DI-2 THE GROWTH OF FATIGUE CRACKS

¥. E. Frost !
ABSTRACT

It is convenient to divide the study of fatigue-crack growth into
(a) the initiation and development of surface microcracks, and
(b) the growth of macrocracks.

The former is discussed briefly; work dome at the National Engineering
Laboratory over the last eight years on the latter forms the main subject matter of
the paper, In this latter work, experimental parameters have been determined which
describe

(u) the minimum alternating stress necessary to cause a orack of a given length
to grow, and

(b) the subsequent rate of crack growth.

It was found that whether or not an edge crack of length 1 grew in a plate specimen
subjected to a nominal alterngting stress 03 (zero mean load) depended on whether

the value of the parameter 0‘.31 was greater or less than a material constant C and

that the initial rate of growth of a central transverse crack in a sheet specimen,

subjected to the loading oyole T 03, where T>55, was given by

%. A0$1

where 1 is crack length, N is number of siress cycles from the start of crack growth,
and A is a material constant which may or may not depend on the value of the tensile
mean stress T, Experimentally determined values of C and A for a wide variety of
materials are tabulated.

It is oonsidered that, for a complete understanding of fatigue phenomena, a
knowledge of both the plain fatigue strength and the fatigue-ocrack growth characteris-
tios of a material are required, the parameters discussed in this paper providing a
simple means of desoribing this latter behaviour. Their use is illustrated with
reference to the interpretation of notched fatigue data and to whether or not fatigue
failure originates at a free surface.

1 Head of Fatigue, Wear and Stress Analysis Division, National Engineering
Laboratory, East Kilbride, Glasgow, Sootland.
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1o  INTROIUCTION

The breakdown of engineering plant and machinery as a res
and subsequent growth of a fatigue crack in a mstalr;art is st‘ﬁ; :: :l]l.; :l;:.t::gg:
event, despite the fact that the subject of metal fatigue has been studied seriously
since the turn of the century. One reason for this is the large number of variables
that must be ccnsidered when the question of fatigue strength arises, For example
the fatigue properties of all materials of engineering interest under all possi’ble'
combinations of stress systems, surface finish, surface condition, heat treat
temperature, environment, etc, are not, and probably never will be, availableﬁ?t,
Another reason is that the behaviour, under oyclic loading, of a component conta;.uing
a notch or change of section, a bolted, riveted or welded Joint, or inherent flaws or
defects, or which is subjected to fretting, camot always be predicted from a know-
ledge of the component geometry and the plain fatigue properties of the material (i.e.
those obtained by testing un-notched polished specimens). In some instances, whether
or not the component fails catastrophically may depend less on the value of the cyclic
Stress required to initiate a crack than on that required to cause a crack to grow,
Thus, to understand fully the bebaviour of a metallie component or structure under a
cyclic loading, parameters describing the behaviour of a fatigue crack may be Jjust as
necessary as a knowledge of the plain fatigue properties,

Further, as a consequence of the increas acceptance of 'f. $
principles, it would be useful to know both t;xelgcondifions gwem:nié-:gfera::szém
growth of a fatiguz Srack and the relative rates of growth of cracks in different
materials. Harper\2) states that a 'fail-safe' design implies a limiting ecrack length
can be established, above which a crack mst be detected by inspection if it is not to
extend to cause failure before the next inspection. He suggests that designers should
use all possible means to achieve the ideals of a low rate of crack rropagation and a
::gl;srisidzgl staﬁc s;reniggh in the presence of a crack. Probably the best way of
8ing the merits of a 'fail-safe' design is the
which it allows in relation to the weight ﬁvolvzg. Hime, Detumar: inapectlon s

It is convenient to divide the study of fatigue-crack growth into
(a) the initiation and development of surface microoracks, and
(b) the growth of macrocracks,

even though the former mist precede the latter as a direct cause, The former are

visible only under high magnification whereas the latter are often visible to the
naked eye.

2. THE INITIATICN AND DEVELOPMENT OF SURFACE MIC ROCRACKS

When a polycrystal is subjected to a cyclic stress of sufficient magnitude, slip
will first occur in those surface grains which contain active slip planes favourably
oriented with respect to the maximum shear stress. Continuing localized slip will
result in slip bands forming on the surface, the slip steps produced in the persis-—
tently active slip bands eventually developing into grooves or intrusions which can
be considered as the first stage of a microcrack. The ease with which slip can be
iog:iii:dt;ithi: certain bands is dependent on the ease with which oross slip can

c e materigl. S1i crack has been obsgrved experimentall for
example, ’I’hompson67, Hempa]}.)rs’?drorsytﬁg) and Kemsleytg’ and occurs, at Z-ozi’
temperature, in most pure metals and simple alloys.

(?T fact that slip-band cracking is known to ocour at liquid-helium tempera=
ture suggests that the basic pt-g esses do(»r)‘d only on the mechanical movement of
atoms and both Cottrell and Hull, and May 9) nave suggested models based on the
sliding of(sjterial in and out of slip bands whereby deep grooves or intrusions can
forms May‘\”/, for example, treated the rroblem by assuming that dislocations made
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return journeys along paths which were shifted in a random fashion with respect to
previous paths, Such a random distribution of slip would roughen the surface, lead—
ing to a redistribution of stress, so that later slip would tend to be concentrated
in valleys already formed cn the surface. Some valleys will become deeper, and MNay
showed that the predicted number of cycles required to form valleys deep emcugh to
be considered as microcracks was of the same order as was found experimentally.

It is interesting to nobte that with single crystals the effectiveness of slip=-
band oracking will depend on the crystal geometry and applied stiress system. For
example, surface cracking due to simple slip accumuilation will be least otfeortivc( 10
in a crystal of square cross-section subjected to cyclic torsional stresses whose
operative slip vector lies parallel to the observation face far, as the shear
stresses are a maximum in the middle of each face and reduce to zero at the cormers,
at no point in the crystal is there a slip movement with a component normal to the
surface.

Although slip-band cracking is common in many metallic alloys subjected to
cyolic stresses which at room temperature do not result in gross distortion, grain-
boundary cracking may ocour if the grain Fov.u}daries are weaktnej relative to the
grains, either by raising the temperature'll’ or by alloying 12), At high cyclic
stress levels, surface rumpling can cause drastic changes in the surface geometry
and grain-boundary cracking may occur even though, at str?giea nearer the fatigue
limit, the material may exhibit transcrystalline cracking\®’/, Grain-boundary orack-
ing will be a consequence of the inability of surrounding grains to deform so as to
accommodate a grain which is deforming plastically or at high temperature of void
formation due to grain-boundary sliding. When the cyclic stresses are such that the
whole of the specimen is deformed plastically the, material may either work-harden.
or work-soften depending on its initial condition(12514) ang these effects can be
detected by bulk specimen measurements, Although changes in the bulk properties:
may cause differences between the results obtained from different types of fatigue
tests (for example, between constant stress—amplitude and constant strain-amplitude
tests), fatigue failure still arises through the initiation of surface cracks. This
is convincingly demonstrated by the fact that repeatedly machining twgy 2}39 speci~
men surface increases the life irrespective of the stress amplitude\12916/, wyith
certain metallurgically unstable alloys, such as the high-strength solution~treated
and precipitation-hardened aluminium alloys, cyclic stressing can result in local
over-ageing and softorgn% locally softened areas on the surface being the preferen—
tial sites of cracking\1l/, 1In highly alloyed metals, such as the high-strength
steels, the complex microstructure makes observation of slip difficults cracking
in these materials may often be initiated at surface inclusions,

Because cyclic slip processes are controlled by cyclic shear stresses, a mean
stress would not be expected to have a marked effeot on the minimum alternating
stress necessary to initiate surface microoracks (provided the maximum stress in
the loading cycle does not result in gross yiflgyng) and thus they will be able to
form under a wholly compressive loading cycle 19),” The mean stress will have a more
pronounced effect on the development of surface microcracks,for compressive mean
stresses will tend to keep them closed so retarding their growth, whereas tensile
mean stresses will tend to keep them open and so enhance their growth,

For a given stress and material, a surface microcrack develops into the body
of material in the direction of the active slip planes until it reaches a certain
depth from the free surface, after which it will continue growing on a plane normal
to the direction of the maximum cyclic ppincipal tensile stressy this changeover
length will be discussed later, Forsyth 19/ calls the former Stage I growth, and
the latter Stage II growth.

3+ THE GROWTH OF MACROCRACKS

To study the growth of cracks long enough to be seen by the naked eye, it is
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usugl to employ a sheet specimen containing a small central transverse alit(zo-zz)
as shown in Fig. 1, Buckling is prevented by subjecting the sheet to the uniaxial
loading cycle T *d;, where TXa. Fatigue cracks form at the ends of the s1it and
grow across the sheet, normal to the loading direction., The initial s1it should be
made small compared to the sheet width, so that a well defined growth curve can be
obtained before the crack length becomes an appreciable fraction of the sheet width,
Provided the value ofG g is small (s 1s usually of the order of E/SOOO where E is
Young's modulus) cracks grow initially from the ends of the slit on a plane through
the sheet thickness at 90° to the plane of the sheet (called 909 growth), Growth
will continue in this mammer until a certain crack length is reached when, for soms
materials, subsequent growth will occur on a plane through the sheet thickness
inclined at 45° to the Plane of the sheet (called 45° growth), This latter type of
growth occurs in materials in which the static tensile fracture of a piece of
material of the same thickness as the crack-growth specimen cocurs on a 45° plane
through the thickness., For materials in which statie tensile fracture occurs on a
90° plane, fatigue-crack growth ocours on a 90° plane throughout. The length of 90°
growth varies with material, for example, the length of 90° growth in an 18/8
austenitio steel s ees my be four times that in a mild steel sheet subjected to the
same loading cyclel21 ¢ The length of 90° growth in a given material and constant
mean stress T increases as0 7y decreases, while for a glven Gy, the length of 90°
growth is independent of T for materials in which the growth rate is independent of
T and doorestsg)with increasing T for materials whose growth rate increases with
increasing T o It would thus seem that for a given material and sheet thickness,
the changeover from 90° to 45° growth is associated with some critical growth rate,
or in other words, occurs when the increment of growth per cycle exceeds a certain
value. Although most ductile t3ls in thir ﬂfet form exhibit 45° growth (two
common exceptions are titanium\23) ang zing\® the thicker the sheet, the less
tendenocy is there for the fracture face to tip on to the 45° planej for example,
although a particular loading cycle may result in growth occurring eventually on a
45° plane in a O.1-inch thick mild steel sheet, the fracture face of a similarly
loaded 1,0-inch thick sheet will remain throughout on a 90° plane, However, a small

Although on a microscopic scale the leading edge of a orack is a complex shape
through the thickness of the sheet, that of a crack, which is not growing too fast,
can on a macro-scale be considered as a straight line joining the ends of the two
surface cracks visible on either side of the sheet, Examination under high magnifi-
cation of the fracture faces created by a fatigus crack often reveals the mresence
of line mrkings in certain areasj an example of those found on a tita?% fracture
face 1t u&own on Fig, 2, These line mfkﬁp (which are tgaer troughs or
ridges\ 19 ) have been called striations\? s arrest lines and ripplu(zs). They
run parallel to each other, normal to the direction of crack growth, the distance
between two adjacent 1ines corresponding to that caloulated from a knowledge of the
growth rate at the particular point, assuming that the ocrack front moves forward
sach atroszzc;:;cle. These stré’tim appear not only on metallic materials but alse
in rubbers and polymers\2°), 1n these latter materials oracks can only grow
from inherent or artificial flaws, thus any mechanism of crack growth mist be able
to account for growth in a material in which the oyoclic slip processes leading to
surface cracking in a metal do not occur,

A more pronounced marking appears on the fracture face of materials susceptible
to fast fracture (e.g. the high-strength aluminium alloys). Examples of those found
on a aluminium alloy at two different loading cycles are showm on Fig, 3,

It is seen that quite distinot light and daric areas existy a dark area corresponds
to an element of fast fraoture occurring in a single cycle, a light area corresponds
to a period of fatigue—orack growth,

There are several methods of presenting fatigue-crack growth data, One may
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simply plot the current crack length (1) against N, the mumber of stress cycles frem
the time that cracks first appear at the ends of the initial slit, the resulting
growth curve being of the form shown on Fig. 4. However, it is more useful to
exprress the results in terms of soms parameter which enables the growth rate in a
given material to be estimated for any stress cycle and orack length. Some methods
that have been suggested for correlating orack-growth data ares

(a) Frost and Dugdalel?) and 1ater 11u(29) sesumd that the strain distribu
tion shead of a transverse crack, in a sheet of infinite width, remained
geometrically similar as the crack progressed in a contimuous marmer. This
leads to a growth law of the form

F - aen (1)

where A is a material constant and i’(ﬁ') a function of the stress cyocle, For a
glven test, log 1 should plot linearly against N, Neither £(5) nor A can be
predicteds they must be determined experimentally.

(v) Haa,d(jo) assumed that the material ahead of the crack in an infinitely
wide sheet work-hardened rrogressively, until the stress in an element of
material immediately ahead of the crack tip reached its 'fracture stresst,
By considering the material to be composed of elastic and plastic elements he
developed a growth relationship of the form

2
% - Bg(c)lzg

where B is a materia] constant and g(0) a funotiom of the stress cycle, g(o)
is predicted the theory but B must be determined experimentally. Far a
glven test 172 should plet linearly against N,

(o) The above two relationships apply to tests in which the crack length is
small compared to the sheet width and in which the extgr&a.l loading cycle
applied to the sheet is maintained cmstant, Weibulill1 s however, conducted
tests (O tog'm) in which the external load applied to a sheet specimen was
continually reduced so that the stress (oorrupondins to O mx) on the unoracked
area remained constant, expressing the crack length 1 as g fraction of the
sheet width b, i.,e. x = 1/b, he found that, for a given test = C for values
of x up to about 0.8, i.e. the growth rate was independent:of x, Thus, for a
given test, x should plot linearly against X,

(d) Master curve methods. These involve Plotting the measured growth rate at
a psrttgu}ar va%uo of 1 against soms parameter such as the stress intensity
factor\ 2 yX0"1%, where X is soms correction factor appropriate to the speoimen
geomstry and the tss’k-length/ahut-ridth ratio, and 0" is the gross area
stress, or KySpet (where Spet is the stress on net unoracked ares at the
partioular value of 1, and Ky is the Neuber effective stress-concentration
faoctor, assuming the crack to be an ellipse having an effective root radius
equal t 380 size of the Neuber elemsntal structural perticle), Paris and
Erdogan? have argued that because the elastic stress field and the sige of
any plastic zone around the crack tip are proportional to the atress intensity
faotor K, then the growth rate should be soms funotion of K,

1o, S - ue(x).

They indeed found that the growth rate in the high-stirength aluminium alloys
under a repeated tensile loading cyole O =Op.» oould be represented by

a1
a-n‘
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The relationships mentioned above each predict, for a giv

growth-rate dependence on crack length. As mention;d previsus;;, tIeI:::l :o::{g::t
the material ahead of the crack tip could be divided into elastis and plastic
:i:man:-; as shom on Fig. 5. He was able to define d, the length of the elastis

ment by comparing the crack opening predicted by his model for wholly elastis
conditions with the known elastic solution, but was unable to make any such col i~
son to define a,, He assumed, therefore, that ag remained,constant thrmghout.:ar
test. This constant appears in the coefficiant B as B'/a

s el o%s Thus, Head's equation
dl B'I%
5 a—f .

Both theory(:u) and axperimsnt(zo) have now shown that the extent of the plastic zone

ahead of the crack tip is proportional to 1, i.e. = Z
ol kgl s ag 1, thus substitution in the

2

a1 312

@-zi- -

In order to compare Weibull's relationship with the relationships suggested for

a crack growing in an infinitely wide sheet sub,
PR ol it y subjeoted to a constant load amplitude it

(1) the stress dependence of the growth rat
sheet, and &r ate of a crack in an infinitely wide

(2) the ratio of the nominal stresses which w

ould cause either a crack of given
length in an infinite sheet to open the same amount as a crack of the same f:ngth
in a finite sheet, or alternatively, which would for an elastic material result
in the same elastic stress distributions in the vicinity of the crack. :

From photo-elastic tests on sheets containing a narrow ellipse, Dixon(35) found that
if 0" is the nominal stress based on gross area applied to a sheet of width 2b contain-
ing a central slit 21, and if0o 1s the gross area stress applied to an infinitely
wide sheet oontaining a central slit 21, similar elastic stress distributions resulted

oo fi -,

while Frost and Dugdalo(m) found that from measurements of the
opening of
a metal sheet, similar slit openings occurred for 1/b < 0.6 if g T nr i ey

1 2
g = g-ofi + '<-§
where w =% to 1, Some of Dixon's photo-elastic results are shown on Fig, 6.

Experimental data discussed later suggest that for the lo.
ading cycle T O
where T>C0 g, equation (1) can be written as a1/d8 - AU".gl, where A is a matori:l

constant which, for some materials, docea not depend markedly on T, Consider a test
on a finite sheet of material in which the growth rate dces not depend on T and in

;::::rthc external loading is maintained constant, .then using Dixon's correction
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- “"usf' '(%)2}%

where %03, is the nominal stress cycle based on gross area, Now consider a Weibull
test, in which the external loads are adjusted so that the stress on net area O,
remains constant, and 1 is expressed as a fraction of b, the sheet width, say 1/b = x,

thenUpq = 0pn(1 = x) and dx/dF = A6‘n3(1 - 2)51(1 - 12)_%. As in a given test, 0, is
constant

cfa- [ o

x\l - x
[+xi
which onwritingz-<1 —| &ives
MEsC.g-mztlo2ta g,

Fig. 7 shows N, in arbitrary units, plotted against xj it is seen that the curve can
be represented by a straight line over the range x = 0,06 to 0.7. Thus neither Head's
nor Neibull's relationships are inconsistent with equation (1), and for a crack grow=
ing in a wide sheet, provided 1/b is small, the rate of growth would be e(%c_:tgs to
be proportional to the current crack length 1. Indeed, experimental data 25) on
10-inch wide sheets of various materials have shown this to be so, Some examples are
shown on Figs. 8(a) and 8(b). It is seen, for small values of b, that log 1 plots
linearly against N, i.e. d1/dN¥ = Cl. For a given tensile mean stress, C is found to
plot linearly againstG 4 on logarithmic axes, giving a line of slope about 3 for all
metals tested, (typical results for copper are shown in Fig, 9) thus

% - AT Y (2).

Typical values(zo-ﬁ) of A are given in Table 1. For some materials A is seen
to be dependent on the tensile mean stress T, whereas for others it is independent of
T, Copper is a material in which the growth rate is independent of T3 the growth
curves on Fig. 10 obtained on copper sheets tested at 4 %1 and 10 %1 tons/in? are
identical over the period of 90° growth, The greatest dependence on tensile mean
stress occurs with the high-strength aluminium alloys, in which pronounced elements
of fast fracture occur during the growth process, DLven in these materials, however,
the growth rate for a given value of T4 never exceeded a linear dependence on T, When
A does depend on T, it can be shown that for values of T > 2 tons/in2 (2 tons/in? is
the lowest value of T applied in any test), A is given by P + QT'y where P and Q are
material constants. Values of A, of course, apply cnly to that stage of crack growth
during which the growth rate is proportional to 1, There appears to be no correlation
between any of the static strength or plain fatigue properties and the corresponding
value of A for a material. Also, provided the crack front remeins sensibly straight
throt? the specimen thickness, A is not significantly dependent on specimen thick-
ness 4) and, although crack-growth tests have not been carried out over a wide fre=
quency ey A does not appear to vary markedly with testing speed over the range 100
to 8000 o/min,

It is easily shown(20) that, if equation (2) is true for a crack growing in an
infinitely wide sheet, then it will apply with negligible error to a sheet of finite
width for values of 1/b < 4. This implies that, for the 10~inch wide sheets used in
the experimental work, deviation from linearity on a log 1 v. N plot will occur at
half-crack length of about i inch. In general, the experimental results show this to
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be true and in tests at relatively low mean s
E tresses (i.e. T only slight
zzaxjs();;)lequau;n (2) applies up to 1/b = 4 irrespective of whetger gf-orﬁ f::e: 900
N . plane, owever, at higher mean stresses, there is evidence that, if the frac-
ure face deviates from the 90° plane at 1/b < s the growth rate at - :
depends on the current crack length only as long as the fracture faceaigizgnf?h-. 900
E;gn;izzgomi;ge.:s;er ;han givenmg{ equation (g? when the fracture face tips o;to the
. 8 also some cation that for a given str
90° growth is less in a material of low duc e sl i
tility than in one of high ductili F
example, although A has about the same value for both n 2 i i
rmalized and cold-rolled mild
steels, the length of ?)" growth for a given st 1 g 1 .
: ress cycle and hence the ¢
ov:r ;hich equation (2) is applicable is less for the latter than for ther;‘;};mi;ngeh
;goe:oaiéo g ‘gr::era;,tghe higher the value of T, the more abrupt is the change from
0 an e greater the increase in th
e growth rate when owth
fgerglzcmde;pe::;s tast:r frgwthdrate can be represented empirically 'f; dl/dlocfug:'.g'ilm?
3 on mater tensile mean stress and n and m vary with t -
3:;::; ol;r;at ;ng Dugdala?msnfound that for crack lengths up to 17{ d i‘, ne:;dcl:ng:d
an . Or a oragk, approaching its critical length (i.e th.
::s:v:’;a:;t:re occursr), Harp\zrtlé) found n was about 10 and m gtariid.f;om ;tt:t1;hicllzt
8 range of orack lengths that th r
B o o L S e gt a e mster curve methods provide a useful

Although it has been shown that over a limited
range of crack lengths the
og cracl; growth is given by equation (2), there is evidence that ovarnflte same ::;;'
;lo:r;im ::?hs,ﬂt:'re;%ts ;111, within the limits of experimental error, also
on Head's V. esy Fig, 11 shows examples of the same test
plotted on both log 1 v. ¥ and 1 V. ¥ axes, Moreover, slopes of the 1'&' ve¥ ;;.::Allt'

obtained at different(y values but constant T valu
es again conform to
dependence. Thus, for a material in which the growth rate is mdepondo;tm;? 'I‘:tr“.

?

& .-30%

However, as the stress intensit factor K
2 o’nrf o e ¥ » based on the stress amplitude U, is given

di 3
w - X .
Equation (2) can be written for a mean stress sensitive material as
dl
- (P+ QP)G;}I

and, if it is assumed this can be written in stress i
ntensit,
case for a mean stress insensitive material, them N SNSRI KT as, el (1

% - B'K.j( 1+ QK )

where Kmgy = (T + 0")1‘i In the case of re
. peated tension crack growth test t
high-strength aluminium alloys, Q'Kpay > 1 and Kax = Xgqy therefore S N

&-35 x.“
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which is the relationship Paris and Erdogan(36 ) found experimentally, It would there-
fore seem that the experimental data can be used to support equally well any of the
crack growth laws mentioned previously.

Equation (2) predicts that a crack of a given length will grow at a finite rate
for any value ofG g. However, the now well-established fact that small non-propagating
cracks can be present in certain sharply-notched specimens, unbroken after testing,
implies a value of 0 a exists below which a crack of a given length will not grow.

Fig. 12, for example, shows the growth curves of cracks formed at the roots of vee=
notches (0,2-inch deep and 9.010-inch root radius) in 2§-inch wide m%ld-eteel plates
tested at zero mean load\37 § it is clear that at %3 and 2% tons/in 9y the cracks
reach a certain length and then remain dormant.

Experimental data relating to the minimum value of !0;, for the particular case
of zero mean load, required to just cause an edge crack of length 1 to grow have been
obtained using $-inch thick plate specimens 2% inches wide, contai?%g t’o opposite
edge vee-notches of about 0,004-inch root radius and O.2-inch deep 41), The
plates were subjected to an appropriate alternating stress such that cracks formed at
the notch roots, a test being stopped when the cracks had grown to the required
length. They were then reprofiled so as to remove the edge notches, leaving a plate
specimen, 2.1 inches wide, containing two small edge cracks. After stress~relieving,
to minimize any residual stresses introduced during either the machining or cracking
processes, a cracked plate was subjected to a given ‘-‘6" and details of the subsequent
crack behaviour noted. For all metals tested to date, it has been fgund that, whether
or not an edge crack grows, depends on the value of the parameterT, (where !‘ﬂ" -
nominal alternating stress, zero mean load, based on the gross area of the plate and
1 = length of edge crack, values of 1 being restricted to about 0,25 jnch so that the
edge cracks could be considered as being in an infinite body). If0,71 2 C a crack
will grow, if0 g”1 < C a crack will remain dormant, where C is a material constant.
Values of C (zero mean load) for various metallic materials are given in Table 2. It
is seen that C (as for the values of A discussed previoualy) is not related to either
the statie or fatigue properties of the materialy for example, the three ferritic
steels listed have different static and fatigue properties yet all have the same
value of C, However, those materials having a high Young's modulus (E) have a higher
C value than those having a low E, i.e, nickel and ferrocus alloys have the highest C
values and these are followed in order of decreasing E by the copper alloys and then
the aluminium alloys. This is not unexpected, for whether or not a crack grows must
depend on the amount it is opened and closed during the loading cycle. For a given
O a and 1 this will depend inversely on E, as the stress levels used are such that
the body cof the cracked plate defcrms elastically. The fact that there is a minimum
cyclic crack opening below which a crack will not grow implies that either the change
in crack~tip profile during the loading cycle can be wholly accommodated by continuing
cyclic deformation or if a certain amount of cracking does occur at the crack tip, the
freshly-created surfaces are able to rebond completely when they are pressed together
during the compression half of the loading cycle.

It would be. expected thaty whether or not a crack grows under thg wholly-tensile
loading cycle T 0 ,, where T >0 ,, is again determined by whether U471 is greater or
less than Cpy where Cp is a material constant for a given T. If, at zero mean load,
a crack merely remains closed during the campression half of the loading cycle and no
rebonding of freshly-created surfaces at the crack-tip occurs, then the crack growth
behaviour under the stress cycle O %P will be the same as under the stress cycle O to
P, i.e. P/2 *P/2, Thus for T =T, the maximm value of Cp will ® equal to C/8.
However, if rebonding does occur at the crack tip under zero mean load conditions,
then Cp will be less than C/8, a8 less rebonding would be expected to occur in air
when the crack faces are kept apart throughout the loading cycle. The change in Cp
with further increase in T might be expected to be generally similar to the change in
the corresponding value of 1/A (Table 1) with increasing T.

For some materials, both A and C would be expected to vary with environment.
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A corrosive environment will obviously tend to worsen a mate ' growt]
clt:araeteristics, while there is some experimental evidence t;::le:c;::gg the ':t -
? ere from the crack tip results in an improvement, Feor example, Wadsworth\42-43

ound that the lives at similar zero mean load loadings of copper, iron and aluminium
;g::ima were longer in vacuum than in air, As slip-band ocracking was observed to
= er the same number of cycles in either vacuum or air he concluded that the
iner::aed life in vacuum was due to the crack-growth rate in vacuum being slower than
by air, the improved crack-growth characteristics Tesulting from the greater amount
= crack-tip rebonding possible when the amount of available axygen was decreased.
i.n’ iron speoimens exhibited a definite fatigue 1imit in both air and vaocuum, that

& vacuum, being about 25 per cent higher than in air, As slip-band oracks nro’

ponding fatigus limits, it would sqem that as well as A desreas c

'!;y the exclusion of air, Froste“ also found for mild steel tljl.:g’exomi::n ::::’;:u
be orack tip, by either coating the specimen with butyl rubber or immersing it in

oil, improved the crack propagation characteristics, The greatest improvement was at

:oro mean load (Fig. 13 shows the S/N ourves obtained from sharply-notched specimsns
ested either in oil or in air, the notches being sufficiently sharp so that all

gpocimm unbroken after testing contained non-propagating oracks) the in-air value of
= 5.5 being roughly doubled as a result of excluding the atmosphers. Under a wholly-

tensile loading cycle, the exclusion of air resulted in a decrease in A of about

25 per cent, It would seem, therefore, that rebonding of the freshly-created surfaces

at the orack tip is a factor in determining the orack propagation characteristios of

a material, the effect being greatest when the atmosphere is kept away from the ocrack

tip and the orack faces re pressed
Toaking cortly are pressed together by compressive loade for part of the

4. MECHANISM OF GROWTH OF A MACROCRACK

Unlike a surface microcrack which is able to form and develop und
compressive loading cycle, a macroorack camnot grow under this 13&1::;'31?"1-”1&.
rate ;f growth depends on the amount it is opened and closed, Fig, 14 lhon'tho
fro;td curve for a craolé formed at the root of an edge notob in a mild steel plate
hoa. ed at -8 26 tona/in°, It is seen that, although the orack forms in the locally
tish compressive-stress field at the notch root, its rate of growth decreases quickly
';fz::ods.nd it is unable to grow across the plate. Compared to the not inconsiderable
s evoted to the study of the formation and development of surface microoracks,

e study of the possible mechanisms by which a macroorack grows, as it is continually
opened and clost% aga 4g,t:eived 1ittle attention. Recent thin=-film electron—
miecroscopy work [nd ] has shown that within the individual grains of a cyclically-
:z:sinad metal, the density of dislocation in those regions of the grain having a
v %;:a;ion density slightly greater than average is progressively increased, while
i e ;ss dense regyons the density is further reduced, the dimensions of the regions
e:’f sta. ew microns., When formed, these regions give rise to characteristic X-ray
N ects which allow recognttisn of this cyclic structure on the fracture face created
Yy & growing fatigue crack\47/, However, although the grains through which a slowly
growing fatigus orack has rassed exhibit a well developed sub-structure, there is no
experimental evidence that the sub-boundaries are the sites of preferential oracking,

This absenoce of evidence to support internal crack: in the

the crack tip, together with the fact that qrack growthi:eannot be :::ﬁ:lredah:::ag
as a continuation of the slip processes which lead to the initiation of a surface
microecrack (since it is known that oracks can grow in materials in which such slip
processes do not operate), make it Treasonable to suggest that orack growth is a conse-
%auenco of the otgqing crack-tip profile as it is repeatedly blunted and sharpened,

ird and Smith found, by examining the profile of a orack in a speoimen at
various stages during the loading oycle, that the orack tip first opened as a sharp
notch, then blunted, ears finally forming on the blunted profile, On unloading the
orack tip re-sharpened and the crack olosed., They suggested that growth ocourred by

a series of miniature tensile tests resulting in
face each stress oycle. e = FARSES appaxiag o Sbs. Eradeies
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A crack under a normal tensile load will have atomic bonds in every stage of
elongation and rupture at its tip no matter how low the load, but before a crack of
a given length can be self-propagating, it is necessary for the stress to reach such
a level that the energy conditions for creating fresh surfaces are satisfied., Under
a oyoclic loading, however, a fatigue crack can move forward each cycle at a stress
level less than that required for self-propagation thus implying that somes atomic
bonds break at the crack tip although the crack as a whole remains stable. It could
be argued that this situation arises because as soon as an increment of load is
apprlied to the crack, high elastic stresses at the tip cause instantaneous fracture
of soms of the atomic bonds, stability at the increased load following because the
freshly-created surfaces, together with subsequent plastic deformation, enable the
crack tip to blunt. Unloading will re-sharpen the crack tip and the process will be
repeated each cycle. As the loaded crack-tip profile will have a greater peripheral
length than that of the unloaded orack one could, for example, assume that the incre=
ment of growth per cycle is proportional to the increase in length of that part of the
crack~tip profile which is subjected to a tensile stress, for this increased length
must be accommodated by unbonding and by elastic and plastic deformation. The
environment might also be expected to influence the amount of crack growth per cycle,
a corrosive environment increasing the increment of growth whereas an inert environ-
ment might result in a decrease as in the absence of any chemically active substances,
some proportion of the freshly-created surfaces at the crack tip may be able to
rebond when the crack is unloaded. A crack-growth hypothesis must, therefore, be
based on a detailed knowledge of the geometry of the changing crack~tip profile and
on the corresponding relative amounts of deformation, unbonding, corrosive attack,
and rebonding, At the present time there are no means available whereby these quanti-
ties can be calculated, However, a rough analysis of the crack-tip geometry, ignoring
environmental effects, shows that growth rates of the right order can be derived.
For example, it can be shown that the increase in length of that part of the crack-tip
profile which is subjected to a tensile stress, assuming the crack opens from a narrow
to a wider ellipse as predicted by elastic theory, is to a first approximation propor—
tional too21/E2 where O is the stress-range and E is Young's modulus. Thus, over
that part of the growth curve in which the growth rate is proportional to the current
crack length, its values for different materials should, for the same loading cycle
be inversely proportional to E2, Table 3 shows the galues of A, the experimentally
determined growth-rate parameter, and values of 20/E2 for the three cubic metals, mild
steel, copper and aluminium, in which the growth rate is not markedly dependent on the
tensile mean stress. The relationship ‘etween A and 1/E s however, appears to be dif-
ferent for hexagonal metala§ for example, the value of A for titanium (Table 1) cor=
responds to a value of 50/E, However, as the increment cf growth per cycle can be
of the order of the lattice spacing, a difference between metals of one general
lattice type and another is not perhaps unexpected, The fact that the increment of
growth/cyclo depends on the stress squared, whereas experimentally the growth rate is
proportional to the cube of the alternating stress, is possibly associated béth with
the fact that the crack-tip radius deviates further from that given by elastic theory
as the stress level increases and that some rebonding of the freshly-created surfaces
at the crack tip is possible even in air, the amount being greater at small orack
lengths and low(0 g values than at longer crack lengths and higho~ a values, The pre~
dicted dependence of the growth rate on E is supported by experimental data. For
example, both copper and steels respectively have the same crack=growth characteristie
irrespective of their static strength properties, whilst the crack-growth
vharacteristics of the titanium alloys are similar to those of the base metal, These
facts may be associated with Holden's findings that the details of the cyolic sub=
structure are not dependent on the initial state of the mterial. He also found that
material having this cyolic structure flowed readily, as illustrated by the oreep
found to occur in tests on plain specimens subjected to relatively high oyolic and
low mean stresses. The creep rate in these specimens was much greater than in those
subjected to a sta’c ¢ stress equal to the maximum stress in the fatigue cyocle for
comparable times 10), Thus, for slowly growing oracks, it may be the ductility of
the material in this oyolic condition which is important in determining how much of
the changing crack-tip profile is accommodated by deformation rather than by the
static ductility of the material, The aluminium-based group of alloys are, however,
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exceptions to the argument that the growth-rate characteristics of a particular alloy
system do not vary widely from each other or from the base metal for they are the
only group of alloys whose growth-rate characteristics differ from alloy to alloy and
from base metal, These alloys also exhibit a more pronounced dependence of growth
rate on tensile mean stress than any other group of materials tested. As mentioned
previously this marked dependence on mean stress is associated with the spasmodic
elements of fast fracture kmown to occur during crack growth. It could be argued that
the increased growth rate in the alloys compared to the base material is also due to
the presence, in the former, of these spasmodic elements of fast fracture, This is
illustrated diagrammatically on Fig, 15, where for a given cyclic stress, growth
ourves (a) and (b) for aluminium and an aluminium alloy respectively are compared on
a log 1 v.¥ plot., On curve (b) the basic crack-growth rate is shown by elements xy
having the same slope as curve (a) and increments of fast fracture shown by elements
y8. The elements of fast fracture could arise from the presence of brittle inclusions
whioch do not permit the crack tip to blunt until it has passed right through them,
Thusy for a given stress cycle, it could be argued that the magnitude of yz will
depend on inclusion size and that of xy on inclusion spacing,

If a marked mean stress dependence is due to the presence of spasmodic elements
of fast fracture, it follows that there will be no marked mean stress dependence in a
ductile pure metal. The growth-rate characteristics of amy of its alloys which do
not contain inherent scurces of fast fracture will also be independent of the tensile
mean stresse In addition, provided the elastic modulus remains sensibly constant and
1ittle plastic deformation occurs at the crack tip, the growth-rate characteristics
of the alloys will be similar to those of the base metal, as cracks of similar length
will open similar amounts in either alloy or base metal, thus giving rise to similar
minimum lengths cf freshly-created surfaces at the crack tip necessary for it to
assume its stable loaded profile. However, if the alloying does provide fast fracture
sourcesy the growth rate, due to a given loading cycle, of cracks of equal length,
will not only be faster in the alloy than in the base metal but will also depend
markedly on the tensile mean stress., However, the opening of a small crack, under a
particular loading cycle, may not give rise to a sufficiently high maximum tensile
strain ahead of the crack tip to operate the fast fracture sources, Thus a marked
mean stress dependence may not becoms apparent until the crack exceeds a certain
length. For example, although it has been stated previously that ferritic steels
have essentially the same initial crack-growth characteristics, the growth rate, at
a given loading cycle in a hard steel may well become faster than that in a softer
steel after a certain crack length has been exceeded, for now, the fast fracture
sources may become operative, If this does happen, the growth-rate characteristics
of the hard steel will become mrkedly dependent on the tensile mean stress. Thus,
in discussing the crack-growth characteristics of different materialsy it is essential
to define clearly the stress levels and orack lengths under consideraticn, For
example, in a series of crack-growth tests on steel sheets having different mechanical
properties and containing initial slits longer than the crack length, for a given
stress cycle, at which the fast fracture sources become operative, the initial period
of growth in which the growth rate is independent of both the mean stress and the
mechanical properties would be missed., Instead it would be concluded that the growth=
rate characteristics varied from steel to steel and with the mean stress, The high
strength aluminium alloys seem to be materials in which the fast fracture sources
seem to operate at orack lengths less than the minimum possible initial slit lengths,
for they always exhibit a marked mean stress dependence and growth characteristics
faster than those of the base metal,

The variation of A, in equation (2) with the tensile mean stress Ty could be
represented by

@ A=P+Qr

where P and Q were stated to be material constants. It could be argued that P
defines the true fatigue crack-growth characteristics of a material (i.e., as deter—
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mined by the minimum amount of oracking per cycle that is just necessary to allow the
crack tip to attain its blunted profile) and Q defines the contribution to the growth
rate made by the spasmodic elements of fast fracture (i.e. elements of cracking,
additional to the minimum geometrical amount required each cycle, due to structural
inhomogemitics not permitting the orack tip to blunt until it has passed beyond them),
It is not improbable, that Q might be related to the fast-fracture oharacteristics of
the material as a whole. Thus summarising, if Q = O, the growth rate is independent
of mean stress and the growth-rate characteristics of an alloy will be similar to
those of the base metal. If Q has a positive value, the growth-rate characteristics
vary with mean stress and the rate of growth of a cradc in an alloy will be faster
than one of the same length (for a given loading cycle) in the base metal. Q may
also vary with crack length, i.e. for som materials its value may not be signifiocant
until the crack attaina a certain length.

If a macrocrack of a given length does not grow under a given cyclic stress, it
could be argued that the changing crack-tip profile during one stress cycle is insuf=-
ficient to cause cracking at the tip to extend at least one atomic spacing, This
could arise either if the changing crack-tip profile was accommodated wholly by oyoclie
deformation or if the atomic bonds which do break on loading rebond completely on
unloading. As mentioned previously it is known that keeping the atmosphere away from
the crack tip can certainly result in an increase in the stress required to cause a
crack of a given length to grow.

5.  DISCUSSION

As a surface microorack is developing along a crystallographic plane into the
body of the material due to cyclic shear stresses, it will, at the same time; be
opening and closing due to cyclic normal loads, Until this opening and closing is
sufficient to cause cracking at the tip to extend at least one lattice spacing, the
crack can only continue along the crystallographic plane by the same mechanism that
led to its nucleation. *When it does reach this required depth, it will align itself
so that the opening is a maximum for a given crack depth (i.e. it will tum normal
to the maximum cyclic tensile strese). It can now be considered a macrocrack whose
growth characteristics are defined by the experimentally determined parameters A and
Ce If a cyclic stress sufficient to initiate cyclic slip is insufficient to cause
the resulting surface mécgscrack to pe?esra.te to this changeover depth, it will remain
dormant (both Vadsworth\43/ and Hempel 4) yave found that microcracks can be present
in slip bands at stresses equal to and less than the plain fatigue 1imit), The plain
fatigue 1imit of these specimens will therefore be the cyclic stress necessary to
cause a surface microcrack to develop to the changeover length, rather than the
cyclic stress necessary to cause surface slip. For a given Tgqs oqual to or greater
than the plain fatigue 1imit, an estimate cf this changgover crack depth (at zero
mean load) can be obtained by substitutingG , in theT 2’1l = C relationship, as this
will give the maximum length of macrocrack wﬁieh is Just not able to grow under the
cyclic stressQ’,. Values of the changeover depth for various materials sub;acted to
stresses corresponding to their plain fatigue strengths (at 50 x 106 cycles) are giver
in Table 23 obviously the higher O s 18 above the plain fatigue 1imit, the smaller
will be the changeover depth.

As the development of a surface microcrack (by cyclic shear stresses) is slow
compared to the rate of growth of a macrocrack after the changeover depth, these
values illustrate why surface markings are more easily observed on copper, aluminium
and nickel than on the other materials listed, By similar reasoning, these values
can also be considered as the maximum depth of a surface fissure, defect or scratch
which can be tolerated without cuusing a decrease in plain fatigue strength.

It is interesting to note that C has the same value for all the ferritic steels
tested, irrespective of their different chemical compositions, static strength pro-
perties and plain fatigue limits. This suggests that the scatter in results
associated with the conventional S/N diagram for a batch of nominally similar steel
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specimens is rel-ted essentially to the number cf stress cycles to form and develop
surface microcracks to the changeover de~th. Although the plain fatigue 1imit of an
alloy steel is higher than that of mild steel (because of the rreater difficulty in
causing surface slip) there is a 1imit to which the fatigue 1imit of a steel can be
increased by merely increasins its hardness or tensile strength. This 1imit will be
reached vhen it is easier for a crack to initiate at snd grow from an inherent defect
or inclusion than for cyclic slip to occur in a surface grain, It is well known that
the fatigue strength of very high tensile steels can only be increased by improved
manufacturing techniques, such as vacuum melting, which result in a reduction of
inclusion size. If the inclusions or flaws are not too numerous and are remote from
the surface, then cracks initiated by such flaws will require a higher stress to grow
than that given by simply substituting an approximete value for 1 in the O J1aC
relationship, This is due, firstly, to the fact that an internal crack roqaires a
higher stress to cause it to open the same amount as an edge crack of the appropriate
length (e.g. the stress required to open an internal disc-shaped crack of radius 1,
lying normal to the lozding direction is about 1,7 times that required to open a
through edge-crack of length 1 the same amount) and, secondly, the fact that the
atmosphere will be excluded from the tip of an internal crack and hence some value of
c gz;eater than the in-air value may be aprropriate. However, if flake-like flaws
having sharp root radii are numerous and distributed randomly, then it is highly pro-
bable that one flaw will meet the free surface and be normal to the loading direction.
In this case, the use of the in-air value of C znd the appropriate flaw depth will
give the minimum value of 0, needed to cause it to grow. Flaws in the form of graphite
flakes are so distributed in ordinary grey cast iron. 5ssuming their lengths to be
in 1‘;he range 0.01 to 0,04 inch, then substitution inO 1l = 5,5 givesOo~ in the
region of *8 to *5 tons/inz, which correspond to the fgti;zue strengths ?ound experi-
mentally. Thus fatigue failure is not necessarily a surface phenomenony materials
which contain inherent flaws will fail by the propagation of cracks from such flaws
if their length is such that the required cyclic propagation stress is less than that
required to cause surface slip and subsequent cracking.

C is also useful in interpreting notched fatigue data(de). Unfortunately, for
the designer much laboratery notched fatigue data supposedly show that local stress
a.mpli?udes, at the root of the notch, greater than the plain fatigue limit of the
material can be tolerated ﬂgl}cut the specimen breaking. Much effort has gone into
establishing relationships which supposedly enable designers to predict the
nominal stress amplitude that a notched specimen or component can withstand. The
fact tha? notched specimens cf some materials seem able to withstand, without break-
ings nominal cyclic stresses which would give rise to local stress amplitudes greater
than the plain fatigue 1limit, while similarly notched specimens of other materials
will not, Ims led to the former materials being termed 'notch insensitive' and the
latter 'notch sensitive', It is emphasized that such a classification of materials
can be very misleading.

The root radii of machined nctches of practical interest are large compared to
the radius at the tip of a crack, and it is reasonable to assume that crack initiation
in the material at the notch root will be as on the surface of a plain specimen, Due
to the mresence of a stress gradient at the notch root, the surface layers of material
are not subjected to a uniform stress distribution. This and other factors?"ef
including the effect of work-hardening and the introduction of residual compressive
stresses during machining, result in the nominal alternating stress required to
initiate a crack at the notch root being somewhat greater than the plain fatigue limit
divided by Ky (7here Ky is the geometric elastic stress concentration factor) the
difference increasing as Kt increases. When a crack is present at the root of a
notch, its effective length will, for the usual vee-notch, be increased by the depth
of the notch, and whether cr not the crack grows (at zero mean load) depends on
whetherﬂ'ghd is greater or less than C, where 1; is the nctch depth plus crack
length. If a notch is sufficiently sharp to miiiate a crack at its root at a
nominal alternating stress 0,, where T¥,”13 < C, then specimens unbroken after testing
chould contain small cracks. As mentioned previously the existence of non-propagating
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cracks at the roots of certain sharply notched specimens is well known. For notches
in which the length of crack at the notch root is small compared to the notch depth,
13 can be taken as the notch depth, ds For a given specimen, non-propagating cracks
will exist if

plain fatizue limit
i (c/a)?

If K, is such that non-propagating cracks exist, then the conventional notched=-
fatigue limit *03 of specimens cf a given notch depth is givem by

K

G, - (c/d)%.

Consider now batches of sharply vee-notched specimens of different materials
but all having a notch depth of 0O.1-inch, then

. . Blain fatigus 1imit
3 (100)%

The values of Kp shown in Table 4 are the maximum that can be attained (at zero
mean load) for the notch depth considered, irrespective of notch root radius. They
indicate clearly why ignorance of the presence of non-propagating cracks has led to
some materials (e.ge the high-strength steels) being termed notch sensitive, whereas
others (e.g. copper, mild steel) are commonly referred to as notch insensitive. It
is thus apparent that the procedure of carrying out notched=fatigue tests on batches
of specimens containing notches of fixed depth but of different root radii, comparing
the Kp values obtained with the corresponding values and concluding that the
material is ez’.thjr notch sensitive or insensitive can be very misleading. Far
example, Mann 50) described tests on copper specimens containing vee-notches 0,075-
inch deep and of varying values between 1.8 and 10. He found, irrespective of the
Ky value, that Kp did not exceed 1.5 and therefore concluded that the material was
notch insensitive. It is obvious that, had deeper notches of the same Ki values been
tested, corresponding higher values of Kf would have been obtained, -

Many fatigue failures in service are a result of cracks forming in areas where
fretting has cccurred. When two pieces of material, clamped together under a certain
contact pressure transmit cyclic tangential stresses, the oxide layer on contacting
asperities is destroyed and they weld together. Although the continual welding and
breaking of contacting asperities produces debris which causes abrasive wear,
fatigue cracks are found to form at the edges of the locally welded areas. Because
surface cracks can, under severe fretting conditions, form at nominal cyclic stresses
insufficient to cause complete failure the fretting fatigus limit is governed by the
cyclic stress necessary to propagate these cracks. For example, it is found that
the fretting-f atigue limits of various ferritic steels under the most damaging
fretting conditions are about the same, i.e. increasing the tensile strength of the
steel does not result in a higher fretting-fatigue 1limit than that obtained with
mild steel. This would, of coursey be expected from the fact that C has about the
same value for most ferritic steels.

A ccnsiderable improvement in the fatigue strength of a material can be obtained
by such processes as shot-peening or surface rolling, which induce residual compres=—
sive stresses in the surface layers of the material, Such residual stresses would
not be expected to have a marked effect on the cyclic stress necessary to initiate
surface microcracks (although this would be increased if the process hardened the
surface) but they may prevent them opening and growing as macrocracks. Provided the
residual compressive-stress layer is deep enough to prevent surface microcracks pene-
trating it, the fatigue strength will be increased until the applied cyclic stress
is either sufficient to cause the cracks to open and grow as macrocracks, or to
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cause the cracks to penetrate as microcracks (under the action of re

solved cyclic
shear stresses), through the affected surface layer,

Di cussiins of these and other fatigue phenomena have been given in previous
papers 51,52 « Although the macrocrack growth mechanism rroposed in these papers
has now been revised, the original arguments are not invalidated, as they do not
depend on the detailed mechanisms of surface microcrack initiation and macrocrack
growth, but only on the fact that the former is governed by cyclic shear stresses and
the latter by the amount the crack opens and closes during each stress cycle.

To conclude, it has been shown that for a complete understanding of all fatigue
phenomena, both the plain fatigue properties and the fatigue-crack growth
characteristic of materials must be knowny the parameters discussed in the present
paper prcvide a simple means cf describing the latter behaviour.
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TABLE 1

VALUES OF CRACK GROWTH RATE PARAMETER A FOR DIFFERENT MATERTALS

A defines the initial rate of growth of a crack from a slit in a sheet specimen
subjected to the loading cycle T % o, vhere T > LAy i.e. dl/d.K = A.o'aBl, where N is
in millions of cycles

o, is the semi-range of alternating stress in toms/in2

1 is the half-crack length in inches
A is a material constant which may vary with tensile mean stress.

. y - Tensile
Material Tensile strength fidan. St Fess A
( tons/inz) ( tons/in2)
Mild steel 21 2=13 0.09
Low alloy steel ! 5 0.10
_ . 5-7 0.12
Cold-rolled mild steel L5 15-25 0.22
i , 5-9 0.06
18/8 austenitic steel L3 15 0.11
Copper (either amealed or cold rolled) 20 max. 2-12 0.37
Brass 21 4~8 0.35
2=3 141
Aluninium 7 5=T 2.0
3 302
Aluminium alloy HS 30WP 20 5 3.6
(1% ug, 1% si, 0,73 i) 8 Il
12 5.0
2.8
5% Mg-aluminium alloy 20 8 5.0
11-12 8.0
2 1.3
43% Cu-aluminium alloy BS LT1 31 f;’* 12'8
23 18
14 Cu- . b 3.0
4% Cu-aluminium alloy Clad. BS LT3 31 15-17 12
3 1
4=5 18
54% Zn-sluminium alloy Clad. DID 6874 35 }t‘}g gg
(transverse
specimens)
Commercially pure titanium 36 3322 1.2
5% Al-titanium alloy 54 8~-28 0.8
8-22 1.3
15% Mo—titenium alloy 75 27.5 orp

1451



N.E. Frost The Growth of Fatigue Cracks

TABLE 2 TABLE 3
VALUES OF C AND 1c FOR DIFFERENT MATERTALS COMPARISON OF A AND 20[32
C is the limiting value of the crack growth parameter 0-31 where o is the 2
. & a Material E A 20/E
nominal gross area stress (zero mean load) applied to a plate specimen containing an . ( tons/in®)
edge through crack of length 1; if A > C a crack will grow; if 0;131 <C a crack . L -6 -6
i . 0.09 x 10 0.11 x 10
will remain dormant. It has the units of cra31 where o is in tons/in2 and 1 is WiTg wveel 13 x 103 9= B x P
in inches. 1, is the change over depth beiween a micro and macrocrack for o, . e Todt 103 R 106 03 x 106
oqual to the plain fatigue strength (50 x 106 cycles), i.es 1, = ¢/(plain fatigue . Aluninium Les6 x 10 1.1 x 10 1.0 x 10
strength)j.
TABLE &
. Plain fatigue
Material Tensile r— c 1 CALCULATED MAXTMUM VALUES OF K, FOR SHARP VEE NOTCHES, O.1 INCH DEEP
gtrength 2 c
2 (50 x 100 cycles)
(tons/in®) (tons/in?)
Plain fatigue Calculated Calculated
Material strength c o Kf
Inconel 42% LI 8.0 | 0.002 6 (50 x 10° cycles) 2
Nickel 29% 9 7.5 | 0.010 (tons/in?) (tons/in)
18/8 Austenitio steel Lk 23 5.8 0.000 48 ‘ Froonel ETE 8.0 0.3 3ok
Low-alloy steel 54 *30 5¢5 0.000 20 Nickel 9 145 .21 2.1
Mila steel o8 13 5.5 0.002 5 18/8 Austenitic steel 23 5.8 +3.87 549
Low alloy steel 30 5.5 *3,8 1.9
& t % . .
Ni-Cr alloy steel 60 32 5.5 | 0.000 17 , b e 413 pi! 5.8 S
Monel b 5% 3.8 | 0.000 97 Fi-Cr alloy steel £32 5.5 3.8 8.4
Phosphor bronze 21 % 0 0.002 8 Monel 5% 3.8 +3.36 4T
Brass 21% +63 1.0 0.003 2 ' Phosphor bronze 8% 1.7 +2.57 3.3
TS & 6 Brass & 1.0 2,16 3e1
Copper bz = 0. 0.005 & Coper 5, 0.6 +1.82 2.2
4% Cu-aluminium alloy 29 9 0.2 | 0.000 27 13% Cu-aluminium alloy ) 0.2 .26 7.1
Aluminium 5 13 0.04 | 0,006 5 Aluminium 3 0.0, 20,74 24
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(a) % inch FROM CENTRE LINE OF SHEET, x 940 (b) 1% inches FROM CENTRE LINE OF SHEET, X 940
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