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The influence of orientation and temperature on fatigue short crack propagation behavior of Inconel 718 alloy
was studied at both 25 °C and 650 °C by in-situ fatigue testing under scanning electron microscope. The fatigue
crack growth rates (FCGR) showed evident dependence on orientation at both temperatures, following:
XZ < X < Z.The FCGR difference of XZ and Z orientation became less pronounced at 650 °C. Fatigue cracks
exhibited commonly transgranular fracture at both temperatures, with enhanced FCGR at 650 °C.

Microstructurally short crack propagation showed evident fluctuations, which were closely related to the
blocking effects of grain boundaries.

1. Introduction

Additive manufacture (AM) has been attracting more and more at-
tention as a revolutionary technique which combines great efficiency,
critical manufacturing possibilities, and economic superiority. In recent
decade, AM techniques have been widely studied for applications in the
components of aerospace, biomedical, automobile, marine and so on
[1]. It enables people to fabricate components with more complex
geometry and hybrid microstructures. In spite of the prosperity of AM
in recent years, there still remain some issues, such as unexpected
porosity, surface defects, residual deformation caused by thermal his-
tory, and anisotropic mechanical properties attributed to its layer-by-
layer build-up process. Industrial applications of AM techniques are still
impeded by these imperfections, which must be considered for all
possible service conditions in comparison with its conventional coun-
terpart. Among the alloys made by AM, Inconel 718 alloy (IN718)
fabricated by selective laser melting (SLM) has been of rising interests
in recent years, due to its superior mechanical properties and corrosion
resistance.

Tanja et al. [2] compared the tensile properties of IN718 alloy

fabricated by SLM in different orientations with the forged and cast
IN718 alloys, suggesting that the SLM made alloy has superior or equal
strength compared with the forged one. Derek et al. [3] studied IN718
alloy made by direct metal laser sintering (DMLS) technique, showing
that the quasi-static mechanical properties are similar to those of the
forged, but the microstructural porosity and inhomogeneity is more
notable. Regarding the fatigue property of IN718 alloy by AM, which is
more sensitive to microstructural variation, surface condition, and re-
sidual deformation etc. formed by AM process, it is not yet well un-
derstood. Gribbbin et al. [4] compared the low cycle fatigue (LCF)
properties of IN718 alloy fabricated by AM, hot isostatic pressed (HIP),
and wrought process. They pointed out that the AM made alloy has
longer LCF life than the wrought ones at low strain amplitudes. Ko-
necnd et al. [5] studied the fatigue crack growth rates and fatigue crack
paths of SLM IN718 alloy in both the threshold region and the Paris
region, revealing that the lower fatigue crack growth (FCG) resistance
was related to low boron content, finer microstructure and residual
stress. Zhang et al. [6] compared the fatigue properties of SLM IN718
alloy with two scanning strategies, i.e. bidirectional scanning without
and with a 90° rotation between the successive layers, suggesting that
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superior fatigue strength of the former one is attributed to the variation
of grain size and texture feature.

The distinct directional microstructure formed by the typical AM
process of layer-by-layer material build-up is crucial to the anisotropic
mechanical properties. In fact, the anisotropy makes it difficult to
evaluate the fatigue strength and failure mechanism of SLM IN718
alloy. Kone¢nd and Nicoletto et al. [5] studied the orientation depen-
dence of fatigue properties and found that the build orientation corre-
sponded to the lowest fatigue strength, consistent with the previous
studies [8]. The study of Zhang and Niu et al. [7] on IN718 alloy after
an industrial standard heat treatment yielded similar results. Deng and
Moverare et al. [8] examined IN718 alloy in both as-printed and post
heat-treated conditions and found that the anisotropy was not com-
pletely removed by heat treatment. Recently, Spear et al. [9] studied
the orientation dependence on the high-cycle fatigue life of IN718 alloy
by laser powder bed fusion, indicating that surface roughness and
subsurface defects controlled the fatigue life for different building or-
ientations. Hu et al. [10] reported that the long fatigue crack growth
(FCG) rate was affected by orientation in the near threshold region but
negligible in the Paris region of SLM Inconel 625 alloy. It is reported
that for non-HIPed specimen, the low-cycle and high-cycle fatigue
properties are shorter in the vertically built specimen than the hor-
izontally built specimen, due to more porosity perpendicular to the
build direction. The orientation effects would be more pronounced for
as-printed surface due to higher probability of surface/subsurface de-
fects and larger surface roughness, which are the primary influence
factors of the crack initiation and crack propagation process, especially
in the high-cycle and very high cycle fatigue issues. Similar results have
been reported in IN718 alloy and similar SLM alloys [1,9,11].

Despite the above finding, the effects of orientation on the fatigue
life of IN718 alloy by SLM were not fully understood. This is partially
because that fatigue life not only depends on the stages of crack in-
itiation and long fatigue crack propagation, but the short crack growth
usually takes up a large portion of fatigue life. The authors are unaware
of any report on the experimental studies of short crack propagation
behavior in SLM IN718 alloy, either by in-situ or ex-situ technique.
Nevertheless, the previous studies on wrought IN718 alloy [12,13] can
add lights to understand this issue. Furthermore, the temperature is
known to be an important factor in altering the deformation mechanism
and fatigue crack propagation manner of nickel-based superalloy. For
instance, Ma and Shi et al. [14,15] reported that octahedral crystal-
lographic cracking (Stage I) is the preferred crack propagation at low
temperatures and high frequencies (> 3 Hz), whereas non-crystal-
lographic fracture is dominated at higher temperatures and high fre-
quencies. The effect of temperature on IN718 alloy makes it harder to
evaluate the fatigue crack propagation behavior associated with mi-
crostructure evolution and dislocation activities [15]. In contrast, there
are few published studies that address the above issues for IN718 alloy
fabricated via SLM. In view of this lack of information, the present work
is aimed to establish the influence of printing orientation and tem-
perature on the fatigue short crack propagation behavior of IN718
alloy.

As a powerful tool for charactering surface morphology and ele-
mentary composition of materials, in-situ scanning electron microscope
(SEM) technique has been increasingly used to study the effects of
microstructure on mechanical properties, especially fatigue perfor-
mance. This technique can provide high resolution images of the ma-
terial surface throughout fatigue testing process, in which fatigue crack
initiation and propagation mechanism associated with microstructure
evolution under either room or high temperatures can be investigated.
Wang et al. [16] evaluated the fatigue crack growth rates of magnesium
alloy by capturing a series of SEM images to understand the strain lo-
calization during fatigue crack initiation and early crack propagation.
Shi and Ma et al. [15,17] studied the fatigue small crack behavior of
nickel-based superalloys, to address the associated slip activities and
the interaction of crack tip with local grain boundaries and carbides,
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considering the effects of crystal orientation and temperature. Jiang
et al. [18] characterized the crack initiation behavior at early stage in a
disk superalloy with digital image correlation (DIC) technique [18].
The crack propagation behavior of a high entropy alloy (HEA) [19] was
studied using in-situ SEM observations to reveal the deformation me-
chanisms in the crack tip plastic zone, including slip and twinning. In-
situ SEM fatigue testing was also employed to study the fatigue crack
closure behavior and fretting fatigue behavior of single crystal super-
alloy with different secondary orientation, which provides good in-
sights into the underlying mechanism, especially when combined with
crystal plasticity simulation for instance [20].

In this paper, in-situ fatigue tests were performed in a specially
designed SEM chamber to study the fatigue crack propagation beha-
viors of additive manufactured IN718 alloy by SLM at 25 °C and 650 °C.
Fatigue specimens with the loading axis along 0°, 45°, and 90° off the
build orientation (denoted as Z, XZ, and X, respectively) were studied to
reveal the effects of orientation on fatigue crack behavior. The inter-
action between fatigue short crack and local microstructures related to
printing direction were studied in details. The influence of temperature
and specimen orientation on fatigue crack growth rates was analyzed
and discussed.

2. Materials and experimental procedure

The material used in this study is an additively manufactured nickel-
based superalloy IN718, which has been frequently reported on the
relationship between its microstructure features and mechanical prop-
erties [5,6,21]. The IN718 alloy was manufactured by selected laser
melting of IN718 powder using an EOS M280 additive manufacture
machine, which is a SLM system from EOS GmbH (Germany made). To
obtain the samples with maximum density and no evident cracking or
delamination, the SLM process parameters were optimized as: laser
power of 285 W, scan speed of 960 mm/s, and hatching spacing of
100 um [6,21]. The pre-heating temperature was selected as 80 °C. The
manufacturing process was conducted under argon atmosphere with
0.1% oxygen. As-received IN718 spherical powder with a size of 15 um
to 53 um was used. Finally, the relative density of IN718 block was
larger than 99.5%. The chemical compositions of IN718 alloy in this
study is (in wt.%) given in Table 1 [5,6,21].

A rectangular block was manufactured by selected laser melting of
IN718 powder with alternate scanning directions, that is, first along X
direction and then along Y direction and so on. The IN718 alloy by SLM
was then subjected to annealing at 550 °C for 8 h to remove the residual
stress. The block of IN718 alloy was used to fabricate plate specimen
with a dog-bone shape, which has a 2.5 mm by 0.4 mm gauge cross
section as shown in Fig. 1. A U-shape side-notch was specially designed
at the center of gauge section for each specimen to study the crack
initiation and propagation behavior. The notch has a depth of about
50 pm and diameter of about 35 um for each specimen. The scope of the
present experiment included specimens in three typical orientations,
i.e. X, XZ, and Z. The definition of each orientation was shown in Fig. 2,
in which the orientation along the build-up direction was denoted as Z.

In order to expose the prevailing microstructure for in-situ in-
vestigation under SEM, the surface of fatigue specimen was ground to
1500 grit sand paper, polished down to 1 um diamond paste, rinsed and
etched prior to fatigue test. The etchant is an aqueous solution of 4.5 g
CuSO4 + 20 mL HCI + 20 mL H,O. The fatigue crack propagation tests

Table 1
The chemical compositions of Inconel 718 alloy (in weight percent, wt%).
Cr Fe Nb Mo Co Ti Al
wt% 18.8 18.6 5.36 3.14 0.38 0.97 0.50
Cu w \% Mn Zr C Ni
Wt% 0.16 0.09 0.07 0.10 0.02 0.07 Bal.
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Fig. 1. Fatigue specimen geometry used in the fatigue testing (in mm).

were performed in the vacuum chamber of SEM with a specially de-
signed servo-hydraulic experimental system (Fig. 3), which can gen-
erate static or cyclic loading of + 1 kN maximum capacity and a dis-
placement scope of = 25 mm. The maximum cyclic loading frequency
is 10 Hz. To realize successive sampling of the 960x1280 frames of
images under secondary electronic mode, a direct memory access type
A/D converter is used to transmit the signal of the SEM to the computer.
The accelerating voltage of the SEM was 15 kV. Elevated temperature is
achieved by induction heating with a maximum of 800 °C and a control
resolution of 1 °C. The temperature of the sample surface was mon-
itored and regulated by the feedback from a thermal couple attached to
the gauge section of the sample.

Since there are multiple fatigue samples for different orientations
and temperatures, all the specimens were numbered specially. For ex-
ample, the specimen X25 represented the X oriented specimen tested at
25 °C, and the specimen XZ650 represented the XZ oriented specimen
tested at 650 °C. Similar denotation was used for the other fatigue
specimens. Stress controlled fatigue tests with a stress ratio of R = 0.1
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at 25 °C and 650 °C were performed. Constant maximum stresses were
adopted (890 MPa for 25 °C and 735 MPa for 650 °C) all through each
fatigue test to study the fatigue crack propagation behavior. The stress
level was specially adopted so that the samples at 25 °C and 650 °C have
similar maximum strain value during cyclic loading. The sinusoidal
signal of loading wave was utilized. Each fatigue test was tested under a
loading frequency of 2 Hz. The tests were paused at different selected
loading cycles, with an interval between 10 cycles and 1000 cycles, to
capture SEM images which are used to analyze the interaction between
fatigue crack and local microstructures, e.g. grain boundary. The image
scanning was performed under secondary electronic mode, with the
load held at half of the maximum stress. In consequence, the crack
growth rates can be estimated from the measured crack length at in-
tervals. By comparison of the crack propagation process at adjacent
moments, the correlation between local microstructures and fatigue
cracking manner can be analyzed.

3. Results

The in-situ SEM observation makes it possible to study the fatigue
crack behavior at the very early stage. For all in-situ micrographs
hereafter, the loading axis is along the vertical direction. The fatigue
crack propagation behavior for different oriented samples (X, XZ and
Z), at both temperatures, were compared and the underlying mechan-
isms were discussed.

3.1. Microstructure of IN718 alloy fabricated by SLM

Fig. 4 shows the microstructures of the IN718 alloy fabricated by
SLM before fatigue test. Fig. 4a, ¢ and e correspond to the micro-
structure of fatigue specimens with longitudinal axis along X, Z, and XZ
orientation (the vertical direction of the micrographs), respectively. For

Z: Build direction

Y: scandirection

X: Laserscan direction

Fig. 2. Fatigue test specimens cut from IN718 alloy block manufactured by selective laser melting: three orientations of X, XZ, and Z were studied.
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Induction
heating coil

Fig. 3. In-situ fatigue testing system with scanning electronic microscope for structural alloys for both room temperature and high temperature: (a) scanning
electronic microscope; (b) fatigue sample loading unit for high temperature.

Fig. 4. Microstructures of IN718 alloy fabricated by selected laser melting: top views of (a) X oriented specimen; (b) X oriented specimen, high magnification of ‘b’;
(c) Z oriented specimens; (d) Z oriented specimens, high magnification of ‘d’; (e) XZ oriented specimen; (f) XZ oriented specimen, high magnification of ‘f.
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X-oriented specimen in Fig. 4a, the long columnar grains intersecting
with each other are consistent with the solidification surface mor-
phology by the X-Y alternative printing process [1]. In the top-view of
the X-oriented specimen (X-Y plane), the width of columnar grains is
about 100 um. A high magnification view is shown in Fig. 4b, where
melt poor border was noticed at ‘1’ and fine precipitates were observed
in the junction region between adjacent laser tracks [5].

Fig. 4c is the top-view of the Z-oriented specimen (Z-Y plane).
Multiple melt pools with almost semi-elliptical shape were observed, for
which the average width was about 120 um, with the applied hatch
spacing being 100um. In addition, there is a partial remelting zone
(PRZ) with a width almost 20% of the hatch spacing between the ad-
jacent laser tracks, which is consistent with the work of Konecna et al
[21]. For the high magnification view in Fig. 4d, near the melt pool
border (marked by ‘3’), multiple cells aligned along the radical direc-
tion, which were formed during the growth from the melt pool
boundary via cellular growth solidification during SLM [21]. In the
process of cooling solidification of the liquid metal, due to the cooling
effect of substrate, heat mostly dissipates in the negative Z-direction
[5]. Due to the highest temperature gradient and solidification rate in
the Z-direction, grains preferentially grow with the directional selection
to form the dendrites [22].

Fig. 4e shows the top-view of the XZ oriented specimen, which is
similar to the Z oriented sample in Fig. 4c. High magnification view in
Fig. 4f shows the fine microstructure at the centerline of laser track,
marked as ‘4’. It was characterized by very small precipitates in the y
matrix, which is consistent with the IN718 study reported by Zhang
etal. [5]. At the site ‘5’, elongated cell grains aligned radially, along the
heat flux direction, were observed. Defects such as small micro-
shrinkages between the connected layers were just occasionally found
in the microstructure. Similarly, small gas pores manifesting themselves
as black round spots were observed only locally (Fig. 4a and e) [5]. The
observed layer structure and melt pool tracks are consistent with the
typical features of similar alloys [23,24] fabricated by SLM.

Fig. 5 shows the EBSD characterization of the three orthogonal
planes of the SLM IN718 alloy block [21]. The grain orientation was
connected to the normal directions of each plane. It is seen that the
grain orientation distribution shows evident difference on the three
planes. On the Z-Y plane (top surface of Z specimen), directional co-
lumnar grains with length of several hundred microns were formed,
with width close to the hatch distance of 100 um [25]. The grains on the
Z-Y plane mostly appear red, following a cube texture (rotated by 45°
about X) with <0 0 1) along X. The alternate scanning strategy provided
fewer remelted grains with optimal crystal orientation because the heat
flux direction rotated with the laser track between the successive layers.
Epitaxial growth along <0 0 1> orientation was preferred compared

200pm

Fig. 5. EBSD characterization of grain orientation maps taken on the three
planes of the selective laser melting fabricated IN718 alloy using bidirectional
scanning strategy (X-Y) with a rotation between the successive layers, with Z
being the build-up direction [21].
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with crystal nucleation in this case [21], leading to directional grain
structures. A few columnar grains with different orientations were ob-
served, due to the local disturbance of heat flux in the melt pool [21].
The maximum cube-texture intensity on Z-Y plane is about 19, ac-
cording to the authors’ previous study [21]. The strong texture due to
the rotation of scanning direction by 90° was also reported in tantalum
fabricated by SLM [25].

3.2. Fatigue crack propagation behavior of IN718 alloy at 25 °C

Fig. 6 shows the crack initiation and propagation behavior of spe-
cimen X25 (X orientation, at 25°C) after different fatigue loading cycles.
Fig. 6a shows the onset of fatigue short crack, which initiated from the
notch root after 706 cycles due to local stress concentration. The crack
proceeded along the horizontal direction till 6303 cycles (Fig. 5b). After
10,004 cycles, the crack propagation was shifted evidently to along slip
bands which were about 45° inclined (Fig. 6¢). The crack showed ap-
parent tortuosity and then penetrated the grain boundary in a trans-
granular manner. On the fatigue crack mating surface, some particles
can be observed, for instance in Fig. 6¢ and 6e, which were carbides
indicated by SEM-EDS analysis. In Fig. 6e, it is shown that the crack
front was impeded by the grain boundary, which took about 1000 cy-
cles to go through the grain boundary. It caused remarkable decelera-
tion of fatigue crack growth. Similarly, in Fig. 6f, intensive slip bands
were observed when the crack was approaching another grain
boundary, and the crack was arrested by grain boundary for 500 cycles.
After another 2400 cycles, X25 specimen failed due to unstable crack
propagation.

For the XZ25 specimen at room temperature, fatigue crack did not
nucleate until 9408 cycles. Parallel slip bands were noticed ahead of
crack tip, which interacted with the grain boundary as shown in Fig. 7a.
Afterwards, the fatigue crack propagated along the slip bands and pe-
netrated the grain boundary as shown in Fig. 7b. A remarkable decrease
of FCGR was noticed when the crack approached the second grain
boundary. The crack branched towards a carbide and bypass it to
propagate against the grain boundary (Fig. 7c). The crack followed the
grain boundary until it was blocked and bifurcation was noticed in
Fig. 7d. Evident slip bands appeared in the associated grain and the
crack propagated again in a transgranular way. The crack penetrated
the upper grain boundary without change of propagation direction. A
high magnification of the crack tip showed that the fatigue crack was
impeded by a carbide (Fig. 7e). Bifurcation of crack was evidenced and
a slip band appeared in front of the crack (Fig. 7e). The crack passed the
carbide and continued to propagate. Afterwards, slip bands appeared
and the primary crack merge into one of the slip band. The crack would
shift to zig-zag mode which can increase the crack length more effi-
ciently, as shown in Fig. 7f. A secondary crack (marked as ‘2’) along slip
bands occurred ahead of the primary crack (marked as ‘1’), which
coalesced with each other after another 1500 cycles. Accordingly, the
fatigue crack growth accelerated dramatically, followed by catastrophic
rupture.

Fig. 8 shows the in-situ observation results of Z25 specimen. Fatigue
crack initiated at the notch root and slip bands were evidently observed
in the adjacent grains as pointed out by arrows in Fig. 8b. Fatigue crack
propagation proceeded along the slip bands as shown in Fig. 8b and c.
While approaching the grain boundary nearby, slip activities ahead of
fatigue crack tip was affected evidently, as shown by the curved crack
path in Fig. 8d. There is an increase of crack tip opening displacement
(CTOD) while the crack was arrested, as shown in Fig. 8e. After passing
the grain boundaries, the fatigue crack exhibited fast propagation rate
via crystallographic cracking manner, which coalescences with the
microcracks ahead of crack tip, leading to the final rupture. It is noted
that the maximum crack length tolerable in the Z-orientated specimen
is smaller than those of X and XZ orientations.
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Fig. 6. Fatigue crack growth behavior of specimen X25 at 25°C (the loading axis is vertical, along the X orientation): (a) 706 cycles; (b) 6303 cycles; (c) 10,004 cycles;

(d) 11,403 cycles; (e) 13,807 cycles; (f) 18,804 cycles.

3.3. Fatigue crack propagation behavior of IN718 alloy at 650 °C

For the specimens at 650 °C, in-situ observations of fatigue crack
propagation have also been conducted. Fig. 9 shows the result of X650
specimen (X orientation, at 650 °C), in which fatigue crack propagation
preferred crystallographic way but tortuous, accompanied with slip
bands (Fig. 9a). When the loading cycles came to 18,529 cycles, fatigue
crack propagated horizontally until the crack tip encountered a grain
boundary, as shown in Fig. 9b, which contributed to a remarkable de-
crease in FCGR. The following crack propagation in the grain followed a
zigzag cracking manner (Fig. 9c). It took about 400 cycles for the crack
to penetrate the grain boundary. In Fig. 9d, the crack encountered

N
15,00/ 7 40 'x 4000

" Slip'band
el

. Carbide
-

another grain boundary. Intensive slip bands were observed ahead of
the crack tip. The fatigue crack preceded along the slip bands, forming a
zigzag cracking path as shown in Fig. 9e. It is common in the X-or-
ientation specimen that the grain boundaries act as barriers to fatigue
crack propagation [10], which generally contributed to a decrease of
the FCGR. In Fig. 9f, fatigue crack propagation was evidently impeded
by grain boundary as arrowed, which was associated with a dramatic
increase of fatigue crack tip opening displacement. Subsequently fa-
tigue crack penetrated the grain boundary to promote fatigue crack
growth, resulting in the ultimate failure.

For the XZ650 specimen as shown in Fig. 10, the fatigue crack
propagation after initiating from notch root showed crystallographic

Fig. 7. Fatigue crack growth behavior of specimen X725 at 25°C (the loading axis is vertical, along the XZ orientation): (a) 9408 cycles; (b) 11,002 cycles; (c) 11,504

cycles; (d) 12,281 cycles; (e) 12,844 cycles (f) 17,000 cycles.
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Fig. 8. Fatigue crack growth behavior of specimen Z25 at 25°C (the loading axis is vertical, along the Z orientation): (a) 0 cycle; (b) 16,389 cycles; (c) 16,418 cycles;

(d) 16,432 cycles; (e) 16,439 cycles; (f) 16,442 cycles.

cracking manner, with slip bands ahead of crack tip (Fig. 10a). In
Fig. 10b, evident slip bands emerged on both sides of fatigue crack. The
fatigue crack tip was branched due to interaction with a grain
boundary, in which the crack opening displacement was slightly larger
than usual in Fig. 10b. In Fig. 10c, fatigue crack was evidently blocked
by a columnar grain boundary and secondary cracking along grain
boundary was noticed, which caused a remarkable increase of the
CTOD. In the adjacent region ahead of crack tip, micro-cracks occurred
due to local severe plastic deformation. This phenomenon was even
more evident in Fig. 10d when the crack met another grain boundary.
Fatigue crack tip altered its direction to be along the vertical grain
boundary and the crack opening displacement was quite large, in-
dicating severe impeding effect. It took another 44 cycles for the crack
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to pass the grain boundary, as shown in Fig. 10e. A high magnification
view of the crack tip showed cracking along the duplex slip bands,
which is beneficial to decrease crack propagation rate due to tortuosity.
In Fig. 10f, after 9938 loading cycles, fatigue crack passed the previous
grain boundary and continued along one of the slip direction. Faceted
steps were disclosed on the fracture surface behind the crack tip, which
coincide with the observed crystallographic fracture mode in this study
and in similar alloys [12,13]. The crack opening displacement was
extremely large in Fig. 10f, which led to a subsequent acceleration of
FCGR and final failure after another 10 cycles.

Fig. 11 shows the in-situ observation results of specimen Z650 (the
building orientation, at 650 °C). In Fig. 11a, it is evident that fatigue
crack preferred crystallographic cracking, which is consistent with the
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Fig. 9. Fatigue crack growth of specimen X650 at 650 °C (the loading axis is vertical, along the XZ orientation): (a) 0 cycles; (b) 6379 cycles; (c) 16,700 cycles; (d)

17,990 cycles; (e) 22,308 cycles; (f) 22,861 cycles.
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Fig. 10. Fatigue crack growth of specimen XZ650 at 650°C (the loading axis is vertical, along the XZ orientation): (a) 4005 cycles; (b) 8000 cycles; (c) 9200 cycles; (d)

9884 cycles; (e) 9928 cycles; (f) 9938 cycles.

other samples in this study. While the crack approached grain
boundary, interaction of slip band with grain boundary was observed.
Cracking formed along the slip band and a kink was observed at the
grain boundary in Fig. 11b. The crack still followed crystallographic
direction in Fig. 11lc, and there is evident increase in crack opening
displacement. While the crack tip was arrested at the grain boundary in
Fig. 11d, the crack opening became more evident. It took another 300
cycles for fatigue crack to overcome the grain boundary to enter the
next grain (Fig. 1le). And out of plane deformation was noticed.
Fig. 11f shows that the crack became evidently blunt and remarkably
opened, which was subsequently followed by the final rupture.
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3.4. Fatigue fracture surfaces

The fracture surfaces of all fatigue specimens have been examined
under scanning electronic microscope, to disclose the fracture me-
chanism during fatigue crack propagation. Fig. 12a shows the overall
rough fracture surface of X25 specimen. A high magnification of site ‘b’
in Fig. 12a was shown in Fig. 12b, indicating river patterns fracture
mode. Evident dense striations were revealed by high magnification
observation, which is indicative of plastic blunting mechanism assisted
crack propagation. In the fast propagation region (’c’ in Fig. 12a), facets
and secondary cracks were noticed. Fig. 12d-f and Fig. 12g-i show the
fracture surfaces of XZ25 and Z25 specimens, respectively. Faceted
fracture is more evident in XZ25 and Z25. Fig. 12e shows striation like
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Fig. 11. Fatigue crack growth behavior of specimen Z650 at 650°C (the loading axis is vertical, along the build orientation, i.e. Z orientation): (a) 1001 cycles; (b)

1219 cycles; (c) 1425 cycles; (d) 1689 cycles; (e) 1967 cycles; (f) 2389 cycles.
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Fig. 12. Fatigue fracture surfaces observation of IN718 alloy showing the effects of orientation at 25 °C: (a)-(c) X25 specimen; (d)-(f) XZ25 specimen; (g)-(i) Z25

specimen.

structure with evident plastic deformation. In the fast propagation re-
gion ‘f (Fig. 12f), large octahedral planes were evidently formed, with
secondary cracks occurring at the deflection site. For Z25 specimen,
striations were also observed in Fig. 12h. Porosity and dimples were
evidently observed in the high AK region in Fig. 12i. It is known that the
defects, such as porosity, are more likely to form between printing
layers during the selecting laser melting process. That is why the por-
osity showed larger effects in the Z-oriented specimen.

The fracture surfaces of the specimens at 650 °C are shown in
Fig. 13, revealing transgranular fracture similar to those at 25 °C in
Fig. 12. Facets formed via octahedral slip were commonly observed in
Fig. 13a, d and g. Fatigue striations were observed in all specimens of
three orientations in Fig. 13b, e and h, indicating similar plastic de-
formation assisted propagation. In the higher AK regions, secondary
cracks were evident in XZ650 specimen, which would be beneficial for
crack branching and hence delay the propagation of primary crack.
Remarkable porosity was noticed in Z650 specimen, similar to that of
725. The microstructural anisotropy caused by build orientation is
reasonable for the observed difference in fracture surfaces.

3.5. Fatigue crack growth rate

In this study, IN718 specimens in three different orientations were
studied at both 25 °C and 650 °C. The fatigue crack growth rate (FCGR)
was evaluated for each sample, to reveal the effects of orientation and
temperature. According to the ASTM guide, the number of loading
cycles N and the crack growth lengths a were recorded during fatigue

testing. The results were plotted in Fig. 14, which shows that fatigue
crack length increases evidently with the number of cycles N. For the
specimens at 25 °C, the curves of X25, XZ25, and Z25 are close to each
other. There is slight difference in the slope of curve especially at the
later stage of propagation, following Z25 > X25 > XZ25, indicating
that Z25 specimen showed the highest FCGR. For the specimens at
650 °C in Fig. 14, the curves are more separated than those at 25 °C,
partially due to the effect of orientation on fatigue crack initiation
process. The specimen Z650 showed earlier onset of crack propagation
and longer crack length than the other specimens. However, the dif-
ference in the curve slopes (i.e. FCGR) is not so evident between X650,
XZ650, and 7650 specimens.

Further, the FCGR can be calculated by the slope (da/dN) of crack
length increment per cycle, given by:

(da/dN); = (ai41 — @)/ (Nig1 — N) (€]

The stress intensity factor (SIF) range for a single edge notched plate
of finite width is given by:

AK = Acg\/m(a + b)F(a/W) 2)

where Ao is the stress range, b is the depth of notch, a is the crack
length defined as the projected length vertical to the loading axis, and
W is the width of specimen. Let £ = a/W, the function of F (§)(§ = a/W)
is defined as [16].

F(§) = 0.265(1 — &)* + (0.857 + 0.265¢)(1 — £)73/2 3)

As adopted in many studies, the crack growth can be related to the
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Fig. 14. Fatigue crack length versus the number of load cycles for IN718 alloy
(X, XZ, and Z orientations) at 25 °C and 650 °C.

stress intensity range as first proposed by Paris and Erdogan [26].
Hence, the da/dN versus AK curves of different specimens were ex-
amined in this study.

The fatigue crack growth rate curves of IN718 alloy in three dif-
ferent orientations are shown in Fig. 15(a) for 25 °C and Fig. 15(b) for
650 °C, respectively. The data points in Fig. 15 correspond to the fatigue
specimens shown in Figs. 6-11. The data points for X , XZ, and Z

10

direction specimen were marked as black, red, and blue points re-
spectively. It is seen that at 25 °C the specimen in Z orientation showed
the fastest FCGR above the others, and the one in XZ orientation
showed the lowest FCGR, with the X-orientated specimen in between.
The effect of orientation on FCGR is similar to the previous studies of
long fatigue crack propagation [5]. The maximum stress intensity factor
before final facture is smallest for the specimen in Z orientation, in-
dicating the lowest fracture toughness accordingly. In Fig. 15b, the
effect of orientation on FCGR at 650 °C also follows the same trend, that
is, XZ > X > Z, although the difference between the curves of X and
XZ orientation was less pronounced than that of 25 °C. Furthermore, it
is interesting to notice that the FCGR curves of all samples commonly
showed evident fluctuations, which is distinct from the fatigue long
crack growth behavior [10]. Also, the fracture toughness is smallest for
the Z-orientated specimen at 650 °C. Moreover, it is found that FCGR is
remarkably affected by temperature, i.e. the FCGR at 650 °C for each
orientation was almost an order of magnitude higher than that of 25 °C,
which is similar to the results reported in wrought IN718 alloy [12].

4. Discussion
4.1. Microstructure-sensitive short crack behavior

It is known that fatigue short crack is more sensitive to local mi-
crostructures than that of long crack. According to previous studies on
nickel-based superalloys [14,15,17,27], the interaction between fatigue
crack and microstructural inhomogeneity (e.g. grain boundary, twin
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Fig. 15. Fatigue crack growth rate da/dN versus stress intensity range AK
curves of IN718 alloy (X, XZ, and Z orientations): (a) at room temperature, (b)
at 650 °C.

boundary, inclusion etc.) or secondary cracks has important role in the
extension of fatigue crack. The short crack propagation of IN718 alloy
by SLM showed evident fluctuation in all examined samples in Figs. 6-
11. The crack path is entirely transgranular for crack growth ranging
from the short crack region to the end of rapid rupture, which is con-
sistent with previous studies on wrought IN718 [12,13]. Fig. 16 sum-
marizes the effects of microstructure on the fatigue crack growth rate
deceleration and acceleration for each of the six testing cases. For X25
specimen (X orientation, at 25 °C), there are three evident drops in the
FCGR curve (marked as ‘A1’, ‘A2’ and ‘A3’ in Fig. 16a), which is com-
monly related to the impeding effects of grain boundaries to fatigue
crack extension. For XZ25 specimen (XZ orientation, at 25 °C, see
Fig. 16¢), the FCGR curve appears more fluctuated, in which ‘B1’ and
‘B4’ are found to be associated with the retardation of grain boundary.
‘B2’ is related to the interaction of crack with grain boundary and slip
bands. ‘B3’ is due to the constraint of fatigue crack tip in slip band while
the inclined propagation direction is inefficient in extending the crack
length. For Z25 specimen (Z orientation, at 25 °C, see Fig. 16e), the
retardation by grain boundary was less pronounced even though there
were multiple grain boundaries ahead of crack tip, with ‘C1’ as an ex-
ample that worked as barrier.

For the specimens at 650 °C, the impeding effects of grain bound-
aries were similar to those of 25 °C. It is evidently noticed in the spe-
cimen X650 (Fig. 16b) and XZ650 (Fig. 16d) that the cracks were ar-
rested and branched at ‘J2’ and ‘J3’. Besides, there is usually a
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remarkable increase of crack opening displacement while being
blocked, followed by accelerated fatigue crack growth, as shown in
Fig. 16d and Fig. 16f. For crystallographic cracking observed in this
study, it is generally believed that the adjacent grain orientations are
important factors affecting the role of grain boundary while interacting
with fatigue crack and persistent slip bands. Former studies [28-30]
indicated that the larger misorientation between two neighboring
grains, the more pronounced will be the deceleration of FCGR at grain
boundary. Marx et al. [31] performed focused ion beam tomography
study of fatigue short crack and suggested that there was a critical
misorientation value for the crack to pass the grain boundary. McDo-
well et al. [29] developed 3D crystal plasticity modeling to evaluate the
change of local driving force and the effects of grain orientation, grain
boundary characters (twist/tilt, misorientation) on the extension of
transgranular fatigue crack at early stage. The driving force of crack
propagation cannot increase monotonically at the short crack regime,
which lead to the fluctuation of FCGR related to local microstructures.
Regarding the feature of microstructurally short crack, previous studies
[15] indicate that carbide can also act as microstructural obstacle to
crack propagation despite of crack initiator [32]. Some carbides were
also observed in the fatigue crack paths, e.g. Fig. 7c and Fig. 16¢c, which
however did not play such an important role as the grain boundary
shown above.

Note that in this study, the short cracks did not propagate sig-
nificantly faster than the long cracks as usually expected. The study of
small crack behaviors in wrought IN718 alloy reported similar results
[12]. Another difference in the SLM IN718 alloy is the presence of
microstructural barriers, such as dense grain boundaries. They have
been shown in Fig. 16 to slow progression of the crack, effectively
blunting crack tip, or forming secondary cracks, and lead to evident
delay in crack propagation. Secondly, the crack length is on the order of
the plastic zone size, thus violating the small yielding condition of
linear elastic fracture mechanics [14,15,17], indicating mechanically
small crack. The characterization of crack tip interaction with defects in
SLM Ti6Al4V revealed that slower small FCGR can be attributed to both
aforementioned effects [33]. Hence, the fatigue crack growth in SLM
IN718 can be considered as small both microstructually and mechani-
cally.

4.2. Effect of temperature

In contrast with the research of fatigue crack propagation at room
temperature, in-situ study at high temperature was rather limited due
to technical difficulties and experimental efforts. Previous studies
[13,34] on fatigue crack propagation behavior of conventional IN718
alloy reported a transition from transgranular to intergranular fracture
at 650 °C, due to oxidation assisted grain boundary cracking. The fa-
tigue short crack showed similar fracture behavior according to the
studies of IN718 alloy by Zhang et al. [12]. However, in the present
study, fatigue cracks favored propagation via the occurrence of crys-
tallographic slip, leading to solely transgranular fracture in all samples
regardless of orientation or temperature. Note that all fatigue tests were
performed in the SEM chamber, i.e. vacuum condition, Hence, it is
consistent with Cornnolley’s studies [13] on wrought IN718 alloy that
transgranular cracking was dominant in vacuum, when oxidation ef-
fects were excluded. Fatigue cracks in Figs. 6-11 are known to be oc-
tahedral crystallographic cracking, i.e. along {1 1 1} planes, which are
the preferred crack propagation manner at low temperatures and high
frequencies in Ni-based superalloys [15]. Furthermore, fatigue crack
propagation at 650 °C was less tortuous compared to that of 25 °C, in
accordance with the increased FCGR due to the propensity of multiple
slips and less pronounced impeding effects of grain boundaries, which
was also reported in similar superalloys [15].

By comparing the fatigue crack growth curves at both temperatures
in Fig. 16, it is obvious that the FCGR is much higher at 650 °C than that
of 25 °C, for either X, XZ, or Z orientation. Note that a maximal stress of
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Fig. 16. Fatigue crack growth rate curves of IN718 alloy showing the effects of microstructure on the deceleration of crack growth: (a) X25 specimen; (b) X650
specimen; (c) XZ25 specimen; (d) XZ650 specimen; (e) Z25 specimen; (f) Z650 specimen.

890 MPa for 25 °C and 735 MPa for 650 °C was adopted in the fatigue
testing, to make the total deformation of specimen comparable at each
temperature. The reduced fatigue crack growth resistance at high
temperature can be generally attributed to strength decrease
[12,15,35], cyclic softening, and oxidation-induced degradation etc
[12]. Shyam [35] reported that the fatigue crack growth rate at 20 °C,
150 °C and 250 °C can be consolidated by the plastic zone size, in-
corporating the decreasing yield strength with temperature. In the case
of IN718 alloy by SLM, the knowledge on the temperature dependence

of mechanical properties is limited and the influence on tensile prop-
erties is likely to be similar to that of the conventional IN718 alloy [6].
For wrought IN718 alloy, it is reported that there is about 20% to 33%
drop in yield stress when the temperature increases from 25 °C to
650 °C [12]. Regarding the oxidation effects, considering that the pre-
sent fatigue testing is in vacuum, it has excluded the effects of oxida-
tion-induced embrittlement. Hence, in the present study the higher
FCGR at 650 °C is primarily attributed to the reduction of material
strength.
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4.3. Influence of specimen orientation

It is known that alloys fabricated by SLM show anisotropy in me-
chanical properties due to different microstructures along the building
direction (Z) and the scanning orientation (X). As shown in Fig. 4,
distinct microstructures were observed on the top surfaces of the spe-
cimens along X, Z, and XZ orientations. One of the primary differences
in microstructure, e.g. grain boundaries, was shown to evidently affect
the interaction of fatigue crack with local barriers, causing temporary
arrest and subsequent acceleration of FCGR as shown in Fig. 16.

According to the EBSD result in Fig. 5, for the Z-oriented specimens,
the adjacent grains had much smaller misorientation than those
of X and XZ oriented specimens, which provides less resistance to fa-
tigue crack propagation according to the studies of McDowell and
Zhang et al. [29-31]. Additionally, the X-oriented specimens have more
small equiaxed grains as shown in the X-Y plane of Fig. 5, which is more
beneficial to fatigue crack growth resistance due to more grain
boundaries encountered during crack propagation. Hu et al. [10] also
reported similar effects on the fatigue long crack growth of Inconel 625
alloy. For the XZ-oriented specimen, it is similar to that of X-oriented
specimen and moreover, the loading axis was 45° inclined off the build-
up direction and the longitudinal grain boundaries, which is believed to
increase the tortuosity of crack path and the fluctuation in FCGR for XZ
specimen, as shown in Fig. 7 and Fig. 10.

Additionally, Qian et al. [36] reported lower FCGR in X orientation
than that of Z orientation in titanium alloy fabricated by SLM, which
was attributed to higher porosity on the layers perpendicular to the Z
direction and more secondary cracks in the X-oriented specimen. It is
also observed in this study (in Figs. 8 and 11) that the FCG path is less
tortuous, associated with less secondary cracks, in the Z-oriented spe-
cimens compared with those in X and XZ orientations. For the micro-
void commonly formed during SLM process, which has been reported to
greatly influence fatigue crack initiation in smooth specimens, its effect
on fatigue crack growth was not so evident in this study. It is partly due
to the small size of microvoids in the present IN718 alloy (maximum
frequency of 5 pm and average size of 9 um indicated by 3D-XRT
imaging) rarely observed on the specimen surface and the high stress
intensity at the crack tip, which is consistent with the study of SLM
Inconel 625 alloy by Hu et al. [10].

The above anisotropic microstructure also leads to evident differ-
ence in mechanical properties, e.g. the yield stress and tensile strength.
In the present study, additional tensile tests of SLM IN718 alloy in-
dicated that the yield stress along the Z direction is about 80% of that
along the X direction. It is also reported in SLM IN718 alloy [1,11] and
IN625 alloy [10] that lower yield stress was noticed in Z direction than
that of X direction, even after solution heat treatment. The strength
difference was responsible for the larger effective crack driving force as
a function of crack tip plastic zone size in Z direction [10]. Previous
studies [35] suggest that the small fatigue crack growth was affected by
both the accumulated irreversible cyclic plastic damage at crack tip and
the tensile plastic deformation at crack-tip to cause local fracture and
crack extension. Shyam et al. [35] proposed a small crack growth model
by taking the product of the cyclic crack-tip opening displacement, ¢,,
and the monotonic crack-tip opening displacement, ¢,,, as the crack
driving force, based on the dislocation density field theory of Bilby,
Cottrell and Swinden [37]. The two parameters, ¢, and ¢,,, are function
of the yield stress oy, the maximal stress op,,cduring a full cycle , and the
Young’s modulus, E. The parameter ¢, ¢, decreases with higher yield
stress, leading to smaller FCGR, which was reported to be able to cor-
relate the FCGR curves of varying strength materials under different
temperatures [35]. Zhang et al. [12] also suggested that Shyam’s model
was likely to characterize the small FCGR of IN718 alloys with varying
grain size to some extent. This model can be also used to explain the
higher FCGR along the Z orientation, compared to that of X and XZ
orientations. Nevertheless, the short fatigue crack growth can be af-
fected by several factors, for instance, the crystallographic slip manner
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at different temperatures [15], interaction between fatigue short cracks
and slip bands [14], adjacent cracks, and grain boundaries [14].
Especially, the impeding effects of grain boundaries were evidently
observed in the present work, which usually led to an increase of crack
tip opening displacement when the crack was retarded at a grain
boundary. At this moment, the fatigue crack growth would decelerate,
corresponding to a large CTOD. This deviation would make the models
based on CTOD somehow difficult to deal with microstructurally small
crack growth. Quantitative studies on the driving force of fatigue short
crack based on high resolution in-situ characterizations of CTOD and
cyclic plastic zone are needed to add more lights to this issue in future
work.

5. Conclusions

The effects of orientation and temperature on the fatigue short crack
growth behavior of Inconel 718 alloy fabricated by selected laser
melting was studied by in situ SEM fatigue testing. The following
conclusions have been obtained in this work:

(1) Fatigue crack initiation occurred at the notch root following
crystallographic way associated with octahedral slip deformation, re-
gardless of specimen orientations under both testing temperatures in
this study. The subsequent crack propagation exhibited commonly
transgranular fracture mode for all specimens.

(2) Fatigue crack growth rates showed remarkable fluctuations for
all testing cases. The deceleration was closely related to the blocking
effects of grain boundaries formed by selective laser melting, and a
subsequent acceleration was found after exceeding the microstructural
barriers or coalescence with adjacent cracks.

(3) The fatigue short crack growth rates of Inconel 718 alloy showed
evident orientation dependence. Fatigue cracks propagated much faster
in the Z orientation specimen than that of the other two orientations (X
and XZ), mostly due to the small misorientation of adjacent grains of Z-
oriented specimen following a cube texture and the lower strength
along the build-up orientation (Z orientation). XZ-specimen showed
slighter lower FCGR than that of X specimen under room temperature,
which became less distinguishable under 650 °C.

(4) The fatigue short crack growth rates at 650 °C were higher than
those at 25 °C, which can be attributed to reduced material strength and
less blocking effects of grain boundary at elevated temperature, in ac-
cordance with less tortuous fatigue crack path at 650 °C.
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