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On the influence of the elastic
characteristics of composite materials on
the vibrating properties

Giacomo Risitano', Lorenzo Scappaticci?, Fabio Alberti', Dario
Santonocito' and Danilo D’Andrea’

Abstract

Economical composite materials such as PA66GF35 (glass-fibre-reinforced polyamide matrix) are being increasingly used in
the automotive industry. Their good mechanical characteristics combined with low density, very high workability, low
production cost and high availability are attractive prerogatives that induce engineers to adopt it in complex technological
challenges. Injection moulding is the most common production technology used to realize composite components. While
in industrial design this type of material is considered as isotropic, it is well known that injection moulding process gives
orientation to the reinforcing fibres, leading to anisotropic mechanical behaviour. Starting from these considerations,
attention has been turned to the vibrating properties of such materials and to the comparison between vibration modes and
mechanical properties. In fact, composite materials are also used to produce components in the automotive field
significantly affected by noise problems. Since the noise derives from a fluid-structure interaction, the own frequencies and
the vibrating modes cover an important role on the Noise, Vibration and Harshness performance of the components. A
comparison of the vibration modes of a plate in PA66GF35, numerically modeled both as isotropic and anisotropic material
according to Folgar and Tucker theory, was carried out and compared with experimental measurements. The anisotropy of
the composite material is demonstrated by the variation of the mechanical characteristics obtained from the static tensile
tests. Results show that injection moulding confers different mechanical properties to real components due to the intrinsic
fluid-dynamic phenomena of the production process.

Keywords
Composite materials, modal analysis, cantilever plate vibration, noise, vibration and harshness

I. Introduction . . o
fibres dispersed in the matrix, in fact, are not arranged

Short-fibre reinforced thermoplastic composites have good
structural characteristics, also in consideration of their
density (Treviso et al., 2015; Vaidya and Chawla, 2008; Wu
etal., 2001). Further qualities, such as excellent workability,
availability and recyclability together with their low cost,
are attractive features that justify their widespread diffusion
in the automotive and naval field (Anandakumar et al.,
2021; Cucinotta et al., 2016; Inoue et al., 2019; Launay
et al., 2010; Mouti et al., 2010).

Most components in reinforced thermoplastic material
are realized by injection moulding (Bigg, 1985; Caltagirone
et al., 2021; Fu et al., 2020; Ye et al., 2008). It is an in-
dustrial production process in which a plastic material is
melted, mixed with reinforcing short glass fibres and
subsequently injected into a closed mould at high pressure.
Such a technological process makes the modeling of the
mechanical behaviour of the material tricky. The reinforcing

neatly, as in the case of long-fibre composites, but are
distributed stochastically (Lopes et al., 2010; Martinez and
Bishay, 2021; Onkar et al., 2007; Tawfik et al., 2018) as
a function of the thermo-fluid-dynamic phenomena that
occur inside the mould. This essentially means that the
mechanical characteristics of the finished product depend
on the casting conditions (temperature of the cast, flow
velocity and outlet section) and also on the geometric
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position of the injection point, or points, of the mould (Kuo
et al., 2009; Mortazavian and Fatemi, 2015). Indeed, due to
the constituents’ nature and production process, the re-
inforced polymers are in most cases characterized by
a certain anisotropy (Bernasconi et al., 2008; Hao et al.,
2020; Hmeidat et al., 2020), generally difficult to deal with
during component design, since the shape of the dispersed
fibres and the production process confer a directionality that
defines peculiar prerogatives to the mechanics of the ma-
terial (Bernasconi et al., 2007; De Monte et al., 2010). In
terms of structural dynamics, neglecting such a ‘directional
behaviour’ of the material may also mean underestimating
vibrational phenomena of the components themselves
(Gibson, 2000). Always more frequently, in fact, such
materials are used to manufacture automotive components,
as for the case of engine subsystems (Mouti et al., 2010)
(e.g. air intake manifolds), or structural components. In both
cases it is not uncommon to drop into airborne or structural
borne noise issues (McGary, 1987; Shen et al., 2013; Shin
et al., 2020) which directly involve the component’s natural
frequencies.

This work aims to define differences between the iso-
tropic and anisotropic modeling of PA66GF35 in terms of
natural frequencies and vibration modes approaching
a historically relevant problem such that of the cantilever
square plate. At first instance, a square plate made of
PA66GF35, with a thickness of 3 mm and produced by
injection moulding process, has been considered. Two
numerical models have been developed: in the first model
the material was considered as isotropic while, in the second
model, it was considered as anisotropic. For the latter
model, the injection moulding process was simulated
through Autodesk™ Moldflow™ software which, thanks
to the implementation of the Folgar and Tucker (1984)
theory, allows to obtain the orientation of the fibres within
the plate simulating the fluid dynamics of the process. The
two models were calibrated by comparing them with an
experimental modal analysis performed on the rigidly
constrained plate. Differences between the two models
(isotropic and anisotropic) were highlighted, showing that
while the modal forms are almost unchanged, the differ-
ences in the natural frequencies are substantial with a de-
viation of the order of 10 Hz. The anisotropic behaviour of
the plate was also highlighted by performing static tensile
tests on samples obtained from the plate and compared with
the specimens obtained according to ISO527 standard.

2. Theoretical approach

In this section, a fibre orientation model, developed by
Folgar and Tucker, is presented to consider the effect of
fibre distribution during the injection mould process. Once
the fibre distribution is known, mechanical properties of the
composite material can be derived, that is, its local stiffness
tensor and thermal expansion coefficient. Finally, the

orthotropic cantilever plate vibration problem is presented
from an analytical point of view.

2.1 Fibre orientation model

Fibres can be assumed as rigid cylinders with two di-
mensions (diameter and length) and equally dispersed
throughout the volume (uniform concentration of the fibres)
(Cintra and Tucker, 1995; Neves et al., 2001). Under these
hypotheses the orientation of the single fibre is described
through the angles ¢ and 6, as shown in Figure 1 (Neves
et al., 2001).

Since the orientation of the single fibre in a semi-diluted
fluid cannot be deterministically described by the field of
motion, the more general description of its orientation in-
side a volume can be described by the probability density
function y(p,0), that is the orientation distribution function.
The probability of having a fibre in the domain

[9; 9 + dp] x [0; 0 + 60) 1)
is equal to
P([p; 9 + 09).[0;0 + 60]) = w(p,0)sin(0)d0dp  (2)

The general equation governing time dependency of the
orientation distribution function, in the presence of isotropic
diffusion (Dy) was derived from Burgers (1938) and it is
given by

Dq/_

o 2
= ~V(yo) + D,y 3)

where the term (g, 0) represents the angular velocity
described by the Jeffery equation (Jeffery, 1922).

If the flow conditions are known throughout the
moulding process, the equation can be solved, and the trend

Figure |. Fibre orientation with respect to the angles ¢ and 0
(Neves et al., 2001).
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of the orientation distribution function can then be de-
termined. The function described does not depend only on
the components (¢,0) but also on the spatial position and
time in the case of non-stationary flow. It is therefore ev-
ident that approach to the solution requires a high com-
putational effort. For the reasons described and in order to
obtain a more efficient method to achieve the fibre orien-
tation state, Advani and Tucker (1987) introduced the
orientation tensor previously described by Hand (1962).
The definitions of the tensor of the second and fourth order
are, respectively (Gupta and Wang, 1993)

2 T
(az)l.j = /¢0 /gzop,pit//(¢,9)sin 0d0d¢ “)

27 T
(a4) s = / / ppipipry(h,0)sin dp (5)
$=0 J =0

where the integrand of equation (4) represents the double
product of the vector p, which describes the orientation of the
fibre, weighed by the function y/(¢,8), which represents the
probability distribution of finding the fibre in the direction
(¢,0). The goal is to determine the terms of the fibre ori-
entation tensor at various points. The theory of Folgar and
Tucker (1984) in this sense has the particularity to take into
account, in addition to the fluid-dynamic influence (i.e. the
flow of the fluid inside the mould), also the interaction that is
created between the fibres themselves (situation which occurs
in very concentrated fibre-matrix mixtures). Equation (6)
expresses the theory described above (Neves et al., 2001)

Da,/
Dt

= W — WiAij -+ /I(D,-kakj + ija,-k — 2ija,-kj,)
(6)

where / is the aspect ratio of the fibres, w;; local vorticity, Dy;
deformation tensor, d;; Kronecker delta, o a constant (equal to
3 for three-dimensional flows and 2 for planar flows). The
model is valid if the following condition are verified:

e The fibres are rigid cylinders, uniform in length and
diameter.

e The fibres are sufficiently large to cause the Brownian
motion to be negligible.

¢ The matrix fluid is so viscous that both particle inertia and
particle buoyancy are negligible.

e The centres of mass of the particles are randomly
distributed.

e There are no external forces or torques acting on the
suspension.

The coefficient C; is called coefficient of fibre in-
teraction, which is generally determined analytically by the
empirical relationship (Neves et al., 2001)

L
Cr = 0018470711~ )

where ¥ represents the volume fraction of fibres in the matrix, L
represents the fibre length and d the fibre diameter. Equation (7)
is valid in the concentrated regime, that is, Vf§> 1.

By resolving the flow field of the fluid within the cast, it is
possible to determine the orientation of the fibre at any point
in the considered space. Moreover, in the relation, appear both
elements of the fourth-order tensor and of the second-order
tensor elements which, however, refer to the orientation of the
same fibre. For this reason, it is necessary the use of a closure
models of the equation that allow to express the terms of the
second order according to terms of the fourth. There are
different closure models that are used in the calculation of the
orientation of the fibres. The choice is a function of the type of
flow that is established inside the mould (Parsheh et al., 2006).
For example, considering a flow of a poorly deformed
polymer with randomly distributed fibres, the Linear Closure
model can be used. If, on the other hand, there is a high
deformation of the flow and the fibres are aligned in one
direction, the Quadratic Closure model can be adopted.

The closure model used for polyamide matrix composite
materials is the Orthotropic Closure model (Cintra and
Tucker, 1995).

The approximate fourth-order tensor must necessarily be
orthotropic, so the main axes of the fourth and second-order
tensor must be the same (Cintra and Tucker, 1995). The
advantage of this approach lies in the fact that the or-
thogonal orientation of the tensor makes it diagonal, so
many of its components are equal to zero. The fourth-order
orthotropic symmetric tensor has nine independent scalar
components. Considering the properties of symmetry and
normalization, the model proposed by Cintra and Tucker is

arn :fll(allaa%) a2 =f22(011ﬂ33)

aszz = f33 (6111,6133)

®)

This model expresses the main components of the fourth-
order tensor according to the main components of the
second-order tensor. Functions f1, f2; and f33 are obtained
by linear interpolation between the orientation limits of the
tensor itself.

Another way to form an orthotropic closure approxi-
mation is to choose specific values for the fourth-order
components at fixed points and then interpolate between
them for all remaining points. The best linear interpolation
investigated by Cintra and Tucker, is obtained by consid-
ering two configurations: the first ‘random-in-plane’ (bi-
axial fibres orientation) with fibres uniformly distributed in
a plane, while the latter with ‘random-in-space’ (triaxial
fibres orientation). By linearly interpolating between these
states and the uniaxial fibres orientation state, the ‘ortho-
tropic smooth closure’ equation is obtained (equation (9))
(Cintra and Tucker, 1995)
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aipn —0.154+ 1,15 a;; —0.10 as3
a3 = +0.60 — 0,6 a;; — 0.6 a3 )
as3s33 —-0.15+1.15 ay — 0.9 ass

Equation (9) represent the simplest orthotropic form
and it is not tied to any model for the physics of fibres
orientation, indeed it can be adopted in a wide variety of
situations.

2.2 Material mechanical properties

The orientation of the fibres defines certain mechanical
properties of the material. The calculation of the effective
properties of the fibre/polymer composite involves medi-
ating the properties of the two phases within a finite volume.
If the distribution of the fibres is anisotropic, the average
process for the stiffness and the coefficient of thermal
expansion results in (Burgers, 1938)

(Kiu) = fKW w(p)dp (10)

(a5) = %%’ w(p)dp an

The terms K;; and a;; represent the properties of the
unidirectional composite, while Kj and a; represent
the properties mediated in space considering, through the
probability density orientation term w(p), the probability
to have fibre or not in a certain direction. This procedure,
even if analytically correct, presents the disadvantage of
determining the volume entity within which to carry out
the integral. Advani and Tucker (1987) proposed an al-
ternative expression for calculating the stiffness of the
composite and the coefficient of thermal expansion. In
the first phase, the coefficients of thermal expansion of the
unidirectional composite material, both in longitudinal
and transversal directions, are evaluated based on the
theory proposed by Schapery (1966, 1970). At the same
time the stiffness of the transverse orthotropic composite
is determined by referring to the generalized Hooke law.
The stiffness of the material is expressed by a 6x6 matrix
[C] that relates the strain and stresses (Ting and Ting,
1996)

01 &1
03 &
(S RN S
03 _ : . : &3 (12)
o4 : . : €4
Co1  *° Ceo
o5 &s
06 &6

Therefore, assuming the fibres are longitudinally or
radially stressed, different material’s reaction in terms of

stiffness will be obtain, as a function of load direction
application. Thus, based on this consideration, it is possible
to pass from the condition of anisotropic material to the
concept of transversely isotropic material. From the gen-
eralized elasticity theory, the stiffness matrix 6x6 of the
material becomes (Ting and Ting, 1996)

o1 cn e c3 0 0 0 &1
] e cm o 0 0 0 &
o3 | _ |1 cn e O 0 0 &3
04 - 0 0 0 Cyq 0 0 &4 (13)
O5 0 0 0 0 Css5 0 &5
O¢ 0 0 0 0 0 Ce6 &6
where the following relations are valid
1
Cqq = E (sz - 023) (14)
Cs55 = Ce6 (15)

To describe the behaviour of the transversely isotropic
material, five elastic constants are necessary that can be
determined through the relationships of micromechanics.
On the basis of what has been said, it is possible to write the
Advani-Tucker relation, which allows to calculate the
stiffness of the material using the orientation tensor pre-
viously obtained (Gupta and Wang, 1993)

<Ci/'k1> = Bia;u + B (ag/5k1 + akléi/)
+ B3 (aik5y + a0y + apdy + ajkéil)
+ B46du + Bs (6501 + Sadj)

(16)

The five quantities B; are invariant properties of the
unidirectional stress tensor. They can be obtained from the
unidirectional properties of the transversely isotropic
material.

2.3 Orthotropic cantilever plate vibration

From an analytical standpoint, the problem of the free vi-
bration for a cantilever isotropic plate has been considered for
many years to be one of the most difficult to solve, because of
the free edges. The Rayleigh-—Ritz approach was used to
obtain accurate results (Chakraverty, 2008). The same
method was applied to the problem of the orthotropic rect-
angular cantilever plate with considerable success, although
it was admitted that the conditions of free edges could never
be met exactly. The accurate solution of cantilever plate with
rectangular orthotropy was proposed by Gorman (1995) with
the superposition method (Hand, 1962).

In the case of rectangular orthotropy the governing
differential equation is
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Table |. PA66GF35 mechanical and thermal properties as declared by the manufacturer (Crupi et al., 2015).

Tensile strength o,
(MPa)

Young’s modulus E
(GPa)

Fibre length L
(um)

Fibre diameter d
(nm)

Density p

Specific heat ¢,
(kg/m’)

(/kgK)

Poisson ratio v [-]

150-210 87-11.4 280 10

0.39 1410 1670

Fiber orientation tensor = 0.8819
0.8019 l

s 0.7448
0.6076

0.4705

0.3333 I

Vi

Autodesk’

Scale (60mm)

Figure 2. Injection process simulated using Autodesk™ Mold-
flow™ software. The yellow cone represents the injection point,
while the colour bar the fibre orientation tensor.

O WEm) S H 0 W (En)
ont D, o8& on?
D, ,f&" W(En) 4
—x 4 ’ _ 14 ) _

+ R { e s W(é,n)} 0

where all the symbols are listed in nomenclature.

From equation (17), it is possible to compute the ei-
genvalues A%, which represents the vibration mode, in
function of the aspect ratio ¢ of the plate. In this work, the
attention is focused on the first four vibration mode of the
cantilever plate.

3. Material and methods
3.1 Numerical model

The composite material under study was a PA66GF35, with
an aliphatic polyamide 66 matrix and glass fibres dispersed
in the matrix with a weight percentage of 35%. Table 1
reports the mechanical properties as declared by the man-
ufacturer. These values were implemented in Finite Element
Method (FEM) analysis for the isotropic model. By injection
moulding a square plate was realized, whose dimensions are
200 mm % 200 mm x 3 mm. The analysis of the dynamic
behaviour of the plate and its mechanical properties were
numerically investigated and experimentally validated.
Numerical investigations were carried out considering
the plate with both isotropic and anisotropic behaviour.
Based on the material properties declared by the man-
ufacturer, the authors have been implemented in the FEM

model, for the isotropic case, the mean value of the tensile
strength and the Young’s modulus: o, = 180 MPa and E =
10.5 GPa. For the anisotropic case, Folgar and Tucker
model was adopted to obtain the fibre orientation within
the plate, firstly determining the fluid-dynamic behaviour
of the polymer injected into the mould, from which the
fibre orientation tensor was obtained, and subsequently
deriving the stiffness of each individual element in the
discretized domain. The injection process was simulated
using Autodesk™ Moldflow™ software (Figure 2) which
implements Folgar and Tucker (1984) theory and re-
solves, in the considered space domain, injection fluid
dynamics.

From MoldFlow™ software, a mesh file with the me-
chanical properties, that is, the stiffness tensor of each finite
element, was retrieved and then imported into Ansys™ for
the calculation of the vibrating modes in the cantilever plate
configuration. Finite element simulations were carried out
with Ansys® software adopting SHELL181 elements. It is
a four-node element with six degrees of freedom at each node:
translation and rotation about x, y and z axis. After carrying
out a convergence analysis (Patil and Jeyakarthikeyan, 2018;
Vales and Kala, 2018) on the mesh size, the element’s di-
mension adopted for the simulation was 2 mm.

Knowing the mass [m] and stiffness [k] matrices of the
component, through the following equation

det[[m]s* + [k]] =0 (18)
it is possible to obtain the natural frequencies [»§] and the
modal forms [g] of the system that allows to characterize
the plate dynamically. The difference between the two
models of the material under consideration, isotropic and
anisotropic, is based on this aspect. Indeed, while for the
isotropic material, it is possible to carry out a modal analysis
by defining only the Young’s modulus and the Poisson’s
ratio. To describe the anisotropic material, it is necessary to
resolve the fluid-dynamic of the injection process and
derive the stiffness tensor distribution in every point of the
plate.

Clearly, the difference between the two models is reflected
in a different matrix of modal participation coefficients.

3.2 Experimental setup

An experimental modal analysis was performed to compare
the real behaviour of the plate with the results obtained by
Finite Element (FE) analysis. The plate was fixed along the
side where the injection takes place (Figure 3).



Journal of Vibration and Control 0(0)

Accelerometers

|

Figure 3. Testing system for the anisotropic cantilever plate.

FIXED SIDE
o
IMPACT POINTS
t
t IR R
®

200

A2
]

A3

100

Al
)
0] [

> >
200

Figure 4. Schematic view of the plate with accelerometer po-
sition and impact points.

The experimental apparatus is a Hammer Impact Test
System of Prosig® company (Fareham, UK). It consists of
an instrumented hammer, triaxial piezoelectric accelerom-
eter and acquisition unit (model P8012 with DATS software
to visualize and processing data).

For the experimental modal analysis, different points
were considered for the application of the impulse in order
to obtain an adequate frequency response (Figure 4).

The choice of the impact points is related to the fol-
lowing equation

%zZ%%M (19)

The function represents the response in the frequency
domain of the j-th point to the application of the force in the

i-th point. The H, function represents the frequency re-
sponse of the systems to a degree of freedom that can be
obtained from the modal analysis, in which each system has
a resonance frequency o, Hence, in order to observe
a particular frequency response, it is necessary to excite and
measure the response of the structure where the product
@9, 1s maximum. These coefficients respectively repre-
sent the coefficient of modal participation of the mea-
surement point and impact point of the impulse.

3.3 Tensile test

To confirm the anisotropic behaviour of the composite
material PA66GF35, static tensile tests were performed both
on a set of specimens realized directly by injection
moulding, according to ISO527-2:1993 standard (type 1A
specimen) (Crupi et al., 2015) (Figure 5(a)), and on samples
obtained by sectioning the plate along and orthogonal to the
injection direction (Figure 5(b)).

The static tensile tests were performed under displace-
ment control, with a crosshead speed of 3 mm/min, adopting
a servo-hydraulic test machine ITALSIGMA 25 kN
(Figure 5(c)).

The injection moulding conditions are based on ISO
294-1:1996 and ISO 1873-2:2007 standard, and the main
constructional details of ISO moulds used to produce 1A
type specimen are as follows:

e The sprue diameter on the nozzle side shall be at least

4 mm.

The width and height (or the diameter) of the runner

system shall be at least 5 mm.

e The height of the gate shall be at least two-thirds the
height of the cavity, and the width of the gate shall be the
point where the gate enters the cavity.

e The gate shall be as short as possible, in any case not
exceeding 3 mm.

e The draft angle of the runners shall be at least 10°, but
not more than 30°. The cavity shall have a draft angle
not greater than 1 degree, except in the area of tensile
specimen shoulders where the draft angle shall not be
greater than 2°.

e The heating/cooling system for the mould plates shall be
designed so that, under operating conditions, the dif-
ference in temperature between any point on the surface
of a cavity and either plate is less than 5°C.

4. Results and discussions

From the numerical analysis, the modal forms of the plate
have been investigated both for isotropic (Figure 6(a)—(d))
and anisotropic (Figure 7(a)—(d)) material models. Tables 2
and 3 shows the natural frequencies computed values for
isotropic and anisotropic model, respectively. As can be
seen from Figures 7 and 8, the modal forms (Mode 1-2) are
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(a)

20+0,2

©

PA66 GF35
Sy

pecimen

Figure 5. (a) PA66GF35 specimen realized according to ISO527 standard; (b) Plate samples extracted in parallel and orthogonal
direction with respect to the injection point (white arrow); (c) servo-hydraulic test machine ITALSIGMA.

(@) (b)

Figure 6. Modal forms of the plate evaluated trough FE analysis for the isotropic model. Colour bar values represents the deflection in
mm. (a) First mode (b) Second mode (c) Third mode (d) Fourth mode.
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Figure 7. Modal forms of the plate evaluated trough FE analysis for the anisotropic model. Colour bar values represents the deflection in
mm. (a) First mode (b) Second mode (c) Third mode (d) Fourth mode.

Table 2. Natural frequencies computed from FEM analysis for the
isotropic model.

No. mode Value (Hz)
| 25.58
2 60.21
3 155.61
4 185.83

Table 3. Natural frequencies computed from FEM analysis for the
anisotropic model.

No. mode Value (Hz)
| 28.21

2 59.9

3 165.2

4 196.95

almost unchanged in the isotropic case and in the aniso-
tropic case, since the variation in the orientation of the fibres
significantly affect only the modes of vibrations at higher
frequencies of the system. This happens because, at higher

=)
-_'i - i _Bode diagram - Amplitude
£ Mode 3
£ y
S210F  ygger A‘ 1
E s Mode 2 2 \\:{,‘k N
2200} ;/ X “.“-.;" / @®
= \ ] _ 68
= o\ / l‘. S ™\
£} 190+ | \ ‘g v e
g | L/ ot S
= J ~
2180 /
o \
E 170 . L . | | |
v 0 50 100 150 200 250 300
= Frequency [Hz|]
i Y
200 Br:de diagram - I Il:lgsr
— —
\/ T\ ™\
__ 100 v \
E h
2 N . ‘ L
s O \ | B LSS
a \
= |
ST ‘1 J | 4
R &
200 I L L L
0 50 100 150 200 250
Frequency [Hz|

Figure 8. Bode diagram (amplitude and phase) extracted from
experimental modal test.

frequencies, the local properties of the material become
predominant. Hence, the isotropic model is expected to
exhibit a larger deviation from the experimental results. On
the other hand, the anisotropic model, which intrinsically
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Table 4. Different vibration modes of the plate obtained through FE and experimental analysis.

No. mode Experimental test (Hz) Anisotropic FE model (Folgar and Tucker) (Hz) Isotropic FE model (Hz)
| 25 28 26
2 63 60 60
3 168 165 155
4 193 197 186

T RSEEEEEEE W n .
I P Fiber orientation tensor
Y :In]ectmll I mﬂtj Normalized thickness = 1.000
5 v 0.9956
=
2 i
o
L+
| ™ 0.8715
|
0.7473
X
06232
" I
1 0.4991
1%
=
DO 5 i W W STttt Y
side -y me
Autodesk® ’
MOLD FLOW® INSIGHT Scale (100 mm)

Figure 9. Arrangement of the glass fibres in the polyamide matrix and different constrain condition.

Table 5. Comparison between the vibration modes obtained from numerical simulation for different interlocking sides.

No. mode Fixed side +y Fixed side —y Fixed side —x Fixed side +x
| 28 32 23 23
2 60 63 59 59
3 165 165 145 145
4 197 197 206 206

consider the stochastic orientation of the fibre, shows a good
agreement with the experimental results, also at high
frequencies.

The experimental modal analysis consists of five tests
aimed to establish the vibration modes of the plate. To
compare the experimental modal analysis with the nu-
merical one, the most representative result has been taken
into account. Figure 8 shows the bode diagram with the
inertance, that is, the ratio between acceleration and force,
and phase angle versus frequency. Moreover, considering

the high sensitivity of the experimental setup to noise and
vibration, the output signal has been filtered with MAT-
LAB™ using a lowpass filter to highlights the vibration
modes of the plate.

As can be seen from Figure 7, the four main experimental
modes of vibration of the plate are circled in red: 25 Hz,
63 Hz, 168 Hz and 193 Hz, respectively. Table 4 reports the
comparison between numerical and experimental vibration
modes of the plate. The difference between the vibration
modes of the plate obtained through FE analysis
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Figure 10. Tensile static test carried out both on samples ex-
tracted from the plate and specimen realized according to ISO527
standard.
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strength.

Evidence of the material’s anisotropy on ultimate

considering an anisotropic material using Folgar and Tucker
model, and experimental analysis settles around 3 Hz. The
model, therefore, can be considered calibrated.

Interesting results concern the variation of frequencies.
Indeed, as shown in Table 4, the differences are small at low
frequencies but become substantial at higher frequencies.
The anisotropic model is in good agreement with the ex-
perimental test while the isotropic model presents a de-
viation of about —8%. Whereas this material is mainly
employed for the production of intake manifold, where the
engine rotation regimes are around 7000-8000 rpm
(Harrison and Dunkley, 2004), is evident why the attention
is focused on higher frequencies. For this reason, the an-
isotropic model represents the best choice to approximate
the real behaviour of the plate.
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Figure 12. Evidence of the material’s anisotropy on Young’s
modulus.

The anisotropy of the material is derived from the fluid
dynamics of the injection moulding process and, therefore,
from the arrangement of the glass fibres within the poly-
amide matrix (Figure 9). Considering the agreement be-
tween the anisotropic FE model and the experimental test,
the numerical model has been considered calibrated. Hence,
it is also possible to investigate the effect the interlocking
side change have on the vibration modes. If the interlocking
side is changed in FE simulations, it is possible to observe
a certain dispersion (Table 5) on the vibration modes.

In fact, apart the same results for the symmetric sides
(+x, —x and +y, —y), the vibration modes are very different
between one case and another (for example, +x and +y), up
to 20 Hz in the case of mode 3. It is therefore evident the
strong anisotropy of short-fibre composite materials and
how, by simply changing the constraint conditions, the
results differ greatly from each other.

To further confirm the anisotropy of the plate, static
tensile tests were carried out both on samples extracted from
the plate and specimen realized directly by injection
moulding, according to ISO527-2:1993 standard.

As can be seen in Figure 10, the strong anisotropy of the
material is reflected on different o-¢ curves and, conse-
quently, on a different Ultimate strength o, (Figure 11). The
Ultimate strength has been evaluated as the maximum stress
value obtained from the experimental test. The stress ¢ has
been evaluated as the ratio between the applied force on the
specimen/plate sample and the nominal cross-sectional
area. The strain € have been evaluated has the ratio be-
tween the elongation which specimen/plate sample un-
dergoes and the initial gauge length (Lo = 50 mm) of an
extensometer. The main influence on the anisotropy is, of
course, given by the fibre directions which depends on the
injection point. This is confirmed by the comparison be-
tween the plate samples extracted in parallel and orthogonal



Risitano et al.

200 T

Ultimate strength I, [MPa]

T
I s pecimen
—F— Mean = 0.3 GPa

o
w

Young's modulus [GPa]
P o
- N

N 1 k)
6\6‘3‘\ Qer:.\“\eo c..\‘oa“
=)

9

= I specimen
% —E—Mean = 161.7 MPa|
= 150
S
-
E
2
S 100
=
w
% 50
E
]
=
0
ot o o o o o ot
P A I A
0%
o4 Young's modulus mean [GPa]

A
o
()

©
.\“\e“
!

-]
.\“\a“
(¥

&

Figure 13. Error between experimental mean value and experimental individual values.

direction with respect to the injection point. The first ones in
fact have greater Ultimate strength o, (plate samples 4-5-6).

The mechanical strength of the material strongly de-
pends on the dimension and type of mould of the realized
specimen, and hence on the real application (component) of
the material. In fact, the specimens realized according to
standard exhibits greater Ultimate strength ¢, compared to
the plate samples (Figure 11). The stress-strain curves
exhibit a first small linear trend part, due to the arrangement
of the testing machine clamping system, and a second more
marked linear trend. The young’s modulus has been eval-
uated considering the linear regression of the stress versus
strain points within the second linear trend part of the curve,
prior to the plateau region.

The investigation about Young’s modulus (Figure 12)
shows that the plate samples extracted along the injection
direction presents a greater Young’s modulus (and hence
a greater stiffness) with respect the plate samples extracted
along the orthogonal direction, and also compared with the
specimens.

All these considerations confirm that the composite
material cannot be considered isotropic, as it is normally
considered in industrial applications. Moreover, if the field
of application makes the component’s dimension and the
mould type far from the regulation, it is not possible to relate

the mechanical strength from static tensile specimens,
obtained according to the standard, to the one of the real
components.

Finally, mean and standard deviation of Ultimate
strength and Young’s modulus of the ISO527 specimens has
been evaluated. Figure 13 shows the error between ex-
perimental mean value and experimental individual values
(Ultimate strength and Young’s modulus). The computed
values of standard deviation regarding Ultimate strength
and Young’s modulus are respectively o, = 0.0098 and
op = 0.6748.

5. Conclusion

The anisotropic behaviour of the PA66GF35 composite
material has been investigated by numerical and experi-
mental analyses. The injection moulding process of a plate
was simulated through Autodesk™ Moldflow™ software,
implementing Folgar and Tucker’s theory. This allows to
obtain the fibres orientation due to fluid-dynamics phe-
nomena which occurs inside the mould. Two numerical
models of the constrained plate have been implemented to
obtain the frequency response: the first model implements
an isotropic material behaviour; while the latter an aniso-
tropic behaviour. The numerical models were calibrated by
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comparing them with an experimental modal analysis
performed on a constrained cantilever plate. The two
models (isotropic and anisotropic) were compared, showing
that while the modal forms are almost unchanged, the
differences in the natural frequencies are substantial, with
a deviation of about 8 Hz.

By changing the constrained side of the plate, numerical
natural frequency results show a high dispersion, function
of the different arrangement of the fibres, up to a difference
of 20 Hz for mode 3.

Finally, to confirm the anisotropic behaviour of the
PA66GF35 composite plate, static tensile tests were carried
out both on samples extracted from the plate and on
specimens realized according to ISO527 standard, high-
lighting the low values of the ultimate strength for the
samples that have an orthogonal arrangement of the fibres.
Since composite materials are also adopted to make com-
ponents in the automotive and transport fields significantly
affected by airborne and solidborne noise problems, it is
easy to understand what role the natural frequencies and the
modes of vibration play in these cases. In fact, with the same
geometry, it is unequivocally that the material influences the
system’s own frequencies. Therefore, as shown in this
study, incorrect modeling of the material, usually assumed
isotropic, leads to an incorrect estimate of noise problems.
Moreover, from the comparison between the plate samples
extracted along the injection direction and the standard
specimen, it is evident how the mould geometry and process
conditions influence the mechanical strength of the com-
ponent. Indeed, despite the material is the same for both
cases (plate sample and standard specimens) differences in
ultimate strength and tensile modulus have been observed.
This means that, when this material is employed to produce
real component, it is necessary to take into account during
the design phase a certain deviation from the mechanical
features evaluated from standard specification. For this
reason, future works will focus on modal analysis of
complex components, such as intake manifold, to correlate
the real behaviour of the component with respect to the base
material.
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Appendix
Nomenclature

@ = b/a aspect ratio of the plate [—]

¢ Orientation angle of the fibre in x;-X; plane [deg]
6  Orientation angle of the fibre in x,-x53 plane [deg]
Poisson ratios associated with x and y directions
(-]

o Angular velocity [rad/s]

= x/a and y/b respectively [—]

Orientation distribution function

Eigenvalues for the first four modes [rad m*/s (kg/
m*Nm2)12]

Stress matrix [MPa]

Strain matrix [—]

Magnitude of the strain rate tensor [s~!]

Edge length of half plate [m]

Stiffness matrix [N/m]

Diameter of the fibre [m]

Isotropic rotary diffusivity [rad”/s]

Torsional rigidity of orthotropic plate [Nm/rad)]
Flexural rigidities associated with x and y
directions of orthotropic plate [Nm?]

2H = v,D, + vD, + 4D;

Length of the fibre [m]

Vector describing fibre orientation

Volume fraction of the fibre in the matrix [%]
Plate lateral displacement divided by a [—]
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