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observing a crack with an electron microscope after about 0.1 per
cent of the fatigue life had expired. It is obvious that a large
part of the life of the specimen is spent in crack propagation, a
fact which emphasizes the importance of studying the influence of
the important variables on crack propagation.

This investigation was undertaken to study experimen-
tally and analytically the macroscopic behavior of the fatigue
crack propagation.

Thin sheet specimens loaded in repeated tension were
used because of the 8implicity of analysis and experimental obser-
vations. Various combinations of stress range and mean stress
were employed to study their effect on erack propagation. Crack
lengths were recorded by time lapse photography at regular cyele
intervals, and measured from the film. Metallographic observa-
tions of the ecrack tip and slip band region were made to study
the size of the plastic zone.

Crack propagation in the semi-infinite sheet under con-
stant stress range and mean stress was analyzed using dimensional
analysis. An expression for crack length in terms of number of
cycles of load and a stress dependent propagation factor was ob-
tained. 1In the derivation of this expression, no mechanism of
fatigue fracture was assumed, therefore the equation is general
in this respect. The propagation factor was related to the stress
range and mean stress empiriecally. Modification of the equation
was made for speecimens of finite width.

The experimental results were compared with Head's
relation(ll) and also analyzed in terms of Irwin's stress intensity

factor under the premises of Paris and‘others.(la)
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2 A EVIEW OF LITERATURE

This review considers two aspects of crack propagation
phenomena: first, observations of the relationship between the
crack initiation stage, the crack propagation stage, and the total
fatigue life are summerized, and second, a detailed review is made
of recent crack propagation studies.

The boundary between the crack initiation and the crack
propagation periods 1s controversial and arbltrary, yet this con-
cept provides a useful basis for analysis and evaluation of the
many significant variables. Because the presence of a erack changes
the geometrical configuration of a member, the effects of range,
mean, and state of stress, notches, surface finish, specimen size,
and environment appear to be different during crack initiation as
compared with erack propagation,

One obvious criterion for Judging the effect of any one
of these variables 1s concerned with the size of the region that is
affected. If the effect is localized to the region where a crack
is initiated, only the initiation period will be affected. On the
other hand, if the effect éncompasses the entire path of the crack,
the initiation as well as the propagation periods may be changed.
For example, surface cold work has been used to prolong the crack
initiation periocd or even to prevent crack initiation; however,
onceé a crack 1is present, it has but a small effect or no effect at
all on the propagation period.(u) Conversely, an inerease of the
amount of various alloying elements has been observed to prolong
the initiation as well as the propagation periods.(IB)

For notched specimens Subjected to the same nominal

stress, it has been observed that the erack initiation period
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became shorter as the notch was made more severe, and the propor-

tion of the total life consumed in crack prbpagation increased

14)

with inereasing notch severity.( Conversely, if the notch root

stress was maintained constant, the fatigue life was lengthened
with inereasing notch severity because of slower crack propagation

%) For the same total 1ife,

in the material away from the notch.(
the proportion of the life devoted to erack propagation increased
with increasing notch severity.(14’15’l6) These observations are
all consistent with the fact that in a severely notehed specimen
the highly stressed zone is localized to the region near the sur-
face where a crack is initiated, where as in a mildly notched
specimen the highly stressed zone penetrates more deeply into the
specimen and influences both erack initiation and propagation. |

Most of the early investigations in which crack propaga-
tion was measured were made using round rotating beam specimens,
More recently, plate or sheet specimens have been used(15’l7’18’19’
20’21’22); the simpler geometry facilitates the measurement of
crack size and simplifies the analysis. Only those investigations
which employed axially loaded plate or sheet specimens will be
considered in the remainder of this review.

Wilson and Purke(17) studies 11-1/2 in. wide steel plate
specimens containing a 2-7/8 in. long saw cut to initiate cracks.
For a given stress, the rate of crack propagation was found to be
approximately constant over the range of the crack lengths from
2-7/8 in. to 3-5/8 in. In view of most recent results, this con-

stant rate of crack propagation is unusual but probably was due to

the relatively small range of large crack lengths (by comparison

to specimen width) used in that investigation.
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18
. Martin and Sinclair(‘“) measured crack length as a func-

-T% aluminum

=

tion of number of cycles and stress amplitude in 20

[

alloy sheet specimens. Crack length was deseribed by a power
function of number of eycles and the crack pfopagation rate was
analyzed in terms of nominal stress, theoretical stress at the tip

a

* i 23,24
of the crack, Irwin's crack driving 1orce,( J,2h) and Bowie's

f)r—
rate of strain enerev release.<“3)

=17

These analyses as well as com-
parison with Head's propagation cquation(ll) indicated that more
accurate and refined theorﬁ was needed,

Lipsitt et.al.(lg) conducted low-cyele, high-stress fa-
tigue tests on 1.25-in. wide specimens of 1100-H1S8 aluminum alloy
sheet with a single semi-circular notch of 0.0625-in. radius o%
one side as a crack starter. The data indicated that the growth
of a fatiéue crack lnereased very rapidly as the length of the
crack increased for this unsymmetrical configuration; however,
from motion pictures it was established that, in general, a fatigue
crack propagates in short bursts on Jumps followed by periods of no
measurable growth.

McEvilly and Illg(go) assumed Orowan's mechanism of fa-.
tigue fracture and divided each Inerement of the crack propagation
process into two stages. During the first stage, the material near
the tip of a crack was c¢yelically work hardened to the fracture
strength of the material. During the second stace, the work harp-
dened material fractured and the crack propagated through this

region but stopped when it reached material which had not yet been

* The theoretical stress was calculated by assuming a constant root
radius of 319-3 em at the tip of an elliptical crack.
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completely work hardened. This fracture process was then repeated
to provide for crack propagation.

During the work hardening stage the rate of increase of
stress at the eritical site (rate of work hardening) was assumed
to be inversely proportional to the number of cycles since the last
inerement of crack growth, as well as a function of the endurance
14mit and the theoretical maximum stress at the tip of the crack.
This peak stress at the crack tip was expressed as KNGn’ where KN
ig a stress concentration factor, and O is the nominal stress
across the net cross-sectional area. It was further assumed that
the increment of crack growth during the second stage also depended
upon the theoretical maximum stress at the tip of the crack. Based

on the above assumptions, the rate of crack propagation was written

as
log al log (Kyo..) - ! (K ) (1a)
810 g = 10815 fo (Kyop) - »75 T3 (Ky9y, 0 L.
where £ = ecrack length

N

number of cycles of load

g, = endurance limit

kl = constant

The constant kq and the functions f1 and f2 were determin-

ed empirically, and upon substitution into Eq. (lg) gave

N'n
This equation provided a good description of the experimental re-

sults for both 2-in, and 12-in. wide specimens of both 2024-T3 and
7075-76 aluminum alloys. The direct relationship between { and N

was obtalned by numerical integratlon.
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15,21) a5sumed that the rate of crack propaga-

Weibull(
tion was a funetion of the stress at the tip of the crack, g

only. Thus, assuming a parabolic relation,

af a']. (g)

where / 1s the crack length, N is the number of cycles of load,
and k1 and a, are constants. Another parabolic relationship was
assumed between Oy and the nominal stress across the net cross-

sectional area, 0,3 that is,

85
Gt = keon (2)

whére k2 and a, are also constants. For a constant amplitude of

load, g, can be expressed in terms of the initial hominal stress

Ty by
Go
e : (%)
where
L 2
z = . (5)
L—ko

and L is the width of the specimen, £ 1s the crack length at N
cycles and Q; is the initial crack length. Equation (g) can be

rewritten as

5w i (6)
or
. a
k
s S0 (7)
L-Qo 72

&l

where k and a are constants, that is k = k1k2 2 and a = aj25.




By integration, Eq. (7) becomes

za+1 =._*51§iil o A HN+k! (8)

: 8
i

According to Eq. (Q), the rate of crack propagation
should be constant if the net nominal stress, G\ is maintailned
constant. Equation (8) indicates that a diagram of z8%1 yersus 1
should be a straight line. 3Both predictions were substantiated by
Weibull's experimental results. Egs. (6) and (8) have not provi-
ded a good description of the data obtained by other investigators.
The good agreement obtained by Weibull was apparently due to a com-
bination of fortuitous circumstances including several over Simpli-
fications which compensate for one another and the fact that the
data were for cracks that were long compared with the specimen
width., Equation (2) states that the stress at the tip of the crack
remains the same as the crack length increases if ¢_ is maintained
constant., This is valid only when the crack is very small in com-
parison to the width of the plate. For long érack s the stress at
the tip of the crack decreases as the crack length increases, if
c_ 1is kept constant.* Therefore, as the crack length increased,

n
the constant crack propagation rate for constant 9. is due to the

¥ For an infinite plate containing a circular hole the elastiec
solution indicates that the maximum stress is 3Gr. However,

for a plate of finite width with a hole diameter of one-half
of the width of the plate, the maximum stress is only 2.15 O

Therefore if o_ is kept constant, the maximum stress is re-
duced as the dfameter of the hole inecreases relative to the
width of the plate. A similar phenomenon of larger magnitude
exists for the:stress at the tip of a erack.
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following two opposing effects at the tip of the crack: a gra-
dual reduction of the peak stress and an increasing zone of in-
elastic deformation. These two opposing effects apparently
cancelled one another for the specimen configuration employed
by Weibull.

The derivation of Eqs. (6) and (8) was based on the
assumption that the minimum stress is zero. Therefore, the max-
imum stress alone was sufficient to specify the stress condition
of the specimen. In the present investigation, the minimum as
well as the maximum stress was a variable. Consequently, Egs. (é)
and (8) are not suitable for analysis of the results of this inves-
tigation.

Frost and Dugdale(ge) made an extensive study of crack
propagation using sheet specimens of mild steel, aluminum alloy,
and commercially pure copper. The specimens were 9 or 10-in. wide
and used a central slit as a crack starter. On a diagram of loga-
rithm of crack length, f, versus the number of cycles of load, ﬁ,
the data plotted as a straight line for cracks shorter than 1/8
of the width of the specimen. Therefore, the rate of crack propa-

gation under repeated loading was described by

af
oo (9a)

or

i SR c(N-1,) (Sb)

where C is a function of the applied stresses and the subscript "o"
indicates the initial condition. Frost and Dugdale suggested

Eq. (2) based on the premise of geometrical sSimilarity of the crack
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configuration at each stage of propagation assuming elastic condi-
tions at all points throughout the specimen,

From measurement of the plastic zone at the tip of the
crack in steel specimens, it was found that the length of the plas-
tic zone was proportional to the current erack length. This
phenomenon is consistent with Eg. (2) because, as will be shown
later, the rate of crack propagation is proportional to the length
of the plastie¢ zone if the stress distribution within the elastie
and plastic zones remains geometrically similar as the crack length
increases,

26) and Shanley(27) suggested similar equations

Bennett(
on emperical grounds for erack propagation. Equation (9) will be
derived by dimensional analyeis in the next section.

Head(ll) derived a fatigue crack propagation formula
based on a physical model of fatigue erack propagation, Paris(lg)
and others analyzed the fatigue crack propagation in terms of
Irwin's(23’24) stress intensity factor. The relatlion developed by
Head and the hypothesis of Papis will be cﬁnsidcred in detail in

Section V, and thus will not be discussed further at this time,
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III. ANALYSIS OF CRACK PROPAGATION Il THIN SHEET UNDER REPEATED
LOADING

A thin sheet of material of thickness t and width I
and containing a crack of length _{ as shown in Flg. 1, is loaded
by a combination of a constant amplitude repeated stress and a
constant main stress. The origin of the coordinates is at the
center of the crack, and the x-axis coincides with the longitudinal
direction of the crack.

It 1s the purposc of this analyslis to determine the rate
of cycle propagation, df/dN, of the crack in terms of the geometry
of the crack. The method of dimensional analysis will be employed.
It 1s assumed that the mechanism at erack propagation is the same
in every region of the materidl and that the conditions for erack
propagation are adequately specified by the stress-strain relations,
the state of stress and the stress- or strain-cycle history at each
point in the material.

: feglecting the microscopic variables, the stress ae(x,y)
at point P(x,y) in the direction of 9 can be written as

c@(x,y) = f(do, X, ¥, ©, t, L, configuration of

the crack, complete stress-strain re- (10)

lation of the material)

where To is the nominal stress in the Specimen, and x aﬁd y are the
coordinates of the point.

If plane stress is assumed and the width L is large rela-
tive to the crack length £, the variables t and I, can be excluded.
If the shape of the ecrack for s given value of 0, remains geometri-

. 5 = £
cally similar independent of the crack length, the configuration of

¥ This assumption will be discussed in detail later in this section.
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the crack can be specified by crack length alone. Therefore, Eq.
(10) ean be written as
og{x,¥)} = f(o,, x, v, 6, £, complete stress-
strain relation of the material) (11)

The stress-strain relations depend on the intrinsic
properties of the material as well as on the stress or strain his-
tory. Upon repeated loading different points in the specimen ex-
perience different stress or strain histories. Therefore, the
stress-strain relations will be different for the material at diff-
erent points in the sheet. Without the exact solution to this
stress analysis problem, as well as an exact description of the
behavior of the material, it is impossible to specify the stress-
strain relations of the wmaterial of thc whole specimen with one set
of parameters.

For the purpose of analysis, divide the specimen into rows
and columns of small square elements of side b. The squares can be
made as small as necessary to insure that tﬁe stress-strain rela-
tions are the same for all of the material in each ¢lement. The
complete stress-strain relations for the entire specimen are the
aggregate of the stress-strain relations for each of the small

Squares which constitute the specimen.

The general stress-strain relations for an element are

~! =
' = BJiJ ol 1y a oij
d€ij = +
25 H! 2G
(12)
de _1_1__‘_244_)@0




eiJ = deviatoric strain tensor
“iJ = deviatoric stress tensor

g = equivalent stress or effective stress

H! = the slope of an equivalent stress vs. plastic
strain diagram

G = Lame constant
€17 t €5p + €33
E = Young's modulus
AL = Polsson's ratio ‘
Therefore, the stress-strain relations of any Square can be speci e
fied by a set of six quantities: doag, Sgas HGB’ Gaa’ EaB’ and
M an” The subscripts a and 8 specify the position of the square
element in terms of a'th column and B'th row. All of these quan-
tities have the dimensions of 0, except 4, which is dimensionles
The complete stress-strain relations of the material of the whole
specimen can be specified by M sets of such quantities where M is

the total number of squares.

Written in the form of dimensionless quantities, Eqg. (

becomes
Oo(x,¥y) =0 F, (XL P o Pan
’ R e, R anemosniyy s * BNt !
o] R -‘., .L, .Q, o,o
- 1
%3 Hia Goa
THRISTLY, TEREEG g et e ’ BN e e s T ooweo T N
% “o %
E
_G__B.’ """ """GB’ """ )
o







homologous souares presuppbuag
that the hoﬁologous squares experience the same stress or strain
history. IfAf, ardi,Q2 are homologous lengths, i.e., if they
satisfy the condition

A.ﬂ.l A,ﬂg g
A el | (15)

then the number of cycles of load to propagate a crack through

oLy and AQ, must be the same. Therefore, Eq. (15) can be written
as

aky _ alo i (1_6_)':';
RlAN 2,41

Now consider the subscripts 1 and 2 as two stages in the course of
crack propagation through one specimen rather than crack propaga-
tion in two similar specimens.’ Eq. (16) describes the basic law
of crack propagation in a thin infinite sheet,

Since the subscripts do not specify any particular stagéf
in the course of crack propagation, but only earlier and later <

stages, they can be provisionally dropped. Written in differentia

and integrated forms, Eq. (16) becomes

2 o0k (172)
dN B
Ing - Info = ¢(N - N,) (17p)

In the course of the derivation of Eq. (lz), two assumptions were

made which now must be investigated._ The shape of the crack for

* Consilderation of two stazes in the course of crack propagation
in one specimen necessarily introduces different stress histo-

ries for the two stages. The significance of this limitation
will be discussed later.
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each value of 0, Was assumed geometrically similar independent of
the crack length, and the stress-strain relations of homologous
Squares were assumed to be identical, These two assumptions have
to be examined by comparison with the final solution, Eq. (E7 s
The solution and the assumptions are valid only if they are com-
patible with one another.

The assumption that the Shape of the crack remains geo-
metrically similar independent of the erack length for each value
of 9y will now be verified. Under any stress, Ty the displacement

ug(x,y), of a point P(x,y) in the direction © can be written as

Wlty) = g9 (5. X Rg oo g L .
’Q: j-: »Q, C)'O
G HY G
o (015 QB
sawoms Sl 9 R et > e D)
UO UO co
(aG s
28, s et = (17)
O'O +

Based on Zq, (l&) and following the same general proce-
dure employed in the derivation of Bq. (17), it can be concluded
that the displacements ug(x,y), of homologous points under the same
stress, 04+ a@re proportional to their erack lengths, provided the
stress-strain relations of homologous squares are the same, Thus,
1f the initial shapes of the crack, i.e., the shapes of the crack
when the stress 0o Was zero, were geometrically similar at any two
stages of crack propagation, the shapes of the erack must remain
geometrically similar under any identiecal stress, ¢

o* Therefore,

this assumption of geometrical similarity of the shapes of erack
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is contingent on the condition of identical stress-strain relations
for homologous squares,

It is now necessary to examine the assumption that the
homologous squares have ldentical stress-strain relations as the
crack propagates., Examine the stress histories of two homologous
points l(xl,vl) and Pg(xz,yo) at two stages of crack propagation.

The crack length at stage 1, after W

l_._)

2, after N? cveles, is £,. Initially assume identical stress-
straln relations at these two stages. Eq. (14) indicates iﬁmedi—
ately that these two homologous points experience the same addition-
al stress history if no crack propagation occurs, MNow consider an

increment of crack propacation and let £i be the crack length after

11 increases twr&£1, and let £3 be similarly defined, According to

il
P
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Bg. (19) indiecates that
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Zq. (20) states that P, and P, remain homologous points as the

crack propacates to &! and £! respectively. Therefore, by Eq. (1%)
these two points have experienced the same inerement of stress his-
tory, and have identical stress-strain relations at the end of the

in relations were identical at the be-
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The one remalining consideration which dCbCP"lnCS the
compatibllity of the initial assumptions and the final solution
is the influence of previous stress history.

Consider the stress history of two points, P ) and

109573
Pn(xq,fo) during the interval from the first load cyele until a

erack is initiated at NO vyeles. During each cycle, each point

-

experiences the same stress history, since the original specimen
configuration remains unchanged. Thus, all points* cxhibit.iden—
tical stress-strain relations at N cycles,
With the initiation of a erack at NO cyeles, points
Pl(xl,rl) and Pp(xg,kb) cperience diffefent stress histories,
since these two points are homologous points but at two different
stages of crack propagation. For the purpose of determining the
condition for compatibllity of the assumptions and the solution,
assume that the stress-strain relations for points Pl(xl,yl) and
Pm(xg,yg) are ldentical at stage 1 and stage 2 respectively. Ac-
) and (20), each increment of stress history

ng stage 1 was ldentical to a corresponding inerement of

stress history preceding stage 2,

* This is not applicable to points that are within the influence
of a geometrical discontinuity emploved as a crack starter.
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Upon tracing the stress history for both points, Pl(xl,yl)

L

s, inerement by increment, for a total of

(

and P,(x,,y,}, backwar
(N, - N_) eycles, it is clear that point Pl(xl,yl) experiences a
cycle of streas at N _ oyeles that is, by definition, not influenced
by the erack. At this same stage of stress history, that 13, at
[HQ - (N - ¥ )] eyeles, poin P,{(Xs,¥,) experiences a cycle of
stress that is influenced by the presence of the crack.* Thus
point PQ(XQ,?Q) experiences an increment of stress history from No
eyeles to [Ng -~ (Mg - Ho[] cycles that 1s different from point
Pl(xl,"l). The condition of compatibility of the assumption and
the solution requires for the material at point Pe(xz,yg), that the
Stress-strain relations remain unchanged during this cycle inter-
val. Since the two points are any homologous points, this cycle
interval way be short or long depending upon the relative location
of these two points,

The significance of this condition will be fully discussed
later; however, to satisfy this condition, it is evident that all of
the material must exhibit a stable response to cycles of stress, 94
(and slightly higher) following the Notﬁ cycle. For sufficilently
low values of I, it may be anticipated that the condition will be
satisfled. Tor some high value of 045 a8 compared with the proper-
ties of the material, the stress-strain relations for any point
Pg(xg,yg) will continue to undergo change even after NO oye iéd,

Thus 1t appears that the realm of valldity of Eq. (lz) may be speci-

filed in terms of a dimensionless ratio involving the applied stress

If the concept of "model” 3“d prototvnc" had been retained, N
cycles would cor“cs“ovc to crack initiation in both members.
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9 and some material broperty representing the response of the
material after NO cycles.

It 1s concluded that within the limitation imposed by the
influence of stress history as outlined above the assumptions made
in the above derivation are compatible with the final solution, and
Eq. (lz) 1s the law of crack propagation in a thin sheet of infi-
nite width under repeated loading of a given amplitude and mean
strgss. In the derivation, no assumptions were made concerning the
mechanism of crack propagation, the stress or strain distribution,
or the material properties. Therefore, the solution is general in
these three respects.

For the over-all problem of crack propagation, the geome-
try, the mechanism of crack propagation, the stress or strain dis-
tribution, and the material properties all must be taken into con-
slderation. The geometry will determine the general form of the
equation as given by Eq. (;Z); The mechanism of crack propagation,
the stress or strain distribution, and the material properties will
relate the parameter or parameters, such as ¢ in Eq. (lz), to the
applied stress., Therefore, Eq. (17) is the partial solution to
the over-all problem of crack propagation in thin sheet. The con-
stant C in Eq. (17) will be correlated empirically to the stress
amplitude and mean stress in this investigation,.

The solution, Eq. (17), is for a thin sheet of infinite
wldth. For this configuration, the stress distribution remains
similaf at different stages of erack propagation, For a specimen
of finite width under constant amplitude repeated load, the stress

amplitude as well as the mean stress increasesas the net section
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is reduced by the propagation of the crack. Thus,
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nite width, the stress distribution changes as the c¢rack length
increases, and the change becomes conslderable as the crack ap-
proachées & eritical size., Thus, an exect solution for a sheet of
finite width appears to be very difficult because for various

stages of crack propagation the exact stress distribution is un-

16)]

known, and the concept of similarity is not applicable,
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IV, EXPERIMENTAL INVESTIGATION
1. Material and Specimens
Specimens were cut from 2024-T3 aluminum alloy sheets
0.02 in. thick. According to specifications the aluminum was sol-
ution heat treated, tempered, and cold rolled to final thickness

by the manufacturer. The mechanical propertics were measured as

follows:
Yield Strength (0.03% offset) 51,500 psi.
Yield Strength (0.24 offset) 53,500 psi,
Ultimate Strength 69,500 psi.

A typical stress-strain curve is shown in Hig. 2,

The critical dimensions of the Specimens are shown in
Fig. 3. A circular hole, 0.033-in. in diameter and located at the
center of the 4-in. wide specimen, was used as a stress raiser to
initiate the faticue cracks.

The specimens were buffed and hand polished by a standar-
dized process* to produce a unifornm, smooth, and reflective surface
across the entire width of the central regteor:.
2. Apparatus and Experimental Procedurcs

The specimens were loaded axially using various combina-
tlons of minimum and maximum tensile loads to obtain a planned se-
quence of values of range of stress and mean stress., For each

combination, execept one, at least two Speclmens were tested under

* The specimens were buffed for two minutes with 4-1
cotton buffs and type XXX buffing compound of white coloring
composition. The buffs were held against the specimen with a
force of 2.5 1b. The specimens werec then hand polished with a
fine cloth and lapping compound, which contained medium hard
alumina of grit size 900.

4oin, diameter
h
D




identical conditions to provide an indication of the reproduci-
bility and scatter of the data,

A schematic diagzram and a photograph of
a“paratus are shown in Pig. lYa, and Filg, &b, éc:vcctivc?r. The
stress amplitude was controlled by an adjustable ecccentric crany:

which loaded the specimen at 600 rpm, The eccentric crank was

connected to a loading bheanm by a turnbuckle, which controlled the
mean s8tress., Both stress ampllitude and mean stre could be adjus-

ted easily and accurately,

The load to the Specimen was measured by Tour SR-U clec-
tric resistance strain gages nounted two on the inside and two on
thé outside of a circular ring load cell. The e8 were wired to
form the four arms of an external bridge and connected to an SR-4

strain indicator. The over-all e imental error 1in the measure -

-

ment of stress was estimated %o be + 200 psi

The crack length and the number of cyecles of load were
recorded by time lapsec photography at regular eyele intervals
The camera* was operated electrically, and could take 420 Succesg-
ive frames without reloading. It was controlled by an electro-
mechanical system which performed two functions: (1) taking pic-
tures at regular cycle intervals ang (2) taking cach pilecture when
the stress was within 90 per cent of the maximun stress in order

to obtailn maximum definition of the cracks on the film. This

A Praktina FX 25mm camera. was used.



n

ndred successive frames were obtained

for each specimen., The crack length was measured by viewing the

L )
o

1lm through a microscope mounted on a calibrated travelling me-
chanlcal stage. The measurements were reproducible to within
0.,0005 in., and considering all soureces of error, were estimated
to be aceurate to 0.00l—in.** In Fig. 5, pictures of & crack at
rferent stages of propagation are reproduced from the
ilm. The cycle counter contained a 10 to 1 reductiony

”n

thus the number of cycles of load that was recorded was accurate
hin €en cycles. The grid lines at the top of the piletures

gserved as reference calibration for

Since the crack propagation rate depends on the total
crack length, the crack lengths were measured from the tip of one

crack to the tip of the other. The stress distribution at the tip

¥ The ecyclic interval was controlled by a gear reducer which was
driven by the machine motor. The reduction ratio of the gear

reducer determined the size of cyelic interval between pilectures.

The pip on cam A, which was attached to the shaft of a gear re-
ducer, actlvated solenoid A through micro-switch A. When
activated, solenold A raised 2icro-switeh B to the depressed
portion o- am B,

The phasing of the pleturec and the applied load were coordina-
ted by cam B which was positioned on the shaft connecting the
machine motor to the eccentric load erank. When the raised
portion of cam 2 contacted micro-switch B, solenoid B was act-
lvated, and the release switch of the camera was closed.

=

*%* During the early stages of the program certain difficulties
were oncc"“tércd, such as small scratches close to the ecrack
and poor focus of the camera, which introduced somewhat greater
error, iﬂc*quﬂ: apparent "erack shortening" in a few cases.




of the crack depends on the configuration of the crack. If the
longitudinal dimension of the crack is large compared to the
1éteral dimension, the region near middle of the crack, away
from the tips, experiences a stress field of very low intensity.

Therefore, the presence of clrcular hole at the middle of the

[

rack will not disturb the stress distribution at the erack
tips, provided the crack is considerably longer than the dia-
meter of the hole. It was found that t

crack propagation diminished and could no longer be detected az
the crack length approached 0.07-in., which was approximately
twice the dlameter of the holec.

All experimental procedures were performed in a consis-
tent manner throughout the entire investigation. Special car
was taken to maintain the maximum and the minimum loads constant
during each experiment. The first fou cycles of load were turned
by hand, and the loads were cheeked and adjusted to the
values. [Four or five small adjustments of load were made during
the first third of the lives of the specimens. Throughout the

L

remainder of the life it was

=

ound that the magnitude of the loads

A,
*

remained very nearly constant.

* For spociwan 2802a, the max

imun and minimum loads remained con-
stan to at least 96, per cent of the life. For speclmen 3202
the maximum load dropped only 1.3 per cent at 99.8 per cent of

the 1life.



26.
V. ESULTS AlID DISCUSSION

The experimental results and the analyses of data for
all specimens are summarized in Tables 1 and 2. The specimens
were numbered so that the first two digits indicate the maximum
stress in thousands of psi. and the last two digits indicate the
minimum stress. The stress range and mean stress are given also
in: Tabie 22.

In Table 1, the erack lengths corresponding to various
numbers of cycles of load are tabulated for ecach spccimen., In

Figs. 6 through 41, dlagrams of the crack length, £, plotted on

o}

a logarithmic ordinate scale and the number of cycles of load,
N, plotted as the abscissa, are shown for each specimen. The
data indicate that crack propagation can be divided into three
periods: the initial, the middle, and the final.

The cracks propagated very irregularly in the initial
pericd. This irregularity was probably caused by secveral factors
including variations in the material introduced by machining the
central hole, the slow propagation rate associated with a small
crack length comblned with mieroscopic inhomogeneities, and the
difficulty of measuring the crack length when the crack was small,
Actually irregular crack propagation was observed in each of the
three perilods, however it was considerably more sporadic during
the initial period. In addition, the logarithmic ordinate emp-
loyed in Pigs. 6 through 41 tends to accentuate the irregularities
of the short cracks and minimize the irregularities of the long
cracks. The initial period occupied approximately one-quarter of

the entire propagation cycle life, and ended as the crack length

approached 0.07-in.
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As the crack propagated into the middle period, the
variation of 1n £ with ¥ was linear as predicted by Eq. (17).

The crack configuration presumably reached a "stable" shape which
was malntained until the assumption of semi-infinite sheet was no
longer valid,

The propagation factor, C in Eg. (;Z), was evaluated
from the slope of this straight line portion of the curve for each
Specimen, Values of C for individual specimens as well as the
average values for specimens tested at the same stress range and
mean stress are tabulated in Table 2a. It was pointed out ear-
lier that the propagation factor C is related to the applied
stresses. In Fig., 42, C 1s plotted as the ordinate, on a loga -~
rithmic scale, and the mean stress is shown as the abscisca.

For cach combination of mean stress and stress range, only the
average values of C, from Table 2a, are shown. In Fig. 42,
straight lines have been drawn through the points which represent
the same stress ranges, the same maximum stresses, and the same
minimum stresses., The three families of equally spaced lines
thus formed, provide a very good representation of the trends
exhibited by the data.

The qualitative variation of C, with respect to the in-
fluence of stress on the rate of erack propagation, as indicated
by these three families of lines, forms a consistent pattern of
behavior. For a constant mean stress, C increases with an in-
crease in stress range which may be achieved by inereasing the
maximum stress or decreasing the minimum stress or both. Simi-

larly if the stress range 1s maintained constant, ¢ increases




nean stress, which may be achieved by in-
creasing both the maximum stress and the minimum stress.

In Figure 42, the slope of the equi-stress-range lines
is the smallest, while that of the equi-minimum-stress lines is
egui-maximum-stress lines is interme-
diate between the other two. These slopes provide a simple means
of evaluating the significance of the various

ing the stress conditions. Since only two of the four quantities,

and independent of mean stress. However the sl ope of the equi-
stress-range lines in Pig. 42 is relatively small, indlcating that
for a constant stress range, the value of Co changes only a small
mount for large changes of mean stress. Since the total range

of variation of CO is considerably larger,

it may be concluded
that the stress range, Ao, has a greater influence on the value

o C, than mean stress. Comparing the influence of the other two
quantities, the maximum stress and the minimum stress, with the
mean stress, one at a time, the higher slopes of the cqui-maximum
stress lines and cqul-minimum stress lines indicate that these

two quantities have less influence on the value of CO than the
range of stress. From Pig. 42, three pairs of a posgible six com-

binations of the four stress quantities have been compared; in

each case the mean stress was used as a basis for comparison., It



was shown that in the order of influence on C0

, the stress range
was most important, followed by the maximum stress, and finally
the minimum was least important.

To establish the position of the mean stress in this se-
quence, consider a similar diagram involving CO 2s the ordinate
and the stress range, Ag, as the abscissa. In Fig.
values of Co from Table 2a are plotted on a logarithmic scale.
The so0lid lines are equi-maximum-stress lines. With the maxinum
stress and stress range known at any point dloa; the lines, the
equi-minimum-stress and equi-mean-stress lines, although not
shown, can be traced. It can be shown that the slopec of cqui-
mean-stress lines is intermediate between that of coui-maximum-
stress and equi-minimum-stress lines. The relative magnitude of
these slopes indicates the relative influence of these three

stress quantlties on the propagation factor. Final

-

v, arranged
in the order of decreasing influence, they are: stress range,
maximum stress, mean stress, and minimum stress,

The middle period of crack propagation covered about
one half of the propagation life, and a range of crack lengths
from approximately 0.07 in. to 0.16-in., or the range of values
of 4L from 0.0175 to 0.0k.

The rate of crack propagation accelerated rapidly during
the final period. This rapidly increasing rate of propagation
was due to two factors: the increase in stress range as well as
mean stress due to the reduction of cross-sectional area, and a
change of stress distribution at the tip of the crack as the

ratlo of crack length to specimen width increased.
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where s, the average slope of the broken lines in the semi-loga-
rithmic diagram, Fig. 43, was equal to 0.000123. By using an
average slope for the broken lines and describing C in terms of
gtress range only, the effect of the second stress parameter was
neglected in Eq. (23).

Substituting Eq. (21) into Eg. (23), the expression for

—

C becomes

qu
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otjo
D
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n
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where

D=8 Aco

Substituting Eq. (24%) into Eq. (17a) and rearranging

i

terms gives

S
A
a CD ClI ‘z
N = PR
coTL R (25)
Let
D
| 1 - £ (26a)




Substituting Eq. (26¢) into Eq. (25) and simpli

G -
C

Integrating Eq. (27)

0
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D = 0,000123 Ag

and the subsecript "o" indiecates the initial

ko)

—:i(—x) in Eg. (29%) is the exponential integra
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is cdefined as
[ )
“ﬁi<~x) % bx dx (29)
The values of this integral are tabulated.

Tq. (22) represents a modification of Eq. (17) for ap-
plication to a gpecimen of finite width. The effect of the con-
timuously changing stress range and méan stress caused by crack
propagation are included, however, it does not account for a change
in the stress distribution as the ratio, ‘VL, becomes large.

The quantities N_and C_ will now be evaluated for the
purpose of comparing crack propagation as predicted by Eq. (28)

v

with the experimental data., It is convenient to consider NO first.
The initial condition in Eq. (22) is prescribed by 1%

which can be arbitrarily chosen. In this investigation, Bo was

the dilameter of the hole and was equal to 0.03%-in. An estimate

of ﬂo may be obtained by extrap

'\5

olating the straight line portion
of the curves in Figs. 6 through 39 back to l%. This graphical

method of determination of I, is shown schematically in Fig., 6

O

and is equivalent to an algebraic solution for N_ using Zq. (L7
The values of HO obtained for each specimen are tabulated in
Table 2b,

The calculation of the propagation factor C was based on
the assumption. that the specimen is infinitely wide. However, the
specimen is of finite width, and the propagation of the crack is
inf luenced by the inerease in stress accompanying crack propaga-

T

5

refleected in the values of C measured as the

o
=
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D
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slope of the line representling the experimental data during the
middle stage of propagation. Therefore this value of C is not

the propagation constant for a given stress range and mean stress

propagation factor C_ for semi-infinite sheet at the inlitial
values of stress range and mean stress will be made. Zq. (22)
and evaluated for the fracture

may be rewritten solving for C

coriditions, d.e.; g L, and N = N,.., giving

®

H
l_.

!
S T
ol
O
Nt

I th, the theoretical number of evcles at {racture were knowri,
Co could be calculated. To determine N, , it is convenicnt to

form the ratio, (¥ - W )/(Np, - N_), which will be called the
propagation cyecle ra!

less quantities, the propa

o o ;'O/ ‘O}’
and (£/L) ean be calculated using Zq. (22), since the quantity C,
does not appear in the expression for the propagation cycle ratio.

! o 3

From this relationship, ¥ can be calculated for each specimen

using the previously determined valueg of No and one additional
exper ntal point The points used in this caleculation were

glon the assumption of semi-infinite sheet is still valid, and the
till be neglected.
The values of N thus obtained, provide all of the necessary in

i -k
«

PN
(¥
formation to evaluate C_ using Eq. (30),.
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o o ¥
CO, it should
based on the expression for the propagation cycle
ratio, (N - H )/(V? ~ WO), the value of N can be calculated for
various crack lencth ratios, Q/L. The results of this calcula-

tton are sShown in Figs. 6 through 39 as broken lines. These

theoretical curves colneide with the experimental results during

the middle stase of crack propacation. In the final stage, the
theoretical curves lie to the right of the experimental curves.

This deviation was attributed to the changing stress distribution

o

at the tip of the cracks during the final stage. However, the

l_l-

deviations are small and consistent. The ratio of the experimen-

S & + 2 < B o oY & ar oy M h, Y *
tal to the theoretical propagation lives, (Ma, - N )/(Npy - N, )

are tabulated in Table 2b for each specimen. The values ranged

A
w

or C_ for every specimen and

Hn
o)
H;
o)
o

The initial propag

W

4

e and mean stress

=

S = - o s e 74 4 - a b e
the average for specimens with same stress ran

were caleculated using Eq. (30) and are tabulated in Table 2a.
The average values of CO are plotted against the wmean stress in
Fig, 44, The experimental points are well represcented by straight

\
t

lines similar to Tig. 42. Dased on this diagram, the value of C

In € = 0,0000029% 4  + 0.0000391% ¢ . - 12.61 (31)

; 0 Mo
Substituting Eq. (31) into Eq. (28), the crack propagation rela-

tion becomes

§ = 330) = e {—Ei E(po - D)] + By E(p - D)]




where

z\
/-a
9 = 12.61 - 0.00009293 Ag_ - 0.0000391% o
The results of the calculation of N for wvarious values of 2using
Eq. (32) are shown as dashed curves in F
s80lid curves represent ti
denoted

ig. 45, a through n.
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the fatigue propa

Bq. (32).

using

5 of the mean value
tion llfe can be predi

There-

ted very accurate
The crack propagation formula for a finite
was derived

infinite sheet,

1+
sheet, Eg.
(28), from the crack propagation formula for a semi
Bgo (L7, uming Eg, (24) for
of the change of the propagation factor with respect to an inerease
of " erack length

the expression
From Eq. (23),

Za. (31) as the relation between

'y

Eq. (32) was derived by assuming
the propagation
stress range and mean stress

factor and the
Egs. '
valid only for the material used in this investigation while Ea

(22) and (32) are
(17) is valid for any material

Additional experimental investi-
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ations are needed to determine whether expressions similar to

0

]

R

as. (22) and (32) are applicable for other material. However,
the general approach of adjusting C for change of stress as the
crack propagates can be applied to other materials,

&)

Irwin'a eritical crack extension force, 2%,(2 was cal-
culated for three spccimens from measurements of the load on the
ia8t cycie and the erack length just prieor Yo the last cyecle.
An average value of.t% of 231 1b/in was obtained from which the
critical crack lengths for onset of rapid crack propagation were
computed te be 0,96-in., 1.16-in., l.42-in., and 1.73-in. for
maximum stresses of 40,000 psi., 36,000 psi., 32,000 psi, and
23,000 psi, respectively. Dased on these eritical erack lengths
and the corresponding maximum stresses the propagation 1life cal-
culated by Egs. (25) and (32) as the number of cycles for the
onset of unstable fracture differed only 3 per cent from the life,
Fft, predicted by Egs. (22) and (32) alone. Therefore, the two
methods gave essentially the same results for f e cases considered.
The values of NO, the number of cyecles for crack initia-
tion determined from the experimental data by extrapolation of
the straight line to Zo, as shown in Fig. 6, were tabulated in
Table 2b, These values of PO, because they are defined in an
arbitrary manner, are fictitious, however they serve as a useful
measure of the initiation period. The statistical scatter of the
initiation period was investigated by determining the paramecters
of the statistical distribution of the ratio, N_/N ) assum-

o’ “o(mean

ing a normal distribution. The cuantitv., N ec
o Y e quantity, Io(mean)’ he mean

value of NO {for specimens subjected to the same stress range and



viation of the ratios 0.127.
The propazatlion life can be specified in terms of
(Npe-N,). In a similar manner, the ratlo, (Nfe-No)/(Nfe-No)me

can be formed, where (Nfe°No) is the mean value for specimen:

mean
subjected to the same stress range and mean stress. The standard
deviation was computed as 0.052. As shown by the standard devi
ations, the scatter of the initiation period is more than twice
as large as that of the propagation period. This is not unex- ;
pected since the phenomena of crack initiation is a more local-
ized phenomenon than crack propagation.

As a measure of the crack length when the rate of propa
gation became fagt, values of.tf were determined by'extrapolati'c
The 1linear portions of the curves in the crack propagation dia-
grans, Figs. 6 through 39, to the fracture lives, Npo, of the
specimens. The determination of.E} is shown schematically in
?ig. 6. The values of l% were also tabulated in Table 2b. The
length, 1%, is also a fictitious value, but it serves as a mea-
sure of crack length for the transition from slow to very rapid
cracl: propagation and eminent fracture of the specimen. The ex-
perimental data suggest that the value of,lf depends on stress
range as well as maximum stress.

Photomicrozraphs of the crack tips both before and after
polishing and etching, are shown in Fig. (46) at a magnification
of 200X. The over-all crack lengths are given below each pic-
ture. These pictures were %taken from three specimens each sub-
Jected to the same stress range, 30,000 psi, and the same mean

stress, 21,000 psi.



The same crack tip, both before
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eétching, ls shown in Fig. 40b and c¢, and
same crack, after polishing and etching,

The pictures in Pigs. 46a, b, and ¢ were
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the crack 1s longer than the other, In

eracks were present at the same side of the hole, The stress at
the tips of these two small cracks will be lezs than the stress
at the opposite tip. Conseguently, the crack will propagat
faster on one side than the other. If the stress is sufficiently
reduced, the two short ceracks may become dormant until the other
end of the crack has propagated enough to inerecase the stresses
and cause one of fthese two small cracks to propagate further,

Two such examples are shown in Pigs. 40 and 41, For specimen
2202¢, the crack propagated on only one side until 111,490 cyecles
were applied; for specimen 2906b, until 210,020 cyeles were ap-
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The size of the plastic zone at the crack tip increased
with crack length as shown in Fig. 46b, d, and £ by the slip
lines. No visually detectable plastic deformation was present

P

in Fig. 46a. However, the plastic zone in Fig. 46f 1s much

larger than that shown in Fig. 464. This observation is in qual-

tative agreement with the assumptions made in the derivation of
Ba, (A7)

In the development of Eq. (17), it was indicated that

the validity of this relation was limited by the effect of stress
history on the stress-strain relations. The significance of this
limitation can be evaluated indirectly. The validity of Eq. (17)
depends on the assumption that the mechanism of crack propagation
is the same at each stage of the propagation life and thereby that
homologous points experience identical stress histories prior to
fracture. It was shown that prior to crack initilation the stress
histories are identical. Following crack initiation, homologous
points at two different stages of crack propagation experienced
different stress histories. Point, P2, corresponding to the later
stage of propagation experienced a number of cycles of stress when
the crack was not in close proximity that did not correspond to
any period in the stress history of point Pl’ corresponding to an
earlier stage of propagation. If the stress-strain relations of
point P2 remained unchanged throughout this additional cyclic in-
terval, it was shown that each increment of stress history ex-
perienced by point P1 and P2 preceding crack propagation could
be claimed to be identical and the assumption of identical mech-

anisms of crack propagation in the vicinity of points P, and P

- )

would be satisfied.
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The good agreement of Eq. (17) with all of the experi-
mental data in the second period of propagation justifies the
use of this assumption for the range of stresses covered by this
investigation. Of necessity the stresses used in this investiga-
tion were above the fatigue strength of the material; however the
maximum nominal stress 40,000 psli. was below the yield strength
at 0.03 per cent offset, 51,000 vat. It may be anticipated that
at higher stresses the assumptions made in the analysis will pro-
vide a less accurate description of the crack propagation phenome-
na.

Head's Tbeory(22)

Utilizing Orowan's mechanism of fatigue fracture and a
physical model of fatigue crack propagation, A. K. Head derived
an expression for fatigue erack propagation in an infinite.medium
under completely reversed Stress. The relation between the rate

of propagation and crack length may be written ac

daL L) :
", S leP/ (33a)

Upon integration, Eq. (33a) becomes

ke Rl o ) (33b)

where N, corresponds to the number of cycles of loading at which
the crack becones infinitely long but for purposes of calcula-
tion is taken at fracture. kl and k2 are parameters which de-
pend on the applied stress and material properties.

Equation (33b) indicates that 1/2 varies linearly with
N. 1In Fig. 47, a through n, the experimental data are shown on

_diagrams using Q“I/Q as the ordinate and N as the abscissa. Data
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for specimens subjected to the same stress range and mean stress
are shown on the same diagram. For the range of crack lengths,
&, from 0.06-1n. to 0.20-in. shown in Fig. %7, the experimental
data of this investigation exhibit a lincar relation as speci-
fied by Eq. (33). Since both Egs. (17) and (33) agree véry well
with experimental results, it is of interest to compare these
two relations. The form of (332) is similar to Eq. (17) except
that.ﬁj/2 appears on the right hand side of Eq. (332), in place
of £ on the right hand side of Eq. (17). 1In Fig. 48 a diagranm
of £3/2 versus £ is shown for the range of crack lengths, 4,
from 0.06-in. to 0.20-in. 1In this range of crack lengths, £3/2
is almost linearly proportional to £, and Egs. (XT) &g (33)
predict essentially the same results. As indiecated by Fig. 483,
the curve of£3/2 versus £ will deviate appreciably from g stra-
ight line only if the range of £ is extended, Therefore, to
expérimentally differentiate between Egs. (17) and (33) it would
be necessary to inecrease the width of the specimen,

Hypothesis Of Paris, Gomez, and Anderson(lg)

Paris and others hypothesized that the fatigue crack
propagation can be described in terms of elastic stresses at the
tip of a crack. Based on the form of expression developed by
Irwin,(23) the elastic stresses at the tip of a erack can be

expressed in terms of a single elastic parameter K, the stress




P‘# + 2({:)4
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e T AT

where
0, = nominal stress
L = crack length
L = specimen width

For the ratio /L smaller than 0.1, K is approximately equal to

K=oog (

* The stress components at a point P, which is defined by a
vector T from the tip of a crack, are as follows:

Vi [s] e 36
ay-—-——cos 2—[1+sin2- ain—z-

cos g-[l - sing- sin -Zg-

- o 36
Txy - cos » sin 3 Co0s =
tee * "yz =0
- 0 for plane stress
o, = ,q(cx - ay) for plane strain

where © is the angle between the vector ¥ and the x-axis, and 4
is the Poisson's ratio. The axes are the same as in Fig. 1.




4,

Under repeated loading, the elastic stresses at the tip
of the crack can be specified by two quantities, Kmax and the
‘ratio, Kmin/Kmax’ where Kmax and Kmin are stress intensity fac-
tors corresponding to the maximum and the minimum loads. If the
maximum and the minimum loads are maintained constant, as in this
investigation, the ratio Kmin/Kmax remains unchanged and is equal
to the ratio between the maximum and the minimum loads. There-
fore, the stresses throughout any one experiment can be specified
by Kmax alone, and the rate of crack propagation is a function of
Kmax only.

The logarithm of the rate of crack propagation is plotted
against the stress intensity factor, Kmax’ in Fig. 49. Data for
speclmens subjected to the same stress range and mean stress are
plotted on the same diagram. The data cover a range of crack
lengths from 0.06 to 0.20, where accurate values of rate of pro-
pagation could be obtained. 1In each diagram, a straight line
represents the experimental results very well over this range of
crack lengths.

The crucial test of this hypothesis must be based on the
coincidence of data for the same values of KmaX and the ratio
Kmin/Kmax' Consequently all of the lines from Fig. 49, a through
n, are reproduced on one diagram in Fig. 50. The specimen numbers
are indicated for each line in the legend along with the values of
Kmin/Kmax' Since values of the ratio K, /K ., are different for
each specimen and cover a range of nearly one order of magnitude,
a family of non-intersecting curves may be expected. In general

the lines in Fig. 50 fit this description. The lines at the top
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of the group are for large values of Kmin/Kmax and similarly the
l1ines at the bottom of the group are for small values of this
ratio.

For curves numbered 11 through 1%, the values of the
ratio, Kmin/Kmax’ are nearly the same, 0.05 to 0.0715, and it was
expected that these lines would form a narrow band somewhat sepa-
rated from the others. However, the experimental results show
that the propagation rates of these four specimens differ by as
much as %0 per cent. On the other hand lines numbered 9 and 10,

with values of Kmin/Km of 0.167 and 0.150 respectively, inter-

ax
sect one or more of the lines numbered 11 through 14, Similar
comparisons can be made for ofther lines, and in some cases the
differences of crack propagation rates for lines with similar
values of Kmin/Kmax are close to 50 per cent in the wrong direc-
tion.

Since the erack propagation rate, df/dN, must be inte-
grated to compute the crack length, £, corresponding to a given
number of cycles, N, it ﬁ;y be concluded that the predicted values
of N corresponding to a critical value of £ will contain errors at
least as large as those encountered with the propagation rate,
Thus, in its present form, this hypothesis exhibits the proper
trends; however the predictions appear to be less accurate than
those given by Eq. (17).

Recently, the concepts leading to Eq. (34) have been
modified emrirically to include the influence of a small zone of
plastic deformation at the tip of the crack. This modification
may improve the accuracy of this hypothesis, but calculations

were not made to investigate this possibility.
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VI. CONCLUDING REMARKS
The major results of this investigation may be summa-
rized as follows:
1. An expression of the crack length, {, in a semi-
infinite sheet under repeated loading in terms of number of
eyecles of loading, N, and a stress dependent propagation factor,

C, was derived by dimensional analysis. The expressioh is

dg

W ‘ (17a)
i = -

in :Q-; - & (¥ No) (17b)

In the derivation, no assumptions were made with regard
to the mechanism of erack propagation, the stress or strain dis-
tribution, or the material properties. Therefore, the expression
1s general in these three respects.

2., In total, 36 specimens were tested covering various
combinations of stress range and mean stress. The experimental
results indicated that the propagation life can be divided into
three periods: the initial, the middle, and the final. 1In the
initial period, the crack propagated sporadically and slowly. In
the middle period, measurements of crack propagation agreed with
the prediction of Eg. (ll)i this period consumed 40 per cent to
50 per cent of the propagation life. In the final period, crack
propagation was greatly accelerated due to two effects: an in-
crease in stress range and mean stress as the net section was

reduced and a disproportionate increase in the size of the plastic



)

zone which changed the stress distributlon and the mechanism o
fracture.

3%, The crack propagation relation, Eqg. (17) was modi-
fied to account for the effect of an increasing stress range and
mean stress as the crack propagated in a finite specimen., The
propagation life predicted by the modified equation was a con-
stant proportion with the experimental propagation life. The
ratios between the experimental and predicted propagation lives
had an average value of 0.77 and ranged from 0.69 to 0.8%.
Therefore, accurate prediction of propagation life appears pos-
sible.

4., The propagation factor, C, in Eq. (17) was found to
depend on the applied stresses. Arranged in the order of decreas-
ing 1nf1uence‘on the propagation factor, C, they are: stress
range, maximum stress, mean stress, and minimum stress. However,
only two of these four quantities are independent, and any two of
these quantities are sufficient to specify completely the propa-
gation factor.

The relationship between propagation factor and the
stress range, Ao, and mean stress, Oy, Was determined experimen-

tally for 2024-T3 aluminum alloy to be

In C° = 0.00009292 Ac + 0.0000391%4 e 12.61 (31)

5. The scatter of the erack initiation period was found
to be more than twice as large as that of propagation periods.
This is reasonable in view of the fact that crack initiation is

a more localized phenomenon than crack propagation.
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6. The photomicrographs indicated that the size of the
plastic zone at the tip of the crack increased as crack propaga-
ted.

7. Head's eguation for crack propagation provided a
good deécription of crack propagation. Although somewhat diffe-
rent in form, it gave results very similar to Eq. (17) for the
range of crack lengths covered by this investigation. It wéuld
be necessary to increase the width of the specimen to differen-
tiate experimentally between Eq. (17) and Head's equation.

&. The hypothesis used by Paris and others to predict
fatigue crack propagation in terms of the elastic stresses at
the tip of a crack neglects plastic deformation. In its present
form, the hypothesis predicted the general trends observed exper-

imentally. However, the accuracy was not as good as with Eq. (lz).
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51.
APPENDIX NOTATIONS

a, a, &8, = Constants
b = Side of a square material element
C = Crack propagation factor
C0 = ‘Crack propagation factor in a semi-infinite sheet
D = 0,000123 40
E = Tensile modulus of elasticity

-Ei('x) = Exponential integral of argument x

s fl, f2 = Mathematical functions

®, Fl, F2 = Mathematical functions
G = Shearing modulus of elasticity

= Crack Extension Force

H* = Slope of an equivalent stress vs. plastic strain
diagram
k, kl’ k2 = Constants
K = Stress intensity factor
Ry ™ Stress concentration factor
¢ = Crack length
£, = 1Initial crack length
AL = Incremental crack length
gt = & + Af
L = Width of specimen
N = Number of cycles of load
N, = Number of cycles of load corresponding to L ¥
AN = %gczjgental number of cycles of load corresponding

Nfe = Experimental fatigue life
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52.
Predicted fatigue life by Eq. (23)
Predicted fatigue life by Eq. (32)
Thickness of the specimen

Displacement at point P(x,y) in the direction of ©
L -4
L -4

Deviatoric strain tensor

g 5
Angle

Poisson's ratio
L

!

12,61 - 0.00009298 A, - 0.00003914% P

Unit stress

Stress at point P(x,y) in the direction of ©
Stress range

Mean stress

Nominal stress across the net cross sectional area
Initial nominal stress

Stress at the tip of the crack
Deviatoric stress tensor

Oq7 + Top + 03

Equivalent stress

Endurance limit
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