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ARTICLE INFO ABSTRACT
Keywords: In this work, strength and microstructural evolution of superalloy Inconel 718 (IN718) are
Microstructures characterized as a function of the initial microstructure created via direct metal laser melting

Polycrystalline material
Crystal plasticity
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(DMLM) additive manufacturing (AM) technology along with subsequent hot isostatic pressing
(HIP) and heat treatments as well as wrought processing. Stress-strain curves are measured in
tension and compression from room temperature to 550 °C and crystallographic texture is char-

acterized using neutron diffraction. Furthermore, a recently developed crystal plasticity model
incorporating the effects of precipitates is extended to interpret the temperature dependent
deformation behavior of the alloy. The model accounts for solid solution, precipitate shearing,
and grain size and shape contributions to initial slip resistance, which evolves with a dislocation
density-based hardening law considering latent hardening, while non-Schmid effects are taken
into account in the activation stress. Part of the experimental data is used for calibration of the
model, while the rest is used for experimental validation of the model. It is shown that the model
is capable of modeling the data with accuracy. Based on the comparison of the data and model
predictions, it is inferred that the grain structure and texture give rise to plastic anisotropy of the
alloy, while its tension-compression asymmetry results from non-Schmid effects and latent

hardening.
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1. Introduction

Inconel 718 (IN718) superalloy is well known for its high strength, toughness, and corrosion resistance and is widely used for a
number of components operating under mechanical and thermal extremes (Barrett et al., 2018; Francis et al., 2014; Knezevic et al.,
2012b; Knezevic and Ghorbanpour, 2018; Kuo et al., 2009; Mei et al., 2015; Rao et al., 2003; Slama and Abdellaoui, 2000). Yet the
parts for such applications are of complicated shape, requiring careful machining. Due to the high strength and hardness of alloy 718,
the cutting tools wear relatively quickly translating into a high cost of machining. Additive manufacturing (AM) is a technology that
can print complex shapes from powders, minimizing the need for machining. AM of the alloy and its behavior have recently been
extensively studied (Amato et al., 2012; Gribbin et al., 2016).

The alloy has a relatively complex microstructure, featuring several precipitates and carbides in a y matrix (Antolovich, 2015; Rao
et al., 2003; Xiao et al., 2005). These are summarized in Table 1. These precipitates govern the behavior of the alloy. Their volume
fraction and distribution depend on processing. For example, the content of § precipitates was found to be significantly larger in AM
IN718 (Gribbin et al., 2019) than wrought processing. Octahedral {111}(110) slip systems accommodate plastic deformation of y
matrix. Additionally, the activity of the six cubic {001 }(110) glide systems has been reported at the high temperatures associated with
wrought processing of the alloy (Ding et al., 2004; Haddou et al., 2004; Osterle et al., 2000; Semiatin et al., 2004).

The strengthening results from the y’ and y’’ precipitates, which are shearable by dislocations. After the dislocations cut through
them, an anti-phase boundary (APB) in the precipitate is left behind. APB can further contribute to strengthening by increasing the
energy of the crystal (Gleiter and Hornbogen, 1968; Huther and Reppich, 1978; Maciejewski et al., 2013). Therefore, knowledge of the
values of APB energy would benefit an understanding of precipitate strengthening. For instance, the APB energy for the cubic planes
was found to be lower than that for the octahedral planes (Umakoshi et al., 1984), which provided an explanation for why screw
dislocations would tend to cross slip onto the {001} planes. The calculated values for APB energies for y’ and y’’ precipitates have been
presented in our earlier study (Ghorbanpour et al., 2017). In contrast to y’ or y’’ strengtheners, the APB for § precipitates has not been
studied in the past, likely because of size of these precipitates. However, § precipitates in AM alloy IN718 vary in size substantially and
a fraction of them could be sheared (Gribbin et al., 2019), and thus quantification of their APB energy is warranted.

The stress-strain response of the alloy shows a pronounced tension-compression (T-C) asymmetry (Copley and Kear, 1967a, b;
Keshavarz and Ghosh, 2015). These have been attributed to the complex microstructural features and the non-Schmid effects at the slip
level (Bhattacharyya et al., 2015; Dao and Asaro, 1993; Knezevic and Bhattacharyya, 2017; Schmid and Boas, 1950). Relationships
between microstructure, mechanisms, and mechanical behavior have been studied using microstructure-based constitutive laws
(Francis et al., 2014; Keshavarz and Ghosh, 2015; Shenoy et al., 2008). These works have focused on room temperature behavior.
Considerably less attention has been dedicated to modeling of high temperature plastic behavior. The anisotropic response of y/y’
superalloy single crystals at 650 °C was examined in (Estevez et al., 1997; Hoinard et al., 1995). The hardening anisotropy was
comparable to that of most anisotropic pure face-centered cubic (FCC) metals, likely because the hardening asymmetry on the
octahedral slip systems is similar.

In this work, we study the stress-strain behavior of IN718 that has been additively manufactured at elevated temperatures of 450 °C
and 550 °C, corresponding to typical service temperatures for this alloy. This work extends the elasto-plastic self-consistent (EPSC)
mean-field homogenization, originally developed in (Barrett and Knezevic, 2019; Neil et al., 2010; Turner and Tomé, 1994; Zecevic
et al., 2017; Zecevic and Knezevic, 2017, 2019) and recently advanced to P-EPSC for IN718 (Ghorbanpour et al., 2017), to model
temperature dependent behavior of IN718. The model incorporates latent hardening, a temperature-dependent initial slip resistance
and a temperature-dependent hardening law that explicitly evolves a set of dislocation densities. The initial slip resistance accounts for
the effects of grain shape and size and the formation of APB in precipitates as mobile dislocations shearing through them.

The model is calibrated and validated on the comprehensive set of data on IN718 that has been created by AM. We demonstrate its
capability to replicate both the texture evolution and stress-strain response to large strains across a broad range of temperatures and
the dependence of the mechanical behavior built in different directions. The model suggests that the anisotropy stems primarily from

Table 1
Phases in alloy IN718.
Phase Crystal Space Composition Lattice Parameters (A) References
structure rou
group a b c
Solid solution matrix 7 Cubic Fm-3m Co,Cr,Ni,Fe - 3.59 - - Murr et al. (2011)
Based Amato et al. (2012)
Murr et al. (2012)
Intermetallic 7 Cubic Pm-3m Ni3(Ti,ALLNb) 3.58 - - Mukherji et al. (2003)
7"’ Tetragonal 14/mmm Ni3Nb 3.62 - 7.41 Murr et al. (2011)

Amato et al. (2012)
Murr et al. (2012)

S Orthorhombic Pmmn Ni3Nb 4.55 4.25 5.11 Amato et al. (2012)
Topographically close-packed n Hexagonal P63/mmc Ni3(Ti,Al) 5.10 - 8.30  Evans et al. (2004)
(intermetallic) Laves Hexagonal P63/mmc (Ni,Cr,Fe),(Nb, 4.83 - 7.88 Manikandan et al.
Ti) (2015)
Carbide MC Cubic Fm-3m (Nb,Ti)(C,N) 4.46 - - Mostafa et al. (2017)
Mo3Ce Cubic Fm-3m (Cr,Fe)23Cg 10.60 - - Evans et al. (2004)
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Table 2

Alloy IN718 composition in wt%.
Ni Cr Nb Mo Ti Mn Si Cu Al C S P B Fe
55.5 18.2 5.5 3.3 1.15 0.35 0.35 0.3 0.3 0.08 0.015 0.015 0.006 Bal

the texture and elongated grain structure oriented along the build direction, while asymmetry is due to non-Schmid activation and
latent hardening.

2. Material and experiments
2.1. Additive manufacturing

The compression/tension specimens have been fabricated using direct metal laser melting (DMLM) in the EOS M280 machine. The
powder produced by gas atomization had an average diameter of 35 pm, and a range of < 1 ym to 80 pm. The chemical composition is
given in Table 2, meeting the chemical composition of the IN718 standard. Details pertaining to DMLM are given in (Gribbin et al.,
2016). The material was printed in the form of bars and rods, which were subsequently machined into the samples for testing. Three
categories of the DMLM IN718 samples are prepared for testing in tension and compression to evaluate the effect of their associate
microstructures on strength. The three categories are different orientations with respect to the build direction (BD) and will be labeled
as: H-horizontal, D-diagonal at 45°, and V-vertical. Hot isostatic pressing (HIP) treatment was done for a set of samples at 1163 °C for
4h under 100 MPa. Finally, samples of wrought IN718 were machined from a shaped forging with sample loading direction
perpendicular to the axial direction. The samples of every material category were heat treated (HT) after machining according to AMS
5663. The AMS 5663 HT is a solution treatment at 954 °C for 1 h, fan cooling in argon to below 120 °C, and double aging. The double
aging involves holding samples at 718 °C for 8 h, followed by furnace cooling at a rate of 50 °C/h to 621 °C, holding at 621 °C for 8 h,
and finally air cooling to room temperature.

2.2. Texture and microstructure

Electron backscattered diffraction (EBSD) characterization of grain structure in the three material categories have been presented
in (Gribbin et al., 2019). In the present paper, the bulk texture in the samples before and after deformation was measured using neutron
diffraction.

2.3. Mechanical testing

Room temperature (RT) tensile data is taken from (Gribbin et al., 2016; Smith et al., 2016), while room temperature compression
data for DMLM materials is taken from (Smith et al., 2016). Room temperature compression testing of the DMLM + HIP and wrought
samples is performed here for the first time. Consistent with the procedure presented in (Ghorbanpour et al., 2019a, b; Jahedi et al.,
2017; Knezevic et al., 2010; Smith et al., 2016), these tests are performed on an Instron Model # 1350 servohydraulic testing machine
with DAX software and controller. The machine was equipped with a customized compression fixture consisting of two cylindrical
compression dies aligned vertically along the axis of the actuator. Compliance of the testing setup was measured by compressing the
dies without a specimen to correct the raw data before computing the true stress-true strain curves. The samples were compressed to a
true strain of approximately 0.5 (i.e. the tests are interrupted before sample fracturing). Three samples are tested per category.

Tensile testing at two different test temperatures (450 °C and 550 °C) was carried out on subsized, flat and dog-bone shaped
specimens with a nominal gage section of 12.7x3.0x1.2 mm. First, the gage section of these DMLM IN718 specimens was machined
down, by the electrical discharge machining (EDM), to half of their original length to reduce the force required to break the specimens,
and to facilitate high temperature friction gripping without slippage. All the machined specimens were polished up to 1500 grit SiC
paper to remove surface oxidation (if any) and damage caused by the EDM. They were then cleaned in ultrasonic vibrator using water.
An MTS 810 servo-hydraulic universal testing machine (capacity: 250 kN) equipped with a clamshell furnace (MTS 657.02, capacity
1600 °C) was used to conduct the tests in the air at 450 °C and 550 °C, with +1 °C accuracy. The specimens were heated to the target
temperature at load-control mode and held for 30 min before shifting to displacement control for testing at a displacement rate of
0.75 mm/min, or a strain rate ~10~3/s. A high temperature extensometer (MTS 632.53E-11, range: +20% of 25.4 mm), with ceramic
arms extending into the furnace, was used to measure the specimen displacement. The load and displacement of the actuator were also
recorded for verification. The samples were deformed to failure. Tensile properties were determined according to the ASTM test
standard ESM-13 (2013).

Simple compression tests were conducted on cylindrical IN718 specimens, EDMed down to 4 mm diameter from their original
6 mm diameter in order to reduce the load required to deform the specimens at high temperature. However, to maintain consistency
with the room temperature test (Smith et al., 2016), the length to diameter ratio was kept 1.2. Both surfaces of the specimens are
polished using 1500 grit SiC paper.

All compression tests were performed on the same MTS 810 machine, and using the same furnace and extensometer as the high-
temperature tensile tests. However, the machine was equipped with a customized compression fixture consisting of two cylindrical
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Fig. 1. Stereographic pole figures as measured using the neutron diffraction technique showing the initial crystallographic texture in the samples of
IN718: (a) DMLM, (b) DMLM + HIP, and (c) wrought. BD is vertical for (a) and (b).

compression dies aligned vertically along the axis of the actuator. The compression dies are made of Inconel with smooth, flat surfaces.
Tungsten carbide (WC) bearing blocks (5 mm thick, 20 mm diameter), also flat-surfaced, were used at both sides of the dies to protect
the face of the Inconel dies and to help transmit the axial load. Boron nitride spray-II was used to minimize the effects of contact friction
between the faces of the specimen and the upper and lower compression dies and blocks. All the dies and the blocks were aligned
before tests and found parallel to the loading axis after tests.

The samples were compressed to a true strain of approximately —0.25 to —0.4. The maximum strain is determined by the maximum
compressive load that the WC can bear (25 kN-30 kN) before shattering at that temperature. The tests were performed at a strain rate
0f 1073/s in the air at 550 °C. Three samples were deformed per category to ensure the reputability and accuracy of the measured data.
Compression test loads and displacements were measured in accordance with the ASTM E—09-09 and E—209 standards (2018a;
2018Db).

3. Experimental results

This section presents results of mechanical testing and texture characterization for alloy IN718.

3.1. Texture and microstructure
The initial grain structure in all samples (DMLM, DMLM + HIP, and wrought) were characterized previously in (Gribbin et al.,
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Fig. 2. Simple tension and compression responses of IN718 as a function of sample orientation and temperature measured under 0.001/s strain rate:
(a) compression: DMLM along D, H, and V, DMLM + HIP, and wrought at RT, (b) tension: DMLM along D, H, and V, DMLM + HIP, and wrought at
RT, (c) compression: DMLM along V and H, and wrought at RT, DMLM along V and H, and wrought at 550 °C, (d) tension: DMLM along V, D, and H
at RT, DMLM along V, D, and H at 450 °C, DMLM along V, and H at 550 °C. The samples tested in tension went to fracture, while those tested in
compression were interrupted before fracture.

2019). It was found that the DMLM material exhibits a strongly elongated grain structure along the deposition direction (average major
and minor axis of 130 pm and 25 pm, respectively), while the aspect ratio is significantly reduced in the DMLM + HIP material but
grains are much coarser (average major and minor axis of 280 pm and 80 pm, respectively). Incoherent annealing twins are introduced
in the microstructure by HIP treatment. Wrought material exhibits an equiaxed grain structure of approximately 105 pm and a large
fraction of the coherent twin boundaries. Porosity content was also studied in the earlier work (Smith et al., 2016). The content of
porosity in the DMLM material was found to be approximately 0.18% with 0% in DMLM + HIP and wrought.

It was found that the § precipitates in the DMLM material were intragranular with some present along the grain boundaries (GBs)
(Gribbin et al., 2019). In contrast, the § precipitates in the DMLM + HIP and wrought materials were primarily along the GBs. The high
fraction of intragranular § precipitates in the DMLM sample was attributed to heterogeneity in the solidification microstructure that
occurred during the DMLM process, whereas localized inter-dendritic regions can have relatively high concentrations of Nb and Ni
(Lass et al., 2017). GB § precipitates in DMLM + HIP and wrought samples were much larger than those in the DMLM. The DMLM +
HIP and wrought samples also contain carbides. Existence of § precipitates of variable size in the DMLM material suggests that both
shearing and looping hardening mechanisms will be activated during their interaction with mobile dislocations. Due to their size in
IN718 both y* and 7’ are shearable. In addition to shearing of y°* and y’, the shearing contribution from the § phase is also considered
but the contribution is very small. Importantly, we have been able to fit the initial slip resistance without considering any looping,
which suggests that looping has a minimal effect in alloy IN718. The content of § precipitates was 7.9% in DMLM, while only 0.7% in
DMLM + HIP and 0.8% in wrought (Ferreri et al., 2019).

Crystallographic texture has also been characterized using EBSD (Smith et al., 2016). However, the micro technique is not well
suited to do so, especially for coarse grained materials. In the present work, the textures have been characterized using neutron
diffraction (Fig. 1). As shown, a moderately strong <100> fiber along the deposition direction is found for DMLM. As a result of the
preferential grain structure and texture, the mechanical response will vary among the V, D, and H samples. Texture in the DMLM + HIP
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Table 3
Yield stress estimates at 0.2% offset strain in tension and compression (expressed in [MPa]). The values are average of 2 or 3 tests.
DMLM, V DMLM, D DMLM, H DMLM + HIP Wrought

Tension at RT 1215 1305 1290 1105 1170
Compression at RT 1255 1370 1345 1125 1205
Tension at 450 °C 1110 1130 1125 - -
Tension at 550 °C 1015 - 1045 - -
Compression at 550 °C 1135 - 1160 - 1100

material is even weaker, which is a consequence of static recrystallization and grain growth. Texture in the wrought material is a
consequence of the ring rolling process. Weak to moderately strong textures in the samples will likely have a secondary effect on the
plastic behavior of these materials.

3.2. Stress-strain response

Fig. 2 shows the measured true stress-true strain data at room temperature and two elevated temperatures 450 °C and 550 °C. The
DMLM samples are stronger in tension and compression than DMLM + HIP and wrought materials. However, wrought and DMLM +
HIP samples show more elongation to fracture. Initial microstructures of the samples govern such behavior. The DMLM material
contains some porosity limiting its elongation to fracture. The DMLM material exhibits much smaller grains than wrought and DMLM
+ HIP, making it stronger, as explained below. The difference in the behavior between the DMLM V, H, and D samples is driven by the
grain morphology and texture. As explained earlier, the HIP treatment changes the structure to a coarse-grained one and randomizes
the texture. The treatment also dissolves the precipitates, including the § precipitates, and rebuilds them in different amounts. These §
precipitates are not dissolved during the subsequent heat treatment per AMS 5663. Thus, the material is comparatively softer and more
ductile than the DMLM material without HIPing. The wrought material also has a coarser grain structure making it weaker than the
DMLM material. Among the room temperature tests on the DMLM material, the V sample shows relatively lower strength than the H
and D counterparts, both in tension and compression (Fig. 2). This trend also persists at high temperatures, although the difference in
strengths among the V, H, and D samples has slightly reduced. Since presented in the form of true stress-true strain, the provided
elevated temperature tensile data is up to the maximum load point, meaning that the softening portion of the curves is not shown. The
0.2% yield strength (YS) slightly decreases with increasing temperature from RT to 550 °C, but are still comparable (especially for
DMLM D and H) to the room temperature HIPed and wrought alloy (Table 3). However, DMLM samples in all three build directions
exhibited some T-C asymmetry, which will be shown using modeling results.

Some of the high temperature stress-strain curves for tensile test shown in Fig. 2 reveal dynamic strain aging (DSA) or serration,
which is common in some metals, including Ni-based alloys that generally occurs during plastic deformation within a specific tem-
perature range and strain rate (Beese et al., 2018; Cai et al., 2017; Hayes and Hayes, 1982; Maj et al., 2014; Mannan, 1993). In our case,
type-C serration was seen of tested specimens for all three DMLM samples at 450 °C, and only for DMLM-V sample at 550 °C in tension,
although their spacing and stress-amplitude vary (see Fig. 2). A critical strain is also required to initiate the serrated response, which is
~0.02 at 450 °C for all three DMLD specimens, ~0.035 for DMDL-V at 550 °C. It is widely accepted that the DSA occurs due to the
interaction between diffusing solute atoms and mobile dislocations that are blocked by these solute atoms and strengthen materials.
When the stress reaches a critical value, these mobile dislocations are released and thereby a lower stress is needed for deformation,
resulting serration in the stress-strain curve (Beese et al., 2018; Cai et al., 2017; Maj et al., 2014). We note that the compression test at
550 °C for all three DMLM specimens did not show such a serrated response or DSA. On the contrary, the IN718-wrought (forged)
sample exhibited serration at the same temperature in compression. This finding is consistent with (Beese et al., 2018), who observed
DSA for conventionally processed Inconel 625, whereas an absence of DSA for the AM-processed counterpart during compression at
600 °C. The presence of coarser precipitates, especially carbides, at grain boundaries is the main reasons for serration of wrought IN718
(Beese et al., 2018; Mannan, 1993; Weaver and Hale, 2001). The DMLM processed IN718 does not contain coarser carbide and delta
phases at grain boundaries but much more dispersed intra-granular delta phases (Gribbin et al., 2019). The dislocation arrest theory
(proposed by (Sleeswyk, 1958)) and supported by many subsequent works (Beese et al., 2018; Hayes and Hayes, 1984)) assumes that
solute atmospheres (carbon atoms) form on forest dislocations. At room/low temperature, solute atoms are immobile within the
lattice, however, they become mobile along with dislocations at higher temperature. As mobile dislocations glide under applied
loading, they encounter obstacles like immobile forest dislocation surrounded by solute ambience. The obstacles could temporarily or
permanently arrest mobile dislocations. If temporarily, during the waiting time, solute atoms drain from forest dislocations to mobile
dislocations via pipe diffusion. This accumulation of solute atoms in mobile dislocations further strengthens the obstacles that raise the
critical stress needed to overcome these obstacles. When the applied flow stress exceeds the critical stress, these mobile dislocations
quickly move to the next obstacles (with increased strain and relaxed stress). The process repeats leading to the serration. For DMLM
processed IN718, these mobile dislocations are obstructed by the finely distributed precipitates at the grain interior whit high
dispersion hardening effect. The precipitates can react with carbon and act as sinks for solute atoms; therefore, draining carbon from
the mobile dislocation rather than forming obstacles. However, for wrought IN718, the large carbides and delta phases are coarsely
distributed, mostly along the grain boundaries, so, the probability for arresting mobile dislocations is low because of low dispersion
hardening effect. This allows mobile dislocations to move freely until arrest at the forest dislocations, and dislocation pipe diffusion
mechanism dominates during waiting time, resulting in serration during deformation. Details of the dislocation arrest theory can be
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found in (Beese et al., 2018; Hayes and Hayes, 1984; Sleeswyk, 1958). Grain size and texture also play their role on DSA behavior
(Beese et al., 2018; Mannan, 1993). It is also well established that the negative strain rate sensitivity of the flow stress is correlated with
DSA phenomena (Beese et al., 2018; Hayes and Hayes, 1984; Mannan, 1993).

4. Modeling framework

The recently developed P-EPSC (Ghorbanpour et al., 2017) is advanced here into a temperature dependent constitutive law for
IN718, by applying it to model the behavior of the alloy across a temperature range from room to 550 °C. The model integrates a
dislocation density-based hardening law. While precipitates are not modeled explicitly because of their size, the model takes into
account the effect of the APB formation in y/, y’’, and § precipitates into the slip resistance. Finally, the model considers latent
hardening and non-Schmid activation stresses. In our description, we use “-” to denote a dot product and “® ” to denote a tensor
product.

The EPSC model represents a polycrystal as an aggregate of grains with a distinct crystallographic orientation and volume fraction.
Each grain is modeled as an elasto-plastic ellipsoid inclusion in a homogeneous medium. The constitutive response of the poly-
crystalline aggregate is assumed to follow a linear relationship given by:

6 =Lé @

where L is the instantaneous elasto-plastic stiffness tensor of the polycrystal, 6 is the macroscopic Jaumann stress rate, and ¢ the strain
rate. The self-consistent scheme solves for L iteratively (Turner and Tomé, 1994; Zecevic et al., 2017, 2019; Zecevic and Knezevic,
2017) until equilibrium and strain compatibility are satisfied (Eshelby, 1957). The polycrystalline ¢ is related to the strain rate of the
individual crystals £° according to

é(‘ — A(é (2)

where A® = (L + L)' (L¢ + L)is the localization tensor for the ellipsoidal inclusion ¢, L is its instantaneous elasto-plastic stiffness
tensor and LS = L(S¢! — I) is its effective stiffness tensor. Note that the latter contains the symmetric Eshelby tensor . I is the fourth

rank identity matrix. The tensor L¢ relates the grain stress and total strain rate to the polycrystalline (i.e., homogeneous medium)
stress and total strain rate through an interaction equation, given by
(6°-8)= —L (& ),

In the self-consistent scheme, the polycrystal stress and strain rate are enforced to be equal to the volume average of the stress and
strain rate in all grains:

. <a> ®)

and

i~ (&) @

The above conditions lead to the following expression for L:
L = (L°A°)(A°)™ (5)

Finally the macroscopic stress is updated using the following relationship between the Cauchy stress rate and Jaumann rate 6 = 6 +
(W®) — ¢°W°) = Lé+ (W) — ¢°W°), where W€ is elastic spin of crystal c. The macroscopic Cauchy stress is solved by explicit
time integration, i.e., 6,1 = 6, + Ln&,At+ (Wi65)At— W )AL. As 6°, and ¢° are subject to distinct spins, an approximation is
invoked in arriving at the average quantities. The approximation has been quantified in (Neil et al., 2010). More in depth discussions
can be found in (Iwakuma et al., 1984; Lipinski and Berveiller, 1989).

For an individual grain, the constitutive relationship is:

o =C° (é"’ _ ch,s}}c.:) _ Gctr(éc) ©

where the grain Jaumann stress rate is 6°, the grain strain rate is ¢°, the grain stiffness tensor is C° and the grain plastic strain rate is
> m%*y“*. The latter is given by the sum of the product of the shear strain rates, y°, from each slip system, s, and the tensor m** =
S

0.5(b°* ® n®* + n°* ® b*) , which is the symmetric part of the Schmid tensor for slip system s. The Schmid tensor is calculated as the
tensor product of b“* and n®?, the orthonormal unit vectors representing the slip direction and slip plane normal, respectively. Since the
grain orientation can change during deformation, the elastic stiffness and Schmid tensors are updated at the beginning of each
deformation increment.

Due to the core structure of dislocations in Ni-based superalloys, non-Schmid effects can be important. Non-Schmid effects are
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included in the crystal level constitutive law via the introduction of a non-Schmid tensor m¢?. To define m¢;, we consider five non-glide
stress components: the two shear stresses t* @ b* and t** ® n°*, acting normal to the Burgers vector and the three normal stresses n°* @
n®s, t%° @ t*, and b** ® b**. These components are related to the non-Schmid tensor via (Dao and Asaro, 1993; Knezevic et al., 2014a,
2015a; Lim et al., 2013; Savage et al., 2017, 2018):

m;f =¢ (tc.s ® ba,.‘) + Cz(tc.s ® nc,:) +oo (nc,: ® nc.s) + C4(tc,: ® tv.x) _ (§+ 04)(bc,s ® bc.x) (7)

The non-Schmid tensor is added to the Schmid tensor to give the total Schmid tensor where mg; = m®* + m? to provide the stress
used to activated slip:

m< - ¢¢ + me.6¢ = m"

ns ot o (8)
In Eq. (7), ¢; is the weighting coefficient for the non-Schmid effect i. Only four coefficients are needed since only four are inde-
pendent under incompressible flow.
The relationship between the evolution of slip resistance, ¢, and the rates of slip on other slip systems is given by (Zecevic and
Knezevic, 2015, 2018a):
7:'::"‘ _ Zh.&&};c,.{ (9)

s

where B is the hardening matrix. Expressions for B are given in (Zecevic and Knezevic, 2015).

Combining relations (6) and (9) with m{j; - 6° = i<* gives a set of linear equations for the shear rates:

me: - (c (éc - Zm y> - sf‘tr(é“)) =Y (10)

These shear rates are related to the strain rate in crystal following

7= (Z(X‘“')‘mg;;' (C -0 ®i)> & a1

s
where

X.\'.\" — h.\.\" + CL . mL’..\' ® mL’..\‘ (1 2)

tot

Given the above, the modulus L° that relates the grain strain rate and Jaumann rate according to
~c

6" =L%€ (13)

can be calculated

L=C-C) m*o (Z(X“’)'mfg:’ (C~6® i)) —o @i 14

s
Finally, to update the texture, we calculate the lattice rotation rate tensor, W¢, according to

W — W | I — W 1s)

where W% is the applied rotation rate, II° is the antisymmetric part of the Eshelby tensor (Lebensohn and Tomé, 1993), and WP* is the
plastic rotation rate. The latter is related to the slip system slip rates according to:

WP = anv}-l(r,x (16)
where ¢“° = 0.5(b%° ® n°* — n°* ® b**).

4.1. First-principles calculations of APB energy for the delta phase in IN718

In prior work, the values of the APB energy within the two ' and y’’ precipitates were calculated using density functional theory
(DFT) (Ghorbanpour et al., 2017). In this work, we additionally calculate the APB energy for the & phase. The APB energy values are
used in the initial slip resistance equations described in the previous section.

To calculate the generalizes stacking fault energy (GSFE) in the delta phase of NigNb, we performed DFT calculations using the
Vienna Ab initio Simulation Package (VASP) code (Kresse and Furthmiiller, 1996; Kresse and Hafner, 1994). For exchange correlation
functional in DFT, we used generalized gradient approximation (GGA) with the Perdew-Becke-Ernzerhof (PBE) parametrization
(Perdew et al., 1996) and Projector-Augmented Wave (PAW) pseudopotentials for the interaction between valence electrons and ionic
cores (Blochl, 1994; Kresse and Joubert, 1999). The numbers of valence electrons are 10 and 13 for the Ni and Nb pseudopotentials,
respectively. For the calculations of the lattice constants of the cubic primitive unit cell, we used a 19 x 19 x 19 I'-centered Monkhorst
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Fig. 3. Generalizes stacking fault energy (GSFE) curves along three directions on (100) plane for NigNb in the § phase. Nb atoms are shown in
yellow and Ni atoms are shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Pack k-point to integrate the Brillouin Zone. We used a plane wave energy cutoff of 400 eV, and optimized the atomic structure until
the force on each atom is smaller than 0.01 eV/A.

The crystal structure of the delta phase is orthorhombic. The calculated lattice constants for the orthorhombic structure (space
group #59) are given in Table 1. To calculate the GSFE curves on (100) plane in NisNb, we take a periodic supercell consisting of 64
atoms (48 Ni and 16 Nb atoms) as shown in Fig. 3a. Supercell consists of a 15 A thick vacuum layer along the direction normal to slip
plane. As shown in Fig. 3a, there are two interlayer distances (0.72 Aand1.44A) along normal to (100) plane. Fig. 3b and c shows the
calculated GSFE curves for the interlayer 2 (separation 1.44 A) and interlayer 1 (separation 0.72 A) along three directions respectively.
The calculated antiphase boundary (APB) energy on the (100) plane is 65 mJ/m>.

4.2. Initial resistance to slip

Initial slip resistance is expressed as
Ty =Toss + Top + T0.shear a7)

The contributing terms to the slip resistance are the solid solution strengthening, the Hall-Petch-like barrier effect, and precipitates
shearing effect.
The first term is given by

1 do
SS — 3 g i 18
T Mzd@\/? (18)

where M is the Taylor factor, g is the atomic fraction, and d"—fg is the strengthening coefficient of the solute elements in IN718, which are

taken from (Roth et al., 1997). Using these values in Eq. (18) along with M for the measured texture, the solid solution strengthening
contribution is 263.2 MPa.
The second term is

- H g Vb (19)
0.HP = \/d:—

mjp

with
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Table 4
Data used for the calculation of 7 s using Eq. (21).
APB [ﬂ] u [GPa] b [nm] E<110> f %] 7 [nm]
m2 2

y 207 78.2 0.254912 13.2 12.5

y" 378 72.6 0.256255 2.9 5.85

S 65 84.3 0.3217 1 10

2
d. = (20)

RCECRC)

where H, b, dy,, and s are the Hall-Petch coefficient per slip mode, the Burgers vector for the <110> dislocations (b =

sls

2.492 1071° m), the mean free path for a given slip system s, and the shear modulus of the alloy, respectively. Component, Ei, Bj,, Bsz,
represent a unit vector in the Burgers direction expressed in a frame of the ellipsoid of size a, b, and c. The value calculated using Eq.
(19) averaged over many grains is 67.9 MPa.

The remaining term is (Courtney, 1990; Maciejewski et al., 2013)

3 1 3 1 3 1
APB,\ ? (£, 7\ 2 APB -\ % [f-F\? APB;\ 2 (f575) 2
Toshear = 0.74,, y) <V y) +0.7, ( y) <y y) +0.7, ( > < 21)
o #r </‘7' br' br' Hr ﬂy"br“ by" Ho Hsbs bs

where f is the volume fraction of the precipitate and 7 is the average radius of the precipitates. APB values for y’ and y’’ have been
provided in (Ghorbanpour et al., 2017). In this work, we provide the value for § based on the DFT calculations. As noted above, not all §
precipitates are shearable. Only a small fraction of 1% is assumed shearable. Table 4 presents the input values for Eq. (21). The
estimated value is 267.2 MPa.

The initial slip resistance depends on temperature and the values calculated above use input that are applicable to RT. Note, the RT
value was obtained with no calibration constants. With measured material response at elevated temperatures, we have the opportunity
to characterize this temperature dependence in initial slip resistance. In doing so, we assume that the net value of the resistance
considering all contributions will decrease with increases in temperature from room temperature. Individually, the first term in the
equation for the initial slip resistance represents the resistance from lattice friction and it is assumed that the increase in lattice vi-
brations with increase in temperature results in a reduction in this value as a result of weaker atomic bond strength at high tem-
peratures. The second term decrease as well since it aids slip transfer across the grain boundaries. The third term also depends on the
temperature through the temperature dependence of APB energy and the shear modulus, which decrease with increases in temperature
(Li et al., 2019). In summary, we do not calculate the temperature-dependent APB energy and the shear modulus but establish the
temperature-dependent initial slip resistance by fitting the mechanical data.

4.3. Evolution of slip resistance

In this model, we allow for the slip resistance on individual slip systems to evolve with strain, temperature, and strain rate. The slip
resistance is defined as (Ardeljan et al., 2014, 2015, 2016, 2017; Ardeljan and Knezevic, 2018; Jahedi et al., 2015; Knezevic et al.,
2012a, 2013, 2015b, 2016):

T =10+ T}gr”t + Tdebris (22)

where, 1}‘”83[ is the resistance from the forest of dislocations and 74 is the resistance from residual dislocation debris from incomplete

recovery reactions. The r}omt evolves according to (Kitayama et al., 2013):

Thorest = DXHNT18 /ZL”‘/’%: (23)

where, y = 0.9 is a dislocation interaction constant, y{,;s is the shear modulus in the slip system coordinate system, p}, is the
accumulated forest dislocation density for sth slip system and L% is a latent hardening interaction matrix explicitly defined in

(Ghorbanpour et al., 2017).
The 7405 is related to the density of dislocations stored as debris pg,;, using the extended Taylor law (Madec et al., 2003):

Tebris = KdebHinmis Pv/Paeyl08 ( (24)

1
b\/ﬂdeh)

where kg, = 0.086 is a material independent constant that recovers the Taylor law i.e., Eq. (24) for low values of dislocation density.
The rate of stored dislocation density with strain is governed by a competition between the rate of trapping and the rate of recovery.
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Table 5
Hardening law constants calibrated as functions of temperature in [K]. T, is room temperature, 298 K.
7o(T) [MPa] D(T) [MPa] g ki [m™1] q H
637.9-37.9%exp((T-Tre)/261.1) 468.2 + 4.4*exp(T/150.9) 0.04 3.2e+8 4.0 0.31
{001} {011} {111}

0 0.5 1 1.5 2

Fig. 4. Stereographic pole figures visualizing texture in the DMLM samples with respect to the loading direction (LD). The texture was constructed
from the neutron diffraction measurements (Fig. 1a) and represented with 5000 orientations, which are used in the crystal plasticity modeling.

op; .
= kBl — a6 TV (25)

The rate coefficient of trapping k; is assumed to be insensitive to temperature and strain rate. However, the rate coefficient of
recovery k; is calculated using:

k2 Xb kBT &
2471 = - 2
kg (1 D(b)’ l”(éo)> @0
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Fig. 5. Comparison of measured and predicted true stress—true strain responses in tension (the shorter curve per plot) and compression (the longer
curve per plot) for alloy IN718 as a function of temperature and build direction as indicated in the figure. The measured data is from Fig. 2. Length of
the x-axis is different for every row.

where, kg, &9, gand D are the Boltzmann constant, a reference strain rate of value 107 s_l, an effective activation enthalpy and a drag

stress, respectively. The drag stress is assumed to be a function of temperature following (Risse et al., 2017). Finally, the increment in
debris density dp,,;, depends on the rate of recovery via:

APy = Y _ab\/Paka (&, T)p}, dy’ 27)
where q is a coefficient that scales with the fraction of a-type dislocations that are transformed into debris.

4.4. Model setup

Hardening parameters pertaining to the temperature dependent hardening law are identified using part of the mechanical data.
These are presented in Table 5. To the authors” knowledge, the high temperature single crystal moduli of this material are not publicly
available. The measured single crystal elastic constants for IN718 of C;; = 242.2 GPa, C12 = 138.9 GPa, and C44 = 104.2 GPa
(Haldipur, 2006) have been used in the room temperature calculations and softened to match the experimentally measured elastic
slope for elevated temperature data. The measured elastic slopes at elevated temperatures are softer than expected for the alloy
(Fukuhara and Sanpei, 1993), since the data is presented as measured i.e. without attempting to correct the slopes.

The initial texture used in the simulation is reconstructed from the neutron diffraction pole figure measurements and is represented
using 5000 crystal orientations using procedures from (Barrett et al., 2019; Eghtesad et al., 2018; Knezevic and Landry, 2015). Fig. 4
shows pole figures of the initial texture for simulations with respect to the loading direction (LD). The grain shape aspect ratio is set to
5, consistent with the measured grain structure. The simulations are performed in simple compression and tension in three directions
relative to the BD: H, V, and D. Consistent with experiments, the imposed strain rate was 103 s~ 1.

In this model, we make available only the octahedral (111)(110) slip mode, since it is the main deformation mode in the service
conditions from room temperature to 550 °C. It has been reported experimentally that cubic slip activates at much higher temperatures
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{001} {011} {111}
BD=LD

0 0.5 1 1.5 2 25 3

Fig. 6. Stereographic pole figures measured using the neutron diffraction technique showing texture after simple compression for: (a) V, (b) H, and
(c) D samples of alloy IN718. The strain values are 0.55, 0.53, and 0.57 respectively. LD is the loading direction, which is vertical. BD is the build
direction, which varies.

than considered in this work and therefore, we make available the same octahedral slip systems at all temperatures (Ding et al., 2004;
Haddou et al., 2004; Osterle et al., 2000; Semiatin et al., 2004).

The final part of developing the model is to characterize the material parameters associated with the hardening model. In earlier
work, these parameters were defined for room temperature deformation (Ghorbanpour et al., 2017). Here we identify any temperature
dependencies in these parameters by applying the model to a range of temperature, from room to high-temperature deformation of the
alloy IN718.

The latent hardening interaction matrix used in Eq. (23) is based on notation in (Franciosi and Zaoui, 1982) with the values from
(Devincre et al., 2006; Hoc et al., 2004), which were obtained using dislocation dynamic simulations. The values are ap=0.068,
a; =0.068, az =0.0454, a3 =0.625, a4 =0.137, and a5 =0.122 and correspond to the self-interaction, coplanar interaction, Hirth,
collinear, Glissile, and Lomer interaction coefficients, respectively. The matrix is explicitly defined in (Ghorbanpour et al., 2017).

5. Modeling results and discussion

Fig. 5 compares measured and simulated data. As shown, the model achieves agreement in the yield stress, flow stress, and
hardening rate for all cases and temperatures. In particular, the calculated response has the same T-C asymmetry, anisotropy, and
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Fig. 7. Pole figures showing simulated textures corresponding to those given in Fig. 6. The corresponding initial texture relative to LD for each
simulation case is given in Fig. 4.

hardening rate as the measurement. More importantly, changes in these features with an increase in temperature agree with the
measured responses.

Figs. 6 and 7 compare the measured and calculated texture after deformation. Earlier works (Knezevic et al., 2014a, 2014b) have
shown no appreciable difference in texture evolution between RT and elevated temperature in materials deforming by the same slip
modes at RT and elevated temperatures. Thus, the texture was measured only for the deformed samples experiencing the largest
amount of strain to evaluate texture evolution. From the measurements, we observe that for all three samples, H, V, and D, a strong
<011> fiber texture formed along the loading direction, which is common for FCC metals. The model achieves an excellent agreement
with the measurements.

With a single set of parameters, the model was able to predict the stress-strain response in three build directions, both tension and
compression and for three temperatures (for cases when data is available). The analysis finds that not all slip hardening-related pa-
rameters are dependent on temperature. It is suggested that the observed decrease in the yield and flow stress with increase in
temperature can be understood by a decrease in the initial slip resistance. Table 5 contains the empirical relationships for 7o(T) and
D(T) used in the calculations shown in Fig. 5. The remaining parameters governing statistical trapping of dislocations, activation
enthalpy for recovery processes, and latent hardening parameters could remain temperature independent.

At both RT and 550 C, the alloy exhibits a T-C asymmetry in yield stress, where the yield stress in compression is consistently higher
than that in tension. The two components of the model responsible for the T-C asymmetry in the calculated response are the latent
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hardening parameters and non-Schmid coefficients with the latter having a dominant effect. Three coefficients, c, c3, and c4, can lead
to a T-C asymmetry (Savage et al., 2017). In this work, we elected to vary only c; and c3 NS coefficients since these coefficients have
been associated with separation between the super-partials and Shockley partial separation (Baudouin et al., 2013; Steinmann et al.,
1998). Interestingly, the model suggests that c; = 0.045 is very small in magnitude and insensitive to temperature, whereas the c; is
much larger in magnitude. Furthermore, c; is found to decrease with temperature from 0.97 at RT to 0.75 at 450 °C to 0.3 at 550 °C,
indicating that temperature reduces the effect of the t ® n non-Schmid resolved shear stress term and hence the evolution of T-C
asymmetry. Similar findings have been reported for tantalum in (Zecevic and Knezevic, 2018b).

6. Conclusions

In this work, we studied the mechanical response of alloy IN718 as a function of the initial microstructure created by DMLM,
subsequent HIP, and wrought manufacturing. The high temperature stress-strain responses for the alloy in the three DMLM and
wrought conditions are provided for the first time. Serrated response is seen for all three DMLM samples tested in tension at 450 °C, and
only for DMLM-V sample tested in tension at 550 °C, with variable spacing and stress-amplitude. A critical strain required to initiate
the serrated response is ~0.02 at 450 °C, while ~0.035 for DMDL-V at 550 °C. Furthermore, serration is observed for wrought samples
tested in compression at 550 °C but interestingly not for the DMLM samples tested at the same temperature in compression. The
modeling is carried out only for the DMLM materials in function of the deposition direction and temperature. An elasto-plastic crystal
plasticity model is extended to predict the temperature-dependent deformation of DMLM alloy IN718. The model predicts hardening
and texture evolution for several test directions across a range of temperatures. The model suggests that anisotropy stems from grain
structure, while tension/compression asymmetry predominantly from non-Schmid activation and some from latent hardening.
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