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Abstract

This work studies the behavior of AISI 314 steel subjected to an atmosphere rich in hydrocarbons at high
temperatures, verifying the reasons that led to the collapse of stainless steel. The alloy was analyzed by optical
emission spectrometry to determine the original composition and after its use in service. The research
conditions took place at a temperature of 1200 ° C. The Vickers microhardness test demonstrated a decrease in
microhardness from the surface towards the core. With the use of Optical Microscopy (OM), Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS), it was possible to observe the presence of Cr
segregations, along the grain boundaries, especially with the presence of Cr carbides . In the immersion
corrosion test, the effect of precipitates on corrosion resistance was evaluated. The results obtained evidenced
the presence of sensitization, silicon segregation and chemical unbalance of the steel. The formation of
precipitates on the grain boundaries, reducing the corrosion resistance of the samples studied, in addition to
decreasing the toughness of the material, causing catastrophic failure in service.
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l. INTRODUCTION

Austenitic stainless steels have excellent mechanical properties, such as corrosion resistance, high heat
resistance, low creep at high temperatures, and good toughness at low temperatures [1-2]. They have significant
applications in several fields, from domestic utensils to industrial use, such as chemical and nuclear industries,
in pressure vessels, reactors, among others [3].

The chemical industry had, therefore, at its disposal - since the advent of austenitic stainless steels, a
range of applications at high temperatures for these steels, as well as its use in installations in aggressive media
[4]. The discovery of austenitic stainless steels meant a breakthrough in the development of materials resistant
to corrosion and oxidation. However, these steels are particularly susceptible to intergranular corrosion [5].

AISI 314 stainless steels are characterized by having a high silicon content in their composition,
increasing their resistance to oxidation at elevated temperatures, thus being an appropriate material for services
in heat treatment furnaces [6-7].

Austenitic stainless steels form the largest group of stainless steels in use, representing about 65 to
70% of the total produced [8-9]. Its basic composition level is 16 to 26% chromium, 6 to 22% nickel, 2 to 5%
manganese and a maximum of 0.25% carbon [10-11]. Unlike ferritic, austenitic steels have several
characteristics that differentiate them from other grades, such as toughness and ductility superior to other steels.
They also have shallow temperatures; good mechanical and corrosion resistance at high temperatures; high
hardening capacity due to plastic deformation; good weldability, among others [12].

Austenitic stainless steels, once subjected to high-temperature operations, may suffer from the
phenomenon of sensitization, with the formation of chromium-rich carbides in the grain boundaries, becoming
depleted of chromium in the surroundings, which weakens the steels, making them susceptible to intergranular
corrosion [13]. Sensitization is the result of heat treatments, slow cooling through the sensitization range,
working conditions in this range, welding operations, among others [14]. Sensitization represents the loss of
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corrosion resistance in austenitic stainless steel by the formation of a depleted chromium zone within or close
to the grain contour [15-16]. Sensitization occurs when the

intergranular precipitation of chromium carbides and the concomitant decrease in chromium in the regions
adjacent to the grain boundaries, when austenitic stainless steels are primarily heated or cooled slowly through
the temperature range between 450 °C and 850 ° C, the maximum being about 650 ° C [17-18]. The weakening
of chromium in the grain boundary region leads to an increased susceptibility to intergranular corrosion [10].
The main types of carbides that can precipitate in austenitic stainless steels are M»3Cs, MC, M;C3 and M,C [19].
This paper evaluated the behavior of AISI 314 steel at high temperatures and determined the reasons that led to
the rupture. It also shows the response of AISI 314 steel at high temperatures and submitted to an atmosphere
rich in hydrocarbons. AISI 314 steel has a high silicon content in its chemical composition, increasing
resistance to oxidation at high temperatures. The material object of the present work consists of a metal link, a
component of a conveyor belt in a heat treatment furnace.

1. EXPERIMENTAL METHOD
The investigated sample is a metal link belonging to a conveyor belt of a controlled atmosphere heat
treatment furnace. The sample can be evaluated “before service” as it is the material before being subjected to
the furnace's operating conditions, and “after service” if it is the material after going through the operating
conditions of the same. Its chemical composition, as a rule, is shown in Table 1.

Table 1 - Chemical composition of AISI 314 steel [8].

C Mn P S Si Cr Ni
Element (max.) (max.) (max.) (max.) (max.) (min.) (min.)
(max.) (max.)
% 0,25 2,0 0,045 0,03 15 23,6 19,0
3,0 26,0 22,0

The chosen samples come from a conveyor belt. The samples submitted to spectrometry tests before
and after the service, Vickers Microhardness, MO, SEM with EDS, and Corrosion by immersion showed
conclusive results. The verification of the constituent elements of AlISI 314 steel, this before and after being
subjected to an atmosphere rich in hydrocarbons, was carried out in an optical emission spectrometer. Table 2
shows the weight percentage composition of AISI 314 steel before use in service.

Table 2 - Chemical composition of AISI 314 steel before use in service.

Element C Si Mn P S Cr Mo
% 0,145 3,34 1,37 0,022 0,073 22,9 0,224
Ni Al Co Cu Nb Ti \%
18,8 0,0164 0,0911 0,589 0,0234 0,0089 0,0821
w Pb Sn B Ca Se N
0,0233 0,0025 0,025 0,0005 0,008 0,0035 0,722

The chemical composition verified meets the specifications of AISI 314 steel. There are no significant
variations, and the typical composition of austenitic stainless steels is following the indication of some authors
[20 —21].

The chemical composition of the material after use in service is in Table 3 demonstrate.

Table 3 - Chemical composition of AISI 314 steel after the operation in an atmosphere wich hydrocarbons.
Elemento C Si Mn P S Cr Mo
% 0,699 0,973 2,64 0,0343] 0,097 25 0,436
Ni Al Co Cu Nb Ti Y
23,2 023 0,227 176 0,127 0,0525 | 0,0938
W Pb Sn B Ca Se N
3 02  [0,0062 0,025] 0,008 0,0173 1
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The sample prepared for embedding in the appropriate size was embedded in bakelite at a temperature
of 120 ° C, remaining at this temperature for 40 minutes, and then cooled for removal from the machine.

The sample prepared to obtain a flat and shiny surface, with sandpapers in the following order of
granulometry, 120, 220, 400, 500, 600, 800, 1000. The sample is rotated by 90 ° with each sanding change, to
eliminate the scratches from the previous process, so until the last sanding operation. The
parallelism between the upper and lower surfaces of the sample aimed to eliminate deviations resulting from the
inhomogeneity of the pressure exerted on the sample.

After sanding, polishing the sample with abrasive grains followed a standard metallography sequence.
The sample went to the microhardness test. The equipment is sensitive to the movement of the sample during
the test, with the risk of breakage of the indenter, it must remain immobile, trying to avoid promoting any
movement on the equipment bench.

The load used was 0.3 kg, maintained for 10 seconds. For the Vickers microhardness test, five
indentations were performed per sample, in a total of six samples, with a load of 0.3 kg, which obtained a lower
deformation in the indentation mark. The measurements were made starting from the surface of the samples and
advancing towards the center, spaced 300 mm apart.

The microstructural analysis of the material occurred with the use of an optical microscope of reflected
light with image acquisition. The scanning electron microscope (SEM) and semi-quantitative analysis by
dispersive energy spectrometry (EDS), can be seen in the presence of precipitates or anisotropies. With
immersion testing, a simple test among accelerated corrosion tests, it is possible to quickly assess the behavior
of a material under a given service condition. These tests are very flexible and adapted to meet a specific
situation.

In the immersion test, one of the practices to accelerate the material's behavior about corrosion is to
increase the concentration of the corrosive agent. The most used corrosive agents are acids, chlorides, moisture,
oxygen, among others. The immersion test is for when you need quick answers because, in general, you get the
highest degree of corrosion in the shortest time. The immersion time of the material varies according to the type
of material and the solution used for immersing the sample [21].

1. RESULTS AND DISCUSSION
In the Vickers microhardness test, the five sample indentations performed on the six samples. Figure 1 shows a
comparison between the hardnesses for all samples.
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Figure 1 - Curve with the results of the Vickers microhardness test for all Samples.

Close to the surface, the presence of higher microhardness values than the core was verified, indicating
carbon enrichment. Through the hardness tests, it was possible to verify that the hardness in all the samples had
a decline as it progresses in indentations from 1 to 5 (surface - center), indicating carbon diffusion from the
surface, weakening the Sample.

The images obtained by optical microscopy are shown in Figures 2 and 3, being in several
magnifications. In all samples, the presence of precipitates detected in the grain boundaries. The presence of
these precipitates contributes significantly to the reduction of corrosion resistance and the weakening of steel
[21].
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In Figure 2, it is possible to identify the chromium carbides, characteristic of sensitized stainless steel, next to
the precipitated grain contours.

SO

a) b)
Figure 3 - a) Abnormal grain growth due to the high temperature applied. b) Anisotropy is typical of the
degradation of stainless steel.

Figure 3 a) represents an abnormal growth of the grain due to the high temperature to which it
subjected to the piece. In Figure 3 b), the precipitation of carbides of type M23C6 [21] is noticed, causing the
depletion of chromium in the regions adjacent to the grain boundaries.

Evaluating the Figures 2 and 3 was verified the morphology of the same ones constituted by austenite
with precipitates in the grain contours. This condition contributes significantly to the reduction of corrosion
resistance, being following the literature. The presence of a degraded passive film typical of austenitic stainless
steels subjected to the sensitization process was also verified [21].

Still, on the surface, the process of interstitial diffusion of carbon from the atmosphere used in
hydrocarbon-rich furnaces is observed. The images obtained in the SEM and EDS tests reinforce the results
obtained by MO.

Figures 4 show the images captured by SEM, and Figure 5 show the results obtained by EDS. It is
verified in all the precipitated samples degrading the analyzed surfaces and the presence of corrosion pits. This
condition is associated with the partial rupture of the chromium oxide layer and the reduction of the Cr content
necessary for repassivation [3]. In Figure 4, the presence of precipitates observed, as well as the formation of
corrosion pits.
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Figure 4 - Precipitated next to the grain contours.

In Figure 5, we see a decrease (segregation) of both chromium and silicon from the center of the piece
to the surface. Interestingly, a value of less than 11% in Chromium was not found in the analyzes by DES,
although it is evident the presence of the formation of precipitates, as well as the percentage of Si that remained
between 1 to 3% in all analyzed portions. However, as widely reported in the literature, the EDS assay is
qualitative, not quantitative.
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Figure 5 — Precipitated along the grain boundaries and surface degradation.

In Figure 5 b) a reduced amount of Chromium is also observed in Rectangle 4, closer to the surface of
the piece compared to Rectangle 3 (M,3Cs), indicating a zone depleted in Chromium around carbides richin this
element, typical of sensitization, forming a micropile, where the chromium-rich region will be cathode and the
poor anode, where it will corrode. Also, in Rectangle 3, we can see the high percentage of carbon compared to
the other locations analyzed.
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Figure 6 - Precipitated next to the grain contours and superficial degradation.

In Figure 6, we can see the segregation of chromium and silicon towards the surface. For the
immersion corrosion test, the sample was removed from bakelite, and then immersed in the NaCl solution, at
room temperature, and showed signs of corrosion. The presence of corrosion in the sample was after 72 hours.
This behavior indicates severe degradation of the passivated layer and reduction of Cr for repassivation. There
is also a significant increase in nitrogen, which causes the austenitizing effect. The silicon reduced due to the
atmosphere and the working temperature to which the sample was exposed.

Silicon contributes to reducing the sensitization of steels and increasing resistance to oxidation at
elevated temperatures. However, the sample was exposed to a temperature above that indicated in the literature
and in too long, so it caused a corrosive environment and caused the degradation of the material.

IV.  CONCLUSIONS

The analyzed samples were worked at high temperatures (on average 1200 © C). Due to their high
silicon content, the samples should withstand temperatures above 1200 ° C in an oxidizing or reducing
atmosphere. Temperature tolerance values tend to decrease in the case of more aggressive environments
containing sulfur elements. The first component broke due to the chemical unbalance of the steel caused by the
segregation of silicon and the precipitated chromium in the grain boundaries. The operating conditions and
operating temperature of the component did not cause sensitization of the material.

Failures in the second component, as it had already gone through a sensitization process, caused the
belt to weaken as a whole. The fact that the furnace operates at high temperature may have favored chromium
carbides. However, the same would not happen with silicon carbides. So, even if chromium carbides were
solubilized by the operating temperature, there would be silicon carbides. Therefore, it is evident that the
material failed due to a combination of sensitization and manufacturing defect.

With the spectrometry of materials before and after their use, it was possible to prove the increase in
carbon content. This change favored the degradation of materials such as carbon, molybdenum, boron and
nitrogen, and contributed to the formation of precipitate M23C6.

With the spectrometry of the material - before and after its use in service, Vickers microhardness tests,
immersion corrosion, SEM and EDS images generated the following conclusions:

- Carbon enrichment has occurred, after in-service use. The operating condition of the furnace in a
hydrocarbon-based atmosphere and at a high temperature provided this effect;

- The increase in carbon contributed to a significant reduction in corrosion resistance, with
sensitization being increased with carbon diffusion.




Degradation of AISI 314 Steel at Elevated Temperatures

- The diffusion of carbon from the surface contributed to the embrittlement, detected by the presence of
surface microcracks and by the reduction of hardness in the surface - center direction;

- Precipitated carbides were found in the grain contour, typical characteristics of sensitized stainless
steel;

- In immersion corrosion tests, the material showed corrosion in 72 hours. This behavior indicates severe
degradation of the passivated layer and reduction of chromium for repassivation;

- The increase in chemical elements such as carbon and nitrogen, in the material after its use in service,
contributed to the degradation of the content;

- A decrease in both chromium and silicon towards the surface was observed. Although these elements
remain in the minimum range indicated by the authors, the material suffered a break in the passivated layer and
showed signs of corrosion, intergranular, and pitting.
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