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The paper presents a model which allows to estimate the elastic properties of thin-walled structures
manufactured by means of injection molding. The starting point is the numerical prediction of the mi-
crostructure of a short fiber reinforced composite induced during the filling stage of the manufacturing
process. For this purpose the commercial program Moldflow Plastic Insight® (MPI) is used. The result
of the filling simulation characterizing the fiber microstructure is a second rank orientation tensor. The
elastic material properties after the processing are locally dependent on the orientational distribution of
the fibers. The constitutive model is formulated by means of the orientational averaging for the given
orientation tensor. The tensor of elastic material properties is computed and translated into the format
suitable for the stress-strain analysis based on the ANSYS® finite element code. The influence of tech-
nological manufacture parameters on the microstructure and the elastic properties is discussed with the
help of two examples a center-gated disk and a shell of revolution.

1. INTRODUCTION

The use of short-fiber reinforced thermoplastics (fiber length around 0.1-1 mm, fiber diameter
around 0.01 mm, fiber volume fraction 15-40%) has been rapidly increasing during the last years
in many industrial branches, e.g. automobile industry, pump industry, etc. [13, 17, 20, 22]. Various
load bearing components (usually thin-walled structures) are manufactured from these materials
by injection molding. This manufacturing process is of particular interest because of highly auto-
mated production, relatively short cycle time and low production costs. Furthermore, the principal
advantage of this process over other methods of manufacturing is the possibility of mass production
of articles with a desired geometrical complexity. However, the mechanical properties of particle
reinforced materials are quite poor if compared with those of materials reinforced by continuous
fibers. In addition, the stiffness and the strength of short-fiber reinforced composites and thin-walled
structures manufactured from these materials are highly dependent on the orientation and the dis-
tribution of particles. As show many experimental observations, the fiber orientation induced by
injection molding has significant spatial variations within the part, e.g. [7, 19, 22, 23]. The orien-
tation of the fibers and their distribution density depend on various factors (fiber length, volume
fraction, fiber concentration and among other), process conditions and the geometry of the mold
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cavity, e.g. [14, 23]. Therefore, the key step in the preliminary design of load bearing components
lies in the prediction of the fiber orientation pattern for given manufacturing conditions.

2. THEORETICAL BACKGROUND
2.1. Modelling of the flow induced fiber microstructure

For the numerical predictions of the fiber orientation we have used the MPI code. Let us briefly
outline the approach realized in the MPI code for the description of the fiber orientation during the
flow of suspensions. A detailed discussion is presented in the reviews [11, 12, 21]. The suspension
is modelled as a quasi-homogeneous anisotropic medium. According to this approach, the main
problem consists in the formulation of a rheological equation allowing us to relate the stresses
caused by the liquid flow with local characteristics of the motion. For a slow motion of a viscous
liquid such an equation is [6]

o= —pE + u--A, A=VV, (1)

where o is the stress tensor, p is the pressure in the medium, E is the second-rank unit tensor,
V is the velocity of the medium, p is the fourth-rank viscosity tensor, which is determined by the
local state of the medium. Different approaches for determining the quantity p are discussed in the
review on suspension rheology [18] and in the monograph [15]. The most popular approach is based
on the method of orientational averaging. As an example, we will consider the model offered in [9]
for describing semiconcentrated suspensions:

T | nl?
o=-pE+u(A+A")- E+mcp Al. (2)
Here n is the number of particles in a unit volume, [ is the length of fibers, p is the polymer viscosity,
and (p is a coefficient determined by the formula
¢ = 2mpl
P In(2h/d)’

where d is the fiber diameter; h = (nl)~'/2 for oriented fibers and h = (ni?)~! for a random

orientation. In Eq. (2) (E is the fourth-rank unit tensor and “A is a fourth-rank tensor representing
the current state of fiber orientation,

WA = / 7(m)m @ m ® m ® mdS, (3)
(8)

where ¥(m) is the distribution density of fiber orientation, m is a unit vector along the particle axis,
dS is a differential element on the unit sphere. Model (2) is most popular in numerical calculations
of injection molding proceses (see, for example, [2, 8]).

For the orientation density ¥ we write [10, 21]

¥+ V- (Yw —d, V&) =0, (4)

where (. .) is the material derivative and V is the tangential differential operator on the unit sphere

Vs(. . ) = €€k m-m= 1,

ij 2
where €1, is the Levi-Civita symbol. In Eq. (4) w the angular velocity of a particle and d, is the
empirical coefficient of rotational diffusion, which was offered in [1] for describing the interaction
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between the particles. According to [1] for the quantity w we assumed the solution obtained by
Jeffery [16] for the angular velocity of an ellipsoidal particle in an infinite field of viscous liquid. For
an ellipsoid of revolution this solution takes the form [4]

a? — b?
w=(¢+/\me-m), /\=m, (5)

where a and b are the semiaxes of the ellipsoid, D is the strain rate tensor and ¢ is the spin vector
of the undisturbed flow, which can be obtained from the velocities:

1
D=-(A+AT), tx(D)=0, ¢=%V><V=§Ax.

N =

If we introduce moments of the distribution function ¥ (m),

K o /W(m)m‘g"dS’, =24 ...,
(S)

where ™A is an n-th-rank orientation tensor and (...)®" is the n-th tensor product, Eq. (4) with
regard to the angular velocity (5) is transformed into an infinite system of coupled equations. The
first two of them are

] 1
O = W WIR L ADA LA D - 2A. D) ~6ds <(2)A < §E) ,

(4)1 (4)

A = “AW-wW.“A+AxD-“A +“AD-4°A-D)
(4)

- AW A-ei+ei-(4)A-W®ei+)\(ei®D-(4)A-ei+e,~-(4)A-D®ei) (6)
+2dr(E®(2)A+(2)A®E+(2)A-ek®E®ek+ek®(2)A®ek
- (Z)A-ei®ek®ei®ek+ei®ek®ei®ek—(2)A—10(4) )

Here, W = ¢ x E is the flow vorticity tensor, e; is an arbitrary orthonormal basis, and the
summation is carried out over the subscripts repeated twice. In [1] Egs. (6) are given in the index
notation. In practical calculations, @A is usually found from the first evolutionary equation and

“A from the closure approximation. In the present study the hybrid closure approximation [1]
incorporated in the MPI code is used:

(4)

A (1- )AL+ F9AQ f=1-27det ((2’

A> BV itk

A,

T
Ol = ?(E®(2)A+(2)A®E+(2)A-ek®E®ek+ek®(2)A®ek
+(2)A-e,-®ek®ei®ek+ei®ek®ei®ek-(2)A>
1
+£(E®E+ek®E®ek+ei®ek®ei®ek).

Thus, the polymeric suspension is modeled as a viscous incompressible anisotropic medium with
the constitutive equation (2) and the evolution equation (6) based on the closure approximation
(7). In the process of numerical solution by the finite element method, the evolution equation (6)
is additionally integrated with respect to time and to Eq. (7). As a result, we obtain a second-rank
orientation tensor (Z)A, which is calculated at the nodes of a finite element mesh and is responsible
for the final distribution of the fibers.
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2.2. Governing equations for the filling phase

Let us assume that the fluid occupies a bounded domain {2 with the boundary I'. The governing
equations describing the flow of the suspension must include

e the balance of momentum, e.g. [5],

D
thV = pf + V.0, (8)

where f is the vector of body forces,

e the balance of mass, e.g. [5],

p == cpnsk - = ... V-¥ =0, 9)
e the energy balance
D
pcp% = 6-VV + V-(kVT), (10)

where T is the temperature, ¢, is the coefficient of heat capacity under constant pressure, k is
the coefficient of heat conductivity,

e the constitutive equation, for example Eq. (2),

e the evolution equation for the structure tensors, for example first Eq. of (6),

e the closure approximation, for example Eq. (7),

e the boundary conditions on I
V=V, T="T, x€eTr, p =0, X €1y,
where I'y is the boundary of the free surface,

e the initial conditions on a given part of the domain

A (x,0) = *A°.

Vi 0) =V
The numerical solution of the presented equations in the general case of the complex cavity geometry
requires a great effort. The discussions related to the numerical solutions and possible simplifications
of the equations can be found in reviews [11, 21]. The commonly used simplification is the Hele—
Shaw approximation, which is applicable to the analysis of the flow in narrow gaps, [2, 11, 21]. The
Hele-Shaw approximation is also the basis of commercial codes for the injection molding simulations.

2.3. Estimation of the elastic stiffness properties

The output from the MPI is the second rank orientation tensor “A. In order to perform the structure
analysis it is necessary to compute the elastic stiffness tensor. This can be made in two steps. The
first step is the model for the transversely isotropic unidirectional elastic composite

o(m) = MreE + ae--NE + 2ure + atre N+ fe - -N @ N + 2(ur, — pr)[N- € + €+ N]J,
(11)

N =m® m.

|
|
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In Eq. (11) 6(m) is the stress tensor, € is the strain tensor, o, 3, A, pur, and pr are five invariants
which must be determined from the engineering constants. The engineering constants are usually
available in the MPI material database.

The second step is the averaging of Eq. (11) over all directions of the vector m. Using the function
¥(m) of fiber orientation distribution we obtain

g = /W(m) o(m)dS = treE [a* + —2?;,3* + ln*] + € [2’7* + %ﬁ*]

9
S
(S) (12)

—

1
(ﬁ*+§n*>e--(B®E+E®B)
+ 26.,(B-e+€-B)+n.e--B®B,

where

1—f 1
c=Aep—L,
o +0 35

e A e R s

35
Here we have used the hybrid closure approximation for the forth rank tensor (4)A, incorporated in
the MPI. From Eq. (12) we observe that the elasticity law consist of two parts. The first part is the

usual isotropic part. The second part is the anisotropic one which depends on the deviatoric part of

(2)

1
the tensor (Z)A, which can be expressed as B = — —E. For the statistically isotropic (uniform)

orientation distribution we find that B = 0 and the second part in Eq. (12) vanishes.

Based on Eq. (12) the stiffness constants can be computed and transformed into the form neces-
sary for the ANSYS-based finite element analysis. The subroutine allowing to translate the output
from the fill simulation into the ANSYS-command file for the structure analysis has been developed
and tested.

3. NUMERICAL INVESTIGATION OF THE SENSITIVITY OF THE COMPOSITE
MICROSTRUCTURE

The stiffness of load bearing components made from thermoplastics reinforced by short fibers de-
pends on the orientation of the fibres. Hence, changing orientation of fibres probably allows the
creation of products with identical geometry and various stiffness.

To make an analysis of the sensitivity of the composite microstructure for complex geometry and
to allocate tendencies of influence of technological parameters of manufacturing on the orientation of
fibres is difficult. Therefore it is necessary to take the advantage of simple geometry and to allocate
factors influencing the orientation of fibres. As such geometry the center-gated disk is taken. For the
disk the following geometrical parameters were used: radius R = 76.2 mm, thickness A = 3.18 mm
(see Fig. 1).

It is necessary to determine parameters which can affect the orientation of fibres. Key parameters
during manufacturing of such composite materials are:

e temperature of the melt Tipet,
e temperature of the cavity wall Ty,
e time of filling tqy.

There are also other factors influencing the orientation of fibres, for example, the use of vari-
ous materials, and the variation of the arrangement and type of the gate. The variation of these
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Fig. 1. Model of a center-gated disk

parameters undoubtedly makes essential change the microstructure of the composite material. How-
ever, such ways of influence are expensive and their constructive realization is not always possible,
therefore they are used seldom.

We made a series of calculations based on MPI code at various temperatures of melt and cavity,
and also time of filling. As a material is taken: Du Pont Zytel® 70G43L with 43% of glass fibres.
For calculation of the given model the finite element grid containing 1632 elements has been used.

As it is marked above, orientation of fibres is determined by the second rank tensor. We shall
consider distribution of the first principal value of the orientation tensor over the thickness of the
disk vs. of technological regimes. Two points located on the radial distance from the center of disk
are taken: R; = 36 mm, Ry = 64 mm.

In the first stage of work we calculate orientation tensor at various temperatures of melt. Para-
meters of calculations are:

o Tinet = 267, 277, 287, 305°C,
o Tyan = 74°C,
® tay = 2.5s.

Results of calculations of the first principal value of the orientation tensor over the thickness of
the disk are presented in Fig. 2.
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Fig. 2. Variation of temperature of melt, a) control point R1, b) control point R»

In the second stage we performed calculations at various temperatures of the wall of the cavity.
Parameters of calculations were:
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® Tinlet = 277°C,
o T,.1 — 64, 74, 84, 120°C,
e tgn = 2.5s.

The results of calculations are presented in Fig. 3.
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Fig. 3. Variation of temperature of cavity wall, a) control point R;, b) control point R»

On the third stage we made calculations at various time of filling. We used the following para-
meters of calculations:

® Tinlet = 277°C,
® Tyan = 74°C,
o tgn =0.5,2,3,5s.

The results of calculations are presented in Fig. 4.
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Fig. 4. Variation of time of filling, a) control point Ri, b) control point Rs

From the calculations it is clearly seen that only the time of filling has a significant influence
on the elastic properties since the microstructure is affected by this parameter. The other para-
meters practically do not influence the composite microstructure and must be chosen according to
recommendations of the manufacturer of the composite material.
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4. SENSITIVITY OF ELASTIC PROPERTIES OF A THIN-WALLED SHELL

The numerical analysis of the sensitivity of the microstructure of a composite to technological
parameters for a simple geometry has shown that only the filling time (i.e. the speed of the flow)
influences the orientation of the fibres. Now we will show how the stress-strain state is affected
by the change of orientation of the fibers. The geometry of the structure under consideration the
loading case and the assumed boundary conditions are presented on Fig. 5a.
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Fig. 5. Model of shell of revolution, a) geometry, b) mechanical model

The first step is the modelling of filling by MPI. We made series of calculations with the following
parameters:

e Material: Du Pont Zytel® 70G43L with 43% of glass fibres,

Finite-elements grid: 7458 elements,

Tinlet = 29000:

Twall = 90° C,

tan = 0.2, 0.5, 1s.

The obtained results for the first principal value of the orientation tensor are presented in Fig. 6.

The second step are the calculations by ANSYS of the given model under uniform pressure. From
the obtained results for the orientation of the fibers we calculate the averaged elastic properties and
transmit them into ANSYS. The mechanical model for the ANSYS calculations is shown in Fig. 5b.
The loading is the uniform pressure ¢ = 8 MPa, the boundary conditions correspond to the clamped
flange.

The distributions of the stress components for the three cases of the filling time do not change,
therefore on Fig. 7 we present only the distributions for the case tg; = 0.2 s.

The numerical results, for the maximal stresses and displacement are presented in Table 1.
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Table 1. Results for the maximal values of the axial displacement and the stresses for various of the times

of filling
Time of filling, s | Wmax, mm | or_,., MPa | 0g_,., MPa | 0,_. , MPa
0.2 2.747 521 395 266
0.5 2.776 507 319 260
1.0 2.785 488 318 269
Skin layer Core layer

Fiber orisntation fensor

Fiber onentation tensor
Norvakzed thickness = 0.7790

Normalized thickness = 0.0000

Seals (40 mm) Scale (40 mm)

)
Fig. 6. First principal value of the orientation tensor : )A

The obtained results illustrate that the changes of the microstructure of a composite in depen-
dence of the variation of the time of filling influence the stress-strain state. The change of filling time
from 0.2 till 1 s. has led to decrease the radial stress (6 %) and the circumferential stress (19 %). In
additional we can assume that, the decrease of the filling time may lead to the decrease of residual
stresses as a consequence of the reduction of the pressure at the filling stage. However, in our study
the influence of residual stresses is neglected.
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Fig. 7. Distributions of circumferential and axial stresses (tau = 0.2 s.)
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Let us note that there are various possibilities to affect the orientation of fibres. Those are the
use of other material or the change of the arrangement and the type of the injection gate [3]. Both
possibilities are expensive. The use of the last way is not possible since the process of development
and manufacturing of a new cavity is very expensive, besides is not always possible. For example,
cavities for parts similar to considered, must have a gate on an axis of rotation, for prevention of
defects during manufacturing (air traps, weld line, etc.). For the given part such a point is only one
and therefore the change of the gate positions is not possible.

5. CONCLUSIONS

We demonstrated the possibilities of the MPI-ANSYS coupled analysis which allows to estimate
the stiffness properties of injection molded parts. The developed subroutine allows to translate the
fiber orientation results and to compute the anisotropic elastic stiffness constants.

Based on the results we can conclude:

e The fiber orientation structure induced by injection molding parts is highly inhomogeneous. The
influence of this microstructure must be considered in estimation of stresses and deformations
of thin-walled parts.

e The numerical analysis allows for the given geometry of the mold cavity, for given process con-
ditions and for known operations of the product (e.g. loads, temperatures, boundary conditions)
to estimate the mechanical properties and to discuss the critical zones of the possible failure.

¢ By changing the process conditions, e.g. the injection type, the injection speed, one can influence
the fiber orientation microstructure. This can improve the elastic stiffness and strength properties
in zones with critical stress states.
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