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ABSTRACT

The fatigue behavior of small cracks was investigated in five wrought nickel-base
superalloys currently used for aircraft turbine di<ks. The alloys and tcst temperature were:
Inconel X-750 (25° C), Waspaloy (25° C and 427° C), Inconel 718 (427° C), powder
metallurgy René 95 (25° C) and powder metallurgy IN100 (649° C). Cracks were initiated
at artificial defects and at persistent slip bands. Test frequencies ranged from 20 Hz te 10
cpm. Fatigue crack growth rates were measured over crack lengths ranging from 10 pm to
Imm. Most of the tesing was performed in load control with stress ranges approaching the
cyclic yield strengths of the alloys. Strain controlled tests were performed on IN100 under

elasdc-plastic cycling conditions.

In room temperatuic tests of X-750 and Waspaloy, fatigue cracks are strongly
crystaiiographic and their growth rates are grain size dependent. Smaii cracks grew at
higher rates in large grains than long cracks at the same czlculated nowinal value of AK. In
these two alloys grain boundaries served as obstacles to crack extension resulting in
considerable scatter in AKr; and near threshold crack growth rates. In fine grained
materials such as René 95, the fatigue cruck growth rates of small cracks correlate well with

AK. The data is in agreement with long crack results.

In elevated temperature tests under elastic cyclic loading conditions the fatigue crack
growth rates of small cracks (a 2 100 um) correlate very well with AK. The upper bound
of the da/dN -AK data for small cracks coincides with the data for Jong cracks.

At elevated temperatures in the elastic-plastic regime where the maximum cyclic
stress reaches the macroscopic yicld stress, the fatigue crack growth rates for 100 pm < a <

. v 300 pm are independent of crack lengrh. This st regime needs further investigation.
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1. INTRODUCTION

L ol e
L e TP Se.

Turbine dusks are regarded as the most critical flight safety components of high

-
et

performance jet engines. Presently, turbine disks are designed on the basis of a low-cycle

v
[}

fatiguc (LCF) life limitation critenion which is in accordance with guidelines established by

St
"

P
'E- the Air Force Engine Structural Integrity Program (ENSIP) [1]. This LCF (cycles-to-
e ?\,’ crack-initiation) Cutericn tends to be conservative since it "builds in " a further life margin
.
-ﬁ = associated with crack propagation. Hence, there is considerable econornic incentive to
Y
N extend engine service lives by combining crack initiation and crack propagation criteria in
O
B life prediction methodologies of turbine disks.
W
K
S 5¢ me matenials are subject (o preanature fatigue crack initiation due to handling or
FZ; o machining damage, fretting, and intrinsic defects sach as porosity and inclusions usualiy
>
Ly
P found in powder metallurgy (PM) alloys. Civen initial premature cracking, it is necessary
.
:“_: to employ a defect-tolerant design a2pproach to assure adequate crack propagation lives from
e
N E.: smali initial defects and/or cracks.
h
e
. E To achicve either of the two goals described above, extending lives of LCF
e W
ILV . damaged disks or assuring safe lives for defect-containir g disks, requires the application of
e o
S a fracture mechanics type approach to very short cracks. This entails the determination of
[ . threshold and fatigue crack growth rates for short cracks at elevated temperatures.
o
_{E:: o It has recently been demonstrated that short crack fatigue behavior cannot be
o described accurately by conventional linear elastic fracture mechanics (LEFM).

[ ]
.
sl

% j - Consequently, developing a methodology for dealing with short crack behavior remains a i

) :.. ‘
E.j critcal but missing link in life management and design of gas turbine disks.

AR

b s .
|L,! : The objective of this research was to determine the fatigue crack growth behavior of
ii :i; small cracks in nickel-base superalloys at room temperature and at elevared temperatures.

Y

%_: More specifically, the cojective includes:
k -. "..A
|~ - -

.‘ R l

a

T e e T e R O N T T TR O SR I R BT A S R Y e L A e S LS Ly AL S
A s A e N e I VOV AR TR A ﬁm;-.,umﬁgmﬁiuhﬁf,&'x.ﬁ‘xmAﬁm"ffh‘fﬁ\ﬁfﬁ RIS,



1. The measurement of crack growth rates in the low growth rate regime,

=3

?.:, i 2. The detearznation of the threshold stress range, AGy,;, and/ox the threshold
1 ~

i:i L‘.\ stress intensity factor rangs, AKy, for the nonjropagation of smail tatigue
§ y cracks.

re O

o . o

fr:: W 3. An evaluation of the effect of temperature ang envirompen? ¢a near

n

Ak threshold fatigue growth rates of small cracks.

]
XA

P_l_'
LW
[
S

A determination of the conditions under which a smali fat gue erack will be

=

E: o different from a long fatigue crack.

I o3l

ft . In this investigation, subject cracks wili be referred to as "small cracks” 1o
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2. EXPERIMENTAL PROCEDURES

2.1 Mategals i

The alloys selected for this investigation are five nickel-base superalloys. Four* of
these alloys are currently being used extensively for aircraft turbine disks. They include
conventional cast and wrought alloys and powder metallurgy processed alloys. The alloys

are listed in Table 2.1 with the t2st temperatures.

Table 2.1
Alloy Test Temperature
Inconel X-750 25°C
* Waspaloy 25°Cand 427°C
* Inconcl 718 471°C
* René 95 (PM) 25°C
* IN100 (PM) 649° C

The cherrical composition of these alloys are given in Table 2.2. The heat reatment

conditions and grain sizes are given in Table 2.3. The relevant mechanical properties are

given in Table 2.4,

2.1.1 Inconel X-750

Inconel X-750 is a precipitation-hardened nickel-chromium alloy used for its
corrosion and oxidation resistance and high strength up to0 700° C. Tre heat weated alioy
has useful strength up to 980° C. Typical applications include land-based gas turbire

components, nuclear reactor springs, bellows and form.ing tools.

The Inconel X-750 used in this investigation was suppiied by the International

Nickel Company in the form of a 12.7 mm thick plate in the annezled condition. It was
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given a two-stage heat treatment as described in Table 2.3. The typical microstructure of
the heat-treated alloy is given in Figure 1a. The average grain size is about 130 pn and
uniform in all directions. The two-stage ageing treatment produces a bimodal distribution
of ¥ precipitates, the ordered intermetallic phase Ni3(Al, Ti) which is coherent with the
austenite matrix Y. A coarse Y phase (~0.15 um) and a fine ¥ phase (~ 0.01 pm) are

present. The total volume fraction of ¥ phase is approximately 20% {2, 3].

2.1.2 Waspaloy

Waspaloy is a conventionally processed nickel-base superalloy which is used for
aircratt turbine disks. The general structure of Waspaloy consists of a nickel rich austenite
marrix (Y) and is strengthened by ¥ precipitates. Solid solution strengthening is provided
by Co, Cr, and Mo. The high raelting points of Ni and Co provide the basis for good

mechanical properties at elevated temperatures {4].

This alloy was received as a hot rolled plate and given the heat reatment described in
Table 2.3. The typical microstructure of the heat treated alloy is given in Figure 1b. The
microstruciue is comprised of a duplex grain structure with two different grain sizes. The
large grains have a 200 pm average diameter and the small grains a 7 um average diameter.
The large grains give good creep properties to the detriment of low temperature tensile
strength, The same lot of Waspaloy was used for short crack growth testing at room

temperature and at 427° C as well as testing of conventional long crack specimens.

2.1.3 Inconel 718

Alloy 718 is a precipitation hardened nickel-base superalloy. It is currently being
used as an aircrat gas turbine disk material. The elements which primarily partition to the
austenitc phase, v, are Cr and Mo. The Cr provides oxidation resistance while both Cr and
Mo conimibute to solid solution sirengthening. The Nb, Ti and Al govern the phase

precipitation characieristics while small aditions of C and B arc intended to enhance grain
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boundary strength and ductility. Alioy 718 contains y and ¥ precipitates phases. ¥ is a
metastable, ordered, coherent precipitate phase having an L1, siructure. " is a metastable,

ordered, coherent precipitate phase having a body-centered tetragonal (BCT) crystal
structure with a Niz(Nb, Al, Ti) stoichiometry. The total amount of ¥ and ¥ precipate in

Alloy 718 is approximately 19 volume percent [4].

The material used in this investigation was received in the form of hot rolled bars of
22.2 mm diameter from Huntington Alloys. The material was given the conventional
solution plus 2-step ageing heat treatment as described in Table 2.3. The typical
microstructure of the heat treated Inconel 718 is shown in Figure 2.2. The microstructure
is nonuniform with grain sizes ranging from 5 pm to 560 um. This is an unfortunate

consequence of prior processing which cannot be rectified by heat treatment alone. Note

n T _ .

that the soiution temperature use in heat weaimeai, $55° C, is telow ihe -phase solvous
near 982° C, It is the &-phase that inhibits grain boundary migration and controls grain
size. Further grain refinernent would require additional thermal-mechanical processing.

We opted to proceed with the material as shown in Figure 2.2,

2.1.4 Ren¢ 95 (M)

René 95 is a high strength nickel-based superalloy which is processed by powder
metallurgy ard is currently used for advanced aircraft turbine disks. Powders are produced

by an argon gas atomization process. René 95 is reported to contain the following phases:

Y, MC, MC', M»3Cg and M3B,. The microstructure of as HIP materials are gencrally
quite homogencous with large y particles (~5 pm) frequently observed at grain boundarics.

The matiix contains both small (~0.2 pm) and intermediate (~2 jum) sized y particles [5).

In this investigation, René 95 powders of 140 mesh were used to make the

compact. Before consolidation, the alloy powder was inientionally seeded with Al,O4

particles with an average diameter of 114 pm. The heat treatment employed is described in

[ ¥
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Table 2.3. The typical microstructure of René 95 is shown in Figure 2.3a. The average

grain diameter is about 5 um.

2.1.5 IN1GO (PMD

IN100 is nigh strength nickel based superalloy which is processed by pcwder
metallurgy and is currently used for advanced aircraft turbine disks. Stwengthening is based
on a high volume fraction of y precipitates which aze coherent with the matrix. Solid
solution strengthening elements and carbides play the same role in this alloy as in those
described above [4]. This maierial was supplied by Pratt & Whitney Aircraft. Specimens
were cut from a gatorized disk. The heai treatment employed is described in Table 2.3.
The typical microstructure of IN100 (PM) is shown in Figure 2.3b. The Average grain

diameier is about 3-5 pm.
2.2 Test Specimen Geometry

2.2.1_Room Temperature Tests

The specimen geometry ernployed in the investigation of fatigue behavior of short
cracks in turbine disk alloys at rootn temperature 1s shown in Figure 2.4. This geometry

was selected because it has the following advantages:
1) Flat surfaccs can be easily ground and polished to a mirror finish.
2) Flat surfaces can be replicated over a iarger area.

3) Large flat arcas allow the monitoring of a greater number of propagating short

cracks in each specimen.

4) Calculation of the stress intensity factor range is simplified for a fiat surface.,
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In experiments where the maximum stress was high, the width of the specimen was

reduced from 11.4 mm to 6.4 mm to prevent premature failure in the threads.

2.2.2 Elevated Temperanure Tesis

The two specimen geornetries employed in the investigation of the fatigue behavior
of short cracks in turbine disk alloys at elevated temperature are shown in Figure 2.5 and
Figure 2.6. The specimen is essentially an axisymmetric button head low-cycle fatigue
specimen of 6.35 mm diameter gauge section. It was chosen to be suitable for both elastic
and clastic-plastic loading conditions. These specimens are induction heated and have a
sufficiently long gauge length (I, = 19 mm), of uniform cmss section, for wtal longitudinal
strain control testing. A modified low-cycle fatigue specimen with flats on opposite faces,

Figure 2.6, was adopted when it was found that the curvature of the cylindrical specimen

s
=3
-

the surface crack length

surtace may have conmbuicd o a deflection o

exceeded about 600 pm. This problem will be discussed laser.

2.3 Specimen Preparation

All specirnens used in this investigation were inachined by low stress grinding or
by electro-chemical machining. Afier low stress grinding, there exists a disturbed layer of
about 50 to 100 pn in depth which contains residual stresses [6). This residual stress layer

was resoved to avoid interference with the propagation behavior of small cracks.

Removal of the residual stress layer was accomplished by the following
procedures. Flat segments and round segments of specimen gauge sections were hand
ground with successively finer grades of SiC paper; 240, 320, 400 and 600 grit sizes.
Gauge section surfaces were ground in the longitudinal and transverse (circumferential)
dircctions. Sharp comers were rounded to prevent crack initiation. In the final steps of
hand grinding, 6 pin diamond paste was used. Finally, the reduced section of cach

specimen was clectropolished with a solution of 45% butyl-cellusolve, 45% acctic acid and
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10% perchloric acid, at 40-50 volts for 30 seconds at a temperature of ~ 0 to 5° C,
Appruximately 100 pm of surface layer was removed by the procedure described above.

&

et

When artificially introduced surface defects were used as crack initiation sites, they were

e~
Py

processed at this time.

M o

Thermocouples were spot welded to precise locations below the gauge section to

e /;;

control the temperature using the "set point” technique in elevated temperature tests.

2.4 Initiziion of Short Cracks

P o

Two important and practical considerations dictate the use of artificial means to

4552

initiate fatigue micro-cracks. The first consideration is that, due to the statistical nature of

T a ™
"

P

small cracks, the probability of having a characteristically maximum size defect intersecting

the surface cf the gauge section of a laboratory test specimen is small, The second

consideration is that measuring small crack lengths is experimentaily difficult. However,
this task can be greatly facilitated by knowing the exact location of the cracks.

The desired defect geometry is that which is conducive to crack initiation at the

S
ARSI e

smalicst possible defect size. Such a pseudo-crack should have a sharp defect tip radius

and be criented normal to the principal applied stress. The process employed to produce

defects must not induce significant residual stressses or other large scale microstiuctural %
0

- Sk, .. -.‘.'—g !'; .

damage. In this investigation, small cracks were initiated using three types of artificially

%ﬁ( made defects:

" 1) electro-discharge machined (EDM) surface defects, hemispherical "pits”

I~ ,

, 2) elliptical surface defects created by a pulsed Nd-Y AG laser %

3 |
3) alumina particles intzntionally introduced into powder metallurgy René 95 ¥

oo
l‘;:nf:'

before powder consolidation.
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Fatigue crack initiation sites at persistent slip bands (PSB's) in conventionally
processed alloys and at micro-porosity in powder metallurgy alloys were also used in this

study of small crack behavior.

2.4.1 Crack Initiation from EDM Pits

For many of the crack propagation experiments carried out at room termiperature
short cracks were initiated at electro-discharge machined pits. These surface defects were
made with a conventional EDM using a monel electrode with a conically shaped tip. The
resulting defect is a hemispherical pit. A typical EDM pit can be seen in Figure 2.7a.
There is a shallow casi layer of about 10 pm thickness surrounding the pit. This technique
leaves the surrounding mamix free of residual stress. The advantages of this technique are
that 1t i experimentally expedient and reproducible. There are, however, limitations on

minimum defect size and defect tip radius.

2.4.2 Crack lnitiation from Nd-YAG Laser Generated Defects

The EDM technique, using equipment presently available at MIT, was found to be
limited to a minimum diameier of ~200 um. In the course of testing it was soon realized

that anomalous crack giowth behavior in tmirbine disk alloys could likely occur at crack

. .
PRSPy ST —

sizes less than 100 pm. n fact, cracks were found  initiaie at siies of mucio-porosity of -~
10 pm diameter in powder metallurgy IN100. It was also felt that fatiguc cycles required to

propagate a crack frcm 10 um to 100 pm would constitute a significant contribution to the

fatigue life of a component. Consequently, it became desirable to initiate cracks from

smaller artificially introduced defects.

A pulsed laser was employed to introduce surface defects in fatigue test specimens
to serve as initiation sites for small cracks. The principal advantage of this technique is that

small sizes are obtainable. The laser used was a Quanta Ray, ND-YAG laser operating in

the Q-switched mode with a wavelengih of 532 nm. The incident beam diameter is ~ 3 mm
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with an output energy of around 10-3 Joules/pulse and a pulse duration of 0.2 p sec. The
incident beam is focused by a series of two cylindrical lenses which generates an elliptical
defect in the specimen surface as shown in Figure 2.7b from 100 to 500 pulses are used for
each defect. The depth of each defect is determined by the number of pulses and the
intensity of radiation in the incident beam. Similar defects have also been made using a
spherical lens and wanslating the specimen with respect to the focal point to achieve the
desired surface length. The disadvantage of this technique is the difficulty encountered in
controlling the depth of the defect. This was due to the nonuniform spatial distribution of
intensity in the incident bearn and changes in the beam characteristics between each use of

the laser.

2.4.3 Crack Initiation from AlH)O5 Particies

The René 95 used in this investigation was intentionally seeded with Al,O5 particles

with an average diameter of 114 um. The oxide particles were mixed at 2 ratio of 20,000
particles of Al,O5 per pound of alioy. Fatigue crack initiation generally occurs where an

Al,O4 particle intersects the surface of the specimen gauge section as shown in

Figure 2.8a.
244 Precracking
s sl the———l

In nearly all experiments where artificial defects were used, cracks were initiated by
precracking at R = -1 and a stress range of approximately + 520 MPa. Precracking
required from 20 K to 50 K cycles. Precracking was found to be necessary because:

1) Negative R-ratios promote crack initiation.

2) Itwas necessary to initiate and propagate cracks at least 10-20 pum to grow out

of the local influence of the defect.
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3) It was intended that cracks should assume a stable crack front geometry before

surface crack length measurements would correlate with crack depth.

2.5 Crack Length Measurement by Plasic Replica

The plastic replica technique was used to measure crack lengths in room

temperature and elevated temperature tests. This technique has a resolution of about 1 um
in crack length. in addition, it serves as a valuable record which can later be used to
correlate crack growth rates with crack tip-microstructural interactions. Acetyl cellulose

tape of 125 pm thickness was used as the replicating material and acetone or methyl acetate

as the solvent.
The replicating procedure was as follows:
1) Cyclic loading was stopped at zero load after a preset number of cycles.
2) Induction heating was automatically tumed off in elevated temperature tests.

3) The specimen was loaded in tension to 50-80% of the peak cyclic load. This
static load was decreased as the cracks became longer.

4) The softened side (with a few drops of solvent) of a piece of replicating film
was applied to the specimen surfac= under a light pressure for about 15

seconds.
5) The film was allowed to dry for 10 minutes.

6) The film was peeled off and taped to a glass microscope slide with the replica

facing up.

7) The replica was then viewed under a reflected light microscope at magnifications

ranging from 5Cx to 500x.
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8) Crack lengths were measured using a calibrated eyepiece micrometer.

2.6 Crack Lengih Measyrement by A. C, Potential Drop

Due to the cor.:iderable labor involved in monitoring crack length by replication,
especially at elevated temperature, a program was undertaken to develop an A. C. Potential
Drop system for the continuous and automated measurement of crack length . A resolution
of ~ 2 um in crack length was achieved. Unfortunately, a significant problem was

encountered in the long term stability of the system. Consequently, work proceeded using

the plastic replication technique for measuring crack length.

The A. C. Potential Drop system is described and discussed in Appendix A.

N O
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2.7 Small Crack Growth Testing at Room Temperature

LR B ;
>
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The fatigue tests for small cracks were carried out for Inconel X-750, PM René 95

and Waspaloy on a servo-hydraulic machine under load control at room temperature, in lab

£
2 b air and at a frequency of 20 Hz. The test conditions for small crack growth in Inconel
ﬂ X-750, René 95 (PM) and Waspaloy is shown in Table 2.5. The load ratios selected were
= -1, 0.05, and 0.5. The maximum stresses for different tests varied from 331 MPa (48 Ksi)
IE; 10 758 MPa (110 Ksi). Initial crack lengihs ranged from § jum o 200 pm. To measure
Q crack lengths the tests were interrupted at regular intervals and replicas were taken of both
5 faces of the specimen at 80% of maximum load.
£
wg_. The investigations of the threshold behavior of small cracks were conducted only
W for Inconel X-750.- The threshold stress ranges for small cracks at a given Rratioand a
k< given crack length were determined by increasing stress range by about 3% every 500,000
?;_‘ cycles if the growth rate was < 10-1! m/cycle.
‘ I:-':'- The polished specimen surfaces were etched by Kalling's solution (100 ml HC1 +
S 100 m! ethanol + 5 gm CuCly) or modified Kall 1g's solution (100 ml H,O + 200 m!
by

12
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methanol + 100 ml HCI + 7 gm FeCly + 2 gm CuCly). Etched specimen surfaces were
observed under optical microscapy to reveal the microstructure, the morphology of defec:s,
small crack path and associated slip bands, and the relationship between the microstructures

and the cracks.

The fracture surfaces of small cracks were opened up by breaking the specimens
after making a saw slot along the small crack plane. They were then examined by scanning

electron microscopy (SEM) to reveal fracture surface features.

2.8 Small Crack Growth Testing at Elevated Temperature

Test specimens were prepared in the manner described in previous séctions. Three
defects were introduced at orthogonal positions in the midplane of round gauge section
specimens. Two defects were introduced on opposite faces of round-with-flats gauge
section specimens. Testing was performed on a closed-loop, servo-hydraulic testing
machine. Water cooled grips were alligned on axis to within £ 15 um before every test.

This tolerance is less than the lateral play in the actuator.

Specimens were heated by a 2.5 kilowatt - 400 kilohertz induction heating unit
using an eight-turn, axi-symmetric induction coil. The temperature in the plane of the crack
was maintained at the desired test temperature within t 1 ¢ C. The temperature gredient
along the gauge length was less than 2 5 © C as determined by a system calibration.

The test conditions for small crack growth in Waspaloy, Inconel 718 and IN100
(PM) are shown in Tahle 2.6.

ntrolled T

Load controlled tests were performed at 20 cpm or 10 cpm using a sinusoidal

waveform., Cycling was stopped at zero load and induction heating turned off
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autornatcally at preset cycle intervals. After the specimen cooled to room temperature,
crack lengths were measured by replication. Tests were terminated when the largest
surface crack length was in the 2-3 mm range. Specimens were separated along the crack

plane by continuing to cycle at room temperature and a positive stress ratio,

The principal test variables were maximum stress and R-ratio, (minimum

stress/maximum stress). The stess was calculated as the engineering stress, P/A,

Strain Controlled Tesi

Strain (displacement) controlled tests were performed at 10 cpm using a sawtooth
waveform. Longitudinal displacement was measured on specimen gauge sections to

achieve total strain control. The effective gauge length between extensometer probes was

14.4 mm. Total strain, €1, was measured and controlled to a precision of £ 0.01%.

At the end of each cycle interval; cycling was automatically stopped at zero strain,
hydraulic pressure turned off returning to zero load along an elastic path and the induction
heating turned off. After the specimen cooled to room temperature, the extensometer was
removed and crack lengths were measured by replication. When elastic-plastic cycling
occurred, care was taken to retumn the extensometer and the strain-load value to the
appropriate position on the hysieresis loop. Tests were terminated in the same manner

employed in load controlled tests.

Total strain ranges were chosen to be relevant to notch locations in turbine disks,
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Table 2.4
: F‘ Mechanical Properties
bR
-
E o Material Temp E Gp2a, oUTS Elog.
°O) (GPa) (MPa) (Mfa (%)
Iy ‘.‘ -—
; B8
) Tnconct z5 214 610 1000 30
Lo X-750
k: },r Waspaloy 25 206 903 1324 24
c 538 949 1251 31
Lok
; b Inconel S 204 1131 1340 22
\ 712 427 183 1160 125C 47
& René 95 (PM) 23 214 1240 1650 16.6
' IN100 (PM) 649 179 1100 1380 22
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Table 2.5

Smali Crack Fatigue Tests at Room Temperature

Test Number Material R-ratio Omnas (MPa)  Number of Cracks
JF1 X-750 -1 424 4
IrF2 X780 -1 350 2
33 X-750 -1 231 6
T4 X-750 0.05 515 1
IS XI55 0.07 456 6
JF6 X-750 varied 483 3
JF7 Waspaloy -1 483 10
JF8 Waspaloy -1 758 10
JF9 Waspaloy 0 758 10
JFI0 Waspaloy -1 621 7
JE1L Waspaloy -1 345 6
JE12 Waspatoy -1 758 3
JE13 Waspaloy Q 483 4
JF14 Kené @3 (FM) -1 483 2
JI1s Ren€ 95 (PM) -1 758 13
IF16 René 95 (PM) 0 758 4
JF17 René 95 (PM) C.5 7538 3

18
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Table 2.6
. g Small Crack Fatigue Tests at Elevated Teanperature
( Test Number Material  Temp(°C)  Reratio Gy (MPa)  Number of Cracks
© ,
| GR1 Waspaloy 427 -1 483 2
GR2 Waspaloy 427 -1 758 3
. GR3 Waspaloy 427 ¢ 758 1
tf; GR4  Waspaloy 427 1 621 3
GRS Waspaloy 427 0.3 758 2
, GR6 Waspaloy 427 0.5 896 3
E-, GRO Waspaloy 427 0.05 621 2
1
GR7 Inconel 718 427 -1 758 2
i [, GRA Inconel 718 427 0.05 758 2
%;‘ GR9 Inconel 718 427 -1 621 2
, GR16  IN 100 (PM) 649 0.1 785 2
i
€ - conwol €min. €max.
» _
. GRi4  IN 100 (PM) 649 -0.55% 0.55% 2
Ec GR17  IN 100 (PM) 649 0 0.80% 2

1?
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Typical microstructares for: a) Inconel X-750 and b) Waspaloy used in
this wivestigaton.
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Typical microstructure for inconel 718 used in this investigation.
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a) A typical EDM defect and fatigue crack showi here in the surface of
Inconel X-750.

b) A typical laser defect and fadgue crack shown here 1n the surface of
Waspaloy.
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| Figure 2.8 a) Fatigue crack initiation at an Al,O3 particle in powder metallurgy René

95.
" b) Fatigue crack initiatiou at PSB's in Waspaloy tested at room
i‘-ﬂ\ temperature.
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3. RATA ANALXSIS

The raw data taken from each fatigue experiment was surface crack length, 2¢, and

,
b2

cycle number, N. The desired presentation of the data is crack depth, a, versus N and

crack growthi rate, d3/dN, versus stress intensity factor range, AK. This requires a

determination of crack size and shape.

LE&_‘

Elevated temperature fat.zue experiments were terminated when one or more cracks

Yy

nad achieved a surface crack length of approximately 2 mm. At room temperature, fatigue

loading was continued at a positive stress ratio, but reduced stress amplitude, until

ol

specimen separation occurred. The shape of the subject cracks at the termination of higa

temperature testing was then evident on the fracture surface as a resuit of heat tinting.

e

Figure 3.1 shows several fracture surfaces with crack front profiles readily distinguished

E‘ by the presence of oxidarion.
%‘; Cracks of different sizes are present in the same specimen due to the variability in

) the number of cycles required for initiation from the artificial defects. In some cases, one
E or more cracks may have arrested. Careful measurements of surface crack length and crack
5 dépth were made from these and other photographs. These values are shown graphically in
& Figure 3.2 where ¢/a is plotted againgst ¢ for a number of tests under different conditions.
L‘{ A c/aratio of ~1 is the predominant value over the full range of crack sizes considered and
& for the vanety of testing conditions employed. Any variation from ¢/a = 1 cannot be
E‘; systematically related to testing conditions. Hence, all subsequent data reduction will be

performed by first taking the crack depth, a, to be equal to half the surface length ¢. The

L %
T

c/a ratio was taken to be equal to one for room temperature experiments as well.

b |
A

Each fatigue experiment yielded from 7 to ~ 30 data points. These N;, a;, pairs

-
&S

were tabulated and first plotted as a; vs. N;. The data was edited for potential measurement

g,; . r.: 1

2
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ﬁ errors. If a data point appeared to fall erroneously out of place, the replica was measured
again.

&

t Values of a were compared to artificial defect size and shape on the fracture surface.

. Data pairs were considered to be valid only after the crack assumed a semicircular shape

o

encompassing the defect. For this reason some of the first N;, a; pairs may have been

rejected.

X 3.1 Computation of Crack Growth Rates
%
= The determination of da/dN from a versus N was accomplished using two well
o

established data processing techniques; the secant method and the incremental polynomial
{ technique.
% In somc a versus N curves, it was obvicus that considerable variability existed in

crack growth rate. This was usually attributed to the interaction of short cracks with
o
_.’?} variable resistance in the microstructure. The secant or point-to-point technique was
. frequently employed when depicting this variabilty. The secant method is simply a
b calculation of the slope of a straight line which connects two adjacent data peints on the a
v versus N curve. The crack growth rate may be calculate as:
l\ -
iy
= da Bje1 - 3

—_—= ——— 3.1

AN dN Ni+l b I\I
&
.. The stress intensity factor range associated with this crack growth rate was calculated using
b i
e the average crack length where ap, = ( a;,1 + 8;)/2. The principal disadvantage of the secant
6:;: method is that the variability calculated for da/dN often includes a significant component
‘ which can be attributed to error in the measurement of crack length.
,-
{-
-
(28
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The bulk of the crack growth rate data was processed using the 7 point-incremental
polynomial technique. This technique "smooths out” the crack growth rate curve and
minimizes the influence of measurement errox on az/dN by fitting the a versus N curve
locally in inctements. This technique involves fitting a parabola to successive 7-point
subsets of the data using a "least squares” procedu:e. To determine da/dN at poinr i, the
equation of a parabola wus determined for data points Nj 3, &j3 through Nj,3, a;,3. The
slope at point i is simply the first derivative of the equation of the parabola. In view of the
limited number of data points for each experiment, the slope at the first and last three points
was determined using the first and last fitted parabolas {7].

3.2 Stress Intensity Factor Calculations

The essence of the short crack problem in fatigue is the inability of the stress
intensity factor, K, based on linear elastic fracture mechanics, to consolidate crack growth
rate data at very small crack sizes in some matenials. The anomalous behavior of short
cracks is generally characterized in terms of da/dN versus AK. The breakdown of LEFM
for short cracks is attributed to a lack of similitude between short and long cracks. In some

cases, the apparent deviation from long crack behavior may be attributed to an inappropriate

determination of the effective saress intensity factor range, AKeg. This may be due to an

inaccurate chara
maccurale char

incorrect assessment of the stress intensity factor.

The stress intensity factor solution employed in this investigation was that for a

semi-elliptical surface crack.

Irwin | 8] developed an expression for the mode I stress intensity factor arcund an
ellipdcal crack embedded in an infinite elastic solid subjected o uniform tension. The most

general formulation is given by




o ek

EE

K =0 Vna [sin2¢ + (a2/c2) cos2]IA

— (3.2)
o
where ¢ is an elliptical integral of the second kind and is given by
r/2
o= [1- (2-42) sin24}12do
° (3.3)

c2

The symbols a, ¢ and ¢ are defined in Figure 3.3a. As discussed in a previous section, the
¢/a ratio was found to be approxirately one and constant over the full range of crack sizes

considered. By substituting ¢ = a, the above expression for stress intensity simplifies to

K= 2 oVra=0537 oVna
. 3.4)
R

This expressior: was first developed by Sneddon [9] and is valid for all values of ¢ when
c = a, that is {or a circular internal crack of radius a (penny-shaped crack) embedded in an

infinite solid.

The stress intensity factor for surface cracks in finite elastic bodies (laboratory
speciriens) may be expressed in terms of a boundary correction facior modification to the
stress intensity factor for cracks in infinite bodies. Tiie most general formulation is given

by

K =0 Vra [sin2 ¢ + @%/c2) cos2 ¢]V4 F (aft, a/c, c/W, ¢)
— (3.5)

¢

The boundary correction terms are defined in Figure 3.3b.
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Newman {10] has reviewed a significant number of boundar - correction factors for
surface cracks. For the case of the semicircular surface crack (a/c = !) and a/t < (.2, the
maximum value of F occurs at or near the intersection of the crack with the specimen

surface (¢ = 0) where F = 1.15. Hence, the maximum value of the mode I stress intensity

factor for small semicircular surface cracks may be approximated by

K =(1.15) 20 Yrna=0.73 6 Vna.
—_ (3.6)
"

This expression was used for all data analysis in this investigation,

The specimen geometry employed in room temperature tests, shown in Figure 2.4,
was of rectanguiar cross section similar 1o Figure 3.30. A boundary comrection factor of
1.15 is the appropriate estimate for this geometry and the range of a/t covered in all tests.

Usually a/t was less than 0.2.

The specimen geometry employed in raany elevated temperature tests, shown in

Figure 2.5, has a cylindrical gauge section. Nisitani and Chen [11) have calculated stress

vlindernnl ande bar onnn Aifitm oy shn

& U" ILWLJ AB wn,
solution for elliptical surface cracks in finite plates, Eq. 3.6. They have calculated this
correction factor to be equal one when c/a = 1 and a/r is less than 0.2 which was the case in

the elevated temperature tesi specimens,

Raju and Newman [12] calculated stress inteasity factors for semi-¢lliptical flaws in
cylindrical rods using a three dimensional finite element method. The results were
presented in terms of K/o YraQ versus ¢. When c/a =1, Q = (r/2)? and 2/ £0.2,
therefore, K/ WQ‘ = 1.15 which 1s the boundary comrection factor for the cylindrical

specimen.
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The stress intensity facior range was calculated using only the positive portion of

the loading cycle. These tests were not instrurnented for the measurement of crack

onening/closure stresses, therefore, the stress range, Adg, was taken as O, when

Onin S 0 and as (Opax - Omin) When o, > 0. Cracks grew nominally perpendicular to
the applied stress. Crack lengths were taken as their projected lengths. Hence, for the
specimen and crack geometries considered in this investigation, the nominal stress intensity

factor range was calculated according to

AK =0.73 Ag Vra 3.7

It is important not to understimate AK for small cracks because it could yield crack growth

rates that are apparently higher than the true values when compared at a giver oK.
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Crack front profiles as cvidenced by the presence of oxidation on the
fracture surfaces of Waspaloy spectiens tested at 427° C.
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4.1. Fatigue Beha.*or of Stall Cracks at Room Temperature

4.1.1 [pcone]l X-730

The variation of threshold stress rarige with semicrack length for Inconel X-750 at

R=0.05 is shown in Figure 4.1, in which a, is the intrinsic crack length and ¢y is the

fatigue limit. The corresponding plot of threshold K vs. semicrack length is shown in

==

Figure 4.2. It is found that when the crack is long the data points approach the line
representing the long crack threshold values. At small crack lengths these data points

|

deviate from the long crack line at some critical poin:, with the threshold siress approaching

the fatigue limit of the alloy and with the threshold stress intensity factor appoaching zero.

A

This threshold behavior of small cracks has been odserved by other investigators [13, 14].

<l

The breakdown of LEFM for small surface cracks gives one explanation for the
unusual small crack threshold behavior. The lower plastic constraint for a small crack near

the free surface provides a condition of extensive plastic flow. This factor combined with

e =F

a high applied stress (near yield stress) for small cracks results in a high ratio of r, / a.

The stress and smrain fieids at the crack tip thus can best be described by EPFM  due to the

(g’ ¥

rather large plastic zone at the crack tip. As an alternative approach, an effective crack

length which contains part of the plastic zone was proposed to substitute for the actual

= a

crack length in the calcuiation of K in order to get a better description of the stress field at a

o

bz

- .

small crack tip. The effective crack length contains an extra term in addition 1o the actual

crack length, The extra tenn is called "intrinsic crack length (a,)", which is directly related

3

10 the plastic zone size. When the crack is very long, the effective crack length is almost

WAL T RV BT TR TSSO
o

-
T

the same as the actual crack length, then the crack behavior follows LEFM. But when the

crack length approaches zero, the effective crack length approaches the intrinsic length a,,

then the small crack behavior appears as shown in Figures 4.1 and 4.2.

W O
e

iﬁl

-~

37

T

D R N T R R N Y P S VN Ve e YT NPy T gye P gy gepgyrgup ey yy ey e g r T I I g T YR v TS 9




iz

Grain boundaries play a critical role in the threshold behavior of small cracks since

Pr ~ 2

grain boundaries give large constraint to the plastic flow at the tip of 2 small crack. The

grain size¢ provides a limit to the plastic zone size at the crack tip and thus a limit io the

Ty
LA

intrinsic crack length a,. It then can be inferred that the smaller the grain size, the smaller
the intrinsic cvack length and the less is the extent of small crack behavior. This inference

has been comfirmed by experimental observations [15, 16].

TR AT AT T A T AN Y T TR T -
LS

Another important factor which affects the threshold behavior of small cracks is the:

il
3
A

E ¢ crack closure effect. As described in [17-23) small cracks have less closure than long

: ,:: cracks. This fact results in the much higher effective AK for small cracks than for long

| [

& "~ cracks, which decreases the nominal threshold AK of small cracks (Figure 4.2).

:3 L

b

: b Figure 4.3 shows the variation of maximum and minimurmn values of threshold

E L‘-P’ sifcss iﬁt{;ﬁsit‘j faCth Gl S:“u'ﬂ} mcl c “nﬂ! thn ! ‘ !'a!ig R __n NCONS I X 7%0 w‘th (‘fack'i
: having almost the same length (<110 pm). The data can also be plotted as AKy, vs R,

,g ke shown in Figure 4.4 where AK, is only the positive part when R <0,

:5

i 5 It is found that the maximur value of the threshold stress intensity factor Ky,

:L-'.‘ increases with increasing R (Figure 4.3).  AKj;, is the highest at R =0 and the iowest at

EE

R = 0.5 (Figure 4.4). The relation shown in Figure 4.4 was cxpressed by Klesnil and
Lukas' equation if AKy;, is now taken as the whole STF range {24].

=

b AKy, (MPa Ym) = 7.236 (1-R)Y 4.1)
Y
F: E: or in other forras: (
R K
AKy/7.236 = (1 - R)Y (4.2)
8 o
ML K /1.236 = (1 - R)Y! 4.3)
»
R where ¥ =0956 R20

E iy
jEaEy

y=0514 R<O

e YT T
.2 : ;3: T,
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Equation (4.1) can also be transformed into Walker's equation [25]:

AKy = Ky (1-R)P (4.4)
where p = 0.044 R20
p =0.486 R<0

Crack closute plays a critical role in the effect of R on the threshold value of smali
cracks. Elber [22] proposed the foliowing equation to show the variation of closure
parameter U with R in aluminum alloy:

U=05+04R 4.5)
where U = AK ¢/ AK

Simiiar relaious were also found by

Equation 4.5 implies that closure decreases with increasing R. Although Equation

4.5 is for plastic-induced closure, there is the same tendency for variation of U with R for

roughness-induced closure [28]. If a constant effective AKy;, is assumed through all R
r2tos, it is not surprising that when R increases, the nominal AKy, will decrease due to the
decrease of crack closure, as shown in Figure 4.4, A further examination of the R effect
reveals some discrepancies between the R effect and its closure explanation, For instance,
when R is high enough (say R = 0.3) the closure effect almost disappears, AKyy, is
supposed to be constant (equal to efective AKyp) as R continues to increase according to the
ciosure model, but the threshold vaiues of AK have been found still to decrease with
increasing R ratio [29]. The other possible reason for R ratio efect may be the mode 11
component and compression. For a small fatigue crack with a zig-zag path, as a tension

load is applied to the specimen, both mode 1 and mode I mechanisms operate. As a

compressive load is applied to the specimen only mode IT contributes to the driving force
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for the crack growth. The compression and mode II effect were not taken into account in

closure explanations [21].

The crack growth rates computed from "a vs N" curves by polynomial regression
were plotted as a function of the stress intensity factor range AK for R =-1,0.05, 0.5
respectively in Figures 4.5 - 4.7, where AK was calculated by Eq. 3.7. The effect of
EDM pits on initial K values was accounted for with Bowie's correction [30, 31]. All the

crack growth data for different R ratio ( -1, 0.05, 0.5 ) are then plotted together as a

function of AK in Figure 4.8 in order to compare the effect of different Joad ratios on crack
growth rates. The long crack data of R =0.5 and R = -1 are calculated by Walker's
equation (4.4) based on long crack data for R = 0.05 after reference [32].

It is found that the growth rates of small cracks are much higher than those -
predicted for long cracks at the same AKX for all three different R ratios (Figures 4.5 - 4.7).
The transition points from typical small crack region to long crack behavior are around a
length of 4004m to 600um in Inconel X-750. This length is about 3-5 times the grain
size, Itis also very interesting to note that some very small cracks with a length less than

the grain size had higher growth rates than longer small cracks (Figure 4.5).

The higher growth rates come from the EPFM naiure of small cracks due to the
high ratio of rp/a. From the point of view of modified LEFM, a high ratio of r,/a provides

a larger effective driving force AK, = Y AoVr (a+1pf2). Aliernatively, according to

EPFM, the high ratio r/a results in a larger crack tip opening displacement (CTOD) (see
Dugdale model). For a growing small crack, when its plastic zone size is smaller than the

grain size, it behaves like in a single crystal with less plastic contraint and thus a high ratio

ry/a. After its plastic zone size exceeds the grain size, more plastic constraint leads to a

lower ratio rP/& The transition plastic zone size (rp= d) corresponds to a semicrack length

of 4-5 times the grain size [33, 34, 35, 36).
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From the above discussion it is clear that the AK values based on LEFM can not be

taken as a general pararneter to rationalize all small crack data. A new parameter based on
EPFM should be proposed to better characterize the crack drivirg force for small cracks.

Figure 4.8 shows the inability of AK to raticnalize the K ratio effect for both small

cracks and long cracks. To solve this problem, the effective stress intensity factor range,

AKefr = Kpnax -Kop: has been used instead of AK in the plots of da/dN vs SIF  The use

of AKg works in general, but it fails to correlate the data at negative R ratios.  This
suggests that other factors such as the mode Il component or other criteria must be looked

at.

4.12 Waspaloy |

A comparison of fatiguc behavior for different stresses at K = -1 and for different K

ratios at O, = 758 MPa are shown in Figures 4.9 and 4.10. This data is similar to the

data of Rene' 95. -

Figures 4.11 - 4.13 show the crack growth rates versus the stress intensity factor
range for different R ratios and different stress levels. It is found that the test data of small
cracks initiated in fine grains fali within the scaiier bands of i long fatig
However, it is also observed that some very small cracks, initiated naturally from PSRBs
inside large grains, had much higher growth rates than the other small cracks (Figure
4.13). The different behavior of small cracks in large and small grains of Waspaloy
provides more evidence of the critical role of grain size in the fatigue behavior of smal)

cracks.

High applied tensile stress levels and a compressive stress are two important factors

which promoie the formation of PSBs and the initiation of microcracks in PSBs. The

interaction between these PSB cracks and the main crack resuls in the fluctuation of crack
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growth rates and sometimes lcads to the higher growth rates of small cracks, see the scatter
in data of small cracks at R = -1 and Gy, =758 MPa in Figure 4.11.

Figure 4.14 summarizes the test data for different R ratios and stress levels.

4.1.3 Rene' 95 (PM)

A comparison of the fatigue behavior for different R ratios at 6, =758 MPa, as
well as for different stress levels at R = -1 is shown in Figures 4.15 and 4.16,
respectively. At the same maximum applied stress, the fatigue life was found to be the
longest at R = 0.5 and the shortest at R = -1. This fact is due to the small AK atR =0.5,

a mode IT effect and less closure effect at R =-1. The higher o,,,, results in a higher

driving force for crack growth and thus a shorter fatigue life can be seen in Figure 4.16.

The crack growth rates, da/dN, versus AK are shown in Figures 4.17 to 4.21 for
three different R ratios and two different Oy, respectively. The test data for two
different stress levels at R = -1 are found to fall in same region in the plot of da/dN vs AK
(Figure 4.19). The small crack data points fail around the long crack trend at R =0
(Figure 4.20). Inthe case of R = -1 and R = 0.5, the small crack data are distributed

mean slope of 3, which ig also the slope of long crack line
(Figures 4.17,4.18 and 4.21). It appears that the small cracks in René 95 obey the
LEFM law of the long cracks. Only a few data points fall above the scatter bands (Figures
4,17 and 4.21), this is probably due to an underestimation of the stress conceatration

around inclusions and the role of the debonded interfaces [37].

By comparing the results of René 95 to those of Inconel X-750, the grain size is
found to be a critical factor in the small crack behavior. The small cracks in Inconel X-750
with large grains have obvious small crack behavior (higher growth rates than long cracks
at the same nominal driving force), but small cracks in fine grain PM René 95 behave like

long cracks. This fact can be understood from the discussion given in the last section.
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ﬁ When the grain size is very small such as in PM René 95, the free surface effect (less
plastic constraint) almostly disappears since the plastic zone size and crack length are all far -

’;:’ greater than the grain size, no difference exists beween smail cracks and long cracks. On R
the other hand, the closure effect {mostly the roughness induced closure effect) happens

% very early for small cracks in fine grains because the dimension of curface roughness is

E’S directly related to the grain size. So the closure effect and thus the effective driving force

' between small cracks and long cracks in very fine grains are almost same.

l:’:.

;‘.“ Figure 4.22 shows a summary of all test data points for R = -1,0,0.5. It scems

3;-:. that the R effect for PM René 95 is not as strong as for Inconel X-750. It is probab.y due

B to the small grain size leading to less closure ard less mode IL

W 4.1.4 Fractography. Room Temperature Tests

by

] Inconel X-750

Metallographic exarnination revealed that at low applied stress ranges, small cracks

o)

initiated from or around EDM pits and then propagated approximately perpendicular to the

e,

applied stress following a zig-zag path. Initiation sites at inclusions and propagation zlong

twin boundaries were also observed. At high stress ranges, initiation of small cracks also

o
~
occured along persistant slip bands which developed around the EDM pits. These :
microcracks then linked together to form a main crack.
The preferred initiation of small cracks at EDM pits or inclusions at low stress
ranges is obviously due to the strong stress concentration. At stresses approaching the
&y :
" surface flow stress of the alloy, extensive plastic deformation occurs at the specimen free

surface, especially around EDM pits, resulting in PSBs in the grains of favorable

orientation. These PSBs promote the initiation of small cracks.
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The specimen with a small crack initiated from an EDM pit (Figure 4.23) was
broken open to show the corresponding fracture surface (Figure 4.24). The examination of

the fracture surface shows crystallographic growth features in the small crack region
(Figure 4.25).

The crystallographic growth is one of the importan: factors which affects the
growth rate of small cracks. As pointed by Schijve [15], the elastic restrasnt surrounding a
small crack in a free surface is very different from that experienced at the tip of a long crack
inside the material. For a small surface crack with size of the order of the grain size, the
low plastic constraint on the free surface results in only a few active slip systems. The
cyclic plastic slip along the slip system of the highest critical resolved shear stress produces
a mode 1I + mode I slip band crack, which has strong crystallographic growth features.

Y SR RPN o mmamer awiinn mandatarininoe oiich clin hand Aracking in a
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B
<
v

Foi a long crac
single direction in each grain is difficult. This results in an increased restraint on cyclic
plasticity which activates more slip sys*cms leading to crack advance by altemating or

simultaneous shear on many different slip systems.

Whzn the crack is long the crack mouth was found to remain open even at zero
,d

uve to a "crack closure effect." which is induced by fracture surface

applied stress
roughness. When the crack is small this closure effect decrcases and even disappears when

the crack length is less than some critical length,

A lower closure stress for small cracks than for long cracks is one of the most
important factors which leads to the faster growth rate of smali cracks than for long cracks

at the same nominal AK,

The zigzag propagation paths of the smali cracks were quantified by measuring the
angle distribution spectrum. The frequency of occurence for angle 6, F(8), was computed

using
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R

F(e) = 1/[-10( [Z“i =0 Li (6)] (46)

=X

where L, (8) is the length of a segment of crack which is at 8 degree with respect

e

to the plane perpendicular to the applied stress.

B}

Lo is the total crack length and given by

-~ -

2N Lot =ZMg =0 X% =0 Li(®) 4.7)

by

iy Figure 4.26 shows the angle distribution of a typical zig-zag small fatigue crack at

i~ low applied stress whithin a total length of about 900 pm. It was found that the maximum
= distribution, i.e. the most probable deviation angle, takes place for 400 < O < 559,

S

A Near the threshold for small cracks and even for some long cracks, if the extent of
local plasticity is small cnough to be contained within a single grain, the cracks wiil

1~

propagate by a single shear rechanism with the orientation of the slip band crack changing

at each grain boundary, thus leading to a faceted or zig-zag crack path. The occurrence of

E.

==

this shear mode of crack extension, together with the development of a faceted fracture

surface,will result in the roughness induced closure effect.

i

& René 95 (PM).
N The fatigue cracks were initiated from debonded inclusions (Figure 2.8a). No slip

band cracks were observed. The preferred initiation at inclusions can be understood by the
dislocation model proposed by Tanaka and Mura [38]. This model described localized

decohesion around inclusions. These localized deconesions clustered o cause complete

debondiag. The debonded particles and the corresponding surface intrusions/ex trusions

a:; constitute strong stress concentration centers which favor microcracks initiation.

R Figures 4.27a and 4.27b show that the zigzag small crack initiated from a debonded
Rt

inclusion still remained open ai the crack tip and at the crack root under zero applied stress.




v

e R RS Il X
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The shear mechanism of mode II deformation can be clearly observed. This mode II
deformation combined with the fracture surface roughness results in the "roughness

induced crack closure effect”.

Figure 4.28 shows that fracture surface of a small crack after intentionally breaking
the specimen open. The fracture path is predominately transgranular.

Waspaloy

Figure 4.29 shows a small crack initiated fromn an EDM pit. Figure 2.8b shows
clearly that small cracks also initiate from persistant slip bands. Most small cracks initiated
from slip bands stop growing before or at grain boundaries. The grain boundaries offer an
obstacle to the growth of small cracks.

Extensive plastic deformation associated with crack propagation was found at the
crack tip as well as around the crack wake (Figure 4.30). The crack propagation along slip
bands can also be observed.
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';*-: Figure 423 Scanning Electron Micrographs of small cracks initiated from an EDM pit in v

o Inconel X-750, tested at 25C :
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Figure 4.24  Scanning Elecron Micrographs of the fracture surface of the small crack in :
o~ Figure 4.23. e
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Figure 4.25

Scanning Electron Micrographs of the fracture surface in Inconel X-750

tested at 25° C.
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Figure 4.28  Scunning Elecwon Micrographs of the fracture surface of 2 sraldl crack m
Renc 95 (PM) testea 1t 25° C.
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o) 4.2 Eatigue Behavior of Small Cracks. at Elevated Temperature

s
.8

;: . Fatigue crack growth rates of small cracks were measured at clevated temperature in
L
B Waspaloy, Inccnel 716, and IN100 (PM). A surnmary of testing conditions 1s given in

Table 2.6. Data reductions tcgan with a surface crack length (2¢) of approximately
200 pis. Baser. on the determinaticn that ¢/a = 1 was a valid approxirpation, data was
reported and evaluaied in ierms of crack depth, a. Data is presented here as crack depth

versus cycle number and crack growth raie versus stress intens %y factor range. Crack

R e
r-" X

dbied
o

owth rates were detenuined using the seven point incremental nelynomial method unless
& g 0o

L
)

L otherwise specified.
(] ':{'

q
S Trends in long crack data were tal-en from the literature. Caze was taken to
. C;,

.o

consider equivalent materials and testing conditions. Difierences in the fatigue behavior of

reo stnall cracks (a > 100 11m} and long crack trends did no: justify generating long crack data.
;s 4.2.1 Waspaloy, 4271°C
S

‘I'he fatigue behavior of small cracks in Waspaloy was investigated at 427° C

L

(800" £). Al tests were perfornied under load control on specimens with round gauge

secuon. (Figare 2.5). The principal test variables were maximurn stress and R-ratio.

e
L

[}

The eect of the maximum strees on small crack growth sates is shown in
Fipure 4.31 ilrough Figure 4,36, Values of the maximum stress employed were 504 MPa

(73 Ksi), 621 MPa (90 Ksi} and 754 MPa (109 Ksi). Crack depth versus cycle number is

=]
S

presented first for each test, then da/dN versus AK. The stress ratio was constant at

P =-1. Crack growth rates versus AK curves are consolidated in Figure 4.37 for these

T o RN & PTFIE
&= =g

three tes.

-
%

G- The vislue of maximum stress under fully reversed, R = -1, clastic cycling vas

i‘ shown 10 have no effecs on the upper bound crack growth rates of simall cracks as shown

!l- ney
! [‘
-

N
‘ 79
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3
E@ Figure 4.37. This upper bound trend is precisely coincident with long crack resuits taken
| from the work of Larsen et al [39]. Maximum stresses employed in testing are

{,“S approximately 50%, 60% and 75% of the 0.2% yield strength. This is a particularly
_ interesting outcome when one considers that the stress intensity factor defines the near-
crack-tp elastic stress field. In these experiments, the far field siress is greater than 50% of
ES,J the magnitude of stresses in the crack tip field.

The only apparent anomalous behavior observed in da/dN versus AK curves is
E crack growth rates which fall notably below the long crack trend. Comnsider, for exarnple,
% crack-B in Figure 4.32 for which da/dIN first decreases and then increases below the long

( crack trend. By examining the a versus N curve for crack B in Figurz 4.31, this bohavior

represents only a slight perturbation in crack extension and is atutbutable to the non-

HES

utifc rm nature of the Waspaloy microstructure.

b5l

The effect of R-r~tio on small crack growth rates is shown in Figure 4.35 through
n
E.; Figure 4.43. Values of stress ratio employed were: B =-1, 2 =0,R=03and Kk =0.5.

The maximun; stress was 758 MPa (110 Ksi) i ali tests except the R = 0.5 test where the

1 4

maximum stress was necessaiily increased 1o 903 MPa (130 Ksi). Crack grow:h rates

versus AK curves were cousolidated in Figure 4.44 for these four tesis with the expected

T

1esults.

P

N
v For positive K-ratios, the ordering of crack grow . rates from high to low

i cogresponded to R values 0f 0.5, 0.3, and 0, respectively. This R-ratio ¢ffect is generally !

L%

cxplained in terns of crack closure. The true crack driving force is then

OK st = Kpan - Kopr whete Ky 15 the stress intensity fuctor at vshich the crack flanks arc

T

fully open. In this program, the nomina! value of AK = K. - K. (for K 2 0) was

=3

used in presenting data sinee Ko, was not measured direetly. For high h-ratios, the

nowinal vedue of AK is spproximately cyqual to AK g since crack flanks would be open at

FhT
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all values of load in the cycle. At low R-ratios, the nominal value of AK is greater than
AKft, therefore, crack growth rates for K = 0 are shifted to the right.

The R = -1 results fall closer to the R = 0.5 results than they do to the R = 0 results

which have the equivalent nominal vaule of AK for any crack length. The maximum stress

;

was 758 MPa in both tests. The higher crack growth rates in the R = -1 tests can be

attributed to a greater amount of crack tip strain reversal which promotes crack extension.

CeSAet

The same ordering of crack growth raies as a function of R-ratio was found in the Inconel

5
o X-750 results.
5 % '
|‘ o The effect of temperature (427 C vs. 25C) on the crack growth rates of small cracks
2 0 can be seen in Figures 4.45 and 4.46 for R = -1 and R = 0, respectively. In both cases,
b crack growth rates were higher in the elevated temperature tests. This could be a result of a
] deicterecus environmental interaction or a decrease in the closure siress experienced at

% - WA WAL A

427C. The 427C tests exhibited less crystallographic faceting on fracture surfaces as

-
I'ﬁ
v
L_ -
s
)

.
2 h
r
H.
b
L
3¢

3

determined by siereoscopic observations. This would result in jess roughness induced

closure and, therefore, higher crack growth rates.

Crack growth at lJower values of AK at R = 0 in roorr temperature tests is a result of

e |
SEES a "short crack effect” in the room temperature tests. Crack lengthe were < 100 pm in many :
¢, T00m (CMperature tests.
E b |
ot . ) !
:E & In summary, the fatizue behavior {oi snuall cracks (a > 100 pm) in Waspaloy at :
‘ « 427C exhibited a general absen.e of a "short crack effact” over a range of test conditions.

;r'T: i More specifically, the crack driving force could be characterized in terms of AK with upper |
LW N

.. “bound crack growth rates coincident with long ciack resulis.
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4.2.2. Incongl 718,427°C

The fatigue behavior of small cracks in Inconet 718 was investigated a1 427° C
(800° F). All tests were performed under load control on specimens with two flats as
shown in Figure 2.6. Unfortunately, this drawing was not sirictly followed in the
machining of six Inconel 718 specimens. The radii-to-flats wese made smaller at €.35
rather than the designated 12.7 mm. Consequently. three tests failed prematurely at this
location. An atternpt was m.ade o salvage whatever information could be saved from these

tests. The principal test variables were maximum stress and R-ratio.

The effect of rnaximum siress on small crack growt.. .aws can be seen in Figures
4.47 through Figure 4.50. Values of maximum stress were 621 'APa (90 Ksi) and 758
MPa (110 Ksi). "the stress ratio was constant at K =-1. Cruck growth rates versus AK
curves are conselidated in Figure 4.51 for these two tests. There is goed conrelation of
da/dN with AK at high values of AK (longer crack lengihs). However, a tendency towards
nearly constaat crack growth races occuss at low vaiues of AK. This behavior is more
clearly evident in the a versus N curves for these tests shown in Figure 4.47 and Figure
4.49. These a versus N curves could be fitteC with a strzight line (da/dN = constant) for

all values of a < 300 um.

The R =0.05 test resul:s for small cracks (Figures 4,52 ang 4.53) were found to be
nearly coincident with the long crack trend as seen in Figure 4.53. The loag crack results
were taken from the work of Krueger [40]. The deviation from long crack behavior may
be attribute:d to the cuarse heterogeneous microstructun: which offers a vanable resstance

1o crack extension Oi to a Jack of mechanical similitude at smal! crack sizes.

The effect of R-ratic on smisil ¢rack growih rates is shown in Figure 4.49 (hrough
Figure 443, Values of the stress ravo cinployed were R = -1 and R = .05, The

maximum swess was 755 MPa (110 Ksi). Crack grovidy rates versus AKX carves were

78
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consolidated in Figure 4.54 for the ¢ iwo tests. Similar to the Inconel X-750 and
Waspaloy resulis, the gencral trend for higler crack growth rates at R = -1 versus R =0.05

was also seen in Inconel 718.

In summary, ihe fatigue behavior of small cracks in Inconel 718 exhibited an
absence of a "short crack” effect when the maximum stress was low. The crack driving

force could be characterized in terms of AK. ‘When the maximum stress was high, constant

crack growth rates were observed over the initial regime (100 pm te 300 pum) of crack

extension.
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4.2.3 IN100 (PM), €49° C

The fatigue behavior of smal! cracks in powder metallurgy IN100 was investigated
at 649° C (1200° F). All tests were performed on the modified specimen shown in Figure
2.6. Test results on Waspaloy and Inconel 718 established the basic conclusion that ; for
small cracks ( a > 100 pm) the upper bound of crack growth rates could generally be
characterized in terms of AK and consolidated with long crack dawe. The orly supr:stion
of anomolous behavior occurred when crack depth was smull (100 pm < a < 3Q¢ pm) and

the maximum stress approached the cyclic yield strength of the matevial.

Therefore, it was decided that the IN107) invescgarion wowld focus on the tatigue
behavior of small cracks under elastic-plastic cycblingy conuitions which are ielevant to
cracking in notch locations of tubine dusks such a5 boit holes ard iade attachments, The
aim of the IN100 study is to devzlop bascline data under fully reversed, continuous cyciing
conditions (€nin/Emax = -1) as well as consider disk relevant strain ranges wiil. hold times.
A few results from this oagoing study are reported hesc. Tests were perforrned in load

control and suain contral.

One load contro! test way performed under nominally elastic condiuens. The
maximum stress was 758 MPu (110 Ksi) and IX = 0.1, Results are rejported in Fgure 4.55
and Figure 4.50, The fatige crack growih rates of snall ¢racks (2 > 100 pm) in INJQ0
were cotncident with the fong ~rack terd as shew o in Figwre 4 56, Long, crack resulis

were taken Lem e work of Lassva el gl ) 2¥).

UrGer sty vonteailed cycling, ors cotdstion saaridurad wis v wotal stain rangv of
0% 10 0.80%. The tirst hysteresicioup is shown in Mgare 4,857, Abooan puaal plasuc
yieldun, the oy Ying wis woaninally clestiv, The dvezage oogaitnum savis was 1100 MPa.
Vhe wat wis maaditaiesd woswalr coawsd stevupliont. The sesulis we prewented in Figures

A5 aid 4.5% Creck growih vate S5 conlated wirk AR in Figore 453, Shodlas i othes
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tests where the maximum stress was high, the crack growth rate was nearly consiant up to

a crack depth of 300 um beyond which results merge with the long crack trend.

A fully reversed strain controlled test with €n,in/€max = -1 was performed. The total

strain range was £ 0.55%. A typical hysteresis Inop is shown in Figure 4.60. A plastic
srziscrange of 0.08% was measured at zero load. The average value of the maximum
stress was 1026 MPa. The results are presented in Figure 4.61 and Figure 4.62. Although
linear elastv fractuie reechanics is invalid under these conditions, crack growth rates are
pletted in a1 of AK in Figure 4.62 for the sake of comparison. AK was calculated
usirg tie avesage vadie of the maximum stress. Representing the crack driving force in
term of A woulo de nre appuopriate for this test. However, at this ime, we have an
msufficient clicanerias aon of the ¢yclic stress-strain response to make an accurate estimmate

of 4.

The resulis tor the above Uit tests are plotted together in Figure 4.63. Crack
gow'p rates urder elastc-plastic ¢ycliay are approximately three times greater than the long
crack wend. It is interesiing to note a convergence of the two strain control test results at
the lower range of AK where o = 100 i in both tests. 'Inis result suggests that near-
surface clements ix the 0 - 0.80% 1051 specisnen suay have experienced elastic-plastic
cycung due to 4 lack of constraint at the free suriace.  This may alwo have Ween true in

somnc of the Inconel 715 teets where the su:uwavie sess was high.

424 Lacgnpliy. Elvied Tewperiare Tesis

As previously discusyl, spacinien sepy. ation was achieved by high freguency
cycling at room teqperacare ghier sursice cracy, wogths exceed 2 nin. Fracture surfaces
wete first eaamited an. - otographad weing an gpical stereosce pic microseope w

characterize crack front profiles and geaetas surow;opic featurey. Fracture surfuces weie
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further examined by scanning electron microscopy. Sides of specimen gauge sections were

also examined by SEM and optical microscopy.
Waspaloy, 427° C

An optical fractograph of a typical Waspaloy specimen is shown in Figure 4.64a.
The fracture path is nominally perpendicular to the specimen axis with the exception of near
surface regions beyond a surface crack length of ~ 600 prn where the crack deflects out of
plane. This was suspected to be related to the curvature of the specimen surface.
Consequently, the specimen geometry was modifizd (Figure 2.6) to include two flats from
which cracks were initiated. This solved the crack deflection problem. This crack
deflection is believed to have caused some deviation from c/a = 1. Although accounting for
this slight change in geomeiry may be tractable, it did not raanifest itself in the crack growth
behavior. Therefore, data reducdon was catried out in the manner descridbed in a previous

section,

Typical fracture surface features for Waspaloy can be seen in Figure 4.64b. The
fracture path is transgranular and similar to that observed for roorn temperature tests.

However, fatigue fracture paths in room temperature tests exhibited greater deviation from

The fatigue fracture path for small cracks in Inconcl 718 are shown in Figure 4.65.
Fipure 4.654 is an opucal micrograph of a laser defect and crack vace at the gauge seciion

surface. Figure 4.65b. is an SEM micrograph of the fractwie surfuce. Both exhibit a

tansganuly fractwe path, Fatigue suiations arc cvident on the fractuie swiace.
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IN10Q (PM) ©49°C

E

A SEM micrograph of a typical fracture surface for IN100 is shown in Figure
4.66a. The fracture path is transgranular with crystallographic facets often terminating at

grain boundaries.

Figure 4.66b. is an SEM micrograph of the surface of a specimen gauge section
aftes 150 cycles of strain controlled cycling at a total strain range of 0% t0 0.80%. A

microcrack is emanating from a 10 pm diameter pore, typical of many found in gauge

section surfaces in this alloy. Crack propagation from these sites is responsible for the

fatiguc failure of smooth specimens. Future efforts will be directed at measuring crack

growth raies from these pores.
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5. CONCLUSIONS

Room Tempemturs Tests;

1. The fatigue behavior of small crystallographic cracks is strongly grain size
dependent. In large grains, small cracks grew at higher rates than long cracks at the
same nominal AK. In fine grained materials such as René 95, the fatigue behavior
of small cracks and long cracks was the same. The transiticn from small crack to

long crack behavior occurs around 3 to 5 timnes the grain size.

2. The fatigue threshold behavior of small cracks was found to differ from
long crack results in large grained alloys.

3. Grain boundaries serve as a constraint to the spreading of plastic slip bands
and the prcpagation of small surface cracks. This leads to considerable scatter in

threshold stress intensity factor ranges and near-threshold crack growth rates.
Elevated Terperature Tesis:

4, The mechanical driving force for fatigue crack growth of small cracks
(a > 100 um) in turbine disk alloys can be characierized in terms of AK when the

matcrial is subjocted to nominally clastic cyclic loading. The upper bound of crack ;

growth rates for small cracks is coincident with the long crack trend.

3. When cycling at high values of maximum stress, approaching the cyclic
yield strength, crack growth rates were constant over an initial regime of crack

extension (100 pm < a < 300 pm).

6. LEFM could not consolidate crack growth rates under elastic-plastic

cyciing.




e B

7. The compressive component of the cyclic stress range promotes crack

initiation in PSB's and at defects. Crack growth rates arc higher at the same
nominal value of AK when R <0.

A

8. Fracture paths ot small cracks exhibited transgranular crystallographic

feannes which leads to roughness induced crack closure and a mixed mode of crack

=

extension, Mode I and Mode 1.
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APPENDIX A

atigue Micro-C

The occurrence of fatigue cracks in safety critical structures and components,
particularly in the aircraft industry, has led to the demand for a system capable of detecting
and measuring very small surface cracks (<1 mm). Presently, these components are
designed employing a defect-tolerant design approach. This requires the determination of
threshold stresses and stress intensitites and near-threshold crack growth rates. Recent
studies have demonsirated that the fatigue behavior of "short cracks” cannot be predicted
from daia obtained in long crack experiments. Consequently, there is considerable interest
in the direct measurement of growth rates of very short fatigue cracks. The resolution

required for crack length measurement in such studies far ~xceeds the capabilites of

converntional techniques empleyed in "long crack” studies.

Participation in this mainstream of current {atigue research requires a system
capable of accurate and continuous monitoring of very short crack lengths. In an attempt to

meet this objective, a multi-frequency A. C. potential drop (A. C. PD) system for crack

length measurement was bailt. Such a system is essential for the follwing reasouns:
1. Resolution (~ 1 pm)

2. Alternative means, such as replication, necessitates interrupting tests possibly

resulting in "test transients” which obscure true behavior.
3. Measurements can be made in an environmental chamber.

4. Okxidation of surfaces during high temperature testing may prevent accuraie

measurement by any other means.




L 943
b 5. The A. C. PD technique is experimentally expedient, permitting investigations

ﬁ of broader scope, encompassing test variables of interest.

;:S The unique ability of A. C. PD systems for resolving short cracks is a result of
the "skin effect” associated with A, C. conduction. The skin depth is inversely
proportional to the square root of the frequency of the power source, The
system described below is notable for having a variable frequency capability

allowing different skin depths to be scanned. This allows for the measurement

e of very short crack lengths as well as a determination of their shape (aspect
Y
rato). -
b
Y Ve .
Electrical Field Measurements

LR
¥

P an
ML A

)

Early attemipts to detect and measure surface cracks have employed D, C. field

measurements, The D, C. technique ig illnstrated in Figure A1 for a plate containing an

o
AL

edge crack. The electric field varies only in the x-y plane, it can be scen that in regions

AN Y VEEEN L0 T T N T S YT T Y Y Y S N Y T IV TR VK N

-
o remote from the crack, the electric field strength is uniform but varies considerably near the
crack tip. Potential probes with a fixed distance between contacts points can be used to
' measure the field. If used to measure the field remote fromn the crack, the measurement

would always give the same value, Voo, Using the probe in regions close to the crack

<~

-

results in measured voltages less than Veeo which decreases as the probe is moved cioser to

i P L e o s
v

L" the crack. The relationship vetween V| and V5 and the crack depth will be coroplex. Galy

“ if a full theoretical solution or an experinmiental calibration is available, can the crack depth ]

't‘.;; be interpreted from these readings. In the case of a surface crack, the problem becomes 1
. more complex as the electric field distribution varies in three dimensions making both the ]:
|!‘ he theoretical and experimental calibration extremely difficult. In fact, it has been |

demonstrated that changes in crack curvature introduce significant errors in crack lengths if

- ¢
~T
' E

bowing is not accounted for duing calibration.
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A. C. PD systems are thecretically superior to D. C. Systems for measurement of
surface cracks. The improved sensitivity is a result of the "skin effect”™ associated with A,
C. conduction. The skin depth varies wiht the frequency of the power source according to

the following equation:

8= Virowup,
Where 8 = skin depth
o = conductivity
o = frequency
) = permeability of the material
U, = permeability of vacuum

For example, if one used an AC power source of 5 KHz on mild steel, the skin depth
would be about 130 pum,

At low frequencies the skin depth is large and this makes it suitable for through-

thickness crack length measurement. At high frequencies "~ 100 KHz), the skin effect is
pronounced and the current flow is primarily in the outer boundaries of the specimen. With
this skin effect, the measured potential would indjcaxc local crack growth in the near-
surface regions rathei than through-thickness crack growth. Obviously, this phenomenon

is highly desirable for the case of part-through surface cracks (see Figure A2).

One difficuity encountered in using the AC method is that the impedance of the
electrical circuit is sensitive to mechanical stress, chemical composition; etc. This mecans

that the use of some remote calibraticn device could lead to unacceptable errors. In
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R
& applying this approach it would be preferable to make all the ficld measurements directly on
ﬁ the metal test specimen. This is only possible if all stray voltages are eliminated from the
measuring system so that the local measured voltage s the true voltage at the metal surface.
o § Recent advances in the understanding of this problew. ..ake it possible to measure the true
surface voltage. Consequently, a much improved AC field measurement system can be
g constructed and used for most metals. These A. C. field measurements can be interpreted

& in terms of crack depth: and shape.

The advantages and disadvantage of the two techniques are listed in Table Al. The

"
& major advantages of the D method are that it does not rely on advanced electronics and for
‘ %“: certain speciinen sizes and geometries, it is a well-known, established technique. however,
} it does have the disadvantage of a complex relationship between PD and crack length and
I fﬁ the protlems inherent in handling low-level, millivolt, DC signals including diticuities
. arising from thermal EMF effects.
" The major advantage of the AC technique are the ease of calibration for different
E specimen geometries and the lack of size dependence of the technique as well as the high
" sensitivity to small crack detection. |
X
L System Design
~
s .
: ) A schematic of the AC potential syster is shown in Figure A3. The system
. %E consists of two basic segmenis; these are the excitation circuit which supplies a constant
@ AC current to the specimen, and the measurement circuit which detects the AC potential
':5‘: ' drop across the specimen. These circuits are interconnected through a lock-in amplifier.

The lock-in amplifier has two basic functions in this system. First, a 1 volt AC

reference signal drives the power amplifier at the reference frequency. Second, the lock-in
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measures the amplitude of the AC potential across the specimen, but unlike an AC
voltmeter, the lock-in accepts for measurement only that component of the potential at the
reference frequency. The use of asynchronous rectifies, instead of a lock-in amplifier,
would add complications in that the phase characteristics of the filtcring becomes important

and careful attention must be given to the oscillator and filter stability and maiching.

In principle, all that is required from the power source is a sufficient current
(~ 2amps) through the test piece. However, to monitor cracks over a period of time, it is
essential that the current be held at a constant value so that the voltage readings can have
long-term significance. Current stability is largely a matter of economics, but a long term

stability of better than .1% is definitely required.

In order to produce variable skin depth, a sweep oscillator or frequency systhesizer
will be used to drive the power supply. The oscillator must be capable of low distortion
such that the signal be reasonably sinusoidal to prevent harmonic causing, radio frequency
interference. For practical purposes the oscillator should cover the range of 1 Hz-200

KHz.

The input signal consists of the desired potential signal at the reference frequency
combined with broad-band noise picked-up from stray magnetic and electrical fields and
other sources. Since the specimen is small (< 100 11V), the signal-1o-
noise ratio of the input signal may 2lso be quite small and the resolution of the potential
signal within the noise may be unaccept.ole. The frequency discrimination characteristic of
the lock-in is used o selectively amplify the desired potential signal for measurement. The
noise rejection capabilitics of available lock-in amplifiers allow them to handle signals with
signal to noise ratio as low as 0.1. The process for finding a submerged signal begins by
preamplifying the entire input signal and then attenuating the frequency «omponent above

and below the . eference frequency through a bandpass filter. A phase-sensitive-detector

then reverses the polarity of the remaining signal each half period of the reference
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frequency. This causes the reference frequency component of the signal to reverse polarity
at every integral half-period, causing that component to become rectified and produce an
average net DC component. All portions of the signal at the input of othe phase-sensitive-
detector, which do not have the reference frequency, reverse polarity at some non-integral
multiple of their half-period, producing an average zero net DC component. A capacitive
fiiter then converts the rectified reference frequency signal into a DC signal with a ripple
factor which depends on the filter ime constant. This DXC signal is proportional to only that
component of the original input signal which entered the lock-in at the reference frequency.

The amplified DC siguai is then digitized and stored for further data analysis.
Approach

A mult-frequency A. C. PD system was built to study the fatigue behavior of

"short cracks" at elevated temperature, in air and in an environment chamber. Although the

- b i 2. sl coa ol
L

. oo ls qracbnnn amnobs  mnneo
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sysicin is capabie of Cr, facc cracks, gr
be obtained by consideration of singlular surface cracks of known origin. In this short
crack study, cracks were artificially initiated at carefully made EDM pits. Potential
mecasurement probes were welded at precise locations on either side of the initiation site.
The potential probes were metal foils at the location of atiachment o prevent unintended

initiation due to local penetration, as would be the case with round wire. A semi-clliptical

surface crack with potential probes is depicted in Figure A4,
A brief summary of the data analysis will be presenied nere.

The crack geonetry is described in Figure AS where a denotes the crack depth on

the cenier line, 2¢ the length of the crack race on the surface, x and y are the axes in the

plane of the metal surface. The A. C. power supply provides a constant current I, through

the specimen test section via remote attachment. For a given frequency, a constant current

is maintained by application of an electiic field E,,. The value E is dependent on the
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overall impedance of the specimen between the location of attachment of the power supply.
This impedance will increase with increasing wrack lengths in the specimen gauge section

resulting in an increase in 'Eo required to maintain a constant current.

The value of fo is also dependent on the applied frequency. As the frequency is

increased, the skin depth decreases according to Equation 1 resulting in & higher current

flux To according to
Jo (@) = ()
2 mro(w)
Consequently, the applied potential of the power supply must vary as
Eo @) = polo (@ 3)
The equation govering the electric field in the metal interior is
ot
ac
V2E (x,y)=pc — (4)
at

The field on the metal surface is shown in Figure A6 and the discontinuous difference in i
potential which occurs across the surface edge of the crack, denoted by Vo, is now evident.
if we solve for E (x, v) for a fixed frequency knowing the boundary conditions and E, =

E,, (w), the solution to Equation 4 can be used to determine the potential drop across the

crack. The maximum value of this potential difference, which occurs on the crack center-

. '.).'t line i
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Vo (0) =E 6, y)-E© y) (5)
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where n is related to the crack aspect ratio by

% . AEIRS S '
-+ TR

nn
=]ccotan — @)
4

The distribution of V., along the surface edge is shown for varicus aspect ratios in

Figure A7. For a given punctual position of the probe (x/c) and by changing the

frequency, therefore changing E,, the value of i can be obtained numerically. With this
A i? value of n and Equations A6 and A7, ¢ and a can be determined uniquely. These
calculations must be confirmed by an experimental calibration.

The utility of the multi-frequency capability is now evident in that it permits

%} continuous determinaiion of aspect ratios as well as effecting maximum sensitivity over a
$ ﬁ‘ range of cracks lengths.
3
The A. C. potential drop measurement system described above was assembled. A
!; calibration experiment was performed. A short crack was propagated in Inconel 718 at
b}.’ room temperature under fully reversed loading at near threshold stress intensities. A crack
vl growth raic of approximaicly 5 » 10 my/cycle was observed. A currentof | amp {rms) ata
- E: frequency of 40 KHz was employed. The test was periodically interrupted to record the
: potential at zero load and at 80% of maximum load. The surface crack length was
ﬁ measured directly using the plastic replica technique. The results are plotted in Figure A8.
ﬁfi There are numerous features of this plot which require explanation. The most

obvious is the sudden increase in potential beyond a surface crack lengih of 800 pm. This

o E
3 »
e 14

is aresult of the geometry of the potential probes. As shown in Figure Ada, the foil width

was exactly 800 pm in this experiment. This illustrates the importance of using punctual
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probes. The foil design shown in Figure A4b was used in future experiments. Punctual
probes, approximated by the foil in this experiment for crack lengths beyond 800 jim,
Cffects a greater resolution in crack length increment and results in a steeper slope. A
resolutiu of 1.6 pim demonstrated in this experiment, is quite adequate for studying the
fatigue behavior of short cracks. The system is inherently capable of a resolution of better

than 0.1 gm in crack length increment!

Also noteworthy is the increase in potential at 80% of maximum load. This
indicates that the system is capabie of measuring crack closure stresses. The crack closure
phenomenon is belicved to play an important role in the fatigue behavior of short cracks.
To simultaneously measure and record load, in addition to potential, an analog-digital

converier has been added to the system design.

Although the system caubration at room temperature (Figure A8) was encouraging,
attemnpts to proceed to continious monitoring of crack growth rates in elevated temperature
fatigue tests were unsuccessful. Potential measurements proved to be unstable over long

periods of time (> 4 hrs.), even at constant crack length. The calibration experiment was

e - 3 2h Almead

rformed in about 3 hours. This proklem wag later attribated to instability inthe A. C.

~
HOUTS. 245 Provaein was &

power supply. This component was custom built by an outside electronics firm.

Consequently, being a one-of-a-kind item, the iteration process required for perfe« ting this

unit was bypassed.

Since the principal objective of this research was to measure the fatigue behavior of
small cracks at elevated temperatre, testing proceeded using the plastic replication
technique for measuring crack lengths. This same system, with an improved A. C. power

supply, was later successfully used in a study of stress corrosion crack initiation in a

nickel-base superalloy tested under monotonic loading in a PWR environment.
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Table Al

ADVANTAGES

DISADVAITTAGES

1. Simple technique does pot 1., Complex relationship betwe~
rely on advanced electrcn- en P.D. snd crack length.
1¢s.

dc. 2. Thermal emf effects.

2. Well established techni-
que fOor certain Specimen 3. Technique sensitive to Spe-
s1zes and gecnmatries. cimen size and gaomerry.

1. Ease of calibration for l. Reliance on advanced
differing speciinen geo- electronics.
netries.

2. Lead intsraction.

2. Ipherently linear res-

ponse. 3. Requirenent for nigh
- stabrlity (5 zléecirunics.
=21 3, Lack of size dependence

of method.

4. Sase ©of amplification of
input saignal,

5. Multiple P .0, probe

Systers can be used.
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Figure A2 Ilustration of the skin effect associated with a.c. conduction
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Figure A4.a Hiustration of potential probes used in the calibration experiment
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Figure A6 Lines of constant potential on the metal surface around crack
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Figure A7 Distribution of the discontinuous difference in potential across a circular arc
crack for various crack aspect ratios
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Figure A8 Potential drop calibration illustrating:
1) the importance of using punctual potential probes
2) a high resolution in crack length increment
3) the ability to detect a cracl. ciosire stress
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