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The thermal treatments employed in alloys are essential to obtaining desired microstructures
and corrosion resistance properties. In this paper the low carbon martensitic steel 13Cr4Ni0.2C with
different tempering temperatures was studied using potentiodynamic polarization technique in synthetic
marine environment, in order to evaluate the effect of the tempering temperature on the steel corrosion
resistance in an environment that simulates the conditions of use in oil and gas production. Microscopy
results showed differences in the microstructure of tempered steel at low (620°C) and high (770°C)
temperatures, indicating the appearance and extending of martensite laths with increasing temperature.
Polarization tests showed that tempering temperature located between 620°C and 710°C indicated
passive film formation and tempering temperatures of around 620 °C showed better resistance values

to pitting corrosion.
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1. Introduction

Metallic alloys have different corrosion resistance levels
and it is essential choosing a material that meets requirements
of the oil and gas industry in deep waters to reduce maintenance
needs or replacement during the lifetime of the equipment.
Among types corrosion, localized pitting corrosion is very
common in seawater and it is the most difficult process to
control, especially when it comes to deepwater'.

Low carbon martensitic stainless steels have attracted
great interest because of its good mechanical properties,
excellent weldability, high corrosion resistance, ease of
processing and lower costs, which is particularly attractive
to the oil industry>*. The equipment manufacturing sector for
the oil extraction industry have increasingly used martensitic
stainless steels to replace carbon steels and duplex stainless
steels in applications such as casings, shafts and pump rotors>.

The corrosion resistance of stainless steels is directly
associated with the formation of a protective film or passive
layer on steel surface®. In stainless steels it is expected that this
passive layer is generally rich in chromium film a few nanometers
thick inhibiting corrosion’®. In specific aggressive environments,
stainless steels are susceptible to pitting corrosion because of the
localized dissolution of the passive film and being that failure
of metallic structures®!". Pits in stainless steels are spaced apart
and surface remains passive in the majority. Formation rate is
very high and the pitting detection is very difficult due to small
size, which demands certain time in order to be observed'?.

*e-mail: neideaparecidamariano@gmail.com

Unlike other stainless steels, martensitic stainless steel
properties could be changed by heat treatment of quenching
and tempering'*'®. The influence of tempering temperature on
the corrosion resistance in marine environments is still poorly
understood, even though the importance of 13Cr martensitic
stainless steels and the microstructural transformations
observed after heat treatments are widely studied''8. These
steels have complicated structure, requiring careful control
for heat treatment to avoid carbide precipitation and ferrite
delta formation in order to ensure complete transformation
to homogeneous martensite, not to ferrite during the cooling
stage'®. Steels are always quenched at temperatures 200°C
higher than final temperature of austenite formation (about
800-850°C) and then tempered near the initial temperature
of austenite formation (about 570-600°C)".

Considering the challenges in understanding and relevance
of the corrosion process of low carbon martensitic stainless
steels it is presented a study in synthetic marine environment
using cyclic potentiodynamic polarization in martensitic
steel 13Cr4Ni0.02C tempering at different temperatures.
The goal was investigate the relationship between tempering
temperature and pitting corrosion resistance in an environment
with high concentration of chlorides.

2. Materials and Methods

The 13Cr4Ni0.02C steel was melted in a conventional
electric arc furnace with a refining process type AOD
(Argon Oxygen Descarburization). The manufacture was
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made according to the standard ASTM A743-743M from
the molten material and cast into sand molds agglomerated
with phenolic-urethane resin, in the form of keel blocks. This
alloy was received in the form of cylindrical specimens with
5cm diameter and 25c¢m length. The chemical composition
obtained by inductively coupled plasma-atomic emission
spectrometer (ICP/AES) for this steel is shown in Table 1.

The austenitic transformation temperatures (A  and A ) and
martensitic transformation temperatures (M, and M,) obtained
by dilatometry by Mendonga et. al'® are shown in Table 2.

Samples of the steel were quenched at 1000°C for two
hours with subsequent tempering also for two hours at
590°C, 620°C, 650°C, 680°C, 710°C, 740°C and 770°C and
cooling in air. Heat treatments were performed in a muffie
furnace without protective atmosphere and the temperatures
were monitored by using Chromel-Alumel thermocouple.

After the heat treatments, the samples were analyzed
by scanning electron microscopy (SEM) and optical
microscopy (MO), according to the ASTM E3-11 standard.
The microstructure were etched with potassium metabisulfite
(K,S,0,) modified Behara reagent. X-ray diffraction with Cu
Karadiation was also performed to determine the crystalline
phases present.

Corrosion behavior was evaluated by cyclic potentiodynamic
polarization method using a potentiostat Metrohm model
Autolab/PGSTART302 connected to a typical electrochemical
cell with a saturated calomel electrode (SCE) used as a
reference electrode, a platinum plate employed as counter-
electrode and the working electrode made from the steel
studied. Electrochemical measurements were performed in
triplicate for each condition. An aerated solution of synthetic
marine environment was used in a concentration of 20,000
ppm Cl at room temperature prepared according to ASTM
D1141-98. After immersion in the solution, the samples were
subjected to conditions of open circuit potential (OCP). The
potentiodynamic curves were measured at a potential scan
rate of 1mV/s with reversion of the direction when the anodic
current density of 10 A/cm? was reached.

3. Results and Discussion
The low carbon martensitic stainless steel heat treated
by quenching at 1000°C and tempered at temperatures of

590°C, 620°C, 650°C, 680°C, 710°C, 740°C and 770°C was
characterized by optical and electron microscopy. Figure 1

Table 1. Chemical compositions of the steel (wt. %).
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shows the 13Cr4Ni0.02C alloy microstructure observed the
microscope. Figure 1a presents the steel microstructure after
quenching and Figure 1b, 1c and 1d after tempering at 620°C,
680°Cand 770°C, respectively. Black arrows indicate the
martensitic matrix (M) and white arrows indicate the delta
ferrite phase (8) undissolved derived from gross melting.

In Figure 1a are observed plates of martensite and delta
ferrite despite the small concentration of carbon in this
steel. Delta ferrite formed by solidification or inadequate
chemical compositions outside the equilibrium conditions
is a controversial phase in this steel'”"”. Since delta ferrite
is formed it is difficult to be removed by conventional heat
treatments (except for high annealing temperature)®. The
images obtained by SEM confirmed change in martensitic
matrix morphology increasing tempering temperature. While
martensite is more dispersed at the tempering temperature
of 620°C (Figure 1b), in samples tempering at 680°C and
710°C (Figure 1c and 1d) it was possible to see its martensitic
phase shaped laths. Figure 2 shows the delta ferrite (§) with
precipitates in the boundary for the sample at 770°C.

The open circuit potential (OCP) and cyclic potentiodynamic
polarization (PPC) curves obtained for 13Cr4Ni0.02C steel
is shown in Figure 3.

The curve of the open circuit potential versus time is able
to show the metal behavior in the electrolytic environment.
If the curve shows positive trends, there was formation of a
passive film on the material surface; if negative trends, may
mean that there was a widespread corrosion. It can be seen
in Figure 3a the passive film formation at the tempering
temperature between 620°C and 710°C, since temperatures
below (590°C) or above these (740°C and 770°C) indicated
values with negative trends and a possible widespread
corrosion or higher difficulty in the passive film formation.

It is possible to observe in Figure 3b that in none tempering
temperatures the samples suffered negative hysteresis, which
means that all samples had the passive layer ruptured and
subsequent pits formation. Furthermore, when the curve
has a well-defined passive region it means that the passive
oxide film suffered slower corrosion and when there is a
very small region it means may have occurred a potential
pits nucleation, showing that the material suffered a faster
corrosion. Based on this analysis and by comparing the curves
in Figure 3b, it can be conclude that tempering temperature
affected the results and proved that temperatures between
620°C and 710°C obtained the better-defined passive region.

Sample C Si Mn Cr Ni Mo
13Cr4Ni0.02C 0.03 1.00 0.70 13.00 4.12 0.72
Table 2. Temperatures of the steel transformations (°C).
Steel A, A, M, M,
13Cr4Ni0.02C 756 836 234 167
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Figure 1. Micrograph of the 13Cr4Ni0.02C martensitic steel. a) obtained by optical microscopy of the sample quenched at 1000°C; b)
obtained by SEM of the sample tempered at 620°C; c) obtained by SEM of the sample tempered at 680°C; d) obtained by SEM of the
sample tempered at 710°C.

Figure 2. Micrograph of the 13Cr4Ni0.02C martensitic steel obtained by SEM of the sample tempered at 770°C. a) Region with delta
ferrite phase. b) Precipitate detail on the delta ferrite boundary.
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Figure 3. Curves obtained in the corrosion test in marine environment to 20,000 ppm CI- of the 13Cr4Ni0.02C steel. (a) OCP ; (b) CPP.

Table 3. Electrochemical parameters of the 13Cr4Ni0.02C steel.

Ten;l;f:;ap:lr:'zg@C) Eeor(V) E.V) 1 (A/em?) E,. (V)
590 0373 -0.103 7.01E-6 -0313
620 -0.350 0.032 6.58E-6 20,285
650 -0.390 -0.060 4.37E-6 0337
680 0373 0.027 8.61E-6 -0.308
710 -0.359 0221 3.80E-6 20202
740 20,432 -0.086 5.17E-6 -0.350
770 20355 -0.159 4.50E-6 -0.206

From the curves of Figure 3b were determined the
electrochemical potentials of 13Cr4Ni0.02C steel samples.
When passive anodic region is broken in advance, occurs
pitting corrosion. In CPP curves the pite results in a noticeable
increase in the current density and leads to called pitting
potential (Epit). The higher this parameter, the greater pitting
corrosion resistance of the material. Protective potential
(Eprot) occurs when the curve crosses itself and implies
that below this potential there is no possibility to break
the passive film and no more will occur pitting formation.
Corrosion potential (Ecorr) indicates when the stainless
steel corrosion begins, since in this potential the oxidation
rate is equal to the reduction rate. The Ipp value shows the
passivation stream for each tempering temperature. All
determined parameters are described in Table 3.

Analyzing the pitting potential of Table 3, it can be
seen that the tempering temperature of 620°C presented the
highest value of corrosion resistance per pite, supporting
the analysis made of OCP curves, which indicates that the
tempering temperature affects the corrosion resistance of
13Cr4Ni0.02C martensitic stainless steel. To explain this
result X-ray diffraction (XRD) analyzes were carried out,
with the 620°C and 770°C spectra being shown in Figure 4.

In Figure 4 only the sample tempered at 620°C shows
the retained austenite presence and the spectrum obtained

Figure 4. X-ray diffraction spectrum of the samples tempered at
620°C and 770°C.

Table 4. Phases and pitting potential obtained at different tempering
temperatures.

Ten?;’::;’flf;‘e‘g(o )  Phases 3(%) E, (V)
590 M; & - -0.103
620 Mid;y  1.40+0.53 0.032
650 M; § 2544053 -0.060
680 M; § 1.53+0.60 0.027
710 M; § 2244054 0221
740 M; § 1.8840.17  -0.086
770 M; § 2.63£0.60  -0.159
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to the sample tempered at 770°C is identical for the other
temperatures. Table 4 shows the phases obtained by XRD
and the delta ferrite fraction (in %) as a function of the
tempering temperatures calculated by an image analysis
software - Quantikov.

The 13CrNiMo low carbon martensitic stainless steels
has a direct relationship between pitting susceptibility and the
volume fraction of retained austenite. The retained austenite
can have beneficial effects on the corrosion resistance,
because it favors chromium and molybdenum carbonitrides
dissolution, increasing the content of these elements in the
matrix. According to Bilmes et al.?' the pitting corrosion
mechanism can also be associated with crack propagation,
in which cracks propagate from the martensite phase to the
austenite phase, ductile and stable, making them difficult
to spread. Thus, the higher austenite volume fraction in
tempered conditions, the lower pitting susceptibility>>.
The presence of delta ferrite leads to a decrease in pitting
corrosion potential, because chromium contained in the
matrix migrates to the delta ferrite boundary, impoverishing
the matrix and damaging the passive layer formation'>*.
This fact can be observed in details in Figure 2.

4. Conclusions

Microstructures of the 13Cr4Ni0.02C steel undergone
significant changes with the tempering temperature variation.
The main one was the extension of the martensite slats
and its order within the grains, besides the appearance of
precipitates in the ferrite delta boundary. The tempering
temperature also influences the values of electrochemical
parameters steel. The cyclic potentiodynamic polarization
tests in marine environment containing 20,000 ppm Cl ions
indicated the tempering temperature around of 620°C was
satisfactory, since at this temperature the highest positive
value of pitting potential was obtained. The steel tempering
at 620°C was the only one that presented retained austenite,
corroborating with the best pitting corrosion resistance
obtained among the studied temperatures.
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