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A B S T R A C T

Quantitative assessment of fatigue crack growth (FCG) in a Si-modified Inconel 939 alloy, processed by laser powder bed fusion additive manufacturing (L-PBF AM),
was conducted through cyclic bending of pre-notched cantilevers with a characteristic cross-sectional dimension of 25 μm × 25 μm. To the best of our knowledge, this
work is the first to show that cyclic bending of such pre-notched microscale cantilevers can sense both the threshold regime and the Paris-law regime of FCG
quantitatively, despite the small specimen size. The deliberate fabrication of such microscale test specimens enables control of the direction of fatigue crack
propagation with respect to a given microstructure, while avoiding the inclusion of volumetric defects within the test volume. Significant differences in FCG behavior
were observed when the direction of crack propagation was switched from being parallel to the AM build direction to being perpendicular to it. The present work
demonstrates the efficacy of FCG assessment using microscale specimens, which can enhance our understanding of the influence of a given microstructure on crack
growth behavior.

1. Introduction

Metal additive manufacturing (AM) has been intensely studied over
the past two decades [1]. Application of additively manufactured metal
parts has been explored by wide ranging industrial sectors, including
automotive, aerospace, medical, building and construction, oil and gas
[2]. Laser- and electron beam-based AM techniques have been shown to
be prone to produce metal parts containing various volumetric defects,
which negatively impact part durability [3]. As durability is critical to
whether AM metal parts can be safely employed in load-bearing appli-
cations, fatigue life assessment of AM metal parts has continued to be a
research focus [4,5].

Significant research efforts have been devoted to fatigue of AMmetal
parts [6]. Many stress – cycle (S – N) and fatigue crack growth (FCG)
measurements have been reported or reviewed in the literature [7–9].
Anisotropy of fatigue response of AM metal parts to cyclic loading has
been reported. For laser-based AM processes, e.g., laser powder bed
fusion (L-PBF), the fatigue performance of so-fabricated metal parts in
response to uniaxial cyclic loading has been shown to depend on the
orientation of loading axis with respect to the specimen build direction
(BD) [10]. The general explanation given for the observed anisotropic
fatigue performance of AM metal parts cites the anisotropic

solidification microstructure due to the high cooling rates and the high
directionality of heat transfer, as well as the anisotropic nature of defects
particular to the L-PBF process [11]. It should be noted that, even with
the high cooling rates and highly directional heat transfer typical of
laser-based AM, the directionality of microstructure and defects within
the metal parts is not perfect, e.g., the long axes of the typically observed
columnar grains are not perfectly aligned but rather show a distribution.
Furthermore, the AM process typically generates numerous anisotropic
volumetric defects within such metal parts [12].

Cyclic loading experiments conducted on AM metal parts, as re-
ported in the present literature, have been carried out at the macro-
scopic scale, following established protocols for measuring either total
fatigue performance (S – N curves) [13] or fatigue crack growth rate
(FCGR) [14]. As the characteristic specimen size for such measurements
is typically larger than several mm, exceeding the typical dimension of
the microstructure or defects within AM metal parts by orders of
magnitude, measured S – N curves or FCGR curves necessarily represent
a response averaged over numerous differently oriented microstructural
domains and influenced by the numerous anisotropic volumetric defects
present within the test specimen volume. This type of volumetric aver-
aging leads to contradictory statements in the literature, with some
observing a dependence of fatigue performance on the orientation of
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loading axis with respect to BD [10] and others stating no significant
difference in fatigue behavior with respect to BD [15,16]. In the latter
case, it was noted that the presence of built-in defects can exert a
stronger influence than the difference in microstructure due to BD
change [15]. A recent work showed differences in measured FCGR in
electron beam AM alloy specimens containing mesoscale spatial regions
with distinctly different microstructures. While the characteristic
microstructural dimension is sub-mm, the FCGR measurement was still
conducted at the macroscopic scale [17]. For laser or electron beam AM
parts, conducting FCGmeasurements in microscale specimens offers two
advantages, 1) a microscale test specimen can be fabricated such that it
contains no volumetric defects, thus eliminating their significant and
often dominant influence on specimen response under cyclic loading; 2)
microscale test specimens can be fabricated such that they are
comprised of one dominant microstructure, thus allowing the influence
of microstructure on FCGR to be evaluated quantitatively. To the best of
our knowledge, no such experiment has been reported in the literature
to date.

In terms of classifying mechanical testing at small length scales, the
convention used in the manufacturing literature is adopted in defining
the nanoscale (<1 μm), the microscale (1–100 μm), the mesoscale (100
μm – 1000 μm), and the macroscale (beyond 1000 μm) [18]. Two critical
enabling factors for microscale mechanical testing are the capability of
site-selective fabrication of microscale specimens via focused ion beam
(FIB) machining [19] and the capability for instrumented nano/micro
mechanical actuation in-situ scanning electron microscopes (SEMs)
[20]. Examples of small-scale mechanical testing include uniaxial qua-
sistatic compression and tension of nanoscale and microscale pillar
specimens [21,22] and quasistatic bending of microscale cantilever
beams [23,24]. In particular, using bending of pre-notched micro can-
tilevers for measuring fracture toughness has received attention [25].

In this paper, results are reported for FCG measurements on L-PBF
AM Inconel 939 alloy (IN939) with an addition of 3 wt% Si as a minor
alloying element (henceforth referred to as IN939-3Si), using microscale
pre-notched cantilever specimens. IN939-3Si was chosen because its
distinctive solidification microstructure makes it a good vehicle to
demonstrate one major advantage of the microscale measurement pro-
tocol, namely, the ability to quantitatively assess the influence of
microstructure on FCG without the influence of built-in volumetric de-
fects. Cyclic mechanical loading is accompanied by detailed structural
characterization and fractography. Also presented are discussions
regarding microscale measurements and relating measured results to
microstructure.

2. Methods

Commercial gas atomized IN939 powders (Carpenter Additive, USA)
were used as the AM feedstock. IN939 powders and commercial Si
particles (99.5 %+, Alfa Aesar, USA) were mixed in a SPEX 8000m
MIXER for 10 h. Disk-shaped IN939-3Si specimens with dimensions of
10 mm × 10 mm × 6 mm were fabricated through LPBF-AM using a
custom-built selective laser melting machine under a flowing argon at-
mosphere. The parameters of LPBF-AM processing were: layer thickness
= 0.05 mm, laser power = 160 W, laser scan speed = 100 mm/s, and
hatch space = 0.05 mm. A simple “back-and-forth” scanning strategy
was adopted, with no rotation across layers. Further details on the alloy
composition and the LPBF-AM process were reported previously [26].
Details on the design and construction of the custom LPBF-AM instru-
ment have been reported elsewhere [27,28].

FCG measurements were carried out on one-end-attached microscale
IN939-3Si cantilever beams. Focused ion beam machining was used to
fabricate cantilevers on a Xe+ plasma focused ion beam/scanning elec-
tron microscope (PFIB/SEM, ThermoFisher Helios G4) at a Xe+ beam
voltage of 30 kV. An as-printed IN939-3Si specimen was mechanically
polished to a disk with parallel top and bottom surfaces and a right-angle
edge. An array of one-end attached cantilevers is milled out by PFIB

along the edge, as illustrated in the schematic of Fig. 1(a). Fig. 1(b)
shows a low magnification image of an array of tested cantilevers.
Successively decreasing Xe+ beam currents were used during FIB milling
to generate smooth cantilever surfaces. A sharp pre-notch was cut into
the top surface of the cantilever, using 30 kV Xe+ beam at 4 nA in the
line-milling mode. Fig. 1(c) shows a magnified view of one pre-notched
square cantilever. Fig. 1(d) shows another pre-notched cantilever prior
to cyclic loading in-situ an SEM. The cantilever top and front surfaces,
beam width B, and beam thickness t are indicated in Fig. 1(c). The
Cartesian coordinate system shown in Fig. 1(c) has X parallel to the
cantilever long axis and Z normal to the cantilever front surface. The
beam thickness t, pre-notch depth ao, remaining beam thickness ho, and
load length lL are indicated in Fig. 1(d). As shown in Fig. 1(c), typical
cantilever width B, thickness t, and total length are respectively ~25 μm,
~25 μm, and ~100 μm. The distance between the cantilever attachment
and the pre-notch ranged between 20 and 25 μm. The depth of the pre-
notch ao is ~8 μm. Bending load, as illustrated in Fig. 1(d), was applied
near the cantilever end away from the pre-notch in-situ an SEM (FEI
Quanta3D FEG). The loading was applied through a flat-ended Si punch.
Geometric parameters of the specimen, B, t, ao, and lLwere measured for
each cantilever. All cantilevers were fabricated from as-printed IN939-
3Si.

Cyclic bending of IN939-3Si cantilevers was executed using an
instrumented uniaxial nanomechanical actuator (FemtoTools NMT-04).
In all experiments reported here, a sinusoidal load was applied at a
frequency of 100 Hz. Fig. 2 illustrates continuous stiffness measure-
ments during cyclic bending of pre-notched cantilevers. Fig. 2(a) and (b)
show respectively compression force versus time near the beginning and
in the middle of one test. Fig. 2(c) and (d) show the corresponding plots
of compression force versus actuator displacement for the loading cycles
shown respectively in Fig. 2(a) and (b). The minimum bending load Fmin
and maximum load Fmax were set respectively at 4500 μN and 49500 μN,
at a constant load ratio R = Fmin/Fmax = 1/11. The load force F and
actuator total displacement D were recorded continuously versus time.
Prior to loading on the cantilever, the actuator system stiffness was
measured by compressing the flat-ended Si punch onto a solid land part
of the specimen, away from the cantilever. This system compliance was
subtracted from D during cantilever compression to yield the force F
versus true displacement d, from which the bending stiffness of the
cantilever S = F/d was obtained, as shown in Fig. 2(c) and (d).

The length of the fatigue crack was assessed through measuring the
bending stiffness of the cantilever during cyclic loading. Fig. 3(a) shows
the measured stiffness S versus the number of load cycles N, for the same
cantilever whose loading history was shown in part in Fig. 2. An initial
slow decrease of Swas observed, followed by a more precipitous drop to
~33 % of the initial stiffness, at which point the test was stopped. The
two red arrows in Fig. 3(a) highlight the two points on the S – N curve
corresponding to the two load and displacement data sets shown in
Fig. 2. To relate this decrease in S to an increase in the fatigue crack
length a from the initial depth of the pre-notch ao, elastic finite element
method (FEM) simulations were conducted using the FEM software
package ANSYS® to calculate the bending stiffness of a cantilever with a
crack. Fig. 3(b) shows one such FEM mesh used, with the cantilever
width B = 25 μm, thickness t = 25 μm, and a crack length a = 12 μm. The
cantilever was rigidly attached at the left end. The distance between the
attachment and the crack was 20 μm. The load length lL was 63 μm. A
number of downward loads at the right end of the cantilever were
applied and the downward displacements of cantilever end were
measured, fromwhich the bending stiffness was calculated. The 10-node
3D tetrahedral structural solid element SOLID187 was used. Conver-
gence was demonstrated when decreasing the element size from 1 μm to
0.5 μm led to results differing by< 5 %. Fixing B = 25 μm and t = 25 μm,
Fig. 3(c) plots the results of S versus a from a series of FEM simulations,
conducted by varying the distance between the cantilever attachment to
the crack in the range of 20–25 μm, lL in the range of 59–65 μm, and a in
the range of 0–20 μm. These ranges encompass parameters measured in
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Fig. 1. PFIB fabrication of microscale IN939-3Si cantilever beams with pre-notches: (a) a schematic illustrating a milled array of one-end attached cantilevers from a
disk with parallel top and bottom surfaces and a right-angle edge; (b) a low-magnification image of a tested array of cantilevers; (c) a magnified view of one typical
pre-notched square cantilever; (d) another pre-notched cantilever prior to cyclic loading in-situ an SEM. The L-PBF AM build direction and printing plane are
indicated in (a).

Fig. 2. Stiffness measurements during cyclic bending of pre-notched cantilevers: compression force versus time curves (a) near the beginning and (b) in the middle of
one test; (c/d) compression force versus actuator displacement for the loading cycles shown respectively in (a) and (b). The red lines through the data points in (a/b)
are guides to the eye. The red lines in (c/d) are least squares fits to the data. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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the experiments. The calculated stiffness at a = 0 is defined as So. Fig. 3
(d) plots the stiffness normalized to that of the cantilever without a
crack, S/So, versus crack length normalized to cantilever thickness, a/t.
Within the range of parameter variations, S/So conforms to a single
function of a/t to an accuracy of a few percent. The red dashed curve in
Fig. 3(d) represents a cubic polynomial fit to the FEM results of S/So
versus a/t. Within the parameter range used in the FEM simulations (and
encountered in the experiments), this polynomial fit thus relates S/So to
a/t. To convert measured S – N curves to curves of a – N, the pre-notch
length ao was measured from the final fracture surface (vide infra) and
the value of ao/t computed. The value of S/So at the beginning of cyclic
loading is then derived from the polynomial fit to S/So versus a/t.
Subsequent S values (S < So) were then converted to crack length a (a >

ao) through the S/So versus a/t relationship. Fig. 3(e) shows the a – N
curve converted from the measured S – N curve shown in Fig. 3(a). All
raw S – N data were converted to a – N curves following the procedure
described above. Once a – N curves were obtained, da/dN versus N was
calculated numerically.

Specimen characterization using SEM, X-ray energy dispersive
spectroscopy (EDS), and electron backscatter diffraction (EBSD) was
carried out on the Helios G4 PFIB/SEM, which housed an Oxford EDS/
EBSD system. EDS mapping and EBSD mapping were conducted at
electron beam voltage and current of 20 kV and 1.6 nA, respectively.
High resolution SEM imaging was conducted in the immersion mode at
electron beam voltages of 2 kV and 5 kV. Details of X-ray computed
tomography (XCT), X-ray diffraction (XRD), and scanning/transmission
electron microscopy (S/TEM) examinations were reported previously
[26] and are not repeated here. The key steps of the microscale cyclic
loading experiment include mechanical polishing of as-printed speci-
mens to define well-polished sample external surfaces perpendicular and
parallel to the AM build direction, reproducible PFIB milling to fabricate
cantilevers with smooth external surfaces and pre-notches, cyclic
compression of cantilever with well-controlled Fmin, Fmax, and loading
frequency, and reliable conversion of raw force-displacement data to
bending stiffness S.

3. Results and discussion

Previous XRD and TEM analysis performed on as-printed IN939-3Si
specimens showed that the dominant phase within is the γ matrix. No γ′
phase was observed. Additional precipitates form due to addition of the
Si alloying element. EBSD examinations showed that as-printed IN939-
3Si has a strong <001> texture, with the <001> direction showing a
strong alignment with BD. SEM and S/TEM EDS analysis showed that
the predominant precipitates are rich in Si, Ti, and Nb. These pre-
cipitates formed cells aligned with BD, with a typical cell size on the
micron scale [26]. This strong directionality of the IN939-3Si solidifi-
cation microstructure makes as-printed IN939-3Si a good vehicle for
demonstrating the present microscale FCG measurement protocol. Pre-
vious XCT data also indicated that as-printed IN939-3Si specimens are
free of volumetric pores and cracks [26].

Fig. 4 shows results of EBSD mapping of the front surface of one pre-
notched cantilever fabricated from as-printed IN939-3Si. The IN939-3Si
specimen was oriented such that the cantilever long axis (Fig. 4(a), X-
direction) was perpendicular to BD. This cantilever orientation is thus
dubbed “transverse”. For transversely oriented cantilevers, the PFIB
milled pre-notch is parallel to BD (Y-direction). The EBSD mapping area
covered most of the cantilever thickness. The EBSD band contrast image
shown in the inset of Fig. 4(a) shows a clear columnar structure, with the
columns largely aligned with BD. Consistent with the band contrast
image, the inverse pole figure (IPF) maps, Fig. 4(b), (c), and (d), all show
the same columnar structure. The IPF-Y map shown in Fig. 4(c) shows a
dominant <001> orientation, consistent with a strong <001> texture
aligned with BD. The results of EDS mapping of the front surface of the
same cantilever are shown in Fig. 5. Comparing Figs. 4 and 5, it is
evident that the columnar structure apparent in Fig. 4 is accentuated by
the cell structure of the precipitates, rich in Si, Ti, and Nb. The Ni, Co,
and Cr compositions within the γ matrix appear to be uniform. Fig. 6
shows the results of EDS mapping of the top surface of the same canti-
lever. The cell structure of the precipitates, rich in Si, Ti, and Nb, is
evident, with a typical cell size of 2–3 μm.

Fig. 7 shows results of EBSD mapping of the front surface of another
pre-notched IN939-3Si cantilever fabricated out of the same as-printed

Fig. 3. Estimating fatigue crack length increase from measured bending stiffness decrease: (a) measured stiffness versus number of cycles; (b) one mesh used for
elastic FEM simulation of bending stiffness of a cantilever with a crack; (c) calculated bending stiffness S versus crack length a for varying distances from cantilever
attachment to crack and varying load spans lL; (d) normalized stiffness versus normalized crack length for all cases shown in (c); (e) crack length a versus number of
cycles N converted from the S – N curve shown in (a).
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IN939-3Si. Here, the IN939-3Si specimen was rotated 90◦ such that the
cantilever long axis (Fig. 7(a), X-direction) was parallel to BD. This
cantilever orientation is thus dubbed “longitudinal”. For longitudinally
oriented cantilevers, the PFIB milled pre-notch is now perpendicular to
BD (X-direction). The EBSD band contrast image shown in the inset of
Fig. 7(a) shows the same columnar structure aligned with BD. The EBSD
mapping area again covered most of the cantilever thickness. Consistent
with the band contrast image, the inverse pole figure (IPF) maps, Fig. 7
(b), (c), and (d), all show the same columnar structure. The IPF-X map

shown in Fig. 7(d) again shows a dominant <001> orientation,
consistent with the data shown in Fig. 4. The results of EDS mapping of
the front surface of the same cantilever are shown in Fig. 8, again
showing the same columnar structure accentuated by the cell structure
of the Si, Ti, and Nb rich precipitates. EDS mapping of the top surface of
the same cantilever is shown in Fig. 9, which shows similar alignment of
Si, Ti, and Nb rich precipitates along the cantilever long axis, and uni-
form Ni, Co, and Cr compositions within the γ matrix. Data shown in
Figs. 7–9 exhibit the same columnar structure documented in Figs. 4–6.

Fig. 4. EBSD mapping of one pre-notched IN939-3Si cantilever in the transverse orientation: (a) an SEM image of the cantilever front surface including the PFIB
milled pre-notch (highlighted by the red arrow); (b/c/d) inverse pole figure (IPF) Z, Y, X maps. The inset in (a) is the band contrast image of the EBSD mapping area.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. EDS mapping of the front surface of the same pre-notched IN939-3Si cantilever shown in Fig. 4: (a) an SEM image of the cantilever front surface including the
PFIB milled pre-notch (highlighted by the red arrow); (b/c/d) corresponding X-ray intensity maps of Ni K, Cr K, and Co K; (e/f/g) corresponding X-ray intensity maps
of Si K, Ti K, and Nb L. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. EDS mapping of the same pre-notched IN939-3Si cantilever shown in Fig. 4: (a) an SEM image of the cantilever top surface including the PFIB milled pre-
notch (highlighted by the red arrows); (b/c/d) corresponding X-ray intensity maps of Ni K, Cr K, and Co K; (e/f/g) corresponding X-ray intensity maps of Si K, Ti K,
and Nb L. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M.H. Shahini et al.
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By orienting the IN939-3Si specimen differently, the pre-notch can be
placed either parallel or perpendicular to BD, and by extension, at any
inclination with respect to BD.

After the programmed cyclic loading completed, the actuator was
used to exert a final, quasi-static push downward to bend the cracked
cantilever as far as possible, so that the fracture surface is revealed to the
maximum extent. Fig. 10 shows results of cyclic loading of one IN939-

3Si cantilever in the transverse orientation, which serves to demon-
strate the correspondence between fatigue crack length deduced from
cantilever bending stiffness measurements and examination of the
actual fracture surface. Fig. 10(a) shows the a – N curve obtained from
stiffness measurements on one transversely oriented IN939-3Si canti-
lever, the same curve as that shown in Fig. 3(e). Fig. 10(b) shows an SEM
image of the corresponding fracture surface, showing the PFIB machined

Fig. 7. EBSD mapping of one pre-notched IN939-3Si cantilever in the longitudinal orientation: (a) an SEM image of the cantilever front surface including the PFIB
milled pre-notch (highlighted by the red arrow); (b/c/d) inverse pole figure (IPF) Z, Y, X maps, respectively. The inset in (a) is the band contrast image of the EBSD
mapping area. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. EDS mapping of the same pre-notched IN939-3Si cantilever shown in Fig. 7: (a) an SEM image of the cantilever front surface including the PFIB milled pre-
notch (highlighted by the red arrow); (b/c/d) corresponding X-ray intensity maps of Ni K, Cr K, and Co K; (e/f/g) corresponding X-ray intensity maps of Si K, Ti K,
and Nb L. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. EDS mapping of the same pre-notched N939-3Si cantilever shown in Fig. 7: (a) an SEM image of the cantilever top surface including the PFIB milled pre-notch
(highlighted by the red arrows); (b/c/d) corresponding X-ray intensity maps of Ni K, Cr K, and Co K; (e/f/g) corresponding X-ray intensity maps of Si K, Ti K, and Nb
L. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M.H. Shahini et al.
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pre-notch, the approximate location of the end of FCG zone, and the
additional fracture caused by further quasi-static compression of the
cyclically loaded beam. The length of the PFIB milled pre-notch ao, ~8.4
μm in this case, is easily identified by its smooth surface. As discussed in
the methods section, this measurement of ao determines the initial point
of the a – N curve shown in Fig. 10(a) (and Fig. 3(e)), according to which
the final length of the fatigue crack should be 15.6 μm, as indicated by
the white dashed line in Fig. 10(b). The higher magnification image of
the fracture surface shown in Fig. 10(c) shows the Si, Ti, and Nb rich
precipitates (as highlighted by the red arrows), as well as fine striations
commonly observed on fatigue fracture surfaces of alloys with a
reasonable toughness [29]. These fatigue striations appeared in the fa-
tigue crack growth zone and did not appear on the additional fracture
surface caused by the final quasi-static push of the actuator. An
approximate location of the end of the FCG zone was thus identified by
the presence or absence of fatigue striations. The two dashed white lines
in Fig. 10(c) highlight, respectively, the locations corresponding to the
end of the PFIB milled pre-notch and the demarcation between the
presence and absence of fatigue striations, the distance between which is
~7.2 μm. Thus, the comparison between Fig. 10(a) and (c) shows a good
correspondence between the final fatigue crack length estimated from
the stiffness-based method and that based on observations made on the
actual fracture surface. This correspondence confirms that the present
procedure used to infer the length of the fatigue crack from measured
bending stiffness is sound. Once the correctness of the a – N curve shown
in Fig. 10(a) was confirmed, a previously reported FEM simulation for
the mode I stress intensity factor KI for a cracked cantilever was used to
calculate KI as a function of the bending load F and the crack length a

[30]:

KI =
FlL
Bt3/2 f(a / t), (1)

and

f(a / t) = 77.608(a/t)3 − 48.422(a/t)2 + 24.184(a/t)1 + 1.52. (2)

As noted, the geometry parameters lL, B, t, were measured for each
cantilever experiment. Fig. 10(d) plots the FCG curve, i.e., crack growth
rate da/dN versus stress intensity factor range ΔK, where ΔK = KI(Fmax)
– KI(Fmin) = (1-R)Kmax and Kmax = KI(Fmax). Data shown in Fig. 10(d)
exhibit both the threshold regime and the Paris-law crack growth regime
[27]. The blue and red dashed lines in Fig. 10(d) are power law fits to the
threshold and Paris-law regimes of the fatigue crack growth data, with a
clear transition between them.

Fig. 11 summarizes the present FCGR data. Fig. 11(a) and (b) show,
respectively, the da/dN - ΔK curve obtained from one cantilever in the
transverse orientation and one in the longitudinal orientation. Again,
data shown in Fig. 11(a) and (b) exhibit both the threshold regime and
the Paris-law regime. Two separate power law fits, shown respectively
by the blue and red dashed lines in Fig. 11(a) and (b), describe the data
in the threshold regime and the Paris law regime reasonably well. The
intersection between the two power law fits with distinctly different
exponents marks the transition between the two regimes. The power law
fit to the data in the Paris law regime, da/dN = C(ΔK)m, yields the Paris
law exponent m. The threshold stress intensity factor ΔKth was taken to
be theΔK value at which the threshold regime power law fit extrapolates
to da/dN = 10−7 mm/cycle, or 1 Å/cycle. Fig. 11(c) and (d) show,

Fig. 10. Cyclic loading of one IN939-3Si cantilever in the transverse orientation: (a) crack length a vs. number of loading cycles N; (b) an SEM image of the fracture
surface showing the PFIB machined pre-notch, the approximate location of the end of FCG zone, and the additional fracture caused by further quasi-static
compression of the cyclically loaded beam; (c) a higher magnification image of a portion of the same fracture surface; (d) the deduced fatigue crack growth curve.

M.H. Shahini et al.
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respectively, a collection of da/dN - ΔK curves measured from 11 can-
tilevers in the transverse orientation and one measured from 6 cantile-
vers in the longitudinal orientation. Two separate power law fits were
conducted respectively on data in the threshold regime and the Paris law
regime for each cantilever. Tables 1 and 2 summarize, respectively, re-
sults of testing the group of 11 transversely oriented cantilevers and the
other group of 6 longitudinally oriented ones. First, it is noted that the
values of ΔKth were essentially the same for transversely and longitu-
dinally oriented cantilevers, the former being 6.8 ± 1.1 MPa m1/2 and
the latter 7.2 ± 0.9 MPa m1/2. Second, all da/dN - ΔK curves shown in

Fig. 11 exhibit both the threshold regime and the Paris-law crack growth
regime. Third, the scatter of the Paris law exponent m within the
transverse orientation test group is larger than that within the longitu-
dinal orientation test group, 1.5–7.0 in the former case and 0.0–1.5 in
the latter. Despite the scatter, the present measurements reveal a sig-
nificant difference in the m value for the transversely and longitudinally
oriented cantilevers. The slopes of the two red dashed lines in Fig. 11(c)
and (d) represent the Paris-law exponent averaged overall all mea-
surements in the group:m averages to 3.9± 2.1 for transversely oriented
cantilevers and to 0.8 ± 0.6 for longitudinally oriented ones. The
averaged Paris law exponent presently measured for transversely ori-
ented cantilevers,m = 3.9, is in line with a previous study of FCG in high
temperature alloys, which showed m ~3.5 for bulk IN939 [31]. The
present collection of data demonstrates, for the first time to the best of

Fig. 11. FCGR measured from IN939-3Si cantilevers: a da/dN - ΔK curve measured from (a) one cantilever in the transverse and (b) one cantilever in the longitudinal
orientation; a collection of da/dN - ΔK curves measured from (c) 11 cantilevers in the transverse orientation and (d) 6 cantilevers in the longitudinal orientation.

Table 1
Results of power law fits to fatigue crack growth data obtained from 11 trans-
versely oriented cantilevers. The Paris law exponent m averaged over the 11
independent measurements is 3.9 ± 2.1. The averaged threshold stress intensity
factor ΔKth is 6.8 ± 1.1 MPa m1/2.

Cantilever
#

Paris-law exponent,
m

Threshold stress intensity factor, ΔKth
(MPa m1/2)

1 2.3 7.2
2 6.0 7.7
3 5.0 6.9
4 5.0 8.3
5 1.5 4.7
6 2.3 6.1
7 6.5 6.2
8 4.0 7.3
9 2.3 5.2
10 7.0 7.9
11 1.5 7.5

Table 2
Results of power law fits to fatigue crack growth data obtained from 6 longi-
tudinally oriented cantilevers. The Paris law exponent m averaged over the 6
independent measurements is 0.8 ± 0.6. The averaged threshold stress intensity
factor ΔKth is 7.2 ± 0.9 MPa m1/2.

Cantilever
#

Paris-law exponent,
m

Threshold stress intensity factor, ΔKth
(MPa m1/2)

1 0.0 7.0
2 1.0 7.4
3 1.3 6.6
4 0.2 5.8
5 1.0 7.5
6 1.5 8.6
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our knowledge, that cyclic bending of pre-notched microscale cantile-
vers can sense both the threshold regime and the Paris-law regime of
fatigue crack growth, despite the small characteristic specimen size of
~25 μm. Furthermore, such measurements can sense a significant dif-
ference in crack growth when the direction of crack propagation is
oriented differently within a given microstructure, in this case, the di-
rection of crack propagation with respect to the pronounced columnar
microstructure (BD).

Gruber et al. summarized results of FCGR measurements on L-PBF
Inconel 718 (IN718) alloys conducted in several independent studies
[32]: at a constant load ratio of R = 0.1, measured values of ΔKth and
da/dN at the transition from the threshold regime to the Paris law
regime both showed rather large variations: from ~3 to ~15 MPa m1/2

for ΔKth and from ~10−6 to ~5 × 10−5 mm/cycle for da/dN. The
apparent sharpness of the threshold to Paris law regime transition also
varied from study to study [30]. The presently measured values of ΔKth,
~7 MPa m1/2 are in line with those obtained from macroscopic FCGR
measurements on L-PBF IN718 alloys. A similar statement can be made
about the presently measured da/dN values at the threshold to Paris law
regime transition, which ranges from 4 × 10−5 to ~1 × 10−4 mm/cycle.
It is noted that a much more uniform microstructure is contained within
the present microscale cantilever specimens as compared to conven-
tional macroscale FCG specimens, while the physical dimensions of the
present micro cantilevers are much smaller than the macroscale speci-
mens. Whether the rather sharp transition from the threshold regime to
the Paris law regime exhibited in the present measurements is due to the
increased microstructural uniformity or the small specimen size needs to
be ascertained through additional studies.

Fig. 12 shows typical fatigue fracture surface morphologies of
cyclically loaded microscale IN939-3Si cantilevers. Fig. 12(a) and (b)
show respectively fracture surfaces of one transversely and one longi-
tudinally oriented cantilever. Fig. 12(a) exhibits a morphology typical of

transgranular fatigue fracture surfaces, decorated by exposed smooth
fracture surfaces of the Si, Ti, and Nb rich precipitates, indicating that
these precipitates are brittle. Fig. 12(b) shows a similar transgranular
fatigue fracture morphology, but in patches. Fig. 12(c) and (d) show
respectively higher magnifications images of the same fracture surfaces
shown in Fig. 12(a) and (b). The white arrows in Fig. 12(c) and (d)
highlight fatigue striations in the γ matrix. The red arrows in Fig. 12(c)
and (d) highlight smooth fracture surfaces of the Si, Ti, and Nb rich
precipitates. The yellow line in Fig. 12(c) and green line in Fig. 12(d)
mark, respectively, distances spanned by 10 and 20 fatigue striations,
which are respectively ~180 nm and ~340 nm in length. In Fig. 12(c),
the precipitates, easily distinguishable by their smooth fracture surfaces,
are seen to line up approximately along the direction of crack propa-
gation, or BD. In Fig. 12(d), the transgranular fracture surface patch of
the γ matrix is seen to be surrounded by an approximately circular
arrangement of precipitates. Such observations are consistent with the
precipitate cell structure documented in Figs. 4–9. In particular, fracture
surfaces of longitudinally oriented cantilevers are expected to exhibit Si,
Ti, and Nb rich precipitates in approximately circular cells (e.g.,
compare Figs. 12(d) and 6). In both Fig. 12(c) and (d), the fatigue stri-
ations observed in the γ matrix demonstrate that cyclic bending of the
microscale cantilevers has indeed led to fatigue crack propagation
through the crack blunting mechanism [27]. The average spacing be-
tween successive fatigue striations in the γ matrix, highlighted by the
yellow line and green line shown respectively in Fig. 12(c) and (d),
appears to be similar in magnitude regardless of the cantilever orien-
tation: ~18 nm in Fig. 12(c) and ~17 nm in Fig. 12(d). Thus, the sig-
nificant difference in fatigue crack growth when the crack propagates
parallel or perpendicular to the build direction in the present IN939-3Si
cantilevers, as manifested by the significantly different m values,
apparently results from the difference in microstructure, specifically, the
arrangement of the cell structure of the brittle precipitates with respect

Fig. 12. Fracture surface morphology of cyclic loaded IN939-3Si cantilevers: a lower magnification SEM image of the fracture surface of (a) one cantilever in the
transverse orientation and (b) one cantilever in the longitudinal orientation; (c/d) a higher magnification image of the same fracture surface shown in (a) and (b). The
white dashed lines in (a) and (b) highlight the ends of PFIB milled pre-notches.
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to the direction of crack propagation. It is noted that a lower value of the
Paris law exponent mmeans that the dependence of da/dN on ΔK is less
pronounced (in the limit of m = 0, da/dN is independent of ΔK). For a
given specimen size, fatigue crack growth under loading with constant
Fmax and R is slower for a lower value of m. That is, for as-printed
IN939-3Si, the present measurements show that the rate of fatigue
crack growth when the direction of crack propagation is perpendicular
to the direction of columnar growth (BD) is significantly lower than that
when crack propagation is parallel to the direction of columnar growth.

While earlier reports showed no clear consensus on the effects of
microstructure-induced anisotropy on fatigue behavior from macroscale
measurements [10,15,16], a more recent FCG study of L-PBF IN718 by
Ghorbanpour et al. using macroscale measurements showed lower FCGR
when the crack propagation direction is perpendicular to BD [33],
qualitatively similar to the present data. They argued that the lower
FCGR is due to the larger number of grain boundaries perpendicular to
the path of the propagating crack [33]. A similar argument can be made
in the present case. Because of the distinct microstructural anisotropy
present within as-printed IN939-3Si, a fatigue crack propagating along
BD or perpendicular to BD would see a rather different local environ-
ment. In the latter case, the propagating crack would encounter signif-
icantly more brittle precipitates, periodically interspersed and
perpendicular to its path (compare e.g., data shown in Figs. 4–6 vs. those
in Figs. 7–9). Each encounter serves to “reset” the speed of crack prop-
agation and thus lower the average Paris law exponentm. It is noted that
such an argument is at best heuristic, and a more detailed computational
modeling/simulation effort should accompany the experimentation to
achieve a better understanding, a task remaining for the future.

A comment should be made on the appropriateness of the stress in-
tensity factor calculation, as expressed in Eqs. (1) and (2). First, it is
noted that, for a cracked plate, the compliance or the inverse of the
stiffness, C = 1/S, is relatable to the energy release rate G through [27].

G=
F2

2B
dC
da

. (3)

Second, it is noted that G is related to K through the G – K
equivalence,

G=
1− ν2
E

K2I , (4)

G=
1
E
K2I , (5)

for plane strain and plane stress, respectively [27]. In Eqs. (4) and
(5), E and ν are respectively the Young’s modulus and the Poisson’s
ratio. Third, it is noted that, for the present experiments, Fmax, B, E, and ν
are constants, therefore dC/da and K2I should have the same functional
dependence with respect to the crack length a. In the present experi-
ments, since S is measured continuously as a function of load cycle N,

and a as a function of N is derived through the FEM simulations, C is
therefore known as a function of a and dC/da can be obtained numeri-
cally. The relationship between dC/da and K2I can thus be tested. Fig. 13
(a) shows a dC/da – a plot for one tested cantilever, on which K2I (a) as
calculated from Eqs. (1) and (2) is superimposed. The general agreement
between dC/da and K2I is evident. This agreement further confirms the
soundness of the present measurements, as well as the previously
calculated KI as expressed in Eqs. (1) and (2) [28].

One basic issue deserving further discussion is the extent of the
plastic zone ahead of the fatigue crack tip. For monotonic loading in
mode I at the macroscopic scale, the size of the plastic zone ahead of the
crack tip, rp, can be related to the stress intensity factor KI and the yield
stress σy of the material:

rp =
1
3π

(
KI

σy

)2

, (6)

rp =
1
π

(
KI

σy

)2

, (7)

for plane strain and plane stress, respectively [27]. Micro-tensile
testing of the presently-used, as-printed IN939-3Si has been conducted
previously, and a yield stress value of σy ~1 GPa was obtained from
measured tensile stress – strain curves [26]. An appropriate value for KI
for the present cyclic loading situation can be chosen by examining data
shown in Fig. 11. For this discussion, the KI value was chosen to be ~12
MPa m1/2, a value within the Paris-law crack growth regime for all
cantilevers whose data are shown in Fig. 11. Taking these values, an
estimate of rp would be ~15 μm for plane strain and ~45 μm for plane
stress according to Eqs. (6) and (7). These values overestimate the actual
size of the plastic zone ahead of the fatigue crack tip in the present
cantilevers, as the size of the entire specimen is ~25 μm.

Additional factors may be at play for why rpwas overestimated in the
previous paragraph. In the context of measuring fracture toughness
using microscale specimens, it was noted that σy values estimated from
nanoindentation measurements may be more appropriate as they offer a
better representation of the characteristic material flow stress when
significant strain gradients are expected to be present near the crack tip
[28]. Nanoindentation measurements have also been performed previ-
ously on the presently-used, as-printed IN939-3Si, and its hardness was
measured to be ~6 GPa at small indentation depths [26]. Based on the
well-known hardness-to-flow stress scaling [34], an estimate for the flow
stress in the presence of significant strain gradients should be ~2 GPa.
Taking KI and σy respectively to be ~12MPa m1/2 and ~2 GPa, rpwould
be ~3.8 μm for plane strain and ~11.4 μm for plane stress according to
Eqs. (6) and (7).

Fig. 13(b) shows an SEM image of the front surface of one trans-
versely oriented cantilever after cyclic loading. The pre-notch depth ao is
~8 μm, and the fatigue crack has propagated away from the end of the

Fig. 13. (a) Measured dC/da versus a for one cracked cantilever. The curve of K2 vs. a calculated from Eqs. (1) and (2) is superimposed on the plot, scaled such that
the numerical values of dC/da and K2 agree at the lowest a value. (b) a low magnification SEM image of the front surface of one transversely oriented cantilever; (c) a
higher magnification image of the front surface near the tip of the same fatigue crack. The red dashed lines in (b) highlight respectively the end of the pre-notch and
the location of the crack tip. The red dashed circle in (c) highlights the extent of the slip steps near the crack tip. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

M.H. Shahini et al.



Materials Science & Engineering A 913 (2024) 147032

11

pre-notch for ~4.8 μm. Fig. 13(c) shows a higher magnification image of
the cantilever front surface near the crack tip. It is evident that a dense
collection of slip traces appeared near the crack tip, indicating disloca-
tion activities reaching the surface. This dense collection of slip traces is
approximately enclosed within a circle with diameter of ~2.2 μm, which
yields an estimate, albeit a rough one, of the extent of the plastic zone
near the crack tip. This value of ~2.2 μm, based on the surface slip trace
observations, is close to the rp estimate in the preceding paragraph. It is
noted that a previous discrete dislocation (DD) plasticity modeling of
short cracks in single crystals modeled the fracture behavior as an
interplay between the cohesive and plastic flow properties. Defining the
plastic zone size as the spatial extent from the crack tip possessing a
certain amount of slip activity or dislocation density, the DD simulations
generated a plastic zone size in the micron scale [35]. A more detailed
understanding of the plastic zone near the tip of a fatigue crack in
microscale specimens, such as the cantilevers used in the present work,
requires additional experimental characterization as well as modeling
and simulation efforts, and remains a task for the future.

The fact that the present microscale test protocol for FCG measure-
ments can sense quantitative differences in crack growth behavior when
crack propagates along different directions with respect to a given
microstructure opens possibilities for further AM material/process
design. It has been professed that one promise offered by AM is the
ability to do location-specific tailoring of the microstructure within an
AM component according to the expected stress distribution within the
component when it is put into service [12]. The present results show that
such location-specific microstructure designs can now be assessed
quantitatively through microscale tests demonstrated here. Realization
of such a promise also remains a task for the future. Work is ongoing
with an aim to apply such test protocol to a broader range of AM ma-
terials and processing conditions, validate experimental findings with
computational models, and explore microstructure-tailored designs in
application settings.

4. Summary

Measurements of fatigue crack growth in an as-printed L-PBF IN939-
3Si alloy were conducted through cyclic bending of pre-notched canti-
levers with a characteristic cross-sectional dimension of 25 μm× 25 μm.
Despite the small specimen size, the cyclic bending measurements can
sense both the threshold regime and the Paris-law regime of fatigue
crack growth quantitatively. Fabrication of microscale cantilevers al-
lows crack propagation to be arranged along specific directions with
respect to a given microstructure. In the present experiments, FCG
measurements were conducted with the direction of crack propagation
in parallel with or perpendicular to the L-PBF build direction, with no
influence from built-in volumetric defects. Significant differences in FCG
behavior were observed when the direction of fatigue crack propagation
is parallel or perpendicular to the columnar microstructure of as-printed
IN939-3Si: crack growth rate is slower when the propagation direction is
perpendicular, as evidenced by the substantially smaller value of the
Paris law exponent. The present work demonstrates the efficacy of
measuring FCG using microscale specimens, which offers the advantage
of being able to quantitatively sense the influence of a given micro-
structure on crack growth as well as facilitating the understanding of the
associated crack propagation mechanisms. The present study focused on
one specific alloy system with a particular microstructure. The appli-
cability and limitation of the presently described microscale test pro-
tocol need to be clarified through generalization to other AM materials
in the future. The influence of the pre-notch geometry and loading fre-
quency also needs to be better understood through future
experimentation.
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