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Obstract

The properties of glass fiber-reinforced polymer composites are closely related to the fiber-matrix interface. Interfacial 
treatments to improve mechanical properties are usually limited to enhance interfacial adhesion. In this work, 
Layer-by-Layer (LbL) technique was introduced to build a novel interface in polymer composites. Different numbers of 
bilayers of poly(diallyldimethylammonium chloride) and poly(sodium 4-styrenesulfonate) with carbon nanotubes were 
deposited through LbL on the surface of woven glass fibers (GFs). Polypropylene composites containing the modified 
GFs were prepared by compression molding. Thermogravimetric analysis, scanning electron microscopy and Raman 
spectroscopy proved that multilayers of polymers with carbon nanotubes could be deposited on GFs surface. Mechanical 
tests on composites with modified GFs revealed an increase in Flexural Modulus and toughness. The overall results 
attested that the LbL technique can be used to design interfaces with different compositions to perform diverse tasks, 
such as to improve the stiffness of composites and to encapsulate active nanocomponents.
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1. Introduction

Polymer composites have intrinsic interfaces among their 
contituents that are responsible for many of the properties of 
the system. High levels of interfacial interactions between 
fibers and polymer matrices are considered critical for an 
efficient stress transfer and, consequently, high mechanical 
properties[1,2]. Many treatments have been studied and used 
to improve adhesion between the components of polymer 
composites, including the use of silane coupling agents, 
polymer grafts and plasma treatments[2-4]. These treatments 
are often successful in improving the adhesion between 
fibers and polymer matrices, but seldom provide other 
functionalities to the interface of polymer composites.

Glass fiber-reinforced polymers have been extensively 
used as materials for weight reduction with many engineering 
applications due to their high strength and specific stiffness. 
Glass fibers (GFs) have developed an important role as 
reinforcement on components manufactured by diverse 
industrial sectors. Their high mechanical properties associated 
with good heat resistance and low cost have attracted glass 
fibers to attention[5-6]. Regarding structural applications 
(e.g. automotive, aerospace, construction), woven glass 
fiber fabric composites have been considered due to 
their deformation characteristics and stability. Moreover, 
polypropylene-glass fiber composites have been increasingly 
employed in advanced applications since polypropylene 
presents low density, low cost and easy processing[7].

When glass fibers are incorporated into a polymeric 
matrix, the properties of the fiber-matrix interface affect 
the composite performance significantly. A good interfacial 
adhesion can create an efficient load transfer from the 
polymer to the fiber, reducing stress concentrations and 
improving composite mechanical properties[1]. Glass fiber 

reinforced polymers began to present great improvements 
in their properties since the starting of using glass fibers 
with chemical treatments. Traditional treatments as sizings 
act by increasing the adhesion on interface but they are 
limited to increase some of the mechanical properties[5,8].

In this present work, we introduce a new way for 
modifying glass fibers by using the Layer-by-layer 
technique. Layer-by-Layer (LbL) technique is based on the 
consecutive adsorption of oppositely charged polyelectrolytes. 
Two oppositely charged layers represent one bilayer which 
can be deposited until the quantity of interest. Compared to 
other self-assembly methods, LbL can be used to combine a 
variety of species in nanoscale, merging properties of each 
material to introduce specific new functions. The ability of 
LbL to control the thickness of the coating, the economic 
use of materials and the use of multiple nanocomponents 
represent a great advantage over other techniques[9-11].

In this work, the hypothesis that the LbL technique 
could be used to build designed interfaces in polymer 
composites was tested. The surface of glass fiber fabrics was 
modified by depositing, via the LbL technique, multilayers 
of poly(diallyldimethylammonium chloride) (PDDA) and 
poly(sodium 4-styrenesulfonate) (PSS). The modified GFs 
were then incorporated into a polypropylene matrix. It was 
also tested the hypothesis that the LbL technique would 
allow the incorporation of nanocomponents (such as carbon 
nanotubes) within the LbL layers. These nanocomponents 
are useful for introducing new functionalities on composites, 
such as to increase the stiffness, thermal and electrical 
properties[5,12,13]. Mechanical properties will be assessed in 
this work aiming structural applications.
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 2. Materials and Methods

2.1 Materials

Poly(diallyldimethylammonium chloride) (PDDA) solution 
20 wt% in water was purchased from Sigma Aldrich. Average 
molecular weight of PDDA was 200,000-350,000 g mol-1. 
The solution was diluted to 2 wt% using deionized (DI) 
water (18MΩ.cm). Poly(sodium 4-styrenesulfonate) 
(PSS) in powder was purchased from Sigma Aldrich. 
Average molecular weight of PSS was 70,000 g mol-1. 
DI water (18MΩ.cm) was used for preparing a solution of 
PSS 2 wt%. Multiwall carbon nanotubes carboxylic acid 
functionalized (MWCNT-COOH) were purchased from 
Sigma Aldrich and produced by Nanocyl (Belgium). 
The nanotubes had an average diameter of 9.5nm, average 
length of 1.5 µm and carbon basis >80%. Functionalization 
was superior to 8 wt%. Bidirectional (0°/90°) glass fiber 
fabric was purchased from Casa da Resina, located in 
Belo Horizonte, Brazil. It was a woven glass fabric (E-type 
glass fibers having density of 2.60g/cm3) with a specific 
mass of 120 g/m2, produced by Owens Corning. It will 
be referred in the text as commercial fibers. Polypropylene 
homopolymer PH 0950 was purchased in pellets from 
Braskem. Density of the polypropylene was 0.90g/cm3 
according to manufacturer.

2.2 Preparation of MWCNT-COOH suspension

A quantity of 300mg of carbon nanotubes functionalized 
with carboxylic acid groups was dispersed in 1L of aqueous 
solution of PSS 2 wt%[14]. The suspension was sonicated 
for 2h and then placed for 30min on tip sonicator, 20kHz, 
40% amplitude (180W) with intermittent cycle 40s on / 20s off. 
Those parameters were previously evaluated and adjusted in 
order to get the lowest sonication time while maintaining the 
sample homogeneous. This was tested consecutively every 
10min until achieving a homogeneous dispersion. Ice bath 
was used to avoid suspension heating. A 10ml fraction was 
placed on total rest for qualitative analysis of the suspension 
stability during 4 weeks.

2.3 Pre-treatment of glass fibers

The commercial glass fiber fabrics were cut to the 
dimensions 180mm x 240mm and heated up to 650°C 
for 1h. After that, samples were immersed in a nitric acid 
solution (HNO3, 20% v/v) at 25°C for 24h and dried at 
60°C for 24h in order to remove the commercial sizing. 
Subsequently, samples were immersed in 600ml of 
hydrogen peroxide solution (30% v/v) at 75°C for 45min. 
30ml of ammonium hydroxide solution (30% v/v) was 
added dropwise. After 5min, samples were washed with 
DI water and dried on oven at 60°C for 2h. The purpose 
of this step was to increase the concentration of hydroxyl 
groups on the surface of the fibers[15]. The glass fibers from 
this procedure will be referred in the text as untreated glass 
fibers (GF-untreated). No characterization was performed 
for the commercial sizing since the main interest at this stage 
rested on its elimination to start the coating procedure[16].

2.4 LbL modification of glass fibers

For the coating process, untreated glass fabric was 
used as the substrate for the LbL procedure. LbL steps 
are illustrated in Figure 1. First, glass fiber fabrics were 
immersed in the PDDA 2 wt% cationic solution for 5min. 
Then, samples were rinsed with DI water for 2min and 
slightly dried under nitrogen stream for 1min. Reduced 
washing stages (even less than 2min) are commonly used 
on LbL procedures[10,17,18]. After the deposition of the first 
layer positively charged, the sample was immersed in the 
0.30mg.ml-1 MWCNT-COOH/PSS anionic suspension for 
5min, followed by a new wash and dry cycle. From the third 
deposition cycle on, the immersion time in cationic and anionic 
suspensions was reduced to 2min. Two distinct procedures 
were performed, with deposition cycles of 5 bilayers and 
20 bilayers. The glass fibers resulting from those procedures 
will be referred as GF-5BL and GF-20BL.

2.5 Production of bidirectional composites

Pure polypropylene (PP) sheets of 0.45mm in thickness 
were fabricated by compression molding at 220°C and 30bar 
using a CARVER 4386 press. Composites were prepared 
by compression molding using a steel mold with cavity 
dimensions of 80mm x 11mm x 2mm. Initially, five PP 
sheets were interlaid with four layers of glass fiber fabric on 
the cold mold. The press was preheated to 210°C. The mold 
was taken to the hot press and a minimum pressure (close to 
zero) was applied for 2min30s. The pressure was relieved 
to zero and returned to contact condition for 30s. After that, 
the pressure was increased to 5bar every minute up to 30bar, 
remaining for 1min30s. The mold was then removed from 
the hot press and cooled during 15min under cold press 
(SAGEC) to 25°C and 20bar.

2.6 Characterization

The scanning electron microscopy (SEM) images of 
GFs were obtained on a Quanta FEG 3D FEI system at an 
acceleration voltage of 5kV. A 5nm platinum coating was 
sputtered onto the surface of GFs to minimize the charging 

Figure 1. Representation of the Layer-by-Layer procedure.
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effects. The cross sections of modified GFs were obtained by 
transverse cutting. Individual glass fibers were mounted on 
cardboard frames and were cut off using a saw blade to get 
a plane perpendicular to the fiber direction. Moreover the 
modified GFs were assessed by focused ion beam scanning 
electron microscopy (FIB-SEM) for evaluation of the coating 
thickness. The fibers were FIB-milled with a gallium (Ga+) 
ion beam current of 1nA and with the acceleration voltage 
of 30kV. The ion beam was used for milling, not for imaging. 
The cross-sectioned face was polished with the low beam 
current prior to imaging with SEM since Ga+ ions could be 
deposited in the cross sectioned wall impeding its perfect 
visualization.

Thermogravimetric analyses (TGA) for the untreated 
and modified glass fibers were performed on an instrument 
EXSTAR TG/DTA 7200 with air atmosphere, 30mL/min 
flow and a heat rate of 10°C/min.

Raman spectra for the MWCNT-COOH and the LbL 
modified glass fibers were obtained on a Jobin Yvon/Horiba 
LABRAM-HR 800 spectrograph equipped with a He-Ne 
laser (632.8nm). The Raman signal was collected by a 
microscope Olympus BX-41 provided with objectives 
(10x, 50x and 100x). The detector used was a N2 liquid 
cooled CCD of Spectrum One, back illuminated. Depending 
on the sample background fluorescence, the acquisition 
time ranged from 10s to 120s and the laser power from 
0.08mW to 8mW. To improve signal/noise ratio, spectra 
were acquired 10-30 times.

Density measurements of the composites were done 
accordingly to ASTM D792 - Method A, using water as 
immersion liquid. The constituents content of the composites 
were obtained according to ASTM D3171 (procedure G, 
matrix burnoff in a muffle furnace) at 650°C during 1h.

Calorimetric analysis of the composites using differential 
scanning calorimetry (DSC) was performed by EXSTAR 
DSC 7020 equipment at the heating rate of 10°C/min. Tests 
were conducted on 9-10mg samples from 20°C to 220°C 
(first heating) and melting enthalpy and crystallization degree 

were evaluated. Relative crystallinity (Xc) was calculated as 
the ratio between the value of the melting enthalpy and the 
theoretical value of the melting enthalpy for the completely 
crystalline polypropylene (207J/g)[7]. Polypropylene directly 
impregnated on the bidirectional glass fiber fabric containing 
few fiber segments was extracted from the composite plate 
in order to get the DSC samples.

Flexural measurements for the bidirectional composites 
were done according to ASTM D790 - Procedure A, flat wise 
direction. Data were collected from minimum 5 specimens 
which were cut and prepared from the composite plates. 
The specimen dimensions were 12.7mm x 50.0mm x 2.0mm. 
A universal testing machine INSTRON 5965 equipped 
with a 5KN load cell and crosshead speed of 0.90mm/min 
was used. The samples were cryo-fractured under liquid 
nitrogen (30min immersion) and the fracture surfaces of 
the composites were studied using a scanning electron 
microscope (FEI Model Inspect S50) at an acceleration 
voltage of 15kV. A 5nm platinum coating was sputtered 
onto the surface to minimize the charging effects.

3. Results and Discussion

3.1 MWCNT-COOH suspension stability

Before sonication of the carbon nanotubes in PSS, 
aggregates were initially being deposited into the bottom 
of the beaker. After 2h30m of sonication, the suspension 
became totally dark and homogeneous. No aggregates were 
found on the bottom of the beaker after a closer inspection. 
The appearance has remained the same after four weeks 
without visible aggregates or sedimentation. Figure 2 shows 
the dispersion state of the sample as a function of time.

Carbon nanotubes in suspension represent a kinetically stable 
system rather than thermodynamically. Thus, sedimentation 
and aggregation may occur over time[19]. Since the dispersion 
was an intermediate stage in this work and it was used 
immediately after in the LbL deposition step, the observed 
stability may be sufficient. The good dispersion of carbon 

Figure 2. Dispersion state of MWCNT-COOH/PSS suspension as function of time.
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nanotubes in PSS can be explained by the presence of 
aromatic rings which have a strong affinity for graphitic 
surfaces via π-stacking. Typical effective dispersants are 
polymers consisting of repetitive units of an alkyl chain 
and aromatic rings, exploiting both the π-stacking on the 
surface of CNTs and the Van Der Waals attractions between 
the hydrophobic part of the surface of nanotubes and the 
alkyl parts[20].

3.2 Glass fibers characterization

The pre-treatment relative to sizing removal was evaluated 
by SEM by comparing the morphology of commercial glass 
fiber with the untreated glass fiber. Figure 3 shows the images 
of commercial (Figure 3a) and untreated (Figure 3b) glass 
fibers. The average fiber diameter is 15μm. The presence of 
a homogeneous coating is observed over the entire surface 
on the commercial fiber. After the cleaning treatment, the 
surface appearance became smooth and clean. The straight 
lines seen on the borders indicate the absence of a coating.

The LbL procedure (5BL and 20BL) changed the cleaned 
glass fiber fabric coloration from its original white to dark 
gray, that could be associated with the deposition of the 
carbon nanotubes. The 20BL sample became distinctly darker, 
suggesting a larger amount of deposited carbon nanotubes. 
Moreover, the water used during the washing step presented 
a greyish coloration during the first minute of washing, 
indicating that weakly adsorbed carbon nanotubes were 
removed and thus preventing cross-species contamination.

After the LbL procedure, 5BL and 20BL modified glass 
fibers were analyzed by SEM as also illustrated in Figure 3. 
It is possible to observe the presence of carbon nanotubes 
on GF-5BL surface. The general appearance is still smooth, 
preserving the straight lines on the borders similar to the 
untreated fibers. This could be associated with the very thin 
coating seen in the sectioned view obtained by FIB milling 
(Figure 4a) with thickness 100-200nm. Meanwhile, the 
surface morphology has dramatically changed for 20 bilayers 
deposition. A high increase on surface roughness is 

Figure 3. SEM images of glass fibers: (a) commercial; (b) untreated; (c), (d) GF-5BL; (e), (f) GF-20BL.
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observed with the formation of a coating along all the 
fiber. The cross view of the GF-20BL after FIB milling is 
shown in Figure 4b. The thickness of the coating could be 
assessed as 400-500nm. It was not possible to observe the 
individual carbon nanotubes since they were embedded in 
the thick polymeric coating.

Additional SEM images were acquired for glass fibers 
which were cross sectioned by transverse cutting (Figure 5). 
It is possible to observe that the coating thickness initially 
assessed by localized FIB-milling on the glass fiber surface 
is actually variable along the fiber.

The nanocoating deposited by LbL method on glass 
fibers is a novel application. In this work the obtained values 
for the coating thickness have the same order of magnitude 
of values reported by other authors[5,8] although a different 
method is used.

Raman spectroscopy, a powerful tool for carbon nanotubes 
characterization, was employed to demonstrate the deposition 
of CNTs on GF surface. In Figure 6, characteristic peaks of 
CNTs are identified. The D band derived from defects in 
the nanotube wall is found at 1326cm-1. The G band which 
represents the crystalline graphitic and in-plane vibrations 
of sp2 carbon is displayed at 1580cm-1 and D* band which 
represents the overtone of disorder is found at 2645 cm-1[21]. 
The presence of the same Raman peaks on the modified GFs 
proved that carbon nanotubes were successfully incorporated 

within the LbL layers. For the untreated glass fiber, no peak 
is observed.

Thermogravimetric analysis was employed to get 
information on the coating weight content. TG curves 
for the untreated and modified glass fibers are seen in 
Figure 7. For untreated and 5BL glass fibers, small mass 

Figure 4. SEM-FIB images of cross sections of FIB milled fibers: (a) GF-5BL; (b) GF-20BL.

Figure 5. SEM images of cross sections of mechanically cut fibers: (a) GF-5BL; (b) GF-20BL.

Figure 6. Raman spectra of GF-untreated, MWCNT-COOH and 
GF-20BL.
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fluctuations are observed. For the untreated glass fibers, 
this TG result confirmed SEM results that showed that the 
removal of commercial sizing was successful via matrix 
burnoff and acid digestion. For 5BL glass fibers, a range 
of 100-200nm for the coating thickness was estimated by 
SEM but variations along and between fibers can occur, 
leading to a lower weight loss. Moreover, 100nm polymer 
based coatings in 15000nm thick glass fibers (with densities 
much higher than the density of the polymer coatings) result 
in a very low change of weight (around 1%) of the system 
that may be within the measurement error of the analytical 
technique (i.e. TGA).

TG curve for glass fibers coated with 20 BL showed 
6.1% mass loss which can be assessed as an approximation 
of the mass content of LbL coating deposited on those fibers. 
The value found is lower than the actual one since it is 
known that PSS burning leads to inorganic by-products of 
high stability due to the presence of Na+ in its structure[22].

3.3 Composites characterization

3.3.1 Physical and thermal properties

The density values at 23°C, the GF content and the 
void volume obtained for the prepared composites are 
reported in Table 1.

Changes in density of a same material can occur due to 
localized crystallinity and/or to different proportions of resin 

and glass fiber (ASTM D792). Comparing the density values 
among the composites, a mean of 1.072g/cm3 and a standard 
deviation of 0.001g/cm3 indicate good process repeatability 
on composites fabrication. Comparing the glass fiber content 
among the composites, a mean of 25.62 wt% and a standard 
deviation of only 0.39 wt% was found, corroborating the 
idea of good process repeatability. The influence of the 
fiber content on the flexural properties will not be taken 
into account since a small variation among the composites 
was obtained.

The obtained coatings on the fibers are constituted by 
the polymers PDDA and PSS and by the carbon nanotubes. 
Densities of those constituents are similar to the density of 
the composite matrix (polypropylene, 0.9g/cm3). Considering 
also that the content of the coated fibers in the composites 
is relatively low (around 25 wt%) and that the coating of 
nanometric dimension is just at the fibers surface, the density 
of the composites will be not significantly influenced by 
the coating. The other parameters on Table 1 will not be 
influenced by the coating as well, since the procedure for 
obtaining fiber content and void volume is a burnoff in a 
furnace at 650°C which burns also the polymer content 
(including the polymeric coating).

The mean value around 0.9% for the void volumes 
indicates a good quality composite (ASTM D2734). The high 
standard deviation can be explained by the fact that as 
the void content gets lower the error in resin density gets 
increasingly more important. According to ASTM D2734, 
ideal measurements of density should have an uncertainty 
of less than 0.0005g/cm3, but a 0.005g/cm3 was found.

The relevant thermal properties (melting temperature 
peak TM,PEAK, melting enthalpy ∆HM and relative crystallinity 
XC) of the prepared composites are summarized in Table 2. 
All composites presented a single endothermic peak with 
very similar positions, suggesting that the modification 
of the GFs did not affect the melting temperature of the 
composites. The similar values of the relative crystallinity 
(with 1% max. variation) show that the modification of the 
GFs did not influence the crystallization degree.

3.3.2 Morphology

For glass fiber reinforced composites, the morphology 
of the fracture surface can give information related to the 
adhesion of fiber-matrix interface. High interfacial adhesion 
represents an essential key for obtaining high-performance 
composites[5-6].

Table 1. Density and constituents content for the prepared composites.
Composite Density (g/cm3) GF content (wt%) Void volume (%)

PP-GF-Untreated 1.071 ± 0.004 25.49 ± 0.13 0.83 ± 0.10
PP-GF-5BL 1.071 ± 0.004 26.05 ± 0.77 1.27 ± 0.60
PP-GF-20BL 1.073 ± 0.006 25.31 ± 0.40 0.51 ± 0.31

Figure 7. TG curves for GF-untreated, GF-5BL and GF-20BL.

Table 2. Relevant thermal properties of the prepared composites.
Composite Tm,peak (°C) ∆Hm (J/g) Xc (%)

PP-GF-Untreated 165.8 64.0 30.9
PP-GF-5BL 165.9 66.0 31.9
PP-GF-20BL 166.2 65.0 31.4
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The images obtained by SEM for all composites 
(Figure 8) indicate that the fracture occurred predominantly 
by interfacial debonding with many fibers pull-out. The fibers 
without coating (PP-GF-untreated) failed by progressive 
fiber pull-out and debonding. The extensively pulled-out 
fibers fractured with different lengths could indicate that the 
damage initiated from several locations along the interface[5]. 
The coated fibers failed transversely across the specimen 
with more uniform length distribution although debonding 
and pull-out are also the main fracture micromechanism.

The smooth and clean surface of the fibers without evidence 
of adhered resin suggests a low adhesion condition with the 
matrix and therefore a weak interface. The interface between 
polymer and GFs plays an important task in controlling some 
of the mechanical properties as tensile and flexural strenght. 
The fiber-matrix adhesion is confined to the interface where 
stress-transfer shall occur[4-6]. Thus the results presumably 
indicate that the composites will not present an efficient 
load transfer from the matrix to the reinforcement phase 
(GFs) when subjected to mechanical stress.

For the glass fibers coated with 20 bilayers, the 
nanocomposite coating appears intact indicating a strong 
bond to the fiber and no changes due to the composite 
processing steps (Figure 8d).

3.3.3 Flexural mechanical properties

Stress vs. strain curves for all the evaluated composites are 
shown in Figure 9. The curves were chosen from the specimen 
most representative of the mean results. Flexural Modulus 
and flexural strength are reported in Table 3. The flexural 
strength was calculated at 5% of strain since the samples 
did not show breaking before that strain.

Figure 8. SEM images of the fracture surfaces of the composites: (a) PP-GF-untreated; (b) PP-GF-5BL; (c) PP-GF-20BL; 
(d) PP-GF-20BL 4,000x magnification.

Figure 9. Flexural stress-strain curves for the prepared composites.

It can be noticed in Figure 9 that the presence of LbL 
layers on GFs modified the stress vs. strain curves. The total 
area under the curve assigned to the PP-GF-20BL composite 
is higher than the area under the other curves, meaning that 
the presence of the 20 bilayers was useful in increasing 
toughness of the material. This behavior can be attributed to 
a ‘healing’ effect in which GF’s micro cracks are filled by the 
coating and severe fiber surface flaws are eliminated due to 
an increased crack tip radius[5,23]. Moreover, the presence of 
the polymer coating at the interface can provide mechanism 
for energy dissipation during crack propagation.
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The mean values for the Flexural Modulus indicate 
an increase in this property as the number of bilayers rises 
(Table 3). The PP-GF-20BL composite exhibited an increase 
of 16.3% when compared to the composite with untreated 
fibers and 8.7% when compared to PP-GF-5BL. The elastic 
Modulus is measured at very low deformation and in this 
condition (close to zero strain) materials react separately to 
an atomic-molecular level. Thus, the Modulus prediction 
is not influenced by the low interfacial adhesion observed 
between fiber and matrix and the properties of each single 
component become more important[4]. We suggest that an 
improvement in the glass fibers individually due to the 
presence of carbon nanotubes on their surface substantially 
increased the stiffness of the system. Coatings containing 
carbon nanotubes on GFs are useful for enhancing fiber`s 
mechanical properties[5,8]. The coating`s Modulus and 
thickness can be also associated as reasons for the results[23].

Nevertheless it is known that mechanical damage on 
carbon nanotubes, i.e. breakage, induced by high-power tip 
sonication leads to defective carbon nanotubes with critical 
reduced length[24]. The preparation of the MWCNT-COOH 
suspension with 30min of tip sonication in this work was 
necessary to achieve a homogeneous and stable suspension 
in PSS. This process could impair the mechanical properties 
associated to the defective CNTs thus bringing the coating 
Modulus to smaller values. The Modulus values obtained 
for the final composites would also be influenced in a 
similar way.

There was no significant improvement on the flexural 
strength among the composites (Table 3). The mechanical 
strength is highly influenced by the interface adhesion since 
the maximum stress that material withstands relies on the 
capability of transferring load between the matrix and the 
fiber[4]. The results of SEM for the crio-fractured surfaces 
(Figure 8) indicated a low-adhesion condition between 
GFs and PP. Consequently it was expected that the flexural 
strength values for the modified GF composites became 
similar to the untreated GF composite due to ineffective 
load transfer at the interface.

Potential reason for the low adhesion is the lack of acid 
chemical groups on polypropylene capable to interact with 
electron donor sites on the fiber surface which was coated 
by the polar PDDA/PSS layers[21]. The LbL method makes 
use of polar constituents since it is based on cationic and 
anionic electrostatic interactions for the construction of the 
bilayers. On the other hand, the PP is a non-polar polymer. 
Thus it is possible that this result was related to the lack of 
chemical affinity between the PP and the LbL components. 
However, due to its versatility, the LbL technique can 
provide ways to overcome this observed lack of adhesion. 
By changing the types of polymers deposited through the 

LbL technique, e.g. by using ionic polymers with alkyl 
groups in the last deposited bilayer[25,26], it could be possible 
to increase the affinity between the LbL coating and the 
polymer matrices in future works.

4. Conclusions

In summary, carboxylic acid functionalized multiwall 
carbon nanotubes were dispersed in PSS aqueous solution 
and a homogeneous stable dispersion was achieved. 
The dispersion was used as an anionic polyelectrolyte in 
LbL system to successfully deposit a nanocomposite coating 
(PDDA//MWCNT-COOH/PSS)n on glass fibers surface 
as proved by SEM and Raman characterization. TGA 
measurements have shown an estimated coating content on 
the fiber around 6 wt% for 20 bilayers. The nanocomposite 
coating has created a new complex interface between fibers 
and PP matrix when bidirectional composites were fabricated. 
The flexural mechanical properties of the composites were 
analyzed, showing an increase of 16.3% in the Flexural 
Modulus and toughness for the PP-GF-20BL composite when 
compared to PP-GF untreated. Flexural strength was not 
affected by the GF coating. The results of this work proved 
that the LbL technique can be used to modify the interface 
of polymer composites and to incorporate nanocomponents 
(such as carbon nanotubes) within their interfacial region. 
The possibility of tailoring the composition and structure of 
the interface in polymer composites through the use of the 
LbL technique can allow the construction of interfaces that 
can perform multiple tasks, such as increasing toughness 
and encapsulating active components.
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