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(i)

Fatigue crack propagation has becn investigated in single edge
notched mild steel specimens under constant and programned loading
conditions. Results have been analysed by the fracture mechanics approach
and the Palmgren-Miner summation. Fracture surfaces were examined with
a Cambridge Stereoscan scanning electron microscope.

In tests where both load rises and load drops were included, the
cumulative cycle ratio was always slightly greater than unity, irres-
pective of block size, load level, ratc of load change or sequence. When
the programme consisted only of load rises, the cumulative cycle ratio
decrcased below unity. These results have been explained in terms of
residual stresses developed at the crack tip during load changes. The
fracture mechanics analysis was found to provide a satisfactory method
of data correlation, provided the effects of material and experimental
variables were fully appreciated. However, no single value of slope of
the logaK-log da/dN relationship will apply to all materials and
conditions, In the absence of residual stresses due to manufacturing
processes, computer integration of the constant amplitude fracture
mechanics data will provide a satisfactory method of life prediction.

Fractographic observations showed that striation spacings were
often larger than the macroscopic crack growth rate. This effect was
discussed in terms of discontinuous crack front movement. Striation
spacing measurements were not therefore useful as a technique of
correlating macroscopic crack growth rate with the microscopic obser-
vations. However, two distinct modes of fracture were observed to occur.
The first (designated stage IJa) was structure sensitive, whilst the
second (designated stage ITb) was structure insensitive. The transition
from stage IIa to stage IIb occurred when the radius of the plastic zone
ahead of the crack tip reached a valuc of about four times the mean
grdin diameter. Under programmed loading conditions, stage Ila was

found to occur after a high to low load change even though the prevailing



stress Intensity was at the level sufficient to produce stage IIb in a
single stress level test. It is suggested that this effect is caused

by substantial residual compressive stresses acting in opposition to the
applied stress intensity and estimates of the minimum levels of these
residual stresses have been made. The mechanisms of residual stress
formation_énd decay have been explained in terms of sizes of plastic zones

at the crack tip.
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Jo  RIVIEW OF PREVIOUS LYITERATURE

J1elo APPROACHES TO FATICGUE CRACK PROPAGATION

Barly futigue studics were concerned with producing stress-life
relationships principally on notched and unnotched rotating bend specimens
and until the mid-507s little published work existed on the growth of
fatigue craékso The early crack propagation work of Moore (1),
de Forrest (2) and Bennett (3) was limited to the extension of
circumferential surface cracks on notched and unnotched cylindrical
specimens. In the interpretation of notched specimen data, attention was
concentrated on a comparison of the strength reduction factor, Kf (i.e.
the ratio of unnotched to notched fatigue limits) with the theoretical
elastic stress concentration factor of the notch, Kt'. The strength
reduction factor was often found to be less than the elastic stress
concentration factor and some of the theories put forward to account for
this effect have been reviewed by Frost and Dugdale (4).

Eventually, it was realised that in many practical instances cracks;
or crack-like material defects were present from an early stage and the
majority ofilife was spent in propagating the crack. ?his led to a
change in the approach and workers began to follow ths course of fatigue
by examining the progress of through-thickness cracks initiated from
sharp notches in a variety of designs of tecst piece.

As a result, several crack propagation laws have been presented
(5,6,7,8) which may be éxpressed in the form;

%‘%:f (0'; a, C) (1)
where da/dN is the rate of crack growth, o the alternating stress and C
a constant incorporating mean stress. In a review of crack growth
relationshipg, Paris and Erdogan (9) pointed out that most of these
approaches were applicable only to data collected from a limited range

of crack growth rate and suggested that only the fracture mechanics

approach could satisfactorily account for a wide range of fatigue crack

growth data.
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This approach to fatiguc crack propagation had previously been
suggested by Paris et al (8) based on the Trwin stress.intensity factor
concept (10). The stress intensity factor, K, was shown to represent the
effects of externally applied load and geomctry on the intensity of the
stress field at the crack tip. Tt was also suggested that the distribution
of elastic stress around the crack tip in plane extcnﬁion.problems always
had the same functional form and differed only by the stress intensity
factor. Thus it was rcasoned that the stress intensity factor of the crack
tip stress field should control the fatigue crack prOpagatiqn_process.

The stress intensity factor was linearly dependent on the load and
contained a geometric factor related to crack length or other geometric
property of the body. Finite width correction factors for a wide variety
of specimen designs have since become available (11). A good correlation
was found between the linear stress intensity factor and the log of the
;ate of crack growth for different loading configurations (8), an example
of which is shown in fig.1.

On the basis of experimental data available in the literature Paris
and Erdogan (9) suggested a power law of the form

. %% = ¢ (aK)" (2)

where & K is the stress intensity range, m a dimensionless constant and
C a constant incorporating other variables including mean stress. Their
observations suggested that m was equal fo 4 for a wide range of
aluminium alloys and high stréngth steels. Subsequent theoretical
treatments (12-16) have Justified this relationship although the exaét
value of m is questionable.

Several limitations of the approach bécame apparent at this stage.
Iirstly, the inherent assumption that the minor variables could be
incorporated into the constant C was an over-simplification. The effects
of mean stress have since been shown to vary for different materials (17).
Secondly, the relatiouship betwecen AK and da/dN was assessed in terms of

a log - log plot which tended to disguise experimental scatter. Thirdly,
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by assuming a continuum approach, no account was taken of the possible
effects of microstructure. Finally, the observations of Jrost (18) that
a critical stress was required to re-~commence propagation of a pre-~
existing crack, pointed strongly to the presence of a mipimum value of
AKX at slow crack growth rates; below which propagation would not occur.
Neverthelcss, the fracturce mechanics approach has become a widely
accepted means of interpretinz fatigue data, principally because of its
simplicity and ability to include the geometrical aspects of the problem.

In this respect it is a significant step forward.

1.2  PREVIOUS RESULTS OF TRACTURE MECHANICS APPLIED TO FATTGUE CRACK

PROPAGATION
Obviously the concept of a simple fatigue crack growth relationship
has far reaching implications and, since the original-proposal, a wealth
of crack growth data has become available, Unfortunately the results are
by no means as well defined as one might have hoped. Indeed, evidence
of confusion was apparent in Paris and Erdogan's original paper and the
discussion to that paper clearly pointed to the neced for further work.
This section reviews the important aspects of the problem in the light
of recently published work and attempts to demonstrate that a clearly
defined trend is becoming apparent.
The most important factors to be considered are:-
(1) The stress ratio, (R). (i.e. ratio of minimum to mdximum
alternating stresses)
(2) Bulk tensile properties of the material
(3) Plasticity effects, with particular reference to the fracture
mode transition and the instability effect as the critical
stress intensity for fast fracture is approached.
(4) Notch geometry
(5) Eivirormental and microstructural effects.

le2.1. Stress Ratio

Recent work (19,20) has demonstrated a dependence of m and ¢ on the
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value of stress rvatio for a wide variety of matcrials. The effects varicd
from the relatively insensitive purc aluminium, copper and mild steel o
the very sensitive high strength aircraft aluminium alloys, the V&lgc of
il incrcasing with R, |

Several semi-cmpirical approaches accounting for the effect of mean
stress have been suggested (21,22) but the most generally applicable
relationship so far proposed is that due to Forman, Kearney and Engle (23),
which takes into account both the cffects of stress ratio and the approach
of instability as the maximum value of stress intensity approaches the
critical stress intensity of the material (Kc)u The relationship hinges |
on the criterion that as KC is approached the rate of crack growth approaches

infinity. Their relationship has the form:
m

g _ G0 A (3)

dN ~ (1-R) K ~ 8K 2

The data of McEvily_and I1lg (7) for aircraft aluminium alloys fitted
this equation well. Other workers (24) have also found results from
aluminium alloys to give a good fit to equation (3).

The majority of fatigue crack propagation work has been carried out
under conditions of positive mean stress with the stress ratio, R, equal
to or greater than zero. Gurney (25) examined crack propagation relation-
ships in a series of mild steels with increasing yield stresses under
conditions of pulsating tension and zero mean stress, and found that
between 10% and 35% of the compressive part of the cycle was effective
in propagating the crack, the contribution decreasing with increasing
yield stress. The results were also analysed in terms of fracture

mechanics using only the tensile portion of the cycle to calculate the

stress intensity factor. The data for the material with the lowest
yicld stress fell into a scatter band which showed quite clearly that
as the alternating stress range increased, both m and C changed
systematically, The exact reason for this was not clear, and Gurney

chose to ignore the effect since the higher yield stress materials showed



much narrower scatter bands.

The main cxperimental difficulty vhen systematically investigating
the contribution of the compressive portion of the cycle is in maintaining
accurate specimen aligmment under all loading conditions, and there is
clearly a need for systematic work to clarify this aspect of the problen,

In cohclusion.it may be stated that it is essential to include a
consideration of the stress ratio in the fracture mechanics analysis,
particularly when comparing data from a variety of sourccs. However, the
effect of mean stress will vary according to the material under
consideration,

1.2.2, Plasticity Iffccts

At fast crack growth rates of the order of 10"4 inches (2500 nm) per
cycle and above, where the stress intensity factor begins to approach the
critical stress intensity factor for static fracture, an increase in m
value on the log AK-log da/dN'relationship 1s often observed., Several
investigators have clearly demonstrated that as instability is approached,
components of ductile fracture are observed in association with the
fatigue mode. Clark (26) found that in some high strength steels and
aluminium alloys the point of transition to faster crack growth rates
correlated well with the onset of sub-critical cracking in monotonic
loading tests, allowing for the effect of frequency. Fracture surface
observations demonstrated quite clearly the presence of ductile fracture
associated with the fatigue mode. Carman and Katlin (27) found similar
effects in maraging steels.

In some circumstances, deviations at fast crack growth rates may not
be observed. For example if the data is collected over a rather limited
crack growth rate range it is likely that the slope transition_wili be
lost due to the insensitivity of the log-log plot. Brothers and Yukawa (29)
did not usually observe a transition to faster crack growth rates in the
majority of their tests on low alloy steels. In the one instance in which

the transition was observed, the range of crack growth rate data considered
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was larger than in any of the other tests.

Another cause of dif{ficulty is the inability of many fatiguc machines
to maintain the correct stoke under conditions of fast crack growth,
particularly at high frequencies. Under these conditions the load level
may begin to fall off and data collected in this region should be
rejected.  Generally, it can be concluded that the ceffects of instability
on the log-log relationship appear to be well documented and clearly
understood.

Confusion appears to have ariscn over the effect of the fracture
mode transition from 900 plane strain to 450 plane stress, Several
relationships defining the transition have been proposed (29-31), all
emphasising the importance of the material thickness, yield stress, and
plastic zone size. There is evidence to suggest that the fracture mode
transition can cause:

(a) Reduction in crack growth rate (32 - 34)

(b) Acceleration in crack growth rate (30)

(c) No effect (35 - 37).

Wilheim (32) re—examined previously published crack propagation data
for a variety of materials including aircraft aluminium alloys, titanium
alloys and high strength steels. He analysed these results by plotting
graphs of linear stress intensity range (AK) and log crack growth rate
(da/dN). He showed that, above crack growth rates of about 10—5 inches
(250 mm) per cycle, a particularly large decrease in the slope of his
relationship occurred. This was attributed to the change in fracture
mode from plane strain to plane stress. Wilhelm did not, however, attempt
to account for stress ratio effects in his analysis, and a detailed
examination of his results shows that over the range of materials
considered the R value varied from -0.2 to +0.85.

The results of Hudson et al (38-40) have been re-amalysed here, taking
due account of stress ratio. This work formed the basis of the arguments

developed by Wilhelm, but in the present work the results were plotted
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in terms of log stress intensity versus log crack growth rate. Figs,
2-9 show quite cleariy that R is principally affecting C values in o
manoer that could give rise to Wilkelm's interpretations In figurces 8
and 9 the stress ratio varies only between 0 and 0.1 but the trend is
the reverse of that proposed by Wilhelm. He also cited the results of
McEvily and Y1lg but these have been re-analysed by Torman et al (23).
Their results also showed that when the effects of stress ratio were
recognised, adequate straight line representations could be drawn without
any evidence of a transition due to the fracture mode being apparent.

The log-linear relationship used by Wilhelm was first used by Paris
et al (8) to correlate stress intensity, crack growth rate data. They
also found a curved relationship of the type shown in fig.1, but did not
consider that the fracturc mode transition was responsible for the
pronounced knee. Since this type of relationship is known to show a knee
and because Wilhelm did not account for the stress ratio effect, he drew
the erroneous conclusion that the fracture mode transition was having a
very large retarding effect on the crack extension rate. In addition,
the experimental work he carried out to verify his views was far from
conclusive,

Other evidence (33-37) also suggests that the fracture mode trans—
ition is of secondary importance in affecting the slope of theAK - da/dN
relationship, due to the inherent insensitivity of the log-log plot. It
would seem reasonable to conclude that plane stress conditions reduce the
rate of crack growth only slightly, and that this is due to the
dissipation of strain into the larger volume of plastic material at the
crack tip. Much more marked is the effect of instability causing
acceleration of crack growth rates at higher stress intensities.

1.2.3. Notch Geometry Effeccts

Another important factor to be considered, particularly at slow crack
growth rates, is the influence of the notch on the log stress intensity-—

log crack growth rate data. There is ample evidence (25, 30, 41-44) to
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suggest that the additional stress concentration of the notch causes an
increase in the slope of log stress intensity-log crack growth rate
relationship in the carly stages of crack growth. This effcct is more
marked at low applied stress levels since the crack spends a greater
proportion of total life near the notch root.

1e2.4.  Environmental and Microstructural Effects

Hartman (45) and Bradshaw and Wheeler (46) found that aircraft
alwainium alloys were sensitive to moisture in the test environment, the
effect being a maximum at low applicd stress intensity levels. Wei (47)
considered the mechanism to be a hydrogen cmbrittlement effect occurring
by a water-metal reaction at the crack tip, and not an emviromment
transport mechanism. Thus, as crack tip plasticity increcased at the
longer crack lengths, the effects of hydrogen relecased into the sub-
microscopic cavities became relieved. Frost (48) found a slight
detrimental effect of moisture on fatigue crack propagation in mild steel
under mean tension stress, but not at zero mean stress.

Hence, increases in m value at slow crack growth rates may also be
closely related to the enviromment. Moreover, recent work (49) has shown
that at slow crack growth rates where the theoretical plastic zone size
at the crack tip is small relative to the micro-structure, the crack
path can become structure sensitive.

Some attempt has been made to account for microstructural variables
through properties obtained from the unidirectional tensile test (34, 50).
Both approaches emphasise the use of the elastic modulus as a normalising
factor when comparing the data from a variety of sources. The equations
of McEvily and Johnston (34) also indicate that increases in tensile

strength do not cause proportionate improvements in fatigue resistance.

1.2.5 Summary of Factors Affecting the Fracture Mechanics Analvsis

The stress ratio 1s the largest single source of scatter in
the log stress intensity -- log crack growth rate plot and the

rclationship of Forman ct al (23) scems most able to take account of
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this cffccet. Yhen comparing the results from a varicty of materials,
improvement in correlation results from including the yield stress,
clastic modulus and plasticity paramecters in cquations relating crack
propagation rate to the stress intcnsity factor.

0f the factors that can cause slope transitions at constant stress
ratios on the log stress intensity-log crack growth ratc rclationship
it has been shown that instability will couse crack acceleration at high
stress intensities. Notch gecometry, enviromment and microstructure may
all play a part in producing slope transitions to higher m values at
slow crack growth rates, The fracturc mode transition is considered to
have only a minor retarding effect on the rate of crack propagation,
which is not normally visible on the insensitive log-log plot.

=7

Where crack growth rates vary between 10 ' and 10 inches

(2.5 = 2500 mm) per cycle the data can generally be represented quite
adequately by a straight line, but no single value of m or C will apply
to ali materials and conditions as first proposed by Paris. It is in
this region that the crack growth rate is relatively insensitive to
metallurgiéal variables, and the fracture mechanics approach is thercfore
not well suited to the assessment of microstructure on fatigue properties.

The most fruitful area for further research into the metallurgical
centrel of fatigue crack propagation undoubtedly lies in the early stages
where the crack growth rates are usually below 1Om7 inches (2.5 mm)/ cycle.
Little information is available in this region duec to the time involved
in testing and the complicating cffects of non-propagating cracks and
clearly much more detailed work is required.

If the limitations described above are taken into account the
fracture mechanics approach to fatigue can be useful, its principal
advantage being the ability to account for the geometrical aspects of
the problem.

1.3. APPLICATTION OF CUMULATIVE DAMAGE LAWS TO PROCRAMMED FFATIGUE

1.3.1. Introduction

For some time, 1t has been recognised that cycling at more than one
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stress level can causce changes in the cxpecfed life, predicted from a
conventional constant amplitude S-N curve. fowever, the problem of
predicting life under complex loading historles has not yct becn solved
satisfactorily. Any relationship proposcd should accurately represent
the experimental findings and from a designer's point of vicw, be simnle
to apply and require avminimum of experimental data for its application.
In this section, a selection of cuwwnulative damage laws applicable
principally to programmed fatigue will be discussed. Enphasis will Dbe
placed on the essunptions concerning the damage criterion, since it is
the questionability of the physical soundness of these assumptions that
often results in restricted application of many of the relationships,

It will be shown that despite the ingenuity of some of the theories
proposed, the original Palmgren-Miner hypothesis still remains the most
widely used design criterion.

1.3.2. Cumulative Damage Theories

The first attempt to provide a generally applicable cumulative damage
law was made by Palmgren (51). He suggested that failure would occur
under programmed loading conditions when the sum of the fractional lives

at each stress level (i.e. the cunulative cycle ratio) reached unity. This

),

where n, is the number of cycles at the ith stress level and Ni is the

is expressed as:

=1 @

W= P
!

failure life at the same level.

Miner (52) later restated this relationship and demonstrated by
means of repeated multi-level load tests on umnotched rotating bending
specimens of aluminium alloy, that the value of cumulative cycle ratio
ranged from 0.61 to 1.45, and gave an average value of approximately 1,

The Palmgren-Miner relationship has become widely accepted as a
simple design criterion, its principal advantage being that only a

knowledge of the comventional S-N curve is necessary for its application.
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Lts privcipal weakness lies in the asswiption that the damage criterion A
at any instant is equal to the cycle ratio, (i.c. D = Z“i/Ni)‘ Alsc
cquation {4) does not talke into account the possibility of M"interaction!
between different stress levels changing the rate of damage progress,
nor does it allow for any change in the rate of damage accumulation with
changing stress level (stress dependency). Furthermore, it does not
account for the possible effects of stressing below the nominal fatigue
limit at some intermediatc stage in the testing,

Richart and Newmark (53), and later Marco and Starkey (54) proposed
that the Palmgren-Miner damage criterion should be raised to an exponent
X which varied (empirically) according to the applied stress level.

This resulted in a series of damage curves of the type shown in fig.10,
and gave shorter iife predictions than the Palmgren-Miner rule,

A variety of other proposed cumulative damage laws have been
reviewed by Kaechele (55) who concluded that they offered no improvement
in physical understanding or theoretical techniques of life prediction.
Manson (56} and Grover (57) have suggested approaches considering crack
prOpagatioh.aSpects of the problem but these also suffer from similar
criticisms. Gatts (58) defined damage in terms of a deterioration in
strength in an attempt to base life prediction on a more realistic
asscssment of damage, but his approach was restricted in application.

More recently, Brook and Parry (59) using unnotched specimens of a turbine
steel measured changes in damping characteristics thréughout the life of
their specimens. From a knowledge of the rate of change of damping at a
given instant they were able to accurately predict the remaining life at

a given stress level.

Paris (60) has discussed the possibility of applying fracture mechanics
to programmed fatigue. He suggested that the crack growth relationship
of equation(2)could be integrated if the finite width correction factor,

Y was assumed constant, and K was cxpressed in terms of stress and crack

length. Altermatively mumerical integration at cach stress level using
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a computer could provide a more accurate and convenient technique.

It should be cwphasised that the assunption that cquation(Z applics
over the full range of crack growth rates considercd, and the interaction
of one stress level upon the other can be neglected, leads to a situation
equivalent to the Palmgren-Miner rule,provided the failure criterion is
stress independent.

Very little subsequent work applying fracture mechanics to complex
load histories appears to have been carricd out. Smith (61) working with
centrally notched panels of 7075 — T6 aluminium alloy compared constant
amplitude sinusoidal load tests with broad and narrow band randon loading.
Graphs of log rms stress intensity against log crack growth rate gave
a straight line rclationship over two orders of magnitude of crack growth
rate but the m valuc for sinusoidal loading was greater than the m value
for random loading. Integration of the experimentally determined crack
growth relationship was carried out to determine the number of cycles to
failure for random loading and compared with the number of cycles to
failure for sinusoidal loading. The latter gave consistently shorter
lives and the cumulative cycle ratio for the random loading was therefore
always greater than one.

1.3.3, Residual Stress Effects

Edwards (62) attempted to account for residual stress effects during
the period of fatigue crack initiation in mildly notched (i.e. K, < 3)
test pieces. During fatigue with a mean tensile load, localised yield
occurs in the vicinity of the stress concentration if the product of the
peak alternating stress and the theoretical elastic stress concentration
factor of the notch exceeds the yield point of the material. He argued
that this effect occurred on the first cycle, causing a reduction in the
mean stress in the immediate vicinity of the notch. Thereafter the point
of fatigue crack initiation would be subjected to a mcan stress below that

applied to the bulk of the specimen and the fatigue life would tend to be

increased. Similarly if a specimen was given a tensile preload prior to




- 13 -
fatiguing at zere mean stress, there would bz a strong possibility of
compressive yield occurring duc to the additive cffects of residual
compressive stress (due to the preload) and the compressive portion of the
cycle. This would raisc the localnean stress into the tensile region and
shorten the expected lifc.

It has been found that, programme loaded nmotched aluminium specimens
subjeccted to a mean tension stress fend to give cumulative cycle ratios

greater than unity. Idwards argued that when the bigh stress caused

@)

X

localised yielding, subsequent cycling at a lower stress would take plac
at a reducca lecal mean stress, compared with the reference constant
amplitude test at the same level; providing localised yicld did not occur
at the lower stress under constant amplitude conditions. Therefore
under programmed conditions fatigue damage accumulation would be slower
at the lower stresses and the cumulative cycle ratio would excced unity.

It is important to emphasise that the residual stress effects
discussed above were considered to exert their maximum influence in the
vicinity of the notch (i.e. during the crack initiation stage). The
effectiveness of these residual stresses during the craék propagation
stage were expected to decrease as the crack grew away from the notch,
at a rate dependent on the geometry of the test piece. Using these ideas,
Edwards developed a cumulative damage law taking full account of residual
stress effects, |

In the case of more sharply notched specimens, when the majority of
the life is spent in crack propagation, the effects discussed above are
less likely to predominate, since localised yield at the crack tip occurs
at all stress levels in the finite life range, giving rise to a plastic
zone ahead of the crack tip. However Schijve (63) and Hudson and
Hardrath (383) demonstrated that with aircraft aluminium alloys using a
two-level loading programme; crack arrest occurred when the load level
changed from high to low, the effect being greater the larger the initial

stress level. Schijve found that the reversed sequence produced a slight
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acceleration before returning to the cxpected growth rate for the
particular stress level. Hudson and Hardrath however were not able to
detect any effect in the reversed direction.

This relatively localised effect is probabiy associated with the
plastic zone ahead of the advancing cracks. On changing from a high to
low level the "non-cquilibrium! plastic zone is forced into compression
by the reduced applied stress, thereby causing the observed retardation.
However, when the sequence is recversed any residual tensile stresses
developed will be rapidly exhausted in enlarging the plastic zone to the
- new "equilibrium size" for the high stress level, and littie effect will
therefore be observed.

The magnitude of the residual stress induced at a load change can
be calculated approximately from a knowledge of the stress strain curve
and the stfess concentration factor (64), However, the effectiveness of
residual stress on the overall fatigue lifec (in both the initiation and
propagation stages) is controlled directly by the ability of the material
to support the induced residual stress under the action of cyclic loading.
Pattinson and Dugdale (65) induced residual stresses in unnotched bars of
mild steel and aluminium, by overstraining in bending. Using strain gauge
techniques they found that cycling at stresses below the fatigue limit
caused rapid decay of residual stress in mild steel up to about 105 cycles
and thereafter a slower progressive reduction up to 107 cycles.s In
aluminium alloys, cycling below the endurance limit had no effect on the
residual stress, which remained unaffected up to 107 cycles. For lives
in excess of 107 cycles at the same stress level, progressive decay
occurred. However, this effect may have becn due to a change in testing
machine, and no explanation of these effects was offered.

Residual stress effects arc less likely to be retained if cycling
at low stress levels in the finite life region causes localised yielding.
Rosenthal and Sines (060) showed that, for mildly notched samples, the

softencd condition of 61S aluminium alloy could not support the residual
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stress induced by preloading, whereas the same material in the
precipitation hardened condition did. In mild steel, Torrest (07) fourd
that marked cyclic strain softening occurred during the fatigue of mildly
motched samples. Considerable plastic flow was found to develop at
alternating stress levels as low as 75% of the initial yield point when
the failure life occurred at about 106 cycles. Tor aluminium alloys a
much reduced effect was observed. This cyclic softening effect which is
particularly marked in mild steel could explain the effects observed by
Pattinson and Dugdale (65).

Thus residual stresses can have an important effect on fatigue life,
and on the basis of the information available it would appear that
aluminium alloys are better able to support residual stresses than mild
steel.

1o3.4. Summary of Cumulative Damage Apvroaches

Simple modifications to the cycle ratio or S-N curve are not a
satisfactory method of deriving a generalised cumulative damage relation-
ship, because the exact damage process is very loosely defined and is
only repreéented by a life factor that takes no account of changes in the
mechanical properties of the material. This is particularly true ia the
case of unnotched specimens, where up to 95% of life is expended in
initiating the fatigue crack. Theories which are based on assumptions
concerning the exact damage process during this stage, arc not adequate
for a generalised approach. It is therefore not surprising that these
expressions only apply under specific conditions. Clearly the best
approach in this situation is that of Brook and Parry (59) where
measurements of actual changes in physical properties of the material
are considered. Similarly, fatigue tests under cyclic strain control
can also provide a better physical basis for cumulative damage analysis.
In this context the rccent work of Topper et al (68, 69), in simulating
the behaviour of notched specimens with unnotched specimens, has been

shown successful for the prediction of crack imitiation at mild notches.




~ 16 --

When the majority of the life is spent propagating the crack, the
mture of the dahage process is differcnt and more casily defined. A
knowledge of the crack growth relationship for a material will go some
way towards the prediction of iife but, as with the initiation stage, a
knowledge of the magnitude and extent of residual stress effects is
essential. Commonly used methods of estimating residual stressces employ
strain gauge techniques, X-ray diffraction and graphical procedures based
on the stress-strain curve. No attempt appears to have been made to use
fracture surface observations as a method of residual stress cstimatici

The application of fracture mechanics to variable amplitude fatigue
has received little attention, and although the use of a simple stress
intensity crack growth ratc relationship for variable load history‘summaﬁsn
is equivalent in form to the Palmgren-Miner approach, it does provide a
useful starting point into which the effects of residual stress due to
loading interactions can be incorporated.

Only by obtaining a more realistic view of the nature of the damage

w

mechanisms associated with the fatigue process can more reliable fatigus
life relationships be determined.

1.4, SURVEY OF THE RESULTS OF PROGRAMMED LOADING WORK

A detailed analysis of the published results of variable load history
experiments has been carried out in terms of the cumulative cycle ratio,
full details of which are given in Appendix 1. Many inconsistencies have
emerged and only in the case of non-ferrous notched test-pieces does the
stress ratio appear to exert a consistent effect on the value of
cumulative cycle ratio. It is likely that many of the anomalies can be
explained in terms of residual stress effects, particularly those
induced by specimen preparation procedures. TFactors such as block size,
frequency and life range appear to cxert only secondary effects on the
cumulative cycle ratio. Little crack propagation work has been carried
out and there is clearly a need for more worlk, particularly on stcels.

In many papers, complex situations have been examined without an
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adequate knowledge of fho clementary effects of simple programmed loads.
It is therefore essential that a systematic approach be adepted and
particular attention paid to specinen preparation if meaningful results
are to be obtained,

1e5e  TRACTOCRAPHIC ASPECTS OI' FATIGUR CRACK PROPAGATION

1.5.1. Tntroduction

Larly investigations of fatigue fracture surfaces using optical
techniques were limited by a small depth of focus and by the maximum
useful magnification that could be attained. Repid progress was made with
the advent of electron microscopy and its associated replica techniques.
The principal disadvantages with transmission electron microscopy were
difficulties of intcrpretation due to the presence of artefacts in the
replica and a restriction on the area of fracture that could be examined
at any one time. More recently the scanning elcctron microscope has
become available. This enables direct examination of the complete
fracture surface and renders tedious replication processes unnecessary.
With a depth of focus 300 times better than the optical microscope,
accurate three dimensional fractographs can be produced, the maximum
resolution being limited to about ZOO‘X. At the present time the full
potential of the instrument does not appear to have been realised in
fatigue research.

l.5.2. Classification of Fracture Mode

Forsyth (70) suggested that fatigue crack propagation should be
divided into two stages. Stage I fracture developed from the surface as
a slip band groove at approximately 450 to the tensile axis, in the
direction of maximum shear stress. As the crack grew inwards, the ratio
of shear to tensile stress decrcased until eventually the crack path
turned to 900 with respect to the load axis, to become a Stage II crack.

The extent of cach mode was dependent on the prevailing experimental
conditions. Stage I was promoted by ummotched specimens, low alternating

stresses, the absence of tensile mean stress, corrosive conditions and




single crystals. Stage T predominated in sharply notched specimens

where multiple slip conditions were operative.  The transition to stagce

L was often obsepy . . o -
LI wé ten observed to occur at a grain boundary which acted as an

bstructio i.slocati oV - ) .
obstruction to dlSlOCdCLOD,mQVOmCHLo In unnotched specinens, often

~oator + 7 of 14 .
greater than 907 of life could be spent developing a stage I crack across
one or two grains, whilst in sharply notched spec imens (Kta 4) stage T
was an insignificant proportion of the total life,

At long crack lengths when the plastic zone size becomes large with
respect to specimen thickness the stage II crack plane turns over to

o . .. '

about 45" with respect to the principal stress axis establishing a plane

stress conditions  This has been referred to as stage III crack

propagation(71),

1e5.3. Characteristics of Fatigue Fracture Surfaces

At high magnifications stage I fracture is often flat in appearance
with lines running parallel to the direction of crack growth and usually
occupies a small proportion of the frécture surface. A detailed discussion
of stage I fracture has been given elsewhere (72).

At low magnifications fatigue service failures oftcn exhibit lines
referred to as beach markings. These are probably caused by periods of
crack arrest during which the fracture surface is corroded or oxidised.
This gives rise to a fracture surface containing concentric rings of
varying colours indicating the intermittent nature of crack progress and
Jacoby (73) has cited examples of colour changes associated with programme
loaded specimens.

At high magnifications, striations or ripple markings are the
principal characteristic of stage II fatigue fracture surfaces in a wide
range of materials (74-77). These consist of regular markings running
in a dircction approximately normal to the direction of crack growth.
In certain circumstances particularly at high strains there is often

observed a one to one corrclation between striations and applied load

cycles and the striation spacing becomes a direct measure of the macro-
. NS ) . - - L 7
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scopic crack growth ratoe ~ .
Tk rack growth rate (375 755 75-80). 1In low carbon steels; a one

£0o one corrclation is not a7wa e - P
1S net always observed particularly at slow crack

rowth rates (76). st v . , L .
& (7 ) H“ftubCPg and Paris (37) emphasised that striations

RRt: necessarily VO ~ - .. .
do mot necessarily cover the whole fracture surfaces. In higher carbon

materials striations ocoup less frequently {(72) and may be absent
altogether (77,81). Tracture surface rubbing, slip in the wake of the
advancing crack and a vacuum enviromment in aluminium alloys may obliterate
striations (82, 83).

More information is required at low strains since it is in this
region that there is less likelihood of 2 one to one correiationa Under
these circumstances Plumbridge and Ryder (84) have pointed out that one

load cycle may produce one striation but every load cycle will not

necessarily produce a striation.

1.5.4 Mechanisms of Striation Formation

Jacoby (85) has noted that striations have been observed on the
fracture surfaces of Al, Be, Zn, Fe, Ti, Mg, Ni, Mo, Ta, Zr, Cu, Cr, Nb
and some of their alloys. In addition McEvily et al (86) observed well
defined striations on polymers and it would therefore appear that a
specific lattice structure is not a pre-requisite to their presence.

Stubbington and Forsyth (87) observed that in aluminium-zinc-— .
magnesium alloys under corrosion conditions the more usual "ductile
type of striations became brittle in character. Ductile striations were
found to lie on curved plateaux that were parallel to the general fracture
surface. Brittle striations lay on crystallographic facets, usually (100)
planes at considerable angles to the main fracture planc. These
observations led Torsyth (88) to suggest a mechanism of striation
formation based on an alternating process of cleavage and ductile

rupture, where the morphology of the striation was controlled by the

rclative proportions of each. The chief objection to this theory was

the necessity for cleavage in a face-centred—-cubic material,

Laird and Smith (89) proposed a mechanism of striation formation
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3 .
baBed on observations ack Fin At , ) .
ba mrrvations of crack tip deformetion under high strain fatiguc

in purce alwniiiun and o 1 .
in purce alwuninium and nickel, They found crack propagation to be a

continuous process and Suggested that crack extension and crack tip
blunting occurred on the tensile portion of the cycle, During the
subscquent compression cycle, crack tip re-shorpening occurred and formed
a stress concentration for the next tensile cycle, Laird (90) latep
modificd details of the blunting process to the form shown in figure (11),
During the resharpening process, two "ears" were Tormed, their subsequent
extension being influenced by the structure ahead of the crack tip. Non
symmetrical extension of the "ears" Qas shown to account for various
observed striation profiles and secondary cracks running below the main
fracture surface. Although this mechanism took some account of the
effects of microstructure it was based principally on continuum consider-
ations,

Hertzberg (91) suggested that the mechanism of Striation formation
was crystallographic in nature. Striations were proposed to form as a
result of an alternating slip process on (111) planes in & <110> directicn.
This mechanism suggested that the main fracture plane should be close to
a (100) type, cxactly that which Stubbington and Forsyth (87) had found
during the corrosion fatigue of an aluminium-zinc-magnesium alloy.,

It could be argued that it is incorrect to base striation mechanisms
on crystallographic considerations because of the presence of striations
in amorphous polymers. However, McMillan and Hertzberg (71) pointed out
that a striation forms as the result of a stress pattern at the crack tip
and in a polymer there is no restriction on the manner in which it may
deform. Tn metals, there are a restricted number of possible slip systems
and the striation will form when slip systems are most favourably oriented

with respeet to the crack tip stress field. If this is not the case, then

a poorly defined striation will result.

On the evidence available, the mechanism of striation formation at

- AP T 3 4
high strains appcars well represented by the continuum mechanism of Laird
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FIG. I THE PLASTIC BLUNTING PROCESS OF FATIGUE CRACK
PROPAGATION (AFTER LAIRD REFE 90)




and Smith. However, at lower strains crystallograpliic factors may
become important, depending on the material under consideration.

Je5eb. Structure Sensitive Fatisue Iracture

The term structure sensitive is applied here to fatigue fractures
where details of the underlying micro-structure, particularly grain
boundaries, are visible in addition to the striations.

Forsyth (88) noted that under corrosion conditions, the brittle
striations were associated with river markings reminiscent of cleavage,
and the main plane of the fracture was close to (100) type planes.
Pelloux (92), using etch pit techniques on 2024-T3 aluminium alloy,
found that below crack growth rates of about 10,000 X per cycle ductile
striations formed on fracture planes close to the (100) type. These
results led him to suggest that when the plastic zone ahead of the crack
tip covered only a few grains the deformation became confined to a
limited number of crystallographic planes. Jacoby (85) has shown grain
boundaries separating adjacent packets of ductile striations in aluminium
alloys. Meyn (82) found a change from "brittle" to ductile fatigue
cracking at crack growth rates of the order of 5,000 X per cycle in
2024~1T3 aluminium,

Broek and Bowles (93), whilst investigating the effects of cold
deformation and ageing on 2024 aluminium alloy, carried out several
programmed load tests with high to low sequences. In one particular
instance the load sequence caused a very sharp crack retardation, the
macroscopic craék growth rate being reduced to about 25 X per cycle.
Close examination of their fractographs suggests that river patterns
may have become apparent immediately after the load drop, although the
authors made no comment on this point.

Williams and Smith (94) observed river type patterns lying on (100)
and (110) planes during stage II fracture of body centred cubic g brass.
As grain boundaries were crosscd, more river markings were generated.

Eventually this mode gave way to non-structurc sensitive ductile



strdations ot a constant peak stress of 41 ksi. The transition often
occurred rapidly over a few cycles. River pattcrns of a siwilar nature
have also been observed in 13% mangancsc stecl (95).

Golland and James (96) found grain boundary cracking in zone refincd
iron with a very low oxygen content. The addition of silicon promoted
transgranular fracture and they suggested that grain boundary fracture
might be a characteristic of the material rather than an cmbrittlement
effecte Miller (77) obscrved grain boundary fracturc and ductile dimples
in martensitic 4340 steel, but there was no ev;dcnce of striations,
although faint indications characteristic of slip were present on the
grain boundary facets. Hoeppner (97) found grain boundaries on the fatigue
fracture surface of electrolytic tough pitch copper, near the root of the
notch. Tn coarse grained specimens, ductile striations were promoted some
distance away from the notch, and gencrally, coarse grain sizes decreased
the tendency to form grain boundary fracture. However, no distinct change
was observed in propagation rate at the transition from grain boundary to
the more usual fatigue mode.

Dahlberg (93) carried out a series of tests in various humidities
with martensitic 4340 steel and concluded that grain boundary fatigue
fracture was favoured by low loads and high relative humidity. Evans et
al (99) examined the effects of residual iﬁpurities on the fatigue
fracture of commercial and vacuum refined lé% nickel, chromium, molybdenum
steel in the hardened and tempered condition. All tests were carried out
in vacuum, and it was concluded that the elements arscnic, antimony, tin and
phosphorus were instrumental in promoting grain boundary fracture in the
commercial steel, although on the basis of the striation spacing the crack
growth rate was not affected,

The presence of crystallographic features in fatigue fracture therefore
appears to be favourced by small plastic zones ahead of the advancing crack
(Lec. low strains), corrosive cuviromments and impurity elements.

1.5.6. The Gffect of Load Level Changes on Striations

Although evidence was presented in section 1.3.3,for crack retardation



at a high to low load change, no indication was given as to the exact
> - LA

cffect on the micromcechanisms of fracture, Jacoby (85) showed evidence

that peak loads in aluininium alloys increased the striation spacing
associated with the peak load, but that the subﬁequent striations werc
reduced in size.

The situation appcars to be different in high strain fatigue.
McMillan and Hertzberg (71) found that a load drop caused an increase in
striation spacing associated with that cycle, even though a decreasc in
macroscopic crack growth rate was observed, It was concluded that there
may have been complicating effects due to the overlapping of plastic
zones between peak loads and they subsequently carried out a further series
of experiments with more widely spaced peak loads. In this case the
striation spacings immediately before and immediately after the peak load
application were approximately equal after which the spacing slowly
‘decreased to a minimum before returning to the spacing characteristic of
the applied load. This was taken as evidence of the effectiveness of the
crack tip resharpening process and subsequent reduction of crack growth

was presumed to occur in the plastic zone. It is also noteworthy that no

crack arrest was considered to have occurred.
McMillan and Pelloux (100) found varying load range to exert a greater
effect on striation spacing than mean load. Generally, high to low

sequences promoted longer life, but the .exact effect on striation spacing

was not clear from their fractographs. Low to high sequences promoted an

immediate increase in the striation spacing at the changeover, after which

the striations became characteristic of the new load level. This

localised increase was interpreted in terms of changes in characteristic

crack tip root radius, but equally it may have been a residual tensile
stress offect associated with the plastic zone.

1.5.7. Summary of Jractographic Aspects

Corrclation of striation spacing vith the macroscopic crack growth
A C [ - .

i ; ' i itions arc most favourable
rate in stage II is not always possible. Conditio
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at high strains particularly in aluminiua alloys. Tn some instances the
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striation spacing may not rcflect the macroscopic crack growth rate since

other fracture processcs may be occursing simultancously. The evidence
from steels is less systematic and is difficult to generalise.

The mechanism of striation formation at high strains is probably best
represented by the Laird-Smith model, but at lower strains crystallographic
mechanisms of striation formation are more likely to be operative.
Environment 1s also an important factor that can change or obliterate the
striation detail of the fracturc. The absence of striations from thc
fracture surface does not therefore necessarily imply that fatigue was
not operative.

Fatiguec fractures of steels, brass, copper and aluminium alloys may
rcveal microstructural details such as grain boundaries., However the
transition from structure sensitive to structure insensitive fracture
does not appcar to affect the macroscopic crack growth rate. Conditions
favouring structure sensitivity are low stresses and high humidity.
Aluminium-zinc-magnesium alloys appear to pass through three phases:

(i) crystallographic river patterns with brittle striations at slow crack
growth rates, if the humidity is high, (ii) ductile striations formed

on crystallographic facets and, (iii) at high strains ductile striations

on non-crystallographic planes. Impurities have also becn shown to

promote grain boundary cracking, particularly in steels, although grain

boundary fracture might well be an inherent property of low carbon irons

under fatigue conditlons.
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2. OBJECEIVE

This review has indicated the nced to provs Lmp.
S v 1ncicated the need to provide a simple and peliable

guide for designing against fatigue under complex loading historics. Little
information is available on the applicability of even the Palmgren-3iner
reclationship to the fatigue crack propagation situation.

With these considerations in mind, the following objectives were set
in the present investigation.
1. To produce consistent constant amplitude fatigue crack propagation
data to be analysed by the fracture mechanics approach.
2, To obtain information on mechanisms of crack growth from fracture
surface observations.
3. To carry cut simple block programme tests, analysing the results by
the Palmgren-Miner and fracture mechanics approaches.
4. To dcfcrmine the mechanisms of fracture at load level changes.
5. To develop a theory that will explain the experimental obscrvations
in physical terms.
6. To produce a computer programme to predict variable load history life
from the constant amplitude experimental data.

By providing a physical understanding of the mechanisms involved,

it was intended that the results of this work would then form a basis

. . . . s C
for future random loading studies simulating actual service conditions.
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31 MATERTALS AND HEAT TREATMENT

The majority of the work was carried out using a low carbon steel

with a Jow inclusion content. The material was prepared from a Swedish

iron basc, vacuun melted and cast i ot .
r s Vi cast into 112 1b ingots 4" by 4" in cross-

section and hot rolled into strips 2" wide by %“ thick. Other materials

3 L. ~ . . . :
used were commercial EN 3B rcceived in the bright drawn condition, oxyeen

free high conductivity copper and stainless stecel. Table 1 gives

details of the materials' analysis.
Carc was taken to ensurc that specimens were tested in a micro-

structurally uniform and stress frece condition. Specimen blanks of the

low carbon steel were normalised prior to machining at 890°C for 20

minutes. After final machining, the sides of the specimens were polished

) ) .. . . 0
to a 1 micron diamond finish and stress relieved in vacuum at 650 C for

1 hour. The grain size after this sequence was about 25 microns, as

. . . 0
determined on a Quantimet B. EN 3B blanks were stress relieved at 050 °C

for 3 hours, prior to machining, to avoid distortion., After final

machining the sides of the specimens were polished to 600 grade emery

0 .
and stress relieved in vacuum at 650 C for 3 hours. In this case the

final grain size was 28 microns. Figures 12 and 13 show longitudinal

micro-sections of the low carbon and EN 3B materials respectively in

the final heat treated condition, Table 2 lists the tensile properties

of both steels in the normalised and stress relieved condition.

LOWIR ULTIMATE
) DUCTTON
YIELD TENSTLE LLONGA&ION’ ?E’KREAl
MATERIAL STRESS , | STRENGTH, P ARE.
tsi(MN/m™) tsi(MN/m”) A
7 6
Low Carbon Steelli1.5 (178)] 22.8 (352) 60 5
EN 3B 19.4 (300)| 29.8 (4060) 50 03

TABLE 2,

TENSILIE PROPERTIES OF LOW CARBON

AND EN3B STEELS.
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Microstructure of Vacuum Mclted
0.08% Carbon Steel.

x 500 Mag.

(Neg. 6388)

Microstructure of Commercial
EN 3B Steel.
x 500 YMag.

(Neg. 6339)
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The main part of the work was carried out with smal]l single~cdge—
notched specimens, details of which ape shown in fig, 14. The dimensions
were Limited by the maximum load Capacity of the fatigue machine available,
which was an Amsler 2 ton Vibrophore equipped for push-pull and three
point bending. The notch dimensions werec chosen to give a theoretical
Kt valuc of 10 (101) to cnsure that greater than 95% of life would be spent
propagating the crack. Details of notch cutting tools and procedures are
outlined in Appendix 2,

Crack lengths were mecasured from both sides of the specimen with two
Vickers travclling microscopes and auxiliary lighting was employed only
whilst the crack length was being measured, Figs. 15 and 16 show the
testing arrangement for push-pull and threc point bending respectively.

A standard Vibrophore programmed loading attachment was used for the
multilevel tests. This is a simple electrical device which operates the
load indicator on the Vibrophore by means of a screwed nut and servo-motor
arrangement. The interval and magnitude of load level changes are controlled
by metal contact strips attached to a cylindrical drum driven in one
direction by a second constant speced servo-motor. The important feature
of the equipment is that load level changes always take place at a constant
rate over several hundreds of cycles.

In order to investigate the effect of the rate of load level change
on fatigue 1ife it was necessary to use an MTS closed loop servo-~hydraulic
machine.  The machine available had a 42 ton load cell which necessitated
the usc of much larger but geometrically similar test pleces. These were
Manufactured from the EN3B material and dimensions are given in fig., 14.

A three—point bending rig from a 10 ton Amsler Vibrophore was
modificd to fit the MTS machine, and the complete testing arrangement is

illustrated n fig, 17,



B N
P ]
A 4
8- A
A B C D E .
SPECIMEN ins ins ins ins THICKNESS
(mm) | (mm)| (mm) (m m) ins (mm)
SMALL 4.8 | 700 |-040 40 | 002 (5. 6)
(vib) (122) {47-8)] (1-0) | cos) 220 5.6
LARGE 15-0 |3-:000] -165 450 |1002 044  (24.0)
(MTS) (381) | (76) | (4.2) (-05)

FIG. 4. SPECIMEN DIMENSIONS.




Fig. 15, Push-Pull Arrangement on the
Two Ton Vibrophore.
(Neg. 2162)

'

Fig. 16. Three Point Bending Arrangement
on the Two Ton Vibrophore,

(Neg. 4%93)






Fig. 17, Three Point Bending Arrangement
on the MTS Machine.
(Neg. 3630)
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3e 3.  MEASURFMENT OF CRACK LENGTH BY T2 POTENTIAL DROP TECHNIQUT

In certain selected programmed Toading tests the potential drop
technique was emploved in addition to the travelling microscopes. This
enabled wore accurate observation of the crack progress at load level
changes.  The method, which has been described in detail by Gilbey and
Pearson (102), consists of passing an electric current through the
specimen and measuring the change in potential drop from probes located
on both sides of the crack. Full details of the system arc given in
Appendix 3.

304 EXAMINATION OF FRACTURFE SURFACES

A Cambridge Instruments Stereoscan Mark ITa scanning electron
microscope was used to examine the fatigue fracture surfaces, at an
electron gun potential of 30 XV. Specimens were examined at 450 and
90O with respect to the electron beam and a large stage was utilised for
the examination of fractures produced on the MTS machine. Fractographs

were recorded on 35 mm Ilford FP4 film.
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4o FXPERTMENTAL RESULTS

4delo  CONSTANT AMPLITUDE TESTING

Before carrying out programmed loading cxperiments it was cssential
to study the results of constant amplitude testse The small specinmens
were cmployed for all tests except those to determine the effect of the
rate of change of load level,

Certain parts of the work have been published and copies of the

relevant papers are included in appendix 4 (see refs. 49, 103, 104).

401.1.  Push-Pull Tests at Zero Mean Stress

Fatigue tests were carried out initially at zero mean stress at threc
principal alternating stress levels on the 2 ton Amsler Vibrophore.
Results were interpreted in terms of stress~log cycles to failure and also
by fracture mechanics. Failure was defined as the point at which the
Vibrophore could no longer maintain the alternating load.

. Fig. 18 shows the S-N curve drawn through the mean of the points
obtained., There is clearly a large amount of scatter, more than would bs
normally expected from notched test pieces.

Crack growth-cycles data were plotted on linear scales for each test
and a smooth curve drawn through the points. A typical example is shown
in fig. 19. The slope of the curve (da/dN) was measured manually at
0.020" (0.5 mm) intervals, but the area in the immediate vicinity of the
notch was neglected since localised crack acceleration was sometimes
observed in this zone. In some instances crack front slanting occurred
and in this situation the smooth curve was drawn through the mean of the
two sets of crack length data. Stress intensities for each measured

_crack growth rate were calculated from the relationship:
AK
5 = Yoia (5)

where AK/2 is the range of stress intensity factor for the tensile
portion of the cycle, ¢ the alternating stress and Y the experimental

~compliance function (obtained from reference 11).
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Correction factors were included to take account of the increasce in
cffective crack length due to the finite size of the plastic zone ahead of
the crack tip, The radius of the plastic zone ry, Was added on to the crac
length and the corrected stress intensity re-calculated. For plane strain

. . . ~ . . . P . ~ . s
conditions ry was derived from the relationship suggested in reference (10

2
1 max ,
r._= TG “2‘—_‘"“) (0)
y J £ \ Oy

where Kmax is the maximum value of stress intensity and ¢y is the static
tensile yield stress,

Graphs of loghKk/2 versus log da/dN were drawn in an attempt to test
the relationship log &K/2 = m log da/dN + log C. The slope (m) and
intercept (C) were determined by linear regression analysis using an IpM
system/360 model 44 computer. Table 3 sumnarizes the valuesof C and m
together with the stress-life data and errors are quoted where relevant,
A detailed discussion of experimental errors in the present work is given
in appendix 5. TFig. 20 shows all of the fracture mechanics data on one
’graph and again the scatter is very marked. |

The possibility of specimen overheating during the tests was
investigated as a possible cause of scatter. Copper—-constantan
thermocouples were attached to several specimens in the immediate
vicinity of the notch and in the bulk material well ahcad of the
propagating crack. Fig. 21 shows a typical temperature-life curve for
a high stress test, from a thermocouple located in the bulk of the
material. (Temperature readings taken in the immediate vicinity of the

notch gave identical results.) It can be seen that the overall temperature

M.

~

. . )
- rise 1s about 15 C,
Tenperature effects were not therefore considered responsible for
the observed scatter. However it can be shown by simple mechanics that

a small specimen misaligmment can create comparatively large bending

#*The auxiliary lamp was found capable of raising the temperature of the
specimen very rapidly to a Jevel well in excess of the maxiium normally
attained at the end of the test, For this rcason, great care was cxercised
utilising the lamp which was only illuminated whilst the cracic length was be
measured,



stresses in a push-pull specimen. Since difficulties of specimen
alignment in the vibrophorc grips bad becn experienced, it was decided
to carry out a series of thrce point bending tests using the same
specimens. This loading mode is much less sensitive to misalignment,
provided care is taken to grind the edges of the specimen square.

4ele2.  Three point bending tests

4.1.2,1. Small Specimens

The same type of specimen was used for this series of tests as in
the push-pull experiments, and the results were analysed in a similar
manner. The span, S,bctween the supports was fixed at 4 times the specimen

width and the stress intensity range was calculated {rom the relationship:

ag = APYL 7)
bvw :

where AP is the load range, b the specimen thickness and w the specimen
width. Equation 7 is an alternative form of the relationship proposed by

Srawley & Brown (11):

64PY Va
b w

A YU = 6Y a
«}w

Equation 7 is more ecasy to apply since the Ya term is included in

&K = for S=4 w (8)

the Y' function. Tables of Y!' against a/w have been published recently (106
Fatigue tests were carried out at three principal stress levels and
fig.22 shows the S-N curve based on a failure crack length of 0.197 ins
(5 mm) for all three point bending tests. It can be seen immediately that
the level of scatter is remarkably low. Fig. 23 includes all the fracture
mechanics data obtained in three point bending tests, and comparison with
fige. 20 shows clearly that there is a dramatic reduction in scatter. Table
4 summarises the stress-life and fracture mechanics data for individual
tests along with relevant errors, which serve to emphasise the improvement

in accuracy.
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ALTERNATING

(MEAN LOAD = 448 1b (1993N)).

STRESS MEAN | STANDARD STANDARD
SPECTMEN - | LIFE [DEVIATION! m | LRROR ON ¢
A esi |/ (CYCLES) |ON LITE m Tmp e
S1 N/ % % (SI)
0
9,21,27,28, sl + 10720t 10774
30, 32,33 5.88 161 2.05x107| L31 3.8 -9 ~11 ~15
(10 ""to 10 77)
20 —26
4}42)43,4—4: I + 10 to 10
45,47, 52 4.67 |72 4.96x107} 153 4.2 | t11.5 (1090 10715)
_ 202G
4—9)30}51, 6 " T 10 to 10
- . - ~1d
54,56,57 4,00 {62 1.39x107{ T35 4¢5 8.1 (10 10to 10 1i)
-19
13 3.78 |58 |1.63x10°] - 3.2 | o | 1O
(10 77)
20
12 3.86 | 60 2.04x10°] - 3.3 *2.0 10_]2
(10°°7)
_TABLE 3. SUMMARY OF ZERO MEAN STRESS FATIGUE TEST RESULTS
ALTERIATING | ypan | sTaxpArD STANDARD
LIFE |DEVIATION| m |ERROR ON c
SPECIMEN 1b N (CYCLES){ON LIFE m Tmp.
. % % (s1)
5 ks -20
66-71 439 | 1953 | 1.69x10 4.8 3.231 13.0 2.1x10_ /5
(1.9x10 %)
-18
. + 1. 6x10
72 358 | 1593 | 3.27x10 - 2.741 3.5 (5°2X10—12)
_..19
‘ 5 6.3x10
73 323 {1437 | 4.74x10 - 2.841 2.0 (4.1X10-12)
7477 05 | 1357 | 5.53x10°] 1.4 2.60] ti.5 7'1X10:1§
/4—' 3 e \5 . ° —e (8.9X10 )
' -18
i 6 + 400X]O
78-83 233 | 1036 | 1.26x10 2.6 2,63 5.5 (6.2X10—12)
..19
6 + 2,0x10
84 179 706 | 2,75x10 - 2.85{ I5.5 (1°4X10—12)
TABLE 4. SUMMARY OF THREE POINT BENDING FATICUE TESTS RESULTS
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The six tests carried out at the highest stress level show
significantly higher m values (3.23) than those of the remaining tests
(2.00) and since the fracture mechanics armalysis took no account of the
stress ratio, the results were re-analysed using the relationship of

Forman ct al (23):

m
da _ O WK (3)
aN Z1JGK6AK

S, -7
where a K. value of 150 ksi Vins (165 MN m “/2) was assumed. Table §
gives the results, where it can be scen that although the rclationship

lcads to a reduction in m value, the differential still exists.

SPECIMENS m STANDARD
| ERRCR ON
mo %
66 — 71 2.76 3.5
72 2.35 *3.5
73 2447 .0
74 - 77 2.26 1.1
78 - 83 2429 .0
84 2.55 t5.5

TABLE 5. TORMAN ET AL ANALYSIS

401.2.2, Large EN 3B Specimens

Tests were carried out at two specific stress levels to give lives
of approximately 105 cycles and § x 105 cycles. Two tests were carried out
at each stress level and were again interpreted in terms of stress~life and
fracture mechanics. Table 6 lists the experimental results and fige 24
shows the fracture mechanics data. The m values lie between 2.6 and 2.8

and appear to be stress independent.
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ARG STARDARD c
‘“ LITE ERROR OF THP. JRROR ON
SPECIHEN Y CLLS TG TNDEX
SPECIMEN | ¢ KN (CYCLES) moRIT (SI) INDE
-18
K 270 |26.9 ] 1.22x10° | 2.80] T2.7 2x107"" 0.4
(9.8x10 " 7)
) . -18 4
K8 1043 | 14.3] 7.83%10° | 2.74| 2.3 4x107°7 0.3
(1.3x10 " 7)
KO | 1.43 | 14.3] 8.40x10° | 2.60| *3.3 1.6x107)7 | to.4
-1 L
(2,0x1077)
K10 2,70 | 26.9 .28x10° 2,69 T2.8 603x10—18 Y0.4
~11
(1.5x10 77)

TABLE 6. RESULTS OF MI'S FATIGUL TESTS
~ (MEAN LOAD = 2.75 tons (27.4 kN))

4o2o FRACTOGRAPIHIC OBSERVATIONS UNDER CONSTANT AMPLITUDE LOADING

The Cambridge Stereoscan was used to examine the fracture surfaces
of specimens fatigued under both push-pull and three point bending conditions
Unless otherwise stated the following observations apply equally to both
loading modgs. In all cases the fractures produced were of the stage II
type. Directions of crack propagation are indicated on each fractographe.

4e2.1., Slow Crack Growth Rates

When the macroscopic crack growth rate was less than approximately

3.2x10"7

ins (8 mm) per cycle the fracture was found to show several
important distinguishing features. Tig.25 shows a typical area of fatigue
fraéture in this region, photographed at an angle of 45O with respect to
the electron beam. Featurc A is shown in more detail in figs. 26 and 27.
It is seen to consist of a series of ridges forming a "hill and valley"
type of structure running parallel to the direction of crack growth.
Progression markings or striations run across these ridges in a direction
approximately parallel to the crack front. Tig. 28 shows a similar arca
taken with the fracture surface normal to the beam. In this case the hill

and valley structure is clearly associated with two adjacent ferrite grains

labelled C at the centre of the photomicrograph.
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Fige 25 also shows'graiu.boundary cracking (labelled B) to be

associated with this mode of fracturc, and another typical arca is shown
in more detail in figs. 29 and 30. The markings present on the grain
boundary facets are similar to the wavy slip traces that are normally
observed on electro-polished surfaces of ferrous fatigue specimens and
could be confused with striations. They are probably slip traces formed
on the freshly exposed fracturc surface in the wake of the advancing
cracke

4.2,2. Fast Crack Growth Rates

At higher stress intensities, where the crack growth rate cxcceds
about 2X10—6 ins. (50 mm) per cycle, the fracture mode described above
gives way to a different mode which is structure inscnsitive. Figs. 31
to 33 show details of this type of fracture at various magnifications with
the specimen at 450 to the beam. It is ragged in appearance and exhibits
some surface cracking. At higher magnifications the fatigue striations
are clearly visible and cover the majority of the fracture face.

Because of the marked difference between the two modes of fracture
they were designated stage ITa (structure sensitive) and stage ITb (structure
insensitive).

Several specimens tested at zero mean stress exhibited evidence of
damage due to the fracture faces rubbing together. Fig. 34 shows an area
of stage ITb fracture, with the associated damage and generai attrition
labelled D. 1In some instances lines reminiscent of fatigue striations were
observed running across the facets of batter. Not all of the zero mean
stress' fractures showed this effect which is probably associated with slight
mis-aligmment of the specimen in the grips. No evidence of battering was
observed on any of the three point bending fractures.

4.2.3. The Role of Pearlite in the Fatigue Fracture Process

In order to determine the role of pearlite in the fracturc process,
fracture surface etching and sectioning was carricd out. Etching was
achieved by immersing the fracture in a solution of 2% nitric acid in

ethyl alcohol for progressively increasing times, followed by examinationr
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on the Stercoscan. TFurther dctails-concerning the attaimment of the
optimum etching time (which was 100 seconds) arce given in reference (103)
which is also included in Appendix 4.

A typical arca of stage ITa and stage IIb fracture measurluog
0.025 inches (.64 mm) by 013 inches (0.33 wm) was ctched for 100 seconds
and the number of pcarlite colomies revealed were counted. On an arca
basis stage ITa showed approximately 4% of pcarlite whilst stage IIb
rcvealed 10%Z. The expected pearlite content for this material as
established by quantitafivc metallography on polished and ctched micro-
sections is about 12%. Figs, 35 and 36 show areas of etched pearlite
on ITa and ITb fracture respectively.

Longitudinal sections were next taken through the fracture to
determine the location of the crack path with respect to the pearlite
colonies., Tigs. 37 and 38 show sections taken through stages IIa and IIb
.fracture respectively, In stage ITa the preferred crack path is around
the pearlite colony whilst in stage IIb the crack appears to cut str;ight
through. Thus in stage IIa the pearlite colony will appear in only one of
the fracture surfaces and the apparent pearlite density will be half that
expected, as was observed.

4.2:4 Observations of stage IIa and IIb in other materials

This part of the work was carried out to determine whcther the stage Ila
and stage IIb modesof fracture were operative in other materials.

Single edge notched specimens of oxygen free high conductivity copper
and 18/8 stainless steel were tested in push-pull on the 2 ton Vibrophore.
The results of the fracture surface observations are shown in figs. 39 to
42. It can be seen that at slow crack growth rates near the notch root,
there is evidence of grain boundary facets in both materials (figs. 39, 41).
At longer crack lengths however the fracture surfaces of both materials
(figs. 40, 42) rescmble the stage ITb mode. The presence of these grain
boundary facets is considered to suggest that the stage IIa mode of
fracture is opecrative at slow crack growth rates although the "hill and

valley" featurc does not appear to be clearly definced.



Fig, 23,

- Fig, 26,

Stage ITa Fracture
X 550 Mag, 5
Operating Angle 453,
(Neg. 148/134)

"Hill and Valley" Structure
Within g Ferrite Grain,

X 2200 Mag, o
Opcrating Angle 45,

(Neg. 145 /57)






Fig. 27. Striations Running Across the
"Hill and Valley" Structure,
X 11000 Mag, .
Operating Angle 45°,
(Neg, 148/2)

Fig, 28, Adjacent Ferrite Grains
Labelled nen in Stage ITa
Fracture,
X 550 Mag,
Operating Angle 900.
(Neg. 153/17)
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Fige 29, Grain.nound&ry

in Stage IIa.

X 2300 Mag,
Operating Angle 450.
(Neg. 148/304)

Fracture

Fig. 30, Slip Trices on
Boundary Facet,
X 5%00 Mo,
Operating Anejo 450
(Neg. 147 /322

a Grain
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A.2.5. Qusntit

ive Aspeets of Stage TTa and Stagce YIb Fracture

The tremsition from Ifa to 1ib occurred very rapidly in specimens
tested at high stresses, but at low stresses the transition period was
longer and contained mixed fiacturce modes. Crack lengths at which the

rangition occurred werc measured on both zero mean stress and three point
bending specimens using the micrometer stage of the Stercoscan. The
location of the transition was taken as the point at which the last well
defined grain boundary facet appeared.

Six specimens were heated to between 90000 and 1200°C in vacuum to
produce coarser grain sizes ranging from .0025 ins to .0045 ins. (67 to
115}un). These were fatiguc tested in three point bending and a record
of the crack length--cycles relationship was taken in the usual way. Crack
growth data was interpreted in terms of fracture ﬁechanics and the
*transition from stage IIa to IIb was again measured on the Stereoscan.
Table 7 gives details of the fracture transition. For the zero mean stress
tests, the effective pulsating tension stress was calculated from the work
of Gurney (25). This was then used to calculate the maximum stress
intensity at the transition crack length.

For a constant grain size there is a critical stress intensity and
hence a specific plastic zone size at which the transition occurs. This
value of stress intensity factor remains constant with changes in altern-
ating load level in both tension—tensioﬁ and zero mean stress. Those
specimens with coarser grain sizes show larger values of Kmax at the
transition, but the ratio of plastic zone size to mean grain diameter
remains constant at about 4. The range of values quoted in table 7 is
prbbably associated with inaccuracies in the determination of the crack
length at the transition.

The effects of mean stress and loading mode on the stage IIa to
stage ITb transition were also investigated. The results are shown in
table 8 where it can be seen that the ratio of ry/d is again in the region

of 4.
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SRALN YIELD | K TRANSITION

SPECIMEN s%g? EZEEsj E§£5§%§ION giﬁgg;c(isyE ry/d
{iﬁi (MN/m™) €MN5;3/2) %Ei)
TR1 2283? 21?7) E?é?ﬁe) E?ége) 3.62
e | Gl | (e C106) 3.60
W Gn | Gen | Giks ) .10
LU %123) %Zé?éS) (- 305) 425
w1 | Ge | G | Ci 457
Wiy | (e | Gens | o 4.27
7 s | ) | Gisy | Cos 3.81
7 s | wh | tibe S 392
3. s | W | (e | oo 4.23
2 g | W | (e | Cosn 3.81
2 s | wd | Gien | ooy 4.02
O 1Ly | W | Gein | Com 3.61

TABLE 7. TRANSITION FROM STAGE IIa TO STAGE IIb.

Table 9 shows the results of the fracture mechanics analysis of
the coarse grained specimens. The m and C values do not appear to vary
systematically with grain size when compared with the results of the
.001" (Zﬁpm) grain size (sce table 4).

402,060 Striation Spacing Measurements

It was shown in the literature review that many workers have
corrclated striation spacings with the macroscopic crack growth rate.
Clearly this technique could be extremely useful for programmed loading

studies, and with this in view striation spacings of several constant



MEAN LOAD | MAX. TEST— | STRESS K r /d | LOAD
SPECIMEN 1b TN LOAD RATTO kt?quTﬁ' y MODI
() b (M) R (ﬁNm”g/z)

135 376 735 0,02 13.20 3,81 | 3PB
(1673) (2270) (14.50)

136 370 681 0, 10 13.01 4o23 3P
(1673) (3030) (15.28)

140 314 484 0. 230 13.00 .71 1 TT
(1397) (2153) (14.28)

141 314 627 0.00 13440 3.92 | TT
(1397) (2789) (14.72)

142 314 627 0.00 13.54 4,02 | TT
(1397) (2789) (14.88)

143 314 484 0.30 13.43 3.92 TT
(1397) (2153) (14.70)

Grain Size = .001" (25 Pm) 3PB=:ﬁnT£IbintBending TT = Tension-Tension.

TABLE 8. EFFECT OF MEAN STRESS AND LOADING MODE ON THE STAGE IIa TO
STAGE IIb TRANSITION

GRAIN ALTERN- STANDARD C STANDARD

: - P
SPECIMEN | SIZE ATING (C§EEES m [ERROR OF| IMP ERROR ON i
LOAD s FIT % (S1) INDEX iy
ins pm 1b N x 10
5 0x1o"18
TR2 005 {115 | 305| 1357 6.40 | 2.63( 7.5 (5.7X10—12 10.8

-1
TR3 003174 | 305 1357 5.79 1 2.91| 4.5 342x10 _?2 10.6
(3.3x10

6.3x1071)
TR4 003 | 73 | 305| 1357] 5.60 | 2.84| 8.5 (i 1x10712y T1.0

™5 L003|72 | 3051357 5.70| 2.49|¥3.0 [.éx107M7, | to.3
(9.5x10 "7 )
+ 2.5x10—18 +
TRG 1003 | 67 | 305 | 1357 5.30 | 269 Tiz.g [EIEO Linl g

TABLE 9. FATIGUE TEST RESULTS OF COARSE GRAINED SPECIMENS

(MEAN LOAD = 448 1b, (1993 N))
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amplitude fracturcs were cxamined in detail.

Striation spocings werce measurcd at intervals along the fracturce at
magnifications in the region of 20,000 times. Crack lengths were selected
on the basis of the macroscopically obscrved crack growth rates, The
maximum value of crack growth rate varied depcending on the loading mode
ard specimen size. Small specimens tested in threc point bending showed
a lower maximum crack growth rate than the same specimens tested in the
push—-pull mode, whilst the large specimens tested on the MTS machinc produced
the highest values. This is due to the inherent design characteristics of
the Vibrophore which prevent the alternating load being maintained under
conditions of high strain.

For given crack lengths, six or seven photographs of typical striations
‘were taken on the scanning electron microscope, with the Specimen positioned
at 900 to the electron beam. Mean striation spacings were measured by
laying a rule across the fractograph. All of the measurements were taken
from the stage IIb fracture mode and the recsults are summarised in fig.43.
Typical examples of striations are shown in figs. 44 and 45.

A constant striation_séacing is observed up to crack growth rates of
7.9 x 10_6 ins (200 nm) per cycle. Beyond growth rates of 1.2 x 10--5 ins
_(300 nm) per cycle there is a tendency for the observed striation spacing
to correlate with the macroscopic crack growth rate although pockets of

small striations exist even at the fastest crack growth rates.

4.3 RESULTS OF PROGRAMMED LOADING TESTS

Having established reliable constant amplitude data it was then
possible to proceed with the programmed loading aspect of the investigatiomn,
using three point bending tests. A systematic approach to the problem was
adopted, starting with simple two level tests to investigate the effects
of block size, sequence and load level. These then formed the basis for
subsequent experiments.

In the following scction and subscquent discussion the term block
refers to a number of cycles at a discreet load level and sequence refers

to a group of blocks which together make up the loading programme.
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Fig. 44.

Fig. 45.

Striations in Stage IIb Fracture.
Average Spacing 3.9 x 1075 ins.
(1000 1m).

Macroscopic Growth Rate

5.2 x 1075 ins. (1300 nm) per cycle.
x 2000 Mag. o

Operating Angle 90 .

(Neg. 212/20)

Striations in Stage IIb Fracturec.
Average Spacing 1.0 x 1079 ins.
(260 nm).

MaCFOSCOp%C Growth Rate

3.5 x 107%ins. (90 nm) per cycle.
x 5700 Mag. o

Operating Angle 00 .

(Neg. 89/15)
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The scquence is repeated at regular intervals until failurc.

4.3.1., Two Level Tests

Two level rcpeated tests were carried out using the load levels
investigated in the constant amplitude part of the investigation. The block
size was initially fixed at 3.4 x 104 cycles to attain a compromise betwcen
providing a reasonable number of load level changes during the tests and
maintaining the actual proportion of cycles involved in the load change to
a small fraction of the total (approx. 2%).

Using the high to low sequence and a block size of 3.4 x 104 cycles,
tests were carried out fo investigate the effect of load level on the
cumulative cycle ratio, In addition two tests were carried out from the
highest stress to a level below the fatigue limit. (In this case the
cumulative cycle ratio was calculated neglecting those cycles below the
fatigue limit.) The effects of reversed sequence (low to high) and

3

variation of block size in the range 5 x 10° to 6.8 x 104 cycles weire also
investigated, (The § x 102 block programme was applied mammally).

Details of these two level programmes and the cumulative cycle ratio o b
are given_ih,table 10. Generally none of the variables investigated ﬂ y

. n . . ‘g
appeared to systematically affect Z:N , which remained w1th1n,th¢ narrow

limits of 1,01 to 1,13,

SPECIMENS | LOAD PROG. | RESPECTIVE | BLOCK SIZE ‘235}
LOADS 1b (N) | x103 CYCLES N
439-233 1.05, 1.13, 1.11
94-98 Hi-Lo (1953-1036) 34 1.02, 1.10 ’
358-233
102,103 Hi-Lo (1593-1036) 34 1.08, 1.03
305-233
100, 101 i Lo (1357-1036) 34 1.08, 1.01
439-134
107,121 i Lo (1953-1036) 34 1.04, 1.05
233-439
105,120 - (1036-1953) 34 1.07, 1.09
‘ 439-233
104,123 Lo (1653-1036) 5 1.05, 1.04
439-233
108,122 i Lo (1953-1036) 20 1.07, 1.05
439-233
106,119 Hi—Lo (1053-1036) 63 1.07, 1.10

TABLE 10. RESULTS OF TWO LEVEL TESTS
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- y 3T .t -
le 3.2, dMulti-Lovel Tosts

s

The next serics of tests lLiwvolved four load levels arrvanged in
ascending and descending staircase scquences, which were repeated until
failurc. Table 11 gives the results in summary form. In the first group

f - oy £ee - 1.7 .. i o\ - . ral 1 - - - o 4 -

of tests thc block size was constant for all load levels (2.4 x 107 cycles)
and it is quite clear that the cumulative cycle ratio still lies within
the range obscrved for the two level tests, irrespective of the dircction

of the staircasec.

N a LOAD RESPECTIVE ALTERNATING | RESPECTIVE

SPECIM o B ) : ]

N "ROG. LOADS  1b (W) BLOCK SIZE %

(x103 CYCLES) :

Tl ™

111,112, L“]J 439, 358, 305, 233 | 34,34,34,34 | 1.07, 1.04,
117,118 L4 1(1953,1593,1357,1036) 1.07, 1.13
113,114 _j—rla_ 233, 305, 353, 439 | 34,34,34,34 | 1.00, i.12,
115,116 | _] (1036, 1357,1593, 1953) 1.10, 1.05

126,146 | "L 439, 358, 305, 233 15,27,55,130 | 1,26, 1,21
L (1953,1593, 1357, 1036)

147,149 [_r_fﬁw] 233, 305, 358, 439 130,55,27,15 | 1.51, 1.42
- . [(1036,1357,1593,1953)

TABLE 11, SUMMARY OF MULTI-LEVEL PROGRAMMED LOADING TESTS

However, when the block size was feduced to 10% of the constant
amplitude life for each respective load level a significant increase in
the value 0f§:§ occurred. For the repeated descending staircase programme
z:% increased to 1.21 to 1.26 whilst the ascending staircase had an even
larger effect from 1.42 to 1.51., Although the number of tests is limited,
the ascending staircase appears to produce higher cumulative cycle ratios.

4e3.3, Crack Growth Data

Crack growth data obtained from optical mcasurements was plotted on
linear scales and a typical example for a two level high to low test is
shown in fig. 46. These curves were used in the first instance to
accurately determine the number of cycles to rcach the failure crack

length, in order to calculate the cumulative cycle ratio.
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The curves derived from the poterntial drop technique were very =imiiar

i
e

in form to fig. 40 and there was no conclusive evidence of crack arrest or

acceleration at the load level changesa

4e3o4.  Effect of Rate of Chanse of joad Level

1

It was emphasized in scction 3.2. that the Amsler programmed loading

(o)

device requires scveral hundred load cycles to cliange the load level. €
was thought possible that the diffusc nature of such a load change might

reduce its effcct on fatigue life. Therefore a serics of experiments were

carried out in which the rate of change of load level was varied. Tor this
work an MIS closed loop servo-hydraulic fatigue machine was employede The
machine available had a 42 ton load cell and therefore nccessitated the use
of much larger specimens. (The constant amplitude tests on thcse spccimens
have been presented in table 6). Two level high to low tests were carried

out in two groups, the firsf simulating the Vibrophore situation to provide
a standard for comparison with the small specimens and the second using

instantancous load changes.

The rate of load rise and fall in a Vibrophore test was determined

by strain gauges attached to the Vibrophore dynamomecter. This information

was used to control the response of the servo-hydraulic machine and so i

provided an cxact simulation of the Vibrophore loading conditions. In the
limited number of tests carried out, the cumulative cycle ratio was
unaffected by the rate of load change (see table 12),

4.4, TRACTOGRAPHIC RESULTS OF PROGRAMMED LOADING TESTS

4edols Observations at Low Magnifications

One fracture from each type of test was examined in detail on the
Stereoscan, The positions of load changes were clearly visible to the
naked eye as a change in colour across the fracture. However, under the
Stereoscan, the colour changes were difficult to see, and usually appearcd
as a slightly lighter band. On the microscopic scale the load changes
were often more casily detected by a boundary between the stage ITa and

stage IIb fracture modes.
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4edoZ.  Observations at Hich Maonifications

Attewpts were made to measwrce the change in striation spacing across

a load changc. lJowevern no significant alterations in the spacing were

obscrved, even on the large s

i

cimens at fast crack growth rates wherc this

technique should have been most feasible.  Striation spacings were aot
thercfore considered to be a useful technique with vhich to examine the
programna loading tests,

However, stege Ila was observed to occur after high to low changes,
even though the maximum stress intensity for the low was grcater than
the transition.Km&X of 13.5 ksi.fins (14.8 HNmM3/2). Thus it was reasoned
that the high to low transition was giving rise to residual compressive
stresses that were acting in opposition to the applied load thereby
reducing the ceffective stress intensity at the crack tip below 13.5 ksi
Yins (14.8 MNmmB/Z). Fatigue fracture under these conditions is referrcd
to as "unstable" stage TIa.

In.all cases, the transition from "unstable" stage ITa back to stage
ITb occurred at a point where the load recturned to a higher level. In
other words‘the block size was never long enough to permit complete decay
of the residual stress. However it was possible to make an estimate of
the level of the induced residual stress at the end of the low block by
assuming that at this point the maximum effective stress intensity was not

- ~3/2
greater than 13,5 ksivins (14.8 MNm 3/ )e

Subtracting this value from the
actual stress intensity operative at the same point gave a minimum value
of negative Kmax' Table 13 shows that surprisingly high values were

present at long crack lengths, rising in some instances to at least
_10 ksifimS (11 32y,

Residual compressive stresses werc also estimated approximately from
a knowledge of the actual crack growth ratc during the low block of the
two level tests. This was calculated by dividing the observed length

of "unstable" stage ITa by the block size. The Km value corresponding

ax

S
P

to this actual crack growth rate was obtained from graphs of da/dN VS, Kmax‘

B
Ay

Graphs of Kmmtvs° da/dN were obtained from constant amplitude data.
CLd
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The applied wax vas calculated in the usual manner, using the crack

HILLR P,

length at the wid-—point of the block and assuming a lincar crack growth

rate throughout the block. The differcnce between the two valucs of <“m«
134
gave a value of - .
max
Reasonable agrecment with the proviously calculated results was
. i fh e i Y
obtained, - A falling in the region 1,0 - 10.0 ksivins (1o1-11,0 MNa Je
However these values were often slightly less than the minimum valuecs

estimated by the previous approach based on the reversion of unstable

stage Ila at the load rise. This error was considered to be causcd by
the stcep slope of the Kmax vs. da/dN curve at slow crack growth rates,
small changes in da/dN giving large changes in Kmax'

4e4.3. The Ixtent of "Unstable" Stagc ITa

Since the reversion of "unstable' stage ITa to stage ITb at the low
stress was always assisted by a load rise in the programme sequcnce, it
had not been possible to make any assessment of the extent of the residual
stress effect or its decay rate with increasing stress intensity. With
fhis in mind, a series of high to low repcated tests were carried out in
which the crack was allowed to run out to failure at the low stress level J L
immediately after a high to low load change. Table 14 gives full details if?
of these tests. Tig.47 shows the relationship between the stress intensity |
immediately after the load drop and the subsequent extent of stage Ila.

For the prevailing geometrical conditions, the difference in the rate of
change of stress intensity across the zone of'"unstable'stage IIa, at
different crack lengths, is small and considered to exert only a second
order effect on the extent of observed stage ITa. It can be seen that
higher AK values are associated with shorter lengths of induced stage IJa.

The cumulative cycle ratios for all of these tests lies between 1,12 '
and 1.38 suggesting a strong residual compressive stress effect. Two of
the points shown on fig. 47 (labelled X) include a proportion of stable
stage IIa,‘sincc the load drop occurred to a stress intensity level

which stable stage ITa would normally occur. However, the fact that Kmq

iy



for the reversion to stage IIL was obscerved to be greater than 13.5 ksi

Il
s (14,9 v 2 queseats . cesid - foct
Jins (14.8 Mya J o suggests a prolonged residual stress cffect,

4oSe RESTDUAL TENSTLE STRESS BUFROTS

AL the experiments carricd out so far had strongly suggested an
important influcence of residual compressive stress. The run out tests
(see Table 14) emphasized the effectivencss of a single load drop in
producing significant levels of meax and cumulative cycle ratios well in
excess of unitye. In.ordcr to make a preliminary assessment of any
residual tensile stress offects, the two level high to low tests numbered
94-98 were examined in detail., Crack growth rates for each high block
were measured manually on graphs of crack length against cycles, the crack
growth rate throughout each block being assumed constant. A crack length
was quoted for each rcsult which corresponded to the mid-point of the
blocke. This result was then compared with the crack length- crack growth
rate data obtained from constant amplitude tests. Table 15 shows the
results obtained. It can be secen that about 80% of the results of the
programmcd tests are slightly higher than the corresponding constant
amplitude results.

Graphs of da/dN vs. Kmax were constructed from the constant amplitude
data. These were used to obtain estimates of residual tensile stress
(+Kmax) by comparing the differences in‘Kmax obtained graphically from the
programned and constant amplitude da/dN values listed in table 15,
Generally, +Kmax fell between +0.1 and +3,0 ksivins (+0.11 and +3.3 MNHB/Z).
As a result of these observations, two programmed tests were carried out
in which the load changes were always increased upwards. The sequence
consisted of three stress levels arranged in an ascending staircase pattern
starting with the lowest stress level. The block size was set at about
33% of the expected qonstant amplitude life fof/each respective load level,
Table 16 details the results of these tests from which it can be seen

that for the first time the cunulative cycle ratic has fallen below unity,

and the computer predicted life (see section 4.0) is greater than the
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SPECTMEN | BLOCK . da /N
NUMBER PROGRAMHED CONSTANT AMPLITUDE
inse /CYCLE (1 /CYCLE) ins/CVCL (1 /CYCLE)
94 H2 4.57x1077 (11.6) 3.94x107/ (10.0)
H3 7.56x1077 (19.2) 6.69x1077 (17.0)
H4. 1965x10~6 (42.0) 1 52x1o*6 (33.5)
H5 3,94x10”6 (100.0) 3,93x10”6 (99.0)
95 H2 3015x10_7 (8.0) 2.91x10"7 (7.4)
H3 5098x1o“7 (15.2) 4.84x10 7 (12, 3)
HA 1022x1o”6 (31.1) 1.02x10 = (26.0)
H5 2.60x10_6 (66.0) 2.52x10° -0 (64.0)
H6 6,30x10"6 1 (160.0) 5. 32x10 -6 (135.0)
96 H2 3.23x1077 (8.2) 3.74x107/ (9.5)
H3 6.58x10"7 (16.7) 6.30x1077 (16.0)
H4 1.,19x1o’"6 (30.2) 1.30x10 -6 (33.0)
H5 3.35x10“6 (85.0) 3.35x10 -0 (85.0)
97 H2 6.069x10 7 (17.0) 3.70x10‘7 (9.4)
H3 8.90x107/ (22.6) 7.68x107/ (19.5)
H4 1.81x10 -6 (46.0) 1.85x10‘6 (47.0)
H5 3.62x10 -6 (92.0) 3.94x1o"6 (100.0)
93 H2 | 4.10x107 (10.4) 3.74x107 (9.5)
H3 5,51x10“7 (14.0) 6.50x10 =7 (16.5)
H4 1.52x1o‘6 (38.7) 1.46x10" ~6 (37.0)
H5 3.15x10 (80.0) 3.58x10~° (91.0)
H = High

TABLE 15.

PROGRAMMED AND CONSTANT AMPLITUDE CRACK CROWTH RATES
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experinental life, This was therefore considered to be o cicor
indication of the presence of residual tensile stress during the ascending

stalrcasc scquences

SPECIMEN | LOAD REESPECTIVE LIFE (CYCLES)
- ROG. | oBLOGK size | T S
(x103 CYCLES) | IR R OO ER a
_
150 e 420, 184, 20 6.20510° 0.49x107 0.78
151 - 420, 184, 27 6.31x10° 6349x105 0,83

TABLE 16, UNIDIRECTIONAL ASCENDING STAYRCASE TESTS
RESPECTIVE LOADS 233, 305, 439 1b (1026, 1357, 1953 N).

Using the constant amplitude S-N data it was possible to calculate
the maximum value of tensile stress that would cause the obscrved
difference in life between the computed and the experimental valucs.
Estimates suggest a residual K ax of +0.3 ksiJEEE(O.33HNm”3/2),which is in
good agreement with the values predicted from the data in table 15.

4.6, LIFE PREDICTION COMPUTER PROGRAMME

A computer programme was developed to predict the lifc of a load
history by numerical integration of the constant amplitude {racture
mechanics data. Each individual block of cycles was divided into 1000
cycle units and the crack growth increment for each was calculated on a
cunulative basis using the equation:

da _
T - c(aAK

)m
The crack growth increment for the first unit of cycles was added on to
the notch depth and the new stress intensity calculated, from which the
crack growth increment for the next unit of cycles was calculated. This
process was continucd, m and C being varied according to the locad level
of the block considered, until the crack had reached a specified valuc.

A corrcction based on experimental observations, was also made for the

number of cycles to initiatce the crack.

Although the same results can be obtained graphically, the computer
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has the advantage of speed, accuracy and flckibility. The accuracy of
the constant amplitude experimental m  and C valucs was initially checked by
inserting the appropriate values of m and C into the programue and
carrying out a constant amplitude integration. Comparison of the predicted
and experimental lives showed that the predicted life was always shorter.
However small changes in m (within the experimental scatter) were found to
have a large effect on the predicted life and the m values werc therefore
reduced slightly (e.go from 23.23 to 3.215 and from 2.60 to 2.56) so as to
cnsure maximum accuracy in the programmed loading life predictions. TIull
details of the programmec arce given in appendix 6.

As expected the predicted lives of the variable load history
experiments were always less than the experimental (sce table 17), but in
many instances were remarkably close.

In most of the loading programmes, both optical and potential drop
techniques suggested that in the majority of the low load blocks
(1233 1b (21036 N)) crack growth was negligible. As a first approximation
the computer programme was re-run, the results beéing calculated in such a
manner that the contribution to the crack length was zero, the cycles still
being included in the summation.

Table 18 shows the results of these predicted lives compared with
the original experimental values. It can be seen that the general effect
has been to increase the predicted life to a level oftcn greater than the

experimental life.



e | FOAD | RESPECTIVE | RESPECTIVE]  ACTUAL | COMPUTER cal
SPECIMEN Y pos. | ALT. 10ADS BLOCK _STZN LIKE PRENDLCTER Sdh

1b x10 LI (Bxe,)

{(N) CyCLES
94 | mi-Lo | 439, 233 34, 34| 3.00x10° | 2.89x10° 1.05

(1953, 1030)
95 Hi-Lo 3, 34| 3.37%10° | 2.87x10° 1.13
96 Hi-Lo 34, 34 3006x105 2988X105 1,11
97 Hi~Lo 34, 34 2990X105 2987X105 1,02
98 Hi-Lo 34, 34| 3.03x10° | 2.88x10° 1,10
102 Hi-Le | 358, 233 3, 34 | 5.55x10° | 5,00x10° 1,08
103 Hi-Lo | (1593, 1036) 34, 24 5.11x10° | 5.00x10° 1.03
100 Hi-Lo | 305, 233 34, 34| 8.26x10° | 7.64x10° 1.08
101 Hi-Lo | (1357,1036) 34, 34 7.68x105 7.64x105 1.01
107 Hi-Lo | 439, 134 34, 34| 3.45x10° | 3.04x10° 1.04
121 Hi-Lo | (1953,590) M4, 34 3»47x105 3.o4x105 1.05
105 Lo-Hi | 233, 439 34, 34| 3.27x10° | 3.11x10° 1.07
120 Lo-Hi | (1036,1953) 34, 34| 3.32x10° | 3.13x10° 1.09
L 5 1ad

104 Hi-Lo | 439, 233 5 5 3,12x10 2.92x10 1.05
123 Hi-Lo | (1953,1036) 5 5 3.07x10° | 2.92x10° 1.04
108 Hi-Lo 20, 20 3.04x10° | 2.92x10° 1,07
122 Hi-Lo 20, 20| 2.93x10° | 2.92x10° 1.05
106 Hi~Lo 68, 68| 3.00x10° | 2.80x10° 1.07
119 Hi-Lo 68, 68| 3.03x10° | 2.80x10° 1,10

TABLE 17.

COMPARISON OF COMPUTER PREDICTED AND

EXPERIMENTAL LIVES.
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LIFE (C7CLES)

- EXPERINENTAL PREDICTED
94 3.00 x 105 2.00 x ]05
95 3.37 x 105 2.37 x 105
90 3,00 x 105 3,00 x 105
97 2,90 x 10° 3,04 x 107
08 3,03 x 10° 3.05 x 10°

102 5.55 x 107 6.30 x 10°
103 5.11 x 10° 6.30 x 10°
100 8.26 x 105 1.006 x 1O6
101 7.08 x 105 1.00 x 106
107 3.45 x 10° 3.04 x 107
121 3.47 x 10° 3.06 % 10°
105 3.27 x 10° 3.28 x 10°
120 3,32 x 10° 3.30 x 10°
104 3.12 x 10° 3.25 x 107
123 3.07 x 10° 3.25 x 10°
108 3.04 x 10° 3.30 x 10°
122 2.93 x 10° 3.27 x 107
106 3.00 x 105 3.00 x 105
119 2,03 x 10° 3,05 x 10°
111 3.32 x 10° 3.29 x 10°
112 3.23 x 10° 3.32 x 107
117 3.30 x 102 3.29 x 10°
118 3.55 x 10° 3.28 x 10°
113 3.98 x 107 3.88 x 10°
114 3.99 x 10° 3.84 x 10°
115 3.96 x 10° 3.84 x 10°
116 3.88 x 107 3.83 x 107
126 7.13 x 107 7.45 x 107
146 6.95 x 107 7.49 x 107
147 9.45 x 10° 8.72 x 10°
149 8.95 x 10° 8.75 x 10°
TABLE 18, COMPARTSON OF EXPERIMENTAL AND COMPUTER PREDICTED LIVES

AFTER THE OMISSION OF THE CRACK CROWTH CONTRIBUTION OF

THE 1.OW STRESS.
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5. DISCUSSTON

S5¢te  CONSTANT AMPLITUDY RESULTS

S5¢1c1¢  Iracture Mechanics Data

The values of m obtained from the thrcc point bending fracture
mechanics analysis lie in the range 2.00 - 3,23, This result agrees
quite well with the results of Pook et al (19) who re—analysed the earlier
crack propagation data of Frost by the fracturc mechanics approach. Pook
et al found an mvalue of 3.3 for mild steel and also noted wide variations
in m according to the material considered,

The experimental results presented in this study again cmphasise the
fact that no single value of m will apply to all materials. The fracture
mechanics results of the coarse grain size specimens (table 9) show no
significant difference from the results of the finer grain size specimens
(table 4). In addition an increase of 10% in the pearlite content from
10% in the case of the vacuum melted steel to 20% for the EN 3B, does not
exert a significant cffect on the fatigue crack propagation data. This
suggests that grain size is of secondary importance in fatigue crack
propagation. However it should be remembered that the fracture mechanics
approach to fatigue is not particularly sensitive to changes in micro-
structure. TIts principal advantage is that crack propagation behaviour in
specimens of different geometry can be directly compared. For this reason
it is well suited to life prediction studies.

5¢1.2. Deviations in the Slope of the Fracture Mechanics Analysis

Examination of the three point bending fracture mechanics results for
the small specimens (table 4) revealed a significant difference in the m
values between the highest load tests and the remainder (3.23 as compared
with 2.60 - 2.85). This effect is absent in the results of the larger
specimens (sce table 6) tested on the MTS machine, where the m values arec
within the same range as the lower load tests on the small spccinmens.,
The development of shear lips has been shown to exert very little effect

on the fracture mechanics relationship and was not thought to be causing



the observed change in slope,

It was considered that changes in stress ratio with each change in load
level could also be a possible causc, but rc-analysis of the data using
the Torman relationship did not change the differcntial, although all of
the m values were reduced.

The higher m values in the highest load tests ou the small specimens
are considered to be due to a size cffcct associated with the increase in
percentage of crack tip plasticity in the small specimens. Table 19 shows
a comparison between the radius of the plastic zone and the half specinen
thickness for the beginning and end of tests at various load levels. It
can be clearly secn that the largest percentage of plasticity is associated

with the smallest specimen tested at the highest stress.

TEST ry/0,5b AT START ry/o,sb AT END

a/w = .050 a/w = .34 (VIB)

a/w = .45 (MTS)
High Stress (MTS) 0. 6% 7+ 6%
High Stress (VIB) 4.6% 20.0%
Intermediate Stress 1.8% 14.6%

(vIB)
Low Stress (MTS) 0.3% 4.2%_

Low Stress (VIB) 1.8% 11.8%

TABLE 19. EXTENT OF CRACK TIP PLASTICITY

Increases in m value have been observed by other workers (26, 27) and
haye been predicted by the theoretical approach of Tomkins (16). Ductile
dimples were obscrved to be associated with the fatigue mode at the
highest stress level in the small specimens. These dimples were not as
numerous on the fracture surfaces of the smaller specimens tested at the
lower stress levels, nor on any of the larger specimens tested on the MTS

machine., Thercfore it was concluded that the observed increase in m was
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principally associated with crack accelcration effects causcd by ductile

tearing occurring in addition to the fatigue mode as the general yield

condition was approached. However, yielding was observed Lo occur on the

back face of the specimen at the point of contact of the central loading
X

bar and this effect may have also contributed to the increasc in m valuc.

5c163. Scatter in Results

The problems associated with spccimen aligmment are well demonstrated
in the results of the zero mean stress tests. The scatter associated
with the S-N curve and fracture mechanics data is exceptionally large for
notched specimens. The fact that fracture surface battering was observed
on some specimens and not others is a further indication of the variability
of the experimental conditions. The column of the Vibephore is quite
flexible in onec direction and it is likely that this permitted fiexing of
the specimen on the compressive portion of the cycle, thereby inducing
unwanted bending stresses which would be superimposed on to the applied
load and cause the observed variations in life. Furthermore, the Vibrophore
push-~pull grips are designed in such a manner that it is extremely difficult
to accuratély centralise a specimen and ensure that the location is
retained during the tightening sequence,

>The dramatic improvement in thc consistency of the results under three
boint bending conditions is a positive indication of the absence of
aligmment problems with this loading mode., The principal disadvantage of
fhis technique is the more restricted crack growth rate range over which
data can be collected for the same design of spécimen, The increase in
scatter of the m values for the coarse grained small specimens was caused
by errors in the crack length observations, due to surface rumpling effects
associated with the coarse grain size.

502, CONSTANT AMPLITUDE FRACTOGRAPHY

5.2.1., Stage ITa and Stage IIb Fracture Criteria

Two modes of fracture were described in the experimental results and

were designated stage ITa and stage YIb. This designation is a subdivision
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of Forsyth's definition of stage LI, since both stage ITa and stage ITb
occur at 900 to the tensile axi§, However it could be argued that
stage IJa resombles Forsyth's éefinition of stage I, since both arc
sensitive to microstructurc. Although crystallographic modes of fatigue
fracture were discussed in the literature survey there do not appear to be
any observations similar in character to the stage Ila mode obscrved in
this work,

The experimental results show conclusively that for a given grain
size the externally applied value of Kmax is the parameter governing the
transition from stage ITa to stage IIb. For a specific grain size the
value of Kmax is constant with changes in alternating load in bending and
zero mean stress tests. It also remains constant with changes in mean
stress in the bending tests., Kmax in turn controls the radius of the
plastic zone ry and it is the ratio of the plastic zone size to grain
diameter that ultimately governs the point of transition,

This behaviour suggests that when the plastic zone is small, extending
over only one or two grains ahead of the crack tip, constraint is high and
a restricted number of slip systems are available. This causes specific
planes in the ferrite to fracture and gives rise to the "hill and valley™
structure. Under these conditions of high constraint, cracking along
favourably oriented grain boundaries will also occur. Tt could be argued
that this effect is due to the presence of residual impuritiés in the steel
that segregate to the grain boundaries during the solidification process.
Elements such as arsenic, antimony and tin have been held responsible for
grain boundary fracture in higher strength steels (99). However, the
strength level of the experimental material was well below that of the
materials quoted in reference 99 and indeed there is evidence (72) to
suggest that the proportion of intergranular fracture decreases as the
strength level is increased by the addition of carbon. Grain boundary
carbide films are not considered to be a potential cause of intergranular

fracturc in the present work since they were not detected on the fracture
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surface. 1t is possible thercfore, that intergranular fracture is a much
more common featurce of fatigue fracture than has been previously apprcciated.
The appcarance of stages Tla and TIb in copper and stainless steel (figsg 39
~ 42) certainly reinforces this views

1t may also be argued that the presence of structure sensitive fatigue
fracture is duc to the atmospheric testing cnvironmnent, since moisture has
been shown to promote grain boundary fracturc in higher strength steels (98).
However the tests were carried out in humidities varying from 25% to 80%,
and little cffect on the transition stress intensity was obscrved. It
would appear thercfore that the variations in the testing environment are
having little influence on the occurrence of stage ITa fracture. Tt may
well be that there is a threshold level of water vapour and pressure below
which stage Ila will not occur. The discolouration of the beach markings
associated with the periods of slow crack growth on the programme loaded
specimens is thought to be caused by an envirommental reaction with the
freshly exposed fracture surfaces. At low magnifications, the Stercoscan
revealed the slow growth band to be slightly lighter in colour than the
surrounding fracture, suggesting the presence of a thin film of less
conducting material (oxide) on the fracture surface.

As the plastic zone increases in radius, beyond about 4 grainé ahead
of the crack tip, the degree of elastic constraint is reduced and slip
in the grains ahead of the crack tip can occur more easily. The crack
therefore begins to propagate into a much larger pre-deformed zone and
the fracture path becomes less crystallographic giving rise to stage IIb
fracture. This theory also expiains the observation that the transition
is much quicker at high applied stress levels since the radius of the
plastic zone is increcasing much faster. The value of 4 for the ratio of
ry/d may not be important since it is dependent on the accuracy of the
plastic zone calculation. Nevertheless a critical level of plasticity
ahead of the crack tip is essential before the transition from stage Ila

to stage IIb will occur. Stage IIb fracture is typical of many observations
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in the literature and ié characterised by an absence of micro-struciupnl
detail. This fracture mode romains consistent with incrcased levels of
plasticity ahead of the crack tip and does not change its basic form ovep
a wide range of crack growth rates.,

It is also interesting to note that no distinct change occurs in the
crack length versus cycles curve at the transition from stage IIa to
stage IIb and it is therefore not possible to say whether the structure
sensitive mode is more "fatigue resistant", Certainly, it is in this Tield
that micro-structural control of fatigue crack propagation should be most
effective,

It would be useful to determine the crystallographic orientatign of
the features of stage IIa, but the irregular nature of the fracture surfacc
makes this extremely difficult. Etch pitting techniques were not successful
and the grain sizec was too small for conventional X-ray amalysis. The
X-ray micro-beam technique could be useful here,irradiating a single grain

of a coarse grained specimen and employing the Laue technique of analysis.

5.2.2. The Nature of Crack Front Movement é

The literature survey showed that much emphasis has been placed on
the correlation of striation spacings with macroscopic crack growth rate
under conditions of high strain, particularly in aluminium alloys. The
fracture surfaces of ferrous materials have received much less attention,
particularly at slow crack growth rates, |

The present experimental work has shown that there is a tendency
towards a -surprisingly large minimum striation spacing in mild steel and
that until a crack growth rate of at least 1.2 x 10_5 ins., (300 nm) per
cycle is cxceeded, there is no possibility of correlating striation
spacings with the externally observed crack growth rate. Therefore a
situation can arise in which the macroscopic crack growth rate 1s less
than the observed striation spacing and this is interpreted as an indication
that the crack does not move forward on a single front. Instead it is

thought that it progresses in a discontinuous manner, with localised areas

of crack front propagating at different instants in time.
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The reason for the minimunm striation spacing of about 7.9 x 10 “ins.
(200 mm) is not clear, but it would seem reasonable to assume that a
critical strain cnergy is necessary for crack extension to occur on
every cycle. At slow crack growth rates the strain eucrgy input per cycle
is below the critical level and a nunber of cycles must thercfore clapsc
before the critical strain cnergy level is achieved. This accumulation
of strain energy probably occurs in the form of plastic deformation and
hardening at the crack tip prior to crack extension,

Between 7.9 x 10_6

and 1.2 x 1070 ins, (200-300 mm) per cycle, larger
lengths of crack front begin to move forward at a given instant until, at
crack growth rates in excess of 1.2 x 10—5 ins. (300 nm) per cycle, the
strain energy input is sufficient to ensure bomplete crack front extension
on every cycle. 1In addition any excess strain energy may be consumed in
producing greater crack extension (i.e. larger striation spacings) and
hence a one to one correlation between macroscopic crack growth rate and
one striation spacing per cycle is observed.

The concept of the crack front moving forward in an irregular manner
is supported by the evidence presented in figs. 44 and 45. Fig. 44 shows
striations formed under conditions where there is a one to one correlation
between striation spacing and macroscopic crack growth rate. Fig. 45 is
typical of the slower crack growth rates where discontinuous crack advance
is occurring. It will be noticed that the striations in the former case
are wider and less interrupted, as would be expected if the crack front
was moving more as a single line.

The precise mechanisms of striation formation probably depend upon

the extent of plasticity ahead of the crack tip. At very slow crack growth

rates (where stage Ila is predominant), it is likely that the mechanism

of striation formation will be based on a crystallographic mechanism (91),
However, as the amount of crack tip plasticity increases and the stage IIb

mode occurs, the Laird-Smith mechanism probably becomes predominant,

The literaturc has always inferred that striations are more readily
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observed in aluminium alloys than in stcolso‘ However there appears to
have been very little fractographic work carricd out at slow crack growth
rates on aluminium and its alloys and it may well be that under these

conditions the striations become much less regular even in those materials,

503.  PROGRAMMED LOADTNG

5¢3:1. _The Consistency of the Cumulative Cycle Ratio

The most significant observation in this part of the investigation
is the consistency of the cumulative cycle ratio. Tor load histories
containing a mixture of load rises and falls, E:ﬁ'is always greater than
unity and the Palmgren-Miner hypothesis therefore provides a safe and
satisfactory method of estimating the fatigue crack propagation life of
low carbon steels. This means that computer integration of the fracture
mechanics data using the relevant load sequence can provide a reliable
estimate of life for design purposes.

The consistency of these results is in direct contrast to much of
the previously published work and it should be emphasised that the removal
of residual stress caused by machining etc. before testing is an important
factor controlling these results. In practice, however large residual
stresses may be present in finished components and the designer must take
full account of their effects before attempting to use the Palmgren-Miner
hypothesis.

Apart from the consistency of the results, it is also noteworthy that
the cumulative cycle ratio is always very close to unityand the concepts
of residual stresses discussed in the literature review (38, 63) can be
used to explain this effect.

In the simple two level tests, the cumulative cycle ratio lay between |
1.01 and 1.13. It was also noted that the effects of load level, Block
size and sequence were not exerting any significant effect and this was
initially attributed to the symunetrical nature of the programmes. In other
words there was a tendency for the residual compressive stresses (induced

by load drops) to be cancelled out by residual tensile stress effects
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(induced by Joad rises). However since z:% was always greater then unity
it was concluded that the total compressive contribution was always
dominant.

The purpose of the wulti-level tests was té introduce some imbalance
into the loading sequence. However whilst the block size remained constant
for each load level (34,000 cycles), the cumulative cycle ratio still
fell within the same limits as the two level tests, irrespective of the
load sequence.

At this point it was considered possible that the cycles of the
highest stress were taking too large a proportion of the,totalllife and
so the block size for each level was adjusted to 10% of the respective
constant amplitude life. The 4 level staircase programmes werc then
repeateds  In both directions a significant change in the cumulative cycle
ratio occurred. The ascending staircase gave a larger value (1.42 - 1.51)
than the descending staircase (1.21 - 1.26). 1In both cases it was note-
worthy that z:% had increased significantly above the values previously
obtained.

Before attempting to explain this effect, it is necessary to examinc
the results of the run out tests. Fig. 47 shows clearly that the extent
of unstable stage ITa decreases with increasing AK. In other words the
rate of decay of residual stress is greater at higher stress intensity
levels. This occurs even though the stress intensity drop increases at
higher 4K levels. On a mechanistic basis (discussed in the next section)
the increase in stress intensity drop should extend the amount of stage Ila.
Clearly the level of AK is the most influential factor.

In both of the staircase programmes with the 10% block size, the
observed increase in z:% is almost certainly related to the increasing
predominance of compressive stresses and this situation arises because
the proportion of high stress cycles is decreasing, thereby prolonging

the decay period.

n . . .
The larger value of z:ﬁ obtained for the ascending staircase
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(1.42 ~ 1.51) compared with the descending s?&ircasc (1.21 ~ 1.20) moy
be explained by similar reasoning. In the former casc the large load
drop in the sequence is followed immediately by a low stress block, therceby
prolonzing the stability of the residual compressive stress effect.
However, in the descending staircase scquence, although the residual
compressive stresses arc still dominant their effectivencss is reduced
because the load drop occurs in three discrcet steps and the effcctiveness
of the lowest block is offset by the load rise (and conscquent tensile
stresscs) back to the highest stress block of the sequence.

A similar explanation applies to the results of the two level tests
and staircase tests with the 34,000 cycle block size, where the cumulative
cycle ratio was particularly close to unity (1.01 - 1.13). In this case
a large proportion of the total crack propagation life was occupied by
the highest stress level, which therefore promoted rapid decay of
compressive stresses.

583:2, Mechanisms of Residual Stress Formation and Decay

Throughout this work it has become obvious that residual compressive
Stresses havé a greater influence than the residual tensile stresses.

This lends support to the plastic zone concepts discussed in the literature
review., Tensile stresses would only be expected to be operative after a
load rise, whilst the plastic zone enlarges to a size characteristic of

the new stress level., After a load drop a situation arises in which the
plastic zone is too large for the new stress level and is therefore forced
into compression, causing a reduction or arrest in crack growth.

On this basis the mechanism of decay of residual compressive stress
might be expected to be based simply on the crack cutting the non-
equilibrium plastic zone in half, thereby permitting stress relief,
However tablc 20shows that the extent of 'unstable"stage IIa is wéll in
excess of the theoretical plastic zone radius at the load drop and thus

the situation is not quite as simple as the model would suggest.



RADLUS OF PLASTIC EXTENT OF TNDUCED
SPECIMEN | ZONI AT LOAD DROP STACE Tia
ins, (mm) ins. ()

1230 013 (0.33) 031 (0.79)
131 007 (0.18) 2046 (1.106)
132 005 (0.13) .0358 (1.48)
133 004 (0.10) 078 (1.99)
145 <007 (0.18) 001 (1.54)

TABLE 20, COMPARISON OF r_ AT LOAD DROP WITH THE LNTENT
OF 'UNSTABLYE' STACE ITIa.

Observaetions of plastic zones in static loading (107) have shown wcll
defined "ears" to develop ahead of the crack tip. In fatigue this
effect may occur on a smaller scalc, and the "ears" stretching in front
of the crack tip could be responsible for the observed extension of
residual stress.

Fige. 48. shows the appearance of unstable stage IIa fracturc after
a high to low load change. A band of intensified branch cracking is
often observed at the load drop before the reversion to stage Ila.

Fig. 49 shows one of these branch cracks in detail. Striations are
observed to run into the mouth of the crack and it is concluded that the
load change is inducing multiple initiation of secondary fatigue cracks.
Longitudinal sections through the fracture indicated that thes cracks did
not extend very far below the fracture before términating.

Rice (108) has argued that residual compressive stresses are unlikely
to be developed at the crack tip after high to low load changes, since
reversed plastic flow at the crack tip will rapidly annihilate any effects
of this type. He suggests instecad that at high stresses the crack tip is
more blunted, and on changing to a lower stress, crack front arrest occurs
until the crack tip resharpens to a new characteristic root radius. This

mechanism infers that the load change will not exert any long range effact



Fig. 48.
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O, CONCLUSLORS

3

This study of the effects of variable amplitude loading history on

Fatigue crack propegation in low carbon steel has provided the following

conclusions,

60 1'

6e2.

6o 30

6.4.

605-

6.6,

In the programucd leading tests containing a uixturc of load
rises and falls, the cumulative cycle ratio was always slightly
greater than unity irrespective of block sizc, load level, rate

of load change or sequence. The Palmgren-Miner hypothesis is

thercfore considered to be a satisfactory lifc prediction relationship
for the crack propagation situation in this material.

In programmes containing only load rises, the cumvlative cycle
ratio fell below unity.

The consistency of the cumulative cycle ratio was discussed in
terms of residual tensile and compressive stresses induced at load
rises and load drops respectively.

Under constant amplitude loading, the fracture mechanics analysis
provides a satisfactory method of data correlation, provided the
effects of material and experimental variables arc fully appreciated.
However, no single value of slope of the log stress intensity-log
crack growth rate rclationship will apply to all materials and
conditions.

Under programmed loading conditions, computer integration of the
constant amplitude fracture mechanics data provides a safe and
accurate means of life prediction in terms of‘stress and crack length,

Two distinct modes of fatigue fracture were observed to occur.
The first (designated stage ITa) was structure sensitive, exhibiting
grain boundaries and trans-granular cracking through specific ferrite
planes. The second (designated stage ITh) was more typical of previous

observations in the literature being irregular in nature and not

showing a dependence con microstructure.
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0e74 The transition from stage Ila to stage IIb occurred when ihe
radius of the plastic zone ahcad of the advancing crack rcacled a
valuc of approximately 4 times the mean grain diamcter. The presence
of stage ITe was thercefore assoclated with conditions of bigh
constraint at the crack tip and was possibly dependent on environ-—
mental conditions.

0.8, After a drop in load, stage IIa fracture was often observed to
occur, even though the prevailing stress intensity was at a level
which would producc stage IIb in a single stress level test. Tt is
suggested that substantial residual compressive stressces were
reducing the effective stress intensity at the crack tip. The extent
of "unstable" stage ITa suggested that the decay of residual stress
was faster at higher stress intensities than at low.

0696 Fracture surfaces revealed fatigue striations at all crack growth
rates. However a one to one correlation between striation spacing and
crack growth rate was only observed above macroscopic crack growth
rates of 1.2 x 10_5 ins (300 mm) per cycle. Below this value, an
average minimum spacing of 7.9 x 10_-6 ins. (200 mm) was observed.
This effect was explained in terms of discontinuous movement of the
crack front,

6.10, Striation spacing measurements at load level changes did not
reveal any changes in "microscopic" crack growth rateo. In addition
neither the optical nor potential drop crack monitoring techniques
were sufficiently sensitive to detect the effects of residual stresses
on the macroscopic crack growth rate.

6.11, Grain size variations in the range .001 ins (25 gm) to .005 ins
(115 pm), and increases in pearlite content from 10—20% did not '
appear to significantly affect the fatigue crack growth
characteristics.

6.12, Under reversed loading conditions, specimen flexing causes
extensive scatter in the results. The threce point bending loading

mode produces much improved consistency duc to the absence of align-

ment problems,
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7o _SUCGESTLIONS FOR_VURTHIR KORK

In extending the work towards randoi Loading histeries, it
will be instructive to study the effecct of progressively reducing
the block size to the situation of isolated impulse loads. As an
approximation for design purposcs it would also be uscful to carry
out random loading tests calculating the cumulative cycle ratio on
an rms basis.

Any study of fatigue in stecls which is bilased towards assisting
the designer to predict life in real components must ultimately deal
with the problem of residual stresses due to manufacturing proccsses,
This is a very complex problem and neceds detailed examination if
the results obtained under laboratory conditions are to be dircctly
applicable to the service environment.

It is important to know whether the Palmgren-Miner relationship

is applicable to other steels under similar loading conditions.

Further work is needed to examine the individual effects of the
rate of load rise and fall on the cumulative cycle ratio. Use should
be made of loading programmes in which all load changes are in one
direction, thercby avoiding any possible balancing effect between
residual tensile and compressive stresses,

More accurate information is needed concerning the exact
magnitude of the induced residual stress. Strain control tests
using unnotched specimens to simulate notch root conditions can
provide such information, thereby enabling realistic adjustments of
the computer programme to be made.

It would be useful to determine the influence of enviromment
on the presence and extent of stage ITa fracture, particularly the
effect of humidity. At the same time it would be instructive to
determine the orientation of the "hill and valley™" facets, using

an X-ray micro-beam technique,
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APPENDTY 1

SURVEY OF THE EXPERTMENTAL RESULTS Of PROCRAMMED LOADING TESTS TN THE

LITERATURE
This appendix details the published yesults of variable Joad history
experiments in terms of the cunulative cycle ratio. The examples cited
are typical of work carried out over the past 30 years, principally in the
high cycle fatigue region. Tor ease of interpretation the tables have been
divided into ferrous and non-ferrous notched and unnotched specimens and
where possible details of the specimen condition prior to testing have been
included.

UNNDTCHED SPECIMENS

Tables 21 and 22 clearly demonstrate the lack of consistency in the
results. The loading mode may influence the cumulative cycle ratio, but
the evidence is far from conclusive,

The effect of sequence is also unclear. Schijve and Jacobs (113)
considered that in 2024 aluminium alloy with axial loading conditions anrd
Stress ratio equal to zero, high to low unrepeated sequence was more
beneficial fhan the reverse. Corten et al (111, 115), using rotating bend
two level repeated tests on 7075-T6 aluminium alloy, found the reverse
effect to Schijve and a slight coaxing effect could possibly have been
responsible. Grover, Bishop and Jackson (119) found virtually no sequence
effect under axial loading conditions with the same alloys and stress
ratios midway between those of Corten and Grover et al, their value of
cunulative cycle ratio being scattered about unity.

In steels, available data tends to suggest that low to high sequence
is more beneficial, again possibly due to coaxing effects. However
coaxing effects depend on the block size and it is therefore difficult to
generalise,

NOTCHED SPECIMENS

From the quantity of results cited in table 23 it is clear that this

section has received by far the most attention, principally in connection
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with aifcraft structures, Unless specifically stated, the foilowing
discussion refers to mildly notched specimens {(i.e. Kt‘< 2) where a
significant proportion of the life is spent initiating the cracke

In table 23 the effcet of stress ratio (R) and loading mode o
non-ferrous materials appears to be fairly consistent. When R is cqual
Lo or greater than zero, the cunulative cycle ratio usually excecds 1,
Smaller R values seem to be associated with cumulative cycle ratios below
unity. The effect may also be present iﬁ ferrous materials, although
the results in table 24 are less conclusive.,

Sequence effects are conflicting. Schijve (129) found that in
rivetted joints of 2024 and 7075 aluminium alloys, an ascending staircase
programme followed by a sharp load drop to the lowest level was more
beneficial than the reverse. Also in two level repeated tests on notched
specimens the high to low sequence was more bencficial. Schijve also
found that decreasing block size reduced the sequence effect.

The results of Naumann et al (134) conflicted with those of Schijve,
the ascending staircase being less beneficial than the reverse. The
reason.for.this is not clear, but the difference in.Kt and R between the
two types of specimens and the higher stress levels used by Naumann et al
must be significant.

In more sharply notched specimens when the majority of the life is
spent in crack propagation, sequence effects are more consistent. As
discussed previously in section 1.3.3. Schijve (63) and Hudson (38)
found that load transitions from high to low caused crack arrests, whilst
- the reverse sequence had little effect. Thus the cumulative cycle ratio
will tend to exceed unity to an extent that depends on the stability of
the induced residual stress,

The influence of peak positive stresses on both mildly and sharply
notched specimens depends on the level of applied stress. Schijve (129)
showed that in rivetted joints, a pecak positive load tended to increase

the cunulative cycle ratio and had an even larger effect if repeated at



regular intervals., Cléarly there is a limiting value of peak stress
beyond which the damage induced becomes greater than the beneficial
contribution of the residual stresse.  More recently Schijve et al (131)
demonstrated that the omission of peak positive loads from a random load
spectrum could reduce the cumulative cycle ratio during the crack
propagation stage.

RESIDUAL STRESS EFFECTS

Edwards (62) has suggested that the level of tensile mean stress
in a mildly notched specimen may be reduced in the vicinity of the stress
raiser after the application of the peak load of the spectrum (see also
section 1.3.3.). He has also proposed that at zero mean stress there is
a greater likelihood of localised compressive yicld raising the mean
stress into the tensile region, thereby cawvsing the cumulative cycle
ratio to fall below unity.

Furthermore many rotating bend tests show scatter which is often
caused by specimen preparation techniques influencing the naturc of the
surface., In certain instances, particularly in test pieces that are not
stress relieved after final machining, residual strcsses may significantly
affect the results,

In crack propagation tests, sequence effects are clearly interpreted
in terms of residual stress. The crack arrests observed by Schijve (63)
and Hudson (38) after a high to low transition are almost éertainly
associated with the residual compressive stress induced in the plastic
zone ahead of thevcrack tip. Little emphasis has been placed on residual
stress in the past but clearly it is an extremely important factor and
probably goes a long way towards explaining the inconsistencies in many
results.,

FATIGUE STRESSES BELOW THE FATIGUE LIMIT

The Palmgren-Miner summation takes no account of stresses below the
fatigue limit and experimental observations concerning this problem are

not conclusive. Generally, programmed load spectra reduce the effective



fatigue Timit. Marsh (118) has suggested that in notched bars of mild
stecl and brass, stresses 207 below the coastent amplitude fatigue Limit
may be contributory, whilst for wwmotched specimers 1t may be as low as
40%. Marsh observed no effect in aluviwiniw alloys, which confiicted with
the findings of Schijve (129) and Wallgren (109) who both found “hat
including stresses below the fatigue Jimit significantly reduced the
value of cumulative cycle ratio. Clearly the level and number of

cycles applied is important,
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APPENDTX 2

NOTCH CUTTING PROCEDURE

A sharp notch was cssential to ensure that 2 wminimum porporticn of
Llife was spent in inltieting the fatigue crack. The profile adopted had
a 450 included angle and a .002" (.05mm) root radius giving a theoretical
Ky value of 10. A circular cutter profiled to this accuracy was not
commercially available and a single point tool was thereforce used. The
principal disadvantage of this technique is the rapid rate of tool wear and
strict control must be maintained over the cutting procedurc in order to
ensure that consistent notches are produced.

Eclipse high speed tool steel bar (0.5" (12.7 mm) in diameter) was
ground to the form illustrated in Fig. 50. This procedure produced a
notch tip radius of less than .0001" (,003 mm) and the required radius was
subscquently produced manually using a fine carborundum stone and a
projection microscope at %425 magnification.

Machining was carried out on only 4 specimens at one tine using a
cutting speed of 115 r.p.m. and a feed rate of 7/16" (11 mm) per minute.
Soluble oil.cutting fluid Qas used throughout. The required notch depth
of .040" (1 mm) was attained in five successive passes, the first three
removing a .010" (.25 mm) per pass, the fourth .008" (20 mm) and the fifth
.002" (.05 mm). The cutting tool was then re-ground and profiled before
further use.

It was important to locate the tool accuratgly in the holder so that
the material was removed evenly at each cut. During the cutting stroke
excessive elastic deflection of the tool caused an undulating effect along
the root of the notch. This effect was minimised by restricting the
maximum protrusion of the tool from the holder to «750" (19 mm).

It is considered that the excellent agreement between replica three

point bending tests was a reflection of the consistency of the notch profile.



| 0-500”
(12:7mm)

SIDE VIEW
O:002”ROOT RADIUS ;5:‘
(O-O5mm) s Mg
L [-5* (38mm) '
{ ]
TOP VIEW
FRONT VIEW
+ 0-750"
Clomm)

1-O"DiA.
(25-4mm)

4-0"DIA.
(02 mm)

TOOL HOLDER

FIG. 50. DETAILS OF NOTCH CUTTING TOOL
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APPERDTY 3

s D

THY POTENTTAL DROP CRACK GROWTH MEASUREMENT TECHNIQUE

The technique, which is based on the work of Gilbey and Pecarson (102),
consists of passing a constant clectric currcnt through a specimen by means
of probes attached to each end and measuring the change in potential drop
across the crack as it grows. TFor comwvenience, this change in potential
drop was calibrated dircctly with the optical microscopes.

It was important to ensure that the current supply was held constant
throughout the test. For the small specimens 5 amps was adequate, but
50 amps was unecessary for the large specimens. Details of the power supply’
connections are given in Fige 51 whilst Fig. 52 shows the gencral arrange-—

ment for the small specimens on the 2 ton Vibrophore. The probes consisted

of 36 swg iron wires which were spot welded either side of the notch, on
the edge of the specimen. Connections from these probes were led to a
Comark high impedance voltmeter - amplifier, the output of which was fed to
a pen recorder. The time-scale of the pen recorder was assumed proportional
to the cycles elapsed,
On the Vibrophore, it was found essential to screen the leads from
the potential probes to reduce inductive pick-up from the electro-magnet.
Even so, some instability was observed on the output trace, and this was
probably caused by eddy currents induced in the specimen by the high frequency

cycling. This effect limited the sensitivity of the technigque.



FEEDBACK OUTPUT OUTPUT FEEDBACK
SPECIMEN AAAMANA—
lAl in

TO HIGH IMPEDANCE

VOLTMETER / AMPLIFIER
AND PEN RECORDER

FARNELL L30 POWER SUPPLY
(SMALL SPECIMENS 5 AMPS)
OUTPUT SENSE SENSE OQUTRUT

T o o o

SPECIMEN AAAAA
A 20mn
1 l (ZERO TEMP COEFFICIENT)

TO HIGH IMPEDANCE
VOLTMETER /AMPLIFIER
AND PEN RECORDER

COUTANT ASA /5000 POWER SUPPLY
(LARGE SPECIMENS 50 AMPS)

FIG. 5. DETAILS OF CONSTANT CURRENT
SUPPLY CONNECTIONS FOR POTENTIAL DROP TECHNIQUE




Fig. 52. General Arrangement of the

Potential Drop Equipment on
the Two Ton Vibrophore.

(Neg. 3034)
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crack length — cycles data points are suoothed mavually. Thus any
errors due to local variations in the crack length will be negligibic.
3) The most significant source of crror occurs in the measurement of
da/dN.  This crror will vary depending on the individual measuring
the results, so that care should be exercised in comparing data from
different sources. However table 25 shows the deviations in da/dN
by measuring the same slopes on 0 identical curves. The agrcement
observed is reasonable and at worst amounts to 6% about the mean,
All of these errors will be coumbined with the inhercnt deviation
from linearity when the computer fits a Straight line to a group of
log AK,log da/dN paints. Closer evaluation of the experimental scatter may
be obtained by comparing the mcan and standard deviations Qf a series of
identical tests.
Errors quoted for stress life rclationships also include statistical
variations due to fatigue and experimental errors as described above. The

average error in life was iz.é% for three point bending, and it bas been

assuned that this error will be the same in the programmed loading tests.

CRACK LENGTH CRACK GROWTH RATE A/C % DEVIATION
mm FROM MEAN
1| 2 3 4 5 6 MEAN
0.5 16 16 17 16 16 17 16.3 6.5
1.0 20 | 28 | 29 | 28 | 28 | 29 28.5 |  T1.1
1.5 39 1 39 | 39 | 39 | 41 | 39 39.3 h.e
2.0 48 | 47 | 48 | 48 | 46 | 48 47.5| i
2.5 57 | 57 | 57 | 57 | 57 | 58 57.2 | .3
3.0 67 | 68 | 67 | 67 | 67 | 67 67.2 2.7
3.5 77 | 78 | 79 | 80 | 81 | 81 79.3 3,1
4.0 95 | 94 | 93 | 96 [101 | 08 96.2 73.8
4.5 124 {123 | 120 |126 |122 |117 122.0 4.8
5.0 157 | 147 1152 |152 |151 {150 151.5 16.0

TABLE 25. DEVIATION IN CRACK GROWTH RATE MEASUREMENTS
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APPEXNDIX 6

LITE PREDICTION COMPUTER PROCEAMIE

Full details of the integration programme Jlisting arc glven in this
appendix, The integration procedurc consisted of dividing cach block of
the loading scquence into 1000 cycle units. The crack growth increment
for each unit was then calculated from the relationship:

%% = o(tx)"

using the experimentally determined values of m and C. The increment was
initially added onto the notch depth and the new stress intensity calculated
from which the next crack growth increment was obtained and so on until

the specified failure crack length was attained. The m and C values were
varied according to the applied load level.

Before applying this approach to the programmed loading tests,
integration was carried out for the constant amplitude situaticn using the
appropriate m and C values for each load level. In all cases, deviations
from the experimentally observed life occurred. However, slight adjustments
of m value were found to bring the predicted life very close to the
experimental value and the adjusted values were therefore used for the
subsequent programmed loading calculations. Table 26 shows the effects of
varying the m value on the constant amplitude life and also indicates the
values selected.

This table also gives the number of cycles to initiate the crack for
each load level baséd on experimental observations. This number of cycles
was simply deducted from the first block of the programmed loading sequence
before application in the computer programme and added back onto the
computer predicted life so as to compare directly with the experimental

values,



ALTERNATT NG | , ,
_ c I CYCLES TO COMPUTER
EXPERTMENTAL | ©1" Ul
L?QD P, “*Prsiﬁﬁbr | TRITTATE m PREDTCTED
(N) (ST1) R CRACK LIFE
3.20 1.83 x 10°
3.21 1.65 x 10°
)
T439 2.1x10720, | 1.69x10° 12,000 3.215 1.57 x 10°
(1953) (1.9x107°9) -
3.22 1.50 x 10
3,23 1.30 x 105
3.24 1.23 x 107
2,74 3.93 x 107
2.75 3.54 x 10°
' 19 s
353 1.6x107° | 3,27x10° 12,000 2.76 3.22 x 10°
(1593) | (5.2x107 3 :
2,77 2.94 x 10°
.
2.78 2.0% x 107
2.57 6.67 x 10°
2.58 6.08 x 10°
+305 7.1x1078 | 5. 53x10° 15,000 | 2.59" 5.55 x 10°
(1357) (8.9x1075 :
2. 60 5.06 x 10
2.61 4.62 x 10°
2.54 1.47 x 100
2.55 1.34 x 10°
1233 4.Ox10_i8 1.26x10° 40,000 2,56 1.22 x 10°
(1036) (6.2x10 5
| 2,57 1.12 x 10
2.58 1.02 x 10°
Tm value selected.
TABLE 26, ADJUSTMENT OF m VALUE
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