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ABSTRACT

The results of 22 different investigations of cyclic crack growth,
principally on the 2024~T3 and 7075-T6 alloys, but including results for un=
alloyed and other 2-, 5-, 6-, and 7~thousand series alloys, have been examined
and compiled with a view to separating metallurgical effects from other factors.
The various crack growth measurements show good agreement when the comparisons
involve the same R-value, environment and cyclic frequency. Both the 2024-T3
and 7075-T6 alloy can display widely different rates of growth for the same
AK-value. The highest growth rates are for tests in humid air, the lowest
growth rates for tests in dehydrated air with high cyclic frequencies. These
extremes point to a moisture assisted corrosion process capable of producing
a 20-fold increagse in the growth rate at low AK-levels.,

Crack growth rate=AK measurements have also been converted into $=N curves
for cracked members, These curves illustrate the influence of flaw size, stress
range, R and K, on the cyclic life of the 7075-T6 and 2024-T3 grades, The S-N
curves show that the cyclic life of 2024-T3 isg about 3x that of 7075-T6 in
laboratovy air, about 5x that cf 7075-T6 in humidified air, and 10x that of
7075-~T6 if ALK is in proportion to the yield streagth., Finally, recent studies
of the mechanisms of cyclic growth and other observations bearing on the contri-
bution of metallurgical factors are examined. Bffects associated with compo-
gition, heat treatment, small amounts of cold work, hard particles and inclu~
sions, grain boundariecs, the dislocation substructure produced by cyclic
straining, and slip offsets are discussed.
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I__ INTRODUCTION

Much effort has gone into characterizing cyclic crack growth in aluminum
alloys, but the prospects and means of reducing growth rates metallurgically
through control of composition and microstructure, have not been established.
At the present time, the first-principle-rout to the metallurgy of the problem
is still blocked by an incomplete understanding of the mechanisms of cyclic
growth. The experimental approach involves the large number of variables,
including: (1) the stress intensity range AK, (2) the stress ratio RT, (3) the
corrosivity of the environment, particularly moisture, (4) cyclic frequency,
(5) loading spectrum, and (6) section thickness, which complicate comparisons
and interpretations.

This study was conceived as a first step towards identifying the metal-
lurgical factors governing the rates of fatigue crack-growth in 2000 and 7000
series alloys. It includes a thoroughgoing review of existing crack growth-
rate measurements, updating the compilation published by Forman, Kearney, and
Engle(l) in 1966, with a view to separating metallurgical effects fro? o hgr
factors., The results of 22 different investigations of crack growth, 2=27
principally on the 2024-T3 and 7075-T6 alloys, but including results for un<
alloyed and 2=, 5-, 6=, and 7-thousand series alloys, have been examined.
Crack growth rate-AK measurements have also been converted into S-N curves for
cracked members. These curves illustrate the influence of flaw size, stress
range, R, K. and moisture on the cyclic life of the 7075-16 and 2024-T3 grades.
Finally, recent studies of the mechanisms of cyclic growth, and other obser=
vations bearing on the contribution of metallurgical factors are examined.

The review illustrates surprisingly good agrecment among the crack growth

- measurements that haove been conducted in different laboratories. Differences
among the AK-growth tate curves reported for 7075-T6 and 2024-T3 alloys can be.
traced for the most part, to accelerated growth in the presence of moisture, :
either to: (1) differences in the uoisture content of the air or (2) the eyclic
frequency dependence of the corrosion grocess. Some cffects of composition and

 microstructure are connected with the sensitivity of the material to moist air.
Other metallurgical effects are identified with the fatigue substructure, with
grain size and with sccond phase particles. As a result, the life of precracked
7075-16 components in moist air can be as little as 1/5 the life of .2024-13 for
the saso AKevalue, 1/10 the life if AK is in proportion to the yield streagth. .

' R & otniou stress/maxionim stross.




I1__PROCEDURE

The 22 different crack growth rate studies, which were examined, are
identified in Table I To sim ¥lify the task of comparing measurements from
80 many sources, AR- ~ dataT collections are represented by a single
average curve. Differen;es among the various data collections could not be
expressed in terms of the simple power law approximation*f, and this relation
was not employed. To elimipnate the stress ratio R as a variable, all crack
growth measurements involving a finite R-value were reduced to R = 0 by means
of the Forman,et al 1) correction:

fal ., f(xz)s f(m m
R=0 R
where
(1-R)Ke~AK
(R) = O\ (2)
. [+

and K; is the frncigbc tgughneas » and AK {%g strese intensity ranie*? The
results of Hactman 20 1 Hartman, et a1l , Hartwman and Schijve 25), and
Hudson and Scaréina( which involve systematic variations of R, all pro- _
vide convincing evidence that -the Forman correction is a reasonably accurate
description of the influcnce of the stress ratio both in dry and humid en~

- vironments. Equation (%g is similar but not identical to the form employed

‘by Hartman and Schijve ) which clncet guc the singularity 4t AR = K.. An

. alternative based on the work of Blber deserves considerations as more
reonltn in the low. Ax-ranso become lvailnble.

: The review was confined to measurements favolving cycles of constant or .

gradually changing AK-amplitude; the influcnce of loading spectruis was not con=

-+ - sidered. Section thickness was oxcluded as a uign%fggnnt variable here fa =

. view of the eyensive study by Feddersen and Hyler(2d) which shows that crack B
growuth rates 42 < 104 1n. per cycle are essentially independent of thicknoss,

MY curves Eor procracked spaciwens Were . obtained by nmatical inec-
~ gration of the measured AK-% cupvest - -

)

o -‘l % per cycle erack adnnce;or grouth eate.
e
\ “The folloving values ?E K were dop:ed Uﬂléi! specified by the authors:

707516t Ko wib Miu3/2, 2024.73: K. » 66 Miu=3/2, but the calculatioas
are not particularly unsl.tive to thn value of K, selected.

" 1/2 S
W For ceater cracked pauels. AK = Mﬁa- 3 tan %;l 3 M_' is the voaloal
‘stresy range, 2a the crack length IR S

% A AR". Vh&?t A sad o are an wpiﬂeal coeffxcumt and espmam:. respactivelyu :
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where a* ig the critical flaw size for unstable fracture. .Tf;ese‘ calculations
_ are for an idealized -component: "a 6 in.-wide center-'crackedfpanel subjected .
* to cyclicload of constant amplitude. The calculations were carried out for . .= ¥

a number of initial flaw sizes, R- and K, -valies, but emphasize a flaw size '

-of a = 1,27 mm (0.050 in ¥ which is representative of the 1ower lzl.mit for i ‘
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IIT RESULLS

Figures la and 2a illustrate there is surprisingly, good agreement among
the crack growth measurements of different laboratories provided the com-
parisons involve comparable R-values, environments and cyclic frequencies.

"The “agreements are probably even better than indicated by Figures la and 2a

. since the results plotted in these two iraphs involve tests in laboratory air of
ﬂ guncontrolled humidity. In three cases(®,14 21) published curves seem to
:<depart widely: from. the, trends shown, but the discrepanc1es arise from the

R omissions of: the factoryf"in the formulation of AK, and are not real. The

4131 crack growth raté characteristics of the 2024-T3 and 7075-T6 prove to be

R

ﬂ:"those of Weill

similar in. many respects;ﬁ and are discussed together in the following para=-

et 3 .
A ,x\ ; -

. i The substantial 1nf1uence of moieture on. the crack growth rate is revealed
. by arbitrariiy grouping the: verious sets of’measurements into three categories:

(i) Tests condncted in humidified air, water, .or NaCl solutions
© (see Figures lb and. 2b) ‘»i‘ w T . , _

) Tests conducted in- 1aboratory air- of uncontrolled humidity or-
- ine dehydrated environmenig with- intermediate cyclic frequencies,
'e.g., <- 20 cps (see Figures la. and 2a)i. -

Tests conducted in dehydrated environments with high cyclic
.frequencies, e.g., >T2O Tps (see\Figures 3a and 3b)..

Results for tests in these three cstegories are summarized in Figures 3a
and~3b. The graphs show that: for a’given AK,” growth’ rates in humidified: '

<. environments fall on. the high side of ‘the:band for tests in (laboratory or "~ .
~ dehydrated) -air.- Growth rates in dehydratfd air under high cyclic frequencies -
. pm per cycle. The stratification

fall on low side of the band when: g. < 10°
for- the 7075‘?8 glloy also.correlatBs with moisture content. The results.of
Feeney et-al Wel end Landes(22 and Hartman, et a1(13., which reflect
_dehydrated. environments, fall generally ‘below the.other curves, which repre=
..aept tests’'in labcratory air where the humidity was not controlled. It is
also interesting to nate that the rather dramatic reduction in growth rates -~
Aattending hi%hécyclic frequencies i? sgggorted by two independent studies,.

) and Hartman, et a1ld

difficult to attribyte the frequency effect to a noncorrosion mechanism because
it is much less pronounced in humidified eir (compare results of Ha:tman,

et a1<13> An Figure 2b) . - ,

 The. relative positions of the curves in Figures 3a and 3b are consistent

where the fatigue component of growth, presumably, dominates, and at high

(see Figure 3a). Furthermore; it is.

with the idea that moisture has-a minimal effect both on rapidly growing cracks'
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-~ with a higher chromium content. At the same time, it is appropriate to note

frequencies, where the reaction time is limiting. The aggressive effects become
noticeable when H%.S 1 ym/cycle for tests %n air at intermediate cyclic frequen-
cies, and seem to saturate when 52.5‘4.10' pm/cycle under these conditions.

At the onset of this last stage, 3hich corresponds to AK ~ 8 MNm'3/2, both the
2024~T3 and 7075-T6 alloy display growth rates that are 20x greater in humi-

"~ dified air at intermediate frequencies, than in dehydrated air at high frequen-=

cies. The large differences between the growth rates in humid and "dry"
environments imply that the corrosion component must be comparable to the
total crack advance per cycle in humid air when %ﬁ < 1 um/cycle.

Metallurgical Effects

Figure 4 which compares the crack growth rates of two different heats of
2024-T3 and two heat treatments, and Figures 5a and 5b which compare results

. for different alloys tested in air illustrate the magnitude of effects attri-

butable to the composition and microstructure. The results for the 2024-T3 in
Figure 4 represent the widest spread observed by Schijve and de Rijk(la) among
7 different heats from different manufacturers. Since the difference in
growth rate increases with decreasing growth rate, in a fashion similar to the
changing sensitivity to moisture, it is possible that the metallurgical changes
involved hefe ?ave altered the sensitivity of the alloy to moisture. Schijve

14 suggest that the superior performance of heat F may be connected

that Hyatt and Quist(30) have found that overaging combined with a somewhat
higher Cu content and zinc/magnesium ratio enhances the ecyclic life of 7-
thousand series alloys by as much as 50 to 100%. Greater sensitivity to
moisture may also distinguish the behavior of 7005-T63 and 7106-163 from the
other alloys described in Figure 5a. These two grades display the greatest
resistance to cyclic growth among this group in the high growth rate range,
e.g., when QEZZ 2 um/cycle, and the least resistance when da <} pm/cycle, the

range where the effect of moisture on 7075-T6 and 2024-T3 8 apparent.

Figure 5b illustrates that growth rates in the 707516 are generally
higher than in the 2024-T3 alloy: the band for the 7075-T6 nearly superimposes
on the one for 2024-T3 if the latter is shifted an amount equivalent to a 3-
fold increase in growth rate. This could be a reflecticn of either: (1) a
greater sensitivity on the part of 7075-T6 alloy to moisture or (2) an inher=
ently lower resistance to fatigue crack growth., The first possibility i§1§n
accord with measurements of stable crack growth under sustained loading
which show 7075-T6é to be more susceptible to stress corrosion cracking than
2024-13, However, this may not be meaningful since the results of those
studies do not show a consistent correlation between corrosion effects under
sustained and cyclic loading. The sustained loading study shows that 7075-T73
and 7075-T7351 are superior to 2024-T3, In contrast, the cyclic crack growth
measurements of Feddersen and liyler(23) for 7075-T7351, reproduced in Figure
la are inferior to 2024-T3 and comparable to 7075-Té., Furthermore, crack
growth rates tend to be more rapid in the 7075-T6 than in 2024-T3 at rates of
growth in excess of 1 um/cycle, where moisture effects do not seem important.
These agreements provide some basis for believing that metallurgical factors
unconnected with the tendency for stress corrosion could be having a signifi-~
cant effect on crack growth rates.

10




2024-13 Aluminum Alloy
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FIGURE 4. INFLUENCE OF HEAT-TO-HEAT VARIATIONS AND HEAT TREATMENT
ON THE FATIGUE CRACK GROWTH RATES IN 2024-T3.
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Evidence bearing on a number of metallurgical effects has been reported.

The most potent of these are connected with the dislocation structure generated
at the tip of the crack, and this is discussed in the last section of this
report. Other effects are connected with brittle second-phase particles,
inclusions or other weak interfaces, the grain size, and small amounts of cold
work, A number of workers, Pelloux,(32) Broek(18), Bates and Clark(17), and
most recently Kershaw and Liu(33) report a discrepancy between the average
growth rate (deduced from gross changes in crack length) and the striation
spacing observed in the microscope. The effect is noticeable when

da > 1071 ym/cycle.(33), with the average growth rate exceeding the striation
Bacing by factors of from about 2x to 3x when 99-2;1 um/cycle. The effect

is attributed to an extra contribution to growtﬁnarising from the fracture

of brittle hard particles and inclusions in advance of the main crack.

Similar observations have recently been reported by Evans, et 31(34), for a
high strength Ni-Cr-Mo steel, These workers were able to identify the ~ 2<4
fold reduction in growth rates obtained by purifying the steel with the absence
of brittle grain bouggary ruptures in the high purity material. Similar
efforts by Pelloux(32) to retard growth by reducing the particle content of the
7178 alloy were not successful. Glassman and McEvily(35) were also unable to
demonstrate a reduction in growth rate by going from 7075-T6 to a lower particle
content X7275-T6; growth rates in the latter were actually higher., It appears
that the exact origins of the discrepancy or the purity levels that will bring
the growth rate in line with the striation spacing remain to be eatablished for
aluminum alloys. The influence of grain size is, also, only partly resolved.

A number of workers have o%ag;ved a tendency for fatigue cracks to terminate at
grain boundaries: Lipsitt 36) and Thompson and Backofen(37) for Stage I
fatigue; Hahn and coworkers(38) for crack branches in Stage II. The impli~
cation is that grain baundaries represent bigger obstacles to cyclic growth
than the grain interiors, that a sufficiently large number of boundaries in the
path of the crack will veduce the growth rate. Hoeppner{39) has examined the
effect of grain size on cyclic crack growth in copper. His results, which
involve grain diameters from 0.06 to 7 mm do not support a simple relation
~ _between growth rate and grain size. A modest tmprzxayent in the cyclic life

of 2024 has also been obtained by Broek and Bowles -by stretching the
material 1% after the solution treating without further aging. In this con~
dition, the cyclic life was 35% longer than the T3-condition, 1002 longer than
after a solution treatment without stretching or aging. . : ‘

.0 ! c . : , . ¢

Figures 68 fllustrate some of the implication of the difforent growth

rate curves with respect to cyclic life of cracked components. Pigure 6,
which shows the cifect of initial flaw size also reproduces the $-N curve for
- an uncracked specimen tested under the same conditions. Comparisons of the
8<N curves for the unnotched and precracked specimens show that the initiation
. and growth of a crack to & size of 0,050 mm, which corresponds roughly with

" Stage I, occupies 80 to 90L of the total life of an unnorched specimon for

‘values of the cyclic stress in the range 250 to 350 MNm*¢, -~ -
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Figures 7a and 7b illustrate the influence of stress ratio and K, on the
S=N curves for 7075-T6. Larger values of K. require that the crack atca:ln a
greater length by cyclic growth before it becomes unstable, and imply longer
cyclic lives. However, the life added involves the upper extremities of the
growth rate curves where AK — Ko and the per cycle growth is large. Conse-
quently, even a doubling of K., illustrated in Figure 7b, adds only hundreds
of cycles to the total life.

Figure 8 compares the S=N characteristics of the 2024-T3 and 7075-T6.
For service in laboratory air or dry air at intermediate cyclic frequencies,

" the 2024-T3 displays cyclic lives ~ 3 times greater thaan the 7075-T6, con-

sistent with the relative positions of the growth rate curves. The differ-
ential between 2024-T3 and 7075-T6 increases to ~ 5 times, if the comparison

“involves crack growth in humidified air, and to a differential of ~ 10 times ,
"if, in addition the cyclic stress range is in proportion to the yield strength

of these two materials. A comparison of 2024-T3 with che band for high
strength steels shows that the stress ranges associated with equivalent cyclic

" lives ave roughly in proportion to the density of aluminum and steel. Steels
~ _ with strength-to-weight ratios superior to the one for 2024-T3, would there=-
‘fore tend to display shorter cyclic lives than 2024-T3 for co-patnbh tm

. "8izes and stress ran;u tn proportton to- uung:h.
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; . but the dependence on 0.

. in Fe=351 steel,

. transmission wicroscopy by a ausber of vorkers.

IV_MECHANISM OF CYCLIC CRACK GROWTH

Studies of the mechanism of cyclic crack growth offer additional insighte
to the underly%z! metallurgical factors. The mechanism proposed by Laird(
and McClintock , which sttributes ¢ .ck advance to irreversible plastic
blunting of the crack tip has been discussed extensively(38,43) and serves as
a starting point for this review. The blunting argument relates the crack
advance per cycle to the COD®, che crack-tip opening displacement under cyclic
- loading, which represents the maximum amount of blunting achieved durirg the
loading cycle. Simplified trcatments of the cyclic plastic zone(“") offer the
following expreuiou: , , '

‘vhere B h the elastic modulus and Oy the yield stress (mer~ éorreetly.. the
" .average flov stress within the zone. Consistent with this, crack growth rates

in aluminum, titanium, and steel have been $3°58 ated with the elastic modulus§l?) =~

o is not observed® As an exawple; growth rates .
. are higher in- tlw 7075- 6. alloy than in 2024*’1?3 in spite of its 40% greatet yield_
ottcngth. SR _ 4 . _ '

'mis dtncroplncy does not seem to ota from the npproximte nature ot the

, 'A!omlatiom of the fazuga crack plastic zone. Recent studies by Bowles(45)

- -and Hehn and coworkers indicate that Equation (1) and analogous expreulanct
- for the cyelic plastic 2one size are in. reasonably good aceord with sckual o

measurements. < The fwdien. which revealed the plastic zone of a fatigue eraek = - -

. provide "an approzimate description of the eyclie strain -
 histoey experionee by the material in advance of the eraek lneluaing 3 dutinet- o
:uions of e;mlie defomticn (ue Figure 9). : , '

Studin by Feltner nad hitd“” indieate that the pattem of stuinlng

 in Pigure 9 develops a cellular, fatigue-type dislocation substructure within
-the eyelic plastic zone. Such substructures ha net?nliy beca cbseeved by

Haha “and -coworkers also

suggested that the cell structure could be varaveled by the last § to 10 éyclu_ L

- which invelve very high plastic strains bocause of their proximity to th
-¢rack tip. Thinned scetions taken eclose to the fatigue ¥fracture surface have

. been exmsined by Bovles and Broek(52) and these do show elwdence of dislo-
 cation<free bands having the periodieity of striations. Fuethermore; the

. instabilities atteading the “unraveling™ could conteibute to irreversible
- bluating and account for the fatigue striations on the fracture surface. ‘Tﬁ&e

- wview of eyelic erack grouth siwply cowbises elesents of the plastic b}ﬁf

‘wechsaise sad the &uﬁgggtiw dumage arguments developed by MeClintock :
© Liu sad eworkers(33 1t derives strong support from the work of ilii_ler_‘
‘and eovorkers (33), and wore recently, by Ishil and Vesetwaa(5€), wio have
- dewmoastrated a dicect connection betucen substructure aad the eyciie geovth
. gates in copper. .These workers altered the substructure ta two vayss
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' ;(l)-‘Alloying with up to 13.5% aluminum, which reduces the SKE :
(stacking fault energy) from 40 ergs/cm2 to 2.5 ergs/cmz, and

i .. which probably .reduces cross slip.

T . e

Can These changes, which are known to alter the fatigue substructure(hl) produced

as much as a 15-fold reduction in the fatigue crack growth rate! 5 The

}“ exploitat1on of a SFE-effect may be more difficult in aluminum because of thefii-

metal®s higher SFE (~ 200 ergs/cm ). However, other ways of altellng tae
substructure should be explored. .

Additional elements must be invoked to explain the crack growth in the
presence of moisture. One of these is the clean surface generated byieach -
_loading cycle as a consequence of the large plastic crack-tip strains. The
clean surface is a distinguishing feature of cyclic (as opposed to: sustalned)
loading and caa account for continuing corros%on activity duriag the_loading ~
- (but not - the ‘unloading) portion of the cycle 37, However, oxide films that
form rapidly on aluminum are typically ~ 10-2 pm thick, and even their re-

- peated formation does not, by itself, explain corrosion increments as large
‘3 s~ L pm/cycle._ One possiblllty offered by Pelloux(38) isrhat the oxide
< £ilm blocks ‘the réversal of slip offsets, which are in the range of-from 0.1
" to 1 um in high strength aluminum alloys. Sensivitity to m019ture may, _
therefore, have someé conmection to the distribution of lep and the charac=-
" teristics of: slip offsets. ‘Pelloux(58) also proposes stress sorleon cracking
as anotiher explanatlon for the large corrosion increment whichiis supported. -
. by ‘presence _of brittle striations. Both possibilitics offer further oppor-
' tunities -of metall rgl al control.
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W Lowering the test temperature from room temperaeure to: ~196°C- L




Vv CONCLUSTONS

. .17 Ex]suing.craqk srowvth rate meacurements performed in different labor-
alaries on the 7075-16 and 20?4-13 aluminum alloys are in very good agreement

provided the comparisoas involve the same R-valuc, euvironment and cyclie
frequeucy,

) 2., Boti a!lnys can display widely differont growth races for the same
tK-value when 48 < Lpm/evele. The highest growth rates are reported for tests
{n humidified % vwith intermediate cyclic frequencies; the lowest growth rates
for tusrs in dehydvated aiv with high cyclic frequencies. These two extremes
poiat to che invelvement of a moisture assisted corresion process capable of
producinyg a 20-fold increasc in the growth rate at low AK-levels.

3. Composgition and microstructuie also affect the growth rate. The
7J75-Tb ulloy displays higher growth rates than 2024-T3 for the same AK-values.
Estimates of che cyclic life of center notched panels with a 2.54 mm flaw
(9.10 in.) derived from the growth rate curves show that the cyclic life of
2024-T3 is ~ 3x that of 7075-T6 in laboratory air, 5x that of 7075-T6 in
humidified air, and 10x that of 7075-T6 if AK is in proportion to the yield
strength. The stress ranges for equivalent cyclic lives of 2024-13 and high
streagth stcel panels of thic configuration are roughly in proportion to the
densitics of aluminum and steel.

4. A nmber of matallurgical factors exer. a modest influence of crack
wrowth ratus. The cyclic life of 7-thousand series alloys in water is enhancued
from 50 to 1007 by overaging combined with a somewhat higher copper content
and cinc magnesium ratio. Heat-to-heat variatioas in composition and processing,

; different heat treatment scheduics, and small amounts of cold work can alter
! the cyclic lifc of 2024-T3 by 50 to 100%. Evidence based on the fatigue
! striation spacing indicates brittle particles and inclusions act to increase
5 growth rates by ~. 100% when da > 1 pm/cycle. Finally, there is some evidence
that grain boundaries in a ngﬁﬁEr of alloys tend to retard crack growth.

5, Consideration of possible mcchanisms of cyclic greowth draw attention
to the dislocation substructurc generated by the ecyclic plastic strains in
advance of the crack tip. Altcrations of the substructure in copper and
] copper alloys have produced as much as a 15-fold reduction in the crack growth
rate. Ways of altering fatigue substructure in aluminum alloys should be
explorad. The character of slip offsets may be a factor contributing to the
moisture assisrwd corrosgion mechanism.

21




g s
Zagc el o

N
3
Rt

10..

H‘lgy

.1963 - . 2.  . : s

REFPERENCES

A

Propagation in Cyclic-Loaced Structures’, &SHE J. Ba
459‘464: 1967~

G. Forman, V. E. Kearney, and R. M. nnOLp, "Nuiner i
s

Y. J. Grover, W. §. Hyler, P, Kuhn, C. B. Landers, and F.ood, Howell, "axizl-
Load Fatigue Properties of 245-7 and 355-7 Aluminun Alloy &s Deterwired in
Several Laboratories™, Nat. Adv. Com. for Acronautics Tuch. Yote 2928, Hay,

1933.

A, J. McEvily and W. Illg, '"The Rate of Crack Fropagaticn in Two Aluminum
"‘Alloys', NACA Tech. Note No. 4394, 1938, ‘

N. Z. Frost, "Propagation of Fatigue Cracks in Various Sheet Materials”, J.
Mech. Eng'g. Science, Vol. 1, pp. 151-170, 1959.

A. J. McEvily and w. Illg, "The Rate of thLvue~Crack Propagation of Two
Aluminum Alloys Under Compchely Rever ed Loading', NASA Tech. Note No. D-52

3

,1959-

D. R, Donalison and W. E. Andevson, 'Crack Propagation Behavier of Some Aiv
Trame Materials", Froceedings of the Craniield Symposium ou Crack Propagation,

1961.

. C. M. Hudson and H. F, Hardrath, "Effects of Charging qtreo.; Amplitude va the

(Al
Rate of Fatipue.Crack Prepagation in iwo Aluminum Alloys', NASA T M6O,
September, 1361.. ' -

D, Broek and J. Schijve, Phre Infiuence of the Mean Stress on the Propagainon
of Eatlgue erckb i Alumxtum Al oy Shect’, NLR-TR M 2111, Amsterdam, Januany,

AT e i - ;. W -\ ' . » . " . 1 . ., . 3 N N . 1
P, G, Paris and F. Ardogan, "A C('t icel Analysis oi Crack Propagation Laws',

Trans. ASME, Vol, 8%, pp. 326 5 4, 1963,

A, Hartman, "An Investigation into the Effect of Oxygen and Water Vapour on

" the Propagation of- Fati\ue Cracks in 202413 Alclad Sheet "', Tech. Report No,

M. 2123 }964. ,ju R

A. Hartwen, "On tires kitcct of 0 Sy GED and Watey Vapour on the Propasation of
Fatigue COr auka in 2G24 T Aleldd Speer', Xut. J, Fract. Mech., Vel. 1, p. 107~
188, 1965, _,~; T P '

N. E. Frost; ard k Denton, "Tho Rate of Crowth of Fatipue Cracks in Various
Aluminum Alloy NFL kcpor No 260, Bast Kilborvadi, Glaggow, 1960,

A. Hartman, F. AL Jacobs, Au_Nvﬂo”vvou “aad P de Rijk, "Some Tesbs o tog
Effect of Duvirvoameat on the Propuzation of Fatipue Crucks in Adumran
A]loy& Tech. ROpULL No. M°2182 1906, -

S22




14,

J. Schijve and P. de Rijk, “The Fatigue Crack Propagation in 2024-T3 Alclad
Sheet Materials from Seven Different Manufacturers', (Dutch) National Aero-

space Laboratory, Report NLR-TR M.2162, May, 1966.

15.

16,
17.

18.

19.

20.

91,

R. W. Hertzberg and P. C. Paris, "Application of Electron Fractography and
Fracture Mechanics to Fatigue Crack Propagation, Proceed. First Int. Conf.
on Fracture, p. 459, Sendai, Japan, 1966.

R. P, Wei, “Fatigue-Crack Propagation in a High Strength Aluminum Alloy",
Int. J, Fract. Mech,, Vol. 4, 1968.

R. C. Bates and W. G. Clark, Jr., "Fractography and Fracture Mechanics",
Trans. ASM, Vol. 62, p. 380, 1969.

D. Broek, 'The Effect of Intermetallic Particles on Fatigue Crack Propagation

in Aluminum Alloys", Fracture 1969, (Proceed. 2nd Int. Conf. Fracture, Brighton,
1969), p. 754, Chapman and Hall Ltd., London.

N. E. Frost, L. P. Pook, and K. Denton, "A Fracture Mechanics Analysis of
Fatigue Crack Growth Data for Various Materials", NEL Report No. 22/1/69,
September, 1969,

C. M. Hudson and J. T. Scardina, "Effect of Stress Ratio on Fatigue Crack

Growth in 7075<T6 Aluwinum Alloys Shect", Eng'g. Fract. Mech., Vol. 1, p. 429,
1969,

H. W. Liv and N. Iino, "A Mechanical Model for Fatigue Crack Propagation',

" Fracture 1969 (Proceed. 2nd Int. Conf. Fracture, Brighton, 1969), p. 812,

22,
23,
24,
25,

26,

27.

Chapman and Hall Ltd., London.

R. P. Wel and J. D. Landes, "The Effect of D90 on Fatigue-Crack Propagation
in a High Strungth Aluminum Alloy", Int. J. Fract. Mech., Vol. 5, p. 69,

C. E, Feddersen and W. §, Hyler, "Fracture and Fatigue-Crack Propagation
Characteristics of 707517351 Aluminum Alloy Sheet and Plate", Battelle
Memorial Institute Report G-8902, March, 1970.

J. J. Feeney, J. C. McMillan, and R, P. Wei, "Environmental Fatigue Crack
Propagation of Aluminum Alloys at Low Stress Intensity Levels", Met. Trans.,
Vol. 1, p. 1741, 1970.

A. Hartman and J. Schijve, "The Effects of Environment and Luad Frequency on
the Crack Propagation Law for Macro Fatigue Crack Growth in Aluminum Alloys",
Eng's. Fracture Mechanics, -Vol. 1, No. 4, p. 615, 1970,

K. Walker, "The Effect of Stress Ratio During Crack Propagation and Fatigue
for 2024-T3 and 7075-T6 Aluminum", ASM-STP-462 1970.

T. W. Crooker, "Crack Propagation in Alumtnum Alloys Under High-Amplitude
Cyclic Load", NRL Report 7286, July, 1971.

23




S T o

T

28.

29.

30,

310

32,

33.

34.

36.

7.

38,

39.

40,

41.

42.

W. Elber, "Fatigue Crack Closure Under Cyclic Tension", J, Engr.
Fracture Mechanics, Vol. 2, p. 37, 1970.

J. M. Barsom, "Fatigue-Crack Propagation in Steels of Various Yield Strengths",
First Nat. Congress on Pressure Vessels and Piping, San Francisco, Cal., May 10-
12, 1971.

M. V, Hyatt and W, E, Quist, "The Effects of Zinc/Magnesium Ratio and Copper

Content on the Fatigue Properties of Al=-Zn-Mg-Cu Alloys", Symposium on the

Achievement of High Fatigue Resistance in Metal Alloys, June, 1969,

B. F. Brown,"ARPA Coupling Program on- Stress=Corrosion Cracking s NRL Report
7168, September, 1970. _

R.M.N. Pelloux, "Fractographic Analysis of the Influence of Constituent
. Particles on Fatigue Crack Propagation in Aluminum Alloys", Trans. ASM,

Vol. 57, p. 511, 1964,

J. Kershaw and H, W. Liu, "Electron Fractography and Fatigue Crack Propaga-

tion in 7075-T6 Aluminum Sheet", Int. J. Fract. Mech., Vol. 7, p. 269, 1971,

P.R.V. Evans, N. B. Owen, and B, E, Hopkins, "The Effect of Purity on
Fatigue Crack Growth in a High Strength Steel", Eng'g. Frac. Mech., Vol.
3, p. 463, 1971,

L, H. Nlassman and A. J. McEvily, Jr., "Effects of Constituent Particles
on the Notch-Sengitivity and Fatigue=-Zrack-Propagation Characteristics of
Aluminum Zinc-Magnesium Alloys') NASA N D928, April, 1962,

H. A. Lipsitt, "Crack Propagation in Cumulative Fatlgue Tests", Proc. llth
AF Sci, Eng. Symposium, 1964,

A, W. Thompson and W. A. Backofen, "The Effect of Grain Size on Fatigue",
Acta Met, Vol. 19, p. 597, 1971.

G. T. Hahn, M. Sarrate, and A. R. Rogenfield, "Experiments on the Nature of
the Fatigue Crack Plastic Zone", Proc. AF Conf. on Fatigue and Fracture of
Aircraft Struct's., and Matl's., AFFDLTR=70-144, p. 425, September, 1970,

D. W. Hoeppner, "The Effect of Grain Size on Fatigue Crack Propagation in
Copper", ASTM STP 415, p. 486, 1967.

D. Broek and C. Q. Bowles, "The Effect of Cold Deformation and Ageing on
Fatigue Crack Propagatior and Residual Strength of 2024 Sheet Material,
(Dutch) National Aeronautical Lab. Tech, Report NIR TR 69048C, May, 1969.

C. Laird, "The Influence of Metallurgical Structure on the Mechanisms of
Fatigue Crack Propagation", ASTM-STP-415, p. 131, 1967.

F. A. MeClintock, "On the Plasticity of the Growth of Fatigue Cracks",
D. C. Drucker and J. J, Gilman, Eds., Fracture of Solids, John Wiley, New York,
P 65; 1963,

24




9 it N
TR 2, ot o] e e T DI

v

43,

44,

45,

46.

47.

48.

49,

50.

51,

52.

53,

35,

56,

57.

58.

R. M. Pelloux, "Review of Theories and Laws of Fatigue Crack Propagation s
Proc. A. F. Conf. on Fatigue and Fracture of Aircraft Struct's. and Matls.,
AFFDL-TR-70~-144, p. 409, September, 1970.

J. R. Rice, "Mechanics of Crack Tip Deformation and Extension by Fatigue",
ASTM-STP 415, p. 247, 1967.

C. Q. Bowles, "Strain Distribution and Deformation at the Crack Tip in Low
Cycle Fatigue", Final Tech. Report for AMMRC, AMMRC CR 70-23, June, 1970.

G. T. Hahn, R. G. Hoagland, and A. R. Rosenfield, "Local Yielding Attending
Fatigue Crack Growth", Air Force Tech. Report ARL 71-0234, Ncvember, 1971.

C. E. Feltner and C. Laird, "Cyclic Stress-Strain Reponse of FCC Metals
and Alloys--II, Dislocation Structures and Mechanisms', ACTA Met., Vol. 15,
p. 1633, 1967.

M. Klesnil and P, Lukas, "Dislocation Substructure Associated with
Propagating Fatigue Crack", Fracture 1969, Eds., P. L. Pratt, et al,
Chapman and Hall, London, 1969, p. 725.

J. C. Grosskreutz and G. G. Shaw, "Fine Subgrain Structure Adjacent to '
Fatigue Cracks", Acta Met., to be published.

M. A, Wilkins and G. C. Smith, "Dislocation Structures Near a Propagating
Fatigue Crack in an Al-1/2% Mg Alloy! Acta Met, Vol. 18, p. 1035, 1970,

A. Purcell and J. Weertman,"Transmission Electron Microscopy Investigations
of Fatigued Copper Single Crystals", Experimental Aspects, Northwestern
University Technical Report No. 11 (ONR Contract N00014-67-A-0356-0016,
NRO 31-725, October, 1971,

C. Q. Bowles and D, Broek, "On the Formation of Fatigue Striations', NIR MP
69014V, August, 1969, -

H. W. Liu and N, Iino, “A Mechanical Model for Fatigue Crack Propagation",
Fracture 1969, Eds., P, L. Pratt. et al, Chapman and Hall, London 1969,
p. 812,

K. R. Lehr and H, W. Liu, “Patigue Crack Yropugatton and Strain Cycling
Properties", Int. J. Fracture Mech,, Vol. 5, p. 45, 1969,

G. A. Miller, D. H. Avery, and W. A. Backofen, "Fatigue Crack Growth in
Souwe Copper=-Base Alloys", Trans AIME, Vol, 236, p. 1667, 1966.

K. Ighii and J. Weertman, "Fatigue Crack Propagation in Copper and Copper=
Aluninum Single Crystals No. 2", Northwestera University Technical Report
No. 10, (ONR Contract NO0014-67-A-0356-0016, NRO31-825, September, 1971).

J. M. Barsom, "Effect of Cyclic=-Stress Form on Corrosion Fatigue Crack
Propagation Below Ky in a High-Yield-Strength Stcel, Proceed. Int.
Conference on currooion Fatigue, Storrs, Connecticut, June, 1971. :

R.M.N. Pelloux, "Corrosion=Fatigue Crack Propagltion“. Fracture 1969,
Chapman and Hail, London, 1969, p. 731. _

25




