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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. Under conditions of fatigue and creep, these cracks may grow to
critical size. Current methods of predicting growth rates or critical crack
sizes are inadequate, leaving two extreme courses of action. The first is tc
take an optimistic view with the attendant risk of an excessive number of ser-
vice failures. The second is to take a pessimistic view and accept an exces-
sive number of rejections-for-cause at considerable expense in parts and down-
time. Clearly, it is imperative to develop reliable methods of predicting
crack growth rates and critical crack sizes.

To develop such methods, it is necessary to relate the processes that
control crack growth in the immediate vicinity of the crack tip to parameters
that can be calculated from remote quantities such as forces, stresses, or dis-
placements. The most likely parameters appear to be certain path-independent
(P-I) contour integrals; several have already been proposed for application to
high~-temperature inelastic problems. A thorough analytical and experimental
evaluation of these parameters needs to be ‘made and would include elevated-
temperature isothermal and thermomechanical fatigue, both with and without
thermal gradients.

In any investigation of fatigue crack growth, the problem of crack clo-
sure must be addressed in order to develop the appropriate crack growth model.
Analytically, this requires the use of gap elements in a nonlinear finite-
element code to predict closure loads. Such predictions must be verified
experimentally through detailed measurements. The best method for measuring
crack closure has not been established in previous studies.

It is the purpose of this program to define the capability of currently
available P-I integrals to correlate fatigue crack propagation under conditions
that simulate the turbojet engine combustor liner environment. In addition,
the utility of advanced fracture mechanics measurements will be evaluated and
determined during the course of the program. These goals will be accomplished
by means of a 2-year, nine-task, combined experimental and analytical program.
Initially, a specimen design and crack displacement measurement method will
be decided. An analog material was selected based on its ability to simulate
high temperature behavior at lower temperatures in order to facilitate exper-
imental measurements, Available P-I integrals were reviewed; the best
approaches were selected for evaluation with experimental data. The experi-
mental data will include cyclic crack growth tests under thermomechanical con-
ditions and under thermal gradients.

This report presents the progress made during the first year of the
contract.




2.0 REVIEW OF PATH-INDEPENDENT INTEGRALS

As a parameter for predicting crack growth in the elastic-plastic regime,
the utility of the J-integral is limited. The theoretical basis of the
J-integral does not allow the extension of its usage to nonproportional load-
ing and unloading in the plastic regime, nor can it be used in the presence of
a temperature gradient and material inhomogeneity. A typical example where
all these limiting factors are operative would be the hot section components
of a gas turbine in mission cycles.

In recent years there has been considerable effort to modify or reform-
ulate the path-independent (P-I) integral. Congequently, a number of new P-I
integrals have emerged. These include the J¥#, §, JG’ AT , AT* integrals and
two thermoelastic integrals, J and J.. These P-I integrals Bave been criti-
cally reviewed in this programv In this report, only a brief synopsis of the
review is presented. In Reference 1, a detailed discussion of the available
P-I integrals is given as a result of the review performed on the present con-
tract. The theoretical background has been examined with particular attention
to whether or not the path-independence is maintained in the presence of (1)
nonproportional loading, (2) unloading in the plastic regime, and (3) a temper-
ature gradient and material inhomogeneity. The relation among the P-I inte-
grals, salient features, and limitations was investigated. The physical
meaning, the possibility of experimental measurement, and the computational
ease were also examined. The summary of the review is presented in Table I.
In view of the requirements associated with performing the forthcoming tasks
in this program, the following conclusions were made:

1. The J*, 3, AT , and AT* integrals maintain path-independence under
the thermomechBnical cygles that will be used in tests during this
program and will be simulated numerically in subsequent tasks. Al-
though the physical meaning of these P-I integrals needs to be pur-
sued further, they represent the logical choices for continued
evaluation in this program.

2. The J, J, J., and J, integrals have limited capabilities. The
J., and J, integrals are usable only for thermoelastic programs with
homogeneous material properties. These integrals may be helpful in
predicting crack growth in a small temperature gradient field and
under small-scale yielding conditions. The J, integral is a modi~
fied version of J (modified to- include the thermal strain). Thus,

it cannot be used with substantially nonproportional loading and
unloading in the plastic regime. However, it would be worthwhile to
investigate the utility of operationally defined J and possibly Ja
for the test cycles in this program.




Table I.

Summary of P-I Integrals.

Physical
Heaning (5)

Capability to Handle

Heasure Ronproport™1
of Crack Proport'l| & Loading/ Computation )
pP-1 Tip Thermo- loading Unloading Thermal Material (Integrals Experimental
Integral Severity Elastic elastic Plastic (plastic regime) Strain 1nhomogeneity involved) Heasurement
aP ap :
J Yes 33 ET Yes No No No Line Yes
. _or ¢ . Line
1, Yes 32 - 9a No No -Yes No +Area Yes
. op -89 —
Je Yes 32 - “?a No No Yes No Line Yes
J Y 4 e e @ Yes No Yes No Line Yes
] e da - Oa - Oa tArea
aP ¢ » Line (6)
* -
J Yes , 9a - 2 Unknown Yes Yes Yes Yes tArea No
- Line
J Yes Rate of work done to crack Yes Yes Yes Yes No
. . . +Area
tip by surrounding
Material (3)
* - . “) Line §))
ATP Yes aa for proport’'l loading Yes Yes Yes Yes +Area No
(1) | . _an . (4) Line
ATp No da for proport'l loading Yes Yes Yes Yes tArea Yes
NOTE: (1) Yes if it can be expressed as the rate of a potential, or if it has only line integrals, and the area integrals are negligible
ag
) - 2" for thermoplastic proportional loading
(3) VWith the assumption of a rigid fracture process zone at the crack tip independent of crack size
(4) Further study is needed for the case of thermomechanical loading
(5) P = Potential energy, ¢ = Global thermodynamic potential, At = Incremental potential
(6) Limited computational results have significant line integral contributions
(7) Yes for Proportional Loading at local (crack-tip) and glebal level




The P-I integrals reviewed in this program are shown here. The index
notation was used. The common variables are: o,; = stress temnsor, £.. =
strain tensor, u, = displacement vector, t., = tradtion vector, 6 = reldtive

i . .1 '
temperature, o = thermal expansion coefficient, y and A = Lame's constants.

Refer to Figure 1 for integration paths and areas.

Rice's J-Integral (Reference 2)

J= Jr(ow- tug )

J ijo.. de. .
o i

ds

where. W

Wilson and Yu's Thermoelastic Integral (Reference 3)

I, = {(nlw - tiui,l)ds - a3\ + 2p) {[%(esii),l - siie,l]dA
Where

=1 E..
W =055

Gurtin's Thermoelastic Integral (Reference 4)

: 2 2 . du

_ ) _ a“(3A+2p) au(3A+2y) 001 28
Jg = f|m¥ - oy 20) 6%, + (W) (O55~ - uy 55) 1ds
Where i
9 -, 2
9n ~ j 9xj
and

A

The Je-Integral by Ainsworth et al. (Reference 5)

= - + . .E..
Tg g(nlw tju; q)ds i 9:3%i3,1
where
, 0
7 — ij ’ ’ = -
W(aij) = fo cijdoij , and eij eij eij
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Figure 1. Integration Paths and Areas.




The J*- Integral by Blackburn (References 6, 7)

0. .u, .dx2 - tiu. ds) + f (%0. 31 -%g. .)dA

ij Ui 13,1 ij

The J-Integral by Kishimoto, Aoki, and Sakata (Reference 8)

3=-1 ¢, ds + [0, .c,, , dA
g+r ul 1 98 { ij"ij,1

The AT- Integrals by Atluri et al (Reference 9)

AT ¥ = f | n AW - (t, + At)) Mug g - Atiui’ll ds

rer_ &
- 1
BIGTATR RS TR CTRE L LRI
AT, = {+r| ny AW - (t; +At;) Bug - Atiui’ll ds
1 - 1
N P tEA0 e - (e g iAaij’l)Aoij‘ dA

A-AC ij,

where
MW= (c.. + G..) Ay. . _
( 1] s lJ) yl,J

and As is the total area and Ar is the area in T.




3.0 NUMERICAL IMPLEMENTATION OF P-I INTEGRALS

As part of the contract, General Electric developed a finite-element
postprocessor for calculating the path-independent (P-I) integrals which will
be evaluated in detail later in the contract. This section discusses the
computational algorithms used in the postprocessor and gives some numerical
results for one crack geometry.

3.1 P-I INTEGRAL COMPUTATIONAL ALGORITHM

Computational algorithms have been developed for numerically implementing
various P-I fracture mechanics integrals under consideration in the current
work. These postprocessor numerical algorithms assume that an accurate
inelastic solution is available by using a finite-element model of a specimen
geometry containing a crack. In the present work, the two-dimensional (2D)
finite-element computer code CYANIDE, which is a General Electric program,
is used for inelastic stress analysis. The CYANIDE program uses the incre-
mental theory of plasticity and accounts for both time-independent plastic
flow (plasticity) and time-dependent plastic flow (creep). It uses linearly
varying displacements in each triangular element subdivision of a model,
resulting in constant strains over each element. :

A flow chart of the postprocessor P-I integrals computational program is
shown in Figure 2. The output files from the CYANIDE solution for element
stresses and strains, nodal displacements, nodal coordinates, and nodal con-
nectivity for each element are read and stored by the postprocessor program.
Paths of integration surrounding the crack tip are chosen so that they consist
of sides of the triangular elements. An option for user-specified or auto-
matic selection of node numbers is available for defining the integration
paths. For the automatic search option, the program selects a set of nodes
that keep a fairly constant radial distance from the crack tip, thereby gener-
ating an approximate circular integration path. For each line segment along
the integration path, the unit normal vector and its Cartesian components are
computed. The quantities, such as oiJ’ W, and Ui,J’ that appear in the inte-

grand of P~I integrals are interpolated at the midpoint of the path segment by
taking weighted averages of those for the elements containing the segment.

For example, an interpolated quantity F at the midpoint of a line segment is
given as:

where F; and F, are the values for the two elements connected to the path
segment, and d; and d, are the respective distances of those element centroids
from the midpoint of the path segment.




Input Stress, Strain, and Displacement
Values for a Specimen With Crack
obtained From finite-element Solution

Y

Select a Set of Integration Path Nodes
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of Integration Path Is Available.

Y

Compute Unit Normal Vectors Along
the Nodal Integration Path.
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Identify Elements Connected to the
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Strain Solution Along the
Integration Path.
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Formulations.
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and Print the Results for Type of
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¢

Yes Want Further Load Cases, P-I
Integrals, or Integration Paths?

No

Figure 2. Flow Chart of Postprocessor for Path-Independent
Integrals Computation.




The displacement derivatives for an element are accurately computed from
displacement components and coordinates of its vertices (nodes) by using the
equations gotten from the shape functions. The shape functions for linear
variation of displacements in a triangular element are given by

u(x,y) = (ao+a1x+azy)
v(x,y) = (b°+b1x+b2y)

The displacement derivatives for the element are shown to be

au _ M1(727Y3)+2(¥3 VY 1)+"3(%17Y2)
OX X X K YatKay) “XyV X3V K Yy

and

ov _ V1(0273)+ 273V 1)+"3(017Y2)
I AR £ M A B YA W YOS D

where the subscripts 1, 2, and 3 represent nodal values at the element
vertices. Similar relationships are obtained for derivatives of element
stresses.

Elements inside an integration path are identified by establishing a list
of nodes that are either inside or along the integration path, then searching
from the global element-node connectivity table to find only those elements
for which each and every vertex node is either inside or along the integration
contour. In this process, a counter keeps track of the total number of
elements found for computing area integrals and the total surface area inside
the given contour.

Once the integration path and the elements inside a path of a given size
are selected, the user is given the option of choosing any one of the P-I
integrals from a list. At present, the list includes formulations of Rice
(J), Blackburn (J*), Ainsworth (JB)’ Kishimoto (3), and Atluri (Tp and Tp*)
P-1 integrals. Other P-I integrals, such-as Wilson and Yu (J ), Gurtin (J
Miyamoto (J, Reference 10; J.., Referesrces 11, 12), could be Yncluded by
adding subroutines to computé the additional terms necessary to define them.
The selected P-I integral option activates the appropriate subroutines to
compute line and area integral terms for the desired integration contours.

G)’

Other P-I integrals, other integration paths, and other load cases (for
which a stress analysis solution is already available in CYANIDE output files)
can also be computed. The various computed values can then be printed or




graphically plotted. Currently, the following options for plotting the
results are available:

-

1. P-1 integral versus distance (of various paths from the crack tip)
for all load cases

2. P-1I integral versus applied load on the specimen for particular
integration paths

3. Comparison of various P-I integral as a function of applied load

Components (line, area, total) of P-I integral versus distance of
integration paths (from the crack tip)

5. Components (line, area, total) of P-I integrals versus applied load.
Similarly, the print option provides a value of P-1 integrals in E-format
to display the results with accuracy up to four significant digits.

Improvements in user-friendliness and input data accuracy checks are being
made as needed in the postprocessor program.

3.2 COMPUTATION OF P-I INTEGRALS

To test the implementing of the postprocessor computer program, the P-I
integrals were computed for a compact-tension specimen. The geometry of an
ASTM standard compact-tension specimen and the finite-element mesh used to
model half of the specimen are shown in Figure 3. The model consists of 429
nodes and 782 triangular elements. Dimensions chosen in this study for the
width b and the crack length a are 2 inches and 1 inch, respectively. The
detailed mesh refinement near the crack tip is shown in Figure 4. There are
12 elements, each subtending 15° angle and joining at a single vertex point to
form the crack tip. Near crack-tip mesh refinement, having radial and tangen-
tial lines emanating from the crack tip, provides much greater solution ac-
curacy in comparison to models with a uniform distribution of elements in the
crack plane.

For elastoplastic analysis, the following Ramberg-Osgood-type
stress-strain behavior of material is used:

E = (o/E) + aeo(o/oo)n

with E = 30 x 10° psi, « = 1.0, e, =0.001, 0 =30 x 10° psi, n = 5, and
v = 0.3.

Figure 5 shows a graphical represéniation of this stress~strain behavior.
The CYANIDE program accepts multilinear stress-strain input for elastoplastic
analysis like the one shown in Figure 5.

The plane-stress state of deformation was assumed. Applied load, P, on
the compact tension specimen was increased in steps so that: P/Po = 0.25,
0.5, 0.75, and 1.0

10
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where: PO = (1.071 ncoo)
is the limit load per unit thickness (Reference 13), and
X 1
n = [(2a/c)? + 2(2a/c)+2]* - [(2a/c) + 1]

For the compact tension specimen at hand, a = ¢ = 1 inch, therefore n = 0.1623
and the limit load Po = 5214 1b/inch thickness.

J-integral results for the four load steps are shown in Figure 6 for each
integration path. Integration paths are circular line segments surrounding
the crack tip as shown in Figure 4. It can be seen in Figure 6 that for
lower values of applied load, P/P_ = 0.25 and 0.5, path-independence is
preserved for all paths represented in terms of distances from the crack tip.
However, for higher values of the applied load, the J-integral is path-
independent for most of the paths that are slightly away from the crack tip.
For paths very close to the crack tip, path-independence could be achieved
by further refining the near-tip finite-element mesh to model significantly
higher stress and strain gradients at larger values of the applied load.

A comparison of the computed J-integral values, averaged over all
integration paths at each value of the applied load, was done with Elasto-
plastic Fracture Mechanics (EPFM) Handbook solutions (Reference 12) for the
Ramberg-0Osgood material behavior in the given compact tension specimen.

Figure 7 shows a comparison of the present J-integral results with an estima-
tion scheme solution from the EPFM Handbook. It can be seen that the compari-
son is excellent except at the highest value of applied load, for which the
difference in J-integral values is 8%. This comparison is also shown in tabu-
lar form in Table II. Note that the EPFM Handbook solutions employ effective
crack lengths, a, ., which are based on Irwin's plastic zone correction fac-
tors modified for Strain-hardening (Reference 13). For example, the handbook
solutions have a.ef values of 1.003, 1.014, 1.031, and 1.055 inches, respec-
tively, at the four load steps (P/P_ = 0.25, 0.5, 0.75, and 1.0), whereas the
present CYANIDE elastoplastic stress analysis solutions are for a single crack
length of 1 inch.

Figure 8 shows Blackburn J*-integral values along various integration
paths at a load level, P/P , of 1. The area integral contributions are small
and have negative values. It can be seen that the J*-integral is path-
independent for all paths that are slightly away from the crack tip. Figure 9
shows a degree of path-independence for J*-integral at all four load steps for
the compact tension specimen. Similar .to Figure 6, it is evident in Figure 9
that the path-independence is maintained to a greater degree for lower
values of the applied load. Path-independence could be improved further
by additional refinement of the finite element mesh used in the analysis.

The Kishimoto integral, 5, is shown along various integration paths for
an applied load, P/P , of 1 in Figure 10. As compared to Figure 8 for the
Blackburn J*-integral? it can be seen that the area integral contribution
for the Kishimoto 3-integral is quite significant. This fact is further em-
phasized in Figure 11 where the averaged J* and 3 integral values (and their

14
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Table II. Comparison of Computed J-integral Values
With EPFM Handbook Solution.

Effective* Crack J-integral J-integral
Applied Load, Length, a (Handbook), (Present Percent
P (1b) (inch)®ff 1b/in work), 1b/in Difference

- 260.699 1.000 0.10451

521.398 1.001 0.41858

782.097 1.001 0.94394

1042.796 1.002 1.6839

1303.495 1.003 2.6438 2.5307 4.28
1564.194 1.005 3.8323

1824.893 1.007 5.2618

2085.592 1.009 6.9502

2346.291 1.011 8.9225

2606.990 1.014 11.212 10.856 3.18
2867.689 1.017 13.865

3128.388 1.020 16.937

3389.088 1.023 20.502

3649.787. 1.027 24.653

3910.486 1.031 29.503 28.147 4.6
4171.185 1.03s 35.191

4431.884 1.040 41.883

4692.583 1.045 49.778

4953.282 1.050 59.113

5213.981 _ 1.055 70.164 64.493 8.1

(*) effective crack length includes plastic zone correction factor (Reference

12)
. =a+1_.19_-;1.(“_1)2._;_
eff 2 (n+1) go 1+(P/Po)2
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line and area integral contributions) are plotted as a function of the applied
load. It is important to note that experimental measurements of a P-I inte-
gral are possible if the integral can be expressed as the rate of a potential
or if it has only line integral contributions. On this basis it can be said
that for the given Ramberg-Osgood material behavior in the given compact ten-
sion specimen geometry, it is much easier to perform experimental measurements
for the J*-integral as compared to J-integral. Figure 12 shows the degree of
path-independence for all the four load steps for Kishimoto 3-integral computa-
tions. Again, except for the integration paths nearest to the crack-tip, path-
independence is obtained at all load levels.

The Atluri incremental P-I integrals, ATp*, were computed for loading up
to the limit load and unloading to zero load. The eight loading and unloading
steps are shown in Figure 13, in terms of an applied load versus load-line
displacement plot. For each of the eight incremental load steps, the inte-
grals ATp* and ATp were computed and then summed to find the total integrals
Tp*(= ZATp*) and Tp(= ZATp) at each value of applied load. Figure 14 shows
the incremental ATp*-integral along various integration paths for all the
eight loading and unloading steps in the compact tension specimen. It is
evident that a uniform degree of path-independence is maintained for the four
loading steps (1 to 4) up to the specimen limit load. However, for the four
unloading steps (5 to 8), the degree of path-independence is not as good as
during the loading steps. This observation is also noted in the total inte-
gral Tp*(= IATp*) values shown in Figure 15. Especially for the last two
unloading steps (7 and 8), the degree of path-independence has somewhat
deteriorated. Still, the Tp*-integral values are within 15% of each other
along various paths except for the paths very close to the crack tip. Similar
observations are found in Figures 16 and 17 for the integrals ATp and
Tp(= ZAtp), respectively, during the loading and unloading steps.

In Figure 18, the Atluri integrals Tp and Tp* are plotted as a function
of the applied load. As expected for proportional loading, these two
integrals have fairly identical values during the loading-up stage. However,
for the inelastic unloading steps (5 to 8) the two integrals have considerably
different values. The Tp-integral decreases for the unloading steps but its
values always remain positive. Contrary to this, the Tp*-integral has
negative values for some of the unloading steps. This fact has also been
observed by Atluri et al. (References 14,15) in recent investigations. Figure
19 shows the Tp and Tp* integrals for displacement-controlled global loading
and unloading steps in a compact tension specimen as reported in Reference 14
for plane-strain conditions. It can be seen in Figure 19 that Tp*-integral
for some of the unloading steps has negative values even though the global
load acting on the specimen is tensile-in nature with crack surfaces opened-up
and having positive load-~line displacements. Thus, a physical interpretation
of Tp*-integral in terms of an energy-like quantity is not possible for global
unloading steps for the stationary cracks studied here.

A comparison of all P-I integrals under study in the present work is
shown in Figure 20 for the first four monotonic loading steps shown in Figure
13. It can be seen that for the compact tension specimen studied, the Rice J-
integral values are coincident with Tp-integral by Atluri, and the Blackburn
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Figure 13. Load Versus Load Point Displacement for the
Compact Tension Specimen at Various Load Steps.
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J*-integral values are very close to Atluri's Tp*-integral. This may be due
to the fact that the area integral terms in J*, Tp, and Tp* integrals have
smaller contribution relative to the line integral terms for the example prob-
lem studied in this program. The Kishimoto J integral represented an upper
bound for all the P-I integrals studied.

3.3 MESH GENERATOR PROGRAM DEVELOPMENT

Initial development of a mesh generator computer program was completed
for automatic generation of finite-element mesh-for-crack problems. This
computer program allows a gradual transitioning of the mesh arrangement from a
relatively coarse mesh in the remote stress field to very refined mesh near
the crack area. Two basic types of mesh arrangement, the fan-type and square-
type, are the developed options. The square-type mesh is generally considered
to be more convenient for simulating crack growth behavior and crack closure
phenomena. But the fan-type mesh provides better solution accuracy for
near-crack-tip stress/strain field and its angular variation around the
crack-tip for stationary cracks. However, it would be cumbersome to use the
fan-type mesh for growing cracks since this mesh has angular rays focused at
the crack tip.

Figure 21 shows the concept and an example of the square mesh generated
for a single-edge crack specimen. It has major, minor, and transition layers
of elements. Each major layer has square-type regions which are divided into
triangular elements obtained by connecting one of the diagonals of each
square. Minor layers represent the mesh refinement for the crack tip, and
they are obtained by connecting both of the diagonals of pertinent square
regions. The parameters 1; and 1, measured from the crack tip, are used to
get the number of minor layer elements within each major layer. Currently,
the transition layers are set to reduce the element size by one-half in
vertical direction only. This gives a uniform mesh refinement to the entire
crack plane. To reduce the total number of elements, it is felt that the
refined elements should be restricted into the crack region rather than the
whole width of the specimen. To accomplish this, transition elements will
also be needed in horizontal direction. This improvement in the mesh genera-
tor program is now under development.

Figure 22 shows the user-defined parameters needed for fan-type mesh
generation. An example of the mesh generated is also shown in Figure 22. The
parameters N;, N3, and Ng define the total number of radial lines focused at
the crack tip. Parameter N4 defines haw many segments these radial lines are
to be subdivided into. This subdivision of the radial lines can be either
linear (equal interval) or nonlinear. The example in Figure 22 shows a non-
linear subdivision with smaller segments near the crack tip.

A fan mesh was used to model the compact tension specimen for evaluating
the P-I integral in the present work. However, it is planmned to use exten-
sively a square mesh to simulate crack growth behavior and crack closure
phenomenon requiring crack tip node release and changes in crack surface
.boundary conditions. This would enhance numerical accuracy due to a fairly
uniform distribution of element stiffnesses along the crack-growth path.
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4.0 EXPERIMENTAL WORK

4.1 ANALOG MATERIAL

The purpose of the experimental portion of this investigation is to per-
form experiments that will determine the validity of the selected path- ‘
independent (P-I) integrals. The "analog" material was selected so that it
could be tested at relatively low temperatures while retaining many of the
important characteristics of a combustor liner material. Since significant
thermomechanical testing will be performed, the selected alloy has to display
a range of properties over a significant temperature range. The specific
characteristics evaluated include:

14 Significant variation in elastic modulus throughout the test
temperature range

. Large changes in short-time creep rates throughout the test
temperature range -

4 No metallurgical- or stress-induced phase transformations in the
test temperature range

L4 Thermal conductivity conducive to perform thermal gradient and
thermomechanical fatigue (TMF) tests.

Nickel-Base Alloy 718 was selected for this program, strengthened by y''.
It is metallurgically stable up to temperatures approaching 700° C (1292° F),
and has physical properties (thermal expansion and conductivity) similar to
nickel-base combustor alloys. In this study it is planned to perform crack
growth evaluations over the temperature range from 427° C (800° F) to 649° C
(1200° F). Table III shows the range of elastic modulus and creep properties
throughout this temperature range. The modulus varies by approximately 10%,
and the creep rates, estimated by the time to creep as 0.2%, vary by at least
four orders of magnitude. Thus, Alloy 718 meets the requirements for an
analog material. This selection was approved by the NASA Program Manager.

Alloy 718 plate was procured for use in this program. The plate has a
nominal thickness of 22.2 mm (0.875 inch) and was procured in 13 pieces, each
measuring 381 mm (15 inches) by 406 mm (16 inches). This plate was produced
by Cabot Corporation from heat 2180-1-9836. The ladle composition and speci-
fication for Alloy 718 are compared in Table IV. This composition falls
within the specified limits. .

This material was supplied in a mill~annealed condition. The plates were
subsequently solution-treated and aged at the General Electric Engineering
Material Technology Laboratory (EMTL) in a vacuum furnace under computer con-
trol. The plates were solution-treated at 968° C (1775° F) for ome hour at
temperature, and then cooled to room temperature. They were then aged at
718° C (1325° F), for eight hours at temperature, cooled at 56° C/hr
(100° F/hr) to 621° C (1150° F), where they were held for eight hours. Two
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plates were heat treated simultaneously. Each heat treatment run was moni-
tored with multiple thermocouples. In the first run (containing only one
plate) the aging time exceeded the requested time. For this reason, the
plate received a second solution treatment and age cycle. This was not an
unusual occurrence. However, to eliminate any potential effects, this plate
was used only for specimen development. The remaining plates were heat
treated successfully.

Table III. Variation of Alloy 718 Elastic Modulus
and Creep Properties with Temperature.

427° C 538° C 649° C
(800° F) (1000° F) (1200° F)

Young's

Modulus 182 175 166

(MPa) ‘

Time to

Creep 0.2%

At 700 MPa

(Hours) -——— 30,000 2

4.2 TEST MATRIX

The purpose of the testing program is to provide data to support
analytical activities. These tests are intended to develop this methodology

rather than develop basic material properties. The testing will be performed
as part of three tasks:

° Task III - Analog Material (constitutive properties)

L Task VII - Isothermal and Thermal Mechanical Fatigue (TMF) crack
propagation analog material

L4 Task VIII - Crack propagation with thermal gradient analog material.

The test matrix for each task will be discussed separately.

4.3 TASK III - ANALOG MATERIAL (CONSTITUTIVE PROPERTIES)

The purpose of testing in this phase is to develop the mechanical pro-
perty data for use in the finite-element calculations in subsequent phases.
The tests include tensile, creep, and cyclic tests. The tensile/creep and
cyclic fatigue specimens are axisymmetric geometries with a nominal diameter
of 0.25 inch and a nominal gage length of 1 inch. The tensile/creep specimens
(Figure 23) have threaded grips, while the cyclic specimens (Figure 24) have
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Table IV. Composition of Alloy 718 Plate.

(Weight Percent)

Ladle
Element Specification Analysis
c 0.02-0.08 0.06
Mn 0.35 Max 0.17
Si 0.35 Max 0.17
5 0.015 Max < 0.002
P 0.015 Max 0.006
Cr 17.0-21.0 17.92
Fe 15.0-21.0 18.32
Co 1.0 Max <0.10
Mo 2.80-3.30 3.03
Nb+Ta 4.75-5.50 5.11
Ti 0.75-1.15 1.12
Al 0.30-0.70 0.45
B 0.006 Max 0.002
Cu 0.30 Max 0.03
Ni 50.0-55.0 53.63
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buttonhead grips. The latter situation permits better load reversal and
alignment, especially for compressive loads.

The tensile and cyclic tests will be run at several strain rates so that
an appropriate constitutive model can be developed. Based on other work at
General Electric, it is not anticipated that Alloy 718 will show extensive
strain rate sensitivity for the conditions used in this program.

Table V lists the test matrix for these tests. The tensile tests will
be conducted at three strain rates. The cyclic tests will be conducted at
two strain rates. Duplicate creep tests will also be performed. The slowest
strain rates correspond to the strain rates to be used in the Task VII and
Task VIII c¢rack propagation tests. All tests will be performed in closed loop
equipment under strain control. The data from the cyclic tests will be
acquired using an automated system that monitors both maximum stress and
hysteresis information (Reference 16).

The strain ranges for the cyclic tests were determined based on a single
538° C (1000° F) test conducted using a constant strain amplitude block
sequence. The test had an A_ ratio (alternating strain/mean strain) of infin-
ity (zero mean strain), with a triangular wave shape and a strain rate of 2.0
x 10 * sec 1. Each block contained 15 cycles. The strain range in the first
block was 0.5%. The strain range in each subsequent block was increased by
0.5%. The test was continued until buckling occurred when the strain range
was 4%. Figure 25 shows the variations in plastic strain range with -total
strain range for this test. Based on these data, the total strain ranges
selected for the cyclic constitutive tests were 1.15%, 1.7%, and 3.5%. This
corresponds to plastic strain ranges of approximately 0.2%, 0.7%, and 2.4%.

The highest strain range is intended to provide constitutive data for
use in the finite-element calculations near the crack tip.

4.4 TASK VII - ISOTHERMAL AND TMF CRACK PROPAGATION, ANALOG MATERIAL

The purpose of the tests in this task is to provide input data and veri-
fication of the path-independent integral approach used in this investigation.
These tests are designed to document the influence of temperature, strain
range, mean strain, thermal cycling, and specimen geometry/loading on the
crack propagation rates.

4.4.1 Specimen Design

One of the challenges of this program is to design crack-growth specimens
that are capable of remote strain (displacement) cycling while experiencing
bulk cyclic plasticity. The specimen should be two-dimensional to facilitate
finite-element modeling. The primary specimen selected for this program was
the single-edge~notch specimen shown in Figure 26. This specimen has a thick-
ness of 2.54 mm (0.1 inch) to promote rapid heating and cooling during thermo-
mechanical fatigue (TMF) cycling. Pin-loaded SEN specimens with this gage
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Test

Type

Tensile

Creep
Duplicate
Tests

Cyclic
A =
Triangle
Wave

Shape

Table V.

Specimen

Geometry

Axisymmetric

Tensile/Creep

(Figure 23)

Axisymmetric
Tensile/Creep
(Figure 23)

Axisymmetric
Cyclic
(Figure 24)

Task III Test Matrix.

Temperature, Strain Rate, Strain
°F sec-1 Range
(70 ) 2 x 107% ---

800 1x 1073 ---

%00 | 5 x 107 ---
1000 --- -—-
1100 -—- ---

\ 1200 ) --- ---
1000 —— To
1100 -—- Be
1200 ——- Selected

800 -——- 4 0.0115
1000 {2 x 10’4} 0.017
1100 5 x 107 0.035
1200
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section geometry have previously been used by General Electric to determine
the linear elastic fracture mechanics crack growth properties of a wide
variety of superalloys over a range from room temperature to 1800° F (Referen-
ces 17, 18). The modification of the specimen from pin to buttonhead loading
was made to accommodate cyclic loading with compressive loads.

A series of SEN specimens were designed with gage lengths of 28.5, 22.2,
and 15.9 mm (1.128, 0.875, and 0.625 inches to evaluate resistance to buck-
ling. The specimens were cyclically tested under either load or stroke con-
trol with the mean value of the control variable at zero (A = »). The range
of stroke or load was gradually increased until buckling occurred. For the
longest gage length geometry room temperature, buckling occurred at approxi-
mately 110 ksi. Based on elastic dimensionless analysis, the gage length was
reduced to 22.2 mm. It was estimated that the buckling stress would be 175
ksi. At room temperature, the buckling stress was 177.8 ksi. At 1200° F,
duplicate buckling tests were performed which yielded buckling stresses of
124.3 and 123.3 ksi. Based on previous data, this buckling stress is marginal
for performing tests with cyclic plastic strain. From elastic dimensionless
buckling analysis, it is estimated that gage length must be reduced to 15.9 mm
to achieve 1200° F buckling stresses of 175 ksi. The results of a load con-
trol buckling test were very promising. Therefore, a crack propagation test
was performed with the 15.9 mm gage length geometry at 1200° F with the
largest strain range (1.7%) planned for use in this program. A 0.5-inch
extensometer was placed in the center of the 10.2 mm wide face of a SEN speci-
men with a 0.1 mm deep EDM slot across one side of the 2.5 mm thickness. The
specimgg was cycled in strain control with A8 of infinity at a strain rate of
2 x 10 %/s.

A crack nucleated out of the EDM notch and propagated across the entire
specimen. The hysteresis loop monitored during the test can be characterized
into 3 groups. Very early in the test, perceptible softening was on each
cycle as shown in Figure 27a. After some 20 cycles, the softening was not as
rapid, and the loops had the classical appearance shown in Figure 27b. Cusps
started to form as the crack propagated through the specimen, and the maximum
stress diminished with each successive cycle. An example of this type of loop
is shown in Figure 27c¢. Visual observation of the crack showed 45° shear
bands emanating from the crack tip toward the unnotched free surface. These
were observed over a wide range of crack lengths, but no remnants could be
observed after completing the test. The fracture surface of this specimen was
extremely flat and showed no evidence of shear lip or crack front tunneling.

An axisymmetric, smooth fatigue specimen was tested under identical test
conditions. Examples of the initial hysteresis loop and the more stabilized
loops are shown in Figures 28a and 28b, respectively. They have similar shape
and magnitudes to the loops from the SEN specimen (Figures 27a and 27b).
Figure 29 shows the variation in maximum and minimum stress with cycle number
in the SEN and cyclic tests. Early in the test, when the crack length in the
SEN specimen was short, both specimens showed similar constitutive responses.
-After approximately 30 cycles, the SEN specimen loops started to cusp. As
shown in Figure 29, the minimum stress remained constant but the maximum
stress started to decrease. At the end of the test (Cycle 68), the maximum
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stress approached zero. Figure 29 also shows a continuing softening in the
cyclic test, but the softening rate diminished with increased cycling. This
softening behavior is typical of Alloy 718 (Reference 19).

These results strongly suggest that the SEN specimen with a gage length
of 15.9 mm (Figure 26) can be used as the primary specimen in this program.
Additional tests are currently in progress to find the strain ranges where
buckling occurs for positive and negative mean strains.

Another consideration in specimen design is the ASTM-recommended practice
for the monotonic J-test requiring that the remaining uncracked ligament be
smaller than 25 J/oy where Oy is yield strength. It is recognized that for
primarily tension cases, such as the SEN specimen, this criterion may be a
poor estimate. Since it is planned to conduct tests for crack lengths ranging
from 0.02 to 0.15 inch, calculations were performed to evaluate J, crack mouth
opening displacement (6), and crack tip opening displacement (Gt) using the
GE/EPRI Plastic Fracture Handbook (Reference 13). The 1200° F Cyclic stress-
strain curve for Alloy 718 was determined from the data in the NASA Benchmark
Program (NASA CR-165571). Using this information, the parameters 6§, §_, and
J, along with JEJ (psuedo-K), were calculated for three values of cracE length
(0.05, 0.10, and 0.15 inch) and straipn range (0.8, 1.6, and 2.4%). It was
assumed for zero mean strain cycling (R_ = -1) that the crack was open only at
positive loads, so the values of J, §, and 6, were calculated using the alter-
nating stress range. The calculations were performed for both plane stress
and plane strain conditions. The results of these calculations are summarized
in Table VI. For the most severe case shown in Table VI, (0.15 inch crack
length and strain range of 2.4%), the ASTM criteria are exceeded by factors of
6.4 and 3.3 for plane strain and plane stress conditions respectively.

For cyclic testing conditions, it may be more appropriate that the "pro-
cess zone size' be smaller than the specimen thickness and remaining ligament.
It is generally accepted that the process zone size is on the same order as
6,. The most severe case listed in Table VI was §_ values of less than 0.0005
inch. The specimen thickness and remaining ligament are 200 and 500 times
larger than §_ . On this basis, it is anticipated that this SEN can be used to
select and evaluate P-I integrals under elastic-plastic conditions.

4.4.2 Displacement Control and Measurement

All SEN tests will be performed in a strain control mode with the experi-
" mental setup shown schematically in Figure 30. The controlling extensometer
will be mounted at the center of the 10.2 mm wide surface of the specimen.

Two other displacement gages, one to monitor crack mouth opening displacement
(CMOD) and one to monitor the displacement on the face opposite the crack
mouth, will also be used. The purpose of the CMOD gage is to detect when
crack closure occurs. A standard 0.5 inch elevated temperature extensometer
has been modified to have a gage length of approximately 0.03 inch and signi-
ficantly improved resolution.
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Table VI. Summary of Estimated Values of J, 6, and 6t for Alloy 718 at 1200° F,

Plane Stress Plane Strain
J JEJ 8 5t J JEJ s at
Strain | Crack Length

Range (in.) (ksi-in.) (ksi J?E.) (in.) (in.) (ksi-in.) (ksi Jin.) (in.) (in.)
.008 0.05 0.0111 16.3 0.000090 | 0.000025 0.0066 12.6 0.000056 | 0.000019
0.10 0.0192 21.4 0.000285 0.000042 0.0109 16.1 0.000159 0.000032
0.15 0.0433 32.2 0.000826 0.000091 0.0228 23.3 0.000439 0.000066
.016 0.05 : 0.0307 27.1 0.000180 | 0.000068 0.0183 20.9 0.000113 | 0.000053
0.10 - 0.0530 35.6 0.000570 | 0.000118 0.0301 26.8 0.000317 | 0.000085
0.15 0.1200 53.6 0.001651 | 0.000252 0.0630 38.8 0.000818 | 0.000183
0.24 0.05 0.0557 36.5 0.000270 | 0.000124 0.0333 28.2 0.000169 | 0.000097
- 0.10 0.0962 47.9 0.000855 | 0.000213 0.0546 36.1 0.000476 { 0.000158
0.15 0.2175 72.1 0.002474 | 0.000457 0.1143 52.3 0.001315 | 0.000332
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The stability of this prototype extensometer has been successfully eval-
uated at room temperature. It has also been demonstrated that the extenso-
meter can be calibrated using a differential micrometer with a sensitivity of
0.0003 inch/volt which will give sufficient resolution for the subsequent
experimental activities. The CMOD gage also measures the same value of strain
measured with a conventional extensometer in an uncracked SEN specimen. The
purpose of the monitoring extensometer is to furnish additional displacement
information for setting the finite-element boundary conditions for verifying
those results. The crack growth will be monitored using a direct current
potential drop technique used extensively in linear elastic fracture mechanics
characterization of materials with a pin-loaded SEN specimen (References 17
and 18). An ETS test control and data acquisition system (Reference 16) has
been modified to monitor five channels and to provide a cycle pulse to trigger
a direct current potential drop system with current switching.

All experimental apparatus is in place. The performance of each compo-
nent has been verified separately. Work is in progress to integrate the
entire test system. The alternate crack growth specimen will be a modified
compact specimen (CT). The exact CT configuration and control mode have not
been selected because of the difficulty in strain control and compressive
loading of a CT specimen.

4.4.3 Test Plan

Table VII lists the proposed isothermal and TMF crack propagation test
matrix. Duplicate test will be performed for each condition listed in Table
VII. The strain ranges selected for the crack propagation tests are 0.5%,
1.15%, and 1.7%. The higher two ranges are also being used in the cyclic
constitutive evaluation; at 1000° F, they correspond to plastic strain ranges
of approximately 0.2% and 0.7% respectively. The 0.5% strain range should
result in nominally elastic cycling.

A SEN specimen was also instrumented with multiple thermocouples to assess
the uniformity of temperature during isothermal and TMF conditions. An RF
(radio frequency) induction coil was designed to heat the entire gage length
to isothermal conditions within 5° F. It has been shown that by simply turn-
ing the RF generator on and off, the coil design heats and cools the gage sec-
tion over a temperature range of 800° to 1200° F. The temperature variation
with time is almost linear and requires approximately 30 seconds to change the
temperature by 400° F. Based on this result, the temperature ramp time will
be controlled to be no smaller than 45~seconds so that the cyclic period will
be greater than 90 seconds.

One of the considerations in this testing program is whether to conduct
crack propagation tests under strain rate or under frequency control. Table
VIII shows the cycle period and rate of cycle accumulation as a function of
strain rate and strain range. For strain range conditions to be used in this
program, the cycle period can vary by a factor of 3.4. This variation might
induce some adverse environmental time-dependent crack growth components,
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particularly at the more elevated temperatures (Reference 20). The

initial cyclic tests suggest that Alloy 718 shows little strain rate sensi-
tivity in cyclic constitutive response. Therefore, it is currently planned to
conduct all crack propagation tests with 100-second cycles (864 cycles/day or
0.01 Hz).

Table VIII. Variation of Cycle Period and Cycle
Accumulation in Strain Rate Controlled
Tests With Strain Rate and Range.

. -1 Cycle

€ (sec ) Ag Period, sec Cycles/day

2 x 107 0.005 50 1,728
0.0115 115 751
0.017 170 508

5 x 1072 0.005 2 43,200
0.0115 4.6 18,783
0.017 6.8 12,706

The TMF tests will be run with two temperature ranges: 800° to 1200° F
and 800° to 1000° F. The temperature-time profile will have a triangular
wave shape. The mechanical strain will have a similar profile. The thermo-
mechanical cycling will be performed with both in-phase (maximum strain at
maximum temperature) and out-of-phase (maximum stain at minimum temperature)
cycling. The TMF tests will be performed in a computer-controlled TMF test
facility at the General Electric EMTL Testing Laboratory (Reference 21).

4.5 TASK VIII - CRACK PROPAGATION WITH THERMAL GRADIENT, ANALOG MATERIAL

A total of eight SEN specimens will be tested with a thermal gradient
across the gage section to verify that -the path-independent integral can pre-
dict crack growth under this conditiom. " It is planned to run a gradient from
800° F to 1200° F across the 0.4-inch dimension of a SEN specimen. Duplicate
tests will be performed under monotonic loading with alternating strain ranges
of 0.005, 0.0115, and 0.017 with A8 of =,
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5.0 COMPUTER SIMULATION OF SEN SPECIMENS

Computational analyses and experimental measurements under the present
work are directed toward single-edge-notched (SEN) specimens containing edge
cracks subjected to displacement control loading conditions. As such, the
bulk of the computer simulation effort is focused on numerical analysis of the
SEN specimens. The analytical results obtained are then compared with the
experimental data generated in the present program. A buttonhead geometry was
selected to facilitate tension and compression loading of the SEN specimens.

To simulate the prescribed displacement boundary conditions for two-
dimensional (2D) analysis of the gage section of the buttonhead SEN specimen,
three-dimensional (3D) finite-element analysis was performed for the entire
buttonhead specimen. Figures 31 and 32 show the 3D mesh of the buttonhead
specimen consisting of eight-noded isoparametric brick elements. The model
has 1107 nodes and 720 elements. It has considerable mesh refinement along
the length of the specimen in order to accurately predict stresses and dis-
placements along the axial direction for the purpose of extracting boundary
conditions for subsequent 2D analysis of the gage section. The ratio of gage
section length to width (L/W) is 1.125, and the single-edge crack-length-to-
width radio (A/W) is kept at 0.25. This crack length represents an upper
bound for the maximum A/W ratio.to be analyzed in the program.

Elastic analysis was completed for two different cases of applying pre-
scribed end-displacements to the model. In one case a constant axial dis-
placement was applied to the buttonhead, while in the second case the constant
displacement was applied on the top portion of the specimen shank circumfer-
ence adjacent to the buttonhead. These two boundary conditions were used to
simulate the uncertainty in the actual displacements induced by the laboratory
gripping fixtures. By equating the resulting elastic axial displacement (Uy)
at a given node-point in the gage section of the model, it was found that the
two end-displacement cases have a maximum of 3% difference in stresses and
displacements across the width of the gage section. Therefore, it is con-
cluded that for elastic response, the application of constant end displacement
to either the buttonhead or the shank-top leads to almost identical results in
the gage section. Figure 33 shows the completed elastic axial displacement
(Uy) along the gage section width for different axial cross sections (Y/L
ratios). A constant axial displacement of 0.01 inch was applied at the shank-
top in an Alloy 718 specimen at room temperature. It can be seen in Figure 33
that Uy displacement varies linearly along the gage section width for the top
half of the gage length. This linear variation will make it easier to make
displacement measurements using just two extensometers.

Elastic axial stress (0__) response across the gage section width is
shown in Figure 34. In the abiénce of a crack, uniform 0__ normal stress is
366 ksi in the gage section. Due to the presence of a c¥ick (A/W = 0.25), the
maximum normal stress concentration factor at the crack plane (Y/L = 0) is
1.72, which reflects the fact that the crack-tip singularity is symbolic at
best in the present mesh refinement at the crack plane. The OYY normal stress




Buttonhead Specimen Three-Dimensional Finite-
Element Model.

Figure 31.
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variation at a cross section near the top of the gage length (Y/L = 0.9) shows
an interesting feature of the bending stress component along the width of the
specimen. Because-of parabolic variation of the O__ normal stress at Y/L =
0.9 cross section, it is inferred that the bendingygomponent of normal stress
increases as one moves across the gage section width from the crack mouth (X/W
= 0) to the back surface (X/W =1).

From these results, it is concluded that for elastic 2D simulations of
the gage section in buttonhead specimens subjected to prescribed constant
axial displacement, one needs to impose a linearly varying normal displacement
(shown in Figure 33) at the top cross section (Y = L) of the gage length.

Figure 35 shows the deformed shape of the SEN crack specimen subjected to
a uniform 0.01-inch axial tensile displacement of the buttonhead. It can be
seen that the specimen lateral displacement in the crack plane is of the same
order (0.0035 inch) as the crack-mouth opening displacement (CMOD). This is
because the buttonhead is fixed against lateral movement, and the bending
moment due to the presence of crack causes the specimen to deform laterally in
the crack plane where it has the lowest stiffness.

Additional work is continuing on elastoplastic finite-element analysis of
the buttonhead SEN specimen 3D model to extract boundary conditions for an
equivalent 2D representation of the specimen gage section for inelastic analy-
ses. Work is also continuing on a 2D finite-element model with gap elements
to simulate the effects of reversed loading and the resulting crack closure on
various P-I integrals.
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Lateral Displacement Profile of the Buttonhead Single Edge Crack
Specimen Subjected to Uniform Axial Displacement (Dotted Lines

Show Undeformed Shape).




6.0 DISCUSSION

This report has documented activities of the first year of the NASA-
sponsored Elevated Temperature Crack Growth Program. As shown in the report,
excellent progress has been made in all phases of work.

The review in Section 2.0 of path-independent (P-I) integrals considered
several important requirements for gas turbine applications at elevated tem~
peratures and selected the most promising ones for further work. The discus-
sion in Section 2.0 is brief because the full review was documented in detail
in Reference 1.

Section 3.0 discusses the successful development of a finite-element
postprocessor computer program to calculate P-I integrals. This work shows
the tendencies of proposed parameters that will be evaluated in future experi-
mental work on this program.

Section 4.0 describes the experimental work and material selection activ-
ities. During the past year, a single-edge-notch (SEN) specimen was designed
and verified for use in this program. This SEN specimen is capable of fully
reversed loadings in the inelastic strain region and can be tested in thermo-
mechanical fatigue. A crack-mouth opening displacement (CMOD) measurement
device with a 0.76-mm gage length was developed for use with the SEN specimen.
Alloy 718 was selected as the analog material, and initial smooth-specimen
testing was conducted on this material.

In Section 5.0, the results of three-dimensional finite-element analyses
were presented. These analyses are being conducted to establish the appro-
priate boundary conditions for the two-dimensional work to be performed during
1985.
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