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SOMMAIRE

Nous avons effectué une étude du comportement de propagation
des fissures de fatigue & haute température (650°C) dans un superal-
liage & base de nickel (Astroloy). L'influence du temps de maintien
lors de chaque cycle et du rapport de cyclage mineur (minor cycle load
range ratio) sur le comportement de propagation a été également
étudiée,

La technique de la chute de potentiel électrique (dc-PD) a été
adaptée, étalonnée et mise au point avec succés aux températures
jusqu'a 650°C afin de mesurer la longueur des fissures sur les éprou-
vettes de section carrée présentant une fissure a4 un coin. La loi de
Paris et 1l'équation de Wéibull sous forme log-log ont été utiliseées
pour analyser les résultats de propagation en fatigue. ‘

Pour une méme valeur de AK, la fracture d'intensité de con-
trainte cyclique, la vitesse de propagation était plus élevée a 650°C
qu'a la température ambiante surtout pour les valeurs basses et inter-
médiaires de AK. La propagation plus rapide & 650°C devait étre reliée
a3 des effets de fluage et de fissur;tion qui sont fonction du temps,
puisque les fissures secondaires et celles présentant un aspect inter-
granulaire étaient plus nombreuses & 650°C qu’'a la température

ambiante. Les effets qui dépendent du temps diminuent avec augmentation

de la vitesse de propagation (da/dN), ce qui est en accord avec



1’'occurrence de moins d’oxidation et de moins de fissuration intergra-
nulaire pour les grandes vitesses de propagation. A AK élevé, seulement
un léger émoussement des fonds de fissure a été observé cependant, nous
avons noté une quantité remarquable de déviations de fissure sur les
surfaces de rupture. Ce résultat suggére que les effets d'environmnement
et de déviation de fissure jouent un rdéle plus important que ceux de
fluage pour les essais & hautes températures. En général, les résultats,
indiquent que la fissuration accélérée observée & 650°C était princi-
palement associée & 1'occurrence d’une fissuration assistée par
1'environnement.

Une augmentation des temps de maintien de qui est passé de O
sec. 4 10 sec. & Kpax pendant l’essai & 650°C, a augmenté la vitesse de
propagation en fatigue dans Astroloy. Une augmentation supplémentaire
du temps de maintien jusqu'a 100 sec. n’a produit aucune augmentation
supplémentaire significative de la vitesse de propagation. Les observa-
tions fractographiques montraient que le temps de maintien de 100 sec.
a produit des déviations de la fissure plus prononcées sur les surfaces
de rupture, ce qui pouvaient diminuer AK.ff et compenser pour 1'augmen-
tation supplémentaire de la vitesse de fissuration causée  par
1'influence de l'envirommement et du fluage.

L'influence de cyclage mineur sur la vitesse de propagation en
fatigue a été observée pendant un essai avec un rapport de 0,1 entre
les cycles mineurs et majeurs et pour AKpajeur > 35 MPaJm. Cette influ-
ence dépend du rapport de cyclage mineur et majeur, de la fréquence de

cyclage mineur, de la forme et de la longueur de fissure, et des effets



cycliques qui pourraient influencer la rupture du film d'oxide au fond
de la fissure. Le facteur dominant fut la gamme d’intensité de con-
trainte pour 1les cycles mineurs, AKpjineyr Puisque les blocs de stries
sont apparus clairement & AKpjneur > 3,9 MPalm.

Deux stries prononcées correspondantes a4 une région de dévia-
tion de la fissure furent présentes au début de chaque bloc et suivies
par une région plate constituée de stris fines. Les détails fracto-
graphiques montraient que 1la déviation de la fissure s’'est produite
aprés la montée de la charge lors d'un cyclage majeur, et qu'une partie
de 1la propagation pendant les cycles mmineurs suivait généralement le
plan de propagation dévié par le cyclage précédent. Les observations
suggéfaient également que 1la fissure se soit réinitiée sur un plan a
peu prées paralléle au plan avant déviationA et que des effets de
l’interaction entre les cyclages mineurs et majeurs se soient produits.

La microstructure du matériau utilisé dans cette recherche se
constitue de grains de grande taille autour desquels se trouvent des
grains fins. La fissuration dans les régions des gros grains était
transgranulaire. Un mélange de fissuration intergranulaire et trans-
granulaire a été observé dans les régions des petits grains. Nous
n'avons trouvé aucune indication d'une dégradation microstructurale

produite lors des essais de fatigue & 650°C pour ce matériau.



ABSTRACT

This reﬁearch work has investigated the effects of
temperature on the fatigue crack propagation behaviour of Astroloy, a
nickel-base superalloy. The influence of hold time and minor cycle
load range ratio on the high temperature (650°C) crack propagation
behaviour was also studied.

An electrical dc-PD technique was successfully adapted,
calibrated and implemented at temperatures to 650°C on corner cracked
specimens for crack length measurement. The Paris relationship and the
Weibull equation in log-log form were used to curve fit the da/dN-AK
crack propagation data obtained.

The fatigue crack propagation rates increased with increasing
temperature especially at low and intermediate AK values. These
temperature sensitive properties should be related to time-dependent
environmental and creep effects, since more intergranular and secondary
cracking were observed at 650°C than at room temperature. These
time-dependent effects decreased with increasing da/dN values, which is
consistent with the lower amounts of fracture surface oxidation and
intergranular cracking observed on the fracture surface at high da/dN
values. At high AK, only a slight amount of crack blunting but
significant crack deviations were observed on the fracture surface,
which suggests that the environmental and crack deviation effects
played a more important role than the creep effects for the high

temperature tests. In general, the results suggested that the
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accelerated cracking at 650°C was mainly the result of environmentally
assisted cracking.

Increasing the hold time at Kmax during the test at
650°C from O to 10 seconds, increased the fatigue crack propagation
rate in Astroloy. A further increase of hold time to 100 seconds did
not significantly increase the fatigue crack propagation rate further.
The fractographic observations indicated that increasing the hold time
to 100 seconds results in more promounced crack deviations on the
fracture surface, which can decrease AKeff and compensate for the
increased time available for the time-dependent contribution to the
cracking.

4 minor cycle influence on fatigue crack propagation was
observed for a 0.1 minor cycle load range ratio test for AKmajor
35MPavm. This influence depends on the R-ratio of the minor and major
cycle, on the minor cycle frequency, on the shape and length of the
crack, and on any cyclic effects which influence the fracture of oxide
film at the crack tip. The dominant factor was the minor cycle range
of stress intemnsity, AK , since blocks or striations clearly

minor

appeared for AKminor > 3.9 MPavm. Two pronounced striations
corresponding to a region of crack deviation were present at the start
of each block and followed by a flatter region of fine striations. The
fractographic details indicated that the crack deviation occurred after
the load increasing portion of the major cycle and that the minor cycle

propagation initially followed the deviated crack. These observations

also suggested that the crack then reinitiated on a plane close to the
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initial fracture plane and that there were interaction effects between
the minor and major cycles.

The test material has a necklace microstructure, with the
cracking mode in the regions of larger grains being tramsgranular. A
mixture of intergranular and transgranular cracking was found in the
regions of small grains. No significant microstructural degradation

was found during the fatigue tests at 650°C for this material.
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INTRODUCTION

Low Cycle Fatigue (LCF) crack propagation behaviour which
replaces creep and stress rupture becomes the dominate failure critical
design parameter with the higher requirement of performance in gas
turbine discs. A great change in design has occurred such that in the
1960's less than one percent of all rotating components were life
limited by LCF where at present LCF has become life limiting for 75
percent of engine disc designs[ll.

For ensuring a safe component operating life, the
conservative statistical approach, i.e. "safe life" approach, has been
to use a lower bound on the mean LCF life that is defined as the number
of cycles at which 1 of every 1000 components will develop a crack of
1/32 inch (0.8 mm) in surface length during its design life time[z].
"Safe 1life" philosophy assumes that components entering service are
free from any major and untoward defects, with no inspection required
during their design life. This concept, shown schematically in
Figure 1[3], also means that 999 out of 1000 disks are prematurely
retired from service with many lifetimes of usable service remaining.

In order to continue using these components, a new life
management philosophy is now being introduced called "Retirement—for-
Cause" (RFC). TFigure 2141 shows the basic RFC concept. For a given
component, the number of cycles, Nc’ required to propagate a crack from
an initial detectable size Ao to critical size Ac can be calculated and

verified. An inspection interval is then established at some fraction

of Nc designated NI' It can be seen that over this interval of time,



NI’ no component containing a crack equal to or smaller than Ao could
fail catastrophically by reaching Ac'

An advanced design concept for mnewer components called
"damage tolerance” was introduced in the 1970'5[1’2], which is an
alternative to the "safe life" philosophy currently used in the lifing
of critical components in engines. It overcomes two limitations

]

' a'pproach[5 , these being an

associated with the "safe life'
inefficient use of available component 1life and inability to take
account of the possible presence of rogue defects which could initiate
rapid crack growth and disc failure. These are some basic requirements
which should be met before the damage tolerance lifing approach can be
successfully implementedlz]:

1. the operational load history of disks should be well known;

2. material crack growth data and fracture behaviour should be
available under actual operating conditionms;

3. non-destructive inspection (NDI) or other techniques should
be available for a sensitive and reliable detection of very
small cracks.

Figure 3[2] shows schematically the damage tolerance lifing approach.
High temperature low cycle fatigue (HTLCF) behaviour in
service conditions is a key to the implementation of the damage
tolerance approach for engine disks. At high temperature, the fracture
mechanisms of LCF are more complex, since the fracture may have a
time-dependent (creep) component, the fatigue degradation and oxidation

is significant, and the crack propagation rate increases with

temperature in most applicatioms.



In order to predict the LCF crack propagation rate accurately
during laboratory testing, it is necessary to use a realistic loading
spectra which is a true representation of the loading condition which
the component will experience. In studying the results of these tests
which include the effect of overloading and underloading one can deter-
mine how a disk material will react when variable amplitude loads are
applied to it. »

Astroloy alloy is one of the first high strength nickel-base
superalloys developed for engine discs and produced by powder
metallurgy (P/M) and hot isostatic pressing (HIP) providing good creep
and LCF properties. The objective of the present work is to assess the
crack propagation life of Astroloy disk material, this property being
most important to the damage tolerance design approach.

The goals of this research programme are as follows:

(1) To determine the crack propagation behaviour of Astroloy at
room and high temperature.

(2) To analyze the effect of hold time at high temperature omn
crack propagation rates in Astroloy.

(3) To obtain the high temperature crack propagation data under
different minor cycle load range ratios and to estimate their
effects on fatigue crack propagation in Astroloy.

(4) To observe the fatigue fracture mode of Astroloy at room and
high temperatures, at different hold times and at different
minor cycle load range ratios. To find the relationships
between the FCP behaviour and the fractographic

observations.



(5) To discuss the effect of microstructure variation on crack
propagation behaviour through the microstructure

characterization of Astroloy.



CHAPTER 1: THE PROCESS METALLURGY AND PHYSICAL METALLURGY OF ASTROLOY

A major objective in gas turbine engineering is the design and
manufacture of discs that are both safe and reliable in service. The
operating stresses in disks due to centrifugal loads at the rim are
greater than 480 MPa, while the operating temperatures on the outer rim
are generally no greater than 76O°C[6]. Therefore, in the design of
aircraft turbine disks the following criteria have to be fulfilled[7]
for a material to be used:

(1) The dimensional growth should not exceed a critical value
during operation to avoid problems during reassembling after
overhaul. Therefore, materials with adequate strength and
creep properties must be chosen.

(2) The disk should tolerate an overspeed without rupturing. The
burst properties of a disk without significant flaws are
determined by the tangential stress and the ultimate tensile
strength of the material. If cracks or other comparable
flaws are present, the resistance of the disk against
unstable fracture is determined by the crack geometry; the
stresses perpendicular to the crack and the fracture
toughness of the material.

(3) The disk has to tolerate a sufficiently high number of load
changes corresponding to a range of 1,000 ~ 100,000 ground-
air—ground cycles. Low cycle fatigue (LCF) is wusually
considered to be the life-determining factor for such work

conditions of disks.



There are a number of superalloys which can fulfill more or
less the preceding requirements and were or are being used as turbine
disk alloys. They provide the needed high stremgth at turbine-disk
operating temperatures. The capability of those alloys can be compared
on the basis of their 100-hour rupture stress at 650°C: Incoloy alloy
901 (635 MPa), Inconel alloy 718 (725 MPa), Waspaloy (760 MPa), and
Astroloy (842 MPa)[S]. Obviously, the use of higher strength materials
might permit the use of thinner disks, thus saving weight and improving
engine performance, although any change in fracture tourghness must
also be considered.

Advanced high thrust to weight aircraft gas turbine engines
require[9] large diameter turbine disks fabricated from highly alloyed
superalloys such as Astroloy. Fabrication of these disks by conven-
tional ingot metallurgy (I/M) results in severe alloy segregation due
to the high alloy content and slow solidification times inherent in
producing large diameter ingots. Conventional forging of these alloys
is therefore very difficult. The uniformity of mechanical properties
and microstructure of these disks is also affected. Powder metallurgy
(P/M) can result in a more homogeneous product and can resolve many

problems observed with conventionally processed material.

1.1 Powder Metallurgy Processing

There are essentially two methods of manufacturing disks,

[10],

the various stages in both processes are as following



Conventional (I/M): ingot - billet -+ forge -+ machine
ingot
Powder (P/M): powder + consolidate -+ (forge) -+ machine
direct
The conventional method begins with a cast ingot prepared by
vacuum induction melting (VIM), subsequent vacuum arc remelting (VAR)
and casting. This material is drawn down to billet by mechanical
working from which forging multiples are sectioned. A series of
forging operations reduce such a section to the general shape of the

required disk. Figure 1—1[11]

shows the microstructure of I/M
Astroloy.

The second production route is schematically shown in Figure
1—2[12]. It begins by reduction of the alloy to powder form, either by
remelting ingot or producing a (virgin) melt directly and then
fragmenting a stream of metal into small droplets. Reconsolidation of
the powdered alloy to the desired preform shape can be accomplished by

several methods[lol.

These include extrusion and forging, hot
isostatic pressing (HIP), and hot isostatic pressing plus forging
(H+F).

In general, for low carbon (LC) Astroloy alloy, the powder
[9]

production method is inert gas (argon) atomization , which can over=-
come the oxidation of powders which occurs with conventional P/M
techniques, which leads to poor tensile and rupture ductility. Figure
1—3[13] shows typical LC Astroloy powder which was prepared by argon
atomization.

There are several methods of consolidation as summarized in

Table 1—1[14] for P/M LC Astroloy. Each method contains a HIP process.



The basic method for producing HIP shapes is quite simple, as jillustra-

[15]. A container is filled with powder, outgassed,

ted in Figure 1-4
sealed and placed in an autoclave, where it is subjected to pressure at
a high temperature. After consolidation the container is removed and
the shape proceeds through the normal inspection, heat-treatment, and
machining procedures. The consolidated preform is shown in Figure
1—5[9]. A microstructure typical of an Astroloy preform made by HIP

[16]. [16]

and H+F are shown in Figure 1-6 and Figure 1-7 The

microstructure of the H+F Astroloy is more complicated than that of HIP

Astroloy in three respects[17]:

(1) the forging and subsequent heat treatment produces some fine
recrystallized grains in the area of the large grain bound-
aries. The small recrystallized grains give a "necklace"
microstructure (See Figure 2-18 also). This "necklace"
Astroloy is one of the best high performance Ni-base

superalloys.[47}
(2) moving grain boundaries in the recrystallization process have

transformed the 7' not in solution at the forging temperature
into large 0.5 to 3 um particles at the boundaries of the 7
grains.
(3) the forging operation has left a stable subgrain structure in
the large unrecrystallized grains.
From above, we can find that aircraft engine producers were
attracted towards P/M superalloys for two reasons. First, it was

thought that the improved homogeneity of consolidated powder billets

would offer more uniformity in the final product than cast (I/M)



billets. Second, it was recognized that P/M offered a potential for
low cost near net shape manufacture of components such as disks using

hot isostatic pressing.

1.2 Chemical composition and Element Function

Since the development of superalloys was spurred by the need
of aircraft and industrial gas turbine designers to increase the
thermal efficiency of their engines by continuously raising the gas
inlet temperature and thereby also increasing the metal temperatures,
the results of this development have led to alloy chemistry and
processing developments with the goal of wutilizing all the
strengthening mechanisms known today. P/M LC Astroloy is ome of these
advanced superalloys, which is used mainly as aircraft turbine disks.

[18]

The elements which are contained in this alloy (Table 1-2) can be

divided into different groups depending on their contribution to
[19]

strengthening and corrosion resistance

(1) Matrix-class elements — solid-solution strengthening

The nickel-base alloys have a high tolerance to alloying
elements, with preservation of the face-centred cubic (F.C.C.)
structure up to 0.8 Tm (where Tm is the melting point). Among the
elements contained in Astroloy, Cr, Co, Mo, Ti and Al can contribute to
solid- solution strengthening of the 7 matrix, i.e., provide high
resistance to deformation of the alloy matrix. The main purpose of
chromium, however, is to improve corrosion properties, and aluminium is

mainly known as a precipitation-strengthening element.
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(2) 7'-phase-forming elements — precipitation strengthening
g P

Although aluminium and titanium serve as potent
solid-solution strengtheners in superalloys, their main function is to
combine with nickel to form the 7' precipitate, which provides the main
strength to precipitation-hardened superalloys such as LC Astroloy.

The 7' phase has an F.C.C. structure [Ni3(A1,Ti)] and a
lattice constant which shows only small deviation from that of the
matrix (less than 1.5%). Coherence between the two phases is maintained
by tetragonal distortion. A consequence of this coherency is the easy
homogeneous nucleation of the precipitate, and because of the low value
of interfacial energy, a long—term stability at elevated temperature.

Cobalt increases the structural stability of Astroloy at
elevated temperatures by raising the solvus temperature of 1'[19].

(3) Carbide-forming elements —— reduction of grain boundary

sliding

Carbides in nickel-base superalloys form mostly at the grain
boundaries. The carbide formers are chromium, molybdenum and titanium
in Astroloy. The role of carbide in superalloys results in two
competing effects on high temperature mechanical properties: carbides
dispersed at grain boundaries have a beneficial effect on rupture
strength by reducing grain-boundary sliding, while carbides of certain
morphologies can have adverse effects on ductility. There is also an
undesirable chemical effect due to the removal of carbide forming
elements from the matrix surrounding the grain boundary.

There are three basic types of carbides in Astroloy. MC

carbide which forms first during solidification is coarse and appears
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both at grain boundaries and within the matrix of the solidified alloy.

It can transform at lower temperatures to the more stable M23C6

carbide. carbides can be discontinuous blocky grain-boundary

My3%
precipitates and are mainly beneficial in this form because they

prevent grain-boundary sliding. They can have very detrimental effects

on ductility if they form continuous brittle grain-boundary films. M6C

carbides have effects on mechanical properties similar to those

produced by M except that they are more stable at high

23%%>
temperature.

The MC carbides can be transformed into the lower carbides by

following metallurgical reactions[ZO]:
L
MC + 7 ~+ M23C6 + 7

MC + 7 > MC + 7!

These reactions are considered to be beneficial, and they are made use
of during heat treatment to form discontinuous grain-boundary precipi-
tates. The 7' precipitate which is another reaction product forms an
envelope around the carbides, making the grain-boundary layer more
ductile.

In LC P/M Astroloy the carbon content has been decreased to a
very low level to prevent prior particle boundary (PPB) precipi-
[21].

tation

{(4) Grain-boundary-active elements —— enhancement of creep

strength and rupture ductility

Small additions of boron and zirconium significantly enhance
creep properties and rupture ductility. Although the reasons for these

improvements are not entirely clear, it is believed that these
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elements, because their atomic size, deviate markedly from that of the
matrix, segregate to grain boundaries, filling vacancies and reducing
grain-boundary diffusion.

Typical Ni-base superalloys may be hardened by 7'

[22])  The 7' in the first

precipitation as sketched in Figures 1-8
generation Ni-based alloys generally was spheroidal, whereas, in later

it was cuboidal. The composition of Astroloy is close to that of N-115

alloy.

1.3 Heat Treatment and Microstructure

The heat treatment of conventional cast plus wrought Astroloy
forgings consists of a partial solution treatment followed by a two
step stabilization and a two step age. The heat treatment cycle
is[23]:

1115°C (~ 15-20°C below the 7' solvus)/4 hrs/315°C/salt quench

+870°C / 8 hrs/air cool

+980°C / 4 hrs/air cool

+650°C /24 hrs/air cool

+760°C / 8 hrs/air cool
The first part of the two-step stabilization (870°C/8 hrs/air cool) is
designed to precipitate grain boundary M23C6 carbides and the second
part (980°C/ 4 hrs/air cool) is to coarsen these M23C6 carbides,
without causing the formation of films. The two-step age (650°C/24

hrs/air cool + 760°C/8 hrs/air cool) is used to maximize the number of

7' particles and minimize their spacing. Conventionally cast and
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forged Astroloy contains a high degree of segregation due to the high
alloy content and slow solidification times inherent in producing large
diameter ingots. The four-step heat treatment is designed to minimize
the effects of segregation present in the forgings.

Since HIP'ed LC Astroloy is more homogeneous and has less
carbides than cast and wrought Astroloy, a two-step stabilization
followed by a two-step age may not be necessary. To determine the
effects of varying heat treatment on the consolidations, the compacts
were partial solution treated at 1115°C/4 hrs/fan air cool and

[23]

sectioned by Mark T. Podob One half received the two-step

stabilization and two—step age as outlined above. The other was
stabilized and aged at 982°C/8 hrs/air cool + 760°C/8 hrs/air cool.
After stabilization and aging, there were no apparent microstructure
differences between them[23].

The grain size in LC Astroloy increases with HIP temperature,

[10]

as may be seen from Figure 1-9 The 7' size increases with aging

[25]. Extraction replication, as an

temperature as shown in Figure 1-10
aid in phase identification indicated that both M23(B,C)6 and MC occur
as the carbides phases and M3B2 as the boride phase present. M23(B,C)6

was extracted as thick particles (Fig. 1—11)[23].

1.4 Mechanical Properties
Astroloy is a disk material which operates in the

intermediate temperature range (550-650°C). Its major properties are

high yield and tensile strengths combined with high low-cycle fatigue
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[24’26]. The mechanical properties will depend upon

and creep strengths
alloy composition and heat treatment together with grain size, grain
shape, dislocation substructure, and the size, morphology and
distribution of 7' and carbide precipitates, all of these in turn
depend upon the processing sequence employed.

Figure 1—12[27] gives a tensile property comparison among the

3[28] shows the

different alloys at various temperatures. Figure 1-1
result of creep fracture tests of a number of superalloys at 704°C.
The results are plotted in terms of time to failure versus the initial
stress intensity at the tip of the fatigue crack. Floreen[28’29] has
investigated the question that is whether or not the creep crack growth
process can be characterized by the stress intensity parameter (K) in a
study of Inconel 718 in the temperature range from 595 to 704°C. In
this study center notched specimen were used, it was concluded that
creep cracking occurred with only a small amount of creep strain at the
crack tip and that stress intensity adequately characterizes stresses
and strains in the region of the crack tip. For superalloys that are
used at high temperature after being heat treated to high toughness and
ductility, it must be demonstrated experimentally that K adequately
describes the creep crack growth process. Creep crack growth rate data

4[29]. Once again a large

for these alloys are shown in Figure 1-1
difference exists between the various alloys.

Since the P/M process substantially minimizes the segregation
in alloys, the mechanical properties of P/M Astroloy are better than

5[9]

those of I/M Astroloy, as shown by the data in Figure 1-1 s, tensile

strengths are approximately 1-15 ksi over conventional Astroloy
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requirements at the temperature of 70°F (21°C) and 1400°F (760°C), both
creep- [1300°F (704°C), 74 ksi] and stress-rupture [1400°F (760°C), 85
ksi] strength were also in excess of conventionally processed Astroloy
requiremeﬁts, as shown by Figure 1—16[9]. Low cycle fatigue (LCF)

properties of Astroloy are shown in Figure 1—17[9]. The creep and LCF

properties of Astroloy will be discussed in 2.1.1 and 2.1.2.



CHAPTER 2: FATIGUE CRACK PROPAGATION AT HIGH TEMPERATURE IN ASTROLOY
2.1 Deformation and Fracture Mechanisms
2.1.1 Creep

Creep is a process by which plastic flow occurs when a
constant stress is applied to a metal for a prolonged period of time.
Figure 2-1[30] is a typical creep curve, where € is the initial strain
which follows the application of the load. Stage I is a transient
creep region, where the creep rate decreases with time according to € =
Btt/3. Slip within grains and along grain boundaries produces this
deformation. At this stage, the effect of deformation strengthening is
larger than the effect of recovery softening. Stage II is the
steady-state region. The creep rate is constant, with € = kt. In this
region, the effect of deformation strengthening is equal to the effect
of recovery softening. Stage III is an accelerated region. The creep
rate increases with time and when the crack length reaches a critical
value, creep failure occurs.

There are four mechanisms of deformation during the creep
process[31]:

(1) the glide of dislocations producing slip;
(2) the climb of dislocations leading to sub-grain formation;
(3) the sliding of grain boundaries;

(4) the diffusion of vacancies.
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A formula to express the creep crack growth rate of a spher-
ical cavity ahead of a crack has been derived by DiMelfi and Nix[32].
The result of their calculation is:

1,46 _ 42 m1 (3K _yn on/2

¢ dt /3 2nv/2%

where A is a constant, C is the cavity diameter, n is the exponent in
the creep equation, X is the distance ahead of the crack and K is the
stress~intensity factor.

If it is assumed that the creep crack growth is the result of
a cavitation process and that the creep crack growth rate is propor-
tional to the right-hand side of DeMelfi's equation, and if x is
identified with grain size, then DeMelfi's equation implies the
following:

dajat= B (5)"

where B is a constant and D is grain diameter. The data presented in
Figure 1-14 has been plotted using this correlation. The fact that a
good correlation is obtained for this wide range of materials has been
interpreted to imply that grain size is the primary variable in deter-
mining the creep crack growth rate.

Figure 2—2[33] shows the results of constant load creep crack
growth rates at 765°C, 725°C, 700°C and 655°C in HIP'ed Astroloy. A

[33]

detailed fractographic investigation of the creep growth specimen
shows a completely intergranular fracture path (Figure 2-3.)
But creep effects need not always give rise to a more rapid

rate of cracking. A microcreep effect at the crack tip could lead to

crack tip blunting, which would effectively decrease the stress in the
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region of the crack tip. This mechanism could lead to a decreasing

crack propagation rate with increasing temperature.

2.1.2 Low and high cycle fatigue

Fatigue can be classified into two categories: low-cycle
fatigue (LCF) and high-cycle fatigue (HCF). For LCF, plastic strain
predominates and ductility controls performance. For HCF, elastic
strain dominates and strength controls performance. A complete S-N
curve may be divided into two portions: the low—cycle range and the
high-cycle range. There is no sharp dividing line between the two, we
might arbitrarily say that 0 to about 106 or 107 is low cycle and from
about 106 cycles to 107 or higher is high cycle. The S-N curve of I/M
and P/M Astroloy are shown in Figure 2-4[9], the lower lives for P/M
Astroloy coincide with typical lives for conventional Astroloy at high
alternating stress levels, while at lower alternating stress, even the
minimum powder disk 1lives were well above typical conventional
properties.

High cycle fatigue tests therefore consist of applying an
alternating stress, Sa’ to the specimen until fracture occurs and
measuring the number of elapsed cycles that were required to cause this

5[34] summarizes the definitions of the most basic

fracture. Figure 2-
stress and parameters employed in "high-cycle" fatigue.
Low cycle fatigue 1is strain-controlled fatigue and it

considers the strain amplitudes acting at the root of the notch. Low

cycle fatigue tests performed at different applied strain amplitudes
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permit the achievement of a reliable strain-life diagram (See Figure

[34]

2-6) In this figure, the total strain range Aet has been

decomposed into an elastic strain Aee and plastic strain Aep. The

strain amplitudes are therefore:

Ae Ae Ae
t__e,_7P
2 2 2

For the higher amplitudes and shorter lives, the plastic strain compon-
ent dominates the fatigue behavior. At low amplitudes and long lives,
it is the elastic strain component which dominates.

Paris and Erdogan were the first to propose that the crack
growth rate, da/dN, was related to AK, stress intensity factor, through
the empirical relationship: |

da/dN = CAK"
where C and n are material constants. This equation describes a linear
region of slope n on a log-log plot as shown for region B in Figure

2-7034]

As this figure indicates, the Paris relationship is only
applicable for a certain range of AK. When AK becomes too high and
Kmaxapproaches Kc’ the critical value, a rapid acceleration in crack
growth occurs (region C in Figure 2-7). As well, when AK is decreased
below a certain value, the crack growth rate decelerates considerably
and there is a threshold value AKth below which the crack can be
considered as remaining dormant (region A in Figure 2-7). The fatigue
fracture mechanisms and influencing factors for the different regions
are also shown in Figure 2-7.

Several fracture mechanisms have been proposed for high

temperature fatigue as follows:



(1)

(2)

(3)

(4)

(5)

20.

Deformation induced stacking faults in P/M Astroloy are the

[35]

dominant fatigue fracture mechanism at high temperature

[36] gives the diffusion model for fatigue crack

Figure 2-8
propagation mechanism at high temperature. In Figure 2-8(a),
under creep condition, there is only a tension stress. A lot
of cavities form by diffusion along grain boundaries,the
region near the crack tip is strain induced so the cavities
get larger. When a compressive stress or cyclic stress
(fatigue) has been applied, as shown in Figure 2-8(b), the
crack tip resharpens and leads to a large displacement of the
crack tip, which meets the cavities in front of it, advancing
the crack.

When the cyclic stress was applied to the metal, the grain
boundaries will slide, especially at high temperature, a
microcrack might be formed at a triple-—junction, which is a
boundary intersection of three grains. When the crack tip
meets these microcracks,. the crack advances[37].

The strain-range partitioning approach developed by

[38]

Manson is based on the belief that the high temperature
low cycle fatigue (HTLCF) resistance is degraded as a result
of essentially creep deformation and creep damage processes
interacting with cyclic deformation.

Coffin[sg] regarded the HTLCF life as being governed by a
combination of cyclic deformation processes and environmental

attack. Figure 2—9[36] shows an oxygen film model. Under

the effect of creep and fatigue, when the film breaks, the
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grain boundary and matrix will be attacked, then the crack
advances.
(6) Powder metallurgy materials often suffer from premature

[40]

failure associated with non—metallic inclusions and some

failure sites were observed at prior particle boundary (PPB)
precipitation[41].
Most investigations have shown that the fracture mode is

[40,41] in LC Astroloy.

transgranular at low and moderate temperatures
2.1.3 Creep fatigue interaction and crack propagation

models

Creep fatigue interaction is a special phenomenon that can
have a detrimental effect on the performance of metal parts or compon-
ents operating at elevated temperatures. When temperatures are high
enough, both creep strains and cyclic (i.e., fatigue) strain can be
present; interpretation of the effect that one has on the other becomes
extremely important. For example, it has been found that creep strain
can seriously reduce fatigue life. Creep fatigue interaction is a
problem that designers of elevated temperature components must deal
with to provide reliable service within the creep range[azl.

Creep fatigue crack propagation is common to all classes of
structural alloys at temperatures where creep rupture is possible. At
these temperatures, fatigue is characterized by viscoplasticity and by

a significant effect of diffusion which involve principally cavitation

and environment attack at grain boundaries. High temperature implies
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time dependent strain, diffusion and at least the possibility of creep
damage.

Manson[43] has explained the influence of strain-temperature-
time phase relationship on the fracture mechanism in low cycle fatigue
and given the modes of inelastic strain for microstructural mechanisms.
Manson suggested that the high temperature stress relaxation is accom-
panied by grain boundary sliding. Since the grain boundary sliding
stress is assumed to be lower than the flow stress for transgranular
slip, when the direction of strain is reversed at low temperature, the
flow stress is 1less than the stress required for grain-boundary
sliding. Repeat cycles then accumulate grain boundary shear in temnsion
balanced by compressive plastic strain. At some point this unreversed
sliding exceeds the ability of the grain boundary to conform and triple
grain junction cracking results.

Damage modes can be represented schematically as limits of an
interaction (See Figure 2-10)[36].

A study[33] of creep fatigue environment interaction in LC
Astroloy from 650°C to 760°C showed that the acceleration of creep
cracking following pure fatigue was observed for the sequential
fatigue— creep crack growth tests. Figure 2-11[33] shows the effect of
creep on fatigue crack propagation rate.

To describe the fatigue crack growth process in Astroloy, the
Paris equation, da/dN = C(AK)n has been used by Stoloff[AO] and the
constants found for different conditions in air:

1.38 x 10 12 n=4.0

2.24 x 10713 n=4.3

1 Hz, C

20 Hz, C



23.

[44]

Saxena proposed the new model for fatigue crack growth rate in

Astroloy.
3

+1.93 x 107 (AK)3'46 vt

da/dN = 6.05 x 1075 (ak)2-® N

where AK is stress intensity factor, th is hold time during fatigue.
[45] .y
Wallace gave an empirical model:

log da/dN = C sinh{C2 log AK + CB} + C

1 4

where C1 is a material constant, and the other coefficients are
functions of load ratio, temperature and frequency which are obtained
by from statistical regression analysis.

Astroloy alloys generally are considered microstructurally
stable at the temperatures for which they are employed as disks[46].
If they are exposed for prolonged times at temperatures that exceed
about 650°C, the strengthening phases may coarsen slightly. However,
unless the alloys are operated at temperatures well into or above their
aging temperature ranges, no significant microstructure effects will be
noted. Carbide precipitation at dislocations may be significant when
operating times at 480 to 650°C exceed 10,000 hours. At higher
temperatures (725-850°C), microstructural changes more readily occur
with time. Furthermore, when stress is applied, the changes may be
accelerated. The principal changes are: (a) breakdown of primary
carbides; (b) agglomeration of primary geometrically close-packed (gcp)
strengthening phases such as 7', and; (c) formation of topologically
close-packed (tcp) phases, such as sigma, Laves and mu.

The microstructure of P/M Astroloy after low cycle fatigue is
shown in Figure 2—12[35]‘ Fractographs of fatigue initiation and

propagation in Astroloy are shown in Figure 2—13[41]and 2—14[41].
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Deformation in Astroloy was more homogeneous than that in
Waspaloy (see Figures 2-15 and 2—16)[17]. Well defined slip bands,
such as those in Figure 2-15 cutting through the large aging 7'
particles, were not as frequenfly seen. This grain was in a specimen
of HIP Astroloy cycled with Ae/2 = ZXIO—A. A more typical deformed
grain in the same specimen is shown in Figure 2-16. Here the
difficulty the dislocations experience in cutting the large 7'
precipitates is clearer. The dislocations are jammed into the matrix
between the large 7' particles producing a cell-like appearance.

The dislocations in Astroloy are mostly paired, unlike in
Waspaloy where dislocations travel singly. This is seen readily in
Figure 2-15. This pairing, even in the matrix between the particles,
appears to indicate that the dislocations are cutting the fine 0.02 to
0.05 pm diameter 7' particles in the matrix, though they may be having
difficulty cutting the large 7'. When ordinary glissile pairs of

[48]), the disloca-

dislocations - cut the 7' in Astroloy (see Figure 2-17
tions appear in pairs even in the 7 matrix between the 7' precipitates.
The passage of two dislocations restores order to the leordered struc-

ture of T'. The passage of only a single dislocation produces a high

energy antiphase boundary.
2.2 Factors Influencing Fatigue Crack Propagation
2.2.1 HIP and heat treatment

Fatigue crack propagation behaviour is sensitive to micro-

structures in Astroloy [49], therefore it is affected by the processing
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[50]

histories of the components. Figure 2-18 shows the range of micro-
structures which in principle can be obtained in P/M superalloys by
various thermomechanical processing (HIP, forging, heat treatment)
techniques and the effect which these microstructures will have on the
dynamic mechanical properties at various temperatures. The microstruc-
ture of a P/M superalloy is determined by HIP and heat treatment.
Figure 1-9 shows that grain size increases with HIP tempera-
ture. Low aging temperatures produce fine 7'. Experiments have proven
that fine gamma prime (7'), large grain size is beneficial to fatigue

[25]), because fine 7'

crack propagation resistance (see Figure 2-19
leads to a coarse planar deformation mode. Decreasing grain size
promotes grain boundary failure which is due to the increased grain
boundary volume, for it dilutes effectively the composition in these
elements segregated to the grain boundaries such as B and Zr. B is

effective in reducing the susceptibility of Ni to environment

embrittlement at high temperature.

2.2.2 Testing temperature

From Figure 2-2, we find that the creep crack propagation
rates increase with temperature in Astroloy. This is because the
activation energy for environmental interactions at elevated
temperature is higher. There would come a point at which oxidation or
another crack tip environment interaction would become the dominant
factor leading to an increased fatigue crack propagation rate. An

alternative method of examining the effect of temperature for nickel-
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based superalloys is shown in Figure 2-20[51], crack growth rates at a
fixed AK (in this case, 33 MPa/E) are plotted as a function of recip-
rocal temperature for a variety of nickel-based superalloys. Clearly
the rate dependence at low temperature is much lower than at high
temperatures. Figure 2-20 also shows as a dashed line scatterband the
data normalized with respect to the elastic modulus. This is included
in order to give some insight into the factors governing the
temperature dependence of fatigue crack propagation. It is proven[SI]
that the crack growth rates are inversely proportional to fatigue flow
stress and elastic modulus. As shown in Figure 2-20, the normalized
curves do not increase as rapidly as the original curves, which
indicates that the drop in flow stress with temperature may be making a
contribution, particularly at the high temperatures.

2.2.3 Variable amplitude loading [52-56]

In the mechanical load-time history acting on a component in
service, load is virtually always of the variable amplitude variety and
only rarely of the type known as constant amplitude loading. Variable
amplitude loading should therefore be the system of choice in the
majority of fatigue tests.

The prediction of fatigue crack growth rate under variable
amplitude loading is complex, especially when the retardation or
acceleration effects caused by overload and wunderload are
non-negligible. Research has shown that a thorough understanding of

the effect of various variables on the fatigue crack propagation under
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variable amplitude load fluctuation is essential for the development of
accurate predictive methods of assessing the fatigue 1life of
engineering structures. Although the effects of variable amplitude
loading on fatigue life are presently not well established, the
fracture mechanics approach to fatigue crack propagation under these
conditions appears to be the most promising.

Between the extremes of a simple constant amplitude loading
and a complex random stress history, there is a multitude of patterns
of wvarying complexity which can be described by either analytic
expressions or numerical techniques. The first step in deing so is to
characterize the stress or strain fluctuations in a manner that is
suitable for further study, the use of techniques based on probability
theory being perhaps the most appropriate.

The stress or stress amplitude spectrum for a particular
location in a component may be defined in terms of the frequency of
occurrence of the maximum peak stress or stress amplitudes,
respectively.

Several investigators have observed that changes in cyclic
load amplitude may result in either retarded or accelerated fatigue
crack growth rate.

Figure 2—21(top)[57] presents a schematic of a crack growth
curve, crack length (a) versus number of applied fatigue cycles (N),
illustrating the common effects of a single overload on previously
unretarded crack growth. When the crack growth produced by constant
load amplitude fatigue is interrupted by an overload, crack growth

accelerates corresponding to the overload. Thereafter, the rate of
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crack propagation quickly decelerates, and after a small number of
subsequent fatigue cycles the rate of crack growth achieves a minimum.
This deceleration to a minimum rate of crack propagation is known as
delayed retardation and the period of delayed retardation is defined as
the number (NDR) of post-overload fatigue cycles required to achieve
the minimum crack growth rate. TFollowing delayed retardation, crack
growth continues at a near minimum rate for an extended period, and the
exhaustion of the retardation process is marked by an acceleration of
crack growth to regain the unretarded rate. The total period of crack
retardation, N¥*, is defined ‘as the number of cycles during which crack
growth rate is retarded following an overload application. The nature
of the transient crack propagation behaviour that results following an
overload is further revealed by differentiating the crack growth curve,
Figure 2-21 (top), to give crack propagation rate, da/dN, as a function
of N, Figure 2-21 (bottom).

Wei and Shih[58’59]

studied the effect of delay, or
retardation in the rate of fatigue crack growth, produced by load
interactions in variable amplitude loading in order to predict the
fatigue live and/or inspection intervals for a mill annealed Ti-6Al-4V
alloy. This investigation showed that fatigue crack growth delay is
strongly dependent on all loading variables, eg. the ranges of the
stress intensities, their ratio and the number of constant amplitude
cycles between the high tensile load cycles.

The explanations for delay phenomenon are residual stress,

crack closure, or a combination of these mechanisms. A crack tip

geometry model advocates that high tensile load cycles cause crack tip
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blunting which in turn causes retardation in fatigue crack growth at
the lower load fluctuations until the crack is resharpened. The
residual stress model suggests that the application of a high tensile
load cycle forms residual compressive stress in the crack tip vicinity
that reduces the rate of fatigue crack growth. The crack closure model
postulates that the delay in fatigue crack growth is caused by the
formation of a zone of residual tensile deformation left in the wake of
a propagating crack that causes the crack to remain closed during a
portion of the applied tensile load cycle. Consequently, fatigue crack
growth delay occurs because only the portion of the temnsile load cycle
that is in excess of the crack-opening level is effective in extending
the crack.

Many complex cycle by cycle models have been developed and
proposed in the 1literature to take these factors into account.
Unfortunately, these models require the knowledge of the order of
appearance of the peak and valleys of the loading history, information
which is not always available. In fact service loadings are most of
the time available in the form of amplitude distributions rather than
waveform signals or succession of peak and valleys. Moreover, in an
ASTM round-robin investigation using a flight simulation loading for
which the cycle interaction effects are expected to be important, a
simple linear accumulation model produced surprisingly good predictions
as compared to much more complex models[SA].

This simple model can be expressed as

K
_rl 1/n
B =[x 3 8K]]
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where AKi is the individual consecutive ranges of stress intensity fac-

tor (or half-cycles), n is the Paris law exponent and AKeq is intended

to replace AK in the Paris law equation:
da/dN = C[AKeq]n

On the other hand, variable amplitude tests are specific to
the loading history employed and cannot be directly used for a
different loading history.

The amount of retardation due to tensile overload decreases
as temperature increases. Furthermore, the magnitude of retardation
exhibited at the higher temperature was found to be relatively small
for overlocad values generally exhibited in a turbine disk load
spectrum. Thus retardation effects may not be as significant at high

temperature as at intermediate temperature where fatigue crack

retardation may be more pronounced.
2.2.4 Specimen geometries for fatigue crack propagation

Selection of a fatigue crack propagation test specimen is
usually based on the availability of the material and the types of test
systems and crack monitoring devices to be used. Any specimen
configuration with a known stress intensity factor solution can be used
in fatigue crack growth testing, assuming that the appropriate
equipment is available for controlling the test and measuring the crack
dimensions. These specimens can be divided into two main classesll],
specimens containing through cracks, where the crack length is constant

through the thickness of the testpiece, and specimens containing
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part—elliptical cracks. The former class includes[6o] the compact
tension specimen, the keyhole specimen, the single edge cracked
specimen, the double edge cracked specimen, the centre cracked
specimen, the notched specimen, and the single edge cracked bending
specimen. The latter class includes the corner crack specimen, the
surface cracked tensile specimen, and the surface cracked bending
specimen. The most widely used fypes of specimens for fatigue crack
propagation are the centre cracked tensile specimen (CCT), the compact
tension specimen (CT), and the cormer crack specimen (CC). Figure

2-22(a)[42] [€0]

shows the CCT specimen geometry, while Figure 2-22(b)
shows the geometry of the CT specimens, which is one of the most
popular for crack propagation. Figure 2-22(b) also shows the variation
of normalized stress intensity with normalized crack length for this
specimen, based on:

-2

BwW?

where P is the load applied to specimen,
Y = [439.20 (a/w)E-294.2(a/w)> 2+1118(a/w)"  2-1842(a/w) 7/ 241159 (a/w) /2

11159 (a/w) /2

Figure 2—22(c)—1[2] shows the geometry of the CC specimen.
The initial notch is introduced by 'nicking' one corner of the specimen
to simulate the growth of quarter circular cracks in engine components.
Figure 2—22(c)—2[60] shows the variation of normalized stress intensity
with normalized crack length for quarter—circular cracks in the corner

crack specimen. The CC specimen is best suited for obtaining crack

propagation data for engine disk applications, for it simulates the
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typical 'non-through' crack geometries such as corner and surface

(1]

cracks identified as critical in most engine disc applications.

[61] shows the difference of fatigue crack

Figure 2-23
propagation rates between CT and CC specimens under 200°C, where alloy
B is a P/M nickel-base superalloy. The corner-crack propagated
progressively slower with increasing AK than expected from the CT

/2

specimen behaviour for AK225 MNm_3 This difference was related to
the ratio of plane stress to plane strain crack growth along the crack
front, and was accentuated at 200°C as a result of a change in fatigue

crack growth mechanisms at this temperature wunder plane stress

conditions.

2.2.5 Other factors

Frequency: The fatigue crack propagation rate, da/dN, de-
creases with increasing cycling frequency in Astroloy (see Figure
2—24[40]). Neglecting environment effects the range of the crack tip
displacement decreases with frequency increase because a higher effec-
tive flow stress is required at high strain rate. The effect of envi-
ronment and creep tend to be minimized as the test frequency is in-
creased. The lower the frequency, the larger the plastic zone size and
the faster the crack propagation rate.

Environment: Crack propagation rates are higher in air than

[40]). From the point of

in argon for Astroloy (see Figure 2-25
environment—-controlled fracture mechanisms (see p.18), the effect of

environment can often promote fatigue crack propagation, but it need
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not always lead to more rapid crack propagation. It has been proposed
that oxidation products could form a thin film in the crack tip region
and prevent crack resharpening during the unload portion of the cycles.
If the stresses are sufficiently low, the oxidation products in the
crack tip region will not be cracked and an elevation of the threshold
AK can result.

Hold time: Comparing with pure fatigue testing, holding the
specimen at peak stress, increased the fatigue crack propagation rate
(Figure 2-26[40]). The mechanism responsible for this increase
however, was mnot clearly identified. When the load ratio R was

increased, the fatigue crack propagation rate is also increased.



CHAPTER 3: CRACK LENGTH MEASUREMENT TECHNIQUES [2,34,62-66]

Crack length measurement is very important in fatigue testing
because of the effect on the accuracy of fatigue life prediction. In
the early stages of the development of crack length measurement techni-
ques, optical and fracture surface observations were the main methods
available to research workers in the field of fracture and fatigue.
Since the 1960's techniques such as the compliance methods, potential
difference, acoustic emission and ultrasonics have been used for the
detection and measurement of crack extension during fracture and
fatigue. More recently new techniques such as back face strain
measurement and a.c potential difference methods have become available.
Crack length measurements are required not only for the measurement of
the propagation rate da/dN, but also for the calculation of the applied
value of AK. Different techniques are available each presenting

inherent advantages and disadvantages.

3.1 Optical Method

The optical method largely relies on the use of travelling
microscopes or telescopes. Crack length measurement is often aided by
markings etched or scribed on the specimen surface without
necessitating the interruption of the test. It is a method which can
be easily employed at room temperature in air or in other clear
environments. The method is relatively inexpensive, does not require

calibration, and does not require the specimen to behave in a linear



35.

elastic manner. This method, however, measures the surface crack
length only, not the interior crack length and it is time consuming,
not amenable to automation and requires the specimen surface to be

accessible and in a well polished condition.

3.2 Eddy Current Method

This crack length measurement technique uses an eddy current
probe positioned adjacent to the crack surface to produce an electrical
signal indicating the crack. A second probe unaffected by the crack is
employed for reference comparison. The disequilibrium voltage between
the two receivers is fed into a comparator. It has been used for
centre cracked sheets but should be adaptable to other geometries. The
method can easily be incorporated in automatic crack length detecting
systems. This technique is expensive and only produces surface

measurements.

3.3 Strain Gauge Filament Method

Electrically conducting wires are attached to the specimen in
such a way that they are broken by an advancing crack thereby producing
stepwise changes in resistance. It is a convenient method to employ
and used for all specimen geometries. Very low costs are involved and
the method is easily adapted for automatic crack length measurement.
But only surface measurements are produced and the technique is mnot

well suited to high temperature and aggressive environments.
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Difficulties may arise in the location of the gauges and in ensuring
that the filament is always broken by the passage of the crack tip and

only the crack tip.

3.4 Ultrasonic Method

The ultrasonic method involves the transmission and reception
of a pulsed ultrasonic beam intersected by a crack. The transducer
employed is positioned slightly ahead of the crack and as soon as the
echo reflected from the crack attains a preset maximum threshold, the
automatic displacement of the transducer is triggered. This displace-
ment stops as soon as the echo decreases below a preset minimum
threshold. Crack profiles of embedded cracks can be obtained using the
ultrasonic method. Incorporation in automatic systems is relatively
easy and non-metals can also be studied. Relaxation from linear
elastic behaviour is readily accommodated and accuracies of 0.2 mm can
be achieved. The probe displacement variation does not require
calibration and the time—of-flight variation is simply calibrated and
very versatile. Ultrasonic methods are not well suited to small, thin
specimens. The methods are expensive and have not yet been developed

for high temperature or aqueous corrosion studies.

3.5 Acoustic Emission Method

Acoustic emission involves the attachment of & sensing

transducer to the test piece which oscillates at its resonant frequency
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on receiving elastic stress wave from sources of deformation. The
detected emissions are then amplified, selectively filtered and
conditioned and then counted either on a periodic basis as a rate of
emission or as a cumulative total. The method is adaptable to any
specimen geometry. The technique is capable under many circumstances
of resolving details of continuous cracking processes with higher
sensitivity than other methods particularly during tests on high
strength materials under constant load. Acoustic emission equipment is
expensive and sophisticated. The filtering of extraneous noise from
the testing machine and grips etc. may prove to be tedious and
difficult. The correlation of emissions with crack length is poor
unless the equipment is capable of measuring the energy associated with
the emissions. The signals are material and mechanical/thermal
treatment sensitive and tend to be less prolific in lower strength

materials.

3.6 Compliance Methods

(1) Crack opening displacement (COD)

The basis is to measure the COD usunally between points along
the loading line or, in the case of bend and wedge opening specimens at
the front face. A COD extensometer is attached to the lips at the
crack mouth and produces an electrical voltage which is proportional to
the value of 8(COD). For high temperature testing, extension arms may
be used to transfer the displacements to regions of lower temperature

where conventional gauges may be used. The cost of the method depends
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on the application and ranges from low cost in room temperature air to
moderately expensive in high temperature aggressive environments. The
specimen does not have to be visually accessible and can provide an
"average" crack length figure where crack front curvature occurs. The

method is easily incorporated in automatic crack length measurement

systems. But separate calibration tests may be necessary in some
cases. Clip gauges and, to a lesser extent, transducers are not very
robust.. The COD technique is omnly applicable to specimens where
reversed plasticity effects are small. Because the large reversed

plasticity will change the effective modulus during the test, it will
lead to errors in crack length or load.

(2) Back face strain (BFS)

Strains are measured on the back face (i.e. wuncracked
ligaments) of CT, or T type wedge opening loading (WOL) specimens[66]by
strain gauges or possibly clip gauges or transducers in large test
pieces. A specimen calibration is required and this method provides an
average measurement of crack length. The cost depends on the
particular application and ranges from very inexpensive in room
temperature air test to moderately expensive in high temperature
aggressive environments. The BFS technique shows excellent
characteristics for incorporation in automatic systems. The method can
be wused in conjunction with a relatively inexpensive device for
maintaining constant K conditions during crack growth in CT and T type
WOL specimens. But the technique should only be applied to specimens

where time dependent, time independent and reversed plasticity effects

are small.
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(3) Crack tip strain

The strain close to but behind the crack tip is measured
using surface mounted strain gauges. The method is only suitable for
bend specimens. The initiation of crack growth is detected even in the
presence of large scale plasticity. The cost of the method depends on
the particular application but is usually a low cost item. The method
is only of limited value in crack length measurement and problems occur
in thick specimens where events on the surface of the specimen do not
reflect crack growth in the interior. Although large scale plasticity
is tolerated, the onset of general yielding may make interpretation

difficult.

3.7 Potential Drop Methods

The last method which will be considered is based on the fact
that the specimen cross sectional area is reduced as the crack
propagates, resulting in a change in the electrical resistance of the
specimen. A constant direct or alternating current is passed through a
specimen in such a way that a change in crack length alters the poten-
tial difference of suitably placed contact points, usually in the
vicinity of the crack tip. The method is suitable for all test piece
geometries.

The potential drop (PD) technique is a widely accepted method
of monitoring crack initiation and growth in controlled 1laboratory
tests, which provides a total measurement, including crack front curva-

ture and fulfills the requirements of a high degree of accuracy and
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[1,2,67] The PD technique has

repeatability for data acquisition.
proven to be particularly valuable in tests where inelastic
deformations or creep occurs because the calibration of the technique
does not rely on elasticity theory and also offers a virtual
independence from the applied loading cycle thus allowing various
mission spectrum loading sequences to be employed.[67] This also
allows for changes in test parameters to be implemented without
stopping the test. The technique is suitable for any crack geometry,
especially for surface crack and the PD system is highly stable and
well suited for automatic control and long term, high temperature

[1,2,71,73,74] There are two types of PD techniques employed

[1:67’72]; the alternating current (ac) and

testing.
for crack length measurement
the direct current (dc) method. Although the ac method has been
reported to offer higher sensitivity and improved accuracy over the dc
method, it is much more complex and difficult to implement and the
equipment required is more elaborate. The dc PD technique was the

technique selected for this test program:

3.7.1 ac potential drop

The calibration for different specimen geometries is simple
since there is a linear relationship between output and crack length
and there is no specimen size dependence. The method does not require
any delicate instrumentation to be attached to the specimen. Some
relaxation from 1linear elastic behaviour is easily accommodated.

Incorporation in automatic systems is simple and average crack length
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values can be produced. The technique is capable of high sensitivity.
By comparison with the dc method, a strong advantage ;f the ac system
is its suitability to large test pieces and to surface cracks in
specimens and structures. But moderately high cost is involved with
the ac technique. Connecting wires have to be carefully placed and
must not be moved during tests because of lead interaction effects.
Although considerable improvements have recently been made, there is a
requirement for high stability in the electronic and long term
stability may be difficult to achieve. Bridging of crack surface by
corrosion products may produce erroneous crack length readings.

Electrical insulation of specimens is required.

3.7.2 dc potential drop

This system does not require any delicate instrumentation to
be attached to the specimen and moderately low costs are involved. The
technique is simple, robust and advanced electronics are not necessary.
Average crack length values can be produced and the method is well
established for certain specimen sizes and geometries. fhe system is
highly stable and well suited for automatic control and long term, high
temperature testing. Small relaxations from linear elastic behaviour
are easily accommodated. Some theoretical calibrations are available
but the relationships between PD and crack length are relatively
complex and it is more usual to carry out calibration tests. The
method can not distinguish between crack extension and changes in the

external dimension of the specimen such as would occur during general
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yielding. There is some uncertainty in stress corrosion and corrosion
fatigue studies over the possible interface with electro-chemical
conditions adjacent to the crack tip. For decreasing AK/constant COD
tests, the crack faces may short electrically thus producing an
underestimate of crack length. In some cases the loading grips may
have to be electrically insulated from the test machine. Thermal
electromotive force (emf) may cause problems and the dc method is not
suitable for large specimens. The details of the dc method are further
explained in the following sectiomn.

3.7.2.1 The principle of dc PD technique

The principle of the dc PD technique requires that a constant
current be applied through the specimen which is being tested. As the
crack grows, the cross sectional area through which the current can

flow is decreased and then the electrical resistance of specimen (R) is

increased according to the equation:[2’67]
= oL
R A

where p is the material resistivity which is a constant under the same
temperature, L is the length of current travel which is increased
during the test and A is the cross sectional area available for current
flow. When a constant current (I) is maintained through a body of
increasing resistance, the voltage drop or PD (V) across that body is
governed by Ohm's law:[l’z]
V = 1R
The increase of voltage from the increase of resistance should

therefore reflect the increase of crack length in the test specimen and
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the PD can then be measured and calibrated as a function of crack

length.

3.7.2.2 dc PD technique systems

A possible set—up for fatigue testing and crack length

1.[2] Since metals are excel-

measurement system is shown in Figure 4-
lent conductors of electricity, relatively high current was necessary
to obtain a reasonable signal to noise ratio in the dc method. This
high current however, causes heating in the current leads and the lead
specimen junctions which not only affects the resistance of the leads

[73,74]

but causes a thermal emf problem. These problems can be

[2,67] In such a

minimized by employing a pulsed current system.
system, the current is only turned on for the data acquisition
sequence, typically involving 2 seconds for stability and 1 second for
data acquisition at high temperature, so that the leads and junctions
do not have time to heat up appreciably.

In order to eliminate the temperature effects, current
variation, thermoelectric effects and drift of the system, a reference
voltage is measured. The reference voltage can be measured at a
location far from the crack or on a separate piece of identical
material located in the same testing environment.[2’68]

A computer is used in this application for both control of
the test and data acquisition, for it overcomes the problems of labour
which is time consuming and also promotes the sensitivity and accuracy

[2]

of the measurement system.
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In order to enhance the accuracy of the technique, the
computer was programmed to stop cycling and maintain a maximum load

plateau during data acquisition which overcomes any closure effects at

the crack tip and magnetic-—mechanical effects during cycling.[1’67]

Based on the method described above, the ratio 7 is
(v.-v
(Vv_-v

on off)notch

Y =

on off)reference

where the Von and V are the voltages during current on and off,

off
respectively. The ratio 7 is material and specimen size independent
and is just dependent on the location of both the current input leads
and the voltage measuring probes and on the crack geometry.

The optimal position of the voltage probes is located on cross
corners of the notch and specimen edge and as close to the notch as
possible, since the voltage probes in the above position are
insensitive to small errors in positioning providing the maximum
increase in voltage over other locations. The selection of an optimum
position for the current leads is arbitrary. It was decided to follow
the recommendations of the AGARD cooperative tegt programme procedures
which located the current leads on the top and bottom edges at the load

line.[67’73]

3.7.2.3 Calibration
The application of potential drop methods is totally

dependent on an accurate calibration relating output voltage to crack

length. There are a lot of methods for this purpose, such as
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theoretical, analogue and experimental methods,
etc.[l’2’67’69’70’73’74]

Theoretical calibrations are based on the solution to
Laplace's equation which relates the current flow and is a time
independent heat flow equation for specific boundary conditions of a
given test piece geometry where for a strip of metal of constant
thickness and width containing a transverse crack. For a homogeneous
specimen in which the current flows only in the plane of the specimen
then the steady electrical potential V and at a point (x,y) is given
by

Analogue method is based on the pattern of electrical poten-
tial "distribution and current flow in a specimen depending only on its
profile. A 2D slice through the specimen may be conveniently modelled
by a sheet of aluminium foil cut to the same geometry as the test
piece. A stable current is passed through the foil, the foil is slit
in small increments with a scalpel to simulate a crack extending from
the notch. After each increment the crack length is measured with a
travelling microscope and the corresponding potential drop is read
using a digital voltmeter (DVM) capable of 1 uV resolutiom.

Experimental calibration curves have been obtained by measur—
ing the electrical potential difference: (1) across machined slots of
increasing length in a single test piece by employing the travelling
optical microscope; (2) across a growing fatigue crack where the length
of the crack to each point of measurement is marked on the fracture

surface by a single overload cycle or by a change in mean stress, or;
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(3) across a growing fatigue crack in a thin specimen where the length
of the crack is measured by surface observation. In the third case,
the calibration curve can be obtained by drawing a straight 1line
through two data points. The first marking is obtained by heat
tinting, the second marking is the clearly distinguishable transition
line between the fatigue and overload areas.lz]

Table 3—1[34] summarizes the principal characteristics of the

different techniques available for measuring crack lengths.



CHAPTER 4: EXPERTMENTAL PROCEDURES

Fatigue crack propagation rate tests were carried out at room
temperature and 650°C on corner crack Astroloy specimens under five
loading conditions. A dc-PD technique was used to measure crack

length.

4.1 Test Apparatus

A general schematic of the high temperature fatigue test rig
is shown in Figure 4-1. Figure 4-2 shows the LCF apparatus with the
specimen and Figure 4-3 shows the LCF apparatus with the furnace. In
this design, the apparatus consisted of a computer controlled servo-
hydraulic load frame system; a furnace; grips; cooling coils; thermo-
couples; temperature controllers; a DC power supply; amplifiers and PD
‘wires. A direct current potential drop (dc-PD) techmnique was used for
crack length measurement (see Figure 4-4).

A closed loop, hydraulic driven, servocontrolled MTS test
system was used for all tests which was interfaced to a PDP 1134
computer. The computer was used to: (1) generate load command signals
and frequencies; (2) define statements to turn the DC power supply on
and off at certain times; (3) obtain through the analogue to digital
(A/D) data acquisition system voltage readings from the specimen and
the reference specimen at timed intervals, and store them on a hard

disk.
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In fatigue tests, a load frame is required for reacting
forces applied to the specimen and to support the specimen and sensors.
Provisions are made to assure convenience in mounting the specimen and
auxiliary equipment such as environmental chambers. 4 load frame
usually takes the shape of a rigid closed box structure providing good
stiffness, minimum weight and a resulting high resonant frequency[75].
For this work, an MTS 311.11 load frame was used which consists of four
vertical columns that join a movable crosshead and a fixed platen, with
a force rating of 250 kN.

A three 2zone electric muffle furnace (Marshall), shown in
Figures 4-1 and 4-3, was used for heating. Electrical resistance coils
embedded in refractory mouldings define the shape of the heated space.
The heater assembly is encased in refractory insulation. In order to
compensate and obtain a uniform central temperature, there are three
coils in the furnace, defining a central zone and two outer zones. The
furnace is a split type which consists of two longitudinally divided
half cylinders hinged together. A furnace of this design provides a
high degree of access to the specimen—-grip—PD system and is available
in a variety of ratings governed primarily by the bore and heated
length. The furnace can operate up to 980°C (1800°F). At the top and
bottom of the furnace openings, 902 Precision Machinable ceramic plates
were used to seal the ends of the furnace during testing. The maximum
continuous service temperature for the ceramic plates is 1150°C.
Temperature control and measurement was achieved using OMEGA series
6100 temperature controllers and an OMEGA model 660 temperature

indicator (see Figure 4-5). Three K-type thermocouples were located at
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the top, center and bottom zones of the furnace (they are shown in
Figure 4-5) through McDaniel ceramic tubes. The temperature indicator
was wired in parallel with the center thermocouple.

A set of long grips were used for this work (see Figure 4-6).
These grips were made of Nimonic 105, a nickel based superalloy. Two
6.5 mm diameter water cooling coils, made of copper, were wound around
the upper and lower grip ends to reduce the temperature in the grips
and to protect the load cell.

Crack lengths were measured using a dc-PD system. The system
includes (1) a Sorensen power supply, which was used as a constant
current source with an output capability of 0 to 25 amps at 0 to 10
volts d.c.; (2) three amplifiers, Pacific model 8255, which were used
to amplify the voltage readings into the 0 to 10 volt range. The first
amplifier was connected in series with the second to increase the gain
of the specimen signal, the third was used for the reference signal.
The amplified analog voltages were then fed through analog to digital
converters to a PDP 1134 computer; and (3) the voltage drop wires which
connected the specimen to the amplifier wires, were made of titanium
and had diameters of 0.005 inches (0.1275 mm). The d.c.. current used
for crack length measurement was 23 amperes with initial voltage values

of 180200 uV at 600°C.
4.2 Testing Material

The material used in this investigation was taken from an

RB-211 high pressure turbine disc supplied by Rolls Royce PLC which was
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HIP'd P/M Low Carbon (LC) Astroloy (see Chapter 1). Figure 4-7 shows
the as-received RB-211 fan disc material. The chemical composition of
as-received Astroloy is given in Table 4-1. A typical material was
heat treated at 1093°C for 4 hours and fan air cooled, aged at 650°C
for 24 hours, air cooled and aged at 760°C for 8 hours and air cooled.
The mechanical properties of the material are listed in Table 4-2[18].
In order to investigate the FCP behavior at different orien-
tations, the material was cut in three directiomns: (1) BT; Bore-
Tangential; (2) BA: Bore-Axial, and (3) WR: Web-Radial. Figure 4-8

shows the specimen orientations and locations in the disc.

4.3 Loading Conditioms

The test program was divided into two sections: '"baseline"
tests and "verification" tests. Baseline tests were used to obtain the
fatigue crack propagation rates at constant amplitude with or without
dwell times. Verification tests were used to determine the effect of
minor cycles upon the fatigue crack propagation behaviour.

The waveforms used for the baseline tests were ramp waveforms
with 0, 10 and 100 second dwell times at maximum load as shown in
Figures 4-9, 4-10 and 4-11. The waveforms used for verification tests
consisted of 450 and 900 minor cycles with 0.05 and 0.1 minor cycle
load range ratios on 100 second dwell time at maximum load (see Figures
4-12 and 4-13). TFor all of the tests, the R or load ratio of the major

cycle was 0.1.
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4.4 Crack Length Measurement

Crack lengths were measured by a dc-PD method with a resol-
ution of approximately 0.05 mm. A schematic of the dc-PD system used
in this work is shown in Figure 4—4.[2’77] In order to ensure that the
voltage rise due to the increase in crack length was the dominant
measurement, a large current must be applied through the specimen.
This large current if continually applied would cause heating in the
current leads and the load-specimen junctions. This problem was solved

[67]

by employing a pulsed current system. The current is turned on for
six seconds which allows the current to stabilize before data
acquisition.

In order to enhance the accuracy of the technique, the
computer was programmed to stop cycling and maintain a maximum load
level during data acquisition, as seen in Figure 4-14. In order to
eliminate the effects of current variations and temperature upon
voltages during the test, a reference potential is required from a
dummy specimen. The dummy specimen is connected in series with the
current supply. The reference was made from Ti-6A1-4V, with the same
corner crack (CC) geometry as the test specimen.

The current in and out positions were located at the ends of
the grips. The PD wires were located at each side of the mnotch and as
close to the notch as possible (see Figure 4-15). By ensuring that the
wires are welded at the same locations for each test one enhances
reproducibility, decreases sensitivity to placement error and provides

the maximum increase in voltage over other 1ocations.[67]
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Each set of voltage readings consisted of current—off and
current-on values for the reference and the specimen potential,
respectively. In order to compensate for voltage fluctuations, the
current-on minus the current-off values were used for measurement
purposes. For each measurement, 20 data sets were obtained and
averaged to obtain mean values. A calibration curve was determined by

[2]

drawing a straight line through two known sets of voltage and crack
lengths. The data sets used for this calibration curve were the
initial mnotch 1length and the final fatigue crack 1length, shown in
Figure 4-16. Therefore, " the formula for the line can be obtained
using:
y=mx +b (4-1)

where y is voltage, x is crack length, m is slope of the line and b is
the intersection point on the y axis. Hicks and Pickard[69] investi-
gated the calibration methods of the PD technique in the cormer crack
specimen and compared the results of analytical and finite element
methods (see Figure 4-17). - Figure 4-17 shows the effect of the PD
probe's distance from the centreline (Z) of the notch. In the tests,
Z = 0.08 to 0.20 mm were measured. It is imperative to note that the
tests were always stopped before an overload failure occurred in order
that the final fatigue crack length and associated voltage could be
accurately measured.[Z] The optical measurement of the final crack
length on the fracture surface was determined by taking the average of
five readings; one at each side surface of the specimen (the surface
crack length), and another three at angles of 22.5°, 45° and 67.5° with

respect to one of the side surfaces.
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4.5 Software Control

An MTS control system linked to a PDP 1134 computer was used
to generate the command waveshape, the data acquisition and the dc PD
control. The application program was written using a high level
modified BASIC language specifically for mechanical testing purposes.
A flow chart of the program is shown in Figure 4-18 and the software
subroutines are listed in Appendix A. The general organization of the

[

program can be divided into three main sections: 76]funct:ion gener-—
ation, dc-PD control, and data acquisition.

For function generation, an FG call in software activates the
hardware segment generator in the MTS 433.50 interface providing the
repeats frequency. The tests were conducted using a series of ramp
waveshape segments tied together to produce the desired sequences.

The dc-PD control portion of the program was used to control
current-on and current-off for data acquisition. It consists of a
RELAY call for current on and off. The MTS 433.50 interface uses a
reed relay circuit to activate the D.C. power supply.

The data acquisition is done by means of the A/D subsystem in
the MTS 433.50 interface. The test program defines the channels and
sample rates which are to be recorded during the appropriate time
interval. The data acquisition routine comnsists of TIME, DACQ, START,
QUIT calls. The TIME call sets the time interval of data acquisition.
The DACQ call is used to determine the type of data to be acquired, to

define the selected analog to digital chanmnels of the MTS 433.50 inter-—

face and to choose the number of clock interrupts to elapse between the
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taking of data. START, QUIT calls were used to start and stop the
action of data acquisitionm.

The number of elapsed cycles was counted using a subprogram
which accumulated the elapsed numbers as a function of the number of

repeats in FG routine.

4.6 Data Processing

When fatigue crack propagation occurs in the specimen, the
cross section of the notch plane is decreased which leads to the volt-
age between the PD wires increasing. At the conclusion of the test, a
curve of increasing voltage, V, versus cycles, n, was obtained. The
voltage values where converted to crack length values using the com-
pliance curve described in Section &4.4. Therefore, a curve of 'a'
versus 'N' was drawn from V-N and a-v data. Crack growth rates were
calculated by dividing the change in crack length by the number of

elapsed cycles during this change. The corresponding AK values were

calculated from the average crack length, a, and the stress applied on

the remaining section:[es]
For a/w < 0.2:
MK = 1.16 2 Ao/ ma (4-2)

For E/w > 0.2

BK = {1.12-0.13(a/w)+1.84(a/w)>+0.11(a/w) >+0.8(a/w) 12 Aoy na
(4-3)
K=K _ -K_ (4-4)

max min
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where AK is the change in stress intensity at the crack tip and w is

the width of the specimen.
4.7 Fractography and Microstructure Characterization

For all loading conditions, the fracture surface were ob-
served using either a JEOL JSM 820 or 840 Scanning Electron Microscope
(SEM). The initial notch and final crack lengths were measured and
fracture modes at different AK values were investigated. The crack
propagation rates were determined from the spacings of the striatioms
on the fracture surface and compared with calculated values.

Selected specimens were sectioned at right angles to the
loading axis, polished and etched for microscopic examination. The
morphology and the distribution of precipitates and grain boundaries
were observed. To produce grain contrast, a solution of 5 grams of
CuCl,, 100 ml of ethancl and 100 ml of HCl was used as an etchant. In
order to find the secondary crack propagation modes and paths, selected

specimens were sectioned diagonally, mounted, polished and etched.



CHAPTER 5: EXPERIMENTAL RESULTS

The raw data obtgined from the fatigue crack propagation
tests consisted of PD values (V) for given numbers of cycles or major
cycles in the case of tests with major and minor cycles. This number
of cycles or major cycles N can also be considered to be equivalent to
a similar number of flights. From the known relationships between V-N
and V-a, the crack lengths (a) versus the numbers of flights (N) were
obtained. Then, the crack propagation rates (da/dN) versus the change
in stress intensity, Ak, were plotted for each specimen and the data
were fitted by the Paris and the Weibull curve fitting models. The
numbers of flights to failure for several stress ranges were obtained
by using the critical stress intensity (KIC) for this material and the
Paris coefficients (n and c¢) for each test condition.

-Fractographic analyses for each test specimen were performed.
Secondary crack morphology and microstructural analyses were carried

out for the room temperature and 650°C specimens.

5.1 Calibration Curves

The calibration curves which represent the voltage change
(Ve) from dc-PD technique as a function of crack length (a) for each
specimen are shown in Figures 5-1 to 5-7. These curves were obtained
by drawing a straight line through two known pairs of voltage drop and
crack length data. These two points corresponded to the initial notch

and final crack lengths. The tests were always stopped before an over-
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load failure occurred in order that the final crack length and associ-
ated voltage drop could be accurately measured. The optical crack
lengths on the fracture surfaces were determined by taking the average
of five readings: two at the side surfaces of the specimen, and the
other three at angles of 22.5°, 45° and 67.5° with respect to one of
the lateral surfaces (see Figure 4-16). The crack 1lengths were
somewhat (up to 1lmm) shorter at the lateral surfaces (0° and 90°).

Since the initial notches in the cormer cracked specimens are
small and variable, it is not feasible to normalise the potential
changes to the initial potential value. Hence the final average crack
length on the specimen is measured and the data are normalised with
respect to the remote potential gradient, V(RG), where

Vv, -V

V(RG) = ——1 (5-1)

ap ~ ag
a; and VI are the initial notch length and voltage change, ap and VF
are the final crack length and voltage change. The calibration curve
is a plot of VC/W-V(RG) versus ac/w. The equation of the calibration
curve, which is a straight line, is assumed as follows:
y=mx+b . (5-2)
where y is VC/W-V(RG) and x is ac/w. Thus the calibration curve takes

the form of:

Ve _% %1% (5-3)
W-V(RG) ) W(VF - VI)
where W is specimen width. The relationship between potential drop

measured (Vc) across the crack radius (ac) is:
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F V1 apVy ~ arVg
= ———g + f
C aF aI

Table 5-1 gives the loading sequence type and the values of calibration

(5-4)

curve parameters, ar, VI’ ap, VF’ V(RG), (aFVI - aIVF)/w-(VF - VI), for

each test specimen.

5.2 FCPR Expressions

5.2.1 Data Processing

The dé/dN data were obtained by using a secant method[78]

which is based on the plot of crack lengths (a) versus the
corresponding numbers of flights (N). These plots are shown in Figures
5-8 to 5-14 for each test specimen. Two mneighbouring data of crack
length were taken (ai,ai+1) and the da/dN was obtained by following
form:

a, - a,
Aa _ i+l i

AN N,

da/dN = -
i+l Ni

(5-5)

where Ni and Ni+1 are numbers of flights corresponding the crack

lengths a; and-ai+1.

The Ak values were calculated using the expressions described
in section 4.6 where the crack lengths (a) took the average crack

lengths between two neighbouring data. It takes the form of:

a, + a,
a =124 (5-6)

where a is the average crack length.

The crack propagation data are presented in tabular form for

each specimen in Tables 5-2 to 5-8.
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5.2.2 Paris Relation and Coefficients

Paris and Erdogan were the first to propose that the
FCPR(da/dN) was related to stress intensity factor AK in 1963,[79]
through the emprical relationship:

da/dN = c(aK)" (5-7)
where 'c' and 'n' are material constants for given values of
temperature, frequence and load ratio. This equation describes a
linear region of slope 'n' on a log-log plot, or regiom II.

The method used for the regression of the da/dN-AK data to
obtain the Paris relationship was the least-squares method. In this
method, the distances of the data point from the regression line are
calculated. Their square values are summed and the regression line
found which minimizes this sum. We assume that the equation of the
regression line is:

y =a + bx (5-8)
where 'a' and 'b' are unknown constants. For example, there are five
data sets for the regression, the coordinates of these five data are
(xl,yl), (xz,yz), (x3,y3), (x4,y4) and (x5?y5), respectively. The
distances from the data to the regression line are dl’ d2, d3, d4 and
dS’ respectively, where (from equation 5-8):

di =y, - (a + bxi) (5-9)

The least-squares regression line is obtained by so choosing 'a' and

'p' such that:



is a minimum.

n 2 _ % 2 _ 32 2
T 4, =% [y, -(a#bx))]" =% (y, -a-bx)
. i . i i . i 1
i=1 i=1 i=1
2 2. 2, .2 2
= ? (yi +a”" +b X" - Zayi - 2bxiyi + 2abxi)
i=1
n n n n
=5 y2+na® 4?3y x%-2a3 y -3 x
i=1 * i=1 i=1 i=1

Based on this principle, we get:
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(5-10)

n
v, + 2ab ? x,
i=l

If we complete the square, first on 'a', then on 'b', we get:

n

I 4, =n[a-(3-b%)]

i=1

n -— e
I Xy, -nxy
n Lo, 1i7d
2+(2 < 2—n§2) [b i=1 ]2
. 1 n
i=1 -2 -2
2 xi -
i=1
3 - = .2
(2 xiyi -nxy)
- N
o 2 - 2
z X, - nx
. i
i=1 .

where x and y are the sample means of the x's and y's.

n
z

di2
x=1

is minimized if:

n -— -
§=1 Xy, -nxy
b = = and a =
2 - 2
z X, - nx
, i
i

(5-11)

Obviously,

y - bx (5-12)
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Thus, the equation of the regression line can be obtained. In this
study, 'b' is the Paris coefficient 'n' and 'a' is the Paris
coefficient 'c’.

The FCPR's as a function of stress intensity factors for the
seven tests can be seen in Figures 5-15 to 5-21 with the Paris lines

superimposed. Table 5-9 provides a summary of the Paris coefficients

for each specimen.
5.2.3 Weibull Equation and Coefficients

Since the Paris relation of the form da/dN = c (AK)n does not
account for the two extreme regions (region I and II) in the FCPR data,
a four parameter Weibull analysis was undertaken to fit the FCPR data

in the three regions. The form of the equation is given as

follows:[80’81]

AK ,1/S
=2 /

%

where 'e' is the threshold parameter, Kb is the stress intensity value

da/dN = e + (v-e) [-1n (1 - (5-13)

where da/dN is indefinitely large, 'v' is the characteristic value and
's' is the shape parameter. This equation can represent two extremes
of FCP referred to as the threshold region (region I) and the region of
instability (region III). 1In the regiom of instability, the maximum AK
for FCP is limited by the material's fracture toughness through the
parameter Kb' When da/dN increases, the AK/Kb term goes to 1, the -1n
(1 - AK/Kb) term thus increases rapidly at the onset of fast fracture.

In the threshold region, da/dN is zero and Akt takes the form of:

h
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AR, =K {1 -exp [- (c5°]} (5-14)

In order to determine the four Weibull parameters, the method
of least-squares curve fitting, described in Section 5.2.2 was used.
The following steps are followed to obtain the parameters of Weibull
equation:

(1) Kb is the stress intensity value where da/dN becomes

indefinitely large. For the present material, K,  was

b

estimated to be approximately 130 MPavm for room temperature
and 120 MPav¥m for 650°C from the curve-fitting procedure.
{(2) For least-squares fitting, the following quantity must be

minimized:

n da, 5
D= 3 { gz -e~- (ve) [-In (1 - 8K/K))°] } (5-15)
i=1 1

where 'n' is the number of data points. This equation was

. ‘o 3D 9D
solved by determining the quantities e and 3 (v-e)’ and

setting these values equal to zero. The resulting solutions

obtained were as follows:

(2x;) (3y,)
Iy, -
i‘i

v-e = o 1 (5-16)
X,
Ix; - =
1 n

e=2 [y, - (ve) ix] (5-17)

1
- = [— - s
where y; = dai/dNi and X [ In(1 AKi/Kb)]
(3) Choose the parameter 's' from a range of §; to S, and

maximize the value of the correlation coefficient. 1In this

study, the 's' values ranged from 0.5 to 1.
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1 and lvl

(4) Using constant values of X, and Yo the values of 'e
can be obtained from equations 5-16 and 5-17.
The Weibull equation coefficients for each specimen are
reported in Table 5-10 and the FCPR's as a function of stress intensity

for the seven tests are shown in Figures 5-22 to 5-28 with the Weibull

lines superimposed.

5.3 Applied Stresses Versus Numbers of Flights to Failure

For most structural materials, the tolerable critical flaw
sizes are much larger than any initial undetected flaws. However, for
structures subjected to fatigue loading, these initial cracks can grow
throughout the life of the structures. Thus, an overall approach to
preventing fracture or fatigue fajilures assumes that a small flaw of
certain geometry exists after fabrication. This flaw can either cause
brittle fracture or grow by fatigue to a critical size, a .- For
design purposes, the numbers of flights (or cycles) required to grow a
initial flaw (ao) to a critical crack (acr) must be greater than the
design life of the structures.

In order to obtain the relationship between applied stresses
and the numbers of flights to failure, two material parameters must be
known: the stress intensity at the critical value, KIC’ and the da/dN
vs AK relationship. The following steps are then followed:

1. An initial flaw size, a_s is assumed. It is equal to 0.2 mm

for our corner cracked tests.
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The final critical crack size, a.,» vas calculated using the

form:
12-0.13(%)“ .sa(aLwr) 2+0.11(i;—r) 3+o.8(-a%)“} -2.p0- /72

(5-18)

where KIC is the critical stress intensity, 130 MPavm at room

temperature and 120 MPaym at 650°C. W is the specimen width-
10 mm for the corner crack specimen. Ac is the stress range,

Ao=0 -0 . (5-19)
max min

A crack growth integration is performed between a and a__
using the Paris relationship described in section 5.2.2 to

obtain the numbers of flights to failure, N_, for a given Ao,

f’
where:
a

cr
N, = 2 —98 (5-20)

a_ c(AK)n

These results are of particular interest because the da/dN vs
AK relationships have been determined for two temperature
regions and different load sequences.

The data is then plotted in graphical form as Nf vs Ao as
shown in Figures 5-29 to 5-35 for specimens BT1 to BT10,

respectively.

Table 5-11 reports the calculated Nf values at different load

level values for each test specimen.
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5.4 Temperature Effects

The tests of specimens BT1 and BT7 were carried out with the
same loading sequence, loading sequence type 1 (see Figure 4-10), which
is a trapezoidal load waveform with 10 seconds of hold time at maximum
load per cycle. BTl was tested at room temperature and BT7 was tested
at 650°C.

The crack lengths vs the numbers of flights for specimens BT1
and BT7 are shown in Figures 5-8 and 5-13. From these figures, one
observes that room temperature test has a much longer life than high
temperature test (650°C) to approach a same crack length. For example,
specimen BTl took 11500 flights to arrive at a 2 mm of crack length,
and specimen BT7 took 2680 flights to arrive at the same crack length.

Figure 5-36 compares the fatigue crack propagation rate
(FCPR) between room temperature test (BT1) and high temperature test
(BT7). High temperature fatigue test shows a higher FCPR than room
temperature test, especially at lower da/dN rates or AK values. TFor
example, the FCPR in the high temperature test is approximately 8.2
times greater than that in the room temperature test whén the 24 MPavm
of the AK value. The difference of FCPR between room and high
temperature decreases with increasing the Ak values. For example, the
FCPR at high temperature are approximately 4.1 and 2.1 times greater
than that at room temperature under the 45 and 70 MPavm of the AK
values, respectively. When the da/dN is 8.3 x 10_6 m/cycle where the
value of AK is approximately 100 MPavm, the FCPR of room and high

temperature converges together.



66.

When comparing the numbers of flights to failure of the
specimens BT1 and BT7 for a given load level, one can find that the
room temperature test has a much longer life than the high temperature
(650°C) test (see Figures 5~29 and 5-34). For example, at a load level
of 90 kN the numbers of flights to failure for the room temperature

test is 17543 compared to 2727 for the high temperature test.
5.5 Hold Time Effects

The tests on specimens BT2, BT7 and BT5 were carried out with

loading sequence types 2, 1 and 3 under 650°C (see Figures 4-9, 4-10
and 4-11), which corresponds to a trapezoidal load waveform with 0, 10

and 100 seconds of hold time at maximum load per cycle, respectively.

The crack lengths vs the numbers of flights for specimens

BT2, BT7 and BT5 are shown in Figures 5-9, 5-13 and 5-11 respectively.
From these figures, one finds that the specimen with no hold time took
a much larger number of flights to arrive at the same crack length than
the specimens with 10 and 100 seconds of hold time. The specimen with
10 seconds of hold time took the least number of flights to arrive at a
given crack length. The effect however is more pronounced between 0
and 10 seconds than between 10 and 100 seconds of hold time. For
.example, the number of flights for specimens BT2, BT7 and BT5 are
approximately 8300, 3000 and 3800 flights to arrive at a crack length

of 2.5 mm.

Figure 5-37 shows the effects of hold time on FCPR. The data

indicates that the FCPR increased with increasing hold time for short
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hold times with no significant difference on FCPR when the hold times
were 10 or 100 seconds for this material. For example, the FCPR's of

7, 1.7 x 10°°

specimens BT2, BT7 and BT5 are approximately 9.31 x 10~
and 1.75 x 10.-6 m/cycle respectively when the AK = 45 MPavm.

When looking at this data as the number of flights to
failure, specimens BT2, BT7 and BT5 are 4176, 2727 and 2398 flights

respectively at a load range of 90 kN.

5.6 Minor Cycle Load Range Ratio Effects

Specimens BT5 and BT4, BT10 and BT6 were tested at 650°C with
loading sequence types 3, 5 and & (see Figures 4-11, 4-13 and 4-12).
All of these tests were carried out with a trapezoidal waveform with
100 seconds of hold time at maximum load per cycle. There were no
minor cycles during the 100 seconds of hold time for specimens BT5 and
BT4 (0 minor cycle load range ratio tests). There were 900 minor
cycles with 0.05 minor cycle load range ratio, and 450 minor cycles
with 0.1 minor cycle load range ratio on 100 seconds of hold time for
specimens BT10 and BT6, respectively.

The crack lengths wvs the numbers of flights for specimens
BT5, BT10 and BT6 are shown in Figures 5-11, 5-14 and 5-12. From these
figures, it is seen that the larger the minor cycle locad range ratio
the shorter the life. The effect however is more pronounced between
0.1 and 0.05 than between 0.05 and O minor cycle load range ratio. For

example, the numbers of flights for specimens BT5, BT10 and BT6 are
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3590, 3410 and 2550 respectively, to arrive at a crack length of the 2

The FCPR's for the 0 and 0.05 minor cycle load range ratio
tests are very similar for a given AK value. The FCPR for the 0.1
minor cycle load range ratio test is approximately the same as the 0
and 0.05 minor cycle load range ratio tests when the AK values of the
major cycle are less than 35 MPaym (see Figure 5-38). When the AK
values of the major cycle are greater tham 35 MPavm, the FCPR for the
0.1 minor cycle load range ratio test increases at a faster rate than
the 0 and the 0.05 minor -cycle load range ratio tests with increasing
AK values. These results therefore indicate that there was no effect
of minor cycle on the FCPR when the minor cycle load range ratio was
less than 0.05. There are effects of minor cycle on FCPR when the
minor cycle load range ratio is 0.1, especially when the AK values of
the major cycle are greater than 35 MPavm. For example, the FCPR for

7, 5.2 x 10"’ and 6.1 x

specimens BT4, BT10 and BT6 are 5.5 x 10
10_7m/cyc1e, respectively, at a AK value of 27 MPavm. When the AK
value increases to 45 MPa/E, the FCPR for specimens BT4, BT10 and BT6

6, 1.68 x 10_6 and 3.5 x 10_6 m/cycle, respectively.

are 1.57 x 10

Figures 5-31, 5-35 and 5-33 show the numbers of flights to
failure at different load levels for the 0, 0.05 and 0.1 minor cycle
load range ratio tests. For example, the numbers of flights to failure

for specimens BT4, BT10 and BT6 are 2673, 2715 and 2034 flights

respectively at a load range of 90 kN.
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5.7 Fractography and Microstructure

5.7.1 Fractography

The fracture surfaces of all the test specimens were observed
by scanning electron microscopy. For all specimens, the fractographic
aspects changed from strongly crystallographic cracking at low stress
intensity (AK) to fatigue striations at intermediate AK, with these
striations changing from crystallographic to non-crystallographic with
increasing AK. At high AK values, many dimples appeared, which gives
the fracture surface a partially ductile cracking aspect. Crack
deviation and blunting lines with a spacing approximately equal to the
macroscopic FCPR were observed on stereomicrography pairs and the
observations of matching surfaces. Striation-like features with
interstriation spacings which are much smaller than the macroscopic
FCPR were also observed and should correspond to slip band traces

within the region of propagation by crack tip stretching.

Room Temperature Fracture Surface Morphology:

The typical fatigue fracture morphology for the room
temperature test (specimen BT1l, 10 seconds of hold time with constant
load amplitude) is shown in Figure 5-39. For the AK values less than
15 MPavm, highly crystallographic fractures were observed. Figure
5-39a illustrates an example found on the fracture surface near the
notch where the crack length is 0.2 mm and the FCPR is 5 x 10”9

m/cycle. In this figure, linear and parallel ridges are orientated at

random angles to the macroscopic propagation direction and smooth
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planar microfacets separated by rough steps are observed. The fracture
mode at this AK value is trangranular which can be characterized by the
presence of a high density of small planar facets. The edges of the
facets appear very angular and jogged, which suggests separation by a
brittle cracking process. Figure 5-39b shows the fracture morphology
under the same AK value at lower magnification. Careful measurement
indicated that the average spacing between fine facets is approximately
0.2 um. The macroscopic crack propagation rate measured by employing
the dc-PD technique is approximately 5 X 10-9 m/cycle (or 0.005
um/cycle). This rate is 40 times lower than the measurement from the
microfacets, which indicates either that each microfacet corresponds to
a number of fatigue cycles or each microfacet is produced
discontinuously in a single cycle but not at every cycle.

Figure 5-39c shows the fatigue crack surface morphology at a
AK value of 35.5 MPavm where the crack length is 1.2 mm. Fatigue
striations are observed which have a crystallographic aspect, since
they changed orientation from grain to grain. The fracture mode is
transgranular in the regions of large grains with some intergranular
cracking in the regions of small grains. Well formed non-
crystallographic fatigue striations are clearly observed with
transgranular features (Figure 5-39d) for a AK of 46.5 MPavm and a
crack length of 1.8 mm. The microscopic FCPR'S determined from
striation spacing measurements are approximately 2.5 x 10-7m/cycle and
4.2 x 10--7 m/cycle for Figures 5-39c and 5-30d, respectively. The
macroscopic FCPR's determined from the dc-PD measurements are

approximately 2.4 X 10_7 m/cycle and 4.3 X 10_7 m/cycle for the 1.2 and
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1.8 mm crack lengths, respectively. Good agreement therefore exists
between the FCPR's measured macroscopically and microscopically. This
indicates that one load cycle corresponds to one fatigue striation and
that fatigue crack propagation occurs continously at the intermediate
AK values.

Figure 5-39e shows a pair of stereofractographs at a AK value
of 89 MPavm where the crack leﬁgth is 3.9 mm. The fracture surface is
now more complex than at the lower AK values. Dimples indicating
ductile microvoid formation at some of the precipitates can now be
observed. Employing a stereoviewer and matching surface observations,
crack deviation can be observed. The spacings between these deviation
lines are in good agreement with the corresponding macroscopic FCPR.
For example, the average spacing of deviation lines is approximately 5
pm (5 X 10-6 m/cycle) and the FCPR from dc-PD is approximately 4.9 x
10_6 m/cycle at the 89 MPavm AK value. Therefore the deviation lines
replace fatigue striations at the high AK values. Between these
deviation 1lines striation-like features are present. These are
crystallographic and change orientation from grain to grain and

correspond to slip traces and not to fatigue striatioms.

High Temperature (650°C) Fracture Surface Morphology

Figures 5-40 are SEM photographs of specimen BT4 which was
tested under type 3 load sequence (100 seconds of hold time at maximum
load with constant load amplitude) at 650°C. Figure 5-40a shows the
fracture surface morphology near the threshold region where the AK

value is 13 MPavm and the crack length is 0.2 mm. This figure presents
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both areas of small and large grains, with the areas of large grains
appearing to be more dominant in the lower half of the figure. These
areas of large grains appear relatively flat and present river lines,
some of which are finely serrated. A higher magnification micrograph
of one of these regions is presented in Figure 5-40b. Fine
crystallographic striation— like features are present. The alternating
lighter and darker lines indicate that on a microscopic scale the
fracture surface has a 'hill and valley' aspect, made up to two
alternating orientations of crystallographic microfacets. The
striation-like features correspond to the sites at which pairs of
microfacets of different orientations meet at a crest or in a valley.
The regions of the small grains present some intergranular cracks that
follow the grain boundaries and dimples on some of the ridge (or river)
line features (see Figure 5-40c).

The fracture morphology at 650°C in the near threshold region
is seen to favour large crystallographic facets in the large grains.
These facets are made up of two alternating sets of finer
crystallographic microfacets. However, in the region of the small
grains there appears to be some intergranular cracking. Testing at
room temperature in the near threshold region produces many different
orientations of small microfacets in both the large and small grains.
Some secondary cracks are also seen, especially in and near the regiomns
of intergranular cracking.

At intermediate AK values, the fatigue striations formed at
high temperature were poorly defined and 1less often observed in

comparison to those for the room temperature test. Figure 5-40d shows
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the fatigue striations morphology when the AK value is 50 MPavm and the
crack length is 2.2 mm. Similar to the room temperature results, there
is good agreement between the macroscopic and microscopic FCPR at
intermediate AK values. For example, the microscopic FCPR from Figure
5-40d is approximately 1.6 x 10_6 m/cycle and the macroscopic FCPR from
the dc-PD technique is approximately 1.65 X 10_6 m/cycle.

Figures 5-40e are a pair of stereographs which show the
fracture morphology at a high AK value (99.5 MPaym, with a crack length
of 4.5 mm). From the stereographic observations, it is seen that the
fracture surface is very rough at the high AK values. The relatively
featureless regions which tend to start and stop at bands of dimples
correspend to zones of stretched crack tip blunting. The spacings
between the blunting lines, where the zones of crack tip stretching
end, are in good agreement with the macroscopic FCPR. This indicates
that those blunting lines correspond to the positions of crack arrest
after each cycle. The fracture region for each load cycle (or between
two neighbouring blunting lines) consists of two portions. The first
is the fatigue region where the increasing AK portion of the load cycle
reinitiates crack propagation. Dimples are often fresent in this
region. The second portion is the crack tip stretching region which
forms largely during the hold time period. The relative widths of the
fatigue and stretching region can be used to estimate the individual
influence of the increasing AK and constant AK or hold time affect on
FCPR. Since the test of specimen BT2 (constant amplitude without hold

time) was stopped at a lower AK value of approximately 65 MPavm,
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comparison of these observations with those for no hold time must be
done with care.

Figure 5-41 shows the fracture surface morphology of specimen
BT6 which was tested under the type 4 load sequence (450 minor cycles
with 0.1 minor cycle load range ratio during 100 seconds at maximum
load level) at 650°C. In Figure 5-41, the AK value is 56 MPavm and the
crack length is 2.6 mm. From Figure 5-41a, it is seen that the block-
striations corresponding to the major cycles are clearly observed in
the regions of the large grains and less clearly observed in the
regions of the small grains. The interstriation spacing varies but
generally appears somewhat finer in the region of the small grains.
Some intergranular cracking is seen in the region of small grains, with
secondary cracks present on the fracture surface in these regions. A
higher magnification micrograph of a region in a large grain is shown
in Figure 5-41b. The fracture surface consists of two portions for
each major load cycle. The first is the flatter portion presenting a
number of fine striation-like features (approximately 20 to 30 appear
visible at this magnification) corresponding to the minor cycle crack
propagation. The second is a rough region caused by major cycle
propagation which results in two pronounced striation lines with the
material between these lines appearing higher (Figure 5-41b) or lower
(Figure 5-41c) than the minor cycle portion. The region between these
two pronounced striation lines at times can be seen to present finer
striations similar to those in the region of minor cycle propagation.
Serrated river or ridge lines are also observed. These often start or

stop or jog along the second or further of the two striation lines
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associated with the major cycles. Some of the river lines also present
jogs within the region of minor cycle propagation, with the jog'at
times parallel to the fine striations. The average width of the
flatter region is approximately 3.5 times greater than that of the
rougher region in Figure 5-41b (AK value of 56 MPavm). At the same AK
value, the macroscopic FCPR for this test is 4.6 times greater than
that for the no~hold time test (specimen BT2). This good agreement
indicates that the fracture analysis can estimate the FCPR under minor
load cycle tests and find the minor 1load cycle effect on FCP
behaviour.

For the fatigue test carried out with a 0.05 minor load cycle
range ratio test (specimen BT10), the striations for the major cycle
were clearly observed but were not separated by a flat region of minor
cycle propagation (see Figure 5-42). For this test, the minor cycles
did not accelerate macroscope FCPR compared to a test with a constant

load hold time (specimen BT2).
5.7.2 Secondary Cracking Observations

In order to obtain further information on the fatigue crack
propagation characteristics for this material, metallographic sections
were prepared perpendicular to the fracture surface and making an angle
of 45° with the specimen surfaces. The position of the crack tip at
various intervals and secondary cracks are shown in Figure 5-43 for
room (5-43a) and high (5-43b) temperature tests. The crack propagation

macroscopically is in the plane normal to the stress axis, but micro-
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scopically the propagation path is affected by the microstructure. The
effect of the microstructure is seen from the zigzag crack path, which
depends on the grain size. TFor both room and high temperature tests,
the fracture modes of the secondary cracks are transgranular in the
large grains and intergranular in the small grains. Microcavities were
observed near the fracture surfaces for the specimen tested at high
temperature. Figure 5-43c shows the secondary crack morphology at high
temperature under high magnification. Arrow A indicates a secondary

crack following a grain boundary near the fracture surface.

5.7.3 Microstructure Observations

Figure 5-44 shows the morphology of the microstruture for the
test material at low magnification. It consists of large grains sur-
rounded by small grains, which is usually referred to as a duplex or
'necklace' structure. The average grain sizes are 8 to 10 um and 30 to
40 pym for small and large grains, respectively.

The grain and grain boundary morphology of the alloy, as
received, after room and high temperature testing are shown in Figures
5-45a, 5-45b and 5-45c, respectively. No significant difference in
microstructure was observed between these different specimens. Some
'twin' grain boundaries appear present in these figures. Figure 5-45d
shows more details of 'twin' grain boundaries at high magnification.
Three sizes of gamma prime (7') precipitates are observed. Coarse 7'
precipitates are present at grain boundaries and triple points, while

fine 7' precipitates are observed in both the small and large grains.
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Figure 5-45e shows that the intermediate size 7' precipitates are
present only in the large grains. Some carbides are observed both at
the grain boundaries and within the grains. These different phases
were identified by employing an Energy Dispersive Spectrometer (EDS),
comparing the relative peak heights for elements with respect to that
expected. The spectra obtained for the matrix (7), the 7' precipitates

and the carbides are shown in Figures 5-46 to 5-48, respectively.



CHAPTER 6: DISCUSSION

6.1 Fractographic Morphology for Room and High Temperature Tests

For the room and high temperature (650°C) tests with 10
seconds of hold time, crystallographic cracking consisting of smooth
planar facets and parallel tear ridges or river lines was observed in
the -crack initiation region where FCPR's are near threshold. The
fractographic aspect was very strongly crystallographic for the test at
room temperature with many small facets (microfacets) present (see
Figures 5-39a and 5-39b), while the test at 650°C produced
crystallographic cracking with considerably larger facets (see Figures
5-40a and 5-40b). For the room temperature tests, the transgranular
cracking occurred both in the large and small grain regions near the
initiation =zone, while the test at high temperature produced
transgranular cracking in the 1large grain regions and some
intexrgranular cracking in the small grain regions. It is believed that
these differences in the fracture surface morphology were caused by the
effects of environment.

These crystallographic aspects are related to the influence
of microstructure on crack propagation. The crystallographic fracture

surfaces have been described as crystallographic decohesion, decchesion

along slip planes or quasi—cleavagelsz]. Three factors strongly
influence the cracking properties in this region. These are the
microstructure, the R-ratio and the environment. Previous studies

indicated that the facets are generally identified as low index planes.
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1[82’83] and Dickson et a1[84] have investigated the

Bailon et a
fracture surface morphology at and near the threshold regions for face
centered cubic alloys such as 2024 aluminium alloy, 316 astenitic
stainless steel, and 70-30 alpha-brass. They concluded that the
transgranular cracking at the threshold region occurred gemnerally in
the <110> or the <100> directions along planes usually with average
orientations close to the {100} and occasionally close to the {110}.
They also found that on a fine scale the facets were along the {111}
planes and the fine serration on tear ridges or river lines were along
two <110> directioms. This cracking crystallography was explained by
the occurrence of fine scale microscopic decohesion in an alternating
manner on two or more sets of {111} slip planes. In the present work,
the orientations of the microfacets and the river lines have not been
identified. Such identification requires the use of techniques such as
etch pitting. The fracture surface morphology of this work, however,
appears similar to that observed in these previous studies and,
therefore, suggests that similar results would be obtained.

At values of AK somewhat higher than the threshold,
transgranular cracking with crystallographic fatigue striations which
changed direction from grain to grain were found in the large grain
regions for both test temperatures. The regions of small grains showed
more intergramular cracking at high temperature than at room
temperature. Two basic mechanisms for cracking are applicable to this

[85-88] is the alternate slip mechanism with the

AK region. The first
crack plane bisecting the angle between the two active slip planes

which meet at the crack front. Crack propagation occurs as a result of
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localized slip in the crack tip region. The second[89] is due to the
formation of fatigue striations, which involves a combination of
brittle damage and ductile slip decohesion mechanisms. Intergranular
cracking at low crack growth rates is known to occur when the cyclic
plastic 2zone at the crack tip is similar to the grain size. The
cracking will generally be entirely intergranular. Transgranular
cracking would occur, if the plastic zone size is larger or smaller
than the grain size. Intergranular - cracking can also be caused by an
environmental effect since such cracking generally involves reduction
the grain boundary cohesive strength. Previous work has indicated that
the occurrence of intergranular cracking at low da/dN is an
environmental effect[go_gz].

In the intermediate AK regions, non-crystallographic
transgranular fatigue striations were observed in the large grain
regions- at both test temperatures. A mixed fracture mode
(transgranular and intergranular) was found in the small grain regions.
The amount of intergranular cracking was considerably less than in the
near-threshold AK regions. This indicates that the environmental
effect is reduced with increasing AK values. The mechanisms for the
formation of the striations should then be crack blunting in the load

[93,94] and crack resharpening in the load decreasing

increasing portion
portion. Since the stress intensity is increased by either an increase
in the crack length or in the applied AK, slip begins to occur near the
crack tip on planes other than the primary plane and the slip is less

localized. Plastic blunting occurs because this multiple slip induces

crack propagation by shear deformation on planes oriented roughly at



81.

45° to the plane of the crack. The best way of observing blunting
lines is by employing stereography and observing matching fracture
surfaces.

For the test at 650°C, the fracture surface at intermediate
and high AK's also presented dimples in the grain boundary regions
associated with the small grains. Microvoid nucleation at the crack
tip can be expected to occur when the crack tip plastic strains are
sufficiently high.

The good agreement between the FCPR microscopically
determined from the measurement of striation spacings and that
determined macroscopically from the dc-PD technique indicates that omne
fatigue striation corresponds to one load cycle at intermediate AK
values. This result shows that a continuous fatigue cracking mechanism
occurred at these intermediate AK values.

At high AK values the fatigue striations disappeared and the
fracture surfaces became rougher and presented a 'hill and valley'
aspect. In the large grain regions, there were a number of parallel
striation-like markings between the successive peaks. These markings
corresponded to slip traces. Observations of stereographic pairs of
matching regions showed that the fractographic features generally
interlocked quite well with only a few signs of a small amount of
blunting. There was, however, crack deviation associated with the
major cycles. The major cycles at times appeared marked by
intergranular secondary cracking in the regions of the small grains and
quite pronounced steps on the fracture surfaces in the regions of the

large grains. The intergranular cracks in the regions of the small
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grains were present within valleys on the fracture surface and were
absent on the crests on the opposite surface. The cracking in the
large grain regions was always transgranular.

In the small grain regions, there was more transgranular
cracking at high AK than at low AK for both temperatures. More dimples
and less striation-like features were observed on the fracture surfaces
produced at high temperature. These observations suggest that the
time— dependent effects are more pronounced in the high temperature
tests.

Some flat, apparently crystallographic fracture facets were
found at both temperatures in the large grains. Bands of dimples
corresponded to some of the crack arrest sites near interfaces between
regions of large and small grains and were associated with the
coalescence of voids around grain boundary precipitates in the regioms
of the small grainms.

The extensive plastic flow around the grain boundary carbides
led to strain gradients at the carbide-matrix interface which resulted
in decohesion between the carbide particles and the matrix. More
striation-like features between the crack arrest marks were observed
for the room temperature test and their apparently crystallographic
aspect indicated that they were produced by slip deformation. Some
non— crystallographic shear at the crack tip was observed at the high
temperature test which can be associated with a plastic zone size much
larger than the grain size during the hold time, possibly with some
microvoid growth and coalescence also involved. That more

crystallographic slip was found for the room temperature test and some
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non-crystallographic shear was found for the high temperature indicates
that the crack tip plastic strains are more pronounced at high

temperature.

6.2 High Temperature FCPR Behaviour

The tests on specimens BTl and BT7 were carried out at room
temperature and 650°C, respectively, employing the type 1 (see Figure
4-10) loading sequence, which included 10 seconds of hold time at
maximum load. Figure 5-37 compares the FCPR for these two tests. It
is seen that the high temperature test resulted in a higher FCPR for a
given AK value than the room temperature tests, and that the difference
in FCPR decreased with increasing AK values.

High temperature fatigue crack propagation is a very complex
process. In general, the temperature dependence of the FCPR can be
separated into two different crack propagation processes:

(1) a purely cyclic dependent crack propagation process which is
essentially a fatigue damage process and is controlled by
material properties, applied stress, test temperéture and
specimen geometry;

(2) a time-dependent process which can be influenced by
environmental effects and creep effects or a combination of
the two. Time~dependent crack propagation can be strongly
influenced by the test temperature, and by changes in
microstructure or in microstructural properties, such as the
grain size, the grain morphology and the relative strength of

the grains and grain boundaries.



84.

Fatigue crack propagation which occurs in a process zone in
the region of the crack tip involves cyclic plastic deformation
mechanisms such as the slip of dislocations. Creep damage 1is
essentially an internal failure process which oécurs by the initiatiom
and growth of grain boundary cracks or cavities. Environmental effects
include oxidation attack of the grain boundaries intersecting the crack
tip surface and oxidation of the material ahead of the crack tip. The
crack propagation during high temperature tests therefore may involve:

(1) only fatigue cracking if the relative extent of cavitation and
the influence of environment are negligible;

(2) creep/fatigue interactions if there is a significant
interaction between the fatigue crack propagation and internal
cavitation or intragranular cracking;

(3) mainly time-dependent propagation if cavity development or
grain boundary oxidation occur at a significantly more rapid
rate than the fatigue crack propagation process.

The FCPR at high temperature is higher than that at room
temperature which can be explained by a time-dependent cortribution at
high temperature. Such time-dependent processes include environmental
interaction, dislocation climb and cross slip, grain boundary sliding,
and other microstructural instabilities. FCPR at high temperature,
especially at low and intermediate AK values can be accelerated by the
following environmental effects:

(1) cracking occurring atom by atom at the tip of the crack as

soon as oxygen molecules arrive;
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(2) formation of an oxide at the crack tip with the cracking then
occurring in the oxide or at the matrix-oxide interface;

(3) diffusion of oxygen into the metal ahead of the main crack,
the last of which can promote a subsurface crack that later
links up to the main crack;

(4) creep effects such as grain boundary sliding or the
initiation, growth and coalescence of microcavities.

The fracture surface was flatter at high temperature for both
low and intermediate AK values and there were more intergranular
crackings in the small grain regions for high temperature at all AK
values (except very high AK wvalues). These observations therefore
indicate that the enviromnmental and perhaps creep effects play an
important role during the FCPR process at high temperature at low and
intermediate AK values.

The difference in FCPR between room and high temperature
decreased with increasing AK values which can be explained by the
reduced time available for such effects with increasing AK and da/dN
values at high temperature. Creep effects however can also be less
pronounced at high da/dN values, since grain boundary sliding is less

[95]

important at high AK values The amount of oxide on the fracture
surface decreased with increasing AK and the amount of intergranular
cracking for the high temperature tests also decreased with increasing
AK values. These observations indicate that the environmental and
creep effects were reduced with increasing AK values. The fracture

surfaces were considerably smoother at high temperature than at room

temperature at lower or intermediate AK values. Crack closure effects
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are particularly important under these conditions. Therefore, a
decreased effect of roughness-induced crack closure may partly be
responsible for the more rapid crack propagation at high temperature
for low AK values.

It is difficult to separate the individual contribution of
the environment from the creep time—dependent effects in high
temperature tests. Some researchers claim that the environment -is
solely responsible; others claim that creep is responsible; yet a
third group considers that both creep and environment are important
with their relative influence depending upon the cycling frequency.
Performing tests under vacuum at room temperature and 650°C can resolve
this question. From such tests, the effects of creep which are caused
by increasing temperature can be distinguished, and the amount of
intergranular cracking in small grain regions and the transgranular
fracture features in large grain regions can also be identified from
the observation of fracture surfaces. Comparing these results with the
present work, the relative influence of environment and creep
associated with increasing temperature could be determined and such
results would be very helpful in understanding the fracture mechanisms

at high temperature for this material.

6.3 Influence of Held Time on FCPR Behaviour

Figure 5-37 shows the influence of hold time on FCPR at

650°C. Specimens BT2, BT7 and BT5 were tested with hold times of 0, 10

and 100 seconds respectively at the maximum load level. From this
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figure, the longer the hold time the higher is the FCPR. The
influence, however, is more pronounced from 0 to 10 seconds than from
10 to 100 seconds of hold time where the influence observed was slight.
The aifference of FCPR between 0 and 10 seconds of hold time increased
with increasing AK values.

The influence of hold time on FCPR at high temperature may
depend either on the environmental influences or on the creep
contribution or on both effects. The influence of hold time should
also depend on the stress intensity during the hold time period with
respect to a threshold stress intensity. Since in the present study,
the hold time accelerated the FCPR, the stress intensity during the
hold time was greater than this threshold value.

The longer the hold time the higher is the FCPR. This may be
related to the environmental and creep damage influence during the hold
time period. The hold time effects also can be considered a frequency
effect. The decrease in frequency as a result of the hold time allows
for the conversion of part of the elastic strain to a plastic strain,
and perhaps to an anelastic strain. This increase in the plastic
strain range can cause the decrease of the fatigue life and cause
stress relaxation in the crack tip region. This stress relaxation
results from the creep damage in the specimen interior that can result
in cavities on grain boundaries. These intermnal grain-boundary
cavities can in turn interact with a propagating fatigue crack to
result in an enhanced crack growth rate.

It is believed that the environmental and creep influences on

FCPR are more pronounced in the hold time tests than in the test
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without hold time, since the time at the maximum load level is a very
important factor to cause both environmental and creep damage. For the
no hold time test, the increase of the fatigue life was attributed to
eliminating the effects of oxidation and creep. When comparing the
fracture surfaces at the same AK values, there was more transgranular
cracking in the regions of the small grains and there were no stretch
zone aspects found for the test without hold time, although this test
was only carried out to AK = 59.1 mPavm. These observations suggested
that less environmental and creep effects occurred in the test without
hold time.

That there is only a small difference in FCPR between 10 and
100 seconds of hold time may be related to oxidation and the creep
deformation rate (CDR). The crack is propagated by cyclic and
environmental influences if the CDR is low enough that creep
deformation does not relax the stress field at the crack tip. The
crack is propagated by cyclic, environmental and creep influences if
the CDR is above a threshold level. However, if the CDR is high
enough, blunting can occur at the crack tip which can relax the
stresses in the crack tip region and arrest crack propagation in spite
of environmental and cyclic influences.

The fracture surface for 100 seconds of hold time, when
compared to the fracture surface for 10 seconds of hold time, showed
much more intergranular cracking in the small grain regions and more
crystallographic facets in the large grain regions. More intergranular
cracking in the regions of small grains indicates that either

environmental or creep effects or both are influencing the cracking in



89.

these small grain regions. The more crystallographic cracking in the
regions of large grains indicates that the environmental effect is more
pronounced. A small amount of blunting on the fracture surfaces for
all the tests indicates that the creep effect is less important than
the envirommental effect at this temperature. All these above factors
would accelerate the FCPR.

The fracture surface for 100 seconds of hold time is rougher
than for 10 seconds of hold time and this roughness was associated
mainly with crack deviation produced by the major cycles. A small
amount of blunting was also observed for 100 seconds of hold time.
These aspects suggest that the major cycles are producing some
retardation in the subsequent cracking during the heold time and that
this retardation effect, which is similar to that which occurs after an
overload, is more important in the case of a hold time of 100 seconds.
Argon et a1[96] have shown examples of cracks extending at 45° during
creep crack growth in 304 stainless steel tested at 750°C resulting in
subsequent crack tip shielding. The present fractographic results
indicate that the main effect of the major cycles is to cause crack tip
deviation possibly associated with shear or slip ban& cracking in the
large grain regions, since the spacing between deviations corresponded
to the macroscopic da/dN values. The crack tip shielding must result
from these deviations and slow down the cracking during the hold time.
The major cycles caused secondary cracking in small grain regions which
also produced crack tip shielding. All of these effects would reduce

the FCPR during the subsequent minor cycles.
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The observations therefore indicate that there is a
competition between two types of effects during the hold time period.
Effects such as environmental and creep cracking which accelerate the
FCPR and the retardation associated with crack tip shielding after the
major cycles would reduce the subsequent FCPR. These two types of
effects could be occurring competitively and this could explain the
small difference in FCPR between 10 and 100 seconds of hold time. The
fracture surfaces suggest that the accelerated cracking effects are
more important for the 10 seconds of hold time and that the crack tip
shielding and therefore retardation is more important for 100 seconds
of hold time. Some of the previous work[97] showed that the FCPR can
be decreased with increasing hold time in A-286 turbine discs material
at 550°C. These results could also be explained if the major cycles
for the longer hold time caused an increase in crack tip shielding
which was more important than the increase in the time-dependent
(environmental or creep) cracking.

Another possibility is that for the hold time tests, it is
difficult to rupture the oxidation film at the crack tip since no
cyclic effect exists during the hold time. The FCPR therefore can be
reduced by the formation of an oxidation film at the crack tip. On the
fracture surface of 100 seconds of hold time, more oxides were observed
than that of 10 seconds. The thinner oxidation films associated with
10 seconds of hold time which formed at the crack tip may be easy to
rupture which resulted in an accelerated FCPR. Such an effect can also

explain the small difference of FCPR between 10 and 100 seconds of hold
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time but cannot explain slower crack propagation for 20 seconds of hold
time, as observed by Pishva[97] on A-286 alloy.

These results indicate that it would be wuseful to perform
tests in Astroloy with shorter (2 or 5 seconds) or longer (600 seconds)
hold times, which would provide better evidence concerning the
contributions of creep, of crack tip oxidation and of crack tip
shielding on the overall FCPR. Such results would improve our

understanding of the effects of hold time at high temperature.

6.4 Influence of Minor Cycle Load Range Ratio on FCP Behaviour

Figure 5-39 shows the influence of the minor cycle load range
ratio, which is defined as the AKminor over Kmax’ on FCPR. Specimen
BT5 was tested employing 100 seconds of hold time at the maximum load
level, i.e. a minor cycle load range ratic of 0. Specimen BT10 was
tested employing 900 minor cycles for each major cycle with a 0.05
minor cycle ‘load range ratio and specimen BT6é was tested employing 450
minor cycles with a 0.1 minor cycle load range ratie. 1In both cases
Kmax for the minor and major cycles was the same value and the minor
cycling took 100 seconds, which is similar to the hold time in the test
without minor cycles (BTS). The results indicated that there was
almost no difference of FCPR between the 0.05 (BT10) and the 0 (BTS5)
minor cycle load range ratio tests. Comparing the FCPR for the 0.1
minor cycle load range ratio test with that for the tests with ratios
of 0 or 0.05, almost no difference in FCPR was found when AKmajor

values were less than 35 MPaym. Above this value, the FCPR for the 0.1
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minor cycle load range ratio test become increasingly more rapid than
that for 0.05 or the 0 ratio tests with increasing AKmajor values.
The FCPR with minor cycles at high temperature can be
considered to consist of three contributions:
(1) the major cycle influence which can be considered equivalent
to low cycle fatigue (LCF);
(2) the minor cycle influence or the high cycle fatigue (HCF)
component;
(3) the time-dependent or creep—envirommental influence.
LCF and time-dependent influences have already been discussed. There-
fore, this section will focus on the influence of the minor cycles.
When investigating the influence of HCF minor cycles on FCPR behaviour,
two factors should be considered. One is the minor cycle load range
ratio and the other is the number of minor cycles per major cycle.
In the present study, the LCF damage was greatest during the
tests and minor HCF damage was not very significant until the stress

intensity for the minor cycles, AK , was at least greater than a

minor

certain value. This value is related to the threshold stress intensity

at that load ratio, AK , and the influence of enviromment. This

th minor

means that the FCPR depends only on the major cycles and time-dependent

effects if the AK , is less than the AK ] , and on the major
minor th minor

cycles, the minor cycles and the time-dependent effects if AKminor is

greater than the AK If AKm. is sufficiently large, the

th minor’ inor

minor cycles will contribute in an important manner to the crack
propagation and the major cycles will be of lesser relative

importance.
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In the present study, the maximum range of AK . for the

minor
0.05 minor cycle load range ratio test (BT10) is approximately 5.3
MPavm. No influence of minor cycles on FCPR was found for this test.
For the 0.1 minor cycle load range ratio test (BT6), the value of

AK . is approximately 3.9 MPavm when the value of AK_ . is 35
minor ma jor

MPa/E, at which point the minor cycles started to contribute in a
detectable manner to the FCPR. From these results, a certain AK value

combination of AK . and AK . must exist for each test at which
minor major

time the minor cycles become active. It is suggested that minor cycles
become active and influence the FCPR above their threshold value, under
the appropriate stress ratio (R), cyclic frequency and major cycle
range. For the 0.05 and the 0.1 minor cycle load range ratio tests,

the load ratios for the minor cycles (Rm nor) are 0.95 and 0.9,

i
respectively. Since the minor cycles have negligible effect if their

stress intensity range is below the threshold value of the

1[98,99]

materia » the parameter AKon was introduced to the analysis

set

of the minor-major cycle problem by Powell et al.[99’100]. The AKonset

is defined as the value of the total or overall stress intensity range

associated with the combined major and minor cycles at the point where

the minor cycles become active. The AKonset is expressed as follows:
= (29 -
onset ( ZQ) AKth minor (6-1)

where Q = AK /AK

This equation follows from the basic

minor major’

definitions from the basic definitions of the parameters it contains.

For the 0.1 ratio test Q = 1/9 and for the 0.05 ratio test Q = 1/18.
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AK . is the threshold stress intensity value for minor cycles
th minor

which is or can be a function of minor cycle load ratio, minor cycle
load range ratio, major cycle load ratio, minor cycle frequency and
time-dependent environmental effects. The fatigue threshold values for

the minor cycle (AK ) will not be known exactly due to the

th minor

material variability, the influence of crack length and shape, crack
closure, prior cyclic loading history and other variables. Even when
such variables are carefully controlled, amnd this is far from simple,
experimental errors must still be expected, since the values of

AKth minor 2T€ Very small.

Therefore, it is suggested from the results of the 0.05 ratio

test that the AK . is equal to 5.3 MPavm when the AK_ ., is at a
th minor ma jor

maximum value (106 MPavm) during the test.

This means that the AKon for the 0.05 ratio test should be larger

set

than the AK at which the AK, , is 5.3 MPaym. From this

nset h minor

suggestion we have:

1.,2 _
AR .. > (2+ 75)/ig X 5.3 = 98 MPavm

This value indicates that the AKonset for the 0.05 ratio test should be
larger than 98 MPavm. This point is consistent with Fig. 5-39, in
which the macroscopic FCPR results showed that there was no influence
of minor cycles, even when the AK . was 95 MPavm.
ma jor
For the 0.1 ratio test Q = 1/9 and AK . is 3.9 MPavm
th minor

(since the minor cycles became active when AKmajor was 35 MPavm from

the observation of Fig. 5-39). Therefore:
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_ 1, ,2 -
AR op = (2+ 5)/5 % 3.9 = 37.1 MPavm

This result is close to the macroscopic result from Fig. 5-39 (35

MPavm). The difference between the calculated value (37.1 MPavm) and

the macroscopic result (35 MPavm) is due to the fact that AKOnset is

not AK is defined as a total stress intensity range

. _. AK
ma jor onset

associated with combined major and minor cycles. It should be slightly

higher than AK The minor cycle effects increased with increasing

major’
K . since AK . increased with increasing AK ., .
major minor major
Another method to analyse the minor cycle's influence in
major-minor cycle tests is the superposition method. This method
suggests there is always an influence of minor cycles if AK is

minor

above AKth' At very low AK ,

values, the influence of minor cycles
minor

is however so small that it can be neglected, since their contribution

is much less than that of the major cycles. This is also the case if

AK ., is less than AKth_, for the applicable R-ratio and where the
minor minor

contribution of AKminor should be clearly negligible. Figure 6-1 shows

that linear summation of FCPR where the FCPR can separated as follows:

a nda_,
(gg) - __major _ minor
dN” total dN

. aN_. (6-2)
maJor minor

where n is the number of minor cycles per major cycles. Therefore, the

FCPR for minor cycle load range ratios 0.1 and 0.05 are:

d 450 da

a . .
minor _ minor

. dN_, (6-3)
maJor minor

and
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d 900 da

a . .
minor _ minor

(6-4)

. dN .
ma jor minor

These FCPR's for the sum of the minor cycles during each major cycle
should be added to the corresponding rate for the AKmajor value. In
Fig. 6-1, 'A' is associated with applied major cycles and corresponds
to the experimental curve with 100 seconds of hold time; 'B' is the

experimental curve for the tests with minor cycles; and 'C' represents

the effects of the minor cycles da

/dN and is obtained by

minor ma jor

subtracting A from B.

The use of fatigue threshold values and the linear summatién
rule to predict the onset of minor cycle damage and FCP under major-
minor cycling assumes that there is no interaction between the major
and minor cycles. Whether an interaction influence of the major and
the minor cycles existed could be determined if tests had also been
carried out employing only minor cycles (R = 0.9 and 0.95). Tests to
determine the amount and extent of interaction can be suggested for a
future study.

The fracture surface observation showed that the
fractographic aspects for the 0.05 minor cycle load range ratio test
were similar to those for the 100 seconds of hold time test at similar
AKmajof values. These fractographic aspects (the 0 load range ratio or
100 seconds of hold time) have been described and discussed in section
6.1 for the different AK values. For the 0.1 load range ratio test,
the fracture surface aspects were similar to the 0.05 and 0 load range

ratio tests when AKmajor was less than 35 MPavm. These results
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indicated that, below this value of AKmajor’ the crack propagation
process was essentially associated with the major cycle crack
propagation. When the AKmajor value was larger than 35 MPavm, the
combined major and minor cycles gave rise to the development of block
striations in the regions of large grains. These block striations
consisted of two portions for each major cycle. One appeared as two
valley-hill-valley 1lines which initially were suspected to be
associated with the unloading portion of the previous major cycle and
the loading region of the present major cycle. Some finer striation
lines were present between these two pronounced lines. The other
portion of the block striations appeared as flat facets within the
large grains with serrated river 1lines and fine striation-like
features. The fine striations appeared much less numerous than that of
the total number of minor cycles per major cycle. The (da/dN)minor is
approximately 5 X 10_6 m/cycle measured from the microscopic
interstriation spacing and 1 x 10_8 m/cycle estimated from the
macroscopic.

The macroscopic propagation rate associated with the minor
cycles is in the range where the average da/dN is generally larger than
the interstriation spacing. The fracture morphology for this portion
appears similar to that in the region with low values of AKmajor'

Stereographic observations on matching surface indicated that
the two pronounced striations at the start of each block of striations
in the regions of large grains was associated with some crack

retardation or crack deviation effect associated with the loading

portion of the major cycles. The loading portion of the major cycle
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caused the crack plane to deviate. The minor cycles initially caused
the crack to continue propagating along this path inclined to the
average fracture surface. The second pronounced line corresponded to
the reinitiation of a crack along approximately the prolongation of the
same plane on which cracking occurred before the major cycle. The
remaining number of minor cycles propagated the crack along this plane
which produced the flatter portion on the fracture surface.

Secondary cracks - which are only observed on one of the
matching surfaces, mixed crack aspects (transgranular + intergranular)
and less pronounced block striations were observed in the regions of
small grains. These fractographic observations suggest that the
spacing between block lines in this region is slightly smaller than in
the regions of large grains. This result suggests that the FCP is
faster in the large grain regions than in the small grain regioms.
This should be caused by the influence of environment, since the
environmental effect can promote the FCP associated with some
crystallographic cracking in the regions of large grains.

The fractographic observations on matching fracture surfaces
for the test with minor cycles (see Fig. 6-2 and 6-3) suggest that the
load-increasing portion of the major cycles at high AKmajor causes the
crack to deviate. This suggests that for the tests with hold time, the
portion of da/dN produced during the load-increasing portion
corresponds to the crack deviation regions on the fracture surface and
the da/dN produced during the hold time corresponds to the flatter
regions between these inclined zones. The roughly similar sizes of the

inclined 2zones and the flat 2zones in the large regions are then
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consistent with the hold time approximately doubling the FCPR at high
AK.

For high values of AK (larger than 75 MPa/E) in the test

ma jor

of 0.1 minor load range ratio, the block striations disappeared and
crystallographic facets were observed in the regions of large grains.
Microvoid coalescence was associated with this high propagation rate
regime. These features are similar to those reported by

[101-103] except that crystallographic cracking was more in

[104]

others
evidence in the present study. Previously, Powell and Duggan
found that cyclic cleavage (crystallographic-like) was the predominant
mode of crack propagation found in all specimens subjected only to
minor cycles (no hold time R = 0.9) in Ti-6A1-4V material. This
indicates that some of the crystallographic facets at the high AK
values for the 0.1 load range ratio test could be caused by the minor
cycles as the minor cycles become active in this AK region. Ward-Close
and Beevers[los] investigated the effects on propagation rates when
both cyclic cleavage and fatigue striations were present. They showed
that propagation rates due to cyclic cleavage were much higher than
those due to striated crack growth (about ten times). This result is
similar to the present study where the crack deviation limes, which
indicate the position of the crack front after each major cycle at high
AK, disappeared when they met crystallographic facets larger than the
spacing between the deviation lines. A more detailed investigation of
fracture surface morphology in this material, including a comparison
with that obtained on specimens which would be subjected only to the

minor cycles is suggested as a topic for a future study.
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Powell and Duggan[gg] also investigated the effect of the
number of minor cycles on the FCPR in Ti-6A1-4V material with CT
specimens. They found that the minor cycle damage becomes dominant
when the number of minor cycles was over 1000 with a 0.1 minor cycle
load range ratio. In the present study, the influence of the number of
minor cycles on FCPR was not studied. This influence should depend on
the material properties, the AKminor’ the minor cycle load range ratio
and possibly the specimen geometry.

After understanding that both AKminor and AKonSet are
important factors in FCP, a comparison with crack growth rates and
fractographic features in tests subjected only to the minor cycles can
be suggested to investigate the influence of minor and major cycle
interactions. This influence was not considered in the present study.
It is particularly important to establish whether the major cycles
cause crack retardation effects during the minor cycling and what
factors control these retardation effects. Tests with different
numbers of minor cycles at the same minor cycle load range ratio are
suggested to investigate the influence of the number of minor cycles on
FCP behaviour. The tests in which an overload is employed during the
minor cycles can also be suggested as potentially useful to evaluate
the interaction of minor and major cycles. The results of such tests

should be useful in better understanding the influence of the minor

cycle effect.
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6.5 Influence of Microstructure on FCP Behaviour

The HIP parameters and heat treatment regime for the test
materials hﬁve been described in section 4.2. Some investigators[106]
have found that there are strong influences of microstructure on FCP
behaviour at high temperature for Ni-based superalloys (IN718). A
necklace microstructure, which essentially consists of large grains
surrounded by a string of finer recrystallized grains, was observed in
this material with approximately 40% of the volume consisting of the
fine, recrystallized grains. This microstructure is generally
considered to offer better LCF properties than other microstructures at
high temperature, because the large grains reduce the creep rate (see
Section 2.1) and the small grains have a high resistance to FCP[107].
Figure 5-41 shows that the spacings between crack arrest marks are
larger in the regions of large grains than in those of small grains.
The fractographic observations show that the small grains tend to favor
intergranular cracking and the 1large grains transgranular cracking.
This mixed fracture mode could enhance the resistance to FCP at high
temperature. The regions in which the fatigue crack propagation is
slower should at least slow down the propagation rate in the regions of
faster propagation. The intergranular cracking in the regions of small
grains also tends to result in some secondary cracking. This effect
can reduce the local effective value of AK.

In the present study, it is found that recrystallized grains
had nucleated in the region of "hard particles" (for example carbides)

or coarse 7'. These observations indicate that the achievement of the
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necklace structure is governed by the coarse primary 7' precipitate
distribution. The coarse 7' particles control the recrystallization
nucleation at the grain boundaries and can also inhibit the growth of
the necklace microstructure by a pinning effect on the grain boundaries
in the recrystallized region. Moreover, coarse 7' distribution
determines the grain size of the fully recovered microstructure.

Carbides, which should be primary MC or secondary M,3C¢, were
found at the grain boundaries. Two competing effects of carbides on
FCP at high temperature can exist. The first is that carbides
dispersed at the grain boundary have a beneficial effect on the creep
rupture strength by reducing grain boundary sliding. The second is
that the carbide formation may have removed the carbide forming
elements from the matrix surrounding the grain boundary. A
precipitate-free zone (PFZ) therefore would be formed surrounding the
grain boundaries. If such zones become wide or much weaker than the
matrix, deformation would concentrate in these zones resulting in early
failure. Wallace et a1[108] have shown that carbides usually can cause
brittle crack propagation at high temperature. Wallace et a1[109,110]
also found that M,;C¢ precipitation during subsequent aging caused
interparticle fracture with severe loss of tensile and stress-rupture
ductility in 713 LC compacts. In the present study, carbides were
found on the intergranular facets which suggest that these carbides
contributed to the intergranular cracking.

From the fracture surface observations, however, the FCPR is
slightly faster in the regions of large grains than in the regions of

small grains at the high AK values. This result could possibly be
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related to the influence of environment which can cause some brittle
(crystallographic) cracking in the regions of large grains. Some of
the crystallographic fracture surface morphology in the large grain
regions at high AK values could be caused by such brittle cracking and
this effect would accelerate the FCPR. This faster cracking in the
large grain regions also indicates that the creep influence is not very
significant in these tests, since the small grain regions should be
less resistant to creep than the large grain regions. If the effect of
hold time and minor cycle was predominantly a creep-fatigue effect,
higher FCPR would be expected in the regions of small grains than in

the regions of large grains.



CHAPTER 7: CONCLUSIONS

(1)

(2)

(3)

The dc-PD technique was successfully employed to measure the crack
length during fatigue crack propagation for corner cracked speci-
mens at both room and high temperature (650°C).
The FCPR data of corner cracked specimens can be expressed by the
Paris relation and by the Weibull equation in a log-log plot. The
Weibull analysis can successfully represent the three regions of
FCP.
The log da/dN - log AK fatigue crack propagation curve of Astroloy
at 650°C is higher than at room temperature, with the difference
between the curves decreasing with increasing AK. The fracture
surface observations show:

(a) transgranular cracking with some crystallographic aspects

in the regions of large grainms,
(b) some intergranular cracking with secondary cracks in the
regions of small grains,

(c) more intergranular and secondary cracking at 650°C.
Since the difference in FCPR is smaller at higher AK and decreases
with AK, these differences cannot be explained by crack closure
effects. At 650°C, more important corrosion—product induced crack
closure would be expected. As well, the fracture facets at low AK
were also larger for the test at 650°C, which should also have
produced more roughness induced crack closure in the test. The
results therefore indicate that the differences between the FCPR

at room temperature and 650°C are mainly associated with



(4)

(5)

105,

time-dependent contributions at 650°C. The 1lower amounts of
fracture surface oxidation and of intergranular cracking with
increasing da/dN values qualitatively agree with the decreasing
difference in FCPR. This suggests that the environmental and
crack deviation effects played a more important role than the
creep effects for the high temperature tests. These observations
also suggest that the transgranular cracking in the regions of
large grains occurs more rapidly than the intergranular cracking
in the small grain regions. The difference between the FCPRs at
room temperature and at 650°C decreases with increasing da/dN.
This appears to be primarily associated with a decreasing
influence of the environment. In general, the results suggested
that the accelerated FCPR at 650°C was mainly the result of
environmentally assisted cracking.

Increasing the hold time at Kmax during the test at 650°C from 0
to 10 seconds, increases the FCPR in Astroloy. A further increase
of hold time to 100 seconds did not significantly increase the
FCPR further. While increasing the hold time increases the
influence of the time—dependent effects, the fractographic
observations indicated that increasing the hold time to 100
seconds resulted in more pronounced crack deviations on the

fracture surface, which can decrease AKe and compensate for the

ff
increase time available for the time—dependent contribution to the
cracking process.

The influence of minor cycles on FCPR was only observed in the 0.1

minor cycle load range ratio test for AKmajor > 35 MPaym. This
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result should be related to the threshold value of the minor
cycle, AKth minor, which depends on:

(a) the R-ratios of the minor and major cycles,

(b) the minor cycle frequency, |

(¢) the shape and length of the crack,

(d) any cyclic effects which influence the fracture of oxide

film at the crack tip.

The clear block-striations with two pronounced lines per major cy-
cle, the striation-like features between these two pronounced
lines, the flatter regions with striation-like features after the
block-striations, and of the stronger crack deviation for AKmajor
> 35 MPavm indicated that crack deviation occurred after the load-
increasing portion of the major cycle and that the minor cycle
propagation initially followed the deviated crack. These
observations also suggested that the crack then reinitiated on a

plane close to the initial fracture plane and that there were

interaction effects between the minor and major cycles.
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TABLES



No.

Consolidation

Subsequent deformanon

Microstructure

HIP below y' solvus

2-stage HIP below ¥’ solvus
T/P + HIP below y' solvuy

HIP above v’ solvus

HIP above boride solvus

(a) -

(b} lsothermal forging below ¥’ solvus

(a) -
(b) Isothcrmal forging below y' solvus
(¢) Conventional forging
(a) -
(b) Isothermal forging above y* solvus
(¢) Conventional forging

hot working

hot workrwarm work

warm working

(a) -
(b) Isothermal forging below ¥y’ solvus

Fine grain recrystallized
Fine grained

Fine grained, no MC at PPB

Very fine grained
Fine grained
Fine grained

Increased grain size
Necklace

Coarse grains
Necklace and fine grains
Necklace and fine grains

Coarse grains
Mixture of fine grain +
warm worked

TABLE 1-1

PROCESSING ROUTES USED OR SUGGESTED FOR P/M LC ASTROLOY AND

THE MICROSTRUCTURES OBTAINED !'¥

*021



ELEMENTS

Carbon
Manganese
Sulphur
Phosporus
Silicon
Chromium
Cobalt
Molybdenum
Titanium
Aluminum
Boron
Zirconium
Tungsten
Iron
Copper
Silver

Lead
Bismuth
Nickel

* ppm = 1098

CHEMICAL COMPOSITION OF ASTROLOY ALLOY

TABLE 1-2

CONTENTS (WT %)

0.01 ~ 035
0.15 max.
0.015 max.
0.015 max.
0.20 max.
14.00 ~ 16.00
16.00 ~ 18.00
450 ~ 550
3.3 ~ 3.65
3.856 ~ 4.156
0.015 ~ 0.030
0.03 ~ 0.06
0.05 max.

0.50 max.

0.10 max.

5 ppm*max,

5 ppm max.
0.5 ppm max.
Remainder

[18]
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Table 4-1
CHEMICAL COMPOSITION OF P/M IC ASTROLOY[IB]
COMPOSITION (weight %) FOR ELEMENTS
C Mn S P Si Cr Co Mo Ti Al
0.027 |0.01 | 0.02| 0.05|<0.01 |14.84 16.8 4.96 3.55| 3.94
B Zx W Fe | Cu” | Au* Pb* Bi* Ni
0.019 |0.045(<0.05| 0.04|<0.01 |1.6 ppm* [0.3 ppm(<0.1 ppm | Balance
*ppm = 1076
«Tramp elements
Table 4-2

MECHANICAL PROPERTIES OF P/M LC ASTROLOY! 1%

0.2% YS UTs Elong. RA
(MPa) (MPa) (%) (%)
RT 1029 1448 23 28
650°C 945 1386 21 20
Stress-Rupture Properties:
760°C at 586 MPa
Rupture Elongation
186.4 hrs. 13.0%

123.



TABLE

5-1

CALIBRATION CURVES COEFFICIENTS

12%.

Specimen|Loading | 2I Vi |ar | VF V(RG) | (apV1-arVp)/ (Vg-Vp)
7 sequence
Type (mm) | (uV) |(uV) | (uV)  |uV/mm (mm)

BT1 1 0.22 |191.56|5.62(2383.18|405.86 0.252
BT2 2 0.16 |147.96|4.03|1877.32|446.86 0.171
BT4 3 0.20 [190.28|4.49|2202.74|469.11 0.201
BTS 3 0.157[139.11|5.28|2385.44|438.48 0.160
BT6 4 0.16 |145.58|4.72[2233.63|457.91 0.158
BT7 1 0.173[164.20|5.39|2499.82|455.55 0.182
BT10 5 0.14 |146.31|4.47[2265.57|489.44 0.159




MATERTAL:
_ SPECIMEN GEOMETRY:
TEST TEMPERATURE:

P/M LC ASTROLOY
CORNER CRACK
ROOM TEMPERATURE

LOADING SEQUENCE TYPE: 1

TABLE 5-2

FATIGUE CRACK PROPAGATION RATE DATA

FOR SPECIMEN BTI1

P(MAX.): 90 kN
P(MIN.): 9 kN
MEASUREMENT TECIINIQUE :
SMOOTIIING TECHNIQUE:

dc - PD
SECANT METHOD

Av a(AVG.) AK da/dN
OBS# | CYCLES (uv) (mm) {mm) [MPavm] (m/CYCLE)
1 0 191.56 .22
2 0 269.23 .41 .455 22.7 .372E~07
3 2350 304.71 .50 .570 25.4 .567E-07
4 4850 362.23 .64 .710 28.4 .861E-07
5 6500 419.88 .78 .855 31.2 .123E-06
6 7700 479.72 .93 .985 33.6 .158E-06
7 8400 524,54 1.04 1.110 35.7 .187E-06
8 9150 581.33 1.18 1.245 37.9 . 243E-06
9 9700 635.56 1.31 1.380 40.1 .281E-06
10 10200 692.65 1.45 1.520 42.1 .321E-06
11 10600 744,80 1.58 1.650 44,1 .400E-06
12 10950 801.59 1.72 1.785 46.0 426E~06
13 11250 853.50 1.85 1.915 47.8 .518E-06
14 11500 906.08 1.98 2.040 50.1 .612E-06
15 11700 955.72 2.10 2.170 52.3 .682E-06
16 11900 1011.11 2.24 2.295 54.5 .736E-06
17 12050 1055.93 2.35 2.420 56.7 .935E-06
18 12200 1112.84 2.49 2.570 59.4 .105E-05
19 12350 1176.84 2.65 2.710 62.0 .118E-05
20 12450 1224.89 2.77 2.840 64.6 .153E-05
21 12550 1287.06 2.92 3.000 67.8 .164E-05
22 12650 1353.80 3.08 3.195 71.9 .222E-05
23 12750 1443.75 3.31 3.370 75.7 . 261E-05
24 12800 1492.66 3.43 3.490 78.6 .253E-05
25 12850 1544.08 3.55 3.625 82.0 .290E-05
26 12900 1603.00 3.70 3.795 86.3 .388E-05
27 12950 1681.72 3.89 4.015 92.5 .500E-05
28 13000 1783.14 4.14 4.330 102.1 . 748E-05
29 13050 1935.56 4.52 5.070 130.1 .220E-04
30 13100 2383.16 5.62

AN



TABLE 5-3

FATIGUE CRACK PROPAGATION RATE DATA

FOR SPECIMEN BT2

MATERIAL: P/M LC ASTROLOY P(MAX.): 76.5 kN

SPECIMEN GEOMETRY: CORNER CRACK P(MIN.): 7.65 kN

TEST TEMPERATURE: 650°C MEASUREMENT TECHNIQUE: dc - PD

LOADING SEQUENCE TYPE: 2 ' SMOOTHING TECHNIQUE: SECANT METHOD

I\ a a(AvVG.) AK da/dN

OBS# | CYCLES (V) (mm) (mm) [MPavm] (m/CYCLE)
1 0 147.96 .16 .215 13.2 .426E-07
2 2600 197.42 .27 .315 16.1 .943E-07
3 3600 239.56 .36 425 18.6 .153E-06
4 4400 294.27 49 .550 21.2 .216E-06
5 5000 352.16 .62 .670 23.4 .263E-06
6 5400 399.18 .72 .785 25.4 .310E-06
7 5800 454,56 .85 .925 27.7 .406E-06
8 6200 527.05 1.01 1.105 30.2 .472E-06
9 6600 611.44 1.20 1.250 32.3 .54BE-06
10 6800 660.41 1.31 1.370 33.9 .668E-06
11 7000 720.07 1.44 1.580 36.6 .700E-06
12 7400 845.13 1.72 1.790 39.2 .712E-06
13 7600 908.76 1.86 1.960 41.2 .101E-05
14 7800 999.38 2.07 2.175 44.5 .110E-05
15 8000 1097.88 2.29
16 8300 1197.29 2.51 2.560 46.0 .974E-06
17 8400 1240.83 2.61
18 9400 1561.24 3.32 3.390 50.9 .135E-05
19 9500 1621.51 3.46 3.510 52.8 .114E-05
20 9600 1672.62 3.57 3.650 55.0 .154E-05
21 9700 1741.38 3.73 3.790 57.5 .134E-05
22 9800 1801.46 3.86 3.945 60.3 .170E-05
23 9900 1877.31 4.03

*9¢1



TABLE 5-4

FATIGUE. CRACK PROPAGATION RATE DATA

FOR_SPECIMEN BT&

MATERIAL: P/M LC ASTROLOY P(MAX.): 85 kN

SPECIMEN GEOMETRY: CORNER CRACK P(MIN.): 8.5 kN

TEST TEMPERATURE: 650°C MEASUREMENT TECHNIQUE: dc - PD

LOADING SEQUENCE TYPE: 3 SMOOTHING TECHNIQUE: SECANT METNOD

av a a(AVG.) AK da/dN

OBS# | CYCLES (nv) (mm) (mm) [MPavm] (m/CYCLE)
1 0 190.28 .20
2 0 206.70 .24 .290 17.1 .157E-06
3 700 258.18 .34 -400 20.1 .254E-06
4 1140 310.64 .46 -510 22.7 .374E-06
5 1420 359.73 .56 .620 25.0 .495E-06
6 1660 415.42 .68 740 27.3 .580E-06
7 1860 469.65 .80 .850 29.4 .662E-06
8 2020 519.35 .90 .960 31.3 .952F-06
9 2140 572.97 1.02 1.150 34.3 .931E-06
10 2420 695.28 1.28 1.340 37.2 -105E-05
11 2540 754.15 1.40 1.475 39.2 126505
12 2660 825.16 1.55 1.690 42.2 .138E-05
13 2860 954.80 1.83 1.895 44.9 .166E-05
14 2940 1016.97 1.96 2.030 47.2 -173E~05
15 3020 1081.88 2.10 2.180 49.6 .162E~05
16 3120 1157.66 2.26 2.370 52.7 .272E~05
17 3200 1259.64 2.48 2.590 56.5 .280E-05
18 3280 1364.73 2.70 2.760 59.5 .302E-05
19 3320 1421.40 2.82 2.890 62.0 .369E-05
20 3360 1486.92 2.96 3.030 64.6 .343E-05
21 3400 1551.28 3.10 3.160 67.2 .394E-05
22 3430 1606.67 3.22 3.120 70.5 .493E-05
23 3470 1699.12 3.42 3.480 74.0 .629E~05
24 3490 1758.11 3.54 3.605 77.0 .655E-05
25 3510 1819.60 3.67 3.745" 80.3 .716E-05
26 3530 1886.77 3.82 3.910 84.5 .933E~05
27 3550 1974.34 4.00 4.105 89.9 . 105E-04
28 3570 2072.53 4.21 4.280 94.9 .133E-04
29 3580 2135.06 4.35 4.420 99.2 . 144E-04
30 3590 2202.72 4.49

AAN



TABLE 5-5

FATIGUE CRACK PROPAGATION RATE DATA

FOR SPECIMEN BTS

MATERIAL: P/M LC ASTROLOY P(MAX.): 85 kN
SPECIMEN GEOMETRY: CORNER CRACK P(MIN.): 8.5 kN
TEST TEMPERATURE: 650°C MEASUREMENT TECIINIQUE: de - PD
LUADING SEQUENCE TYPE: 3 SMOOTHING TECHNIQUE: SECANT METHOD
Av a(AVG.) AK da/dN
OBS# | CYCLES (uv) (mm) (mm) [MPavm] (m/CYCLE)
1 0 139.10 157 ,
2 0 140.57 .16 .225 15.1 .930E~07
3 1400 197.79 .29 .345 18.7 .277E-06
4 1800 266.33 .40 465 21.6 .393E-06
5 2120 301..48 .53 .590 24.4 .512E-06
6 2360 355.33 .65 715 26.9 .641E-06
7 2560 411.51 .78 .850 29.3 .861E-06
8 2720 471.91 .92 1.040 32.6 .8B0E-06
9 3000 579.99 1.16 1.230 35.6 .116E-05
10 3120 641.12 1.30 1.380 37.8 .130E-05
11 3240 709.33 1.46 1.515 39.7 .143E-05
12 3320 759.64 1.57 1.635 41.4 .157E-05
13 3400 814.72 1.70 1.770 43.2 .175E-05
14 3480 876.03 1.84 1.910 45.0 .173E-05
15 3560 936.55 1.98 2.060 47.6 .208E-05
16 3640 1009.52 2.14 2.235 50.5 . 234E~05
17 3720 1091.59 2.33 2.420 53.5 .228E-05
18 3800 1171.40 2.51 2.635 57.2 .307E-05
19 3880 1279.06 2.76 2.885 61.8 .31BE-05
20 3960 1390.74 3.01 3.180 67.6 .424E-05
21 4040 1539.62 3.35 3.475 74.0 .501E-05
22 4090 1649.47 3.60 3.725 79.8 .621E-05
23 4130 1758.35 3.85 3.970 86.1 .B0O3E-05
24 4160 1863.93 4.09 4.185 92.1 .945E-05
25 4180 1946.80 4.28 4.390 98.3 .110E-04
26 4200 2043 .58 4,50 4,560 103.9 .125FE-04
27 4210 2098.30 4.63 4.700 108.7 .105E-04
28 4220 2163.94 4,77 4.860 114.7 178E-04
29 4230 2241.98 4.95 5.115 124.9 .327E-04
30 4240 2385.42 5.28
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MATERIAL: P/M LC ASTROLOY

TABLE 5-6

FATIGUE CRACK PROPAGATION RATE DATA

FOR _SPECIMEN BTé

P(MAX.): 85 kN

SPECIMEN GEOMETRY: CORNER CRACK P(MIN.): 8.5 kN
TEST TEMPERATURE: 650°C MEASUREMENT TECHNIQUE: dc - PD
LOADING SEQUENCE TYPE: 4 SMOOTIIING TECHNIQUE: SECANT METIHOD
—
Av a a(AVG.) AK da/dN
OBS# | CYCLES (nv) (mm) {mm) [MPavm] (m/CYCLE)
1 0 145.58 .16
2 0 171.84 .22 .280 16.7 .174E-06
3 680 226.00 .34 425 20.6 .333E-06
4 1200 305.20 .51 .570 24.0 .438E-06
5 1480 361.32 .63 .690 26.4 .591E-06
6 1680 415.42 .75 .780 28.1 .770E-06
7 1760 443,63 .81 .840 29.2 .761E-06
8 1840 471.54 .87 .905 30.3 .838E-06
9 1920 502.26 .94 975 31.5 .930E~06
10 2000 536.33 1.01 1.050 32.8 .952E-06
11 2080 571.20 1.09 1.115 33.8 .129E-05
12 2120° 594.65 1.14 1.165 34.5 .112E-05
13 2160 615.16 1.19 1.210 35.3 .118E-05
14 2200 636.84 1.23 1.255 36.0 . 117E-05
15 2240 658. 34 1.28 1.315 36.8 .163E~05
16 2280 688.20 1.35 1.380 37.7 .156E-05
17 2320 716.78 1.41 1.440 38.7 .178E-05
18 2360 749.38 1.48 1.515 39.7 .182E-05
19 2600 782.79 1.55 1.595 40.8 .213E-05
20 2440 821.75 1.64 1.690 42.1 .253E-05
21 2480 868.03 1.74 1.795 43.6 .2B3E-05
22 2520 919.94 1.85 1.920 45.2 .345E-05
23 2560 983.20 1.99 2.080 48.0 .453E-05
24 2600 1066.19 2.17 2.280 51.1 .530E-05
25 2640 1163.28 2.38 2.51% 55.1 .663E-05
26 2680 1284.74 2.65 2.820 60.5 .B49E-0S
27 2720 1140.27 2.99 3.210 68.3 .112E-04
28 2760 1646.18 3.44 3.780 81.3 .173E-04
29 2800 1963.22 4.13° 4.425 99.4 .295E-04
30 2820 2233.62 4,72
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TABLE 5-7

FATIGUE CRACK PROPAGATION RATE DATA

FOR SPECIMEN BT7

MATERIAL: P/M LC ASTROLOY P(MAX.): 85 kN
SPECIMEN GEOMETRY: CORNER CRACK P(MIN.): 8.5 kN
TEST TEMPERATURE: 650°C MEASUREMENT TECHNIQUE: dc - PD
LOADING SEQUENCE TYPE: 1 SMOOTHING TECHNIQUE: SECANT METHOD
AV a a(AVG.) AK da/dN
OBS# | CYCLES (rv) (mm) (mm) [MPavm] (m/CYCLE)
1 0 159.32 173
2 0 204.87 .27 .295 17.3 .219E-06
3 200 224,53 .32 .335 18.4 .172E-06
4 400 239.92 .35 .390 19.8 .257E-06
5 680 272.23 .42 460 21.5 .326E-06
6 880 301.48 .49 .520 22.9 .322E-06
7 1080 330.36 .55 - .600 24.6 .462E-06
8 1280 371.82 .65 .695 26.5 .486E~06
9 1480 415.42 - .74 .810 28.6 .642E-06
10 1680 473.01 .87 .950 31.1 .770E-06
11 1880 542.07 1.03 1.115 33.8 .862E-06
12 2080 619.44 1.20 1.130 36.7 .110E-05
13 2280 718.06 1.42 1.545 40.1 .126E-05
14 2480 830.90 1.67 1.825 43.9 .153E-05
.15 2680 968.54 1.98 2.175 49.5 .198E-05
16 2880 1145.75 2.37 2.630 57.1 .258E-05
17 3080 1377.62 2.89 3.305 70.2 .415E-05
18 3280 1750.35 3.72 4.555 103.7 .835E-05
19 3480 2499.80 5.39
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TABLE 5-8

FATIGUE CRACK PROPAGATION RATE DATA

FOR SPRCIMEN BT10

MATERIAL: P/M LC ASTROLOY P(MAX.): 85 kN

SPECIMEN GEOMETRY: CORNER CRACK P(MIN.): 8.5 kN

TEST TEMPERATURE: 650°C MEASUREMENT TECHNIQUE: dc - PD

LOADING SEQUENCE TYPE: 5 SMOOTHING TECHNIQUE: SECANT METHOD

AV a a(AvG.) AK da/dN

OBS# | CYCLES (nv) (mm) (mm) [MPavm] (m/CYCLE)
1 0 146.31 .14
2 0 167.01 .18 .230 15.3 .131E~06
3 760 215.80 .28 .330 18.3 .211E-06
4 1240 265.33 .38 440 21.1 .303E-06
5 1640 324.62 .50 .560 23.8 .403E~06
6 1920 379.82 .62 .665 26.1 .473E-06
7 2160 435.39 .73 .795 28.4 .629E-06
8 2360 496.94 .86 .930 30.7 .717E-06
9 2560 567.11 1.00 1.060 32.9 .771E-06
10 2720 627.50 1.12 1.200 35.1 .989E-06
11 2880 704.93 1.28 1.340 37.2 .991E-06
12 3000 763.18 1.40 1.475 39.1 .121E-05
13 3120 834.39 1.55 1.630 41.3 .133E-05
14 3240 912.49 1.71 1.765 43.2 .149E~05
15 3320 970.80 1.82 1.900 45.0 .197E~05
16 3400 1048.05 1.98 2.045 47.4 .156E-05
17 3480 1109.24 2.11 2.190 49.7 .201E-05
18 3560 1188.01 2.27 2.360 52.5 .226E-05
19 3640 1276.68 2.45 2.560 55.9 .274E-05
20 3720 1383.78 2.67 2.730 58.9 .308BE-05
21 3760 1443.99 2.79 2.850 61.2 .304E-05
22 3800 1503.33 2.91 2.985 63.8 .376E-05
23 3840 1577.23 3.06 3.150 67.0 449E-05
24 3880 1665.11 3.24 3.345 71.1 .507E~05
25 3920 1764.40 3.45 3.575 76.2 .647E-05
26 3960 1890.98 3.70 3.785 81.4 .830E-05
27 3980 1972.26 3.87 3.980 86.4 .111E-04
28 4000 2080.89 4.09 4.185 92.1 .122E-04
29 4015 2170.29 4,28 4,370 97.8 . 195E-04
30 4025 2265.55 4,47
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TABLE 5-9

PARIS COEFFICIENTS

Specimen # n
BT1 8.1915 x 107!3 L4450
BT2 7.6364 x 10°1° .8778
BT4 3.5458 x 10°1° .2173
BTS 5.2357 x 10°'° .1380
BT6 5.3179 x 10°1'! .8430
BT7 3.9963 x 1071'° L1779
BT10 2.7632 x 10°1'° .2836
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TABLE 5-10

FOUR PARAMETER WEIBULL COEFFICIENTS

Specimen # e v s B=k (MPavm)
BT1 -1.,08556 x 10~7 | 2.87085 x 107° | 0.50 130
BT2 -1.80917 x 10~7 | 2.95805 x 10°° | 0.80 120
BT4 -3.01513 x 10™7 | 5.25904 x 107% | 0.73 120
BTS -2.59800 x 1077 | 5.52684 x 107° | 0.73 120
BT6 -2.00958 x 1077 | 1.40883 x 107° | 0.48 120
BT7 -2.06578 x 10”7 | 4.35131 x 10°% | 0.75 120
BT10 -1.57125 x 1077 | 5.72548 x 10°% | 0.64 120
TABLE 5-11

THE NUMBER OF FLIGHTS TO FAILURE

FOR VARYING LOAD LEVELS

AP (kN) with R = 0.1

Specimen #f S0 81 72 63 54 45 36 - 27
BT1 17534(25239|37891(60051|102160(191490(413088(1112960
BT2 4176| 5142| 6483 8399 11289| 15987 | 24400| 42081
BT4 2673| 3399 4443| 6003 8778| 12741 20937 39684
BTS 2398| 3025| 3921| 5245 7323 10851) 17525 32477
BT6 2034 | 2752| 3857| 5647 8763| 14729 27792 62990
BT7 2727 | 3454| 4495 6044 | B8487| 12665| 20634 38674
BT10 2715| 3474| 4574 6232 8890| 13516| 22537 43529
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FIG. 1-1: MICROSTRUCTURE OF I/M ASTROLOY L
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FIG. 1-3: ARGON-ATOMIZED POWDER OF ASTROLOY
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FIG. 1-5: ASTROLOY FORGING PREFORM AFTER HIP
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FiG. 1-6: TYPICAL MICROSTRUCTURE OF P/M ASTROLOY

SUBJECTED TO HIP
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FIG. 1-8: QUALITATIVE DESCRIPTION OF THE EVOLUTION OF THE MICROSTRUCTURE
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FIG. 1-9: MICROSTRUCTURES OF LC ASTROLOY AFTER HOT ISOSTATIC
PRESSING AT (a) 1100°C (b) 1170°C {c) 1215°¢C 1'%
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EIG. 1-10: DARK-FIELD TEM OF THE ' DISTRIBUTION AS A FUNCTION
OF AGING TEMPERATURE IN LC ASTROLOY %!
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FIG. 1-11: ELECTRON MICROGRAPH OF EXTRACTION REPLICA MADE FROM
ARGON-ATOMIZED POWDER LC ASTROLOY HIP'ED. ARROWS DENOTE MC
AND My (B.C.)g PHASES EXTRACTED FROM GRAIN BOUNDARIES 23
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FIG. 1-14: CREEP CRACK GROWTH RATE DATA FOR VARIOUS SUPERALLOYS AT 704°C
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FIG. 2-12: MICROSTRUCTURE OF P/M ASTROLOY AFTER LCF AT 730°¢ 3%’

FIG. 2-13: CLASSIC STAGE 1 FACETS (ARROW) FIG.2-14: CRACK PROPAGATION IN H+F
ASSOCIATED WITH AN INTERNAL FATIGUE ASTROLOY WAS TRANSGRANULAR
FAILURE IN H+F ASTROLOY 41 (ARROW) IN THE COARSE GRAINS

AND INTERGRANULAR (DOUBLE
ARROWS) IN THE FINE
RECRYSTALLIZED GRAINS!41]
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FIG. 2-15: SLIP BANDS (ARROWS) FORMED IN WASPALOY DURING FATIGUEN?

(a) ONLY A FEW SLIP BANDS (b} DEFORMATION WAS GENERALLY HOMOGENEQUS

FIG. 2-16: SLIP BANDS (ARROWS) FORMED IN ASTROLOY DURING FATIGUEN7]
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(a) €t = 1072577

(b) et = 2X 107671

FIG. 2-17: PAIRWISE CUTTING OF v PARTICLES BY DISLOCATIONS
MOVING IN PLANAR SLIP [“®]
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FIG. 2-18: RANGE OF POSSIBLE MICROSTRUCTURE IN P/M SUPERALLO]YS AND
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FIG. 5-31:

APPLIED STRESS VS NUMBER OF FLIGHTS
TO FAILURE FOR SPECIMEN BT4
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FIG. 5-32:

APPLIED STRESS VS NUMBER OF FLIGHTS
TO FAILURE FOR SPECIMEN BT5
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FIG. 5-33:
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APPLIED STRESS VS NUMBER OF FLIGHTS
TO FAILURE FOR SPECIMEN BT6
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FIG. 5-34:

APPLIED STRESS VS NUMBER OF FLIGHTS
TO FAILURE FOR SPECIMEN BT7
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FIG. 5-35:

APPLIED STRESS VS NUMBER OF FLIGHTS

TO FAILURE FOR SPECIMEN BT10
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FATIGUE CRACK GROWTH RESULTS
MATERIAL : PM-ASTROLOY |
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FIG. 5-36: TEMPERATURE EFFECTS ON FCPR
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FIG. 5-37: HOLD TIME EFFECTS ON FCPR
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FIG. 5-38: MINOR CYCLE LOAD RATIO EFFECTS ON FCPR
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FIG. 5-3%a: ROOM TEMPERATURE TEST, SPECIMEN BT1.
AK =12 MPavm, a = 0.2 mm. ARROWS INDICATE DIRECTION OF CRACK
PROPAGATION. LINEAR AND PARALLEL RIDGES (A),

FACETS (B), PLANAR MICROFACETS (C).

5-39b: SAME AS FIGURE 5-39a. WITH LOWER MAGNIFICATION
TRANSGRANULAR CRACKING IN LARGE AND SMALL GRAINS.
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FIG.

FIG.

5-39¢c: AK = 35.5 MPavm, a = 1.2 mm. CRYSTALLOGRAPHIC
STRIATIONS CHANGE ORIENTATION FROM GRAIN TO GRAIN

5-39d:

AK = 46.5 MPavm, a = 1.8 mm. NON-CRYSTALLOGRAPHIC
STRIATIONS WITH TRANSGRANULAR FEATURES
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FIG.

5-39e: STEREOGRAPHIC PAIR WITH 6° DIFFERENCE IN VIEWING
ANGLE. AK = 89 MPaYm, a = 3.9 mm. BLUNTING LINES (A)
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FIG. 5-40a: HIGH TEMPERATURE TEST. SPECIMEN BT4. AK = 13 MPaVm,
a = 0.2 mm. SERRATED RIVER LINES IN LARGE AND SMALL GRAINS

FIG. 5-40b: SAME AS FIGURE 5-40a. HIGH MAGNIFICATION IN LARGE GRAIN.
MICROFACETS WITH CRYSTALLOGRAPHIC STRIATION-LIKE FEATURES
AND RIVER LINES.
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40a. INTERGRANULAR CRACKING AND

SAME AS FIGURE 5
SECONDARY CRACKS OCCUR AT THE GRAIN BOUNDARY REGIONS.

5-40c:

FIG.

= 2.2 mm. FATIGUE STRIATIONS IN LARGE GRAIN.,

50 MPaVvm, a

AK =

5-40d:

FIG.



FIG.

5-40e:

STEREOGRAPHIC PAIR. AK = 89.5 MPaVm, a = 4.5 mm,

BLUNTING LINES WHICH START AND STOP AT THE BANDS OF DIMPLES.

Y

§ Al

L 0
A
r L=

. #
o~

Qi

" t r:'ﬁr“\..

g

A,

A4



—r

FIG.

FIG.

225.

oy

6/ _l[@};:"-.
L N " . i
2 £
o~ S W

S-41a: HIGH TEMPERATURE WITH 0.1 MINOR CYCLE. SPECIMEN BTS.
AK = 56 MPaVm, a = 2.6 mm, MAJOR CYCLE FATIGUE STRIATIONS
IN THE LARGE GRAINS WHICH ARE NOT AS CLEAR IN THE SMALL GRAINS

5-41b: HIGH MAGNIFICATION IN LARGE GRAIN. MAJOR AND MINOR
CYCLE PORTIONS (A AND B). HIGHER MAJOR CYCLE STRIATIONS
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FIG. 5-41c: LOWER MAJOR CYCLE STRIATIONS

FIG. 5-42; FATIGUE STRIATIONS FOR 0.05 MINOR CYCLE.

SPECIMEN BT10. NO MINOR CYCLE PROPAGATION VISIBLE.
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E DURING ROOM TEMPE
ACKS IN
ONDARY CRACKS

ECONDARY CR

INTERGRANULAR SEC

GRANULAR S
IN SMALL GRAINS (B).

CRACK SURFACE PROFIL

FATIGUE TEST. TRANS
LARGE GRAINS (A) AND

5-43a:

FiG.

HIGH TEMPERATURE TEST

5-43b:

FIG.
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SECONDARY CRACK

HIGH MAGNIFICATION IN SMALL GRAINS

FIG. 5-43c

FOLLOWING A GRAIN BOUNDARY (B)

HAr

d

e

"o
By R

MICROSTRUCTURE FOR THE TEST MATERIAL. DUPLEX

5-44
(OR NECKLACE) STRUCTURE WITH LARGE GRAINS SURROUNDED
BY SMALL GRAINS

FIG.
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229.

FIG. 5-45a: MICROSTRUCTURE OF AS RECEIVED MATERIAL WITH SOME WAVY
GRAIN BOUNDARIES (A) AND COARSE Y PRECIPITATES (B)
AT GRAIN BOUNDARIES ANDTRIPLE POINTS. FINE y PRECIPITATES
WITHIN GRAINS (C) AND CARBIDES AT GRAIN BOUNDARIES AND
WITHIN GRAINS (D AND E).
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FIG. 5-45c: AFTER HIGH TEMPERATURE TEST

5-45d: TWIN GRAIN BOUNDARIES AT HIGH MAGNIFICATION
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FIG. 5-45¢: INTERMEDIATE SIZE OF ¥ PRECIPITATES IN LARGE GRAIN
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FIG. 5-46: SPECTRA FROM EDS ANALYSIS FOR MATRIX (v)
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5-47: SPECTRA FROM EDS ANALYSIS FOR y PRECIPITATES
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FIG. 5-48:

SPECTRA FROM EDS ANALYSIS FOR CARBIDES
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FATIGUE CRACK GROWTH RESULTS
MATERIAL: PM-ASTROLOY
F_Q3 | ENVIRONMENT: 650 °c
‘+/--- BT4, ‘@’--— BTG
‘Y —— BTI1Q
p BE-04 :
A | 5
/ Zh
D /g’/
N E-05 e —
r//
o 1A
M /T( L
/ £ |
C E-06 = ;,/ . —
% < |
C . /
1 vl
E E-97 : | %
17
|
el
E-08 7l I |
/Q
d
( |
E-09 e
E ol E 02
DELTA K(MPAxSQR(M))D
FIG. 6-1: LINEAR SUMMATION OF FCPR DAMAGE: A. ASSOCIATED

WITH APPLIED MAJOR CYCLE; B. ASSOCIATED WITH MAJOR-MINOR
CYCLE; C. ASSOCIATED WITH MINOR CYCLE;
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FIG. 6-2: MATCHING FRACTURE SURFACE FOR THE 0.1 MINOR
CYCLE RANGE RATIO TEST (AK = 53.4 MPaVm, a = 2.4 mm).
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FIG. 6-3: MATCHING FRACTURE SURFACE FOR THE 0.05 MINOR
CYCLE LOAD RANGE RATIO TEST (AK = 83 MPavm, a = 3.9 mm).
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