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ARTICLE INFO ABSTRACT
Keywords: In this paper, the effect of microstructural anisotropy on the fatigue crack growth behaviour of the functionally
Laser powder bed fusion graded Inconel 718 fabricated through laser powder bed fusion (L-PBF) is investigated. Different manufacturing

Inconel 718

Fatigue behaviour
Functionally graded materials
Microstructural anisotropy

parameters, including low and high laser powers, were used to produce a variety of non-graded (NG) and
functionally graded (G) specimens in two build directions, vertical and horizontal. In addition, a group of heat
treated wrought samples was tested as a reference. It was observed that the different manufacturing parameters
result in various grain size, crystallographic textures, precipitates and Laves phases, porosity, and un-melted
particles. Three-point bending fatigue tests were conducted to measure the threshold stress intensity factor
(AKy,) and fatigue crack growth rate (FCGR),da/dN. Only the lower laser power L-BPF Inconel material was
found to have comparable to the wrought heat treated material fatigue crack growth behaviour. Furthermore, a
new approach of automatically controlling AK as a function of the crack length was employed for graded
specimens to investigate the crack growth rate as a function of local microstructure. The FCGR value of the
vertical L-PBF samples, in which the crack direction was perpendicular to the build direction, remained constant.
In contrast, the da/dN value of the horizontal samples with the crack direction parallel to the build direction
increased constantly with the increase of the crack length. This behaviour is in good agreement with the hardness
profile of the graded materials. Melt pool boundaries, graded interface boundaries, and grain orientations close
to (001) were found to deflect the crack path. Additionally, it was found that L-PBF material is more affected (at a
low stress ratio of R = 0.1) by the roughness-induced crack closure than the wrought counterparts. This study has
successfully demonstrated the feasibility of using an additive manufacturing process to fabricate functionally
graded materials featuring tailorable fatigue response of the local microstructures.

1. Introduction cryogenic and elevated temperatures (up to 650 °C), is widely used in
various applications in petrochemical, aeronautics, energy, and aero-

Inconel 718 (IN718), due to its outstanding combination of superior space industries [1-5]. IN718 is a precipitation hardened Nickel-base
strength, creep and wear resistance, corrosion and oxidation, even at superalloy with main strengthening precipitates y* (NizAl) with an L1,

Abbreviations: AM, additive manufacturing; AP, as-processed; BD, build direction; BEC, backscattered electron composition; CAD, computer aided design; CB,
Crack branching; CD, crack direction; CI, confidence index; CS, cross snake; 8yora1, l0ad line displacement; AK, stress intensity range; AKy,, threshold stress intensity
factor; DCPD, direct current potential drop; DIC, digital image correlation; E, Young’s modulus; EBSD, electron backscattered diffraction; EDM, electrical discharge
machining; EDS, Energy Dispersive X-Ray Spectroscopy; FCGR, fatigue crack growth rate; FGM, functionally graded materials; G, graded; GB, grain boundary; H,
horizontal; IN718, Inconel 718; IPF, Inverse Pole Figure; LAGB, low angle grain boundaries; LCF, low cycle fatigue; LD, loading direction; LED, linear energy density;
L-PBF, laser powder bed fusion; m.r.d., multiples of a random distribution; NG, non-graded; NNS, near net shape; PMMA, polymer clamp system; R, stress ratio; SEM,
scanning electron microscopy; V, vertical; VED, volume energy density; XRD, X-ray diffraction.
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lattice structure and y” (NigNb) with a DOy, structure [1,6-8]. y’ pre-
cipitates are spherical shape with diameters ranging between 10 and 40
nm, while y” precipitates are disk shaped with diameters of 20-30 nm
and thickness of 5-6 nm [2,9-12]. The weight percentages of y’ and y”
can vary around 3-8% and 8-18%, respectively, based on the
manufacturing methods and post processing history [13,14]. In addition
to the strengthening precipitates, undesired phases such as hexagonal
Laves (Ni,Fe,Cr)2(Nb,Mo,Ti) and MC carbides could be present in the
alloy [7,15].

IN718 also exhibits high low cycle fatigue (LCF) strength and high
temperature fatigue crack growth resistance [1,16]. Some research
[1,17-22] was performed on the short and long crack initiation and
growth behaviour of conventionally manufactured IN718. Short crack
initiation and growth of a solution treated forged IN718 were studied at
600 °C [17]. Due to mismatch strains between the oxidized particles and
the matrix, crack initiation sites with sub-surface primary carbides (Nb,
Ti) C oxidation were developed. Short crack growth rates (before
reaching a couple of hundred microns) were found to be constant across
a wide range of crack lengths. However, they transitioned to rapid and
accelerating growth while the crack length increased to several hundred
microns [17]. Room temperature fatigue crack growth was found to be
transgranular with different crack growth mechanisms such as pure
shearing on slip planes or formation of microcracks and subsequent
linking [18]. The high temperature fatigue crack growth rate (FCGR)
was studied in [1,19-21] and it was found that the FCGR increases with
temperature. However, the high temperature fatigue behaviour of IN718
is not the scope of the current study. In addition to the test temperature,
the microstructure can play an important role in the fatigue crack
growth behaviour. Coarsening the grain size from 22 pm to 91 pm was
found to reduce the near threshold crack growth rates while increases
the threshold stress intensity factor [22].

Additive manufacturing (AM) has been considered a replacement
manufacturing technique for conventional methods due to the near net
shape (NNS) production capability, which is desirable for complicated
geometries. Altering the manufacturing parameters can influence the
microstructure and grain size and thus affect the mechanical properties
of the final products. Different scanning strategies, namely cross snake
(CS) and cross snake 10 (CS10), in the selective electron beam melting
method results in columnar and equiaxed grains with significantly
different sizes [23]. The AM process has been previously used to tailor
the microstructure and develop site-specific and user-defined functional
properties [24]. As reported in [24-26] the microstructure is affected by
various AM methods and different manufacturing parameters, resulting
in cube or Goss textures. Laser powder bed fusion (L-PBF) which is a
common AM method employs a laser beam to melt powders layer by
layer and build the final geometry defined by a computer aided design
(CAD) model [24,27,28].

Since the AM methods became more widely used, more research has
been focusing on the mechanical properties including the fatigue
behaviour. Long crack propagation of L-PBF IN718 was formulated in
the threshold and Paris regions in [28]. It was found that L-PBF IN718 is
less resistant to the long crack growth in the near threshold region due to
the effect of the residual stress, finer microstructure, and low content of
boron [28]. Similarly, a higher crack growth rate compared to the
wrought material was reported in the L-PBF IN718 with columnar grains
and an average grain size of 100 pm on the building direction cross
section [29]. In situ fatigue testing at 25 °C and 650 °C revealed that the
fatigue short crack growth rates are much higher in the build direction
(BD) due to the small misorientation of adjacent grains and the lower
strength compared with the other orientations [30].

Functionally graded materials (FGM)s refer to a class of advanced
materials with different compositions or microstructures along with the
geometry, which results in different properties [31-33]. The transition
of the microstructure, composition, and morphology can be used to
grade the materials and functional properties [31]. FGM parts can be
made from one material, single-material FGM, or different materials
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known as multi-material FGM. While the former can be used to achieve
superior and functional properties, the latter can also be a means of
joining dissimilar metals. In our earlier works, it was successfully
demonstrated that the microstructure of IN718 can be graded by
manipulation of L-PBF process parameters. It was shown [24,34,35] that
Vickers hardness, tensile strength, and creep of the functionally graded
IN718 can be tailored to achieve location-specific properties. However,
the fatigue crack growth behaviour of the functionally graded IN718
material has not been investigated yet. Furthermore, the experimental
approach to investigate the fatigue crack growth behaviour in func-
tionally graded materials, which could account for dissimilar micro-
structures and interface behaviour has not been reported to date.

The objective of the current research is to study the effect of the grain
size, texture, and graded interface on the fatigue crack growth behaviour
of a functionally graded L-PBF IN718. Graded samples with different
build orientations were manufactured employing the L-PBF technique.
Additionally, a set of non-graded samples with a variety of grain sizes,
textures and build directions were manufactured and studied. In addi-
tion, heat treated wrought samples (based on AMS 5663 [36]) were
tested and the corresponding data were used as a reference. Interactions
of fatigue crack path with various microstructural features and graded
interface are studied in detail. Furthermore, a novel fatigue crack
growth setup and approach are developed to account for the graded
interface behaviour.

2. Materials and methods
2.1. Materials

The IN718 samples were manufactured using the powder produced
by the gas atomization of the hot melt with a chemical composition of
(wt%) 51.45 Ni, 19.38 Cr, 18.49 Fe, 5.3 Nb, 3.4 Mo, 1.04 Ti, 0.72 Al, 0.1
Co, and 0.12 Mn. The particle diameters of the powder ranged between
d10 =20 pm and dgp = 64 pm. Samples for this study were manufactured
using the L-PBF technique with an SLM 280" facility (SLM Solutions
Group AG, Germany). Two different laser power values of 250 W and
950 W with a wavelength of 1070 nm were employed to build the fatigue
specimens. To optimise the manufacturing parameters, the linear energy
density (LED), E;, which is the ratio of the laser power to the laser
scanning speed was adjusted and is defined by Eq. (1). The volume en-
ergy density (VED), E,, is another parameter which accounts for the
combined effect of laser power and speed in addition to the hatch dis-
tance and layer thickness [37]. Ey is described by Eq. (2). The L-PBF
parameters were optimized in a way that the volume energy density
remained about the same for both laser powers.

E =— (€D

@

"yt

Where P is the laser power, v is the laser scanning speed, t is the layer
thickness, and h is the hatch distance. Note that t and h are in mm.

The laser beams for 250 W and 950 W laser powers were 80 pm
diameter with Gaussian distribution and 100 pm diameter with flat top
distributions respectively. It is known that large and homogenous beams
are beneficial for suppressing the spatters and powder bed degradation
and allowing the production of denser parts [38]. In addition, the hatch
distances of the low and high laser power categories were different
which can influence the final textures of the AM parts [39]. Table 1
summarizes the process parameters which were optimized and used in
this study to produce different parts.

Two categories of specimens denoted as Non-graded (NG) and
Graded (G) samples were manufactured (see Fig. 1). One constant laser
power was employed during the whole manufacturing process in the
former group while there was a transition of the laser power from 250 W
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Table 1
L-PBF process parameters used in this study.
Build direction P [W] V [mm/s] h [mm] t [mm] Beam diameter [pm] Beam distribution E; [J/mm] E, [J/mm?]
H 250 700 0.12 0.05 80 Gaussian 0.36 59.5
H 950 320 0.5 0.1 100 Flat top 2.97 59.4
\4 950 320 0.5 0.1 100 Flat top 2.97 59.4
7'y
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Fig. 1. Schematics of the graded and non-graded specimens showing the sample orientations with respect to the BD. Note that the crack direction (CD) is always
aligned with the sample symmetry axes. (a) NG-V-950 W, (b) NG-H-950 W, (c) NG-H-250 W, (d) G-V, and (e) G-H. Note that the dimensions are schematic and not up

to the actual scale.

to 950 W in the latter one. Another parameter which was altered during
the manufacturing process was the building direction with respect to the
sample axis or the crack direction (CD). All fatigue samples were
designed in a way that the anticipated crack path was located aligned
with the sample’s vertical symmetry axis. The samples were denoted as
vertical (V) when the build direction and CD were perpendicular, and
horizontal (H) when those two directions were parallel. Graded samples
and higher laser power of NG specimens, i.e. 950 W, were designed and
built in two V and H orientations, while the NG 250 W samples were
manufactured only in the H direction. Fig. 2 depicts a schematic of the
manufactured samples showing their orientation concerning the build
direction and sample axes.

Rectangular single-edge-notched samples were manufactured based
on the ASTM E399 [40] specifications, as shown in Fig. 2. The final
dimensions of the samples were achieved after milling. The notch with a
total depth of 0.5 mm and a radius of 0.2 mm was machined using the
electrical discharge machining (EDM) technique. A crack of length 1.5
mm was produced by fatigue pre-cracking in all samples according to
the requirements in ASTM E399 [40].

2.2. Microstructural characterization

Optical and scanning electron microscopy (SEM) observations were
performed to study the grain morphology and size, melt pools, different

80

structures caused by various manufacturing parameters, precipitates,
and carbides. Prior to the observations, samples’ surfaces were prepared
by grinding (180 to 2000 European grit size), polishing down to 1 pm,
and etching for 3 s in a Glyceregia etchant solution of 5 ml HNOg, 10 ml
Glycerol, and 15 ml HCI. Leica DMLM optical microscope equipped with
analySIS 5.0 by Olympus soft Imaging Solutions GmbH, Keyence VHX-
5000, and JEOL JSM IT—-100 SEM with JEOL InTouchScope software
were used. Besides, fracture surface analyses by SEM were performed on
the graded samples, which were intentionally overloaded in constant AK
tests.

To identify the present phases, X-ray diffraction (XRD) analyses were
performed on the wrought and non-graded samples. Prior to the XRD
measurements, samples were polished for 10 min by colloidal silica. A
Bruker D8 advanced diffractometer with a Co Ko radiation (wavelength
of 1.78897 A) equipped with Bruker software Diffrac. EVA vs 5.0 was
used to collect the XRD patterns. The 260 range of scan was set between
20 and 140 degrees with a scanning step size of 0.035 degrees. The X-ray
beam was collimated to a spot size of 0.5 mm in diameter. The applied
voltage and current were 45 kV and 35 mA respectively, which resulted
in a penetration depth of 6 pm.

Crystallographic maps of the wrought and additively manufactured
parts were collected using the electron backscattered diffraction (EBSD)
technique to study the texture and reveal the microstructure at the
surface along the fatigue crack path. Sample preparation was done

-

0.20

R=
°
W
=

Fig. 2. The geometry of the single edge notched samples used in this study (a) non-graded and (b) graded fatigue test specimens. As provided in the text, the di-
mensions are slightly different for G and NG samples. The notch specifications are provided in the insert. All dimensions are in mm.
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similar to the microscopy sample preparation. However, an additional
polishing step with 0.25 pm colloidal silica slurry followed by ultrasonic
bath cleaning with isopropanol was done. EBSD data collection was
performed using an SEM Mira 3 Tescan equipped with channel 5- HKL
software. The accelerating voltage was set to 20 kV. To study the crack
growth path and reveal the microstructure of the materials, the step sizes
of 1 pm and 0.8-1.2 pm were used for imaging around the crack and on
large areas far from the cracks respectively. To post process the acquired
data, TSL-OIM analysis software version 8 was used. The number of
collected data points in the IPF maps used for microstructural analyses,
varied from 2,797,299 points, in the scans with larger step size, to
6,842,364 points in the scan with the smallest step size. At least 96.57%
of the collected points were indexed, and the lowest average confidence
index (CI) of the measured data was 0.35. Grains were classified in
relation to the neighboring groups as groupings of more than 10 pixels
with crystallographic misorientation of larger than 5 degrees [41]. To
plot the pole figures, a generalized spherical harmonic expansion
smoothing with series rank (L) of 16, a Gaussian half-width of 5 degrees,
and a triclinic symmetry was used.

Vickers hardness measurements were done on different AM and
wrought samples using a Struers DuraScan G5 testing machine at a load
of 1000 gf (HV1) and the holding time of 10 s. Hardness measurements
of the NG and wrought samples were repeated 10 times to assure the
reliability and consistency of the tests. For G specimens Vickers hardness
measurements were performed in intervals of 0.3 mm along the entire
width in multiple locations to understand the effect of the microstruc-
ture gradient on the surface hardness. Prior to the measurements, all
samples surfaces were prepared as provided in the ASTM E92 [42].

2.3. Fatigue crack propagation

2.3.1. Fatigue testing

Three-point bending fatigue tests were performed using a servo hy-
draulic MTS machine with a loading capacity of 25 kN equipped with the
MTS MultiPurpose TestWare and Flextest electronic control unit. Spe-
cifically for this work, a novel fatigue test setup, as shown in Fig. 3,
capable of investigating the fatigue crack growth of graded materials in
an accurate and reproducible manner, was developed. Three-point
bending tests were conducted employing fatigue test configurations
and stress intensity solutions as described in ASTM E399 [40]. An S690
steel platform with two fixed rollers was made and mounted to the lower
grip of the MTS machine. Reference marks, with 0.5 mm intervals, were
fabricated on the surface of the samples from the edge of the notch up to
7 mm. For visual crack calibration and to monitor the symmetry of the
crack propagation, Limess digital image correlation (DIC) 5 megapixel
cameras on two sides of the samples were used, and the average
optically-measured crack lengths were periodically compared. Direct
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current potential drop (DCPD) equipment from Howden brand with a
typical crack length measurement resolution of about 0.05 mm, was
used to determine the dependence between the actual crack length and
the measured voltage in two places across the samples. A polymer clamp
system (PMMA) was designed to facilitate stable connections of the
DCPD probes as well as to ensure the proper alignment of the samples on
the platform. To minimize the errors and increase the accuracy, prior to
the tests equipment and setups were tuned and calibrated.

Fatigue crack propagation testing was done through the following
procedures:

- Constant Kngax tests were done to determine the threshold stress in-
tensity range (AKy,). The AKy, tests were conducted at a frequency of
30 Hz and an initial load ratio of R = 0.1 (where R = Kpin/Kmax),
which then was increased to R = 0.6 and R = 0.7 for the wrought and
L-PBF materials, respectively. The Kpx was calculated according to
Eq. (3) to facilitate an appropriate AK to grow a crack. The value of
Kmin was adjusted using Eq. (4).

AK
Knax = ﬁ (3)
Kuin = Koexp(Cla —ap) ) (©)]

Where Ky is the value of the initial Ky, C is the stress intensity
gradient which was chosen to be —0.4 mm~}, ap is the initial crack
length measured optically, and a is the instantaneous crack length
measured by DCPD and validated by periodical optical and DIC
observations.

Kmin was calculated and adjusted at intervals of 0.1 mm. The
adjustment process was carried out until the crack did not grow by 0.1
mm in 100,000 cycles, which indicates a crack growth rate of 10~% mm/
cycle or less. The final reading of AK was considered as the AKy, value.

- Constant load amplitude tests (Paris regime) were performed to
formulate the crack growth rate as a function of stress intensity range
(AK). The crack growth rate tests were done at a frequency of 50 Hz
and based on the condition provided by ASTM-E647 [43].

The graded samples were examined under constant stress intensity
range (constant AK) condition to evaluate the effect of the FGM
microstructure on the crack growth rate behaviour. Since at a given
AK level the FCGR is a constant value for a particular microstructure,
maintaining a constant AK should reveal the effect of the function-
ally graded structure on the FCGR. It should be pointed out that the
standard K solutions for determining the load levels as a function of f
(a/W) are for homogenous materials hence do not apply to the
functionally graded parts and require adaptation.

It should be mentioned that for the constant K.y and constant AK

Fig. 3. The novel fatigue test setup designed for this study to facilitate accurate testing of the graded samples. (a) shows an overall view of the three-point bending
test setup and equipment and (b) depicts the sample, DCPD connections, and loading fixture.
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tests, the loads were adjusted automatically during crack growth, to
match the desired stress intensity range for the crack length measured by
the DCDP system.

2.3.2. Modelling

In order to obtain accurate customized K solutions for constant AK
tests of graded materials, an elastic FEM model within ABAQUS software
was developed. In this model, each graded specimen is represented by
two halves, i.e. 250 W and 950 W, with an interface plane perpendicular
to the crack. Fig. 4(a) shows the model used in the current study. The
half-span of the specimen is modeled under 2D plane strain condition,
where the global X axis is the transversal direction and the global Y axis
is the direction of deflection. Crack is modeled at the symmetry plane of
the specimen. The crack length is varied from 1.5 mm to 7.5 mm in order
to study the change of the stress intensity factor during the crack growth.
At the symmetry plane, displacement along X axis is constrained at the
non-cracked edge, while free boundary condition is applied to the crack.
The applied load is modeled with a point load along the negative Y di-
rection at the top edge and the support is modeled as a point pined
constraint at the bottom edge. Due to the symmetry, the total load
applied to the FEM is 5 kN, as the test load at the mid-span of the
specimen is 10 kN. The Young’s moduli of the 250 W and 950 W parts
are obtained from the compliance measurements of the fatigue tests of
the non-graded specimens. The Poisson’s ratio is set to be 0.3. The
interface based on a previous research [24] has a total thickness of 1 mm
and is divided into 5 layers of 0.2 mm height, with a linearly changing
Young’s modulus assigned to each layer. Small mesh elements of 0.02
mm are used near the crack tip, while elements of 0.5 mm are used
outside the crack-influenced area. In total 185 CPE6M (6-node modified
quadratic plane strain element, with hourglass control) and 4456 CPES8R
(8-node biquadratic plane strain element with reduced integration) el-
ements are used. J integral is calculated at the fifth contour from the
crack tip. The fifth contour involves a circular area with a radius of 0.08
mm, shown in Fig. 4(b). K solution is then obtained from the J integral
according to Eq. (5).

E
1—12

K =4/Jx )

Where E is the Young’s modulus at the crack tip, J is the integral
value and v is the Poisson’s ratio.

The goal of conducting the constant K tests was to determine the
effect of the graded microstructure on the crack growth rate. For a
particular microstructure, at a given level of AK, the crack growth rate is
expected to be constant. To maintain the constant AK criterion the load
level should be modified based on accurate solutions of K. The standard
K solutions are only applicable to materials with a constant Young’s
modulus (E). However, graded samples are intentionally manufactured
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with various microstructures, hence different material properties
(including E) are expected. Therefore, prior to the FEM modelling, the
values of E for the non-graded materials were estimated from the load-
line-compliance [44]. The load line displacement (8ota)) of the fatigue
test and the load line displacement in the absence of the crack, 8,4.cracks
are given by Egs. (6) and (7) respectively.

Stotal = Serack + Ono-crack (6)
P.S

5}10—crac = T s 7

YT 4EBW )

Where P is the applied load, S is the span length, E is the Young’s
modulus at the crack tip, B is the height of the sample, and W is the
width of the specimen. The additional displacement due to the presence
of a crack, d¢rack is given by Eq. (8).

(8)

Oerack =

3.P.S*(1—1%) .ra
2EBW (W)
Where v is the Poisson’s ratio and f(a/W) is a dimensionless geom-
etry factor defined by Eq. (9).

f(%): jﬁ {5.58719.57 (;iv) +36.82 (%) " 3494 (%)3+12A77 (%)4}
©)

Measurements of displacement and load during the fatigue tests were
applied to the Egs. (6)-(9) to estimate the Young’s modulus for each
microstructure of AP IN718. The calculated values of Young’s moduli
from non-graded specimens, given in Table 2, which are in good
agreement with values in [24], were applied to the FEM-model of the
graded specimens to calculate the modified K solutions.

2

3. Results and discussions
3.1. Microstructural characterization

Fig. 5 shows the light optical microscopy images of the longitudinal
cross sections of the IN718 samples processed using 250 W and 950 W

Table 2
Young’s modulus of non-graded L-PBF IN718 superalloy obtained from three
point bending tests.

Laser power [W] Specimen direction Measured Young’s modulus [GPa]

950 A% 139 + 36
950 H 136 £ 10
250 H 186 + 15

T
T
T
T
T
T
T

7 Tt
1 L L

Fig. 4. a) The model used for the FEM analysis of the graded materials. Since the sample is symmetric about the axis containing the notch, half of it is modeled. The
loading direction (LD) and the location of one of the rollers are determined in the figure. The notch is on the left edge where the mesh has more elements. The mid-
height region which has different colours represents the five layers of the interface in the model. b) Nodes involved in the fifth contour to calculate the J integral.
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Fig. 5. Optical micrographs of longitudinal cross sections of the as-printed samples (a) 250 W-H, (b) 950 W-V, and (c) 950 W-H showing the melt pools. Higher
magnification optical micrographs of (a) and (c) are provided in (d) and (e) respectively.

laser powers. Fig. 5 (a) depicts the 250 W material with finer melt pools,
while Fig. 5 (b) and (c) show the 950 W material with irregular and
larger melt pool contours. Moreover, higher magnification optical mi-
crographs in Fig. 5 (d) and (e) are provided for a better comparison. The
differences in the size and shape of the melt pools arise from the
different process parameters used in this study. Higher laser power is
capable of penetrating deeper and melting the previously solidified
layers, and as a result, larger melt pools can be generated. The other
parameter that affected the melt pools’ size was the laser scanning speed
which was 320 mm/s and 700 mm/s for the higher and lower laser
powers. The lower laser scanning speed was found to result in wider and
deeper melt pools and vice versa due to the changes in the melt pool
penetration depth [45,46]. Considering the effect of the laser power and
laser scanning speed simultaneously, lower LED values results in deeper
and narrower beads, with an average of 133 pm depth and 108 pm width
of the beads, while the higher LED values make shallower and wider
beads, with average values of 62 ym depth and 116 pm width of the

beads. Similar behaviour is reported in a previous research [47].
Optical micrographs of the longitudinal cross sections of the in-
terfaces in the graded samples are provided in Fig. 6. The deposition of
each layer in the vertical (V) sample shown in Fig. 6(a) contains a
transition at the interface from 250 W to 950 W. The melt pools out of
the interface region show the characteristics of the NG samples corre-
sponding to each laser power, as discussed before. The interface is
distinguished by the finer melt pools in the centre, and keyhole-induced
porosities, unmelted particles, and deeper melt pools in the edges which
can be a result of overlapped melt pools. In addition, the time window
associated with the change of the depositing parameters which takes
place in each pass can influence the interface microstructure. The
transition in the horizontal (H) graded sample was smoother since each
layer was deposited using one laser power, namely 250 W in the bottom
of the micrograph and 950 W in the top layers, as shown in Fig. 6(b).
Melt pools in the lower and upper parts are thus similar to those dis-
cussed earlier in the NG 250 W and 950 W laser power samples. Fig. 6(c)
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Fig. 6. Optical micrographs of the interface area in the graded AP samples in (a) V, (b), and (c) H orientations. The laser power used for each side of the interface
along with the build directions are provided in the figures. It should be noted that figure c is taken by a different microscope to highlight the epitaxial columnar

dendrites and interface transition.

which is also obtained on an H sample is taken by a non-digital micro-
scope and shows the characteristic dendritic growth and epitaxial
microstructure.

Fig. 7 shows the SEM micrographs of the as-processed (AP) L-PBF
specimens in the sections parallel to the build direction (BD) along with
a micrograph of the wrought sample. As can be seen in all L-PBF cate-
gories, grains are extended along the BD. The layer thickness of the 250
W and 950 W laser power samples were 50 pm and 100 pm, respectively.
In the micrographs, the larger axis of the grains in all categories exceeds
the layer thickness, which is an indication of melting the previously
solidified layers and a strong trend of the epitaxial grain growth from
one layer to another [24]. In the higher magnification micrographs, fine
dendritic segregations are captured along the build direction. The
presence of such dendritic structures has been reported in the AM IN718
alloy in the earlier research and is attributed to the very high solidifi-
cation cooling rates [48,49]. Similar to the grains, dendritic structures
showed the epitaxial growth between the layers in all three studied
categories. To better reveal the existing larger phases such as Laves
phase and carbides, the backscattered electron composition (BEC)
technique was used, and imaging was performed in higher magnifica-
tion. As can be seen in Fig. 7(d), carbides and inter-dendritic Laves
phases are present in the AP material, which could affect the fatigue
properties. The composition of these phases acquired by Energy
Dispersive X-Ray Spectroscopy (EDS) is given in Table 3. In the micro-
graph of the wrought material shown in Fig. 7(e), needle shape and
globular & phases are captured close to the grain boundaries. Since the
SEM micrographs shown in Fig. 7 are performed in such a magnification
that a number of melt pools were captured, the precipitates in orders of
microns could be detected. Moreover, the strengthening precipitates of
the AM IN718 estimated to have their sizes ranging between 10 nm and

50 nm [50]. Therefore, compared with SEM, transmission electron mi-
croscopy (TEM) is a more suitable method for detecting them. It should
be noted that the Laves phases, which form during the solidification in
the AM process, are not present in the wrought material.

To identify all existing phases, XRD analyses on all groups of mate-
rials were performed and the results are summarized in Fig. 8. The
precipitate peaks in the L-PBF samples are minor, and the precipitate
concentration based on the previous study [24] does not exceed 2 wt%,
which is not high enough to have a strong effect on the mechanical
properties. In both laser powers materials, Laves phases are present,
which are detrimental to the mechanical properties and can be altered
by heat treatment and post processing procedures [7]. In all materials,
the y peaks were found at 20 of 51, 59, and 89 degrees. The y peaks at 20
equal to 51 and 59 degrees in the 950 W- H material are not identical
and the first peak is significantly shorter than the other, which suggests
an anisotropy in the texture. However, the y peaks of the 250 W and 950
W- V materials are similar, which indicates more uniform textures. The
Y’, v”, and 8 phases peaks only were observed in the wrought materials.

The average values of the Vickers hardness in all non-graded L-PBF
categories as well as the wrought material are summarized in Table 4.
The average hardness values of the AM parts are relatively close to each
other, with the 250 W sample category about 9% and 18% higher than
the 950 W- H and 950 W- V groups. This higher hardness of the 250 W
samples can be attributed to its finer grains and higher yield strength
[24], which is explained by the Hall-Petch relationship. Among the two
groups of 950 W laser power, the average hardness of the horizontal
orientation specimens is about 11% higher than the vertical direction
samples, which cannot be explained by the grain size effect. The
morphology and content of the brittle Laves phases which form in the
interdendritic regions [51,52] can also influence the hardness.
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Fig. 7. SEM micrographs of the AP specimens manufactured in different conditions (a) 250 W, (b) 950 W-V, (c) 950 W-H, and (d) a high magnification BEC
micrograph of the sample shown in (c). The micrograph in (e) shows an SEM image of the heat treated wrought sample where the precipitates are found mostly

around the grain boundaries.

Table 3
EDS analyses of the Laves phase and carbides in the 950 W-H material.
Ti Cr Mo Fe Ni Nb C
Laves 2.63 18.58 4.48 16.57 38.19 19.55 -
Carbides 7.10 0.63 - 0.57 1.37 50.19 40.15

Coarsened Laves phases with lower volume fraction result in a higher
hardness compared with a higher volume fraction of fine dendrites and
particles of Laves phases [51]. The Vickers hardness of the wrought
material is 25% higher than that of the 250 W group. As next it will be
explored in more depth, the wrought material has significantly finer
grains compared with the L-PBF parts. This can result in higher yield
strength and hardness. In addition, the presence of the strengthening
precipitates formed during the heat treatment affects the hardness.
Therefore, the higher hardness values of the wrought material arise from
the combined effect of the grain size and strengthening precipitates.
Fig. 9 shows the hardness profile measured along the width of the

graded samples. The measurements were done on multiple locations for
both samples which are shown on the schematics provided in the insert
of Fig. 9. In the V samples, the average hardness value of the material
closer to the build platform, denoted as V-1, found to be a constant value
of about 340 HV with some fluctuations of around 5% present due to the
inhomogeneity in the microstructure [51]. Similarly, the measurements
on the side further from the build platform, V-2, which correspond to the
final layers of deposition, showed a constant value of about 320 HV.
While the average hardness values of the V sample remain approxi-
mately constant in one layer (or close layers) of deposited material, it
depends on the measurement location with respect to the build platform.
The average hardness of the V sample in the parts close to the notch, i.e.
near the centre of the specimen, and layers closer to the build platform
were approximately constant and higher than the final deposited layers.
This behaviour can be attributed to the higher number of thermal cycles
which the initial and middle layers experience compared with the final
deposited materials. The hardness measurements of the horizontal
sample along the width, however, showed a different trend. The mea-
surements were repeated at different distances with respect to the notch
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Fig. 8. XRD spectra showing different phases in the AP material manufactured using different laser powers and the wrought material. Sub-figure (b) shows a zoomed-
in view with identified phases.

Table 4
Average Vickers hardness measured for different sample groups.
Sample Not graded
group
Hardness H H v Wrought
[HV1] 250 W 950 W 950 W
373 + 341 + 303 + 486 + 9
11 9 10
Graded
H H v v H v
250 W 950 W 250 W 950 W Interface  Interface
side side side side
361 + 340 + 339 + 340+ 9 351+7 341 +13
6 7 5

position. In all measurements independent of the measurement location,
the average hardness value of the 250 W side, which is closer to the build
platform, is about 360 HV. Going through the interface, there is no
significant change of the hardness and it fluctuates between 344 HV and
358 HV. On the 950 W side, the hardness decreases to an average value
of 340 HV. For a better comparison, these hardness values along with the
average Vickers hardness of the non-graded and wrought material are
provided in Table 4. The higher values of hardness in the layers closer to
the build platform and the middle parts of the samples compared with
the final deposited layers is related to the different fractions and
morphology of the Laves phases which form during the last steps of
solidifications. The initially deposited layers experience a larger number
of thermal cycles which result in the diffusion of Nb into the matrix and

decreases the Laves phase fraction [51,52]. Moving towards the final
deposited layers, the material experiences fewer thermal cycles, and
more Laves phase can be present, which results in a lower hardness
value. The observed different behaviour in two categories of graded
samples is thus a consequence of the different processing orientations. In
addition, the different hardness behaviour of the V and H samples can be
related to their different textures, since strong textures are known to
cause anisotropy in hardness [53]. As will be discussed in the next part,
horizontal samples have a strong <001> texture compared with the
vertical samples. It is apparent that altering the processing parameters
combined by the build direction influences the local mechanical prop-
erties. As will be shown later the observed hardness profiles for graded
samples correlates well with the fatigue crack growth profiles.

To further study the effects of the manufacturing parameters on the
microstructure, EBSD analyses on the planes parallel to the build di-
rections were performed on all NG samples in addition to the heat
treated wrought sample. Fig. 10 (a-d) show the Inverse Pole Figure (IPF)
maps and pole figures from the EBSD analyses on the NG and wrought
samples. Studied herein, L-PBF samples were found to exhibit columnar
grain structures in the deposition direction. However, the grain elon-
gations varied with the manufacturing parameters. The aspect ratio and
average major axis length of the 250 W and 950 W- V are close to each
other. But the 950 W- H material has significantly larger grains with a
lower aspect ratio. The grains in the wrought material, are equiaxed and
their size is in order of magnitude smaller than the grains in the L-PBF
materials. Table 5 gives a summary of the minor and major axes lengths
as well as the values of the grain aspect ratios of the NG and wrought
samples. Columnar grain structures originate from the dendritic and
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Fig. 9. Hardness profiles of AP graded samples. The measurements are done through the samples’ height starting from the 250 W side. The measurements of the
vertical sample are plotted for two locations: V-1 which is closer to the build platform, and V-2 which is closer to the final deposited layers. The hardness mea-
surements were performed multiple times along with the dashed lines which are determined in the schematics provided in the insert.
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Fig. 10. Inverse pole figure maps, pole figures, and misorientation angle plots obtained from the EBSD data of L-PBF materials (a) 250 W, (b) 950 W- V, (c) 950 W- H,
along with (d) wrought material. Note that grain boundaries with angles less than 5 degrees are not included in the misorientation plots. Textures of the L-PBF
samples are rotated in a way that the build direction (BD) is parallel to the A3 (out of plane) direction. Intensities of the pole figures are plotted in multiples of a

random distribution.
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epitaxial growth, which is affected by the heat flow during the L-PBF
process [24,54]. Due to the constraints imposed by the solidified parts
and layers on the side and bottom, the heat flow in the molten parts is
known to be perpendicular to the deposit direction and from the top to
bottom [47,54]. Grains form parallel or nearly parallel to the heat flow
[55]. The heat flow of different scan passes is expected to be similar and
uniform in the inner parts, far enough from the sides and edges of the
samples, while the heat flow of the parts closer to the edges can vary due
to the effects of the free surfaces. The grain sizes can thus be influenced
by this variation in the heat flow when the samples are built in different
directions. It is noted that if a specific direction of an FCC crystal
matches the heat flow direction of the melt pool, that particular direc-
tion will grow faster and become dominant [47]. The IPF map of the 250
W sample shows a combination of all crystallographic directions. The
<001> direction is, however, dominant in the higher laser power IPF
maps. In the 950 W- H sample, the faster growth of grains aligned with
the <001> direction blocked the slower growing grains with other
orientations.

Fig. 10 depicts the {001}, {110}, and {111} stereographic pole fig-
ures with triclinic symmetry for NG and wrought samples. The pole
figures are constructed from the measured EBSD data using an orien-
tation distribution function. The as processed AM IN718 microstructure
is expected to show either cubic texture ({001}(100)) or Goss texture
({1103(001)) [56]. Fig. 10(a) gives the crystallographic texture of the
250 W sample, which shows a weak Goss texture component. Similar
texture components were observed to form in the as-built AM Inconel
625 alloy [57,58]. Pole figures of the higher laser power samples are
given in Fig. 10 (b) and (c). As can be seen, both 950 W-V and 950 W-H
materials have strong cube textures. The largest maximum value of the
multiples of a random distribution (m.r.d.) is observed in the 950 W-H
material, which shows the strongest texture. The wrought sample has a
weak random texture. The formation of the Goss and cube textures in
different samples in this study can be attributed to the orientations of the
dendritic solidifications driven by the heat flow which is controlled by
the AM parameters. In addition to the various texture components,
texture intensity can alter the mechanical properties in different sample
categories, and thus anisotropic performance is expected.

From the misorientation angle plots of the non-graded and wrought
materials in Fig. 10, it can be seen that the distribution of misorientation
angles in the 250 W sample and 950 W- V specimen with finer grains are
similar and more uniform, while in the horizontal samples (Fig. 10 (c)),
the low angle grain boundaries (LAGB)s, i.e. misorientation angles less
than 15 degrees [59], are dominant. The difference in the fraction of
LAGBs could affect the fracture behaviour of these categories. High
fractions of LAGBs in AM nickel-based superalloys were observed in
other studies [60,61]. However, in the wrought material the presence of
the annealing twin boundaries, which are defined at 60 degrees, is
relatively high with a number fraction of about 0.14. Twin boundaries
can increase the strength and ductility of the material by introducing
more grain boundaries [62], while having detrimental effects on the
fatigue performance by acting as crack nucleation sites [54,63]. The
number fraction of annealing twins in the AM materials is negligible,
while they are significantly present in the wrought material.

This study confirms that L-PBF parameters can be effectively used to
produce and design materials with different grain size, grain shapes and
orientations, textures, and grain boundary (GB) character distributions
and phases. The effect of these microstructural parameters on the fatigue

Table 5

-
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crack growth behaviour will further be investigated.

3.2. Fatigue crack propagation

3.2.1. FEM model

The stress intensity factors have been calculated for twenty one
different crack lengths between 1.5 mm and 7.5 mm. The values of stress
intensity factors were calculated from the FEM and normalized by the
stress intensity factors calculated from the empirical formula given by
Eq. (10) according to ISO 12135 [64].

0.5
3(2) {1.99 -(8)(1-2) (2.15 — 355 +#> }
1.5
2(1 + L) (1 - 7)

Where a is the initial crack length, and W is the width of the speci-
mens. The normalized values are plotted against the crack length, a, in
Fig. 11. The normalized K values from the standard formula is a constant
value at 1. It can be observed that the stress intensity factors of both
categories of graded specimens are greater than the values calculated by
the standard formula, which is due to the existence of the interface layer.
The trends in both groups of G samples are very similar, with the
normalized K values slightly higher for the H samples. Both curves show
the most significant deviation from the standard when the crack tip is
about to enter the interface. After the crack propagates across the
interface, the influence of the interface vanishes. The values of the stress
intensity factors reach the standard values rapidly after passing the
interface.

(10$)

3.2.2. Fatigue behaviour of Non-graded material

This section discusses the results of the two types of fatigue crack
growth parameters, namely the stress intensity range threshold for fa-
tigue crack growth (AKy,) and the Paris law crack growth behaviour. To
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Fig. 11. Plot represents the normalized values of K versus the crack length over
the width obtained from the FEM model compared with the values provided by
ISO 12135 which applies to the NG materials.

Average grain major and minor axis, aspect ratio, and grain shape of the NG IN718 as well as the wrought material.

Manufacturing condition Major axis [pm]

Minor axis [pm]

Aspect ratio Grain shape/preferred texture

L-PBF 250 W 135.6
950 W -V 147.7
950 W - H 518.4

Wrought 17.5

28.9
27.3
79.9
9.6

0.27 Elongated in BD / no
0.25 Elongated in BD / <001>
0.18 Elongated in BD / <001>
0.55 Equiaxed / no
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establish the crack propagation behaviour of different microstructures,
constant Kpyax tests were performed on various non-graded materials.
Also, as a reference, the wrought material was tested. Table 6 gives a
summary of obtained AKy, with respect to the manufacturing conditions
and sample directions. In the L-PBF material categories, samples pro-
duced with 250 W laser power had the highest AKy, closely followed by
the 950 W- V samples. The 950 W- H material showed the lowest amount
of AKy, among the AM parts. The wrought material had a significantly
higher AKy,. This behaviour can be attributed to the different micro-
structures in the materials. As was discussed in the previous section, the
250 W material has finer grains compared with the 950 W categories.
Finer grains or more grain boundaries can introduce differently oriented
less favourable slip systems, which increases the resistance to short
crack growth [65]. Similarly, vertical samples with finer grains have a
higher threshold stress intensity range compared with the horizontal
samples with coarser grains. In addition to the smaller grains, 950 W- V
samples have columnar grains oriented perpendicular to the crack di-
rection resulting in more grain boundaries in front of the crack growth
path. It should also be noted that AKy, of all produced herein L-PBF
samples is twice higher than values reported for AM IN718 with the
same orientations [61]. The wrought samples however showed the
highest value of the threshold stress intensity range due to the equiaxed
fine grains with a large number of grain boundaries in the crack path.
Additionally, the presence of the strengthening precipitates formed
during the heat treatment process can increase the threshold stress in-
tensity range. In a previous research [66], AKy, of a heat treated forged
IN718 (for R = 0.1) with grain size of 40-60 pm, was reported to be 10.2
MPay/m. This is consistent with the effect of the grain size on the AKgy,
and the value which was obtained in the current study.

Fig. 12 shows variations of fatigue crack growth rate against the
stress intensity factor range, AK, describing the long crack behaviour of
the various studied herein AM and wrought materials. The measured
data of the L-PBF specimens showed some fluctuations, which are
attributed to their heterogeneous microstructure and the residual
stresses imposed during the manufacturing process [61]. It should be
noted that the linear fits of the experimental data for crack growth rates
of 5E-7 and higher are plotted. The fitting curves are based on the power
law given by Eq. (11).

da -
oy = C4K) an

Where C is the Paris constant and m is the Paris exponent. Paris
constants along with the R-squared values of the fits in Fig. 12 are
summarized in Table 7.

AKy, values obtained from the curves in Fig. 12 for 250 W, H-950 W,
and wrought categories are higher than those provided in Table 6, which
were tested at a higher R ratio. It is known that at a low stress ratio of 0.1
the crack closure phenomenon affects the threshold stress intensity
range [28,66,67]. A similar dependency of the AKy, to the stress ratio of
an additively manufactured [68] and wrought [69] nickel based su-
peralloy was reported. However, the threshold stress intensity ranges of
the V-950 W L-PBF samples did not show a significant difference when R
changed. In this work, a strong dependency between roughness-induced
crack closure and R ratio was found for H-950 W and H-250 W L-PBF
materials. Hence, threshold values reported in Table 6 can be considered
as true representative values not affected by the crack closure.

Table 6
FCG threshold (AKy,) values measured in constant K.y tests for samples with
different processing conditions.

Manufacturing condition Sample direction AKg, [MPa,/m] R

L-PBF 950 W v 7.0+0.3 0.7
950 W H 6.0 £0.2 0.7
250 W H 7.2+0.3 0.7

Wrought - 13.1 £0.9 0.6
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As it can be seen in Fig. 12, the fatigue crack growth rate versus AK in
250 W and 950 W- V categories show a single fitting curve, while in the
other groups, the behaviour changes around an FCGR of 1E-5. Such
lower plateaus were also observed in constant Kpax tests at R = 0.1 in
wrought Inconel 718, which was attributed to the accumulation of
fretting debris that caused darkening of the fatigue surfaces [67,69]. It is
known that the larger values of the Paris exponent are indications of
finer fatigue striations [61]. The wrought material and the 250 W with
finer grains have higher Paris exponent values in the Paris relationship.
It can be seen that for lower values of AK, the 250 W category has the
lowest FCGR values which indicates its better fatigue performance in
comparison with other specimens. For larger AKs in the Paris region,
950 W- V specimens show the lowest FCGR. It can be related to the
larger number of grain boundaries mostly oriented perpendicular to the
crack path.

3.2.3. Fatigue behaviour of graded material

The previous part focused on the fatigue behaviour of the non-graded
specimens. However, one of the main interests of this study was to
investigate the fatigue behaviour of the graded parts. In order to study
the fatigue crack growth of the graded samples, constant AK tests were
performed on both graded material categories. To maintain the constant
AK condition, particularly near and across the interface area, the
customized K solutions based on the J-integral values around the crack
tip were used. The fatigue crack growth rate versus crack length, a, of
constant AK experiments for both categories of graded materials are
provided in Fig. 13. In both vertical and horizontal orientations, the
FCGR increases as the crack propagates into the interface. This behav-
iour can be associated with the microstructural features of the interface
area. The crack growth rate of the graded vertical 250 W-950 W-V
sample tested at 22.5 MPa,/m is relatively constant, with the variation of
the g—ﬁ, around 3E-5- 6E-5 mm/cycle in both sides of the interface. This
behaviour is related to the build direction of the sample. The crack path
in the V specimens grows within a layer of deposited material, which
went through the same or a close number of thermal cycles. This implies
that the distributions of the probable strengthening precipitates, car-
bides, and detrimental Laves phases are uniform along the crack path. A
similar trend was observed in the Vickers hardness profile of the vertical
samples, shown in Fig. 9. The crack growth rate of the vertically graded
sample in the 250 W region is higher than that in the 250 W non-graded,
which is about 6E-6 mm/cycle. Similarly, the FCGR of the 950 W region
of the graded sample is also higher than the non-graded 950 W spec-
imen, which is about 1E-5 mm/cycle. The differences in the % values
arise from the differences in the residual stresses developed in the ma-
terials during the manufacturing process. Compressive residual stresses
act as extrinsic closure factors which can lead to crack closure and
hindrance of the crack growth [66]. Table 8 gives the measured residual
stresses on the non-graded samples. It also should be noted that the
lowest fatigue crack growth rate of the graded vertical sample, 2E-5
mm/cycle, was observed inside the interface.

The fatigue crack growth rate of the horizontal graded sample tested
at AK = 25 MPa,/m, however, increases gradually from about 4E-6 mm/
cycle in the lower laser power region to about 7E-5 mm/cycle in the
higher laser power region. The FCGR of the 250 W region of the graded
sample at the beginning is lower than its measured value in an NG
sample, 2E-5 mm/cycle. However, it reaches this value before the crack
propagates to the interface. Although, the FCGR has an increasing trend
as the crack grows, it remains below 1.5E-4 mm/cycle which was
measured on the NG 950 W specimen. This trend is in agreement with
the behaviour observed in the hardness tests (shown in Fig. 9). The
initially built layers, i.e. the beginning parts of the 250 W region,
experienced more thermal cycles which could reduce the presence of the
detrimental Laves phases. As a result, those parts have a lower FCGR. As
it gets closer to the final passes of deposited material, i.e. the last parts of
the 950 W regions, the number of thermal cycles which materials
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Fig. 12. (a) Measured data and (b) Paris law fits of NG L-PBF samples with different microstructures as well as the wrought samples as references. Two data sets per

category are provided. The legend in (a) applies to both figures.

Table 7

A summary of Paris law constants for NG and wrought samples tested at R = 0.1. The AKy, values are calculated by extrapolations of the Paris curves.

BD AKg,

[MPay/m]

Manufacturing condition Paris exponent (m;)

Paris exponent (my)

Paris constant (c;) Paris constant (c5) R%

6 £ 0.5
9.2+0.2
16.5+0.1
15.1 £ 2.4

3.0+0.1
4.6 £ 0.8 -
57+0.1 -
11.3 £5.7

L-PBF 950 W

o<

250 W
Wrought -

1.1+0.2

6.1 £0.1

0.946 -
0.972
0.936
0.960

(6.0 + 2.3) E-9 (9.4 +£ 4.3) E-7
(1.2 £ 1.1) E-10 -

(1.6 £ 0.5) E-13 -

(4.5 + 4.5) E-13 (3.5 +1.1) E-10
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Fig. 13. Fatigue crack growth rate of the graded L-PBF samples in constant AK
experiments.

experience reduces resulting in a larger number of Laves phase and
consequently higher FCGR values. The differences in FCGR values of G
and NG parts can be related to the various compressive residual strength
in the NG and G parts. The interface does not influence the constant
increase of the FCGR. As was observed in the optical microscopy images
depicted in Fig. 6, the microstructure of the interface in the vertical

Table 8

Residual stress values of the L-PBF IN718 samples measured by XRD technique.

graded sample was distinguishable compared with the interface of the
horizontal graded sample which has a uniform and smooth transition.
These differences explain the FCGR variation in the interface of the
vertical G sample compared with the smooth increase of FCGR in the
horizontal G specimen.

3.3. Fracture surface and crack path analyses

The fracture surface SEM micrographs of the graded samples are
depicted in Fig. 14, with the interface areas determined by dashed lines.
As it was observed in the optical microscopy images of the graded
samples shown in Fig. 6, the vertically built specimen has more defects
accumulated in the boundaries of the interface area compared with the
horizontal sample. Those defects could be attributed to the change of the
manufacturing parameters in each layer of the V samples around the
interface area compared with the H samples in which the laser param-
eters remain constant in each deposited pass. To find out the type of the
defects, the scanning electron microscopy was done in a higher magni-
fication as shown in Fig. 14-c. The high magnification micrograph along
with the subsequent EDS analyses revealed that the present defects are
unmelted particles. The presence of these kinds of defects was reported
in different additive manufactured alloys [24,29,41,70-72]. The
unmelted particles can act as fatigue crack initiation sites and influence
crack paths affecting the overall fatigue behaviour of AM materials
dramatically [73]. In addition, the coupling of the pores between the
unmelted parts with oxides and carbides hinders grain growth [29]. As it
can be seen in Fig. 14 (a), the presence of the unmelted particles is more
pronounced on the 250 W laser power side. In addition, the size of the
unmelted particles is towards the upper limit of the particle size in the

Manufacturing condition Sample direction

Residual stress in BD [MPa] Residual stress perpendicular to BD [MPa]

L-PBF 250 W H
950 W H
950 W \

—100 + 23 —151 4+ 30
—368 + 98 —259 £ 60
—480 + 66 —377 £ 44
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950 W

I

Fig. 14. SEM micrographs of the graded specimens’ fractured surfaces near the interface area on (a) vertical and (b) horizontal orientations. (c) A high magnification
micrograph of an un-melted particle in the interface region of the vertical specimen.

powder, 64 pm. The reason is that the 250 W laser power was not high
enough to melt the larger powder particles completely, similar to what
was reported in [71].

Fig. 15 shows the SEM micrographs of the fractured surface of a
graded sample on the 250 W laser power region. No striations were
found in the fractured surfaces, however, as seen in Fig. 15(a), stair-like
features are present, which indicate the local solidification directions.
These stairs are revealed after the fracture since the crack propagates
through the epitaxial dendrites which were observed to grow along the
<001> directions in the columnar grains. Fig. 15(b) shows a ridge on
the fracture surface that can indicate the grain boundaries with different
local orientations in adjacent grains or melt pool boundaries.

The optical micrographs of the crack path of a horizontal graded
sample in regions manufactured using different laser powers are given in
Figs. 16 (a) and (b). Note that the macroscopic crack propagation di-
rection is from the bottom (250 W laser power) to the top. Significant

deflections are observed when crack encounters the boundaries of melt
pools (shown by 1 in Fig. 16 (a)) and the interface region (shown by 2 in
Fig. 16(a)), resulting in a tortuous crack path. Such deflections are not
present at the boundaries of the 950 W region shown in Fig. 16(b). The
crack path of the wrought sample, which has significantly finer grains
compared with the graded parts, is shown in 16 (c). The crack path is
observed to be relatively straight, featuring a combination of trans-
granular and intergranular fracture.

To analyse the effect of the microstructure and grain orientations on
the crack propagation behaviour of the graded and wrought materials,
EBSD imaging is performed around the cracks, and the IPF maps are
presented in Fig. 17 (a)-(c). The build directions of the graded speci-
mens are indicated on the IPF maps. In all maps, the crack propagates
from right to left. The grain sizes manufactured using 250 W laser power
were found to be similar in both H and V graded samples and elongated
in the build direction. However, similar to what was observed on the NG

Fig. 15. SEM micrographs of the fractured surfaces of the graded samples in the regions manufactured using 250 W laser power tested at AK = 25 MPay/m, showing

(a) stair like features and (b) ridges revealing two grains.
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Fig. 16. Optical micrographs showing the crack path of a horizontal graded sample in the (a) 250 W laser power side and the interface, (b) 950 W laser power side,
and (c) the crack path of the wrought sample. Crack deflections at melt pool boundaries (1) and interface (2) are determined in figure (a).

samples’ IPFs shown in Fig. 10, in the 950 W laser power regions, the
build direction influences the grain size. The 950 W side of the H graded
sample was observed to have larger grains compared with the V sample.
The other difference in the two orientations of the G samples is the
interface region. From the optical microscopy images shown in Fig. 6,
the transition from 250 W to 950 W regions in the H samples was found
to be smoother compared with the V specimens. This feature is evident
in the IPF maps as well. The interface microstructure is not distin-
guishable in the H sample, while the texture of the interface in the V
sample is significantly different from the other parts. The V sample’s
interface margin on the 250 W side consists of finer grains and defects,
which were discussed earlier and shown in the optical micrographs in
Fig. 16. Similarly, on the other side of the interface, where the 950 W
laser power is used, grains are finer compared with the remaining area of
950 W. The other noticeable feature of the V sample’s interface is the
orientations of the grains. The grains located towards the lower laser
power are oriented in the <001> direction, while the other parts do not
show a preferred texture. In both graded samples, deflections were
observed close to the grain boundaries, similar to what was reported in a
previous research [74].

From the IPF maps, it can be observed that despite having some
intergranular fracture, the transgranular fatigue mechanism is dominant
in the fatigue crack growth of the AP graded materials. Similar behav-
iour was reported in [61,75]. However, the crack grows as a combina-
tion of transgranular and intergranular in the wrought material, as was
evident in the optical micrographs in Fig. 15. Crack branching (CB),
which is known to form at the grain boundary high angle misorientation,
was observed in the crack growth path and is determined in the IPFs.
Crack branching hinders the fatigue crack growth due to the reduction of
effective stress intensity factor at the crack tip [61]. The crack branching
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phenomenon was observed more in the H sample compared with the V
specimen, and it can be related to the lower fatigue crack growth rate of
the H sample. The intergranular crack growth mechanism, which was
observed in V samples more than H samples, can occur when the crack
tip encounters high angle grain boundaries [75].

Schematics of the crack path in the H and V samples are provided in
Fig. 18. As it was observed from the optical micrographs given in Fig. 16
and the IPFs in Fig. 17, the crack deflections are larger in H samples
which could be resulted from the <001 > texture of the grains compared
with the V samples, which show deflections around the melt pool
boundaries. There are more deflections in the V samples causing a more
tortuous crack path. The dominant fracture mechanism in both graded
samples was observed to be transgranular due to the encounter of the
crack tip to the high angle grain boundaries.

4. Conclusions

In this study, we investigated the effect of the different processing
parameters in creating various microstructures and resulting hardness
and fatigue behaviour of the L-PBF IN718 superalloy. In particular, the
correlation of the aforementioned mechanical properties with the
microstructure was studied. Three groups of non-graded specimens,
along with two categories of the functionally graded samples, in which
the processing parameters were used to manipulate the properties, were
tested at room temperature. A heat treated wrought IN718 material was
also tested as a reference for comparing the performance of the graded
and non-graded materials. A finite element model was developed to
obtain the accurate K solutions in the interface regions of the graded
materials. Several conclusions can be drawn:
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Fig. 17. IPF maps showing the crack paths through the interface of the graded samples built in (a) H and (b) V orientations tested at AK = 22.5 MPa,/m and AK = 25
MPa./m respectively. The orientations of the grains with respect to the local crystal lattice frame in all IPFs are determined based on the IPF triangle presented in (a).
A higher magnification IPF of the wrought sample is presented in the insert from the determined area in (c). As it can be seen the crack grows as a combination of
intergranular and transgranular mechanisms.

a)

BD

Fig. 18. A crack path schematic of (a) horizontal and (b) vertical samples.

1) Microstructural Anisotropy: The grains’ shape and texture were found general worse than the 250 W material fatigue behaviour. This was

highly affected by the manufacturing parameters and build di-
rections. The grains are elongated in the build direction and exhibit
strong <001> texture, which was found to be the most pronounced
in the horizontal build direction of the higher laser power. The
wrought material has almost equiaxed fine grains.

2) Hardness profile: Non-graded L-PBF materials had uniform values of

hardness, which were lower than those of the wrought material. The
difference was attributed to the finer grains and the presence of the
strengthening precipitates in the wrought samples. The hardness
profile of the graded material was affected by the processing direc-
tion and grading type and was found to reflect well the profile of
fatigue crack growth.

3) Fatigue crack growth behaviour (AKnand da/dN) of non-graded mate-

rial: At a low stress ratio of R = 0.1, only 250 W L-BPF material was
found to have comparable to wrought heat treated material fatigue
crack growth behaviour. The 950 W category was found to exhibit in

attributed to the compressive residual stresses, leading to less AKeg
in the 250 W samples with finer grains. At higher stress ratio of R =
0.7, the threshold stress intensity range in AM materials decreases,
which is related to the absence of the roughness-induced crack
closure mechanisms observed at R = 0.1.

4) Fatigue crack growth behaviour of graded material: A novel approach of

using a constant AK procedure was employed for graded specimens,
which allows investigating the crack growth rate as a function of the
crack interaction with the local microstructures. It was observed that
the graded microstructures influence the da/dN values. While the
values obtained for the low and high laser power zones were
different from their ungraded counterparts, the crack growth rates
were seen to be reducing as the crack path encounters the interface
regions.

5) Fatigue crack path: Melt pool boundaries, graded interface bound-

aries, and grain orientations close to <001> were found to influence
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and deflect the crack path. Furthermore, grain boundary misorien-
tation was observed to cause crack branching for horizontal high
laser power samples.

Thus, in this study, we have successfully demonstrated the feasibility
of using an additive manufacturing process to fabricate functionally
graded materials, which could feature tailorable fatigue response based
on the location-specific microstructures. Future works will focus on the
effects of various heat treatments on fatigue and fracture toughness
behaviour of such graded materials. Furthermore, the effect of the car-
bides and delta phase fractions on the fatigue performance of the AM
IN718 could be an interesting future study.
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