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Abstract A partially oriented melt-extruded PLA multi-
filament was false-twist textured to stabilize its structure.
Conventional DSC analysis showed a relaxation peak at the
end of glass transition. Simultaneous consideration of the
TMA curve enabled us to evaluate both the relaxation and
the cold crystallisation produced during the DSC scan. The
periodic load applied during TMA experiments also
enabled us to examine the evolution of Young’s modulus
along the glass transition, relaxation and cold crystallisa-
tion phenomena. Increases in Young’s modulus and in
enthalpy are related because of crystallisation. Texturing
increased crystallinity and decreased cold crystallisation of
PLA during the DSC scan.
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Introduction

Polylactides (PLA) are biodegradable, biocompatible and

hydrolysable aliphatic polyesters, which can be exclusively
obtained from renewable resources. Nature-derived

A. M. Manich (X)) - J. Carilla

IQAC (Institute of Advanced Chemistry of Catalonia)-CSIC
(Spanish National Research Council), Jordi Girona, 18-26,
08034 Barcelona, Spain

e-mail: albert.manich@iqac.csic.es

R. A. L. Miguel - J. M. Lucas - F. G. F. Franco )
UBI (Universidade da Beira Interior), Marqués d’Avila e
Bolama, 6201-001 Covilha, Portugal

L. A. Montero - D. Cayuela
INTEXTER (Textile Research Institute)-UPC (Technical
University of Catalonia), Colom, 15, 08222 Terrassa, Spain

lactides are mostly in L-lactide form and exhibit crystalline
behaviour. Microstructure, degree of polymerisation and
isomer type exert a strong influence on the thermal
behaviour (glass transition, crystallisation and melting) of
the polymer [1].

The PLA fibre is normally produced by melt extrusion.
The effect of draw ratio and draw roll temperature on the
orientation, crystallinity and mechanical properties of
spun filaments was studied [2], but the influence of sub-
sequent heat setting processes has not been considered to
date.

Conventional differential scanning calorimetry (DSC)
analysis of PLA filaments shows a peak related to the
relaxation of macromolecules in the glass transition region
[3]. This can be explained by the tendency of the macro-
molecules to retract to a more disordered configuration.
When the fibre is exposed to a steadily increasing tem-
perature, two transitions, which are due to relaxation/dis-
orientation of the amorphous domains and with crystalline
reorganisation such as melting of imperfect crystals and
crystallite thickening and perfection, normally appear [4].
At some temperatures, the molecules will obtain enough
mobility to spontaneously arrange themselves into a crys-
talline form. As regards PLA, the glass transition depends
on chain flexibility, molecular mass, branching/cross-link-
ing, intermolecular attraction, steric effects and thermal
history [5]. It should be noted that PLA is characterised by
a glass transition temperature, crystallisation peak and
melting peak, typical of semi-crystalline polymers, at about
59, 88 and 164 °C, respectively [6]. A decrease in the
storage modulus in the glass transition region is detected at
approximately 59 °C using dynamic mechanical analysis
(DMA). This is consistent with the results obtained from
conventional DSC [7], but no comparison with results
given by TMA has been made to date.
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The melting behaviour of the PLA fibre detected by
DSC does not reflect the melting of original crystallite
because of molecular reorganization during heating [8].
Normally, the first peak of the endotherm is attributed to
the melting of the original crystals, and the second peak is
ascribed to the crystals formed or perfected during the DSC
scan [3].

Textile application of PLA requires additional heat-set-
ting of extruded filaments to stabilise them in a particular
form. This is carried out by texturing. During this treatment,
the flat filament yarn is converted into crimped fibres to
simulate the properties of natural staple fibre yarns [9]. In
false-twist texturing, the multifilament bundle is cold twis-
ted by running the yarn over the edge of a stack of nine
rotating discs on three centres in an equilateral triangle. The
yarn runs through the centre of the equilateral triangle and
over the edge of each disc. The twisted yarn passes the heater
where it is heat plasticized, and twists are heat set in a dry
atmosphere close to its melting point. The yarn is subse-
quently cooled in the area between the heater and the spindle
and untwisted after passing the spindle [10]. The two main
variables of false-twist texturing that could influence ther-
mal stability of yarn are pre-texturing draw ratio and tem-
perature. As in other semi-crystalline polymers, thermal
treatments induce crystallisation on PLA [11].

The combination of thermomechanical analysis and
conventional differential scanning calorimetry to study the
effect of texturing on relaxation behaviour [12] and on
microstructural changes [13] has been successfully used on
polyamide 66 filaments and on polyester [14, 15], but it has
not been applied up to now on polylactide filaments.

Objective

The aim of this work is to study the effect of false-twist
texturing on the thermal stability of polylactide yarns
measured by DSC and thermomechanical analysis (TMA).
Thermal events detected by DSC can be corroborated by
TMA transitions, where variations in yarn length or in
storage modulus produced by the periodic load applied are
recorded. The relationship between thermal events and
texturing variables will also be studied.

Experimental
Materials

Experiments were performed on false-twist textured sam-
ples obtained from a melt-extruded partially oriented PLA
multifilament 167 dtex/68 POY yarn supplied and textured
by ANTEX (Angles Textil, S.A., 17160 Angles, Girona,
Spain). Texturing conditions were pre-texturing draw ratio
and temperature, ranging from 1.3 to 1.4 and from 135° to
165 °C, respectively. Table 1 describes texturing condi-
tions, sample reference of textured yarns, linear density and
cross-section. Sample C3 was lost, and values assigned to it
were estimated by statistical modelling using the other
experimental results.

Methods
Molecular mass

The molecular mass of the polylactide fibres before and
after texturation was calculated by viscosimetry in tri-
chloromethane at 25 °C (Ubbelohde viscometer, series Oc).
The falling time of the dissolvent (z5) and those corre-
sponding to five different concentrations ¢ of polymer (t;)
(0.2, 04, 0.6, 0.8 and 1.0%, w/w) were determined. For
each concentration, the specific viscosity is calculated
according to the following equation:

ti—1o

173?1 - fo

The intrinsic viscosity is obtained from the representation
of ngfc versus ¢, according to the Huggins equation
(splc = [n] + 1(1[17]2 ¢) [16], and the molecular weight of
samples in trichloromethane at 25 °C was calculated by
applying the Mark-Houwink equation [17]:

[n] =5.45-10*.31,""

Tensile properties of the multifilaments

Ten specimens with gauge length of 100 mm were tested
after being conditioned in a standard atmosphere for 48 h.

Table 1 Texturing conditions (draw ratio and temperature) of PLA 167dtex/68 multifilament, sample reference, linear density and estimated

cross-section through PLA density (1.25 g cm™?)

Draw ratio/v,/vq 1.30 1.35 1.40

Temperature/°C 135 150 165 135 150 165 135 150 165
Reference Al A2 A3 BI B2 B3 CI c2 C3*
Yarn linear density/dtex 224.1 221.1 218.0 216.3 213.9 213.6 210.9 206.9 205.4
Cross-section/mm? x 1000 17.93 17.69 17.44 17.30 17.11 17.09 16.87 16.55 16.43

Remark: Results of sample C3 were estimated through the best fitted model
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Breaking stress and strain were determined on specimens
subjected to tensile testing at 60% min~' according to the
ASTM D2101 Standard [18].

Differential scanning calorimetry

Glass transition, relaxation, cold crystallisation and melting
events were determined by a Mettler Toledo DSC-823
apparatus. Textured filaments were cut in very short
lengths, and duplicated samples of approximately 6 mg
were sealed in 40 pl aluminium punched pans to guarantee
good contact of the sample with the DSC sensor. Repli-
cated DSC curves were obtained under the following
operating conditions: Initial temperature 30 °C, final tem-
perature 200 °C, heating rate 10 °C min~' and nitrogen
purging gas 35 ml min~'. The DSC curves resembled the
plot in Fig. 1.

The following parameters were determined from the
DSC curve:

T,/°C: Onset temperature of the first endothermic
relaxation peak.

Peak temperature of relaxation.

T,/°C:

AHJJ g~ Relaxation enthalpy.

Teeo!°C: Onset temperature of cold crystallisation.
AH./J g~':  Enthalpy of cold crystallisation.

AH,/J g~':  Melting enthalpy.

The percentage of crystallinity X was calculated by
comparing the difference between melting and crystalli-
sation enthalpies with the melting enthalpy of a 100%
crystalline PLA sample [19] that is 93.7 J g~', through the
relationship 100 x (AH,, — AH..)/93.7 [20].

Thermomechanical analysis

Two samples of each reference (Table 1) 12.8 mm in
length were tested in a TMA/SDTA 840 Mettler Toledo at

three different periodic loads under the following
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Fig. 1 DSC curve of PLA false-twist textured multifilament from 30
to 200 °C at 10 °C min™"
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Fig. 2 TMA curves of PLA false-twist textured multifilaments
12.8 mm in length at three different periodic loads applied at
1/12 Hz (0.025-0.050 N, 0.05-0.10 N and 0.1-0.2 N), from 25 to
165 °C at 10 °C min~"

conditions: Initial temperature 25 °C, final temperature
165 °C, heating rate 10 °C min~', nitrogen purging gas
35 mL min~" and 1/12 Hz periodic loads between 0.025
and 0.05 N, 0.05 and 0.10 N, and 0.1 and 0.2 N. Variations
in length given by TMA resembled those in Fig. 2. The
deformation amplitude is inversely related to Young’s
modulus. The following parameters were determined [15]
by analysing the mean curve of the variations in length and
the E-storage modulus with temperature.
Variation in length of mean curve:

Tso/°C:  Onset temperature of shrinkage.
Ts,/°C:  Peak temperature of shrinkage.
S/ %: Relaxation shrinkage at Tgp,.
Ts./°C: Endset temperature of shrinkage.

E-storage modulus curve (see Fig. 3):

E,/MPa: Initial storage modulus before glass
transition.
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Fig. 3 Evolution of the E-Storage modulus curve of PLA false-twist
textured multifilament 12.8 mm in length from 25 to 165 °C at
10 °C min™"' subjected to a periodic load between 0.025 and 0.05 N
at 1/12 Hz
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Tgine/°C: Temperature at the inflection point of
the E-storage modulus fall curve.
Relaxation slope of the E-storage curve

at Tgipy.

Egope/MPa K"

E in/MPa: Minimum E-storage modulus after
glass transition and relaxation.
Temin/°C: Temperature at which E,;, is observed.
T,/°C: Temperature of maximum phase lag
between E-storage and E-loss.
E..../MPa: Maximum storage modulus after cold

crystallisation.

Statistical analysis

Experiments were designed according to a 3-level factorial
design including the following variables: pre-texturing
draw ratio x;, texturing temperature x, and, in TMA trials,
the mean testing periodic load x;. Therefore, the influence
of the variables on each response y can be analysed by
fitting empirical model y = b, + 2; b; x; + 2 by x; x;
using regression analysis. The application of the Analysis
of Variance [21] enabled us to remove the non-significant
variables from the model to obtain the ‘best’ regression
equation [22]. The responses that would correspond to
sample C3 were estimated by the application of the ‘best’
model. Statistical software [23] was used to perform the
analysis.

Results and discussion
Molecular mass and mechanical properties

The effect of texturing on the molecular mass and
mechanical properties of the polylactide multifilaments was
measured by comparing the values of the original POY yarn
with those obtained after texturing according to Table 1.
Texturing decreased the molecular mass from 38.9 £+
0.3 kg mol ™! to a mean value of 32.5 £ 0.2 kg mol ' for
textured yarns in accordance with its poor resistance to
hydrolysis [24]. As regards the mechanical properties, tex-
turing increased breaking stress from 18.2 # 0.7 cN tex
to a mean value of 23.3 + 0.4 cN tex . The best result was
the one reached by sample B2 textured at 150 °C with a
previous draw of 1.35 (see Table 2). Texturing decreased

breaking strain from 74.7 £ 4.1% to a mean value of
35.6 = 1.2%. The higher the draw ratio, the lower the
breaking strain: an increase in draw ratio from 1.3 to 1.4
produces a decrease of 6% in breaking strain due to the
improved orientation of the macromolecules in the filament.
When the texturing temperature rises from 135 to 165 °C,
the breaking strain is increased by 2.85%. The decrease in
molecular mass is offset by the increase in both orientation
and crystal perfection, resulting in filaments with higher
stress and lower strain those of the original non-textured
filament at breaking.

Differential scanning calorimetry and
thermomechanical analysis

The mean values of replicated tests obtained by DSC and
TMA at three periodic testing loads are shown in Tables 3
and 4, respectively, which include the mean value of the
replicates and the pooled standard deviation of the results.
Comparison of both techniques offers some insights into
the relaxation and cold crystallisation processes during the
DSC scan.

Table 3 Mean values of the results given by DSC according to the
reference

Reference T,/ T,/ AH,/ T..o/ AH.J/ AH,,/ X/%
oC °C Jg! °oC Jg! Jg!
Al 648 705 7774 698 14.35 43.29 30.9
A2 65.0 709  7.65 69.6 13.92 45.35 33.5
A3 64.8 71.7 543 69.4  10.29 44.21 36.2
Bl 64.8 70.8 7.89 69.7 13.89 42.48 30.5
B2 649 71.6 6.51 69.5 11.55 44.56 352
B3 649 726 406 693 9.08 43.17 36.4
Cl 64.6 715 581 68.8 11.68 44.23 34.7
c2 64.7 724  5.05 68.6  10.11 44.12 36.3
C3* 64.7 72.8 1.73 68.4 7.32 43.47 38.6
SD +0.2 £0.5 +0.54 +03 +0.84 +1.05 +0.9

Remarks: *Results of sample C3 were estimated through the best fit
model

Glass transition temperature T,, peak temperature T,, and enthalpy
AH, of relaxation, onset temperature 7., and enthalpy AH,.. of cold
crystallisation, melting enthalpy 4H,, and initial crystallinity X of the
PLA textured multifilaments. The pooled standard deviations SD
estimated with 8 degrees of freedom are included

Table 2 Mean values of breaking stress and strain (£SD standard deviation) of the polylactide textured multifilaments according to the

references in Table 1

Reference Al A2 A3 Bl B2 B3 Cl C2
Stress/cN tex ! 22.1 £ 0.8 233+ 0.6 233+ 0.5 23.4 + 0.6 252 +£0.5 242 + 1.1 212 £ 0.6 23.8 £ 0.5
Strain/% 375 +£26 38.0+ 1.6 406 + 1.2 345+ 1.6 357+ 14 36.2 £ 2.7 29.6 + 1.1 328 £ 1.0
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Table 4 Mean values of the results given by TMA according to the reference and testing periodic load at 1/12 Hz

Ref Ts,/°C Ts,/°C S,/% Ts./°C E,/MPa Teind C Egope/MPaK™ ! E,.;,/MPa TEmin/°C T,/°C E,.../MPa
Periodic load between 0.025 and 0.050 N

Al 64.8 70.5 18.0 77.8 1731 65.0 431.0 25.9 69.2 67.5 4234
A2 65.0 70.9 15.0 78.6 1649 64.9 401.4 34.1 69.7 67.8 380.8
A3 64.8 71.7 11.5 80.1 1675 65.0 279.9 75.0 70.4 68.5 386.3
B1 64.8 70.8 15.7 78.4 1523 65.2 393.9 34.1 69.5 68.1 396.4
B2 64.9 71.6 13.2 80.2 1839 64.8 3433 61.6 70.3 68.5 384.7
B3 64.9 72.6 10.4 82.0 1843 66.1 282.0 119.3 71.3 68.7 391.2
Cl1 64.6 71.5 13.3 79.8 1549 64.8 313.4 61.0 70.2 68.7 4153
c2 64.7 724 11.4 82.0 1689 65.4 239.4 106.2 71.2 69.0 409.0
C3* 64.7 72.8 8.7 84.8 1687 66.7 155.0 167.1 71.8 70.0 410.5
SD +0.2 +0.7 +2.5 +1.7 +239 +0.5 +109.5 +33.5 +0.7 +0.5 +17.8
Periodic load between 0.05 and 0.10 N

Al 65.0 70.8 8.3 78.7 2560 65.0 642.7 95.6 70.4 67.7 362.3
A2 65.1 71.1 8.1 79.8 2825 64.9 616.2 107.8 70.5 67.7 359.5
A3 65.3 71.7 6.6 81.8 2465 65.4 342.7 160.9 714 68.7 382.7
Bl 65.1 71.0 8.0 79.5 2726 64.9 548.1 121.1 70.7 67.7 367.8
B2 65.2 71.6 7.6 80.1 2629 64.9 428.3 149.0 71.3 68.2 369.5
B3 65.5 72.2 6.2 84.6 2282 65.9 332.1 211.5 71.9 69.1 369.9
Cl 64.9 71.5 7.7 79.9 2809 64.8 462.7 170.6 71.3 69.0 384.2
c2 65.3 72.0 6.7 81.1 2649 65.9 383.0 209.9 71.9 69.2 387.7
C3* 65.4 72.8 5.0 84.6 2618 66.5 290.2 263.8 72.7 70.0 385.1
SD +0.2 +0.5 +0.8 +1.8 +228 +0.5 +122.1 +42.4 +0.6 +0.7 +11.9
Periodic load between 0.10 and 0.20 N

Al 64.7 69.0 2.3 79.6 3297 64.7 476.0 219.4 71.3 68.0 356.5
A2 65.0 70.0 2.7 80.7 3254 64.8 463.5 220.4 71.7 67.6 343.8
A3 65.1 70.1 22 82.3 3104 64.8 352.3 265.9 72.4 68.6 350.4
Bl 64.9 69.2 32 79.7 3691 64.8 530.1 254.1 71.9 67.6 374.3
B2 65.1 70.1 2.9 80.7 2976 64.8 447.1 293.7 72.3 68.5 403.9
B3 65.5 71.1 2.1 83.6 3243 65.7 306.9 331.2 73.1 69.4 393.7
Cl 65.2 70.5 3.0 80.3 3238 64.8 365.1 298.0 72.8 69.8 391.7
c2 65.3 70.0 1.4 80.5 3023 64.9 298.6 301.0 72.5 69.1 370.5
C3* 65.6 71.3 24 84.5 3228 66.4 225.7 391.5 73.5 70.0 385.1
SD +0.3 +0.7 +0.7 +14 +381 +0.5 +87.8 +40.0 +0.6 +0.9 +24.8

Remark: Results of sample C3 were estimated through the best fit model

Onset T, and peak T, temperatures of shrinkage, relaxation shrinkage Sr and endset temperature T, of shrinkage. Initial storage modulus E,,,
inflection temperature T;,rand slope Ey,,,. of E-storage, minimum E-storage E,,,;, and temperature T,;,, temperature of maximum phase lag T,
and maximum E-storage after crystallisation E,,,,. The pooled standard deviations SD estimated with 8 degrees of freedom for each periodic load

are included

Glass transition and macromolecular relaxation

The first thermal event detected by DSC is glass transition,
followed by a relaxation peak. The estimated 7, is about
62.5 °C regardless of the texturing variables. The peak
temperature of relaxation is about 66 °C, with a slight
influence of the texturing temperature. The enthalpy of
relaxation is significantly influenced by texturing variables
and decreases with the increase in the texturing effect as
shown in Fig. 4. The effect of texturing temperature on the

enthalpy of relaxation was higher than that of the draw
ratio. The relaxation process lasts up to approximately
69 °C, when the mobility of the macromolecules in the
amorphous phase is monotonously increased with
increasing temperature.

When the same relaxation process is observed by means
of the mean dilatation curve provided by TMA, the start of
the relaxation process is estimated by the onset temperature
of shrinkage T, of about 65 °C. This temperature is 2.5 °C
higher than T, measured by DSC, probably due to the
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Fig. 4 Evolution of the relaxation enthalpy of PLA false-twist
textured filaments measured by DSC above glass transition
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Fig. 5 Evolution of the maximum relaxation shrinkage of PLA false-
twist textured filaments measured by the TMA at 1/12 Hz periodic
loads between 0.025 and 0.050 N

effect of the applied load. Very slight influences of testing
load and texturing temperature on T, were detected.

The effects of texturing variables on the relaxation
shrinkage S, were in line with the effect of these variables
on the relaxation enthalpy measured by DSC (see Fig. 5).
There is consequently a good linear relationship between
both variables: the enthalpy of relaxation and the relaxation
shrinkage. The best relationship was obtained with the
lowest load testing level (r = 0.98).

The peak temperature of shrinkage T, indicates the end
of the relaxation process when the polymer attains its
highest entropic state. Ts, ranged from 69 to 71 °C
depending on the testing load. This temperature was
slightly increased by the intensity of texturing in a way
similar to that observed by the relaxation shrinkage in
Fig. 5. T, attains values close to that which marks the end
of the relaxation process measured by DSC.

As regards the evolution of the E-storage modulus, the
glass transition temperature was assessed by the inflection
point of the marked fall in the E-storage curve Tg;,s, where

@ Springer

the biggest change (fall) in the modulus occurs [25]. Tgijur
was about 65-66 °C, which was very close to Ts, and
between T, and T, detected by DSC. The delay in
detecting the glass transition can be attributed to the effect
of the testing load, which hinders the relaxation process.

The intensity of relaxation can be estimated by the
decrease in the E-storage modulus from the highest initial
value E, before glass transition to the lowest value after
relaxation E,;, measured in percentage 100 x (E, —
Emin)/Enin, and by the slope of the E-storage curve Ejqp. at
the inflection point. Both values decrease with the intensity
of texturing following tendencies similar to that of the
relaxation enthalpy (Fig. 4). Consequently, it may be
assumed that all these responses estimate the intensity of
the relaxation effect after 7,. The best correlations were
those obtained between relaxation enthalpy and Egpe
(r =0.95), and between the decrease in the E-storage
modulus and relaxation shrinkage (r = 0.97) at the low
level of testing load.

The region of glass transition is evidenced by the rapid
decrease in the E-storage modulus and by the upward
contribution of the E-loss modulus because of the
increasing mobility of macromolecules in the amorphous
phase, resulting in a maximum phase lag between the
E-storage and the E-loss moduli. The temperature of
maximum phase lag T, ranged from 68 to 69.5 °C, when
the maximum contribution of the amorphous phase was
attained although the applied load in TMA hindered the
relaxation process. T, was slightly increased by the
intensity of the texturing effect.

The relaxation process is marked by the dissociation of
the cross-link bonds in the amorphous phase, which redu-
ces its contribution to stress. The situation is defined by a
minimum in the E-storage modulus which occurs between
69.5 and 71.5 °C when measured at the lowest loading.
This value is significantly affected by the texturing vari-
ables. This temperature was slightly higher than that
obtained by DSC due to the restrictions imposed by the
testing load.

Cold crystallisation during the DSC scan

At approximately 69 °C, the PLA macromolecules attain
their maximum freedom of inter-chain mobility. This
facilitates their spontaneous arrangement into different
crystal forms, giving rise to a cold crystallisation process
that is prolonged from 6 to 10 °C. It may be observed that
both the temperature range and the enthalpy of cold crys-
tallisation decrease with the intensity of texturing, espe-
cially with texturing temperature. This may be ascribed to
the higher level of previous recrystallisation induced by
texturing. Figure 6 shows the effect of texturing variables
on cold crystallisation enthalpy.
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Fig. 6 Evolution of the cold crystallisation enthalpy of PLA false-
twist textured filaments according to texturing variables measured by
DSC
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Fig. 7 Increase in the E-storage modulus due to cold crystallisation
of PLA false-twist textured filaments during DSC scan, measured by
TMA at 0.025-0.05 N of periodic load at 1/12 Hz

During the cold crystallisation process, recrystallisation
not only occurs but crystal size and perfection [4] play a
major role in the increase in the E-storage modulus of the
filament, which attains a new maximum E,,,,. The evolu-
tion of this parameter measured by the TMA at low testing
load, in percentage, is shown in Fig. 7. It should be noted
that there is a perfect linear correlation between the cold
crystallisation enthalpy and the increase in the E-storage
modulus (r = 0.98), which demonstrates that both param-
eters reflect the same phenomenon of cold crystallisation.

The parameter that best indicates the end of the cold
crystallisation process is the endset temperature of
shrinkage Ts., when a sudden decrease in the slope of the
dilatation mean curve can be observed. This confirms that a
higher level of crystallisation has been attained. Figure 8
shows the evolution of Ts. measured by TMA at the lowest
testing load as a function of the texturing variables.

Endset temperature of shrinkage Tse/°C
Testing load=0.05 N

165

150

Texturing temperature/°C

135 &
1.3 1.35 1.4
Pre-texturing draw ratio

Fig. 8 Endset temperature of shrinkage Tse measured on the
dilatation curve of TMA at 0.025-0.05 N of periodic load at
1/12 Hz, which match the endset temperature of cold crystallisation
during DSC scan

Crystallinity induced by false-twist texturing

The efficiency of heat-setting induced by texturing depends
on the freedom of molecular mobility and on the oppor-
tunity for crystal melting with re-crystallisation [26]. The
initial percentage of crystallinity of PLA filaments before
texturing was calculated by the difference between melting
and cold crystallisation enthalpies provided by the DSC
scan divided by the melting enthalpy of a 100% crystalline
PLA sample. The initial crystallinity of the PLA multifil-
ament was 24.3%. Figure 9 shows the evolution of crys-
tallinity of false-twist textured PLA multifilaments
according to texturing conditions. Texturing increases
crystallinity from 27 to 60% with respect to the original
crystallinity. Variations in pre-texturing draw ratio from
1.3 to 1.4 lead to an increase of 12% in crystallinity, while
an increment from 135 to 165 °C in texturing temperature
enables the crystallinity to rise by 20%.

165

150

Texturing temperature/°C

135

1.3 1.35 1.4
Pre-texturing draw ratio

Fig. 9 Crystallinity X of the false-twist textured PLA multifilaments

measured by comparison of melting and cold crystallisation enthal-
pies given by the DSC
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Fig. 10 Relationship between crystallinity and the E-storage modu-
lus after relaxation measured at low testing load of the false-twist
textured PLA multifilaments

It is well known that, after relaxation, mainly the
macromolecules in the crystalline phase determine
the mechanical properties of the filaments. Therefore, the
E-storage modulus after relaxation, E,;,, should be related
to the original crystallinity X of the textured filaments.
Figure 10 shows the upward relationship between both
variables. The higher the crystallinity, the greater the impact
on the increase in the E-storage modulus.

Conclusions

In the light of our findings, the following conclusions may
be drawn:

— False-twist texturing of PLA melt-spun multifilaments
increase crystallinity from 27 to 60%.

— The effect of texturing temperature on the induced
recrystallisation of the multifilaments is stronger than
that of the pre-texturing draw ratio.

— When the sample is subjected to increasing tempera-
tures, after glass transition, a relaxation process is
observed up to 69 °C. At this temperature, the mobility
of the macromolecules is increased, favouring cold
crystallisation prolonged from 6 to 10 °C.

— The intensity of relaxation and cold crystallisation
processes can be evaluated by the enthalpies provided
by DSC or by the variations in the E-storage modulus
yielded by TMA, which show a good correlation
between them.
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