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Fayalite (Fe2SiO4) is a major component of olivine and is often formed in 
the surface oxide layer (oxide scale) on steel plates owing to its high-
temperature oxidation. The thermal conductivity of the oxide scale and its 
constituents, including fayalite, is essential for controlling the cooling rate 
of hot steel plates. Therefore, this study uses modulated thermoreflectance 
microscopy to determine the thermal effusivity/conductivity of fayalite 
particles with diameters smaller than 180 μm because the sample com-
mercially available is such a small size. This thermal optical microscopy 
enables the measurement of thermal effusivity for small areas, such as 
10 μm. The thermal effusivity and conductivity were found to be 4.1 ± 0.2 
kJs-0.5K-1m-2 and 6.0 ± 0.5 Wm-1K-1, respectively. These values are rep-
resentative of the bulk value. Additionally, the thermal conductivity of 
fayalite is shown to be higher than that of wüstite (Fe1-xO), which is the 
main component of the oxide scale. The oxide scale formed on the thick 
steel plate comprises a Si-rich layer, a wüstite layer, and a magnetite layer. 
Furthermore, the Si-rich layer comprises fayalite, wüstite, and pores.  
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The effective thermal conductivity of the Si-rich layer was calculated by 
observing the oxide scale formed on the steel plate. The low thermal con-
ductivity of the Si-rich layer indicates that the thermal conductivity of the 
layer is strongly affected by the porosity of the oxide scale. Furthermore, 
although the Si-rich layer is thin, it significantly contributes to the heat 
resistance of the oxide scale.

Keywords: Thermal effusivity, thermal conductivity, fayalite, oxide scale, modulated 
thermoreflectance microscopy, hot-rolling process

1  INTRODUCTION

Fayalite (Fe2SiO4), which is one of the two constituents of olivine (general 
formula (Mg, Fe)2SiO4), is a well-known mineral found in the steelmaking 
process. The knowledge of the thermal conductivity of the olivine group is 
essential for the steelmaking process or future lunar utilization, as this value 
can be used for the thermal design of spacecraft and buildings. However, to 
date, values of the thermal conductivity of fayalite have only been reported 
for its sintered form [1] and fayalite-rich olivine [2, 3]. 

In steelmaking, fayalite is formed in the surface oxide layer (oxide scale) 
of steel plates. Steel usually contains Si; for example, high-strength steel used 
in automobiles and thick steel plates used in the construction of ships, bridges, 
and buildings. The presence of Si in iron results in forming of a Si-rich oxide 
layer comprising fayalite and wüstite (Fe1-xO) with pores owing to the high-
temperature oxidation of steel during the hot-rolling process. The Si-rich 
layer is located at the interface between the Fe1-xO scale, the main component 
of the oxide scale, and steel [4–7]. The knowledge of the thermal conductiv-
ity of the oxide scale is essential for optimizing the hot-rolling process, con-
sidering temperature control is important for producing high-quality steel. 
The oxide scale has a lower thermal conductivity than steel and offers thermal 
resistance when the plate is cooled. While many studies have reported the 
thermal conductivity of the Fe1-xO scale, which is the main component of the 
oxide scale, the thermal conductivity of the Si-rich oxide layer is still 
unknown owing to the lack of reliable values of the thermal conductivity of 
fayalite [8–13]. 

According to the phase diagram of the FeO-SiO2 system [14], fayalite is a 
line compound. Hence, it is difficult to make bulk samples that are large 
enough for conducting conventional thermal conductivity measurements. 
Takeda et al. reported the thermal conductivity of sintered fayalite [1]. In this 
case, the effect of pores should be removed using a prediction formula to 
obtain the thermal conductivity of fayalite alone [15–17]. Therefore, it is nec-
essary to choose a suitable equation according to the ratio and dispersion 
state of the pores. In other words, the thermal conductivity of the obtained 
fayalite varies depending on the equation chosen.
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Several methods have been developed for the thermophysical property 
measurement of material small region, for example, the scanning thermal 
microscopy (SThM) and the thermal reflectance method. The SThM com-
bines atomic force microscopy with a self-heated small probe as a heating 
source and sensor [18, 19]. The technique can be applied to low-dimensional 
nanomaterials, such as nanoparticles. On the other hand, the thermoreflec-
tance method heats the sample surface with a laser (pump laser), and the 
temperature change of the sample surface is measured as the intensity change 
of the reflected laser (probe laser) [20]. The diameters of pump and probe 
lasers are in the orders of several tens of micrometers. Thus, the measured 
thermal property for the measured region is considered for the bulk. From the 
above aspects, this study chose modulated thermoreflectance microscopy, 
which is one of the thermoreflectance techniques, since the thermophysical 
property of the bulk is required.

Modulated thermoreflectance microscopy is a technique that enables 
the measurement of the thermal effusivity of areas as small as 10 μm  
[20–25]. This method can measure the thermal effusivity of fayalite parti-
cles larger than the resolution of the measurement. In the case of the fay-
alite particle being large enough to be considered bulk, the measured value 
of thermal effusivity can also be regarded as the value of the bulk material. 
Therefore, this study aimed to measure the thermal effusivity and thermal 
conductivity of fayalite particles using a thermal microscope. Based on the 
obtained thermal conductivity, the effect of the Si-rich layer on the effec-
tive thermal conductivity of the oxide scale was evaluated for the practical 
steel plate. 

2  EXPERIMENT

2.1  Principle of modulated thermoreflectance microscopy
A thermal microscope called modulated thermoreflectance microscope 
(MDTR) combines the cyclic heating method with the thermoreflectance 
method to measure the thermal effusivity on the micrometer scale [20–25]. 
As shown in Fig. 1(a), a thin metallic film (Molybdenum (Mo) in this work) 
is deposited on the sample surface, which is periodically heated by an  
intensity-modulated heating laser (e.g., 808 nm). The sample surface exhib-
its a temperature change in response to the heating laser. At the sample 
surface, the temperature change has the same period as the heating laser but 
with a phase delay, which depends on the thermophysical properties of the 
sample. The change in surface temperature is measured by monitoring the 
intensity of the reflected light of a fixed-power detection laser (e.g., 
655 nm). The optical setup shown in Fig. 1(b) is used to measure the cor-
responding phase difference. 
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The thermal effusivity of the sample is calculated based on the two-
layer model for the Mo film and the sample from the measured phase dif-
ference. The model assumes that the sample is of semi-infinite thickness 
and that heat diffuses only in the direction of the thickness. The one-
dimensional heat flow model can be applied when the thermal effusivity 
is smaller than about 5  kJs-0.5m-2K-1, and the volumetric heat capacity  
(rC, r: density, and C: specific heat) is larger than 2.5 ´ 106 Jm-3K-1. 
[23]. In the steady-state, the AC component of the temperature response 
T(t) of a sample surface owing to cyclic heating (angular frequency w) is 
expressed as:

	 w d= -( ) sin ( ) T t A t � (1)

where d is the phase difference between the period of the temperature change 
of the Mo thin film and the intensity of the modulated heating laser, d is 
expressed as:
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where df is the thickness of the Mo film, af is the thermal diffusivity of the Mo 
film, and bs and bf are the thermal effusivities of the sample and Mo film, 
respectively. The above equations determine the value of b to obtain bs. It has 
been reported that the thermal effusivity of the sample can be determined 
through Eqs. (1) to (4) within the accuracy of 4%, where the thermal resis-
tance has been neglected at the contact between the Mo film and the 
sample [22].

Thermal conductivity (l) is calculated from the thermal effusivity as the 
following equation.

	
2 /b Cl r= � (5)
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2.2  Fayalite sample
The sample was fabricated from commercially available fayalite powder (par-
ticle size <180 μm). The phase identification of the sample was carried out 
using X-ray diffraction (XRD) before the experiment was conducted. A part of 
the fayalite sample was ground to perform the powder X-ray diffraction. The 
X-ray source used was Co-Ka. To prepare the sample for the thermal micro-
scope measurements, large particles with a diameter of 150 μm or more are 
sieved. The selected particles are then placed in a container with a diameter of 
approximately 10 mm and filled with epoxy resin. The samples are then re-
embedded in a 25.4 mm diameter container with a standard sample of fused 
silica. The surfaces of all pieces are polished to a mirror finish and further 
examined using thermal, optical, and scanning electron microscopies.

2.3  Thermal effusivity measurement conditions
For the thermal microscope measurements, a 100 nm thin film of Mo is 
formed on the mirror-polished sample surface via DC sputtering. The 

FIGURE 1
Schematic diagram of principle of the photothermal pump-probe measurement; (a) and opticals 
system with a modulated domain thermoreflectance microscope; (b).
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measurements are carried out at room temperature (25 °C), and the sample is 
heated using an 830 nm wavelength semiconductor laser with a running 
intensity of 26 mW and a frequency of 1 MHz. Detection is performed using 
a He-Ne laser with a wavelength of 633 nm and a radiation intensity of 
620 μW. The spot sizes of the heating and detection lasers are 27 and 8 μm, 
respectively. 

First, a reference sample of fused silica is measured to obtain d, and the 
thermal effusivity bs and diffusivity af of the Mo thin film are determined 
to reproduce the thermal effusivity of fused silica (1.57 kJs-0.5m-2K-1, 
[12]). By substituting Eq. (6) into Eq. (3), bf can be determined using  
Eq. (2) as:
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The value used for rfCf was 2.29 ´ 106 Jm−3K−1 [22].
Measurements of fayalite were first carried out every 10 μm of a 1000 ´ 

1000 μm2 area containing several fayalite particles. The sample surface is lev-
eled and placed on the sample stage. At the starting position, the height of the 
sample stage was adjusted to focus on the sample surface. Measurements 
were performed at intervals of 10 times for 250 ms per position, and the aver-
age value was used as the thermal effusivity at that point. Ten measurements 
were performed in 500 ms per point, and the average value was taken as the 
value of d at that point. By changing the sample stage along the Y direction 
again, the measurement was carried out every 10 μm in 1000 μm. Then, the 
sample stage returned to the initial position and moved 10 μm along the X 
direction; the measurements were conducted along the Y direction. This pro-
cedure was repeated 100 times to obtain mapping data of d for 1000 ´ 
1000 μm2 area. After the experiment, the collected d data were converted into 
thermal effusivity with the software Mathematica [26]. Subsequently, mea-
surements were conducted by focusing on the individual particles using the 
MDTR technique. The heat diffusion length for the measurement was evalu-
ated after deriving the thermal effusivity of the sample since the sample size 
was limited: particle size was 150–180 μm. The technique has then only been 
applied to particles with diameter larger than 20 μm. Samples were mounted 
in resin. 

2.4  Characterization of oxide scale formed on thick steel plate
A commercial thick steel plate was analyzed to observe the Si-rich layer in 
the oxide scale formed on the plate. Table 1 shows the chemical composi-
tion of steel plate used in this study. For the sample preparation, the steel 
plate was cut into 15 ´ 15 mm2 that was 2 mm thick and then filled with 
resin. Then, the sample was cut and polished to a mirror finish. Subsequently, 
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their cross-sections are examined using scanning electron microscopy 
(SEM).

TABLE 1 
Chemical composition of steel plate used in this study (in mass%)

C Si Mn P S Cu Ni Cr Mo Al Fe

0.14 0.22 0.49 0.017 0.013 0.2 0.1 0.1 0.03 0.004 Bal.

3  RESULTS AND DISCUSSION

3.1  Determination of thermal effusivity of fayalite
Fig. 2(a) shows the XRD profile of the fayalite powder sample. It was con-
firmed that the phase present in the sample was only fayalite. Fig. 2(b) shows 
an SEM image of the fayalite sample. It can be seen that the particles are 
dispersed and exhibit angular shapes; some of which with equivalent diame-
ters smaller than 180 μm. Additionally, internal cracks were observed in cer-
tain particles. 

Figs. 3(a) and (b) show the results of the first thermal effusivity measure-
ments and the backscattered electron image (BEI) obtained after the mea-
surement, respectively. Thermal effusivity measurements were performed 
every 10 μm in the area demarcated by the square shown in Fig. 3(b). In the 
areas measured by MDTR shown in Fig. 3(a), the transparent regions of the 
measured area exhibit abnormally large values, e.g., 0.1–1000 MJs-0.5m-2K-1. 
This result was mainly observed for the resin. The lifting of the Mo film 
owing to heating might be responsible for the abnormally large values,  
considering the epoxy resin has a much smaller thermal conductivity  
(0.2 Wm-1K-1 [27]) compared to that of the sample particle (6 Wm-1K-1, 
calculated below). The applied power of the heating laser was adjusted for the 
sample particle; this power could be large for the resin, resulting in the lifting 
of the Mo film. Considering this, Fig. 3(a) clearly shows the thermal effusiv-
ity distribution of the sample particle. The particles on the left-hand side of 
the measurement area had a very low thermal effusivity of approximately 
0−0.50 kJs-0.5m-2K-1. In contrast, the thermal effusivity of the particles in the 
region on the right was 3 kJs-0.5m-2K-1. This difference could be attributed to 
the fact that the area on the left contained more resin and fewer particles. This 
might have resulted in the following: (i) the difference between the hardness 
of the sample and the resin caused the polishing state to be different; there-
fore, the heights of the respective surfaces were different, and the thickness of 
the Mo film was not uniform; and (ii) the small thermal effusivity of the parts 
covered with resin caused the Mo film to lift during the measurement.  
Figure 3 (b) was taken after the thermal effusivity measurement. The epoxy 
resin out of the measured area showed dark gray, while the epoxy resin left 
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upper part in the measured area showed black color. The measurement was 
conducted along the longitudinal direction in the figure. The dark gray color 
region of the resin would be caused by the heating. In more detail, the simula-
tions, such as the finite element method, should be conducted based on the 
experimental conditions and the thermophysical properties of the resin and 
molybdenum. In other words, the temperature rise during measurement needs 
to be predicted to estimate the possibility of resin evaporation and Mo partici-
pation. This should be a future challenge.

No such influence of the resin was observed on the right-hand side of the 
measurement area, as shown in Fig. 3(b). However, the thermal effusivity of 
particle 1 is approximately 5 kJs-0.5m-2K-1, whereas that of particle 2 is 
approximately 6 kJs-0.5m-2K-1, thereby setting up an approximate difference 
of 1 kJs-0.5m-2K-1 since the detection laser was out of focus in the second half 
of the measurement when the measurement area was as large as 1000 μm ´ 
1000 μm. 

Therefore, instead of acquiring measurements from a large area, the mea-
surements were obtained by focusing on each particle and considering a 
small area that included particles 1–4. Fig. 4 shows the results together with 
the SEM images acquired after the measurements. Compared to Fig. 3, which 
shows a large area, the results in Fig. 4 show that the thermal effusivity is 
more consistent when individual particles are measured. Moreover, when 
examined with BEI, uniform values were obtained in areas other than the 
edges of the particles, cracks, and holes. In areas close to these defects, a 
large apparent value was measured, which could be due to the different thick-
nesses of the Mo film compared with those in the interior or lifting of the  
Mo film. Similar thermal effusivity values were observed for particles 1–4, 
which indicated that the thermal effusivity of fayalite was approximately  
4 kJs-0.5m-2K-1.

The thermal effusivity of fayalite was determined more precisely based on 
the measurement results shown in Fig. 4 by applying probability density analy-
sis. Figs. 5(a)–(c) show the probability density distribution of particles 1–4 and 
the results fitted to a normal distribution. The maximum probability density 
value was found at a smaller thermal effusivity around 3.5–4 kJs-0.5m-2K-1. 
The larger thermal effusivity was found close to the defects, such as the edges 
of the particles or cracks. Therefore, the measured thermal effusivity was ana-
lyzed again, assuming the derived values comprised a mixture of those from 
fayalite and others that were affected by defects. A Gaussian mixture in scikit-
learn and a machine-learning library in Python were adopted to estimate the 
mixture of normal distributions. Two mixed normal distributions were assumed: 
fayalite and the effect of defects. Fig. 5(d) shows the analysis results for all the 
measured values. Gaussian 1 is for fayalite, and Gaussian 2 is for the values 
affected by defects. The mean thermal effusivity of Gaussian 1 was close to the 
maximum value of the histogram. 
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The uncertainty for the measurement of the thermal effusivity of fayalite 
was analyzed according to the guide to the expression of uncertainty in mea-
surement (GUM) [28], as shown in Table 2. The major sources of uncertainty 
are measurements of phase delay and thickness of Mo film. The sensitivity 
coefficient for phase difference and the thickness of Mo film was estimated 
from Eq. (1) under the condition that df = 100 nm, af = 4.59 ´ 10-6 (Cfrf = 
2.29 ´ 106 and lf = 10.5 Wm-1K-1 [25]) and bs = 4.14 kJs-0.5m-2K-1. The 
repeatability of phase difference was calculated from the estimated standard 
deviation of the 10 times measurements as 0.5°. The accuracy of phase delay 
measurement was estimated from that the resolution of phase delay was 0.0001° 
assuming the uniform distribution. The accuracy of the thickness of Mo film 
was estimated 1 nm, and a uniform distribution was assumed. The thickness of 
Mo film changes from position to position, which could change 16 nm in an 
area of 20 μm ´ 20 μm [24]. The standard uncertainty was estimated assuming 
the triangle distribution. In addition, the repeatability of measurement of the 
thermal effusivity was also evaluated from the standard deviation of Gaussian 1 
(= 580 kJs-0.5m-2K-1) and the number of analyzed data (= 1595). Finally, the 
combined standard uncertainty for the measurement of thermal effusivity was 
calculated to be 0.084 kJs-0.5m-2K-1, resulting in 4.1 ± 0.2 kJs-0.5m-2K-1with 
the coverage factor k = 2. The thermal conductivity was calculated as 6.0 ± 0.5 
Wm-1K-1 using Eq. (5) based on the measured thermal effusivity and literature 
values of the density and specific heat of fayalite [29, 30], which were previ-
ously reported as 4.392 gcm-3 and 132.899 JK-1 mol-1, respectively.

As indicated in section 2.1, the analytical model, i.e., one-dimensional 
heat flow, can be applied for the sample with thermal effusivity smaller than 
5 kJs-0.5m-2K-1 and volumetric heat capacity larger than 2.5 ´ 106 Jm-3K-1. 
The volumetric heat capacity of fayalite is calculated to be 2.86 ´ 106 
Jm-3K-1 from the literature value of density and specific heat [29, 30]. Thus, 
the sample condition was confirmed to satisfy the requirement for one-
dimensional analysis by MDTR applied in this study.

The thermal diffusion length (l) for the measurement was determined from 
the thermal effusivity obtained in this study based on the following equation:

	 a
p r p

= =
1bl

f C f
� (7)

The period of the heating laser in the measurements was set to f = 1 MHz; 
therefore, l was estimated as 0.8 μm. The samples used in this study were 
prepared by polishing fayalite-sized particles (150–180 μm) embedded in 
resin. The finite thickness of the polished particles did not affect the measure-
ments, considering the initial particle size was sufficiently larger compared to 
the thermal diffusion length. Therefore, the thermal effusivity value mea-
sured in this study is considered to represent the bulk value.
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FIGURE 2 
Results for sample analysis: (a) XRD profiles for powdered fayalite sample and the reference 
(PDF card number: 6546), where 2q represents diffraction angle, and (b) SEM image for fayalite 
sample mounted in epoxy resin.
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FIGURE 3
(a) Distribution of thermal effusivity measured for 1000 ´ 1000 μm2 area and (b) corresponding 
BEI.
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FIGURE 4 
Thermal effusivity distribution and corresponding BET images for particle 1; (a) and (b), for 
particle 2; (c) and (d), and for particles 3 and 4; (e) and (f).
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FIGURE 5 
Probability density distribution calculated for (a) particle 1, (b) particle 2 and (c) particles 3 & 4, 
and (d) analysis result for two gaussian model.
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TABLE 2 
Uncertainty budget of the measurement of thermal effusivity for fayalite

Factor, xi Type Standard 
uncertainty, u(xi)

Units Sensitivity 
coefficient, ci

b 14.5 Js-0.5m-2K-1 1

  Repeatability A 14.5 Js-0.5m-2K-1

Phase delay 0.158 ° 507.5

  Repeatability A 0.158 °

  Accuracy of measurement B 0.577 ´ 10-5 °

Thickness of Mo film 3.32 nm 6.75

  Accuracy B 0.577 nm

  Distribution A 3.27 nm

Combined standard uncertainty = å =2[ ( )] 84.6(  )c i ibu c u x  Js-0.5m-2K-1

3.2  Comparison with reported values
Fig. 6 shows the thermal conductivity of olivines, fayalite-forsterite system, 
as a function of the percentage of forsterite (Mg2SiO4). Kingery et al. [31] 
measured the thermal conductivity of synthesized sintered forsterite. An 
equation eliminated the porosity effect. The thermal conductivity at 25 ℃ 
was estimated by assuming that the thermal conductivity is proportional to 
the reciprocal of temperature. Takeda et al. [1] reported that the thermal con-
ductivity of a sintered sample of synthesized fayalite was 3 Wm-1K-1 at room 
temperature. The density of the sample used was 4.08 gcm-3, which indicated 
that the porosity of the sample was estimated to be 6% [29]. Because the 
pores affected the reported values, the measured thermal conductivity was 
lower than the corresponding bulk value. It is reasonable to assume that the 
measured value in this study was larger than that reported by Takeda et al. 

Horai reported the thermal conductivity of olivines, including fayalite-
rich olivine (96%Fe2SiO4-4%Mg2SiO4) with a thermal conductivity of  
3.16 Wm-1K-1 [2, 3]. A natural mineral was used as the sample. The nee-
dle-probe method was applied for the thermal conductivity measurement, 
and the sample used was powdered rocks (particle size less than 0.05 mm) 
immersed in water. The thermal conductivity of the rock was calculated 
from the volume fractions of the sample and water to eliminate the effect of 
water on the measured value. The uncertainty of their measurements was 
reported to be approximately 10%. The slight differences in thermal con-
ductivity between this study and fayalite-rich olivine (96%Fe2SiO4-
4%Mg2SiO4) can be attributed to the sample composition; the impurities 
scatter phonon. Fig. 6 also shows that the thermal conductivity of fayalite is 
almost the same as that of forsterite, and the value is larger than that of 
olivine reported by Horai. The  natural mineral was used as an olivine 
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sample by Horai; other components could be included in the sample, result-
ing in a smaller thermal conductivity. 

The thermal conductivities of the wüstite (Fe1-xO) scale and wüstite- 
dominated scale prepared by oxidation in the air have been reported to be 
2.17 - -1 1 Wm K  and 1.6 - -1 1 Wm K , respectively [7, 8, 32], whereas the ther-
mal conductivity of fayalite was found to be larger than these values. It has 
been explained that the thermal conductivity of wüstite is smaller than that of 
other oxides, such as NiO and CaO, owing to the point defects of Fe ions 
[13]. Fayalite is also a non-stoichiometric compound, such as wüstite [33], 
and as a complex oxide, it is expected to have a lower thermal conductivity 
owing to phonon scattering. However, in practice, wüstite has lower thermal 
conductivity than fayalite due to the large number of Fe ion defects intro-
duced in wüstite, which act as phonon scattering centers.

FIGURE 6 
Thermal conductivity of fayalite-forsterite system as a function of percentage of forsterite 
[1, 2, 31].

3.3 � Evaluation of thermal conductivity of the Si-rich layer in the oxide 
scale and heat resistance of the oxide scale

The results of this study were used to estimate the thermal resistance of an 
oxide scale containing fayalite based on the structure of the oxide scale 
formed on a thick steel plate. Fig. 7(a) shows a cross-sectional SEM image of 
the oxide scale formed on the thick steel plate. The image shows layers con-
taining Si, wüstite, and magnetite (Fe3O4) from the steel side with a total 
thickness of approximately 44 μm. The thickness of the Si-rich layer is not 
uniform. Magnetite is also present in the wüstite layer owing to the thermal 
decomposition of Fe1-xO during cooling [34–36] or progressive oxidation by 
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oxygen through the cracks. Fig. 7(b) shows a magnified image of the Si-rich 
layer comprising pores and oxides that are thought to be a mixture of fayalite 
and wüstite; lighter areas indicate wüstite and darker areas indicate fayalite 
[5]. In the previous study [37], the Si-rich layer was thin, and pores were not 
found, while other reports also have shown that Si-rich layers contain pores 
[38–40] and fayalite and wüstite. Fig. 7(a) agrees with the latter case. The 
reason for forming uneven Si-rich layer thickness was unknown; the steel or 
oxide scale temperature was not considered uniform in the production  
process. There are several possibilities to cause uneven cooling of steel: the 
rolling contact during hot-rolling, cooling by high-pressure water during  
descaling, or cooling water after the hot-rolling.

As the thickness of the Si-rich layer is uneven, its thickness distribution 
needs to be investigated in the future, e.g., using tomography. Here, the effec-
tive thermal conductivity of the oxide layer has been roughly evaluated to clar-
ify the effect of the unevenness of the Si-rich layer. Heat is transferred from the 
steel to the outer gas phase via the oxide scale when the hot steel plate is cooled 
by water. The total heat resistance of the oxide scale is estimated as follows:

	

l l l

-

-

-

= + +

= + +

total Si layer wüstite magnetite

Si layer magnetitewüstite

Si layer wüstite magnetite

R R R R
d dd � (8)

where R is the heat resistance, and the subscripts total, Si-layer, wüstite, and 
magnetite denote the total, Si-rich, wüstite, and magnetite layers, respec-
tively. Each term on the right-hand side of Eq. (8) represents the heat resis-
tance of each layer. The thickness of each layer can be measured from the 
image, such as Fig. 7(a), and literature values are available for the thermal 
conductivity of wüstite and magnetite. Here, the thermal conductivity of the 
Si-rich layer is estimated as follows. The Si-rich layer in Fig. 7(b) seems to 
have a layered structure composed of fayalite, wüstite, and pore. Each phase 
in the Si-rich layer appeared to exist across the heat flow. The effective ther-
mal conductivity (leff) of a laminated material comprising three phases in the 
lamination direction is given as [17]: 

	
l l l l

= + + 31 2

eff 1 2 3

1 VV V � (9)

where V is the volume fraction, and the subscripts indicate each phase. The 
thermal conductivity of the Si-rich layer (lSi-layer) was calculated based on the 
above Equation, where leff was replaced by lSi-layer, the existing phases were 
wüstite, fayalite, and pores, and the volume fraction was replaced by area frac-
tion. As shown in Fig. 7(a), the thickness of the Si-rich layer was not uniform. 
The oxide scale in Fig. 7(a) was divided into four parts, each part having a width 
of 30 μm, as expressed by Fig. 7(a)–I to Fig. 7(a)–IV from left to right, to obtain 
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the possible error range. The average thickness of the Si-rich layer and the ratio 
of the three phases were analyzed by image processing [41], with lighter areas 
indicating wüstite, darker areas showing fayalite, and black areas indicating 
pores [5]. The results are presented in Table 3. The ratios of the existing phases 

FIGURE 7 
(a) Cross-sectional BEI for oxide scale formed and heavy steel plate and (b) magnified image for 
the interface between steel and oxide scale.
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in the Si-rich layer were 0.51 ± 0.06 for wüstite, 0.35 ± 0.08 for fayalite, and 
0.13 ± 0.05 for pore, respectively, where the error is the standard deviation. The 
result for Fig. 7(a)–I have less pore ratio in the Si-rich layer than in other por-
tions, and the thickness of the Si-rich layer is the thinnest. It can be considered 
that the Si-rich layer contains more pores as it grows. The thermal conductivity 
of the Si-rich layer was calculated based on Equation (9), where the thermal 
conductivities of 0.0256 Wm-1K-1 [42] and 2.17 Wm-1K-1 [11, 32] and  
6.0 Wm-1K-1 were used for the air, wüstite, and fayalite, respectively, at room 
temperature. The thermal conductivity of the Si-rich layer formed on the thick 
steel plate was one order of magnitude lower than that of the constituent oxides. 
It was strongly affected by the pores, which indicates that accurate porosity 
estimation and thickness are necessary to calculate effective thermal conductiv-
ity. The same results were also reported previously [31, 43, 44].

Table 3 also lists the calculated thermal resistance of the oxide scale. A large 
thermal resistance was observed when the thickness of the Si-rich layer and the 
pore ratio were large. The total heat resistance of 4.8–34.4 ´ 10-6 m2KW-1 is 
equivalent to steel with a thickness of 0.2–1.8 mm, where the thermal conductiv-
ity of the steel was assumed to be 51.9 Wm-1K-1 [46]. Table 3 also shows that 
the thermal resistance of the oxide scale varies from place to place; hence, the 
cooling rate of steel also varies. A simulation would be required to evaluate the 
temperature distribution in steel and the oxide scale during cooling based on  
the structural data, such as the thickness distribution of the Si-rich layer, etc. 

TABLE 3 
Calculation results for contribution of each phase to the total heat resistance of the oxide scale

Oxide sclae Fig. 7(a)–I Fig. 7(a)–II Fig. 7(a)–III Fig. 7(a)–IV

Si-rich layer
 � Average  
thickness/mm

 � Phase ratio of wüstite: 
fayalite: pore

 � Thermal conductivity/
Wm-1K-1

2.1

0.56 : 0.39 : 0.05

0.44

4.8

0.60 : 0.22 : 0.18

0.14

5.3

0.54 : 0.36 : 0.10

0.23

4.7

0.46 : 0.41 : 0.13

0.19

Wüstite layer
  Thickness/mm
 � Thermal conductivity/
Wm-1K-1

34
2.17 [11, 32]

Magnetite layer
  Thickness/mm
 � Thermal conductivity/
Wm-1K-1

5
3.5 [45]

Thermal resistance  
of oxide scale, 
Rtotal /10-6m2KW-1

4.8 34.4 23.4 19.2

Rsi-layer/Rtotal 0.22 0.66 0.58 0.58

*The Si-rich layer in Fig. 7(a) was divided into four parts, i.e., every 30 μm width. The Si-rich layer parts were 
named Fig. 7(a)–I to Fig. 7(a)–IV from left to right.
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4  CONCLUSIONS

This study determined the thermal effusivity/conductivity for fayalite parti-
cles with diameters smaller than 180 μm. The modulated thermoreflectance 
microscopy was applied for the measurement because the technique can 
derive the thermal properties for a small area of around 10 μm. The thermal 
effusivity of fayalite was found to be 4.1 ± 0.2 kJK-1m-2s-0.5. This value 
produced a fayalite thermal conductivity of 6.0 ± 0.5 Wm-1K-1, which is 
larger than the Fe1-xO scale. The thermal conductivity of fayalite is almost the 
same as that for forsterite, another constituent of olivine, and the value is 
larger than that for olivine (solid solution of fayalite and forsterite). 

Based on these results, we estimated the thermal conductivity of the 
Si-rich layer in the oxide scale formed on the thick steel plate. The oxide 
scale consisted of a Si-rich layer, a wüstite layer, and a magnetite layer. 
The last two layers show almost uniform thickness, while the thickness of the 
Si-rich layer was uneven. The Si-rich layer composes of fayalite, wustite, and 
pore. The effective thermal conductivity of the Si-rich layer and oxide scale 
was calculated from the observation result of the oxide scale. The result indi-
cates that the thermal conductivity of the oxide scale is strongly affected by 
the thickness of the Si-rich layer because the layer contains many pores. 
Furthermore, the contribution of the Si-rich layer to the heat resistance of the 
oxide scale was found to be significantly large compared to the thickness.
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