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A B S T R A C T

The current lack of quantitative knowledge on processing-microstructure–property relationships is one of the
major bottlenecks in today’s rapidly expanding field of additive manufacturing. This is centrally rooted in
the nature of the processing, leading to complex microstructural features. Experimentally-guided modeling
can offer reliable solutions for the safe application of additively manufactured materials. In this work,
we combine a set of systematic experiments and modeling to address creep anisotropy and its correlation
with microstructural characteristics in laser-based powder bed fusion (PBF-LB/M) additively manufactured
Inconel-738LC (IN738LC). Three sample orientations (with the tensile axis parallel, perpendicular, and
45◦ tilted, relative to the building direction) are crept at 850 ◦C, accompanied by electron backscatter
secondary diffraction (EBSD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
investigations. A crystal plasticity (CP) model for Ni-base superalloys, capable of modeling different types of
slip systems, is developed and combined with various polycrystalline representative volume elements (RVEs)
built on the experimental measurements. Besides our experiments, we verify our modeling framework on
electron beam powder bed fusion (PBF-EB/M) additively manufactured Inconel-738LC. The results of our
simulations show that while the crystallographic texture alone cannot explain the observed creep anisotropy,
the superlattice extrinsic stacking faults (SESF) and related microtwinning slip systems play major roles as
active deformation mechanisms. We confirm this using TEM investigations, revealing evidence of SESFs in
crept specimens. We also show that the elongated grain morphology can result in higher creep rates, especially
in the specimens with a tilted tensile axis.
1. Introduction

Additive Manufacturing (AM) is rapidly progressing towards solid-
ifying its position as a prominent processing technique. This stems,
among several advantages, from the potential of this technique for
automation [1], precise prototyping [2] and repair applications [3].
Safe and comprehensive application of the AM, however, is still a
technological challenge. Among several aspects, the nonequilibrium
microstructures emerging during the AM process remains elusive so far:
The thermo-chemo-structural couplings between directional tempera-
ture gradients and evolving microstructures result in diverse, hierarchi-
cal textures, phases, and defects’ distributions. These, in turn, impact
the ultimate properties of AMed materials, which are then expected to
compete with conventionally produced materials.

∗ Corresponding author.
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The interest in AMed Ni-base superalloys and their potential ap-
plications has recently been growing [4,5]. The creep performance,
resulting from the 𝛾∕𝛾 ′ microstructure, is of technological significance
for these alloys. While revealing similar 𝛾∕𝛾 ′ phases, the AMed Ni-
base superalloys are found to exhibit columnar grains with <001>
texture, typically aligned parallel to the build direction with strong
compositional inhomogeneity within the microstructure. These process-
specific features differ significantly from conventionally manufactured
microstructures [6,7] and result in an anisotropic response in both
secondary and tertiary creep, even after heat treatment [8–10].

A substantial amount of research has been devoted (i) to identifying
and minimizing microstructure defects during AM process [11–13], (ii)
to investigate the influence of the processing parameters on the mi-
crostructure [14–16] and, (iii) to characterize the correlation between
vailable online 22 May 2024
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the AMed microstructure and mechanical properties [17–19]. Yet, due
to the large space of processing parameters, experimental characteri-
zation of the processing-microstructure–property relationships remains
challenging. This currently limits the safe adoption of AM process for
Ni-base superalloys. In this context, material modeling is a promising,
powerful means, as demonstrated in recent studies [20–22], to explore
the correlation between the microstructural and mechanical properties
of AMed materials.

A broad range of creep deformation mechanisms has been revealed
in conventionally manufactured Ni-base superalloys, including disloca-
tion motion (glide and climb), shearing of the precipitates by matrix
dislocations, leaving antiphase boundaries (APB) or forming superlat-
tice intrinsic or extrinsic stacking faults (SISF/SESF) or microtwinning,
as well as grain boundary sliding and diffusion (see, e.g., [23,24]).
These led to the development of deformation maps, describing dom-
inant deformation mechanisms as a function of the temperature and
the stress during creep [25,26]. A comprehensive overview of the
modeling techniques applied to Ni-base superalloys at different scales
can be found in [24]. Yet, extending and applying this knowledge to
AMed Ni-base superalloys requires careful consideration of their special
microstructure.

Crystal plasticity finite element methods (CPFEM), combining crys-
tal plasticity (CP) constitutive models with an idealized description
of microstructural features, is a powerful tool that allows an explicit
coupling of the microstructure and the mechanical behavior [27–30].
Several CP models have been proposed for studying creep in single
crystal Ni-base superalloys, which either phenomenologically or mech-
anistically incorporate the experimentally observed creep deformation
mechanisms at different temperatures and stresses. Here, the low-
temperature regime for which the 𝛾 ′ microstructure remains stable and
the high-temperature regime for which precipitate coarsening and raft-
ing occur should be distinguished. The CPFEM was also recently applied
to study the creep anisotropy of AMed IN738LC. Prasad et al. [31] im-
plemented a CPFEM approach based on the CP model presented in [32]
and on the texture characteristics for predicting creep anisotropy in
AMed IN738LC at 980 ◦C with a Voxel model of the grain structure.
Fernandez-Zelaia et al. [33] also utilized the CPFEM with a Voxel model
of the grain structure and the measured crystallographic texture to
predict the creep anisotropy of electron beam powder bed fusion (PBF-
EB/M) manufactured IN738LC at 850 ◦C. It was demonstrated that
he approach can capture partially stationary creep anisotropy. The
nderlying CP here did not account for < 112 > {111} slip systems.
nstead, the octahedral glide was assumed to be controlled by a non-
chmid yield stress inspired by an estimate of the strengthening effect
ue to Kear-Wilsdorf locks (see, e.g., [23]).

In the low-temperature regime (𝑇 ≤ 850 ◦C), the dominant contri-
ution to creep strains is found to be due to macroscopic glide along
< 112 > {111} slip systems [23,24,34–39], which at the microscopic

level can be explained by the formation of superlattice intrinsic or
extrinsic stacking faults, microtwins or stacking faults ribbons. To date,
the models devoted to the low-temperature regime usually include
< 112 > {111} type slip systems, in addition to the octahedral and
(possibly) cubic slip systems. On the other hand, the majority of the
models consider either only SISF based mechanisms [40], or SESF
based mechanisms such as micro-twinning [41], or make no formal
distinction between the two glide directions [37,42,43]. However, the
glide of superpartial dislocations in the < 112 > and in the < 112 >
direction leave behind in the 𝛾 ′ phase either SISFs or SESFs, which are
omplex stacking faults of different crystallographic nature and energy.
hus, the < 112 > {111} and the < 112 > {111} slip systems must be

treated as different systems, a distinction that was so far missing in the
investigations. These aspects are brought to light in the current study.

In this work, we combined experimental investigations and CP mod-
eling to systematically study the creep anisotropy of AMed IN738LC
at 850 ◦C as a pertinent temperature for industrial application (see,
e.g., [44,45]). At this temperature, the 𝛾 ′ microstructure can be re-
garded as relatively stable up to about 1000 h [46,47]. We performed
2

creep tests on laser-based powder bed fusion (PBF-LB/M) manufactured
material in three different specimen orientations. Electron backscatter
diffraction (EBSD) and transmission electron microscopy (TEM) were
used to investigate the microstructure of AMed samples. We developed
a microstructure-based CPFEM modeling framework to investigate the
influence of the deformation mechanisms, crystallographic texture,
and grain morphology on creep anisotropy. The essential modeling
constituents required for describing the stationary creep anisotropic
response were identified and discussed. The influence of the deforma-
tion mechanisms on the creep response of polycrystalline IN738LC was
modeled and investigated for the first time. We showed that the current
model can capture the essential trends of the anisotropic stationary
creep response of PBF-EB/M and PBF-LB/M manufactured IN738LC at
850 ◦C. Thereby, the focus rather lies on the identification of the main
actors influencing creep anisotropy than a comprehensive modeling
f the whole creep response. Additionally, we demonstrated that our
pproach can sufficiently link the microstructure and creep anisotropy
nd requires only the creep response in one specimen orientation for
he model calibration.

. Experimental and modeling methods

.1. Creep tests and characterizations

We performed two sets of creep tests at 850 ◦C on PBF-LB/M
anufactured IN738LC samples. Table S1 in the Supplementary Ma-

erial (SM) gives the alloy powder composition. All specimens were
abricated with identical process parameters but different dimensions
nd orientations concerning the AM build direction (BD). The PBF-
B/M was performed on an EOS-M290 machine with a volume energy
ensity of 69 J/mm3 and a layer thickness of 40 μm. The exact process
arameters cannot be published but are based on the following main
arameters, which can be found in the literature (e.g. [48]): (1) Laser
ower of 225 W, (2) Scan speed of 1010 m/s, and (3) Hatch distance
f 80 μm. The meander scanning strategy was applied in an alternating
aser scanning pattern with 67◦ rotation after each layer. The samples
ere subsequently processed by hot isostatic pressing (HIP) and so-

ution heat treatment (1120 ◦C/2 h / air cooling) followed by 24 h
ging at 840 ◦C and subsequent air cooling. During the heat treatment,
n argon atmosphere was applied to avoid oxidation. Both as-built
nd heat-treated specimens were microcrack-free. An average relative
ensity of 99.98% was identified for the heat-treated, HIPed, and
ndeformed specimens. The details of relative density measurements,
ight microscopy micrographs, and SEM images of the same specimens
an be found [49].

To investigate the creep anisotropy, we performed creep tests in
hree specimen orientations: (1) Vertical Direction (VD) with the tensile
xis aligned with the BD, (2) Horizontal Direction (HD) with the tensile
xis perpendicular to the BD, and (3) Diagonal Direction (DD) where
he tensile axis lies in VD-HD-plan with a 𝜃 = 45◦ angle to the BD (see
ig. 1). The creep tests were performed at constant force according
o the standard DIN EN ISO 204:2019-04 [50]. The temperature was
easured with three thermocouples of type S tied along the gauge

ength, and the specimen elongation was measured using ceramic axial
xtensometers.

In addition to our experiments, a creep data set from [33], fabri-
ated by PBF-EB/M technique utilizing a contour melt scanning pattern,
as adopted for additional validation of our modeling approach. The

esting method and critical process parameter details can be found
n [51]. These creep tests are on three specimen orientations, HD, VD,
nd DD, with a tilt angle of 𝜃 = 54.7◦. We refer to these as ‘PBF-EB/M’
anufactured specimens and to our own experiments as ‘PBF-LB/M’

pecimens. Table 1 summarizes our creep tests and related specimen
arameters.

The EBSD analysis was used to characterize the grain morphology
nd crystallographic texture and to obtain related inverse pole figures
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Table 1
Summary of creep tests. All tests were performed at 850 ◦C. *Creep data set 3 is adopted from [33,51], referred to as PBF-EB/M specimens.
Creep tests Stress level

[MPa]
Manufacturing
method

Specimen
orientation

Gauge length
[mm]

Gauge diameter
[mm]

Set 1 220, 360 PBF-LB/M HD 25.0 6.00
Set 2 200, 240 PBF-LB/M HD, VD, DD 24.5 5.00
Set 3* 175, 210, 240, 275 PBF-EB/M VD, DD, HD 25.4 6.35
Fig. 1. Specimens’ orientations with respect to the loading direction in our creep tests.
Scanning planes are shown accordingly.

(IPF). Crept specimens were cut along and perpendicular to the tensile
axis and prepared by mechanical grinding. The imaging was carried out
using a LEO Gemini 1530 VP (Zeiss) SEM with 70◦ tilted specimens
operating at 20 kV and equipped with eFlash HD Detector. To ensure
statistical representativity, a total area of 126 mm2 (eight images) was
measured with a step size of 5.76 μm. The MTEX software was then
used to combine and evaluate the data [52]. Grain size and aspect
ratio were determined by fitting ellipses to the detected grains using
the built-in MTEX algorithms. The length of the ellipse short axis is
defined as the grain size (equivalent diameter) and the ratio of the
long axis to the short axis is defined as the grain aspect ratio. The
EBSD data were smoothed and de-noised before grain detection. A
minimum misorientation angle of 10◦ and a minimum equivalent grain
diameter of 50 μm were used as grain detection criteria. We performed
TEM measurements on a JEOL JEM-2200FS Field Emission TEM (JEOL
Ltd., Tokyo, Japan) operating at 200 kV, using bright-field (BF) and
dark-field (DF) conventional (C) TEM imaging. TEM specimens were
cut from the gauge length of a crept specimen (240 MPa and creep
rupture strain of 2%) perpendicular to the tensile axis with a thickness
of 0.5 mm. The cut specimens were polished to P1200 grit, then
3 mm sized disks were punched from the 120 um thick slices. The
disks were electropolished with a solution of 83 vol. % ethanol, 7 vol.
% glycerin, and 10 vol. % perchloric acid at −7 ◦C using a voltage
of 30 V. Additionally, we carried out a microstructural investigation
using optical microscopy (LM, Leica Microsystems), scanning electron
microscopy (SEM, CamScan Series 2, Obducat, Sweden), and energy
dispersive spectroscopy (EDS) measurements. Size distribution and vol-
ume fraction of primary and secondary 𝛾 ′ precipitates were analyzed
using the MIPAR image analysis software [53].

2.2. CPFEM modeling approach

CPFEM-based RVEs applied to polycrystalline materials enable di-
rect consideration of microstructural features. Microstructure-based
modeling of Ni-base superalloys has been increasingly addressed
[54–56], with recent AM-specific RVE models incorporating crystallo-
graphic orientation and grain morphology [31,33,57]. In the current
study, we developed a comprehensive CPFEM approach capable of
correlating AM-specific microstructure properties with creep behavior,
consisting of the deformation mechanism-based crystal plasticity model
and representative volume element (RVE) models with different levels
of microstructural complexity. The current framework then enables a
systematic investigation of contributing factors to creep anisotropy in
AMed IN738LC presented here for the first time.
3

The two-phase microstructure of these alloys, consisting of the
FCC Ni-rich matrix with solute elements (such as Cr and Co) and the
L12 Ni3Al ordered precipitates, also maintains a variety of linear and
planar defects, which in turn leads to a range of various deformation
mechanisms. Figure S1 in the Supplementary Material (SM) shows an
overview of the possible slip systems in a {111} plane of the L12
structure. The main deformation mechanisms that have been frequently
discussed in the context of low-temperature creep include:

1. The glide of 𝑎∕2 < 110 > dislocations through the matrix
channels that deposit segments on the 𝛾∕𝛾 ′ interfaces behind
them. These segments reduce the local stresses in the channels,
leading to kinematic hardening.

2. The shearing of the 𝛾 ′ precipitates by 𝑎∕2 < 110 > dislocation
pairs coupled by Anti-Phase Boundary (APB) (see, e.g., [58]),
which also contribute to deformation by the slip systems from
the type {111} < 110 >.

3. The formation and propagation of defects, including microtwins
resulting from the initial formation of SESFs, and driven by the
diffusion-assisted glide of 𝑎∕6 < 211 > partial dislocation pairs
in the 𝛾 ′ phase [26,36,39,59,60]. Isolated SESFs and microtwins
macroscopically amount to the activation of slip systems from
the type {111} < 211 > [34,35,37].

4. The formation and propagation of planar defects driven by
𝑎∕3 < 211 > superpartials like SF-ribbons resulting from the
nucleation of SISF at the 𝛾∕𝛾 ′ interfaces (see, e.g., [38,60–62]).
Macroscopically, isolated SISFs and SF-ribbons amount to the
operation of slip systems from the type {111} < 211 > [35,42].

5. Macroscopic evidence suggests the existence of cubic slip in
< 111 > oriented crystals under tension (see, e.g., [63,64]).
However, its physical origin remained controversial for decades.
Discrete dynamic dislocation simulations [65] showed that for
the combinations of slip systems activated in < 111 > ten-
sion specimens, the Burgers vectors of the interface dislocations
compensate. In turn, the hardening observed in other orienta-
tions disappears, leading to a localization of the deformation on
macroscopic {001} planes.

6. The thermally activated local or general climb process in which
dislocation segments climb around the 𝛾 ′ precipitates [66,67].

It should be mentioned that, in reality, no sharp limits can be given
for the temperature and stress ranges in which a particular mechanism
becomes active or inactive. Instead, it is rather likely that multiple
deformation mechanisms are operative at the same time, but one or
several mechanisms are dominant within a temperature and loading
range. Since the present study focuses on creep at 850 ◦C, it has been
assumed that rafting can be neglected. The cubic slip effect is accounted
for by an appropriate description of hardening, as shown below. In turn,
three families of slip systems are considered, which are related to the
mechanisms above:

• Octahedral systems (1, 2 and 6): {111} <110>
• SESF-related systems (3): {111} < 211>
• SISF-related systems (4): {111} <211 >

The consideration of SISF- and SESF-related systems for 850 ◦C is based
on the fact that recent studies reported experimental evidence for the
existence of related deformation mechanisms such as microtwinning
and SF-ribbons in a temperature range of 700 to 950 ◦C [26,60].
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Furthermore, it is pointed out that climbing around the particles
leads at the macroscopic scale to the same deformation as octahedral
glide because there is no preferred climb direction for a dislocation
initially gliding on a random octahedral plane between cubic or spher-
ical precipitates. The reader is referred to [67] among others for a
detailed study of the climbing process in Ni-base superalloys with cubic
precipitates.

2.2.1. Crystal plasticity model
We included the five previously mentioned deformation mecha-

nisms. For the macroscopic stress 𝝈, we consider the volume average
f the stresses in both phases

= (1 − 𝑓 )𝝈𝛾 + 𝑓𝝈𝛾′ , (1)

here 𝑓 denotes the volume fraction of the 𝛾 ′ precipitates. The stresses
n each phase can be readily estimated with the (oversimplified) ap-
roximation of a homogeneous strain 𝜺 = 𝜺𝛾 = 𝜺𝛾′ :

𝝈𝛾 = 𝝈 + 𝑓
<4>
𝐂 ∶

(

𝜺𝑖𝑛𝛾′ − 𝜺𝑖𝑛𝛾
)

, (2)

𝛾′ = 𝝈 + (1 − 𝑓 )
<4>
𝐂 ∶ (𝜺𝑖𝑛𝛾 − 𝜺𝑖𝑛𝛾′ ), (3)

here (𝜺𝑖𝑛𝛾 − 𝜺𝑖𝑛𝛾′ ) is the difference of the inelastic strains between both

hases and
<4>
𝐂 denotes the elastic stiffness tensor, assumed to be identi-

al in both phases. The deformation typically starts in the 𝛾 matrix and
q. (2) naturally implies kinematic hardening that reaches saturation
hen the precipitates are sheared by dislocations. Eqs. (2) and (3) are

oo stiff, yielding high internal stresses in both phases. Less stiff esti-
ates can be obtained using Eshelby’s inclusion theory (see, e.g., [68]),
hich still is not appropriate for cuboidal 𝛾 ′ precipitates with high

volume fractions. A more general but phenomenological approach is

to replace
<4>
𝐂 by a fourth-order tensor

<4>
𝜴 of cubic symmetry:

𝝈𝛾 = 𝝈 + 𝑓
<4>
𝜴 ∶

(

𝜺𝑖𝑛𝛾′ − 𝜺𝑖𝑛𝛾
)

, (4)

𝝈𝛾′ = 𝝈 + (1 − 𝑓 )
<4>
𝜴 ∶ (𝜺𝑖𝑛𝛾 − 𝜺𝑖𝑛𝛾′ ). (5)

We found that a proper choice for this tensor suppresses hardening
in < 111 > oriented uni-axial specimens when only octahedral slip
systems are operating, hence accounting for the so-called cubic slip
effect without resorting to cubic slip systems [69]. For this purpose,
<4>
Ω is decomposed into the three orthogonal basis tensors, the so-called
Kelvin modes [70]:
<4>
𝜴 = 𝛼

<4>
𝐉 + 𝛽

<4>
𝐋 + 𝛿

<4>
𝐌 . (6)

The basis tensors are defined with the base 𝐞𝑖 in the crystal axes as
<4>
𝐉 ∶= 1

3
𝛿𝑖𝑗𝛿𝑘𝑙𝐞𝑖 ⊗ 𝐞𝑗 ⊗ 𝐞𝑘 ⊗ 𝐞𝑙

<4>
𝐋 ∶=

<4>
𝐈 −

<4>
𝐒

<4>
𝐌 ∶=

<4>
𝐒 −

<4>
𝐉 ,

with the identity tensor
<4>
𝐈 ∶= 𝛿𝑖𝑘𝛿𝑗𝑙𝐞𝑖 ⊗ 𝐞𝑗 ⊗ 𝐞𝑘 ⊗ 𝐞𝑙 ,

and
<4>
𝐒 ∶=

3
∑

𝑖=1
𝐞𝑖 ⊗ 𝐞𝑖 ⊗ 𝐞𝑖 ⊗ 𝐞𝑖.

The product of
<4>
𝐉 with any deviatoric tensor vanishes, in particular,

<4>
𝐉 ∶

(

𝜺𝑖𝑛𝛾′ − 𝜺𝑖𝑛𝛾
)

= 𝟎. Hence the representation (6) can be reduced to

<4> <4> <4>
4

𝜴 = 𝛽 𝐋 + 𝛿 𝐌 (7)
without loss of generality. It can be shown that kinematic hardening
in uniaxially loaded < 111 > crystals exactly vanishes when 𝛽 = 0,
while the magnitude of kinematic hardening in the < 001 > direction
s controlled by 𝛿, which is taken as an adjustable parameter.

The total inelastic strain rate 𝜺̇𝑖𝑛 is composed of the contribution of
ll slip systems:

̇ 𝑖𝑛 = 𝜺̇𝑖𝑛𝑜𝑐𝑡 + 𝜺̇𝑖𝑛𝑆𝐼𝑆𝐹 + 𝜺̇𝑖𝑛𝑆𝐸𝑆𝐹 (8)

where 𝜺̇𝑖𝑛𝑜𝑐𝑡 is the inelastic strain rate due to the octahedral slip systems,
𝜺̇𝑖𝑛𝑆𝐼𝑆𝐹 the inelastic strain rate due to the SISF-related systems and
𝜺̇𝑖𝑛𝑆𝐸𝑆𝐹 the inelastic strain rate due to the SESF-related systems. To
simplify, it is assumed that microtwins and SF-ribbons control the creep
rates within the two last families of slip systems. Since microtwins and
SF-ribbons can shear both matrix and precipitates, the corresponding
strain rates apply for both matrix and precipitates in contrast to 𝜺̇𝑖𝑛𝑜𝑐𝑡
that must be split in the contribution of both phases:

𝜺̇𝑖𝑛𝑜𝑐𝑡 = (1 − 𝑓 )𝜺̇𝑖𝑛𝑜𝑐𝑡,𝛾 + 𝑓 𝜺̇𝑖𝑛𝑜𝑐𝑡,𝛾′ . (9)

For each slip system family 𝜒 , where 𝜒 corresponds to either SISF,
SESF, (oct, 𝛾) or (oct, 𝛾 ′), the corresponding inelastic strain rate, 𝜺̇𝑖𝑛𝜒 ,
can then be formulated as the sum of the contributions of all systems
of the family:

𝜺̇𝑖𝑛𝜒 = 1
2

𝑁𝜒
∑

𝑔=1

[(

𝐦𝜒,𝑔 ⊗ 𝐧𝜒,𝑔
)

+
(

𝐧𝜒,𝑔 ⊗𝐦𝜒,𝑔
)]

𝛾̇ 𝑖𝑛𝜒,𝑔 (10)

For a slip system 𝑔, the unit vector 𝐦𝜒,𝑔 corresponds to the slip
direction, and 𝐧𝜒,𝑔 refers to normal to the slip plane. The number of
slip systems, 𝑁𝜒 , is 24 in the case of the octahedral slip systems and 12
in other cases. Table 2 summarizes all slip system families’ slip planes
and directions. Note that glide is equally possible in both directions in
the case of the octahedral slip systems, which does not apply to the
SISF-related and SESF-related systems.

The dependence of the shear rates 𝛾̇ 𝑖𝑛𝜒,𝑔 on the Resolved Shear
Stresses (RSS) is assumed to follow a thermally activated law (see,
e.g., [71])

𝛾̇ 𝑖𝑛𝜒,𝑔 = 𝐴𝜒 exp
(

−
𝑄𝜒

𝑘 𝑇

)

sinh
[

𝑉𝜒𝑏3

𝑘 𝑇
𝜏𝜒,𝑐 𝐻

(

𝑦𝜒,𝑔 ; 𝑠𝜒
)

]

, (11)

with 𝑦𝜒,𝑔 = ⟨𝜏𝜒,𝑔⟩
𝜏𝜒,𝑐

and 𝐻(𝑦; 𝑠) = 𝑦
[

1 − (1 + 𝑦𝑠)(−
1
𝑠 )
]

. Here ⟨𝑥⟩ denotes
he MacCauley bracket, i.e., ⟨𝑥⟩ = 𝑥 if 𝑥 ≥ 0 and ⟨𝑥⟩ = 0 if 𝑥 < 0. 𝜏𝜒,𝑔
epresents the relevant RSS for the considered mechanism, i.e., 𝜏𝜒,𝑔 =
𝜒,𝑔 ⋅𝝈⋅𝐧𝜒,𝑔 for the SISF or SESF-related systems and 𝜏𝜒,𝑔 = 𝐦𝜒,𝑔 ⋅𝝈𝛾 ⋅𝐧𝜒,𝑔 ,

espectively, 𝜏𝜒,𝑔 = 𝐦𝜒,𝑔 ⋅𝝈𝛾′ ⋅ 𝐧𝜒,𝑔 for octahedral glide in the matrix or
n the precipitates. 𝜏𝜒,𝑐 denotes the critical stress for the corresponding
eformation mechanism, so that flow starts when 𝑦𝜒,𝑔 exceeds 1. The
unction 𝐻(𝑦; 𝑠) ensures a smooth transition at the onset of yielding
see [72]). With a sufficiently high value of 𝑠, Eqs (11) amounts to a
harp threshold and

𝛾̇ 𝑖𝑛𝜒,𝑔 ≈ 𝐴𝜒 exp
(

−
𝑄𝜒

𝑘 𝑇

)

sinh
[

𝑉𝜒𝑏3

𝑘 𝑇
⟨

𝜏𝜒,𝑔 − 𝜏𝜒,𝑐
⟩

]

. (12)

In Eq. (11), 𝑉𝜒 corresponds to a dimensionless activation volume, 𝐴𝜒 to
a prefactor, 𝑄𝜒 is an activation energy, and 𝑘 the Boltzmann constant.
The parameters 𝐴𝑆𝐼𝑆𝐹 , 𝐴𝑆𝐸𝑆𝐹 , and 𝐴(𝑜𝑐𝑡,𝛾) are taken for simplicity to
be time independent. In contrast, 𝐴(𝑜𝑐𝑡,𝛾′) increases proportionally with
the dislocation density 𝜆𝑔 on the 𝛾∕𝛾 ′ interfaces for each slip system as

𝐴(𝑜𝑐𝑡,𝛾′) = 𝐴(𝑜𝑐𝑡,𝛾′),0
𝜆𝑔
√

2𝑐
, (13)

with 𝑐 being the precipitate size and 𝐴(𝑜𝑐𝑡,𝛾′),0 a fitting parameter. The
densities 𝜆𝑔 are related to the jump of the inelastic deformations at the
𝛾∕𝛾 ′ interface as (see, e.g., [73])

𝜆 = 1 𝐦 ⋅
(

𝜺𝑖𝑛 − 𝜺𝑖𝑛
)

⋅ 𝐧 . (14)
𝑔 𝑏 𝑔 𝛾 𝛾′ 𝑔
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Table 2
Definition of the three slip systems.

Slip plane (111) (111) (111) (111) (111) (111) (111) (111) (111) (111) (111) (111)

Slip direction

OCT [101] [011] [110] [101] [011] [110] [011] [110] [101] [110] [101] [011]
[101] [011] [110] [101] [011] [110] [011] [110] [101] [110] [101] [011]

SISF [211] [121] [112] [121] [112] [211] [121] [211] [112] [121] [211] [112]

SESF [211] [121] [112] [121] [112] [211] [121] [211] [112] [121] [211] [112]
Fig. 2. Overview of the RVEs. RVEs (a), (c), (d), (e), (g), and (i) were used for model verification (see details in Appendix A, in the SM).
These two last relations translate the fact that precipitates shearing by
𝑎∕2 < 110 > dislocations consume the interface dislocations generated
by octahedral matrix glide.

The relationship between the SF ribbons, the micro-twins, and the
matrix dislocations is more intricate and has not been completely
elucidated so far (see, e.g., the recent works [26,60–62,74]). Hence,
since the SF ribbons and the micro-twins can move through both
phases, it has been decided to uncouple these mechanisms as a first
approximation for the sake of simplicity. In other words, their operation
is assumed to not alter the interface dislocation densities 𝜆𝑔 .

2.2.2. Identification of the model parameters
For each slip system, 𝜒 = {SESF, SISF, (𝑜𝑐𝑡, 𝛾), (𝑜𝑐𝑡, 𝛾 ′)}, the param-

eters 𝐴𝜒 , 𝑉𝜒 and 𝜏𝜒,𝑐 were fitted to the experimental results, except
𝜏(𝑜𝑐𝑡,𝛾),𝑐 , which is equal to the Orowan stress 𝜏𝑂𝑟𝑜𝑤𝑎𝑛, i.e.,

𝜏(𝑜𝑐𝑡,𝛾),𝑐 = 𝜏𝑂𝑟𝑜𝑤𝑎𝑛 =
𝐶44𝑏

√

3∕2𝑤001
, (15)

with 𝑏 the Burgers vector,
√

3∕2𝑤001 the inter-precipitate channel width
in a <111> plane, 𝐶44 the 𝐶1212 component of the stiffness tensor. The
channel width in a <001> plane is denoted 𝑤001 = 𝜆 − 𝑐 with 𝜆 the
periodicity length and 𝑐 the cubic precipitate size. Any slip systems
family 𝜒 can be simply deactivated by setting 𝐴𝜒 = 0, while the remain-
ing parameters of the system can be frozen to arbitrary values. This
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property will later be useful for independently assessing the capacity
of each slip system family to capture the observed anisotropy. The
model parameters were calibrated using the Z-Mat package from the
software Z-Set [75], applying the Nelder–Mead or simplex optimization
method [76] to minimize the objective function

𝐹𝑒 =
𝑛
∑

𝑖=1

∫ 𝑡𝑒𝑛𝑑,𝑖
0 (𝜀𝑒𝑥𝑝𝑖 (𝑡) − 𝜀𝑠𝑖𝑚𝑖 (𝑡))2𝑑𝑡

∫ 𝑡𝑒𝑛𝑑,𝑖
0 (𝜀𝑒𝑥𝑝𝑖 (𝑡))2𝑑𝑡

, (16)

the sum of which is taken over the 𝑛 creep tests with 𝑡𝑒𝑛𝑑,𝑖 being
the duration of the creep experiment 𝑖. The material parameters were
calibrated using the results of our creep experiments for the stress levels
200 MPa, 220 MPa, 240 MPa, and 360 MPa. For the additional creep
data from [33], the stress levels 175 MPa, 210 MPa, 240 MPa, and
275 MPa were used to calibrate the material parameters. In all cases,
only the data from HD specimens were used, while the results of DD
and VD specimens were used for validation and discussion.

The thermal activation energy 𝑄𝜒 was arbitrarily set to zero since
a single temperature (850 ◦C) was investigated. The parameters 𝛽 =
5.9 × 10−3 and 𝛿 = 1.0 that control the directionality of hardening via
Eq. (7) were identified in previous work with test data from a single
crystal superalloy with similar content of the 𝛾 ′ phase. The low value of
5.9×10−3 for 𝛽 expresses the lack of hardening in the < 111 > direction,
while the value one for 𝛿 results from elastic stiffness after Eqs. (2) and
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Fig. 3. Sample characterization: (a) and (b) light microscopy image of a measured area parallel and perpendicular to BD of AMed IN738LC, (c)–(e) examples of EBSD measurement
for HD, DD, and VD, (f)–(g) ODF-pole figures of corresponding specimen orientations. The 𝑧-axis is the tensile axis.
(3). Also, a high value of the exponents 𝑠 = 9.0 was found to yield a
good agreement with single crystal data and approximately correspond
to a behavior with a threshold as in Eq. (12). Other material parameters
for IN738LC that were taken from the literature or directly measured
are summarized in Table S2 in the SM.

2.2.3. Homogenization method
While a homogenization of the AMed manufactured microstructure

is required, the refinement level of the mesoscale model required for
capturing the anisotropy of the minimum creep rate is an unknown
meta-parameter that shall be identified. In the present work, we utilized
three types of RVEs with increasing levels of complexity addressing this
issue: (1) Voxel RVEs with equiaxed grains and periodic boundary con-
dition (PBC), (2) Voxel RVEs with elongated grains and PBC (3) Voronoi
RVEs with elongated grains and uniform traction boundary condi-
tion (UTBC). The Voronoi RVEs were generated by the open-source
software Neper [77]. All RVEs incorporate the discretized orientation
distributions based on EBSD measurements for the respective specimen
orientations. Type 2 and Type 3 RVEs account for the measured aspect
ratio. Note that since the applied CP model is not size dependent,
only the aspect ratio and variance of grain size distribution influence
the model response. Regarding the impact of boundary conditions, the
reader is referred to [78] for a systematic comparison of different
BCs and their effect on RVE response. In general, it can be stated
that UTBCs lead to a lower RVE effective stiffness (geometrically less
constrained model) than PBCs and thus higher strain rates. However,
with increasing size (here equivalent to the number of grains), the RVE
responses with PBCs and UTBCs converge to the same limit [79].

Both RVE model types are converted to an Ansys [80] input file
linked to a USERMAT user subroutine implementing the CP model de-
scribed in the previous section. The Voxel RVEs are made of quadratic
hexahedral elements with 20 integration points (Ansys, SOLID186 ele-
ment type). The Voronoi RVEs consist of quadratic tetrahedral elements
with 10 integration points (Ansys, SOLID187 element type). Fig. 2 gives
an overview of the applied RVEs. Grain aspect ratios of 2.85 to 3 (based
on our measurements) were chosen for RVE generation. The software
MTEX was used for the identification of the orientation distribution and
grain aspect ratio distribution [52]. For the data from [33], an aspect
ratio of 6.0 (based on an estimation from their figures) was chosen. The
details for the generation and verification of applied RVEs, as well as a
study about the impact of the discretization, the number of grains, and
the type of BC, are summarized in Appendix A in the SM.
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3. Results

3.1. Microstructure characterization

The EBSD analyses reveal that our PBF-LB/M manufactured IN738LC
alloy (AMed and subsequently annealed) develops an elongated grain
structure with a relatively low texture index of 1.4 and {001} intensity
peak in the BD. Fig. 3 shows the results. While the elongated grains are
due to the strong temperature gradients, the low texture results from
the alternating laser scanning pattern (67◦), which assists with pro-
ducing more homogeneous temperature fields and the subsequent heat
treatment. The effect of laser scanning strategies and heat treatment
on the AMed IN738LC’s microstructure was previously studied [14,81]
where a {001} -fiber texture and a cube texture were observed in
the case of 67◦ rotating scanning pattern and 90◦ rotating scanning,
respectively. The PBF-EB/M manufactured microstructure reported
in [33] also exhibits a {001}-fiber texture in the BD. In contrast, our
investigations reveal that the IN738LC microstructure consists of a
combination of the two textures. Figs. 3f–h show the corresponding
ODF-pole figures for VD, DD, and HD. All ODFs are calculated with the
same half-width of 10◦ and are plotted in the same coordinate system
to make the results comparable. The IN738LC microstructure with a
low texture intensity is observable in all cases. For comparison, Figs.
S3-d to S3-f show the pole figures of the ODF functions, reconstructed
from [33], demonstrating a highly textured microstructure.

A minimum misorientation angle of 10◦ and a minimum equiva-
lent grain radius of 25 μm were used as grain detection criteria. We
separately calculated the grain size and aspect ratio distributions for
both sections parallel to BD, with a total scanned area of 63 mm2 and
a total detected grain number of 4147 (Fig. S2-a), and perpendicular
to BD, with a total scanned area of 63 mm2 and a total detected
grain number of 2409 (Fig. S2-b). We obtained the grain size on the
parallel and perpendicular sections to be 100 and 105 μm, respectively,
assuming a log-normal distribution. However, the grain aspect ratio
distributions were found to be significantly different (2.85 and 1.5,
respectively, on the parallel and perpendicular sections) due to the
elongated grain structure parallel to BD. It should be noted that the
grain size distribution is more sensitive to the choice of grain detection
criteria than the grain aspect ratio.

SEM analyses on undeformed specimens reveal the existence of Ta-,
Ti- and Nb-rich carbides mainly precipitated on the grain boundaries
with a significant population, Fig. 4a–c. Some carbides were also
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Fig. 4. SEM Analysis of AMed IN738LC after HIP and heat treatments: (a)–(c) show grain structure and precipitation of Ta-, Ti- and Nb-rich MC carbides with spherical-blocky
morphology segregated mainly at the grain boundaries and low-temperature Cr-, Ta- and Nb-rich rod-shaped M23C6 carbides within the grains. (d) shows the formation of primary
and secondary 𝛾 ′ precipitates.
Fig. 5. Experimental creep test results at 850 ◦C for our PBF-LB/M specimens (top) and the PBF-EB/M specimens from [33] (bottom).
observed within the grains. The observed 𝛾∕𝛾 ′ structure is similar to
the conventionally manufactured IN738LC [82,83] with a bimodal 𝛾 ′
precipitate distribution composed of submicron-sized cuboidal primary
𝛾 ′ precipitates and nano-sized spherical secondary 𝛾 ′ precipitates, sur-
rounded by the 𝛾 matrix, Fig. 4d. A volume fraction of 39% and a
mean size of 0.38 μm were measured for the primary 𝛾 ′ precipitates.
The periodicity length is estimated to be about 0.8 μm. The measured
values are similar to the values given in the literature for the 𝛾 ′ volume
fraction (40% to 43%), 𝛾 ′ precipitate mean size (0.5 to 0.7 μm), and
the periodicity length (0.7 to 0.8 μm) reported in the literature for
conventionally manufactured IN738LC [82–84]. Since no SEM-analysis
results could be found for the PBF-EB/M material, we assumed the same
values for the 𝛾 ′ volume fraction and the periodicity length as for our
own PBF-LB/M material.

Compared to the current microstructure, the PBF-EB/M manufac-
tured material [33] exhibits a sharper {001}-fiber texture in BD, a mean
minor grain diameter of 50-100 μm, and a grain aspect ratio higher
than 6. Figures S3-d to S3-f show the pole figures of the ODF functions
reconstructed from [33] for the VD, DD, and HD specimens together
with the loading direction.

3.2. Creep performance

The results of our creep experiments are plotted in Figs. 5a–c. Ad-
ditionally, we reevaluated the creep data for PBF-EB/M specimens [33,
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51] for comparison, Figs. 5d–f. All creep tests are performed at 850
◦C. Figs. 5c and 5f present the correlation between rupture times
and minimum strain rates, which in first approximation satisfy the
Monkman–Grant (MG) relationship [85]: 𝜀̇𝑚𝑚𝑖𝑛𝑡𝑟𝑢𝑝𝑡 = 𝑘, where 𝜀̇𝑚𝑖𝑛 is
the minimum creep rate, 𝑡𝑟𝑢𝑝𝑡 the time to rupture and (𝑚, 𝑘) orientation
independent parameters.

The results in Fig. 5 show that despite the significant differences
in texture and grain morphology, a clear and qualitatively similar
anisotropy in the minimum creep rates and rupture times can be
observed in both sets of materials. We also found that the creep rates
(rupture times) for the DD and HD cases are rather similar, while these
are significantly smaller (larger) for the VD case. These findings are
in line with previous observations [48,86] reporting an anisotropic
creep behavior (760 to 980 ◦C) of heat-treated AMed IN738LC, where
a lower creep resistance was observed for their HD specimens com-
pared to VD specimens. Such anisotropic creep behaviors highlight the
significance of the complex AMed microstructure and the need for a de-
formation mechanistically-informed modeling to predict its anisotropic
creep response. In practice, the successful application of AMed Ni-
base superalloys in typical multi-axial stress conditions, such as in
turbine blades, greatly requires prior, quantitative knowledge of creep
anisotropy. To this end, we combined TEM analysis with modeling
to investigate potential deformation mechanisms in a physically-sound
manner. In addition to the results presented in Fig. 5, a comparison of
creep performance was made between AMed and conventionally casted
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Fig. 6. Two-beam TEM analysis: (a) BF example of dislocation network at phase boundary interface recorded close to zone axis [001], (b) BF example of observed stacking faults
with 𝐠 =[020] recorded close to zone axis [001] and (c) example of detected SESF with annotated 𝐠-vector [11̄1] recorded close to the [1̄12] zone axis are shown.
Table 3
Model parameters calibrated to the experiments. The equiaxed Voxel RVE (Fig. 2b) was used. Note that in the case of the octahedral systems
in the matrix, 𝜏𝜒,𝑐 is equal to 𝜏𝑂𝑟𝑤𝑎𝑛, which is calculated based on Eq. (15) and is not used as a fit parameter.

Material Slip system 𝜒 Octahedral SISF SESF

Matrix Precipitate

𝐴𝜒 1.67 × 10−7 [1/s] 4.07 × 10−12 [m/s] 1.60 × 10−8 [1/s] 1.24 × 10−8 [1/s]
PBF-LB/M 𝑉𝜒 [b3] 101.8 22.8 259 195

𝜏𝜒,𝑐 [MPa] 𝜏𝑂𝑟𝑜𝑤𝑎𝑛 = 104 71 90 107

𝐴𝜒 1.1 × 10−5 [1/s] 6.34 × 10−12 [m/s] 3.43 × 10−7 [1/s] 2.63 × 10−7 [1/s]
PBF-EB/M 𝑉𝜒 [b3] 24.0 4.27 185 178

𝜏𝜒,𝑐 [MPa] 𝜏𝑂𝑟𝑜𝑤𝑎𝑛 = 104 22 152 124
(CC) IN738LC. The results are summarized in Fig. S6 in SM. The creep
strength and creep rates of CC IN738LC are largely comparable to those
of the PBF-LB/M materials in HD.

3.3. TEM evidence of active deformation mechanisms

In order to identify the deformation mechanisms, we performed
TEM investigations that considered deformed samples in HD. Both
dislocations in the 𝛾 phase and multiple stacking faults in the 𝛾 ′ phase
were detected through two-beam conditions (Figs. 6a–b). We deter-
mined the character of the stacking faults following the methodology
in [87]: By placing the origin of the 𝐠-vector at the center of the fault
in a dark-field micrograph, it points towards the bright outer fringe, if
it is intrinsic, or away from the bright outer fringe if it is extrinsic for
200, 222, and 440 reflections. The reverse correlation is true for 111,
220, and 400 reflections. The result is shown in Fig. 6c with a 𝐠-vector
pointing away from the SF center, proving its extrinsic nature. Based
on these results, we conclude that the SESF-related deformation mech-
anism, including microtwinning, should be active in AMed IN738LC at
850 ◦C. This is also in line with recent observations on microtwins in
AMed IN738LC under creep deformation at 850 ◦C [49].

3.4. Modeling: the influence of slip systems and crystallographic texture on
creep anisotropy

The results of TEM investigations suggest that the SESF-related slip
systems from the type {111} < 2̄11 > contribute to overall creep
deformation and must be considered in CP modeling. Therefore, we
used the natural capability of our modeling in which each of the three
slip system families (SISF-related, SESF-related, OCT) can be activated
or de-activated on purpose, which in turn gives different orientation
dependencies of the creep rates for a single crystal. For example, the
highest strain rate is achieved with SISF-related slip systems in [001]
oriented crystals under tension, but for the SESF-related systems in
[001] oriented crystals under compression [38,41].
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To investigate the effect of the deformation mechanism choice on
the creep anisotropy, we performed three series of simulations with
equiaxed Voxel RVEs (Figs. 2e–f). Only one of the three slip system
families 𝜒 is activated in each series. The respective material model
parameters (𝐴𝜒 , 𝑉𝜒 , 𝜏𝜒,𝑐) were fitted to the HD creep results and
are summarized in Table 3. The parameters that were not fitted are
presented in Table S2 of the SM. The creep responses in the VD and
DD directions were then calculated to validate the prediction of creep
behavior. The simulation results and comparisons to the experimental
data are shown in Fig. 7.

For our PBF-LB/M manufactured materials, a relatively small creep
anisotropy is predicted. In particular, with the SESF-related systems,
the predicted responses of all three orientations, VD, HD, and DD,
appear to be very similar. Both SISF-related and octahedral slip systems
yield a more pronounced anisotropic creep response but of opposite
order.

In contrast, for the PBF-EB/M manufactured materials, a clear
anisotropy is obtained for each of the three slip system families,
Figs. 7d–f. This is expected due to the high intensity of the underlying
texture.

The current results suggest that the crystallographic texture and
the slip systems cannot solely be responsible for the experimentally
observed creep anisotropy. We also conclude that the SESF-related
systems are likely to play a more significant role than other deformation
mechanisms, which is supported by our TEM investigations. Of course,
it cannot be excluded that other deformation mechanisms are at least
partially active. We want to emphasize that the parameters of the
full model with all potentially active slip system families cannot be
unambiguously determined without test data for the single crystal alloy
in which the different slip system families are selectively activated.
Therefore, we assume in the following that SISF-related and octahedral
systems are not active. This assumption also helps us to expand our
modeling’s complexity, accounting for more precise microstructure
features.
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Fig. 7. Comparison of experimental (solid lines) and simulated (dashed lines) minimum creep rates for three slip systems and three specimen orientations. Creep experiments
in HD are used to fit the data. Results in DD and VD are used for validation: (a) PBF-LB/M data set and SESF-related slip systems, (b) PBF-LB/M data set and SISF-related slip
systems, (c) PBF-LB/M data set and octahedral slip systems, (d) PBF-EB/M data set and SESF-related slip systems, (e) PBF-EB/M data set and SISF-related slip systems and (f)
PBF-EB/M data set and octahedral slip systems are shown.
3.5. Modeling: The influence of grain morphology on the creep anisotropy

In the next step, we considered Voxel and Voronoi RVEs (see Figs. 2e
and 2i), with elongated grains to investigate the influence of grain
morphology. For the PBF-LB/M material, aspect ratios of 3.0 and 2.85
were used, respectively, obtained from EBSD investigations (Fig. 3).
All simulations in this section were performed with the parameters
for the SESF-related systems provided in the last column of Table 3.
Figs. 8a–c present the results, showing that grain morphology does
not significantly affect the predicted creep rate for the VD and HD
orientations. Interestingly, for the DD specimens, higher creep rates are
predicted with elongated grains, which also yield better agreements
with our creep data. The simulation results on the PBF-EB/M manu-
factured material (Figs. 8d–f) also confirm this behavior. In this case,
a larger grain aspect ratio of 6.0 (Fig. 2f and Fig. 2j) was considered.
The current results suggest that the grain morphology can influence
the creep behavior depending on the loading conditions. In contrast,
the choice of the Voxel or Voronoi model has only a limited impact on
the creep rates.

3.6. Modeling: Combined effects of texture, grain morphology and defor-
mation mechanisms

The effects of crystallographic texture, deformation mechanisms,
and grain morphology can co-influence the creep behavior. Since the
grain shape affects the creep rates, we refitted the parameters of the
SESF-related slip systems to the data of the HD specimens using Voronoi
RVEs with elongated grains (see Figs. 2h and 2j). The new parameters
are summarized in Table 4.

Figs. 9a-b now show the comparison of minimum creep rates in
consideration of all three combined effects. A clear improvement in
the prediction of the creep rates in the VD and DD directions of the
PBF-LB/M material can be observed. For a finer evaluation of the
capabilities and limitations of the approach, we plotted the entire
9

Table 4
Model parameters calibrated to the experiments, considering only
SESF-related slip systems.
Data Set PBF-EB/M PBF-LB/M

𝐴𝑆𝐸𝑆𝐹 [1/s] 5.30 × 10−8 1.43 × 10−8

𝑉𝑆𝐸𝑆𝐹 [b3] 208 199
𝜏𝑆𝐸𝑆𝐹 ,𝑐 [MPa] 168 114

creep curves with a linear scale in Figs. 10a–f. Furthermore, a direct
comparison of individual creep curves for each data set and stress level
can be found in Figs. S4 and S5 of the SM. Note that both primary
and secondary creep regimes are generally adequately represented,
although the CP model does not explicitly include hardening effects.
Indeed, the grains with a low creep rate constrain creep flow in the
neighboring grains with a higher creep rate. This structural hardening
can also be observed in all simulated curves. In all cases, the trends
are reasonably predicted despite some deviations, mostly due to the
amount of primary creep or an early start of creep acceleration. Specif-
ically, the creep acceleration observed in several tests can explain the
deviations between creep curves despite a relatively good agreement
in measured and simulated minimum creep rates. Indeed, damage
or softening mechanisms, as discussed for example in [88,89], are
not included in the current model. However, we would like to stress
that the present work’s main objective is to identify the main factors
responsible for creep anisotropy. An extension of the current approach
is required for detailed and more accurate modeling of the whole creep
response.

4. Discussion

Despite their distinct crystallographic texture, the PBF-LB/M and
PBF-EB/M specimens exhibit similar anisotropic creep responses, with
a significant orientation dependence concerning the secondary and
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Fig. 8. Comparison of simulated creep responses for different grain morphologies (RVEs) and the SESF-related slip systems: (1) Equiaxed Voxel model, (2) Elongated Voxel model
and (3) Elongated Voronoi model for PBF-LB/M data set (top) and PBF-EB/M data set (bottom).
Fig. 9. Comparison of experimental (solid lines) and simulated (dashed lines) minimum creep rates with elongated Voronoi RVEs for PBF-LB/M data set (a) and PBF-EB/M data
set from [33] (b).
tertiary regimes. The creep strength (minimum creep rate and rupture
strain) is minimal in the DD and maximal in the VD specimens. The
simulation results demonstrate that the crystallographic texture alone
is insufficient to explain the observed stationary creep anisotropy. This
is particularly interesting in our PBF-LB/M samples with a quite low
texture index of 1.4. Hence, the necessity to consider additional mi-
crostructural factors, such as grain morphology, to explain the observed
creep anisotropy becomes evident.

4.1. On the dominant deformation mechanisms

The results in Section 3.4 reveal that the predicted creep anisotropy
strongly depends on the dominant deformation mechanisms and their
corresponding slip systems. From the comparison of the creep response
with different slip systems (Fig. 7), the SESF-related deformation mech-
anisms, i.e., isolated SESFs and/or microtwinning, are found to be
10
the dominant deformation mechanisms. This finding is consistent with
the relationship between the creep response and the crystallographic
directions in a single crystal (SC) oriented along the highest orientation
densities of AMed material, as discussed in the following.

To identify these orientations, the measured IPFs of the loading (z)
direction for the HD, DD, and VD specimens are shown in Fig. 11. In
the case of HD specimens, most grains are oriented in [001] or [011]
directions. For the DD specimens, most grains are oriented in [011]
direction, while for the VD specimens, most grains are oriented in [001]
direction. Fig. 12 shows the predicted creep rates of SCs in the three
tensile loading directions [001], [011] and [111], for each family of slip
systems, and based on respective material parameter sets indicated in
Table 3. The results indicate that the octahedral systems and the SISF-
related systems exhibit the highest creep rates in the [001] direction,
which, according to the IPFs presented in Fig. 11 would yield the
highest creep rates for AMed specimens in VD, which is not the case in
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Fig. 10. Comparison of experimental (solid lines) and simulated (dashed) minimum creep curves with elongated Voronoi RVEs for PBF-LB/M data set (a–c) and PBF-EB/M data
set from [33] (d–f).

Fig. 11. IPFs of the loading direction (z) for HD, DD, and VD of PBF-LB/M (top) and PBF-EB/M (bottom) specimens.
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Fig. 12. Minimum creep rates for three SC specimen orientations and the six parameter sets of Table 3. The results for (a) PBF-LB/M and SESF-related slip systems, (b) PBF-LB/M
and SISF-related slip systems, (c) PBF-LB/M and octahedral slip systems, (d) PBF-EB/M and SESF-related slip systems, (e) PBF-EB/M and SISF-related slip systems and (f) PBF-EB/M
and octahedral slip systems are shown.
the experiments. Conversely, the SESF-related systems have the lowest
(highest) creep rate in the [001] ([011]) direction, which would lead to
the lowest (highest) predicted creep rates in the VD (DD) specimens.
These results are in good agreement with the experimental measure-
ments, thus confirming the dominance of the SESF-related deformation
systems.

The results of the TEM investigations (Section 3.3) also confirm
that SESFs are present in crept PBF-LB/M specimens, supporting the
operation of SESF-related deformation mechanisms in the considered
loading and temperature range. Furthermore, recent evidence via SEM
analysis of the presence of microtwins in the same material and various
specimen orientations was reported in [49]. Our findings are also in
line with the current understanding of the formation of microtwins
in Ni-base superalloys under creep, according to which SESFs can be
regarded as the first stage of microtwins [26,39,41,60].

Despite the clear evidence for active SESFs-related deformation
mechanisms revealed here, one should note that other deformation
mechanisms can still be active before or together with the SESFs.
In fact, it is well known that the deposition of matrix dislocations
in the 𝛾∕𝛾 ′ interfaces precedes the formation of the SESFs in the 𝛾 ′

precipitates (see, e.g., [26,39,60]). An exceptional characteristic of the
AMed Ni-base superalloys is the massive chemical inhomogeneities
throughout the microstructure. These may lead to varying stacking fault
energies, which, in turn, affect the active deformation mechanisms.
In the presence of such chemical inhomogeneities, chemo-mechanical
coupling phenomena may also come into the picture [90–92]. Detailed
information on the role of chemical inhomogeneity is scarce [93],
requiring further microstructural analysis and calculations to quantify
the share of the different deformation mechanisms. In this context, CP
models coupled with mesoscale modeling of microstructural evolution
and atomistic simulations on the chemo-mechanical coupling of linear
and planar defects can dramatically enhance the ability of computa-
tional methods to predict the microstructure of AMed materials and
12

their primary and secondary creep responses.
4.2. On the influence of grain morphology

The comparisons of the RVE simulation results with and with-
out elongated grains show that the grain aspect ratio influences the
predicted creep response, especially in the DD. Indeed, shearing is
expected to be less constrained in the case of elongated grains with
grain boundaries parallel to the maximal shear stress. This shows that
RVE models with equiaxed grains are not acceptable for materials
with a typical AMed microstructure. On the experimental side, several
studies reported an influence of grain morphology on creep anisotropy
in Ni-base polycrystalline superalloys. For example, revealing the de-
pendency of the creep response on the grain size and aspect ratio in
IN718 manufactured by the directed energy deposition technique [94],
or demonstrating the combined influence of grain morphology and ori-
entation in directionally solidified superalloys [95]. In addition to the
considered deformation mechanisms in the present study, grain bound-
ary sliding has been reported at intermediate and high-temperature
ranges, as recently observed in PBF-LB/M manufactured IN738LC [96].
These results suggest that considering grain boundary sliding in RVE
models could improve the capabilities of the modeling approach for
predicting creep anisotropy.

5. Conclusions

We performed a coupled experimental investigation and
microstructure-based modeling of the anisotropic creep response of
PBF-LB/M manufactured IN738LC at 850 ◦C. To this aim, systematic
studies on the influence of the active slip systems, the texture, and grain
morphology were conducted on the microstructure and creep behavior
of PBF-EB/M manufactured IN738LC. Based on our results:

• A clear anisotropy in secondary and tertiary creep response is
observed with 𝜀̇𝑉 𝐷 < 𝜀̇𝐻𝐷 < 𝜀̇𝐷𝐷 for the minimum creep rate
and 𝑡𝑉 𝐷 < 𝑡𝐻𝐷 < 𝑡𝐷𝐷 for the creep rupture time at a given stress
level. The MG relationship can describe the correlation between
the creep rate and the creep rupture time as a first approximation.
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• An orientation dependence in the creep response persists, even af-
ter heat treatment, which is known to lower the texture intensity
significantly. This demonstrates that the crystallographic texture
alone is not sufficient to describe the measured creep anisotropy.

• Three relevant types of slip deformation mechanisms were stud-
ied, i.e., octahedral, SESF-related, and SISF-related. Activating
each family of slip systems separately results in qualitatively
different predictions of the creep anisotropy for the investigated
microstructures. We found that considering the SESF-related slip
systems as the dominant deformation mechanism is the only
possible choice to describe the orientation dependency of the
minimum creep rate.

• SESFs were observed in a TEM investigation of a crept specimen
(PBF-LB/M condition), providing evidence for the activity of the
SESF-related deformation mechanisms in the investigated loading
range.

• The simulation results suggest that grain morphology and aspect
ratio are partially responsible for the high creep rates observed in
the DD specimens.

he current study underscores the value of integrating modeling with
M experiments to determine the processing-microstructure–property
elationships. We demonstrated that our model can predict the processin
elated anisotropy of the creep response of AMed IN738LC. In ongoing
esearch, we are expanding the current modeling approach to encom-
ass the effects of GB sliding and enhancing the CP model by coupling
ctahedral glide with SESF- and SISF-related mechanisms.
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