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Abstract

The application of modulated-temperature programming to thermomechanical analysis affords a method for separating the

reversible nature of thermal expansion from irreversible deformation arising from creep under the applied load or changes in

dimensions due to relaxation of orientation. Measurements may be made under tension (for thin ®lms and ®bres) or

compression (for self-supporting specimens). The treatment of data is similar to that employed in modulated-temperature DSC

(MTDSC). The superposition of a dynamic load in addition to a modulated-temperature program leads to modulated-

temperature dynamic mechanical analysis. # 2000 Elsevier Science B.V. All rights reserved.

Keywords: Modulated-temperature TMA; Orientation; Creep

1. Introduction

The temperature and energy changes associated

with thermally activated processes in materials have

long been measured by differential scanning calori-

metry (DSC). The introduction of modulated-tem-

perature DSC (MTDSC) has allowed the separation

of thermally reversible and irreversible (under the

conditions of the experiment) events which occur

during the course of such measurements [1±4]. A sine

wave is the most common heating pro®le although

other waveforms have been used and a variety of data

analysis methods have been described [5,6]. Recently,

modulated-temperature programs have been used in

thermogravimetry to study the thermal degradation

behaviour of materials [7].

DSC measures the change in enthalpy of a material

as it is subjected to a temperature program. Thermo-

mechanical analysis (TMA), on the other hand, moni-

tors the change in length (volume) with temperature.

By direct analogy to the equations describing MTDSC

[1±4], the rate of change of sample length with respect

to time (dL/dt) measured by thermomechanical ana-

lysis (TMA) can be divided into two components:

dL

dt
� a

dT

dt
� f �t; T�

where a is the thermal expansion coef®cient (dL/dT)

and f(t,T) encompasses changes in dimension (length

or thickness) which occur due to relaxation of stresses

in the sample or deformation under the applied load in

the case of TMA.

Jaffe [8] has discussed the nature of reversible and

non-reversible length changes on heating for oriented

polymers. Whilst all materials generally have a posi-

tive coef®cient of volume expansion, the inherent

anisotropy of ordered polymer chains means that

the linear thermal expansion coef®cient along the

chain axis may be negative. Furthermore, the meta-

stable nature of most oriented polymer structures

results in relaxation to the disordered state on heating

above Tg. Hence, any change in specimen length with
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temperature will not be reversible until structural

equilibrium is achieved. Trznadel and Krysewski [9]

reiterate this concept in a review of thermal shrinkage

of oriented polymers. Thermal expansion is reversible

(even if the sign of the coef®cient of thermal expan-

sion is negative) but any shrinkage is permanent since

it results in an increase in entropy due to loss of order

in the matrix. Other irreversible dimensional changes

can occur: such as creep under the applied load during

a measurement. The application of modulated-tem-

perature programming to TMA might afford a means

of separating these two effects.

2. Experimental

Experiments were carried out using a Shimadzu

TMA-50. Measurements were run either in tension

(static 1 g load) or compression (static or dynamic

sinusoidal loading (0.1 Hz) on a 3 mm diameter ¯at-

ended probe). A `modulated' temperature program

was synthesised by using a series of heat-isotherm

or heat-isotherm-cool-isotherm cycles [10,11]. Typi-

cal modulation periods ranged from 90 to 300 s with

amplitudes of 1±38C and underlying heating rates

between 0.5 and 28C/min.

Deconvolution of the TMA signals (time, tempera-

ture and length) was carried out according to the

method disclosed by Reading [12]. The algorithm

applied a linear least-squares ®t to the rate of length

change versus heating rate over one period in accor-

dance with the equation above. An adjustable para-

meter, the phase lag, is introduced to accommodate the

delay between the heating rate and thermal response of

the system. This is determined by shifting the rate of

length change data one point at a time with respect to

the heating rate until the best ®t is achieved. This

`of¯ine' deconvolution approach is robust, but com-

putationally expensive Ð typical data ®les took sev-

eral hours to analyse.

3. Results and discussion

Fig. 1 shows the raw data (temperature and length)

and their ®rst derivatives (with respect to time) for a

sample of poly(ethylene terephthalate) (PET) ®lm

(ICI Melinex1). The deconvolution procedure gives

the average rate of length change (dL/dt), the reversing

rate of length change (rev. dL/dT) and the phase lag

between the heating program and sample response

(Fig. 2). The phase lag can be employed to separate the

reversing rate of length change into its in-phase and

Fig. 1. Raw data from MTTMA experiment on PET ®lm (top Ð bottom: temperature, length change, dL/dt, dT/dt).
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out-of-phase components (Fig. 3) in the same way as

can be done for heat capacity measured by MTDSC

[13,14]. The in-phase response exhibits the usual

increase in thermal expansion coef®cient through

the glass transition, whereas the out-of-phase response

contains the kinetic component of the shrinkage due to

relaxation of orientation. Conventional TMA is unable

to monitor the thermal expansivity of oriented PET

Fig. 2. Deconvoluted data from Fig. 1.

Fig. 3. In-phase and out of phase components of reversing dL/dT from Fig. 2.
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above Tg due to relaxation effects [15]. At higher

temperatures, there is an apparent reduction in the

in-phase reversing dL/dT due to non-linear response of

the sample as it undergoes large-scale irreversible

deformation during the time-scale of the temperature

modulation. Such effects have been discussed in

MTDSC [16] and may be overcome by using shorter

modulation periods and lower modulation amplitudes.

Separation of the reversing rate of length change into

in-phase and out-of-phase components is also impor-

tant for measurements in compression (where creep

occurs) and allows the thermal expansion coef®cients

of materials to be evaluated independently of loading

conditions (Fig. 4).

The rate of length change data may be integrated

with respect to time (for the average dL/dt) or

temperature (for the reversing dL/dT) to allow the

total length change and length change due to thermal

expansion to be determined. The difference between

such curves represents the changes in dimensions

due to irreversible shrinkage arise from loss of

orientation or creep under load. This approach has

been used to study orientation in PET ®lms [10] and

acrylic ®bres [17].

When the sample is subjected to a dynamic load this

technique becomes modulated-temperature dynamic

mechanical analysis (MTDMA). Fig. 5 shows the

results of an experiment performed on an epoxy resin

(Ciba Aradite1) rod in compression. In this case, the

sample was heated in a scanning modulated-tempera-

ture fashion to 1008C and then the conditions were

changed to quasi-isothermal operation. The data was

®rst analysed to determine the amplitude and phase

difference of the length change due to the applied

loading cycle. This yields the complex compliance

(from the ratio of the length change amplitude divided

by the load amplitude) and damping factor (tan delta).

Fig. 5 shows the average temperature pro®le, length

and mechanical properties. The partially cured resin

devitri®es and softens up to 508C, undergoes further

cure up to 808C and then softens once more.

The length change response was deconvoluted to

determine reversing dL/dT response and phase lag

(Fig. 6). The changes in thermal expansivity closely

follow the compliance. Furthermore, it is possible to

measure the thermal expansion under quasi-isother-

mal conditions analogous to MTDSC [18]. Schick

[19] has used MTDMA in both temperature-scanning

and quasi-isothermal modes to study the reversible

melting of polymers. MTDMA would appear to be

complimentary to MTDSC in the study of curing

systems [20].

Fig. 4. MTTMA of poly(methyl methacrylate) rod in compression (solid line: 5 g load, dashed line: 10 g load).
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Where the temperature program exposes the sample

to cooling conditions in addition to heating, the data

may be broken down into heat/cool/re-heat segments

and analysed in the same way (Reading [12] has

termed this `parsing'). An example of this is shown

in Fig. 7 for an acrylic ®bre (Courtaulds Courtelle1).

The data are equivalent below the Tg (908C). Above

this temperature the effects of thermal history become

Fig. 5. MTDMA experiment on epoxy resin rod (temperature, length, compliance and damping factor).

Fig. 6. MTDMA experiment on epoxy resin rod (temperature, reversing dL/dT, compliance and phase lag).

D.M. Price / Thermochimica Acta 357±358 (2000) 23±29 27



apparent. For dynamic load experiments, it might be

possible to isolate data depending on the direction of

load change (e.g., creep versus stress relaxation) in

addition to any temperature modulation.

4. Conclusions

These examples show the potential of modulated-

temperature programming for the study of dimen-

sional changes with thermomechanical analysis. The

effects of orientation and creep can be studied and the

measurements can be made less sensitive to choice of

initial load. The application of this approach to

dynamic mechanical analysis presents interesting pos-

sibilities for studying cross-linking reactions and melt-

ing. Quasi-isothermal measurements of thermal

expansivity can be made and `parsing' may be utilised

to investigate the effects of thermal history on the

sample.
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