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Abstract

Application of the laser flash (LF) method in place of the stationary heat flow method which

was standardized in JIS R 2251-3 for measuring the thermal conductivity of non-oxide refractory

materials was studied. Evaluation of many types of non-oxide refractory materials confirmed that

the LF method could replace the stationary heat flow method. In the future, the scope of the

LF method for measuring the thermal conductivity of non-oxide refractory materials should be

researched for standardization.
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1. Introduction

In Japan, the thermal conductivity of refrac-
tory materials is determined in accordance
with the standards of JIS R 2251-1, -2 and -3.
JIS R 2251-1, based on the cross-array hot-wire
method, is applicable to refractory materials
with thermal conductivities of 10W/(m'K) or
less. JIS R 2251-2, which is based on the paral-
lel hot-wire method, is applicable to refractory
materials with conductivities of 25W/(m-K)
or less. Each standard is applicable to refrac-
tory materials which do not exhibit electrical
conductivity. Since the thermal conductivity of
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oxide refractory materials is often specified in
the case of construction of iron making facilities,
measurements based on the above two stan-
dards are carried out.

On the other hand, JIS R 2251-3, which is
based on the stationary heat flow method, is
applied for non-oxide refractory materials such
as carbon and silicon carbide which exhibit
electrical conductivity. The standard was cre-
ated based on the configuration of a commercial
measuring apparatus that is available for those
materials, because several companies had used
the apparatus of the same type at the time of
the enactment”.

It has been about a decade since the enactment
of the standard in 2007. The measuring appa-
ratus has been in use for a long period of time,
for example, over 30 years in our company. At
present, there are no manufacturers producing
a measuring apparatus and there are not any
suppliers for the repair-parts. If the measuring
apparatus has a problem, thermal conductivity
cannot be determined in accordance with this
standard. The current situation is as true at
our company as any other company in Japan.
In addition to the above-mentioned fact”, JIS
R 2251-3, based on the stationary heat flow
method, has some technical problems. The two
major issues are that the measurement tem-
perature is limited to the range of about 300C
to 700C, and that the measuring temperature
of the thermal conductivity is indicated by the
average of two temperature data, which are
measured in each pair of thermocouples located
at a fixed interval in a test specimen. It is
thought that the stationary heat flow method
cannot solve those issues.

Accordingly, we have studied the Laser flash
method-hereafter, referred to as the LF method-
which can measure at any temperature in a
wide temperature range as an alternative to
the stationary heat flow method. The previous
LF method could not be applied to refractory
materials containing large particles and inhomo-
geneous texture because of the small size of the
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Fig.1 Temperature elevation curve measured by

laser flash method.
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test specimens measured. However, the recent
apparatus, which is based on the LF method,
can measure a test specimen of comparatively
large size. Therefore, in the present study, we
used an apparatus which could measure a test
specimen of large size. This report provides the
results for the LF method, which was applied to
various types of non-oxide refractory materials,
and explains new problems which were revealed
by the measuring.

2. Principal of the LF Method

Non-oxide refractory materials which are
exemplified by MgO-C bricks and submerged
entry nozzles have a highly electro-conduc-
tive property and a highly thermo-conductive
property. JIS R 2251-3, based on the stationary
heat flow method, depends on the equation of
steady state heat conduction while taking such
properties into consideration. However, the LF
method depends on the equation of non-steady
state heat conduction. In the present study,
we used JIS R 2205 which was applied to fine
ceramics as reference”. The apparatus used
was a product of the model number LFA457
made by NETZSCH GmbH. The heating area of
the apparatus, in which the laser flash, a short
energy pulse of the heat source, is radiated on
the whole area of a 25.4mm diameter test speci-
men, can reach levels comparable to that of the
stationary heat flow method using a 20mm
diameter test specimen. Accordingly, the cur-
rent LF method apparatus may be applicable to
refractory materials containing coarse grains.
The principal of the LF method is summarized
as follows. Thermal conductivity A is obtained
by substituting thermal diffusivity a of equa-
tion (1) using the half time method, specific
heat capacity C of equation (2) measured at the
same time and sample density p conforming to
JIS R 2205 into equation (3).

a=0.1388 k- dz/to:, ........................... (1)
C= ( ATeXtref/ATetham> ' F (Qy ﬂ ,d,Doriﬁce) ' Cref (2)
A =qa-p- C .................................... <3)
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Where, k is the correction coefficient to cor-
rect the heat loss, d is the thickness of the test
specimen, tos is time value at the half tempera-
ture height, AT, is the adiabatic temperature
rise value at the time of pulse heating which
is the extrapolated value shown in Fig.1, Q is
the energy of the laser flash beam which is
absorbed on the surface of the test specimen,
Dasisice 18 the internal diameter of the orifice, F()
is a function of Q, p, d and Dasise, Sam is the
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Table 1 Outline of samples applied for measure-
ment shown in Figs.3 and 4
Sample name| Quantity of main component Bu/”;fj;gty
Al:Os-SiC-C | Al:0:=80%, SIC=5%, C=15% 3.35
MgO-C No.1 | MgO=85%, C=5% 3.35
MgO-C No.2 | MgO=80%, C=15% 3.19
Z2r0:-C Zr0,=80%, C=15% 4.63
Al:0s-Zr0-C | Al:0:=80%, Zr0:=10%, C=5% 3.54
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measured sample, ref is the reference sample
such as carbon and alumina, and C* is the
specific heat capacity of the reference sample.
An example of temperature elevation curves
obtained in this study is shown in Fig.1. It
represents a rising temperature observed on
the back surface of a test specimen, when the
front surface of the test specimen was irradi-
ated with the laser flash. Each temperature
elevation curve which was obtained by a series
of our measurements was fitted well to Cowan'’s
theoretical curve taking heat loss into consider-
ation. Accordingly, the correction coefficient of
heat loss in equation (1) was a numerical value
which was obtained based on Cowan’'s model.

3. Evaluation of LF Method

3. 1 Comparison of thermal conductivity by
LF method and stationary heat flow
method

There isn't much literature in which non-oxide
refractory materials have been measured by the
LF method. However, it was reported that the
15% carbon containing MgO-C bricks of which
the thermal conductivities were obtained by
the LF method were almost the same as those
obtained by the stationary heat flow method®.
Thus, in this study, results of both methods
were compared by evaluating many types of
non-oxide refractory materials, as shown in
Fig.2.

The test specimen size provided for measure-
ment by the stationary heat flow method was
¢$20xH150mm and that for the LF method was
¢254XH5mm. As shown in Fig.2, the results
of both methods were not greatly different from
each other and almost the same.

3. 2 Influence of thickness of the test
specimen in the LF method

The radial direction size in the LF method
came to almost the same as that in the station-
ary heat flow method. However, a difference of
size in the thickness direction remained. The
thickness of the LF method test specimen was
thinner than that of the stationary heat flow
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Al,0s-SiC-C

AlOs-Zr0,-C

MgO-C No.2

Fig.3

Appearance of
samples with
$25.4mm used
for measurement
of thermal
conductivities.

Table 2 Measurement conditions

Measurement temperature/°C | 300, 500, 700, 900 and 1100

Number of repeating measurement| 6

Heating-up speed /°C+min’ 10

Atmosphere Argon

Standard materials Graphite, Alumina

Sample size ¢ 25.4X3 mmorb5mm

Fig AICBREROWER R EZ R T, fFoN
B2 D L2, REERDENIZET 2 HE %
HEAERERIT> 720 Table 3I2RT L 912, W»Y(
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method test specimen. In addition, thermal
conductivity data obtained by the LF method
is susceptible to the thickness of the test speci-
men, because they are affected by the second
power of thickness, as shown in equation (1)
and (3). Thus, the influence of the thickness of
the test specimen in the LF method was stud-
ied. 5 samples, having the thickness of 3mm or
5mm, were subjected to the thermal conductiv-
ity measurement at various temperatures by
the LF method. The features of the samples
are shown in Table 1 and the appearances of
samples used for measurement are shown in
Fig.3. 5 types of samples which were different
from each other in materials and grain size
configurations were used. The measurements
were conducted under the condition shown
in Table 2. The samples were measured at a
temperature of 300, 500, 700, 900 and 1000C.
Graphite and alumina were selected as standard
materials to obtain the specific heat capacity of
the measured samples.

The results of thermal conductivity measure-
ments are shown in Fig.4. The verification of
whether there was a signification difference
between test specimen thickness results was
statistically performed using acquired data.
As shown in Table 3, no significant difference
was recognized in many cases, although it was
recognized for several samples and at several
temperatures.

4. Applications and Issues of the LF Method

recent years, low-thermal-conductive
carbon-containing refractory materials which

In

were developed have shown good results in the
actual furnace”. On the other hand, thermal
conductivity data was needed to previously
evaluate the effect of low-thermal-conductive
carbon-containing refractory materials before
actual use. However, as mentioned above, data
by the stationary heat flow method of JIS R
2251-3 were obtained at temperatures of no
more than about 700C. Therefore, developed
products must be evaluated by using thermal
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Table 3 Statistical verification of whether the test conductivity data measured at a low tempera-

specimen of ¢25.4X3mm is significantly ture, or by using values at high temperatures

different from that of ¢25.4Xbmm extrapolated from a curve fitted to data points

300°C | 500°C | 700°C | 900°C | 1100°C in the low temperature range for heat trans-

AlLOs-SIC-C 0O 0O 0 0O O fer analysis. That was why the LF method is
MgO-C No.1 X X X X X becoming increasingly important.

MgO-CNo.2 | O @) O O O As shown in Fig.2, results by the LF method

2r0:-C X O O O O were not greatly different from those by the

ALO-Zr0-C | X X X O O stationary heat flow method while little devia-

X Significant difference, O : Not significant difference tions were recognized. On this issue, it should

be noted that results obtained by the stationary
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heat flow method are not necessarily the true
value. According to the explanation on how the
standard of JIS R 2251-3 was established, the
stationary heat flow method was evaluated by
round robin test using a sample of stainless
steel. However, results about refractory mate-
rials have not been reported. For this reason,
currently, we cannot explain which method
provides data closer to a true value.

It is important for both methods that the
one-dimensional heat flow is made along the
thickness direction of a test specimen. The heat
flow by the stationary heat flow method must
be one-dimensional along the entire length of
the H150mm thickness. Hence, the stationary
heat flow method requires sophisticated mea-
suring techniques. In addition, as a tempera-
ture gradient is produced along the thickness
direction in the stationary heat flow method,
the thermal conductivity data is reported at
mean temperatures between each pair of ther-
mocouples located at 18mm intervals on the
test specimen. Therefore, strictly speaking, the
thermal conductivity of the ¢20xH18mm test
specimen is measured. When those measure-
ment conditions are taken into consideration, the
stationary heat flow method is not necessarily
suitable. An example of the measurement result
which was obtained by the stationary heat flow
method is shown in Fig.5. In JIS R 2251-3, as
the measurement result —thermal conductiv-
ity— is recommended to be defined by a linear
expression of temperature, the result at an arbi-
trary temperature which is in the temperature
measuring range is calculated from the linear
expression. As shown in Fig. b, it was found that
data for the 12% carbon content sample almost
fit the linear expression and those for the 25%
carbon content sample, of which the accuracy
was questionable, did not fit it. In consideration
of this, the LF method can be effective, because
it can measure at temperatures ranging from
low-temperature regions such as room tem-
perature to high-temperature regions by simple
operation. Thermal conductivity measurement
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by increasing the number of samples further
improves reliability of the LF method.

Whether or not the thickness of test speci-
mens affected the thermal conductivity data
obtained with the LF method was studied. As
a result, a significant difference was not recog-
nized in many cases within the scope of this
study. However, the variability of results for
samples with the thickness of 3mm and 5mm
was examined in detail.

As shown in Table 4, the degree of thermal
conductivity data variation was small. Though
coarse grains often appeared in Fig.3, it can be
said that the LF method was applicable to the
thermal conductivity measurement of non-oxide
refractory materials within a certain degree of
accuracy.

As shown in Table 4, it was found that the
thermal conductivity had a tendency of a higher
degree of variation with elevating temperature,
and that the degree of variation of samples with
a thickness of 5mm became higher than that of
samples with a thickness of 3mm. The latter
is explainable as follows; the thicker the thick-
ness of test specimens is, the more difficult the
achievement of the one-dimensional heat flow
becomes and the higher the degree of variation
of data may be. However, when the thickness of
the test specimen is made thinner, results are
easily affected by the inhomogeneous texture
of the samples. In addition, machining of the
test specimen of which the thickness is made
thin is difficult. In other words, the appropriate
thickness of test specimens may be in a certain
range. In light of the data, the test specimen
with the thickness of bmm is applied for the
LF method as the standard in our company. A
further study should be conducted on various
non-oxide refractory materials in this regard.

5. Conclusion

The thermal conductivity of non-oxide refrac-
tory materials was studied in order to substi-
tute the LF method for the stationary heat flow
method.
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Table 4 Standard deviation (2o0) of thermal conductivity obtained by 6 measuring times for a sample at

each temperature

% Specimen size @ 25.4 and 3mm in thickness @ 25.4 and 5bmm in thickness
% Temp%rature Average thermaLI cquuctivity 70 Average thermaLI cquuctivity 70
= /C /Wem™-K JWemn'+K
300 20.23 + 0.14 23.47 + 0.20
8 500 17.06 + 0.16 18.83 + 0.34
‘C’E 700 16.36 + 0.18 17.69 + 0.30
<9‘E 900 16.88 * 0.37 17.13 * 0.85
1100 14.57 + 1.02 16.12 + 2.20
_ 300 13.15 * 0.09 12.00 * 0.21
S 500 10.85 * 0.06 9.54 * 0.40
8 700 9.74 * 0.13 8.28 + 0.26
g 900 9.63 + 0.28 8.49 + 0.60
1100 8.78 + 0.74 7.89 + 1.42
N 300 27.96 * 0.31 27.95 * 0.23
2 500 21.65 + 0.28 22.02 + 0.18
8 700 18.98 * 0.37 19.06 * 0.33
g 900 17.28 + 0.55 17.92 + 0.79
1100 13.563 + 0.91 16.63 + 2.26
300 11.84 + 0.05 10.16 + 0.27
O 500 10.10 + 0.07 8.96 + 0.29
<§ 700 9.83 + 0.1 8.62 + 0.15
™ 900 9.63 * 0.12 8.68 * 0.38
1100 8.92 + 0.27 8.69 + 0.78
o 300 5.80 + 0.17 4.13 + 0.33
S 500 4.80 + 0.19 3.35 + 0.32
'il; 700 4.16 + 0.13 3.57 + 0.28
?E 900 3.92 + 0.15 4.08 + 1.10
1100 3.60 * 0.47 3.87 * 2.05

#HHDPHHHDEEZEZOENL, SRIOFHERNPS,
LTI mmEAZFEEL L TWnd, 72721,
L itd 2 OIEBRALY R KIIZONWT, 25128
LTV HLERSHLEEZ LN S,

b. &hYIC

FRBRALH AT K D BMZEAME I H SIS
BOREORE 2 EH LT, LFEIZ X % BYREEl
EEMRES L 720

BRI EOfEE LTIELWHEREZG 255D
T WA, LFEIC L - THIRE 2R TS 57
REVEDME S N7z LEERIZIE, BuiiETIdlllE T &
O TOHERTRETH ), BiiEr 19

Results obtained by the stationary heat flow
method were not necessarily true value. How-
ever the LF method is a capable of replacing the
stationary heat flow method. The LF method
has the following merits. Measurements at
high temperature can be conducted by the LF
method, while it is impossible by the stationary
heat flow method. The LF method gives the
thermal conductivity measured at an optional
temperature, although the stationary heat flow
method provides that at mean temperatures
between each pair of thermocouples.

In the future, a further study should be
conducted by the LF method on the thermal
conductivity of various non-oxide refractory



Vol. 60 2017 Shinagawa Technical Report

M CTHIET 5 D23 L TEE OB ERE TOH materials. The scope of the LF method for non-
ERTELLY. BENHLIEL b o7 oxide refractory materials should be researched

13 5 B 1T B B 2 JEI L ST K D B for the purpose of standardization.
RERLLFHEIC X o TlE L, LFFo 8 H #ipH
RO, JISbZ XA 2 EHEIZ R L EEZ BN
720
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