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The influence of composition and microstructure on susceptibility to hydrogen induced cracking (HIC)
was investigated in high strength pipeline steels, with Mn contents of 1.2% (standard, X70), and 0.5%
(medium, MX70). The HIC resistance of the simulated coarse grained heat affected zone microstructures
and normalized X70 transfer bar was also investigated. Notched and fatigue pre-cracked samples were
charged with hydrogen prior to three point bend tests.

The conditional fracture toughness Jo was determined. The results are discussed in relation to grain size,
microstructure, composition and the type and distribution of non-metallic inclusions and precipitates.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Over the last 20 years in Australia the standard gas pipeline
grade has moved from X52 through to the present X70, with the
maximum operating pressure rising from 6.8 MPa to 15.3 MPa.
Higher strength steels allow economic benefits through the use
of thinner walled pipe, with lower costs for transport-to-site and
field welding; and/or higher operating pressures with lower gas
transportation costs [1].

Pipeline steels can contain small concentrations of hydrogen
because of absorption during pipe welding or as a result of environ-
mental exposure. The presence of hydrogen raises the possibility
of hydrogen induced cold cracking (HICC or HIC) [2]. When a
steel pipeline is exposed to an acidic environment, its surface cor-
rodes and produces hydrogen. In the case of sour gas, the presence
of H,S can retard the recombination of hydrogen atoms to form
hydrogen molecules, allowing hydrogen atoms to enter the steel.
The adsorbed hydrogen atoms diffuse to tri-axial stress zones and
become trapped at sensitive microstructural features such as hard
phases and interfaces between non-metallic inclusions and the
steel matrix [3,4]. If the trapped hydrogen reaches the critical con-
centration necessary for crack initiation, HIC can take place. The
absorbed hydrogen atoms can also recombine to form molecules at
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defect sites such as voids, inclusions, grain boundaries and disloca-
tions, resulting in pressure build up that can lead to blisters and/or
cracking [5].

Understanding of the mechanisms of HIC of steels has been
enhanced by the development of models for hydrogen-trapping
by microstructural features, with local accumulation of hydrogen
[6]. A variety of structural features can act as traps: e.g., grain
boundaries, microvoids, dislocations, non-metallic inclusions and
precipitate particles [7]. These traps can be reversible or irre-
versible depending on their binding energy for hydrogen atoms.
Grain boundaries and dislocations are weak traps with low bind-
ing energies. On the other hand, the interfaces of non-metallic
inclusions such as MnS, oxides and oxysulphides of Al and Ca,
and precipitates like TiC are considered to be strong irreversible
traps for hydrogen at normal service temperatures [2,8-10]. Inclu-
sions and precipitates that have been reported in pipeline steels
include Al,03, complex Al-Ca-Si-oxides, oxides and oxysulphides
of Ca and Al, oxides of Mg and Mn, the spinel-type double oxide
FeO-Al, 03, titanium oxide, ferric carbide, MnS, complex (Fe, Mn)S
and nitrides and carbonitrides of Ti and Nb [2-4,6,11-16]. Large
inclusions such as elongated MnS and clusters or stringers of oxides
have been reported to increase the susceptibility of steels to HIC
[17] and hydrogen-induced blister cracking has been observed in
pipeline steels for Mn > 0.3% on exposure to a sour gas environment
[18]. However, a quench-tempering treatment has been reported
to remove the detrimental effect of Mn [19]. Elongated MnS inclu-
sions can degrade the fracture toughness of both the pipe body and
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Table 1
Chemical composition of the steels (wt.%).
C P Mn Si Ni cr Mo Cu Al Nb Ti \Y Ca N Ceqw)
X70 0.074  0.012 114 022 0.024  0.029 0.1 0.023 0.019 0.6 0.02 0.002 0.0002 0.0041 0.293
MX70  0.085 0.01 0.5 019 0018 0.26 0.1 0.011 0.04 0.059 0.035 0.003 0.001 0.0054  0.245
the weld line; and they can seriously reduce the cracking resistance 1600
in the presence of hydrogen [20]. However, elongated MnS inclu-
. .. N . . 1400 -
sions can be eliminated in conventional high Mn steels by use of
low S levels and sulphide shape controlling additions of Ca [21]. 1200 +
In recent years, there have been attempts to shift to lower Mn 1000 1
levels, in the range of 0.2-0.5% to reduce susceptibility to HIC, as o
well as decreasing centerline microstructural banding. At these s, 800 -
lower levels of Mn and at a given S level, formation of MnS from E’ 600 1
the liquid will take place closer to the solidification temperature e
and thus the particles are smaller in size [22]. Since the plasticity 400 -+
of MnS inclusions in the hot rolling process increases directly with 200 4
increasing Mn level [21], lowering the Mn level should reduce the
deformability of the inclusions, thereby reducing the final aspect 0 0 10 20 3 F

ratio.

The steel microstructure also plays an important role in HIC. In
the thermo-mechanically controlled processing (TMCP) of pipeline
steels, a range of microstructures can be obtained, which are based
on polygonal, quasi-polygonal or bainitic ferrite, together with one
or more of the minor constituents: pearlite, bainite, martensite and
austenite [23-25]. It has been reported that the efficiency of trap-
ping tends to increase in the following order: small second phase
particles, coarse pearlite, fine pearlite, bainite, and martensite
[15,26]. Huang [3] reported that microstructures containing gran-
ular bainite with martensite/austenite (M/A) micro-constituent
increase the susceptibility to HIC. Granular bainite forms at rela-
tively high transformation temperatures and, as the cooling rate
increases, transformation occurs at lower temperatures, produc-
ing finer bainitic ferrite laths with finer MA islands aligned along
lath boundaries [23]. This ferritic product also has a higher dislo-
cation density and higher strength than ferrite formed at higher
temperatures [23,27-31].

This study was conducted with the aim of investigating the
effect of microstructure and composition on HIC of X70 pipeline
steels with standard (1.2 wt.%) and medium (0.5 wt.%) Mn contents.
The program involved cathodic hydrogen charging (2 and 4 ppm),
three-point bend tests and microstructural characterization. The
coarse grained heat affected zone (CGHAZ) was also simulated and
tested for HIC resistance compared with the hot rolled (parent)
samples.

2. Experimental

Standard and medium Mn X70 grade pipeline steels (X70 and
MX70, respectively) were provided by BlueScope Steel Ltd. for use
in this investigation. Samples were taken from the X70 transfer bar
(TB) and from the finish rolled X70 and MX70 steels. The chem-
ical compositions of the steels are listed in Table 1. The carbon
equivalents were calculated using the [IW formula [32]. The trans-
fer bar samples were normalized in an argon atmosphere at 950°C
for 20 min to homogenize the structure before testing.

The CGHAZ structure typical of pipeline welding conditions was
simulated using a Gleeble 3500 thermomechanical simulator. Sam-
ples were subjected to a cooling time of 3 s between 800°C and
500°C (Atg_,5), consistent with that obtained for a heat input of
0.77 kJ/mm on 10 mm thick linepipe, see Fig. 1. High-pressure Ar
gas was used for cooling. The hardness of the steels was character-
ized by Vickers hardness testing using an INDENTEC instrument at
a load of 20 kg.

Time (Seconds)

Fig. 1. Thermal cycle used for simulation of the coarse grained HAZ structure pro-
duced during in-service pipeline welding.

Samples of dimensions 5 mm x 5mm x 25 mm were cut with
the long direction (L) in the rolling direction of the bar or strip.
A 1 mm deep, 0.3 mm wide notch was wire cut so that the notch
plane included the short transverse direction (S), and the notched
test piece had an L-S configuration [33]. The notched samples were
then subjected to fatigue pre-cracking on an Instron 1341 machine.
The Syncrack software (Syncrack Version 1, developed by Arthur
Carlton Synapse Technology Pty Ltd.) was employed to carry out
cyclic loading. The load used for pre-cracking, Py, is a function of
yield strength and is given by Eq. (1) [34]

=[5 (%)

where B, bg, S and oy are effective thickness, original uncracked
ligament, span and effective yield strength, respectively. To obtain a
fatigue crack of 1.5 mm depth, maximum loads of 850 N and 1350 N
were applied for the as-received and HAZ samples respectively. The
stress ratio and cycling frequency were 0.4 and 50 Hz respectively.
A range of 50,000-100,000 cycles was used for each specimen [35].
The machine cross-head speed during the three point bend test was
0.0083 mm/s.

Electrochemical charging was performed immediately after
fatigue pre-cracking to ensure that the charging was carried out
on fresh surfaces. Cathodic hydrogen charging of the samples at
a current density of 50mA/cm? was performed in 0.5N H,SO4
with 250 mg/L of NaAsO, as a recombination poison. Calibration
curves were obtained by charging the samples for different times.
To prevent the loss of hydrogen, the samples were stored in lig-
uid nitrogen immediately after cathodic charging. The amount of
hydrogen charged was measured by hot extraction, using an Eltra
ONH-2000 [36]. The distribution of hydrogen may be inhomoge-
neous because it diffuses from the surface into the material during
charging and effuses from the surface after charging. Therefore,
hydrogen measurement was performed on samples taken out from
a small localized region (~2mm x 2 mm x 5mm) of the charged
samples around the crack tip. This is the region where the crack
grows during three point bend testing and hence is most relevant
to the fracture toughness results presented. The calibration curve
showed that 20 and 90 min of charging were required to introduce
2 and 4 ppm of hydrogen, respectively.

(1)
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Fig. 2. Optical micrographs of samples. (a) Normalized standard Mn transfer bar, (b) X70 strip, (c) MX70 strip, (d) X70 HAZ and (e) MX70 HAZ.

In order to minimize hydrogen loss three point bend tests were
conducted using a Instron 5566 machine within 10 min of charging.
The samples were subjected to a series of loading-unloading cycles
and load vs. load line displacement curves were obtained. Crack
extension was calculated from the load line displacement as follows

(Eq. (2)):

a=W x (0.997 — 3.58U — 1.51U% — 110U3 + 1232U* — 4400U°)
(2)

where a is the crack length, W is the sample width and U is given
by Eq. (3).

1

U —
1+ \/EBS/F

3)

where 6, E, Band F are crack opening displacement, the elastic mod-
ulus, sample thickness and the applied load respectively. The data
collected by a digital camera during the three point bend tests were
used to measure §. The J integral vs. crack extension curves were
obtained in accordance with the method specified in ASTM E813-
89 [34] and the conditional value of fracture toughness, Jq, was
calculated.

The microstructures of all samples were characterized using
standard optical metallographic techniques. The polished sam-
ples were etched using 2% nital solution and examined by optical
microscopy. Energy dispersive X-ray spectroscopy (EDS) analysis
of the samples was carried out using a JEOL J[SM-7001F field emis-
sion gun scanning electron microscope (FEGSEM). To analyze the
type and distribution of inclusions and precipitates, automated
electron beam particle analyser software, Esprit Steel (Bruker,
Germany), was employed. An area of 5 mm x 2 mm of each sample
was scanned. After the three point bend test, the fracture surfaces
of the samples were examined using a JEOL JSM 6490LV SEM in
a region within 1 mm of the root of the fatigue crack in order to
achieve the best correlation.

3. Results
3.1. As received material characterization

3.1.1. Optical metallography and precipitate characterization

Fig. 2 shows optical micrographs of the samples investigated.
The normalized TB sample (Fig. 2a) exhibited a ferrite-pearlite
microstructure with an average ferrite grain size of 14+0.5 pm.
Although the X70 and MX70 strips also showed ferrite-pearlite
microstructures, the grains were slightly elongated along the
rolling direction (Fig. 2b and c). The average sizes of the ferrite
grains were 10 £ 0.8 and 11 £ 0.6 for the X70 and MX70 strip steels.
The area fraction of pearlite was determined to be 12+1,94+0.8
and 11 + 1% in the normalized transfer bar, X70 and MX70 samples,
respectively. Although there was little difference in the amount of
pearlite for the X70 and MX70 steels, pearlite banding was more
evident in the hot rolled X70 strip, consistent with its higher Mn
level and more pronounced compositional segregation. The simu-
lated CGHAZ of the X70 and MX70 (Fig. 2d and e) consisted mainly
of a bainitic ferrite microstructure that formed from coarse-grained
austenite.

The number of precipitate particles per square mm was deter-
mined using SEM with particles >0.25 pm being counted. Since the
number of particles per mm? was found to be significantly higher in
the MX70 sample (77 mm~2) than in X70 (38 mm~2), the standard
X70 steel is much “cleaner” than the medium Mn version, in terms
of density of inclusions/precipitates. The results of EDS microanal-
ysis of the precipitates are shown in Fig. 3, which is a plot of the
numbers of the different types of precipitates detected in the test
area for the two steels. A major difference, evident in this plot, is
that the areal density of nitrides in MX70 was more than an order
of magnitude higher than for X70. Most of these nitrides were com-
plex (Ti,Nb)(C,N) precipitates. This striking difference between the
standard and medium Mn steels is likely to be due to the higher
Ti, C and N contents of the MX70 steel (Table 1), which resulted
in a significantly larger fraction of carbonitride precipitates. The
numbers of sulphide inclusions per unit area, particularly MnS and
complex MnS, were almost the same for both steels. Since the S
contents of the two steels were the same (0.002%) and both Mn
contents are well in excess of that required for the stoichiomet-
ric ratio (Mn:S=1.71:1), the volume fractions of sulphides in the
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Fig.3. Plots showing the number per unit area and types of (a) nitrides, (b) sulphides
and (c) oxides present in the two steels.

two steels would be expected to be approximately the same. The
volume fractions were not determined, but the total numbers of S-
containing precipitates per unit area were similar for the two steels
(Fig. 3b). In contrast, the number of oxides in the MX70 strip was
almost double that observed for the X70 strip. These oxide inclu-
sions usually contained Fe, Ca, Al, Mg and Mn, and a small amount
of Ti was present in about 50% of these precipitates.

The mean sizes and the size distributions of the (Ti,Nb)(C,N),
Ca-Al oxides, and the aspect ratio of MnS precipitates in the two
steels are shown in Fig. 4. The (Ti,Nb)(C,N) precipitates in MX70
strip exhibited a unimodal distribution with an average diameter
of 0.8 £ 0.8 wm. The size distribution of the precipitates was very
broad with a long tail (not shown in Fig. 4a), with some precipitates
having diameters in the range 3-5 p.m. On the other hand, the X70
strip showed a bimodal distribution with mean sizes of 0.6 +0.2
and 2 +0.3 wm. However, it should be noted that the number of
the nitrides per unit area for the MX70 sample was significantly
higher than that for the X70 strip.

The mean aspect ratio of MnS particles in the MX70 strip was
larger than that of the X70 strip. The distribution of aspect ratios
of MnS particles in the MX70 strip was also wider and had a long
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Fig. 4. Plots showing the mean values and distribution of (a) size of (Ti,Nb)(C,N)
precipitates, (b) aspect ratio of MnS and (c) size of oxides of Ca and Al.

tail (Fig. 4b). Although the aspect ratio for MnS particles in MX70
extended up to about 20:1, the mean ratio was 7 £+ 5. For X70, the
mean aspectratio was 3.2 & 2. The present results are not consistent
with the reported trend of reduced plasticity and lower aspect ratio
of MnS particles with decreasing Mn content [21].

The average sizes of the Ca-Al oxide precipitates in the X70 and
MX70 strips were similar: 3.6 £3.8 um and 3.8 & 2.6 um, respec-
tively. Compared to the carbonitrides, the standard deviations of
the average values of the diameters of the oxide inclusions and
the aspect ratios of MnS precipitates were relatively high, because
these particles were less abundant and showed a considerable
spread in particle size/aspect ratio.

3.1.2. Hardness profile

Fig. 5 shows the hardness profiles of the two steels after
HAZ simulation. The gradients indicate that the simulated CGHAZ
extended over a distance of about 10 mm from the sample cen-
ter. The approximately constant hardness of this central zone was
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Fig. 5. Hardness profiles of X70 and MX70 samples subjected to weld thermal cycle
simulation.

about 265 HV for X70 and 222 HV for MX70, indicating that, for the
same cooling rate, the X70 transformed to a structure with a higher
strength than the MX70 steel. The X70 CGHAZ region exhibited a
hardness about 50 HV points higher than the base metal, whereas
the difference was ~20HV points for MX70. The higher hardness
increment for the X70 HAZ sample indicates transformation at a
lower temperature to finer and more dislocated bainitic ferrite. The
finer lath structure for the X70 HAZ sample is evident in Fig. 2 (com-
pare Fig. 2d and e). In the hot rolled condition, the X70 was about
10 HV points higher than MX70, but the difference was amplified to
43 HV points for the simulated CGHAZ samples. Li et al. [8] reported

|- -#-NTB —a— X70 —X—X70HAZ —X - MX70 —& —MX70HAZ
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Fig. 8. Variation of J values with hydrogen content for the tested samples.

a similar simulated CGHAZ hardness for X70 grade steel (238 HV),
for the same peak temperature (1350°C) and Atg_,5=4s(c.f.3sin
the current work). The alloy composition was: 0.05 C, 0.26 Si, 1.48
Mn, 0.17 Mo, 0.05 Nb (Cg(jw) =0.3).

3.2. Three point bend test

Figs. 6 and 7 show the J-resistance (J-R) curves (J-based fracture
resistance curves) for all samples, before and after hydrogen charg-
ing. The calculated Jq values are given in Table 2 and are plotted in
Fig. 8. The values of Jo decreased with increasing hydrogen content
in all cases with the decrease being approximately linear, Fig. 8.
Assuming a linear relationship between J and [H], the gradients (in
MPa m/ppm H) for X70 and MX70 are approximately —23 and —19,
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Fig. 6. J-R curves for X70 samples, before and after charging to 2 and 4 ppm hydrogen: (a) normalized standard Mn transfer bar; (b) hot rolled strip; and (c) simulated CGHAZ.
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Table 2

Experimental values of fracture toughness, Jo before and after charging to 2 and 4 ppm hydrogen.

Hydrogen content (ppm) X70 transfer bar X70 strip MX70 strip X70 strip HAZ MX70 strip HAZ
0 162 261 229 155 163
2 125 222 192 110 117
4 101 168 152 48 55

respectively; and —15 for the normalized transfer bar sample and
—27 for both of the simulated HAZ samples.

The hotrolled X70 samples clearly exhibited the highest fracture
toughness, Figs. 6 and 8. The J, values for the normalized transfer
bar showed a similar dependence on hydrogen content, but the
magnitudes of the Jq values were considerably lower than for the
hot rolled strip, Fig. 8. Comparison of the Jq values for the stan-
dard and medium Mn strips (Figs. 6b, 7a and 8) indicates that the
uncharged and charged MX70 samples were slightly, but consis-
tently lower than those for the X70 strip.

The simulated CGHAZ structures of the X70 and MX70 steels
showed significantly lower Jq values than those of the hot rolled
strip steels. These results demonstrate that there was a significant
reduction in the toughness of both steels when the fine grained
ferrite-pearlite structure of the hot rolled steels was replaced by a
coarse bainitic ferrite structure with martensite—austenite islands,
that was produced by transformation of coarse austenite grains.

3.3. Fractography

Typical SEM images of fracture surfaces of the normalized TB
and the two hot rolled strip steels, before and after charging, are
presented in Fig. 9. The uncharged samples exhibited features char-
acteristic of ductile fracture, such as shear dimples and microvoids,
Figs. 9d and g [7,37,38]. However, the hot rolled X70 and MX70
strips exhibited a combination of dimples and microvoids, whereas
the normalized transfer bar sample showed only elongated dimples
without any microvoids, Fig. 9a. The fracture surface of the MX70
sample presented in Fig. 9g contains a large inclusion within a large
shear/tear dimple.

On charging with 2 ppm hydrogen, the normalized transfer bar
and X70 strip specimens showed mixed mode or quasi-cleavage
fracture, but with cleavage dominating in the case of normalized
transfer bar (Fig. 9b) and elongated dimples without microvoids
being a significant feature of the X70 strip (Fig. 9e). Furthermore,
transverse cracking (cracking perpendicular to the main crack
growth direction) was evident in the fracture surface of X70 strip, an
effect that was correlated with microstructural banding of pearlite
grains parallel to the rolling direction of the strip. With an increase
in the hydrogen content to 4 ppm, the fracture appearance of both
the normalized transfer bar (Fig. 9c) and X70 strip (Fig. 9f) samples
exhibited cleavage fracture with facets containing river markings
and shear steps or ridges between facets.

The MX70 strip, on the other hand, showed predominantly
elongated shear/tear dimples on charging with 2 ppm H (Fig. 9h);
and a fracture surface comprising microvoids and dimples, as well
as cleavage facets for 4 ppm hydrogen (Fig. 9i). The charged and
uncharged MX70 samples consistently showed inclusions either
within dimples or at centers of cleavage fracture regions.

From the fractographs shownin Fig. 9, it is evident that the facets
observed in the normalized transfer bar samples are coarser than
those in X70 and MX70 strip samples. This difference is likely to
arise from the coarser ferrite grain size in the normalized transfer
bar samples.

Fig. 10 shows fractographs of simulated CGHAZ samples of X70
and MX70 samples, before and after charging. The uncharged MX70
HAZ sample (Fig. 10d) exhibited a quasi-cleavage morphology with
evidence of dimples, microvoids and cleavage facets; whereas only

dimples and microvoids were observed for the uncharged X70 HAZ
sample (Fig. 10a). Shear dimple regions of the fractured X70 HAZ
samples also showed remnants of fine microvoids that had coa-
lesced to produce coarser shear dimples that were 20-50 pm wide.
The presence of 2 ppm hydrogen (Fig. 10b and e) resulted in simi-
lar quasi-cleavage fracture morphologies in both simulated CGHAZ
samples: cleavage facets and regions of microvoids. With 4 ppm
hydrogen (Fig. 10c and f), both steels exhibited large cleavage facets
separated by shear steps and tear ridges.

4. Discussion

Microstructural features such as reversible and irreversible
traps present in the steel reduce the mobility of hydrogen toward
regions of stress concentration ahead of the crack tip and thereby
influence the susceptibility of the steel to HIC. However, if the
hydrogen concentration in the traps increases above the critical
value for crack initiation, then traps can act as crack initiation
sites. These sites can “trigger” cracking in the stress concentrated
zone ahead of the crack front [39]. Micro-fractures around large
inclusions were observed in the present work and it is inferred
that particle decohesion is induced by trapped hydrogen, produc-
ing sharp cracks and a local stress concentration high enough to
promote crack extension by cleavage or void growth around the
particle. These “pre-cracked” regions become incorporated in the
crack surface on propagation of the crack front [39].

The type, amount, size and distribution of traps affect the HIC
susceptibility of the steel remarkably [2]. The observed differences
in fracture toughness of the different samples studied here are dis-
cussed below in terms of the effects of grain size, microstructure
and the type and distribution of precipitates.

4.1. Effect of grain size

It is well established that grain refinement of metals and alloys
increases the fracture toughness. Consequently, the finer grain size
of the X70 strip in the uncharged state results in a higher g value
compared with the coarse grained normalized TB. Furthermore, it
has also been reported that grain refinement improves the resis-
tance of materials to HIC [40-42]. However, when hydrogen is
introduced into the material, grain boundaries can either increase
the hydrogen diffusion rate [43-45] or decrease it by acting as
reversible hydrogen trapping sites at the nodes [46]. As the grain
size decreases, the mobility of hydrogen increases because of a
larger grain boundary area per unit volume, but the higher density
of nodes or junction points can act as potential traps for hydrogen
atoms and lead to a reduction in its overall mobility. As a result of
these two opposing effects, the hydrogen diffusion coefficient will
be a maximum at an optimum grain size, as pointed out by Ichimura
[46]. Since the most significant microstructural difference between
the normalized TB sample and the X70 strip was the ferrite grain
size,itis likely that in the coarser structure less hydrogen in trapped
in nodes and junction points facilitating a higher hydrogen flux to,
and build up in, the stress concentrated zone ahead of the crack tip,
thus facilitating crack propagation. The fine grained MX70 sample
also exhibited higher Jq values than the TB sample, before and after
hydrogen charging.
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Fig. 9. SEM fractographs of fracture surfaces before and after charging of the samples; left column ((a), (d), (g)) - 0 ppm, middle column ((b), (e), (h)) - 2 ppm, right column
((c), (), (i)) - 4 ppm: normalized transfer bar - (a)-(c); X70 strip - (d)-(f); and MX70 strip - (g)-(i).

Fig. 10. SEM fractographs of fracture surfaces before and after charging of the simulated CGHAZ samples; left column ((a), (d)) - 0 ppm, middle column ((b), (e)) - 2 ppm,
right column ((c), (f)) - 4 ppm: X70 - (a)-(c); and MX70 - (d)-(f).
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It is also well known that dislocations can act as effective traps
for hydrogen, thereby reducing the mobility of hydrogen atoms.
Therefore, the lower dislocation density of the ferrite-pearlite
microstructure of the normalized transfer bar sample would also
be expected to allow faster diffusion of hydrogen to, and its accu-
mulation in, the stress-concentrated zone ahead of the crack tip.
Further, the availability of hydrogen atoms would be likely to facil-
itate hydrogen build-up in particle/defect traps in close proximity
to the crack front. Permeation experiments [47] confirm that the
diffusivity of hydrogen is higher in the normalized transfer bar steel
compared to the X70 strip. Decohesion or particle cracking would
occur when the H concentration and local stress reached critical
values. Therefore, in terms of microstructural factors, the lower
fracture toughness of the normalized TB sample in the charged state
can be attributed to the combined effect of coarser ferrite grains and
lower dislocation density. The relatively low fracture toughness in
the uncharged condition is considered to be a grain size effect.

4.2. Effect of microstructure

The uncharged and charged X70 strip samples exhibited slightly
higher Jq values than the MX70 samples. A possible contribut-
ing factor for this result is that more significant ferrite-pearlite
banding was observed for the X70 strip. From electrochemical per-
meation experiments on ferrite-pearlite banded structures, Chan
and co-workers [48,49] have shown that the effective diffusivities
of hydrogen in specimens where the banding is perpendicular to
the direction of hydrogen entry is an order of magnitude lower than
in those specimens where hydrogen entry is along the direction of
banding. Since the direction of the loading in the hot rolled X70
strip was perpendicular to the banded structure, reduced mobility
of hydrogen toward the crack tip could have contributed to a higher
toughness value in charged samples compared with the MX70 strip,
which did not show any evidence of banding.

Although the Jq values in the presence of H were higher for
the X70 samples, fracture propagation occurred predominantly by
cleavage. Despite this “brittle” mechanism of cracking, more energy
was evidently consumed in the crack extension process than for
the MX70 samples, which were ostensibly more “ductile”, with
the dominance of microvoids and shear dimples. Beachem’s prin-
ciple [50], that H induces cracking by facilitating the mechanism to
which the microstructure is most susceptible, is relevant to these
observations. This principle underpins subsequent development
of two general mechanisms for hydrogen embrittlement: hydro-
gen induced local plasticity (the HELP model [51]); and hydrogen
enhanced decohesion (the HEDE model [51]). It is therefore con-
cluded that the lower shear strength of the MX70 and the presence
of hydrogen facilitates dislocation motion (local plasticity) that
contributes to the formation of microvoids and shear dimples, in
association with decohesion/cracking of inclusion and precipitate
traps. In comparison with relatively “easy” dislocation movement
in MX70, the significantly higher solute Mn content in the X70 could
restrict dislocation mobility to the extent that, after fracture initia-
tion by particle decohesion, crack propagation occurs by cleavage,
albeit with a higher expenditure of energy. The role of particles is
discussed in the following section.

The simulated HAZ microstructures of both samples consisted
predominantly of coarse bainitic ferrite laths with aligned inter-
phase martensite—austenite (MA) islands. The boundaries between
the bainitic ferrite laths are low angle boundaries that do not
impede crack propagation [52]. Fracture of bainitic steels along lath
boundaries has been reported [53,54] and the MA constituent is
known to provide initiation sites for fracture because of its high
hardness and crack susceptibility [55].

When the samples are charged with hydrogen, the bainitic
lath boundaries can trap large amounts of hydrogen [15]. Arafin

and Szpunar [53] have observed extensive cracking in bainitic
microstructures and suggest that the accumulation of a signif-
icant amount of hydrogen at the bainitic lath boundaries can
eventually lead to the separation of these interfaces and result in
cracking when the hydrogen concentration reaches a critical value.
Therefore, in the presence of hydrogen, propagation of transgran-
ular cleavage cracks can be facilitated by the presence of bainitic
lath interfaces, although the cracks may initiate at local MA regions
in the bainitic ferrite structure [53].

The low Jq values recorded for the simulated CGHAZ samples are
aconsequence of the coarse prior austenite grain size, the formation
of relatively coarse laths of bainitic ferrite, the presence of elon-
gated MA islands, the high hardness of these structures (Fig. 5), and
the low resistance to crack propagation along lath boundaries in
both the charged and uncharged conditions. The more HIC-resistant
structures of the parent X70 or MX70 steels consisted mainly of
polygonal or quasi-polygonal ferrite.

The ferrite laths formed in the X70 HAZ sample were finer than
those present in MX70 HAZ (Fig. 2d and e), because the higher hard-
enability of the X70 steel (see Cg(jwy values in Table 1), resulted in
transformation on cooling over a lower temperature range. Nev-
ertheless, the Jq values were only marginally higher for the X70
HAZ (Fig. 8), because lath interfaces and MA islands dominate in
the fracture process rather than fracture across the thickness of the
laths.

4.3. Effect of precipitates

In hot rolled steels like those used in this study, hydrogen can be
trapped at interfaces between the matrix and non-metallic parti-
cles or at the surface of voids and cracks, etc. As the trap activation
energies of the interfaces of non-metallic inclusions such as MnS
and precipitates of TiC are high, they are regarded as strong irre-
versible traps for hydrogen [9,56,57]. Pressouyre and Bernstein
[9] reported that incoherent TiC precipitates are more effective
than coherent TiC precipitates, whereas Takahashi et al. [56] and
Valentini et al. [58] found fine coherent TiC particles and Ti(C,N)
precipitates to be stronger irreversible traps. According to Wei and
Tsuzaki [59], NbC precipitates are stronger traps than TiC in tem-
pered martensitic structures and in API X70 steels, subjected to
electrochemical charging in H,SO4 solutions. Dong et al. [2] have
reported that rather than nitrides of Ti and Nb being the main trap
sites that cause HIC, coarser inclusions such as oxides play a dom-
inant role. Although Pressouyre and Bernstein [9] considered MnS
inclusions to be strong irreversible trapping sites for hydrogen,
other researchers have concluded that they have moderate bind-
ing energies for hydrogen and can act as reversible trapping sites
[60]. The Jq values for the two strips are discussed below, taking
into account relevant reports from the literature and the types and
distributions of precipitates observed in this study.

The current study indicated that the MX70 strip had higher num-
ber densities of complex (Ti,Nb)(C,N) precipitates and oxides of Ca
and Al, compared to the X70 strip (Fig. 3). As mentioned above,
several authors reported that fine carbonitrides can act as strong
traps for hydrogen and significantly reduce the mobility of hydro-
gen, thereby increasing its resistance to HIC [61-63]. However, the
three point bend tests results showed that the MX70 strip charged
to 2 ppm and 4 ppm hydrogen exhibited slightly lower Jq values
than the X70 strip. This result can be rationalized in terms of the
size distribution of the different precipitates in these two steels.
The carbonitride precipitates in MX70 strip showed a broad dis-
tribution of sizes and some very large precipitates were observed
(see Fig. 11b). Moreover, the MX70 strip had double the number
of oxide inclusions compared to X70 strip with most of the inclu-
sions having diameters greater than 2 um. Dong et al. [2] observed
cracks originating from large inclusions of Ca-Al oxides, rather than
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Fig. 11. SEM fractographs of MX70 samples showing large carbonitride particles.

Ti or Nb carbonitrides. They suggested that the larger diameters of
the oxides (2-3 wm in diameter) can attract more hydrogen than
fine carbonitrides and can therefore play a dominant role in HIC.
On this basis, the lower Jq values observed for the charged MX70
strip may be attributable, at least in part, to the presence of coarse
oxide inclusions and/or (Ti,Nb)(C,N) precipitates in these samples.
These particles could effectively trap hydrogen to the critical level
to induce particle cracking or interfacial decohesion, leading to
local void growth and coalescence or to cleavage fracture. This
hypothesis is supported by evidence of inclusions/precipitates at
the centers of dimples and cleavage fracture sites, see for example,
Figs. 9g and 11.

The number densities of MnS precipitates are almost the same
in both of these strips. However, it can be seen from Fig. 4b that
the distribution of the aspect ratios of MnS precipitates for the
MX70 specimen has an extremely long tail with some MnS pre-
cipitates exhibiting aspect ratios up to 20:1. Domizzi et al. [11]
have reported that the presence of even a small number of very
elongated inclusions can result in reduced HIC resistance. So this
factor could contribute to the lower HIC resistance of the MX70
steel. However, in this study, the elongated MnS inclusions were
aligned perpendicular to the loading direction during the three
bend tests and therefore it is suggested that they would not have
any significant detrimental effect on fracture toughness of the
MX70 strip. Rather, it is considered that the lower ] values com-
pared to X70 are due mainly to the presence of a higher total
density of precipitates/particles (Fig. 3), particularly oxide inclu-
sions; their susceptibility to H-induced cracking/decohesion; and
decreased resistance to shear fracture mechanisms, by dislocation
motion, because of the lower concentration of solute Mn.

5. Conclusions

1. Increasing the hydrogen content from 0 to 4 ppm resulted in an
approximately linear decrease in fracture toughness (Jo) for all
of the samples tested.

2. The hot rolled X70 steel consistently exhibited higher Jq values
than the MX70 strip before and after hydrogen charging. There-
fore, decreasing the Mn content from 1.2% to 0.5% in the steels
investigated resulted in a decrease in fracture toughness.

3. Inthe charged condition, the coarse grained, normalized TB sam-
ple showed much lower Jq values than both hot rolled strip
steels. It is concluded that the coarse ferrite grains and the rel-
atively low dislocation density enhanced hydrogen build-up in
the stress-concentrated zone ahead of the crack tip, facilitating
decohesion and cracking of particles in this zone.

4. The fracture surfaces of X70 and MX70 in the uncharged
state were characterized by more ductile modes of cracking:
microvoids and shear dimples. In the presence of 2 and 4 ppm
hydrogen, more brittle modes: quasi-cleavage and cleavage,
were evident.

5. Although the fracture surfaces of hydrogen-charged MX70
showed that shear mechanisms were more significant than for
the corresponding X70 samples, MX70 exhibited slightly lower
Jq values than X70. It is concluded that the presence of a higher
volume fraction of coarse oxide and carbonitride particles in
MX70 promoted H-induced decohesion and the lower yield
strength facilitated H-induced local plasticity, with void forma-
tion, growth and coalescence.

6. Simulated CGHAZ structures for both the standard and medium
Mn steels showed low Jq values which decreased with increas-
ing hydrogen. There was little effect due to the difference in Mn
content. The relatively hard and coarse bainitic-ferrite structure
with MA islands resulted in a marked decrease in toughness,
both with and without hydrogen.
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