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al crimped biodegradable
poly(lactic acid) fibers prepared via melt spinning
and controlled structural reorganization
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Huiling Ma, Yang Wang, Qingying Zhang and Xiuqin Zhang *

Biodegradable three-dimensional crimped fibers were prepared by the side-by-side composite spinning of

poly(lactic acid) (PLA) and low-melting point PLA (LM-PLA). The structural variation of the PLA/LM-PLA

composite fibers during dry and wet heat treatment was explored systematically. It is shown that

crystallization and disorientation were two key factors for the formation of the three-dimensional

crimped structure of PLA/LM-PLA side-by-side composite fibers (SSCF). The wet heat-treated fiber has

better crimp performance and fluffiness, and the crimp number, crimp ratio and crimp elasticity ratio of

the treated PLA/LM-PLA SSCF with good comprehensive properties are 21 per 25 mm, 31.9% and 81.6%,

which are similar to those of industrialized PET/PTT three-dimensional crimped fibers. The results of this

study shed light on the development of novel three-dimensional crimped fibers with biodegradability.
1 Introduction

Three-dimensional crimped bers are important in commercial
textiles and clothing to imitate the properties of wool, e.g.
uffiness, cushion elasticity, and thermal insulation.1 The self-
crimping property of wool results from its unique cross-
sectional structure composed of the adhered ortho-cortex and
the para-cortex. Synthetic bers with similar crimped properties
have been developed by using two polymers with different
thermal-shrinkage, such as poly(ethylene terephthalate) (PET)/
poly(trimethylene terephthalate) (PTT), PET/poly(butylene tere-
phthalate) (PBT), PBT/polypropylene (PP), etc. Some of the
commercial crimped bers, for example, Invista's T400,2 which
is made from PET and PBT with different shrinkage, are
inherently elastic, preserve these properties during normal
maintenance and have a soer touch than those of textured
polyester bers. Zhang et al.3 prepared PET side-by-side
composite bers (SSCF) with different spun viscosities. And
the fabrics showed excellent drape property. The crimp ratio,
and crimp elastic ratio were 12% and 70%, respectively. Yang
et al.4 prepared PET/PBT side-by-side ber “T80”, which has the
advantages of excellent dyeing performance, stable shrinkage,
and high elasticity.

The design of a suitable process is critical for preparing
crimped bers. In particular, a “dumbbell” cross-section
structure of the bicomponent ber is an effective way. Luo
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–42896
et al.5 prepared three PTT/PET laments that have approxi-
mately identical monolament neness but with different
cross-sectional shapes: “dumbbell, gourd, round”. It turns out
that the dumbbell-shaped cross-section showed the best crimp
curvature and elasticity. Since the crimped structure is formed
due to the imbalance shrinkage, the parameters of the spinning
and draw-setting step decide the morphology of the bers. Oh
et al.6 studied the crimp properties in the melt-spinning and
drawing processes of SSCF of PTTs with different viscosities.
The shrinkage and birefringence difference increase with the
draw ratio, which is closely related to the crystallinity and
orientation,7 thus leading to an increase in the crimp contrac-
tion. On the other hand, “wet-treatment” by immersing bers
into water is effective for those water-absorbing bers. Xiao
et al.8 reported that water can promote themobility of molecular
chains of PET/PTT SSCF, resulting in unbalanced disorientation
of the bers and crimped architecture. It was claimed that the
crimp properties of PET/PTT SSCF treated in boiled water were
better than those treated in the oven at 100 �C. Moreover, the
compatibility between the two components is essential for
a crimped structure. For example, Zhang et al.9 observed the
splitting of the adjacent bers when choosing the incompatible
PET and PA6. However, due to the good compatibility between
PET and PTT, composite bers with crimped structure were
obtained.

Poly(lactic acid) (PLA), as one of the biodegradable materials,
has comparable strength with polypropylene, can be made into
lightweight fabrics which are comfortable,10 anti-microbial,11

and suitable for applications in clothing fabrics, etc. The
advantages included biocompatibility, biodegradability, and
biological source of PLA also endow it as an environment-
This journal is © The Royal Society of Chemistry 2020
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friendly material. However, to the best of our knowledge, there
is no report on the three-dimensional crimped PLA bers so far,
although there were many studies on PLA bers.12,13 As dis-
cussed above, the compatibility14–17 between the two polymers is
essential for composite bers. Since the best compatible
candidate to a polymer is the polymer itself. Meanwhile, using
the same polymer to prepare composite bers has additional
advantages such as recycling. Herein, two kinds of PLA that
show different melt points were chosen to test the above
concept. Side-by-side composite bers with three-dimensional
crimped architecture were successfully prepared. The mecha-
nism of the structure formation is the different crystallization
capacity and structural stability of the two PLA materials with
different stereoregularity. The prepared bers have promising
potentials in high-end fabrics.
2 Experimental
2.1 Materials

PLA 190 (optical purity ¼ 99.7%, Mw ¼ 11 kg mol�1, Tg ¼
60.9 �C, Tm¼ 173.5 �C) and LM-PLA 101 (optical purity¼ 88.8%,
Mw ¼ 8 kg mol�1, Tg ¼ 63.1 �C, Tm ¼ 142.0 �C) was purchased
from Zhejiang Haizheng Biomaterial Co. Ltd.
2.2 Preparation of PLA plates

The PLA pellets were dried at 80 �C in a vacuum oven (Binder,
Germany) for 12 h. 0.3 mm thick plates of PLA were prepared by
hot-pressing with the molding pressure of 4 MPa at 200 �C for
3 min. Subsequently, the samples were cooled down quickly to
room temperature, then were cut into dumbbell-shaped with
40 mm in length, 2 mm in width, and 0.3 mm in thickness by
using a cutting machine (RR/PCP, Ray-Ran, UK).

The draw-setting process was carried out on a Linkam TST
350 stretching hot stage (Linkam Scientic Instruments, Ltd.,
UK). The samples were stretched to a strain of 150% with
a speed of 50 mm s�1 at 75 �C, and annealed at different
temperatures. The codes of PLA plates under different stretch-
ing conditions are shown in Table 1.
2.3 Preparation of bers

Equivalent amounts of PLA and LM-PLA were extruded from
a spinneret with 24 holes of 0.3 mm diameter at a throughput
Table 1 Codes of PLA plates

Samples Stretching condition

PLA Strain: 150%; temperature: 75 �C; speed: 50 mm

LM-PLA

This journal is © The Royal Society of Chemistry 2020
rate of 18 ml min�1 with a compound spinning machine made
by Dalian Synthetic Fiber Research Institute. PLA/LM-PLA side-
by-side composite bers (PLA/LM-PLA SSCF) were collected at
a take-up speed of 2000 m min�1. The processing temperatures
in each zone of LM-PLA were set at 135 �C (Zone 1), 190 �C (Zone
2), 205 �C (Zone 3), 203 �C (Zone 4), 215 �C (ange) and 220 �C
(spinneret) from feed zone to the spinneret. The temperatures
in each zone of PLA were set at 160 �C (Zone 1), 205 �C (Zone 2),
200 �C (Zone 3), 210 �C (Zone 4), 215 �C (ange) and 220 �C
(spinneret) from feed zone to the spinneret. Then the bers
were further heated and drawn on draing machine (Tongfeng,
China). The dra ratio is 1.5, temperature of roller 1, roller 2
and heat-set were 70 �C, 75 �C and 120 �C, respectively. The
neness of single PLA/LM-PLA SSCF is 0.4 mm and the strength
and elongation at break was 3.01 cN per dtex and 15.1%.
2.4 Measurement and characterization

2.4.1 DSC measurements. The thermal properties of PLA
and LM-PLA were characterized by DSC with a TA Q2000 (TA
Instrument, USA) under the nitrogen atmosphere. The instru-
ment was calibrated with indium before measurements. The
weight of each sample was 5–10 mg. The samples were heated–
cooled–reheated with a rate of 10 �C min�1 within the region of
30–210 �C. The crystallinity degree (Xc) of samples was estimate
according to the following equation:

Xc ¼ DHm � DHcc

DH0
m

� 100% (1)

where DHm and DHcc are fusion enthalpy and cold crystalliza-
tion enthalpy calculated by DSC, DH0

m was the fusion enthalpy
of the completely crystalline PLLA. Here, the value of DH0

m of
PLLA was 93 J g�1.18

2.4.2 Morphological analysis. The morphology of the bers
were characterized using a JSM-7500F scanning electron
microscope (SEM) (JEOL, Japan). The instrument was operated
with an accelerating voltage of 8 kV and a current of 10 mA. The
samples were coated with a thin layer of gold.

2.4.3 Sonic velocity orientation analysis. The chain orien-
tation was measured on a SCY-III sonic velocity orientation
meter (School of Materials, Donghua University, China). The
orientation factor can be estimated by the formula:
Annealing temperature
(�C) Code

s�1 60 75-60-1
70 75-70-1
80 75-80-1
90 75-90-1
60 75-60-2
70 75-70-2
80 75-80-2
90 75-90-2

RSC Adv., 2020, 10, 42890–42896 | 42891
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Fig. 1 (a) DSC cooling curves and (b) the second heating curves of PLA
and LM-PLA samples.
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a ¼ 1� Cu
2

C2
(2)

where a is orientation factor of ber, C and Cu is the speed of
sound waves in oriented and random orientation bers,
respectively.

2.4.4 X-ray diffraction (XRD) measurements. The crystal-
line structure and degree of crystallinity were measured by X-ray
diffractometer (Bruker AXS D8). The wavelength of the radiation
was 0.154 nm. The two-dimensional wide-angle X-ray scattering
(2D WAXS) patterns were collected by the two-dimensional
detector VANTEG-500. The exposure time was 60 s and the
sample-to-detector distance was 85.6 mm. 2D patterns were
converted into 1D scattering proles along the angle 0–360�.
The relative fraction of different phases was calculated accord-
ing to:

Xc ¼ Ic

Ic þ Iamor

(3)

where Ic and Iamor stand for the integral intensities of the peaks
of the crystals and amorphous phase, respectively.

The orientation factor of the (110)/(200) crystal plane is
calculated according to the Hermans' formula,19 where F is the
angle between the normal direction of the crystal plane and the
ber axis.

�
cos2 F

� ¼
Ð
p

2
0 IðFÞcos2 F sin FdF

Ð
p

2
0 IðFÞsin FdF

(4)

fð110Þ=ð200Þ ¼ 3ðhcos2 FiÞ � 1

2
(5)

2.4.5 Tensile test. PLA bers were tested on a QX-2 mono-
lament strength meter (Shanghai Lipu, Ltd., Shanghai) with
clamping distance of 10 mm and drawing speed of 50
mm min�1. 10 parallel measurements were carried out. The
average value was recorded.

2.4.6 Crimp property analysis. The crimp feature was per-
formed according to GB/T 14338-2008, the pre-tension of light
and heavy is 0.008 cN and 0.3 cN, respectively. A section of heat-
treated SSCF was selected for testing randomly.

Measure the length of single lament L0 under the action of
light load of 0.008 cN for 30 s, aer the light load and replaced
by the heavy load of 0.3 cN, the length was measured and
recorded as L1, then removing the heavy load for 2 min, the
length L2 of the ber was measured under light load of 0.008 cN.

(1) Crimp ratio (J): it refers to the degree of crimp, which is
related to the number and wave depth of crimp structure.

J ð%Þ ¼ L1 � L0

L1

� 100% (6)

where L0 and L1 were the length (mm) of the ber measured
under light load (0.008 cN) and heavy load (0.3 cN)
respectively.
42892 | RSC Adv., 2020, 10, 42890–42896
(2) Crimp elastic ratio (Jd): large crimp elastic ratio indicates
good crimp stability of elastic yarn, and the formula was as
follows:

Jd ð%Þ ¼ L1 � L2

L1 � L0

� 100% (7)

(3) Crimp number (Jn): the crimp number of single ber
within 25 mm, which affects the friction and cohesion between
bers. The calculation formula was as follows:

Jn ðnÞ ¼ LA

L� 2
� 25 (8)

where L (mm) was the length of measured ber; LA refers to the
total number of crimp peaks and valleys in the length L of the
single ber.
3 Results and discussion
3.1 Thermal properties

The DSC curves of PLA and LM-PLA are shown in Fig. 1. During
cooling, the absence of crystallization peak indicates poor melt-
crystallization ability of both PLA and LM-PLA. However, the
second heating curves show clear cold-crystallization and
subsequent melting behavior in PLA, suggesting that PLA has
better cold-crystallization ability than that of LM-PLA (Fig. 1(b)).
The glass transition temperatures (Tg) of PLA and LM-PLA are
60.1 �C and 63.1 �C in the second heating, respectively.

To understand how the samples behave under deformation,
the PLA and LM-PLA were further studied by DSC aer
a stretching treatment. First, the specimens were stretched to
Fig. 2 The first heating curves of PLA and LM-PLA after tensile-heat
treatment: (a) PLA samples, (b) LM-PLA samples.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The crystallinity of PLA and LM-PLA specimens prepared by
stretching and subsequently heat treatment at different annealing
temperatures.

Fig. 5 The first heating curve of DSC and 2D WAXS of PLA/LM-PLA
SSCF, the fibers were aligned vertically.
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150% at 75 �C and then annealed at various temperatures as
indicated in Fig. 2. PLA shows a melting peak at 172 �C and the
crystallinity is about 53%, assuming themelting enthalpy of 93 J
g�1 for 100% crystalline PLA.18 No signicant difference in
crystallinity is observed for different annealing temperatures.
On the other hand, the LM-PLA is sensitive to annealing
temperature. The 75-60-2 sample exhibits an obvious endo-
thermic peak around the glass transition temperature (Tg)
indicating local order structure was formed during the
stretching process and the subsequent heat treatment.20,21 A
cold crystallization peak appears at 89 �C. The total crystallinity
of PLA and LM-PLA specimens prepared by stretching and
subsequently annealing were plotted in Fig. 3. Obviously, PLA
shows better crystallization capacity than that of LM-PLA. The
different crystallization behavior between PLA and LM-PLA with
annealing provides the structural basis for preparing crimped
bers because the shrinkage of the two components would be
different.
3.2 Morphologies of PLA/LM-PLA SSCF

PLA/LM-PLA side-by-side composite bers were prepared under
conditions as described in the Experimental section. The bers
show uniform “dumbbell” morphology as shown in Fig. 4(a).
The diameter of the ber is 0.4 mm. Fig. 4(b) shows the side
view of the surface of the ber, where we can see good adhesion
between the PLA ber and LM-PLA ber. This is a advantage of
using the both PLAs to ensure good compatibility.

We are interested in the structure of the bers. Fig. 5 shows
the rst heating curve of DSC and 2D WAXS pattern of PLA/LM-
Fig. 4 Photos of PLA/LM-PLA SSCF: (a) fiber cross-section, (b) SEM of
the surface of the fiber.

This journal is © The Royal Society of Chemistry 2020
PLA SSCF. Two endothermic peaks at 145.3 �C and 172.0 �C are
observed which can be assigned to the melting peaks of LM-PLA
and PLA, respectively. No obvious cold crystallization
phenomenon was observed. The crystallinity of LM-PLA and
PLA components were 26.9% and 55.8%, respectively. The
difference in crystallinity between the two components in SSCF,
will result in unbalanced shrinkage during subsequent heat
treatment, which is the origin of three-dimensional crimped
structure.
3.3 Effect of heat treatment

3.3.1 Dry heat treatment. To test the effect of thermal
treatment on the unbalanced shrinkage of the compound
bers, the PLA/LM-PLA SSCF were placed in the oven at
different temperatures (90 �C, 95 �C, 100 �C, 105 �C, 110 �C) for
30 min without tension. Interestingly, we found that three-
dimensional crimped bers were obtained aer the treatment.
The morphologies and the crimp properties were shown in
Fig. 6 and Table 2 respectively. Among all the tested samples,
the specimens annealed at 90 �C and 95 �C show uniform three-
dimensional crimped structures, while increased shrinkage and
decreased crimp radius were observed at a higher temperature.
This may be due to the amorphous soening differences
between LM-PLA and PLA.

The crimp properties of dry heat-treated PLA/LM-PLA SSCF
are shown in Table 2. At 90 �C, the crimp number, crimp ratio,
and crimp elasticity ratio are 20 per 25 mm, 29.9%, and 80.0%,
respectively. With increasing dry heat-treatment temperature,
no obvious changes in the crimp number of PLA/LM-PLA SSCF
can be seen, and the crimp ratio decreased slightly. When the
dry heat-treatment temperature increases to 105 �C and 110 �C,
the PLA/LM-PLA SSCF stick together because of the viscus ow
of the amorphous phase. Therefore, the crimp properties
cannot be measured. It is reported that the crimp number,
crimp ratio and crimp elasticity ratio of wool were 21 per 25
mm, 7.9% and 90.9%, respectively,22 and the crimp number,
crimp ratio and crimp elasticity ratio of PET/PTT SSCF were 20
per 25 mm, 20%, and 88%.23 The above results showed that the
three-dimensional crimped properties of PLA/LM-PLA SSCF
were close to the performance of wool and PET/PTT SSCF.

Fig. 7 reveals the effect of dry heat-treatment on the
mechanical properties of PLA/LM-PLA SSCF. The strength of
RSC Adv., 2020, 10, 42890–42896 | 42893
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Table 2 Crimp properties of dry and wet heat-treated PLA/LM-PLA SSCF

Methods
Temperature
(�C)

Crimp number
(Jn/25 mm)

Crimp ratio
(J/%)

Crimp elastic
ratio (Jd/%)

Dry heat treatment 90 20 29.9 80.0
95 20 29.6 82.6
100 20 26.2 81.6

Wet heat treatment 60 17 27.5 80.6
65 21 31.9 81.6
70 22 25.5 84.2
75 22 16.1 84.1

Fig. 6 The photos of PLA/LM-PLA SSCF treated by dry heat-treatment
at different temperatures, (a–f) digital camera, (a0–f0) optical micro-
scope, and (a00–f00) SEM.
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PLA/LM-PLA SSCF is 3.01 cN per dtex. When the dry heated
temperature was 90 �C, the strength increased slightly to 3.32
cN per dtex. Further increasing the dry heat-treatment
temperature to 100 �C, the strength remained unchanged.
According to the above experimental results, the best dry heat-
treatment temperature was 90 �C. It is reported that the
strength of PET/PTT SSCF was about 2.5 cN per dtex,24 which is
Fig. 7 Effect of dry heat-treatment on the mechanical properties of
PLA/LM-PLA SSCF.

42894 | RSC Adv., 2020, 10, 42890–42896
lower than that of dry heat-treated PLA/LM-PLA SSCF, showing
the better mechanical properties.

3.3.2 Wet heat-treatment. Wet heat-treatment is one of the
common methods to obtain the three-dimensional crimped
structure. In the treating process, water molecules could enhance
the chain mobility, thus the potential shrinkage properties could
be fully exerted. The obtained wet heat-treated three-dimensional
crimped bers have better crimp performance25 and uffiness.

The PLA/LM-PLA SSCF were treated without tension in
a water bath at different temperatures (60 �C, 65 �C, 70 �C,
75 �C, 80 �C) for 30 min, the effect of wet heat-treatment
temperature on the three-dimensional crimped structure of
the SSCF was investigated, and the results are shown in Fig. 8.
When treated at 60 �C and 65 �C, PLA/LM-PLA SSCF obtained
a uniform three-dimensional crimped structure, which had
good uffy property comparing with dry heat treatment at 90 �C.
According to Table 2, the crimp number, crimp ratio, and crimp
elasticity ratio of PLA/LM-PLA SSCF treated at 60 �C were 17 per
25 mm, 27.5% and 80.6%, respectively. When wet heat-
treatment temperature increasing to 65 �C, the crimp
number, crimp ratio and crimp elasticity ratio of PLA/LM-PLA
Fig. 8 The photos of PLA/LM-PLA SSCF treated by water different
temperatures, (a–f) digital photo, (a0–f0) optical microscope and (a00–f00)
SEM.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Effect of wet heat-treatment on the mechanical properties of
PLA/LM-PLA SSCF.

Fig. 10 2DWAXS of heat-treated PLA/LM-PLA SSCF under (a) dry heat
treatment and (b) wet heat treatment, the fibers were aligned vertically.
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SSCF were 21 per 25 mm, 31.9% and 81.6%, the crimp perfor-
mance was signicantly improved. Further increasing wet heat-
treatment temperature to 70–80 �C, PLA/LM-PLA side-by-side
composite ber shrinks sharply, the crimp radius and the
uffiness decreases gradually (Fig. 8(d0–f0)).

Fig. 9 showed the effect of wet heat-treatment temperature
on the mechanical properties of PLA/LM-PLA SSCF. It can be
seen that the strength of PLA/LM-PLA SSCF treated at 60–75 �C
was 3.12 cN per dtex. Compared with the PLA/LM-PLA SSCF
with dry heat-treatment at 90 �C, the bers with wet heat-
treatment at 65 �C exhibited better crimping properties and
bulkiness. Therefore, the optimal wet-heated temperature for
PLA/LM-PLA SSCF was 65 �C.
Fig. 11 Relation curves of orientation factor of PLA/LM-PLA SSCF
measured by sonic velocity orientation meter: (a) dry heat treatment,
(b) wet heat treatment.
3.4 Crimped mechanism

The crimped mechanism of SSCF is mainly based on different
shrinkage of the two components, which result from structural
Table 3 Crystal information of PLA/LM-PLA SSCF treated under differen

Methods Temperature (�C)

Untreated Room temperature (30
�C)

Wet heat treatment 60
65
70
75

Dry heat treatment 90
95
100

This journal is © The Royal Society of Chemistry 2020
factors such as crystallization and orientation in semi-
crystalline polymers.26–28 Here, the degree of crystallinity and
orientation was measured by WAXS and sonic velocity.

As shown in Fig. 10 and Table 3, when the bers were dry
heat-treated without tension at 90 �C, the length of the
diffraction arc increases, and the degree of orientation of (110)/
(200) plane decreased from �0.40 to �0.30. The crystallinity of
a crystals increased from 27.1% to 30.8%. It indicated that there
were some low orientated crystals formed in dry heat-treated
bers. Simultaneously, the orientation factor of the ber
decreased from 0.54 to 0.31 (Fig. 11(a)). In the process of heat-
treatment without tension at 90 �C, the chains in the amor-
phous region of PLA and LM-PLA could move, disorientate, and
part of folding chains formed a crystals. The difference of
shrinkage property for two components was the key factor for
the formation of a uniform three-dimensional crimped struc-
ture of the PLA/LM-PLA SSCF,29,30 which were mediated by the
movement ability and crystallization of chains. As shown in
Table 3, when heat-treatment temperature further increased
from 95 �C to 100 �C, the crystallinity of bers further increases
from 33.4% to 39.6% and the orientation factor of the ber
further decreased from 0.24 to 0.20 (Fig. 11(a)). An increase of
shrinkage degree caused by crystallization and disorientation
resulted in the formation of three-dimensional crimped struc-
ture with low crimp radius (Fig. 6).

As shown in Fig. 10(b) and 11(b), with increasing the wet
heat-treatment temperature, the crystallinity in the PLA/LM-PLA
SSCF was nearly unchanged, while the orientation factor of PLA/
LM-PLA SSCF decreased remarkably. When performed at 60 �C,
the degree of orientation decreased from 0.53 to 0.43. With the
t conditions

Crystallinity
(%) f(110)/(200)a

27.1 �0.40

27.8 �0.34
27.2 �0.35
28.1 �0.34
28.5 �0.35
30.8 �0.30
33.4 �0.22
39.6 �0.24
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wet heat-treatment temperature up to 65–75 �C, the orientation
factor decreased to 0.3. During the wet heat treatment, hot air
and water molecules inuenced the motion of the molecular
chains in the amorphous region, resulting in more disorienta-
tion of wet heat-treated SSCF. Thus, the PLA/LM-PLA SSCF
formed three-dimensional crimped structures.

Based on above results, when bers were heat treated without
tension, the PLA and LM-PLA components have different shrinkage
ratio. Due to the good compatibility between the PLA and LM-PLA,
the PLA ber and LM-PLA ber attaches rmly. Therefore, stress is
generated at the boundary of PLA and LM-PLA during the heat-
treatment. The entire ber spontaneously bent and twisted to
form three-dimensional crimped structure to release the stress.
This is expected to be a general reason for the crimped architecture.

4 Conclusions

In this work, biodegradable PLA/LM-PLA SSCF were prepared by
melt composite spinning, the effects of dry and wet heat treat-
ment on the structure and properties of PLA/LM-PLA SSCF were
investigated systematically. It was observed that the crystalli-
zation ability of LM-PLA was much weaker than that of PLA
under the same crystallization conditions, which is the key
factor that affects the formation of the three-dimensional
crimped structure of bers during heat treatment. The best
dry heat treatment temperature is 90 �C, the crimp number,
crimp ratio, and crimp elasticity ratio of PLA/LM-PLA is 20 per
25 mm, 29.9%, and 80.0%, respectively. In the wet heat treat-
ment, the motion of LM-PLA chains in the amorphous region
caused by hot air and water molecules promoted the formation
of the three-dimensional crimped structure. Finally, the best
wet heat-treatment temperature is 65 �C, and the crimp
number, crimp ratio, and crimp elasticity ratio of PLA/LM-PLA
SSCF is 21 per 25 mm, 31.9% and 81.6%, respectively. More-
over, the wet heat-treated PLA/LM-PLA SSCF obtained better
uffy properties. The dry/wet heat treatment maintains the
mechanical properties of PLA/LM-PLA SSCF. The performance
of the three-dimensional crimped PLA/LM-PLA SSCF is
comparable to that of industrialized three-dimensional crim-
ped PET/PTT SSCF, which will expand its application eld.
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