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A B S T R A C T   

A comparative study on fatigue crack growth behaviour was made between the electron-beam powder-bed-fusion 
(PBF-EB) and laser powder-bed-fusion (PBF-LB) Inconel 718. The crack followed a transgranular path with a 
faster propagation rate for the PBF-EB Inconel 718, whereas a combination of intergranular and transgranular 
path was observed for the PBF-LB, and its slower rate being comparable to the wrought counterpart. The main 
fatigue crack in the PBF-EB Inconel 718 exhibited a sawtooth shaped path at the micro-scale, with intensive slip 
traces close to the crack surfaces owing to the very low work hardening rate. Based on the digital image cor
relation (DIC) analysis of the crack tip field, fatigue-crack sawtooth path in the PBF-EB Inconel 718 can be 
successfully predicted by using a strain energy density criterion, which dictates the crack growth follows the 
direction of minimum distance from the crack tip to elasto-plastic boundary. For the PBF-LB Inconel 718, the 
predominant fatigue crack was straight at low ΔK, but severe deflections occurred at the medium and high ΔK 
regimes. A clear correlation exists between the incipient intergranular cracks and the main crack path deflection. 
This suggests that once the accumulated damage in the plastic zone around the crack tip reaches the critical 
value, intergranular cracks can form the new front of the fatigue crack, causing the main crack path deflection. 
Elasto-plastic fracture mechanics parameters of rp and ΔCTOD, derived from the DIC-based crack tip field 
analysis, can qualitatively predict the lower crack growth rate of the PBF-LB Inconel 718.   

1. Introduction 

It has been nearly a decade since powder-based additive 
manufacturing (AM) is established as a reliable means to process Inconel 
718, a polycrystalline Ni-base superalloy with excellent materials per
formance at demanding environments and thus receiving a wide range 
of industrial applications, e.g., aerospace, oil and gas, and automotive 
[1,2]. The layer-wise nature, rapid solidification and micro-melt pool 
open many possibilities to tailor the crystallographic texture, grain 
morphology, and other microstructure features, enabling the 
location-specific properties of the AM Inconel 718 [3,4]. The vast ma
jority of work focused on the microstructure evolution and mechanical 
properties under monotonic loading of AM Inconel 718 processed using 
various parameters such as heat source [5,6], build height [7], post-heat 
treatment [8–10], etc. Tensile properties [1,6,9] and the overall fatigue 

life [1,11,12] of AM Inconel 718 are comparable to that processed by 
conventional means. 

Fatigue involves the initiation and growth of cracks due to cyclic 
loading with most of the failures under the stress level significantly 
lower than the yield point. Understanding and predicting the fatigue 
crack growth behaviour is a prerequisite for the development of damage 
tolerance assessment procedure which underpins the safe operation of 
engineering structures [13]. With increasing demands of using AM 
Inconel 718 to fabricate safety-critical parts/components, it becomes 
timely and important to improve our knowledge about the fatigue crack 
growth properties. The present work is specifically aimed at evaluating 
the fatigue crack growth behaviour at room temperature by comparison 
of electron beam powder bed fusion (PBF-EB) with laser powder bed 
fusion (PBF-LB) Inconel 718. The primary novelty of the work is to 
employ digital image correlation (DIC) technique to capture the crack 
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tip field and then combine such information with microstructure ob
servations to advance our knowledge about the controlling factor that 
alters the crack path and its propagation rate. 

In terms of the stress intensity factor range (ΔK), Konecná et al. [14] 
found that PBF-LB Inconel 718 in the as-built condition had a nearly 
identical resistance to the fatigue crack growth in the high ΔK region of 
>15 MPa •

̅̅̅̅
m

√
, when compared to the wrought counterpart. However, 

the stress intensity factor range threshold (ΔKth) of the PBF-LB Inconel 
718 was significantly lower than the wrought material. This was 
attributed to the lower B content of 32 ppm, higher residual stress and 
finer grain size of ~10 μm. Gruber et al. [15] observed that the PBF-LB 
Inconel 718 in the as-built condition had a similar fatigue crack growth 
rate and fracture mode when compared to that in the 
hot-isostatic-pressed condition, despite a significantly reduced ductility. 
Brynk et al. [16] found that Re addition can effectively lower the crack 
growth rate in the PBF-LB Inconel 718. 

Role of microstructures on the fatigue crack growth behaviour was 
studied in detail by Yu et al. in Ref. [17] on directed energy deposition 
(DED) Inconel 718, and by Ramanathan et al. in Ref. [18] on both the 
PBF-EB and PBF-LB Inconel 718. It was found that the coarse Laves 
phase with uneven γ′′/γ′ precipitates can severely increase the crack 
growth rate [17]. Also, the soft precipitate-free zone adjacent to the 
short-acicular δ-phase was partly responsible for the faster crack growth 
rate as the ease of dislocation slips at this region. To some extent, the 
above-mentioned observation was not in line with the work by Ram
anathan et al. [18], where the fatigue crack growth behaviour was found 

to be unaffected by the precipitates such as NbC, TiN and δ-phase. They 
further concluded that grain size had a strong influence on the fatigue 
crack growth mode by studying the size range from 20 to 80 μm. 
However, their conclusion was based on high-cycle fatigue tests instead 
of fatigue crack growth tests. 

The build orientation dependence of fatigue crack growth behaviour 
in AM Inconel 718 was attributed to the grain shape and texture. Brynk 
et al. [16] observed that the 45◦ oriented specimen of PBF-LB Inconel 
718 had the lowest crack growth rate among the three orientations of 0◦, 
45◦ and 90◦. Ghorbanpour et al. [19] studied the PBF-LB Inconel 718 
with functionally graded microstructure, and an increased crack growth 
rate was found together with the crack deflection when the pre-cracked 
specimen was loaded perpendicular to the build direction, whereas little 
difference for that when loaded parallel to the build direction. Bala
chandramurthi et al. [20] studied PBF-EB Inconel 718, revealing that the 
growth mode was transgranular when the crack grew perpendicular to 
the build direction; whereas a combination of intergranular and trans
granular modes for the loading parallel to the build direction. Deng et al. 
[21] investigated the dwell-fatigue crack behaviour of PBF-EB Inconel 
718, and they found that the specimen loaded parallel to the build di
rection showed a better dwell-fatigue cracking resistance when 
compared to that of perpendicular to it. 

To summarise, literature does exist regarding the role of micro
structures on fatigue crack growth behaviour in AM Inconel 718 pro
cessed by the PBF-LB and PBF-EB methods as majority whilst DED as 
minority. These studies revealed that columnar grain shape, texture and 

Fig. 1. a.m. Inconel 718 samples processed by PBF-EB in (a) and PBF-LB in (b); tensile and clamped single-edge-notch-tension (SENT) specimens extracted from the 
PBF-EB sample in (c) and PBF-LB sample in (d). All units are in mm. 
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precipitates can all impact on the fatigue crack growth behaviour. 
Nevertheless, the interaction between the fatigue crack tip field and 
local microstructure features is yet to be explored. Our hypothesis is that 
an improved understanding of the coupling effect will help to unravel 
the underlying mechanisms for the crack growth behaviour. It is also 
important to note that the DIC-based crack tip field technique is not 
limited to the AM Inconel 718. Instead, this method can apply to other 
material systems, such as AM Ti–6Al–4V [22,23]. 

2. Material and experimental 

2.1. PBF-EB and PBF-LB samples 

The PBF-EB sample was processed on an Arcam A2xx machine with a 
voltage of 60 kV and under a controlled vacuum of 0.01 mbar with high 
purity helium used as regulating gas. Standard cross-snake type scan
ning strategy was used during the hatch melt, together with the scan 
rotation of 90◦ between layers and layer thickness of 70 μm. Average 
beam current of 20 mA, scan speed of 6500 mm/s and focus offset of 17 
mA were utilised. The printing parameter set was the optimised one 
based on our previous work on Ni-base superalloys [24,25]. A fully 
densified PBF-EB sample build was fabricated with dimensions of 40 ×
40 × 90 mm3, Fig. 1(a). All the in-process observation suggested good 
process stability (e.g., no smoke phenomenon or bumpy top surface). 

The PBF-LB sample was processed on a Farsoon 301 M machine using 
the alternating X/Y raster scanning strategy and with the scan rotation 
of 67◦ between layers. A layer thickness of 30 μm was used in the PBF-LB 
process. Scan speed of 1000 mm/s and laser power of 240 W were uti
lised to produce the sample with dimensions of 100 × 120 × 8 mm3, 
Fig. 1(b). More details about the PBF-LB sample fabrication can be found 
elsewhere [26]. 

Both the PBF-EB and PBF-LB samples were subjected to the solution 
treatment and precipitate ageing, which included firstly, heat treating at 
980 ◦C for 1 h; secondly, ageing at 720 ◦C for 8 h, followed by furnace 
cooling to 620 ◦C at rate of 50 ◦C/h, and final ageing at 620 ◦C for 8 h. 

This chosen heat treatment procedure is expected to promote the pre
cipitation of well-defined γ′ and γ′′ while maintaining the grain shape 
and structure characteristic of the AM method, according to the previous 
work [9,17]. Chemical compositions as measured on the post-heat 
treated samples are given in Table 1. It is evident that these two types 
of AM Inconel 718 are virtually the same in terms of their bulk chemical 
compositions. 

2.2. Tensile tests 

Tensile specimens were extracted from the sample builds in such a 
way that the loading direction was parallel to the Z-build direction for 
the PBF-EB (Fig. 1(c)), whereas perpendicular to the Z-build for the PBF- 
LB (Fig. 1(d)). For the latter, both the X and Y orientations were tested to 
examine the in-plane orientation dependence. Throughout this paper, 
specimen ID has been defined to indicate the loading direction with 
respect to the coordinate system of the AM build. For example, PBF-LB-X 
means the tensile loading was along X direction. Tensile tests were 
performed using INSTRON 8801 servo-hydraulic fatigue test system 
under constant crosshead rate of 0.26 mm/min in accordance with 
ASTM E8/EBM-21. Three individual tests were conducted per sample 
condition, and extensometer with gauge length of 12.5 mm was attached 
to measure the strain. 

2.3. Fatigue crack growth tests 

Fatigue crack growth tests were conducted using clamped single- 
edge-notch-tension (SENT) specimens under stress ratio of R = 0.1 
(Pmin/Pmax) and frequency of 0.9 Hz at ambient temperature. The 
specimen dimensions are given in Fig. 1(c) and (d). The tests were 
performed in accordance with ASTM E647-15. For the PBF-EB sample, 
SENT specimen was loaded along the Z-build direction, and hence 
abbreviated as PBF-EB-Z. By comparison, SENT specimens were loaded 
along X and Y, respectively, alike to the tensile specimens made of PBF- 
LB sample. This means that for specimen PBF-LB-X, the load was along 

Table 1 
Chemical compositions of PBF-EB and PBF-LB Inconel 718 as measured using inductively coupled plasma atomic emission spectroscopy (ICP-AES) (all in wt.%).   

Ni Cr Fe Nb Mo Co Ti Al Mn Si C 

PBF-EB 51.63 18.71 20.13 5.05 3.09 0.011 1.05 0.57 <0.01 0.019 0.064 
PBF-LB 51.67 18.56 19.69 5.10 3.00 0.032 0.96 0.62 0.034 0.1 0.046  

Fig. 2. SEM images: (a), (b) and (c) PBF-EB on XZ plane showing the characteristics of both the matrix and precipitates; (d), (e) and (f) PBF-LB on XY plane showing 
the features of both the matrix and precipitates. 

Q. Wang et al.                                                                                                                                                                                                                                   

astm:E8
astm:E647


Materials Science & Engineering A 893 (2024) 146109

4

X-direction, and the crack propagation was supposed to follow Y-di
rection. Maximum load (Pmax) of the PBF-EB-Z specimen was 156 MPa 
and that of the PBF-LB-X and PBF-LB-Y specimens was 190 MPa. 

Two opposite surfaces of each SENT specimen were mechanically 
polished with 1200-grit sandpaper to generate random scratches, which 
served as speckles for the digital image correlation (DIC) technique. All 
the fatigue crack growth experiments were conducted using a 5 kN IBTC- 
5000 in-situ fatigue tester (CARE Measurement & Control Test System 
Co., Ltd), equipped with ZEISS Axioscope optical microscope with 50x 
objective lense. The field-of-view provided by the charge coupled device 
(CCD) camera was 2.49 × 1.99 mm (resolution of 0.90 μm/pixel) with 
the crack path located at the centre of the image. Images were taken 
from the crack tip and the region nearby for every 15 – 20 MPa stress 
change and this procedure covered the entire fatigue loading and 
unloading cycle to enable the DIC-based determination of the crack tip 
field. Image taken under the zero load was used as the reference to 
calculate the displacement field. 

2.4. Microstructure characterisations 

To help elucidating the role of microstructures on fatigue crack 
growth behaviour, metallographic samples were prepared by mechani
cal grinding and polishing, followed by chemical etching in a solution of 
100 ml HCl +100 ml C2H5OH + 5 g CuCl2. A Zeiss G300 scanning 
electron microscopy (SEM), equipped with energy dispersive spectros
copy (EDS) detector was used for general microstructure observation. A 
JSM-7900F SEM equipped with the electron backscatter diffraction 
(EBSD) detector was employed to analyse the crystallography. EBSD 
data acquisition was carried out using step sizes of 1 μm and 3 μm, and 
Channel 5 software was used for data processing. 

3. Results 

3.1. Microstructures of the PBF-EB and PBF-LB Inconel 718 

Representative SEM micrographs taken from the PBF-EB Inconel 718 
are shown in the top row of Fig. 2. The low-magnification SEM micro
graph of Fig. 2(a) shows that precipitates can be linearly distributed 
within the matrix. According to the SEM-based EDS analysis, these 
precipitates were confirmed as the needle shaped δ phase with enrich
ment of Nb, and blocky NbC phase with its size of up to 2 μm, Fig. 2(b). 
This observation agrees with the previous PBF-EB Inconel 718 work 
[27], reporting the needle shaped δ phase of ~200 nm and blocky MC 
carbides of ~1.5 μm. The figure inset in Fig. 2(c), which represents a 
high-magnification SEM micrograph, shows that the spherical γ′′/γ′ 
precipitates of 40 nm are uniformly distributed in the matrix. The shape 
and size of the precipitates are consistent with the previous work [17]. 
Moreover, the matrix is characterised by the cellular sub-structures with 
the cell size of 200 nm, Fig. 2(b) for the overview and (c) for the detailed 
view. 

Compared to the PBF-EB, PBF-LB Inconel 718 has a significantly 
higher volume fraction of precipitates, Fig. 2(d). These precipitates have 
two types in general: needle shaped δ phase and chain-like Laves phase, 
Fig. 2(e). These two phases are often adjacent to each other, due to the 
dissolution of Nb-rich Laves phase at the interdendritic region followed 
by re-precipitation as the δ phase [16]. The high-magnification SEM 
micrograph of Fig. 2(f) shows the presence of γ′′/γ′ precipitate-free zone 
in the vicinity of the Laves and δ phases. The microstructural features in 
the present PBF-LB Inconel 718 are consistent with the literature 
[28–30], where the Laves and δ phases were found to be two primary 
precipitates in addition to the γ′′/γ′ precipitates. 

To examine the crystallographic texture and grain boundary type, 

Fig. 3. (a) EBSD inverse pole figure (IPF-Z) maps of PBF-EB specimen in the XZ plane, in comparison with (b) PBF-LB specimen in the XZ plane and (c) XY plane; (d) 
GB orientation distribution histograms; (e) grain size distribution histograms. The IPF map legend is consistent throughout this paper. 

Q. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 893 (2024) 146109

5

EBSD analyses were performed on both the PBF-EB and PBF-LB speci
mens. For the PBF-EB Inconel 718, columnar grains are aligned with 
their long axis almost parallel to Z-direction and <001> is the preferred 
orientation, Fig. 3(a). The inverse-pole-figure (IPF) map in Fig. 3(a) 
include 144 grains, from which the average grain width was measured as 
98 μm, Fig. 3(e), and nearly 80 % of grain boundaries (GBs) have the 
type of low-angle boundaries (LAGBs) defined by using the misorien
tation angle of <15◦, Fig. 3(d). The observed predominant <001>
texture for the PBF-EB Inconel 718, with the multiple uniform distri
butions (MUD) value of 26.8, is consistent with the previous work [9]. 
But the presence of high number density of LAGBs in the XZ plane of 
PBF-EB Inconel 718 was rarely reported, especially when compared to 
the PBF-LB material revealing only 50 % of LAGBs in both the XY and XZ 
planes, Fig. 3(d). The grain size of the PBF-LB Inconel 718 is consider
ably smaller than the PBF-EB sample, Fig. 3(e) with the average size 
determined as 40 μm and 30 μm for the XZ and XY planes of the PBF-LB 
sample, respectively. The IPF map of the XZ plane of the PBF-LB Inconel 
718 is shown in Fig. 3(b), revealing those seemingly near-equiaxed 
grains under the XY plane are actually columnar grains. The MUD 
value for the {001} orientation of PBF-LB Inconel 718 was found as 4.53 
for the XY plane while 6.31 for the XZ plane, suggesting a considerably 
lower texture when compared to the PBF-EB sample. Overall, the EBSD 
revealed microstructure characteristics are the same as those reported 
previously [6,31,32]. 

3.2. Tensile properties 

Three individual tensile tests were performed per sample condition, 
with the average value of tensile properties summarised in Table 2 and 
representative tensile engineering stress-strain curves illustrated in 
Fig. 4(a). Overall, the PBF-EB Inconel 718 has a significantly lower 
elastic modulus (E) and ultimate tensile strength (σb), but higher yield 
strength (σ0.2) and tensile ductility, in comparison with the PBF-LB 
Inconel 718. The strength difference is probably due to the finer grain 
structure in the PBF-LB Inconel 718 [33]. The lower E value of 108.1 ±
3.2 GPa in the PBF-EB-Z specimen can be attributed to its preferred 
<001> orientation, given that the directionally solidified <001> sin
gle-crystal Ni-base superalloy is only 60 % of the isotropic poly
crystalline superalloys. In the work by Deng et al. [9] on both the 
as-built and heat-treated PBF-EB Inconel 718, the E value was measured 
to be 100–110 GPa under the tensile loading parallel to the build di
rection. It was also commented in Refs. [34,35] that the strong <001>
texture along the build direction led to the low E value. Moreover, the 
PBF-EB Inconel 718 exhibits an ideal elasto-plastic characteristic, 
namely, an extremely low strain hardening rate over the plastic defor
mation, Fig. 4(b). Such an ideal elasto-plastic behaviour of PBF-EB 
Inconel 718 was also reported previously [36]. By comparison, the 
PBF-LB Inconel 718 has a much higher strain hardening rate, as man
ifested in the work hardening rate vs. true strain curve of Fig. 4(b). 

Given a near-equiaxed grain structure observed in the XY plane, 
Fig. 3(c), one would expect an isotropic tensile behaviour, i.e., the 
similar tensile curve of PBF-LB-X and PBF-LB-Y. However, Fig. 4(a) 
shows anisotropic tensile properties with respect to the loading di
rections. The values of E, σ0.2 and σb obtained from the tensile tests with 
the loading direction parallel to X direction (PBF-LB-X) are consistently 
higher than those with loading direction parallel to Y direction (PBF-LB- 
Y). No significant ductility was found between the two directions. The 
like-for-like comparison of the present tensile properties with the liter
ature cannot be performed as only the tensile curve with the loading 
direction parallel to Z-build direction was available (e.g., Ref. [10]). 

Before presenting the fatigue crack growth behaviour of the PBF-EB 
and PBF-LB Inconel 718, it is useful to summarise the similarities and 
key differences with respect to their microstructure and static tensile 
properties. First, the PBF-EB Inconel 718 has a significantly larger grain 
size than the PBF-LB counterpart. Second, the higher fraction of LAGBs 
but lower fraction of precipitates was found in the PBF-EB sample. Third, 
the strain hardening rate of the PBF-LB Inconel 718 was much higher 
than the PBF-EB counterpart exhibiting an ideal elasto-plastic 

Table 2 
Tensile properties of PBF-EB and PBF-LB processed Inconel 718.  

Process Elastic 
modulus E 
(GPa) 

Yield strength 
σ0.2(MPa) 

Tensile 
strength 
σb(MPa) 

Elongation 
(%) 

PBF-EB-Z 108.1 ± 3.2 1105.5 ± 0.4 1154.7 ± 3.1 >16a 

PBF-LB-X 197.0 ± 5.6 1092.3 ± 7.5 1358.5 ± 7.9 10.9 ± 2.5 
PBF-LB-Y 135.3 ± 4.8 986.9 ± 4.1 1254.2 ± 26.3 11.6 ± 2.9 
PBF-EB 

[9] 
106.8 1087.8 1175.2 21.7 

PBF-EB 
[37] 

115.3 925.0 1138.0 15.7 

PBF-LB 
[10] 

166.8 711.0 1110.0 24.5  

a Tensile test was continued without the extensometer attached as the sample 
elongation exceeded the extensometer maximum range. 

Fig. 4. Tensile properties of PBF-LB and PBF-EB Inconel 718: (a) engineering stress-strain curves and (b) true stress-strain curves together with the derived work 
hardening rate curves. 

Q. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 893 (2024) 146109

6

behaviour. Let’s also reiterate that the fatigue crack growth behaviour 
which will be presented next involve three specimens: 1) PBF-EB-Z with 
the fatigue loading axis parallel to Z-build and crack is expected to 
propagate along Y; 2) PBF-LB-X with the fatigue loading axis parallel to 
X-direction and crack is expected to propagate along Y; and 3) PBF-LB-Y 
with the fatigue axis parallel to Y-direction and crack is expected to 
propagate along X. These chosen fatigue loading directions are the same 
as those used for tensile tests. 

3.3. Fatigue crack growth behaviour 

Typical fatigue crack growth rate plot of da/dN vs. ΔK in the value 
range of 14–40 MPa •

̅̅̅̅
m

√
for the PBF-EB and PBF-LB Inconel 718 is 

shown in Fig. 5, revealing a second stage fatigue crack growth behaviour 
(i.e., a stable crack growth following the Paris law) for all three speci
mens. The fatigue crack growth rate of the PBF-EB-Z is faster than that of 
the PBF-LB-X and PBF-LB-Y, Fig. 5. Despite the anisotropic tensile 
properties between the PBF-LB-X and PBF-LB-Y, Table 2, the two ori
entations have a similar fatigue crack growth rate. The material con
stants of the Paris law were determined as C = 3.98 × 10− 9 and n = 3.48 
for PBF-EB-Z, 8.88 × 10− 9 and 2.79 for PBF-LB-X, and 1.25 × 10− 8 and 
2.92 for PBF-LB-Y, respectively. Fig. 5 also compares the present data 
with the literature data, and it can be seen that the crack growth rate of 
the PBF-LB Inconel 718 is comparable to the previous PBF-LB work [14, 
15] as well as the wrought material [38]. Unfortunately, the 
second-stage fatigue crack growth rate of the PBF-EB Inconel 718 could 
not be found in the literature to allow a data comparison. 

The crack path of the PBF-EB Inconel 718 is shown in Fig. 6, 
revealing an overall straight propagation path at the macro-scale, Fig. 6 
(a), while a sawtooth shaped path at the micro-scale with the presence of 
slip traces at both sides of the crack path, Fig. 6(b) and (c). The entire 
development of slip traces from beginning to the end can be clearly 
observed during the crack propagation (refer to Appendix A for more 
details). With the increasing ΔK value, the region showing the slip traces 
becomes wider and more pronounced, as highlighted by the dashed lines 
which outline the region boundaries in Fig. 6(a). It is evident in Fig. 6(b) 
that both sides of the fatigue crack show clear slip lines oriented about 
45◦ direction towards left or right with respect to the vertical loading 
axis. It seems that the actual fatigue crack has chosen either of these two 
directions to grow and then re-selected the crack growth direction after 
a certain crack-length extension. With the further increase of crack 
length, i.e., ΔK = 29.1 MPa •

̅̅̅̅
m

√
in Fig. 6(c), the fatigue crack no longer 

Fig. 5. Comparison of fatigue crack growth rates of the present AM Inconel 718 
with the previous work on both the AM and wrought Inconel 718. 

Fig. 6. Fatigue crack growth path of PBF-EB specimen: (a) crack path overview; (b) and (c) enlarged views of the indicated regions in (a) with the former taken from 
the region of ΔK = 15.1 MPa •

̅̅̅̅
m

√
and the latter from ΔK = 29.1 MPa •

̅̅̅̅
m

√
. 
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Fig. 7. Comparison of the fatigue crack growth path of the PBF-LB-X specimen in (a) with the PBF-LB-Y specimen in (b). The upper figure shows the crack path 
overview, while the enlarged views are given in the lower two figures. 
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grows following the slip lines and the crack path edges become 
smoother. At this region the crack starts approaching the final unstable 
fracture. 

For the PBF-LB Inconel 718, the overall crack growth direction is 
perpendicular to the loading direction under the low ΔK regime, but the 
macroscopic crack deflection occurs at the middle and high ΔK regimes. 
The incipient crack deflection from the pure Mode-I path occurs at ΔK >
20.1 MPa •

̅̅̅̅
m

√
for the PBF-LB-X specimen, Fig. 7(a), and ΔK > 24.2 

MPa •
̅̅̅̅
m

√
for the PBF-LB-Y specimen, Fig. 7(b), respectively. The 

deflection direction can be upward or downward. The enlarged views as 
shown in Fig. 7 indicate that short secondary cracks often appear at the 
location where the main crack exhibits a deflection. Unlike the fatigue 
crack path of the PBF-EB-Z specimen (Fig. 6), the PBF-LB specimens do 

not have the sawtooth shaped propagation feature. Instead, the crack 
surfaces are relatively smooth, and without the slip line at either side 
surfaces along the path, see enlarged views in Fig. 7. Given little dif
ference was found between the PBF-LB-X and PBF-LB-Y specimens, only 
the PBF-LB-Y specimen was subjected to the post-mortem EBSD 
examination. 

Fig. 8 presents a series of EBSD orientation maps taken from different 
ΔK values along the fatigue crack growth path. The PBF-EB specimen 
shows a typical transgranular feature, and the vertical columnar grain 
boundaries do not seem to cause any deflection at the macro-scale, Fig. 8 
(a). By comparison, the PBF-LB-Y specimen shows a combination of 
intergranular and transgranular crack growth mechanisms, as high
lighted using the black dotted and solid rectangles in Fig. 8(b), 

Fig. 8. EBSD orientation maps taken adjacent to the fatigue crack growth path: (a) PBF-EB-Z specimen; (b) PBF-LB-Y specimen. Black solid rectangles highlight 
regions with transgranular feature, whilst black dotted rectangles highlight those with intergranular mode. Number indicated regions correspond to ΔK value of 16.1, 
24.2, 33.3 and 39.5, from position b1 to b4, respectively. 
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respectively. Especially, the mixed crack propagation mode appears 
towards the middle and high ΔK regimes, and the intergranular propa
gation seems to play a certain role on the crack path deflection. 

4. Discussion 

4.1. Effect of microstructure on fatigue crack growth path 

It is recognised that the crack growth path is controlled by both the 
local microstructure and the crack-tip field. For the PBF-LB Inconel 718, 
with the increase of ΔK, the crack growth mechanism is switched from 
the transgranular to a combination of intergranular and transgranular 
modes, Figs. 7 and 8(b). Fig. 9(a) and (b) are a pair of EBSD maps with 
the former showing the grain orientation and the latter showing the 
grain boundary characters. The main fatigue crack is deflected upward 
by 50◦ when it reaches the location of GRAIN 1, followed by the trigger 
of intergranular cracking. The fraction of LAGBs adjacent to the crack 
surfaces seems to be consistently higher than the region away from the 
main crack. The sources of LAGBs near the crack path may not be solely 
attributed to the fatigue-induced phenomenon. This is because previous 
work has frequently reported the presence of high LAGBs in the as-built 
condition of Inconel 718 [39]. As also revealed in the present work, the 
PBF-LB Inconel 718 in the as-built condition has a considerably high 
fraction of LAGBs, Fig. 3(d). These LAGBs generally appear within the 
grains. Severe plastic deformation may be appeared around the crack tip 
when the main crack propagates steadily under the fatigue loading. 
Localised plastic deformation around the crack tip can cause 
high-density dislocation stacking, and their re-arrangement leads to the 
formation of LAGBs, which have also been commented in Refs. [40,41]. 

Moreover, at the deflection point where the crack propagates along the 
grain boundary of GRAIN 1, low number density of LAGBs can be seen in 
Fig. 9(b). This suggests that the time was not long enough to accumulate 
the local plasticity around the crack tip. It was reported in Ref. [42] that 
the misorientation between the two grains can affect the intergranular 
fatigue crack propagation path. 

In the condition of high ΔK, tendency to form intergranular fatigue 
crack becomes higher, which is evidenced by the presence of short 
secondary cracks at the triple junction of grain boundaries, Fig. 9(c) and 
(d). When entering the triple junction, the main fatigue crack had two 
potential paths to choose: one was 47.4◦ upward and the other was 28.5◦

downward as indicated in Fig. 9(c). With the cyclic loading, the main 
crack eventually selected the easy direction to continue its propagation, 
whereas the incremental crack growth in the other direction became a 
non-propagating short secondary crack, so called crack branching. The 
reason for the main crack following the downward direction is probably 
due to its lower angle with respect to horizontal direction, i.e., more 
inclined for a Mode-I cracking. The above analysis assumes a similar 
cohesive strength between the upper and lower boundaries. It is 
worthwhile to emphasise that the secondary fatigue cracks with inter
granular manner in the PBF-LB Inconel 718 only appeared when the 
main fatigue crack developed to a certain length, i.e., when ΔK reaches a 
threshold value. This implies that the magnitude of crack-tip field affects 
the crack deflection via cracking the grain boundary. For metals with 
large grains, macroscopic crack branching or even splitting due to sec
ondary cracks at grain boundaries under fatigue, has been frequently 
observed when the stress intensity factor reaches a certain threshold, 
which has been recognised as a necessity for triggering crack initiation 
[43,44]. 

Fig. 9. EBSD orientation maps and GB angle diagrams around the fatigue crack growth path of PBF-LB-Y specimen: (a)&(b) fatigue crack deflecting; (c)&(d) fatigue 
crack branching. Green lines represent low angle grain boundaries (<15◦),blue lines represent high angle grain boundaries (>15◦). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version of this article.) 
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To summarise, for the PBF-LB Inconel 718 with small grain size of 30 
μm in average, the plastic zone at the crack tip is small for a short crack 
length, and thereby the crack quickly grows out of the plastic zone, 
causing elastic unloading of the regions behind the crack. As a result, the 
accumulated damage is not sufficient to crack the adjacent grain 
boundaries. However, with the crack length increases, the plastic zone at 
the crack tip becomes larger and the time for crack to pass through the 
plastic zone is longer. Thus, the accumulated damage in the plastic zone 
around the crack tip is increased. When the damage accumulates to the 

critical value, intergranular cracks can form the new front of the fatigue 
crack, causing the main crack path deflection. 

For the PBF-EB Inconel 718, fatigue crack was confirmed as trans
granular all the way through the steady-state crack growth, Fig. 8(a), 
and the crack growth rate was considerably higher than the PBF-LB 
counterpart, Fig. 5. Fig. 10 presents a pair of EBSD maps taken from 
the ΔK value of 22.3. From the band contrast map in Fig. 10(b), it is 
evident that the fraction of LAGBs close to the crack surfaces is not 
higher than the region away from the main crack. Nearly all LAGBs as 

Fig. 10. Fatigue crack growth path of the PBF-EB-Z specimen: (a) EBSD orientation map, and (b) band contrast map overlaid with HAGBs (blue) and LAGBs (green). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. (a) Five typical positions on the crack path; (b) typical crack tip strain field at position 3 and strain along the path front of crack tip at five typical positions of 
PBF-EB-Z specimen. 
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observed in the post-fatigued specimen are already existed in the prior- 
to-fatigue condition, Fig. 3(d). This finding can be attributed to the fact 
that the main crack grew out of the plastic zone too quickly to induce 
any dislocation stacking. Furthermore, the vertical HAGBs by nature are 
not favourable for initiating a secondary crack under the Mode-I fatigue 
loading. In the low-cycle fatigue work by Balachandramurthi et al. [20] 
on PBF-EB Inconel 718, it also revealed a transgranular crack, with its 
propagation direction perpendicular to the build direction. To summa
rise, local microstructure seems to play a minor role in determining the 
fatigue crack growth behaviour in the PBF-EB Inconel 718. 

4.2. DIC based analysis of the crack tip field 

Despite the fatigue crack path of the PBF-EB Inconel 718 is straight at 
the macro-scale, Fig. 6(a), the enlarged view reveals a clear and 
consistent sawtooth shape at the micro-scale, Fig. 6(b). In other words, 
the fatigue crack propagates in a zigzag manner, i.e., with the alter
nating 90◦ direction change. Here an attempt is made to establish the 
relationship between the DIC measured crack-tip field and crack growth 
direction. Five typical locations along the crack path are indicated in 
Fig. 11(a), with the crack length determined as 1.74 mm, 2.25 mm, 2.45 
mm, 2.75 mm and 3.24 mm, respectively. DIC-based crack-tip field 
analysis was performed for each location, with an example illustrated in 
the figure inset of Fig. 11(b) for the crack length of a = 2.45 mm. The 
crack-tip field is not entirely symmetric with respect to the horizontal 
axis, probably owing to the sawtooth shape of the crack path. The main 
plot of Fig. 11(b) compares strain variations along a 200 μm horizontal 
line drawn from the front of the crack tip, i.e., perpendicular to fatigue 
loading direction. It can be seen that the crack tip strain decreases 

rapidly with the increasing distance and then reaches a plateau at dis
tance of about 140 μm away from the crack tip. With the crack length 
increases, the strain at the crack tip becomes greater and the distance 
required for the strain to reach the plateau becomes longer. 

To predict the direction of a mixed-mode crack growth, there are two 
groups of criteria in the literature: one is the energy-based criteria such 
as strain energy density criterion [45], and the other is stress or 
strain-based criteria such as the maximum circumferential strain crite
rion [46,47]. For the strain energy density criterion, the crack is 
assumed to grow along the direction of minimum distance from crack tip 
to elasto-plastic boundary. For simplicity, the elasto-plastic boundary is 
defined when the DIC-determined crack tip strain field exceeding the 1 
% total strain. Fig. 12 compares the experimentally observed crack di
rection change with respect to the horizontal direction with the pre
dicted value based on strain energy criterion at five different locations, i. 
e., crack length of 1.74 mm, 2.25 mm, 2.45 mm, 2.75 mm and 3.24 mm, 

Fig. 12. Plots of actual deflection angles and predicted deflection angles by using strain energy density criterion at different crack-length positions: (a) a = 1.74 mm; 
(b) a = 2.25 mm; (c) a = 2.45 mm; (d) a = 2.75 mm; (e) a = 3.24 mm. 

Table 3 
Comparison of predicted and actual crack deflection angles at different crack 
lengths.  

Position 
(mm) 

Actual angle θr 

(◦) 
Predicted angle by θ (◦) 

Strain energy 
density 

Maximum circumferential 
strain 

1: 1.74 24.5 21.8 41.6 
2: 2.25 46.3 44.5 61.8 
3: 2.45 58.1 57.5 59.1 
4: 2.75 42.3 41.7 53.4 
5: 3.24 48.5 44.7 43.1  
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respectively. The experimental observation agrees reasonably well with 
the model prediction in terms of the angle change, as summarised in 
Table 3. By comparison, the crack growth prediction based on the 
maximum circumferential strain criterion shows poor performance. 
Thus, the strain energy density criterion based on the crack tip field can 
predict the crack growth direction of the PBF-EB specimen at the 
micro-scale. 

However, the applicability of the above-mentioned method to pre
dict the fatigue crack growth direction for PBF-LB specimens was found 
to be not good. This is because the crack deflections are mainly caused 
by the change of fatigue crack growth mode when encountering the 
grain boundary (Fig. 9). Although the crack tip field may provide the 
evaluation of the driving force for the fatigue crack growth, it cannot 
consider the intrinsic resistance of crack growth which is related to the 
grain boundary in the present case. For PBF-LB specimens with small 
grains and many grain boundaries in the crack tip area, many factors 
could affect the actual direction of crack growth. Therefore, it is difficult 
to predict the direction of fatigue crack growth based on the crack tip 
field alone. 

When the fatigue crack growth rate (da/dN) is plotted against ΔK, 
the PBF-EB specimen consistently shows a faster rate than the PBF-LB 
counterpart, Fig. 5. For such a plot, the influencing factors related to 
the microstructure are all considered using the fitting parameters of C 
and n as adopted in the Paris law. This classical approach is based on the 
linear elastic fracture mechanics. However, the DIC-based crack tip field 

analysis provides an alternative route to characterise the fatigue crack 
growth behaviour more precisely. For example, some elasto-plastic 
fracture mechanics parameters such as cyclic plastic zone size rp [48] 
and crack tip opening displacement (CTOD) [49] can be extracted from 
the DIC images. An attempt was thus made to assess their capabilities to 
characterise the driving force for fatigue crack growth, with the aim to 
reconcile the different crack growth rate between the PBF-EB and 
PBF-LB Inconel 718. Similarly, the cyclic plastic zone boundary is 
defined when the DIC-determined crack tip strain field exceeding the 1 
% total strain. DIC images of the crack-tip field for both sample builds 
under the similar ΔK value are shown in Fig. 13(a), together with the 
line plot showing the strain variation, revealing that the range of plastic 
zone at the crack tip for the PBF-EB specimen is significantly larger. This 
is because the PBF-EB Inconel 718 exhibits an ideal elasto-plastic 
behaviour as shown in Fig. 4, with an extremely low work hardening 
rate. More specifically, the PBF-EB specimen which has a ΔK value of 
16.31 MPa •

̅̅̅̅
m

√
, slightly lower than that of 17.63 MPa •

̅̅̅̅
m

√
for the 

PBF-LB specimen, shows a 33 % faster crack growth rate. 
The plastic zone size (rp) is defined as the minimum distance from the 

crack tip to elastoplastic boundary, and the rp value was determined as 
22.38 μm and 13.43 μm for the PBF-EB and PBF-LB specimens, respec
tively, Fig. 13(a). Moreover, the CTOD value defined by using the 
relative displacement between the fixed points on both sides of the crack 
surface, in which two points with horizontal distance of L1 = 100 pixel 
(89.55 μm) after the crack tip and vertical distance of L2 = 60 pixel 

Fig. 13. (a) Comparison of the crack tip strain field between the PBF-EB and PBF-LB specimens; (b) strain along the path front of crack tip; (c) crack tip displacement 
field and schematic diagram of CTOD measurement; (d) plots of CTOD through a complete loading cycle of the PBF-EB and PBF-LB specimens. 
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(55.73 μm) away from the crack path were taken as measurement points, 
as shown in Fig. 13(c). The CTOD curves during one typical cycle are 
shown in Fig. 13(d), in which the crack closure can be identified when 
P/Pmax < 0.25. However, after the crack is fully opened, the CTOD value 
of the PBF-EB specimen is greater than that of PBF-LB specimen under 
the same load, which accords with the observations of plastic zone size 
and crack-tip strains in Fig. 13(a) and (b). As a result, the range of CTOD 
in this loading cycle, ΔCTOD, turns out to be 3.80 μm and 2.81 μm for 
the PBF-EB and PBF-LB specimens, respectively. 

Table 4 summarises three types of fracture mechanics parameters, i. 
e. stress intensity factor range ΔK, cyclic plastic zone size rp, and crack- 
tip opening distance range ΔCTOD, for two different AM built Inconel 
718. The PBF-EB specimen which shows a 33 % faster crack growth rate, 
has 8 % lower ΔK, 66 % higher rp and 35 % higher ΔCTOD than the PBF- 
LB specimen. This suggests that the elasto-plastic fracture mechanics 
parameters can better reconcile the different crack growth rate between 
the PBF-EB and PBF-LB Inconel 718. The better performance of using the 
ΔCTOD over rp may lie in the fact that ΔCTOD takes into account the 
variations during the whole loading cycle (especially crack closure ef
fects), while the rp approach does not. 

5. Conclusions 

Fatigue crack growth behaviour of the PBF-EB and PBF-LB Inconel 
718 has been studied, with particular focus to the role of microstructure 
and crack-tip field. The following conclusions can be drawn.  

(1) The PBF-EB sample has considerably lower elastic modulus and 
extremely low work hardening rate when compared to the PBF- 
LB counterpart, but the former has a higher yield strength and 
ductility despite a lower ultimate tensile strength. Most of these 
differences can be attributed to the considerably large columnar 
grains, strong <001> texture and high fraction of LAGBs in the 
PBF-EB sample.  

(2) Fatigue crack growth rate of the PBF-EB specimen is faster than 
that of PBF-LB counterpart. The PBF-EB specimen shows a 

transgranular crack mechanism at the macro-scale, with the crack 
perpendicular to the fatigue load over the entire range of ΔK 
studied, but it presents a sawtooth-shaped path at the micro- 
scale.  

(3) By comparison, the PBF-LB specimen shows the transgranular 
crack growth mode at low ΔK, but it changes to a combined 
transgranular and intergranular mechanism as the ΔK increases. 
The intergranular mode is manifested by the presence of sec
ondary cracks which usually triggers the crack path deflection at 
the macro-scale.  

(4) Using the strain energy density criterion combined with the DIC 
determined crack-tip filed, the sawtooth-shaped path charac
terised by the alternating 90◦ direction change of the crack at the 
micro-scale can be predicted.  

(5) The higher fatigue crack growth rate in the PBF-EB Inconel 718 
can be qualitatively explained by using DIC determined elasto- 
plastic fracture mechanics parameters, such as the crack tip 
opening displacement range (ΔCTOD) ranked the best and cyclic 
plastic zone size (rp) as the second. 
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Appendix A. Observation of slip lines during the crack propagation 

The fatigue crack growth experiments were conducted in combination with the real-time observation using the ZEISS Axioscope optical micro
scope. As a result, the entire development of slip lines from beginning to the end can be clearly observed. Referring to the images of different crack 
lengths in the following Fig A1, it can be seen that when the crack length is 2.45 mm, no slip line appears in the red rectangle region. However, with the 
increase of the crack length to 2.75 mm, a high number of slip lines can be seen on both sides of the crack, as highlighted in the red rectangle region. It 
is obvious that these black lines do not match all the scratches. 

Table 4 
Fracture mechanics parameters as derived from the DIC measurements on both 
the PBF-EB and PBF-LB specimens.   

da/dN (mm/ 
cycle) 

ΔK 
(MPa•√m) 

rp 

(μm) 
ΔCTOD 
(μm) 

PBF-EB 5.86 × 10− 5 16.31 22.38 3.80 
PBF-LB 4.46 × 10− 5 17.63 13.43 2.81 
Ratio of the PBF-EB over 

PBF-LB data 
1.33 0.92 1.66 1.35  
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Fig. A1. Observation of slip lines during the crack propagation (a) a = 2.45 mm; (b) a = 2.75 mm.  
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