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Physics-Based Flow Stress Model for Alloy 718

MARIE ANNA MORETTI, LARS-ERIK LINDGREN, and PAUL ÅKERSTRÖM

A dislocation density-based model for alloy 718 in the annealed state is proposed in order to
accurately describe the deformation behavior of this alloy for a wide range of thermo-mechan-
ical loadings. The model accounts for numerous microstructural mechanisms, including strain
hardening, grain size effect, dynamic strain aging (DSA), solid solution strengthening, as well as
phonon and electron drag which affects dislocation movements at high strain rates. Two types
of recovery mechanisms are also included: recovery due to dislocation glide and recovery
associated with cross-slip of screw dislocations. The model is calibrated using experimentally
determined stress–strain curves for both low and high strain rates in the order of 10–3 to 103 s�1,
and for temperatures in the range 20 �C to 800 �C. The stress–strain data computed with the
model are in good agreement with the experimental data. The inclusion of DSA is found to be
effective in the combination of temperatures and strain rates corresponding to experimental
observations. The solid solution strengthening contribution increases with decreasing temper-
ature and increasing strain rate. The drag effect in the model proves to be significant only for
deformation at high strain rate (~ 103 s�1).
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I. INTRODUCTION

DURING manufacturing, metallic materials experi-
ence a wide range of thermo-mechanical loadings. These
conditions affect the mechanical and microstructural
states of the workpiece, which in turn determine its
behavior in service. Thus, material constitutive relations
are crucial for simulation and prediction of the defor-
mation behavior of a workpiece during manufacturing
and subsequent in-service life. This study proposes a
constitutive model which can account for the evolution
of the material microstructure for a nickel-based
superalloy.

Mechanism-based[1] constitutive models include
microstructural information, such as grain size and
solute fraction, which evolve during deformation. This
coupling with microstructure aims at improving the
prediction of the final mechanical and microstructural
states of the material as well as the accuracy of
numerical manufacturing simulations. These models
also enable optimization of the manufacturing process
with respect to final geometry, residual stress state and
material structure.

Nickel-based superalloys are known to be excellent
high temperature materials, due to their outstanding
mechanical properties and good corrosion resistance.
They are mainly used in the hot parts of aeroengine
turbines and power plant turbine engines. Alloy 718 is
the most widely used nickel-based superalloy and its
deformation behavior at different thermo-mechanical
loading conditions has been extensively studied in the
low strain rate domain (10 s�1 and below). Numerous
studies focus on the deformation behavior of the alloy at
very high deformation temperatures, above 900 �C,
when recrystallization takes place in the material. In
addition, several researchers investigated the dynamic
strain aging (DSA) behavior of the alloy when deformed
between 400 �C and 700 �C at low strain rates in the
range of 10–3 to 10–1 s�1.[2–7] The deformation behavior
of alloy 718 in the medium and high strain rate domain
(~ 102 s�1 and above) has mostly been studied at
temperatures up to 800 �C.[8–14]
Research about dislocation density-based plasticity

models have been published for fifty years.[15–21] How-
ever, it is not until the last decade that they have been
used in finite element simulation of manufacturing
processes.[22–25] Some authors have applied these models
to alloy 718.[26–28]

In this paper, the dislocation density-based model for
alloy 718 originally proposed by Fisk et al.[27] and
Malmelöv et al.[28] has been further developed by
including dynamic strain aging, solid solution strength-
ening, and phonon and electron drag. The model for
evolution of the density of immobile dislocations has
also been extended with cross-slip. The model is
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calibrated for a wide range of strain rates in the interval
10–3 to 103 s�1 and for temperatures between 20 �C and
800 �C. The model aimed to be used in finite element
simulations of manufacturing processes involving high
strain rates and temperatures, such as machining, but
also slower processes, such as forging or rolling.

II. MATERIAL MODEL FORMULATION

Plastic deformation corresponds to the generation
and movement of dislocations in the material.[29–31] The
different contributions to the flow stress can be
described according to the interactions between dislo-
cations and other microstructural features, such as other
dislocations, grain boundaries or solute atoms.

The material’s equivalent flow stress ry can be split
into long-range and short-range contributions,[16,32]

ry ¼ rLR þ rSR: ½1�

It is assumed that the long-range term rLR must be
exceeded in order to promote macroscopic motion of
dislocations across multiple grains. The short-range
term rSR is the excess stress that drives dislocations past
short-range obstacles and thereby maintains the plastic
strain rate. The long-range and short-range terms
consist of several contributions and their effects are
simplified to be linearly additive.[33]

A. Base Model for Stress Calculation

The different contributions to the material resistance
against dislocation motion are assumed to be additive,
as previously mentioned. In this model, the equivalent
flow stress, or yield stress ry, is expressed as

ry ¼ rG þ rHP þ rdisl þ rss þ rdrag; ½2�

where rG is the long-range athermal stress due to
interactions between dislocations that are fairly parallel
to each other, rHP represents the effect of grain size,
known as the Hall–Petch effect, and rdisl characterizes
the interaction between dislocations that are more
orthogonal to each other. This part has been extended
with DSA as described in Section II–B. rss is the solid
solution strengthening and rdrag is the phonon and
electron drag contribution. The solid solution strength-
ening and drag effect are new additions to this model
and will be described in Sections II–C and II–D.

The long-range stress, rG, also referred to as the
Taylor hardening, is written as[31,34]

rG ¼ aMGb
ffiffiffiffi

qi
p

; ½3�

where a is a calibration factor, M is the Taylor lattice
factor, which transforms the resolved shear stress in
different slip systems into an equivalent von Mises
stress, G is the shear modulus of the material, b is the
magnitude of the Burgers vector, and qi is the mean
density of immobile dislocations. The reason for

considering only the immobile dislocations for this
contribution is that the density of mobile dislocations is
assumed to be much smaller than the density of
immobile ones.[16] Thus, immobile dislocations provide
the main contribution to strain hardening. The evolu-
tion of immobile dislocation density is described in
Section II–E. In this study, the temperature-dependent
shear modulus, G, and Poisson’s ratio, m, are taken from
the experimental data obtained by Fukuhara and Sanpei
for Inconel 718.[35]

The Hall–Petch effect describes the effect of grain size
on the material, that is, the strengthening due to grain
boundaries. It is also assumed to be a long-range
contribution to material resistance. Smaller grains result
in more grain boundaries, which are strong dislocation
barriers and increase the flow stress of fine-grained
materials. Consequently, the Hall–Petch equation states
that the stress associated with grain boundary hardening
is inversely proportional to the average grain size. This
can be formulated as[36]

rHP ¼ kHP
G

GRT

1
ffiffiffi

g
p ; ½4�

where kHP is the Hall–Petch parameter evaluated at
room temperature, GRT is the shear modulus at room
temperature and g is the average grain size. This
contribution to the flow stress is scaled by the shear
modulus factor in order to include a temperature
dependency.
One short-range contribution to the material resis-

tance is due to the interaction between orthogonal
dislocations and is expressed as[36,37]

rdisl ¼ fDSAsdislG 1� 1

fDSAAdisl

kBT

Gb3
ln

_eref
_ep

� �� �1
q

 !
1
p

; ½5�

where sdisl and Adisl are calibration parameters repre-
senting respectively the obstacle strength and the energy
barrier for dislocation interactions, kB is the Boltzmann
constant, T is the absolute temperature, _eref is a constant
equal to 106 M,[37] _ep is the rate of equivalent plastic
strain and p and q are additional parameters set to 1 in
the current model. The factor fDSA accounts for dynamic
strain aging and is described in the next section, as a new
addition to the model.

B. Dynamic Strain Aging

The parameters in Eq. [5], with fDSA ¼ 1; are assumed
to be calibrated vs the bulk atomic fraction of solutes,

Xsol
i . However, the solute concentration in the neigh-

borhood of the edge dislocation may increase while it is
waiting to bypass a short-range obstacle. This is
assumed to increase the energy barrier according to
Eq. [5]. This effect is referred to as dynamic strain
aging[38–40] and is accommodated in the model by the
coefficient fDSA. The introduction of this coefficient is
taken from Cheng et al.[41] and it is written as
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fDSA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
X

i

Xsat
i

Xsol
i

� 1

 !

1� e
� tw

tcl

� �
2
3

0

@

1

A

v

u

u

u

t ; ½6�

where i denotes a solute, Xsat
i is the saturation solute

concentration, tw is the waiting time of the dislocation
during thermal activation and tcl is the time required
to diffuse to the region of interest. The atomic frac-
tions above and below can be replaced by volumetric
concentrations. The saturation concentration is written
as[41,42]

Xsat
i ¼ Xsol

i exp �PDV
kBT

� �

: ½7�

The pressure, P, is taken from the continuum solution
for the stress field around an edge dislocation,

P ¼ Gb

3p
ð1þ mÞ
ð1� mÞ

sin hð Þ
r

¼ Ap
sin hð Þ

r
; ½8�

where Ap ¼ Gb
3p

ð1þmÞ
ð1�mÞ. P is evaluated at a distance r ¼ 3b

above or below the dislocation (h ¼ �p=2). DV is the
difference between the atomic volume of the solute and
that of the host lattice, x.[42]

The waiting time can be derived from the thermal
activation model,[41]

tw ¼ _eref
#a _ep

; ½9�

where #a is the attempt frequency. Shoeck[43] estimated
it for a dislocation segment as a fraction of the Debye

frequency #D, so that #a ¼ 10�3#D. _eref is the same
constant as in Eq. [5].

The characteristic time, related to the diffusion, is
given by[44]

tcl ¼ b3
ffiffiffi

2

p

r

kBT

ApDVD
i
l

Xsat
i

3Xsol
i

 !3=2

; ½10�

where Di
l is the diffusivity of solute i in the lattice,

obtained from

Di
l ¼

Xm

Xeq
m
Di

l0exp � Qi
l

kBT

� �

; ½11�

where Di
l0 is the pre-exponential diffusion parameter for

the solute and Qi
l is the activation energy for solute

diffusion. The pre-exponential diffusion parameter is

evaluated under equilibrium vacancy concentration
Xeq

m .The diffusivities of substitutional solutes are scaled
by Xm=X

eq
m , where Xm>Xeq

m is the excess vacancy concen-
tration. The excess vacancies are evaluated using the
model proposed by Militzer et al.[45] Three solutes are
taken into account in the DSA model: iron, chromium
and niobium. The diffusivity parameters for these solutes
are given in Table I, where NA is the Avogadro number.

C. Solid Solution Strengthening

Substitutional or interstitial solutes in the crystal
lattice interact with the dislocations and, in most cases,
contribute to the strength of the material. In this work,
the model for solid solution strengthening is based on
the work of Varvenne et al.[46] and Leyson et al.,[47,48]

following the approach initially proposed by
Labusch.[49] The solute hardening is a short-range
contribution to the flow stress. For a solute i, it can be
written as

rss;i ¼ rss0exp � 1

C1

kBT

Hsol
ln

_ess
_ep

� �� �

; ½12�

where C1 is a fitting parameter equal to 0.57016 (see
Appendix A) and _ess is a reference strain rate set to
105 s�1.
rss0 is a factor expressed as

rss0 ¼ ALMG
1

4p2Ncell

� �4
3 w

b

� �1=3

ð�mis
i Þ

4
3ðXsol

i Þ
2
3; ½13�

with AL ¼ 1=
ffiffiffi

2
p

. Ncell is the number of atoms in a unit
cell, which is equal to 4 for a face-centered cubic lat-
tice. w is the range of action of a diffuse obstacle esti-

mated towb ¼ 1:7.[50] Xsol
i is the atomic fraction of the

alloying element i and �mis
i is the misfit due to this ele-

ment, which depends on both the size and modulus
misfit, according to,[51]

�mis
i ¼ adi þ g

0

i; ½14�

where g
0

i ¼ gi=ð1þ jgij=2Þ with gi the shear modulus
misfit of the solute i. a is a factor set to 16[52,53] and di is
the size misfit of the solute i. The shear modulus and size
misfits of the different solutes are shown in Appendix A.
The energy barrier Hsol is expressed as

Hsol ¼ 5:55Gb3
w

b

� �3=2
ffiffiffiffiffiffiffiffiffi

rss0
MG

r

: ½15�

Table I. Diffusion Parameters of Solutes in the Lattice

Solute Atomic Volume [m3][37]
Di

l0
[m2/s]

Qi
l

[kJ] References

Fe 1.21 9 10–29 3.10 9 10–5 280/NA 81
Cr 1.20 9 10–29 2.83 9 10–5 276/NA 81
Nb 1.80 9 10–29 5.3 9 10–7 236/NA 82
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The total solid solution strengthening contribution is
obtained by summation of the individual solute contri-
butions as

rss ¼
X

i

r3=2ss;i

 !2=3

: ½16�

D. Phonon and Electron Drag

During high strain rate deformation (~ 103 s�1 and
above), phonon and electron interact with dislocations
moving at high speed and induce a drag force which
reduces the dislocation velocity. This is a short-range
contribution to the flow stress and it is expressed as[37]

rdrag ¼ M2G

Be

Bp
þ T

300

B0

 !

_ep; ½17�

where Bp and Be are respectively the phonon and
electron drag parameters to be calibrated, and B0 is an
additional calibration parameter.

In addition, high speed deformations do not allow
sufficient time for heat dissipation, leading to a temper-
ature rise in the material, known as adiabatic heating.
This effect is included in the model for high strain rate
deformation. The temperature increase DT for an
applied stress r after a strain e is written as[13,54]

DT ¼
gTQ
.Cs

Z ε

0

rde; ½18�

where gTQ is the Taylor-Quinney factor, set to a
constant value of 0.9. . is the density of the material.
Cs is the specific heat capacity, for which tempera-
ture-dependent data for alloy 718 are taken from
Agazhanov et al.[44]

E. Dislocation Density Evolution

The immobile dislocation density qi is involved in the
calculation of the Taylor hardening stress contribution

rG, Eq. [3]. Its evolution _qi is associated with the
hardening and softening of the material. It can be
written as

_qi ¼ _q
ðþÞ
i þ _q

ð�Þ
i ; ½19�

where _q
ðþÞ
i and _q

ð�Þ
i describe the hardening and soften-

ing effects, respectively.
Strain hardening in a material is characterized by an

increase in the immobile dislocation density. The rate at
which the immobile dislocation density qi is increased
may be written as[16]

_q
ðþÞ
i ¼ M_ep

bK
; ½20�

where K is the mean free path, which corresponds to
the distance covered by mobile dislocations before

being immobilized by obstacles. It can be computed
from the contributions of different obstacles according
to

1

K
¼ 1

g
þ 1

s

� �

; ½21�

where g and s are the mean grain size and sub-grain
size, respectively. The mean sub-grain size can be cal-
culated using a relation proposed by Holt,[55]

s ¼ Kc
ffiffiffiffi

qi
p : ½22�

Kc is a parameter adapted from Galindo-Nava and
Rivera-Dı́az-del-Castillo,[56] ignoring its direct tempera-
ture dependency. The factor is taken as

Kc ¼ Ccell
12p 1� mð Þ

2þ m
; ½23�

where Ccell is a calibration parameter.
Recovery is a softening process involving rearrange-

ment and annihilation of dislocations, thus leading to a
reduction of the dislocation density. This mechanism is
expressed as

_q
ð�Þ
i ¼ _q

�ð ÞðcsÞ
i þ _q

�ð ÞðglÞ
i ; ½24�

where _q
�ð ÞðcsÞ
i and _q

�ð ÞðglÞ
i correspond to the evolution of

immobile dislocation density related to recovery due to
cross-slip and glide, respectively.
Cross-slip of screw dislocations activates additional

slip systems and the probability of cross-slip increases
with stress and temperature. The evolution of immo-
bile dislocation density due to cross-slip is expressed
as

_q
�ð ÞðcsÞ
i ¼ Xp

15dSFE
Lcs

r
MG

� �2

#De
�XcsQcs

kBT qiH _ep
� �

; ½25�

where Xp and Xcs are calibration parameters, r is the
equivalent von Mises stress and H _ep

� �

is the Heaviside
step function. The mean width of the stacking fault for a

screw dislocation is dSFE ¼ Gb2

24pcSFE
2�3m
1�m ; where cSFE is the

surface energy of the stacking fault. Lcs ¼

lcdSFE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln 104
� �

q

is the length of the initial cross-slipping

dislocation segment, with lc the non-dimensional
characteristic length. Qcs is the calibrated activation
energy for cross-slip. Derivation of the cross-slip
model and expression for lc and Qcs are given in
Appendix B.
Recovery due to glide is associated with annihilation

of immobile dislocations by the mobile ones. It is
expressed based on the formulation by Bergström[16] as

_q
�ð ÞðglÞ
i ¼ X0qi _ep; ½26�

where X0 is a calibration parameter.
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F. Stress Update

The model is implemented in the context of von Mises
associated plasticity with isotropic hardening. The
increment in equivalent plastic strain is computed using
a radial return algorithm in order to stay on the yield
surface during plastic straining. The latter means that
the yield stress is calculated according to Eq. [2] and this
must be equal to the equivalent von Mises stress. The
increment in equivalent plastic strain is solved by a
Newton–Raphson iterative method requiring a plastic
hardening modulus evaluated as:

H
0 ¼ @rG

@qi

@qi
@ep

þ @rdisl
@ep

þ @rss
@ep

þ @rdrag
@ep

¼ @rG
@qi

@qi
@ep

þ 1

Dt
@rdisl
@ _ep

þ @rss
@ _ep

þ @rdrag
@ _ep

� �

; ½27�

where Dt is the time step. The immobile dislocation
density, Eq. [19], is computed for each time step using
an implicit iterative algorithm.

Figure 1 summarizes the different contributions to the
yield stress as implemented in the model according to
Eq. [2], and illustrates the microstructural features
influencing each contribution.

III. MODEL CALIBRATION AND VALIDATION

The model was calibrated using compression tests data
for alloy 718 in annealed state. The composition of the
alloy is presented in Table II. The material was solution
annealed by maintaining it at 950 �C for 1 hour, resulting

in the absence of c0 and c
0 0
precipitates.[57] The material

parameters and constants collected from the literature
and used in the current study are listed in Table III.

The calibration parameters were first calibrated in the
low strain rate domain (1 s�1 and below), according to
the experimental results obtained by Fisk et al.[27] In this
case, the average grain size was set to 20 lm. An initial
calibration was performed using experimental flow
stress curves at a strain rate of 1 s�1 for the tempera-
tures 35 �C, 200 �C, 400 �C, 600 �C, 700 �C and 800 �C.

For the high strain rate domain (1000–4000 s�1),
compression tests were performed using a Split-Hop-
kinson pressure bar device in a previous study.[58] For
those tests, the average grain size was measured to
15 lm using scanning electron microscopy coupled with
electron backscatter diffraction (EBSD) technique.
Stress–strain curves for the strain rates 1400 and
2000 s�1 at 20 �C, 400 �C and 800 �C were used for
calibration of the phonon and electron drag parameters
included in Eq. [17].
The model calibration was performed by an error

minimization procedure using a MATLAB-based tool-
box. This toolbox uses a constrained nonlinear opti-
mization routine which allows calibration using flow
stress data from multiple experiments conducted at
different temperatures and strain rates. Table IV sum-
marizes the final optimized parameters. Figures 2 and 3
illustrate the calibration results for the different strain
rates and temperatures used.
The calibration shown in Figures 2 and 3 gives

parameters for which the model achieves a fair agree-
ment to the flow stress behavior given by the experi-
ments. The major discrepancy for the higher
temperatures is commented on in Section IV.
The elastic properties are set constant during the

calibration and taken from literature. This physics-
based model utilizes the elastic parameters, which
means that if better values for elastic properties are
found, then the calibration parameters must be
adjusted accordingly or recalibrated. The data at small
strains in the experimental curves are limited and less
precise than at high strains. Therefore, the agreement
between model and experiment is varying at small
strains.
The model with the calibrated parameters was vali-

dated for different compressive loadings shown in
Figures 4 and 5. Overall, the stress–strain results of
the model are in good accordance with the experimental
results. One should note that the experimental results
cannot be considered as exact. For example, at a strain
of 0.5, the test at 35 �C with rate 1 s�1 has a lower stress
that the case 50 �C with rate 0.01 s�1.

Fig. 1—Schematic representation of the different contributions to yield strength in the model.
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IV. DISCUSSION

The proposed dislocation density-based model has
been adapted for alloy 718 based on the work by
Lindgren et al.[36] for AISI 316 L and Fisk et al.[27] for
alloy 718. Several additions and modifications have been
made to improve the model. The main ones are recovery
by cross-slip, dynamic strain aging, solid solution
strengthening, and phonon and electron drag. Each of
them is discussed in this section.

A. Cross-Slip

The cross-slip model is found to be able to represent
the sudden reduced hardening for higher temperatures.
The hardening becomes very small after some cross-slip
and this effect increases with decreasing strain rate
according to Figures 2, 4 and 5. The model does not
provide abrupt change in behavior when increasing the
temperature from 700 �C to 800 �C, as seen in Figures 2
and 4. The behavior of the model for various strain rates
is illustrated in Figure 6.

Table II. Chemical Composition of Alloy 718 Material Used in This Study

Element Ni Fe Cr Nb Mo Ti Al

Wt. Pct 49.62 ± 1.35 17.58 ± 0.49 17.18 ± 0.49 4.75 ± 0.20 2.58 ± 0.12 1.08 ± 0.06 0.43 ± 0.05

Table III. Model Parameters from the Literature

Symbol Physical Meaning Unit Value References

ac lattice parameter for the c-phase (matrix) m 3.52 9 10–10 83
b magnitude of the Burgers vector m 2.54 9 10–10 27, 84
Dm0 pre-exponential parameter for self-diffusion m2/s 1.6 9 10–4 37
G temperature-dependent shear modulus MPa — 35
GRT shear modulus at room temperature MPa 80.77 9 103 35
kB Boltzmann constant J/K 1.38 9 10–23 —
kHP Hall–Petch coefficient MPa m1/2 0.35 9 106 adapted from 85
M Taylor lattice factor (for face-centered cubic metals) — 3.06 37
NA Avogadro constant mol�1 6.022 9 1023 —
Qm activation energy for self-diffusion kJ 285/NA 37
cSFE stacking fault energy J/m2 0.075 86
#D Debye frequency rad/s 9.88 9 1013 87
m temperature-dependent Poisson’s ratio — — 35
. density at room temperature kg/m3 8193 88
x atomic volume -x ¼ a3=4 m3 1.09 9 10–29 —

Table IV. Calibrated Parameters

Symbol Description Equation Value

Adisl Calibration parameter in the expression of rdisl (5) 1
Be Electron drag parameter (17) Be

Bp
¼ 0:1

Bp Phonon drag parameter (17)
B0 Calibration parameter in the expression of rdrag (17) 7 Æ106

Ccell Calibration parameter for Kc in the expression of s (22) 3.75
sdisl Calibration factor in the expression of rdisl (5) 1.5 Æ10–3

a Calibration factor in the expression of rG (3) 0.5
Xcs Calibration parameter for the cross-slip activation energy Qcs (25) 0.7
Xp Calibration parameter for cross-slip (25) 15
X0 Calibration parameter for recovery by glide (26) 8.4
qi0 Initial immobile dislocation density (m�2) — 1.5 Æ1011
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B. Dynamic Strain Aging

DSA has been observed to be an active mechanism in
alloy 718 for deformation at a strain rate below 0.1 s�1

and temperatures between 200 �C and
750 �C.[2–4,6,26,59–63] In this work, the effect of DSA in
a physics-based flow stress model has been included,
according to Section II–B.

The results for 0.01 s�1 (Figure 4) presents a similar
flow stress at 400 �C and 600 �C, suggesting that the
DSA is accounted for in the model. Overall, the results
are in good agreement with the mechanical tests results.
It can be noted that the experimental stress–strain data
have been smoothed for calibration purpose, but the
original curve at 600 �C is heavily serrated,

corresponding to the DSA-related Portevin–Le Chate-
lier effect,[6] as it can been seen in Figure 7.
Figure 8 shows the effect for various strain rates at

600 �C. The higher rates have a lower flow stress. The
flow stress is overpredicted initially for the lowest strain
rate, 0.001 s�1. This is due to the model giving a large
initial increase in fDSA for this case according to
Figure 9.

C. Solid Solution Strengthening

The solid solution strengthening contribution rss,
Eq. [16], computed using the model, is presented is
Figure 10 for different temperatures and strain rates.

Fig. 2—Model calibration using the true stress–strain curves
obtained experimentally at 1 s�1.

Fig. 3—Model calibration using the true stress–strain curves
obtained experimentally at high strain rates (~ 103 s�1).

Fig. 4—Model validation for true stress–strain curves obtained
experimentally at 0.01 s�1.

Fig. 5—Model validation for true stress–strain curves obtained
experimentally at 0.001 s�1.
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The deformation temperature is fairly constant during
each test. The strain rate presents small initial variations
for the low strain rate tests (1 s�1 and below), but it
varies significantly throughout the deformation at high
strain rate (~ 103 s�1).[58] This last feature explains the
small variations in the solute contribution in the high
strain rate domain. Furthermore, the solid solution
strengthening decreases when the deformation temper-
ature increases. Physically, it corresponds to the greater
dislocation mobility at higher temperatures due to
increased diffusivity. On the contrary, the solid solution
strengthening contribution increases with increasing
strain rate, as the resistance to dislocation motion
increases with their speed.

D. Phonon and Electron Drag

The phonon and electron drag, described in Sec-
tion II–D, is a mechanism that is expected to be active
during deformation at high strain rate. Figure 11 shows
the drag stress contribution computed using the model.
The phonon and electron drag in the model is

negligible at low strain rate (1 s�1 and below) compared
to the high strain rate deformation (~ 103 s�1), which
validates the use of this formulation. According to
Eq. [17], the drag stress contribution increases with both
strain rate and temperature. Phonons correspond to
thermal vibration in the crystal lattice. Thus, at higher
temperature, there are more phonons to disturb the
motion of dislocations.
The model exhibits a reduction in flow stress from a

strain of approximately 0.2 (Figure 3) and a

Fig. 6—Illustration of effect of cross-slip at 800 �C for various strain
rates.

Fig. 7—Raw experimental data for true stress–strain curve at
0.01 s�1.

Fig. 8—Effect of DSA at 600 �C.

Fig. 9—Evolution of DSA factor, fDSA in Eq. [6], with respect to
true strain.
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corresponding decrease in drag stress, as shown in
Figure 11. This is attributed to a decrease in the
evaluated strain rate, as illustrated in Figure 12.

V. SUMMARY AND CONCLUSION

A physics-based flow stress model for alloy 718 in
annealed state has been proposed.

The long-range stress contributions in the model are:

� Taylor hardening, corresponding to the interaction
between dislocations in a same plane.

� Grain boundary strengthening (Hall–Petch effect).
The short-range stresses, assisted by thermal activa-
tion, are:

� Discrete obstacle contribution, corresponding to the
interaction between gliding dislocation and discrete
obstacles in the matrix. This contribution also
includes the effect of DSA.

� Solid solution strengthening.
� Phonon and electron drag.

The evolution of immobile dislocation density
includes the following mechanisms.

� Strain hardening, related to the increase in immobile
dislocation density.

� Recovery by cross-slip of screw dislocations.
� Recovery by dislocation glide.

The model has been calibrated and validated for both
low and high strain rates (10–3 to 103 s�1) for temperatures
between 20 �C and 800 �C. The predicted flow stresses are
in good agreement with the experimental results. In
addition, it was shown that the addition of cross-slip and
DSA improves the accuracy of the flow stress prediction,
and the additionof the drag stress enables themodel to also
fit the high strain rate deformation behavior.
In order to accommodate deformation temperatures

above 900 �C, a recrystallization model is
required.[8,56,58,64–71] In addition, in order to extend the
predictions to aged alloy 718, which is widely used in the
industry, the precipitation model proposed by Fisk
et al.[27] can be added.
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APPENDIX A: SOLID SOLUTION
STRENGTHENING CALCULATION

Alloy 718 is a nickel-based superalloy with Cr atoms
in substitution in the Ni matrix (c-phase). The alloy
benefits from the solid solution Ni–Cr strengthening
properties. Then, in the contribution of solid solution
strengthening to the flow stress rss, Eq. [12], the
parameter C1 was calibrated according to data for
different concentrations of chromium in nickel obtained
from Akhtar and Teghtsoonian.[72] The value of C1 was
fitted to 0.57016 and the calibration result is shown in
Figure A1. This value was used for all the solutes
included in the solute hardening model in this work.

In addition to Cr, other interstitial or substitutional
atoms increase the alloy strength. The contribution of
solid solution hardening to the flow stress is described in
Section II–C and its calculation requires data for the
solute misfit, Eqs. [13] and [14]. The size misfit di for the
solute i is calculated as

di ¼
1

ac

da

dXsol
i

; ½A1�

with ac the reference lattice parameter, which is the

lattice parameter of the matrix (ac = 3.52 Å). da=dXsol
i

is the variation of the lattice parameter with respect to
the atomic fraction of the solute, which is computed
according to the results obtained by Akhtar and
Teghtsoonian[72] for Cr and by Mishima et al.[73] for
the other solutes.
The shear modulus misfit gi for the solute i is

calculated as

gi ¼
1

GRT

dG

dXsol
i

; ½A2�

where GRT is the shear modulus of the material at room

temperature (GRT ¼ 80:77GPaÞ. dG/ dXsol
i ¼ 2ð1þ

mÞdE=dXsol
i is the variation in shear modulus with

respect to the atomic fraction of the solute, with m the
Poisson’s ratio and E the Young’s modulus. It is
calculated using the results obtained by Karmazin[74]

for Cr and by Mishima et al.[75] for the other solutes.

Table A1. Size and Shear Modulus Misfit of Cr in Ni

Solute Size Misfit d
Shear Modulus

Misfit g
Reference for
Calculation

Cr 0.0298 1.7541 72, 74
Nb 0.1978 � 1.3928 73, 75
Al 0.0513 � 0.0952 73, 75
Ti 0.1193 � 1.8261 73, 75
Mo 0.1349 � 0.1190 73, 75
Fe 0.0333 � 1.2380 73, 75
W 0.0125 1.3618 73, 75
Mn 0.0823 � 2.0737 73, 75

Fig. A1—Evolution of solid solution strengthening contribution rss

with temperature after calibration of parameter C1 using
experimental data from Akhtar and Teghtsoonian [72].
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Table A1 presents data for solute size misfit d and
shear modulus misfit g.

APPENDIX B: CROSS-SLIP RECOVERY MODEL

This Appendix explains the derivation of the cross-
slip model presented in Eq. [25].

Argon treated recovery by cross-slip as dynamic
recovery,[76]

_q
�ð ÞðcsÞ
i ¼ CArgonPcsqi _c

p; ½B1�

with qi the density of immobile dislocation and _cp the
plastic shear rate. The probability for cross-slip Pcs

may be taken as the Boltzmann factor e
�Qcs

kBT, with Qcs
the activation energy for cross-slip. The coefficient
CArgon may be taken as the product of the frequency
of attempts Ccs and a characteristic time scs for the dis-
location about to cross-slip, leading to

_q
�ð ÞðcsÞ
i ¼ scsCcse

�Qcs
kBTqi _c

pHð _cpÞ; ½B2�

The Heaviside function H _cpð Þ is introduced, as the
plastic shear rate will be canceled by a characteristic
time later in the derivation and the cross-slip occurs only
when dislocations glide. The attempt frequency for a
dislocation segment is taken from Shoeck[43] as

Ccs ¼ #D
b

Lcs
; ½B3�

where Lcs is the length of the cross-slipping dislocation
segment given later in this appendix.

The characteristic time for cross-slip is estimated as

scs ¼
dSFE
m

¼ dSFE
_cp=bqm

: ½B4�

The mean width of the stacking fault for a screw

dislocation, dSFE, is

dSFE ¼ Gb2

24pcSFE

2� 3m
1� m

: ½B5�

The relation between dislocation mean velocity and
plastic shear rate is taken from[77] giving

scs ¼
dSFE
m

¼ 15dSFE
b

sSR
G

� �2 1

_cp
: ½B6�

sSR is the shear stresses corresponding to the short-
range terms in Eq. [2]. It is the sum of the interactions
between dislocations, solid solution strengthening and
phonon and electron drag contributions. This is the
excess stress driving the dislocations. Inserting this into
Eq. [B2] leads to an expression like static recovery, as
the strain rate disappears,

_q
�ð ÞðcsÞ
i ¼ 15dSFE

b

sSR
G

� �2 b

Lcs
#De

�Qcs
kBT

qiH _cpð Þ: ½B7�

The enthalpy barrier Qcs decreases with the applied
shear stress. Kuykendall et al.[78] noted that Kubin
et al.[79] proposed that the Schmid stress on the original
glide plane is the most important stress component. It is
therefore written as

Qcs ¼ Qcs0 � sVact ¼ Qcs0 � sbLcsdSFE; ½B8�

where s is the applied stress resolved according to the
slip direction which drives the dislocation on the initial
slip plane. It is called the Schmid stress. Vact is the
activation volume for the model.
There is also driving shear stress on the cross-slip

plane included by Markovitz and Mordehai[80] giving an
additional stress reduction included in Qcs0. There are
three characteristic dimensions. One is the mean width

of the stacking fault dSFE given by Eq. [B5]. The second
is the distance over which the partials bend,

kSFE ¼ 1

2
dSFE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln
R

r0

� �

s

; ½B9�

where the outer and inner external cut-off radii, R and r0,
are the ranges over which the energy in the continuum
dislocation model is integrated. The former is the outer
radius related to distance to neighboring dislocations and
the latter is the core radius within which the continuum
model is invalid. Markovitz and Mordehai[80] assumed
that R is four orders of magnitude larger than r0 giving

kSFE ¼ 1
2 dSFE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln 104
� �

q

. Their final model led to

Qcs0 ¼ 3:10cSFEkSFEdSFE: ½B10�

They also derived the third characteristic length,
which is the length of the cross-slipping dislocation
segment. It is given by

Lcs ¼ 2lckSFE: ½B11�

where the critical non-dimensional length lc is obtained
by solving

1:55

cosh lcð Þð Þ2
� 3dl2c ¼ 0: ½B12�

The parameter d is defined as

d ¼ 1

6

bsSchmid
cs

kSFE

� �2

; ½B13�

where sSchmid
cs is the Schmid stress in the cross-slip

plane. Insertion of this into Eq. [B12] leads to

1:55

cosh lcð Þð Þ2
� 1

2

bs
kSFE

� �2

l2c ¼ 0: ½B14�
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The subscript and superscripts on the shear stress are
ignored, as the developed model will only use one shear
stress. This inclusion leads to a reduction of the
activation enthalpy as

Qcs ¼ Qcs0flc sð Þ � sbLcsdSFE; ½B15�

where

flc sð Þ ¼ 1

2
1þ tanh lcð Þ � 1

6

bs
kSFE

� �2
0:6lcð Þ3

1:55

" #

: ½B16�

REFERENCES
1. H.J. Frost and M.F. Ashby: Deformation-mechanism maps: The

plasticity and creep of metals and ceramics. https://engineering.da
rtmouth.edu/defmech/. Accessed 8 Feb 2021.

2. K. Prasad, R. Sarkar, P. Ghosal, and V. Kumar: Mater. Des.,
2010, vol. 31, pp. 4502–507.

3. V. Garat, J.M. Cloue, D. Poquillon, and E. Andrieu: J. Nucl.
Mater., 2008, vol. 375, pp. 95–101.

4. W. Chen and M.C. Chaturvedi: Mater. Sci. Eng. A, 1997, vol. 229,
pp. 163–68.

5. K. Saravanan, V.S.K. Chakravadhanula, S.K. Manwatkar,
S.V.S.N. Murty, and P.R. Narayanan: Metall. Mater. Trans. A,
2020, vol. 51, pp. 5691–703.

6. M.L. Weaver and C.S. Hale: in Proceedings of the International
Symposium on Superalloys and Various Derivatives, E.A. Loria,
ed., vol. 1, The Minerals, Metals and Materials Society, 2001, pp.
421–32.
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