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Abstract Various quantities of Cloisite� 30B (from 1%

to 4% in weight) have been added to a polylactide matrix

by melt blending to produce polylactide-based nanocom-

posites. Then, these blends have been melt-spun to produce

multifilaments yarns. It is demonstrated that it is necessary

to use a plasticizer to spin a blend with 4% in weight of

Cloisite� 30B. The properties of these yarns have been

studied (dispersion of the clay, thermal, mechanical and

shrinkage properties). A decrease of the tensile properties

is observed when the quantity of Cloisite� 30B increases,

but an improvement of the thermal and shrinkage proper-

ties is highlighted. These multifilaments have been knitted

and the flammability studied using cone calorimeter at

35 kW/m2. A strong decrease, up to 38%, of the heat

release rate has been measured.

Introduction

Polylactide (PLA) is a biodegradable polymer, which can

be spun to produce fibers. It is very interesting because

PLA can be synthesized from renewable resources and it

represents an interesting way to replace petroleum-based

polymer. Different ways are available to spin PLA [1].

They can be obtained through a solution spinning process

[2–8], a high-speed melt-spinning process [9–11] or

through melt spinning drawing process [12–17].

One way to improve the properties of a polymeric

material is to incorporate nanofillers like smectite clays,

and more particularly montmorillonite (MMT). MMT is

characterized by negatively charged aluminosilicate layers

bounded by electrostatic forces via alkaline cations, such as

sodium cations or ammonium cations (in organomodified

MMT) located in the interlayer space. This kind of blend is

called polymer-layered silicate nanocomposite, and their

properties (thermal, mechanical, flammability, barrier...)

can be strongly improved at low filler level (generally

under 5% in weight) [18, 19]. Different kinds of nano-

composites can be obtained depending on the dispersion of

the clay into the polymer matrix. If the polymer chains are

located between the silicate layers, the structure is inter-

calated. If the silicate layers are fully delaminated in the

matrix polymer, the structure is exfoliated. To check the

dispersion of MMT in a polymer matrix, X-ray diffraction

(XRD) and transmission electron microscopy (TEM) are

generally used [20]. It is also possible to investigate the

dispersion of clay using nuclear magnetic resonance

(NMR). NMR can quantify the degree of dispersion of the

clay, contrary to XRD and TEM, which give information

about the kind of structure, but remain generally qualitative

[21].
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Several articles comment the way to disperse clay into

PLA, the improvement of the PLA properties, and the kind

of structure obtained. In order to nanodisperse the clay in

PLA, two main techniques are used: the solution-interca-

lation [22, 23], and the melt-blending processes [24–28].

Generally, an intercalated structure is obtained using an

organomodified MMT (e.g., MMT modified by an alkyl

ammonium cation bearing hydroxyl functions such as the

commercial MMT Cloisite�30B hereafter called C30B,

available from Southern Clays Products, US). The inter-

actions between the carbonyl functions of PLA chains and

hydroxyl functions of the alkyl ammonium surfactants

surface-covering MMT nanoplatelets seem to improve the

dispersion of this organo-clay in a PLA matrix, contrary to

other kinds of MMT without hydroxyl functions on the

surfactant [22, 24–27]. An original way to obtain a good

dispersion of clay in a PLA matrix is the in situ coordi-

nation-insertion polymerization [29]. The growing polymer

chains are directly grafted on the surface of the organo-

clay, the surfactant of which containing hydroxyl functions

that promote the complete delamination of the silicate

layers. The PLA nanocomposites are characterized by an

increase of the crystallization rate but also by a decrease of

the ability to crystallize, so by a lower melting enthalpy

compared to pristine PLA [22, 25, 29]. But the clay does

not seem to influence the glass transition temperature (Tg)

of PLA [22, 25, 29]. An improvement of the thermal sta-

bility can be obtained, especially when C30B is used [24,

30].

The effects of plasticizer on the properties of PLA [31–

36] and PLA [24, 28, 30] nanocomposites have also been

largely investigated. Several plasticizers can been used to

modify the properties of PLA: poly(ethylene glycol) with

different molecular weight [24, 28, 30–32, 35, 36], some

citrate derivatives [31–34], glycerol and oligomeric lactic

acid [31]. The addition of a suitable plasticizer into a PLA

matrix generally decreases the Tg and the melting tem-

perature (Tm), the molecular mobility being improved [31–

33]. It decreases also the modulus and the tensile strength,

but it increases the elongation at break [31, 32].

The aim of this paper is to use organo-clays to reinforce

some properties of PLA filaments and related textile

structure. The use of a polymeric matrix to produce a

nanocomposite multifilament yarn has been described for

the first time in 2002 by Bourbigot et al. [37]. The matrix

used was polyamide-6 (PA6) reinforced with C30B. The

flammability of knitted structure made with PA6 and PA6/

C30B was investigated using cone calorimeter and a strong

decrease of the heat release rate was measured. The present

paper proposes a method to produce PLA organo-clay

nanocomposites filaments. In a first time, some properties

of the PLA organo-clay nanocomposites, such as the kind

of nanocomposite structure, the kinetics crystallization and

the thermal stability are investigated to study the influence

of the organo-clay. Then, the thermal, mechanical and

shrinkage properties of the nanocomposite multifilament

yarns are also examined. The fire behavior of the PLA

nanocomposite knitted fabrics is finally discussed using a

cone calorimeter.

Experimental

Material

Poly(L,L-lactide) (PLA) sample-commercial name ‘‘GA-

LASTIC’’, was supplied by Galactic S.A. and used as

biodegradable polyester matrix (characteristics of this PLA

are as follows: Mn(PLA): 74500, residual monomer:

0.18%, relative viscosity: 3.96, D-isomer: 4.3%. Before

processing, PLA was dried 12 h at 80 �C.

The additive used for the preparation of the PLA

nanocomposites is C30B supplied by Southern Clay

Products (USA). The surfactant of the C30B is a methyl

tallow alkyl bis-2-hydroxyethyl quaternary ammonium

cation. C30B is delivered in the shape of a fine powder.

The plasticizer used is dioctyl adipate (DOA, C22H42O4,

Mw = 370.57 g mol–1) supplied by Acros Organics. This

plasticizer was chosen because of its high thermal sta-

bility.

Nanocomposite preparation

PLA nanocomposites are prepared through melt-direct

intercalation using a conventional polymer extrusion pro-

cess. PLA pellets with 1%, 2%, 3% and 4% in weight of

C30B (noted N1p, N2p, N3p and N4p) are blended using a

counter-rotating extruder (Brabender DSK, diameter of

screw = 41 mm, L/D = 7.5). The temperatures of the three

zones are 175 �C/180 �C/185 �C. The rotation speed of the

screws is maintained at 25 rpm. The extrudate is then

pelletized.

Plasticized PLA nanocomposites are also prepared

through melt-direct intercalation by using a conventional

polymer extrusion process. PLA pellets with 4 wt.% C30B

and 10 wt. % DOA (noted pN4p) is blended using

co-rotating extruder (Thermo Haake, diameter of

screw = 16 mm, L/D = 25). The temperatures of the five

zones are 140 �C/160 �C/170 �C/180 �C/190 �C. The

rotation speed is maintained at 150 rpm. PLA and C30B

are incorporated in a first feeding zone. The plasticizer is

incorporated in the second feeding zone located in the

middle of the extruder (see Fig. 1). This method was

adopted to ensure the intercalation of PLA between the

silicate layers of C30B in a first time, and then to plasticize

the PLA/C30B blend. If all the components are incorporated
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together, there is a competition between the PLA chains

and the plasticizer to insert between the clay layers [24,

28]. The molecules of plasticizer are shorter than PLA

chains, so they would insert easier between silicate layers.

Then, plasticizer would be located between the layers and

would be no more available to plasticize PLA.

Melt spinning

PLA, PLA nanocomposites and plasticized PLA nano-

composites are spin-drawn with the spinning device Spin-

boy I from Busschaert Engineering. PLA filaments with

1%, 2% or 3% of C30B and 4% C30B/10% DOA (here-

after called N1f, N2f, N3f, and pN4f) are obtained. Pellets

are first melted in a single screw extruder from 210 �C to

215 �C. Then melted PLA passes through two dies con-

sisting of 40 channels with a diameter of 400 lm to obtain

a multifilament continuous yarn, which is coated with

Filapan CTC (blend of branched acid ester and branched

polyglycol), a spin finish supplied by Boehme. At last, the

multifilament yarn is hot drawn between two rolls (see

Fig. 2): the draw ratio (DR), which is the ratio between the

rotation speeds of the feeding and the draw rolls, varies

from 2 to 4. The speed of the first roll is maintained at

200 m/min, and the speed of the second roll varies from

400 m/min to 800 m/min. The temperature of the first roll

is 70 �C, and the temperature of the second roll is 110 �C.

Knitting

Multifilament yarns made with PLA, PLA nanocomposites

and plasticized PLA nanocomposites are knitted manually

on a rectilinear machine gauge 8 (the structure of the

knitted fabric is represented on Fig. 3). The multifilaments

used are those, which have undergone the highest draw

ratio (3.5 for PLAf, N1f and pN4f, 3 for N2f). These mul-

tifilaments have a fineness of approximately 1,600 dtex.

Knitted fabrics with a surface weight of 1,000 g/m2 and a

thickness of 3 mm are obtained.

Investigation of the dispersion of C30B

The dispersion of C30B in N4p, pN4p and pN4f is analysed

using Wide-Angle X-ray Scattering (WAXS) and Trans-

mission Electron Microscopy (TEM).

WAXS. The morphological analysis by X-ray diffraction

was performed on a Siemens D5000 diffractometer using

Cu(Ka) radiation (wavelength: 1.5406 Å) at room temper-

ature in the range of 2h = 1.5�–30�, by step of 0.04� and

scanning rate of 2�/min.

TEM. Transmission electron micrographs were obtained

with a Philips CM100 apparatus using an accelerator

voltage of 100 kV. The samples were 70–80 nm thick and

PLA
+ C30B

DOA

First feed
hopper 

Second feed
hopper 

140°C 160°C 170°C 180°C 190°C 

Fig. 1 Co-rotating extruder used to prepare pN4p
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Fig. 2 Principle of the spin-

drawing machine

J Mater Sci (2007) 42:5105–5117 5107

123



prepared with a Reichert Jung Ultracut 3E, FC4E ultra-

cryomicrotome cutting at –130 �C.

Characterization of thermal properties of PLA pellets

and fibers

Isothermal crystallization experiments were performed

using a TA instruments DSC 2920. PLA pellet (5 mg) was

placed in an aluminium pan and an empty pan was used as

reference. The samples were heated up to 200 �C to erase

the thermal history. Then samples are cooled rapidly at

0 �C to prevent crystallization. At last, samples are heated

up to several isothermal temperatures lying between 80 �C

and 120 �C (10 �C intervals when crystallization

occurred), for at least 1 h to get a complete crystallization.

At the end of the isotherm, samples are heated up to 200 �C

at 10�C/min to observe the melting behavior. The relative

cristallinity as a function of time can be monitored as

follows:

XðtÞ ¼
R t

0
dH
dt

dt
R1

0
dH
dt

dt
¼ DHt

DH1

where X(t) is the relative enthalpy at time (t),
Rt

0

dH
dt

dt and

DHt are the crystallization enthalpy at time (t),
R1

0

dH
dt

dt and

DH¥ are the crystallization at final time. It allows to

determine t1/2 of crystallization (time when X(t) = 0.5), and

k, the overall kinetic constant by using Avrami equation

[38]: 1 – X(t) = exp(–ktn) where n is the Avrami exponent.

The thermal characteristics of PLA pellets and fibers are

investigated using the modulation option. In order to sep-

arate the glass transition and the relaxation phenomenon,

the underlying rate used is 1�C/min, with an amplitude of

1 �C and a period of 60 s. These parameters allow

observing the glass transition in the reversing curve and the

relaxation phenomenon in the non-reversing one. To

observe the cold crystallization and the melting, the

underlying rate used is 5 �C/min with an amplitude of

0.769 �C and a period of 60 s. All experiments are carried

out using helium as purge gas.

Characterization of the tensile properties of PLA fibers

The measurement of the tensile properties of PLAf, N1f,

N2f, N3f and pN4f have been carried out following the

standard NF EN ISO 5079 on a tensile testing machine

Zwick 1456, the cell force used is 10 N. All the tests have

been made at standard atmosphere (the temperature is

20 ± 2 �C and the relative humidity is 65% ± 5%). The

length between the clamps is 20 mm. All the results rep-

resent an average value of 50 tests.

Shrinkage of multifilaments yarn

The shrinkage of PLA and pN4 multifilaments has been

measured at 70 �C and 80 �C. The multifilaments (with an

initial length L0 of 1 m) are heated in hot air for 10 min

without pre-tension. Then, the multifilaments are main-

tained at the ambient air during 20 min. Then a pre-tension

of 0.4 cN/tex is applied during 30 s, and the final length

(Lf) of the multifilaments is measured. The shrinkage (S) is

given by the following equation:

S ¼ L0 � Lf

L0

� 100

Thermal stability

TG analyses were performed using a TA 2050 Instru-

ments at 10 �C/min from 20 �C to 850 �C under flowing

air (50 mL/min). Pellets (about 10 mg) were placed in

open platinum pans. The precision on temperature mea-

surements is ±0.5 �C. Curves of the weight difference are

also presented. These curves represent the difference be-

tween the experimental and theoretical curves. They are

obtained as follows: MPLA(T): TG curve of unfilled

PLA, MC30B(T): TG curve of C30B, MDOA(T): TG

curve of DOA, Mexp(T): TG curve of the blend PLA/

C30B/DOA, Mth(T): theoretical TG curve calculated by

linear combination between the TG curves of PLA, C30B

and DOA if the sample is plasticized: Mth(T) =

x�MPLA(T) + y�MC30B(T) + z�MDOA(T), x + y + z = 1

and x, y, z are, respectively, the mass percentage of PLA,

C30B and DOA in the blend. For samples which are not

plasticized, z = 0. The curve of weight difference, D(T), is

calculated as follows: D(T) = Mexp(T) – Mth(T). This

curve allows the observation of the possible interactions

between the different components of a blend and the

consequences on the thermal stability of the polymer.

Fig. 3 Structure of the knit
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Cone calorimetry by oxygen consumption

Knitted fabrics (100 · 100 · 3 mm3) were exposed in

horizontal orientation in a FTT Cone Calorimeter, to an

external heat flux of 35 kW/m2. This heat flux has been

chosen because it represents common heat flux in mild fire

scenario [39, 40]. All the experiments were repeated three

times to check the reproducibility. The cone calorimeter

was used to determine some fire properties, and particularly

the rate of heat released (RHR), the total heat evolved

(THE), which is the cumulated heat released, and time to

ignition (tig).

Results and discussion

Study of the properties of PLA, PLA nanocomposites

and plasticized PLA nanocomposite pellets

Dispersion of C30B in N4p and pN4p

The structure of the nanocomposites has been observed by

DRX. The DRX curves show that an intercalated structure

can be suggested (see Fig. 4). The characteristic peak of

C30B located at 4.76� is shifted to lower 2h values, i.e.,

2.51�. So, by using the Bragg’s law, it is possible to cal-

culate d, which is the interlayer space. For C30B and PLA/

4% C30B, d is, respectively, 1.85 nm and 3.51 nm. It

represents an increase of the interlayer space, d, of

1.66 nm. The structure of the nanocomposites has also

been observed by TEM for N4p (see Fig. 5a, b). The dark

lines represent the silicate layers of C30B which thickness

is about 1 nm. On Fig. 5a, some silicate layers are fully

delaminated and remain isolated. But some intercalated

structures and tactoids can be observed as well (see

Fig. 5b). So the structure of the nanocomposite seems to be

exfoliated/intercalated. The dispersion of the other blends

of PLA (N1p, N2p, N3p) has not been studied. But we can

expect that the dispersion of these blends is similar as that

of N4p.

The dispersion of C30B in pN4p has also been studied.

Fig. 6a reveals that C30B is evenly dispersed in PLA.

Some silicate layers are exfoliated even if some tactoids

are still observed (see Fig. 6b). The XRD curve only gives

a very weak diffraction peak around 6.37� (see Fig. 4).

This weak peak is generated by a small quantity of a
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by-product, which results from an oxidation of the double

bond situated on the tallow alkyl chains of the organic

modifier of C30B.

Crystallization kinetics

Three samples have been analysed: PLAp, N2p and N4p.

The results for the plasticized sample are not reported, the

crystallization kinetics being too fast to be correctly

monitored.

PLA is known to have a very slow crystallization rate. It

was possible to monitor the development of the crystalli-

zation process only from 100 �C (see Fig. 7). Under this

temperature, no crystallization occurred. But even if the

isotherm is realized at 120 �C, the crystallization rate is

still very slow. It is possible to accelerate it by blending

PLA with a nucleating agent. Clays proved to display a

strong influence on the crystallization rate of PLA, as well

as on others polymers where they play the role of nucle-

ating agent and promote crystallization [25, 27, 28, 41].

Only 2% in weight of C30B allows increasing the cristal-

linity rate. The silicate layers of C30B, which are dela-

minated can act as nucleating agents and promote the

crystallization of the PLA macromolecules. It seems that

this nucleation effect is increased when the quantity of

C30B increases. Indeed, higher the quantity of C30B in a

PLA matrix, higher quantity of silicate layers act as

nucleating agent (see Fig. 7). At 120 �C, k is increased by a

factor of 7 and 43 when PLA is filled with, respectively,

2% and 4% of C30B.

Effect of the plasticizer (DOA) on the thermal properties

of PLAp and N4p

The plasticizer tends to decrease the glass transition tem-

perature (Tg), the crystallization temperature (Tc) and the

melting temperature (Tm) of PLA (see Fig. 8). It increases

the molecular mobility, so a decrease in Tg can be

observed. While Tg of PLA shows up at ca. 58.7 �C, Tg’s

for PLA/10% DOA and pN4p are, respectively, decreased

to 40.8 �C and 44.2 �C. The plasticizer also facilitates the

process of crystallization. For pristine PLA, the cold

crystallization is not well defined. The cold crystallization

is sharper and occurs at a lower temperature when PLA is

plasticized. Tc of PLA is 124.3 �C and decrease to only

97.1 �C and 91.7 �C, respectively, for PLA/10% DOA and

pN4p. Accordingly, DOA promotes faster and more

intensive crystallization. The crystallization enthalpy of

unfilled PLA is only 8.0 J/g and this enthalpy increases up

to 24.5 J/g and 21.6 J/g for PLA/10% DOA and pN4p,

respectively.

Fig. 6 TEM images of pN4p at

low (500 nm) and high

(100 nm) magnification (a and

b, respectively)
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Thermal stability

TG curves of PLA, PLA nanocomposites, PLA/10%

DOA, C30B and DOA are shown on Fig. 9. The first

degradation of C30B occurs at about 220 �C. It corre-

sponds to the degradation of the quaternary ammonium

located between the silicate layers. The (plasticized) PLA

and PLA nanocomposites degrade in one step. For N1p,

N2p, N3p and pN4p, the difference can be hardly dis-

tinguished. A delay of the degradation is clearly ob-

served for N4p. To better estimate the influence of C30B

on the thermal stability of PLA, the curves of tempera-

ture weight difference are represented on Fig. 9. For

N1p, N2p, N3p and N4p, there is no interaction occurs

from room temperature to 300 �C. However, a slight

destabilization is observed between 200 �C and 330 �C

only for N3p. Then, a stabilization of the PLA matrix is

observed. The range of the stabilization temperature

varies depending on the quantity of C30B. The higher

the quantity of C30B, the higher the range of stabiliza-

tion temperature. For N4p, the stabilization occurs

between 280 �C and 370�C. Then, a chaotic behaviour is

observed around 370 �C. This behaviour is observed

between stabilization and destabilization.

For pN4p, stabilization is observed between 180 �C and

370 �C. Between 180 �C and 300 �C, it corresponds to the

slower volatilization of the plasticizer when it is trapped in

the polymer matrix. It is confirmed by the curve of tem-

perature weight difference of PLA/10% DOA where

stabilization occurs between 180 �C and 340 �C. Between

300 �C and 370 �C, it corresponds to the stabilization

effect of the clay. This stabilization effect is less definite

compared with N4p because of a destabilization effect due

to the plasticizer between 340 �C and 380�C.

Study of the properties of PLA nanocomposites and

plasticized PLA nanocomposite filaments

Dispersion of C30B in pN4f

The structure of the pN4f nanocomposite filaments (pro-

duced at DR = 4) has been observed by TEM. The disper-

sion is observed in the cross and longitudinal sections (see

Fig. 10). The silicate layers are well dispersed, with very

few aggregates. The images of the cross sections (Fig. 10a,

b) show rather well defined dark lines (i.e., borders of the

silicate layers), contrary to the images of the longitudinal

sections (Fig. 10c, d) which show dark lines but also some
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dark areas (i.e., surface of the silicate layers). So, an ori-

entation of the silicate layers in the drawing direction may

be assumed. The XRD curve of pN4f (see Fig. 11) shows

the disappearance of the characteristics peak of C30B. The

good dispersion of C30B nanoplatelets (with only a limited

amount of remaining aggregates) as observed on the TEM

images might explain why no diffraction peak in the low 2h
angle range can be observed by XRD.

Tensile properties of PLA nanocomposite and plasticized

PLA nanocomposite filaments

Table 1 summarizes the maximal draw ratio (DR), which

was applied on the multifilaments before it broke. The higher

the quantity of C30B, the lower the maximal DR. If the

quantity of C30B is higher than 3% in weight, the PLA

nanocomposite cannot be spun. This decrease in DR has a

strong influence on the tensile properties of the filaments. To

increase the quantity of C30B in the nanocomposite fila-

ments, a plasticizer (DOA) has been added as third compo-

nent. This plasticizer has been used to apply higher DR and

to obtain PLA nanocomposite filaments with higher elon-

gation at break. Interestingly enough, PLA filaments filled

with 4 wt.% C30B and 10 wt.% DOA could be produced.

For the sake of comparison, some attempts to spin PLA/10%

DOA filaments have been performed. But the multifilaments

were not stable during the step of drawing, whatever the

draw ratio studied (DR = 2 and 3). Accordingly, not enough

filaments were obtained to be further knitted.

PLA used was first spun to study the influence of the

processing conditions on the properties of the PLA fila-

ments. It has been demonstrated that DR and the temper-

ature of the draw roll have a strong influence on the tensile

properties of PLA filaments. The tensile properties are

optimum for a drawing temperature fixed at 110 �C and a

DR of 3.5 [17]. PLA filaments with Young’s modulus,

tensile strength and elongation at break of 6.6 GPa,

442 MPa and 46.8%, respectively, are obtained.

The different nanocomposites were spun up to their

maximal DR. The first observation is the strong decrease of

Fig. 10 TEM images of pN4f

(DR = 4). (a) and (b) represent

cross sections at low and high

magnification respectively. (c)

and (d) represent longitudinal

sections at low and high

magnification, respectively

0

100

200

300

400

500

600

700

800

900

1000

1100

0 5 10 15 20 25 30

2 theta

ytis
net

ni

(b) 

(c) 

(a) 

PLA      (a) 

C30B    (b) 

pN4f     (c)

Fig. 11 XRD curves of PLA,

C30B, and pN4f (DR = 4)

5112 J Mater Sci (2007) 42:5105–5117

123



the maximal DR possible to apply. The nanocomposite

filaments were not able to undergo the same DR as PLA as

soon as the quantity of C30B was higher than 1%. Only

N1p could be spun in the same conditions than PLA.

The Young’s modulus of nanocomposite PLA filaments

decreases when the quantity of C30B increases. If the fil-

aments are compared for a same DR, the Young’s modulus

slightly decreases (cf. Fig. 12). This slight decrease is

probably due to a faster degradation of the PLA matrix in

presence of the organo-clay. During the degradation pro-

cess of PLA, lactide and cyclic oligomers are generated

[42]. These compounds are known to plasticize PLA, so

they can trigger a slight decrease of the tensile properties.

When comparing the Young’s modulus recorded for fila-

ments based on each blend displaying the highest tensile

properties, a strong decrease is observed at higher clay

loading (see Table 2). Indeed, compared with the pristine

PLA filaments, the Young’s modulus of N1f, N2f and N3f

decreases by 8.5%, 18.3% and 45.2%, respectively. This

decrease is more likely explained by the difficulty for

correctly drawing the PLA nanocomposites. So the

molecular orientation cannot adequately occur, which ends

up in lower Young’s modulus.

Usually, a plasticizer is used to decrease the rigidity of a

material. It generally decreases the Young’s modulus and

the tensile strength and increases the elongation at break.

N4 blend was not suitable to produce multifilaments as a

result of its too low elongation behavior. When 10 wt.%

DOA is added, multifilaments drawn up to 4 can be ob-

tained. So, a plasticizer proved to be necessary to allow

spinning of PLA filaments filled with 4 wt.% C30B with

suitable elongation. But even if the pN4f could be drawn up

to DR of 4, the tensile properties remain lower than the

properties recorded for unfilled PLA filaments. The

Young’s modulus (see Fig. 12) is only 4.6 GPa, while a

value of 6.6 GPa was measured for pristine PLA filaments.

A downward trend is also observed for the tensile

strength (see Fig. 13). Compared with the unfilled PLA

filaments, the tensile strength for N1f, N2f, N3f and pN4f

(i.e., with the highest tensile properties) decreases by 1.3%,

28.9%, 43.4%, and 42.9%, respectively (see Table 2). Such

a decrease for the tensile strength might again be explained

by the impossibility of correctly drawing the PLA nano-

composites.

As far as the elongation at break of the filaments is

concerned, it strongly decreases at higher C30B content

(see Fig. 14). The elongation at break of N3f is only 21.3%,

even if the draw ratio is low (DR = 2). It proved to be lower

than the elongation at break of pristine PLA filaments

drawn at a DR of 3.5 (see Table 2). The elongation at break

of pN4f shows an unexpected behaviour with DR: the

higher the DR, the higher the elongation at break. This

behaviour is at the opposite of the unfilled PLA filaments

behaviour where the elongation at break decreases at higher

DR. This is probably due to an orientation effect of the

silicate layers during the drawing process. At low DR, the

silicate layers are not preferentially oriented and can rep-

resent some weak points within the drawn PLA matrix,

which prevent a high elongation from being attained. At

higher DR, a higher orientation of the silicate in the drawing

direction can be assumed (see ‘‘Dispersion of C30B in

pN4f’’ section), so a decrease of these weak points.

Table 1 Maximal DR applied
Maximal DR applied

PLA 3.5

N1 3.5

N2 3

N3 2

N4 Not possible

pN4 4
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So, the consequence of blending PLA with C30B is the

decrease of both the Young’s modulus and the tensile

strength of the filaments, which is mainly due to a strong

decrease of the elongation of the filaments and the degra-

dation of the PLA matrix. It is not possible to correctly

draw the nanocomposite filaments. The so-obtained nano-

composite filaments show some low elongation at break as

regards to pristine PLA-based filaments. This phenomenon

has already been observed with nylon 6/clay nanocom-

posite fibers [43]. The silicate layers seem to prevent/re-

frain the molecular mobility of PLA macromolecules. So,

the use of a plasticizer is necessary.

Thermal properties of PLA nanocomposite and plasticized

PLA nanocomposite filaments

Glass transition temperatures of PLA and PLA nanocom-

posites filaments are represented in Fig. 15. For each kind

of filaments, an increase of Tg is observed with DR. It is

due to the increase of the degree of cristallinity with DR

(see Fig. 16), which limits the molecular mobility, so the

energy necessary to pass from the glassy state to the rub-

bery state is increased.

The N1f, N2f and N3f have a Tg equal to or higher than

the unfilled PLA filaments (except for N2f with a DR of 3).

PLA macromolecules intercalated between the silicate

layers or in direct vicinity have their molecular mobility

and their flexibility restricted, which triggers an increase of

Tg. The effect of the plasticizer is the decrease of Tg (see

‘‘Effect of the plasticizer (DOA) on the thermal properties

of PLAp and N4p’’ section). The Tg of pN4p is 44.2�C.

When it is spun, a slight increase is observed. The filaments

have a Tg between 47.1 �C (DR = 2) and 49.0 �C (DR =

4). So it represents only a 5 �C increase. This increase is

more significant for the pristine PLA. The Tg of PLA

pellets is 58.7 �C, and it increases up to 68.0 �C for PLA

filaments (DR = 3.5). So it represents a �9.4 �C increase.

The influence of the drawing process on Tg is less impor-

tant when PLA is plasticized. Even if the drawing induces

an orientation of the macromolecules and crystallization,

the plasticizer increases the molecular mobility. So the

increase of Tg of the PLA filaments due to the drawing is

lower when the PLA is plasticized.

The N1f, N2f and N3f are characterized by higher

degrees of cristallinity as regards to the unfilled PLA

filaments (see Fig. 16). Only PLA filaments with 1% and

2% of C30B drawn at low DR (2) have lowest degree of

cristallinity. C30B increases the crystallization rate of

PLA. As previously reported, silicate layers act as efficient

nucleating agents and promote faster crystallization (see

‘‘Crystallization kinetics’’ section). The highest degree of

cristallinity recorded for unfilled PLA filaments is 34%

while it reaches 40.2% for N1f. So, higher degrees of cri-

stallinity are observed for PLA organo-clay nanocomposite
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Table 2 Tensile properties of the filaments with the highest tensile properties for each blend

PLA (DR = 3.5) N1 (DR = 3.5) N2 (DR = 3) N3 (DR = 2) pN4 (DR = 4)

Diameter (lm) 45.7 44.35 48.06 50.1 47.4

Young’s modulus (GPa) 6.57 6.01 5.34 3.6 4.51

Tensile strength (MPa) 415 410 296 235 237

Elongation at break (%) 46.8 34.7 56.0 21.3 86.4
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filaments. The degree of cristallinity of pN4f versus DR is

also represented in Fig. 16. Higher degree of cristallinity is

reached from lower DR(2). This high degree of cristallinity

is due to the presence of C30B which increases the crys-

tallization rate (see ‘‘Crystallization kinetics’’ section), but

also to the presence of DOA which increases the molecular

mobility of the PLA macromolecules (see ‘‘Effect of the

plasticizer (DOA) on the thermal properties of PLAp and

N4p’’ section). Whatever the investigated DR, the degree

of cristallinity of pN4f is around 37%, while it is only equal

to 34% for unfilled PLA filaments at a DR of 3.5.

Reaction to fire of PLA nanocomposite filaments

The cone calorimeter is an efficient equipment to study the

reaction to fire of a material. It allows to determine a large

number of parameters which can describe the fire behavior

of a material as the time to ignition (tig), the rate at which

the heat is released (RHR), the total heat which is released

(THR), the volume and toxicity of smoke produced. Three

kinds of samples (PLAf, N1f and N2f) were knitted to study

the influence of the C30B content on reaction to fire. N3f

were not knitted because of the low tensile properties (see

‘‘Tensile properties of PLA nanocomposite and plasticized

PLA nanocomposite filaments’’ section). The multifila-

ment yarns were too weak and broke during knitting.

Figure 17 represents the RHR curves of PLA, N1 and

N2 knitted fabrics. The time to ignition of PLA knitted

fabric occurs at 76 s. When PLA is filled with C30B, tig
slightly decreases. For N1 knitted fabric, tig is 75 s and for

N2 fabric, it is 64 s. The decrease of tig of a polymer matrix

filled with clay has already been observed [37, 44]. This

decrease can be assigned to a partial degradation of the

organic modifier during the melt blending and the melt

spinning. It can also be assigned to the fibrillation of the

multifilament yarn. Short fibers are visible at the surface of

the knitted fabrics. They can act as small matches leading

shortening of the ignition time. For PLA knitted fabric, the

maximal value for RHR is 265 kW/m2. For N1 and N2

knitted fabrics, the maximal values are 213 kW/m2 and

163 kW/m2, respectively, which represents a decrease of

19% and 38%. The most noticeable effect is obtained for

PLA filled with 2% of C30B. The RHR values reach a limit

value (163 kW/m2) between 80 s and 180 s. This kind of

plateau is not observed for unfilled PLA knitted fabrics.

The decrease of RHR peak value can be explained by the

formation of a char, which can be clearly seen when

nanocomposite knitted fabrics are burning. This char has a

double effect. It can prevent the small flammable mole-

cules formed during degradation from being released, and

prevent or at least refrain the oxygen molecules to diffuse

into the material. The char can also protect the material

from the heat by forming an insulating barrier.

The pN4f have also been knitted to study the fire

behavior using cone calorimeter. The RHR curve is pre-

sented in Fig. 17. The tig of pN4 knitted fabric is only 50 s,

while it is 76 s for unfilled PLA knitted fabric. This de-

crease of tig is also observed for N2 knitted fabric. So, the

higher the C30B content, the lower tig. But the plasticizer

can also play a role in the decrease of tig. The TG curve

(see Fig. 9) shows a volatilization of the plasticizer starting

from 180 �C. It degrades more easily than PLA, which

degradation occurs around 310 �C. So the volatilization of

DOA can produce some gas, which can catch fire more

easily. TG curves and cone calorimeter results can only be

compared before tig, when a thermal oxidation of the

material occurs. A strong decrease of the RHR peak can be

noticed with a value equal to 173 kW/m2. Compared to the

maximal RHR value of pristine PLA knitted fabric

(265 kW/m2), it represents a decrease of 34.7%. It is

equivalent to the decrease observed between unfilled PLA

and N2 knit fabrics. After the RHR peak, the RHR values

decrease slowly. Some incandescence phenomena are

observed at the end of the test, between 270 s and 420 s.
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Shrinkage properties of plasticized PLA nanocomposite

filaments

As expected, the shrinkage values increase with the tem-

perature of the test (see Fig. 18). Interestingly, whatever

the temperature of the test and the DR applied on the fil-

aments, the shrinkages values for the pN4f remain always

lower as regards to the values of unfilled PLA filaments.

This phenomenon has already been observed with some

PET fibers modified with nanomaterials [45]. The silicate

layers of C30B can decrease the molecular mobility of the

macromolecules inserted between the silicate layers or in

the vicinity. So these macromolecules are less sensitive to

heat, and need higher temperature to shrink.

Conclusion

PLA organo-clay nanocomposites were prepared by melt

blending, and particularly by twin-screw extrusion. Four

types of nanocomposites, i.e., N1, N2, N3 and N4, con-

taining, respectively, 1, 2, 3 and 4 wt.% of Cloisite� 30B

(C30B), were extruded. The properties of these blends were

firstly studied. TEM and XRD analyses showed a good

dispersion of the C30B in the PLA matrix with an exfoli-

ated/intercalated structure. It was also shown that C30B

increases the crystallization rate and improves the thermal

stability especially for PLA/4% C30B.

Then, these blends were spun with a melt-spinning

drawing device. It was shown that problems to spin

occurred for PLA filled with more than 2 wt.% of C30B.

The elongation at break strongly decreases, so filaments

with low tensile properties were obtained. So a fifth

blend, using DOA as plasticizer (10 wt.%), was prepared

and the resulting pN4 sample was extruded and success-

fully melt-spun drawn. The filaments obtained have better

elongation properties, so they could be used to produce

knitted fabrics.

Then, fire behavior of N1, N2 and pN4 knitted fabric

was studied using a cone calorimeter. A strong decrease of

the maximal RHR value, up to 38%, was obtained for N2

and pN4 fabric knits. It was shown that only 2 wt.% of

C30B was enough to improve the fire behavior of the fabric

knit. PLA organo-clay nanocomposite is a very promising

route to improve the fire behavior of a textile structure. It

allows obtaining PLA knitted fabric with flame retarding

properties.
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