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Presented in this work are measurements of the thermal conductivity of 
insulation materials in the temperature range between -160°C and 700°C 
using the GHP (guarded hot plate) technique. The samples investigated 
are the reference materials IRMM-440 (IRMM = Institute of Reference 
Materials and Measurements [1]) and NIST SRM 1450D (NIST = 
National Institute of Standards & Technology [2]) certified in the limited 
temperature interval between about -10°C and 70°C, calcium silicate 
type SilCal1100 [3] and expanded glass granulate [4]. All samples cover a 
range of temperature-dependent thermal conductivity values between 
0.013 W/(m·K) and 0.16 W/(m·K). The experimentally observed accuracy 
of about ±1% at room temperature and ±5% at minimum and maximum 
temperatures, respectively, is in agreement with combined standard uncer-
tainty values (coverage factor k = 1) for the type [5] GHP and measure-
ment conditions applied. The results on SilCal1100 and expanded glass 
granulate – both candidates for a standard material for insulating materials 
at high temperatures – are compared with previous results from recent 
interlaboratory comparisons [6,7].
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1  Introduction

Insulation materials, which have in most cases a fibrous, cellular or granular 
microstructure, are of great importance regarding lowering of the global 
energy consumption and thus of the CO2 emission by means of, e.g., better 
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insulation of our buildings [8]. The temperature range in which insulation 
materials are used is extremely wide since applications vary from cryogenic 
insulations [9] to high-temperature insulations of furnaces [10]. Knowledge 
of the temperature-dependent thermal conductivity is a key parameter because 
it determines the heat flow across the insulation. The guarded hot plate (GHP) 
technique for measuring the temperature-dependent thermal conductivity of 
insulations is of particular interest since it is an absolute method without any 
calibration standard required [11–13]. Further advantages of this stationary 
technique are comparatively high accuracy and the fact that the thermal con-
ductivity of relatively large specimen is measured across the entire specimen 
thickness leading to representative results. 

This work deals mainly with the accuracy of a commercially available 
GHP [5] in the temperature range between -160°C and 700°C comparing 
experimental results with theoretical considerations. A proof of the accuracy 
of a GHP is actually hindered by the lack of suitable reference materials in 
the entire temperature range [14]. Two reference materials for insulating 
materials, IRMM-440 [1] and SRM 1450D supplied by NIST [2], were mea-
sured in the temperature range between -160°C and 60°C. IRMM-440 is, 
however, certified just in the limited temperature interval between -10°C and 
50°C and SRM 1450D just between 7°C and 67°C. The microporous calcium 
silicate material SilCal1100 [3] investigated in this work at temperatures of 
up to 700°C is a promising candidate for a high-temperature reference for 
insulation materials [6]. It fulfills at least all pre-conditions: high-temperature 
stability, low thermal conductivity, isotropy and homogeneity on a macro-
scopic scale. Stiffness and mechanical stability allow for easy specimen prep-
aration, and it is inexpensive as well as commercially available. The existence 
of a considerable amount of published thermal conductivity measurements is 
of course another advantage. Further tests were carried out in the temperature 
range between 50°C and 500°C on a particular commercially available 
expanded glass granulate [4] the thermal conductivity of which was already 
investigated in detail, too [7]. This insulating microporous granular material 
is practically incompressible, homogeneous, isotrop and has furthermore the 
advantage, that flexible specimen geometries can be realized. Specimen prep-
aration, however, is time-consuming. 

2  Experimental Details

In a GHP working in the double-sided mode, hot plate and guard ring, which 
is minimizing lateral heat losses, are sandwiched between two specimen of 
the same material and approximately the same thickness. Located above the 
top specimen and below the lower specimen are two cold plates for the estab-
lishment of a precise temperature gradient DT across the specimen. Thermal 
conductivity values are calculated from the heating power of the hot plate, its 
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metering area, the temperature gradient and the thickness of the specimen 
applying the steady-state heat transfer equation (see next section). 

The design of the type [5] GHP shown in figure 1 is based on ASTM and 
ISO standards [11–13] and it must furthermore fulfill the demands of a com-
mercially available instrument with regard to serviceability and robustness. 
Labels 6, 7, 8 and 9 refer to insulation, feedthroughs for temperature sensors, 
hoisting device and purge gas inlet, respectively. On the backside and thus not 
visible are further feedthroughs for temperature sensors, for heaters and for 
cooling lines for the cold plates as well as a flange for evacuating the instru-
ment. The dimensions of the plates and thus the maximum specimen dimen-
sions are (300 × 300) mm2, the metering area is (150 × 150) mm2, and the 
maximum thickness of a specimen is 100 mm. It has to be noted that DIN EN 
12667 [13] recommends a maximum specimen thickness of 45mm for the 
design of the type [5] GHP. The entire plate stack is surrounded by a sectional 
furnace (5) minimizing radial heat losses and wire heat losses; the upper front 
part of the sectional furnace is not displayed. A vacuum-tight housing allows 
for measurements under defined gas atmospheres or under vacuum down to 
the range of 10-4 mbar.

There are two versions of the type [5] GHP both particularly suitable for 
insulation materials with thermal conductivities in the range between about 
1·10-3 W/(m·K) and 1 W/(m·K). The low-temperature version, which is for 

Figure 1
Type [5] guarded hot plate (GHP) apparatus in opened state for two specimen (not displayed) 
sandwiched between hot plate (1) and guard ring (2) in the center and the lower (3) and upper 
cold plate (4) from below and above. 
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the range between -160°C and 250°C mean specimen temperature, has 
plates made of aluminum alloy while the high-temperature version for the 
range between -160°C and typically 600°C maximum specimen tempera-
ture has plates made of tungsten alloy. For this work, three high-temperature 
versions of type [5] GHP were used where two were equipped with 29 
sheathed type N thermocouple temperature sensors, respectively, and one 
instrument with 29 sheathed type Pt100 temperature sensors. The noise of 
both kinds of temperature sensors is in the lower mK range, the temperature-
dependent accuracy discussed below is also similar for both kinds. The  
type N thermocouples are significantly more robust at higher temperatures 
than the Pt100 sensors used. Due to the smaller temperature range, the accu-
racy of the type Pt100 temperature sensors built in the low-temperature ver-
sion of the type [5] GHP is slightly higher. This leads to a slightly higher 
accuracy regarding thermal conductivity measurements compared to the 
high-temperature version focused in this work. 

In the temperature range between -160°C and 60°C, the cold plates of the 
GHPs as well as the sectional furnace were cooled using LN2 while air cool-
ing was applied in the temperature range between 100°C and 300°C. Above 
300°C, measurements were done without any active cooling. 

Certified reference materials for insulating materials, IRMM-440 [1] and 
SRM 1450D supplied by NIST [2], were measured in the temperature range 
between -160°C and 60°C using different DT values of 10, 20 and 30 K. 
Measurements were carried out in a GHP [5] equipped with thermocouples. 
The resin-bonded glass fiber boards IRMM-440 with dimensions of (300 × 
300 × 34.4) mm3 have densities in the range between 65 kg/m3 and 75 kg/m3. 
Type SRM 1450D specimen with dimensions of (300 × 300 × 24.5) mm3 and 
densities in the range between 114 kg/m3 and 124 kg/m3 are resin-bonded 
fibrous glass boards, too. Rigid spacers made of calcium silicate were placed 
in the corners in order to ensure a defined thickness of the compressible type 
IRMM-440 and SRM 1450D specimen. 

GHP measurements on SilCal1100 [3] were carried out in the temperature 
range between 0°C and 700°C using different DT values of 10, 20 and 30 K, 
too. Two type [5] GHPs both equipped with thermocouple temperature sen-
sors as well as a further GHP [5] equipped with Pt100 temperature sensors 
were applied. The SilCal1100 specimen used for this work were supplied  
as (300 × 300 × 30) mm3 plates with a density of (250 ± 15) kg/m3. The Sil-
Cal1100 specimen were furthermore treated at 850°C for 12 hours by the 
supplier. 

The expanded glass granulate [4,7] was measured in the temperature range 
between 50°C and 500°C at DT = 30 K using a GHP [5] equipped with ther-
mocouple temperature sensors. This insulating microporous granular mate-
rial with grain sizes of 1-2 mm and a loose bulk density of (220 ± 20) kg/m3 
is temperature resistant at least up to 550°C. Two calcium silicate frames 
were applied for lateral confinement; their height of 52 mm defined the thick-
nesses of the two specimen measured. 
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After insertion and before the measurements started, all specimen were 
conditioned in the GHP instruments by heating them up under vacuum to 
60–70°C in case of IRMM440 and SRM 1450D, and up to about 100–120°C 
in case of SilCal1100 and expanded glass granulate. After about one hour, the 
GHPs were backfilled and purged again with dry nitrogen gas but still kept at 
these temperatures for about another four hours. This procedure should mini-
mize the influence of moisture on the measured thermal conductivity values. 
It was experienced that a significantly longer duration of the conditioning 
procedure of 48 hours did not reveal significantly different results. Second or 
third heating experiments furthermore confirmed the first heating results also 
indicating sufficient conditioning of the specimen.

3 The oretical Considerations

Since a GHP is measuring under steady-state conditions, the thermal conduc-
tivity l is according to Fourier’s law for one dimension

	 l =
⋅
⋅

Q d

A T2 D
	 (1)

where Q is the entire heating power flowing from the hot plate symmetrically 
through both samples, A is the effective metering area of the hot plate which 
is delimited by the center line of the gap between hot plate and guard ring, d 
is the mean thickness of the two specimen used in the double-sided mode  
and DT T Thp cp= -  the mean temperature difference between the hot plate 
and the cold plates and thus the gradient across the specimen. Equation (1) is 
valid for a GHP with symmetrical arrangement of two identical specimens 
with the same thickness and the same temperature gradient between the hot 
and cold side, respectively. The thermal conductivity l should furthermore 
have a linear temperature dependence in the temperature range between Thp 
and Tcp which is limiting the maximum value of DT that should be applied. 
The mean specimen temperature Tmean is defined as ( ) /T Thp cp+ 2. The guard 
ring temperature Tgr is nominally equal to Thp in order to eliminate heat flows 
in lateral direction. 

Detailed analysis of the uncertainties in particular GHP instruments was 
carried out earlier [15,16]. According to ASTM C177, the relative uncertainty 
u(l)/l should be expressed in the following way [11]:
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Equation (2) which is in accordance with GUM (guide to the expression of 
uncertainty in measurement [17] is the combined standard uncertainty (cov-
erage factor k = 1). The uncertainty of the thickness u(d) is limited by the 
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accuracy of the thickness determination, which is in the range of ±0.15 mm 
for the specimen of this work, and the temperature dependence of the thick-
ness described by the expansion coefficient of the calcium silicate samples 
and spacers (see above) which is of the order of 5·10-6 K-1. The temperature-
dependent uncertainty of u(A) is mainly due to the thermal expansion of the 
plate material where we assume an expansion coefficient of 5·10-6K-1 for the 
tungsten alloy used for the plates of the type [5] GHP. Estimated values  
of u(d)/d and u(A)/A can be seen from table 1. 

The uncertainty u(DT) significantly depends on the temperature- 
dependent uncertainty of the temperature sensors where it is useful to distin-
guish between systematical and statistical uncertainty as illustrated in figure 
2. The systematic uncertainty of the temperature calibrated sensors is about 
±0.5 K in the whole temperature range which is about the uncertainty of 
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where nhp and ncp are the number of temperature sensors in the hot plate and 
in each of the two cold plates (nhp = 9 and ncp = 5 in case of the type [5] GHP) 
and u(Ti) is the statistical uncertainty of each individual temperature sensor 
which means the mean deviation among the sensors. The factor 2 in equation 
(3) is due to the fact that there are two cold plates and the mean cold plate 

temperature is T T Tcp cp cp= ⋅ +( )1 2 1 2 . The uncertainty u T syst( )D  is the differ-

ence of the systematic uncertainties of the temperature sensors between Thp 
and Tcp as indicated in figure 2 where we assume u T syst( ) .D = ±0 1K as con-
stant. Using the values u T Ki i( ) .= ± - ° ±0 4 160at C, ( ) 50 mKu T =  at room 
temperature and u(Ti) = ±0.7 K at 700°C, where these values are experimen-
tally observed for the type [5] GHP, one obtains u(DT) = ±0.21 K at -160°C, 
u(DT)  =  ±0.10 K at room temperature and u(DT)  =  ±0.34 K at 700°C. 
Relative uncertainties u(DT)/DT for DT = 20 K can be seen from table 1.

The relative uncertainty u(Q)/Q consists of two contributions: One con-
stant part u(Q)el /Q being due to the uncertainty of the electrical power  
measurement can be estimated to about ±0.2%. The second part u(Q)gap /Q 
depending again on the measurement conditions is due to parasitic heat flows 
mainly due to so called gap imbalance between the hot plate and guard ring 
leading to an undesired heat flow in lateral direction and thus to an uncer-
tainty u(Q)gap [11,12]. The gap imbalance u(Thp - Tgr) can be calculated to
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Figure 2
Uncertainty of an ensemble of GHP temperature sensors at Thp and Tcp (illustration). The distance 
between the peak temperatures and Ttrue is the systematic uncertainty, respectively, which differs 
at Thp and Tcp by a value of u(DT)syst. The value u(Ti) is the statistical uncertainty of an individual 
sensor reflected by the mean deviation among the sensors (see text).

Table 1
Uncertainty values of a GHP [5] at three different mean temperatures and λ-values where 
d = 30 mm, A = 0.0225 m2, u(Q)el  /Q = ±0.2% and DT = 20 K was assumed for all cases. The 
uncertainties u(Ti) of the individual temperature sensors are experimentally observed values 
whereas u(d)/d, u(A)/A, u(DT)/DT, u(Q)gap  /Q and the combined standard uncertainty u(l)/ l are 
calculated (coverage factor k = 1, see text.) 

u(d)/d u(A)/A u(Ti) u(DT)/DT u(Q)gap   /Q u(l)/ l

Tmean = -160°C 
l = 0.013 W/(m·K)

±0.6% ±0.2% ±0.4 K ±1.1% ±5.0% ±5.1%

Tmean = 25°C 
l = 0.03 W/(m·K)

±0.5% ±0.1% ±50 mK ±0.5% ±0.5% ±0.9%

Tmean = 700°C 
l = 0.16 W/(m·K)

±0.8% ±0.7% ±0.7 K ±1.7% ±9.2% ±9.4%

where ngr is the number of temperature sensors in the guard ring (ngr = 8 in 
case of the type [5] GHP). In contrast to equation (3), the systematic error of 
the temperature sensors plays no role for u(Thp - Tgr) expressed in equation 
(4), because Thp ≅ Tgr. The relationship between gap imbalance u(Thp - Tgr) 
and its consequence u(Q)gap can be expressed as u(Q)gap = C(T) · u(Thp - Tgr). 
The temperature-dependent quantity C(T) which depends on the apparatus 
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design but also on the properties of the specimen can be estimated theoreti-
cally [16,18] but also measured directly by means of intentionally applied 
gap imbalance [16,19]. We measured for NIST1450D at -160°C and 25°C 
and for SilCal1100 at 700°C values for C(T) of 0.1, 0.2 and 1.3 W/K leading 
to values of u(Q)gap of approximately 0.019 W, 0.005 W and 0.442 W at those 
temperatures. Mostly due to the increasing uncertainty u(Ti) of the tempera-
ture sensors, u(Q)gap /Q is increasing considerably at lowest and highest tem-
peratures (see table 1) clearly exceeding the 0.5% maximum allowed value of 
ISO 8302 [12]. On the one hand, ISO 8302 might not be written for a tem-
perature range as wide as -160°C…700°C. On the other hand, the impact of 
gap imbalance could in principle be eliminated by an active correction of the 
heating power as described in [15]. However, it is unclear if such corrections 
were in accordance with standards like [11–13]. In this work, no such power 
corrections or any other corrections are applied. 

One can calculate a relative uncertainty u(l)/l  =  ±5.1% assuming  
Tmean  =  -160°C, DT  =  20 K, d  =  30 mm, and l  =  0.013 W/(m·K). For 
Tmean  = 25°C, DT = 20 K, d = 30 mm, and l =  0.03 W/(m·K), one obtains 
u(l)/l = ±0.9%; for Tmean = 700°C, DT = 20 K, d = 30 mm, and l =  0.16 W/
(m·K), one obtains u(l)/l = ±9.4%. These numbers summarized in table 1 
are at 25°C and -160°C in accordance with the demands of, e.g., ISO 8302 
[12] of ±2% at room temperature and ±5% at maximum temperature of the 
apparatus. At 700°C, a higher value of DT than 20K has to be used in order 
to decrease the uncertainty of ±9.4% to a lower value (see below). For exam-
ple for DT = 30 K one obtains u(l)/l = ±6.3%, and for DT = 40 K one 
obtains u(l)/l = ±4.7%. As mentioned above, the uncertainties u(l)/l are 
combined standard uncertainties (coverage factor k = 1), respectively. 

It is, however, important to emphasize that the actual uncertainty u(l) and 
also u(l)/l strongly depends on the measurement conditions – in particular 
on the specimen’s thermal conductivity and thickness, the mean specimen 
temperature and DT used. The latter is a key parameter for investigation of 
the actual uncertainty of l through experiments [19]. Introducing the decisive 
uncertainties u(Q) and u(DT) into equation (1) one obtains

	 l l+ =
+ ⋅

⋅ +
u

Q u Q d

A T u T
( )

( ( ))

( ( ))2 D D
	 (5)

and it can be seen that with increasing DT (leading also to an increase of Q), 
the uncertainties u(DT) and u(Q) get less important and thus u(l)/l will 
decrease. It is thus recommended to measure l-values at different values of 
DT and to consider the dependence of l on DT and also the l-value l∞ 
extrapolated for DT → ∞ or in practice 1/DT → 0 as it is shown in [19].

Another, not yet mentioned uncertainty of the measured thermal conduc-
tivity l is due to the contact resistances between the specimen and the hot  
and cold plates of the GHP instrument depending mostly on the specimen’s 
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surfaces and hardness [20]. Contact resistances have a smaller impact on the 
measured l the higher the thermal resistance of the specimen is; this can be 
achieved by a larger specimen thickness d and a smaller l of the sample. In 
principle, contact resistances could be determined by measuring l at different 
thicknesses of the same sample material [11]. Since the heating power Q and 
thus u(Q)/Q depends according to equation (5) on the specimen thickness d, 
we suggest to measure l for each specimen thickness also for several values 
of DT and consider l∞ as a function of d or 1/d. This procedure is beyond the 
scope of this work and the l-values presented can be regarded as effective 
l-values including also the impact of contact resistances. 

In summary, it is - apart from measurements of l at different values of DT, 
generally recommended to work at sufficiently large specimen thicknesses in 
order to minimize the relative uncertainty u(d)/d and also the impact of con-
tact resistances. But at the same time, the heating power Q and temperature 
gradient DT should be sufficiently high in order to minimize u(Q)/Q and 
u(DT)/DT. This leads finally to a compromise where the magnitude of the 
values of DT is adjusted depending on the magnitudes of l and d of the 
specimen.

4  Experimental Results and Discussion

The thermal conductivity l of the certified reference material IRMM-440 [1] 
was measured in the temperature range between -160°C and 50°C. The inset 
of figure 3 shows that the l-values measured between -10°C and 50°C using 
different values of DT and the values extrapolated for DT → ∞ in the way 
described above agree within about ±1% with the reference values. This 
result matches with the combined standard uncertainty discussed above. The 
l-values measured at -50°C, -100°C and -160°C decrease approximately 
linear with decreasing temperature as it is also observed for the dataset mea-
sured by DFT (Dipartimento di Fisica Tecnica, Padova, Italy) reported in [1]. 
At these temperatures, the results of this work are within ±5% in agreement 
with the dataset measured by DFT (see figure 3). 

The corresponding results for the standard reference material SRM 1450D 
[2] depicted in figure 4 are qualitatively very similar to those obtained for 
IRMM-440 discussed above. There is again good agreement with the certi-
fied values within about ±1%. It must be noted that SRM 1450D has by about 
6% higher l-values compared to IRMM-440. 

The thermal conductivity l of the insulating material calcium silicate type 
SilCal1100 described above was also measured using a GHP [5] equipped 
with thermocouple temperature sensors at different values of DT of 10, 20 
and 30 K (see figure 5). Exactly the same pair of specimen plates was also 
measured at the certified research institute FIW (Forschungsinstitut für 
Wärmeschutz e.V. München [21]) using one of their GHP instruments with a 
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Figure 3
Temperature-dependent thermal conductivity λ of IRMM-440 measured with GHP at different 
values of ΔT of 10, 20 and 30 K and the resulting λ-values extrapolated to ΔT = ∞ in compari-
son with the certified reference values (full line) with an uncertainty of ±0.9% (dashed lines). 
The dotted line represents a supplementary dataset (“DFT”) from the certification report [1]. 

nominal uncertainty of ±3%. Their GHP unit was designed and is nominally 
measuring according to ASTM C177 [11]. At 50°C, our thermal conductivity 
results measured at different values of DT and also the l-value measured by 
FIW are each in the range between 0.082 and 0.083 W/(m·K) indicating the 
high accuracy of about 1% of both instruments under these measurement 
conditions. With increasing temperature of up to 600°C, the difference 
between our results and the l-values measured by FIW increases up to about 
4%. The difference between the l-value measured at 600°C with DT = 30 K 
and the value extrapolated to DT = ∞ is about 5% which is also in accor-
dance with estimations above for the type [5] GHP at high temperatures. 
The thermal conductivity l of SilCal1100 was recently investigated in detail 
in terms of an interlaboratory comparison with seven participating laborato-
ries [6]. By means of various stationary and instationary methods using vari-
ous specimen geometries, 14 datasets were measured in the temperature 
range between room temperature and about 800°C. Those results represented 
by the solid line in figure 5 are in the range of 0.085W/(m·K) at room tem-
perature and 0.155 W/(m·K) at 700°C where the relative uncertainty increases 
from ±3.5% to ±6.5%. It can be seen that the thermal conductivity values 
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measured on the SilCal1100 specimen of this work are clearly lower than the 
mean l-values from the interlaboratory comparison. Systematically different 
results between stationary methods like GHP and instationary methods both 
contributing to the interlaboratory comparison were, however, not observed 
[6]. Therefore, we measured three further pairs of SilCal1100 specimen from 
the same batch under the same conditions using the same type of instrument 
(a further type [5] GHP equipped with thermocouple temperature sensors) in 
order to check the reproducibility. A summary of these results is shown in 
figure 6: These specimen sets revealed l-values with parallel shifts of about 
±3% relative to each other. It is important to note that the repeatability of a 
measurement of the same pair of specimen in the same instrument is better 
than 1%. The same pair of specimen C+D did even – within 1–2% – reveal 
the same l-values when measured in another instrument of the same type [5] 
(see figure 6). This indicates on the one hand that different GHP instruments 
of this type measure comparable l-values when using exactly the same spec-
imen. On the other hand, the shift of our results shown in figure 5 compared 
to the interlaboratory results is thus mostly due to the differences between 
each individual specimen used. These differences might be due to sample 

Figure 4
Temperature-dependent thermal conductivity λ of NIST SRM1450D measured with the GHP at 
different values of ΔT of 10, 20 and 30 K and the resulting λ-values extrapolated to ΔT = ∞ in 
comparison with the certified NIST reference values (full line) with an uncertainty of ±1% 
(dashed lines).
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inhomogeneities but also due to slightly different contact resistances between 
the specimen and plates of the GHP. Our mean thermal conductivity data on 
all type SilCal1100 specimen measured are also systematically smaller than 
the mean values of the recent interlaboratory comparison by about 3% (see 
figure 6). This observation could be explained by the fact that the type  
SilCal1100 specimen used for the interlaboratory comparison were not from 
the same batch as our specimen. Our results on various specimen from the 
same batch do furthermore suggest that the uncertainty of the results of the 
interlaboratory comparison is also significantly due to the differences between 
each individual specimen since all the participating laboratories used differ-
ent specimen prepared from the same material [6]. 

Further conclusions regarding the accuracy of thermal conductivity testing 
instruments – especially the type of GHP discussed in this work – can be 
drawn from the test results obtained for a particular expanded glass granulate 
described in detail above [4,7]. Figure 7 depicts the thermal conductivity val-
ues in the temperature range between 50°C and 500°C in comparison with the 
VDI/Keymark data for this material. The latter which represent a collection 

Figure 5
Temperature-dependent thermal conductivity λ of SilCal1100 measured with a GHP at different 
values of ΔT of 10, 20 and 30 K and the resulting λ-values extrapolated to ΔT = ∞ in com-
parison with the results measured at FIW using exactly the same pair of specimen. The solid line 
represents the mean λ-values from an interlaboratory comparison [6] of type SilCal1100 sam-
ples, the dashed lines the relative uncertainty of these results increasing from ±3.5% at room 
temperature to ±6.5% at 700°C.
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of 195 data points measured using various different techniques such as GHP, 
hot bridge, hot wire etc., and using different specimen geometries have an 
uncertainty of ±3%. The mean deviation of a recent interlaboratory compari-
son [7] to which again several different measurement techniques contributed 
was about ±6%. The GHP data of this work are within about ±3% in agree-
ment with the mean VDI/Keymark data. The combined standard uncertainty 
(coverage factor k = 1, see considerations above) of the thermal conductivity 
values is represented by the uncertainty bars with a magnitude of about ±1% 
at 50°C and ±5% at 500°C. 

5  Conclusion

GHP measurements of the thermal conductivity of the certified reference 
materials IRMM-440 [1] and SRM 1450D [2] revealed an accuracy of the 
instrument of about ±1% in the certified temperature interval between -10°C 
and +60°C and about ±5% in the temperature range between -160°C and 
-50°C. A comparison between the thermal conductivity results on various 

Figure 6
Temperature-dependent thermal conductivity λ of three pairs of SilCal1100 specimen from the 
same batch measured with the same GHP instrument (equipped with thermocouple temperature 
sensors). An exception is dataset (*) which was measured in another GHP unit of the same type 
(equipped with type Pt100 temperature sensors). For clarity, just the λ-values extrapolated to 
ΔT = ∞ are displayed. The solid line represents the mean λ-values from an interlaboratory 
comparison [6] of type SilCal1100 samples, the dashed lines the relative uncertainty of these 
results increasing from ±3.5% at room temperature to ±6.5% at 700°C.
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calcium silicate type SilCal1100 [3] specimen, which were measured with 
three different type [5] GHP instruments, and comparative measurements 
done at the research institute FIW [21] using another type of GHP, and fur-
thermore the results of a recent interlaboratory comparison [6] showed that 
the GHP instruments have an accuracy of about ±1% at room temperature 
increasing up to about ±5% at 700°C. Measurements on expanded glass 
granulate [4] with well known thermal conductivity [7] revealed an accuracy 
of the GHP instrument of about ±3% in the temperature range between 50°C 
and 500°C. It should, however, be emphasized again that the nominal thermal 
conductivity values of the samples investigated have also an uncertainty 
which is in the same range as the accuracy values of the GHP instruments 
discussed above. For an entirely proven accuracy, one may thus multiply the 
accuracy figures above by a factor of 2.

The observed accuracy of the GHP instruments is in agreement with the 
combined standard uncertainty (coverage factor k = 1) discussed. It must be 
noted, however, that the accuracy of a GHP generally depends on the speci-
men properties, especially on the actual thermal conductivity and thickness 
of the specimen but also on the measurement conditions applied. The  

Figure 7
Temperature-dependent thermal conductivity λ of expanded glass granulate measured with a 
GHP at ΔT = 30 K in comparison with the mean VDI/Keymark data for this material (full line). 
The dashed lines represent the uncertainty of the VDI/Keymark data of ±3%, the dotted lines the 
mean deviation of ±6% of the 14 datasets contributed to a recent interlaboratory comparison [7].
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temperature-dependent accuracy of the plate and guard temperatures as well 
as the magnitude of the temperature gradient DT across the specimen are 
predominant impact factors. Measurements of the thermal conductivity at 
different values of DT are recommended for an experimental indication of 
the actual uncertainty. The magnitude of DT is typically used for an adjust-
ment of the heating power which should be sufficiently high.

Both SilCal1100 and the expanded glass granulate are candidates for a 
standard material for insulating materials at high temperatures. In case  
of SilCal1100, we found as a drawback that different specimen from the  
same batch revealed significantly different thermal conductivity values: The 
l-values measured in the temperature interval between 0°C and 700°C 
showed parallel shifts in the range of about ±3%. The expanded glass granu-
late has the disadvantage that specimen preparation is time-consuming. 

References

  [1]	 IRMM-440 – Certification of a Resin-Bonded Glass Fibre Board for Thermal Conductivity 
between -10°C and +50°C, Report EUR 19572 EN, European Commission, Joint 
Research Centre, Institute of Reference Materials and Measurements (IRMM), Retieseweg 
11, B-2440 Geel, Belgium.

  [2]	 National Institute of Standards & Technology (NIST), Office of Reference Materials, 100 
Bureau Drive, Gaithersburgh, MD20899.

  [3]	 CALSITHERM Silikatbaustoffe GmbH, Hermann-Löns-Str. 170, D-33104 Paderborn, 
Germany.

  [4]	 Liaver GmbH & Co. KG, Gewerbepark “Am Wald” 17, D-98693 Ilmenau, Germany.
  [5]	 NETZSCH GHP 456 Titan®, NETZSCH Gerätebau GmbH, Wittelsbacherstr. 42, D-95100 

Selb, Germany.
  [6]	 H.-P. Ebert and F. Hemberger, Intercomparison of Thermal Conductivity Measurements  

on a Calcium Silicate Material, International Journal of Thermal Sciences. 50, 1838–1844 
(2011).

  [7]	 R. Schreiner, E.-G. Hencke and H.-P. Ebert, Intercomparison of thermal conductivity mea-
surements on an expanded glass granulate in a wide temperature range, International Jour-
nal of Thermal Sciences. 95, 99–105 (2015).

  [8]	 B. P. Jelle, Traditional, state-of-the-art and future thermal building insulation materials  
and solutions – Properties, requirements and possibilities, Energy and Buildings. 43, 2549–
2563 (2011) 

  [9]	 J. E. Fesmire, Cryogenics. 46, 111–117 (2006).
[10]	 M. Wiener, G. Reichenauer, S. Braxmeier, F. Hemberger, and H. P. Ebert, Carbon Aerogel-

Based High-Temperature Thermal Insulation, International Journal of Thermophysics, 
30(4), 1372–1385 (2009).

[11]	 ASTM C177, Standard Test Method for Steady-State Heat Flux Measurements and Ther-
mal Transmission Properties by Means of the Guarded-Hot-Plate Apparatus. 

[12]	 ISO 8302, Thermal insulation – Determination of steady-state thermal resistance and 
related properties – Guarded hot plate apparatus. 

[13]	 DIN EN 12667:2001, Bestimmung des Wärmedurchlasswiderstandes nach dem Verfahren 
mit dem Plattengerät und dem Wärmestrommessplattengerät – Produkte mit hohem und 
mittlerem Wärmedurchlasswiderstand.

[14]	 D. Salmon, Thermal Conductivity of insulations using guarded hot plates, including recent 
developments and sources of reference materials, Measurement Science and Technology. 
12, 89–98 (2001).

[15]	 U. Hammerschmidt. Guarded Hot-Plate (GHP) Method: Uncertainty Assessment. Interna-
tional Journal of Thermophysics. 23, 1551–1570 (2002).



96	 A. Schindler et al.

[16]	 R. Zarr. Assessment of Uncertainties for the NIST 1016 mm Guarded-Hot-Plate Apparatus: 
Extended Analysis for Low-Density Fibrous-Glass Thermal Insulation. Journal of Research 
of the National Institute of Standards and Technology. 115, 23–59 (2010).

[17]	 Guide to the expression of uncertainty in measurement (GUM), ISO/IEC Guide. 98–3: 
2008.

[18]	 F. De Ponte, P. Di Filippo, Design Criteria for Guarded Hot Plate Apparatus, Heat Trans-
mission Measurements in Thermal Insulations, ASTM STP 544, American Society for 
Testing and Materials, 97–117 (1974).

[19]	 U. Heinemann, J. Hetfleisch, R. Caps, J. Kuhn and J. Fricke, Evacuable Guarded Hot Plate 
for Thermal Conductivity Measurements between –200°C and 800°C, Advances in Ther-
mal Insulation, Proceedings of the Eurotherm Seminar no. 44, Espinho, Portugal (1995).

[20]	 S. Vidi, S. Rausch, H. P. Ebert, A. Löhberg and D. Petry, Effective Thermal-Conductivity 
Measurements on Supporting Structures of the Mercury Probe Bepi Colombo, Interna-
tional Journal of Thermophysics. 34, 939–947 (2012).

[21]	 Forschungsinstitut für Wärmeschutz e.V. München, Lochhamer Schlag 4, D-82166 Gräfelf-
ing, Germany.


