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Abstract

An investigation was conducted to evaluate and model the crack growth rates in a
nickel-base superalloy under load controlled thermal-mechanical cycling. Experiments
were conducted on center-cracked panel specimens of Inconel 718 with temperature limits
of 427°C to 649°C. Closed-loop temperature control in the cracked region of the specimen
wﬁs maintained by a microcomputer and four quartz heating lamps. A D.C. electric
potential drop method was used to monitor crack lengths. The elastic stress intensity
factor, K, was used to correlate all crack growth data.

A linear cumulative damage model was developed which sums cycle-dependent,
mixed-mode, and time-dependent damage terms to predict thermal-mechanical fatigue crack
growth rates. The model was developed entirely from isothermal baseline test data. The
cycle-dependent term was based on low temperature (427°C) high frequency (10 Hz) crack
growth data. The mixed-mode term was developed from low frequency (0.01 Hz) fatigue
crack growth tests at 538°C and 649°C. The time-dependent term was developed from
sﬁstajned-logd crack growth tests at 538°C, 593°C, and 649°C.

All thermal and mechanical cycles used during thermal-mechanical fatigue (TMF)
testing were symmetric, triangular, and 96 seconds long. Crack growth rates were
determined over a range of AK using a stress ratio, R, of 0.1. Tests were conducted with
the maximum load leading the maximum temperature by phase angles of 0°, 90°, 180",
225°,270°, and 315". The in-phase test (0°) produced the highest crack growth rates, with
the 315°, 270", 225°, 180", and 90° tests following in order. The 0° and 90° crack growth
rates were separated by over a factor of ten at all AK values tested. All TMF crack growth
rates were bracketed by the isothermal growth rates at 427°C and 649°C.

The mixed-mode damage term did not significantly contribute to the linear

cumulative damage model crack growth rate predictions. The original model integrated



sustained load crack growth over the entire loading portion of the thermal-mechanical cycle
and overpredicted TMF crack growth rates by a factor of up to four (270° test). The
modified model integrated sustained load crack growth over the loading portion of the cycle
as the sustained load crack growth rate is increasing. Two proof tests were conducted to

v évaluate the applicability of the modified model. All modified modei predictions were
within a factor of two of the experimental results.

xi



CRACK GROWTHIN ALLOY 718 UNDER
‘"THERMAL-MECHANICAL CYCLING

L. Introduction

Low cycle fatigue is the life limiting factor for turbine disks in most advanced Air
Force gas turbine engines (1). Low cycle fatigue failures occur due to the application of a
relatively low number of high stress cycles (2). To prevent in-service failures, disks are
retired upon reaching a statistically determined low cycle fatigue design lifetime. Since the
lifetime is based upon one in 1000 initially flaw-free disks developing a detectable fatigue
crack, 999 of 1000 reured disks have useful life remaining (3). This extremely
conservative approach is very expensive.

The Air Force is implementing a new life management philosophy entitled
Retirement-for-Cause (RFC) on some existing engines to safely use a gréater portion of the
available structural life of turbine disks. The total fatigue life of a disk consists of a crack
initiation phase followed by crack growth until failure at a critical crack length. Under
RFC, disks are removed for periodic crack inspections and retired only if a crack larger
than a specified detectable size is found. A fracture mechanics analysis is performed {o
determine the time required for a crack just below the specified detectable size to grow to
 critical length. This time is divided by a factor of safety (say two or three) to determine the
inspection interval.

Future engines procured by the Air Force must meet the damage tolerance
requirements of the Engine Structural Integrity Program (ENSIP) contained in MII.-S‘I'D-
1783 (USAF) dated 30 November 1984 (4). Under ENSIP, initial flaws are assumed to
exist in fracture critical components at the time of production. Fracture mechanics

calculations and component testing must demonstrate that such flaws will not grow to



critical size within the lifetime of the engine. If this requirement incurs a prohibitive weight
penalty, in-service inspections of the component will be allowed. Fracture mechvanics
calculations must show that the mmal flaw will not grow to critical size in twice the
inspection interval. |

In order for RFC and ENSIP to conservatively assure safety of flight, cracks above
the specified size must be reliably detected during each inspection. Also, engineers must be |
able to accurately predict crack growth under the engine thermal-mechanical cycling
spectrum to show that cracks of the specified detectable size and smaller will not grow to
critical size during the engine lifetime or an inspection interval. The spectrum includes
variations in temperature, load magnituds, load frequency, mean load, and hold times at
sustained loads. A typical mission spectrum for a critical turbine disk location is shown in
Figure 1.1 (5). Note that the temperature and load are varied simultaneously, causing
thermal-mechanical fatigue (TMF). At sufficiently high temperatures, the environment and
creep become important factors affecting crack growth, and the question of whether linear
elastic fracture mechanics (LEFM) is still applicable for crack-growth analysis arises (6).
Virtually all fatigue crack-growth testing of turbine disk materials to date has been
performed under isothermal conditions. In a TMF crack-growth test, load and temperature
are simultaneously cycled. Very few such tests have been conducted, and to date, no
model has been developed to successfully predict the crack-growth rates over a wide
variety of cycles (7).

This dissertation examines factors influencing fatigue crack growth in Inconel 718
under thermal-mechanical cycling and develops a crack-growth pmdictivé model using
isothermal data. The mechanisms of elevated temperature crack growth in this material
provide the basis of the model. Inconel 718isa preéipitation—hardenable nickel-base
superalloy commonly used in compressor and turbine disks. Isothermal fatigue crack

growth and sustained-load crack-growth tests were conducted to provide the baseline data




needed to develop a TMF crack-growth predictive model. The model was applied to
several types of thermal-mechanical cycles and fatigue crack-growth tests were conducted
for those cycles. The model predictions fit the experimental data quite successfully.

This dissertation presents the development of the thermal-mechanical fatigue crack
growth model in successive stages. In Chapter I, previous research in the field of elevated
temperature crack growth is discussed. The apparatus and procedure used to develop all
experimental data are discussed in Chapter IIl. Chapter IV deals with the physical basis of
the model and its development from baseline isothermal data. Thermal-mechanical fatigue
crack growth test results and model predictions are discussed in Chapter V. In Chapter VI,

conclusions are made about the model and its applicability to future research.
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. Elevated Temperature Crack Growth

In this chapter, pertinent literature related to elevated temperature crack growth in
nickel-base alloys is reviewed. Previous studies of the mechanisms of elevated temperature
crack giowth and of factors affecting crack growth are discussed. The applicability of
linear elastic fracture mechanics to elevated temi)erature crack growth is reviewed. Prior
work in modeling of both isothermal and thermal-mechanical fatigue crack growth is

; summarized. In Chapter IV, the mechanisms of elevated temperature crack growth are

applied to the development of a crack growth predictive model for thermal-mechanical
fatigue.

Mechanisms of Fatigue Crack Growth at Elevated Temperatures

Mechanical fatigue, environmentaﬂy-enhanced crack growth, and creep crack
growth can all contribute to elevated temperature fatigue crack growth in high-strength
nickel-base alloys (8). Creep and environmental interaction depend on time, leading to
time-dependent crack growth and crack growth under a sustained load. Sadananda and
Shahinian (9, 10) found mechanical fatigue to be the main contributor to the fatigue crack-
growth process in Inconel 718 for temperatures up to 538 “C. At such temperatures, crack-
growth depends upon the number of loading cycles and not the cycle period. This type of
damage is called cycle-dependent. They suggest that this damage occurs through a
mechanism of reversed slip at the crack.tip (11). Examinations of the fracture surface
resulting from cycle-dependent damage show that the fracture mode is transgranular (9,
11).

The environmentkplays an important role in elevated temperature crack growth in
Inconel 718. Floreen and Kane (12) examined crack growth in this alloy at 650 *C in 14

gaseous environments and found that oxygen and sulfur significantly increase crack growth



rates. In alater study, they noted that crack growth rates in an inert helium environment
were an order of magnitude less than those in laboratory air (13). Pédron and Pineau (14)
and Sadananda and Shahinian (15) found the crack-growth rates in Inconel 718 to be much
slower in a vacuum than in laboratory air. Mills and James (16) noted a similar decrease in
an inert liquid sodium environment versus laboratory air. Shahinian and Sadananda (9)
examined the fracture surface resulting from environmentally-enhanced crack growth and
found that fracture occurred along the grain boundaries. They found that environmentally-
enhanced damage is time-dependent and apparently controls crack growth in Inconel 718 at
649°C (9, 10). It is thought that this environmentally-enhanced crack growth occurs in
laboratory air when oxygen diffuses into the region ahead of the crack tip and the resulting
oxidation embrittles the material. The stress field ahead of the crack tip may enhance
oxidation and environmentally assisted crack growth by increasing the number of vacancy
sources (17). The oxidation often occurs along the grain boundaries (1 8_).

Sadananda and Shahinian also examined sustained-load crack growth in Inconel
718 at 760°C and found inhibited crack growth which they attributed to creep relaxation at
the crack tip (19). They postulated that creep becomes appreciable in Inconel 718 at this
temperature (9). They also presumed creep crack growth to result from two competing
processes: grain boundary diffusion of point defects at the crack tip, leading to
intergranular cavities and crack growth, and plastic deformation at the crack tip, which
blunts the crack and retards growth (19).

Time-dependent damage and cycle-dependent damage can interact to produce
additional damage in fnconel 718 at temperatures above 427°C.. This is called "mixed-
mode damage" by a number of researchers (1, 20). Fractographic analysis of the fracture
surface resulting from mixed-mode damage shows a mixture of transgranular and

intergrarular types of failure (9). The point defects generated during fatigue cycling may



enhance the diffusion and oxidation controiled time-dependent crack growth process,

~ resulting in mixed-mode damage (19).

Apolicability of Linear Elastic F Mechani

~ Inalinear elastic material, the stress intensity factor K describes the stress field at
the ¢rack tip and govems fatigue crack growth. K is defined as the linear elastic fracture
mechanics (LEFM) constant which govems the ixitensity of the square root singularity of
stresses at the crack tip and has units stressxvlength . In order for K to be an adequate
crack growth correlation parameter, LEFM requires the plastic zone at the crack tip to be
small compared to the crack length (21). Paris, Gomez, and Anderson were the first to
note that the crack growth rate per cycle, da/dN, can be accurately expressed as a function
of the stress intensity range, AK, when LEFM applies (22). Under these conditions, K
may be used to characterize the fatigue crack-growth rates for different crack lengths,
ioads, and geometries.

At high temperatures, creep may induce inelastic effects at the crack tip and reduce
the validity of X as a crack-growth parameter. Ellison and Harpér (17) argued that if the
cyclic plastic zone is small at elevated temperatures, K remains a valid fatigue crack-growth
correlation parameter. Numerous goveming parameters other than K have been proposed
to describe crack growth at elevated temperatures (23). Some examples include net section
stress or some other reference stress state (6, 17, 19, 23, 24), energy rate line integral C*
(17, 23, 25, 26), the J integral (17, 19, 23, 26, 27), and crack opening diszlacement 17,
23, 27).

It appears that the goveming parameter of fatigue crack growth at elevated
temperatures in high strength nickel-base alloys'depends upon the relative roles of creep,
environmentally-enhanced crack growth, and mechanical fatigue (8). Creep appears to
dominate at temperatures much above 650°C in Inconel 718 and K becomes a less useful

parameter (9). At lower temperatures, the oxidizing environment of the gas turbine engine



embrittles the crack-tip region and reduces large scale inelasticity. This embrittlement als;)
discourages through-the-thickness strain, approximating plane strain conditions. Thus,
LEFM applies (6). Test results confirm the validity of K in describing fatigue crack growth
and sustained-load crack growth in Inconel 718 at temperatures up to about 650°C (14, 19,
28, 29). For this reason, all isothermal and thermal-mechanical tests for this study were

- conducted at temperatures below 650°C.

Eactors Affecting Crack Growth

Many factors affect crack growth in Inconel 718. Elevated temperature crack
growth in this alloy under low frequency loading is observed to be time-dependent with an
intergranular fracture mode. Thus crack growth per cycle will be greater for a very low
- frequency (long period) cycle than for a higher frequency (shorter period) cycle.
| Numerous researchers have observed this frequency effect during tests (17, 20, 24, 29-
32). Since time-dependent crack growth is environmentally enhanced ( 15), the frequency
effect is much smaller in an inert environment (13, 14). At frequencies below a certain
threshold, crack growth per cycle is dependent only upon the period of the cycle. Doubling
the cycle period will double the crack-growth rate per cycle. This is the time-dependent
region. In this region, fracture occurs along the grain boundaries due to environmental
degradation. At high frequencies above a different threshold, however, crack growth per
cycle ceases to be frequency-dependent. This region is called fully cycle-dependent. In
this region, the fracture mode is transgranular. Between the two thresholds, mixed-mode
behavior is observed and the fracture surface shows a mixture of transgranular and
intergranular damage (20, 30, 33). Weerasooriya (20) noted that plots on log-log paper of
crack-growth rate versus loading frequency at constant values of K, are linear in the

time-dependent, mixed-mode, and cycle-dependent regions. This behavior is depicted for a
temperature of 649°C and a K, of 40 MPavm in Figure 2.1.
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Figure 2.1: Frequency Dependence of Crack Growth Rate (20)

Fatigue crack growth is highly dependent upon temperature. In general, the total
_crack growth per cycle and the sustained-load crack-growth rate increase with increasing
temperature. At 650°C, time-dependent crack growth is very important and dominates at
low frequency cycling (30). The cycle-dependent damage at this temperature under high
frequency cycling was found to be approxirnately the same as room temperature cycle-
dependent damage (20). At temperatures below 538°C, cycle-dependent damage is found
to dominate (9). Sadananda and Shahinian observed very low sustained-load crack growth

rates at temperatures as low as 425°C (11).



Hold times at various load levels within fatigué cycles can have varying effects on
crack growth in Inconel 718. Hold times at the maximum load tend to increase the crack
growth per cycle and are the most damaging. Hold times at the minimum load seem to

- have no effect upon the growth rate when the K-level is below the threshold for sustained-
load crack growth (31). In general, sustained loads appear to be significant only when
applied at or near the maximum load of a fatigue spectrum (31).

The load ratio R is another parameter which affects fatigue crack growth rates at
elevated temperatures. This parameter is defined as the minimum applied load divided by
the maximum applied load. For a given stress intensity factor range AK, the crack-growth
rate generally increases with increasing R. For a given maximum stress intensity factor

| K 1 time-dependent crack growth becomes relatively more important at higher load ratios
~ (30). As the load ratio increases for a given K., the mean stress intensity level increases
and the stress intensity range AK decreases, leading to the increased contribution of time-
dependent crack growth. ‘-

The load-cycle waveshape affects fatigue crack growth. Most tests are performed
using a simple triangular wave at a low R with equal loading and unloading rates. Clavel
and Pineau (32) observed slightly higher crack-growth rates in Inconel 718 at 550°C under

triangular cycling than under square wave cycling of the same frequency. These two wave

forms are shown in Figure 22

They accounted for this difference by proposing that the hold times in the square
wave cycle had little effect on the crack growth rate at SSO'C. They also proposed that the
environmentally-assisted portion of crack-growth damage occurs essentially during the
loading and/or unloading part of the cycle. The longer time of these parts of the triangular

wave as compared to the square wave was used to account for the higher growth rates.



Kmax - Kmx—
K min / Kmin—
>
t t
fe— w—, ——sf "
SQUAREWAVE ' TRIANGULAR WAVE
v= FREQUENCY

Figure 2.2: Square and Triangular Waveforms of the Same Frequency

Nicholas, Weerasooriya, and Ashbaugh (3C) examined the effects of loading and
unloading rates of triangular waves on crack growth in Inconel 718 at 649°C. With the
loading duration held constant at 0.5 second, they noted no changes in crack growth per
cycle for unloading durations ranging from 0.5 second to 5 seconds. For lower unioading
rates, the cyclic crack-growth rate increased slightly. The cyclic crack-growth rate
appeaxéd to be a function only of the loading rate uniess the unloading duration was very
muéh longer than the loading duraticn. They suggested that most crack-growth damage
occurs during the loading portion of the cycle. The unloading portion of the cycle becomes
progressively more important with increasing stress ratio and decreasing unloading
frequency.

Runkle and Pelloux (34) also noted that the elevated temperature fatigue crack-

growth rate in nickel-based superalloys is dependent upon the rate of the loading portion of
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the cycle and not the overall cycle frequency, thereby indicating that time-dependent
damage occurs during the loading portion of the cycle.

T [-Mechanical Fatieue Crack Growt

Virtually all crack-growth testing to date has been performed under isothermal
conditions. To understand TMF crack growth, one must examine the effect of temperature
variations on sustained-load crack growth and fatigue crack growth. Robinson (35)
examined thermal cycling effects on the creep strength of steel and predicted rupture lives
by summing the life expenditures at the temperatures in a thermal cycle. He ignored
transient and history effects. J. Miller (36) experimentally found the life-to-rupture of
various high-temperature alloys and compared results with predictions from Robinson's
model. In general, the predicted results were accurate and conservative.

Haritos, D. Miller, and Nicholas (37) measured crack-growth rates in Inconel 718
under a sustained load while varying the temperature and developed a linear cumulative-
damage model to predict the results. They measured sustained-load crack-growth rates at
537°C, 593°C, and 648°C and obtained da/dt versus K plots for each temperature. They
used these curves to obtain da/dt versus T in *C at given K levels. On a log-log scale, da/dt

versus T was nearly linear at a given K, suggesting the form :

da/dt= CI* forfixedK, Tin°C 2.1

where
C, n = Functions of K only

Assuming linear cumulative damage, the total crack growth in a thermal cycle Aa was found
by integrating da/dt over the cycle:

Aa = J CTrdt (2.2)
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‘They tested triangular thermal profiles with no hold times, hold time at maximum
temperature, hold time at minimum temperature, hold time at both temperatures, and non-
symmetric hold times and thermal cycling rates. The linear cumulative-damage model
predicted crack-growth rates within a factor of two of the experimental results. This was
within the data scatter range for tests of this type.

‘Several TMF crack-growth studies have been performed on very high temperature
turbine-blade materials. Rau, Gemma, and Leverant (38) evaluated TMF crack growth in
cast cobalt-base, cast nickel-base, and directionally-solidified nickel-base alloys with
load/temperature in and out-of-phase at a frequency of 0.5 cycles per minute and

 temperatures ranging from 316°C to 1038'C. The phase relationships of basic TMF cycles
~ are shown in Figure 2.3. The 180" out-of-phase strain/temperature cycle (maximum
temperature at maximum compressive strain) produced the highest crack-growth rate,
higher than both the isothermal crack-growth rate at the minimum test temperature and the
in-phase TMF crack-growth rate. A 90° out-of-phase TMF cycle produced crack-growth
rates between the in-phase and 180" cut-oi-phase raies. Raising the minimum TMF
temperature from 316°C to 426°C did not significantly affect crack-growth rates, but raising
the maximum TMF temperature from 927°C to 1038°C produced higher 'crack-growth rates.

Thus, in that study, out-of-phase TMF appeared to be more damaging than in-phase

TMF and the crack-growth damage was particularly sensitive to the maximum temperature
in the TMF cycle. Rau, et. al. (38) used the strain intensity factor K as the crack-growth
correlation parameter and concluded that LEFM was applicable for these materials and test
conditions. The strain intensity factor is similar to the stress intensity factor with remote

stress replaced by remote strain, and has units vin or vm. Gemma, Ashland, and
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Figure 2.3: Basic TMF Cycle Phase Diagrams (Load Control)
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Masci (39) also successfully applied the strain intensity factor to correlate TMF crack

growth data in two nickel-base alloys.

DeLuca and Cowles (40) performed crack initiation and crack-growth TMF tests on
an advanced cast single crystal turbine blade alloy. In-phase and 180" out-of-phase tests
were conducted between 427°C and 982°C at a frequency of 0.0083 Hz. They found the
180° out-of-phase cycle to be the most damaging for crack initiation. However, the in-
phase cycling was found to produce more rapid crack growth than out-of-phase cycling.
At higher stress intensity factor ranges, the in-phase TMF crack-growth rate was found to
be greater than the isothermal crack-growth rate at the upper cycle temperature.

Wright, Jang, and Popp (41) performed TMF fatigue crack-growth tests under load
con&ol on the single crystal superalloy René N4. The temperature was cycled between
649°C and 1093°C with the load 180° out-of-phase. The total tycle time of 180 seconds
included a 60-second hold time at maxunum temperature and minimum load. Using the
elastic stress intensity factor as a correlating parameter, they found the TMF crack-growth
rate to be slightly greater than the isothermal rate for the minimum cycle temperature, but
éignificantly less than the isothermal rate for the maximum cycle temperature.

Gemma, Langer, and Leverant (42) performed the TMF crack-growth tests on a
directionally-solidified nickel-base superalloy at 0.0074 Hz from 427°C to 1038°C. They
also (successfully) applied LEFM using both stress and strain intensity factors.

Meyers (27) and Jordan and Meyers (43) predicted TMF crack-growth rates in
Hastalloy with reasonable accuracy using a linear cumulative-damage model. Temperatures
were cycled between 426°C and 982°C and the strain intensity factor was used as the crack-
growth correlation parameter in the model. The cyclic crack growth rate Aa was assumed

to be a simple function of the maximum strain intensity factor:
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Aa= CKGB 2.3)

where
Cand B = functions of temperature only.
The differential growth was integrated over the loading portion of the TMF cycle:

Kemax szax
Aa= ng)_ dK, = J BCK2B! dK, 2.4)
dK,
0 0

The crack-growth rates predicted by this model were closer to the actual test results than the
isothermal crack-growth rates at the maximum cycle temperature. Jordan and Meyers also
found that the elastic stress intensity factor did a reasonable job of correlating TMF crack
growth data.

Marchand and Pelloux (44) performed in-phase and 180" out-of-phase load-

controlied TMF crack growth tests on Inconel X-750 in the temperature r.ange from 300°C
| 10 650°C. At a test load ratio of 0.05, they found the in-phase TMF crack growth to be
| slightly lower than the isothermal crack growth at 650°C. They successfully applied the
elastic stress intensity factor as a crack-growth correlation parameter.

To predict TMF crack growth, the tendency has been to use isothermal crack-
growth data at the maximum temperature of the TMF cycle (27). However, Larsen,
Schwartz, and Annis (5) found that the TMF crack-growth rates in IN100 under 0.0167-
Hz triangular cycling, 180" out-of-phase, with R=0.1 and the temperature varying from
427°C to 704°C, comrelated well with isothermal crack-growth rates at 427°C. They
attributed this to the importance of the temperature at the time of the peak load and
suggested that TMF behavior is more closely related to isothermal fatigue crack growth
than originally thought.

15



General Electric (45) conducted the TMF crack-growth tests on 0.1-inch thick

Inconel 718 specimens under 0.0083-Hz triangular cycling to 2 maximum stress of 100 ksi

and at temperatures ranging from 399‘;C to 593°C. They compared TMF test results with
isothermal crack growth at 399°C and 593°C under 0.0083-Hz triangular loading with no

| hold times. They found iﬁ-phase loading to be somewhat more damaging than 180" out-of-
phase loading, pointing out the influence of time-dependent crack growth at elevated
temperatures. Partially out-of-phase loading (90°) was found to be no less damaging than
in-phase loading. Hold times at the maximum temperature were found to be the most
damaging, particularly if the load was simultaneously high. Hold times at low stress and
low temperature had negligible effect on crack growth. No attempt was made to develop a
predictive model from the data.

A review of previous work in elevated temperature crack growth indicates the

| following: )

1) The stress intensity factor, K7 is generally considered a valid crack-growth
correlation parameter for fatigue crack growth and sustained-load crack growth ix; Inconel
718 for temperaturés up to about 650°C. |

2) Three types of damage appear to contribute to elevated temperature crack growth
in Inconel 718:

a. Purely cycle-dependent damage, which is transgranular and independent of
~ the loading frequency and test temperature. This damage dominates at all loading
frequencies at low temperatures and at high loading frequencies at high temperatures.
Cyclé-dependent damage dominates at 537°C and below (9).
b. Purely time-dependent damage, which is intergranular, environmentally
enhanced, and dependent upoh the period of the loading cycle and test témpetamre. This
damage dominates at very low loading frequencies at high temperatures. Time-dependent

damage dominates at 649°C at loading frequencies below about 0.01 Hz (20).

16



¢. Mixed-mode damage, which is a2 mixture of transgranular and intergranular
damage and appears to result from the interaction of cycle-dependent and time-dependent
behaviors. This damage is observed at frequencies between the cycle-dependent and time-
dependent regions at temperatures between 427°C and 649°C.

17
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L. Experimental Apparatus and Procedure

In order to investigate thermal-mechanical fatigue crack growth behavior and

develop a predictive model, a series of experiments were conducted on equipment in the

Metals Behavior Branch of the Air Force Wright Aeronautical Labo;atbries' Materials

Laboratory. This section discusses the test apparatus and the proceduré used to obtain all

experimental data. The test equipment was developed by Mr. George Hartman and Mr.

David Johnson of the University of Dayton Research Institute (46, 47).

Descrintion of Test 2

The thermal-mechanical test equipment consists of the following major components:

D)
2
3)

9)

Center-cracked tension specimen

Five K-type thermocouples

Micricon 82300 microcomputer

Four quartz lamp heaters

Cooling air jets

IBM 9000 computer

MTS servohydraulic loading machine

D.C. potential drop crack measuring system

Traveling microscope

All tests were conducted on standard center-cracked panel specimens of Inconel

718, approximately SO millimeters wide by 2.41 millimeters thick. This specimen

geometry was chosen because of its high surface-to-volume ratio, which allows maximum

heating/cooling rates and minimum through-the-thickness temperature variations. The

18

Y



specimen geometry is shown in Figure 3.1. The exact specimen dimensions are listed in
Table 3.1.

The stress intensity factor solution for the center-cracked panel specimen is given

by ASTM Standard Test Method E647-83 (48) as:

AK = AP X o sec (B & (3.1)
B 2w 2
o = _z_a_ (3-2)
w

where: a = Cracklength
w = Specimen width
AK

Stress intensity range
AP = Load range

B = Specimen thickness

Five K-type thermocouples are spotwelded to the specimen at the locations shown
in Figure 3.1. The one closest to the center of the crack provides temperature data to the
test observer. The othe: four provide temperature feedback to the Micricon microcomputer.
The Micricon independently controls four 1000 watt quartz heating lamps to maintain a
desired thermal profile. Each lamp is associated with a thermocouple and provides a 50.8

mm by 38.1 mm heating zone on the specimen as shown in Figure 3.2 (49).
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Table 3.1

Exact Specimen Dimensions and Total Precrack Length

Specimen No.
85-209
85-298
85-300
85-303

- 85-304
85-306
85-307
85-308
85-309
85-310
85-312
85-313
85-314
85-315
85-316
85-317
85-318
§5-319

Width (mm)
50.8
50.24
50.65
50.55
50.7
50.62
50.37
50.37
50.24
50.52
50.37
50.44
50.62
50.52
50.50
50.09
50.47
50.67

Thickness (mm)
241
2.36
2.39
2.29
2.31
2.39
2.36
2.34
234
2.36
2.36
2.34
2.29
2.36
2.29
2.36
2.36
2.36

21

Precrack 22 (mm)
10.16
10.77
12.04
10.74
10.73
11.07
10.68
10.49
10.67
10.73
10.61
10.57
10.39
11.29
1027
10.53
10.40
10.76

9.
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The Micricon also controls an on/off solenoid to provide room temperature
compressed air to the cooling jets. Two 6.35 mm diameter copper tubes with 1.27 mm
outlet holes provide an updraft of cooling air on the back side and a downdraft of air on the
front side of the specimen as shown in Figure 3.3. It was found that applying cooling air
during the heating and cooling portions of a thermal cycle and compensating with the lamps
provided the best temperature control of the specimen. The closed loop heating and cooling
system is able to heat and cool the crack-tip region of the specimen at a rate of 8"C per
second while maintaining a temperature variation over the specimen width of 5°C or less
(49). A typical programmed thcrmal cycle and actual specimen temperature response is
shown in Figure 3.4. The lag time between programmed and actual system response is one
second or less with a temperature variance of 5°C or less (49).

The desired thermal cycle characteristics (waveshape, period, and temperature
limits) are provided to the Micricon by an IBM 9000 computer. This computer controls ail
aspects of a thermal-mechanical fatigue crack-growth test. The operator enters specimen
characteristics (type, dimensions, material properties), thermal cycle characteristics
(waveshape, period, and temperature limits), mechanical cycle characteristics (waveshape,
period, load ratio, maximum load, and phase relationship with temperature), and the data
acquisition interval. The load is applied to the specimen by a MTS servohydraulic testing
machine.

The crack length in the specimen is automatically measured using a D.C. electric
potential drop technique. A direct current of 10 amps is imposed through the specimen and
a voltmeter measures the potential drop across the crack through two leads spotwelded to
the specimen (shown in Figure 3.1). The IBM 9000 computer uses the potential drop to
calculate the crack length using H. H. Johnson's closed fc~m analytic solution for the

electric potential field in a finite width plate with a central crack (47).
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The [BM 9000 computer automatically saves the appropriate data (cycle number,
maximum load, and crack length) on a hard disk. The calculated crack lengths are
periodically verified with a Gaertner 10X traveling microscope. The electric potential drop
system was evaluated by Hartman and Johnson on this specimen type and found to
produce crack length data accurate within £0.1 mm for isothermal and thermal-mechanical

fatigue crack growth tests (47).

Test Procedure

Eighteen Inconel 718 center-cracked panel specimens were tested. A through-the- |
thickness starter notch, approximately 5.71 mm long, was machined in the center of the
specimen in accordance with the requirements for this specimen type given in ASTM
Standard E647 (48). The notch geometry is shown in Figure 3.1. The specimens were
heat treated as shown in Appendix A. A band, approximately 9.5 mm wide, was polished
to a mirror-like finish across the width of the specimen in the region of the starter notch to

improve the visibiiity of the crack tip. The thermocouples and electric potential drop leads
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were spotwelded to the specimen at the locations shown in Figure 3.1. The specimen is
precracked at room temperature to a final crack length of approximately 5334mmona
decreasing stress intensity factor schedule to a final maximum stress intensity level of 14.3
MPavm . All precracking was performed in accordance with ASTM Standard E647. The
final precrack lengths for each specimen are listed in Table 3.1.

To perform a crack growth test, the following test parameters are entered into the
IBM 9000 computer: |

1) Specimen type, identification number, and dimensions

2) [Inital crack length

3) Final crack length (test will automatically stop upon reaching this length)

4) Test temperature (isothermal tests), or temperature-time profile (thermal-

mechanical tests) |

5) Material modulus and yield stress at maximum test temperature

6) Testtype (coﬁstant maximum load or decreasing K threshol;i). Constant

maximum load tests were used for this investigation.

7) Load ratio |

8) Load waveform (triangle or sine, isothermal tests), or load-time profile and

phase relationship with temperature (thermal-mechanical tests) |

9) Load frequency (isothermal tests)

10) Data acquisition interval (time increment or crack-length increment)

After the test is started, all data acquisition is fully automated. The operator may
update the crack length using the traveling microscope at any time. The operator can plot
crack length, a, versus cycle number, N, or crack-growth rate da/dN, versus stress
intensity factor range, AK, on a video screen as the test is running. Data were acquired up

' to’ the point of specimen failure. All data which exceeded the following ASTM Standard

E647 plastic zone size restriction were discarded (48):
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1.25

w = Specimen width
2a = Total crack length
B = Specimen thickness
Oys = Specimen yield strength
After the test is.completed, the test data are transferred to a PDP 11/24 computer for
processing. For sustained-load crack growth tests, the raw data consisted of crack length,
time of data acquisition, and applied load. For fatigue crack-growth tests, the raw data
were crack length, cycle number, load ratio, and maximum load applied. These data were
reduced to crack growth per second versus stress intensity factor (sustained-load crack
growth) or crack growth per cycle versus stress intensity factor range (fatigue crack
growth) using a least squares sliding polynomial fit of seven or more poihts in accordance
with ASTM Standard E647 (48).

Tsothermal test results are discussed in Chapter IV. Thermal-mechanical fatigue test
results are discussed in Chapter V.
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IV. Crack Growth Predictive Model Development

Mechanistic Basis of Linear Cumulative Damage Modl
~ The micro-mechanisms of elevated temperature crack growth in Inconel 718
provide a conceptual basis for the development of a mathematical model to predict crack
growth under conditions of varying load and temperature (thermal-mechanical cycling).
The contribution to crack growth of each of two dominant mechanisms during a thermal-
mechanical cycle is addressed in a predictive model. In addition, the model addresses the
effect of mechanism interactions. A linear cumulative damage concept is proposed for the
model development |
The two dominant mechanisms contributing to elevated temperature crack growth in

Inconel 718 are environmental interaction (oxidation) and mechanical fatigue. A third

| mechanism, creep damage due to grain boundary cavitation'and triple point crackin’g, can
also occur (20). Since the contribution to crack growth due to creep is several orders of
magnitude below that of the environment at temperatures below 650°C (14,15), this
mechanism is not considered in the model development. Only the contributions‘ to crack
growth of environmental interaction and mecharﬁcal fatigue are addressed by the model.

Environmental interaétion, one of the two dominant mechaniénxs of crack growth,

occurs when oxygen diffuses into the region ahead of the crack tip along grain boundaries
.(20). The material along the grain boundaries oxidizes and becomes brittle. The stress
field ahead of the crack fractures the embrittled grain boundaries, allowing further oxide
penetration (55). Thé grain boundaries are the preferred path for oxide penetration and
cracking bécause they are regions of high strain energy and high defect concentration and
thus provide a rapid diffusion path. Furthermore, they are regions rich in highly oxidizable
carbides (56). The state of stress ahead of the crack enhances oxidation and oxidation-

induced crack growth. The strain energy associated with the stress ficld encourages
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chemical reactions, and the increased number of vacancy sources due to stress enhances
oxidation (17). Since the environmentally-enhanced fracture occurs along the grain
boundaries, the resulting fracture surface is intergranular. A pl;otograph of such a fracture
surface is shown in Figure 14 of Reference 19.

The crack growth rate due to environmental interaction is controlled by the diffusion
rate of oxygen ahead of the crack tip. Since diffusion is a thermally activated process, the
crack growth rates at high temperature are higher than those at low temperature. Since
diffusion is a time-dependent process, environmentally-enhanced crack growth is also time-
dependent. The crack growth resulting from this mechanism is thus a hnear function of the
cycle period. The region dominated by this mechanism is called time-dependent. A ploton
log-logpa  of crack growth rate versus loading frequency for a constant value of K, in
thetime-  'ndent region has a slope of -1, as shown previously in Figure 2.1 (20).
Environuentally enhanced crack growth is dominant at high temperatures and low loading
frequencies (20). )

The second dominant mechanism in elevated temperature crack growth is
mechanical fatigue. At high loading frequencies, the time for oxygen diffusion and
environmentally enhanced damage to develop during a cycle is low, so little time dependent
damage develops. In this situation, the mechanical fatigue crack growth mechanism
dominates. At low temperatures, the diffusion-controlled environmentally-enhanced crack
growth process is very slow, so the mechanical fatigue crack growth mechanism dominates
9).

Mechanical fatigue occurs due to a complex process described below. The stresses
near the crack tip in an elastic body under load # : square-root singular. Since infinite
stresses cannot develop in an actual material, plastic strain develops near the crack tip under
cyclic loading. During the loading portion of the cycle, localized flow occurs along

favorable slip paths in both maximum shear directions at the crack tip. Crack extension
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occurs Sy shear decohesion at the inner edge of the crack tip flow bands during the tensile
strain increment. As the load increases, work hardening of the flow bands will occur and
the increasing stress will activate other parallel slip planes (57). _

At the crack tip, a small plastic zone is surrounded by elastic material. During load
release, the $urrounding elastic material will contract and exert compressive stresses on the
plastic zone, which is too large for ité surroundings. The compressive stresses are above
yield at the crack tip, leading to fully reversed plastic deformation which closes and ‘
resharpens the crack tip (58). The cyclic opening and closing of the crack causes the
development of a pattern of ripples on the fracture surface, called fatigue striations. Crack
growth proceeds through the grains and the resulting fracture surface is transgranular (9,
11). The transgranular fracture surface resulting from mechanical fatigue crack growth is
shown in Figure 3 of Reference 11. ' |

Since the mechanism causing mechanical fatigue crack growth is not controlled by a
rate dependent process such as diffusion, the crack growth rate due to rnf:'.chanical fatigue is
independent of the loading cycle period. '

The amount of crack growth from mechanical fatigue depends upon the number of
cycles applied and not the cycle frequency. The region dominated by this mechanism is
called cycle-dependent, as shown previously in Figure 2.1 (20). Further, since ihe
mechanism is not a thermally activated process, temperature will not have a large effect
upon cycle-dependent damage (20, 32). Any minor effect due to temperature is attributed
solely to small changes in the modulus of elasticity and yield strength (32).

The mechanical fatigue and environmentally-enhanced crack growth mechanisms

are always active. In the cycle dependent region, the mechanical fatigue process dominates

and in the time dependent region, the environmentally-enhanced crack growth process

dominates. Since both processes are active, a simple linear summation of the damage
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effects over a cycle will provide a measure of the total crack growth damage for that cycle.

This basic concept is applied in the development of a linear cumulative damage model.

In Inconel 718, cycie. dependent crack growth is independent of the test temperature
and loading frequency for temperatures below 650°C. Since mechanical fatigue is the
dominant mechanism at 427°C, the cycle dependent damage contribution to crack growth
for a mechanical cycle of any frequency at any temperature below 650°C can be identified

from a fatigue crack growth test at 427°C.

The environmentally-enhanced crack growth rate, da/dt, for a given temperature and
stress intensity level can be identified from elevated temperature sustained-load crack
growth tests. Previous research has shown that time-dependent damage occurs only during
the loading portion of the cycle (30, 32, 34). The compressive stresses at the crack tip as
the load starts to decrease inhibit oxide cracking, diffusion, and oxidation, thereby
inhibiting environmentally-enhanced crack growth. Therefore, it is proposed that the time-
dependent damage over a cycle be calculated by integrating the sustained-load crack growth
rate over the loading portion of the mechanical cycle:

da = J da ) dt (4.1)
dN jtime- loading dt

dependent portion

A simple summation of cycle dependent damage identified from a low temperature
fatigue crack growth test and time dependent damage calculated with equation (4.1) has
been shown to provide good predictions of isothermal fatigue crack growth rates in the
time-dependent and cycle-dependent regions (30). At high temperatures and low loading
frequencies (time-dependent region), the time-dependent damage calculated by equation
(4.1) is much larger than the cycle-dependent damage. At high temperatures and high

frequencies or low temperatures (cycle-dependent region), the time dependent damage
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calculated by equation (4.1) is much smaller than the cycle-dependent damage. Thus, each
term dominates in the appropriate region.

In intermediate regions where both mechanisms contribute similar amounts to crack
growth, interactive effects have been observed. For Inconel 718 at 649°C and loading
frequencies between 0.01 Hzand 10 Hz, experimentally observed crack growth rates are
shown by the inclined line in the "mixed-mode" region of Figure 2.1 (20). This line lies
somewhat above the sum of the cycle-dependent damage line (horizontal line from the
"cycle-dependent” region) and the time-dependent damage line (inclined line of -1 slope
from the "time-dependent” region). Itis proposed to add a mixed-mode damage term to the
linear cumulative damage model to account for this additional experimentally observed
damage:

na.L =da + da )m 4.2)
tal dN ycle- mxxed-

dent dependent mode

The additional mixed-mode damage shown in Figure 2.1 is small and decreases to
zero at frequexicies above 10 Hz, where cycle-dependent damage dominates, and
frequencies below 0.01 Hz, where time-dependent damage dominates. The fracture
surface in the mixed-mode region has a mixture of transgranular and intergranular damage
(20). Such a fracture surface is also observed in Inconel 718 at intermediate temperatures
(538°C) and low loading frequencies (32).

o Synefgistic interactions between environmentally enhanced crack growth and
mechanical fatigue crack growth contribute to the additional mixed-mode damage. Possible
fatigue-environment interactions that lead to mixed-mode crack growth include:

1) The point defects generated during fatigue cycling enhance oxidation and

time-dependent crack giowth (19).
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2) Fatigue cycling spalls off the oxide film on the crack surface, leading to
further oxidation.

3) Slip due to fatigue cycling exposes additional material to oxidation attack.

The proposed linear cumulative damage model developed above is based upon the
dominant mechanisms of elevated temperature crack growth in Inconel 718. Similar
modeling concepts have been applied to isothermal fatigue crack growth: and non-
isothermal sustained load crack growth (30, 37). However, this concept has never been
applied to predict crack growth under thermal-mechanical cycling.

The two dominant mechanisms of elevated temperature crack growth were used to
determine the temperature limits of the thermal-mechanical cycles used in the experimental
portion of this investigation. The lower limit was sei at a temperature where the mechanical
fatigue mechanism dominates at all loading frequencies (427°C). The upper limit was set at
a temperature where the environmentally assisted mechanism dominates at low loading
frequencies (649°C). The thermal-mechanical cycle period was set at 96 seconds to allow
accurate temperature control of the test specimen over these temperature limits. Thus, the
dominant crack growth mechanism transitions from mechanical fatigue to environmental
~ interaction during a thermal-mechanical cycle. During this transition, the mechanisms may
interact to produce additional mixed-mode damage. Each contrﬂ:u;ion is addressed by the
proposed linear cumulative damage model.

Since cycle-dependent damage is independent of temperature and loading
frequency, the contribution of t.lus damage in a thermal-mechanical cycle is found from an
isothermal fatigue crack growth test at low temperature. The calculation of time-dependent
damage in a thermal-mechanical cycle using equation (4.1) requires sustained load crack
grdwth data, da/dt, at all temperatures within the cycle. Sustained load crack growth tests
are conducted at three temperatures and an interpolative model is applied to interpolate crack

growth rate data between the test temperatures.
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" Two curve-fit models have been developed to interpolate crack growth rate data
between different test conditions. The models empirically fit a function to crack growth |
rate data. Plots of experimental cyclic fatigue crack-growth data, da/dN, versus stress
intensity range, AK, typically assume a sigmoidal shape on log-log paper. This shape is
shown in Fig. 4.1. Pratt and Whitney's SINH model fits a hyperbolic sine curve to test
data using four coefficients that are simple functions of the test parameters. The
coefficient-parameter functional relationships were émpiﬁcally developed to provide good
interpolations of crack growth rate data. General Electric's MSE model uses a modified
sigmoidal equation with six coefficients to fitdata. Given a limited set of data, Both models
do a reasonable job of describing crack-growth rates between ranges of load frequency,
load ratio, temperature, and hold time (50). In addition to fatigue crack-growth rate data,
plots of sustained-load crack-growth rate, dé/dt, versus K are also often sigmoidal (5) and
could be modeled with SINH or MSE. The MSE curve fit model was used in this

investigation.

34

N



‘log (da/dN)

Region Hll

Region 8

Region |

log (AK)

Figure 4.1: Sigmoidal Shape of Fatigue Crack Growth Rate Data
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The Modified Siemoi

The modified sigmoidal equation (MSE) model fits da/dN versus AK data with a
modified sigmoidal curve (51): | |

2 LRI
e

P= (_4;_}- o) + _D o @4.5)

B'=In (_di)_qm[m (ﬁ]]-nm[m (_A_K_c_)] 4.6)
dN; AK* : AK;

The six independent parameters in the MSE model are Q, AK;, AK”, AK,,
(da/dNy), and (da/dN;)'. The physical meanings of these parameters on a MSE curve are
shown in Figure 4.2.

The parameters Q and D control the sharpness of the transition from the inflection
point to the asymptotes. Decreasing the absolute value of the parameters will increase the

sharpness of the transition (52). The MSE curve can be made symmetric about the
inflection point by setting Q equal to -D:

Q=-D @7
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da/dN,

(da/ dN)

MODIFIED SIGMOIDAL EQUATION MODEL
AK® = AK atlower asymptote

AK; = AK atinflection point

AK. = AK atupper asymptote

da/dN; = da/dN atinflection point

(da/dN; )' = (da/dN)’ (slope) at
inflection point

INFLECTION POINT
Q, D = Shape
factors
AK® AK; AK.

(AK)

Figure 4.2: Definition of MSE Parameters
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Substituting (4.7) in (4.4):

SIEESYACY

Dividing by Q and taking the square root of both sides, get:

In {AK; ) - In { AK| =0 (4.9)
AK* AK.

In AK{ + In AKi =0 (4° 10)
AK* AK, ,

Taking the exponential of both sides of (4.9) and (4.10), get:
AK® = AK, (Trivial solution) @1
AK2 =1 @4.12)
AK, AK* '

‘ Solving (4.12) for AK,, get:

AK = AK2 - (4.13)
AK.
Equation (4.13) reduces the number of independent parameters to five and does not
impair the ability of the model to fit da/dN versus AK data (53). In addition, Painter found

that setting the shaping parameter Q equal to a constant for a given material and set of test

conditions did not impair the modeling process (52).

The functional relationships between the four MSE parameters (excluding Q) and

test temperature T, loading frequency f, hold time ty, and load ratio R were investigated by
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Utah (51) and Painter (52). They found that a simple linear relationship between the
parameter and test variable existed on a log-log scale [AK®, AK;, (da/dN;) and R, f, t],

log-linear scale [AK®, AK;, (da/dN;) and T}, linear-log scale [(da/dN;)' and R, f, ty], and
linear-linear scale [(da/dN;) and T]. These relationships can be depicted in a matrix

equation:

flogAK® ) (logAK% | [Cy €2 Ci3 Cia| (log (J:B_ ) )
1"Rbasc-.
log AK; l0g (AK;Jpase Cy1 Cpg Cyy Cyq log(f/fase)
= +
log(da/le) log(daldNi)bm Cn C32 C33 C34 IOg(th + 1)
(da/dNy)' (da/dN;) yase Ca1 Caz2 Co3 Cus (T - Thase)
y, L J - 4 L y,
(4.14)

The application of the MSE model to sustained load crack growth data is discussed

in the Time Dependent Damage Term Development section of this chapter.

vcle- ndent Damag velopmen

To give an approximate prediction for the TMF crack growth rate over a given
thermal-mechanical cycle, each of the three terms of the model must be found for that cycle.
Since cycle-dependent damage is independent of temperature and loading frequency, the
contribution of this damage in a thermal-mechanical cycle is found from isothermal fatigue
crack growth tests at a low temperature (427°C). To find the load-ratio dependence of this
term using the MSE model, tests are conducted a: two load ratios. Two tests were
conducted under triangular 10 Hz loading to defin the cycle-dependent term: 427°C,
R=0.1, and 427°C, R=0.5. The specimens used for the tests and test conditions are listed

.in Table 4.1. The maximum load in the cycle was 121d constant during these tests. |

Specimen 85-307 had a longer initial crack length than 85-304 due to crack growth during
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an earlier decreasing load test at 427°C, R=0.5. The maximum cycle load for each test was
chosen to provide an initial AK above threshold. The da/dN versus AK data for the two

constant maximum load tests at 427°C are shown in Figure 4.3.

Tabled.l
Cycle-Dependent Term Test Conditions
Specimen - Temp Load Load Freq. Initial Crack Maximum Cycle

o) Ratio Hz) Length (mm)  Load (KN)
35-304 427 01 10 7.18 13.4
85-307 427 0.5 10 12.24 12.5

A symmetric MSE model was used to fit the test data shown in Figure 4.3. The five MSE
parameters AK®, AK;, (da/dNy), (da/dN;)', and Q were iterated until a best visual fit of the
data was obtained. The MSE parameters for the cycle-dependent term tests arelisted in
Table 4.2. The experimental data and MSE fits are shown in Figures 4.4 and 4.5. Since
the tests were conducted under constant maximum load cycling, the data and MSE fits do

not represent threshold values. The computer program used to generate the MSE curves is

listed as PROGRAM FCG in Appendix B.
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Figure 4.3: Fatigue Crack Growth at 427°C, R=0.1, and 427°C, R=0.5
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Table 4.2
Cycle-Dependent Term MSE Parameters

[ Test | AK® | AK; | dadN; | (dadN)' | Q |
l |(MPavm) | (MPavm) | (m/cycle) | | |
T4Z7C |
| R=0.1 11.0 40.0 5.5 x 107 3.5 0.4 |
| 10Hz |
| |
|42TC . 1
| R=0.5 6.0 28.0 3.5 x 10-7 3.0 04 |
i 10Hz |

The interpolative relations for MSE parameters are listed previously in equations
(4.14). For the cycle-dependent term, dnly the R-ratio is varied and R=0.1 is chosen as the
base value. Equations (4.14) simplify to:

logaAK® ) (log AK"Ra0s Y (G W
log AK; log (AK;)R=0.1 C;
: = + [ log 1-R ]
log(da/dN;) log(da/dN;)g.0.1 Cs 0.9
(da/dNy (d/dN:)'r 0. C. @.15)
L y, / L Y,
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Figure 4.4: MSE Fit of Fatigue Crack Growth at 427°C,R=0.1
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Figure 4.5: MSE Fit of Fatigue Crack Growth at 427°C, R=0.5
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The MSE parameters listed in Table 4.1 were used to generate the matrix constants

of equations (4.15). The cycle-dependent term MSE parameter interpolative relations on R-

ratio were found to be:
[ logAK® ) ( 1.0414 ) (1.0312 )
log AK; 1.0621 0.6068
= + log {1=R
log (da/dN;) -6.2596 0.76%0 0.9
L (da/dNy)' L 35 ) L 1.9587 | (4.16)

A computer program was written t6 use the MSE model to provide the cycle-
* dependent damage term of the linear cumulative damage model for a given thermal-
mechanical cycle. This program is listed as FUNCTION DADN in App;:ndix C.

Time-Dependent Damage Term Development
At temperzzazes above 427°C, time-dependent and mixed-mode damages become
increasingly important. The time-dependent damage term is found by integrating the
sustained-load crack-growth rate over the loading portion of the cycle. Because the
temperature and stress intensity factor are changing over a thermal-mechanical cycle, the
sustained-load crack-growth rate must be expressed as a function of these two variables:
da = da XD @.17
dt dt
To find this functional dependence, sustained-load crack growth tests were

conducted at three temperatures: 538°C, 593°C, and 649°C. A constant sustained load was

applied to the precracked specimen and crack growth was monitored until the specimen
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failed. The specimens used for the tests and the test conditions are listed in Table 4.3.
Specimens 85-209 and 85-300 have longer initial crack lengths because of crack growth
during previous unrelated testing. The constant sustained load values used during testing

were chosen to produce initial stress intensity levels high enbugh to initiate crack growth.

Table43
Sustained Load Crack Growth Test Conditions
Specimen  Temp(C)  Initial Crack Length (mm)  Sustained Load (KN)

85-303 538 5.61 312
85-306 593 5.95 245
85-209 649 ' 14.6 2.8
85-300 649 11.7 152

The sustained load crack growth rate, da/dt, versus applied stress intensity factor,
K, data for the tests are shown in Figure 4.6. At temperatures below 538'C,. the sustained-
load crack-growth rate drops off rapidly. Due to time constraints, no sustained load tests
were conducted at 427°C. Sustained-load crack-growth rate test results at 427°C from
Sadananda and Shahinian (11) were used in the model development.
| A symmetric modified sigmoidal equation (MSE) model was used to find the
temperature dependence of the sustained-load crack-growth rate. The model fits da/dt

versus K data with the modified sigmoidal function of équation 4.3):

da = expB (K [m K ] [m K. ]D
dt K; K* K (4.18)
where D, P, and B' are defined in equations (4.4) through (4.6) with da/dN replaced by
da/dt and AK replaced by K. The physical meanings of the MSE parameters as applied to
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sustained-load crack growth are shown in Figure 4.7. Once again, a symmetric MSE curve
- can be used with a constant shaping parameter Q without impairing the model's ability to fit
da/dt versus K data. The five MSE parameters K*, K;, (da/dt)), (da/dt;)', and Q were
iterated until a best usual fit of the test data was obtained. The MSE parameters for the
sustained load crack growth tests (including Sadananda and Shahinian's 427°C test) are
listed in Table 4.4. The experimental data and MSE fits are shown in Figure 4.8. The

computer program used to generate the MSE curves is listed as PROGRAM SLCG in
Appendix B.

Table 4.4
Sustained Load Crack Growth MSE Parameters

|  Test | K* | K |  da/d; | (dasdt)’ | Q |
. | (MPavm ) | (MPavm ) | (mfsec) | o |

427C 50.0

: : : 1000 | 2.8 x10°? : 1.2 l! 0.4 :
: 538°C E - 370 II 76.0 : 6.5 x10-8 : 1.2 { 0.4 :
: 593°C | :l 30.5 li 73.0 : 8.0 x10-7 : 2.0 : 0.4 : '
I[ | 649°C l 254 1 60.0 : 1.1 x10-5 : 3.0 : 04 {
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(da/dt)

Figure 4.7: MSE Model Applied to Sustained Load Crack Growth

SUSTAINEDLOAD CRACK GROWTH
MODIFIED SIGMOIDAL EQUATION MODEL
K° = K atlower asymptote f
K; = K atinflection point
K.= K atupper asymptote
da/dt; = da/dt at inflection point
(da/dt;)' = (da/dt)’ (slope) at
inflection point
INFLECTION POINT
(dasdt; )’
1
K’ K; Ke
(X)
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Figure 4.8: MSE Fits of Sustained Load Crack Growth Data
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As in the case of fatigue crack growth, a linear relationship is assumed to exist

between the MSE parameters and temperature for a given temperature range:

(log AK* ) (log AK " oee ) (C, )
10g AK{ log (AKi)base Cz
= + ((T-Thae) ]
log(da/dt;) log(da/dt;)yace Cy
(da/dt (2t e C 4.19)
SRR ) U )

This linear relationship was tested over the temperature range of 538°C w 649°C.
Using the MSE parameters from Table 4.4, the interpolative relations of equations 4.19)
become:

logAK* | (15682 |  (-L472x103 )
log AK; 1.8808 -9.249 x104
= + (T-538)
log(da/dt;) -1.1871 2.008 x10-2
\(da/dti)' J 12 1.622 x10-2 (4.20)
y, y,

The predicted MSE parameters for sustained load crack growth at 593°C using the
interpolative relations of equations (4.20) are compared to the actual best fit parameters in
Table 4.5. The predicted MSE model curve is compared to the actual 593°C test data in
Figure 4.9. The simple linear interpolation of MSE parameters on temperature provides a

reasonable prediction of sustained-load crack-growth rates.
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Table 4.5
Predicted versus Actual Sustained Load Crack Growth
MSE Parameters, 593°C.

I | K | K | dady | (dady) | Q|
I | MPavm ) | MPavim ) | (mfsec) | l I

I | I
| 6753 | 846x10°7 | 2.1
I I I
| 730 | 8.0x10-7 | 2.0

30.66 0.4

30.5 0.4

Since the sustained load crack growth tests were conducted under a constant load,
growth rates near threshold were not obtained. The apparent thresholds in the data were
the result of slow crack growth upon initial application of the sustained load. With time,
this slow crack growth accelerates to a steady state value. This transient effect has been
observed in sustained load testing on other nickel-base superalloys (54).

The experimental sustained load crack growth data at 538°C, 593°C, and 649°C
were compared with earlier data obtained at the same temperatures by Haritos, Miller, and
Nicholas (37) and Sadananda and Shahinian (11). Although the agreement of the data sets
was generally good, the earlier data tended to show somewhat lower threshold stress
intensity values for sustained load crack growth.

Elevated temperature fatigue crack growth in Inconel 718 in the timekiependent '
region (very low loading frequencies) may be predicted by integrating the sustained load
crack growth rate over the loading portion of the cycle (30). The apparent threshold value
of sustained load crack growth was iterated in predicting low frequency fatigue crack
growth test data. It was found that the lower apparent thresholds observed by Haritos,
Miller, and Nicholas (37) and Sadananda and Shahinian (11) provided better crack growthy

predictions in the lower stress intensity factor ranges. Because of this, the lower
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threshglds were used in developing the time dependent damage term of the linear
cumulative-damage model. The threshold stress intensity factor for sustained Joad crack

growth is represented by the parameter K* in the MSE model. The updated K* values are
listed in Table 4.6. |

Table 4.6
Updated Sustained Load Crack Growth MSE Parameters

[ Test | OrginalK° | UpdatedK' | K; | dady  [(dady) [ Q |
| | (MPavm ) | (MPavm ) |(MPavm )| (msec) | P

'S
3
0

04

!E : 50.0 l{ 50.0 : 100.0 ll 2.8 x10°? |l 1.2 : |l
; 538°C l| 37.0 : 240 : 76.0 |l 6.5 x10-8 : 1.2 :0.4 :
: 593°C : 30.5 |l 21.0 : 73.0 ‘I 8.0 x10-7 : 2.0 :0.4 :
II 649°C Il 25.4 Il 19.0 : lI 1.1x10-5 l| 3.0 l10.4 |l

The updated MSE parameters listed in Table 4.6 were used to develop interpolative
relations over three temperature ranges: 427°C to 538°C,538°Cto 593°C, and 593°C to

649°C. These relations are listed in equations (4.21) through (4.23).




427°C<T<538°C

(log K )
log K;
log(da/dt;) )
(davd

\ )

5383°CsT<593°C

(logK* )
log K;
log(da/dt;) )
(da/dty)’

\ )

593'C<T<649°C

(logK* )
log X;
log(da/dt;) )

L (da/dt;)’

)

(1.699
20
~8.553

1.2

(1.3802
1.8308
~7.1871

L

1.2

(1.3222

1.8633
-6.0969

20

\

——

e’

/

(-2.872 x103 )
-1.074 x10-3

1.230 x10-2

(~1.054 x10-3 )
-3.180 x10~
1.982 x10-2

1.455 x10-2

\ J

(-7.762x10~* )

-1.521 x10-3
2.033 x10-2

1.786 x10-2

(T-427)

421)
(T-538)

(422)
(T-59%)

(423)

Equations (4.18) and (4.21) through (4.23) express the sustained load crack

growth rate, da/dt, as a function of the applied stress intensity factor, K, and temperature,
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~ T, for any temperature between 427°C and 649°C. Following the suggestion of Nicholas,
Weerasooriya, and Ashbaugh (30), the time-dependent damage term of the linear

cumulative damage model is found by integrating this rate over the loading portion of the
thermal-mechanical cycle:

da ) = J (_da. dt (4.1)
dN /Time- Loading dt (repeated)
~Dependent ~ Portion

A computer program was written to perform the integration of equation (4.1) for a
given thermal-mechanical cycle using Simpson’s rule. This program is listed as
FUNCTION DADNTD in Appendix C.

Mixed-Mode Damage Term Development
| At 427°C, cycle-dependent crack growth damage dominates. At higher
temperatures, sustained-load crack growth and fatigue crack growth interact to produce
additional crack growth damage (mixed-mode damage). Sadananda and Shahinian suggest
that the point defects generated during fatigue cycling enhance the diffusion contolled
sustained-load crack growth process, resulting in mixed-mode damage (19).
It is assumed that the mixed-mode damage term for a given thermal-mechanical

cyc‘le can be obtained by integrating a differential damage term f(K,T) over the loading

portion of the cycle:
|  Kuy
41) = J K, T) dK @24
dN jTMF '

mixed-mode  Kgin

To find this damage function, the mixed-mode damage term is identified from

isothermal fatigue crack growth tests using equation (4.25):
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da = da - da - da
dN fsothermal dN jotal dN kycle- dN time-

mixed-mode dependent dependent
(4.25)
da
dN total : Total fatigue crack growth rate (from test)
da
dN kycle- - From high frequency tests at 427°C
dependent
da
dN Hme- : Calculated using Eq. (4.1)
dependent

For the isothermal case, Eq. (4.24) simplifies to:

Komax
da = J f(K) dK (4.26)

dN )Isothermal
mixed-mode Kain

" To find the damage function f(K), consider the effect upon mixed-mode crack

growth of an incremental variation h in the minimum stress intensity factor value while

holding K ,, constant.” The integration to find this effect is illustrated in Fig. (4.10).

"The maximum stress intensity factor K, may also be varied while holding Ky
constant to find the damage function. This derivation is performed in Appendix D.
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Figure 4.10: Integration for an Incremental Variation h in Kpip

The shaded area shown in Figure 4.10 is expressed in terms of crack growth rates:

Kmax
da = J f(K) dK @.27)
dN Kmin+h ’
Kmin+h
Kmax . o .
.da.) = J' f(K) dK (4.28)
dN JKpin
Kmin
. Kmin'l'h
Shaded Area= da_ - da =I f(K) dK (4.29)
dN  Kpia dN )Kpa+h
Kmin
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Apply the mean value theorem:

_da_)Km - da = - fKpp+eh)h ,0Sas1 (4.30)
dN m+h dN Kmm

Take the limit as h approaches zero

.

Ky, h-0

da - ,sla_) = lim {-fKgg+ah)} ,0€asl  (431)
dN - +h dN
-0 h

h

%m = =f(Knin) (4.32)

FR i) = -9(da/dND. .
3K o, 433)

The overall cycle minimum stress intensity factor is a constant (K' ;). Equation

(4.26) becomes:
Kmax Kmax
da = J fKAK = - 2dadN) dKpy, — (4.34)
dN ixed-mode 0K nin
Kmin Kmin
K i can be defined in terms of load ratio R:
Kmin = RKmax (4.35)

Using (4.35) in (4.34) while holding K, constant:
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1
da = - [ 9(da/dN) dR whereR'= Ky (4.36)
dN mixed-mode dR - Kpax

RI
(d/dN) is the mixed-mode crack growth rate which is defined as the total crack
growth rate minus the cycle-dependent and time-dependent damage terms:

da = da - da - da
dN jmixed-mode dN total dN ktycle- dN time-

dependent dependent

(4.25)
(repeated)

To apply Eq. (4.36) to calculate the mixed-mode damage for a given thermal-
mechanical‘cyclc, (d2/dN) gixed-mode MUSE be expressed as a function of load fatio and
temperature. |

Since essentially all crack-growth damage at 427°C is cycle-dependent, no mixed-
mode term is expected at that temperature (9). Fatigue crack growth rate tests were
conducted under 0.01 Hz triangular loading at T=538"C, R=0.1 and R=0.5, and T=649°C,
R=0.1 and R=0.5, to provide the temperature and load ratio dependence of the mixed-mode
" term. The maximum load in the cycle was held constant during the tests. The specimens
used for the tests and test conditions are listed in Table 4.7. The da/dN versus AK data for

the tests are shown in Figures 4.11 through 4.14.
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Specimen

85-309
85-315
85-310
85-308

Temp
qo)

538
538
649
649

Table 4.7

Mixed-Mode Term Test Conditions
Load Load Freq. Initial Crack Maximum Cycle
Ratio (Hz) Length (mm)  Load (KN)
0.1 0.01 6.42 20.1
0.5 0.01 6.12 26.7
0.1 0.01 5.93 16.1
0.5 0.01 5.73 17.8

The MSE parameters for a best visual fit of those test data are listed in Table 4.8.

The experimental data and MSE fits are shown in figures (4.15) through (4.18). The

computer program used to generate the MSE curves is listed as PROGRAM FCG in

Appendix B.
| Table 4.8
Mixed-Mode Test MSE Parameters

| Test | A&K* | AKj | dadN; | (dadNy)'|] Q [
! |(MPavm) | (MPavm) | (m/kcycle) | l I
[538°C |
| R=0.1 21.8 60.0 5.4 x 106 2.7 04 |
1001 Hz !
|

1538°C l
| R=0.5 12.9 42.0 4.6 x 10- 2.4 04 |
|0.01 Hz . }
|

| 649°C l
| R=0.1 17.0 60.0 1.4 x 104 2.1 1.0 |
1 0.01 Hz %
|

1 649°C |
| R=0.5 10.4 27.0 1.1 x 104 2.6 1.0 |
10.01 Hz |
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Figure 4.11: Fatigue Crack Growth at 538°C, R=0.1
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Figure 4.12: Fatigue Crack Growth at 538°C, R=0.5
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Figure 4.13: Fatigue Crack Growth at 649°C, R=0.1

64

o}
n



(M/CYCLE)

DA/DN

A O @

n

]
il

-

,
10 *
DELTA K (MPAxM%3=0.35)
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To apply Eq. (4.25) to calculate the mixed-mode damage for each of the four tests,
the total, cycle-dependent, and time-dependent damages must be calculated for that test.
The cycle-dependent damage for each test was calculated using the MSE model with
parameters defined by equations (4.16). The time-dependent damage for each test was
calculated by integrating sustained-load crack growth over the loading portibn of the cycle.
The MSE model with parameters defined by equations (4.21) to (4.23) was used to
calculate sustained load crack growth and Simpson's rule was used to perform the
integration. The total damage for each test was calculated using the MSE model with
parameters defined in Table 4.8, and cycle-dependent and time-dependent damages were
subtracted from this total to give the rhixed—mode damage term. The computer program
used to calculate the mixed-mode term for each test is listed as PROGRAM MM in
Appendix B.

The total crack growth rate, sum of cycle-dependent and time-dependent damages,
and mixed-mode damage for each test are plotted versus AK in Figures 4.19 through 4.22.
By definition, the total crack growth rate equals the sum of cycle-dependent, time- |
dependent, and mixed-mode damages.
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At 538°C, R=0.1, the sum of cycle-dependent and time-dependent damages falls
below the total test crack growth rate. Therefore, the mixed-mode damage is significant for
this test. The MSE model was used to fit this mixed-mode damage. The MSE parameters
of the fit are listed in Table 4.9. The mixed-mode damage and MSE model fit of the
damage are shown in Figure 4.23.

At 538°C, R=0.5, the sum of cycle-dependent and time-dependent damages is
greater than the total test crack growth rate at the lower stress intensity ranges. Three
possible explanations for this behavior are:

1.  The mixed-mode term is actually negative in this region, indicating a
retardation effect upon crack growth.

2. Experimental errors make the mixed-mode term appear to be negative. The
sum of the cycle-dependent and time-dependent damages falls within a factor of two of the
total crack growth, which is within the experimental scatter band for tests of this type.

3.  For this set of test conditions, the simple linear cumulative-damage model
inadequately describes the actual crack-growth behavior.

A negative (or retarding) mixed-mode effect has not been previously reported in the
literature. Mechanisms leading to such an effect have not been described. Since the
retarding effect is small in relation to the total crack growth and the MSE model does not
account for negative crack growth rates, all apparently negative mixed-mode damage
contributions were ignored in the mixed-mode term development.

At the higher stress intensity factor ranges, the mixed-mode damage becomes
positive. However, the maximum magnitude of the mixed-mode term is much smaler than
the total crack growth. Therefore, MSE parameters were selected to define a very small

mixed-mode damage term for this test condition. The MSE parameters are listed in Table
4.9.
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At 649°C, R=0.1, the mixed-mode damage is positive and small relative to'the total
crack growth at the lower stress intensity factor ranges and negative at the higher stress
intensity factor ranges. Timeodependent-damage dominates as reported by Weerasooriya
(20). Therefore, no mixed-mode damage was included for this test condition.

At 649°C, R=0.5, the mixed-mode damage is relatively small and negative at all
stress intensity factor ranges. Therefore, no mixed-mode damage was included for this test
condition.

The MSE model parameters for the mixed-mode damage term are listed in Table
4.9. No mixed-mode damage is modeled at 427°C and 649°C.

Table 4.9
Mixed-Mode Term MSE Parameters
[ Tet 1 Ak 1 AK | N, | @aNy | Q |

I
| MPavm) | (MPavm) | (mfcycle) | | l

l
2

| R=0.1 No mixed-mode term
|

| 649°C

| R=0.5 No mixed-mode term

[427°C |
| R=0.1 No mixed-mode term {
|
|427°C |
| R=0.5 No mixed-mode term I
| i
1538°C |
| R=0.1 21.8 59.81 1.908 x 106 2.5 0.3 |
| |
| 538°C |
| R=0.5 12.9 40.0 2.0 x 108 2.5 0.3 |
| !
| 649°C |
[
|
|
|
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The MSE pﬁrameters at 538°C were used to develop interpolative relations on R-

ratio. The mixed-mode term MSE parameter interpolative relations were found to be:

[ log AK* ) (13385 ) (0.8926 }
log AK; 1.7768 0.6844
= + log (1=R
log (da/dN;) ~5.7194 71.7546 0.9
| (@adNy L 25 ) Lo 437)

At load ratios above 0.5, the mixed-mode term becomes negligible. .
The magnitude of the mixed-mode damage was known at three temperatures:
427°C, 538°C, and 649°C. A simple linear relationship was assumed to exist between

mixed-mode damage and temperature. The equations representing mixed-mode daxhage as

a function of temperature are:
427°C<T<538°C:
- da = (_T_ - 3847 \ da (4.38)
dN ,Lm'xed— 11 J dN jmixed-
mode mode 538°C
538°C<T<649°C:
da ) = (5847 - _T_ ) da (4.39)
dN ,Lu‘xed- 111 ) dN jmixed-
mode mode 538°C

Equation (4.36) provides' the means of calculating mixed-mode damage for a cycle

in which temperature and stress intensity factor are varying (thermal-mechanical cycle).
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. .
da z - J’ d(da/dN) dR  whereR' = K'p; (4.36)
dN mixed-mode dR Knax (repeated)

Rl
The integration and differentiation of equation (4.36) were performed numerically.
Dividing the loading portion of a cycle into N increments as shown in Figure 4.24, the
derivative 9(da/dn)/dR at the midpoint m' between points (m-1) and (m) can be expressed

by:
Q_Cd.aldm = .d&(Rm. Tm') - -da.(Rm-b Tm’) (4-40)
dR o dN _dN
Ry - Rm—l
Kmax
K
R = R'-
>
t
Figure 4.24: Load Cycle Increments
The integration of equation (4.36) is performed numerically using the simple
rectangular rule:
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N
da -2 [4;_(&.1, T - a®s Tf)] | 441
dN I} i=1 L dN dN
mixed-mode
Equations (4.3), (4.37), (4.38), and (4.39) provide (da/dN) as a function of R and T.
A computer program was written to perform the summation of equation (4.41).

This program is listed as FUNCTION DADNMM in Appendix C. |
| The total fatigue crack growth over a thermal-mechanical cycle consists of the sum
of the cycle-dependent, time-dependent, and mixed-mode damage terms. A FORTRAN
compuier program was written to calculate each term and sum them to give the total
thermal-mechanical fatigue crack growth rate as a function of the cycle stress intensity
range. This programiS listed as PROGRAM TMF in Appendix C.

Model Applicati ot { Baseline T

Since isothermal fatigue crack growth is a degenerate case of thermal mechanical
farigue crack growth (temperature held constant), the thermal-mechanical fatigue crack
growth predictive model should successfully predict isothermal fatigue crack growth The
fatigue crack growth rates predicted by the linear cumulative damage thermal-mechanical
fatigué crack growth model were compared with the isothermal fatigue crack growth test
results at 427°C, 538°C, and 649°C. The results are shown in Figures 4.25 through 4.30.

All model predictions are within a factor of two of the test results, which is the data scatter

for tests of this type.
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Figure 4.25: Predicted versus Actual Crack Growth, 427°C, R=0.1
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Figure 4.26: Predicted versus Actual Crack Growth, 427°C, R=0.5
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Figure 4.28: Predicted versus Actual Crack Growth, 538°C,R=0.5
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Figure 4.29: Predicted versus Actual Crack Growth, 649°C, R=0.1
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Figure 4.30: Predicted versus Actual Crack Growth, 649°C, R=0.5
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Baseline TME Test Results and Predicti

Four baseline thermal-mechanical cycles were chosen to characterize load controlled
TMEF crack growth in Inconel 718 and evaluate the effectiveness of the linear cumulative-
damage model developed in Chapter IV. These cycles are shown in Figure 5.1. The
temperature limits of the cycle were 427°C to 649°C and the cycle period was 96 seconds.
The cyclic load range was held constant during the tests, resulting in an increasing AK test
since K increases with crack length for a given load for the center-cracked specimen. The
specimens used for the baseline TMF tests and test conditions are listed in Table 5.1. The

phase angle is defined as the number of degrees that the maximum temperature lags behind

the maximum load.
able 5.1
Baseline TMF Test Conditions
Specimen  Phase Angle Load Ratio Inidal Crack Maximum Cycle
Length (mm) Load (KN)

85-313 o 0.1 5.283 200

85-312 o 0.5 5.304 31.1 )

85-316 9%’ 0.1 7.150 26.7 -

85-314 180° 0.1 6.350 26.7

85-317 270° 0.1 5.644 26.7
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Figure 5.1: Baseline Thermal-Mechanical Cycles
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The D.C. electric potential drop system was used to monitor the crack length versus
the number of thermal-mechanical cycles and data was reduced to crack growth rate da/dN,
versus stress intensity factor range, AK, as described in Chapter IIL.

At a given stress intensity factor level above threshold, the sustained load crack
growth rate in Inconel 718 increases by a factor of over 1000 from 427°C to 649°C (see
Figure 4.6). Therefore, the tempemmre during the high load portion of the thermal-
mechanicai cycle plays an important role in determining time-dependent damage in the
linear cumulative-damage model High temperatures at high loads are predicted to produce
rapid crack growth by the model. The test results confirm this observation. A 0° phase
angle (maximum load at maximum temperature) produces the fastest crack growth. On the
other hand, high loads at the low temperature portion of the cycle (as in the 180° cycle)
produce much slower crack growth. For the set of experiments conducted here, the time
required to grow the crack from initial size to failure varied from several hours (0°, R=0.5)
to several hundred hours (180° and 90°;R=0.1). The resulting growth rates varied by over
two decades for a given value of AK.

The baseline thermal-mechanical fatigue test results are shown in Figures 5.2 and
5.3. Figure 5.2 compares the 0°, R=0.5 TMF results to isothermal test resuits at the cycle
temperature limits (427°C and 649°C). Figure 5.3 compares the R=0.1  ults for 0°, 90°,
180°, and 270" TMF to the isothermal results at 427°C and 649°C. The TMF results are
always bracketed by the isothermal fatigue crack growth rates at the temperature cycle
limits.
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Figure 5.2: In-Phase TMF Crack Growth at R=0.5
Comparison is made with isothermal results at maximum
and minimum temperatures for the same load ratio.
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Figure 5.3: 0%, 90", 180°, and 270° TMF Crack Growth atR=0.1
Comparisons are made with isothermal results at the maximum
and minimum temperatures for the same load ratio.
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In-phasé load and temperature cycling (0°) produces the highest TMF crack growth
rates. However, those rates are lower than the isothermal fatigue crack growth rates at the
upper temperature limit of the cycle by a factor of approximately four for both R=0.1 and
R=0.5. This result agrees qualitatively with the work of Marchand and Pelloux, who
found that the in-phase TMF crack growth rates in Inconel X-750 were slightly lower than
the isothermal rates at the upper cycle temperature for a load ratio of 0.05 (44). The
isothermal fatigue crack growth rates at the upper temperature limit of a TMF cycle appear
to be an upéer bound for TMF crack growth in Inconel 718. However, other researchers
 have not found this to be the case in other materials. DeLuca and Cowles found that the in-
phase TMF crack growth rates in an advanced cast single crystal alloy were higher than the
isothermal growth rates at the upper cycle temperature (40). _

The in-phase (0*) TMF crack growh rates were much higher than the 180" out-of-
phase rates (see Figure 5.3). This agrees with General Electric's TMF crack growth test
results for Inconel 718 (45). However, Rau, Gemma, and Leverant (38) found that out-of-
phase TMF cycles produced nearly ten times greater crack growth rates in cast cobalt-and-
nickei-base superalloys than in-phase cycles under strain controlled testing. The
differences in alloy types, test stress-temperature profiles, and temperature limits (the Rau,
etal. temperature limits were 316°C to 1038°C) may account for this apparent inconsistency
in test results.

" The crack growth rates for 90° and 180° out-of-phase TMF cycles are very close to
each other and are over a factor of ten less than the in-phase rates. The crack growth rates
for a 270° out-of-phase TMF cycle lie between the 90" out-of-phase and in-phase rates.

The phase diagrams (load versus temperature) for the baseline thermal-mechanical
cycles are shown in Figure 5.4. The 90° cycle and 270° cycle have the same diagram but
move in opposite directions along the path. Since the 270° cycle produces higher crack

growth rates than the 90° cycle, thermal-mechanical fatigue crack growth is dependent upon
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the path taken on a phase diagram. In the 90° cycle, the temperami'e is below 538°C during

the loading portion of the cycle. In the 270° cycle, the temperature is above 538°C during

the loading portion of the cycle. If the time-dependent crack growth damage occurs only

during the loading portion of the cycle, the 270" cycle should produce higher crack growth
rates than the 90° cycle. The experimental data results are consistent with this theory.

7\ Pa
P max - Pmax -
P min T > Pmin l »
T min Tmax T T min ) Tmax T
0 180°
7Y Pa
P max - P max —
P min 1 > P min T >
T min Tmax T T min Tmax T
90° 270°

Figure 5.4: Phase Diagram of Baseline TMF Cycles
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The linear cumulative-damage model crack growth predictions are compared with
experimental results in Figures 5.5 through 5.9. Figure 5.5 compares the in-phase test
results for R=0.5 with the model prediction. The time-dependent damage term dominates
over the mixed-mode and cycle-dependent damage terms in the linear cumulative-damage
model. The model does an excellent job of predicting the test results for this condition.

The in-phase test results for R=0.1 are compared to the linear cumulative-damage
model prediction in Figure 5.6. Once again, the prediction is well within a factor of two of
the experimental dafa. The time-dependent term dominates the prediction due to the high
sustained-load crack growth rates at the high temperature and load portions of the cycle.
The cycle-dependent and mixed-mode damage terms have a negligible effect on the
prediction.

Figure 5.7 ct;mpares the 90 degree out-of-phase test results for R=0.1 with the
model prediction. The model prediction is within a factor of 1.5 of the experimental data.
The cycle-dependent damage term dominates the prediction. The time-dependent damage
term does not significantly contribute to overall crack growth. This is because the
temperature is below 538°C during the loading portion of the cycle. Neglecting the mixed-
mode damage term slightly improves the model prediction.

The 180" out-of-phase test results are compared to the model predic;tion in Figure
5.8. The model predictions are low by a factor of up to 1.8 in the lower stress intensity
factor ranges, but éonverge to the test results at the upper ranges. The cycle-dependent
damage term dominates the predicn'on: The time-dependent damage term contribution is
relatively small because temperatures are low at the higher loads in the loading portion of

the thermal-mechanical cycle.
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The test results and model prediction for a 270° out-of-phase TMF cycle are shown
in Figure 5.9. The model prediction is consistently high by a factor of about four. During
the loading portion of the cycle, the temperature is always above 538°C. Therefore, the
sustained-load crack growth rates are high and the time-dependent damage term dominates
the linear cumulative-damage model prediction.

Di ion of Results

The linear cumulative damage model was able to predict the 0°, 90°, and 180°
baseline TMF crack growth data reasonably well (within a factor of two). This result was
 extremely encouraging considering that the model is based entirely on isothermal data and
that no load/temperature interaction effects are considered. Interactions between damage
mechanisms under conditions of varying load and temperature may retard or enhance crack
growth and are not addressed in this linear cumulative damage model. Such interactions
were investigated under isothermal conditions by Sadananda and Shahinian (9, 10, 19),
Floreen and Kane (13), Pédron and Pineau (14), Weerasooriya (20), Pelloux (29),
Nicholas, Weerasooriya, and Ashbaugh (30), and Saxena (33). Allowing temperature to
vary during the cycle leads to thermal-mechanical fatigue and additional possible
interactions. Such interactions may account for the differences between the linear
cumulative damage model predictidns and the experimental resuits.

The major exception to the good predictive capability of the linear cumulative-
damage model was the case of the 270° out-of-phase cycle test data, shown in Figure 5.9.
Here, the model was consistently higher than the experimental data, the error going from
approximately a factor of two to four with increasing stress intensity range. Most of the
contribution to the crack growth is from the time-dependent term. This anomolous result
led to a reevaluation of the fundamental concepts embodied in the model and development

of a modified model as explained below.
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Model Modificati

The linear cumulative damage model summed the contributions attributed to cyclic
loading and time-dependence. A mixed-mode term was also included, but its contribution
to the overall prediction was small and may be neglected. The cyclic term was determined
from low temperature data. The time-dependent term was obtained by integrating the
sustained load crack growth rate during the loading portion of the cycle only. This concept
was based on experimental observations of Nicholas, Weerasooriya, and Ashbaugh (30)
and Runkle and Pelloux (34) which demonstrated that crack growth in the time-dependent
regime is governed primarily by the duration of the loading portion of a triangular wave
form cycle. The duration of the unloading portion of the cycle has little or no effect on the
total crack growth rate. It could be deduced, then, that all of the time-dependent damage
which contributes to crack growth occurs during the loading portion of a cycle under
isothermal conditions. In the work of Nicholas et al. (30), it was demonstrated that crack
growth, which was entirely time dependent at the frequencies used, could be accurately
predicted hy integrating sustained load crack growth during the loading portion of the
cycle. It was shown, in fact, that including the contribution of the unloading portion of the
cycle gave predicted crack growth rates which were too high. There was no physical
explanation proposed for this observation.

If the same logic is used for the non-isothermal case, the 270 out-of-phase results
are overpredicted by a large amount. If one examines this TMF cycle (see Fig.5.1),itis
. noted that during the rising load portion of the cycle the temperature is first increasing until
maximum temperature is reached, and then decreasing while load is still increasing. It was
thus postulated that, as in the isothermal case, if the contribution to da/dt starts to decrease
at some point in the loading portion of the cycle, there is no further contribution to time-

dependent crack growth and the integration should be terminated at that point. In the
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isothermal case, the integx:ation was terminated a¢ maximum load. During the unloading
portion of the cycle, there is still calculated a value of da/dt from the sustained load data but
this value decreases as load decreases and it is not included in the numerical integration. It
- is thus proposed to use the same logic and terminate the numcricai integration of da/dt when
the values of da/dt start to decrease. The modified model thus proposed is based on two
- primary hypotheses:
(1) time-dependent damage contributes to crack growth only when the load is
increasing during a TMF cycle, and
(2) time-dependent damage contributes to crack growth only when da/dt as
determined from sustained load crack growth data is an increasing function.

The algorithm for the modified model was incorporated in the computer program
used to calculate thermal mechanical fatigue crack growth rates. The modified time-
dependent damage program is listed as FUNCTION DADNTD in Appendix E.

The modified program predictions are compared to the baseline TMF test results in
Figures 5.10 through 5.14. The in-phase predictions at R=0.5 and R=0.1 shown in
Figures 5.10 and 5.11 are unchanged from the previous predictions because the sustained
- load mk growth rate (da/dt) is always increasing during the loading portion of the cycle. |
This is because increasing temperature and increasing load both tend to increase da/dt. The
90° dut-of-phase cycle prediction shown in Figure 5.12 is also unchanged for the same |
reason.

The sustained load crack growth rate decreases during most of the loading portion
of a 180" out-of-phase cycle. This is because the effect of decreasing temperature is greater
than the effect of increasing load on da/dt. Therefore, the updated prediction shown in
Figure 5.13 is lower than the previous prediction shown in Figure 5.8. However, the '

§ffect is very small since time-dependent crack growth plays a minor role in overall crack

growth for this cycle.
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The sustained load crack growth rate decreases during most of the loading portion
of a 270° out-of-phase cycle. Therefore, the integration to calculate the time-dependent
damage term is over a smaller portion of the cycle and the magnitude of the term decreases.
Since time-dependent damage dominates in this cycle, the updated prediction shown in
Figure 5.14 is much lower than the previous prediction shown in Figure 5.9 and is

significantly closer to the experimental results. The modified prediction exceeds the
| experimental data at the higher stress intensity factor ranges by a factor of two or less.

The original linear cumulative-damage model integrated the sustained-load crack
growth rate over the entire loading portion of the thermal-mechanical cycle to calculate the
time-dependent damage term. This resulted in a significant overprediction of TMF crack
growth for the 270° out-of-phase r::ycle. The modified linear cumulative-damage model
integrates sustained-load crack growth only when da/dt is an increasing function. This
significantly improved the 270° out-of-phase cycle prediction without damaging the other
baseline TMF predictions. The modified model predicted all of the baseline TMF test

results within a factor of two or less.

TME Proof Test Selection

- Two proof tests were conducted to evaluate the validity of the modified linear -
cumulative-damage model and compare the original and modified modeling concepts. The
two proof test TMF cycles were chosen from the four simple thermal-mechanical cycles
shown in Figure 5.15.

The sustained-load crack-growth rate versus time profiles of the four cycles shown
in Figure 5.15 were compared to select the two cycles for which the change in modeling
concepts has the greatest impact. Time-dependent damage plays a relatively small role in
overall crack growth for the 45° and 135° out-of-phase cycles because the temperature is

always at or below 593°C during the loading portion of the cycle. Therefore, the modeling
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Figure 5.15: Potential TMF Proof Test Cycles

concept change has little effect on the crack growth predictions for those two cycles. The
315" and 225° out-of-phase cycles were chosen for the proof tests.

Time-dependent damage dominates the crack growth prediction for a 315 out-of-
phase cycle because the temperature is high at the high load portion of the cycle. Because

the temperature begins to drop before the load reaches its peak, the sustained load crack
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growth rate will drop and the net contribution to crack growth will be lower in the modified
time-dependent damage calculation. Therefore, the modified model will give a lower
prediction than the original model. |

For the 225" out-of-phase cycle, the temperature is dropping during much of the
loading portion of the cycle. Therefore, the sustained load crack growth rate decreases and
the modified model will again give a lower crack growth prediction than the original model.

f ictions an
Thermal-mechanical fatigue crack growth tests were conducted for 315° and 225°
out-of-phase cycles to compare the linear cumulative damage modeling concepts. The
temperature limits were 427°C to 649°C, the maximum load was held constant during the

test, and the cycle period was 96 seconds. The specimens used for the proof tests and test
conditions are listed in Table 5.2.

Table5.2
TMF Proof Test Conditions
Specimen  Phase Angle  Load Ratio Tnitial Crack Maximum Cycle
Length (mm) Load (KN)
85-318 315" 0.1 5.202 26.7

85-319 s , 0.1 7.691 31.2

The predicted proof test crack growth rates are compared to the actual observed
rates as a function of the applied stress intensity range in Figure 5.16 for the 315° out-of-
phase cycle and Figure 5.17 for the 225° cycle. In both proof tests, the modified
- predictions are closer to the actual crack growth rates than the original predictions. The
original model integrates the sustéined load crack growth rate over the entire loading
portion of the cycle and overpredicts the proof test crack-growth rates. The modified
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model ihtegrates the sustained-load crack-growth rate over the loading portion of the cycle -
only when da/dt is an increasing function. The modified model predictions were within a
- factor of two of the observed crack growth rates for every TMF test conducted.

The TMF crack growth rates for 0°, 90°, 180°, 225°, 270", and 315" out-of-phase
cycles at a load ratio of 0.1 are compared to the isothermal rates at the cycle temperature
extremes (427°C and 649°C) in Figure 5.18. The 315° out-of-phase TMF cycle proof test
results lie below the in-phase crack growth rates but well above the 270° out-of-phase rates.
The 225° out-of-phase proof test results lie between the 180° and 270" out-of-phase crack-
growth rates. The proof test crack growth rate positions relative to the baseline TMF test
results are consistent with the linear cumulative damage model predictions. The time-
dependent damage term dominates the linear cumulative-damage model predictions for the
high crack-growth rate tests (0°, 315°, and 270" phase angles) and the cycle-dependent
damage term dominates the predictions for the low growth rate tests (225°, 180", and 90°
phase angles). The mixed-mode damage term contribution to the linear cumulative-damage
model is relatively small. It may be neglected without significantly affecting the model
crack growth predictions. |

 Linear cumulative damage modeling may also be applied when the thermal and
mechanical cycles have different periods. Hartman and Johnson conducted a TMF crack
growth test with a 0.0119 Hz triangular thermal cycle from 427°C t0 649°C and a 1.0 Hz
triangular load cycle of load ratio of 0.1 (47). The specimen and test equipment used for
this test were identical to those described in Chapter III, Experimental Apparatus and
Procedure. The reduced data from this test are compared to the linear cumulative-damage
model prediction in Figure 5.19. The linear model accurately predicts the crack growth rate

for this test condition.
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The TMF crack growth rates from this test were very close to the isothermal fatigue
crack growth rates obtained at 427°C and R=0.1. This indicates that cycle-dependent
damage dominates for this TMF test condition. The linear cumulative damage model
prediction verifies this observation. The cycle-dependent damage term dominates the
model prediction. The time-dependent damage term is very small because the integration of
the sustained load crack growth rate is performed over a short period.
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VL Conclusions and Recommendations

Two linear cumulative damage models were developed in this dissertation to predict
crack growth rates in Inconel 718 under thermal-mechanical cycling. The two dominant
mechanisms of elevated temperature crack growth in this material provide the basis of the
models. Both models sum cycle-dependent, time-dependent, and mixed-mode damages to
provide the total crack growth for a given thermal-mechanical cycle. Cycle-dependent
damage is due to the first dominant mechanism, mechanical fatigue. The second dominant
mechanism, environmental interaction, produces time dependent damage. Mixed-mode
damage resuits from the‘ interaction of the two dominant mechanisms. The models are
based entirely on a minimal set of isothermal crack growth data. The cycle-dependent
damage term for both models is found from a fatigue crack growth test conducted ata
temperature where cycle-dependent damage is known to dominate (427°C). The mixed-
mode damage term for both models is found by incrementally summing mixed-mode
damage identified from isothermal tests over a thermal-mechanical cycle. The mixed-mode
damage term did not significantly contribute to the crack growth rate predictions of either
linear cumulative damage model.

The time dependent damage term in the original model was obtained by integrating
the sustained-load crack-growth rate over the portion of the thermal-mechanical cycle in
which the load is increasing. This calculation is identical to that used by Nicholas, et al.
(30), to predict isothermal time-dependent crack growth rates. The original model
predicted the TMF crack growth rates for in-phase (maximum temperature at maximum
load), 90° out-of-phase (load leading temperature by 90), and 180° out-of-phase (minimum
temperature at maximum load) cycles reasonably well (within a factor of two). However,

the model prediction for a 270" out-of-phase cycle was consistently higher than the
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experimental data, with the error going from approximately afacfor of two to four with
increasing stress intensity range. This anomoly led to the development of a modified linear
cumulative damage model.

The time-dependent damage term dominates the original model prediction for a 270°
cycle because the temperature is high during the loading portion of the cycle. In the
modified model, it is postulated that if the sustained load crack growth rate, da/dt, starts to
decrease at some point in the loading portion of a cycle, there is no further contribution to
time-dependent crack growth. Thus, the time-dependent damage term is calculated by
integrating the sustained-load crack growth rate over the loading portion of the thermal-
mechanical cycle when da/dt is an increasing function. The sustained load crack growth
rate decreases during most of the loading portion of 2 270° out-of-phase cycle. Therefore,
the modified model prediction for the 270° out-of-phase cycle was significantly lower and
closer to the experimental results than the original prediction. ) ,

| The modified model predictions for the in-phase and 90° out-of-phase cycles were
unchanged from the original model predictions because the da/dt always increases during
the loading portion of these cycles. The sustained load crack growth rate decreases during
most of the loading portion of a 180" out-of-phase cycle leading to a smaller time-dependent
damage term in the modified modél. However, the cycle-dependent damage term
dominates both linear cumulative-damage model predictions for this cycle, so the original
* and modified predictions differ by very little. The modified model predicted the in-phase,
90° out-of-phase, 180° out-of-phase, and 270" out-of-phase TMF crack growth rates within
a factor of two of the experimental results.
- Two proof tests were conducted to evaluate the validity of the modified linear
cumulative damage model and compare the original and modified modelling concepts. The
temperature is high during the loading portion of the cycle for the 315° and 225" out-of-

phase cycles, resulting in a significant time-dependent damage term for both models.
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However, the sustained load crack growth rate decreases during much of the loading
portion of both cycles, leading to a smaller time dependent term prediction for the modified
model. In both proof tests, the modified model predictions are closer to the experimental
results than the original model predictions.

The modified linear cumulative damage model crack growth rate predictions were
within a factor of two of the experimental results for all AK values for all of the TMF cycles
tested (0°, 90°, 180°, 225", 270", and 315 out-of-phase). Less accurate predictions may
result for more complex thermal-mechanical cycles because the model does not account for
crack closure, overload effects, crack growth retardation, and load/temperature synergism.
The isothermal tests used to develop the model were conducted under constant maximum
load conditions and no attempt was made to model TMF crack growth in the threshold
region.

In-phase load and temperature cycling produced the most rapid TMF crack growth
" in Inconel 718, with the 315°, 270°, 225°, 180", and 90" tests following in order. The 0°
and 90° crack growth rates were separated by over a factor of ten atall AK values tested.
The temperature as the cycle approaches its peak load has a major effect on the crack
growth rate, with high temperatures causing rapid growth. The upper and lower bounds
for TMF crack growth in Inconel 718 appear to be the isothermal fatigue crack growth rates
at the maximum and minimum temperatures of the TMF cycle.

Symmetric triangular waveforms were used for all thermal and mechanical cycling
during TMF testing. Other thermal-mechanical cycle types should be investigated for their
effects upoh TME crack growth and linear cumulative-damage model predictions:

1.  Determinc the effect of hold times at different loads and temperatures.
2. Investigate different loading and unloading frequencies, as well as different
heating and cooling rates.

3.  Investigate different temperature limits.
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4.  Investigate other phase angle differences.
Other possible areas of future research include:

1.  Examine the microstructure of the fracture surfaces of the TMF specimens to
determine the relative roles of trans granular and intergranular fracture for each TMF
cycle type. |

2. Perform a decreasing load TMF crack growth test to obtain threshold ciata.

3. Perform a TMF crack growth test under the thermal-mechanical spectrum of
a typical turbine disk location and compare the linear cumulative damage model
crack growth prediction to the actual test results.

4.  Perform TMF crack growth tests on different materials for which mechanical
fatigue and environmental interaction atc the dominant crack growth mechanisms to
verify the applicability of the linear cumulative damage model developed in this
study. '
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APPENDIX A

HEAT TREATING SCHEDULE AND
ALLOY COMPOSITION
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STEP 1:

- STEP2:

STEP 3:

STEP 4:

Test Specimen Heat Treatment

Anneal at 968°C (1775°F) for 1 hour, then cool to temperature.
Age harden at 718°C (1325°F) for 8 hours, then furnace cool to 621°C (1150°F)

at 56°C/hour (100°F/hour).

Age harden at 621°C (1150°F) for 18 hours total aging time (i.e. STEP 2 +

STEP 3 = 18 hours total).

Air cool to room temperature.
0.04C 51.14 Ni
0.19 Mn 17.96 Cr
0.05 Si 3.12Mo
0.005 S 5.19Cband Ta
0.005 P Balance, Fe
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1.00 Ti

0.52 Al .

0.02 Cu
0.003B
0.43 Co




APPENDIX B

MODIFIED SIGMOIDAL EQUATION PROGRAMS
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THIS PROGRAM USES THE MODIFIED SIGMOIDAL

EQUATION TO MODEL FATIGUE CRACK GROWTH RATE
DATA.

PROGRAM FCG
INTEGER NAME(7),1I
WRITE(S»1)

INPFUT THE MSE PARAMETERS OF THE CURVE FIT.

DKSTAR IS THE DELTA-K VALUE OF THE LOWER
ASYMPTOTE (THRESHOLD STRESS INTENSITY RANGE).

FORMAT(‘ INPUT DKSTAR IN MPAXMXX0,5: ‘»$)
READ(Ss %) DKSTAK
WRITE(S»s2)

FORMAT(’ INPUT LOWER SHAPING COEFFICIENT Q% ‘»$)
READ(Syx)Q
WRITE(S»10)

DKI 1S5 THE DELTA-K VALUE OF THE CURVE INFLECTION
POINT.

FORMAT(’ INPUT DKI IN MPASMEX0.,S5: ‘»$)
READ(S»%x)DKI

WRITE(S»11)

DADNI IS THE CRACK GROWTH PER CYCLE AT THE
CURVE INFLECTION POINT.

FORMAT (" INPUT DADNI IN M/CYCLE: ‘%)
READ(S»x)DADNI
WRITE(S,12)

DADNIP IS THE SLOPE OF THE CURVE AT THE
INFLECTION POINT IN DECADES PER DECADE.

FORMAT(’ INPUT DADNIF (kn UNITS)S “9$)

"READ(S,X)DADNIF

MAKE THE CURVE SYMMETRIC BRY SETTING D
EQUAL TO MINUS Q. ‘

D=-Q

DKCRIT IS THE DELTA-K VALUE OF THE UFPFER
ASYMFTOTE.

DKCRIT=(DKIX%¥2)/DKRSTAR
CONST=ALOG(IUKI/DUKSTAR)
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OO0

OO0 OO0

370

OoO0O000

o000

o000 o000

OO0

330

390

CONST1=ALOG!{DKCRIT/IKI)
B=ALOG(DADNI)-QG%ALOG(CONST)-DXALOG(CONST1)
F=DADNIF-Q/CONST+D/CONST1

" WRITE(S»3)BrPrQsyDsDKSTARIDKCRIT

WRITE(S+4)DKI+DADNI s DADNIP

SUBROUTINE NEWFIL OPENS A PLOT DATA FILE.

CALL NEWFIL (NAME)

START CALCULATIONS JUST ABOVE THE LOWER
THRESHOLD DELTA-K VALUE.

DK=DKSTAR+.00001

IF DELTA-K IS ABOVE 70 PER CENT OF THE
UPPER ASYMPTOTE, STOP CALCULATIONS.

IF(DK.GE. (. 7%XDKCRIT)) GOTO 380

CALCULATE THE CRACK GROWTH RATE PER CYCLE
WITH FUNCTION SIGH.

BADNFT=SIGM(DK» DKSTAR» DKCRIT+DKI+»QsDsPsB)
WRITE(2s%)DK)sDADNF ¢
IF(DK.LT. (DKSTAR+1.))THEN

INCREMENT DELTA-K BY 0.01 IN THE NEAR-
THRESHOLD REGION.

DK=DK+.01

GOTO 370
ENDIF

INCREMENT DELTA-K BY 1.0 ELSEWHERE.
DK=DK+1.
GOT0 370
CONTINUE

CLOSE THE DATA FILE.

- REWIND 2

CLOSE(2)

WRITE THE NAME OF THE PLOT DATA FILE 7O
THE SCREEN.

WRITE(S+»390)NAME .
FORMAT(/s’ YOUR DBATA IS UNDER ‘s7A2)
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OooOoONoOoO

500
600

700

OO0

FORMAT(//2Xy "RFRIME="1F10.4+/2Xs "’ =/+F10.49/2Xy
‘Q=’3F10.4+/2Xs*D="F10.49/2Xs "DELTA Kx="yF10.4s
/2Y%s’ DELTA KCRIT=/,F10.4+//)

FORMAT(//2Xs 'DELTA KI=’»F10.4s/2Xs'DADNI=»
2;3.5:/2X"DADNIPRIHE=’1F10.4v//)

SUBROUTINE NEWFIL OPENS A PLOT DATA FILE.

"SUBROUTINE NEWFIL(NAME)

INTEGER NAME(7)

FORMAT(7A2)

WRITE(S+600) .

FORMAT(’ WHAT SHOULD THE OUTFUT FILE BE CALLED?’)
READ(SsS00)NAKE :

 OFEN(UNIT=2sNAME=NAME, TYPE='NEW’)

WRITE(2,700)
FORMAT(’ DELTA Ks DA/DN CFITTERI')
RETURN

END

FUNCTION SIGM CALCULATES THE CRACK GROWTH PER
CYCLE USING THE MODIFIED SIGMOIDAL EQUATION.,

FUNCTION SIGM(DK»DKSTAR»DKCRITsDKI+@sDsPsB)
REAL DKsDKSTAR»DKCRIT,DKIsQsDsPsB
SIGH=EXP(B)!((ﬁK/DKI)*XP)!((ALOG(DK/BKSTAR))
£x0) % ( (ALOG(DKCRIT/DK) ) xxIN)
RETURN

END

126




oo nMnn

oo n

(3]

OoO0oo00

10

OO0 0

11

vz Xaly

o0 OO0 n

THIS PROGRAM USES THE MODIFIED SIGMOIDAL
EQUATION MODEL TO CREATE A SUSTAINED LOAD
CRACK GROWTH RATE VERSUS STRESS INTENSITY
FACTOR FLOT FILE.

FROGRAM SLCG
INTEGER NAME(7)s1
REAL KIsKSTARsKCRIT
WRITE(S,1)

INFUT THE THRESHOLD STRESS INTENSITY FACTOR,
KSTAR.

FORMAT(’ INPUT KSTAR IN MPAXMXX0.5! ’»$)
READ(S,x)KSTAK ’
WRITE(Ss2)

FORMAT(’ INPUT LOWER SHAPING COEFFICIENT Q! '»$)
READ(S,x) @
WRITE(S:10)

INFUT THE STRESS INTENSITY FACTOR AT THE CURVE
INFLECTION POINTs KI.

FORMAT(’ INPUT KI IN MPAXMXX0,52 '1$)
READ(S»%x)KI

WRITE(S,11)

INFUT THE CRACK GROWTH RATE AT THE CURVE
INFLECTION POINTs DADTI.

FORMAT(’ INFUT DADTI IN M/SEC:! ‘1$)
READ(Ssx)DADTI
WRITE(S,12)

INFUT THE CURVE SLOFE AT THE INFECTION
FOINT IN DECADES PER DECADE:r DANTIF,

FORMAT(’ INPUT DADRTIP (NO UNITS): “1$%)
REAI(S,»x)DADTIF

THIS FROGRAM USES A SYMMETRIC MODIFIED
SIGMDIDAL CURVE. SET D EQUAL TO MINUS
@ TO MAKE THE CURVE SYMMETRIC.

C4LCULATE THE MSE MODEL CONSTANTS.
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KCRIT=(KI%k%2)/KSTAR

CDNST=ALOG(KI/KS;?§;)

CONST1=ALOG(KCRI
B=ALOG(DADTI)-GKALOG(CONST)-D#ALOG(CONSTI)
P=DANTIP-Q/CONST+D/CONST1

WRITE THE MSE MODEL CONSTANTS TO THE SCREEN.

WRITE(S»3)BsP+@syDyKSTARIKCRIT
WRITE(Ss4)KI,»DADTI+DADTIP

NEWFIL CREATES A FILE TO STORE THE
CALCULATED DATA.

CALL NEWFIL (NAME)

START CALCULATIONS JUST ABOVE THE
THRESHOLD STRESS INTENSITY FACTOR.

DK=KSTAR+.00001
CONTINUE

IF THE STRESS INTENSITY FACTOR EXCEDES
A MAXIMUM VALUE OF 100y STOP CALCULATIONS.

IF(DK.GE.100.) GOTO 380

FUNCTION SIGM CALCULATES THE SUSTAINED LOAD
CRACK GROWTH RATE USING THE MODIFIED
SIGMOIDAL EQUATION.
DADTFT=SIGM(DKsKSTARSKCRIT+KI»@sDsFsB)

WRITE THE STRESS INTENSITY FACTOR AND THE
CRACK GROWTH RATE TO A PLOT FILE.

WRITE(2,%)DK»DADTFT
INCREMENT THE STRESS IKRTENSITY FACTOR.
DK=DK+.4
GOTO 1090
CONTINUE
REWIND 2
CLOSE THE DATA FILE.

CLOSE(2)
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WRITE THE NAME OF THE FLOT DATA FILE
TO THE SCREEN.

WRITE(S»390)NANE

FORMAT(/s‘ YOUR DATA IS UNDER ’‘»7A2)
FORMAT(//72Xs BPRIME="9F10.49/2Xs'P="1F10.4+/2X>»
'Q="9F10.41/72Xs’D="9sF10.4¢/2X»’ KX='9F10.4,
/72Xy’ KCRIT=/,F10.4://) -

FORMAT(//2Xy’ KI="3sF10.,4+9/2Xy’DADTI='y
E15.59/72Xs 'DADTIPRIME='sF10.49//)

END

SUBROUTINE NEWFIL OPENS A PLOT DATA FILE,

SUERROUTINE NEWFIL(NAME)

INTEGER NAME(?)

FORMAT (742}

WRITE(S,600)

FORMAT(’ WHAT SHOULD THE OUTPUT FILE BE CALLED?’)
READ(S,S500)NAKE
OPEN(UNIT=2yNAME=NAME,» TYPE="NEW ‘)
WRITE(2,700)

FORMAT(’ K DA/BT CFITTED1)
RETURN

END

FUNCTION SIGM USES THE MCDIFTICZ SIGMOIDAL
EQUATION TD CALCULATE 7#Z TRACK GROWTH RATE
FOR A GIVEN STRESS INTENSITY “2CTOR,» DK.

FUNCTION SIGM(DKsKSTAR,KCRIT»KI»QsDsFsR)
REAL DKsKSTAR,KCRIT+/KIsQsDsFPsB
SIGH=EXP(B)X((DK/KI)XXP)2((ALOG(DIK/KSTAR))
£%XQ) X ((ALOG(KCRIT/DK) )%xD)

RETURN

END
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THIS FROGRAM CALCULATES THE CYCLE-DEFENDENT,
TIME-DEPENDENT, AND MIXED-MODE CRACK GROWTH
DAMAGES IN INCONEL 718 FOR A GIVEN TEMFERATURE
AND LOAD RATIO. ALL CALCULATIONS ARE RASED ON
MODIFIED SIGMOIDAL EQUATION (MSE) FITS OF TEST
DaTA.

FROGRAM MM

INTEGER NAME{7)

REPL KsKIsNSTARIKCRITsRKMAX
WRITEZ(S:-17

INFUT THE TEST TEMPERATURE T AND LOAD RATIO R.

FORMAT(’ THIS PROGRAM FINDS THE MIXED-MODE’.

* COMTRIRUTION TO TOTAL CRACK GROWTH FER CYCLE’/
- FOR ‘4 GIVEN TEST TEMFERATURE AND LOAD RATIO.’»
 INFUT THE TEST TEMPERATURE IN‘/

 DEGREES F: “¢3)

READ(S %5 T

WEITE(S. 23

FORMAT ¢ INPUT THE TEST LOAD RATIO R: ‘%)
READ(Ss$IR '

WRITE(Ss3)

I¥ A LINEAR CUMULATIVE DAMAGE MODEL., THE TOTAL
OBSERVED CRACK GROWTH RATE OF AN ELEVATED
TEMFERATURE FATIGUE CRACK GROWTH TEST CONSISTS
OF THE 5UM OF CYCLE-DEFENDENT, TIME-DEPENDENT,
AND MIXED-MONE DAMAGE TERMS.

FORMAT(’ IMPUT THE MSE CURVE FIT FARAMETERS 0F’»
* THE OESERVEDR TEST DATA. '/
* LUSE THE SI SYSTEM OF UNITS.’/

INFUT DELTA KX 3 ‘%)

DKETRT IS THE THRESHOLD STRESS INTENSITY RANGE
VALUE OF THE TOTAL CRACK GROWTH RATE CURVE.

READCSy 4)DNSTRT
URITE(S,4)
TAEMATO” INFUT DELTA KI: “9$)

BKIT IS THE STRESS INTENSITY RANGE VALUE OF THE

INFLECTION FOINT OF THE TOTAL CRACK GROWTH RATE
CURVE.,

FEADCS ¥ IDKIT
WEITR S50
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FORMATC’ INFUT DADNIC ‘+%)

DADNIT IS THE CRACK GROWTH RATE VALUE OF THE

INFLECTION FOINT OF THE TOTAL CRACK GROWTH RATE
CURVE.

READ(SsX)DADNIT
WRITE(Ss&) '
FORMAT(’ INFUT DADNT PRIME: “»%)

DANIPT IS THE SLOFE OF THE TOTAL CRACK GROWTH
RATE CURVE AT THE INFLECTION POINT.

READC(S s X )DANIPT
WRITE(S»41)

FORMAT(” INFUT THE SHAFING COEFFICIENT Q: "»$)

QT IS THE SHAFING COEFFICIENT OF THE TOTAL
CRACK GROWTH RATE CURVE.

READ(S»%)QAT
WRITE(Ss7)

THE CYCLE-DEPENDENT CRACK GROWTH DAMAGE. TERM

COMES FROM A LOW TEMFERATURE HIGH FREQUENCY

TEST CONDUCTED AT THE SAME LOAD RATIO AS THE
ELEVATED TEMFERATURE TEST. INFUT THE MSE PARAMETERS
OF THE LOW TEMPERATURE TEST CURVE FIT.

FORMAT(” INPUT THE MSE CURVE FIT PARAMETERS OF ',
‘ THE CYCLE REFENDENT TERM TEST DATA.’/
 INPUT DELTA Kx ¢ ':3)

THE MSE FARAMETERS ASSOCIATED WITH THE CYCLE-
DEFENDENT TERM HAVE A *C*' SUFFIX.

READ(S» %) DKSTRC
WRITE(S.42
READ(Sy ¥ LKIC
WRITE(S,S:
FEAD{S % >DADNIC
WURITE(S,6)
FEAD(S» k) DANIFC
URITE(S61)
FEALIT,%YAC
BTN,y i 0"

TiltF. TINE-DEFENDENT DAMAGE TERM IS FOUMD EY INTEGFATING
THE SUSTAINED LOAD CRACK GFRQUWTH RATE AT THE ELCVATCD
TEST TEMFERATUFL OVER THE LOADING FOFTION OF & LOAL
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CYCLE. THE INTEGRATION IS FERFORMED NUMERICALLY USING
CIMFs0H°S RULE, THE NUMEER OF INTEGRATION STEFS IS XNM.

[or Biaw M aw |

10 FORMAT(’ INPUT THE NUMEBER OF TIME INTEGRATION STEPSf/

X ‘ FOR SIMFSONS RULE INTEGRATION: ‘s$)
READ(TyX)XN

CALL NEWFIL (NAME)
NEWFIL OPENS A FILE FOR PLOT DATA.

START CALCULATIONS AT A DELTA-K (DK) SLIGHTLY
LOWER THAN THE ELEVATED TEMFERATURE TEST THRESHOLD.

IK=DKSTRT-4.99

aACGoOO0O0On

DADNT IS THE ELEVATED TEMFERATURE TEST TOTAL CRACK
GROWTH RATE. DADNC IS THE CYCLE-DEFENDENT TERM
CRACK GROWTH RATE. DADN IS A FUNCTION WHICH

USES THE MSE MODEL TO CALCULATE THE CRACK

GROWTH RATE FOR A GIVEN DELTA-K ANDI' SET OF MSE
FARAMETERS.

OO0 N 00

100 BADNT=DAON(DKy DKSTRTyDKIT s DADNIT,DANIFT QT)
IADNC=DADN(DK s DKSTRC,DKIC DADNIC,DANIFC,QC)

c
C IF DELTA K EXCEDES THE EXFERIMENTAL DATA MAX
c VALUE OF SIXTY» STOF CALCULATIONS.
C
IF(IK.GT.80.) THEN
GOTO 200
ENDIF
[
c GaDNTD IS A FUNCTION WHICH CALCULATES THE TIME-
C DEFENDENT DAMAGE RY INTEGRATING THE SUSTAINED
C LOADI CRACK GROWTH QOVER THE LOADING FORTION OF THE
C LOAD CYCLE. IF THE TIME DEFENDENT CRACK GROWTH IS
2 EQU&L TO & FLAG VALUE OF TENs STOF CALCULATIONS
c AND WRITE THE DELTA-K VALUE ON THE SCREEN.
C
IF(DADNTRIDIRK s B To XN)LEQR.10.) THEN
WRITE(Ss9)DK
GOTD 2069
EMDIF
C SUM THE CYCLE-DEFENDENT AND TIME-DEFENDENT
C DAMAGE TERMS,

SUM=DADNCHDADNTI (DK Ry T+ XN)
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FUNCTION DaIN USES THE MSE MODEL TO CALCULATE
CRACK GROWTH IN METERS 