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h Preface

The purpose of this study was to support the
k Retirement for Cause maintenance program. RFC has been
initiated by the USAF to conserve valuable resources in

the jet engine inventory and to curtail overall life cycle

L‘ costs. This effort represents an ongoing evolution in the
field of engineering. Today's technology must not only

provide designs that work, it must must also provide

designs that are more durable, efficient and excel in
performance. 1 personally found it very rewarding to be a
part of this experience.

This study, however, would not have been possible
without all the help and support that I have received. I
am deeply indebted to Dr. T. Nicholas, AFWAL/MLLN, and his
department for use of their facilities and their time and
effort in assisting me. I would also like to thank Mr. G.
Ahrens, UDR1, for his help in setting up tﬁe test
apparatus and maintaining instrument calibrations. 1 also
greatly appreciated the overall guidance of Major G. K.
Haritos, AFIT/ENY, which was instrumental in directing

this study to a successful conclusion.
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AFIT/GAE/AA/84D-8
Abstract

This study investigates the crack growth behavior of

b Inconel 718 effected by overloads at elevated temperature.

A cumulative damage model was developed to predict the total
time-to-failure. Predictions were noted to improve at higer
b. values of stress intensities.

All tests were conducted under sustained loading with
insothermal conditions of 650°C. Precracked compact tension
ﬁ‘ specimens were used to establish a data base for baseline
and overload conditions. The delay time associated with

crack growth retardation was determined by comparing the

d baseline behavior with the results of the overload
specimens. The effects of 20-and 50-percent overloads of 1
minute or 1 hour duration were investigated. The shape of

e the crack tip plastic zone and, hence, the retardation
effect was found to be independent of overload duration.

The retardation delay time was found to be dependent

¢ upon the overload magnitude and the value of K at which the
overload was removed. It was also found that a sudden crack
advancement occurred when the overload was applied. The

¢ above factors were accounted for in the model development.
The model was generally capable of predicting the
time-to-failure within about 10 percent of the actual

¢ material behavior.
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OVERLOAD EFFECTS ON SUSTAINED LOAD CRACK

GROWTH AT ELEVATED TEMPERATURE

1. Introduction

Background

Modern day jet engines are sophisticated devices with
very demanding performance requirements. The components
of the engine are subjected to severe operating conditions
which limits their useful design life. Although much
progress has been made to improve engine durability,
critical components still must be periodically replaced to
avoid catastrophic failure. Until recently, the method
used by the USAF to predict the useful service life of
engine components was very conservative. Life cycle
predictions were based on statistical models which define
a safe service life. 1In the case of turbine disks, this
means a complete change-out when it's expected that 1 in
1,000 disks has developed a 0.03 inch fatigue-induced
crack. Although the forced retirement of the entire
population precludes catastrophic failure, the remaining
999 disks could still have considerable residual life
left. It has been estimated that the useful 1life
remaining could be significant with over 80-percent of the

disks having at least 10 more lifetimes (1}.
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In order to take advantage of the potential life-cycle
L cost savings, the USAF initiated a "Retirement-for-Cause"
(RFC) program to safely utilize the full life capability

of jet-engine components. The RFC program requires

k critical engine components to be inspected after a

specified period of time and Returned to Service (RTS) if

no cracks are found. The RTS interval is determined by

o fracture mechanics calculations. The results indicate the L
amount of time it will take for a small crack, undetected .

by the first inspection, to grow to a critical size.

P Success of the RFC program depends upon technical ,_,_,,

1@
capability in two essential areas. The firct is a

Nondestructive Evaluation (NDE) procedure to realiably
® detect cracks that are larger than a predetermined

.
rejection size. The second is the capability to

accurately predict additional crack propagation in the

engine environment. This second area requires a

e
demonstrated understanding of the fracture mechanisms -_~_1
involved along with the development of reliable predictive -:-
. models. *.“
Objective
This study addresses a facet of the crack-growth-rate \ -
¢ prediction problem. Specifically, the retardation effects !__‘_-
of intermittent overloads on the sustained load S
crack-growth rate in the Inconel 718 is investigated. All
¢t




experiments are conducted at elevated temperature and
L results are used to develop a predictive model. The
model's accuracy is verified by comparing predictions to

experimental results obtained from a proof test.

L Scope

A number of studies have been conducted in the past to
investigate fatigue crack-growth-rate behavior in metals
at elevated temperature. This includes studies under
both cyclic and sustained loads. However, little has been
found in the literature that describes the effects of
overloads on crack-growth rates at elevated temperature.
Macha et al. (2) studied the behavior of IN 100 and noted
that the retardation benefit from single peak overloads
decreases as temperatures increases. Others have also
observed (for sustained and cyclic loadings) a strong
temperature influence on crack-growth behavior (see e.g.
(3), (4), (5), (6)). These occurrences are usually
attributed to thermally activated micromechan;sms. A
further review of the literature also indicates that a
number of other factors such as laboratory air vs inert
gas environments, cyclic frequencies, hold times, and
specimen geometry can influence the crack-growth
behavior. With several variables affecting crack-growth
rate, Sandananda and Shahinian (7) present a number of

different correlating parameters to characterize a




material's behavior. The linear elastic stress intensity
factor K, the J-integral, the c* energy rate integral or ;;;4
the reference stress g, are a few of many to be .5fiQ
considered.

In this study, experiments are performed with a
compact tension geometry only. The material studied is
Inconel 718 and all tests are conducted in a laboratory
air environment under isothermal conditions of 650 C.
Specimens are subjected to a constant sustained load
except for infrequent overloads of variable duration.

Under these conditions the crack-growth behavior is

governed by a time-dependent process which includes both
creep and environmental effects. However, Larsen and
Nicholas (8) note that the environmental effects dominate
when Inconel 718 is tested in laboratory air. The
environmentally-enhanced growth rate is then sufficient
PY enough to limit the plastic stress field at the crack

tip. This condition allows the use of the linear elastic

stress intensity factor K as a correlating parameter for
the study. Additionally, Sandananda and Shahinian (7)
indicate that fracture mechanics techniques are
appropriate within a temperature range of 0.4 to 0.7 of
the material's melting point. This study does not attempt
to investigate the micromechanisms of crack initiation or

propagation.
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Approach

h A total of 14 compact tension specimens were used
during the course of this study to establish a data base

for the model development. The history of each specimen

was carefully controlled since time-dependent crack-~growth
can be very sensitive to changes in microstructure.
Widely diverse behavior has even been observed for
different batches of material with the same heat treatment
{7). To eliminate this source of possible data scatter,
all of the specimens used in this study were cut from the
same plate and heat treated simultaneously. The machining
was done such that the crack would grow in a direction
parallel to the rolling direction (T-L orientation).
Fatigue precracking of all test specimens was
performed at room temperature with an MTS hydraulic
servo~controlled testing machine. A sine wave form was
used to cyclically load each specimen until they were
precracked to approximately 2.16 mm. Two of the specimens

were selected for baseline testing. The baseline tests

provided data to determine the sustained-load
crack-growth-rate of Inconel 718 as a function of the

stress intensity factor, K. The stress intensity

threshold value was found to be approximately 24 MPA Vm.
The remaining specimens were subjected to 20~-and
50-percent overloads for 1 minute or 1 hour hold times.

The effects of the overload magnitude and hold time on the

. . - '.l'.l .'.a .
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subsequent sustained load crack-growth-rate was then

L determined by comparing overload and baseline data. The
@
results were used to develop a model that accounted for
crack-growth retardation effects generated by the
° overloads. The study was concluded with a proof test to
verify the model's accuracy.
L J
<€
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®
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L I1. Description of Test Apparatus

Data were gathered for this study with a
semi-automated creep test system. All testing was
h conducted at the Air Force Wright Aeronautical

Laboratories, Materials Laboratory, Wright-Patterson Air

Force Base, OH. A schematic of the test system is shown
in Fig. 1. The system consisted of the following
components:

1.) A Tektronix 4051 microcomputer

2.} A Daytronic 9000 signal conditioner

3.) A Swedish Creep test frame

4.) A clamshell-type resistance furnace

5.) Two Gaertner traveling microscopes

6.) An extensometer system with two Linear Variable
Differential Transducers (LVDT)

7.) A link-type load cell transducer

The Tektronix 4051 microcomputer provided the software

interface for the system and acted as the main recording

and control device. The Tektronix could be preprogramed
to take and record compliance measurements and other test
parameters at regularly spaced time intervals. The data A
were recorded on magnetic tape and later transferred to

the PDP host computer for further reduction.
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Figure 1 Test System Schematic
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The Daytronics 9000 signal conditioner was also a key
L element for automated test control and data collection. It
essentially provided the computer interface between the
Tektronix and the measuring instruments. The Daytronics
F would continuously scan all data channels at a rate of
15,000 channels per second until queued by the Tektronix's
programming to sample a specific channel. The Daytronics
b would then process the raw instrument data so that a
smooth, stable analog output was attained. Appropriate
conversion factors were applied to the conditioned signals
k to scale the data in physical terms. The following

instrument calibrations were used:

LvVDT 1V 0.020 inch

]

load cell 1 v 250 1b

o,

1F

thermocouple 2.17mv

Analog signals were then converted to digital and
forwarded to the Tektronix to be recorded. The Daytronics
unit also provided a 5-volt digital output signal to the
creep frame's servohydraulic mechanism. This enabled the
computer to load and unload the frame at programed
intervals.

For the tests, a 12,000 lb capacity Swedish creep
frame was used to load the specimen. The frame has a 20
to 1 lever arm loading ratio and loading/unloading was

accomplished through hydraulic ram displacement. Measured




weights were suspended at one end of the loading arm and a
pull bar, specimen, and pull bar with a load cell were
held in tension at the other end. An upward movement in
the hydraulic ram would then buoy a fraction or all of the
suspended weight and consequently unload the specimen.
Loading was done in a converse manner.

The compact tension specimen was mounted between the
two pull bars with Inconel clevises and secured with
Inconel 718 holding pins. The specimen's configuration
and nominal dimensions are shown in Fig. 2. A complete
listing of all the specimens is given in Table 1I.

The specimen's load-line displacement was measured

- with an extensometer system. Two E~shaped plates, made of

Inconel 718, were mounted directly on the top and the
bottom of the specimen and supported two stainless steel
rod-in-sleeve extension arms as shown in Fig. 3. The
extension arms were suspended on opposite sides of the
specimen and their length extended down through the bottom
of the oven. The LVDT's were attached at the end of the
extension arms which was adequately removed from the
oven's heat. Previous work has demonstrated that this
rigid fixture technique accurately measures the load-line
displacement (9).

A clam shell-type oven was mounted on the creep frame
and closed around the specimen, clevises, and a small

portion of the pull bar and LVDT extension arms. The
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a = 7.0 mm ’ : ) i
W= 40.0 mm
thickness (B) = 10.0 mm

Figure 2 Compact Tension Specimen
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)
Table I
)
Exact Specimen Dimensions
All Measurements are in Millimeters
)
Specimen No.| Width (W) |Thickness (B) |[Notch Length (ap)
b 84-490,DD1 | 39.226 9.982 7.051
84-491-DD2 39.903 9.982 7.061
84-492-DD3 39.954 *9.992 7.038
5 84-493,DD4 39.954 10.005 7.006
84-494,DD5 39.949 9.989 7.074
84-495,DD6 39.931 9.972 7.056
» 84-496,DD7 | 39.956 9.985 7.092
84-497,DD8 39.990 10.005 7.046
84-499,DD10 39.936 9.980 7.099
d 84-505,EE6 39.873 10.008 6.965
84-506,EE7 39.933 9.989 7.079
84-507,EES8 39.934 9.990 6.896
. 84-508,EE9 39.908 10.008 7.087
84-509,EE10 39.936 9.957 7.005
J
. -
12 R
' £
Tl
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Figure 3 Test Configuration for CT Specimen
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furnace was resistance wire wound with four independently

controlled power zones. The power was supplied by a time

’ proportioning West temperature controller. Typically, the
power supply was limited to about 2 amperes per zone at

) 130 volts rms ac. The oven's temperature was controlled
through a thermostat feedback loop in the West
controller. A K~type, chromel-alumel, thermocouple was

> welded to .the specimen and provided the necessary input to
the controller. A second thermocouple on the specimen was
monitored on the Daytronics digital display.

b The internal dimensions of the furnace were
approximately 7" X 7" X 5". The furnace had a viewing
port on each side. Two Gaertner traveling microscopes

) were mounted along side of the viewing ports for optical
crack length measurements. The configuration is shown in
Fig. 4. The microscope displacement was monitored with a

® digital readout device which displayed measurements to the
nearest tenth of a mil. In practice, however,
measurements were reproducible to an accurracy on the

b order of a mil.

)

]

14
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b I11. Test Procedures o
®
The Inconel 718 compact tension specimens were mounted
in the creep frame after being machined, polished, and E:‘.Z".{':'.‘

r precracked. The creep frame was capable of loading the *
specimen hydraulically (with or without computer control)

+ or mechanically with a gear system. Initiélly, the -
specimens were partially loaded at room temperature by ¢
mechanical means. The LVDT and load cell respohse was

b recorded on an x-y plotter in the form of a compliance _..,_,. .
measurement. The result was checked for linearity and o
compared to an initial target value based on precrack :
length using a standard stress intensity solution (see .3.........
below). Adjustments were made, as necessary, to assure :
that the instruments were well calibrated and aligned.

The furnace was then heated for approximately an hour L‘.;;;..';
until a stable temperature of 650 C was reached. The four .
separately powered zones of the furnace assured uniform o

P heating of the specimen. The test was then put under .

computer control and the specimen was loaded. —
Two specimens were used to establish baseline

r. crack-growth-rate for the material under sustained load.
The remaining specimens were subjected to sustained load
interrupted by a series of overloads applied for various

P hold times. The overloads were either 20-or S50-percent
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above the original loading which corresponded to an Eii?f

- ’.'j-; 91

P initial value of K of 25 MPAVm . The overload hold times e ]
®

were either 1 minute or 1 hour in duration. As shown in j;j?ﬁy
Table II the overload magnitudes, hold times and K levels

at which they were applied were randomly distributed

through the majority of specimens. The overload

applications were targeted at specific values of K during

the test. The values of K = 27.5, 30, 35, 40, 50 MPA Vm :E’EJ
were chosen because the crack-growth interval between each
of them was deemed sufficient enough to avoid any

interaction effects from previous overloads. This range .;;;L
of K values also provided a wide data base for the

development of the model. 1In general, the mixing of

overload magnitudes, hold times and targeted K levels
among the specimens was an attempt to foster measurements
that were independent of each other.

A number of steps were taken to reliably determine

when the targeted K values occurred. First, the following
seven degree polynomial was solved for the crack length at

the K value of interest:

o
K = P —lgiiiﬂl_ . (0.886+4-64(a/W)-l3.32(a/w)2 + i%}:*

where: e

=
"

Stress Intensity Factor

o
]

Applied Load S

17




Table II

Test Matrix

TARGET K (MPAVm )
Specimen No. .
27.5 30 35 40 50
20% OL [20% OL 20% OL 20% OL 20% OL
L. 84~-490,0D1 |1 min |1 min 1 min 1 nr 1 hr
84-491,DD2 Baseline====—emmeecm e c e e
20% OL [20% OL 20% OL 50% OL
84-492,DD3 1l hr 1 hr 1 hr 1 hr
. 84-493,DD4 Baseline~=—==cececcc e e
20% OL 208 OL 20% OL
84-494,DD5S 1 min 1 min 1 min
20% OL 20% OL 20% OL 20% OL
84-495,DD6 1 min 1 min 1 hr 1 min
20% OL |50% OL
84-496,DD7 1 min 1 hr
50% OL 20% OL 50% OL
84-497,DD8 1 min 1 min 40 min
50% OL [20% OL 50% OL 20% OL
84-498,DD10 |1 min 1 hr " |1 hr 1 hr
50% OL |[50% OL
84-505,EE®6 1l hr 1 min
50% OL |20% OL 20% OL 50% OL 50% OL
84-506 ,EE7 1 min 1 min 1 min 1 min 1 min
50% OL
84-507,EE8 1 hr
20% OL 20%0L 50%0L 50% OL
84-508,EE9 1 hr 1 hr 1 min 1 min
50% OL [50% OL 50% OL
84-509,EE10 (1 min 1 min 1 min
84-507,EE8 Proof Test-—==e-m—cermcrccccccecccnaa
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B = Specimen Thickness éjﬁf
o @

a = Crack Length

w = Specimen width ST
o L

This is a standard relationship for the compact tension

specimen described in Fig. 2 as recommended in ASTM E647 -

(9). A Fortran program, referenced in the standard's '._,

appendix, was used to solve for crack length, a. The 1vf

calculated crack length was used as a guide during the ..'.ﬂ..-
test to estimate when an overload should be applied. The 5ffl
calculated crack length, a, was compared with the average

of the two optical measurements, ;;;:

Throughout the test, the optical measurements had to

be adjusted for the effects of crack tip tunneling (see
Fig. 5). A correction factor was determined by using a
method similar to the one recommended in ASTM E872 (9).
The fracture surfaces of the previously ruptured baseline
specimens were inspected, and a S-point through-the-
thickness measurement of the initial crack tip profiles
was made. An average tunneling of 0.64 mm was found to
exist and this increment was used to adjust optical

readings for the remainder of the study.
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aavg = (laj)/2%az*az+ag+(as)/2)/4

at = aayg-aopt

Figure 5 Crack Tip Tunneling Correction Term (a¢)

Fig. 5 demonstrates how a weighted average was used to
correct for the significantly biasing effects of the
¢ surface measurements. L
After each test, the initial profile on the fracture Ll

surface was measured since the heat tinting between the

¢ precracked and creep regions provided a clear line of f
demarcation. Unlike IN 100, which Donath (9) observed to ﬁf;;
have variable tunneling profiles, the precracked E;;-

¢ °

20




profile of Inconel 718 was found to remain relatively

L constant. This observation was based on compliance data
and was later verified with fracture surface measurements

of another specimen. This is shown in Fig. 6. In this

L particular case, the specimen was precracked to A-A, and
then subjected to time-dependent growth until B-B. At
that point the specimen experienced a 50-percent overload

and the crack was arrested. The specimen was then - ——

reprecracked again to C-C and the crack was nearly
arrested again with an overload at D-D. Time-dependent
crack growth resumed until rapid fracture occurred at ;;#;Q
E-E. Throughout the entire crack-growth history it can be
seen that the crack tip profile did not change ;;}}ﬁ
appreciably.

Although the optical measurements were important for
predicting overload events, they were supplemental to
compliance measurements in monitoring the overall crack

growth behavior. During the compliance measurement, the

computer would acquire up to 200 data points in the
unloading/loading cycle. 1Initially, compliance was taken
by unloading only 40-percent of the sustained load and ]
using SO-percent of the data above and below the mean
value to calculate the slope. However, this window of
data proved to be too narrow and resulted in consider- i;f:
able scatter in crack length determination when the data ‘

were reduced. In order to eliminate this effect, the ‘.‘

21
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Figure 6

Load History on
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window was expanded by unloading 90-percent of the total
load and using 50-percent of the data above and below the
mean to calculate the compliance. As can be seen in

Fig. 7 this allowed a greater portion of the load-
displacement line to be surveyed and greatly reduced this
form of experimental scatter.

The necessity of taking compliance measurements, of
course, subjected the specimen to periodic loading and
unloading. This seemed to introduce a fatigue component
into the crack growth behavior. However, Larsen and
Nicholas (8) have shown that for sustained-load crack
growth interrupted by fatigue cycles in Inconel 718, at
649 °C, the sustained-load crack-growth rate is not
appreciably influenced by fatigue when the hold times are
approximately greater than 10 seconds. Since compliance
measurements were generally taken every 5 to 15 minutes
the cyclic frequency effect was considered negligible.
Under these conditions, it was concluded that the
crack-growth behavior investigated in this study was
purely time-dependent.

During the test, the specimen was subjected to
overloads at predetermined intervals. When an overload
was applied, the test was removed from computer control
and the specimen hydraulically unloaded. The hydraulic
system prevented the specimen from experiencing any sudden

shocks or load spikes while additional weight was being

23
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Figure 7 Compliance Window
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added. The specimen was then reloaded for the duration of
the overload.

Since continuous monitoring of the specimen to
determine when another overload should be applied was
impractical, occassional overnight shutdowns were
required. To prevent any additional crack growth, the
specimen was unloaded to 10-percent of its original value
and allowed to remain at test temperature. The time
associated with this shutdown was later edited from the
data tape. Since the specimen experienced thermal soaking
during the shutdown, precautions were taken to
re-establish the previous growth rate. This was
accomplished by reloading the specimen for a least an hour

before the next overload was applied. The test then

proceeded as before.
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Iv. Data Reduction

At the completion of each test the data, recorded on
magnetic tape by the Tektronix, were transferred to the
PDP host computer system. The format of the raw data was
changed and all data were reduced. Load, time, and
compliance measurements, along with the specimen's
configuration and material properties at 650°C, were used
as inputs to determine crack length (a), stress intensity
factor (K}, and the crack growth rate (da/dt).

The crack length was calculated directly from the
compliance which is defined as the relative load-line
displacement between specimen's top and bottom per unit
load. The relationship used for calculating the crack
length from this compliance was derived by Ashbaugh (10)
from a finite element analysis of a CT specimen. His

polynomial fit to the data yields the following equation:

a = W*(-.1683106*U*U+1.017563*U~-.6948032) (2)

where:

U = log (E*B* compliance)

E = material modulus at 650 C
B = specimen thickness
W = specimen width

a = crack length

26
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Because of experimental scatter, the input data would
often cause point to point irregularities in the crack
length calculation. This effect was smoothed by using a
sliding seven-pocint least squares polynomial fit on the
crack length results. The method used was similar to the
one recommended in ASTM E647 (9) with the following

second-order polynomial equation:
> aj = b, +b1 (N§=C1)}/C3 + by ((Nj-C1)/C3)2 (3)

with

-1 < (Nj-C1)/Cy < 1 (4)

aj = the fitted crack length value at Nj

b b, ,b1,by = regression parameters determined by the
least squares method

2
-
n

current cycle or time

1/2(Nj-n + Nj+n)

v
(@] (9]
N
] V

1/2(Nj+n - Nj-n)

3 for a 7-point fit

=}
i

The crack-growth-rate could then be calculated by

differentiating the above polynomial to give:
, (da/dN)aj = by/cy + 2by(Ni~Cqp)/Cp? (5)

The stress intensity factor was calculated by using the
fitted crack length value and the stress intensity

solution previously presented in Section III.
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Although the above polynomial technique helped in
smoothing results, at times the scatter in the raw data
was so severe that gross irregularities still persisted.
Point to point differences in crack length up to 2 mm
introduced an intolerable degree of bias in the overall
crack growth trend. The most extreme scatter was usually
encountered during periods of slow crack growth and short
crack length (low compliance). A portion of the problem

can be stated mathematically as:

da _ _4a + _4ae
dt at At (6)
where:
Aa = the crack growth per increment
At of time

_dae = the error term associated with

at the measurement '
It is evident that during periods of very slow growth
the d4a/4t term can become very small. As a result, the
calculated growth rate, da/dt, can be largely influenced
by the remaining error term.

Although this is a reasonable explanation for the
higher experimental scatter at low growth rates, it was
also noted that there was significantly less scatter at
longer crack lengths, even during periods of retardation.

A possible reason for this behavior could be attributed to

limitations in the LVDT extensometry. Since a portion of
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the push rods are exposed to high temperatures, it's
conceivable that an oxide layer buildup on the stainless
steel rods would cause sticking during compliance
measurements. Because of the high degree of sensitivity
involved, small frictional effects could introduce a
significant error during periods of limited displacement.
At longer crack lengths, however, a small amount of
sticking could be dislodged by the larger displacements.
Fig. 8 shows the effects of friction on a typical
compliance measurement.

It is reasonable to assume that the experimental
scatter was caused by a combination of factors such as the
two just mentioned; but unfortunately little could be done
to eliminate them. In order to more accurately ascertain
the crack-growth-rate behavior, it became necessary to
eliminate highly spurious points which unreasonably biased
the remaining data. A systematic approach involving the
comparison of optical measurements and calculated crack
lengths was developed for this purpose.

Basically, an iterative process was used by first
plotting the a vs t behavior of the reduced data and
comparing it with the optical measurements made during the
test. In most cases the optical readings agreed
remarkably well with an assumed mean crack length vs time
curve. A reasonable envelope was then established around

the mean curve and points outside of it were deleted. If
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Figure 8 Frictional Effects on Compliance Measurements
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more iterations were required, the process was repeated by
4' shrinking the envelope on each successive iteration.
Typically, though, most points were within 0.5 mm of the
mean after the second iteration. An example of a case

® that required only one iteration is shown in Fig. 9.

It can also be seen in Fig. 10 that similar results

could be attained by using a larger number of points for

@ the least squares polynomial fit. However, to fit the
initial and final points the polynomial method requires an
extrapolation at the beginning and end of each data set.
6 Therefore, reducing the data with a seven point fit
creates an uncertainty in the value of the first 3 and
last 3 points. In general, a 2n-1 point fit makes the
® first n and last n points questionable.

Since the objective of this study required individual
analysis of each overload event, independent of the
o others, the raw data were divided into a number of
separate segments. Since the number of data points within
each segment was limited, it was desirable to maintain the

¢ integrity of as much of the reduced data as possible. For

this reason, all data reduction was limited to a

seven-point fit.

[ 3
e
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Figure 9 Experimental Scatter reduced by Eliminating
Spurious Points
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Figure 10 Experimental Scatter reduced by a 25 point
Polynomial Fit
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® V. Model Development SRR

The sustained-load retardation model is developed in T

® this section. Experimentavl results are also presented,

®
when necessary, to support the model development. Table
I11 presents the overload magnitudes, the values of K when

L the overload was removed, and the resulting delay times. °
From this summary of data the overall trends are examined :
and used to develop the sustained-load retardation model.

'y The model will be limited to isothermal conditions and ",‘“‘
overloads of 20-and 50-percent. A small correction factor :.,.’-‘_._-‘f.
was added to the model to account for observed transient

@ effects of overloading. However, a detailed discussion of ”"""':
this last point is deferred to the next section. R

To begin the model development, data was needed to

o characterize the material's behavior. As previously ',“""
mentioned, this was done with two constant, sustained-load
baseline tests. The data from these tests provided a

€ continuous crack-growth rate (da/dt) vs K relationship. A o
sigmoidal-shaped curve was then fitted to the data as
shown in Fig. 11. The equation of the sigmoidal curve is

4 given by the Modified Sigmoidal Equation (MSE) model ’
developed by the General Electric Company (12). For a -':':l.-i--v

sustained-load test the MSE model yields:

da/dt = exp (B) (K/K*)P (1n(k/K*))Q (1n(K./K))P (7)
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where
h da/dt = the crack growth rate
K "= the current value of stress intensity
K¢ = the critical value of stress intensity
k K* = the threshold value of stress intensity
B,P,Q,D = parameters that shift the curve to fit the data

The parameter values that gave an acceptable fit to the
baseline data are shown in Fig. 11. 1t should be noted
that the true material value of Kc is obviously much
smaller than 300 MPA Vm. The 300 MPA Vm value simply
provided a good fit to the top end of the da/dt vs K
curve. Since the model development was generally limited
to the lower portions of the curve, the actual value of
Kc was of little consequence.

Having an expression for da/dt as a function of K
provided a means to theoretically generate crack length vs
time behavior. The time it takes to grow from an initial

crack length, a,, to a larger crack length, a, is

determined from:

d
o
a RRNENE
At = f da
a, da/dt (8) Ll
‘.“‘“""ﬂ
where da/dt can be obtained from the MSE equation (7) for S

a specific value of K. K, in turn can be obtained from

the compact tension geometry solution, given in equation
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(1), for a specific value of a. The integral was
evaluated numerically by using a Simpson’s rule
technique. The theoretical curves were compared with the
baseline data in Figurés 12 and 13 and showed reasonably
good agreement. It was noted, however, that predicting
the total time-to-failure was very sensitive to the value
selected for K*. Both baseline tests were started with
an initial K of 25 MPA Vm, but specimen DD4 took 2.5 days
to fail whereas DD2 required 4.5 days. Respective values
of 22.89 and 24.86 MPA Vm were used for K" to model this
behavior with the MSE equation. This large difference in
behavior can be attributed to the dramatic change in da/dt
for small shifts of K* on a log-log plot.

For consistency, an average value of 23.1 MPA vm was
selected for K* and used to analyze all of the data in
this study. Unlike the arbitrary value for K., however,
the influence of K* was found to be very strong until
the crack-growth rate was well above the threshold regime
(K > 30 MPAVm). Since the threshold crack-growth-
behavior varies widely from specimen to specimen, it was
realized that a general model couldn't accurately predict
behavior for all specimens in the slow growth region. For
this reason, much of the data gathered was for stress
intensity factors thought to be above the threshold

infiluences.
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After establishing a method to reasonably model the
baseline behavior, the remaining specimens were subjected
to a series of periodic overloads during sustained load
testing. The details of the overloads and crack-growth
history are shown for all the specimens in Figures 14
through 28. The crack length data for the specimen's
overall crack growth history were segmented at each
overload point to investigate the resulting crack growth
after each overload application. The crack length data
were segmented prior to data reduction to avoid any
influence between overload regions, due to the seven-point
polynomial fit. The delay time ( At,) for each segment
was then found by comparing the actual data with a
baseline curve generated with the integrated MSE
equation. The delay time was defined as the difference
between the time it took to grow to a new crack length
after overloads and the time it took to grow to this new
crack length during steady state behavior without
overloads (baseline). The new crack length was chosen at
the point where the next overload was applied and
corresponded to a value where steady state growth had been
established. The values for the delay time are presented
in Table III.

As can be seen from Table III the values of A4t,
di;erge rapidly for overloads applied closer to the

threshold region. The trend was exaggerated even further
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Table III
» Test Results for Overload Delay Time
K (MPA Vm ) Delay Time ( Aty) |Specimen ID

o 20% OL (sec)

27.31 9000 DD5

27.56 26600 DD3
o

28.19 20000 DD1

28.20 17000 EE9

30.45 7700 EE7

30.46 16500 DD6

31.06 0 DD1

31.42 13800 DD3

31.63 9000 DD10

35.88 3600 EE9Q

36.06 1400 EE7

36.83 7500 DD1

36.83 4100 DD3

36.91 8300 DD6

40.24 3200 DD5

45.91 1800 oD8 s

45.67 2400 DD1 R

45.71 3000 DD6 : _?

50.29 2000 DD5 Eif,ﬁ
o 53.05 2700 DD6 :t e

61.01 400 DD1 . }i

66.36 600 DD10 f?
o 57 "




Table III
L Test Results for Overload Delay Time Continued
K (MPA Vm ) Delay Time (4t,) |Specimen ID
L 50% OL (sec)

27.09 ARREST DD10
27.37 ARREST EE6
27.52 ARREST EE7
28.13 65220 EE10
28.20 ARREST EE8
29.00 33400 EE6
30.30 60000 EE10
40.85 14900 EE9
41.41. 85800 DD10
41.43 18200 EE7
45.60 26500 DD3
50.46 12000 EE9
53.22 8900 EE7
71.61 4500 DD8
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e
by the 50-percent overload case with the possibility of
H‘ total crack arrest. As noted earlier, the application of -.;_.;..:
a predictive model should be limited to stress intensities C o
above these regions of uncertainty. i
H‘ Previous work by a number of investigators attempts to -. -
model the retardation behavior associated with single peak o
overloads during fatigue cycling (13, 14). The predictive
@ models that have been developed generally fall into one of -. :
the three following categories:
a.) crack-tip blunting models
b.) crack-closure models re
c.) residual-stress models e
A residual-stress model was developed in this study with
an approach similar to the one used by Wheeler (15). From if;;
Fig. 29 it can be seen that an overload will cause an ‘f%
increase in the size of the plastic zone ahead of the f&
crack tip, from rp under baseline loading to fp under 3“;;
the overload. After the overload is removed, a region of -
plastically deformed material remains. This results in a
compressive state of stress in the enlarged plastic zone. ;‘
Consequently, crack-growth retardation will remain in
effect until the crack grows through the compressive
plastic zone (aj=aj). 'Y
Wheeler introduced a retardation parameter, Cpir to |
account for the delay time associated with the size of the
compressive plastic zone (15). The parameter modifies the 6:_“
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® o 4
crack-growth-rate such that: S
(%) - Cpi(da) *
dt/retarded dt/ linear (9) - ]
Wheeler proposed that Cpi be a power-law function of the :'
form: ®
Cpi = [(rp/flaz=a,)1™ for a; < ap (10)
and o 4
Cpi = 1 for aj > a, (11) ‘:,

where a5, aj, a, , tp are defined in Fig. 29 and m
2 1 P

is a material-dependent shaping exponent. Thus according
to the Wheeler model the crack resumed its normal growth
behavior after it had grown through the overload plastic
zone. For this study a model was developed in which two

controlling parameters, o and B8, were introduced. The

relationship which was proposed was of the following form:

Keff = K(l-aexp(-84 a)) (12)

where ff
K = the current value of stress intensity 1
4a = ajz-ay * 1

a = f)(K)

B = £3(K,0y,7)
Y = Kpi/K (overload ratio) ! ?
i

A e e e e T e A LT e e e e e e e e e e
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In contrast to the Wheeler model, which contains one
parameter, this model provides additional flexibility by
introducing two parameters. It can independently model
the growth rate initially after overload removal through
the parameter a, as well as control the distance over
which the retardation occurs through the parameter §B.

The above relation is formulated in terms of an
effective value of K and can be applied to typical results
as shown in Fig. 30. The overload effects result in an
initial decrease in crack-growth rate below the steady
state values shown by the MSE baseline curve. The initial
growth rate is approximately 10-8 m/s at a K of 35 MPAVm
as shown in Fig. 30. This corresponds to a baseline
growth rate at a K value given by Kgfsf in the figure.

This effective K is determined by the parameter a in the
model. The growth rate eventually matches the steady
state value after some amount of crack extension. The
parameter B controls the amount of extension before

Keff approaches K, ie. the retardation effect vanishes.
This amount of crack extension is related to the size of
the overload plastic zone and the baseline plastic zone.
Therefore the parameters & and B have to be optimized to
model the initial growth rate, the distance over which
retardation occurs, and the resulting delay time. For
numerical computations, since Kgff is defined on the MSE

curve, its value can be directly substituted into the MSE
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equation. The equation could then be integrated to attain -

+ a crack length vs time prediction. The prediction would ' 4?-" ‘
model the retardation behavior by accounting for the e

appropriate delay time.

H. Before retardation predictions could be made, however,

a consistent method for evaluating @ and B had to be

developed. 1t was desirable to define these parameters in

L terms of the physical constraints of the problems. A

general comparison between the Wheeler model and the model

put forth in this work was made on a non~dimensional plot

shown in Fig. 31. ..

1.0

ef £

hashatausien

Aa/ (Fp-rp)

Figure 31 Sustained Load Retardation Model
and Wheeler Model
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As can be seen in Fig. 31, and noted before, the Wheeler

b model predicts a complete return to steady state

crack-growth behavior (Keff/K = 1) when the overload

plastic zone is traversed | Aa/(fp-rp) = 1). The 2f€i
k exponential model, on the other hand, approaches the ';“*
normal growth rate asympotically. Ideally, the model 7 'i
should express no retarded growth beyond the overload i
plastic zone. Therefore, the exponential term in the f"'g

proposed model must approach a small finite value when the
overload boundary is reached. The following relationship

was postulated:
Blag-ay) = Blip-rp) =7 (13)

The plastic zone radius for the initial and overload
conditions were originally defined in terms cf plane
strain. This seemed reasonable since the specimen's
thickness was adequate to produce a plane strain profile
at the crack tip. However, when the above relation was

solved for B, very large numbers resulted. Consequently,

the exponential term in the function decayed too rapidly "'
for reasonable increments of 4a. This in turn caused
numerical difficulties for integration with the Simpson's

rule technique.

-'l. AR
i

Rather than change the postulate, B was redefined in

terms of a plane stress plastic zone. This resulted in

the following:
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where

g
Ip = 1/ V2 m(Kol/ay) 2 (14)
+ rp = 1/ VZ_-R(K/OY‘)Z (15)
and
+ B= (V2m20,2)/(K2(¥2-1)) (units of 1/length) (16)
o

Y= the overload ratio (Kg1/K)

Defining B in terms of the plane stress plastic zone
L reduced its magnitude by a factor of 4 and eliminated the
. numerical problems. More importantly, however, the
relation predicted a size for the overload plastic zone
that agreed very well with experimental data. It's also
interesting to note that others, such as Macha (4) and
Hertzberg (16), have shown a significant correlation
between retarded crack-~growth behavior and the plane
stress region at the specimen's surface. Thus
defining B in terms of a plane stress plastic zone was
deemed appropriate.

A further study was made to see if an adjustment
for B was needed to account for overload-hold-time
effects. After examining the data, it appeared that hold
time had a greater influence at higher stress intensity

factors. Upon closer inspection, though, this trend was

attributed to respective differences in crack-growth
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rate. In other words, when a crack was at a high K, and
subjected to an hour overload, it experienced a more
dramatic growth rate acceleration than a crack at a low

K. Additionally, when the overloads were removed, both
types of cracks exhibited behavior similar to one minute
overloads at comparable stress intensities. Therefore it
was assumed that the plastic zone size did not change as a
result of overload hold time; but merely grew along with
the crack. The same observation was noted by Keck et al.
({16) based on qumerical computations of sustained load
crack-growth in a superalloy at elevated temperature.
Consequently, no adjustment was made for hold time
duration on B and all the data was treated without regard
to hold time.

Having defined 8 , an analytical expression was sought
for a. It was noted that the delay times and, hence, the
value of Kgff appeared to change systematically with K.
Since a 1is primarily responsible for modeling the
magnitude of Kgff, a function of the form a = f(K) was
investigated. Figures 32 and 33 show the relationship
between At, and K for the 20-and 50-percent overload
cases. The high and low values of A4t, were used to
generate a delay time envelope for the range of stress
intensities. As noted earlier, this envelope diverges as K
approaches threshold. The boundaries of the envelope were

used to approximate an average delay time,AH&Javg,
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curve. Specific values of A4(ty)ayg were then used as

a guide to determine a . This required an iterative
process. A value of awas chosen and used with a specified
value of K in the model to generate a 4t,. This was
compared with the A(ty)ayg value at the same K.
Adjustments in were then made for successive iterations
until Aty and A(tp)ayg agreed reasonably well. By
repeating the process for the full range of stress
intensities, a functional relationship for At,, K

and a was established.

For ease of expression, non-dimensional relationships
for @ and K were introduced and referenced to threshold
conditions. Since the threshold value for stress
intensity, K*, was previously established, the threshold
parameter o was determined from Equation (12) by
setting da = 0, Kegf = K*, and a= &%, Solving
the equation for @* resulted in a* = 1-(K*/K)

and the following limiting values:

1 total crack arrest (17)

QR

=0 no retardation (18)

ele

A plot of a/a * vs K/K* is shown in Fig. 34 for the
20-and 50-percent overload cases. Fitting a polynomial
equation to each of these curves yielded the followinga

functions:
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a=a *[(-.0730791E-01) (K/K*)3 +(0.303086) (K/K*)?2 (19)

-{(0.422108) (K/K*) + (0.117517E-01)]

for a 20 % overload and

a=a *[(-.121127E-01) (K/K*)2 +(0.239231E-01) (K/K*)+ (20)

(0.987133) 1]
for a 50 % overload.

With all the parameters defined, the sustained load
retardation model was capable of predicting retarded crack
growth behavior. A flowchart for the principal equations is
shown in Fig. 35 and was incorporated into a numerical
routine. The results of a typical specimen analysis,
comparing the theore£ical baseline, actual and modeled
behavior, are shown in Figures 36 through 41. Although the
model developed above gave reasonable results, there were
small crack-growth discontinuities that were not accounted

for. These discontinuities were a transient product of

overloading and appeared in the data as sudden "crack
jumps”. This phenomenon was also observed by Larsen and ;<:.
Nicholas (18) in their study of crack-growth transients at
elevated temperature. This model does not directly account
for the transient effects since it was developed by

analyzing individual overload segments. Therefore, no

attempt was made to provide perfect continuity between

segments. Although the discontinuities are small, their [ 3
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Given Crack Length a

]

K = (P/BVw) (2+a/w)/((l-a/w)3/2) (0.886 + 4.64 (a/w)-
13.32(a/w)2 + .14.72(a/w)3-5.6(a/w) 4
B= (VIm2 02y)/(k2(¥2-1)) |
I -
20% OL <//////\\\\\\ 50% OL
1 \/ ]
a=a*[(-.0730791E-01) (K/k*)3 a=0*[(-.121127E-01) (K/K*)2

+(0.303086) (K/K*)2 -

(0.422108) (K/K*) + +(0.987133)]
(0.117517E-01) ]

+(0.239231E-01) (K/K¥)

i
|‘xeff = K(l-aexp(-B4a))

(da/dt) retarded = €XP [(B) (Keff/K*)P(In(Kefe/K*))Q(1n(ke/kege)) D]

NOTE:

\

a
At f (da/ (da/dt)) retarded
a,

a a
Aty =/ (da/ (da/dt))retarded‘f (da/(da/dt))paseline
a, a,
Figure 35 Sustained Load Retardation Model
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{ importance was clearly demonstrated in the proof test.

For this reason, the development of an

was considered and is presented in the
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L. V1. Experimental Results and Discussion
Most of the experimental results in this study were
® used to develop the sustained load retardation model. The

parameters for the MSE equation, B, P, W, D, K*, and

Ke, and those for the model, @ and B, were essentially

defined by the experimental data alone. In its entirety,
the model would employ both the original and a modified
form of the MSE equation to predict crack-growth
behavior. The original form of the MSE equation was used
to model the initial baseline behavior and the rate of
crack propagation during hour long overloads. The
modified form of the MSE equation was used to model the
retardation behavior resulting from 20-and 50-percent
overloads. The main element in the modified equation was
a Keff function which was developed in the previous
section and supported extensively with experimental data.
The accuracy of the sustained load retardation model was

verified with a final proof test.

The proof test procedures and conditions were the same
as those outlined in Section III with the exception of
frequently applied overloadé. Overloading was initiated ; -
when K was about 30 MPA Vm and repeated approximately
every hour. All overloads were 20-percent in magnitude

and 1 minute in duration. Fig. 42 shows that a total of )
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14 overloads were applied for stress intensities ranging

from 30 MPA Vm to 75 MPA Vm. The test was shut down

|®@
overnight between overloads 3 and 4 and restarted
according to the procedure outlined in Section III.
PS During restart time, the crack was allowed to grow a

visible amount before overloading was resumed. Except for

the deletion of the shutdown time, the proof test data

were not segmented prior to reduction.

Unlike previous tests, the overload intervals were so
closely spaced that their retardation effects interacted
with each other. 1Interaction was noted for overloads 1
through 3, and 4 through 9. During these periods of time
no crack-growth was observed except for sudden apparent
jumps in displacement when overloads were applied. Larsen
and Nicholas (8) have noted that strong interaction
effects can result for frequently occurring overloads. 1In
fact, the overloads themselves can be the primary source
of crack propagation. This appeared to be the case for
the proof test since no crack extension was observed
between overloads through much of the first half of the
test. waever, small increments of crack extension
appeared to occur right at the time of overload

application. The model developed in the previous section,

however, did not account for this "jump" phenomenon.
Consequently, when the model was used to evaluate the

proof test, it predicted a state of complete crack [ 3




retardation or arrest. Therefore, it was necessary to

adjust the model with some form of "crack-jump" increment
to match the experimental data.

Optical measurements from previous tests also showed a
sudden crack extension as a result of overloading. The
crack length increments typically ranged from 0.25 mm to
0.5 mm with the larger crack extensions occurring
generally at high values of K. In the proof test, the
last two overloads were applied when K was very large (60
to 75 MPAV ™ m) and crack extensions of the order of 0.65 mm
tc 1.0 mm were noticed. Fig. 43 shows that there is an
apparent trend for these crack length increments to
increase with K. However, considering the scatter, the
amount of data was insufficient to develop a functional
relationship. 1Instead a constant value of 0.38 mm was
chosen for an overload crack increment and incorporated
into the model. This adjustment gave dramatically
improved results with the model predicting the actual
time-to-failure within 5-percent. The baseline, actual
and model crack-growth behaviors are compared in Fig. 44.

A closer inspection of Fig. 44 also suggests that a
variable crack increment would further enhance the
model. However, despite the small offset errors in crack
length, the model predicted the retardation pattern for
each overload segment reasonably well. Therefore, for the

purpose of this study, adding a constant crack increment

o .
U
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of 0.38 mm for each overloading was

further adjustments were made.

As an additional verification of accuracy,

deemed adequate and no

the model

was also applied to the data of previous tests to predict

total time-to-failure.
adjusted model were used.
only the results of the retardation
the following figurés. No baseline

overload durations are shown and no

model the initial baseline behavior

Both the original and increment

For the sake of comparison,

behavior are shown in
results for the
attempt was made to

up to the first

S overload, since it was near threshold and very specimen -

dependent. The modeling began at the application of the
first overload and the baseline MSE equation was used to

model all of the hour overloads that were applied. Since

.

these particular specimens did not experience overload
interactions, the adjusted model was not expected to

produce drastically different results form the original.

v. W

As expected, the adjusted model yielded more conservative

results. However, as can be seen in Figures 45 through

'y 59, the adjusted model also generally provided better

predictions. Overall accuracy of time-~to-failure

predictions, for the adjusted model, was on the order of

e 10-percent. Results are presented in Tables IV. Two °

notable exceptions, however, were specimens EE10 and EE6.

In those particular cases, the model predicted total crack

] arrest while in the experiment the cracks propagated to
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Figure 54 Model Prediction for Specimen EE6 (Part B)
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Figure 57 Model Prediction for Specimen EE8
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Figure 58 Model Prediction for Specimen EE9
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° Table IV
Accuracy of Time-to-Failure Predictions
® . Adjusted Model
: Specimen 1D Model Error Error
DD1 -11.9% +10.9%
e DD3 +7.5% +33.3%
DD5S -23.2% -3.2%
DD6 ~2.3% 13.9%
< DD7 +ARREST +ARREST.
DD8 -ARREST -10.1%
DD10 (a) ARREST ARREST
® DD10 (b) +45.4% +54.0%
EE6 (a) ARREST ARREST
EE6 (b) -ARREST -ARREST
® EE7 (a) ARREST ARREST
EE7 (b) -31.8% -11.6% <
EES (a) ARREST ARREST
¢ EES (Proof Test) ~ARREST ~1.4% .
EE9 -18.6% -0.7% a
EE10 -ARREST -ARREST
€ + indicates a conservative error L_
- indicates a unconservative error :j:'.-_'_ﬁl_'_
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failure. This difference can be largely attributed to the
variability in each specimen's threshold behavior. As was
shown earlier, the threshold can dramatically effect

crack-growth behavior. Since specimens EE10 and EE6 were

also subjected to S50-percent overloads they were

especially sensitive to threshold influences. In fact, RS
many of the S0-percent overload predictions are somewhat

crude because of the wide range of delay times

encountered. The overly conservative predictions for
specimens DD3, DD7, and DD10 are due in part to the use of
50-percent overload segments that could not be accurately
modeled. However, the accuracy for the 50-percent case
does improve for stress intensities above 45 MPA ¥Ym. This

is evidenced by specimens EE7, EE9, and DD8 which

experienced 50-percent overloads at a large K and were

modeled with reasonable accuracy.
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L VIiI. Conclusions and Recommendations

Conclusions

During the course of this study a substantial body of
data was generated and used to develop a new sustained
load retardation model. 1In the process of formulating the
model, the following 3 observations were made:

a.) A plane stress profile reasonably described
the plastic zone size for retardation
behavior.

b.) The size of the plastic zone was strictly a
function of K and overload ratio and was
independent of overload durations.

c.) Overloads produce crack growth
discontinuities (jumps) that must be
accounted for.’

The cumulative damage model produced reasonably accurate
time-to-failure predictions. All predictions, except for
specimens EE10, EE6, and DD7 were well within a factor of
two of the actual behavior. Except for specimens DD10,
pD7 and DD3, which because of their 50-percent overloads
were overly conservative, most predictions were on the
order of 10-percent. Generally, the model provided better
predictions as stress intensity increased. Predictions
became less accurate as the model was applied closer to
the threshold levels.

For design purposes, the model should be limited to

regions that are beyond threshold infiuences. This was
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approximately 30 MPA Vm for the 20-percent overload case

%. and 45 MPA Vm for the 50-percent case. Predictions for
both cases could be made more conservative by adjusting

the @ functions, but this should be supported with

A. additional experimental data.

Adding the "crack-jump" increment to the model

produced results that were generally more conservative and

more accurate. A constant increment of 0.38 mm was found

to be adequate for a substantial range of crack-growth

behavior. The data, however, appeared to suggest that a
<€ variable increment would offer an additional refinement in

predictions.

Recommendations

In order to further enhance the model developed in
this study, additional data should be gathered to Verify
if the overload "crack jump" increment is a function of
K. It would also be important to confirm whether or not
the increment is a function of 7.

The entire model should also be redeveloped for other
values of ¥Y. Additional tests for overload ratios of 1.3
and 1.4 should be conducted to see if their behavior is
g%unded by the two cases in the study. Furthermore, it

would be important to see if some kind of r-=lationship

could be developed to interpolate between g functions of

one case to another.




. o [

It was noted that all of the experiments in this study
were conducted with one material, Inconel 718. Additional
tests on other materials should he terformed to see if the
model is applicable to them. Another nickel-base
superalloy such as Rene 95 is recommended.

For an additional measure of confidence, the model
should also be subjected to a second proof test. In this
test, the overload intervals should be adequately spaced
so interactions don't occur. Overloads of different
magnitudes could then be applied and their effects
investigated.

Finally, the model developed in this study should be
compared with other retardation models such as Wheeler's.
This would illustrate the model's relative accuracy and

flexibility.
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) Appendix A
Heat Treatment History of Test Specimens
>
» Anneal at 968 °C for 1 hour - air cool
s Age harden at 718°C for 8 hours-furnace cool to 621°C
o Age harden at 621°C for a total of an additional 10 hours
@
]
]
¢
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Appendix B

Crack Growth Rate Curves for

Overload Segments
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03008402 T T T T I i T

0.280E+02|— -

0.260E+02}—

0.240E+02}— '

(MM)

0.220E+02— — o

0.200€+02}— 20% OL, —

0.180E+02—

0.1B0E+02}— "1 min —

0.140E+02|— — o

wa o & Ll
2 ‘Aﬂ“ LR
0.120E+02|— adam A8 —_ O .

0.100E+02 . l l | ] | l l L
0. 20000. 40000. 60000. 80000. 100000. 120000. 140000. 160000. 180000.

CRACK LENGTH

TIME (SEC) o

127




(MM)

CRACK LENGTH

.. « "V el
af wtaatatal o’

SEGMENT 2 A VS T

.160E+02

A TEST DATA

.157E+Q2

.154E+02
.151E+02
.148E+02
. 145E+02
. 142E+02
.139€+02

.136E+02

.133E+02

.- 4
K|
K

R

.130E+02

Al a8

88000.

e e atee

- . " . - o
PRI S S Ll S R




6 -
B
B
-]
o
o DODB, SEGMENT 3 A VS T
0.180E+02 : -
| [ o T | [ 1 |
4 TEST DATA
0.178€+02|— — v .
") - = MSE °
— MCDEL . :
0.176E+02(— A :
— 0.174E+02}— R ]
§ . e 4
— A 0
0.172E+02|— — @ .
I .
5 .
2 0.170e+021— — :
|
- 0.16BE+02 :
. + . —
¥ o .
@ 0.166E+02|— .-~
O . ]
0. 164E+02 = _
0.162E+02}— ]
0. {60E+02 l l | l | 1 | P 1
130000. 131500, 133000. 134500. 136000. 137500. 139000. 140500. 142000. 143500. 145000. C
°
TIME (SEC) L

. PR PR

129




CRACK LENGTH (MM)

0.210E+02
0.207€+02
0.204E+02
0.201E+02
0.198E+02
0.195E+02
0.192E+02
o.zaas+oé
0.186E+02
0.183E+02

0.180E+02

0D6, SEGMENT 4

] | ! 1 8
A TEST DATA
~ = MSE
- MODEL
A
- 4 —
a
- . ~
A
— . —
[ l | _ | l ] [ ]
145000. 146100. 147200. 148300. 149400. 150500. 154600. 152700. 153800. 154900. 156000.

TIME (SEC)

130




0.262E+02

0.257E+02

0.252€+02

0.247E+02

(MM)

0.242E+02

0.237€E+02

0.232€E+02

CRACK LENGTH

0.227€+02
0.222E+02

0.217E+02

0.212E+02\

DD6, SEGMENT 5 A VS T o

LA e gee dre S 5 /a aee g & 3

o .

| |
o TEST DATA
~ = NSE
— MODEL

A
—
A
— .0
—

e L
S
oo
— -
[ e
o _ .

I I l

158000. 157000. 1568000. 159000. 160000. 181000. 162000. 163000. 164000. 165000. 166000.

TIME (SEC) .

131 e




F

CRACK LENGTH (MM)

.300E+02
.280E+02
.260E+02
.240E+02
.220E+02
.200E+02
. 180E+02
.160E+02
. 140E+02
.120E+02

.100£+02

IN 718

(84-497, DD8) A

—

L

g

anass®f

T
|

cpsh ™

l

|

50% OL,
1 min

I | | |

| i 1

|

0. 20000.

40000.

60000.

80000. 100000. 120000. 140000. 160000. 18000Q. 200000Q.

TIME

132

(SEC)




CRACK LENGTH (MM)

DD8, SEGMENT 2 A VS T

.1B4E+02

[ [ [ I I l | | I

A TEST DATA
. 2f— . —
180E+0 S
—~ MODEL
.176E+02|— ;
!
/
.172E+02|— /
. !'

.168E+02|— i

II

/
.184E+02|— /]
.180E+02}— [/

,I
/
. 156E+02}— ¢ a4 " N
» 4
:'I AAAA AMMAA M“ AA“M 4 A A, A s

1826402 8 2 — ah ag8
.14BE+02}— —
1448402 [ l [ | | | | | |

90000. 98700. 107400. 1168100. 124800. 133500. 142200 . 150900. 158600. 168300. 1770G0.

TIME (SEC)




o
o DD8, SEGMENT 3 A VS T
0.216E+02
{ i P I | i o -
0. 2126402} A TEST DATA _
® : - = MSE -
L — MODEL
0.208E+02 . . —
- ’. A
— 0.204E+02}— e —
= ',z A
= .
— . A A
¢ 0.200E+02|— L s —
T
,——
% 0.198E+02}—
wl
]
P o 0-1928402—
<
O 0.188E+02}—
o ..
0.184E+02p— .~
r
o
0.180E+02{— 4
-3
0.176E+02 | ] | ] | | 1
177000. 178000. 178000. 180000. 181000. 182000. 183000. 184000. 185000. 186000.
¢
TIME (SEC)
.
(1
134
4

.‘-'

._~

TR

" \ _...‘ .
D)

-------------
“

e _'.{
—

4
- 5

. o
et anals




(MM)

CRACK LENGTH

D08,

SEGMENT 4 A VS T

0.280E+02 T T T

a TEST DATA
0.282E+02— _ _ yor

— MODEL
0.274E+02}—
0.266E+02}—
0.258E+02}—
0.250E+02|—
0.242E+02—
0.234E+02}—

0.226E+02—

0.248E+02}—=

N N |

L

| | l 1 | |

0.210E+02 | | .
186000. 187400. 188800. 190200

. 194600. 193000. 194400. 185800. 197200. 198600. 200000.

TIME (SEC)

135




Wr—y—— r

’ | IN 718 (84-496,DD7) A VS T
0.300£+02 I - ‘ l : : ‘ 1 |
» 0.280E+03— _
0.260E+02|— a
— 0.240E+02{— ' |
Z .
g Z
0.220E+02}— _
T
O g.2008s021—
o 50% 0L,
- 1 hr
®  0-180E402— ]
U .
& 0.160E+02}— 20% OL, |
- b PP pliiin ) Do i Frgts fncdisstuig
0.140E+02{— |
®
0.120€+02|— : f* |
0.100E+02 . | | | | [ 1 1 1

0. 40000. B0000. 120000. 160000. 200000. 240000. 280000. 320000. 360000. 400000.

‘ TIME (SEC)
)
R
RS
¢ =
2o
AR
136 I
o T o
n L




0.1368E+02

Q.136E+02}—

DD7, SEGMENT 2 A VS T

I

0.134E+02|—

0.132E+02}—

CRACK LENGTH (MM)

0.122€+02}—

0.120E+02}— *

0.130E+02—

0.428E+02}—

0.126E+02 —

0.424E+02—

r

& TEST DATA
— = MSE
= MODEL

T

|

A
|

i |

1

|

0.118E+02 |

57000. 62000.

87000.

72000.

77000. 82000. 87000.

TIME (SEC)

137

92000.

97000.

102000.

107000.

AT R
Lol e g




) DD7, SEGMENT 3 A VS T o

0.170E+02
| { T 1 ! | ] 1 !
A TEST DATA
0.187E+02/— _ _ yg — B
) — MODEL ®
0.1B4E+02|— - —
—~ 0.1B1E+02 _
=
, = ..
’ 0. 158E+02 — ‘o
- .
o
2 o0.155E402 R é —
w A‘ A
= 0.152€E+02| ‘?‘ ?
» Y \ % [
2 A\ AAA "
(C 0.149E+021— —-
]
A .
0.148E+02 ] -
> 3
0.143E+02 —1
0.140E+02 l L l L l | L | |
107000. 135000. 183000. 191000. 219000. 247000. 275000. 303000. 331000. 358000. 387000.
J TIME (SEC) o
]
)
]

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

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




CRACK LENGTH (MM)

.200E+02

.190€+02

.180E+02

.170E+02

.160E+02

.1S0E+02

.140E+02

.130E+0Q2

.120€+402

.14CE-02

.100€E -02

IN 748 (84-494,DD10) A VS T

1 T I T I R E— T
B 7
r— pu—
- =
- _
50% 0L,
— 1 min ]
}-—- —
P e e e U L
2 5 ]
‘1 1 L1 | 1 L L
0. 26000. 52000. 78000. 104000. 130000. 156000. 182000. 208000. 234000. 2560000.

TIME (SEC)

139

NN

1 TN

e
{ L .
[ e
RN

S




CRACK LENGTH (MM)

D010, SEGMENT 2 A VS T
140E+02
{ [ 1 [ [ I | [ [

\38E+02l— A TEST DATA
) -~ - MSE

— MODEL
.132E+02}—
. 128E+02—
.124E+02}— ’

/I

4
. 120E+02|—

A A
a . AA A A ‘i
4 A a A% A &, an £b
.116E+02bA A adg ?Aéé £, g b B0 8 ok gfa“ A
) A A A
'f ' AAiA Y A 2 %
. 112E+02}— a :
. 1086402 }—
. 104E+02}—
 100E+02 | | 1 | | l | ] B
25000. 48500. 72000. 95500. 113000. 142500. 166000. 189500. 213000. 236500. 260000.

TIME

(SEC)

140




(MM)

CAACK LENGTH

300E+02

.280E+02

.260€+02

.240€E+02

.220€E+02

.200E+Q2

.180E+02

.160E+02

. 140E+02

. 120E+02

. 100E+02

IN 718

(8B4-494, 0DD10)

A VS T

r

—

—

—

50% OL,
1 hr

|

I

| 1

|

n

20% OL,
i hr

|

>

0.

16000.

32000.

48000.

64000. 80000. 96000.

TIME

141

(SEC)

112000.

1268000.

144000.

160000.

g——

- e




®
® DD10, SEGMENT 4 A VS T
0. 165E+02 : -
| 1 1 T ! | | |
a TEST DATA -
0.182E+02|—
° - - MSE
— MODEL . \
0.459€+02|— —]
— 0.156E+02}—
=
=
¢ 0.1538402|—
T
o
S o0.150E+02|—
w
— 0.1478402
. +
@ X <
2 :
T 0.144E+02}—
T
0.141E+02— a
Y N
. AA .'_._AA x A
0.138E+02— a2 A —]
1
0.135E+02 1 l l L l 1 l | l
25000. 28000. 31000. 34000. 37000. 40000. 43000. 46000. 48000. 52000. S55000.
¢ TIME (SEC)
.
¢
142 T
¢ s |




0.205e+02

0.200E+02

DD10, SEGMENT 5 A

VS T

1 i
& TEST DATA

. oo, .
A A A e A

= = NSE

= MODEL
0.195€+02

0.180E+02

0.185E+02

0.180E+02

0.175E+02

CRACK LENGTH (MM)

0.170E+021 —_

0.165E+02

]

T;_IP

1 [ L | ! | | I l

65000. 75000. 85000. 95000. 105000. 115000. 125000. 135000. 145000.

TIME (SEC) °

0.160E+02

55000. 155000.

143




T MO NN R R ARSI SR I S ire 4 o P e B0 2 e g B AC R E S

0010, SEGMENT 6 A VS T

0.255E+02 T I I T T =i T I 1

A TEST DATA :
~ - MSE .

0.252E+02|—

— MODEL
0.248E+02— |
0.24BE+02|— B =

. @ ‘
0.243E+02{— ‘ B '__

0.240E+02}—

0.237€+02}— . _ .

0.234E+02|— —

CRACK LENGTH (MM)

0.231E+02}— ] -.”-
0.228E+02 [— __1 ;:} - _':-:

0.225E+02 | l | | I l 1 | 1 R
155000. 156500. 156000. 156500. 157000. 157500. 158000. 158500. 158000. 153500. 160000.

TIME (SEC)

144

v e e
DRI

) N te . ‘e - . .
el ol NI SR




.... Y

IN 718 (84-505,EEG) A VS T

0.200E+02

[ [ ! ! 1 | I { |
o 0.190E+02}— — -

0.180E+02}— —

0.470E+02}— —
0.1680E+02}— —
0.150E+02}— —

50% OL, : o
0.140E+02— 1 hr — @

0.130E+02\— L" M% MW%%#MWI‘%—
- :

CRACK LENGTH (MM)

0.120E+02

0.110E+02 ﬁ- —

o 100E%02 \ 0]

0. 26000. 52000. 78000. 104000. 130000. 156000. 182000. 208000. 234000. 260000.

TIME (SEC) B

K .':

l_- . n“

RN
¢ ®

145




. v e R

EEB, SEGMENT 2 A VS T

0.145E+02 ,
I I 1 1 ! r l I Il
0.142E+02}— " & TEST DATA _
- - MSE
0.139E+02|— / — MODEL —
l/ .
— 0.13g€s02[— / -
~ 0.1338+02}— 4 -
E r/ ‘ A A A
a A a
2 0.130E+02 A sinlpa A0, L, 2 £ A A8 L bn
Y A a . e W;Ak
 0-127Es02 aes v é 4 s o B
(& A
<
L 0.124E+02/— —
O
0.121E+02}— -
- i
0. {18E+02}— - =
0.115€+02 L | ] ] | 1 | | L S
13500. 38150. 62800. B87450. 112100. 136750. 161400. 186050. 210700. 235350. 260000. T
TIME (SEC) S
.
o
146 e
[




®
® IN 718 (84-505, EEB) A VS T
0.310E+02
* T [ T 1 1 l T §
0.300E+02}— a _
o a
0.290E+02 |— , -
— 0.280E+02}— : &
= A
z a
0.270E+02}— A —
o &
2D 0.250€+02— 50% OL, 2 —
i 1 min A
= 0.250E+02 ¥ 2
. +02 b —
5 e A Maw AAAAM ,
< asA a
T 0.240E+02|— ah A ]
o ‘AM“A“AAA“ dasfalty o
0.230E+02}— (20 | -]
A ‘S‘A
A
0.220E+02}— —
0.240E+02 | | | | 1 ] ] | ]

0. 10000. 20000. 30000. 40000. 50000. 60000. 70000. 80000. S0000. 100000.

TIME (SEC)




EEG, SEGMENT 4 A VS T

0.330E+02 ‘
1 | i I | h | | |
0. 320602 s TEST DATA _
- - MSE .
— MODEL
0.310E+02}— —
— 0.300E+02}— / A
= I
£ / .
0.290E+02}— y; -]
T / A
5 a3 a
2 0.280E+02}>~ . // , -
- /I A
0.270€+02 — / a —
v , / A
O 0.280E+02}— o AA‘ -
() o ad
/./ AAAA
e P e
0.250E+02 L s s AAMM
0.240E+02 ""/A A“‘A ’ *a%%s
+ . p—
o r.nn'ﬂ“/‘u as™ L T
- — . —— s A.. - —— e a e am - - ——
0.230E+02 | | | | | | | 1 ] ]
25000. 32000. 39000. 46000. 53000. 60000. £7000. 74000. B81000. B8000. 95000.
TIME (SEC)

148

L)
A .
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® IN 718 (84-508,EE7) A VS T
0.300E+02
R T T ! T 1 T 1 | l
0.280E+02|— —
* 0.260E+Q2— —
—~— 0.240E+02}— —
=
Z
s 0.220E+02— —
I
o
> 0.2C0E+02— -
L
-
0.180E+02— —
P 3
= 0.1B60E+02}+— -
S 50% OL,
1 min
0.140E+02— —
[ ] 0.120E+02}— ‘é“ P A0 10 prMi s A0SRy ahl A,Aawrl
stam ping 2
0.100E+02 l | | I l l l I l L
0. 22000. 44000. 66000. 88000. 110000. 132000. 154000. 176000. $198000. 220000.
< TIME (SEC)
4
¢

149




’ EE7, SEGMENT 2 A VS T
[ ]
0.130E+02 . :
0.126€+02|— { A TEST DATA
’ - = NSE T
0.12BE+02{— i = MGDEL |
— 0.12a6402}—  / —
= ;
J =
0.1228402|— —_
I "
: ~
* A A -J
2 0. 120802}y 2 s, Lo
w K A Ao A a - A
- A'A A AA__ 4o 4 LAA & a 4
° x 0.11854»92}-‘7‘ : A0 b A & 4 U S
Q a ' A 8 4
< A 4 a8 &
@ 0.116E+02|— M s, -
Q
0.114E+02/— . . _
®
0.112E+02|— —
0.110E+02 ‘ 1 [ l I l 1 L [
50000. 67000. B84000. 101000. 118000. 135000. 152000. 169000. 186000. 203000. 220000.
D
TIME (SEC)
)
)

150

e S e,
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)
IN 718 (84-506, EE7) A VS T
0.300E+02 :
* I l 1 T 1 T 1 T
. . .
0.280E+02|— -
50% OL,
1 min s
0.260E+02}— a—
A
: ~_ 50% OL, £
i = 0.240E+02 © i £
=
T 0.220E+02|— 20% OL, K —
T 1 min o '
o 3
.200E+02}—
s uz_, 0.200E+02 20% OL, W —
1 1 min MA :
- 0-180E+02— A —
S o -
T 0.1BOE+02}— W —
> © s aa a8 G088
0.140E+02}— —
0.120E+02|— —
0. 100E+02 | | | | ] 1 | | ]
) 0. 10000. 20000. 30000. 40000. 50000. B0000. 70000. 80000. S0000. 1G000G.
TIME (SEC)

. . .
LGP T I N

.

¢
Sl e,
B AR PR
Lt o f . e
et . L
PN W VO WV VP Sy O 4 Y Y]
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Ll




—r e —p p m v LGN e i e S A R
EE7, SEGMENT 4 A VS T
0.180€+02
] i | | i 1 | [ [ A
& TEST DATA
0.177€+02 .
- - MsE 5 7
— MODEL A
0.174E+02|— . —
— 0.171E+02
= —
: .
0. 168E+02 }— g
T g
~
g 0.165E+02|— -
z p
L )
0.162E+02|— -
X - .- .
Q -
O 0.158€+02}— -t
(%] - a &
0.156E+02—a °..* a
LT A, -~
- .
0.153E+02}— — T
0.150E+02 l 1 | L | | J l | i
17500. 20500. 23500. 28500. 29500. 32500. 35500. 38500. 41500. 44500. 47500, L
TIME (SEC) A
.
o
. 4
o
e
®
R
S -1
152 :;
N -




i
i

! !
JC. aEs s AT ST LT -
rak
- o

153




IR TTT—— AL o S
ra
e o
o
-
N
@ R }Lj
EE7, SEGMENT B8 A VS T )
4
0.223€+02 : )
| ) ] I i [ 1 | 1
A TEST DATA ,
Y 0.220E+02 r— - ~ MSE / *
- MODEL "" A
0.218E+02}— 7 —
l" A
— 0.215E+02|— -
< % ! A
" 0.212E402}— —~
oy ;
| asg 7
S 0.210E+02— K s —
& 0.207E+02}— -
X : .
o /
X 0.204+02}— . —
Q ’.-' A a A A A
0.201E402}— ¢ * 4
. + — ‘.'
® A, 8
A
0.199E+02 - a , a4 0 -
2 A 3 =
0. 196E+02 [ { [ | | | 1 I l
. 56500. 59100. 61700. 84300. 66900. 69500. 72100. 74700. 77300. 79900. 82500.
TIME (SEC) A
] T
L S
¢ i
¢ 154
NIRRT




EE7., SEGMENT 7 A VS T .
0.268E+02 T | 7 1 T T S

s TEST DATA /
° 0.2684E+02[— _ _ o /

- MODEL / '@
0.260E+02— / A —

0.256E+02|— / —

(MM)

0.25284021— / — .
0.248E+02}— / —
0.244E+02}—~ / — EEA

0.240E+02— / —

CRACK LENGTH

0.236E+Q2|— s —

LY
L% .'1 T
N - .o n " . .
. P » n'. .

0.232€+02— 7 A _

/ A A

! A A a

0.20aEsoakla b 4 & ol & & |4 & o o l ! L |
82500. 84004. 85508. 87012. 68516. 90020. 91524. 93028. 94532. 95036. 97540.

TIME (SEC) A

15 5 ::.{':_

S e e et . BN
. R e P S R
L W DAV D AT AR D A SR P T Rl T SA AT




MO AN L i w4 g s B it it .--—_m

;
[ ]
]
IN 718 (B84-506, EE8) A VS T
0.3008+02 I T T l T I T I :
° 0.280E+02}— —
0.260E+02}— -]
— 0.240E+02}— ) -
z .
. £
; 0.220E+02f— —
T
'—
LZD 0.200E+02}— —
w
-
L] v 0.41B80E+02}— —
<
o 0.160E+02}— _
O
50% OL,
0. 140E+02}~ 1 hr _ !
®
0.120E+02{—
| A i ]
: 0.100E+02 L ' . ' l l l ‘ l
‘ 0 50000. T00000. 150000. 200000. 250000. 300000. 350000. 400000. 450000. 500000.
®
TIME (SEC)
e
]
156
¢




EES. SEGMENT 2 A VS T P

0.150€+02 S — I | I ) I

0.145E+02|— 4 TEST DATA -1 o
' - - MSE . o
— MODEL 1
0. 140€+02}— , — ]

0. 13554-%2-—— f —

(MM)

0.130E+02|— / — 3

.125E+02

LENGTH
o

Q.120E+02

0.140E+0"

X ,
O ®
T 0.115E+02 -
O
..-.

0. 105E+02}— — DS

0.100£+02 L I L | — L | ]

97000. 137300. 177600. 217900. 25B8200. 296500. 338800. 379100. 419400. 458700. 500000.

TIME (SEC) *

157




T T R na e R e N
. e
°
° L
.
® ' ,
IN 718 (84-508, EEQ) A VS T *

0.300E+02
| 1 f | | [ R | 7
L 0.280E+02 |— Y -
)
0.260E+02 |~ , =]
50% OL,
A
A . 0.240E+02}~— 1 min = .
[ = A -
= N @
0.220E+02}— - -
- 50% OL,
- . 1 min
% 0.200E+02}— | — .
LL, . - ..
& = 20% 0L, . e
u N .~“A ~ -‘
< A .0 . --’ -
T 0.180E+02}— — AR
2% OL' o -.
P 0.140E402{— 1 hr = i
#m W e ks
adaad o -t
0.120E+02 — Aoy 2 Bapasnde — e
8 | .
A W . .
0. 00Es02L 02 28122 | L | | 1 1 1 R
. 0. 15000. 30000. 45000. 60000. 75000. 90000. 105000. 120000. 135000. 150000.
°
TIME (SEC) T
. -
)
4 o
. ___
| . 158
e PRI




(MM)

CRACK LENGTH

SEGMENT 2

EES,
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