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Abstract

This study aims at characterizing the role of strong anisotropy in fatigue crack growth for a superalloy processed
by additive manufacturing. The choice has been made to investigate two specimens exhibiting significantly different
crystallographic textures, representative of possible variations of microstructures within a real part.

Both cyclic mechanical behavior and fatigue crack growth have been investigated at high temperature. As a con-
sequence of the oriented microstructure, high levels of anisotropy of elastic and viscoplastic behaviors were observed.
These behaviors have been modeled by the combination of orthotropic elasticity, a Hill’s criterion and linear and
non-linear kinematic hardening laws. To assess fatigue crack growth driving forces, in the context of complex crack
shape, finite element analysis was proceeded taking care of 3D crack shape description. J was derived from G-6, this
method being convenient for anisotropic material.

In most cases, fatigue cracks were found to grow preferentially at the vicinity of grain boundaries, regardless of the
crystallographic orientation. An intrinsic fatigue crack growth rate related to this intergranular mechanism has been
determined. On the other hand, mostly transgranular crack growth were observed when the loading was applied in
the processing direction. In this case, the crystallographic texture appears to be the main factor governing the fatigue
crack growth rate.
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Highlights

* IN718 was processed by L-PBF for two sets of processing parameters, yielding one or two main grains orienta-
tions

» Resulting mechanical behavior is strongly anisotropic for both elasticity and cyclic hardening

* Fatigue crack path is mostly governed by grain boundaries, with the exception of tests conducted with loading
in the building direction.

* Complex crack morphology implies that driving forces can only be retrieved through 3D finite element analysis
(FEA) accounting for anisotropy

* Integral-J assessed by FEA reveals an almost intrinsic behavior for intergranular cracking

* Crystallographic texture impact strongly fatigue crack growth rate in the case of transgranular cracking



1. Introduction

Laser powder bed fusion (L-PBF) is the most investigated additive manufacturing (AM) technology since it en-
ables the design of complex geometries and multi-functions associated to them. Early attempts of manufacturing parts
by L-PBF often resulted in a suboptimal compacity, and a hot isostatic pressure (HIP) post-treatment was mandatory
to avoid any detrimental effect of pores in fatigue lifetime (e.g. [[1]). Due to significant process optimizations, most of
the L-PBF materials processed nowadays exhibit a pore fraction that lies within industrial standard ranges, i.e. below
0.1% [2].

The large thermal gradients and fast solidification rates stemming from the L-PBF process lead to columnar grains
oriented in the processing direction. As a consequence, a preferential crystallographic texture is observed [3} 4]]. It has
been shown that recrystallization post-treatment could yield isotropic microstructures, leading to properties reaching
those of cast alloys with similar composition when tested in fatigue [, 6. However, the anisotropy induced by AM
could be kept for both economic and material design purposes. A strong anisotropy is beneficial for some applica-
tions (e.g. blades and vanes for aeronautic application), as it optimizes mechanical properties in a given direction.
AM technology can thus be used to mimic directionally solidified (DS) alloys or single crystal superalloys [7], with
fatigue properties comparable to standard cast single crystal [8]. Furthermore, L-PBF paves the way for otherwise
unobtainable design possibilities such as internal holes, thin tubes used for cooling/heat exchanger, lattice structure of
complex geometry, and thin walls of materials. In such cases, the as-processed microstructure can significantly vary
within a single part depending on its local geometry. Indeed, local solidification conditions are known to be a function
of the processed part geometry. In such conditions, a final part may present a broad variety of crystallographic textures
and grain size, and thus of mechanical properties.

Damage tolerance analysis is known to increase the range in which materials can be used. Thus, the impact
of fatigue crack growth must be assessed for materials exhibiting as-processed crystallographic textures. In this
framework, IN718 is a good candidate to represent face-centered cubic (FCC) superalloys. Indeed, optimal process
parameters for IN718 are well-known, meaning that a very low fraction of pores can be easily reached [9].

Recently, it has been found that similar heat treatments conducted with or without HIP showed similar fatigue
crack growth rates (FCGR) and crack growth path using compact tension (CT) specimens to investigate the long
crack regime at room temperature [[10]. CT specimens are straightforward to analyze this regime since they limit
the plasticity levels in mode I. The fatigue crack growth behavior was further investigated by Ma et al., who have
analysed the effects of orientation and temperature on the fatigue short crack growth behavior of L-PBF IN718 by in
situ scanning electron microscopy (SEM) testing [[11]]. Fatigue crack growth rates showed remarkable fluctuations for
all testing cases. The deceleration was closely related to the hindering effect of grain boundaries, and a subsequent
acceleration was found after overcoming the microstructural barriers or coalescence with adjacent cracks. The fatigue
short crack growth rates of L-PBF IN718 alloy showed evident orientation dependency: fatigue cracks propagated
much faster in the V-specimens, corresponding to loading parallel to the building direction, than that of the two other
orientations (H and 45, respectively orthogonal and forming a 45° angle between loading and building directions).
The authors concluded that this effect was mostly due to the small misorientations between adjacent grains for the
V-specimen, which followed a cube texture, and to the lower strength along the building direction. The 45-specimens
showed lower fatigue crack growth rate (FCGR) than that of H specimen at room temperature, this effect being limited
at 650 °C [11]. These points need clearly to be completed by fatigue crack growth analysis for longer cracks in the
context of fully anisotropic IN718 processed by L-PBF. Besides, as observed in most studies dealing with FCGR
in superalloys processed by additive manufacturing, oversimplification of stress intensity factor (SIF) analysis were
used, ignoring to a large extent the role of anisotropy in the assessment of driving forces for crack growth.

As a summary, very few studies are addressing the short to small crack propagation regime at high temperature,
that is to say the transition to long crack regime. Furthermore, most of them ignore the interactions between crack
and plasticity in the case of anisotropy, and subsequently the associated fatigue crack growth mechanisms. As a
consequence, driving forces for fatigue crack growth in the context of fully anisotropic IN718 processed by L-PBF
remain to be investigated.

The aim of this paper is to use L-PBF to induce different level of microstructural, and thus mechanical, anisotropy,
that are representative of the variety of microstructures encountered in real parts. First, microstructural and mechanical
characterizations are developed. Fatigue crack growth paths are investigated in light of this anisotropy, allowing to the
determination of the fatigue crack growth mechanisms. In order to incorporate the effect of modal mixity associated to
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crack deviation, a 3D model of crack path has been carried out combined to non-linear and linear kinematic hardening
anisotropic behavior. Finally, some guidelines for damage tolerance analysis in the scope of finite element analysis
(FEA) of fully anisotropic material are detailed through fatigue crack growth rate analysis.

2. Material, specimens and methods

2.1. Processing parameters and heat treatment

An INCONEL 718 powder which grain size ranges from 20 to 45 ym, with a mean size of 33 pm, was used in this
study. Specimens were processed using a CONCEPT LASER M2 facility. An Argon atmosphere was used to prevent
the detrimental oxidation of the parts during processing. A 45/-45 scanning laser strategy was chosen to maximize
in-plane isotropy and three main process parameters were varied: laser power (P), scan speed (v) and hatch spacing
(Ev); the spot size (P1) being kept as a constant. In the following, the building direction is referred to as the Z-axis,
while the XY plane corresponds to the slice plane.

Table 1: Process parameters and measured porosity

Power  Speed Ev Pl Laser energy  Surface porosity
W) (mm/s) (mm) (mm) (J/mm) (%)
Parameters-A 250 800 0.105 0.180 0.31 0.07
Parameters-B 370 700 0.130 0.180 0.53 0.04

Two sets of process parameters, with large difference in linear energy, were selected for this study (table [T).
The porosity for each set of parameters was measured by image analysis on a surface of about 4.7 mm? cut from a
10x10x10 mm? cube. From optical observation, Figure segmentation gives access to the pore surface and thus
porosity, Figure Similar observations have been carried out on each external surface of the specimen used for
mechanical testing (in particular heads and lateral side observed in situ). For each set of parameters, the porosity
measured from the cube was the highest. The measured porosity was found to be rather low, i.e. 0.07% and 0.04%
for Parameters A and B respectively.

. 500 ym M 500 um
—_— N

(a) Optical observation (b) Segmented image

Figure 1: Porosity measurement on top surface of cube, here for the set of parameters B

The chemical composition of the powder is given in table|2] and meets the standard range for IN718 alloy.

Table 2: Composition of L-PBF IN718

Elements Ni Cr Fe Nb Mo Ti Al Si
Weight (%) bal. 19.20 18.01 6.18 335 1.18 047 0.11




A so-called “direct aging” (DA) heat treatment has been applied for the L-PBF IN718 processed material. DA is
known to improve mechanical properties of wrought IN718 for creep, fatigue and fatigue crack propagation [12} |13}
14,115 116]. Besides, significant residual stress relaxation is observed after DA [[17]]. This heat treatment consists in
a first isothermal step at 720 °C for 8 h, then a furnace cooling with a cooling rate set to 100 °C/h. When specimens
have reached 620 °C, the temperature is kept constant for 10 h with a final air cooling step. For L-PBF IN718, it has
been shown recently that the anisotropy observed in the as-processed condition was kept after a DA heat treatment
[18].

2.2. Microstructural characterizations

Grain morphologies and crystallographic textures for both processing conditions were studied by electron backscat-
ter diffraction (EBSD). EBSD analyses were carried out in a ZEISS SIGMA-300 SEM, using a NORDIFF detector
with a 20kV acceleration voltage and a 2 um step size. Prior to EBSD analysis, samples underwent standard metallo-
graphic preparation with a final OPS polishing. Optical observations were performed after etching the sample with a
10% solution of oxalic acid in water, using a 5 V current for 7 seconds.

2.3. Mechanical characterizations

Mechanical behavior characterizations were performed on smooth cylindrical specimens with a gage length of
12 mm and a diameter of 4 mm. After AM process and DA heat treatment, the samples were machined and polished
to decrease the surface roughness down to 1 um using diamond paste. Three samples orientations were designed for
the characterization of the mechanical behavior: one parallel to the Z-direction with the XY-plane orthogonal to its
axis (V-sample), one with the XY-plane parallel to its axis (H-sample), and one aligned with a direction forming a 45°
angle with XY-plane (45-sample).

The whole tests serie has been carried out at 550 °C, using a four bulbs lamp furnace. The temperature was
controlled by a K-type thermocouple welded to the specimen. Tests were strain controlled using contact extensometer
designed for high temperature, with extensometer arms made of alumina [19].

Cyclic hardening and stress relaxation were characterized in a wide range of strain using a single specimen, thanks
to the use of incremental straining steps during the test, as proposed in [20]]. The cycling can be described, for a given
strain level, as follows: (i) an increase in strain up to a strain value €; in 2.5 s, followed by (ii) a dwell at €; during
300s, and (iii) a decrease down to -&; in 5s. This procedure was repeated 10 times for each targeted strain level g;,
from 0.2 % to 1.25 %.

These tests were handled for all sample orientations, V, H and 45-samples, and for the two sets of processing
parameters. Each mechanical test condition and associated specimen will be referred to as M-orientation-parameters
in the sequel: e.g. M45-A corresponds to a 45° sample (loading applied at 45° to the building direction) and set of
parameters A and MV-B corresponds to a V sample (loading applied in the building direction) and set of parameters
B.

2.4. Fatigue crack growth tests

Single edge notch tension (SENT) specimens were used to promote the crack growth sensitivity to microstructural
heterogeneity, from short to small crack, e.g. see [21]. The chosen geometry is detailed in Figure[2] SENT specimens
were used with a gage length of 12 mm wide and 3 mm thick. The notch was processed by electro discharge machining
(EDM), and exhibits a length of 800 um for a width of about 200 um. After AM and DA heat treatment, the samples
were machined and polished to eliminate the surface roughness, down to 1 um using diamond paste.
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Figure 2: SENT geometry (dimensions in mm); for the notch, the length pf is set to 800 um and the width ep to 200 um

Similarly to mechanical behavior characterizations, SENT specimens have been built in three configurations: V, H
and 45, Figure[] Each fatigue crack growth test condition and associated specimen will be referred to as F-orientation-
parameters in the following: e.g. F45-A corresponds to a 45° sample (loading applied at 45° to the building direction)
and set of parameters A and FV-B corresponds to a V sample (loading applied in the building direction) and set of
parameters B. It is worth noting that the root of the notch will impact the orientation of crack initiation with respect to
layers, highlighted in blue, and loading direction; see details in Figure 3] To summarize, FV, F45 and FH specimens
correspond to XY-building planes being respectively orthogonal, oriented at 45°, and parallel with respect to the
loading direction.
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Figure 3: Sketch of SENT samples used for mechanical testing (a), (c) and (e) and detail of notch (b), (d) and (f) according to the trace of slicing
planes (in blue) assumed to be orthogonal to the Z-direction.

Fatigue crack growth tests (FCG) were conducted using the same facility used for mechanical behavior character-
ization. Tests were performed at 550 °C and controlled by force, using a loading ratio Rs = 0.1 and a triangular signal
set to 1 Hz, following standard practice [22]]. The force was adjusted such that FCG tests started at an initial amplitude
of the stress intensity factor (SIF) value of 15 MPay/m. The SIF value was assessed by considering the notch length
as the crack length in the expression of mode I analysis of SENT specimen [23]] (see also [24} 23]):

AK:AG(I.122+O.5%>\/7E (1)

where w corresponds to the specimen width. This assumes elastic and isotropic behavior. At this point, by ignoring
impact of anisotropy on SIF value at crack initiation, one should only consider this as a rough approximation of the
starting value of AK. This assumption will be discussed in section[6]

Crack growth was monitored by potential drop technique (PDT) and in-situ optical microscopy surface crack
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measurement. Similar set-ups are detailed in [26]. The two electrical probes needed for potential drop technique
measurement were welded symmetrically around the notch, and are distant of 1 mm, Figure 3] The precise distance
between probes was checked for each specimen. PDT yields a global and continuous measurement of the cracked
area, whereas optical observation yields local information on one side of the specimen. A second order polynomial fit
is used to describe the PDT evolution and is calibrated to fit with surface measurement.

The roughness of the fractured surfaces were measured using an optical profilometer ALTISURF 500 (ALTIMET,
France). The associated height and lateral resolutions are of about 0.1 pm and 3 pm respectively.

2.5. The G-8 method

Driving forces for crack growth analysis were derived using numerical method associated to finite element analysis
(FEA) using the Zset software [27]].

As a standard of fatigue crack growth analysis, either the amplitude of SIF or J-integral values could be anal-
ysed. The latter is known to be convenient for anisotropic material and for the most general cases of complex crack
geometries. For FEA, the analysis of J from G-0 as proposed by [28]], corresponds, in absence of volume force, to:

G, = é |:/Q (Gijui’je/}’k - Weff,. +G,'jOCAT9ﬁj) dQ:| 2
where 6;; denotes the stress tensor components with indexes ij varying in [1,2,3], u; refers to displacement compo-
nents in direction i, u; ; corresponds to its spatial derivation along the coordinate x; using summation of indexes. The
main ingredient of the method is the virtual displacement field of the crack front Gf', where h corresponds to crack
propagation mode I, IT or I11, assessed when the virtual displacement field is respectively normal to the front (N), along
the binormal of the front (B) and tangential to the front (T), Figure[d, W corresponds here to the total strain energy
W=/[o; ;€;7d 2. Finally, the local variation of temperature, AT is also accounted for, but is of no impact considering
the isothermal and homogeneous temperature condition used in this study. This method is straightforward also in
presence of plasticity [29} 30].

Figure 4: Illustration of virtual displacement field with local axes at a point of the crack front (normal to the front (N), along the binormal of the
front (B) and tangential to the front (T))

Thus, direct projections of 6 vector onto normal, bi-normal and tangent local axes yield access to G;, Gy and Gy,
respectively. The above expression of G, ignores the coupled term ffN [[W]]En discussed in [31]]. This term has been
seen to be highly sensitive to contact algorithm, whereas in our cases asymptotic values of G;; and Gy are obtained
for a sufficient number of layers used in the volume integral, see details in Together with the crack tip
location, FEA yields the values of G; from G-8 method. A classical approximation is proposed to assume that J; = G;,
for i=I, II, III, respectively associated to crack opening, in plane crack shear and out-of-plane modes, accounting for
3D shape of the crack [28]. The analysis of driving forces for crack growth was based on G-0 in this study, including
the full anisotropic elasto-viscoplastic model as described below.
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3. Microstructures of interest

max=5.460

1001 101

— i (b) Inverse pole figure (Z-direction)
(a) IQ+IPF-Z for Parameters-A for Parameters-A

max = 3.457

001 101

(d) Inverse pole figure (Z-direction)
(¢) IQ+IPF-Z for Parameters-B for Parameters-B

Figure 5: EBSD measurements in planes orthogonal to the processing direction, Z for set of parameters A and B

The two chosen microstructures are significantly different, as expected from the choice of process parameters. In
the XY-plane, Parameters-A material exhibits small and regular grains, close to square shape, with refined grains in
orthogonal bands, Figure @ On the other hand, Parameters-B material exhibits elongated cross-sections of grains
together with refined grains located in bands in the scanning direction, Figure The most noticeable aspect of
these microstructures is related to clear differences in their crystallographic orientations: for Parameters-A most of
grains are observed in < 001 > orientation with respect to the Z-axis, making this material very close to directionally
solidified (DS) alloys, Figure[5b] whereas for Parameters-B two preferential orientations are evidenced by the inverse
pole figure, namely < 001 > and < 101 > with respect to the Z-axis, Figure[5d}

Regardless of the choice of parameters, grains are columnar following the Z-direction, sizing approximately
300 pm, as is typical for the L-PBF process (Figure|[6).



(b)

Figure 6: EBSD measurements in planes parallel to the processing direction, Z; IQ+IPF-Z, for (a) Parameters A and (b) Parameters B

These microstructures are in good agreement with the effect of the process parameters on the crystalline texture
for FCC materials [33]. It is indeed known that the shape of the melt pool and the overlap between neighbouring
laser track change the direction of the thermal gradients and the epitaxial growth, which govern the final texture.

While it is out of the scope of this study to investigate the thermal origins behind the differences between the two
specimens, two significantly different microstructures were successfully designed. The set of parameters-A leads to a
fully anisotropic microstructure, with only one preferential crystallographic orientation, and the set of parameters-B
induces a microstructure with two main orientations, and is therefore expected to be more isotropic. Both microstruc-
tures exhibit columnar grains in the Z-direction, although the grain size appears to be smaller for Parameters-A as
compared to Parameters-B.

4. Mechanical behavior of L-PBF IN718

4.1. Experimental mechanical behavior

According to the chosen experimental methodology, each targeted maximum strain level is associated with a
hysteretic evolution of stress as a function of the applied strain level. For instance, for Parameters-A, it is worth
noting that a significant hardening is observed, Figure [7]] The stress relaxation is limited to 10 % as observed for
similar heat treatments for wrought IN718 [34]]. This stress relaxation seems to induce a loss of symmetry when
comparing maximum positive and minimum negative stress values that is only significant for the M45-A specimen.
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The cyclic hardening is also rather limited for the 10 cycles tested. Considering each tested orientation, the mechanical
anisotropy is obvious for both elasticity and non-linear hardening, Figure[7]
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Figure 7: Mechanical behavior for 3 different specimen orientations for Parameters-A

For the sake of clarity, we selected the cycle corresponding to the maximum applied strain level Ag/2 = 1.25%
for both set of parameters A and B, Figures[8a and [8b]
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(a) Parameters-A (b) Parameters-B

Figure 8: Evolution of stress as a function of strain for the maximum applied strain range Ag/2 = 1.25%, for both set of parameters A and B;
experimental (exp) results using symbols and results of simulation (sim) using continuous lines.

For Parameters-A, a strong anisotropy is observed for both elasticity and hardening, see Figure [8a and table [3]
Both MH-A and MV-A samples exhibit the lowest Young’s modulus and a generally softer behavior compared to the
M45-A sample. This M45-A sample appears to be the “hard” orientation of the Parameters-A. This is consistent with
its < 001 > preferential orientation, Figure To quantify this sensitivity, the ratio AE/E, is assessed, see Table
[l where AE = E; — Ey with E; corresponding to the Young’s modulus of MV, M45 and MH specimen orientation

respectively. This ratio is maximized for M45-A, i.e. 64%.
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The yield stress of the M45-A sample is higher than for MV-A and MH-A samples. On the other hand, the slope
at maximum strain is higher for MH-A and MV-A samples than the one obtained for M45-A sample, see Figure
Using a similar ratio as used for Young’s moduli but with AG/2, corresponding to Ag/2 = 0.2%, the maximum is
again found for M45-A, i.e. 82%.

For Parameters-B, a less pronounced anisotropic behavior is observed: in comparison with Parameters-A, the
maximum ratio in effective Young’s modulus drops from 64% to 28%, and the contrast in AG/2 at Ae/2 = 0.2%
drops from 82% to 30%. Note that this maximum ratio nevertheless corresponds to the M45-B compared to the MV-B
samples. Considering the slopes up to maximum applied strain in both tension and compression, the hardening is
similar for all 3-orientations. But, again, a higher stress value is reached for M45-B sample as compared to MH-B
and MV-B samples, associated to a difference in yield stress.

Table 3: Effective Young’s modulus and Ac/2 at Ae/2 = 0.2% for the two sets of processing parameters according to the specimen orientation

Parameters A Parameters B
\% 45 H \'% 45 H
Young’s modulus (GPa) 132 217 147 162 208 206

B 0 064 011 0 028 027
Ac /2 (MPa) 271 492 301 346 448 434
bodoy 0 08 011 0 030 026

4.2. Mechanical behavior modeling

Let us assume a homogeneous behavior of the materials. To account for both observed elastic anisotropy and
viscoplastic anisotropy, orthotropic elasticity and Hill’s criterion have been considered respectively [35), 36} 137, 38].
In order to model cyclic hardening, a standard kinematic hardening with a constant isotropic hardening can be used
[39]. Here, kinematic hardening is based on the summation of a non-linear, X " and a linear, X ,» terms, see Table

for constitutive equations. For sake of simplicity, the loss of symmetry only observed in 45 orientation will not be
accounted for.

Table 4: Mechanical behavior set of equations. With €', £ and €” the total, elastic and plastic strain tensor respectively, H the Hill’s tensor

assumed to be diagonal, s is the deviatoric part of the stress tensor defined by 6 = s+ 1/3rr(c), and p is the cumulated plastic strain [40]

Strain partitioning gl =g +¢gf

Yield function f= \/g(g—g) H:(s—X)—R

Isotropic Hardening R =Ry

Kinematic Hardening X; = %Cl ¢’ —DiX,p

Flow Function p= <%>n



Based on the whole test series, a least square method associated to a Levenberg-Marquard algorithm yields the
optimal set of parameters for the chosen behaviors using the Zset suite [27], see table[5] The identified behaviors are
plotted using continuous lines in Figures[8aJand [Sb]

For plastic behavior, larger deviations from unity of h, and h3 Hill’s parameters have been obtained for the set
of parameters-A as compared to the set of parameters-B materials. The flow function are chosen with the same
parameters for both configurations. The optimized fit is obtained by only modifying the hardening parameters, using
the same Norton’s parameters (K and n). The chosen hardening laws, combined to the Hill’s criterion, are consistent
with the observed mechanical behaviors, see figures|8aland

Table 5: Identified set of parameters for the anisotropic elastic and viscoplastic behavior for both Parameters -A- and Parameters -B materials

(a) Elastic anisotropy parameters (Ci(j[-oc) in MPa)

Cglloc) Célzoc) C§l3()c) CYZOC) Cél;)c) Cglloc) C‘(‘Z)c) Célsoc) C(()l60c)

Parameters A 177020 197615 197615 75865 84700 75865 116000 50580 116000
Parameters B 218480 277040 277040 93635 118730 93635 84000 52070 84000

(b) Hardening and flow parameters

Ro(MPa) Cy(MPa) D; C,(MPa) K (MPa) n
Parameters A 510 220000 600 16000 200 2
Parameters B 820 180000 800 14000 200 2

(c) Hill’s parameters

h; h, h3 hy hs he
Parameters A 1.25 0.6 0.6 0.85 1 0.85
ParametersB 23 09 09 12 2.1 1.2

To illustrate the identified material behavior, elastic anisotropy is represented by 3D color sketch of resulting
Young’s modulus for Parameters-A: for H and V configurations a lower Young’s modulus is reached compared to
the maximum obtained at 45°, Figure Qa] The level of elastic anisotropy is commonly estimated by considering a
coefficient of anisotropy, which is maximized here Dfor the classical formulation used for quadratic anisotropy:

2Cy4
a=——H 3
(Ci1 —C12) =

The higher anisotropy observed for Parameters-A compared to Parameters-B results in a higher anisotropy coefficient,
respectively a = 2.3 and a = 1.3. As a mean of comparison, the anisotropy of a single crystal of IN718 is a = 2.7 at
both room temperature ([41]) and 400 °C ([42])). This confirms that the elastic behavior of the Parameters-A is driven
by a single orientation of grains, inducing an anisotropy close to single crystal’s one. Similar behavior of Ni-based DS
superalloy anisotropy has been observed, e.g. for DS 200 [43]], yielding a = 2.2. On the other hand the Parameters-B
material is closer to isotropic elastic behavior, despite an obvious anisotropic microstructure.

Resulting yield stresses could be observed as a function of applied level of a multiaxial loading: the identified
Hill’s criterion deviates clearly from Von Mises criterion, for both set of parameters A and B, Figure [0b]

li.e. for any other consistent permutation of the indexes of C; ; coefficient, the anisotropy coefficient was lower here
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Figure 9: Graphical representation of anisotropic mechanical behavior identified for the L-PBF IN718 highlighting elasticity in (a) through the
Young’s modulus and plasticity in (b) through the Hill’s criterion.
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5. Fatigue crack growth analysis

Fatigue crack growth path and fatigue crack growth mechanisms are first analysed for Paramaters-A, i.e. the
DS-like material. Second, paths are detailed for the Parameters-B, i.e. the more isotropic configuration.

5.1. The DS-like material - set of parameters A

For the FV-A sample, figure the crack path remains almost straight despite deviating early from the plane
orthogonal to the loading direction. Crack branching is observed at few different crack locations. As a mean of
example, at label (D in Fig. and associated EBSD in Fig. a secondary crack has grown almost orthogonally
from the loading direction, while the major crack kept growing linearly. Neither crack propagation nor crack deviation
appear to be correlated to grain boundaries, figure [I0b]and [T0Oc} Observation of the other side of the specimen shows
a crack path almost orthogonal to the loading direction. Thus, a rather limited crack twisting of about 10° is observed,
corresponding to the rotation of the crack in the direction of crack growth (see indicative values in table[6). This is
confirmed by optical profilemeter measurements, showing a rather smooth fracture surface with low values of
tilting and twisting. The twist angle value nevertheless increases with crack growth.
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(a) SEM observation along the crack path, red rectangles correspond to EBSD analysis

% (c) IPF-Z at 3 mm from the notch, corresponding to label ) in
(b) IPF-Z close to the notch, corresponding to label (D) in (a) (a)

1.376 mm

6.068 mm

(d) Fractography of FV-A specimen (notch is at abscissa zero)

Figure 10: Crack path of FV-A specimen (a) SEM (secondary electrons) after slight polishing of the surface; (b) and (c) IPF-Z associated to labels
in (a); (d) 3D profile of the cracked surface 16



For the F45-A sample (figure[TT)), as it grows, the main crack deviates progressively from the direction orthogonal
to the loading direction, before stabilising with a 45° angle with respect to the loading direction. Some crack branches
are again observed. Crack deviations, figure[TTa] crack branching and associated crack arrest, figure are found
close to grain boundaries.
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200 pym

(a) SEM observation along the crack path, red rectangles correspond to EBSD analysis

= : S (c) IPF-Z at 1.7 mm from the notch, corresponding to label 2)
(b) IPF-Z close to the notch, corresponding to label (I in (a) in (a)

Figure 11: Crack path of F45-A specimen (a) SEM (secondary electrons) after slight polishing of the surface; (b) and (c) IPF-Z associated to labels
in (a)

Optical observations are shown in Figure corresponding to the other side of the same specimen. Limited

twisting of the crack, of about 15°, is found, while bright areas correspond to strain localizations. At the deviation

point (see detailed view (D)), slip lines are evidenced within grains, see orange triangle, and along directions consistent
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with grain boundaries, see orange arrows. Besides, the upper side of the crack lip does not evidence plastic activity,
whereas the grains located in the lower side of the crack lip evidence high shear levels, label (D) Figure[12] For longer
crack, when the crack path is clearly oriented at 45° (see detailed view (2)), some crack branches could be associated
to grain boundaries, while other branches could be associated to slip planes within grains.

Figure 12: Optical observation along the crack path for F45-A specimen, rectangles correspond to detailed views within which vertical arrows
highlight some strain localization and/or cracking at grain boundaries and triangles highlight some areas of intense slip activity within grains
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For the FH-A sample (figures [[3)), crack initiates in the XY-plane, and deviates after a distance of about 100 um
as it crosses successive layers. Up to a crack length of 1.5 mm, the crack is observed to be almost orthogonal to the
loading direction, Figure [I3a] This crack is observed to be mostly intergranular (or at least in the vicinity of grain
boundaries), with local oscillations associated to crack branches along small grains, Figure [[3b] Once the crack has
propagated enough, large crack oscillations are observed consistently with both larger crack branches, with inter- and
transgranular cracking, Figure[T3¢] These crack branches are likely to occur at slip planes.

(c) IPF-Z at 2.6 mm from the notch, corresponding to label 2)
(b) IPF-Z close to the notch, corresponding to label () in (a) in (a)

Figure 13: Crack path of FH-A specimen (a) SEM (secondary electrons) after slight polishing of the surface; (b) and (c) IPF-Z associated to labels
in (a)

In addition to these observations, another FH-A specimen was used to obtain in-situ optical images, used in the
sequel for numerical analysis. Several micro-cracks were found in the vicinity of the main crack, together with strain
localizations patterns which size were consistent with the grain size, Figure[I4a] Optical profilometer measurements

of the fracture surface shows that these crack oscillations are limited to approximately one third of the specimen
thickness, Figure [T4b]
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(b) Fractography of FH-A specimen (notch is at abscissa zero)

Figure 14: Global fatigue crack path for FH-A sample (a) in situ side view (arrows correspond to some strain localization at grain boundaries and
triangles correspond to some strain localization within grains), (b) 3D measurement of crack surface

The crack twisting is clearly more pronounced for FH-A specimen compared to the FV-A specimen (55° and 10°
respectively, see Table[6). The amplitude of twisting is also evidenced from side to side in Figures [T4b|and [T0d} the
final differences in height being of about 2.3 mm and 1 mm respectively for FH-A and FV-A specimens. The increase
in crack twisting with the crack length for the FH-A specimen, associated to its rotation around its main direction of
propagation, confirms that the first stage of crack growth is mainly intergranular while it is a mix between inter- and
transgranular mechanisms when the crack becomes longer. Conversely the crack for FV-A specimen can be assumed
to be mostly driven by transgranular mechanism.

As a conclusion, the crack path is a function of the orientation of loading with respect to the building direction.
With the exception of the FV-A case, where cracking is transgranular, the crack growth mechanism appears to be
mostly intergranular with crack branches that could be associated to strain localization within grains, and mixing
inter- and transgranular cracking mechanisms. These branches did not drive the whole crack path, even though they
could yield significant crack oscillations.
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5.2. The "more isotropic” material - set of parameters B

For the set of parameters B, the crack path and crack growth mechanisms are similar to the observations made for
the set of parameters A, Figure [I3]
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(a) IPF-Z for FV-B (b) IPF-Z for F45-B

(c) Optical observation for F45-B

(d) Optical observation for FH-B

Figure 15: Crack paths for set of parameters B (orange arrows correspond to some grain boundaries where strain localization and/or cracking occur,
and orange triangles correspond to slip lines within grains in (c) and (d))

The FV-B sample yields to a crack orthogonal to the loading direction, exhibiting a transgranular mechanism,
Figure[I3a] Despite some local crack branches, with slight contribution of interganular mechanisms, secondary cracks
are arrested. For the F45-B sample, the crack path evolves towards 45° angle with respect to the loading direction,
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Figure However, the number of crack deviation and the level of plastic activity are higher compared to F45-A,
see Figures and [12] As already observed for F45-A, the crack is close to grain boundaries, irrespective of the
crossing of small grains, Figure[T5b]

For FH-B specimen, crack is mostly orthogonal to the loading direction, Figure[T5d] However, the FH-B specimen
exhibit larger tilt and twist angles compared to FH-A (see the lower crack branch in Figure [[5d). The cracking
mechanisms is again clearly mostly intergranular.

6. Fatigue crack growth assessed by FEA

Because of the complex 3D-shape of the crack path, the SIF values can no longer be derived from analytical
standard formulation of shape function for SENT, see eq. m Indeed, as soon as the crack deviates from the plane
orthogonal to the loading direction, multiaxial local loading and subsequent modal mixity has to be accounted for
[44] 45]. Besides, the evidenced elastic anisotropy of the L-PBF IN718 alloy prescribes the use of contour integral
J instead of SIF values [46, 47], avoiding by this way complex analysis of SIF modification due to this anisotropy
149]|. Thus we propose to consider a simple but realistic crack morphology, and to use J values derived from G-0
to describe crack driving forces.

6.1. Crack morphology and growth

To account for the complex morphology of the crack path, a spline interpolation of the measured crack path has
been carried out. To consider crack twisting, the spline interpolant is determined on crack paths measured on both
lateral sides of the specimen. For sake of simplicity, the 3D surface crack model is obtained by a linear interpolation
between both spline curves, the crack front being assumed to be straight. This hypothesis is supported by the optical
profilometer measurements shown in Figures [[4b| and [T0d] As a mean of comparison, compare the modeled crack
surface shown in figure [T6a]to the real crack surface shown in[T4b}

Using this modeled crack surface, it is possible to account for the modal mixity induced by crack tilting (assessed
locally on the external surfaces) and twisting (assessed globally from side to side), impacting to a large extent the
driving forces for crack growth [45]. A 3D mesh of the modeled crack, using surface elements, has been inserted in
the initial SENT mesh derived from computer-aided design (CAD) using conform remeshing technique [43], 27]]. The
minimum size of the element 4 is set to 10 um.
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Figure 16: Modelling of FH-A specimen
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To analyze the fatigue crack growth in respect to the experimental crack path, front locations have been suc-
cessively meshed for about ten cracks locations, for crack increments of about 400 um. The mechanical behavior
corresponds to the proposed anisotropic model for elastic and viscoplastic behavior described above. A penalty con-
tact algorithm has been used between crack lips, but friction was neglected. A single cycle has been computed for
each crack location in order to limit the computation time. This enables to account for the crack closure effect induced
by plasticity, impacting crack closure.

For the FH-A specimen, a clear illustration of the impact of anisotropic behavior and complex 3D crack morphol-
ogy is given in Figure[I6b} the resulting field of cumulated plasticity is fully asymmetric, despite a slight deviation of
the crack on the observed side of the specimen. This point is consistent with the loss of symmetry observed in plastic
activity in Figure [I2]

6.2. Driving forces assessed from G-9

Using the sample FH-A as an example, J; values are plot as a function of the location of point from surface to
surface described by the abscissa x, where x=0 corresponds to the middle of the specimen, see Figures and [T6d]
These figures correspond respectively to a small crack extension, close to the notch, and a large crack extension, close
to the end of the crack growth. For these crack locations, it is obvious that shear mode is at a very high level, the Jj;
value increasing as compared to J; with crack extension. Besides, edge effects with high local gradient are observed
for J;, Jir and Jp; values, limiting their robustness if assessed in subsurface. This is the reason why we chose to
analyze averaged values of J; along the crack front. The large values of shear modes, and mainly of J;;, have also
pushed the need to account for modal mixity using a quadratic analysis of J; described as AJ,, considering in fatigue
the amplitude of each mode as follows [50]:

Aleg = \/FJ? + FJ?I + E?II 4)

where AJ; = Jp max— < Jimin >, With <. > corresponding to the Macaulay brackets, i.e. < Jjmin >=Jr,min if J1,min >0
and < Jj min >= 0 otherwise, the negative values of Jy; and Jj;; being accounted for, using AJy; = Jij max — Ji7,min and
AJpir = Jir,max — Jir,min. Finally, the values AJ; (for i=I, II and III) used in AJ,, correspond to averaged values along
the whole crack front, for each crack length and associated front location. This option should be seen as an efficient
way to account for modal mixity induced by crack path, assuming equivalent contribution of each mode in crack
growth.

6.3. Fatigue crack growth rate for DS-like material: influence of the orientation

To investigate the role of orientation for high level of anisotropy, firstly the set of Parameters-A material is inves-
tigated. The curvilinear crack length a has been experimentally determined from the measured surface crack location
as a function of the number of cycles. The potential drop technique is used to obtain continuous measurement of
cracked surface. The Fatigue crack growth rate (FCGR) corresponds to the crack increment Aa associated to a given
increment of cycles AN, and is assumed to be consistent with a Paris’ law using AJ,, instead of AK (similarly to [46]),
namely:

da Aa " -
= = C (M) 5)
Results are shown in Figure [I8] The maximum FCGR is reached for the FV-A sample, mostly associated to
transgranular cracking. The minimum FCGR is reached for the FH-A and F45-A samples, i.e. for intergranular
cracking. Note that similar values are obtained for FH-A and F45-A samples. No short crack behavior is observed
for these cases. In addition to these observations, it is interesting to compare this L-PBF IN718 to its wrought
counterpart. The FCGR behavior deduced from Paris’ law identified for the wrought IN718 at the same temperature
was investigated by Clavel et al. [S1]. The J values and modified coefficient using a Paris’ law formulated in AJ, are
deduced from AK identified in the cited work, see[AppendixB| All FCGR data together with crack tilting and twisting
angles are detailed in Table 6]
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Figure 17: FCGR for fully anisotropic Parameters-A as a function of AJq for different orientations (Clavel corresponds to wrought IN718 [51]

For the Parameters-A material, the FCGR associated to intergranular cracking, for both F45-A and FH-A speci-
mens, is higher but relatively close to results from wrought IN718 at the same temperature [51]]. On the other hand, the
FV-A sample yields significant higher FCGR compared to the wrought material, while both correspond to transgran-
ular cracking at the tested frequency. As a first conclusion, the L-PBF IN718 yields increase of FCGR and promotes

intergranular cracking as compared to wrought IN718.
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Table 6: SENT samples names and geometry, Paris’ law parameters are expressed on the basis of AJ.,; crack tilt and twist angles are measured at
the end of the propagation for a crack length of 5 mm. The crack tilt angle corresponds to the angle between crack path observed on both sides (¢;
and ¢») and the direction orthogonal to the loading direction. The crack twist angle (W) corresponds to the angle between crack front observed from
side to side and the direction orthogonal to the loading direction; see Figure a). (*) Nota: for F45-B the values correspond to J<4 Nmm~™!,

Specimen  Parameters Paris’ law Tilt angle (°) Twist angle (°)
m"* c 01 92 \
FV A 2 15107 10 0 10
B 065 801078 0 15 15
Fds A 148 741078 45 60 15
B (%) 095 501077 30 50 80
A ¢ 20 35 55
FH B 2 4010 50 b 30
from [51]] Cast 19 96107 - - -

6.4. The role of AM anisotropic microstructure on fatigue crack growth rate

The FV-B specimen, characterized by transgranular cracking, leads to a drastic lowering of FCGR compared to
FV-A, Figure[I8a]

On the other hand, the observed FCGR for FH specimens, associated to intergranular cracking, are similar regard-
less of the processing parameters, see Figures |18c|and despite clear differences in both texture and grains mor-
phology, Figures[5] The observed FCGR for FH specimens yields to a Paris regime, although clearly higher than the
wrought IN718. The FCGR has been identified for this interganular mechanism, and yields m* = 2 and C* = 4.1073.
The FCGR for the F45-A specimen is very similar to this identification, see Figure [I8b| where the dashed black curve
corresponds to the identification made for FH specimens. Thus, an intrinsic FCGR for intergranular mechanisms
seems being reached. However, this does not hold true for the F45-B specimen despite its intergranular crack growth.
Indeed, its FCGR is much lower than the trend observed for FH-A, FH-B and F45-A. This can be explained by the
higher number of crack deviations in F45-B, yielding to a more tortuous crack path for this specimen as compared to
F45-A. Besides, the large number of strain localization areas could also impede the crack growth, Figure [I3]c).

The major differences between both set of parameters are associated to the grain morphology and the crystallo-
graphic orientations of the apparent microstructures in the plane orthogonal to the Z-direction. In a nutshell, Param-
eters-A is very similar to a directionally solidified alloy for which < 001 > orientation is dominant in the building
direction, which is known to be very sensitive in FCGR to the specimen orientation, see for instance for Ni base DS
superalloy the case of MARM200 [52]. However, in this case authors stressed out that the higher the elastic modulus,
the higher the FCGR was observed, which is clearly not the case in our study, see Figure [I8} the highest elastic
modulus being associated to F45 specimens.

27



1073 1073 105

(m/cycles)
(m/cycles)
(mj/cycles)

da
dN
da
dN
da
aN

= Param. A = Param. A = Param. A
e Param.B e Param.B e Param.B
Clavel Clavel Clavel

— = Model — = Model == Model

10° 10t 102 10° 10t 102 10° 10t 10?

JAYI (N/mm) Deq (N/mm) Deq (N/mm)
(a) FV-samples (b) F45-samples (c) FH-samples

Figure 18: FCGR as a function of AJeq for set of parameters A and B for different samples orientations (Clavel corresponds to wrought IN718 [51]
and model corresponds to Paris law identified for FH specimens in this study)

Thus, these results strongly suggests that there is an intrinsic FCGR related to the intergranular crack growth
mechanism. On the other hand, the FCGR for the transgranular crack growth mechanism appears to be strongly
dependent on the microstructure. If proven true, this could have important implications for the design of parts, from
the choice of processing conditions to the orientations of the part with respect of the building direction.

There are, however, a possibility that the modeling strategy used in this study oversimplifies the crack to mi-
crostructure interaction in different aspects: i) no friction between crack lips is described, which could impact the
obtained AJ values especially for shear modes, ii) the linear interpolation between each crack paths on surfaces ig-
nores the potential impact of local roughness within the specimen, and iii) the homogeneous assumption used for
mechanical behavior ignores local plasticity within each grain, a crystal plasticity model being a possibility to de-
scribe this effect [43]. These methods are however costly and beyond the scope of this study. It is also worth noting
that neither the real crack morphology nor the crack front have been accounted for, whereas it has been evidenced
that this could impact local FCGR especially for local high curvature of the crack front [53|45]. More experimental
investigations, probing the effect of other microstructures obtained by additive manufacturing, are thus necessary to
confirm the observed trends.

7. Conclusion

In this study, two microstructures exhibiting different grain morphologies and crystallographic textures, but low
porosity, were build using L-PBF. One microstructure was found to exhibit a degree of anisotropy close to a direction-
ally solidified alloy, while the other was more isotropic. The mechanical behavior of these materials was successfully
modeled by homogeneous orthotropic elasticity, Hill’s criterion and combination of kinematic hardenings.

No evidence of crack to pores interaction has been observed during fatigue tests. Both crack path and fatigue
crack growth rate are sensitive to the chosen orientation of specimen and notch according to the processing direction.
Fatigue crack growth is intergranular in nature regardless of the loading direction, with the exception of the case where
the loading direction and the building direction are aligned. In this last case, transgranular cracking was dominant.

As a major result, it has been evidenced no or limited effect of processing parameters when the crack growth is
intergranular. Indeed, the FCGR in this case is only weakly dependent on the microstructure. On the other hand, the
FCGR is driven by the microstructure when the crack growth is transgranular. As such, the highest FCGR for one set
of parameters corresponds to the transgranular case, while it is the intergranular case for the other set of parameters.
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This has serious implication for the printing strategy of parts, since it shows that FCGR are directly related to the
orientation of the notch (similarly to crack initiation site) with respect to the building orientation. There is thus a
crucial need for tolerance damage analysis to account for the processed microstructure in intermediate orientations.

Finally, these findings highlight that the combination of fatigue crack growth testing with 3D FEA with explicit
model of crack morphology, is a powerful tool to clarify damage mechanisms in complex materials. A G-6 analysis
was here justified by the strong mechanical anisotropy, often ignored in literature dealing with fatigue crack growth
analysis for AM alloys. In addition to these aspects, even though large grains compared to crack size questions the use
of homogeneous behavior model, the chosen anisotropic criteria gives access to sounded analysis of this anisotropy
in presence of a crack accounting for complex crack closure effect in 3D. This allows the identification of an intrinsic
FCGR associated to either trans- or intergranular dominant mechanism in fatigue crack growth.

AppendixA. Shear mode from G-0

Using J-integral, the complete analysis of crack for any mode is related to the following equation considering
homogeneous material [31]:

1
Ji— / <Gmnum_nnk6ijn,-u,;k)>dr / (W] nedT (A1)
Ty \ 2 ’ T Ty

in which the term ffN [[W]] nkdT corresponds to the extra contribution of crack lips, described by surface Ty, needed
to insure path independence for shear modes along any contour I'.

In the proposed simplified analysis by G-, this contribution has been voluntarily omitted for sake of complex
implementation of this term. This induces the loss of the invariance of Gy; and Gy terms as a function of the chosen
domain for integration as developed in equation @ To assess the evolution of G;; and Gy terms as a function of the
chosen domain, the case Parameters -A FH detailed above is used for a single crack front location, Figure @l
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Figure A.19: Evolutions of G;, Gy and Gy along the crack front and function of the chosen domain for volume integral obtained by G-6; the
higher the number, the higher the distance to the crack tip. Plots correspond to the maximum applied stress.

If one considers only 4 layers of elements (contour 4) for domain integration, the associated values of Gy and Gy
terms along the crack front is shown to evolve with the chosen domain. Values reached for 7 contours still evolve for
shear modes, but seem to be correlated to a slighter evolution. Whereas for mode I, the convergence is reached after
4 to 5 contours. The contour 5 is kept in this study, corresponding to a distance to the crack tip higher than 250 um.

AppendixB. Analysis of Paris’ law from data formulated in AK to AJ

For comparison purpose, we need to derive Paris’ law formulated in AK in [S1] to AJ consistently with the
numerical scheme developed above. The J values have been evaluated through Irwin’s formula:

K2
TE/(1-V?)
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where E=180 GPa and v=0.3 corresponding respectively to the Young’s modulus and the Poisson’s coefficient of
wrought IN718 at the considered temperature of 550 °C. This formula corresponds to plane strain condition. The
equivalence in terms of Paris’s law being:

da m __ v m*
T = CaK)" = (a)) (B.2)

with m* = m/2 for sake of consistency with equation
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