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Fatigue crack propagation behaviour of an ultra-high
strength, silicon-modified AISI 4340 alloy steel (300-
M) has been investigated in moist air over an
extremely wide range of growth rates from 10-8 to
10-1mm/cycle. Particular emphasis has been devoted
to the influence of microstructure on fatigue-fracture
behaviour near the threshold stress intensity, Mo'

below which crack growth cannot be detected. By
varying microstructure through quench and tempering
and isothermal transformations, the threshold stress
intensity and near-threshold crack-propagation rates
are observed to be influenced by mean stress (load
ratio), material strength, grain size, and impurity
segregation. The threshold I!1Ko for crack propagation
is found to be inversely related to the strength of the
steel, and a relationship between I!1Ko and cyclic yield
stress is observed. It is shown how near-threshold
crack -growth resistance can be improved by (i) cyclic
softening, (ii) coarsening the prior austenite grain size,
and (iii) controlling impurity segregation to grain
boundaries. These effects are contrasted with crack-
propagation behaviour at higher growth rates. A semi-
quantitative model is developed to rationalize near-
threshold fatigue crack growth behaviour, based on
the environmental influence of hydrogen, evolved from
crack tip surface reactions with water vapour in moist
air.
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held at the University of Cambridge on 28-30 March 1977.
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In many engineering applications where design against cyclic
loading is a prime consideration, the principal factor
controlling the lifetime of a particular component is often the
rate at which fatigue cracks can grow from pre-existing
defects. Accordingly, over the past 10-15 years, a large
volume of data has been generated on fatigue crack
propagation behaviour at growth rates in excess of
10-6 mm/cycle. Although this information is useful for most
structural engineedng 'applications (determining safe
inspection intervals in aircraft, for example), in situations
where structural and machinery components are subject to
extreme high-frequency, low-amplitude loadings for
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1010-1012 cycles, a need exists for an assessment of fatigue
crack propagation behaviour at growth rates below 10-6
mm/ cycle. This area has received comparatively little
attention in the literature, and consequently there is both
little understanding of the growth mechanisms at very low
propagation rates and a substantial lack of reliable
engineering data. Such information, particularly a knowledge
of a threshold stress intensity below which cracks cannot
propagate, has been shown to be essential in the analysis of
such problems as cracking in turbine rotor shafts 1 and
acoustic fatigue of welds in gas ducts in magnox reactors.1, 2
The application of linear elastic fracture mechanics and

related small-scale crack-tip plasticity has provided the basis
for describing the phenomenon of fatigue-crack pro-
pagation.3 Many investigators have confirmed that the
crack-growth rate per cycle (da/dN) is primarily controlled
by the alternating stress intensity (1!1K), through an
expression4 of the form:

da / dN = CDJ(m . . . . . . . . . . . . . . . . . . (1)

where C and m are scaling constants, and M is given by the
difference between the maximum and minimum stress
intensities for each cycle, i.e. M=Kmax - K min' This
expression adequately describes behaviour for the mid-range
of growth rates, typically 10-5-10-3 mm/cycle, and can be
used here with confidence to predict propagation rates in
service components to provide a rational basis for design
against failure by fatigue. At higher growth rates, however,
when Kmax approaches KIC' the fracture toughness, eqn. (1)
often underestimates the propagation rate, whereas at lower
growth rates it is found to be conservative as M approaches
a threshold stress intensity I!1Ko' below which crack
propagation cannot be detected.5-21
Recent studies have shown that this sigmoidal variation of

growth rate with M can be characterized in terms of
different primary fracture mechanisms (Fig. 1). For the mid-
range of growth rates (Regime B), failure generally occurs in
steels by a transgranular ductile striation mechanism22,23
and there is little influence of microstructure and mean stress
(characterized by the load ratio, R = Kmin/KmaJ on crack
growth.24-26 At higher growth rates (Regime C), when Kmax
approaches KIc' growth rates become extremely sensitive to
both microstructure and mean stress due to a departure from
striation growth to include static fracture modes, such as
cleavage and intergranular and fibrous fracture.24-26 At low
(near-threshold) growth rates (Regime A), there is similarly a
strong influence of microstructure12,14,lS,17,18 and mean
stress7-11,13-21 on growth rates, together with an increased
sensitivity to stress history6 and environmental effects.14-16,
19,27 Explanations for this behaviour, however, remain a
subject .of some controversy, involving conflicting views
based on crack closure9-11 and environmental factors.14-16
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Primary fracture mechanisms in steels associated with sigmoidal variation of fatigue crack propagation rate (da/dN) with·
alternating stress intensity (~K).

Paris and co-workers,9-11,13 for example, have suggested
that the mean stress dependence on I!J.Ko and near-threshold
growth rates is a direct result of crack closure, i.e. contact of
the crack surfaces due to residual tensile strains above the
minimum load of the fatigue cycle.28 This was originally
proposed without experimental verification,9-11 although, in·
a later study, 13 closure was detected using surface strain-
gauge measurements. However, there is now evidence to
show that closure may only be significant in surface (plane-
stress) regions,29, 30 and furthermore is reduced by the
presence of an environment31-33 (as opposed to vacuum) and
at low stress intensities.34 Since threshold measurements
involve low stress intensities, where plane-strain conditions
almost invariably exist, it is unlikely that crack closure can
provide a useful explanation for the effect of mean stress on
near-threshold .growth rates. The influence of the
environment on crack growth constitutes an alternative
explanation, based on results which show (i) slower
propagation rates and higher threshold values measured in
vacuo compared to air;14-16, 19,27and (ii) little or no effect of
mean stress for tests in vacuo.1S, 16 A later section of this
paper will examine how this can be modelled for near-
threshold fatigue-crack growth in ultra-high strength steels to
encompass both microstructure and mean stress effects.
Growth mechanisms in this region have been termed
'microstructurally sensitive',14-16 but it is still not clear which
microstructures provide the best resistance to near-threshold
growth. From limited data in the literature, it is probable that

material strength and the scale of the microstructure are
important variables. Higher threshold values have been
observed in lower-strength steels by decreasing the yield
strength,12, 17 and lower near-threshold growth rates
measured in the same steels17 and titanium alloys14 by
increasing the grain size.
The present paper summarizes the results of an investiga-

tion to characterize microstructural influences on near-
threshold fatigue-crack propagation in an ultra-high strength
steel, 300-M (composition shown in Table I). Experiments
were designed to systematically examine effects of strength, 18
grain size,20 and impurity segregation, 21in the hope that the
results may provide some basis for the design of alloys more
resistant to very high cycle fatigue· failure.

EXPERIMENTAL MEASUREMENT OF
NEAR-THRESHOLD GROWTH
Ideally, the threshold stress intensity, I!J.Ko' represents the
stress intensity where the growth rate is infinitely small,
although, for practical measurement purposes, it is more
useful to define Mo in terms of a maximum growth rate,
calculated from the accuracy of the crack monitoring
technique and the number of cycles imposed.16 In the present
investigation, crack lengths were continuously measured
using the electrical potential technique,3S and the threshold
Mo was computed from the highest stress intensity at which
no growth occurred within 107 cycles. Since the crack
monitoring technique is at least accurate to O· 1 mm, this
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Table I Composition of aircraft-quality (vacuum-arc remelted) 300-M low-alloy steel (wt.-%)

C

0·42

Si

1·59

Mn

0·76

P

0·007

S

0·002

Cr

0·76

Mo

0·41

Ni

1·76

v
0·10

Table II Ambient temperature mechanical properties of 300-M 'steel

Code 0·2% offset yield stress UTS, Elongation Kw Prior austenite
Monoton'ic, Cyclic, (%of grain size,
MPa MPa MPa 1in. gauge) MPaml12 Jlm

TI00 1497 2107 2338 12·4 35·5 20
T300 1737 1486 2006 11·9 65·1 20
T470 1497 1198 1683 12·1 68·9 20
T650 1074 861 1186 18·1 1851 20

1522
T650SC 1070 858 1179 14·9 79·6 20
IS0250 1497 1502 1862 14·5 88·5 20
A1200 1657 1571 1986 6·3 80·3 160

1 Invalid KIC result, estimated using equivalent energy procedure at maximum load.21
2 Invalid KIC result, estimated using JIC procedure at crack initiation. 21

corresponds to a maximum growth rate of 10-8 mm/cycle.
,To minimize residual stress effects, thresholds were
approached using a successive load reduction followed by
crack -growth procedure. Measurements of crack -growth
rate were taken, at each load level, over increments of
1-1· 5 mm, after which the load was reduced, by less than
10%, and the same procedure followed. The increments over
which measurements of growth rate were taken represent
distances exceeding 100-1000 times the maximum plastic
zone size generated at the previous (higher) load level, and so
any initial retardation in growth rate caused by change in
load was negligible. Following ~Ko measurement, the load
was increased in steps and a similar procedure adopted.
Higher growth-rate tests were performed under continuous
constant cyclic loading to yield an extremely wide range of
propagation-rate data from 10-8 to 10-1 mm/cycle. Tests
were conducted at a cyclic frequency of 50 Hz, under plane-
strain conditions, in a controlled atmosphere of humid air at
constant temperature (23°C) and constant relative humidity
(45%). Full experimental details are given elsewhere.18, 21

'RESULTS
Effect of material strength
To assess the influence of strength at constant grain size, 1-T
compact tension specimens (12·7 mm thick) were oil-
quenched from 870°C to yield a prior austenite grain size of
20 Jim, and tempered for 1h at 100, 300, 470, and 650°C
(these treatments are hereafter referred to as TI00, T300,
T470, and T650, respectively). Further specimens were
austenitizedat 870°C, isothermally held at 250°C (20 degC
below Ms)' and tempered at 300°C to produce a structure
(referred to as IS0250) with identical monotonic yield
strength to the T 100 and T470 conditions. The IS0250
structure was selected in view of its high retained austenite
content (12%), which is known to change hardening and
stress corrosion cracking characteristics. 18 Ambient
temperature mechanical properties of the structures are
included in Table II, and fatigue crack propagation results in
Figs. 2-4. It is apparent from these plots that the influence
of microstructure and load ratio R is maximized at low and
high stress intensities (i.e. in Regimes A and C of Fig. 1).
For ··th~ mid.:range of growth· rates, represented by the

linear portion (Regime B) of the growth-rate curves, there is
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little variation in propagation rate between different
microstructures at both load ratios. Growth-rate curves tend
towards a common line of slope (i.e. exponent min eqn. (1))
of 2·5 at R=0·05 and 2·7 at R=0·70. Transgranular
ductile striation growth (Fig. 5(a)) was observed to be the
mechanism of failure for all structures in this range,
consistent with a lack of microstructural and load-ratio
sensitivity on growth-rate behaviour.24-26 Considering the
wide variation of tensile strength (2-fold) and toughness (6-
fold) shown by the structures tested, fatigue-crack growth in
Regime B appears independent of such mechanical
properties.
At higher stress intensities, growth-rate curves display an

acceleration in propagation rate as Kmax approaches KIC
(Regime C). Marked effects of microstructure and load ratio
can now be seen (Figs. 2-4), with resistance to crack growth
decreasing as the toughness is reduced. Fractography of
failures in this region confirmed the presenc~ of static modes,
as shown in Fig. 5. Areas of microvoid coalescence were
present in all structures (e.g. Fig. 5(b) and (c)), with
additional intergranular cracking in the T470 condition, and
intergranular and cleavage cracking in TI00 (Fig. 5(b)).
The largest influence of microstructure and load ratio can

be seen at low stress intensities in Regime A, where growth
rates are < 10-6 mm/ cycle. Close to the threshold Mo'

measured propagation rates become less than 'a lattice
spacing per cycle, indicating that crack growth is not
occurring uniformly over the entire crack front. Considering
first results for quenched and tempered material at R =0·05
(Fig. 2), it is apparent that tempering temperature exerts a
strong influence on threshold values and on near-threshold
crack-propagation rates. At ~K = 9 MPa mt, for example,
the growth rate in the T100 condition is over two orders of
magnitude greater than in the T650 condition. As the
tempering temperature is raised, the thresholdMo increases
from 3·0 to 8·5 MPa mt, concurrent with a two-fold
reduction in tensile strength. At R =O·70 (Fig. 3), the same
trend of increasing M 0 with decreased strength is still
apparent but the effect is drastically reduced: Mo increases
from 2·3 to 3·7 MPa mt for the same reduction in strength.
The variations of threshold ~Ko with monotonic yield
strength and ultimate tensile strength (UTS), plotted in Figs.
6 and 7, respectively, indicate a general trend of an inverse
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2 Fatigue crack propagation results for 300-M, quenched and tempered between 100 and 650°C, showing influence of
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3 Fatigue crack propagation results for 300-M, quenched and tempered between 100 and 650° C, showing influence of
material strength atR=0·70.
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structures at R =0 ·05 and O·70.

dependence ofMo on material strength. However, far better
correlation with Mo is obtained using UTS rather than yield
stress. This suggests that strain hardening may be important.
The flow stresses within the cyclic plastic zone generated
ahead of a growing fatigue crack, however, are governed by
cyclic rather than monotonic strain hardening effects.
Accordingly, cyclic stress/strain tests were performed to
assess cyclic yield strengths; a comparison of cyclic and
monotonic stress/strain curves is shown in Fig. 8. All
structures can be seen to cyclically soften with the exception
of the T 100 condition which cyclically hardens, and the
IS0250 condition which shows neither significant hardening
nor softening.* Utilizing these data, a better correlation can
be obtained between threshold I1Ko and material strength
(now plotted as the 0·2% offset cyclic yield stress) as shown
in Fig. 9. As cyclic strength is increased, either because of
high initial monotonic strength or by cyclic hardening, the
threshold for fatigue-crack propagation is reduced, to a
limiting value of Mo= 3 MPa m2 at a yield of 1600 MPa for
R =0·05, and 2·3 MPa mt at a yield of 1200 MPa at
R =0· 70. At greater yield strengths, no further reduction in
M0 can be measured in this steel. It is now reasonable to

* Cyclic softening in quenched and tempered steels is generally
attributed to a rearrangement of dislocation substructure and a
reduction in dislocation density with alternating loading. Cyclic
hardening has been attributed to dynamic strain agei,ng, and is
characteristic of untempered and lightly tempered steels having high
dislocation densities.36 The lack of softening in the 180250
condition results from an offsetting effect of transformation-induced
hardening of retained austenite to martensite with cyclic strain.18

surmise why the three structures with identical monotonic
yield strengths (i.e., TI00, T470, and IS0250) show widely
differing values of Mo. The TI00 condition has the smallest
threshold because this structure is the hardest, due to cyclic
hardening. The T470 condition, on the other hand, is the
softest condition after cyclic softening, and consequently has
the largest threshold.
Fracture morphology of near-threshold failure consisted

of a flat, ductile transgranular mode with isolated segments
of intergranular separation (Fig. 10). Close to the threshold,
the proportion of intergranular facets was small « 1%),
increasing to a maximum at around 11K = 6-10 MPa mt and
then gradually diminishing at higher stress intensities (Fig.
10(b)-(d». The contribution from intergranular fracture was
also found to vary with tempering temperature. Significant
amounts of intergranular facets were observed in the TI00
and T470 conditions, typically 15% at 11K = 7 MPa mt,
compared to a maximum of 8% in the T300 condition, and
none at all in the T650 structure.

Effect of grain size
To assess the influence of prior austenite grain size on near-
threshold fatigue-crack growth, specimens were austenitized
at 870 and 1200°C, oil-quenched and tempered at 300°C
(referred to as T300 and A 1200 structures, respectively).
The higher austenitizing temperature results in a larger prior
austenite grain size (160 ~m), yet the strength properties
remain largely unaffected. Mechanical properties are listed in
Table II. The fatigue results at R = 0·05 and O·70 (Fig. 11)
indicate that growth rates are similar in both structures over
the mid-range of growth rates, and begin to differ at high and
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Effect of impurity segregation
The influence of impurity segregation was examined by
comparing fatigue-crack propagation behaviour in un-
embrittled and temper-embrittled structures. Specimens
were austenitized at 870°C, oil-quenched, and tempered at
650°C. One half of the material was then oil-quenched after
tempering; the other half was taken through a step-cooling
procedure21 of holding for progressively longer times at
decreasing temperatures through the temper embrittlement
range. The resulting structures are hereafter referred to as

low stress intensities. At high stress intensities, the A1200
structure shows superior resistance to crack propagation
because of increased toughness. At -low stress intensities,
growth rates are somewhat lower in the coarser-grained

Arrow indicates general direction of crack propagation.

5 Mechanisms of growth at medium and high growth rates
(R=0·05): (a) ductile striation growth in T300 condition
at ~K=20-M-P-amt; (b) intergranular, cleavage, and
fibrous fracture at high growth rates in T100 condition at
~K=30MPa mt; (c) fibrous fracture in T300 condition at
~K=60MPa mt.
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8 Monotonic and cyclic stress/strain curves for 300-M steel.

unembrittled (T650) and embrittled (T650SC), respectively.
The step-cooling procedure results in a severe loss of
toughness (--50%) without change in strength (Table II),
concurrent with a change in fracture mode from microvoid
coalescence to intergranular. Using Auger spectrosqopy,this

embrittlement was attributed to the co-segregation of
alloying elements (Ni and Mn) and impurity elements (Pand
Si) to prior austenite grain boundaries.21
The effect of the impu"rfty--segre-gatlon on fatigue-crack

propagation in moist air is shown in Fig. 12 for load ratios of
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Arrow (top left) indicates general direction of crack propagation.

10 Mechanisms of growth at low growth rafes, showing ductile transgranular mechanism with segments of intergram..ilar
fracture (I), in T470 condition at R=O·05. (a) and (b) at threshold, ~K=5·2 MPa m-!; (c) ~K=7·6 MPa m-! ; (d)
~K=11 MPa m.-!.

R =0·05 and O·70. It is clear that prior temper embrittle-
ment results in an increase in crack-growth rates at both load
ratios, particularly at low stress intensities. At growth rates
greater than ,....,10-5 mm/cycle, the embrittled structure
(T650SC) shows only marginally higher growth rates, and
there is little influence of load ratio on crack-propagation
behaviour in either structure. No major differences were
observed in fatigue-fracture mechanisms in this region, with
both structures exhibiting a transgranular ductile striation
mode, similar to Fig. 5(a). At near-threshold growth rates
< 10-6 mm/cycle, however, propagation rates in the
embrittled structure become over an order of magnitude
higher than in the unembrittled structure, and the value of
the threshold Mo is significantly reduced from 8·5 to
6·2 MPamt at R=0·05, and from 3·7 to 2·7 MPamt at
R =0· 70. It is also noticeable that growth rates are
increasingly sensitive to load ratio as the threshold is
approached. Significant amounts of intergranular fracture
were present in embrittled samples (Fig. 13(b»; the
proportion of which varied with stress intensity. Near I1Ko
the fraction of intergranular fracture was,....,5%, increasing to
,....,20% at M=10MPamt (at R=0·05), and then
decreasing to zero above 11K = 15MPa mt. No evidence of
intergranular separation could be detected at any stress
intensity in unembritt!ed material (Fig. 13(a».

DISCUSSION
The present results have confirmed that microstructure and
load ratio effects on fatigue-crack propagation in steels
occur primarily at high and low growth rates. The mid-range
of growth rates, where the crack growth rate curve is linear,
has been associated with a ductile striation mechanism of
growth, with the exponent m in eqn. (1) found to lie between
2·5 and 2· 7. This is consistent with most metallurgicap7 and
mechanical models38-40 of 'ductile' fatigue-crack growth,
which predict an exponent of ,....,2.Such models also predict
little influence of load ratio and microstructure on growth
rates, and this is clearly verified by the present results in this
region. Where the mechanism of failure is by ductile
striations, fatigue-crack growth appears to be controlled by
the amount of crack opening each cycle, dependent upon the
elastic modulus.
At high growth rates (Regime C), the present results show

(i) an acceleration in growth rate, (ii) increased values of the
exponent m, (iii) large microstructure effects, and (iv) a
marked influence of load ratio. This behaviour has been
previously characterized in terms of the occurrence of static
fracture modes,24-26 and such mechanisms have been
observed in this region in the present study (Fig. 5). The
microstructural influences on growth rate arise here because
such static fracture mechanisms are sensitive to material in-
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o present study
• Paris et al. (1972)
•• Buccietal. (1972)
o Pook (1972)
f:::,. Priddle and Jerram (1972)
• Cooke etal. (1973-75)
v Beeversetal. (1975)
T Masounave and Bailon (1975\

14 Summary of results showing variation of threshold for
fatigue-crack growth (~Ko) at R=O with yield strength
for steels. Solid lines from threshold model (eqn. (11)).

within a single grain. Cooke et al.l6 have shown that by
testing a similar steel in vacuo the intergranular fracture
largely disappears. Furthermore, the lack of intergranular
cracking in the T650 condition is consistent with the fact
that this condition is far less sensitive to hydrogen
embrittlement.l4 The observation that the overall proportion
of grain-boundary facets changes with tempering
temperature suggests a further influence of the grain-
boundary strength, which would depend on any impurity
segregation there. For example, the largest. fraction of inter-
granular separation during fatigue-crack growth can be seen
in structures where impurity segregation is likely to have
occurred during heat-treatment (i.e. T100, T470, and
T650SC). All three structures were observed to fail at least
partly by intergranular cracking in monotonic K1C tests. With
T650SC, such fracture was directly identified with the
segregation of P and Si (temper embrittlement). For the
T 100 structure, as-quenched embrittlement is a possibility
resulting from the segregation of, say, P in the austenite
phase, either prior to, or during quenching after austenitiza-
tion.42-44Finally, the T470 structure involves tempering at a
temperature within the tempered martensite embrittlement45
range for 300-M where impurity separation to grain
boundaries is again a strong possibility. There is apparently
a close interrelationship here between the sensitivity of the
material to the environment (i.e. hydrogen embrittlement
from moisture in air) and any impurity segregation to grain
boundaries, which determines the amount of intergranular
separation observed during near-threshold fatigue-crack
growth in steels. The most significant finding of this study is
the dependence of near-threshold fatigue crack propagation
rates and the value of the threshold I1Ko on material
strength, since no such dependence has been observed at
higher growth rates.46Examination of the literature (Fig. 14)
indicates that this trend of increasing I1Ko with decreasing
strength clearly exists for steels. Kitagawa et al.12 and
Masounave and Bailonl7 have observed similar effects in
much lower strength steels. The present work has shown that
such a relationship exists for ultra-high strength steels,
provided that cycliC strength IS considered rather than the
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homogeneities, which control the toughness. An influence
of load ratio is observed because cleavage and intergranular
cracking are largely tensile-stress-control1ed fracture modes
and fibrous fracture is dependent on the hydrostatic
component of stress. Increasing the load ratio raises Kmax
with respect to M, and therefore leads to an increased con-
tribution from such mechanisms. Thus, the onset of an
acceleration in growth rate in Region C is essentially a
function of the toughness, brought about as Kmax approaches
K1C'

At low growth rates, less than 10-6 mm/cycle in Region
A, fatigue-crack growth similarly becomes markedly
sensitive to load ratio and microstructure. It is tempting to
relate this again to a fracture mechanism change,24 i.e. the
occurrence of intergranular cracking at low values of 11K
(Figs. 10 and 13). However, the lack of such features in the
T650 condition (which shows the largest load ratio effect)
suggests that this is an oversimplification. It is believed that
the occurrence of intergranular cracking in this region is due
to the influence of water vapour in air environment, causing
hydrogen to diffuse to and embrittle prior austenite grain
boundaries, particularly when the plasticity is confined

Arrow indicates general direction of crack propagation.

13 Morphology of fatigue fracture at near-threshold crack-
growth rates at ~K=9·5MPa m1- (R=O·05) in 300-M
steel: (a) ductile transgranular mechanism in
unembrittled material (T650); (b) segments of in-'
tergranular fracture tl) in temper-embrittled material
(T650SC).
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monotonic yield stress. Consequently, cyclic softening must
be regarded as beneficial in improving near-threshold crack-
growth resistance. Coarsening the prior austenite grain size
has also been observed to improve near-threshold crack-
growth resistance although no change in the threshold stress
intensity was detected. Results in low-strength steels17
indicate both a decrease in crack -growth rate and an
increase in Mo with larger grain sizes. However, in such
,steels, there is a reduction in yield strength on coarsening
grain size which is not observed in lightly tempered ultra-
high strength steels. Finally, the build-up of residual
impurities in grain bbundaries (temper embrittlement) has
been shown to worsen markedly the crack-propagation
resistance at near-threshold rates, whereas little effect can be
detected at intermediate growth rates.
-- It is clear from the present results - that all the micro-
structural effects observed principally affect near-threshold
fatigue crack propagation behaviour at growth rates
<""10-6 mm/cycle, and are far less important at higher
propagation rates in the intermediate range. Furthermore,
within this regime, growth rates become extremely sensitive
to the load ratio, particular in the lower strength conditions
(Fig. 9). It is possible to rationalize these results in terms of
the influence of the moist air environment on fatigue-crack
growth. It is generally accepted that the primary mechanism
of environmental attack during fatigue-crack growth of high-
strength steels in the presence of water vapour is hydrogen
embrittlement. 47 With this in mind, a semi-quantitative
mode118,21 is developed relating the contribution to fatigue-
crack propagation from the environmental effect of
hydrogen, evolved from crack tip surface reactions with
moist air. This environmental effect can occur under fatigue
loading at stress intensities less than the threshold for
hydrogen-assisted cracking under monotonic loading (KTH
or K1SCC) because fresh- surface at the crack tip, where
hydrogen can enter the lattice, is continually renewed by
cyclic stressing.

MODEL FOR FATIGUE CRACK GROWTH
THRESHOLD IN STEELS
Following Weiss and Lal,48 a model for fatigue-crack
propagation is considered based on the assumption that the
crack advance per cycle (da/dN) represents the distance
ahead of the crack tip where the nominal stress exceeds a
certain critical fracture stress (a F)' such that

da _ LloN(nF + l)/nF(~~ _
d!\T - a . f p*/2. . . . . . . . (2)
Iv OF W

where a is the crack length, ~a N the applied stress amplitude,
j{a/w) a dimensionless correction factor for the finite width
of specimens, nF the cyclic strain hardening exponent in the
stress range to which the critically stressed region is
subjected, and P* the Neuber microsupport constant,
representing the effective radius of a sharp crack. For near-
threshold fatigue-crack growth, the maximum cyclic stress
decreases towards the elastic limit, hence nF must approach
unity. Thus, it follows that

da t::J(2 p* "
dN = rroj; - 2 (3)

where'

AK2 = rra. ~a~. f(~)
For crack growth, the local tensile stress (ayy) must exceed
aF over a distance larger than P*, and thus, at the threshold,
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Weiss and Lal48 suggest da/dN=p*, viz.

AKo =J% rrp* . aF : (4)

In moist air, however, cyclic stressing will lead to the
production of chemically reactive surface at the crack tip,
where atomic hydrogen can be evolved from water vapour
by reactions49 of the type
Fe + H2 0 ~ FeOH+ + H+ + 2e
2H+ + 2e ~ 2H

The stress gradient ahead of the crack tip then drives
adsorbed hydrogen atoms into the lattice where they
accumulate in the region of highest dilatation, the point of
maximum hydrostatic tension, resulting in a reduction of the
cohesive strength. 50If this reduction in cohesive strength due
to hydrogen is taken as ~a H' the expression for the threshold
in the presence of moist air becomes

Following Oriani and Josephic,51 it is assumed that ~aH is
proportional to the local concentration of hydrogen at the
point of highest triaxial tension (Cfj), and that this con-
centration at equilibrium can be obtained from

a.V
LlOH = QCH = QCo exp -- (6)

RoT
where Co is the equilibrium concentration of hy~rogen in the
unstressed lattice, a an unknown constant, V the partial
molar volume of hydrogen in iron (2 cm3/moI), 6 the hydro-
static tension, Ro the gas constant, and T the absolute
temperature. Combining eqns. (5) and (6), it follows that

AKo=~. [aF-acoexp(~~~]. .... (7)

'The hydrostatic tension (6) is defined as the mean of the
three principal stresses ahead of the crack tip (axx, ayy, azz)'
and can be approximated under conditions of plastic flow
using Hill's slip-line field equations for plane strain, i.e.

a = ~ (axx + ayy + azz) = al uy In [(I + ~) +~] (8)

where ay is the yield strength, x the distance ahead of the
crack tip, p the crack-tip radius, and al a coefficient (> 1)
allowing for an increase in plastic constraint due to work
hardening. Rewriting eqn. (8) iri terms of the plastic
constraint factor (ayymax/ay) ahead of the crack tip,41 it
follows that 6 can be approximated by

_ _ (max I)
O-Q! 0yy /oY-2 ~Oy+2Q2K (9)

where ayymax/ay~ 1 + aiK/ay),** K is the stress intensity, a2
an empirical constant =2 in-I/2, and at is taken to be equal
to 2. Combining eqns. (7) and (9) and putting K =Kmax
=M/I-R, where R = Kmin/Kmax' we have

AKo"'~ x

{
OF - QCo exp [ V (Oy + 2Q2 f:J( q\l} (lO)

RoT I~R)J

** This expression for the plastic constraint factor was first
observed by Hahn and Rosenfield52 for mild steel, but recent
studies53 have shown that it is also valid for high-strength low-alloy
steels such as 4340.
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Rearranging eqn. (10), assuming (V a2I1Ko)/(RoT(1-R) is
small, gives'

da ~2 p*
dN 1T(aF- ~aI)2 2 (14)

predicts higher propagation rates .in impurity-embrittled
structures at all stress intensities, as has been experimentally
shown (Fig. 12). However, at near-threshold growth rates,
larger effects of impurity-induced embrittlement are likely
due to reduced cohesion from both impurities and hydrogen
atoms. For example, the presence of an impurity atom in a
grain boundary could raise the local H concentration,
due to an attractive interaction between impurity and H
atoms.S6 Furthermore, there is a possibility that, at
chemically active sites (e.g. grain boundaries) on freshly
exposed surface at the crack tip, where H is initially
adsorbed from the environment, the presence of impurity
atoms in embrittled structures could raise the H concentra-
tion by retarding the recombination of atomic H.sS These
effects are consistent with the observations that the influence
of prior' temper embrittlement on fatigue-crack growth
increases as the propagation rate is decreased (Fig. 12).
It can be seen, therefore, that the influences of micro-

structure and load ratio observed on near-threshold fatigue-
crack growth of high-strength steels in moist air can be
usefully rationalized in terms of a model incorporating the
contribution to crack propagation from the environmental
effect of H. This microstructural and mean stress
dependence should, however, disappear at higher
(intermediate) growth rates, when H permeation ahead of the
crack tip can no longer keep pace with the crack velocity. t

t Microstructural and load ratio effects can reappear at higher crack-
propagation rates, owing to the occurrence of static modes of
fracture during striation growth. IS, 25, 26

maximum triaxiality. If crack closure effects are' considered,
however, some influence of load ratio might be expected even
in vacuo. There is a further possibility that P* may be some-
what related to the yield strength, through changes in the
dislocation density, for example. In this instance the value of
Mo would be sensitive to material strength in the absence of
hydrogen effects. However, data showing the dependence of
I1Ko on yield strength for tests in vacuo are not available at
this .time.
The effect of prior austenite grain size is not so clear.

However, it is possible to rationalize the observation of lower
growth rates in coarser-grained steel in terms of the
diffusion of hydrogen atoms; to grain boundaries. Tien et
al.s4 have postulated that the transport of H atoms from the
crack surface into the metal occurs, not by H diffusion, but
through the motion of dislocations ('dislocation sweep-in').
Thus the concentration of H atoms reaching a grain
boundary will be greatest when the maximum plastic zone
size is of the order of the grain size.ss In coarser-grained
structures the plastic zone size remains small compared to
the grain diameter until much higher stress intensities (in the
present study M", 90MPa m 1/2 in the A 1200 structure
,when maximum plastic zone size equals grain size), resulting
in a reduced environmental influence.
Finally, the presence of impurity elements in grain

boundaries can be considered to reduce the fracture strength
by an amount (1101)' dependent on the reduction (l1y) in
grain boundary surface energy (Yo) due to the solute, S6 Le.

( ~r)1/2
a F - ~a I ~ a c 1 - r0 . . '. . . . . . • . . ( 13)

where °c is the theoretical cohesive strength. Mbdification of
eqn. (3) to allow for this lowered cohesion due to impurities,
i.e.

Mo 0< J% rrp* :( (X~F.~:~~exp, (Ba~) .. 1
1 + (1 -R) . B . exp (Bay)J

... (11)

B' =V3/2n' V/RoT. 2a2" .:At
B=8xl0-4 (MPa)-I, and

where B= V/RoT, and
am bient temperature,
B'=5 x 10-2 (MPa ml/2)-I.
Evaluation of the remaining parameters in eqn. (11) is

complex. The constant a from eqn. (8) is unknown at this
time, requiring experimental measurement. Furthermore, the
significance of OF and P* at the threshold is also uncertain. OF
represents the critical fracture stress in the absence of
environmental influence, and it has been suggested47 that, at
the threshold, this stress approach~s the theoretical cohesive
strength (oc~ 1/10 elastic modulus) acting across a distance
ahead of the crack tip of P* '" so' where So is the cube root of
the defect-free volume. For the present steel, assuming
average dislocation densities at the crack tip between 1012
and 1010 cm-2, So (and hence P*) should be of the order of
100-1000 A. finally, the magnitude of Co will depend on
whether the hydrogen is internal (from charging experi-
ments) or external as hydrogen gas or from moisture. For an
external gas, Co is the hydrogen concentration in the
unstressed lattice in equilibrium with a hydrogen gas
pressure of PH2'which according to Sievert's LawS 1 is given
by
h - {3S P 1/2Co - L H

2
•••••••••••••••• (12)

where SL is Sievert's parameter for H in a-Fe= 1·26 x 109
atom H/atom Fe (torr)-l/2 and p is a multiplicative factor
(~1), which allows for the fact that the hydrogen solubility in
the grain boundaries, where the fractures often occur, may
. be considerably larger than in the normal lattice. Again the
magnitude of Co remains unclear because of the uncertainty
in the value of p. However, the concept of hydrogen-assisted
fracture during fatigue-crack propagation and the form of
eqn. (11) can provide a useful 'rationalization of fatigue-
threshold behaviour in high-strength steels. Firstly, any
increase in the hydrostatic tension (6) will markedly increase
the. local concentration of hydrogen and hence lower the
threshold (eqn. (7». This is achieved by (i) raising the yield
stress, and (ii) increasing Kmax or the load ratio R (eqn. (10».
Both effects have been experimentally' observed in the
present investigation (Fig. 9). Furthermore, at high yield
strengths, the 0y term in the expression for a (eqn. (9»
dominates the Kmax term, suggesting a smaller load ratio
effect than at low strengths where the °y and Kmax terms are
more comparable. This again is experimentally observed in
that the influence of load ratio on I1Ko increases as the
strength decreases (Fig. 9). Moreover, since the effect of load
ratio (i.e. Kmax) arises from the environmental contribution,
in the absence of an environment (Le. PH2oc Co = 0) the value
of Mo should be less affected by the load ratio. This is
entirely consistent with existing near-threshold data for low-
alloy steels,16 where the influence of load ratio on I1Ko'
measured in air, was found to disappear when tests were
performed in a vacuum. Thus, the effect of strength and load
ratio on fatigue-threshold behaviour in moist air can be
thought of in terms of an enhanced environmental influence
arising from an increase in the hydrostatic tension.
Additionally, increasing the load ratio will raise the
magnitude of Kmax which in turn leads to a larger plastic
stress gradient ahead of the crack tip. This provides a greater
driving force for the transport of hydrogen into the region of
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This has been experimentally observed for ,the mid-range of
growth rates.
Utilizing the model to predict threshold behaviour

quantitatively requires principally' the assigning of values to
two parameters in eqn. (11), namely P*, which has been
given some physical significance in terms of the defect-free
volume,48 and (a Co), which must be fitted empirically.
Considering threshold data for steels ranging in strength
from 200 to 2000 MPa, best fit was obtained with
(aCo)=3·5 x 103 MPa. Using this value, with aF equated to
the theoretical strength, the variation of ~Ko with yield
strength from eqn. (11) is shown by the solid lines in Fig. 14.
It can be seen that the exp~rimentally observed trend is
correctly reproduced with all threshold values for steels lying
within the curves for P* = 300 and 1500 A, which is
reasonable considering the approximate nature of the
estimate for a (eqn. (9». The values ,ofP* are somewhat large,
but still of the same order as those discussed by Weiss and
Lal48 for the threshold range. Further verification of this
model must await more extensive data on near-threshold
fatigue-crack propagation, particularly in hydrogen-
containing and inert atmospheres.

CONCLUSIONS
From a study of fatigue-crack propagation in 300-M ultra-
high strength steel tested in humid air, the following
conclusions can be made:

1. For the mid-range of growth rates (Regime B, Fig. 1),
variations in microstructure and mean stress (load ratio) do
not lead to significant changes in the crack-propagation rate.
The exponent m in eqn. (l) was found to be between 2·5 and
2·7, consistent with the ductile striation mechanism of
growth observed.
2. At high growth rates (Regime C, Fig. 1), crack-

propagation rates become sensitive to microstructure and
load ratio consistent with the occurrence of 'static' fracture
modes during striation growth. Optimum fatigue-cracking
resistance in this region is achieved with high-toughness
materials.
3. At low growth rates (Regime A, Fig. 1), significant

effects of load ratio and microstructure on the crack-
propagation rates are observed; the maximum sensitivity to
load ratio occurring in lower-strength material, and the
maximum sensitivity to microstructure occurring at low load
ratios.
4. Increased near-threshold crack -growth rates and a

decrease in the threshold for crack propagation (~Ko) are
seen as the load ratio (R) is increased, the value of ~Ko being
inversely related to R.
5. Decreased near-threshold crack-growth rates are seen

as the strength of the steel is reduced, the value of ~Ko being
inversely related to the cyclic yield strength. Cyclic softening
(and the use of low-strength steels) can thus be regarded as
be~eficial in improving resistance to very high cycle, low
growth rate « 10-6 mm/ cycle) fatigue-crack propagation.
6. Decreased near-threshold crack -growth rates are seen

as the prior austenite grain size is increased, the value ofMo
remaining unchanged. Thus coarsening the microstructure
appears beneficial to near-threshold crack -propagation
resistance.
7. Increased near-threshold crack -growth rates and

significantly lower thresholds are observed in steel previously
subjected to impurity-induced embrittlement during heat-
treatment.
8. A model for the threshold (~Ko) for fatigue-crack

propagation in steels in the presence of a moist air
environment is developed based on a critical stress criterion
for growth modified by the effect of hydrogen from the
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environment. The model is seen to rationalize the· experi-
mentally observed trends of microstructure and load ratio on
near-threshold growth rates and the value of ~Ko'
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