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Abstract

Information on the morphelogy of semi-crystalline polymers can be obtained from their
melting behaviour. Due to the lamellae thickness distribution, a very broad melting region
is observed. From a comparison of the glass transition intensity and the crystallinity, e.g.
from X-ray diffractometry. it is known that there are rigid amorphous recpions inside
scmi-crystalline polymers with no contribution to the glass transition or to the melting.
Both the broad melting region and the deviation from the normally used two-phases model
often result in incorrect crysiallinities and other morphological parameters. Therefore, the
analysis of the melting behaviour, taking into account the broad melting region and the
rigid amorphous [raction, shou?’~. :2sult in a better, more detailed description of the
morphology. A procedure to do this on the basis of a separation of the measured heat flux
inlo the bascline specific heat capacily and the excess portion is suggested here. Using this
proccdure, it should be possible to obtain the temperature dependence of the crystalline,
rigid amorphous, and liquid amerphous fractions, as well as the lamellae thickness

distribution, the thickness of the interfaces of the lamellae, and the specific inner surface of
the crystalline fraction.

INTRODUCTION

Polymers, like other substances, can exist in different states (liquid,
crystalline, glassy). In some, these states can coexist at the same
temperature. Such substances are called semi-crystaliine. One aim of the
thermal analysis of semi-crystalline materials is to determine the fractions
of the different states. To obtain more detailed information on the
morphology, it is necessary to combine these with results from other
methods, e.g. X-ray diffractometry. Thus, it is possible to obtain
information on the dimensions of the structural units, the distributions of
these dimensions, the internal surface of the crystalline regions, etc.

A simple way to describe semi-crystalline structures is by using a
two-phase model, containing material in the crystalline and amorphous
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Fig. 1. Simplified specific enthalpy curves of the crystalline (/.), amorphous (/1) and
semi-crystalline (#,) states with heating. The slope of the specific enthalpy curves of the
amorphous and semi-crystalline states increases at the glass temperature 7,. At the mclting
temperature 7. the specific enthalpy of the crystalline material becomes that of the liquid

state, with a jump of height Af1,, (semi-crystalline sample) and Ak, (fully crystalline
sample), respectively.

states only. In the following we will briefly discuss the thermal behaviour of
such a two-phase system.

From the thermal analysis, it is possible to obtain information on the
enthalpy and the specific heat capacity. For both, the measured quantity for
a semi-crystalline sample (index s) is the superposition of that of the

amorphous (index a) and the crystalline (index c) fractions. Simplified
curves are shown in Figs. 1 and 2.
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 Fig. 2. Simplified specific heat capacily curves of the crystalline (¢,.). amorphous (c¢,.,) and
- semi-crystalline (c,..) states with heating. At the glass temperature T, a jump occurs i:: the
specific heat capacity of the liquid (Ac,.) and semi-crystalline {(Ac,,) states.
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For temperatures below the glass temperature 7,, the specific heat
capacity, and therefore the slope of the specific enthalpy curves for the
glassy and crystalline states, is practically the same. At 7, the specific heat’
capacity increases. In the two-phase model, it is assumed that all the
amorphous fraction is in a mobile, liquid amorphous state (index | below)
above the glass transition temperature 7. For a semi-crystalline sample, the
height of the jump at 7, (Ac,,) depends on the degree of crystallinity.

At the melting temperature T, material in the crystalline state will
transform into the liquid amorphous state. The specific enthalpy of the
liquid amorphous state will be reached at this temperature by a jump. The
difference between the specific enthalpy of the amorphous and the
crystalline state A#4}, depends on the temperature (Fig. 1). In semi-
crystalline systems, the difference between the specific enthalpy of the
amorphous and the semi-crystalline state A#,, is related to the crystalline
fraction and also depends on the temperature [1-3]. Therefore, the
crystalline fraction o at a temperature 7 can be calculated from the specific
enthalpy of the crystalline state A., the specific enthalpy of the amorphous

state /1, and the specific enthalpy of the semi-crystalline state ., (see Fig. 1)
by

h(T) = h(T) _ Ahu(T) 1)
rT) —hAT) ~ BRE(T)

a(T) =

Various methods to determine this ratio have been described, for example
by Gray [1], Richardson [2] and Mathot and Pijpers [3].

For some polymers and other semi-crystalliine substances, a glass
transition can be observed in the amorphous and in the semi-crystalline
state. Because the glass transition in a semi-crystalline sample occurs in the
amorphous fraction only, an analysis of the glass transition (see Fig. 2) is
another possible way of evaluating the fractions [4, 5]. The step height Ac,,
at the glass transition depends on the fraction 7y of the mobile amorphous
material. The fraction may be calculated by

AC,,.,-
Y= ac,. (2)

where Ac,, is the step height of a fully amorphous sample Then, in a
two-phase model, the remainder of the materlal (1 - 'y) should be in the
crystalline state.

To prove the applicability of the two-phase model, the crystalllmtles
calculated from the specific melting enthalpy and those from the step height
of the specific heat capacity at the glass transition can be compared. If only
the crysta]hne and melt-like amorphous fractions are present, the
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Fig. 3. The relation between the crystallinities determined from the glass transition (1 — )
and lhc melting enthalpy («) for a low molecular mass liguid crystal [6] (O) and a PET
sample (O) isothermally erystallized at 390 K. Line A represents the two-phase behaviour.

crystallinities calculated by these two approaches should be the same for
one sample. The results of this comparison for a low molecular mass
substance [6] and for a polymer are shown in Fig. 3 [7, 8].

For the low molecular mass substance, the crystallinities calculated by
these two methods are the same, which means that the two-phase model
will describe the behaviour of the low molecular mass substance correctly.
In the case of the semi-crystalline polymer, poly(ethylene terephthalate)
(PET), there is a significant difference between the crystallinities calculated
from the glass transition .und from the melting, Wunderlich and coworkers
[4,S5] concluded from this that a third fraction occurs in the case of
semi-crystalline polymers. This fraction is structurally amorphous but is
present in the glassy state, often up to the melting temperature of the
lamellae. It does not take part in the glass transition at the normal 7. Here,

it is callad the rigid amorphous fraction 8. The rigid amorphous fraction
may be caiculated by

B=1-v—a | | 3)

In the case of PET, the rigid amorphous fraction is in the range of 0.32 up to
0.59 [8, 9]. Therefore, the rigid amorphous fraction should not be neglected
in the discussion of the morphology and the melting behaviour. A
morphological model for polymers crystallized in the form of lamellae
“stacks, including the rigid amorphous state, will be described below. This
model will then be used to discuss the melting of polymers.
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MODEL

Electron microscopic investigations [10,11] show that some semi-
crystalline polymers, such as PE, PET and PP, crystallize in the form of
lamellae whose lateral dimensions are much larger than the lamellae
thicknesses. It is also apparent from electron microscopic investigations
that such lamellae often build up in stacks. Therefore, the normal model of
the morphology of polymers crystallizing in the form of lamellae is a
one-dimensional two-phase layer stack model [12]. This model is- mainly
used in the interpretation of SAXS investigations. It consists of alternately
ordered crystalline layers of thickness d. and volume fraction «o, and
amorphous layers of thickness d,, and the volume fraction 1 — a. The mean
distance between the centres of the crystalline layers is called the long
period L. _

However, the layer stack model must also include rigid amorphous
layers. We assume that these layers are equal to the interfacial layers of the
lamellae (Fig. 4). '

The one-dimensional layer stack model now includes the crystallme
layers (lamellae) with thickness ., mobile amorphous layers with thickness
d, and two rigid amorphous interfacial layers with thickness d;, within one
long period L (Fig. 4).

[n order to apply this model to the description of the melting behaviour

of semi-crystalline polymers, three morphological assumpticns have to be
made

(i) The sample is completely filled with the stack structures shown in Fig.
4, If a sample is not completely crystallized, which means as

completely as possible, larger melt-like amorphous regions must be
considered [8, 13].

Fig. 4. Stack of lamellae in semi-crystalline polymers: L is the long period; d.,d, and d,, the

thicknesses of the crystalline (lamella). rigid amorphous (interfacial), and mob:!e amor-
phous (liquid) layers, respectively.
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(ii) The lateral layer extension is much larger than their thickness
(d., d\,d;). Thus, the layer thicknesses can be determined from a
one-dimensional model (eqn. (4)).

(iii) The layers are homogeneous. The transitions between the layers are

relatively sharp. Non-crystalline areas inside the lamella are associated
with the interfacial layer.

If these assumptions are fulfilled, the number-averaged mean thicknesses of

the layers may be determined from the long period L and the volumc
fractions «, 8, v by

d.= Le di=LB[2 di=Lvy (4)

In the following discussion, the differences between volume and mass
fractions are ignored.

Because the specific enthalpy of a sample is the superposition of the
enthalpies of the different fractions, it is necessary to include in specific
enthalpy diagram (Fig. 1) the specific enthalpy of the rigid amorphous state
(Fig. 5). To do this, we consider the coolmg of a polymer meit. Down to the
crystallization temperature 7, there is only liquid amorphous material of
specific enthalpy /7;, hence the specific enthalpy of the sample A, is the same
as that of the liquid amorphous state. At the crystallization temperature T,
crystalline lamellae of specific enthalpy 4. are formed. According to the
specific enthalpy of the liquid amorphous state, the specific enthalpy A,
lowered by the specific heat of fusion AhY. At this temperature, in addition,
the interfaces cf the lamellae are formed, because of the hindering of the

Specific enthalpy

Ty Temperature Te

.Fig. 5 Slmpllﬁcd specific enthalpy curves of the crystalline (4.), liquid {/1), interlface {/1,),

and scmi-crystalline (1) states (see Fig. 1): 7. crystallization tecmperature, T, glass
transition temperature, Al specific crysta[lu.‘-uon enthalpy of the fully crystalline state) Af1,.,
spcmﬁc cry-'-th?at:on cnthalpy of the semi-crystalline smu_
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Fig. 6. Slmphhu.l specific heal capacity curves ol the crystalline {(¢,.). llqu1d (c). mlerface
{¢,1). and scmi-crystalline (¢,.) stales (sec Fig. 2).

molecular mobility in the surroundings of the lamellae. So the material in
the interfaces becomes rigid (glassy) at the crystallization temperature and
therefore the vitrification temperature of the material in the interfaces is
the crystallization temperature of the lamellae. This is why the slope of the
specific enthalpy curve of the interfaces /i; changes at the crystallization
temperature.

The specific enthalpy diagram of the heating process is in principle the
same (deviations are discussed below). Up to the melting temperature 7,
the specific enthalpy of the sample is the superposition of the specific
enthalpies of the crystalline, rigid amorphous (glassy), and liquid states. At
this temperature, the lamellae and, hence, their interfaces will disappear.
Thus the specific enthalpy curves of the lamellae (melting) and the
interfaces (glass transition) change to those of the liquid material. From
this, the specific heat capac:ty curves of the sample on heating (Fig. 6) are
available.

Using the ‘‘three-phase™ model, described above, it is also possible to
obtain information on the fractions, from both the melting behaviour and
the glass transition. So it should be possible to combine both to obtain more
detailed information on the examined sample.

RESULTS FROM THE GLASS TRANSITION

A major question in the morphological analysis of semi-crystalline
polymers is whether assumpticn (iii} of the model (above) is permissible.
For this, the mobile amorphous fraction in particular, as determined from
the glass transition (relaxation) intensity (eqn. (2)), is compared with
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results obtained by different methods, e.g. DSC, NMR and Raman
spectroscopy [8,9,14]. From the mobile amorphous fraction and informa-
tion about the crystallinity from the different methods, the rigid amorphous
(interfacial) fraction (egn. (3)) and the corresponding layer thicknesses
(eqn. (4)) have been determined. Because of the very different correlation
lengths of the molecuiar motions observed by the different meéthods
(increasing from Raman spectroscopy, to NMR spectroscopy, to DSC), the
results are expected to be different if there are broad gradients in the
molecular mobility or in the structure of the different layers. If there are
sharp transitions between the layers, the fractions determined by the
different methods should be nearly the same. Such investigations have been
made for differcntly crystallized PET [9, 14].

In these investigations, the crystalline fraction « from the DSC
measurements was calculated by a method discussed in ref. 15. The long
period L was determined from the one-dimensional electron density
correlation function obtained by small-angle X-ray scattering (SAXS) [16].

The results of thesc calculations in comparison with X-ray dif-

fractometry, NMR and Raman measurecments at room temperaturc are
shown in Table 1, which shows that the «, 8 and < fractions obtained by
the different methods in the three representative samples are consistent.
“Because the different methods have a different length-scale sensitivity, we
conclude from this consistency that there are only weak gradients across the
layers and that the transitions between the layers are relatively sharp. Thus,
assumption (iii) is normally fulfilled for semi-crystialline PET. In general,
the one-dimensional layer stack model described above should be useful for
the description of the morphology of lamellar crystallized, semi-crystalline
polymers, taking into account the rigid amorphous fraction.
- Combining the long spacing L, the degree of crystallinity, ¢.g. from X-ray
diffractometry, the mobile amorphous fraction from the glass transition
(eqn. (2)), the rigid amorphous fraction from (eqn. (3)), and the layer stack
model (egn. (4)), it is possible to obtain more detailed information on the
moiphology of semi-crystalline polymers. For instance, Fig. 7 shows the
fractions and Fig. 8 the layer thicknesses of different isothermally
crystallized PET samples as a function of the crystallization temperature.
For all PET samples investigated, interfacial layers of about 2nm are
obtained, independent of the crystallization conditions and the resulting
morphology. The long spacing (L =d. + 2d; + d,) and the lamellae thick-
ness increase, and the thickness of the mobile amorphous layer also slightly
increase with increasing temperature. From other crystallization regimes
[8, 9], e.g. gradually or secondary crystaliization, other dependences and a
rather wide range of layer thicknesses were observed. Therefore, it was
possible to compare parameters of the glass transition with the thickness of
the mobile amorphous layer (where the glass transition takes place) [14].

'T'he determmatlon of the rigid amorphous fraction (B8) and the
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TABLE 1

Layer fractions and thicknesses for three representative PET samples dv..tcrmlm.d by
different methods [8. 9. 14]
PET sample Method
Isothermally Isothermally Gradualily
crystallized crystallized crystallized
at 0K at 450 K at 450 K
149 0.23 .28 0.28 XRD
L/nm 7.3 8.6 . 6.9
o Snm 1.7 2.4 1.9
e fnm" 5.6" 62" 50°
1 .23 .33 0.33 DSC
B .53 ().43 0.48 :
¥ 0.24 {3L.24 0.19
d.im 1.7 2.8 2.2
2¢d,/mm 3.9 3.7 34
ei/nm 1.7 2.1 1.3
e - (1.28 .29 NMR
B - .45 0.45
v - 0.27 0.26
el fum - 2.4 2.0
2el./nm - 3.9 3.1
ei/um - 2.3 1.8
o 1L.21 0.28 0.29 Raman
B 0.44 0.4] 0.4
y 0.35 (.31 0.27
d./nm 1.5 2.4 2.0
2¢l/nm 3.3 3.6 3.1
di/nm 2.5 2.6 1.8

el =01 — ) =ody + 2.

corresponding layer thicknesses (d., d;, d,) shows that the combination of
the results from thermal analysis (glass transition) with those from X-ray
diffractometry (a, L) yields a more detailed picture of the morphology of
semi-crystalline polymers. Therefore, a better comparison between the
morphology and other results is possible. But there are two problems
associated with the thermal analysis of the glass transition region of
semi-crystalline polymers. Firstly, there are semi-crystalline polymers, such
as PE, in which the glass transition cannot be analysed. Secondly, the
‘analysis of the glass transition leads to mean values of the layer thicknesses,
{eqn. (4)), but not to their distributions. Therefore, it is necessary to find a
method with which to analyse the melting region in the above- descr:bed
layer stack model including the rigid amorphous fraction.
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Fig. 7. Fractions of PET crystallized isothermally at different temperatures as a function of

the crystallization temperature. The fractions werc determined by X-ray diffractometry (o),
DSC (), and using eqn. (3) (8).

ANALYSIS OF THE MELTING
- The melting process

In lamellar crystallized polymers, there are lamellae of various thick-
nesses [10, 11, 17]. The melting temperatures of the lamellae are dependent
on their thicknesses [18-21]. For this reason, the lamellae melt successively

&

Layer thickness/nm
W

o . : : . . . .
. 380 400 420 440 460 480 500 520
. Crystallization temperature/K

~ Fig. 8. Layer thickncsses of PET crystallized isothermally at different temperatures as a
function of the crystallizaltion temperature calculated by cqn. (4).
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accordlng to their thickness, if no thinning [22] or thickening of the Iamellae
occurs during the heating of the sample.

There are various equations that have been proposed for the melting
temperature of a lamelia [18-21]. Here the so-cnlicd Thomson equation,

eqn. (5), is used for the description of the melting temperature of a lamella
with thickness .

2er. ‘ . . R
Tuldd) = Th{1 — 22— 5
(d.) : Ahop.d. ()

where T, is the equilibrium melting temperature, p. the crystalline density,
and o, the surface specific enthalpy.

The specific enthalpy diagram in Fig. 5 is for lamellae of one thickness.
The specific enthalpy curve of a successively melting system is the
superposition of the specific enthalpy curves of any lamellae of different
thicknesses (Fig. 9). Thus, there is a broad transition region, not a sharp-
phase transition, in such substances. The analysis of this broad transition
region should result in some additional information on the phase
behaviour, i.e. on the fractions of the different states at each temperature.

From this, in combination with the Thomson equation, a lamella thickness
distribution can be obtained.

Method

The method used to analyse the melting process suggested here is based

on the one-dimensional ‘‘three-phase’” model described above. The
method is iterative.

Specific enthalpy

s Temperature Te

Fig. 9. Temperawure dependence of the specific Lnlhalpy in a system of lamellac of various
thicknesses. 7; and 7;; are the temperatures for the beginning and the end of the meltmg i.e.
meltmg of llu. thinnest and lhlckesl lamellae, rcspccuvciy
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- The starting point of the consideration is that the heat flux (> necessary to
heat a sample linearily with time, for every temperature, can be represented
by the superposition of the heat fluxes due to the baseline specific heat
capacity c,(7) and the excess specific enthalpy AAX(T), as first described in
ref. 3. After normalization of the heat flux curve of the sample by dividing
by the mass and the heating rate, ¢,.(T) can be expressed

e d AhX(T)
o TY =, (T) + —ar (6)

The specific excess enthalpy Ah%(7T) is the superposition of all enthalpy
effects related to the melting. In a small temperature interval, this specific
enthalpy can be determined from the area between the baseline ¢, and the
total normalized heat flux by integration.

The specific heat capacity ¢,{7T") of the sample is the superposition of the
specific heat capacities of the fractions [23]

o (T) =v(T)e,(TY + (1 — YT, (T) (7

where ¢,,(7) is the specific heat capacity of the mobile amorphous fraction
and ¢, (7T) represents those of the crystalline fractions, including the glassy
rigid amorphous fraction. Both are available, e.g. from the ATi1ias data base
[24] and also for PE from ref. 25.

Consider a small temperature interval, 7, to 73, in the melting region of a
scmi-crystalline polymer. The increase of the liquid fraction (Avy) within
this interval is equal to the decrease in the solid fraction (crystalline, Aa,;
rigid amorphous, ASB,,,5)

v(73) = y(T,) + Az + AB s (8)

The decrease of the crystalline fraction Ae«a,,; in the temperature interval
T\-T. is determined by the specific enthalpy of fusion of infinite crystals

Ah ni( ] IIZ) I)
mn -
AO"|_ .—-’]":‘(‘-;.. ( )

In eqn. (9). the temperature dependence of ARf, |23, 25] has to be taken
into account. The heat of fusion Ah,(7),;) alone is not directly available
from a DSC trace but the superposition of all excess specific enthalpy
effects related to the melting Af¥k is obtained. One of these additional
¢nthalpy effects is the surface enthalpy A/, of the lamellae. This enthalpy
arises due to the destruction of the surfaces of the lamellae during melting
-and has to be taken into account. Due to the lamellae stack model, only the

surfaces rectangular Lo the polymer chains have to be considered. With

2¢r

o

A (T = Aqyy—— : 10
AR =dee Ty 4o
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eqgn. (9) reads

ARX*(T.,) | | |
Ac,, = o ( u;)a- . _ C(11)
ARY(T) — — T
(72) p.d.(T2)

where AhZ* = Ah} + Ah, is the superposition of all other remaining
enthalpy effects related to the melting. As a first approximation, we assume
that there are no additional enthalpy effects. Then, Ah%* represents the
heat of fusion Ah,,. A further correction will be described below.

During the melting of the lamellae in the temperature interval 7,-7;, the
hindering of the molecular mobility of the interfacial material of these
lameilae disappears. Thus the interfacial fraction decreases. Because of the

layer stack model (Fig. 4) this decrease is linked to the decrease in the
crystalline fraction by

_ 2d(Ty) | |
A.‘3 1w = d“._-.-( 7-5_)_ Aa,,;._ (12)

The thickness of the lamellaec d.{7:) melting in the temperature interval
considered may be obtained by the Thomson equation, eqn. (5).

From eqns. (8), (11) and (12), it follows that the fraction of the mobile
amorphous material at the temperature 73 can be expressed as

2di(73) ARG (Th2)

(13)
d(Tz) 20,
AT — ————
(72) p.Ad(T3)

Y(Ty = v(1) + (1 +

and with eqgn. (7), a value for the specific heat capacity at 7: is available
which is necessary for the baseline.

In eqn. (13), the thickness of the interfaces of the lamellae ;(73), and the
excess specific enthalpy A/#k* are not known, which is why an assumption is
necessary to solve this equation. Thercfore, it will be assumed that all
interfacial layers have the same thickness, independent of the thickness of
the related lamella. This assumption seems to be reasonable because the
space needed for the re-entry and the loops of the polymer chains and the
chain ends should not depend on the lamella thickness [26,27]. In our
investigations we start with an interface thickness of 2 nm. The estimation
of the thickness will be described later.

A prerequisite for the determination of the specific enthalpy Ah,:’,‘ in
eqn. (13) by integration is a baseline in the temperature interval 7,-75, i.e.
the specific baseline heat capacity ¢, at 73 has to be known (Fig. 10).

The ¢, value at 7; is not known at first. Therefore, the value at 7, is taken
for the first approximation (Fig. 10). A corrected value for the
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Fig. 10. Dctermination of the excess specilic enthalpy AA%* from the normalized heat flux
(1) in a small temperature interval from 7 to 73 ¢, (73). first used value for the baseline ¢, al
750 ¢n(73). iteratively calculated value: (2) and {(3) arc the basclines in the temperature
interval, arbitrarily chosen and iteratively calculated. respectively.

specific baseline heat capacity at 7; is then obtained from eqns. (13) and (7).
This calculation has to be repeated until the value for the specific baseline
heat capacity at 7, does not change more than 0.1%. In this way it is
possible to estimale the decrease in the crystalline and rigid amorphous
fractions as well as"the increase in the mobile amorphous fraction.

By shifting the temperature interval 7,—7, over the normalized heat flux
curve, the melting process of the investigated sample may be analysed. For
this analysis, two conditions have to be met.

(i) The liquid amorphous fraction has to be known at the first investigated
- temperature 7. From eqn. (6), it follows that at a temperature where
no melting occurs, the specific baseline heat capacity can be calculated
from the heat flux. Then the mobiler amorphous fraction at this
temperature y(7;) can be calculated by egn. (7). The measurements
have to be started at this temperature.
(ii) At the last investigated temperature 7i., ali the crystallme material has
to be in a molien state (=B =0:; y=1).

The first condition may be fulfilled just above the glass transition region,
because normally no melting occurs there [28]. Condition (ii) should be
fulfilled at temperatures above the equilibrium melting temperature of the
polymer under investigation. : _ :
At the end of the first run (calculatlon w1th di=2nm) at the
“temperatuie 7y, above the equilibrium melting temperature, the result
a#0, 80, and ¥ # 1 is obtained: this does not happen in reality because
the thickness of the interfaces d; in eqn. (13) is needed but not known.
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Thus, the thickness of the 1nterface layers d; is changed and the calculatlon
is re-started at a temperature just above the glass transition 7. This is
repeated until « =0, 8 =0 and ¥ =1 is reached at 7.

After this double iteration, the temperature dependence of the liquid
amorphous fraction y(7T), the specific baseline heat capacity of the sample
¢c,{T), and the interfacial thickness d;, are known. Moreover, the change in
the crystalline material in each temperature interval Aa(7,,) is obtained

from the calculation. From this, the crystalline fraction for every tempera-
ture 7 follows

a(T) = ’Z Ac(x) (14)

=1

and the interfacial fraction 8(7T) can be obtained from eqn. (3).

Correction of the method in the case of supercooling *

A prediction of the above-described method is that only the heat of
fusion and the surface enthaipy of the lamellae are related to the excess
enthalpy. In the case of substances with a difference between the
crystallization and the melting temperature of the lamellae of the same
thickness, an additional enthalpy effect related to the interfacial fraction
occurs. This enthalpy effect and the corresponding completion of the
method are described here.

The molecular mobility of the material in the interfaces of the lamellae is
hindered by the lamellae (see above). This hindering of the molecular
mobility appears at the crystallization temperature T, of each lamellae. The
material of the interfaces will become rigid there. Therefore, the slope of
the specific enthalpy function of the interfaces of the lamellae changes from
that of the liquid to that of the solid state (Fig. 11).

During the subsequent heating the lamellae will melt at the temperature
T..- The hindering of the molecular mobility of the interfaces of these
lamellae will disappear at this temperature. Therefore, the specific
enthalpy function of the interfaces of the lamellae will reach that of the
liquid amorphous state. If the melting temperature is significantly higher
than that of crystallization the *‘glass transition’ of the interfaces will be
combined with a jump in the specific enthalpy (Fig. 11), which is the same
_effect as in the case of enthalpy relaxation in amorphous polymers after

annealing below 7, or after cooling at cooling rates lower than the heating

* The idea for this correction was given 1o the authors hy J. van Rum.n (DSM Geleen).
Sce also ref. 4.
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Specific enthalpy

Te Temperature Tm

Fig. 11. Temperature dependence of the specific enthalpy of the interfaces. (1), cooling
curve with crystallization at 7. (2). heating curve with melting at 7,: A%, specific enthalpy
duc to the difference between the crystallization and melting temperature.

rate used. The specific enthalpy of this jump is related to the melting and
has therefore to be taken into account.

Because the slope (specific heat capacity) of the crystalline fraction is
equal to the slope of curve (2) (rigid amorphous) in Fig. 11, A/, depends on
the change of the difference between /#(7T) (curve (1)) and A7) in the
interval 7.—-T,, (supercooling A7..). Moreover, A/, depends on the change

of the rigid amorphous fraction Ag,,; in the temperature interval 7—7,.
This can be written as (see Fig. 5)

Ah‘sc(rl'l) = (Ahlt:\(n'l) - Ahtlh(ﬁ)) AEIIZ (]5)

~To obtain the heat of fusion, the excess specific enthalpy Ah%* in eqn. (13)

has to be reduced by this specific enthalpy A/#_.. If the supercooling of the
lamellae melting at 7> is AT, the second factor in eqn. (13), which is the
change in the crystalline fraction Ag,,» (compare eqgns. (11) and (13)), reads

He s — ) — ] n - .
Aau_‘: = Ahm (ﬂfl) ABII‘J[Ahm(E)ZU Ahm(’]:. A?:,_)] (]6)

AT ————=
_' (72) p.d{T:)

with A7T,.=T,,— 7. (=12 K for PE [3]). Because AB,,; is dependent on Aa,;
(eqgn. (12)), and is not known at first, an additional iteration is necessary
“until Aa,,; is constant. ' '

The enthalpy effect related to the supercooling results in a relatively
small correction (less than 1%) in the fractions of PE at low temperatures
- (melting of thin lamellae) and can ke neglected.
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Normalized heat flux

i

Fig. 12. Graduation (schematic) of the temperature axis in intervals of the same range of the
lamcila thickness, calculated using the Thomson equation.

T To Tq
Temperature

Determination of the lamellae thickness distribution

The crystalline fraction of a polymer may be considered as a system of
many components in which all components contain all lamellae of the same
thickness [29]. All lamellae of the same thickness will melt at the same
temperature (eqn. (5)}). Thus, it should be possible to estimate the lamellae
thickness distribution from the normalized heat flux curves.. If no
recrystallization occurs, the fraction of lameilae melting in a temperature
interval can be determined from the heat of fusion in this interval [30, 31].
The estimation of the lamellae thickness distribution will now be described.

To determine the lamellae thickness distribution, it is necessary to divide
the melting region into temperature intervals (7;_, - - - T;) which represent
equal ranges in the lamellae thickness (Fig. 12). Because the melting
temperature of a lamella of thickness . is given by the Thomson equation,
eqn. (8) (T, = 1/d.), the temperature intervals are not equidistant.

The heatl necessary to melt N, lamellae within the temperature interval

T,..—T; (ARW(T;. ;) is proportional to the total crystalline volume V;
melting in the temperature interval considered

, 11 Yo
Ahm(Tiw IH)_= %ﬂ-ﬁt ‘/' . - (17)

where 1 is the sample mass.

Because V, represents the volume of the lamellae melting in that range of
lamellae thickness limited by the thicknesses corresponding to 7;_, and 7,
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it is possible to calculate the volume fraction ®.(d.) of the lamellae
thickness distribution by

Ahl‘l‘l(T—Ur)ﬂ AG(T )ﬂ
Vv, AT pe Y p,
(I)p ((IL-') = = = (]8)
‘ 2V, 2V, V.,

In addition to the lamellae thickness distribution, the specific inner surface
O, (the surface perpendicular to the chain direction of the lamellae) may
also be calculated from geometrical considerations

_C_)-_~=Z-_z Aa(T,_;)
m o p. d.

(19)

For some investigations, e.g. comparison with electron microscopy results
[10, 11]. the calculation of a number distribution, rather than a volume (or
mass) distribution is desirable. But the calculation of such a distribution is
only possible if the area of each lamellae is known.

Results

The measurements were performed wilth a computer-controlled, well
stabilized Perkin-Elmer DSC-2 [32, 33]. All measurements contain isother-
mal portions at the beginning and end of the scan. An empty pan
measurement was subtracted and a sapphire correction was performed in
order to obtain the sample heat flux. The scan rate was 10 K min~' and the
sample mass was about 5 mg (thin foil) in order to reduce smearing due to
the heat transfer. A sample mass of about 5 mg is necessary because of the
precision of the specific heat capacity determination at 7;; necessary to get
an accurate value for the mobile amorphous fraction at this temperature
eqn. (7).

" The measurements presented here were carried out to answer two
questions. Firstly, the results obtained with the “three-phase’ macdel were
compared with those of the ‘“‘two-phase”™ model (total enthalpy method) to
obtain information on the effect of the interfaces of the iamellae on the
results of the melting analysis. Secondly, the results of the DSC
measurements were compared with those of SAXS measurements in order
to evaluate the DSC results.

~ To demgonsirate the capability of the suggested method. results obtained
from a low-density polyethylene, Lupolen LDPE 1840 D, and a hlgh-
density polyethylene, Lupolen HDPE 6011 L, from BASF AG, are
presented. PE was used as an example in which the possible existence of
rigid amorphous material inside a semi-crystalline sample and of interfaces
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TABLE 2

Parameters for poly(ethylene) (PE) used for the evaluation of the DSC measurcments

Paramcter WValuc Parameter Value _
T 415 x 0.5 K [34, 35] AT, _ 12+ 1K [3]
AR, 293+ 0.21g " [25,36] i 230K :
o, 0.0795 £ 0.0025 I m * [31.37] Tu 4149 K
plT 0.952 g cm - {38, 39]

in the crystalline lamellae are ignored. In our approach, it is postulated that
there is material which is in neither the crystalline nor the liquid amorphous
states.

The parameters used in the DSC investigations are shown in Table 2.
The specific heat capacities of the crystalline and the liquid amorphous
fractions are taken from ref. 25. The quality of these heat capacities, as well
as the measured value, determines the uality of the calculations. Because
the specific heat capacities in ref. 25 are calculated on the basis of a
two-phase approach and because there are some questions concerning the
increase in the difference between c¢,(7) and c,.(7) between 120 and
290 K [25], it may be useful to re-examine the data using a ‘“‘three-phase™
approach. In this paper, we present a way of describing the melting of
polymers from the calorimetric investigations. Therefore, we take the ¢,
data from ref. 25 as a first and, in our opinion, a good approximation.

Figures 13 and 14 show the calculated c, baselines for the determination
of the excess specific enthalpy and the measured normalized heat flux of the
LDPE and the HDPE. According to the total enthalpy method, the
baseline was recalculated from «(7) with eqn. (7) and y(T)=1— a(T).

The temperature dependence of the fractions is shown for LDPE in
Fig. 15 and for HDPE in Fig. 16. From this, in combination with other
methods, e.g. X-ray diffractometry, a more detailed descrlptlon of the
morphology at every temperature is available.

To compare the results obtained by the “‘two-"" and the “three-phase
models, the LDPE and HDPE samples were examined. The results of the
“two-phase’ model were derived by the total enthalpy method proposed by
Gray [1]. The temperature dependence of the crystalline fraction calculated
in this way is also shown in Figs. 15 and 16 (dotted line).

It may be seen from Figs. 15 and 16 that the crystallmltles obtairied from
both methods are nearly the same in the main melting region (350 415 K).
At lower temperatures, there are deviations between the resuits of the two
methods. The crystallinities calculated by the ‘‘three-phase™ model at 250 K
are about 0.03 (for HDPE 6011 L) and 0.05 (for LDPE 1840 D), higher than
those obtained by the total enthalpy method. At room temperature, this
deviation is nearly. half of those obs»rved at ZSOK '
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Specific heat capacity/(d g~ K™)

pc
1.2 -
11 250 300 350 400 T|
.8 Temperature/K E

Fig. 13. Normalized heat flux of the semi-crystalline sample (c,..). the reference specific heat
capacities (¢, ¢pe)s and the caleulated baseline (¢,) of LDPE 1840 D. The ¢, basclines are
calculated according to the total enthalpy method (- — -) and the “three-phase’ model (—).

The crystallinity calculated using the ‘‘three-phase™ model is nearly
constant (for HDPE 6011 L) or shows a slightly decrease (up to room
temperature for LDPE 1840 D). In contrast to this, there is a small but
unrealistic increase in the crystallinities calculated by the total enthalpy
method in this region, as also reported by Mathot and van Ruiten [40]. This

2.6 -
2.4 -
2.2 :-
2.0 -
1.8
1.6 -

1.4 -

Specific heat capacity/t g~ K~')

| 250 300 350 400 |
TB . K . TE
: Temperature/K

Fig. 14. Normalized heat flux of the semi-crystalline sample (¢,,.). the reference specific heat
capacitics (¢, ¢,.). and the calculated baseline (¢, of HDPE 6011 L. The ¢, baselines are
calculated azcording to the total enthalpy method (- - -) and the “"three-phase™ model (—).
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1.0 -

250 300 350 400
Temperature/K

Fig. 15. Temperature dependence of the fractions of LDPE 1840 D. Crystallinitics
determined by the total enthalpy method (---) and by the method based on the
**three-phase™ model (—).

is also apparent in the lamellae thickness distributions. In the lamelia stack
model, the reason for the increase in the crystallinity at low temperature is
the formation of very thin lamellae. This is why the lamellae thickness
distributions derived by the total enthalpy methcd begin with negative

1.0W
0.8 i mesamatetubrpaanserriaw a\
0.6 -
=
2 J
5]
£ 0.4
0.2 —
P~
0-0 ] v 1 M 1 1
: 250 .. 300 350 400
Temperature/K

Fig. 16. Temperature dependence of the fractions of HDPE 6011 D. Crystallinilies
determined by the total enthalpy method {(--:) and by the method based on the
'flhree-phase“ model (—). ‘_ : :
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- 0,08 |
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0.02 -
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Relative volume fraction

0.00 -

-0.01 —i . . , ' . . . .
0 2 4 6 B 10

Lamellae thickness/nm

Fig. i7. Lamellae thickness distribution of LDPE 1840 D determined on the hasis of the
two-phase (¢« ¢« +) and “three-phase® {(—) models.

values. Therefore, the lamellae thickness distribution obtained from the
‘‘three-phase™ model results in higher values at low lameilae thicknesses
(Figs, 17, 18). The specific inner surface O,, the mean value of the lamellae
thicknesses distribution d., and the interfacial thickness d; at 230 K were
obtained from the ‘‘three-phase” model (for LDPE, O,=600m3g ',
d.=5nm, d,=1nm; for HGPE, O,=100m3g~', d. =23 nm, ¢, = 0.9 nm).

0.008 +
0.006 -

0.004 -

0.002 -

_Relative volume fraction

0.000 4 '}

002 4H—v -
- 0 - 10 20 30 - 40 _ 50 80
Lamellae thickness/nm

‘Fig‘- 18. Lamellac thicimcss distribution of HDPE 6011 L determined on the basis of the
two-phase (- - ) and “three-phase™ (—) models, '
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Because in our model (cornstant interfacial layer thickness for all
lamellae) the proportion of the interfacial fraction increases with decreas-
ing lamellae thickness, the rigid amorphous fraction particularily influences
the results connected with the melting of thin lamellae (Figs. 13-18). The
first results from the “‘three-phase’ model presented here are influenced by
different factors. In general, the accuracy of the ¢, measurements at T,
determines the value of the mobile fraction at this temperature and
therefore the resuits of the whole calculation. The second uncertainty is due
to the parameters used for the calculation (Table 2), including the reference
¢,(T) for the liquid and the crystalline fractions.

The correlation between the morphological parameters obtained by DSC
on the basis of the ‘‘three-phase™ layer stack model and the results from
other methods shows that this model is applicable in the investigation of
polymers. The advantage of the DSC method is its low expense (low
sample mass, short time for measurements). But it may be considered as
only an addition to the methods for morphological investigations because,

for example, the thickness of the amorphous layers and the long period
cannot be deduced using this technique.

CONCLUSIONS

Thermal analysis can provide information on the morphology of
semi-crystalline polymers from an analysis of the melting process and, in
addition, from the glass transition. The comparison of this information
obtained on the basis of a two-phase model shows that there are deviations
from the model. Wunderlich and coworkers [4, 5] have shown that this can
be explained by the presence of rigid amorphous material in the sample..
Therefore, it seems necessary to analyse the glass transition and the melting
process with regard to this material. A way of analysing the melting on the
basis of a one-dimensional layer stack model, in which the rigid amorphous
material is attributed to the interfaces of the crystalline lamellae, is
suggested here. To achieve a solution to this problem, it is necessary to
make an assumption regarding the relation between the interfacial layer
thickness and the thickness of the lamellae.

Here it is assumed that the thickness of the interfacial layer is constant
i.e. it is independent of the lamellae thickness. The iterative method
supplies the temperature dependence of the crystalline, liquid amorphous,
and interfacial fractions, as well as the thickness of the interface. In
addition, the temperature dependence of the specific heat capacity (without
excess contributions) ot the sample is available. In a second step, the
lamellae thickness distribution, the mean lamella thickness, and the specnﬁc'
inner surface may be determined.

Because it is necessary to calculate the mob:le amorphous fractlon at the
starting temperature from the measured specific heat capacity at this
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temperature, the error in the fraction corresponds to the error in the
determination of the specific heat capacity. For a power-compensated DSC,
this uncertainty is in the order of 1%. Therefore, this method of analysing
the melting, taking into account the rigid amorphous fraction, requires that
the ¢, measurements are very accurate. In Fig. 13 (LDPE), it can be seen
‘that near 7;, =230 K, condition (i) (above) may not be fulfilled: compare
the ¢,. and ¢, values from the **three-phase’ model in this range with those
of Fig. 14.

- The results of the analyses of HDPE and LDPE samples were compared
with those obtained on the basis of a two-phase model. This comparison
shows deviations in the low temperature region which are connected with
the melting of thin lamellae. The two-phase model gives an unrealistic
increase in the crystallinity from 250 K up to room temperature. Therefore,
the results obtained on the basis of the “‘three-phase” model seem to be
more correct. A comparison of these results with those of X-ray
investigations shows a good correlation. Therefore, it may be concluded
that the method proposed here provides a good addition to other methods
of morphological investigations and that the assumption that the interfacial
layer has a constant thickness independent of the lamellae thickness, is not
totally wrong.
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