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ABSTRACT: The structure and thermal behavior of pol-
y(lactic acid) (PLA) multifilament yarns were studied by
complementary techniques of differential scanning calo-
rimetry (DSC), Fourier transform infrared (FTIR) spectros-
copy, and wide angle X-ray diffraction (WAXD). As for
PLA filaments, notable differences in the WAXD patterns,
DSC curves, and FTIR spectra were observed. The combi-
nation of the WAXD and FTIR results showed that PLA
samples with different crystallinity contain a-form crystal
structure. The FTIR spectra of the filaments were analyzed
to study their crystallinity and crystal structure. The total
crystallinity of the PLA filaments was obtained from the
percent area loss of the skeletal amorphous band at 955
cm ™. Crystalline fraction from FTIR and DSC were com-
parable with each other. The C=O stretching region,
which is sensitive to crystallization and dipole-dipole

interactions, was evaluated to provide information about
chain conformers and crystallinity of the samples. Depend-
ing on the processing conditions, double melting peaks
were observed in the DSC curves of the samples. This
exhibited the structural reorganization of the crystal phase
during heating affected by heating and cooling rate. In the
DSC curves of the nearly amorphous multifilament yarn,
the exothermic peak observed right above the glass transi-
tion temperature (T,) indicated two relaxed and deformed
amorphous regions. However, the multifilament yarn with
higher crystallinity showed just endothermic melting peak
after its glass transition. © 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 117: 1516-1525, 2010
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INTRODUCTION

Poly(r-lactic acid) (PLLA) (—[CH(CH3)COQ]n—) is a
well-known biodegradable and biocompatible semi-
crystalline aliphatic polyester. It has attracted enor-
mous attention in recent years due to its ease of pro-
duction from renewable resources (mainly starch
and sugar) and degradation to nontoxic materials.
PLLA is produced via two conventional ways: Poly-
condensation of lactic acid and ring-opening poly-
merization of lactide, a chiral monomer that is pro-
duced by bacterial fermentation.'” The polymer is
relatively hard, with the glass transition and melting
temperatures of 60-70°C and 150-170°C, respec-
ﬁvely.2 High mechanical strength, high modulus,
and proper degradation time of PLLA make it
appropriate thermoplastic polymer for either medi-
cal or textile fibers with industrial applications. Until
the last decade, the applications of PLLA were
mainly limited to biomedical such as tissue engi-
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neering, surgical suture, bone fixation devices, and
controlled drug delivery systems, due to its high
cost, low availability, and limited molecular weight.
However, in the last few years, the discovery of new
polymerization routes, allowed for the advancement
of economical production of high molecular weight
PLLA, which caused new potential applications as a
commodity plastic in packaging, disposable, and
other consumer materials.

PLLA crystallizes at least in three forms of o, P,
and y depending on the crystallization and process-
ing conditions.*® In the late 1960s, De Santis and
Kovacs® published the o form and proposed a
pseudo-orthorhombic structure with two left-handed
105 helical conformation chains in antiparallel orien-
tation passing through the unit cell. The o modifica-
tion grows from the melt or solution spinning pro-
cess at low temperatures or low draw ratio under
low drawing temperatures. Eling et al.* reported the
B polymorph as the second crystal form, which is
characterized by a frustrated structure. The B crystal
form is produced by stretching the o form or solu-
tion spinning at high temperatures or high draw ra-
tio under high drawing temperatures.*> In 1990, an
orthorhombic unit cell for the B form containing six
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left-handed 3; helical conformation chains passing
through the unit cell was proposed.” Hoogsteen
et al.” assigned the a structure to the folded-chain
crystals and the P form to the fibrillar crystals. They
explained that the helical conformations of the
chains in the o and P structures have approximately
the same energy, and the packing type allows for
the existence of two different crystal modifications.
In 2000, Cartier et al.’ reported the third crystal
structure for PLLA, namely v form, obtained by epi-
taxial crystallization of PLLA on hexamethylbenzene
containing two unparallel helices in an orthorhombic
unit cell. Like other synthetic fibers, the crystal struc-
ture imposes restrictions on the movements and
entanglements in the disordered region of the fibers,
which changes the physical and the mechanical
properties.

Physical, mechanical, and thermal properties of
PLLA as a semicrystalline polymer, greatly depend
on its crystal structure and morphology. In addition,
the complex melting behavior of PLLA is consider-
ably influenced by crystallization conditions.”
Recently, many fundamental studies have been car-
ried out to better understand the crystal structure
and thermal behavior of PLLA. Multiple melting
peaks have been observed in PLLA”™" especially in
fiber form.*'*'® Three main mechanisms, namely,
melt-recrystallization, dual (or multiple) lamellae
population, and dual (or multiple) crystal structure
have been suggested as the origin of multiple melt-
ing peaks of semicrystalline PLLA.”"® The melt-
recrystallization mechanism deals with melting of
the original crystals and then their recrystallization
to more perfect crystals during heating scan. The
dual (or multiple) lamellae population associates the
formation of different morphologies before the heat-
ing scan, which may also lead to the multiple melt-
ing peaks. In the case of polymorphic polymer, the
existence of two crystal forms may also lead to
the appearance of double melting peaks.'' Because
the melting peaks usually overlap in the DSC
curves, it is impossible, in some cases, to reveal the
actual melting mechanism of the polymer structure
only based on the DSC results.”

In combination with DSC, spectroscopy and dif-
fraction methods provide further evidences to eluci-
date the structure. Both WAXD patterns and FTIR
spectra have been widely applied to reveal the type
of crystal structure and conformational changes of
macromolecules during processing. FTIR spectros-
copy is highly sensitive to the chain conformation
and packing. Therefore, it is used to study the com-
plex melting behavior and crystal structure of
PLLA” via band assignments.”‘28 In general, three
crystallization-sensitive regions can be recognized in
the FTIR spectra of PLLA: The C=O stretching band
of 1860-1660 cm™!, the CH,;, CH bending, and
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C—O—<C stretching band of 1500-1000 cm ', and the
skeletal stretching and CHj; rocking band region of
970-850 cm ™ "."”"*® The investigation of these three
regions, especially the region of 970-850 cm ',
resolved the helical conformation and crystal struc-
ture of PLLA.

The crystal structure of PLLA was also investi-
gated by WAXD patterns.*>*** However, for PLLA
fibers, the powder diffraction patterns of o and f
forms were quite similar, which complicated their
identification.”” The two crystal modifications can be
easily distinguished only by WAXD fiber patterns,
where the o form shows sharp reflections and the f
form produces diffuse reflections seen as smeared
layer lines in the diffraction patterns.*

In the last decade, the morphology, thermal, and
mechanical properties along with the degradation
characteristics of PLLA fibers have been intensively
investigated. However, considerable numbers of the
contributions have been devoted to the production
and characterization of PLLA fibers and less atten-
tion has been paid to the fiber structure-property
relations. In this article, as a first part of the research
work, the structure, crystallinity, and thermal behav-
ior of two PLA multifilament yarns have been char-
acterized with three complementary techniques and
rationalized with the currently presented structural
models. In the second part, the physical and me-
chanical properties of two PLA multifilament yarns
will be described.

EXPERIMENTAL
Materials

The two PLA multifilament yarns produced by a
Taiwanese and a Japanese manufacturer were sup-
plied by a research institute. The samples were
abbreviated by T and ], and processed in amorphous
and semicrystalline states. The crystallization was
conducted at 120°C for 30 min in vacuum and
the corresponding samples were designated by Tc
and Jc. For making an amorphous sample, however,
dried PLA filaments were sandwiched between glass
plates using Teflon® spacer. Then, the sandwiched
sample was held at 210°C for 10 min to ensure com-
plete melting and then quenched in ice water.

Measurements

Thermal analyses were carried out using a TA
Instrument 2010 differential scanning calorimetry
(DSC) under nitrogen purge. For each heating rate,
the temperature and heat flow were calibrated by in-
dium. The samples (4-5 mg) were sealed in alumi-
num pans and heated from 30°C to 210°C at three
rates of 5, 10, and 20°C/min. They were held at
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Figure 1 DSC first heating curves of the T (a) and ] (b) samples at different rates.

210°C, very close to the equilibrium melting temper-
ature of PLLA,**?® for 5 min under the nitrogen
atmosphere to omit any crystal nuclei and forbid
considerable thermal degradation. The samples were
then cooled at 5, 10, and 20°C/min to 40°C and after
being held for 10 min, were reheated to 200°C at
heating rates of 5, 10, and 20°C/min. From DSC
curves, the melting and crystallization temperatures
were determined. The crystallinity (X psc)) was also
calculated by eq. (1)

Xc(psc) (%) = 100
X Z AHm(Tm) + Z AHCC(TCC)

Where AH,,(T,,) and AH.(T.) represent the en-
thalpy of fusion and crystallization at melting and
crystallization ~ temperature,  respectively, and
AH, (T,) is the heat of fusion of fully crystalline
sample at equilibrium melting temperature. For the
heat of fusion of perfect infinite crystal, AH., (T ),
different values have been introduced in the litera-
tures: 93.6 ] g% 106 ] g ',*® 135 ] g '.>* In this
research, the value of 93.6 J g ' was used in the
calculations.

Infrared spectra of the PLA samples were
recorded on a Nicolet Nexuse FTIR spectrometer.
Normal transmission mode was taken for the IR
measurements. The spectra were obtained by coadd-
ing 40 scans at a 2 cm ™' resolution. Peak-fitting pro-
cedure of a commercial software package (PeakFit®)
was used for the analysis of the overlapped spectral
bands with a Gaussian-Lorentz function. Second
derivatives of the spectra were smoothed with an
11-point Savitzky-Golay smoothing filter.

Wide angle X-ray diffraction (WAXD) patterns of
the PLA filaments were recorded on a Siemens D
5000 diffractometer equipped with a CuKa (A =
1.5405 A) source, working at 40 kV and 30 maA.
Scans were made between 5° and 40° diffraction
angles at a rate of 1°/min. Diffraction peak positions

/AH,(T,,) (1)
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was resolved by means of PeakFit® program. In this
study, a Gaussian function was chosen to analyze
the X-ray diffraction peak patterns. Apparent crystal
size D,q) was estimated from the half breadth of the
20 peak by using the Scherrer’s Equation:

K\
BcosO

D (A) = )

Where B represents full breadth at half-maximum
intensity in radian, K is a Scherrer’s constant (0.94),
0 is the Bragg’s angle, and A is the wavelength of
the X-ray.

RESULTS AND DISCUSSION
Thermal behavior

Figure 1 shows DSC first heating scans of the T and
J samples at 5, 10, and 20°C/min. The extracted ther-
mal properties (Tg, T, and T,,) of the characterized
samples at heating rate of 10°C/min are comparable
with the literature data,'*!® Table 1. The thermal
behavior of the samples also changes by the heating
rate, Figure 1. Besides the glass transition tempera-
ture (Ty) and an endothermic melting peak, an en-
thalpy relaxation was also found for the T sample
around T, along with an exothermic cold crystalliza-
tion peak.

The glass transition temperature of both samples
was located around 68°C, which is slightly higher
than the reported literature data (54-64°C) for PLLA
fibers.'*' The observed differences can be assigned
to the different molecular weight, degree of molecu-
lar orientation and crystallinity or the details of T,
measurement. The endothermic peak around T, of
the T sample is related to the molecular relaxation
or physical aging due to its nonequilibrium charac-
teristics.”* It is noteworthy that the enthalpy recov-
ery of the endothermic peak depends on the seg-
mental relaxation toward the equilibrium state
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TABLE I
Thermal Transitions, Enthalpies of Crystallization and Fusion Observed
for the Samples (Heating Rate of 10°C/min)

Code T, (°C) Tee (°C)° AH.. (J/g) Tine (°C)° Ty (°C) AH,, (J/g)
1st scan

T 68 80 19 - 167 43.3

] 67 - - - 164 48.7
2nd scan

T 61 109 324 153 169 38.0

] 60 102 20.5 152 168 40.3

@ T, indicates cold crystallization temperature.
Tme indicates melt-recrystallization temperature.

during heating process. Crystallinity is an important
factor affecting the glass transition dynamic and
enthalpy relaxation behavior through confining the
segmental mobility of amorphous phase.*’ He
et al.*! and Mano et al.*’ reported an endothermic
peak at 67°C with higher enthalpy recovery for
nearly amorphous PLLA and lower enthalpy recov-
ery around 70°C and 75°C for nonisothermal and
isothermal crystallized samples, respectively. The
increase of cooling rate enhanced the endothermic
peak intensity and the T, values of the samples at
the second scans because of the crystallinity and
morphological differences developed at various
rates. In addition, the T sample displayed a crystalli-
zation exotherm immediately after T,, whereas it
was not observed for | sample probably due to its
more isotropic amorphous structure. The morpho-
logical studies on PLLA fibers by Aou et al.** indi-
cated shrinkage and cold crystallization as two
events that may occur along with each other in the
deformed amorphous chains through the heating
process. However, nucleation-enhanced crystalliza-
tion has a major effect on the post-T, exotherm. The
observed post-T, nucleation-enhanced crystallization
revealed the deformed oriented amorphous chains
in the nearly amorphous T sample. This exothermic
peak in higher crystalline | sample appeared with
minute intensity. In fact, calorimetric studies indi-
cated two relaxed and deformed amorphous phase
in the samples.

Double endothermic melting peaks have been
observed in PLLA fibers and are attributed to the
initial melt spinning and subsequent drawing pro-
cess.**1®  Double endothermic peaks were
observed for the | sample heated at 5°C/min, Fig-
ure 1(b). The lack of exothermic peak between the
double melting peaks indicated simultaneous exis-
tence of unstable and recrystallized lamella. It
seems that in competing melting and recrystalliza-
tion of imperfect crystals, the rate of melting over-
came the rate of recrystallization. Upon increasing
the heating rate to 10°C/min and 20°C/min, the
melting peak at higher temperature appeared as a

shoulder and eventually merged into the low tem-
perature peak. However, the T sample showed a
quite different thermal behavior. It had only one
endothermic peak at various applied heating rates,
Figure 1(a). The melting temperatures of the T and
J samples did not change considerably with applied
heating rates. The observed melting temperatures
for the samples were lower than reported values
for B and o crystals of PLLA fibers.*”*> As it was
observed in the previous literature,'*'® the DSC
data of the T and | samples confirm the formation
of crystals with different sizes during the process-
ing and heating in DSC.

The enthalpy of crystallization and fusion (AHc.
and AH,,) of the T and | samples, extracted from
Figure 1, are also presented in Table I. The devel-
oped crystalline structure of the T sample via the
crystallizable oriented chains was transformed into
the crystalline regions during the heating scan. The
post-T, cold crystallization of T sample indicated
slight enthalpy (AH.) decrease and cold crystalliza-
tion temperature (T..) increase with rising the heat-
ing rate Figure 1(a). The physical process of AH,.
has been characterized by nucleation-enhanced crys-
tallization.*?> In other words, the experimental data
confirm the lower crystallinity of the T sample and
its thermal crystallization due to its deformed amor-
phous chains. Moreover, the | sample crystallized
more than the T sample during the processing and
formed small or imperfect crystals.

The nonisothermal crystallization behavior of both
samples from the equilibrium molten state (210°C)
was also studied by DSC at different cooling rates,
Figure 2. Single exothermic peak indicates crystalli-
zation via a single process. At different applied
rates, the | sample crystallized more than the T sam-
ple. In addition, crystallization temperature (T,),
heat of crystallization (AH.), and crystallinity of the
samples decreased with cooling rate increase. The
application of higher cooling rates made the exother-
mic crystallization peak broaden and finally
disappear. Cooling rate decrease also caused the
exothermic cold crystallization peak to disappear

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 DSC curves of the T (a) and | (b) samples at different cooling rates.

once during the second heating scan of the samples,
Figure 3.

The second heating scan may elucidate the struc-
tural reorganization of crystals leading to double
melting behavior. In both samples, the appearance
of double melting peaks suggests the rate of melting
overwhelmed the rate of recrystallization. The disap-
pearance of double melting peaks or appearance of
exothermic peak can be attributed to simultaneous
melting and recrystallization with higher recrystalli-
zation rate.*'! Depending on the cooling and heat-
ing rates, a weak exothermic or endothermic peak
appeared before the main endothermic melting peak
in DSC curves, Figure 3. Using cooling rate of 10°C/
min, the exothermic cold crystallization peak
appeared at about 109°C for the T and 102°C for the
J sample during heating scan, Figure 3(a,b), respec-
tively. For rapid cooling of 20°C/min, however, the
temperatures corresponding to exothermic peaks
were shifted to 120°C and 116°C for the T and |
samples, respectively, due to the low crystalline con-
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Heat Flow Exo Up
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tent of the rapidly cooled samples. In other words,
unstable and imperfect crystals formed during high
cooling rate began to reorganize during cold recrys-
tallization. Therefore, in DSC curves at high heating
rate, a broad cold crystallization peak and single
endothermic melting peak or two broad and over-
lapping peaks appeared.

Besides the effect of cooling and heating rates, the
melting and cold crystallization behavior strongly
depend on the molecular chain structure. The T sam-
ple with low crystalline content achieved in the cool-
ing scan crystallized more than the | sample with
higher melting temperature during the second heat-
ing scan. In the other words, the | sample crystal-
lized further during the melt crystallization process
and the T sample reorganized further during the
second heating scan.

It is clear that the crystallization and melting
mechanisms cannot be usually elucidated by the
extracted data from one technique. Therefore, com-
plementary techniques are required to cast a better
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Figure 3 DSC second heating curves of the T (a) and ] (b) samples at different rates.
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FTIR analysis

Figure 4 displays the FTIR spectra of the amorphous,
crystallized, and original samples studied in the pres-
ent work in the 3200-800 cm ™' region. Table II com-
pares the bands assignments collected from the litera-
ture and those bands of this research. Almost all of
the observed bands in the T and | samples corre-
sponded to the bands assigned or cited in the previ-
ous works by different investigators."”>® The differ-
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ences between wavenumbers assignments in the
literature and those bands of the samples in this study
do not exceed more than 4 cm ™" except for the bands
in C=0 stretching region that are very broad and rep-
resent the molecular conformations. It should be
stated that most of the wavenumbers assignments in
the literature were obtained from the spectra of the
PLLA films while our samples were in the filament
form. Only a few very weak bands were observed in
the crystalline samples in 2800-2000 cm ™' region that
are not mentioned in the literature. These weak bands
may appear due to the sample geometry or the small
thickness of the filaments.

IR spectra of the PLA samples signify differences
due to the crystallization. Three crystallization-sensi-
tive regions mentioned in the introduction can be
recognized for the samples prepared at different
conditions. The enlarged spectral region of 1000-800
cm ' is also plotted as the inset in Figure 4. The
spectra were normalized using the intensity of CHj
band around 1455 cm ™' and shifted vertically for
easier differentiation. This band assigned to the CHj
asymmetric deformation mode was taken as an in-
ternal standard."” The enlarged 1000-800 cm ™’
region of the spectra indicates the intensity change
of 921 ecm ! band in different samples, which is
associated with the coupling of C—C backbone
stretching with CHj; rocking mode. For the amor-
phous sample, the complete lack of 921 cm ™' band
is shown. This absorption band has been known as
the characteristic of o crystal with the distorted 10;
helix conformation.'”° In this region of the spectra

TABLE II
Wavenumbers (cm~") and Vibrational Assignments of FTIR Spectra of the Samples
in the 4000-400 cm ™" Region

(u em™1y? Assignments Refs. T (uem™) J(uem™Y)
2997 M VasCHj 17,26 2996 S 2997 S
2947 M vsCH3 17,26 2945 S 2946 S
2882 w vCH 17,26 2881 M 2881 M
1760 VS VasCH=0 17,25-28 1749 VS 1749 VS
1452 VS 8asCH3 17,26,27 1453 VS 1455 VS
1348-1384 S 3sCHj; 17,26,27 1383 VS 1385 VS
1368-1360 S 81(CH), CH wagging (bending) 17,26,27 1362 VS 1364 VS
1315-1300 M 3,(CH) 17 1301 S 1297 S
1270 S v(CH) + v(COC) 17,25,27 1263 S 1265 S
1215 VS-1185 VS Vas(COC) + 1, (CHg) 17,25,27 1212,1183 VS 1215, 1184 VS
1130 S rs(CH3) 17,25,27 1130 VS 1131 VS
1100 VS-1090 sh Vas(COC) 17,25,27 1084 VS 1089 VS
1048 S v(C—CHs;) 17,25,27 1045 VS 1045 VS
960 w—-925 w rCH; + vCC 17-21 955, 921 M 955, 921 M
875 M-860 sh vC—COO 17,21 871S 871 S
760 S-735 sh 3C=0 17 755 S 755 S
715 M-695 M yC=0 17 705 M 701 M
545 w 8,C—CH; + 8CCO 17 505 w 510 w

VS, very strong; S, strong; M, medium; w, weak; sh, shoulder; s, symmetric; as,

asymmetric.
@ Refer to Ref. 17.

Journal of Applied Polymer Science DOI 10.1002/app
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(1000-800 cm '), the most intense band is located at
871 cm ' that is assigned to vC—COO stretching
and also related to the 105 helix conformation.?! The
lack of the characteristic band at 908 or 912 cm ™’
assigned®* to the CHj rocking mode of B crystal
(31 helix), definitely reflects negligible B-crystal form
in all samples.

It has been found that during the crystallization
process the intensity of the crystallization-sensitive
band at 921 cm ™' increase, whereas the intensity of
the amorphous band at 955 cm™' decreases.”*%
Hence, it is possible to determine the quantitative
relative crystallinity of the PLLA samples by using
the ratio of the 921 cm ™' and 955 cm ™! band.*'® For
the examined samples, the amorphous and the crys-
talline bands are well-separated in the spectra and
similar changes in the T- and Jc samples are
detected. In the previous work, Meaurio et al.*
expressed the simple way to obtain crystallinity of
the PLLA samples. According to their studies, the
decrease of area of the 955 cm ™' band is synchron-
ized with the increase of area of the 921 cm ' band.
Consequently, the total crystallinity of the samples is
calculated simply from the percent area loss of the
band at 955 cm ™' via eq. (3)*:

Io—If
0

Xermr) % = x 100 3)

Where I, represents the area of 955 cm ™' band in the
completely amorphous sample and I; signifies the
measured area of crystalline sample at 955 cm .
Based on the previous studies, crystallinty of PLLA
samples strongly depends on the area changes of
921 cm ™' and 955 cm ™' band. Because of the syn-
chronized area changes of both crystallized and
amorphous bands, the total crystallinity of the sam-
ples can be also estimated by using eq. (4).

I
21 2100 (4)

X % =
TR ™ Toss + Iomn

Where loy; and Igss indicate the area of the crystal-
line and amorphous bands, respectively. The total
crystallinities of the T and ] samples obtained
through different ways are presented in Table III.
For the T sample, 921 cm ' band appeared as
smeared line in the absorption spectrum, conse-
quently measurement of the crystallinity became
indistinguishable via eq. (4). As expected, there is
reasonable agreement between results obtained from
the equations.

The differences in the crystallinities of both sam-
ples from two DSC and FTIR techniques (Table III)
are due to the facts that, these techniques detect dif-
ferent aspects of the crystalline structure that may
not be determined with the other alternatives. IR

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Crystallinity of the Samples Measured by
Different Techniques

Code Xc(DSC) (%) Xcl(FTIR) (%) Xcz(FTIR) (%)
T 26 20 -
] 52 42 56

spectroscopy is sensitive to the chain conformation
or rotational conformers in the crystalline or disor-
dered regions. It can measure the short-range order,
which can exist without the presence of long-range
order, whereas DSC is sensitive to the change in the
thermal energy that depends on the meta-stable
states of the fiber structure. It responds to three-
dimensional order of the crystalline structure and
measures the long-range order.”’* Because of the
different values obtained for the enthalpy of fusion
of the perfect crystal, different crystallinities are esti-
mated by DSC.

The carbonyl stretching region of PLLA is very
sensitive to specific interactions and/or conforma-
tional changes occurring during the crystallization
process. The band area and band height of the C=0
stretching along with the band splitting reflect the
development in crystalline content of the PLLA sam-
ples. Because of the dipole-dipole coupling interac-
tions, important spectral features attributed to the
intermolecular or mainly interamolecular interac-
tions between C=O groups have been reported in
this region.*?® In the IR spectrum of semicrystal-
line PLLA, in 1880-1620 cm ' region besides the
weak bands, the dominant band assigned to the
crystalline phase has been observed around
1760 cm™'. The second derivative spectrum of crys-
tallized PLLA has been indicated four components
at about 1749, 1759, 1767, and 1776 cm !, which are
attributed to the four possible conformers: tt, gt, tg,
and gg, respectively. Because derivative techniques
enhance the intensity of narrow bands, these four
peaks can be easily distinguished in the second
derivative spectra. The notations t and g refer to the
trans and gauche planar ester C—O and O—C,. The
gt conformer has the lowest energy and corresponds
to either a 3; or a 103 helix. The C=0O groups orient
only parallel to the helix axis (gg conformers) or per-
pendicular to it (gt, tg, and tt conformers).”>?®

Figure 5 shows the enlarged spectral region of
VasC=0 asymmetric stretching mode of the samples.
Because of the small relative intensity, splitting of
the C=0 stretching bands is difficult to observe.
Hence, in the IR spectra of the T and | filaments,
besides the weak bands that appeared as shoulder
the broad asymmetric band appeared at about
1749 cm'. Obviously, as crystallization proceeds,
important spectral changes were generated in the
carbonyl region. For the T and - samples, splitting
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Figure 5 FTIR spectra of the T, T, ], and Jc samples in
the 1880-1620 cm ™ * region.

in the C=O0 stretching region became more evident
to detect. The dominant crystalline band appeared
sharp and narrow with small-wavenumber shift to
1752 em ™. It was demonstrated that the analysis of
the initial spectra of PLLA samples is not suitable
for the explanation the spectral changes especially in
the C=0O stretching 1region.21 In this case, it seems
necessary to utilize the other conventional spectral
analysis methods such as second derivative. This
technique provides information about the conforma-
tional population.”?®

Second derivative spectrum of the T sample
showed four components at about 1715, 1743, 1782,
and 1822 cm . However, for the | sample the loca-
tion of these bands shifted to 1717, 1745, 1782, and
1825 cm ™!, respectively. It seems that the observe
bands are corresponded to the four mentioned con-
formers (tt, gt, tg, and gg) whit high-wavenumber
shifts. The evaluation of the observed bands in the
second derivative spectra indicates the different dis-
tribution of conformer in the T and ]| samples, which
is attributed to their different crystallinity. The sec-
ond derivative spectrum of amorphous PLLA sam-
ple analyzed by Meaurio et al.*” showed two broad
bands at about 1755 cm™' and 1776 cm™'. These
bands were assigned to the two dominant conformer
(gt and gg). Significant spectral differences were
observed in comparing the second derivative spec-
trum of the T and cited amorphous sample in this
region (1880-1620 cm™'). The number and relative
intensity of the splitted bands revealed the different
distribution of conformer and crystallinity of the
T sample.

The FTIR spectral of the samples in 1500-1000
cm ' region, which is highly sensitive to the crystal-
lization, are presented in Figure 6. The bands in
this region were extremely overlapped; hence, the
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second derivative was also used to determine the
band positions. The progress of crystallization has
been followed by the intensity changes or frequency
shifts of the bands in this region.”” In the pervious
studies, it has been noted that a band around
1454 cm ™' assigned to the CH; asymmetric defor-
mation shows only slight wavenumber shift and in-
tensity increase during the crystallization. Therefore,
it has been taken as an internal standard.'”*” For
the amorphous and T sample, the CH; asymmetric
deformation mode appeared at 1453 cm™~ and for
the ] sample; this band was located at 1455 cm ™.
For the amorphous and semicrystalline PLLA sam-
ples, the band related to the CH; symmetric defor-
mation mode was detected around at 1383 cm™’
and 1386 cm ' and the band associated with the
combination of 6;(CH) and 06sCH; bending
appeared at 1363 cm ' and 1368 cm ', respec-
tively.”! During the cold crystallization, small spec-
tral changes occur for these bands. For the T and |
samples, CH; symmetric deformation band
appeared at 1383 cm ' and 1385 cm ™', whereas it
shifts to 1386 cm ™' for the Tc and Jc samples. The
combination 6;(CH) and 6sCH; bending band
appeared at 1363 cm ™' and 1365 cm ™' for the T and
] samples, whereas it shifted to 1368 cm ' for the
Tc and Jc samples. The band assigned to the sym-
metric C—O—C stretching mode observed at
1212 em™ ! for T sample, shifted to 1215 cem ! for
the | sample. The band observed near 1084 cm '
and 1089 cm ™' for the T and ] samples reflect asym-
metric C—O—C stretching mode. Two other bands
appeared around 1130 cm ™' and 1045 cm™! for the
T and ] samples are assigned to the rg(CHj;) sym-
metric rocking and v(C—CH;) stretching, respec-
tively."” When comparing the results in 1500~
1000 cm ™' region with the literature results showed

Je
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Figure 6 FTIR spectra of the T, T, ], and Jc samples in
the 1500-1000 cm ' region.
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Figure 7 WAXD patterns of the T, T¢, ], and Jc samples.

that the T sample is not highly crystalline compared
with the | and crystalline T and Jc samples.

X-ray diffraction

The structure and crystallinity of the filaments were
also studied by WAXD, Figure 7. Significant differ-
ences in the WAXD patterns of the T and | samples
are observed. For the | sample, two diffraction peaks
are dominant at 20 = 16.5° and 28.7°. The intense
diffraction peak at lower 20 corresponds to the
Miller indices (200) and/or (110) and the weaker
peak at higher 20 is assigned to (300) planes.
Because of the cold crystallization process, the inten-
sity of these peaks increased for the J- sample.
Application of PeakFit® program led to recognition
of two small diffraction peaks at 14.7° and 19.2°,
which represent the (010), and (111) planes, respec-
tively. These diffraction peaks are in agreement with
the peaks reported at 15°, 16°, 18.5°, and 22.5° by
Tkada et al.* for o crystalline structure, which con-
sists of two 103 helices.”> Apparent crystal size in the
perpendicular direction to (200) planes was deter-
mined for the crystalline J, Tc, and Jc samples
according to the eq. (2). For the | and J- samples, the
crystal thickness was approximately estimated to be
equal to 115 A and 154 A, respectively. It was indi-
cated that the crystallization improved the average
crystal size in this direction.

The WAXD pattern of the T sample was similar to
the diffraction pattern of an amorphous sample. No
sharp crystalline peaks appeared and just a broad
diffraction pattern with the highest intensity at 20 =
16.6° was observed indicating the absence of signifi-
cant crystalline order. Probably due to the low crys-
tallinity, the crystalline reflections were weak and
submerged in the amorphous scattering. Upon heat-

Journal of Applied Polymer Science DOI 10.1002/app
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ing, the crystallization of the T sample led to the
change of diffraction pattern. By means of the
PeakFit®, the WAXD pattern of the Tc sample
showed some diffraction peaks at 26 = 14.9°, 16.5°,
18.9°, 22.3°, and 28.8°. Based on the literature, the
reflection at 20 = 14.9° may corresponds to (010)
planes, 26 = 16.5° corresponds to (110) and/or (200)
planes, 20 = 18.9° corresponds to (111) planes, 20 =
22.3° corresponds to (102) and/or (210) planes
and 20 = 28.8° corresponds to (300) planes.**?*
These results confirm the o crystal growth in the iso-
thermal crystallization of the T sample. For the T¢
sample, the crystal size in perpendicular direction to
the (200) planes was approximated to be equal
to 184 A.

CONCLUSIONS

The performance of PLLA fiber in textile industry
can be extended by understanding its structure-
property relations. The thermal and mechanical
properties of the fibers greatly depend on the struc-
ture and morphology. In this study, two PLA multi-
filament yarns from two different manufacturers
were characterized with regard to the thermal prop-
erties and structure based on the DSC, FTIR, and
WAXD. The FTIR results, DSC, and WAXD data
strongly indicated only o form crystal structure for
the crystalline filaments. However, two PLA multifi-
lament yarns exhibited significant differences in
their crystalline content, thermal properties, and
amorphous phase structure.

The detailed analysis of crystallization-sensitive
FTIR regions provided information about chain con-
formers and crystallinty of the filaments. The crystal-
linity of the filaments were determined from inten-
sity of the crystalline band, which are related to the
105 helix conformation and skeletal amorphous band
in the 970-850 cm™! region. The crystalline content
of the filaments, which were calculated from DSC
curves were comparable with those from FTIR and
qualitatively confirmed the WAXD results.

The recrystallization and melting of the recrystal-
lized and original crystals, led to the appearance of
double melting peaks during the heating of semi-
crystalline filament in DSC. Because of the higher
crystalline content, it did not show cold crystal
growth in comparison with low crystalline filament.
Nearly amorphous filament indicated enthalpy
relaxation around T, and post-T, nucleation-
enhanced crystallization during heating in the DSC,
which confirmed the existence of highly deformed
chains in the amorphous phase.
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