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Few studies have been made concerning the effects of low cycle
fatigue on the stress/strain field or the plastic zone size ahead of
a crack tip in a high temperature environment. Experiments using a
superalloy IN-100 at 732°C have shown crack growth during fatigue is
slower than the growth rate during long periods of sustained load.
These investigations also show that crack growth rates during hold
periods after fatigue cycling are dependent on the cycle frequency.

This study focuses on fatigue as it effects the changing stress

field and plastic zone ahead of a crack tip. Finite element modeling
was accomplished using an in-house computer program named VISCO, which
was modified to incorporate load cycling. A compact tension specimen
geometry was modeled using the Bodner-Partom viscoplastic constitutive

equations to describe the material behavior.  Load spectra consisted of

constant amplitude saw toothed patterhs with non-zero mean load having
a ratio of minimum to maximum load of O.1.

) Results show that maferia] behavior near a crack tip closely cor-
relates to uniaxial material response data under stress controlled
loading. During cyclic loading, the greatest plastic deformation near
the crack tip occurs in the first load cycle. Computations show that

IN-100 displays significant amounts of time dependent inelastic behavior.
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I. INTRODUCTION

With the growing use of high performance military gas turbine
engines and the escalating cost of aircraft, the United States Air Force
places stringent service limits on critical airframe and engine compon-
€§? ents.

' Airframe components are periodically inspected for flaws and re-
turned to service if the flaws can not grow to critical size prior to

?f the next periodic inspection. Critical engine components, however, such
as turbine disks, are removed from service at a time when statistically
1 in 1000 would be expected to have initiated a crack of some finite
length (0.03 in). Eighty percent of the disks have at least ten useful
. lifetimes remaining, though no attempt is made to utilize the statistic-
ally "failed" disks [2]. .

Engine operation occurs in a complex region characterized by fre-

quent load cycle excursions and short periods of sustained loading.

High temperature engine operation introduces time dependent phenomena

;2 which interact with varied load spectra to produce complex material

: behavior. The thrust of the Air Force research has focused on crack
growth prediction with lesser emphasis on the interaction of fatigue
cycling and sustained hold times. If the effects of frequency on
fatigue cycling and load amplitude are fully understood when coupled

e~ with sustained hold times, accurate remaining 1ife predictions could be

_§;~' made for components with subcritical flaws. Many retired parts could be

kept in service. Only components with a quantifiable critical flaw size

would be Retired-for-Cause [14].

Cl
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i Approach

This thesis attempts to quantify fatigue crack growth and the
effects of cyclic loading on IN-100, a superplastically forged Nickle-
based superalloy used in turbine disks for the F-100 engine. Compari-
sons between laboratory low-cycle fatigue tests and computer generated
viscoplastic cyclic effects are directed at the change of material par-

ameters with frequency, load, and plastic strain. The coupling of high

temperatures and stresses causes time dependent plastic deformation at
discontinuities in the material. Due to its independence of yield
criteria and its close correlation with experimental observations of
t! IN-100, plastic flow near these discontinuities was modeled using the

Bodner-Partom flow law. In addition, the Bodner-Partom model has the

capability to predict behavior produced by cyclic effects, time depen-
dent creep, strain hardening, -and plastic deformation. Thus, labora-
tory low-cycle fatigue tests, performed on compact tensicn specimens
manufactured from typical disk forgings, were modeled using finite
element methods and the Bodner-Partom viscoplastic flow law.

A linear Euler extrapolation scheme was used to integrate the

flow law through time and incorporated into the finite element model

incorporating the residual force technique [7].
VISCO, a computer program developed by Hinnerichs [7] and used in
. this thesis, uses constant strain triangular elements and simulates
) crack growth by releasing fixed nodes at a predetermined time. -As the
node is released, nodal forces are redistributed to the surrounding

&

rv-

4

4

}

E; a elements and the boundary changed from one of restraint to a force
S 2

[

4
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boundary condition. Costly matrix factorization is avoided by incor-
porating a Gauss-Seidel iteration equation solver, in which pertinent
terms of the stiffness matrix are the only ones changed between time

steps [7]. A cyclic load algorithm was used to accommodate the chang-

ing load spectra. The fatigue stress spectrum was modeled by a saw-

toothed stress-time pattern of constant amplitude with a non-zero mean
Joad _and.a. load ratio of .1 [14]). During each time step; stress,
!!' strain, plastic work and z hardness parameter was calculated for each

element in the model.
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II. VISCOPLASTICITY THEORY

In the usual sense, plasticity is defined as permanent deformation
by the application of stresses which are greater than those stresses
required to cause yielding. The distortion depends not only on the
final state of stress, but also upon the stress state from the start of
yielding [12]. Thus, plastic behavior can be characterized by irre-
versible straining. All materials exhibit some plastic behavior, even
when the applied lcads produce stress below the yield stress. Most
plastic deformation below the yield stress is small; and as such, is
usually neglected [16].

The total strain a material experiences can be represented by the
expression |

- e P
€ij © €] + €43 (2.1)

where €§; is the total strain, sije is the elastic {reversible) strain
?j is the plastic (irreversible) strain. Viscoplastic (non-re-

coverable) strains occur only after the yield stress is exceeded.

and ¢

If one takes a time derivative of equation (2.1), a rate dependent
form for total strain is obtained

PR g
iy % S45 TSy Where &5 g (2.2)

By taking a time derivative of Hooke's law, the elastic strain
ratg Eije can be related to the stress rate; however, it is necessary
to relate the plastic strain rate to stress By some other means.

In classical iheory, plastic deformation begins at yield, and is

dependent on a yfeld criterion. General yield criteria can be written

................................
...........................
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as -

f(cij) = K(k) (2.3)

where f is some function of stress, K is a material parameter deter-
mined experimentally and k is a hardening parameter. The yield criteria
as used herein is independent of coordinate orientation and only a

function of the three stress invarients [13].

11 = %43 ) (2.4)
_ 1

12 = '2' O'.iJO'ij (2'5)
=1

Through experimental studies by Bridgman,. plastic deformation is
independent of hydrostatic stress. Thus, the yield function can be
written as f(Jz,J3) = K(k) where Jz and J3 are the second and third

invariants of the deviatoric stress tensor.

1
and
_ 1
S§5 = %3 = F %i;%«k (2.8)

Many forms of yield criteria have been developed. Each predicts
plastic flow under different conditions and materials. The Von Mises
yield criterion is one of these. It is used primarily for metals
behavior and is based on distortion strain energy theory [13]. Yield-
ing begins when the distortion strain energy equals the distortion
strain energy required to produce yielding in a simple uniaxial stress

test.

.............................................




The distortion strain energy can be written
U=[lc-de.dv (2.9)
d = ¢ 2 "ij %) :

or in terms of Jz, the second invariant of deviatoric stress

21

where G is the shear modulus.

In explicit terms of principal stresses, the above expressions

become
Jy = %- (01-02)2 + (02-03)2 + (01-03)2 (2.11)
Uy = o5 (0770507 + (0pm05)2 + (0}-05)2 (2.12)

For a uniaxial test

oy = Iys 0= 3=0 (2.13)

where st equals the stress ai'the start of yielding.

JZ reduces to

12

where oy is the uniaxial yield stress.

The distortion strain energy becomes

. 2
Ud = 'SE Uys (2-15)

Equating the multiaxial distortion strain energy to that of the
uniaxial case produces
= 2 - -
where K is a proportionality constant. Multiaxial yielding is pre-
dicted when Jz reaches the critical value at yield in a uniaxial stress

test.




ERA Sk S IOR A S I e Aas S0 MSt SaieY

SRR RS RICROREN RSN e e L e LT e

Using the Prandtl-Reuss relations, which assume incompressibility

and isotropy, the plastic strain e?i can be expressed incrementally as

P .

where A is a positive load history dependent proportionality constant
relating the material viscosity and Sij are the components of the devia-
toric stress tensor. If given a form for dx, the plastic strain E$J can
be found for any state of stress. It can be shown that, at yield, the
Prandtl1-Reuss relations imply the Von Mises yield criterion [13]. The

specific expression for dA depends upon the plastic flow law used.

Bodner-Partom Constitutive Model

Bodner and Partom [3,4,5] suggested that plastic flow beginsat the
onset of loading, and as such, a continuous flow relationship exists
between plastic strain and stress. Through the study of dislocation
dynamics Bodner and Partom, pos£u1ated the form of fhé parameter ) by

squaring the Prandtl-Reuss relation

. P
eij = Asij (2.18)
resulting in
%é';j é:.’j =00 = 3 AZSUS” =, (2.19)

p

where 02 is the second invariant of the plastic strain rate, and J2 is

the second invariant of the deviatoric stress tensor.

Bodner and Partom expressed DZP as follows:

2 . n
DZP = Dozexp [-(g%;) 5%?] : (2.20)

..............

..............................
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where D° is the limiting value of plastic strain rate in shear, Z is
the measure of material hardening, and n is a constant controlling
strain rate sensitivity.

Being strain rate sensiﬁive and independent of a specific yield
surface, the Bodner-Partom flow law allows plastic deformation during
unloading. This is a significant departure from classical plasticity
theory where all unload sequences are accomplished elastically. The
strain rate sensitivity exponent (n) influences the level of the stress-
strain curves. Decreasing the value of n results in.increased strain
rate sensitivity and spreads the stress strain curves. It should be
pointed out that the strain rate sensitivity exponent (n) is a material
constant and independent of load history [4].

Thus, the Bodner-Partom model, henceforth called the Bodner rfodel,
accounts for both isotropic and kinematic hardening and is capable of
representing cyclic load effects.

Bodner's Z hardness parameter can be interpreted as a macroscopic
hardening function which controls resistance to plastic flow. Being
deformation history dependent, the Z parémeter is assumed to be a
function of plastic work:

l= Z(Np) (2.21)

where wp is the relative amount of plastic work done from some initial

state. This work function takes the form:

P Py vd

....................................
...............................
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The hardness parameter Z now becomes

Z= Z1 - (Zl-Zo)exp [-mwp] (2.23)

where Z1 is the maximum value of hardness, Z° represents the initial
value of hardness form which plastic work is measured, and m is the
hardening rate exponent.

Most materials exhibit some thermal recovery of hardening or relax-
ation of accumulated plastic work at high temperatures. In order to

model this behavior, the form of plastic work must be redefined as

= P rec
where
2-1, r
Zrec = -A Tl'- Zl (2.25)

Z2 is the stable non-work hardened value of Z at a given tempera-
ture. A and r are material constants picked to match creep test data.

The thermal hardening recovery term (2._.) of Eq. 2.25 is always

rec
negative due to the negative sign on A, since Z is always greater than
or equal to 22' A balanced condition exists when the rate of work
hardening equals the rate of hardening recovery. At high strain rates,
Z hardness reaches its saturation value Z1 quickly and a steady state
condition is realized.

Stouffer experimentally developed the nine (9) Bodner Material

parameters for IN-100 at 1350°F [6] and are. presented in Table 2.1.
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TABLE 2.1
BODNER COEFFICIENTS FOR IN-100 AT 1350°F

P €y s
hod - E2X

x
¥

Reicy
- Material .
Parameter Description Value
3 E Elastic modulus - 26.3x10%KS]
: (18.133x10%MPa)
n Strain rate exponent 0.7
Do Limiting value of strain rate 104 sec
Z, Limiting value of hardness 915.0KSI (6304 MPa)
Zy Maximum value of hardness 1015.0KSI (6993 MPa)
22 Minimum value of hardness 600.0KSI (4134 MPa)
m Hardening rate exponent 2.57%s17! (.37273
o MPa-1)
A Hérdening recovery coefficient 1.9x10'3 sac'l
r Hardening recovery exponent 2.56
(1 KBAR = 100 MPa = 14.504KSI)
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III. METHODS OF ANALYSIS

The Computer Program

An analytical computer program of known accuracy named VISCO was
used throughout this study. VISCO is a two-dimensional finite element
code employing constant strain triangular elements for both plane stress
and plane strain solutions.

The Bodner-Partom viscoplastic constitutive equations are solved
using the Gauss-Seidel iterative equation solver with overrelaxation,
eliminating costly stiffness matrix factorization and allowing terms of
the stiffness matrix to be changed as nodes are released simulating
crack growth. VISCO employs the residual force technique using an
elastic stiffness matrix for the entire analysis. Plasticity is treat-

iﬁi ed as an applied load used in conjunction with thermal and applied
mechanical loads for equf]ibrihh. During each time'Step;'equiIibrium
tolerances are checked. If the tolerances are exceeded, the time step
is reduced until equi1ibrium js obtained. Time integration of the
Bodner equations is accomplished for each element using a Euler extrap-
olation scheme [7].

To accurately model cyclic material behavior within an aircraft
gas-turbine engine, it is necessary to understand the duty cycle of the
engine. The duty cycle can be characterized by frequent load cycles

:?' «. and long dwell times. In addition, few rotating jet engines components
are subjected to compressive loading. With this in mind, the éhgine
cyclic load spectrum can be represented as a saw-toothed constant am-

/% plitude load-time pattern with non-zero mean stress and a positive

[Sp—"

stress ratio as shown in Fig. 3.1.
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Frequencies for this type of operation generally range from .01 Hz to
5 Hz, which corresponds to experimental test data collected by Nicholas

and Larsen for use on another project [14].

PERCENT LOAD

R=0l

TIME

Fig 3.1 Typical Cyclic Load

VISCO's loading function was modified for cyclic response (see
Appendix A). Using a ramp function to model the load spectrum in Fig.
3.1, a percentage of total load was calculated at each timestep.
Element stress, strain, and Bodner Z hardness were recovered at each
load percentage. The load rates were matched to the half-cycle period
of the saw-toothed load function. VISCO normally loads the specimen
at the rate of 20 percent of total load per second. In order to match
the cyclic load spectra, load rates were matched to the cyclic half
period. For example, at 2.5Hz, the cyclic half period is .2 seconds.
The load varies from a minimum to peak value in .2 seconds, resulting
in a 500% load rate. This technique graphically depicts incremental
fatigue effects as well as the change in stress field at a crack tip.

In addition, modifications to VISCO were made to stop load cycling at

12




............................................................

a predetermined time and hold the load at a constant stress intensity

factor (K).

Cdmpﬁtef Progrém Verffiéafion'ahd UniékiéT Studies

To verify proper program operation and to determine IN-100 uniaxial
non-1inear response to cyclic loading, a two triangular finite element
model, shown in Fig 3.2, was used in VISCO. Plane stress solutions

were obtained for each frequency and load shown in Table 3.1.

— P

—-—P

Fig 3.2 Uniaxial Finite Element. Model

TABLE 3.1

UNIAXIAL TEST LOADS AND FREQUENCIES
Test Frequency (Hz) Stress (psi)
2.50 130,000
0.167 150,000
0.03 | 165,000
. 0.03 180,000

S 0.03 " 200,000

= 0.03 220,000
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Peak load stress levels represent typical values expected at the
crack tip for a compact tension specimen while the lowest load/stress
level (130KSI) represents the experimental yield stress of IN-100 at
732°C.

Each of the eighteen uniaxial cases was allowed to run for fifteen
complete load cycles. Results showed that the computer solutions fol-

Towed the input load cycle at each time step and that calculated stress

values were accurate. Plastic deformation calculations compared favor-
- ably with predicted values.

Computer Computational Time

It was originally intended to match laboratory fatigue tests done

by Larsen and Nicholas with computer generated fatigue data [14]. i s

‘i' necessitated at least 8,000 load cycles before goiny into a g*:stained
hold period. Preliminary comﬁhter runs using the finite element mesh

shown in Fig. 3.4 at a frequency of 2.5Hz required 2,000 seconds central

processor time per run on the CDC 6600 computer for 5 complete load
cycles. With optimum timestepping, it would take 14 to 18 hours to

1 accomplish 8,000 load cycles of central processor time. Increasing the
%% size of the finite element mesh (reducing the number of elements) doubled
= the number of load cycles possible, but could not provide critical stress,

strain and 2 hardness values near the crack tip.

With these computational restrictions in mind, it was decided to
model the cyclic fatigue effects through 4 léad cycles and compare re-
sults with uniaxial computations. Changes in the stress, strain, and
Z hardness could be closely monitored with each cycle and changes

observed.

14




’fl'-"vw N -
T e

. RS PITe—
a 1 2 ’ A v L. LI N T P PR

L e 11

L AL

5PN G

TR oy

- > M

Two-Dimensional Compact Tension Finite Element Modeling

Two-dimensional fatigue modeling was accomplished using a standard
compact tension specimen geometry as shown in Fig. 3.3.

Due to symmetry, only half of the compact tnesion specimen was
modeled using constant strain triangular elements. The finite element
mesh (543 elements and 327 nodes) is shown in Fig's. 3.4 and 3.5 and is
identical to mesh 3 used by Smail for compact tension specimens of the
same geometry [16]. This pattern allows unlimited element size reduc-
tions and insures that no two adjacent elements differ in size by more
than a factor of 2 [8]. Except for elements near the loading pin holes,
element aspect ratios varied from 0.5 to 1.0. Elements near the crack
tip had an area of 4.8848x10"%in? (3.1494x10 %cn?).

Since acceptable accuracy validation was performed by Smail [15]
using the same computer program (VISCO) and finite element mesh, no
extensive accuracy tests were carried out herein. Five cyclic load
cases, with specified stress intensity factors shown in Fig. 3.6, were
studied. Cyclic stress levels at the crack tip were compared with mono-
tonic computer runs made by Smail at the same load and stress intensity

factor (see Table 3.2).

15

"

LD VPR WP § 2 = - PU—Y $.0 A e = PO ST Sy Y | L1 PP Y U Sy ST Y v o ‘.




PR , Ty
et 1 .'f.'..’.c_‘_- S
et e e PRI I

T IV Gy
-1 P

o .‘H I' ._.'.".f.‘
'

Ottt
[ JL

o
¥

T
|

........
.........

TABLE 3.2

-

COMPACT TENSION SPECIMEN LOADS AND STRESS INTENSITY FACTORS

ﬁtress Intensity

Factor.
KSI¥in

. Load.

bs. =

Crack
-.Length
Inches

Specimen
Thickness
Inches

35
45

1762
2265

.6630
.6630

.2154
.2154

B L I
P R W R AP W WP S G
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STANDARD COMPACT TENSION SPECIMEN

Fig 3.3 Compact Tension Specimen Geometry

17




— ]
! iy
H” YSSW Juswa|l 3jlul4 uswioads uotsual 3oedwo) p°g 614 .
g S3QON £2€ _
) SLN3NII3 €S L 300N 2
5 NI T - 3
g diL YWY L Te
. n --w\\\ ] h@l\\\ re g
Y [ / g
¢ k
(e} 1
S S Y - 1
3 8 8 ;
b, R} o
3 NIZT Y drv ¥y ;
d 4d
E | ,

g

x o )
2 1 /\/\/\/\/

% y




v
S
“-. >
g
1
vJ‘._
b, .
-.\
I
M 1
¥
g
b
.4
,
2
b
.
£
.u.—
AA ‘
4 3.
B
—.‘
- - ’ ’
" Py e
) o
r L . R s
.-_. '
s
o oa e, . o -
PR, AR AT - )

dr] orea) jJo puedyy Ysop wirojruq

Ge A1y

19

r )

W T .

I

¥




o - e w .
S e T e Tt R B R
o

AR

LA

Z

b L

b .

b -

p

b

/ BASELINE NO DAMAGE
X K=35 KSI ~/IN

R=0.I FOR ALL CYCLING

2.5HZ

K=35KSI~/IN

2.5HZ
K=45KSh/IN
167 HZ
K= 35KSI./IN
i 03 HZ

K= 35KSI+/IN

Fig 3.6 Cyclic Load Cases and Stress Intensity Factors
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IV. RESULTS AND DISCUSSION

At 2.5Hz with stress levels at or below 165KSI (see Fig's. 4.1-4.3),
the uniaxial model behaved elasticity. After approximately 2.5 cycles,
the stress strain curve loops became coincident. A quasi-stable steady
state had been reached in as little as 2.5 load cycles. Stress levels
above 165KSI caused rapid plastic deformation, especially during the
first load cycle. Subsequent load cycles produced constant amounts of
inelastic straining as shown in Fig's. 4.4-4.6. No stable solution
existed for these stress levels.

As load cycle frequency decreased no stable-elastic material
behavior was noted for stress levels above 130KSI. See Fig's. 4.7-4.18.
However, for all cases above, the greatest plastic deformation always
occurred during the first load cycle. Subsequent cycling produced
constant plastic deformation.

A1l stress-strain curves displayed 1inear elastic behavior below

130KSI stress levels. Plastic flow appeared to start near the material

yield stress (130KSI nominal value) in all cases. Using this value as -

v

TV YT b it T
FLE PO,

a reference yield stress, specimens cycled at .03Hz spent 82 times
longer above the reference value than the specimen at 2.5Hz. Thus,
it was expected that time dependent inelastic deformation was dependent
on the inverse of the load cycle frequency.

As shown in Fig's. 4.19-4.21, Z hardness is very sensitive to both

frequency and load level. At 2.5Hz, Z hardness increased slowly at

ok O
' i
)

T

stress levels below 165KSI, while rather rapid increases were noted at
P lower frequencies. Increasing the stress level caused rapid rises in Z

. hardness. Z hardness saturation occurred after 3 cycles in all cases for

21
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Fig 4.1 Uniaxial Stress-Strain Curve 2.5Hz
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stress levels of 180KSI or greater, with the exception of the 2.5Hz
specimen at 180KSI.

If one compares the cyclic stress-strain loops of Fig's. 4.1-4.18
to the Z hardness curves, Fig's. 4.19-4.21 show constant magnitude
plastic strain per cycle occurs only when Z hardness saturates.

In addition, Z hardness does not oscillate with the load cycle.
The plastic deformation occurring during each load cycle causes Z to
increase until reaching saturation. After Z reaches saturation, the
additional plastic deformation accumulated per cycle is balanced by
the relaxation due to temperature. Thus, the material has reached its
fully hardened state and does not vary with additional plastic deforma-
tion. The foregoing results graphically depict the thermal hardening

recovery and secondary creep characteristics of the Bodner model. By

setting the time derivative of equation 2.24 equal to zero, the rate of
work hardening equals the rate of thermal hardness recoveiry. For a given
time increment after Z reaches saturation, a balanced condit{on is

X present which represents secondary creep. Each additional load cycle

3 |

N causes constant magnitude plastic deformation increases per cycle,

Eﬁ shifting the stress-strain curves to the right (Fig 4.1 - 4.18).

g

& Comparing stress levels and time values in Fig's 4.19 - 4.21 reveals

f;é that 7 saturates at approximately the same time and is independent of

P_-.T

» frequency.
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It should be noted in Fig. 4.22, which is typical of all uniaxial
cases, that plastic strain increases during that portion of the loac
cycle where the stress is above the reference yield stress. These
strain rise points occur at approximately 80 percent of the applied
load. During the unload portion of the cycle while above the yield
stress, plastic deformation continues. Between cycles, plastic strain
remains constant until the subsequent "yield point" is reached. The
magnitude of the rise in plastic strain during each load cycle de-

creases until Z hardness reaches its saturation value (maximum).
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Compact Tension Specimen Tests

Results and comparisons made in this section are presented for
each frequency and stress intensity factor shown in Fig. 3.6. Sub-
sequent figures are in five groups as shown below:

a) Cyclic stress strain curves at the crack tip for

the first 3 load cycles

b) Profiles of y stress, y strain and Z hardness as a

function of distance ahead of the crack tip for the
the first 3 cycles

c) Changes in plastic zone size with the number of

load cycles

d) Vertical (y) displacement behind the crack tip versus

distance behind crack tip during cyclic unload

e) Cyclic crack mouth displacement versus load curves

As shown in Fig's. 4.23, 4.24, 4.25, and 4.26, (effective stress
versus total strain curves); rapid increases in plastic deformation at
the crack tip occur during the first load cycle. No significant changes
occur afterward. Constant magnitude plastic deformation occurs with
each successive cycle. If one compares these results with the Z hard-
ness profiles, Fig's. 4.29, 4.32, and 4.38, it can be seen that the Z
hardness near the crack tip reaches saturation in the first half load
cycle. The material at the crack tip is fully hardened; further
cycling produces no further hardening. Refe;ring to Fig's. 4.29-4.38,
no significant changes in y strain, Z hardness, or y stress profiles

ahead of the crack tip occur after the first cycle. This behavior
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suggests a stable condition exists at the crack tip after the first cy-
cle and can be compared directly with uniaxial results shown in Fig's.
4.1-4.18. This suggests that the material ahead of the crack tip is
essentially in a stress controlled boundary condition, and accumulates
plastic strain per cycle just as it does in the uniaxiai cases. No net
accumulation of strain per cycle would be seen if the material ahead of
the crack tip was strain controlled. In addition, this type of behavior
ahead of the crack tip infers that if nodes are released in the finite
element model to simulate crack growth, and the number of load cycles
between node releases is large; changes ahead of the crack tip will
occur the instant the node is released. One cycle after node release,
the stress-strain field and Z hardness remain essentially constant until
the next node is released. This suggests that the behavior ahead of the
crack associated with crack growth can be characterized by a short tran-
sient period after node release followed by stable cyclic behavior until
the next node is released.

If the stress profiles ahead of the crack tip are known, one can
refer to the uniaxial results and come very close to predicting the be-
havior in the compact tension finite element model. However, the stress
ahead of the crack tip using the Linear Elastic Fracture Mechanics (LEFM)
plane stress solution of Eq. 4.1, [1,11]

K

1 ] .0 36
= cos =|1 + sin = cos ] (4.1)
Y 7[ 72 -
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with theta (8) of zero degrees, stress intensity factors (Kl) of 35 and
45KSI/in respectively differed significantly from the finite element
solution. Results depicted in Fig's. 4.27, 4.30, 4.33, and 4.36 show
that the LEFM solution overestimates the stress field near the crack
tip in most cases until reaching 0.02 inches ahead of the crack tip.
Beyond 0.02 inches, LEFM underestimates stresses by 10%. Very near the
crack tip (under 0.006 inches), the LEFM solution overestimates the

stress by approximately 15 percent.
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R M

N Results of a typical overload condition are displayed in Fig's. 4.39-
-f: - 4.41. The load was cycled at a stress intensity factor of 45KSI/in for
two cycles. Load cycling was stopped when the stress intensity factor
rose to 35KSI/in during the next half cycle. Stress, strain and Z hard-

ness values shown represent the effect of overload. It can be seen that

T e T e e
e e
. L

overload increases plastic deformation near the crack tip, retarding

s

Rl A Bs
1

future crack growth. This verifies laboratory overload fatigue crack
growth studies conducted by Larsen and Nicholas [14].
Numerous studies have shown crack closure in center cracked panels

during cycles unload [15]. To check for crack closure, vertical (y)

- -
,.’,'?A' RS
ot S fiaae LA s,

. PR R PR S TP

displacements behind the crack tip were continuously monitored during

the unload cycle. As shown in Fig's. 4.42-4.46 no negative displacements
were observed, indicating no crack closure. Lack of closure may be
attributed to both specimen geometry and to the posi;ive load levels
(stress ratio of 0.1) throughout the unload half cycle. The compact
tension specimen geometry can be thought of as a cantilever beam with a
positive end load with the fixed support at the crack tip. With this

in mind it can be seen that one would not expect closure (negative)

displacements at the crack tip.
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Throughout this study, it was speculated that at stress levels
below 165KSI near the crack tip, the compact tension specimen behaved
elasticclly and that plastic deformation produced negligible effects.
To verify this premise, an averaging process was undertaken. The
load was cycled through 4.5 cycles. After 4.5 cycles, the finite
elements which had plastic strain values at or above 10'3 in/in were
considered plastic. By aVeraging stresses and total strains for all
plastic elements, the stress-strain curves (Fig's. 4.46-4.47) were
plotted. At 2.5Hz and K=35KSI in the compact tension specimen reached
a fquasi-steady state" after 2.5 cycles. Additional cycling produced
negligible shifts in the stress-strain curve. Peak stresses averaged
165KSI at the crack tip over the plastic zone. At 0.03Hz, no such

"steady state" condition was evident. Similar observations were made

 with uniaxial results at the same stress levels.

To observe overall effects of load cycling, extended hold, and
node release, the load was cycled at 2.5Hz at a stress intensity factor
of 35KSI in for 2.5 cycles. After cycling, the load was held at a con-
stant stress intensity factor, for fifteen minutes followed by node
release. Results shown in Fig's. 4.48-4.49 depict plastic zone growth
with the load cycling. Comparing Fig's. 4.49 with 4.50 shows there is

little change in plastic zone size during the sustained hold period.
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The stress field ahead of the crack tip changes little during the
sustained hold and during node release (see Fig. 4.52). However, strain-
ing continues to increase slightly (Fig. 4.53). It should be noted that
after node release, the Y strain (ey) is coincident with the strain
curve prior to node release. In addition, it must be realized that the
stress-strain field has translated one finite element to the new crack
tip. The plastic zone ahead of the crack tip is approximately the same
size as it was prior to node release. (Fig's. 4.50-4.51) As expected,
the Z hardness parameter decreased during hold period (see Fig. 4.54).
During the sustained hold, the rate of plastic deformation (strain rate)
decreased due to the absence of load cycling, allowing the rate of
thermal hardness recovery (zrec’ equation 2.24) to become more dominant.
The decrease in Z hardness (strain hardening) indicates a gradual
return toward an unhardened state.

Changes in plastic zone size with frequency are shown in Fig's.
4.48-4.49 and 4.55-4.60. It should be noted that as the frequency de-
creased the size of the plastic zone increased. This corresponds
directly to uniaxial test results shown in this section.

Laboratory fatigue testing relies heavily on compliance measure-
ments to acquire data. Little information is available as to compact
tension specimen far field behavior. The far field behavior dictates
the linearity or non-linearity of clip gauge measurements taken at the
crack mouth. To this end, cumputer generated “far field displacements
(Y displacement) at the crack mouth (node 7) on the edge of the speci-

men were plotted during the load cycle for three frequencies and two
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stress intensity factors. The results show (Fig's. 4.61-4.64) that the
compact tension specimen behaves elastically at points on the specimen
boundary and does not see the localized inelastic behavior near the
crack tip.

To check the finite element compliance data, elastic modulus (E)
calculations were made using compliance data from Fig's. 4.61-4.64, and
the Toad and crack length data from Table 3.2 with the experimentally
derived equation (5.1) for elastic compliance calculations for a compact
tension specimen [16]:

TRy | (5.1)

where B is the specimen thickness, C is the compliance and E is the
elastic modulus for the material. Using the specimen thickness of
.2154 inches and compliance of 4.4842x10'6 in/1b, the calculated modu-
lus was 28.1x106 PSi. By comparing the calculated elastic modulus to
the experimental elastic modulus (Table 2.1), it can be seen that the
calculated elastic modulus is 7 percent greater than experimentally

determined elastic modulus.
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V. CONCLUSIONS

The foregoing computations are based on the Bodner constitutive

equations which model the real behavior on IN-100 at elevated temper-

atures in which experimental tests have been made. Computations show

that this material has a significant amount of time dependent inelastic

behavior as evidenced by computational results for both uniaxial and

compact tension specimens.

1.

There is close correlation between uniaxial cyclic behavior
and the material behavior near the crack tip.

At frequencies above .167Hz and at stress levels below
165KSI, inelastic behavior is negligible with respect to
total material behavior for both uniaxial and compact
tension tests. _

At high stress levels,(independent of frequencyj large
amounts of plastic deformation occur in the first load
cycle. Subsequent load cycles produce constant amounts of
plastic deformation per cycle.

The stress field and plastic zone size ahead of the crack
tip remains relatively constant after one:to:three load
cycles in the compact tension geometry.

Linear Elastic Fracture Mechanics overestimates the stress
field directly ahead of the crack {ip and underestimates

it at larger distances.
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g i;it 6. The stress field ahead of the crack tip becomes more
uniform during sustained hold periods.
7. The size of the plastic zone remains relatively constant

during sustained hold periods.

8. After node release from a sustained hold period, the
size of the plastic zone ahead of a crack tip remains
essentially constant and only shifts forward to the new
crack tip.

9. The size of the plastic zone after cycling is frequency

ANV I ~ RO

and load dependent. For a given load, the plastic zone
increases in size as ‘the frequency decreases.

The cyc1ié behavior near the crack tip for compact tension
geometry is stress controlled.

The far field over@li behavior of the compact tension
specimen is elastic and independent of frequency and

Joad level.
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The computer program VISCO was modified for cyclic loading by

adding a subroutine named CYCLIC and appropriate call statements in
the Load Subroutine. CYCLIC uses a constant sloped ramp to simulate
the input. The slope of the ramp is computed using the half-cycle
period of the input frequency. A local time variable is used to lo-
cate position on the input cycle. At the peak load the slope is re-
versed and the local time frame shifted to the input peak. During
each timestep, (passed from the main program) subroutine CYCLIC cal-
culates the percentage of total load. The calculated load percentage
is then passed back to the Load Subroutine. Nodal loads were computed
and used to calculate appropriate displacements, and stresses and
strains. The process is rebgitéd for each timestep.

Variables read into the program in statements labeled one and two
control load cycling and stop times.

The variable STOPCY is the time variable used to stop load cycling.
NC dictates whether subroutine CYCLIC is calied from the Load Subroutine
(statement labeled 3). If NC equals one, cyclic loads are applied. Any
other number causes a monotonic load to be applied. Variables PMAX, PO,
and PERIOD control the input load cycle. PMAX is the peak load percent-
age (100%), while PO is the stress ratio for the load cycle. The
variable PERIOD is the cycle period of the i&put frequency in Séconds.
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ARINT (E9o ) \NUMHER OF ELEMENTS IN 2ATH"91+"EGUALS®oJEL(IY
MzJEL(Y)
~EAD (S41200CJ (oK) oXNCLoKI oY (Il oK) e K=1oM)
FCAMAT (1502E13.2)
DO 90S K=1.v
PRINT (6o )RUNS®oJNTT oK) o™ UNS "o xU(IoK)e® YHZ "e¥r(14X)
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SHA0 LTI NE LOADI N T T o NuMI Lo UMD 9O 42Ty P AN ¢PIWFEA2TC0y Co
LCYCWIe3TPCY)
CTMVIN JLIAD/ZNLIADCI2T) o YLCAD(I2T)4FX UL ZFY(L0) o' FoFPATE ,“FA(L)
CTMM N ZHBUAT/XCI0(327 )oY "3D( 32714 MPTL343) 4P J(542) " PK(503)
CIMMIN JVISC./EVPX(Za3)oEVIAY(S83)4EVIY(SA3) oEVOZ(SA3)9ENCFF(SA3),
1 OPEFF(S543) .
CTMMIN /PIOP/ZETISA3I ) oXUCS643)9T4(383) 4Py vAT
COMMIMICOEACK/ ZCAVICSS o CE €23 98D 03XXCC(23)o3XYCL23Y43YXC(22),
LIYYCUL29) 9 C-ACK(2S)4YLC0(2)
DIMESIZ!: D(S9R) 9 B(EYS)
D3 152 L1lehUMsp
TLOAD(L) =0
193 YLGAD(L) =3,
IF (ICR +EQ. 2)50-7C 353
IvM=ICaR-1
IF (M JLEe 7)GC TO 302
MZNC(IMy1)
D3 2C0 L=19"LYN?
TTSYCRACK(IV)erT~=T
IFC(L oEQe M) Y(_CADCL)I=YLIDU(IM)eTT /(3 T)
tFCL oEN¢ M oAide TT olTe JedYLZAI(LI=T,
FCLEQaMIP~IMNT R y#)"YLDAD "L 4" EQUALS ®,YLTADCL)
2C0  CSHYINUE -
330 CONTINUE
TF (TeEOQeJdeil) "=0.001
P2FCATEe"
PPzPeR]
iF (PP .GTe 1.,)P2=}1,

TE(T,GE, 3T0PCY)IGH Tq 2=

IF(NCeEO0.1)CALL CYCLIC (ToPUAK,DS42F270,PP,CYCKN)

PRINT (6g 0 ) "PP= O T2

25 IF(T.GE, >T9%CY) PPz,
10 I=1+"F
JENFACTI) -
XLOADCJI=FX(I )PP
110 YLOADCJIZFY(I)ePpP
DO 10 N=1oMNUMEL
IF (EPEFF(N) LE2. 03G9 T2 13
I=4P2¢)
JENPJCN)
KSNPKEN)
CALL OMATRIX(M4I)
SX=DC191 ) 2EVEX (') eD(1,2)eFYIY(Y)
SYS0C201 1¢EVPX (NI *D(2,42)0EVIAYCY)
SKY=D(3¢3) e VP XY (N)
CALL BMATRIX(M M)
XLOADCI)ISXLNADCI I oH Lyl ) eSXeRC291) 03V eR(391)eSXY
YLCADCID sYLOANC ) +B(192)eSXoRC292)eSYSRII92) o SXY
XLOADCY) =XLCADCI I oB (L 93)e3K03¢293)aSYCALIy3) eSXY
YLOADC UI=YLOADC(U I oD (L yA)eSNeBC200)eSYSR(394) aSXY
RLOADCK) =XLCADCK) eB(145)eSKe9C295)e YRl S5)5) e SXY
VLCADCIK) YLIAD(C)I*B (1952 23XeB(295)aSYeH{I90)eSXY
10 CONT INUE
RETURN
(4]
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PRIN (5 2)®] . CYCLIC SUB3QUTIVE®

PRINT(Ees)®Ts ®,7T+"PEIIIDS: *,PERIOD
TLOCET=!"1T(T/PEALIODI«PEIZ3D

IFC(TLCCeLEPERIGD/242) P2="LCC/(PERIND/2.0) 0 (PYAX«P() ¢P)
TFCTLO0CeGToPERIID/240) PI=(2ERI2D=TLSCI/(PERIOD/240)e (PMAX=PI) +PD
PRINTCE)+)"% LZAD= W32, AT TIME "y

CYCNS=T/PESTCO

PRIMI(6e e )" UMHER OF LZAD CYCLZIS: ", CyCHn

PRIN- (69 @)™ EAVE CYCLIC SUBANITINE®

SETUSN

£*0
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