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ABSTRACT

Fatigue crack propagation behavior of an ultra-high strength steel
(300-M) has been investigated in humid air over a very wide spectrum of
growth rates from 10"8 to 10-1 mm/cycle. Particular emphasis has been
devoted to the influence of mean stress (or load ratio R = Kpin,/Kpax)
and microstructure on fatigue crack growth near the threshold stress
intensity for crack propagation, AK,. Increasing the load ratio -from

= 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 in AKp. These
effects are contrasted with behavior at higher growth rates. The"
influence of strength on AK, 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 propagatlon
resistance at very low growth rates. : »

A model is developed to account for the effect of strength and load
ratio on the threshold stress intensity, AKO, in steels, based on a
critical fracture stress criterion for crack growth modified by the
influence of hydrogen, and the results discussed in the light of crack
closure and environmental theories for near-threshold fatigue crack
propagation in moist air.

o .
Now at Department of Mechanical Engineering, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139.



INTRODUCTION

Since fracture mechanics was first applied to the problem of
fatigue crack growth in mgtals in the early 1960's [1],1 an immense
amount of information has been accumulated relating rates of fatigue
crack propagation to such variables as mean stress, microstructure,
environment, stress state, eﬁc. [eg. 1-12]. Concurrent with this
research, a general framework for understaﬁding the fracture mechanisms
has emerged, permitting attempts to be made to relate these mechanisms
to macrpscopic crack growth behavior.» One area, however, which has
received comparatively little attention is the slow grbwth of fatigue

> to 10_6 mm/cycle. This is unfortunate

cracks at rates less than 10
since the major portion of the 1ife£ime of a cracked conponent is often
spent in this region. Not only is there little understanding 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 essential in the design of components
subject to extreme high frequeﬁcy, low amplitude loadings for lifetimes
of 101_0 to 1012 cycles [2].

Most studies have confirmed that fatigue crack growtﬁ is primarily
controlled by the al;ernating stress intensity, AK, through an expres-—
sion [1] of the form: |

da

& = C AK™ , ' (1)

1Numbers in brackets designate References at end of paper.



where 'C' and 'm' are assumed to be coﬁstants, da/dN is the fatigue créck
growth rate pef cycle, and AK is given by the difference between the
maximum and ﬁinimum stress intensitiés for each cycle, i.e.,

AK = Kmax - Kmin' This expression adequately dgscribes_behayior for the
mid-range of growth rates, typiéally 10_5 to 10_3 mm/cycle, but often
underestimates the propagation rate at higher grqwth rates, as Kmax
approaches KIc’ the fracture toughness. Similarly,vthe expfession is
found to be conservative at lower grdwﬁh rates where AK épproaches‘a
threshold étféss intensity AKO, beloﬁ which crack propagation cannot

be detected. [7-12].

This sigmoidél variation of growth rate with AK can, however, be
rationalized in terms of the primary grack growth mechanisms involved
(Fig. 1). In steels, for the mid-range of growth rates, (regime B),
failure generally occuré by a transgranular ductile striation
mechanism [3], and the rate of crack growth is thought to be largely
insensitive to microstructure and mean stress (characterized by the
lqad ratio, R = Kmin/Kmax) [4-6]. Large effects of microstructure and
load ratio, howevet, 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 supérimposed static‘modés of fracture,
such as cieavage, intergranular and micro-void coalescence, accdmpanying
or replacing striation growth [4-6]. At very low (near-threshold)
growth rates, the explanation of the microstruéture 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 ffacture in steels [6,7] and cleavage fracture in
titahium alioys [8]. However, it has not as yet been éstablished which
ﬁicfostructures are bgneficial in improving resistance to low'growth
rate fatigue failure.

The aim of the present reéearch is to characterize microstructural
influences on near-threshold fatigue crack growth in an attempt to
pfovide'soﬁe basis for fhe design of alloys more resistant to very high
¢y¢1e fafigue failure. For the lack oflany previous guidelines, this
paper describes initial experiments to assess the influence éf
ﬁaterials strength on near—threshqld fafigue 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, aircfaft—quality

(vacuum-arc remelted), 300-M, received in the fully-annealed condition, and

having the following composition. (wt.Z%)

c - Mn Cr Ni Mo - Si- S P A

0.42  0.76  0.76 1.76  0.41  1.59  0.002  0.007  0.10

The composition is essgntially.that‘of'AISI 434O modified with 1.4%
silicon.

The material was austenitized at 870°C for 1 hr and quenched into
agitated oil, to yield a prior austenite grain size of 20 um. Specimens
were subsequently tempered for 1 hr at temperatures of 100, 300, 470
and 650°C to provide a wide variation in strength. These treatments
are hereafter referred to as T100, T300, T470, and T650, respeétively.
Two further heat treatments were employed,_naﬁely, i) austenitizing
at 870°C, isothermally holding. for 1 hr at 250°C (20°C below,MS), and
tempering at 300°C (referred to as IS0250), and ii) tempering at 300°C
after oil quenching from 1200°C (referred to as A1200). ,Full details
of fatigue crack growth in the'latter structure are giﬁen 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—hydfaulic M.T.S.
testing machines, under sinusoidal tension at load ratios (R = Kmin/Kmax)
of 0.05 and 0.70. The environment for ali tests was laboratory air,
maintained at constant temperature (23°C) and constant relative humidity

(45%). Crack lengths were continuously monitored using the electrical



potential technique [13], capable of measuring cfack_length to within

'Q.l mm, and té detect changes in crack length of the 6r&er of 0.01 mm.

Growth rates were computed by numerical differentiation of créck | ’ -
length versus number of cycies_data, curve~fitted using finite difference
and incremental-step polynomial procedures [5].

The threshold, AKo’ was calculatéd in terms of the stress intensity
at which no growth occurred within 107 cycles. Since.the crack
monitoring technique is at ieast accurate to 0.1 mﬁ, this corresponds
to a maximum growth rate ofv1(.)"-8 mm/cycle (4><10_10 in/cycle).

Thresholds wefé approached using a successive load reduction (of not
greater than 10% reduction in Kmax at every step), followed by crack
growth procedure to avoid residual stress effects. Measurements were
" . taken, at each load 1ével; over increments of crack growth of 1- 1.5 mm,
\représehting a distance of between 100 to 1000 times the maximum plastic
'zone,size-at the preVious load. Féllowing threshold AKO measurements,
the.load was increased in steps and the same procedure followed. For
comparison, tests.wére alsé conducted at intermediate and high growth
rates to yield propagafionbrate data between 10-8 to 10”1 mm/cycle.
All fatigue testé were performed at 50 Hz, except high growth rate
tests (greatef than 10-4 mm/cycle) which were run at 5 Hz. No »
frequency effects were observed at such high propagation rates. ‘ a
 Plane strain conditions were maintained in all fatigue tests, except
iﬁ the T650 condition for Kmax greater than 80 MPavm .

Monotonic tensile tests were performed on 25.4 mm gage uniaxial

tensile bars, and plane strain fracture toughness (KIc) tests using



20-25 mm thick 1-T C.T.S. specimens, according.to the appropriate
A.S.T.M. standards. »Cyélic_Stress—strain dafaVNﬂiidetermined from
12.7 mm gage tenéilé bars, cyéled under sfrain control at R = —l,
using the incremental-step procedure [14]. All specimens were machined
. in the longitudinal (L-T) orientafion.
Magnetic saturation induction measurements, using a permeameter [151,
were made during monotonié tensile tests bf sheet specimens to assess
the extent of any deformation—iﬁduced austenite-—to—maftensite
transformation. ‘Microstructure and fracture morphology was.characterized

using transmission and scanning electron microscopy.



RESULTS

The variafions of monétonicvyield and tensile strengfh, and of
plane strain fracture toughness (KIc) with tempering temperature for
300-M, quenched from 870°C, are shown in Figs. 2 and 3, respectively.
Optimum strength and toughness was achieved after tempering at 300°C
(T300), the commercially-used heét—treatment.' The T100, T470, and
ISOZSO conditions were selected to show identipal (monotonic) yield
stréngth, with different sfrain hardening, ductility aﬁd toughness
properties. Ambient temperature mechaﬁical properties (monotonic) of
the structures tested aré listed in Table 1.

Before discussing fhe fatigue data it is necessary at this stage
to briefly summarize the microstructures of.the material tested.
‘Quenchedrand tempered structures were typical of tempered lath martemsite
wiﬁh some evidence of twinned plates. The T100 structure contained
a high dislocation density, autotempered carbides and about 6% retained
austenite,l 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
approximately 4%Z. The carbide was present as interlath cementite
precipitates in‘the T470 structure, and less than 1% retained austenite
could be detected. In the T650 structure, the cementitebhad spheroidized,
and all retained austenite had transformed. The IS0250 structure,

however, contained a much increased proportion of retained austenite,

1measured by magnetic saturation.



Table 1.

0.27% Proof Stress U.T.S.. Elongation1

Mechanical Properties (monotonic) of

300-M Steel.

KIC

Grain Size

2

Code Austenitizing Treatment Temper (MPa) (MPa) _ (percent) True Fracture Strain (MPavm) (um)
T100 870°C, o0il quench ©100°C 1497 2338 12.4 : 0.29 35.5 20
: : : : _ : o0
T300 870°C, o0il quench. 300°C _ 1737 2006 11.9 ' 0.66 "65.1 20 c
T470  870°C, oil quench 470°C 1497 1683 12.1 . 0.69 68.9 20 .
T650 870°C, oil quench 650 °C 1074 1186 18.1 : - 0.81 (185)3 20 el
A1200 1200°C, oil quench | 300 °C 1657 1986 6.3 0.22 | 80.3 - 160 Al
150250 870°C, isothermally held 300 °C 1497 1862 14.5 - 88.5 20 ©
at 250°C, oil quench. ' ’ o
1. Total elongation measured on a 25.4 mm (I-inch) gage length. o
2. Prior austenite grain size, determined by linear intercept method. o
P

3. Invalid KIc result, estimated using equiﬁalent energy procedure [16].
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of the order of-lZZ, 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

? to 1073 in/cycle).

range of growth rates from 10-8 to 10"1 mm/cycle (<10~
Results for quenched and tempered steel are shown in Figs. 4 and 5,

.gﬁ R = 0;05 and 0.70 respectively, and for isothermally transformed
steel (180250) in Fig. 6. It is apparent from these plots that the
influence of load ratio (R) and of different microstructures on fatigue
crack growth behavior is maximized at low and at high stress intensities
(i.e., in regimes A aﬁd C of Fig. 1). Each regime is now considered

in turn.

i) IntermediatefGrowth Rate Regime B

For the mid-range of growth rates represehted by the linear portion
of the growth rate curves where Eq. (1) is valid, little variation in
propagatidﬁ rate can be seen between different microstructures at both
load ratios. Growth rates curves tend toward a common line of slopé
(i.e., exponent 'm’ in.Eq. 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 striation growth (Fig. 7a),
consistent with a lack of ﬁicrostructural and load ratio sensitivity on
'growth rate behavior [5,6]. Considering the wide variation éf 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.
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ii) High Growth Rate Regime C

| At higher stress intensities, growth rate curves display‘an
acceleration in propagation rate, as Km;% apprbaches KIc’ which is
characteristic of regime C. As clearly demonstrated in Fig. 6, marked
effecté of 1oad ratio and microstructure are now observed. Faster
crack propagation rates and.a larger load ratio effect_(at a given AK)
are shown as the toughﬁess of the sfructure is reduced. . Fractography of
failures invthis region cOnfirmed'thé presence of static modes,_as 
shown in Fig. 7; Areas of fibrous fracture were presént in all
structures (eg. Fig. 7b and c),.with additional intergranﬁlar cracking
in the T470 condition, and intergranular and cleavage cracking in
T100 (Fig. 7b).

It is clear that, in this region, the onset of growth, which ié

both sensitive to microst;ucture 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 AKO, measured propagation
rates become less than a lattice spacing per cycle, indicating that -
crack growth is not occurring uniformly over the entire crack frontf
Considering first resulfs for quenched and tempered material at
R = 0.05 (Fig. 4), it is apparenp‘that tempering temperature exerts

a strong influence on threshold values and on near-threshold crack
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propagation rétes; At AK.=_9 MngGL for example, the growth rate in the

TlOO condition is over two orders of magnitude greater than in the T650

condition. AS<thg tempering Fémperature is raised the threshold AKO . -
increases from 3.0 to 8.5 MPaﬁi, concurrent with a two;fold reduction

in fénsilerstrength. At R= 0.70 (Fig. 5), the same trend of increasing

AKO with degreased strength is still apparent but the effect is

dfastically reduced: AKO inc;eases from 2.3 to 3.7 for the same

reduction in strength.

The variations of threshold AKO with monotonic yield strength and
ultimate tensile strength (U.T.S.) are plotted in Figs. 8 and 9
respectiveiy, indicafing a general trend of an inverse depen&ence of
AKo on material strength. Far better correlation with AKO is obtained
using the U.T.S. rather than yield stress sinéé the thrée treatments
tested with the same monotonic yield strength (T100, T470, and IS50250)
all show different threshold AKo valugs at R = 0.05 (Fig. 10). This
suggests that strain hardening may be iﬁportant. The flow stresses
within the cyclic plastic zbne generated ahead of a growing fatigue
crack, however, are governed by cyclic fatﬁer than monotonic strain
hardening effects. Aécordingly, cyclic stress-strain tests were
,perforﬁed to assess cyclic yield strengths. A comparison of cyclic N
and monotonic stress-strain curves is shown in Fig. 11 for quenched and
tempered, and isothermally transformed structures. All conditions can
be seen.td cyclically soften with the exception of the T100 condition
which cyclically hardens, and the IS0250 condition where neither

significant hardening nor softening can be observed. Utilizing this
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data, a better correlation can be obtained;bétween threshold AKé and
material strength (now plotted as the 0.2% offset cyclic yield stress)
as shown in Fig. 12. As cyclic strength is incréased, either because

6f high initial monotonic strengt? or by cyblic hardening, the threshold
for fatigue crack propagation is reduced, to a limiting value of .

'AKO = 3.0 MPav/m at a yield of 1600 MPa for R = 0.05, and 2.3 MPavm at
a yield of 1200 MPa at R = 0.70. At greatér yieid strengths, no
further reduction in AKO can be measured in this'steel;‘ It is now
reasonable to expect why the threé structures with identical mohotonic
yield strengths (i.e., T100,.T470, and I1S0250) show widely differing
values of AKO. The T100 condition has the sméllest threshold because
this structure is the hardest, due to cyclic hard;ning. The T470
condition, on the other hand, is the softest condition after cyclic
softening,.and consequently'haé_the largest threshold..

Figure 12 also indicates that the effect of 1§ad ratio (mean
stress) on AKO becomes more pronounced as strength is reduced.
Furthermore, unlike the high growth rate regime C, microstructural
influences on the propagétion rate are most pronounced at low mean i
sﬁress (R=0.05) and largely disappear at R = 0.70. This is shown

| in Fig. 13, where the Vériaﬁion of threshold AKO with load ratio is

plotted for the various micfostructures tested.  Whereas large

differepces in AKO for differeﬁt structures are observed at R = 0.05,
at R = 0.70 the threshold value for most conditions is approximately

2.3 MPaym.
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Fracture morphology of near-threshold fatigue failufe cénsisted
of a flat, dﬁctilevtransgranular mode (Fig. 14a) which was.finer (yet
otherwise similar) in appearance to low magnification pictureé of
fractures in the mid-growth rate range. Striations, however, could
nof be resolved. Segments of intergranular fracture (Fig. 14) were
aléo observed, ‘the proportion of which depended critically on thé'
vstreSs intensityi At low AK values close to AKO, the amount of
intergranular fracture waé small (<1%Z), rising to a maximum at around
AK'é 6—10 MPa/E, dand then gradually diminishing at higher stress
intensities (Fig. 14b—d). Furthermore, the contribution from inter-
granular fracture was different for different tempering treatments.
Significant amounts’gf intergranular facets could be seen in the T100
"and‘T470 conditions, typically 15% at AK =7 MPaJE, compared to a maximum
of 8% in the T300 condition, and none at all in the T650 structure.
A more detailed analysis ofvnear-threshold.fatigue.fracture morphology
in this steel is presented elseﬁhere‘[17].

In contrast to growth at higher stress intensities [51, there
is little evidence in the present study to suggest that the occurrence
of intergranular fracture results in lower near-threshold fatigue crack
prqpagation resistancé. Improved resistance to such propagation is
hot necessarily brought about by mechanism change but achieved, instead,

by the utilization of cyclically softer material.



~ DISCUSSION

.The present results have confirmed that microstructure and load
ratio effécts 6n fatigue‘crack propagation in steels occur primarily
at high and low growth rates. The mid-range of groﬁthvrates,,wheré
the crack growth rate curve is linear, has_been associated with a
ductile striation mechanism of growth, with the exponent 'm' in Eq. (1).
found to lie between 2.5 - 2.7. This is consistent with most
metallurgical [3] and mechanical models [18f20]'of'fductiie" fatigue
crack growth which predict an exponent of approximately 2. Such
models also predict liftle 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 ductilé 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 infiuence of 1oad
ratio. .This'behavior has been previocusly characterized in terms of the
occurrence of static fracture modes [5,6], and such mechanisms have
been observed in this region in the present study (Fig. 7). The
microstructural influences on growth rate arise here because such
.static fracture mechanisms are sensitive to material inhomogenities,
which control the toughness. An influence of léad ratio is observed
because cleavage and in;ergranular cracking are largely tensile stress-

controlled fracture modes and fibrous fracture is‘dependent on the
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‘-hydrostatic component of stfess. Increasing the load ratio raises

: Kﬁéxrwith respect to AK, and therefore leads to an increased contribution
from such ﬁechanisms. Thus, the onset of an acceleratioh.in growth

réte in regibn C is essentially a function of the toughness, brought
about as Kmax'ap?roaches Koo

A; 1oW growth rates, less the 10—6 mm/cycle in region A, fatigue

crack growth similarly becomeé markedly sensitive to load ratib and
micfostructure. It is tempting to relate this again to a fracture
mechanism'change’[4], i.e.-the occurrence of intergranular cracking at
low values of AK (Fig. 14). However, the lack of such features in the
T650 condition (which shows the largest load ratio effect) and the fact
thét‘léss intergranuiar fracture can be observed at high load ratios

f17] sﬁggests that this is an oversimplication. It is believed that
‘the occurrenée of intergranular cracking in this region is due to the
influence éf water vapor in air enviromment, causing hydrogen to

diffuse to and embrittle prior austenite gra{n boundaries, particularly
when the plasticity is confined within a single grain. Cooke, et al. [7]
ﬁave shown that by testing a similar steel in vaéuo fhe intergranular
fragture 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 [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
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steel after tempering at 6SQ°C, to allow silicon and phosphorus
segregation to grain boundaries (teﬁper embrittlement), -the threshold
AKO for fatigue crack propagétion in humid air is reduced by 27-28% [22].
There is clearly a close interrelationship here between the sensitivity
of the material to the environment (i.e. hydrogen embrittlemént from
moisture in air) and to any impurity segregation to grain boundaries
(i.e. temper embrittlement or tempered martensite'émbrittlement) which
deterﬁines'the amount of intergranular craéking:obsefved during neér;v
thréshoid fatigue crack growth.

The most important finding of this study is the dependence of
near-threshold fatigue crack ﬁropagation rates and the value of the
threshold AKo on material sfrength; since no such dependence has been
observed at highef growth rates; Examination of the literature
(Fig. 15) indicates that this trend of'increasing AKO with decreasing
strength clearly exists for steels. Kitagawa, et al [23] and Masounave
:and Bailon [11] have observed similar effects in much lower strength
steels. The present work has shown thaf sucﬁ 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 impfoving near-threshold crack growth
resistance. Cyclic softening in quenched ‘and tempefed steels is
generally attributed to a rearrangement of dislocaton substrdcture
substructure and a reductionvin dislocation density ﬁith alternating
loading [24]. Cyclic hardening, on. the other hana, has been attributed

to dynamic strain aging and is characteristic of untempered and lightly
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tempered stgel ha?ing high dislocation densities [24]. Sucﬁ hardening

is not beneficial to near—threshold.crack_growth resistance, as shown

by the T100 condition which displayed the lowest threshold AKO value | : v
measured in 300-M steel. The isothermally transformed structure

- (180250) shows no significant hardening or softening with respect to

" the monotonic properties. It is worth noting that this structure
contains 12%_retaiged austenite, and the absence of cyclic softening
can be considered to result from a counterbaiance between softening

due to disloéation rearrangement (characteristic of the 300°C temper),
and hardening due to strain-induced transformation of retained austenite
to martensite. Such hardening is apparent under monotonic loading in
.'the’fofm of increased ultimate tensile strength (compare T470 with v
ISOZSO); as shown in Fig.'16, where the stability of retained austenite
with respect to strain is plotted for the T100, T300, T470 and IS0250
‘coﬁditions. Transformation-induced hardening will not be significant
in quenched and tempered structures beéaﬁse less than 2% retained
austenite remains after yield (Fig. 16). The IS0250 structure has

also been shown to exhibit markedly improved stress corrosion cracking
resistance in distilled water [25] wﬁen hompared to qqenched and
tempered 300-M at the same (monotonic) yield strength (T470 condition).
Since the mechanisms of stress corrosion cracking in water in this
steel are thought to be similar to the mechanisms of environmental "
attack duriﬁg fatigue crack growth in humid air (i.e. hydfogen

embrittlement arising from the presence of water vapor [26]), this

structure might be expected to show improved near—thfeshold fatigue
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crack growth resistance with respeét to the T470 condition. This,
in fact, is not observed ﬁﬁder cyclic conditions (Fig. 10) becaﬁse the
IS0250 structure does not cyclically’séften and, therefore, is
cyclically hardervthan the T470 condition. When compared at the same
échic yieldvstress, however, the 150250 conditioh does show ﬁarginally
superior thresﬁold values compared to quenched and tempered material
(Fig. 12). | | /

Although it is clear‘fraﬁathe:present results in steels that,
for low growth rates less than 10_6 mm/cyclé, fatiéue‘crack propagation
in humid air is éenéitive to microstructure and mean stress (load ratio),
the reason for this behavior is.not iﬁmediately apparent. Aﬁy exﬁlanation
must‘takeacéount of thevobservations‘that increased crack growth rates
and a lower thresﬁold AKO occur 1) when the load ratio (R) ié inéreased,
particularly for lower strength material (mean stress effect), and
2) when the cyclic yield étrength of the steel is decreased, particulafly
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 fhe wake of a
growing fatigue cfack, partial closure of créck surfaces may‘occur
at positive loads during a tension—tension cyéle. This closure
effectively 11mit$ the actual alternating stress intensity (AK)
experienced in the vicinity of the crack tip,ISince the crack cannot

propagate while it is closed. At high.load ratios, howeﬁer, the crack

e
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remains open for a larger portion of each cycle, and thus the reduction .
in applied AKl from closure is less significant. This model, thérefore,
provides an explanation for increased neér—fhreshold,growfh rates at
highérbloéd ratios [9,10], but does not indicate why this mean stress
:éffect diminiéhes at'fastgr propagation rates (regime B), where closure:
is jgstvasilikely to occur. One can postulate that the influence of cyclic
strength also follows frém closuré, since, in lower strength materials,
‘larger plastic zones are created ahead of the crack tip, and hence
reéidual stresses arising from crack closure, may be more effective in
retarding groﬁfh over larger distances. Electrical potential measure-
ments during the present investigation, however, failed to détect any
~closure near the threéhold, except below the minimum stress intensity
(Kmin) pf the loading cycle. This lends support to previous observa-
fions [28] of a negligible effect from crack cldsure for crack growth
under plane strain conditions. The elecﬁrical potential technique,
however, for monitoring contact of fractﬁre surfaces cannot be regarded
as totally satisfactory, sincevin 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 intensities can alsp Be rationalized in terms
vof the environmental influence of hydrogén from moist air (hydrbgen
embrittlement). This can occur under fatigue loading at strésé
intensities less than the threshold for ﬁydrogen—aésisted crgcking

under monotonic loading (KTH) because fresh surface at the crack tip,

v

lApplied MK refers to the value of AK calculated from a knowledge of
applied loads and crack length.



whefe molecular hydrogen can adsorb and dischiate, is continually
renewed by cyclic stressiﬁg. Specifically, hydrogen atoms are considered
to diffuse to the region of maximum hydrostatic tension ahead of the
cfack tip, thereby lowering the-qohesive stréngth of the lattice [29].
Increased fatigue crack g;owth_rates in steels would be expected by
increasing the load ratio3 sincg the highér vélué of Kmax créates a
larger streés gradient to promqtevhydrogen transport. Furthermore,
higher propagétion rates shouid be seen in harder material becauée the
increasedvstrenéth can lead to a lafger equilibfium4solubility of
hydrogen ahead of the crack tip (due to higher triaxiality), and a
reduétion'in the amount of hydrogen.necessary to cause cracking.
This is reflected under monotonic loading in an inéreasing susceptibility
to hydrogen embrittlement'as the yield strength is raised [21]. Thus,
if hydrogen embrittlement is considered to be én impértant contribution
to the cracking of steels under cyclic loading in moist air, higher
near—threshoid growth rates and a lower threshold AKO would be predicted
as the3strength and load ratio is.increased, as has been experimentally
observed. Furthermore, this argument is copsistant with i) the
absence of an influence of load patio on propagétion rates for steels
tested under vacuum [7], and ii) the abéence 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 tﬁe crack tip region.

It is not possible f;om the present investigation to deciphef

which mechanism is primarily responsible for the influence of mean
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stress and cyclic strength on low (pear—threshold) growth rates, but
it is piausible that<both effects are contributing. Crack closure
arguﬁents, however, are less convincing beéause they_dé not explain
why  the influences of 105d ratio and strength are not observed in
regime B, and why the load rafio effect at low growth rates disappears
for tests in vaéuo. Fatigue testing steels of differing strength
under vacuum would provide one critical experiment to resolve this
issue. In the absence of such data a semi-quantitative model is now
defeloped for the threshold for fatigue crack growth in steels, based
on the ihfluence of hydrogen from the environment on near-threshold

fatigue crack propagation.

Model for the Fatigue Crack Growth Threshold in Steels

For nearfthreshold fatigue crack propagation in the absence of an

- environment we adopt a critical fracture stress criterion for crack

growth.  Following Weiss and Lal [30], the crack advance per cycle

' (da/dN) can be considered to extend over a distance (equated to a

\

" critically stressed volume) over which the nominal stress exceeds a

certain critical. fracture stress (OF), such. that

nF+1

Ao\ °F S
d N
= = a(———) - 3 - p2 (2)

dN Op

where a is the crack length, AGN the applied stress amplitude, f(s)
a dimensionless correction factor for the finite width of specimens,
nn the cyclic strain hardening exponent in the stress range to which

the critically stressed region is subjected, and p, the Neuber



microsupport constant, répresenting the effective radius of a sharp
crack. For near-threshold fatigue crack growth, the maximum cyclic

stress decreases towards the elastic limit, hence n_ must approach

F
“unity. Thus, it follows that

da AK 0
o y - & | o ®

where

2

MK™ = Ta AON f(‘;) .

For crack growth, the local tensile stress (Oyy) must exceed Op
over a distance larger than p,, and thus, at the threshold, Weiss and

Lal [30] suggest da/dN = Pg»> Viz

- &3 - o -
AK0 = Y72 TPk Op - | (4)

In the presence of an aqueous or gaseous environment, hydrogen atoms.
can be adsorbed on freshly exposed metal surface at the crack tip by

one of the following mechanisms:

1

' -+ v
i) in water vapor: 2H + 2e = 2H (at cathodic sites),
ii) in gaseous hydrogen: HZ(gas) v'HZ(surface) == 2H (at exposed surface),

iii) in hydrogen sulfide: H,S + Fe = FeS + 2H (at exposed surface).

The plastic stress gradient ahead of the crack tip then provides the
driving force for diffusion of atomic hydrogen into the region of
highest dilatation (ie. maximum hydrostatic tension), resulting in a

reduction In the cohesive strength [29]. Thus, in the presence of an
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environment, we can write
AKX = v-3— m, . (0, - Ao,) - (5)
o Y2 * ° F H °? :

- where AGH is the reduction in cohesive strength due to hydrogen.
Fbildwing Oriani and Josephic [31], we assume that AOH is proportional

- to the local concentration of hydrogen at ;he point of highest triaxial
tension (CH), and that this concen;ratiqn at equilibrium can be obtained

. from

_ _ G- T : _
Aoy = aCy ac, exp( =T ) , (6)

where Co is the equilibrium concentration of hydrogen in the unstressed
lattice, 0 an unknown constant, V the partial molar volume of hydrogen
in iron (2 cm3/molé), o the hydrostatic tension, Ro the gas constant

*  and T the absolute temperature. Combining Eqs. (5) and (6), we have
AK =

3 _* g-V :
. > [OF-OLCO exp (ROT-)] . (7N

The hydrostatic tension (G) is defined as the mean of ‘the three

prlncipal stresses ahead of the crack tip (Oxx, Oyy’ czz)’ and can be

approximated under conditions of plastic flow using Hill's slip~line
field equations for plane strain, ie.

5 =1 - L+ X 1
0 =3 (oxx+ oyy +orzz) ay oy n [(1+p) + 2] . (8)



where Oy is the yield strength, x the distance ahead of the crack tip,
p the crack tip radius and 0y a coefficient (>1) allowing for an

increase in plastic constraint due to work hardening. Rewriting

max

Eq. (8) in terms of the plastic constraint factor (Oy /Oy) ahead

- of the crack tip [21], it follows that O can be approximated by

+ 20K ' - (9)

‘ max . 1
where O o =1+ a,(K/o ). K is the stress intensity, a, an
Yy / y 2 / y) )

empirical comnstant = 2 in—l/z, and 0y is taken to be equal to 2.

Combining Eqs. (7) and (9) and putting K =»Kmax = AK/1-R, where
R = Kmin/Kmax’vwe have | o
1 = 2a,AK
~ 43 N S v 2 o
K= ‘) 2 TP {OF aC_ exp [ROT (Gy +— _R)]} . (10)
_ \ a, OK
Rearranging Eq. (10), assuming igﬁrzijﬁy is small, gives

o, - aCO exp(BOX?

F .
- "f’_ v » ; (11)
S PR aCo°p*l/2 S

1+ W— B - exp(BOy)

, - _ 3 v :
= ' =‘,_. - _V_ . ;
where B V/ROT, and B 2 ™ ROT 2&2. At ambient temperature,

B=28x10% apa)~l, and B' = 5 x 1072 (MPavm ) L.

lThis expression for the plastic constraint factor was first observed
by Hahn and Rosenfield [32] for mild steel, but recent studies [33]
‘have shown that it is also valid for high strength low alloy steels
such as 4340, ' : -
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Evaluation of the remaining parameters in Eq. (11) is complex.
The constant o from Eq. (8) is unknown at this time, requiring

experimental measurement. Furthermore, the significance of o_ and px

F

at the threshold is also uncertain. GF represents the critical fracture
stress in the absence of environmental influence, and it has been

‘suggested [30] that, at the threshold, this stress aﬁproaches the

theoretical cohesive strength (Oc ~ 1/10 elastic modulus) acting across

a distance ahgad of the crack.tip of px ~ s> where so'is the cube root

of the defect-free volume. For the pfesént steel, assuming average
dislocation;densitieé at the crack tip between 1012 - 1010 /cmz,
So‘(andhence p,) should be of the order of 100-1000 A. Finally, the
magnitude of C0 will depend on whether the hydrogen is internal (from charging
experiments) or external as hydrogen gas or from moisﬁure. For an

external gas, Co_is the hydrogen concentration in the unstressed

1attice.in_equilibrium with a hydrogen gas pressure of PH , which

2
according to Sievert's Law [31] is given by
_ v 1/2
Co =B SL Py , (12)
2
where SL is Sievert's parameter for H in 0-Fe = 1.26>.<109 atom H/atom
Fe (torr)_l/2 and B is a multiplicative factor (>>1), which allows

for the fact that the hydrogen solubility in the grain boundaries,
where the fractureé 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 B. However, the form of Eq. (11)

does provide a useful rationalization of fatigue threshold behavior



in stegls. Fifstly, any increase in the hydrostatic'tension‘(a) will
mgrkedly increase thé local concentration of hydrogen and hence lower
the threshold (Eq. 7). This is achieved by i) réising the yield stress
and 1i) incregsing Kmax or the lo?d ratio R (Eq. 10). Both effects have
been experimentally observed in the present investigation‘(Figs. 13 and
15). Furthermore, at high yield strehgths,.the Oy term in the éexpression’
for av(Eq. 9) . dominates the»Kmax term, suggesting a smaller load ratio
effect than.at lbw strengths where the.Oy and Kmax terms are more
‘comparible. This again is experimentally observed in that the influence
of.load'fafio on AK0 increases as the strength decreases (Fig. 12).
Moreover, since the effect of load ratio (ie. Kmax) arises from the
environmental contributibn, in the absence of an environment

(de. PH a Co = 0), the value of AKO should be unaffected by the load
2

ratio. This‘is.entirely consistent with existing near-threshold data
for low-allé; steels [7], where the influence of load ratio on AKO,
measured in air, was found to disappear when tests were performed in a
vacuum. = éggérently, increasiﬁg the load ratio, and hence Kmax’
results in ;5 a larger hydrostatic tension, and ii) a larger étress
gradient to aid hydrogen diffusion. If cfack closure effecté are
‘considered, however, some influence of load ratio mightvbe exﬁected
eveﬁ 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 gfample. In this instance the value of AKb would be
sensitivé tgigaterial'sfrength in the absence of hydrogep effects.

However, data showing the dependence of AKO‘on yield strength for



: _28-

tests in vacuum.are.not‘available-at this time. Finally, increasing C0
by, f§f example, raising the hydrogen gas preésure, wbuld be expected
tovgiVe'rise.to lower threshold values, particularly for higher strength
steéls, and although sﬁéh data are again unavailable, this is not an
unexpecte& result. | |

:A.Utilizing the mddél to quantitatively pfedict the dependence of
AKo‘on material étrength requires assigning values to two parameters
in Eq. (11), namely p, which has been given some physical significance
in tefms of the defect-free volume [30], and (a.Cé) which must be fitted
eﬁpirically.’ Considering threshold data for steels ranging in stréngth
3

from 200 to 2000 MPa, best'fit was obtained with (o Co) = 3,5%10~ MPa.

USing this value,with O equated to the theoretical strength, the

F
variation of AKo wifh yield strength from Eq. (11) is shown by the
solid.lines in Fig. 15. It can be seen that the experimentally 6bserved
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 o (Eq. 9). The
values of p, are somewhat large, but still of the same ordef as those
discussed by Weiss and Lal [30] for the threshold range. Although

Eq. (11) predicts thresholds as a function of yieid strength,

furtherfexperimentél data are required before the model can be assessed

with respect to mean stress effects and the nature of the environment.



CLOSING REMARKS

It has been experimentally established that the influences of
microstructure and mean stress on fatigue crack growth in steelsuapev
primarily localized to specific growthvrates regimes, namely at very
low and very high propagation rates. The Wisdom of studying these:-
effects over a narrow range of growth rates (ie. less than,2—3,orde;s
of magnitude), asvhas been the practice in most investigations, is
thus questioned because the extrémes of growth rate behavior are often
missed. With regard to low growth fate behavior, large effects of
microstructure and méan stress on the propagation.rate and on threshold
valﬁes have been observed, and modeled 1in terms.of the influence of |
~ Hydrogen from water vapof in moist air. It has been found thag.superior
fesistance to near—threshold fafigue crack growth can be achieved iﬁ
steels by the use of lower strengthvmateriai. From a material‘selection
viewpoint, however, it may not aiways be desirable to replace existing.
materiais with oghers of lower strength. Iﬁ this instance, optimum
strength_and resistahce 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 thé tensile strehgth of steel is
raised, the threshold (AKO) for crack propégation decreasés,.and yet

it is widely accepted thaf the fatigue endurance limit will increase.
The threshold, however, is a measure of the minimum stress for crack

Eropagation from a pre-existing crack, whereas the fatigue limit

represents the minimum stress to cause crack initiation, propagation
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and failure in an unnotched specimen. 1In thg latter case, fatigue crack
initiation can occupy more.than 90% 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 cumulative plastic
strain [30,34], it is not unreasonable to expect initiétion to occur more
readily in a softer material, thus reducing the fatigue limit. 1In fact,

it has been shown that the minimum value of the stress intensity for
fatigue créck iﬁitiation in HY-130 steel decreases as thé yield strength
is:lowered [35]. Furthermore, when fatigue limité are measured in

notched specimens, higher strength steels are no longef superior,

because of their greater notch sensitivity [36].

CONCLUSIONS
From a study of fatigué qraék propagation in 300-M ultra-high étxength
steel tested in humid air, the following conclﬁsions can be made: |
1. For the mid—rahge‘of growth rates (region B, Fig. 1), variations
in microstructure and méan stress (load ratio) do not lead to
signifiéant changes in the crack propagation rate.‘ The exponent
'm' in Eq. (1) was found to be between 2.5-2.7, consistent with
the ductile striation mechanism of growth observed.
2. At.high growth rates (region C, Fig. 1), crack propagation rates
"becdme.seﬁsitive to microstructure and load.ratio consistent with

" fracture modes during straition

the occurrence of "static
growth. Optimum fatigue cracking resistance in the region is

- achieved with high toughness materials.
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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 sensitinity to
microstructure occurring at low load ratios.

Increased near-threshold crack growth rates and a decrease in
the threshold for crack propagation (AKO) are seen as the load
ratio (R) is increased, the value of AKO being inversely

related to R.

‘Increased near-threshold crack growth rates are seen as the

strength of the steel is increased, the value of AKO being
inversely related to the cyclic 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.

A model for the threshold (AKO),for fatigue crack growth in
steels, is developed based on a critical stress criterion
forvgrowth modified by the presence of hydrogen from the
environment. The model can be used to rationalize the
experimentally observed trends of load ratio and material

strength on the value of AKO.
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TABLE CAPTIONS:

Table 1. Mechanical Properties (monotonic) of 300-M Steel.
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FIGURE CAPTIONS: .

- Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

"Fig. 5.
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propagation rate (da/dN) with alternating stress intensity (&K) .
AR, is the threshold stress intensity for crack growth, and K

the stress intensity at final failure.
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tensile propertles of 300~-M alloy steel, oil quenched from
870°cC.

Effect of tempering temperature on ambient temperature plane
strain fracture toughness (KIc) of 300-M alloy steel, oil
quenched from 870°C.

Variation of fatigue crack growth rate (da/dN) with alternating
stress intensity (AK) at R=0.05, for 300-M steel, quenched and
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Variation of fatigue crack growth rate (da/dN) with alternating
stress intenmsity (AK) at R=0.70, for 300-M steel, quenched and
tempered between 100°C and 650°C.

Variation of fatigue crack growth rate (da/dN) with alternating
stress intensity (AK) at R=0.05 and 0.70, for 300-M steel
isothermally transformed at 250°C (IS0250). Results are
compared with 300-M steel, quenched and tempered i) at the

‘same . temperature (T300) and ii) to the same monotonic yield

strength (T470).

Mechanisms of growth at medium and high growth rates.
d) Ductile striation growth in T300 condition at AK = 20 MPavm
(R=0.05); b) Intergranular, cleavage and fibrous fracture at
high growth rates in T100 condition at AK = 30 MPavm (R=0.05);
and c) fibrous fracture during striation growth in T300
condltion at AK = 60 MPaym (R=0.05). [S striations, .

= fibrous (micro-void coalescence), C = cleavage,
I = intergranular cracking; arrow indicates general direction
of crack propagation]. '

" Influence of monotonic yield strength (0;) on threshold for

fatigue crack growth (AK,) at R=0. 05 and 0.70, in 300-M,
tested in moist air.

Influence of ultimate tensile strength (U.T.S.) on threshold
" for fatigue crack growth (AK ) at R=0.05 and 0.70, in 300-M,

tested in moist air.
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Comparison of fatigue crack growth behavior at R=0.05 of T100, T470
and 150250 structures which show identical monotonlc yleld strength

but differing cyclic hardening/softening response.

Comparison of monotonic and cyclic stress-strain curves for
300~M steel, after quench and tempering and 1sothermal
transformation heat-treatments. ' :

Influence of cyclic yield strength (0_,), measured by O.éZ
offset, on threshold for fatigue craci growth (AKy) at R=0.05
and 0.70, in 300-M steel, tested in moist air.

Threshold for fatigue crack growth (AK ) versus load ratio
(R— /K x)’ at R=0.05 and 0.70, for 300-M steel.

Mechanisms of growth at low growth rates, showing ductile
transgranular mechanism with segments of intergranular fracture
(I), in T470 condition at R=0.05. a) & b) At threshold,

AK = 5.2 MPavm (AKy = 5.1 MPa/_), c) AK = 7.6 MPa/m, and

d) AK = 11 MPa/m. [Arrow indicates general direction of crack

_propagaplon]

Summary of results showing variation of threshold for fatigue
crack growth (AK,) at R=0 with yield strength for steels.
Solid lines from threshold model (Eq. 11).

Mechanical stability of retained austenite in quenched and
tempered and isothermally transformed 300-M with respect to
strain. True stress-true strain curves are plotted,
superimposed with the amount of untransformed austenite.
Shaded areas represent the amount of austenite transformed
prior to yield (equivalent to stress-assisted transformation).
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Fig. 7. Mechanisms of growth at medium and
high growth rates. a) Ductile striation
growth in T300 condition at AK = 20 MPavm
(R=0.05); b) Intergranular, cleavage and
fibrous fracture at high growth rates in
T100 condition at AK = 30 MPavm (R=0.05);
and c¢) fibrous fracture during striation
growth in T300 condition at AK = 60 MPav/m
(R=0.05). [S = striations, F = fibrous
(micro-void coalescence), C = cleavage,

I = intergranular cracking; arrow indicates
general direction of crack propagation].
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Mechanisms of growth at low growth rates, showing ductile transgranular mechanism with
segments of intergranular fracture (I), in T470 condition at R=0.05. a) & b) At threshold,
AK = 5.2 MPayim (AR, = 5.1 MPavm), ¢) AK = 7.6 MPa/m, and d) AK = 11 MPa/m. [Arrow indicates

general direction of crack propagation].
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