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The present research deals with an investigation of the effect of alloying element additions (Si, P,
and Sb) and water vapor content PH2O=PH2

¼ 0:01 to 0:13ð Þ on the oxidation and decarburi-
zation behavior of transformation-induced plasticity (TRIP) steels in a gas mixture of 95 vol pct
argon and 5 vol pct hydrogen/steam, by thermogravimetry (TG). The oxidation proceeds pri-
marily as an internal oxidation front in the TRIP steels, but a thin external scale on the order of
a micrometer thickness exists and is comprised primarily of fayalite ((Mn,Fe)2SiO4) and
((MnO)x(FeO)1�x. The oxidation products are distributed near the surface and along grain
boundaries. A comparison between calculated and measured oxidation curves indicated that the
oxidation and decarburization are independent. The results for TRIP steels, both with and
without an Sb addition, indicate that increasing Si and P contents accelerate, whereas Sb
addition suppresses, both decarburization and oxidation rates. Water vapor content has no
obvious effect on decarburization but has a pronounced effect on oxidation, and decreasing
water vapor content decreases the oxidation rates.
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I. INTRODUCTION

TRANSFORMATION-INDUCED plasticity (TRIP)
steels are among the most ideal candidates for light-
weight automotive applications because of their high
strength-to-weight ratio and excellent deformability.[1–3]

In order to obtain these properties, TRIP steels have
conventionally contained C, Mn, P, and Si, of which C
and Mn are used to stabilize austenite and Si and P are
used as solid-solution strengtheners and to suppress iron
carbide formation.[4–6] The Al plays a role similar to that
of Si in TRIP steels and can partially replace Si in view
of the detrimental effect of Si, because silicon contents
above 0.1 pct do not permit the formation of a uniform
galvannealed product, while aluminum does not have a
detrimental effect on the galvannealing process.[7–10] The
application of a zinc coating is an important factor to
consider in producing products with acceptable surface

quality for the automotive industry. To achieve a
uniformly coated surface, it is necessary to control
surface oxidation before hot-dip galvanizing such that
the oxidation products allow the coating alloy to wet the
surface. During the heat-treatment process, small
amounts of alloying elements that are commonly used
in TRIP steels, such as Si, Mn, and Al, are selectively
oxidized. Some of the oxides based on Mn or Si are
undesirable.[11] To improve the wettability of TRIP
steels, some researchers tried to suppress the oxidation
by adding some surface active elements, one of which is
Sb. An addition of Sb has been found to significantly
affect the recrystallization of steels[12] and to suppress
internal oxidation,[13] as well as to improve the texture
of nonoriented Si steels. This was due to the formation
of a texture rich in (100) grains in Si steels caused by the
presence of Sb.[14,15] In addition, Sb is expected to
suppress the decarburization of TRIP steels due to its
high segregation tendency.
In earlier articles from the present research group,

the authors investigated the oxidation of TRIP
and interstitial-free (IF) steels through thermogravi-
metry (TG) and confocal scanning laser microscopy
methods.[13,16,17] The articles elucidated the evolution of
internal oxidation, external oxidation, and decarburiza-
tion and their interdependence under different PH2O=PH2

ratios for TRIP steels, and the effect of water vapor
content, temperature, and alloying elements on the
oxidation of IF steels. It was found that Si increases
the internal oxide density and causes Fe extrusion to the
surface, and that Sb addition suppresses both the
internal and external oxidation of IF steels. An increase
in P content slightly increases the internal oxidation of
IF steels. However, the effect of alloying element
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additions on the oxidation and decarburization in TRIP
steels has not been reported so far. The objective in the
current study is to investigate the roles of P, Si, and Sb
as well as the effect of water vapor content in the
oxidizing gas on the decarburization and oxidation of
TRIP steels.

II. EXPERIMENTAL PROCEDURE

The TRIP steels used in the present study were
supplied by POSCO (Jeonnam, Korea) and were fabri-
cated by casting from a vacuum furnace into steel molds
170 9 230 9 60 (mm) in thickness and then hot rolling in
nine passes to a thickness of 3 mm. The hot-rolled strips
were then pickled and cold-rolled five passes to a final
thickness of 2 mm. Table I shows the chemical compo-
sitions. Coupons were cut, ground, and polished into
pieces 20 9 6 9 2 (mm) in size, for use in the TG
experiments. A typical etched surface microstructure
before oxidation is shown in Figure 1. It can be seen that
the TRIP specimen consists primarily of ferrite regions
(appearing dark) and layers or bands of pearlite regions
(appearing light). The gases used in the present experi-
ment are argon and hydrogen gases, which were provided
by Valley National Gases, Inc. (Wheeling, WV).

The experimental procedures have been described in
an earlier article,[13,17] and will be briefly summarized
here. A TG analysis setup (SETARAM Instrumentation,

Caluire, France) was mainly used in the present
experiments. The experimental atmosphere was con-
trolled by a gas mixture that consists of 95 vol pct argon
and 5 vol pct hydrogen, and the hydrogen gas flowed
though a well-defined humidifier. The gas-flow rates for
the dry (Ar) and wet (H2+H2O) gas streams were 190
and 10 mL/min, respectively, corresponding to linear
flow rates of 0.6 and 0.03 m/min, respectively. It should
be noted that the flow rates used were such that the gas
stream was not starved of oxidant as a result of
oxidation of the metal, and the mass transfer of water
vapor from the bulk gas to the surfaces of specimens and
the dissociation of water vapor were not rate-limiting
steps.[13] The buoyancy effect has been evaluated in a
previous article,[17] and the results show that it can be
ignored at the oxidation temperature. The furnace was
heated from room temperature to the exposure temper-
ature (843 �C) at a heating rate of 99 �C/min, and held
for a certain time, then cooled at a cooling rate of 99 �C/
min. The exposure temperature (843 �C) is located on
the lower-temperature boundary of the austenite region
at low carbon contents, i.e., the a/a+ c boundary.
Table II gives the experimental conditions and the
corresponding oxygen partial pressures used in the
present experiments. Figure 2 shows the thermal history
used. It should be pointed out that recrystallization is
completed before the experimental temperatures are
reached. The recrystallization is, therefore, not consid-
ered in the present experiments.
The exposed specimenswere characterized by glancing-

angle X-ray diffraction (G-XRD), a scanning electron
microscope (SEM) equipped with an energy-dispersive
X-ray detector (EDS) (INCA, Oxford Instruments,
Scotts Valley, CA), X-ray photoelectron spectroscopy
(XPS), optical microscopy (OM), and Auger electron
mapping system (AES) techniques. The detailed experi-
mental procedures of G-XRD, SEM-EDS, andXPS have
been described in an earlier article.[13] Therefore, only the
experimental procedures for AES will be described here.
The AES was used to map the surface element distribu-
tion. The voltage and current of the electron beam for the
AES analysis were 10 kV and 5 lA, respectively. Other
parameters employed in the present experiments were
4 kV and 15 mA, as the voltage of the argon ion gun and
the emission current, respectively. A cylindrical mirror
analyzer with a coaxial electron gun at normal incidence
was used to record the Auger spectra. In order to get a
proper quantification of the Auger spectra, the distance
and angle between the specimen and analyzer axis should
be maintained fixed. This angle was maintained at 30 deg
during the period of the experiment.

III. RESULTS AND DISCUSSION

A. Thermogravimetric Analysis

The TG curves for specimens oxidized under
PH2O=PH2

¼ 0:13 have the general appearance of those
shown in Figures 3 and 4, in which there is a weight loss
due to the dominance of the rapid rate of decarburiza-
tion over the rate of oxidation. In order to establish the

Table I. Chemical Compositions of TRIP Steels

Sample

Chemical Compositions (Wt Pct)

C Si Mn P S Al Sb

1 0.2 0.5 2.0 0.02 0.002 0.5 —
2 0.2 0.5 2.0 0.08 0.002 0.5 —
3 0.2 1.0 2.0 0.02 0.002 0.5 —
4 0.2 1.5 2.0 0.02 0.002 0.5 —
5 0.2 0.5 2.0 0.02 0.002 0.5 0.03
6 0.2 0.5 2.0 0.08 0.002 0.5 0.03
7 0.2 1.0 2.0 0.02 0.002 0.5 0.03
8 0.2 1.5 2.0 0.02 0.002 0.5 0.03

Fig. 1—Typical surface morphology of TRIP steel 2 etched with
nital for 30 s. Dark regions are ferrite; light regions are pearlite.
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reproducibility of the experimental results, selected
experiments were repeated. Figure 3 gives the experi-
mental results of two experiments carried out under the
same conditions in terms of specimen temperature and
atmosphere but for different times. As can be seen, the
results have good repeatability.

Figure 4 shows the weight changes of TRIP steels
with different chemical compositions as a function of the
oxidation time, indicating that alloying element addi-
tions have significant effects on decarburization or
oxidation. The numbers labeled in the figures corre-
spond to the compositions in Table I. It should be
pointed out that decarburization and oxidation occur

simultaneously, and the weight change in the present
experiment is the summation of decarburization (weight
loss) and oxidation (weight gain), because the TG setup
does not record decarburization and oxidation indepen-
dently. The weight loss observed in the present exper-
iments occurs because the relative rate of
decarburization is faster than that of oxidation, and
the degree of weight loss increases with increasing Si and
P contents and decreases with Sb addition. The role of
P, Si, and Sb on the oxidation of IF steels has been
reported in a previous article.[13] The results indicated

Table II. Measured Depths of Decarburization and Internal Oxidation Layers of TRIP Steels Oxidized at 843 �C

Item PH2O=PH2
log PO2
ð Þ (atm) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8

Decarburization
depth (lm)

0.13 �19.17 73.9 96.8 99.1 152.1 51.8 88.6 60.9 78.5
0.06 �19.84 67.3 — — — — — — —
0.01 �21.40 58.5 —

Oxide depth (lm) 0.13 �19.17 8.3 9.9 5.2 6.3 2.5 4.9 3.5 2.6
0.06 �19.84 7.4 — — — 2.4 — — —
0.01 �21.40 6.7 1.8

Fig. 2—Schematic of thermal history.

Fig. 3—Repeatability of the decarburization experiments for TRIP
steel 2.

Fig. 4—Weight changes of TRIP steels containing alloying elements
as a function of oxidation time (a) without Sb and (b) with Sb. (The
numbers in the figure correspond to the chemical compositions in
Table I.)
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that Si and P accelerate and Sb suppresses the oxidation
of IF steels. The chemical compositions among TRIP
and IF steels are close except for the C content. It may,
therefore, be concluded that Si and P increased the
decarburization rates, whereas Sb decreased the decar-
burization rate. However, the way in which alloying
elements affect the decarburization and oxidation has
not been investigated. Therefore, it is necessary to
understand the mechanisms of decarburization and
oxidation and the effect of alloying element additions
on decarburization and oxidation behavior.

B. Decarburization

The mechanism of decarburization has been exten-
sively studied and is well understood, as summarized by
Birks et al.[18] The existence of a porous external scale is
a precondition for decarburization to occur. This could
not be unambiguously confirmed in the current charac-
terization of surfaces and cross sections of the oxide
scales due to the limits of resolution, but there was also
no evidence that a dense uncracked protective oxide
scale was present. For the current alloys, an intercritical
annealing temperature of 843 �C was used; this would
correspond to the alloy being at the a+ c/c boundary,
as shown in Figure 5(a). As carbon is lost, a concentra-
tion profile, schematically shown in Figure 5(b), will be
expected to be established, in which the removal of
carbon is coupled with movement of the a+ c/c
boundary. The term Cs is the concentration of carbon
at the interface of ferrite and scale, Ca/c is the concen-
tration of carbon at the interface between ferrite and
steel, and C0 is the concentration in the bulk steel.

The following steps would be needed to remove the
carbon: (1) steam/oxygen transport from the bulk gas
flow through a gas-solid boundary layer to the scale
surface, (2) steam/oxygen transport through the scale by
diffusion through pores and cracks in the oxide scale,

(3) carbon reaction with steam/oxygen to form carbon
monoxide, (4) carbon transport through the a layer to
the a/scale interface, (5) movement of the a/c+ a
interface, and (6) carbon monoxide transfer from the
scale-metal interface to the scale/gas interface via pores
and cracks.
Under the present experimental conditions, a ferrite

phase is formed during the decarburization process. As a
first approximation, we will make the following assump-
tions. (1) The external scale is thin and is porous enough
that it does not cause any hindrance to gas species from
entering or escaping the surface and, therefore, steps (2)
and (6) are considered to be fast. (2) The movement of
the ferrite/ferrite+austenite phase boundary is not
interface reaction controlled, i.e., it is controlled by the
diffusion of carbon and the interfacial equilibrium is
maintained at all times.
The thickness of the ferrite region, x, can thus be

calculated through the following equation:[19]

x ¼ 2K
ffiffiffiffiffiffiffiffi

DCt
p

½1�

where DC is the intrinsic diffusion coefficient of carbon
in ferrite, which can be obtained from the literature,[20]

t is the time, and K in Eq. [1] is a dimensionless con-
stant, which can be obtained from Eq. [2]:

CS � Ca=c

Ca=c � CO
¼ K

ffiffiffi

p
p

exp K2
� �

erf Kð Þ ½2�

where CS is the carbon concentration on the surface,
which is assumed to be zero; CO is the bulk carbon
concentration; and Ca/c, the carbon concentration in a at
the a/c+ a interface, can be estimated by Thermo-Calc
(Thermo-Calc Software, Stockholm).[21] It should be
noted that the diffusivity of C (interstitial element) is
much higher than that of Si, Al, and Mn (substitutional
elements), so it is reasonable to assume that only C is
mobile, whereas Si, Al, and Mn remain essentially in

Fig. 5—(a) Carbon isopleth for TRIP steel. (b) Schematic of decarburization mechanism.
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Fig. 6—Optical micrographs of cross sections etched with natal. (The letters in (a), (b), (c), (d), (e), (f), (g), and (h) correspond to samples of
steel 1, 2, 3, 4, 5, 6, 7, and 8, respectively.)
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their original positions. Unfortunately, the distribution
of the substitutional elements would depend on prior
processing and, therefore, their distribution is difficult to
determine, which may result in some uncertainty in the
value of Ca/c. A value corresponding to paraequilibrium,
which refers to the concept that the diffusion kinetics of
substitutional elements Mn and Si is much slower than
that of the interstitial element C,[22] was used in the
current study.

Figure 6 shows a series of optical micrographs of the
etched cross sections of exposed specimens (30 minutes)
containing different alloying elements under PH2O=
PH2
¼ 0:13 at 843 �C. As indicated, the decarburization

layer has larger grains and appears to be free of pearlite,
which is in agreement with an earlier article,[17] and the
coarse grains are a result of decarburization-controlled
ferrite growth into a duplex ferrite/austenite structure
that starts at the surface and proceeds toward the core
of the sample. The depths of the decarburization layer
were estimated by the averaged value of ten measure-
ments based on different micrographs, and the results
are listed in Table II. As can be seen, the depth varies
with chemical composition, and Si and P additions seem
to result in a thick decarburized layer, whereas a Sb
addition apparently decreased the decarburization layer
thickness, i.e., Si and P can increase the decarburization.
This is consistent with the aforementioned TG results,
which indicated that the decarburization rate increased
with increasing Si and P contents, and an Sb addition
suppressed the decarburization rate.

Equations [1] and [2] were used to calculate the depth
of the decarburization layer, and the predicted depth is
shown in Figure 7 along with the experimentally mea-
sured values. It should be pointed out that the adopted
model is based on Fick’s second law for the case of a
semi-infinite slab, and is obtained by evaluating the
dimensionless factor (K), which depends on the concen-
tration of carbon (Ca/c+a) at the a/c+ a interface. The
Ca/c+a was calculated by Thermo-Calc software[21] by
considering a Fe-C-Si-P system. The calculated results
are 1.11 9 10�2, 1.16 9 10�2, 1.41 9 10�2, and 1.70 9
10�2 wt pct for steels 1, 2, 3, and 4, respectively. As can
be seen from Figure 7, the predicted depths show large
discrepancies with respect to the experimental measure-
ments. These discrepancies could be caused by a number
of factors. First, as mentioned earlier, there is an
uncertainty in the distribution of the substitutional
elements, which would influence the term Ca/c+a in
Eq. [2]. Second, the diffusion coefficient of carbon could
be affected by the presence of Si (and perhaps P).

In order to determine the effect of a Si addition on the
diffusion coefficient of carbon, the present study back-
calculated the diffusion coefficient of carbon using the
measured decarburization depths by Eq. [1]. Figure 8
shows the back-calculated values according to Eqs. [1]
and [2]. It indicates that the Si addition can increase the
diffusion coefficient of carbon in steels both with and
without Sb, from 2.63 9 10�11 m2/s for steel containing
0.5 pct Si to 7.28 9 10�11 m2/s for steel containing
1.5 pct Si, and from 1.28 9 10�11 m2/s for steel contain-
ing 0.5 pct Si and 0.03 pct Sb to 1.94 9 10�11 m2/s for
steel containing 1.5 pct Si and 0.03 pct Sb, respectively.

Fig. 7—A comparison between predicted and the measured decarbu-
rization depths. (The numbers in the figure correspond to the chemi-
cal compositions in Table I.)

Fig. 8—Back-calculated diffusion coefficients of carbon as a function
of silicon content. (The numbers labeled in the figure correspond to
chemical compositions in Table II.)

Fig. 9—A comparison of calculated oxidation curve for TRIP steel 1
and measured oxidation curve for an IF steel[13] under PH2O=PH2

¼
0:13 at 843 �C.
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Fig. 10—Surface morphologies of TRIP steels after oxidation under PH2O=PH2
¼ 0:13 at 843 �C. (The letters in (a), (b), (c), (d), (e), (f), (g), and

(h) correspond to samples of steel 1, 2, 3, 4, 5, 6, 7, and 8, respectively.)
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This is in agreement with a previous article, which
showed that the diffusion coefficient of carbon increases
with increasing Si content, from 1.65 9 10�11 m2/s for
steel containing 0.5 pct Si to 2.65 9 10�11 m2/s for steel
containing 1.5 pct Si.[23,24] These values are plotted in
Figure 8, along with those estimated in the current

investigation. The increasing diffusion coefficient of
carbon has been explained by Darken’s experiment, in
which the C activity coefficient in iron was increased
by Si.[25]

C. Oxidation of TRIP Steels

Considering that the diffusion coefficient of carbon is
much higher than that of Si, Al, and Mn, it is reasonable
to assume that only C is mobile, whereas Si, Al, and Mn
may remain in their original positions, i.e., the oxidation
of steel involves not C but Si, Al, and Mn. In view of the
fact that the TG setup used in the present experiment
does not record decarburization and oxidation indepen-
dently, the mass increase due to oxidation, Dm (mg/cm2)
was thus estimated by Eq. [3]:[18]

Dm ¼ kpt
1=2 ½3�

where kp (mg/cm2/s1/2) is the parabolic rate constant,
which has been evaluated in a previous article.[17] The
curve for TRIP steel 1 due to oxidation under
PH2O=PH2

¼ 0:13 at 843 �C was thus computed and is
shown in Figure 9. Figure 9 also shows the experimental
weight changes of an IF steel as a function of time.[13] As
can be seen, the measured weight gain due to oxidation
is in agreement with the computed values. In view of the

Fig. 11—G-XRD patterns of oxidized TRIP steels surfaces. (The
numbers in the figure correspond to the compositions in Table I.)

Fig. 12—AES spectra of samples of steel (a) 5 and (b) 8, and (c) XPS spectra of sample of steel 5 oxidized at 843 �C with PH2O=PH2
¼ 0:13.
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fact that the chemical compositions among TRIP and IF
steels are close except for the C content, it is therefore
reasonable to assume that the oxidation rates for both
TRIP and IF steels are essentially the same. This
suggests that oxidation proceeds independently of
decarburization. It should be pointed out that the
oxidation may involve both external and internal
oxidation under the present experimental conditions,
and that the internal oxidation is of greater importance
than the external oxidation.

1. External oxidation
The surface morphologies of the specimens after

oxidation were documented using the SEM in secondary
electron mode; the results are shown in Figure 10. The
small amounts of alloying element additions have
significant effects on surface morphologies after oxida-
tion. Two types of oxide evolution can be observed in
Figure 10. The first type involves oxides that are
primarily distributed at the alloy grain boundaries,
including steels 1, 2, 3, 5, and 6. In the second type,
including steels 4, 7, and 8, there are no obvious grain-
boundary ridges observed, whereas continuous (4) or
discontinuous (7 and 8) patchy nodules were observed.
A significant difference in EDS analysis also exists
between the two types, with obvious Mn enrichment in
oxides formed on the grain boundaries for the first type
of oxides, whereas only Fe was detected for the patchy
nodules, and Mn-, Si-rich oxides were mainly distrib-
uted around the nodules. It is noteworthy that the EDS
results for specimens 2 and 6 showed the oxide ridges
contain some phosphorus.

Figure 11 shows the G-XRD patterns for steels of
different chemical compositions. As can be seen, the
phases precipitated on the surface change with increas-
ing Si or Sb additions. The oxides on alloys with low Si
addition are composed primarily of (FeO)x(MnO)1�x,

which are mainly precipitated on alloy grain boundaries
according to the surface morphologies, whereas traces of
(Mn, Fe)2SiO4 were observed in the case of steels
containing a high amount of Si. The structure of the
Sb-oxide phase cannot be unambiguously established,
but the glancing-angle X-ray peaks are closest (albeit
weak) to 2MnOÆSb2O5. The reason for forming Sb2O5

rather than Sb2O3 is not clear. The latter is expected to
be thermodynamically stable. It should be pointed out
that no Al-oxide peaks are clearly discernable, as shown
in Figure 11. This is probably because of the fact that
the amount of Al oxides is small and is lower than the
detection limits of G-XRD. On the other hand, Si oxide
may appear as an amorphous phase.[26,27] It should be
noted that Fe oxides are not thermodynamically stable
under the experimental conditions; however, some FeO
may be formed in (Mn, Fe)2SiO4 or (FeO)x(MnO)1�x.
Figures 12(a) and (b) show the Auger spectra char-

acteristic of the surface chemistry of steels 5 and 8 after
oxidation. According to the standard spectra,[28] they
indicated that Fe, Mn, Al, P, and Si appeared on the
surface. It should be noted that the spot size used was
100 lm, i.e., the signals obtained are the averaged
values. The amount of Si for steel 8 was found to be
higher, whereas the amount of Mn was smaller than that
for steel 5, and the Al signal is very weak. The Fe signal
is very strong, which may be metal from the matrix or
oxide. In order to specify detected-element distribution,
Auger electron maps were used and the results are
shown in Figure 13. The maps were individually opti-
mized for maximum contrast. It indicates that Mn is
mainly distributed along alloy grain boundaries, i.e., the
ridges are mainly Mn rich oxides. The Fe signal is strong
across the interior grain surface but is very weak along
grain-boundary ridges, indicating that the FeO content
in (FeO)x(MnO)1�x that is detected by G-XRD is very
low. The Al signal is very weak across the whole surface.

Fig. 13—AES maps of TRIP steel 5 oxidized at 843 �C under PH2O=PH2
¼ 0:13 for 30 min.
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Fig. 14—SEM observation of cross sections of TRIP steels oxidized at 843 �C under PH2O=PH2
¼ 0:13 for 30 min. (The letters in (a), (b), (c), (d),

(e), (f), (g), and (h) correspond to samples of steel 1, 2, 3, 4, 5, 6, 7, and 8, respectively.)
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The AES map of O shows a strong signal across interior
grains, whereas a weak signal is observed along grain
boundaries. This may suggest that the oxides at the
grain interior surfaces contain higher oxygen content,
probably Al2O3, SiO2. The AES map of Sb indicates this
element is uniformly distributed across the whole
surface.

Using XPS, the oxidation states of Mn, Si, Sb, and Al
can be determined and the surface species identified
where information on their binding energy was avail-
able, as can be seen from Figure 12(c). These results
indicate that the binding energies for Mn, Al, O, Sb, and
Si are 641.9, 74.7, 531.6, 537, and 102.7 eV, respectively,
corresponding to Mn2+, Al3+, O2�, Sb5+, and Si4+,
respectively, according to the standard XPS spectra.[29]

This is consistent with the G-XRD results.

2. Internal oxidation
The SEM observations of the polished cross sections

of TRIP steels after oxidation revealed that the oxides
formed along the alloy grain boundaries and reached as
deep as 5.2 to ~8.3 lm for TRIP steels containing
0.02 pct P, compared to 9.9 lm for a TRIP steel
containing 0.08 pct P, as can be seen from Figure 14
and Table II. However, the oxides formed exist at a
depth of less than 3.5 lm for TRIP steels containing
0.03 pct Sb, except for steel 6, where the oxides reached
a depth of 5.0 lm. The density of oxides for TRIP steel 4
is quite high compared with the steels 1, 2, and 3, i.e., Si
addition promotes internal oxidation. This is consistent
with an earlier article.[13] It is noteworthy that the grain
boundaries in question are most likely the boundaries
between the new ferrite grains that grow due to
decarburization, because the penetration of decarburi-
zation is significantly faster than the penetration of
internal oxidation. The EDS results indicate that the
oxides along the grain boundaries are Mn-, Al-, and
Si-rich oxides, and that some P was also found for TRIP
steels 2 and 6. However, the oxides on the surface are
mainly composed of Mn-oxides. The amounts of
Al- and Si-oxides are small due to the small bulk
concentrations of Al and Si. Furthermore, the elements
Al and Si have a higher affinity for oxygen compared

with that for Mn; therefore, Al and Si were first oxidized
when the steel was exposed to the oxidizing atmosphere
PH2O=PO2

¼ 0:13ð Þ, which resulted in formation of the
subsurface oxides.
The XPS depth profiles (element intensities) for steel 5

are shown in Figure 15. The thicknesses of Fe-, Si-, and
Al-oxide are several nanometers, which correspond to
the external oxidation layer. The signal for Mn, how-
ever, was found to remain constant in the measured
range of depth. This is mainly caused by the inward
diffusion of oxygen, resulting in internal oxidation. This
is consistent with SEM results on cross sections.
The combined results from TG, the surface charac-

terization by SEM, XPS, and AES, and cross-sectional
micrographs by SEM and XPS give the following
information. (1) A thin external oxidation layer several
nanometers thick exists, which consists of oxides of Si,
Al, or Fe or the solid solutions or compounds formed by
these oxides. (2) The oxide ridges that appear on the
grain boundaries of TRIP steels could be the result of
fast-path grain-boundary diffusion. Because decarburi-
zation is expected to be rapid, the grain boundaries
responsible for the transport of O as well as the
substitutional elements, mainly Mn, are likely the newly
formed ferrite grain boundaries (as a result of decarbu-
rization) that are responsible for the kinetics of ridge
evolution. (3) The increased P concentration results in
an increase in decarburization and oxidation, and the
results are consistent with the TG results between TRIP
steels 1 and 2, as well as between 5 and 6 (Figure 4).
They are also in agreement with surface morphologies
after oxidation (Figure 10). (4) The decarburization rate
increased with increasing Si content under the present
experimental conditions. (5) The Sb addition obviously
decreases the decarburization depth and oxidation
depth, which is in agreement with the TG results
(Figure 4) and the surface morphologies after oxidation
(Figure 10).

D. Effect of Si on Weight Change of TRIP Steels

The effect of Si content on weight changes vs
oxidation time is shown in Figure 16 for steels that do

Fig. 15—Depth profiles of TRIP steel 5 oxidized at 843 �C under PH2O=PH2
¼ 0:13 for 30 min.
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not contain Sb (Figure 16(a)) and those that do
(Figure 16(b)). It can be seen that the weight losses
increase with increasing Si content in all cases. Accord-
ing to the experimental observation shown in Figure 6,

the decarburization depths are 73.9, 99.1, and 152.0 lm
for TRIP steels containing 0.5 pct (steel 1), 1.0 pct (steel
3), and 1.5 pct Si (steel 4), respectively, and similar
results are observed for TRIP steels containing Sb (5, 7,
and 8), as can be seen from Table II. The increased
weight loss could also be caused by a decrease in internal
oxidation, but such an effect is not apparent from the
present results. The Si contents less than that needed to
form continuous oxide layers have been shown to
increase the internal oxide density.[13] The oxide density
appears in this study also to increase with increasing Si
content (Figure 14). It can therefore be concluded that
decarburization rate increases with increasing Si con-
tent. It is also noteworthy that, resulting from the
volume mismatch between oxides and iron, an outward
plastic flow of iron occurred, as can be seen from
Figure 17. The iron extruded to the surface is expected
to be proportional to the volume of internal oxides.[30]

This phenomenon has been reported in an earlier
publication.[13] As discussed previously, the increased
decarburization rate occurs because the diffusion coef-
ficient of carbon increases with increasing Si content
(Figure 8).
A summary of the effects of Si addition on the

decarburization and oxidation is shown in Table III,
indicating that the addition of Si increases the decarbu-
rization depths and has no obvious effect on decreasing
internal oxidation. The G-XRD (Figure 11) and XPS
analysis (Figure 12(c)) indicate that the surface oxide
chemistry evolved from (MnO)x Æ (FeO)1�x to (Fe,
Mn)2SiO4 with increasing Si from 0.5 to 1.5 pct.

E. Effect of Sb on Weight Change of TRIP Steels

Figure 18 describes the effects of an Sb addition on
the weight changes of TRIP steels, and it can be seen
that the weight change increase becomes less negative
with a small addition of Sb. This could be caused by
either a decrease in decarburization rate or an increase
in the oxidation rate. The investigation of surface
morphologies (Figure 10) and cross sections (Figure 14)
indicates that Sb suppresses both the internal oxidation
and decarburization. This is consistent with an earlier

Fig. 16—The effect of Si content on the weight change of TRIP
steels (a) without and (b) with Sb addition. (The numbers in the
figure correspond to the chemical compositions in Table I.)

Fig. 17—Surface morphologies of steel (a) 4 and (b) 8 oxidized at 843 �C with PH2O=PH2
¼ 0:13 for 30 min.
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article, which showed that a small amount of Sb
addition decreased both the external and internal
oxidation.[13] Therefore, it is likely that the effect of Sb
on decreasing the weight loss in Figure 18 is due to a
decrease in the decarburization rate. A summary of the
effect of an Sb addition on the decarburization and
oxidation is shown in Table III, indicating that the Sb
decreased the decarburization and oxidation. A com-
parison of the relative intensity of the G-XRD peaks

indicated that the oxide thickness on the surface was
also decreased.
It is well known that Sb is a surface active element

that would occupy the adsorption surface sites, and this
may decrease the oxygen permeability.[13,31,32] The
segregated Sb layer on the surface and grain boundaries
could thus block the outward diffusion of Mn or the
inward diffusion of O. The internal oxidation and
decarburization could thereby be suppressed. However,

Table III. Effect of Si, P, and Sb Additions on Decarburization and Oxidation of TRIP Steels

Effect of: TG Curve Degree of Internal Oxidation Degree of Decarburization Surface Oxidation

Increasing of Si decrease
(Fig. 16)

increase
(Fig. 14 and Table II)

increase
(Fig. 6 and Table II)

from oxide ridges to isolated
ferrite (Fig. 10)

Increasing of P decrease
(Fig. 18)

increase
(Fig. 14 and Table II)

increase
(Fig. 6 and Table II)

larger size of oxides was found
(Fig. 10)

Increasing of Sb increase
(Fig. 19)

decrease
(Fig. 14 and Table II)

decrease
(Fig. 6 and Table II)

density of oxides decreases
(Fig. 10)

Fig. 18—The effect of Sb addition on the weight change of TRIP steels with (a) 0.5 pct Si and 0.02 pct P, (b) 0.5 pct Si and 0.08 pct P, (c) 1 pct
Si and 0.02 pct P, and (d) 1.5 pct Si and 0.02 pct P. (The numbers in the figure correspond to the chemical compositions in Table I.)
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under the present experimental conditions, Mn2Sb2O7 is
formed during the exposure, according to the G-XRD
(Figure 11) and XPS results (Figure 12(c)), and there-
fore segregation during the experiment is not likely to
play an important role. It is more likely that the
Mn2Sb2O7 acts as a diffusion barrier.

F. Effect of P on Weight Change of TRIP Steels

The weight loss increased with an increasing P
addition, as shown in Figure 19. According to the
measured decarburization layer and oxidation layer
shown in Table III, P increased both the internal
oxidation and decarburization. It is noteworthy that
the EDS results for steels 2 and 6 showed that the oxide
ridges contain some phosphorus. This is consistent with
an earlier article,[13] in which it was shown that P
additions slightly accelerate the oxidation of IF steels.

Table III shows a summary of the effects of a P
addition on decarburization and oxidation. As can be
seen, it is obvious that a P addition increases both
decarburization and oxidation.

G. Effect of Water Vapor Content on Weight Change
of TRIP Steels

Figures 20 through 24 show the effects of water vapor
content on TG, surface morphology, G-XRD patterns
and cross sections of steels oxidized at 843 �C. The
weight losses for steel 1 under different water vapor
contents are comparable up to 300 seconds, followed by
a decrease with the increasing water vapor contents
shown in Figure 20(a). The weight changes for specimen
steel 5 with a small Sb addition, however, show different
results. It was found that a weight gain initially was
observed under PH2O=PH2

¼ 0:01 and 0:061, followed
by a weight loss. It is noteworthy that the length of the
weight gain period decreases with increasing water
vapor content, and no weight gain was observed as the
water vapor reaches PH2O=PH2

¼ 0:13. From Figures 21
and 10(a), it can be seen that patches of nodules

consisting of Fe were formed, and oxide ridges consist-
ing of (FeO)x(MnO)1�x appeared with increasing water
vapor content. Meanwhile, the patchy Fe nodules
become faint. The Sb addition results in refinement of
the patchy Fe nodules and the oxide distribution
becomes more uniform. Figure 22 gives the G-XRD
patterns, indicating that the intensity of oxides
decreased with both decreasing water vapor content
and Sb addition. The oxides were indexed as
(FeO)x(MnO)1�x. Cross sections for unetched specimens
and specimens etched by nital were examined by SEM
and the results are shown in Figures 23 and 24; the
depths of internal oxidation and decarburization layers
are then examined and summarized in Table II, indi-
cating that the depths of the oxide and decarburization
layer decrease with decreasing water vapor content, and
Sb obviously decreased the penetration depth. Figure 24
shows SEM images from selected etched specimens. As
can be seen, the depth of the decarburization layer
decreases with decreasing water vapor content. It should
be noted that no obvious decarburization layer was
detected for specimen 5 oxidized under PH2O=PH2

¼
0:061 and 0:01 (Figures 24(c) and (d)).

Fig. 19—Effect of P content on the weight change of TRIP steels
oxidized at 843 �C under PH2O=PH2

¼ 0:13 for 30 min. (The numbers
in the figure correspond to the chemical compositions in Table I.)

Fig. 20—Mass change of TRIP steels of samples of steel (a) 1 and
(b) 5 under different water vapor contents.
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As discussed in Section C, the oxidation and
decarburization are independent and the oxidation rate
is closely related to the water vapor content.[13] As
reported in a previous article, the mass transfer from
bulk gas to the specimen surface and the dissociation
of water vapor are not the controlling steps under the
present experimental conditions. In the initial stage,
oxidation takes place at the surface. It is to be expected
that the chemical reaction controls the rate of oxida-
tion. The rate of weight gain due to oxidation is
expected to remain unchanged during this stage (less
than 150 seconds). Once a thin external layer was
formed, the diffusion of oxygen or cations is likely to
be the controlling step. It has been reported that the
diffusion is closely related to the oxygen solubility in
Fe, which depends on the water vapor content.[18,19]

The rate of weight gain due to oxidation decreases with
decreasing water vapor content. The water vapor
content, however, has no influence on the decarburi-
zation rate, according to Eqs. [1] and [2]. The weight
change that shows the summation of oxidation and
decarburization, therefore, remains the same initially,
followed by an increase with increasing water vapor
content (Figure 20(a)).

It is known that Sb segregates on the steel surface and
grain boundaries during the hot rolling process.[31] In an

earlier article,[13] it was reported that an Sb addition can
suppress both external and internal oxidation due to a
decrease in the local oxygen partial pressure by the
oxidation of Sb under PH2O=PH2

¼ 0:13. With further
decreasing water vapor content, Sb may be present as a

Fig. 21—Effect of water vapor content on surface morphologies (a) PH2O=PH2
¼ 0:01, sample of steel 1; (b) PH2O=PH2

¼ 0:061, sample of steel 1;
(c) PH2O=PH2

¼ 0:01, sample of steel 5; and (d) PH2O=PH2
¼ 0:061, sample of steel 5.

Fig. 22—G-XRD patterns of steels oxidized at 843 �C with PH2O=
PH2
¼ 0:01 and 0.13.
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metal layer on the steel surface, because Sb is a nobler
metal than Fe, which is likely to occupy absorption
surface sites to suppress the oxygen permeability and
outward diffusion of metal cations.[31,32] In the initial
stage, chemical reaction occurring on the surface is the
controlling step, and the decarburization is suppressed
due to the presence of Sb. The TG curves, therefore,
show a weight increase due to the dominance of the
rapid rate of oxidation over the rate of decarburization.
With increasing water vapor content, the oxygen per-
meability is increased. This may increase the decarbu-
rization, which could result in a dominance of rapid
decarburization over the rate of oxidation. The TG
curves correspondingly show weight losses under high
water vapor contents. Once an external layer is formed,
the oxidation is controlled by the inward diffusion of
oxygen. The Sb plays a significant role in suppressing
the internal oxidation in this situation.

IV. CONCLUSIONS

The oxidation and decarburization behavior for
TRIP steels with different chemical compositions was

investigated by TG, G-XRD, OM, SEM, AES, and XPS
techniques. The conclusions are as follows.

1. The weight change behavior (increase or decrease) of
all the specimens depends on the summation of the
decarburization and oxidation (both internal and
external).

2. The G-XRD, AES, and XPS results indicate that the
external layer was several nanometers in thickness
and composed of (MnO)x(FeO)1�x or (Mn, Fe)2SiO4

compounds that depend on the bulk silicon content.
When Sb is added, traces of Mn2Sb2O7 were
observed. The EDS results indicate that the internal
oxides are Mn-, Al-, and Si-rich oxides, and some P
was found at grain boundaries for TRIP steels 2 and
6. The experimental results indicate that the decar-
burization and oxidation are mutually independent.

3. Increasing Si and P has the effect of increasing
decarburization. The addition of Sb suppresses the
decarburization and internal oxidation of TRIP steel
under different water vapor contents.

4. Water vapor content has no obvious effect on
decarburization but does have a pronounced effect on
oxidation, and decreasing water vapor content
decreases the oxidation rates.

Fig. 23—Oxide layers of steels oxidized at 843 �C with PH2O=PH2
¼ 0:01 for samples of steel (a) 1 and (c) 5, as well as PH2O=PH2

¼ 0:061 for
samples of steel (b) 1 and (d) 5.
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