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Abstract. The method for calculating the size distribution of nanocrystalline elements in
lamellar and fibrillar polymer morphologies was proposed. The distribution of the longitudinal
size of these elements in lamellas and microfibrils of ultrahigh molecular weight polyethylene
was calculated using differential scanning calorimetry data. The calculation results are consist-
ent with the data obtained by the X-ray method.
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Introduction

In the last decade, significant progress has been made in the creation of structural materials used
in products that require high mechanical characteristics and special reliability. These materials
include highly oriented fibers and threads obtained by gel technology from ultra-high molecular
weight polyethylene (UHMWPE). They demonstrate high values of strength and elastic modulus
[1, 2], but also have significant potential for their further increase, since the values currently
obtained are significantly lower than theoretical estimates [3].

Since there is a relationship between the mechanical properties of polymeric materials and
morphology, it is necessary to find out how the morphology is formed at each stage of fiber
production. In this work, we propose a method based on the analysis of the shape of differential
scanning calorimetry (DSC) melting curves, which makes it possible to obtain the size distribution
of nanocrystalline elements in a polymer with various morphologies, including lamellar and
fibrillar structures.

Samples and experiment

The thermophysical characteristics of the following samples were studied: the initial xerogel
film obtained from a 1% solution in mineral oil of UHMWPE nascent powder with an average
viscosity molecular weight M = 3-10°, and threads with different degrees of drawing obtained by
multistage zone orientational hardening of the initial film on local heaters [4]. The samples listed
above were studied using a DSC PerkinElmer calorimeter.

Figure 1 shows DSC curves that demonstrate the change in the melting peak of UHMWPE
threads with increasing draw ratio (1). It can be seen that the temperature of the maximum of the
endothermic melting peak 7 shifts to high temperatures with increasing A.

The shape of the peak also changes significantly: the amplitude increases, and at the first stage
(A < 50) a low-temperature shoulder is observed. At higher degrees of draw ratio the shoulder
disappears, and the melting enthalpy AH and, accordingly, the degree of crystallinity increase by
10—30%. It is clear that the changes in the quantitative characteristics of the melting peak reflect
the radical rearrangement of morphology that occurs in the polymer upon orientation. First,
this affects crystalline formations, the melting point of which is different within a wide melting
temperature range. Apparently, these crystalline formations differ from each other in size, since
the same methylene groups —CH,— form them and, therefore, from the point of view of the
internal structure, they are identical. In this case, the temperature interval and the shape of the
endothermic melting peak are related to the size distribution of crystalline formations.
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Fig. 1. DSC curves obtained by heating UHMWPE samples (V= 5 K/min). Initial film (1), oriented
UHMWRPE filaments with draw ratio A =9 (2), A =43 (3), A =95 (4), A = 170 (5)
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Theoretical calculations

Before calculating the distribution according to the experimental DSC curves shown in
Figure 1, it is necessary to take into account the methodological error. In [5] we presented
a method for determining the methodological error AT, according to which, under the same
experimental conditions, the value of AT can be determined for one of the samples and used for
the entire sample. In accordance with [6], extrapolation of the experimental linear dependence
T . = V') to V= 0 makes it possible to determine A7, which in our case was AT = 1.6 K.

In [7] we proposed a method that makes it possible to obtain the size distribution of crystalline
formations in a polymer by analyzing the shape of DSC curves. The method is based on the
fact that during melting the heat flux is directly proportional to the mass fraction of crystallites
that melt at temperature depending on their size. Therefore, the heat flux depending on the
temperature can be converted into a heat flux distribution depending on the longitudinal size of

the crystallite according to the following relation:
dH /dl = (dT/dlI)(dH/dT), (1)

where dH/dT is the experimental dependence of the heat flux on temperature, determined from
the DSC curve, taking into account the scanning speed; /, is the longitudinal size of the crystallite,
equal to /, = h x n, where n is the number of C-C bonds in the main chain, 4 is the length of
the bond projection onto the axis of the macromolecule (for polyethylene, # = 0.124 nm). The
dependence d7/d/| is obtained from the generalized Gibbs Thomson equation based on the
balance of surface and volume energies [8, 9]:

T(l) =T[1-2/AH,(c /1, +c/l,+0,/1)], (2)

where /, and /; are the dimensions of the crystallite in the plane perpendicular to the longitudinal
axis of the macromolecule; o is the surface energy of the side surfaces of the crystallite; o, is the
surface energy of the end surface; AH, = 293 J/cm™ and T, = 415 K are the enthalpy of phase
transition and the melting point of an ideal polyethylene crystal [6], respectively.

In the initial xerogel film the UHMWPE morphology consists of stacks of lamellae; /, and
[, >> 1. Therefore, in expression (2) the terms o//, and o/, can be neglected:

T(l) =T[1-20c, /AH])] A3)

However, the distribution dH/d/, calculated from relations (1) and (3) is not a distribution of
the number of lamellas versus thickness, since thicker lamellas absorb more heat. This distribution
cannot be compared with distributions obtained by other methods that determine the number of
lamellae of a certain thickness. Therefore, for a correct comparison, it is necessary to normalize
to /. Figure 2 (curve 1) shows the calculation of /~"-dH/d/, as a percentage for the initial non-
oriented sample. The calculations used the value of the surface energy o, = 9-107¢ J/cm? [8].
It can be seen from the figure that the maximum number of lamellae is in the range of 6—8 nm
(18%), and the bulk of lamellae (~ 80%) have thicknesses from 4 to 14 nm.
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Fig. 2. The dependence of the number of crystalline formations on their longitudinal size, expressed as
a percentage. Initial film (1), oriented UHMWPE with draw ratio A = 9 (2), A =43 (3), A =95 (4),
A =170 (5)
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The lamellar morphology of the initial xerogel film undergoes strong changes during orientational
drawing: the lamellar structure is rearranged into a fibrillar one [1]. It is known [3] that the
morphology of a fibril consists of a successive alternation of crystalline and disordered regions, in
which a large number of macromolecules emerging from the previous crystallite pass into the next
one. The parameters /, and /; of the crystalline regions of fibrils are comparable with /. In the first
approximation, the surface energy can be considered the same for all side surfaces and, therefore,
only the end o, and lateral ¢ surface energies can be used. Thus, the dimensions of the cross
section of crystallites will be equal: [, = [, = [. Expression (2) takes the following form:

T() =T[1-2/AH,(26/1+c,/1)] )

To determine the surface energy o, i.e., energy of intermolecular interaction per unit
area ~ 0.2 nm? of the methylene group —CH,—, it is necessary to determine the part of the
cohesive energy E = 3.6 kJ/mol [10], which is related to the van der Waals interaction in the
disordered phase. It is known [10] that this part is (0.35 = 0.05) E. An estimate based on the
above parameters gives the value of the lateral surface energy equal to 6 = 9 erg/cm?.

The value of the end surface energy o, associated with intrafibrillar disordered regions is much
more difficult to determine. It is worth noting here that it is the structure of these regions that
controls the orientational strength of the oriented polymer. There are several models [11] that
describe the structural elements of intrafibrillar disordered regions. Figure 3 schematically shows
the most significant of them. To obtain a complete understanding of the formation of the end
surface of crystallites, a detailed analysis of these elements is required.
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Fig. 3. Structural elements of the intrafibrillar region of the microfibril. Dashed lines are the boundaries
of crystalline formations. Filled circles are gauche isomers
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Let us consider the possibility of occurrence of the elements shown in Figure 3:

1 — crystalline bridges or completely straightened molecules in the trans-conformation
between adjacent microfibril crystallites (see Fig. 3, position 1). The presence of such structures
is confirmed by X-ray studies [12], which found that the effective average crystallite size exceeds
a large period, which can be explained by a significant number of straightened molecules in the
disordered regions of microfibrils;

2 — conformational defects in straightened segments of macromolecules formed by a kink
isomer, consisting of a combination of the simplest isomers with #rans and gauche conformations.
Low energy trans conformations are denoted by 7 and higher energy conformations by g. Thus,
the simplest kink conformer with #tt-g-t-g-tft alternation is denoted by 2gl. According to the
so-called crankshaft model [8], kink isomers are represented as differently directed steps on a
macromolecule (see Figure 3, positions 2, a, b). The 2gl conformers are equilibrium defects.
According to an alternative model [12], a conformational defect in a straightened segment of a
macromolecule is a step with a small segment of the chain adjusting as it moves away from the
turning point of the chain (see Fig. 3, positions 2, a, b, dash-dotted lines);

3 — irregular and regular loops formed by returning some of the molecules to the same
crystallite from which they left. Four gauche conformers form regular loops or folds that form
the surface of the crystals in the lamellae (see Fig. 3, position 3). More gauche conformers form
irregular loops;
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4 — curved tie molecules connecting the crystallites to each other (see Fig. 3, position 4).
Curvature due to the presence of one gauche isomer on each side of neighboring crystallites. The
degree of curvature is determined by the number of gauche isomers that can lie in between these
“surface” gauche isomers;

5 — the “crankshaft” structure formed by multidirectional steps or kink isomers [14] (see Fig. 3,
position 5, a). The possibility of the existence of a combination of such structures is assumed (see
Fig. 4, positions 5, b, ¢, d). It is based on the fact that if the excess volume of one step is 3/4v,,
where v, is the volume of the CH, group, then the excess volume of each of the contributing steps
is only 1/4v, [15], i.e., in this case, a cooperative effect is observed.

The orientational drawing of the polymer occurs at elevated temperatures and is accompanied
by an increase in the degree of crystallinity. It is carried out by reducing the defectiveness of the
disordered interlayer. The molecular mechanism of this process is associated with multidirectional
diffusion of kinks or double kinks along the polymer chain, followed by annihilation at the ends of
macromolecules or the formation of a crankshaft type defect and their combinations.

Each of the above combinations of isomers in the intrafibrillar region makes a different
contribution to the end surface energy. For kink defects (see Fig. 3, positions 2 and 2a) containing
two gauche isomers, the surface energy is determined by one gauche isomer, since the step forms
the elementary surface of two adjacent crystals. In the case of the “crankshaft” (see Fig. 3,
positions Sa, b, ¢, d), the surface energy is produced by two gauche isomers, and finally in
the case of a regular fold (see Fig. 3, position 3), by four. Curved tie molecules that connect
the crystallites to each other (see Fig. 3, position 4) are straightened due to the diffusion of
kinks during orientational drawing at elevated temperatures and then turn into steps (see Fig. 3,
positions 2 and 2, a).

To determine the end surface energy o, created by one gauche isomer, it is necessary to find
the fraction of the formation energy of this defect AE = 2.5 kJ/mol per unit area AS = 0.18 nm?
of the chain end surface. An estimate of the ratio AE/AS gives the value of the end surface energy
equal to o, = 11 erg/cm?. In the case of the “crankshaft”, the surface energy already formed by
two gauche isomers will be twice as high (¢, = 22 erg/cm?).

To calculate d H/d L using relations (1) and (4) for a fibrillar structure, in addition to the values
of the end and side surface energies, it is necessary to determine the parameter I, the size of the
microfibril in cross section. Figure 2 (curves 2—35) shows the calculation of the d H/d L distribution
for oriented PE samples with fibrillar morphology. In calculations /= 40 nm and o, ~ 11 erg/cm?
were used.

Figure 2 shows the complex nature of the change in the size distribution of crystallites with
orientation. At the first stage of orientation (curve 2) a sharp decrease in the width of the
distribution and a shift to low dimensions are observed. This is due to the transition from the
lamellar morphology of the original sample to the fibrillar one with a large proportion of the
disordered part. Further orientation is accompanied by an increase in the size of crystalline
regions, an increase in the spreading of distributions, and a decrease in the proportion of the
disordered part (see Fig. 2, curves 3—35).

To compare the obtained distributions with the X-ray data published in [12], it was necessary
to determine the weighted average Im in the d H/d/, distribution. The value of / was determined
by the relation /| =X [(dH/dl))/Z (dH/dl), where [ is the current value of / in 1 the distribution;
(dH/dl), is the current value of dH/dl at || =

Flgure 4 shows the dependences of the welghted average values of the longitudinal sizes of
crystallites / on the degree of orientation of the initial xerogel film, obtained from X-ray data (1)
and calculated values of / (2, 3). It can be seen from the ﬁgure that the distributions of the
longitudinal sizes of crystallites obtained on the basis of X-ray (1) and DSC data (2) fit into one
dependence. In this case, the value of the end surface energy o,, created by one gauche isomer
was used in the calculations.

It can be seen from the figure that the dependence sharply increases at the initial stage, and
then, in the range L= 50—150, it reaches saturation. This process is associated with the diffusion of
kinks or double kinks that form the surface energy o,,, since they either annihilate upon reaching
the end of the chain or meet with a double kink in the opposite direction and form a “rankshaft”
structure. With a large number of these elements in the limited space of the intrafibrillar region,
they can cooperate into a structure similar to that shown in Figure 3 (positions 5a, b, ¢ and d).
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Fig. 4. Dependences of the weighted average values of the longitudinal sizes of crystallites on the
degree of orientation according to X-ray data (1) and calculated at o,; (2) and o, (3).

In such a structure, the cooperative excess volume will be less than the sum of the excess volumes
of the independent elements of this structure.

For ultra-high orientation draw ratio (A = 270) there is a sharp increase in / (1) (see Fig. 4).
According to relation (4), such a rise can be caused by two reasons. First, the inclusion of
crystalline formations with increased end surface energy into the process of orientational ordering.
The calculation using the value of the end surface energy o,,, formed by the elements of the
crankshaft type structure, indeed shows (see Fig. 4, position 3) a significant increase in / . An
increase in the drawing temperature, which can exceed the melting temperature of an equilibrium
PE crystal [16], leads to an acceleration of diffusion and annihilation of complex combinations of
defects on the surface of crystalline formations, which leads to a high surface end energy.

The second reason for the sharp rise may be the dependence of / on the transverse size of the
crystallite, i.e., on the parameter / in relation (4). Such a process should occur as the density of
defects in the disordered interlayer decreases and the number of crystalline bridges in the frans
conformation between neighboring crystallites in the microfibril increases. In the limiting case
(at [ — o), relation (4) implies that the parameter / tends to 0.1—0.2 nm, i.e., the transverse size
of the crystallite becomes comparable to the transverse size of a single polyethylene chain.

Conclusion

Thus, the method proposed in this work for calculating the size distribution of nanocrystalline
elements of lamellar and fibrillar polymer morphologies made it possible to reveal a number
of features of the process of orientational drawing of ultrahigh molecular weight polyethylene.
Based on the analysis of these features, a model is proposed that describes the evolution of the
disordered part of the polymer morphology. The results of calculations based on the weighted
averages in the distribution obtained from calorimetric data are consistent with the data obtained
by the X-ray method.
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