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SECTION I

INTRODUCTION

Crack growth behavior in metals at el evated temperature has recently
received much attention. This is due to the fact that a severe degra-

dation in fati gue resistance results under conditions of low frequencies

or long hold times for certain materials. It has been observed , for

example , tha t uniaxiall y loaded test specimens of AIS I 304 stainless steel

tested at 650°C with a controlled cyclic strain range of 0.5% and hold

times of one hour failed in less than 600 cycles , whereas without the
hold times , but with the same strain range , the life time was some
15 ,000 cycles (Reference 1). Similar effects have been reported under

condition s where time effects were introduced by stain rate (Reference 2)

or frequency of cycling (References 3,4).

Since elevated temperature l ow-cycle fati gue is a major 1esi g~i

limitation in the app lication of metals to elevated temperature service ,

to extrapolate the low-cycle fati gue laboratory test data to service

conditions of interest it is essential that the infl uence of hold times

and cycling frequency be taken into account. This is an extremely

important aspect of the elevated temperature fatigue behavior , s i nce
the interaction with creep, oxidation and structural degradat~cn a t
elevated temperature can drasticall y modify the predicted behavic ’r.

In this report , the fatigue-creep interaction is first reviewed and

summarized . The microscopic approach (micromechanism) to creep crack

growth (CCG) is then briefl y reviewed and discussed. F na lly, the

macroscopic (phenomenological) approach to CCG (crack growth under

sustained load) is reviewed and discussed in detail . Crack growth
studies tha t employ a viscoelastic analysis app ly mostly to pol ymers

and therefore are not included in the present survey .
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SECTION II

FATIGUE-CREEP INTERACTION

1. TIME-INDEPENDENT AND TIME-DEPENDENT EFFECTS ON FATIGUE CRACK
GROWTH RATES

The most limiting properties in the preliminary desi gn phase for

metals appl i ed at el evated temperature are ultimate and stress rupture

strengths . Subsequent detailed desi gn of components involves life

analysis, and materials acceptance for this purpose involves fatigue ,

creep and fracture mechanics data . It is of importance to establish

methods for predicting failure under combined creep- fatigue conditions

from short-term laboratory test data .

Ignoring overload effects (retardation), the three importar .t

parameters that influence fatigue crack growth (FCG) rates are : frequency

(v), cycle or stress ratio CR) and temperature (T). It has long been

established that FCG rates may be correlated with cyclic range in stress

intensity factor by the power law of Paris (Reference 5). Recent studies

on low-cycle FCG rates at elevated temperature (Reference 6) demonstrated

the appli ca bi lity of the power law form of the stress i ntens ity
factor , K, as a governing parameter in crack growth rate using the

power law . Wallace , et al. (Reference 7) have found success in studying

low—cycl e FCG rate in a nickel—base superalloy IN—100 by using a

hyperbolic sine (SINH K) model instead of a power law model . This

implies that at high frequency , say 10 liz or more , the FCG rate at
el evated temperature is cycle dominant. El evated temperature (1100°F)

FCG results in air at frequencies in excess of 10 Hz. Pelloux and

Grant (Reference 8) on HS-188 also indicate a time-independent , cycle
dominant FCG characterized by the purely transgranu lar nature of the

crack propagat ion .

Time-dependent effects on the FCG rate at elevated temperature

appear only at lower frequencies . Furthermore , there i s an overwhelm i ng
body of evidence developed in recent years to show that the time-dependent

2
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phenomena such as creep and oxidation that occur at decreasing cycling

frequency at elevated temperature are responsibl e for the severe
degradation in fatigue resistance under those condition s .

In materh s with poor oxidation resistance , ad ditional crack growth

can occur as a consequence of the oxidation damage at the crack tip.

The FCG rates would be strong l y frequency dependent. For example ,

Solomon and Coffin (Reference 3) observed such a dependence on frequency

in A286 for FCG at elevated temperature (1100°F) whi le conducting tests
in air . The effect is drasticall y decreased if tests are conducted in

vacuum . James (Reference 9) investi gated the effect of frequency upon

the FCG of 304 stainle ss steel at 1 000°F. Later , James (Reference 10)

di scusse d two di fferen t thermall y-activated time dependent processes

and concluded that oxidation damage at el evated temperature is responsibl e

for the increase in FCG at increasing temperature. The mecha nism with

which the oxidation damage at the crack tip can accel erate the inter-

granular FCG rates has been discussed by Gell and Leverant (Referr ice 11).

The rate controlling mechanism is either the surface diffusion of oxygen

to the crack tip or the diffusion of oxygen (either through the lattice

or along the grain boundaries) ahea d of the crack tip. In eitr er case

an activation energy 
~ox can be determined from an Arrhenius plot that

characterizes the process. It appears that there is an upper and lower

bound on fre quency for oxi dation dama ge , i.e., oxidation damage becomes

insignificant at both high and low ends of the frequency range. However ,

Solomon (Reference 4) showed that this transition region of oxidation

infl uence can ex tend over more than four or ders of ma gni tude in cyc li ng
frequency b r  materials that are poor in oxidatio n resistance such as

A286 and titanium .

At very long cycle per iods or very low fre quenc ies , the FCG rates
become purely time-dependent (Reference 12). The crack propagation is

characterized by its intergranular nature , and the rate-contro lling

mec hanism is most likely one that involves the growth and coalescence

of grain boundary voids by vacancy condensation (Reference 13).

L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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Sufficient experimenta l evidence is now availabl e to suggest that the

creep crack growth (CCG) process is characterized by a sing le activation

ener gy Q~~~ (Reference 14 ) , obtained from the slop of an Arrhenius plot.

This activation energy is about 0.7 - 0.8 of that of the steady-state

creep, for exam p le , in superalloys (Reference 14). This activation

energy should preferabl y bø determined from CCG experiments

(Reference 15).

There has been some concern over the application of linear elastic

fracture mechanics to CCG . Since significant time-dependent plastic

deformation occurs during creep, severa l authors (References 16 , 17 , 18)

proposed the use of a potential energy rel ease rate , J or C~ integral
• for the characterization of crack tip behavior , while others proposed

the use of crack tip opening disp l acemen t (ClOD (Re ferences 19 , 20, 21).

Other approaches incl ude the net-section stress, anet (Re ferences 22,

23, 24) and the crack tip opening ang le (CTOA ) (Reference 25). However ,

if the metal behaves in a macroscop ica lly brittle fashion under creep

conditions , the stress intensity factor K computed by linear elastic

theory can be used to characterize the crack tip configuration. For

examp le , Floreen (Reference 14) found for a variety of nickel-base
— superal loys that the CCG rate was proportional to an exponential power

of the stress intensity factor K. Siverns and Price (Reference 26)

showed a similar CCG rate dependence on K for a quenched 2-l/2-Cr-l Mo

steel tested in tension at 565°C. A review of experimental and

theore ti cal work on CCG i s given in the next section where the question

of crack tip characterization under creep conditions will be discussed.

2. MODIFIED LINEAR SUPERPOSITION MODEL

It is clear from the previous discussions that the fatigue-creep

interaction is time-dependent with cycle dominance at very hi gh frequen~~.
in excess of 10 Hz , with creep dominance at very low frequency , less
than 0.1 Hz , and with a transition region where oxidation damage

4
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contribution may or may not appear depending upon the materi al resistance
to oxidation. A model for FCG at elevated temperature can be proposed
as :

da / dN = C0 (0 ) f m (K ,R ,n)

+C1 (O ) fffi(K ,R ,n)(l /v)k exp(-~~~~) ( 1 )

+C2 (O)f m (F, R,n)(l /v ) exp(- 
~~~~~~~

where C0, C1, C2, m , an d n are empi r ical mater ia l cons tants. The
functional fo rm of f may be the conventional power law such as :

~~(K ,R ,n) = A Km (l~ R) m42n

or it may be a hyperbolic sine function as suggested by Annis , et al.
(Re ference 27) . The parameter F is the proper crack tip characterization
factor under the particular creep conditions for a given material

Such a linear superposition model was first proposed by Carden

(Reference 12) and modified by Doner (Reference 15). For the simplicity
of illustration , let F = K. Equation 1 is then reduced to:

= A (v ,T)fm (K ,R ,n) (2)

• A schematic representation of A(v ,t) as a function of (1/u) is given
in Fi gure 1.

3. SUMMARY

In summary , the fatigue-creep interaction exclusive of retardation
effect is as follows :

a. For given T and ~K , the FCG rate (da/dN) increases with
increasing temperature (References 8, 28, 7).

b. For given I and AK , the FCG rate (da/dri ) increases with decreasing
frequency (References 8, 9) and increasing hold -times (References 29, 30).

5
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At eac h tempera ture , there appears to be a critical frequency (utransit ion )

above which da/dN is more or less frequency independent. The 
~
utransitfon

i ncreases w ith i ncreas i ng tempera ture and decreas i ng A K (Reference 8).

C .  FCG rate under creep may be written as da/dN = (da/dt)(1/u)
for very low frequencies (Reference 8) and/or very long hold-times

(References 31 , 8), the crack growth rates under creep conditions appear

as the lower limit of the FCG rates .

d. At a given temperature and frequency , da/dN increases with

increasing stress ratio R. For l ow-cycle fatigue testing AK may be used

for correlation (References 28, 7, 14).

e. FCG is associated with a transgranu lar— intergranular fracture

mode trans iti on . The frac ture mode i s en ti rely trans granular a bove
an d predominantly intergranu lar bel ow Vtraflsjtjofl (Reference 8).

Creep
Dominan t

8
1 Region

6 
T—constant

Transition Region

6~~ 

4;~

_______________1 1 1 1 1 ~
’ 1 I I I  I I I I  I l~~ l_~1

~~~ 10
_i 

100 101 io2 1o3

Cycle Period, (1/v)—s

Figure 1. Schematic Representation of Log IA( u ,T) l
Versus Log (l /v) at Constant Temperature
Illustrating Various Time—Dependent
Contributions to the Proportionality
Constant A(v,T) (Reference 1 5)
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SECTION III

MICROSCOPIC DESCRI PTION AND EMPIRICAL RESULTS OF
CREEP CRACK GROWTH

1. THE UNIAXIAL CREEP BEHAVIOR

At el evated temperature , metals often exhibit nonlinear , time-
dependent deformation. Under uniaxial tensile loading, the strain in

a smooth bar increases with time until failure fina lly occurs . Based

on the similar response of many materials , researchers have subdivided

the creep curve into three regions , as s hown i n Fi gure 2. After the

initial instantaneous strain cO~ 
ma ter i a ls  often un der go a per iod of

tr ans ien t

E~~ 
s~~~~ 

Constant

t
1 

t2 tR Log time
Log time

(a) (b)

Figure 2. Creep Strain Versus Time

response where the strain rate , de /dt , decreases with time to a minimum
steady-state value that persists for a substantial portion of the

material ’ s life . These two regions are referred to as transient
(primary ) stage and steady-state stage , respectively. Final failure
w it h a rupture li fe tR occu rs soon a fter the cree p ra te begi ns to
increase during the third (tertiary ) stage of creep. Several empirica l
relationships between creep strain or cree r strain rate and stress have

• been commonl y employed , two of which are :

n (3)

7
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and

= HO1
~t~ (4)

where ~ and c are strain rate and strain , res pectively; F, H, n and p
are temperature-dependent material constants. The typical values of

n and p range from about 1.5 to 10 , depending on the stress regime

exam ined , ma ter i al , and testing conditions. It is now generally

recognized that the steady-state creep rate varies directl y with o

at low .~t resses and at temperatures near the melting point. At inter-
mediate to hi gh stresses and at temperatures above 0.5 Tm ’ ~s
(Reference 5 ). A more general empirical relationship has been proposed
(Reference 32):

= F(S inh )n (5)

When no < 0.8, Equation 5 reduces to power law creep but approximates

exponential creep when no > 1.2.

2. MICROSCOPIC DESCRIPTION OF CREEP CRACK GROWTH

Fracture in elevated temperature creep and fatigue very often occurs

by the mechanism of the growth and coalescence of voids at grain

boun dar i es as they glide under appl i ed stresses. The voids may be

“round ’ , that is , spherical in shape (called r—type voids). Cylindrical

vo ids of a wedge-shape cross section (called w—type) can form at tripl e

points where three grain boundaries join together along a common line
• of intersection (References 33, 34).

It has been proposed by severa l authors that, under creep conditions

the dif fus ion of vacanc i es towar ds a crack or a vo id an d the ir condensat ion
there would contribute to crack growth . The migration of vacancies to

crack tips and the resulting growth of the cracks have been studied by

diffusional and ductile processes by Heald and Williams (Reference 35),

Stevens and Dutton (Reference 36), Weertman (Reference 13), Stevens , et al.
(Reference 37), and Pals, et al . (Reference 38). The growth of grain-
boundary voids by vacancy -condensation has been studied by numerous
authors , suc h as Hull and Rimmer (Reference 39), Spe ight and Harr i s

8
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(Reference 40), Dobes and Cadek (Reference 41), Dobes (Reference 42),

Weertman (Reference 13), Raj and Ashby (Reference 43), Raj (Reference 44),

Speight and Beere (Reference 45), Needham and Greenwood (Reference 46),

Needham , et al. (Reference 47), Kel ly (Reference 48), and Hancock
(Reference 49). A very recent rev iew on analytical treatments of creep

crack growth due to vacancy diffusion and condensation is given by

Van Leeuwen (Reference 50). On account of stress-modified diffusthn

equations , he concludes that there will be a transient redistribution

of vacancies leading to a steady-state concentration distribution with
many vacancies in compressed regions and few in expanded regions. This

steady-state vacancy flax is shown to be independent of crack tip stress

field but dependent on the strain energy release rate (G).  With this
vacancy flux an expression is derived for cree p crac k grow th ra te due
to vacancy diffusion and condensation , which accounts for initial (Stage I)

and final (Stage III) behavior of creep crack growth (Figure 3).

log time

Figure 3. Creep Crack Growth Versus Time

Floreen (Reference 14) showed that quasi-stat ic crack growth in a
var iety of wrought nickel-base alloys is lntergranular in character.

A num ber of test specimens were unloaded short of failure and cross-

sectioned vertica ll y to metal logra phicall y examine the crack paths .

An exampl e of such a section Is given in Figure 4. The examinations

re vea le d tha t one or more m i crocrac ks were prese nt on gra i n boun dar ies

9
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I ~~~~~~~~~~~~~~~~~~~~ ~~
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Figure 4 . Cross Section of Interrupted Test Showing Grain
Boundary Microcracks. Main Crack Is Horizontal
and Slightly to the Left of the Area Shown .
Unetched . Magnification 320 Times.
(Reference 14)

ahead of the main crack. In coarser grains , instead of a distinct

m i c rocrac k , a grain boundary showed a series of separate holes , suggesting

that cav i ty  nucleation and growth was involved in the fo rmation of the
microcracks. Information on rupture , strength of hi gh temperature alloys
is given in Figures 5 and 6. Discussions on these superalloys can be
found in References 51 and 52.

It is very likely that the same micromechan isms are responsibl e ,
at least partially, for creep crack growth in other materials through

local ized defo rmation. If this is the case , they must operate in
limited regions very near to the crack tb and under fairly complex

stress conditions . A complete theoretical description of the mechanisms
is substantially more complicated tha n what has been described by the
previous authors. Interactions between the main crack and the voids

such as that described by Rice and Tracey (Reference 53), Heald , et al.,

(Reference 54), and Rice and Chuang (Reference 55) shoul d also be studied .

Only limited advances have been made so far in this area .
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~~~~~~
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Fi gure 6. One Hundred Hour Rupture Strength
in Severa l Cast Superalloys as a
Function of Temperature (Reference 52)

3. EXPERIMENTAL WORK AND GENERAL BEHAVIOR

The creep behav ior of metals  at eleva ted tempera ture has lon g been
a subject of great interest. It has been observed tha t the mechanism
of growth and coalescence of microcracks is responsibl e for CCG. Since

the di stance between t he pr ima ry crack and the voids a head of the crac k

tip is typicall y of the or der of the crack open i ng displacement , the

damage during COG can be considered to be localized . Several authors

12
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have thus taken a macroscopic approach toward the problem of CCG. Fracture
mechanics concepts are used in conjunction with macroscopic creep

pro pert ies of the ma ter i al to see k macrosco pic cr iter i a govern ing crack
growth behav ior.

In this section empirical results that describe crack growth under

creep conditions are reviewed . The primary concern here is not only

determining the crack growth law in terms of macroscopic parameters but

also delineating the proper use of the law for given material and service

conditions.

When a fracture mechanics specimen is pre-cracked in fati gue and
su bjected to a susta ined load a t constan t elevate d tem pera ture , quasi-
static crack growth and final fracture will occur. As time elapses ,

the crack opening displacement (C0P ’ , the crack length (a), and the

apparent stress intensity factor (K) will increase. Typical examples

of this behavior are shown in Fi gures 7-9 (References 14, 26, 56, 57).

It appears that a definite incubation period exists during which no

crack occurs . A quasi -static crack growth period follows and then fast

fracture occurs . At all stages of crack growth , i nc lu s ive of t he fas t
frac ture re gi on , the crack front bows out in thumb -nail style an d large-

scale plasticity occurs (Figure 13). A typical fracture surface of a

specimen alternatel y fat ig ue cracked an d cree p loade d i s shown i n
Fi gure 10 (Reference 82).

Whi le no crack growth Is observed at room temperature for a K-level

below K ICI crack grow th i s observed a t el eva ted tempera tures at stress
i n tens iti es well bel ow K IC (Figure 8, Re ference 56) . However , a threshold

value of K may occur below which no crack growth takes place within

1 000 hours (Figure 11 , Reference 14). This threshold value of K may

vary slightl y depending upon temperature (Figure 12 , Reference 14).

13 
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Fi gure 7. Displacement Da ta from Tests (T-L Crack
Orientation) of 22l9-T85l Plate (3-In-
Thick) at 300°F (Reference 56)
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Figure 8. Crack Length Versus Time for 22l9—T85l Plate
(3—In-Thick) at 300°F (Reference 56)
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Figure  9 . K Versus Time for 2219-T85l Plate (3-In-Thick)
at 300°F (Reference 56)
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Fi gure 11. Time—to-Fai lure Vs Initial Stress Intensity
for Samples in Long itudinal Direction Tested
at 704°C (Reference 14)
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Fi gure 12 . Time—to-Failure Vs Initia l Stress Intensity
for INCONEL Alloy 718 at Various Tempera-
tures (Reference 14)
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FA~;T 111
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Fi gure 13. Schematic Illustration of
Crack Growth Data (Reference 14)

4. DATA CORRELATION

Although it has been commonl y observed that creep crack propagation

possesses three distinct Stages, (I , II , an d I I I , i.e. incubation , stabl e

growth and fast fracture (Fi gure 13)), there has been no general
a greemen t , on the characterization of CCG rate. There are availabl e

empirical data supporting any one of the following predictions of

CCG rate:

(6)

d (7)

= C(dy/dt)~
’ (8)

= D(C *)~ (9)

where K is the stress intensity factor , Gn i s eit her ne t sec ti on stress ,

reference stress or skel etal stress , dy/dt is load—line crack opening

disp lacement  ra te , and C* is a line integral related to the rate of

change of potential energy release per unit crack advancement ,

Hai gh (Reference 30) briefl y reviewed previous work and gave a ta ble
to summarize test results . Van Leeuwen (Reference 50) presented a

summary including some references on work using net section stress and

the C4.-integral

18
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According to Nicholson (Reference 23) the exponent ~ in Equat ion 7

and n in Equation 3 should be equal for the same material at the same

temperature while Ta i ra and Ohtani (Reference 58) disagreed . Based

upon Townsend ’s work (Reference 59), Williams and Price (Reference 60)

indicated that metals at elevated temperature can be classified as

creep brittle (intergranular) if p (or n) is less than 5, and creep

ductile (transgranular) if p (or n is greater than 5. The influence of

n on stress distribution is given in Figure 14 (Reference 61). In a

form similar to that given by Haig h (Reference 30), Tabl e 1 presents

such a summary of various materials and geometries and the best correlation

with the various equations postulated for CCG .

5. SUMMARY

In conclus ion CCG rates in metals at el evated temperatures are

character ized as fol lows :

a. CCG rates i n Sta ges I an d II  i ncr ease s ig n i f i can tl y w it h an
increase in temperature (References 14, 57) (Fi gure 15 ) .

b . CCG ra tes are sens iti ve to hea t trea tmen ts an d gra i n s i ze
(Reference 14).

c. The stress exponent p (or n) in the uniaxial creep law plays

an im por tan t role  i n determ i n i n g the charac ter i za ti on of the crac k t ip
behavior. For p (or n) < 5 the stress intensity factor approach may be

use d , and for p (or n) > 7 the nominal stress approach may be used

(References 14 , 22, 60)

d. Critical test conditions should consist of at least two

geometries of different K/cy net ratio (Fiqure 16) (References 16 , 60).

e . The ex ponen t c~. in Equation 6 decreases as K increases . This

suggests that other functional forms may be used in place of the power

law .
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for Various Specimen Geometries (Reference 60)

f. Since da/dt may not always be directl y proportional to dy/dt ,
the COD ra te criter ion may have onl y limited appl i cation (References 19 ,
21 , 61).

g. CCG results from a combination of two competing processes , i.e.
growth and coalescence of defects , which contributes to crack advancement
and creep d e f o r m a t i o n  process tha t caus~s retardation of crack growth and
even its arrest (Figure 15 , Reference 57).

h. Incubation time is reduced with increased initial crack length

and by soaking the specimen at the test temperature before loading )

i n d i c a t i n g  both geometry and  ag ing sensit ivity (Reference 62).
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SECTION I V

MA CRO SCOPIC DE SCRIPTION OF CREEP CRAC K GROWTH

Any macroscopic description of CCG must Identify a criterion for

the initiation of crack growth and a mechanism of crack propagation

after initiation , i.e. whether the crack propagates continuousl y or

discontinuousl y and how the near— ti p characterization changes as the

crack advances . The validity of the result hinges largel y on the modeling

of the bulk and local materia l behaviors for the temperature of concern .

- CRITICAL STRAIN MODEL ( REFEREN CES 63, 64)

Assuming that the elastic strains are small compared to creep strains

at steady-state creep, Hoff’s (Reference 65) mathematical analogy showed

that the creep rates are numerically equal to the elastic strains

calculated for the purely elastic case , i.e.

£C Ce .°e K 10

~o 
Co ~o G0 (2 1Tx) 1’~

2 ~

where subscripts C , e an d o refer to creep, elas ti c , an d re ference
states , respectively. Barnby used the above relation and computed the

cree p stress nea r the crack tip as

a ~ 1/rn 1/ rn
C 

= 
K 

2~ 
(11)

~0 
c0 o0 ( 2-iix) ~

wh ere Nor ton ’ s creep law is used and K’ is determined by satisfy ing the

equilibrium condition across the plane y = 0, the crack plane. For a

center cracked plate of width 2W , crack length 2a and thickness B , the

equilibrium condition requires that

W-a W-a 1/rn

~sf 0C~~ 
= Ba
01 ~a0(2~ x ) 1/2 dx (12)
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and a simple manipulation gives

K’ c,
O(2n)

’1
~
/2 (P 2m-l (W_a)_ (2m

_
~~

’m}

It Is of Interest to note that for large m , say m > 5, (2m-l)/2m = 1 and
K’ is related to the net section stress as

1 ~ m
K1 = o~(2ii) 

/2 (net} (13)GO

Due to the approximation used , Equation 13 becomes incorrect in units.

Barnby used a critical strain condition at a distance 
~~ 

say the
distance of closest creep void or grain boundary fissure , ahead of the
ma in crack as the condition for crack advancement. Since

- K’ (14)
— 

~0 ( 2 1Tx) 1I2

by his assumption , he scaled his crack growth rate to creep rate as

d 1/2
= 

~
:c 

C 
( 1 5)

which is again incorrect in units. Inserting the value of KI he obtained

= ~~~ Lt~!LBop J [(2m-l)/2m] ~m (16)dt dc1!2 (W_a) (2m_ T)h /2m

In an attempt to relate his resul ts to the crack growth rate in a linear

elas tic material , he defined a new pa rameter K” for which

P = a0B 
J

W..a 

~0(2~x)~/2 
(17)

27
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and forced K” = K’ = K’ at rn = 1 - Thus he obtained

K/Y(a ,W) = K”/N(a ,W) (18)

where N (a , W) is obtained from K” = K ’ at m 1. Finall y4 the crac k
growth rate was obtained as

= [
~o/ao (2 Tr dc ) ’

~
!2 ]K 

~~~ 
m= l (19)

His model predict s a faster crack growth in a material which creeps than
a linea r elastic model (Figure 17).

The a p p r o x i ma t e  a n a l ysis used here applies onl y to the  stress

com ponen t directl y ahead of the crack and normal to the crack plane. If
damage is not localized the approximation is no good. Since he used the
creep exponent m for the crack grow th law i n an elas ti c model da/dt AK m

in the comparison shown in Fi gure 17 , the com par i son i s no t mean i ngfu l .

1400 /
1200 m=9/

1000

300

~: ::: n 7  /
200

pi=1
‘~ü~~.i ~.20.30 .40 .5 0.6

a /W

Figure 17. Comparison of the Crack Growth
Ra te a2 Obtained by Predictions
of the Model , W it h Crack Grow th
Ra te 

~1 Predicted by the Empirical
Correlation With the Elastic
Stress Intens ity Fac tor
(R e ference 64)

28
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2. MODEL OF CRITICAL PLASTIC ZONE SIZE (REFERENCE 66)

Assuming that the damage zone ahead of the crack tip is a thin str ip,
To used the plane stress analysis by Dugdale (Re ference 67) wher e the
size of the yield zone is

R = C0(Sec {l/2-n(a/a~)] -l} (20)

and the yield zone is under unifo rm biaxial stress of magnitude a11,, the

uniaxial yield stress. The crack tip stresses are therefore characterized

by a time-independent analysis for the sake of simp licity .

He then introduced a time-dependent process throug h the use of

Kachanov ’s (Reference 68) theory of creep rupture , i.e., through the

use of the continuity equation

dq/dt = -C( a/ q )’~ (21 )

where C , v are material constants related to a uniaxial creep test and

~ is the continuity parameter. For a perfect material q~ l , while for

a ruptured material q=O. The parameter v is in general less than the

creep exponent and is equal to the i nverse slo pe of a con v en ti ona l

log-log curve of stress against rupture life .

Integrating Equation 21 for constant stress , the rupture time is

obtained as

- T f G ,G ~ 
v+l 22tR 

— 

K ” K’ V ’ ‘~O

where

= rupture stress of material in absence of crack

= rupture time correspond to

= continuity of region before the arrival of a crack
with its associated plastic zone.

29
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He used a cumulat ive damage procedure to determine the initial

continuity 
~~~~ 

before the arrival of the crack tip plastic zone. Let the

half crack -length at time tn be C,,. At each time interval tR the crack
travel s a distance equal to its plastic zone size. Note that the plastic

zone size- is a function of current crack length and therefore tends to

become larger as the crack advances . Using this procedure a first

approx imatipn to the crack growth rate was found to be:

I ra
~n se c — —

dC 2 a 11 C ,, 2 2q1q ,, 2
fl _ T O 1 r’~~ , 1 0  F’.- —~~- ~~-~- ~~~~ I + -.~n

0 1 0 9~n sec — — o

where K and K0 are the current and initial 5tress intensity factors and

2(sec ~.Q_ +l ) vm/ 2

q = = (_ 1)m 2 I 1 (24)
0 m 

~r (0.5+~ ( sec ~~~~~~~ )m -

2~m ’<m

q1 = O .5(a/ a~ Y~ (25)

t~ = T~ (a~</a .~,)
v (26)

He noted that his derived crack growth rate is of the power law form

dC
_d.t!2~ 

= A(K/K )” (27)

and made a comparison with\ data obtained by Siverns and Price (Reference 26).

He showed a straight line lot on a log -log scale as given in Figure 18.

If the second term in Eq at ion 23 is taken into consideration ,

however , a decrease in slope \results as K increases or the crack extends.

The model does not include wo~k_ha rdening and hence does not admit a

s ingu lar i ty  at the crack top. ‘Since both A and n in Equation 27 are

30
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dC
dt
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10 20 100
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K
0

Fi gure 18. The Crack Growth Rate
A gainst Stress Intensity
Factor Curve (Reference 66)

stress dependent , t he imp li ca t io n he re  is t hat  e i t her th e s t r e s s
intensity factor K is not a convenient parameter to use in crack growth
rate prediction or that the power law is not the proper function al
relation for creep crack growth.

31
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3. CONTINUOUS RUPTURE MODEL (REFERENCE 69)

In this s impl i f ied  model , the  c ra ck t i p s t r e s s  c o n f i g u r a t i o n i s

• characterized by a linear elastic solution. The crack tip reg ion is

assumed to be in a uniaxial loading situation which is not realistic.

The authors estimated the crack -tip normal stress to be the same as

given by Orowan -Irwin:

a~(x) = a
~
(a/p+x ) (28)

Taking a un iaxial stretching situation , the creep rate is calculated as

E ( X )  = A~a~ ( x ) / E ( T ) } m exp ( _ Q c / RT) (29)

Using Equations 28 , 29 and an assumed empirical relation of creep rate

and rupture time as

tR 
= e)~

X (30)

the crack growth rate is derived as

= ~~~~~~
2 K h,2~~ ex p (

~
cxQ
~
/RT )

~ 
(31 )

w here K V a (— a ) 1”2 and p is crack tip radius. The der ivat ion is
straig ht forwar d . The func ti onal rel a ti on be tween cree p ra te an d

tem pera ture , Equation 29 is assumed to correlate with experimental

observation. The model predicts continuous crack growth and does not

account for any contribution to the rupture time that a point experiences

before the arrival of the crack tip. The theory is therefore not complete.

Fur th ermore , Leeuwen (Reference 70) found that the relation (Equation 31)

was unrel i a b le  for ma ter i a l s other than purel y annea le d me ta l s .

4. MODEL OF CRITICAL C*_ INTEGRAL (REFERENCES 16 , 17)

For a material that follows a creep law of the form

= A(a/a0)
” (32)

32
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in uniaxial tension , Goldman and Hutch inson (Reference 71) showed that
there exists a singularity in strain rate at the crack tip whose amp litude
is

[C*/A a0 ~ 
1,,~n/(n+l) (33)

where I is a constant which is tabulated for a given range of n by
Hutchinson (Reference 72) ~,nd C* is a line integra l which was later used
by Landes and Beg ley (~<eference 16) to describe creep crack growth and
is defined as:

C* = — = 
J 

[W*(~~,,)dy - -
~~

-
~~

- ds] (34)

It can easily be shown that the C* integral is equivalent to:

C* = A a C K k I
0 0 0  C ~

= A o~ t0 (K ) 
(n+1)/n 1 (35)

It should be noted tha t Equations 33 and 34 apply only to steady state
creep and are approximate soluti ons since the elastic strains are
ignored (Reference 65). Nikbin , We bster , and Turner (Reference 17) used
the same definition but termed it J.

An experimental determinati on of C* can be obtained by controlling
disp lacement rate. By monitoring load and crack length at constant
disp lacement rate , a crack growth rate (~~~

) vs. C~ plot can be obtained .
A data reduction scheme is given in Fi gure 19 (Reference 16). This
experimental procedure requ i res data from several specimens , say, six
to ten .

33 
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Load Load
C* 

~~~~~~ Cra ck
______ 

Leng th
Displacement Rate time

Step Four Step One

Crack Crack
Growth Load ~~~~Length

Crack Length Displacement Rate
Step Five Step Two

G w  ,, Energy ~~
Ra te I / Ra te ~~~~ Displacement

L Ra te
C* Crack Length

Step Six Step Three

Fi gure 19 . Schematic Showing Six Steps
Involved in C~ Data Reduction(Reference 16)

Webster (Reference 73) and Nickbin , et al. (Reference 17) emp l oyed

nonlinear beam theory and derived the following approximate relation

for C*:

* 
1 P 

- cIA

in a DCB specimen for conditions of constant loading. The load point

displacement is denoted by A . Since beam theory was used and no accou nt is
taken of deformation ahead of the crack , behind the beam arm s , the method

can onl y supply to cases where this deformation is small in relation to

the overall deformation seen at the loading points.

In analogy to the theoretical estimation of J. Harper and Ellison

(Reference 18) suggested a method for determining C* throug h limit

anal ysis.

Assuming that the mu ltiaxial creep behavior of the material is given

by 
= Bn :~

n
~~/~~i j  (37)

34
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where 
~~~~~~~ is an effective stress associated with a flow rule (e.g.,

Von Mises  (a*), Tresca) an d is a homogeneous first power function of
stress a~~, and ignoring the singular behavior at the crack tip, they
showed that

~ = — ~~~~~ (~-~) P (constant load) (38)

= 1i TBn 1 (~-14~.)”~ (constant disp lacement rate) (39)

where m is the yield load ratio defined as the tensile limit load of a
crac ked spec imer . to the l im it loa d of an un cracke d spec imen an d 1 i s a
charac ter i st ic len gth term , for exam ple , the gauge length of a uniaxial
specimen which when subjected to a reference stress of ( P/mBW) wil l  g i v e

a creep dissipation rate identical to that of a cracked specimen.

Differentiating U* with respect to a and dividing by B , they arrived
at

— n P A  r I .  dm 40— — n+l 8W Lm d(a /W)

Rela ti ons of m i n term of (a /W ) have been der i ve d an d gi ven i n
References 74 and 75. A typical plot for the compact tension specimen
is given in Figure 20. The anal ysis is approximate in nature. In

gener a l , it applies to deep notched specimens where full y plastic

conditions are achieved. It is therefore not an efficient method to

use in :tudying CCG. For CCG studies determination of C* for limited
plasticity is needed.

5. CRITICAL COD MODEL (REFERENCE 20)

A phenomenolog ical theory of CCG has been developed using the results

of a calculation of the time dependent development of the damage zone ,

termed p last ic  zone by the author , ahead of crack tip (Reference 20).
The whole matrix is assumed to be undergoing creep deformation . The

plastic zone is represented by an array of dislocations coplana r

35
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1.0 10
Compact tension specimen

9

0.8 8

O~ 7 
• 7

a/ W

Figure 20. Variation of m , dm/d(a,’W),
and (l/m ) [dm,’d(a/W)J
With (a/W) (Reference 18)

with the crack as in the model of Bilby , Cotrell and Swinden (Reference 76),

henceforth referred to as BCS model

Vitek showed that at any given point in the plastic zone , the
dislocation density rate , ~B/~t, is proportional to the negative of

~B(x ,t) 
= h a~(x ,t) 41at - 

ax

where h is the plastic zone width. The plastic zone is confined to a
reg ion of length , S, given by

s = a [sec 
(~1!—~ - F~] 

(42)
L 2ai 

/

36 
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• 

~~~~ where is the apparent functional stress. He used an approximate
ex press ion for COD as

• ~~~~~ a (-~.)~ n sec ~~~~~~~~~~~~ (43)

Using a critical crack opening displacement criterion and assuming
the crack advances throug h a fixed distance , be it any distance d , the
plas ti c zone s i ze, or a critical length. Vitek derived the equation of
CCG ra te as

Ka (44)

where V0 is a constan t an d A an d a depend on a/G, and regions of the
stress relaxat i on , 0

1

F1y • Equation 44 may be used for either one of the

three modes of loading. A singular integral equation for B is obtained
by satisfying the equilibrium conditions. The stress at a point x is

-t (x ,t) = ~C+appl ~(x)  + J c~(x ’ ,t) [ 2 rr( l-v ) (~~‘ 
-

+ tdim .(x ,X I ) - T d1m.(x ,~ x 1)] dx ’ (45)

• where ~C+appl . is the stress due to the crack and the applied stress and
~dim is the stress due to the image stress field of a unit dislocation
wh ich results -from zero traction on the crack surface. Vitek (Reference 76)

foun d an d ~
d1m by conven ien tly us in g a conformal ma pp in g func ti on

z = -
~~ a (~-i.l /~ ) (46)

an d known results for an elliptical — shaped crack.

It was found that at any time 95% of the dislocations modeling a.~
• depend on a/G. This equation can be applied to different modes of

crack ing and different degrees of stress relaxation.

37
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The theory applies when creep is local ized at the crack tip. It
does not appl y when the stress exponent is greater then , say, 5. In

gene ra l , different exponents a have to be used for three different

ranges of K depending upon degree of stress relaxation,

Since the model is basically a uniaxial model , it cannot be readily

extended to comparison of experimental data generated using typical

two-dimensional specimens such as the compact tension specimen.
However , this is the onl y theoretical development that attempts to

describe all three stages of CCG.

6. SUMMARY

There are sever a l mo dels ava il a ble for a theore ti cal prediction of

the crack growth rate under sustained loading. Depending upon the

criteria used for initiation and growth of cracks , these may be an y of
a number of power law relations between da/dt and various fracture

characterization parameters . Al thoug h the resu lt s are no t conclus ive
as to which parameter shoul d be the best one to use (due to a lack of

experimental data ) it is of interest to point out the following:

(1) CCG rate is governed by the material behavior at the given

temperature (References 16 , 17 , 20). Nonlinear analysis is generall y

required.

(2) A criterion of initiation of CCG must be determined
(References 16 , 20, 63, 64 , 66).

(3) For a creep matrix that is governed by Nor ton ’s law , there i s a
creep rate singularly at the crack tip (Reference 71). If the stress

exponen t , n, is small (say less than f ive) In tens ive cree p occurs onl y
in the very near vicinity of the crack tip (Reference 20).

• (4) A functional relation between CCG rate and the governing
frac tu re parameter depen ds on the cr iter ion use d to sim u l a te the
m icroscopic mechanism of CCG (References 63, 64 , 69).
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• SECTION V

CONCLUSIONS

(1) Fatigue crack growth rate is time-independent at hi gh frequenc y
• but time-dependent at low frequency . Time-dependent effects on FCG

rates come from oxidati on and CCG.

(2) CCG is basically intergranular and closel y related to
coalescence of microcracks ahead of crack tip with the main crack.

(3) When the damage ahead of a crack is localized , it is appropriate
to use the fracture mechanics approach to analyze the growth of cracks
un der creep con dit ions.

(4) In gener al , the stress exponent in a uniax ial creep law can be

used as an index to differentiate between creep brittle and creep ductile
ma ter ia l s .  However , this concept requires further verification .

(5) Lack of data from critically designed experiments on CCG is a

basic limitation to the understanding of the phenomenon of CCG.

(6 ) Better models are still required to accurately characterize
the initiation and growth of cracks at elevated temperatures .
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