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Abstract

The new capabilities of AC calorimetry, when working at frequencies above the classical (quasi-static) limit, were realized.

The method of the Thermal-Waves-Transmission spectroscopy for simultaneous determination of the sample's heat capacity

and thermal conductivity was developed on the basis of the advanced AC calorimetry technique. The idea of the method was

to use the information about the phase and the amplitude of the thermal wave transmitted through a plate-like sample. The

progress in the advanced technique was attained, when the thermal contact conductance was measured and taken into account.

It was shown, that the Thermal-Waves-Transmission spectroscopy can be applied for various substances with thermal

conductivity varied in the broad range 0.1±500 W/m K. # 2000 Elsevier Science B.V. All rights reserved.

Keywords: Temperature-modulated calorimetry; Thermal conductivity; Thermal contact conductance; Thermal-Waves-Transmission

spectroscopy; Dynamic heat capacity

1. Introduction

Investigation of phase transitions and relaxation

phenomena in inorganic materials, polymers and bio-

logical objects is important for understanding their

physics, as well as for providing practically valuable

information on these substances. AC calorimetry is a

powerful technique, which was successfully used for

phase transitions investigation and time-dependent or

frequency-dependent heat capacity measurements in

condensed matter systems [1±13].

Recently, the new capabilities of AC calorimetry,

when working at frequencies above classical limit,

were demonstrated [12,13]. The advanced AC calori-

metry was developed on the basis of the classical AC

calorimetry technique. The idea of the method was to

use the information about the phase and the amplitude

of the temperature wave transmitted through a plate-

like sample for simultaneous determination of the

sample's heat capacity CS and thermal conductivity

lS. It was shown, that the AC calorimeter, described in

[14,15], can be used at relatively high frequencies,

when the temperature oscillations in the sample are

not quasi-static. In this calorimeter an oscillating heat

¯ow P0 cos(ot) is supplied to one side of the sample,

and the temperature oscillations T0 sin(ot � j) are

measured on the other side. The two parameters, CS

and lS, can be determined from the two measured

values, the amplitude T0 and the phase j of the

transmitted temperature wave. The mathematical

algorithm to do so was presented in the paper [12].

Moreover, using the information about the amplitudes

T01 and T02 as well as the phases j1 and j2 on both

sides of the sample, one can obtain simultaneously the

complex heat capacity CS(o) and the complex thermal
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conductivity lS(o), i.e. four parameters: Re(CS),

Im(CS), Re(lS) and Im(lS). Thus, the improvement

of classical AC calorimetry has brought up a novel

method: Thermal-Waves-Transmission spectroscopy.

Its physical mechanism is transmission of thermal

waves through a sample.

The advanced AC calorimetry was successfully

applied to studies of polymer materials [12,13]. The

ideal thermal contact of the sample with the calori-

meter cell was assumed in [12,13]. This approxima-

tion was suf®cient for polymers Ð the materials with

relatively low thermal conductivity. Usually, after ®rst

melting±crystallization cycle polymers provide a good

and stable thermal contact due to nice adhesion with

substrate. On the other hand, the thermal contact

should be formed by a liquid-like material in the case,

when the sample cannot be melted. The thermal

conductance of a dry thermal contact is relatively

low and irreproducible. This conductance depends

on the ambient gas pressure as well as on the sam-

ple±substrate pressure. Thus, when dealing with

solids, a good thermal contact can be made by forming

a thin layer of some adhesive surfactant between the

sample and substrate. The vacuum grease, apiezon,

can be used for this purpose. The grease layer can be

made with reproducible thickness. Furthermore, the

relatively small temperature gradient in the thin grease

layer can be neglected, provided a sample with low

thermal conductivity, lS <1 W/m K, is investigated.

But this approximation cannot be applied for materials

with higher thermal conductivity.

The aim of this work is to further advance an AC

technique, taking into account the thermal contact

conductance on the sample's faces. To focus on the

thermal contact conductance, we consider only the

case of the frequency independent sample's para-

meters CS and lS. To determine the parameters CS

and lS simultaneously, it is suf®cient to measure

temperature modulation on one side of the sample,

which is opposite to the heated sample's surface. It is

noteworthy, that the method can be applied for the

case of complex sample's parameters, provided tem-

perature modulation amplitudes are measured on both

sides of the sample.

In the next section we present the description of the

physical principles of the method and the mathema-

tical algorithm of CS and lS calculations from the

measured complex amplitude of the temperature mod-

ulation. The calibration of the calorimeter and the

thermal contact conductance is described in the third

section. The fourth section is devoted to the experi-

mental investigation of the thermal contact reprodu-

cibility and the measurements linearity relative to the

sample's thickness. In the ®fth section the experimen-

tal results for materials with different thermal con-

ductivity are presented. The errors of the method are

considered in this section.

2. Description of the method

The calorimeter cell Ð the system for excitation

and registration of temperature modulation in a disk-

shaped sample Ð consists of a heater, a sensor, and a

holder. The sample is placed between the heater and

the sensor substrates, as it is shown in Fig. 1. Thin

layers of vacuum grease (apiezon) are used for pro-

viding good thermal contacts at the sample's faces.

The heater and the sensor are formed on the surfaces

of polished sapphire disks of 3.0 mm diameter and of

thickness 100 mm. The heater is a chromium ®lm ca.

0.1 mm, sputtered on the ®rst sapphire substrate. Cop-

per contact pads are sputtered on the ®lm, and copper

wires of 50 mm diameter are welded to the pads. The

power of the resistive heater equals P0(1 � cos ot),

where o/2 is the angular frequency of the electric

current and P0 the average power of the heater. To

form the sensor, a copper ®lm is sputtered on the

second sapphire substrate. The thermocouple (Cu±

Cu:Fe) wires of 50 mm diameter are welded to the

copper ®lm. The sensor is glued on a silk net, which

serves as holder. Thus, the system consists of six

layers, including sample and two grease layers.

This layered system is heated by uniform heat ¯ow

of oscillating rate P � P0 cos(ot). The ¯ow is applied

to the outer face of the ®rst layer at z � 0 and

propagates through the system along z-axis. The

cross-section area S of the system is independent on

z. Provided the heat leakage through the periphery of

the system is negligible, the plane thermal waves

T � Re[T0 exp(iot � kz)] propagate across the sys-

tem, where k � exp(ip/4)(oc/l)1/2, c, speci®c heat

capacity and l, thermal conductivity of the material.

In other words k � (k � ik)/
���
2
p

, where k � (oc/l)1/2.

Thus, the wave number and the damping coef®cient of

these waves are equal to k/
���
2
p

. Stationary oscillating
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solution of the heat transfer equation without heat

sources can be written as follows: Re{exp(iot)

[a sinh(kz) � b cosh(kz)]}. Therefore the thermal

wave Ti(z) � exp(iot) {ai sinh [ki(z ÿ xi)] � bi cosh

[ki(z ÿ xi)]} is excited in ith layer, where xi the

coordinate of ith boundary. The complex coef®cients

ai and bi are determined by boundary conditions for

temperature and heat ¯ow amplitudes on faces of ith

layer. The amplitude and the phase of the thermal

wave propagating through the sample is measured.

The complex amplitude TA of the temperature mod-

ulation is measured on the surface between the sensor

and the holder in the calorimeter considered in this

paper.

In general, the following effective heat capacity is

measured in classical AC calorimetry:

Ceff � P0=�ioTA�; (1)

which is proportional to the heat-¯ow amplitude P0

and inversely proportional to the measured complex

amplitude TA. Of course, at suf®ciently low frequen-

cies the effective heat capacity Ceff equals the sum of

the sample's heat capacity CS and the heat capacity of

the empty cell, provided the temperature modulation

is quasi-adiabatic. The phase shift j � ÿArg (Ceff)

between the temperature modulations in the heater and

in the sensor equals zero at these conditions. In fact,

the phase shift between the heat-¯ow and TA equals

j ÿ p/2. As the trivial phase lag p/2 is not of interest,

we consider the phase shift j between temperature

modulations on the both sides of the system. At higher

frequencies the relation between the measured Ceff

and CS is complicated.

As it was shown in [12], provided the heat leakage

into the wires of the thermocouple and through the

periphery of the system is negligible, the measured

Ceff for the system consisting of n layers can be

expressed as follows:

Ceff � cosh�a1� � � � cosh�anÿ1��C1 tanh�a1�=a1

� � � � � Cn tanh�an�=an � G=io� B�;
(2)

where ai � exp(ip/4)ai; ai � diki, the parameter char-

acterizing the thermal length of the ith layer; di the

thickness of the ith layer; Ci, heat capacity of the ith

layer; G, ambient gas depending constant, character-

izing the heat-link between the system and the ther-

mostat. The cross terms are presented by the sum

B � B3 � B5 � � � � � B2m � 1, where 2m � 1 � n.

Fig. 1. Schematic cross-sectional view of the calorimeter cell. The heater 1, the sample 2 and the sensor 3 are ®xed on the thin silk net 4,

which is stretched on the cylinder holder 5. The thin grease layers 6 are formed for the stable heat contacts. The cell is put into the thermostat

7.
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Denote bab � laka/lbkb, then Bi can be written as

follows:

B3 �
X
�Ca=aa�bcb tanh�aa�tanh�ab�tanh�ac�;

(3)

B5 �
X
�Ca=aa�bcbbed tanh�aa�tanh�ab�

� tanh�ac�tanh�ad�tanh�ae�;
and so on for all indexes, such as a < b < c < d < e. . .
The sum B3 is taken over all combinations of three

elements from n, i.e. over C3
n elements, B5-over all

combinations of ®ve elements from n, over C5
n ele-

ments, and so on. The cross terms are relatively small

at suf®ciently low frequencies. In fact, at low frequen-

cies B3 decreases as o and B5 as o2. Since, tan-

h(ai) � ai at small ai, and ai �
����
o
p

. It is noteworthy

that the Eq. (2) was obtained in general case, when the

sample's heat capacity and thermal conductivity can

be complex.

Consider the Heater±Sample±Sensor±Holder sys-

tem consisting of six layers, including two grease

layers between sample and heater as well as between

sample and sensor. Note that the heater and the sensor

are formed on the equal sapphire substrates. That is

why, we denote C0 and d0 the total heat capacity and

the total thickness of two substrates, c0 and l0 speci®c

heat capacity and thermal conductivity of sapphire.

Denote the parameters of the holder and of the grease

layer in the same manner with subscripts `h' and `g'.

In the case of six layers, at n � 6, the sum B in Eq. (2)

equals B3 � B5, where B3 is the sum of 20 elements,

and B5 the sum of six elements. Eqs. (2) and (3) can be

simpli®ed, if we take into account that the grease layer

is relatively thin, dg ca. 4 mm, and Cg� C0. Thus, the

terms from B3, which are proportional to bgi, can be

neglected, because agbgi proportional to Cg. On the

other hand, the terms from B3, which are proportional

to big, cannot be neglected. Note, that agbig � (io�Ci)/

(KgaI), where Kg � S(lg/dg) the thermal conductance

of the grease layer. Denote K0 � S(l0/d0) the thermal

conductance of the sapphire substrates, tg � C0/Kg

and t0 � C0/K0 the characteristic times of thermal

relaxation in the system. In fact, at room temperatures

tg ca. 10ÿ2 s and t0 ca. 5 � 10ÿ3 s. Thus, tg > t0 in

spite of small thickness dg.

Consider Eqs. (2) and (3) at modulation frequency

f � o/2p below 100 Hz, when ag� 1 and tan-

h(ag) � ag. In this case, the cross terms from B5

can be neglected within 4% accuracy. In fact, the

main term in the sum B5 is (C0/a0) bSg bh0 tanh(aS)

tanh(ag) tanh(ah) [tanh(a0/2)]2, which is equal to e
[CS tanh(aS)/aS], where e � (iotg) (iot0) (Ch/C0)

[tanh(ah)/ah] [tanh(a0/2)/a0]2 and e� 1. Actually, this

term can be neglected at any temperatures and fre-

quencies below 100 Hz, provided the error ca. 4% is

acceptable. Thus, only the cross terms from B3 are

taken into account. Consider the cross terms (Ca/aa)

bcg tanh(aa) tanh(ag) tanh(ac), which cannot be

neglected. These terms can be written as follows:

(io/Kg) [Ca tanh(aa)/aa] [Cc tanh(ac)/ac]. Then, the

effective heat capacity for the Heater±Sample±Sen-

sor±Holder system at modulation frequencies below

100 Hz can be expressed as follows:

Ceff � cosh�a0�cosh�as�cosh�nag��A0 � Ah

� nCg � G=io� S0 � Sh�; (4)

A0 � �C0 tanh�a0�=a0�
� �1� �iontg� tanh�a0=2�=a0�;

Ah � �Ch tanh�ah�=ah��1� �iontg� tanh�a0�=a0�;
S0 � �CS tanh�aS�=aS�f1� �iontg�tanh�a0�=a0

� ��b0s�2 ÿ 1��sinh�a0=2��2=cosh�a0�g;
Sh � �Ch tanh�ah�=ah���iontSg�tanh�aS�=aS

� �b0S=2� bS0=2�tanh�a0�tanh�aS��;
where tSg � CSKg, n � 2 the number of grease layers,

bS0 � 1/b0S and b0S� (C0aS/(CSa0) by de®nition. Of

course, the obvious relation Ceff � (C0 � Ch � 2Cg

� CS� G/io) follows from Eq. (4) at suf®ciently low

frequencies. In general, the two parameters CS and aS

can be determined from the measured complex Ceff,

provided the other parameters in Eq. (4) are known.

Finally, the thermal conductivity lS is determined

from the following relation: lS � oCSdS=Sa2
S.

3. Calibration of the calorimeter

Consider the effective heat capacity Cemp of the

empty cell consisting of four layers. The expression

for Cemp follows from Eq. (4) at CS � 0, aS � 0 and

n � 1:

Cemp�cosh�a0�cosh�ag��A0�Ah�Cg�G=io�:
(5)
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This is only the parameter G which depends on

ambient gas pressure. But this dependence is very

weak in the pressure range 1±100 Pa. In all measure-

ments the nitrogen gas pressure was ca. 10 Pa and G

was equal to 1.07 mW/K at 300 K. The cell para-

meters G, a0/
���
f
p

, ah/
���
f
p

, C0, Ch, were determined in

advance without a sample. It was found, that the

thermal parameters of the grease layer, ag/
���
f
p

, Kg

and Cg, are related to the dimensionless parameter

p, characterizing the thickness of the layer. The para-

meter p is de®ned as follows: dg � pdg0, where dg0 is

the average grease-layer thickness, ca. 4 mm. This

thickness was reproducible within 10% accuracy.

Denote p0 � 1 the average value of the parameter p,

corresponding to the average thickness. The thermal

parameters, Kg0 � 0.27 � 0.005 W/K, ag0/
���
f
p �

0.051 � 0.001 s1/2 and Cg0 � 0.07 � 0.005 mJ/K, of

the average grease layer at 300 K were determined

from the measurements for the empty cell and for

multilayered systems with equivalent sapphire sam-

ples. In general, Kg � (1/p)�0.27 W/K, ag/
���
f
p � p

0.051 s1/2 and Cg � p 0.07 mJ/K.

Thus, we have six parameters, G, a0/
���
f
p

, ah/
���
f
p

, C0,

Ch and p, for ®tting the experimental dependency

Cemp(T, f) by Eq. (5) at any ®xed temperature in the

broad frequency range 0.1±100 Hz. The experimental

dependencies of the absolute value Cemp(300 K, f) and

of the phase shift j � ÿArg(Cemp) for a normal and a

relatively thin grease layers are shown in Fig. 2. These

experimental curves are well described by Eq. (5) in

the frequency range 0.1±100 Hz at the following

parameters: C0 � 4.3 mJ/K, Ch � 2.05 mJ/K, a0/���
f
p � 0.17 s1/2, ah/

���
f
p � 2.19 s1/2, G � 1.07 mW/K

with p � 0.95 for the ®rst curve and p � 0.70 for

the second. These calibration parameters were deter-

mined within 2% accuracy. To illustrate the in¯uence

of the thermal contact conductance, the curves, cal-

culated for the ideal thermal contact (p � 0), are

shown by dashed lines. As shown in Fig. 2, the thermal

contact conductance has no effect on Cemp(300 K, f) at

frequencies below 10 Hz, but this effect is essential at

ca. 100 Hz.

Once the cell calibration is performed, the

described algorithm makes it possible to carry out

simultaneous measurements of the sample's heat

capacity and thermal conductivity. The measurements

of Ceff vs. frequency were performed at constant heat-

¯ow amplitude P0. Depending on the sample's heat

capacity, P0 was varied in the range 6±20 mW so as

the temperature±modulation amplitude TA to be

approximately the same for samples with different

mass. Indeed, the amplitude TA was decreased with

frequency at constant P0. In all experiments the

amplitude TA was changed in the range from 1 to

Fig. 2. Frequency dependences of measured (squares) and calculated (triangles) effective heat capacity Cemp(300 K) and phase shift

j � ÿArg(Cemp) for empty cell: 1, for the normal grease layer with the thickness parameter p � 0.95; and 2, for relatively thin layer with

p � 0.70. The dashed lines show the dependences for the ideal thermal contact with p � 0.
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10ÿ3 K with frequency variation in the range 0.1±

100 Hz.

4. Thermal contact reproducibility and
measurements linearity

Further, we check the reproducibility of the thermal

contact conductance and of the measurements linear-

ity relative to the sample's thickness. Consider the

results obtained for a set of identical samples. The

samples, received from `̀ Kristallhandel Keplin'', were

polished sapphire disks of 3.0 � 0.01 mm diameter

and of thickness dS � 110 � 5 mm. The disks were cut

out in C-plane of a sapphire single crystal. All para-

meters of these disks were the same as of the cell-

substrates, except thickness. Note, that the thickness

of one cell-substrate equals d0/2 � 100 mm. There-

fore, the sample's parameters were known from the

previous measurements: CS � 0.55�C0 and aS/���
f
p � 0.55 a0/

���
f
p

.

These parameters correspond to the speci®c heat

capacity cS � (3.0 � 0.1) � 106 J/m3 K and the ther-

mal conductivity lS � 27 � 1 W/m K at 300 K. The

error ca. 5% in the sample's thickness leads to the 5%

uncertainty in cS and lS. In this case, other 2%

uncertainties in the calibration parameters, C0 and

a0/
���
f
p

, are insigni®cant. The speci®c heat capacity

is in agreement with the data available in the Hand-

books [16±19] for sapphire at 300 K: c � (2.99±

3.09) � 106 J/m3 K with the density r � 3970±

3985 kg/m3 and the molecular weight m � 101.96.

The thermal conductivity lS � 27 W/m K is smaller

than the value l � 35 W/m K along C-axis at 273 K,

which is presented in [16] for a bulk sapphire. Our

results, obtained for the thin sapphire substrates, are in

agreement with the data presented in [17] for the

analogous thin sample: l � 25.1 W/m K, d � 100 mm

at 300 K. Due to mechanical treatment, the sample

structure is disturbed near the polished faces. This may

be the reason of the relatively small sample's thermal

conductance. The parameters of the all samples in the

following experiment were the same.

The experimental dependencies of Ceff(300 K, f)

and the phase shifts j � ÿArg(Ceff) for one, two and

three sapphire samples as well as for the empty cell are

shown in Fig. 3. These experimental curves are well

described by Eq. (4) in the frequency range 0.1±

100 Hz with the following parameters: CS � n (dS/d0)

C0, aS � n (dS/d0) a0 and n � n � 1, where n � 0, 1, 2,

3 is the number of sapphire samples in the cell; n, the

number of the grease layers. The grease thickness

parameter p was as follows: p � 0.95 for the empty

cell, p � 1.00 for one sapphire sample, p � 1.10 for

Fig. 3. Frequency dependences of measured (squares) and calculated (triangles) effective heat capacity Ceff(300 K) and phase shift

j � ÿArg(Ceff); 0, for the empty cell; 1, for one sapphire sample in the cell; 2, two identical sapphire samples in the cell; and 3, three samples

in the cell. The parameters of the grease layer thickness were as follows: p � 0.95, 1.00, 1.10, 1.01, correspondingly.
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two samples and p � 1.01 for three samples. Thus, the

grease layer thickness is reproducible within 10%

accuracy. It is shown, the experimental results for

sapphire thermal parameters, cS and lS, are indepen-

dent on the number of samples in the cell, that is on the

sample's thickness.

5. Experimental results for various materials and
accuracy

Once the thermal contact conductance is taken into

account, the thermal parameters of materials with

relatively high thermal conductivity can be measured.

Consider the experimental results for a copper mono-

crystalline sample. The sample was the polished disk

of 3.1 � 0.05 mm diameter and 500 � 10 mm thick-

ness. Thus, the uncertainty in the sample's faces area

was ca. 3% and in the volume ca. 4%. The frequency

dependences of measured and calculated effective

heat capacity Ceff(300 K) and of the phase shift

j � ÿArg(Ceff) for this sample are shown in Fig. 4.

The experimental curves are well described by Eq. (4)

in the frequency range 0.1±100 Hz at the following

parameters: CS � 12.9 � 0.1 mJ/K, aS/
���
f
p � 0.113

� 0.005 s1/2 and p � 1.15 � 0.05. These results cor-

respond to the following sample's parameters:

cS � (3.4 � 0.1) � 106 J/m3 K and lS � 420 � 25

W/m K at 300 K. The uncertainty ca. 4% in the

sample's volume leads to 4% error in cS. The uncer-

tainty in lS ca. 6% arises due to 5% error in the

parameter aS and 3% error in the sample's faces area.

These cS and lS are in agreement with the data

available in the Handbooks [16±19]: l � 400±

420 W/m K, density r � 8960 kg/m3, molecular

weight m � 63.55, and c � 384±386 J/kg K, i.e.,

c � (3.44±3.46) � 106 J/m3 K at 300 K.

The relative error of the effective heat capacity

®tting, dCeff � DCeff/Ceff, and the absolute error of

the phase shift ®tting, Dj, are shown in Fig. 4. The

increase of the errors dCeff and Dj with the frequency

can be attributed to the fact, that the cross terms from

the sum B5 were neglected. The ¯uctuations of the

measured Ceff around the mean value are increased

with the frequency also. This growth of the ¯uctua-

tions is attributed to the reduction of TA and of the

Fig. 4. Frequency dependences of measured (squares) and calculated (crosses) effective heat capacity Ceff(300 K) and phase shift

j � ÿArg(Ceff) for single-crystalline copper disk of diameter 3.1 mm and thickness 0.50 mm. The curves correspond to the following

sample's parameters: cS � (3.4 � 0.1) � 106 J/m3 K and lS � 420 � 25 W/m K. The relative error of the effective heat capacity ®tting, dCeff,

and the absolute error of the phase shift ®tting, Dj, are shown in the insert.
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measured signal with the frequency at constant P0. It is

noteworthy that the parameter CS can be determined

from the low-frequency part of Ceff(f) dependence

directly, where the error dCeff < 2%. On the other

hand, the parameter aS/
���
f
p

is determined from the

high-frequency part of the curves j(f) and Ceff(f),

where the error in the curves ®tting reaches 5%.

Therefore, the heat capacity CS is determined within

2% accuracy and the thermal conductivity lS within

5% accuracy.

To show the difference between the following

dependences: Ceff(CS), Ceff(aS), and Ceff(p), consider

the complex derivatives qCeff/qCS, qCeff/qaS, qCeff/

qp. The relative variations of the effective heat capa-

city Ceff at 1% changes of CS, aS, and p are equal to the

following relations: Cÿ1
eff (qCeff/qCS) (0.01 CS), Cÿ1

eff

(qCeff/qaS) (0.01 aS), and Cÿ1
eff (qCeff/qp) (0.01 p). The

frequency dependences of Ceff and j variations at 1%

changes of CS, aS and p are shown in Fig. 5. The curves

were calculated for a sample of 3 mm diameter,

0.3 mm thickness, CS � 7 mJ/K, lS � 10 W/m K

and for the same cell parameters as in Section 3.

As it is shown in Fig. 5, the low frequency variation

of Ceff is related mainly to the change of CS. Thus, the

value of CS can be determined from the low frequency

part of Ceff(f) curve. At high frequencies the effective

heat capacity Ceff depends strongly on the parameters

aS and p. The phase shift j depends on aS and p at all

frequencies. The variation of CS has very small in¯u-

ence on j. Therefore, the parameters aS and p can be

determined from the shape of the curve Ceff(f) at high

frequencies and from the curve j(f) in the whole

frequency range.

The measurements similar to the previous experi-

ment were performed for a nickel monocrystalline

sample. The sample was the roughly grinded disk of

3.1 � 0.02 mm diameter and 310 � 10 mm thickness.

The experimental curves were well described by Eq.

(4) at the following parameters: CS � 9.1 � 0.1 mJ/K,

aS/
���
f
p � 0.285 � 0.015 s1/2 and p � 1.75 � 0.1 at

300 K. The parameter p was relatively large because

of rough surface treatment with 10 mm diamond paste.

The results correspond to the following sample's

thermal parameters: cS � (3.9 � 0.1) � 106 J/m3 K

and lS � 29 � 2 W/m K at 300 K. The uncertainty

ca. 3% in the sample's volume leads to 3% error in cS.

The uncertainty in lS ca. 6% arises due to 5% error in

the parameter aS and 3% error in the sample's thick-

ness. These values, cS and lS, are in agreement with

the data available in the Handbooks [16±19]: c � 440±

Fig. 5. Frequency dependences of the variations of the effective heat capacity value at 1% changes of the sample's heat capacity CS (squares),

of the parameter aS (circles), and the parameter p (triangles). The corresponding dependences of the phase shift variations are shown in the

insert. The curves were calculated for a sample of 3 mm diameter, 0.3 mm thickness, CS � 7 mJ/K, lS � 10 W/m K and the same cell

parameters as in Section 3.
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444 J/kg K at 300 K with m � 58.69 and r � 8900 kg/

m3, i.e., c � (3.92±3.95) � 106 J/m3 K. The thermal

conductivity of Ni is dependent on mechanical treat-

ment and purity. As follows from [16±19], the value of

lS can be in the range 20±90 W/m K at 300 K.

Finally, consider the possibility of CS(T) and lS(T)

measurements at a ®xed frequency. In this case, the

parameters lS and p cannot be determined separately.

Assume, that the parameter p is equal to the average

value p0 � 1 within 10% accuracy. Then, the para-

meters CS(T) and lS(T) can be calculated from the

measured Ceff at a ®xed frequency according to Eq. (4)

at p � p0. The uncertainty of the parameter p leads to

the error in the measured thermal conductivity. This

error depends on the sample's thermal conductivity.

The smaller the thermal conductivity lS, the smaller

the relative error dlS � DlS/lS at the same uncertainty

of p. The relation between dlS and dp can be ®nd from

Eq. (4) by ®tting Ceff(f, aS � daS, p0) to Ceff(f, aS,

p0 � dp) at a ®xed frequency. The error dlS is related

to the error daS. Thus, we ®nd the following relation

between dlS and dp at different lS: dlS � 2.5% at

lS � 1 W/m K, dlS � 5% at lS � 10 W/m K, dlS ca.

100% at lS � 500 W/m K, when dp ca. 10%, and

dlS � 30% at lS � 500 W/m K, when dp � 5%.

Therefore, the temperature dependencies CS(T) and

lS(T) of the materials with lS ca. 10 W/m K can be

measured simultaneously at a ®xed frequency, pro-

vided the uncertainty of the thermal contact conduc-

tance is not too large. The approximation of the

average thermal contact conductance cannot be

applied for materials with large thermal conductivity

lS ca. 100 W/m K. In this case, the measurements at

different frequencies are impossible.

6. Conclusions

The method of the Thermal-Waves-Transmission

spectroscopy for simultaneous determination of the

sample's heat capacity and thermal conductivity is

developed on the basis of the advanced AC calorime-

try technique. The idea of the method is to use the

information about the phase and the amplitude of the

thermal wave transmitted through a plate-like sample.

For the correct application of the method in an experi-

mental set up, it was necessary to study the problem of

a plane-thermal-wave transmission through a plate-

like multilayered system. This problem was solved

analytically for a wide range of experimental condi-

tions. It was shown that the Thermal-Waves-Trans-

mission spectroscopy can be successfully applied for

simultaneous measurements of heat capacity and ther-

mal conductivity of various materials with thermal

conductivity varied in the broad range, provided the

thermal contact conductance on the sample's faces is

taken into account. The algorithm how to calculate the

sample's thermal properties from the measured effec-

tive heat capacity is developed. It was shown that the

approximation of the ideal thermal contact conduc-

tance can be applied only for materials with low

thermal conductivity lS < 1 W/m K. The approxima-

tion of the average thermal contact conductance,

p � p0, can be applied for materials with intermediate

thermal conductivity lS � 10 W/m K. The thermal

properties of the materials with high thermal conduc-

tivity, lS ca. 100 W/m K, can be obtained from the

frequency dependency of the effective heat capacity,

measured in the broad frequency range 0.1±100 Hz.

The linearity of the measurements relative to the

sample's thickness was proved. The method can be

easily generalized for the case of complex sample's

thermal parameters, provided the temperature±mod-

ulation amplitudes on both sides of the sample are

measured.
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