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Near-Threshold Fatigue Crack Propagation 
in Ultra-High Strength Steel: Influence of 
Load Ratio and Cyclic Strength 
Fatigue crack propagation behavior of an ultra-high strength steel (800-M) has been 
investigated in humid air over a very wide spectrum of growth rates from 10~8 to 10~l 

mm/cycle. Particular emphasis has been devoted to the influence of mean stress (or 
load ratio R = K,n\a/Kmal) and microstructure on fatigue crack growth near the thresh­
old stress intensity for crack propagation, AK0. Increasing the load ratio from B = 
0.05 to 0.70 was found to lead to increased near-threshold growth rates, and a decrease 
in the threshold stress intensity. Similarly, increasing material strength, by varying 
the microstructure through quench and tempering and isothermal transformation, 
resulted in higher near-threshold growth rates, and a marked reduction of AKa. These 
effects are contrasted with_ behavior at higher growth rates. The influence of strength 
on AKo is rationalized in terms of the cyclic hardening or softening response of the 
material, and hence it is shown that cyclic softening can be beneficial to fatigue crack 
propagation resistance at very low growth rates. The results are discussed in the light 
of crack closure and environmental contributions to fatigue crack growth at low stress 
intensities. 

Introduction 
Since fracture mechanics was first applied to the problem of 

fatigue crack growth in metals in the early 1960's [l],'2 an immense 
amount of information has been accumulated relating rates of 
fatigue crack propagation to such variables as mean stress, 
microstructure, environment, stress state, etc. [e.g. 1-121. Con­
current with this research, a general framework for understand­
ing the fracture mechanisms has emerged, permitting attempts 
to be made to relate these mechanisms to macroscopic crack 
growth behavior. One area, however, which has received com­
paratively little attention is the slow growth of fatigue cracks 
at rates less than 10 - ! to 10-6 mm/cycle. This is unfortunate 
since the major portion of the lifetime of a cracked component is 
often spent in this region. Not only is there little understanding 
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of the growth mechanisms at very low crack propagation rates, 
but there is a substantial lack of reliable engineering data. Such 
information, particularly a knowledge of a threshold stress 
intensity below which cracks cannot propagate, would be es­
sential in the design of components subject to extreme high fre­
quency, low amplitude loadings for lifetimes of 1010 to 1012 cycles 
[2]. 

Most studies have confirmed that fatigue crack growth is pri­
marily controlled by the alternating stress intensity, AK, 
through an expression [1] of the form: 

— - CAR" 
dN ~ CAK ' 

(1) 

where "C" and "m" are assumed to be constants, da/dN is the 
fatigue crack growth rate per cycle and AK is given by the dif­
ference between the maximum and minimum stress intensities 
for each cycle, i.e., AK = ifmax — Kmm. This expression ade­
quately describes behavior for the mid-range of growth rates, 
typically 10~5 to 10~3 mm/cycle, but often underestimates the 
propagation rate at higher growth rates, as Kmai. approaches 
Kic, the fracture toughness. Similarly, the expression is found 
to be conservative at lower growth rates where AK approaches 
a threshold stress intensity AKo, below which crack propagation 
cannot be detected [7-12]. 
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Fig. 1 Schematic diagram showing the primary fracture mechanisms 
in steels associated with the sigmoidal variation of fatigue crack 
propagation rate (de/dN) with alternating stress intensity (AK). AK„ 
is the threshold stress intensity for crack growth, and Kc the stress 
intensity at final failure. 

This sigmoidal variation of growth rate with AK can, however, 
be rationalized in terms of the primary crack growth mechanisms 
involved (Fig. 1). In steels, for the mid-range of growth rates, 
(regime B), failure generally occurs by a transgranular ductile 
striation mechanism [3], and the rate of crack growth is thought 
to be largely insensitive to microstructure and mean stress (char­
acterized by the load ratio, R = Km-m/Kme.^) [4-6]. Large effects 
of microstructure and load ratio, however, predominate in the 
high and low growth rate regimes (regimes C and A, respectively). 
At high growth rates the effect is ascribed to the occurrence of 
superimposed static modes of fracture, such as cleavage, inter­
granular and micro-void coalescence, accompanying or replacing 
striation growth [4—6]. At very low (near-threshold) growth 
rates, the explanation of the microstructure and load ratio effect 
remains uncertain, although it is clear that the nature of the 
test environment can play a major role [7, 8]. Mechanisms of 
growth in this region have been observed to be microstructurally 
sensitive, involving the occurrence of environmentally induced 
fracture modes, such as intergranular fracture in steels [6, 7] 
and "cleavage" fracture in titanium alloys [8], However, it has 
not as yet been established which microstructures are beneficial 
in impEoving resistance to low growth rate fatigue failure. 

The aim of the present research is to characterize microstruc-
tural influences on near-threshold fatigue crack growth in an 
attempt to provide some basis for the design of alloys more re­
sistant to very high cycle fatigue failure. For the lack of any 
previous guidelines, this paper describes initial experiments to 
assess the influence of material strength on near-threshold fatigue 
crack growth at different load ratios, and to determine how cyclic 
hardening or softening might modify this effect. 

Experimental 

The steel investigated was an ultra-high strength, aircraft-
quality (vacuum-arc remelted), 300-M, received in the fully-
annealed condition, and having the following composition (wt. 
%) 

C Mn Cr Ni Mo Si S P V 
0.42 0.76 0.76 1.76 0.41 1.59 0.002 0.007 0.10 

The composition is essentially that of AISI 4340 modified with 
1.4% silicon. 

The material was austenitized at 870 deg C for 1 hr and 
quenched into agitated oil, to yield a prior austenite grain size 

of 20 /xm. Specimens were subsequently tempered for 1 hr at 
temperatures of 100, 300, 470, and 650 deg C to provide a wide 
variation in strength. These treatments are hereafter referred 
to as T100, T300, T470, and T650, respectively. Two further 
heat treatments were employed, namely, (i) austenitizing at 
870 deg C, isothermally holding for 1 hr at 250 deg C (20 deg 
C below Af„), and tempering at 300 deg C (referred to as ISO250), 
and (ii) tempering at 300 deg C after oil quenching from 1200 
deg C (referred to as A1200). Full details of fatigue crack growth 
in the latter structure are given elsewhere [12]. 

Fatigue testing was performed using 12.7 mm thick 1-T 
C.T.S. specimens, cycled under load control on 100 kN electro 
servo-hydraulic M.T.S. testing machines, under sinusoidal ten­
sion at load ratios (R = -Kmin/Xma*) of 0.05 and 0.70. The 
environment for all tests was laboratory air, maintained at con­
stant temperature (23 deg C) and constant relative humidity 
(45 percent). Crack lengths were continuously monitored using 
the electrical potential technique [13], capable of measuring crack 
length to within 0.1 mm, and to detect changes in crack length 
of the order of 0.01 mm. Growth rates were computed by nu­
merical differentiation of crack length versus number of cycles 
data, curve-fitted using finite difference and incremental-step 
polynomial procedures [5]. 

The threshold, AK0, was calculated in terms of the stress in­
tensity at which no growth occurred within 107 cycles. Since the 
crack monitoring technique is at least accurate to 0.1 mm, this 
corresponds to a maximum growth rate of 10~8 mm/cycle 
(4 X 10~10 in/cycle). Thresholds were approached using a suc­
cessive load reduction (of not greater than 10 percent reduction 
in /da* at every step) followed by crack growth, procedure to 
minimize residual stress effects. Measurements were taken, at 
each load level, over increments of crack growth of 1 — 1.5 mm, 
representing a distance of between 100 to 1000 times the maxi­
mum plastic zone size at the previous load. Following threshold 
A-Ko measurements, the load was increased in steps and the same 
procedure followed. For comparison, tests were also conducted at 
intermediate and high growth rates to yield propagation rate 
data between 10~8 to 10-1 mm/ cycle. All fatigue tests were per­
formed at 50 Hz, except high growth rate tests (greater than 10~4 

mm/cycle) which were run at 5 Hz. No frequency effects were 
observed at such high propagation rates. Plane strain conditions 
were maintained in all fatigue tests, except in the T650 condi­
tion for Kmax greater than 80 MPaVm. 

Monotonic tensile tests were performed on 25.4 mm gage 
uniaxial tensile bars, and plane strain fracture toughness (Ku) 
tests using 20-25 mm thick 1-T C.T.S. specimens, according to 
the appropriate A.S.T.M. standards. Cyclic stress-strain data 
were determined from 12.7 mm gage tensile bars, cycled under 
strain control at R = — 1, using the incremental-step procedure 
[141. All specimens were machined in the longitudinal (L-T) 
orientation. 

Magnetic saturation induction measurements, using a per-
meameter [15], were made during monotonic tensile tests of sheet 
specimens to assess the extent of any deformation-induced 
austenite-to-martensite transformation. Microstructure and 
fracture morphology was characterized using transmission and 
scanning electron microscopy. 

Results 
The variations of monotonic yield and tensile strength, and of 

plane strain fracture toughness (Kic) with tempering temperature 
for 300-M, quenched from 870 deg C, are shown in Figs. 2 and 3, 
respectively. Optimum strength and toughness was achieved 
after tempering at 300 deg C (T300), the commercially-used 
heat-treatment. The T100, T470, and ISO250 conditions were 
selected to show identical (monotonic) yield strength, with dif­
ferent strain hardening, ductility and toughness properties. 
Ambient temperature mechanical properties (monotonic) of 
the structures tested are listed in Table 1. 
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Fig. 3 Effect of tempering temperature on ambient temperature 
plane strain fracture toughness (K;c) of 300-M alloy steel, oil quenched 
from 870 deg C 

Before discussing the fatigue data it is necessary at this stage 
to briefly summarize the microstructures of the material tested. 
Quenched and tempered structures were typical of tempered la th 
martensite with some evidence of twinned plates. The TlOO 
structure contained a high dislocation density, autotempered 
carbides and about 6 percent retained austenite,3 present as 
thin films, roughly 200A thick, surrounding martensite laths. 
Evidence of e-carbide precipitation could also be seen in the 
T300 structure, the retained austenite level dropping to approxi­
mately 4 percent. The carbide was present as interlath cementite 
precipitates in the T470 structure, and less than 1 percent re­
tained austenite could be detected. In the T650 structure, the 
cementite had spheroidized, and all retained austenite had trans­
formed. The ISO250 structure, however, contained a much in­
creased proportion of retained austenite, of the order of 12 
percent, distributed as a network of interlath films 300-400A 
thick within a lower bainite/martensite structure. 

Fatigue crack propagation data are presented in the form of 
growth rate curves of da/dN versus AK, plotted on logarithmic 
scales over a range of growth rates from 10 - 8 to 10_1 mm/cycle 
(<10~9 to 10~3 in/cycle). Results for quenched and tempered 
steel are shown in Figs. 4 and 5, at R = 0.05 and 0.70 respec­
tively, and for isothermally transformed steel (ISO250) in Fig. 6 

8Measured by magnetic saturation. 

I t is apparent from these plots that the influence of load ratio 
(R) and of different microstructures on fatigue crack growth be­
havior is maximized at low and at high stress intensities (i.e., in 
regimes A and C of Fig. 1). Each regine is now considered in 
turn. 

(i) Intermediate Growth Rate Regime B. For the mid-range of 
growth rates represented by the linear portion of the growth rate 
curves where equation (1) is valid, little variation in propagation 
rate can be seen between different microstructures at both load 
ratios. Growth rates curves tend toward a common line of slope 
(i.e., exponent "m" in equation (1)) of 2.54 at R = 0.05 and 2.67 
at R = 0.70. In this range the mechanism of fatigue failure in all 
structures was found to be primarily transgranular ductile stria-
tion growth (Fig. 7(a)), consistent with a lack of microstructural 
and load ratio sensitivity on growth rate behavior [5, 6]. Con­
sidering the wide variation of tensile strength (2-fold) and tough­
ness (6-fold) shown by the structures tested, fatigue crack growth 
in regime B appears independent of such mechanical properties. 

(ii) High Growth Rate Regime C. At higher stress intensities, 
growth rate curves display an acceleration in propagation rate, 
as 7*Cmax approaches Kie, which is characteristic of regime C. 
As clearly demonstrated in Fig. 6, marked effects of load ratio 

Table 1 Mechanical properties (monotonic) of 300-M steel 

Code 

TlOO 

T300 

T470 

T650 

A1Z00 

IS0250 

A u s t e n i d z i n f c Trca tm 

870°C, o i l quench 

870°C, o i l quench 

870°C, o i l quench 

870°C, o i l quench 

1200°C, o i l quench 

8 7 0 - 0 , i s o t h e r m a l l y 
a t 250°C, o i l quench 

n t 

e l d 

0 

100 °C 

300"C 

470 °C 

6 5 0 ' C 

300 °C 

300 °C 

2% Proo f S t r e 
(HPa) 

1497 

1737 

1497 

1074 

1657 

149? 

s U . T . S . 
(MPa) 

2338 

2006 

1683 

1186 

1986 

1862 

E l o n g a t i o n 1 

( p e r c e n t ) T rue 

1 2 . 4 

11 .9 

1 2 . 1 

1 8 . 1 

6 . 3 

1 4 . 5 

F r a c t u r e 

0 .29 

0 . 6 6 

0 .69 

0 . 8 1 

0 .22 

" 

K I c , 
S t r a i n (MPa/ia) 

3 5 . 5 

6 5 . 1 

6 8 . 9 

(185)J 

8 0 . 3 

8 8 . 5 

Gra 

( 
n S i « 2 

20 

20 

20 

20 

160 

20 

1. Total elongation measured on a 25.4 mm (1-inch) gage length. 

2. Prior austenite grain size, determined by linear Intercept method. 

3. Invalid KT result, estimated using equivalent energy procedure [16]. 

4. Invalid K result, estimated using J procedure at crack initiation 
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AK (ksi/fn.) 
6 8 10 

1 1 — i — i — i — i — i — p 

3 0 0 - M ALLOY STEEL 
Austenitized at 870°C, oil quenched and tempered 
Environment: oir at 23°C, 4 5 % relative humidity 

R = 0.70 

~ r ~T 

KIc=65 MPa/m 

69 MPa/B 

,.*-** 

T e m p e r 

( I h r ) 

IOO°C 

3 0 0 ° C 
4 7 0 ° C 

6 5 0 ° C 

U T S . 

( M P a ) 

2 3 3 8 
2 0 0 6 
1 6 8 3 

I I 8 6 

K lc 
(MPo /m) 

3 5 . 5 
6 5 . 1 
6 8 . 9 

(185 . ) 

A K o 
(MPa /m) 

2 . 2 8 
2 . 3 0 
2 . 4 6 

3 . 6 8 

Fig. 5 
( A K ) a t 

4 6 8 10 20 40 60 
ALTERNATING STRESS INTENSITY AK (MPa /rn) 

Variation of fatigue crack growth rate (da/dN) with alternating stress intensity 
R = 0.70, for 300-M steel, quenched and tempered between 100 deg C and 650 deg C 

AK (ksi /E) 
10 20 

* 10" 

40 60 

300-M ALLOY STEEL 
Austenitized at 870 °C 
Environment; air at 23°C, 45% relative humidity 

R-0.70 R=0.05 Heat Treotment 

• • Isothermal 250°C, 300°C Temper 
" ° Quenched and Tempered at 300 °C 
v ° Quenched and Tempered at 470gC 

^lO"4 

Heot Terrper Yield AK0 (MPaym) 
Treatment (i hr) (MPo) R=O.Q5 R'0.70 
Isothermol 300°C 1497 

250°C 
Quenched 300°C 1737 3.08 2.44 
Quenched 470°C 1497 5.10 2.46 

- H f * ^ Threshold AK 
fL 

6 8 10 20 40 
ALTERNATING STRESS INTENSITY AK (MPa/m) 

~ i o -

80 

Fig. 6 Variation of fat igue crack growth rate (da/dN) with alternating stress intensity 
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perature (T300) and ( i i ) to the same monotonic yield strength (T470). 
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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 mono­
tonic stress-strain curves is shown in Fig. 11 for quenched and
tempered, and isothermally transformed structures. All condi­
tions can be seen to cyclically soften with the exception of the
TWO condition which cyclically hardens, and the IS0250 con­
dition where neither significant hardening nor softening can be
observed. Utilizing these data, a better correlation can be ob­
tained between threshold 1J.Ko and yield strength (now plotted
as the 0.2 percent offset cyclic yield stress) as shown in Fig. 12.
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 1J.Ko
= 3.0 MPav'm at a yield of 1600 MPa for R = 0.05, and 2.3
MPavrn at a yield of 1200 MPa at R = 0.70. At greater yield
strengths, no further reduction in 1J.Ko can be measured in this
steel. It is now reasonable to expect why the three structures
with identical monotonic yield strengths (Le., TWO, T470, and
IS0250) show widely differing values of 1J.Ko• The TWO 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.

Fig. 12 also indicates that the effect of load ratio (mean stress)
on 1J.Ko becomes more pronounced as strength is reduced.
Furthermore, unlike the high growth rate regime C, microstruc-

Fig. 9 Influence of ultimate tensile strength (U.T.S.) on thresho!d
for fatigue crack growth (aKo) at R = 0.05 and 0.70. in 30Q·M, tested IR

moist air

Fig.7 Mechanisms of growth at medium and high growth rates. (a)

Ductile striation growth in noo condition at aK = 20 MPav'iTi (R =
0.05); (b) Intergranular, cleavage and fibrous fracture at high growth
rates in TlOO condition at AK ~ 30 MPa vi;;; (R = 0.05); and (c) fibrous
fracture during striation growth in noo condition at AK = 60 MPa v'in
(R ~ 0.05). [Arrow indicates general direction of crack propagationl.

and microstructure are now observed. Faster crack propagation
mtes and a larger load ratio effect (at a given 1J.K) are shown as
the toughness of the structure is reduced. Fractography of
faillll'es in this region confirmed the presence of static modes, as
shown in Fig. 7. Areas of fib rom; fracture were present in all
structures (e.g. Fig. 7(b) and (e)), with additional intergranular
cracking in the T470 condition, and intergranular and cleavage
cracking in T100 (Fig. 7(b)).

It is clear that, in this region, the onset of growth, which is
both sensitive to microstructure and load ratio, is dependent on
the toughness, and arises from the occurrence of static fracture
mechanisms during striation growth.

(iii) Low Growth Regime A. The largest influence of load ratio
and microstructure can be seen at low stress intensities in regime
A, where growth rates are less than 10-6 mm/cycle. Close to
the threshold 1J.Ko, 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. 4), it is apparent that tempering temperature exerts a strong
influence on threshold values and on near-threshold crack propa­
gation rates. At 1J.K = 9 MPav'rn, for example, the growth rate
in the TWO condition is over two orders of magnitude greater
than in the T650 condition. As the tempering temperature is
raised the threshold 1J.Ko increases from 3.0 to 8.5 MPav'rn, con­
current with a two-fold reduction in tensile strength. At R =
0.70 (Fig. 5), the same trend of increasing 1J.Ko with decreased
strength is still apparent but the effect is drastically reduced:
1J.Ko increases from 2.3 to 3.7 for the same reduction in strength.

The variations of threshold 1J.Kowith monotonic yield strength
and ultimate tensile strength (U.T.S.) are plotted in Figs. 8 and
9 respectively, indicating a general trend of an inverse de­
pendence of 1J.Ko on material strength. Far better correlation
with 1J.Ko is obtained using the U.T.S. rather than yield stress
since the three treatments tested with the same monotonic yield
strength (TWO, T470, and IS0250).all show different threshold
1J.Ko values at R = 0.05 (Fig. 10). This suggests that strain
hardening may be important. The flow stresses within the cyclic
plastic zone generated ahead of a growing fatigue crack, however,
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Fig. 10 Comparison of fatigue crack growth behavior at R = 0.05 of T100, T470, and ISO250 
structures which show identical monotonic yield strength, but differing cyclic hardening/ 
softening response 

tural influences on the propagation rate are most pronounced at 
low mean stress (R = 0.05) and largely disappear at R = 0.70. 
This is shown in Fig. 13, where the variation of threshold AKa 

with load ratio is plotted for the various micro-structures tested. 
Whereas large differences in AKu for different structures are ob­
served at R = 0.05, at R = 0.70 the threshold value for most 
conditions is approximately 2.3 MPay'm. 

Fracture morphology of near-threshold fatigue failure con­
sisted of a fiat, ductile transgranular mode (Fig. 14(a)) which was 
finer (yet otherwise similar) in appearance to low magnification 
pictures of fractures in the mid-growth rate range. Striations, 
however, could not be resolved. Segments of intergranular frac­
ture (Fig. 14) were also observed, the proportion of which de­
pended critically on the stress intensity. At low AK values close 
to AKo, the amount of intergranular fracture was small ( < 1 per­

cent), rising to a maximum at around AK = 6-10 MPa\/ra, and 
and then gradually diminishing at higher stress intensities (Fig. 
14(6-rf)). Furthermore, the contribution from intergranular 
fracture was different for different tempering treatments. 
Significant amounts of intergranular facets could be seen in the 
T100 and T470 conditions, typically 15 percent at AK = 7 
MPa\/m, compared to a maximum of 8 percent in the T300 con­
dition, and none at all in the T650 structure. 

In contrast to growth at higher stress intensities [5], there is 
little evidence in the present study to suggest that the occur­
rence of intergranular fracture results in lower near-threshold 
fatigue crack propagation resistance. Improved resistance to such 
propagation is not necessarily brought about by mechanism 
change but achieved, instead, by the utilization of cyclically 
softer material. 
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Discussion 
The present results have confirmed that microstructure and 

load ratio effects on fatigue crack propagation in steels occur pri­
marily at high and low growth rates. The mid-range of growth 
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cent offset, on threshold for fatigue crack growth (AK«) at ft = 0.05 and 
0.70, in 300-M steel, tested in moist air 
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Fig.15 Summary of results shOWing variation of threshold for fatigue
crack growth (6Ko) at R = 0 with yield strength for steels. Solid lines
from threshold model (reference [31] ).

rates, where the crack growth rate curve is linear, has been as­
sociated with a ductile striation mechanism of growth, with the
exponent "m" in equation (1) found to lie between 2.5-2.7. This
is consistent with most metallurgical [3] and mechanical models
[18-20] of "dilCtile" fatigue crack growth which predict an ex­
ponent of approximately 2. Such models also predict little in­
fluence of load ratio and micl'ost,ructure on growth rates, and this
is clearly verified by the present results in this region, Where the
mechanism of failure is ductile striations, fatigue crack growth
appears to be controlled by the amount of crack opening each
f'ycle, dependent upon the elastic modulus.

At high growth rates (regime C), the present results show (i)
an acceleration in growth rate, (ii) increased valnes of the ex­
ponent, "m." (iii) large microstructlll'e effects and (iv) a
marked influence of load ratio. This behavior has been pre­
viously characterized in terms of the occurrence of static frac­
t.ure modes [5, 5], and such mechanisms have been observed in
this region in t.he present study (Fig. 7). The microstructural in­
fluences on growth rate arise here because such static fracture
mechanisms are sensitive to material inhomogeneities, which con­
trol the toughness. An influence of load ratio is observed be-

Fig. 14 Mechanisms of growth at low growth rates, shOWing ductile
transgranular mechanism with segments of intergranular fracture
(I), in T-!10 condition at R = O.OS. (a) and (b) At threshold, dK = 5.2
MPaV!!'..(dK. a 5.1 MPaVm), (c) dK = 7.6 MPaVm, and (d) dK =11
MPavm. (Arrow Indicates general direction of crack propagation!.

cause cleavage and intergranular cracking are largely tensile
stress-controlled fracture modes and fibrous fracture is dependent
on the hydrostatic component of stress. Increasing the load ratio
raises K m". with respect to D.K, and therefore leads to an increased
contribution from such mechanisms. ThllS, the onset of an ac­
celeration in growth rate in region C is essentially a function of
the toughness, brought about as K max approaches 1(1"

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 [4], Le. the occurrence of intergranular
cracking at low values of D.K (Fig. 14). However, the lack of such
features in the T550 condition (which shows the largest load ratio
effect) suggests that this is an oversimplification. It is believed
that the occurrence of intergranulat· cracking in this region is due
to the influence of water vapor in air environment, causing hydro­
gen to diffuse to and embrittle prior austenite grain boundaries,
particularly when the plasticity is confined within a single grain.
Cooke, et a!. [7] have shown that by testing a similar steel in
vacuo the intergranular fracture largely disappears. Furthermore,
the lack of intergranular cracking in the T550 condition is con­
sistent with the fact that this condition is far less sensitive to
hydrogen embrittlemen I. [21]. 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.
It has been shown, for example, that by step-cooling 300-M steel
after tempering at 650 deg C, to allow silicon and phosphorus
segregation to grain boundaries (temper embrittlement), the
threshold D.Ko for fatigue crack propagation in humid air is re­
duced by 27-28 percent (22). There is clearly a close interrela­
tionship here between the sensitivity of the material to the en­
vironment (Le. hydrogen embrittlement from moisture in air)
and to any impurity segregation to grain boundaries (i.e. temper
embrittlement or tempered martensite embrittlement) which
determines the amount of intergranular cracking observed during
near-threshold fatigue crack growth.

The most important finding of this study is the dependence of
near-threshold fatigue crack propagation rates and the value of
the threshold D.1(o on material strength, since no such dependence
has been observed at higher growth rates. Examination of the
literature (Fig. 15) indicates that this trend of increasing D.Ko
with decreasing strength clearly exists for steels. Kitagawa, et a!.
'23] and Masounave and Ballon [11] have observed similar effects
_n 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 monotonic
yield stress. Consequently, cyclic softening must be regarded as
beneficial in improving near-threshold crack growth resistance.
Cyclic softening in quenched and tempered steels is generally
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attributed to a rearrangement of dislocation substructure and a 
reduction in dislocation density with alternating loading [24]. 
Cyclic hardening, on the other hand, has been attributed to 
dynamic strain aging and is characteristic of untempered and 
lightly tempered steel having high dislocation densities [24]. 
Such hardening is not beneficial to near-threshold crack growth 
resistance, as shown by the T100 condition which displayed the 
lowest threshold AKa value measured in 300-M steel. The iso­
thermally transformed structure (ISO250) shows no significant 
hardening or softening with respect to the monotonic properties. 
I t is worth noting tha t this structure contains 12 percent retained 
austenite, and the absence of cyclic softening can be considered 
to result from a counterbalance between softening due to dis­
location rearrangement (characteristic of the 300 deg C temper), 
and hardening due to strain-induced transformation of retained 
austenite to martensite. Such hardening is apparent under 
monotonic loading in the form of increased ultimate tensile 
strength (compare T470 with ISO250), as shown in Fig. 16, where 
the stability of retained austenite with respect to strain is plotted 
for the T100, T300, T470, and ISO250 conditions. Transforma­
tion-induced hardening will not be significant in quenched and 
tempered structures because less than 2 percent retained aus­
tenite remains after yield (Fig. 16). The ISO250 structure has 
also been shown to exhibit markedly improved stress corrosion 
cracking resistance in distilled water [25] when compared to 
quenched and tempered 300-M at the same (monotonic) yield 
strength (T470 condition). Since the mechanisms of stress cor­
rosion cracking in water in this steel are thought to be similar to 
the mechanisms of environmental attack during fatigue crack 
growth in humid air (i.e. hydrogen embrittlement arising from 
the presence of water vapor [261), this structure might be ex­
pected to show improved near-threshold fatigue crack growth 
resistance with respect to the T470 condition. This, in fact, is 
not observed under cyclic conditions (Fig. 10) because the ISO250 
structure does not cyclically soften and, therefore, is cyclically 
harder than the T470 condition. When compared at the same 
cyclic yield stress, however, the ISO250 condition does show mar­
ginally superior threshold values compared to quenched and 
tempered material (Fig. 12). 

Although it is clear from the present results in steels that , for 
low growth rates less than 10 - 6 mm/cycle, fatigue crack propaga­
tion in humid air is sensitive to microstructure and mean stress 
(load ratio), the reason for this behavior is not immediately ap­
parent. Any explanation must take account of the observations 
that increased crack growth rates and a lower threshold Alio 
occur 1) when the load ratio (R) is increased, particularly fol­
lower strength material (mean stress effect), and 2) when the 

cyclic yield strength of the steel is increased, particularly for low 
load ratios (microstructure effect). We now discuss possible 
mechanisms for these effects. 

(i) Crack Closure. Elber [27] has suggested that , due to 
residual compressive stresses generated from permanent tensile 
deformation left in the wake of a growing fatigue crack, partial 
closure of crack surfaces may occur at positive loads during a 
tension-tension cycle. This closure effectively limits the actual 
alternating stress intensity (AK) experienced in the vicinity of 
the crack tip, since the crack cannot propagate while it is closed. 
At high load ratios, however, the crack remains open for a larger 
portion of each cycle, and thus the reduction in applied A7f4 

from closure is less significant. This model, therefore, provides 
an explanation for increased near-threshold growth rates at 
higher load ratios [9, 10], but does not indicate why this mean 
stress effect diminishes at faster propagation rates (regime B), 
where closure is just as likely to occur. One can postulate that the 
influence of cyclic strength also follows from closure, since, in 
lower strength materials, larger plastic zones are created ahead 
of the crack tip, and hence residual stresses arising from crack 
closure may be more effective in retarding growth over larger 
distances. Electrical potential measurements during the present 
investigation, however, failed to detect any closure near the 
threshold, except below the minimum stress intensity (Km-m) of 
the loading cycle. This lends support to previous observations 
[28] of a negligible effect from crack closure for crack growth 
under plane strain conditions. The electrical potential technique, 
however, for monitoring contact of fracture surfaces cannot be 
regarded as totally satisfactory, since in air, surfaces are likely 
to be coated with oxide scale. 

(ii) Environmental Influence. The effect of load ratio and 
microstructure on fatigue crack propagation at low stress inten­
sities can also be rationalized in terms of the environmental in­
fluence of hydrogen from moist air (hydrogen embrittlement). 
This can occur under fatigue loading at stress intensities less 
than the threshold for hydrogen-assisted cracking under mono­
tonic loading {KTH) because fresh surface at the crack tip, where 
atomic hydrogen can be evolved from chemical reactions with 
water vapor, is continually renewed by cyclic stressing. Specifi­
cally, hydrogen atoms in high strength steels can be considered 
to diffuse to the region of maximum hydrostatic tension ahead 
of the crack tip, thereby lowering the cohesive strength of the 
lattice [29, 30]. Increased fatigue crack growth rates in steels 
would be expected by increasing the load ratio, since the higher 
value of 7Cmnx creates a larger stress gradient to promote hydrogen 
transport. Furthermore, higher propagation rates should be seen 
in harder material because the increased strength can lead to a 
larger equilibrium solubility of hydrogen ahead of the crack tip 
(due to higher triaxiality) [30], and a reduction in the amount of 
hydrogen necessary to cause cracking. This is reflected under 
monotonic loading in an increasing susceptibility to hydrogen 
embrittlement as the yield strength is raised [21]. Thus, if hydro­
gen embrittlement is considered to be an important contribution 
to the cracking of steels under cyclic loading in moist air, higher 
near-threshold growth rates and a lower threshold AK0 would be 
predicted as strength and load ratio are increased, as has been 
experimentally observed. Furthermore, this argument is con­
sistent with (i) the absence of an influence of load ratio on 
propagation rates for steels tested under vacuum [7], and (ii) 
the absence of load ratio and strength effects at higher (regime 
B) growth rates since, at higher crack velocities, there would be 
insufficient time for the permeation of atomic hydrogen into the 
crack tip region. 

I t is not possible from the present investigation to decipher 
which mechanism is primarily responsible for the influence of 

^Applied Ai£ refers to the value of AK calculated from a knowledge of applied 
loads and crack length. 
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mean stress and cyclic strength on low (near-threshold) growth 
rates, but it is plausible that both effects are contributing. 
Crack closure arguments, however, are less convincing because 
they do not explain why the influences of load ratio and strength 
are not observed in regime B, and why the load ratio effect at low 
growth rates disappears for tests in vacuo. Fatigue testing steels 
of differing strength under vacuum would provide one critical 
experiment to resolve this issue. 

Despite the absence of such data, tentative models have been 
formulated [31] for the threshold for fatigue crack growth in 
steels, based on the influence of hydrogen from the environment 
on near-threshold fatigue crack propagation. Using such an ap­
proach it is possible to correctly predict the experimentally ob­
served variation of threshold AK0 with strength for steels, as 
shown by the solid lines in Fig. 15. Details of this analysis are 
given elsewhere [31]. 

Closing Remarks 
I t has been experimentally established that the influences of 

microstructure and mean stress on fatigue crack growth in steels 
are primarily localized to specific growth rates regimes, namely 
at very low and very high propagation rates. The wisdom of 
studying these effects over a narrow range of growth rates (i.e. 
less than 2-3 orders of magnitude), as has been the practice in 
most investigations, is thus questioned because the extremes of 
gi-owth rate behavior are often missed. With regard to low growth 
rate behavior, large effects of microstructure and mean stress on 
the propagation rate and on threshold values have been observed, 
and discussed in terms of the influence of (i) crack closure and 
(ii) hydrogen atoms evolved from water vapor in moist air. I t 
has been found tha t superior resistance to near-threshold fatigue 
crack growth can be achieved in steels by the use of lower 
strength material. From a material selection viewpoint, however, 
it may not always be desirable to replace existing materials with 
others of lower strength. In this instance, optimum strength and 
resistance to high cycle fatigue crack growth requirements can 
be met by the use of materials with high monotonic strength, 
which significantly soften under cyclic loading. In this regard, 
it is perhaps interesting to note that as the tensile strength of 
steel is raised, the threshold (AK0) for crack propagation de­
creases, and yet it is widely accepted that the fatigue endurance 
limit will increase. The threshold, however, is a measure of the 
minimum stress for crack propagation from a pre-existing crack, 
whereas the fatigue limit represents the minimum stress to cause 
crack initiation,, propagation and failure in an unnotched speci­
men. In the latter case, fatigue crack initiation can occupy more 
than 90 percent of the life where the fatigue endurance exceeds 
around 104 cycles. Since the mechanism of initiation is thought 
to be governed by microplastic flow, dependent on some cumula­
tive plastic strain [32, 33], it is not unreasonable to expect initia­
tion to occur more readily in a softer material, thus reducing the 
fatigue limit. In fact, it has been shown that the minimum value 
of the stress intensity for fatigue crack initiation in HY-130 steel 
decreases as the yield strength is lowered [34]. Furthermore, 
when fatigue limits are measured in notched specimens, higher 
strength steels are no longer superior, because of their greater 
notch sensitivity [35]. 

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 (region B, Fig. 1), varia­
tions in microstructure and mean stress (load ratio) do not lead 
to significant changes in the crack propagation rate. The ex­
ponent "m" in equation (1) was found to be between 2.5-2.7, 
consistent with the ductile striation mechanism of growth ob­
served. 

2. At high growth rates (region C, Fig. 1), crack propagation 
rates become sensitive to microstructure and load ratio con­
sistent with the occurrence of "s ta t ic" fracture modes during 
striation growth. Optimum fatigue cracking resistance in the 
region is achieved with high toughness materials. 

3. At low growth rates (region A, Fig. 1), significant effects 
of load ratio and microstructure on crack propagation rates 
are observed; the maximum sensitivity to load ratio occurring 
in lower strength material, and the maximum sensitivity to micro-
structure occurring at low load ratios. 

4. Increased near-threshold crack growth rates and a de­
crease in the threshold for crack propagation (A/fo) are seen as 
the load ratio (B) is increased, the value of A2?0 being inversely 
related to R. 

5. Increased near-threshold crack growth rates are seen as 
the strength of the steel is increased, the value of AKa being in­
versely related to the ajclic yield strength. Cyclic softening (and 
the use of low strength steels) can thus be regarded as beneficial 
in improving resistance to very high cycle, low growth rate 
( < 10~6 mm/cycle) fatigue crack propagation. 
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