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ABSTRACT

An effective method which can evaluate the mechanical property and the damage behaviour of
short glass fiber reinforced composites(SFRC) made by injection molding has been proposed. Two
types channel-shaped structure which have centre gate injection molding and edge gate injection
molding with polypropylene resin and glass fiber (vf=40%) have been prepared. From the 3-point
bending test, it is recognized that the damage mode is depending on the gate position.

The purpose of this paper is to make clear the effect of the gate position of injection molding on the
strength and damage pattern. The mechanical properties with nonlinear and anisotropy are obtained by
tensile test and fiber orientations are measured by uCT. The formulations for the mechanical
properties have introduced. On the other hand, channel-shaped structures have been produced by the
injection molding with the different gate position. The fiber orientations at the local position have been
observed by uCT. A FEM model has been prepared and the mechanical properties and the fiber
orientation are applied as input data. The channel-shaped structures have been tested by 3-point
bending test. The experimental results have been compared with the numerical simulation using
nonlinear and anisotropic mechanical properties. As both results show good agreement, it is
recognized that the proposed method is useful for the determination of gate position and the design of
structure.

1 INTRODUCTION

Fiber reinforced composites are widely used in automobile components to reduce the weight. But
the car makes up many components with complicated shape. For such parts, the main production
process remains injection molding because complex shapes and the composed parts can be produced
easily. The mechanical property of SFRC is depend on the length, the orientation and the dispersion of
fiber. Phelps-Tucker anisotropic rotary diffusion model has demonstrated the ability to handle primary
anisotropic fiber orientation [1], but it is still difficult to precisely predict fiber orientation for high
fiber volume fraction. Homogenization technology is used to derives macroscopic composite
properties for materials defined on the microscopic scale [2,3]. Mori-Tanaka homogenization is
applied to obtain material properties on the pseudo-grain level. VVoigt averaging is applied to pseudo-
grains and the mechanical properties can be obtained as macroscopic level.

Kammoun et al. have proposed a micromechanical modelling of the progressive failure in short
glass-fiber reinforced thermoplastics [2]. It is difficult to predict damage behaviour of SFRC, because
the damage will occur at the microscopic level. Notta-Cuvier et al. have proposed a failure criterion
based on a critical number of voids located in deboned areas [4]. Though these methods have some
advantages, it is not easy to apply the simulation of the effect of the gate position on failure mode.
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2 EVALUATION METHOD FOR DAMAGE PROPAGATION OF SFRC
2.1 Measurement of fiber orientation and Tensile test

Plate specimens (polypropylene and glass fiber vf=40%) are prepared by injecting molding. Figure
1 shows the direction of tensile specimens to injection direction. The Five specimens are prepared for
0°, 45 ° and 90 °, respectively. The fiber orientation of specimen is measured by uCT (SMX-100)
which is shown in Fig. 2. Figure 3 shows an example of the fiber orientation of sections though
thickness direction. It is generally known for the injection molding with short fiber that the fiber is
aligned along flow direction near the surface and is transversely aligned in the mid-plane. The
specimen is considered as a sandwich structure that the thickness ratio of each layer measured are
shown in Fig. 3.
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Fig. 3 uCT images of plate specimen

2.2 ldentification of mechanical property
The nonlinear stress-strain relationship of SFRC is considered by using [5]:
E;=E +a;e ™ @

Where, E; is the initial young’s modulus, a; and n; are material coefficient, which are obtained from
tensile test. The identified material parameters are shown in table 1. The superscripts T and C mean
loading direction: T is tension and C is compression. The subscripts L, T and S mean the principal
material axis: L represents longitudinal direction, T is transverse direction and S is shearing direction.
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Table 1 The mechanical properties

EL[MPa] Er[MPa] Ess[MPa]
1350 300 1000
a [MPa] ar[MPa] aus[MPa]
5325 6125 4100
nL nT n45
0.017 0.017 0.0205
Stress_criterialStrain_criterialStress_criterialStrain_criterialStress_criterialStrain_criteria
FItfMPa] FIt[%] Ftt{MPa] Ftt[%] Ftt{MPa] FIt[%]
108 1.86 59.2 1.39 59.2 1.39
Fcl[MPa] Fcl[%] Fct[MPa] Fct[%] Fct[MPa] Fct[%]
216 3.71 118.4 2.78 118.4 2.78
Fs[MPa] Fs[%] Fs[MPa] Fs[%] Fs[MPa] Fs[%]
61 1.86 61 1.86 61 1.86
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Fig.4 The comparison of experimental result
with the simulation ones under tensile condition
based on stress damage criterion

Fig.5 The comparison of experimental result
with the simulation ones under tensile condition
based on strain damage criterion

2.3 Damage model

A marco damage evaluation method is employed to simulate the mechanical behavior under tensile
loading condition [6]. Hoffman failure criterion [7] has been applied and the damage sheme and the
damage mode are represented in table2. When the indication of damage (F) for the element is over 1, a
damage mode shown in table 2 will occur. The stiffness metrix is represented by equation 2 using a
second order tensor suggested by Murakami and Ohno. Qj; representes the component of the original
stiffness matrix [8]. The damage parameters of di,dr and d; are determined by Eq.3. In order to varify
the proposal procedure, a numerical simulation for the mechanical behavior under tensile loading
condition is carried out. The numerical model consists of three layers which has the same dimension as
measured from the specimen. Figures 4 and 5 show the comparison of stress-strain relation between
the experimental results and the simulation ones. It is recognized that the numerical results using both
criterion agree well with the experimental results. The tool of numerical simulation is “Composite
Dream”, which is one of the commercial FEM program code.
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Table 2 Damage scheme and modes

Mode L Mode T & LT Mode Z & ZL

Damage mode

FZG(XT'SZ)B'*'CJ(XZ'~9L)2+C'3(XL'XT)2 S A
Hoffman criterion XF : Indication of damage

4 C_,-XL + CSXT + CG‘XZ + CT/\;ZZ + CS‘XZL 2 4 ¢ 9‘XLT2 3.C;: Material parameter
Maximum stress- ‘Xlz .XT2 [AXLT 3 XZZ [‘XZL Jz (XZZ ]2
to-strength ratio pom— = or 5 i or B B

FLFL FTFT T FZFZ FZL FTZ

Damage parameter d, L dL or dLT dZ or dZI_ dTZ

100 000 000
000 010 000
000 000 001

(X X;; : stress or strain, F*: Tensile strength or failure strain, F©:Compressive strength or failure strain,
F: Shear strength or failure strain )

D, 0
Damage tensor | 0 Dy
00

NUOO

diQ,  dydrQy dzdrQ3 0 0 0
dydrQ;  diQz drdzQzz 0 0 0
Qury’ = |dzdrQis  drdzQz; d5Q33 0 0 0 2
0 0 0 dizQus 0 0
0 0 0 0 dz0ss 0
0 0 0 0 0 drrQss
i ( 2(1 - D;)(1~ D3) )2
77\ =Dy) +(1-Dy)
d, =(1-Dy)
B b (2a=D(-Dy) 3)
dr=0=Da) € =\=Dy) +(A-D)
dz =(1-Ds)

0. _(20=DD1-Dy) ?
LT_((l_D1)+(1_D2))

3 DAMAGE BEHAVIOR OF CHANEL STRUCTURE OF SPECIMEN UNDER 3-POINT
BENDING TEST

3.1 Experiment

Two kinds of channel-shaped structure, which are the same component as tensile specimen has
been prepared. One is the structure which has been produced by injection molding with centre gate and
the other is injecting molding with edge gate. In order to evaluate the effect of the gate position on the
strength, 3-point bending test has been carried out. Figure 7 shows the dimension of specimen and the
loading condition of bending test. Figure 8 shows the damaged channel-shaped structure after the test.
The transverse crack propagates to the width direction for the structure produced by center gate. On
the other hand, the crack propagates to the longitude direction for the structure produced by edge gate.
The change of gate position may be triggered the different failure mode. The fiber orientation of both
channel-shaped structures has been measured using X-ray CT. The observation results are shown in
Fig. 9. The fiber arranges almost in the longitude direction at locations a,b and c. For the location i, the
fiber is arranged to the longitude direction in case of edge gate, but the fiber is arranged to the with
direction in case of center gate. The difference of damage mode is caused by the fiber orientation
difference.
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Fig. 9 uCT images of channel-shaped specimen

3.2 Simulation

In order to make clear the effect of the gate position on the strength and the failure mode, FEM has
carried out. Finite element model consists of 5 layers, which the total number of solid elements is
25200 and the total number of nodal points is 34404, respectively. The fiber orientation for each
element is decided according to the observation of X-ray CT shown in Fig. 9. The mechanical
properties shown in table 2 are applied to simulation. Figures 10 and 11 show the numerical and
experimental results of the relation between the applied load and the displacement of loading point
under 3-point bending test. Figure 10 shows the results of load-displacement curve in case of the
damage criterion with stress. Figure 11 shows the result in case of the damage criterion with strain.
From these results, it is clear that the numerical results have a good agreement with the experimental
ones. However, some differences of the state of damage propagation for each layer have been
recognized. The states of damage propagation are shown in Figs 12 and 13. Figure 12 shows the
damaged elements in surface and middle layers in case of stress criterion. Figure 13 shows the result in
case of strain criterion. The total number of damage elements in case of stress criterion is larger than
that of strain criterion in the surface layers, but damage element does not appear to the middle core
layer for the reason that the surface layer can sustain the applied load. It is the most important thing
whether the damaged elements appear at the edge part of channel-shaped structure or not. In case of
the edge gate, the fiber near edge (location i ) has been arranged to the longitudinal direction. The fiber
orientation near to the edge will be the result of generation of different failure mode.
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Fig.11 The comparison of experimental result
with the simulation ones under 3-point bending
condition based on strain damage criterion

Fig.10 The comparison of experimental result
with the simulation ones under 3-point bending
condition based on stress damage criterion
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4 CONCLUSIONS

An effective method of estimation for the mechanical properties and the damage propagation of
short glass fiber reinforced composites structure made by injection molding has been proposed. It has
been revealed that the fiber orientation in a structure effects on the strength and damage propagation.
As the fiber orientation in the surface layer differs from it in the center layer to thickness, the structure
is considered as sandwich plate. The information of fiber orientation in the structure is important to
simulate the mechanical behavior. This event must be taken into consideration when the mesh
generates. Since we can estimate not only the rigidity but the strength, the failure mode and the
damage propagation for a structure produced by injection molding, the proposed method in this paper
will be very effective to determine the gate position and to design the structure.
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