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ABSTRACT

The cffects of specimen thickness, stress ratio (R) and
maximUm-sﬁress inténsity factor (Kp,x) on crack closure (or
opening) and on fatigue crack growth kinetiéé werce studied
usingla.2219—T851 aluminum}alloy. The crack length and the
occurrence of crack closure were measured by an eléctrical po-
tential method. The experimental work was carried out within
‘the framework of linear-elastic fracture mechaﬁics.

The expefimental resuits show that the onset of crack
closure (or opening’ depends on R,. Knax and spécimen thick-
ness. In térms of‘the "effective stress intensity range
ratio" (U), as defined by Eiber,)the results show that U
tends to increase for increasing R,'decrease for increasing
Kméx' and decrease with increasing specimen thickness. From
these trends, it is shéwn that the "effecti&e étress inten-
sity range" (AKeff) does not always increase with increasing
stress intensity range (AK). The fatigﬁe crack growth data
show that the specimen thickness does not have a signifi—
cant effect on crack growth in this material over the lower
crack gfbwth rate region; below about 5 x 10"6 in./cycle

(1.3 x 10"'5 cm/cycle). In the higher érack growth rate



region, above about 5 x 107 in./cycle {1.3 x 10—5 cm/cycle),
thé crack growth rates are higher for the thicker s?ﬁcimons.'
Tﬁe Qiability of the crack closure model is questioned.
The experimental results show that crack closure cannot. fully
account for the effects of stress ratio and specimen thick-

ngas or Kmax

"on fatigue crack growth. The use of bKogg aS
a parameter for éharacterizing the mechanical driving force

for fatigue crack growth is questioned.



I. INTRODUCTION

With the increcased emphasis on "fﬁilfsafé" and "safe-
lifé; design of high performance aerospace and other égqi-
neering structures, the ability to accurately predict fati-
gue lives and. fatigue crack qtowth response in structural
components has acquifed increased impbrtance. Linea; frac-
ture mechanics has emerged over the past fifteen years, and
has developed.into ah'important tool for fatigue ahd'fracture
analyses of structures [1-4]. 1In its first application, the
crack tip stress intensity factor (K) or the stress intensity
rangeA(AK), defined by linear fracture mechanics, was pro- |
_posed as the appropriate parameter4for characterizing the
mechanical driving force for fatigue crack growth [5]. The
overall success of this concept has been well documehted
[3-7]-and K or AK has been incorporated into many of the em-
pirical relationships for describing the fatiéue crack growth

response; that is,
-Aa/AN = f (AK, etc.) : 4 (1)

For example, see the relationships proposed by Paris [4],
Paris and Erdogan [7]. These empirical relationships, how-
ever, have been found to be inadequate for most design ap-
plications.v Other modifications have been proposed in an
éttempt to aééount for the effects of stresé ratib (that is,
the ratio, R, between minimum and maximum stresses or stress

intensity factors in a given.loading cycle),:and for crack



growth response near thuvcritical‘stross intensity factor
(Ky. or K.} and‘the so-called fatigue crack growth xhreshold
(5Kyp) (8-11). Further medifications have also been proposed
to account fér load intefaetion effocts [12-14]) arnd to account
for crack growth under randomized loading {4,1S~19]} These
modifications have becn used with varying de§£§g§ of success.

More rccently,vthe concept of crack closure, first intro-
duced by Elber, has been used to formulate additional rela-
tionships and to provide-rationale fpr several important
aspects of fatigue crack growth [20-28]. The crack closure
éonéept has been claimed to provide rational’explanations
for stre;s ratio effect for fatigue crack growth under con-
stant—amplitude loadingA[ZO},'énd for load interaction effects
on crack growth (such as créck‘acceleration, fatigue crack
growth retardation and delayed retardation) under
variable amplitude loéding [20-24]. Furthermore, there is
.some belief that the closure concept‘can be applied also to
account for the effects of aggressive‘environments on fatique
crack growth [24,25], for crack gfowth response hear the
threshold [26,27] and for crack growth under randomized load-
ing [28]. The relevant aspects of the crack ¢losure concept
'éré summarized and discussed in the following paragraphs.

From experiments on a 2024-T3 aiumihum alloy, Elber
-observed.thét fhe load versus crack—opening¥displacement
curves exhibited a nonlinear region‘at’the lower load leveis

[20]. This behavior was interpreted in terms of crack



closure, that is, physical contact between the surfaces pro-
duced by fatigue. Elber suggested that the crack is closéd
at the tip over the lowei portion of the loading cyéle and
becomes open only after the applied stress exceeded a level
Sop, and that fatigue crack growth can occur only during that
portion of the loading cycle in which the crack is fully open.
Based on these suggestions, an effective stress range, AScief,
and an effective stress range ratio, U, were defined.

| ASegr S

max“sogi

U = = P_
AS Smax~Smin

(2)

Spax and Smin @re the maximum and minimum values of the ap-
plied stress in a given loading cycle; and SOp is the crack
opening stress. U can be defined equivalently in terms of

the effective stress intensity range, AK fg, and AK.

AKeff =-Kmax"Ko
AK Kmax~¥nin

Kop is the crack opening ‘stress intensity factor correspon-

U =

(3)

ding to Sop Elber.further suggested that it would be more
appropriate to cqrrelqte fatigque craCk‘grawth rate with AKéff
and proposed the following modification to the empirical

- equation [20]: |

.%% = A (MKegp)™ = A (UAK)P L (a

where A, n are empirical constants.
~ Based on a limited range of data on 2024-T3 aluminum
alloy, Elber suggested that the effective stress range ratio;

U, is only significantly dependent on the stress ratio, R,

- 5 -



and independent of the stress intensity range, crack length
or maximum stress intensity. For the testing conditions used,
he empirically correlated U with R by Eq. 5, for R values

ranging from -0.1 to 0.7 {20].
U= 0.5+ 0.4R ' (5)

Using this empirical result, Elber showed that Eq. 4* provided
a better fit to the ekperimental data fhan Paris' [4] or
Forman's [8] equations. |

There is little question that the crack closure concept
is deceptively simple and attréctive, and appears easy to
apply. .- Even thodgh the evidence of closure has been wéll
documented, the concept itself and the resulting relétion—
ships have not been fhororghly and critically examined over
a broad fange of structural alloys and conditions. Consid-
erable coh£roversies exist in the literature regarding the
values and interpretations of'cfack closure loads measured by
the different experimental techniques [29-32]. On the one
hand, there are methods that respond'to physical contact and
defbrmatioh ahead of the crack tip; such as, strain gauges
[33], extensometers [20] and laser intérferometry [34]. On
the other hand, there are methods thét only respond to the
physiéal contact between the crack surfécés; sdch as‘the‘
ultrasonic [24,25] and electrical potential methods [29,35],"

and optical interferometry [36]. ‘The former methods measure

*Since Eq. 5 suggests that U is independent of Kpax, then Eq.4
(like the Paris-Erdogan relation) cannot account for crack
growth behavior near AKyy and Kg.



the plasticity

8!
s

cffects ;n addition to the effcects of crack
closure while the latter qroup_only measures physiecal con-
tact. The controversics revolve, in part, around the physi-
cal meaning of the closure mcasurements provided byvthcsé
different methods and remain to be resolved. Much controver-
sies exist even when the same crack closure load mgaéurement
technique is used. For example, the crack opening stress as
measured by the crack opening displéﬁement techniques is
known to vary with the position of the gauges [28]. Conéid-
erable uncertainties also exist éonqgrniﬁg the effects of
other pertinent variables on the crack opening load other
than stress ratib; Investigators have reported that the
crack opening load depends on Kpax [35,37), crack length (301,
specimen thickness [37—39], matérial [35,39,40], and eﬁviron—
merit [25,29,39]. |

In view of these uncertainties (including the concept of
effectivé stress intensity range), the apparent écceptance
and usagé of.the crack closure cohcept at this time do not
appear to be fully jﬁstifiedl' Additional work is needed to
critically examine the crack'closure phenomenon and to assess
its possible role in fétigue crgck growth and in the develop-
‘ment of predictive procedures for fatigué.

In this work, the influences_bf Knmaxs R and épecimen
.fhickness on crack closure and on fatigue crack growth, under
constant-amplitude loading in an inert énvironment, are exam-

ined.' A 2219-T851 aluminum alloy was used to complement a



previous study of crack closure and fat;gué crack growth in
a Ti-6Al1-4V alloy [35]. Crack closure was measured by means
of an eléctrical potential technique [351.. The exgﬁrimental"
work was carriedkouﬁ within the framework of linear-clastic -
fracture mechanics. The viabiiity of the crack clcsure model

to predict fatigue crack growth is also discussed.
.+ IXI. MATERIAL AND EXPERIMENTAL WORK

IT.1. Haterialrané Text Matrix

A 3-in.-thick (7.62-cm—-thick) plate of 2219-T851 alumi-
num alloy,* (12 in. by 12 in.. or 30.5 cm by 30.5 cm) was ob-
tained from the Westinghouse Eléctric Corporation for use in
examining the effects of specimen thickness, load ratio (R =
Pnin/Pmax = Kmin/Kmax) and stfess intensity (Kpax or AK) on
crack closure and on fatigue crack growth. The chemical com-
position and room-temperature tensile properties of this
plate afe given in Table I.

‘The test matrix given in Table II was designed for ex-
amining‘the effects of spééimen thickness, 1oad ratip and

stress intensity.

I1.2. Test Specimen

Wedge-opening load (WOL)Aspecimens, havihg a half-height
to width ratio (H/W) of 0.486 and the same planar dimensions
(Fig. 1), were selecfed for these studies. 0.1+ 0.2;, 0.5-

and 1.0-in.-thick (0.25-, 0.51-, 1.27- and 2.54-cm-thick)

*This material is being used by Westinghouse Electric Cor-
poration in an HFML program under Contract F33615-75-C-5064.

_g -



specimens, oriented in th% longitudinal {(LT) orientation
[42], were machinudlfrcm the 3-in.~thick (7.62~-cm~thick)
plate. The specimen locations within the plate were ran- .
domized in the thickness direction. An ihit;ai {(or crack
starter) notch, about 0.77 in. (1.96 cm) in length was intfo?
duced into each specimen by electro-discharge machining (EDX)-.
Fach speccimen was precrdckedvin fatigue through a decreasing
sequence 6f loads that terminated at the desired load-level
for the actual exgerimehts. The precracking procedure pro-
vided a faﬁigue crack about 0.13 in. (0.33 cm) in length from
the end of the starter notch; correspondiné to a crack length
of about 0.9 in. (2.29 cm). This precracking‘procedure en-
sures that the subsequent fatigue crack_grqwth wiil be through
material that has not been altered by the notch preparation
procedure and will be unaffected by the starter notch geometry.
Stress intensity factor, K, for this WOL specimen was

computed from Eg. 6 [43,44]:

- _P - a, a,2 _ a3
K = BW va [30.96 lQS.B(W) +.730.6(w) 1186.3(w)
, a4 (6)
a, 4
+ a
| 754.6(W) ]
Where P = applied load,
B = specimen thickness,

W = srecimen width, and
a = crack length.
Both specimen width and crack length were measured from the

line of loading, as shown in Fig. 1.

- g -



11.3. Experimental Procedures

Crack closure and fatigue crack growth (including fa-
tigue précruckinq) experinents woere c:arri(n’j cut in dehumidi-
fied argon, in a closed-lcop clectrohydraulic testing machine
operatedvin load control. Load control was estimated to he
better than t 1 percent. Fatigue crhcks were extended by
constant ioad—amplitude (sinusoidal wave) fatigue cycling at
5 to 10 Hz* for selected maximum loads (pmax) and load ratio
(R); Ppax and R being maintained constant for a given test
specimen. atlgue cycllng was’ 1nterrepted at a crack length
of about 6.9 in (2.29 cm) and, subsequently, following each
0.1 in. (0.25 cm) of crack extension for crack closure mea-
surements. For these crack cloeure measurements, the speci-
men was unloaded from the maiimum load to the minimum load
used in fatigue and reloaded to the maximum load, using the
» sing1e~eycle feature of the testﬁng machine at cyclic loadingr
»frequency of 0.01 Hz. Three such unloading-reloading se;
quences were made at each crack length.

An electrical potential technique was used for monitor-
ing fatigue crack grthh and for making crack closure'mea—.
surements [35,45,46]. Details of this technique and of the
environmental control system are described separately in the
following sectlons. For fatlgue crack growth, changes in

potential (crack length) were recorded as a function of time

*Previous results suggest that there should be little or no
effect of frequency on crack growth in an inert environment
over this range of frequencies [45].

_10_



for subsequent conversion to growth rate (%a/AN) and K. For
the crack closure experiments, autographic recordings of

changes in potential versus load were made.

I1.4. Crack Monitoring System

The electrical potential technique hsed for monitoring
crack growth and crack closure is based on the change in
electfical resistance of the specimen with crack length [45,
46]. A constant d.c. current was applied to 'the Speciﬁen, |
and_chaﬁges in electrical potential (V) were measured between

fixed points above and below the crack. A schematic diagram

A

in Fig. 2. During a

of the measurement sjstem is shown'
fatigﬁe crack growth test, V was monitored as a funcﬁion of
time by the potential ﬁeasprémentﬂcircuit and recorded on a
strip chart recorder. For the crack closuredexperiments{
changes in potential were recorded as a function of apélied
load on a X-Y recorder. This method has been shown to be |
accurate and sensitive, and‘to,agreé well with other crack
measurementﬁtechniqﬁes for a number of material tested in
different environments [46]. The major advantages of this
technique are.thaf it permi#s measurement of crack length
while the crack is complétely covered, thus allows complete
freedom for‘using environmental dhambers which completely
cover the crack area (see next section), and that it provides
.é direct measure of\the area of crack surfaces in physical
contact during closure. |

- Because of the complexity of the specimen geometry, an

- 11 -



analytical relationship between crack length and potential
was not available for the WOL specimen and an experimental

" calibration curve had tg be established. Experimental cali-
Yy .

S

bration was accomplished by making simultancous visual and
clectrical potential measurements of crack length on sge;i-
mens fatigued in air. (See Fig. 2 for placement of potential
and current leads on specimens used in this study.) The
calibration results for specimehs of different thickness are
shown in Fig. 3 as crack length (a) versus the normalized
poténti;l values (V*).f These results show the reproduc-
ibility between specimens and confirm that the calibration
curve is independent of specimen thickness. The follo@ing;
second degree polynomial, Eg. 7, provided the best (least-
square) fit to the data, and was used as the calibration

curve:

]

a = 0.792 + 3.43V* - 1.54V*% (a in in.)

(7)

i

a 2,01 + 8.71v* -ZBQQlV*z (a in cm)

tThe electrical potential method provides measurements of
crack length averaged through the thickness, while the vi-

" sual method gives measurements of the crack length at the
specimen surface only. Crack length measurements made by
these two methods would differ because of crack front cur-
vature. The discrepancy was significant for the thicker
specimen. Corrections for crack front curvature were made -
by measuring average crack lengths from the fatigue markings
(introduced during the calibration tests by changing the
load amplitude) after specimen fracture. The average crack
length was computed on the basis of five measurements - one
at each specimen surface, one along each of the quarter- »

" thickness planes and one along the mid-thickness plane. The .
“corrected" crack lengths are used in Flg 3 and in deriving
Eq. 7. = -
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at each specimen surface, one along each of the quarter-
thickness planes and one along the mid-thickness plane. The
"corrected" crack lengths are used in Fig. 3 and in deriving
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wWhere a = crack length

Ve = (V-Vr)/Vr

Vy ©# reference potential associated with the initial
notch
V = potential at a crack length a

Accuracy of crack length measdfements was estimated to
be better than 1 percent. The resolution, based on a fixed
working current of about 10 amperes, howeVér(‘depended on
specimen thickness, and was only sl@ghtly dependent on crack
length. For the l-in.-thick specimeﬁ, crack length resolu-
tion was bettef‘than 0.004 in. (0.01 cm) based on 0.1luv
resolution in electrical potential. Resolution for the thin-
ner specimens‘improved in inverse proportion to the specimen
thickness, that is, 0.002 in., 0.0008 in. and 0.0004 in.
(0.005 cm, 0.002 cm and 0.001 cm) for the 0.5, 0.2, and 0.1'
in. (1.27, 0.51, and 0.25 cm) thiCk specimens respectively.
For both the crack growth qu crack closure studies, the
electrical potential signal from the sbecimen was reduced,by
a preset reference d.c. signal ffom a six dial potentiometer.
The differeﬂce signal was amplifiedvby a-high—gain d.c. ampli-
fier and was recorded by a strip chart or X-Y recorder. |
Ceramic loading pins were used to isolate the specimen from
the testing machine and to circumvent problems that would have
been introduced by changes of contact resistance between metal

pins and specimen during cyclic loading.

- 13 =~



IT1.5. Environment Control System

It is kpown that an oxide layer could form on the frac-
ture surfaces of specimens exposed té air. Thi; oxide layer,
having different electrical properties from a clean crack sur-
face, can intérﬁeré with the electrical potential mcasurement
and results in an underestimate of the extent of crack
closure [35]. To circumvent this problem, the crack closure
and éssociated crack growth studies were carried out on speci—
mené tested in dehumidified argon [(35]. |

Dehumidified argon was maintained around the crack by
flowing argon tﬁrough chambers clamped to the faces of the
specimen. Dehﬁmidificétion was accomplished by passing ultra-
high—pufity grade argon (99.999% purity) through cold traps
at less than -220°F (-140°C), and'through a titanium sublima-
tion pump (TSP), before admitting the gas iﬁto the environ—
mental chamber through a high-conductahce coupling. (Thﬁs,
the ?SP served a dual role - as a getter and as a pump for
actiQ;‘residualiimpurities‘iﬁ‘the chamber.) The effluent
from the chamber was passed through another cold trap, then
through a silicone fluid back-diffusion trap before being
discharged. A schematic diagram of this environment control
system is shown in Fig. 4. Thekeffectivenesé of this purifi- .

cation system has been demonstrated by Wei and Ritter [48].

II.6. Data Reduction Procedures

I¥I.6.a. Crack Closure. . Crack closure data were determined

from autographic recordings of applied load versus changes in

- 14 -



electrical potential (or crack: length). Typical‘curvﬂs from
a series of closure tests are ﬂhowﬁ in Fig. .5 {orwiIIUStratidn.
Unlike the égse-of Ti-6Al1-4V alloy tBS], these curves posscess
features that make data interpretation more difficult, and a
somewhat arbitrary, but consistent, pfocedurc had fo be adop-
ted. The rationale for the selection of this pro;edure and
the procedure itself are described. :A>comparis¢n with alter-
native procedures is made. A more detailed consiaeration of
possiblé causes‘for the various features in the load versus
electrical potential (crack length) curves are given in a
later section (see DISCUSSIONS) . |

Ideally, at maximum load, the electrical potential would
assume a value V(a) corresponding to the current crack length
a. With unloading, it should remain at this value until the
onset of crack closure, and then decreases with progress;ve
crack closure to a lower value corresponding”to the.minimum
load. On reloading, the potential would increase‘(generally
on a different path) until it reaches V(a), corresponding to.
the onset of "full" crack opening, and then remain constant
with further increase in load to the maximum load. The valuevb
of the load at which the potential reaches V(@)ﬁOn reloading

is defined as the crack opening load, and the corresponding

point on unloading as the crack closure load.

For the 2219-T851 aluminum alloy used’&nvthis study, and
for other aluminum alloys [49], the electrical potential

tended to incréase slightly with initial unloading before
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becoming nearly consﬁant and thon dec:easo with further un-
loading (sce Figs. 5 and 6). The reloading portions of the
curves exhibited the éame general trend, and the final indi-
cated potential values tended to be higher than whai might be
“expected from one c?cle_qf fatigﬁe crack growth. It is be-
licvéé that these peculiaritie§ were asscciated with changes
in c;aék shape and with instrumental problems which became
more evident in the case of these low étrength, low modulus
and low resistivity aluminum alloys. Thesé pecu;iaritiés
made it difficult to determine the crack opening or closure
load unambiguously. To circumvent this problem aﬁd to develop
a consistent and rational method for data analysis, several
methods or criteria were evaluated. Two separate reference
points were considered: (a) the potential (crack length) at

maximum load, point A in Fig. 6, and (b) the (maximum) poten-

R ¥

tial corresponding to the apparent maximum crack length
(defined by a vertical tangent to therload.versus potential
‘curve), point B in Fig. 6. Only the reloadingvpértions of

the curves were cohéidered. The various methodslare illus-
trated schematically in Fig. 6. In Method l;‘the crack open- .
ing load (Ppp) is defined as fhe load at the onset of "full"
crack bpening, corresponding to the apparent maximum crack |
length (vertical tangent). Methods 2.to 5 are off-set mefh-
ods and based on arbitrafy choices of average crack closure
1engths. Methods 2 and 3 are based on average crack closure

of 0.005 and 0.010 in. (0.013 and 0.025 cm) measured from
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the point of apparent maximum crack length, respectively. In
Methods 4 and 5, the same average crack closure lengths are
usced in conjunction with the maximum load peint. A compari-
son of Kop values obtained by these five methods is shown in
Fig. 7. It is seen that Method lrprovided the highest esti-
mates (although not necessarily upper bound estimates) fof
Kop: and that all five.methods produced the same ﬁrend in
data.

Of the two reférence points cohs&dered;Ait is believed ’
that the second one ﬁore closely represents a lihe crack.
Based on this belief, Method l’might'appear to be a reason-
able first choice for use in data analysis. Unfortunately,
however, ambiguities are introduced because of the contra-
vening effects of changes in crack shape and possible onset
of crack closure, and because of the inherent difficulties
associaﬁediwith tk» determination of tangency points. A
viable alternative appearsrto be Method 2, which embodies
the more acceptable second reference point and provides a
more easily and precisely defined (though arbitrary) inter-
cept on the load-potential cufve. Since all five methods
pfovide the same trend, and since Method 2 yields values ..
that fall between the other methods, it was selected f&f use
in estimating crack opening loads in all of the experiments.
It.is to be recognized that the actual crack‘opening loads
would, in all likelihood, be somewhat higher (abbut 10 per-

cent) than those given by Method 2.
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The indicated“ammuntvwf crack closure was observed to da;
crease about 5 pﬂrcent'gith cach successive crack closure
test at a given crack length. Tﬁis apparent decreasc in
crack closuré may be attributed to slight oxidatién of the
crack surfaces by the residual impurities (less than 1 ppm
of H,0 and/or 0j) during the long period of unloading and
reloading pfocess (100 sec. per»closure test). Since this
apparent decrease in crack closure would result in succés—
sively lower cfack opening loads from eadh of the off-set
methods, only results from the first closure test at each

crack length were used. The other closure tests were merely

used for verification.

I1.6.b. Fatigue Crack Growth Data. Fatigue crack growth
rate data were obtained di;éctly from the electriéal poten-
tial (crack length) versus time (élapsed cycle) records; |
using the experimental calibration results,,Fig, 3. Crack
lengths (hence, K and AK) were determined from -the poﬁential
values,'énd the corresponding growth rates were obtained by‘
' graphiéal differentiation of the potential-time records.
Because of crack closure, corrections had to be made for sbme
of the data at the lower R values and at high K. The cause.
and the correction procédures are described and discussed.
As a result of crack closure, an oscillating electrical
potential signal (corréqunding to the alternate opening and
‘closing of the fatigue crack near ifs tip) is produced. The

recorder response in the electrical potential (crack monitor-
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ing) system was such that the rms (rootomCan square) values
bfmthis oscillating sigqal were recorded. At long crack
lenqthéA(that is, at high K levels) the differences between
the rmé values and the potential values borgespondinq to a

- fully opened crack were sufficiently large to réquire correc-
tions, particularly for tests at the lower R values. (The
‘need for this correction, however, can be eliminated by sam-
pling only the peak values with approériate instrumentation.)
The true poteﬁtial can be obtained‘byvperiodically stopping
the'testing'machine aﬁd keeping if at the maximum value Qf
the cyclic load. The difference between the tfue potential
and the recorded poténtiél, therefore, can be obtained dur-
ing these interruptions. The potential values at the inter-
mediate points, thén, can be corrected by interpolation.
After correcting the ;écorded eiectrical potential, the‘cor—
rect crack length and craék‘grOWth rate can be obtained in
the usual manner. This correction procedure was used for
data obtained at R of 0.05 and 0.3 at K, above about 12.0

3/2

ksivin. (13.2 MN-m ). In ali other cases, the differences

were negligibly small and required no correction.
ITI. EXPERIMENTAL RESULTS

Experimental work was directed principally at studies of
crack closure and of fatigue crack growth under conétant-
amplitude cyclic load in a 2219-T851 éluminum alioy plate,

tested in dehumidified argon at room temperature. Crack
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closure and fatigue crack growth were cexamined as . a functiocn
of Kp.x+ Stress ratio (R), and specimen thickness (see Test
Matrix given in Table I1). The crack closure results and

fatigue crack growth data arc described separately.

III.1. Crack Closure

Experimental results show that the onset of crack open-
ing is a fgnction éf all of the variables studied, namely,
Kmaxr stress ratio, and speéimen thickness. The results are
summérized and discussed in terms of the "effective stress
range U", U =.(Pmax’Pop)/(Pmax'Pmin)' and the "effective
>§tress intentisy range“,JAKeff = Kmax;Kop: as defined by
Elber [20]. It is to be emphasized that U and AKq¢f¢ are
being used here solely for the sake of convenience in compa;:
ing experimental results with data reported by othefxinvesti—
gators, and that no physical significance for these para-
meters is assumed or implied. These results are summarized
in'Figs. 8 to 15. For brevity, only those results obtained
'fromiérack opening loads determined on the basis of an aver-
age crack closure of 0.005 in. (or 0.013 cm) from fhe maxi-
mum apparent crack lgngth“of the loading curves are shown
(see Sectioﬁ II.6.a.).

The effect of Kyyx on U (or crack closure) at several .
st;ess‘ratios (0.05, 0.3, 0.5, and 0.7f are shown in Fig. 8
and Fig. 9 for 0.5 and 0.1 in. (1.27 and 0.254 cm) thick
specimens respectively. The data show that U decreases with

increasing Kpax and increases with increasing R. These trends
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iy
are c?nsistent with previouslf reported results on a mill
anncaled Ti-6Al1-4V alloy plate {BSj. These results, however,
are not in comgl&ta agreement. with the publiﬁhcd“rcsults on
2219-T851 aluminum alloy th&t suggested U to be independent

of Kméx at 0 < R < 0.32 and to be eQﬁal to 1 (that is, no
crhék closure) {or R & 6.32‘[40}. The effect of specimen
thickness on U is shown inhFigs. 10 and‘ll for two values of
stress ratio (0.05 and 0.3 resbectively). The re§uits show
that over the range of R and Kpax studied, U tends to decrease
with increésing épecimen thickness. The effect of specimen
thickness on crack closure tends to’disappeaf for thick—
nesses larger than 0.5. This trend is not consistent with
previous results of 2024-T3 aluminum alloy that showed some-
what less crack closure in the thicker specimens [38,39].

The experimental data may be presented also in terms of
the effective stress intensity réhge (AKgff) versus AKX, Figs;
12 t§ 15. The trend liﬁes shown were constructed from those
in the U versus Kmag'plots, Figs. 8 to 1l. .These~data simply
reflect changes‘inly with Kpax or AK, and show that AKaoff
does not necessarily increase with’increasiﬁg AK. For ex-
ample, at stress ratio R = 0.05, the AKoff increasing with
AK at low K level and éhén tend to decrease with increasing

AK for the 0.l1-in. (0.254-cm)-thick speéimen. On the other

hand, at this stress ratio, AKaof g decreases monotonically
with increasing AK for the 1.0-in. (2.54-cm)-thick specimen.
The implications of these results are considered further in

the discussion section.
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111.2. Fatigue Crack Growth

Futigue crack growth dﬁta were obtained in conjunction
with}thc crack closure stﬁdies and are shown in ?igs. 16 to
i9. The achievable reproducibility of crack growth data can :
Ee recadily seen from the results from duplicated tests of/
O.S—in.'(l.27 cm)-thick specimens at R = 0.5, Fig. 18. bata
scatter was cstimated to be equal to about 20 percent."FigS-
16 and 17 show that stress ratio has a éignificant effect on
fatigue crack growth over the range of stress ratio (R) from
0.05 to 0.7. The R effects are consistent with previous re-
sults on Ti-6Al-4V alloy ([35]. They are not in agreement,
however, with those of Katcher and Kaplan {40], that showed
an absence of stress ratio effect for 2219-T851 aluminum
alloy (tested in air) at R 2 0.32.
| Figs; 18 and 19 also show that specimen thickness does
not have a significant effect on‘fatigue crack growth at the
lower growth rates (that is, below about 5 x.lO_6 in./cycle
or 1.3 xilo'5 cm/cycle), where the condition‘approximating
"plane'étrain" prevails‘évgr the rénge of speéimen thickness
(0.1 to 1.0 in.) and K levels used 'in this study. At the
higher Qrowth rates (that is, above about 5 x 1078 in./cycle
(1.3 x 107° cm/cycle) ), crack ggowth rates‘iend té be higher
for thé thicker specimens, which is consis“ent with the iower
values of fracture toughness for the thicker specimehs [50,

51].
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I1V. DISCUSSIONS

The present study has provided a comprchensive set of
experimental data on crack closure and on fatique crack
growth for an aluminum alloy over a range of Spe¢imen tﬂick—
ness, stress ratio, and K ax (or AK). The trend of thgse
data are consistent with those obtained previously on a Ti-
6A1-4V-alloy as functions of stress ratio and Kmaxl(or AK)
[35]. Taken in toto, these two sets of results pfovide a
useful basis for assessing (a) the crack closure and fatigue
crack growth response to'Changes in Kmax' stress ratio ana
specimen thickness, and (b) the crack closure (or effective
stress intensity range) concept and the viability of‘this
concept for correlating and uhderstanding fatigue crack
growth. The crack closure and fatigue crack growth results
are considered separately first, and are then taken together
‘in a critical assessment of the viability of the crack clos-

ure concept.

IV;l; Crack Closure

IV.l.a. Crack Closure Meésurément. Before aiscussing and
comparing the results of thi; stﬁdy with other'igvestigations,
a clearer understanding of the processes that give rise to
the loaa versus electrical potential cﬁrves or crack ciosure
is.needed.n‘

For an idealized crack in an eléstic medium, the crack

surfaces are expected to be completely separated (open) under
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an externally applied tensile load, and to ke in”complete
contact (fully closed) in compression. Load vs. change in
clectrical potential cﬁrves for this idealized case are ex-~
pected to follow the behaviér indicatéd by Fig. 20a. In re-
ality, crack-cl§sure is expected to proceed from the crack
tip and extend gradually back towards the initial notch, as
indicated in Fig. 20b. The initial deviation from V{(a) can
be identified with the onset of crack closure,.which'iS“asso-‘
ciated with the crack closure stress or load. If the unload-
ing and reloading éurvesvfollow the same pafh, this point

can then beﬂassociated with the crack opening stress, Sop'
defined by Elber [20].

As shown in Figs. 5 and 6, however, there was an initigl
increase of electriéal potential upon unloadingﬁfrom.the max-
imum load. This “bulge“ was also observed by«other investi-
gators [29]. The most plausible cause for this bulge is
believed to resﬁit from an apparent change in crack length
associated with a change in the éhape of the crack with
' loéding and unloading. This process may bé’raﬁionalized if
one assumes the length of the crack perimeter to remain es-
sehtially constant. At the maximum load, the crack is ap-
préximately parabolic (or ellipicai for center cracked
specimens) in shape. With unloading, fhe parabola (or el-
lipse) is collapsed. The resulting changé in shape produces
an apparent increase in crack length, thus ¢ausing the re- |
sistance and the electrical potential to increase. An

[

- 24 -



drdur of magnitude estimate of this e{fmcg showed that this
process could accournt for the observed Qhanges in pg(untial
and provided justification for the use of the indicated dp-
parent maxiﬁﬁm crack lengths as reference points for data
analysis (sce section II.6.a).

The records (see Figs.'S and 6) also showed that during
the reloading process, the clectrical potential remainea es-
sentiall& constant initially énd was less than that at the
corresponding load durih§ unloading. This difference can be
attributed to the refracfﬁring of regions of the crack sur-
faces that had become "cold welded" during unloading, and
lends further support for the occurrence of crack closure.

As the reioading process is4continued, the potential eventu-
ally crossed over the unloading curve and attained a value at
the maximum load that was higher than the potential before
unloading, Fig. 5. The difference in potential indicated an
apparent crack growth that was much larger than ﬁhe growth
associated with one 1oading cycle. This difference is be-
lieved to be artifactual (pfobably related toArecoider "back-
lash") and would introduce only minor errors into the opening
load measurements;

It is to be emphasized that the electrical potential
method provides closure (or opening) load measurements di-
rectly related to physical contact of the crack surfaces.
Because of the aforementionedvuncertainties, the crack open-

ing loads, and the associated values of U and AKeff do not
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represent the "true™ values for this 2219-T851 aluminum allwf;
They dJdo, however, represent best estimates of these parameters
and portray the correct trends in behavior. Comparisons with
other investigations are to be considered in light of these

comments.

IV.1l.b. Phenomenology of Crack Closure. There is now agree-

ment that crack closure does occur during fatigué, and that‘
the crack opening load would dépénd on the inter-relation-
ship between the craék opening displacement produced by the
externally applied locad (for the elastic-plastic case).and
the effective thickness of the layer of residual tensile -de-
formation* left in the wake of the f;tigue Crack'tip [20,35].
This inter-relationship would, in turn, determine the varia-
tion of U (the effective stress intensity range ratio) with
Kmax and with specimen thickness. 1In an earlier study on
crack closure in‘a Ti—6Al-4V alloy, Shih and Wei [35] sug-
gestéd that the surface shear lip associated with fatigué
crack growth played a dominant‘réle in craékvclosure. The
shear lip contributions should be incorporated into the con-
siderations of the present results on 2219—T851 aluminum al-

loy.

*Residual tensile deformation is viewed here, in a broad
sense, to include the contributions from the crack-tip
plastic zone (including the surface.shear 1lip) and the

localized deformation associated with fatigue fracture on
a microstructural scale.
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K
At the very low Kmax levels, the increment 65 crack
growth per cycle is véry small (of the order ).O"S times the
crack-tip plastic zone size) and represents an average of
crack'advance aﬁ'localized positions alohq the crack front.
'The fracture brocess tends to be on an microstructural scale
and involves very localized deformation [52]. As such, the-
effective thickness of the residual tensile deformation layer
(including the sheér lip contribution) is expected to be
smailer than the crack opening displaCemeﬁt at Kmin' Conse~-
quently, U is expected to be equal to 1.0 in this region (see
Fig. 21). (Alternatively, one can consider that the crack
behaves essentially as an elastic crack and arrive at the
same conclusion that U would be equal to 1.0 in the véry low
:Kméx range;) As Kmax is increaséd,'the crack gfowth ingrement
becomes a larger fractiéﬁ of the plastic zone size (of the
order of 10"3 times) and represents a more uniforﬁ increment
of advance aiongléhe entire crack front. The sizg of,the ac-
companying surface shear lip and the effective thickneés of
the residual tensile deformation layer are also expected to
increase. The'incréase must be such aé to cause crack
closure and the subsequent crack opening to occur at a K level
above Khin and,toicéuseea decrga;e in U with increasing Kmax‘

With further increases in Kmax’ the size of the surface shear
lip is expected to become stabilized, whereby U is expected to

reach a minimum value and than beéin to increase (Fig. 21).
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In.the limit, U is expected to tend toward 1.0 as Kmax be-
comes sufficiently large to .cause large scale yielding ahead
‘of the crack tip. The observed variation of U with Kﬁax
'(Figs. 8 and 11) lends support to the fo;egoing siﬁple physi-
cal view of the crack closure phenomenon.

Because Kmin increases with R and because the effective
thickness of the residual tensile deformation layer is not ex-
.pected to depend strongly on R, the valﬁe‘of Kmax at which U
departs from 1.0 is expected to ihcreaée with Kmax' Similar—

ly, U is expected to incréase with R at a given Km . These

ax
trends afe consistent with the experimental observations
(Figs. 8 and 9). |

If the surface shear lip plays a significant role in
crack closure, one could expect (at a given Kmax) U to de-
crease with specimen thickness and %hen reméin essentially
constant with further increases in speciﬁen thickness. This
expectation ié based on the facts that (a) the shear lip size
tepds to femain constant at a given Kmax’ ané (b) the crack
cpening displacement tends to decrease with increasing speci-
men thickness as the crack-tip constraint changes from dne
of essentially plane-stress tolthat approximating plane-
strain. Such a change in U with‘specimen thickness is éon-
sistent with the experimental data (see Figs. 10 and 11).

It is seen that U is a complex function of Kma# and of

specimen thickness. The observed variations in U are consist-
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ent with a simplified ph?siéal view of the closure phenomenon
that involve considerations of the role of surface shear lip
associated with crack growth.: As such, craék closure must

be viewed as a 3-dimensional phenomenon (35} and must be

treated as such in any rational analysis.

Iv.l.c. hCompafisons with Othet»Investigations. The fore-
going discussions (Sectiohs Iv.l.a and 1V.1.b) have shown that
the observed variations in U (the effective stress intensity
range ratio) with Kmax; R'andbwith specimen thickness for the
2219-T851 aiuminum alloy réprésént the best estimates of the

values of U and of the‘dété trend, and are consistent with
physical ¥easoning. ‘These'rééﬁlts may now be used for compar-
ison with the results and for assessment of the conclusions
from other investigations.

Comparison of the resultsmfrom this investigation with
that of a previous study on Ti-6Al-4V alloy [35] indicates
that the overall trends of‘the‘data‘are similar,‘althOugh the
spedific depgpdence on stress ratio differs. The similarity
between thesé two sets of results suggésts that the general
+rend for the variation oé U witthax and R depicted by the
data would hold for all materials. Differences in detail can
be expected as a result of differenéesﬁin material properties.
These results confirm that the variation of U‘Qith K ax 1S
compleéx and is a function of stress ratio and specimen thick-

ness (or state of stress). U can decrease, rémain sensibly
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const&nt or increcase with incrcasind K max (at a given atrcss
ratio and specimen thickness) depending on the range of Kmax
Direct comparisons with other investiqatioﬁs. therefore, must
be made with care and within the same range of Kmax' Further-
more, these data show (see Figs. 8 to 11) that the value of

U and any empirical representation of U as a function of R
(such as that given by Elber [20]) would depend on the level

of K .+ and that brcéd.generalizations based on limited

data would not be warranted.

Direct comparison between thé present résults and 1imit;
ed reéults«on crack closure on another 2219—T851 éluminum
alloy, obtained by Katcher and Kaplan [40], can be made. The
results of Katcher and Kaplan covered a range of Kmax values
from about 7 to 17 ksivin. (or 7.7 to 18.7 MN-m~3/2) at R of
0.08, 0.3, 0.5, and 0.7. For those cases where the maximum
load wés maintained fixed, the U values reported bY these
authors are in reasonable agreement with those of this in-
vestigation*. Unfortunately, however, because of the very
limited amount of closure data and of an unwarranted assump-
tion that U is independent of Kmax' the authors erroneously
concluded the crack closure is limited to R values below

about 0.32 and that U can be represented by an empirical re-

lation, U = 0.68 + 0.91R, for all Kmax levels.

*U values for R of 0.5 and 0.7 are taken to be equal to 1.0
in accordance with the deflnltlon for U. ‘
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Once cén infer from the present results that Elber's clo-
sure data dn 2024-T3 aluminum alloy [20] must have been
obtained over a region of Kmak in which U is sensibly inde-
pendent of Kmax+ The empi;ical relation U = 0.5 + 0.4R can
‘be valid, at best, over the Khax range used in his investi-
gation, and its use must be restricted to that particular
alloy and for thebthickness of material used in his closure
experiments. Elber's conclusion. that U is independent of
Kmax’[201, which was based on limited data, can no longer be

accepted as being valid over a broad range of Knax values.

X
IV.2. Fatigue Crack Growth

Data on fatigque crack growth kinetics developeﬂ during
this investigation show a definite.effect of stress ratio on

fatigue crack growth, in terms of Km or AK (see Figs. 16 to

ax

19). The observed dependence of crack growth rates on R is

consistent with tha£ reported previously on a %i—GAl-dV alloy

[11]. No apparent effect of specimen thickness wasvobserved

at the lower Kmax levels, where crack growth was ‘under es-

sentially plane strain conditions. At the higher Kmax levels,

some thickness effect was obéerved; this effect is related

to changes in fracture toughness with specimen thickness.
Comparison-of the data from this investigation with

those reported by Katcher and Kaplan [40] on another 2219-T851

aiuminum alloy shows that the rates reported by Katcher and

Kaplan are consistently higher at a given Kmax and R. This
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difference can be attributed to the effec£ of atmospheric
moisture on fatigue crack growth [54],\§ince the exéeriments
reported by Katcher and Kaplan were carried 6ut in low hu-
midity air while the.present\experimén;s were performed in
dchumidified argon. There is substantial disagreement, how-
cver, between the present’réSdlts and the conclusion of‘
Katcher and Kaplan with respect to the effect of stress ratio
oﬁ fatigue crack growth. Based on theif aaﬁa, Katcher and
Kaplén concluded that there was no effect of R on fatigue
cfackvgrow;h above R of about 0.32 [40]. Careful examination
of their experimental déta shows, however, that there were
only four data péints at (nearly equal) low K values for R =
0.7, and that the data scatter was such that the effect of R
could not have been discerned from the logarithmic represen—
tation of experimental data. It appears that their conclu--
sion had beén‘influenced by theif interpretation of the very
limited amount of crack closure measurements (see Section
IV.l.é);‘and is not fﬁlly’justified. Similarly, their con-
clusion with‘respect to tﬁe crack closure model [40] in ac-

counting for stress ratio effect on fatigue crack growth must

be questioned.

' IV.3. Assessment of the Crack Closure Concept
A review of the published literature shows that the crack

closure concept, as it applies to fatigue crack growth, has
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acquired a substantial following [21-28, 38, SS-Sé] since its
'introduction by Elber in 1970 [20). C(Critical examinations .
of many of these publications, however, show that in spite
of the dpparent popularity, the underlying support for this
concept is relétively weék. Much of the early interest and
purportéd support are basqd on the "success" of the créck
closure concept (or the use of the effective stress ihtensi¥
ty range, 8K g¢) to account for the influence of stress
ratio on constant—load—amplitude fatigue érack growth. It
is now quite clear that the "success" was based on a rather
tenuous- assumption regarding the indepéndenqe of U (the ef-
fective stress intensity range ratio).on K ax’. 2nd on a less
than critical assessment.Of thé data (see Sections IV.l.c
and 1Iv.2). 1In manchases, correlations between crack growth
rates wiﬁh AKeff were claimed_On‘the-basis of ad hoc as-
sumptions of the validity of the closure concept and of the
form of the relation for U (U = A + BR)*, without any inde-
pendent crack closure measurements [21, 22, 55, 56]. As
such, these reported results do not constitute valid support
for the closﬁre concept. In addition, there has been no‘

direct verification of the closure concept. The only "direct"

*One can always obtain a relation of the form U = A + BR
(where A and B are constants) to correlate fatigue crack
growth data as a function of R over a limited range of grow-
th rates. Such a correlation neither depends on the exist-
ence of crack closure nor supports the validity of the
closure concept.

'



experiment that has been adyanced in subport of this cencept
{22} (in which,it was claimed that the removal of thc residual
tensile deformation layer in the wake of the crack tip in-
cieasea the rate of crack growth) is in itself suspect. In
this experiment, major portions of thebfaeigue crack surfaces
were removed by mechanical meane'(saw cut). . The most impor-
tant portion (near the crack tip) fei crack closure, however,
was not removed. Taken in conjunction with the faét‘that
the mechanical process of surface removal can disturb the
remaining crack surfaces and material near the crack tip,
the claim of this experiment becoﬁes~highly queetionable.

| The crack closure results and the companion fatigue
crack growth data from this investigation raise additional
queStions with regard to the creck closure concept. Figs.
lzlté 15 show that AK_c. can in fact decrease with increas—’
ing AK in certain cases, which in turn ie"no longer compati-
ble with the observed increesee in,fatigue crack growth

rates. These results show further that AKe can depend on

ff
specimen thickness. This thickness dependence for AKeff

is inconsistent with the essential independence of crack
growth rates on thickness over the lower range‘oﬁ Kmax and
with the higher growth rate exhibited by the thicker spec-
imens at higher Kmax levels (see Figs. 18 and 19). Taken
cff’ 25 it is
currently defined, does not represent a proper characteri-

in toto, these data tend to suggest that AK
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zation of the mechanical driving force for fatigue crack
growth.

The absence of substantive support and the failure of
the closure concept to accougt for various dspccts of con-
stant-load-amplitude fatigue crack growth raise serious
questions regarding the validity of the crack closure con-
cept; at least in the simplified form proposed by Elber and
used by Elber and by others. The extension of this»concept
to the more complex préblems of fatigue crack growth and life

prediction under variable amplitude loading, therefore, does

not appear to be warranted.

V. CONCLUSIONS

On the basis of experimental resu1t§ obtained during
this investigation on 2219-T851 aluminum alloy, the following
conclusions can be made:

(1) Crack closure dées occur during fatigue. Fof the
2219-T851 aluminum alloy, closure was observed at stress
ratios between 0.05 and 0.7, and for specimen thicknesses
ranging from 0.1 to 1.0 in. (0.254 to 2.54 cm).

(2) The stress intensity factor at the onset of full
craék opening (or the onset‘of closure) and the associated
stress intensity range ratio (U) depend on the maximum stress

ax

intensity factor (Km ), stress ratio (R), and specimen

thickness (or state of stress). U can decrease, remain
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sensibly constant or increasec with increasing X and tends

max'’
to increase with increasing R and decrease with increasing
specimonythickne53 (or with increasing tendency towards plgne
strain). The observed thickness déﬁendeﬁce prcviées further
support for the fact that crack closure is a 3-dimensional
phenomenon and is not likely to be émcnable to 2-dimensional
treatment. |
(3) Data on fatigue c;ack growth kinetics indicate a
systematic effect of stress ratio and a minor effect of speci-
"ﬁén thickness. At the lower growth r&te region, specimen
thickness does not have a significant:efféct oﬁ fatigue crack
growth in this alloy. 1In the higher growth rate region,
higher growth rates were observed fof the thicker spécimens.
(4) No sensible correlation could be made between the
fatigue craék growth kinetics and AK_ ¢y obtained from the
crack closure studies. Hence, the effective stress inten; 
sity concept, baséd on crack closure, it not able to account
for the various aspects of fatigue crack growth under con-
stant amplitude loading. Its‘éxténsion, in its present
form, to the more complex. problems of‘fétigue crack growth
and fatigue life prediction under varialbe amplitude load-

'ing does not appear to be warranted.
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Table IIX

Test Matrix fot Studying the Influences of Kp,x.

Stress Ratio and Specimen Thickness on Crack Closure
Specimen Stress Ratio, R Range ff
Thickness**[= ) ~ Kmax

(in.) 0.05 0.03 0.5 0.7 (ksivin.)

0.1 X X X X 8-30
0.2 X X 8-30
0.5 X X X X 8-30
1.0 X X 8-30

*Approximate range of Kyix:; actual values depend on the
1 ksi/in = 1.099 MN-m~3/2,

stress ratio.

**1 in. = 2.54 cm.
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A B

LOAD - Ibf

Method |

/Vertical Tangent

4 -0.005 or 0O0I0in. (Method 2+3)
~-0.005 or 0.0l0in (Method 4+5)

ELECTRICAL POTENTIAL (crack length)

Figure 6: Illustration of different methods used for

estimating crack opening load (Pop).
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Kop (ksi- in¥2)

Kmax (MN-m>2)
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Figure 7: Illustrations of the variation of Kg, with
Kpnax obtained by the different estlmatlon
methods in Figure 6.
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Figure 1lé6a:

Kmax (ksi- in/2)

Aa/AN (em/cycle)

Relationship between Aa/AN and Kpax at different
stress ratios for 0.l-in. (0.254 cm)-thick spec-
imens tested in dehumidified argon at room tem-

perature.

—54f



AK (MN-m” 32)
8

12 _16
1

S | | e
= _ ‘ -
2219-T85!1 ALUMINUM ALLOY )
Dehumid. Argon O.lin. THICK
I0%- PRm Temp.”  f=8-I0Hz -
B —10™4
+ i 3
a o b4
© B . a _— - <
-2 + o E
< + 7 A ; i 3'
€ 10°5- x a8 3
< 109 e | 3
53 B o+ a “a 53
S - xxx + ) o
4 B +t s Dan -;1!0‘5 -
! X + o
X4+ ++ &“W B
- Xx +++ mAQHB :
L WA o | N
f + A% o R=0.05 ‘ -
J -F*’: @ ' a R=0.3
6| A" of + R=0.5
o = & ‘A‘: x R=0.7 _
i 1 1 [ 106
q 8 I2 , 16 20
AK (ksi- in"2)

ey

Figure 1l6b:

Relationship between Aa/AN and AK at different
stress ratios for 0.1~in. (0.254 cm)-thick spec-
imens tested in dehumidified argon at room tem-

perature.
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Figure 17a:

Aa/AN (cm/cycle)

Relationship between Aa/AN and Kpax at different
stress ratios for 0,.,5-in. (1.27 cm)-thick spec-
imens tested in dehumidified argon at room tem- -

perature.
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-58-—



4

AK (MN-mY2)

8 12 16 20
I 1 1 1
2219-T85! ALUMINUM ALLOY i
Dehumid. Argon R=0.05
0% Rm. Temp. f=5-10Hz -
, :‘ .
i .x a -:Ky4
- i J .
- x o : 15~
a ] O
z “xo s ] &
— ) + (] ~
~ X A A
fglCst- x+-+ i 55
pd B X ADQI: ‘B
a X a% J
3 i X 5
i, .
B e :IO
- : X g ’ .
. THICKNESS ]
N@ o o O.lin. - -
l@‘"‘ : ~a 0.2in.
lo's__ mu ‘ » + 0.5in
» * . X l.Oin. _
] ] ] | | | 1076
49 8 12 16 20 '
| AK (ksi- in2)
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Figure 19a: Relationship between Aa/AN and Kpsx at R = 0.3
for different thickness specimens tested in de-
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Figure 19b: Relationship between Aa/AN and AK at R = 0.3
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Figure 20: Schematic illustrations of load versus change

in electrical potential (a) for an idealized
crack in an elastic medium, and (b) for a

well-behaved real crack
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Figure 21: Schematic diagrams showing the general trend
- for (a) U versus Kp,,, and (b) AKeff versus
AK. :
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