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Multilayer Injection Moulding

Part 2: Particle tracking in reactive moulding

The modelling of multilayer reactive injection moulding is
studied. After presenting the equations describing the process,
two important aspects are dealt with in more detail. These are
particle tracking and the modelling of the flow front. First
results demonstrate the possibilities of the modelling and
show satisfactory agreement between predictions of numerical
simulations and experimental results, concerning particle
tracking in the whole flow domain and the break-through of
layers in sequential two component moulding.

1 Introduction

Multilayer injection moulding is the extension of the stan-
dard injection moulding technology to allow for more
components that can be simultaneously or sequentially
(co-)injected. For flexibility in combining different mater-
ials, at least three components are needed [1]. Maintaining
the versatility in complex geometries, which allows for the
fabrication of highly integrated parts, requires the possibil-
ity of predicting sequence and configuration of the materi-
als that should be forced into the mould in order to realize
a specific configuration in the product. To be able to make
such predictions, computer programs are needed for the
numerical simulation of 3-D transient non-isothermal flow
problems of non-Newtonian, sometimes even reactive,
fluids. Key parts of such a computer code are the methods
chosen to deal with particle tracking and flow front compu-
tation. Particle tracking provides the deformation history of
every fluid element that enters the mould [1, 2]. The flow
front model determines the final position of all particles
close to the wall, including the prediction of layer break-
through; that is if the secondly injected material reaches the
outside of the product via the fountain flow at the front.
The surroundings of the flow front is called the flow front
domain. The rest of the domain is called the main flow.
Most recent computer programs developed for the nu-
merical simulation of injection moulding are restricted to
cavities for thin walled, weakly curved, but geometrical
complex products [3 to 7). Based on this limitation a 24-D
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approach is used, solving the pressure problem with finite -
elements in 2-D and the temperature and velocity field with
finite differences in 3-D. A particle tracking algorithm and

a more realistic flow front model have been incorporated in
existing 23-D computer codes; INJECT-3 [2, 3] (used in this
paper) and VIp, the EUT program [4].

2 Modelling the injection moulding process

As stated above, in modelling the injection moulding pro-
cess usually the restriction is made by considering only
narrow, weakly curved channels and, therefore, the lubrica-
tion approximation can be employed [7]. The material is
described as a compressible, heat conducting, reactive, vis-
cous fluid. After substitution of the usual simplifications
and the constitutive equations in the balance equations, the
following system of equations is obtained (see, e.g. [4]):

Mass: V*'\"*+a—vﬂ=g, (1
0x, ©
- 3 ( ov*\ Oop
. Koy e — _— =

Momentum: V*p= %, (n 6)(,,)’ X 0, (2)

) oT , T/[o) ,

Energy: gc, T = 3 (7» 6x,,> + o <ﬁ>pp
+@hR., (3)
Moles: C=-R,, (4
Identity: £=0. (5)

Use is made of the decomposition of any arbitrary vector &
into a component d* (parallel to the midplane) and a
component a, in the fi; direction (the direction normal to
the midplane):

A= a*+a,i,. (6)

The conservation of identity (5) expresses that, for a
material particle, a once given set of labels § does not
change. This unique set, which represents the identity of a
particle, is assigned to a particle when it enters the flow
domain. In the most general case, a 3-D flow in arbitrary
shaped cavities, a set of labels consisting of the coordinates
of the place where a particle enters the flow domain and the
time this occurs is sufficient to identify each particle
uniquely.

The material functions for the heat capacity c,, the
density @ and the viscosity n have to be specified. For many
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materials these functions can be found in literature. For

3 reactive materials, however, they still have to be determined
in most cases. Examples of such measurements can be
found in [6, 8].

The set of equations (1 to 5), as given above, consists of
ten (1, 3, 1, 1, 4) instationary, non-linear, coupled equa-
tions, in which ten unknown variables p, T, ¥*, v,, C and §

| (1, 1, 2, 1, 1, 4) appear. These equations must be solved
iteratively.

The so-called pressure problem is derived by elimination
of the velocity from Eqgs. (1) and (2) through integration
over the thickness, yielding an equation with the pressure as
the only unknown variable [6, 9]. An approximate solution
for this equation is obtained on the domain of the midplane
for 0 <t <ty by employing the finite element method.
After the pressure is solved, the velocities are obtained from
the momentum equation. Next, an approximate solution
for the temperature field is obtained by means of the finite
difference method. In every node of the finite element mesh,
used for the pressure equation, a gridline in the fi; direction
is defined over the local height of the channel. An implicit
Euler scheme is used. The convective term of Qcp’i‘ is
discretized with a first order backward scheme. Derivatives
with respect to the i, direction are discretized with a central
difference scheme. Finally, a triangular matrix equation
results which is easily solved node by node [10].

wall

z=H/2

*__soljdified layer

velocity profile _—% flow front
[T soldifled layer z=-H/2
ST T

Fig. 1. Fountain flow in the flow front domain

Simple models for the flow front domain can be used
when only temperature fields in non-reactive materials, or
reactive processing with high Graetz and low Damkdhler
IV numbers are considered [3, 35, 13, 14]. However, in the
case of particle tracking or in the more general case of
reactive materials more sophisticated models are needed
[11, 15, 16]. An accurate model for the flow front is of
decisive importance for the correct prediction of the break-
through of wall layers by core material and incomplete
mouldfilling due to premature gelation. However, applica-
tion of an analytical model is necessary as CPU time would
otherwise increase unacceptably.

The 2D quasi-analytical model as proposed by Bhat-
tacharji and Savic resp. Castro and Macosko [11, 15] is

— s s 8 —— 85— %

The equations for conversion and identity, which are ~ adapted here for the 3D flow (see next section). The most
\ pure convective equations (Damkohler 11 1, diffusion of ~ IMportant assumptions underlying this model are:
4 reactants is negligible in the equation for conversion), are ~ ~ the flow fr ont 18 flat '(COHt’cht angle = 90°),
solved in an identical way. Notice that the boundary values ~ — the flow is quasi-stationary,
for these variables are only prescribed on the inflow part of  ~ the viscosity is constant {no influence of temperature or
P the channel. It is known that these equations must be conversion), ‘
treated with special care because many numerical solution ~ — 1o slip at the wall occurs, except at the moving contact
schemes introduce too much numerical diffusion, resulting !me,_
in smearing out of strong gradients [11, 12]. - inertia can be neglected. ) ‘ ' '
Front propagation is described in detail in [5]. The front ~ Experimental work and detailed numerical simulations of
@? intersects with element edges of the fixed finite elements,  the fountain flow have shown that the introduction of a
| Temporary nodes are created at these intersections and,  more realistic ﬂo“f front Shf}Pe’ the no.msothermal' eﬂ"e'cts
| within elements with intersected edges, temporary ele-  and even large differences in rheological properties, i.e.
@1 ments are created between fixed and temporary nodes, The Newtonian, shear thinning and/or viscoelastic fluids [11, 12,

17] do not alter the overall kinematics significantly. The
reason for this is that the global kinematics are largely
determined by the conservation of mass rather than the
conservation of momentum. Here, only the final result, a
fourth order approximation, is given in terms of the veloc-
ity field with respect to an observer moving along with the
front [15] (see Fig, 2):

complete flow front consists of a number of connected
| edges of temporary elements, The local front velocity is
taken equal to the average velocity in the connected tempo-
rary element,

The mostimportant advantage of the mixed use of the finite
element/finite difference method is the ability to deal with
complex geometries in still reasonable computation time.

Y S S
<

3 Flow front modelling = —(0.5— 6z°/H?)

<1
>

x [1 —1.45exp (~5x/H) sin (0.76 + 2x/H)]
—0.53(1 — 80z*/H*) exp ( — 5x/H) sin (2x/H), (7

Material near the midplane of the cavity in the bulk of the
fluid flows faster than the front. As material from the
central region reaches the front, its velocity decreases and a
velocity component towards the wall is introduced. The
flow becomes of a spreading nature which is called fountain
flow (Fig. 1). This subdomain, where the flow is much more
complex than in the rest of the domain, constitutes only a
small portion of the total flow domain (except at the
4 beginning of filling). The dimensions are in the order of the
local height of the cavity.

I <

2 = 2/H (1 — 423/H?)[3.63 exp ( — 5x/H) sin (0.76 + 2x/H)

<1
*®

— 1.45 exp (—5x/H) cos (0.76 + 2x/H)]
—2z/H (1 — 16z*/H"[1.32 exp ( — 5x/H) sin (2x/H)
—0.53 exp (—5x/H) cos (2x/H)], (8)
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wall

: z=H/2
Zu ; front doma‘iD )
: z
24 —" %
. j ) flow front
=i z=-H/2
v

Fig. 2. Flow front domain definitions with respect to the moving
front; a material particle entering the domain at z; leaves at z,,; the

IT3PR1)

folding points (see text) are indicared with a **

where ¥, is the average velocity in x-direction, the front
velocity, This approximation causes a transition from no slip
to slip between 0 < x < 0.1H. The length of the flow front
domain is taken equal the local thickness of the mould. At
this position, the velocity profile is almost parabolic, which
corresponds with a pressure driven flow of a Newtonian fluid
between two parallel plates. On the interface between the
flow front domain and the main domain at z = iH/Z\/ 3
(see Fig. 2, that shows, in contrast to Fig. 1, the streamlines
relative to the moving front), the x-component of the veloc-
ity is zero. These points are called the folding points.
Material between these points flows from the main flow
domain into the flow front domain. Material between the
folding points and the wall flows the opposite direction.

Particle tracking has to be done only once for the flow
front domain. The results are stored in a dimensionless form.
Dimensions are scaled with the half height H/2 of the cavity.
The dimensionless residence time is defined as:

1,

r T H/2 > (9)
where V, is the front velocity. The residence time of a particle
in the flow front domain as a function of the position where
a particle leaves the flow front domain, is given in Fig. 3. It
can be described sufficiently accurately with a sixth order
polynomial.

50

/R

a0

5|

)

25}

normalized residence time

10 | \_M\/

0 — N .
0.5 0.55 0.6 0.65 0.7 0.75 0.8 085 0.9 .95 1

normalized z—coordinate

Fig. 3. Normalized residence time (I, = 1,8, [(FH|2)) as a function of
normalized position (Z, = z,[{(H/2)) where a particle leaves the flow
Sfront domain; the dashed Iine indicates the position of the folding
point (see text)
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4 Application of the front model with particle tracking
4.1 Reduction from a 3D to a local 2D problem

Flow in the mould is essentially 3D and transient. The
question is how to incorporate the (stationary 2D station-
ary) flow front model. A cross-section at an arbitrary posi-
tion at the front in a plane spanned by the normal vector fi
(in the midplane, pointing outwards from the domain, see
Fig. 4) and the local base vector fi;, is considered as a 2D
front flow domain, The dimensions of this domain are
H x H. It is assumed that this domain moves along a
curved surface that can be described by a curved line
through the midplane of the cavity and the local base vector
ii;. This assumption is supported by the knowledge that the
pressure gradient tangential to the front, in the close sur-
rounding of the front, is zero:

ap

The flow in the cross-sections as defined above is considered
quasi-stationary.

Fig. 4. Definition of the 2D flow front domain in a 3D mould

The approximated pressure field is linear within an ele-
ment. The velocity v¥(z) is a linear function of the pressure
gradient. Thus, the velocity profile v*(z) is the same every-
where within an element. When a gridline is passed by
the front flow domain, the average velocity v* of the
corresponding elements is assigned to that gridline as the
velocity with which the flow front domain passed. Up-
stream, upon crossing an element side, the curved plane
along which the flow front domain has passed this element
must be reconstructed. An approximation thereof is re-
presented by the plane spanned by the interpolated value of
the flow front domain velocities from the gridlines corre-
sponding to the crossed element side, and i, (see Fig. 5).
Particle tracking is performed along these approximated
planes.

From the time a gridline is passed by the flow front
domain, it is part of the main flow domain. However,
before such a line fits in the algorithm that is used in the
main flow, values of the variables considered should be
initialized on this line. For that purpose gridpoints between
the folding points, which are fed from material from the-
main flow domain, and gridpoints between a folding point
and a wall, which are fed by material from the front flow
domain, are considered separately.

Intern. Polymer Processing 1X (1994) 3
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Fig., 5. Reconstruction of the flow fiont domain flow plane. The
arrows indicate the approximate flow plane

4.2 Gridpoints between folding points and the wall

Now that the problem is reduced to a 2D problem in the
curved plane along which the flow domaim moves (see Figs.
4 and 5), it is possible, by means of the flow front model, to
determine the position Z and time t — t, (t, is the flow front
domain residence time) of entering the flow front domain,
for a given particle leaving the front domain at position %,
(see Fig. 2) at time t. The set of labels § corresponding to the
material particle under consideration follows from

é(ﬁuat) =é(ii’t_tr)' (11)
4.3 Gridpoints between the folding points

Material particles in these gridpoints originate from the
main flow domain. Upstream information should be ob-
tained from upstream gridpoints. The procedure is here
elucidated for the 2D case. However, it can directly be
applied in the 3D case as may be clear from the foregoing.

The time for a particle to travel from one gridpoint to
the other is given by:

1az]
12)
v(z) ’ (
where |A%| is the distance between the gridlines. The set of
labels § corresponding to the material particle under con-
sideration is given by:

E(R,t) = E(% — ARt — A). (13)

The values of £ at position X — A% on time level t — At are
not known, However at this position, values of £ are given
on three other times, These are the present time level t, the
previous time level t — At and the time level of front pas-
sage t — At; where At.= |AR[|/%, with ¥, the front passage
velocity, This gives three possibilities to determine an esti-
mate for the label set E(X — A%t — At') (see Fig. 6):

E(X — ARt — At)

At'(z) =

—E(X— ARt — Af) — ii"i:
;
X [E(% — ARt — At) — E(% — A%t — Atp)], (14)
E(X — A%t — AY)
=§(;‘(-A>’(,t)—-%[§( —E(R—ARL-AD], (15)

Intern. Polymer Processing IX (1994) 3

£(x—Ax,t—At")

ti—Ate ti—At ti—At 1

Fig. 6. Three possibilities for the estimation of the label set
E(E — A%, — At")

E(X — A%t — At)
= §(% — A%,0)

A k- AR — E(R — A%t — AL (16)
At -2 2

Scheme (16) was chosen as, after some numerical experi-
ments, it showed the best results.

5 Application of the front model with temperature and
conversion

Important starting-points of the analytical flow front model
are isothermal flow and Newtonian material behaviour. As
indicated above, it is assumed that, in spite of these simplifi-
cations the velocity field is approximated quite well and
changes in temperature and conversion field are not of
significant influence. For the flow front domain, the energy
and the conversion equation can be written in dimension-
less form as:

. %
Gz g*c¥T* =5—(k* oT )-{—Br nHy*2

B
—G~;p3‘+DaIVQR;", a7

C* = Dal R*. (18)

For typical values for the material parameters and the
process characteristics occurring in injection moulding, the
Graetz and Damkdohler IV number are large, certainly at
the flow front. Thus, the energy equation (17) can be
rewritten as;

Gz d*cFT* = DalV gR¥. (19)

This implies that in the flow front domain material particles
are considered to experience an adiabatic thermal history.
For each particle entering the flow front domain tempera-
ture and conversion are given and so it is a relatively simple
task to compute, by means of numerical integration given
the known residence time, the temperature and conversion

261




G. W. M. Peters et al.: Multilayer Injection Moulding

of a particle as it leaves the flow front domain, i.e. the
particles on gridpoints between folding points and wall.
For particles that enter the flow front domain, i.e. parti-
cles on gridpoints between the folding points, the same
arguments hold and therefore they are treated similarly.

6 Results
6.1 Cavity with a restriction

To test the influence of mesh coarseness, the filling of a flat
cavity with a restriction is simulated. The injected material
is a thermosetting material (PU RIM system, [25], see
Table 1 for specifications). The viscosity as a function of the
temperature T and the conversion X = C/C, — 1 is given by:

X (A + BX)
n(T,C) = A, exp (E,/RT) [__.__} , (20)
Xea — X
Second order kinetics with an Arrhenius temperature
dependence [15] was used to describe conversion. This
material was used in other test cases where the reaction
played an important role. In this example the influence
of the conversion is minor, however, mainly due to the
short filling time. One half of the cavity locally has a finer
mesh. This refinement is chosen in the area where one may
expect large gradients in the particle paths (see Figs. 7 and
8). The results are only considered with respect to the

Table 1. Specification of the PU RIM system used

c,=1880J/kg K A=0.17W/mK

o = 1000 kg/m? h, =83 kJ/mol

Co = 2.6e3 mol/m* Xge = 0.85
A,=4le—8Pa-s E, = 38.3 kJ/mol
k, =9.36e7l/s k,=01/s

A=4 B=-2
Processing conditions

T = 343K

tan =28

Ty = 327K

Qverall dimensions

Cavity with restriction: 100 x 200 x 2 mm?
T-shaped cavity: 80 x 200 x 2 mm*

]

N

TAVAY

AV
AVAN

o YAV AN
N7

PAVAVAVAVA
%_A‘J

= AN

~ AVAV

15!
avav,

tal,
Y

‘ @A%gi"

[XI<D

! a B ’
Fig. 7. Distribution of x-labels (infection position) in the midplane of
the mould for filling stages of 60 % (a), 80 % (b) and 100 % (c)
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a b c
Fig. 8. Distribution of time labels (moment of entering) in the

midplane of the mould for filling stages of 60 % (a), 80 % (b) and
100 % (c)

Fig. 9. Contour levels of pressure for a filling stage of 80 %

midplane. Labels refering to the position of injection (Figs.
7a to ¢) and to the time of injection (Figs. 8a to c) are
considered and are given for filling stages of 60, 80 and
100 %.

The influence of the finer mesh is clearly demonstrated.
The finer mesh at the left side of the cavity, in the region of
transition from a wide to narrow cavity, allows the material
that is entered at the side wall to pass along the sharp
corner. The reason is a better description of the pressure
gradient (see Fig. 9) which dictates the velocity field and
thus the particle tracking. This example shows clearly that
proper particle tracking requires mesh refinement on differ-
ent places as prediction of filling patterns does.

6.2 T-shaped cavity

To show the capabilities of the method the filling of a
T-shaped cavity, with the same material and processing
conditions as in the first example (see Table 1), was simu-
lated. Again, results will only be considered with respect to
particle tracking in the midplane of the cavity, although
similar results could be given at any arbitrary plane. They
are given for 60, 80, and 100 % filling.

Figs. 10a to ¢ show the distribution of the label values
that identifies the position where the particle entered the

Intern. Polymer Processing IX (1994) 3
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a b

Fig. 10. Distribution of x-labels (injection position) in the midplane
of the mould for filling stages of 60 % (a), 80 % (b) and 100 % (c)
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o
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\vaY

Fig. 11. Distribution of time labels (moment of entering) in the
midplane of the mould for filling stages of 60 % (a), 80 % (b) and
100% (c)

mould. Notice that after the side part of the mould is filled,
some material in this part (the yellow) is replaced by new
material (red). Apparently, the side part of the cavity is
partially washed out.

Figs. 11a to ¢ show the distribution of the label values
that identifies the time of injection, and thus the residence
time, of a particle in the mould (&, =t, =tz —t). Notice
that the label values at the front decrease since the material
is continuously replaced by “younger” material that flows
through the core to the front.

6.3 Sequential two component moulding

Finally, the method was tested by comparing numerical and
experimental results using two components, injected se-
quentially. The product was a flat plate with four ribs. Two
ribs are relatively thick compared to the others (Fig. 12).
Two components (the same material, a semi-crystalline
Polyamide (Zytel 101 L NC-10 from Du Pont) but with
different colours) are injected sequentially. The second com-

Intern. Polymer Processing IX (1994) 3

135

8|20

Fig. 12. The testgeometry: a plate with four ribs; two ribs are
relatively thick compared to the others

Table 2. Specification of the PA system used

Conor = 2897 J kg K Coriq = 2897 J/kg K
Doy = 0.1346 W/m K Miq = 0.1346 W/m K
m, = 34550 Pa s ©=0.347s

n =06l B =0.0175 YK

o = 950 kg/m?3

ponent is injected after filling 56 % of the cavity. The
viscosity is described with a truncated power law model:

n(T) =mgexp (—BT/mye"~', ¥<exp(PT/me~', (21)
(¥ T) =mgexp (=BT !, §>exp (BT/me~".  (22)

Material parameters are given in Table 2.

The residence time in the mould, one of the labels of the
material particles, is used to track the second component. If
the residence time is smaller than the time of injection of
the second component, the material particle belongs to the
first injected component; otherwise to the second compo-
nent. In each position in the cavity the fraction of the
second component, defined over the height of the cavity, is
determined,

Figs. 13a to b show the flow front after 77 % filling. The
solid line represents the experimentally determined flow

Fig. 13. Position of the flow front for the filling stage of 77 %
comparison of numerical (a) and experimental (b) results

263




G. W. M. Peters et al.: Multilayer Injection Moulding

Fig. 14, Numerically determined distribution of the second compo-
nent injected at a filling stage of 56 %

Fig. 15. Numerically determined distribution of the second compo-
nent injected at a filling stage of 50 %

front. The agreement between experiment and model pre-
dictions is satisfactory. In Fig. 14 the distribution of the
second component is given in terms of its fraction. The
solid line respresents the edge to where the second compo-
nent has advanced during the experiment. The dashed line
indicates the areas where the second component has broken
through the first one and is found at the outside of the
product. The red areas are the break-through areas as
predicted by the numerical simulation. Taking in mind the
complex shape and uncertainties in, for example, the ther-
mal boundary conditions and precise experimental condi-
tions, the results can be conceived as good (compared with
Fig. 16). By just slightly changing the start of injecting the
second component (—6%) the resemblance between nu-
merical and experimental results is strikingly good (Figs. 15
and 16). It is worthwhile to notice that the extra computa-
tion time for particle tracking for the examples presented is
negligible compared to the total computation time.

7 Conclusions

Particle tracking by means of labels combined with an
analytical model for the flow in the flow front domain were
implemented in an existing software program for simula-
tion of injection molding of thin-walled products [I, 2).
This extra task did not cause an appreciable increase in the
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Fig. 16. Experimental distribution of the second component injected
at a filling stage of 56 %

computing time. The usefulness of the method is demon-
strated and tested. An important aspect proved to be mesh
refinement at locations where large gradients in particle
paths may be expected. Numerical and experimental results
are in good agreement, It is shown that numerical simula-
tions provide a valuable tool for the prediction of particle
paths of the complex transient non-isothermal, non-Newto-
nian flow during injection moulding of (reactive) polymers.
Thus, the opportunity exists to predict how to control the
sequential and/or simultaneous injection sequence in multi-
layer injection moulding, even in complex geometries, if
recently developed computer codes for the simulation of the
injection phase are used [3 to 5].

Future research is aimed at increasing the accuracy
through application of more advanced numerical methods
such as the van Leer Finite Difference Scheme or the
equivalence in finite element methods, the Taylor-Galerkin
Discontinuous Finite Element Method (TG/DFEM) [18].
With an improved accuracy, extending of the simulations to
multi-component injection moulding with different materi-
als and inversion of the total flow problem can be done
with more confidence [19]. The last target aims at the final
application, i.e. the inverse problem: once the desired posi-
tions of the different materials in the final product are fixed
(according to the product design) the numerical simulation
will indicate when and where every material particle has to
be injected. The development of a flexible valve system is
part of this research.
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Nomenclature
¢p heat capacity at constant pressure
C concentration of reactive species
D diffusion coefficient
H cavily thickness
h, specific reaction heat
p Dpressure
R, conversion rate
t, characteristic reaction time
T  temperature
¥ velocity
V  characteristic velocity
X extent of reaction (conversion) = C/Cy — 1
n  viscosity
o density
A thermal conductivity
£ particle labels
¥ gradient operator
Dimensionless numbers
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