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ABSTRACT

Relaxation times of longitudinal strain for five supercooled liquids along the join SiO2

(qz)-NaAlSiO4 (ne) including the compositions of albite (ab), ab50jd50, jadeite (jd), jd66ne33,
and jd33ne66 were measured by photon correlation spectroscopy within the temperature and
relaxation time ranges 711–1116 8C and 35–2 3 1024 s, respectively. The measured time
correlation functions are fitted to the Kohlrausch-Williams-Watts equation,
Fl (t) 5 exp(2t/t )b, yielding isothermal relaxation functions for longitudinal strain atl

P,T

constant stress. The temperature dependence of the longitudinal strain relaxation times
obeys an Arrhenian type equation. The relaxation of the longitudinal strain cannot be
described by a single relaxation time but by a relaxation time distribution. The width of
the relaxation time distribution, which is represented by the parameter b, is independent
over a large temperature range, indicating thermorheological simplicity. The decrease of
the parameter b corresponds to an increase of the excess (configurational) heat capacity
with increasing (Na1Al) content, together indicating an increasing fragility of the super-
cooled liquids toward the composition of NaAlSiO4. Increasing fragility is also shown
from the activation energy obtained from longitudinal strain relaxation and shear viscosity
measurements, which passes a minimum near 40 mol% NaAlSiO4 at low temperatures but
decreases toward NaAlSiO4 composition at higher temperatures. A comparison between
strain, stress, and enthalpy relaxation times shows clearly that the relaxation process re-
sulting from a thermal pertubation is slower than from a mechanical perturbation.

INTRODUCTION

Understanding the physicochemical properties of sili-
cate liquids is important for improving numerical models
of geodynamic processes, which require new or refined
values for transport parameters such as diffusivity or vis-
cosity. These transport parameters are essentially deter-
mined by the structure of a liquid and its dynamics. More-
over, the key to understanding the dynamic behavior of
liquids lies in the determination of relaxation times of
microscopic or macroscopic melt properties as a function
of temperature and pressure (Dingwell and Webb 1990).
In general, relaxation is a process of reorganization of the
melt structure to reach thermodynamic equilibrium after
a perturbation. It involves changes of the average molec-
ular configuration, and the required time for this process
is called the relaxation time, t. Viscoelastic or mechanical
relaxation is the response to a mechanical pertubation
whereas structural relaxation is the response to a thermal
pertubation (e.g., Scherer 1986; Mazurin 1986). In the
former case the measurements are isothermal, whereas for
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the latter the response to a (continous) change in temper-
ature is observed.

The isothermal viscoelastic relaxation can be measured
with different techniques depending on the time scale of
the relaxation process: For example, torsion measure-
ments (longitudinal and shear stress relaxation times at
constant strain) or pressure jump measurements (volume
strain relaxation times at constant stress) are suitable for
relaxation times above 10 s, whereas ultrasonic measure-
ments (longitudinal and shear stress relaxation times at
constant strain) are appropriate for the relaxation time
range 1026–1029 s. Photon correlation spectroscopy (PCS)
closes the time gap between 10–1026 s left open by the
previously mentioned methods. Here, the time depen-
dence of the intensity of scattered light resulting from
thermally driven density (strain) fluctuations contains in-
formation on the kinetics of longitudinal strain relaxation
at constant stress.

To get a better understanding of the relationship be-
tween the structure of a melt and its dynamics, we made
measurements of longitudinal strain relaxation on super-
cooled liquids in the system SiO2 (quartz, qz)-NaAlSiO4

(nepheline, ne) including compositions of vitreous albite
(ab), ab50jd50, jadeite (jd), jd66ne33, and jd33ne66 using pho-
ton correlation spectroscopy. For many of these compo-
sitions, no data previously existed. We have chosen this



1064 SIEWERT AND ROSENHAUER: VISCOELASTIC RELAXATION

TABLE 1. Chemical composition (in wt%) of the glass samples

Batch no. SiO2 Al2O3 Na2O CaO MgO Fe2O3 FeO K2O MnO H2O

ab*
ab50jd50†
jd*
jd66ne33†
jd33ne66†

B-6419
bn-8833
B-5560
B-8959
B-8960

68.46(68.74)
65.1 (64.69)
59.86(59.45)
55.2 (54.96)
50.2 (49.36)

18.78(19.44)
22.0 (21.96)
25.52(25.22)
27.4 (28.01)
30.9 (31.49)

12.22(11.82)
13.45(13.35)
14.58(15.33)
17.08(17.03)
19.25(19.14)

0.02
0.007
0.018
0.059
0.013

,0.01
0.01
0.004
0.011
0.031

n.d.
0.006
n.d.
0.013
0.013

0.043
n.d.
0.023
n.d.
n.d.

0.016
0.005
0.022
0.008
0.002

0.029
n.d.
0.021
n.d.
n.d.

n.d.
,0.001

n.d.
,0.001
,0.001

Note: Theoretical stoichiometric composition indicated by values in parentheses. n.d. 5 not determined.
* Analysis by electron microprobe (Badia 1988, personal communication).
† Analytical methods: Spectral photometry for SiO2, Al2O3, Fe2O3, and MnO; atomic absorption spectrometry for Na2O, K2O, CaO, and MgO, gravimetry

for H2O and titration for FeO; total iron as Fe2O3 (analyst P. Mielke).

join, because the anionic melt structure resembles the
tridymite-like structure of SiO2 glass and is independent
of composition (Taylor and Brown 1979). Furthermore,
several studies in this system are available yielding shear
viscosity data (see Mysen 1988; Stein and Spera 1993 for
data compilation), from which shear stress relaxation
times can be calculated. Enthalpy relaxation parameters
are also present for supercooled SiO2 liquid (Richet and
Bottinga 1984) and supercooled albite liquid (Richet and
Bottinga 1984; Martens et al. 1987). Parameters for strain
and stress relaxation exist for SiO2-glass and supercooled
liquid (Mills 1974; Bucaro and Dardy 1977; Höfler and
Seifert 1984) and supercooled jadeite liquid (Siewert and
Rosenhauer 1994). We repeated the measurements on
jadeite composition, because the experimental setup was
improved yielding more precise data and a broader tem-
perature range than our previous measurements (Siewert
and Rosenhauer 1994). Furthermore, we compare our cal-
culated activation energies with those obtained from shear
viscosity measurements from Riebling (1966), Taylor and
Rindone (1970), Cranmer and Uhlmann (1981), Urbain
et al. (1982), N’Dala et al. (1984), Hummel and Arndt
(1985), Knoche (1993), and Stein and Spera (1993) to
explore the compositional dependence of the fragility of
the liquids. Fragility is also discussed by comparing the
excess heat capacity data of Richet and Bottinga (1984)
and Martens et al. (1987) with our values of the relaxation
parameter, b. Furthermore we compare the relaxation pa-
rameters of longitudinal strain, shear stress, and enthalpy
relaxation and discuss the different behavior of liquids
after a mechanical and a thermal perturbation.

EXPERIMENTAL METHODS

Starting materials

The experiments were performed on supercooled liq-
uids with compositions of vitreous ab, ab50jd50, jd, jd66ne33,
and jd33ne66. The glasses were prepared from high purity
grade oxides by Schott Glaswerke, Mainz. The chemical
analysis of the glasses are given in Table 1. With excep-
tion of composition jd33ne66 all samples contain a small
amount of bubbles, which are less than 0.5 mm in di-
ameter. Slabs of 5 3 5 3 12 mm were cut from the glass
and all faces were polished to highest optical quality to
minimize parasitic scattered light.

Photon correlation spectroscopy
The theory of PCS is described in detail elsewhere

(e.g., Lai et al. 1975; Berne and Pecora 1976; Siewert
and Rosenhauer 1994). Briefly, the time dependence of
thermally driven density (strain) fluctuations is measured
by recording the time correlation function of the fluctu-
ations in the intensity of the scattered light with a digital
autocorrelator when a laser beam propagates through a
liquid. These density fluctuations grow and decay by the
same mechanism that gives rise to the viscoelastic relax-
ation. They arise from isobaric fluctuations in the local
entropy and from adiabatic fluctuations in the local pres-
sure. Moreover, the density fluctuations are isothermal be-
cause they are much slower than the thermal diffusion
time constant. The PCS measurements yield the isother-
mal relaxation function for longitudinal strain in response
to changes in longitudinal stress Fl(t), which is related to
the recorded time correlation function G(t) by

l 2G(t) 5 a(1 1 bzF (t)z ) (1)

with a the measured baseline of the time correlation func-
tion and b an adjustable parameter, depending on experi-
mental conditions. The square of the relaxation function
for longitudinal strain zfl(t)z2 is fitted to the Kohlrausch-
Williams-Watts equation (Williams and Watts 1970)

b2t
l 2zF (t)z 5 exp 2 (2)

l1 2tP,T

where the relaxation time t and the exponent b are thel
P,T

fit parameter. The relaxation time superscript l indicates
longitudinal, while the subscripts P and T indicate con-
stant stress and temperature, respectively. The parameter
b ranges from zero to one and controls the width of the
relaxation time distribution. In case of b 5 1, it exists
only a single relaxation process with the relaxation time
t . Because the relaxational behavior of most melt sys-l

P,T

tems is dominated by more than a single relaxation pro-
cess leading to a distribution of relaxation times (b , 1),
the average relaxation time ^t & of the different relaxa-l

P,T

tion processes must be calculated by

`

l l l^t & [ zF (t)z dt 5 (t /b)G(1/b) (3)P,T E P,T

0

with G (1/b) the gamma function at 1/b.
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TABLE 2. Relaxation parameters t , b, and ^t &, resulting from Equations 2 and 3l l
P,T P,T

T, 8C t , sl
P,T b ^t &, sl

P,T T, 8C t , sl
P,T b ^t &, sl

P,T

Albite ab50jd50

711
718
722
722
740
751
761
773
784
794
805
816
827
838
838
849
860
871
882
904
915
937
948
969
980

1002
1012
1012
1034
1034
1040

2.07E101
9.26E100
1.22E101
1.17E101
4.98E100
2.87E100
1.35E100
1.19E100
5.71E201
4.28E201
2.21E201
1.40E201
1.09E201
6.73E202
6.66E202
4.85E202
2.97E202
2.43E202
1.69E202
8.00E203
5.20E203
2.82E203
1.93E203
1.16E203
8.70E204
5.84E204
5.17E204
5.41E204
2.83E204
2.69E204
1.69E204

0.55
0.61
0.59
0.58
0.65
0.64
0.65
0.63
0.61
0.63
0.64
0.63
0.62
0.64
0.66
0.63
0.65
0.63
0.63
0.63
0.65
0.64
0.63
0.63
0.64
0.63
0.65
0.65
0.64
0.60
0.62

3.47E101
1.34E101
1.84E101
1.84E101
6.71E100
3.91E100
1.83E100
1.69E100
8.36E201
5.99E201
3.05E201
1.97E201
1.56E201
9.17E202
8.76E202
6.73E202
4.00E202
3.42E202
2.38E202
1.12E202
6.98E203
3.84E203
2.63E203
1.59E203
1.17E203
7.86E204
6.76E204
7.13E204
3.73E204
3.86E204
2.29E204

799
799
811
821
821
831
842
853
865
875
885
896
907
918
929
940
951
962
972
984
984
995

1006
1017
1028
1038
1049
1060
1071
1071
1082
1093
1104
1116

1.01E101
7.72E100
4.96E100
2.64E100
2.60E100
2.42E100
1.68E100
1.17E100
8.34E201
4.64E201
3.68E201
1.88E201
1.17E201
7.93E202
5.00E202
3.79E202
2.56E202
1.84E202
1.20E202
8.91E203
8.36E203
5.66E203
4.80E203
3.39E203
2.84E203
1.54E203
1.08E203
7.96E204
5.57E204
6.09E204
7.01E204
4.57E204
3.79E204
2.83E204

0.56
0.57
0.54
0.59
0.58
0.58
0.57
0.58
0.63
0.63
0.62
0.62
0.63
0.61
0.62
0.63
0.63
0.65
0.64
0.66
0.62
0.64
0.65
0.64
0.62
0.64
0.65
0.64
0.65
0.62
0.68
0.64
0.67
0.64

1.67E101
1.22E101
8.44E100
3.98E100
3.99E100
3.73E100
2.69E100
1.80E100
1.16E100
6.50E201
5.18E201
2.67E201
1.63E201
1.15E201
7.13E202
5.31E202
3.59E202
2.45E202
1.65E202
1.18E202
1.18E202
7.78E203
6.48E203
4.64E203
3.97E203
2.08E203
1.46E203
1.08E203
7.28E204
8.44E204
8.90E204
6.20E204
4.85E204
3.77E204

Jadeite (jd) jd66ne33

816
827
838
838
849
859
860
870
871
881
881
892
903
903
903
903
914
915
924
925
936

6.44E100
3.64E100
2.29E100
2.30E100
1.31E100
7.63E201
7.66E201
6.64E201
4.64E201
3.73E201
3.09E201
2.27E201
1.75E201
1.33E201
1.41E201
1.59E201
1.24E201
8.31E202
7.24E202
5.48E202
4.03E202

0.57
0.56
0.56
0.57
0.57
0.57
0.57
0.59
0.60
0.60
0.59
0.60
0.59
0.61
0.61
0.61
0.59
0.61
0.61
0.62
0.63

1.03E101
5.88E100
3.72E100
3.72E100
2.09E100
1.20E200
1.22E100
1.01E100
6.86E201
5.58E201
4.66E201
3.37E201
2.66E201
1.93E201
2.04E201
2.34E201
1.90E201
1.20E201
1.05E201
7.91E202
5.63E202

770
781
781
792
802
803
814
824
836
847
858
864
880
891
897
912
923
930
945
954
956

1.37E101
1.15E101
9.60E100
4.64E100
2.17E100
2.26E100
1.73E100
1.23E100
7.20E201
4.24E201
2.65E201
1.54E201
9.93E202
6.36E202
3.70E202
2.15E202
1.66E202
9.13E203
8.40E203
3.44E203
3.44E203

0.53
0.56
0.52
0.54
0.58
0.57
0.57
0.59
0.60
0.59
0.59
0.59
0.60
0.59
0.59
0.58
0.59
0.60
0.59
0.59
0.58

2.39E101
1.86E101
1.80E101
7.93E100
3.38E100
3.60E100
2.76E100
1.86E100
1.05E100
6.32E201
3.96E201
2.32E201
1.48E201
9.60E202
5.59E202
3.27E202
2.48E202
1.34E202
1.24E202
5.07E203
5.26E203

936
946
947
958
968
979
990
999

1001
1010
1012
1021
1032
1043
1054
1065
1076
1087
1095

3.82E202
2.49E202
3.28E202
1.51E202
1.13E202
1.30E202
6.34E203
3.26E203
4.97E203
6.59E203
3.40E203
1.87E203
2.81E203
1.08E203
1.22E203
7.54E204
5.98E204
4.57E204
2.74E204

0.63
0.64
0.65
0.64
0.65
0.68
0.65
0.61
0.65
0.66
0.67
0.61
0.64
0.60
0.61
0.62
0.61
0.62
0.65

5.33E202
3.44E202
4.43E202
2.09E202
1.52E202
1.67E202
8.52E203
4.72E203
6.65E203
8.70E203
4.38E203
2.67E203
3.85E203
1.55E203
1.74E203
1.01E203
8.57E204
6.28E204
3.38E204

956
963
976
978
987
998

1009
1020
1022
1031
1033
1043
1044
1053
1054
1055
1064
1075

3.47E203
2.89E203
1.74E203
2.08E203
1.52E203
8.29E204
8.16E204
4.63E204
4.72E204
5.31E204
4.76E204
4.84E204
4.23E204
1.90E204
3.87E204
3.71E204
1.67E204
1.50E204

0.59
0.61
0.61
0.62
0.58
0.59
0.60
0.58
0.60
0.66
0.63
0.71
0.64
0.64
0.70
0.76
0.67
0.63

5.22E203
4.20E203
2.46E203
2.92E203
2.28E203
1.25E203
1.14E203
6.97E204
6.63E204
6.78E204
6.10E204
5.80E204
5.32E204
2.41E204
4.63E204
4.02E204
1.99E204
1.84E204

Continued next page



1066 SIEWERT AND ROSENHAUER: VISCOELASTIC RELAXATION

TABLE 2—Continued

T, 8C t , sl
P,T b ^t &, sl

P,T

jd33ne66

794
804
816
827
828
828
839
850
862
872
872
883
884
884
894
894
894
905
916
920
930

1.04E101
4.72E100
3.41E100
1.32E100
1.62E100
1.46E100
8.96E201
4.48E201
2.55E201
1.92E201
1.97E201
8.31E202
1.16E201
9.41E202
6.26E201
4.36E202
4.37E202
2.92E202
1.94E202
1.12E202
9.54E203

0.51
0.53
0.54
0.58
0.56
0.56
0.58
0.58
0.60
0.59
0.60
0.58
0.60
0.60
0.59
0.58
0.58
0.59
0.57
0.58
0.61

1.97E101
8.43E100
5.89E100
2.04E100
2.68E100
2.36E100
1.40E100
6.91E201
3.82E201
2.87E201
2.87E201
1.29E201
1.70E201
1.37E201
9.31E202
6.78E202
6.70E202
4.39E202
3.05E202
1.72E202
1.33E202

940
951
963
974
975
985
996

5.53E203
3.39E203
1.81E203
1.41E203
1.46E203
1.24E203
5.39E204

0.58
0.59
0.57
0.56
0.57
0.61
0.58

8.41E203
5.06E203
2.77E203
2.21E203
2.27E203
1.73E203
7.89E204

FIGURE 1. Longitudinal strain relaxation functions zF l (t)z2 vs. log10 (time) for supercooled albite liquid at 12 temperatures. The
solid lines are least squares fits using the Kohlrausch-Williams-Watts Equation 2.

Experimental procedure
In our PCS experiments the relaxation times for lon-

gitudinal strain were measured isothermally above the
glass transition within the temperature ranges 711–1040
8C (ab), 799–1116 8C (ab50jd50), 816–1095 8C (jd), 770–
1075 8C (jd66ne33), and 794–996 8C (jd33ne66). At higher

temperatures, a deformation of the polished surfaces of
the sample took place, and in case of jd66ne33 and jd33ne66

surface recrystallization occurred thus rendering further
measurements impracticable. A vertically polarized Ar1

laserbeam (wavelength 5 488 nm, power 5 500 mW)
was focused into the prismatic glass samples, which were
mounted in an electrically heated furnace. The vertically
polarized component of the scattered light from the sam-
ple was collected at an angle of 908 to the incident beam
by a photomultiplier whose output was fed to a digital
autocorrelator (Brookhaven, BI-9000 AT). The measured
time correlation curves cover a time range of four to eight
orders of magnitude. The duration of the measurements
varied from 10 min to 8 h depending on the relaxation
time of the supercooled liquid. The temperature was mea-
sured by a Pt-Pt90Rh10 thermocouple in contact with the
sample. The thermocouple was checked against the melt-
ing points of NaCl, Ag, and Au. The accuracy of the
measured temperatures is believed to be 6 2 K. The sam-
ples are purged during the measurement by a dry N2 flow
to prevent a rapid surface crystallization at higher
temperatures.

RESULTS AND DISCUSSION

Temperature dependence of longitudinal strain
relaxation times

Figure 1 shows longitudinal strain relaxation functions
at 12 different temperatures for supercooled albite liquid,
which are representative for all investigated composi-
tions. The longitudinal strain relaxation time is shifted
approximately five orders of magnitude within the tem-
perature range 740–1034 8C. The solid lines represents a
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TABLE 3. Activation energy EA and preexponent t0 for
longitudinal strain relaxation

Composition
T range

(8C) log t0, s EA, kJ/mol

Albite (ab)
ab50jd50

Jadeite (jd)
jd66ne33

jd33ne66

711–1040
799–1116
816–1095
770–1075
794–996

242.4 6 0.5
244.7 6 0.4
246.7 6 0.6
249.7 6 0.5
259.7 6 0.6

372.3 6 4.5
422.1 6 3.9
441.7 6 5.8
457.6 6 5.2
555.1 6 5.9

FIGURE 2. Temperature dependence of the longitudinal strain
relaxation time ^t & for the investigated supercooled liquidsl

P,T

shown in the legend. The temperatures have been normalized to
the temperature Tt, at which ^t & 5 100 s. These are 1214 8Cl

P,T

(SiO2), 679 8C (albite), 756 8C (ab50jd50), 763 8C (jadeite), 740
8C (jd66ne33), and 765 8C (jd33ne66).

least-squares fit to the Kohlrausch-Williams-Watts Equa-
tion 2.

The relaxation parameters ^t &, t , and b for all com-l l
P,T P,T

positions at each temperature are summarized in Table 2.
The standard deviation (61s) of the least-squares fit is
typically 0.5–2% for t and b and 1–5% for ^t &, be-l l

P,T P,T

coming larger for relaxation times slower than 5 s and
faster than 1023 s. The precision of the relaxation param-
eter (61s), obtained from repeated measurements is
#10% for t and ^t & and 3% for b.l l

P,T P,T

The temperature dependence of the longitudinal strain
relaxation times can be well described by an Arrhenian-
type equation

EAl^t & 5 t exp (4)P,T 0 1 2RT

with t0 5 preexponent, EA 5 activation energy, T 5 ab-
solute temperature and R 5 universal gas constant. The
values for t0 and EA of each composition are listed in
Table 3. Although a weak beginning of non-Arrhenian
behavior for all compositions can be found, the relaxation
time range of nearly 5 log10 units is too small to represent
the temperature dependence of the data by the Vogel-
Fulcher-Tamman (VFT) equation

A
l^t & 5 t exp (5)P,T 0 1 2T 2 T0

with t0 5 preexponent and A, T0 5 constants. Relaxation
times especially at higher temperatures are needed to ex-
tend the relaxation time range from 5 log10 units up to 8–
12 log10 units. A determination of the non-Arrhenian be-
havior or ‘‘fragility’’ (Angell 1988) of the supercooled
liquids by the equation of Sethna (1988)

DT0l^t & 5 exp (6)P,T 1 2T 2 T0

where D characterizes the fragility of the liquid and T0 is
from the VFT Equation 5, is also not possible. Despite
this, the increasing fragility of the liquids with increasing
NaAlSiO4 content of composition can be shown in Figure
2. Here, the term ‘‘strong’’ denotes that a liquid tends to
obey the Arrhenian equation whereas the term ‘‘fragile’’
denotes a liquid with non-Arrhenian behavior (Angell
1988). It is interesting that the supercooled liquid of albite
composition falls away from this sequence, which is ex-
pected between the compositions of SiO2 and ab50jd50. The
chemical composition of this sample departs from the ide-

al stoichiometric composition and exhibits an excess of
about 0.5 wt% Na2O. Because an 50 8C lower glass tran-
sition temperature is observed by DTA measurements, in
comparison with a nearly stoichiometric albite glass
(Knoche 1993), we believe that the non-stoichiometry of
the composition causes the departures in the relaxation
times.

Thermorheological simplicity
A material is said to be thermorheological simple when

the shape of its relaxation function is temperature inde-
pendent (e.g., Scherer 1986), implying that the parameter
b remains constant. Bucaro and Dardy (1977) pointed out
that thermorheological simplicity (TRS) is an indicator
for a temperature-independent structure within the valid
temperature region. They argued that liquids that do not
show TRS are those with a temperature-dependent struc-
ture. An example is supercooled B2O3 liquid, where a
significant change in the shape of the longitudinal strain
relaxation curves (Bucaro et al. 1975) correlates to a
change in specific volume, expansivity (Macedo et al.
1966), and compressibility (Bucaro and Dardy 1974b). In
contrast to B2O3, supercooled SiO2 liquid shows TRS for
longitudinal strain relaxation (Bucaro and Dardy 1977),
has constant adiabatic moduli (Bucaro and Dardy 1974a),
and has constant equilibrium compressibility (Bucaro and
Dardy 1976), valid from the glass transition up to 1800
8C. However, in situ Raman spectroscopic studies of su-
percooled SiO2 liquid up to 1950 K (McMillan et al.
1994) indicate a decrease in the average Si-O-Si angle
with increasing temperature, which is interpretated as
configurational changes of the structure.

Our data allow a further inspection regarding the
statement of Bucaro and Dardy (1977) that TRS is an
indicator for a temperature independent structure. It is
evident from Figure 1 that the shape of the longitudinal
strain relaxation curves of supercooled albite liquid are
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FIGURE 3. (a–e). Master relaxation curves for each in-
vestigated composition indicating thermorheological simplic-
ity of the supercooled liquids. The illustrated b-parameters
are averages of the individual values within the valid tem-
perature ranges. The dashed lines are single exponential func-
tions (b 5 1) that have the same half down time as the best
fit functions to the data.

similar and temperature independent. The curves are
only shifted on the time scale, clearly indicating TRS
behavior of the liquid corresponding to a constant b
value within error. Normalization of the individual re-
laxation curves with respect to t yields a master re-l

P,T

laxation curve, which is shown for each composition
in Figures 3a–e. TRS is not found within the whole
investigated temperature range for all compositions but
ranges from 740–1040 8C for ab, 865–1116 8C for
ab50jd50, 870–1095 8C for jd, 802–1022 8C for jd66ne33,

and 827–996 8C for jd33ne66. Especially at low temper-
atures the b values are lower (Table 2), which we at-
tribute to a higher inaccuracy of the relaxation curves.
An interpretation of these differences as a result of
structural changes or a change of the relaxation mech-
anism seems to be too uncertain. Daniel et al. (1995)
could not find any configurational changes up to 2000
K for albite melt and supercooled liquid using in situ
Raman spectroscopy. So in this case the Raman spec-
troscopy study agrees with the result from relaxation
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FIGURE 4. Composition dependence of the activation ener-
gies for strain relaxation and shear viscosity. Data sources: low
temperature range 5 Tl; v 5 this work, temperature range 711–
1116 8C; M 5 Knoche (1993), 717–806 8C; # 5 Cranmer and
Uhlmann (1981), 800–1000 8C. High temperature range 5 Th: V

5 Riebling (1966) 1500–1680 8C; m 5 N’Dala et al. (1984),
1594–1728 8C. Low and high-temperature range: Bucaro and
Dardy (1977), 1305–1750 8C; m 5 Urbain et al. (1982), 1192–
2482 8C. Intermediate temperature range: n 5 Stein and Spera
(1993) 1000–1300 8C. For better clarity the data of Taylor and
Rindone (1970) and Hummel and Arndt (1985) are not presented,
because they have a large deviation in comparison with the other
values.

measurements, supporting the view that TRS is an in-
dicator for a temperature-independent structure.

From Figures 3a–e it is also evident that the longitu-
dinal strain relaxation processes of the investigated su-
percooled liquids cannot be described by a single relax-
ation time but by a distribution of relaxation times,
indicated by b , 1. Several measurements on viscoelastic
liquids show that volume, shear, and longitudinal relax-
ation processes are characterized by a distribution of re-
laxation times (Litovitz and Macedo 1965). It is assumed
that the distribution of relaxation times derives from a
cooperative inherently nonexponential rearrangement of
the average configuration of the liquid (e.g., Moynihan et
al. 1976).

Dependence of activation energies on composition

According to the theory of viscoelasticity a comparison
of the temperature dependence of strain relaxation times
with that of shear viscosity is valid. Moreover, Lai et al.
(1975) and Bucaro and Dardy (1977) showed that the
activation energies resulting from strain relaxation times
and shear viscosity data are of the same magnitude within
error. Here, we compare activation energies obtained
from strain relaxation times (Bucaro and Dardy 1977; this
work) with activation energies from shear viscosity data
(Riebling 1966; Taylor and Rindone 1970; Cranmer and
Uhlmann 1981; Urbain et al. 1982; N’Dala et al. 1984;

Hummel and Arndt 1985; Knoche 1993 and Stein and
Spera 1993). Figure 4 shows the activation energy in the
system SiO2-NaAlSiO4 as a function of composition. The
derived activation energies correspond to two temperature
ranges: a low-temperature range (Tl ), with Tg , Tl , Tg

1 350 8C (Tg 5 glass transition temperature), and a high-
temperature range (Th), with Tg 1 750 , Th , Tg 1 1350
8C. In the low-temperature region the activation energy
passes through a minimum at ;40 mol% NaAlSiO4,
whereas in the high-temperature region the activation en-
ergy decreases with increasing NaAlSiO4 content. We in-
terpret this behavior to indicate increasing fragility to-
ward NaAlSiO4 composition, leading to a high activation
energy at low temperatures and a low activation energy
at high temperatures.

For supercooled albite liquid a significant scatter in the
activation energies is found from literature, ranging from
557 kJ/mol (Taylor and Rindone 1970) through 500
kJ/mol (Hummel and Arndt 1985) down to 372 kJ/mol
(this work). We assume that changes in the chemical com-
position could be responsible for this scatter, which is
supported by an increase in the activation energy from
394 kJ/mol to 440 kJ/mol with decreasing Na/Al ratio
from 1.07 to 0.95 from shear viscosity measurements for
supercooled albite liquid (Knoche 1993). This could
probably also explain the different activation energies
found for supercooled jadeite liquid from Taylor and Rin-
done (1970) with 545 kJ/mol in comparison with this
study (442 kJ/mol).

Dependence of the parameter b and the excess
(configurational) heat capacity DCP on composition

Generally, fragile liquids are characterized by a large
value of the excess (configurational) heat capacity, DCP,
and tend to have relaxation processes with a broader dis-
tribution of relaxation times than strong liquids (Angell
1988). This means that b decreases with increasing DCP.
Figure 5 represents the excess (configurational) heat ca-
pacity obtained from calorimeter measurements (Richet
and Bottinga 1984; Martens et al. 1987), clearly indicat-
ing an increase of DCP with increasing NaAlSiO4 content
and therefore increasing fragility. PCS measurements al-
low a very good determination of the parameter b, and
the results are plotted along the join SiO2-NaAlSiO4 in
Figure 6. The parameter b clearly decreases with increas-
ing fragility. Moreover, from Figure 6 it seems that the
relaxation time distribution derived from longitudinal
strain relaxation measurements (Bucaro and Dardy 1977;
this work) are broader than from enthalpy relaxation mea-
surements (Richet and Bottinga 1984; Martens et al.
1987). A lower value for b obtained from viscoelastic
relaxation in comparison with structural relaxation is also
observed for NaKSi3O7, B2O3, and 5-phenyl 4-ether
supercooled liquid (Moynihan et al. 1976). However, An-
gell (1988) found a lower value of b from enthalpy re-
laxation than from viscoelastic relaxation for a super-
cooled liquid with 3KNO3·2Ca(NO3)2 composition.
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FIGURE 5. Composition dependence of the excess (configu-
rational) heat capacity DCP, calculated from DCP 5 CP,melt 2
CP,glass at the glass transition temperature.

FIGURE 6. Composition dependence of the parameter b. The
dashed line is a linear fit to PCS measurements including data
for SiO2 (Bucaro and Dardy 1977) and NaAl-silicates (this work)
along the join SiO2-NaAlSiO4.

Comparison of relaxation times for different properties
In this section we compare the time scales of relaxation

processes for a given liquid recorded in terms of different
properties. Generally, viscoelastic relaxation is the time-
dependent response of a material to a mechanical load
and can be subdivided into strain relaxation and stress
relaxation. The average longitudinal strain relaxation time
at constant stress and temperature, ^t &, is obtained froml

P,T

PCS measurements, whereas the average shear stress re-
laxation time at constant strain and entropy, ^t &, can besh

St,S

calculated from shear viscosity data by the Maxwell
equation

hshsh^t & 5 (7)St,S G`

with hsh 5 shear viscosity and G` 5 shear modulus (Herz-
feld and Litovitz 1965; Bucaro and Dardy 1977). The
relaxation time superscripts l and sh indicate longitudinal
and shear, respectively, while the subscripts P, St, T, and
S indicate constant stress, strain, temperature, and entro-
py, respectively. Strain relaxation times are, in general,
different from stress relaxation times (e.g., Moynihan et
al. 1976; Bucaro and Dardy 1977). Montrose et al. (1968)
related these by

M`l l^t & 5 ^t &, (8)P,T St,T1 2M0

with M0 and M` 5 longitudinal modulus of the relaxed
(0) and unrelaxed melt (`), respectively. Until now the
longitudinal moduli M0 and M` in the system SiO2-
NaAlSiO4 are only available for SiO2.

In constrast to viscoelastic relaxation, structural relax-
ation is a time-dependent process according to a change
in temperature. It is noteworthy that for a soda-lime-sil-
icate liquid the hydrostatic stress required to produce a

structural change equivalent to a temperature change of
1 8C is 12 MPa (Scherer 1986 p. 13). Therefore, for mod-
erate stresses, the structural changes caused by a me-
chanical perturbation do not affect the viscosity, whereas
a thermal perturbation may. Structural relaxation times
can be obtained, for example, from dynamic heat capacity
measurements, where the enthalpy relaxation is recorded.
Here, the enthalpy relaxation time tH is given by the Tool-
Narayanaswamy (TN) equation

Dh* Dh*
t 5 A exp x 1 (1 2 x) (9)H [ ]RT R·T f

with A 5 preexponent, x (0 # x # 1) 5 nonlinearity
parameter, Dh* 5 activation enthalpy, R 5 universal gas
constant and Tƒ 5 fictive temperature. Similar to longi-
tudinal strain relaxation, enthalpy relaxation cannot be
described by a single relaxation time, so that the average
relaxation time of the relaxation time distribution has to
be calculated by the gamma function with

^t & 5 (t /b)G(1/b). (10)H H

The equivalence between viscoelastic and structural re-
laxation times is discussed controversially in the litera-
ture. Rekhson (1975) showed for a variety of glasses,
including SiO2, GeO2, and window glass, that the struc-
tural relaxation time at the glass transition temperature is
larger than the stress relaxation time obtained by the
Maxwell Equation 7 by a factor of 4–20. A difference in
the relaxation kinetics of viscoelastic and structural relax-
ation has also been found for supercooled 5-phenyl
4-ether, B2O3, NaKSi3O7, and As2Se3 liquids (Moynihan
et al. 1976), supercooled 3KNO3·2Ca(NO3)2 liquid (An-
gell 1988), and supercooled jadeite liquid (Siewert and
Rosenhauer 1994). However, Webb (1992), Stevenson et
al. (1995), and Webb and Knoche (1996) found no dif-
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FIGURE 7. Comparison between enthalpy, shear, and longi-
tudinal stress and longitudinal strain relaxation times for SiO2

melt and supercooled liquid.

FIGURE 8. Comparison between enthalpy, shear stress, and
longitudinal strain relaxation times for supercooled albite liquid.

ferences between enthalpy and shear stress relaxation
times for several silicate melt compositions. These au-
thors use a shear modulus value for log10 G` of 10 6 0.5
Pa for calculating the shear stress relaxation times by
Equation 7, which is assumed to be an average value for
silicate melts (Dingwell and Webb 1990). Consequently,
any differences in the relaxation times are obscured by
the large range of G` variation; in comparison, the ob-
served differences between structural and viscoelastic re-
laxation time are within one or two log10 units.

Our data allow a further inspection with regard to a
possible difference in the relaxation kinetics between
structural and viscoelastic relaxation. Strain, stress, and
enthalpy relaxation times for melt and supercooled liquid
of SiO2 and albite composition are represented in Figures
7 and 8, respectively. Here, shear stress relaxation times
^t & are calculated from shear viscosity data (Brücknersh

St,S

1970; Urbain et al. 1982; Knoche 1993) by means of
Equation 7 using a measured value for log10 G` of 10.5
Pa for SiO2 (Bucaro and Dardy 1974a) and the average
value of silicate melts for log10 G` of 10 6 0.5 Pa for
albite composition. The enthalpy relaxation times for su-
percooled albite (Martens, personal communication) and
SiO2 liquid (Richet and Bottinga 1984) are calculated by
Equations 9 and 10. It is evident that for supercooled SiO2

and albite liquid the enthalpy relaxation time is slower
than any of the viscoelastic relaxation times. It is impor-
tant to mention that the samples of albite composition
used for dynamic heat capacity, shear viscosity, and lon-
gitudinal strain relaxation measurements are from the
same batch, so that an influence on the relaxation time
because of slight differences in composition can be ex-
cluded. In contrast to albite, the measurements on vitre-
ous SiO2 were made with different samples. Different OH
contents of the samples of vitreous SiO2 may be the rea-
son for the differences between the shear viscosity data
from Brückner (1970) and Urbain et al. (1982), because
the OH content has a strong influence on the viscosity of
vitreous SiO2 (Brückner 1970). We believe that the dif-

ference in the relaxation times may be interpreted as
meaning that structural relaxation is associated with ma-
jor configurational changes such as bond breaking,
whereas viscoelastic relaxation involves stretching and
aligning of bonds or structural units. This could also ex-
plain the different values for the parameter b of structural
and viscoelastic relaxation.
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