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HIGH-TEMPERATURE OXIDATION BEHAVIOR AND KINETICS OF FORGED 12Cr-MoVW STEEL

The oxidation kinetics of forged 12Cr-MoVW steel was investigated in an air (N,+0,) atmosphere at 873-1073 K (A50 K)
using thermogravimetric analysis. The oxidized samples were characterized using X-ray diffraction, and the surface and cross-
sectional morphologies were examined using scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy. The
forged 12Cr-MoVW steel samples exhibited parabolic behavior and a low oxidation rate compared with their as-cast counterparts.
A protective oxide layer was uniformly formed at relatively low temperature (<973 K) for the forged samples, which thus exhib-
ited better oxidation resistance than the as-cast ones. These oxides are considered solid-solution compounds such as (Fe, Cr),0s.
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1. Introduction

Since ultra-supercritical (USC) plants were introduced in
the late 1990s, ferritic/martensitic stainless steels have been
used as structural materials for components in gas turbines and
thermal power plants. These steels have also been used for the
rotors, casing valves, tubes, and pipes of USC turbines because
of their excellent mechanical and high-temperature creep proper-
ties and better price competitiveness compared with austenitic
stainless steel [1,2].

The maximum service temperature of these steels is esti-
mated to be approximately 893 K. For components that require
oxidation/corrosion resistance at high temperature, 12% Cr steels
have been primarily used because they provide better oxidation
resistance than 9% Cr steels [3-5]. As superior mechanical and
creep properties are required for 500-MW USC facilities of me-
dium-to-large size with extreme operating temperature (866 K)
and pressure (25 MPa), the 12% Cr steels used in supercritical
(SC) plants have been modified by adding various alloying ele-
ments. One of the commercially available alloys in this class
of steels is 12Cr-MoVW steel [5]. This alloy was developed by
adding Mo, V, and W to AISI 410 stainless steel to increase the
creep rupture strength [1,6,7].

However, 12% Cr steels are difficult to forge because of
the high content of alloy elements. A processing technique using
a dynamic material model is used to optimize the workability
and to evaluate the thermal deformation mechanisms of a wide
range of metal materials [8-10]. To date, many studies [11-13]

have focused on the heat-treatment process, mechanical proper-
ties, fracture mechanism, and fatigue of 12% Cr steels; however,
the oxidation behavior after hot deformation has drawn little
attention.

The present research was aimed at elucidating the effect
of hot forging on the oxidation characteristics of 12Cr-MoVW
steel. Special emphasis was placed on a detailed examination
of the oxide scale to understand the kinetics of and role of the
structure in determining the oxidation rate.

2. Experimental methods

The chemical composition of the 12Cr-MoVW steel used
in this study (B50A951A1, SeAh Special Steel Corp., Korea)
is listed in Table 1. The as-received specimens were normalized
at 1313 K for 3 h, quenched in oil, and then tempered at 953 K
for 7 h. The heat-treated (as-cast) samples were homogenized at
1373 K for 3 h and finally hot forged to achieve 35% reduction
of area. Optical micrographs (OM) of the starting microstructures
of the as-cast and forged samples are shown in Fig. 1.

TABLE 1

Chemical composition (wt. %) of the investigated steel

Chemical composition (wt. %)

C Si |[Mn| P S Ni Cr | Mo |Cu| V | W

.205].266(.775(.0185]|.0018|.661 |11.650(1.078|.156|.255|1.050
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Fig. 1. Optical micrographs of as-cast (a) and forged (b) 12Cr-MoVW steel used in this investigation

For the oxidation test, the specimens were cut into cubes
with dimensions of 2.5%2.5x2.5 mm?. All the specimens were
ground using 2400# SiC paper and ultrasonically cleaned in
distilled water and ethanol for 10 min before being weighed.
Isothermal oxidation experiments at 873-1073 K (A50 K) for
60 h were performed using thermogravimetric analysis (TGA,
TG/DTA 7300, Seiko, Japan) in an air (N,+0,) atmosphere. The
heating rate was 10 K/min for all the specimens. The oxide phases
were identified using X-ray diffraction (XRD, Rigaku Ultima IV,
Japan). The surface and cross-sectional morphologies of the
oxidized samples were characterized using field-emission scan-

ning electron microscopy (FE-SEM, TESCAN MIRA 3, Czech
Republic) coupled with energy-dispersive X-ray spectroscopy
(EDS) operating in back-scattered electron (BSE) mode.

3. Results and discussion

The oxidation rates of the as-cast and forged 12Cr-MoVW
steel in the temperature range of 873-1073 K are plotted in
Fig. 2, clearly demonstrating the temperature-dependent oxida-
tion kinetics. The oxidation kinetics were evaluated using the

Isothermal oxidations of 12Cr-MoVW steel
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Fig. 2. AW versus time curves for the as-cast and forged materials exposed to air at 873-1073 K (A50 K) for 60 h (as: as-cast; F: forged)



parabolic rate law (AW/A)? = k,,- t, where (AW/A) is the weight
gain (g/cm?), k, is the parabolic rate constant (g¥/cm*-min ™),
and t is the oxidation time (min) [14,15]. The AW and kp values
are summarized in Table 2. The overall oxidation rates of the
as-cast specimens are much higher than the forged ones.

The oxidation characteristics between 873 K and 973 K
indicate parabolic behavior and low oxidation rates with no
measurable increase. The enlarged inset in Fig. 2 shows the ini-
tial slope of the curves, where fluctuations of AW in the forged
specimens are observed at intermediate temperatures between
the heating and isothermal temperatures. This phenomenon is
attributed to the martensite phase formed in the forged specimens.

At high temperature (>973 K ), linear behavior at the be-
ginning with a “breakaway” model [16] is observed in both the
as-cast and forged specimens after certain incubation times. The
incubation time decreased as the oxidation temperature increased
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TABLE 2

AW and kp for each isothermal oxidation in air at 873-1073 K for 60
h and activation energy from Arrhenius plot of kp for oxidation of the
as-cast and forged 12Cr-MoVW steel specimens

AW K oxid.

Sample (mg/cm?) (g2 cmP“'s‘l) ((IJ(fI/ mol;
As873 K 0.5411 1.6E-13

As923 K 0.8060 7.9E-13

As973 K 1.2282 3.1E-12 379
As1023 K 3.4100 4.9E-11
As1073 K 33.5800 4.9E-09

F873 K 0.6833 2.7E-13

F923 K 0.3812 1.7E-13

F973 K 0.6721 9.8E-13 387
F1023 K 3.2103 4E-11

F1073 K 37.4716 6.3E-09

Fig. 3. SEM micrographs of surface morphology of the oxide scales after oxidation in air for 60 h at 873 K (a), 973 K (c), and 1073 K (e) for the
as-cast 12Cr-MoVW steel and 873 K (b), 973 K (d), and 1073 K (f) for the forged 12Cr-MoVW steel
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from approximately 900 min at 1023 K to 2200 min at 1073 K.
The oxidation rates increased continuously with oxidation time.

The activation energy for the forged specimens was calcu-
lated to be 387 kJ/mol from an Arrhenius plot of the parabolic
constants determined from 873 to 1073 K, as listed in Table 2.

Fig. 3 presents SEM images of the surface morphology
of the oxide scales formed on the as-cast and forged materials
exposed to air at 873-1073 K for 60 h. The surface morphology
of the specimens in air after 60 h depended on temperature, con-
sistent with the oxidation kinetics. As observed in Figs. 3(a-d), at
relatively low temperature (<973 K), a flat and thin oxide scale
(22 pm) formed that could not cover the grooves resulting from
grinding. The oxides formed on the as-cast specimens shown in
Fig. 3(c) are observed to be preferentially parallel to the grind-
ing marks, whereas those formed on the forged specimens in
Fig. 3(d) are uniformly dispersed. It can be considered that the
microstructure of the forged specimens increased the diffusivity
of oxygen in the substrate. The oxide nodules formed at 973 K
mostly consisted of (Fe, Cr, Mn) oxides in both the as-cast and
forged specimens. The XRD patterns in Fig. 4 identify the oxides
as (Mn, Fe)(V, Cr),0,. Identification of the oxide compound of
Fe, Cr and Mn is complex because these oxides have similar
crystal structures and lattice parameters [17,18]. Most of the
oxide compounds were Mn-Cr and Fe-Cr oxides.

At very high temperature (1073 K), the surface was com-
pletely covered by oxide nodules in both the as-cast and forged
states. The morphology of Fe,05 (hematite) predominantly ob-
served in Figs. 3(e-f) indicates that the specimens are covered by
porous oxides. The oxide layers in the as-cast state are divided
into two layers. The bottom layer in Fig. 3(e) is a flat oxide
scale (Fe-Cr oxide) and corresponds to a corundum-type oxide,
Cry75Fe 2503, according to the XRD results in Fig. 4(a). The
top layer in Fig. 3(e) is mainly composed of Fe,05 and a small
amount of Cuy sFe,Mn, s0,4. Based on these results, it appears
that the oxidation continuously progressed non-protectively by
propagating along the cracks of Cu, sFe,Mn, 50, Unlike the as-
cast specimens oxidized at 1073 K, the forged ones in Fig. 3(f)
only consisted of one layer of Fe,O3 and Cu, sFe,Mn 50, (the
top layer in the as-cast state), indicating that the non-protective
behavior was promoted even more than in the as-cast specimens.
This finding corresponds well with the higher AW values of the
forged specimens due to the breakaway oxidation. The oxida-
tion resistance of heat-resistant steels primarily relies on the
amount of Cr content. Cr forms a protective oxides which are
carried out as a barrier to the breakaway behavior. At 1073 K, it
can be proposed that a method of adding Cr originally help the
oxidation resistance avoid the breakaway behavior by migrating
the cationic Cr atoms from the substrate. In addition, making
ultrafine grains near surface are thought to improve the oxidation
resistance by producing the abundant grain boundary density.

Figs. 5(a-d) present cross-sectional BSE images of the sam-
ples at 873-1073 K, revealing the temperature dependence of the
morphologies; the corresponding EDS line scans are presented
in Fig. 6. An extremely thin protective oxide scale formed at
873 K, as observed in Figs. 5(a-b), indicating that both the as-cast
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Fig. 4. XRD patterns of the oxide scales formed on the as-cast (a) and
forged (b) 12Cr—MoVW steel at 873—1073 K for 60 h in air

and forged specimens were barely oxidized. The oxide layers at
973 K in Figs. 5(c-d) are thicker and mainly consisted of (Cr,
Mn) oxides. The solid-solution compounds such as (Fe, Cr),05
observed in the forged specimens oxidized at 973 K are consid-
ered to have formed because of solidification between the Cr,05
and Fe,0; identified in Fig. 4(b) because these compounds are
soluble in each other. At very high temperature (1073 K), the
oxide layers in both the as-cast and forged specimens consisted
of two layers, with thicknesses greater than 50 pm, as observed
in Figs. 5(e-f).

This result indicates that the weak CrFe peaks in Fig. 4 for
the sample oxidized at 1073 K originate from the thick oxide
layer, which can absorb the X-ray signal from the substrate.
Voids are also observed in the outer layer, which included Fe-rich
oxide. The EDS line scans through the two layers in Figs. 6(e-f)
indicate that the outer layer consisted of Fe-rich oxides, whereas
the inner layer mainly consisted of (Fe, Cr, Mn) oxides. Segrega-
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tion of Ni near the interface between the inner oxide layer and
substrate was observed in the EDS analysis, which indicates
that the small black dots near the interface in Fig. 5 are due to
the Ni segregation.

4. Conclusion

Based on the experimental results, the following conclu-

sions can be drawn:

At low temperature (<973 K), the forged 12Cr-MoVW steel
specimens exhibited extremely parabolic behavior and low
oxidation rates; in contrast, at high temperature (>973 K),
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Fig. 5. Cross-sectional BSE micrographs of oxide scales oxidized in air for 60 h at 873 K (a), 973 K (c), and 1073 K (e) for the as-cast 12Cr-
MoVW steel and 873 K (b), 973 K (d), and 1073 K (f) for the forged 12Cr-MoVW steel

both the as-cast and forged 12Cr-MoVW steel specimens
exhibited breakaway behavior.

The fluctuation phenomenon of the initial slope of the
curves of the forged 12Cr-MoVW steel specimens is
thought to be associated with the martensite phase.

The oxides of the forged 12Cr-MoVW steel specimens
formed at 973 K were uniformly dispersed compared with
those of the as-cast state; the protective oxides are consid-
ered to be solid-solution compounds such as (Fe, Cr),0s.
At high temperature (1073 K), both the as-cast and forged
12Cr-MoVW steel specimens formed thick double oxide
layers (>50 um) consisting of hematite and magnetite from
the oxide/air interface to the oxide/substrate interface.



1104

Intensity(a.u.)

Distance(um)

Fig. 6. EDS elemental analysis of the cross-sections in Fig. 5 after oxidation for 60 h in air at 873 K (a), 973 K (c), and 1073 K (e) for as-cast
12Cr-MoVW steel and 873 K (b), 973 K (d), and 1073 K (f) for forged 12Cr-MoVW steel
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