AN ANALYSIS OF THE ENVIRONMENTAL INFLUENCE ON THE
NEAR-THRESHOLD FATIGUE CRACK PROPAGATION BEHAVIOUR
OF STEELS

G. HENAFF and J. PETIT *

On the basis of experimental data, an analysis of
environmental influence on the near-threshold behaviour of
steels is developped by considering two distinct processes: the
adsorption of water-vapour molecules on freshly created
surfaces and a subsequent hydrogen-assisted cracking mode. A
crack growth law is proposed to describe the observed
behaviour .

INTRODUCTION

Engineering structures are used in more and more severe conditions. In particular,
as the number of loading cycles increases, the determination of the fatigue crack
growth behaviour of the materials used has to be extended to the slow crack
growth rate regime. Such a determination must take into account two salient
features of the propagation in this regime: crack closure effects, which might
reduce the effective value of the stress intensity factor range at the crack tip, and
environmental influence which induces higher crack growth rates than those
obtained in an inert environment. So, the evaluation of the environmental
contribution to the crack growth process implies the previous determination of the
crack propagation in an inert environment. Besides, the analysis of this
environmental influence cannot be correctly conducted without considering the
effective value of the stress intensity factor range at the crack tip, i.e. without
correcting the possible crack closure effects.
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According to the literature now well documented on this topic, the crack growth
enhancement which can be observed in gaseous environments such as ambient
air, purified inert gases containing traces of water vapour and low pressures,
results from a strong interaction between the mechanical cyclic loading and the
exposure of the crack tip to water vapour molecules [1, 2, 3]. However the
physical processes involved in this phenomenon are far from being well-known.

In this paper, the near-threshold behaviour of a high-strength low-alloy steel has
been investigated under different environmental conditions in order to elucidate
some of these processes. The ability of existing fatigue crack growth theories to

suitably describe the action of these processes is also discussed.

EXPERIMENTAL CONDITIONS

The material considered here is 2 high-strength low-alloy steel 30NCD16 in a
quenched tempered state, having a Young's modulus 191GPa, 0.2 % proof stress
1130 MPa, tensile strength 1270 MPa, elongation 13 %. The specimens were
compact-tension with dimensions width W=75mm and thickness B=12mm . The
crack length was optically measured by mean of a travelling microscope.

Fatigue tests were conducted on a servo-hydraulic machine equiped with a

chamber specially designed to provide high (p=10’3Pa) or primary (p=1Pa)
vacuum conditions. Residual gases analysis for the two environments is presented
in figure 1. It comes out that the atmosphere mainly consists, in both cases, of
water vapour (75% in primary vacuurm, 50% in high vacuum).

A high value of the load ratio (R=0.7) has been selected in order to avoid any
crack closure occurence. Nevertheless a special attention has been paid during
each experiment to check the lack of crack closure on the basis of measurements
performed using a compliance technique. A digital oscilloscope performed load
vs displacements recordings at test frequency.

RESULTS
vacuum

The results obtained in high vacuum at 35Hz are presented in figure 2. They
exhibit a linear relationship between the crack growth rates and the effective
cyclic stress intensity factor AKeff throughout the whole explored range, with a

slope m close to 4. As high vacuum was assumed to constitute an inert
environment, it was logically expected that the test frequency would have no
influence on crack growth rates. However, a crack growth enhancement was
obsersed when lowering the test frequency down to 0.2Hz, as shown in figure 2.
Two extreme regimes can be observed. The lower one corresponds with the
behaviour observed at 35 Hz. The upper regime (0.2Hz) is once again depicted by
a linear relationship with a slope m=4. For a given frequency in the range 0.2 to
35 Hz, the curve first follows the upper regime. Then, once 2 critical value of the
crack growth rate is reached, a transient behaviour is observed before the curve
recovers the lower regime.

Crack growth rates measured under primary vacuum conditions at 35Hz are
presented in figure 3. Data correspond with the upper regime obtained in high
vacuum at 0.2 Hz.
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The results obtained in air are presented in figure 4. Different stages appear,
resulting in growth rates significantly higher than in vacuum under the same
loading amplitude:

-5x10°8 m/cycle < da/dN < 1077 m/cycle: the curve merges in the ones
obtained, in the same range, in primary vacuum and at low frequency in high
vacuum. One might therefore conclude that the same process governs the
propagation in this regime under the three environmental conditions.

- 109 m/cycle < da/dN <5 x 108 m/cycle : a radical change in the slope
of the curves (m =4 > m = 2.7) suggests that another process takes place.
Intergranular facets can be observed on rupture surfaces in this range.

- da/dN < 107 m/cycle : the crack growth rates are highly decreased as the
AKegf value decreases, as generally noticed in the near-threshold region.

DIS ST

The analysis of environmental influence on fatigue crack growth has been
conducted by comparing effective data obtained for different conditons of
exposure to water vapour with effective data gbtained in an inert environment.
Only the main features are presented here. '

ntrinsi haviour

The behaviour observed in high vacuum for high frequencies can be correctly
depicted by a modified Weertman law [4, 5, 6]:

.d_a—i(.AKeff)“ (1)
dN Do\

with: A = dimensionless constant ; i = shear modulus; D*; = critical value of the
cumulated displacement.

Adsorption

The influence of the test frequency on crack growth ratse in high vacuum has
been previously analysed [7] and has been attributed to the adsorption of water -
vapour molecules present in this atmosphere (cf fig 1a) onto freshly created
rupture surfaces. A model has been proposed , which shows that this process is
controlled by the transport of active species to the crack tip where they are
adsorbed. This adsorption process induces a decrease of the D* value, depending
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upon the coverage rate @ of rupture surfaces by adsorbed molecules. At saturation
(8 = 1), which is always the case in primary vacuum, D* =D*1.

mbient Qir

The confrontation between data sets obtained in air in the upper stage and in the
adsorption saturating state in vacuum suggest that, 1n air and in this range, the
influence of environment is limited to an adsorption effect. However, for da/dN<5

108 m/cycle, another mechanism takes place, corresponding with the apparition
of intergranular facets on rupturé surfaces. These facets support the existence of a
hydrogen-assisled propagation (8]. On this basis, a new formulation is proposed
here, which tries and takes into account the action of two distinct processes:

- a cumulative damage process, similar as in inert environment, but
enhanced by the adsorption of water vapour molecules on feshly created rupture
surfaces

- a propagation process assisted by the hydrogen resulting from the
dissociation of adsorbed molecules and dragged into the material plastically
strained ahead of the crack tip; this process can be described by using a COD-
criterion-based model 9,10, 11].

The term relative to the propagation assisted by adsorption is similar to Eq. 1 by
considering D*, instead of D*g. The hydrogen-assisted cracking mode is derived
in a semi-empirical way by considering the effective stress intensity range at the
crack tip and by incorporating the effective threshold value. One thus obtains:

2 2
da _ A (AKeﬂ' )4 +B (AKelT - AKeﬁ'th) @

dN D; H noy

with: B: dimensionless constant - op: yield strength - AKeffyp! effective value of
the threshold stress intensity factor range.

The computed results are represented by the solid line in figure 4. They show a
good agreement with experimental data.

CONCLUSION

The analysis of the near-threshold behaviour of a high-strength low-alloy steel,
conducted here by correcting possible crack closure effects, has emphasised the
influence of water vapour on fatigue crack propagation, even in the case of very
low partial pressure. This influence splits up into two distinct processes:

- the adsorption of water vapour molecules on feshly created rupture
surfaces

-a hydrogen—assisted cracking mode
By surperposing two basic models, a new crack growth law has been derived to
describe the action of these two processes.
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Figure 1: residual gases analysis Figure 2 : fatigue crack growth data in
(a) high vacuum (b) primary vacuum high vacuum
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Figure 3 : fatigue crack growth data in  Figure 4: fatigue crack growth data in
primary vacuum air compared to model
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