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In this work, the microstructure of an X80 pipeline steel weld was characterized by optical and scanning
electron microscopy. The hydrogen permeation and electrochemical corrosion behavior were investigated
by various electrochemical measurements and analysis. It was found that there is the smallest hydrogen
permeation rate, but the largest hydrogen trapping density at heat-affected zone, while the base steel has
the lowest hydrogen trapping. These results are associated with the typical microstructure of the individual
zone. Moreover, the accumulation of hydrogen atoms would result in an enhanced corrosion locally.
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1. Introduction

Corrosion has been a vital problem affecting the safe
operation and integrity of oil/gas pipelines (Ref 1, 2). Field
observations found (Ref 1) that pipeline corrosion occurs
preferentially at the welding area. It was believed (Ref 3, 4) that
welding would increase the electrochemical corrosion activity
of the steel locally due to the metallurgical effect and residual
stresses introduced.

Hydrogen could be introduced into steel during welding
(Ref 5). After solidification of weld, the atomic hydrogen is
retained, diffusing through the weld metal and heat-affected
zone (HAZ), and being trapped at various metallurgical defects,
such as dislocations, voids, grain boundaries, and inclusions
(Ref 6, 7). Hydrogen-enhanced localized corrosion has been the
potential reason that causes failure of welded high-strength
steels.

The electrochemical hydrogen permeation test provides an
alternative to understand the hydrogen-steel interaction. It
enables the quantitative determination of the important prop-
erties, such as hydrogen permeating flux, the concentration of
hydrogen, hydrogen diffusivity, etc. (Ref 8, 9). Moreover, the
photo-electrochemical technique is capable of characterizing in
situ the effect of hydrogen on corrosion of the steel (Ref 10-13).
For example, Maffi et al. (Ref 13) used a scanning photo-
electrochemical microscopy to image the spatial distribution of
hydrogen in A516 steel, and concluded that the welded region
has a high concentration of hydrogen trapped than the other
regions.

High-strength pipeline steel, such as X80 steel, has been
used in the new pipeline projects. There has been so far limited
work investigating the combined effect of hydrogen and the
steel metallurgy on local corrosion at weld. In this work, the
microstructure of the welding zones, including the weld metal,
HAZ, and base steel, on a X80 steel was characterized by
optical and scanning electron microscopy (SEM). The hydro-
gen permeation characteristics were determined by electro-
chemical hydrogen permeation tests. The effect of hydrogen on
local corrosion at the steel weld was studied by photo-
electrochemical and polarization curve measurements.

2. Experimental

2.1 Material and Metallographic Characterization

Specimens used in this work were cut from a sheet of
longitudinallyweldedX80 steel pipe,with a chemical composition
(wt.%): C 0.07, Mn 1.86, Si 0.27, Cr 0.04, Mo 0.3, Cu 0.27, Al
0.026, S 0.01, P 0.015, Ti 0.01, Nb 0.079, and Fe balance. The
welded segment of the steel pipe was machined into a flat
specimen, as shown in Fig. 1. The specimen was ground
sequentially to 1200 grit SiC paper, polished with 1 lm diamond
paste. The specimen was etched in Nital solution, i.e., a mixture of
4% nitric acid and ethanol, for metallographic characterization.

The microstructure of the base steel, HAZ, and the weld
metal was characterized by using an optical microscope and a
Model Philips XL30 SEM.

2.2 Electrochemical Hydrogen Permeation Measurement

The electrochemical hydrogen permeation test was carried
out using a modified Devanathan-Stachurski cell (Ref 14).
Specimens cutting from base steel, HAZ, and the weld metal
were installed between the two cells, with an exposed area of
50 mm2 and a thickness of 0.5 mm. The hydrogen-charging
cell was filled with 0.5 M H2SO4 solution, and a constant
cathodic current density of 10 mA/cm2 was applied. The
hydrogen-detecting cell contained 0.1 M NaOH solution under
an anodic potential of 200 mV(SCE). Prior to test, the cells
were purged with a high-purity nitrogen gas (99.99%) for 2 h to

H.B. Xue and Y.F. Cheng, Department of Mechanical Engineering,
University of Calgary, 2500 University Drive NW, Calgary, AB T2N
1N4, Canada. Contact e-mail: fcheng@ucalgary.ca.

JMEPEG (2013) 22:170–175 �ASM International
DOI: 10.1007/s11665-012-0216-1 1059-9495/$19.00

170—Volume 22(1) January 2013 Journal of Materials Engineering and Performance



remove the dissolved oxygen from solutions. The hydrogen
permeation current measurement was conducted through a
Reference 600 Gamry electrochemical system and a PARSTAT
263A potentiostat.

2.3 Hydrogen Permeation Current Analysis

The hydrogen permeating flux, JH, through the steel
specimen (mol H/m2 s) was measured by the steady-state
hydrogen permeation current density, i1p (Ref 15):

JH ¼
i1p
nF

ðEq 1Þ

where n is the number of electrons transferred, and F is
Faraday�s constant. The hydrogen permeation rate (mol H/m s)
is defined by:

JHL ¼
i1p L

nF
ðEq 2Þ

where L is the specimen thickness. The effective hydrogen
diffusivity, Deff, can be calculated by (Ref 16, 17):

Deff ¼
L2

6tL
ðEq 3Þ

where tL is the time-lag, corresponding to the point on the hydro-
gen permeation current curve at which it ¼ 0:63i1p . The subsur-
face concentration of hydrogen, CH, (mol H/m3) is defined by:

CH ¼
JHL

Deff
ðEq 4Þ

Fig. 1 Optical views of the microstructure of the welded X80 pipeline steel (a) HAZ/weld metal, (b) HAZ, (c) weld metal, and (d) base steel
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2.4 Polarization Curve Measurement

Measurement of polarization curve of the steel electrode was
performed in NS4 solution using the identical cell to that for
photocurrent measurement. The solution contained 0.483 g/l
NaHCO3, 0.122 g/l KCl, 0.181 g/l CaCl2Æ2H2O, and 0.131 g/l
MgSO4Æ7H2O. The potential scanning rate was 0.3 mV/s, and
the scanning range was from �1200 to 400 mV(SCE).

3. Results

3.1 Metallographic Characterization

Figure 1 shows the optical view of the microstructure of
various zones at X80 steel weld. It is seen that the weld metal,
fusion line, and HAZ were present clearly in Fig. 1(a), and
featured with different microstructures. To further characterize
the welding zone�s microstructure, the metallographic feature
was observed by SEM and the views are shown in Fig. 2. The
HAZ (Fig. 2b) contained a mixture of bainite (B) and ferrite (F)
with the white cementite (C). The weld metal was featured with
acicular ferrite (AF) and grain boundary ferrite (GBF), as
shown in Fig. 2(c). The microstructure of X80 steel (Fig. 2d)
contained typically polygonal ferrite and bainite bundles.

3.2 Electrochemical Hydrogen Permeation Tests

Figure 3 shows the hydrogen permeation current curves
measured on the weld metal, HAZ, and base steel specimens,

Fig. 2 SEM observation of the microstructure of the welded X80 steel (a) HAZ/weld metal, (b) HAZ, (c) weld metal, and (d) base steel
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Fig. 3 Hydrogen permeation current density curves measured at
various zones of the weld under a cathodic charging current density
of 10 mA/cm2 in 0.5 M H2SO4 solution
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respectively, under a cathodic current density of 10 mA/cm2 in
0.5 M H2SO4 solution. It is seen that, after a break-through
time, the hydrogen permeation current increased with time, and
then reached a relatively steady value. Moreover, the steady-
state hydrogen permeation current density measured on the
weld metal was higher than that of base steel. There was the
smallest permeation current density at HAZ.

3.3 Polarization Curve Measurements

Figure 4 shows the polarization curves measured on the
uncharged and charged weld metal, HAZ and base steel
electrodes in NS4 solution. It is seen that, at individual anodic
potential, the anodic current density measured on the three
zones was ranked as: HAZ> base steel>weld metal in the
absence and presence of hydrogen-charging. Moreover, at each
zone, the anodic current density of the charged steel electrode
was higher than that of the uncharged one under individual
potential.

3.4 Microstructural Characterization upon
Hydrogen-Charging

Figure 5 shows the local preferential corrosion observed
around the fusion zone of the welded X80 steel specimen upon

hydrogen-charging. It is seen that corrosion was associated with
inclusions A, B, and C that were located in the weld metal and
HAZ zones.

Figure 6 shows the EDXA spectra of the inclusions. The
inclusions were primarily enriched in Si (Fig. 6a and c) and
Al-Si (Fig. 6b).

4. Discussion

4.1 Hydrogen Permeation Behavior of X80 Steel Weld

The fundamentals of the hydrogen permeation into steel can
be determined by measurement of the hydrogen permeation
current (Fig. 3) and the numerical calculations by Eq 1-4.
Moreover, the hydrogen trapping density in the steel can be
estimated by (Ref 18):

NT ¼
Sapp
3

Dl

Deff
� 1

� �
ðEq 5Þ

where NT is the number of hydrogen trapping sites per unit
volume of the steel (m�3), Sapp is the apparent solubility of
hydrogen (mol H/m3), and Dl is the lattice diffusion coeffi-
cient of hydrogen (m2/s), with a value of 1.289 10�8 m2/s in
a-Fe (Ref 6). This value is used in this work due to the
unavailability of this parameter for X80 steel.

Table 1 shows the determined values of the hydrogen
permeation rate, diffusivity of hydrogen, and the trapping
density at the weld metal, HAZ, and the base steel, respectively.
In particular, there is the smallest hydrogen permeation rate at
HAZ, and it contains most hydrogen traps. This is probably due
to the presence of cementite (Fe3C) precipitates, which act as
the obstacle for the hydrogen transport (Ref 19). Since the
hydrogen trapping density is relatively high, and some may
distribute on the subsurface of the steel, the hydrogen
subsurface concentration at HAZ is thus not low.
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Fig. 4 Polarization curves measured at various zones of the weld in
NS4 solution in the absence (a) and presence (b) of hydrogen-charg-
ing at cathodic current density of 10 mA/cm2 for 2 hours

Fig. 5 Hydrogen induced cracks around the fusion zone of the
weld
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The base X80 steel with a polygonal ferrite and bainitic
ferrite (Fig. 2d) has the highest hydrogen diffusivity and a low
hydrogen subsurface concentration. This is attributed to the

diffusion paths existing along the grain boundaries in ferrite
(Ref 20). Moreover, the hydrogen trapping density in X80 steel
is very low, indicating the steel is quite ‘‘clean’’.

Fig. 6 The hydrogen-induced cracks initiated at inclusions and the EDX spectra obtained at the individual inclusion

Table 1 The fitted results from the hydrogen permeation current density curves, including hydrogen permeation rate
(JHL), diffusivity of hydrogen (Deff), subsurface concentration of hydrogen (CH), and the trapping density (NT) in various
zones of the weld

Weldment zone JHL, mol H/m s Deff, m
2/s CH, mol H/m3 NT, m

23

Weld metal 4.749 10�10 2.729 10�11 17.43 1.649 1027

HAZ 2.499 10�10 1.499 10�11 16.71 2.889 1027

Base steel 4.069 10�10 3.359 10�11 12.12 0.939 1027
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4.2 Hydrogen Trapping and the Hydrogen-Enhanced
Corrosion of Steel

The polarization curve measurements (Fig. 4) show that
hydrogen-charging enhances the anodic dissolution current
density of the steel, as demonstrated in previous work (Ref 21).
Moreover, there is the highest anodic current density at HAZ,
indicating that HAZ is associated with the high electrochemical
activity in the solution. Upon hydrogen-charging, hydrogen
would be trapped in HAZ at sites such as grain boundaries and
the phase interfaces as well as inclusions. The hydrogen
permeation analysis shows that there exist a significant number
of various traps in HAZ (there is the highest trapped density at
HAZ in Table 1). Of various traps, the presence of irreversible
traps, such as inclusions, is important since hydrogen trapped at
these sites is directly associated with an enhanced local,
preferential corrosion. As indicated in the present work in
Fig. 5, the local corrosion occurs preferentially at inclusions
existing at HAZ.

Furthermore, this work finds that the hydrogen-enhanced
localized corrosion occurs primarily at inclusions enriching in
Si and Si-Al, as seen in Fig. 6. The author�s previous work (Ref
22) demonstrated that there exist different electrochemical
activities between inclusion and the steel substrate. In partic-
ular, the Si-enriched inclusion is more active the steel. In
corrosive solutions, a preferential dissolution of inclusion
would occur at the steel/inclusion interface. When hydrogen is
trapped there, local dissolution would be further enhanced.
Therefore, local corrosion pits or dissolution-induced flaws are
observed at inclusions.

5. Conclusions

There are different microstructures at the X80 steel weld.
The HAZ contains a mixture of bainite and ferrite as well as
randomly distributed cementite. The weld metal is featured
with acicular ferrite and grain boundary ferrite, and the
microstructure of X80 steel contains typically polygonal ferrite
and bainite bundles.

The microstructure of the weld zone results in different
hydrogen permeation behavior. There is the smallest hydrogen
permeation rate and the highest hydrogen trapping density at
HAZ, while the base X80 steel has the lowest hydrogen
trapping density.

Hydrogen-charging enhances corrosion of the steel, espe-
cially localized corrosion occurring at HAZ. This is probably
due to the high hydrogen trapping density at HAZ,
accumulating hydrogen locally to cause the preferential
dissolution.
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