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ABSTRACT: Within this study, the applicability of Raman spectroscopy to characterize the crystallinity of PLA staple fibers was eval-
uated. The influence of the fiber alignment on the possibility to detect crystallinity by using Raman spectroscopy was studied. PLA
staple fibers were produced by melt spinning by varying both draw temperature and draw ratio. Systematic interrelationships between
the processing parameters of PLA staple fibers and the degrees of crystallinity and the cold crystallization enthalpies were established.
Raman spectroscopy showed that the carbonyl stretching band of Raman spectra measured in fiber axis and parallelly polarized was
not sensitive to detect crystallinity. However, for perpendicularly polarized measurements, a higher sensitivity was observed. With
increasing degree of crystallinity, a reduction of the band width of the normalized carbonyl stretching band was found. The morphol-
ogy affected the mechanical properties significantly. Increased draw ratio resulted in increased tensile strength and decreased elonga-

tion at break. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42432.
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INTRODUCTION

Poly(lactic acid) (PLA) is a prominent biodegradable and bio-
compatible polymer, which is produced from renewable resour-
ces. PLA can be processed by conventional processing
techniques such as injection molding, film extrusion, or melting
spinning. Typical applications are packaging elements, medical
devices, films, agricultural products, and foams.'™ Especially for
the textile industry, the production of PLA staple fibers via melt
spinning is of great technological interest. Therefore, several
studies deal with melt spinning of PLA fibers.”™"* Especially the
draw ratio and the draw temperature were found to have signif-
icant effect on the morphology and hence on the mechanical
properties of PLA fibers.”*'? Thus, in order to further optimize
the application-relevant mechanical properties of PLA fibers,
the morphology has to be systematically tailored.

The morphological characteristics such as the degree of crystallin-
ity of PLA are typically characterized by differential scanning calo-
rimetry (DSC).""'*'® However, some authors proved a high
potential of Raman spectroscopy to distinguish different confor-
mations and different degrees of crystallinity of PLA in the
past.'»***! Several authors reported correlations of Raman bands
and crystalline morphology in PLA.'**** Especially, the C=0
stretching region in Raman spectrum of PLA is sensitive to con-
formation and morphology.*>*' However, only scarce amount of
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literature is dealing with Raman spectroscopy of PLA fibers."*
Liao et al. investigated the conformation and configuration of
PLA nanofibers produced by electrospinning with Raman spec-
troscopy.'* However, no comprehensive analysis of crystalline
morphology with respect to fiber alignment using Raman spec-
troscopy was addressed. Furthermore, to the state of knowledge of
the authors, no studies dealing with Raman spectroscopy on PLA
fibers produced via melt spinning are available.

Thus, this study addresses a comprehensive analysis of the mor-
phology of PLA staple fibers produced via melt spinning. The
specific strength of Raman spectroscopy to detect crystallinity
and crystalline morphology is evaluated. Raman spectra are cor-
related with DSC results. Moreover, the effect of morphology
on application relevant mechanical properties is discussed.

EXPERIMENTAL

Materials

A conventional PLA fiber grade type 6100D from NatureWorks
LLC (NatureWorks LLC, Minnetonka, USA) was used. Prior to
processing, the granulate was predried for 7 h at 80°C in vac-
uum by using a vacuum drying oven (SalvisLab, Rotkreuz, CH).

Fabrication of Staple Fibers
PLA staple fibers were produced by melt spinning on an experi-
mental fiber extrusion line AXON AB (Axon AB Plastics
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Figure 1. Schematic of the melt spinning line.

Machinery, Nyvang, SE). Figure 1 depicts the schematic of the
melt spinning line. Within the extruder, four ascending temper-
ature zones ranging from 198 to 218°C were used. The screw
had a diameter of 18 mm and a length of 360 mm. Staple fibers
were spun using a spinneret with 375 circular holes with a
diameter of 0.7 mm each. Subsequently, a fiber finish based on
fatty acids and ethylene oxide was applied. Afterward, drawing
of the staple fibers was performed between two motorized and
unheated godets (godet 1 and godet 2). Circumferential speed
of godet 1 was kept constant at 35 m/min. Circumferential
speed of godet 2 was varied to produce different draw ratios.
Maximum draw ratios were limited by rupture of staple fibers
during stretching. Simultaneously, the staple fibers were exposed
to different draw temperatures by using a heater band. Applied
draw ratios and draw temperatures are summarized in Table I.
Finally, the staple fibers ran through a crimper and were col-
lected on a wind-up unit.

Thermal Analysis

Melting and crystallization characteristics of staple fibers and
granulate were measured using a differential scanning calorime-
ter DSC 1 (Mettler-Toledo AG, Schwerzenbach, CH). The ther-
mograms were recorded under nitrogen atmosphere in a
temperature range from 25 to 210°C. The heating rate was
10°C/min. The sample mass was 4.5+ 0.5 mg. Melting and
crystallization characteristics were evaluated from the first heat-
ing run according to ISO 11357-3 and subsequently averaged
over three measurements. The applied evaluation procedure is
presented in Figure 2 schematically. At 60.2°C, the glass transi-
tion temperature is detectable. The glass transition is subse-
quently accompanied by over swinging, which can be attributed
to relaxation of orientations which are frozen in a glassy

Table I. Draw Temperatures and Draw Ratios of Produced PLA Staple
Fibers

Draw temperature [°C] 23 100 140

Draw ratio [-] 0.99 0.99 0.99
1.35 1.35 1.35
1.65 1.65 1.65
1.95 1.95 1.95
2.25 2.25 2.25
- 2.55 2.55
= 2.85 =
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Figure 2. Exemplary DSC curve of first heating of PLA staple fibers.

state.'" After exceeding the glass transition temperature, an
increase in the mobility of the polymer chains occurs and glassy
polymer chains are transferred into a more stable conforma-
tion."" The first exothermic peak at 91.2°C is known as cold
crystallization peak' with cold crystallization enthalpy AH,'. A
second exothermic peak at 161.3°C is referred as cold crystalliza-
tion peak’ with cold crystallization enthalpy AH.. The evalua-
tion of the endothermic melting peak at 176.0°C included the
determination of the melting enthalpy AH,, and the melting
peak temperature. In general, integration limits of cold crystalli-
zation enthalpy and melting enthalpy were determined by
reaching the level of the baseline. The difference of the melting
enthalpy AH,,, and the sum of the cold crystallization enthalpies
AH.'"? is designated as AH,,.. The degree of crystallinity of
PLA staple fibers was determined by using eq. (1) where the
heat of fusion of 100% crystalline PLA AHj is 93.1 J/g.**
AH,—AH!*? AH,—

Degree of Crystallinity= -100=

. 1009
AH, AH, 00[%)]

(1)

Raman Spectroscopy

Raman spectra were recorded on a Labram confocal Raman
spectrometer (Horiba JobinYvon GmbH, Bensheim, GER)
equipped with a helium neon laser. The line at 632.8 nm with a
power of 11 mW was emitted on the sample surface. Raman
spectra were recorded in the spectral range of 200-3500 cm ™'
with a diffraction grating with 1800 grooves/mm and positions
of hole and slit of 200 and 100 um, respectively. An integration
time of 4 s with 21 iterations and a 100X objective was used.
The fiber alignment was varied in relation to direction of polar-
ization of emitted laser. In Figure 3, the three different fiber
alignments are depicted. Raman spectra were measured in fiber
axis, parallel to and perpendicular to the direction of the laser
polarization. The Raman spectra measured parallelly and per-
pendicularly polarized were measured on the surface of the sta-
ple fibers. Raman spectra recorded in fibers axis were measured
in the center of the cross-section. Therefore, fiber samples were
embedded in a two-component epoxy resin type EpoThin (ITW
Test and Measurement GmbH, Diusseldorf, GER). Afterward,
the embedded staple fibers were prepared with a microtome
type Reichert Jung (Fa. Reichert Jung, Heidelberg, GER).
Recorded Raman spectra were measured in a depth of approxi-
mately 3 pm and exhibit a spectral resolution of 1 cm™'. After
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Figure 3. Schematic illustration of directions of laser polarization in rela-
tion to PLA staple fibers axis.

a baseline correction using the software LabSpec V.5 (Horiba
JobinYvon GmbH, Bensheim, GER), the Raman spectra were
normalized to the intensity of C=0 stretching vibration of ester
groups at 1772 cm~'. Raman spectra were smoothed by apply-
ing a Savitzky—Golay filter in Origin 9.0 (OriginLab Corpora-
tion, Northhampton, USA).

Fineness Measurement and Tensile Testing

Fineness (titer) of staple fibers was determined on a vibroskop
Mod.5 (Lenzing Instruments GmbH and Co KG, Gapern,
AUT). Titer was ascertained on 20 staple fibers for each combi-
nation of draw ratio/draw temperature. Tensile tests were per-
formed according to DIN EN ISO 5079 on a vibrodyn Mod.5
(Lenzing Instruments GmbH and Co KG, Gapern, AUT). A
gauge length of 20 mm and a test speed of 80 mm/min were
used. Tests were conducted at room temperature. Tensile
strength and elongation at break were averaged over 20 meas-
urements for each combination of draw ratio/draw temperature.

RESULTS AND DISCUSSION

Crystallization and Crystalline Morphology
In Figure 4, the degree of crystallinity determined by DSC is
plotted as a function of draw ratio for different draw tempera-

65
Draw Temperature
601 a4 23 T
R s55] e 100°C ’
> 140°C H
)
E =
= 454
4';; 1
= 404 * ¢
Q 4 - I
‘5 354 .
@ 1 W 7 L E
O 30+ o i o]
oo i T 1
8 257
T T

0.8 1.2 1.6 2.0 2.4 2.8 3.2
Draw Ratio [-]

Figure 4. Degree of crystallinity determined by DSC of PLA staple fibers
as a function of draw ratio for different draw temperatures.
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tures. For a draw temperature of 23°C, the degree of crystallin-
ity is hardly affected by the draw ratio. The degree of
crystallinity varies between 26 and 31% and reaches a plateau
upon increasing draw ratio. This may be attributed to the glass
transition of PLA, which is around 60°C. Thus, at a draw tem-
perature of 23°C, the chain mobility is limited. Hence crystalli-
zation is hindered. For draw temperatures of 100 and 140°C,
the degree of crystallinity increases significantly with increasing
draw ratio. Both draw temperatures (i.e., 100 and 140°C) are
above the glass transition temperature of PLA. Thus, orientation
and chain alignment is facilitated. However, the crystallinity is
not significantly affected by the applied temperature level. At a
draw temperature of 100°C, the degree of crystallinity varies
between 25 and 57% for draw ratios of 0.99 and 2.85, respec-
tively. At a draw temperature of 140°C, the degree of crystallin-
ity varies between 26 and 53% for draw ratios of 0.99 and 2.55,
respectively.

In Figure 5(a), the cold crystallization enthalpies AH.'*? of
PLA staple fibers are presented as a function of the degree of
crystallinity for different draw temperatures. Despite the scatter,
a distinct interrelationship between AH.'™? and the degree of
crystallinity is detectable. High values of AH.'™ provoke low
degrees of crystallinity and vice versa. This interrelationship is
funded in a significant variation of AH.'"* and marginal varia-
tion of AH,, [cf. Figure 5(b)]. Rapid cooling of PLA staple
fibers below the glass transition temperature inhibits the recrys-
tallization. Hence, during heating in DSC above glass transition
temperature, cold crystallization occurs™. In Figure 6(a), cold
crystallization enthalpies AH.'*? of PLA staple fibers are
depicted as a function of draw ratio for different draw tempera-
tures. For draw temperatures of 100 and 140°C, H.'*? decreases
with increasing draw ratio. For high draw ratios, less polymer
chains are frozen in an amorphous state and the formation of
crystals is promoted due to chain orientation. Hence, the cold
crystallization is reduced and the degree of crystallinity is
enhanced (Figure 4). For a draw temperature of 23°C, AH!'*?
is marginally affected by the draw ratio [Figure 6(a)]. As already
discussed, this can be ascribed to the reduced mobility of poly-
mer chains and thus reduced formation of crystals during draw-
ing below the glass transition temperature. In Figure 6(b), AH.'
is presented as a function of AH.? for different draw tempera-
tures. Despite the high scatter, a correlation of AH.' and AH.
is observable. The scatter of AH. can be attributed to slight
variations in enthalpy which have a high impact on low values
of AH2. High values of AH,' result in high values of AH.? and
vice versa. This may be explained by the fact that more material
participates in the cold crystallization process (higher AH.")
after glass transition temperature and thus more material exhib-
its a loose packing manner.”* Subsequently, more material trans-
fers to a more stable modification which appears in a higher
cold crystallization enthalpy (higher AH.?) around the melting
range.

In Figure 7(a), the effect of draw ratio on the first heating
curves of PLA staple fibers at a draw temperature of 23°C is
presented. In general, with increasing draw ratio, the relaxation
peaks after the glass transition temperature are shifted to higher
temperatures and the peak shape changes systematically.
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Figure 5. (a) AH.'*? of PLA staple fibers as a function of degree of crystallinity for different draw temperatures (b) AH.'*? of PLA staple fibers as a

function of Hm for different draw temperatures.

However, cold crystallization peaks are marginally affected by
the draw ratio (similar cold crystallization enthalpies and simi-
lar cold crystallization temperatures). In Figure 7(b), the effect
of draw ratio on the first heating curves of PLA staple fibers at
a draw temperature of 100°C is depicted. Compared to a draw
temperature of 23°C less pronounced endothermic relaxation
peaks at glass transition temperature along with continuous
changes in peak shapes with increasing draw ratio are ascertain-
able [cf. Figure 7(a)]. Additionally, the area of the relaxation
peak and thus the relaxation process declines with increasing
draw ratio. This may be explained by an increased degree of
crystallinity at a draw temperature of 100°C compared to draw
temperature of 23°C and a lower amount of amorphous frac-
tion with increasing draw ratio. During drawing at temperatures
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above the glass transition temperature, polymer chains start to
form crystals and the amorphous zones are oriented. If rapid
cooling below the glass transition occurs, these orientations are
frozen. Subsequent heating above the glass transition tempera-
ture allows the oriented chains and thus primary amorphous
regions to relax. Therefore, a successive reduction of the amor-
phous fraction with increasing draw ratio yields reduced relaxa-
tion phenomena. Moreover, the endothermic relaxation peaks
are shifted to higher temperatures with increasing draw ratio.
Simultaneously, a reduced cold crystallization enthalpy and a
reduced cold crystallization peak temperature as well as a con-
tinuous change of the cold crystallization peak shape with
increasing draw ratio are observable. This correlation may be
explained by a better arrangement of chains in amorphous
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Figure 6. (a) AH.'" of PLA staple fibers as a function of draw ratio for different draw temperatures (b) AH.' of PLA staple fibers as a function of

AHZ for different draw temperatures.
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zones and fewer amounts of amorphous zones when crystallin-
ity is high (increased orientation). Thus cold crystallization is
enhanced. Hence, the material reacts faster during heating, since
lower temperatures are required to initiate cold crystallization.
Similar observations were made by Solarski et al.''

Interestingly, the melting peak temperatures decrease with
increasing degrees of crystallinity (Figure 8). The observed

a)
59
58—- Draw Temperature
= {1 & 23°C
= 71 e 100°C ®
L= 56 1 140°C ¢
g 551 .
& 54 |
2 53l I
‘E ] T ® T
w524 . a S Y §
a0 1 s i | 1
£ 51 " h
= i I
U 504
> ]
49 T T T T v T T T
0.8 1.2 1.6 2.0 2.4 2.8 3.2

Draw Ratio [-]

observable. Thus, more crystals are formed at higher draw ratios
(orientations). This is associated with a slight decrease of the
crystalline order, which is depicted in Figure 9(b), where the
melting peak temperatures decrease with increasing draw ratio.

The DSC results clearly show a strong dependence of the mor-
phological characteristics of PLA staple fibers on the processing
parameters. In the following, Raman spectroscopy is evaluated
as to its specific strength to detect the morphology of PLA sta-
ple fibers. Focus is on the crystallinity and the crystalline mor-
phology. However, Raman spectroscopy is sensitive to both
orientations and crystallinity. Thus, to exclude the effect of ori-
entations, the effect of different polarization directions in rela-
tion to the fiber alignment on the Raman spectra was studied.
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Figure 9. (a) AHm and (b) melting peak temperature of PLA staple fibers as a function of draw ratio for different draw temperatures.
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Figure 10. Raman spectra of PLA staple fibers of minimal and maximal draw ratio for different polarization directions.

Therefore, staple fibers at a draw temperature of 100°C and
draw ratios of 0.99 and 2.85 were chosen. These samples exhibit
the minimum and maximum degrees of crystallinity found in
this study. These samples were both measured with perpendicu-
larly, parallelly and in fibers axis polarized laser light (cf. Figure
10). The corresponding assignments of Raman bands are sum-
marized in Table II.

For perpendicularly polarized Raman spectra, the degree of
crystallinity affects nearly every Raman band. Similar observa-
tions can be made by comparing the Raman spectra measured
parallelly polarized. These changes can be ascribed to changes in
the degree of crystallinity and orientations. Interestingly, for in
fiber axis polarized measurements, nearly coincident Raman
spectra are detectable, despite significant differences in the
degrees of crystallinity. This clearly indicates that not all polar-
ization directions in relation to fiber alignment show identical
sensitivity on the morphology of PLA fibers. Additionally, not
every Raman band is sensitive to morphology (e.g., crystallinity
and orientations). Especially, the C=O stretching band between
1720 and 1810 cm™ ' is known to be sensitive to conformation
and the degree of crystallinity in PLA.'****' Thus, this spectral
region is presented in Figure 11 in more detail.

In Figure 11, the C=0O Raman band of PLA staple fibers of
minimal and maximal draw ratio are presented for different
polarization directions. The C=O band exhibits a peak at
1772 cm™ ' and a shoulder at approximately 1753 cm™ ' which
is provoked by a hidden band. For measurements conducted in
fiber axis, the band width is hardly affected by the draw temper-
ature and the draw ratio. A slight reduction in band width is
observable merely for a draw temperature of 140°C and a draw
ratio of 2.55. Parallelly polarized Raman spectra show a slightly
reduced band width for maximum draw ratios at draw tempera-
tures of 100 and 140°C. These two samples show significantly
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higher degrees of crystallinity of 56 and 53% compared to 25
and 26% for minimal draw ratios. Perpendicularly polarized
Raman spectra show significantly reduced band widths for max-
imum draw ratios at draw temperatures of 100 and 140°C.
Additionally, the shoulder around approximately 1753 cm™ ' is
more pronounced. Liao et al. found similar band shapes in
semicrystalline PLA nanofibers.'"* However, Kister et al. and
Deru and Robert assigned a C=0O band with a maximum
located at 1768 or 1770 cm™ ' and a hidden band between 1745
and 1760 cm™ ' to amorphous PLA.*>*' In contrast, Kister et al.
found a sharp tripled band with peaks at 1773, 1763, and
1749 cm™ ' in semicrystalline PLA.*® Similar observations were
made by Deru and Robert.*! They assigned a tripled band with
sharp peaks at 1776, 1766, and 1750 cm ™' to semicrystalline
PLA. A more regular chain arrangement and a limited range of
bond orientations in semicrystalline PLA are responsible for
splitting (crystal field spitting) of the C=0 band in semicrystal-
line PLA. In amorphous PLA, the polymer chains are randomly
oriented and all vibrational modes contribute to certain Raman
bands.?' Deru and Robert calculated two Raman intensity ratios
of Raman bands at 1776/1770 cm™" and 1766/1770 cm ™. Dis-
tinct correlations of intensity ratios and degrees of crystallinity
determined by DSC were ascertained. Due to the absence of
Raman bands around 1776 and 1766 cm !, the calculation of
this Raman band intensity ratio is not possible within this
study.

An exemplary C=0O Raman band, the corresponding fitted
bands and the fitted spectrum of PLA staple fibers produced at
a draw ratio of 0.99 and a draw temperature of 140°C are
depicted in Figure 12. The mathematical approximations of the
Raman bands are marked with grey color. The slash-dotted grey
line represents the sum of the individually fitted peaks and
therefore the approximated recorded spectrum. As deducible

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42432
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Table II. Raman Assignments of PLA (Summarized and Adapted from
Refs. 14, 20, 21)

Raman shift

[em™Y] Assignment

3002 Asymmetric stretching CHs

2947 Asymmetric stretching CHs

2882 Asymmetric stretching CHs

1772 Stretching C=0

1454 In-plane asymmetric wagging CHs

1387 In-plane symmetric wagging CHsz

1295 In-plane bending CH

1182 Stretching OCO

1129 In-plane bending CHs

1096 Stretching OCO

1045 Stretching C—CHs

924 Stretching C—C rocking
CHas/Out-of-plane bending CHs

875 Stretching C—COO

740 Deformation C=0

711 Deformation C=0

412 Deformation C—COO

298 COC + CCH3

from Figure 12, the C=0 peak includes two Raman bands at
1772 and around 1753 cm™'. Based on the individual mathe-
matical approximations, the band widths and the band inten-
sities are available and can be used for quantifying the shape of
the carbonyl peak. To quantify the peak width, the full peak
width at half maximum (FPWHM) was used. Hence, a compar-
ison of peak characteristics and the corresponding degrees of
crystallinity as a function of polarization direction in relation to
fiber alignment is possible.

In Figure 13, the degree of crystallinity determined by DSC is
correlated with  FPWHM of Raman bands at 1753 and
1772 ecm™ ! for different polarization directions. Comparison of
FPWHM in fiber axis and parallelly polarized Raman spectra as
a function of the degree of crystallinity shows only marginal dif-
ferences. However, both FPWHM of the C=0 band measured

In Fibre Axis Polarised
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Figure 12. Exemplary Raman spectrum and corresponding fitted bands
and spectrum of PLA staple fibers at a draw ratio of 0.99 and a draw tem-
perature of 140°C.

perpendicularly polarized show changes as a function of degree
of crystallinity (Figure 13). For high degrees of crystallinity, low
FPWHM are detectable and vice versa. FPWHM deduced from
measurements performed in fiber axis and parallelly polarized
differ only marginally. No distinct correlation between FPWHM
and degree of crystallinity is ascertainable. According to Puppu-
lin et al., perpendicularly polarized Raman spectra in relation to
fiber alignment are not superimposed by orientations.”> Thus,
the sensitivity to detect crystallinity is maximized. Hence, in the
following discussion only spectra recorded perpendicularly to
fiber alignment are considered.

Several studies also reported differences in the spectral regions
between 1260 and 1410 cm™ !, between 810 and 930 cm ™!, and
between 397 and 411 cm™' by comparing Raman spectra of
semicrystalline and amorphous PLA."*?*?! In the following,
these spectral regions are discussed in more detail.

In Figure 14, the Raman spectra of minimal and maximal draw
ratio are depicted for different draw temperatures in the spectral
region between 270 and 490 cm ', 770 and 990 cm ', and
1250 and 1420 cm™'. High draw ratios yield a reduction in
band intensity between 1320 and 1410 cm™'. For maximum
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Figure 11. C=0
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Figure 14. Raman spectra of PLA staple fibers of minimal and maximal draw ratio for different draw temperatures between 270 and 490 cm ™', 770 and
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draw ratios and draw temperatures of 100 and 140°C, the
Raman band at 1298 cm ™' shifts to 1295 cm ™. In contrast, no
alteration of this band is observable at minimal draw ratios and
for a draw temperature of 23°C. A similar peak shift was
detected by Kister et al. after comparing Raman spectra of
amorphous and semicrystalline PLA.>® However, band splitting
was found by Kister et al. which was not detectable in this

study. A weak band at 924 cm ™! is discernible for draw temper-
atures of 100 and 140°C and maximum draw ratios (Figure 14).
This Raman band was detected in semicrystalline PLA at a simi-
lar Raman shift of 920 cm™' by Kister et al and was not
detected in amorphous PLA.*° Kister et al. ascribed this band to
C—C backbone stretching vibrations coupled with CHj rocking
vibrations.”® According to Kister et al, this band reflects a 10;

a) b)
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Figure 15. (a) Tensile strength and (b) elongation at break of PLA staple fibers as a function of draw ratio for different draw temperatures.
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Figure 16. (a) Tensile strength and (b) elongation at break of PLA staple fibers as a function of degree of crystallinity for different draw temperatures.

helix and the presence of this band depends on the type of heli-
cal conformation and the crystallinity.”® In Figure 14, other
diversifications in the spectral region of the deformation vibra-
tions of CCO groups and COC groups coupled with CCHj;
groups typically seen at 412 and 298 cm™ ' are presented.”® For
each draw temperature, a draw ratio of 0.99 yields a double
band with peaks at 399 and 412 cm™'. Additionally, a broad
band between 270 and 350 cm ™' is induced. In contrast, sharp
Raman bands at 412 and 298 cm ™' appear for draw tempera-
tures of 100 and 140°C at maximum draw ratios. Figure 14
clearly shows that draw temperatures of 100 and 140°C and
high draw ratios affect the structure of PLA. The recorded
effects are in good agreement with the degree of crystallinity
detected by DSC (Figure 4).

Effect of Supramolecular Structure on Mechanical
Characteristics

In Figure 15(a), the tensile strength of PLA staple fibers is
shown as a function of draw ratio for different draw tempera-
tures. For a minimal draw ratio of 0.99, a tensile strength of 9
cN/tex was measured. A maximum tensile strength of 26.6 <N/
tex was achieved for a draw temperature of 140°C and a draw
ratio of 2.55. In general, the tensile strength increases with
increasing draw ratio. This is due to increased orientations and
thus parallel chain alignment. Additionally, it is superimposed
by changes in the degree of crystallinity. The scatter in the ten-
sile strength increases with increasing draw ratio. This scatter
can be ascribed to defects which yield significantly reduced ten-
sile strengths for staple fibers produced at high draw ratios.
Compared to draw temperatures of 100 and 140°C, the tensile
strengths of staple fibers drawn at 23°C increase but seem to
reach a plateau with increasing draw ratio. Additionally, a draw
temperature of 23°C limited the maximum draw ratio to 2.25.
Higher draw ratios yielded rupture of the staple fibers. Except
the appearance of a plateau at a draw temperature of 23°C, no
significant and systematic effect of the draw temperatures on
the tensile strength is ascertainable. This indicates that mainly
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orientations and thus the draw ratio govern the tensile strength.
The draw temperature has minor effect on the tensile strength
under the investigated conditions. Hence, the effects of orienta-
tions superimpose a possible effect of different draw tempera-
tures on the tensile strengths.

In Figure 15(b), the elongation at break of PLA staple fibers is
presented as a function of the draw ratio for different draw
temperatures. The elongation at break continuously decreases
with increasing draw ratio. This can be attributed to increased
orientation of polymer chains with increased draw ratio. Hence,
maximum elongation of staple fibers is progressively limited.
The scatter of the elongation at break simultaneously decreases
with increasing draw ratio. This can be ascribed to increasing
embrittlement and therefore limited elongation and limited
scattering of the elongation of the fibers with increasing draw
ratio.

No effect of the draw temperature on the elongation at break is
detectable. As already discussed above, this may be attributed to
the dominating effect of orientations (draw ratio) compared to
the effect of draw temperature on the mechanical properties.

In Figure 16(a), the tensile strength is depicted as a function of
the degree of crystallinity for different draw temperatures. The
degree of crystallinity scatters as previously presented (cf. Figure
4). However, the observed trend is still significant. High degrees
of crystallinity provoke high tensile strengths [Figure 16(a)].
For a draw temperature of 23°C, the degree of crystallinity
shows a very high slope between a tensile strength of 11.4 and
16.5 cN/tex. Within the scattering of the tensile strength as a
function of the degree of crystallinity, no significant difference
between draw temperatures of 100 and 140°C is detectable. This
is caused by the likewise increase of the degree of crystallinity
and the tensile strength with increased draw ratio for draw tem-
peratures of 100 and 140°C. Similar results can be observed for
the elongation at break as a function of the degree of crystallin-
ity in Figure 16(b). Elongation at break is continuously decreas-
ing with increasing degree of crystallinity. Again, no differences
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between draw temperatures of 100 and 140°C are observable.
This can be attributed to the same effect as discussed above.
These results clearly indicate that the tensile properties only
depend on the degree of crystallinity (draw ratio) for draw tem-
peratures above glass transition temperature.

CONCLUSIONS

Within this article, the effect of processing conditions on the
morphology of PLA staple fibers was characterized by applying
DSC and Raman spectroscopy. DSC yielded distinct interrela-
tionships between processing parameters and relaxation, cold
crystallization, and melting characteristics during the first heat-
ing. The draw temperature and the draw ratio significantly
affected the crystallinity. Draw temperatures above the glass
transition temperature facilitated higher draw ratios and higher
degrees of crystallinity of PLA staple fibers. To optimize the
possibility to measure the degree of crystallinity by means of
FPWHM of the C=O stretching vibrations at 1753 and
1772 cm™ !, Raman spectra have to be recorded perpendicularly
polarized. Therefore, Raman spectroscopy proved a high poten-
tial to characterize the crystallinity in PLA staple fibers. More-
over, a distinct correlation between fiber morphology and
mechanical properties of PLA staple fibers was established. By
varying the processing conditions, the morphology and thus the
mechanical properties can be tailored. Nevertheless, tailoring of
the mechanical properties is restricted because high tensile
strengths are inherently associated with low elongations at break
and vice versa.
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