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ABSTRACT

Additively manufactured (AM) metals have been increasingly fabricated for structural

applications. However, a major hurdle preventing their extensive application is lack of under-

standing of their mechanical properties. To address this issue, the objective of this research

is to develop a computational model to simulate the creep behavior of nickel alloy 718 man-

ufactured using the laser powder bed fusion (L-PBF) additive manufacturing process. A

finite element (FE) model with a subroutine is created for simulating the creep mechanism

for 3D printed nickel alloy 718 components.

A continuum damage mechanics (CDM) approach is employed by implementing a user-

defined subroutine formulated to accurately capture the creep mechanisms. Using a calibra-

tion code, the material constants are determined. The secondary creep and damage constants

are derived using the parameter fitting on the experimental data found in literature. The

developed FE model is capable to predict the creep deformation, damage evolution, and

creep-rupture life. Creep damage and rupture is simulated as defined by the CDM theory.

The predicted results from the CDM model compare well with experimental data, which are

collected from literature for L-PBF manufactured nickel alloy 718 of creep deformation and

creep rupture, at different levels of temperature and stress.

Using the multi-regime Liu-Murakami (L-M) and Kachanov-Rabotnov (K-R) isotropic

creep damage formulation, creep deformation and rupture tests of both the secondary and

tertiary creep behaviors are modeled.

A single element FE model is used to validate the model constants. The model shows

good agreement with the traditionally wrought manufactured 316 stainless steel and nickel

alloy 718 experimental data collected from the literature. Moreover, a full-scale axisymmetric

FE model is used to simulate the creep test and the capacity of the model to predict necking,

creep damage, and creep-rupture life for L-PBF manufactured nickel alloy 718. The model

predictions are then compared to the experimental creep data, with satisfactory agreement.

In summary, the model developed in this work can reliably predict the creep behavior

for 3D printed metals under uniaxial tensile and high temperature conditions.
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1. INTRODUCTION

Manufacturing metal components using Additive Manufacturing (AM) has popularized in

many industrial sectors in recent years. Yet predicting the behavior of 3D printed metals un-

der extensive loading conditions and high-temperature environments, such as in Gas Turbines

and pressure vessels, is still poorly understood as compared to the traditionally manufactured

counterparts. Creep properties are critical for metals used in a high-temperature environ-

ment such as Industrial Gas Turbine Blades. Thus, requiring the need to better understand

the creep behavior of 3D printed metals.

1.1 Motivation

Creep properties are critical for metals used in a high-temperature environment. For

example, industrial gas turbines and aircraft gas turbine engines which usually consist of

rotating turbine blades that are operated at very high temperatures. Modern turbine blades

are often made of nickel-based super alloy materials that incorporate chromium, cobalt,

and rhenium. The blades extract energy from the high temperature, high-pressure gas

produced by the combustor. Blade fatigue and creep are a major source of failure in gas

turbines. Due to the stress induced by vibration and resonance within the operating range

of machinery fatigue is induced and over time due to high temperatures and stresses creep

failure is caused. To determine the state of the turbine components and to schedule the

inspection, maintenance, and replacement periods, creep prediction models are used. To

avoid over maintenance, lay off time, and premature replacement of components, and to

reduce the overall cost, accurate creep prediction models are required.[5 ] There are various

models available to predict multiple creep stages and every model is developed on a different

assumption. Although, it is very important to have a set of constitutive equations to predict

the creep phenomena and be accurate and easy for application.[5 ]

Generally, the turbine blades are exposed to external as well as internal damages. The

external surfaces are damaged due to factors like corrosion, oxidation, crack formation,

erosion, etc. and the internal damage of micro structure include phase change, grain growth,

brittle phase formation, creep, and grain boundary void formation.[18 ] According to a study
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Figure 1.1. IGT and the components subjected to failure.[5 ]

conducted on gas turbines failure by Blotch (1982), it was concluded that turbine blades

and rotor components contribute almost 25 percent as a primary cause of gas turbine failure.

Another study showed that creep, high cycle fatigue (HCF), and turbine blade cooling related

failures contributed more than 50 percent towards the total damage costs for IGTs.[18 ]

Components for such applications are comprised of primary creep resistant materials such

as Ni-base super alloys. Although, primary creep is generally negligible while the secondary

and tertiary creep regimes dominate the creep life. These types of creep lives are highly

nonlinear. It is important to accurately predict life.

Figure 1.2. Creep, corrosion, and fatigue failure at the tip due to rubbing.[5 ]

Nickel-base super alloys are excellent candidate materials for turbine blades, transition

pieces, vanes, turbine discs, combustors, and boilers due to high-temperature strength, corro-

sion resistance, and oxidation resistance.[25 ] Creep is the inelastic deformation of a material

16



at a high temperature. Typically, this form of strain of Ni-base super alloys is predicted

via either steady-state (e.g., secondary) creep deformation modeling with or without con-

sideration of the tertiary creep regime. As temperature increases, the creep strain rate

increases accordingly.[24 ] For applications where Ni-based super alloys are used at high tem-

peratures, predicting the creep behavior reduces the maintenance downtime as well as the

cost of maintenance. With the increase in usage of 3D printing in high temperature and

energy applications, it is critical to have a characterized numerical model that would incor-

porate the damage and rupture evolution and prediction. Understanding the creep behavior

of 3D printed parts and to characterize the parameters associated with creep damage leading

to rupture or crack propagation would further reinforce the use of additive manufacturing

processes.[32 ]

1.2 Objective

The objective of this thesis is to develop a continuum damage mechanics (CDM) model

to understand the creep failure in Ni-based superalloys and advance the knowledge of creep

behavior of nickel alloy 718 manufactured through laser powder bed fusion (L-PBF). A finite

element model based on continuum damage mechanics including a damage evolution model

is developed to predict the creep life. Extensive literature review on short term and long

term creep life of metals lead to the proposal of the following research tasks:

1. Selection of CDM model: Based on the background literature study of the existing

popular creep model, advantages and limitations are discussed. Characteristics of

the model, material calibration with experimental data fitting are discussed in detail.

2. Numerical Analysis: Uniaxial creep rupture test data collected from literature are

used to determine the material parameters for the selected CDM model. Tradition-

ally manufactured (TM) nickel alloy test data is used to validate the curve fitting

process and constants are calculated for the SLM manufactured nickel alloy 718.
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3. User Subroutine Development: The CDM model is formulated using a FORTRAN

user subroutine for ABAQUS solver. Single element testing is performed for applied

stress and displacement to validate the subroutine.

4. FEM simulation: A series of finite element simulations on a cylindrical specimen are

conducted. ABAQUS is used to perform the quasi-static FE simulations.

1.3 Structure of Thesis

The present work is divided into seven sections. The first chapter consists of an intro-

duction to the thesis which includes the motivation, objective, and overall structure of the

thesis.

The second chapter reviews literature that is relevant to the creep deformation mech-

anism in metals and creep damage. Popular models available in generalized FEM solvers

are studied. It contains an overview of existing work on constitutive models for different

creep stages and isotropic creep damage models. The concept of creep deformation, time-

dependent plasticity, and damage mechanics is explored.

The third chapter deals with the material used in this thesis. Creep properties and ex-

perimental test data for traditionally manufactured (TM) and additive manufactured (AM)

Ni-based superalloys are compared.

The fourth chapter consists of the material calibration procedure to calculate the creep

and damage variables used in the CDM. Popular single parameter damage mechanics model

Kachanov-Rabotnov model, its limitation, and Liu-Murakami, another damage model, and

its advantages are discussed. Material constants are estimated for the material used in the

work.

The fifth chapter models the creep behavior utilizing the user subroutine. A user subrou-

tine code is developed based on the CDM models discussed in the previous chapter. Single

element testing is performed to study the effect of various constants on the creep life predic-

tion capability of the subroutine. Damage evolution with and without rupture is explored

along with its limitations.
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The sixth chapter covers the finite element study of the CDM models. FEM simulations

for a flat and cylindrical specimen using ABAQUS are conducted for KR and LM models.

Detailed comparison and discussion of these two models are provided for TM and AM Ni-

based superalloy samples.

Finally, chapter seven concludes the findings of this study and the eighth chapter would

recommend future work associated with this research.
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2. BACKGROUND

2.1 Additive Manufacturing

Turbomachinery is crucial for the energy generation industry. Its high-performance parts

feature complex designs that need to be robust and powerful as the demand for energy

increases. Besides, turbomachinery parts need to be resistant and reliable – even at tem-

peratures beyond the melting point. Additive manufactured turbine parts enable higher

combustion temperatures and reduce maintenance times. During operation, the turboma-

chinery parts are subjected to failure mechanisms like fatigue, creep, corrosion, erosion, etc.

and have a severe impact on the safety and reliability of the machine. 3D printing metal

parts for turbomachinery like blades, vanes, inlet/outlet, etc. not only aids in manufacturing

complex parts but can be incorporated with an optimized cooling strategy to achieve desired

material properties and make material failure resistant.

Numerical modeling to predict material failure under deformations such as creep, fatigue,

crack propagation for 3D printed specimen has picked up in the last few years. An immense

number of models have been developed to predict the deformation, damage evolution, and

rupture of structural alloys subjected to creep and creep-fatigue. Stewart [25 ] conducted

experiments to develop a numerical model with temperature dependence of tertiary creep

damage of a Ni-based alloy. Haque [5 ] compared the creep prediction capability of the Sine-

Hyperbolic and the classical Kachanov-Rabotnov creep damage models. The models were fit

to creep data for stainless steel 304. Hautfenne [7 ] studied the influence of heat treatments

and build orientation on SLM manufactured nickel alloy 718 specimens. Short term creep

tests were performed and the creep curves were compared with conventionally produced

nickel alloy 718 creep behavior.

Another study by Kuo [13 ] showed the effect of post-processing on the microstructure

dependent creep properties of nickel alloy 718 manufactured by SLM. Xu [29 ] studied the

creep performance of laser powder bed fusion manufactured nickel alloy 718 specimens and

compared with conventional hot-rolled, as-built then heat treated and as-built then HIPed

specimens. An increased secondary creep rate was correlated with a reduced life. In a

similar study by Kreitcberg [12 ] mechanical properties of nickel alloy 625 manufactured by
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LPBF and post processed by annealing and HIPing were studied. Creep tests conducted

at 760 °C under 0.5-0.9 yield stress condition showed a distinguishable three stage creep

behavior for low to medium yield stress. Creep behavior of LPBF manufactured alloy 718

parts fabricated using different scanning strategies and build orientations was studied by

Sanches.[20 ] Creep tests were performed at 650 °C under a 600 MPa load. It was found out

that heat treatment increased the creep life by a factor of 5 and build orientation and stress

state was a determining factor in the creep failure mechanism.

2.1.1 Laser powder bed fusion (L-PBF)

Laser powder bed fusion is a rapid prototyping (Additive manufacturing) process which

selectively melts the powder bed which is a thin layer of powdered metal using a laser

according to a 3D CAD model. Once the layer is solidified, a new layer is spread and the

process repeats until the part is formed.[30 ]

Figure 2.1. Schematic representation of powder bed fusion equipment (a)
selective laser melting (b) electron beam melting.[32 ]

In the L-PBF process, the laser beam passes through a system of lenses and is reflected

by a mirror onto the platform surface. The laser beam spot movement in the X-Y plane

is controlled by the mirrors as per the CAD.[31 ] After one layer of powder solidifies, the

platform moves down, and a re-coating blade or brush pushes a fresh layer of powder from

the powder dispenser. The laser scanning processes is repeated as per the provided CAD
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input and the re-coating and laser scanning continues. The build chambers for these machines

are filled with an inert gas to avoid oxidation of the metal as it melts and solidifies.[32 ]

L-PBF produces dense metal components directly from CAD data without a need for

tooling.[27 ] When compared to a fused deposition modeling (FDM) process, L-PBF has

many advantages like ability to 3D print metals, lack of support structure requirement, wide

range of materials that can be processed. However, there are certain challenges with L-PBF

which include high material cost, slow speed, laborious post-processing requirements and

material compatibility issues.[3 ]

2.2 Fundamentals of Creep

When metals are subjected to stress at an elevated temperature, usually above 0.4 times

the absolute melting temperature, a time-dependent deformation occurs called Creep.[28 ]

Creep represents the plastic flow of metals with time under constant load and temperature.

Generally, in metals creep is a type of deformation that occurs at stresses below the yield

strength of the material.[25 ] Yield strength defines the stress at which metal deforms plasti-

cally. When undergoing creep deformation, metals strain plastically even though yield stress

is not reached.

Constant load tests are performed on a uniaxial test specimen to obtain creep data. The

strain versus time response is usually referred to as a creep curve. For a specimen subjected

to a state of constant uniaxial stress, a typical creep curve can be calculated. The creep curve

can be divided into three distinct regions i.e., a region of increasing strain rate (the primary

creep), a region of constant strain rate (the secondary creep), and a region of accelerating

strain rate (the tertiary creep), which leads to rupture.[28 ]

Creep behavior is mainly dependent on the applied stress, temperature, and creep strain.

Figure 2.3 (a) and (b) show the general trend of creep behavior with changing stress and

temperature, respectively.

Rupture time and rupture strain, which is a measure of materials ductility, are affected

by temperature as can be seen in Figure 2.4 .
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Figure 2.2. Creep strain versus time, a typical creep curve.[28 ]

Figure 2.3. Effect of (a) Stress and (b) temperature on creep behavior.[28 ]

Stress response of metals under elevated temperatures are highly complex and non-linear.

For some metals under certain loading conditions, the creep response can be even more

complex. For example, stainless steel 316 at 550°C, as shown in Figure 2.5 , exhibits a

renewed primary and secondary creep behavior for stresses less than 300 MPa.[28 ]

Microstructural changes that occur as a result of aging due to the exposure to elevated

temperature for the period of time and stress causes the renewed primary and secondary

creep.

23



Figure 2.4. Effect of temperature on (a) log of rupture strain vs log of time
to rupture and (b) log of stress vs log of time to rupture.[28 ]

Figure 2.5. Anomalous creep behavior of stainless steel 316 at 550°C for
stresses below 300MPa.[28 ]

2.3 Constitutive Model for Creep Stages

A creep constitutive model can be considered as a viscoplasticity model where the yield

surface is zero.[24 ] They can be further divided into two types, mechanistic and phenomeno-

logical. Mechanistic constitutive models relate to fundamental microstructure mechanism

(micro/nanoscale creep) and focus on determining creep strain-stress relationship. Phe-

nomenological constitutive models on the other hand focus on determining bulk creep strain-

stress relationship by relating to functional relations. Microstructural mechanisms are not

considered in this type of constitutive model when looking at a macro scale creep.[25 ]
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To possess good creep resistance, a material should have metallurgical stability under

long-term high-temperature exposure, resistance to oxidation and corrosive media, and a

large grain size that reduces the grain boundaries.[5 ] In superalloys, pre-existing dislocations

encounter obstacles such as precipitates, solid solution atoms, grain boundaries, etc. and

become immobile causing strain hardening and eventually subjected to primary creep.[24 ]

The primary creep stage is a short-lived phenomenon for Ni-based superalloys and can be

neglected in constitutive modeling as the deformation at this stage is very small compared

with the total deformation.[5 ] The secondary stage is characterized by a constant strain rate

due to the balance between strain-hardening and recovery mechanics. Temperature-induced

diffusion where dislocations can diffuse away from obstacles and the nucleation of grain

boundaries and grain boundary sliding occurs during this transient stage.[22 ] And finally,

tertiary creep takes over and is characterized by a nonlinear increase of strain rate until

creep rupture. In ductile materials, a net area reduction due to elongation is seen and the

evolution of this phenomenon is called damage. It affects the material creep strength.[24 ]

Total strain can be divided into plastic, elastic, and creep strain components as shown

below:

εtotal = εelastic + εplastic + εcreep (2.1)

instantaneous plastic strain and inelastic strains are neglected. The identification of the

dominant creep mechanism under various boundary conditions can be done using deforma-

tion mechanism maps.

To define the physical mechanism of creep in metals, crystal lattice defines the mean

position and atoms within a solid vibrate. As temperature increases, the amplitude of

vibration increases, and eventually causes the atom to diffuse within the lattice structure.

The spacing between atoms is large and irregular at grain boundaries than within the grains,

which leads to formation of weak regions with dislocations initiating and terminating at those

sites. Vacancies also diffuse to and from grain boundaries which further leads to weakening

of those boundaries. To overcome the dislocations within the grains and grain boundaries,

introduction of obstacles during the manufacturing and heat treatment process help stop or
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slow down the movement of the vacancies. The dislocations move past these obstacles by

a dislocation climb process. It is observed that, in such cases, the precipitates can dissolve

and cause a creep strengthening effect to reduce.

General creep behavior of materials and the relationship between creep strain rate compo-

nents and equivalent creep strain rate.[21 ] However, creep behavior models can be classified

into three broad categories,

• Secondary Creep behavior model: Creep models define secondary creep behavior

like Norton Power law.

• Tertiary Creep behavior model: Damage mechanics models capable of predicting

secondary and tertiary behavior and failure times like Kachanov-Rabotnov single-

damage parameter model, Liu-Murakami single damage parameter model, and Dyson

two damage parameter model.

• Unified material behavior model: Models used to represent rate-dependent plas-

ticity, stress-relaxation, and cyclic stress-strain behavior like Chaboche viscoplastic

model.

2.3.1 Primary Creep Modeling

Primary creep is transient in nature thus making it time dependent. There are numerous

phenomenological primary creep equations that have been developed. Andrade’s law for

primary creep is one of the most popular one.[25 ]

εcr = ε0 + At1/q (2.2)

Where ε0 is the instantaneous creep , A and t1/q is a coefficient, and q is a unitless

exponent. Another formulation for primary creep is the power law of the simple form:

εcr = Aσntm (2.3)

Where σ is load and A (MPa−nhr−m), n, and m are temperature dependent constants.
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In the case of Ni-based alloys, the primary creep stage is short compared to rupture

strain. For example, creep deformation curves for a wrought Ni-base alloy 617 are provided

in Figure 2.6 

Figure 2.6. Creep deformation curves for nickel alloy 617.[3 ]

For IN617 at the temperature 649°C (approximately 0.5 Tm ) primary creep is observable

as strain hardening before the onset secondary creep. At 760, 871, and 982°C, the importance

of modeling primary creep is reduced. As temperature increases, the contribution of primary

creep to the final rupture strain becomes negligible.[24 ]
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2.3.2 Secondary Creep Modeling

Secondary creep stage also known as steady state creep is a constant strain rate region in

the creep curve. It represents a transition from primary to tertiary creep.[25 ] The classical

approach to modeling the secondary creep behavior for materials is the Norton power law

for secondary creep:

ε̇cr = dεcr

dt
= Aσn (2.4)

Where A and n are secondary creep constants and σ is equivalent stress. Typically, von

mises stress which is both isotropic and pressure insensitive are used. The Norton power law

is sometimes referred to as the Norton-Bailey law. The secondary creep constants A and

n exhibit temperature-dependence. Stress provides a substantial contribution to the creep

strain rate as the n secondary creep constant is an exponent of stress.[24 ]

2.3.3 Tertiary Creep Modeling

Tertiary regime comprises of a sudden increase of strain rate. A rapid increase in creep

deformation consistent with the microstructural degradation eventually leads to rupture.

Creep damage at a microstructural level can occur in a number of ways, such as microcracks,

cavities, voids, etc. Typically, creep damage is classified into two forms: trans-granular

(ductile) damage and intergranular (brittle) damage. Trans-granular (ductile) damage arises

were slip bands of plasticity forming under high stress and low temperature. Intergranular

(brittle) damage is a microcracking process at grain boundaries under high temperature and

low stress.[25 ]

Damage is non-recoverable phenomenon which is dependent on material behavior (i.e.,

creep constants), temperature, time, and stress. Generally, damage is considered to be in

continuum, (i.e., homogenous thought a body) thereby the expression continuum damage

mechanics (CDM) is used. Creep damage is modeled using continuum damage mechanics,

where micro-scale damage is modeled as a homogenous macro-scale effective constitutive

response within a finite volume.[24 ]
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Continuum damage mechanics was first introduced by Kachanov, who introduced a con-

tinuity factor to describe the degree of material degradation and predicted the creep rupture

life of polycrystalline metals. Then, Rabotnov extended the concept of continuity, intro-

duced the damage variable, and defined the effective stress, which makes it possible for the

coupling of strain and damage.[17 ]

• Creep Damage: Creep damage can be considered equal to the reduction-in-area

from microcrack, cavities, voids, and etc. as a structure undergoes creep deformation.

As shown in Figure 2.7 , the physical space includes voids and dislocations which

represents damage.

Figure 2.7. Schematic representation of the concept of physical and effective space.[25 ]

Now if we consider a volume without any voids, known as an effective space, the

force applied to the undamaged area is a function of a damage parameter which

compensates for the assumption of no void/defect (physical space). This reduction-

in area can be represented mathematically as the net/effective stress.[25 ]

σ̄net = σ̃
A0

Anet

= σ̃

1 − A0−Anet

A0

= σ̃

(1 − ω) (2.5)

where Anet is the current area, A0 is the initial area, σ̃ is equivalent stress, σ̄net is

the net/effective stress, and ω is damage. The effective stress increase leads to an

accelerated rate of creep deformation. The physical damage is thus replaced with an

effective increase in the applied stress.[24 ]
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• Creep Rupture: Creep rupture, or stress rupture occurs in materials with a per-

manent high load which is acting on them and leads to failure due to creep. Creep

continuum damage is usually observed in metallic specimen tested under constant

stress and temperature condition for long time periods. Damage was observed to

grow along the planes perpendicular to the maximum principal stress direction. It

was observed that over a field of uniform stress state, the level of damage was also

uniform, demonstrating the continuum behavior of damage.[8 ]

Creep rupture is estimated by calculating creep rupture stress. Rupture stress is the

stress a which damage reaches the maximum value i.e. ω = 0.99. It is calculated using

the utility subroutine which updates the value of rupture stress based on maximum

principal stress at each integration point for every time step.

2.4 Isotropic Creep Damage Models

Creep is one of the major failures occurring in turbomachinery parts like turbine blades.

It is a time-dependent deformation that occurs in metals when subjected to stresses at an

elevated temperature, 0.4 times the absolute melting temperature of the material.[7 ] The

analytical approach to accurately determine creep rupture life, is to simulate the primary

and secondary creep response. Norton-Bailey model, which contains three temperature de-

pendent regression constants can be used to predict creep strain behavior. By performing

curve fitting to best fit the test data, creep constants can be determined and used to predict

creep rupture life.[28 ]

To simulate the secondary and tertiary behavior of the creep curve, Continuum Damage

Mechanics (CDM) based damage rate equations can provide accumulated damage, residual

life, and rupture life prediction for a given stress.[16 ] Continuum Damage Mechanics (CDM)

has provided a fundamental step toward accommodation of creep damage in final rupture of

the specimen and prediction of full creep behavior. By using a damage parameter, time to

rupture can be predicted accurately.[29 ]
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Figure 2.8. Schematic of microscopic damage mechanisms in the creep pro-
cess: (a) nucleation and growth of grain boundary cavities, (b) dynamic coars-
ening of the sub-grain microstructure, (c) multiplication of the mobile dislo-
cation density.[17 ]

Damage based creep constitutive equations are capable of fully considering of all three

stages of creep associated with material deterioration.[7 ] In this section several isotropic

creed damage models are discussed with a focus on single damage parameter models.
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2.4.1 Kachanov-Rabotnov Damage Model

Creep damage evolution can be studied by incorporating the tertiary stage of creep

deformation. The creep damage model originally proposed by Kachanov and Rabotnov is

reasonably accurate in predicting the tertiary creep behavior of materials.[17 ] [25 ] [23 ] This

phenomenological formulation has the creep rate and damage evolution defined as

ε̇cr = dεcr

dt
= A

( σ

1 − ω

)n
tm (2.6)

ω̇ = dω

dt
= B

σχ

(1 − ω)φ
(2.7)

where the creep strain rate is similar to Norton’s power law for secondary, 2.4 , with the

same associated A and n constants, σ is von Mises stress, and B, χ, and φ are tertiary creep

damage constants.

The multiaxial form of this model is as follows.[17 ]

ε̇cr
ij = 3

2A
(

σeq

1 − ω

)n

tm
(

Sij

σeq

)
(2.8)

ω̇ = B
σχ

eq

(1 − ω)φ
(2.9)

and

σrup = ασ1 + (1 − α)σeq (2.10)

where α is the material constant, which describes the effect of the multi-axial stress state

behavior of material and ranges from α = 0 (equivalent stress dominant) to α = 1 (maximum

principal stress dominant).The initial value of damage parameter is zero, representing the

case with no damage.[28 ] As creep occurs, the damage variable increases until it reaches

unity. If m is zero in 2.6 , i.e., primary creep is considered negligible, it simplifies to

ε̇cr = A
( σ

1 − ω

)n
(2.11)
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2.4.2 Liu-Murakami Damage Model

The damage evolution relies heavily on the stress field and the stress sensitivity of

Kachanov-Rabotnov model is not reliable and significantly effects on the damage local-

ization. To overcome this difficulty and to accurately predict the creep damage evolution,

an alternative creep damage model was proposed by Liu and Murakami.[17 ] The multiaxial

form of this model is as follows.

ε̇cr
ij = 3

2Aσn−1
eq Sijexp

 2(n + 1)
π

√
1 + 3

n

(
σ1

σeq

)
ω3/2

 (2.12)

ω̇ = M
[1 − exp(−q2)]

q2
σχ

rupexp(q2ω) (2.13)

Where the failure stress σrup has the same form as in Kachanov-Rabotnov model of 2.10 .

The material constants A, M, n, q and χ can be obtained by curve fitting to the uniaxial

creep curves. The damage variable ω can be given by integrating the 2.13 from 0 to ω for

the damage variable and from 0 to tf for the time t, as follows.

ω = − 1
q2

ln

1 −

1 − exp(−q2)
t

tf

 (2.14)

where,

tf = 1
Mσχ

(2.15)

L-M model is unique as it incorporates the damage variable in the rate equations in

an exponential form. To include rupture, the applied stress can be replace with equivalent

stress and the equations can be modified for rupture prediction calculations. Also the time

to failure equation is used to calculate the predicted creep failure time.[17 ]
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3. ISOTROPIC CREEP DAMAGE MODEL: FE USER

DEFINED SUBROUTINE

3.1 Introduction

In all the general non-linear FEA software packages like ABAQUS and ANSYS, imple-

menting tertiary creep and rupture require additional governing equations to be defined and

solved for the integration points of the element at each time step. The built in models have

the limitations of calculating the primary and secondary creep strain rate. Although, these

packages have the ability to model the tertiary creep and rupture through user subroutines.

User Subroutines are the extension of the FEA packages wherein the user can define their

own governing equation to calculate or define parameters like Load, Element, Field, Material

etc. and define the behavior (linear/non-linear) and integration schemes. Some examples of

the user subroutines ABAQUS offers are:[9 ]

• CREEP: This subroutine is used to define the viscoplastic, time-dependent defor-

mation in a material. The deformation is divided into deviatoric behavior (creep)

and volumetric behavior (swelling).

• DLOAD: This subroutine is used to define nonuniform, distributed mechanical loads

(pressures and body forces).

• UEL: This subroutine is used when it is necessary to create elements with an element

formulation that is not available in ABAQUS/Standard.

• UMAT: This subroutine is used to define any complex, constitutive models for

materials that cannot be modeled with the available ABAQUS material models.

For the current study, the CREEP subroutine is modeled to solve the classical isotropic

Kachanov-Rabotnov model for tertiary creep damage. A rupture prediction model is in-

corporated in the Kachanov-Rabotnov model. Due to the limitations of damage prediction

capabilities of the Kachanov-Rabotnov model the Liu-Murakami damage model is modeled

using CREEP subroutine to compare the rupture and damage prediction capabilities of both

the models.
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Creep deformation and rupture experiments are simulated for samples of L-PBF Man-

ufactured Nickel Alloy 718 (nickel based superalloy) tested at temperatures between 650°C

under a 600 MPa load.[20 ] The creep constants used to simulate the creep response are

calculated using regression curve fitting.

3.1.1 Constitutive Creep Model

To incorporate secondary and tertiary creep behavior, a constitutive model needs to be

developed. Creep experiments show that for nickel based alloys, the primary creep regime

is very short, and development of a primary creep model is not necessary as the primary

region is very less in the experimental data. The primary regime is approximated by a static

primary creep after loading the specimen.[25 ]

First, to account for steady state creep and tertiary creep several models were studied to

select an adequate model to predict the alloy 718 behavior. A continuum damage mechanics

(CDM) model involves the use of a damage variable which accounts for microstructural

evolution.[22 ] Microcracks along the grain boundaries of polycrystalline materials cause stress

concentration during the transition from secondary to tertiary creep. Due to the amplified

stress a local reduction of cross sectional area occurs and sometimes vice versa. The damage

variable is calculated on this phenomenological basis.[23 ] All the model used for this research

are single damage parameter models. There are some models which incorporate more than

one damage variable to account for a variety of physically observed damage mechanisms.[24 ]

A continuous distribution of damage is an essential feature of a damage variable required for

the application of a continuum damage mechanics model.

To define the creep mechanism numerically, it is important to define a relationship be-

tween the equivalent creep strain rate ε̇cr and equivalent stress σeq of the form.

ε̇cr = f(σeq, T, t, ε, ωi, ...) (3.1)
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Where T is temperature, t is time, ε is the strain, and ω1, ω2, .. are the damage param-

eters. Using the flow rule [14] creep strain rate components can be obtained from ε̇cr

ε̇cr
ij = 3

2 ε̇cr
Sij

σeq

(3.2)

In the K-R model if the value of ω = 0 in equation 2.10 , The tertiary creep damage model

can be reverted back to secondary creep. Damage evolution becomes zero and the strain

rate reverts back to the Norton power law for secondary creep.[23 ] This property has been

exploited in a previous study to determine the transition time when the dominant creep

regime shifts from secondary to tertiary creep.[25 ] This tertiary creep damage model has

been used in a variety of studies of turbine and rotor materials. The constants A, n, M/B,χ,

and φ/q2 are considered material properties.

It is shown by Stewart and Gordon [25 ][22 ][24 ] that by determining the creep material

constants at multiple temperatures for Ni-base alloy IN-617, temperature-dependent func-

tions can be developed to model the tertiary creep damage. This makes the creep strain

rate and damage evolution equations temperature dependent. As the temperature changes

over time, the material constants change, which ultimately changes the creep strain rate and

damage evolution predicted at the current time step.[25 ]

3.1.2 Rupture Prediction Model

A prediction of the rupture time can be achieved using the damage evolution equation

2.7 . By separating the variables and integrating between the limits of ω0 = 0 and ω = 1 for

damage and t0 = 0 to the time to fail tf = t for time.[24 ] Integration of the equation leads

to the following

(1 − ω)φdω = Bσχ
rupdt (3.3)

(1 − ω)φ

(1 + φ)

∣∣∣∣∣∣
ω

ω0

= Bσχ
rup

∣∣∣∣∣∣
t

t0

(3.4)
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Under creep experiment conditions, stress is constant and t0 and ω0 equal 0.0. Solving

the integration leads to the rupture time and damage prediction equations:

t = [1 − (1 − ω)φ+1][(φ + 1)Bσχ
rup]−1 (3.5)

ω(t) = 1 − [1 − (φ + 1)Bσχ
rupt]1/(φ+1) (3.6)

The sections below explain the implementation of the Kachanov-Rabotnov and Liu-

Murakami CDM models in ABAQUS user subroutine using FORTRAN77.

3.2 Implementation of user subroutine USERCREEP

The isotropic creep damage models described in previous chapters have been implemented

in ABAQUS using user subroutine CREEP in order to determine the creep curve for the

additive manufactured nickel 718 alloy. The formulation was implemented into a FORTRAN

routine in the form of a CREEP user subroutine in ABAQUS. The subroutine is incorporated

with an implicit integration algorithm. This backward Euler integration algorithm is more

accurate over long time periods than other practical numerical integration methods. This

allows larger time steps that reduce the numerical solve time.[9 ] As mentioned in previous

works done by Stewart and Gordon [25 ][22 ][24 ] , the viscoplastic/creep behavior of materials

is significant at extended histories therefore, the backward Euler method is the desired

method for integration of creep constitutive models.

An internal state variable is updated for every time step to store the required parameters.

Initially, ω equals 0.0 and during loading, ω increases. The damage ω is restricted to a

maximum of 0.99 to prevent the singularity that is caused by rupture (e.g., ω equals 1.0).

To reduce the computation time, and large deformation errors, the subroutine was skipped

for a general time step (ω = 0) and Norton formulation was used. Also, the simulation was

terminated once the total strain reached 100%. If needed, this model can be applied with

time-dependent plasticity models in a straightforward manner.
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3.2.1 K-R model USERCREEP subroutine

For simulating the creep response of 3D printed IN718 samples, based on the Kachanov-

Rabotnov creep damage model, a creep subroutine defining the creep behavior according to

the damage evolution equations as stated in Chapter 2.4.1 is modeled using FORTRAN. A

flow chart of the implementation is shown in Figure 3.1 Since implicit integration is more

effective when the response period is long relative to typical relaxation times, the subroutine

is performed using backward Euler integration scheme.

All the creep strain rate and damage evolution equations are solved at each time step.

At the start of a new increment, subroutine is called once for each integration point and

estimated creep strain is calculated and stored based on the state of the start of the time

increment. The subroutine is called multiple times and the nonlinear constitutive equations

are solved using a local iteration procedure. The exact number of calls depend on the local

iteration procedure. Stress is assumed constant during the time increment to calculate the

equivalent creep increments.[23 ]

The Uniaxial equivalent deviatoric creep strain increment equation 2.6 is partially differ-

entiated with respect to applied stress.

∂∆ε̇cr

∂σ̃
= An

( σ

1 − ω

)n
tm (3.7)

In order to calculate the creep strain, increment as per the Equation 3.7 the value of ω

is needed at each time step per integration point. For that purpose, an iterative damage

evolution update equation is added in the code with limits ω0 = 0 till ω = 0.99. The

maximum value of ω is limited to 0.99 to avoid singularity.

ω = ω + ∆ω (3.8)

The testing curves show a very small primary creep region. To avoid calculating the pri-

mary creep strain response, in Equation 3.7 the value of m = 0 considers only the secondary

and tertiary region of the creep curve. The rupture stress ( σrup ) is equal to the applied

uniaxial stress ( σ̃ ) for a uniaxial stress situation.
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Figure 3.1. Flowchart on the Kachanov-Rabotnov model implementation.

3.2.2 K-R model limitations

In the K-R model amplified stress due to a local reduction in cross-sectional area is the

basis of the damage variable, ω. In CDM, damage ω, is assumed to be homogeneous and

irreversible. In the K-R model, the damage calculation is performed only in the tertiary

creep stage and no damage is updated in primary and secondary creep stages.[5 ]
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For damage to be unity at failure, instantaneous strain (ε̇cr) has to be infinitely large,

which cannot be true, and creep strain rate becomes large just before failure and remains

finite throughout the lifetime. Therefore, KR model damage remains very low up to 90% of

lifetime.[5 ] The instantaneous strain (ε̇cr) varies from 0.2-0.8 for most metals

Rearranging Equation 2.11 

ω(ε̇cr) =

(
ε̇cr

A

)1/n

− σ(
ε̇cr

A

)1/n
(3.9)

From Equation 2.7 , as mentioned by when ω = 1, ω̇ increases exponentially. It attempts

to sum up both the continuous damage of creep and discontinuous plastic damage that occurs

at the instant of fracture. The damage calculation is performed only in the tertiary creep

stage leading to an exponential increase in damage and hence creep strain.[5 ] Thus, needing

a better approach to overcome this issue.

3.2.3 K-R model with rupture prediction

To model the creep rupture, based on the creep rupture time equation, the rupture stress

is calculated using the Equation 3.5 and 3.6 and is implemented in the creep subroutine

through user defined field (USDFLD). In the equation σrup is the failure stress which is

assumed to be a function of the maximum principal stress σ1 and the equivalent stress σeq,

as shown in Equation 2.10 .

• USDFLD: User defined field. When complex material behavior needs to be mod-

eled and the user does not want to develop a UMAT subroutine, USDFLD is used.

Field variables can be redefined at material (integration) points of an element by

USDFLD.[9 ] It allows the user to define fi (functions of field variables) at every in-

tegration point of an element. The subroutine has access to solution data like stress,

strain, plastic strain, principal stress etc. To simulate rupture, using the ABAQUS

utility routine GETVRM, we get the value of maximum principal stress at the given

integration point of the element.[9 ]
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Figure 3.2. Flowchart on the Kachanov-Rabotnov model with Rupture implementation.

To create field-variable-dependent material properties two methods can be used, (a)

Using tabular definition for built-in ABAQUS material models, (b) Using other user

subroutines, such as CREEP, to define the material behavior as a function of fi.

For most nonlinear material behavior (i.e., plasticity) ABAQUS/Standard uses an

implicit integration method to calculate the material behavior at the end of the

current increment.
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• GETVRM: Material point information. The subroutine GETVRM provides USD-

FLD with access to the solution data stored in databases during the analysis. For

storing the value of maximum principal stress at each integration point, the CALL

GETVRM( ‘SP’) command is issued.[9 ]

Figure 3.3. Extracting maximum principal stress.

Double index components (tensors) are returned in the order 11, 22, 33, 12, 13, 23

for symmetric tensors, followed by 21, 31, 32 for asymmetric tensors, such as the

deformation gradient. [28] Thus, the stresses for a plane stress element are returned

as ARRAY(1) = S11, ARRAY(2) = S22, ARRAY(3) = 0.0, and ARRAY(4) = S12.

Three values are always returned for principal value requests, the minimum value

first and maximum value third, regardless of the dimensionality of the analysis.[9 ]

The order in which the subroutines within the .for file are called is extremely impor-

tant. The USDFLD subroutine needed to be called prior to the creep subroutine.

Using GETVRM maximum principal stress is calculated at the material (integra-

tion) points. To incorporate error in calculations, JRCD command is used in an IF

statement. JRCD stores the return code (0 = no error and 1 = output request error

or all components of output request are zero). A flowchart is shown below to rep-

resent the implementation of Kachanov-Rabotnov model incorporating the rupture

stress.[9 ] To calculate the rupture stress using Equation 2.10 the value of maximum

principal stress is fed into the equation for rupture stress and the damage evolution

equation.
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3.2.4 L-M model USERCREEP subroutine

The ill-natured stress sensitivity of Kachanov-Rabotnov creep model has significant ef-

fects on the damage localization as the damage evolution is closely linked with the stress

field. An alternative creep damage model was proposed by Liu and Murakami to eliminate

this difficulty and accurately predict the creep damage evolution.[17 ] It demonstrated that

creep deformation in all three stages as well as creep rupture time can be accurately pre-

dicted using the creep damage model.[19 ] The uniaxial form of Liu Murakami damage model

is defined as follows.

ε̇cr = 3
2Aσn

eqexp

 2(n + 1)
π

√
1 + 3

n

ω3/2

 (3.10)

and the uniaxial form of damage equation is.

ω̇ = M
[1 − exp(−q2)]

q2
σχ

rupexp(q2ω) (3.11)

where, A, M, n, q2 and χ are the material and damage constants. The limitations faced

by Kachanov-Rabotnov model of stress-sensitivity and mesh dependence can be mitigated by

representing damage as an exponential function within the creep rate and damage evolution

equations.[6 ]

Using the utility subroutine explained in earlier section the value of rupture stress is fed

in the Liu Murakami damage evolution Equation 3.11 The subroutine performs similar to

the previously explained routines, the difference is the governing equation to calculate creep

strain rate and the material constants for the Liu Murakami model.[19 ] The flow chart is

given below.

The governing equation impact the creep strain rate calculations. The models described

above are implemented for stainless steel and nickel based alloys for validation with test

data.

43



Figure 3.4. Flowchart of the Liu-Murakami model with Rupture implementation.

3.3 Single Element Testing

The subroutines are used to simulate the temperature and stress loading conditions of a

series of uniaxial creep and rupture experiments for Stainless steel 316 and Nickel Alloy 718.

We first investigate a single element test, given in Fig . The dimension of a 2D shell element

is 10mm x 10mm.[25 ]
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Figure 3.5. Single element test problem set up (a) creep loading and (b)
constant displacement loading.

The single element tests were done for the reduced integration plane strain elements with

linear and quadratic interpolation schemes (CPE4R and CPE8R in ABAQUS). The elements

were tested for response under constant load (creep) and constant displacement (relaxation)

boundary conditions. The material parameters were used as stated in the creep constant

determination chapter previously.

3.3.1 K-R model comparison with rupture implementation

A comparison of K-R model to calculate the damage evolution behavior is done for model

with and without rupture implementation. It was found out that the K-R model without

rupture predicts the damage more aggressively towards the end i.e., as the damage reaches

its maximum value. Damage evolution is defined as the rate of change of damage with

respect to the time to failure. For stainless steel 316, a comparison of the damage rate

prediction capability of the Kachanov Rabotnov usercreep, with and without rupture, were

observed. The element was subjected to 260 MPa and K-R models were compared for the

creep constants calculated at 600°C.

The model which incorporates rupture stress shows a gradual increase in damage and

the time to failure is 645.5 hours. Whereas the model without rupture , increases damage

exponentially to 0.99 towards the end. The time to failure.is 1066.5 hours which is almost

double.
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Figure 3.6. Damage evolution plot: damage vs normalized time plot for K-R
model with and without rupture implementation.

As per Equation 2.10 the value of rupture stress calculated by the utility subroutine

correctly estimates the damage rate (ω̇) value for each time step and is able to predict

damage correctly along with the rupture time.

As we can see in the damage Equation 2.7 , the rate of damage (ω̇) depends on φ which

is the damage variable. The value of φ is selected such that best fit is obtained for the creep

strain curve when compared to the experimental data. A series of single element tests were

performed for stainless steel 316 creep constants to monitor the effect of � on the damage

evolution for the K-R model with rupture. Based on various literature, the value of φ for

316 steel was found to be 7 for a good fit. Using K-R constants for stainless steel 316 at

600°C and 260MPa, single element tests are performed by varying φ (5,7,9,13).

It can be observed that as φ increases, the damage behavior becomes steeper. For a

higher value of φ the damage is exponential as rupture approaches and a sudden increase

in damage is observed. Whereas for a lower value of φ the damage is more gradual and

less sudden towards rupture. As observed, here a large value of φ implies very large stress

sensitivity of the damage evolution.

A similar behavior is observed with the creep strain calculations. For lower value of φ

the creep strain rate is lower as compared to the higher values of φ.
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Figure 3.7. K-R damage vs normalized time to failure (0 < ω < 0.99) for
φ = 5, 7, 9, 13 with time to failure = 645.5 hours.

Figure 3.8. K-R model with rupture: Normalized creep strain vs Time for φ = 5,7,9,13.

3.3.2 Damage evolution: K-R vs L-M model

Similar single element tests were performed for 316 steel to compare the damage evolution

and creep strain rate prediction capability for the L-M model.

The feature of K-R damage evolution is that, though the damage remains quite small

value throughout the early stage, the damage development has a steep acceleration at the

final stage of lifetime. This feature becomes more noticeable when compared to L-M model.

Here we can see that the stress sensitivity is not observed with the damage evolution curve

for L-M model.
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Figure 3.9. Damage evolution plot: damage vs normalized rupture time plot
for K-R vs L-M model.

Figure 3.10. L-M damage vs normalized time to failure (0 < ω < 0.99) for
q2 = 3,4,5,6.35 with time to failure = 663.156 hours.

The damage variable for L-M model is q2 and as per Equation 2.13 , it has a similar

impact on damage and creep prediction. A similar trend is observed with the L-M model

when the damage and creep strain are plotted for varying q2.
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Figure 3.11. L-M model: Normalized creep strain vs Time for q2 = 3,4,5,6.35.

3.3.3 Stress and temperature dependence

Creep strain rate is majorly dependent of temperature and stress. As per Equation 3.1 

we can see that creep strain is a function of stress, temperature, and damage. For accurate

creep strain prediction capability, the CDM are tested for their sensitivity towards stress

and temperature.

For the L-M model, single element tests were performed for two different materials.

Stainless steel 316 stress dependent constants were used calculated at 600°C for a stress

range of 240-300 MPa and nickel alloy 718 temperature dependent constants were used

calculated at 650, 704, and 760°C for a constant applied stress of 551 MPa.

Figure 3.12. L-M model: Temperature dependence for nickel alloy 718.
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Figure 3.13. L-M model: Stress dependence for stainless steel 316.

The L-M model shows agreement with the creep prediction nature as we can clearly see

how with an increase in stress and temperature, creep strain rate is increasing and time to

failure is increasing.

3.4 User subroutine validation

To validate the CDM models, it is necessary to compare the creep strain predictions to

the experimental data. The L-M model is used to simulate creep strain curves for stainless

steel 316 and nickel alloy 718. Using the uniaxial creep data, the predictions are validated

against the test data.
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Figure 3.14. Uniaxial creep validation with experimental data for stainless
steel 316 at 600°C for stress range 240 – 300 MPa.[28 ]

Figure 3.15. Uniaxial creep validation with experimental data for nickel alloy
718 at 650 °C and stress condition of 700 750 MPa.[26 ]
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Figure 3.16. Uniaxial creep validation with experimental data for nickel alloy
718 at 675 °C and stress condition of 670 700 MPa.[26 ]

Figure 3.17. Uniaxial creep validation with experimental data for nickel alloy
718 at 700 °C and stress condition of 625 700 MPa.[26 ]

A single element test FEM setup is used, and test accurate stress is applied to calculate

total strain vs time plots. It can be observed that the model is able to predict high stress

regions of the creep curve accurately. For the lower stress, the model seems to over predict

the strain. The values of q2 and α are calculated to achieve the best fit. For nickel alloy

718, temperature dependent creep test data is used for validation of the L-M model. A good

agreement is seen between the test and prediction data.
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4. PROPERTY PARAMETERS USED IN CREEP MODEL

4.1 Introduction

Long term creep data is available mostly for general materials. There exists a shortage of

creep data available for unconventional materials. When it comes to long term creep testing

i.e. monitoring creep rupture for thousands of hours, data sparsity can be seen for most

metals. For the different manufacturing processes, like additive manufacturing where the

grain boundaries are unique and different from traditional manufacturing, creep data is not

always present in the short, intermediate, and long term regime or minimum creep strain

rate, stress rupture, etc. form.[4 ]

To get more reliable extrapolations, it is hypothesized that any form of creep data can

by cross-calibrated using a constitutive model. A CDM constitutive model with coupled

creep strain rate and damage equations enables calibration using desperate creep data. It is

capable of predicting minimum creep strain rate, deformation, stress rupture, and damage

using a single set of differential equation.[6 ]

This chapter includes all the material properties used for the FE modeling. The FE sim-

ulations were modeled using the elastic-plastic-creep material properties for stainless steel

316, wrought alloy 718 and additive manufactured nickel alloy 718. Two creep damage con-

stitutive models of Kachanov-Rabotnov and Liu-Murakami were adopted, and corresponding

material parameters were determined.

4.2 Mechanical Properties: Additive Manufactured Nickel Alloy 718

Nickel alloy 718 is a precipitation-strengthened Ni–Cr–Fe– Nb based superalloy. It ex-

hibits very high yield and ultimate tensile strengths, high creep rupture strength, high fatigue

strength and corrosion resistance, for extended times, at temperatures up to 620°C.[10 ] For

the same reason, nickel alloy 718 is often used to fabricate aeroengine structures, turbines,

liquid fuels rockets, rings, casings, cryogenic tanks, and various other high temperature ap-

plications. It is known to have good tensile, fatigue, creep, and rupture strength. A typical

composition limits are shown in Table.
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Table 4.1. Limiting chemical composition.[1 ]

Element Composition

Nickel (plus Cobalt) 50.00-55.00

Chromium 17.00-21.00

Iron Balance*

Niobium (plus Tantalum) 4.75-5.50

Molybdenum 2.80-3.30

Titanium 0.65-1.15

Aluminum 0.20-0.80

Cobalt 1.00 max.

Carbon 0.08 max.

Manganese 0.35 max.

Silicon 0.35 max.

Phosphorus 0.015 max.

Sulfur 0.015 max.

Boron 0.006 max.

Copper 0.30 max.

For additive manufactured nickel alloy 718, the mechanical properties are found to be

superior to the traditionally manufactured counterparts. Yanjin Lu[15 ] performed a series

of tensile tests on SLM manufactured nickel alloy 718 at initial strain rate of 2mm/s. the

typical stress-strain curve for the nickel alloy is shown in Figure 4.1 .Tensile properties which

were calculated are shown in Table 4.3 and are used in modeling the elasto-plastic behavior

for the FEM simulation.
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Table 4.2. Temperature dependent mechanical proper-

ties of nickel alloy 718.[19 ]

Temperature

(◦C)

Youngs Modulus

(GPa)

Poisson’s Ratio Yield

Strength

(MPa)

20 205 0.295 1161

200 190 0.28 1083

400 178 0.272 1036

620 166 0.279 992

700 159 0.291 878

Figure 4.1. Stress vs Strain plots for different scanning size manufactured
specimen AM 718. [15 ]
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Table 4.3. Mechanical properties obtained from stress

strain curve.[15 ]

Specimen Yield Strength

(MPa)

Ultimate Strength

(MPa)

Elongation(%)

1 (2x2) 804±49.5 1076.5±28.9 16.85±0.07

2 (3x3) 800.5±7.80 1075.0±8.50 21.05±0.21

3 (5x5) 770.5±2.10 1064.5±3.50 22.35±0.21

4 (7x7) 772.5±2.20 1065.0±1.40 25.25±0.35

The creep simulation is performed for two different build orientations for the additive

manufactured nickel 718. Sanches[20 ] performed uniaxial creep tests on cylindrical specimen.

Three different build orientations were used for the manufacturing of AM 718 specimen as

shown in Figure 4.2 

Figure 4.2. Build orientation for additive manufactured samples.[20 ]

A similar experimentation was performed by Reinshaw[1 ] for the XY and Z build orien-

tations. Mechanical properties for a layer thickness of 30�m were calculated according to the

standards.
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Table 4.4. Mechanical properties for XY(0°) and Z(90°)

build orientation.[1 ]

Specimen Ultimate Tensile

Strength (MPa)

Yield

Strength

(MPa)

Elonga-

tion(%)

Youngs Mod-

ulus (GPa)

XY(As Built) 1040 758 30 186

Z(As Built) 971 636 36 158

XY(Solution

treated)

1467 1259 17 195

Z(Solution

treated)

1391 1202 17 186

XY(HIP treated) 1379 1088 25 207

Z(HIP treated) 1346 1088 24 201

Properties shown in 4.4 are used to model the elasto-plastic behavior of additive manu-

factured 718 alloy for the creep test.

4.3 CDM creep parameter estimation

A creep test is used to determine the amount of deformation a material experiences

over time while under a continuous tensile or compressive load at a constant temperature.

Creep tests are fundamental for materials that are needed to withstand certain operation

temperatures under load. For materials such as metals or alloys, their material properties

change significantly at higher or lower temperatures.[11 ] A constant load is applied to a creep

specimen while maintaining a high temperature environment. Strain gauges are attached to

the gauge of the creep specimen to measure the total strain. While testing, the material’s

deformation is recorded at specific time intervals and overall data is plotted on a creep vs

time diagram. The slope at any point on this curve is known as the creep rate, in which

units are expressed in terms of in/in/hr or percent(%) elongation/hr. [11 ]
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Figure 4.3. Schematics of a creep test.[14 ]

Testing is generally carried out in air at atmospheric pressure. However, if it is necessary

to produce creep data for materials that react with air these may be tested in a chamber

containing an inert atmosphere such as argon or in a vacuum.[14 ]

4.3.1 Creep constant estimation

To simulate creep failure using CDM, it is important to accurately estimate the material

and damage constants. Here we have two CDM models, the K-R and L-M model with a set

of material and damage constants embedded into the governing equations.

4.3.2 K-R model constants

In order to obtain initial estimates for the A and n values, the initial stages of creep data,

for which ω = 0 is used. Taking log on both sides for Equation 2.4 

ε̇cr = Aσn (4.1)

log(ε̇cr) = −nlog(σ) + log(A) (4.2)

The constants A and n can be estimated by plotting log(ε̇cr) versus log(σ) and using a

straight line fit to the data, as described in Figure 4.4 
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In order to determine initial values of B and χ and φ , Equation 2.7 is integrated and

taking log on both sides gives

tf = 1
B(φ + 1)σχ

(4.3)

log(tf ) = −χlog(σ) + log
( 1

B(φ + 1)

)
(4.4)

Hence by plotting log(tf ) versus log(σ) using data obtained from experimental uniaxial

creep tests, the χ and B values can be identified from the gradient and the y-intercept.

Using the data found in literature, Table 4.5 show creep constants for some commonly

used metals. The value of φ and α are calculated using the single element tests to obtain

the best fit with experimental data.

Figure 4.4. Log-Log plot to determine secondary creep constants for stainless
steel 316 at 600 °C.

59



Figure 4.5. Log-Log plot to determine tertiary creep constants for stainless
steel 316 at 600 °C.

Table 4.5. K-R creep constants for metals.[28 ]

Material A

(MPa−nhr−1)

n B

(MPa−χhr−1)

χ φ α

P91 at 650°C &

70-100 MPa

1.09E-20 8.462 2.95E-16 6.789 3.2 0.313

Waspalloy at

700°C & 520-750

MPa

2.35E-43 14 1.91E-41 13.490 13.0 0.150

Stainless Steel 316

at 600°C & 240-

300 MPa

1.47E-29 10.147 1.88E-31 10.949 13.5 -

Stainless Steel 316

(Calculated) at

600°C & 240-300

MPa

2.344E-34 12.123 1.811E-29 10.614 7.0 -
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4.3.3 L-M model constants

Similar to the K-R model, for ω=0 the creep strain rate equation is simplified to Equation

4.1 and a plot of log(ε̇cr) versus log(σ) is used to determine A and n using a straight line fit

to the test data.

Figure 4.6. Log-Log plot to determine secondary creep constants for IN 718
alloy at 650, 704 and 760 °C.

The creep rupture data is used to determine the M, and χ tertiary creep constants for

L-M model. The damage rate equation can be integrated and simplified to derive a time to

failure equation.

tf = σ−q2

M
(4.5)

This equation is similar to Equation 4.3 for K-R model. Thus, constants M and q2 can

be obtained using a straight line fir to a log-log plot similar to the tertiary creep constant

determination in K-R model.

log(tf ) = −q2log(σ) + log
( 1

M

)
(4.6)
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Figure 4.7. Log-Log plot to determine tertiary creep constants for IN 718
alloy at 650, 704 and 760 °C.

Table 4.6. L-M creep constants for nickel alloy 718.

Nickel alloy 718 A

(MPa−nhr−1)

n M

(MPa−χhr−1)

χ q2 α

Reference[19 ] at

620°C

2.03 E-61 19.3 5.619 E-16 14.72 3.5 0.1

Calculated at

650°C & 551-724

MPa

4.75E-60 19.36 1.76E-28 9.15 5.0 0.478

Calculated at

704°C & 483-620

MPa

6.456E-47 15.363 2.41E-27 9.10 4.5 0.3

Calculated at

760°C & 413-483

MPa

6.58E-34 11.22 1.11E-12 3.98 3 0.2
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L-M model constants for nickel alloy 718 creep test data are shown in Table 4.6 . The

constants given in the reference are calculated using a different calibration process and it

can be seen that the calculated constants are in good agreement.

4.4 Additive manufactured nickel alloy 718

Creep test data for AM 718 is used to calibrate the K-R and L-M model and constants

are determined using the approach mentioned in the previous section. The creep data for

AM 718 is shown in the Figure 4.8 .[20 ] Majorly for two build orientations i.e., XY and Z

the creep strain rates are calculated. A clear difference is observed in the tertiary region for

different specimen. During creep testing, the loads are applied in the axial directions and

thus the Z build shows a better creep resistant as compared to the XY build.

Figure 4.8. Creep curves for the different test cases, showing the clear differ-
ences in creep performance with regards to orientation. This also shows the
differences in tertiary creep for the different specimens.[20 ]

4.4.1 Creep constant estimation

Based on the constant determination procedure mentioned for the L-M model, secondary

creep and damage constants are calculated for AM 718.
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Figure 4.9. Log-Log fit: creep strain data for AM 718 at 700°C.

Figure 4.10. Log-Log fit: creep rupture data for AM 718 at 700°C.

The calculated constants are used to simulate the creep test using the L-M and K-R

CDM model. The total strain versus time plots is compared with the experimental creep

data. Nature of damage prediction is observed for both models.
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Table 4.7. K-R creep constants for additive manufac-

tured nickel alloy 718.

Orientation A

(MPa−nhr−1)

n B

(MPa−χhr−1)

χ φ α

XY at 700°C &

250-400 MPa

5.87489E-09 0.2738 1.47571E-15 4.9007 7 0.3

Z at 700°C & 250-

375 MPa

2.32274E-12 1.6198 1.21619E-15 4.8023 5 0.1

Table 4.8. L-M creep constants for additive manufac-

tured nickel alloy 718.

Orientation A

(MPa−nhr−1)

n M

(MPa−χhr−1)

χ q2 α

XY at 700°C &

250-400 MPa

1.09648E-13 2.218 6.45654E-15 4.637 3.5 0.2

Z at 700°C & 250-

375 MPa

1.09648E-17 3.819 1.52757E-08 1.832 3 0.1

65



5. NUMERICAL MODELING AND FEM SIMULATION

5.1 Modeling Approach

Two validation tests have been simulated using the finite element method to demonstrate

the viability of the creep damage model for additive manufactured nickel alloy 718 using the

validated models. In these simulations, the creep life predictions are made by utilizing

the usercreep based on CDM and the necking behavior during creep loading is simulated

using the non-linear static analysis method. To incorporate material plasticity and damage,

material non-linearity is assumed and modeled using bi-linear elasto-plastic stress-strain

curves obtained from test data.

5.2 Finite element model setup

5.2.1 Geometry, mesh and boundary conditions

According to ASTM E139[2 ] standard test methods for conducting creep, a standard

tensile creep specimen is modeled as shown in fig. an axisymmetric mesh with element type

CAX4R for a cylindrical specimen is created to setup the creep test.

Figure 5.1. Creep test specimen.[20 ]

Testing standards suggest the use of cylindrical or square section specimens. A sub-size

specimen (3 < d0 < 5mm) is used to simulate the creep test in this report with a gauge

length of 18 mm. A linear hex mesh is created to reduce computation time and decrease the

node count.
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Figure 5.2. CAD used for the FEM simulation Cylindrical specimen geometry
and Axisymmetric mesh.

For implementing the creep damage model in a FE simulation, determining a small

enough mesh size requires a mesh convergence study to obtain the desired accuracy. For

the FE simulation, a linear type of mesh elements is used which has four integration points

where stress values are computed.

Figure 5.3. Boundary conditions.
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The average stress values are computed to get a single value associated with the center

node. For different mesh sizes, un-averaged von-mises stress plots are studied at element

boundaries to evaluate convergence. A discontinuous contour along the element edges signify

that the mesh is coarse.

Figure 5.4. Contour plot of von Mises stress for (a) coarse and (b) fine mesh,
without averaging at nodes.

It can be seen from the non-averaged mises stress contours above that for a coarser

mesh, the contour lines are discontinuous along the specified element edges. Although when

adopting a finer mesh, the discontinuities are no longer observed.

Figure 5.5. Contour plot of von Mises stress with and without averaging for a 3D mesh.

A plot of averaged vs non-averaged equivalent creep for a converged mesh is shown

below. Contour discontinuities are not seen here which signifies the mesh size is optimum

for convergence and a better solution accuracy.
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Figure 5.6. Mesh convergence plot.

To support the convergence study, normalized maximum mises stress is plotted against

the number of elements. The mesh convergence plot ensures the solution accuracy by giving

us the element size range for which the solution is not affected. In this case, for a mesh size

with smallest element size around 0.5mm for solid brick elements, we see minimum change

in the maximum mises stress values. Similarly. The smallest element size for axisymmetric

element used in this report is 0.15 mm.

5.3 Additive manufactured nickel alloy 718 creep test Results

5.3.1 Single element test results

A damage evolution comparison is performed for the additive manufactured 718 alloys

using the single element test to compare the damage prediction of both models. For applied

stress of 515 MPa, constants for the Z orientation were used to calculate the damage and

rupture time.

A similar behavior is observed for the CDM model comparison which was observed for

traditionally manufactured nickel alloy 718 and stainless steel 316, for damage evolution.

The rupture time predicted by the K-R model for the applied stress is 262.05 hours and the

rupture time predicted by the L-M model is 214.12 hours.

To compare the difference in creep strain calculations for a 4 node and an 8 node element,

the same single element test is performed for both element types using the L-M model CDM.
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Figure 5.7. Damage evolution: K-R vs L-M for Z orientation AM 718.

It was observed that the 4 node element type gives a more accurate rupture time as

compared to the 8 node element type.

Figure 5.8. Dependence of node count on damage and rupture calculations
for AM 718 using L-M model.

This test was performed for the Z orientation specimen 3. Both the models are under-

predicting the rupture time as the results are calculated for a single element and plastic

deformation is not incorporated.
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5.3.2 Creep test results: K-R model

The K-R model was used to simulate the creep test. The focus was to achieve test

accurate results and good creep strain and damage predictions.

Figure 5.9. Von mises stress contour for AM 718.

The creep strain calculated was plotted against the available test data for L-PBF man-

ufactured specimen.

Stress sensitivity can be observed for the K-R model. An exponential increase in creep

strain is seen as the necking occurs. The damage plots show that the K-R model predicted

rupture sooner than it occurred when compared to the experimental data.
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Figure 5.10. Creep strain validation curve for K-R model compared to the
experimental AM 718 Z orientation specimen 4 creep data.

5.3.3 Creep test results: L-M model

For the L-M model, similar test setup was used to simulate the creep test. It is observed

that necking is more prominent when using the L-M model.

L-M model is observed to overcome the stress sensitivity issue with the K-R model. The

solution dependent variable (SDV)s represents the equivalent strain and damage contour for

the test specimen.

Creep strain prediction for the additive manufactured nickel alloy 718 is accurate for the

L-M model than the K-R model. It is observed that the K-R model rupture time predictions

are less than the actual rupture time and on the other hand for the L-M model the rupture

times predicted for Z orientation are very high but for XY orientation it is very accurate.

The creep strain is calculated by subtracting the elastic and plastic strain from total

strain for the gauge length. Similar to strain gauge calculations, the change in length is

calculated and thus calculating the total strain. Using the material parameters estimated

by the regression curve fitting, the present model can be utilized to simulate secondary and

tertiary creep behavior for additive manufactured metals.
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Figure 5.11. Von mises stress contour for AM 718.

Figure 5.12. Creep strain validation curve for L-M model compared to ex-
perimental AM718 creep data.

73



6. CONCLUSIONS

The major conclusions are summarized as follows.

• A continuum damage mechanics (CDM) approach is employed by implementing a

user-defined subroutine formulated to accurately capture the creep mechanisms. Us-

ing a calibration code, the material constants are determined.

• Using the multi-regime Liu-Murakami (L-M) and Kachanov-Rabotnov (K-R) isotropic

creep damage formulation, creep deformation and rupture tests of both the secondary

and tertiary creep behaviors are modeled.

• A single element FE model is used to validate the model constants. Creep strain

prediction and damage evolution are calculated for 316 stainless steel at 240-300

MPa at 600°C, and nickel alloy 718 at 700-900MPa at 620°C. Temperature and

stress dependence is captured by calculating constants at different temperatures,

using the experimental creep test data. The user subroutine shows good accuracy at

predicting creep strain at high stress and temperature. Damage variables (ω) and

(q2) are calculated for the best fit with overall creep curves. Multiaxiality constant

α varies between 0.1 to 0.5 which gives consistent failure lives with the experimental

results.

• A full-scale axisymmetric FE model is used to simulate the creep test and the capacity

of the model to predict necking, creep damage, and creep-rupture life. The predicted

creep curves are in good agreement with experimental data for L-PBF manufactured

nickel alloy 718.

• The validated K-R and L-M models are implemented in the FE user subroutine

to predict the creep behavior of additive manufactured nickel alloy 718 creep test

specimen. Based on the material calibration method and the CDM model presented

in this work, reliable creep predictions can be made for 3D printed alloys.
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7. RECOMMENDATIONS

Creep model limitations: Although the current model is capable of predicting creep life,

there are a few limitations of the work.

• The material constants estimated using regression curve fitting can be improved with

the inclusion of more creep data points to avoid over prediction. Current model uses

less data points to calculate the creep constants for 3D printed material.

• The work represents a phenomenological constitutive model which does not incorpo-

rate the micro/nanoscale creep occurring at the grain structure level.

• Current work considered a single damage constitutive model to estimate the creep

deformation. The damage evolution solely depends on a single damage rate equation

thus leading to stress sensitivity and over predictions.

• Material constant calibration process to estimate tertiary creep constants is per-

formed using FE modeling. The damage evolution is thus restricted to the FE

solver’s capability to interpolate the results and FE model setup might be subjected

to convergence issues.

The current model can be further implemented as follows,

• Conduct creep tests for the additive manufactured nickel alloy material at different

stress and temperature levels. Gather strain rate and rupture datapoints for better

curve fitting and material constant estimation for different stresses and temperatures.

• Additive manufactured materials differ in the grain structure formulation when com-

pared to wrought material. A mechanistic constitutive model development approach

can be implemented to incorporate the effect of creep damage at the microstructure

level.

• Multiple damage parameter CDM models can be implemented for more accurate

creep and damage predictions.
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• Optimization techniques can be utilized to calibrate the tertiary creep model con-

stants. Inclusion on numerical methods to predict the damage evolution can improve

the creep prediction capability of the model.

• For specimen produced by different 3D printing process, relationship between the

constitutive model parameters can be determined with extensive testing for creep.
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