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1.0 Introduction

Critical gas turbine engine hot section components such as blades, vanes, and combustor liners

tend to develop minute cracks during the early stages of operation. These cracks may then grow

under conditions of fatigue and creep to critical size. Current methods of predicting growth rates

or critical crack sizes are inadequate, which leaves only two extreme courses of action. The first

is to take an optimistic view, with the attendant risk of an excessive number of service failures. The

second is to take a pessimistic view and accept an excessive number of"rejections for cause" at con-

siderable expense in parts and downtime. Clearly, it is very desirable to develop reliable methods

of predicting crack growth rates and critical crack sizes.

To develop such methods, it is desirable to relate the processes that control crack growth in the

immediate vicinity of the crack tip to parameters that can be calculated from the remote field data.

The most likely parameters appear to be certain path-independent (P-I) integrals, several of which

have already been proposed for application to problems involving inelastic deformation and thermal

strains. A thorough analytical and experimental evaluation of these parameters needs to be made

under the loading conditions which would include elevated temperature isothermal and thermal-

mechanical fatigue, both with and without thermal gradients and hold times.

Previous work during the base program (1) surveyed available P-I integrals (2), used f'mite element

analysis to simulate the growth of fatigue cracks in Alloy 718 experiments, and showed that exper-

imental crack growth rates measured over a wide range of elastic and elastic-plastic cyclic deforma-

tion conditions could be correlated using several of the P-I integrals. The finite element analysis

of crack propagation and the computation of P-I integrals were based on the assumption of time-

independent deformation in the base program.

This program is in many ways an extension of, and has been supported by, several previous

NASA programs. The technical approach is built upon a base program which was funded by the

NASA HOST (HOt Section Technology) Program. Supporting experimental data was acquired in

a pre-HOST NASA program. Funding for the current program was provided by the Earth-To-Orbit

Propulsion Technology Program.

The purpose of this program was to extend that work into the regime of time-dependent crack

growth under isothermal and thermal mechanical fatigue (TMF) loading, where creep deformation

also influences the crack growth behavior. The investigation was performed in a two-year, six-task,

combined experimental and analytical program. The six tasks are:

• Review and analytical evaluation of path-independent integrals for time-dependent

deformation

• Analytical and experimental evaluation of crack growth under constant strain or stress

• Analytical and experimental evaluation of crack growth under strain cycling with hold time

at maximum strain

• Experimental study of crack growth under thermomechanical cycling with hold time at max-
imum or minimum strain

• Analysis of crack growth data on Hastelloy-X reported by Meyers, et al.(3)

• Report the results of the investigation.



Theresultsobtainedin thesefirst five taskswill be described in detail in the following sections.

Also included in the report are the results of time-independent deformation analysis on several speci-

mens tested under thermomechanical loading and thermal gradient conditions. These data were

obtained in the base program, but not analyzed.

The results in the following sections are highly dependent on the progress made in the base pro-

gram, so the major results are summarized for completeness.

The path-independent integrals for time-independent deformation were reviewed (2) with

emphasis on whether or not the path-independence is maintained for the mechanical and thermal

loading conditions used in the program. The physical meaning, the computational aspects and rela-

tions among P-I integrals were also examined. The J*, 3, ATp*, and ATp integrals were shown to

be path-independent under all combinations of thermoelastic-plastic loading conditions considered

including inhomogeneous material properties which can arise from thermal gradients. These P-I

integrals were selected for evaluation of their ability to correlate experimentally measured crack

growth data.

The material chosen in this program was y"-strengthened nickel-base Alloy 718. The composi-

tion, microstructure, and heat treatment of the Alloy 718 plates used throughout this investigation
were described previously(i). The constitutive properties of this material was measured over the

temperature range of 427 ° to 649°C under monotonic tension, cyclic, and creep deformation.

A button-head single edge notch (SEN) specimen shown in Figure 1 was developed for use in

the strain-controlled crack growth tests. This specimen has a short gage length to avoid buckling

under fully reversed (Re=-l) loading. Analytical and experimental evaluations were performed to

define the maximum strain to be applied without buckling and to verify the validity of the boundary

conditions to be used during finite element simulation of crack growth and crack closure. It was

shown that remote displacements were linear across the width of the test specimen. The Alloy 718

crack growth tests were performed under strain control where the crack length was monitored using

a DC potential technique. Extensometers measured the displacements at three locations: (1) center

and (2) back face of the specimen at the gage length, and (3) at the crack mouth to measure the crack

mouth opening displacement (CMOD) as shown schematically in Figure 2. The measurement at the

I 12.95

b

127

- 15.9 (_

c -I l
.7R 19.05 diameter-

Figure 1. Buttonhead single edge notch (SEN) specimen.
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Figure 2. Schematic drawing of triple extensometer
buttonhead SEN test method.

center of the specimen was used as the control displacement. The back face displacement along with

the center displacement was used to define the boundary conditions at the gage length by linear ex-

trapolation. The load and CMOD were used to verify the accuracy of the finite element analyses

of crack growth and crack closure. A typical example of the measured load and displacements are

shown in Figure 3.

The finite element analysis of crack propagation and crack closure was performed on three speci-

mens tested at 538°C with strain ranges of 0.5, 1.15 and 1.70%. The finite element model of the

gage section is shown in Figure 4. The crack growth was simulated by releasing nodes at the crack

tip cycle by cycle. The predicted and experimental load and CMOD agreed reasonably well as

shown in Figure 5. The crack closure was modeled using gap elements. The crack closing and open-

ing was predicted closely with the experimental data as shown in Figure 6.

The four selected path-independent integrals were computed along several paths. The results

showed path-independence. The range of these P-I integrals from the minimum strain to the maxi-

mum strain (approximately equal to the range from the crack opening point to the maximum strain)

were used to correlate the crack growth data. It was found that all these integrals correlate the data

very well as shown in Figure 7.
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2.0 Review of Path-Independent Integrals for
Time-Dependent Deformation

The J-integral (4) has been widely used in elastic-plastic fracture mechanics. Its application

includes determining the stress intensity factors using the stress and strain fields away from the crack

tip, predicting ductile crack propagation under monotonic tensile loading (5), and predicting fatigue

crack growth using operational definitions of the range of the J-integral (6'7). The theoretical basis

of the J-integral, however, does not permit its application to crack growth prediction in many cir-

cumstances including cyclic loading with significant plasticity, thermomechanical loading, and

thermal gradients. In efforts to remove these barriers, researchers have proposed new path-indepen-

dent (P-I) integrals. Most of these new P-I integrals are, however, not given in the form of a con-

servation law like the J-integral. They include area integrals in addition to line integrals. Thus, the

path-independence must be interpreted in a nonclassical sense; that the sum of a line integral along

a path surrounding the crack tip and an area integral over the area enclosed by the path is independent

of the path. These new P-I integrals proposed for application to the elastic-plastic fracture mechan-

ics were reviewed in the base program (2). Although the physical meanings of these integral parame-

ters are not as clearly defined as the J-integral, these can be related to known crack tip parameters

such as K and J in certain loading conditions (2) and therefore can be considered as candidate parame-

ters for crack growth prediction. In fact, the results of the base program for isothermal cases indi-

cated that these integrals might be useful parameters.

The previous review (2) limited itself to elastic-plastic (time-independent) deformation. One

purpose of this program was to extend the review to time-dependent deformation. The time-depen-

dent deformation concerned in this report is the viscoplastic (creep) deformation, which can occur

in metallic components operating at elevated temperatures. The review will cover the utility of the

P-I integrals in this category under realistic conditions including cyclic loading with substantial in-

elastic deformation, thermomechanical loading, temperature gradients, and material inhomogenei-

ties. The inertia effects, the body force, and large deformation were not considered in the review.

A few example analyses were carded out for the stress and deformation field of a single edge

notch specimen subject to different loading and temperature conditions. The in-house elastic-inelas-

tic finite element code, CYANIDE, was used for these evaluations. The P-I integrals were computed

and the path-independence of the numerical results was examined.

2.1 Review of Path-Independent Integrals

Some of the P-I integrals reviewed in the base program (2) are obviously inapplicable to time-

dependent deformation. These are the J-integral (4) , two thermoelastic integrals by Wilson and Yu (8),

and by Gurtin (9), and Ainsworth et al. integralO0). These integrals were not considered further in

this review. The P-I integrals considered were:

• The C*-integral (HA2)

• The J*-integral (13) and its rate form

• The _ -integral (14) and its rate form05)

• The AT-integrals (16) and T* integral (17)

These integrals are reviewed individually in the following sections. For nomenclature pertinent

to the integration path and area, the reader is referred to Figure 8.



Figure 8. Integration paths and areas.

2.1.1 The C*-integral

Using the similarity of the constitutive relations between the Ramberg-Osgood equation for elas-

tic-plastic deformation and the power law steady state creep equation, one can readily infer that the

J-integral(4) can hold for creep deformation if the strains and displacements in the integral are

replaced by their rates and the energy density is replaced by a rate potential. This was noticed by

Goldman and Hutchinson(ll). Landes and Begley(12) used the term C* to designate the rate integral

thus generated, and utilized it to correlate their crack growth data. The C*-integral is def'med
by

r

C* = J (W*n I - titii,1)ds (1)
F

where nl is the Xl-component of the outward unit normal on the contour, ti is the traction vector, ui
is the displacement vector, s is the arc length, • is for the time derivative, and the comma indicates

partial differentiation with respect to the following coordinate. The repeated indices, unless other-

wise stated, imply summation as in the usual index notation.

W*= f uijd_ij (2)

where oij and eij are the components of stress and strain rate, respectively.

The existence of an energy rate function (W*) gives a major restriction on the applicability of

this integral. Such a function can be found only if the material response follows the secondary or
steady-state creep law:

I_ ij = (1(O/Oo) n (3)

where _t and n are material constants, Oo is the reference stress.

The generalization of equation (3) to multiaxial state is given by
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%/eo = (3/2)a (odoo)n-Xs Joo

where the deviatoric stress, sij, and the effective stress, oe, are defined by

sij = oij - 1/3 o_Sij

oe = (3/2 sijsij) 1/2

The energy rate function is easily obtained as

W* = a(n/n+ 1)Oe n+l

(4)

(5)

(6)

(7)

For a nonpropagating crack under the above deformation condition, C* is a single parameter

characterizing the crack tip field01);

Oij = Oo (C*]otOo_.oln)l/(n+l)r-I/(n+l)o'_j(O) (8)

Eij = Otgo (C*/otOn£oln) n/(n+l)r-n/(n+l) _j (0) (9)

Within the classical inelastic theory, the deformation can be represented by addition of the

instantaneous elastic-plastic response, creep, and thermal deformation. The deformation condition

given by equation (3) represents only the steady-state creep term and excludes the instantaneous

response, primary creep and thermal deformation. For the C* integral to be path-independent, this

deformation condition must be satisfied at every point in the domain surrounded by the contour of

integration excluding the crack tip. Precisely speaking, this state of deformation cannot be achieved

even in the simplest case, as in the body with a stationary crack subject to a constant remote stress

at a constant temperature. However, the path-independence of the C*-integral can be approximately

attained at long times where the strain increment is mainly due to steady state creep.

It has been an issue among researchers if C* is a useful parameter for crack growth prediction

under constant loads. Although the remote stress is constant, the crack tip field becomes compli-

cated due to the competing effects between the stress elevation due to crack growth and the stress

relaxation due to constrained creep as described by Hawk and Bassani (18). The problem can be

treated as a steady-state case if the crack growth is sufficiently slow and the development of the sec-

ondary creep is fast enough. It is generally known that C* is a viable parameter for crack growth

prediction in this circumstance (19).

The path-independence of C* is also limited by the restrictions similar to those imposed on the

J-integral. They are as follows:

1. The material must be homogeneous (uniform a and n) at least in the crack direction.

2. No body force is acting on the material.

3. The temperature is uniform in space.

4. The crack surface is traction free.

The last condition can evidently be removed if the contour includes the crack surface. As for

a crack located at the straight interface of a bi-material, C* is path-independent provided both

materials satisfy the constitutive conditions mentioned above. This can be proved in the manner
similar to Smelser and Gurtin (21). If the interface is inclined to the crack, we will see a term with

the jump of the integrand across the interface integrated along the interface. The C* is interpreted

11



as the power (or energy rate) difference between two identically loaded bodies having incrementally
differing crack lengths, i.e.,

dU*

C* - (10)
da

where U* is the power defined by

U*= f W*dV-f tiuidA

B St
(11)

and B is the volume of the body, St is the boundary where traction is given, dV and dA are the infini-

tesimal volume and area, respectively. From the standpoint of equation (10), C* can be interpreted

as the power release rate as the crack advances in the material.

The C* can be determined approximately by the experiments in the manner given by Landes and
Begley(12).

2.1.2 The _-Integral and Its Rate Form

The _-integral proposed by Kishimoto et al.(]4) can also be applied to the time-dependent

deformation as well as to the time-independent deformation, since no constitutive relations were

used in the formulation. It can also be used with thermomechanical cycling, temperature gradients

and the associated material inhomogeneity. The near field and far field expressions of this integral

are given by

_' = -f tiUi, ldXl (12)

-- _1_tiUi, ldXl + fAOijeij, ldA (13)

where the notation lim e--->0 in the near field expression was omitted intentionally. This notational

scheme was also used for other integrals. In the cases where the area of integration includes the

boundary of dissimilar materials (a case of material inhomgeneity where the properties change dis-

continuously), a line integral with integrand [tiui,1], where the bracket implies the jump of the quanti-

ty in the bracket across the line of material discontinuity, must be added to the right side of equation

(13). This integral is carried out along the line of material discontinuity. However, if the interface

is parallel to the crack, this additional term vanishes.

This integral implies that the work done to the crack tip by the surrounding medium is indepen-
dent of the crack length.

This integral was examined as a possible parameter for crack growth prediction in the time-

independent regime(1) and some positive results were obtained for isothermal cyclic loading.

The rate form of this integral was proposed by Liu and Hsu (15) without reference to Kishimoto

et al. (14). For a self-similar crack growth in the xl direction, the rate form is obtained by simply
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replacing the strain and displacements by their time rates

f
= - J titii, ldXl (14)

= - fFtilli, ldx 1 + _Aoiji_ij, ldA (15)

This rate integral is again applicable to all loading and temperature conditions. It is noted that

the notation Cg* used by Liu and Hsu05) was replaced by _ to elucidate its relationship to _. Notice

that J_ is not d_/dt. Liu and Hsu(15) showed some examples of creep crack growth prediction using

this integral.

For the steady state creep condition given by equation (3), the following relation can be easily

obtained in the manner given in Appendix A of Kim and Orange(2):

_-- h(n)C* (16)

where h is a function of the hardening exponent only. This relation indicates that _ and C* have

equivalent crack growth predictive capability at steady state creep conditions, since they are related

only through a multiplicative constant for a given material.

2.1.3 The J*-Integral and Its Rate Form

Another path-independent integral which does not require constitutive restrictions is the J*-inte-

gral (13). This integral was discussed in the previous review(2) for elastic-plastic deformation. The

near field and far field expressions of this integral are given by

J* = J (l/2oijuijdx2- tiUi, ldS) (17)

= J (1/2oijui,jdx2 - tiUi, ldS)+ J (1/2oijui,jl - 1/2oij,lUi,j) dA (18)
F A

This integral does not carry a physical meaning unless the deformation is elastic or thermoelastic

as discussed in Kim and Orange (2).

The rate form of this integral is defined by replacing the displacements and the strains by their
rates, i.e.,

i* = _ (1/2oijui,jdx2 - tiUi, lds) (19)

= f (1/2oijui,jdx2-tiui, lds)+ J',(l/2oijui,jl- 1/2oij, lu'i,j)dA (20)
F

It is noted that J* does not imply dJ*/dt. The passage from equation (19) to equation (20) makes

use of the equilibrium equation and the divergence theorem, hence this rate integral may be utilized
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regardlessofconstitutiverelations,loading,andtemperatureconditions.Thisrateintegralwasnev-
erproposed,but it will beconsideredin thisstudybecauseothernon-rateintegralsbeingconsidered
in thisprogramhavetheircorrespondingrateintegrals.

For deformationconditionsof thetypeof equation(3),direct substitutionof equations(4) and
(5) furnishestherelationbetweenJ* andC* (AppendixA of(2));

J*= g(n)C* (21)

Thefunctiong(n) is againconstantif amaterialis given,thusit is expectedthatj* canpredict
thecreep crack growth as well as C* when deformation is dominantly of the steady-state type.

The integrands of the second terms of the equations (18) and (20) have singularities of r -2 at the

crack tip. The existence of these terms necessitates a special angular distribution of field quantities

around the crack tip. This was described by Kim and Orange(2).

2.1.4 The AT-Integrals

Atluri, Nishioka and Nakagaki(l 6) proposed the following two integrals for elastic-plastic mate-
rials:

ATp* = j" InlAW - (ti +Ati)Aui,1 - Atiui, llds (22.a)

Fo

= f_ InlAW -(ti + Ati)Aui,1 - Atiui,11 ds

F

+ JA IAoij(eij,1 + 1/2Aeij,1)- Aeij(oij,1 + 1/2Aoij,1)ldA (22.b)

P

ATp = ,[ ]nIAW - (ti +Ati)Aui,1 - AtiUi, llds (23.a)
r_

= _" ]nIAW -(ti + Ati)Aui.l - Atiui, lldS
F

-JA IAoij(eij,1 + 1/2Aeij,1)- Aeij(oij, l + 1/2Aoij,1)]dA (23.b)

where

AW = oijAeij + AV (24)

AV = 1/2AoijAeij (25)

The incremental potential AV must satisfy the following condition for the two integrals to have
physical meanings:

Aoij = 8AV/SAeij (26)

Such an incremental potential exists for isothermal proportional elastic-plastic deformation,

however it is not possible to find one if the deformation condition includes nonpropordonal plastic-

ity, time-dependency, nonuniform temperature distribution and thermomechanical loading. The

path-independence of these integrals, however, does not require the existence of the incremental
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potential.With equations (24) and (25), one can easily see that the passage from equation (22.a) to

(22.b) and the passage from equation (23.a) to (23.b) utilize only the equilibrium equation and the

divergence theorem, but not equation (25). Therefore, these integrals should be applicable to time-

dependent deformation, thermomechanical cyclic loading and thermal gradient cases.

The area integral in the ATp*-integral exhibits a r--2 type singular behavior; thus the angular dis-

tribution of the stresses and strains must satisfy the condition that the angular integral vanish near

the crack tip when the integral is written in terms of polar coordinates.

The physical meaning for the time-dependent deformation exists only in the situation where the

total deformation can be approximated by the steady-state creep deformation. In this case, these

integrals represent the rate of the incremental potential per unit difference in crack length. As was

discussed in (x), the ATp*-integral is a direct measure of the crack tip deformation, but the ATp-inte-

gral is not. For this reason, a recent paper by Brust and Aduri (17) considers only the ATp*-integral

for creep deformation. In this paper (17), they take the time rate by dividing the ATp*-integral by

time increment and taking the limit. The second order terms of the incremental quantities were

dropped and the equation becomes

"Fp* = fFe(nlW - njojiui,1)ds (27.a)

= _ (nl_/- njojiui,1 - njojiui,1)ds + #A(OijUi,jl - oij,1 ui,j)dA (27.b)
F

It is noted that Brust and Afluri (17) denotes this integral" "I_ *" instead of" "f"p*". We use here

the latter for notational consistency with the incremental integrals.

The relation of this parameter to the crack tip stress and strain field for steady-state creeping sol-

ids of the power-law type can be expressed as

oij = ('i'p*/aI*)l/(n+l) r-1/(n+l) _ (0) (28)

where zt

f _, (n+ I)
I* = In + 1/(n + 1) [Oeq(0)] cos0d0 (29)

--7_
This parameter can also be related to the stress and strain field of a growing crack following Hui

and Riedel (2°) for the elastic-creeping solids..However, these kinds of relations, including the above

equations, can also be established for J* and _ as described previously for a steady-state creep case.

Other than these relations to the crack tip field it is not clear what physical meaning Tp*given by

equation (27) carries. The ATp* integral as given by equation (22) is related to the energy release

rate for the constitutive relationship given by equation (26). The Tp* integral does not contain the

incremental potential, thus the physical significance becomes ambiguous.

Brust and Afluri (17) reported numerical examples for a single edge notch specimen subject to

constant stress and constant velocity on the remote boundary.

2.2 Computation of Path-Independent integrals

The details of the computation of non-rate P-I integrals have been described in the final report

of the base program (1). In computation of the rate integrals, the rate quantities in the integrand were
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computed by dividing the differences of the quantities by the creep time between two relevant load

cases. The average values between the two load cases were taken for the non-rate quantities. There-

fore, the resulting values of the rate P-I integrals represent those at the half of the creep time

associated. Software developed in the base program for computation of the non-rate P-I integrals

was revised to accommodate the subroutines for computing the rate integral.

The verification of the code was made by considering three example boundary and temperature

conditions on the single edge notch specimen model (Figure 4) used in the base program; (1) uniform

strain of 1% on the upper boundary at 649°C, (2) uniform stress of 345 MPa on the upper boundary

at 649°C and (3) uniform stress of 345 MPa on the boundary and a linear temperature gradient from

649°C on the front face to 538°C on the back face. An example of the load cases and creep times

is shown in Figure 9 for the constant strain case. The integrals were computed at times (t) of 0.1,

1.0, 10.0, and 100.0 hours. The rate quantities were computed by dividing their increments between

two adjacent load cases by the creep time. The average values of the two load case data were used

for the non-rate quantities. The crack was a stationary crack with the length of 2.54mm (a/W = 0.25).

The Alloy 718 stress-strain curves determined in the base program (1) were used in the analysis. The

creep properties obtained in the base program were not analyzed at the time of this verification, so

the creep properties of a similar material were used according to the following five-term power-law

creep equation:

ec = K(o/oo)nt m + q(o/oo)rt (30)

The constants for equation 30 are:

Temperature, °C K n m q r

538 1.53 x 10--4 2.037 0.200 3.400 x 10--9 20.1

649 2.27 x 10--4 0.574 0.563 2.325 x 10--4 9.73

The numerical results showed that these integrals are indeed path-independent for all three prob-

lems. Typical examples are shown in Figures 10 and 11 for _' and _. The C* integral was path-depen-

dent at small times but it became nearly path-independent at large times (Figure 12). Notice also

that all these integrals diminish to zero under constant strain as time becomes large. This is not ex-

pected to occur for a growing crack. Figure 13 shows the redistribution of the crack ligament stress

with time for a constant strain condition.
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Figure 9. Load cases and creep times for constant strain analysis of rate Integrals.
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2.3 Conclusions

The review of the path-independent integrals for time-dependent deformation leads to the fol-
lowing conclusions:

* The C*-integral can be applied only when the secondary creep deformation is dominant in

the body.

The non-rate path-independent integrals (J*, _, ATp* and ATp) selected in the base pro-

gram for further evaluation are also path-independent for inelastic time-dependent deforma-

tion including unloading and nonproportional loading.

The rate integrals (J*, _, and "l_p*) are path-independent for inelastic time-dependent de-

formation including unloading and nonproportional loading.

The non-rate integrals (J*, 3, ATp* and ATp) and the rate integrals (J*, _, and "l;p*) are

applicable to time-dependent deformation with spatial and temporal temperature variation.

The material may be inhomogeneous. However, the mechanical field variables must have

some degree of smoothness to avoid additional terms including jump discontinuities.
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3.0. Crack Growth Under Thermomechanical Loading and
Temperature Gradients

The objective of this task was to investigate the ability of the P-I integrals to correlate the crack

growth data under thermomechanical loading and temperature gradient conditions. The experimen-

tal data for these loading conditions were reported in Sections 8 and 9 of the base program report (i).

3.1 Finite Element Analysis of Crack Growth

The strain in the cracked body during a thermomechanical cycle can be decomposed into the

mechanical strain and thermal strain. The thermal strain is uniform throughout the body at a fixed

time point in a cycle, thus it does not contribute to the stress field. Furthermore, the thermal strain

is not singular at the crack tip, and therefore its contribution to the P-I integrals vanishes. This im-

plies that the finite element analysis can be performed with boundary conditions due to the mechani-

cal part only. However, the thermal strain must be included in the thermal gradient analysis because

the thermal gradient produces a singular thermal stress field around the crack tip.

The finite element analysis for TMF crack growth was performed in a manner similar to the iso-

thermal analysis in the base program (1). The maximum strain is applied on the model in the first

load case, two nodes at the crack tip are released in the second load case, and the minimum strain

is applied on the boundary in the third load case. The temperature of the model changes from the

maximum (minimum) value at the maximum strain to the minimum (maximum) value at the mini-

mum strain for the in-phase (out-of-phase) cycle. This cycle of analysis is repeated until the crack

length increases to a fourth (2.54mm) of the width of the specimen. The variation of the crack length

and control strain with the load cases in the analysis is shown schematically in Figure 14. The total

load cases are 22.

The crack growth analysis under temperature gradients and mechanical strain cycling were per-

formed in a manner similar to the isothermal strain cycling analysis. The temperature gradient

shown in Figure 15 is applied to the model, and this distribution of temperature remains unchanged

during strain cycling.

3.2 Results of Analysis

The specimens and test conditions analyzed in this study are:

TMF:

1. Specimen N5-43 (427°C - 649°C in-phase, Ae=0.5%)

2. Specimen N4-36 (538°C - 649°C out-of-phase, Ae=0.75%)

3. Specimen N5-29 (427°C- 649°C in-phase, Ae= 1.15%)

4. Specimen N5-25 (427°C- 649°C out-of-phase, Ae=1.15%)

Temperature Gradient:

1. Specimen N5-5 (649°C- 482°C, Ae--0.5%)

2. Specimen N4-39 (649°C - 482°C, Ae=1.70%)

All of the TMF and thermal gradient specimens were tested at the same frequency (0.01 Hz) as

the isothermal specimens.
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Figure 14. Schematic of loading steps and crack lengths in crack growth
simulation without hold time for SEN specimen.

The calculated and experimental average stress during crack propagation are plotted in Figures

16 and 17 for the TMF and temperature gradient test specimens, respectively. The corresponding

calculated and experimental CMOD ranges for these specimens are presented in Figures 18 and 19.

The degree of correlation varied from specimen to specimen. The average stress data was reasonably
good other than specimen N5-43 for which the calculated maximum and minimum stresses were

substantially lower in magnitude than the experimental data. The predicted CMOD range was small-

er in most cases, and in particular the deviation was fairly large for thermal gradient cases.

The four path-independent integrals used for the isothermal crack growth analysis (J*, J', Tp*

and Tp) were computed for all specimens. The results showed path independence. Typical results

are shown in Figure 20 for a TMF cycling and in Figure 21 for temperature gradient crack propaga-
tion.

The crack growth rates for the TMF and thermal gradient loading were plotted in Figures 22

through 25 for the four P-I integrals. The 538°C isothermal data are also included in these figures.

It appears from Figure 15 that the crack growth rates of the thermal gradient specimens would be

close to those of 649°C, because the crack path in the analysis (the maximum crack length = 2.54
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mm) is contained within the 649°C region. These crack growth rates are consistent with the isother-

mal data at 649°C obtained in the base program.

The crack growth rates of the 538°C-649°C 0.75% OP specimen are between the 538°C data

and the thermal gradient data, but very close to the 538°C data. The 427°C-649°C TMF data show

that the in-phase crack growth rates are greater than the out-of-phase crack growth rates. Unfortu-

nately, the 427°C isothermal data are not available at this time, thus the locations of these TMF data

relative to the 427°C isothermal data are unknown. However, it appears that even the in-phase crack

growth rates are significantly lower than the 649°C isothermal rates when the data were correlated

with AJ*, A_ or ATp*. This may be due to the fact that the crack paths of thermal gradient specimens

were subjected to higher temperatures than those of TMF specimens for the whole cycle except at

the maximum strain point. Therefore, it is expected that the time-dependent crack growth and/or

the environmental effect becomes more significant for the thermal gradient specimens. This is also

manifested in Figure 26 where the crack growth rates of the thermal gradient specimens (which

would represent the case of R¢=-1, 0.6cpm, 649°C) were compared with isothermal crack growth

data. In these figures the 538°C data are from the base program, and the Re=0, 10cpm data at 593°C

and 649°C are from Section 7 of this report. It is apparent that the frequency effect is significant

at 649°C even if the influence of R_ (Figure 88 of (1)) is taken into account. This implies that the

time-dependent behavior and/or the environmental effect is significant in crack growth at 649°C.

Similar observations can also be found for Alloy 718 at 649°C in Van Stone et al. (22), and in Nicholas

and Ashbaugh (23). Finally, it is noted that the correlation of the TMF and thermal gradient crack

growth data with ATp, Figure 25, appears somewhat different. While the quality of correlation is
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seemingly comparable to other parameters, it does not reveal the time-dependency and the environ-

mental effect discussed above. Further investigation is needed to verify this.

3.3 Conclusions

The results of the analyses of four TMF specimens and two thermal gradient specimens were

correlated with AJ*, A_, ATp* and ATp. In the analyses of thermal gradient specimens, the crack

propagated through the region where the temperature was uniformly 649°C. The crack growth rates

of these specimens were consistent with those of the isothermal specimens tested at 649°C (1). The

TMF crack growth data appear to be correlated with these parameters. However, further analysis

of isothermal data (427°C, 593°C, 649°C) and TMF data obtained in the base program would be

needed for further verification. There is an indication that ATp does not represent the time-depen-

dent behavior of crack growth and/or the environmental effect properly. This also requires further

verification.
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4.0 Crack Growth Analysis on Hastelloy-X

The objective of this task was to analyze the crack growth data obtained by Meyers (3) on Hastel-

loy-X in a pre-HOST program and investigate whether or not the path-independent integrals

selected in the base program correlate the crack growth data. The outcome of this task was the verifi-

cation of the applicability of these P-I integrals for a geometry and material different from those used

in this program.

The specimen used by Meyers (3) had a tubular geometry as shown in Figure 27. This specimen

was subjected to various strain cycling under isothermal, TMF, and combinations of cyclic and time

dependent deformation. The majority of data were obtained for RE=- 1 loading. This program per-

formed FEM crack growth simulation of the 13 isothermal and 6 TMF specimens shown in Table

1. All of these cases were for Re=- 1 without hold time. The TMF analyses included 5 out-of-phase

cycles and 1 in-phase cycle. Details on the material, test method, etc. are available in(3),(26), and(27).

4.1 Method of Analysis

The finite element analyses were performed with the assumption of time-independent deforma-

tion. The elastic moduli, Poisson ratios, thermal expansion coefficients and cyclic stress-strain

curves were needed as input to the finite element analysis. These data were obtained from published

sources (3,24,25). The cyclic stress-strain curves used in these analyses are shown in Figure 28. This

r
n
u

1.574

(O.620)

i

1.016

(0.400)

8.890

(3,5OO}

'=P- 2.54

( 1.001

,I

t 1.270

10.500)

Extensometry

Ridge

Starter

Crack

-3
2.28

(0.900)

10.579

(4.165)

2.54 Extensometry

-
1.127 _ _ 1.381 Starter

(0.44 4) (O,544} Crack

Dimensions are Nominal Values, Given in Centimeters (Inches)

Figure 27. Tubular crack growth test specimen of Hastelloy-X.
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Table 1. Hastelloy-X speclmens evaluated uslng FEM crack growth slmulatlon.

Test
Number

I-1

I-2

I-4

I-6

I-7

1-14

1-15

1-16

1-18

1-19

1-20

1-23

1-25

T-1

T-2

T-3

T-4

T-8

T-12

Temperature,
°C

427

427

427

649

649

871

871

871

871

927

927

982

982

427-927

427-927

427-927

427-927

427-871

427-871

Strain

Range, %

0.15

0.40

0.25

0.15

0.40

0.15

0.175

0.40

0.15

0.25

0.40

0.15

O.40

0.15

0.25

0.40

0.25

0.25

0.40

Mean
Strain,%

-0.25

-0.25

-0.25

+0.25

+0.25

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Cyclic
Rate (cpm)

60.0

10.0

10.0

2.0

1.0

1.0

1.0

0.5

1.0

1.0

0.5

0.5

0.5

0.83

0.83

0.44

0.83

0.83

0.44

Additional

Description

out-of-phase

out-of-phase

out-of-phase

in-phase

out-of-phase

out-of-phase

material exhibits considerable strain rate sensitivity at temperatures above 649°C and some reverse

strain rate sensitivity at lower temperatures(24). These curves represent the stabilized cyclic stress-

strain behavior approximately at the rates of applied strains shown in Table NO TAG. One may ob-

serve some variation in the applied strain rates from specimen to specimen. Significant scatter in

the stress-strain behavior at the same strain rate may also be found for this material as demonstrated

previously (24,25). Therefore, engineering judgement was exercised to determine the stress-strain

curves in Figure 28. It must also be noted that the strain rate varies from location to location within

the specimen due to the existence of a crack. The strain rates near the crack tip will be much higher

than elsewhere. For an accurate analysis, the rate sensitivity of the stress-strain curves must be ac-

counted for. Unfortunately, this capability did not exist with the classical constitutive theory used

in the CYANIDE finite element code employed in this investigation. Thus, the stress-strain curves

in Figure 28 were assumed to be applicable everywhere in the specimen.

Another simplification of the problem occurs with the finite element modeling of the specimen.

Since the specimen is tubular with a through crack, the model must be three-dimensional to be pre-

cise. In this investigation, we will consider an in-plane model generated by expanding the tubular

specimen. The width of the in-plane model is equivalent to the circumferential length of the mid-

thickness plane of the tube. The length of the model is identical to the gage length. We will take
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only a quarter of this model for the finite element

model considering the symmetry. The finite ele-

ment model is shown in Figure 29. This model

was actually generated by multiplying constant

factors on the nodal coordinates of the SEN mod-

el used in other tasks (Figure 4), so the two mod-

els are identical other than nodal coordinates.

This facilitated the application of pre- and post-

processors used for analyzing SEN specimens.

The tube specimen is rather short, as with the

SEN specimen, to avoid buckling in the compres-

sive part of the applied strain cycle. The distribu-

tion of the displacement on the boundary at the

gage length would deviate somewhat from uni-

formity due to the bending effect of the specimen.

However, this deviation, and also the unknown

lateral boundary conditions at the gage length,

would not affect the values of the P-I integrals to

a significant extentO). The x-directional bound-

ary conditions on the side boundary are not

known; however, they must satisfy the conditions

that the x-directional displacement must be uni-
form and that the x-directional resultant force

must vanish. An iterative solution scheme may

be used to satisfy these conditions, but the effect

of the lateral stresses is believed to be insignifi-

cant. The final problem, with zero stresses for the

unknown boundary conditions, is reduced to a center-cracked plate subjected to uniformly distrib-

uted cyclic strain. The errors introduced by the geometric simplification and assumptions of the

boundary conditions are conjectured to be rather small from the perspective of the crack driving

force and crack growth rate (27,1).

The crack propagation was simulated it,.a manner similar to the isothermal and thermomechnical

crack propagation analysis performed on the SEN specimens. The initial crack tip was located at

the third node from the center of the model on the crack plane. The simulation proceeds in three

steps in each analysis cycle (representing more than one experimental cycle); (1) the model is loaded

to the maximum strain, (2) two nodes are released at the crack tip, (3) the model is reverse loaded

to the minimum strain. As in the SEN specimen analyses, the release of two nodes instead of one

was used to reduce the computational time. The analysis continues until the crack length reaches

a quarter of the plate width, that being the approximate termination point of the test. The total num-

ber of cycles is 7. Then the model is reloaded to the maximum strain and the analysis is terminated,

so the total number of load cases is 22. This scheme is exactly identical to the case of the SEN speci-

men shown in Figure 14.

The computation of the P-I integrals were carried out along three rectangular paths used in the

crack propagation simulation in the base program (1). The crack growth rates at the crack lengths

31



x X
x X

xx  xxxx
X XXX X><
X ><X ><X

_<Erl< >l<I>gT_ _tO>t< _ZI3_<2 >t:51>l< _<E>I< >t(I>_",.,/"x. "-.d"-.

Figure 29. The CCP finite element model of Hastelloy-X.

in the analysis cycles were determined from the da/dN versus Ke data of Myers (3) by approximating

the correlation by linear or bilinear curves. The values of Ke were determined using formula

described elsewhere (28).

4.2 Results of Analysis

The range of the degree of plastic deformation in the specimens subject to various strain and tem-

perature conditions can be found in the contour plots of the effective stress for the extreme cases.

Two extreme cases are shown in Figure 30. Figure 30(a) shows the results for a crack at 427°C with

a 0.15% strain range where the plastic zone (Oy=310 MPa) is in the realm of small scale yielding.

Figure 30(b) shows the case at 982°C with a 0.4% strain range (oy=34 MPa) where the plastic zone

covers much of the model (the whole area on the right side of the leftmost contour). Thus, the utility

of the P-I integrals to correlate behavior from the LEFM domain to the highly nonlinear domain is

being investigated.

The calculated maximum and minimum average stresses (load/cross section area of the un-

cracked specimen) were plotted in Figure 31 against the crack length at the stain range of 0.4% for

the lowest and highest temperatures. The experimental data were not reported in (3), so comparison

was not possible. Some decrease of the maximum stress is seen at 427°C but the variation was mini-

real at 982°C. The minimum stresses stayed nearly constant due to contact of the crack surfaces in

compression. The predicted crack profiles at 0.4% are shown in Figure 32 for these two tempera-

tures. Notice the marked difference in the shapes of the profile at larger crack lengths. The opening

in the vicinity of the crack tip is much larger at 982°C.

The path-independence of the integrals in the numerical results was achieved to an acceptable
A

degree. Typical examples are shown in Figure 33 for J and Tp* at 0.4% for 427°C and 982°C.
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,Tp.

(a)

Figure 30.

(b)

D

The predicted plastic zone size in Hastelloy-X at (a) 427°C, A_=0.15% and

a/W--0.25 and (b) 982°C, A_--0.40% and a/W=0.25.
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The equivalent distance is the average distance from the crack tip to the nodes on the path of integra-
tion.

The correlation of Hastelloy-X crack growth rates with the four P-I integrals (AJ*, A_, ATp*

and ATp) at 427°C, 649°C, 871°C, 927°C and 982°C are shown in Figures 34, 35, 36, 37, and 38,

respectively. The range was computed from the minimum to the maximum applied strain. This is

approximately equivalent to the range from the crack opening point to the maximum strain, since

the values of the P-I integrals at the closing point, opening point, and the minimum strain are very

small compared with those at maximum strain for RE=-1 loading (1). The data points in the figures

were chosen such that they are within or near the bounds of da/dN in the test data, although data

points in the analysis were obtained for 7 crack lengths in all cases. Therefore, some of the strain

ranges do not have as many data points as others. Another point to note is that the distribution of

data points for a given strain range is concave downward for most cases. This results from the rela-

tively small increase, and in some cases decreases in the values of the P-I integrals with increasing

crack length. At the same time, the crack growth rate increased significantly with crack length. This

may be an artifact introduced by neglecting the curvature of the specimen and by the assumption

of uniform displacement distribution at the boundary. Despite this undesirable concave distribution

of data points, which increases the standard deviation, almost all data points in the figures of da/dN

versus AJ*, A_' and ATp* fell within the bounds of a factor 2 from the straight lines obtained by

regression analyses. The ATp integral did not correlate the data as well. For this reason we will not

consider this integral any further in subsequent efforts. In order to see the temperature-dependent

changes of the crack growth rates, the power law representing the isothermal crack growth correla-

tions (Figures 34 through 38) are collectively shown in Figure 39. It is seen that the slope of the line

decreases with temperature (with exception of 982°C), while the crack growth rate is always higher
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at higher temperatures over the range of the integrals obtained. The temperature dependency

appears to diminish if the parameter becomes sufficiently large.

The TMF data are plotted in Figure 40 for 427°C- 871 °C out-of-phase specimens, in Figure 41

for the 427°C - 927°C in-phase and out-of-phase specimens, and in Figure 42 for 427°C - 927°C

out-of-phase specimens only. It appears that the out-of-phase data (Figures 40 and 42) can be corre-
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A

lated with AJ*, AJ, and ATp*, although the slopes of the data set for the individual specimen are

not always in accord with the slope of the straight line. However, the 427°C-927°C data in Figure

41 show that the in-phase crack growth rates are significantly higher than the out-of-phase data.

Therefore, the data of the different phases can not be correlated with a single straight line. These

TMF data were also plotted with the isothermal data at the lowest and highest temperatures in the

cycle (Figures 43 through 45). It is seen that the TMF data fall between the isothermal data for both

temperature ranges. It is also found that the in-phase data for 427°C - 927°C TMF (Figure 44) are

closer to 927°C isothermal data compared with the corresponding out-of-phase data (Figures 45).

4.3 Conclusion

The results of this task indicate that AJ*, A_' and ATp* are good parameters for prediction of

crack growth rates at elevated temperatures. The ATp integral did not correlate the crack growth

data as well. The deformation condition ranged from small scale yielding to large scale yielding

wherein most of the area within the gage section deformed plastically. Simplifications made in the

analysis such as the stress-strain behavior, the geometry of the model, and the boundary conditions

would have some influence on the results. However, it is not expected that different conclusions will

be drawn if more precise analyses are performed.
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5.0 Input for Finite Element Analysis of Time-Dependent Crack Growth

This section discusses the constitutive theory used in the crack growth analysis and how the

boundary conditions were generated for the analysis. The finite element code used in this program

is CYANIDE(29), which is a GEAE in-house code for cyclic nonlinear analysis. The general numeri-

cal scheme used in this program is described elsewhere (3°).

5.1 Constitutive Theory

The constitutive theory used for the time-dependent analysis in this program is the classical

theory where the time-independent and time-dependent inelastic deformations are uncoupled and

separately considered. The time-independent plasticity is based on the Besseling's theory (3 l) where-

in the material is assumed to consist of a number of elastic-perfectly plastic materials which follows

the Prandtl-Reuss flow rule, the Von Mises yield criteria and the kinematic flow rule in the strain

space. The time-dependent deformation is based on a power-law creep equation:

ec = K(o/oo)nt m + q(o/oo)rt (31)

where K, n, m, q, and r are material constants and oo is a reference stress. For the varying stress

amplitudes the strain hardening scheme is used. For a tensorial representation of the strain compo-

nents and for other details, the reader is referred to the work of Krause (32). The constitutive proper-

ties of Alloy 718 other than the creep properties have been fully discussed in the final report of the
base program(l).

5.1.1 Creep Data Analysis

The creep tests on Alloy 718 were conducted at 538°C, 593oc and 649oc in the base program.

The total inelastic strain versus time data were presented in the final report of the base program(D.

The elapsed time when the constant stress was established on the specimen from the start of the test

was 24 seconds. The strain recorded up to this time was assumed to be the instantaneous response.

The creep strain was obtained by subtracting the instantaneous response from the total strain. The

creep strain at 538°C showed spurious oscillation with time. It is not known what caused the prob-

lem. This oscillation was not observed for 593°C and 649°C data. The creep data showed consider-

able scatter as usually observed for this material. It is highly unlikely that a regression analysis

would provide meaningful information on this data with large scatter obtained from a limited num-

ber of samples. Consequently, the creep constants were obtained manually using the data on two

representative stress levels at each temperature. The results yielded enormously large exponents on

the stress. Similar trends were experienced in other tests on Alloy 718 conducted in inhouse pro-

grams. The large exponents on the stress give rise to numerical problems in the finite element analy-

sis of the time-dependent deformation, as verified with a four-element model (Figure 46). Further-

more, the exponent n determined from two levels of stress overpredicted the creep strain at higher

stresses to a large extent. It was concluded that the current power law model for the creep deforma-

tion is not the best model for this material in load control test which are preceded by large amounts
of plasticity.

Many of the time-dependent crack growth tests performed in this program experienced signifi-

cant amounts of stress relaxation, particularly those at elevated temperatures. As a result, a series

of stress relaxation tests were conducted at three strain levels (4.5%, 1.15% and 0.4%) at the three

temperatures and also at 427°C. The stress relaxation data showed that there was no significant
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Figure46. Four-element model used for Alloy 718
stress relaxation analysis.

time-dependent deformation at 427°C. Thus, only the higher temperature data were analyzed. The

creep constants were determined by trial and error by comparing the experimental data with the cal-

culated creep strain and stress relaxation obtained using the four-element model. The final values

of the constants are given in Table 2.

Table 2. Creep constants of Alloy 718.

538oc 593oc 649oc

k 0.3xl 0-4 0.18x10 -3 1 .x10 -2

m 0.08 0.09 0.10

n 6.0 3.6 1.2

q 0.5xl 0-s 0.53x10 -s 0.5x10 -4

r 12 12 12

Note: Oo= 689.5MPa in equation (31)
Units: o (MPa), t (hours), s (m/m)
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Figure 47 shows the comparison of the predicted and measured creep strain with time at 538°C.

Figure 48 shows the predicted and measured stress relaxation in the 538°C stress relaxation tests.

Figure 49 shows a similar comparison for AS, the amount of stress relaxation, i.e. o(0)-o(t). Figures

50 through 52 show similar comparisons for test performed at 593°C and Figures 53 through 55

compare the predicted and observed creep behavior in the 649°C tests.

An inspection of the predicted and test data reveals the following aspects:

• The stress relaxation is overpredicted at 0.4% strain and underpredicted at 4.5% strain,
except for very small times at 593°C and 649°C. This would lead to less stress relaxation

in the vicinity of the crack tip in the strain control crack growth tests.

• The crossover of the relaxation curves of 4.5% and 1.15% strains at small times (Figures 51 b

and 54b) cannot be predicted with the power law equation.

• The selected constants predict much faster relaxation of the stress at very small times for

593°C and 649°C compared with experimental data.

• The creep data at 593°C do not appear to compare well between the test and prediction. The

creep constants for this temperature were calculated by linear interpolation for m, n and r

and by log-linear interpolation for k and q, using the constants obtained at 538°C and 649°C.

This was done because of excessive scatter in the creep data at this temperature(I).

Despite these discrepancies, the overall comparison appears to be reasonably acceptable consid-

ering the amount of scatter normally found in the creep data for this material.

J ! ! ! !
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Flours 47. Alloy 718 creep strain versus time at 538°C.
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5.2 Boundary Conditions

The boundary displacements at the gage length of the SEN specimen analyzed in the base pro-

gram were approximated by linear interpolation and extrapolation of the control displacement and

back face displacement. The validity of the linear extrapolation to estimate the front face displace-

ment from the control and back face displacements was substantiated analytically and experimental-

ly. It was not obvious that this scheme is accurate for the time-dependent crack growth tests. In order

to evaluate the accuracy of this approach, a total of three 649°C, R=0, 30 second hold time tests have

been performed in strain control with strain ranges of approximately 1%. All three tests were per-

formed with three 12.7 mm gage length extensometers to simultaneously monitor the control, back

face, and front face deflections.

The first 30 second hold time test (specimen Nll-12) was cycled with 1.5 second ramps

(1.5-30-1.5). The data from this test clearly demonstrated the bending that occurs in the specimen

as the crack grows. The displacements on the front face were slightly smaller than those predicted

by linear extrapolation of the control and back face displacements. The gain setting between the

command and the feedback signals of the control extensometer were not optimized which led to a

small increase in the mean strain level. The difference in this level correlated with the amount of

error between the experimentally measured and linearly interpolated front face displacements.

The second test (specimen N11-15) experienced serrated yielding during the loading in the rust

cycle which resulted in shutting the test down. Yielding of the test specimen occurred during the

first cycle, however, the amount of inelastic deformation at the three extensometer locations was not

known. The initial cycle was performed with 1.5 second ramps. Comparison of this loading rate

(0.67%/sec) with the observations of serrated yielding in the tensile tests from the base program (l)

indicated that reducing the strain rate would reduce the probability of serrated yielding. As a result,

the remainder of this test was run with 3-second ramps (3-30-3) without any evidence of serrated
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Figure 51. Alloy 718 stress relaxation st 593°C with (s) large and (b) small times.
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Figure 53. Alloy 718 creep strain versus time at 649°C.

yielding. The front face displacement increased and the back face displacement decreased as the

crack grew.

The third test (specimen N 11-32) was performed with a strain range of 1.15% and a 3-second

ramp cycle (3-30-3). Small EDM depressions were used to locate the extensometers and prevent

slippage. This test was performed without incident. Qualitatively, the sum of the back face and front

face displacements appeared to remain constant as the crack grew.

The experimental data from specimen N 11-32 were analyzed and finite element analyses were

performed to study the sensitivity of different displacement boundary conditions. Figure 56 shows

the variation of stress (load/uncracked specimen area), control displacement, back face displace-

ment, and front face displacement with cycles in this specimen. Also shown in Figure 56d is the

linear extrapolation of the front face from the control and back face displacements. Although the

extrapolated displacement mirrors the trends in the experimental data, there is not absolute agree-

ment, particularly for the displacement at the minimum strain condition. In this case, the extrapo-

lated value is approximately 0.02mm larger than the near-zero experimental value throughout the

entire test. The extrapolated maximum value is initially higher than the experimental data, but

approaches the experimental data with increased cycling.

The load-displacement hysteresis loops for cycles where the crack lengths are approximately

0.95mm (cycle 16) and 2.54mm (cycle 44) are shown in Figures 57 and 58. Figures 57c and 58c

show that the linear extrapolated front face displacements are close to the experimental data, but

there appears to be a small but consistent difference. As a result of this difference, a second extrapo-

lation technique was attempted, where the front face displacement was adjusted using the minimum

back face displacement from the first cycle. During the remainder of the experiments, this approach

was utilized because it was extremely difficult to simultaneously measure the remote crack front

displacement and the crack mouth opening displacement (CMOD). The influence of the two extrap-

olation approaches on the experimentally measured remote front face displacements is shown in
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Figure 54. Alloy 718 stress relaxation at 649°C with (a) large and (b) small times.
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Figure 59. The linear extrapolation are the same values shown in Figure 56d, and thus have the same

trend. The offset extrapolation predicts the minimum displacements and the initial maximum dis-

placement very well. The agreement between the experimental and offset extrapolation of the maxi-

mum displacement diminished as the crack grew. Based on these data, it is not obvious which extrap-

olation technique should be used for the finite element method (FEM) simulation of crack growth.

This was investigated by performing FEM simulation using three different sets of remote

displacement boundary conditions:

1. Linear extrapolation

2. Offset extrapolation

3. Experimental data obtained at the three locations.

For the latter two cases, the nodal displacements were determined assuming quadratic variation of

displacement with distance. A FEM analysis was performed using the cyclic properties for Alloy

718 determined in the base program(I). This does not consider the time-dependent stress relaxation

experienced during the hold time. This crack growth simulation was used as a sensitivity study of

the boundary displacement distribution on some measurable variables. The results of the FEM anal-

ysis are shown in Figure 60. Neither the stress, CMOD values, nor CMOD range vary significantly

with these three distributions. It was concluded from these that the linear extrapolation would be

satisfactory for the analyses to be performed in this program.
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Figure 59. Comparison of Alloy 718 experimental front face displace-
ments with the linear and offset extrapolation of remote
displacements.
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6.0 Crack Growth Under Static Loading Conditions

The objective of this task was to investigate if any of the non-rate or rate path-independent inte-

grals reviewed in Section 2 are capable of correlating Alloy 718 crack growth data under static strain
and stress conditions.

6.1 Crack Growth Test

The crack growth tests were performed on 12 SEN specimens. The test conditions are shown

in Table 3. The load, control strain, back face strain, CMOD, and crack growth rates were measured

during crack propagation. The control strain and the back face strain were used to provide boundary

conditions for the analysis by linear extrapolation to the front face. The validity of the linear extrapo-

lation boundary conditions was discussed in Section 5. The load and CMOD were used to verify the

accuracy of the finite element analysis.

Table 3.

Test
Number

Nl1-11

Nll-7

Nll-33

N8-13

N8-11

Nll-31

N8-15

Nll-45

Nll-3

Nl1-10

Nl1-1

N8-4

Alloy 718 crack growth test
conditions under ststic control.

Temperature,
oC

593

593

593

593

593

593

Strain
or Load

0.40%

0.75%

0.75%

1.15%

1.15%

700 MPa

649

649

649

649

649

649

0.40%

0.75%

0.75%

1.15%

1.15%

700 MPa

The experimental crack growth rate was plotted against the stress intensity factor at 593°C and

649°C in Figure 61. Although the 593°C data appear to be correlated with K if the first data point

and the data points after the maximum da/dt values are attained in each specimen are neglected, it

is clear that the linear elastic fracture mechanics approach does not correlate the crack growth data
at 649°C.

6.2 Finite Element Analysis of Crack Growth

The finite element analysis of the crack propagation was performed on all specimens except

specimens N8-13 and N 11-1. The finite element model used in the simulation of crack growth under
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Figure 61. Correlation of Alloy 718 static crack growth data with stress intensity factor
at (a) 593°C and (b) 649°C.

the static strain or static stress in this task is the same model used in the base program and shown

in Figure 4. The initial crack tip location did not coincide with the position of a node on the crack

plane in this model, so a minor adjustment of the nodal x-coordinate was made for each specimen

to locate a node at the initial crack length. The initial crack tip was the fourth node from the crack

mouth in all analyses. The boundary conditions were generated by linearly interpolating and extrap-

olating the control and back face strain measurements. The modeling method is schematically illus-

trated in Figure 62. The crack propagation was simulated in a series of strain (or stress) holds and

crack tip node releases. For all constant strain analyses, two nodes were released at a time to save

the computational time except the load case (LC) 3 where one node was released. The initial crack

length was approximately 0.5mm and the final crack length was 2.54mm (a/W=0.25). The constant

stress test at 649°C (specimen N8-14) did not have valid test data after the crack grew to 1.75mm,

so the smaller increment of the crack length was used by releasing one node at a time. The total num-

ber of load cases was 16 for the constant strain cases and it was 18 for the case of specimen N8-14.

The P-I integrals computed are J*, '_, Tp* and their rate integrals. The rate quantities in the rate

integrals were computed by dividing the difference of the quantities between two adjacent odd load

cases (for instance LC=5 and LC=3) by the time required for the corresponding crack length incre-

ment in the experiment. The non-rate quantities in the rate integrals were averaged between the two

load cases. The non-rate integrals were computed at the two load cases, then average values were
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Figure 62. Schematic of the modeling scheme for Alloy 718 crack
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taken. These values of non-rate and rate integrals were interpreted as those at the average crack
length between the two load cases, and these values were used to correlate the crack growth rates
at the average crack lengths.

It is also noted that the stress-strain curves used in these analyses were the monotonic stress-
strain curves determined in the base program(I), because the specimens did not experience cyclic
loading.

6.3 Results of Analysis

The typical crack profiles for constant strain and constant stress are shown in Figure 63. The
waviness of the crack surface in Figure 63a is due to the simultaneous release of two nodes. A

smoother crack profile is obtained if a node is released each time as shown in Figure 63b. The effect
of the residual plasticity on the crack profile is clearly seen in these figures for both cases.

The variation of the average stress with crack length at 593°C and 649 ° C is plotted in Figure
64. The predicted stress was initially higher than the experimental data for constant strain cases, per-
haps because the stress relaxation during initial loading was not accounted for in the analysis. The

faster decrease of the predicted stress with crack length for the constant strain cases than the exper-
imental stresses could result from the creep model used in the analysis. Nevertheless, the agreement
between the experiment and prediction appears to be satisfactory. For the constant stress cases, the
analyses were performed using the measured displacements as the boundary conditions, since the
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stress distribution on the model boundary was unknown. The calculated average stress was found

to be slightly larger than the experimental data initially and became smaller as the crack propagated.

The predicted CMOD was also compared with the experimental results in Figure 65. The cor-

relation looks quite good.

The calculated values of the non-rate and rate P-I integrals were plotted against equivalent dis-

tances in Figures 66 and 67, respectively for specimen N 11-45. They appear to be path-independent.

Similar degrees of path-independence were also observed for other cases.

The 593°C time-dependent crack growth data were correlated with the non-rate and rate inte-

grals in Figures 68 and 69, respectively. Figures 70 and 71 show the correlation between the 649°C

time-dependent crack growth data and the non-rate and rate integrals, respectively. The data in Fig-

ures 68 through 71 show that only two rate integrals, j* and _, correlate the crack growth data, and

all non-rate integrals and T p* failed to normalize the data. It must also be noted at this point that

the ATp-integral is not being evaluated any more, because the capability to correlate the constant

temperature crack growth on HasteUoy-X (Section 4) was not as good as other parameters. The da/dt

- j * and da/dt - J" data at 593°C and 649°C were replotted in Figure 72 to inspect the temperature

effect. Notice that the slopes at the two temperatures are almost identical and these lines are fairly

close to each other.

Finally, it is noted that two specimens were analyzed with a single node release for each cycle

in the analysis to see the effect of the node release method. Unlike the cases of time-independent

deformation, there was a significant change in the values of the non-rate integrals. The rate integrals,

however, did not change significantly. The non-rate integrals from the single node release analysis

did not correlate the crack growth data, so the results obtained with two node release are still valid.

The effect of the modeling scheme requires further investigation.

6.4 Conclusion

The conclusion of this task is that the rate P-I integrals j* and _ can consolidate crack growth

data under constant strain or constant load conditions. All non-rate integrals (J*, _ and Tp*) and

the rate integral Tp* failed in correlating the data.
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7.0 Crack Growth Under Strain Cycling With Hold Time

The objective of this task was to investigate crack propagation behavior in Alloy 718 under iso-

thermal strain cycling with hold time at the maximum strain. A finite element modeling scheme of

crack growth in the presence of hold time was developed. Methods of crack growth prediction were

studied based on the path-independent cyclic and rate integrals computed from the results of finite

element analyses.

7.1 Crack Growth Test

The test conditions are shown in Table 4. As in other tasks, the measured variables were the load,

control strain, back face strain, CMOD, and crack growth rates. The control strain and the back face

strain were used to provide boundary conditions for the analysis by linear extrapolation to the front

face. The load and CMOD were used to verify the accuracy of the analysis.

Table 4. Strain and temperature condlUons for Alloy
718 hold time crack growth tests.

(Rt = 0, 3 second loading ramp, 3 second unloading ramp)

Test
Number

N8-5

Nll-5

Nll-38

Nll-35

Nll-6

Nll-9

N8-4

N8-6

Nll-2

N8-12

N8-3

N8-7

Nl1-13

N 11-34

Temperature,
oc

538

538

593

593

593

593

593

593

649

649

649

649

649

649

Strain
Range

1.15%

0.40%

0.40%

0.40%

0.40%

1.15%

1.15%

1.15%

0.40%

0.40%

0.40%

1.15%

1.00%

1.15%

Hold Time
at Maximum
Strain, sec

300

300

0

30

300

0

30

300

0

30

300

0

30

300

The no-hold-time crack growth rates are plotted against the Kmax, AK (from the minimum strain

to the maximum strain), and AKeff (from the crack opening point to the maximum strain) in Figures

73 and 74 for the 593°C and 649°C tests, respectively. None of these approaches are satisfactory

over the whole range of data points. However, the AK and AKeff approaches appear to correlate the
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crack growth data up to the crack length of 2.54mm. In most cases, the crack growth rate decreases

at larger crack lengths. Much of the scatter of data points in the AKef f approach is due to the difficulty

in determination of the crack opening point at small crack lengths when the load-CMOD data is
almost linear.

7.2 Finite Element Analysis of Crack Growth

The finite element analysis of crack propagation under the loading conditions in the present task

is more complicated in nature, and only an approximate analysis is possible unless one attempts a

precise modeling by increasing the crack size during the strain ramp and hold time separately for

each test cycle. In the analysis with a pre-determined crack size increment for a given finite element

model, an analysis cycle was comprised of more than one experimental cycle. In this circumstance,

a question is raised on how to represent the hold time for more than one experimental cycle in a single

analysis cycle. An easily conceivable method is to use the total hold time of the experimental cycles

for the crack length increment in the analytical model. This method was used in this investigation.

The modeling scheme constitutes four load cases in a cycle: (1) load up to the maximum strain, (2)

hold the strain, (3) release crack tip nodes, and (4) load down to the minimum strain. These steps

are repeated until the crack length reaches 2.54mm. The variation of the applied control strain and

the crack length with load cases in this scheme is depicted in Figure 75. For the specimens with no

hold time (specimens N8-7, NI 1-2, N11-38 and

N11-9), the second step was deleted, thus the

Numbers ore scheme reduces to that of the isothermal model-

Iood coses ing in the base program. Two nodes were

released in each cycle as in analyses in other

2 5 6 9 1013 1417 1821 2225 26 29 tasks, except the firstcycle where one node was

released only because the initial crack position,taken from experimental data, was approximate-

4 8 12 16 20 24 2a ly one node away from the next crack size
(0.635mm) taken in the analyses throughout this27

23 ]'- program. The coordinate of the initial crack tip

ig___j2 2e node was adjusted to the experimental initial15 2 crack size. The total load cases were 22 for no

la hold time analyses and 29 for hold time analyses.
7 4.

10 7.3 Prediction of Crack Growth RateThe results of other tasks lead to the conclu-

o 2 sion that the path-independent integrals ando
rate-integrals that are most likely to correlate the

Figure 75. Schematic of the modeling hold time crack growth data are the following

scheme for Alloy 718 crack two pairs of integrals:
growth simulation under strain
cycling with hold tired. 1. The J*-integral and its rate integral

2. The _-integral and its rate integral.

These integrals were computed based on the finite element analysis results. The increments of

J* and '_ from the minimum strain to the maximum strain (say, from load case 4 to load case 5) were

used to estimate crack growth due to strain cycling from the da/dN versus AJx data obtained from

no hold time cases. The average value of the rate integral during hold time was approximately
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calculatedfrom thefield data at two adjacent load cases at the maximum strain (say, load case 5 and

load case 1). The rate quantities were computed by dividing the difference of the variable between

the two load cases by the hold time for this cycle (say hold time for load case 2). The crack growth

during hold time was then estimated from the static test data (Section 6) using these rate integrals.

It is noted that crack growth during an experimental cycle is partially occurring during hold time

and partially during strain cycling. The test data indicate that crack growth in a cycle is more likely

to occur during hold time as the applied strain, temperature and hold time increase. In this task,

attempts were made to correlate the crack growth data using the superposition method(22) and modi-

fications of that approach.

7.4 Results of Analysis

The average stress (total load divided by the cross section of the uncracked specimen) versus

crack length is plotted at minimum and maximum strain in Figures 76 and 77 for the 593°C and

649°C tests, respectively. The calculated maximum and minimum stresses are shifted to the com-

pressive direction at Ae--0.4% at both temperatures. At Ae=l. 15% the prediction of the maximum

stress appears satisfactory, however the minimum stress is less compressive contrary to the trend at

Ae--0.4%. These phenomena occur from the initial crack length and remain so until the final crack

length. It might perhaps reflect the transient stress-strain behavior of this material while the finite

element analysis implemented the cyclically stable stress-strain curve. The CMOD range was some-

what underpredicted at Ae=0.4% and slightly overpredicted at Ae=l. 15% as shown Figures 78 and

79 for the 593°C and 649°C tests, respectively.
A

The continuously cycled (zero hold time) crack growth data are plotted against AJ* and A J at

in Figures 80 and 81 for the 593°C and 649°C tests, respectively. It appears that if the straight lines

fitting the individual sets of data points are drawn, they will be separated by some distance. Howev-

er, all these data points can also be correlated by a straight line with a smaller value of slope within

a reasonable accuracy. Similar trend was also observed in some Hastelloy-X data analyzed in Sec-

tion 5. An inspection of the test data shows that the crack growth rate and the stress intensity factor

decreases somewhat for each specimen at crack lengths larger than the final crack size in the analysis.

Therefore, the deviation of the data points from the straight line would not increase, if it does so,

significantly at larger crack lengths. These straight lines were used to calculate the crack growth

rate due to strain cycling for hold time analyses. Both AJ* and A_ correlated the data reasonably

well. It must also be mentioned that the ranges of AJ* and A_ used in these figures are from the

minimum strain to the maximum strain. Two closure analyses performed on specimens N11-38 and
A

N8-7 at the final crack length in the analysis (a=2.54mm) indicated that the values of J* and J are

very small at the minimum strain, the crack closing/and opening points compared to those at the max-

imum strain. Therefore, the values of AJ* and AJ used in these figures can also be interpreted as

those from the crack opening point to the maximum strain. This was also true for Re=-I loading

as discussed in(l). It would be interesting to investigate what happens if Re becomes positive.

The da/dt versus rate integrals are given in Figure 72. The crack growth rate prediction was per-

formed by three methods. In the first method, the superposition method employed in Reference (22_

was used. This method is given by

(da/dN)ht = (da/dN)cy + (daJdN)st (32)
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where

(da/dN)st = (da/dt) • th (33)

The subscripts "ht", "cy" and "st" represent, respectively, the total crack growth rate during

strain cycling with a hold time (th), the cyclic crack growth rate determined from da/dN- AJx data,

and the crack growth data during hold time determined from da/dt- ix data obtained in static tests.

The predicted and experimental (daJdN)ht for the _ and J* parameter systems using the superpo-

sition are compared in Figures 82 and 83 for the 593°C and 649°C tests, respectively. In these fig-

ures, the solid line indictes perfect correlation and the dashed lines enclose a region within a factor

of two of perfect correlation. It is apparent that the superposition method works well at small applied

strains, but it overpredicts crack growth at large strains.

A modification of the superposition method was developed to better correlate the data over the

lower and higher strain ranges. This method was conceived after evaluating several approaches.

It is given by
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(dajdN)ht = (da/dN)cy + _(daJdN)st

where 0 <_< 1.

13is a function of the maximum strain, hold time and temperature, i.e.,

= _(_max,th,T)

(34)

(35)

The constant I_ was determined to minimize the standard deviation between the predicted and

experir_ental crack growth data for individual specimens. The predicted and experimental (da/dN)ht
for the J and J* parameter systems using the modified superposition model are compared in Figures

84 and 85 for the 593°C and 649°C tests, respectively. The lines in these figures have the same mean-

ing as those previously described for Figures 82 and 83. The modified superposition method yielded

good correlation over the strain levels tested. The variation of 13with hold time and maximum strain

is shown in Figures 86 for both temperatures. The lines in the Figure 86 were estimated from data

points. Obviously, many tests are needed to establish the data base for _. It is observed from these

figures that _ decreases as the maximum strain increases. Also, it is obvious that 13must approach

unity if hold time becomes larger, since this is the case of crack growth under static strain.
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It is noted that the performance of these methods of crack growth prediction may vary with the

scheme of simulating crack growth in the finite element analysis and the way the integral parameters

are computed. Therefore, it is suggested that the new method must be used as a package with the

finite modeling scheme of crack propagation used in this section. It is also noted that the crack

growth prediction during strain (or stress) cycling with hold time based on the present scheme of

finite element analysis necessitates the advanced knowledge on the total hold time for the crack

length increment in the model, which can be known only if the number of cycles required for the

crack length increment is estimated. Therefore, an iterative numerical scheme must be developed

in which the finite element analysis interacts with crack growth criteria. This iterative scheme must

also be used for purely static loading for the same reason.

7.5 Conclusion

The applicability of path-independent integrals for prediction of crack growth under elementary

loading conditions such as isothermal cyclic loading and static loading have been established in oth-

er tasks. In this task, the ability of path-independent integrals to correlate crack growth was further

verified for R=0 strain cycling at 593°C and 649°C. The nature of the main work in this task was

different in that this task is an application of the results obtained in elementary loading conditions

(isothermal strain cycling and static loading) to develop a method of predicting crack growth in a

more complicated loading condition (isothermal strain cycling with hold time). It was found that

the simple superposition method based on the AJ* -j * oral' -'_ is valid only for small strain cycles.

A modified superposition method was proposed for both small and large strain cycles.
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8.0 Crack Growth Under Thermomechanical Fatigue Loading
With Hold Time

The objective of this task was to investigate crack propagation behavior in Alloy 718 under com-

bined thermomechanical fatigue (TMF) cycling with with hold time at either the maximum or mini-

mum strain.

8.1 Crack Growth Test

The test conditions are shown in Table 5. The TMF cycling was performed using the same meth-

od as previously described in the base program (1). All tests were performed with RE = 0 or zero mini-

mum strain. The strain range listed in Table 5 is both the maximum mechanical strain and the me-

chanical strain range. As in other tasks, the measured variables were the load, control strain,

backface strain, CMOD, and crack growth rates. The results of these tests were analyzed using linear

elastic fracture mechanics parameters, but FEM crack growth simulations and P-I integral evalua-

tions were not performed.

8.2. Crack Growth Results

Figure 87 shows the results for the TMF tests which were cycled continuously (no hold time).

These results are qualitatively similar to the results for the previous TMF tests. The previous tests

were performed with Re =-1 (zero mean strain) while the tests shown in Figure 87 were performed

with Re = 0. The crack growth rates measured in the in-phase tests at different strain ranges were

not well correlated with linear elastic fracture mechanics indicating the need for non-linear fracture

Table 5. Strain and temperature condlUons for Alloy
718 TMF/hold time crack growth tests.

(RE = 0,427°C to 649°C
50 Second Loading Ramp, 50 Second Unloading Ramp)

Test
Number

N8-8

Nll-4

Nll-39

Nll-40

Nll-37

Nll-44

N8-9

Nll-41

N8-1

N8-10

Nll-43

Strain
Range (%)

0.40

1.15

0.40

0.40

1.15

1.15

0.40

1.15

1.15

1.15

1.15

Hold Time
(see, strain level)

0

0

300 Maximum

300 Maximum

300 Maximum

300 Maximum

300 Zero

300 Zero

0

300 Maximum

300 Zero

TMF
Description

in-phase

in-phase

in-phase

in-phase

in-phase

in-phase

in-phase

in-phase

out-of-phase

out-of-phase

out-of-phase
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mechanics approach to adequately model these results. At the higher strain range, crack growth in

the in-phase test exceeded those in the out-of-phase tests. This is anticipated because the tempera-

ture at maximum stress in the in-phase tests was 649°C while the temperature at maximum stress

in the out--of-phase tests was 427°C. Experience from isothermal tests show that crack growth re-

sponse increases with increasing temperature.

The results of the 0.4% strain range in-phase TMF tests are shown in Figure 88. The crack

growth rates from the continuously cycled test and 300 second hold time at zero strain hold time are

very similar. The temperature during this hold time was 427°C. Based on Alloy 718 static and hold

time tests at 593 ° and 649°C (22), very little time--dependent crack growth would be anticipated at

427°C. In addition, the load during this hold time was compressive. As a result, the hold time at

zero strain would not be expected to accelerate the crack growth rate.

This is not the case for the hold time at maximum strain in the in-phase tests where the tempera-

ture during the hold time is 649°C and hold time occurs ant the maximum strain in the loading cycle.

The static and hold time tests in this program show that significant amounts of static crack growth

occur under these types of conditions. The 649°C hold time at maximum stain greatly accelerated

the crack growth rate in the TMF tests. This is observed for tests with 0.4 and 1.15% strain ranges

as shown in Figures 88 and 89, respectively.

The results of the out-of-phase tests are fairly similar whether there is no hold time, hold time

at maximum strain, or hold time at minimum strain as shown in Figure 90. This results because when

the hold time loads are tensile, the temperature during the hold time is 427°C where little time-de-

pendent crack growth will occur. The loads are compressive for the 649°C hold time at minimum

load so there in no driving force to cause crack growth.

These results are qualitatively similar to those shown independently for TMF and isothermal

time--dependent crack growth tests. Both of those conditions have been successfully modeled with

P-I integrals, so it would be anticipated that these could also be modeled successfully.
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9.0 Summary and Recommendations

The purpose of this program was to review the so-called path-independent integrals which were

proposed to eliminate the various restrictions on loading and temperature conditions in the J-inte-

gral, and to investigate whether or not these integrals can be utilized to correlate crack growth data

under realistic loading conditions. This investigation was performed using combined experimental

and analytical efforts. The loading and temperature conditions for crack growth tests included iso-

thermal strain cycling, thermomechanical fatigue loading, strain cycling with temperature gradi-

ents, constant strain and constant stress loading, and hold time loading under both isothermal and

thermomechanical conditions. The applied strain ranges included loading in both the small scale

yielding and in the highly nonlinear loading regimes. Alloy 718 tests were performed over the tem-

perature range form 427°C to 649°C using a buttonhead single edge notch specimen with a short

gage length to avoid buckling under compression at high temperatures. In addition, crack growth

data generated in a pre-HOST program on Hastelloy-X tubular specimens were analyzed to see if

there exists dependence on the material and geometry in the application of these integrals.

The conclusions drawn in this investigation are:

• The integrals J*, _', ATp* and ATp, and the rate integrals J*, jx and "r* are path-independent

regardless of material constitutive responses. A certain degree of smoothness of the mechan-

ical field variables is, however, required for path independence. These integrals carry physi-

cal meaning only in some particular deformation conditions and/or with some assumptions.

All these integrals are computable without difficulties.

• The parameters AJ*, A_ and ATp* appear to correlate crack growth data for time-indepen-

dent isothermal, thermomechanical deformation conditions and temperature gradient cases.

The parameter ATp correlated most of the isothermal and TMF crack growth data, but failed

in a few cases.

• The rate integrals j* and _x correlated time-dependent crack growth data under constant

strain and constant stress conditions, but Tp* did not. The non-rate integrals J*, '_, and Tp*

did not correlate crack growth data under static control conditions.

• Two combinations of parameters, AJ* and j*, and A_ and _, correlated crack growth data

for isothermal strain cycling with hold time. The parameters AJ* and A._ were used for crack

growth prediction under strain cycling. The rate parameters j* and _xwere used for crack

growth prediction during hold time. The superposition method for the total crack growth

rate worked satisfactorily only for small applied strains. For large applied strains, a modified

superposition method was proposed.

• The TMF crack growth rate varied significantly with the phase between the mechanical load-

ing and the thermal cycling. The crack growth rate was higher for the in-phase loading than

the out-of-phase loading. The crack growth data of the same phase may be correlated with

AJ*, A_ or A Tp*.

• Overall, the most successful parameters were two pairs of non-rate and rate integrals. They

are: (1) AJ* and j*, (2) A'_ and _.
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Althoughanextensiveamountof workwasdonein thisprogram and the results obtained appear

to be very significant for crack growth prediction, much work remains in order to apply these integral

parameters to engineering applications. Some of the specific areas for further investigation are:

• The RE ratio used in this investigation was either-1 or 0. In these conditions, the values of

the integral parameters at the crack closing point, crack opening point and the minimum

strain were very small compared with those at the maximum strain. The ranges of parameters
from the minimum strain to the maximum strain were therefore almost identical to those

from the crack opening (or closing) point to the maximum strain. It has to be verified wheth-

er or not this is true for positive R_ ratios. If it is not, the effect of crack closing may need
to be modeled.

• The effects of the modeling method including the finite element mesh size around the crack

path, the loading step size and the node release scheme needs further investigation. The

effects of the loading step size and node release scheme for crack growth simulation were

examined to a limited extent in this study. A more comprehensive study is recommended

to establish the optimum procedure.

• The crack growth analysis in this research was terminated at the crack length 2.54 mm in

almost all cases. Experimental data show that the crack growth rate under strain control

appears to start to decrease in most specimens near this or somewhat larger crack length.

The Kmax still increases at larger crack lengths for a while. This results in degrading the cor-

relative ability of da/dN with LEFM parameters. It is worthwhile to investigate if similar

trends occur with the integral parameters used in this program by extending the analyses to

larger crack lengths.

• The FEM-based prediction of the crack growth under sta.tic loading and cyclic loading with

hold time needs the values of rate integrals such as j* and _x. The computation of these values

requires an advanced knowledge on the hold time for the crack to advance by the incremental

size in the finite-element model. This information is, however, not available apriori. There-

fore, the analysis must be initiated with an assumed value and an iterative procedure must

be taken to find the solution. This is a disadvantage compared with the LEFM approach

where the stress intensity factor can be computed directly from the applied load and the crack

length. It is needed to develop an appropriate numerical scheme to apply the new integral

parameters to the FEM-based crack growth analysis for time-dependent crack growth.

• For general engineering use, the crack growth under TMF loading and thermal gradients

should be able to be predicted using isothermal base data. This methodology needs further

investigation.

• The parameters selected in this research need to be verified for material, geometry and load-

ing and temperature conditions used in engine components.
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