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waste biomass stream that is not subject to adequate forms of 
valorisation. Nevertheless, using protein fibres to reinforce poly-
mer-based composites for new commodities and/or value-added 
applications may exploit this untapped resource. Protein fibres are 
naturally hydrophilic, fire-resistant, biodegradable, biocompat-ible 
and renewable in addition to exhibiting mechanical or chemical 
processability [1–9].

In the last decade, the valorisation of short fibres from poultry 
feathers for reinforcing polyolefin- and polylactide-based compos-
ites has been investigated [5,10]. Multi-step pulverisation technol-
ogies have been developed to produce ultra-fine ground wool 
[11,12] as an additive for polypropylene (PP)-based films produced 
through extrusion and compression moulding. However, the 
mechanical properties of the obtained materials decline signifi-
cantly as the wool powder content increases [2]. Another work 
revealed that wool fibrils can act as a matrix reinforcement
more recent study, silk/wool hybrid fibre PP composites [14] were
produced by simple compression moulding and suggested as po-
tential substitutes for the conventional glass/epoxy composites used
as electrical insulating materials in printed circuit boards be-cause
these composites have characteristically low thermal conductivity.

Isotropic composites based on commercial PP containing up to
60 wt.% highly dispersed wool fibres were prepared using a simple
melt blending process and a maleinised PP as a compatibiliser [4]
Although improvements in the thermal stability and elastic modu-
lus were observed, and the presence of the compatibiliser was ben-
eficial, the composites were weaker with respect to the polyolefinic
matrix partially because the fibres are shortened dur-ing the melt
blending process. Therefore, optimising the process conditions to
reduce wool fibre fragmentation and improving the fibre/matrix
adhesion are critical for producing materials with a better
performance.

The hydrophilicity of the natural fibres adversely affects their
adhesion to the hydrophobic PP matrix. For cellulosic fibres, sev-eral
chemical methods for modifying their surfaces, such as graft
polymerisation using monomers and macromonomers, and the use
of suitable coupling agents were proposed in the literature [10,15–
19]. Coupling agents, such as maleic anhydride copolymers,
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isocyanates and silanes, can bridge the interface between the fi-
brous reinforcement and the polymer matrix. Silanes have versatile 
multifunctional structures and have been successfully applied in 
polymer composites reinforced with inorganic fillers [20–26] and 
natural fibres [10,15,17–19,27]. Chemically modifying keratin-
based fibres modifies their dye affinity, reduces felting, and 
improves their wettability in textile wet processing [28–31]. 
However, to the best of our knowledge, no articles have reported 
silanising wool fibres and using them to prepare polymer-based 
composites.

In this work, wool fibres were functionalised with a silane-based 
coupling agent that might react with both the fibres and the matrix 
during the mixing process to improve the fibre/matrix adhesion. A 
silane bearing only one reactive methoxy group was also tested to 
verify the effectiveness of the silanisation reaction onto the fibres.

PP-based composites containing 20 wt.% of silanised wool fibres 
were then prepared via melt blending: their morphology was 
investigated by SEM imaging while their thermal and mechanical 
behaviour was investigated using thermogravimetric analysis 
(TGA) and uniaxial tensile tests, respectively. The new materials 
were compared to composites containing pristine or oxidised wool 
fibres to evaluate the efficiency of the fibre treatment. The data 
from mechanical analysis were also compared with theoretical 
models and the mechanical characteristics of analogous compos-
ites containing PP and uncut aligned wool fibres.
2. Experimental
2.1. Materials

Polypropylene Moplen� HP520H (PP) with a 0.9 g/cm3 density 
and 2 g/10 min melt flow index at 230 �C, 2.16 kg (ISO1133) was 
supplied in the pellet form by Lyondellbasell Industries S.r.l. (Ferr-
ara, Italy). A polypropylene grafted with maleic anhydride, Compo-
line� CO/PP C05 (C05) with 3 g/10 min melt flow index at 230 � C, 
2.16 kg (ISO1133), was supplied by Auserpolimeri S.r.l. (Lucca, 
Italy), and used as a compatibiliser. Wool fibres (WF) in the form of 
slivers 18 lm in diameter were supplied by The Woolmark Co., 
Italy. Before mixing, the WF were cut into snippets approxi-mately 
2 cm long, washed in a Soxhlet extractor with acetone for 2 h and 
dried under vacuum at 105 � C for 4 h. [3-(methacryloyl-
oxy)propyl]trimethoxysilane (MPTS) from Evonik Industries AG 
(Rheinfelden, Germany) and methoxy(dimethyl)octadecylsilane 
(MDOS) from Sigma–Aldrich S.r.l. (Milano, Italy) were used as re-
ceived as coupling agents. Other chemicals were purchased from 
Sigma–Aldrich.
2.2. Modification of wool fibres
Oxidation. Oxidised wool fibres (WFO) were prepared by using 
hydrogen peroxide. WF were soaked in a pre-heated (60 �C) aque-
ous solution containing 0.54 wt.% of hydrogen peroxide, 0.1 g/L of 
nonylphenol and 2 g/L of sodium pyrophosphate; the mixture was 
maintained for 2 h at the same temperature. Finally, the fibres were 
washed with distilled water and dried at 60 �C for 24 h.

Silanisation. Silane-treated wool fibres were prepared from WF 
or WFO. The silane (typically 10 wt.% relative to the fibres) was dis-
solved in methanol–water–acetic acid (75/8/17 v/v/v) at 25 �C with 
continuous stirring for 10 min. The fibres were moistened with the 
silane-containing mixture and dried at 60 �C for 24 h. The silanisa-
tion reaction was completed after raising the temperature to 120 �C 
for 2 h. Afterward, the wool fibres were treated with ace-tone via 
Soxhlet and dried to remove unreacted silane.
The effective acetone solubility of the two silanes and the prod-
uct obtained after self-polymerising the MPTS for 2 h at 120 �C was 
previously verified.

For the WFO silanised with MPTS, various silane/fibre ratios (3, 
6, 10 wt.%) were tested.

2.3. Preparation of the composites

Based on the results obtained by the authors in a previous paper 
[4], a PP/C05 95/5 wt/wt blend (PPC05) was used as a matrix and a 
reference. The PPC05 blend was obtained under the same experi-
mental conditions used to prepare the composites. Composites 
containing 20 wt.% wool fibres (WF, WFO or WFO treated with 10 
wt.% MPTS) were prepared via melt blending with a W50 EHT Plasti 
Corder� (Brabender) internal mixer. PP and C05 pellets (95/5 wt/
wt) were introduced in the mixer chamber at 170 �C and mixed (60 
rpm rotor speed) for approximately 1 min; the fi-bres were then 
quickly added and mixing was completed in 10 min (total).

After mixing, all the samples were moulded using a P 200E 
semi-automatic laboratory press (Collin GmbH) at 180 � C (5 min 
at 0.5 MPa and 5 min at 18 MPa) to obtain 0.32 mm thick sheets 
suitable for characterisation.

Samples with a single fibre were used to measure the critical 
length (Lc) of the wool fibres into the PPC05 matrix (see below) and 
were prepared by compression moulding (5 min at 0.5 MPa and 5 
min at 18 MPa) a slightly stretched uncut fibre (>8 cm long) 
between two 0.05 mm thick PPC05 sheets at 180 �C.

Composites containing uncut oriented wool fibres (unidirec-
tional composites) were also prepared by placing combed and 
slightly stretched WF between two 0.3 mm thick PPC05 sheets and 
moulding them at 180 �C (5 min at 0.1 MPa and 5 min at 3 MPa). 
Unidirectional composites with 14.3, 15.7 and 16.6 wt.%wool 
contents were prepared using WF, WFO and WFO modified with 10 
wt.% MPTS (WFO10MPTS), respectively.

2.4. Characterisation

The Fourier transform infrared (FTIR) analyses of MPTS, MDOS 
and treated wool fibres were performed using a Bruker IFS 28 FTIR 
spectrophotometer in transmission mode. The liquid silanes were 
characterised by spreading a drop on a KBr window; for wool fi-
bres, the KBr method was used.

Thermogravimetric analysis (TGA) was carried out with a TGA7 
(Perkin Elmer) instrument on samples of approximately 7 mg. The 
decomposition temperatures at 5 and 50 wt.% mass loss (T5 and T50, 
respectively) of the composites were measured while heating at 20 �
C/min under O2 (35–880 � C) at 40 mL/min. TGA analyses of the 
pristine and treated wool fibres were also performed under the 
same conditions as the composites. The grafted silane content (wt.
%) was obtained using the value of the residue at 880 � C, that 
corresponds to the amount of SiO2 formed upon silane combustion:

Grafted silaneðwt:%Þ ¼ SiO2ðwt:%Þ
FWSiO2

� FWGrafted silane ð1Þ

where SiO2 (wt.%) is the residue at 880 �C, FWSiO2 and FWGrafted silane

are the formula weights of SiO2 and the grafted silane moiety,
respectively.

For each composite sample, the length and diameter of at least
150 wool fibres were measured using a Polyvar Pol (Reichert) opti-
cal microscope equipped with a CCD camera. Because the fibres
were tangled, their concentration in the composites was reduced
via dilution with neat PP; i.e. each composite sheet was pressed be-
tween two PP films to obtain very thin films with few fibre
overlaps.



The critical length (Lc) for various matrix/fibre pairs was evalu-
ated according to the ‘‘single fibre fragmentation test’’ (SFFT) [32–
36]: a specimen containing a single aligned wool fibre, embedded 
into the polymer matrix, is stretched along the fibre axis direction 
until all fragments are shorter than the length needed to transfer 
sufficient stress from matrix to fibre to break the fibre. The average 
length of the resulting fibre fragments (Lm) is correlated to Lc using 
Eq. (2) [35]:

Lc ¼
4
3

Lm ð2Þ

Toward this purpose, 8 cm � 1 cm specimens (0.1 mm thick) 
with one single wool fibre in a PPC05 matrix were prepared as pre-
viously described; uniaxial tensile tests at constant nominal strain
rates ( _e ¼ 0:2 min�1) were performed at room temperature with an 
Instron 5565 dynamometer. After observing the length of wool fi-
bre fragments in specimens loaded until different deformation, the 
fibre fragmentation tests were finally conducted until e = 6 to en-
sure that the shortest length was reached. The length of the ob-
tained wool fibre fragments was then measured using a Polyvar Pol 
(Reichert) optical microscope.

Scanning electron microscopy (SEM) was performed with a LEO 
(Leica Electron Optics) 135 VP SEM, at a 15 kV acceleration voltage 
and a 11 mm working distance. The samples were mounted on alu-
minium specimen stubs with double-sided adhesive tape and sput-
ter-coated with a 20 nm of gold in rarefied argon using an Emitech 
K 550 Sputter Coater at 20 mA for 180 s. Cross sections of the films 
were obtained using fragile fracture in liquid nitrogen.

Energy dispersive X-ray analysis (EDX) of the WFO10MPTS cross 
sections was carried out with a LEO 1450 VP SEM coupled with an 
EDX probe operating at 20 kV. Toward this purpose, the fibres were 
embedded in a PP matrix.

Uniaxial tensile tests at constant nominal strain rate ( _e ¼ 0:29 
min�1) were performed at room temperature and 50%relative 
humidity with a displacement-controlled dynamometer (Instron 
1121 or S Series Housenfield). A video-extensometer was used for 
the strain measurements. For the wool fibres, the nominal strain 
was enom = DL/L0, where DL is the overall displacement and L0 is the 
initial fibre length (20 mm).
Scheme 1. Wool fibres obtained after treatment with MPTS and MDOS silanes.
3. Results and discussion

3.1. Treatment of wool fibres

Previous results regarding PP- and PPC05-based composites 
containing different WF contents [4] indicated that using malein-
ised polypropylene (C05) as a compatibiliser improves the fibre–
matrix interactions. In this work, to enhance the adhesion between 
the wool fibres and the polyolefinic matrix, WF were modified with 
a silane coupling agent using a slightly modified literature proce-
dure [27].

[3-(Methacryloyloxy)propyl]trimethoxysilane (MPTS) is a cost 
effective silane able to react with PP during mixing; it was chosen 
as a coupling agent. To favour the reaction with MPTS, WF were 
oxidised (WFO) to generate new chemical functionalities, such as 
ASO3H and ACOOH, on the WF surface [37]. The initial MPTS con-
centration was varied (3, 6 and 10 wt.%) to evaluate the effect on 
the amount of silane grafted onto the fibres.

As known [17,38], the interaction between a silane coupling 
agent and natural fibres proceeds through several steps: (i) hydro-
lysis of the silane, yielding the reactive silanol groups; (ii) physical 
adsorption of the reactive silane onto the natural fibres; and (iii) 
conversion, upon heating, of the hydrogen bonds formed between 
the silanols and the hydroxyl groups borne by fibres into covalent 
ASiAOACA bonds via water condensation.
However, due to steric reasons, it is impossible for all the three 
silanol groups on the MPTS molecule to react with the natural fi-
bres. Consequently, the residual silanol groups can self-condense, 
forming polysiloxanic structures with stable ASiAOASiA bonds 
that may wrap the fibres.

To verify the reaction between the silane and the fibres, WF and 
WFO were treated with methoxy(dimethyl)octadecylsilane (MDOS) 
bearing only one reactive methoxy group.

The wool fibres obtained after treatment with MPTS and MDOS 
(Scheme 1) were extracted with acetone via Soxhlet to remove any 
unreacted silane and/or polysiloxane formed from MPTS self-
condensation that were not chemically linked or physically entan-
gled to the fibres. The FTIR spectra (not shown) exhibit a series of 
peaks indicating the presence of silane and/or polysiloxane in the 
extracts.

The presence of the silane on the fibres and the modifications to 
the fibre surface morphology were assessed using SEM.

The cell structure of wool fibres is characterised by the presence 
of three main morphological components: the cuticle, the cell 
membrane complex and the cortex. The cuticle consists of a thin 
layer of flat overlapping ‘‘cuticle cells’’ surrounding the fibre; cuti-
cle cells are cemented to the fibre bulk (cortex) via the cell mem-
brane complex sometimes referred to as intercellular cement. Fig. 
1a displays the cuticle morphology of an untreated wool fibre: the 
cuticle cells are flat, thin, and adhered to the fibre bulk.

Relative to pristine WF, the fibres treated with both MPTS (Fig. 
1b) and MDOS (Fig. 1c) display the thickening and increased 
detachment of cuticle cells from the fibre bulk, suggesting that the 
silane treatment primarily affects the cell membrane complex; this 
selectivity might occur because in wool, the hydrophobic external 
layer (the epi-cuticle) surrounding each cuticle cell re-mains intact 
and the reaction is selective for the cell membrane complex zone 
that extends across the fibre surface. The cell mem-brane complex 
is less cross-linked (1% half cystine) and more reac-tive relative to 
the epi-cuticle (12% half cystine) [39] and therefore swells after 
reacting with the silane thus raising the cuticle cells.

Obvious degradation on the cuticle surface occurs after oxidis-
ing the wool, while the corresponding chemical functionalities 
(ASO3H, ACOOH) are activated toward the silane methoxy groups 
[37]. The surface morphologies of WFO, WFO treated with 10 wt.%
MDOS and increasing amounts (3, 6 and 10 wt.%) of MPTS were 
compared in Fig. 2. The SEM image in Fig. 2a confirmed that the 
cuticle cells were dramatically modified after the wool oxidation 
(compare Fig. 1a with Fig. 2a). The oxidised fibres treated with 
MPTS, aside from the morphological features already observed in 
the analogously treated WF, also display a wrinkled cuticle surface 
due to the activation of the protein substrate during the oxidative 
treatment (Fig. 2b–d). The thin silane coating formed on the sur-
face progressively increases the thickness and detachment of the 
cuticle cells, as well as the polymer aggregation on the fibre sur-
face, when increasing the MPTS concentration. Therefore, MPTS re-
acts with the cell membrane complex and the epi-cuticle of WFO. 
The Si atoms were present along the wool fibre radius, as con-



Fig. 1. SEM (1000�) images of WF (a) and WF treated with 10 wt.% MPTS (b) and 
10 wt.% MDOS.

Fig. 2. SEM (1000�) images of WFO (a) and WFO treated with 3 wt.% MPTS (b), 
6 wt.% MPTS (c), 10 wt.% MPTS (d), and 10 wt.% MDOS (e).
firmed by SEM–EDX analysis of the WFO10MPTS cross sections dis-
played in Fig. 3.

The reaction occurred across the entire fibre surface when the 
WFO were treated with MDOS (Fig. 2e); MDOS has one methoxy 
group, precluding self-polymerisation and ensuring reaction with 
the wool.

The presence of the silane onto fibre surface after solvent 
extraction was also assessed using FTIR spectroscopy. The resultant 
spectra for the MPTS, WFO and WFO10MPTS are compared in Fig. 4. 
The spectrum of neat MPTS (trace a of Fig. 4) exhibits the sharp 
peak at 1714 cm�1 due to the stretching mode of the C@O from the 
methacrylate group and two peaks at approximately 1635 and 
1450 cm�1 ascribed to the stretching mode of the C@C bond and the 
deformation mode of the ACH2A groups of the silane, respectively. 
By comparing the FTIR spectra of WFO10MPTS (trace c in Fig. 4) to 
that of WFO (trace b in Fig. 4) some differences are evi-dent: the 
intensity of the bands related to the ACH3 and ACH2A groups (2952 
and 2890 cm�1, respectively) slightly increases, a sharp peak 
appears at 1714 cm�1 and the region between 900 and 1400 cm�1, 
where the stretching bands of ASiAOARA and ASiAOASiA groups 
are commonly observed, is slightly modified. The FTIR findings 
confirm the presence of silane on the MPTS-trea-ted fibres after 
extraction, validating the SEM analysis.

A similar indication was found from the FTIR analysis of ex-
tracted WFO10MDOS, even though the spectrum of MDOS (trace a 
of Fig. 5) does not present obvious bands in the clear regions of 
the WFO spectrum. The close comparison between the WFO and 
WFO10MDOS spectra (respectively traces b and c of Fig. 5) reveals
a difference in the relative intensity of the bands in the 2850–2950 
cm�1 region that correspond to the stretching modes of the ACH2A 
and ACH3 groups. In particular, after the reaction with the wool 
fibres, the band at approximately 2920 cm�1 appears more intense 
than that at approximately 2950 cm�1.

To determine the amount of silane present on the treated fibres, 
TGA analyses under O2 were performed (Table 1). The amount of 
grafted silane was evaluated by using Eq. (1); this equation ac-
counts for the residue at 880 �C obtained from treated fibres. This 
residue is SiO2 generated from silane combustion [40], because 
neither WF nor WFO exhibit any residue under these conditions.



Fig. 3. EDX analysis of Si carried out by SEM imaging of the WFO10MPTS cross
sections.

Fig. 4. Comparison of the FTIR spectra obtained for MPTS (a), WFO (b) and
WFO10MPTS (c).

Fig. 5. Comparison of the FTIR spectra obtained for MDOS (a), WFO (b) and
WFO10MDOS (c).

Table 1
Amounts of grafted silane obtained during TGA analysis under O2 for untreated and
treated wool fibres.

Sample Fibre Silane Co
a SiO2 at 880 �Cb Grafted silanec

(wt.%) (wt.%) (wt.%) (mmol/100 g)

1 WF MDOS 10 0.1 0.4 1.2
2 WFO MDOS 10 0.9 4.6 14.7
3 WFO MPTS 10 1.7 5.7 29.5
4 WFO MPTS 6 1.0 3.4 17.2
5 WFO MPTS 3 0.6 1.9 9.4

a Concentration of silane with respect to the fibre used for wool treatment.
b SiO2 residue obtained at 880 �C.
c Amount of grafted silane evaluated by using Eq. (1).

Table 2
Thermal parameters obtained during TGA analysis under O2.a

Sample T5 (�C) DT5
b (�C) T50 (�C) DT50

b(�C)

WF 267 ± 3 436 ± 3
WFO 267 ± 3 456 ± 3
WFO10MPTS 256 ± 3 450 ± 8
PPC05 271 ± 3 – 322 ± 3 –
PPC05/WF 272 ± 3 0 358 ± 3 36
PPC05/WFO 276 ± 3 5 358 ± 4 36
PPC05/WFO10MPTS 282 ± 3 11 380 ± 6 58

a Values obtained from TG curves rescaled at 100 wt.% starting from 150 �C.
b Increase of T5 or T50 of the composites with respect to the PPC05 matrix.
The experimental results obtained for samples 1 and 2 indicate
that the MDOS molecules preferentially react with the oxidised
wool fibres. When using the same initial concentration of silane
(10 wt.%), less grafted MDOS is present on the WF (sample 1, 
0.4 wt.%) than on WFO (sample 2, 4.6 wt.%).

The amount of MPTS silane grafted onto WFO is higher than 
that observed for MDOS due to self-condensation of the unreacted 
silanols on the grafted MPTS molecules to form polysiloxane 
chains. Although most of the polysiloxane chains were extracted 
with acetone, some of them, even without a chemical bond to 
the fibres, might not be easily extractable due their physical 
entanglement.

The amount of silane grafted onto the fibres decreases with the 
initial MPTS concentration. Sample 3 contains WFO modified with 
the maximum amount of MPTS and was chosen as the treated wool 
fibre (WFO10MPTS) used to prepare the PPC05-based composites.

3.2. PPC05-based composites containing wool fibres

Homogeneous PPC05-based composites containing 20 wt.% WF, 
WFO, or WFO10MPTS were successfully prepared by melt com-
pounding in an internal mixer, as described in the Experimental 
section.

The thermo-oxidative stability of the fibres, the PPC05 matrix 
and their composites was studied by TGA analysis carried out in 
dynamic mode under an oxygen atmosphere. The TG curves for 
both the wool fibres and the composites exhibit a variable weight 
loss step (up to 10 wt.%) from 35–150 �C that corresponds to the 
release of the absorbed water and depends on the relative humid-
ity. For comparison, the TG curves were thus rescaled at 100 wt.%
starting from 150 �C to eliminate the initial weight variations. 
From these curves, the decomposition temperatures at 5 and 
50 wt.% mass loss (T5 and T50, respectively) were determined 
(Table 2).

The fibre treatments slightly affect thermo-oxidative resistance 
of wool. WFO10MPTS displays a lower T5 value than both WF and 
WFO most likely due to the organic moiety on the silane molecule. 
However, the T50 values for both WFO and WFO10MPTS are approx-
imately 20 �C higher than that of WF.

The T5 values for the PPC05, PPC05/WF and PPC05/WFO com-
posites are similar, while the degradation of the sample containing



WFO10MPTS initiates at higher temperatures. In addition, the T50

values of the composites are higher than the values of the neat ma-
trix, particularly when WFO10MPTS is included. The increased ther-
mo-oxidative stability of the composites relative to the polyolefinic
matrix might occur not only due to the difference between the
degradation temperatures of the fibres and the matrix, but also
due to the synergistic effect of the two components. To understand
this aspect, theoretical TG curves for composites containing
20 wt.% fibres were obtained by calculating the residual weight
percentage of the composite (Wc)T as a function of the
temperature:

ðWcÞT ¼ 0:8ðWmÞT þ 0:2ðWf ÞT ð3Þ

where, (Wm)T and (Wf)T are the residual weight percentages at a gi-
ven temperature (T) of the PPC05 matrix and of the different fibres 
(WF, WFO and WFO10MPTS), respectively, obtained from the individ-
ual experimental TG traces of the two components.

From these curves, the theoretical T5 and T50 values (T5TH and 
T50TH, respectively) were obtained and compared in Fig. 6 with the 
corresponding experimental values reported in Table 2. For every 
composite, the experimental values are higher than those predicted 
using only the addition rules. This effect is more evident in the 
samples containing the fibres modified with MPTS, suggest-ing a 
synergistic effect between the two components that could be 
caused by positive interactions between the fibres and the matrix.

The fibre/matrix adhesion in the prepared composites was eval-
uated by a SEM investigation of the fragile fractures produced in li-
quid nitrogen. Fig. 7 displays representative micrographs of the 
composites. The WF appear separated from one another and homo-
geneously distributed within the PPC05, but their adhesion to the 
matrix remains unsatisfactory (Fig. 7a): pulled-out fibres left large 
voids, cavities and imprints on the polymer fracture surface. The 
oxidation process does not significantly improve adhesion, as illus-
trated in Fig. 7b; the cavities and imprints are still evident. In the 
PPC05/WFO10MPTS sample, fewer voids and cavities around the fi-
bres were observed (Fig. 7c), indicating enhanced fibre/matrix 
adhesion.

3.3. Reinforcing effect of fibres

The mechanical behaviour of the fibres was studied. Fig. 8a pre-
sents the stress–strain curves for WFO and WFO10MPTS reported for 
comparison with that of the untreated WF. As reported in the 
Experimental section, the strain was measured as DL/L0, where DL 
is the overall displacement, and L0 is the initial gauge length. The 
nominal stress was determined as rnom = F/A0, where F is the
Fig. 6. Theoretical values for T5TH (h) and T50TH (M) compared to the experimental 
T5 (j) and T50 (N) values in Table 2.

Fig. 7. SEM (200�) cross-sectional images of the PPC05/WF (a), PPC05/WFO (b) and 
PPC05/WFO10MPTS (c) composites.
applied force and A0 = p D2/4 is the cross-sectional area of the fibre 
(D is the mean value of the fibre diameter, as measured in the 
images captured by optical microscopy).

The observed changes in the fibre compliance are usually re-
ferred to as wool fibre yielding and have been interpreted in terms 
of different deformation processes in the complex wool structure 
[41,42]. The obtained results reveal that treating the fibres does not 
significantly affect their overall mechanical behaviour; their elastic 
modulus and strength are almost unchanged, even though the 
treatment modified the fibres, as observed via SEM. Therefore, the 
means of the modulus and yield strength were assessed for wool 
fibres and PPC05 matrix. The PPC05 stress–strain curve is presented 
in Fig. 8b.
   In addition to the adhesion between the fibres and the matrix, the 
mechanical properties of a composite generally depend also



Fig. 8. Stress–strain curves for the WF, WFO and WFO10MPTS (a), as well as the PPC05 matrix (b).
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Fig. 9. Stress–strain curves for the PPC05-wool fibre composites.
on the orientation and dimensions of the fibres. To obtain the aver-
age stress of the fibres in a composite that is as close as possible to
the maximum, the fibres should exceed the critical length (Lc). When
considering fibres with similar mechanical characteristics, lower L
values indicate better fibre–matrix interactions [43,44].

Lc was evaluated for the different matrix/fibre pairs as described
in the Experimental section; the obtained values are reported in
Table 3. The Lc value obtained for WFO10MPTS is the lowest, while that
of WF is the highest. This finding further confirms the coupling
abilities of the grafted silane molecule in the PPC05 matrix.

Another important parameter affecting the reinforcement of
polymer matrices is the fibre length in the final composites. To ver-
ify that the wool fibres strengthened the composites, the fibre
breakage caused by mixing was studied and the fibre length was
measured in every prepared composites. In Table 4, the number (Ln)
and the weight (Lw) average lengths and the relative polydis-persity
index (Lw=Ln) for the fibres was obtained by measuring at least 150
fibres for each sample.

Both oxidation and MPTS treatments improved the breakage
resistance of the wool fibres during mixing. In particular, the PPC05/
WFO10MPTS composite exhibited the best breakage resis-tance with
the highest Ln and the most fibres longer than Lc.

Fig. 9 reports the nominal stress–strain curves of the compos-ites
containing treated wool fibres in comparison with those using
untreated WF. The modulus (E) and strength (yield stress, ry) of
the materials are also reported in the figure inset. The PPC05/WFO
and PPC05/WFOMTPS composites have similar mechanica
behaviours regardless of the wool fibre surface treatment. With re-
spect to PPC05/WF, they have higher moduli and strengths, but they
break at a lower strain. The increased yield stress observed
Table 3
Lc values obtained for the different matrix/fibre pairs.

Matrix Fibre Lc (mm)

PPC05 WF 0.72
PPC05 WFO 0.57
PPC05 WFO10MPTS 0.43

Table 4
Number (Ln) and weight average (Lw) fibre length and polydispersity index (Lw=Ln) of
the fibres in composites containing untreated and treated wool fibres.

Samples Ln (mm) Lw (mm) Lw=Ln WF with L > Lc (%)

PPC05/WF 0.16 0.31 2.00 0.9
PPC05/WFO 0.28 0.46 1.63 15.6
PPC05/WFO10MPTS 0.36 0.50 1.39 30.0
when the treated wool fibres are used can be related to the in-
creased polymer-fibre adhesion and/or to the increased percentage 
of fibres with lengths exceeding Lc.

To understand which of these two mechanisms is responsible for 
the observed increase in the composite strength, samples con-taining 
uncut aligned fibres (unidirectional composites) were also prepared 
(see the Experimental section) and characterised. Fig. 10a displays 
the nominal stress–strain curves of these sam-ples; the actual wool 
fibres content (wt.%) is also reported. The modulus and yield strength 
of the same composites are reported in Fig. 10b with those of the 
PPC05 matrix. The data obtained in a previous paper [4] describing a 
unidirectional composite based on uncompatibilised PP with 16.6 wt.
% of WF are also reported for comparison.

The differences in the E of the PPC05-based composites cannot 
be ascribed to their different composition because in that case, E 
should monotonically increase with the wool fibre content. For 
PPC05/WF, an E value close to that of the matrix was unexpectedly 
obtained: fibre misalignment might have occurred during compos-
ite preparation.

The predicted composite modulus (Ec) and yield stress (rc) val-
ues were determined according to Eqs. (4) and (5) [45] and are also 
reported in Fig. 10b.

Ec ¼ Vf � Ef þ ð1� Vf Þ � Em ð4Þ



Fig. 10. Composites containing un-cut aligned wool fibres (unidirectional compos-
ites): nominal stress–strain curves (a) and material modulus and yield strength (b).
rc ¼ rfuVf þ r0mð1� Vf Þ ð5Þ

Em is the PPC05 modulus (1.24 ± 0.06 GPa); Ef is the wool fibre
modulus (3.2 ± 0.4 GPa); Vf is the wool fibres volume fraction
(a mean value of 0.11, determined using a density value of 0.9
and 1.33 g/cm3 for PPC05 and WF, respectively, was used); rfu is
the fibre tensile strength (115 ± 12 MPa); r0m is the stress in the
matrix at the fibre strain at failure (r0m = 29.4 MPa).

The uncertainty reported in the predicted Ec and rc values refers
to their variations when the highest or the lowest wool content is
considered. Except for PPC05/WF, the modulus values for the dif-
ferent PPC05 composites are consistent with those predicted by
Eq. (4).

For the composite strength, PPC05-based composites exhibit a
higher yield stress than the PPC05 matrix, suggesting there is a
good adhesion between polymer and wool. Nevertheless, treating
the fibres does not seem to affect the composite strength: similar
yield stress values are obtained for both treated and untreated
wool fibres. Therefore, the increase in the material resistance ob-
served in the short, treated fibre composites is not to be related
to the wool fibre treatment; instead, the effect should be ascribed
to the higher percentage of long fibres (L > Lc) in the PPC05/WFO
and PPC05/WFO10MPTS composites relative to PPC05/WF.

Moreover, because the PPC05/WF composite is more resistant
than the corresponding PP-based composite (PP/WF), the increase
in the material strength observed when PPC05-based composites
are considered must be ascribed to the presence of C05.

4. Conclusions

Silanising pre-oxidised wool fibres with [3-(methacryloyl-
oxy)propyl]trimethoxy silane for polypropylene-based composites
was achieved, as confirmed by FTIR and SEM analyses.

Polypropylene-based composites containing 20 wt.% unmodi-
fied, oxidised or silanised wool fibres were prepared using a simple
melt blending procedure. The morphological investigations per-
formed on fragile fractures revealed that in the composites con-
taining the silanised fibres, the adhesion between the fibres and
the polymer matrix was enhanced.

All of the composite materials displayed improved thermo-oxi-
dative stability with respect to the neat polyolefinic matrix and the
values predicted by adding the contributions of the single compo-
nents. This effect is more evident with the silanised fibres.

Analysis of the mechanical behaviour of the composites re-
vealed that the wool fibres exerted a lower than expected reinforc-
ing effect on the polypropylene matrix due to the wool fibre
fragmentation during mixing. This fragmentation was alleviated
by the silane modification but still generated fibres with lengths
that are insufficient for overcoming the critical value of the fibre/
matrix pair.
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