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Mechanical Properties and Dynamic Mechanical
Analysis of Thermoplastic-Natural Fiber/Glass
Reinforced Composites

Luca Di Landro,™ William Lorenzi

Summary: The mechanical properties and dynamic behavior of thermoplastic
composites based on polypropylene/glass fibers and polypropylene/natural fibers
(i.e. kenaf, hemp, flax) are presented. A survey is given on some aspects, crucial for
the use of these composites in structural and non-structural components such as
their vibration-damping response, in relation to the composite compaction level and
the manufacturing procedure. In order to investigate a wide vibration frequency
range, including acoustic frequencies, different testing techniques, both with forced
and free vibrations, were applied. A comparison between natural fiber and glass fiber
reinforced laminates is presented. Compaction levels, allowing to obtain the best com-
promise between mechanical performance and damping response, are investigated.
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Introduction

The recycle of conventional composite mate-
rials poses relevant problems in many
industrial fields. Natural Fiber Composites
(NFC) have recently gained much attention
due to their low cost, environmental bene-
fits, easy disposal, reduction in volatile organic
emissions, and their potential to compete
with Glass Fiber Composites (GFC). Inter-
est in natural fibers is not only based
over ecological aspects; NFC have good
mechanical performances in relation to
their low specific weight and low price.[?!
Natural fibers, such as flax, hemp and kenaf,
exhibit specific mechanical properties com-
parable to those of synthetic fibers like
glass. Moreover they are lighter, biode-
gradable, and less expensive. NFC have the
potential to be attractive alternative to
synthetic fiber composites. However, nat-
ural fibers exhibit some drawbacks, which
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limit their actual applications, such as larger
scatter in their properties, lower thermal
stability and sensitivity to moisture absorp-
tion.’! Synthetic non-biodegradable poly-
mers are commonly employed as matrices;
some of these, such as polypropylene or
some thermosets!* ! have processing tem-
peratures compatible with temperature
limits of natural fibers and, moreover, can
reduce their moisture absorption rate.

The ability to reduce noise and vibra-
tions is a characteristic, which may extend
the application range of NFC in the auto-
motive field;”¥! impact resistance and
damage response without exposed rigid
fibers, potentially dangerous, represent
additional advantages. Interior panels, dash-
boards and under-hood covers are examples
of vehicle components, which can be
manufactured by NF C. The production
of house appliances is also expected to get
important benefits from the employment of
natural fiber based composites.

In this research, the mechanical proper-
ties of GFC and NFC, in relation to the
compaction level, obtainable during pro-
cessing, are compared. The possibility of
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obtaining components with a no-press,
vacuum bagging, technique is explored.
The vibration damping characteristics of
the materials were tested by dynamic-
mechanical analysis. Forced vibration
dynamic mechanical tests are quite limited
in the frequency range. In order to extend
the measured frequency range, two addi-
tional vibration tests of NFC and GFC
laminates were conducted and compared.

Experimental Part

Composites were manufactured by using
random Glass Fiber Mat (GMT) and
Natural Fiber Mat (NFM) with thermo-
plastic matrix (PP) (Glascoform and Nafco-
form from Quadrant Plastics Gmbh).
Kenaf, Hemp and Flax (KHF) fibers were
used as the reinforced phase in NFM. The
weight fraction of reinforcement in glass
and natural fiber mats was, respectively, 0.4
and 0.5. The nominal specific weight of the
mats was 2000 g/m? for NFM and 1800 g/m?
for GMT.

Test specimens with different compac-
tion levels and thickness of NFC and GFC
were manufactured by compression mold-
ing (CM) for S5min at 190°C. A new
vacuum bagging process (VB), which does
not require the use of heavy presses and
moulds, was also explored to produce
laminates: with this technique, the poly-
mer/fiber mat, sealed in a vacuum bag, is
compacted in oven on a light metal mold.
The relations between processing para-
meters such as temperature, vacuum level,

Table 1.

mold material and laminate thickness,
compaction and fiber distribution were
investigated in comparison with corre-
sponding laminates obtained by hot press-
ing. A vacuum of 0.85bar allowed to
compact the NFM and GMT, respectively,
down to 2.5mm and 3.5mm thickness.

Actual matrix, fiber and void volume
fractions of all fabricated specimens were
measured using a density balance, accord-
ing to ASTM D792. The measured density
values and estimated volume fractions for
all types of composites investigated are
reported in Table 1. It can be observed that
compression of mats down to 2mm thick-
ness leads to almost full compaction. Only
partial compaction is achieved with vacuum
bagging technique.

Tensile properties were measured fol-
lowing ASTM D5083 standard. The speci-
mens were desiccated in oven for 3 hour at
105 °C before testing. At least five speci-
mens were tested for each compaction level
investigated. Tensile tests were performed
with an MTS 858 testing machine. Strain
measurements were performed with strain
gauges mounted on the samples. The gauge
length was 25 mm. The mechanical proper-
ties (e.g. secant modulus at 0.05% strain,
tensile strength) of all the samples were
measured. The elongation rate was 1 mm/min.

For the evaluation of the linear viscoe-
lastic behavior, low amplitude oscillatory
measurements were carried out by a
Rheometrics Dynamic Analyzer RDA-II,
by using rectangular-plate geometry, in a
temperature range of 24 —26 °C. Frequency
sweep measurements were performed to

Density and constituent volume fractions measured in PP-KHF and PP-G composites.

Material Thickness (technique) Density (g/cm?) Volume Fraction

matrix void fiber
PP-KHF 2mm (CM) 1.007 4 0.017 0.55 0.07 0.38
PP-KHF 3mm (CM) 0.56140.034 0.31 0.48 0.21
PP-KHF 3.5mm (VB) 0.533 + 0.017 0.29 0.51 0.20
PP-KHF 4mm (CM) 0.461+ 0.001 0.26 0.57 0.17
PP-G 2mm (CM) 1.111£0.054 0.73 0.09 0.18
PP-G 2.5mm (VB) 0.972 4 0.021 0.64 0.20 0.16
PP-G 3mm (CM) 0.649 +0.021 0.43 0.47 0.10
PP-G 4mm (CM) 0.510 &= 0.013 0.34 0.58 0.08
PP 2mm (CM) 0.906 £ 0.001 1.00 - -
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evaluate NFC and GFC dynamic proper-
ties. The storage modulus (G’), loss mod-
ulus (G”) and loss factor (m=tan §) of the
composites were measured as function of
frequency, ranging from 0.01 to 80Hz.
Three specimens for each test were used.
NFC and GFC prepared with different
techniques (compression molding, vacuum
bagging) and thickness were tested.

This test method, according to ASTM
E756, measures the flexural, free vibration-
damping properties of a composite beam:
loss factor (m) and Young’s modulus (E).
Accurate over a frequency range of 100 to
1000 Hz, this method is useful in testing
materials that have applications in struc-
tural vibration, building acoustics, and the
control of audible noise. Compared to
dynamic-mechanical analysis, this method
allows to investigate higher frequency
range. The two different tests are comple-
mentary for isotropic material, but for 2D
random materials they cannot be directly
compared because measurements are made
on different section areas and in different
loading modes (torsion and flexure). Reli-
able indications of the vibration behavior
are however obtained.

Figure 1 shows the experimental set-up,
selected to obtain the best signal-to-noise
ratio. The modal loss factor is measured as
the ratio of the half-power bandwidth to the
resonant frequency. Three or more modes
are commonly measured starting with
mode 3. Modes 1 and 2 were not measured.
Modal analysis was carried out using the

Figure 1.

HKS Abaqus/Standard finite element pack-
age to check the frequency of the experimental
flexural modes obtained with the transdu-
cer. Subspace iteration method was used for
calculating the resonance frequencies.

To validate the measurement system, an
aluminum beam (A12024-T3) was tested as
reference specimen. The specimen nominal
dimensions were 40 mm width, 300 mm free
length and 1.5mm thickness. Damping
ratio (as £=m/2, Table 2) and Young’s
modulus (Table 3) were consistent with
expected values.!"' =¥l Young’s modulus of
the beam material was calculated from the
expression:

122
E="ma M
where:

E=Young’s modulus of beam material
[Pal,

f.=the resonance frequency for mode n
[Hz],

H =thickness of beam [m]

[=length of beam [m],

p = density of beam [Kg/m?],

C, = coefficient for mode n, of clamped-
free (uniform) beam,

where:

C;=0.55959, C,=3.5069, C5;=9.8194,
C, = (n/2)(n — 0.5)* for n > 3.

In the same manner as described above,
Young’s modulus and the loss factor of plain
PP, PP-KHF and PP-G composites were
measured and compared. Three specimens

Experimental set-up and FEM analysis according to standard test geometry.

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de

l147



1481

Macromol. Symp. 2009, 286, 145—155

Table 2.
Results of vibration-damping test on Al2024-T3.

No. Numerical resonance Experimental resonance A Experimental-Numerical Experimental
Mode frequency [Hz] frequency [Hz] frequency [%] damping &
1 13.7 13.7 0.1 -

2 86.6 86.4 —0.2 -

3 244.0 243.2 —0.3 0.0009

4 480.8 4791 —0.4 0.0007

5 798.6 795.8 —0.4 0.0005

6 1197.3 1193.5 —0.3 0.0006

for each test were used. Beam dimensions
were selected, based on desired frequency
range of the measurements and the char-
acteristics of the damping material to be
tested. Dimensions found to be successful
were 40 mm width and 200 to 300 mm free
length.

A New Vibration-Damping Test

In order to extend the measure frequency
range, a new test method was investigated.
This method, thanks to a free-free modal
analysis, opens up to new measurement
approaches. The experimental set-up is
different compared to the previous method
but uses the same equipment. In order to
reduce the noise of the clamping set up, the
clamping-sample system was suspended
with elastic bands (Figure 2). Elastic bands
work very well for supporting a structure
without damping its vibration or adding
undesirable boundary conditions.

To check the measurement system,
polypropylene beams were tested as refer-
ence specimens. The isotropic behavior of
PP has allowed to evaluate and compare all
the different tests investigated: ASTM

Table 3.
Elastic modulus measured with vibration-damping
test on Al2024-T3.

No. Mode 1 2 3

p [Kg/m?] 2780 2780 2780
| [m] 0.3 0.3 0.3

f [Hz] 13.7 86.4 243.2
H [m] 0.0015  0.0015 0.0015
Ca 0.55959  3.5069  9.8194
Evibration [MPa] 71980 72900 73670
A Etensilea - Evibraltion [°/°] 1.5 0.3 —0.8

? From tensile test: E = 73100 MPa.

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

E756 (fixed), new test method (free) and
dynamic mechanical analysis (RDA).
Beam dimensions were selected according
to the desired frequency range of the
measurements. The beam dimensions were
40 mm width and 200 to 300 mm free length.
As shown in Figure 3, the results of the
three tests methods overlap, although
covering different frequency ranges.

Results and Discussion

Tensile strength and modulus measure-
ments showed that both in case of glass and
natural fibers, mat processing technique
introduces a non negligible anisotropic

Figure 2.
Experimental set-up of the new free vibration test.

www.ms-journal.de
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Figure 3.

Polypropylene damping ratio obtained with different tests.

behavior (Figure 4 and 5). Strength and
tensile modulus of compacted NFC (e.g.
2mm thick), in transverse direction (T)
were respectively 34% and 24% higher
than in roll direction (L). This occurs also
for the GFC (respectively 54% and 41%).
Average values and standard deviation
of tensile modulus, strength and strain to
failure for composites were estimated. The
data show that all tested NFC (2 mm thick),
in longitudinal direction, have tensile
modulus higher (21%) than GMT, while,
in transverse direction, have similar tensile
modulus. Strength of GMT is considerably
higher (35%) than for NFC material in

transverse direction, while it is comparable
in longitudinal direction. At lower compac-
tion levels, strength and tensile modulus
decrease their values (Table 4 and 5).
Plain PP, compression molded, presented a
tensile modulus of 1100+45MPa and a
tensile strength of 30.8 £ 1.0 MPa.

The stress-strain curve becomes mark-
edly nonlinear at lower compaction levels.
This nonlinear behavior can be explained
considering that lower compaction results
in limited interaction between fibers and
matrix, presence of extensive voids and
poor bonding; this reduces the effect of
fiber reinforcement in the composite. In

45 T i
A —A  PP-KHF 2mm (T)
40 —B PP-KHF 2mm (L)
35 / —C PP-KHF 3mm (T)
/ ; — D PP-KHF 3mm (L)
30 —E PP-KHF 4mm (T)
= / B —F PP-KHF 4mm (L)
g * / / o —G PP-KHF VB (T)
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—
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Figure 4.
PP-KHF tensile behavior.
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Figure 5.
PP-G tensile behavior.

Table 4.
Results of mechanical tests on PP-KHF composites.

Material Tensile (transverse direction) Tensile (longitudinal direction)
Modulus (MPa) Strength (MPa) Modulus (MPa) Strength (MPa)
P-KHF 2 mm 5880 +1106 39.7 %25 4440 +179 26.1+1.2
PP-KHF 3 mm 2470 £ 206 17.5+11 1550 =98 Nn.3+0.4
PP-KHF VB 1880 + 214 14.0 1.2 1265+ 38 9.2+1.0
PP-KHF 4 mm 1020 + 48 8.2+0.4 1215 483 5.8+ 0.6

fact, the force needed to break the material
compacted down to 4 mm thickness is lower
than the the force needed to break the same
material compacted down to 2 mm thickness.

Samples produced with vacuum bagging
technique allow to obtain strain higher then
those produced with compression molding
with similar thickness. Convective heat
transfer induces better melting both of
surface layer and internal part of mat,
improving the bond between the matrix and
the fibers.

Table 5.
Results of mechanical tests on PP-G composites.

Composite damping ratio measured by
dynamic-mechanical tests is presented in
Figure 6. It is observed that the addition of
fibers reduces the damping response at high
compaction levels (low thickness), both in
case of Glass and Natural Fiber; however,
although NFC have a higher fiber content,
higher damping was measured compared to
GFC.

At lower compaction levels, the material
is largely composed of voids and the fibers
are only partially bonded to the surround-

Material Tensile (transverse direction) Tensile (longitudinal direction)
Modulus (MPa) Strength (MPa) Modulus (MPa) Strength (MPa)
PP-G 2mm 5960 £ 292 61.0 £1.2 3510 £ 101 28.1+2.0
PP-G VB 2680 1580 243426 1210 £ 40 13.3+0.2
PP-G 3mm 2510 158 21.8 £2.0 1520 £ 43 Nn.3+0.4
PP-G 4 mm 1620 + 217 17.8+1.2 1060 + 233 123+0.7

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de
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PP-KHF and PP-G damping properties.

ing matrix. In such situation damping
increases at values even higher than plain
polypropylene. A leveling or reduction of
damping was observed at the lowest
compaction level.

Flexural free vibration tests allow to
compare the measured elastic modulus with
that obtained by tensile tests. A numerical-
experimental correlation was performed
(Table 6), using the results of experimental

Table 6.

tensile and density tests. In the numerical
analysis, the composite was treated as a
linear elastic, isotropic and homogeneous
material. The hypothesis of linear behavior
was verified during the experimental tests.
In Table 7, Young’s modulus calculated
from the expression (1) was presented. The
agreement between tensile and vibration
modulus was satisfactory from the 3™
mode.

Numerical-experimental correlation on 2mm thick PP-KHF.

No. Mode Numerical resonance Experimental resonance A (Experimental-Numerical)
frequency [Hz] frequency [Hz] frequency [%]

1 73 6.7 —87

2 46.6 46.1 —1.0

3 131.7 132.2 03

4 260.1 261.8 0.6

5 432.6 431.9 —0.2

6 649.1 651.0 0.3

7 908.9 914.4 0.6

8 1211.4 1219.1 0.6

Table 7.

Elastic modulus measured with free vibration-damping test on 2mm thick PP-KHF.

No. Mode 1 3 4 5

p [Kg/m3] 1007 1007 1007 1007 1007

| [m] 0.3 0.3 0.3 0.3 0.3

fn [Hz] 6.7 46.1 132.2 261.8 431.9

H [m] 0.002 0.002 0.002 0.002 0.002

Cn 0.55959 3.5069 9.8194 19.242 31.809

Evibration [MPa] 3521.9 4231.6 4432.7 4529.8 451.3

A Etensilea - Eyibration [°/°] 20.7 4.7 0.2 —2.0 =15

*Tensile Test - Material: PP-KHF, thickness: 2 mm, direction: longitudinal.
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PP-KHF and PP-G damping ratio variation.

In the same tests the damping properties
of NFC and GFC were measured (Figure 7).
We noted an increasing damping for higher
frequency at the same thickness for both
materials. Once again, the data show that
tested NFC have damping properties
higher than GFC at the highest compaction
level (e.g. thickness 2 mm); opposite trend
is presented at lower compaction.

Tensile and dynamic mechanical analy-
sis performed show a particular engineering
interest to composites with higher compac-
tion levels, which present a good compro-
mise in terms of dynamic and mechanical
properties. In non-structural applications,
when better vibration and acoustic damp-
ing capacity is required, instead, composites

Table 8.

produced with the vacuum bagging techni-
ques may be employed.

Vibration-damping tests were per-
formed on NFC and GFC composites
following the new method in order to
characterize the behavior at higher fre-
quencies. Three specimens were tested for
each compaction level (thickness 2mm,
CM and VB) and length considered.
Samples tested according to this method
had a width of 40 mm and a free length of
200 to 250mm. All the samples were cut
with length parallel to roll direction (L). In
Table 8, experimental damping of 2mm
thick PP-KHF (length 250 mm) is pre-
sented. With this technique only the 1%
mode was not measured.

Results of the new vibration-damping test on 2mm thick PP-KHF.

No. Mode PP-KHF 01 PP-KHF 02 PP-KHF 03
resonance damping & resonance damping & resonance damping &
frequency [Hz] frequency [Hz] frequency [Hz]

1 14.4 - 12.9 - 13.9 -

2 66.9 0.0173 63.8 0.0181 69.8 0.0169
3 189.2 0.0167 184.3 0.0165 196.3 0.0164
4 376.7 0.0175 369.3 0.0172 384.8 0.0173
5 635.0 0.0198 610.3 0.0199 641.4 0.0188
6 946.5 0.0206 918.4 0.0195 951.4 0.0196
7 1316.1 0.0227 1290.6 0.0215 1328.0 0.0212
8 1745.0 0.0243 1700.2 0.0217 1761.0 0.0218
9 2242.6 0.0281 2179.2 0.0240 2247.4 0.0250
10 2785.8 0.0300 2730.9 0.0301 2815.6 0.0276

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 9.

Numerical-experimental correlation on 2 mm thick PP-KHF.

No. Mode Numerical resonance Experimental resonance A (Experimental-Numerical)
frequency [Hz] frequency [Hz] frequency [%]

1 13.7 14.4 4.6

2 66.8 68.0 1.7

3 189.9 188.9 —0.6

4 376.9 3723 —13

5 628.9 618.6 -17

6 938.8 926.8 —1.3

7 1311.5 1295.4 —1.2

8 1735.4 1722.4 0.8

9 2223.1 2205.8 —0.8

10 2777.4 2748.2 —1.1

Figure 8.
Modal Analysis: first three vibration modes.

A numerical-experimental correlation
was performed (Table 9, Figure 8) to check
the frequency of the experimental flexural
modes obtained. Subspace iteration method
was used for calculating the frequencies.
The agreement between numerical and
experimental frequencies was quite good.

Figure 9 and 10 show the damping
variation of NFC and GFC for the compac-
tion levels selected. The data were obtained
according to ASTM E756 and the new
method. Once again we noted an increasing
damping at higher frequency, at the same
thickness for both materials; moreover, the

0.07

¢ PP-KHF 2mm
0.06 4{ o PP-KHF VB
0.05

0 500 1000 1500

2000

2500 3000 3500 4000

Frequency [Hz]

Figure 9.
PP-KHF damping ratio.
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Figure 11.

PP-G damping ratio (L - longitudinal, T - transverse direction).

data show that tested NFC have damping
properties higher than GFC at the highest
compaction level (e.g. thickness 2mm);
opposite trend is presented at lower
compaction (VB). The new method has
allowed to extend significantly the fre-
quency range up to three/four times the
range previously investigated.

The effect of direction on damping ratio
was further investigated. Figure 11, by way
of example, shows the damping ratio of PP-
G, 2mm thickness, for longitudinal and

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

transverse directions. The measurements
show higher data scatter in transverse
direction. In general the average damping
ratio in transverse direction is approxi-
mately the same as longitudinal direction.

Conclusion
In this research, different mechanical
and dynamic characterizations of natural

and glass fiber composite are presented,

www.ms-journal.de
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directed toward the exploration of possible
composite materials for structural and
non-structural applications. The research
showed that NFC, based on thermoplastic
matrix and natural fibers, have mechanical
and damping properties that are compar-
able and sometimes superior to glass fiber
composites. These results show that NFC
have a potential to be used instead of con-
ventional GFC in engineering applications
where low weight, easily recyclable and
environmental friendly materials are desirable.

Composites with higher compaction
levels appear to give a good compromise
in terms of dynamic and mechanical pro-
perties. In non-structural applications that
require better vibration damping capacity,
instead, composites produced with the
vacuum bagging techniques can be employed.
Operational flexibility and cost advantages of
this technology are expected to surpass those
of conventional methods.
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