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This paper studied the influence of hydrogen and water vapour environments on the plastic
behaviour in the vicinity of the crack tip for AISI 4340. Hydrogen and water vapour (at a
pressure of 15 Torr) significantly increased the crack tip opening displacement. The crack
tip strain distribution in 15 Torr hydrogen was significantly different to that measured in
vacuum. In the presence of sufficient hydrogen, the plastic zone was larger, was elongated
in the direction of crack propagation and moreover there was significant creep. These
observations support the hydrogen enhanced localised plasticity model for hydrogen
embrittlement in this steel. The strain distribution in the presence of water vapour also
suggests that SCC in AISI 4340 occurs via the hydrogen enhanced localised plasticity
mechanism. © 1999 Kluwer Academic Publishers

1. Introduction hydrogen pressure of 5 Torr. The applied stress inten-
Kinaevet al. [1, 2] showed that the crack-tip strain field sity factor K, was increased during the experiment as
for AISI1 4340 high strength steel exhibited significantly shown in Fig. 1. This series was performed to mea-
more plasticity than expected from continuum plastic-sure the CTOD in a hydrogen environment relative to
ity as embodied in the HRR model [3-5]. Moreover, the CTOD in a pure fracture mechanics situation (as for
there is little direct experimental data on the influencethe experiments in high vacuum as described by Kinaev
of hydrogen and water vapour on the crack tip strainetal [1]). In the second series (sample BH), the sample
field for AISI 4340 steel. The literature data are mu-was loaded to a stress intensity fadkgrof 20 MPa,/m
tually contradictory. Davidson [6] found that for plain and maintained in a hydrogen atmosphere at a pressure
carbon steel hydrogen suppressed plasticity at the crac 5 Torr for 3 h. The hydrogen atmosphere was then
tip and promoted embrittlement. In contrast, Sl replaced with water vapour at a pressure of 5 and subse-
[7] found hydrogen enhanced plasticity in FCC nickelquently 15 Torr. This series aimed firstly to determine
single crystals. The present work examined the influthe crack tip strain field in a low pressure of hydrogen,
ence of hydrogen and water vapour on the crack tignd secondly to observe the influence of water vapour.
strain field for AISI 4340 steel. The third series (sample CH) measured the crack tip
strain distribution at the higher hydrogen pressure of
15 Torr. The sample was loaded to an applied stress
2. Experimental intensity factorK, of 25 MPa/m at a hydrogen pres-
The sample materials, sample geometry and samplgure of 15 Torr and was held under these conditions for
preparation were described previously by Kinaéal. 6.5 h.
[1]. Furthermore, the ESEM configuration and opera-
tion procedure for the experiments in hydrogen were
also as described by Kinaet al. [1]. 3. Results
Three sets of experiments were carried out to study.1. Crack front
the strain distribution at the crack tip for AlISI 4340 The samples were broken open after the strain mapping
high strength steel in hydrogen. The first series (peras described by Kinaest al. [2] and the shape of the
formed on sample AH) was carried out with a constantcrack front on the fracture surface examined for each
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Figure 1 Loading scheme for the experiments in hydrogen.
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Figure 3 Cross-sectional shape of the crack tip of the AH (5 Tosj H
sample for the following values of the stress intensity fadfer(a)
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Figure 2 Shape of the fatigue pre-crack profile as visible on the fracture 5 MPa/m; (b) /m; (€) 25 MPa/m; (d) 30 MPa/m. In eac
case the scale bar has a length ofudf.

surface after breaking the specimen open after the experiments for series
(a) AH (b) BH (c) CH.

sample. As illustrated in Fig. 2, in all three samples the ﬁ
crack front was almost perpendicular to the observed a

surface. This allowed the use of the results from all the
experiments without any need for corrections for crack
tunnelling.

C

3.2. Crack tip shape and crack tip opening
displacement
Typical crack tip cross-sectional shapes are presented
in Figs 3-5. In the hydrogen environments the crack
gps tenfded to I’E?alneg Smgle Iall’]dtrllad On|)ll(6: Sma”ttﬁnFlgure 4 Cross-sectional shape of the crack tip of BH sample (a) 10 min
ency for crack branching, uniike theé crack ps in afterload|ngt020 MPgm in 5 Torr H; (b) 60 min after loading; (c) 170

experiments in high vacuum (Kinaet al. [2]) where  min after loading; and (d) after replacing the hydrogen environment with
there was usually significant crack branching, Howeverwater vapour. In each case the sacle bar has a lengthfri.0
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Figure 7 Time dependence of the CTOD.

Figure 5 Cross-sectional shape of the crack tip of the CH sample
(25 MPa/m in 15 Torr ) (a) 6 min after loading; (b) 60 min after
loading; (c) 125 min after loading; (d) 180 min after loading. In each
case the sacle bar has a length of.40.
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Figure 6 Dependence of CTOD on applied stress intensity factors and
environment.

there was some crack branching for high values of ap-
plied stress intensity factor at 5 Torr hydrogen (see
Fig. 3d) and after several hours of exposure under loac
at the higher pressure of hydrogen (Fig. 5d). Time de-
pendent crack blunting was observed in most cases, a
though no crack propagation was detected. The replace
ment of the hydrogen environment with water vapour
resulted in significant crack tip blunting (Fig. 4d).
Initial values of CTOD for the experiments in 5 Torr
of hydrogen were comparable with the values measure:
in high vacuum (Fig. 6). In contrast, the initial value of
CTOD in 15 Torr of hydrogen was almost three times
higher than the corresponding value in high vacuum.
The time dependence of the CTOD for different Figure 8 eyy strain field for the BH sample at an applied stress intensity
hydrogen pressures are presented in Fig. 7. For factorK; of 20 MPa/m (a) 10 min after loading at 5 Torr of +and
hydrogen pressure of 5 Torr, the CTOD remained(P) 3 min after replacing hydrogen with 15 Torr of water vapour.
essentially unchanged for almost 2 h. Replacing the
hydrogen environment with water vapour at the same
pressure resulted in a slight increase of the CTODalmost 2 times its starting value. The time dependence
A further increase in the pressure of water vapour to®f the CTOD indicated the occurrence of the creep.
15 Torr resulted in an increase of the CTOD to almost
three times the initial value.
The CTOD in 15 Torr hydrogen was initially signif- 3.3. ¢, Strain field
icantly larger than the CTOD at 5 Torr. The increase inTypical examples of they, crack tip strain field are
the CTOD accelerated approximately 30 min after sampresented in Figs 8 and 9. For the BH sample,cthe
ple loading and within 3.5 h the CTOD had increased tcstrain field in the vicinity of the crack tip 10 min after

(b)
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Figure 9 eyy strain field for the CH sample at an applied stress intensity
factor K; of 25 MPa/m and 15 Torr of H (a) 10 min after loading;
(b) 180 min after loading.

the loading in 5 Torr H (Fig. 8a) was comparable with

the strain field measured at the same applied stress in

tensity factor in high vacuum. This strain field may be

characterised as having ridges, with high strain values

in the directions of between 4@&nd 50 to the crack
propagation direction. However, the size of the plastic
zone where the strain was higher than 0.02 was signif
icantly higher than both the HRR prediction and the
plastic zone measured in the high vacuum experiment
(Kinaev et al. [2]). Also, theeyy strain values within

this plastic zone were considerably larger than the val-
ues measured in high vacuum. There was little change

in the crack tip strain field during several hours of load-
ing in 5 Torr of hydrogen.

However, 3 min after replacing the hydrogen envi-
ronment with water vapour at 15 Torr, the strain field
had changed significantly (Fig. 8b). The strain ridge in
the lower part of the map rotated towards the direction

of crack propagation. Consequently, the angle betweer

the strain ridge and the direction of the crack growth

sity factor (sample CH) showed a significantly differ-
ent pattern, as illustrated in Fig. 9. Thg strain field
measured 10 min after loading (Fig. 9a) was elongated
along the direction of crack propagation, the length of
the plastic zone was significantly larger and the strain
values considerably larger. The general character of the
eyy Strain field did not change significantlyrf@ h af-

ter loading, but the strain values increased (Fig. 9b).
For example, the maximumyy strain value located at
the point k=6 um, y=6 um) increased from 0.45
(10 min after loading) to almost 0.60 (180 min after
loading). Another notable change with time in the strain
field was the appearance of an island of highstrain

20 um ahead of the crack, and also the appearance of a
strain ridge with the same orientation to the BH sample
which originated approximately 16m ahead of the
crack tip.

3.4. Total effective strain s field

The distribution of the total effective strai;, for the

BH and CH samples are presented in Figs 10 and 11.
The total effective straine for the BH sample 10 min
after loading (Fig. 10a) showed a strain ridge in a
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decreased. The size of the plaStIC zone also mcreaseglgure 10 & strain field for the BH sample at an applied stress intensity

Theeyy strain field measu.req ata hi_gher pressure Ofactor K, of 20 MPa/m (a) 10 min after loading at 5 Torr of +and
hydrogen (15 Torr) and a similar applied stress inten<{b) 3 min after replacing hydrogen with 15 Torr of water vapour.
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size of the plastic zone was also significantly larger
than both the HRR model and high vacuum experiments
(Kinaev et al. [2]). The point of a maximum total ef-
fective strain value of 0.35 was located at a same point
(x=6 mm,y =6 mm) as for theyy strain.

Holding the sample under load in 15 Torr of hydrogen
resulted in changes to the total effective strain pattern
similar to the changes of the tensilg strain (Fig. 11b).
The strain field became more elongated along the di-
rection of crack propagation. Although no crack growth
was observed, the maximum total effective strain value
increased from 0.35 to 0.5 without a change in the po-
sition of the maximum. Additional high strain values
appeared approximately 2dan ahead of the crack tip.

The total effective straimer along the direction of
crack growth is presented in Fig. 12. The strain mea-
sured at the higher pressure of hydrogen was signifi-
cantly higher than that measured at the lower pressure.
Replacing hydrogen with water vapour at a higher pres-

(b)

Figure 11 eef strain field for the CH sample at an applied stress intensity SUre (BH sample) resulted in a significant increase in

strain close to the crack tip. However, the values of total
effective strain at distances larger than.at were the
same for 5 Torr hydrogen and 15 Torr water vapour. For
a hydrogen pressure of 15 Torr (CH sample), changes
direction of between 50and 75 to the direction of With time showed a nearly constant increase in the total

the crack propagation. The ridge in the lower part ofeffective strain along the total observed distance.
the strain map had a maximum strain value of 0.08 lo-
cated at the poimt =10 um, y =—10 um.

Changing the environment from 5 Torr hydrogen to4. Discussion
15 Torr water vapour significantly altered the strain dis-The strain distribution at the crack tip for AISI 4340
tribution (Fig. 10b). The ridge in the lower part of the steel in hydrogen was very different to that measured
strain map became significantly wider and its orientadn high vacuum. The major features of the strain distri-
tion changed to approximately 3telative to thexaxis. ~ bution in a hydrogen environment were:
The maximum value of strain increased almost three-
fold (from 0.08 to 0.25). The location of the maximum
strain shifted to the point at=17um, y=—7um. e The time dependence of the strain distribution and
The upper section of the strain map also had several of CTOD,;
changes. The maximum of the strain in this part of the e The high values of,y and total effective straigef;
strain field was closer to the crack at a point with coor- e The large size of the plastic zone at the crack tip;
dinates ofk =5 um, y =8 um. The value of the maxi- e The strong elongation of the strain field in the crack
mum strain increased from approximately 0.12t0 0.25.  direction.

The CH sample at a higher hydrogen pressure and a
slight higher applied stress intensity factor had a signif-These observations indicate that hydrogen enhances the
icantly different total effective strain field. At 10 min plasticity in the crack tip area. Indeed, the higher plas-
after loading (Fig. 11a) the total effective strain wasticity in the vicinity of the crack tip should depress

factor K; of 25 MPa/m and 15 Torr of H (a) 10 min after loading;
(b) 180 min after loading.

e The lower tendency to crack tip branching;
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crack tip branching at small loads, resulting in crackcrease in the partial pressure of water vapour promoted
tip blunting. The presence of creep in the experimentghanges in the strain field similar to those measured
in hydrogen also indicates hydrogen enhanced plastidor the hydrogen environment. The similarities in the
ity. Further evidence of hydrogen enchanced plasticitynfluence of water vapour and hydrogen on the plas-
comes from the values of strain measured in the hydrotic behaviour provides grounds for the conclusion that
gen atmosphere experiments which were significantlfthe nature of SCC of AISI 4340 steel in water vapour
higher than the ones measured in high vacuum. Elonat room temperatures is hydrogen embrittlement via a
gation of the strain field along the crack propagationhydrogen enhanced local plasticity mechanism.
direction is in good agreement with expectations of the
hydrogen enhanced local plasticity mechanism.

Hydrogen effects were dependant on the pressure &. Conclusions
hydrogen. At a hydrogen pressure of 5 Torr (AH), the e Hydrogen changed the nature of the strain distri-
CTOD was similar to that in the high vacuum experi- bution at the crack tip. The effects of hydrogen on
ments (Fig. 6) and the increase in the CTOD withtime  the CTOD were small at 5 Torr hydrogen and were
was negligible. However, the magnitude of the strain  significant at a hydrogen pressure of 15 Torr.
in the vicinity of the crack tip and the size of the plas- e A pressure of 15 Torr of hydrogen at the stress
tic zone were significantly higher than in high vacuum. intensity factor of 25 MP@/m resulted in hydrogen
Thus, at a relatively low pressure, hydrogen did not  enchanced localised plasticity at the crack tip.
change the shape of the strain field and did increase the e Water vapour produced changes in the plastic be-
strain values without causing significant changes inthe  haviour at the crack tip similar to those in a hydro-
CTOD. gen atmosphere.

The behaviour was different at the hydrogen pressure
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