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Calorimetric measurements of the glass transition are presented for metallic glasses, B,O3, and organic
polymers with cooling and heating rates ranging over more than three orders of magnitude. Fits of the
onset temperatures of the glass transition to a Vogel-Fulcher-type equation give divergence temperatures
significantly above the values obtained for Vogel-Fulcher fits to the viscosity. The width of the glass
transition extrapolates to a sharp step transition at a finite heating and cooling rate, which is close to the
range where the data were taken. The results suggest that the glass transition becomes independent of
the experimental time scale in a regime that may be accessible to measurements.

INTRODUCTION

Although the glass transition has been studied for
many decades, there is still an ongoing discussion about
the basic nature of the phenomenon.! ™3 The viscosity of
glass-forming systems changes dramatically near the
glass transition. As a consequence, the time scale of the
measurement determines where the characteristic
changes occur which mark the transition to the glass. In
particular, previously published calorimetric and
volumetric experiments show a linear dependence of the
glass-transition temperature, T, on the logarithm of the
heating rate."*”® The glass transition may also be ob-
served by scanning a probe frequency isothermally.”®
These experiments also show a decrease of T; with the
logarithm of the frequency. Based on these experimental
observations no lower limit for T; seems to exist, al-
though it must be remembered that the time required for
the observation of the glass transition at lower tempera-
tures grows exponentially. However, some measurements
indicate that an even stronger divergence at a nonzero
temperature underlies the glass transition: (1) The viscosi-
ty of most glasses may be described by a Vogel-Fulcher
form with a divergence at a temperature T,,.">*!1° How-
ever, the extrapolated divergence lies well below the ob-
served glass transition (typically by 20-30 %). (2) The
specific heat of the supercooled liquid is larger than the
specific heat of the corresponding crystalline phases.
Kauzmann observed that this difference is so large that
the extrapolated entropy of the supercooled liquid be-
comes smaller than the entropy of the corresponding
crystalline phases at an isentropic temperature, Tx.!!
Since in most cases that is physically unreasonable, the
system must either crystallize or form a glass above T.
The integration of data for the difference in specific heat
between supercooled and crystallized Pd,,NiyoP,, (Ref.
12) gives Tx=(517£8) K, which is 8% below the
calorimetrically observed glass-transition temperature.
(3) The attempt to analyze the dependence of T on the
heating rate as the result of an activated process leads to
activation energies which are a factor of 3 larger than the
values found by diffusion measurements in the same tem-

46

perature regime.*®!> Even more striking is the incon-
sistency of the frequency prefactors, for which one finds
values of 10°° Hz and higher.!* A simple picture of ac-
tivated processes fails to describe the glass transition and
some cooperative effect appears to be underlying it.

These observations can be understood with the as-
sumption that a temperature T¢ is a lower limit for 7.
Tg should be close to, but in general above, Tx. To ob-
serve the effects of such a transition, it is necessary to
measure glass formation on long time scales. In the
present study, calorimetric measurements of the glass
transition have been extended to comparatively low heat-
ing and cooling rates. Several systems of different types
are included in this study: metallic glasses which are
very stable against crystallization, organic polymers, and
the inorganic polymer B,0;.

EXPERIMENTAL METHOD

The metallic glasses Pd,oNigPoSi;, Pd;; sSije sAgs,
and LassAl,sNiy; were prepared by the conventional
technique of melt spinning onto a copper wheel. The or-
ganic polymers are secondary standards of polymethyl-
methacrylate (PMMA, M.W. 93300, and M.N. 46400)
and polycarbonate resin (PCR, M.W. 47900, and M.N.
18100) were purchased from Aldrich Chemicals, Inc.,
and were measured as received. Two samples of B,0;
were measured which contained different amounts of wa-
ter. It was determined by weighing a series of dried sam-
ples that T; decreases by 19 K per mol % of H,O dis-
solved in B,0;. One sample was dried at 823 K for 1 h,
and retained less than 0.1 mol % of water. A second
sample of B,0; was dried at 673 K for 10 min and re-
tained about 2.7 mol % of water. The specific heat mea-
surements were carried out with a differential scanning
calorimeter (Perkin-Elmer DSC 7). The samples, apart
from B,0;, were enclosed in air-tight aluminum pans. In
the case of B,O; small holes were punched into the lid of
the sample pan so that the water could escape while the
sample was dryed. A constant flow of argon was main-
tained in the instrument, except in the case of the mea-
surements on Pd,yNisyP,,Si; where the gas flow was shut
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off after placing the sample inside and initially flushing
the instrument with argon. The basic calibration of the
instrument was done at a heating rate of 10 K/min with
In and Zn melting point standards (429.4 and 692.7 K).
As the exact calibration of the instrument depends on the
heating rate, an additional temperature correction was
determined for each heating rate, ¢. Depending on
which melting point lies closer to T; of the sample to be
measured, either an In or a Pb melting point standard
(606.6 K) were used to determine this correction. The
changes of the corrections with heating rate were typical-
ly 0 K for ¢ <1 K/min, and 0.1, 0.2, 0.7, 1.2, 2.5, 5.5,
10.9, and 16.0 K for ¢=1, 2, 5, 10, 20, 50, 100, and 200
K/min. The corrections varied slightly with time and be-
tween the two standards, and were much smaller than the
net shifts in T (typically 40 K). To increase the signal,
relatively large amounts of sample were used for the mea-
surements at low heating rates (for example, 119 mg for
the measurements on Pd,yNi, P,4Si;). For the metallic
samples, the amount of sample had little influence on the
results of the measurements. A repetition of the mea-
surement with a mass of 12 mg gave similar results, and it
was only at the highest heating rate of 200 K/min that a
shift of T by 2.5 K was seen. Apart from this small
correction, all measurements for each metallic glass could
be made on one sample. The samples were placed into
the calorimeter and measured by repeatedly heating and
cooling them through the glass transition. The measure-
ments at different heating rates were done in a random
sequence. For measurements on polymers, data from
samples of different masses had to be combined because
the thermal gradients within samples were too large for
samples of large mass at high heating rates. All data was
rejected for which a variation of the sample mass by a
factor of 5 lead to a change in the value of T; or a
change in the shape of the calorimetric signal. For the
polymers PMMA and PCR consistent data could only be
obtained for heating rates up to 100 K/min or 20 K/min,
respectively. A parabola was subtracted from the heat
flow signals to correct for the variation of the baseline of
the instrument with different heating rates. To obtain the
changes in the specific heat, ACp, the heat flow signals
were then divided by ¢.

RESULTS AND DISCUSSION

The samples are heated from the initial state to above
the glass transition. Above T; the systems are in the su-
percooled liquid state and in metastable equilibrium:'
the state depends only on the temperature and not on the
thermal history, i.e., the system is in equilibrium with
respect to to all liquid states, but metastable with respect
to crystallization. Then the samples are cooled to low
temperatures with a rate —@. On cooling a glass is
formed which in general is out of equilibrium, and whose
state depends on the cooling rate,'? provided that the
glass is cooled to a temperature which is low enough to
avoid further relaxation below T;. Subsequently, the
sample is heated with the same rate @ to measure the
transition upon heating. At the beginning and at the end
of the cooling-heating cycle the sample is in metastable
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equilibrium above T;. Since the cooling rate equals the
heating rate, the evolution of the sample is tested only on
a single time scale corresponding to |@|. This cycle is re-
peated with |@| ranging from 0.1 to 200 K/min. Figure 1
shows the change of the specific heat during heating and
cooling for Pd,,Ni,yP,,Si;. Figures 2 and 3 show AC,
upon heating for Pd,,Ni, P ,,Si; and B,0;. The signature
of the glass transition upon cooling is a decrease in AC,
over a range of about 50 K. During the subsequent heat-
ing there is a pronounced overshoot in the specific heat
which occurs when the kinetics become fast enough to al-
low the sample to regain metastable equilibrium on the
time scale of the measurement. The onset of the AC,
peak upon heating is the most pronounced feature of the
transition and it is used here to identify T;. It is defined
as the point of intersection between the linearly extrapo-
lated curve below the transition with the steepest tangent
of the rise in ACp. The onsets of the glass transition in
Pd,;Ni,,P,,Si; are plotted in Figure 4 against the heating
rate on a logarithmic scale. (Note that from now on the
heating rate is given in K/s rather than in the experimen-
tally practical unit K/min.) Clearly, the data points devi-
ate from a straight line. This differs from the results that
were reported previously.* ¢ It is apparent that the ex-
tension of the measurements to low heating rates is neces-
sary to observe the deviation from a straight line in the
semilogarithmic plot. This result is consistent with re-
sults of isothermal MGossbauer spectroscopy measure-
ments of the Debye-Waller factor, which give a higher
value of T; than the extrapolated scanning calorimetry
data.!>14

With respect to the discussion concerning a possible
lower limit for the glass transition, it is of interest to see
whether and how the values of T; converge to some
finite value T3. To test this, one has to choose a function
to compare the data with. It is standard procedure to fit
viscosity measurements to a Vogel-Fulcher equation or a
similar function.”!® A functional form of Vogel-Fulcher
type which is suitable to fit the present results is

@=Bexp[A/(TQ—Tg)]=Tg=Te¢+ A/In(B/p) (1)

with 0@ <B. The adjustable parameters of such a fit
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FIG. 1. Change of specific heat during cooling and heating a
sample of Pd,,NiyP,¢Si; through the glass transition.
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FIG. 2. Change of the specific heat at the glass transition of
Pd4NisoPSi; upon heating with rates ¢ varying between 0.1
and 200 K/min. Before heating the sample was cooled through
the glass transition with the rate —¢.

are A, B, and Tg. The temperature Tg is the asymptotic
value of T in the limit of infinitely slow cooling and
heating. B has the dimensions of a heating rate. The nu-
merical values obtained for B are so far above the highest
heating rates used that the unphysical divergence of the
fitting function at ¢— B can be disregarded for the fol-
lowing discussion. For PdsyNi,,P,,Si;, one obtains the
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FIG. 3. Change of the specific heat at the glass transition of
B,0; upon heating.

FIG. 4. Dependence of the onset of the glass transition in
Pd,Ni P 5Si; on the logarithm of the heating rate. The solid
line is the best fit of the data to Eq. (1).

best fit to the data with T3 =(518+6) K, 4 =(538+100)
K, and B =(3700+2000) K/s. The best fit is shown by
the solid line in Fig. 4. Equation (1) with T3 =0 is fre-
quently used to fit similar data."* ¢ The extension to
T87&0 is somewhat ad hoc, however, the fits shows that
the data are consistent with T; converging to a tempera-
ture Tg. (Other fitting functions allow very good fits to
the data as well, such as the function
Ts=Ta+ Alln(p/¢°)]%, which converges at a finite heat-
ing rate ¢°. The fit to this form gives values of T and ¢°
which lie close to the range of the data. The question of
the choice of the fitting function is discussed in more de-
tail below.) For Pd,,Ni,,P,4Si; and B,O5 Table I lists the
values of the lowest T; measured at low heating rates,
TE&n, as well as To, Ty (based on the specific heat data by
Kui and Turnbull'®) and the temperature T, where the
Vogel-Fulcher fit to the viscosity diverges.”!® T is
significantly closer to the range of the experimental data
than T,. The relatively small difference between 72"
and T¢ indicates that the assumption of a lower limit of
Ts, such as in Eq. (1), is reasonable. For the same
reason, the fitted value of T is numerically better defined
than the value of T,. For PdNiP,4Si;, TS is close to
the Kauzmann temperature, although the numerical
coincidence most likely is accidental.

TABLE 1. List of different temperatures (in Kelvin) which
are obtained as a lower limits for T; based on different types of
measurements and extrapolations. The lowest measured value
of T is also given.

Pd4NigoP 481, B,0;
TRin 55542 526+1
TS [Eq. (1] 51846 491+6
Tk 5175 S
T 449147 421460
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The data obtained for the different systems were fitted
to Eq. (1) and the parameters of the best fits are given in
Table II. In Fig. 5 the data are displayed together with
the fits. To plot all curves in one diagram, the tempera-
ture values were scaled with the fitted values T2 in Table
II. Figure 5 shows that the heating rate dependences of
T; for the different systems are quite distinct with
respect to the slopes and curvatures. The data for the
metallic glasses Pd,Ni,,P,oSi;, and Pd,; sSi;¢ sAge are
quite similar. The values of T; for LassAl,5Ni,, almost
follow a straight line, and as a consequence Tz is much
lower than T2™" transition temperature. Due to the small
curvature, the numerical fit of Eq. (1) to data on
LassAl,5Niy and PCR is ill defined and the values for the
fitted parameters have large uncertainties. B,0; is the
system where the deviation from a straight line is strong-
est. Dissolved water breaks the B-O-B bonds and thus
interrupts the network structure of the glass.!* The main
effect of the difference in the water content of the two
B,0; samples is a change of T3"/T2. This indicates
that on the experimental time scale, the sample with al-
most no dissolved water is closer to the extrapolated state
formed for Tg=T2. The two polymers behave quite
similarly, and the heating rate dependence of T; is small
compared to the metallic glasses and the B,0O; samples.

The results suggest that for glass-forming systems an
internal time scale exists. It is proportional to the param-
eter B in Table II, since B sets the scale for the heating
rates @. A small value of B indicates that the internal
time scale of the system is short, such as for B,O; and
Pd,,Ni,oP,4Si;, while a large value indicates that a long
waiting time would be required to bring the system close
to an ideal state (such as for Las;Al,sNiy,). The fitted
values of B indicate that the internal time scales for the
systems measured here vary by at least 2 orders of magni-
tude.

Figure 6 shows the width of the glass transition, AT,
for the systems B,O; (with less than 0.1 mol % H,0),
Pd,NiyPoSi;, and PMMA. AT was taken as the
difference between the temperature of the peak before the
completion of the transition and the onset, as marked by
the arrows in Fig. 2. For all three systems AT is clearly
proportional to the logarithm of the heating rate over the

TABLE II. The parameters T2, 4, and B for which the best
fit of the data to Eq. (1) was obtained.

Te/K A/K logo(B/Ks™!)

Metallic glasses

Pd ,NiyPsSi; 518+6 538+100 3.6£0.4
Pd;; 5Sij6 sAgs 576122 770+580 4.612.0
LassAlysNiy, 338+57  2000+2100 6.9+4.0
<0.1 mol %H,0 491+6 310+80 2.2+0.3
2.7 mol % H,0 439+15 550+250 2.9+0.8
Organic polymers

PMMA 365+5 180+100 3.5£1.3
PCR 404110 220+230 3.5+2.5
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FIG. 5. Dependence of the onset of T; on the logarithm of
the heating rate. For each system T§; is scaled with the value of
T¢ given in Table II. T3 is obtained by fitting the data to Eq.
(1) and the fits are shown by solid lines. The data for
LassAlysNiy, are shifted down by 0.17. B,O; (1) refers to the
sample with less than 0.1 % H,0 and B,0; (2) to the sample
with 2.7 % H,0.

whole experimental range. It gives an intercept with the
line AT =0 K, which corresponds to a sharp transition.
This extrapolated point of intersection gives a cooling
and heating rate which lies 1-3 orders of magnitude
below the lowest rates used in the present measurements.
If, as this diagram suggests, the width of the glass transi-
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FIG. 6. Dependence of the width of the glass transition on
the logarithm of the heating rate. The data for B,0; refer to the
sample with less than 0.1 % H,0. The solid lines are fits to
AT=aln(@/¢") with ¢ > ¢°.
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tion indeed becomes zero, or even a constant, for heating
rates below a critical rate ¢°, then the glass transition is
independent of the time scale of the experiment. This
would be the limiting case of the transition to an ideal
glass. At this point T; would also have reached the
lower limit T2, since kinetic effects no longer play a role.
Therefore Fig. 6 suggests that T; may converge faster to
TY than the Vogel-Fulcher form in Eq. (1), which con-
verges only at ¢ —0. In consequence it is very likely that

another fitting function, which converges for ¢—¢° >0,
may more appropriately represent a more extended range
of data. Accordingly, the values given above are likely to
be a lower bound of T2.

CONCLUSION

Standard calorimetric measurements of the glass tran-
sition were extended to low heating and cooling rates.
The previously reported results, suggesting that the rela-
tionship between T, or 1/T;, and In(¢) is linear, are
not valid for the extended range of data. Instead, the
data are consistent with the assumption that there exists
a temperature T¢ which is a lower limit of T;. This
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lower limit lies closer to the temperature range of the ex-
perimental data than the divergence temperatures of oth-
er quantities at the glass transition, such as the correla-
tion length or the viscosity (compare, e.g., Refs. 3, 9, and
10). T¢ appears to be close to Kauzmann’s isentropic
temperature Tx. The width of the glass transition de-
creases linearly with In(¢). This result suggests that the
width of the glass transition becomes zero, or a constant,
for ¢ <¢°. Taken together, the results indicate that
shape and temperature of the glass transition may decou-
ple from the experimental time scale for sufficiently low
heating rates. In this case an ideal glass, which is in-
dependent of the thermal history, would be formed. This
aspect could be of interest for the production of glasses
for certain specific applications. The question remains
open at this point to what the possible physical basis for a
very sharp glass transition at a fixed temperature could
be. It may be a strong and sudden divergence of the re-
laxation times at Tg, or it could be a thermodynamic
transition, as is suggested by several models (Refs. 2, 16,
and 17). Since the divergence assumed here may be test-
ed on laboratory time scales, it is necessary and interest-
ing to extend the measurements presented here to slower
heating and cooling rates.
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