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Abstract
Ecofriendly fully bio-composites based on polyamide 11 (PA11) and lignin have been prepared on the entire concentration 
range using a twin-screw extruder. In this work, PA11 was blended with lignin by direct extrusion technology without any 
chemical pre- or in-situ- modifications or physical pretreatments. The presence of various organic and inorganic impurities 
in the selected technical lignin have been maintained. The incorporation of this cheap renewable material from biomass in 
bio-based PA11 was inspected by an array of characterization tools. Also, the effect of the presence of lignin on the mor-
phology and on the mechanical properties of the resulting materials was examined. Finally, in-situ investigation of structural 
evolution in PA11 induced by the presence of lignin was analyzed by Fast Scanning Chip Calorimetry.
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Introduction

Nowadays, plastics obtained from renewable raw materials 
present one relevant solution for progressive replacement 
of fossil based polymers. In this request for sustainable 
development for these kinds of materials, green composites 
embedding natural fillers with renewable resourced-based 
biopolymers are gaining prominence todays. These materi-
als have been selected due to a better environmental impact 
compared to conventional polymers as well as to endorse 
an improvement in their current properties. Moreover, the 
final composite specific performance properties could also 
be influenced by the additives such as plasticizers, heat and 
light stabilizers.

Among a variety of commercially available biopolymers, 
a group of agro-sourced polyamides has been introduced 

into the market. These bio-polyamides such as polyamide 
11 (PA11) are usually obtained by the condensation reac-
tion of diamines and dicarboxylic acids from castor oil and 
are depicted as an interesting alternative to their petroleum-
based counterparts [1]. PA11 is a thermoplastic polymer 
with a low melting point compared to other polyamides 
(about 200 °C). This allows PA11 to be natural fillers rein-
forced with relatively low or even no thermal degradation at 
all of the natural fillers. Moreover, thanks to its non-biodeg-
radability, high water and chemical resistance, PA11 offers 
a great potential to develop sophisticated and sustainable 
bio-composites for long-life applications [2].

In the group of natural polymers, lignin, one of the major 
components of wood along with cellulose and hemicellulose, 
is available in large quantities in paper plant and biorefin-
eries, in which it is frequently used as a low-cost fuel for 
their internal energy needs [3–5]. Furthermore, lignin is also 
available in the agricultural non-food commercial plant as 
residues. Lignin could potentially be used for higher value-
added applications. Considering its chemical composition, 
it would especially be appropriate as a source of raw, renew-
able and inexpensive materials for the plastic industries [6]. 
Lignin holds a number of advantages compared to synthetic 
materials such as being CO2 neutral, biodegradable and as 
previously noted, abundantly available.

Unfortunately, various factors related to its structural 
characteristics in particular as an unsteady precursor to 
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polymer production often limits its utilization. However, 
despite the structural drawbacks, lignin seems to be a pro-
spective candidate for being a component for value-added 
products in various applications. Recently, an important 
potential specific to lignin is the production of greener 
carbon fiber using lignin blended with bio or oil-based 
polymers [7–12]. This enthusiasm is confirmed by various 
scientific and technological researches devoted to the syn-
thesis and the characterization of lignin-containing polymers 
[13–19]. However, raw lignin’s incorporation is hindered by 
its extensive crosslinking and strong intermolecular interac-
tions, therefore making it rarely miscible or finely dispers-
ible with most synthetic polymers leading to negative effects 
on the mechanical properties [20, 21]. In order to counteract 
these drawbacks, chemical derivatization of lignin is neces-
sary. Nevertheless, these treatments usually lead to the loss 
of the environmental and economic advantages of using such 
raw bio-based resource [22–24].

For practical and ecological reasons as well as for low 
processing cost, polymers are usually mixed by melt-
blending in an extruder. By this way, direct incorpora-
tion of raw lignin into bio-based polymer materials like 
poly(hydroxybutyrate) (PHB), poly(lactid acid) (PLA) have 
been reported [12, 17, 25, 26]. Blends of lignin and PA11 
have been examined only once by Nitz et al. [27] A kraft 
and two sulfite lignins were studied. The resulted materials 
were stiff and brittle. They reported that the poor disper-
sion of lignin particles may have a positive effect on the 
Young’s modulus and the yield stress and a negative one 
on the elongation at break and the notched impact strength. 
This behavior originates from the difficulty to prepare mis-
cible blends due to the low entropic benefit of mixing and 
to its endothermic feature related to a significant absence of 
intermolecular interactions resulting into phase-separated 
systems. Therefore, in most cases, some attractive inter-
molecular interactions between the constituent components 
must be established to reach miscibility or good compatibil-
ity. Miscible blends of lignin up to 40 wt% were for instance 
observed only in bio-based PHB [25]. Specific hydrogen 
bonding interactions between the reactive functional groups 
in lignin with the carbonyl groups of PHB have been brought 
up by Infrared analysis.

In addition, it is important to note that the presence of 
filler in the polymer melt largely influences the crystalliza-
tion behavior and consequently the properties of the result-
ing product. It is worthwhile noting that to the best of our 
knowledge, no information is found in the literature about 
the crystallization behavior under the supercooling rates as 
a function of the solidification history of PA11 in presence 
of lignin. This will be specifically examined in this work. 
Indeed, regarding the structural aspects, PA11 is a polymor-
phic polymer that exhibits at least five crystal forms: the 
triclinic α-form, the monoclinic β-form and three hexagonal 

or pseudo-hexagonal phases (γ, δ and δ’-forms) with differ-
ent crystal lattices. These phases are largely dependent on 
thermal history, processing conditions and the presence of 
fillers [28–31].

The main goal of this paper is to demonstrate the possible 
use of a commercially produced raw soda lignin powder as 
a filler for PA11 matrix over the entire concentration range. 
The incorporation of this renewable material from biomass 
in PA11 is inspected by an array of characterization tools: 
Optical and Transmission Electron Microscopy (OM, TEM 
respectively), Dynamic Mechanical Analysis (DMA), Dif-
ferential Scanning Calorimetry (DSC), Fast Scanning Chip 
Calorimetry (FSC) and mechanical testing. Also the effect of 
the presence of lignin on the morphology and on the proper-
ties of the resulting materials is investigated.

Materials and Methods

Materials

The blends were carried out with a commercial soda 
pulp lignin from agricultural residues (Protobind 1000 
by ALM India Pvt. Ltd. Chandigarh 160009, India; 
Mn = 65,000 g mol− 1, Tg = 102 °C, particles size between 
20 and 200 µm). Lignin was used as received and was not 
dried before extrusion. The matrix used was an extrusion 
grade polyamide 11 having Mn = 12 kDa and Mw = 25 kDa 
and manufactured by Arkema (France) under the trade name 
Rilsan. Before extrusion PA11 pellets were dried in a vac-
uum oven at 80 °C for 12 h.

Composite Preparation

Six PA11/lignin blends covering the whole composition 
range (Table 1) were compounded, using a co-rotating twin-
screw extruder Krupp WP ZSK25, with a screw length of 
1000 mm and a L/D ratio equal to 40. The extrusion process 
was conducted at 200 °C with a screw speed of 300 rpm. 
PA11 and lignin were first pre-mixed together and then intro-
duced in the melting zone using a throughput of 7 kg/h. The 
residence time in the extruder was around 1.5 min. Finally, 

Table 1   Composition of PA11-Lignin blends

Sample PA11 (wt%) Lignin (wt%)

PA11-L0 100 0
PA11-L12.5 87.5 12.5
PA11-L25 75 25
PA11-L50 50 50
PA11-L75 25 75
PA11-L87.5 12.5 87.5
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extruded samples were immediately quenched at room tem-
perature and pelletized.

Blend pellets were then injection-molded using a Krauss-
Maffei type KM 80−160E injection-molding machine 
in standard dog-bone specimens (ASTM 527) for tensile 
tests. The barrel temperatures ranged within 180–200 °C 
and the mold temperature was kept at 25 °C. Before injec-
tion, pelletized samples were dried in a vacuum oven at 
25 °C for 2 weeks and at 60 °C during 12 h just before the 
injection-molding.

Characterization Techniques

Structural Characterization

Optical Microscopy  The images illustrating the dispersion 
of the lignin were obtained by means of a binocular optical 
microscope Ceti Staddy T equipped with a numerical cam-
era Nikon COOLPIX 4500. Examined area of the produced 
composites was prepared from press molded at 190  °C 
during 5  s. Micrographs of the samples were taken under 
magnitude of 60 to provide an actual visual aspect of the 
samples.

Transmission Electron Microscopy (TEM)  A transmis-
sion electron microscope LEO 922 (Zeiss) with a 200 kV 
acceleration voltage was used to examine the dispersion 
state of lignin in the polyamide matrix. The specimens for 
TEM analysis were cut from bulk compounds and from the 
dog-bone specimens at room temperature using a Reichert 
Microtome. Ultrathin sections of approximately 90  nm 
thickness were cut using a cryodiamond knife with a cut 
angle of 35° (Diatome, Switzerland) and collected on 400 
mesh copper grids. X-ray Spectrometry coupled with TEM 
(TEM-EDX) has been used to determine the chemical com-
position of the samples.

Thermal and Mechanical Characterization

Differential Scanning Calorimetry (DSC)  DSC analyses were 
performed on a DSC 821e (Mettler Toledo, Switzerland). 
Lignin samples and blend samples of around 10 mg were 
subjected to a first heating ramp from 25 to 200 °C followed 
by a cooling ramp from 200 to 25 °C and a second heating 
ramp from 20 to 220 °C. The heating/cooling rate of each 
segment was 10 °C/min. The role of the first heating run is 
usually to erase the thermal history of the sample.

Dynamic Mechanical Analysis (DMA)  DMA measurements 
were carried out using a DMA/SDTA861 (Mettler Toledo, 
Switzerland) in supported mode in order to highlight the 
lignin thermal transitions. Supported DMA was achieved on 
samples powder sandwiched between rigid copper foils (of 

dimension 8 × 0.3 × 70  mm3) and the whole was packed by 
an aluminum sheet to avoid any sample loss. This technique 
has already been used to assess thermal properties of coat-
ings and nanocoatings by Carlier et al. and demonstrated that 
the response from the less stiff material is mainly recorded 
and strongly amplified [32]. Like in Carlier’s work, lignin sys-
tem was subjected to a dual cantilever deformation in order to 
favor the shear strain of the lignin. The maximum force was 
1.5 N and the maximum displacement was 10 µm. The analy-
ses were performed at a constant frequency of 1 Hz from − 50 
to 200 °C with a heating rate of 3°C/min. A first heating was 
performed in order to homogenize the different samples.

Fast Scanning Chip Calorimetry (FSC)  FSC measurements 
were performed on a Flash-DSC1 (Mettler Toledo, Switzer-
land) equipped with an intracooler, which enables a minimum 
temperature of about − 90 °C. The investigated temperature 
range was set from − 20 to 220 °C. The influence on the cool-
ing rate was first investigated in order to determine the criti-
cal cooling rate allowing to produce a fully amorphous PA11. 
Moreover, the kinetics of crystallization on isothermal steps 
(2 s) from 160 to 40 °C with an incremental step of 10 °C 
was studied as well. The applied cooling and heating rates 
were − 1000 °C/s and 1000 °C/s, respectively. Samples with a 
thickness of about 10 µm and an approximate mass of between 
20 and 100 ng were deposited on a MultiSTAR UFS 1 chip 
sensor using a microscope. The glass transition temperatures 
(Tg) as well as the melting peaks of the neat and modified 
PA11 samples were defined as the midpoint and the maximum 
peak of the FSC curves.

Mechanical Testing

Tensile tests were carried out at room temperature using a uni-
versal tensile machine (Zwick Roell RetroLine) equipped with 
a 50 kN load cell. All injection-molded specimens had a dog-
bone shape according to the standard ISO 527-3 type V, with 
an average cross section of 5.7 × 2 mm2 at the gauge length 
region. Strain was accurately determined using an extensome-
ter and a crosshead speed of 1 mm/min. The Young’s modulus 
was calculated from the slope of the stress–strain curve in the 
elastic regime (between 0.05 and 0.02% strains). The tensile 
yield strength and the elongation at break were measured at a 
loading rate of 50 mm/min. Property values reported in this 
work represent an average of three replicates for each sample.

Results and Discussion

Morphological Characterization

Interestingly, while processing, all compositions exhib-
ited a plasticizing effect which allowed achieving high 
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concentrations of lignin in PA11. This plasticizing effect 
indicates probable inter-chain interactions upon changing 
blend composition and has been already described for Pro-
tobind 1000 lignin/PA6 blends, for kraft and organosolv 
lignin/PEO blends [33–35]. The cooled strand could be 
stretched by hand like pristine matrix at 12.5 and 25 wt% 
of lignin, whereas above 50 wt%, the extruded strand is 
increasingly brittle.

The efficiency of the lignin in reinforcing the polymer 
matrix is primarily determined by the degree of its disper-
sion into the matrix. As the extruded samples take a sus-
tained brown tint due to the presence of lignin, the degree 
of dispersion of lignin cannot be easily distinguishable 
by the naked eye. Therefore, Optical microscopy (OM) 
observations were carried on hot press molded films of 
0.1 mm in order to have a fine approach of the disper-
sion state in the different composites. Figure 1 shows the 
optical images of PA11-L12.5, 25, 50, 75 and 87.5. The 
OM micrographs were carried out on a large number of 
samples and the micrographs reported on Fig. 1 are repre-
sentative of the observed morphology. The grey area due 
to the presence of lignin can be guessed at 50 wt%, it is 
confirmed at higher lignin concentration. No aggregates of 
lignin are visible in the two first concentrations explaining 
the possibility of the hand stretching described above and 
conversely the decrease of the mechanical strength of the 
strand for the high lignin’s concentration. At these high 
concentrations, the presence of a few cellulose fibers is 
even observed since lignin is used as received. This kind 
of impurity is already identified for Protobind P1000 [35].

In order to confirm the achievement of the dispersion 
of lignin in the matrix, TEM observations were carried 
out. Figure 2 reports characteristic micrographs at 16,000 
magnification obtained for extruded PA11 with the first 
three concentrations of lignin. Above 50 wt% of lignin, no 
ultrathin sections could be obtained due to their weakness. 
At this scale and confronted to the case of pristine PA11, 
no trace of aggregates were visible for the first concen-
tration of lignin. However, the two following concentra-
tions (25 and 50 wt% of lignin), both show well-dispersed 
aggregates. Their diameters are inferior to 200 nm and 
400 nm, respectively. The grey area corresponds to the 
PA11 matrix and the darker particles are attributed to 
lignin. The black sub inclusions particles were identi-
fied by EDX-TEM and were attributed to silica particles 
already described (Fig. 3) [36]. They are localized within 
the lignin’s particles. Their high dispersion for the lower 
concentration of lignin suggests miscibility of both com-
ponents. The injected specimens yield the same morpho-
logical images (not shown here).

Thermo‑Mechanical Properties

In order to investigate more accurately the miscibility of 
PA11/lignin blends, the glass transition temperatures (Tg) 
have been obtained using DMA measurements. DMA is a 
very sensitive technique and provides a valuable insight into 
the relationships between morphology, components inter-
actions and mechanical properties of composite materials. 
Tg is usually defined as the peak in the loss modulus (E”) 
versus temperature curves. Figure 4 shows the temperature 
dependence in the glassy region of the loss factor (Tan δ) 
of neat PA11 and lignin in comparison with their blends. 
Corresponding Tg values are listed in Table 2. Except for 
PA11-L75 and 87.5, all samples exhibit a single and broad 
peak, related to the glass transition temperature (Tg), which 
shifts to higher temperatures with increasing lignin content. 
This glass transition, broader than those of the parent com-
ponents, is usually observed in miscible polymer blends. 
This behavior is caused by the intrinsic difference between 
the local chain segment mobility of PA11 and lignin com-
ponents. Moreover, adding lignin increases the Tg from 
67 °C for neat PA11 to 91 °C for PA11-L75. The fact that 
a single Tg was observed in the blends indicates the exist-
ence of a single-phase system with homogeneous miscibility 
at a dimensional scale of 5 and 15 nm and a high specific 
interaction system [37–39]. This observation confirms the 
morphological investigations by TEM indicating that PA11 
and lignin are homogenous and miscible. In the case of 
very high content of lignin as it is the case for the blend 
PA11-L75, two Tgs have been measured between those of 
the parent polymers, suggesting that the degree of miscibil-
ity is restricted. This behavior could be also ascribed to the 
sample’s saturation with lignin [25].

The fact that the incorporation of lignin affects signifi-
cantly the glass transition temperature of the blend, means 
that the overall chain mobility is very sensitive to the pres-
ence of lignin. The latter increases the contribution of the 
viscous part to the dynamic response and decreases chain 
entanglement in the rubbery plateau region, which in turn 
decreases the thermal stability of the composites at higher 
temperature. The same phenomenon has been observed in 
literature [35].

DSC was performed to study the effect of lignin content 
on the thermal behavior of PA11-lignin composites, particu-
larly, the crystallization temperature (Tc) and the melting 
point (Tm). Tgs were measured only for PA11 and lignin and 
are about 47 and 140 °C, respectively. Those are lower than 
the ones determined by DMA because of the difference in 
solicitations and equipment. The one measured by DSC is a 
thermal Tg and does not exactly correspond to the dynamical 
Tg determined by DMA. These differences are well docu-
mented in literature [40, 41]. The intrinsic broadened tran-
sition of lignin hinders the clear observation of the blends’ 
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Tg due to its highly amorphous nature and to its complex 
hydrogen bonding interactions, which can induce significant 
enthalpy relaxation [35, 42]. Figure 5a, b depict the DSC 
thermograms recorded during cooling from the melt and 
subsequent heating, respectively for PA11-L0, lignin and 
the blends. The values of Tc and Tm measured from these 
measurements are reported in Table 3.

As observed on Fig. 5a and in Table 3, the Tcs shift by 
flattening to lower temperatures as lignin content increases 
even to disappear with high content of lignin (87.5 wt%). 
This evolution shows that the crystallization process of 

PA11 is delayed or even prevented at 87.5 wt% of lignin. 
This behavior is an indication of intermolecular interactions 
between different species through hydrogen bonds, leading 
to a significant evolution of the supermolecular structure 
mainly in terms of the PA11 crystal dimensions which hin-
ders the formation of large crystalline structures. A similar 
effect has already been observed for the blends PEO/lignin 
and PA6/lignin [33–35, 42].

PA11 shows an endotherm peak with a bimodal shape 
around 150–190 °C (Fig. 5b; Table 3). This phenomenon 
has been ascribed to a melting-recrystallization process of 

Fig. 1   Optical microscopy 
observations of PA11/Lignin 
films
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defective crystallites formed due to processing conditions 
leading either to the formation of two forms of crystals or 
to one type of crystal exhibiting different degrees of per-
fection [31, 43, 44]. With addition of lignin up to 75 wt%, 

the bimodality is maintained but associated to a decrease 
of crystallinity level (χc) and Tm due to thermodynamical 
interactions. χc varies from 27% for PA11-L0 to 0.7% for 
PA11-L87.5 (Table 3). Particularly, the latter shows a same 

Fig. 2   TEM micrographs of: a 
PA11-L12.5, b PA11-L25 and c 
PA11-L50

Fig. 3   EDX-TEM characteriza-
tion of the black sub inclusions 
particles inside lignin particles 
for the PA11-L25 blend
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amplitude in exothermic cold crystallization peak preced-
ing the endotherm peak. The weak enthalpy close to zero 
indicates a retardant/absence of PA11 crystallization due to 
the hindrance of the motion of PA11 chains in the presence 
of lignin particles [45]. The effect of the heating rate for this 
last concentration of lignin (Fig. 6), invariably shows, at a 
heating of 50 °C/min, the presence of a cold crystallization 
associated to a low enthalpy peak area, which highlights 
the influence of lignin particles on the PA11 crystallization 
process.

Therefore, these results indicate that up to 75 wt% of 
lignin, specific interactions exist between lignin and PA11, 
which influence the crystallization process of PA11. The 
effect of the cooling rate on the crystallization process of 
PA11 will be analyzed by FSC in the following section in 
order to study the PA11 crystallization kinetics in presence 
of lignin.

The influence of the cooling rates on the crystalliza-
tion of PA11 was first investigated in order to determine 
the critical cooling rate allowing to produce a fully amor-
phous PA11. Figure 7 shows the evolution of the apparent 
heat capacity corresponding to a heat flow normalized to 
the cooling rate of neat PA11, measured at different cool-
ing rates from 10 to 1000 °C/s. A cooling rate lower than 
10 °C/s (see DSC results) leads to a single crystallization 

peak (the crystallization peak temperature is about 
166 °C). For cooling rates lower than 500°C/s, two crys-
tallization peaks are actually visible during crystalliza-
tion from the melt and the crystallization peak temperature 
range is between 140 and 40 °C. The second crystalliza-
tion peak still remains at low temperature while the first 
one, visible at higher temperature, totally disappeared at 
cooling rates equivalent to 300 and 500 °C/s. Nevertheless, 
a cooling rate slightly above 500 °C/s and higher does no 
longer lead to crystallization of PA11 and hence, defines 
this cooling rate as the critical cooling rate for PA11 amor-
phization. In this study, the amorphization rate was fixed 
at 1000 °C/s.

Fig. 4   Phase angle (Tan δ) of neat lignin and of lignin/PA11 blends

Table 2   Glass transition 
temperatures (Tg) of references 
and lignin/PA11 blends 
measured from the loss modulus 
(E”)

Samples Tg (°C)

PA11-L0 67
PA11-L12,5 75
PA11-L25 77
PA11-L50 80
PA11-L75 91
PA11-L87.5 90

133
Lignin 162

Fig. 5   DSC thermograms of PA11/lignin composites recorded upon a 
cooling; and b second heating

Table 3   DSC measurements of PA11 and its blends

Sample Tc (°C) Tm (°C) χc (%)

PA11-L0 166 186 27
PA11-L12.5 160 182 23
PA11-L25 154 179 14
PA11-L50 148 177 8
PA11-L75 139 173 3
PA11-L87.5 – 168 0.7
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Figure 8 graphically shows the maximum temperatures 
of the neat PA11 crystallization peaks as a function of the 
cooling rate from 0.16 to 1000 °C/s. Data were obtained by 
DSC and FSC. PA11 crystallization upon supercooling rates 
has been studied by Mollova et al. [29] Equivalent behav-
iors have been obtained and the same conclusions could be 
drawn. Cooling rates lower than 100 °C/s lead to crystalliza-
tion and formation of δ-crystals at relatively high tempera-
ture while for faster cooling (up to 500 °C/s), δ’-mesophase 
is formed at relatively low temperature. For cooling rates 
between 10 and 100 °C/s, both phases seem to be present 
[29].

Moreover, the kinetic of crystallization on isothermal 
steps was also studied. The sample in its molten state is rap-
idly cooled down at 1000 °C/s (to avoid any crystallization) 
to a chosen temperature (varying between Tm and Tg) and 
held for a specific time (2 s), cooled down at − 20 °C at the 
same cooling rate and then reheated to 220 °C at 1000 °C/s. 
The amount of the crystalline phase allowed forming dur-
ing the isothermal step can be easily observed and calcu-
lated from the subsequent heating curves. Measurements 
of the isothermal crystallization of PA11-L0 and blends 
of PA11-L12.5 and 25 were performed in a temperature 
range from 160 to 40 °C. For higher lignin content (50, 75 
and 87.5 wt%), no crystallization processes occur in this 
applied FSC cooling rates range. The peak time of the iso-
thermal crystallization peaks as a function of the crystalliza-
tion temperature are shown in Fig. 9. Both neat PA11 and 
PA11 blends reveal bimodal crystallization behaviors with 
a high temperature and a low temperature regime (below 
100 °C) corresponding to the formations of δ-crystal and 
δ’-mesophase explained with a change of nucleation mech-
anism from heterogeneous to homogeneous nucleation, 
respectively, as already described in literature [29]. Two 

Fig. 6   Effect of the heating rate on PA11-L87.5 crystallization pro-
cess

Fig. 7   Apparent heat capacity versus temperature of neat PA11 
(PA11-L0)

Fig. 8   Crystallization peak versus cooling rate of neat PA11

Fig. 9   Peak time versus crystallization temperature for isothermal 
temperature of PA11-L0 and PA11-L12.5 and 25



4413Journal of Polymers and the Environment (2018) 26:4405–4414	

1 3

distinct minima of peak time of crystallization are observed 
at approximately 60 and 120 °C. Although the bimodal 
crystallization shapes are relatively similar, the presence of 
lignin in PA11 seems to significantly decelerate the kinetics 
of crystallization, proportionally to the lignin concentration. 
A delayed crystallization peak (obtained for a cooling rate of 
10°C/min) with increasing lignin content was also observed 
by DSC and is in good agreement with FSC results.

Mechanical Properties

The effect of lignin addition on the mechanical properties 
of PA11 beyond 25 wt% of lignin because of the samples 
weakness has been studied based on uniaxial stretching at 
room temperature.

Table 4 summarizes the tensile properties of PA11-L0 
and its blends. Not shown, PA11-L0 displays a typical tensile 
behavior of semi-crystalline polymers. However, regarding 
the blends, the behavior depends on lignin content. PA11-
L12.5 blend exhibits a very similar behavior as PA11-L0. 
The elongation at break is slightly lower but remains very 
close to the one of PA11. This very small decrease in ductil-
ity can be ascribed to both lignin plasticization and misci-
ble blending between PA11 and lignin. Similar trends have 
been observed for miscible blends of PA6 and lignin, for a 
partially miscible blend of Polyvinylidene fluoride and Pol-
ytetramethylene adipate or for a compatibilized composite 
of Polyethylene and modified lignin via an esterified route 
[24, 46].

In the case of PA11-L25, the lignin’s addition implies 
an increase of both the yield stress and the Young’s modu-
lus. In opposition, a sharp decrease of the strain at break 
is observed. This behavior is currently encountered when 
nanoparticles are added into a polymer matrix. An explana-
tion can be found in the decrease of the molecular mobility 
induced by the presence of lignin particles that involves a 
lack of deformability of the polymer within the interphase 
close to the particle. Indeed, for this concentration sig-
nificant well-dispersed aggregates (see TEM pictures) are 
present. They are probably responsible for the material’s 
embrittlement, acting as stress concentrations points. The 
presence of impurities as silica could also explain this 
behavior (see EDX-TEM results).

Conclusions

100% bio-composite has been prepared based on PA11 and 
technical lignin via twin screw extrusion process and was 
found to be miscible as deduced from structural and ther-
mal investigations showing homogeneous blends. PA11/
Lignin miscibility has been observed for lignin amount up to 
25 wt%. The Tg is shifted to high temperature upon blending 
indicating strong intermolecular interactions. Also, PA11 
blends reveal a bimodal crystallization behavior through 
the investigated temperature range. Moreover, the presence 
of lignin significantly delays the kinetics of PA11 crystal-
lization. Regarding the mechanical properties, lignin addi-
tion leads to an increase of both the yield stress and the 
Young’s modulus. However, concerning the strain at break 
the bio-composite behaves differently depending on lignin 
concentration. For a lignin content inferior to 12.5 wt%, the 
elongation at break is very close to the virgin PA11 one due 
to lignin plasticization effect and its matrix’ miscibility. On 
the contrary, above 12.5 wt% of lignin, the sharp decrease of 
the strain at break is assigned to the presence of significant 
aggregates/contaminations.
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