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The melting of polymers- a three-phase approach 
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Informalion on the morphology of semi-crystalline polymers can be obtained from their 
melting behaviour. Due to the lamelloc thickness dislribution. a very broad melting region 
is obsdrved. From a comparison of the glass transition intensity and the crystallinity, e.g. 
from X-ray diffractomctry. it is known that there are rigid amorphous regions inside 
semi-crystalline polymers with no contribution to the glass transition or to the melting. 
Both the broad meIting region and the deviation from the normally used two-phases model 
often result in incorrect cryslallinities and other morphological parameters. Therefore. ihe 
analysis of the melting behaviour. taking into account the broad melting region and the 
rigid amorphous fraction, shoul-. result in a better, more detaitcd description of the 
morphology. A procedure to do this on the basis of a separation of the mcasurcd heat flpx 
into the baseline specific heat capacily and the cxccss portion is suggested here. Using this 
proccdurc. it should be possible to obtain the temperature dependence of the crystalline, 
rigid amorphous. and liquid amorphous fractions. as well as the latirellae thickness 
distribution, the thickness of the interfaces of the lamellac. 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-crystalline. 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 diffractometiy. 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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Tg Temperature Tm 
Fig. 1. Simplified specific cnlhalpy curves of the crystalline (k,)* amorphous (II,,) and 
semi-crystalline (1~~) states with heating. The slope of the specific cnthalpy curves of the 
amorphous and semi-crystalline slates increases at the glass temperature r,. At the melting 
temficrature 7;,,+ the specific enthalpy of the crystalline material becomes that of the liquid 
state, with a jump of height Ah,, (semi-cryslalline sample) and AIzt, (fully crystalline 
sample). rcspcctively. 

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) frac:tions. Simplified 
curves are shown in Figs. 1 and 2. 

I cPc 
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Fig. 2. Simplified specific heat capacity ctirvcs c-if the cryslallinc (cJ. amoiphous (c,,:,) and 
semi-crystalline (c,,~) states with heating. At the glass temperature 7;:, a jump occurs ix the 
specific heat capacity of the liquid (AC,,:,) and semi-crystalline (AC,,,) states. 
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For temperatures below the glass temperature Tg, the specific heat 
capacity, atid therefore the slope of. the specific enthalpy’curves for the 
glassy and crystaIline states, is practically the same. At TS, 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 1 below) 
above the glass transition temperature Tfi. For a semi-crystalline sample, the 
height of the jump at TS (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 Ah:, depends on the temperature {Fig. 1). In semi- 
crystaIline systems, the difference between the specific enthalpy of the 
amorphous and the semi-crystalline state Ah, is reIated to the crystalline 
fraction and also depends on the temperature [l-3]. Therefore, the 
crystalline fraction e at a temperature Tcan be calculated from the specific 
enthalpy of the crystalline state h,, the specific enthalpy of the amorphous 
state Iz;,, and the specific enthalpy of the semi-crystalline state h, (see Fig. 1) 
bY 

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

For some polymers and other semi-crystalline 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 14, Sl. The step height AC,, 
at the glass transition depends on the fraction y of the mobile amorphous 
material. The fraction may be calculated by 

where AC,,:, is the step height of a 
two-phase model, the remainder of 
crystalline state. 

fully amorphous sample. Then, in a 
the material (1 - y) should be in the 

To prove the applicability of the two-phase model, the crystallinities 
caIculated 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 crystalline and melt-like amorphous fractions are present, the 



0.8 

0.6 
a 

0.4 

0.2 

0 

Acrtr 2.78 fIYY4) L&3-227 

0 0.2 0.4 0.6 0.8 1 

1-r 

Fig. 3. The relation bctwccn the crystallinitics detcrmincd from ~hc glass transition (I - y) 
and the melting cnthalpy (cr) for a low mcdccular mass liquid crystal (61 (Cl) and a PET 
sample (0) isothermally crystallized at WOK. Lint A rcprcscnts the two-phase bchaviour. 

crystallinities calculated by these two approaches should be the same for 
one sample. The results of this comparison for a low molecular mass 
substance (61 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 crystallinitics calculated 
from the glass transition *and from the melting. Wunderlich and coworkers 
[4, S] 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 TK_ Here, 
it is called the rigid amorphous fraction p. The rigid amorphous fraction 
may be calculated by 

P=l-Y-CV (3) 

In the cas,e 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 behnviour. A 
morphological model for polymers crystallized in the form of Eamellae 
stacks, including the rigid amorphous state, will be described below. This 
model wiil then be used to discuss the melting of polymers. 



MODEL 

Electron microscopic investigations [lo, 111 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 b&Id 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 cx, and 
amorphous layers of thickness n,, and the volume fraction 1 - cy. The mean 
distance between the centres of the crystalline layers is calIed the long 
period t. 

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 crystalline 
layers (Iamellae) with thickness ti,, mobile amorphous layers with thickness 
n, and two rigid amorphous interfacial layers with thickness tii, within one 
long period L (Fig. 4). 

In order to apply this model to the description of the melting behaviour 
of semi-crystalline polymers, three morphological assumptions 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 
completely as possible, larger melt-like amorphous regions must 
considered [8, 131. 

Fig. 4. Slack of lamebe in semi-crystalline polymers: L is the long period; d,, cI~ and (I,, the 
thicknesses of’ the crystalline (lamclla). rigid amorphous (inkrfacial). and mobile amor- 
phous (liquid) layers; respectively. 
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(ii) 

(iii) 

The lateral layer extension is much larger than their thickness 
(d,., dl,,rli). Thus, the layer thicknesses can be determined from a 
one-dimensional model (eqn. (4)). 
The layers are homogeneous. The transitions between the layers are 
relatively sharp. Non-crystalline areas inside the iameiia are associated 
with the interfacial iayer. 

If these asstimptions are fulfilled, the number-averaged mean thicknesses of 
the layers may be determined from the long period L and the voiumc 
fractions LY, p, y by 

& =L#ff lCfi=LPj2 C!,=Ly (4) 

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

Because the specific enthaipy of a sample is the superposition of the 
enthalpies of the different fractions, it is necessary to include in specific 
enthaipy diagram (Fig. 1) the specific enthaipy of the rigid amorphous state 
(Fig. 5). To do this, we consider the cooling of a polymer melt. Down to the 
crystallization temperature Tc, there is only Iiquid amorphous material of 
specific enthalpy 17,, hence the specific enthaipy of the sample h, is the same 
as that of the liquid amorphous state. At the crystallization temperature T,, 
crystalline iameiiae of specific enthaipy k, are formed. According to the 
specific enthalpy of the liquid amorphous state, the specific enthaipy h, is 
lowered by the specific heat of fusion A/75 At this temperature, in addition, 
the interfaces 4-F the lameliae are formed, because of the hindering of the 

Ts Temperature 

Fig. 5. Simplified specific enthnlpy a~rves of the crystalline (II,), liquid {It,), intcrfacc (II;), 
and’ semi-crystallinti (/l,) state (xi: Fig. 1): ‘c. crystallizatian tclllpuriltUW. 7;!. glass 
transition tcmpcralure. Ah’,l specific crystallixntion cnthtilpy of the fully crystalline state; Ahc. 
specific crystnllization cnthtllpy of the semi-crystalline swtc. 
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Fig. 6. Simplilicd specific hcnt capacity curves of the crystnllinc (LI~,~), liquid (c,,,}. interface 
(c,,,). ilnd semi-crystalline IL;,,) stnlcs (SW 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 crystakation temperature of the lamellae. This is why the slope of the 
specific enthalpy curve of the interfaces 11, 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 T,,, 
the specific enthalpy of the sample is the superposition of the specific 
enthalpies of the crystaEline, 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 capacity curves of the sample on heating (Fig. 4) 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-crystakne 
polymers is whether assumpt iron (iii), af ?he mode! (above) is permisGb!e. 
For this, the mobile amorphoiis fraction in parti+:ia&r, as.determined from 
the gIass transition (relaxation) intensity (eqn. (Z)), is compared with 
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results obtained by- different methods, e.g. DSC, NMR and Raman 
spectroscopy [f&D, 143. From the mobile amorphous fraction and informa- 
tion about the crystallinity from the different methods, the rigid amorphous 
(interfacial) fractitin (eqn. (3)) and the corresponding layer thicknesses 
(e.qn. (4)).havc been determined. Because of the very different correlation 
lengths of the molecular motions observed by the different methods 
(increasing from Raman spectroscopy, to NMR spectroscopy, to DSC), the 
results are expected to be different if there are broad gradients in the 
i-nolecular 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 differently crystallized PET [8, 143. 

In these investigations, the crystalline fraction LY from the DSC 
measurements was calculated by a method discussed in ref. 1s. The long 
period L was determined from the one-dimensional eIectron density 
corielation function obtained by small-angle x-ray scattering (SAXS) [ 161. 

The results of these calculations in comparison ivitli X-ray dif- 
fractometry, NMR tind Raman measurements at room temperature are 
shown in Table 1, which shows that the LY, 6 and y 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-crystalline PET. In general, 
the one-dimensional layer stack model described above should be useful for 
the description of the morphology of Iamellar crystallized, semi-crystalline 
polymers, taking into account the rigid amorphous fraction. 

Combining the long spacing L, the degree of crystallinity, eig. from X-ray 
diffractometry, the mobile amorphous fraction from the @ass transition 
(eqn. (2)), the rigid amorphous fraclion from (eqn. (3)), and the layer stack 
model (eqn. (4)), it is possible to obtain more detailed information on the 
morphology 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 2 nm are 
obtained, independent of the crystallization conditions tind the resulting 
morphoIogy. The long spacing (L = r/, + 2di + c/J and the Iamellae thick- 
ness increase, and the thickness of the mobile amorphous layer also slightly 
increase with increasing temperature. From other crystallization regimes 
[8, ?], e.g. gradually or secondary crystallization, other dependencei 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) 1141. 

The determination of the rigid amorphous fraction (p) and the 
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corresponding layer thicknesses ((I,, [ii, l/J shows that the combination of 

the resuIts from thermal analysis (glass transition) with those from X-ray 
diffractomctry (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 anatlysed. Secondly, the 
analysis of the glass transition leads to mean values of the lpyer thicknesses; 
(eqn. (4)), but not to their distributions. Therefore, it is necessary to find a 
method witli which to analyse the melting region in the above-describ& 
layer stack model, including the rigid amorphtius fraction. 
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Fig. 7. Fmclions of PET crystallized isothermally at different tcmpcraturcs as a function of 
the crystallization~tcmperaturc. The fractions wcr~: dctcrmincd by X-ray diffmctomctry (cu). 
DSC (y)* and using eqn. (3) (p), 

ANALYSIS OF THE MELTING 

In Iamellar crystallized polymers, there are lamellae of various thick- 
nesses [IO, 11,171, The melting temperatures of the lamellae are dependent 
on their thicknesses [18-211. For this reason, the lamellae melt successively 
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Fig. 8. Layer thicknesses of PET crystnllizcd isothermally at different tcmpcraturcs as a 
function of the crystallizatioti tcnrpcraturc calculated t-)9 cqn. (4). 



according to their thickness, if no thinning [22] or thickening of the lamellae 
occurs during the heating of the sample. 

There are various equations that have been proposed for the melting 
temperature of a lamella [ 18-2 I]. Here the so-cl&d Thomson equation, 
eqn. (5), is used for the description of the melting temperature of a iamella 
with thickness d, 

where Ti:, is the equilibrium melting temperature, pc the crystalline density, 
and V, the surface specific enthalpy. 

The specific enthalpy diagram in Fig. 5 is for lamellae of one thitikness. 
The specific cnthalpy curve of d 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. 

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. 

TEi Temper&n TE 

Fig. 9. Temperalure dependence of the specific cnlhalpy in a system of hmcllac of.various 
thicknmscs. 7;, and T13 are rhc temperatures for the beginning and the end of the melling. i.e. 
melting of lhe thinnest and lhickcst lamcllac, rcspcctivcIy. 



The starting point of the consideration is that the heat flux cB necessary to 
heat a sample linearily with time, for every temperature, can be represented 
by the superposition of the heat ftuxes due to the baseline specific heat 
capacity c,,( 7) and the excess specific enthalpy A/l%(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, c,,,(T) can be expressed 

The spkcific excess enthnlpy A/l,:,“;(T) is 
effects related to the melting. In a small 

the superposition of all enthalpy 
temperature interval, this specific 

enthnlpy can be determined from the area between the baseline c;, and the 
total normalized heat flux by integration. 

The specific heat capacity c,,(T) of the sample is the superposition of the 
specific heat capacities of the fractions [23] 

C/d T) = Y(m-,P,u-) + (1 - Y(T)k,,,(T) (7) 
where +(7) is the specific heat capacity of the mobile amorphous fraction 
and c;,,( 7) represents those of the crystalline fractions, including the glassy 
rigid amorphous fraction. Both are available, e.g. from the A-IIIAS data base 
[24] and also for PE from ref. 25. 

Consider a small temperature interval, 7, to 7& in the melting region of a 
semi-crystalline polymer. The increase of the liquid fraction (Ay) within 
this interval is equal to the decrease in the solid fraction (crystalline, Acrujz; 
rigid amorphous, A/3 ,,1) 

~(73 = YU'J + Am,2 + &A,, (8) 

The decrease of the crystalline fraction AaIIz in the temperature intervai 
r,-r, is determined by the specific cnthalpy of fusion of infinite crystals 

In eqn. (Y). the temperalure dcpcndencc of A#, [23,25] has to be taken 
into account. The heat of fusion A/rHti( 7;,,) alone is not directly available 
from c7 DSC trace but the superposition of all excess specific enthnlpy 
effects related to the melting A/r;: is obtained. One of these additional 
cnthalpy effects is the surface enthalpy A/r,, of the lamellac. This enthalpy 
arises due to the destruction of the surfticcs of the lamellae during melting 

.and has to be taken into account. Due to the lamellae stack model, only the 
surfaces rectangular to the polymer chains have to be considered. With 



eqn. (9) reads 

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, A/?$,* represents the 
heat of fusion A/f,,,. A further correction will be described bejow. 

During the melting of the lamellae in the temperature interval T-T,, the 
hindering of the molecular mobility of the interfacial material of these 
lamellae 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 

The thickness of the lamellae Cr,(T,) melting in the temperature 
considered may be obtained by the Thomson equation, eqn. (5). 

(12) 

interval 

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

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

In eqn. (13), the thickness of the interfaces of the lamellae Cli( c), and the 
excess specific enthalpy Ajz$*’ are not known, which is why an assumption is 
necessary to solve this equation. Therefore, it wiIl be assumed that all 
interracial layer!: 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 atid the loops of the polymer chains and the 
chain ends should not depend on the lamella thickness 126,271. In our 
investigations we start with an interface thickness of 2 nm. The estimation 
of the thickness will be desciibed later. 

A prerequisite for the determination of the specific’enthalpy AlzZzl’~ in 
eqn. (13) by integration is a baseline in the temperature interval T’,-T,, i.e. 
the specific baseline heat capacity c,, at T, has to he known (Fig. 10). 

The c,, value at T2 is not known at first. Therefore, the value at r, is taken 
for the first approximation (Fig. 10). A corrected value for the 
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Fig. 10. Dcturmination of thu cxccss specific cnthalpy Ah,,, ** from the nclttiz~tizcd heat flux 

(1) in a small kmpcralurc intcrvol from 7; to Tz: L;,,( 7,;). lirsi usd valuu Ior the basclinc c,, al 
- -. 1 2. ~.,v,, [T1]. ilcrtlrivcly calculntcd value: (2) and (3) arc Ihe hasciincs in the wmperaIurc 
inrcrval. arbilrztrily chascn and itorativcly cnlculatcd. rcspcctivcly. 

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

By shifting the temperature interval T,-T2 over the normalized heat flux 
curve, the melting process of the investigated sampie 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 mobile amorphous fraction at this 
temperature y(7;,) can be calculated by eqn. (7). The measurements 
have to be started at this temperature. 
At the last investigated temperature 7;;.. ali the crystalline material has 
to be in a molten state (cr = p = (1; 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 
fulfilied at temperatures above the equilibrium melting temperature of the 
polymer under investigation. 

At the end of the first run (calculation with tfi = 2 nm) at the 
temperature 7;:. above the equilibrium melting temperature, the result 
cx # 0. /3 + 0, and y P 1 is obtained: this does not happen in reality because 
the thickness of th.e interfaces f/i in eqn. (13) is needed but not known. 



Thus, the thickness of the interface layers di is changed and the calculation 
is re-started at a temperature just above the glass transition ‘7;,. This is 
repeated until CY = Cl, p = 0 and y = 1 is reached at T,. 

After this double iteration, the temperature dependence of the liquid 
amorphous fraction .y( T), the specific baseline heat capacity of the sample 
c,,(T), and the interfacial thickness ni are known. Moreover, the change in 
the crystalline material in each temperature interval Acu(T,,) is obtained 
from the calculation. From this, the crystalline fraction for every tempera- 
ture T follows 

‘ri., 

a(T) = c Acu(x) (14) .r=‘)’ 

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

A prediction of the above-described method is that only the heat of 
fusion and the surface entSalpy 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 sime 
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 
Iamellae will disappear at this temperature. Therefore, the specific 
enthalpy function of the interfaces of the lamellne will reach that of the 
liquid amorphous state. If the meltirig 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. I I), which is the same 
effect as in the case of enthalpy relaxation in amorphous polymers after 
annealing below Tg or after cooling at cooling rates Iower than the heating 

“The idea for this correction was given IO the aulhars by J. van Kuitcn (DSM. Gclcun). 
See also ref. 40. 
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Fig. Il. Tcmpcrnturc Jcpcndcncc of the spccitic cnthalpy of the idcrfaccs. (1). cooling 
curve with crystallizatiim at Tc: (2). heating curv’c with melting at ‘c,,: Ah,. specific cnthalpy 
due to the diffcrcncc bctwccn the crystallization and molting tcmpcraturc. 

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 crystalIine fraction is 
equal to the slope of curve (2) (rigid amorphous) in Fig. 1 I, A/z,, depends on 
the change of the difference between /l,(r) (curve (I)) and /I,(T) in the 
interval r,-r,, (supercooling ATW). Moreover, Ah,, depends on the change 
of the rigid amorphous fraciion Ap,,, in the temperature interval T1-r,. 
This can be written as (see Fig. 5) 

AL.(;r;l,) = (AWL) - AWT,)) A/L, (15) 

To obtain the heat of fusion, the excess specific enthalpy Ail;:* in eqn. (13) 
has to be reduced by this specific enthalpy All,,. If the supercooling of the 
lameilae melting at r, is AT*,, the second factor in eqn. (13), which is the 
change in the crystalline fraction AayIIz (compare eqns. (11) and (13)), reads 

AcrIII = 
A/?:‘,:,“( T,,,) - AP ,I;![AW:,(T,) - AX,( r2 - AL.)] 

A#;,( r,) - 
2rr 

p&(G) 

with AT, = T,, - r, (- 12 K for PE 131). Because Ap,,, 
(eqn. (12)), and is not known at first. an additional 

(16) 

is dependent on AD,,~ 
iteralion is necessary 

until AcY,,~ is constant. 
The enthalpy effect related to the 

small correction (less than 1%) in the 
(melting of thin lamellae) and tian t-e 

supercoolin g results in a relatively. 
fractions of PE at low temperatures 
neglected. 



7.b T3 
Temperature 

Fig. i2. Gr;lcluirtic>n (sclwm;itic) of the tcmpcraturc Avis in intervals of the same r;lngc d’th~ 
Iilmclla thickness, cillculiitcd using the Thomson cyuation. 

The crystalline fraction of a polymer may be considered as a system oF 
many components in which all components contain all lamcllae of the same 
thickness [29,1. All lamellae of the same thickness will melt at the same 
temperature (eqn. (5)). Thus, it should be possible to estimate the lamellne 
thickness distribution from the normalized heat flux curves. If no 
recrystallization occurs, the fraction of IameHae 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 (7j_, - - - T) which represent 
equa1 ranges in the lamellae thickness (Fig. 12). Because the melting 
temperature of a lamella of thickness t/c is given by the Thomson equation, 
eqn. (5) (7;,,= l/c/,), the temperature intervals are not equidistant. 

The heat necessary to melt N1 lamellae within the temperature interval 
7;: -,!-7;: (Alr,,,( T. Iii)) is proportional to the total crystalline volume V, 
melting in the temperature interval considered 

(17) 

where HI is the sample mass. 
Because K represents the volume of the lamellae melting in that range of 

lamehae thickness limited by the thicknesses corresponditig to T_, and T:, 
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it is possible to caIculate the volume fraction O,,(d,) of the lamellae 
thickness distribution by 

v, 
c v,, 

= 

,I I, 

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

For some investigations, e.g. comparison with electron microscopy results 
[ 10, 111, 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. 

The measurements were performed with a computer-controlled, well 
stabilized Perkin-Elmer DSC-2 132,331. All measurements contain isother- 
mal portions at the beginning and end of the scan. An empty pan 
measurement was subtracted and a sapphire correction ~8s perfor’med 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 !Wo 
questions. Firstly, the results obtained with the ‘*three-phase” model were 
compared with those of the “two-phase” model (total enthalpy method) to 
obtain information tin the effect of the interfaces of the -iamellae on the 
results of the melting analysis. SecondIy, the results of the DSC 
measurements were compared with those of SAXS meas’urements in order 
to evaluate the DSC iesults. 

To demonstrate the capability of the suggested method, results obtained 
from a low-density polyethylene, Lupolen LDPE 1840 D, and a high- 
density polyethylene, Lupolen HDPE 6011 L, from BASF AG, are 
presented. PE was.us,ed tis 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 poIy(cthylcnr) (PE) used for the evaluation of the DSC mcasuicmcnls : 

Paramcler Value 

r::, 41s f 0.5 K [34,35] 
A/r ::, 293 f El.2 J g’-’ [25,X1] 
u, 0.079.5 f O.DO25 J m ’ 13 I. 371 
PC t G,) tI.952 g cm ’ {3&3Y] 

Value 

12 k 1 K [3] 
230 K 
414.Y K 

in the crystalline lamellae are ignored. In our approach, it is postultited 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 quality 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,,,,(T) and c,,J T) 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 
potymers from the calorimetric investigations. Therefore, we take the c,, 
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 recalcuiated from a(T) with eqn. (7) and y(T) = 1 - a(r)... 

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 description 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 [ 11. 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 crystallinities obtairied’from 
both methods are nearly the same in ‘the main melting region (350-415 K). 
At lower temperatures, there are deviations between the results of fhe two 
methods. The crystallinities calculated by the ?hree-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 observed at 250 K. 
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I 2io 360 35;o 
TE! 

4&I I 

Temperature/K TE 

Fig. 13. Narmalixcd huat flux of the semi-crysra!linc sample (c,,,). the rcfcroncc spccilic heat 
capaci t its (c,,,. c,,,). and the calculawd bnsclinc cc,,) of LDPE 15411 D. The c;, lxrsclincs urc 
c;~lcut:wd xcording to the total cnthulpy method I-- - -) and lhc “three-phase” model (-->. 

The crystallinity calculated using the “three-phase” model is nearly 
constant (for HDPE 6011 L) or shows a slightIy decrease (up to,room 
Fempcrature for LDPE 1840 D). In contrast to this, there is a smaI1 but 
unrealistic increase in the crystallinities calculated by the total enthalpy 
n&hod in this region, as also reported by Mathot and van Ruiten [40]. This 

2.6 - 

2.4 - 

2.2 - 

J . 
1 1 I I 

T’, 
250 300 350 400 I 

Temperature/k 5 

Fig. 14. Normulizcd heat flux of the semi-crystalline sirmplc (c,,,). the rcfcrcncc specific heat 
capacilics (c,,~. cPC>. and the calculated baseline (c,,j of HDPE 6011 L. The u,, baselines arc 
cokulatcd axording to the tota enthnlpy method (. - -) and the “three-phase” model (-). 
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0.8 - 

0.8 -. ..*-...I-..._..,...,........,..,--...... 
t 

0.0 , 1 I 
250 300 350 

Temperature/K 

Fig. 15. Temperature depenriencc of the fractions of LDPE 1840 D. Crystallinitics 
dctermincd by the total, cnLhn!py melhod (. - -) and by the method based on Lhe 
“three-phase” model (--). 

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

1.0 

0.8 

‘~~-...---..-...........__...,...*,.,... j, , . , _..._./J . 

250 300 359 400 

Temperature/K 

Fig. 16. Temperature dependence bf the fractions of HDPE 61111 D. Crysiallinilics 
determined by the total enthnlpy melhod {* - a> and by the method based on the 
“three-phase” model (-1. 
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Fig. 17. Lnmcllzrc thickness disiribulion of LDPE 1X40 D dclcrmincd on rhc hasis of the 

values. Therefore, the lamellae thickness distribution obtained from the 
“three-phase” model results in higher values at Iow lamellae thicknesses 
(Figs. 17, 18). The specific inner surface C&, the mean value of the lamellae 
thicknesses distribution x, and the interfacial thickness CJi at 230 K were 
obtained from the “three-phase” model (for LDPE, OS = 600 rn’g-I, 
(I,=5nm. r/i = 1 nm; for HDPE, 0, = 100 m’g-‘, x = 23 nm, l!i = 0.9 nm). 

0.008 

0.006 

0.004 

0.002 

0.000 

-0.002 

Lamellae thickness/nm . 
Fig. 1X. Lamcllac thickness distribution of HDPE 6011 L dctcrmined on the basis of the 
lwo-phnsc (a - a) and “three-phzkc” (-) models. 



Be&use in our .model (constant inte&cial layer thickness for all 
lameilae) the prohortion of the interfacial fraction -increases with decreas-’ 
ing lamellae thickness, the rigid amorphous fraction pUrticularily inRuen& 
the results connected with. the melting of thin ian~eliac (Figs. 13-18). The 
first results from the “three-phase” model presented here are influenced by 
different factors. In general, the accuracy of the c,, measurements 8E 7;, 
determines the value of the mobile fraction at this temperature and 
therefore the results of the whole calculation. The second uncertainty is due 
to the parameters used for the calculation (Table 2), including the reference 
c,,(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. 

CONCLUSlCINS 

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, S] 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 Iamellae, is 
suggested here. To achieve a solution to this problem, it is necessary to 
make an assumption regarding the relation between the inter-facial layer 
thickness and the thickness of the lameilae. 

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., Iti 
addition, the temperature dependence of the specific heat capacity (without 
excess contributions) of the sample is available. In a second step, the 
lamellae thickness distribution, the mean lameila thick&ss, and the specific 
inner surface may be determined.. 

Because it is necessary to calculate the mobile amorphous fraction at the 
starting temperature from the measured specific heat capacity at this 



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 c,, measurements are very accurate. In Fig. 13 (LDPE), it can be seen 
that near T,, = 230 K, condition (i) (above) may not be fulfilled: compare 
the c,,, and c,, vaIues 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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