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We study the coaxial spinning of poly(lactic acid) (PLA) with polypropylene (PP) in a core/sheath
configuration. PPcore/PLAsheath and PLAcore/PPsheath fibers maintain the high breaking strength that PP and
PLA exhibit individually, showing marked improvement in strength over previous reports of PP/PLA
blend fibers. Crystalline morphologies are greatly affected by the location within the fiber (i.e., core,
sheath, or spun individually), and hence, co-spinning provides a route to tailor the morphology and fiber
diameter beyond that available with single component fibers. A new approach to estimate molecular
orientation of core sheath fibers based on the tensile response of the fiber is developed, and indicates
that co-spinning PP with PLA results in a synergistic effect with increases in the molecular orientation
above that which is possible with spinning either PP or PLA individually.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer composites are increasingly important for structural
building [1e4], electronic [5e7] and biomedical materials [8,9]. An
ideal composite is one that benefits from a net increase in the
performance of the material derived from the desirable character-
istics of the constituent polymers and interactions between them,
with suppression of unfavorable traits of each constituent. The
mechanical behavior of semicrystalline polymers is strongly
dependent on crystallinity and microstructure, which are deter-
mined by the thermomechanical history. However, co-processing
two (or more) polymers provides additional challenges in
controlling and predicting the material behavior. To create a poly-
merepolymer composite, the materials must be compatible in
terms of the conditions at which they can be processed as well as
the conditions at which each exhibits its desired property (e.g.,
toughness, conductivity, optical), as well as strong consideration of
interfacial compatibility.

With recent focus on environmental awareness, much consid-
eration has been given to polymer composites that include all or
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some fraction of materials that can be produced from sustainable
resources such as bamboo [10], cotton [11], hemp [12], jute [13],
kenaf [14], linseed and caster oil [15] and poly(lactic acid) [13,16,17].
Polymers of lactic acid or lactide monomer (PLA), which can be
produced from agricultural rather than petroleum raw materials,
are particularly interesting for biomedical, packaging, and dispos-
able applications. PLAs are biodegradable and biocompatible and
may solve some solid waste disposal problems. Manufacturing PLA
consumes up to 65% less fossil fuel and produces up to 80e90% less
greenhouse gas emissions relative to petroleum-based polymers
[18] and are currently in use for sutures and other medical devices
and increasingly in food packaging in Japan, the US, and Europe
[19]. Yet, despite high tensile strength and the potential environ-
mental advantages (outlined above), PLA has found limited use due
to its brittleness and low ductility [20], poor gas barrier properties
[21] and hydrolysis at temperatures suitable for melt processing,
dyeing, or laundering [22e24].

Unlike PLA, polypropylene (PP) is not biodegradable or
biocompatible, but possesses superior mechanical strength, abra-
sion resistance, resistance to chemical or biological agents, and
benefits from being a ubiquitous and inexpensive leader in
numerous polymer applications including woven and nonwoven
fibers, extrusion molding, and packaging. Excellent quality extru-
dates such as fibers, films, and molded parts may be produced from
PP alone, though the lack of reactive sites and low surface energy
has lead to a number of creative methods to increase PP
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functionality. Additives may impart antimicrobial activity [25e27].
Some recent post-spinning treatments to PP fibers such as plasma
exposure [28,29], chemical modification [28,30e32], or metal or
metal oxide deposition [33,34] have been applied to increase the
reactivity, conductivity, abrasion resistance, or wettability of the
surface though possible drawbacks to these approaches include
changes in morphology, loss of polymer mechanical strength, and
increase in web permeability when additives are included [35,36]
and high processing temperatures, high cost, and/or low effi-
ciency [28] for many of the post-spinning treatments.

In this work we focus on composite PLA e PP fibers produced by
co-extrusion with the ultimate goal of improving the mechanical
properties over that of PP-PLA blends, providing a better under-
standing the effect of co-extrusion on the morphology of each
polymer, and ultimately insight into the design of other polymer
composite structures. We use fibers as our system of study because
of their preponderance in composite applications. In addition, the
ability to examine the role of core versus sheath materials would
provide insight in multilayered fibrous systems, which a study of
a bilayered planar composite system would fail to achieve.
Bicomponent fibers are widely used in nonwoven fiber materials
where the sheath has a lower melting point to promote bonding
[37,38] while the higher Tm core component experiences less
thermal exposure and morphological modifications during
bonding. Beyond the expressed advantages of PP and PLA already
discussed, both polymers melt and can be processed within the
same range of temperatures (Tmelt ¼ 155e165 �C,
Tprocess ¼ 200e230 �C), which is markedly lower than that for other
common fiber forming polymers such as nylon-6 or poly(ethylene
terephthalate). There are a number of reports of bicomponent
spinning and bicomponent PP-PLA fibers have recently been
commercialized [39], but to our knowledge, no reports in the open
literature describe the melt spinning process for core/sheath
bicomponent PLA with PP fibers nor the effect of spinning param-
eters on morphology of such fibers.1 While blending PLA with PP
lead to decreased fiber strength relative to either polymer spun
individually due to poor interfacial compatibility [40,41], we
believe that greatly reducing interfacial contact area in core-sheath
configuration, where each polymer is continuous along the length
of the fiber, will maintain the mechanics of the stronger compo-
nent. Further, co-spinning a sheath of PLA on PP provides routes to
surface-functionalize PP [36e38,41e43] fibers for biological and
filtration applications, while encapsulating PLA within a sheath of
PP can provide for resistance to solvent or biological degradation.

2. Experimental

2.1. Materials and fiber spinning

Isotactic polypropylene and poly(lactic acid) were provided by
Sunoco Chemicals Polymers Division, Pittsburg, PA (product
CP360H) and NatureWorks� LLC, Minnetonka, MN (product PLA
1 Liu, Y.; Tovia, F.; Pierce, J. Textile Research Journal 2009 79, 566e573 describes
the consumer acceptance of scented scarves knitted from melt-spun PP/PLA
bicomponent fibers. However due to “a confidentiality agreement with Fiber
Innovation Technology of Johnson City, Tennessee”, melt spinning temperatures,
mass flow rate, velocity, or other details of the fiber formation or characterization
were not addressed. US patent 2011/0028062 describes core-sheath fibers manu-
factured into nonwoven materials with PLA and the majority component of the core
and a polyolefin such as PP as the majority component of the sheath of fibers. The
emphasis of the patent is creating biodegradable nonwovens of polyolefin sheath-
PLA core fibers. No mention is given on the spinning conditions (temperatures,
mass flow rate, velocity, or other details of the fiber formation or characterization).
Degradation and tensile properties are reported for nonwovens but not for indi-
vidual fibers.
polymer 6202D, 98% L-lactide), respectively. Polymer viscosities
are listed in Table 1. Single and bicomponent fibers were spun at
the Nonwovens Cooperative Research Center (NCRC) Partners’
Pilot Spunbond line located at North Carolina State University
(NCSU) over a range of aspirator pressures.2 Confluence of the
molten PLA and PP occurred in the spin pack. Below the spin
pack, the filaments were directed through the quench zone to
the attenuation zone, where the aspirator pressure controlled
the air velocity surrounding the fibers and effectively the fiber
spinning velocity. Fibers were collected following extrusion but
without being bonded into a web so that the as-spun
morphology could be studied. All fibers were spun with a total
mass throughput of 0.4 g$hole�1 min�1. Fibers collected for each
core/sheath configuration without the use of aspirator pressure
are referred to as “freefall” fibers with an approximate spinning
velocity of 20 m$min�1. Fiber diameters (D) (n z 20) are used to
calculate the velocity at the point where fibers solidified
according to

V ¼ Q
rAc

(1)

which is reported as the “spinning velocity” V. In Eq. (1), Q is
the polymer throughput per spinneret hole (g min�1), r is the
fiber density (g m�3), and Ac is the cross sectional area of the
fiber (m2).

2.2. Wide angle X-ray diffraction

Wide angle X-ray diffraction (WAXD) studies were conducted
with a CuKa radiation source (l ¼ 1.542 Å) at 40 kV � 30 mA for
1800s on a Bruker D-5000 diffractometer (Madison, WI) equipped
with a Highstar area detector. Diffraction patterns were analyzed
with Bruker General Area Detector Diffraction System (GADDS)
software. Fibers were aligned and placed in the apparatus oriented
vertically, with the plane of the fibers perpendicular to the x-ray
beam. In transmission mode, the intensity was recorded for 2q in
the range of 10� to 32�. Scans taken with an empty sample holder
served as a background for subtraction.

2.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using
a TA Instruments Q2000 model differential scanning calorimeter.
Scans were carried out on 6e12 mg samples in standard aluminum
pans calibrated to an indium standard. Heating rates, unless
otherwise specified, were 10 �C$min�1 under 50 mL$min�1 N2
purge.

2.4. Mechanical testing

Mechanical testing of fibers was conducted on an Instron model
5544 (Norwood, MA) fitted with 0.9 cm clamps and a 5 N load cell
at ambient conditions and analyzed with Bluehill v. 2 software.
Single filaments with a gage length of 28.6 mm were drawn at
a crosshead speed of 25.4 mm/min. For calculating true stress,
a constant volume cylinder is assumed.
2 Spunbonding is a method of producing nonwovens by depositing extruded,
spun filaments onto a collection belt. Filaments are randomized onto the collection
belt by air jets, which create a web that is subsequently bonded using heated rolls.
In this study, melt-spun and spunbond processes differ in the method of controlling
fiber take-up velocity: melt-spun fibers utilize a winder while spunbonding
employs air jets to draw fibers. Using air jets in spunbonding has the consequence
of changing the cooling rate of the molten polymer.



Table 1
Physical properties of fiber forming polymers.

Resin Polypropylene Poly(lactic acid)

Manufacturer Sunoco Natureworks
Product CP360H 6202D
Melt Flow Rate (dg min�1) 35a 15e30a

Zero shear viscosity (Pa s) at 180 �C 967b 500b

MWw (Da) 178,000a 97,000c

a Reported by manufacturer.
b Measured by authors.
c Correlated to zero-shear viscosity according to Ref. [44].
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2.5. Focused ion beam (FIB) and scanning electronmicroscopy (SEM)

An FEI Quanta 200 3D DualBeam FIB system (FEI Company,
Hillsboro, OR) equipped with a 30 kV Gaþ focused ion beam
column and a scanning electron column was used for all FIB cross
sectioning and imaging at various beam currents. Prior to FIB
nanomachining, all fibers were coated with approximately 100 nm
of gold-palladium using a Denton Desk II (Denton Vacuum,
Moorestown, NJ) sputter coater to protect the surface of the fiber
from undesired and uncontrollable Gaþ ion beam damage prior to
a FIB induced platinum (Pt) protective layer deposition at the
desired specific cross section site. Further details of FIB procedure
applied to bicomponent fiber characterization are available else-
where [45].

2.6. Optical Microscopy

The refractive indices of polypropylene fibers were measured by
a Mach-Zehnder type interference microscope by Aus Jena with
polarized green light (l ¼ 546 nm). Fiber birefringence (Dn) was
calculated from refractive indices (n) in the directions parallel and
normal to the fiber axis.
Fig. 1. PP/PLA bicomponent fibers cross sectioned and imaged with FIB. (A) PLAcore/PPsheath
(C) 50:50, and (D) 90:10. Fibers were all collected at an aspirator pressure of 25 psi.
nkort ¼ no þ Z$l
D$B

(2)

Dn ¼ nk � nt (3)

Here, Z is the width of fringes, B is the fringe shift, and no is the
refractive index of the immersion oil.
3. Results and discussion

3.1. Fiber spinning

PLA/PP bicomponent fibers were spun with varying mass ratios
of PLA:PP approximately equal to 10:90, 50:50, and 85:15. Fibers
were fully solidified at the collector distance of 1.3 m. The focused
ion beam induced secondary electron (ISE) images of the cross
sections of representative bicomponent fibers are illustrated in
Fig. 1. These micrographs are taken with a Gaþ FIB beam current of
approximately 5 pA. The cross sections are viewed at w52� with
respect to the cross section plane normal. With a pixel resolution of
approximately 20 nm in these micrographs, the interfaces between
PLA and PP appear smooth with no resolvable defects. PLAwas able
to form a continuous sheath even at the lowest ratio of 10 wt%,
which suggests that PLA can be used as a thin coating on PP fibers to
increase surface functionality in a low-cost, continues process. The
well-defined interface indicates that the polymers do not experi-
ence any significant interpenetration during the time scale of
solidification as anticipated due to the immiscibility of the system.
3.2. Fiber morphology

Representative WAXD traces for PP and PLA are shown in Fig. 2.
Peaks at approximately 14.2, 17.1, 18.7, and 21.7� identify the
with PLA:PP mass ratio of 50:50. PPcore/PLAsheath with PP:PLA mass ratios of (B) 15:85,
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Table 2
Polymer morphology and spinning velocity with changing core/sheath polymer and
aspirator pressure for 50 wt% core/50 wt% sheath fibers. “Trace” indicates that there
are only trace amounts of the crystalline material present by XRD. The highest
aspirator pressure for each configuration indicates the maximum pressure at which
good quality fibers could be obtained.

Core/Sheath
Polymer

Aspirator
Pressure
(PSI)

Spinning
Velocity
(m/min)

Crystalline Morphologya

PP PLA

1 PP/PP 0 15 crystalline e

2 PP/PP 8 1570 crystalline,
mesomorphic

e

3 PP/PP 10 2010 crystalline e

4 PP/PP 15 2120 crystalline e

5 PP/PP 18 2280 crystalline e

6 PP/PP 25 2560 crystalline e

7 PLA/PP 0 21 crystalline
8 PLA/PP 15 2370 mesomorphic
9 PLA/PP 20 2670 mesomorphic
10 PLA/PP 25 2820 crystalline crystalline
11 PLA/PP 30 3180 crystalline crystalline
12 PLA/PP 35 3210 crystalline crystalline

13 PP/PLA 0 35 crystalline,
mesomorphic

14 PP/PLA 5 821 crystalline,
mesomorphic

15 PP/PLA 10 1970 mesomorphic
16 PP/PLA 15 2850 crystalline
17 PP/PLA 20 3200 mesomorphic crystalline
18 PP/PLA 25 3510 trace crystalline,

mesomorphic
crystalline

19 PP/PLA 30 4260 mesomorphic crystalline
20 PP/PLA 35 5260 crystalline
21 PP/PLA 40 4830 trace crystalline,

mesomorphic

22 PLA/PLA 0 56 e

23 PLA/PLA 5 762 e

24 PLA/PLA 10 1910 e

25 PLA/PLA 15 2300 e

26 PLA/PLA 20 2270 e

27 PLA/PLA 25 2470 e trace crystalline
28 PLA/PLA 30 2770 e

29 PLA/PLA 35 2940 e crystalline
30 PLA/PLA 40 4190 e crystalline

a Note in all cases, PP and PLA contained some amorphous material. Only the
crystal or mesomorphic morphologies, if present, are listed.
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Fig. 3. Fiber diameter versus aspirator pressure and polymer configuration for 50%
core/50% sheath fibers. - PP filaments, C PLA filaments, > PLAcore/PPsheath, P PPcore/
PLAsheath. Lines are to guide the eye.
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a-crystalline phase of polypropylene, while broad peaks centered
at approximately 15 and 21� are characteristic of the meso poly-
morph [46e48]. In PLA, peaks at approximately 14.5, 16.6, 18.7, and
21.9 identify the a-crystalline form. These peak positions are
marked in Fig. 2 for fibers containing either PP or PLA [49]. Table 2
lists the crystal morphologies present as a function of spinning
velocity and fiber spinning configuration. The changes in
morphology of a polymer spun as the core, sheath, or single
component, keeping other spinning conditions the same, are
nontrivial. Especially notable is the enhanced crystallization of PLA
in the presence of PP at lower aspirator pressures. PLA crystallizes
at or above 35 psi when spun alone (Table 2, lines 29e30). However,
when surrounding a PP core the PLA crystallizes at as low as 15 psi
(Table 2, lines 16e20) and when enrobed with a sheath of PP,
crystallizes at 25 psi or more (Table 2, lines 10e12). Further, while
PP alone crystallizes at all listed aspirator pressures, the presence of
a PLA sheath suppresses PP crystallization at all but the lowest of
spinning pressures (compare Table 2, lines 3e6 with 15e19).

Fig. 3 shows the fiber diameter of PP, PLA, and PLA/PP bicom-
ponent fibers and as a function of aspirator pressure. At 10 psi, there
is no significant effect of polymer location (core versus sheath) on
the fiber diameter. However, at moderate aspirator pressures, fibers
containing some or all PLA were finer than fibers containing only
PP. PLA alone spun similarly to PLA core surrounded by PP sheath,
while PPcore/PLAsheath fiber diameters were significantly smaller.
Smaller fiber diameters in the case of the PPcore/PLAsheath combi-
nation can be understood in terms of the morphology of each
polymer at a given aspirator pressure (Table 2). During fiber spin-
ning, PP crystallization occurs at very slow spinning (slow cooling)
or at very high velocities (stress-induced crystallization) [50].
Compared to fibers with PLAcore/PPsheath or those made completely
of PP, the PPcore/PLAsheath fibers contained little-to-no crystalline PP.
An absence of a-crystalline PP and the presence of mesomorphic PP
indicates that the PLA sheath insulates the core polymer from the
quench air so that it cools at an intermediate spinning velocity and
stress. The absence of either quiescent or stress-induced crystalli-
zation facilitated drawdown of the polymer to a smaller diameter
due to the lack of crystalline structure and hencemaintaining lower
polymer viscosity. By switching the PPcore/PLAsheath to PLAcore/
PPsheath, the PP contacted the cooler quench air, crystallized, and
prevented further attenuation of the fibers. Because PLA crystallizes
much more slowly than PP, the PLA crystallinity does not seem to
prevent drawdown of the fiber in the way that PP crystallization
does, and may have proceeded even after the fibers had been
collected. (For the percent of crystallinity for PP and PLA as
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a function of annealing time, showing the relatively slow crystal-
lization of PLA compared to PP, see Supplementary Material
Figure S-1. It is germane to note that DSC was performed on indi-
vidual and bicomponent fibers. However, due to the overlap for
melting peaks for both PLA and PP near 165 �C, this data cannot be
used to discern crystallinity fractions for each component. There-
fore, onlyWAXD is used to calculate crystallinity. For completeness,
the DSC thermograms are included in the Supplementary Material
Figure S-2.)

In many melt spinning models, knowledge of the percent of
each phase present (amorphous and crystallizing) is required
because phases are treated separately in terms of their contribu-
tions to heat capacity, crystallization, and resistance to deformation
to name just a few [51,52]. For the case where a third (i.e., meso-
morphic or pseudocrystalline) phase is present, it is unclear if the
mesophase should be included with the amorphous phase, crys-
talline phase, or as a distinct phase. Online XRD measurements
have shown that the mesomorphic structure may already be
present during spinning [53] and several studies have shown that
the mesomorphic (“smectic”) form of PP can be present both above
and below the Tm of the polymer undergoing shear, a feature
unique to PP [54]. Our data show that when the mesophase is
present and the crystalline phase is absent in PP fibers, fibers
exhibit higher spinning velocities at a given aspirator pressure,
which corresponds to smaller diameters and further drawdown
(Compare Table 2 and Fig. 3). The implications are that in themolten
state, the mesomorphic structure did not perform crystal-like
functions in terms of arresting fiber attenuation through
increasing the elongational viscosity and leading to solidification.
Because the mesomorphic fraction does not contribute to the
crystallizing phase of the extruded melt, in melt spinning models
and simulations that include two ormore phases, themesomorphic
phase should be treated as an organized amorphous phase. In
contrast, in the solid state, the mesomorphic phase has been shown
to provide “network junctions” that tie amorphous “flexible chains”
in the same manner as a true crystalline phase [55].

3.3. Tensile properties of bicomponent fibers

Fig. 4 shows representative true stress-true strain curves for the
four fiber configurations collected at 15 psi aspirator pressure: PP
only, PLA only, PLAcore/PPsheath, and PPcore/PLAsheath. During cold
drawing, PLA exhibited a constant stress with increasing strain
region which is associated with the propagation of a “neck” or
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strain for obtaining moduli for PP, PLA, and bicomponent PP/PLA fibers collected at 0 psi a
localized reduction in cross section; for PLA collected as 15 psi, this
region occurs from approximately 5e30% strain while for PP and
both bicomponent configurations, necking is only visible for much
lower aspirator pressures. From the initial slope of the stress-strain
curves, the initial modulus of the fibers can be determined. The
moduli of the bicomponent fibers collected at the freefall velocity
(0 psi aspirator pressure) were both 13 GPa, nearly as high as PLA
alone (14 GPa) and significantly higher than PP spun alone (6.8 GPa)
(Fig. 4 inset).

While there are several ways to prepare a fiber cross section,
many of these methods may introduce artifacts which can interfere
with the ability to obtain accurate information about the as-spun
and the as-tested internal morphology of the fibers. The use of
freeze fracturing to produce cross-sections can reduce effects
resulting from disparate materials properties, but fracturing often
occurs along paths that are dictated by the bulk and interfacial
properties of the individual polymer components. Cryomicrotomy
can be used to produce useful fiber cross sections assuming an
embedding media that is suitable for PP and PLA is employed.
However, even if feasible and successful, especially when preparing
the mechanically tested samples, the embedding and microtomy
process can be time consuming. Extra attention and effort are
needed in this process to locate the sites of interest (e.g. fracture
sites) and in maintaining a true cross section across the fiber axis
during the microtomy process.

FIB nanomachining and imaging provide an in situ and site
specific ability both to expose and visualize the internal distribu-
tion of the PP and PLA distribution within the bicomponent fiber
[45]. In the FIB images the contrast between the PLA and PP is
greatly enhanced due to the differential sputtering of the polymer
components during the Gaþ ISE imaging. This differential sputter-
ing generates surface relief giving rise to the necessary topo-
graphical contrast to discern the two polymer components. Fig. 5
shows images of fibers after complete or partial mechanical
failure due to applied tensile extension (strain). Prior to applying
strain, the PLA/PP interface appears intact (Fig. 1). Fig. 5A shows
a secondary electron image of a PLAcore/PPsheath fiber using the SEM
after straining the fiber to complete mechanical failure and Fig. 5B
shows a FIB cross section taken of the same fiber in Fig. 5A 6 mm
from the fracture face as indicated by the dashed line. The voids
present in the PLA/PP interface at the distance of 6 mm from the
fracture site indicate that there is poor stress transfer across the
PLA/PP interface even prior to brittle fracture of the PLAcore. Fig. 5C
provides a schematic of the fiber mechanical failure including the
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straining of the PP sheath after the PLA fractured, and the subse-
quent recoil of the PP as the PP ultimately reaches its maximum
strain and ruptures (step 4 as shown in Fig. 5C).

Fig. 5D shows a PPcore/PLAsheath fiber that was strained for
several % after a sharp drop in stress was observed (this drop in
stress is noted in Fig. 4 as “Failure of PLA”) but complete failure of
the fiber did not occur. In much the same way as the fibers with
PLAcore/PLAsheath, the PPcore/PLAsheath fibers experience rupture of
PLA at lower strains than the PP component can withstand.
Following the brittle failure of the PLAsheath, the PPcore bears the
load caused by further straining. As a result the PP diameter shrinks
and the length increases until finally the PP core also fails. The
mismatch between the outer diameter of the core and the inner
diameter of the sheath seen in Fig. 5D and E is a result of the
continued drawing of the PP core after separation of the PLA sheath.
Fig. 5. Bicomponent fibers with 50 wt% core/50 wt% sheath showing fracture after mech
indicates location where a cross section was taken, which is shown in B. (B) FIB image of cro
the steps leading to mechanical failure during tensile extension of PLAcore/PPsheath fiber in
continues 3. PP subjected to further extension and narrowing in the absence of PLA 4. Follow
drawn. (E) cross section of fiber from (D).
Note that the true stress curves shown in Fig. 4 do not account for
the change of cross sectional area incurred by sheath rupture.

Fig. 6 plots the strain at which the PLA sheath ruptures as
a function of the aspirator pressure. Because some fibers
completely failed in the vicinity of the PLA rupture, the frequency
with which the stress was transferred to the PPcore and the fiber
withstood additional strain after PLAsheath rupture are also indi-
cated in Fig. 6. FIB cross sectioning at various distances from the PLA
fracture site reveals that interface between the PP core and the PLA
sheath can propagate for millimeters along the length of the fiber.
Fig. 7 illustrates an example of a fiber sheath that has ruptured and
that is detached from the core for length scales much longer than
the fiber diameter. The smooth PLA and PP surfaces shown in Fig. 7
also indicate a lack of mixing or compatibility between the poly-
mers. In both spinning configurations, PLA exhibited a brittle failure
anical drawing. (A) SEM image of PLAcore/PPsheath fiber drawn to failure. Dashed line
ss section noted in (A) taken approximately 6 mm from fractured face. (C) Schematic of
four steps: 1. Tensile extension of both components 2. PLA core fails while drawing
ing rupture of the PP, the sheath retracts (D) FIB image of PPcore/PLAsheath fiber partially
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while PP exhibited a ductile failure, which is indicative of a polymer
well below and above Tg, respectively, at a low rate of strain.

The absence of observable PLA rupture for PLAcore/PLAsheath
fibers, alongwith the stress transfer fromsheath to coreobserved for
PPcore/PLAsheath fibers, indicates that for both core/sheath spinning
configurations, the sheath component carries the loadwhenstrain is
applied to a fiber. This is further indicated by the voids visible at the
interface in partially and fully drawn fibers imaged by FIB. While no
stressestrain plots were shown, Houis et al. (2007) [56] found for
core/sheath bicomponent fibers spun from poly(phenylene sulfide)
(PPS) cores and poly(ethylene terephthalate) (PET) sheaths, fiber
sheaths broke and PPScore “pull out” occurred. With poor adhesion
at the PPS-PET interface due to large voids, a thicker sheath resulted
in higher tensile strength, presumably because a higher effect area
was available to distribute the stress. Similarly for Sun et al. (2006)
[57], introducing a poly(vinyl pyrrolidone) (PVP) core to PLA fibers
resulted in weaker tensile properties in their electrospun webs
relative to PLA alone, which was attributed to the weak physical
interactions at the PVP-PLA interface that did not provide stress
transfer from sheath to core. Ultimately, Shi et al. (2006) [58]
concluded that the stress applied to the sheath might be close to
twice the apparent stress,3 indicating that only the sheath compo-
nent bears the load in certain strain regions.

Blending PLA and PP had been shown to result in fibers that had
significantly lower breaking strength than either PP or PLA indi-
vidually [40]. Fig. 8 indicates that, with an exception of fibers
produced at about 4000 m/min, there was no significant change in
fiber strength by co-spinning 50% PLA with 50% PP with either
bicomponent spinning configuration. Since the PP and PLA phases
are continuous along the length of the fibers, stress is more readily
transferred within each polymer than in the case of melt blended
fibers with phase separated domains. Variability in fiber properties
are inherent with fiber production on a spunbond line, which
contributed to the large standard error on fiber breaking tenacity,
indicated in the error bars in Fig. 8.

3.4. Molecular orientation

Molecular orientation is a crucial factor in predicting fiber
strength. Measuring the molecular orientation of bicomponent
3 The two polymers in the Shi et al. (2006) study were extruded at equal mass
flow rates. With different solid densities, this would results in cross sectional areas
of each component that are not identical, which is presumably which the stress
difference observed was not identically twice that of the apparent stress [54].
fibers presents additional challenges from that for single compo-
nent fibers. If the refractive indices of each polymeric material of
a symmetric core/sheath fiber are sufficiently similar, the birefrin-
gence of each component can be measured individually to calculate
themolecular orientations [38]. However, if the refractive indices of
the core and sheathmaterials are too different, this measurement is
not possible. By using the Michel-Levy interference color chart, the
total birefringence of a bicomponent fiber can bemeasured directly.
However, the individual molecular orientations of each polymer are
lost and only an average birefringence can be reported, which is of
limited value in understanding how one polymer affects the
molecular orientation in the other when co-spinning multiple
polymers. While polarized Raman spectroscopy and X-ray diffrac-
tion have been used to quantify the orientation of PP and PLA
materials individually, this type of equipment is typically not
available in industrial labs where quantifying fiber properties in
real time is required.What is desired, therefore, is a rapid, facile test
that can be used to estimate the total molecular orientation
(comparable to what birefringence provides) in an industrial
facility. Tensile testing machines are already a regular part of fiber
production and validation, so an approach that utilizes tensile
testing to estimate molecular orientation of bicomponent fibers is
ideal.

A method has been reported for quantifying molecular orien-
tation in single component fibers where the birefringence of PP has
been compared to the tensile “strain shift” [55]. The strain shift was
determined by comparing stressestrain plots of fibers with orien-
tation to the stress-strain curve of a fiber of the same polymer with
no molecular orientation. The benefit of such an approach is the
0 1000 2000 3000 4000 5000
Spinning velocity   (m/min)

Fig. 8. Breaking tenacity for PP, PLA, and bicomponent PP/PLA fibers with 50% core/
50% sheath collected at a range of aspirator pressures. - PP filaments, C PLA fila-
ments, > PLAcore/PPsheath, P PPcore/PLAsheath. Lines are to guide the eye.
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ease of tensile measurements relative to other methods available.
Once the relationship between birefringence and strain shift has
been determined for a polymer, the orientation can be estimated
using tensile properties alone, for cases where the orientation
cannot be directlymeasured. In this work, we applied this approach
of measuring the tensile strain shift to estimate the birefringence of
the sheath polymer in bicomponent fibers.

Following the method established [55] the birefringence of PLA
only fibers were measured (Fig. 9A). The birefringences of PLA
fibers gradually increase with aspirator pressure, unlike PP fiber
where the maximum birefringence is reached at pressures above
10 psi, which indicates PLA requires amuch larger spinning velocity
to develop significant molecular orientation than PP. Slopes of the
birefringence versus strain shift were approximately the same for
PLA and PP except for very low molecular orientations, though the
value of the birefringences were shifted slightly upward for PLA
relative to PP (Fig. 9B). The slopes indicate that the strain shift
provides a similarly sensitive measure of birefringence for both PLA
and PP.

Fig. 10 shows the PLA and PP stress-strain master curve overlaid
with stressestrain curves of PPcore/PLAsheath and PLAcore/PPsheath
fibers obtained at each aspirator pressure, respectively. In the
previous section, we observed that the sheath is the load bearing
component in core/sheath fibers. As such, the true stressetrue
strain curves in Fig. 10, for the purpose of matching to the true
stressetrue strain master curve, were scaled to account for only the
cross sectional area of the sheath component [59]. Fig. 10 insets
show the strain shifts of bicomponent versus single component
fibers for PP and PLA. Spinning PPcore/PLAsheath fibers resulted in
higher strain shifts (birefringence) in the PLA sheath than was
found for PLA spun individually at spinning velocities up to
150 200 250 300
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10 psi
5 psi
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master curves. (insets) Strain shift obtained from plot as a function of spinning speed of
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approximately 2000 m/min. At higher velocities, both spinning
configurations resulted in similar strain shifts. The higher strain
shift in the PLAsheath relative to PLA only is likely a result of the
increased stress on the sheath component during core/sheath melt
spinning, which is known to result in higher molecular orientation
[60]. Above speeds of about 2000 m/min, this effect may have
reached saturation, with the maximum stress the melt can
withstand.

When spinning with a sheath of PP, higher strain shifts were
observed at all recorded spinning velocities than that for PP only
fibers at the same velocity. Further, even at the lowest spin speed,
which was obtained without the use of any applied aspirator
pressure, the PPsheath had a measurable strain shift. In contrast, no
molecular orientation was measured in PP spun individually. The
PLA core may have induced orientation in the PLA due to the
presence of the interface even when no applied stress on the
spinline due to different cooling rates of the polymer; PP solidifies
more rapidly that PLA, so if the PP sheath solidified first, contraction
upon cooling of the core component could have led to residual
stresses (i.e., molecular orientation) in the sheath. In the reverse
configuration, PP experiences significantly less stress since it was in
the core, which is evident from the presence of somemesomorphic
content, and therefore does not exhibit any significant orientation
when tensile testing is performed. The higher strain shifts observed
in each polymer when spun as the sheath component, relative to
the sample polymer spun individually, indicates a higher level of
stress on the sheath material in the spin line than the core which
results in higher molecular orientation. Since the sheath material
dictates the mechanical response of the fibers, this method should
apply to PPsheath or PLAsheath co-spun with other polymers and can
be developed for polymers other than PLA or PP by obtaining the
appropriate master curve.

While the strain shift alone can provide the birefringence,
whether a maximum orientation has been obtained, and sufficient
information about molecular orientation to determine whether
altering spinning parameter increases or decreases the orientation,
it can also be used to quantitatively determine the amorphous
molecular orientation of PLA, which is the factor which determines
the strength of a fiber [58,61]. As an example in the utility of the
strain shift to determine the actual molecular orientation, we
report the amorphous orientation in PLA. In all spinning configu-
rations, PLA possessed only amorphous morphology for spin
velocities of approximately 2700e2800m/min and below (Table 2).
The relationship between the birefringence and the molecular
orientation given in Eq. (4):

Dn ¼ xCfCD
o
C þ xAfAD

o
A þ xMfMDo

M (4)

In Eq. (4), x is the volume fraction, f is the orientation function
and Do is the intrinsic birefringence of the crystalline (C), amor-
phous (A), and mesomorphic (M) phases. An orientation function f
equal to zero indicates random orientation of molecules relative to
the fiber long axis, �0.5 indicates polymer chains are oriented
perpendicular to the fiber axis, and an orientation of 1 indicates
alignment of chains with the direction of the fiber long axis;
orientations between zero and 1 can be taken to indicate the degree
to which molecules are preferentially oriented in the direction
parallel to the fiber axis. According to Eq. (4), the birefringence is
proportional to the amorphous orientation if no other phases are
present (mass fraction of amorphous material xA ¼ 1, Do

A is
a constant with value of 0.03) [62]. From Eq. (4) then, the amor-
phous orientation function for several spin velocities for PLA-
containing fibers can be calculated (xA ¼ 1 for all fibers included
in Fig. 11). By co-spinning PLAwith a core of PP, significantly higher
(amorphous) molecular orientation is achieved than spinning PLA
individually. This approach of measuring the molecular orientation
of bicomponent fibers provides insight into not only the magnitude
of molecular orientation in fibers but also indicates whether there
may be a synergistic effect of co-spinning two polymers in devel-
oping greater molecular orientation than possible with either
component individually.
4. Conclusions

The effect of co-spinning poly(lactic acid) and polypropylene on
the crystallization of each polymer and on the strength and
molecular orientation of fibers was investigated. A modified
method of estimating molecular orientation via the tensile strain of
fibers was established and indicates that spinning PLA or PP as the
sheath component may result in greater molecular orientation
(strain shift) than for either polymer spun individually. Core-sheath
fibers of PP and PLA were as strong as either component at most
spinning conditions, which is a dramatic improvement over
previous reports of blended PP/PLA fibers. Crystal morphologies of
PP and PLA were strongly affected by the location in the fiber. Co-
spinning polymers therefore provides a route to tailoring polymer
and fiber properties in a single step, continuous process.
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