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o
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c constant
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E modulus of elasticity
G strain energy release rate
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€ 0
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45 a crack at anm angle of 45° to a plane
perpendicular to the plane of the specimen
Ga strain energy release rate in plane stress
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a crack at an angle ot 0 to a plane
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ABSTRACT

Tests were conducted on three thicknesses of 7475~
T731 aluminum alloy sheet to investigate the effect of
thickness on fatigue crack propagation under <constant
amplitude loading conditions and on retardation following

a single-peak overload.

Constant amplitude loading tests were performed at
stress ratios of 0.05 and 0.75 to obtain data for coandi-
tions with <crack <closure and without <crack <closure,
respectively. At both stress ratios a thickness effect was
clearly evident, with thicker specimens exhibiting higher
growth rates in the mixed mode region. The ettect ot
thickness tor a stress ratio ot 0.05 corresponded well
with the fracture mode tranmsitions observed on the speci-
mens., A model based on the strain energy release rTate
which accounted for the fracture mode transitionm was found
to correlate the thickness eftects well. The specimens
tested at the stress ratio of 0.75 did not make the tran-
sition from tensile mode to shear mode, indicating that

another mechanism besides crack closure or fracture mode

transition was active,.



viii

Single-peak overload tests were conducted at baseline
stress ratios of 0.05 and 0.70 to determine the effect of
thickness on retardation for conditions with crack closure
and without crack closure. At both stress ratios a thick-
ness effect on retardation was observed. The tests at a
stress ratio of 0.05 showed a consistent thickness ettect,
with thicker specimens exhibiting less retardationm. The
tests at the stress ratio ot 0.70, in which no crack clo-
sure occurred following overload, did not show a con-
sistent effect of thickness on retardation,. The charac-

teristics of the retardation were ditterent from those

observed at the stress ratio of 0.05, and were consistent
with those which would be expected it crack tip blunting

were the retardation mechanism,



CHAPTER 1 - INTRODUCTION

Fatigue crack propagation has been shown to be pri-
marily a function of the stress intemnsity factor, which
represents the magnitude of the stress field at the crack
tip. The stress intensity factor is an important design
parameter, because a plot of crack growth rate versus the
stress intensity factor range characterizes the material”s

resistance to crack growth.

Although the stress intensity tactor range primarily
controls crack growth rate, other factors such as stress
ratio, environment, frequency, and load interactions also
affect <crack growth rate. These other "ettects" arise due
to the inability of the stress intensity factor to account
for these tactors. For example, the stress ratio ettect
can be attributed to crack closure caused by the plasti-
city developed at the crack tip. The stress intensity fac-
tor is a linear =elastic parameter, and hence cannot
account for the effects of plasticity at the crack tip.
The result is a stress ratio eftect when crack growth rate
is <correlated with the stress intensity tactor range, and

therefore the stress ratio is another parameter which must



be considered when applying the da/dN versus AK curve to

design.

Another factor which may affect fatigue crack propa-
gation and retardation for similar reasoms is the specimen
thickness. Under constant amplitude loading conditious,
the thickness effect would be expected to be caused by a
plane strain to plane stress transition. Since plastic
zones are larger in planme stress than plane strain underx
the same stress intensity conditions, greater crack clo-
sure and theretore a lower etfective stress intemsity
range would exist 1in plane stress, resulting in lower
crack growth rates in plane stress. Hence, two growth rate
curves would be expected to exist, one for plane strain
and one for plame stress. As a crack propagates under
increasing AK conditioms, the stress state may vary trom
plane strain to plane stress, resulting in a transition of
growth rate from the plane strain curve to the plane
stress curve., A crack grown in a thicker specimen under
identical AK conditions will begin the transition to the
plane stress curve at a higher level ot AK and growth
rate, resulting in higher crack growth rates in the

thicker specimen within the transitiom region.

The difference in plastic 2zone size between plane
strain and plame stress would also be expected to cause a

thickness effect on retardation. An overload ot a certain



stress intensity magnitude which is applied to two dit-
ferent thickness specimens may produce a state of plane
stress in the thin specimen, and a state ot plane strain
in the thicker specimen. The larger plastic zone due to an
overload applied to the thinner specimen would result in
greater crack closure, and hence greater retardatiom than

in the thicker specimen,

The above discussion presents a means by which thick-
ness may be expected to affect fatigue crack propagation
rate. It was the purpose of this investigation to study
the effect of thickness on crack growth rate under con-

stant amplitude loading and on retardation following an

overload.



CHAPTER 2 - LITERATURE SEARCH

The FCP rate in a material is primarily a tunction ot
the stress intemsity tactor range, however there are other
factors which aftect da/dn also. These other tactors
arise primarily because of the assumptions involved in the
definition of the stress 1intensity factor, specitically
the assumption of a perfectly elastic material. In real-
ity, a zone ot plastically deformed material exists at the
crack tip, and the effects due to the presence of this
plastic zomne can not be taken into account by the stress

intensity factor, thus resulting imn other factors aftect-

ing crack growth rate.

One effect resulting trom the inability of the stress
intensity factor to account for the presence ot the plas-
tic zone 1is the thickness eftect. Despite the large
amount of Lliterature on FCP, surprisingly little 18 con-
cerned with the thickness ettect. That which does exist
however <can be generally separated 1into two areas: 1)
thickness eftfects under constant amplitude loading; 2)

thickness effects under variable amplitude loading.



Constant Amplitude Loading

The investigations which have been made on thickness
effects in constant amplitude loading provide little
engineering guidance as to what the eftect is, let alone
what exactly the cause for this ettect 1s, if i1t does 1in
fact exist. The results of these investigations are con-
tradictory and fall into three catagories: 1) no etffect of
thickness; 2) increased growth rate in thinmer specimens;
3) decreased growth rate in thinner specimens. Theoreti-
cal and empirical analyses have been done which support
all three results, such that much uncertainty remains con-
cerning the thickness etffect. A review of these investi-
gations 1s therefore provided according to the comnclusioans
drawn in order to specity exactly what 1s Known and what

remains to be determined about the thickness ettect.

No Thickness Effect

Probably the first systematic investigationm of thick-
ness effects was done by Frost and Denton [1] im 1960.
The tests were performed under constant amplitude condi-
tionmns on mild steel center-cracked specimens in
thicknesses of 0.128, 0.3, and 1.0 inches. It was found
that for similar nominal stresses and crack lengths, there

were no consistent changes 1in crack growth characteristics

with thickness. In all cases initial <crack growth

o
occurred on a plane through the thickmness at 90 to the



plane of the specimen. For the 1.0 inch specimen subse-
queat growth occurred on this plane. For the 0.128 amnd 0.3

inch thick specimens subsequent growth occurred on planes

o o
through the thickness at angles of 45 and 90 to the

plane ot the specimen, respectively. Thus, one further
implication was that crack growth was the same 1n the ten-
sile mode as in the shear mode, that is, FCP rate was

independent of stress state.

Hertzberg and Paris [2] im 1965 investigated FCP
pehavior im 2024-T3 aluminum sheets of thicknesses of
0.064, 0.094, and 0.126 inches . They observed the change

_ o o
in the tatigue tracture mode trom 90 to 45 to the plane
of the specimen. They tound that the points of tracture
mode transition were related to the stress intensity fac-

tor and i1ts effect on the plastic zomne size. A constant

r
plastic zonme size to thickness ratio,

= T, herein
referred to as the thickness parameter, was observed at
the transition points in all three investigations, with
the crack lengths at transition increasing as the thick-
ness increased. Consequently, the thicker specimens
remained on the 90o plane over a longer crack lemngth than
the thinner specimens. Furthermore, the use ot electron
fractography to study the crack surtace showed that the
morphology 1mn the macroscopically tlat region was comnsid-
erably different than the shear mode regiom, thus indicat-

ing differences in the fatigue micromechanisms between



plane strain and plane stress. It was theretore antici-
pated that any eftects of thickness on FCP rate would be
delineated at the points of transition. Any difterence 1m
FCP rates between plane strain and plame stress would be
revealed because the transitionm occurred at longer crack
lengths as thickness increased so that a change in growth
rate towards the growth rate in plane stress would be seen
to occur at progressively higher AK values as thickness
increased, The test results indicated that FCP rates
correlated with AK were the same in all thicknesses. In
addition, FCP growth rates were also determined from
fatigue striation spacings on the crack surface and the
growth rates were agaim tound to be independent of sheet
thickness, These results therefore implied that there 1is
no difference in growth rate between plame strain and
plane stress, due to either the tatigue micromechanism or

the crack surtace geometry,.

Griffiths and Richards {3] investigated the 1intluence
of thickness on FCP rates in a low alloy steel weld metal
both above and below general yield. During the tests
variation of the stress state from plane strain to plane
stress was indicated by the variationm of the crack surface

o o
from 90 plane to the 45 plane. Etchings of the speci-

mens revealed that the plane stress plastic zone was con-

siderably larger that in plane strain. The test results

indicated that there was no signiticant eftect ot



thickness on the FCP rates on tests conducted below gen-
eral yield. However, unlike Hertzberg and Paris, it was
established through examination with a scanning electron
microscope that fatigue <cracks propagated by the same
fatigue micromechanism (ductile striation) omn both the 90o
and 450 planes. They concluded that when FCP occurred by
the ductile striationm mechanism where conditions were such
that Kmax was less than 0'8Kc’ no thickness eftects will
be present. For tests above general yield, etfects ot
thickness on FCP rate were observed., Specitically, thinner
specimens exhibited higher crack growth rates tham thicker
ones. This was attributed to the thinner specimens having
a lower general yield stress due to less comstraint than
the thicker specimens. As a consequence, the «crack tip
displacements and strain energy density at the crack tip
are larger in thin specimens, which results in higher FCP

rates in the thin specimens at conditions above gemneral

yield.

Tests conducted by Hahn et al. [4] gave results very
similar to Griftfith and Richards in Fe-3Si steel. There
was an absence of a thickness eftect observed for <crack
propagation from planme strain to plame stress. In partic-
ular, no changes in the slope of the da/dN versus AK curve
occurred with the development of shear lips. It was esta-
blished that the micromechanism of tatigue was always by

ductile striation formation, both on the tlat and the



slant portioms of the crack surtace.

Two investigatioms by Clark [5,6] on thickness
eftects using a wide spectrum of aluminum and steel alloys
concluded that no effects of thickness on FCP rate
existed. In all tests the reported data covered a range
which included both plane strain and plane stress condi-
tions, and still no difterences in FCP rate could be dis-
tinguished, thus lending further evidence of no ditterence

in growth rates between plane strain and plane stress.

There have been other studies ([7,8] which have
obtained results similar to those just described. That
is, given crack growth over a range from plane strain to

plane stress, no influences of thickness on FCP rate were

detected,

Increased Growth Rate With Decreasing Thickness

Theoretical investigations ot the ettect thickness on
FCP have generally <concluded that FCP rate should be
greater in plane stress than in plane strain. Most
theories predict a relationship between the plastic zone
size and the growth rate, Through theoretical <considera-
tions (i.e., application of a yield criterion to the stress
field at the crack tip) it was shown that the plastic zomne
size in plane stress is significantly larger thanm in plane

strain. Owing to the larger plastic zonme i1n plane stress,
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the crack tip displacement and the strain energy demsity
were shown to be larger in plane stress, thus a higher

growth rate expectation in plame stress.

Liu [9] also suggested that the effects of thickness
on FCP rate should be based omn his deductions about the
effects of stress state on FCP. It was pointed out that
the state of stress 1in the vicinity of the crack fromt
changes from plane stress on the surface to plane strain
at the interior, resulting in a large plastic zomne on the
surface tapering down in size towards the 1interior. As a
crack propagates under coustant amplitude loading begin-
ning in a nominally plane strain state, the surtace plas-
tic zone gradually increases in size. When the surface
plastic zone size reaches some fractiom of the specimen
thickness, nominal plane straim conditions no longer exist
and the growth rate becomes atfected. Specifically, the
presence of greater plasticity increases the growth rate,
and as the nominal stress state approaches plane stress
the growth rate increases more due to the increased crack
tip displacement at the crack tip. Since tramsition
should occur at constant plastic zone size to thickness
ratios, thicker specimens will spend more time 1in plane
strain resulting 1in longer life ftor increased thickness

specimens.
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Test results ot an investigation by Wilhem [10] sup-

port the hypotheses of Liu, In tests on ditterent

thicknesses of 7075-T6 aluminum sheet, it was tound that
the beginning of shear lip development was independent ot
thickness, i.e., it occurred at a constant plastic zone
size to thickness ratio. Corresponding to this develop-
ment of shear lips was a marked increase in growth rate,
in agreement with Liu. Furthermore, this increase 1in
growth rate was also confirmed by investigations of the
crack surface. Electron fractographs in the tensile mode
zone showed the usual tatigue striation microtopography.
Near the point of transition where shear 1lips began
developing, there was a rapid 3-fold 1increase in the
fatigue striation spacing, thus giving further credence to
the macroscopically observed increase in crack growth with

increasing shear lip development,

Jack and Price [ll] 1investigated the eftects of
thickness on mild steel specimens in thicknesses ranging
from 0.05 to 0.9 1inches, and tound that growth rates
definitely 1increased with decreasing thickness. Again,
macroscopic appearance ot the crack surtaces exhibited the
tlat region which eventually disappeared as the shear Lips
developed to eventually cover the whole crack surface.
The beginning of shear 1lip development was observed to

occur at longer crack lengths as thickness increased, and

that it occurred at a constant plastic zomne size to
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thickness ratio im all thicknesses. The tatigue lives ot
the specimens increased with increasing specimen thick-
ness, which was attributed to the longer time spent Dby the
thicker specimens in plane strain. Although no change in

growth rate could be correlated with the transitiom point

as Wilhem did, it was concluded that growth rate in plane

strain was slower than in plane stress.

Other investigators [12,13] have obtained similar
results. In all cases the same macroscopic crack surtace
features were made, with shear lip development occurring
at longer crack lengths with increasing specimen
thicknesses. Although a change 1im growth rate at tramnsi-
tion was mnot always observed, the tatigue lives ot the
thicker specimens wvere always longer owing to the greater
time spent in plane strain, leading to the conclusion that

FCP rate 1s faster in plane stress than plane strain.

Increased Growth Rate With Increasing Thickness

Broek and Schijve [l4] investigated the effects of
thickness in four different thicknesses of 2024-T3 Alclad
sheet, Their results showed distinctly that fatigue crack
propagation rates 1increased with 1increasing specimen
thickness, as indicated by comparison ot the crack length
versus cycles data. The tatigue tracture surtace exhi-
bited the usual tlat tensile mode at shorter crack lengths

with gradual shear 1lip development which eventually



13

covered the entire surface to torm a 450 angle with the
specimen surface. Analysis of the data revealed that the
crack length at the beginning of shear 1lip development
increased with increasing specimen thickness and that FCP
rate here increased with increasing thickness, Comparison
ot the fatigue lives atter transition showed small, unsys-
tematical ditterences between the thicknesses as opposed
to the significant, systematic ditterences before transi-
tion., Difterences in the 1lives of ditfferent thickness
specimens was therefore attributed to the chamnge in the
fracture mode, which was intimated to be governed by the
change 1in the state of stress at the crack tip. That is,
the shear lip development was produced by the increasing
plastic zome in the plane stress area on the surface. The
change from approximately plane stress om the surface to
approximately plane strain at the interior ot the sheet
will occur over a distance along the crack tromt which 1is
independent of specimen thickness. Thus, tor a given
crack length and stress amplitude, the central part ot the
crack front where plane strain exists will be greater for

thicker sheets. Since the lives of the thicker specimens
were shorter than the thinner ones, it was concluded that

plane strain induces higher FCP rates than plane stress.

Swanson et al.[15] observed ditterent behavior than

did Broek and Schijve on 7079-T6 aluminum, but which led

to the same conclusion that FCP rates are higher under
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plane strain conditions. The same tensile mode to shear
mode transition was observed, however the crack length and
stress intensity at the beginning of shear lip development
was found to be independent of specimen thickness, con-
trary to the tindings ot Broek and Schijve. It was also
noted that a drop imn FCP rate occurred at the point ot
shear 1lip development. The FCP rate would then continue
to increase as shear lips continued to develop , but at a
lower rate. The crack length and stress intensity at
which complete transitiomn to 450 plane did, however, vary
with thickness. It was observed that gemerally thinner
specimens made this transition at shorter crack lengths
and lower <crack growth rates. So thinner specimens exhi-
bited longer lives by virtue ot the tact that more time
was spent in crack propagatiom on 450 plane. Although
these observations ditfer trom those of Broek and Schijve,
the same conclusion that shear mode 18 inherently more

resistant to crack propagation than tensile mode.

Heiser and Mortimer [16] conducted tests on 4340
steel wunder constant amplitude loading, and found that
thicker specimens exhibited higher FCP rates tham thinner
specimens. The change ot tracture mode tramnsition from
the tensile mode to shear mode was attributed to the vari-
ation of stress state trom plane straim to plane stress,

It was observed that the transition trom tensile to shear

mode occurred at increasingly longer crack lengths as the
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thickness increased, with the thickest specimen remaining
in the tensile mode up to tracture, Examination ot the
surfaces revealed that the microscopic fracture modes did
not differ with thickmness. Therefore, the conclusion was
reached that the thickness effect was really a plastic
zone effect as a result of the variation 1n the stress

state, with plane strain promoting higher FCP rates.

McGowan and Liu [1l7] illustrated that FCP rates were
greater 1in plane strain than in plame stress, and that
this ditterence was the reason for the existence of the
thickness effect observed. Their FCP data indicated that
in two regions ot the graph, the FCP rates were 1indepen-
dent of thickness but that in between these two regions,

differences in FCP rates between the thicknesses becane

apparent, They hypothesized that the two regions where
growth rate was 1independent of thickness were the regions
where all thicknesses were 1in plane strainm and plane
stress, respectively. Between these two regions was where
the transition trom plame strainm to plame stress was tak-
ing place. Since the greater constraint in thicker SsSpeci-
mens would inhibit transition until greater AK values than
the thinner specimens, this phenomenon would be delineated
as difference in growth rates between the thicknesses 1in
this mixed mode region. Therefore, the differemce 1in
growth rates between plane strain and plane stress could

be the reason for the thickness eftect. To confirm these
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hypotheses, the data tor all three thicknesses were corre-

lated with the AKe which was assumed to be a linear

££?
combination of AK in plane strain [18] and the AK in
eft ett
plane stress {[19], with both AK ‘t being weighted with a
e
constraint parameter which accounted tor the variation imn
constraint at the crack tip in the mixed mode region. The

resulting correlation with A collapsed the <three

K
eff
growth rate curves to one line, thus showing that the

difference in crack closure between plane strain and plane

stress was the cause for the thickness effects observed.

In summary, this review revealed that the eftect of
thickness on fatigue <c¢rack propagation under comstant
amplitude loading has not yet been tully determined. How-
ever, any thickness ettects would be expected to be attri-
buted to a change in crack closure or crack slamt associ-
ated with the transition trom plame straimn to plane
stress. Only one investigation [17] has clearly delineated
a thickness effect, and determined that it was due to the
difference in crack closure between plane strain and plane

stress.

Variable Amplitude Loading

The effects of thickness on fatigue crack propagation

under variable amplitude loading 1is more tirmly esta-

blished in the literature than under comnstant amplitude
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loading, at least qualitatively. However, the mechanism
through which the thickness effect is manifested, let
alone the mechanism of load interactions in general, are

s8till not fully understood.

One of the first indications that thickness may
etfect the amount ot retardation atter an overload
occurred was when Wel and Shih [20] observed that the
reinitiation of tatigue crack growth following an overload
proceeded trom the mid-thickness of a specimen. Since the
state of stress at the <crack tip can vary from plane
strain at the center to plane stress at the surtace, their
observation suggested that retardation 1s dependent on the
state of stress, and therefore would be aftected by the
specimen thickness. A subsequent series of tests on three
thicknesses of 7075~-T6 aluminum alloy indicated a signiti-
cant etffect of thickness on the retardationm, with a higher
number of delay cycles being exhibited in the thinner
specimens. Furthermore, the amount of crack length neces-
sary to reestablish the equilibrium FCP rate was mnuch
greater in the thinner specimens. This result 1ndicated
that the zone aftfected by the overload is related to the
overload plastic zone size, which was greater in the
thinner specimens due to the lesser through the thickness

constraint,
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Chanani [21] conducted single peak overload tests on
different thickness specimens using four dittereant high
strength aluminum alloys. The results showed that tor all
overload ratios tested, the number ot delay cycles
decreased with increasing thickness. Furthermore, at a

given overload ratio, the number ot delay cycles decreased
as the baseline stress intensity increased, even though
the affected crack lemgth increased. This was attributed
to the higher crack growth rate prior to overload,thus
permitting the crack to pass through the overload affected
zone in relatively fewer cycles. Chanani 1indicated that
the observed thickness eftect on the number of delay
éycles at a given K level was probably due to the larger
plastic zone sizes tormed in the thinmner specimeuns due to
the smaller constraint. The variation in the ND between
thicknesses for a particular alloy as compared to the

variation tor other alloys was signiticant. In tact, a

2024~-T8 alloy showed only a small variation in delay as a
result of thickness ettects. Chanani noted however, that
it had 8 completely difterent cyclic hardening exponent
than the other alloys, probably as a consequence of the
nature of 1its precipitates, therefore pointing out the
possible importance of microstructure on delay behavior.
Finally, tractographic 1inspection of the crack surface
revealed that betore overload the surtaces were covered

with fatigue striations. In the overload affected zone,
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there exi1sted a smooth topography with evidence ot abra-
sion, thus supporting the idea that crack closure is, at

least in part, the cause for retardation.

Mills and Hertzberg [22] conducted tests om various
thicknesses of 2024-T3 aluminum alloy in order to evaluate
the possibility that retardation was due to a favorable
residual <compressive stress at the crack tip after a high
load excursion. Several important teatures of retardation
were dravwn trom the results ot their tests. For a given
overload ratio and baseline stress intensity tactor range,
the number of delay cycles increased and the minimum FCP
rate tollowing the overload decreased with decreasing
sheet thickness. Fractographic examinationm of the fracture
surfaces revealed that abrasion, indicative of crack clo-
sure, reached a maximum at some distance trom the point of
overload application, and then gradually decreased beyond
this point of maximum abrasion. This observation was con-
sistent with crack closure arguments, 1in which the minimun
growth rate atter overload would be attained as the crack
grew into the overload plastic zone, tollowed by a gradual

increase in growth rate as the crack grew out ot the over-

load plastic =zone. Furthermore, the thickest specimen
showed very little evidence ot abrasion, while the inter-

mediate thickness showed a cleavage like appearance cou-

Pled with abrasion, with the amount ot abrasion increasing

near the surtaces. Mills and Hertzberg believed that
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these phenomena were direct consequences ot the variatilon
of the size of the plastic zome through the thickness due
to the variation of constraint, The larger plastic zone
sizes in the thinner specimens resulted in the greater

anount of delay. Furthermore, the increased abrasiomn 1in

the thinner specimens illustrated that crack closure i1s a
major cause ot the retardation and 1is probably a manites-
tation ot the variationm ot plastic zone 8izes due to the

variation of stress state through the thickness.

A more detailed anmalysis of data on thickness eftects
on delayed retardation by Wei et al.[23] provided further
insight into the characteristics of delay in 2219-T851
aluminum alloy. The number of delay cycles was seen to
increase with decreasing specimen thickness at a given

overload ratio and baseline stress 1intensity. Delay
occurred within the plastic zome formed by the overloaa,

and within this zone the FCP response included an abrupt
increase 1in growth to a value greater than the steady

state rate, a rapid decrease to a minimum value over sone
distance from the point ot the overload, and subsequent
gradual 1increase 1in FCP rate back to the steady state
value. The abrupt increase in growth rate after the over-
load occurred over a crack length approximately equal to
the size of the cyclic plastic zome size ot the baseline

stress intensity. The retardation 1itself was ftound to

occur over a crack length corresponding to the size of the
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plane stress plastic zone size ot the overload in the
thinner specimens, while the zone ot retardation decreased
with increasing thickness towards a size correspomnding to
the plane strain plastic zone size. This 1investigation
showed that the retardation could be correlated with the
different plastic zone sizes 1involved, and turthermore
illustrated the three-dimensional nature of retardation
due to the variation of stress state through the specimen
thickness, as evidenced by the smaller overload attected
zones in the thicker specimens. Wei et al. did not go so

far as to say that <crack closure was the cause ot the

retardation, but rather tound that a model using a resi-
dual compressive stress at the crack tip was usetul 1in

describing the retardation effects.

Matsuoka and Tanaka [24] performed single peak over-
load tests on differeat thickness specimens of A5083 and
HT80 steel to determine the effects of the variation in
plastic zone size through the thickness, i.e. to examine
the difference in delay behavior between the interior
plane strain region, and the surface plane stress region.
First, overload tests were rum on all thickness specimens
with a specific overload ratio and pbpaseline stress inten-
sity. It was found that tor a particular alloy, the delay

increased with decreasing specimen thickness, and the

aluminum alloy exhibited more pronounced delay behavior

than the steel. These tests were then repeated, except
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that after the overload was applied, the surtaces were
machined off to remove the surface plastic zomes. Cycling
was then continued on these specimens at the original
baseline stress inteansity wuntil fracture to observe the

resulting delay behavior. For the aluminum, machining

away the surtace layers resulted in a drastic decrease in
retardation, and a reduced overload affected zone. How-
ever, tor the HT80 steel the surtace removal caused either
no change or even a slight 1ncrease in the retardation.
Although the results of the tests om the aluminum alloy
may have indicated less delay 1in plane strain due to
smaller plastic zone and reduced closure, the Tesult tor
the the steel specimens indicated that a major contribu-

tion to the retardation effect is not necessarily due to

the crack closure phenomonon.

Sharpe et al. [25] provided further evidence that
perhaps crack closure may mnot be the ounly mechanism
involved in retardation phenomonon. Overload tests on
2024-T851 specimens in thicknesses varying trom 0.64cm to
2.54 cm were conducted with ditterent amounts of hold time
at zero load after overload, varying from 3 mim. to 24
hrs., Results showed that the delay observed tended to
decrease slightly for increasing hold times., However, the
measurement of the crack closure using an interferometric
displacement technique indicated that the crack closure in

the overload aftected zone tended to decrease with
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increasing hold time, and with a 24 hour hold time the

crack closure was virtually the same 1in the overload

affected 2zone as in the pre-overload region. Since there
was almost as much delay in the specimen with the 24 hour
hold time as in any other specimen, it was evident that
the closure concept did not completely account for retar-
dation, at least in this alloy. Also observed in the
results was that there was no significant difference 1in
the delay behavior between the various thicknesses. How-
ever, it was noted that in all thicknesses the conditions
for plane strain were always met, even due to the over-
load. Since no deviation from plane strain occurred, the
fact that all thicknesses exhibited about the same amount
ot delay agrees with the theory that variation im <closure
with stress state 1s the reason for the thickness etfect

in delayed retardation.

In summary, the most significant point revealed by
this review was that variation of crack closure with the
stress state at overload plays an important part 1im the
effects of thickness on retardation. When crack closure
was the primary cause of retardation, retardation
increased with decreasing thickness due to greater closure
caused by the larger plastic zomes in the thinner speci-

mens due to less through the thickness constraint. How-~

ever, crack closure alone may not totally account tor the

amount of retardation observed.
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CHAPTER 3 - TEST PROGRAM

The primary purpose ot this 1investigation was to
deftine the etfect which specimen thickness nhas on FCP
under constant amplitude loading and on retardationm tol-
lowing an overload. Ultimately, insight into the
mechanism(s) causing the thickness etfects was to be pro-
vided through analysis of test results. Therefore, the
following test program was developed to meet these objec-

tives.

Development of Constant Amplitude Tests

The literature review revealed that the effects of
thickness on FCP under constant amplitude loading have not
yet been defined. However, it is expected that amy thick-
ness effects would be attributed to the chamge imn crack
closure and crack slant associated with the transition
trom plane strain to plane stress. Thereftore, the counstant
amplitude test program was developed assuming that varia-
tion of stress state at the crack tip 1s paramount in del-
ineating any thickness effects in the c¢crack growth rate
data. The main idea behind the test program was to pro-

pagate cracks from plame strain to plane stress 1in three



specimen thicknesses. Any ditferences in growth rate due
to the stress state transition would then become evident

in the final da/dN versus AK curves.

It was necessary to use two specimens for each thick-
ness in order to obtain continuous FCP rate data from
plane straim to plane stress. One specimen was used to
obtain data in the plane strain and mixed mode regions,
and the second specimen was used to obtain data in the
mixed mode and plane stress regions. The data from the two
specimens was to overlap in the mixed mode region. One
advantage of this was that it precluded any crack leagth
effects, since data in plane strain would be obtained at
approximately the same crack lengths as data in plane
stress. The criterion used to define plane strain and

plane stress was based on the model illustrated in Figure

3.1.

Since McGowan and Liu [17] found crack closure varia-

tion with stress state to be the cause of thickness
effects in their data, the tests were conducted under con-
ditions of crack closure and conditions of no crack clo-
sure. This was achieved by conducting the tests at two
stress ratios, 0.05 and 0.75. The tests at R=0.05 provided
data under which crack closure occurred, while the tests
at R=0.75 provided data under which no crack closure

occurred. The choice of R=0.75 was based on results ot




26

‘58343
aueid pue uyeass suefd aurgap o3 pasn (epoly I 'E aanbrdy

A | 1
S << I G2lI'> = 0k

»




27

Newman, which showed that for conditions of plane stress,
no crack closure occurred for stress ratios greater than
R=0.70. Therefore, any thickness effects present in data
at R=0.75 would indicate another mechanism besides crack
closure effects must be active im the thickness effect.

The actual Test Programs tor both stress ratios are shown

in Tables 3.1 and 3.2.

Three supplementary tests were conducted at R=0.75.
These were found to be necessary because the original
tests did not provide data at high enough values of AK to
show crack growth rate in plane stress. Thus, these tests
were conducted at high AK values on each thickness to
extend the da/dN versus AK curves as far out as possible

into the plane stress region. These tests are shown in

Table 3.3,

Development of Single-Peak Overload Tests

Studies in the past [21,22] have shown that when
crack <closure was the primary retardation mechanism,
retardation lncreased with decreasing specimen thickness.
This has been attributed to the larger plastic zone
developed 1n the thinner specimens due to lower through
the thickness constraint. The larger plastic zone results

in more crack closure, and hence greater retardation.
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A test program was developed to evaluate the above
hypothesis. Single-peak overload tests with an overload

K
ol

K
max

ratio (Qol- ) of 1.8 were to be conducted on specimens

of three thicknesses. In each thickness, the crack was
grown under coustant amplitude loading conditions to some
specific crack length. At this point, a single-peak over-
load was to be applied, after which cycling was continued
under the same loading conditions. The loading and crack

length at which the overload was to be applied were chosen

such that the stress intensity tactor at overload, Kol’
and the AK at overload, were the same 1in all three
thicknesses. The magnitude of Kol was chosen such that
different stress states existed at the crack tip in each
thickness, Subsequent differences in retardation charac=-

teristics could then be attributed directly to the differ-

ences in stress states between the thicknesses.

Since the degree ot crack closure has been shown to
play a signiticant part in the thickness eftect on retar-
dation, tests were to be dome at two stress ratios, one at
which crack closure occurred atter overload, and the other
for which no crack closure occurred after overload. The

stress ratios chosen to achieve this were R=0.05 and

R=0.75, respectively.

All tests at a stress ratio of 0.75 exhibited com-

plete <crack arrest, resulting in no retardatiom data.
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Therefore, tests were conducted to determine at what

values of R, Q and Ko that overload tests could be con-

ol 1
ducted while still maintaining the conditions ot no <crack
closure after the application of the overload. The test

programs ftor both stress ratios are shown in Tables 3.4

and 3.5.

Himmelein and Hillberry [26] developed a delay/arrest

boundary by pertorming overload tests at various combina-

tions of Q°1 and Ro where R° is min. A similar pro-

1 K

9
1 ol

cedure was used in this 1investigation, except Ko was Kkept

1

the same in all cases in order to maintain a comstant
stress state during overload application. The procedure
consisted ot growing a <crack under coanstant amplitude
loading at a specific R value to a certain crack length.
At this point, and overload was applied to produce a

specific K and then the cycling was continued at the

ol’

same R, If no observable crack growth occurred after 10
cycles, complete arrest was assumed, and the loads were

raised such that Ro remained constant, but Qol increased.

1

was raised in specific increments at a comstant R
ol P ol

until crack growth occurred within 104 cycles ot overload
application. The crack was themn grown out ot the overload
attected zone, and the procedure was repeated at another
Rol value. Repeating this procedure produced a

delay/arrest boundary on a Qol versus Rol graph tor a
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specific overload stress state, This was done ftor two
overload stress states, plane stress and mixed mode. Based
on these delay/arrest experiments, SiX more tests were run
at a stress ratio of 0.70 and an overload Tratio ot 1.5,
where it was known <crack arrest would not occur. These
loading parameters were also chosen because no crack clo-
sure would occur after the overload was applied. Speciti-

cally, Reuping [27] has shown that for plane stress

K = C K 0.4 < C < 0.5
op ol

Therefore, after overload application in plane stress

AK = K - 0.45 ( 1.5K ) = 0.325K > AK
eff max max max

and therefore there is no crack closure. Furthermore, it

has been shown that no crack closure occurs under constant

amplitude loading tor stress ratios of 0.7 or greater.

Therefore, in none of these tests should crack closure

occur, and retardation can not be attributed to the crack

closure mechanism. The test program tor these 8ix tests

are shown in Table 3.6.
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CHAPTER 4 - APPARATUS AND PROCEDURE

The material tested was 7475-T731 aluminum alloy
sheet, which was donated by the Aluminum Company ot Amer-
ica, and all the material was trom a single heat. The
rTelevant mechanical properties of this material as deter-

mined by the Alcoa Laboratories [28] are shown in Table

“01.

Center cracked panel type specimens, in thicknesses
of 0.08, 0.17 and 0.248 inches were used in this investi-
gation. The dimensions of the specimen are shown in Fig-
ure 4.1, The starter notches were 0.0lx 0.2 inches in
size and were produced through the =electrical discharge
machining process, The initiation of the tatigue crack
was done in accordance with the load reductiom procedure

recommended by ASTM Standard E647 [29]. The tests were

conducted on a MTS 20-kip closed-loop electrohydraulic

fatigue machine.

The fatigue cracks were observed using a 150X bitocal
microscope, which was mounted on a horizontal traverse. A

digital resolver with a resolution of 1 micron was used to
monitor the distance traveled by the microscope on the

horizontal traverse. Crack lengths were measured trom the
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Stress Raiser Detail
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Figure 4.1 Fatigue Test Specimen [(381.
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specimen centerline by moving the microscope a set dis-
tance ahead of the crack tip. When the crack tip Treached
the <cross-hair of the microscope, the crack lemgth and
number of cycles data were recorded. A cycle <counter and
the digital resolver were directly connected to a remotely
actuated printer, which allowed the <c¢rack 1length and
cycles data to be recorded simultaneously without stopping
the test., Data were recorded every 0.2 mm in the comnstant
amplitude tests. Data were recorded every 0.2 mm 1n the
constant amplitude portiom ot the overload tests, and

every 0.02 mm atter the overload was applied. A strobe

light symchronized with the loading <c¢cycle was used to

illuminate the cracked portion ot the specimen.

Since the eftects of thickness were being investi-
gated, an effort was made to eliminate other variables
which affect FCP. The environment was held constant from
test to test by running the tests in dry air at a rela-
tively constant temperature. Silica gel, which served as
a dessicant, was placed behind the crack to absorb mois-
ture 1n the air, The mid-section of the specimen was
sealed in clear polyurethane to minimize the amount ot azir
passing through the crack. The laboratory in which the
testing took place was air-conditioned, and the tempera-

o o
tures were in the range of 65 to 72 tfor all tests. The

test frequencies were either 10 Hz. or 20 Hz., depending

on the expected crack growth rate.
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CHAPTER 5 - DATA REDUCTION

Constant Amplitude Loading Tests

The crack length versus number of cycles data were

differentiated wusing a seven point incremental polynomial
method to obtain the crack growth rate, as recommended by

ASTM E647 [29].

Single-Peak Overload Tests

The number of delay cycles and the size of the over-
load affected zone, defined in Figure 5.1, for the R=0.05
tests were determined by numerically differentiating the
crack lenmgth versus cycles data using the same technique
described above. The number of delay cycles was defined as
the number ot cycles it took tor the growth rate to reach
the FCP rate just prior to overload application. The over-
load attected zone was the corresponding 1ncrement of

crack growth over which the retardation took place,

The number of delay cycles and the size ot the over-
load plastic zome for the R=0.70 tests were determined

graphically from large plots of the «crack length versus

cycles data. This could not be dome numerically as in the
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case of the R=0.05 tests because the end ot retardation
was unclear due to a tendency of the data to oscillate
about the pre-overload growth rate. The delay <cycles and
the overload affected zone were determined by constructing
two parallel lines, the first tangent to the a versus N
curves at the point of overload application and the second
one tangent to the a versus N curve after the point ot
overload application. The number of delay cycles occur-
ring between the points of tangency was taken as the
aumber of delay <cycles, while the 1increment ot crack

growth between the points of tangency was taken as the

overload affected zone.
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CHAPTER 6 - TEST RESULTS

Constant Amplitude Loading Tests

The data acquired trom the tests was in the torm ot
crack length versus cycles. To delineate any ettects due
to thickness on the tatigue crack propagation rate, this
data was ditterentiated using a seven point second order
incremental polynomial method and plotted versus the mode
I stress intensity factor range AKI. Comparison of the
growth rate curves for the differemt thicknesses tested

would reveal any effects of thickness on FCP rate which

exists.,

Figures A.l through A.l15 in Appendix A show the crack
growth rate curves of individual tests on all three thick-
ness specimens at stress ratios ot 0.05 amnd 0.75. In
order to obtain growth rate data over a large enough range
of AK such that both the plane strain and plane stress
regions were encompassed, 1t was necessary to use two
specimens tor each thickness at both stress ratios. These
tests were designed to overlap in the expected mixed mode
region to provide a check on the consistency and validity

of the data in this region where the transition was
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expected to occur. Figures B.l through B.6 1n Appendix B
8how the growth rate data ot corresponding tests tor each
thickness. The data overlaps very well in the mixed mode
region for all thicknesses tested and at both stress
ratios, thus counfirming the validity and reliability of

the data.

Figures 6.1 and 6.2 show the comparison of the FCP
rates between the three thicknesses investigated at stress
ratios of 0.05 and 0.75, respectively. These graphs
clearly show an efftect ot thickness on the FCP rates in
this material at both stress ratios. In both cases, the
growth rate 1s independent of thickness at low AK values,
with the curves being generally straight. As the AK
increases, the slopes of the growth rate curves change
rather abruptly, with the curves ot the thicker specimens
changing slope at increasingly higher values ot AK. Atter
the slope of each curve has changed, they <continue to
parallel each other, with the thicker specimens clearly
exhibiting the higher growth rates. As higher values ot
AK are reached, the slopes ot the curves show a tendency
to change back to the slope prior to the initial transi-
tiomn. Again, the thicker the specimen, the higher the AK
at which the change in slope occurs. After the second
slope <change, the FCP rates once again become independent
of thickness, with the curves essentially coincident atter

the second slope tramnsition.
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Single-Peak Overload Tests

The data acquired from the tests was in the form of
crack length versus number of cycles. To determine any
effects which thickness had on retardatiom, the data was
diftferentiated "using either a seven point incremental
polynomial method or a graphical method, as described 1in
Chapter 5. Comparison ot the number of delay cycles and
overload affected zones between thicknesses would Treveal

any effect of thickness on the retardation.

Figures C.l1 through C.l12 in Appendix C show the plots
of the crack length versus number of delay cycles tor all
the overload tests, with the exceptiom of the R=0.75 tests
which experienced complete crack arrest. These plots
clearly show the retardation atter overload application in
each test, as indicated by the flat spot in the curves.
As a comparison of the total fatigue lives ot the speci-
mens after overload, the a versus N data for all three
thicknesses were plotted on one graph for each set of
tests. These graphs are shown in Figures D.l through D.l2

in Appendix D.

Graphs of the differentiated a versus N data for
each test are presented in Figures E.l1 through E.l12 in
Appendix E. These graphs illustrate the sudden drop in
growth rate =experienced atfter the overload, with the

growth rate reaching a minimuw atter propagating a certain
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crack lemgth, and then a gradual i1ncrease in FCP rate back

to the pre-overload FCP rate.

Tables 6.1 and 6.2 give the numerical values ot the
retardation characteristics of each set of tests. They
present the number of delay cycles, the overload atfttected
zone, the minimum FCP rate atter overload, and the incre-
ment of crack growth after overload at which the minimum
growth rate occurred, all of which are defined in Figure
6.3. Included are the theoretical values of the plastic
zone size at overload and the cyclic plastic zone size (

based on the Irwin plastic zome model) tor each test.

Delay/Arrest Boundary Tests

The results of the tests to determine the
delay/arrest boundary are presented in Figures 6.4 and
6.5. The lines represent the boundary bDetween conditions
under which arrest occurred and conditions under which
delay occurred. Figure 6.4 represents the boundary tor
conditions ot plane stress during overload, and Figure 6.5
represents the boundary for a4 state ot mixed mode duriang
overload. There is a ditterence between the two boun-
daries, with arrest occurring at higher overload ratios in
mixed mode than plane stress for a given overload stress
ratio, except at high overload stress ratios. This is as
expected, since if crack closure is the primary retarda-

tion mechanism, the greater closure present when plane
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stress 1s present at overload would result in a lower
boundary relative to the boundary tormed when mixed mode

18 present at overload.

Between stress ratios of 0.75 and 0.85, the boun-

daries coincide, suggesting that at high levels of R,

stress state may no longer have as much affect onmn the
delay/arrest boundary. This may turther imply that this 1is
because crack closure is no longer the primary retardation
mechanism at these high overload stress ratio levels, but
rather another mechanism which is not as sensitive to
gstress state may be active. This possibility will be dis-

~cussed further in Chapter 8.
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CHAPTER 7 - ANALYSIS OF RESULTS

Constant Amplitude Loading Tests

The test results revealed that thickness did attect
FCP rate under constant amplitude loading conditiomns at
both R=0.05 and R=0.,75. The nature of the effect was qual-
itatively similar at both stress ratios. The nature of the
thickness effect was also similar to that observed by
McGowan and Liu [17], who found that this effect could be
explained by the differences in crack closure occurring in
each thickness in the mixed mode regiom as & result of the
transition from plane strain to plane stress. Theretore,
the analysis used by McGowan and Liu was attempted on this
data to determine 1t ditterence im crack closure with
thickness could adequately explain the observed thickness

eftects.

Another feature associated with the transition from

plane straim to plane stress is the slanting ot the crack
. o o

surface from 0 to 45 with the plane of the specimen.

This slanting induces both mode I and mode III crack sur-

face displacements at the crack tip, although the growth

rate 1is routinely correlated with AKI. Models based on
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strain energy density and strain emergy release rate were
developed to account for the slanting of the crack, and
were applied to the data to determime it this may be a

cause for the observed thickness effects.

Crack Closure

McGowan and Liu [17] demonstrated that the thickness
effect present in data they obtained on IN-100 steel may
have been due to crack closure variation with stress
state. Crack closure occurs as a result of permanent ten-
sile strains left in the wake ot an advancing crack tront.
The result ot crack closure is a lower AP at the crack tip
than 1is applied externally, because the <crack opens at

min

some load Pop > P » resulting in a lower than expected

FCP rate, The growth rate can be expressed as a8 function

of the etfective stress intensity factor range,

48 f(ak )
dN ett
where
AKeff = Kmax(1 -9

and C is an empirically determined function of stress
ratio which represents the ratio of the opening stress

intensity K to the maximum stress intensity K .
op max

The degree or magnitude ot crack closure at a giveu R

is dependent wupon the magnitude of permanent tensile

detormation ( i.e. the size of the plastic zone). Under
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plane strain conditious, crack closure is less thamn 1in
plane stress owing to the relative size of the plastic
zones [29]. Consequently, the crack growth rate would be

expected to be a function of the stress state,

da
dNe f((AKeff )e)
da
Eﬁo f((AKett )0)

In a specimen under constant amplitude loading condi-
tions, a crack may be grown trom a state of plame strain
to a state of plane stress. As the «crack grows out ot
plane strain, the plane stress plastic zones on the tree
surfaces occupy an increasingly largerx fraction of the
specimen thickness, resulting 1in a variation of plastic
zone size through the specimen thickness, Since crack
closure is dependent on the stress state, the FCP rate
under such a mixed mode condition would pe different (in
fact lower) than under nominally plane strain conditions.
In a thicker specimen under the same stress intensity tac-
tor range conditioms, this tramsitiom to mixed mode would

occur at a higher AK due to its greater thickness, and

therefore would exhipit higher growth rates 1in the mixed
mode region than would the thinner specimen, The result-
ing crack growth rate curves tor three ditferent thickness

would be as shown in Figure 7.1.
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The model developed by McGowan and Liu &essentially

used the AKett in plane strain and the AKett in plane

stress, and combined them to describe the FCP rates in the
mixed mode regioms as dictated by the data. In the plane

strain region, AKe is given by

ff
AK = K -
( eff)e max €1 Ce )

and in the plane stress region

(AK ) =K (1-2¢ )
eff o max o
where C 1is the ratio K / K under plane strain comndi-
€ op max
tions and C is the ratio K / K under plane stress
g op max

conditions.‘Ca was taken as

c, = 0.438 + 0.0947el‘78R

as proposed by Elver[5], and C€ was taken as

cE = -1.857 + 2.016e°'35R

which was estimated from data trom Sharpe et al. [18]. 1In

the mixed mode 7region, the AKeff is found by using a

linear combinmation ot (AK ) and (AK ),
eff ¢ eff o

AK = HK (1L -¢C )+ (1=-H)X (1 -20C)
eft lof €

where H = H(T). The ftunction H(T) 18 the <constraint

parameter which describes the continuous change in con-

straint at the crack tip as dictated by the data. It 1is

found through the following argument: for any given

thickness the da/dN versus AK curve torms a shape between

two asymptotes. The lett asymptote represents plane
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strain behavior and the right plame stress behavior. The
transition between the two asymptotes depends on the
thickness, and thinner specimens make the transition at a
smaller AK value. At a givenm rate of da/dN the three AK

values, AKe’ AKo and AKH, as shown in Figure 7.2, will all

give the same AK such that
ett
AK = '9 -
eft 0 AKe €1 Ce )
AK = HAK - + 0.9 - H - C
eff A H( 1 <, ) 0.9( 1 )AKH( 1 . )
AKeff = AKO( 1 - Co )

The resulting expression for H is then

AK AK = AK
(¢} H €

H o= 2% 3k -3k
u 8Kg €

The constraint parameter H(T) is then obtained by plotting
H versus T for ditferent da/dN values within the mixed
mode region, The 0.9 (AKeff)e term was placed in there to

correct for the variation of K due to crack front curva-

ture,

Upon applying this model to data trom three

thicknesses of IN-100, McGowan found H(T) to be

H = 0. 0 < T < 0.14
T - 0.14 0.70
H = ( 0.26 ) 0.14 < T < 0.40
H =1 T > 0.40
One important point trom this is that all three

thicknesses were tound to make the transitions at the same

ratios of plastic zone size to thickness, that 1is, equal
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Figure 7.2 pefinition of terms in crack closure analysis
used by McGowan C(301.
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values of T. When their data was correlated using this
model, the FCP data for all thickmesses collapsed to one

straight lime.

Tests at R=0.,05

The primary problem encountered in applying this
analysis to the test data was that a single H(T) function
could not be obtained for all three thicknesses., The rea-
son was that the transitions on the da/dN versus AK curve
did not occur at constant values ot the ratio of plastic
zone size to thickmess ratios, T. In tact, Figures Fl
through F3 in Appendix F illustrate how the transitioms in
the actual data compare with the theoretical predictions
based on sStress state transition. As can be seen, the
transitions in the data do mnot correspond with the
predicted transitions. Figure 7.3 1illustrates how this
ratio, as <calculated trom the points ot the actual slope

da
change on the :ﬁ versus AK curves, varied between the

thicknesses tor both points of transition. T tends to
decrease with increasing thickness for both transition
points, with the value tor the 0.248 inch specimen being
about half the value for the 0,08 inch thick specimen.
This variation resulted in a large difference in the con-
straint parameter H(T) between the thicknesses, as 1illus-=-

trated in Figure 7.4, Due to this difference 1n the con-

straint parameters between thicknesses, this analysis
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could not be applied to these data.

Tests at R=0.75

The tests at R=0.75 were not expected to have crack
closure occur, and therefore this analysis would not
apply. However, it would not apply anyway, because the
slope transitions of the data did not occur at comstant
values of T, the ratio of plastic zone size to specimen
thickness, as shown in Figure 7.5. Furthermore, the slope
transitions ot the data did not correspond with the

theoretical predictions, shown in Figures F4 through F6 1in

Appendix F.

Despite the absence of crack closure in these tests,
the data still exhibit an effect of thickness, which sug-

gests that another mechanism(s) was active.

Fracture Mode Transition

Strain Energy Density Analysis

A teature which has commonly been associated with the
trasition trom plane strainm to plane stress 1s the transi-
tion from tensile mode to shear mode, as shown 1in Figure
7.6. Durimg this transition, the plane of the crack

Y] o
changes from a 0 angle to a 45 angle with the plane ot
o
the specimen. Once the crack plane has varied from 0 , it

is no longer strictly a mode I crack, i.e. & combination
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Figure 7.6 Typical shear lips in a center-cracked panel
type fatigue specimen.
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of mode I and mode III <crack tip displacements are
present. In correlating FCP data, the slant of the crack

as conditions ot plane stress are approached is routinely
ignored, with the resulting FCP data beimng correlated with
AKI. It has been shown experimentally in this investiga-
tion that initiation and termination ot shear lip develop-
ment occurs at longer crack lengths tor 1ncreasing speci-
men thickness, Consequently, 1t crack growth rate is dif-
ferent for a slanted crack than a flat crack under the
same R and AKI conditions, then one would expect difter-
ences in FCP rates between specimen thicknesses to be del-

ineated in plots of da/dN versus AKI'

To properly correlate the data, a parameter which
fully describes the conditions at the crack tip must be
used. Since for a4 slanted crack mode I and mode III exist
simultaneously, KI can not tully describe conditions at
the crack tip. Rather, mode I and mode III must be com~

bined in some appropriate manner to account for both modes

of crack tip displacement.

The strain energy demsity tactor, S ([30], combines

K and K to characterize the strain emnergy density

K
I’ "I1 ILIL
at the tip of a crack under combined mode loading. This
theory states that fracture occurs when the strain energy

density in a continuum element ahead of the crack reaches

some critical value Sc. Furthermore, under combined
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loading the crack will not continue to grow 1in the same

plane. The S criterion asserts that the crack will pro-

pagate in the direction along which 5 is a minimum.

The strain energy density in an incremental volume

element is given by

dW/dv = —
/dv zoijeij

Substitution of the crack tip singular terms ot stresses

i,j=1,2,3

and strains leads to

K2 + 2a. K.K. + K2+ k.5 2.3
8, Ky F2a KK T a% 833%3 )/ ¢ T ¢

The coefficients are [31]

dw/dv = (

a, . = =% ((x - 1)

11 8u
= 0

12

1

%22 7 4y

B, = —

33 4u

: 3-v
where x = 3 - 4 v tor plane strain and T+v for plane

stress, and p is the shear modulus of elasticity.

For a <crack slanted through the thickness ot a
center-cracked specimen, the minimum strain energy density

is given by

- 2 2 2
(x - 1) 2 4 ( ¢ a sin a cos a)
S =te -~ g"a sin a +
min 8v 4v

where KI and KIII were given as|[45]

K, = o\|§ sinza

K = a sina cosa
111 O\l
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and ¢ is the crack slant angle shown in Figure 7.7.

The strain energy density criterion cam be extended
to fatigue <crack propagation by using the strain energy

density range [31), AS , to correlate growth rates, where

mia min
AS = § -
min ma x min
Using this relation, the strain energy density range can

be written

2 2 1L, 2 2
AS = (KI - K ) + 4v(K111 - Kirg )(7.1)
max min max min

This equation for the strain energy density range
provided the basis for the development of a model to
correlate the crack growth rate data. In developing the
strain energy density model, three distinct regioms were
assumed: 1) the tensile mode regiomn, the part of the da/dN
versus AKI curve before the first <change in slope
occurred; 2) the mixed mode region, the part of the curve
between the first and second change in slope; 3) the shear
mode region, the part of the curve atter the second change

in slope.

In the tensile mode region, the <c¢crack surtaces are
macroscopically flat. Theretore, no mode III ettects are
present, and the strain energy density range 18 given by

_ Kk =1 2 2
AS, = —go— (KI K1 )

max min
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Figure 7.7 Definition of the crack slant angles.
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In the mixed mode region, two things occur, The
tirst consideration was the gradual traunsition trom plane
strain to plane stress. To accomodate this, AS was con-
sidered to be a linear combination ot AS in plane strain
(ASe) and AS in plane stress (ASG), with both terms
weighted according to what percentage of the way between
plane strain and plane stress the crack was. Since the
Stress state 1is generally dependent om the size ot the

plastic zone relative to the sheet thickness, and ry is

2
proportional to AK , them the weighting tactor was detined

as

2 2
AK® - AKP
AKPP% - Akp?

rd

s .
where AKP and AKPP were the AK at transition from ten-~
sile mode, and to shear mode, respectively. The second

o o
consideration was the slanting of the crack tfrom 0 to 45
in the mixed mode region. To account for this, the AS

which incorporates both KI and K where the crack angle

11z’
o o
& was assumed to vary between 0 and 45 as did the stress
o o
state, i.e. a varied as a = (0 - 45 ) X in the mixed mode

region, Consequently, in the mixed mode regiom, AS was

assumed to be given by

As = X( AS_ ) + (1 - X ) AS
(o] €

where ASe and ASO are given by equatiomn (8.1)
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In the shear mode regiomn, the crack was assumed to be

)
at a 45 angle. Theretore, from equation (7.1), AS was

taken to be

K - 1 2 2 1 2 2
As = =55 (Kg - K )+ gy (Rppg - Krrp )
max min max min
where « i;:. It should be noted that correction tactors

for finite specimen width were applied to KI and KIII'
These correction factors were taken trom Tada et al. (33]
for a center-cracked panel assuming remotely applied
loads. This model can be used to correlate the <crack
growth rate data as tftollows; by ditterentiating the a
versus N data, the growth rate is known at any crack
length. From examination of the fracture surface, the

crack slant angle can be determined at any crack length,

and hemce AK AK and AS can be determined at amy crack

1’ I1I

length. The growth rate can then be correlated with AS.

Tests at R=0.05. The fatigue fracture surtaces of the
specimens at R=0.05 showed the transitiom trom tensile
mode to shear mode. The crack lengths at which shear lips
began to develop and where shear lips became tully
developed were measured directly trom the specimen frac-
ture surfaces of the R=0.05 specimens. It was noticed that
crack lengths at the beginning and end of shear lip
development were longer im the thicker specimeans. With

these crack lengths, the AK at these points were calcu-

lated using the known loading, and compared with the AK at



the transitions on the da/dN versus AK curves, as shown 1in
Figures G.l through G.6 in Appendix G. The comparisom 1is
fairly good, indicating that the tramsitions observed on
the da/dN versus AK curves of the R=0.05 data may be a
result of the slanting of the crack through the specimen
thickness,. The strain energy demsity model was then used

to correlate these data, The resulting correlation of

da

aN versus AS 18 shown in Figure 7.8. An effect ot thick-

ness is still clearly present im this <correlation, with
the difference 1lying mainly in the mixed mode region,

similar to the original correlations with AKI.

Tests t R=0.75. The fatigue fracture surtaces ot the

specimens at R=0.75 did not show a complete tramsition
trom tensile mode to shear mode. The <crack lengths at
which shear 1lip development began were measured directly
from the specimen tracture surtaces. The values ot AK at
these points were used to calculate the thickness parame-
ter, T, at these points. The comparison ot the T values at
which the tensile mode ended shows that it is not con-
stant, with decreasing values with increasing thickness.
Comparison of the T values from the da/dN versus AK
curves, shown in Figure 7.9, shows that there is no corre-
lation between crack slant and the transition ot the FCP
rate curves. The values of T at the end of tensile mode
are much greater than the first slope transition on the

FCP rate curve, and no transition to shear mode occurred.
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Apparently, the crack slant, as well as crack closure, had

no part in the effects of thickness in the R=0.75 data.
Strain Energy Release Rate Analysis

The results of the strain energy density analysis
seem to imply that compensation for the existeunce ot the
mode III compoment of crack tip displacement through the
use of a more "appropriate” parameter to correlate the
data is not the answer for the thickness ettect. The
thickness eftects in this correlation with AS were more
extreme than those present 1in the original correlation
with AKI. Apparently, the mode III component does mnot
contribpute to crack advance as much as would be indicated

by the magnitude of the AKIII'

The eftects which crack slant has on FCP rate were
further investigated by employing a model based on the
strain energy release rate, G. Unlike the stress inten-
sity factor, it is an energy Dbased parameter which
represents the amount of energy available tor crack exten-
sion per incremental crack extension. For a Mode I crack,

the strain energy Telease rate is

2
P_acC
t Oa

(@]

G o =
0

|-

where C i3 the specimen compliance, P is the applied load,

a is the <crack length, and t is the specimen thickness.

o
The subscript 0 indicates that this is for a mode I
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crack, expressing the fact that it is a flat crack.

In obtaining an expression tor G for a slanted crack,
it was assumed that only the compomnent of the external
applied load normal to the crack surtace contributed to
crack extension,. This was done for two reasons. First,
the results of the strain energy density analysis sug-
gested that the magnitude of the mode III component of S
was not really representative of the amount which mode III
contributes to <crack advance. Second, a search of the
literature revealed that it has been found that FCP rates
under mode III loading exhibit FCP rates which are 10 to
50 times smaller than under mode I loading under the same
crack opening displacement conditions [34]. Consequently,
the comntribution to FCP by mode III is actually smaller
than would be 1indicated by the magnitude of the AKIII’
perhaps due to crack surtace rubbing and triction. This
hypothesis 1is supported by work done by Tschegg et al.
[35], in which they tound that due to rubbing, tricction

and interlocking between the fracture surtaces, and that

mode III FCP showed no unique dependence omn AK Furth-

111°

ermore, the FCP rates were found to increase with increas-

ing crack length under comstant AK Therefore, due to

I11°

those interference effects, perhaps the magnitude of AKIII

is not a good indication of how much mode I1II contributes

to FCP. Since it has been shown that mode III crack

growth rate is at least an order of magnitude slower than
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mode I, 1t was totally neglected in this model. Theretore,
the strain energy release rate on a crack slanted at an

angle ©, as shown in Figure 7.7, was assumed to be given

by

G = 1 (P cos®) 3cC
0 2 t a
cosf

Notice that the thickness is divided by cos6. This takes

into account the increased amount of surface area produced
C

per incremental crack extension. Assuming the that 3; is

the same tor a slant crack and a tlat crack 1n the same

state ot stress, the ratio ot the strain energy release

o
rate for a tlat crack to that ftor a crack slanted at 45

to the specimen thickness 1is

(2]

o __1
GG cos39

The relation between the strain energy release rates

in plane strain and plane stress for a mode I crack is

2
(GE)0 = (1L =-v) (6,

Tnis same relation was assumed to be true tor slanted

cracks, that 1s,

2
(Ge)e = (1 - v) (Gc)e

Thus the relation between G for a mode I crack in plane

(]
strain to G for a 45 <crack in plane stress 1is

3 o
_ _cos 42 (G )

(G )
(1 = v7) €

c’45 (7.2)

0
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where

(1 - vi) 2
do " T Ky (7.3)

(¢
For cyclic loading, the strain energy release rate

range was used to correlate the data, and is defined as

(1 2) 2 2

-V

aG = Gmax - Gmtn = E - (1 - R7) KI
max

Therefore, for cyclic loading, the strain energy

release rate range for equations (7.2) and (7.3) are

3 [
cos8 45

(Acd)45 . v2) (Ace)0 (7.4)
where
(1 - vz) 2,.2
(Ace)0 = — (1 - R )KI (7.5)
max

Equations (7.4) and (7.5) were used to correlate the data
in the shear mode and the tensile mode regiomns, respec-
tively., In the mixed wode region, AG was assumed to vary
linearly with crack length (which is8 proportiomnal to AK2),

such that

AG = (1 - (1 - F)X) (AG )
€ 0

where

- cos3(45°)
(1 - vz)
(ak* - AKP?)
(akpp? - Akp?)
AKP and AKPP are the stress intensity factor ranges at

X
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which the tirst and second changes 1n slope ot the da/dN
versus AKI curve for the given specimen thickness, respec-

tively.

Tests at R=0.05. Applying the above model to the test

results, the FCP rate data for the R=0.05 tests was corre-
lated with the mode I strain energy release rate range, as
shown in Figure 7.10. A successful correlation ot the data
for thickness effect would be expected to <collapse the
curves of all three thicknesses to one straight line. In
contrast to the initial da/dN versus AK data, these curves
show no indication ot thickness etfect on FCP rate,
because the curves of all three thicknesses tall on a sia-

gle line.

The use of the linear 1interpolation of the strain
energy release rate in the mixed mode region gave a corre-
lation which showed no indication of a thickness effect,
However, it was desired to determine whether the assump-
tion of a linear variation of AG in the mixed mode region
actually agreed with the actual variation of crack angle
in the mixed mode region on the specimen tatigue ftracture
surfaces,. Theretore, the results ot this correlatiom were
used to work backwards to see how the <crack angle would
have been forced to vary had the model been used directly
to correlate the data in the mixed mode region, and the

same results were to be obtained. The model states that
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the relation between a tlat and a slant crack 1is

3
AGe - AG0 cos O
and the relation between the strain energy release rates
for cracks at the same angle, but 1n planme strain and

plane stress 1is

2
AGe = (1 - v )Go
Consequently, in the mixed mode regiom, the strain energy

release rate range 1s given by

3

AG = cos 0 G )

1 - (1L -(1-v2nx <0

(7.6)

where

AK2 - AKP2

AKPP2 - AKP2

X =

2
The term (1 - v ) is present due to accounting ¢for the

state of stress, Since it is close to 1, this term was

varied from 1 to (1 - vz) Linearly with AK2 in the mixed

mode regionm to approximately account for stress state

variation.

Using equation (7.6), AG in the mixed mode region as
correlated by the linear interpolation method was used to
calculate what the crack angle needed to be in the model
if the same AG were to be obtained. These results were
then plotted against a normalized AK2 (because the plastic

2
zone size is linear in AK ).
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This necessary variation of 6 with AK2 it the model
were to work in the mixed mode Tregion was then compared to
the actual variatiomn of the crack amngle with AKZ. The
actual variation of 0 in the mixed mode regiomn was plotted
with a normalized AKZ, and plotted with the needed varia-
tion, shown in Figure 7.l1l1l. It can be seen that the
curves are fairly close to each other, and that the shape
of the curves are similar. This graph shows that the
crack angle develops 1in a non-linear tashiom, which
ditfers from the linear variation which would Dbe
expected, since the ratio ry/t deternines stress state,
and ry varies linearly with AKZ. This therefore indicates
that the correlation using the linear interpolation method

does have some physical justification,

Tests at R=0.75. As mentioned previously, the speci-
mens of these tests did not exhibit a transition trom ten-
sile mode to shear mode. The strain energy release rate
model, therefore, could not be applied to these data. The

implications of this on the results of the analysis of the

R=0.05 data will be discussed in Chapter 8.

Microscopic Behavior

Specimens tested at both stress ratios were examined

using a scanning electron microscope. For specimens tested

at each stress ratio, three regions were examined: 1)

plane strain region; 2) mixed mode region 3) plane stress
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region. Comparison of the topographical features in these
areas provided evidence of crack <closure occurring in the
tests at R=0.05, and of no crack closure occurring in the

tests at R=0.75.

Plane Strain Regions

The plane strain region of a specimen tested at
R=0.05 1is shown in the upper fractograph ot Figure 7.12,
Fatigue striations were tound, and a small dispersiom of
particles was on the surtace. A compositiomn analysis ot
these particles revealed that they were likely pieces ot
the fracture surface which had been rubbed oftf by abra-
sion, which may be evidence of crack closure occurring in

this region.

The plane strain region of a specimen tested at
R=0.75 1s shown in the lower tractograph of Figure 7.12.
The striations were much sharper and more clearly detined
than those at the low stress ratio, and there were no par-

ticles on the surtace,

Mixed Mode Region

Figure 7.13 shows the mixed mode regiom ot a specimen
tested at R=0.05. The top fractograph shows that stria-
tions were present, although they appeared somewhat flat
and rubbed out. A greater dispersion of particles were

present on this surface than in the plane strain region,



Figure 7.12 The plane strain region of a 0.17 inch
specimen tested at R=0.05 (upper photo), and the plane
strain region of a 0.17 inch specimen tested at R=0.78S.

88
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Figure 7.13 The mixed mode region of a 0.25 inch specimen
tested at R=0.05 (both photos).
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as seen in the lower tractograph of Figure 7.13. This
indicates greater crack closure occurred in the mixed mode

region than in the plane straim region.

Figure 7.14 shows the mixed mode region ot a specimen
tested at R=0,.,75. Fatigue striations were clearly detftined,
and no particles were present on the surface. In contrast
to the low stress ratio, it appears crack closure did not
occur here, as well as in the plane straim regionm of the

R=0.75 tests.,

Plane Stress Region

The plane stress region of a specimen tested at
R=0,05 is shown in the upper tractograph of Figure 7.l1l5.
The surface appeared abraded, and a large dispersion ot
particles was present on the surtace, which is evidence

that crack closure occurred in this Tregion.

The lower tractograph shows the plane stress region
of a specimen tested at R=0.75. Fatigue striations were
clearly defined, and still no particles were preseant omn
the surface, Apparently, no crack closure occurred in this
region, as was the case in the plane strain and mixed mode

regions of specimens tested at this stress ratio,
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Figure 7.14 The mixed mode region of a 0.25
tested at R=0.75.

inch specimen
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Figure 7.15 The plane stress region of a 0.25 inch
specimen tested at R=0.05 (upper photo), and the plane
stress region of a 0.25 inch specimen tested at R=0.75.
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Single-Peak Overload Tests

Macroscopic Behavior

Investigations in the past generally confirm that a

consistent effect of thickmness on retardation following an

overload exists, with less retardation occurring in
thicker specimens. Several ot these investigatiomns [22,23]
identified crack closure as the principle retardation
mechanism, and the resulting thickness ettect on retarda-
tion was explained by a ditterence im crack closure occur-
ring in each thickness after the overload. The variation
in crack closure with thickness following an overload was
attributed to the difterence in stress state at overload
caused by the through the thickness constraint developed
at the <crack tip. Furthermore, when crack closure was
identified as the principle retardation mechanism, not
only did the number of delay cycles show a consistent
variation with thickness, but other parameters associated
with the retardation showed a consistent variation with
thickness also. Specitically, these other parameters were

the overload affected zone size, a the minimum growth

ol’

rate attained atter overload, (da/dN)mln, and the distance

beyond the point of overload at which (da/dN) . occurred,
min

a in’ Following an overload, these parameters were tound

min

to vary as follows for increasing specimen thickness:
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l. the overload attected zone, a decreased

ol’?

2. the minimum growth rate attained, (da/dN)mln,

increased

3. the distance beyond overload at which (da/dN)min

occurred, a in’ remained relatively invariant
min

Therefore, the above parameters obtained from the overload
tests of this investigation were examined to identify the
retardation mechanisms involved and explain the resulting

variation of retardation with thickness.
Tests at R=0.05

Two sets of tests were conducted under this condi-

tion, one with Ko =24.75 and the other with K°1=52.20. For

1

both sets of tests, the parameters discussed previously
showed similar variations with thickness. The overload
affected zone decreased with 1ncreasing thickness. The

size of compared well with the size of the overload

a
ol
plastic zomnes, lying between the values ot the calculated
plane stress and plane strain plastic zone sizes, 1in
agreement with Mills et al.[21]. The magnitude of a was

min

affectively independent of thickness, and was between the
calculated values of the plane stress and plane straia
cyclic plastic zone sizes, 1in agreement with Wel et

al.[22]. The variation of a and a with thickness tor

min

both test sets are shown 1in Figure 7.16. The minimum
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growth attained tollowing the overload shoved a consistent
increase with thickness for both test sets, as shown in

Figure 7.17.

Figure 7.18 illustrates the variation in delay cycles
for both sets of tests. The tests at K°l=24.75 showed a
consistent decrease in delay cycles with increasing thick-
ness, as expected from the behavior of the parameters men-
tioned previously. The tests at Kol=52'20 did @not show
this trend, with the delay cycles in the test on the 0.17
inch specimen being slightly less tham 1in the test on the
0.248 inch specimen, contrary to what would be expected.
This may be explained by the tact that the overload was
applied at 1.5 4inches in the 0.17 1inch specimen, as
opposed to 1.4 inches in the 0,08 and 0.248 1inch speci-
mens. At longer crack lengths, the stress intemnsity factor
increases more rapidly per increment of <crack extension
than at shorter crack lengths, This would account for the
shorter life after overload in the 0.l17 inch specimen, and

may explain the fewer number ot delay cycles.

All tests showed delayed retardatiom, that 18, a gra-
dual decrease in FCP rate to some minimum value, and then
a gradual rise to the pre-overload growth rate. This can
be seen in Figures 7.19 and 7.20, and also 1llustrates the

relative variation of a a , and (da/dN) . with
min

ol’ min

thickness.
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Tests at R=0.70

Two sets of tests were conducted under these condi-
tions, ome with K°1=24.75 and the other with Kol-35.00.
For both sets of tests, the retardation parumeters showed
similar variation with thickness. The overload atfected
zone did not show a consistent variation with thickness,
and the sizes of the overload attected zones were much
smaller than the calculated plane stress and plane strain
plastic 2zone sizes. The overload affected zones were
approximately the same size between the two test sets,
despite the difference in the applied overload K, as shown
in Figure 7.21. Neither test set showed a <consistent
variation of minimum growth rate with thickness, as illus-

trated in Figure 7.22.

Figure 7.23 illustrates the variation in the numper
ot delay <cycles with thickness tor both test sets.
Although neither set itselt showed a comsistent variation

with thickness, both showed a similar variatiom, with the
thinnest specimen exhibiting the greatest delay and the

0.17 inch specimen the least.

It did not appear that delayed retardation occurred
in any of the tests, as shown in Figures 7.24 and 7.25. In

all tests, there was a sudden drop in growth rate to a

minimum value. The subsequent increase in growth rate also

occurred over a very small distance.
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Comparison ot Tests at R=0.05 and R=0.70

Comparison of the retardation characteristics exhi-
bited at these two stress ratios shows that they are dif-
ferent. The a versus N curves for the tests at K°1=24.75
at both stress ratios shown in Figure 7.26 illustrate one
difference. All tests at R=0,.05 show a gradual increase in
growth rate to the pre-overload value, characteristic of
delayed retardation. All tests at R=0.75, however, display
a period ot approximately zero growth tollowed by a sudden
jump to the pre-overload growth rate. The result was
larger overload atfected zones and higher minimum growth
rates in the tests at R=0.05, as shown in Figure 7.27,
despite the fact that the applied overload K was the saue
in both tests sets. These difterences are further con-
trasted in Figures 7.28 through 7.30, which show comparis-
ons of the da/dN versus crack growth beyond overload for
each thickness. Similar differences were observed between

the other two test sets, although the Kol was ditferent in

each, as shown in Figure 7.31.

Microscopic Behavior

Two specimens were exmained using a scanning electroa
microscope (SEM). One specimen was from a test at R=0.05
and the other from a test at R=0.70. Both were 0.l17 inch
thick and the overload stress intensity was 24.75 ksi\lI;

in Dboth specimens. Three areas 1in particular were
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examined: 1) regions ahead of the point of overload; 2)
the immediate vicinity ot the overload; 3) regions beyond
the point of overload. Comparison of the topographical
features in these areas provided evidence ot a ditterence
in retardation mechanisms active in the tests at the

stress ratio ot R=0.05 and stress ratio ot R=0.70.

Test at R=0.05

The specimen tested at R=0.05 showed fatigue stria-
tions 1in regions ahead of the point of overload applica-
tion, as seen in Figure 7.32. At the point of overload,
the fracture surface topography was virtually the same on
either side of the overload, also shown 1im Figure 7.32.
However, regions 1immediately beyond overload showed evi-
dence of abrasion, and fatigue striations were not dis-
cernable. Areas well beyond the overload point exhibited
features very similar to the areas ahead ot overload, as
fatigue striations were observable 1im this regiom, as

shown in Figure 7.33.

Test at R=0.70

The specimen tested at R=0.70 showed no evidence of
tatigue striations ahead ot the overload, but rather a
dimpled appearance was dominant, as shown in Figure 7.35.
Also 1in Figure 7.34 is a fractograph of of the same area

at a higher magnitication illustrating the lack of fatigue
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Figure 7.32 Region ahead of overload point (upper photo)
and region at owerload for test at R=0.05, K .=24.75.
Thickness was €.17 inch, overload stress state w32 mixed
mode, and growth direction is indicated by the arrouw.
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Figure 7.33 Region beyond overload point for test at
R=0 .05, K_.,=24 75. Thickness was ©0.17 inch, overload
stress stage was mixed mode, and growth direction is indi-
cated by the arrow.
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X9008 00083

Figure 7.34 Region ahead of overload point (upper photo)
and higher magnification of the same region for test at
R=0.70, K__=24 75, Thickness was 2.17 inch, overload

stress stg e was mixed mode, and growth direction is indi-
cated by the arrow.
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23Ky X180

18 . 6l

Figure 7.35 Region at overload (upper photo) and beyond
overload peoint for test at R=0.70, K .=24 . 75. Thickness
was €.17 inch, overload stress state was mixed mode, and
growth direction is indicated by the arrow.
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striations in this regiom. At overload, there was a sharp
contrast between the topography immediately betore and

after the overload, as shown in Figure 7.35. The dimpled
surface changes to a smoother surface with striation-like

ridges. Also, the region just beyond overload appears to

be a plateau raised above the region ahead of the overload
point. At a distance beyond overload, the surface features

again had a dimpled appearance with no evidence of fatigue

Striations, also shown imn Figure 7.35, like the regions

ahead of the overload point,
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CHAPTER 8 - DISCUSSION OF RESULTS AND CONCLUSICNS

Thickness Effects Under Constant Amplitude Loading

The results of the constant amplitude loading tests
clearly showed an effect ot thickness on fatigue crack
propagation at both stregs ratios when the -"growth rate
data was correlated with AKI. Specitically, FCP rate
increased with increasing specimen thickness, but only in
the middle region of the AK range. The difterence in FCP
rate appeared only after a change 1in slope of the da/dN
versus AK curve, which occurred at higher values of AK and
da/dN with increasing thickness. After the change in slope
of the curves, higher growth rates occurred in thicker
specimens, until once again the slopes of the curves
changed. After the second siope change, FCP was again

independent of thickness.

The variation of crack closure with thickness due to
stress state transition did mnot &explain the thickness
effects in these data. A major hypothesis ot the crack

closure argument is that the stress state transitions

occur at constant values of T, the ratio ot plastic zone

size to specimen thickness, and that ditferences 1n growth
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rate between thicknesses are delineated at these points.
However, the results of these tests did not bear this out.
The slope transitions of the da/dN versus AK curves did
not occur at constant values of T at either stress ratio.

As a consequence, the thickness eftects could mnot be

directly attributed to the transition from plame strain to
plane stress. Furthermore, 1in the tests conducted at
R=0.75 where <crack closure did not occur, a thickness
etfect was still present in the data, indicating that some
other mechanism was active in the thickness effects

observed.

The fracture mode transition from tensile mode to
shear mode proved wuseful in explaining the thickness
effects at the stress ratio of R=0.05. The points at which
tensile mode ended and shear mode began, as determined
trom the specimen fracture surtaces, corresponded with the
points of slope transitiom of the da/dN versus AK curves.
The strain energy release rate model, which was developed
to account for the slanting ot the crack during mode tran-
sition, successfully <correlated the thickness ettects

which existed in the original data.

Several significant points were revealed by the
strain energy density and strain energy release rate ana-
lyses. The strain energy density model was developed to

account for the presence ot both mode I and mode IIIl when
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the crack was slanted through the thickness by combining
them into one parameter, S. The resulting correlation with
AS showed a more pronounced thickness ettect than the ori-
ginal correlation with AKI. This indicated that perhaps
the magnitude of AK did not reflect how much mode III

III

actually contributed to crack advance, i,e. (A is

K
IIl)eft
negligible. The strain energy release rate model con-
sidered only the portion of G produced by crack surface
displacement normal to the crack plane. The successful

correlation of the data using the strain energy release

t od b t
rate model may substantiate the assertion that (AKIII)ett

was mnearly zero,

The second signiticant point was that the apparent
thickness effects 1in the data may have been a manitesta-
tion of the inadequacy ot the stress intensity factor to
correlate three-dimensional phenomena. Under identical
conditions, a thin specimen and a thick specimen should
exhibit the Same growth rates. However, since shear lip
development begins at longer crack lengths 1in thicker
specimens, a thick specimen and a thin specimen are not
under identical conditions in the mixed mode region even
though the calculated AKI 18 the same in both, because the
cracks will be slanted at diftferent angles, Theretore,

this difference may be delineated as a "thickness effect"

when the growth rate data is correlated with AKI'
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The results of the tests at R=0.75 could not be
explained by tracture mode transition., Although the data
showed slope transitions similar to those observed im the
R=0.05 data, none of the specimens made a complete transi-
tion to shear mode. The values of AK at which tensile mode
ended on the specimen surfaces were much larger than the
AK at the first slope transition ot the FCP rate data.
Apparently, the crack slant argument can not explainm the
thickness effects in these data, and indicates it is the

result of another mechanism which is not yet apparent.

The major conclusions trom the constant amplitude

loading results can be summarized as follows:
1. Crack growth rates were higher in thicker specimens,

2. The thickness effects could not be explained by crack

closure concepts for tests at R=0.05 or R=0.75.

3. The thickness effects in the R=0.05 data could be

attripbputed to the transition from tensile mode to

shear mode.

4, The thickness eftects in the R=0.75 data could not be
attributed to fracture mode tramnsition because it did
not occur. Another mechanism(s) appears to DbDe active

which could not be determined in thais investigation.
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Thickness Effects Following a Single-Peak Overload

The two sets of tests at R=0.05 showed a comnsistent
effect of thickness on retardation following a single-peak
overload. Delayed retardation occurred in all tests at
this stress ratio, as evidenced by the gradual drop in
growth rate to a minimum, followed by a gradual increase
to the pre-overload rate. The number of delay cycles
decreased as the specimen thickness increased., The over-
load affected zone 1increased with decreasing specimen
thickness, and it varied in size between the <calculated
plane stress and plane strain plastic zone sizes, depend-
ing on the state of stress attained during the overload,
The minimum growth rate attained tfollowing overload
decreased with decreasing specimen thickness. The distance
beyond overload at which the minimum growth rate occurred
was relatively invariant with thickness, and it varied in
size between the calculated plane stress and plane strain

cyclic plastic zone sizes.

These observations are consistent with other investi-
gations in which crack closure was found to be the primci-
ple retardation mechanisn, When c¢rack <closure caused
retardation, the thickness effect was determined to be
caused by constraint at the crack tip. Although the stress
intensity at overload may be the same in each thickness,

the stress state may be different in each thickness.
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Constraint is larger in thicker specimens, and restricts
the 1inward flow of plasticity, resulting in smaller plas-
tic zonmes in thicker specimens. The degree of <crack «clo-
sure decreases with decreasing plastic zone size, there-
fore less closure and less retardation occurs in the
thicker specimens. Furthermore, the retardation parameters
would show a consistent variation with thickness. Speciti-
cally, the size of the overload attected zone would
decrease with increasing thickmness, the winimum FCP rate
would increase with increasing thickmness, and the number
of delay cycles would decrease with increasing thickness.
Theretore, the macroscopic results of the tests at R=0.05
indicate that when crack closure is the primary retarda-
tion mechanism, the thickness eftect on retardation is due
to constraint. Constraint is greater in thicker specimens,
resulting in less retardation as specimemn thickness

increases,

The major result of the fractographic analysis of the
specimen tested at R=0.05 was that retardationm appeared to
be due to crack closure, which is consistent with the
macroscopic observations. The surtace topography immedi-
ately after overload was similar to that ahead ot the
overload point, which may be indicative that no change 1in
the FCP mechanism occurred atter the overload. Further-
more, evidence ot abrasion immediately beyond the overload

point and no evidence of abrasion well beyond the overload
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point indicates that crack closure caused the retardation.
This microscopic behavior supports the delayed retardation

pehavior observed macroscopically.

The tests at the stress ratio of 0.70 did not show a
consistent effect ot thickness on retardation. The number
of delay cycles was always greatest in the 0.08 1inch
specimen, while always the least in the 0.l1l7 inch speci-
mens. The retardation did not appear to be delayed 1mn any
of the tests, but rather a sSudden drop in growth rate
occurred after the overload, tollowed by an abrupt Trees-
tablishment of the pre-overload growth rate after the
period of retardation. The overload affected zone showed
no apparent trends with thickness, and were significantly
smaller than the calculated plane stress and plane strain
overload plastic zone sizes, The minimum growth rate also

showed no apparent trend with thickness.

The macroscoplc characteristics of the retardation
tor tests at R=0.70 were ditterent trom those at R=0.05.
This indicates that crack closure was mnot the principle
retardation mechanismn in these tests, as was the case 1in
the tests at R=0.05. This assertion is further substan-
tiated by calculations based on results by Reuping [26]
which showed that no crack closure should have occurred

following overload 1in the tests at R=0.70. The retarda-

tion behavior at R=0.70 appears to be consistent with what
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would be expected if crack tip blunting were the retarda-
tion mechanism. If crack tip blunting had occurred im the
absence of «crack <closure, no delayed retardatiom would
have been expected. Rather, a sudden drop in growth rate
following overload should occur, followed by a period of
nearly zero crack growth, and then an abrupt rise of of
growth rate to the pre-overload value. The overload
affected zone would be very small, equal to the size
required to initiate the <crack from & short to a long
crack. The results otf the tests at R=0,.70 are very similar
to what would be expected 1f crack tip blunting were the

retardation mechanism in these tests,

Fractographic examination of the specimen tested at
R=0.70 revealed a distinct difterence im surface topogra-
phy between regions ahead of the overload and just beyond
the overload. Regions ahead ot the overload had a dimpled
appearance, which changed to a smoother surface with stri-
ations just beyond the overload. This may be evidence of a
change in FCP mechanism due to the overload application.
Considering the macroscopically observed growth Trates
after overload and the increment of crack growth over
which these very low growth rates were observed, this coun-
trast in surtface topography betore and atter overload may
have been due to a transition trom stage II to stage I
crack growth due to the overload. Further microscopic evi-

dence of stage I <crack growth ( crack reinitiation )
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following overload was provided by what appeared to be a
plateau after the overload. Such a feature may be expected
if the crack had reinitiated from the notch formed at the

crack tip during the overload application.

If crack tip blunting were the principle retardation
mechanism in the tests at R=0.70, as appears to be the
case, the retardation would be expected to be 1influenced
by specimen thickness. This is because the retardation
would be due primarily to the reinitiation of the crack at
the mnotch formed atfter the overload application, and the
initiation life is known to be dependent upon the state of
stress. Jack and Price [1l1] found that the number of
cycles for crack initiation from a notch in a sheet speci-
men was dependent on stress state, Specifically, initia-
tion life was found to be shorter under plane stress comn-
ditions than plane strain conmditioms. If this is the case,
then the opposite effect on retardation than that observed
in R=0.05 overload tests would be expected, i.e, greater
retardation would occur in thicker specimens. The results
ot the tests showed that the thinnest specimen still
showed the greatest amount of retardatiom, while the 0.17
inch specimen had the least amount ot retardation. This 1s
not consistent with the observations of Jack and Price. It
does seem plausible, though that the initiation lives may
be susceptible to scatter, and the trends of the thickness

effects on retardation observed in these tests may be a
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t of this scatter in the initiation lives.

The information provided by the fractographic obser-

vations alone do not provide definitive proof that retar-

dation was caused by crack closure in the tests at R=0.05

and by crack tip blunting in the tests at R=0.70. However,

they
ences
R=0.0
there

were

do provide microscopic verification of the ditfer-

in the retardation characteristics between tests at
5 and R=0.70 which were observed macroscopically,
by 1indicating that different retardation mechanisms

active at these two stress ratios. It therefore seems

apparent that the effect of thickness on retardation is

not always the same, but rather is dependent on the retar-

dation mechanism.

The major comclusions from the overload test results

can be summarized as follows:

When crack closure was the retardation mechanism,
greater retardation occurred in thinner specimens.
The thickness effect was attributed to the difference
in through the thickness constraint at the crack tip

in different thickness specimens.

Crack tip blunting appeared to be the retardation

mechanism in tests at the sgstress ratio of 0.70. In

these tests, the greatest retardation occurred in the
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thinnest specimens, and the least amount occurred in

the intermediate thickmness specimens.
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t=0.17.
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Figure G2. Comparison of transition based on fracture
mode transition with the actual data for R=0. 03,
t=0.17.
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Figure G3. Comparison of transition based on fracture
mode transition with the actual data for R=0.0S,
t=0. 248.
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