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Abstract

The aim of this study was to evaluate the effect of welding on the corrosion resistance of the heat-affected zone (HAZ) of the
AISI 444 ferritic stainless steel in medium containing Venezuelan heavy oil. AISI 444 steel plates were welded through the use of
three levels of welding heat input (4, 6 and 8 kJ/cm). Samples were extracted from the welded plates and thermally treated in three
different temperatures (200, 300 e 400 °C), while immerged in petroleum for a period of 4 h. Optical microscopy (OM), scanning
electronic microscopy (SEM) and energy dispersive X-ray analysis (EDX) techniques were used for the analysis of the surface and
transversal section of the joint. Electrochemical trials of cyclic potentiokinetic reactivation of double loop (EPR-DL) were also
carried out. It has been concluded that the temperature of treatment has direct influence on the level of material corrosion and that
the increase in the welding heat input contributes to a higher level of corrosion.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Its perfect match between mechanical properties and
resistance to corrosion justifies the increasing use of
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stainless steel in the industrial sector. These types of steel
are divided in five main groups according to its
metallurgical characteristics (Folkhard, 1988). Among
the various stainless steels types, we highlight the AISI
444 ferritic stainless steel, which presents a thoroughly
ferritic microstructure and whose chemical composition
is differentiated by a reduction in the concentration of
interstitials elements, as carbon and nitrogen, and
addition of molybdenum in order to improve its corrosion
resistance, and addition of stabilizing elements such as
titanium and niobium (Sedricks, 1996).
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Table 1
Physical–chemical analysis of the crude oil used

Specific gravity
°API

Pour point
(°C)

Viscosity at
50.0 °C (cSt)

Sulfur content
(% m/m)

12.2 0 1500 4

Table 3
Chemical composition of the welding metal of the electrode AWS
E309MoL-16—analysis by the furnisher (% weight)

C Cr Ni Mo

0.03 23 13 2.5
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The welding processes are frequently used in the
manufacturing and repairing of equipment and compo-
nents made of stainless steel. Regarding the ferritic
stainless steel, the thermal cycle produced during the
welding may be enough to cause phase precipitation in
the heat-affected zone (HAZ). Many times the presence
of these phases is associated with ductility and toughness
reduction and the increase in hardness, by causing
material embrittlement (Grobner, 1973; Cortie and
Pollak, 1995; Silva et al., 2007). Corrosion resistance
can also be altered mainly when phenomenon such as
sensitization is likely to occur (Sedricks, 1996; Silva et al.,
2007). Besides that, these types of steel may more
frequently present problems related to corrosion when
applied to equipment that processes crude oil for the fact
that they operate in temperatures ranging from 200 to
500 °C.

One of the most important equipment found in a unit
of petroleum processing is the distillation tower, which
changes crude oil into various fractions. These towers
have an internal coating of AISI 405 stainless steel in
order to resist the attack of corrosive substances deriving
from the processing of petroleum. However, the high
acidity level in heavy petroleum leads to the degradation
of this coating (Cosultchi et al., 2001; Turnbull and
Griffiths, 2003). The most common repairing technique
uses AISI 316L austenitic stainless steel lining, carrying
out the SMAW process. But this material has presented
problems with corrosion, when under tension, associated
to thermal fatigue (Cayard et al., 1994; Sedricks, 1996).
One alternative to recover the worn out distillation towers
in study in the Federal University of Ceará is to apply
AISI 444 ferritic stainless steel lining as a substitute for
the AISI 316L stainless steel (Machado et al., 2006; Silva
et al., 2006, submitted for publication). The present work
aims to study the alterations in the metallurgic character-
istics in the heat-affected zone of the AISI 444 ferritic
Table 2
Chemical composition of the stainless steel AISI 444 (% weight)

C Mn Si P S Cr Ni Mo

0.015 0.121 0.54 0.024 0.001 17.558 0.201 1.857

Al Cu Co V Nb Ti N O
0.011 0.0343 0.017 0.045 0.162 0.129 0.123 0.023
stainless steel and its influence on the resistance to
corrosion of the heat-affected zone (ZAC) in medium
containing Venezuelan heavy petroleum of the “Bacha-
queiro” type.

2. Experimental procedure

The crude oil used in this study was provided by
Refinaria Lubrificantes Nordeste LUBNOR/PETRO-
BRAS without previous processing. The following
properties were determined: density, fluidity point,
viscosity and sulfur concentration. The results of these
analysis are shown in Table 1.

The AISI 444 ferritic stainless steel, whose chemical
composition is shown in Table 2, was used as base
metal. The AWS E 309MoL-16 austenitic stainless
covered electrode was used as filler metal. The chemical
composition of the filler metal, according to the
manufacturer, is shown in Table 3.

The bead on plate welding in the plane position was
made on AISI 444 steel sheet, which had 50×150 mm
dimension and 3.15 mm thickness, using the shielding
metal arc welding (SMAW) process. The procedure was
carried out manually with the help of a guide machine for
the control of the welding speed. An INVERSAL 450
multiprocess welding source and a data acquisition
system were used. Three levels of welding energy (4, 6
and 8 kJ/cm), whose parameters are shown in Table 4,
were used in this work.

After the welding the sheets went through a process of
cleaning for the removal of slag. The sheets were cut into
samples of 12×25×3.15 mm, comprising part of the
welding metal, the heat-affected zone and the base metal.
The samples were submitted to thermal treatments at
three levels of temperature, 200, 300 and 400 °C and
immersed in heavy oil for 4 h, aiming at reproducing the
Table 4
Used welding parameters (in CC +)

Rms
current
(A)

Rms
voltage
(V)

Welding
speed
(cm/min)

Electrode
diameter
(mm)

Welding
energy
(kJ/cm)

102 24.6 35 4.0 4.2
102 25.4 25 4.0 6.2
103 26.4 20 4.0 8.1



Fig. 1. SEM of the HAZ region near the weld bead, both treated with
petroleum at 300 °C. (a) Sample welded with 4 kJ/cm. (b) Sample
welded with 6 kJ/cm (200×).

Fig. 2. Scanning electronic microscopy (a) Sample welded with 8 kJ/
cm treated with petroleum at 300 °C. (b) Base metal of the samples
welded with 6 kJ/cm at 300 °C. It should be noted that the absence of
corroded regions. The clear area are impregnated with oil (200×).
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severe working conditions of the stainless steel in
operation in the distillation towers, where they are in
direct contact with the heated petroleum. It should be
noticed that two samples at each welding heat input were
treated at each temperature levels tested in this work. The
thermal treatments were carried out at the lubricant and
fuel laboratory (LCL) of the Federal University of Ceará,
using a flash point apparatus.

After the heat treatment, the samples were cleaned
with toluene and n-pentane for further evaluation of the
surface, which was carried out through the scanning
electronic microscopy (SEM) and energy dispersive X-
ray analysis (EDX), to evaluate the kind of corrosion
present and the influence of heavy oil in the samples.
Samples were conventionally prepared for the metallo-
graphic analysis of the transversal section of the test
specimen. The samples were analyzed through optical
microscopy (OM), scanning electronic microscopy
(SEM) and energy dispersive X-ray analysis (EDX).

An image analyzer was used to evaluate the grain size
of the heat-affected zone. The cyclic potentiokinetic
reactivation of double loop (EPR-DL) technique was used
to check the occurrence of sensitization phenomenon in
the heat-affected zone, which is based on the stability of a
passive state that, for the stainless steel, depends on the
chromium contained in the solid solution, therefore
detecting the main cause for the intergranular corrosion,
which is the chromium depletion of the matrix, which
occurs through the complex chromium carbides precip-
itation (Lundin et al., 1986; Folkhard, 1988; Sedricks,
1996). The result of this trial is shown in the form of two
curves plotted on a graph. One of the curves refers to the
anodic polarization and the other to the reverse polariza-
tion. The peaks of each curve correspond to the maximum
values of the current (I) reached. The ratio Ir/Ia is used to
measure the level of sensitization (Luz et al., 2006).
According to Majidi and Streicher (1986), current rates
(Ir/Ia) with values lower than 0.001 correspond to the step
structure, that is, one free from precipitation. Rates
ranging from 0.001 and 0.05 indicate a dual structure,
where some of the precipitates are observed, but which do



Fig. 3. Scanning electronic microscopy (a) Sample welded with 6 kJ/
cm and treated with petroleum at 300 °C. Sulfide iron grains nucleation
(FeS) (200×). (b) EDX analysis of the region showed in panel a.

Fig. 4. Scanning electronic microscopy of the transversal section of the
sample welded with 8 kJ/cm. It should be noticed the growing of grains
situated on the region below the weld bead (55×). Etch: Vilela.
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not completely surround the grain. Rates higher than 0.05
correspond to a ditch structure, with grains completely
surrounded by chromium carbides. However, this relation
applies tomaterials whose ASTMgrain size is around 3.5.
The trials were carried out in the heat-affected zone
(HAZ) within an area of 1.5 mm starting from the limit of
the partially melted zone (PMZ). In this area there is a
higher probability of chromium carbides precipitation for
the ferritic stainless steel, since the temperatures rise
above 900 °C.

3. Results and discussion

3.1. Superficial analysis

The superficial analysis revealed an intense attack on
the HAZ adjoining the weld bead. Areas in corrosion
process caused by the activity of corrosive substances
deriving from phase transformation and chemical
reactions of petroleum were observed. In the samples
welded with the lowest heat input (4 kJ/cm), some areas
in corrosion process were observed for the samples
treated at 200 °C and 300 °C (Fig. 1a). Corrosion was
stronger at the temperature of 400 °C and basically the
whole area surrounding the weld bead was attacked.

The sample welded with heat input of 6 kJ/cm and
treated at 200 °C presented local corrosion, similar to the
aspect shown in Fig. 1a, although when treated at 300 °C
and 400 °C the superficial analysis indicated an intense
process of corrosion, as shown in Fig. 1b. The samples
welded with heat input of 8 kJ/cm presented severe
corrosion in the heat-affected zone in all temperatures of
treatment (Fig. 2a). Fig. 2b shows the surface of the base
metal of the sample welded with 6 kJ/cm and treated at
300 °C, where no corroded area was observed.

After a detailed analysis of the corroded areas in the
samples, it was possible to observe nucleated particles on
the surface with granular morphology (Fig. 3a). The
chemical composition of the particles presented in Fig. 3b,
and obtained through the EDX analysis, shows high
quantities of sulfur and iron, besides the presence of
carbon and chromium. This observation is important since
it shows that the process of corrosion occurred due to the
high concentration of sulfur present in the Venezuelan
petroleum, resulting in the formation of iron sulfide as the
corrosion product.

This corrosion type is characteristic of equipment in
the petroleum industries, which produce and refine
petroleum. Medvedeva (2000) classify this corrosion
type as high-temperature hydrogen-sulfide corrosion
(HTHC). The HTHC generally occurs under the influence
of hydrogen sulfide (H2S), which may be present in
operations where petroleum is processed with high
concentrations of sulfur. When heated at temperatures
higher than 260 °C this kind of oil promotes the
decomposition of sulfurated compounds and the forma-
tion of H2S (Medvedeva, 2000). The process of corrosion
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is based on the reaction between the hydrogen sulfide and
the surface of the metal, according to Eq. (1).

Feþ H2S→FeS þ H2: ðIÞ

The result is the formation of iron sulfide as a
corrosion product. This product was found on the surface
of all the analyzed samples. According to Smith (2003),
the main types of sulfide found in corrosive environment
contain H2S. In high temperatures there is the predom-
inance of troilite (FeS), macassite (FeS2) and also
pyrrhotite (Fe1− xS) (Craig, 2002). In cases where the
concentration of H2S is very high, there may be the
formation of a very complex layer composed
of Mackinawite (Fe1+ xS), troilite (FeS) or pyrrhotite
(Fe1− xS), covered by a layer of macassite (FeS2) or
pyrite (FeS2) (Craig, 2002). For this reason, the complete
identification of the corrosion products asks for an
Fig. 5. Sample welded with 6 kJ/cm, without petroleum treatment (a)
Polarization curve (b) Micrography of the transversal section (500×).
Etch: Vilela.

Fig. 6. Sample welded with 8 kJ/cm, without treatment. (a) Polarization
curve. (b) Micrography of the transversal section (500×). Etch: Vilela.
analysis where more advanced techniques, such as the X-
ray diffraction, is used.

3.2. Microstructural analysis

The transversal sections of the samples were analyzed
through metallographic exams and considered welded and
thermally treated. No significant alterations between the
microstructures were observed before and after the
treatment. The size of the heat-affected zone grain next to
the surface practically did not vary with the increase of the
welding energy. This may be due to the non-uniform
conduction of heat during the process of welding which,
due to the small thickness of the sheet, concentrates the heat
in the area below theweld bead, causing the growth of grain
in the area right below the welded zone, as shown in Fig. 4.

A more detailed analysis of the enlarged welded
specimen revealed the presence of thinly dispersed
precipitates in the ferritic matrix and in the grain



Fig. 7. EPR-DL results for three levels of welding energy.
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boundaries (Figs. 5b and 6b). However, its highly
reduced dimensions made the identification by SEM
and EDX analysis difficult. It may be that the precipitates
observed are chromium carbides and/or nitrides derived
from the process of welding, since in such areas
(adjoining the weld bead) the tried temperatures were
above 1000 °C, which, according to the literature
(Folkhard, 1988; Silva et al., 2007), favors the precip-
itation of chromium carbide in ferritic stainless steel.

3.3. Electrochemistry analysis

Through the analysis in the HAZ using the EPR-DL
technique, it is possible to observe a small peak in the
reverse scanning of the material (Fig. 5a) for the sample
welded with 6 kJ/cm, which analysis the passivation
layer caused by the anodic scanning, and identifies a
perturbation of the passivation layer in this area. These
perturbations will initiate the migration of electron from
the anodic to the cathodic areas of the material, starting
the process of corrosion. The value of Ir/Ia was 0.05,
which would characterize a dual structure.

For the sample welded with heat input of 8 kJ/cm, the
peak in the reverse scanning was highest and the relation
Ir/Ia was 0.14 (Fig. 6a), which indicates a ditch structure. In
both cases it would have been expected the presence of
some chromium carbide precipitates in the grain bound-
aries. However, it may be that the mechanism of precipita-
tion of these carbides for the ferritic stainless steel does not
occur in the same way as for the austenitic stainless steel.

Although it was not possible to identify the precipitates
types in the analysis of the microstructure discussed
before. It is believed that those are probably rich in
chromium, since the electrochemical analysis detected
perturbation in the passivating layer of the steel, which
occur exactly because of the chromium depletion in the
matrix. Since the temperature of treatment in petroleum
immersion to which are submitted the samples is a lot
inferior to the temperature of carbide precipitation for the
ferritic stainless steel, around 900 °C (Folkhard, 1988;
Silva et al., 2007), it is possible to conclude that this
increase in the Ir/Ia ratio, and consequently the loss in
resistance to corrosion of the material, is due to the levels
of welding heat input used in this study. Therefore, the
higher the welding heat input, the higher its influence on
the perturbation of the passivating layer and the loss of
corrosion resistance of the material. Fig. 7 shows the
variation of Ir/Ia with the welding heat input.

4. Conclusions

Based on the experimental results on the effect of
welding on the corrosion resistance of the heat-affected
zone (HAZ) of the AISI 444 ferritic stainless steel in
medium containing Venezuelan heavy oil, it was noticed
that important metallurgical alterations occurred prefer-
entially in the heat-affected zone (HAZ) by causing a
high susceptibility to corrosion. The corrosion product
formed on surface was characterized as iron sulfide,
indicating that the corrosion process was caused by
corrosive substances rich in sulfur, mainly hydrogen
sulfide (H2S). It was also verified that an increasing on
the welding heat input leads to an increase in the level of
corrosion presented by the material, mainly in high
temperatures. Additionally, the temperature of treatment
directly influences the start of corrosion, as well as how
severe the corrosion process may be. Equally important
was the influence of the welding heat cycle that in fact
proved to be capable of causing perturbations in the
passivation layer, in the steel HAZ adjoining the weld
bead. Finally, it is important to noticed that an high
concentration of sulfur in the sulfurated compounds
favors the formation of extremely aggressive acids, such
as the hydrogen sulfide (H2S), definitely contributing
for an accelerated and intense corrosion process of the
steel, as it was observed in case studied.
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