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H E T E R O G E N E O U S  B L E N D S  
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Measurements of the mechanical work (A), the heat of deformation (Q) and differences be- 
tween these quantities, i.e. the internal energy (AU) stored in samples were performed under the 
unidirectional compression loading conditions by using constant temperature deformation 
calorimetry. It is shown for several glassy (PS, PC, PI-BD, PET, epoxy-amine network, ABS) 
semi crystalline (PBT, PET) polymers and blends (PC: ABS, PC: PBT), that 45-85% of the 
mechanical work of deformation is converted to internal energy stored in deformed samples AU 
is quite high as compared with metals. 
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Introduction 

Measurement of the heat effects under the deformation of solids is a powerful 
method for studies of the mechanical response. The transformation of the 
mechanical work into heat and dissipation of this work and the stored energy 
gives important information about the structural mechanism of the deformation 
microprocess. 

The energy and entropy changes were quantitatively analyzed in detail for the 
highly elastic deformation of rubber [1, 2]. Less systematic information was ob- 
tained in the case of glassy and semi-crystalline polymers [3]. 

In recent years detailed investigations of the thermodynamic aspects of a plas- 
tic deformation of glassy and semi-crystalline polymers and blends, have been 
performed in the Institute of Chemical Physics, USSR Academy of Sciences [4- 
8]. 
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Experimental 

The experimental method mainly used in this work was the method of defor- 
mation calorimetry [6, 7]. In the commercial Calvet-type differential calorimeter 
was placed a loading cell where a sample could be loaded by tension or compres- 
sion. In the experiments the stress-strain curve (i.e. mechanical work Ae of defor- 
mation), as well as the heat Q~ dissipated in the process were measured 
simultaneously. The difference between the two values AUe -- A~ - Q~ gives the in- 
ternal energy stored in the deformed sample. 

The strain was calculated as 

e ( t )  = [V. t -F  ( t )  .Z]/ho 

where ~(t) is the strain at time (t), V is the loading rate (mm/min), F(t) is the load- 
ing force, ho is the sample length, Z is an empirical parameter determined by the 
deformation properties of the metal parts of the loading cell. It was found by the 
comparison of the strain-str6ss curves obtained in the loading machine IN- 
STRON-1122 and in the loading cell of our calorimeter at the same TaCf and the 
same loading rate. 

To receive the real Qt we have to correct the experimental Q~xp values by using 
Tian's equation: 

t 

Q e ( t ) = A  f Q d t + B x ( Q ) = A Q r  
0 

where Qdt) is the total heat dissipated till the moment t, Q ( t ) is the rate of heat 
dissipation at t (this value is directly measured by the calorimeter), x is the time 
constant of the calorimeter system. A and B are constants and can be calculated by 
calibration. 

The heat obtained directly using the calorimeter is the sum of the deformation 
heat of the stressed sample and the deformation heat of the deformed loading cel L 

To obtain the real deformation heat of the stressed sample a second loading 
(without the sample) was made. The second loading was made so that the curve of 
stress (F(t)) in the second run was the same as the curve F(t) in the first run 
(Fig. 1). So we obtained Q'(t), where Q'(t) is the heat of deformed metal parts of 
the loading cell. 

The real heat (the heat of the stressed sample only) is equal to: 

QS(t) = QE(t) - a'(t) 

The precision of the determination of the heat is 2-3 % at a calorimeter sen- 
sitivity of 10 -7 W. 

J. Thermal Anal., 38,1992 
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Fig.  1 Curves  measured  with the deformat ion calorimeter:  1. force- t ime curve. 2. heat  flux 
in the f i rs t  run. 3. heat  f lux in the second run 

The following commercial linear amorphous polymers were studied: polycar- 
bonate (PC), atactic polystyrene ((X-PS), polyethylene-terephthalate ((x-PET), 
polyimide based on benzophenon tetracarboxylic acid dianhydride and 4,4'- 
diaminodiphenyl ether (PI-BD), epoxy-aromatic amine network (EAN), prepared 
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Fig.  2 Kine t ic  curves for o,  At, Q~, AUk. Polymer:  EAN (NH/V = 1). (d~/dt)lo,d = (dE/dt)unload 
= 3.10 -z rain -1. Unidi rec t ional  compress ion,  r d e f  = 298 K 
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by curing the diglycidyl ether of resorcinol (DGER) with metaphenylenediamine 
(m-PhDA) at different ratio of the reagents (NH/V=I, =0.7). 

40 1oo s 
z 

< 20 50 

0 0 
0 10 20 30 40 

~/*1, 
Fig. 3 Changes of o, A~, Q~, AUe and AUin with deformation E along of stress-strain curve. 

Polymer: EAN (NH/V = 1). Other experimental conditions are the same as for Fig. 1 
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Fig. 4 The same as for Fig. 3. Polymer: PI-BD 
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Semi-crystalline PET (k = 50%) and polybuthyleneterephthalate (PBT, 
k = 60%) and polymer blends: ABS, PC-ABS, PC-PBT were also investigated. 

Cylindrical samples (d-- 2 mm, ho = 3 mm) were used for uniaxial compres- 
sion loading with constant crosshead speed (de~dr = 10-1-10 -2 min -~) at room 
temperature Tdef = 298 K. Before deformation and calorimetric measurements all 
samples were annealed in an atmosphere of dry air at T = Tg+10 K for twenty 
minutes and then were cooled to room temperature at a rate of 50 deg/min, this 
procedure permitted to standardize the thermal prehistory of samples. 

10 
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5O 
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0 10 20 30 4( r 

E/010 
Fig. 5 The same as for Fig. 3. Polymer. PET (or.) 

All data showing Ae, corrected QE and AU~ values for all the investigated 
polymers are shown in Figs 2-9 and in Table 1. Values of A and Q have usually 
different signs because Q in the nonlinear deformation of polymeric glasses is 
usually positive (i. e. inelastic deformation is an exothermic process). However, 
for the better comparison of the results in Figs 2-9 all A, Q and AU values are 
shown in the same sector of coordinate system. 

One should realize the differences between values measured in loaded and un- 
loaded samples. The values measured for the loaded samples along stress-strain 
curves (i.e. the values received in direct loading up to a chosen deformation e) are 
Ae, Q~ and AU~, but the values for completely unloaded samples are Airr, Oirr, 
AUi,,. It is seen from Figs 3-9 that AUE is always larger than AUirr, i.e. the sample 
deformed to given e stores more energy under load than after its unloading. 

J. Thermal Anal., 38,1992 
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The stored energy of the deformed sample was also determined by the follow- 
ing calorimetric methods: 

a) as the difference between the heats of dissolution of the deformed and un- 
deformed samples; 

b) as the area of a Cp-anomaly on the DSC-curve of the deformed sample [7]. 

Discussion 

The main parameter in deformation kinetics to which all other values should 
be referred is Ae - the mechanical work supplied to a sample to deform it up to a 
desirable deformation e. We shall discuss here only the inelastic deformation 
region because all measured values of Qe become experimentally well measurable 
and reproducible starting only from macroscopic yield strains ey. For all our cases 
ey was 5-10% but Hooke's law is obeyed only up to e = 1.52% in our conditions. 

The values of A~ (for e -- 40%) are quite different (Table 1) for all investigated 
polymers and vary from 62 J/g (PI) to 16 J/g (t~-PET). This simply reflects the 
difference between the mechanical properties of the investigated polymers. The 
polymers with a comparatively high elastic modulus (E25) have the larges values 
of A~, however, differences of Ae in this group (PI, EAN) definitely come from the 
"plastic" part of their stress-strain curves, i.e. from the curve part after the upper 
yield point. For example, PI shows some strain hardening (presumably, orienta- 
tional one) and EANs do not. 
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Fig. 6 The same as for Fig. 3. Polymer: a - P E T  

Possibly the differences in A~ also depend on the relation between Tdef and T e. 
For example EAN with ratio NH/V = 0.7 has the lowest T 8 and A~ in this group. 

J. Thermal Anal., 38,1992 
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However, this conclusion does not work through all the systems. PC has the same 
Tg as EAN (NH/V = 1) butthe E25 and A~ for PC are smaller. PS has lower Tg than 
PC, however, higher E25 and this immediately is reflected in the higher As value. 
At the same time PS shows smaller value of As in comparison with EAN 
(NH/V = 1) while both have close E25 valuse. 

ABC-plastic with the same Tg as PS has an E25 value smaller than PS and anAe 
about 30% lower than PS. 
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Fig. 7 The same as for Fig. 3. Polymer. PC 
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Fig. 8 The same as for Fig. 3. Polymer: ABS 
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The major part of A~ is converted during a plastic deformation process to an 
exothermic heat Q~. The amount of Q, (for, e = 40%) varies for the investigated 
systems from 45% to 85% of As (Table 1). However, this is not true for lower 
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strains. Up to strains of 15-30% the major part of Ae is converted to stored energy 
AU~. This situation is quite typical for all the investigated polymers and blends 
and clearly reflects some changes in the deformation process after the cross-point 
of the AUe and Qt curves (Figs 2-9). The portion of internal energy Ue stored in 
the deformed polymer is from 15 to 50% of Ae (e = 40%) for all the systems 
(Table 1). 

"7 
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Fig. 9 AU~ for all the investigated polymeric systems. All experimental conditions are the 
same as for Figs 2-8 

It is well known that for metals the portion of A~ dissipated to heat is even 
larger and usually close to 90% of Ae [9]. 

These facts at least mean that the processes of plasticity in polymeric glasses 
are mechanically more activated than in crystalline metals. This large amount of 
stored energy is undoubtedly the reflection of some structural changes appearing 
in glassy samples during deformation. It is an important current problem con- 
nected with glassy polymers to elucidate the slructure of deformation defects. 

Data about an internal energy storage in deformed polymeric glasses are 
shown in Fig. 9. These glasses have also some amount of eirr -deformation which 
is not recovered at Tdef during the long period of time allowed after unloading [4- 

J. Thermal Anal., 38,1992 
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7]. For all cases AUt > AUirr. This means that a part of total stored internal energy 
A(AU) may exist only in a loaded sample and immediately disappears on unload- 
ing at Taef. these processes exist for all strains and AU~ converts to AUirr during 
unloading. The difference A(AU) = AU~- AUirr is converted to exothermic heat. A 
small part of deformation disappears from the sample together with A(AU) [4]. 
All the results for the investigated heterogeneous blends reasonably correspond 
to the data received for the their individual components. The data for As, Q~, U, 
and their changes for blends PC-ABS and PC-PBT of different composition are 
shown in Table 1. 

It is interesting to analyze the data for semi-crystalline polymers (PET, PBT) 
and compare the differences between glassy and semi-crystalline PET. 

Amorphous and crystalline PET have different A8=40~ which obviously reflect 
the differences in stress-strain curves (Figs 6, 7). The presence of crystallites 
makes the yield stress higher. 

The normalized values QdA~ and AU~"AE are close to each other The same is 
true for A(AU)JA~. This shows that the plasticity in crystalline and amorphous 
regions of PET has approximately the same thermodynamic characteristics of 
deformation. This conclusion has a support in [8] where it was found that crystal- 
line and glassy regions of PET (k = 50%) bring equal portions into plastic defor- 
mation of the polymer at Tdef < Tg. 

The comparison of all the data for PBT and PET brings us to the conclusion 
that the same is probably valid for PBT. All normalized values of AUE, A(AU)~, QE 
are close to those of PET. This possibly means that the differences in chemical 
structure of PET and PBT do not play an important role in elementary plastic 
events. 

There are several other features of plasticity which raise some questions. The 
largest portion of A~ is converted to Q~ for ABS. At the same time this plastic has 
the lowest value of AUi,/AE, however, the ratio A(AU)dA~ is normal. It is evident 
that these ratios are the smallest for blends. EAN 1 and PI-BD show high values 
of A(AU)dA~. 

Formal analysis of the data shows that all the quantities: Ae, Q~, AU~, AUirrand 
A(AU) even normalized in respect to Ae are quite different for polymers of dif- 
ferent chemical nature. It is clearly seen also from Fig. 9. 

The understanding of the correlation between the quantities mentioned above 
and the chemical nature of the polymer is an important current problem of 
polymer plasticity. However, the existing results do not show any simple correla- 
tion with the nature and flexibility of the investigated polymers and additional ef- 
forts should be made to clarify this problem. 

J. Thermal Anal., 38,1992 
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Z u s a m m e n f a s s u n g -  Mittels Konstanttemperatur-Deformationskalorimetrie wurden bei 
gerichteter Kompressionsbelastung Messungen der mechanischen Arbeit (A), der Deforma- 
tions-wiirme (Q) und der Differenz beider GrSBen, d.h. der in den Proben enthaltenen inneren 
Energie (AU) durehgeftihrt. Fiir einige amorphe Polymere (PS, PC, PI-BD, PET, Epoxy-Amine- 
Netzwerk, ABS), halbkristalline Polymere (PBT, PET) und Gemisehe (PC:ABS, PC:PBT) 
wurde gezeigt, dab 45-85 % der meehanischen Deformationsarbeit in den Proben als innere 
Energie gespeiehert wird. 
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