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Abstract: More and more cars are installing urea selective catalytic reduction (SCR) systems to
solve the problem of exhaust emissions, which often operates at high temperatures in the exhaust
system and is prone to failure of the exhaust pipe due to high-temperature oxidation. And niobium
containing ferritic stainless steel has been widely used in the manufacturing of automotive exhaust
pipes. In order to extend the service life of ferrite stainless steel exhaust pipes, niobium plays a crucial
role as an added alloying element. The solid solution and precipitation of niobium in ferritic stainless
steel will give ferritic stainless steel more excellent high temperature resistance. The precipitation of
Nb can change the organizational structure in steel and refine the grains. However, if the content
is not properly controlled, large particles of (Nb, Ti) C will precipitate, which will reduce the high
temperature oxidation resistance. In this paper, the high temperature oxidation behavior of two kinds
of ferritic stainless steels with different Nb content at 700 °C, 800 °C and 900 °C was studied. The
microstructure of the oxide film on the surface of the material, the thickness of the oxide layer on the
cross section, the distribution of chemical composition, the existence form and distribution of Nb
element were analyzed by SEM, EDS, XRD and TEM. The results show that the higher the niobium
content, the better the high temperature oxidation resistance, and the higher the temperature, the more
obvious the high temperature oxidation resistance of niobium. This is because the high Nb content
steel is easy to precipitate NbN and other Nb-containing precipitates at the grain boundary, which is
helpful to the high temperature resistance. In the case of less Nb content, its ability to generate (Nb,
Ti) C precipitates and coarsen at high temperatures reduces its high-temperature resistance.

Keywords: ferritic stainless steel; niobium; high-temperature oxidation; oxide film peeling; material
failure; chromium diffusion

1. Introduction

In order to reduce pollution from automobile exhausts to the atmosphere, various
countries have been continuously improving automobile exhaust emission standards in
recent years. In order to meet the strict requirements of automobile exhaust emission
standards, more and more commercial diesel vehicles have installed urea-selective catalytic
reduction (SCR) exhaust aftertreatment devices. After installing the SCR exhaust aftertreat-
ment device, the operating temperature of the automobile exhaust system is significantly
increased, up to 900 °C, and more complications such as thermal expansion and contraction,
thermal cycle and ammonia nitrogen atmosphere corrosion occur. The problem of exhaust
system failure due to high-temperature oxidation is becoming more and more serious [1].

Previous studies have investigated nitrogen alloy austenitic stainless steel, which has
increased mechanical properties (toughness, and tensile properties) and is used as a compo-
nent material for automotive exhaust pipes [2]. Niobium-containing ferritic stainless steel
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also has advantages such as high thermal conductivity, low thermal expansion coefficient,
strong corrosion resistance, and lower manufacturing cost compared to austenitic stainless
steel. Therefore, it is increasingly used as a raw material for exhaust pipes in SCR systems.
Many researchers from China and other countries have studied the high-temperature ox-
idation behavior of ferritic stainless steel. Studies have shown that stainless steel often
has better high-temperature stability after adding niobium [3]. It was found that the solid
solution of Nb endows ferritic stainless steel with better high-temperature resistance, and
the precipitation of Nb can change the solidification structure and refine the grains. But
if the Nb content is not properly controlled, large particles of TiN and (Nb, Ti) (C, N)
precipitate, reducing high-temperature performance. High-temperature oxidation failure is
an important reason for the reduced service life or even failure and fracture of automotive
exhaust system components equipped with SCR devices, leading to significant waste of
resources and economic losses. Therefore, in-depth research on the effect of niobium on the
high-temperature oxidation resistance of ferritic stainless steel is of great significance for
improving the service life of automotive exhaust system components.

However, there is still a lack of in-depth research and more experimental data on the
influence of niobium content on the high-temperature properties of niobium-containing
ferritic stainless steel during high-temperature oxidation are needed. For example, Tian-
long Liu et al. [4] studied 15CrNDbTi ferritic stainless steel. The results show that there are
three kinds of precipitated phases: (Nb, Ti) C phase, Fe;Nb and Fe;Nbs C; however, the
effect of precipitated phases was not analyzed. Meng Qian et al. [5] conducted oxidation
experiments at 800-1100 °C on two types of 310 s heat-resistant steels with different grain
sizes and compositions. The results show that the smaller average grain size and more
uniform grain size increase the diffusion flux of preferential oxidation elements and reduce
the non-uniform growth of oxidation film. Mengqi Zhang et al. [6] and Badin et al. [7]
studied the high-temperature oxidation behavior of ferritic stainless steel and found that
its oxide layer consists of a small amount of SiO, and continuous dense Cr,O3, FeCr,Oy,
and Cr-Mn spinel oxides, which have high high-temperature oxidation resistance, but the
oxidation mechanism has not been analyzed. Abdolvahid Movahedi-Rad et al. [8] studied
the high-temperature oxidation behavior of 409 ferritic stainless steel. They believe that
the Cr content of ferritic stainless steel is higher than that of austenitic stainless steel, and
there is an internal oxidation zone rich in Cr in the oxidation layer. When sufficient Cr is
provided, the penetration degree of the reaction front edge is higher.

This paper investigates the influence of niobium on high-temperature oxidation be-
havior, compares and studies the high-temperature oxidation behavior of two types of
niobium-containing ferritic stainless steel, explores the effect of niobium content on the
high-temperature oxidation resistance of ferritic stainless steel, and attempts to reveal
the mechanism of niobium’s effect on the high-temperature oxidation resistance of stain-
less steel.

2. Materials and Methods
2.1. Materials

The experimental materials were selected from two grades of ferrite stainless steel
plates, 439 and 441, with a thickness of 3 mm (as shown in Table 1). For each experiment,
5 samples for each type of stainless steel were cut into blocks, then their surfaces were
polished with 400 #, 800 #, 1200 #, 1500 #, and 2000 # sandpaper in sequence. Finally, they
were mechanically polished to SPI (A2) polish grade.

Table 1. Main chemical composition of ferrite stainless steel (Wt%).

C Si Mn P Cr Ni Al Nb Ti N
439 0.010 0.37 0.13 0.015 17.59 0.10 0.065 0.17 0.20 0.0084
441 0.010 0.39 0.23 0.016 18.00 0.10 0.037 0.41 0.16 0.0085
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2.2. Methods

This experiment was conducted in the atmospheric environment of the laboratory.
Three high-temperature oxidation temperatures were used: 700 °C, 800 °C, and 900 °C.
An induction heater was used to heat the samples to temperature. They were kept warm
for 30 min, and then cooled for 10 min to room temperature to form one cycle. Each
type of sample was heated 30 times. After high-temperature oxidation, the sample was
ultrasonically cleaned and stored in a drying dish, and then the composition of the oxide
film was analyzed using X-ray diffraction (XRD). The microstructure of the oxide layer of
the sample was analyzed using scanning electron microscopy (SEM), and its microstructure
was analyzed using energy dispersive spectroscopy (EDS). Then the high-temperature
oxidized samples were cold cut, and the surface of the samples in the cross-sectional
direction was ground and polished to the same extent. The morphology, composition,
and precipitation phase distribution of the oxide film and matrix at the cross-section was
analyzed using SEM and XRD, and the precipitation of micro particles in the structure was
observed using a transmission electron microscope (TEM). Typical positions of the samples
were used for characterization, and the test results have generalizability.

3. Results
3.1. Surface High-Temperature Oxidation Morphology of Experimental Materials at
Different Temperatures

The macroscopic and SEM morphology of the sample surface after oxidation of two
types of stainless steel at different oxidation temperatures are shown in Figures 1-3. SEM
figures with typical features were selected from 5 samples for each type of stainless steel
in the article. Figure 1a,d show the macroscopic morphology of the oxidized surfaces of
two materials after oxidation at 700 °C. It can be observed that there is still a significant
metallic luster, indicating that there are still unoxidized parts or very thin oxide layers on
the surfaces of the two materials at this temperature. When the oxidation temperature
increased to 800 °C, the metallic luster on the 439 stainless steel sample disappeared and
a complete oxidation layer appeared, as shown in Figure 1b. The oxidation layer on the
441 stainless steel sample is relatively complete, but some metallic luster remains, as shown
in Figure le. As the oxidation temperature continued to rise to 900 °C, the surfaces of the
two samples showed almost no metallic luster, were completely covered by the oxide layer,
and the oxide layer turned black, indicating an increase in thickness of the oxide layer, and
some highlighted areas indicated detachment of the oxide layer.

Figure 1. Macromorphology of high-temperature oxidation of samples at different temperatures
(@) 700 °C (439), (b) 800 °C (439), (c) 900 °C (439), (d) 700 °C (441), (e) 800 °C (441), (f) 900 °C (441).
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Figure 2. SEM morphology of 439 ferritic stainless steel during high temperature oxidation at different
temperatures (a,d) 700 °C, (b,e) 800 °C, (c,f) 900 °C.

Figure 3. SEM morphology of high-temperature oxidation of 441 ferritic stainless steel at different
temperatures (a,d) 700 °C, (b,e) 800 °C, (c,f) 900 °C.



Metals 2024, 14, 25

50f 15

Figure 2 shows the surface oxidation microstructure (SEM) of 439 stainless steel
samples. From Figure 2a,d, it can be seen that after oxidation at a temperature of 700 °C,
the 439 sample’s surface forms small and densely packed oxide particles, with dense
and layered oxidation products. It can be observed that there are also large spinel-like
particles on the surface. As shown in Figure 2b,e, the number of surface granular oxides
significantly decreases and accumulates together after oxidation at a temperature of 800 °C.
Needle-like structures appear on the oxide shell layer (Figure 2e), which significantly
reduces the protective effect of the substrate. In the experiment, thermal cycling generates
internal stress, which can lead to surface cracking due to the different levels of hardness
of various phases on the surface of the oxide layer. Pores appear on the oxide layer,
allowing direct contact with unprotected collectives through the external environment of
the pores, accelerating the internal oxidation process [4]. The morphology after oxidation at
a temperature of 900 °C is shown in Figure 2c,e. The oxide layer rapidly grows and exhibits
oxidation instability. The surface of the oxide tumor is composed of large spherical oxide
particles, presenting a convex shape, and the surface of the spherical oxide is filled with
holes, accompanied by cracks around it.

Figure 3 shows the surface oxidation microstructure (SEM) of 441 stainless steel
sample. It can be seen that after oxidation at a temperature of 700 °C, surface granular
oxides mainly aggregate in the form of large particles on a small scale, and gradually
grow into small clusters on local surfaces. Most of the substrate passivation films have
good integrity (Figure 3a,d). As the oxidation temperature rises to 800 °C, large particle
oxides on the surface of the sample begin to grow into layered oxide films that accumulate
on the substrate surface (Figure 3b,e). When the oxidation temperature rises to 900 °C,
there is a significant change in the surface morphology of the sample, with needle-like
oxidation nodules appearing on the surface but no cracking (Figure 3c,e). This is similar to
the findings of Jacob et al., which indicate that the smaller the oxide particles, the greater
the plasticity of the oxide layer, resulting in stronger adhesion between the oxide layer and
the matrix [9].

As the oxidation temperature increases, the surface oxidation of both materials be-
comes increasingly severe.

3.2. Analysis of Oxide Layer Thickness of Experimental Materials at Different Temperatures

In order to further analyze the structure of the oxide layer, SEM characterization was
performed on the cross-section of the sample oxide layer, and the thickness of the oxide
layer was measured (Figures 4-6). The measured thickness of the oxide layer during char-
acterization represents the thickest visible part of the oxide layer on the sample. The large
dispersion of thickness measurements may be due to the different expansion coefficients
of the matrix and the oxide during the cooling process, resulting in rupture, shedding
or spalling.

From Figure 4, it can be seen that with the increase of temperature, the thickness of
the oxide film on the surface of the sample gradually increases. From 800 °C to 900 °C, the
oxide layer of stainless steel increases greatly, which generally conforms to the Arrhenius
relationship [10]. The thickness of the oxide layer of 439 stainless steel is greater than
that of 441 stainless steel at three temperatures, especially at 900 °C, and the error bar in
Figure 5 shows that the thickness inhomogeneity of the oxide layer on 439 stainless steel is
also greater than that of 441 stainless steel. The data show that the thickness of the oxide
layer is not much different between the two at 700 °C. But when oxidized at 800 or 900 °C,
the thickness of the oxide layer of 439 stainless steel is almost twice that of 441 stainless
steel, indicating that the higher the temperature, the more obvious the high-temperature
oxidation resistance of niobium [11].
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Figure 4. Thickness of two types of ferrite oxide layers at different temperatures.
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Figure 5. SEM morphology of 439 stainless steel at the interface between substrate and oxide layers
at different temperatures (a,d) 700 °C, (b,e) 800 °C, (c,f) 900 °C.
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Figure 6. SEM morphology of 441 stainless steel at the interface between substrate and oxide layers
at different temperatures (a,d) 700 °C, (b,e) 800 °C, (c,f) 900 °C.

Comparing the oxidation cross-sections of two types of stainless steel, the oxide layer
thickness of 441 stainless steel is smaller than that of 439 stainless steel, and the integrity of
the oxide layer is better, reflecting that 441 stainless steel has stronger high-temperature
oxidation resistance than 439 stainless steel. In addition, comparing Figure 5f with Figure 6f,
it can be found that 5iO; particles are generated between the surface of the oxidation layer
and metal matrix after oxidation at 900 °C. However, the size and density of the SiO,
particles in 439 steel are greater than those of 441 steel. Research has shown that the SiO,
layer can block the diffusion of oxygen to the matrix metal, so the more severe inward
oxidation of 439 results in more SiO, particles generated at high temperatures than in
441 stainless steel [12].

Oxygen can penetrate into the stainless steel matrix, and Ti and Si that were originally
dissolved near the surface of the stainless steel can combine with oxygen to generate TiO,
and SiO,. This makes the concentration of Ti and Si solution decrease. Under increased
diffusion ability of the crystal interface at high temperature, according to Fick’s first law,
Ti and Si inside the matrix begin to diffuse towards the oxide film, and a large number of
TiO, and SiO, particles are generated near the junction of the matrix and the oxide film.
Finally, voids are formed around the particles due to the Kirkendall effect.

3.3. Analysis of Composition Distribution and Phase Structure of the Oxidized Surface at
Different Temperatures

In order to study phase changes during high-temperature oxidation, EDS was used
to scan the oxidized surface to analyze elemental distribution (Figures 7 and 8), and XRD
phase composition analysis was performed on the oxidized surface (Figure 9).



Metals 2024, 14, 25 8of 15

(a)

10pm

§101um

(g) (h)
10pm

Figure 7. Element distribution on 439 high-temperature oxidation surface at different temperatures
(EDS surface scanning) (a) 700 °C-morphology, (b) 700 °C-Cr, (c) 700 °C-Fe, (d) 800 °C-morphology,
(e) 800 °C-Cr, (f) 800 °C-Fe, (g) 900 °C-morphology, (h) 900 °C-Cr, (i) 900 °C-Fe.
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Figure 8. Element distribution on 441 high-temperature oxidation surface at different temperatures
(EDS surface scanning) (a) 700 °C-morphology, (b) 700 °C-Cr, (c) 700 °C-Fe, (d) 800 °C-morphology,
(e) 800 °C-Cr, (f) 800 °C-Fe, (g) 900 °C-morphology, (h) 900 °C-Cr, (i) 900 °C-Fe.
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Figure 9. XRD spectra of oxidation products on the surface of two types of stainless steel after
high-temperature oxidation (a) 439, (b) 441.

Figure 7 shows the distribution of oxidation surface composition of 439 stainless steel.
From Figures 7b,e and 9, it can be seen that the oxidation layer of 439 stainless steel in the
early stage of oxidation is mainly composed of Cr,O3. When the temperature increases
from 700 °C to 800 °C, the distribution of the Cr element does not change significantly.
Based on Figure 9a, it can be seen that the surface of the oxide layer is mainly composed
of Cr,03 and Fe,O3, but the specific morphology of the oxide layer is different. But when
the oxidation temperature rises to 900 °C (Figure 7h), surface Cr rapidly decreases, and it
is analyzed together with the experimental data in Figure 9a, only Fe,Os3 remains on the
surface oxide layer. The specific composition of the oxide layer is Fe;O3 and Cr,O3, mainly
controlled by the diffusion of Cr element towards the surface layer of the matrix [13]. When
439 stainless steel is oxidized at a temperature of 900 °C, the Cr content on the oxidized
surface significantly decreases, and the Cr element on the surface escapes from the oxide
layer through the following reactions [14]:

CI‘203(S) + gOz(g) = 2CI‘O3(g) (1)

The generated CrOj is prone to volatilization at high temperatures, so the Cr,O3 and
Fe;O3 mixed solid oxide layer that should have been generated only leaves a shell of Fe,O3.
Solid CryO3 in the mixture is transformed into a gaseous CrO3, which evaporates from
pores in the shell, as shown in Figure 2e. At the same time, the hollow shell structure is
more prone to cracking under internal stress.

By analyzing the specific composition of the oxide layer based on the XRD spectrum
in Figure 9, it can be seen that when the oxidation temperature is 700 °C, the oxidation
products of 439 stainless steel, except for the mixed oxide layer composed of Cr,O3 and
Fe;O3, contain MnCr,Oy spinel particles in the oxide layer. The oxide film generated at
lower temperatures is relatively thin, and Fe and Cr in the matrix are also detected. The
two exist in a solid solution manner in the collective, making it difficult to distinguish them.
After the temperature rises to 800 °C, an increase in surface oxide film thickness can be
observed at the macro level, while an increase in Cr,O3 peak intensity at the micro level
indicates that the oxide film generated by 439 stainless steel is thicker. In addition to the
increase in thickness of the oxide layer, some areas exhibit a Fe,O3 shell structure during
sintering, resulting in an increase in the overall Fe;O3 peak strength. Moreover, during the
oxidation cycle, the oxide layer is prone to cracking and peeling due to thermal stress, and
the protective ability of the matrix is lost in these areas. When the Cr element is sufficient,
the cracked and peeled parts regenerate an oxide film, resulting in an overall increase in
content. In addition to Cr,O3, it can also lead to oxidation of the matrix to form Fe, O3
or other oxides. As the oxidation temperature rose to 900 °C, the Cr,O3 component in
the oxide film decreased significantly, while the iron oxide Fe;O3 increased significantly.
Stainless steel can protect the substrate by adhering Cr,O3 on its surface in non-high-
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temperature working environments. However, under high temperature conditions such
as 900 °C in this experiment, Cr,O3; will react with oxygen, resulting in CrO3, which is
a volatile oxide at high temperatures [15]. In this experiment, due to the transformation
of 439 stainless steel during oxidation at 900 °C, the CrOs volatilization generated by
the oxide layer significantly reduced the surface Cr content (Figure 7h). This allows the
external environment to come into contact with the substrate through the generated pores,
providing a way for further inward oxidation [16].

The EDS spectra of 441 stainless steel show little difference from 439 stainless steel at
700 °C and 800 °C, but there is a significant difference at 900 °C. The surface has a higher
Cr content and a lower Fe content. The reason is that 439 stainless steel experienced a
significant loss of Cr on the reaction surface, resulting in iron element in the oxide layer
increased covering the surface [17]. However, 441 stainless steel did not undergo this
reaction, so there is still a mixed iron chromium oxide layer on the surface. According to the
XRD phase analysis in Figure 9, it can be seen that there are fewer oxidation products on the
surface of 441 stainless steel compared to 439 stainless steel at an oxidation temperature of
700 °C. In Figure 9a,b, the oxidation does not clearly reflect the stronger high-temperature
oxidation resistance of 441. However, in Figure 9c, the content of Cr,Oj in 441 is actually
higher than that in 439, indicating a significant loss of Cr on the surface of 439 and the loss
of the protective ability of the oxide layer.

According to the XRD phase analysis of two types of stainless steel cross-sections in
Figure 10, the main reason for the different morphology of the oxide layer is the effect
of niobium element. Niobium can refine ferrite grains [18]. From Figure 10a at 700 °C,
Figure 10b at 800 °C, and Figure 10c at 900 °C, it can be observed that the content of CryO3
decreases, while the content of Fe,O3 increases, and the change in 439 stainless steel is
more significant than that in 441 stainless steel. To enable the oxide layer to protect the
substrate, it is necessary to ensure the stable growth of Cr,O3 during the oxidation process.
It is necessary to ensure that the chromium flux diffused from the substrate to the oxide
interface is greater than the chromium flux diffused from the oxide film to the outside.
Otherwise, it is easy to cause chromium depletion. The Cr,Os reaction in the Cr,O3, Fe;O3
and TiO, mixed oxide layer is depleted, resulting in voids like Figure 7c. At this point,
the chromium content supplied by the matrix is insufficient, so Cr,O3 cannot be formed
again on the matrix without oxide layer protection in the cavity, and the matrix will directly
participate in oxidation [19].
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Figure 10. XRD phase analysis of high-temperature oxidation cross-sections of ferritic stainless steel
at different temperatures (a) 700 °C, (b) 800 °C, (c) 900 °C.
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In order to analyze the impact of precipitates on the resistance to high-temperature oxi-
dation performance, typical morphologies of precipitates in two samples, Figures 11 and 12,
were observed using TEM. According to the morphology and energy spectrum analysis
of the precipitates, it can be determined that the precipitates in the 439 sample with low
niobium content are mainly composed of (Nb, Ti) C composite precipitates within the
crystal. The size is relatively large; the diameter of precipitates ranges from 2 to 3 um;



Metals 2024, 14, 25 11 of 15

however, no large particles were found in the 441 sample with a higher niobium content.
Compared to the precipitates in 439 stainless steel, the precipitates on the grain boundaries
of 441 stainless steel are finer; the diameter of precipitates ranges from 100 to 200 nm. As
shown in Figure 12b—d, the composition of the precipitates includes Nb and Ti instead of C,
which can be inferred as (Nb, Ti) N composite precipitation. Due to the low content of N
and the difficulty of scanning N elements, this elemental energy spectrum appears [20].

N Ti-K
7}
[ =
=]
o |
Q
P
D Nb-L
| =
2
=
B Fe-K
Ti-L
V-K
Crk Nb-Ka
L ﬂaw
() o . 1 " 1 . 1 " 1
0 10 20 30 40
Energy(keV)

Figure 11. TEM morphology and elemental analysis of 439 stainless steel precipitates after oxidation
at 900 °C (a) TEM morphology map; (b) Ti elemental energy spectrum; (c) energy spectrum of Nb
element; (d) C element energy spectrum; (e) elemental spectrogram.
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Figure 12. TEM morphology and elemental analysis of 441 stainless steel precipitates after oxidation
at 900 °C (a) TEM morphology map; (b) Ti elemental energy spectrum; (c) energy spectrum of Nb
element; (d) C element energy spectrum; (e) elemental spectrogram.

As shown in Table 1, 439 stainless steel has a high content of Ti and Al. Due to the
higher precipitation temperature of TiN and AIN compared to NbN during melting, TiN
and AIN precipitate before NbN and consume most of the N element. Therefore, Nb
elements in 439 stainless steel are more likely to form NbC composite precipitates. In
441 stainless steel, the initial precipitation of TiN provides nucleation for NbN precipitation,
resulting in (Nb, Ti) N composite precipitation.

4. Discussion

During the oxidation process, Gibbs free energy decreases with the increase of temper-
ature, and the decrease in interfacial free energy between carbides and the matrix promotes
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the aggregation and growth of carbides [21]. On the other hand, the diffusion caused by
the concentration difference between carbides and alloy elements in the matrix provides
a dynamic driving force. Therefore, the 439 stainless steel before the high-temperature
oxidation experiment did not exhibit 2-3 properties as shown in Figure 10a um long (Nb,
Ti) C composite precipitates. However, during high-temperature oxidation, the carbides
undergo coarsening as the temperature increases.

Before high-temperature oxidation, the average particle size of precipitates is bal-
anced locally between particles and crystals at the boundary of precipitates. When high-
temperature oxidation occurs, Gibbs free energy decreases with the increase of temperature,
and large-sized precipitates have smaller Gibbs energy addition than average sized pre-
cipitates. In order to maintain the overall composition of the precipitates, the size of the
precipitates will correspondingly increase [22].

However, no large particle precipitates were found in 441, and the precipitated fine
NbN played a fixed role at the grain boundary after precipitation, thus preventing further
grain growth and reducing the average grain size. Grain refinement improves the oxidation
resistance of steel, reduces its oxidation weight gain, and delays the occurrence of unstable
oxidation. The higher content of niobium in 441 stainless steel is more likely to combine
with C and N, which to some extent prevents the combination of Cr element with N and C
to generate CrN and Cr3C; [23]. During high-temperature oxidation of stainless steel, it is
easy to generate CrN and Cr3C, deposits at grain boundaries, and the areas immediately
adjacent to CrN will lose chromium elements and form chromium-deficient areas. If a
chromium-deficient area appears, it will increase the activity of chromium elements near
the area, leading to the loss of Cr element during high-temperature oxidation [24].

Firstly, during the initial process of oxidation, the stainless steel oxide film will begin
to form pores or microcracks, leading to the growth of some oxide grains in the oxide film,
resulting in the appearance of oxidized surface particles as shown in Figures 2a and 3a.
When oxidized at high temperature, O element diffuses inward, and the solid-soluble Cr
in the matrix will preferentially combine with O to form Cr,O3 [25]. When the content of
Cr in the matrix is insufficient, O will combine with F to form Fe, O3, causing failure. By
adding Nb to fix Cr, Nb will preferentially combine with N and C in steel to form Nb (N,
C) and other precipitates, thus avoiding the decrease of the concentration of solid-soluble
Cr in the matrix. As the temperature increases, the Cr,Oj3 layer in the oxidation layer of
439 stainless steel continuously evaporates, resulting in a large number of defects such as
oxidation layer pores and cracks on the surface, leading to continuous inward oxidation.
The speed of supplying Cr from the substrate to the oxide skin through diffusion is not fast
enough to maintain a high Cr concentration in the oxide layer, and Fe is easily diffused
outward, forming Fe-rich nodular oxides [26].

As mentioned above, no Nb-containing intergranular precipitates were found in
the 439 steel as shown in Figure 12a, resulting in chromium-deficient areas. At high
temperatures, the Cr element further reacts to generate volatile CrOs, resulting in voids
in the previous solid oxide layer caused by volatilization of CrO3. Through the voids, the
matrix can continue to come into contact with the external environment. Therefore, intense
oxidation reactions will continue to occur near the chromium-rich area on the substrate,
resulting in a thicker oxide layer on the side near the substrate in the cavity shown in
Figure 4f.

Overall, the (Nb, Ti) C precipitates generated by 439 stainless steel will continue to
grow during high-temperature oxidation, which is detrimental to the high-temperature
performance of stainless steel [27]. The (Nb, Ti) N precipitates generated between grains in
441 stainless steel can play a role in pinning crystals to prevent grain coarsening during high-
temperature oxidation and solidify Cr [28], so the high-temperature oxidation resistance of
441 stainless steel is superior to that of 439 stainless steel.
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5. Conclusions

(1) As the oxidation temperature increases, the oxide layer of both types of stainless steel
will increase. The oxide layer thickness of 441 stainless steel with higher niobium
content is less than 439 stainless steel at the same temperature. The oxide layer
of 441 stainless steel is intact at any temperature, while 439 stainless steel exhibits
cracking and voids in the oxide layer at high temperatures.

(2) The phase structure composition and oxidation morphology of the oxide layer vary at
different temperatures. When the sample is oxidized at 700 °C, the oxidation layer
of both types of ferritic stainless steel are Cr,O3 and Fe,O3. The oxidation layer of
439 stainless steel is dense and uniform, while 441 stainless steel is a discrete oxide
particle. When the sample is oxidized at 800 °C, the oxidation products on the surface
of 439 stainless steel are sintered together, and needle-like Fe;O3 structures appear on
the oxide film, while the oxidation particles on the surface of 441 stainless steel grow
and aggregate into a uniform oxide layer. When the sample is oxidized at 900 °C, the
oxidation layer exhibits internal and external layering, with an outer layer of Fe;,Os3
shell structure and an inner layer of iron-containing oxides such as Fe;O3, FezOy,
and FeO. However, 441 stainless steel has a needle-like Fe,O3 oxidation tumor on its
surface but no cracking occurs, indicating a relatively complete oxidation layer.

(38) The reason why 439 steel has poor high-temperature oxidation resistance is that (Nb,
Ti) C precipitates coarsen at high temperatures, which has a destructive effect on
high-temperature resistance. The reason why 441 steel has good high-temperature
oxidation resistance is due to the precipitation of NbN and other niobium-containing
precipitates at grain boundaries, which has the effect of refining grains and hindering
the escape of Cr elements.
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