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Introduction

�CREEP is the slow deformation of a 
material under a stress that results in a 
permanent change in shape. Generally, 
creep pertains to rates of deformation 
less than 1.0%/min; faster rates are 
usually associated with mechanical 
working (processes such as forging and 
rolling).
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Introduction

� Although creep can occur at any temperature, only at 

temperatures exceeding about 0.4 of the melting point 

of the material are the full range of effects visible. 
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Introduction

� A schematic 

representation of creep in 

both temperature regimes 

is shown in Fig. I. At 

time=0 the load is 

applied. Once loaded, the 

material initially deforms 

at a very rapid rate, but 

as time proceeds, the 

rate of deformation 

progressively decreases.
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Introduction

� At high temperatures however, the regime of 
constantly decreasing strain rate (primary or 
first-stage creep) leads to conditions where the 
rate of deformation becomes independent of 
time and strain. When this occurs, creep is in 
its second stage or steady-state regime. 
eventually the strain rate begins to accelerate 
with time, and the material enters tertiary or 
third-stage creep. Deformation then proceeds 
at an ever-faster rate until the material can no 
longer support the applied stress and fracture 
occurs.
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Creep Curves
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Introduction

� Microstructure. During creep. significant micro structural 

changes occur on all levels. On the atomic scale, dislocations 

are created and forced to move through the material. This leads 

to work hardening as the dislocation density increases and the 

dislocations encounter barriers to their motion. At low 

temperatures, an ever-diminishing creep rate results. The 

combined action of hardening and recovery processes during 

primary creep can lead to the formation of a stable distribution of 

sub grains or loose three-dimensional dislocation networks in 

some materials, or an approximately uniform dislocation 

distribution without sub grains in other materials. These stable

dislocation configurations are maintained and are characteristic

of second stage creep. 

� Figure 9 is an example of a stress/temperature-dependent 

microstructure. 
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خزش

 مهمترين پارامتر minimum creep rate  )  (  نرخ مينيمم خزش �
با دو استاندارد اين پارامتر مورد . طراحي ناشي از منحني خزش است 

: استفاده قرار مي گيرد

hدر%  1درساعت ويا %  0.0001تنشي كه نرخ خزش ) 1(     10000       
hدر %1 يا در ساعت و%  0.00001تنشي كه نرخ خزش) 2(

. ايجادكند)   سال11.5حدود  (100000

ين معياراول معمولا نياز يك آلياژ موتور جت است و معيار دوم براي تورب �
. هاي بخارو يا مشابه آن بكار مي رود

ي از آنحاييكه انجام اين آزمايشات وقت زيادي مي گيرد بنابراين روشهاي �
بايد يافت شوند كه از نتايج آزمايشات كوتاه مدت بتوان اطلاعات عمر 

 .طولاني را برون يابي كرد

IIε&
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 در خزش معيارهاي طراحي  

       معمولا با يك يا هردو پارامتر) ازديد مهندسي(استحكام خزش مواد �
 بطور tfو      . مشخص   مي شود) زمان تا شكست يا عمر  (tfو 

. معكوس با يكديگر رابطه دارند

اگر يك قطعه قرار است براي يك مدت زمان كوتاه در درجه حرارت �
تغيير ) مثل قطعات موتور يك موشك يك با ر پرتاب(بالا كار كند 

در اين مورد، . شكل خزش مي تواند قابل تحمل باشد اما شكست نه
tfمتغير مناسب طراحي است .

 براي كار در درجه حرارت بالا براي چند صد ساعت  کهقطعاتيبرای �
يا در بعضي موارد براي چندين ) مثل پره هاي توربين موتور جت(

طراحي مي شوند ، انسجام سازه اي در  )مثل لوله هاي بويلر(سال 
 يك پارامتر تر جيحي طراحي     يك كرنش دائمي كم لازم است  و 

. مي شود

IIε&IIε&
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Theory of Creep Deformation

� Temperature Dependence of Steady-State Creep

Although creep is known to be a thermally activated process, it is less 
generally understood that the measured activation energy varies 
significantly with temperature at low temperatures and becomes 
independent of temperature only above approximately 0.6TM Figure 3 
illustrates the activation energy for creep in pure aluminum as a 
function of temperature (Ref 3).

Above 0.6TM the activation energy for creep deformation is 
independent of temperature and is equal to the activation energy for 
self-diffusion. For many pure metals, an excellent correlation exists
between the activation energy for self diffusion and the activation 
energy for creep at high temperatures (Ref 3). Such a correlation is 
shown in Fig. 4. 
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Theory of Creep Deformation

� The Dorn Equation 

In the temperature/stress regime in which power-law stress dependence 
exists and in which dislocation climb determines the temperature
dependence of creep, the temperature/stress dependence of steady-
state creep may be expressed by the Dorn equation (Ref 6): 

where A and n are constants; b is the burgers vector, representative of 
the discontinuity in the crystal caused by the dislocation; DL is the self-
diffusion coefficient; k is Boltzman' s constant; T is the absolute 
temperature;   is the applied stress; and G is the shear modulus. σ
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Theory of Creep Deformation

� Dislocation Creep Mechanisms 

Creep has been considered to result from the competing processes of 
work hardening and thermal recovery. The Bailey-Orowan equation 
defines this concept mathematically: 

where dσ represents the change in flow stress, dσ /dε represents the 
hardening that results from an increment of plastic strain dε, and 
dσ/dt represents the softening due to recovery in a time increment dt.
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نمايش تجربي رفتار خزش

:متداولترين تابع درجه حرارت عبارت است از : تابع درجه حرارت ) ج�

.    در جه حرارت مطلق استTثابت بولتزمن و   R  انرژي فعال سازي،   ه       ك�
نرخ مينيمم كرنش كه در    ( از آنجاييكه در طراحي همانگونه كه گفته شد مرحله دوم   �

مطرح مي شود، مرحله سوم نديده گرفته مي       ) مدت زمان طولاني ثابت مي ماند        
بنابراين :  شود و مرحله اول نير با يك كرنش ثابت جايگزين مي شود      
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نمايش تجربي رفتار خزش

نرخ خزش مرحله دوم است و اين نرخ مينيمم خزش بصورت تجربي                         
عبارت است از
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نمايش تجربي رفتار خزش

 .نشان داده می شود نيز با فرمول زير  و تنش درجه حرارتتاثير
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Larsen Miller Parameter

� Larsen Miller parameter is used to represent creep-stress 
rupture data. 

P(Larsen-Miller) = T[log tr + C]

T = temperature(K), tr = stress-rupture time h

C = Constant (order of 20)

Also,        P(Larsen-Miller) = [T(0C) + 273(20+log tr)

or           P(Larsen-Miller) = [T(0F) + 460(20+log tr)

� At a given stress level, the log time to stress rupture plus 
constant multiplied by temperature remains constant for a 
given material. 

7-25
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Larsen Miller Parameter

If two variables of time to

rupture, temperature and

stress are known, 3rd parameter 

that fits L.M. parameter can be

determined. 

Example:

For alloy CM, at 207 MPa, 

LM parameter is 27.8 x 103 K

Then if temperature is known,

time to rupture can be found. 

Figure 6.36

(After “Metals Handbook,” vol 1, 10th ed., ASM International, 1990, p.998.)
7-26
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� Creep Experiments; The creep behavior of a material is generally 

determined by uniaxial loading of test specimens heated to temperature in 

some environment. Creep-rupture experiments measure the deformation 

as a function of time to failure. If strain-time behavior is measured, but the 

test is stopped before failure, this is termed an interrupted creep 

experiment. Finally, if an inadequate strain-measuring system or no 

attempt to determine length is employed, and the test is run to fracture, a 

stress-rupture experiment results. 

� Direction of Loading;  Most creep-rupture tests of metallic materials are 

conducted in uniaxial tension. Although this method is suitable for ductile 

metals. compressive testing is more appropriate for brittle, flaw sensitive 

materials. In compression, cracks perpendicular to the applied stress do 

not propagate as they would in tension; thus, a better measure of the 

inherent plastic properties of a brittle material can be obtained. 

Experiment

22

� Test specimens;  for uniaxial tensile creep-rupture tests are the same as 

those used in short-term tensile tests. Solid round bars with threaded or 

tapered grip ends or thin sheet specimens with pin and clevis grip ends 

(Ref 3) are typical. However, many other types and sizes of specimens 

have been used successfully where the choice of geometry was dictated 

by the available materials. 

� Environment;  The optimum conditions for a creep-rupture test are those 

in which the specimen is influenced only by the applied stress and 

temperature. This rarely occurs. particularly at elevated temperatures, and 

these conditions do not exist for real structures and equipment operating 

under creep conditions. For example, turbine blades are continuously 

exposed to hot, reactive gases that cause corrosion and oxidation. 

Experiment
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Experiment

� Strain Measurement. Care must be taken to 

ensure that the measured deformation 

occurs only in the gage section. Thus, 

measurements based on the relative motion 

of parts of the gripping system above and 

below the test specimen are generally 

inaccurate, because the site of deformation 

is unknown. Extensometry systems are 

currently available that attach directly to the 

specimen (shoulders, special ridges 

machined on the reduced section, or the 

gage section itself) and transmit the relative 

mo-tion of the top and bottom of the gage 

section via tubes and rods to a sensing 

device such as a linear variable differential 

transformer (LVDT). Figure 3 illustrates such 

a system. These systems are quite accurate 

and stable over long periods of time. 

24

Experiment

� Data Presentations; Generally, all creep- and stress-rupture related data 

are analyzed in terms of three variables: time, stress, and temperature. The 

time-to-rupture (tr) from either isothermal stress-rupture or creep-rupture 

testing is presented as a function of stress as: 

� where K1, K2, and a are constants. and m is the stress exponent for rupture. 

An example of time-to-rupture results and the use of these equations to 

describe the data at several tem-peratures are shown in Fig. 4(a) and (b). 

Generally. In both cases, the data lie on straight lines, and coefficients of 

determination (R2) for the linear regression fits of the data have high values. 
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Experiment

� When temperature effects as well as stress effects on time-to-rupture are to 

be consid-ered, one common presentation is: 

� where K3 is a constant; Qr is the activation energy for rupture; R is the 

universal gas con-stant (8.314 kJlmol . K); and T is the absolute temperature 

in Kelvin. Figure 4(c) describes time-to-rupture data for several temperatures 

as a single line. The Larson-Miller parameter (LMP) (Ref 6) represents 

another approach using a single curve to represent data gath-ered under a 

variety of conditions. where: 

where C, K4. and K5 are constants 
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Experiment

� Creep curves generated by either creep rupture or interrupted creep 

testing are usu-ally presented as strain versus time or log strain versus 

log time. Examples of both forms are given in Fig. 5. 

Fig. 5 Creep curves for [100] oriented NASAIR 100 (Ni-5.5AI-8.5Cr-0.7Mo-3Ta-1Ti-10W 

(wt%)) single crystals tested in tension to rupture at 1 000 °C (1830 OF) in air

(a) Strain versus time. (b) Log strain versus log time. Source, Ref 7
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Experiment

� Steady-State Creep Rate. The most important creep parameter in terms of 

theo-retical analysis is the steady-state creep rate. Its dependence on stress 

is generally expressed as: 

� where K6 and K7 are constants, n is the stress exponent for creep, and Qc is 

the activation energy for creep.

� Examples of steady-state creep rates as functions of stress and temperature 

are shown in Fig. 6, along with the results of linear regression fits to power 

law creep (Eq 6) and temperature-compensated power law creep (Eq 7). 
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Experiment
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Experiment

� Stress to Produce 1.0% Strain;  In many cases, the objective of 

testing is to determine the total amount of creep strain that can be 

expected during stress/tempera-ture exposures. Of particular interest 

are the stresses required to produce 0.5. 1.0, and 2.0% strain in a 

certain period of time as a function of temperature. A typical example of 

such a presentation is shown in Fig. 7 for several refractory alloys. Also 

illustrated is a case in which a metallurgical variable (grain size) was 

factored into the analysis to ac-count for the difference in behavior 

between the two lots of the tantalum-based alloy Astar 811C. 
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Experiment

� Monkman-Grant Relationship. For elevated-temperature tensile creep-

rupture experiments, the product of the time-to-rupture and steady-state 

creep rate raised to the power M is approximately a constant for many 

materials (Ref 9): 

� where M and K8 are constants with values roughly equal to 1. An example 

of this relationship is shown in Fig. 8 using a rearranged form of Eq 8: 

32

Experiment

� Stress Relaxation Traditional creep testing to develop 

descriptions of strain rate, stress, and temperature behavior 

can be time-intensive and expensive, involving many creep 

test stands, specimens, and thousands of hours of testing. 

Stress relaxation offers the potential to eliminate this difficulty 

by producing strain rate/stress data over a wide range of rates 

from a single specimen. This information is developed when 

the elastic strain of a specimen extended (or compressed) to a 

certain. constant length is converted to plastic strain. As the 

specimen slowly deforms. the load required to maintain the 

constant length is reduced, hence the term “stress relaxation"  

test. In addition, this type of experiment simulates the real 

engineering problem of the long-term loosening of tightened 

bolts and other fasteners. 
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Stress Relaxationتنش) شل شدن( رهايي 

در  در شكل ديگري از خزش كه آن نيز تابع زمان ميباشد             �
. كرنش ثابت، تنش كاهش مي يابد 

رها شدن    (يك مثال عمومي و رايج از اين پديده شل شدن         �
تنش محكم كردن پيچهاي فلانچها در لوله هاي بخار و             ) 

و يا در    .   آب داغ است كه باعث امكان نشست مي شود       
.  قطعاتي كه با فشار جازده شده اند      

34

Stress Relaxationتنش )  شل شدن (  رهايي 

 در درجه حرارت εدر نظر بگيريد يك نمونه كه درمعرض يك كرنش كلي �
)يعني خزش مي تواند اتفاق افتد (بالا قرارگرفته است 

كرنش كلي در حالتي ) افزايش طول يابد ( همينكه ماده دچار خزش شود �
. مي تواند ثابت بماند كه كرنش الاستيك كاهش يابد

. است         با ديفرانسيل گيري از معادله بالا نسبت به زمان و اينكه�
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Stress Relaxationتنش) شل شدن( رهايي 

باشد                       و اگر     اما           

در اينصورت              و t=0در 

بنابراين رابطه تنش و زمان در رها شدن تنش بقرار زير است 
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Characterization of creep damage and lifetime in Inconel-713C
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Abstract
This article has presented suitable creep lifetime predictionmodels for Inconel-713Cnickel-based
superalloy. For such objective, the characterization of the creep damage and lifetime has been
performed by considering stress-basedmodel, strain/strain ratemodels and continuumdamage
mechanicsmodels. For calibratingmaterialmodels, creep tests at 850 °Chave been performed on the
Inconel-713Cnickel-based superalloy under different stress levels. Obtained results indicated that
reliable/validmodels, according to a proper relative error and a low scatter-band, were the
Monkman-Grant strain rate-basedmodel and the continuumdamagemechanicsmodel. The
scanning electronmicrocopy (SEM) analysis showed that thematrix pattern of crept specimens
changed, when the applied stress changed under creep loading. In addition, the one-dimension form
could be considered for the shape of carbides.

1. Introduction

The design of turbine blades is one of the important task for engineers in automotive and aero industries.
According to the centrifugal force (due to the rotational speed of blades) under high-temperature working
conditions, utilizedmaterials in blades should have enough creep strength, such as superalloys. Todays, such
materials have beenwidely used inmanufacturing of turbine blades, weather in turbo-chargers of combustion
engines or in gas turbines of aero engines [1–3]. Indeed, it is difficult and costly to performmulti-axial creep
experiments for superalloys. However, the creep behavior of superalloys should be known for design engineers.
Therefore, for designing such costly high-reliable parts, the development ofmaterialsmodels is in a special
interest. Before using, they should be calibrated by experimentalmechanical (monotonic), fatigue (cyclic) and
creep data forfinite element simulations, during a design process [1–4]. Several researchers have been studied
materialmodels for simulations of the creep damage and behavior in superalloys. Suchmodels can be
categorized in three types, including stress-basedmodel, strain/strain ratemodels and continuumdamage
mechanicsmodels. In the following literature, published researches about thesemodels have been reviewed.

Hyde et al [5] represented the prediction of creep failures in the aero-enginematerial, under amulti-axial
stress condition. Fromuniaxial creep testing results on a nickel-base superalloy, a creep continuumdamage
model was calibrated. Qi andBertram [6]modeled the damage in a superalloy under creep testing. They derived
a phenomenological creep damagemodel for superalloys, based on the theory of continuumdamagemechanics.
Sajjadi et al [7] evaluated themicrostructure, deformationmechanisms andmechanical properties of the nickel-
base superalloy. They also presented Larson-Miller andMonkman-Grantmodels for the creep lifetime
prediction, comparing to creep test results. Hou et al [8] investigated themicrostructure andmechanical
properties of the cast nickel-base superalloy. They indicated that themodifiedMonkman-Grant relationwith
the time to onset of the tertiary creep and the Larson-Miller relation can describe exactly the creep lifetime of the
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K44 superalloy. Yuan and Liu [9] studied the effect of the δ phase on the hot deformation behavior in the
Inconel-718 superalloy. A hyperbolic-sine Arrhenius equationwas utilized to characterize the dependence of the
peak stress on the deformation temperature and the strain rate.Hyde et al [10] presented the failure estimation
of welded Inconel-718 sheets. Then, the continuumdamage approachwas utilized for predicting the failure
lifetime ofwelded sheets.Marahleh et al [11] suggested an exactmethod for estimating the service lifetime in
turbine blades under creep loadings. They estimated the lifetime for an industrial gas turbine based on the
Larson-Miller parameter. Kim et al [12] utilized the continuumdamagemechanics for the creep-fatigue lifetime
prediction of a nickel-based superalloy at high temperatures. Chen et al [13] combined themodified linear
damage summationmethod and themodified strain range partitioningmethod for the lifetime prediction of
turbine blades under creep-fatigue loading. Chateau andRemy [14] evaluated the creep damage in awrought
nickel-based superalloy. A constitutivemodel was proposed to take accounts for coarsening of precipitates and
to use continuumdamagemechanics to describe the creep damage. Chen [15] studied high-temperature
mechanical behaviors of a superalloy in an aero engine, based on creep tests under 137–600MPa and at 700 °C–
900 °C.Obtained results showed that theminimumcreep rate and the rupture timewerewell related by the
Monkman-Grant relationship.Maharaj et al [16] investigated the creep behavior of the turbine disc, using the
finite elementmodel. They used theNorton-Bailey law for the creep relation. Shi et al [17] presented the creep
and fatigue lifetime analysis of directionally solidified superalloy, based on continuumdamagemechanics at
elevated temperatures. They developed amodel to predict the lifetime of specimens, based on continuum
damagemechanics. Liu et al [18] predicted the creep rupture lifetime of aV-notched bar of the single-crystal
superalloy. The creep rupture lifetime of smooth specimenswas successfully predicted by theKachanov-
Rabotnov damage law.Martino et al [19] characterized creep properties of a superalloy under high-
temperatures. Obtained experimental results were used as inputs for the validation of amicro-structurally-based
continuumdamagemechanicsmodel. Sugui et al [20] studied creep properties of 4.5Re/3.0Ru superalloys at
high temperatures. They foundmaterial constants of theNorton–Bailey law, as the relation between the strain
rate of the superalloy, during the steady state creep regime.Wollgramm et al [21] investigated the role of Re in
the stress/temperature dependence of the creep behavior in superalloys. They represented a power law type of
the stress dependence and an exponential type of the temperature dependence. Liu et al [22] proposed a
numerical approach of the lifetime assessment for the superalloy turbine blade, based on the Lemaitre-
Chaboche creep damagemodel.

Asmentioned in the literature review, differentmodels have been utilized by researches for creep lifetime
predicting of turbine blades. As a novelty for this article, researches about the Inconel-713C nickel-based
superalloy are still rare, despite other superalloys. Then, comparing such thesementionedmodels, could be
another novelty of this article tofind a suitable creep lifetime predictionmodel. Besides, the characterization of
the creep damagewithmaterialmodels has been presented in this article. For this objective, creep tests have been
performed on the Inconel-713Cnickel-based superalloy under different stress levels. Then, these experimental
data have been utilized forfindingmaterial constants (as creep properties) and calibratingmaterialmodels,
including stress-basedmodel, strain/strain ratemodels and continuumdamagemechanicsmodels. In addition,
such characterization for the Inconel-713Cnickel-based superalloy, which has been used in turbine blades of the
engine turbo-charger, is still rare according to the literature review and it requires to be performed for designing
the similar component.

2.Models

In this part, creepmodels, which have been presented by the literature [17, 23–33] until now, are discussed in
details. Asmentioned before,materialmodels for predicting the creep damage and lifetime can be categorized in
three types, as follows,

• materialmodels based on the stress: includes the stress-lifetime relation (and sometimes, the stress-lifetime-
temperature relation),

• materialmodels based on the strain or the strain rate: includes the stress-strain relation or the stress-minimum
strain rate relation (and sometimes, the stress-strain-temperature relation or the stress-minimum strain rate-
temperature relation),

• andmaterialmodels based on continuumdamagemechanics, or the Rabotnov-Kachanovmodel [17].

For better understanding of different formulations in variousmodels, table 1 is represented.More details of
eachmodel can be found in the appendix of the article, whichwere described in the literature [17, 23–34].
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Tofindmaterial constants, the Levenberg-Marquardtmethod [17, 35] has been employed in the present
article, as a nonlinear least squares datafitting approach. In thismethod, the squared value of errors between
experimental and predicted data has beenminimized. For this objective, a solver (mathworks) in theMATLAB
softwarewas utilized. These relative errors is to evaluate the accuracy of eachmaterialmodel, based on
experimental data (t , ,cr c,exp min,exp ,expe e and expe ) and calculated data (t , ,cr c,cal min ,cal ,cale e and cale ). Relative
errors (E1 toE4) are considered as follows,
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Above relative errors including E1 toE4 are used formentionedmodels in table 1 (includingmodels: type 1 to
6). The other evaluation (formodels: type 1 to 4 in table 1) can be the scatter-band value in the curve of
experimental data versus calculated data. Such curves have been shown in the part, results and discussions.

Table 1. Formulations of differentmodels for the creep lifetime prediction.

Model type ModelName Abbreviations Formulations

Type 1: stress-basedmodels for predicting

the creep lifetime

Monson-Brown MB t 10cr
P T C ClogMB

n
2 1= - +[ ( ) ( )]

Monson-Haferd MH t 10cr
P T C ClogMH 2 1= - +[ ( ) ( )]

Sherby-Dorn SD t
P

exp
cr

SD

Q

RT

=
-( )

Orr-Sherby-Dorn OSD t 10cr
POSD

C
T= +⎡⎣ ⎤⎦

Larson-Miller LM t 10cr
C

PLM
T= -⎡

⎣⎢
⎤
⎦⎥

SimpleModel SM t Pcr SM m

1= ( )
Type 2: strain rate-basedmodels for pre-

dicting the creep lifetime

Monkman-Grant MG tcr
C

n
min

=
e( )

Dobes-Milicka DM tcr
C R

n
min

= e
e( )

Temperature-dependent

Power Law

TD-PL
tcr

C expn Q

RT

m

min

1

= e

s -


⎡
⎣
⎢⎢

⎤
⎦
⎥⎥( )

Temperature-independent

Power Law

TI-PL tcr C n
mmin
1

= e
s

( )
Type 3: damage-basedmodels for predict-

ing the creep lifetime and the damage

ContinuumDamage

Mechanics

CDM tcr k A

r1

1
= s

+

-⎡⎣ ⎤⎦

D 1 1CDM
t

tcr

k
1

1= - - +{ }
D D 1
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1
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e
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
( )

D 1
N M

0 2= -e
e
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⎡
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⎤
⎦⎥( )

Type 4: strain rate-basedmodels for pre-

dicting theminimum strain rate

Arrhenius Law AL C exp Q

RTmine = - ( )
Simple Power Law SPL C n

mine s=
Norton Power Law NPL C expn Q

RTmine s= - ( )
hyperbolic-sine Law HSL C Csinh exp Q

RTmine s= - ( )( )

Type 5: strain-basedmodels for predicting

the creep strain during the time

Bailey-Norton BN εc=Cσ n(t)m

Findley Lawmodified by

Hadid et al [32]
FH εc=ε0+AσB(t)m

Du et al [30] DU t t1 expc C C

C

C C1 2

2

2 1
e = + - - +s s s⎡

⎣⎢
⎤
⎦⎥( )

Type 6: strain-basedmodels for predicting

the strain rate

ABAQUS Software [29] AS C m 1n
c

m m
1

1e s e= + + ( [( ) ] )
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3.Materials and experiments

The Inconel-713Cnickel-based superalloy is the case study of this article, which has been utilized in turbine
blades, in the engine turbo-charger. The chemical composition of thementionedmaterial ismeasured as 5.50%
Al, 0.97%Ti, 1.91%Ta+Nb, 0.04%Mn, 14.00%Cr, 4.50%Mo, 0.12%C, 0.13%Fe, 0.01%B, 0.06%Zr, 0.04%
Si, 0.01%Cu andNi is the remainder.

Creep tests on cylindrical specimens (shown infigure 1)were carried out based on the standard: ASTM-
E139-11 [36], at the temperature of 850 °C andunder different stress levels, including 507.7, 546.7 and
585.8 MPa. It should be noted that standard specimensweremachined from a casted Inconel-713C nickel-based
superalloy cylinder. Creep test equipments included a creep testingmachine (the SCT-300model, SANTAM
Company). In thismachine, values of the load and the displacement weremeasured by the load cell and the
extensometer, respectively. In addition, the temperature wasmeasured byK-type thermo-couples. In this
article, the engineering stress (σe=F/A0) and the engineering strain (εe=Δl/l0) are reported, where F is the
measured load,A0 is the initial area of specimens, l is the specimen length during testing, l0 is the initial length of
specimens andΔl is the difference between the length and the initial length (Δl=l−l0).More details about the
material and creep testing can be found in the literature [3, 4].

In addition, for characterizing the creep damage of thematerial, the scanning electronmicroscopy has been
performed on all specimens, before and after testing.

4. Results and discussions

As thefirst result, curves of the engineering strain versus the time and the engineering strain rate versus the time,
for the Inconel-713Cnickel-based superalloy are shown infigure 2. As it can be seen in thisfigure, one creep test
under 585.8 MPawas repeated for checking the repeatability of testing. For such specimens, although their
minimum strain rates were approximately different; however, their creep lifetimeswere so similar.More details
for the repeatability of creep testing can be found in the previous research [3, 4]. Another analysis fromobtained
results is that by increasing the stress value, from507.7 to 546.7 MPa, the creep lifetime decreased significantly.
Higher stress level (585.8 MPa) decreased the creep lifetime again, but not as the sharp as other stress level. It
should be noted that the temperature was constant (as 850 °C) in these reported creep tests. For better
understanding, other results obtained from figure 2 are presented in table 2, including the temperature, the
applied stress, the creep lifetime, the initial strain, the rupture strain, and theminimum strain rate.

As known, there are three regions in the creep phenomenon. In the first region, the creep rate decreases by
the time, which is called as the transient stage. The second region is related to theminimum strain rate as the
steady state condition. In this stage, the strain rate is approximately constant. In the third region, the strain rate
increases by the time, which is call as the acceleration stage [4]. As it can be seen in figure 2, by increasing the
stress level, the steady state region shortened and consequently, the creep lifetime decreased.

Obtained results includingmaximumand average relative errors for stress-based (Type 1 in table 2), strain
rate-based (Type 2 in table 2) and damage-based (Type 3 in table 2)models can be found in table 3. In addition,
the scatter-band for experimental and predicted data for suchmodels can be seen infigure 3. As it can be
observed fromobtained results, the superior stress-basedmodel was theMonson-Haferd one (by linearfitting),
with themaximum relative error and the average relative error of 77.6% and 24.9%, respectively. Lower relative
errors could be reported for theMonkman-Grant strain rate-basedmodel. For thementionedmodel, the
maximum relative error and the average relative errorwere 28.1% and 16.5%, respectively. Besides, using
continuumdamagemechanics for predicting the creep lifetime of the Inconel-713Cnickel-based superalloy
resulted in obtaining 39.7% for themaximum relative error and 26.8% for the average relative error. According
tofigure 3, the scatter-bandwas obtained as 1.4X and 1.7X for theMonkman-Grant strain rate-basedmodel and
the continuumdamagemechanicsmodel, respectively. Other predictionmodels had higher values (more than

Figure 1.The geometry of high-temperature creep specimens (inmillimeter).
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3.0X) for the scatter-band and their predictionswere in an un-safe region (lower predicted lifetime data in
comparison to higher experimental lifetime data).

The physical reason is that in theMonkman-Grant strain rate-basedmodel is only based on one parameter
including theminimum strain rate and the continuumdamagemechanicsmodel is only based on the stress
level. In other stress-based and strain rate-basedmodels, two or three parameters were considered together for
predicting the creep lifetime, such as the temperature, the stress level and theminimum strain rate. In this
research, the temperature, as this first parameter, was constant at each testing condition. Therefore, it could not
be a proper parameter for the prediction. Then also, the interaction between stress level andminimum strain
rate parameters was complicated, whichwould bemore described in next section, based onmicrostructural and
morphological investigations. The relation between the stress level and theminimum strain rate is not linear and
their related experimental data could befitted by a power-law. Itmeans that by increasing the stress level, the
minimum strain rate increased sharply.

Figure 2.Curves of creep testing for the Inconel-713Cnickel-based superalloy, including (a) the creep engineering strain versus the
time and (b) the creep engineering strain rate versus the time.

Table 2.Obtained results from creep testing for the Inconel-713Cnickel-based superalloy.

SpecimenNo. 1 2 3 4 (Repeated)

Temperature (°C) 850 850 850 850

Applied stress (MPa) 507.7 546.7 585.8 585.8

Creep lifetime (hr) 5.974 1.190 0.993 0.889

Initial strain (−) 0.008 0.003 0.005 0.020

Rupture strain (−) 0.127 0.091 0.103 0.250

Minimum strain rate (1/hr) 0.011 0.041 0.054 0.093
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As a conclusion, for the objective of predicting the creep lifetime in the Inconel-713Cnickel-based
superalloy, only two reliable/validmodels could be utilizedwith a proper error and a low scatter-band,
including theMonkman-Grant strain rate-basedmodel and the continuumdamagemechanicsmodel. As an
advantage of theMonkman-Grant strain rate-basedmodel, a creep test can be performed on amaterial, only in
thefirst creep stage. By finding theminimum strain rate, the creep lifetime can be estimatedwithout performing
a complete creep test to reduce costs and the time of testing. As an advantage of the continuumdamage
mechanicsmodel, the creep damage can be predicted during the time. Knowing the damage behavior of
materials helps engineers for an appropriate design ofmechanical structures under creep loading.

As a verification, average errors for stress-basedmodels in the present work are 27.9%, 24.9%, 28.1% and
28.1% forMB,MH,OSDand LMmodels, respectively. Such values in the literature [23] are 365.7%, 67.7%,
125.8% and 35.9%, forMB,MH,OSD and LMmodels, respectively.

Comparing obtained results (material constants in the continuumdamagemechanicsmodel) in the present
work to other results of other researches can be seen in table 4. Such table could verify obtainedmaterial
constants in this work. As another verification, the average error for predicting the creep lifetime based on
continuumdamagemechanics in the present work had an appropriate value (as 26.8%), comparing to
literatures [12] (as 88.3%) and [17] (as 14.6%).

The damage parameter for the Inconel-713C nickel-based superalloy during creep testing, based on the
continuumdamagemechanicsmethod, can be seen infigure 4, under different stress levels. As it can be seen, the
creep damage parameter started from zero and ended to unity, during testing. As afirst result, there is no proper
prediction by the damagemodel based on the strain rate, before theminimum strain rate occurred.However,
thefinal damage value and the changing behavior of the damage can be appropriately predicted by the

Table 3.Obtained results for predicting the creep lifetime of the Inconel-713Cnickel-based superalloy.

Model type ModelName Abbreviations Bestfit (E1)maximum (E1)average

Type 1: stress-basedmodels Monson-Brown MB A1+A2σ 83.4 27.9

Monson-Haferd MH A1+A2σ 77.6 24.9

Sherby-Dorn SD A1+A2σ 82.6 29.3

Orr-Sherby-Dorn OSD A1+A2σ 83.3 28.1

Larson-Miller LM A A log1 2 s+ ( ) 83.3 28.1

SimpleModel SM A A
1 2s 83.2 28.3

Type 2: strain rate-based

models

Monkman-Grant MG — 28.1 16.5

Dobes-Milicka DM — 94.3 67.6

Temperature-dependent

Power Law

TD-PL — 82.7 29.4

Temperature-independent

Power Law

TI-PL — 82.7 29.4

Type 3: damage-based

models

ContinuumDamageMechanics CDM — 39.7 26.8

Figure 3.The scatter-band of experimental and predicted data for the creep lifetime of the Inconel-713Cnickel-based superalloy (S-B:
stress-based, SR-B: strain rate-based, andD-B: damage-basedmodels).
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mentionedmodel. Obtained results by the damagemodel based on the strain showed that the estimation of the
damage (including the trend) can be acceptable and not exactly correct; however, the final damage valuewas not
predicted truly.

Obtained results for predicting of theminimum strain rate based on the strain rate-basedmodels (Type 4 in
table 1) is presented in table 5. Besides, the scatter-band for experimental and predicted data for strain rate-based
models can be seen infigure 5. Fromobtained results, it can be noted that the superiormodel was the
hyperbolic-sine law based on the relative error. If the objective is the scatter-band; then again, the hyperbolic-
sine law had a reliable response (with the scatter-band of 1.5X) in comparison to other strain rate-basedmodels
for predicting theminimum strain rate of the Inconel-713Cnickel-based superalloy. Other strain rate-based
models had higher scatter-band of 3.2X in predicting theminimum strain rate of the Inconel-713C nickel-based
superalloy.

To predict the strain or the strain rate during the time (or creep testing), fourmodels (Types 5 and 6 in
table 2)were used, including Bailey-Norton (BN), Findley lawmodified byHadid et al [32] (FH), Du et al [30]
(DU) andABAQUS software [29] (AS). Relative errors for thesemodeling can be seen in table 6. It should be
noted that theDUmodel was not able to predict the strain during creep testing of the Inconel-713C nickel-based
superalloy. Experimental and predicted data for BN, FH andASmodels can be observed infigures 6–8,
respectively.

Figure 9 shows SEM images from specimens, before and after creep testing. According tofigure 9(a), the
microstructure of the specimen before creep testingwas consisted the γmatrix and γ′ phase participates, plus
MC carbides, whichwas observed in thewhite-colored region. The energy disperse spectroscopy (EDS) result of
such imagewas found in the previous research [3].When the specimen crept under the stress of 507.7 MPa
(specimenNo. 1) for about 6 h, the size of γ′ phase participates seemed to be changed, as shown infigure 9(b).
The phase size changed to the smaller value in some participates. Such behavior could be attributed to the
interaction of dislocations and γ′ phase participates. This interaction led to decrease the creep strain rate, with
respect to other specimens.

By increasing the stress value, from507.7 to 546.7 MPa (specimenNo. 2), thematrix that consisted of γ
phase and γ′ participate changed homogenously, as indicated infigure 9(c). In some regions, the γmatrix was
similar to the imagematrix of the specimen before creep testing, as illustrated infigure 9(a). It seems that the
specimenwas not crept homogenously and this event caused to decrease the creep lifetime, drastically.When the
applied stress increased to 585.8 MPa (specimenNo. 3), the size of γ′ phase participates did not change
comparingwith specimen before the creep as shown in figure 9(d). Besides,MC carbides changed toM23C6

carbides, whichwas observed in the black-colored region, infigure 9(d). This behavior was the result of the high
applied stress under creep testing. The highmagnitude of the applied stress provided the energy to cause the
carbide conversion, as this change could be donewhen the temperaturewas higher than 930 °C [37]. In addition,
the thickness ofMC carbides decreased and their shapewas observed in the one-dimensional form.

To describe the reason for appreciatemodeling ofMonkman-Grant strain rate-based and continuum
damagemechanicsmodels,microstructural andmorphological investigations could be used.When the stress
level was 507.7 MPa, the amount of the strain rate was low and based onMonkman-Grant strain rate-based and
continuumdamagemechanicsmodels, the creep lifetime increased. In this situation, dislocations interacted
with γ′ phase participates and led to cutting them, as described before.When the stress level increased to
546.7 MPa, the strain rate increased and therefor, dislocations had no enough time tomove in thematerial and
interact to γ′ phase participates. This caused to shorten the second region of the creep phenomenon and the
specimenwas not crept homogenously.When the stress level increased to 585.8 MPa, the interaction between
dislocations and γ′ phase participates was limited to a small amount and only the carbides lengthwas changed.
Therefore, based onMonkman-Grant strain rate-based and continuumdamagemechanicsmodels, the creep
lifetimewas at theminimumvalue.

Table 4.Obtained results includingmaterial constants in the continuumdamage
mechanicsmodel for the Inconel-713C nickel-based superalloy.

Material Constants

Reference Material Temperature (°C) k A r

[12] Waspaloy 650 20.0 2.1 15.8

[17] DZ125 980 5.6 725.2 5.4

[17] NHT-BJ 980 2.2 423.8 6.4

[17] HT-BJ 980 3.3 498.8 6.2

PresentWork 713C 850 7.0 700.0 10.5
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Figure 4.The damage parameter for the Inconel-713C nickel-based superalloy during creep testing under the stress of (a) 507.7 MPa,
(b) 546.7 MPa and (c) 585.8 MPa (Note: D_strain ratemeans De andD_strainmeansDε).

Table 5.Obtained results for predicting theminimum strain rate of the Inconel-713Cnickel-based superalloy.

Model type ModelName Abbreviations (E2)maximum (E2)average

Type 4: strain rate-basedmodels Arrhenius Law AL 84.1 65.3

Simple Power Law SPL 80.2 63.4

Norton Power Law NPL 69.3 51.0

hyperbolic-sine Law HSL 31.9 23.6
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5. Conclusions

In the present article, the characterization of creep damage at 850 °C in Inconel-713Cnickel-based superalloy
has been performed by stress-based, strain/strain rate-based and continuumdamagemechanicsmodels.
Obtained results can be presented as follows,

• Increasing the stress value (from507.7 to 546.7 MPa) caused to a significant decrease in the creep lifetime.
Such reduction in the creep lifetimewas not so significant under higher stress level.

• TheMonson-Haferdmodel was calibrated by experimental data as a superior stress-basedmode, according to
linear fitting. Between strain rate-basedmodels, theMonkman-Grantmodel had appropriate results. Based
on continuumdamagemechanics, the relative errorwas in a proper range.

• The scatter-band (the creep lifetime based on experimental data and results ofmodels)was calculated less
than 2X for theMonkman-Grant strain rate-basedmodel and continuumdamagemechanicsmodel.

• The strain-based damage parameter indicated that predicting of the damage value (including the trend)was
acceptable and not exactly correct; however, thefinal damage valuewas not predicted truly.

• Based on SEM images of crept specimens, thematrix pattern changed, when the applied stress under the creep
testingwas various. Besides, the carbide shape changed to the one-dimension form.

Acknowledgments

This studywas not funded and authors have received no research grants from any companies or institutes.
Besides, authors have declared that there is no conflict of interests.

Appendix

In thefirst section of this part, stress-basedmaterialmodels are described by different formulations. It should be
mentioned that in thesemodels, tcr andT are the creep lifetime (hr) and the temperature (°K), respectively.

The equation based on theMonson-Brown parameter (PMB) is given by the following formulation [23].

P
t C

T C

log log
A1MB

cr

n

1

2

=
-
-

( ) ( )
( )

( )

WhereC1,C2 and n arematerial constants.
The equation of theMonson-Haferd parameter (PMH) can bementioned as follows [23],

P
t C

T C

log log
A2MH

cr 1

2

=
-
-

( ) ( ) ( )

Figure 5.The scatter-band of experimental and predicted data for theminimum strain rate of the Inconel-713Cnickel-based
superalloy (SR-B: strain rate-basedmodels).
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Table 6.Obtained results for predicting the strain and the strain rate of the Inconel-713Cnickel-based superalloy.

Model type ModelName Abbreviations (E3)maximum (E3)average (E4)maximum (E4)average

Type 5: strain-basedmodels Bailey-Norton BN 78.8 28.4 — —

Findley Lawmodified byHadid et al [32] FH 442.1 23.5 — —

Du et al [30] DU Not able to predict Not able to predict — —

Type 6: strain-basedmodels ABAQUS Software [29] AS — — 45.2 33.3
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Inwhich,C1 andC2 arematerial constants. Thismaterialmodel is similar to theMonson-Brown parameter,
when n is unit.

The Sherby-Dorn parameter (PSD) is given by the following equation [24].

P t
Q

RT
exp A3SD cr=

-⎜ ⎟⎛
⎝

⎞
⎠ ( )

Inwhich,Q is the creep activation energy andR is the universal gas constant.
TheOrr-Sherby-Dorn parameter (POSD) is described as follows [23],

P t
C

T
log A4OSD cr= -( ) ( )

WhereC is amaterial constant.
The equation of the Larson-Miller parameter (PLM) is written as follows [25],

P T t Clog A5LM cr= +[ ( ) ] ( )

In thismodel,C is amaterial constant, which value is generally assumed to be 20, approximately [25].
Another simplemodel, which is a relation between the stress and the creep lifetime, is given by the following

equation [33].

t C A6n
cr

ms =( ) ( )

Inwhich,C,m and n are temperature-dependentmaterial constants. Considering PSM as the simplemodel
parameter, such formulation can be rewritten as follows,

Figure 6.Experimental and predicted data by the BNmodel for (a) the strain-time curve and (b) the strain rate-time curve of the
Inconel-713C nickel-based superalloy.
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P t A7SM cr
m= ( ) ( )

WherePSM has been defined in following equations.
It should be noted that abovematerial constants in stress-basedmaterialmodels are generally temperature-

independent. In addition, allmentionedmodels include a damage parameter (Pi, i: themodel name), which is
dependent on the temperature and the creep lifetime ofmaterials, in one hand.On the other hand, these
parameters are usually based on the stress (σ), according to power, linear, logarithmic and etc curve fitting. Such
functions can bewritten as follows,

P t T f A, A8i cr
A

1 2s s= =( ) ( ) ( )
P t T f A A, A9i cr 1 2s s= = +( ) ( ) ( )

P t T f A A, log A10i cr 1 2s s= = +( ) ( ) ( ) ( )
P t T f A A, exp A11i cr 1 2s s= =( ) ( ) ( ) ( )

P t T f A A A, A12i cr 1 2 3
2s s s= = + +( ) ( ) ( )

P t T f A A A, log log A13i cr 1 2 3
2s s s= = + +( ) ( ) ( ) ( ) ( )

WhereAi are temperature-independentmaterial constants.
In the second section of this part, strain/strain rate-basedmaterialmodels are described in details. In these

materialmodels,σ is the applied stress (MPa), εc is the creep strain (−) and mine is theminimumcreep strain rate
(1/hr).

The equation of theMonkman-Grantmodel is given as follows [26, 27],

t C A14n
crmine =( ) ( ) ( )

Inwhich, n andC arematerial constants.

Figure 7.Experimental and predicted data by the FHmodel for (a) the strain-time curve and (b) the strain rate-time curve of the
Inconel-713C nickel-based superalloy.
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The equation of theDobes-Milickamodel is written as the following formulation [26, 28].

t
C A15n cr

R
mine

e
=

⎛
⎝⎜

⎞
⎠⎟( ) ( )

Where εR is the strain at the rupture. In addition, n andC arematerial constants. Since the temperature and the
stress are not considered in two abovematerialmodels, allmaterial constants depend to the stress and the
temperature. In other words, thesematerial constants vary at different temperatures and under different
stresses.

A general form for the temperature-dependent power law is offered in the following formulation.

C t
Q

RT
exp A16n

cr
m

mine s=
- ⎜ ⎟⎛

⎝
⎞
⎠( ) ( )

In the proposedmodel,C, n andm arematerial constants, which are stress-independent and temperature-
independent.

According to the suggested general formof the power law, the following equation regardless to the
temperature effect (entitled as the temperature-independent power law), can bementioned [29].

C t A17n
cr

m
mine s= ( ) ( )

Inwhich,C, n andm are temperature-dependentmaterial constants.

Figure 8.Experimental and predicted data by theASmodel for the strain rate-strain curve of the Inconel-713Cnickel-based
superalloy, including (a) the predicated strain rate versus the predicted strain and (b) the predicted strain rate versus the experimental
strain.
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Figure 9. SEM images of specimens including (a) before creep testing and (b), (c), (d) after creep testing; (b) specimenNo. 1, (c)
specimenNo. 2 and (d) specimenNo. 3.

14

Mater. Res. Express 5 (2018) 026509 HBahmanabadi et al



TheNorton power law is defined as follows [25],

C
Q

RT
exp A18n

mine s=
- ⎜ ⎟⎛

⎝
⎞
⎠ ( )

Inwhich,Q is the creep activation energy andR is the universal gas constant. In addition,C and n are
material constants, which are stress-independent and temperature-independent.

TheArrhenius law is written as follows [25],

C
Q

RT
exp A19mine =

- ⎜ ⎟⎛
⎝

⎞
⎠ ( )

Thismodel is similar to theNorton power law, when n is zero. Therefore,C (thematerial constant) is only
stress-dependent.

Another type of the power law (entitled as the simple power law) is given by the following equation [25].

C A20n
mine s= ( )

WhereC and n arematerial constants, which are only temperature-dependent.The hyperbolic-sine law is
available in the formof the following formulation [29].

C C
Q

RT
sinh exp A21mine s=

- ⎜ ⎟⎛
⎝

⎞
⎠( ) ( )

Where C is amaterial constant.
To estimate the curve of the creep strain (εc) during the testing time (t), the equation of the Bailey-Norton

model ismentioned as follows [30],

C t A22c
n me s= ( ) ( )

WhereC, n andm are temperature-dependentmaterial constants.
As another estimation for the creep strain, the equation of the Findley power law is given by the following

formulation [26, 31].

C t A23c
m

0e e= + ( ) ( )

Inwhich,C andm are stress-dependent and temperature-dependentmaterial constants. In addition, ε0 is the
instantaneous strain during creep testing. In some cases, values of ε0 could be estimated using the Remberge-
Osgood relation [26]. In order tofind the variation ofCwith the stress, the following equation suggested by
Hadid et al [32] can be utilized.

C A A24Bs= ( )

WhereA andB are temperature-dependentmaterial constants.
Another strain-basedmodel presented byDu et al [30] for estimating the creep strain can be given by the

following formulation.

C C

C

C
t

C
t1 exp A25c

1 2

2

2 1

e
s s s

= + - - +
⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥ ( )

WhereC1,C2, C1 and C2 are temperature-dependentmaterial constants.
Another strain rate-basedmodel that shows the relation between the stress, the creep strain and the strain

rate e( ) can bewritten as the following equation [29].

C m 1 A26n
c

m m
1

1e s e= + + ( [( ) ] ) ( )

Inwhich,C,m and n are temperature-dependentmaterial constants.
In the third section of this part, amaterialmodel based on continuumdamagemechanics is described. This

method is also named as theRabotnov-Kachanovmodel [17]. The evaluation of the creep damage can be
expressed by a damage variable (DCDM) during creep testing for the lifetime estimation. The damage rate
parameter depends on the damage value, the stress, the creep lifetime. The following formulation is the uniaxial
formof the damage growth, caused by the creep phenomenon [17].

dD
A

D dt1 A27CDM

r

CDM
ks

= - -⎜ ⎟⎛
⎝

⎞
⎠ ( ) ( )

Inwhich, r, k andA are temperature-dependentmaterial constants.
The creep lifetime to failure under a constant load can be obtained by integrating the above equation, from

t=0 to and t=tcr also fromDCDM=D0 (the initial damage) toDCDM=Dcr (the damage value, when the
material fails) [17].

15

Mater. Res. Express 5 (2018) 026509 HBahmanabadi et al



t
k

D D
A

1

1
1 1 A28cr

k
cr

k
r

0
1 1 s

=
+
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⎣⎢
⎤
⎦⎥[( ) ( ) ] ( )

And therefore, the creep damage can be represented by the following form [17].

D D D D
t

t
1 1 1 1 A29CDM

k k
cr

k

cr

k
0

1
0

1 1

1
1

= - - - - - -+ + + +⎧⎨⎩
⎫⎬⎭( ) [( ) ( ) ] ( )

ConsideringD0=0 (no initial damage in thematerial) andDcr=1 (for the failure), above formulations
change to the following state.

t
k A

1

1
A30cr

rs
=

+

-⎡
⎣⎢

⎤
⎦⎥ ( )

D
t

t
1 1 A31CDM

cr

k
1

1
= - -

+⎧⎨⎩
⎫⎬⎭ ( )

To compare values ofDCDM to experimental data, another formulation presented byChaboche [34] for the
damage parameter based on the strain rate can be considered as follows,

D 1 A32i

N

,
min

1e
e

= -e



⎛
⎝⎜

⎞
⎠⎟ ( )

WhereN1 is amaterial constant. The above damage parameter should bemodified, since there are three stages
for the curve of the creep strain rate and thementioned formulation cannot befitted to experimental data. The
first stage of the creep is eliminated for suchfitting and at the second stage of the creep, where theminimum
strain rate occurs,Dmin is defined and added to equation (28). Therefore, themodified damage parameter based
on strain rate can bemodified as follows,

D D D D 1 A33i

N

min , min
min

1e
e

= + = + -e e

 

⎛
⎝⎜

⎞
⎠⎟ ( )

Inwhich,Dmin can be found by equation (27). It should bementioned, thismodel can be used for the time
after theminimum strain rate occurred. Since the behavior of the strain rate-time curve is descending firstly and
then becomes ascending.However, the damage curve is always ascending. In other words, the damage parameter
based on the strain rate De( ) cannot predict the damage value infirst times of creep testing.

By benchmarking from the abovemodel, another formulation for the damage parameter based on the strain
can bementioned as follows,

D 1 A34i

N

,
0

2e
e

= -e ⎜ ⎟⎛
⎝

⎞
⎠ ( )

Where ε0 is the initial strain. Again for better fitting, thementionedmodel can bemodified as follows,

D D 1 A35i
M

N M

,
0

2e
e

= = -e e ⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥( ) ( )

WhereN2 andM and arematerial constants.
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Mechanical 

Failure

Chapter 9



2

Overview

• Failure Modes 

– Fracture, Fatigue, Creep

• Fracture Modes 

– Ductile, Brittle, Intergranular, 

Transgranular

• Fracture Toughness

• Stress Concentrators (Flaws)

• Crack Propagation
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Fracture Modes

• Simple fracture is the separation of a body into 2 

or more pieces in response to an applied stress 

that is static (constant) and at temperatures that 

are low relative to the Tm of the material.

• Classification is based on the ability of a material 

to experience plastic deformation.

• Ductile fracture

– Accompanied by significant plastic deformation

• Brittle fracture

– Little or no plastic deformation

– Sudden, catastrophic



Fracture Mechanism

Imposed stress     Crack Formation    Propagation

• Ductile failure has extensive plastic deformation in 

the vicinity of the advancing crack. The process 

proceeds relatively slow (stable). The crack 

resists any further extension unless there is an 

increase in the applied stress.

• In brittle failure, cracks may spread very rapidly, 

with little deformation. These cracks are more 

unstable and crack propagation will continue 

without an increase in the applied stress. 

4



55

Crack Propagation

Cracks propagate due to sharpness of crack tip  

• A plastic material deforms at the tip, “blunting” 

the crack.

deformed 

region

brittle 

Energy balance on the crack

• Elastic strain energy-

• energy stored in material as it is elastically deformed

• this energy is released when the crack propagates

• creation of new surfaces requires energy

plastic
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Ductile vs Brittle Failure

Very 

Ductile

Moderately

Ductile
Brittle

Fracture

behavior:

Large Moderate%AR or %EL Small

• Ductile fracture is 

usually more desirable 

than brittle fracture.

Ductile:

Warning before 

fracture

Brittle:

No 

warning
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• Evolution to failure:

Moderately Ductile Failure

necking
void 

nucleation

• Resulting

fracture

surfaces

(steel)

50 mm

particles

serve as void

nucleation

sites.

50 mm

From V.J. Colangelo and F.A. Heiser, Analysis of 
Metallurgical Failures (2nd ed.), Fig. 11.28, p. 294,  John 

Wiley and Sons, Inc., 1987.  (Orig. source:  P. Thornton, J. 
Mater. Sci., Vol. 6, 1971, pp. 347-56.)

100 mm

Fracture surface of tire cord wire  loaded in tension.  

Courtesy of F. Roehrig, CC Technologies, Dublin, OH.  

Used with permission.

fractureCrack 

propagation
Coalescence 

of cavities
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• Ductile failure:
-- one piece

-- large deformation

Figures from V.J. Colangelo and F.A. Heiser, Analysis of 
Metallurgical Failures (2nd ed.), Fig. 4.1(a) and (b), p. 66  John 

Wiley and Sons, Inc., 1987.  Used with permission.

Example:  Pipe Failures

• Brittle failure:
-- many pieces

-- small deformations
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Ductile vs. Brittle Failure

cup-and-cone fracture brittle fracture



(a) SEM image showing spherical dimples resulting 

from a uniaxial tensile load. (b) SEM image of 

parabolic dimples from shear loading.
10

Ductile Failure
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Brittle Fracture
Arrows indicate point at failure origination

Distinctive pattern on the fracture surface: V-

shaped “chevron” markings point to the failure 

origin.
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Transgranular Fracture
• Cleavage - in most brittle crystalline materials, crack 

propagation that results from the repeated breaking 

of atomic bonds along specific planes.

• This leads to transgranular fracture where the crack 

splits (cleaves) through the grains.
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Intergranular Fracture

• Intergranular failure is typically due to elemental 

depletion (chromium) at the grain boundaries or 

some type of weakening of the grain boundary due 

to chemical attack, oxidation, embrittlement. 



Fracture Mechanics

Studies the relationships between: 

❑material properties 

❑stress level

❑crack producing flaws

❑crack propagation mechanisms

14



Stress Concentration

• The measured fracture strengths for most brittle 

materials are significantly lower than those 

predicted by theoretical calculations based on 

atomic bond energies.

• This discrepancy is explained by the presence of 

very small, microscopic flaws or cracks that are 

inherent to the material.

• The flaws act as stress concentrators or stress 

raisers, amplifying the stress at a given point.

• This localized stress diminishes with distance 

away from the crack tip.



Fracture Toughness

• Fracture toughness measures a material’s resistance to 
brittle fracture when a crack is present.

• It is an indication of the amount of stress required to 
propagate a preexisting flaw. 

• Flaws may appear as cracks, voids, metallurgical 
inclusions, weld defects, design discontinuities, or some 
combination thereof. 

• It is common practice to assume that flaws are present 
and use the linear elastic fracture mechanics (LEFM)
approach to design critical components. 

• This approach uses the flaw size and features, 
component geometry, loading conditions and the fracture 
toughness to evaluate the ability of a component 
containing a flaw to resist fracture.



Ductile vs Brittle

• The effect of a stress raiser is more significant 

in brittle than in ductile materials. 

• For a ductile material, plastic deformation

results when the maximum stress exceeds the 

yield strength.

• This leads to a more uniform distribution of 

stress in the vicinity of the stress raiser; the 

maximum stress concentration factor will be 

less than the theoretical value. 

• In brittle materials, there is no redistribution or 

yielding.
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Fracture Toughness



stress-intensity factor (K)
• The stress-intensity factor (K) is used to determine 

the fracture toughness of most materials. 

• A Roman numeral subscript indicates the mode of 
fracture and the three modes of fracture are 
illustrated in the image to the right. 

• Mode I fracture is the condition where the crack 
plane is normal to the direction of largest tensile 
loading. This is the most commonly encountered 
mode.  

• The stress intensity factor is a function of loading, 
crack size, and structural geometry. The stress 
intensity factor may be represented by the 
following equation: 

KI is the fracture toughness in 

σ is the applied stress in MPa or psi

a is the crack length in meters or inches 

 is a crack length and component geometry factor that is different for each specimen, dimensionless.



Critical Stress

• All brittle materials contain a population of small 

cracks and flaws that have a variety of sizes, 

geometries and orientations.

• When the magnitude of a tensile stress at the tip 

of one of these flaws exceeds the value of this 

critical stress, a crack forms and then propagates, 

leading to failure. 

• Condition for crack propagation:

20

Fracture toughness  - good diagrams

http://www.ndt-ed.org/EducationResources/CommunityCollege/Materials/Mechanical/FractureToughness.htm

K ≥ Kc
Stress Intensity Factor:

--Depends on load & geometry.

Fracture Toughness:

--Depends on the material,

temperature, environment &

rate of  loading.

http://www.ndt-ed.org/EducationResources/CommunityCollege/Materials/Mechanical/FractureToughness.htm


Compact tension (CT) specimen 

single edge notch 

bend (SENB or 

three-point bend)



22

Flaws are Stress Concentrators

If the crack is similar to an 

elliptical hole through plate, and 

is oriented perpendicular to 

applied stress, the maximum 

stress σm=

where 

t = radius of curvature

so = applied stress

sm = stress at crack tip

a   =   length of surface crack or ½ 

length of internal crack

sm / so = Kt the stress concentration factor

    

 

sm = 2so

a

t

 

 
 

 

 
 

1/ 2

= Ktso

t



•  Crack growth condition:

  Ys a

•  Largest, most stressed cracks grow first.

--Result 1: Max flaw size

dictates design stress.

--Result 2: Design stress

dictates max. flaw size.

  

sdesign 
Kc

Y amax   

amax 
1



Kc

Ysdesign

 

 

 
 

 

 

 
 

2

K ≥ Kc

DESIGN AGAINST CRACK GROWTH
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•  Two designs to consider...

Design A
-- largest flaw is 9 mm

-- failure stress = 112 MPa

Design B
-- use same material

-- largest flaw is 4 mm

-- failure stress = ?

•  Key point: Y and Kc are the same in both designs. Y is a dimensionless parameter; see Callister page 298.

Answer: MPa 168)( B =sc
•  Reducing flaw size pays off.  

•  Material has Kc = 26 MPa-m0.5

Design Example:  Aircraft Wing

•  Use...
max

c
c

aY

K


=s

( ) ( )
B max Amax aa cc s=s

9 mm112 MPa 4 mm
-- Result:



Sensors made to mesh with plane
• Structural engineers have long imagined the day when materials used 

in an aircraft, a wind turbine blade or a bridge could sense if they had 

been strained to the point of damage, reducing their load-carrying 

capacity, and report that information in real time before the structure's 

safety is compromised. 

• For many years, such a scenario was more the stuff of science fiction 

than fact, but today, structural health monitoring (SHM) systems that 

can perform these tasks are closer to reality.

• Scientists have created a fiber mesh embedded with sensors designed 

to monitor an airplane’s structural integrity and outside temperature. 

• When wrapped around an aircraft, the sensors could help prevent 

microscopic cracks from developing into catastrophic failures. 

• Made from a plastic polymer, the mesh is designed so it doesn’t add 

significant weight or drag to an aircraft. 

• The technology also could be used in autos, packaging and medical 

devices. 



Structural health monitoring (SHM) 

systems can be arrayed in similar 

fashion to the human nervous system, 

with sensors concentrated in key areas 

where loads are highest. 

A piezoelectric-based sensor system 

from Acellent Technologies, called 

SMART Layer, identifies damage with 

small ceramic actuators 

An FAA-sponsored study on curved 

honeycomb-cored panels showed that 

acoustic emission (AE) monitoring is a 

reliable method for locating damage initiation 

sites and for tracking crack progression. 

Source: Physical Acoustics Corp 

http://www.compositesworld.com/articles/structural-health-monitoring-composites-get-smart

http://www.photonics.com/Article.aspx?AID=30528

A comparative vacuum-monitoring (CVM) 

sensor, is a thin, self-adhesive rubber patch 

that detects cracks in the underlying material. 

The rubber is laser-etched with rows of tiny, 

interconnected channels or galleries, to which 

an air pressure is applied. Any propagating 

crack under the sensor breaches the galleries 

and the resulting change in pressure is 

monitored. 

http://www.compositesworld.com/articles/structural-health-monitoring-composites-get-smart
http://www.photonics.com/Article.aspx?AID=30528
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Brittle Fracture of Ceramics

• Most ceramics 

(at room 

temperature) 

fracture before 

any plastic 

deformation can 

occur.

• Typical crack 

configurations 

for 4 common 

loading 

methods.
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Brittle Fracture of Ceramics

• Surface of a 6-mm 

diameter fused silica rod.

• Characteristic fracture 

behavior in ceramics

– Origin point 

– Initial region (mirror) is flat 

and smooth 

– After reaches critical 

velocity crack branches

• mist

• hackle
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Fracture of Polymers 

fibrillar bridges microvoids crack

aligned chains

❑The fracture strengths of polymers are low relative to ceramics and 

metals. 

❑The fracture mode in thermosetting polymers (heavily crosslinked

networks) is typically brittle.

❑For thermoplastic polymers, both ductile and brittle modes are possible. 

Reduced temperature, increased strain rate, sharp notches, increased 

specimen thickness are some factors that can influence a brittle fracture.

❑One phenomenon that occurs in thermoplastics is crazing, very localized 

plastic deformation and formation of microvoids and fibrillar bridges 
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Impact Testing

final height initial height

•  Impact loading:
-- severe testing case

-- makes material more brittle

-- decreases toughness

(Charpy)
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•  Pre-WWII:  The Titanic •  WWII:  Liberty ships

Reprinted w/ permission from R.W. Hertzberg, "Deformation and Fracture Mechanics of Engineering Materials", (4th ed.) Fig. 7.1(a), p. 262, John Wiley and Sons, 

Inc., 1996.  (Orig. source:  Dr. Robert D. Ballard, The Discovery of the Titanic.)

Ductile to Brittle Transition Temperature (DBTT)

Disastrous consequences for a welded transport ship, 

suddenly split across the entire girth of the ship (40˚F). 

The vessels were constructed from steel alloys that 

exhibit a DBTT  room temp
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Charpy Impact Energy (A) and Shear Fracture 

% (B) Correlated with Temperature
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Steel Charpy Samples

Fracture surfaces after impact showing 

the variation in ductility with testing 

temperature (˚C).
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•  Increasing temperature...
-- increases %EL and Kc

•  Ductile-to-Brittle Transition Temperature (DBTT)...

Temperature

BCC metals (e.g., iron at T < 914°C)

Im
p
a
c
t 
E

n
e
rg

y

Temperature

High strength materials (s y > E/150)

polymers     

More DuctileBrittle

Ductile-to-brittle 
transition temperature

FCC metals (e.g., Cu, Ni)



36

Fatigue

❑Fatigue is a form of failure that occurs in structures subjected 

to dynamic stresses over an extended period. 

❑Under these conditions it is possible to fail at stress levels 

considerably lower than tensile or yield strength for a static 

load.

❑Single largest cause of failure in metals; also affects 

polymers and ceramics.

❑Common failure in bridges, aircraft and machine 

components.

Fatigue testing apparatus for rotating bending test



• Variation of stress with time that 

accounts for fatigue failures.

• The stress may be axial (tension-

compression), flexural (bending) 

or torsional (twisting) in nature.

• There are 3 fluctuating stress-

time modes seen in the figure: 

(a) reversed stress cycle -

symmetrical amplitude about a 

mean zero stress level; (b) 

repeated stress cycle -

asymmetrical maxima and 

minima relative to the zero stress 

level; (c) variable (random) 

stress level

37

Cyclic Stress - Fatigue
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Fatigue
• Fracture surface with 

crack initiation at top. 

Surface shows 

predominantly dull 

fibrous texture where 

rapid failure occurred 

after crack achieved 

critical size.

• Fatigue failure

1. Crack initiation

2. Crack propagation

3. Final failure



• Fatigue failure is brittle in nature, even in 

normally ductile materials; there is very 

little plastic deformation associated with 

the failure.

• The image shows fatigue striations 

(microscopic). 39

• Striations are close 

together indicating

low stress, many cycles.

• Widely spaced striations 

mean high stress few 

cycles. 



• Federal investigators say metal fatigue caused a hole to rip open in the roof of a
Southwest Airlines jet as it cruised at 35,000 feet last year (2009). The National 
Transportation Safety Board says the 14-inch crack developed in a spot where 
two sheets of aluminum skin were bonded together on the Boeing 737 jet.

• The pilot made an emergency landing in Charleston, W.Va. There were no 
injuries among the 126 passengers and five crew members. Two months after 
the scare, Boeing told all airlines with 737s to conduct repeated inspections of 
the top of the fuselage near the vertical tail fin. The Federal Aviation 
Administration has since made those inspections mandatory.

• Southwest got the plane in 1994 — it's much older than the average Southwest 
jet — and had flown it for 50,500 hours and made 42,500 takeoffs and landings
before it sprang a hole in the roof, according to the safety board report. The 
safety board said it found signs of metal fatigue by magnifying the area in front of 
the tail fin. In a 3-inch stretch, the crack penetrated completely through the 
aluminum skin.

• FAA records showed that eight cracks had been found and repaired in the 
fuselage during the plane's 14-year checkup. 
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•  Crack grows incrementally

typ. 1 to 6

( ) a~ s

increase in crack length per loading cycle

•  Failed rotating shaft
-- crack grew even though

Kmax <  Kc

-- crack grows faster as
•  s increases

•  crack gets longer

•  loading freq. increases.

crack origin

Adapted from

Fig. 9.28, Callister & 
Rethwisch 3e. (Fig. 

9.28 is from D.J. 

Wulpi, Understanding 
How Components Fail, 
American Society for 

Metals, Materials Park, 

OH, 1985.)

Fatigue Mechanism

( )m
K

dN

da
=



Crack growth rate

1. Initially, growth rate 

is small, but 

increases with 

increasing crack 

length.

2. Growth rate 

increases with 

applied stress level 

for a given crack 

length (a1).



• A specimen is subjected to stress cycling at a maximum stress 

amplitude; the number of cycles to failure is determined. 

• This procedure is repeated on other specimens at progressively 

decreasing stress amplitudes.

• Data are plotted as stress S versus number N of cycles to failure for all 

the specimen.

• Typical S-N behavior: the higher the stress level, the fewer the number 

of cycles.
43

S-N Curves



• For some iron and titanium alloys, the S-N curve becomes horizontal 

at higher number of cycles N. 

• Essentially it has reached a fatigue limit, and below this stress level 

the material will not fatigue. 

• The fatigue limit  represents the largest value of fluctuating stress 

that will not cause failure for an infinite number of cycles.
44

Fatigue Limit
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Fatigue Curves for Polymers



• During machining operations, small scratches 

and grooves can be introduced; these can 

limit the fatigue life.

• Improving the surface finish by polishing will 

enhance fatigue life significantly.

• One of the most effective methods of 

increasing fatigue performance is by imposing 

residual compressive stresses within a thin 

outer surface layer.  A surface tensile stress 

will be offset by the compressive stress.

• Shot peening (localized plastic deformation) 

with small (diameters ranging from 0.1 to 1.0 

mm), hard particles (shot) are projected at 

high velocities on to the surface. The resulting 

deformation induces compressive stresses to 

a depth of roughly ¼ to ½ of the shot 

diameter.

• The influence of shot peening is compared in 

the graph. 
46

Surface Treatments
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Improving Fatigue Life

1.  Impose a compressive  surface stress
(to suppress surface cracks from growing)

--Method 1: shot peening

put 
surface 

into 
compression

shot
--Method 2:  carburizing

C-rich gas

2.  Remove stress

concentrators.
bad

bad

better

better
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Case Hardening

• Case hardening is a 

technique where both 

surface hardness and 

fatigue life are improved 

for steel alloys. 

• Both core region and 

carburized outer case 

region are seen in image. 

Knoop microhardness

shows case has higher 

hardness (smaller indent).

• A carbon or nitrogen rich 

outer surface layer (case) 

is introduced by atomic 

diffusion from the 

gaseous phase. The case 

is typically 1mm deep and 

is harder than the inner 

core material.



High Temperature - Creep



Creep

50

•Materials are often placed in service at elevated 

temperatures (>0.4 Tm) and exposed to static 

mechanical stresses. 

•Examples are turbine rotors in jet engines and steam 

generators that experience centrifugal stresses and 

high pressure steam lines.

•Creep is time dependent, permanent deformation of the 

material when subjected to a constant load or stress.



Creep

Creep strain vs time at constant load and 

constant elevated temperature. Minimum creep 

rate (steady-state creep rate), is the slope of 

the linear segment in the secondary region. 

Rupture lifetime tr is the total time to rupture.

• A typical creep test consists of 

subjecting a specimen to a 

constant load or stress while 

maintaining constant temperature.

• Upon loading, there is instant 

elastic deformation. The resulting 

creep curve consists of 3 regions: 

primary or transient creep adjusts 

to the creep level (creep rate may 

decrease); secondary creep-

steady state-constant creep rate, 

fairly linear region (strain 

hardening and recovery stage); 

tertiary creep, there is accelerated 

rate of strain until rupture (grain 

boundary separation, internal 

crack formation, cavities and 

voids).
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Creep
Sample deformation at a constant stress (s) vs. time

Primary Creep: slope (creep rate) 

decreases with time.

Secondary Creep: steady-state

i.e., constant slope.

Tertiary Creep: slope (creep rate) 

increases with time, i.e. acceleration of rate.

s
s,e

0 t



Creep Failure



Creep

Dependence of creep strain rate on stress; stress versus rupture 

lifetime for a low carbon-nickel alloy at 3 temperatures.
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•  Strain rate is constant at a given T, s

-- strain hardening is balanced by recovery

stress exponent (material parameter)

strain rate

activation energy for creep

(material parameter)

applied stressmaterial const.

•  Strain rate

increases

for higher T, s

10

20

40

100

200

10-2 10-1 1

Steady state creep rate        (%/1000hr)e s

Stress (MPa)
427°C

538°C

649°C









−s=e

RT

Q
K cn

s exp2


Secondary Creep
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•  Engineering materials don't reach theoretical strength.

•  Flaws produce stress concentrations that cause

premature failure.

•  Sharp corners produce large stress concentrations

and premature failure.

•  Failure type depends on T and stress:

- for noncyclic s and T < 0.4Tm, failure stress decreases with:

- increased maximum flaw size,

- decreased T,

- increased rate of loading.

- for cyclic s:

- cycles to fail decreases as s increases.

- for higher T (T > 0.4Tm):

- time to fail decreases as s or T increases.

SUMMARY
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