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REVERSIBLE MELTING OF SEMI-CRYSTALLINE
POLYMERS

Frequency dependence of the reversible melting enthalpy
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Abstract

Modulated DSC (MDSC) has been used to study the heat flow during melting and crystal-
lisation of some semi-crystalline polymers i.e. different grades of polyethylene (LDPE,
LLDPE and HDPE), and polypropylene (PP).

The heat capacities measured by MDSC are compared with the hypothetical complex heat
capacities of Schawe and it is shown that numerically they are equivalent; nevertheless, the
concept of the complex heat capacity is problematic on a thermodynamic basis.

A reversing heat flow (proportional to the experimental heat capacity of the material) was
present at all conditions used for the study. In the melting zone of the polymers it depends on
the modulation frequency and on the amplitude. Higher amplitude and {requency of modula-
tion reduce the ratio of the reversing heat flow to the total heat flow, the latter is nearly inde-
pendent on these parameters.

The reversible component of the melting enthalpy of polymers depends on the modulation
frequency, the modulation amplitude and the type of the polymer. It increases by increasing the
branching in polyethylene.

The existence of the reversible heat flow during the crystallisation and melting is contrary
to the current hypotheses and thecries of polymer crystallisation.

Keywerds: crystallisation, heat capacity, MDSC, melting, polymers

Introduction
Basics of MDSC

Modulated DSC (MDSC), developed by Reading et al. [1, 2] and produced by
TA Instruments, combines the linear change of the temperature in a DSC cell
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with a sinusoidal modulation. The equipment records the actual (modulated)
temperature, the actual (modulated) heat flow and the phase angle of these two
harmonic functions. If the change of the temperature is within the harmonic
range (which depends on the parameters of the modulation, the actual tempera-
ture and the overall heating rate), then the Fourier analyses of the response to the
temperature function results in two functions: the heat capacity (Cy, which is de-
termined mainly by the amplitade of the responses) and the total heat flow
(which is the average of the heat flow) [1-4].

Reading et al. gave two differential cquations as approximations for the total
heat flow (Eqs (1a) and (Ib)) and after their solution the results can be broken in
two parts, i.e. into a reversing (reversible) and a kinetic (or non reversible) heat
flows [1, 2]:

o) = (%%} S fiem (1a)
total
dT
() = [CyD) + AT S + ) (1b)
D) = Drey + Puin . (lc)

where the reversing heat flow is defined by Eq. (2):

T
Prev(T) = [‘dd—?J =-Cp(1)"P (2)

A4

i.e. the heat capacity multiplied by the overall rate of temperature change (J3).
The kinetic heat flow is an unknown function that can be defined according to Eq.
(3) using Eq. (1a):

and its slope is
ac= dﬂdf’;f) )

The heat capacity function (C(T)) is the target of our next investigations. The
heat capacity function is produced by the MDSC after deconvolution of the
modulated heat tlow using Eq. (3):

smoothed [Aur(Z3)] 1 (5)
smoothed [AT(f3)] ©

Cp(Thr-10y = Ke,
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Schawe [3, 6] discussed the reversing and non-reversing heat flows introduced
by Reading and coworkers [1]. Instead of this concept, he defined a complex heat
capacity function by analogy with other concepts using periodic or semiperiodic
effects in a linear response theory. According to the equations of Schawe [5], at
the glass transition temperature Eq. (6) can be developed (Eqs (37) and (39) in
his paper):

ICP=C?+C?=C(Cp+ Cu) - CoCan (6)
Assuming that
CpCo ~ C'Coo (7)
he obtained:
Bl T.00) = [C(T.00)1Bo = VO, T To00) Bo (8)

Schawe also declared in [5], that Eq. (Ib) results in a similar conclusion; never-
theless, it has a physically different meaning, i.e. it refers to a kinetically controlled
transition of the heat capacities. We can compare Eq. (8) to the expression for the
reversing heat flow of the MDSC (Eqs (7) and (8) in [5]):

@, [7(1)]
amo

el T(0)] = Bo = VCHT) + (at /00) "B ©)
As aresult we get a very similar expression. The numerical values of the solution
of Eqs (9) and (8) differ depending on the second term of Eq. (8). If this has a neg-
ligible value with respect to the square of the heat capacity, the two expressions
result the same numerical value.,

Basics of polymer crystallisation

Semicrystalline polymers are generally multiphase systems. The crystalline
phase (or phases) are always accompanied by some amorphous phase. During
the heating and/or cooling process the heat capacity contains the heat capacities
of the individual phases and the changes in the enthalpies when one phase trans-
forms into another one. The heat capacity function of semi-crystalline polymers
can be given by the general function expressed by Eq. (10):

Co(T) = Swi(NCH(T) + Zd—";i?-ayu . (10)

Lj

In the first term of Eq. (10) the heat capacities (CS) of the individual phases (i) are
summed using their weight fraction (w;) within the system. The second term ex-
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presses the change in the concentration of the individual phases due to the phase
transformations (e.g. melting or crystallisation, or one phase dissolution in an-
other).

The equation expresses the heat capacities in a similar way to Eq. (1b).

Let us investigate now the crystallisation process of the polymers.

Ou the basis of the folded chain lamellar model of polymeric crystals it is gen-
erally accepted that the crystallisation needs supercooling. First some crystalline
nuclei will be formed then the nuclei will grow. Turnbull and Fisher [7] (1949)
derived the rate of nucleation (/") using absolute reaction rate theory (Bq. (11)):

I’ = (NKT/m)exp[—(AG™ + AGN)Y/kT) (11)

where AG” is the free enthalpy of crystallisation of a nucleus of critical size and
this approaches infinity at the melting temperature according to Eq. (12):

A" = 42T

—__“rreem 12
(AH:ATpYY (2

Here p. is the density of the crystals, ¥ and v. are surface energies of the critical
nucleus perpendicular to and parallel with the chains, AT is the supercooling,
T is the melting temperarture and Af is the melting enthalpy of the crystals,

The second term in Eq. (11) expresses the free energy of diffusion across the
phase boundary and it can be given by Eq. (13):

AGn/kT = a + [bAT-T,)] (13)

where a and b arc empirical constants and 7, is the tempcraturc when no further
material transport across the phase boundary take place (near to Ty) [8].

The rate of nucleation decreases to zero with decreasing supercooling. In gen-
eral it ceases al 10-30 K below the melling weinperature. As there is a material
transport through a surface during the growth process in this model, Eq. (13) will
also work at the growth step, where additional activation energy is necessary to
nucleate the next layer on the growing crystalline surface, as well as to add a new
segment to the crystallised chain from the molten phase (secondary and tertiary
nucleations [8]).

Consequently, the polymer crystallisation in the folded chain crystallisation
model can not be a reversible process, it should not give an additional contribu-
tion to the Cy(T) function when the polymer melt is cooled. The heat capacities
should be the weighted average of those of the different phases.

Summarising the theoretical background we can conclude, that the formation
and consequently the melting of the polymeric crystals should appear as a kinetic
(non-reversing) rather than a reversing process in the MDSC cell.

J. Thermal Anal., 52, 1998
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In previous studies on polymers by MDSC [4, 9-12] (as well as by oscillating
DSC [5]) a reversing heat flow during the melting of crystalline polymers have
undoubtedly been detected and mcasured. Wunderlich [11] showed that the
measured heat capacities of semi-crystalline polymers follow the theoretical val-
ues calculated on the basis of vibration frequencies up to a critical temperature,
Above the critical temperature they deviate pusitively from the calculated val-
ues. He proposed a so-called mesomorphic model for solving the discrepancies.
According to his model conformational distortions are formed in the crystalline
state and these distortions modify the crystalline state (e.g. transforms the or-
thorhombic phase of PE into a hexagonal one). This state is called condis crystal
and it is defined as a separated phase, i.e. mesophase.

Traditionally mesophase is the term for a phase with an organisation between
the organisation of the liquid and the crystalline phases respectively, 1.e. it con-
tains some kinds of order with an enhanced mobility of the structural elements.
The transitions of a mesophase from one into another or into the liquid state al-
ways takes place at a given temperature, like the melting of the crystals and it can
be characterised by more or less sharp transition with a finite value of enthalpy.
This means that their transitions are first order transitions. The only exception
described in the literature is the transition from the Smectic C to the Smectic A
phase and vice versa. It is a second order transition [13] with only a step on the
DSC curve, similarly to the step in the heat flow curves at the glass transition of
polymers. In this case both phases are in a highly fluid state, 1.e. they are practi-
cally liquids.

The problem with the mesophase model is that a separated mesophase should
have distinct thermodynamic properties (melting temperature, melting enthalpy)
which are analogous to those of the crystalline materials, although naturally with
a much lower numerical value, Therefore the heat capacity will not change con-
tinuously with increasing temperature like the heat capacity function in the melt-
ing zonc of scmi-crystalline polymcrs and this kind of melting proccss will not
show reversible behaviour. There is no second order transition between two
phases with different lattice parameters or symmetries. The hexagonal phase of
PE has a smaller density than the orthorhombic phase. If locally hexagonal phase
would form it would cause a locally extension of the material which is energeti-
cally highly unfavourable. Therefore the model proposed by Wunderlich is non
acceptable.

Recently Okazaki & Wunderlich [14] studied the reversibility of polymer
melting by MDSC and found small amount of reversible melting and crystal-
lisation in poly(ethylene terephthalate) by extending the time used in the quasi-
1sothermal mode. They found that ‘a reversing contribution to the heat capacity
is present’ although, as they declare it in their paper [14] ‘it should not be so’.
They planned new experiments to reveal more about the kinetics and mechanism
of melting.
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Our experiments have been designed to study the reversible part of the melt-
ing of semi-crystalline polymers. The reversing heat flow has been measured and
analysed as a function of time dependent parameters (heating/cooling rate,
modulation period), and annealing experiments have been carried out near to the
melting temperature using MDSC. The results of the former experiments are
shown in this paper. The annealing experiments will be published elsewhere
[15].

We use the word reversing according to the terminology of TA for MDSC and
reversible according to the thermodynamics. That is, the heat flow is called re-
versing, but the transition enthalpy integrated from this heat flow is called revers-
ible.

Experimental
Equipment and experimental conditions

TA Instrument MDSC type 2920 with the Thermal Analyst 2100 computing
system was used, The overall heating/cooling rate varied from $=1to 5 K min™".
At a higher rate of temperature change the transitions are generally expected to
be broader.

Different modulation types have been used. As the resolution and optimal
noise to signal ratio depends on the local maximal heating/cooling rate, the pa-
rameters of the modulation (depth and frequency) were selected to achieve not
only ‘heating only’ or ‘cooling only’ conditions (tangential modulation, see on
Fig. 1) but also a cooling during heating condition (deep modulation on Fig. 1).
The heating/cooling capacity of the equipment together with the geometry and
heat capacity of the measuring cell determine a maximal depth of modulation
possible without destroying the harmonicity of the temperature function. The pa-
rameters of the deep modulation were selected according to this restriction. An
intermediate heating/cooling type has also been used (medium modulation) in
some of the experiments. Here the amplitude of modulation was twice as the am-
plitude of the *heating only’ modulation,

The frequency of the modulation influences the measured value of the heat
capacity, therefore frequency dependent cell constants have been used in the
mcasurcments [12], The heat capacities have been reduced to their zero fre-
quency value and all the Figures given in this paper are based on these reduced
values of the experimental heat capacities.

The method used to obtain the transition enthalpies is shown in Fig. 2. The
heat capacities as a function of temperature for HDPE, recorded by ‘heating
only” modulation and with p=135 s, are shown in Fig. 2. The heat capacities on
cooling follow a straight line characteristic to the melt until the crystallisation
causes a jump in the heat capacities. They approach the heat capacities measured

I Thermal Anal., 52, 1698
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Fig. 1 Temperature vs. time of decp and tangential modulation with different modulation pe-
riod

in the heating cycle and when they return to that value, this temperature is used
as the lower firmit of the integration 1n all of the heat flow charts.

Helium was used as the purge gas at a fairly constant 100 ml min~' flow rate.
The cell constant have been determined using this flow rate of He [12].

Materials and sample preparation

HDPE

LLDPE

LDPE1

LDPE2

VLDI'E

PP

HDS 148, Kemcor product, an extrusion grade polymer, MFL:
1.0 g(10min)™.

ET6013, ICT product, an injection moulding grade polymer, MFI:
1.0 g (10 min)™, Density: 922 kg m .

WNCI176, ICI product, a coating grade polyethylene, MFI;
7.6 g (10 min)™". Density: 010 kg m .

XHF179, ICI product, a blow film grade polyethylene, MFIL:
1.0 g (10 min)™". Density: 921 kg m™".

ETSE9078, Union Carbide product, an injoction moulding grade
polyethylene, MFI=2.5 g (10 min)™". Density: 910 kg m>.

GWM22, ICI product, an injection moulding grade polymer, MFL;
4 g (10 min) ™.

J. Thermal Anal., 52, 1998
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Fig. 2 Heat capacity vs. temperature of HDPE for demonstration how to obtain enthalpy val-
ues

Samples were cut from injection moulded tensile test bars (prepared with a
Johns injection moulding machine), their mass varied from 3-15 mg. A good
contact of the sample with the aluminium pan is crucial to assure an undisturbed
heat flow (decreasing the kinetic retardation of the heat flow) therefore flat la-
mellar samples were tested with a circular cross section of 5 mm in diameter.
Cylinders were punched out from the test bars then thin sections were cut out
from the cylinders using a sharp blade. Skin and core sections of the same sample
could be investigated in this way, however, only the core sections were used for
this study.

The role of the thermal history in the melting process is well known. All the
samples used in this work have been heated above their melting point by 20-30 K
and then cooled at a 2 K min™" rate prior to this investigation, This heating/cool-
ing cycle is called a standardising ¢ycle and ‘washed out’ the thermal history of
the samples, hence they had a uniform history (standardised state).

Results and discussion

Exotherm while cooling during the heating cycle

Figure 3 shows the modulated temperature, the modulated heat flow and the
calculated DSC curves (total, reversible and kinetic heat flows) of a HDPE using
an extreme deep modulation (B=1 K min™, Ar=1.6 K, p=40s).

At these conditions of modulation the sample is strongly cooled during heat-
ing (Fig. 3). The response of the system to the variable temperature is an alternat-
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ing endothermic and exothermic heat flow. The reversible heat flow is present
during the whole melting process and it is a remarkable component in the melting
peak of the total heat flow.

The Fourier analyses uses a 2 min data package and it is carried out during the
recording of the data. Therefore there is a 2 min shift between the primarily re-
corded data and the calculated data in Fig. 3.

Figure 4 shows the cooling section of the cycle. Here the overall cooling rate
(B) was 2 K min™, Ar=0.6 K and p=60 s. The modulation frequency was inade-
quate as there was less than three complete modulation cycles during the crystal-
lisation process. This resulted in a peak in the heat capacity during the crystal-
lisation. This peak is an artefact, it can not be analysed as any form of transition
heat.

The crystallisation is characterised mainly by kinetic heat flow and this is in
good agreement with the expectations. Nevertheless, a reversible process is also
present but it is a minor component (~2-3%).

Some important characteristics of the heat flows at the temperature range re-
sponsible for the melting (from 70 to 130°C) should be noted:

1. The peak temperature of the reversible heat flow does not correspond to
that of the total heat flow,

2. The decrease of the reversing heat flow after its peak is parallel with the
sharp increase of the kinetic heat flow.

3. Reversing heat flow starts to increase much before the ‘melting peak’ could
be recognised on the total heat flow.

> N = =

-3_— Modulated Temperature

-2.._— Modulated Heat Flow %
5 | z 2
% Bt n\n l : §~
T o c
E Z

2‘05 . 1’:] l 1’;5 ’ 12I0 " 1215 : Eﬁnﬁ

Temperature [C°]

Fig. 3 Primary and calculated data obtained on HDPE using deep modulation. Heating cycle
by B=1 K min™!
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Fig. 4 Primary and caleulated data obtained on HDPE using deep modulation. Cooling cycle
by p=2 K min™

Role of the overall heating/cooling rate

Figure 5 shows the total heat flow in HDPE recorded by different heat-
ing/cooling rates. Tangential type of modulation and p=40 s modulation period
had been selected in this experiment. Four complete cycles have been carried out
using (B=2, 5, 5 and 2 K min™' heating% and cooling rates. The heat flows are re-
calculated to the standard =2 K min~ underlying heating/cooling rate.

There are clearly visible differences between the DSC curves recorded with
(and below) B=2 K min™' or above. The cooling parts of the cycles show the char-
acteristics of the cooling rates, the heating parts of the cycles show the effect of
the thermal history (cooling rate). The changes in the curve can not be interpreted
as decomposition of the material due to the heat treatments above the melting
temperatures for a long time, as the curves obtained for the last cooling cycle car-
ried out by =2 K min™' rate are identical to those obtained for the first cooling
cycle. .

Figure 6 shows the heat capacities of HDPE recorded in the same cycles. The
heat capacity measured on cooling approaches the value of the heating cycle at
60°C. This temperature value was selected as lower limit of integration ( Fig. 2).
This temperature is the same at all heating rates used in this experiment and it
roughly corresponds to the onset of the a relaxation measured e.g. by dynamic
mechanical relaxation (16] .

Figure 7 shows the total, the reversible and the kinetic heat flow respectively
for the last heating cycle of HDPE shown in Figs 5 and 6. The reversing heat flow

J. Thermal Anal., 52, 1998
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Fig. 5 Total heat flow vs. temperature of HDPE using different overall heating and cooling
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Fig. 6 Heat capacities vs, temperature of HDPE using different overall heating and cooling
rates

is practically the same as the total heat flow up to 115°C when a kinetic heat flow
starts.

Figure 8 shows the derivative of the kinetic heat flow shown in Fig. 7 over the
whole temperature range of recordings (i.e. from —120°C). It can be seen that the
slope of AT.f) function (a¢) is generally independent on the temperature and it
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Fig. 7 Total, reversing and kinetic heat flow vs. temperature of HDPE
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Fig. 8 Derivative of the kinetic heat flow vs. temperature of HDPE shown in Fig. 7

isnearly zero formost of the DSC curve. If we compare the twoexpressions (Egs
8 and 9) for the reversing heat flow and taking into account that agw, is very small
with respect to Cp (ar <<0.01 [T ¢ 'K™'], @~ 0.06+0.6 and C,>1 [J g"'K 1), the
two expressions for the reversible heat flow are numerically identical. The func-
tion f{T,f), and its slope change greatly, however, in the melting range of HDPE
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(and as we will see later on, this slope change 1s generally the same for all of the
semi-crystalline polymers investigated).

The data approximation by experiments fit equally well both the Reading’s
and Schawe’s. A problem remains with Schawe’s assumption [5] = the concept of
the complex heat capacity function. This does not fit the thermodynaric defini-
tion of the heat capacities, as heat capacity is defined as a scalar value.

Similar changes in the total heat flow as a function of the heating rate shown
on Fig. 5 for PE, can be seen on the total heat flow charts of PP recorded by dif-
ferent overall heating/cooling rates (Fig. 9).

The role of the frequency of the modulation

DSC curves of the same samples have been recorded using different modula-
tion periods varied from p=10 to 100 s. The amplitudes of modulation have been
adjusted to achieve a similar shape of temperature program (Fig. 2). The techni-
cal part of this test has been analysed and published elsewhere [12].

Although the total heat flows recorded by different modulation periods are
hard to distinguish from each other (Fig. 6 in [12]), there are some deviations at
the melting peaks. The measured heat capacities have been recalculated to their
extrapolated zero frequency value and reversing heat flows have been calculated
from these values. A series of the reversing heat flow charts as function of the
modulation period for HDPE using heating only modulation type are shown in
Fig. 10.

J. Thermal Anal., 52, 1998
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It is clear from Fig. 10 that the melting range of reversing heat flows depends
on the modulation frequency. The onset temperature of the transition has been
defined in Fig. 2. The end-temperature of the transition was regarded as the tein-
perature above the melting peak where the heat capacities measured in the cool-
ing part starts to deviate from those of the heating part. The transition enthalpies
have been integrated between these temperature values for all of the heat flows.

0.0 HDPE heating only

Reversing Meat Fiow [Wig]

%0 100 110 120 130 14D
Temperature [*C]
Fig. 10 Reversing heat flow of HDPE measured by different modulation periods

HDPE heating only

0.0

Modulation period [sec]

Kinetic Heat Flow [W/g]
S

1.0 e 100

1 . ] . 1 L 1 ) ] . 1
90 100 110 120 130 140

Temperature [C°)
Fig. 11 Kinetic heat flow of HDPE measured by different modulation pericds
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Fig. 12 Enthalpy of melting of different polymers as the sum of reversing and kinetic
transitions

Figure 11 shows the corresponding kinetic heat flow charts. The longer the
modulation period, the smaller the peak in the kinetic heat flows.

Figures 12~14 show the dependence of the total, the reversing and the kinetic
transition enthalpies on the modulation frequency and on the type of the modula-
tion for several polymers.

The reversible enthalpy of melting (as shown on Fig. 12) has been accepted as
the difference between the melting enthalpy and the enthalpy of crystallisation.
At the starting temperature of the crystallisation when the modulation period
was increased there was an additional peak with increasing area for the heat ca-
pacities on cooling (Fig. 6), the enthalpy of crystallisation measured using a
modulation period of 15 s provided an accurate value which was used to correct
data obtained at different modulation periods. The enthalpy of melting ohtained
from the reversing heat flow curve has a relatively low value at lower periods
(p=10-30 s) then it increases with increasing modulation period as seen in
Fig. 12. With higher modulation amplitudes, the reversible enthalpy of transi-
tion is decreasing. This behaviour clearly shows the relaxation type of the revers-
ible part of the transition.
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The enthalpies of melting obtained from the kinetic heat flow charts are
shown in Fig. 13. They are complementary to those obtained from the reversing
heat (low curves. Figure 14 shows the sum of the reversing and nonreversing
melting enthalpies shown in Figs 12 and 13. The enthalpy of melting for the total
heat flows do not depend on the modulation period agreeing with the conclusion
given in [12].
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s —o— PPt
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Kinetic Transtion Heat [J/g]
T
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0.00 0.02 0.04 0.08 0,08 0.10

Modulation Frequency [sec’]

Fig. 13 Enthalpy of melting of different polymers obtained from the reversing heat flow
charts

Figure 15 compares the total heat flow curves of different types of polyethyl-
ene. The melting temperature and the enthalpy of melting increases with increas-
ing structural regularity in the polymer (LDPE2 is more regular than LDPE1).
Figure 16 represents the kinetic heat flows of the same materials. The area under
the melting peak increases with increasing regularity of the materials. The lower
the density, the lower the ratio of the Kinetic transition to the total enthalpy of
melting. LDPEs and VLDPE are extremes where the total kinetic transition en-
thalpy is less than zero. The kinetic component of the melting enthalpy can be ar-
ranged in the following order: HDPE>LLDPE>VLDPE>LDPE.

Figure 17 shows the heat capacities of PEs of different types in a complete
cycle of heating and cooling. Increasing deviation in the heat capacities from the

J. Thermal Anal, 52, 1998



Total Heat Flow [Wi/g]

-0.6

-0.8

CSER et al.: SEMI-CRYSTALLINE POLYMERS

309

260
240 A A N
‘.- [ e )
b 3
220
o..r‘"‘—.\ ........... ¢
=5 200 g @
i ..-,.‘-__‘. _________ I I—. Rl R .
w 180-
2 --m-- HDPE
S 160- -9 HDPE.d
2 e HDPE.M
o —o— PPt
& 140 --a-- PP.d
= v LDPE t
8 120 -4 LDPE.d
SO
100
il
80 - .3
| v
G0 — 7
0.00 0.02 C.04 0.06 D.08 0.10

Modulation Frequency {sec”]
Fig. 14 Enthalpy of melting of different polymers obtained from the kinetic heat flow charts

i
]
i
]
i
. 1o
i s VLDPE .‘ ;
——- - LLDPE L
weeeHDPE i
:
4 1 . i . 1 1 1 L
40 60 80 100 120 140

Temperature [*C]

Fig. 15 Total heat flow vs. temperature of different types of polyethylene

J. Thermal Anal, 52, 1998



310 CSER et al.: SEMI-CRYSTALLINE POLYMERS

02 F
™
= 0.0 Aapmbs
Z
g
L .02}
= ——1 DPE1
Q L aaa-a
£ LDPE2
.9 04 ........ VLDPE
fg‘ ~rr -——-LLDPE
s L e HDPE

06 -

i 1 L 1 " 1 1 I L
4D 80 80 100 120 140

Temperature [C°]
Fig. 16 Xinetic heat flow vs, temperature of different types of polyethylene

i ——{ DPE1
e

LN VLDPE \
O b e LLDPE |
% -mm HDPE ,‘
: | ]
5 vr |
’-a- |
© L !
)
® sl ;
8 ]
3
I 4 -------------------- :'

2 ---------

40

Temperature [°C]

Fig. 17 Heat capacities vs. temperature of different types of polyethylene

expected values resulted from increascd branching. The lower temperature limit
of the integration also decreases with increasing branching. This value 1s 100°C
for HDPE and 40°C for LDPE.

As we have seen above, the crystallisation of the polymers needs supcrcool-
ing at each types of nucleation, i.e. primary, secondary or tertiary, which means
it can not be reversible. Nevertheless, here we observed reversible parts of crys-
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tallisation (see step at the heat capacities during the crystallisation on Fig.17).
This reversible portion is always present in all of the studied polymers. In poly-
ethylene, the portion of the reversible crystallisation depends on the level of
branching. High density (linear) PE has the lowest reversible value, highly
branched low density PE has the greatest. Similar can be concluded for the re-
versible purtion of the melting of semi-crystalline polymers. In LDPE, the mclt-
ing is reversible nearly in 100% of the total transition, and this ratio decreases by
increasing density of LLDPE.

Conclusions

The following conclusions can be drawn from this work:

I. The kinetic heat flow and its slope are zero over most of the temperature
range with the exception of the melting region. Therefore the reversing heat
flow measured by the MDSC and calculated using the Fourier transform of the
response of the equipment to the modulated temperature corresponds to the
thermodynamically defined heat capacities.

2. There is a time dependent reversing part of the heat flow during the melting
process. The longer the time of modulation, the greater is the portion of reversing
heat flaow within the total heat flow. This dependence shows a relaxation type of
transition during the melting process.

3. The reversing part of the melting process depends on the structure of the
polyvethylene. The greater the branching in the chain, the greater the reversibility.
It is a transitton part of the heat capacities therefore Eq. (Ib) is supported.

4, The mesophase (condis crystal [9]) model does not describe the phenome-
non properly. It does not explain the continuous deviation of the measured heat
capacities from the expected (calculated) ones. Further studies should be con-
ducted to get a proper explanation of the reversing heat flow during the melting
process.

List of symbols

AHFr)amplitude of instant heat flow signal at f time [mW]

AT(f} amplitude of the temperature signal at ¢ time [K]

C(r) time dependent heat capacity

C complex heat capacity

C’  realpartof C

C”  imaginary part of C

Cv  time dependent heat capacity measured at scanning rate
of b[Tg 'K

Cp(T) static heat capacity of tl}e sz{.mple at constant pressure
and T temperature [T g K]

Cw» heat capacity at high frequencies (©0—e<) [J g“lK_l]

Q heat [J]
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Gibb’s free energy [J mol‘l] :
Planck’s constant [Jem mol )
enthalpy [J mol™ ]
melting enthalpy of crystal [J mol™ h
imaginary unit
rate of nucleation [s~ ]
gas constant [J K mol™ ]
Avogadro’s number [6.02-1
time [s]
time at three half periods [s]
temperature [K]
melting temperature [K]
temperature of crystallisation [K]
glass transition temperature [K]
supercooling, Tm—T¢ [K]
period of sinusoidal signal s J
temperature change [I? min
scanning rate [K min
surface energy at the snde of the crystalline nuclei [Jm ]
Ye surface energy at the end of the crystalline nuclei [J m™]
L] heat flow [mW]
L amplitude of oscillating heat flow [mW]
My, reversing component of @ [mW]
Pec density of the crystal [lkg m ]
® angular frequency [s~
angular frequency of the measurement [ ]
fT,t) time dependent function which describes the kinetic
component of the measured signal [mW]
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