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FRACTOGRAPHY EXHIBITED BY HYDROGEN EMBRITTLED

AUSTENITIC STAINLESS STEELS
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ABSTRACT

Annealed, sensitized and cold worked less stable 304
austenitic stainless steel and more stable 310 austenitic
stainless steel in annealed condition were cathodically
charged in IN H, 80, with addition of Na AsO, at
current density of 0.4 mAjcm?® while undergoing tensile
strain over a wide range of crosshead speeds
(833.3 nm/s to 9.8 nm/s) at room temperature.

Fracture surface of 304 austenitic stainless steel
specimens exhibited both cleavage and intergranular
fracture at low crosshead speeds of 83.3 nm/s and
9.8 nm/s. The extent of intergranular fracture was ob-
served to increase with lowering in crosshead speed.
Similar features were observed when cold worked 304
austenitic stainless steel specimens tested at the same
condition. However, the extent of intergranular fracture
was less compared to the non cold worked specimens.

Fracture surface of sensitized 304 austenitic stainless
steel specimens exhibited different surface morphology
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and was found to depend on the sensitization time and
the applied crosshead speed.

Both intergranular and quazi cleavage types of frac-
ture modes were observed when stable 310 austenitic
stainless steel specimens tested at the lowest corsshead
speed of 9.8 nm/s.

INTRODUCTION

Ductility of many austenitic stainless steel is reduc-
ed by charging with hydrogen or by testing in a
hydrogen atmosphere [1—4]. Embrittlement is sub-
stantial with ductility losses of up to 50% or higher,
when 304 austenitic stainless steel is tested in high
pressure hydrogen [1], strained while undergoing
cathodic charging and when tensile tested after sever-
ly charged by hydrogen [1, 5]. Other varieties of
austenitic stainless steel, such as type 310 austenitic
stainless steel, is affected slightly under the same
condition [3]. Explanation for the relatively high
susceptibility of type 304 austenitic stainless steel to
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hydrogen embrittlement was attributed to the strain
induced transformation to a-martensite [1, 2] or
concentration of hydrogen at critical site by coplanar
dislocation motion [6, 7].

Changes in fracture morphology have been ob-
served in tensile specimens tested in hydrogen. Micro-
void formation and coalescence leading to a dimpled
fracture is the only fracture mode observed in hydro-
gen free type of 304 and 310 austenitic stainless steels
[8, 9]. In contrast, fracture referred to as cleavage
fracture [10] quazi cleavage [11, 12], intergranular
fracture [2, 13, 14, 15], facets [16] have been reported
for hydrogen embrittlement of 304 austenitic stainless
steel. However, microvoid coalescence was the pre-
dominant fracture morphology for 310 austenitic
stainless steel [8, 10].

This pdper discusses the effect of strain rate (cross-
head speed), microstructure and stability on the
changes in the fracture morphology for less stable 304
and more stable 310 types of austenitic stainless steels
as a result of hydrogen embrittlement.

EXPERIMENTAL

A commercial 304 and 310 austenitic stainless steel
were used for this course of work. These alloys were
selected in order to investigate the effect of different
alloy stabilities on susceptibility to hydrogen embrit-
tlement. The alloy 304 was selected because its aus-
tenite phase is less stable and would be expected to
transform to both « and ¢ phases under either sub-
zero cold working or cathodic charging. In the 310
alloy the austenite phase is anticipated to be highly
stable. The chemical composition for these alloy
steels are shown in Table 1. The samples were sol-
ution annealed at 1050 °C for 304 austenitic stainless
steel and at 1100 °C for 310 austenitic stainless steel
for 1 h followed by water quench. Some samples from
304 austenitic stainless steel were given an additional
heat treatment (sensitization) at 650 °C for duration
of 5h and 24h. This treatment cause chromium
carbide (Cr,3 Cg) to precipitate at the grain bound-
aries as a result of chromium and carbon depietion
from the area adjacent to the grain boundaries.

A number of 304 austenitic stainless steel samples
were cold worked up to 12% in order to examine the
susceptibility of cold worked structure to the hydro-
gen embrittlement.

Table 1. Chemical Composition of the 304 and 310
Austenitic Stainless Steels

Materials C% Mn% Si% P% S% Cr% Ni%

304 004 142 032 0024 0002 1836 873
310 0026 152 027 0.013 0.005 24.66 20.07

The material was received in the form of sheet with
thickness of 0.8 mm. The specimens was then machin-
ed to required dimension and 60° V notch as intro-
duced at the middle as shown in Fig. 1. All test
specimens were tensile strained while undergoing
cathodic charging at current density of 0.4 mA/em? in
IN H,S0, with addition of Na AsQ, at room tem-
perature. For comparison the same number of speci-
mens were tested in air. The resulted fracture surfaces
were cleaned in acetone using ultrasonic and then
dried. A scanning electron microscope (SEM) was
then used to examine the changes in the [racture
morphology as a result of hydrogen embrittlement.
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FIG. 1. Schematic representation showing the shape and
dimensions (mm) of the type of specimen used in the
hydrogen embrittlement test.

FRACTOGRAPHY

Three features were observed on the fracture surfa-
ces of the tested specimens: dimples, cleavage and
intergranular. Dimpled rupture was the only fracture
mode observed on the specimens tested in air as
shown in Fig, 2. The other two fracture modes were
found only in specimens that were embrittled as a
result of absorbed hydrogen.

The results will be classified into three main sec-
tions in order to clarify the different effects.

FIG. 2. S.E.M. fractography shows typical ductile frac-
ture of stainless steel specimen fractured in air.
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1. Effect of sensitization

Sensitized 304 austenitic stainless steel specimens
exhibited higher susceptibility to hydrogen embrittle-
ment compared when it is in the annealed condition.
The degree of the susceptibility was found to depend
on the sensitization time and used crosshead speed.
The fracture surfaces for specimens sensitized for 24 h
was predominantly intergranular particularly at two
lowest crosshead speeds of 83.3 nm/s and 9.8 nm/s as
shown in Fig. 3. The percentage of intergranular
fracture was found to increase with lowering in cross-
head speed. However, at these crosshead speed, cleav-
age [racture was predominant fracture mode for
specimens sensitized for only 5 h as shown in Fig. 4.

FIG. 3. S.E.M. fractograph of a 24 h sensitized 304 aus-
tenitic stainless steel specimen strained in solution at a
crosshead speed of 9.8 nm/s. Fractograph shows faceted
intergranular and little transgranular cleavage fracture.

a2y ¥ 2 o
FIG. 4. S.E.M. fractograph of a 5h sensitized 304 aus-
tenitic stainless steel specimen strained in solution at a
crosshead speed of 9.8 nm/s. Fractograph shows trans-
granular cleavage and little intergranular [racture.

2. Effect of cold work

Cold worked 304 austenitic stainless steel speci-
mens exhibited pronounced embrittlement at lower
crosshead speeds of (833.3nm/s to 9.8 nm/s). The

resulted fracture surfaces exhibited similar features to
that observed for annealed specimens as shown in
Fig. 5. Little ductile tearing was observed at the
middle of fracture surface for specimens tested at the
lowest crosshead speed of 9.8 nm/s.

FIG. 5. S.E.M. fractograph of an 12% cold worked 304
austenitic stainless steel specimen strained in solution at a
crosshead speed of 83.3 nm/s. Fractograph show both
cleavage fracture and some intergranular fracture. Isolated
areas of ductile tearing are observed.

3. Effect of stability

This section will show the effect of hydrogen on the
two different stability austenitic stainless steels re-
spectively less stable 304 and more stable 310 aus-
tenitic stainless steels. The degree of embrittlement
was observed to increase with decreasing in crosshead
speed and stability of the tested alloy. Less stable 304
austenitic stainless steel exhibited transgranular
cleavage fracture and little intergranular fracture at
low crosshead speeds (833.3 nm/s-83.3 nm/s) as
shown in Fig. 6. Mixed mode transgranular cleavage
fracture and faceted intergranular fracture was ob-

FIG. 6. S.E.M. fractograph of a 304 austenitic stainless
steel specimen strained in solution at crosshead speed of
83.3nm/s. Fractograph show cleavage fracture and some
intergranular fracture.
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FIG. 7. S.EM. fractograph of a 304 austenitic stainless
steel specimen strained in solution at a crosshead speed of
9.8 nm/s. Fractograph show faceted intergranular fracture
and some transgranular cleavage fracture.

served at the lowest crosshead speed of 9.8 nm/s as
shown in Fig. 7. This faceted intergranular fracture
was not reported earlier.

The more stable 310 austenitic stainless steel, which
have high stacking fault energy (SFE) compare to less
stable 304 austenitic stainless steel, shows less suscep-
tibility to hydrogen embrittlement which is manifes-
ted in little changes in fracture morphology when
only tested at the lowest crosshead speed of 9.8 nm/s.
The change in fracture morphology was observed to
be restricted at the areas in which high stress concen-
tration attained e.g. notch and specimen edges. Both
intergranular and quazi cleavage types of fracture
modes were observed at these areas as shown in
Figs. 8 and 9. This type of fracture was not reported
earlier for this type of steel.

FIG. 8. S.E.M. fractograph of a 310 austenitic stainless
steel specimen strained in solution at a crosshead speed of
9.8 nm/s. Fractograph shows details of fracture in the
middle of the specimens, where quazi cleavage fracture and
some intergranular fracture were visible.

FIG. 9. S.E.M. fractograph of a 310 austenitic stainless
steel specimen strained in solution at a crosshead speed of
9.8 nm/s. Fractograph show details of fracture at the speci-
men edge, where intergranular fracture and quazi cleavage
fracture are visible,

SURFACE CRACK

Surface cracks on the surface of hydrogen embrit-
tled less stable 304 austenitic stainless steel specimens
in annealed, sensitized and cold worked condition
and more stable 310 austenitic stainless steel speci-
mens in annealed condition are shown respectively in
Fig. 10-13. Both intergranular and transgranular
cracks were observed on the surfaces of these tested
specimens. Some of transgranular cracks were ob-
served to propagate along or parallel to the slip
bands as shown in Fig. 10 for 304 austenitic stainless
steel specimens in annealed condition. Cold worked
specimens exhibited less surface cracks compared to
the annealed specimens as shown in Fig. 11. Sensi-
tized specimens showed more transgranular cracks

FIG. 10. S.E.M. micrograph of the surface of a 304 aus-
tenitic stainless steel specimen strained in solution at a
crosshead speed of 9.8 nm/s. Micrograph show intergranu-
lar and many transgranular cracks. Some of transgranular
cracks are appeared to be parallel to the slip bands.
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FIG. 11. S.E.M. micrograph of an 12% cold worked 304
austenitic stainless and specimen strained in solution at a
crosshead of 9.8 nm/s. Micrograph shows very little surface
cracks.

FIG. 12. S.E.M. micrograph of a 5h sensitized 304 aus-
tenitic stainless steel specimens strained in solution at a
crossheadspeed of 9.8 nm/s. Micrograph shows both trans-
granular and intergranular cracks.

FIG. 13. S.E.M. micrograph of a 24 h sensitized 304 aus-
tenitic stainless steel specimen strained in solution at a
crosshead speed of 9.8 nm/s. Micrograph show deep inter-
granular cracks and grain spall off. Transgranular cracks
are visible.

compared to that observed for annealed specimens as
shown in Fig. 12. Grain spall off was observed in
specimens sensitized for 24 h as shown in Fig. 13. The
extent of surface cracking for sensitized specimens
was observed to increase with increasing in sensitiz-
ing time.

DISCUSSION

It is clear that the results naturally group them-
selves by heat treatment. If samples are aged (sensi-
tized), the fracture mode is predominantly intergranu-
lar [13, 14, 15]. If the samples are only solution
annealed, the crack usually proceeds along a trans-
granular path [10]. The intergranular fracture of
sensitized specimens was attributed to the chromium
depletion at the grain boundaries [13, 14]. This
depletion makes the material at the grain boundaries,
less stable, much more susceptible to o-martensite
formation [14]. Since the martensite is much suscep-
tible to hydrogen cracking, intergranular fracture
occurs [14]. One should also note that martensite
forms, at the grain boundaries, a continuous path for
easy cracking through the sample [9]. This continuity
is far more important than the volume percent of
martensite [14].

The above discussion is in agreement with the
observation of intergranular fracture only in the
specimens sensitized for 24h as shown in Fig. 2.
Transgranular cleavage fracture was the predominant
fracture mode for 5h sensitized specimens. This re-
sults can be attributed to the less or/and non continu-
ous martensite formation in 5 h sensitized specimens.
Short sensitization time leads to less chromium de-
pletion which in turn results in less martensite forma-
tion.

Faceted intergranular fracture was observed as well
in the solution annealed 304 austenitic stainless steel
specimens tested in hydrogen at the lowest crosshead
speed of 9.8 nm/s as shown in Fig. 7. This result can
be attributed mainy to the high hydrogen concentra-
tion at the grain boundaries as a result of dislocation
bearing hydrogen piled-up at these boundaries [10].
Such clear faceted intergranular {racture was not
reported before and may be produced as a result of
using a very slow crosshead speed of 9.8 nm/s in this
work which allow high hydrogen concentration to be
attained.

Transgranular cleavage was observed in annealed
and cold worked less stable 304 austenitic stainless
steel specimens at low crosshead speeds (833.3 nm/s—
9.8 nm/s) as shown in Figs. 5 and 6. This type of
fracture can be attributed to the high hydrogen
concentration on the cleavage plane of (100) owing to
pile — up of hydrogen laden dislocations at this plane
[17]. The extent of this fracture was observed to
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increase with lowering in crosshead speed. At the
lowest crosshead speed used (83.3 nm/s and 9.8 nm/s),
cleavage fracture was observed to extend over the all
fracture surfaces. In addition, intergranular fracture
began to appear owing to availability of hydrogen
due to long time to failure at these crosshead speeds.

Fracture surfaces for more stable 310 austenitic
stainless steel specimens exhibited intergranular and
quazi cleavage types of fracture at the lowest cross-
head speed of 9.8 nm/s as shown in Figs (8 and 9).
This result shows that even more stable austenitic
stainless steel, with high SFE, can be embrittled when
high hydrogen concentration is introduced to the
sample. This type of fracture was not reported earlier
and can be attributed to the severity of the embrittle-
ment test. High hydrogen concentration changes the
slip mode from easy cross slip to coplanar motion,
which in turn makes dislocations bearing hydrogen
to pile-up at the grain boundaries or any other
obstacles to the dislocations movement, and increases
the hydrogen concentration at these locations [17].

The effect of stability of austenitic stainless steel on
the susceptibility to hydrogen embrittlement can be
attributed to the differences in the austenite stability,
which can be calculated using the emperical formula
by Gladman et al [18].

Md 30(C) =497 — 462(C +N)— 9.2(si) — 8.1 (Mn)
— 13.7(cr) — 20(Ni) — 18.5(Mc)

Utilizing the above formula shows that 304 austenitic
stainless steel has Md,, above room temperature and
its austenite phase is unstable and can be transformed
to martensitic phases ¢~ and ¢ in presence of hydro-
gen [3, 9]. In contrast, more stable 310 austenitic
stainless steel has more stable austenite phase and
will only transform to & phase owing to its very low
Md;,. The presence of x~-martensite phase in less
stable 304 austenitic stainless steel greatly enhances
the hydrogen diffusivity owing to high hydrogen
diffusivity of ferrite phase (bcc) structure [19]
(107% cm?/s) compare to only (1072 cm?/s) for aus-
tenite phase (fcc) structure [10].

The other important factor which controls the
susceptibility of austenitic stainless steel to hydrogen
embrittlement is the stacking fault energy (SFE) for
the tested alloy [7]. The SFE of an alloy determines
whether cross slip or coplanar motion is predomi-
nant. It is extensively reported in the literature that
the hydrogen embrittlement of austenitic stainless
steel resulted from lowering in SFE by absorbed
hydrogen [8, 20]. Lowering in SFE energy leads to
changes in slip mode, from easy cross slip to coplanar
motion. Coplanar motion occurs in materials with
low SFE and leads to dislocation pile-up at obstacles
[7]. In the region of pile-up the hydrogen concen-
trations would be high.

In the current work, the stacking fault energy (SFE)
for tested steels were measured using Schramm and
Reed formula [21].

SFE (mJ/m2) = — 53+ 6.2(Ni) +0.7(cr) + 3.2(Mn)
+4.3(Mo)

The calculated values are 18 mJ/m? and 93 mJ/m?
respectively for 304 and 310 austenitic stainless steels.
This wide differences in the SFE values explain the
differences in the susceptibility of these two steels to
hydrogen embrittlement,

Surface cracks were observed on the surface of the
annealed, sensitized and cold worked specimens. In-
tergranular cracks were observed and can be at-
tributed to the action of hydrogen and the tensile test.
Transgranular cracks were observed to propagate
along or parallel to the slip bands as shown in Fig. 10.
These cracks were observed by others and suggested
to propagate along (110) and (111) planes [22, 23, 24].
This type of [racture may correspond to the fracture
through the ¢ phase [23] or along &/y interface [23],
since s phase forms in both alloys and has (111) habit
plane.

Less cracking was observed in 12% cold worked
304 austenitic stainless steel compare to non cold
worked specimens as can be seen by comparing
Fig. 10 with Fig. 1. This can be attributed to the
pre-existing of o martensite in the surface of cold
worked specimens which may provide a rapid path
for hydrogen to diffuse away from the specimen
surface [25]. Thus preventing the build up of the
critical concentration of hydrogen thought to be
necessary for the formation of the expanded phases
(v* and €*) [25, 26].

The surface of both 5h and 24 h sensitized speci-
mens exhibited more transgranular cracks than those
on the surface of annealed specimens when the test
was carried out at low crosshead speed as can be seen
in Figs 12 and 13. This results can be attributed to
the high content of martensite phases in sensitized
specimens. These phases (¢~ and &) can act as crack
initiation site or/and active path for hydrogen diffu-
sion [10].

Specimens sensitized for 24 h showed more trans-
granular cracks and grain spall off compared to that
for 5h sensitized specimens. This result can be at-
tributed to the embrittlement severity for 24 h sensi-
tized specimens resulted from continuous precpita-
tion of carbides and presence of high percentage of o~
martensite.

CONCLUSION

I. Less stable 304 austenitic stainless steel speci-
mens exhibited both intergranular and transgranular
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types of fracture mode when the test was carried out
at low crosshead speeds of 83.3 nm/s and 9.8 nm/s.

2. 12% Cold worked 304 austenitic stainless steel
specimens exhibited similar fracture morphology to
that observed for non cold worked specimens over
the most crosshead speed used.

3. Fracture surface of 5h sensitized 304 austenitic
stainless steel specimens exhibited cleavage fracture
over all crosshead speeds used. However, intergranu-
lar fracture was the predominant fracture mode for
24 h sensitized specimens at low crosshead speeds of
83.3 nm/s and 9.8nm/s.

4. The extent of intergranular fracture insensitized
specimens was observed to depend on both sensitiz-
ation time and crosshead speed used.

5. More stable austenitic stainless steels can be
embrittled in presence of high hydrogen fugacity.

6. Fracture surface of more stable 310 austenitic
stainless steel exhibited both intergranular and quazi
cleavage types of fracture node when tested at the
lowest crosshead speed of 9.8 nm/s.

7. The results obtained in this work, support the
observation of less surface cracking in hydrogen em-
brittled cold worked 304 austenitic stainless steel.
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