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Aircraft engine components can be subjected to a large number of thermo-

mechanical loading cycles and to long dwell times at high temperatures. In 

particular, the understanding of creep in single crystal superalloy turbine blades 

is of importance for designing more reliable and fuel efficient aircraft engines. 

Creep tests on single crystal superalloy specimens have shown greater creep 

strain rates for thinner specimens than predicted by current theories. Therefore, 

it is necessary to develop a more predictive description of creep processes in these 

materials for them to be used effectively. Experimental observations have shown 

that the crystals have an initial porosity and that the progressive growth of these 

voids plays a major role in limiting creep life. 

In order to understand void growth under creep in single crystals, we have 

analyzed the creep response of three dimensional unit cells with a single spherical 

void under different types of isothermal creep loading. The growth behavior of 

the void is simulated using a three dimensional rate dependent crystal plasticity 

constitutive relation in a quasi-static finite element analysis. The aim of the 

present work is to analyze the effect of stress traixiality and Lode parameter on 

void growth under both constant true stress and constant engineering stress 

isothermal creep loading. 
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Single crystal Ni-base superalloys were introduced in early 80’s [1], since then they have

been widely used as turbine aerofoil material in jet engines to increase the turbine inlet gas

temperature and improve thermal efficiencies. These Aircraft engine components can be

subjected to large number of thermo-mechanical loading cycles and to long dwell times at

high temperatures. Metallographic observations have shown that these single crystals contain

micro porosities formed during solidification and homogenization processes [2]. These micro

porosities are aligned in the growth direction of the crystal. Seetharaman and Cetel [3]

performed isothermal creep tests at different test temperatures and stress levels on plate like

specimens of PWA1484 nickel-based single crystal superalloy with varying thickness. They

observed significant thickness debit effect at low temperatures and high stresses (760oC/758

MPa) on the creep rupture life of the thin samples and concluded that the thickness debit

effect can be interpreted in terms of the effect of plastic constraint and void growth, since

no other damage mechanism is observed at low temperatures. This motivates the analysis of

void growth in a single crystal under creep loading conditions to understand the creep and

creep rupture mechanisms in single crystal superalloys.

1.2. Literature Review and Scope of the Current Work

There is a large literature on void growth in an isotropic material and can be traced

from McClintok [4], who developed growth predictions for long circular cylindrical cavity in

a non-hardening material pulled in the axial direction of the cavity and also subjected to

transverse tensile stress and concluded that the void growth per unit applied strain increases

exponential with increase in transverse tensile stress. Following the work of McClintok [4],

Rice and Tracey [5] analyzed isolated spherical void subjected to remote uniform stress and

strain rate field and observed similar effect of stress triaxiality on relative void growth rates
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over imposed strain rates. Budiansky, Hutchinson and Slutsky [6] considered a power law

dependence of strain rate on stress and explored the effect of stress state and power law

exponent on void growth and collapse of an isolated void in a viscous material. In their work

they found that the relative void growth follows a power law dependence on stress triaxiality.

In all these cases the matrix was assumed to be infinite.

Considering unit cube of porous material, Gurson [7] derived the pressure dependent

yield function for porous ductile materials using upper bound theorem of plasticity and

simple rigid plastic material model. Which was later modified by Tvergaard and Needleman

[8] to account for void coalescence effect. For an isotropic strain hardening material void

coalescence effect is thoroughly addressed by [9], [10] & [11]. The influence of various other

issues, such as void spacing, void shape, strain hardening exponent and stress triaxiality, are

addressed by Pardoen and Hutchinson [12]. These early works focused on the effect of stress

triaxiality (ratio of first and second stress invariants) and concluded that high triaxiality and

intense plastic straining are the main causes for the accelerated void growth. Some more

recent works have considered the effect of Lode parameter which accounts for the influence

of the third stress invariant. Zhang et al. [13], Gao and Kim [14], Nahson and Hutchinson

[15] and Barsoum and Faleskog [16] performed a systematic numerical analysis on a cell

model subjected to different macroscopic stress states characterized by the lode parameter

and stress triaxiality. They showed that the lode parameter has a strong influence on the

stress carrying capacity of the material and the onset of void coalescence.

Single crystals have anisotropic properties and void growth in a single crystal is expected

to be different from an isotropic material. O’Regan et al. [17] performed void growth in single

crystals with idealized two dimensional slip system geometry and observed the effect of initial

void volume fraction and void arrangement in the material. Based on similar two dimensional

crystal plasticity [18], Orsini and Zikry [19] explored void growth and interaction in periodic

and non-periodic arrangement of voids. Potirniche et al. [20] considered one void and two

voids (initial void volume fraction=0.0315) in the two dimensional unit cell and analyzed

the effect of stress biaxiality and lattice orientation on the void growth and coalescence
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behavior. All these two dimensional crystal plasticity based void growth analysis yielded

insignificant effect of initial lattice orientation on void growth behavior. Incorporating three

dimensional crystal plasticity Schacht et al. [21] modeled two voids in a unit cell having a

total void volume fraction of 0.011 and explored the effect of crystallographic orientation on

the deformation behavior of the FCC single crystal. Liu et al. [22] also explored the effect of

crystallographic orientations on void growth and coalescence by considering one void (initial

void volume fraction=0.01) and two voids. Similarly Yang and Dong [23] considered one void

and two voids in their model and analyzed the effect of lattice orientation on void growth

and coalescence, they also extended their work to a void in a bi-crystal. In all these works

it was concluded that the void growth rate is higher for soft orientations. Wan et al. [24]

performed an extensive finite analysis and explored the effect of stress traixiality (1, 2 & 3)

and Lode parameter (−1, 0 & 1) for a given initial void volume fraction (0.0024) for a FCC

single crystal loaded in different crystallographic directions. From their work they concluded

that for traixiality = 2 & 3 there exists a critical effective strain beyond which void volume

fraction increases rapidly. Later, Sangyul and Kim [25] also analyzed the effect of stress

triaxiality and crystallographic orientation on the void growth in a FCC single crystal. For

three different initial void volume fraction (0.001, 0.005 & 0.01) Yu et al. [26] observed the

effect of stress triaxiality and Lode parameter on the growth behavior of a spherical void.

They observed that growth rate is higher for smaller initial void volume fraction. Yerra et

al. [27] analyzed void growth and coalescence for a BCC single crystal. They also found

significant effect of initial crystal orientation on void growth and onset of void coalescence.

All these works on the void growth and coalescence in a single crystal remained confined

to monotonically increasing load where a very high strain rate is observed. Where as creep

and creep rupture which are often the life limiting factors when components are required to

operate for long periods under stress at sufficiently high temperature, displays slow inelastic

deformation. Under creep deformation, materials undergo a lot of structural changes which

aids to creep damage. The tertiary part of the creep curve is a direct result of creep damage.

Apart from all other damage mechanisms, growth or collapse of void is a significant creep

3



damage that leads to creep fracture. Using axisymmetric unit cell model,[28], [29], & [30],

have analyzed the instantaneous rate of change of void volume by the combined effect of

diffusion and power law creep and in [31] the effect of void interaction and void shape

change on the void growth rate was analyzed for large increase of the void volume to the initial

value. For a polycrystalline material Cocks and Ashby [32] have presented void growth maps

showing different stress and temperature regime activates different void growth mechanisms

or combination of mechanisms. At high stress levels as in the creep tests of [3] and given the

fact that in a single crystal material diffusion mechanisms are limited and can be treated

insignificant, power law creep can be treated as the dominant mechanism of void growth.

In the present work, void growth and collapse in a FCC single crystal matrix under con-

stant true stress and constant engineering stress creep loading conditions has been analyzed

by carrying out three dimensional finite strain analyses of a unit cell with a single spherical

void. Given the anisotropy involved in a single crystal three dimensional finite element anal-

ysis based on three dimensional crystal plasticty [18] is required to analyze the void growth

and collapse behavior in a creeping single crystal. When voids are non-uniformly distributed,

deformation of the void is constrained by the deformation of denser material, leading to a

different state of stress in the vicinity of the void. Hence it is also required to analyze the

same under variety of imposed stress states which can be characterized by stress triaxiality

ratio and Lode parameter.
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CHAPTER 2

PROBLEM FORMULATION

2.1. Constitutive Relation

The crystal plasticity constitutive implementation is based on the UMAT due to Huang

[33] as modified by Kysar [34]. This crystal constitutive formulation follows that in Asaro

and Needleman [35] (see also Asaro [18]). The deformation gradient, F, is written as

(1) F = F
∗ · FP

where, F∗ is due to stretching and rotation of the crystal lattice and F
P is due to crystal-

lographic slip. In the reference, undeformed lattice, the slip direction and the slip plane

normals of the crystal are denoted by s
(α) and slip plane normal m(α), respectively. In the

current configuration these are given by

(2) s
(α)∗ = F

∗ · s(α) m
(α)∗ = m

(α) · F∗−1

Differentiating Eq.(1) with respect to time and combining terms gives

(3) Ḟ · F−1 = D+Ω = (D∗ +Ω
∗) + (Dp +Ω

p)

where (D∗ + Ω
∗) are, respectively, the elastic rate of stretching and spin tensors, and the

plastic rate of stretching, Dp, and spin tensors, Ωp, are given by

(4) D
p =

∑

α

γ̇(α)
P

(α)
Ω

p =
∑

α

γ̇(α)
W

(α)

where γ̇(α) is the rate of shearing on slip system α, and

(5) P
(α) =

1

2
(s(α)∗m(α)∗ +m

(α)∗
s
(α)∗) W

(α) =
1

2
(s(α)∗m(α)∗ −m

(α)∗
s
(α)∗)

Elastic strains are presumed small so that the lattice Jaumann rate of Cauchy stress, σ̂∗, is

given by

(6) σ̂∗ = σ̇ + σ ·Ω∗ −Ω
∗ · σ = L : D∗ − σ(I : D∗)

5



with L
ijkl being the tensor of elastic moduli. The corotational stress rate on axes rotating

with the material, σ̂, is given by

(7) σ̂ = σ̇ −Ω · σ + σ ·Ω

The difference between σ̂∗ and σ̂ is

(8) σ̂
∗ − σ̂ =

∑

α

γ̇(α)
W

(α) · σ −
∑

α

γ̇(α)σ ·W(α)

Defining

(9) ψ(α) = W
(α) · σ − σ ·W(α)

and using Eqs.3 and 4 with Eqs.6 and 8 gives

(10) σ̂ = L : D−
∑

α

γ̇(α)
R

(α) − σ(I : D∗)

where

(11) R
(α) = L : P(α) +ψ(α)

The Schmid resolved shear stress is given by

(12) τ (α) = m
(α)∗ · σ · s(α)∗ = σ : P(α)

Slip is assumed here to obey Schmid’s law so that the slip rate γ̇(α) only depends on the

current σ through τ (α). which is the resolved shear stress when elastic lattice distortions

are negligible. The crystals exhibit both primary and secondary creep, both of which are

represented in terms of power law relations. All twelve primary octahedral slip systems

{111} < 110 > of a FCC single crystal are considered in the current analysis, based on the

choice of the model material i.e. PWA1484 Ni based single crystal superalloy [3]. The initial

values of slip on each slip system is taken to be zero and the evolution of slip on slip system

α is given by

(13) γ̇(α) =

{

(1− β)γ̇M

∣

∣

∣

∣

τ (α)

τ0

∣

∣

∣

∣

M

+ βγ̇N

∣

∣

∣

∣

τ (α)

τ0

∣

∣

∣

∣

N
}

sgn(τ)
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where τ0, γ̇M , γ̇N , M and N are material constants and β evolves as

(14) β̇ =
1

t0
(βss − β)

with the initial condition that β = 0 at t = 0 and with βss the steady state value of β and

t0 a time constant that governs the transition from primary to secondary creep.

2.2. Numerical Method

The constitutive relationship for crystalline solid is defined in rate form, which requires

a definition of strain rate. In the Lagrangian coordinate system the velocity (v) difference

between two neighboring particles in the current configuration is given by

(15) v =
∂v

∂x
· dx = ∇v · dx ∇v =

∂v

∂x

where ∇v is the velocity gradient in the current configuration. The velocity gradient in

terms of deformation gradient (Eq.1) can be given as

(16) ∇v = Ḟ · F−1

Here ∇v is composed of a rate of deformation and a rate of rotation or spin. Thus, ∇v can

be decomposed into a symmetric rate of deformation matrix and an antisymmetric rotation

rate matrix.

(17) D =
1

2
(∇v +∇v

T ) Ω =
1

2
(∇v −∇v

T )

In the Lagrangian coordinate system, volume V is the space occupied by the material in

the current state. Since the volume is arbitrary, the force equilibrium condition must apply

pointwise in the body. Based on moment equilibrium in the current state the true (Cauchy)

stress tensor is symmetric i.e. σ = σT leading to σ : δΩ = 0 as Ω is the antisymmetric part

of velocity gradient (∇v). Now with respect to integral over the current volume the virtual

work rate per unit current volume defined by the conjugate pairing of Cauchy stress (σ) and

rate of deformation (D) can be written as

(18)

∫

V

σ : δDdV =

∫

S

δv ·TdS +

∫

V

δv · FBdV

7



where T is the force per unit current area and FB be the body force per unit current volume

at any point within the volume of the material under consideration. The UMAT of [33]

bases the calculation of the finite element stiffness matrix and the constitutive update on

the tangent modulus method for rate dependent solid developed by Peirce et al. [36]. The

shear strain increment on slip system α written as

(19) ∆γ(α) = γ(α)(t+∆t)− γ(α)(t)

and a linear interpolation within is employed as,

(20) ∆γ(α) = ∆t
[

(1− θ)γ̇
(α)
t + θγ̇

(α)
t+∆t

]

Expanding γ(α)(t + ∆t) in a Taylor series and carrying out the algebraic manipulations as

in [35], the system of equations for the slip increment is obtained as

(21)
∑

φ

Nαφ∆γ(φ) = (γ̇
(α)
t +Qα)∆t

(22) Nαφ = δαφ + θ∆t
∂γ̇(α)

∂τ (α)
R

(α) : P(φ)

(23) Qα = θ∆t(
∂γ̇(α)

∂τ (α)
R

(α) : D+
∂γ̇(α)

∂β
β)

where R
(α) is defined in Eq.(11) and D is the rate of deformation in the previous time step.

The increment of resolved shear stress is estimated from rate of resolve shear stress followed

from the algebraic manipulations by Peirce et al. [36] and can be expanded as

(24) τ̇ (α) = R
(α) : D∗ = R

(α) :

[

D−
∑

α

γ̇(α)
P

(α)

]

The crystal lattice undergoes distortion and rotation as the crystal deforms; however, the

effect of lattice rotation does not explicitly appear in the constitutive equations when all

rate quantities are formed on this rotating lattice frame [18]. The lattice deformation and

rotation are fully characterized by the reciprocal vectors coinciding with slip directions, s(α)∗

8



and normals to slip planes, m(α)∗ in the deformed configuration. By differentiating Eq.(2),

we get

(25) ṡ
(α)∗ = (D∗ +Ω

∗) · s(α)∗ ṁ
(α)∗ = m

(α)∗ · (D∗ +Ω
∗)

The stresses, strains and solution dependent state variables are solved incrementally by

ABAQUS Standard 6.x [37]. When the subroutine UMAT is called, it is provided with the

state at the start of the increment and with the strain increments and the time increment.

The subroutine UMAT performs two functions: it updates the stresses and the solution de-

pendent state variables to their values at the end of increment, and it updates the material

Jacobian matrix. Eq.(13) and (14) was fitted to the experimental constant applied engi-

neering stress creep data of Seetharaman and Cetel [3] for the test temperature of 760◦C

and applied load of 758MPa. The material parameters used in Eq.(13) are, τ0 = 245MPa,

γ̇M = 1.04× 10−6, γ̇N = 1.53× 10−9, M = 1 & N = 5 and parameters used in Eq.(14) are,

βss = 0.998 and t0 = 1.35×10−4. Fig. 2.1 shows a comparison of computed (for a fully dense

material) and experimental creep curve for a PWA1484 Ni-based single crystal superalloy

loaded in < 001 > direction at 760◦C test temperature and 758 MPa constant nominal stress

and the computed creep curve is shown for both constant nominal stress creep and constant

true stress creep loading conditions.

2.3. Unit Cell Analysis

A cubic unit cell consisting of a single initially spherical void in a face centered cubic

(fcc) crystal under creep loading conditions has been analyzed here. A Cartesian coordinate

formulation is used and the loading is imposed along the xi−directions. The unit cell initial

edge length is 2a0 (−a0 ≤ xi ≤ a0) and the void initial radius is r0. The edges parallel to the

x2 and x3 axes are required to remain parallel to their respective axes during deformation

which is consistent with, but stronger than, symmetry about these axes. The fcc crystal is

taken to be in a < 001 > (cube) orientation. Symmetry about x1 = 0 is also assumed so

only 1/8 of the unit cell need be analyzed numerically. The configuration analyzed is shown

in Fig. 2.2.

9



t (10
7
 s)

∆
l/
l 0

0 0.05 0.1 0.15 0.2 0.25 0.3
0

0.05

0.1

0.15

0.2

Experimental (CNS)
Computed (CNS)
Computed (CTS)

Figure 2.1. Comparison of experimental and computed creep curves for a

single crystal of orientation < 001 >. The experimental creep curve is obtained

for a constant nominal stress (CNS) creep loading condition and the computed

creep curve is for both constant nominal stress (CNS) and constant true stress

(CTS) creep loading conditions. The computed curve is for a fully dense

material.

The boundary conditions on the region analyzed are

u1(a0, x2, x3) = U1(t) , T2(a0, x2, x3) = 0 , T3(a0, x2, x3) = 0

u2(x1, a0, x3) = U2(t) , T1(x1, a0, x3) = 0 , T3(x1, a0, x3) = 0

u3(x1, x2, a0) = U3(t) , T1(x1, x2, a0) = 0 , T2(x1, x2, a0) = 0(26)

where U1, U2 and U3 are determined by the analysis together with the symmetry conditions

u1(0, x2, x3) = 0 , T2(0, x2, x3) = 0 , T3(0, x2, x3) = 0

u2(x1, 0, x3) = 0 , T1(x1, 0, x3) = 0 , T3(x1, 0, x3) = 0

u3(x1, x2, 0) = 0 , T1(x1, x2, 0) = 0 , T2(x1, x2, 0) = 0(27)
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Figure 2.2. A finite element mesh of the spherical void in a FCC crystal.

The macroscopic true (or Cauchy) stresses, Σi, and corresponding macroscopic strains,

Ei, are defined as

Σ1 =
1

a2a3

∫ a2
∫ a3

σ11(a1, x2, x3)dx2dx3

Σ2 =
1

a1a3

∫ a1
∫ a3

σ22(x1, a2, x3)dx1dx3

Σ3 =
1

a1a2

∫ a1
∫ a2

σ33(x1, x2, a3)dx1dx2(28)

(29) E1 = ln

(

a1
a0

)

E2 = ln

(

a2
a0

)

E3 = ln

(

a3
a0

)

where a1 = a0 + U1, a2 = a0 + U2 and a3 = a0 + U3.

In one set of calculations, a fixed value of Σ1, Σ2 and Σ3 are applied where these stresses

are true macroscopic stresses and remain constant through out the creep deformation. In

the other set of calculations, a fixed nominal (or engineering) stress, N1 is prescribed such

that the macroscopic stress Σ1 during deformation is given by

(30) Σ1 =
a20
a2a3

N1

11



The macroscopic effective stress, Σe, and the macroscopic hydrostatic stress, Σh, are

given by

(31) Σe =
1√
2

√

(Σ1 − Σ2)2 + (Σ2 − Σ3)2 + (Σ3 − Σ1)2; Σh =
1

3
(Σ1 + Σ2 + Σ3)

For the prescribed stress state, the macroscopic stresses at any given time step follows

the proportional stress history through out the deformation and is given by

(32) Σ2 = ρ2Σ1 Σ3 = ρ3Σ1

with ρ2 and ρ3 constants and the stress triaxiality χ, is then

(33) χ =
Σh

Σe

=

√
2

3

1 + ρ2 + ρ3
√

(1− ρ2)2 + (ρ2 − ρ3)2 + (ρ3 − 1)2

The stress triaxiality involves the first and second stress invariants, the influence of the

third invariant is assessed via the Lode parameter, L, which is

(34) L =
2Σ2 − Σ1 − Σ3

Σ1 − Σ3

=
2ρ2 − 1− ρ3

1− ρ3

The calculations are carried out using the commercial finite element code ABAQUS

standard version 6.x [37]. In the first case the true stress Σi remain constant through out

the analysis and a constant stress triaxiality and Lode parameter is automatically achieved.

In the second case, the engineering/nominal stress N1 remains fixed but the macroscopic

true stress Σ1 keeps changing as per Eq.(30). Here the fixed stress ratio in Eq.(32) has to be

externally maintained so that the values of the stress triaxiality χ and the Lode parameter

L remain fixed during the deformation history. The proportionality in Eq.(32) is maintained

by controlling the uniform tractions acting on the surfaces of the unit cell model. At any

time step, these uniform tractions are the macroscopic true stresses as given in Eq.(28).

The proportional history of stress state is monitored using URDFIL subroutine provided in

ABAQUS standard 6.x [37] and any deviation in the proportionality constants ρ2 and ρ3

given in Eq.(32) is mitigated by applying the additional uniform traction on the respective

surfaces using DLOAD user subroutine. This enables us to compare the response under

prescribed true stress and prescribed nominal stress conditions with same stress triaxiality

12



and Lode parameter values. Interest in the response for prescribed nominal stress loading is

because that is the condition in the creep experiments in [3]. The calculations are carried

out with r0/a0 = 0.267, which gives a void volume fraction of 0.01. This is selected based

on the distribution of porosities in the material. The average void volume fraction in a Ni-

based single crystal material is generally low but these pores are confined in interdendritic

areas [2]. Hence leading to a high local void volume fraction. A finite element mesh with

C3D20H (20-node hybrid solid elements with quadratic displacement interpolation and linear

pressure interpolation) elements is shown in Fig. 2.2. Most calculations are carried out using

916 elements. Convergence was assessed by carrying out calculations with 1250 and 1786

elements and error was within engineering limits. Time history of relative void volume

fraction computed using different mesh size for χ = Σh/Σe = 2 and Lode parameter L = −1

under constant true stress creep loading is shown in Fig. 2.3.

Time (10
7
 s)

f/
f 0

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20 916 elements
1250 elements
1786 elements

Figure 2.3. Time history of relative void volume fraction for different FE

meshes for a typical case of χ = Σh/Σe = 2 and Lode parameter L = −1

under constant true stress creep.
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CHAPTER 3

NUMERICAL RESULTS

In the present work, the parameter dependence of void growth under proportional creep

stressing histories using three dimensional cell model is explored. An initial value of macro-

scopic effective stress of Σe = 750MPa was applied in all the cases. The hydrostatic stress

Σh was varied to achieve different initial stress triaxiality, χ = Σh/Σe. Initial applied

stresses for five stress triaxiality values (0.5, 0.75, 1, 2, 3) and five Lode parameter val-

ues (−1, −0.5, 0, 0.5, 1) for each stress triaxiality are tabulated in Table. 3.1. In all these

cases x1 is the primary axis such that Σ1 ≥ Σ2 ≥ Σ3. A positive value signifies tensile

nature of the stress where as a negative value shows compression. All these cases are numer-

ically analyzed for both constant true stress and constant engineering/nominal stress creep

loading. For constant true stress creep loading Σi remains constant through out the creep

deformation where as for constant engineering stress creep loading Σi keeps changing as per

Eq.(30). The initial void volume fraction of 0.01 and material properties are kept same in

all the cases analyzed here.

3.1. Evolution of Creep Strain

To look after the progressive inelastic deformation produced by creep, macroscopic effec-

tive strain is defined as

(35) Ee =

√
2

3

√

(E1 −E2)2 + (E2 − E3)2 + (E3 − E1)2

where E1, E2 and E3 are defined in Eq.(29).

The time history of macroscopic effective creep strain (or simply creep strain) under con-

stant true stress is shown in Figs. 3.1(a), 3.1(b) and 3.1(c) for stress triaxiality χ = 3, 0.75

and 0.5 respectively. Under constant true stress, creep strain evolves as primary creep fol-

lowed by secondary creep leading to a tertiary creep or asymptotic growth in creep strain

for high stress triaxiality as in the case of χ = 3. There exist a critical Ee beyond which

asymptotic growth in creep strain is observed. This critical value of creep strain Ee keeps

14



Table 3.1. Applied stress triaxiality (χ), Lode parameter (L) and initial

macroscopic stresses (MPa)

χ L Σ1 Σ2 Σ3

3.00 -1.00 2750.00 2000.00 2000.00

3.00 -0.50 2735.36 2111.33 1903.31

3.00 0.00 2683.01 2250.00 1816.99

3.00 0.50 2596.69 2388.68 1764.64

3.00 1.00 2500.00 2500.00 1750.00

2.00 -1.00 2000.00 1250.00 1250.00

2.00 -0.50 1985.36 1361.33 1153.31

2.00 0.00 1933.01 1500.00 1066.99

2.00 0.50 1846.69 1638.68 1014.64

2.00 1.00 1750.00 1750.00 1000.00

1.00 -1.00 1250.00 500.00 500.00

1.00 -0.50 1235.36 611.32 403.31

1.00 0.00 1183.01 750.00 316.99

1.00 0.50 1096.69 888.68 264.64

1.00 1.00 1000.00 1000.00 250.00

0.75 -1.00 1062.50 312.50 312.50

0.75 -0.50 1047.86 423.82 215.81

0.75 0.00 995.51 562.50 129.49

0.75 0.50 909.19 701.18 77.14

0.75 1.00 812.50 812.50 62.50

0.50 -1.00 875.00 125.00 125.00

0.50 -0.50 860.36 236.32 28.31

0.50 0.00 808.01 375.00 -58.01

0.50 0.50 721.69 513.68 -110.36

0.50 1.00 625.00 625.00 -125.00
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(a) Stress triaxiality, χ = 3
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(c) Stress triaxiality, χ = 0.5

Figure 3.1. Time history of macroscopic effective creep strain (Ee) under

constant true stress creep loading for stress triaxiality (a)χ = 3 (b)χ = 0.75

and (c)χ = 0.5.

increasing with decreasing stress triaxiality and for stress triaxiality χ ≤ 0.75 no such as-

ymptotic growth of creep strain was observed even upto a non-realistic creep strain Ee = 1.5,

as shown in Figs. 3.1(b) and 3.1(c) for χ = 0.75 and 0.5 respectively. The evolution of creep

strain for the case of χ = 0.75 and 0.5 is same till Ee = 1.5, beyond 1.5, χ = 0.75 case shows
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significant loss of inter void ligament due to void growth and coalescence. Where as no such

loss of inter void ligament is observed in χ = 0.5 case (discussed further in Section. 3.2).

The onset of asymptotic growth of creep strain marks the necking of the ligament between

two voids as there is no other instability occurring in the creep deformation analyzed un-

der constant true stress creep loading. Also no significant effect of Lode parameter on the

time history of macroscopic effective creep strain under constant true stress was observed

for stress triaxiality ranging from χ = 3 to χ = 0.5.

Similarly, time history of creep strain under constant engineering stress is shown in

Figs. 3.2(a), 3.2(b) and 3.2(c) for stress triaxiality χ = 3, 0.75 and 0.5 respectively. As

evident, the evolution of creep strain under constant engineering stress is different from

the observations made from constant true stress creep loading. Under constant engineering

stress creep loading Σ1 changes with the change in cross sectional area perpendicular to x1

direction, resulting in the change in Σ2 and Σ3 as per Eq.(32) to keep stress triaxiality and

Lode parameter fixed through out the creep deformation. This change in loading history

changes the over all behavior for any stress triaxiality and Lode parameter when compared

to constant true stress creep analysis where the macroscopic stress history remains the same.

The difference in the evolution of creep strain under constant true stress and constant engi-

neering stress creep loading becomes more and more pronounced with decreasing triaxiality.

This is due to the fact that the strain to failure depends strongly on stress triaxiality for

both types of creep loading, an increasing in triaxiality results in decrease in effective creep

strain to instability (as shown in Figs. 3.1 and 3.2). And change in Σ1 depends on change

in cross sectional area (Eq.30) which is finally dependent on creep strain.

Constant engineering stress creep is marked by increased creep strain rate, asymptotic growth

in creep strain even at low stress triaxiality as in χ = 0.75 and 0.5 and a significant effect of

Lode parameter compared to constant true stress creep. The increase in creep strain rate is

because of the progressive increase in macroscopic effective stress, which is more pronounced

at low stress triaxiality. Reduction in cross-sectional area leading to increase in macroscopic
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(a) Stress triaxiality, χ = 3
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(b) Stress triaxiality, χ = 0.75
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(c) Stress triaxiality, χ = 0.5

Figure 3.2. Time history of macroscopic effective creep strain (Ee) under

constant engineering stress creep loading for stress triaxiality (a)χ = 3 (b)χ =

0.75 and (c)χ = 0.5.

stress and necking of inter void ligament are the two types of instability operative in a con-

stant engineering stress creep in contrast to only necking of inter void ligament acting in

constant true stress creep. This leads to asymptotic creep even at low stress triaxiality as

in χ = 0.75 and 0.5 (Figs. 3.2(b) and 3.2(c)) where necking of inter void ligament is not
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significant. Similar to the case of constant true stress creep loading, there exists a critical

strain beyond which tertiary creep strain is observed. This critical strain keeps increasing

with decreasing stress triaxiality. Lode parameter L = −1 to L = 0 does not have significant

effect on the evolution of creep strain but the critical strain leading to instability and ter-

tiary creep keeps increasing as Lode parameter increases from L = 0 to L = 1 for all stress

triaxiality analyzed under constant engineering stress creep loading.

To further characterize the effect of stress triaxiality on the evolution of effective creep
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(a) Constant true stress creep loading
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(b) Constant engineering stress creep loading.

Figure 3.3. Time history of macroscopic effective creep strain (Ee) subjected

to different stress triaxiality for Lode Parameter L = −1 under (a)Constant

true stress creep loading and (b)Constant engineering stress creep loading.

strain, time history of creep strain for various stress triaxiality for Lode parameter L = −1

is shown in Figs. 3.3(a) and 3.3(b) for constant true stress and constant engineering stress

creep loading respectively. It can be seen that decreasing stress triaxiality delays the onset

of asymptotic growth in creep strain and under constant true stress creep loading, for a low

stress triaxiality as in χ = 0.5 no such asymptotic growth in creep strain is observed which

is also shown in Fig. 3.1(c). It is interesting to note that under constant engineering stress

creep loading stress triaxiality χ = 1, 0.75 and 0.5 shows similar creep curves and critical
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Ee for the onset of asymptotic growth in creep strain is almost same. But strain to failure

keeps increasing with decreasing stress triaxiality and the FE run for χ = 0.5 was terminated

before failure since no instability was observed even upto a non-realistic strain of Ee = 1.5.

This effect of stress triaxiality is true for the range of Lode parameter (−1 ≤ L ≤ 1) and

under both types of creep loading analyzed in the current work.

3.2. Evolution of Void Volume Fraction

The void volume fraction (f) at any given time step is taken as the difference between

the current cell volume and total elemental volume in the current configuration. The rel-

ative void volume fraction is given as f/f0, where f0 is the initial void volume fraction,

(πr30/6a
3
0). Evolution of relative void volume fraction (initially f/f0 = 1) with time under

constant true stress creep loading is shown in Figs. 3.4(a), 3.4(b) and 3.4(c) for stress tri-

axiality χ = 3, 0.75 and χ = 0.5 respectively. For high stress triaxiality as in χ = 3 and

0.75, relative void volume fraction increases as deformation progresses. No effect of Lode

parameter is observed for high stress triaxiality as in χ = 3 but as stress triaxiality decreases,

effect of Lode parameter becomes more and more pronounced even leading to void collapse

for low stress triaxiality as in χ = 0.5. The time history of relative void volume fraction

f/f0 is similar to that of the time history of macroscopic effective creep strain Ee for high

stress triaxiality (Fig. 3.1(a)). As shown in Fig. 3.4(b), void growth for L = 0 is less than

any other Lode parameter, similar behavior is shown in [24] and [26] for void growth in a

FCC single crystal under monotonically increasing load. They observed this effect of Lode

parameter for (χ = 1, 2 and 3). Where as, under constant true stress creep loading it is

observed for (2 ≥ χ ≥ 0.75) with increasing difference in L = −1 and L = 0 with decreasing

stress triaxiality. For low stress triaxiality, as in χ = 0.5, initially void growth takes place

and during initial void growth no effect of Lode parameter is observed but with progressive

deformation, there exist a point of inversion beyond which void collapse is observed for cer-

tain Lode parameters (as shown in Fig. 3.4(c)). For χ = 0.5 increase in Lode parameter

from L = −1 to L = −0.5 results in decrease in void growth rate, where as increase in Lode

parameter from L = 0 to L = 1 results in increased void collapse rate.
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(c) Stress triaxiality, χ = 0.5

Figure 3.4. Time history of relative void volume fraction (f/f0) under con-

stant true stress creep loading for stress triaxiality (a)χ = 3 (b)χ = 0.75 and

(c)χ = 0.5.

Similar to the time history of creep strain, constant engineering stress creep loading shows

a different time history of relative void volume fraction as compared to constant true stress

creep loading. Evolution of relative void volume fraction with time under constant engi-

neering stress creep loading is shown in Figs. 3.5(a), 3.5(b) and 3.5(c) for stress triaxiality
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(c) Stress triaxiality, χ = 0.5

Figure 3.5. Time history of relative void volume fraction (f/f0) under con-

stant engineering stress creep loading for stress triaxiality (a)χ = 3 (b)χ = 0.75

and (c)χ = 0.5.

χ = 3, 0.75 and 0.5 respectively. The effect of Lode parameter on the time history of relative

void volume fraction for high stress triaxiality as in χ = 3 and 0.75 is similar to that of the

time history of creep strain under constant engineering stress. Lode parameter L = −1

to L = 0 does not have significant effect on the evolution of relative void volume fraction
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as well but the positive Lode parameter L = 0.5 and L = 1 shows a significant effect on

the onset of asymptotic growth of the void volume, which increases with decreasing stress

triaxiality. Lode parameter basically affects critical point beyond which asymptotic growth

of void is observed for stress triaxiality ranging from χ = 3 to χ = 0.75. The overall rate of

void growth is indeed high under constant engineering creep stress loading as compared to

constant true stress creep loading. For the same stress triaxiality χ = 0.75, L = 0 shows the

minimum void growth rate under constant true stress creep loading on the contrary L = 1

has the minimum void growth rate under constant engineering stress creep loading for stress

triaxiality ranging from χ = 3 to χ = 0.75. Similar to high stress triaxiality Lode parameters

L = −1 and L = −0.5 shows no difference for low stress triaxiality as in χ = 0.5 where as

a reduction in void growth rate was observed under constant true stress loading when Lode

parameter was increased from L = −1 to L = −0.5 for χ = 0.5 (as shown in Fig. 3.4(c)).

For the Lode parameter L = 0, 0.5 and L = 1 void collapse is observed, with decreasing rate

of void collapse with increasing Lode parameter under constant engineering stress creep.

Where as the reverse was observed under constant true stress creep. It is now interesting to

compare the χ = 0.75 and 0.5 cases, which showed similar evolution of creep strain but the

evolution of void volume fraction is entirely different under both types of creep loading.

The effect of stress triaxiality on the evolution of void volume fraction under both types of

creep loading is shown in Figs. 3.6 and 3.7 for Lode parameter L = −1 and L = 1 respec-

tively. As shown in Figs. 3.6(a), 3.6(b), 3.7(a) and 3.7(b), decreasing stress triaxiality under

both types of creep loading delays the onset of asymptotic void growth for all the cases where

void growth occurs. Similar to the evolution of creep strain, it is interesting to note that

under constant engineering stress creep loading stress triaxiality, χ = 1, 0.75 and 0.5 shows

almost similar void growth behavior and the onset of asymptotic void growth is almost same

for L = −1 as shown in Fig. 3.6(b) but the void volume fraction at the time of failure is high

for high stress triaxiality where as creep strain was low for high stress triaxiality. On the

contrary to the evolution of creep strain where the effect of stress triaxiality was same for

all Lode parameters, this effect of stress triaxiality is not same for all the Lode parameters.
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(b) Constant engineering stress creep loading.

Figure 3.6. Time history of relative void volume fraction (f/f0) subjected

to different stress triaxiality for Lode Parameter L = −1 under (a)Constant

true stress creep loading and (b)Constant engineering stress creep loading.
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(b) Constant engineering stress creep loading.

Figure 3.7. Time history of relative void volume fraction (f/f0) subjected

to different stress triaxiality for Lode Parameter L = 1 under (a)Constant true

stress creep loading and (b)Constant engineering stress creep loading.
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Effect of stress triaxiality χ = 1, 0.75 and 0.5 on the evolution of void volume fraction for

L = 1 are very much distinct and even leading to void collapse for low stress triaxiality as

in χ = 0.5 (Figs. 3.7(a) and 3.7(b)).

The evolution of creep strain depends on the plastic flow of the material which is dependent
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(b) Constant Engineering Stress Creep

Figure 3.8. Evolution of relative void volume fraction f/f0 with respect to

macroscopic effective creep strain Ee for stress triaxiality χ = 3 subjected to

(a) Constant true stress creep and (b) Constant engineering stress creep.

on stressing history. The differences observed on the evolution of creep strain under two

different types of loading can be dedicated to the change in stress history during the creep

deformation under constant engineering stress loading. Where as the evolution of relative

void volume fraction depends on the evolution of plastic strain which is macroscopic effective

creep strain. Hence, to nullify the effect of time history, evolution of relative void volume

fraction with respect to macroscopic effective creep strain for χ = 3 and χ = 0.5 is plotted in

Figs. 3.8 and 3.9 respectively. It can be observed that for a given stress triaxiality evolution

of relative void volume fraction with respect to progressive macroscopic creep deformation

is not dependent on the type of creep loading and it is true for the range of stress triaxiality

χ = 3 to χ = 0.5 and Lode parameter L = −1 to L = 1 analyzed in the current work.
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Figure 3.9. Evolution of relative void volume fraction f/f0 with respect to

macroscopic effective creep strain Ee for stress triaxiality χ = 0.5 subjected to

(a) Constant true stress creep and (b) Constant engineering stress creep.

3.3. Evolution of Void Shape

The change in shape of the void as creep progresses changes the cross-sectional area of

the void perpendicular to the primary stress axis x1. This change in cross-sectional area

mainly governs the void-void interaction and the final fracture morphology. The type of

creep loading (constant true stress or constant engineering stress) does not have significant

effect on the evolution of void shape for the range of parametric study performed in the

current work, which is in line with the observations made from evolution of relative void

volume fraction with respect to macroscopic effective creep strain in Section. 3.2. Hence the

final void shape is only dependent on stress triaxiality χ and Lode parameter L. It has also

been shown in [13, 16, 24, 26] that stress triaxiality and Lode parameter has a significant

effect on the final void shape for both isotropic and single crystal matrix material under

monotonically increasing load.

To characterize the void shape, we define the radius ratios of the void shape as a ratio

of instantaneous radii of the void in x2 and x3 directions with respect to instantaneous
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Figure 3.10. Radius ratios in x2 and x3 directions with respect to primary

axis x1 (a)r2/r1 and (b)r3/r1 of the initial spherical void before asymptotic

growth in effective creep strain (Ee) for different triaxiality χ and Lode pa-

rameter L.

radius in primary stress direction x1 i.e. r2/r1 and r3/r1 respectively. The radius ratio r2/r1

and r3/r1 for different stress triaxiality and Lode parameter is plotted in Figs. 3.10(a) and

Figs. 3.10(b) respectively. It can be seen that both the radius ratio for χ = 3 is nearly 1 for

Lode parameters ranging from L = −1, where Σ1 > Σ2 = Σ3 to L = 1, where Σ1 = Σ2 > Σ3

(Table. 3.1). This shows that the void growth is same in all three dimensions at high stress

triaxiality leading to a spheroidal shape for all Lode parameters as shown in Fig. 3.11(a)

for L = −1, Fig. 3.11(b) for L = 0 and in Fig. 3.11(c) for L = 1. Similar observations are

made for high stress triaxiality for a spherical void in an isotropic matrix by [13] and for

single crystal unit cell by [24,26] showing that Lode parameter plays insignificant role on

the evolution of void shape at high stress triaxiality as in χ = 3. As the stress triaxiality

reduces, radius ratio r2/r1 and r3/r1 for L = −1 reduces (Fig. 3.10), changing the void

shape from spheroid for χ = 3 to the formation of prolate spheroid for χ = 1 and finally
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(a) Void shapes for L = −1

(b) Void shapes for L = 0

(c) Void shapes for L = 1

Figure 3.11. Effect of stress triaxiality on void shape for Lode parameter

(a)L = −1, (b)L = 0 and (c)L = 1 at Ee = 1.25, 0.8 and 0.35 for χ = Σh

Σe
=

0.5, 1 and 3 respectively.
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resulting in a needle shaped structure for χ as low as 0.5 (Fig. 3.11(a)). Interestingly there

is a sudden reduction in r2/r1 and r3/r1 for L = −1 when stress triaxiality χ is reduced from

2 to 1. For intermediate Lode parameter L = 0 both radius ratio r2/r1 and r3/r1 decreases

with decreasing stress triaxiality as shown in Figs. 3.10(a) and 3.10(b) respectively. At high

triaxiality as in χ = 3, void shape is spheroid and it changes to an intermediate shape

between prolate and oblate spheroid for χ = 1 and finally results in an elliptical micro-crack

for stress triaxiality as low as χ = 0.5. Where as for L = 1, r2/r1 (Fig. 3.10(a)) is 1 for all

stress triaxiality ratios analyzed in the current work showing equal growth of the void in x1

and x2 directions. Where as r3/r1 decreases with decrease in stress triaxiality (Fig. 3.10(b))

and drops down to zero for stress triaxiality χ = 0.5, changing the void shape from spheroid

for χ = 3 to the formation of oblate spheroid for χ = 1 and finally resulting in a penny

shaped crack for χ as low as 0.5 (Fig. 3.11(c)).

3.4. Void-Void Interaction and Instability
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(b) Constant Engineering Stress

Figure 3.12. Time to 70% loss of ligament for different stress triaxiality and

Lode parameter.

To study the void-void interaction or void coalescence, it is required to analyze the

ligament in the direction of necking down of the ligament. For stress triaxiality ratios and
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Lode parameters analyzed in the present work, x3 is the direction where the stress level is

minimum (Table. 3.1) and hence the ligament in x3 direction develops necking if any. The

initial ligament between two voids is 2(a0− r0) = 1.466 and at any given time ligament in x3

direction is defined as 2(a3−r3), where a3 and r3 be the current length of the cell and radius

of the void in x3 direction respectively. Time to 70% loss of ligament for different stress

triaxiality χ and Lode parameter L is shown in Fig. 3.12(a) for constant true stress creep

loading and in Fig. 3.12(b) for constant engineering stress creep. As a whole, time to 70% loss

of ligament is less for constant engineering stress creep as compared to constant true stress

creep for all stress triaxiality and Lode parameter analyzed in the present work which is in

line with the discussion in preceding sections. This reduction in time is more pronounced

for low stress triaxiality as compared to high stress triaxiality. Effect of Lode parameter

on time to 70% loss of ligament is also more pronounced at low stress triaxiality for both

constant engineering stress creep and constant true stress creep. At low stress triaxiality as

in χ = 0.5, time to 70% loss of ligament decreases as Lode parameter increases from L = −1

to 0, after L = 0, it starts increasing because of the fact that void collapse takes place in this

Lode parameter range for stress triaxiality χ = 0.5 under constant true stress creep loading.

Where as, for other stress triaxiality ratios, time to 70% loss in ligament either decreases

or remains the same with increasing Lode parameter under constant true stress creep. On

the contrary time to 70% loss of ligament increases with increasing Lode parameter for all

stress triaxiality ratio for constant engineering stress creep which is more pronounced for low

stress triaxiality. The ambiguous effect of Lode parameter in constant engineering stress is

because of the fact that macroscopic stresses keep changing as cross-sectional area decreases

which is not true for constant true stress creep. The macroscopic stress in primary stress

direction x1 for χ = 0.5 at effective creep strain Ee = 0.5 is 1228.58MPa for Lode parameter

L = −1 and is 776.63MPa for L = 1 under constant engineering stress creep. Where as

the initial macroscopic stress in primary stress direction x1 for χ = 0.5 was 875MPa and

625MPa (Table. 3.1) for Lode parameter L = −1 and L = 1 respectively. The macroscopic

stress in this case increases by 1.4 times for L = −1 where as it increases by 1.24 times for
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L = 1 this explains the ambiguous effect of Lode parameter on time to 70% loss of ligament

under constant engineering stress creep where as macroscopic stresses does not change in

a constant true stress creep and the loss of ligament is governed by void growth or void

collapse alone.

Relative void volume fraction f/f0 after 70% loss of ligament is shown in Fig. 3.13(a) for
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(b) Constant Engineering Stress Creep

Figure 3.13. Relative void volume fraction for different stress triaxiality χ

and Lode parameter L after 70% loss of ligament in x3 direction.

constant true stress creep and in Fig. 3.13(a) for constant engineering stress creep for different

stress triaxiality χ and Lode parameter L. By comparing Figs. 3.13(a) and 3.13(b), it can

be seen that the relative void volume fraction after 70% loss of ligament is not dependent

on type of creep loading. This can be related to the evolution of relative void volume

fraction with respect to effective creep strain, which is also independent of type of creep

loading (Section. 3.2). For high stress triaxiality, relative void volume fraction is very high

as compared to low stress triaxiality suggesting a fracture morphology with deep cup like

depressions for high stress triaxiality. The relative void volume fraction after 70% loss of

ligament decreases with decreasing stress triaxiality and increasing Lode parameter for the

given stress triaxiality. For stress triaxiality as low as in χ = 0.5 and for Lode parameter
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L ≥ 0, relative void volume fraction is less than 1 which shows void collapse, even for Lode

parameter L = −1 and −0.5, relative void volume fraction is reasonably low after 70% loss of

ligament as compared to high stress triaxiality. This suggests that at low stress triaxiality,

ligament reduction is not because of void growth but it can be dedicated to reduction in

cross-sectional area perpendicular to primary axis x1.

Figs. 3.14(a) and 3.14(b) shows the contour plot of local stress σ11 on x2 − x3 plane for

(a) Lode parameter, L = −1 (b) Lode parameter, L = 1

Figure 3.14. Contour plot for local stress σ11 on x2 − x3 plane representing

the cross sectional area perpendicular to x1 direction for stress triaxiality χ =

0.5 at effective creep strain Ee = 0.5 under constant engineering stress creep.

stress triaxiality χ = 0.5 at effective creep strain Ee = 0.5 under constant engineering stress

creep. The local stress distribution on the plane perpendicular to the primary axis x1 for low

stress triaxiality will govern the creep rupture because of low void growth or void collapse

depending on Lode parameter. The macroscopic stress Σ1 in x1 direction for L = −1 is

1228.58MPa and for L = 1 is 776.63MPa at the step (Ee = 0.5) shown in Fig. 3.14. The

maximum value of stress σ11 is 1499MPa for L = −1 which is 1.2 times the macroscopic

stress in x1 direction where as the maximum value of stress σ11 for L = 1 is 2019MPa which

is 2.6 times the macroscopic stress in the same direction. The other major difference in the

stress contour shown in Fig. 3.14 for L = −1 and L = 1 is the distribution of the stress σ11.

For Lode parameter L = −1, the stress distribution is very uniform, where as for L = 1, the
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high stress localization ahead of the equator of collapsed void can be observed. For constant

true stress creep the macroscopic stress does not change with creep but the local σ11 is 1.34

times the macroscopic stress i.e. 1175MPa for L = −1 and 2.5 times the macroscopic stress

i.e. 1551MPa for L = 1 at effective creep strain Ee = 0.5 for stress triaxiality χ = 0.5 with

the same stress distribution for Lode parameter L = −1 and L = 1 as shown in Fig. 3.14.

This increase in local stress in x1 direction on x2 − x3 plane can lead to cleavage fracture.

Hence depending on the internal state of stress, a material subjected to creep loading can

fail by void growth and coalescence or void collapse and cleavage or a combination of both

i.e. quasi cleavage fracture.

33



CHAPTER 4

CONCLUSION

A creep correlation interconnecting primary creep rate to secondary creep rate using an

internal state variable is incorporated in the crystal plasticity framework. Both primary

creep rate and secondary creep rate are represented in terms of power law relations, and is

fitted with the experimental constant engineering stress isothermal creep data of PWA1484

single crystal material. Using this material model, a parametric study with a range of stress

triaxiality and Lode parameter on the deformation of an initially spherical void in a FCC

single crystal unit cell of orientation < 001 > under constant true stress creep and constant

engineering stress creep is presented in this article. The initial void volume fraction of 0.01

and other material parameter were constant in all the cases. The thesis concludes with the

following important points,

• Type of creep loading has been found to have a significant effect on the time history

of macroscopic effective creep strain and relative void volume fraction. Individually

void growth rate and macroscopic effective creep strain rate are strongly dependent

on type of creep loading and both the rates are high for constant engineering stress

creep loading as compared to constant true stress creep loading.

• The effect of type of creep loading becomes more and more pronounced with de-

creasing stress triaxiality where material undergoes high creep strain before any

instability occurs.

• Interestingly the effect of type of creep loading vanishes on the evolution of relative

void volume fraction with respect to macroscopic effective creep strain for the range

of stress triaxiality and Lode parameter analyzed in the present work.

• Void growth increases with increasing stress triaxiality which is true for both types

of creep loading. Increasing triaxiality beyond χ = 1 rapidly increases void growth.

• No significant effect of Lode parameter is observed at high stress triaxaility as in

χ = 3 under constant true stress creep.
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• Evolution of creep strain under constant true stress creep loading shows no effect of

Lode parameter where as under constant engineering stress creep loading significant

effect of Lode parameter is observed.

• At low stress triaxiality Lode parameter significantly affects the evolution of void

shape, this effect increases with further decrease in stress triaxiality, even leading to

void collapse at stress triaxiality as low as in χ = 0.5 for certain Lode parameters

(L ≥ 0).

• Lode parameter mainly affects the point of localization/instability and hence governs

void coalescence or void collapse behavior at low stress triaxiality.

• L = 0 shows the lowest void growth rate for χ = 0.75, 1 and 2 under constant

true stress creep loading where as L = 1 shows the lowest void growth rate for

χ = 0.75, 1, 2 and 3 under constant engineering creep loading.

• Local stresses are very much influenced by Lode parameter at low stress triaxiality.

As discussed, for certain Lode parameters and at low stress triaxiality, local stresses

can become sufficiently high such that it can initiate cleavage.
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