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nanofibrillar morphologies in
poly(L-lactide)/poly(amide) blends: role of the
matrix elasticity and identification of the critical
shear rate for the nodular/fibrillar transition†

M. Yousfi, * T. Dadouche, D. Chomat, C. Samuel, J. Soulestin, M.-F. Lacrampe
and P. Krawczak

Bio-based poly(L-lactide)/poly(amide-11) blends (PLA/PA11, 80/20 w/w) and poly(L-lactide)/poly(amide-6)

blends (PLA/PA6, 80/20 w/w) are processed by twin-screw extrusion followed by injection-moulding

and key rheological parameters controlling their morphologie are investigated. The same work is done

using the same PLA modified by a multi-step reactive extrusion route with an epoxy-based chain

extender to obtain modified poly(lactide)/poly(amide-11) (PLA-j/PA11 80/20 w/w) blends. The

morphologies of the extruded materials and of the injection moulded parts are characterized by SEM

and their formation is deeply discussed via rheological investigation to highlight the contribution of

viscosity, elasticity and interfacial tension. The existence of a critical shear rate related to the transition

from nodular to fibrillar morphology is highlighted and the results are in good agreement with the

condition of fibrillation Ca/Ca(crit) $ 4. Interestingly, with the exception of PLA/PA6 specimens, all blends

obviously display uniform thin-thread fibrillar morphologies after injection-moulding. Compared with

pure PLA, a drastic increase of the ductility was observed in the blends exhibiting a fiberlike structure

without meanwhile sacrificing the stiffness. This study confirms that, through the appropriate choice of

blend components (viscosity and elasticity ratio, flow conditions, interfacial tensions) the in situ

fibrillation concept provides access, at a reasonable cost, to new materials with improved

thermomechanical performances, without sacrificing weight and ability to be recycled.
1. Introduction

Polymer blends are important industrial materials which are,
still further, gaining in practical importance and scientic
interest since the development of a blend is more economical
than the synthesis of new functional polymer, which not only
involves high costs but also cannot satisfy industrial demand.1

The great majority of useful polymer blends are not miscible,
but their physical properties could be optimized by controlling
the quality of the dispersion which depends on the melt rheo-
logical properties as well as on the mode of deformation of the
blend components during compounding and/or processing
stages. Compared to conventional composite materials which
contain rigid llers, polymer blends form a multiphase system
with a deformable dispersed phase. Due to the complex nature
of deformation of the minor phase, polymer blends have the
potential of generating a wide range of morphologies during
Department of Polymer and Composite
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melt processing. These morphologies can roughly be divided in
two classes: co-continuous systems and dispersion-like systems.
In the latter, spherical, ellipsoidal, brillar or droplet-in-droplet
morphologies have been reported in the scientic literature
even with same composition.2

The morphology created by the blending of immiscible
uids in industrial processes is the product of droplet defor-
mation, breakup and coalescence. Taylor3 found that in purely
viscous newtonian systems, the deformation and breakup of
drops, is governed by two dimensionless parameters: the rst
one is ratio of the viscosity of the dispersed phase (hd) to that of
the continuous phase (hm) denoted k (k ¼ hd/hm), the second
one is theWeber (or capillary) number, Ca, which represents the
ratio of the viscous stresses imposed on the droplet by the
external ow eld to the interfacial tension forces that tend to
restore the droplet to a spherical shape. The capillary number in
shear ow is dened as:

Ca ¼ hm _g/(Gd,m/R) (1)

where hm is the viscosity of the continuous phase, _g is the shear
rate, R is the radius of the droplet prior to undergoing
RSC Adv., 2018, 8, 22023–22041 | 22023
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deformation, and Gd,m is the interfacial tension between the
dispersed phase (droplets) and the continuous phase (matrix).

At a certain critical shear rate ( _gc), the viscous forces exceed
the interfacial ones and the droplet is broken up. The capillary
number corresponding to the critical shear rate ( _gc) is called the
critical capillary number and is denoted by Ca(crit) with:

Ca(crit) ¼ hm _gc/(Gd,m/R) (2)

The critical capillary number in pure shear ow is minimum
when the viscosity ratio (k) is equal to unity and increases to
innity for a viscosity ratio greater than 4 (ref. 4) (Fig. 1). Thus,
systems with k > 4 should not be dispersible in pure shear ow.

In elongational ow, the critical capillary number is dened
by

Ca(crit) ¼ he,m_3/(Gd,m/R) (3)

where _3 is the Hencky strain rate and he,m is the elongational
viscosity of the matrix. Ca(crit) in elongational ow is lower and
less sensitive to the viscosity ratio. Therefore, elongational ow
elds are more effective than shear ow elds in transforming
droplets into brous domains. More details on the theory of
deformation in the case of newtonian and viscoelastic immis-
cible blends can be found in different review papers.5–8

At a given viscosity ratio k with (1# k < 4), different modes of
deformation and breakup are possible, depending on the
capillary number values:

Ca < 0.1Ca(crit), there is no deformation of the droplet. The
interfacial energy dominates.

0.1Ca(crit) # Ca < Ca(crit), the droplet deforms slightly without
break-up and reach a stable form.

Ca(crit) # Ca # 2 Ca(crit), the viscous stress dominates the
interfacial stress, the droplet is unstable and breakup occurs by
the splitting of the droplet into two equal parts before elonga-
tion into a lament can be achieved.
Fig. 1 The Grace curve gives the relation between the critical capillary
number Ca(crit) and the viscosity ratio k for the breakup of an initially
spherical droplet in quasi-steady homogeneous flow (in simple shear
and plane hyperbolic flow).4

22024 | RSC Adv., 2018, 8, 22023–22041
2Ca(crit) < Ca # 4Ca(crit), the droplet is deformed into an
unstable elongated ber, then undergoes fragmentation via
‘end-pinching’ or Rayleigh capillary instabilities giving rise to
several smaller droplets.9–12

Ca > 4 Ca(crit), the interfacial stress is completely over-
whelmed by the shear stress, leading to large deformation of
droplets into long brils. In this case, the dispersed droplets
form long stable brils. Many researchers have used these
criteria to study/predict the morphology and bril formation in
polymer blends.13,14

It is expected that in viscoelastic systems the critical capillary
number also depends on the elasticity ratio.15–17 Wu18reports
that the critical capillary number Ca(crit) is more important in
the case of viscoelastic blends compared to newtonians ones.
He proposes a V-shape describing the variation of Ca(crit) as
a function of the viscosity ratio k as compared to the U-shape
previously obtained in the case of newtonian melts. He also
introduces an empirical equation between the critical capillary
number and the viscosity ratio as:

CaðcritÞ ¼ 4

�
hd

hm

��0:84

(4)

where, the exponent is positive if hd/hm > 1 and negative if hd/hm
< 1.

So elasticity of the droplet and matrix phases (oen referred
to as the rst normal stress difference force N1) should be an
important factor affecting the morphology of the dispersed
phase particles. Since the experimental measurements of the
normal force N1 are delicate, most studies devoted to the
brillar morphology have focused on the effect of viscosity ratio
neglecting the importance of the elasticity ratio between the
dispersed and continuous phase, leading to contradictions and
ambiguity to draw a clear correlation between the viscosity ratio
and the optimal conditions of ber formation and its temporal
stability in the case of viscoelastic immiscible polymer
blends.19–22 According to several literature reports,1,23–26 in the
particular case of berlike morphology, the droplet–bril tran-
sition could be controlled by the viscosity ratio (k) between the
dispersed phase and matrix (a more viscous matrix promotes
the breakdown of droplets27–31), the elasticity ratio (k0) between
the dispersed phase and matrix (a more elastic matrix promotes
deformation and extension of the nodules into brils14,17,23,32–39)
and a compromise between deformation (shear or elongation)
and relaxation should be achieved in order to have a stable
lamentous morphology.21,22,40

Nevertheless, to summarize the results of the different
studies on brillation41 and according to the work of Van
Oene,42 to promote the droplet/ber transition, it is thus
necessary to develop a system such as the viscosity ratio k < 4
and in the same time the elasticity ratio k0 � 1. A ne brillar
morphology will be formed when the interfacial tension
between the matrix and the minor phase is low.43

But it is not only necessary to form the brillar morphology.
This one must also be stable in the ow. Then, a dispersed
phase with a long relaxation time favors the temporal stability of
the brillar structure.21
This journal is © The Royal Society of Chemistry 2018
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Table 1 Chain extender � CE [ agent properties

Name Supplier Trademark
Apparent density
(g cm�3) Mw (g mol�1) Tg (�C)

Epoxy content
(g mol�1)

Joncryl BASF 4300F 1.08 5500 56 445

Table 2 Extrusion temperature profile

Heating area 1 2 3 4 5 6 7 8 9 Die

Temperature (�C)
(PLA/PA11 blends)

200 200 200 200 200 200 190 190 190 190

Temperature (�C)
(PLA/PA6 blends)

230 230 230 230 230 230 230 225 220 220

Table 3 Composition of PLA/PA6 and PLA/PA11 blends (j stands for
chain extender agent)

Designation Composition (wt%) Stretching ratio

PLA/PA11-LV 80 (PLA) 20 (PA11-LV) 6.2
PLA-j/PA11-LV 80 (PLA + 1% joncryl) 20 (PA11-LV) 6.2
PLA/PA11-HV 80 (PLA) 20 (PA11-HV) 6.2
PLA/PA6 80 (PLA) 20 (PA6) 6.2
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When a droplet undergoes high deformation in the matrix
(reduced capillary number Ca/Ca(crit) > 1), it is known that the
ber breakup is generated by the strong applied stresses during
ow. However, it was observed that rupture can occur by surface
instabilities. In particular, when Ca/Ca(crit) > 2, highly elongated
long thread suspended in another liquid is under non-
equilibrium conditions, and its stability depends on the ow
conditions, the interfacial tension, and its proper rheological
properties as well as those of the suspending medium.44 When
(2 < Ca/Ca(crit) < 4), the capillary instabilities (called Rayleigh
disturbances) are the predominant mechanism of the rupture
(see the ESI†).45

In simple shear ow with an affine deformation, Huneault
et al.46 give the following equation to estimate the breakup time
of the bril:

tb ¼
�

hm lnð3=30Þ
Gd;mUðk; lmÞg

� 1=2

R0

2

�2=3
(5)

or in a dimensionless form (reduced breakup time) as

t*b ¼
tbg

�

2Ca
¼ 2

Uðk; lmÞ ln

�
0:81R0

30

�
(6)

Thus, the self-induced brillar morphology results of
a complex rheological and thermal process, in which the
discontinuous phase can form a brous structure under specic
rheological and processing conditions, which results in one
polymer being reinforced or soened by the other one. The
basis for the creation of a stable self-induced brillar
morphology is controlled by the rheological and interfacial
properties of the molten components (viscosity and elasticity
ratios, and interfacial tension) which control the deformation
mode of the dispersed phase and guarantee the droplet/ber
transition24 and the relaxation of the brils which controls the
stability of the morphology.47–51 Therefore, suchmaterials called
MFCs have attracted a great deal of interest and have been the
subject during the last decade of several academic studies and
industrial applications.52 Because they are exclusively based on
thermoplastic polymers, these structured materials can provide
This journal is © The Royal Society of Chemistry 2018
an interesting solution to the problems of lightening to equiv-
alent mechanical performances due to the low density of the
polymer ber while preserving the recyclability potential of the
thermoplastic polymers.

Conventionally, the manufacture of these structured prod-
ucts is decomposed in two stages. The rst step is the com-
pounding of a blend of two immiscible polymers followed by
drawing (hot or cold, i.e. above or below the glass transition
temperature of the dispersed phase), cooling and quenching of
the brillar morphology. The possibility of obtaining this
morphology is directly related to the viscosity and elasticity
ratios of the two materials, under the conditions induced by
their ow in the extrusion and drawing processes. The second
step, of forming process (by extrusion or injection) shall be
carried out under conditions of temperature, strain rate defor-
mation and residence time which do not to alter, or minimize
the alteration of, the brillar structure previously obtained. For
this purpose, the forming temperature of the dispersed phase
must be 30 �C higher than that of the matrix. Thus, taking into
account the constraints imposed on the one hand for obtaining
the brillation of the dispersed phase during compounding and
stretching and on the other hand for preserving the brillar
structure during forming process, the number of polymers pairs
suitable for these processes and showing an industrial interest
is generally relatively limited.

Another approach is proposed here with the aim of extend-
ing the spectrum of polymer couples which can be used. The
goal is to circumvent the constraints associated with the form-
ing process stage by promoting brillation during this step and
not only during the rst compounding stage. This can be ach-
ieved, for example, by imposing a high stretching deformation
in the feeding system of an injection mould. Thus, in the
present study, a strategy is adopted consisting in the in situ
generation, during the micro-injection forming process, of well-
aligned high aspect ratio exible nanobrils having strong
interfacial affinity with the matrix. Discussed here are blends of
linear PLA (or chain branched modied PLA) and different
polyamides (PA-11 and PA-6), which are chosen to form the
RSC Adv., 2018, 8, 22023–22041 | 22025
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Fig. 2 Manufacturing process of polymer blends extrudates.
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brillar phase because of their impressive ductility, as well as
their good compatibility with PLA.53,54

The present study addresses several key aspects concerning
the development of brillar morphologies in a biobased poly-
mer blends where nanometric poly(amide) brils could be
Fig. 3 Schematic illustration of the piston micro-injection process.

22026 | RSC Adv., 2018, 8, 22023–22041
controlled by processing parameters and rheology of neat
polymers. In this respect, the article exposes and discusses
several results such as: (i) the control over nanometric PA11
brils by viscosity and elasticity ratio, (ii) the identication of
a critical shear rate and (iii) the use of reactive extrusion to
generate PA11 (nano)brils at low shear rates. For this purpose,
a precise shear rate characterization was accessed in injection-
molding by high-speed image analysis and, on another side,
normal stress differences of neat polymers were approached by
two different methods. The correlation between viscoelastic
properties of blend components, morphological structure and
ultimate properties of the in situ polymer composites with
a specic focus on the role of the matrix elasticity was
highlighted.

2. Experimental
2.1 Materials

A semi-crystalline aliphatic polyester poly(l-lactic acid) (PLLA)
(4032D, NatureWorks, USA) with a melting temperature of
170 �C is used as matrix. It has a d-lactide content of 1.4� 0.2%,
a residual lactide content lower than 0.3%, a solid density of
1.24 g cm�3 and a melt ow index of 7 g/10 min measured at
210 �C under load of 2.16 kg.55

Two polyamides 11 (PA11) with different viscosities having
a solid density of 1.03 g cm�3 are chosen for the dispersed
phase. The more viscous PA11, named PA11-HV (which stands
for High Viscosity PA11) (Rilsan®BESVO, Arkema, France) has
a melting temperature of 189 �C and a melt volume-ow rate of
about 6 ml/10 min at 235 �C under load of 2.16 kg. The less
viscous PA11, named PA-LV (which stands for Low Viscosity
PA11) (Rilsan® BMNO, Arkema, France) has a melting temper-
ature of 189 �C and a melt volume-ow rate of about 36, 5 ml/
10 min at 235 �C under load of 2.16 kg(that is nearly 6 times
lower than that of PA-HV). A polyamide 6 (PA6) with a solid
density of 1.13 g cm�3 (Akulon® PA6C, DSM, The Netherlands)
is also chosen for the dispersed phase. It has a melting
temperature of 220 �C and an intrinsic viscosity of about 245 ml
g�1. All polymers were dried in a vacuum at 80 �C for at least
12 h to minimize the moisture content before processing.

In addition, a chain extender � CE [ agent with multiple
epoxy functions (Joncryl 4300F, BASF, Germany) (Table 1) is
used in order to increase the viscosity and elasticity of PLA. The
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Schematic illustration of the digital image correlation during microinjection process.

Fig. 5 Schematization of the extrudate swell measurement at the die
exit.
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notation PLA-j will designate the chain extender modied PLA.
Before processing, all materials are dried at least 24 hours at
80 �C under vacuum in order to remove moisture.
Table 4 Total, polar, and dispersive components of the surface energy
of neat polymers measured at 21 �C

Samples
g polar
(mN m�1)

g dispersive
(mN m�1)

Total surface energy
(mN m�1)

Polarity
ratio

PLA 4.0 32.8 36.8 0.11
PA11 3.5 27.2 30.7 0.11
PA6 (ref. 68) 14.5 37.4 51.9 0.28
2.2 PLA modication by reactive extrusion

Solid granules of PLA are rst mechanically grinded to a micron
sized powder by the conventional cryogenic milling (CM)
process using a rotary knife mill (Pulverisette 19, Fritsch, The
Netherlands) tted with a 0.5 mm sieve (trapezoidal perfora-
tion) at a high rotational rotor speed of 3400 rpm. Throughout
the pulverisation process, the pellets are continuously
submerged within a bath of liquid nitrogen inducing the
formation of very ne particles. The total milling time is esti-
mated to be 15 seconds (one cycle) and the material throughput
quantity is �1 Kg h�1.

Aer drying in a vacuum oven, some PLA powder is dry
blended with 1% of chain extender � CE [ agent and then
extruded in a twin-screw extruder (HaakePolylab PTW 16/40,
Thermo Scientic, Germany) at a temperature of 190 �C. The
throughput is set at 0.75 kg h�1 and the screw speed at 80 rpm.
Finally, the PLA-chain extender blend (designed by PLA-j) is
This journal is © The Royal Society of Chemistry 2018
quenched in water and pelletized. With those operating
parameters, the residence time in the extruder ranges from 3 to
5 minutes and the material temperature reaches 205 �C in the
die. Considering the chain extender reaction kinetics (supplier
data), a conversion rate of 99% is expected.
2.3 Melt-blending

PLA/PA 80/20 w/w blends are rst prepared by dry-blending,
then extruded in the same twin-screw extruder as before. A
screw speed of 150 rpm and a throughput of 0.7 kg h�1 are
maintained for all the blends. A specic decreasing temperature
prole (Table 2) is set in order to quickly melt the polymers and
then operate a slight cool down, enabling the strand to have
sufficient viscosity to withstand the upcoming drawing process.
Hence, this temperature prole brings a material temperature
in the die of � 195 �C in the case of PLA/PA11 blends and
�226 �C in the case of PLA/PA6 blends. Aer the extruder exit,
the strand is cooled in a water bath and stretched in a pelletizer
used as a drawing device at 25 m min�1 which represents the
highest achievable speed without compromising the strand
integrity. The measurement of the diameter of the die (D0) and
of the stretched strands (Df) allows determining the stretching
ratio (D0

2/Df
2) (6.2 in this particular case). Table 3 summarizes

the different blends obtained. Samples are designated by PLA/
PA11-LV, PLA/PA11-HV and PLA/PA6 where LV and HV indi-
cate Low Viscosity and High Viscosity polyamide 11 respectively.

In conditions used for melt blending (Fig. 2), the apparent
shear rate in the extruder die, _gdie, is calculated using the
following equation56
RSC Adv., 2018, 8, 22023–22041 | 22027
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Table 5 Total, polar, and dispersive components of the surface energy of neat polymers extrapolateds 200 and 230 �C

Samples T (�C)
g polar
(mN m�1)

g dispersive
(mN m�1)

Total surface
energy (mN m�1)

–dg/dT
(mN m�1 �C)

PLA 200 2.8 23.2 26.0 0.060 (ref. 59)
230 2.6 21.7 24.3

PA11 200 2.1 16.9 19.0 0.065 (ref. 69)
PA6 230 10.7 27.7 38.4 0.065 (ref. 58)

Fig. 6 The complex viscosity angular frequency dependence at 200 �C for neat, modified PLA and PA11 samples (a) and for neat PLA, PA6 at
230 �C (b).
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g
�

die ¼
4QV

pðrdieÞ3
z 80 s�1 (7)

where rdie is the die radius (�1.6 mm) and QV is the volumetric
ow rate (�0.27 cm3 s�1). It is worth mentioning that the shear
rate over the ight of the screw is around 40 s�1 and is calcu-
lated using eqn (8):51

g
�

screw ¼ pDN

60h
z 40 s�1 (8)

where D is the screw diameter, N is the screw revolutions per
second and h is the average gap of the screw channel.
Fig. 7 Shear storage moduli at 200 �C for neat and modified PLA.
2.4 Injection-moulding

Specimens of the different compounds with different geome-
tries (disks and dumbbells) are injection-moulded (HAAKE
MiniJetII Piston Injection Moulding System, Thermo Scientic,
Germany). The injection moulding temperature is set at 180 �C
and 220 �C for PLA/PA11 and PLA/PA6 blends respectively. The
injection pressure is set at 900 bars for 1 s, and the holding
pressure is set at 500 bars for 5 s. The mould temperature is set
at 40 �C.

In order to investigate the link between the morphology of
the micro-injection moulded parts and the rheological proper-
ties of used polymers, the shear rate during the micro-injection
moulding process must be evaluated. A schematic illustration
of the injection moulding system is presented in Fig. 3. During
22028 | RSC Adv., 2018, 8, 22023–22041
injection moulding, the polymer melt in the heated cylinder is
transfered into the hot mould under high hydraulic pressure
imposed by the piston. In order to evaluate the shear rate
applied in the feed channel ( _ginj) located at the inlet of the
mould cavity (Fig. 3), the piston speed should be measured. To
do that, a digital image correlation (DIC) technique is used
(Fig. 4). The 2D DIC system (vic-snap 2010, Correlated Solutions
Ins, USA) measures the 2D displacement eld of the piston
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 The Weissenberg number versus angular frequency at 200 �C (a) for neat PLA, PA11, PLA-j samples; at 230 �C (b) for neat PLA and PA6
samples.
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during the thrust of the material, based on images from one
camera (AVT Pike F-421B, CCD captor, square pixel size 7.4 mm,
resolution 4 MP and acquisition speed in full resolution 16 ips).
In order to use the DIC technique, a matt random speckle
pattern is printed with a ne black liner on the front side of the
piston prior to testing. The framing rate is 10 frames per
second. The DIC data is post-processed with a subset size of 19
� 19 pixels and a grid point spacing of 5 pixels (vic 2D 2010,
Correlated Solutions Inc, USA).

Knowing the dimensions of the injection moulding piston (4
¼ 11 mm) and of the feed channel (2 � 1 mm2), then the
volumetric ow rate in the feed channel (called runner) is
calculated following the eqn (9). Furthermore, it is possible to
calculate the shear rate following the eqn (10).56

QV ¼ Vpiston � p�
�
Dpiston

2

�2

¼ 2852 mm3 s�1 (9)
Fig. 9 Weighted relaxation spectrum of neat PLA and PLA/PA11-LV blen

This journal is © The Royal Society of Chemistry 2018
g
�

inj ¼
6�QV

wh2
¼ 8553 s�1 (10)

where Vpiston and Dpiston is speed and diameter of the injection
moulding piston respectively, w is the feed channel width and h
is its height. These calculations give an average injection
moulding shear rate equal to 8553 s�1.
3. Characterization
3.1 Interfacial tension assessment

Surface energy of each polymer component (except PLA-j) is
determined at 21 �C with the sessile drop method, using a drop
shape analyser (DSA4, KrüssGmbh, Germany). From contact
angle measurements performed with water and diiodomethane
as probe liquids, the total surface energy, as well as disperse and
polar parts are determined by using Owens–Wendt regression
method.57 On each measurement, ten drops of each liquid are
ds (a), neat PLA-j and PLA-j/PA11-LV blends (b).

RSC Adv., 2018, 8, 22023–22041 | 22029
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Fig. 10 The viscosity shear rate dependence at 200 �C for neat, modified PLA and PA11.
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deposited and measured over the whole surface to ensure
reproducibility at laboratory temperature.

Since melt blending is necessarily carried out at elevated
temperatures, the surface energies and interfacial tensions
must be known at common melt temperature. To calculate the
surface energy at the melt processing temperature (200 �C for
PLA/PA11 blends) and (230 �C for PLA/PA6 blends), a constant
polarity ratio (the ratio of polar part to total surface energy) is
assumed58 as well as a thermal coefficient of surface tension

�dg
dT

of 0.06 mN m�1 �C�1 for PLA59 and of 0.065 mN m�1 �C�1

for both polyamides grades.58 The melt interfacial tension g12

between components 1 and 2 at the processing temperature is
then estimated according to the fractional polarity using the
geometric mean equation proposed by Owens and Wendt:57

G12 ¼ g1 þ g2 � 2

ffiffiffiffiffiffiffiffiffiffi
gd
1g

d
2

q
� 2

ffiffiffiffiffiffiffiffiffiffi
g
p
1g

p
2

q
(11)
Fig. 11 SEM observation of longitudinal fracture surfaces of extrudates

22030 | RSC Adv., 2018, 8, 22023–22041
where g1 and g2 refer to the surface free energy of two polymers
and gd and gp refer to the dispersive part and polar part of the
associated surface free energy, respectively.

For PLA-j/PA11-LV and PLA/PA11-LV, the interfacial tension
(G12) at processing temperature is determined by Palierne
model [34], using the SEM images analysis (Section 4.3), shear
oscillation rheometry (Section 4.2) and relaxation times (Section
4.2) measurements:

G12 ¼ hmRð19k þ 16Þð2k þ 3Þ
40lðk þ 1Þ �

�
1þ F

5ð19k þ 16Þ
4ðk þ 1Þð2k þ 3Þ

�
(12)

where hm is thematrix newtonian viscosity, R is the radius of the
inclusions, l is the interface relaxation time, k is the viscosity
ratio, and F is the volume fraction of the inclusion.
3.2 Morphology analysis

Blend morphology of the longitudinal cross section of the
extruded and injection-moulded samples, is observed under
for (a) PLA/PA11-LV, (b) PLA-j/PA11-LV.

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 SEM observation of longitudinal fracture surfaces of extrudates for (a) PLA/PA11-HV, (b) PLA/PA6.

Table 6 Average droplet diameter and polydispersity of PLA/PA
blends

Blend
Average droplet diameter
in the extrudate (mm) FWHM (mm)

PLA/PA11-LV 0.8 0.3
PLA/PA11-HV 0.9 0.4
PLA/PA6 1.7 1.2
PLA-j/PA11-LV 0.3 0.1
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high vacuum with a scanning electron microscope (JEOL, JCM-
6000 Plus, Japan) operating at 15 kV and a probe current of 130
pA. SEM micrographs of the PLA/PA blends are taken from
samples fractured in liquid nitrogen for 3–5 min, and then
coated with a thin gold layer (Polaron E5100 series II, Watford)
to avoid charging on the fracture surface. The average PA
domain diameters and their distribution are measured by
means of image processing soware (ImageJ©, USA).
Fig. 13 Particle size distribution of PLA/PA blends.

This journal is © The Royal Society of Chemistry 2018
3.3 Shear oscillation rheometry measurements

Dynamic rheological measurements are performed using
a rotational rheometer (HAAKE MARS III, Thermo Scientic,
Germany), equipped with 35 mm diameter parallel-plates
geometry, with a 1.5 mm gap size. Injection-moulded disks
obtained from micro-injection moulding are used for these
tests aer being dried in a vacuum oven at 80 �C during 24
hours prior to experiment. Measurements are performed in
nitrogen atmosphere at 200 �C for PLA/PA11 blends and 230 �C
for PLA/PA6 systems. Linear domains of the different materials
are identied from strain sweeps and a common strain of 10%
is chosen for all samples which is within the linear viscoelastic
region. Frequency sweeps are carried out between 0.1 and 100
rad s�1. Dynamic storage modulus (G0), dynamic loss modulus
(G00), and complex viscosity (|h*|) are recorded as functions of
angular frequency (u). The relaxation spectra H (l) of neat
polymers and blends are calculated. H (l) from the storage
modulus vs. angular frequency data using the Tikhonov non-
linear regularization NLREG method integrated in the
commercial soware package RheoWin (ThermoScientic,
RSC Adv., 2018, 8, 22023–22041 | 22031
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Fig. 14 Schematic illustration of morphological evolution of in situ nanofibrillar PLA-j-PA11 blends.

Table 7 Viscosity and elasticity ratios for PLA/PA11, PLA-j/PA11 and PLA/PA6 extrudate blends at 80 s�1 (in the extrusion die)

Blend system
k
(viscosity ratio)

k0 (elasticity ratio)
(based on Wi ratio)

k0 (elasticity ratio)
(based on G0 ratio) Type of morphology

PLA/PA11-LV 1.3 1.2 1.5 Nodular
PLA/PA11-HV 6.1 3.9 17.2 Nodular
PLA/PA6 3.2 2.1 6.3 Nodular
PLA-j/PA11-LV 0.5 0.4 0.2 Fibrillar
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Germany)60 which is a numerical procedures based on the reg-
ularization method proposed by Honerkamp and Weese,61

following the eqn (13):

G
0ðuÞ ¼

ðþN

�N
HðlÞ u2l2

1þ u2l2
dðln lÞ (13)

From the complex viscosity measurements, and assuming
that the Cox-Merz rule |h*|(u) ¼ h( _g) is applicable to estimate
the viscosities of the matrix and the dispersed phase at the
predominant shear rate in themelt blending equipment, 80 s�1,
the viscosity ratio (k) could be calculated.

Elasticity in the droplet or matrix phase could be represented
by the rst normal stress difference N1. Consequently, the
elasticity ratio can be calculated by:

k
0 ¼ N1;d

N1;m

(14)

where N1,d and N1,m are the rst normal stress differences of the
dispersed phase and the matrix respectively.

At very low frequency region (u < 10 rad s�1), the elasticity
(N1) is determined using the formula of Laun (eqn (15)).62

N1ðg
� Þ ¼ 2G

0ðg� Þ
"
1þ

�
G0ðg� Þ
G00ðg� Þ

�2
#0:7

(15)

At high share rates (u > 1000 rad s�1), the elasticity (N1) is
deduced from the swell die measurements described below
(Section 3.4, eqn (24)).

Elasticity ratio also can be characterized for each shear rate
by the Weissenberg number (Wi) which is oen used as criteria
of melt elasticity.63 In simple shear ow, the Weissenberg
22032 | RSC Adv., 2018, 8, 22023–22041
number gives the ratio of the elastic forces over the viscous
forces. In the case of a Maxwell uid, the Weissenberg number
can be written as

Wi ¼ l _g (16)

where l is the Maxwell relaxation time and _g the shear rate.
Assuming that the Cox-Merz rule could be applied for all

materials investigated here, l(u) ¼ l( _g) (with u in rad s�1 and _g

in s�1), the elasticity of the polymers for each shear rate can be
expressed as:

Wiðg� Þ ¼ lðuÞ � u ¼ h00ðuÞ
G00ðuÞu ¼ G

0ðuÞ
G00ðuÞ (17)

And then, the elasticity ratio for each shear rate can be
calculated by:

k
0 ¼ WidðuÞ

WimðuÞ (18)

between the Weissenberg number of the droplet phase (Wid)
andmatrix (Wim). Such a ratio is used by different authors63–65 to
quantify the elastic properties of different viscoelastic polymer
blends. A Weissenberg number lower than unity indicates
viscous-dominant (i.e. liquid-like) behavior and values higher
than unity indicate elastic-dominant (i.e. solid-like) behavior.
3.4 Capillary rheometry measurements

Apparent melt viscosities of the polymers at 200 and 230 �C are
determined at 3 different apparent shear rates(103, 104 and 105

s�1) by using a capillary rheometer (Goettfert, Rheograph 75
Model, Germany) equipped with a capillary die having
This journal is © The Royal Society of Chemistry 2018
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a diameter (D) of 0.5 mm and a length (L) of 10 mm (L/D ratio of
20). The entrance pressure (DP) is measured directly above the
die entrance by a pressure transducer of 100 MPa. The rheom-
eter cylinder is 25 cm long and 1 cm in diameter. Material can
be extruded through the die at controlled linear piston velocity
ranging from 0.01 to 20 mm s�1.

Die swell can also be calculated using the capillary rheom-
etry measurements. When the temperature of the capillary
rheometer reaches a stable level, the polymer is fed into the
reservoir, and then tamped down to remove entrapped air. The
piston speed is xed to the desired shear rate and the
measurements start 5 min aer the beginning of the loading of
the rheometer.

Extrudate swelling or die swell ratio is dened as the ratio of
the extrudate diameter to the capillary die diameter66 (Fig. 5).
Die swell is measured aer the cooling of the hot extrudates of
specied length. Swell measurements are performed aer
relaxation and complete elastic recovery of the strands. Since
the diameter is measured aer cooling, a correction factor is
employed in order to normalize all swell data at the extrusion
temperature rather than room temperature.67 Thus, the ratio of
the extrudate diameter (D2) to the die diameter (D1) is multi-

plied by a density correction factor of:
�
rs

rm

�1=3

to calculate the

extrudate swell or Barus effect (B) as:

ðBÞ ¼ D2

D1

�
rs

rm

�1=3

(19)

where rs and rm are the solid and melt density respectively. The
1/3 power is employed for isotropic materials.66,67 Swell
measurements are evaluated at 200 �C and 230 �C for PLA, at
200 �C for PA11 samples, and at 230 �C for PA6 samples.

Then, extrudate swell is used to calculate the rst normal
stress difference (N1) at high shear rate using the Tanner
formula:66

ðBÞ ¼
"
1þ 1

8

N1

hg
�

 !2#1=6
(20)

Then:

N1 ¼ h _g(8[(B)6 � 1)])0.5 (21)
Table 8 Reduced breakup time and characteristic time for flow
induced deformation of different PLA/PA blends

Blend system Reduced breakup time t*b ( _g)�1

PLA/PA11-LV 34.5 0.0125
PLA/PA11-HV 82.0
PLA/PA6 49.1
PLA-j/PA11-LV 27.6
3.5 Tensile tests

Tensile properties are measured (Lloyd LR 10 K, United
Kingdom) at 23 �C, at a constant crosshead speed of 10
mm min�1, with dumbbell-shaped specimens (1.5 mm thick-
ness) prepared from micro-injection moulding according to the
ISO 527-2 standard. All specimens are previously conditioned
for at least 48 h at 20 � 2 �C under a relative humidity of 50 �
3%. At least, ve specimens are tested for each material and the
mean values and standard deviationsare calculated and
reported.
This journal is © The Royal Society of Chemistry 2018
4. Results and discussion
4.1 Surface energy and interfacial tension at melt processing
temperature

The contact angles, surface energy and polarity ratio of the neat
materials at ambient (measured) and processing temperatures
(calculated using procedure described in Section 3.1) are
summarized in Tables 4 and 5.

A value of gPLA/PA11 z 0.6 mN m�1 is found at 200 �C, sug-
gesting a strong compatibility between the two immiscible
polymers. In the case of PLA/PA6 blends, the melt interfacial
tension at 230 �C is 3.1 mN m�1 which is coherent with the fact
that PA6 is much more polar than PLA.

Finally, using eqn (12) and the results of the morphology
analysis, a melting interfacial tension of 0.87 mN m�1 can be
calculated for PLA/PA11-LV blend. This value is in agreement
with the estimated interfacial tension based on the fractional
polarity theory described before. The interfacial tension for
PLA-j/PA11-LV blend is 0.44 mN m�1, which is in accordance
with the ne morphology found for this blend (domain size for
PA11 discrete phase was less than 0.3 mm, § 4.3).

4.2 Melt rheological behavior

Fig. 6(a) shows the magnitude of the complex viscosity versus
angular frequency at 200 �C of pure polymers used (PLA, the two
grades of PA11 and PLA-j). In this range of frequency (0.1–100
rad s�1), pure PLA presents almost a newtonian behavior. The
onset frequency of shear-thinning is located at 60 rad s�1.
Furthermore, compared to pure PLA, a drastic increase of
complex viscosity is noted for PLA modied by 1 wt% of chain
extender � CE [. The onset frequency of shear-thinning is
shied to 8 rad s�1 in the � CE [ modied PLA. This could
indicate the presence of branched structures in addition to
linear ones. In addition, an increase in the elasticity is also
observed for modied PLA (Fig. 7) manifested by a noticeable
increase in the shear modulus (G0) in the whole considered
angular frequency range. The introduction of chain branches
due to chain extending reactions could explain the increase in
melt viscoelasticity.70,71 PA11-LV and PA11-HV show a typical
non-newtonian shear thinning viscosity prole with a similar
onset frequency of shear-thinning at 10 rad s�1. In addition, in
the whole examined angular frequency range, PA11-HV
demonstrates a high melt viscosity and no newtonian plateau
is observed. This result is consistent with the fact that PA11-HV
has a high molecular weight compared to PA11-LV. At very low
frequency, an unusual increase in the complex viscosity is
observed in both PA11-LV and PA11-HV specimens probably
RSC Adv., 2018, 8, 22023–22041 | 22033
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due to the post-condensation of polyamide chains which
occurred with increasing time since the frequency sweep is
started at the highest frequency.72 Fig. 6(b) presents the complex
viscosity of neat PLA and PLA/PA6 blends at 230 �C. PLA matrix
at 230 �C shows a quasi-newtonian viscosity curve in the range 1
to 100 rad s�1. At low frequencies (u < 1 rad s�1), a slight
increase in the viscosity is highlighted. An increase in viscosity
would mean an increase in molecular weight arising from
further polycondensation. Similar behavior is observed in the
case of PA6. This change in melt viscosity due to post-
condensation reaction is characteristic of polyamide 6.73 It is
useful to note that the onset frequency of shear-thinning at
230 �C is 50 and 15 rad s�1 for PLA, and PA6 respectively.

Fig. 8(a) shows the dependency of Weissenberg number (Wi)
versus the shear rate for the neat and � CE [ modied PLA
matrix, low viscosity and high viscosity polyamide 11. It can be
seen that for all materials, the (Wi) numbers increases as the
shear rate increases since the elastic character of viscoelastic
polymers increases as the shear stress increases. In the whole
domain of shear rate or frequencies, the higher values of (Wi)
are obtained in the presence of PA11-HV. The low viscosity
polyamide 11 (PA11-LV) presentes a lower elasticity compared to
PA11-HV but it shows a higher elasticity by looking at neat PLA
matrix. It is useful to note that� CE[modied matrix (PLA-j)
presents a melt elasticity almost three times higher than the
unmodied PLA. At 100 rad s�1, the Weissenberg number
increases from 0.27 in the case of neat PLA to 0.73 in the case of
PLA-j.

Fig. 8(b) shows the dependence of Weissenberg number on
shear rate for PLA and PA6. For all polymers studied, the (Wi)
number increases as ( _g) increases. The high viscosity polyamide
6 exhibits the highest values of (Wi) in the whole range of the
examined angular frequency.

Fig. 9(a) shows the weighted relaxation spectrum of neat
PLA, PA11-LV and PLA/PA11-LV blend. It is well documented in
the literature that the relaxation time of pure PLA above its
melting temperature is around 10�2 s.74,75 Zhou et al.76 found
that the peak relaxation time for PLA (grade 4032D, such as the
one used in the present study) is located at 10�2 s at 190 �C.
Similar results (l ¼ 10�2 s) are found by Naja et al. and Walha
et al. on PLA (grade 3001D) at 200 �C.75,77 The relaxation of pure
PA11-LV occurs also at high frequency (short relaxation times <
10�2 s) as seen in Fig. 9(a) and cannot be identied in the
frequency domain used in the present study. In the case of PLA/
PA11-LV blends, a large peak appears located at 0.62 s. This
peak detected at longer relaxation times is associated with the
shape relaxation of the PA11 droplets.

Fig. 9(b) shows the relaxation spectrum of neat PLA, modi-
ed PLA containing 1% wt of � CE [, and of PLA-j/PA11-LV
blend. Two peaks can be easily identied, corresponding to
two relaxation times. The rst peak can be ascribed to the PLA-j
matrix relaxation (0.03 s) which is 3 times higher than that of
the unmodied PLA. Similar trend was found by Naja et al.75

which correlated the increase in the relaxation time of chain-
extender modied PLA by an increase in the melt elasticity.
The second peak detected at long relaxation times domain is
22034 | RSC Adv., 2018, 8, 22023–22041
characteristic of the form relaxation of droplets (2.5 s in PLA-j/
PA11-LV compared to 0.62 in PLA/PA11-LV).78

The viscosity versus shear rate curve from the oscillatory
rheometry measurement t reasonably well with the viscosity
data obtained using rod capillary rheometry. Actually, accord-
ing to the Cox–Merz theory,79 the oscillatory complex dynamic
viscosity h* as a function of angular frequency and the steady
state viscosity h as a function of shear rate can be superimposed
for unlled polymer melts, as shown in Fig. 10.
4.3. Morphology of the blends in the extrudate

Fig. 11 and 12 show the SEM micrographs of longitudinal
fracture surfaces of extrudates of different blends. Table 6
summarizes the average diameter of PA droplets in the blends
and Fig. 13 represents the droplet size distribution. FWHM (full
width at half maximum) is also measured in order to evaluate
the polydispersity of diameter values.

All the unmodied PLA based blends present a uniformly
distributed nodular morphology. The average size of PA11-LV
droplets is 0.8 mm with a polydispersity FWHM of 0.3 mm
(Fig. 11(a)). The presence of the ne morphological structure in
the PLA/PA11-LV strands conrms the good compatibility
between PLA and polyamide 11.54 The domain size of high
viscosity polyamide 11 dispersed phase in the PLA-PA11-HV
blend is slightly increased compared to that of the low
viscosity PA11 (PA11-LV) with a nodule diameter in the range of
0.4–1.4 mm (averaged 0.91 mm). However, the droplet size varies
more with a polydispersity FWHM of 0.4 mm (Fig. 12(a)).
Compared to PA11-LV particles, PA6 droplets are much larger,
with a mean particle size around 1.7 mm and the size distribu-
tion becomes wider (FWHM � 1.2 mm). Compared to blends
based on high viscosity polyamide 11 (PA11-HV), PLA/PA6 blend
has a larger size distribution. The average diameters of PA6
nodules are almost twice larger than those of the PA11-
HV(Fig. 12(b)). This difference between PA11 and PA6 based
blends may be caused by the different polarity of the macro-
molecular chains of PA6 and PA11 as claimed by the difference
in the melt surface energy between two polymers: the interfacial
tension increases from 0.6 mN m�1 in the case of PLA/PA11
blend to 3.1 mN m�1 in the case of PLA/PA6 system (Section
4.1).

In contrast, electron microscopy images of the blend
prepared from the modied PLA using � CE [ (PLA-j/PA11-
LV) reveal the presence of a bril/matrix morphology
(Fig. 11(b)). Long PA11 nano-brils with large aspect ratios and
diameters of �0.3 mm are generated and are mainly parallel to
each other along the extrusion direction. One can note the
presence of some bers not oriented in the direction of the ow
direction, probably due to tearing during the cryo-fracture. The
polydispersity of the brous domains is narrow with a FWHM of
0.1 mm.

To explain the brillation mechanism in the case of PLA-j-
PA11 extrudates where the matrix is more viscoelastic than
the dispersed phase, one can assume that prior to the entry of
the extruder die, the dispersed phase in the extruded melt is
present predominantly in the form of small droplets (ne
This journal is © The Royal Society of Chemistry 2018
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Fig. 15 SEM pictures of longitudinal fracture surfaces of micro-injection moulded parts for (a) PLA/PA11-LV, (b) PLA/PA11-HV.
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nodular morphology). In the converging cross section at the die
entrance, the extruded melt is subjected to a shear stress
combined with an extensional stress. In this region, the drop-
lets in the melt may elongate to a certain degree in the form of
ellipsoids but do not brillize. However, once drawn by the
external stretching device (Fig. 14), the droplets can elongate
into brils under the uniaxial extensional stress since the more
viscoelastic matrix can transmit the deformation stresses to the
drops. One could also predict that the smaller droplets in the die
entry region collide and can coalesce into larger droplets, and
then they further extend into brils.80 Other authors have
examined bril formation in the converging die entrance and
found droplet coalescence to occur there.30,80,81 In brief, in the
case of the present study, the combined effect of deformation
and coalescence leads to brillation of the PA11 dispersed phase
droplets in viscoelastic PLA matrix modied by the � CE [.

As reported in the Fig. 11(b) and Table 6, the PA11-LV brils
exhibit a nanometric size distribution in the� CE[modied
PLA matrix (PLA-j). This ner morphology (compared to that of
unmodied PLA/PA11-LV blend) can be explained by the high
compatibility between PA11 and PLA-j due to the low interfacial
tension of PLA-j/PA11 blend as reported above (Section 4.1).

Table 7 summarized the values of the viscosity ratio k, the
elasticity ratio k' and corresponding obtained morphology for
Fig. 16 SEM pictures of longitudinal fracture surfaces of micro-injection

This journal is © The Royal Society of Chemistry 2018
different blends. In the case of PLA/PA11 blends, large differ-
ence in the values of k and k0 is found between the two type of
polyamides. In the presence of low viscosity PA11-LV, the
viscosity and elasticity ratio are slightly higher than unity.
Although the viscosity of the PA11-LVis close to that of PLA
matrix, the fact that the elasticity of the drop is higher than the
elasticity of the matrix (k0 based on the elastic modulus ratio
equals to 1.5), the development of a brous morphology does
not occurs. So, the elasticity of neat PLA is not high enough to
promote deformation and extension of the droplets into la-
ments. According to the approach of Mighri et al.,82,83 in the case
of immiscible viscoelastic blends, the maximum elongational
deformation of the dropletsis reached when the elasticity ratio
k0 # 0.37. In the case of the high viscosity PA11-HV, the viscosity
ratio is very high (k > 6) and the elasticity ratio is greater than 4,
unfavorable to the generation of a bril/matrix morphology.
However, it should be noted that nodular morphology observed
in the photomicrographs of PLA/PA11-HVextrudate is nely
homogeneous. According to the literature, in a shear ow eld,
with viscoelasticity ratios (k, k0) > 4, the deformation and
breakup of a higher elastic drop in a weakly elastic matrix is not
reached, giving rise in the majority of cases to a coarse and
heterogeneous morphology.23,24,42 Nevertheless, the PLA/PA11
systems exhibit a very low interfacial tension at the melt
moulded parts for: (a) PLA-j/PA11-LV, (b) PLA/PA6.

RSC Adv., 2018, 8, 22023–22041 | 22035
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Table 9 The average droplet or fiber diameter of PA dispersed phase in micro-injection-moulded parts for PLA/PA11 and PLA/PA6 blends

Blend
Average droplet diameter
in the injected part (mm) FWHM (mm)

Average ber diameter
in the injected part (mm) FWHM (mm)

PLA/PA11-LV 0.5 0.2
PLA/PA11-HV 0.3 0.2
PLA/PA6 1.5 1.1
PLA-j/PA11-LV 0.3 0.2
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processing temperature (gPLA,PA11 # 0.6 mN m�1), which may
partially explain the ne morphological structure obtained. In
the case of PLA/PA6 extrudate blends, the viscosity and elasticity
ratios are higher than 1 due to the weak viscoelasticity of neat
PLA compared to PA 6. In these conditions, obtaining a brillar
morphology is also not conceivable. In the case of PLA-j/PA11-
LVextrudate blends, suitable rheological conditions to the
brillation are found corresponding to a dual viscosity and
elasticity ratio �1.

However, the structured materials are obtained during
extrusion and the question of the stability of their morphology
arises.84 Then, the reduced breakup time was calculated for
different PLA/PA blends in the extrudates and compared to the
characteristic time for ow induced deformation (the inverse of
the shear rate in the die _g�1). The results are summarized in
Table 8. It can be seen that the reduced breakup time is widely
higher than the residence time for all blends investigated,
indicating that the nodular morphologies shown in PLA/PA
extrudates is not due to the laments capillary instabilities
during shear ow.
4.4 Morphology of the micro-injected PLA/PA parts

SEM micrographs of longitudinally cryofractured sections of
micro-injection moulded parts of PLA/PA11-LV,PLA/PA11-HV,
PLA-j/PA11-LV and PLA/PA6 blends are presented in Fig. 15
and 16.
Fig. 17 The size distribution of PA dispersed phase in micro-injection-m

22036 | RSC Adv., 2018, 8, 22023–22041
The morphology of the microinjection moulded parts
prepared from PLA/PA11-LV and PLA/PA11-HV blends are
brillar despite the starting morphology in the extrudate is
nodular. The diameter of brils of PA11 dispersed phase in the
neat PLA matrix is between 0.2–0.8 mm (averaged 0.47 mm) for
PA11-LV grade and between 0.1–0.7 mm (averaged 0.31 mm) for
PA11-HV grade. The ne brillar morphology for the PLA-j/
PA11-LV blend is conserved aer microinjection moulding
process. The diameter of PA11 dispersed phase is in the range of
0.1–0.5 mm (averaged 0.32 mm). The dispersed PA11 brils show
tight contact with PLA-j matrix leaving no distinct voids between
the elongated bers and matrix. This indicates a good adhesion
between the dispersed and continuous phases and these blends
are extremely compatible. The average diameters of PA11 bers
for injection moulded PLA/PA11 and PLA-j/PA11 blends are
summarized in Table 9.

In contrast to PLA/PA11 blends, the morphology is nodular
for PLA/PA6 injection moulded specimens. The average diam-
eter of dispersed phase domains in the presence of high
viscoelastic polyamide 6 is 1.5 mm with a large polydispersity
FWHM of 1.1 mm. One can note that a part of the dispersed
particles are pulled out from PLA matrix during the fracture,
leaving holes on the observation surface indicating a low
adhesion between PLA matrix and PA6 dispersed phase
(Fig. 17).

The viscosity ratio (k) between the viscosities of the dispersed
phase to the matrix is calculated at a shear rate of 105 s�1
oulded parts for PLA/PA11 and PLA/PA6 blends.

This journal is © The Royal Society of Chemistry 2018
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Table 10 Rheology data and swell die measurements from capillary rheometer for neat PLA, pure PLA-j, and PA11 at 200 �C

Melt density (g cm�3) h (at 10 000 s�1) (Pas) B (Swelling ratio) N1 (Pa)

PLA 1.09 50 1.59 5.50 � 106

PLA + 1% Joncryl 1.09 58.3 1.88 1.08 � 107

PA11 (PA11-LV) 0.91 68.4 1.23 3.04 � 106

PA11 (PA11-HV) 0.91 63.1 1.31 3.59 � 106

Table 11 Rheology data and swell die measurements from capillary rheometer for neat PLA and neat PA6 at 230 �C

Melt density (g cm�3) h (at 10 000 s�1) (Pas) B (Swelling ratio) N1 (Pa)

PLA 1.08 40 1.47 3.41 � 106

PA6 0.98 136 1.55 1.38 � 107

Table 12 Viscosity and elasticity ratios for PLA/PA11 and PLA/PA6
blends at 10 000 s�1

Blends system
k
(viscosity ratio)

k0

(elasticity ratio)
Type of
morphology

PLA/PA11-LV 1.4 0.55 Fibrillar
PLA/PA11-HV 1.2 0.65 Fibrillar
PLA/PA6 3.4 4.1 Nodular
PLA-j/PA11-LV 1.2 0.28 Fibrillar
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corresponding nearly to the shear rate applied during the
micro-injection moulding process (�8500 s�1) previously
measured by the digital image correlation technique (DIC).

Swell measurements are performed at 200 �C and 230 �C for
PLA, at 200 �C for PA11 samples, and at 230 �C for PA6 samples.
The N1 values in these conditions are then calculated using eqn
(24). The results are reported in the Tables 10–12.

At high shear rates (105 s�1), favorable ratios for a stable
brillation morphology are found for all PA11 based blends
(PLA/PA11-LV, PLA/PA11-HV and PLA-j/PA11-LV). The viscosity
ratios are closed to unity and the elasticity ratios are lower than
1 (Table 12); thus, the elasticity of the neat PLA is higher than
PA11's ones at high shear rates. Therefore, the elasticity of the
matrix (neat and modied PLA) is high enough to promote
deformation and extension of the PA11 droplets, which is in
agreement with SEM observations of microinjected specimens.
As previously reported, at low shear rates (80 s�1), the
morphology of PLA/PA11-LV and PLA/PA11-HV blends is
nodular, but these same blends present suitable rheological
properties to promote brillation of the dispersed phase at high
shear rates.

In the case of blend prepared from PLA as matrix and PA6 as
the dispersed phase, the viscosity ratios is higher than 3. PA6
exhibits also highest value of rst normal stress difference, N1.
VanOene reported that the drop elasticity has a stabilizing
effect, which restrains droplet from deformation and breaking.
Therefore, the increase in elasticity ratio (k' > 4) in the case of
PLA/PA6 blends may prevent the droplet from the elongation to
a stretched form under the shear/elongation ow eld.

From these results, one can realize that there is a critical
point (a critical shear rate) denoted _gtr which corresponds to the
intersection between N1( _g) curves of the matrix and that of the
dispersed phase. The elasticity N1 at low share rates is calcu-
lated from Laun eqn (15) and from eqn (21) for high share rates.

This critical shear rate _g trallows the transition from
unsuitable to suitable rheological conditions to develop nano-
brils from PA droplets.

It can be noted that the critical shear rate for PLA/PA11-LV
blendsis found to be about 520 s�1 and for PLA/PA11-HV
blend is about 3700 s�1. From these critical shear rates, the
This journal is © The Royal Society of Chemistry 2018
elasticity of the blend components becomes suitable to promote
brillation. These results are in agreement with observed SEM
images of the blends when high shear rate (>8500 s�1)is applied
during micro-injection moulding. Since the elasticity ratio of
PLA-j/PA11-HV is lower than that of PLA/PA11-HV, the critical
shear rate decreases from 3700 s�1 to 1000 s�1 respectively. This
shows that the more the elasticity ratio decreases the more the
in situ brillation becomes favorable in the micro-injection
moulding. In the case of PLA/PA6 blends, no critical shear
rate is observed indicating a predominant nodular morphology
regardless of the applied shear rate range investigated from
10�1 to 105 s�1.

From the critical shear rates obtained, one can predict the
average radius of particles corresponding to the droplet/bril
transition (Fig. 18).

As reported above, the transition from droplets to stable
laments is achieved when Ca ¼ 4 Ca(crit) where Ca and Ca(crit)
are the capillary number and critical capillary number
respectively.

The Ca(crit) number at the critical shear rate corresponding to
droplet–bril transition is Ca(crit) ¼ hm _gtr/(Gd,m/Rbril) where hm
is the matrix viscosity at the critical shear rate, Gd,m is the
interfacial tension and Rbril is the radius of the bril at the
droplet–bril transition.

Using the Wu eqn (4) to determine the critical capillary
number Ca(crit) (Section 1), this gives the following relation:

Rfibril ¼
16Gd;m

�
hd

hm

��0:84

g
�

trhm

(22)
RSC Adv., 2018, 8, 22023–22041 | 22037

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03339k


Fig. 18 The elasticity of neat polymers used as a function of shear rate. (a) PLA, PLA-j and PA11-LV, (b), PLA, PLA-j and PA11-HV.

Table 13 Reduced breakup time and characteristic time for flow
induced deformation of different PLA/PA blends in the injection
moulding parts

Blend system Reduced breakup time t*b ( _g)�1

PLA/PA11-LV 0.49 0.00012
PLA/PA11-HV 0.37
PLA/PA6 0.64
PLA-j/PA11-LV 0.40
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The calculation gives Rbril equals to 0.22 mm for PLA/PA11-LV
blends and 0.125 mm for PLA/PA11-HV blends. These results are
in perfect consistence with the above SEM image analyzes who
gave average bers radius of 0.25 mm and 0.15 mm for PLA/PA11-
LV and PLA/PA11-HV respectively.

Finally, the reduced breakup time is calculated for different
PLA/PA blends in the injection-moulding parts and compared to
the characteristic time for ow induced deformation (the
inverse of the shear rate)in the shear zone of the feed channel of
the injection moulding machine ( _g�1). The results are
summarized in Table 13. In all cases, the break-up time is much
higher than the residence time indicating the stability of the
obtained brillar morphologies.
Table 14 Tensile strength, elongation at break and tensile modulus of n

Tensile strength
(MPa) SD (MPa)

Elon
brea

PLA 70.4 0.6 8.
PLA-j 72.5 0.6 8.
PA11-LV 47.8 7.1 456.
PLA/PA11-LV 64.4 0.9 94.
PLA-j/PA11-LV 64.9 1.1 45.
PA11-HV 53.5 2.5 271.
PLA/PA11-HV 57.3 1.6 268.
PA6 36.0 0.8 396.
PLA/PA6 61.6 0.9 7.

22038 | RSC Adv., 2018, 8, 22023–22041
4.5. Mechanical properties of PLA/PA blends

The tensile properties of PLA/PA blends are given in Table 14.
Fig. 19 compares the mechanical performance of the microin-
jection moulded specimens prepared from neat polymers and
PLA-PA11 blends. It is well known that PLA has a high tensile
strength andmodulus but is brittle. It can be seen that PA11 has
obviously moderate yield stress and tensile modulus but
a higher elongation at break. Furthermore, blending PA11 with
PLA improves the mechanical performance of the PLA matrix.
The tensile stress–strain behaviour changes from brittle (for the
neat PLA) to ductile (for the PLA/PA11) blend as demonstrated
by the increase in the elongation at break from 8.9% for neat
PLA to 94.8% and 268.9% for PLA/PA11-LV and PLA/PA11-HV
respectively, without sacricing the stiffness. Compared to
neat PLA matrix, the tensile modulus decreases by 11% and
18% in the case of PLA/PA11-LV and PLA/PA11-HV respectively.
The obvious enhancement in mechanical performance of PLA
could be explained by the highly oriented structures formed by
the PA11 brils which are previously reported by SEM
observations.

The ratio of the viscoelastic properties of the phases certainly
inuences the type of morphology, the form of the particles of
the disperse phase (droplets or brils) and their size. However,
in this study, the link between the morphology and mechanical
eat polymers and PLA/PA blends

gation at
k (%) SD (%)

Tensile modulus
(MPa) SD (MPa)

9 0.6 4018 129
8 0.3 3778 346
1 11.0 1222 78
8 23.0 3569 120
8 10.6 3212 145
2 26.3 1191 99
9 45.5 3273 116
3 31.8 1948 39
5 0.5 3363 247

This journal is © The Royal Society of Chemistry 2018
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Fig. 19 Tensile stress versus tensile strain of neat PLA and various polymer blends.
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properties is not reected for all blend samples. Although PLA-j/
PA11-LV microinjection moulded specimens adopt predomi-
nant nanobrillar morphology with well oriented nanobrils;
nevertheless, they have an elongation at break two times lower
than that of PLA/PA11-LVbrillar blends while the tensile
strength and Young's modulus remain similar. This is probably
due to the high percentage of branching groups used (1% by
weight) of � CE [. Indeed, similar results were reported
recently by Ma et al.85 when using dicumyl peroxide (DCP) as
a chain extender for PLA matrix. They found that the ductility of
PLA/PBAT blends decreases with the increasing in chain-
extender content. At 0.1 wt% by weight of DCP, the elongation
This journal is © The Royal Society of Chemistry 2018
at break was 300%, and it goes down to 40% with 1 wt% DCP.
But the authors give no explanation for this phenomenon.

In the case of PLA/PA6 blends having a nodular morphology,
a coarsening of the microstructure is observed which leads to
a loss in ductility which would be associated with the relative
decrease in the amount of interface, occurring together with the
increase of the polydispersity and the domain size of the PA6
phases as previously observed from SEM micrographs. The
tensile modulus of PLA/PA6 blend decreases by 16% compared
to neat PLA matrix.

It is useful to mention that it is reported in different litera-
ture reports86,87 that in comparison with conventional injection
moulding processes, the combination of higher shear rates and
RSC Adv., 2018, 8, 22023–22041 | 22039
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faster cooling rates in the micro-injection moulding process
(mainly due to reduced thickness) favor the formation of highly
oriented brils in the microparts compared to conventional
macroparts. Accordingly, the fraction of the oriented structures
formed during micro-injection moulding is higher than those
formed during conventional injection moulding. This study is
under investigation in our laboratory.
5. Conclusion

SEM analysis of PLA/PA blends showed that in the immiscible
PLA/PA extrudates, the phase structure without the chain
extender agent was predominantly nodular and totally brillar
for the blend prepared with 1% CE agent, against a totally
brillar morphology for microinjected moulded parts. The
results showed also that the incorporation of the chain exten-
sion agent improved the adhesion between PLA and PA11
inducing the formation on in situ nano(brillated) polymer/
polymer composites. In addition to the viscosity ratio, the
effect of the elasticity ratio on the blend morphology was
highlighted. Although the elasticity ratio was not favorable to
brillation during the extrusion step, the situation could be
reversed during the high shear rate injection moulding process.
Critical shear rates and brils sizes related to the transition
from nodular to brillar morphology have been determined and
the results are in good agreement with the condition of bril-
lation Ca/Ca(crit) $ 4. Regarding the mechanical performances,
a drastic increase of the ductility was observed in the PLA/PA11
blends compared with pure PLA (with an elongation at break
greater than 90% against only 9% for neat PLA), without sacri-
cing meanwhile the stiffness.
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