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A systematic study was made of the mechanical properties and the microscopic fracture
processes associated with hydrogen attack of SAE 1020 carbon steel in a well-controlled,
high-temperature, high-purity hydrogen environment. Exposure to a hydrogen pressure of
3.5 MN m™2 and temperature 5256° C was found to progressively degrade room-tempera-
ture tensile properties with increasing exposure time. After exposure for 360 h the yield
and ultimate strength were reduced by 58% and 40% of the unexposed values, respec-
tively, and the elongation-at-fracture was reduced to less than 2%. Sub-critical crack
growth tests under conditions of static loading were conducted at various temperatures
and hydrogen pressures. |t was observed that blisters and tears were not evenly distri-
buted on the hydrogen-attacked specimens, but their distributions were, instead, very
dependent on specimen thickness. During the hydrogen attack, tears form and undergo
crack growth as a result of the formation and accumulation of methane under high
pressure at the weak interfaces such as at the inclusion—matrix or ferrite—pearlite bands.
If the tear is located close to the surface it bulges and forms into a blister. Tears and
blisters may lead to accelerated failure by hydrogen attack.

1. Introduction
A number of energy related systems, particularly
advanced energy conversion systems such as coal
gasifiers and fossil fuel processors, involve the
containment of hydrogen at high temperatures and
pressures. Such high temperature and pressure
hydrogen may cause a loss of strength, swelling
and ultimately fracture in such a steel containment
vessel. Hydrogen attack occurs as a result of atomic
hydrogen diffusing into the steel and combining
with carbon in solution to form methane which,
because of its insolubility in steel, remains trapped
internally as bubbles [1—6]. The methane, unable
to diffuse through the steel, accumulates in pre-
existing sub-microscopic defects (voids) and
develops high internal pressures that cause the
growth and coalescence of these voids. The voids
on the grain boundaries eventually coalesce into
fissures producing extensive intergranular fissuring
leading to the failure of the steel.

The temperature range of hydrogen attack of
carbon steels extends from about 160° C to 540° C.
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This temperature range coincides with the range of
service temperatures of steels in petroleum refining
and other equipment [3,4]. The usual means of
predicting the behaviour of materials in high
pressure, high temperature hydrogen is Nelson
curves [7]. These curves delineate the safe and
unsafe hydrogen pressure—temperature régimes
for carbon and alloy steel in a purely empirical
manner. These diagrams are used extensively in
the design of systems that use hydrogen and are
adjusted to more conservative limits as unexpected
new failures are reported. The data collected in the
Nelson curve come almost exclusively from
experience gained in the oil and petrochemical
industries and may not be directly applicable to
other areas such as design for coal gasification
systems. Coal conversion processes offer a partial
solution to the problem of meeting an increasing
demand for energy supplies. A common require-
ment for all these processes is the need for pressure
vessels to operate continuously and safely under
conditions of high temperature, high pressure and
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TABLE I Chemical analysis of SAE 1020 carbon steel

Element (wt %)
Mn Si C Cu Si Cr Mo Ni P Co Sn
0.58 .25 0.19 0.08 0.022 0.02 0.02 0.02 0.014 0.009 0.008

potentially hostile environments. These hostile
environments in combination with the high press-
ures and temperatures could have a pronounced
detrimental effect on the rate at which cracks
could initiate and propagate in the pressure vessels,
ultimately resulting in a structural failure.

The objective of the present study is to better
understand the period of rapid high-temperature
hydrogen attack through its influence on the
mechanical behaviour of a plain carbon steel,
including hydrogen attack-induced sub-critical
crack growth under sustained load conditions. The
microscopic fracture processes associated with
hydrogen attack in a well-controlled high-tempera-
ture, high-purity hydrogen environment are
discussed. ’

2. Experimental procedure

The material used in this investigation was com-
mercially produced SAE 1020 steel plate of thick-
ness 12.5mm. The chemical composition of the
material is shown in Table I. Tensile specimens
having a gauge length of 28 mm and a thickness
of 2.5mm were cut with their long axis perpen-
dicular to the direction of rolling.

Environmental exposures were connected in an
all-metal, sealed, tubular stainless steel chamber
surrounded by a resistance-heated tube furnace.
Furnace temperature was automatically controlled
by a set-point temperature controller and a stepless
power transformer.

Prior to exposure to the test environment, the
following procedure was employed to remove
the oxide from the surface of the specimens:
{a) the chamber was first evacuated to a pressure
of less than 0.6 Nm™2, (b) charged at room tem-
perature with hydrogen to a pressure of 3.5 MN m 2,
(c) evacuated, (d) brought up to 300° C, (¢) charged
with 690kN m™2 hydrogen for 10h, (f) evacuated,
() raised to 525° C, and (h) given the final charge
of the test environment to the desired pressure.

The hydrogen was of laboratory grade that
initially contained less than 100 ppm of active
impurity gases (O,, H,0, N,), as determined by
mass spectrometric methods; the hydrogen was

additionally purified by passing it slowly through
a liquid-nitrogen cooled coil.

Specimen temperature was maintained to with-
in * 5° C during environmental exposure. Following
exposure, the chamber containing the specimens
was reduced in temperature to 400° C, evacuated
for 60 min, and furnace-cooled to room tempera-
ture. This termination procedure reduced the
amount of hydrogen dissolved in the metal, while
retaining the methane which was formed during
environmental exposure.

Room-temperature tensile tests were conducted
at a fixed displacement rate of 1 x 107 cmsec™.
The fracture surfaces of all failed specimens were
observed by scanning electron microscopy.

Sub-critical crack growth tests were conducted
in a high-purity hydrogen atmosphere at various
temperatures ranging from 375 to 525° C and for
times ranging from 10 to 30 days. Wedge-opening
loaded (WOL) specimens 1.25c¢m thick, fracture
mechanics type, were cut from the SAE 1020
plate so that the crack would propagate in the
rolling direction on a plane normal to the trans-
verse rolling direction. In these tests, the displace-
ment was held at a known constant value during a
test and load levels and changes in load could be
related to specimen compliance. In accordance
with [8], specimens with fatigue pre-cracked
in air and wedges were driven into the initial
machined notches to produce a fixed crack-
opening displacement (COD). After removal from
the furnace, the specimens were air-cooled and
then reloaded to determine the actual final load.
Specimens were fatigue cracked after testing in
order to protect the region that was hydrogen
attacked, and were then failed by overload. The

TABLE II The experimental matrix for the study of
hydrogen attack effects on sub-critical crack growth for
a pressure of 500 psi and duration 10 days

Temperature, 7 K MNm¥?%

co 12 24 36 48
525 X X X X

450 X X X X

375 X X X X
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TABLE I1I The experimental matrix for the study of
hydrogen attack effects on sub-critical crack growth for
a pressure of 500 psi and a temperature of 450° C

Time of K (MNm™)

exposure, ¢

(days) 12 24 36 48
10 X X X X
20 X X X X
30 X X X X

experimental matrix for the study of hydrogen
attack effects on sub-critical crack growth isshown
in Tables II and III.

All samples were sectioned and polished to
examine the effect of hydrogen attack upon the
microstructure using optical and scanning electron
microscopy.

3. Results and discussion

A high-purity hydrogen environment at 525°C
was found to significantly degrade the tensile
properties of SAE 1020 steel after as little as
120h of exposure, the shortest exposure time of
this study. Fig.1 is a summary of the tensile
curves observed at room temperature for a speci-
men exposed at 525°C to a vacuum environment
and a specimen exposed at 525° C to a hydrogen
environment for 360h. As shown in Fig. 1, yield
strength, ultimate tensile strength, and elongation-
at-fracture are all reduced as a result of exposure
to the high-pressure hydrogen environment. As
can be seen, exposure to hydrogen for 360h
results in a 58% reduction in the yield strength a

Vacuum

H, atmosphere
{exposure time =360 h)

Temperature =525°C
Pressure =3.5 MN m™2

—J

A

051 mm

Displacement {mm}

Figure I A summary of tensile curves observed at room
temperature for 1020 steel for a sample exposured to a
vacuum environment at 525° C and a sample exposed to
a hydrogen environment for 360 h at 525° C.
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40% reduction in the ultimate tensile strength and
elongation-at-fracture is reduced to less than 2%.

Examination of the fracture surfaces of the
specimens exposed to the hydrogen environment
indicates massive regions of microvoid coalescence
producing ductile rupture (Fig. 2). The formation
of microvoids was often associated with particles
which were identified as manganese sulphide
particles with some indication of aluminium and
silicon [9]. Void formation during hydrogen
attack around manganese particles has been
previously observed [10,11]. Pisko etal [12]
found that hydrogen attack started with the
nucleation and growth of myriad small bubbles
on a minority of the ferrite—pearlite or ferrite—
ferrite boundaries.

Sub-critical crack growth studies under con-
ditions of static loading were conducted, as
described in the experimental matrix (Table II).
The results show that there was essentially no
crack growth under the aforementioned testing
conditions. A possible explanation for the lack
of slow crack growth is that the tip crack of the
WOL specimens is not located on grain boundaries
and subsequently no methane bubbles are formed
in that region. It may be significant that no slow
crack growth was observed in the 1020 steel, a
phenomenon which does not appear to have
been reported previously.

The initial microstructure of this steel was
ferrite and fine pearlite. After 120h of exposure
at 525°C in hydrogen, the structure had trans-
formed to spheroidized carbide in a ferrite matrix.
After 240h of exposure at 525°C in hydrogen
carbides could not be observed.

During this study, it was observed that blisters
and tears were not evenly distributed on the
exposed surfaces of the specimens, but instead
were very dependent on specimen thickness. It is
possible that this effect may be the result of
triaxial constraint in thicker areas and lack of such
constraint in the thinner areas, as suggested by
[13]. An examination of the tensile specimen
surface at the gauge length revealed numerous
small bulges or protrusions which appear approxi-
mately like hemispherical caps (Fig. 3). These
protrusions are termed ‘“‘blisters”. The diameters
of these blisters can be as large as 2mm and they
are considerably bigger than the diameters of the
approximately spherical bubbles which form at
the grain boundary in the interior [11, 14]. It
is interesting to note that the blisters observed



Figure 2 Scanning electron microscopy (SEM) fractograph of fracture surfaces showing (a) massive regions of microvoid
coalescence producing ductile rupture, (b) electron dispersive X-ray (EDAX) analysis showing manganese sulphide

particles.

on the gauge length surface are either absent or
smaller and fewer on the shoulders of the tensile
specimen.

Sorell and Humphries [15] report the close
relationship and resemblance between blisters and
fissuring in a damaged carbon steel. Once fissures
begin to interconnect it becomes easier for the
steel surface to bulge out and for progressive
damage along the plane of the blisters. Such
blistering is inevitably accompanied by extensive
decarburization. A tear observed in the interior of
the specimen is shown in Fig. 4. These tears are
extensive at the gauge length, relatively few at
the shoulder, and are not observed in the WOL
specimen. It can be seen (Fig. 4) that the region
close to the tear has very coarse ferrite grain struc-
ture. The preferential recrystallization and grain

Figure 3 A typical surface of a specimen exposed to

-2

gaseous hydrogen at a pressure of 3.5MNm™ and at a

temperature of 525° C for 240 h.

coarsening confirms that substantial internal
pressure exists inside the tear. A typical blister
observed in a partially hydrogen-attacked specimen
is shown in Fig. 5. When a tear is located close to
the specimen surface it bulges and produces blisters.
It is proposed that during hydrogen attack of a
commercial 1020 steel, tears form and undergo
crack growth as a result of the formation and
accumulation of methane under high pressure at
the weak interfaces such as at the inclusion—matrix
or the ferrite—pearlite bands. The internal pressure
of methane within the tear is maintained due to
the continued hydrogen attack and the tear runs
along the length of the specimen leading to delami-
nation. It should be mentioned that all the attacked
specimens showed methane bubbles (of size about
2um) along grain boundaries similar to those
observed by others [11]. As exposure time
increases these bubbles begin to coalesce into
fissures. In the more advanced stages of hydrogen
attack some of the fissures form into large tears
(of about size 60um) along the inclusion in the
rolling direction. If a large tear is located close to
the surface, it bulges to form a blister. The tears
grow and the blisters bulge rapidly, compared
to the growth of the bubbles, leading to fissuring
and delamination. Therefore, tearing and blister-
ing may lead to accelerated failure by hydrogen
attack.

4. Conclusions

Hydrogen attack of SAE carbon steel from a high-
purity hydrogen environment was found to be
severe with the formation of numerous methane
fissures, bubbles and tears and with a significant
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Figure 4 Tears observed in a completely decarbourized specimen.

reduction in the room-temperature yield and
ultimate tensile strengths.

Specimens that were fractured at room tem-
perature after exposure to hydrogen indicate
massive regions of microvoid coalescence pro-
ducing ductile rupture.

Sub-critical crack growth studies under con-
ditions of static loading at different pressures and
temperatures were conducted. The results show
that there was essentially no crack growth.

It was observed that blisters and tears were not
evenly distributed on the hydrogen-attacked speci-
mens, but instead their distributions were very
dependent on specimen thickness. It is proposed
that when a tear is large enough and is located
close to the surface, it bulges and forms a blister.
Tears and blisters may lead to accelerated failure
by hydrogen attack.

Figure 5 Tear bulges into a blister in a partially de-
carbourized specimen.
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