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Strength properties of solvent vapour-treated

pre-tensioned polypropylene films
Part| Halohydrocarbon solvents

T.C. UZOMAH*, S. C. O. UGBOLUE
Department of Polymer and Textile Technology, School of Engineering and Engineering
Technology, Federal University of Technology, Owerri, Imo State, Nigeria

The strength properties of solvent vapour-treated pre-tensioned polypropylene (PP) films
have been investigated. The results showed that the variation of properties (yield stress,
draw stress, initial modulus, tensile strength and breaking factor) were determined by the
net-balance of two opposing effects: orientation crystallization from pre-tensioning and
solvent presence one the hand, and plasticization by residual solvent defined by the
interaction parameter, x, or non-specific cohesion force, D, of the halo-solvents, on the
other. The greater influence of crystallizaton was shown in the draw stress initial modulus
and yield stress for chloroform- and carbon-tetrachloride-treated PP films. The tensile
strength and breaking factor seemed invariant with solvent-vapour treatment but still
showed a greater influence of stretching orientation brought about by the greater
pre-tensioning. © 1999 Kluwer Academic Publishers

1. Introduction xn is the Flory—Huggins enthalpic interaction parame-
Polypropylene (PP) is used in piping, fittings, cratesters [10]; xn is given by

containers and various packages. Fibrillated PP films )

are also woven on circular looms for use as bags and xH = Vs/RT(8p — ds) 2
sacks for packaging of various items.

Li et al [1] reviewed the diverse application of lig-
uid transport in polymer films while Michaetg al. [2]
have achieved enhanced permeability of 15 times th
of untreated PP membranes with reduced selectivity to
wards the permeants by employing solvent annealin
in an organic solvent at 60—-10C. While Michaels
et al. [2] correlated changes in properties with the ab
solute difference between the solubility parameters o
polymer and solveng — §s|, other workers [3—7] cor-
related changes in tensile strength of some polymers t
the liquid Hildebrand parameter.

Some of the earliest investigations on environmen- 2 Y
tal stress cracking, craze initiation growth and failure D = —¢sVe(% — 0s)/RT 3

by liquids, were explained in terms of the wetting of wheres;, ands; are the modified non-specific cohesion
the polymer surface, diffusion into the polymer andparameters of polymer and solvent, respectivelyis
swelling/plasticization due to liquid sorption by the the molar volume of polymes the volume fraction of
polymer [8, 9]. solvent, andR andT are as defined above. The modified
To afirstapproximation, the equilibrium sorption de- non-specific cohesion parameter is the modified form
pends on the activity of the adsorbed vapour moleculegf solubility parametes’ in that it consists of dispersion
and the interaction between the vapour and the polymepnd dipolar forces of the molecule.
given by It is the object of this study to present results of the
effect of pre-tensioning and solvent vapour treatment at
Ina = Ingy + ¢g + xHd3 (1)  roomtemperature on the strength properties of PP films.
The changes in the dimensions, the effect of interaction
wherea is the activity,¢y andgg are equilibrium vol-  parameteryy, the non-specific cohesion force terin,
ume fractions of vapour and polymer, respectively, andf the solvent—polymer system as well as the effect of

wheredg andds are solubility parameters of the poly-
mer and solvent respectivelys is the molar volume of
a§olvent,R andT are the gas constant and Kelvin tem-
perature, respectively. It has been suggested that
alues thus estimated correlate well with other prop-
rties[11]. Thus the interaction parameter can be es-
timated from a knowledge of solubility parameter of
}he polymer and the solvent. Secondly, the mobile or-
der theory of Huyskens and Siegel [12] expresses the
nthalpic cohesive energy by the non-specific cohesion
orce term,D, given by
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TABLE | The solubility parameter§, non-specific solubility parameteY, molar volume Vs, boiling point (BP), interaction paramete,, and
non-specific cohesion forc®, of solvent$

Solvent s (MPa/2)b 85 (MPa/2) Vs (cm® mol~1)° BP (°C) XH D
Chloroform 11.0 18.77 80.7 61 0.0013 —0.0000
Carbon tetrachloride 17.8 17.04 97.1 75.6 0.0392 —0.0584
Dichloromethane 20.3 20.53 64.5 39.8 0.0585 —0.0564
a5g = §f = 18.8 MPa/2 [13], Vg = 46.7 cn?® mol 2.

b[14].

°[12].

boi|ing point/vapour pressure of the solvent, will be TABLE Il Variation of polypropylene film thickness after treatment
discussed. with vapours of various liquidgy is the interaction parameter; untreated

film thickness= 0.0120 mm

. 98 mN 49 mN
2. Experimental procedure
2.1. Materials Thickness Increase Thickness Increase
The polypropylene films (0.012 mm thick, 0.90 gcin  Liquid xmo (mm) (%) (mm) (%)
density) were supplleq by f[he' Bag Manufaqturmg Com- 1oroform 0.0013 0.0120 0 0.0120 0O
pany (BAGCO) Nigeria Limited, Lagos Nigeria. The capon 0.0392 00126 5 00126 5
solvents used were reagent-grade chloroform, carbon tetrachloride
tetrachloride and dichloromethane, and were used withbichloromethane 0.0585 0.0130 8 0.0130 8

out further purification.

treatment of pre-tensioned films. Although film thick-
Fixed lenaths of tensioned ool | fil ness in employed in stress calculations (stzess
Ixed lengins of pre-tensioned polypropylene fi m":'force/area), the changes are so significant that they de-

were immersed in saturated vapours of liquids of dIf'serve some comment here. Table Il shows the increase

fering mc_)lar volume_s, boiling p(_)ints (vapour pressureszn film thickness with vapour treatment and the interac-
and wetting (cohesion) properties atroom temperaturg,., , parameter of liquids. From Table I1, itis evident that

The pre-tensioning was done by suspending weights 5 o} . . . A
: .9 crease in the interaction parameter of a liquid corre-
(4,? ?N) and %LO 9 (98.m dN)bee(;‘org |n|13m$r5|o?h|nto ‘T’ag.jl'spondsto increasing filmthickness of vapour-treated PP
.rta € vapo;Jr ora pleno IO \l/mnt; .I‘? aont tesg U0 films. However, pre-tensioning has no effect on the film
ity parameters, molar volumeVs, boiling point (C), thickness. It is suggested that after liquid vapour treat-

the Interaction paramete, and the non-specific co- ment and removal of stress, the differently tensioned
hesion forceD, and readings on length on the markedfiImS relaxed to the same thickness

portion of the PP film were taken situat 2, 5, 7, 10,
12, 15, 20, 25 and 30 min using a Vernier microscope
are reported in Table I. .

The mechanical properties of the treated PP films3-2. Elongation of vapour-treated
were determined on the Instron tensile testing machine ~ Pre-tensioned PP films .
model 1122 using a gauge length of 5 cm, crossheadhe data on.elonga‘uon and per cent elongation at the
speed 5 cm mint. Five samples of PP fims from w0 pre-tensions (49 and 98 mN) of PP on exposure to
each treatment were tested and the mean value takepPlvent vapours for different time intervals at25 are
The strength properties, such as yield stregsinitial reported in Table 11l and plotted in Fig. 1.InFig. 1 it is
modulus, E, draw stressgq, tensile strengthgy,, and evident that the per cent elongation followed parabolic
breaking factor, BF, were determined from the stressKinetics in particular for dichloromethane and chloro-
strain curve (ASTMD 882-81). The film thickness be- form at the two pre-tensions. Following an initial pri-
fore and after treatment was measured with a Shirleyn@ry elongation, a steady state or saturation level con-
Portable Thickness Gauge SDL 253. The mean of teflition was reached, with the primary elongation and a
successive measurements made along the film and pgfeady state condition varying for different pre-tensions
cent increase in thickness are reported in Table II. Théor the same liquid vapour and also for different solvent
change in the strength properties of the solvent vapourzapours. The saturation level conditions were reached
treated PP films at the two pre-tensions are recorded iRetween 10 and 20 min, with the 49 mN pre-tensioned
Table 111 All film samples were first washed in acetone PP film attaining the equilibrium state earlier than the

and conditioned at 25C, 65% r.h. in calcium nitrate 98 mN pre-tension film. The saturation level was higher
hydrated desiccator. for the chloroform vapour-treated (7.4%) and approx-

imately constant for the two pre-tensions than for the
dichloromethane vapour-treated PP film, being lower

2.2. Methods

3. Results for 49 mN (4.9%) but 5.5% for the 98 mN pre-tensioned
3.1. Variation of film thickness with PP film. The kinetics of elongation of the pre-tensioned
treatment PP film in carbon tetrachloride vapour seemed irregu-

There is strong evidence in support of changes in polytar. While the 98 mN pre-tensioned PP film in this sol-
propylene film thickness following solvent vapour vent vapour reached the equilibrium state at 12 min,
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TABLE Il Increaseinlengthl, and per centelongation, (), of pre-tensioned PP films in solvent vapours &t@5CCl, = carbon tetrachloride,
CHClI; dichloromethane

Chloroform CCh CHxCl2

49 mN 98 mN 49 mN 98 mN 49 mN 98 mN
Time (min) % AL %E AL %E AL %E AL %E AL %E AL
2 2.3 0.25 2.4 0.26 015 1.4 014 12 020 1.8 031 28
5 55 0.60 36 0.40 025 23 019 17 040 36 053 4.8
7 5.9 0.65 45 0.50 029 26 028 25 051 4.6 055 5.0
10 6.5 0.72 55 0.60 034 31 050 4.6 051 4.6 055 5.0
12 — — — — 049 44 058 53 052 47 060 55
15 7.3 0.80 6.3 0.70 057 5.2 065 5.9 053 4.8 060 55
20 7.3 0.80 7.2 0.79 063 5.7 0.65 5.9 053 48 060 55
25 7.4 0.82 7.3 0.80 070 6.4 065 5.9 055 5.0 060 55
30 7.4 0.82 7.3 0.80 073 6.6 0.65 5.9 055 5.0 060 55

8T itial Diffusi Saturation Eauilibri _J that the deviation of the initial slope of the per cent
Minetios " ‘ Oty T ibrium elongation—time curve from 0.5, suggests a non-Fickian

diffusion kinetics. The sorption behaviour of solvent
vapour can roughly be related to the molar volume of
the solvents. During the initial diffusion process, the
smaller molecules of dichloromethanés= 64.5) are
more easily sorbed by pre-tensioned PP film than the
larger molecules of carbon tetrachloridé & 97.1).

=
z .
2 . 3.3. Strength properties
g The data on strength properties (yield stregs draw
S i stressgy, tensile stressy, initial modulus,E, breaking
] ° CHCl3 49mN
_— o - CHely SBmN- actor, BF) for the solvent vapour treatments of pre-
o tensioned PP films in addition to those of untreated PP
& N A - CCly 49mN- films, are presented in Table IV.
A = CCly 98mN- First, one notes that the stress—strain curves over
X = CHyClyiomN- the whole range of deformation of vapour-treated pre-

tensioned PP film are typical of semi-crystalline poly-
mers, showing a sharp yield peak, but with width and
) ' . . height differing for the various solvent vapour-treated
5 10 15 20 25 30 pre-tensioned films. Pre-tensioning and solvent vapour
TIME OF EXPOSURE ( MIN.) treatment have a significant effect on the stress—strain
Figure 1 Per cent elongation (%) of pre-tensioned PP film plotted .Curve Of. the def(.)rm.ed PP films. These effects are man-
against time of exposure in solvent vapours. The initial diffusion kinetics"c(':‘Sted .ln the dlﬁermg values of the named stre_ngth
and saturation/equilibrium state for CH@reated 49 mN pre-tensioned  properties of the solvent vapour treated pre-tensioned
PP film are shown.«) CHClz, 49 mN, (©) CHClz, 98 mN, () CCl,, PP films (Table IV). The normalized strength property:
49 mN, (1) CCla, 98 mN, (x) CHCl2, 49 mN, () CHCl2, 98 mN. ratio of treated film strength property to that of the un-
treated film are presented in Figs 2—6 for the 49 mN
and 98 mN pre-tensioned PP films.
with a saturation level corresponding to 5.9% elonga- In Fig. 2, it is evident that for the 49 mNpre-
tion, the 49 mN pre-tensioned film had not reached théensioned PP films exposed to chloroform and di-
saturation level at 30 min exposure time, with the lat-chloromethane solvent vapours exhibited lower yield
ter attaining larger per cent elongation from about 16stress than the untreated PP film, which however had
min exposure. In our previous publications the initial similar yield stress value as the 49 migre-tensioned
rates were compared [15] and expressions were devetarbon tetrachloride vapour. On the other hand, sol-
oped for the maximum per cent elongation and recipvent vapour 98 mN pre-tensioned PP film behaved
rocal boiling point, K, of the solvent[16]. Comparison differently. For this system, the carbon tetrachloride and
of Table | and Fig. 1 shows that equilibrium state perdichloromethane vapour treated films exhibited lower
cent elongation can be explained by either an interacyield stress value than the untreated PP film, while the
tion parameteryy, or the non-specific cohesion force, chloroform vapour treated film had slightly larger yield
D. The smaller the values of these enthalpic forces thstress value than the untreated PP films. Itis clear there-
larger is the equilibrium state per cent elongation. Thudore that solvent property e.g. interaction paramgter
the interaction between pre-tensioned PP film with sol-or non-specific cohesion paramefialone or amount
vent vapour is most favourable for chloroform and leastof pre-tensioning alone cannot explain the observed
favourable for dichloromethane. It must be emphasized¢hanges in the yield stress.

0 = CH2Cly 98mN-
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TABLE IV Strength properties (yield stress,, draw stressgy, tensile stressgy, initial modulus, E, breaking factor, BF) and the enthalpic
interaction functionsyy, D, for pre-tensioned solvent vapour-treated PP films

Solvent Pre-tension (MN)  xn D oy (MPa) od (MPa) op (MPa) E (MPa) BF (N nT?)
Chloroform 49 0.0013 —0.0000 17.4 15.6 32.7 250 3.90
98 22.9 18.8 335 500 4.0
Carbon tetrachloride 49 0.0392 -0.0584 19.9 16.8 32.7 215 4.1
98 15.3 14.8 37.7 340 4.8
Dichloromethane 49 0.0585 —0.0564 18.3 15.2 31.7 200 4.1
98 18.0 15.2 32.4 380 4.2
Untreated PP 19.8 15.6 41.2 179 4.9
2First row for each solvent is for 49 mi 2nd row 98 mN .
106 1444
104 112-
1524 P
p o 14
N 108 4
0084 108
3 :: 1044
v OM g "°:'
b s ]
"Bl //// oy
084 i 6:94- 7
28 %////&l//ﬁ o9 ////IZ% %
Untreated  CHQ, N caa, caa,
(a) 49 mN-
13- 135
128 1.8
2 12
128
138
% 1.14 124
1,68 1484
4
E 095 g 1
09 i 1084
g 0.65 - i g 14
o8 7 4 i
075 -,/, 081 %//}/7%%
or A 02 ; .
Untrested CHO, 0O, g, unireated CHQE OO, o

(b) 98 mN- (b) 98 mN-

Figure 2 Normalized yield stress for solvent vapour-treated (a) 49 mN, Figure 3 Normalized draw stress for solvent vapour-treated (a) 49 mN,
and (b) 98 mN pre-tensioned PP films. and (b) 98 mN pre-tensioned PP films.

Fig. 3 represents the normalized draw stress of sol- In Fig. 4, we present the normalized tensile strength
vent vapour treated pre-tensioned polypropylene filmgor solvent vapour-treated pre-tensioned polypropylene
for different solvent vapours. For the 49 mipreten-  film for the three solvents under study. In Fig. 4a it is
sioned PP film, the draw stress decreases with increas#ear that the normalized tensile strength for the 49 mN
in the interaction parametefy or non-specific cohe- pre-tensioned PP for all solvent vapour-treated films
sion force D of the solvent. However at higher pre- have tensile strength larger than that of the untreated
tension 98 mN, the observed decrease in draw stresdilm, the observed tensile strength values decreasing
(lower than that of the untreated PP films) exhibits arwith increase in solvent property (interaction parame-
irregular dependence on the interaction paramgter ter, xy, or non-specific cohesion forcB). Thus, at this
or non-specific cohesion forda. level of pre-tensioning, the greater solvent—polymer in-

In addition, Fig. 3, shows that the draw stress for anyteraction represented by smaller solvent property has
particular solvent vapour was larger for the 98 mN pre-aided orientation and, consequently enhanced the crys-
tensioning than the 49 mN pre-tensioning. It is clear tallinity of the treated PP films. However, at 98 mN
therefore, that the influence of tension during solvenipre-tensioning, there is drastic reduction in the tensile
vapour diffusion which leads to orientation and hencestrength with solvent vapour treatment relative to both
improved crystallinity shows up in the draw stress.  the untreated PP film and the 49 mN pre-tensioned
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Figure 4 Normalized tensile strength for solvent vapour-treated (a) 49

mN, and (b) 98 mN pre-tensioned PP films. Figure 5 Normalized initial modulus for solvent vapour-treated (a) 49

mN, and (b) 98 mN pre-tensioned PP films.

PP film. The observed decrease in tensile strength
with respect to the untreated PP films at8.6 for  properties of solvent vapour-treated pre-tensioned PP
chloroform-, x5.3 for carbon tetrachloride-, and4.8  films. An explanation for the observed strength prop-
for dichloromethane-treated PP films. It is evident thaterties must be sought in the combined effects of pre-
a decrease in tensile strength of solvent vapour-treatei¢nsioning and solvent property which may both con-
98 mN pre-tensioned PP correlates somewhat with intribute positively, or may have opposite effects, so that
crease in solvent property (interaction parametgr, the observed property will be a net balance of the two
and non-specific cohesion ford®). In Fig. 5, the over-  counter-effects.
riding influence of stretching orientation over plasti-
cization effectoninitial modulus at the two pre-tensions
is clearly shown. 4. Discussion

The breaking factor, BF, is not a measure of strengttTo understand the transport of molecules through films,
persebut it defines the tension in the drawn film at the it may be necessary to discuss briefly the modes and
moment of rupture, and therefore is related to tensildactors that affect the process. Previous studies have
strength. The data on breaking factor against solvershown that transport of molecules takes place essen-
property (Table IV) are presented as the normalizedially in the non-crystalline regions of the polymer
breaking factor for the solvent vapour-treated pre-[17-23]. The original “free volume model” of Cohen
tensioned PP films in Fig. 6. The solvent vapour-treateénd Turnbull [17], the modified “free volume model”
49 mN pre-tensioned PP films have values practicallyof Fujita[18] and Vrentas and Duba[19, 20] and the
independent of the solvent property (interaction parammaodified “dual mode sorption model” of Mauze and
eter, x4, and non-specific cohesion forcl, Fig. 6a).  Stern [21-23] are established models of transport of
For the normalized breaking factor for the 98 mN pre-gases/vapours in polymers that take into considera-
tensioning, again there is only marginal difference betion the plasticizing effect of the solvent. It is as-
tween the solvent vapour-treated 98 mN pre-tensionedumed that the solubility parameters and the modi-
PP film and the untreated PP film breaking factorfied non-specific solubility parameters of solvents in
(Fig. 6b), the decrease being irregular with increasinghe liquid state at 25C will be proportional to those
interaction parameter/non-specific cohesion foize, in the gaseous state at the same temperature. Hence,

Thus from the above, it is clear generally that nei-the use of the solubility parameters and non-specific
ther pre-tensioning alone nor solvent property alonesolubility parameters of solvent vapour treatment of
can explainthe observed changes in the studied strengfire-tensioned polypropylene films affects the strength
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104 is rapid and irreversible, and persists for long time,
1.2 plasticization is a reversible process. In addition to im-
”:_ N proved crystallization owing to the presence of sol-
098 vent, pre-tensioning, which can be seen as uniaxial
M- cold drawing, is an even more significant contributor to
o the improvement of crystallization. Pre-tensioning in-
0.9+ troduces stretching orientation of polymer chains. For
:: a hydrocarbon polymer like polypropylene, stretching
ose orientation gives rise to four simultaneous processes:
ose (i) molecular alignment parallel or nearly parallel to
o0 the film axis; (ii) molecular unfolding; (iii) molecular
on slippage over each other, all leading to improved align-
ment and orderly close-packing that are manifest in;
(iv) improved crystallization. Improved orderly close-
packing and crystallization lead to improved stress, and
108 also to improved chemical stability because solvent
104 molecules under this condition have less diffusivity into
1824 the PP film as the amorphous zone is decreased. The

] \ greater the pre-tensioning, the greater is the induced
crystallization and the less the solvent vapour diffu-
sivity.

On the other hand, plasticization due to the presence
of solvent decreases stress. This is expected for an only
solvent-treated PP film, and it has been reported that, in
these cases, the stress properties decrease with time of
exposure and the yield stress may even disappear [25].
However, in this study, because of the strong antag-

Jope] Buppearg pasfeution

N

Joe] BURAE PISTFUON
sREBBCRERE.

Unfreated  CHO, ca o onistic effect of plasticization (solvent presence) and
crystallization (due mainly to pre-tensioning), the ef-
(b) 98 mN- fect of one is reduced by the opposite effect of the other.

Thus, the reduction in stress expected from plasticiza-
Figure 6 Normalized breaking factor fqr solvent vapour-treated (a) 49 tion is less than what is expected for the solvent-only
mN, and (b) 98 mN pre-tensioned PP films. . .

treated PP sample, while the improvement of stress re-

sulting from only pre-tensioning is less than expected.
properties of the films, altering the crystalline texture The observed variations in the strength properties at any
of the spherulites and re-ordering and re-orienting theparticular pre-tension are determined by the interaction
crystallites. the parameteryy, or the non-specific cohesion force,

Weigmann and Ribnick[24] showed that the ini- D, of the solvent.
tial modulus of solvent-treated polypropylene fibre de- From Table IV and Figs 2—6 it is seen that the yield
creased with increase in the single value solubility pastress and draw stress at both pre-tensions exhibited
rameter of the polymer. However, itwas quickly pointedslightly larger or equal values than the untreated PP
out that some solvents with specific interactions, e.gfilm for chloroform- and carbon tetrachloride-treated
hydrogen-bonding or dipolar forces, also exhibited highsamples. The favourable interaction parameter implies
initial modulus. Michaelst al [2] correlated the ab- loosening and plasticizing of the polymer chains, giv-
solute difference in the solubility parameter of poly- ing ample opportunity for simultaneous drawing orien-
mer and solvent,Aé|, to properties of solvent-treated tation by pre-tensioning that gave values greater than
polypropylene. In the same study, the authors showethose of untreated PP films.
that the organic vapour diffusivity in polypropylene The results for the initial modulus for 49 and 98
film at 40°C was time-dependent, exponentially de-mN pre-tensioning clearly support this explanation,
pendent on concentration (i.e. vapour pressure) and aas the initial modulus decrease is of the order of the
tivated transport for liquids of similar boiling points, increase in interaction parametgg, values (chloro-
polypropylene films being reported to be permselecform 0.0013, carbon tetrachlorige0.0392, dichloro-
tive to p-xylene relative too-xylene, methyl cyclo- methane 0.00585), the order of disfavouring the solvent
hexane and toluene relative to iso-octane, and exproperty. Itis also clear by comparison of Fig. 5b, that
plained this behaviour on the basis of smgll§|  greater pre-tensioning results in improved crystalliza-
effects. tion. The results for draw stress and breaking factor,
After pre-tension stress removal and equilibrium desBF (Egs. 3—6 respectively) no where exhibited higher

orption of solvent from the treated film, the residual sol-values than the untreated PP film. Even though there is
vent molecules give rise to plasticization and inducedapparent insensitivity to solvent treatments, it is clear
crystallization. These two solvent presence effects aréhat the 98 mN pre-tensioned PP films exhibited a net
antagonistic to the polymer property. While inducedbalance of the significance of orientation crystallization
crystallization, a result of decreased glass temperaturég plasticization effects than the 49 mN pre-tensioned
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PP film, with values close to those of the untreated PP The data for tensile strength and breaking factor

films. Orientation may lead to brittleness which may seemed to be insensitive to variation of solvent vapour

reduce tensile strength and the breaking factor. treatment at the same pre-tension, but it is still shown
Stretching orientation by pre-tensioning and solventthat these values are larger for the 98 mN pre-tensioning

presence, both lead to improved crystallization, whilethan the 49 mN pre-tensioning, indicating the greater

plasticization defined by the interaction parametgt, influence of stretching orientation by the greater pre-

and non-specific cohesion forde, by residual solvent tensioning.

give rise to reduced strength. Because both effects have

the opposite effects, the deformation characteristics of
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