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Abstract Hydrogen-assisted cold cracking is generally ac-
cepted to be the consequence of a critical concentration of
hydrogen trapped within a susceptible microstructure and sub-
jected to a threshold level of stress. Traditionally, hardness has
been used as a proxy for establishing the critical limits above
which the risk of a hydrogen crack propagating is considered
significant. However, developments in the steel-making pro-
cess, in particular thermomechanically controlled processing,
has brought into question the suitability of empirical hardness
limits developed using older generation steels. In this paper, a
safe welding boundary was established for single-pass root
runs for API 5 L X70 steel welded with E6010 electrodes.
Across this boundary, it was shown that hydrogen cracks were
present in welds with hardness’s well below the traditionally
accepted threshold of 350 HV. This paper explores the use of
nanoindentation as means of quantifying the susceptibility of
welds deposited on high-strength low-alloy steels, using
shielded metal arc welding, to hydrogen-assisted cold crack-
ing. It is suggested that the use of the hardness/elastic modulus
(H/E) ratio, which is directly related to the yield strength of a
material, is a more suitable parameter to predict weld metal
hydrogen-assisted cold cracking (HACC) susceptibility than
is the hardness alone.
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1 Introduction

In Australia, the use of hydrogen-rich cellulosic consumables
is common place for the construction of oil and gas pipeline
networks. Coupled with the high levels of restraint as a result
of clamping and the lifting-lowering stresses, the pipeline is
subjected to during construction, the root pass is generally
accepted as the most vulnerable pass with respect to suscepti-
bly to hydrogen-assisted cold cracking (HACC). Although the
exact mechanism governing the initiation and propagation of
hydrogen cracks is still in contention, it is generally accepted
that hydrogen cracks occur when critical levels of hydrogen
interact with a susceptible microstructure when a weld is sub-
jected to a threshold level of stress [1–20]. Preheat can mini-
mise the risk of cracking [2–4]; however, it limits weld pro-
ductivity and adds costs. To ensure that the risk of HACC is
designed out of the weld procedure, evaluation of the condi-
tions for the onset of HACC needs to be established with
confidence.

1.1 Weld metal hydrogen-assisted cold cracking

Hydrogen cracking is traditionally associated with crack initi-
ation and propagation through the heat-affected zone (HAZ).
However, with the improvements in the steel-making process
and a consequent reduction in steel hardenability, an increased
tendency for HACC to occur in the weld metal (WM) rather
than the HAZ is suggested [3, 17, 21, 22]. The prevalence of
weld metal hydrogen-assisted cold cracking (WMHACC)
over heat-affected zone hydrogen cracking (HAZ HACC)
has been suggested to be the consequence of changes in the
alloy content and the as-cast microstructure of the parent plate.
Modern alloy designs have raised the austenite (γ) to ferrite
(α) transformation temperatures of the heat-affected zone to a
point where the ferrite transformation occurs in the heat-
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affected zone before the weld metal [1]. As the solubility of
hydrogen in ferrite is lower than in austenite [23], hydro-
gen is rejected from the HAZ and accumulated in the WM.
The higher diffusivity of hydrogen in ferrite [24] also fa-
vours this process. The consequence is the preferential ac-
cumulation of hydrogen in the weld metal as illustrated in
Figs. 1 and 2.

1.2 Predicting the onset of hydrogen-assisted cold
cracking—HACC control criterions

The potential catastrophic consequence of hydrogen-assisted
cold cracking has seen a significant amount of research fo-
cused on derivingmethods to predict the onset of the phenom-
enon. As it universally agreed [1–22, 25–27], that HACC can
be summed up as the critical interaction of three factors (hy-
drogen concentration, susceptible microstructure and stress),
empirical predictors have generally focused on identifying
thresholds of the three factors above which the risk of
HACC is considered to be significant.

Considering that an accurate estimation of stresses
evolved during fabrication is difficult to achieve, the most
commonly adopted methods by industry and in particular
by statutory codes is the control of hydrogen and a control
of the resulting microstructure. Unlike residual hydrogen
which has a direct correlation to the level of preheat

applied [2] and thus makes the hydrogen control criterion
the most commonly adopted control criterion, a proxy
which defines a ‘susceptible’ microstructure is much more
complex to define. The complexity arises from the inho-
mogeneity of the weld microstructure [28].

The simplest proxy used to define microstructural suscep-
tibility to hydrogen cracking is hardness [2–4, 17]. It is there-
fore not surprising that hardness control criterions have been
extensively codified [29–31]. Graville [19] compared the suit-
ability of the hardness versus the hydrogen control criterions
and suggested that the use of hardness control is best suited to
steels with limited alloy content. His hypothesis was based on
the observation that steels with a limited alloying content have
steep hardening curves and the hardness of the heat-affected
zone can be determined with a high degree of accuracy by
measuring the critical cooling time (t8/5; Fig. 3). Conversely,
for low-carbon andmicroalloyed steels, as the hardness profile
of the weld is not influenced significantly by the critical
cooling time (t8/5), Graville suggested that hydrogen control
approach would be more appropriate.

Based on empirical observations, a system commonly
known as Graville’s diagram (Fig. 4), which classifies steels
based on their carbon content and alloying constituents, was
proposed. This system simplifies the selection of the most
appropriate criterion to employ to minimise the risk of hydro-
gen cracking.

Fig. 1 HAZ-HACC. The
austenite (γ) to ferrite (α)
transformation is suggested to
occur in theWM before the HAZ,
leaving the HAZ to effectively
acting as a hydrogen sink.
Hydrogen accumulates in areas of
high tri-axial stress within the
HAZ, creating conditions which
favour the formation of hydrogen
cracks

Fig. 2 WM-HACC. Modern
alloy designs favour the austenite
(γ) to ferrite (α) transformation in
the HAZ before the WM. This
transforms the WM into an
effective hydrogen sink within
which hydrogen can accumulate
in areas of high tri-axial stress,
creating the conditions which
favour the formation of hydrogen
cracks
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Zone 1 steels are typically considered to be steels at low
risk of cracking, unless welded under high restraint and with
high-hydrogen electrodes such as cellulosic electrodes. When
considering HACC control strategies to implement, steels in
zone I are typically subject to the hydrogen control criterions.
Zone 2 steels on the other hand are characterised by signifi-
cantly higher-carbon content and consequently have much
steeper hardening curved compared to steels in zone 1.
Steels in zone 2 are therefore subject to hardness control cri-
terions. Zone 3 steels are typically subject to a combination of
both criterions given the elevated risk of cold cracking.

It is important to note that the hydrogen and the hardness
control criterions have different areas of emphasis. As

expected, with hydrogen control criterions, the emphasis is
on hydrogen diffusion and restraint, whereas with hardness
control criterion, the emphasis is on the primary factor which
influences the resulting microstructure, namely chemistry.
Nevertheless, both control criterions acknowledge and take
into consideration that HACC is the consequence of the inter-
action of trapped hydrogen in a susceptible microstructure
subject to stress when estimating the level of preheat required
to ensure that crack-free welds can be deposited.

The introduction of new microalloyed, thermomechanically
controlled processed (TMCP) steels has raised the question of
the suitability of the empirically derived control criterions,
based on older generation steels. Limited data on the suitability
of these traditional criterions on newer grades of steels and
studies such as those by Davison et al. [32] demonstrate the
need to assess the control criterions. This is compounded by the
development of novel methods which can be used to extract
mechanical properties of materials such as instrumented
indentation.

1.3 Instrumented indention

Although indentation has been used to measure hardness for
several decades [33], technological advancement in the field
of instrumentation and the subsequent advent of instrumented
indention, on both at microscale and nanoscale, have facilitat-
ed the measurement of material micromechanical properties
through the decomposition and analysis of the load versus
penetration depth curve. Numerous reviews addressing the
fundamental principles of contact mechanics upon which the
technique of instrumentation indentation is based have been
published in addition to reviews exploring the applications of
instrumented indention [33–42].

Unlike classical hardness measurements which use a defi-
nite test body to make an indent into the surface of a material,
which has to be optically measured, instrumented indentation
utilises an accurate measurement of the load applied to the
indenter tip and the consequent depth of penetration into the
surface. This allows for an accurate measurement of the uni-
versal hardness, H, as highlighted in Eq. 1, where Fmax is the
maximum applied load and Ac is the cross-sectional area cor-
responding to the depth hc.

H ¼ Fmax

AC hcð Þ ð1Þ

The determination of the contact depth hc is given by
Eq. 2, where S is the contact stiffness obtained from the
slope of the upper portion of the unloading force-depth
curve (Eq. 3).

hc ¼ hmax−0:75
Fmax

S
ð2Þ

Fig. 3 Schematic representation of hardenability curves for low- and
medium-carbon steels [4]. HAZ hardness of medium-carbon steels
change significantly in a t8/5 region corresponding to low heat input
welding or when the carbon equivalent changes (CEIIW)

Fig. 4 Graville’s diagram [19], illustrating the classification of steel
weldability based on their carbon content and alloying composition as
described by their carbon equivalent
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S ¼ dF

dh
ð3Þ

The reduced Young’s modulus Erwhich is a measure of the
elastic properties of the sample can be calculated from the
force-depth curves according to Eq. 4.

Er ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffi

π
Ac hcð Þ

r

dF

dh
ð4Þ

For an elastically deformable indenter, the reduced modu-
lus Er is related to the actual Young’s modulus E by Eq. 5,
where ν is Poisson’s ratio of the indented material and νi and
Ei are the Poisson’s ratio and Young’s modulus of the indenter,
respectively.

1

Er
¼ 1−υ2

E
þ 1−υ2i

Ei
ð5Þ

where penetration depths are greater than 320 nm and the area
function can be estimated using a standard calibration proce-
dure on a fused silica quartz sample of a known Young’s
modulus [40].

Therefore, the application of instrumented indention al-
lows for the elastic and plastic contribution to indention to
be measured. This al lows for the material to be
characterised in terms of its elasto-plastic properties and
was cited by several authors as an ideal method to charac-
terise microstructures of steels and weld areas [40–42].

This is especially important when quantifying the suscep-
tibility of a weld to HACC, as crack propagation is depen-
dent on the elasto-plastic properties of the material within
which a crack has initiated [43].

2 Experimental procedure

In order to establish the viability of micromechanical charac-
terisation as a means of assessing the susceptibility of a weld
deposit to HACC, a two-tier experimental program was
employed as summarised in Table 1 below.

Using the two-tier approach, the variation in the key
micromechanical properties can be used as a means of
characterising the susceptibility to WMHACC.

2.1 Weldability testing

Weldability tests were conducted using the Modified Welding
Institute of Canada (MWIC) weldability test [44] on two
thicknesses (20 and 10 mm) of API 5 L X70 line pipe steel
using 4-mm Ø E6010 electrodes. The MWIC test is a variant
of the Welding Institute of Canada Test (WIC) which is a
widely accepted weldability test used by the pipeline industry
to rank the susceptibility of a single-pass weld to HACC.
Figure 5 illustrates the dimensions of the test specimen and
specifications of the preparation of the single butt V grove
joint within which the tests welds are deposited. The elemental
compositions of the batch of steel and batch of electrode used
for testing are given in Tables 2 and 3, respectively. To repli-
cate conditions found in Australia, in particular the high travel
speeds, weldability testing was conducted within the parame-
ters listed in Table 4.

To minimise variability introduced by the manual
welding process, the tests welds were deposited using a

Table 1 Divisions of the experimental program

Tier 1 Weldability tests are conducted to derive an empirical envelope
within which a safe welding boundary can be delineated.

Tier 2 Samples selected from across the derived safe weld boundary are
characterised using instrumented indentation to determine the
elastic modulus and hardness of weld metal microstructure.

Parent Plate

Spacer

Base Plate

Fig. 5 Dimensions of the MWIC weldability test and single V butt weld preparation used for weldability testing. All dimensions in millimeter
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uni-directional, semi-mechanised shielded metal arc
welding (SMAW; weld efficiency η ≈ 1) machine with a
specimen-holding plate moving vertically upwards during
welding at a controlled velocity, thus simulating vertical-
down welding conditions. A constant force and an angle of
20° normal to the plate were maintained between the elec-
trode and the workpiece. The Lincoln Electric Invertec
350 V Pro was used as the welding power source. The
groove surfaces of the test specimen and 25 mm either side
of the weld centreline was polished down with ISO 80-grit
(201 μm) emery paper and degreased with acetone, to min-
imise the probability of introducing contaminants (such as
surface oil and grease) which may dissociate in the welding
arc and may alter the cracking results. The entire specimen
was de-gaussed prior to welding to eliminate any residual
magnetic fields introduced during fabrication of the
weldability specimen. This was shown to be essential
[44] to ensure successful, symmetric deposition when
using a semi-mechanised method of deposition on the
MWIC test. Weldability testing was conducted over a 12-
month period in an indoor facility where the temperature
varied from a minimum of 22.6 °C to a maximum of
28.3 °C with a mean temperature of 25.1 °C. The relative
humidity on site during testing varied between 38 and
67 % with a mean relative humidity of 54.1 %. The 350-
mm-long, 4-mm Ø E6010 electrodes used for testing were
stored in a hermetically sealed container and were used in
their ‘as-received’ condition for testing.

2.2 Data acquisition

Welding parameter trace data (voltage and current) was collect-
ed at 0.5 Hz directly from the welding power source (Lincoln
Invertec 350 V Pro) using a serial interface and the propriety
software, Power Wave Manager™ supplied by Lincoln
Electric. Travel speed data was derived by measuring the dis-
placement of the specimen holding plate using Sick Laser sen-
sor DT20-P214B (±1 mm) and the internal clock of the data
acquisition system. Test plate thermal data was obtained by
fitting three electrically grounded K-type thermocouples (1-
mm outer diameter) coated with thermal paste into the parent
plate MWIC specimen. Data was channelled at 10 Hz through
an optical isolation system into several 16-bit National
Instruments® (NI) 9215 voltage modules embedded in a NI-
CDAQ-9188 chassis. Independent calibration was carried out
to ensure signal accuracy and fidelity. A custom program was
written in LabVIEW® 2010 to acquire and record data.

2.3 Weld analysis

The welded joint was removed from theMWIC specimen 24 h
after weld completion by milling the test assembly just inside
the restraint length. The anchor welds were sawed off using a
water-cooled precision metallographic saw, and the test sam-
ple was divided into six sections. To prepare the sections for
metallographic analysis and indentation, each section was hot
mounted in a conductive epoxy and polished using a semi-
automatic LaboForce polishing machine (Struers). Final
polishing was achieved using a porous neoprene disc with a
colloidal silica suspension (0.04 μm). The samples were then
observed at ×400 magnification for the presence of cracking
using an optical microscope (Ziess Axio Imager 2). Selected
samples were then etched using a 2 % nital solution to reveal
the weld metal microstructure.

Table 2 Chemical composition of line pipe steel (percent weight; from manufacturer)

C Mn Si S P Nb Ti Cu Ni Mo Cr Ca Al V

0.052 1.55 0.21 0.0011 0.0097 0.041 0.012 0.15 0.19 0.18 0.026 0.0016 0.039 0.029

Table 3 Electrode batch chemical composition (percent weight; from
manufacturer)

C Mn Si S P Ni Mo Cr V

0.16 0.62 0.19 0.009 0.009 0.2 0.01 0.02 <0.01

Table 4 Testing parameters
Welding specifications Welding parameters

Direction Vertical down (5 G) Current 130–170 A

Size of electrode 4.0 mm Voltage 25–30 V

AWS class 5.1 A Travel speed 250–470 mm/min

Specification 6010 E Heat input range (targeted) 0.41–1.00 kJ/mm

Polarity DC+ Preheat range (targeted) 25 °C–100 °C
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2.4 Micromechanical analysis

For micromechanical characterisation, the fourth sections of
selected test samples were prepared by mounting the metallo-
graphically prepared sample onto a sturdy test stage. The sam-
ples were attached to the stage using an adhesive to ensure no
lateral movement was possible during the stage motion whilst
ensuring that the test section remained perpendicular to the
indenter during testing.

Indentation testing was carried out using the Fisher-Cripps
IBIS Nanoindention System. Symmetric indention maps
(Fig. 6), consisting of 480 indents (60 columns and 8 rows)
with an 80-μm space between the centre point of each indent,
were made using a Berkovich-type diamond tip indenter. The
initial column was located at the approximate centreline of the
weld, and the maps spanned outwards towards the HAZ.

Testing was conducted at a load of 250 mN to achieve a
sufficient penetration of the indenter tip into the material (ap-
proximately 2 μm). This depth insured that the tested material
volume is representative of the considered microstructure vol-
ume. The area function was approximated by a standard cal-
ibration procedure with fused quartz material of known
Young’s modulus and hardness. High-magnification images
of selected cracks, indents, and microstructure were taken
using the FEI Quanta 450 FEG environmental scanning elec-
tron microscope (ESEM).

3 Results and discussion

3.1 Delineation of safe welding boundary

Each of the six sections (Fig. 7) from a single test piece was
examined at a magnification of ×400 and classified as cracked
when the vertical length of the defect observed in a single
section (tc) was greater than 5 % of the height of the weld
bead (tw) of the test section under analysis (Fig. 8). Cracking

Fig. 6 top Indention map. bottom
left Spacing between successive
indents. bottom right High-
magnification image of individual
indent

Fig. 7 Weldability test piece with the location of the six faces to be
examined under an optical microscope at a magnification of ×400
highlighted

Fig. 8 Schematic of a face of a test section. A sample is defined as
cracked when a linear defect whose vertical length (tc) is greater than
5 % of the bead height (tw)
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severity was defined as the arithmetic sum of the observed
percent cracking over the entire test piece.

A total of 25 tests were conducted for 20-mm-thick plates
under high restraint (Rf=25 mm), of which 22 were used for
crack analysis and 3 were used to defined the lower limit of
weld deposition. For the tests used for crack analysis, the
recorded current ranged from 121 to 167 A with recorded
voltage varying from 19.1 to 29.9 V, and the calculated heat
input ranged from 0.37 to 1.11 kJ/mm. Tests were conducted
with a preheats of 25, 50, and 100 °C. Similarly, a total of 14
tests were conducted for 10-mm-thick plates under high re-
straint (Rf=25 mm) with 10 tests instrumented and analysed
for cracking results and 4 used to validate the lower limit of
weld deposition. The recorded current ranged from 119 to
163 A with the recorded voltage ranging from 21.9 to
24.6 V, and the calculated heat input ranged from 0.48 to

0.82 kJ/mm. Testing was carried out with preheats of 25, 40,
and 50 °C.

These weldability tests established a lower heat input (HI)
limit of 0.3 kJ/mm for both the 20- and 10-mm tests plates
when welded in ambient condition (i.e. T=25±2 °C and RH
<80 %). Below this heat input limit, the welds suffered from
insufficient penetration and lack of side wall fusion. Within
the heat input range of interest (0.4 kJ/mm<HI<1 kJ/mm),
testing results empirically suggest that for the 20-mm-thick
sections of line pipe steel under high restraint (Fig. 9), the
minimum (critical) preheat (PH) required to deposit single-
pass hydrogen crack-free weld as a function of the heat input
can be defined as PH(°C)=70−50 HI(kJ/mm). Similarly, for
the 10-mm-thick plates welded under high restraint (Fig. 10),
the minimum (critical preheat) required to deposit single-pass
hydrogen crack-free welds can be defined as PH(°C)=100
−100 HI(kJ/mm).

The observed hydrogen cracks developed on the samples
indicated as red triangles in Figs. 9 and 10 can be classified
into two distinct categories, macroscopic and microscopic
cracks. Macroscopic cracks typically originated from the weld
toe and propagated in a transverse fashion though the weld
cross section (region of interest (ROI) 1; Figs. 11 and 12). The
cracks ranged in length from a tenth of a millimetre to several
millimetres. Microcracks, on the other hand, were distributed
throughout the weld metal and were generally orientated per-
pendicular to the forces arising (normal to the weld) as a result
of the restraint conditions created by the weldability test spec-
imen. The cracks ranged in length from a fraction of a
micrometre to several micrometres. The cracks were also ob-
served to generally initiate from non-metallic inclusion (NMI;
Fig. 13). A distinct difference was noted between the number
and the severity of the type of cracking observed. For both the

Fig. 9 MWIC weldability testing on the 20-mm-thick API 5 L X70 line
pipe steel under high restraint (Rf= 25 mm). A green circle represents a
sample within which no cracking is observed. A red diamond represents a
sample within which a crack was observed

Fig. 10 MWICweldability testing on the 10-mm-thick API 5 L X70 line
pipe steel under high restraint (Rf= 25 mm). A green circle represents a
sample within which no cracking is observed. A red diamond represents a
sample within which a crack was observed

Fig. 11 Overview of weld bead (2 % nital etch) highlighting
macrohydrogen (ROI 1) cracks which initiate from macroscopic defects
such undercut in the weld toe and microscopic hydrogen cracks (ROI 2)
which initiate from microvoids or non-metallic inclusions
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20- and 10-mm test plates, there was evidence to suggest than
the number of macroscopic cracks increased as the heat input
decreased. This could be attributed to the fact that at a lower
heat input, the eccentricity of the deposited weld bead in-
creased, creating stress concentrators at the weld toe and thus
favourable initiation sites for hydrogen cracks.

At comparable heat input and preheat, the 10-mm plates
appeared to have a greater number of microcracks; however,
their severity was marginally less than microcracks observed
in the 20-mm plates. This may be attributed to the higher
overall restraint experienced by the thicker plate.

3.2 Microstructural characterisation

The weld metal samples of both the 10- and 20-mm samples
consisted primary of acicular ferrite (Fig. 14a), bainite
(Fig. 14b), andWidmanstatten ferrite (Fig. 14c). Some instances
of grain boundary ferrite, ferrite with non-aligned second, and
ferrite with aligned second phase were also observed. The de-
tailed microstructural analysis of the weld metals is presented in
[28]. Given the limited heat input range within which the sam-
ples were deposited, it is not surprising that no significant dif-
ference was observed in the morphology or fraction of observed
microstructures. Additional general review of the microstructure
along the macroscopic crack path showed no significant rela-
tionship to any particular microstructural morphology [45].

3.3 Micromechanical characterisation

3.3.1 Sample selection

To assess the suitability of micromechanical characterisation as
a means of ranking the susceptibility of deposited welds to
WMHACC, several samples were selected from across the de-
rived safe welding boundary as highlighted in Figs. 15 and 16.

3.3.2 Weld metal hardness

The weld metal hardness for the 20-mm thick samples
ranged from 213.3 to 300 HV for samples welded under

Fig. 12 ROI 1 typical ‘macroscopic’ hydrogen crack, originating from a
stress concentration, typically wagon tracks in the weld toe. The cracks
propagate in a transverse fashion towards the weld centreline.
‘Microscopic’ cracks in the normal direction of the weld can also be
observed

Fig. 13 ROI 2 typical ‘microscopic’ hydrogen crack. A large proportion
of the observed microcracks originated from non-metallic inclusions

Fig. 14 Micrographs (not scaled) of typical microstructures observed in both the 20- and 10-mmweld metal samples; the samples consisted primarily of
acicular ferrite (a), bainite (b) and Widmanstatten ferrite (c)
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ambient conditions and 253.4 to 264.8 HV for samples
welded with a preheat of 50 °C (Fig. 17). A maximum
standard deviation of 21 HV was recorded across the 20-
mm sample set. The variation in the hardness values can be
attributed to the different microstructural constituents in-
dented at each test. For 10-mm thick samples (Fig. 18), the
measured weld metal hardness ranged from 282.9 to
299.9 HV for samples welded under ambient conditions.
The narrow hardness range can be attributed to the narrow
heat input range within which the samples were deposited
and consequently minimal variation in weld metal micro-
structure. For samples welded with a preheat of 40 °C, the
measured weld metal hardness ranged from 274.9 to
293.5 HV. A maximum standard deviation of 26.1 HV
was recorded across the 10-mm sample set.

Considering the measured values of the hardness and
their respective standard deviation (Table 5), it can be seen
that the preheat and heat input, due to their limited ranges,
do not significantly affect the overall hardness values of
the weld metals. This is in accordance with the minimal
variation of the microstructure observed across the differ-
ent samples. Nevertheless, two trends can be drawn con-
sidering the mean values of the hardness (Table 5). For
both the 10- and 20-mm thick samples welded under am-
bient condition, the hardness tends to decrease with the
increase of the heat input due to grain coarsening [46]. At
higher preheats, the opposite trend is observed (i.e. the
hardness increases with the heat input) for both the 10-
and 20-mm samples. This trend, however, may not be sig-
nificant, considering the experimental scatter of the values

Fig. 15 Samples from the 20-mm test series (grid regions) selected for
micromechanical characterisation

Fig. 16 Samples from the 10-mm test series (grid regions) selected for
micromechanical characterisation

MS_002: PH 25 oCC, HI 0.51 kJ//mm MS_04: PH 50 oC, HI 0.45 kJ/mmm

MS_001: PH 25 oCC, HI 1.11 kJ//mm MS_03: PPH 50 oC, HI 0.57 kJ/mmm

Fig. 17 Hardness traverse for the
20-mm-thick plates
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observed within the narrow heat input range used at higher
preheats.

Figures 17 and 18 also show that the HAZ hardness
increases from the parent metal towards the weld metal
fusion zone. The continuous increase of hardness within
HAZ may be attributed to the formation of more bainitic
structure towards fusion zone as reported for multi-pass
welds [47]. In any case, it is important to note that the
measured peak hardness through the weld metal and the
HAZ did not exceed the generally accepted hardness
threshold of 350 HV [29–31], above which hydrogen
cracking is expected. Additionally, weld hydrogen cracks
were observed in samples with a peak hardness value as
low as 300 HV. These observations support the proposition
in literature that the traditional empirical hardness limits

cannot be used as a universal infallible proxy for hydrogen
cracking [3, 4, 14, 16].

3.3.3 Weld metal elastic modulus

The weld metal elastic modulus for the 20-mm thick sam-
ples (Fig. 19) ranged from 160 to 182.1 GPa for samples
welded under ambient conditions and 169 to 208 GPa for
samples welded with a preheat of 50 °C. A maximum stan-
dard deviation of 7.4 GPa was noted for the 20-mm data
set. The 10-mm data set (Fig. 20) showed a greater degree
of variability. For samples welded under ambient condi-
tions, the measured elastic modulus ranged from 142.5 to
203.5 GPa, and for samples welded with a preheat of
40 °C, the measured elastic modulus ranged from 106.3

MS_0

MS_0

05: PH 25 oC

06: PH 25 oC

C, HI 0.82 kJ/

C, HI 0.48 kJ/

/mm 

/mm 

MS_07: P

MS_08: P

PH 40 oC, HI 

H 40 oC, HI 

0.69 kJ/mm

0.49 kJ/mm

m

m

Fig. 18 Hardness traverse for the
10-mm-thick plates

Table 5 Welding parameters and cracking conditions for samples selected for micromechanical characterisations

Sample parameters Hardness (HV) Elastic modulus (GPa)

Sample Heat input
(kJ/mm)

Preheat
(°C)

Thickness
(mm)

Crack/no
crack

Maximum Minimum Mean Standard
deviation

Maximum Minimum Mean Standard
deviation

MS-01 1.11 25 20 No crack 273.4 213.3 242 15.1 182.1 160 170.1 5.4

MS-02 0.51 25 20 Crack 300 244.3 276.7 13.7 181.9 164.4 171.7 4.1

MS-03 0.57 50 20 No crack 338.3 231.7 264.8 21 208.8 180.8 193.5 7.4

MS-04 0.45 50 20 No crack 277.3 232.5 253.4 11.8 186.5 169 178.7 4

MS-05 0.82 25 10 No crack 320.8 251.6 282.9 16.9 161.3 142.5 151.7 4.7

MS-06 0.48 25 10 Crack 331.8 256.7 299.9 20.6 203.5 166.8 189.7 7.6

MS-07 0.69 40 10 No crack 339.4 257.2 293.5 18.4 177.5 158 170.1 4.9

MS-08 0.49 40 10 Crack 340.2 217.1 274.9 26.1 130.4 106.3 121.3 4.9
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to 177.5 GPa. A maximum standard deviation 7.6 GPa was
measured across the 10-mm data set.

The elastic modulus of the considered samples (Table 5)
follows the same general trend as the hardness in function of
the heat input, i.e. decreases with the increase of the heat input
when the samples are welded under ambient condition (that
had been observed in [48]) and increases with the increase of
the heat input at higher preheat. This latter trend might not be
significant though for the reasons evocated in Sect. 3.3.2.
Table 5 gathers the welding parameters and the corresponding
measuredmicromechanical properties of the selected samples.

3.4 Proposition of a new proxy for WMHACC
susceptibility assessment

Phenomenologically, in order for a hydrogen crack to mani-
fest, a critical concentration of hydrogen needs to be trapped
in a susceptible microstructure and subjected to a critical level
of stress. For an empirical cracking boundary produced where
the only significant difference is the residual hydrogen content
in the weld, as influenced by the level of preheat with which
the samples were produced [2, 3], it is suggested that this
should be some inherent differences in the resulting material

MS_0

MS_0

01: PH 25 oC

02: PH 25 oC

C, HI 1.11 kJ/

C, HI 0.51 kJ/

/mm 

/mm 

MS_03: P

MS_04: P

PH 50 oC, HI 

H 50 oC, HI 

0.57 kJ/mm

0.45 kJ/mm

m

m

Fig. 19 Elastic modulus traverse
for the 20-mm-thick plates

MS_05: PH 25 oC, HI 0.82 kJ/mm MS_07: PH 40 oC, HI 0.69 kJ/mm

MS_06: PH 25 oC, HI 0.48 kJ/mm MS_08: PH 40 oC, HI 0.49 kJ/mm

Fig. 20 Elastic modulus for the
10-mm-thick plates
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properties across the boundary which allowed for the propa-
gation of a hydrogen crack (for a given preheat).

From the presented results, it seems that the preheat and the
heat input affect the hardness and the elastic modulus of the
cracked and non-cracked samples in the same directions.
However, the samples being situated across an empirical
boundary, within narrow heat input ranges, the hardness and
elastic modulus do not vary necessarily as expected. Table 5
shows for example that the cracked sampleMS-08 has a lower
hardness value than the non-cracked sample MS-07 welded at
the same preheat but with a lower heat input. Moreover, it has
been shown that all cracked samples presented hardness
values below the defined threshold of 350 HV below which
cracking is not expected. As the propagation of hydrogen
cracks is dependent on the elasto-plastic properties of the ma-
terial withinwhich a crack has initiated [43], it is proposed that
the hardness proxy can be refined by combining the hardness
with the measured elastic modulus of the material as a ratio
hardness/elastic modulus (H/E). This ratio could be used as a
more accurate proxy for assessing the susceptibility of a WM
to HACC. Moreover, the H/E ratio, traditionally used to rank
materials in terms of wear resistance [49–51], appears also in
the so-called ‘plasticity index’ [49, 52], which is widely quot-
ed as a valuable measure in determining the limit of elastic
behaviour in a surface contact. Higher H/E values result in
higher critical loads for the onset of yield (non-elastic
deformation) in indentation [52]. Early works have related
the H/E ratio of a material to its yield strength [50, 51], and
it has been well established in the literature that the increase of
the yield strength decreases the stress intensity threshold for
HAC to occur [25–27, 53]. It is thus expected that higher H/E
ratio would traduce higher HACC susceptibility of a material.

Examining the ratio of the universal hardness (H in GPa)
and elastic modulus (E in GPa) for both the 20- and 10-mm
date sets (Figs. 21, 22 and 23), there is evidence to suggest that
there is a potential to delineate a boundary which serves as an
indicator to the potential susceptibility to WMHACC. The
data suggests that if the H/E ratio >2 × 10−2, the weld is

susceptible to WMHACC. Conversely, if the H/E ratio
<1.5 × 10−2, the weld is not susceptible to WMHACC.
These experimental outcomes support the hypothesis that ma-
terials with higher H/E ratio are more susceptible to HACC.
Moreover, it can be seen that the cracked sample MS-08 that
could be classified as ‘safe’ by considering its hardness only
(that is lower than the uncracked sample MS-07 for the same
preheat but lower heat input) becomes ‘unsafe’ by considering
its H/E ratio (2.3×10−2).The use of the H/E ratio as a refined
hardness proxy could be thus a more suitable parameter to
predict WMHACC susceptibility than is the hardness alone
for HSLA steels.

3.5 Role of weld bead eccentricity on WHMACC
susceptibility

It is important to note that a change in heat input affects not
only the thermal cycle of the deposited weld bead but has a
profound effect on the geometry of the deposited weld bead,
in particular the eccentricity of the weld toe of the deposited
weld bead. One potential consequence of a change in bead
eccentricity is the distribution of local stresses in the weld

Fig. 21 H/E ratio for samples from the 20-mm data set. No samples with
a ratio of H/E ≤ 1.5 × 10−2 cracked

Fig. 22 H/E for samples from the 10-mm data set. A cracking anomaly
detected with a ratio of H/E= 1.6 × 10−2. Uncracked sample has ratio as
high as H/E= 2 × 10−2

Fig. 23 H/E ratio for both 20 and 10 mm. Combining the data presets a
hypothesised boundary within which cracking is uncertain. However, as
the yield strain increases, it is postulated that there will be a higher
prevalence of WMHACC
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bead. This in turn may influence the type and position of
hydrogen cracks, given the affinity of atomic hydrogen to
areas of high tri-axial stress. It was observed that for the both
the 20-mm but especially the 10-mm sample sets, a reduction
in the heat input with which a weld was deposited increased
the asymmetry of the deposited weld bead. This in turn in-
creased the prevalence cracking in the weld toe. This may be
attributed to an increase in the eccentricity of the weld bead
profile (Figs. 24 and 25), increasing the intensity of the local
stresses at the weld toe, consequently serving as a preferential
initiation site for hydrogen cracking.

However, as the preheat levels were increased, the degree
of eccentric did not affect the prevalence of cracking as illus-
trated in Fig. 26. It is therefore suggested that the local weld
stresses resulting from bead eccentricity is a critical factor
influencing the susceptibility of a single-pass weld to hydro-
gen cracking.

4 Conclusions

The increased prevalence ofWMHACC, as grades of line pipe
steel evolve, has raised the question of the reliability of tradi-
tional cracking proxies such as hardness. Historically a limit
of 350 HV has been established through extensive empirical
testing and has been extensively codified.

Empirical testing conducted in this body of work provides
data to suggest that the limit of 350 HV does not apply to
welds deposited under high restraint, such as those experi-
enced in the pipeline industry during the fabrication of oil
and gas transmission and gathering lines.

Welds deposited using E6010 electrodes on two thick-
nesses (20 and 10 mm) of API 5 L X70 steel at heat inputs
ranging from 0.4 to 1.1 kJ/mm were established as having
hydrogen cracks in samples with weld metal hardness values
as low as 273.4 HV for the 20-mm samples and 331.8 HV for
the 10-mm samples.

The traditional hardness as a proxy to determine the sus-
ceptibility of a WM to HACC proving not to be infallible, and
the propagation of hydrogen cracks being dependent on the
elasto-plastic properties of the material, it is proposed to refine
this proxy by combining the hardness with the elastic modulus
of the material as a ratio H/E. From the data collected, this
ratio, which is directly related to the yield strength of the
material, shows to be a better indicator of the WMHACC
susceptibility than is the hardness alone. It is proposed that
cracking boundary for API 5 L X70 steel welded with cellu-
losic electrode is 1.5×10−2 <H/E<2×10−2.

5 Future work

It is critical to note however that this relationship has been
derived based on the empirically testing of one steel compo-
sition welded with the same batch of E6010 electrodes for a
heat input range typically found in the production of oil and

Fig. 24 Typical weld bead geometry for sample deposited with a heat
input in the upper quartile of the heat input range of interest. The
deposited bead appears symmetrical with no pronounced eccentricity in
the weld toe

Fig. 25 Typical weld bead geometry for sample deposited with a heat
input in the lower quartile of the heat input range of interest. Deposition
with a low preheat resulted in the formation of a weld with a produced
weld toe and consequently a hydrogen crack

Fig. 26 Typical weld bead geometry for sample deposited with a heat
input in the lower quartile of the heat input range of interest with a heat
input of 50°. Despite the irregularity of the weld bead and the eccentric
weld toe, no hydrogen cracking was observed in the weld bead
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gas pipelines. In order to establish the validity of the predictor
for WMHACC in general, it is suggested that a range of steel
compositions and electrode combinations are tested for a
greater range of heat inputs. This would allow a range of weld
metal compositions and microstructural morphologies to be
assessed. Although the root pass of a girth weld is accepted
as the most vulnerable pass in the welding sequence, to assess
the effect of interpass tempering and to ascertain the overall
suitability of H/E as a measure of cracking susceptibility, it is
also suggested that multi-pass welds be tested.
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