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Abstract

The purpose of this study is to investigate the kinetics of growth, microstructure and chemical composition of
the oxide films formed on AISI 409 ferritic stainless steel stabilized with titanium, after the cyclic oxidation process at
a temperature typical of muffler (300°C), component belonging to the cold exhaust of the automobiles, in synthetic air
in a tube furnace under two different conditions: oxidation after immersing the steel in the synthetic condensed (TOC)
for 10 h and oxidation without immersion in the synthetic condensed (TOP). The kinetics of growth of oxide films was
established by measuring the mass gain per unit area versus time. The microstructure and chemical composition of the
oxides were analyzed by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). EDS analysis of
the films formed on the samples showed the main chemical elements: Fe, Ti, Cr, S and Si. The presence of chromium was
identified in proportions indicating the formation of protective oxides, as a film of Cr,O, in the sample used as control,
while the test specimen immersed in condensed showed failure of the oxide film after the 120th oxidation cycle.
Keywords: Ferritic stainless steel AlSI 409; Corrosion; Condensed; Cyclic oxidation.

OXIDACAO CICLICA DE ACO INOXIDAVEL FERRITICO AISI 409

Resumo

O objetivo do presente estudo é investigar a cinética de crescimento, microestrutura e composigao quimica
dos filmes de éxidos formados sobre o ago inoxidavel ferritico AISI 409 estabilizado com titanio, apds o processo de
oxidagao ciclica a temperatura tipica do silenciador (300°C), componente pertencente a parte fria do escapamento de
automoveis, em atmosfera de ar sintético, em forno tubular sob duas condicoes diferentes: oxidagao apds imersao do aco
no condensado sintético (TOC) por 10 h, e oxidagdo sem imersao no condensado (TOP). A cinética de crescimento dos
filmes foi estabelecida medindo-se o ganho de massa por unidade de area versus tempo. A microestrutura e a composicao
quimica dos 6xidos foram analisadas por microscopia eletrénica de varredura (MEV) e espectroscopia de energia dispersiva
(EDS). Analises de EDS dos filmes formados sobre as amostras mostraram como principais elementos quimicos: Fe, Ti,
Cr, S e Si. Foi constatada a presenga de cromo, em proporgdes que sugerem a formagao de 6xidos protetores, como uma
pelicula de Cr,O, na amostra que serviu de controle, ao passo que, o corpo de prova imerso no condensado apresentou
ruptura do filme apds o centésimo vigésimo ciclo de oxidacao.

Palavras-chave: Aco inoxidavel ferritico AlSI 409; Corrosao; Condensado; Oxidacao ciclica.

| INTRODUCTION

In literature, high temperature oxidation studies
of ferritic stainless steels were found. Parameters such as
oxygen partial pressure, chromium content in the alloy
were evaluated, and aspects such as kinetic behavior,
mechanism of the chromia formation, and selective oxidation
were studied [I,2]. Recent study of the effect of the grain
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boundary on the oxidation resistance of ferritic stainless
steel showed that coarse oxide forms at random boundaries,
and coincident site lattice (CSL) boundaries are oxidation
resistant [3]. New techniques such as room temperature
photoelectrochemistry was used to characterize oxide phases
grown during the initial stages of oxidation of the ferritic
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stainless steel AlSI 441 at 650°C and 850°C in synthetic air
or in water vapor [4]. Important research was developed to
study the metal/oxide interface at short high temperature
oxidation duration and an oxidation model was proposed [5].

The exhaust system of the motor consists of two
parts: the hot part composed mainly by the collector, front
pipe and catalytic converter, which work at an average
temperature above 750°C, and the cold end composed
mainly of muffler and tip, and both operate in medium at a
temperature below 750°C.

The condensation of the gases occurs in muffler.
The problem with this part of the exhaust is precisely the
consequence of the interaction of the condensate with the
metal part of the muffler.

For each type of fuel, a specific condensate is
produced but, in general, its initial pH is between 8 and 9.
With successive stops of the vehicle, the condensate tends to
become increasingly aggressive because of the accumulation
of chloride ions and the decrease in pH, which becomes
3 by liquid evaporation. For Li et al. [6], the chloride and
sulfate ions and the low pH are most responsible for the
corrosion of the muffler, considering that the sulfur content in
the fuel, pollution of the atmosphere and the rate of motion
of the vehicle are also important factors which cause the
corrosion of the muffler.

Cunto [7] performed cyclic oxidation tests on AlSI 409
steel stabilized with titanium and niobium and showed that
after 500 hours the steel had already points of yellowish
corrosion on its surface, and as the time increased the
presence of dark oxides on the surface of the specimen
increased.

Li et al. [6] also promoted similar oxidation tests
with AISI 409 steel stabilized with niobium and titanium,
comparing samples with and without previous immersion in
condensate at three different temperatures. After ten cycles,
the species immersed in condensate showed corrosion, this
process spread over the surface when the sample temperature
ranged from 250°C to 400°C. The oxidation points were
weakly visible at 300°C, but totally visible at 400°C.

The lack of stabilization in stainless steel causes the
diffusion of interstitial elements to the grain boundaries

Table |. Chemical composition of steel (wt. %), except iron (obtained
by mass balance)

C Si Mn P Cr N Ti
0.03 1.00 1.00 0.04 10.5-11.7 0.03 6(C+N)Ti0.75

Table 2. Experimental procedure

thereby precipitating carbides (Cr,,C ) and nitrides (Cr,N).
This formation causes depletion of chromium in the grain
boundary [8]. The addition of stabilizers such as Nb and
Ti contribute to reduce interstitial solid solution elements.

The cyclic oxidation behavior of AlSI 409 ferritic steel
immersed in condensate was evaluated and compared with
the behavior of cyclic oxidation of the same steel without
immersion in condensate, for 120 cycles, at 300°C under
an atmosphere of synthetic air in a tubular oven.

2 MATERIAL AND METHODS

The steel samples were provided by APERAM South
America and their chemical composition is shown in Table |.
The ferritic stainless steel AlSI 409 has up to 0.08% of carbon,
which ensures good weldability, 10 to 12% of chromium,
which provides a reasonable resistance to corrosion and
titanium, the minimum quantity of 6 times the ratio of carbon,
limited to 0.75%, which makes it stabilized [9]. AlSI 409
steel with Ti monostabilized used in this study belongs to
the second generation of ferritic stainless steels, alloys with
lower levels of C and Cr.

The test samples were used in the form of plates with
an area of 217.4 mm? (sample immersed in condensate) and
of 218.4 mm? (sample oxidized without immersion). After
sanding with silicon carbide with sandpapers of 1000 mesh
and 1240 mesh, the samples were polished with suspensions
of diamond with grain sizes of | and 3um in an automatic
polisher. The final cleaning of the samples was performed
using acetone and LIMP-SONIC ultrasound equipment to
remove all moisture, and the samples were subjected to
air blasting.

The samples were submitted to cyclic oxidation with
previous immersion in condensate (TOC), and without
immersion in condensed solution (TOP). Table 2 shows
the experimental procedure.

The synthetic condensed solution was prepared
according to a chemical composition provided by the
metallurgical company [10]. The chemical composition of
the synthetic condensate was: 0.077 g of NH,NO; 1.017 g
of (NH,),SO,; 0.1345 g of KCI; 0.33 ml of NH,OH; 5.8 mL
of HCI I M, the volume was completed with distilled water
until | L. Reagents were used in analytical degree without
prior purification.

Test TOC

TOP

| 60 cycles of immersion in condensed solution for 5 minutes

and rest time in air for 5 minutes at 70°C

Mass measurement

120 cycles of 2 hours: oxidation at 300°C for | h
and rest time at room temperature for | hour

4 Mass measurement

Rest time in air for 10 h

Mass measurement
120 cycles of 2 hours: oxidation at 300°C for | h
and rest time at room temperature for | hour

Mass measurement
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The sample TOC was immersed in condensed
solution in 5 minutes cycles. The alternate immersion was
performed at 70°C for 10 h.

For all oxidation tests, an atmosphere of synthetic
air was used through the hot zone of the tubular oven
(JUNG). The thermal cycle of the two samples was oxidation
for one hour at 300°C, followed by a rest period at room
temperature for | h. During each cycle (Dip-Dry), the mass
gain was continuously measured using a Shimadzu electronic
scale with a sensitivity of 0.0001 g.

The kinetic behavior was evaluated measuring the
mass gain per area. One hundred and twenty cycles were
performed, and each cycle had the duration of 2 hours,
totalizing 240 hours for each sample.

The sample characterization was performed using
the scanning electron microscopy (JEOL JSM - 6360LV) and
dispersive energy spectroscopy.
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Cyclic oxidation of ferritic stainless steel AISI 409
3 RESULTS

The mass gain of the sample oxidized for 240 hours
without previous immersion in condensed solution was
4.58 10°° g.cm™, and the mass gain of the sample oxidized
after immersion in condensed solution was 2.21 103 g.cm™.

After the 96° cycle, the sample oxidized after immersion
in condensed solution showed yellowish iron oxides. Several
craters were observed on the surface of oxidized samples
after immersion in the condensate (Figure 1).

The protective oxide film consists of three layers
(Figure 2a), and Figure 2b is highlighted the rupture of the
inner layer.

The rupture of the oxide film occurred preferentially
in the region of the grain boundaries (Figure 3a). Figure 3b
shows crevices among the grains, at the region of grain
boundaries.

Det WD

— 1T\ T
SE 11.8 409 Condensado

a

2\ WD |mag = tiltf HFW mode| det ——— 5um

5.00 kV 9.8 mm 10 000 x 0 °/12.8 um' SE ETDDual Beam - Centro Microscopia UFM(

Figure 2. (a) Micrograph of the oxidized steel after immersion in condensed solution (b) Rupture of the inner oxidized layer of the oxidized

steel after immersion in condensed solution.
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After 240 h of oxidation, the sample oxidized without
immersion in condensed solution showed a homogeneous
protective film (Figure 4b). Figure 4a shows the surface of
the steel sample oxidized after immersion in condensed
solution.

EDS analysis on the surface of the AlSI 409 steel
sample oxidized for 240 hours at 300°C after immersion
in condensed solution shows the presence of carbon, iron,
silicon, aluminum, oxygen, sodium, calcium, sulfur and
chromium (Figure 5). Sulfur can be originated from the
condensed solution.

The line EDS spectra indicated in Figure 6 of the
TOC sample identified the constituents of the broken oxide
layer shown in Figure 3a.
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The EDS analysis (Figure 7) of the surface of AISI 409
steel oxidized for 240 hours at 300°C without previous
immersion in condensed solution shows the presence of
chromium, oxygen, iron, sodium, aluminum, and silicon.

4 DISCUSSIONS

During the oxidation process, there was no significant
mass change of the samples, also found by Li et al. [6].
It should be noted that the mass gain of the sample oxidized
after immersion in condensed solution was two orders of
magnitude higher than the mass gain of the sample oxidized
without immersion in condensed solution. This result can
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Figure 3. (a) Micrograph of the surface of oxidized steel after immersion in condensed solution, showing crevices at the grain boundaries

(b) Detail of rupture of the oxide film at the grain boundaries.
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Figure 4. (a) Micrograph of the surface of the steel sample oxidized for 240 hours after immersion in condensed solution. (b) Micrograph of
the surface of the steel sample oxidized for 240 hours without previous immersion in condensed solution.
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be attributed to the oxide film of the sample oxidized  regenerate the oxide layer. The sulfate ions in condensed
after immersion in condensed solution is not continuous, solution can oxidize generating sulfide ions and HS- ions,
occurring rupture of the oxide in the grain boundary region.  very aggressive to steel. The production of iron sulfides is
These failures produced a higher consumption of metal to  detrimental to the passive layer. Wang and He [10] reported
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Figure 5. EDS analysis of the oxide film on the surface of AISI 409 steel oxidized in synthetic air for 240 hours at 300°C.
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Figure 6. EDS analysis of the constituents of the oxide layer of the TOC sample.
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Figure 7. EDS analysis of the oxide layer on the surface of AISI 409 steel oxidized in synthetic air at 300°C for 240 hours without previous

immersion in condensed solution.

that sulfidation of sulfate ions accelerates oxidation of
AISI 409 steel. The surface color of the samples changed
during the oxidation [7].

The fast oxide growth on the surface of stainless
steel is explained as a consequence of oxygen vacancies
in the oxide film due to the chloride content [I 1]. As the
chloride concentration increases, the rate of vacancies
creation increases. The base metal migrates tending to
occupy and to eliminate the vacancies. The concentration
of the metallic vacancies depends on the rate of creation
and elimination of vacancies. If the rate of vacancy creation
is higher than the rate of vacancy elimination, the oxide
film loses cohesion and suffers localized disruptions [6], as
it occurs on the surface of the TOC sample.

The AlSI 409 steel stabilized with titanium showed
failure of the oxide film after 240 hours of oxidation. The steel
used by Li et al. [6] and Cunto [7] did not show the failure
of the passive film, but the steel was stabilized by titanium
and niobium.

The oxidation of AISI 409 steel could certainly induce
high compression stress in adherent oxide film and hence
tensile stress in the underlying metal substrate. Li et al. [6]
state that these thermal stresses are the result of different
thermal expansion coefficients between the metal and film.
The aforementioned factors lead to the cracks and even
fragmentation of the oxide film during cyclic heating and
cooling process.

EDS analysis shows the presence of sulfur on the
surface of the AISI 409 steel oxidized after immersion
in condensed solution, which is in the form of sulfate or
sulfide. Sato and Tanouse [ | 2] reported that the condensed
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