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THE INFLUENCE OF WATER VAPOUR ON FATIGUE CRACK
PLASTICITY IN LOW CARBON STEEL

D. L. Davidson and J. Lankford*

INTRODUCTION

“dost of the analytical models which have been developed to predict fatigue
crack growth do not take into account environmental effects. The latter
ire known to alter crack growth rates profoundly, but the basis for such
alteration remains unclear.

[t has been explicitly assumed by some [1] that for the same stress inten-
sity and stress ratio, identical crack tip opening displacements and
plasticity will be realized in air and vacuum for any given material. On
the other hand, several recent investigations have indicated that air en-
vironments can exert significant control over crack tip plasticity in
aluminium alloys [2], pure iron [3], steels [4,5], titanium alloys [5],
and a Ni-Cu alloy [6]. Indications are that crack tip closure is modified
by the environment [2,5], that dislocation structures are changed [6], and
that the plastic zone formed in vacuum may exceed in size that attending
cracks propagating in air [3]. Moreover, Frandsen and Marcus [4] have
shown that for certain steels, environmental hydrogen-assisted fatigue
crack propagation seems to be related to changes taking place in the
c¢yclic plastic zone.

Accordingly, an investigation was carried out to examine in some detail
the possible effect of an aggressive environment (water vapour) upon
fatigue crack tip plasticity, including crack tip opening, plastic zone
size, and dislocation subcell formation. Special attention was paid to
the inner cyclic plastic zone, using a relatively new diffraction tech-
nique performed in the scanning electron nicroscope.

EXPERIMENTAL PROCEDURE

Low carbon steel (0.05 C, 0.33 Mn, 0.046 Al, wt.%) with an upper yield
stress of 218 MPa, and tensile elongation of 55.8% was obtained from
Protessor T. Yokobori in connection with a previous investigation [7].
Specimens 200 x 71 x 2.7 mm were heat treated, centre notched, and stress
relieved as previously described.

Fatigue tests were performed in an electro-hydraulic fatigue machine at
15 Hz. Load shedding was used to maintain nearly constant stress inten-
sities as the crack lengthened. The environments used were laboratory
alr having a relative humidity of 50-70% (10-15,000 ppm), and nitrogen
with 20 ppm water vapour. A clear acrylic plastic environmental chamber
was clamped to cover both sides of the centre notch and was O-ring sealed
to the specimen. The water vapour concentration in the nitrogen was
determined by a dew-point indicator within the environmental chamber.
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pacial extent of crack tip deformation are all greater for dry nitrogen
(Fiyure 5b) than for moist air (Figure 5a). It is difficult to measure

the exact values of these parameters because of uncertainty in the posi-
tion of the crack tip. Values of CTOD and the other parameters measured

and computed are summarized in Table 1.

HI5CUSSION

ihe effect of increasing water vapour from 20 ppm to 10-15,600 ppm on
tatigue crack propagation at AK = 11 MPa/m and 15 Hz at 22°C may be
ummarized as follows: CTOD decreases by about 50%, cyclic plastic zone
shze decreases by a factor of 2.2, and crack growth rate remains approx-
tmately the same. 1In addition to the change in plastic zone size, the
subcell size increases from 1 to 2 um at the crack plane, and the rate of

subcell size increase goes up by a factor of 2.3.

\lthough it is not possible to determine the mechanism by which these
changes are occurring without considerably more experimental effort, it
s interesting to examine some of the possibilities at this time. One of
the most obvious ways plastic zone size and CTOD could be influenced by

water vapour is if the fatigue crack changed from propagation under cond-

itions of plane stress (dry) to those of plane strain (wet). Using the :ﬁ
[15], the ratio of plastic éé

calculations of Broek [14] and Levy, et al.
ione size (plane stress/plane strain) = 1.4, which is insufficient to ex-
plain the measured ratio of 2.24. The crack propagation data of Jack and
Frice [10] indicate that for a similar material of the same thickness,
the transition from plane strain to plane stress occurs in moist air at
5K = 15.9 MPa/m. For the dry environment to exert a similar effect, an
offective increase in AK of 4.9 MPavm would be required, a factor of
about 1.5, which also does not explain the magnitude of the effect seen

A decrease in crack tip plasticity is consistent with a decrease in CTOD,
in that a decrease in crack tip deformation necessitates less accommo-
dation strain. Thus, the effect of adding water vapour, as determined
by microscopic observation, can be explained on the basis of a decrease
i work done by the crack on the specimen. The question thus raised is
why the CTOD and PZS are decreased upon adding moisture, under the same
loading conditions, and with essentially the same growth rate.

Ubserved values of CTOD in the absence of water vapour (Table 1) have
shown good agreement with values calculated by the relation

2
CTOD « (éﬁl—
toy

In order for water vapour to decrease CTOD at constant AK, the effective
strength of the material must therefore be increased. A film forming-
cracking mechanism does not appear to fit this circumstance because a
film cannot affect E or Oy sufficiently to explain the change in CTOD

observed.

L
pour in the presence of Fe is known to dis?ociute as H0 - H +
"+ 1 . There is thus the

Water va
OH™, which can further dissocjate as OH - 0~
possibility of either O  or H being transported into the lattice by
d*ffusign or by dislocation '"sweep-in", that is, ecnhanced diffusion of
H or 07 along with dislocation motion. The possibilities of both

atomic species entering the iron have been discussed [16,17]. The
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hydrogen ion is sufficiently small to be highly mobile, whereas the oxygen
ion is thought to pe much larger [18] and Presumably of Joyer mobility.
Tien, et aj. [16], estimate the range of y+ diffusion in iron at 2¢°c by
""random walk" to be about 9 Hm, and as much as 66,500 um by dislocation

"sweep-in" at a cyclic frequency of 10 Hz, Similar calculations for 0~
have not been made.

the yield Strength within the observed plastic
in" would be necessary. It has been noted [2] that n
the crack closure stress, resulting in an incre
location "'sweep-in" is a Means of realizing this [2],
local ductility in the Presence of the hydrogen cause
sidual strain within the plastic zone,
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Figure 3 Same Area as Figure 2. 1000x

Figure

(a) Crack Propagated ip Moist Air
(b) Crack Propagated ip Dry Nitrogen
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Flgure 5
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(a) (®)

Positive Replicas of the Crack Tips Under Load (AK = 11 MPavm)
in (a) Moist Air and (b) Dry Nitrogen, Showing the Large Dif-
ferences in Both Crack Tip Opening Displacement and Magnitude
and Extent of Crack Tip Strain. 1000X
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Table 1 Steel, 0.05 Wt.%C, 218 MPa Upper Yield, AK = 1] MPa/m, R = 0.01,
Average Grain Size = 25 um

Moist Air Dry Nitrogen
(0-15,000 ppm) (20 ppm) ]

CTOD measured (um) J1-.2 ol

CTOD computed (um)* 3-.7

Largest value of measurable

surface strain (%) 0 50

Plastic zone size, rc(90)

(um) + P 66 146

Subcell size at crack

plane (um) 1.9 1

*k
a 0.026 0.069

c 1
a90 (plane stress) 0.005 - 0.0098

c s BT 4
a90 (plane strain) 0.0035 - 0.0038 1
Crack growth rate (da/dN) 5
(um/cycle) 0.0063 0.005 i

skl

*
CTOD = a(AK)z/EG > 0= 0.112 - 0.247, depending on strain
hardening exponent [12].

+Cyclic plastic zone size 90° from crack plane and

direction = r;(QO).

2
** ¢ _ .C AK _ .
rp(90) = a90 ( ) . Uy = upper yield stress.

a
y
H.Based on numerical calculation of the monotonic zone size
rg‘ [12-15] and the idea of Rice [13] that r; = % r;“.
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