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Measurements of Thermophysical Properties by 
Contactless Modulation Calorimetry 1 

R. K. Wunderlich 2, 3 and H.-J. Fecht 2 

Contactless modulation calorimetry was applied to measure the specific-heat of 
glass forming eutectic Zr alloys in the stable and undercooled liquid under 
microgravity conditions during the space shuttle IML-2 mission. The experi- 
mental method is described, leading to a quantitative determination of the 
specific heat from measured temperature modulations. In addition, the enthalpy 
of fusion of the specimen and the total hemispherical emissivity can be obtained. 
The data on ZrNi36 permit calculation of the thermodynamic functions in the 
stable and undercooked melt as well as estimation of the ideal glass transition 
temperature. 

KEY WORDS: containerless processing; metallic glasses; modulation calori- 
metry; undercooled melts. 

1. I N T R O D U C T I O N  

The transient thermal response of a specimen exposed to variable heat 
input is dependent on thermophysical properties such as the specific heat, 
thermal conductivity, thermal conductances to a heat bath, and measuring 
devices and on the enthalpy and kinetics of phase transformations. 
Modulation calorimetry applied in a suitable range of modulation frequen- 
cies permits separation of the influence of the different thermal relaxation 
times on the thermal response of a specimen exposed to modulated heating 
power input and, as such, allows direct determination of the specific heat 
from measured temperature variations [1-6]. This requires that the 
amplitude of power modulation in the temperature range of interest can be 
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accurately determined and that the relevant thermal relaxation times differ 
sufficiently from the modulation time scale. Typically, the latter condition 
is met in levitated metallic specimens because of the large difference in the 
rates of radiative heat loss and thermal transport within the specimen. 

Containerless processing conditions are relevant for the study of under- 
cooling and nucleation phenomena [7]. In particular, thermophysical 
investigations of metallic glass forming alloys depend on the availability of 
a stable undercooked melt over a time scale sufficient to perform measure- 
ments of, e.g., the specific heat, thermal expansion, surface tension, and 
viscosity. A knowledge of the specific heat in the undercooked melt permits 
calculation of the thermodynamic functions AG TM, AS L~, and AH Ix, from 
which the reduced glass transition temperature Tgo/Tm indicative of the 
glass forming tendency of a specific alloy, can be evaluated. Here A L~ refers 
to the difference between liquid and solid phase. Combined with viscosity 
data [8], these results can be used for modeling of nucleation kinetics 
[9, I0]. However, due to the high chemical reactivity of many specimens 
with their surroundings at high temperatures and the dominance of hetero- 
geneous nucleation in conventional processing techniques, thermophysical 
property measurements at temperatures ~> 1100 K are difficult to perform 
with a high accuracy. To avoid these problems and to make the undercooled 
regime more accessible to calorimetric investigations, Fecht and Johr~son 
[5] proposed application of modulation calorimetry under containerless 
processing conditions by modulating the heating power input from a radio 
frequency (rf) electromagnetic field to a levitated specimen combined with 
contactless pyrometric temperature measurement. Experimental tests of this 
method performed with solid Nb samples proved the feasibility of the 
method [ 6 ]. 

In the present study, the specific heat in the stable and undercooled 
melt of eutectic ZrNi36, ZrFe24, and ZrCo23.5 alloys with melting points of 
1283, 1230, and 1230 K, respectively, has been investigated in microgravity 
experiments. These alloys form the basis of the more complex "bulk" glass 
formers [ 11] and have been widely studied in the context of metastable 
phase formation [12]. However, no accurate experimental values of the 
specific heat in the stable and undercooled melt are available. 

The experiments were performed in the containerless processing device 
TEMPUS [13], specifically designed for thermophysical experiments in 
microgravity. Microgravity conditions are necessary for this experiment to 
avoid excessive heating effects associated with levitation under 1-g condi- 
tions thus allowing processing under ultrahigh vacuum conditions and a 
high degree of liquid undercooking. This experimental procedure further 
ensures stable quiescent specimen conditions by the absence of the large 
stirring forces resulting from levitation under 1-g conditions. 
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2. METHOD 

2.1. Heating Power Modulation 

Based on the early work by Sullivan and Seidel [1], modulation 
calorimetry has been widely applied. A recent review is given in Ref. 3. In 
the eontainerless processing device TEMPUS [ 13 ] the specimen is heated 
by a 400-kHz dipole rf field (referred to as the heater) and positioned by 
a 200-kHz quadrupole rf field (referred to as the positioner) in the center 
of the heating coil. The total heating power input to the specimen is given 
by 

Ptot = P ( T )  [ j2 dv = Pn + Pvo~ ( 1 ) 
d IF 

where p(T) is the resistivity and j is the current density induced by the 
magnetic field, H, of the heating coils. The difference in frequency and 
geometry of the dipole and quadrupole fields allows one to separate the 
total power input into additive contributions of the heating, PH, and posi- 
tioning fields PPos. The specimen is heated in a spherical outer shell of 
t~ ickness 3 = 5.032 x/P( T) / fcm,  with p(T) in pf2. cm and the rf frequency f, 
itl,ttz. The positioning field is kept constant while temperature control and 
hea;:ing power modulation are accomplished by changing the heater field. 
For a spherical specimen of radius R(T) the heater power input is given by 
[14, 15] 

PH = 3nP( T) p(T) F(x) H z (2) 

with H ' - = L n I ~ ,  where In is the current in the heating coils. F(x) is a 
correction function accounting for the skin effect, with x = R(T)/6(T). Ln 
is a purely geometric term depending on the relative positions of heating 
coils and specimen. Due to the mutual inductance between the specimen 
and the heater coils, I n depends on the specimen resistivity and diameter 
[ 16] The above equation is important for scaling of PH as a function of 
In. We assume that at a calibration temperature T,. the heater power input 
is known for a given IH. To obtain Pn at a different IH the temperature 
dependence of the prefactor in Eq. (2) must be known. We define the 
heater coupling coefficient at 

GH(T) = 3nR(T) p(T) f ( x )  LH (3) 

In a similar way, the coupling coefficient of the positioning field is defined 
a s  

Pvo~ = Gv(T) I~os (4) 
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The temperature dependence of GH(T) and Gp(T) is dominated by the 
change in resistivity and specimen radius at the melting point. For a given 
diameter, the ratio GH(T)/Gr,(T) is a temperature-independent instrument 
parameter. The scaling with temperature will be the same; i.e., GH(T)/  
GH(Tc) = Gp(T)/Gp(T¢).  The equilibrium temperature, T o, is determined 
by the Stefan-Bolzmann law: 

A(To ) at(To) 4 To = GH(To) Iho + Gp(To) I2o, (5) 

where A, a, and e(To) are the surface area, Stefan-Boltzmann constant; 
and total hemispherical emissivity, respectively. Heating power modulation 
is accomplished by modulating the oscillating circuit voltage of the heater 
with frequency co. From the resulting heater current 

IH(t) = Ino -1- I m sin(cot) (6) 

the power input of the heater to the specimen is obtained as 

PH( t) = Pr~o + APav + P( CO) sin(cot) + zlPav sin(2cot)) (7) 

The corresponding stationary temperature response consists of two phase- 
shifted modulation terms, 

T(t) = To + zJTav + ATm(cO) sin(cot + ~bl) + ZITm(2Co) sin(2cot + ~b2) (8) 

with amplitudes ZlTm(cO) and ZlTm(2Co) and an increase in the average 
temperature, ATav. Inspection of Eqs. (6) and (7) shows that the ampli- 
tudes of power modulation and the increase in average input power can be 
expressed as 

P(co) = 2 x/~ [PHo ZlPav] °5 = 2GH(T)[IHolm] (9a) 

P(2co) = '~eav : ½GH(T) I~ (9b) 

2.2. Thermal Analysis 

Thermal analysis is conveniently performed in terms of thermal con- 
ductances coupling the specimen to the heater, heat bath, and thermometer 
l- 1 ]. To a first approximation, the specimen is uniformly heated in a spheri- 
cal outer shell of thickness ~(T) and heat capacity CH. This outer shell is 
considered as the heater, which is coupled to the inner part of the specimen 
with heat capacity Cs by a thermal contact resistance. The heater surface 
is radiatively coupled to a heat bath at ambient temperature. In the tem- 
perature range of our experiments and using measured values of the 
specimen resistivity, the skin depth ~ ranges from ~ =  (8.7-9.9) 10 -2 cm, 
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amounting to a directly heated volume fraction of 51 to 57 %. Temperature 
is measured at the specimen surface by a pyrometer and thus corresponds 
to the heater temperature. The thermal coupling between specimen and 
thermometer and additional electronic relaxation times of the pyrometer 
can be neglected [5]. Following the model outlined above and considering 
the case where the amplitude of the resulting temperature variation is much 
smaller than the equilibrium temperature To, we obtained 

dTH 
CH ~ -  = P(og) sin(ogt) + P(2o9) sin(2ogt) + AP~v 

- Kn[ TH(t) -- Ts(t) ] - KB Tn(t) (10a) 

dTH 
Cs dt - -KH[TH(t ) - -  Ts(t)] (lOb) 

Ts(t) and TH(t) refer to the deviation of heater and specimen temperature 
from T o, respectively. KH represents the heater-specimen and K B the 
heater-bath thermal conductance, with corresponding relaxation times 
vii= Ci/Kj. Solving for TH(t), the steady-state amplitude of temperature 
modulation at frequency o9, ATm, and the increase in the average tem- 
perature, A Tar , are obtained as 

P(o9) 
ATm =f(o9, rl, r 2 ) -  ( l la)  

Cpo9 

Z~ Tar = z]Pav ~- P ( l l b )  

with Cp  = C H -{-C S. The modulation component at 2o9 results in a term 
similar to Eq. (1 la) with o9 replaced by 2o9. The correction function f(o9, 
r~, 32) takes into account the effects of the different relaxation times on the 
temperature response of the specimen. We first discuss the relevant time 
scales. 

External Relaxation Time ~ :  Radiative Coupling to a Heat Bath at 
Ambient Temperature. r~ can be obtained from measurements of the 
specimen temperature following a step function change of the heater power 
[5, 6]. With the condition AT(t  = O)/To ~ 1, the external relaxation time is 
given by 

Cp 
r~ = ( C n + Cs)/KB = 4A(To) acT 3 (12) 
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resulting in an exponential time dependence of the temperature change 
,~T(t) as a result of a step function change in heater power. Measurements 
of external relaxation times have been used in low-temperature experiments 
for very precise determination of heat capacity [ 18]. Here the procedure 
can be inverted to obtain the total hemispherical emissivity from combin- 
ing modulation calorimetry with r~ measurements. It is important to point 
out that effects of the finite thermal conductivity can be detected in a devia- 
tion of AT(t) from purely exponential behavior [ 18]. In the temperature 
range of our experiment r~ >~ 18 s. 

Heater Specimen Relaxation Time r2. The uniformely heated outer 
shell of thickness 3(T) is coupled to the inner part of the specimen by a 
contact resistance KH, resulting in a relaxation time 

CH 
r2 = C H / K H  = 493/¢( R(T) -- 3(T) ) (13) 

where 1,- is the thermal conductivity. Considering the measured values of 
the specific heat and electrical resistivity of liquid ZrNi36 alloy at 1300 K 
and applying the Wiedemann-Franz law, this relaxation time is obtained 
as r,_ < 0.1 s for an 8-mm-diameter specimen. 

hTternal Relaxation Tinw z3. The finite thermal conductivity of the 
specimen can be described by an internal relaxation time "c 3 [ 5 ] :  

3Cs 
r3 = Cs/Ks = 4n31c(R(T) - 6(T)) (14) 

where Ks is the average thermal conductance of a sphere of radius R -  
and we can set Cs ~ C p ( 1 - 3 6 ( T ) / R ( T ) ) .  r 3 represents the time scale of 
the decay of thermal gradients, r 3 is obtained as r 3 = 0.24 s, which is small 
on a modulation time scale of 0.10 Hz. 

The difference in r2 and r3 describing the same transport mode 
originates from the different areas through which heat is transported and 
thermal loads, CH versus Cs, respectively. It is interesting to point out that 
the electrical resistivity contributes significantly to the temperature depen- 
dence and ratio of r2 and r 3. Implicitly, the effect of the finite thermal 
conductivity is contained in the heater-specimen relaxation, Eq. (10b). To 
examine the time behavior of transient thermal gradients more closely, we 
calculated the decay of a thermal gradient imposed on the specimen surface 
from analytical solutions of the heat transport equation [ 19]. We observe 
that for our ZrNi specimen with a measured liquid resistivity at 1300 K of 
145/zt2.cm, the center temperature is within 1% of the surface tem- 
perature after 1.4 s, corresponding to an effective internal relaxation time 



Contactless Modulation Calorimetry 1209 

of 0.3 s. Convection due to electromagnetically driven currents was not 
taken into account but will tend to shorten the internal relaxation time. 

Two limiting cases of the correction function f (m,  ~ ,  ~2) are given 
below. (i) The low-frequency limit, characterized by 1/£2,,,>> ~2, is entirely 
dominated by the external relaxation time rl: 

f(co, r l ) =  [1 +co,,,rl) -2] 0.5 (15a) 

(ii) The high-frequency limit, characterized by r~ >> r 2 >> 1/co.,, is given by 

CH + Cs 
f(og, r2) (15b) 

CH 

resulting in a modulation amplitude given just by the heat capacity of the 
directly heated volume fraction. The effect of thermal relaxation times on 
the measured temperature response can be neglected if the modulation 
frequency co can be chosen such that [3] 

(co~l/10) > 1 > 10coz" 3 16) 

This adiabatic regime is characterized by a phase lag q~ = 90 ° and f(co, r t ,  
r2) ~ 1, equivalent to the condition (dTmco)= constant as a function of co. 
For a particular modulation frequency, the validity of the left-hand side 
can be directly inferred from v~ measurements. The internal relaxation time 
can, in principle, be measured from the highfrequency dependence of the 
temperature response. This requires a detailed heat flow model depending 
on the particular geometry [ 1, 20 ], i.e., the position of the heater and ther- 
mometer. As the validity of the Wiedemann-Franz law is well established 
for liquid metals [21 ], measurements of the electrical resistivity provide a 
good guideline for chosing the proper modulation frequency. In the TEM- 
PUS device, these measurements could be performed in situ [22]. Further- 
more, modulation calorimetry can be performed in the low-frequency 
regime, where corrections due to the finite ~2 can be safely neglected while 
those due to r~ can be applied with a high accuracy. 

3. E X P E R I M E N T S  

3.1. Temperature Profile 

The ZrNi, ZrCo, and ZrFe specimen used had a diameter of 8 mm, 
corresponding to a mass of typically 1.9 g. All test specimens were pro- 
cessed under UHV conditions. Temperature was measured with a two- 
channel InAs pyrometer with a sensitivity in the range of 1.8-2.8 and 
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Fig. 1. Typical experiment sequence on Zr~Ni36 conducted during the space mis- 
sion showing the specimen temperature as a function of time. The temperature 
corresponds to readings from the InAs pyrometer. 
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Fig. 2. Temperature relaxation following a step function change of the heater 
power. Curves a and b; left-hand ordinate: (a) raw data and (b) smoothed data. 
Curve c; r ighthand ordinate: logarithmic plot of smoothed data after baseline 
subtraction. 
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3.0--4.0 pm. The pyrometer was calibrated for each sample in ground-based 
experiments on solid specimens and in situ at the melting point. 

Measurements were performed in the stable and 30 K undercooled 
melt. The maximum undercooling obtained at radiative cooling rates of 

30 K s - '  was 82 K. Figure 1 shows the result of a typical experimental 
run for ZrNi performed in the space experiment. Starting from a crystalline 
specimen five steps are clearly discerned: (i) the melting plateau, over- 
heating, temperature equilibration in the stable melt; (ii), iv modulation 
calorimetry at different frequencies showing the increase in the average 
temperature; (iii) decay to equilibrium temperature with time constant Zl 
at the end of a modulation sequence; and (v) undercooling and recales- 
cence plateau. Five independent pieces of calorimetric information can be 
obtained from this sequence. (i) The enthalpy of fusion can be determined 
from the melting and recalescence plateau, (ii) the specific heat can be 
obtained from modulation experiments and from the increase in the 
average temperature, (iii) variation of the modulation frequency allows the 
determination of an internal relaxation time, (iv) the total hemispherical 
emissivity can be obtained from measurements of the external relaxation 
time, and finally, (v) an average value of the specific heat in the under- 
cooled melt can be obtained from measurement of the duration of the 
isothermal recalescence plateau as a function of undercooling. Figure 2 
shows the result of a typical ~ measurement for a ZrNi specimen at a 
bias temperature of 1280 K. The superimposed oscillations, curve a, 
result from movement in the potential well of the positioning field with 
eigenfrequencies near 1.8 Hz. Curve b shows smoothed data obtained from 
application of a FFT filter. Curve c shows a logarithmic plot of the 
smoothed data. No deviation from exponential behavior is seen, resulting 
in an external relaxation time of ~m = (33.1 _+0.2) s and a typical ratio of 
~j/3_, > 90. 

3.2. Calibration Procedure 

Quantitave evaluation of the heat capacity from measured temperature 
oscillations requires knowledge of P(co). Calibration experiments were 
performed in situ by modulation calorimetry with solid specimens typically 
at T~--Tm- 50 K. The specific heat at Tc was determined independently 
by conventional differential scanning calorimetry as 32.0 J . m o l - ' .  K -1 
[23]. The appropriate modulation frequency at T¢ was determined in 
ground-based measurements of the frequency dependence of ATm [24]. 
Figure 3 shows the results of such a measurement in the form (ATmco) as 
function of co normalized to unit Im. The condition (ATmco)=constant 
results in a modulation frequency co<0.10 Hz. The correction function 
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.rico, rt ,  r2) was evaluated from rj and resistivity measurements as 1 - r i co ,  
r~, r:)~<0.01 for co=0.10 Hz. Consequently, we have chosen co=0.08 Hz 
at To. The presence of the modulation component at 2co requires a correc- 
tion of + 6 % to the measured A T,,. From Eq. ( l l a )  we obtain P(co) at the 
calibration point, allowing us to determine Gu(Tc). In a similar way, AP,v 
can be obtained from measurements of AT, v and r~ to give an independent 
evaluation of GH(Tc). Results obtained with both calibration modes agree 
within 5%,  which is attributed to the overall measurement precision. It 
should be pointed out that measurements of A T,,v are not affected by the 
internal relaxation time. The total hemispherical emissivity at the calibra- 
tion point is obtained as e = 0.297; this permits determination of the total 
radiant power Ptot -  This calibration procedure has the advantages that (i) 
no knowledge of the emissivity is required (ii) GH(Tc) can be determined 
in the presence of a second heating field, and (iii) as the main contribution 
to the temperature dependence of Gv(T) originates from the change at the 
melting point, it is rather insensitive to the absolute accuracy of pyrometric 
temperature measurement at a level of +20 K. 

The positioner coupling coefficient Gp(Tc) can be evaluated from 
power balance according to Eq. (5). Alternatively, modulation calorimetry 
can be used to obtain PPos- Qualitatively, Eqs. (9a), (9b), ( l la) ,  and ( l lb )  
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Fig. 3. Dependence of  the temperature response AT,,, on the modu- 
lation frequency for a solid 8-mm-diameter Zr64Ni36 sphere. The 
decrease in (Tin x o)) for modulation frequencies > 0.20 Hz is caused 
by the finite thermal conductivity of the specimen. 
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allow us to relate A Tmod, A Tar, and the bias temperature To. Writing the 
total power input as Ptot = P14o(1 + 0¢) with a = Pvos/Pno, we obtained 

zIT2 = 2f(oo, l"1, l"2) ~ TarT° (17) 

allowing us to determine the ratio Pr,os/Ptqo. With PHo known from 
modulation calorimetry, we can evaluate the coupling coefficient Gp(Tc). 
We obtain a ratio of GH/Gv = 26.0 + 0.8. A knowledge of the positioner 
heating efficiency is important for the evaluation of melting enthalpies and 
of the average heat capacity in the undercooked melt. With GH/Gp fixed 
and temperature independent, Eq. (17) represents a consistency relation for 
the pyrometric temperature measurement. 

To apply this calibration procedure to specific heat measurements at 
different temperatures and phases, the corresponding change in resistivity 
and radius must be known. It has been shown recently that it is possible 
to obtain the resistivity and, in particular, its change at the melting point 
directly from measurements of the oscillating circuit voltage and current in 
the space experiment using models of mutual inductance [22]. Thermal 
expansion in the solid and liquid state and the volume change upon 
melting have recently been measured for a typical glass forming alloy [ 25 ], 
giving a volume change of 3 % at the melting point. An upper limit for the 
volume change at T~ can be obtained from the analysis of video recordings 
performed during the experiment. 

4. RESULTS 

The Main emphasis of the experiments was on measurements of the 
specific heat, cp, in the stable and undercooled melt. In Table I, results 
obtained from modulation experiments with liquid ZrNi36 are shown in 
some detail. Results from modulation experiments (m) and from measure- 
ment of ATav and rt (a) are shown in columns 3 and 4, respectively. At 
elevated temperatures, A T~v decreases relative to A T~ due to the decrease 
in the external relaxation time causing a larger error in A T,v measurement 
compared to d Tm. Within the indicated error, there appears to be no 
systematic difference in the specific heat values obtained with both 
methods. The cp values shown in Table I have been scaled with a change 
in coupling coefficients of + 6.7 % at the melting point. Corrections due to 
r~ and r2 are ~< 2 % in the entire parameter range used, resulting in a good 
agreement between cp values obtained for modulation frequencies of 0.05 
and 0.08 Hz. Depending on the modulation frequency, a further correction 
due to the presence of the modulation component at 2o9 was applied. These 

840/17/5-16 
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Table I. Experimental  Results of  Specific Heat  Measurements  on Liquid Zr64Ni36 

cp (m)  cp (a) 
T O (°C)  m m (Hz) ( J . m o l  - I  . K  - t )  ( J . m o l - t . K  - I )  eto t 

1215 0,05 43.7 _ 0.8 43.0 + 2 0.37 
1160 0.08 44.5 +__ 1.2 43.0 ___ 4 0.35 
1160 0.10 43.2 _ 1 43.5 +__ 2 
1038 0.05 43.1 +__ 1 41.2 _ 2 0.33 
1038 0.08 43.0 + 1 43.9 _ 2 
1008 0.05 44.0 ___ 1 44.7 + 2 0.33 
1008 0.08 44.6 _ 1 45.7 + 2 
980 0.05 45.5 __+ 1.2 

960, solid, T c 0.08 32.0 __+ 1 32.0 _ 1 0.30 

corrections were obtained from model calculations of the thermal response, 
resulting in a change of measured cp values of + 2 to + 2.5 %. Values of the 
total hemispherical emissivity obtained from rl measurements and Eq. (12) 
are shown in Table I, column 5. e(T) scales to within 4% according to 
e - x//-P-T as expected from the free electron model. 

An estimate of the thermodynamic functions in the undercooked melt 
can be obtained from a linear extrapolation of the specific heat in the stable 
and undercooled melt. This requires a knowledge of the melting enthalpy, 
which was evaluated from the duration of the recalescence plateau at a 
minimum undercooking of 10 K as zlHf--14.7 kJ.mo1-1. The entropy 
difference AS'X(T) was calculated to give an ideal reduced glass transition 
temperature, T g r =  Tgo/Tm, according to the Kauzmann criterion, A S  ~x 

(Tgo) = 0 of Tgr = 0.52, in good agreement with an experimental upper limit 
of Tgr = 0.51 obtained from DSC measurements on rapidly quenched splats 
[26] and a theoretical prediction from MD calculations of Tgr = 0.49 [27]. 

5. S U M M A R Y  

We have demonstrated the quantitative application of contactless 
modulation calorimetry to measurements of the specific heat of liquid 
metallic specimens. Calibration procedures have been devised based on 
measurements in the solid state, scaling of the coupling coefficients according 
to the temperature dependence of the resistivity and thermal expansion, 
and choice of a modulation frequency in accordance with constraints set by 
the internal and external relaxation times. In addition, the method allowed 
evaluation of the enthalpy of fusion and of the total hemispherical emissivity. 
With these results, the thermodynamic functions in the undercooled melt 
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were estimated and suggest a reduced ideal glass transition temperature, 
i.e., a limit for maximum undercooking at 52% of the eutectic temperature 
for ZrNi36. 
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