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ABSTRACT: A characterization study was done to analyze how microstructural regions affect the mechanical
properties, corrosion and fractography of the Heat Affected Zone (HAZ), weld bead and base metal for pipe
naturally aged for 21 years at 30 °C. Results showed that microstructures exhibited damage and consequently
decrease in properties, resulting in over-aged due to service. SEM analysis showed that base metal presented
coarse ferrite grain. Tensile test indicated that microstructures showed discontinuous yield. Higher tensile
strength was obtained for weld bead, which exhibited a lower impact energy in comparison to that of HAZ and
base metal associated with brittle fracture by trans-granular cleavage. The degradation of properties was asso-
ciated with the coarsening of nano-carbides observed through TEM images analysis, which was confirmed by
SEM fractography of tensile and impact fracture surfaces. The weld bead reached the largest void density and
highest susceptibility to corrosion in H,S media when compared to those of the HAZ and base metal.
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RESUMEN: Efecto del envejecimiento natural sobre la microestructura, propiedades mecanicas, resistencia a
corrosion y fractura en uniones soldadas de acero para tuberia APISL X52. Se realizé un estudio de caracteriza-
cion para analizar como la microestructura afecta a las propiedades mecanicas, corrosion y fractura de la zona
afectada por calor (ZAC), soldadura y metal base para tuberia envejecida naturalmente durante 21 anos a 30 °C.
Los resultados indicaron que las microestructuras presentaron dafio y consecuentemente reduccion en propie-
dades mecanicas, como consecuencia del envejecimiento por servicio. El estudio mediante MEB mostré que
el metal base presenta grano ferritico grueso. La prueba de tension indicd que las microestructuras mostraron
fluencia discontinua. La mayor resistencia a la traccion se present6 en la soldadura, la cual alcanzé menor ener-
gia de impacto en comparacion con la ZAC y metal base asociado con fractura fragil por clivaje transgranular.
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La degradacion de las propriedades esta en relacion con el engrosamiento de nanocarburos observados a través
del analisis de imagenes por MET, lo que se confirmé mediante fractografia por MEB de superficies de fractura
bajo tension e impacto. La soldadura alcanzé la mayor densidad de microhuecos y la mayor susceptibilidad a la
corrosion en un medio conteniendo H,S que cuando se compara con la ZAC y metal base.

PALABRAS CLAVE: Acero API5SL X52; Degradacion; Engrosamiento; Envejecimiento natural; ZAC
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1. INTRODUCTION

API 5L steel pipeline is extensively used for gas,
hydrocarbons and crude oil transportation in the
petroleum industry, which are generally designed for
a service life of about 20 years. This type of pipeline
is manufactured using microalloyed steel with Nb, Ti
and V. The Thermo-Mechanically Controlled rolling
Process (TMCP) is commonly employed to control
strain induced precipitation, dislocation networks
and strengthening through the precipitation of nio-
bium carbonitrides (Vargas et al., 2011). This kind
of pipeline is fabricated with a longitudinal welding
which is performed using a double pass submerged
arc welding process. As with most alloys, this steel
is also subjected to a natural aging phenomenon
during periods of time at room temperature, which
is likely to be accelerated by the service conditions
within the range of 25 to 70 °C, producing changes
in the microstructure and mechanical properties
after long-term service (Vargas et al., 2007). The
aging process is described by a peak-aged condition
associated with strengthening precipitation from
particles; and afterward an over-aging state that is
related to the decrease in strength and the coarsen-
ing of precipitates after extended periods of time
(Vargas et al., 2009).

There are also reports on carbon steels indicating
that artificial aging induced by isothermal treatment
can be performed at 100 to 350 °C to accelerate the
natural aging (Krauss, 1990). Homma et al. (1998)
reported that low strength steel is susceptible to aging
at 250 °C for 1 hour which is equivalent to 2 years of
natural aging. There is some research on aging of fer-
rous alloys like API 5L steel pipe line that has aimed
to give an understanding of the causes and effects
of aging, such as the deterioration or degradation
of the micro-structural features, research which was
correlated and evaluated by non-destructive meth-
ods such as ultrasonic testing (Vargas et al., 2012).
Some studies are related to the weld metal of multi-
pass steel aged at 550 °C for 30,000 hours, in which
the fine grain microstructure in the Heat Affected
Zone (HAZ), shows structural changes such as
the agglomeration and coarsening of precipitates
(Watanabe et al., 2004). A second case is the 17 GS
steel pipeline with a diameter of 720 mm that trans-
ported oil, and which after 30 years of service dis-
played significant decrease in the Charpy absorbed

energy, approximately 40% at room temperature
(Kotrechko ez al., 2004). A third case is the coars-
ening study of nano-sized M,;C, carbide precipitate
in 2.25Cr—1Mo steel found in boiler tube specimens
subjected to extended aging of up to 160,000 hours
at 540 °C in a thermal power plant. It is found that
the coarsening of these nano-particles reflected in a
diffraction pattern as crystallite size increased with
aging resulted in material degradation (Jayan et al.,
2004). Additionally, a study on the artificial aging of
API 5L X52 welded steel carried out at 250 °C for
up to 1,000 hour resulted in an increase of the gen-
eral corrosion rate in a solution of brine containing
hydrogen sulphide at 25 °C for the weld bead, HAZ
and the base metal as the aging time elapsed. The
higher corrosion rate was linked to the coarsening of
trans-granular nano-particles of cementite and nio-
bium carbide for weld bead and base metal respec-
tively for long aging times (Vargas et al., 2011).

The objective of this study is to characterize the
changes in the microstructure, mechanical proper-
ties and corrosion resistance in the weldment regions
of the weld bead, HAZ and base metal of the afore-
mentioned steel, as a result of the aging in-service
conditions. The contribution of this research is to
provide further experimental information that will
be useful in understanding the micro-structural and
mechanical degradation of commercial aged pipe-
line taking into account the chemical composition
of the fluid transported.

2. EXPERIMENTAL PROCEDURE

Longitudinal welded joint specimens were
obtained from APISL X52 steel pipeline naturally
aged which was 27.9 mm in thick and 609.6 mm in
nominal diameter and which transported heavy oil
at an operating pressure of 60 Kg cm™. The pipe
was welded longitudinally using a semi-automatic
Submerged Arc Welding process (SAW) with a
double-pass through and X-groove configuration
using a steel electrode and flux under API 5L (2008)
Welding Procedure Specification (WPS).

The chemical composition, determined by
atomic absorption spectrometry and direct com-
bustion method, of the weld bead in the natural
aged condition was inside the range of criteria for
acceptance by AWS AS5.17 (2004). The base metal
fell outside the criteria of 1.40% Mn maximum and
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0.32% C,, maximum according to API 5L (2008)
therefore the mechanical resistance and weldability
were affected, see Table 1.

For micro-structural characterization, the speci-
mens were machined, ground, polished and sub-
sequently etched using a Nital at 2% solution to
reveal the micro-structural features using a JEOL
6300 Scanning Electron Microscope (SEM). The
morphological, structural and chemical character-
izations were achieved using a JEOL-2000FX-II
Transmission Electron Microscope (TEM), which
was equipped with energy dispersion spectroscopy,
operated at 200 kV. Therefore, thin foils of 3 mm
diameter were prepared by grinding and jet polish-
ing until perforated, using a twin-jet electro-polisher
model 110 with a 30% HNO;+70% CH;OH solu-
tion kept at —55 °C during the operation.

Specimens of the weld bead, HAZ and base metal
were cut and machined according to the mechanical
test type. For evaluation of the Vickers hardness in
three different microstructures, transversal speci-
mens having 27.9 mm in width and 50 mm in length
were used. This testing was performed with a FM-7
future Tech Corp. micro-hardness tester applying a
2.9 N load and repeating every reading 20 times, as
per ASTM Standard E384 (2005). For the weld bead,
Vickers hardness was tested in the both passes of the
welding cycle.

The round longitudinal specimens for uniaxial
tensile testing had a 6 mm gage diameter and a
50.8 mm gage length. Each specimen was completely
machined from the weld bead, HAZ and base metal.
This testing was carried out on a 100 kN, AG-10TG
Shimadzu machine under displacement control at an
average strain rate of approximately 1.6x10™s™" and
the displacement was measured by a SG 50-50 exten-
someter at room temperature, in accordance with
ASTM Standard E8M (2008). For the weld bead, the
tensile property measurements were made in the first
and root passes of the welding cycle. In the case of
the HAZ the measurements included all the sizes and
different heterogeneous microstructures, resulting in
mean tensile properties. Three tensile specimens were
taken for each region of the welded joint aged.

In order to characterized the impact absorbed
energy, specimens were machined with reduced
type-A Charpy toughness, rectangular cross sec-
tion, transverse orientation, a calibrated thickness

of 7.5 mm, a width of 10 mm, a length of 55 mm
and a V-notch at 45° located along the central line
of the weld bead, HAZ and base metal. The tough-
ness tests were carried out on a C Otto Wolpert-
Werke PW 30/15K-type pendulum impact machine
at —10 °C and in triplicate for each micro-structural
region, as per ASTM Standard E-23 (2006).

The tensile and impact fractured specimens of the
base metal, HAZ and weld bead were analyzed using
a JEOL 6300 SEM in order to reveal the relevant
micro-features causing fracture type in the specimens.
The microscope was operated at 20 kV, 220 pA, using
a secondary electron and working distance of 39 mm.

For the corrosion evaluation, square transversal
electrodes with surface area of 1 cm?® were taken
from the three micro-structural zones and mounted
in epoxy resin to ensure the area of exposure.
Electrodes were prepared using the metallographic
technique and were degreased with ethanol before
immersion in the corrosion medium. The aqueous
solution of H,S synthetic brine was prepared accord-
ing to NACE ID-182 (1995). This brine allows sim-
ulating an environment containing hydrogen sulfide
with concentration of 500 mg L™". The Tafel polar-
ization electrochemical technique was performed
with the glass cell formed by three-electrodes includ-
ing working electrodes machined from the weld
bead, HAZ and base metal, a Saturated Calomel
Electrode (SCE) of fixed potential of 0.2415V and a
graphite bar as auxiliary electrode. The potentiody-
namic polarization measurements were made using
an EG&G Applied Research model 273 A potentio-
stat controlled by a computer with PAR M352/252
corrosion analysis software. This testing was car-
ried out by polarizing the electrode approximately
at£250 mV from the Open Circuit Potential (OCP)
using a slow scan rate of 0.166 mV s™' at 25 °C. All
the above tests were performed in static condition.
The general corrosion rate (V) was calculated
from i, by using equation (1), according to ASTM
standard G-102 (2004).

Veorr =0.0033 (i, EW/d) ()
where V,,,, is the corrosion rate (mm y'); i,
the corrosion current density (uA cm™); EW the
equivalent weight of the corrosion species (g) and d
the density of the corrosion species (g cm™).

TABLE 1. Chemical composition (wt. %) of the weld bead and base metal

Element (Wt. %)

Material C Mn Si Nb Ti \ P S C,,f
Weld bead ~ 0.070 1.34 0.40 0.050 0.020 0.010 0.023 0.021 0.295
Base metal ~ 0.086 1.48 0.25 0.005 0.020 0.010 0.029 0.010 0.333

_ Si Mn Cu Ni Cr Mo V
FCoq=Ct ot ™k
30 20 20 60 20 15 10
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3. RESULTS AND DISCUSSION

The welded joint of naturally aged API 5L X52
pipeline exhibited a deterioration in its properties
as the Charpy impact energy with the formation of
brittle fractures in cleavage zones on the surfaces
impacted, micro-structural damage appearing as
coarsening of nano-particles and carbide plates, and
growth of ferrite grain size. Therefore, this pipeline
showed relevant micro-structural deterioration and
mechanical degradation.

3.1. SEM micro-structural analysis

SEM images of the longitudinal joint welded
by the Submerged Arc Welding (SAW) process on
API 5L X-52 steel pipe as shown in Figure 1. The
SEM observations show that the weldment region,
produced by double submerged arc welding, was
formed by three different microstructures as shown
in Figure la. The weld bead (Fig. 1b) exhibited a
solidification of the microstructure resulting from
the welding cycle, which was composed of large
columnar ferrite grains oriented in the direction of
the heat flow (dark areas), acicular ferrite (white
areas) between columnar grains (Hamada and
Yamauchi, 2002) and an important percentage of
non-metallic inclusions having an average diameter
of 1.5 um within the columnar grains (white points).

The HAZ of the second zone generated by the
double welding thermal cycle (Fig. 1c) showed a
heterogeneous recrystallized microstructure located

near the fusion line, formed mainly by fine acicular
ferrite (white areas) and coarse-grained ferrite (dark
areas). The complete HAZ showed an average width
of 4 mm (Homma et al., 1998). The as-hot rolled
microstructure of the base metal showed the roll-
ing direction and it was formed by an equiaxed fer-
ritic matrix (dark areas) with coarse grain size and
pearlite colonies (white areas) with a percentage of
each constituent of about 70 and 30, respectively
(Fig. 1d). The average measurement of ASTM grain
size number G was determined to be about 8.55 in
accordance with ASTM Standard E-112 (2004).
Therefore, the base metal showed over-aging, which
was associated with the large ferritic grain size as a
consequence of grain growth.

3.2. TEM micro-structural analysis

Figure 2 shows typical TEM bright field images
of the HAZ and base metal structure, respectively.
Figure 2a exhibits the presence of medium-sized
nearly cuboidal Ti particles, (see corresponding
EDS spectrum in Figure 2b), from 20 to 40 nm in
size that were located within the ferrite grains of
the HAZ structure of the secondary recrystallized
zone produced by the welding thermal cycle during
welding.

For the base metal we observed that there were
medium-sized nearly circular shaped Nb-C particles
from 10 to 25 nm in size within ferrite grains, as indi-
cated in the TEM image and its corresponding EDS
spectrum in Figures 2c¢ and 2d, respectively. These

FIGURE 1. SEM micrographs: (a) an SAW welded joint naturally aged, (b) large columnar grains in the
weld bead solidified, (c) fine acicular ferrite in the HAZ of second zone recrystallized and
(d) ferritic matrix in base metal showing a transversal section of rolling direction.
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FIGURE 2. TEM bright field (BF) images obtained from welded joint naturally aged: (a) cuboidal Ti nano-particle,
(b) its corresponding EDS spectrum showing Ti peaks in the HAZ, (¢) nearly rounded Nb-C rich particle and
(d) its EDS spectrum indicating Nb and C peaks for the base metal.

nano-particles could be from the strain induced pre-
cipitation and their size could be associated with the
natural aging effect.

Moreover, TEM observations revealed the pres-
ence of large, coarse and inter-granular Fe-C plates
(dark lines) located in ferrite grain boundaries of the
micro-structural zones of weld bead, base metal and
HAZ under study, as can be seen in the images of
Figure 3 and its corresponding EDS spectrum with
the characteristics peaks of Fe and C in Figure 3d,
which was related with the growth process favored
by the service conditions. The structural different
was the amount and thickness of these plates within
the structures analyzed. This clearly shows that the
base metal had the largest amount of Fe-C plates
compared to the HAZ and weld bead.

Additionally, TEM image analysis was performed
on the micro-structural zones, which revealed the

presence of large, nearly rounded, trans-granular
nano-particles, as reported in Saucedo et al. (2003),
which exhibited preferential nucleation sites among
dislocations within the ferrite grains. A typical
TEM image of the weld bead showed large par-
ticles with sizes ranging from 10 to 35 nm in dis-
locations (Fig. 4a). The EDS spectrum displayed
the characteristic Fe and C peaks (Fig. 4b), which
corresponded to the particle marked in Figure 4a.
The structural characterization of these Fe-C nano-
particles revealed that these were cementite-type
compound reported elsewhere (Vargas et al., 2006).

The density and size of the nano-carbides, and
volume fraction of inter-granular carbide plates
were measured. The number of particles per pm” was
calculated by counting the particles and their size
was directly measured. The fraction of plates was
determined by the volumetric difference between

Revista de Metalurgia 50(3), July—September 2014, ¢024. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.024



6+ B. Vargas-Arista et al.

Fe
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200 nm

FIGURE 3. TEM bright field images of inter-granular iron carbide plates obtained from the welded joint naturally
over-aged: (a) weld bead, (b) base metal, (c) HAZ and (d) its EDS spectrum indicating Fe and C peaks, with
different amount and thickness within the ferritic grain boundaries.

Fe

Fe
'J\ Cu
Vo s e

1 2 3 4 5 6 7 8 keV

FIGURE 4. TEM bright field image obtained from the weld bead naturally over-aged: (a) coarsening of
nano-particles between dislocations and (b) EDS spectrum indicating Fe and C peaks.

the plates and matrix. The values of these measure-
ments are listed in Table 2. The analysis showed that
the base metal had the largest carbide density, fol-
lowed by weld bead and HAZ due to the particles
generated by the TMCP rolling process contribut-
ing to this density (Vargas et al., 2006). The weld

bead and HAZ showed similar carbide size which
was larger than that of the base metal related to the
SAW welding cycle and thermal effect of the natural
aging. Finally, the base metal reached the highest
volume fraction of carbide plates compared to that
of the HAZ and weld bead, which was associated
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TaABLE 2. Carbide density, mean particle size and inter-granular carbide for the weld bead, HAZ and base metal

Nano-carbide density

Inter-granular carbide

Material (particles pm?) Mean carbide size (nm) fraction volume (%)
Weld bead 17.67 22.5 1.85
HAZ 15.95 22.5 2.33
Base metal 27.16 15 2.38

with the strain induced strengthening during the
TMCP process.

According to the values listed in Table 2 and
aforementioned TEM image analysis, the HAZ and
base metal exhibited nano-sized particles and car-
bide plates with notable coarsening (Jayan et al.,
2004, Watanabe et al., 2004) i.c., an increase in their
size related to the over-aged condition (Vargas et al.,
2006) as a consequence of long periods of time as
21 years. The coarsening process of particles was
described by the Ostwald ripening process spoken
by Moon et al. (2006). A growth of the larger nano-
particles at the expense of the other smaller ones
was observed. The new large particles had weak
interactions between dislocations, resulting in a
more plastic deformation and a decrease in the yield
strength.

3.3. Characterization of the mechanical properties

The stress-strain curves of the weld bead, HAZ
and base metal showed a discontinuous yielding
behavior with well-defined upper and lower yield
strengths, as can be seen in Figure 5. The weld bead
presented a higher ultimate tensile strength and
larger discontinuous yielding than that of the HAZ

650
600 -
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500 1 p

450 4 /

400 7

o

300 1 |

250

2001 |
150 |
100 { /|
50 -

Stress (MPa)

and base metal, which was associated with the aging
phenomenon.

The mechanical analysis showed that the yield
and tensile strengths, elongation, Vickers hardness
and Charpy energy of three micro-structural zones
were modified with the natural aging at 30 °C after
21 years of service. The values of these properties,
versus the criteria for acceptance of the specifica-
tions, are listed in Table 3. The weld bead reached
the highest mechanical properties, such as the micro-
hardness, yield and tensile strengths compared to
the HAZ and base metal. However, it exhibited
inferior impact energy as elongation values than the
HAZ and base metal, as a consequence of the pro-
longed thermal effect of aging. Therefore, the weld
bead didn’t reach the minimum energy requirement
of 27 J and the elongation showed the minimum
value of the AWS A5.17 (2004). The base metal
exhibited an elongation to fracture lower than that
of the minimum value of API 5L (2008).

According to literature related to natural aging
process and the properties values given in Table 3,
the HAZ and base metal showed micro-hardness
values corresponding to deterioration of the Vickers
hardness. The weld bead reached a yield strength,
as well as the base metal and weld bead exhibited

Base metal aged for 21 years
— HAZ aged for 21 years

— Weld bead aged for 21 years
12 15 18 21 24 27
Srain (%)

FIGURE 5.  Stress vs. strain curves for the weld bead, HAZ and base metal under over-aged condition at 30 °C after 21 years of service.
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TABLE 3.  Mechanical properties of the weld bead, HAZ and base metal

Vickers hardness Charpy Energy
Material HVN (HRC) G,0.2% G,y (MPa) Elongation (MPa) Y at —10°C (J)
Weld bead 231 (18.4) 524 606 22 12
HAZ 219 (15.3) 466 557 24 121
Base metal 192 (9.1) 403 503 25 130

lower elongation values attributed to the existence
of over-aging. Finally, the absorbed energy for the
three micro-structural regions showed lower values.
This mechanical behavior suggests a degradation
of Vickers hardness, elongation and impact energy
(Kotrechko et al., 2004, Vargas et al., 2008). All
these were linked to the coarsening process of nano-
carbides and carbide plates under natural over-aged
condition.

3.4. Fractography analysis

Additional indirect measurements of the micro-
structural changes involving the density and size of
nano-particles were achieved through SEM obser-
vations of fracture surfaces obtained from the ten-
sile fractured specimens for the weld bead, HAZ
and base metal. The fracture surfaces exhibited a
ductile-type failure with well-defined micro-void
morphology, which was linked to the mechanism
of nucleation, growth and coalescence of micro-
cavities (Vargas et al., 2009), as can be observed in
Figure 6. The micro-cavity nucleation centers were

promoted by the presence of carbides and non-
metallic inclusions.

To evaluate the fracture mechanism on the speci-
mens, the average density and diameter of voids were
measured. The number of voids per um? was calcu-
lated by counting the micro-voids and their diameter
was directly measured. Therefore, ten fields of view
were counted for these fracture parameters. The mea-
surements are listed in Table 4. The fractured surfaces
of the weld bead showed higher void density and
lower diameter compared to that in the HAZ and
base metal, due to the inferior growth of micro-voids,
deteriorated impact energy and higher yield strength.

Considering the natural aging process, we can see
that weld bead and HAZ reached void density values
corresponding to an over-aged state. While the weld
bead and base metal showed void diameter measure-
ments related to over-aging. Both fracture parameters
were associated with the coarsening of nano-carbides
after long periods of time, such as 21 years.

The reduction in impact energy after natural
aging was confirmed using SEM fractographic
analysis of the impact fractured surfaces of the

10 ym

FIGURE 6. Fractography of tensile fractured specimens for the welded joint naturally over-aged state: (a) weld bead,
(b) HAZ and (c) base metal, with different density and diameter of micro-void within surface.
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TABLE 4. Density and diameter of micro-voids for the weld bead, HAZ and base metal

Material Micro-void density (voids pm™2) Micro-void diameter (pm)
Weld bead 0.134 443
HAZ 0.097 5.02
Base metal 0.065 5.27

weld bead, HAZ and base metal. The middle sur-
faces showed mixed fracture composed principally
of brittle fracture due to trans-granular cleavage
with well-defined facets and ductile fracture with
morphology of networks including small inter-
granular micro-voids located at the boundaries of
facets, as can be observed in Figure 7 for the weld
bead, HAZ and base metal. The brittle fracture
through cleavage was produced as a consequence
of the natural aging conditions, which showed a
significant difference in the amount for the three
micro-structural zones. The weld bead exhibited a
larger amount of cleavage within the fracture sur-
faces (Fig. 7a), followed by the HAZ (Fig. 7b) and
base metal (Fig. 7¢).

3.5. Corrosion behavior

Corrosion resistance of the welded joint was
investigated using Tafel polarization in a solution of
brine containing hydrogen sulfide at 25 °C. The cor-
rosion rate (V) values, according to equation (1),
for three micro-structural zones, are listed in Table 5.
The weld bead showed a high slightly generalized
corrosion rate (Vargas et al., 2011) followed by the
HAZ and base metal, i.e., if the base metal is the

reference, the percentage of variation from HAZ
and weld bead is 4.7% and 9.5%, respectively.

The SEM study of the corrosion products at the
three different micro-structural regions confirmed the
corrosion behavior explained. We observed the pres-
ence of brittle and porous oxide and iron sulphur on
the metallic surface. The corrosion showed in the weld
bead can be attributed to the presence of shallow cor-
rosion products with higher brittleness and porosity,
as indicated in the SEM micrograph and its corre-
sponding EDS spectrum in Figure 8. The base metal
reached a corrosion rate corresponding to a condition
of over-aged, which was linked to the coarsening pro-
cess of nano-carbides and porous corroding products
favoring the electrochemical corrosion process.

4. CONCLUSIONS

The weld bead, heat affected zone and base metal
were susceptible to natural aging during 21 years
of service at 30 °C, affecting their microstructure,
mechanical properties, corrosion resistance and
fracture behavior, as a results of the damage from
the over-aged state.

The micro-structural regions showed a domi-
nant process called coarsening of trans-granular

10_um

FIGURE 7. Fractography of impact fractured specimens for the welded joint naturally over-aged:
(a) weld bead, (b) HAZ and (c) base metal, with different amount of cleavage brittle fracture.
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FIGURE 8. SEM micrograph obtained from the weld bead naturally over-aged: (a) corrosion products with larger brittle
and porous on the corrosion specimen and (b) its corresponding EDS spectrum showing Fe, S and O peaks.

TABLE 5. Corrosion rate in H,S media at 25 °C
for the weld bead, HAZ and base metal

Material Corrosion rate V,,, (mmy™")
Weld bead 0.254
HAZ 0.243
Base metal 0.232

medium nano-particles and inter-granular carbide
plates, i.e., an increase in the particle and plate size,
which was unfavorable to the mechanical properties
and fracture mechanism. The base metal showed a
notable coarse ferritic grain size while the weld bead
showed larger carbide size as a consequence of the
over-aging exposition after several years.

The elongation was deteriorated for the base
metal and weld bead, which reached a drastic reduc-
tion in the absorbed energy compared to that of the
applied specifications. These properties degrada-
tion was related to the presence of brittle fracture
zone associated with the trans-granular cleavage in
the impact fractured surfaces, with major amount
of cleavage for the weld bead, followed by the HAZ
and base metal. Thus, the natural aging favored the
brittle fracture under impact load.

The particle coarsening observed in the welded
joint, which acted as nucleation sites of micro-
cavities, was confirmed through the fracture param-
eters of density and size of micro-voids in the tensile
fractured specimens with higher void diameter and
lower void density as a result of the over-aged state.
The base metal reached minor void density and
major void diameter followed by the HAZ and weld
bead, which were linked to the larger nano-carbide
density that favored the higher amount of cavities to
form larger voids.

The resistance to corrosion of the damaged three
micro-structural zones decreased resulting in the

slight increase in the general corrosion rate due to
larger brittle and porous corrosion products of iron
oxide and sulfide for the weld bead compared to the
HAZ and base metal.
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