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ABSTRACT

The paper describes features associated with the “brittle” cracking mechanism of hydrogen embrit-

tlement in ferritic steel. Such crack advance is characterised by the presence of striations on “quasi-cleavage”

facets running roughly orthogonal to the crack propagation direction. A notch effect is observed, from which

is deduced that the cracking is promoted by tensile stress. In iron-3% silicon, observations have been made

of both coarse-scale (0.3um spacing) and fine-scale (30nm spacing) striations.

Key words: Hydrogen Embrittlement, Ferrite, Fe-Si Alloy, Hydrogen-Assisted Crack, Quasicleavage,

Striations.

INTRODUCTION

It is clear that in many examples of “corrosion-
fatigue” crack propagation in steels, the ‘‘corrosion” com-
ponent is associated not with the anodic dissolution of
material from the growing crack tip, but with the ca-
thodic generation of hydrogen, which enters the
material ahead of the crack tip and facilitates
decohesion. The mechanisms leading to such
decohesion are not fully agreed: views range from
attribution to a “brittle” cracking mechanism, akin to
cleavage fracture in mild steel,!">® to a mechanism

involving the easier generation of slip dislocations
from the crack tip. In a number of quenched-and-
tempered steels, the crack follows an intergranular
path, which is attributed to interactions between
hydrogen and trace impurity elements segregated at
grain boundaries.®

The present paper addresses a particular aspect
of hydrogen-assisted crack growth in steels which
relates to a “brittle”, “striated” mode of crack advance
observed in high-chromium ferrite, such as the alpha-
phase in duplex stainless steel. For such material,
similar fracture surfaces are observed for fatigue-
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cracks propagated in high-purity water, in brine and
"in hydrogen gas.®” In each case, “brittle” striations
are observed and the “cyclic cleavage” is attributed to
sequential increments of “hydrogen embrittlement”.
Rather similar features have been observed on “quasi-
cleavage” facets in hydrogen-charged mild steel, tested
in tension at low strain rate, and on facets in hydrogen-
charged silicon-iron.®) The paper briefly summarises
these earlier results and draws attention to new find-
ings in silicon-iron. (see also!!%!D),

EXPERIMENTAL

The composition of the mild steel was 0.15C,
0.71 Mn, 0.19Si, 0.009P, 0.01S and the heat-treatment
given to it was 6h at 1050°C, followed by furnace
cooling to produce an average grain size of 100pm.
Testing was carried out on uniaxial specimens and
notched specimens, both uncharged and charged
electrolytically from 0.8N sulphuric acid solution,
“poisoned” with trace amounts of arsenic. Diffusive
hydrogen concentrations of 1.7ppmw (2mAmm for
1h), 3ppmw (2 mAmm? for 2h), and 4.15ppmw
(6 mAmm for 2h) were determined at room tempera-
ture, using a modified mercury replacement method.
Tests were carried out over a temperature range from
20°C to -130°C at a nominal strain-rate of 3.6xX10s!.
Fracture surfaces were examined using a Camscan
scanning electron microscope (SEM), fitted with an
energy-dispersive X-ray microanalysis (EDX) system.

The fractography for silicon-iron was carried
out on large, nominally-flat cleavage facets, obtained
by-inducing internal hydrogen cracks in quasi-single-
crystals. Polycrystalline Fe-3Si sheet was cold-rolled
to a reduction of 20% and was then annealed at 1200°C
to produce a microstructure with grains extending
through the sheet thickness. Test specimens, measur-
ing 4x4x10mm were polished to 1200 SiC grit and
were charged, at 5 mAmm in 0.8 N H,SO, “poisoned”
with 4mgl’! As,0;. After a period of time, orthogonal
traces of cracks were observed on the specimens’ sur-
faces. Specimens were notched parallel to one set of
traces and were then fractured at -196°C. Fracture
surfaces were examined, using a conventional JEOL
5200 SEM, operating at 25kV, and a high-resolution
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Hitachi S 4000 SEM fitted with a field-emission gun
(FEG), operating at 15-25kV. On this latter instru-
ment, electron diffraction backscatter patterns (EBSP)
could be obtained, over a scan area of appro‘x.
0.2umx0.4um. The surfaces were also examined,
using a Nanoscope III atomic force microscope (AFM)
and a Nanoscope II scanning tunnelling microscope
(STM).

RESULTS

The RA% of charged, mild steel uniaxial tensile
specimens exhibits a broad minimum over the tem-
perature range -33°C to -80°C (RA% approx. 40%)
whereas the RA% for uncharged specimens over this
range remains high (greater than 65%): see Fig. 1.
The fracture surfaces of charged specimens in this
range exhibit “quasicleavage” facets, with river-lines
radiating outwards from a central particle, of a few
pMm in diameter. Such particles were identified as
MnS, using EDX analysis. Running roughly orthogo-
nal to these river-lines were “striations’’; sometimes
matching on both sides of the fracture surface; some-
times not matching. The spacing of these striations
was of order 1-5um and, on cursory examination,
there was no major difference in the spacing of
striations at -33°C and those at -80°C: see Fig. 2. Etch-
pitting of the fracture surface revealed that the facets
corresponded macroscopically to {001} planes and
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Fig. 1 Variation of RA% with temperature for uncharged
tensile specimens and hydrogen-charged specimens
(courtesy Y.Togn).
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Fig. 2 Striations on “facets in hydrogen-charged mild steel
a) at -30°C, (b) at 80°C.

that the striations were parallel to <110>, with the
crack propagation directions (cpd) being <110>.
Metallographic sections revealed that the cracks ap-
parently propagated in a discontinuous manner.®) An
important finding was that quasi-cleavge facets could
be obtained in notched specimens at a temperature for
which uniaxial specimens exhibited fully ductile be-
haviour, with 75%RA: see Fig. 3. Uncharged, uniaxial
specimens fractured at -196°C again exhibited {001}
cleavage facets, with the cpd apparently <110>, but
no striations could be detected.

The hydogen-charged Fe-3Si specimens ex-
hibited internal cracks, nucleated from inclusions of
approximately 10pm in size and containing Mn, S and
Al. These internal cracks had a square symmetry,
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Fig.3 Section through notched tensile specimen of hydro-
gen charged mild steel, tested at room temperature.
At this temperature, a uniaxial specimen exhibits
75% RA (see Fig. 1) and 100% fibrous fracture. (cour-
tesy Y.Tong).

revealed as the boundary between the internal crack,
induced at room temperature, and the subsequent fast
cleavage fracture, produced at -196°C: see Fig. 4. The
internal cracks were attributed to hydrogen-assisted
“stable” crack growth (H-SCG) and examination of
their surfaces in the SEM revealed river lines radiating
outwards from the inclusion nucleation site, together
with striations, lying roughly orthogonal to the river-
lines, spaced at 0.3um. The crack front was jogged on
the 0.3um scale and was not precisely parallel to the
striations, which were inclined at a small angle to the
front: see Fig. 5. Closer examination in the FEG SEM
showed a fine structure between the 0.3pum striations,
consisting of irregular rounded steps on a scale of
some 15-30nm. No striations were observed on the
“fast cleavage™ fracture surfaces obtained at -196°C.
Electron back-scatter patterns (EBSP) were obtained
from the fracture surfaces corresponding to “fast
cleavage” and to H-SCG. The orientation between
the specimen surface and the microscope axis was
used to confirm the {001} cleavage plane in both
cases. The EBSP for the “fast cleavage™ fracture was
sharp, whereas that for the H-SCG fracture was
diffuse: see Fig. 6.

The AFM results confirmed the presence of
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striations on H-SCG facets, of spacing approximately
0.3um and height approximately 0.05um. The AFM
probe was not sufficiently sharp to resolve fine detail
between the 0.3pum striations, but use of the STM
revealed the presence of finer features, having a
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Fig. 4 Hydrogen crack initiated at a non-metallic inclusion
in silicon-iron. After some cracking, the specimen
was fractured by fast cleavage fracture at -196°C.
(courtesy T.J. Marrow).
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spacing of some 15-30nm and a height of 15-20nm:
see Fig. 7. Transmission electron microscopy (TEM)
was used to examine the region around a (ductile,
shear) crack tip in a TEM thin foil. Slip within the
plastic zone ahead of the crack tip was found to be
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Fig.5 *Coarse”-scale (0.3um) striations in iron-silicon
alloy. Note the “jogged” nature of the crack front.
(courtesy T.J. Marrow).
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Fig. 6 Electron back-scattered patterns (EBSP) for hydro-

gen crack (diffuse) and fast cleavage (sharp): (courtesy T.J. Marrow).
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Fig. 7 Scanning Tunnelling Microscope (STM) observa-
tions of “fine”-scale (30nm) striations (courtesy T.J.
Marrow).

planar, with slip-spacings of approximately 15-20nm.
Both {110} and {112} slip-plane traces were observed.

DISCUSSION

The striations seen on hydrogen-induced fracture
surfaces in both mild steel and silicon iron are similar
to those observed in chromium-rich ferrites and in
other experiments on silicon iron.>? The crystal-
lography is such that the facets correspond macro-
scopically to {001} planes, with striation directions
parallel to <110> and cpd parallel to <110>. There is
evidence for slip on {112} planes at room temperature
from the present TEM results and there is further
evidence that {112} slip is significant at low tem-
peratures. The EBSPs indicate that the striations are
associated with plastic strain (because the pattern is
blurred), although the same crystallography is ob-
tained for “fast cleavage™ at -196°C, where the EPSB
remains sharp. There is superficial similarity between
the striations observed on the hydrogen-induced
facets and “'striations” observed on the fatigue surfaces

of fcc metals, which exhibit planar slip (underaged Al-
Cu alloys; austenitic stainless steel and Cu-Al alloys,
having low stacking-fault energy). These have been
attributed to “alternating slip” mechanisms, giving
rise to macroscopic {001} surfaces.!!>13:14)

It is of interest that the observed crystallography
is consistent with the movement of (a/2) <I11> slip
dislocations on {112} planes, either to give symmetri-
cal crack-tip blunting and opening, or a fine-scale
“zigzag”. Specifically, for the (001) plane, we have
the movement of (a/2) [111] on (112) and (a/2) [111]
on (112) to give

(@/2) [111] + (a/2) [111] — a [001] (1)

The line of intersection of (112) and (112) is
[110] which then gives the line vector of the disloca-
tions. It is then of great interest that both disloca-
tions are pure edge, since [111] is orthogonal to
[110] and [111] is also orthogonal to [110]. The cpd
is [110], which is orthogonal to [110] whilst still lying
in (001). The situation is therefore one of plane
strain with the crack blunting in “2D” when viewed
in the (110) plane. This seems to be a rather simple
opening and may account for Gerberich’s observa-
tions of a chevron form to his striations when he tried
to propagate cracks in silicon-iron on (001) with the
crack front [010] and the cpd [110].

Equation 1) is appealing, but does not, as written,
correspond to symmetrical crack blunting which is
more appropriately written as:

(@/2) [111] + s(a/2) [111] — (a/2) [001]
+ (a/2) [001] + a [110] (2)

Note the 180° change in sign of the second slip
dislocation. Equation 1) might, however, be regarded
as the plane strain version of Cottrell’s mechanism
for the nucleation of fast fracture, which could
account for the similarity in crystallography of facets
for “fast cleavage™ at -196°C to that for hydrogen-
induced fracture. More probably in Fe-3Si at -196°C
and in high-chromium ferrites, fast cleavage is initi-
ated by mechanical twins rather than by slip disloca-
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tions. In bce metals, the twinning shear is (a/6) <111>
with habit planes of the form {112}. Hence, equa-
tion 1) might becorme:

(a/6) [111] + (a/6) [111] — (a/3) [001] 3

again with lowering of energy and crystallographic
features identical to those associated with equation 1).
Such “fast cleavage” runs at high speed and is not
associated with significant plasticity: it exhibts a
sharp EBSP, see Fig. 6b.

The features to be reconciled with any proposed
mechanism of hydrogen-induced fracture include the
following:

o observations of striations, spaced at approxi-
mately 1pm - 0.3pm
effect on striation spacing of test temperature

@]

evidence of a “notch effect” in mild steel
fine-scale detail within the striations
jogs on the crack front

o]

o O

In all cases we assume a supersaturation of
hydrogen in a crack/cavity.. This may be a crack
propagating in a hydrogen atmosphere, a crack in
which cathodic electrochemical processes are libera-
ting hydrogen, a cavity/weakly-bonded inclusion sub-
jected to high hydrogen pressure from charging
(the Fe,Si), or a cavity subjected to high hydrogen
content, induced by the “sweeping-in” of hydrogen by
dislocations. (mild steel®).

The hydrogen-filled crack/cavity is then sub-
jected to transverse tensile stress. Plastic deformation
is induced at the ends of the cavity. This has two ef-
fects. It produces high plastic strains (dislocation
density) at the tip of the cavity, which decrease rap-
idly away from the tip; and it induces a high tensile
stress, 0;;, and high hydrostatic stress oy = 1/3(0y; +
Oy + Os33) = Oy, in plane strain. The peak value of
o,, is of order 3-40y where Oy is the uniaxial yield
stress, and is located (as is the peak value of oy) at a
distance 1.98 ahead of the tip, where d is the crack-
tip opening-displacement, CTOD. For a long period
of time, it was argued that hydrogen would also
accumulate mainly at this position because the

driving force for such accumulation would be the
term Gy.Vy, where Vy is the partial molar volume of
hydrogen (Note that the first subscript “H” denotes
“hydrostatic”; the second denotes “hydrogen”). More
recently, attention has been paid to the large number
of hydrogen “traps” to be found in the region of high
plastic strain (dislocation density) at the tip of the
cavity and it has been shown that very much more
hydrogen would be expected at the tip than at a
distance, 1.99, ahead of the tip. Calculations indicate
that, whereas at 25°C there is less than one order of
magnitude difference between hydrogen concentra-
tions at the two types of site, the effect at -120°C is such
that there are several orders of magnitude difference
between the concentration at the tip and at 1.9
ahead.(!>

Any mechanism must therefore envisage the
supersaturation of hydrogen in the stressed crack/
cavity entering through the tip and becoming
“trapped”’, significantly within 0.20-0 of the tip. Sig-
nificant points are that hydrogen-induced quasi-cleav-
age cracking is observed in a notched testpiece at a
temperature at which a smooth uniaxial specimen fails
by ductile fracture and that striations are observed on
the “quasi-cleavage” facets. In many experiments, the
spacings of striations, as revealed in conventional
SEMs, is of order lpm, but the more recent observa-
tions in silicon-iron, using the FEG SEM, AFM and
STM, show major striations spaced at 0.3um, of
height approximately 50nm and finer-scale striations,
spaced at 30nm, of height 15-30nm. The TEM image
of plastic zones in the wake of a plastic crack exhibits
slip-planes spaced at some 15-30nm.

The behaviour of notched specimens vis-a-vis
uniaxial tensile specimens indicates that hydrogen-in-
duced quasicleavage is a process which responds to
the level of tensile stress, rather than to that of shear
stress, i.e. it is propagation-controlled. The frac-
tography indicates that the nucleation site is a second-
phase particle: a nonmetallic inclusion. The situation
is apparently similar to that pertaining to fast,
transgranular cleavage in low carbon steels and in steel
weld metals: the initiating particles in wrought steel
are usually carbides; in weldmetals, they are usually
brittle, oxide or silicate, inclusions. If the size of the
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initiating nucleus is a, the local stress oy ahead of a
notch required to produce cleavage fracture is given by:

Of 2 {(nE/2a) v,,}*° “4)

where E is Young’s modulus and v, is the local work
of fracture (some 9 - 14 Jm?). From stress analysis,
o is calculated from the expression:

Or = Qp Oy &)

where Q, is the value of “stress intensification factor”
at fracture, and is a function of the size of the plastic
zone at which fracture occurs. In general, Q is likely to
vary between 1.0 and 2.5 for the notch geometry used.

We now consider three situations: a hydrogen-
filled cavity in a stress-free specimen; a hydrogen-
filled cavity in a uniaxial specimen, and a hydrogen-
filled cavity in a notched specimen. The excess
hydrogen in the cavity exerts a pressure p and some
enters the traps located within a distance approxi-
mately 0.26—8 ahead of the cavity crack tip. The
pressure, now reduced to p’ because hydrogen is lost
to traps, simply adds to the applied stress to increase
the stress intensity factor at the cavity-crack tip. The
hydrogen ahead of the tip may reduce the local work
of fracture, to vy, by interacting with the bonding
electrons in 3d (or hybridised 3d/4s) levels. In the
most generalised form, equation 4) may then be re-
written, to treat hydrogen-induced quasi-cleavage, in
the form:

Op) + P’ 2 {(NE/22) 1y }03 ©)

where Oggy is the reduced value of o in the presence
of hydrogen.

If the notched specimen were not charged with
hydrogen, i.e. the local work-of-fracture remained at
Y it would not fail by fast cleavage at room tem-
perature, i.e. O 2 2.5 oy. Typical figures might be
or = 800 MPa, oy = 180 MPa. Since quasi-cleavage
is observed when hydrogen is present, it follows that,
if v,, is not affected, the value of p must be of order
350MPa. Quasi-cleavage is also produced in hydro-
gen-charged, uniaxial specimens at -50°C where Gy is

220 MPa. As at room temperature, the value of o for
fast cleavage in a mild steel of 100um grain size is
approximately 800MPa, so the required value for p,
(with vy, unchanged) is 580 MPa. It is extremely
difficult to contemplate pressures of this order since
the specimens are in contact with atmospheric pressure
(latm = 0.1 MPA). Moreover it is difficult to under-
stand how a higher pressure can be generated at -50°C
than at room temperature. The conclusion is that 7, is
reduced to a lower value, ¥y, by the uptake of hydro-
gen into traps immediately ahead of a cavity tip.

The extent of the region of “high” plastic strain
is calculated? to-lie in the range 0.26 to 8 (CTOD)
which may be written in terms of stress intensity, K, as:

0.26-8 = (0.1-0.5)K*/6yE )

If the half-length of the nucleating inclusion is
taken as 3um (see Figs. 3, 4) and Oy is taken as (a
maximum of) 450MPA, since the hydrogen-charged
notched specimen does crack at room temperature
(where oy = 180MPa) the range 0.26-6 is 6-30nm
i.e. comparable with the spacing of the fine striations
observed in Fe3Si using FEG SEM, AFM or STM-
techniques. The conclusion is that hydrogen is
“soaked-up” in traps ahead of the cavity tip to a
concentration such that v, is lowered to a vlaue vy
such that equation 6) is satisfied. At a higher tem-
perature, QOy is smaller, from equation 5) the value of
tensile stress developed is smaller, and Yy may have to
be reduced further to give quasi-cleavage, e.g. in
charged, unstressed tests.

The picture so far is one of a discontinuous, but
near-continuous, “smooth” process. The time taken
for hydrogen levels to be replenished over a distance
of 15-30nm is small and, provided that p’ does not de-
crease significantly as the cavity advances 15-30nm,
the condition for further crack advance is soon re-
established. The TEM studies indicate slip planes at
spacings of order 15-30nm, which might be indicative
of some crack-tip emission after each small crack ad-
vance and arrest. An alternative explanation is that
dislocations are attracted, by image forces, to the free
cavity durfaces after the cavity tip has advanced,!V
so that the fine-scale striations simply reflect the slip-

—221-



i T FEHAhELFENHE EBES4EI12A

band spacings behind the crack tip.

These fine-scale phenomena do not, however,
agree entirely with the observations made (admittedly
at coarser scale) in mild steel® or, by other workers,
in iron-silicon'>”), Here, the striations are spaced at
distances Ipim or greater (up to Spm); metallographic
observations suggest dicontinuous propagation in
“jumps’ at this coarser scale, and acoustic emission
(AE) “events” in iron-silicon are associated with
these apparently larger striation spacings.”’ Such
“large jumps”™ take approximately 13s, so that, pro
rata, advance over 15-30nm would take only a few
tenths of a second. (ignoring the complexities of
hydrogen diffusion kinetics in a highly-dislocated
region. It is of interest to address the question of
why these larger spacings are observed. One clue is
given by the finding that there is little temperature
variation of the “large™ striation spacing, Figs 2a, 2b,
so that they are more likely to be associated with
microstructural features than with characteristics of
hydrogen diffusion to produce a “saturated” (embrit-
tled) region.

The inherent (“in-grown”) dislocation density in
an annealed mild steel is approximately 102 m?, i.e.
the average spacing is 1pum. These “in-grown” dis-
locations accommodate small misorientations between
“clumps” in the grain, and in general, with mixed
(edge and screw) character. Regions subjected to
plastic strain are arranged in a cell structure of size
somewhat less than 1pum diameter, see Fig. 8. What-
ever new dislocation arrays are produced ahead of a
(slowly-moving) hydrogen-induced cavity-crack,
there will be some perturbation as the cavity-crack tip
approaches “pre-existing” dislocation sources or inter-
sects cell walls. The “creeping” hydrogen-induced
growth (of maximum step height 15mm) could
operate sources, spaced at roughly 1pm (perhaps
0.3um in Fe3Si, see below) intervals, which might
produce sufficient dislocations to give an opening of
at least 50nm. The cavity-crack then experience a
greater overall “opening” (displacement of faces) giv-
ing rise to detectable AE amplitude, explaining why
AE “events” are associated with 1pum or more
“jumps”. The larger opening is also just detectable
on the optical microscope scale: 50nm is 0.1mm at x
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Fig. 8 Dislocation structures in mild steel a) annealed b)
10% plastic strain c) 40% plastic strain (courtesy J.D.G.

Groom).

2000. In both mild steel and other work on silicon-
iron, the striation spacings are greater by a factor of
3-10 than those observed in the Fe3Si experiments
reported in this paper. Loosely, it is anticipated
therefore that the AE “events” will be of higher
amplitude than the Fe-3Si figures here suggest, and
that “discontinuities” in mild steel will be easier to
observe in the optical microscope.

Further remarks concern the observations made
on the Fe-3Si alloy, referred to in this paper. First,
the “major” striations are spaced at 0.3pum, rather
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than > 1lum. Second, the crack front is “jogged” on
the 0.3-0.1pum scale Fig. 5. It should be noted that
this Fe3Si alloy was not simply cooled from the
as-cast state and then annealed, but was cold-rolled
by 20% before annealing at 1200°C. It is conceivable
that this procedure has given rise to an “in-grown”
dislocation density slightly greater than that of an-
nealed mild steels or other silicon-irons: single crystal
silicon-iron grown by the strain-anneal technique has a
critical strain of only approximately 3%. Second, “in-
grown” dislocations will have, in general, a randomly
“mixed” character, but, for 20% prestrain plus an an-
neal, some degree of texture may develop.

It is, therefore, plausible that a crack front,
parallel to [110], advancing in a {110] direction might
intercept a “row” of dislocations (in “partially-
textured” array) of Burger’s vectors, such that the
crack front is “jogged”, at appoximately regular (0.3-
1.0um) intervals. If such dislocations can also act as
sources, they might “operate” before being intersected
by the crack front, so that the front intercepts not a
single dislocation but an array. Note that, in all these
cases, a critical factor is the slow, “creepy” nature of
hydrogen-induced quasi-cleavage. For “fast-cleavage”,
the crack runs so rapidly that there is no time for
sources to operate and so no striations are seen: no
crack front “jogs” of more than a few Burger’s vectors
would be anticipated. The general mechanism, as de-
scribed above, relies heavily on the observation of the
notch effect: the conclusion is that the process is
tensile-stress controlled and hence a cracking process.
The effect of hydrogen is to facilitate decohesion,
rather than crack-tip dislocation emission. An
alternative mechanism is based on crack-tip shielding.!)

CONCLUSIONS

The paper has addressed issues concerning
hydrogen-induced “quasi-cleavage” cracking in mild
steel and silicon-iron. This is seen as a good model for
behaviour of the high-chromium ferrite “alpha-phase”
in duplex stainless steel and for cracking in other
high-chromium ferritic steels. In addition to the
observation of “macro” striations, of spacing 0.3-5um,
use of a variety of high-resolution techniques has

revealed the presence of finer striations, of some
15-30nm spacing. A rationale for the crystallographic
features of crack advance has been proposed. Results
have been discussed to try to elucidate the micro-
mechanisms of hydrogen-induced “quasi-cleavage”
extension. The important feature appears to be the
accumulation of hydrogen in the zone of high plastic
strain (approximately 0.26—8) ahead of the cavity-
crack tip, such that cohesion is lowered to the extent
that an increment of cavity-crack advance occurs.
This increment is approximately 15-30nm which
agrees with the spacing of fine striations and (local)
dislocation plane-spacing. The more widely-spaced
(1-5um) striations are attributed to interactions with
the “in-grown” dislocation (source) density which
produces changes in tilt, twist or skew and hence
modifies the details of the advancing cavity-crack
front. The operation of such sources may be the cause
of “detectable” acoustic emission and to the obser-
vation of “discontinuous” crack growth, using optical
microscopty.
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