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Abstract−−−−Impressed current cathodic protection can result in hydrogen embrittlement, which can cause trouble with
high-strength steels, particularly at welds. Therefore, the limiting potential for hydrogen embrittlement should be
examined in detail as a function of the cathodic protection potential. This study investigated the effects of post-weld
heat treatment (PWHT) on marine structural steels from an electrochemical viewpoint. In addition, the slow strain rate
test (SSRT) was used to investigate both the electrochemical and mechanical effects of PWHT on impressed current
cathodic protection. According to the SSRT, the optimum cathodic protection potential was −770 mV [with a saturated
calomel electrode (SCE)]. SEM fractography analysis showed that the fracture morphology at an applied cathodic
protection potential of −770~−850 mV (SCE) was a dimpled pattern with ductile fractures, while a transgranular pattern
was seen at potentials below −875 mV (SCE). Therefore, the cathodic protection potential range should be −770~
−850 mV (SCE).

Key words: Slow Strain Rate Test, Impressed Current Cathodic Protection, Hydrogen Embrittlement, Post-weld Heat Treat-
ment

INTRODUCTION

Offshore structures, such as marine airports, bridges, marine plat-
forms, undersea tunnels, and vessels are getting much larger, lead-
ing to important economic considerations of maintenance and re-
pair of such structures. Offshore structures are exposed to the harsh
marine environment, including the effects of waves, sand, storms,
and tides. Therefore, these structures need to be protected against
corrosion. Cathodic protection is widely used for marine structural
steel. However, over-protection during impressed current cathodic
protection results in hydrogen embrittlement of the high-strength
steel that is used in marine structures.

Most failures of marine structures are likely associated with the
corrosion of welded parts and hydrogen embrittlement resulting from
cathodic protection [Rothwell and Turner, 1990; Singh Raman and
Granmoorthy, 1995; Hashimoto, 1998]. The corrosion problem might
be due to physical and metallurgical parameters [Masazi, 1964]. A
galvanic cell results from the potential difference between each weld-
ed part. Post-weld heat treatment (PWHT) is often used to reduce
galvanic corrosion on welded parts [Bhaduri et al., 1995; Bloch et
al., 1997]. The correlation between the mechanical properties of
steel and hydrogen embrittlement has been investigated in notched
base metal (BM) parts by using the slow strain rate test (SSRT).
The SSRT as a function of cathodic potential has been examined
closely at the limiting potential not causing hydrogen embrittlement
and at the optimum cathodic protection potential [Kim and Wilde,
1979; Lee et al., 1985; Saito et al., 1987]. Therefore, the results of
this study should serve as a good reference, not only for preventing
hydrogen embrittlement, but also for determining the mechanical
properties of the BM used in the construction of marine structures

and vessels.

EXPERIMENTAL

1. Test Specimens and PWHT
High-strength steel was used for SSRT and PWHT test sp

mens. Each test specimen was 358×4×23.6 mm (long×wide×th
with a gauge length of 59 mm. The test specimens were mad
cording to section No. 14B of JIS Z2201. A piece was welded
the center of the test specimen. The groove angle of the welded
was 35±5o, and 0.5×4.8 notches (wide×deep) were made on b
sides of the BM to produce fractures in the BM.

Table 1 shows the chemical composition and mechanical pro
ties of the high-strength steel and chemical composition of the f
metal. Flux-cored arc-welding (FCAW) was used and the weld
conditions are detailed in Table 2. For PWHT, the specimens w
heated at 80oC per hour to 550, 600, or 650oC, kept at that tem-
perature for 1.5 hours, and then furnace cooled. It is commonly

Table 1. Chemical compositions and mechanical properties of used
steel specimens and chemical compositions of filler metals

(a) Chemical compositions of used steel (%)

C Si Mn P S Fe

0.17 0.45 1.26 <0.0027 <0.0008 Balance

(b) Mechanical properties of used steel

T.S(MPa) Y.S(MPa) Elongation(%)

597 360 26.6

(c) Chemical compositions of filler metals (%)

C Si Mn P S Ni

0.04 0.40 1.20 0.012 0.008 1.50
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ported that the optimum PWHT temperature range of high-strength
steel is from 550 to 650oC.
2. Experimental Method
2-1. Electrochemical Test

The BM surface area of the test specimen used to measure the
cathodic and anodic polarization trend and corrosion current den-
sity was 6.45 cm2, including the heat-affected zone (HAZ) and weld-
ed metal (WM) part. This area was polished with successively finer
emery paper to No. 600 grit.

The surface area used to measure the cathodic polarization curves
was 1 cm2. The curves were measured at a scan rate of 1 mV/sec
using a saturated calomel electrode (SCE) as the reference electrode
and a Pt counter electrode.

In addition, 6.5 cm2 of the welded parts were exposed in natural
seawater (volume: 1 liter) and protected by a sacrificial Al anode
(exposed area: 0.123 cm2). The flow was varied with a stirrer and
magnetic ball. The weight loss of the sacrificial anode after immer-
sion for 7 days was determined. The chemical composition of the
Al alloy sacrificial anode is shown in Table 3.
2-2. Slow Strain Rate Test

SSRT specimens were exposed to natural seawater. The speci-
mens were fitted with a jig for an Instron machine. The seawater in
the cell was circulated continuously from the upper to the lower
tank with a pump. The SSRT was carried out at a strain rate of 3×
10−7/sec when a constant potential was maintained with a poten-
tiostat and function generator. The properties of the seawater used
are given in Table 4.

RESULTS AND DISCUSSION

1. Electrochemical Test
Fig. 1 compares the BM microstructure of as-welded steel and

specimens subjected to the PWHT at various temperatures. As shown
in Photo 1, perlite and ferrite microstructures were seen in all the
specimens. The perlite band appeared to disappear as a result of
diffusion with increasing PWHT temperature. In the cathodic and

anodic polarization curves as a function of the PWHT tempera
of the welded joint, the activation reaction due to the dissolution
Fe (Fe�Fe+2+2e−) occurred in the anodic polarization curves, wh
concentration polarization due to the reduction of dissolved oxy
(O2+2H2O+4e�4OH−) appeared in the cathodic polarization curve

We calculated the corrosion current density using the Stern-G
formula and the diffusion-limiting current density in the anodic a
cathodic polarization curves. The Stern-Geary formula is

(1)

Where, i(applied) is the applied current density, ∆φ is the polarization
potential value, and βc and βa are the Tafel slopes of the cathod
and anodic reactions, respectively. Formula (1) is used for both
anodic and cathodic Tafel slopes. By contrast, for the anodic T
slope, the diffusion-limiting current density is regarded as the c
rosion current density for corrosion caused by the reduction of o
gen dissolved in natural seawater. In this case, the cathodic 
slope becomes infinity, so the formula becomes

(2)

Variation in icorr as a function of the applied Tafel coefficient a
cording to the PWHT conditions is shown in Fig. 2. The corros
current densities for as-welded specimens were greater than 

icorr = 
1

2.3
-------i applied( )

∆φ
--------------

βcβa

βc + βa

--------------
 

 
 

icorr = 
βa

2.3
-------i applied( )

∆φ
--------------

Table 2. Welding parameters in FCAW

Pass
no.

Welding
process

Shielding
gas

Filler metals Type &
polarity

Current
(A)

Voltage
(V)

Travel speed
(cm/min)AWS class Dia. (mm)

1
2

3-8
FCAW CO2 E80T1-K2 1.2 DCRP

180-240
220-280
250-300

23-29
25-32
28-32

10-20
20-30
20-40

Table 3. Chemical compositions of Al alloy sacrificial anode

Composition Fe Si Cu Zn In Al

Weight
percent (%)

0.084 0.0375 0.0325 5.24 0.0175 Balance

Table 4. Qualities of sea water solution used in SSRT experiment

Temperature
Specific

resistance
pH Chloride

Dissolved
oxygen

Redox
potential

23oC 21.46Ωcm 8.0 16,197 ppm 7.7 ppm +210 mV
Fig. 1. Variation of BM microstructures in the case of as-welded

and various PWHT temperature.
Korean J. Chem. Eng.(Vol. 20, No. 3)
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of PWHT specimens, regardless of whether formula (1) or (2) was
used. The smallest corrosion current density was seen in PWHT
specimens treated at 550oC. Moreover, the corrosion current den-
sity using formula (1) was smaller than that using formula (2).

For cathodic protection using Al alloy, the ratio of the area of
the cathode (including BM, WM, and HAZ) to the Al anode was
52 (cathode: 6.45 cm2) to 1 (Al anode: 0.123 cm2). The current gen-
erated by the sacrificial Al anode was greater in the as-welded spec-
imen than with PWHT. The lowest anodic-generating current was ob-
served in PWHT specimens treated at 550oC. Therefore, the smaller
the anodic generating current, the smaller the anodic weight loss.
The anodic generating current at a flow rate of 3 cm/sec is gener-
ally higher than in the static condition.

Fig. 3 shows the relationship between the Al anode weight loss
and the PWHT conditions at flow rates of 0 and 3 cm/sec. The an-
odic current generated at 3 cm/sec was larger than that at 0 cm/sec,
and the anode weight loss was greater. This was thought to be due
to the relative increase in the movement of seawater with increas-
ing flow rate. In other words, the potential difference between the
Al alloy and cathode increases with the decrease in the concentra-
tion polarization due to the reduction of dissolved oxygen. The an-

odic current generated and the anode weight loss were both l
at 3 cm/sec than in the static condition. The lowest weight loss f
the Al anode was in the 550oC PWHT specimen.

The optimum PWHT temperature with the electrochemical me
od was 550oC. Accordingly, we used only as-welded and 550oC
PWHT specimens in the SSRT.
2. Evaluating Mechanical Properties by the SSRT

The notched BM parts of as-welded and PWHT specimens w
subjected to the SSRT as a function of cathodic potential.

Fig. 4 shows the cathodic polarization curves of BM in natu
seawater. The two cathodic polarization curves in Fig. 4 appear s
lar, but the corrosion potential of the 550oC PWHT specimen is
similar to that of the as-welded specimen. There is no clear di
ence in the polarization curves in the region between the open c
potential and −800 mV. By contrast, the current density in the PWH
specimen is smaller than that in the as-welded specimen at b
−800 mV. The turning point between concentration polarization d
to the reduction of dissolved oxygen and activation polarization 
to hydrogen gas generation (2H2O+2e−

�H2+2OH−) was approxi-
mately −1,000 mV, regardless of whether as-welded or PWHT sp
imens were used. However, the potential limiting hydrogen emb

Fig. 2. Variation of icorr as a function of applied Tafel coefficient in
the case of PWHT condition.

Fig. 3. Relationship between Al anode weight loss quantity and
PWHT conditions in the case of flow rate 0 cm/sec, 3 cm/
sec.

Fig. 4. Cathodic polarization curves of welding metal of in natu-
ral sea water solution.

Fig. 5. Relationship between maximum tensile strength and ap-
plied cathodic potential in as-welded and post-weld heat
treated specimen.
May, 2003
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tlement cannot be decided only from the cathodic polarization curves.
Therefore, we performed the SSRT at a constant cathodic potential
in order to investigate the potential limiting hydrogen embrittlement.

Fig. 5 shows the relationship between the maximum tensile
strength and constant cathodic potential in as-welded and PWHT
specimens. The greatest maximum tensile strength in as-welded
and PWHT specimens was observed in air at 643.4 and 624.2 MPa,
respectively. Moreover, the tensile strength was highest at a cathodic
potential of −770 mV for both the as-welded and PWHT specimens.
There were no correlations between yield strength, stress at final
failure, and constant cathodic potential, neither for the as-welded
nor the PWHT conditions.

The relationship between elongation and constant cathodic po-
tential in the as-welded and PWHT conditions is shown in Fig. 6.
Elongation is decreased by shifting to a negative cathodic poten-
tial, which readily results in the evolution of hydrogen. However,
the elongation values for 550oC PWHT specimens are generally
greater than for as-welded specimens throughout the range of po-
tentials. This suggests that hydrogen embrittlement readily occurs
with gradually increasing negative potential.

Fig. 7 shows the relationship between time-to-fracture and con-
stant cathodic potential. The time-to-fracture was greatest when the

cathodic potential was −770 mV, regardless of PWHT condition
The time-to-fracture decreased as the cathodic potential bec
more negative, possibly due to the influence of hydrogen em
tlement.

The relationship between the strain-to-failure ratio and the c
odic potential is shown in Fig. 8. The strain-to-failure ratio is t
ratio of the percent elongation in seawater to that in air. This s
gests that hydrogen embrittlement decreases with increasing hy
gen embrittlement ratio (strain-to-failure ratio). The hydrogen e
brittlement ratios in the as-welded and PWHT conditions were g
test at −770 mV compared with other potentials. Overall, the hyd
gen embrittlement ratio was greater for PWHT versus as-wel
specimens.

The results of the SSRT as a function of cathodic potential s
gest that there is no correlation between maximum tensile stre
and hydrogen embrittlement. Conversely, there were correlat
between elongation, time-to-fracture, the strain-to-failure ratio, 
hydrogen embrittlement. The optimum cathodic protection pot
tial for as-welded and PWHT specimens was −770 mV, because
the elongation, time-to-fracture, and strain-to-failure ratio were gr
est at −770 mV for all the cathodic potentials applied. The pola
ization curves (Fig. 4) were largely divided into oxygen reduct
and hydrogen ion reduction portions. The current density increa
as the cathodic potential declined. With a high current density,
drogen ion reduction was more prominent than the oxygen re
tion reaction. In general, the protection potentials of plain carb
and low-alloy steels are below −770 mV (SCE) in natural seawa-
ter [Von Baeckmann et al., 1997]. The lowest current density w
observed at a cathodic protection potential of about −770 mV. There-
fore, the elongation and time-to-fracture are maximal at a pote
of −770mV [Kim et al., 2001]. According to Yamaguchi et al. [199
and Maier and Kaesche [1990], the hydrogen input activity increa
with increasing negative potential or with increasing current d
sity up to a certain level before reaching a plateau.

The mechanical properties of high-strength steel were investig
at a constant cathodic potential by using the SSRT. The result
dicate that susceptibility to hydrogen embrittlement results fr
the evolution of hydrogen with increasing negative cathodic po
tial. However, these investigations were qualitative rather than q

Fig. 6. Relationship between elongation and applied cathodic po-
tential in as-welded and post-weld heat treated specimen.

Fig. 7. Relationship between time-to-fracture and applied cathodic
potential in as-welded and post-weld heat treated speci-
men.

Fig. 8. Relationship between strain to failure ratio and applied
cathodic potential in as-welded and post-weld heat treated
specimen.
Korean J. Chem. Eng.(Vol. 20, No. 3)
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titative. It would be beneficial if hydrogen embrittlement could be
estimated quantitatively.
3. Fractography Analysis

Fig. 9 and 10 are SEM fractographies of the fractured surface as
a function of cathodic potential using the SSRT method. As shown

in Fig. 10, only dimples were seen in air, Ecorr, at potentials of −770
and −850 mV in both the as-welded and PWHT conditions, wh
the fractographies at potentials below −875 mV show a mixture of
dimple and quasi cleavage (QC) in both the as-welded and PW
conditions. This mixed phenomenon, with few dimples and Q
was seen at potentials of −875, −900, and −1,000 mV. The frac-
ture mode at −1,000 mV included considerable QC, especially 
the as-welded specimens, in the range of hydrogen embrittlem
[de Kazinczy, 1954; Thompson and Chesnutt, 1979; Francis e
1999]. These results suggest that the susceptibility to hydrogen
brittlement decreases markedly with increasing elongation, time
fracture, strain-to-failure ratio, and amount of dimpling with PWH
Conversely, although a cathodic potential of −875 mV is within the
range of concentration polarization due to the reduction of disso
oxygen, some influence of hydrogen embrittlement was seen in 
the as-welded and PWHT conditions. It is thought that this w
caused by atomic hydrogen (H) generated in the reaction H++e−

�

H. Atomic hydrogen gas is generated at decreasing pH due to
hydrolysis reaction (FeCl2+2H2O�Fe(OH)2+2HCl). This atomic
hydrogen gas can penetrate the interior of metal [Beahem, 1
Bandyyopadhy et al., 1983]. Consequently, notched specimens
fractured by atomic hydrogen gas in the region of the oxygen
duction reaction. There were many more shear lips in PWHT s
imens compared to as-welded specimens. This suggests that 
gation, time-to-fracture, and strain-to-failure ratio increase with 
creasing shear lip in PWHT. Thus, it is suggested that the optim
cathodic protection potential range that does not cause hydro
embrittlement is from 770 to −850 mV in both the as-welded and
PWHT conditions.

CONCLUSIONS

PWHT increased corrosion resistance. It also decreased the c
generated by the aluminum anode, and anode weight loss when
strength steel was cathodically protected by an Al anode. There
not appear to be any correlation between maximum tensile stre
and hydrogen embrittlement. However, the elongation, time-to-fr
ture, and strain-to-failure ratio decreased as the potential was 
ered due to hydrogen evolution. The QC fracture mode was 
observed at lower potentials. The susceptibility to hydrogen em
tlement increased significantly with decreasing elongation and ti
to-fracture as a result of a shift to lower potential. The suscept
ity to hydrogen embrittlement with PWHT also decreased with 
creasing elongation, time-to-fracture, and a large amount of d
pling. In the SEM fractography analysis, the fracture morpholo
at applied cathodic potentials between −770 and −850 mV showed
a dimple pattern with ductile fractures, which changed to a tra
granular pattern at potentials under −875 mV.

Consequently, the optimum cathodic protection potential ran
not causing hydrogen embrittlement, is between −770 and −850
mV (SCE) with PWHT at 550oC and in the as-welded condition.
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