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Abstract

The thermal conductivity of a single-phase gehlenite (2CaO Al,O; SiO,) sample
was determined using thermal microscopy. The composition of the primary crys-
tal region of the gehlenite sample was CaO: SiO,:Al,0,=38:28:34 (mass%), which
was maintained after melting and cooling. After polishing the samples, the size of
the gehlenite crystal was sufficiently large to be measured using a thermal micro-
scope. The value of 1/ACp, where 4 is thermal conductivity C is specific heat andpis
density, of the samples was measured every 10 pm to obtain its distribution. When
comparing the results with the optical microscopy image of the sample, the gehlenite
region showed a larger value of 1/ ACp than the glassy region. Specifically, the value
of 1/ACp of the gehlenite region was determined to be 2.2+0.1 kJs~*>m—2.K~!,
which resulted in a thermal conductivity of 2.1+0.2 Wm™'-K~!. Moreover, the
oxide gehlenite phase showed lower thermal conductivity than the other constituent
phases, i.e., CaO, Al,O5, and SiO,.

Keywords Gehlenite - Single-phase crystal - Thermal conductivity - Thermal
effusivity - Thermal inertia - Thermal microscopy

1 Introduction

Gehlenite (2CaO Al,O; SiO,) is a constituent melilite substance and is sometimes
formed during steelmaking processes, such as in the continuous casting process for
high-aluminum steel production. The flux between the molten steel and the mold
regulates the heat removal rate from the steel product, prevents re-oxidation of steel,
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and controls the lubrication between the steel and the mold. Mild cooling has been
considered a promising approach for producing defect-free steel. The composition of
the mold flux is generally designed to crystallize cuspidine [1-15] since the strong
radiation light from the molten steel is scattered by the crystal grains, reducing the
radiative heat flux in the process [16] to achieve mild cooling. However, in the case
of Al-killed steels, which contain high concentrations of Al, gehlenite is usually
formed in the flux owing to the reduction of SiO, in the mold flux by Al in the steel
[17-20]. Because gehlenite has a high melting point, it preferentially crystallizes,
unlike the mold flux design, and reduces its fluidity, which may result in the loss of
lubricity [21-26]. However, there are no reports on controlling the heat removal rate
of steel when gehlenite crystallizes.

Controlling the heat removal rate requires simulations based on the thermophysi-
cal properties of the mold flux, steel, mold, etc. However, the thermal conductivity
of the crystalline phase of gehlenite, which is essential as input data, has only been
reported for sintered materials [27, 28]. Steadman et al.[27] reported the thermal
conductivity of sintered dense gehlenite containing impurities such as Fe,05, Na,O,
etc. Jia et al. reported [28] for porous gehlenite. The high porosity of the sample
prevents the estimation of the thermal conductivity of gehlenite. It is considered that
the high melting point and faceted structure of gehlenite hinder the preparation of
single-phase samples to measure thermal conductivity.

Recently, the thermoreflectance method was developed to measure the value of
1/ ACp, where A is thermal conductivity C is specific heat and p is density, of a small
area [29-34]. The value of 1/ACp is often called thermal effusivity or thermal iner-
tia; hereafter, 1/ACp is expressed with b. The thermoreflectance method heats the
sample surface with a laser (pump laser), and the temperature change in the sam-
ple surface is measured as the intensity change in the reflected laser (probe laser)
[29]. Based on the thermoreflectance technique, a thermal microscope uses a probe
laser with a diameter of a few micrometers. This technique enables the measurement
of the value of b of samples on the order of 10 pm [30]. The distribution of value
of b can be obtained by using a micrometer that automatically moves the stage in
the X-Y direction. Because of the above, this study aimed to determine the thermal
conductivity of gehlenite through the measurement of the value of b of gehlenite at
room temperature using a thermal microscope.

2 Experimental Section

In this study, a sample of single-phase crystallized gehlenite was prepared to coexist
with a glass, and a thermal microscope was used to measure its value of b.

2.1 Sample Preparation and Analysis
To ensure that the primary crystal phase of the samples was single-phase gehlenite,

the chemical composition implemented was 38CaO-28A1,0,—34Si0, (in mass%).
Figure 1 plots the sample composition on a CaO-SiO,—Al,O; ternary phase diagram
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Fig. 1 Phase diagram for CaO-Al,0;-SiO, system[36]

[35]. CaO was prepared by thermal decomposition of the CaCO; reagent and main-
tained at 1323 K for 720 min. For the sample preparation, the reagent powders were
weighed and mixed in an alumina mortar for 30 min. A platinum tube with an inner
diameter of 3 mm and a length of 30 mm was used as a crucible; one end of the tube
was crushed and rounded to prepare the bottom. The sample mixture was inserted into
a crucible and held at 1800 K for 720 min in the air in an electric furnace. The sample
was then cooled to 1600 K to enable the crystallization of gehlenite as the primary
crystal phase, held for 720 min to coarsen the primary crystals, then cooled to room
temperature(293 K).

The samples were then resin-filled in a crucible and mirror-polished. Optical micros-
copy was used to observe the samples. The mass percentage of the crystallized phase
was calculated from the optical microscopy image using the ImageJ software (version
1.51j) [36]. X-ray diffraction (XRD) was used to identify the crystallized phases in the
samples, where Co was used as the X-ray source. Measurements were performed in the
26 range of 10° to 80°.
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2.2 Thermal Microscopy

The value of b was measured using a thermal microscope [30]. The measurement
area was observed using an optical microscope to determine its correspondence
with the microstructure. DC sputtering formed a 125 nm thick Mo film on the
sample surface. In the thermal microscopy measurements, a modulated laser with
a wavelength of 808 nm, spot diameter of 7 pm, and heating frequency of 1 MHz
heated the sample surface. When the laser periodically heats the Mo film, heat
penetrates through the Mo film into the sample, and the temperature on the same
surface changes at the same frequency as the heating laser. However, there is a
phase difference (#) between the heating laser and the temperature of the sample
surface. The value of @ depends on the value of b of the sample through the equa-
tion as follows:

2 Ty Ty WT, 1
3z cosh ,/#(tanh - +ﬁ><tanh 5+ )

0= T + arctan , (1)

coszﬁ(ﬁ - ﬁ—l)tanﬁ

here

Tf = dfz/af, (2)

B = by/by, 3)

where w, dy, d;, b, and b; are the angular frequency of the heating laser, the thickness
of Mo film, the thermal diffusivity of Mo film, and values of b for sample and Mo
film, respectively. Equation 1 determines the value of 3 to obtain b, through Eq. 3.
The phase difference (¢) is measured using a detection laser with a wavelength of
633 nm and spot diameter of 3 pm, based on the characteristic that the reflectance of
the detection laser changes depending on the surface temperature of the Mo film. An
area of 290290 pm? was measured at 10 pm intervals with 30 times measurements
at each position and a waiting time of 10 s.

The value of b of crystallized sample was determined from a calibration curve
[32] using standards with the known value of b (Si, Ge, and Pyrex glass). When the
value of b is smaller than about 3 kJs~°>-m~2.K~!, thermal microscopy can produce
the value of b from the principle expressed as Eq. 1 [29, 30]. For the sample with a
larger value of b, the fundamental requirement, i.e., the one-dimensional heat flow,
is not satisfied. The calibration curve method is applicable in this case [30, 32, 33].
The relationship between 6 and b for the standard samples was used to obtain the
calibration curve. The value of b of the sample was determined from 6 of the sample.
To apply the calibration curve method, the sample and standard samples must have
almost the same value of Cp [32, 33]. In this study, the standard samples used were
Si, Ge and Pyrex glass. The values of Cp for these samples are 1.7 JK 'm~3[32].
The value of b of each standard sample was obtained from the thermal diffusivity
(), specific heat (C), and density (p) using the following equations:
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b= Cpy/a. “)

The values of a, C, and p of the standard samples were measured by the laser flash
method, differential scanning calorimetry (DSC), and Archimedean method, respec-
tively. To summarize again, the calibration curve can be applied for the sample with
the value of b between about 3 kJs™*>-m~2-K~land 1.4 kJs™>-m™2.K! (Pyrex) and
for the sample having b value between 3 kJs™*3-m2.K~! and 15.8 kJs™*>m~2.K™!
with the limitation of Cp=1.7 JK~'-m~>.

According to Eq. 1, the thickness of Mo film affects the 6 value measurement.
Thus, thermal microscopy measurements were conducted for both the standard and
main samples under the same conditions. Pyrex glass was used as a sample to exam-
ine the validity of the measurements. An area of 300 %300 pm? was measured 30
times at 20 pm intervals with a measurement latency of 10 s each.

The structure around the measurement position influences the obtained b value.
The following equation expresses the thermal diffusion depth (L) of the heating

laser:
a b 1
L= = = = —
o~ o\ af ©)

where f'is the frequency of the heating laser. The internal microstructure of the sam-
ple was confirmed by polishing the sample surface after the measurement.

3 Results and Discussion

3.1 Sample Characterization

Figure 2 shows the appearance of the sample. The sample in the upper part of the
crucible was glassy and crystallized in the lower part. Figure 3 shows the XRD

Fig.2 Appearance of the crys-
tallized sample
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result. The identified peaks correspond to gehlenite [37]. Figure 4 shows the micro-
structure of the sample observed using optical microscopy. The sample has a crys-
tallized phase, which is gehlenite, in the glass matrix. The gehlenite appears to have
a faceted structure.

3.2 Thermal Microscopy Results
3.2.1 Pyrex Glass

The results of measurements for the Pyrex glass are shown in Fig. 5a. The meas-
urements were conducted at the grid points in the figure. The maximum b value
was 2.3 kIJs™%3-m~2.K~!, and the minimum b value was 1.3 kJs~%>-m~2-K~'. Vari-
ations in the value of b are shown in Fig. 5b. The number of measurement points
was 256, the mean value was 1.52 kJs~%9-m~2.K~', and the standard deviation
was 0.21 kJs~%>.m=2.K~!. Most of the obtained thermal effusivities were between
1.4 KIs % m 2K andl.6 kJs™®>m 2K~!. The standard value of b used was
1.36 kJs~3-m~2.K"! for Pyrex glass, which was determined by the thermal diffusiv-
ity, specific heat, and density.

Fig. 4 Optical microscope Pore
image of sample
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Fig.5 (a) Distribution of measured value of b for Pyrex glass and (b) probability density against b of
Pyrex glass

The uncertainty for the measurement of the b value for Pyrex glass was analyzed
according to the guide to the expression of uncertainty in measurement (GUM)
[38]. The major sources of uncertainty are measurements of phase delay and thick-
ness of Mo film. The sensitivity coefficient for phase delay was estimated from the
calibration curve, whereas that for the thickness of Mo film was estimated based
on Eq. 1 under the condition that d;=125 nm, a;=4.59x 107 (C;p;=2.29x10°
and 4;=10.5 Wm™"K~'[32]) and b,=1.36 kJs~*>-m >K~!. The repeatability of
phase delay was calculated from the estimated standard deviation of the 30 times
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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 distribu-
tion. 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 posi-
tion, which could change 16 nm in an area of 20 pm X 20 pm [34], which is the same
as the measurement step in the measurement for Pyrex glass. The standard uncer-
tainty was estimated assuming the triangle distribution. In addition, the repeatability
of measurement of the b value was also considered based on Fig. 5b. The calibra-
tion curve was also the affecting factor. The Pyrex glass used as the standard sam-
ple showed a phase delay of 55.7° for b=1.36 kJs~*>.m~2.K~!; however, by input-
ting the same phase delay into the calibration curve, the obtained value of b was
1.40 kJs~%3.m~2.K~!. The effect was also considered for the uncertainty. Finally, the
combined standard uncertainty for the measurement of b value was calculated to be
0.05 kJs~ %3 -m~2.K~!, resulting in b=1.5+0.1 kJs~03.m™2.K~'with the coverage fac-
tor k=2.
Thermal conductivity was calculated using the following equation:

b2

The thermal conductivity for Pyrex glass was calculated to be
1.4+0.2 Wm™L.K™!, where p=2218 kgm~ and C=773 Jkg~!-K~'were used for the
calculation [32]).

3.2.2 Crystallized Sample

The measured value of b of the crystallized sample is shown in Fig. 6a. The meas-
urements were taken at the grid points in the figure. Figure 6b shows a photograph
of the measurement position observed using an optical microscope. The value of b
of the glass part was small, and that of the gehlenite part was large, indicating that
the value of b corresponded to the image obtained by optical microscopy. Because
the spatial resolution of the laser used to measure the value of b was 3 um, the value
of b near the boundary of the glass and gehlenite is between the two phases. The
maximum and minimum b values for the gehlenite part were 3.28 kJs~*>.m~2.K~!
and 1.30 kJs™3-m~2K"!, respectively. The values of b are larger than that of Pyrex
glass but smaller than or the same as about 3 kJs™*3.m~2.K~!. The former suggests
that the values of b were in the range of those for the standard samples. And the lat-
ter indicates that the calibration curve introduced values of b directly without con-
sidering the effect of Cp of the measured portion; i.e., one-dimensional heat flow
was achieved in the measurements.

The thermal diffusion depth in the measurement was calculated to be 0.8 pm
from Eq. 5, where C = 753 Jkg~"K~! [39], p =3038 kgm~> [37], f=1 MHz
and b(maximum value)=3.28 kJs~*>-m=2.K~! were used. Figure 6¢ shows a
photograph of the microstructure of the sample surface after polishing it to
a depth of approximately 7 pm, which is greater than the diffusion depth. The
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Fig.6 (a) Distribution of value of b of sample, (b) optical microscope image for measured area and (c)
optical microscope images after polishing 7 pm

microstructures before and after polishing showed little difference. It is confirmed
that the measured values at the location of gehlenite can be those for gehlenite
and are not affected by the glass or grain boundaries. The b value for the gehlenite
portion was extracted and shown as a histogram in Fig. 7. The values of b ranged
from 1.3 kJs™%>m™2.K™! to 3.3 kJs™%-m~2.K~! with 427 measurement points.
The obtained value of b of the gehlenite shows a variation similar to that of a
normal distribution: an average of 2.2 kJs™>-m™2.K~! and a standard deviation
of 0.4 kJs~*3.m™2.K~!. The uncertainty of the measured b value for gehlenite was
estimated like for Pyrex glass, as shown in Table 2. The value of b is expressed
with the uncertainty as 2.2 +0.1 kJs™°-m~2.K~! with the coverage factor k=2.
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The thermal conductivity of gehlenite was determined to be 2.1 +0.2 Wm™.K™!
from C = 753 Jkg~!-K~! [39], p = 3038 kgm~ [37].

3.3 Comparison with Reported Values

The relationship between the number of oxide components and thermal conductivity
is shown in Fig. 8 [40—48]. The states of the crystal grains of each oxide are listed in
Table 1 [40—48]. As shown in Fig. 8, the thermal conductivity of the oxides tended
to decrease as the number of constituents increased. This is because compared to
single-component oxides, composite oxides consisting of two or more components
have a more complex crystal structure and poorer symmetry. This results in shorter
phonon mean free paths and lower thermal conductivity. Even in oxides of the same
composition, differences in thermal conductivity are thought to be due to differences
in the metal species and crystal structure that make up the oxides. Gehlenite is com-
posed of three components, CaO, Al,O5, and SiOz, and it has a lower thermal con-
ductivity than the constituent components, showing the same trend as in Fig. 8.
There have been two reports on the thermal conductivity of gehlenite. Jia
et al. reported thermal conductivities of sintered gehlenite samples—the value
was 0.15 Wm™L.K~! to 0.25 Wm~!.K~! near room temperature [28]. The sample
contained many pores, which resulted in a much lower thermal conductivity than

Fig. 8 Thermal conductivity of
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Table 1 Uncertainty budget of the measurement of b value for Pyrex glass

Factor, x; Type  Standard uncertainty, u(x;)  Units Sensitivity
coefficient,
Ci
Value of b 383 IS m2KT! 1
Repeatability A 13.1 Js703.m~2.K"!
Calibration curve A 36 Js73m 2.K!
Phase delay 0.091 ° 93
Repeatability A 0.091 °
Accuracy of measurement B 0.577x107° °
Thickness of Mo film 3.32 nm 8
Accuracy B 0.577 nm
Distribution A 3.27 nm

Combined standard uncertainty wb) =1/ [c,-u(x,-)]z — 54,7 Js—05.m~2.K-!

that obtained in this study. Steadman et al. reported the thermal conductivities
of sintered samples with compositions of Si0,—Al,0,—CaO-Fe,0;—MgO-Na,0.
The main phase of the sample was gehlenite with values of 0.9 Wm™.K™! to
1.3 Wm~1.K™! [27]. The density of the sample was reported to be 3039 kgm~>
to 3054 kgm~>, which is almost the same as that for a single crystal of gehlenite
(3038 kgm_3[37]). Even the dense sample showed higher thermal conductivity;
the densest sample reported by Steadman et al. had a smaller value than that in
this study. The difference could be due to the impurity of the sample; the sam-
ple used by Steadman et al. contained Fe,0;, MgO, and Na,O in addition to the
constituents of gehlenite. Considering the steelmaking process, it is possible that
impurities may be present in gehlenite. This indicates that it is necessary to study

Table 2 Uncertainty budget of the measurement of b value for gehlenite

Factor, x; Type  Standard uncertainty, u(x;)  Units Sensitivity
coefficient,
Ci
Value of b 40.9 Is0Sm2K 1
Repeatability A 19.4 Js703m2.K™!
Calibration curve A 36 Js703.m=2.K"!
Phase delay 0.086 ° 328
Repeatability A 0.086 °
Accuracy of measurement B 0.577x107° °
Thickness of Mo film 3.32 nm 10
Accuracy B 0.577 nm
Distribution A 3.27 nm

Combined standard uncertainty 0 =13 [c,-u (Xi)]z = 597 Js~05.m=2. K"
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Table 3 Oxides and sample conditions compared in this study

Number Oxide Purity Porosity Crystal condition
1 BeO 99.50 % 2%

2 MgO 99.96 % 0% Single crystal

3 ZnO 0% Single crystal//C
4 MgO 99.50 % 2%

5 Al,O4 0% Single crystal, 60° from h-axis
6 NiO Single crystal

7 Al 04 99.5 %~

8 SnO, 98 %

9 Y,0; 0% Single crystal

10 B-Ga,0, Single crystal, [010]
11 CaO 8.75 %

12 Fe,04 Sintered

13 SiO, High 0% Single crystal//C
14 TiO, 99.997 % 0% Single crystal//C
15 FeO Sintered

16 MnO Single crystal

17 TiO, 99.50 % 2%

18 TiO, 99.997 % 0% Single crystal LC
19 Sio, High 0% Single crystal LC
20 Cu,0 99.96 % 0% Single crystal

21 Fe;0, Single crystal

22 AlL,MgO, 0% Single crystal

23 Al,SiOs(Kyanite)

24 AlY;0,, Single crystal

25 SrTiO; 0% Single crystal

26 AlL,SiOj5 (Sillimanite)

27 Mg,Si0, 4.40 %

28 Al,SiO5 (Andalusite)

29 MgSiO; 3.20 %

31 Al Si,0,5 11.40 %

32 CdCr,0, Polycrystal

33 CaSiO;

34 SiZrO, Single crystal

35 K,TigO,3 99.9 %~ 2.20 %

36 MoSrO, Sintered

37 Fe,Si0O, Sintered

38 Cr,FeO,

39 Cr,MgO, Polycrystal

40 Cr,ZnO, Polycrystal

41 BaMoO, Sintered

42 BaTiO; 3.40 %

43 Al,Ca;Si50,,
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Table 3 (continued)

Number Oxide Purity Porosity Crystal condition

44 CaMgSi,Oq

45 AlFe;Si;0,

46 Al,Mg;Si;0,,

47 AIKSi;Og(Microcline)

48 AIKSi;04 (Orthoclase)

49 CasMg,V,0,, Single crystal

50 CasZn,V¢Oyy Single crystal

51 Ca,Ga,Si0, Single crystal (Nd**doped), a-axis
52 AIKSi;0g (Sanidine)

53 Ca,Ga,Si0, Single crystal (Nd**doped), c-axis
54 AIKSi,0¢

55 CaFeMgSi;0,

56 CasCo,Mg,V0,, Single crystal

57 CasMgV¢Zn;0,, Single crystal

58 CasMg;V¢Zn0,, Single crystal

59 CasMg,VZn,0,, Single crystal

60 Al,KNa;Si 06

the thermal conductivity after clarifying the composition of gehlenite in the mold
flux after its use in actual equipment (Tables 2 and 3).

4 Conclusions

Using thermal microscopy, the value of 4/ACp of a gehlenite sample was meas-
ured at room temperature to be 2.2+0.1 kJs™°-m™2.K~!, producing a thermal
conductivity of 2.1+0.2 Wm~".K~!. The thermal conductivity of gehlenite was
smaller than that of its constituent components, i.e., CaO, Al,O; and SiO,. The
low thermal conductivity was comparable to that of other composite oxides com-
prising these three components.
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