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Abstract

The transformation of wiistite (FeO) in the oxide layer formed during high tem-
perature oxidation (600 °C and 700 °C) on hot-worked tool steel was investigated.
Wiistite plays an important role in the oxide layer of these steels used for hot work-
ing. However, understanding its transformation behavior during cooling is crucial
for controlling the final oxide layer structure. Slow cooling rates have a signifi-
cant influence on the final wiistite content, resulting in inaccurate representations
of the composition of the oxide layer at temperatures above 570 °C. The aim of
this study was to determine the influence of cooling rate on the wiistite content in
the oxide layer after high temperature oxidation. It was found that for hot-worked
steel samples oxidized at 700 °C or higher, a cooling rate of more than 1000 °C
min~! is required to suppress the eutectoid transformation and maintain the realistic
wiistite content. At lower temperatures (570 °C—600 °C), a cooling rate of more than
100 °C min~"! is required to achieve the wiistite content observed at oxidation tem-
peratures in the oxide layer. Overall, the hematite and magnetite contents also vart
with the cooling rate, which is associated with changes in the wiistite content.
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Introduction

The production of hot-worked tool steels to achieve the desired mechanical prop-
erties and final shapes requires a combination of processes: forging, rolling, heat
treatment and machining. Both forging and rolling are carried out at elevated tem-
peratures, usually in air [1-3]. Heat treatment, on the other hand, can be divided
into two stages: (1) heat treatment during the manufacturing process and (2)
final heat treatment, which usually occurs after machining. However, in the final
heat treatment, a protective atmosphere is usually used to minimize oxidation [1,
3-7]. Therefore, the formation of an oxide layer during forging, rolling and the
first heat treatment stage is unavoidable. When these processes take place above
570 °C, wiistite (FeO) becomes thermodynamically stable [8—12]. Consequently,
it forms and usually dominates the oxide layer, with the overall oxide growth rate
being determined by the FeO growth rate [11-16]. Furthermore, from an end-user
perspective, hot work tool steels are mainly used for high temperature applica-
tions (extrusion, die casting, hot forging, rolling, etc.), with some even exceeding
570 °C [1, 4, 17]. Therefore, understanding the eutectoid transformation behav-
ior, which refers to the degradation of the wiistite during cooling, is crucial as it
influences the final structure of the oxide layer [18, 19].

When it comes to the high-temperature oxidation of steels, the focus on the
Fe—O system is crucial. This system comprises three main types of oxides:
wiistite (FeO), magnetite (Fe;0,) and hematite (Fe,05) [8, 10, 13, 20]. Wiistite
(FeO) is a p-type oxide with a non-stoichiometric character, i.e. its composition
can vary considerably (8 can reach 0.15, resulting in a stoichiometry of Fe ¢sO
to Fe; 3sO). Interestingly, the self-diffusion of oxygen in wiistite is much slower
than the self-diffusion of iron [9, 10, 12, 21]. Magnetite (Fe;O,) is an inverse
spinel structure with divalent Fe** ions in octahedral sites and half of the triva-
lent Fe** ions in tetrahedral sites. Unlike at high temperatures, magnetite shows
only a minimal deviation from stoichiometry [9, 12, 14, 21]. Hematite (Fe,O5)
shares a crystal structure with Cr,05 and a-Al,0; and exhibits a corundum struc-
ture. It is classified as an n-type oxide with minimal stoichiometric deviation [9,
12, 21]. Therefore, the oxide layer that forms on pure Fe above 570 °C consists
of three different sublayers: Wiistite, magnetite and hematite. Interestingly, the
layer thickness is largely independent of the temperature. Moreover, diffusion is
much faster in wiistite (which accounts for about 95% of the total oxide layer
thickness) than in magnetite (4%) and hematite (1%) [9, 13, 15, 21]. Studies by
Himmel, Mehl and Birchenall [22] found that iron ion diffusion dominates in the
Fe, ;O and Fe;0, sublayers, based on measurements of the self-diffusion coef-
ficient of iron in these oxides. Conversely, oxygen diffusion takes precedence in
Fe,O; [11]. This rapid diffusion of reactants within wiistite, which is favored by
the large number of voids, is a key factor in iron oxidation [23].

In the case of wiistite, we know that the amount that remains in the oxide layer
after high-temperature oxidation (above 570 °C) depends on how quickly it cools.
The slower the cooling rate, the more wiistite decomposes into magnetite and iron
[13, 19, 24-26]. Gleeson et al. [27] have studied this phenomenon in detail and
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even produced a transformation diagram for the FeO oxide layer on mild steel at
900 °C in air. Based on previous studies on the eutectoid transformation of the
wiistite layer on low-carbon steel [28], this decomposition appears to occur in two
stages:

(1—-4y)Fe,_,O— (1 —4x)Fel_y0+(x—y)Fe304 D
x>y
4Fe,_,O(ironrich) - Fe;0, + (1 — 4y)a — Fe )

There was also a study on the effects of the initial scale structure on the trans-
formation behavior of wiistite by Tanei et al. [26]. It was found that the phase
transformation of wiistite can be controlled by the initial scale structure.

So far, no research has looked at how wiistite transforms in hot-work tool
steels. Remember that these steels are used at high temperatures and that even
the forming process of the steels takes place at temperatures above the A; point.
Furthermore, the cooling rates during these processes are usually not controlled.
Therefore, we decided to investigate how different cooling rates affect the amount
of wiistite remaining in the oxide layer formed on our hot-work tool steel after
high-temperature oxidation at 600 °C and 700 °C. The actual oxide layer on the
Mo—W-Ni steel and its composition have already been studied in detail [29], so
we focused specifically on how the wiistite decomposes at different cooling rates
(known as eutectoid transformation). In this study, the effect of cooling rate on
the amount of wiistite remaining in the oxide layer that forms on hot-work tool
steels after 24 h of oxidation at high temperatures is investigated. Although there
are many studies on high temperature oxidation, the cooling rates are often either
unknown or too slow (above 570 °C). This has a significant impact on the final
wiistite content and leads to inaccurate representations of the composition of the
oxide layer that forms at temperatures above 570 °C.

Experimental Procedures

In this study, the influence of the cooling rate on the decomposition, also called
eutectoid transformation, of wiistite on Mo—W-Ni hot work tool steel with high
thermal conductivity after high temperature oxidation was investigated. A com-
bination of wet chemical analysis and post-combustion infrared absorption with

Table 1 Chemical composition of the analyzed Mo-W-NI steel given in wt%
C Si Mn P S Cu Cr Mo Ni Al w Fe

0.32 0.12 0.23 0.005 0.001 0.01 0.11 3.20 2.10 0.01 1.90 Bal
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ELTRA CS-800 was used to determine the chemical composition of the steel. The
detailed results are shown in Table 1.

The influence of the cooling rate on the wiistite content in the oxide layer formed
on hot work tool steel with high thermal conductivity was investigated. The sam-
ples were subjected to high-temperature oxidation at 600 °C and 700 °C for 24 h
in dry air. Five different cooling rates (1 °C min_l, 10 °C min_l, 100 °C min~! and
1000 °C min~") were used to evaluate their effects. Prior to oxidation, the steel was
soft annealed at 850 °C for 4 h, followed by controlled cooling in the furnace (15 °C
h™") to 600 °C and room temperature. The samples with dimensions h=4 mm and
®=4 mm were then prepared for oxidation. Slow cooling rates (I °C min~! and
10 °C min~") were achieved using a NETZSCH STA Jupiter 449C instrument, while
higher rates (100 °C min~! and 1000 °C min~!') were enabled by a TA Instruments
DIL-805A/D instrument. Both devices were operated with air (79 vol% N,, 21 vol%
0,, 0.9 vol% Ar,, 0.1 vol% hydrocarbons and inert gasses) flowing at 30 mL min~'.

The samples were ground and polished to prepare them for a detailed analysis of
their microstructure. This analysis was carried out using a scanning electron micro-
scope (JEOL JSM 6450-F), which revealed the overall structure of the material. In
addition, energy dispersive spectroscopy (EDS) and electron backscatter diffrac-
tion (EBSD) provided further insight into the elemental composition and crystallo-
graphic orientation of the different phases present in the microstructure.

The Thermo-Calc software (version 2023b) was used to perform the CALPHAD
calculations. In particular, the Metal Oxide Solutions Database (TCOX12) provided
the necessary thermodynamic data to predict the theoretical equilibrium composi-
tion of the oxide layers formed. The calculations were performed in console mode,
where O can be set as gas (O,). The results show the composition of the oxide layer
as a function of the activity of the O, formed on the analyzed steel at the investi-
gated oxidation temperatures.

Results
CALPHAD Calculations

In order to gain an initial understanding of the composition of the oxide layer at
different oxygen activities (a,,), we have calculated the theoretical equilibrium com-
position at both oxidation temperatures (600 °C and 700 °C). These calculations
are shown in Figs. 1 and 2, where the amount of each phase (in wt%) within the
oxide layer varies as a function of a,,,. Since a,, has low values, it may be equal to
the partial pressure of O, due to thermodynamics. When this is taken into account,
the results of the calculations show the equilibrium composition of the oxide layer
from the atmosphere (higher agp,) to the steel surface (lower ap,)- It is important to
note that we used a new database (TCOX12) for these calculations, which has led to
some differences compared to previously published results [29]. These discrepancies
are the reason why we included this analysis, and we will discuss them later on.
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Fig. 1 Calculated composition of the oxide layer that forms at an oxidation temperature of 600 °C
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Fig.2 Calculated composition of the oxide layer that forms at an oxidation temperature of 700 °C

It can be seen from Fig. 1 that the oxide layer formed at 600 °C can be divided
into three sublayers based on oxygen activity (a,,). The outer oxide sublayer (a,, ~
107 to 107'%) is dominated by Fe,0; and gradually transitions to Fe;O, as we move
inward (from ~ 88.9 wt% Fe,0; to 0 wt%, and ~ 8.6 wt% Fe;0, to~92.6 wt%, respec-
tively). Small amounts of MoO, (~4.6 wt%) and (Fe,Mn,Ni)WO, (~3.5 wt%) are
also present here. Below a, =~ 107!%, a middle oxide sublayer is formed, consisting
mainly of Fe;O, (~92.6 Wt% —~96.4 wt%) with the same low MoO, and (Fe,Mn,Ni)
WO, phases. At a, ~ 107", Fe,SiO, (~1.2 wt%) enters the middle oxide sublayer,
followed by FCC_ Al* (~2.6 wt%) at aop, 10722, This FCC_A1* is essentially
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Ni enriched ferrite (as Ni is a gamma stabilizing element), but the software misin-
terprets it as austenite (this is clarified and explained below using SEM analyzes,
particularly EBSD, where it is shown to be essentially ferrite with increased Ni
content). Finally, below a,, ~ 1072* the inner oxide sublayer is formed. Here, FeO
(up to 40.4 wt% at the steel interface) and Fe;0, (decreasing towards the interface
to~5.4 wt%) are the main players, accompanied by small amounts of (Fe,Mn,Ni)
WO,, Fe,SiO, and FCC_A1* (their content increases to~25.9 wt% at the boundary
between steel and inner oxide sublayer).

At 700 °C, Fig. 2 shows a similar oxide layer structure to that at 600 °C, but
with some important differences. The outer oxide sublayer (a, ~ 10~ to 107'"),
again dominated by Fe,O; and transitioning inward to Fe;0,, has a slightly higher
Fe,O; content initially (the further we go to the center, the less Fe,O; is present,
from~89.2 wt% to 0 wt%). MoO, and (Fe,Mn,Ni)WO, remain present at~4.5 wt%
and~3.5 wt%, respectively. The middle oxide sublayer (a,, below 107!y consists
mainly of Fe;0, (~92.1 wt% —~95.1 wt%) with the same minor MoO, (~4.7 wt%)
and (Fe,Mn,Ni)WO, (~3.4 wt%) phases. However, Fe,Si0, and FCC_A1* appear
earlier here: Fe,SiO, (~1.2 wt%) occurs at ap, & 1076, followed by FCC_AT1* with
a wider range (~0.05 wt% to~3.5 wt%). Finally, the inner oxide sublayer (a,, below
1072%) shows a significant difference. While FeO becomes the dominant phase (up
to~72.0 wt% at the interface), its initial presence and higher overall content com-
pared to 600 °C are noteworthy. Fe;O, still decreases towards the interface but
remains predominant (~46.6 wt% to~12.7 wt%). Slightly more (Fe,Mn,Ni)WO,
(~3.2 wt%), Fe,Si0, (~ 1.0 wt%) and FCC_A1%* are present, with FCC_A1* reach-
ing a much higher concentration of ~39.7 wt% at the interface.

According to the calculations, both oxidation temperatures (600 °C and 700 °C)
have similar oxide layer structures. The outermost oxide sublayer consists mainly of
Fe,O; with some Fe;O,, accompanied by small amounts of MoO, and (Fe,Mn,Ni)
WO,. The middle oxide sublayer consists mainly of Fe;O, with additional MoO,,
(Fe,Mn,Ni)WO,, Fe,SiO, and FCC_A1*, which consists mainly of Ni enriched fer-
rite. Finally, the inner oxide sublayer is dominated by FeO and Fe;O,, together with
small amounts of (Fe,Mn,Ni)WO,, Fe,SiO, and FCC_A1* (Ni enriched ferrite).
The decisive difference in the composition of the oxide layer lies in the amount of
wiistite in the inner sublayer. At 600 °C, the inner sublayer contains around 40 wt%
wiistite, while at 700 °C this value rises to around 70 wt%.

Scanning electron microscopy (SEM) with EBSD analysis is used to quantify the
total wiistite content. We expect samples oxidized at 700 °C to have a higher wiistite
content at cooling rate of 1000 °C min~'. However, at lower cooling rates, the final
wiistite content depends on the extent of its transformation (eutectoid transforma-
tion) to magnetite.

Scanning Electron Microscopy
Since the thickness and composition of the oxide layers had already been meas-

ured previously [29], this study focused exclusively on their composition at dif-
ferent cooling rates. Table 1 shows the results of the percentage of oxides for each
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sample studied. The results were as expected, i.e. the higher the cooling rate, the
more wiistite should be retained in the oxide layer. This proves the importance
of the cooling rate for the composition of the oxide layer. At higher oxidation
temperatures (700 °C), the proportion of wiistite in the oxide layer is also higher.
Even at a cooling rate of 1 °C min~! the proportion of wiistite is higher than at an
oxidation temperature of 600 °C and a cooling rate of 1000 °C min~! (Table 2).

In all the following figures (Figs. 3, 4, 5, 6, 7), the oxide layer was divided into
three sub-layers: 1—outer oxide sub-layer, 2—middle oxide sub-layer and 3—
inner oxide sub-layer. The steel (substrate) has also been labeled in the following
figures.

Figure 3 shows the inner oxide sublayer of the sample oxidized at 600 °C and
cooled at a cooling rate of 1 °C min~!. An SEM image of the analyzed oxide
sublayer with the corresponding results of EBSD phase analysis, EDS analysis
of the surface distribution of elements and crystal orientations. This analysis was
performed to prove that there are ferrite islands in the inner oxide sublayer, which
was also predicted by the calculations of the CALPHAD method. The ferrite
remains are present in all samples analyzed, but the total fraction influences the
wiistite fractions. As they have the same crystal structure (BCC—body-centered
cubic), it is not analyzed further. However, to show how to distinguish between
them, an EDS elemental analysis was performed. Ferritic remains have a higher
Ni content and a lower O content, which was already observed in the CALPHAD
calculation results. These ferritic remains were also the reason that EBSD analy-
sis was used to calculate the fraction of oxides in the oxide layers formed, as we
were able to distinguish them from wiistite based on Ni content, as previously
mentioned. This provided more accurate results regarding the amount of each
oxide in the oxide layers.

Figure 4 shows an SEM image of the analyzed oxide layer of the sample oxi-
dized at 600 °C and cooled at a cooling rate of 1 °C min~! with the corresponding
results of the EBSD phase analysis and the crystal orientations. It can be seen
that only a few wiistite grains are present (fraction 0.03), i.e. the oxide layer con-
sists mainly of magnetite (fraction 0.57) and hematite (fraction 0.4). The results
show that the inner oxide sublayer has the smallest grain size, followed by the

Table 2 Oxide content in oxide layers of samples oxidized at high temperature (SEM EBSD analysis)

Cooling rate Oxidation temperature
(°C min™")

600 (°C) 700 (°C)

Fraction of oxides Fraction of oxides

Magnetite Hematite Wiistite Magnetite Hematite Wiistite
1 0.57 0.40 0.03 0.60 0.25 0.15
10 0.27 0.68 0.05 0.44 0.40 0.16
100 0.46 0.44 0.10 0.39 0.33 0.28
1000 0.57 0.38 0.12 0.23 0.36 0.41
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Fig.3 SEM EBSD and SEM EDS analysis of the inner oxide sublayer (phase and element distribution)
formed on the sample after high-temperature oxidation (600 °C) with a cooling rate of 1 °C min.™

outer oxide sublayer and the middle oxide sublayer with the largest grain size.
Most of wiistite is found in the inner oxide sublayer, while the middle sublayer
consists of magnetite and the outer sublayer of hematite.

Figure 5 shows an SEM image of the analyzed oxide layer of the sample oxi-
dized at 600 °C and cooled at a cooling rate of 1000 °C min~! with the corre-
sponding results of the EBSD phase analysis and the crystal orientations. It is
obvious that the fraction of wiistite increases with increasing cooling rate (frac-
tion 0.12). Overall, the oxide layer still consists mainly of magnetite (fraction
0.57) and hematite (fraction 0.38). In this case, the fraction of magnetite is higher
than that of hematite. The results show that the inner oxide sublayer has the
smallest grain size, followed by the outer oxide sublayer and the middle oxide
sublayer with the largest grain size. Most of the wiistite is found in the inner
oxide sublayer, but in this case also in the middle sublayer, which still consists
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Fig.4 SEM EBSD analysis of the oxide layer formed on the sample after high-temperature oxidation
(600 °C) at a cooling rate of 1 °C min.™"
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Fig.5 SEM EBSD analysis of the oxide formed on the sample after high-temperature oxidation (600 °C)
with a cooling rate of 1000 °C min.™!
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Fig.6 SEM EBSD analysis of the oxide layer formed on the sample after high-temperature oxidation
(700 °C) at a cooling rate of 1 °C min.”!

L B Hematite
& Il Magnetite
[ wiistite

Fig.7 SEM EBSD analysis of the oxide layer formed on the sample after high-temperature oxidation
(700 °C) with a cooling rate of 1000 °C min.™!

mainly of magnetite, and in the outer sublayer is the same as in Fig. 4 and con-
sists of hematite.

Figure 6 shows an SEM image of the analyzed oxide layer of the sample oxidized
at 700 °C and cooled at a cooling rate of 1 °C min™' with the corresponding results
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of the EBSD phase analysis and the crystal orientations. It is obvious that the frac-
tion of wiistite is higher (0.15) than at 600 °C with a cooling rate of 1000 °C min~!
(fraction 0.12). This is the influence of the higher oxidation temperature. Overall,
the oxide layer still consists mainly of magnetite (fraction 0.60) and hematite (frac-
tion 0.25). In this case, the fraction of magnetite is higher than that of hematite. The
results show that the inner oxide sublayer has the smallest grain size, followed by
the outer oxide sublayer and the middle oxide sublayer with the largest grain size. In
this case, wiistite is found in the inner and middle oxide sublayer, while the middle
sublayer continues to consist mainly of magnetite and the outer sublayer of hematite.
The difference between the results obtained at 600 °C is that in this case the propor-
tion of wiistite in the middle oxide sublayer is higher.

Figure 7 shows an SEM image of the analyzed oxide layer of the sample oxidized
at 700 °C and cooled at a cooling rate of 1000 °C min~!' with the corresponding
results of the EBSD phase analysis and the crystal orientations. It is obvious that the
fraction of wiistite has increased considerably (fraction 0.41), compared to a cool-
ing rate of 100 °C min~! (fraction 0.17), the difference is 0.24. Overall, the oxide
layer also consists of magnetite (fraction 0.23) and hematite (fraction 0.36), but the
proportions are lower than the proportion of wiistite. The results show that the inner
oxide sublayer has the smallest grain size, followed by the outer oxide sublayer and
the middle oxide sublayer with the largest grain size. In this case, wiistite is pre-
sent in the inner and middle oxide sublayer, which in this case consists mainly of it,
and some magnetite is still present. The outer sublayer, on the other hand, does not
change during cooling or at the oxidation temperature and in all cases consists only
of hematite. The difference between the results obtained at 600 °C is that in this case
the proportion of wiistite in the middle oxide sublayer is higher, in this case the mid-
dle oxide sublayer consists mainly of wiistite.

Discussion

Based on the CALPHAD calculations, higher oxidation temperatures lead to a
greater amount of wiistite in the oxide layer formed, especially in the inner sublayer.
Thermodynamic calculations predict that the equilibrium composition of the inner
oxide sublayer at 600 °C is about 40.4 wt% FeO and increases to about 72.0 wt%
FeO at 700 °C. This means that a temperature increases of 100 °C approximately
doubles the amount of wiistite in the inner sublayer (31.6 wt% increase). However,
to reach this level, equilibrium conditions and ultra-fast cooling to room temperature
are required to prevent the eutectoid transformation of wiistite.

In the current study, cooling rates of 1 °C min~!, 10 °C min~!, 100 °C min™!
and 1000 °C min~! were used. Many modern oxidation experiments utilize devices
such as STA and TGA that generate ASCII files of weight gain as a function of
time at specific temperatures. This data facilitates kinetic studies of oxidation. Using
software tools, you can mathematically analyze the experimental data and calculate
reaction constants and activation energies. However, choosing the appropriate cool-
ing rate is crucial for analyzing the composition of the oxide layer formed. Although
many new devices allow the installation of modules that enable faster cooling rates,
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the crucial question remains: What is the minimum cooling rate required to maintain
the wiistite content observed at the oxidation temperature (above 570 °C) and sup-
press eutectoid transformation?

If one first compares the CALPHAD results with the experimental results,
it becomes clear that the experimental fraction of wiistite does not come close to
the results of the calculations. At a cooling rate of 1000 °C min~!, the fraction of
wiistite was 0.12 at 600 °C (0.404 CALPHAD calculations) and 0.41 at 700 °C (0.72
CALPHAD calculations). At lower temperatures the differences are larger, at higher
temperatures the experimental data approach the calculated data, but the differences
are still high. CALPHAD calculations assume a state of equilibrium, so this must
also be taken into account. Samples of the same steel were also cooled at a cooling
rate of 1800 °C min~'. Most of these results have already been published [29]. In
this case, the fraction of wiistite was 0.19 at 600 °C and 0.63 at 700 °C. At 600 °C
there is not much difference in the fraction of wiistite, but at 700 °C the difference
is (0.22) compared to the value obtained at a cooling rate of 1000 °C min~". In this
case, the experimental results have approached the calculated ones with a difference
of 0.09, but the difference is still significant.

Overall, it can be stated that the higher the cooling rate, the more wiistite is
retained in the oxide layer, i.e. the eutectoid transformation is suppressed. The meas-
ured fractions are listed in Table 1, from which some assumptions can be derived.
At an oxidation temperature of 600 °C, there is not much difference between a cool-
ing rate of 100 °C min~" and 1000 °C min~', but at 700 °C, where even the calcu-
lated wiistite fractions are higher, the cooling rates are more important. The reason
for this could also be that wiistite is thermodynamically stable above 570 °C. At
higher oxidation temperatures (above 700 °C), the cooling rate should therefore be
at least 1000 °C min~' or more. The higher it is, the higher the fraction of wiistite
in the oxide layer, i.e. the eutectoid transformation is suppressed even more. For this
reason, it is not useful to analyze the composition of the oxide layer of steel sam-
ples oxidized at 700 °C and above while the cooling rate was below 1000 °C min~",
as the composition of the oxide layer formed does not correspond to that actually
formed at the oxidized temperatures.

Conclusions

Thermodynamic calculations provide an initial insight into the composition of the
oxide layer and the fraction of oxide in the oxide layer formed. Since these calcula-
tions are based on a state of equilibrium, the total fraction of each oxide present may
be higher than in the experimental results. At lower temperatures the differences
are greater, at higher temperatures the experimental data is closer to the calculated
data. But all this also depends on the cooling rates. The higher the cooling rates,
the closer the experimental results are to the calculated ones. At lower temperatures
there are large differences, but at higher temperatures and cooling rates the differ-
ences decrease. As shown, the difference can be reduced to a fraction of 0.09.

With regard to the wiistite content, it is very important that the cooling rates for
steel samples with an oxidation temperature of 700 °C and above are high enough
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to suppress eutectoid transformation. Based on the results, this cooling rate should
exceed 1000 °C min~!. However, at lower temperatures (570 °C—600 °C), the cool-
ing rate should exceed 100 °C min~! to obtain the amount of wiistite that forms in
the oxide layer at oxidation temperatures. Overall, the hematite and magnetite con-
tent also changes with the cooling rate, corresponding to the wiistite content.
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