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A study has been made of fatigue craok propagation in a low alloy steel which is subject to temper 
embrittlement. Effects of mean etress on the growth rate have been examined and comparisons between 
temper embrittled and unembrittled oonditions have been made. Whereas fatigue craok propagation 
rates were found to be insensitive to mean stress in the unembrittled steel, growth rates in the embrittled 
oondition were significantly faster and were strongly influenced by the level of mean stress. 

The effects observed are ascribed to the presence of “statio” modes of fracture which occur in associa- 
tion with classical fatigue striations. It is shown that similar static modes can account for effects of 
mean stress and for the enhanoed growth rates observed in a variety of materials of low fracture toughness. 

MECANISMES DE CROISSANCE DES FISSURES DE FATIGUE DANS L’ACIER FAIBLEMENT 
ALLIE 

L’Btude de la propagation des tlssures de fatigue dans un acier faiblement allie soumis a une fragili- 
sation par trempe a 6th effect&e. L’influence de la contrainte moyenne sur la vitesse de croissance a 
et6 examin6e et des comparaisons entre les conditions de trempe fragilisantes et non fragilisantes ont 
Bt6 effect&es. Alors q,ue,les vitesses de propagation des fissures de fatigue sont insensibles a la con- 
trainte moyenne dens I acier non fragilise, les vitesses de croissance dans les conditions fragilisantes sont 
nettement plus rapides et fortament influenc& par le niveau de la cont.rainte moyenne. 

Les effete observes sont attribu6s a la presence de modes de rupture “statiques” qui ae produisent en 
association avec lea formations olassiques de stries par fatigue. Les auteurs montrent, que des modes 
statiques analogues peuvent expliquer les effeta de la contrainte moyenne et l’augmentation des vitesses 
de croissance observes dans une variete de materiaux dont la resistance a la rupture est faible. 

MECHANISMEN FOR DAS WACHSTUM VON ERMODIJNGSRISSEN IN NIEDRIG 
LEGIERTEM STAHL 

Niedrig legierter Stahl wurde einer Temper-Verspr&lung unterworfen und anschlieDend die Ausbreitung 
von Ermiidungsrissen untersucht. Der EinfluD der mittleren Spannung auf die Wachstumsgeschwindig- 
keit wurde bestimmt und ein Vergleich zwischen nicht getemperten und getemperten Proben durch- 
gefiihrt. WBhrend die Ausbreitungsgeschwindigkeiten von Ermtidungsrissen im nicht-sprbden Material 
nicht von der mittleren Spannung abhangen, sind die Waohstumsgeschwindigkeiten in den versprodeten 
Materialien bedeutend grBl3er und hangen stark vom Niveau der mittlemn Spatmung ab. 

Die beobachteten Effekte werden der Gegenwart “statischer” Bruchmoden zugeschrieben, die in 
Zusammenhang mit klassischen Ermiidungsriefen auftretan. Es wird gezeigt, daB Bhnliche stat.ische 
Moden fiir Einfliisse der mittlemn Spannung und fiir die in einer Reihe von Meterialien mit niedriger 
Bruchfestigkeit beobachteten h6heren Wachstumsgeschwindigkeiten verantwortlich gemacht werden 
ktinnen. 

INTRODUCTION 

The application of linear elastic fracture mechanics 
to fatigue crack propagation in metals has led to the 
formulation of a variety of semi-empirical expressions 
which relate the crack growth increment per cycle 
(da/m) to the stress intensity (K,) at the crack tip. In 
general, most of these relationships are based on the 
original equation presented by Paris,(r) namely: 

da 
- = CAR” 
dN 

where ‘C’ and %n’ are assumed to be material constants 
and AK is the alternating stress intensity, given 
simply by the difference between the maximum and 
minimum values for each cycle; i.e. AK = Km,_- 
K min. 

This relationship has been found to represent the 
behaviour of a large number of materials, and to hold 
for a wide range of growth rates.(*) It does not hold 

Continuum models of fatigue crack growth are 
generally based on a mechanism which involves the 
production of ductile st.riations, where growth is 
controlled by the local alternating plastic deformation 
at, the crack tip. A typical model, dut to Liu and 
co-workers,@-lo) predicts that the slope, m, for the 
mid-range of growth rates, is constant and equal to 2, 
but this value is merely at the minimum end of the 
range found experimentally. It seemed plausible to us 
that the steeper slopes often observed in practice might 
result from the occurrence of additional modes of 
fracture during fatigue crack propagation. Effects of 
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for very low values of AK, where some kind of 
“threshold” effect appears to exist, nor for very high 
values of Km_, which approach the material’s fracture 
toughness(K10).(s*4) Values of the exponent ‘m’, which 
is the slope of the “crack growth-rate curve” based on 
equation (l), have been found t.o lie mainly in the 
range 24, but there is recent evidence that, in 
medium and high strength steels, much higher values 
(up to 10) can be obtained, particularly in steels of low 
fracture toughness.(b7) 
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this t_vpe have been observed recently in mild steel,(ll) 
and in pearlitic gauge plate.(12) 

A further important point is that these additional 
‘%tatic” or monotonic fracture modes during fatigue 
striation growth might also help to explain why 
fatigue crack propagation is sensitive to mean stress in 
some materials, but not in others.03) Segments of 
fract’ure which are strongly dependent on the magni- 
tude of the maximum stress intensity at the crack tip, 
such as cleavage, intergranular cracking or void 
coalercence, would be promoted by an increase in 
mean stress, and therefore would be expected to give 
rise to accelerated fatigue crack growth rates. 

To investigate possible effects in the technologically 
important quenched and tempered steels, we have 
studied fatigue crack propagation. in a medium- 
strength, low alloy steel which is subject to temper 
embrittlement. Here, by a suitable heat treatment, it 
is possible to produce two structures of identical room 
temperature tensile properties but with markedly 
different resistances to intergranular brittle cracking 
in notched tests. 

EXPERIMENTAL DETAILS 

The material used during this investigation was an 
arc-melted low alloy steel, En3OA, having the compo- 
sition shown in Table 1, and was supplied in the form 
of hot-rolled 22 mm square bar. The high harden- 
ability of this steel enables fully martensitic structures 
to be obtained on air cooling from the austenitizing 
t,emperature. Such air-cooling obviates any danger of 
quench cracking. Studies of the development of 
temper embrittlement in this stee1(14-17) have shown 
that a fully embrittled structure can be obtained by 
tempering in the range 450-550°C, where ‘tramp’ 
elements, principally antimony,(18) segregat.e to the 
prior austenite grain boundaries. 

TABLE 1. Composition of low alloy steel En30_4 

C Ni Cr MO Si Mu 

wt. oil 0.35 4.23 1.43 0.13 0.14 0.44 

To obtain the unembrittled and embrittled con- 

ditions, all specimens were austenitized for 6 hrs at 
95O”G and air cooled to produce a fully martensitic 
structure with a prior austenite grain size of 60 pm. 
SFccimens were then tempered for 1 hr at 650°C. 
Tcmler embrittlement, without further softening, was 
induced in half the specimens by a subsequent 
isot,hermal treatment of 8 hrs at 540°C. Typical 
microstructures of the unembrittled and embrittled 
steel are shown in Fig. 1. The prior austenite grain 

boundaries have been delineated hy etching in a 

saturated solution of picric acid containing a few ml of 

FIG. 1. Typical microstructures of (a) temper embrittled 
and (b) unembrittled En30A. 

“t,eepol” (sodium alkyl sulphate) at 75’C. The etch 
produces a characteristic “groovingf’ of boundaries 
where segregation has occ~rred.~~~~ A standard two 
minute etch revealed clear grain boundary “grooving” 
in the tempered and embrittled condit.ion (Fig. la); 
but the boundaries were only very lightly etched in the 
tempered and unembrittled condition (Fig. lb). 
Further etching in 2% nital was employed to show the 
martensitic structure. 

Single edge notched (SEN) bend testpieces in the 
form of 20 mm square bars were used for the fatigue 
tests. These were provided with sharp 45” V-notches 
of depth 5 mm to give an initial crack-length to width 
ratio (as/W) of 0.25 (Fig. 2). Hounsfield No. 13 tensile 
specimens were tested to obtain uniaxial tensile data. 

Fatigue specimens were deformed in four-point 
(pure) bending on a 250 kN servo-controlled electro- 
hydraulic Mitnd testing machine operating in a 
closed-loop configuration under load control. Tests 
were performed at 20 Hz under sinusoidal tension- 
tension cycling with load control to within &l%. All 
experiments were carried out in air at room tempera- 
ture in a constant temperature enclosure (2O’C). 
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Testpiece dimensions 

Thickness t? = 20mm 

Width W =20mm 

Notch depth o0 = 5mm 

Fxo. 2. Geometry of single edge notched bend fatigue 
testpieces. 

In order to determine fatigue crack propagation 
rates, the crack length a was continuously monitored 
using the electrical potential method. This entailed 
passing a constant direct current of 30 A through the 
testpiece with current stability to 1 part in 104. 
Potential differences generated across the crack were 
monitored by a cascade of amplifiers with sensitivity 
to 0.2 ,uV. Full details of the positioning of the current 
input and potential monitoring probe positions have 
been described elsewhere .tzo) By employing several 
experimental calibrations it was found possible to 
measure crack length to within 0.1 mm, and to detect 
changes in crack length of the order of 0.01 rnrn.f21) 
The experimental data were used initially t’o construct 
a graph of crack length versus number of cycles. 
Growth rates were computed by numerical dif- 
ferentiation of a progression of ‘least squares’ 
polynomials fitted to the curves obtained.(21) 

The alternating stress intensity (AK) at a given 
crack length was found by determining stress intensity 
values (K,,, and Kmi,) corresponding to the maximum 
and minimum loads of the fatigue cycle. Values of the 
stress intensity factor (K,) were computed from these 
applied loads (P) using the compliance function,(22) 

K,= 6M __[1.99($~2- 2.47($ 12.97(;T2 

- 23.17 (;r’+ 24.8($‘] (2) 

where W is the width of the testpiece, B its thickness, 
and ‘a’ the crack length. M is the applied moment, 
which in this case is equal to PW/2. Equation (2) is 
considered valid for values of a/W between 0.2 and 
0.6. For values of a/W greater than 0.6, a further 

expression, derived by Wilson,(23) is more appropriate, 
viz. 

K,= YM 
(W - .)"'B 

(3) 

where Y is the calibration factor (Y = 4 for (u/W) > 
0.6). 

Corrections to K were applied by considering the 
size of plastic zone rv developed at the crack tip, which 
was estimated from 

1A2 
TV=- - 

(7 a3r 2a, 
(4) 

where 0; is the uniaxial yield stress and u is a numerical 
factor equal to 2 for plane stress, and 6 for plane strain. 
With the material and applied stresses used in the 
present investigation the maximum correction for 
plasticity did not exceed 2 per cent. 

The effect of mean stress on fatigue crack propaga- 
tion was examined by performing tests at a range of 
stress ratios R = Kmin/Kmax ranging from 0.05 to 
0.60. In each case the initial alternating stress 
intensity (AK,) was maintained constant at 
15 MNrnaJ2. The initial stress intensities and applied 
loads are summarised in Table 2. 

TABLE 2. Initial stress intensity and load ranges for fatigue 
tests 

R A& KNOX KAin max P PIllIll 
(Kmin/Kmsx) MNm+* MNm-s’f MNm-3’2 kN kN 

0.06 15 16.8 
0.40 15 26.0 18.: 

15.52 0.78 
24.68 9.79 

0.60 15 30.0 15:o 29.49 14.77 
0.60 15 37.6 22.6 36.88 22.15 

Where R is the stress ratio; m,, KAan, K&in am the initial 
stress intensities at the start of a test, and P,,, and Pmin are 
the applied loads. 

Fracture surfaces were examined optically and in 
the scanning electron microscope. 

RESULTS 

The room temperature toughness and tensile 
properties of the steel, in the unembrittled and 
embrittled conditions, are shown in Table 3. It can 
be seen that the embrittling treatment does not alter 
the tensile properties, but reduces the fracture 

TABLE 3. Tensile properties and fracture toughness of En30A 
at room temperature 

0.2% Proof 
Stress U.T.S. Reduction KIC 

MNm-* MNm-* in area MNm-3’a 

unembrittled 743 1014 600,b 75 
embrittled 735 998 60:/b 40 
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toughness by a factor of almost two. Fraetqraphy of 
the fracture toughness testpieces revealed that the 
unembrittled steel had failed by micro-void coales- 
cence whereas the embrittled steel had fractured 
entirely by brittle intergranular cracking along the 
prior austenite grain boundaries (Fig. 3). 

The results of the fatigue tests are shown in Fig. 4, 
in terms of crack length (a) versus number of cycles 
(2%‘). Lifetimes of specimens in the embrittled condi- 
tion were in all cases shorter than in corresponding 
tests in the unembrittled condition. Furthermore, a 
consistent trend of decreasing lifetime for increasing 

FIQ. 3. Final failure of fracture toughness specimens of 
(a) unembrittled steel by microvoid eoalescenca; and 
(b) embrittled steel by brittle intergranuer cracking, 

Unembnttled rtwl 

N cycles x IO4 

FIO. 4. Curves of crack length versus number of aycles 
from fatigue tests on nnembrittled and embrittled test- 
p&es. Initial alternating stress intensity 

15 MNm-3/a. 
AK, = 

mean stress (or R value) was observed for the embrit- 
tled steel, but was far less apparent in results on the 
unembrittled material. The crack length curves for 
the unembrittl~ condition appear to be relatively 
smooth. Those for the embrittled steel show marked 
discontinuities, particularly st high stress levels. 

Crack growth rates, plotted in terms of the 
alternating stress intensity, for the unembrittled and 
embrittled conditions are shown in Figs. 5 and 6 
respectively. 

With regard to the unembrittled steel, Fig. 5 
confirms the absence of any sig~fi~ant effect of mean 

5x10-” I5 20 30 4d 50 60 70 a0 
I I I ’ I I l’l’i’l 

En 3OA 

ICP - 

or 
P 

i 

/ 

IO”-- 

21% 
-i 

Unembrittled steel 

l R=O-05 

3, l ff=o40 

: R=O50 
IO - 0 R=O60 

SXlcT6 I I I I I I I I 
I I 12 13 14 15 16 17 18 ;9 

IWJ AK 

FIU. 5. Variation of crack growth rate (da]dN) with 
altern&ing stress intensity (AK) for range of stress ratios 
R = 0.05-0.60 for unembrittled steel. (Pu’umbera indicate 
slopes (gn) of regression lines drawn through data points.) 
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7 

Embrittled steet 
l R=0-05 

m Y 2.4. The incidence of fibrous growth in the 
lower mean stress tests was conflned to a small region 
prior to final failure, and little or no increase in 
propagation rate was observed. 

The fatigue crack growth-rate curves for the 
embrittled steel are shown in Fig. 6, where it can be 
seen that the effect of mean stress is extremely marked 
in increasing the crack propagation rate, particularly 

Iw AK 

Fra. 6. Vsrktion of crack growth rate (dads) with 
rtlternrrtkg stress intensity (AK) for r8nge of stress ratios 
R = 0.05-0.60 for embrittled steel. (Numbers indicate 
slopes (m) of regression lines drawn through data points.) 

stress on the propagation rate; the broad pattern of 
data falling within a narrow scatterband of slope (m) 
approximately equal to 2.4. Least squares regression 
analyses of the individual curves were carried out and 
showed ‘mr to vary between 2.0 and 2.7 for the four 
values of the stress ratio R. 

Scanning electron microscopy of the fraature 
surfaces revealed that the mechanism for fatigue 
propagation in the unembrittled steel was by duc- 
tile striation growth for all values of R (Fig. 7); 
well-defined ripples being observed over the majority 
of the fracture surface. 

Small, but significant, increases in the general slopes 
in Fig. 6 occur at low values of AK for the low mean 
stress tests (R = 0.05 and 0.40) and at high values for 
the high mean stress tests. Associated with the 
increased slope (m3) at low values of AK, isolated 
intergranular facets were observed on the fracture 
surface in addition to the normal ductile striations 
(Fig. 8). These intergranular facets were not observed 
at stress levels of Km,, 2 30 MNmJ/s, and were 
virtually absent, except at initiation, in the higher 
mean stress tests. In all cases this failure followed the 
prior austenite grain boundaries while the ductile 
striation growth was entirely transgranular through 
the tempered martensite (Fig. 9). At very high stress 
intensities, the mode of propagation was found to be 
predominantly void coalescence and this was par- 
ticularly marked in tests at R 2 0.50 (Fig. 10). This 
again led to an increase in growth rate and s cor- 

Fm. 7. Ductile striation growth through tempered 
me&en&e during fatigue of unembrittled steel. AK = 
45 MNm+*, Km., = 47 MNm+* (arrow indicates gen- 

eral direction of fatigue creek propegation). 

responding deviation from the general slope of 

Fm. 8. isolated intergranular f8oets (I) during strirrtion 
growth (S) in unembrittled steel at low stress intensities. 

AK = 15 MNm+*, K,,, = 16 MNm-8’8, 
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Fm. 9. Section through fatigue growth shown in Fig. 8, 
showing the transgranular nature of striation growth (8) 
and the intergranular separation (I) along prior austenite 
g&n boundaries. (Prior austenite grain boundaries 
delineated by overetching (~20 mins) in hot picric acid.) 

Fro. 10. Occurrence of microvoid coalescence (M) and 
ductile striation growth (8) during fatigue of unembrittled 
steel in high mean stress tests (R > 0.60) at high values of 

K ,,,.=. AK = 36 MNm-*I*, Kmax = 70 MNm-8/s. 

at high values of AK. The mean slopes (m) of the 
individual plots, determined from regression analysis, 
were found to increase from 2.7 for R = 0.05 to 5.8 for 
R = 0.60. Furthermore, the data points show many 
instances of sudden acceleration in growth rate, the 
frequency and magnitude of these bursts becoming 
greater in the higher mean stress tests, i.e. for in- 
creasing values of Km,,. 

The bursts in growth rate can be identified with 
bursts of cracking on the fracture surfaces (Fig. 11). 

Both are entirely absent for unembrittled specimens. 

For all values of R in the embrittled specimens, a 
major burst of cracking occurred at a constant 
critical value of maximum stress intensity (indicated 
in Table 4 and by arrows in Figs. 4,6 and 11). Smaller 
bursts were observed to precede this major event; the 
number of bursts inceasing with increasing values of R 
and hence Km,,. Both these effects suggest that the 
cracking observed is independent of the alternating 

stress intensity and critically dependent on the 
maximum tende stress ahead of the crack-tip. 

Scanning electron microscopy of the embrit,tled 
testpieces showed that at all &ress intensities, the 
total crack growth proceeded by a combination of 
ductile fatigue striations and intergranular cracking. 
This cracking was present both as isolated facets 
(Fig. 12) and as major bursts of fracture (Fig. 13). AS 
for the unembrittled steel, the facets were inter- 
granular with respect to the prior austenite grains, 
but showed less evidence of plastic deformation and 
were far more numerous (compare Figs. 8 and 12). 
Furthermore, this intergranular cracking was observed 

FIG. 11. Final fraoture surfaces for embrittled specimens 
showing onset of major burst of intergranular cracking 
(marked by arrows), for following stress ratios: 
(a) R = 0.06 (b) R = 0.40 (c) R = 0.60 (d) R = 

0.40 in unembrittled material shown for comparison. 

TABLE 4. Critical values of stress intensity for onset of major 
burst in fatigue of embrittled steel 

R value Critical craok length AKcrjt 
crit 

KliTJX 
Wmi./Kn.x) mm MNm-3” MNm-3/’ 

0.06 12.9 49.6 62.0’ 
0.40 10.4 31.2 61.7 
0.60 9.0 26.7 61.2 

* It may be noted that the K,., values quoted exceed the 
material’s static KIC. This interesting result is entirely 
consistent with the fact that increasing the Km., during pre- 
fatiguing of fracture toughness specimens can markedly 
increase the resulting KJC value.‘*” 
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Fro. 12. Brittle intergranular cracking (I) during 
striation growth (6’) in fatigue of embrittlod steel. AK = 
21 MNm+@, Km,, = 22 MNm+*. Note that t?& cracking 

occwm at a valple of Km&= Zaas &zn one h&f Klo. 

FIG. 13. Burst of brittle intergranular cracking during 
striation growth in fatigue of embrittled steel. AK = 

26 MNm-a@, Kmax = 43 MNm-a’*. 

throughout the entire range of growth rates, unhke 
that in the unembrittled steel which was observed only 
at low vrtlues of AK. 

A comparison of the growth-rate curves and their 
corresponding slopes (m) for the unembrittled and 
embattle stee1 is summarised in Fig. 14. The 
principal observation to be made is that the total 
“fatigue” crack propagation is faster in the embrittled 

condition, due to the occurrence of in~~~nul&r 
cmcking throughout growth. Furthermore, the 
occurrence, during fatigue, of brittle cracking, 
which is sensitive to the magnitude of the tensile 
stress at the crack tip, lesds to a situ&on where 
the overall crack propagation rate is sensitive to mean 
stress. When propagation is by the normal duotile 
striation mechanism, as for the majority of the growth 
in non-embrittled specimens, little or no such effect is 
apparent. 

DISCUSSION 

Such metallurgical mechanisms for fatigue crack 
growth as exist are based on the concept of one 
striation growth increment per cycle.(2j*2’Q They have 
not been applied specifically to growth under linear 
elastic conditions but would be expected to relate the 
propagation rate primarily to the a1ternatin.g stress 
intensity because growth is controlled by t,he sl- 
ternating plastic strain per cycle. These mechanisms 
do not, however, adequately explain any effect of mean 
stress on the propagation rate. Our results confirm 
that, where fatigue growth occurs by 8 ductile 
striation mechanism, little or no effect of mean stress 
exists, and the prop%g&tion rate is controlled pre- 
dominantly by AK. A similar conclusion has been 
reached for mild steel.crl*27) 

Situations where growth is sensitive to mean stress 
arise as 8 consequence of modes of ‘static’ fracture 
occurring in addition to the striation mechanism. For 
example, it has recently been shown that, in mild steel, 
where propagation normally proceeds by ductile 

A K, MNm‘3’Z 

5XidS 15 20 30 40 50 60 70 80 

I I 
/ 

I 
1 

I’ l’i’l’l 

! En 30A .Q=0.50 I , 

- U~~bnttied steel ,,’ 

‘n7’ i’O!W5 

UnembrMed Embrlttled F?(K./KwJ 
23 27 c 68 
20 33 040 
25 58 0 50 
27 - 0.60 - 

5Xldi I I 1 I I I I I 
II 12 13 14 15 16 17 18 I.9 

Ion A K 
FIG. 14. Variation of regression lines and values of the 
slope 'mr for the fatigue eraak growth rates of unem- 
brittied and embrittled ;EAit; values of stress ratios R 
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striations and is considered to be insensitive to mean 
stress,03) the growth rate becomes markedly dependent 
on mean stress when ‘static’ fracture modes occur. 
Such situations arise when the steel is fatigned below 
its brittl~uctile transition temperature, when 
segments of cleavage are observed,ol) or when it is 
pre-strained, when the propagation may include 
regions of void coalescence.(as) Further, Griffiths et 

CZ~.(~‘) have shown that an effeot of mean stress is 
observed in a ferritic weld metal when propagation is 
accelerated by void coalescence. The results obtianed 
during the present investigation strongly support this 
effect of the ‘static’ fracture component of crack 
growth. In the embrittled steel, the occurrence of 
intergranular oraoking produced both an increase in 
growth rate and a dependence of growth rate on mean 
stress. It is apparent that the onset of such brittle 
fracture depends critically on the maximum stress 
produced ahead of the advancing crack tip. 

Two consequences of the ‘static’ fracture compo- 
nent are as follows. Firstly, it is predicted that the 
mean stress effect is less likely to be observed in 
thin specimens, because insufficient tensile stress to 
induce static fracture can be generated if the hydro- 
static stress state is small. Evidence for this may be 
deduced from results obtained for a pearlitio steel 
and for a high-nitrogen mild steel.(30) Secondly, it 
would appear that the static component might assume 
more significance in materials of low fracture toughness 
because brittle cracks would be relatively more easy to 
produce. An acceleration of growth rate by increasing 
mean stress is therefore predicted to occur for 
materials such as high strength steels, which have low 
toughness. We have been unable to discover reports 
of such investigations in the published literature, but 
would draw attention to the strong effect of mean 
stress on growth rate in high-st~n~h aluminium 
alloys possessing fracture toughnesses of the order of 
40 MNrn-3’2 (31~32) In this context, more recent 
evidence has shown that this strong mean stress 
effect is absent in alum~um alloys of greater 
toughness.(s) In these cases, the effect cannot be 
attributed to gross cracking, but probably involves the 
brittle cracking of intermetallic particles on a micro- 
structural scale. 

The presence of components of ‘static’ or mono~nic 
fracture during fatigue may also have a strong bearing 
on the slope of the growth-rate curves, i.e. the ex- 
ponent ‘m’ in the Paris relationship [equation (l)]. 
The results of the present investigation for the em- 
brittled steel at high mean stress show this effect very 
clearly (Fig. 6). The apparent scatter is a result of the 
overall growth rate (monitored by potential measure- 

ments) being loaally accelerated by bursts of cracking 
These give rise to an array of data points which, in 
detail, produce a curve of saw-tooth appearance. 
Straight lines, derived from regression anal@s, have 
been drawn through these data points, and show an 
increasing mean total crack growth rate with in- 
creasing mean stress. This approach is considered to 
be justified, since, had the technique for monitoring 
crack length been of conventional sensitivity (par. 
tioularly if surface observations only had been made) 
the local accelerations in growth rate would,. in all 
probability, not have been detected and the saw-tooth 
character of the resulting array of data points would 
not have been apparent. 

A point made earlier, concerning the effect of mean 
stress, was that the occurrence of static fracture modes 
might be more important in materials of low fracture 
toughness. We have now shown that suoh segments of 
fracture can Iead to apparent increases in crack 
growth rate and would therefore conclude that the 
eqoneti, m, is likely to be increased in materials of low 
static fracture toughness. 

In Fig. 15 we have collected results from several 
authors on the variation of m with Kro in quenched 
and tempered medium- and high-strength alloy 
,&&.‘6-7.65-38, Neglecting any influence of the 
differences in mean stress employed by these authors, 
which may lead to some of the scatter observed, it is 
clear that steep slopes (m ;a 3) occur almost entirely in 
steels of low toughness (H,, 6 60 MNm-S12). 

Direct experimental support for the presence of 
static fracture ~ornpon~~~ explain the results shown 
in Fig. 15 can be found in two sets of observations. 

K,,, ksi inch’” 

I 
x 

III I III I III II 
20 40 60 60 loo 120 I40 so 160 200 220 240 260 

Fracture toughness. MNmmU2 

Fra. 15. Variation of the exponent ‘m’ from the Paris 
equation (1) with static frecrture toughness &a for n 

number of medium- and high-strength steels. 
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If two separate papers published by Millercs*ss) 

are compared closely, it may be deduced that his very 

steep slopes (m N 6-7) were associated with a total 

“fatigue” fracture appearance consisting of a com- 

bination of intergranular fracture, fibrous rupture and 

quasi-cleavage, with little evidence of fatigue stria- 

tions. For materials which yielded slopes of between 2 

and 3, propagation was almost entirely by striation 

growth. Intermediate slopes were obtained where 

materials showed only isolated patches of striation 

growth, particularly at higher values of AK. Similarly 

the results published by Evans et uZ.(‘) show that their 

high values of ‘m’ in low-toughness steels are as- 

sociated with the presence of intergranular facets. 

Additional support can be found from a comparison 

of the microscopic growth rates, determined from 

measurements of the striation spacings on the fracture 

surfaces, with the macroscopic growth rate, obtained 

from external measurements of the crack length. For 

several high strength steels’3B) and low toughness 

aluminium alloys,‘W*41) it has been found that the 

dependence on AK of the microscopic growth rate (S) 

is significantly less than that of the macroscopic 

growth rate (da/&N). The slope (m) of the growth-rate 

curve using values of S was found to be approximately 

2, whereas that for da/dN was closer to 3. Such 
discrepancies can be readily explained if the macros- 

copic growth rate reflects the contribution from 

additional fracture modes. 

We therefore conclude that the occurrence of brittle 

static fracture components during fatigue crack 

growth has two important consequences. Firstly, it 

produces a marked effect of mean stress on crack 

growth rate. Secondly, it can increase the apparent 

dependency of crack growth rate on AK, as given by 

the exponent ‘rn’ in equation (1). Both these effects 

are likely to be associated with materials of low static 

toughness. 
Accelerations of the fatigue growth rate in general 

may arise from cleavage, intergranular or fibrous frac- 
ture, and the occurrence of these under any particular 

testing conditions will be very much a characteristic of 

the material involved. For example, when cracking is 

accelerated by cleavage fracture, as in mild steel, it is 
possible to relate the crit,ical value of Kmax at which a 
burst occurs to the attainment of a critical level of 
t,ensile stress at a carbide particle situated at a 
grain boundary ahead of the crack tip.c30) For the 
intergranular fractures observed in the present work, 
the explanation of the critical Km,, value for the 
major bursts is less clear. However, since recent 
evidence has shown that temper brittle intergranular 
fractures are growth controlled and critically depend- 

ent on the level of applied tensile stress,(r4) it is not 
unreasonable to assume that the basic principles are 
similar to those associated with cleavage crack 

formation. The occurrence of segments of inter- 
granular fracture at low stress intensities has been 
explained in terms of oxygen segregation in the grain 
boundaries,‘42) constraint and restricted slip in the 
small plastic zone at low values of Kmas,(a) and 
environmental effects.(7*44) Since, for the unembrittled 
steel, isolated intergranular facets were not observed 
at stress intensities greater than 30 MNm-312, it seems 
plausible that in this instance the restricted slip 
argument is most applicable. The onset of fibrous 
fracture during fatigue crack growth in high strength 
steels has been related to a critical value of the crack 
opening displacement range, by applying a critical 
strain criterion for crack growth.(45) However, the 
argument has not been developed to include any 
effects of K,,,, and hence does not explain the 
influence of mean stress on the transition to fibrous 
growth. 

The main point of the present paper, however, is 
that, even though the detailed reasons for the onset of 
static fracture modes may not be completely under- 
stood and need to be investigated further, the effects of 
such modes on the macroscopic “fatigue” crack 
growth rate are paramount. 

CONCLUSIONS 

The general conclusions on the nature of fatigue 
crack propagation in medium- to high-strength steels 
are summarised below : 

(1) Evidence for the occurrence of monotonic or 
static modes of fracture (cleavage, intergranular and 
fibrous) during the conventional fatigue mechanism of 
st,riation growth has been presented. 

(2) These additional fracture modes during fatigue 
growth are considered to be responsible for two 
general effects observed in fatigue crack propagation, 
namely, the occurrence of large dependencies of 
growth rate on the alternating stress intensity [i.e. 
large values of ‘no’ in equation (I)] and the marked 
influence of mean stress on the propagation rate. Both 
theoretical models and our own results indicate that 
such effects cannot be attributed to classical striation 
growth mechanisms. 

(3) The effects are accentuated in thick sections and 
predominate in materials of low static fracture 

toughness. 
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