to signifi-
cantly reduce elongation to failure (EL) by ~90% as compared to 
specimens with machined surfaces, and induce brittle fracture at stresses 
~20% below yield strength (YS). On the other hand, moderate surface 
roughness (such as those typical of L-PBF processes), is expected to only 
slightly reduce EL and generally should not debit strength [19,20]. For 
fatigue properties, Lee et al. [21] showed that the L-PBF IN718 speci-
mens with as-built surface roughness had significantly shorter fatigue 
lives in the HCF regime than the machined and drag-finished ones. In 
mid to low cycle fatigue (MCF to LCF) regimes, the impact was not 
notable. In some cases, surface machining (especially shallow machining 
often desirable for IN718 due to its poor machinability) may not be 
beneficial for AM IN718 parts at all, since it could expose large sub-
surface volumetric defects which can be as detrimental as the surface 
roughness [18,22]. As such, depending on the design goal of the targeted 
applications (i.e., guarding against first cycle yielding, LCF finite life, or 
infinite life, etc.) machining as a necessary finishing step for IN718 may 
be debatable. Keeping this in view, a comprehensive study on the effect 
of surface machining on mechanical performance of L-PBF IN718 is 
needed. Knowledge gained from this study will contribute to “Surface 
finish” gap (P4) reported by America Makes & ANSI additive 
manufacturing standardization collaborative (AMSC) [23]. 

Tensile and fatigue data of AM parts are typically generated using 
specimens with standardized geometries and dimensions [16,21,24], 
that may be significantly different from those of the in-service compo-
nents such as heat exchangers, which often have complex geometries of 
varying wall thicknesses. However, variation in geometry may result in 
different measured mechanical properties [25,26]. Accordingly, data 
generated in the laboratory settings may not be transferable for 
designing NFC and TW. For instance, Razavi et al. [27] reported that EL 
of E-PBF Ti-6Al-4 V flat tensile geometries with thickness of 5 mm were 
over three times as much as the one measured from specimens with a 
thickness of 1 mm. Despite its potential impact, there exist very limited 
studies on the effect of wall thickness on LCF, HCF, and quasi-static 
tensile behaviors, and the limited ones available mainly focus on 
L-PBF SS 316 L [28], and E-PBF Ti-6Al-4 V alloys [27]. 

The objective of this study was to investigate the effects of post- 
processing, including HIP and machining, and specimens wall thick-
ness on the mechanical properties measured from two distinct specimen 
geometries – TW and NFC. The TW and NFC IN718 specimens with 
different wall thicknesses were fabricated using L-PBF. Post-fabrication, 
all specimens went through stress relief (SR), solution annealing (SA), 
and 2-step aging as well as external surface machining. HIP and internal 
surface machining were applied to selected specimens to isolate their 
effects on both tensile and fatigue behaviors. This article is organized as 
following: in Section 2, the experimental procedure is described. In 
Section 3, experimental results including microstructure analysis (Sec-
tion 3.1), surface roughness (Section 3.2), tensile (Section 3.3), and fa-
tigue properties (Section 3.4) are presented. Results are discussed in 
Section 4, and finally, major conclusions are listed in Section 5. 

2. Experimental procedures 

2.1. Specimen design and fabrication 

The drawings of different geometries (machined to the final di-
mensions) are exhibited in Fig. 1(a) and Fig. 1(c). These geometries were 
separated into two groups: TW and NFC. TW geometries were designed 
according to ASTM E2207 [29]. Since there were no standardized ge-
ometries available for NFC specimens, concepts of TW geometries were 
adopted to design the NFC ones. TW group of geometries maintained the 
same outer diameter (OD), while thickness (t) was sequentially 
increased from 0.50 to 1.25 mm. Similar to the TW specimens, OD of 
NFC geometries was maintained the same, while thickness was 
increased from 1 to 2.5 mm. Note that the OD at the grip and gage 
sections was oversized by 2 mm for all specimens, and the inner diam-
eter (ID) was undersized by 1 mm for all the ID machined specimens to 
allow adequate surface machining (1 and 0.50 mm depths for OD and ID 
machining, respectively). 

The build layouts of TW and NFC specimens are exhibited in Fig. 1(b) 
& (d), respectively. The specimens are color-coded in Fig. 1(b) & (d) 
according to the specimens’ wall thickness and ID. For TW specimens 
(see Fig. 1(b)), red, blue, and gray colors correspond to 1.25, 0.75, and 
0.50 mm wall thicknesses, respectively. For NFC specimens (see Fig. 1 
(d)), green and blue colors correspond to the specimens with the wall 
thicknesses of 1 and 2.5 mm, respectively. As seen in the build layouts, 
the specimens of each geometry were evenly distributed throughout the 
build platform to minimize location dependency of measured mechan-
ical properties. In addition, for fatigue tests at each stress/strain level, 
specimens were intentionally chosen from different locations. 

The pre-alloyed argon gas-atomized IN718 powder, supplied by 
Carpenter Additive, was used in the virgin state to fabricate specimens 
using an EOS M290 machine – an L-PBF platform. The EOS recom-
mended process parameters, listed in Table 1, were employed for 
fabrication. 

Nomenclature 

γ Matrix phase in IN718. 
δ Brittle phase in IN718. 
εa Strain amplitude. 
Δεe/2 Elastic strain amplitude. 
Δεp/2 Plastic strain amplitude. 
σa Stress amplitude. 
σm Mean stress. 
EL Elongation to failure. 
2 Nf Reversals to failure. 
Ra Arithmetic mean height. 
Rv Maximum valley depth. 
Rε The ratio of minimum strain to maximum strain. 
UTS Ultimate tensile strength. 
YS Yield strength.  
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2.2. HT procedures and post-processing conditions 

Regardless of the geometry and surface condition, SR was performed 
according to ASTM F3301 [30] in a high temperature box furnace, while 
SA and 2-step aging were carried out on all the NFC and TW geometries 
following AMS 2774 F [31] in a vacuum furnace with argon quench 
capability as shown in Table 2. Baseline properties were obtained from 
NFC and TW specimens that were HIP and machined from both internal 
and external surfaces (referred to as HIP + Machined). Based on this, the 
mechanical performance debits associated with avoiding HIP and/or 
internal surface machining, if any, were determined with the NonHIP 
+ Unmachined and HIP + Unmachined specimens. The ID and OD of 
specimens were machined on a lathe using reamer and turning tools, 
respectively. OD surfaces of all specimens were machined and polished, 
while the ID surfaces of specimens were only machined. Detailed spec-
imens’ conditions along with their designations are listed in Table 3. 

2.3. Microstructure analysis and fractography 

Microstructural samples were excised from the gage section of 
specimens perpendicular to the build direction (radial plane), mounted 
on the epoxy, ground, and polished according to ASTM E3 [32]. Using a 
Zeiss Crossbeam 550 scanning electron microscope (SEM), 
back-scattered electron (BSE) imaging and electron backscatter 
diffraction (EBSD) analysis were conducted. EBSD scans were performed 
utilizing source voltage of 20 kV and a step size of ~2 µm. EBSD data 
were then post-processed using AzTec Crystal software by Oxford In-
struments. With the EBSD data, the grain counts through the wall 
thickness of each TW geometry were measured with 5 repetitions. To 
analyze the fracture mechanisms, fracture surfaces were first cut using 

Fig. 1. Drawings and build layouts of TW and NFC specimens: (a)-(b) dimensions and the build layout of TW specimens; (c)-(d) dimensions and build layout of NFC 
specimens. Although TW and NFC groups of geometries maintained the same OD and gage length, the thickness was varied. Different colors in the build layouts 
indicate the thickness of specimens. All dimensions are in mm. 

Table 1 
Core process parameters used for fabrication of L-PBF 
IN718.  

Power (W) 285 
Speed (mm/s) 960 
Hatching Distance (mm) 0.11 
Stripe Width (mm) 10 
Layer Thickness (mm) 0.04 
Layer Rotation Angle 67◦

Hatch Pattern Stripe  

Table 2 
HT schedule used for this study.  

Condition SR HIP SA 2-Step Aging 

HIP + HT 925 ◦C/ 
1 hr 

1120 ◦C/4 
hrs 
at 100 MPa 

960 ◦C/ 
1 hr 

720 ◦C/8 hrs, cool to 
620 ◦C/10 hrs 

NonHIP 
+ HT 

925 ◦C/ 
1 hr 

– 960 ◦C/ 
1 hr 

720 ◦C for 8 hrs, cool to 
620 ◦C /10 hrs  

Table 3 
Mechanical testing plan followed for this study. Note that 3 tests per strain 
amplitude were performed at ≥ 0.003 mm/mm and only 2 were conducted at 
0.002 mm/mm strain amplitude. “No. Wall Thicknesses” column represents the 
number of wall thicknesses for each post-processing condition.   

Condition No. Wall 
Thicknesses 

No. Strain 
Amplitudes 

No. 
Fatigue 
Tests 

No. 
Tensile 
Tests 

TW HIP 
+ Machined  

3  4  33 6 

(H + M) 
NonHIP 
+ Unmachined  

3  4  33 6 

(NH + UM) 
HIP 
+ Unmachined  

3  4  33 6 

(H + UM) 
NFC HIP 

+ Machined  
2  4  22 4 

(H + M) 
NonHIP 
+ Unmachined  

2  4  22 4 

(NH + UM) 
HIP 
+ Unmachined  

2  4  22 4 

(H + UM)  
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an abrasive cutter under a coolant jet, cleaned using a sonicator to 
eradicate dust and dirt, then washed with distilled water and iso-
propanol. Zeiss Crossbeam 550 SEM was used to examine the fracture 
surfaces of both tensile and fatigue specimens. 

2.4. Surface roughness 

Internal surface roughness was measured destructively by excising 
small coupons from test specimens longitudinally (i.e., parallel to build 
direction) from both machined and unmachined surfaces. These cou-
pons were mounted and polished using reducing grit sizes and a Keyence 
optical microscope was used to obtain surface profiles. Surface profile 
lines of each condition was then extracted from the micrographs using 
an in-house MATLAB code. Surface roughness parameters such as 
arithmetic mean height (Ra) and maximum valley depth (Rv) were 
evaluated following ISO 4287 [33]. Surface roughness statistics for each 
condition was obtained from three profile lines. 

2.5. Mechanical testing 

Strain/displacement-controlled tensile tests were performed based 
on ASTM E8 [33] using an MTS servohydraulic machine with a 100 kN 
load capacity. A constant nominal strain rate of 0.001 mm/mm/s was 
maintained in all tests. In each test, an extensometer was held on the 
specimens up to the strain of 0.035 mm/mm followed by its detachment 
and the continuation of the test under displacement control until frac-
ture. A total of 30 tensile tests (2 tests per condition) were performed 
and the 0.2% offset method was used to calculate the YS. 

Uniaxial fully-reversed (Rε = εmin/εmax= − 1) strain-controlled fa-
tigue tests were performed based on ASTM E606 [34] using an MTS 
servohydraulic machine with a 100 kN load capacity. An MTS me-
chanical extensometer was used to measure the strains at the gage sec-
tion. Fatigue tests were conducted at strain amplitudes of 
0.002 mm/mm (frequency (f) = 2.5 Hz), 0.003 mm/mm (f = 1.67 Hz), 
0.005 mm/mm (f = 1 Hz), and 0.010 mm/mm (f = 0.5 Hz). Note that f 
was adjusted for each test based on the applied strain level to maintain a 
similar average cyclic strain rate of 0.020 mm/mm/s. Since the overall 
cyclic deformation was fully elastic at 0.003 mm/mm strain amplitude, 
fatigue tests at/below this strain level were switched to force-controlled 
mode after reaching ~2000 cycles; however, the extensometer was held 
on the specimens to record the strains during cyclic loading. 

The detailed mechanical testing plan followed for this study, 
including designation convention for each condition, the number of 
fatigue and tensile tests per condition is listed in Table 3. A condition 
was designated according to the HT and surface condition of the internal 
surface. For example, NonHIP + Unmachined signifies the specimens 
that did not undergo HIP and possessed as-built internal surface. Each 
post-processing condition is abbreviated using initials which are used to 
describe different conditions from hereon. For example, NH + UM is 
short hand for NonHIP + Unmachined. As discussed before, all the 
specimens were HT (SR, SA, and 2-step aging) regardless of geometry or 
surface condition. Besides, the OD of all specimens was machined and 
polished. A total of 165 fatigue tests (99 on TW specimens, 66 on NFC 
ones) and 30 tensile tests were performed. 

2.6. X-ray computed tomography (XCT) 

High resolution XCT scans were performed on some specimens which 
were separately loaded at the 0.010 mm/mm strain amplitude for 25% 

or 50% of the average expected fatigue life to examine the presence of 
fatigue cracks. Constrained by geometry, such scans were performed 
only on the regions near the internal surface of the NFC specimens at the 
gage sections. XCT was performed using Zeiss Xradia 620 Versa machine 
at the voxel size of 3 µm. A source voltage and power of 160 kV and 
25 W were used, respectively. Volumetric reconstruction was performed 
using a Zeiss proprietary software with smooth Gaussian reconstruction 
filter. Reconstructed data was imported into ImageJ software for further 
processing. Three-dimensional fatigue crack rendering was performed 
using the ORS Dragonfly image processing software. 

3. Experimental results 

3.1. Microstructure analysis 

Inverse pole figure (IPF) maps and BSE images obtained from the 
microstructural samples excised from the radial planes of TW 
t = 0.75 mm specimens in the HIP + HT and NonHIP + HT conditions 
are presented in Fig. 2. Since all specimens were HT, the two afore-
mentioned conditions were referred to as simply HIP and NonHIP. As 
evident from the BSE micrographs, acicular δ phase and carbides were 
precipitated both along the grain boundaries and within grains in both 
HT conditions. The NonHIP sample (see Fig. 2(b) & (c)), however, had 
significantly higher volume fraction of δ phase compared to HIP one. 
Moreover, the as-solidified dendritic microstructure was evident in the 
NonHIP sample (see Fig. 2(b) & (c)), which was not the case for the HIP 
one (see Fig. 2(e) & (f)). Azadian et al. [35] showed that the precipita-
tion of the δ phase should peak at approximately 900 ◦C, which implied 
that the δ phase may have been precipitated during/after the SR step. 
Following SA at 960 ◦C, which was below δ solvus SA temperature [3], δ 
phase persisted and precipitated in large fraction in the microstructure. 
Moreover, SA duration and temperature were not sufficient to 
completely eradicate dendritic microstructure resulting from rapid so-
lidification. By contrast, the HIP step following SR was expected to 
dissolve δ phase completely as its prescribed thermal exposure of 4 hrs at 
temperature 1120 ◦C was significantly higher than the δ solvus between 
1005 and 1015 ◦C [21]. The small volume fraction of δ phase visible in 
Fig. 2(e) & (f) could have been the result of SA, which was sub-δ solvus 
at 960 ◦C for only one hour, performed after HIP and SR. 

The IPF maps indicated considerable grain growth in the HIP con-
dition (see corresponding histograms in Fig. 2(g) & (h)). EBSD results 
showed that the equivalent circle diameter of grains of NonHIP and HIP 
samples were 18 ± 12 and 74 ± 80 µm, respectively. In addition, the 
HIP microstructure had numerous annealing twins, which were absent 
in the NonHIP samples (see Fig. 2(a)). Note that annealing twins were 
excluded while calculating grain sizes. The larger grain size of HIP 
samples was attributed to the relatively high HIP temperature and 
duration that favored grain growth and the dissolution of δ phase as 
grain boundary pinners. 

Grain count through the wall thickness of each TW geometries is 
presented in Fig. 2(i). As expected, grain counts increased with an in-
crease in thickness for both HIP and NonHIP conditions. The number of 
grains through the wall thickness of HIP specimens, however, were 
lower than NonHIP ones as HIP specimens possessed coarser grains. In 
addition, Fig. 2(j) showed similar number of grains per mm in HIP 
condition, whereas NonHIP samples showed gradual drop at larger 
thicknesses. This is ascribed to presence of finer grains close to the 
surface. The trend of grain counts across the thicknesses of NFC speci-
mens were similar, therefore, the related plot is not included here. 
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3.2. Surface roughness 

Internal surface roughness was measured destructively by excising 
small coupons from test specimens longitudinally (i.e., parallel to build 
direction) from both machined and unmachined surfaces. Machined 
specimens, in general, possessed better internal surface finish compared 
to unmachined ones. However, there was an exception: NFC machined 
specimens with t = 2.5 mm had a large scatter in both Ra and Rv values 
which were covering the ranges of the unmachined ones. Poor surface 
quality of machined NFC specimens with t = 2.5 mm was due to deep 
machining grooves after reaming operation (see Section 4.3 for more 
discussion). Note that the OD surface roughness values of all TW and 
NFC specimens, presented with the dashed lines, were similar (Ra ≤

0.5 µm, Rv ≤ 3 µm) due to the identically applied machining and pol-
ishing process. Fig. 3. 

3.3. Tensile results of TW and NFC specimens 

An average and standard deviation of tensile properties including YS, 
ultimate tensile strength (UTS), and EL are presented in Table 4. In 
addition, to understand the effects of post-processing and specimen wall 
thickness, comparative bar plots are shown in Figs. 4 and 5. Since tensile 
results of both TW and NFC specimens showed little to no scatter, only 
two tests per condition/geometry were performed, and the error bars on 
each plot indicated the maximum-to-minimum ranges of tensile prop-
erties. Note that for calculating the stresses, while the measured diam-
eter values were used, no corrections for surface roughness were made. 

The effects of HT and surface condition on tensile properties for TW 
specimens are shown by the bar plots in Fig. 4(a), (b), & (c). As shown, 
machining the ID, regardless of specimen thickness, resulted in higher 
EL (compare H + M and H + UM conditions). This is expected as the 

Fig. 2. IPF maps obtained from (a)-(c) NonHIP and (d)-(f) HIP samples. Charts in (g) and (h) show grain size histograms corresponding to (a) and (d), respectively. (i) 
and (j) exhibit grain counts through the wall thickness and grain counts per mm of TW geometries, respectively. 
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rough surface features essentially act as micro-notches, which could 
induce early onset of fracture. Higher EL of fully machined specimens 
was more pronounced for geometry with a thickness of 1.25 mm (Fig. 4 
(c)). Moreover, NonHIP specimens, in general, showed slightly higher 
YS compared to HIP ones with the presence of the unmachined surface. 

A summary of tensile results at different conditions for NFC speci-
mens is presented in Fig. 4(d) & (e). The effects of surface condition and 
HIP on the tensile properties of NFC specimens were similar to the TW 
specimens. Regardless of geometry, fully machined specimens exhibited 
better EL compared to the specimens with unmachined ID, although the 
effect of machining on EL was less pronounced than the TW specimens. 
Moreover, NonHIP NFC specimens showed slightly higher YS; however, 
there was a reduction in EL compared to HIP specimens. 

A replot of the tensile results highlighting the effects of wall thick-
ness for different geometries and post-processing conditions is shown in 
Fig. 5. Note that observation on the effect of wall thickness on tensile 
behavior was made when other influencing factors (i.e., microstructure, 
and surface condition) were controlled. In the case of TW geometries 
(Fig. 5(a), (b), & (c)), EL increased with the increase in thickness in H 
+M condition. Although not as significant, there was also a similar effect 
of thickness on the EL in the H + UM condition as well. Note that there 
was no effect of thickness on EL in NH + UM specimens. NFC specimens 
(see Fig. 5(d)-(f)) showed a similar trend where EL increased with the 
increase in thickness for H + M condition (see Fig. 5(d)), slightly higher 
EL at larger thicknesses was noticed in H + UM specimens (see Fig. 5 
(e)), and no effect of thickness on EL in NH + UM NFC specimens. 

3.4. Fatigue results of TW and NFC specimens 

Fatigue results with details such as surface/HIP conditions, build 
number, strain amplitude (εa), elastic (Δεe/2) and plastic strain (Δεp/2) 
amplitudes, mean stress (σm), stress amplitude (σa), and reversals to 
failure (2 Nf) for TW and NFC specimens at different wall thicknesses are 
tabulated in Tables 5 through 9. Note that the calculated mean stresses 
of the reported dataset were less than 10% of respective stress ampli-
tudes; therefore, the effect of mean stress on the fatigue lives should not 
be significant. Stresses for each test was calculated using load reading 
and nominal cross-sectional area of specimen and error (if any) in 
measurements of gage diameter due to surface roughness was not 
corrected. 

The tabulated strain-life fatigue data is visualized and presented in 
Fig. 6 separately for TW and NFC specimens. A factor of 3–4 scatter in 
the fatigue lives can be observed at 0.010, 0.005, and 0.003 mm/mm 
strain amplitudes across conditions for specimens of both geometries. 
Note that fatigue lives at εa = 0.010 and 0.005 mm/mm at all conditions 
were within the LCF regime (~2 × 104 reversals to failure), while at εa 
= 0.003 mm/mm and 0.002 mm/mm, they were MCF (~2 × 105 re-
versals to failure) and HCF (>2 × 105 reversals to failure) regimes, 
respectively. The total variation in fatigue lives due to different wall 
thicknesses and post-processing conditions was higher at εa 
= 0.002 mm/mm (by over an order of magnitude). In general, the effect 
of the HIP on the TW and NFC specimens was not significant at εa 
≥ 0.003 mm/mm, regardless of the wall thickness and surface 
condition. 

Fig. 3. A summary of ID roughness of both NFC and TW geometries in different 
surface conditions. Dashed lines in (a) and (b) indicate upper limits of OD 
roughness values. Abscissa represents thicknesses of TW and NFC geometries 
under machined and unmachined condition. 

Table 4 
Tensile properties of L-PBF IN718 TW and NFC specimens.  

Conditions UTS (MPa) YS (MPa) %EL 

H + M (TW t = 0.50 mm) 1322 ± 6 1046 ± 2 21 ± 1 
H + UM (TW t = 0.50 mm) 1325 ± 40 1044 ± 44 17 ± 0 
NH + UM (TW t = 0.50 mm) 1442 ± 7 1165 ± 7 17 ± 0 
H + M (TW t = 0.75 mm) 1265 ± 9 988 ± 8 24 ± 0 
H + UM (TW t = 0.75 mm) 1295 ± 18 1004 ± 8 18 ± 0 
NH + UM (TW t = 0.75 mm) 1373 ± 3 1110 ± 8 15 ± 1 
H + M (TW t = 1.25 mm) 1351 ± 4 1074 ± 5 29 ± 0 
H + UM (TW t = 1.25 mm) 1362 ± 7 1079 ± 1 19 ± 1 
NH + UM (TW t = 1.25 mm) 1362 ± 5 1119 ± 6 18 ± 1 
H + M (NFC t = 2.5 mm) 1355 ± 3 1082 ± 10 41 ± 1 
H + UM (NFC t = 2.5 mm) 1348 ± 6 1053 ± 4 34 ± 1 
NH + UM (NFC t = 2.5 mm) 1340 ± 3 1098 ± 23 27 ± 1 
H + M (NFC t = 1 mm) 1348 ± 5 1036 ± 6 38 ± 1 
H + UM (NFC t = 1 mm) 1327 ± 12 1046 ± 15 35 ± 2 
NH + UM (NFC t = 1 mm) 1342 ± 4 1096 ± 10 28 ± 2  
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Fig. 4. Effects of surface condition and HIP on tensile properties for L-PBF IN718 TW and NFC specimens at different thicknesses: (a)-(c) TW specimens (d)-(e) NFC 
specimens. (f) The schematic of error bars shown on the bar charts indicating maximum, minimum, and mean values. 
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Fig. 5. Effect of specimen’s wall thickness on tensile properties for L-PBF IN718 TW and NFC specimens at different post-processing conditions: (a)-(c) TW specimens 
(d)-(f) NFC specimens. 
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Table 5 
Uniaxial, fully-reversed fatigue test results for L-PBF IN718 TW specimen with t = 0.50 mm.   

Spec. ID εa (mm/mm) Δεe/2 (mm/mm) Δεp/2 (mm/mm) σa (MPa) σm (MPa) 2 Nf 

H + M 1A4–3  0.002  0.002  0.000  377  -1 419,178 
1A5–3  0.002  0.002  0.000  369  23 569,232 
1A6–1  0.003  0.003  0.000  592  0 68,266 
1A2–2  0.003  0.003  0.000  594  3 89,594 
1A5–2  0.003  0.003  0.000  555  18 76,344 
1A1–2  0.005  0.005  0.000  884  -1 8796 
1A3–2  0.005  0.005  0.000  868  10 7194 
1A2–4  0.005  0.005  0.000  851  10 5528 
1A2–1  0.010  0.005  0.005  1012  -24 770 
1A5–1  0.010  0.005  0.005  1003  -4 1006 
1A6–2  0.010  0.006  0.004  993  -18 660 

H + UM 3A2–3  0.002  0.002  0.000  382  13 339,246 
3A3–3  0.002  0.002  0.000  379  13 307,360 
3A5–2  0.003  0.003  0.000  581  -3 88,094 
3A6–2  0.003  0.003  0.000  579  11 102,560 
3A1–3  0.003  0.003  0.000  578  27 66,188 
3A1–2  0.005  0.004  0.001  850  31 7194 
3A2–2  0.005  0.005  0.000  891  38 6120 
3A3–3  0.005  0.005  0.000  867  72 6884 
3A4–1  0.010  0.005  0.005  947  -23 1070 
3A5–1  0.010  0.005  0.005  973  55 1200 
3A4–2  0.010  0.005  0.005  971  -16 932 

NH + UM 2A4–4  0.002  0.002  0.000  339  -9 1090,292 
2A2–4  0.002  0.002  0.000  343  -9 1046,396 
2A1–2  0.003  0.003  0.000  526  -2 176,906 
2A2–2  0.003  0.003  0.000  535  -7 130,510 
2A3–3  0.003  0.003  0.000  538  -9 120,118 
2A3–2  0.005  0.005  0.000  825  -4 13,960 
2A4–2  0.005  0.005  0.000  820  -17 14,232 
2A2–3  0.005  0.005  0.000  846  11 13,370 
2A5–2  0.010  0.006  0.004  999  -3 912 
2A1–3  0.010  0.006  0.004  1039  4 1130 
2A6–2  0.010  0.006  0.004  1008  -11 1152  

Table 6 
Uniaxial, fully-reversed fatigue test results for L-PBF IN718 TW specimens with t = 0.75 mm.   

Spec. ID εa (mm/mm) Δεe/2 (mm/mm) Δεp/2 (mm/mm) σa (MPa) σm (MPa) 2 Nf 

H + M 1B2–3  0.002  0.002  0.000  380  16 1614,654 
1B2–4  0.002  0.002  0.000  387  13 1211,400 
1B4–1  0.003  0.003  0.000  593  -5 107,612 
1B2–2  0.003  0.003  0.000  605  -1 91,552 
1B6–1  0.003  0.003  0.000  588  3 98,990 
1B1–1  0.005  0.004  0.001  830  -3 12,520 
1B2–1  0.005  0.004  0.001  830  -33 15,956 
1B5–2  0.005  0.005  0.001  838  -21 8770 
1B1–2  0.010  0.005  0.005  988  -22 1798 
1B3–2  0.010  0.005  0.005  990  -27 1100 
1B4–2  0.010  0.005  0.005  991  -29 1120 

H + UM 3B3–4  0.002  0.002  0.000  375  6 495,920 
3B2–4  0.002  0.002  0.000  382  2 431,912 
3B1–1  0.003  0.003  0.000  584  -12 103,160 
3B2–2  0.003  0.003  0.000  609  27 80,374 
3B3–2  0.003  0.003  0.000  580  18 123,368 
3B1–2  0.005  0.004  0.001  845  12 10,076 
3B3–1  0.005  0.004  0.001  857  -8 11,070 
3B5–1  0.005  0.004  0.001  862  -30 11,624 
3B4–2  0.010  0.005  0.005  964  -19 1410 
3B5–2  0.010  0.005  0.005  973  -25 1250 
3B6–2  0.010  0.005  0.005  974  -23 1382 

NH + UM 2B6–4  0.002  0.002  0.000  344  0 1212,970 
2B5–4  0.002  0.002  0.000  332  -1 1260,794 
2B1–2  0.003  0.003  0.000  503  5 133,400 
2B2–2  0.003  0.003  0.000  502  -4 217,400 
2B4–3  0.003  0.003  0.000  521  -9 93,560 
2B3–2  0.005  0.005  0.000  800  28 14,660 
2B2–4  0.005  0.005  0.000  819  -10 18,774 
2B3–4  0.005  0.005  0.000  813  31 15,252 
2B5–2  0.010  0.006  0.004  958  -28 1170 
2B1–4  0.010  0.006  0.004  985  -1 1346 
2B6–2  0.010  0.006  0.004  979  -14 1424  
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Table 7 
Uniaxial, fully-reversed fatigue test results for L-PBF IN718 TW specimens with t = 1.25 mm.   

Spec. ID εa (mm/mm) Δεe/2 (mm/mm) Δεp/2 (mm/mm) σa (MPa) σm (MPa) 2 Nf 

H + M 1C5–3  0.002  0.002  0.000  395  -4 7334,960 
1C6–3  0.002  0.002  0.000  399  0 3319,680 
1C1–1  0.003  0.003  0.000  563  -1 174,626 
1C6–1  0.003  0.003  0.000  600  -2 160,066 
1C4–2  0.003  0.003  0.000  611  3 184,902 
1C2–1  0.005  0.004  0.001  835  -9 15,020 
1C3–1  0.005  0.004  0.001  871  43 14,708 
1C5–2  0.005  0.004  0.001  860  -33 20,360 
1C1–2  0.010  0.005  0.005  990  -28 1822 
1C2–2  0.010  0.005  0.005  988  -30 1666 
1C3–2  0.010  0.005  0.005  984  -31 2102 

H + UM 3C2–3  0.002  0.002  0.000  390  -5 3338,498 
3C4–3  0.002  0.002  0.000  394  3 3824,640 
3C4–1  0.003  0.003  0.000  591  -4 129,156 
3C3–1  0.003  0.003  0.000  601  17 104,152 
3C1–2  0.003  0.003  0.000  603  13 66,432 
3C1–1  0.005  0.004  0.001  820  -20 12,400 
3C5–1  0.005  0.004  0.001  859  11 8324 
3C3–2  0.005  0.004  0.001  853  -26 12,200 
3C3–3  0.010  0.005  0.005  978  -27 1206 
3C2–2  0.010  0.005  0.005  979  -29 1208 
3C4–2  0.010  0.005  0.005  980  -23 1496 

NH + UM 2C1–4  0.002  0.002  0.000  331  4 1407,394 
2C3–4  0.002  0.002  0.000  338  11 1102,712 
2C1–2  0.003  0.003  0.000  499  -3 183,524 
2C2–2  0.003  0.003  0.000  520  -3 147,152 
2C4–3  0.003  0.003  0.000  535  -21 219,058 
2C3–2  0.005  0.005  0.000  853  -9 19,680 
2C4–2  0.005  0.005  0.000  817  -31 21,900 
2C1–3  0.005  0.005  0.000  814  -11 19,326 
2C5–2  0.010  0.006  0.004  990  -26 1640 
2C2–4  0.010  0.006  0.004  1014  -16 1068 
2C6–2  0.010  0.006  0.004  989  -24 1566  

Table 8 
Uniaxial, fully-reversed fatigue test results for L-PBF IN718 NFC specimens with t = 1 mm (ID = 5 mm).   

Spec ID εa (mm/mm) Δεe/2 (mm/mm) Δεp/2 (mm/mm) σa (MPa) σm (MPa) 2 Nf 

H + M 1F1–2  0.002  0.002  0.000  391  2 845,136 
1F3–3  0.002  0.002  0.000  398  0 > 10,000,000 
1F6–1  0.003  0.003  0.000  599  0 298,658 
1F8–1  0.003  0.003  0.000  599  -6 248,246 
1F7–2  0.003  0.003  0.000  609  8 203,432 
1F3–1  0.005  0.004  0.001  832  -25 20,422 
1F5–1  0.005  0.004  0.001  840  -20 21,038 
1F5–3  0.005  0.004  0.001  853  -52 14,870 
1F4–1  0.010  0.005  0.005  982  -26 2630 
1F7–1  0.010  0.006  0.005  966  -48 3002 
1F2–2  0.010  0.005  0.005  989  -30 1956 

H + UM 3F3–3  0.002  0.002  0.000  380  0 1031,248 
3F7–3  0.002  0.002  0.000  384  1 1565,412 
3F4–1  0.003  0.003  0.000  604  -9 103,704 
3F6–1  0.003  0.003  0.000  599  0 92,600 
3F8–2  0.003  0.003  0.000  605  -5 227,608 
3F3–1  0.005  0.004  0.001  855  -18 12,806 
3F5–1  0.005  0.004  0.001  824  -14 11,316 
3F1–3  0.005  0.004  0.001  811  -27 14,576 
3F1–1  0.010  0.005  0.005  984  -29 1560 
3F2–1  0.010  0.005  0.005  982  -32 1460 
3F3–2  0.010  0.005  0.005  948  -28 1708 

NH + UM 2F6–3  0.002  0.002  0.000  349  2 791,876 
2F7–3  0.002  0.002  0.000  340  -2 1306,402 
2F1–2  0.003  0.003  0.000  560  -8 224,644 
2F3–2  0.003  0.003  0.000  544  -2 210,010 
2F2–3  0.003  0.003  0.000  509  0 282,078 
2F4–2  0.005  0.005  0.000  794  -30 29,528 
2F5–2  0.005  0.005  0.000  828  -28 23,136 
2F3–3  0.005  0.005  0.000  790  -13 22,768 
2F6–2  0.010  0.006  0.004  963  -25 1740 
2F7–2  0.010  0.006  0.004  948  -28 2040 
2F4–3  0.010  0.006  0.004  955  -22 1706  
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Strain-life plots exhibiting the effects of different post-processing 
conditions (i.e., H + M, H + UM, and NH + UM) for three TW and 
two NFC geometries are presented in Fig. 7. In the case of TW specimens 
(see Fig. 7(a)-(c)), the effect of surface condition on the fatigue life was 
not significant. H + M specimens showed similar fatigue lives as 
compared to the H + UM and NH + UM specimens. This behavior was 
consistent across all the thicknesses of TW geometries. The effect of HIP 
was noticed in TW geometries under certain conditions. For instance, 
the TW NH + UM specimens with t = 0.50 mm tested at εa 
= 0.002 mm/mm had slightly longer fatigue lives than HIP ones. 
However, opposite trend was noticed for specimens with t = 1.25 mm at 
εa = 0.002 mm/mm, where H + M and H + UM specimens exhibited 
better fatigue resistance compared to NH + UM ones. NFC specimens 
(see Fig. 7(d)-(e)) showed similar behavior, where the effect of surface 
condition and HIP on fatigue lives was insignificant in all fatigue re-
gimes. This behavior was consistent for both t = 1 and 2.5 mm 
specimens. 

The strain-life fatigue plots exhibiting the effect of specimen wall 
thicknesses on the fatigue life of TW and NFC specimens are shown in 
Fig. 8. For TW geometry in the H + M and H + UM conditions, although 
the effect of thickness on fatigue life was not considerable at εa = 0.010, 
0.003, and 0.005 mm/mm amplitudes (see Fig. 8(a)-(c)), fatigue life was 
observed to increase with an increase in thickness at εa = 0.002 mm/ 
mm with the most noticeable trend being in H + M condition. Unlike TW 
geometries, the effect of thickness on fatigue lives was not observed at 
any of NFC specimens (see Fig. 8(d)-(f)). In LCF to MCF regime 
(including tests at εa ≥ 0.003 mm/mm), the difference in fatigue lives 
between 1 and 2.5 mm thick NFC specimens under different conditions 
was less than a factor of 2, which is insignificant considering the scat-
tered nature of fatigue data. In the HCF regime, where the scatter in 
fatigue lives was larger, the differences between 1 and 2.5 mm NFC 
specimens were even less noticeable. 

4. Discussion 

4.1. Role of microstructure and specimen wall thickness on tensile 
behavior 

A slightly higher YS of NonHIP specimens (by ~100 MPa or ~10%) 
compared to HIP counterparts for both NFC and TW geometries is 
associated with the difference in the microstructure. As presented in 
Fig. 2(c), the NonHIP specimens possessed finer grain structure 
compared to HIP ones (see Fig. 2(f)) permitting much shorter dislocation 
pileups. The larger population of δ precipitates and remnant dendritic 
microstructure in NonHIP specimens (see Fig. 2(c)) can further limit the 
free slip distance [36]. Indeed, Gallmeyer et al. [37] in a systematic 
study on L-PBF IN718 showed that the strengthening effect from the 
dendritic microstructure can be more pronounced than grain size 
strengthening. According to the Hall-Petch relationship [38], YS is 
inversely proportional to the square root of dislocation pileup length, 
which explains the noticeably higher yield strengths of the NonHIP 
specimens. 

Overall, EL is typically governed by the specific fracture mechanism, 
which depended on microstructure (e.g., brittle phase), surface condi-
tion specimen wall thickness. To better understand why HIP specimens 
showed better EL compared to NonHIP ones, BSE images taken from the 
longitudinal plane (parallel to the build direction) of fractured speci-
mens are shown in Fig. 9. For a fair comparison and explanation, 
identical internal surface conditions were considered, which are H 
+ UM and NH + UM. In the case of NH + UM specimens (see Fig. 9(a) & 
(b)), a large population of closely spaced δ particles were present. It is 
well known that the δ phase’s brittleness and relatively large size 
encourage crack opening by either interface decohesion or particle 
fracture [39]. An example of a crack opening after δ particle fracture is 
shown in Fig. 9(b), where a particle-matrix debonding event is also 
indicated by the lower right arrow. The closely spaced δ particles along 

Table 9 
Uniaxial, fully-reversed fatigue test results for L-PBF IN718 NFC specimens with t = 2.5 mm (ID = 2 mm).   

Spec ID εa Δεe/2 Δεp/2 σa (MPa) σm (MPa) 2 Nf 

H + M 1D3–3  0.002  0.002  0.000  393  0 788,240 
1D1–3  0.002  0.002  0.000  404  24 889,308 
1D3–1  0.003  0.003  0.000  609  3 332,000 
1D5–1  0.003  0.003  0.000  601  -13 462,832 
1D4–2  0.003  0.003  0.000  599  8 341,484 
1D4–1  0.005  0.004  0.001  847  -28 19,114 
1D6–1  0.005  0.004  0.001  827  -27 23,102 
1D5–2  0.005  0.004  0.001  841  -44 17,354 
1D7–1  0.010  0.005  0.005  973  -27 2028 
1D8–1  0.010  0.005  0.005  971  -27 2382 
1D3–2  0.010  0.005  0.005  959  -29 2836 

H + UM 3D3–2  0.002  0.002  0.000  397  -1 4177,394 
3D3–3  0.002  0.002  0.000  399  -3 1013,704 
3D4–1  0.003  0.003  0.000  597  -6 215,906 
3D5–1  0.003  0.003  0.000  600  -4 212,172 
3D2–2  0.003  0.003  0.000  611  -7 266,046 
3D3–1  0.005  0.004  0.001  819  -38 21,000 
3D8–1  0.005  0.004  0.001  818  -28 18,144 
3D4–2  0.005  0.004  0.001  834  -38 19,484 
3D6–1  0.010  0.005  0.005  971  -27 3040 
3D7–1  0.010  0.005  0.005  949  -24 2440 
3D8–2  0.010  0.005  0.005  962  -30 2718 

NH + UM 2D1–3  0.002  0.002  0.000  367  0 1624,910 
2D8–3  0.002  0.002  0.000  374  -1 2627,714 
2D3–2  0.003  0.003  0.000  598  -15 313,402 
2D6–3  0.003  0.003  0.000  545  11 288,288 
2D4–2  0.003  0.003  0.000  585  0 273,250 
2D5–2  0.005  0.005  0.000  852  -23 30,666 
2D6–2  0.005  0.005  0.000  846  -30 33,728 
2D2–3  0.005  0.005  0.000  852  -23 32,088 
2D7–2  0.010  0.006  0.004  958  -24 2120 
2D8–2  0.010  0.006  0.005  973  -32 2580 
2D5–3  0.010  0.006  0.004  982  -30 2712  
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Fig. 6. Strain-life fatigue behavior of L-PBF IN718 in the HIP (shown using red symbols) and NonHIP conditions (shown using green symbols): (a) TW specimens and 
(b) NFC specimens. 
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Fig. 7. Strain-life fatigue results demonstrating the effects of different post-processing conditions on the fatigue life for L-PBF IN718 specimens of different thick-
nesses: (a) TW t = 0.50 mm, (b) TW t = 0.75 mm, (c) TW t = 1.25 mm, (d) NFC t = 1 mm, and (e) NFC t = 2.5 mm. 
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the grain boundaries and within grains provided abundant sites for void 
nucleation, leading to early onset of fracture and reduced EL. On the 
other hand, in the case of H + UM specimens, carbide debonding from 
the matrix governed the fracture due to the significantly lower δ phase 
fraction (see Fig. 9(c) & (d)). However, even though the population of 
the carbides were larger than that of δ precipitates in the HIP micro-
structure, it was still substantially lower than δ precipitate population in 
the NonHIP one [40]. The lack of void nucleation sites delayed the 
fracture and encouraged HIP specimens to elongate more than NonHIP 
ones. 

The higher EL observed in thicker TW and NFC specimens can be 
explained using the general relationship between thickness and fracture 
toughness schematically shown in Fig. 10(a). This relationship suggests 
that when the fracture mode is purely plane stress—i.e., the fracture is 
governed by shear—larger wall thickness results in higher toughness 
(see the shear fracture regime in Fig. 10(a)) and delayed fracture. To 
illustrate, tensile fracture surfaces of the NFC specimens in H + M 
condition are shown in Fig. 10(b)-(d) and Fig. 10(e)-(g). The entire 

fracture surfaces were shear (i.e., Regime I in Fig. 10(a)) induced as 
evidenced by their 45◦ angle from the loading direction (examples are 
shown in Fig. 10(b) & (e)). Confirmed by the purely shear mode fracture 
surfaces, the state of stress of the fracture of NFC H + M specimens was 
plane stress [41]. Thus, specimens with thicker walls possessed higher 
toughness which delayed the onset of fracture in the H + M NFC and TW 
specimens, and hence, improved ductility. 

In contrast, the trend of increasing EL with increasing thickness was 
greatly suppressed, or in some cases completely not observed, for TW 
and NFC specimens with unmachined surfaces. To explain this, fracture 
surfaces of NH + UM NFC specimens with thickness t = 1 mm, and 
t = 2.5 mm are presented in Fig. 10(h)-(j) and Fig. 10(k)-(m), respec-
tively. Unlike the H + M specimens, these fracture surfaces clearly 
contained flat regions and shear lips (Regime II in Fig. 10(a)), indicating 
brittle failure and the stress state deviating from purely plane stress. 
Higher magnification images (see Fig. 10(j) & (m)) indicate that cracks 
initiated primarily from the ID, suggesting that as-built surface notches 
induced crack initiation and subsequent failure. The so-initiated cracks, 

Fig. 8. Strain-life fatigue results of L-PBF IN718 specimens showing the effect of wall thickness on fatigue life for different post-processing condition: (a) TW H + M, 
(b) TW H + UM, (c) TW NH + UM, (d) NFC H + M, (e) NFC H + UM, and (f) NFC NH + UM. 
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whose propagation direction was through the wall thickness (as evi-
denced by the flat portion of the fracture surfaces shown in Fig. 10(j) & 
(m)), had longer lengths compared to circumferentially propagating 
ones (i.e., the tearing mode seen in Fig. 10(b) & (e)), were in-effect in 
plane strain condition, and corresponded to lower fracture toughness 
and lower EL. Therefore, the trend of higher EL with larger thickness for 
H + M specimens (see Fig. 5(d)) vanished under the NH + UM condition 
(see Fig. 5(f)). Compared to NH + UM specimens, the HIP microstruc-
ture of the H + UM ones was significantly coarsened, mostly rid of the 
detrimental δ precipitates, and less sensitive to surface notches. As a 
result, higher EL values at larger thickness were still somewhat visible in 
the H + UM NFC specimens. 

The variations in the fracture mechanisms of H + M, to H + UM, and 
to NH + UM conditions observed for the NFC specimens were also valid 
for the TW specimens. In fact, the fracture surfaces of all the H + M and 
H + UM TW specimens formed 45◦ angles with the loading direction, 
which indicated completely plane stress state and resulted in more 
pronounced thickness effect on EL (see Fig. 5(a)-(c)). 

4.2. Effects of post-processing and specimen wall thickness on LCF and 
MCF life 

The fatigue behaviors of NFC and TW specimens were insensitive to 
post-processing (i.e., HIP and machining) and wall thickness in LCF and 
MCF regimes (i.e., εa = 0.010, 0.005, and 0.003 mm/mm) as shown in 
Fig. 7 and Fig. 8. Indeed, as shown in both figures, the differences in 
fatigue lives among specimens under different conditions at these strain 
amplitudes were less than a factor of 2, which was insufficient to draw 
any conclusions on the effect of post-processing and thickness. Knowing 
that the fatigue crack growth phase typically occupies large portions of 
fatigue lives in LCF regime and that the stable crack growth in IN718 is 
not strongly influenced by the changes in microstructure (such as grain 
size) [43], the insensitivity at higher strain amplitudes—such as 0.005 
and 0.010 mm/mm— was expected. 

To verify the dominance of crack growth in the LCF regime, NFC 
specimens loaded to 25% and 50% of the average expected fatigue life 
under 0.010 mm/mm strain amplitude were examined non- 
destructively (both optical and XCT methods) for presence of cracks 
on the ID and OD surfaces. Two longitudinal cross sections of an NFC 
specimen (t = 2.5 mm H + UM), cyclically loaded until 50% of the 
average expected fatigue life, from XCT scans are shown in Fig. 11. 
White arrows indicate the presence of several cracks, with lengths 
ranging from 50 µm to 300 µm, at the ID surface. 

Cracks were also observed with optical microscope (Keyence VHX- 
6000) on the OD surface of the gage in partially fatigued specimens as 
shown in Fig. 12. On the undeformed specimen, there were no cracks 
visible except for several machining marks present on the surface. After 
being subjected to cyclic loading of 25% of the average expected fatigue 
life at the 0.010 mm/mm strain amplitude, several cracks with lengths 
ranging from 50 to 100 µm appeared on the OD surfaces of the speci-
mens, which implies that crack initiated even before reaching 25% of 
life. Upon loading up to 50% of the expected fatigue life, cracks grew up 
to 300 µm. The observations made here indicated that cracks initiated in 
very early stages of fatigue life in LCF regime; therefore, crack propa-
gation occupied a major portion of fatigue life. 

Compared to the LCF regime, the initiation phase of fatigue cracks 
tends to become more important in the MCF regime. Nevertheless, the 
insensitivity of fatigue life to changes in either microstructure or surface 
condition at the 0.003 mm/mm amplitude (see Fig. 7) may suggest that 
(a) the crack initiation life of IN718 was not significantly affected by 
such changes in the MCF regime, and/or (b) crack growth still domi-
nated fatigue life under this strain amplitude. The first hypothesis was 
somewhat confirmed by the observations made earlier on the 50% 
fatigued NFC specimens at 0.010 mm/mm that the crack lengths on the 
ID unmachined surface (Fig. 11) and OD machined/polished surface 
(Fig. 12) were consistent, indicating equal tendency of crack initiation at 
both locations despite the significantly different surface conditions. 

The second hypothesis was supported by the fact that the multiple 

Fig. 9. BSE micrographs obtained from the longitudinal plane of NFC specimens in different post-processing conditions: (a)-(b) NH + UM and (c)-(d) H + UM. Red 
and white arrows indicate debonded carbides and δ particles, respectively. 
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Fig. 10. (a) Schematic illustration of fracture 
toughness as a function of thickness [42]. 
(b)-(m) Tensile fracture surfaces of the NFC 
specimens with different thicknesses: (b)-(d) 
t = 1 mm H + M, (e)-(g) t = 2.5 mm H + M, 
(h)-(j) t = 1 mm NH + UM, (k)-(m) t = 2.5 mm 
NH + UM. (b), (e), (h), and (k) show the iso-
metric views of fracture surfaces, while (c), (f), 
(i) and (l) exhibit top views. Enclosed areas in 
(i) and (l) represent flat regions. Red arrow in 
(h) points at the flat region, while red ellipse in 
(j) and (m) indicates notch.   
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crack initiation sites were observed on the fracture surface of each 
specimen tested at 0.003 mm/mm strain amplitude. For instance, the 
fracture surfaces obtained from some H + M NFC specimens with 
t = 2.5 mm (2 Nf = 332,000 reversals) and t = 1 mm (2 Nf = 298,658 
reversals) tested at 0.003 mm/mm strain amplitude are presented in the 
Fig. 13(a) & (b). Fatigue cracks were observed to initiate from multiple 
locations indicated by red and white arrows (see Fig. 13(a) & (b)). Fa-
tigue cracks originated mainly from the machining marks on the ID 
surfaces and from PSBs (as evidenced by the presence of crystallographic 
facets on the fracture surfaces) on OD surfaces and sub-surfaces, and not 
from any volumetric defects such as lack of fusion and gas-entrapped 
pores in other materials as reported by Refs. [44–46]. Although there 
were several crack initiations sites, in some cases, initiation from the OD 
was more critical, such as the one shown in Fig. 13(a). In general, for all 
specimens fractured at 0.010, 0.005, and 0.003 mm/mm strain ampli-
tudes, regardless of surface and HT conditions, multiple crack initiations 
from both ID and OD of the specimens were always observed. Even in the 
ID unmachined and OD machined condition, where the ID surface was 
much more favorable for crack initiation, multiple cracks could be seen 
initiated from the machined OD surface. An example of this for TW 
specimens is provided in Fig. 13(c), the same observations were also 
made for NFC specimens. 

The presence of multiple crack initiation sites on a fracture surface 
indicates strong crack growth resistance which could slow the growth of 
each crack and permit time for the initiation/growth of other cracks 
[47]. As a result, the observation that multiple cracks initiated from ID 
and OD indicates that crack propagation was a major fraction of total life 
of IN718 specimens regardless of their surface and HT condition even in 
the MCF regime. Finally, as presented in Fig. 7, the fatigue lives of either 
TW or NFC specimens in the LCF and MCF regimes were not significantly 
affected by HIP or surface machining. Although crack initiation can be 
affected by surface roughness, no effect of surface roughness was 
noticeable in the LCF and MCF lives since they appeared to be 

dominated by the crack growth stage. It could further be deduced that 
the growth rate of stable crack growth in IN718 should not be strongly 
affected by microstructural variations. On a similar vein, fatigue crack 
growth of IN718 typically has been found not to be strongly influenced 
by specimens’ wall thickness. For instance, James [48] showed that 
specimen’s thickness between 1.55 and 12.7 mm did not noticeably 
influence the stable crack growth rate of wrought IN718. Noting that in 
present study the specimens’ wall thicknesses were ≤ 2.5 mm, fatigue 
lives were unaffected by changes in wall thickness in the LCF and MCF 
regimes. One possible reason could be significantly higher plastic 
deformation at the crack tip and large plastic zone size (i.e., planes 
stress) which prevented any effect of wall thickness on stable crack 
growth. 

4.3. Effect of specimen wall thickness and post-processing on HCF 
behavior 

Fatigue lives were observed to increase with increasing thickness for 
HIP TW specimens at εa = 0.002 mm/mm, where fatigue lives were 
within HCF regime (see Fig. 8(a) & (b)). Here, unlike specimens tested at 
higher strain amplitudes, fatigue crack initiation dominated the fatigue 
life. Therefore, factors that could influence the fatigue crack initiation 
behavior were also expected to influence fatigue life. 

The crack initiation regions on fracture surfaces of TW specimens of 
different thicknesses failed at εa = 0.002 mm/mm are presented in 
Fig. 14. As evidenced by the prevalence of crystallographic facets, the 
crack initiation was clearly dominated by PSBs. Interestingly in HIP 
condition, cracks always initiated from sub-surface PSBs in the TW 
specimens (see Fig. 14(a), (b), (d), & (e)) even in the presence of as-built 
surface roughness. This was in contrast to the prior studies performed on 
solid cylindrical IN718 specimens with similar microstructure, where 
surface crack initiation was the governing fatigue failure mechanism 
[12,49]. This clear dominance of PSBs in the crack initiation was orig-
inated from the relatively few grains through the thicknesses of the HIP 
specimen walls— about 12–33 grains from the thinnest to the thickest 
walls as shown in Fig. 2(i). Comparing to bulk conditions (such as the 
ones seen in solid cylindrical specimens), the relatively few grains could 
impose less constrain to the operation of PSBs, and therefore, acceler-
ated the fatigue crack initiation. The accelerated fatigue crack initiation 
permitted by thinner specimen walls was therefore responsible for the 
effect of wall thickness on fatigue life observed at εa = 0.002 mm/mm 
for H + M and H + UM TW specimens (Fig. 8(a) & (b)); the thinner the 
wall thickness, the shorter the fatigue life. 

In contrast, in the NonHIP, unmachined specimens, the surface 
notches competed with PSBs to initiate the crack; cracks mostly initiated 
from surface notches (e.g., see Fig. 14(f)), with the exception of 
t = 0.50 mm where initiations were from PSBs. The initiation from PSBs 
was again related to the relatively small grain count in the NH + UM 
t = 0.50 mm specimens which was not the case for the thicker NH + UM 
specimens. The effect of through-the-thickness grain count on fatigue 
life was also evident when the HCF lives of TW H + M, H + UM, and NH 
+ UM specimens were compared at different thicknesses (Fig. 7(a)-(c)). 
Recall also from Fig. 7(a) that the fatigue lives of NH + UM specimens 
with t = 0.50 mm at εa = 0.002 mm/mm were higher than the ones for 
the HIP counterparts (i.e., under H + M and H + UM conditions) by 
approximately a factor of 2. Noting that all three specimens types had 
fatigue crack initiation from PSBs at this wall thickness (Fig. 14(a)-(c)), 
the slightly higher fatigue lives of TW NH + UM specimens could be 
explained by more grains being present through the specimen wall 
thicknesses (see Fig. 2(i)). NH + UM finer grain size and the presence of 
high density δ precipitates (see Fig. 2(c)) resisted the formation of PSBs, 
and delayed the crack initiation [50]. 

In contrast, the TW NH + UM specimens with t = 1.25 mm had 
slightly shorter fatigue lives than their HIP (i.e., H + M and H + UM) 
counterparts at εa = 0.002 mm/mm (see Fig. 7(c)). This change in the 
order of fatigue lives of NonHIP specimens with the increase in thickness 

Fig. 11. High-resolution (voxel size ~3 µm) XCT results showing cracks at the 
ID surface of an NFC specimen (t = 2.5 mm H + UM). White arrows point to 
multiple cracks on the same specimen. Note that specimen was tested at εa 
= 0.010 mm/mm up to 50% of the expected fatigue life. One of the fatigue 
cracks shown is rendered in 3D and presented in (c). Given the noise in the data, 
the true crack front could not be determined but was schematically shown using 
a black dashed line. 
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Fig. 12. Micrographs taken on the OD surfaces of an L-PBF IN718 NFC (t = 2.5 mm H + UM) specimen at different stages of cyclic loading with εa = 0.010 mm/mm: 
(a)-(b) undeformed, (c)-(d), and (e)-(f) respectively at 25% and 50% of the expected fatigue life. Red arrows point to cracks. 

N. Ahmad et al.                                                                                                                                                                                                                                 



Additive Manufacturing 60 (2022) 103264

19

could be associated with an apparent transition of fatigue crack initia-
tion mechanism. As shown in Fig. 14(f), cracks of TW NH + UM speci-
mens with t = 1.25 mm always initiated from the as-built surface 
notches instead of PSBs. A transition in crack initiation behavior from 
PSBs to surface notches could also be attributed to higher number of 
finer grains through thickness (~ 50 grains as shown in Fig. 2(i)), sup-
pressing the operation of PSBs. 

Unlike TW HIP specimens, fatigue life of NFC HIP specimens did not 
increase with thickness at εa = 0.002 mm/mm (see Fig. 8(d)-(f)). To 
explain, fracture surfaces of NFC specimens at εa = 0.002 mm/mm are 
presented in Fig. 15. As shown by red ellipses in Fig. 15(a)-(f), surface 
notches mainly governed the crack initiation in NFC specimens— irre-
spective of HT condition. Interestingly, even when the ID surfaces were 
machined, cracks were still observed to initiate from the machining 
marks on the surface as shown in Fig. 15(a) & (d). One probable reason 
could be poor quality of internal machining and resultant surface 
machining grooves (see Fig. 3). Given the narrow ID of NFC specimens, 

they were relatively challenging to machine. In some instances, powder 
particles could be seen attached to the ID surface indicating insufficient 
machining. Fig. 15(d) shows an instance of fatigue crack initiation from 
a deep as-built surface notch that was not removed during machining. 
Given that surface notch governed crack initiation in NFC specimens 
instead of PSB, the effects of specimen wall thickness and machining 
were not noticeable. 

In both LCF and HCF regimes, fracture surfaces (see Figs. 13 to 15) 
indicated that multiple cracks were initiated mainly from the rough 
surfaces, machining marks, or PSBs and not from any volumetric defects 
(i.e., pores or lack of fusion). Also, crack initiation was due to plasticity 
in both regimes, which was profuse in LCF and more localized in HCF 
due to either near surface roughness or elastic incompatibility among 
grains. In addition, crack growth occupied a major portion of fatigue life 
in LCF and gradually became less important with decreasing strain 
levels. Its role became negligible in the HCF regime, where crack initi-
ation was a major fraction of fatigue life. 

Fig. 13. Fatigue fracture surfaces for different thicknesses and surface conditions: (a) NFC t = 2.5 mm H + M, (b) NFC t = 1 mm H + M, and (c) TW t = 0.50 mm H 
+ UM. Crack initiation sites from surface notch are indicated by red ellipses or red arrows. White arrows point at crystallographic facets. A crack growth region is 
demarcated using yellow dotted line in (a). 
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Fig. 14. Fatigue fracture surfaces of TW specimens with different thicknesses and post-processing conditions tested at εa = 0.002 mm/mm: (a) t = 0.50 mm H + M, 
(b) t = 0.50 mm H + UM, (c) t = 0.50 mm NH + UM, (d) t = 1.25 mm H + M, (e) t = 1.25 mm H + UM, and (f) t = 1.25 mm NH + UM. White arrows point at 
crystallographic facets, while red ellipses indicate surface notches. 
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5. Conclusions 

The objective of this study was to investigate the effects of hot 
isostatic pressing (HIP), machining, and specimen wall thickness on the 
tensile and fatigue behaviors of L-PBF thin wall and narrow flow channel 
IN718 parts. Based on the results, the following conclusions can be 
drawn:  

1. NonHIP specimens had slightly higher yield strength (by ~100 MPa 
or ~10%) compared to HIP ones. This was attributed to the finer 
grain size and dendritic microstructure of NonHIP specimens.  

2. HIP specimens showed better elongation to failure (by ~20%) 
compared to NonHIP ones. This was due to carbide debonding gov-
erning the fracture mechanism in HIP specimens, unlike NonHIP 
ones where excessive precipitation of brittle δ phases provided 
abundant sites for void nucleation and coalescence which resulted in 
an earlier fracture.  

3. Higher elongation to failure was observed for thicker HIP and 
machined specimens (by ~20%) due to the proportional relation 
between toughness and thickness in the plane stress fracture mode. 

The fracture mode of HIP and unmachined specimens was plane 
strain, and therefore, did not show such a trend.  

4. Under cyclic loading, multiples cracks initiated from both internal 
and external surfaces of specimens at early stages, regardless of post- 
processing and thickness. Crack propagation occupied a major 
portion of fatigue life in low to mid cycle fatigue regimes.  

5. The fatigue crack initiation in thin wall specimens under the HIP and 
machined condition was governed by persistent slip bands (PSBs), 
which were easier to form/operate in thinner walls. Therefore, 
longer fatigue lives with an increase in thickness in high cycle fatigue 
regime (by a factor ~2) was observed. On the other hand, only 
surface governed fatigue crack initiation was observed in the narrow 
flow channel specimens, as a result, they did not exhibit dependence 
on thickness.  

6. NonHIP and unmachined thin wall specimens with thickness of 
0.50 mm showed higher fatigue lives in high cycle fatigue regime (by 
a factor of ~2) compared the ones with identical thickness under HIP 
condition. This was ascribed to more grains through wall thickness of 
NonHIP specimens and presence of abundant δ phase, which resisted 
earlier crack initiations from PSBs and led to a better fatigue 

Fig. 15. Fatigue fracture surfaces of NFC specimens with different thicknesses and post-processing conditions tested at εa = 0.002 mm/mm: (a) t = 1 mm H + M, (b) 
t = 1 mm H + UM, (c) t = 1 mm NH + UM, (d) t = 2.5 mm H + M, (e) t = 2.5 mm H + UM, and (f) t = 2.5 mm NH + UM. White arrow points at crystallographic 
facets, while red ellipses indicate surface notches. 
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resistance. The effect of machining on fatigue behavior was not 
significant in these specimens. 

7. Overall, the effect of HIP and/or machining on low to mid cycle fa-
tigue regimes was insignificant. Although HIP slightly improved fa-
tigue lives of thin wall specimens with t = 1.25 mm in high cycle 
fatigue regime, it did not influence the fatigue behavior of narrow 
flow channel geometries. In either geometry, machining did not 
improve the fatigue resistance of HIP specimens. 

Post-processing operations (i.e., HIP and/or surface machining) are 
costly, time-consuming, and challenging in thin wall and narrow flow 
channel geometries. This study demonstrated that HIP and machining 
operation were not beneficial for IN718 in low to mid cycle fatigue re-
gimes and to some extent neither in high cycle fatigue regime. There-
fore, the lead time and cost for additive manufacturing of these 
geometries can be substantially reduced for IN718 by eliminating HIP 
and machining steps form production process without significant debits 
in mechanical performance. 
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