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Cellulose fibres were employed as reinforcement agent for biodegradable composites using
polylactic acid (PLA) as a polymer matrix. PLA can be obtained from renewable resources,
and it is attracting much interest owing to its favourable physico-mechanical properties and
biodegradability. Prior to composite compounding, two commercial PLA from different sup-
pliers were characterized for apparent density, flow index, crystallinity, thermal properties,
melt flow rheology and intrinsic viscosity for comparison. In experiments performed with
an integrated compounding–injection moulding machine (ICIM), the effects of the process-
ing conditions on the mechanical properties of composites (tensile strength, stiffness and
strain at break) were analyzed using a Taguchi experimental design. Other properties of the
composites, such as surface morphology and fibre length distribution, were also considered.
ICIM technology provided composites with better mechanical properties and lower fibre
degradation than the conventional sequential extrusion and injection moulding (SEIM)
technology.
Keywords: Renewable resources; Materials science; Polymers; Polylactide; Biomass;
Biocomposites; Mechanical properties; Injection moulding.

The interest in using environmentally friendly materials is growing due to
increasing sustainability concerns and volatile oil prices. In the near future,
biobased biodegradable thermoplastic polymers such as polylactic acid
(PLA) and polyhydroxyalkanoates (PHA) are expected to replace at least a
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part of conventional thermoplastics (such as polypropylene, polyethylene,
polystyrene, or polyvinyl chloride)1,2.

Polylactic acid (PLA) was one of the first biobased plastic produced at a
large scale (Natureworks, 2002), and its production and applications are in-
creasing1. Lactic acid, the monomer employed for PLA manufacture, can be
produced by chemical or biological ways. Fermentation of sugar solutions
from corn, potatoes or other feedstocks is the leading production method.
Lactic acid can be converted into PLA either by gradual polycondensation
or, mainly, by ring-opening of lactide, the lactic acid cyclic dimer3,4.

Due to the chiral nature of lactic acid, the stereochemistry of PLA is
complex. The L- and D-enantiomers of lactic acid can lead to meso or iso
lactides, which can give different configurations (atactic, isotactic, hetero-
tactic or syndiotactic) after polymerization, and with different possible
block distributions, affecting both crystallinity and thermomechanical
properties of the polymer5,6. Commercial PLA is generally obtained from
solutions containing a high proportion of L-lactic acid (~96%), via forma-
tion of lactide and further ring opening polymerization, yielding a semi-
crystalline material.

PLA has a thermoplastic behaviour, being suitable for melt processing,
namely by injection moulding, with favourable melting point for bio-
composites compounding (around 160 °C, below the temperatures at which
natural fibres start to degrade)7,8. PLA presents satisfactory mechanical
properties, enabling its application in a variety of industrial fields, but
shows a limited tenacity. Reinforcement by a suitable material is an inter-
esting alternative for increasing stiffness and dimensional stability9,10.

The interest toward natural-fibre-reinforced biodegradable polymers has
considerably grown in the past few years. Compared to traditional inor-
ganic fillers (such as glass, aramid, or carbon fibres), reinforcements of cel-
lulosic nature are renewable, cheap, low density, and present competitive
specific mechanical properties. On the other hand, cellulosic reinforce-
ments do not affect biodegradability of the biopolymer used as a ma-
trix11,12. Recent studies have emphasized on the favourable characteristics
of both natural cellulose and man-made fibres (such as Cordenka, viscose
or Lyocell) as reinforcing agents for biocomposites10,13–16. Natural fibre-
reinforced PLA composites are finding new applications in a variety of
fields, including building, packaging and manufacture of automotive com-
ponents, and many commercial products of this type are currently estab-
lished on the market17,18.

The ability of reinforcing agents derived from lignocellulosic materials
(LCM) for improving the mechanical properties of polymeric matrices de-
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pends on a variety of factors, including: particle aspect ratio, fibre orienta-
tion and degree of interfacial interaction matrix-reinforcement. Poor
adhesion between the two components would lead to a PLA composite of
poor mechanical properties, because the stress transfer between phases
would not be effective. The processing conditions used in composite manu-
facture affect the properties of composites, acting for example on length
fibre distribution9, fibre orientation, and mechanical parameters19.

The aim of this study was to investigate the influence of selected parame-
ters affecting the compounding of composites in a integrated compounding
injection moulding (ICIM) process on their mechanical properties. PLA
samples from different manufacturers were first characterized, and an as-
sessment of the effects caused by the operational parameters was carried
out with the best commercial compound. The interrelationships between
processing parameters and composite mechanical properties were assessed
using a statistical technique that enabled the development of correlations
giving a quantitative interpretation of the experimental results. Surface
morphology and fibre length were determined using selected probes. The
results were compared with literature data obtained with a sequential extru-
sion-injection moulding process (SEIM).

MATERIALS AND METHODS

The composite materials considered in this work were produced from com-
mercial PLA and waste cellulose fibres obtained from a local kraft pulp mill.

PLA

In this study, two different PLA granulates were considered: PLA-1, supplied
by Natureworks, and PLA-2, supplied by Velox.

The melt flow index (MFI) was measured in a MFI CEAST at 210 °C and
21.16 N. Density (ρ) of PLA was determined according to ISO 1183-A. Deter-
minations were carried out in triplicate.

Specific optical rotation [α]D
25 values of 10 g PLA per l chloroform solu-

tions were determined at 25 °C . The D- and L-isomer contents were esti-
mated assuming [α]D

25 values –156 and +156 for poly(L-lactic acid) and
poly(D-lactic acid), respectively6,20.
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Cellulosic Reinforcements

The Eucalyptus globulus wood cellulose fibres used in this work were ob-
tained from the wastewaters of a local kraft pulping industry (ENCE,
Pontevedra, Spain). Fibres were washed and cleaned to remove extraneous
material, treated with a laboratory defibrator (Ultraturrax T-50, IKA Labor-
technik, Germany) and recovered by filtration. The apparent density (deter-
mined using the ASTM D1895-B method) was 0.14 kg/dm3 (the data
reported correspond to the average value of triplicate assays).

Crystallinity

Crystallinity (Xc) was determined from DSC thermograms and XR difract-
ograms. As the crystallinity of a polymer is critically dependent on the ex-
perimental technique employed for determination, no absolute value was
assigned.

Crystallinity determination by DSC. An estimate of the crystallinity of a
given polymer can be made from DSC data assuming strict two-state behav-
ior (polymer composed of distinct, non-interacting amorphous and crystal-
line regions)21. Despite the obvious limitations of this model, it is widely
used in industry to assess the crystallinity of polymers. The crystallinity
(Xc) is calculated using the equation

Xc = (∆H/∆H100) (1)

where ∆H and ∆H100 are the measured melting enthalpy determined for the
sample and the melting enthalpy of a 100% pure crystalline sample of the
same polymer, respectively. ∆H100 for PLA was assumed22 to be 93 J/g.

The thermal behavior of PLA samples was assessed by differential scan-
ning calorimetry (DSC) in a TA DSC-Q20 system, using nitrogen as purge
gas. Samples were heated at 10 °C/min up to 200 °C, cooled to 30 °C using
liquid nitrogen, and reheated up to 200 °C at 10 °C/min. Calibrations of
temperature and enthalpy scale were carried out using pure indium stan-
dard.

Crystallinity determination by X-ray diffraction (XRD). Crystallinity was cal-
culated as the ratio between the area of peaks corresponding to ordered re-
gions and total area in difractograms obtained using a Bruker instrument
(AXS Nanostar).
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Rheological Measurements

Oscillatory shear experiments were performed in a TA ARES oscillatory rhe-
ometer, using parallel plate geometry with a plate diameter of 25 mm. PLA
discs for oscillatory rheology tests were prepared by compression moulding
at 170 °C, with 25 mm diameter and 1.2 mm thickness. PLA samples were
dried in a vacuum oven at 50 °C overnight before utilization. Determina-
tions were carried out in dynamic mode at 180 °C, from 0.1 to 100 Hz. The
linear range of deformations was checked for all the materials assayed.

Intrinsic Viscosity Measurement

The intrinsic viscosity (η, in ml/g) measures the intrinsic volume of a poly-
mer, and is usually used as an indicator of average molecular weight. PLA
samples were dissolved in chloroform, and their intrinsic viscosity were
determined from viscosity data obtained using an Ubbelohde type viscosi-
meter with capillaries 53001-0a (0.53 mm diameter), placed into a con-
trolled water temperature bath at 25 °C. The concentrations of PLA in
chloroform were 20.0, 10.0, 5.0 and 2.5 g/l. For every concentration, the
efflux times were measured ten times. The reduced viscosity and the inher-
ent viscosity (logarithmic viscosity number) were calculated and plotted
versus concentration on the same graph. Extrapolation of the two func-
tions at zero concentration led to the intrinsic viscosity (or limiting viscos-
ity number).

Formulation and Testing of Composite Materials

The influence of the processing conditions on the manufacture of compos-
ite materials made up of PLA-1 (Natureworks) and cellulose fibres was as-
sessed in selected experiments. Both PLA and fibres were vacuum dried
prior to processing, according to the manufacturers instructions. The rela-
tive weight ratio cellulose fibres:PLA employed in this work was 1:4. These
quantities were selected on the basis of a previous study (data not shown)
and our own experience9,15.

In order to establish the influence of the principal process variables on
the properties of composites, the experimental plan followed an statistical
(Taguchi) design, whose structure is shown in Table I. The selected factors
(inputs) were: extrusion temperature (die), Te; injection temperature (noz-
zle), Ti; mold temperature, Tm; extrusion speed, Se; injection speed, Si;
hydraulic holding pressure, Ph; cooling time, tc. To characterize the com-

Collect. Czech. Chem. Commun. 2011, Vol. 76, No. 12, pp. 1509–1527

Integrated Compounding–Injection/PLA Composites 1513



posites, the following responses (outputs) were measured: tensile strength,
σt; Young modulus, E; strain at break, ε. The statistical analysis enabled the
development of empirical equations relating responses to the factors con-
sidered. The independent variables were normalized assigning the value –1
to the lowest limit of the variation range, and +1 to the highest limit. These
normalized variables were denoted as the original variables with a * as su-
perscript. Table I also includes the processing conditions used in the manu-
facture of neat PLA probes.

ISO tensile and impact specimens were produced using an integrated
compounding and injection moulding machine (twin screw extruder with a
screw diameter of 35 mm, L/D ratio of 18 and injection unit with 2300 kN
clamping force). The extruder feeds directly the injection zone, diminishing
the mechanical and thermal stresses to which the material is submitted
when compared with independent extrusion followed by injection mould-
ing. The dimensions of ISO specimens were 80 mm length, with a constant
rectangular cross-section of 10 × 4 mm2. Ten ISO tensile specimens from
each experiment were tested in a Shimadzu Autograph AG-X testing ma-
chine with 50 kN load cell, at a crosshead speed of 2 mm/min. Ten impact
specimens were tested in a Ceast-Resil Impactor (15 J energy) at 23 °C and
55% relative humidity.
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TABLE I
Taguchi’s design of experiments for the factors: Extrusion temperature (die), Te; injection
temperature (nozzle), Ti; mould temperature, Tm; extrusion speed, Se; injection speed, Si; hy-
draulic holding pressure, Ph; cooling time, tc

Run Te, °C Ti, °C Tm, °C Se, rpm Si, mm/s Ph, bar tc, s

PLA 170 170 20 70 10 20 20

1 170 170 20 70 10 20 20

2 170 170 40 90 10 40 40

3 170 200 20 90 24 20 40

4 170 200 40 70 24 40 20

5 200 170 20 90 24 40 20

6 200 170 40 70 24 20 40

7 200 200 20 70 10 40 40

8 200 200 40 90 10 20 20



Cross and longitudinal sections of the specimens were observed by polar-
ized light microscopy using an Olympus BH2 transmission microscope. The
observed samples (10 µm thickness) were obtained using a Leitz 40 micro-
tome, and mounted on glass lamellae.

The fibre|matrix interface morphologies were analyzed in a Leica S360
scanning electron microscope, through the observation of selected zones
on fracture surfaces of moulded specimens, after being sputter coated with
a thin gold layer.

With the aim to evaluate fibre damage, length distributions of cellulose
fibres were measured before and after processing. Composite samples were
dissolved in chloroform to 0.10 g/l concentration and observed by optical
microscopy. At least 500 fibres were counted for every sample using image
analyser software Leica Quantimet 500C.

RESULTS AND DISCUSSION

PLA Characterization

The values of physical, mechanical and thermal properties of the two com-
mercial PLAs are shown in Table II. The specific optical rotation [α]D

25 ob-
tained in both cases were close to the value of –296° corresponding to
PLLA, indicating a high stereoregularity. Modulus were similar for both
PLAs, with higher elongation at break (45% superior) and tensile strength
(32% superior) in the case of PLA-1. The most remarkable difference is in
the impact strength, with a value of 13.4 J/m for PLA-1 and 6.0 J/m for
PLA-2.

The thermal properties of the two polymer matrices are manifested in the
DSC data shown in Fig. 1. In the first heating (Fig. 1a), the glass transition
temperature, Tg, the corresponding melting temperature, Tmelt, and total
enthalpy, ∆H, were identified or calculated (see Table II). No cold or pre-
melt crystallization peaks were observed, and the total enthalpy corre-
sponding to crystallinity of original material corresponded to the melting
enthalpy. The data confirmed a different thermal behavior for PLA-1 and
PLA-2. PLA-1 showed a small variation in the glass transition zone and a de-
fined peak at the melting temperature, indicative of a high crystallinity,
PLA-2 presented a clear glass transition and two distinct peaks in melting
endotherms, with low enthalpy value, corresponding to a low crystallinity.
The melting temperature was higher for PLA-1. Figure 1b shows the second
heating trace which provided closely related results for both PLA. Only
glass transition is observed, more pronounced in the case of PLA-2, with no
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peak corresponding to melting, indicating that the material is amorphous.
At the heating rate employed, no cold or pre-melt crystallization occured,
indicating that no reordering of polymer took place under the considered
conditions. Similar behavior was observed by Lee and Lee7 and Martin and
Avérous23. According to Dorgan et al.8, this variation pattern corresponds
to a linear polymer, while branched PLA undergoes a significant recrystal-
lization along the second heating.
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FIG. 1
DSC trace for PLA-1 (NatureWorks) and PLA-2 (Velox). First heating (a), second heating (b)



X-ray diffraction images are presented in Fig. 2. PLA-1 and PLA-2 led to
different pictures, characterized by defined circles in the case of PLA-1,
while the image corresponding to PLA-2 presented a more disperse diffrac-
tion. The diffractogram corresponding to PLA-1 presented clear peaks, the
major one corresponding to 2ϕ = 1.8, and a minor area corresponding to
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TABLE II
Properties for the polylactic acid samples evaluated

Parameter Units PLA-1 PLA-2

MFI g/10 min 30.3 ± 0.5 29.6 ± 0.9

η ml/g 148 ± 2 80 ± 2

ρ g/cm3 1.25 ± 0.02 1.26 ± 0.01

Tg °C 62.5 ± 0.2 58.1 ± 1.4

Tmelt °C 152.1 ± 0.4 143.0 ± 0.1

∆H J/g 30.9 ± 0.5 6.2 ± 0.8

Xc (DSC) % 33.6 ± 0.1 7.3 ± 0.4

Xc (XRD) % 30.5 ± 0.5 4.1 ± 1.4

σt MPa 54.7 ± 1.3 41.4 ± 1.1

E GPa 1.5 ± 0.1 1.5 ± 0.6

ε % 4.5 ± 0.1 3.1 ± 0.1

Is J/m 13.4 ± 1.6 6.0 ± 0.9

FIG. 2
X-ray diffractograms determined for PLA-1 (NatureWorks) and PLA-2 (Velox)

2ϕ



amorphous zone, indicating a high crystallinity. Oppositely, the PLA-2
diffractogram presented a broad area corresponding to amorphous zones.
The average crystallinities determined by X-ray diffraction and DSC meth-
ods were in good agreement (see Table II).

Figure 3 shows the values of storage modulus, G′, loss modulus, G′′,
and complex viscosity, η*, obtained from oscillatory rheometry. The extrap-
olated values for complex viscosity at 0 rad/s were 2060 and 1179 Pa s
for PLA-1 and PLA-2, respectively. In both cases, complex viscosity de-
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FIG. 3
Viscoelastic data determined for PLA-1 (a) and PLA-2 (b)



creased with increased angular frequency in the range of angular frequen-
cies analyzed. PLA-1 and PLA-2 exhibited different viscoelastic behavior.
PLA-1 showed minor variations up to 10 Hz, and a further decrease to reach
values close to 900 Pa s at 100 Hz, while PLA-2 presented a marked drop
in complex viscosity with frequency in the range analyzed, up to reach
200 Pa s at 100 Hz. In both cases G′ was lower than G′′, with no cross of
the curves, indicating that viscous component predominated over the elas-
tic one.

Figure 4 presents data of reduced viscosity and inherent viscosity versus
concentration. A fair linear variation can be observed for both variables
in the concentration range studied, enabling the evaluation of the intrinsic
viscosity by extrapolation at zero concentration. The intrinsic viscosities
determined were 148.3 ml/g for PLA-1, and 80.5 ml/g for PLA-2, values
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FIG. 4
Reduced viscosity and inherent viscosity versus concentration of PLA-1 (a) and PLA-2 (b)



close to that reported by other authors19. These results indicated that
the average molecular weight of PLA-2 presented a lower value than that
of PLA-1. According to the Mark–Houwink relationship24 [η] = 4.41 ×
10–4 MW

0.72 ([η] in dl/g), the calculated values of MW are 7.9 × 104 and 3.4 ×
104 g/mol for PLA-1 and PLA-2, respectively.

Manufacture and Properties of Composites

According to literature, the E modulus of cellulose-filled composites is ex-
pected to increase significantly with respect to the one of the neat matrix,
whereas the tensile strength should remain unaffected, and the elongation
is expected to be reduced significantly25. Figure 5 shows the values of me-
chanical properties for PLA and composites made of cellulose fibres and
PLA compounded at a cellulose fibres:PLA mass ratio of 1:4. PLA probes
were obtained under the conditions of experiment 1 (Table I).

All the conditions assayed led to satisfactory results in terms of stiffness.
Composites presented higher values of E modulus than the non-reinforced
sample, with a variation range of 2.08–2.28 GPa (corresponding to 40–53%
increase respect the values determined for neat PLA probes, respectively). As
the values of the processing factors were normalized before calculations,
their relative importance is measured by the absolute values of the coeffi-
cients obtained when fitting the experimental data to Eq. (2).

E = 2.23 + 0.036 T*e + 0.024T*i – 0.0063S*i – 0.041T*m +

+ 0.0038P*h – 0.024t*c – 0.039S*e (2)

According to the above idea, it can be concluded that the most influential
operational parameters were the mould temperature (Tm), extrusion speed
(Se) and extrusion temperature (Te), showing a minor influence the injec-
tion temperature (Ti) and the cooling time (tc). All factors have little influ-
ence on E, being positive (increment of response when the factor increases)
for Te, Ti and Ph, and negative for Si, Tm, tc and Se.

The situation was very different when considering the mechanical
strength, which presented a variation close to 140%. The maximum and
minimum values of tensile stress were 56.6 and 23.6 MPa, with an increase
of 3.5% and a decrease of 57%, respectively, respect to the values deter-
mined for neat PLA probes. The influence of the considered factors on the
mechanical strength is described by the following equation
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σt = 40.71 – 6.98T*e – 7.41T*i + 0.19S*i – 2.85T*m +

+ 5.57P*h – 5.1t*c + 0.72S*e (3)

which showed that the most influential processing factors were Te, Ti and tc
(all of them with negative influence), and Ph (with positive influence). In
order to allow an easier interpretation of results, Fig. 6 shows the predicted
dependence of the tensile strength on Ti and Te.
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FIG. 5
Results obtained in tensile tests for neat PLA probes and composites obtained under the condi-
tions of experiments 1 to 8 in Table I



Reinforcement resulted in increased brittleness and in shorter elongation
(4.49% as an average) respect to virgin PLA probes. These latter presented a
variation range for the strain at break of 3.61–1.04% (percentage of varia-
tion, 247%). The experimental data were fitted to yield the following equa-
tion

ε = 2.36 – 0.614T*e – 0.593T*i + 0.0063S*i – 0.20T*m +

+ 0.40P*h – 0.32t*c + 0.17S*e (4)

which confirm that the most influential factors were the same as of the
ones discussed for tensile strength, which also affected in the same sense.
Figure 5 confirms the close relation between the variation patterns pre-
dicted for tensile strength and elongation. Taking into account that stiff-
ness presented a narrow variation range, it can be seen that the tensile
strength was fairly proportional to the elongation achieved by the probe in
the moment of fracture.

According to literature, fibre-based composites usually present decreased
impact strengths respect to the matrix, due to the poor interaction between
the fibres and the matrix. Figure 7 shows the data determined for the im-
pact tests (Is). Interestingly, it can be observed that all composites except
that obtained under the conditions of experiments 6, 7 and 8 presented
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FIG. 6
Calculated dependence of the tensile strength (σt) on the injection temperature (Ti) and extru-
sion temperature (Te)



higher impact strengths than virgin PLA, indicating effective reinforcement
of the material.

Dispersion of fillers in the matrix was assessed by optical microscopy of
longitudinal and transversal probe cuts. Figure 8 presents optical micros-
copy images of probes obtained under the conditions of experiments 1 and

Collect. Czech. Chem. Commun. 2011, Vol. 76, No. 12, pp. 1509–1527

Integrated Compounding–Injection/PLA Composites 1523

FIG. 7
Results of impact test determined for neat PLA probes and composites obtained under the con-
ditions of experiments 1 to 8 in Table I

FIG. 8
Optical images of transversal cut, exp. 1 (a); longitudinal cut, exp 1 (b); transversal cut, exp. 8
(c); longitudinal cut, exp. 8 (d) (see Table I for experimental conditions)



8, which corresponded to the mildest and severest conditions, respectively.
The pictures confirm a good dispersion of reinforcements in all cases, with
no clear orientation. Figure 9 shows images of fibre length distributions
(measured for composites manufactured under the conditions of experi-
ments 1 and 8) at two different stages, before and after processing. Before
processing, cellulose fibres presented an average length of 0.846 mm. After
processing, fibres in probes obtained under the mild conditions of experi-
ment 1 presented an average length of 0.813 mm (showing scarce degrada-
tion and no fibre breakage). Even under the severe conditions of experi-
ment 8, the average fibre length decreased only to 0.557 mm (34.2% re-
spect to the original fibre). Conventional sequential extrusion and injec-
tion moulding techniques lead to much higher levels of fibre breakage9.
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FIG. 9
Optical images of fibre length distribution: before processing (a); after processing, exp. 1 (b);
after processing, exp. 8 (c) (see Table I for experimental conditions)

TABLE III
Variation (%) in mechanical properties of manufactured cellulose-PLA composites respect to
virgin PLA, and in the aspect ratio (L/D) of the fibres in composites respect to original fibres,
for sequential extrusion-injection moulding (SEIM) and integrated compounding–injection
moulding (ICIM) techniques

Parameter

Variation, %

SEIM ICIM

σt –5.44 3.45

E 57.5 53.0

ε –40.3 –21.8

Is –22.7 38.7

L/D –86.3 –3.90



Figure 10 show SEM images of the surfaces of selected probes obtained
under conditions 1 and 8 coming from the tensile fracture test. The images
are in good agreement with the mechanical properties determined for the
produced composites. Images corresponding to experiment 8 show smaller
and more degraded fibres than in the case of experiment 1.

Table III shows a comparison of the results obtained in this work (using
an ICIM) with the ones obtained with conventional processing (sequential
extrusion and injection moulding machine, SEIM)9. Table III includes the
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FIG. 10
SEM images of tensile fracture surfaces: exp. 1 (× 200) (a), exp. 1 (× 800) (b), exp 1 (× 2000) (c),
exp. 8 (× 200) (d), exp. 8 (× 800) (e), exp. 8 (× 2000) (f) (see Table I for experimental condi-
tions)



percentages of variation of the mechanical properties of the composites re-
spect to the data determined for neat PLA probes, as well as the results con-
cerning the aspect ratio (length/diameter) of the cellulose fibres in the
original fibres and in the composites. The results show that composites
manufactured with an ICIM exhibited significantly better mechanical prop-
erties than those produced by conventional SEIM, with lower fibre degrada-
tion. Interestingly, the composites produced with ICIM presented increased
impact strengths respect to neat PLA probes, whereas the opposite situation
was observed for SIEM-processed samples. The use of processing conditions
with lower temperatures (in extrusion and moulding) also leads to better re-
sults which should be associated to lower thermal degradation of the poly-
mer matrix.

CONCLUSIONS

This study provides an assessment on the effects of the processing condi-
tions on the mechanical properties of PLA-cellulose composites samples
produced with an integrated compounding–injection moulding machine
(ICIM). In order to measure the influence of the major processing parame-
ters on the composites mechanical properties, a set of experiments based in
a statistical Taguchi’s design was considered. Empirical equations describ-
ing the influence of the considered operational parameters on the compos-
ites mechanical properties were derived. The most influential operating
parameters were the temperatures used in injection (Ti) and in extrusion (Te)
which caused adverse effects (higher temperatures led to inferior mechani-
cal properties). The variables defining the injection moulding conditions
(hydraulic holding pressure (Ph) and cooling time (tc)) were also influential.
Combinations of high hydraulic holding pressure and a short cooling time
resulted in improved mechanical properties. The effect of the selected oper-
ational variables were particularly important in the cases of tensile strength
and strain at break (which presented related variation patterns), and impact
strength. Comparatively, stiffness was less affected. A comparison of the
experimental data with literature information confirmed that the inte-
grated compounding and injection moulding (ICIM) technology provided
composites with better mechanical properties and lower fibre degradation
than the conventional sequential extrusion and injection moulding (SEIM)
technology.

The authors are in debt to Prof. A. Covas (IPC – Institute for Polymers and Composites,
Department of Polymer Engineering, University of Minho, Campus de Azurém, 4800-058 Guimarães,
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moulding machine.
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