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Abstract

DSC heating curves of the 15Na,0-10Ca0-75SiO, glass were analyzed by non-
linear least squares regression treatment in the frame of Narayanaswamy — Tool
relaxation model with the time-temperature dependence of relaxation time
alternatively approximated by Mazurin’s (TNMa) or Moynihan’s (TNMo) expression.
Four different heating rates (5°C/min., 10°C/min., 20°C/min., and 50°C/min.) were
used for recording the DSC curve of each glass. The glasses for the DSC
experiment were prepared by controlled cooling with the cooling rate of 50°C/min. It
was statistically proved, that both used models give comparable results. On the
other hand, significant differences between the parameter estimates of relaxation
model were identified for various heating rates. It was concluded that the muilti-
respond regression treatment is needed to overcome this ambiguity.

Introduction

It is commonly accepted that the relaxation behavior of oxide glasses is well
described by the Tool — Narayanaswamy - Moynihan (TNMo) or Tool -~ Narayana-
swamy — Mazurin model (TNMa) for both the enthalpy and volume relaxation [1-6].
When the viscosity-temperature dependence of meta-stable equilibrium glass-
forming melt is known, the Mazurin’s model can be applied with only two adjustable
parameters. The first one, X, relates the dynamic viscosity, 7, and relaxation time, 7,

values by simple proportionality relationship:

K=n/t (1)
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and the second one, =, implicitly expresses the slope of the Arrhenius-like viscosity
temperature dependence for iso-structural glass (i.e. the glass with constant
structural temperature 7; [1]). When the equilibrium viscosity temperature

dependence is described by Vogel — Fulcher — Tammann equation:
log{n(T,T; =T)} = A+ B/(T - T,) (2)

where 4, B, and 7, are adjustable parameters, the Mazurin's expression for
relaxation time can be written as [5-7]:

b 0

T. T 7,
log (T, T.)=| A+ —logk |22~ =L 1 |log =2 3
og7(T,T;) [ og ]T (r )ogK (3)

where only K, and 7, are adjustable parameters.
Moynihan suggested the expression for the relaxation time dependence on both the

thermodynamic and fictive temperature in the form [8]:

xAR” (l—x)Ah‘} )

T=7,€X
! p{ RT RT,

£

where x (0 <x < 1), n, and Ak” are three adjustable parameters. Moreover, the A4
value can be estimated from the Arrhenian plot of low temperature - viscosity
dependence.

Commonly, the TN model of enthalpy relaxation is used with one of the above
approximation of relaxation time [2-8]. As the need of the correct enthalpy and
volume relaxation data acquires increasing importance due to the progress in finite
element method (FEM) modeling of glass forming process [9], the present work

intends to compare statistically the TNMo and TNMa models.

Computational details
The specific enthalpy H(7,Tf) of the sample characterized by thermodynamic

temperature 7 and fictive (structural) temperature Tt is given by [2-5]

T Ty

H(T,T,) = H(T,,T,)+ jcpg(T‘)dT‘+ jc (T")dT (5)

pm
Tin T

where cpo and cpy are the isobaric specific heat capacities of the glass and of

meta-stable glass-melt, respectively. The T, is arbitrary, but a sufficiently high
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reference temperature. Supposing the linear temperature dependence of both heat
capacities

Cpu(T)=cpop t € T and Con (1) = Cpg +Cpmi T (6a,b)

the time course of the DSC measured heat capacity cp ef(f) is obtained:

dr,
d7

()

Cpeft (£) = Cppp +Cpgi T(n)+ {Cpm.O e (e )T (f)}

For a given time-temperature schedule 7(r) the time dependence of fictive

temperature 7() is obtained from the integral equation
T, (1) = T() - [dr'(dT/de), M) - &) ®)
0

where M is the relaxation function of dimensionless time & that is defined [2] as

a time integral of inverse relaxation time z:

1 df, r K
0= [ =[—ar ©
ojr(f) a0’
The relaxation function may be expressed by the stretched exponential function
(known also as the Kohlrausch — Williams — Watts function - KWW) [3-5,10]:

M(&)=exp(-¢") (10)

where the exponent b has a value between 0 and 1.
The unknown parameters of the proposed regression models were estimated using

the standard non-linear least squares method.

Results and discussion

The 15Na;0-10Ca0-75Si0, glasses for DSC experiment were prepared by
controlled cooling with the cooling rate of 50°C/min. Four different heating rates
(5°C/min., 10°C/min., 20°C/min., and 50°C/min.) were used for recording the DSC
curves. The experimental DSC data obtained at different heating rates are
compared with the calculated values of TNMa and TNMo models in Figs. 1-8. It can
be seen that both models fit the experimental data perfectly for each heating rate.
The parameters of TNMa and TNMo models obtained by non-linear regression
analysis are summarized together with their standard deviations in Tabs. 1-2.
Moreover, the standard deviation of approximation, sapr, and the values of Fisher's F
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statistics are reported. The equivalency of both models is thus confirmed by these
statistical criteria. On the other hand a significant difference between the parameters
values can be seen when various heating rates are compared. This result, which is
contradictory to the supposed thermo-rheological simplicity, can be explained by the
strong inter-parameter correlations. In such case the individual parameter values
lose their significance because a huge number of various combinations of correlated
parameters values give equivalent fit of experimental data.

Tab. 1.: The results of regression analysis — Mazurin’s model.

Parameter Scan rate / K.min™

(st. deviation) 5 10 20 50
log(K / dPa) 10.344 10.352 10.399 10.516
(0.004) (0.002) (0.001) (0.001)

" 0.801 0.697 0.715 0.731
(0.004) (0.002) (0.001) (0.002)

: [ dPas) -8.04 -13.98 -10.62 -8.11
ogiih £ dBas (0.15) (0.14) (0.05) (0.10)
Fisher’s F/ 55195 230146 1598718 856758
Sape / J.g.K! 0.0052 0.0027 0.0011 0.0013

Tab. 2.: The results of regression analysis — Moynihan’s model (Ak™ = 568 kJ/mol).

Parameter Scan rate / K.min™'
(st. deviation) S 10 20 50

togla/k) -33.335 -33.371 -33.429 -33.618
(0.003) (0.002) (0.001) (0.002)

b 0.828 0.719 0.733 0.734
(0.004) (0.002) (0.001) (0.002)

. 0.558 0.758 0.664 0.590

’ (0.004) (0.005) (0.002) (0.003)
Fisher’s F 50122 161246 765487 524235
Sape/ JgK! 0.0054 0.0032 0.0015 0.0017

Conclusions

It was statistically proved, that both used models (i.e. TNMa and TNMo) give
equivalent fit of experimental DSC data. Significant differences between the
parameter estimates of each relaxation model for various heating rates can be
explained by strong parameters inter-correlations. It was concluded that the multi-
respond regression treatment is needed to overcome this ambiguity.
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Fig.1: Heating rate 50°C/min. — TNMa

Fig.2: Heating rate 50°C/min. — TNMo
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Fig.3: Heating rate 20°C/min. — TNMa

Fig.4: Heating rate 20°C/min. - TNMo
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Fig.5: Heating rate 10°C/min. — TNMa

Fig.6: Heating rate 10°C/min. — TNMo
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Fig.7: Heating rate 5°C/min. - TNMa

Fig.8: Heating rate 5°C/min. - TNMo
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