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THANAKIT SEEKOH : EFFECTS OF BATCH ANNEALING
ATMOSPHERES ON SCALE FORMATION OF STAINLESS STEEL

AISI 430. THESIS ADVISOR : SAKHOB KHUMKOA, Dr.-Ing., 96 PP.

STAINLESS STEEL/ FERRITIC/BATCH ANNEALING/OXIDE SCALE

The effects of annealing atmospheres on the compositions and microstructures
of the oxide scales formed on the AISI 430 stainless steel surface were investigated.
The as-hot rolled sheets were cut into dimensions of 15mm x 20mm x 3mm, and were
annealed in a laboratory tube furnace. The weight of specimens before and after
annealing were recorded. The annealing was performed at 720°C, 750°C and 780°C
for 24 hours. The atmospheres to which the specimens exposed were air, N2 (99.9%
purity), 5%vol H2+N. and 10%vol H2+N.. A cross-section micrograph of each
annealed specimen was obtained by using a scanning-electron microscope (SEM).
Energy-dispersive spectroscopy (EDS) was employed to chemically analyze the oxide
formed. X-ray diffraction (XRD) analyzes were conducted to identify the structures of
the oxides formed on the annealed specimen. The oxide on the hot rolled specimens
has a compact layer and rough surface caused by rolling. The oxide scale consisted of
Fe>O3, FesOs and FeCr204. After annealing in the air atmosphere, the diffraction
spectrum of Fe.Oz was major peak and had intensity more than the as-received
samples. The weight change per surface area of the annealed samples in this
atmosphere increased when the temperature increased. The oxide scale of annealed
sample in N2 atmosphere were formed similar to the oxide originated on as-received

specimens, and the weight change per surface area of annealed specimens slightly



increased when the temperature increased. When the annealing was conducted in
5%vol Hy balanced with N at 780°C, the oxide consisted of layer of FeCr,O. around
Fe-rich island in the middle of oxide layers. Similar to the samples that were annealed
in 10%vol H2+Ngy, the oxide consisted of layer of FeCr.04 around Fe-rich island in the
middle of oxide layers too. For annealing in 10%vol H>+N> the weight change per

surface area decreased when the temperature increased.
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Abstract

Stainless steel manufacturing often involves an annealing step, which is most performed
in atmospheres formed by different gasses. During the annealing process, the surface of the
steel reacts with oxidants in the furnace atmosphere to form a scale layer. The scale formation
is undesirable due to its effect on yield and surface quality. In the present work, the effects of
annealing atmospheres on the compositions and microstructures of the oxide scales formed
on the AISI 430 stainless steel surface were investigated. The as-hot rolled sheets were cut
into a dimension of 15 mm x 20 mm x 3 mm, were weight before and after annealing, and
were annealed in a laboratory tube furnace. The annealing was performed at 720°C, 750°C
and 780°C for 24 hours, and was followed by furnace cooling by argon purging to room
temperature. The atmospheres to which the specimens exposed were air, N> (99.9% purity),
5%H>+N> and 10%H>+N,. A cross-section micrograph of each annealed specimen was
obtained using a scanning-electron microscope (SEM). Energy-dispersive spectroscopy (EDS)
was employed to chemically analyze the oxide formed. X-ray diffraction (XRD) analyzes
were conducted to identify the structures of the oxides formed on the annealed specimen. The
primary experimental results indicated that the thickness of hot rolled oxide scales was about
5-6 um. The oxide on as-hot rolled specimens composed of multilayer structures and compact.
The oxide scale consisted of Fe>Os, Fe;04 and Cr>Os. After annealing in the air atmosphere,
the oxide scales of annealed specimens composed mainly of Fe,O; and Cr;Os;. In this
atmosphere, Fe;04 oxide cannot be observed when the temperature was 750°C and 780°C,
respectively. The oxide scale of annealed specimens in N> atmosphere were not transformed
into other form, it similar to the oxide originated on as-hot rolled specimens. When the
annealing was conducted in 5%H balanced with N, the oxide consisted of Fe,Os, Fe;04 and
Cr20; at 720°C and 750°C. However, at the temperature of 780°C, the oxide consisted mainly
of Fe;04. Most notably, the diffraction peak of Fe;O4 was only observed when the annealing
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atmosphere was 10%H, balanced with N,. The weight change of annealed specimens were
increase when the temperature was increase. The weight mass change of annealed specimens
were increase when the temperature increase in the air atmosphere. In the N, atmosphere, the
weight mass change of annealed specimens were slightly increase when the temperature
increase. In the 5%H, and 10%H, balanced with N, atmosphere, the weight mass change of
annealed specimens were slightly decrease when the temperature increase.

Keywords: annealing, scale formation, AlSI 430 stainless steel
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Abstract

The chemical compositions and microstructures of oxides formed during annealing process in
different gas atmosphere impact on the descaling performance. Thus, the effects of annealing
atmospheres on the composition and microstructures of the oxide scales formed on the AISI
430 stainless steel surface were investigated. The annealing was performed at 720°C, 750'C
and 780°C for 24 hours, and was followed by furnace cooling to room temperature by argon
purging. The atmospheres which the specimens exposed were air, N (99.9% purity), 5%H;
balance N> and 10%lH, balance N,. The primary oxide film of black coil or as-hot rolled
sample, the so-called as-received sample, and secondary oxide films of annealed samples were
investigated by optical microscope and X-ray diffraction. The oxide scale consisted of Fe Os,
Fe;0y4 and FeCr,0,. After annealing in the air, the diffraction spectrum of Fe>O; was major
peak and had intensity more than the as-received sample. The oxide scale of annealed sample
in N, were similar to the oxide originated on as-received specimens. When the annealing was
conducted in 5%H- balance N, at 780°C, the oxide consisted mainly of Fe;O4 and FeCr,0,.
Most notably, the diffraction spectrum of Fe;O, and FeCr,Oy4 were observed at all temperatures
when the annealing atmosphere was 10%H> balance N, this is due to the oxide scale was
reduced in reducing atmosphere. The weight change per surface area after annealing in the air
increased with the temperature. For annealing in 10%H, balance N, the weight change per
surface area decreased when the temperature increased.

Keywords: AISI 430 stainless steel, annealing atmosphere, oxidation, scale formation

1. Introduction
Ferritic stainless steel has been developed to substitute austenitic stainless steel in some
applications such as automotive exhaust components, especially in the upstream parts of the
exhaust line (manifold, down-pipe, converter shell), where temperature can reach 1100°C. They
have the advantage of lower cost than austenitic grade due to the absence of nickel, and also
present lower expansion coefficient than austenitic stainless steel, which is a great advantage
when temperature cycling 1s needed [1].

In stainless steel manufacturing, the black coil is produced from the cast slab by hot rolling.
During hot rolling, the primary oxide or scale is formed on the both sides of the stainless steel
surface due to directly heating in a furnace by combustion of fuels such as natural gas, fuel oil,
etc. The black coil is used as the raw material to produce the cold rolled stainless steel products
[2]. Since ferritic 430 stainless steel has two phases (uty) structures during hot rolling, some
martensite forms during cooling of the black coil. Such coil are generally subjected to batch
annealing to transform the martensite to ferrite to facilitate cold rolling [3]. Batch annealing
step is mostly performed in atmospheres formed by different gasses. In such process, it is

obvious that the oxide 1s continuously formed on the both surfaces of the stainless steel slab [4].
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If the scale is not removed from the stainless steel it may be rolled into the product surface
which would require additional processing before the sale of the product. Certainly, the
different gas is probably the cause of the different structures and compositions of the oxide
layer, which greatly influences the effectiveness of acid pickling, of the scale formed on the
stainless steel surface. Therefore, the effects of annealing atmospheres on the compositions and
microstructures of the oxide scales formed on the AISI 430 stainless steel surface were
investigated.

2. Experiment

The hot rolled AISI 430 stainless steel was provided by POSCO-Thainox Steel Public
Company Limited. The chemical compositions of this stainless steel is shown in Table 1. The
samples were cut directly from the hot rolled sheet, this is the so-called as-received sample,
into a dimension of 15 mm x 20 mm x 3 mm, and a tiny cut was made to indicate the upper
surface. A hole 3mm in diameter was drilled near the edge at the center of the sample in order
to hang the sample in the tube furnace. Subsequently, the samples were cleaned by acetone and
further arranged in the experimental furnace. Each test condition consumed 4 test samples.

Table 1: Chemical composition of AISI 430 stainless steel.

Element Fe Cr Mn Si c P S
Wt.% Bal. 16.46 0.239 0.340 0.0581 0.034 0.0061

The as-received samples were annealed in a tube furnace to examine the effect of annealing
atmosphere on the formation of oxides on the surface of 430 stainless steel. Fig. 1 represented a
schematic diagram of the experimental apparatus. The annealing was performed at 720 C,
750°C and 780 C for 24 hours and was followed by furnace cooling to the room temperature by
argon purging into a tube furnace. The atmospheres which the samples exposed were air, N»
(purify 99.9%), 5%H, balance N, and 10%H, balance N, respectively. The weight of samples
were measured and documented before and after test in the tube furnace.

Fig. 1: Schematic diagram of the experimental apparatus

The surface appearance of test samples were obtained by optical microscope (OM). X-ray
diffraction (XRD) was applied to identify the existence of a crystalline solid in the oxide film,
the scans were carried out from 20" to 100 (2 theta).

3. Results and Discussion
The unpolished surface appearance of oxide scale of as-received sample shown in Fig. 2a. It
can be found that the surface consisted of two distinct regions; brown regions, few red spots, as
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well as rolling texture. After annealing in the air, the annealed surface was composed of a
uniform black in all tested temperatures, Fig. 2.1b-2.1d. The annealed surface of the specimen
tested in N, are shown in Fig. 2.2¢-2.2d. It 1s found that the surface aspect of the annealed
samples is still the same as the as-received sample. When the sample was annealed in 5%H,
balance N the annealed surfaces were similar to as-received samples, Fig. 2.3b-2.3c. When the
test temperature was 780 C, the annealed surface was composed of some gray and brown, Fig.
2.3d. While the steel was annealed in 10%H, balance N», the annealed samples showed gray
and a condensed surface is observed, Fig. 2.4b-2.4d. Fig. 3 displayed the XRD spectra of the
upper and lower surface of 430 stainless steel. The diffraction spectrum shows that both
surfaces of as-received sample were composed of oxide with the same chemical composition.
Therefore, the analyses by using XRD was conducted with the upper surface only. The
diffraction spectrum indicated that the oxide scale on the hot rolled samples consisted of three
oxide phases: Fe,Os, Fe;0, and FeCr,O,4. Han et al [5] were also reported the same results that
the oxide of hot rolled 430 stainless steel was composed of the Fe;Os on the top, Fe;Oy in the
middle and FeCr,O, on the bottom of the scale.

As-received Annealing Annealing Temperature (°C)
sample atmosphere 720 750 780

(2.1) Air

2.1a) (2.1v) 2.10)

(2.2) Nitrogen
. (2.2a) (2.2b) (2.2¢)
(2a)
(2.3) 5%H; balance N»

(2.33) (2.3b) (2.3¢c)

(2.4) 10%H; balance N3

(2.4) (2.4b) (.40

Fig. 2: Surface appearance of as-received and annealed samples
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Fig. 3: Diffraction spectra of phases presented on both surfaces of as-received sample.

Fig. 4 presents the XRD spectra of as-received and the annealed samples in the air at 720°C,
750°C and 780°C, respectively. The oxides formed in this atmosphere were mainly Fe,Os. In
this annealing atmosphere, the diffraction spectrum of Fe,Os was clearly observed when the
temperature increased. As shown in Fig. 4(b)-(d). It 1s clearly found that the annealed samples

had a higher intensity of Fe,Os than as-received samples.

A| BC A FeOy
f B: FeO:
A - C: FeCr:04
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4 A
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T $“—‘ T ey = T—

29 theta

Fig_4: Diffraction spectra of as-received and annealed sample in air

(a) asreceived, (b) 720°C,

(¢) 750°C and (d) 780°C

Fig. 5 shows the XRD spectra of anncaled sample in N at different temperatures. The
diffraction spectrum indicated that the oxide scale of the annealed samples were not
transformed into the other form at any temperatures. It similar to the oxide originated on
as-received samples. This 1s because N» 1s an inert gas and could not reacted with Fe or Cr to

form the oxide scale [6].
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Fig. 5: Diffraction spectra of as-received and annealed sample in N>
(a) as-received, (b) 720°C, (c) 750°C. (d) 780°C
The XRD spectra of annealing sample in 5%H, balance N, are shown in Fig. 6. The diffraction
spectrum of Fe,O3, Fe;04 and FeCr,O4 were observed at the temperatures of 720°C and 750°C,
similar to the oxide phases on as-received samples. But for the temperature of 780°C, the
intensity of diffraction peak of Fe,O3 was greatly reduced while the diffraction peaks of Fe;Oy4
and FeCrO4 became the major peaks. Most notably, the diffraction peaks of Fe;O, and
FeCr,O; were the major peaks and the diffraction peak of Fe had more intensity than
as-received samples in all test temperatures when the annealing was conducted in the 10%H,
balance Na, as presented in Fig. 7. This means that the iron oxide could be reduced when the

annealing was performed in a reducing atmosphere of 10%H, balance N,. The same results
were reported by Masahiko et al [6] and Cheng et al [7].

A Fe:Oy
B : FeiO.
C : FeCrOs
BC ! D:Fe
(] !
c | BQ BCh. B © D
L ABC © 0L BC \__M \ 280°C 2
e A ABC
K \Bc A B ARD )4 750°c__ D]
Xy D
1
sc] . ABC D
1 A pdBC i D
C ke ang. 2 ndes o P nec ®
A ABC D
. A ABC
C BC_ABG 2 BOBCA  MaD Hot rolled
......... T e T T T g T e e

2° theta
Fig. 6: Diffraction spectra of as-received and annealed sample in 5%H; balance N3
(a) as-received, (b) 720°C. (c) 750°C, (d) 780°C
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Fig. 7: Diffraction spectra of as-received and annealed sample in 10%H; balance N3

(a) as-received, (b) 720°C, (c) 750°C, (d) 780°C
Fig. 8 presented the weight change per surface area after annealing in different atmospheres.
The result was that the weight change per surface area of the sample annealed in the air
increased when the temperature increased, 6.26x107 3 8.22x107 and 1.02x107 mg/mm:,
respectively. In N, the weight change per surface area of annealed specimens slightly
increased when the temperature increased, 1.39x]0'4, 3.43xl0‘4, 5.47x10° mg/mmz. In the
5%H, balance N, the weight change per surface area of annealed specimens slightly decrease
when the temperature increased, -8.59x10™ -9.26x10™, -1.63x10™ mg/mnﬁ Similar to 10%H,
balance Ny, the weight change per surface area of annecaled specimens decreased when the
temperature increased, -1.78x107, -1.99x107 and -2.20x10”* mg/mm?. The weight change per
surface area decreased in 5% and 10%H> balance N, due to the oxide being reduced by H» gas.
For the annealing in N>, the weight change per surface area only slightly increased because N»
is an inert gas, and it could not react with the oxide on the stainless steel surface. For the
annealing in air atmosphere, the weight mass change per surface area increased due to
increased oxygen in the annealing atmosphere, then the oxygen can react with Fe in the
stainless steel to form the oxide on the surface and results in weight change per surface area
increased.
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Fig. 8: Weight change per surface area of annealed samples

4. Conclusion
In this study, the scale formation of AISI 430 stainless steel in different annealing atmospheres:
air, N, 5%H,; balance N, and 10%H, balance N, at 720°C, 750°C, 780°C for 24 hours were
investigated, and the conclusions are as follows.

1. The oxide scale on hot rolled sample, the so-called as-received samples, of AISI 430
stainless steel consisted of three phases: Fe>Os, FesO4 and FeCryOy.

2. When as-received samples were annealed in the air, Fe2O3 was the major phase and has
more intensity appearance when compared with as-received sample. In this annealing
atmosphere, the temperature did have an effect on oxide compositions.

3. The oxide compositions and appearance of the annealed sample in N, is similar to the
oxide originated on as-received samples.

4. After annealing in 5%H> balance N, at 720°C and 750 C, the oxide consisted of Fe,Os,
Fe;0,4 and FeCr,Oy4. Except for the temperature of 780 C, the oxide was composed of two
phase, Fe;O, and FeCr,0,.

5 The oxide consisted of two phases, FesO4 and FeCr,O4 in all test temperature after
annealing in 10%IH, balance N, and this was due to the reducing of the oxide.

6. The weight change per surface area increased with the temperature after annealing in the
air atmosphere, and slightly increased with the temperature when the samples were annealed in
N,. But, for the annealing in reducing atmosphere, the weight change per surface area of the
samples decreased when the experimental temperature increased.
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