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Environmental assisted fracture for 4340 steel in
water and air of various humidities

A. OEHLERT, A. ATRENS
Department of Mining, Minerals and Materials Engineering, The University of Queensland,
Brisbane Qld 4072, Australia

This paper reports on measurements of crack growth by environmental assisted fracture

(EAF) for 4340 steel in water and in air at various relative humidities. Of most interest is the

observation of slow crack propagation in dry air. Fractographic analysis leads to the strong

suggestion that this slow crack propagation is due to hydrogen cracking caused by internal

hydrogen in solid solution inside the sample material.
1. Introduction
Environmental assisted fracture (EAF) [1] is an ongo-
ing concern for high strength steels in which the sus-
ceptibility to EAF in water increases very significantly
with increasing strength level [2, 3]. EAF is a complex
multi-step process [1] in which crack advance occurs
by an interaction of the applied loading, the plastic
response of the material at the crack tip, the interac-
tion of crack tip plasticity and surface passive protec-
tive films, and localized corrosion in the crack tip
region in a local solution which can be very different
to that of the bulk. Crack tip corrosion can liberate
hydrogen which can be involved in the crack advance
mechanism by hydrogen embrittlement (HE). When
EAF is caused by hydrogen, the hydrogen source can
be internal as hydrogen dissolved in solid solution in
the metal.

EAF [1] often occurs under corrosive conditions
where general corrosion is not a problem. The cor-
rosion resistance of interest is caused by surface films
that separate the material from its environment. Such
films can cause a low rate of general corrosion despite
a large thermodynamic driving force for corrosion.
For example, stainless steels are stainless because of
a very thin passive surface layer which is essentially
Cr

2
O

3
. Although this layer is so thin (typically less

than 4 nm [4—7]) that it cannot be seen with the naked
eye, this layer is nevertheless effective in separating the
steel from its environment. The passive films on stain-
less steels are usually self repairing. The breakdown of
such films can be induced chemically (e.g. by chlor-
ides), and pitting corrosion results when the break-
down is localized. Localized film breakdown under
the joint action of a stress and an environment is the
essence of EAF. Cracking of surface films has been
shown to be involved for EAF initiation in pipeline
steels [8, 9] and high strength steels [10—12].

Our prior work has dealt extensively with the EAF
of steels. A new test method for EAF was developed
[13, 14]: the linearly increasing stress test (LIST) was
applied to high strength steels [13, 14], pipeline
steels [8], carbon steel [15] and pure copper [16].
0022—2461 ( 1997 Chapman & Hall
Stress rate effects have been shown [8—16] to be an
important part of the EAF mechanism, and, in par-
ticular, crack tip creep has been shown to be an
important part of the EAF mechanism for high
strength steels undergoing EAF in water [8—17],
which can provide [17] an explanation for the station-
ary cracks observed in service. Room temperature
creep has been measured for high strength steels in-
cluding AISI 4340 and AerMet100 [18] and related to
crack initiation [11]. A new model was proposed for
stress corrosion cracking (SSC) for quenched and tem-
pered steels based on strain-assisted dissolution [19].
Stress corrosion crack velocity was measured [20] and
was related to heat treatment and microstructure
[21, 22]. The possible causes for the intergranular
crack path for high strength steels undergoing EAF in
water have been explored by microstructural charac-
terization using electron microscopy [23—25],
measurements of grain boundary chemistry [26] and
electrochemistry [27]. A precipitation strengthened
duplex stainless steel was developed [28].

This paper reports on measurements of the EAF of
a steel (4340) in water and in air at various relative
humidities. Of most interest is the observation of slow
crack propagation in dry air. Fractographic analysis
leads to the strong suggestion that this slow crack
propagation is due to hydrogen cracking caused by
internal hydrogen in solid solution inside the sample
material.

2. Experimental procedure
The EAF crack propagation measurements were car-
ried out using fatigue precracked double cantilever
beam specimens (10]60]100 mm) stressed under
conditions of constant load or constant displacement
to a desired initial stress intensity at the crack tip.
Various applied stress intensities were used in the
range 20 to 40 MPam1@2. These were all well above
K

1SCC
for as-quenched 4340 in water, which is in the

range 10—15 MPam1@2. The constant displacement
rig was instrumented as described previously [20] so
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TABLE II Mechanical properties

Hardness r0.01% r0.2% UTS
(HRC) (MPa) (MPa) (MPa)

58 810 1490 2100

TABLE I Chemical composition (wt%)

C Cr Ni Mn Mo P S Si V

0.36 1.64 1.5 0.6 0.25 0.01 0.005 0.30 0.06

that load and crack opening displacement (COD)
measurements could be continuously recorded; calib-
ration allowed continuous measurement of crack veloc-
ity while the specimen was exposed to the environ-
ment of interest. The chemical composition of the
4340 is given in Table I and the mechanical properties
are given in Table II. The double cantilever beam
specimens were machined to final dimensions before
heat treatment: 5 h at 870 °C, oil quenched. After heat
treatment a 35 mm long slot was cut down the centre-
line with a cutoff wheel and the fatigue precracking
was carried out. All experiments were carried out at
21°C. Scanning electron microscopy was used to
examine fracture surface after testing.

3. EAF velocity measurements
The EAF crack velocity was measured for as-quen-
ched 4340 in distilled water and in laboratory air of
80% RH at applied stress intensities of 20 and 30
MPa m1@2 in both the constant displacement (CD)
and constant load (CL) test rigs, and the results are
summarized in Table III. The EAF crack velocity was
measured to be 3]10~4ms~1, in good agreement
with our prior measurements [17].

Specimen D1 was tested in air dried only with silica
gel. This specimen showed extensive crack growth
soon after loading to 40 MPam1@2. No determination
of crack velocity was made, although the short time
involved indicated a high crack velocity. The present
result was consistent with the prior observations [17]
that the crack velocity of as-quenched 4340 in air
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Figure 1 Crack length (a) as a function of test time for test D2:
as-quenched 4340 loaded at 34 MPa m1@2 in dry air at room
temperature.

dried only with silica gel was about an order of magni-
tude lower than the velocity in distilled water.

Specimen D2 was tested in air dried with a two
stage drying column; the first column was filled with
silica gel (SG) and the second column was filled with
phosphorus pentoxide (PPO). This drying process
should result in a water content in the air of less than
2.5]10~5 g l~1. The recorded COD and load data
indicated continuous crack growth with an average
crack velocity of 8]10~9 ms~1 (Fig. 1).

Specimen D3 was dried in a furnace for 3 h at
105 °C immediately before introduction into the dry
air of the environmental cell, which was dried with the
two-stage drying column as for the test with specimen
D2. Furthermore, approximately 100 g phosphorus
pentoxide was also placed inside the environmental
cell. There was slow crack growth at 9]10~9 ms~1.

Specimens D4 and D5 were furnace dried for 3 h at
105 °C immediately before introduction into the dry
air of the environmental cell with approximately 100 g
phosphorous pentoxide as for the test with specimen
D3. They remained in the dry air for 10 h before
loading to 40 MPam1@2. After 24 h they were un-
loaded, removed from cell, and broken open after the
crack had been extended by fatigue. Both specimens
exhibited slow crack growth in the dry air environ-
ment with an average crack velocity of 4]10~9 ms~1.
TABLE III Crack velocity measurements for as-quenched 4340 at 21°C

Test Environment K
!11-

Rig type Crack velocity
(MPa m1@2) (m s~1)

1 Distilled water 20 CL 3]10~4

2 Distilled water 30 CD 3]10~4

3 Laboratory air, 80% RH 20 CL 3]10~4

4 Laboratory air, 80% RH 30 CD 3]10~4

D1 Air dried with SG 40 CL nm
D2 Air dried with SG#PPO 34 CD 8]10~9

D3 3 h at 105 °C, air dried with SG#PPO 34 CD 9]10~9

D4 3 h at 105 °C, air dried with SG#PPO 40 CD 4]10~9

D5 3 h at 105 °C, air dried with SG#PPO 40 CD 4]10~9

nm"not measured.



Figure 3 Transition between predominantly transgranular fatigue
and predominantly intergranular EAF; EAF was for as-quenched
4340 in distilled water at 21°C.

Figure 2 Predominantly intergranular fatigue in as-quenched 4340.

4. Fractography
The fracture morphology of the fatigue precracks ex-
hibited areas which were predominantly intergranular
(as illustrated in Fig. 2) as well as regions which were
predominantly transgranular in appearance. There
were very few areas with a mixed inter-/transgranular
morphology. There were no distinct fatigue striations.
In areas with a predominantly intergranular fatigue
mode, it was sometimes difficult to distinguish be-
tween the end of the fatigue precrack and the start of
EAF. However, there was a sharp transition between
transgranular fatigue and EAF, as shown by Fig. 3.

EAF in distilled water was predominantly inter-
granular as shown in Fig. 4, as is typical for EAF of
high strength steels in water. Note the large amount of
markings on the grain facets and the voids which had
developed on the grain walls which suggest that a sig-
nificant amount of plasticity occurred locally despite
the macroscopically brittle fracture.

The fracture morphology for EAF in air dried only
with silica gel is shown in Figs 5 and 6 for specimen
D1. The fracture was predominantly intergranular
Figure 4 Predominantly intergranular EAF in as-quenched 4340 in
distilled water at room temperature and 40 MPa m1@2.

Figure 5 Predominantly intergranular EAF in specimen D1: as-
quenched 4340 in air dried with silica gel at room temperature and
40 MPam1@2.

Figure 6 SEM micrograph showing voids on grain boundary facets
for specimen D1: as-quenched 4340 in air dried with silica gel at
room temperature and 40 MPam1@2.
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Figure 8 The transition between transgranular fatigue to EAF with
a dimple rupture morphology: as-quenched 4340 in air dried with
silica gel plus phosphorus pentoxide at room temperature and
40 MPam1@2.

Figure 7 The transition region between transgranular fatigue to
a region which exhibits a large number of dimples followed by
a predominantly intergranular fracture mode. As-quenched 4340 in
air dried with silica gel plus phosphorus pentoxide at room temper-
ature and 40 MPa m1@2.

with some areas of mixed inter-/transgranular mode.
The grain facets exhibited less signs of ductility, except
in a few areas where the grains were completely
covered with dimples. However, there was an in-
creased amount of voids on the grain walls, as illus-
trated in Fig. 6.

The fractography of EAF in dry air (i.e. dried with
both silica gel and phosphorus pentoxide) for speci-
mens D4 and D5 was examined in detail. EAF ex-
tended over the entire specimen width between the
initial and final fatigue cracks and exhibited approx-
imately equal amounts of two distinct fracture mor-
phologies: intergranular fracture and dimple rupture.
Fig. 7 shows the transition region between transgranu-
lar fatigue to a region which exhibits a large number of
dimples followed by a predominantly intergranular
fracture mode. Fig. 8 shows the transition between
transgranular fatigue to dimple rupture, which is
shown at higher magnification in Fig. 9. The dimple
6522
Figure 9 Higher magnification micrograph of Fig. 8.

morphology varied from large and shallow to small
and deep.

5. Discussion
In the present study slow crack growth was observed
in distilled water. The crack velocity and intergranular
nature was in agreement with prior studies [17]. Slow
crack growth in the present work in humid air (80%
RH) and air dried with silica gel was also consistent
with the prior work [17]. It is possible that capillary
condensation occurs in the crack tip region even in the
air dried with silica gel and that the condensed water
provides the environment for EAF. The fractography
in the present work indicated an intergranular fracture
mode in the air dried with silica gel. This intergranular
fracture mode was very similar to that observed for
slow crack growth in water. This would be consistent
with a similar propagation mechanism in both cases.

The most interesting specimens in the present study
are those showing EAF in the air dried with both silica
gel and phosphorus pentoxide (specimens D2 to D5).
The initial experiment was unexpected as it was in
contradiction to the prior work [17]. Because of this
contradiction experiment D2 was repeated in experi-
ments D3 and D4 with increasing care to exclude
all sources of water, and experiment D4 was itself
repeated in experiment D5. All these experiments D2 to
D5 showed slow crack growth, and the crack velocity
was similar in all cases. Thus there was no doubt that
slow crack growth was occurring in this batch of as-
quenched 4340 in dry air with a crack velocity about five
orders of magnitude lower than the velocity for crack
propagation in water or laboratory air of 80% RH.

The fractography for EAF in dry air exhibited ap-
proximately equal amounts of two distinct fracture
morphologies: intergranular fracture and dimple rup-
ture. This was quite different to the fractography for
crack propagation in water or laboratory air of 80%
RH, indicating that the EAF mechanism in dry air is
different to that for EAF in water.

Fatigue propagation with a predominantly inter-
granular morphology has been reported previously



[29—32] and associated with internal hydrogen [32].
Cheruvu [32] found that 4340 specimens without in-
ternal hydrogen exhibited transgranular fatigue crack
growth with less than 1% intergranular fatigue, inde-
pendent of applied stress intensity amplitude and
grain size. Cathodically charged specimens showed
much more intergranular fracture and a strong depend-
ence on grain size. A grain size of 20 lm produced
80—85% intergranular fatigue, whereas a ten times lar-
ger grain size produced 10—20% intergranular fatigue
— a significantly smaller fraction. These observations
[32] strongly suggested the presence of internal hydro-
gen in the samples of 4340 used in the present work.

The presence of internal hydrogen would explain
the observed crack propagation in the dry air environ-
ments when there was no crack advance in similar
testing by Rieck et al. [17]. Furthermore, the presence
of hydrogen inside the specimen would explain the
large fraction of dimple rupture in these dry air envi-
ronments.

6. Conclusions
Fracture mechanics tests of 4340 in distilled water and
air of various levels of dryness revealed the following:

1. The EAF crack velocity was 3]10~4 m s~1 for
as-quenched 4340 in distilled water and in laboratory
air of 80% RH at applied stress intensities of 20 and
30 MPam1@2. The fractography was intergranular
with significant signs of ductility.

2. Slow crack growth was observed for as-quen-
ched 4340 in air dried only with silica gel at
40 MPam1@2. The fractography was intergranular
similar to that for EAF in water, suggesting a similar
cracking mechanism.

3. Slow crack growth was observed for as-quen-
ched 4340 at 40 MPam1@2 in dry air, dried with both
silica gel and phosphorus pentoxide. The fractography
exhibited approximately equal amounts of two dis-
tinct fracture morphologies: intergranular fracture
and dimple rupture. This was quite different to the
fractography for crack propagation in water sugges-
ting a different EAF mechanism in dry air.

4. The presence of intergranular fatigue suggests
the presence of internal hydrogen which could explain
the observed slow crack growth in the dry air.
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