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Abstract — Micro injection molding is one of the key technologies to produce small and complicated com-
ponents in various materials, including plastic, metal, ceramics etc. In order to improve product quality and
to reduce manufacturing cost, the specified experiments have been realized to analyze the process parame-
ters. A specially designed mould with five channels has been manufactured at ENSMM. The polypropylene
is chosen as injected material in micro mould for the sake of its good fluidity and replication ability. The
micro injection experiments are accomplished with the use of a micro injection system. For the application
of numerical simulation, the viscous behaviors of polypropylene have been measured. A fully vectorial
explicit algorithm has been developed and implemented in the FEM software. The simulations of micro
injection process are performed with different wall boundary conditions. Comparisons between the simu-
lation results and the experimental ones show that the simulation with slippery wall boundary condition

fits well the experimental results.

1 Introduction

The domain of micro injection represents the important
growth in the last five years. Some micro-components
with injection volume less than 1 cm?® have been realized
with Battenfeld Microsystem©. For the micro injection
molding researches, some works have been accomplished
by different authors, including micro injection system [1],
micro injection process parameters [2,3] and its feed-
stock [4,5]. In FEMTO-ST Institute, a lot of research
works have been realized in PIM field [6-8].

The present paper presents a specially designed
mould with five channels manufactured at ENSMM. The
polypropylene is chosen as the material injected in mi-
cro mould, for the sake of its good fluidity and replica-
tion ability [9]. The viscous behaviors of polypropylene
have been tested for the application of numerical simu-
lation. The experiments of micro injection are performed
on a two-colours Battenfeld® 50 micro-system. A fully
vectorial explicit algorithm has been developed and im-
plemented in the software [10]. This software can be used
to analyze the effects of various injection process param-
eters. By comparisons between the simulation results and
the experimental ones, it can be observed that the simu-
lation with slippery wall boundary condition fits well the
experiment results.

# Corresponding author: zqcheng@netease.com

Fig. 1. Two-colours Battenfeld microsystem 50.

2 Micro injection experiments

The equipment of two-colours Battenfeld microsystem
50 used in the study is shown in Figure 1. This fully elec-
tric production equipment is specially designed for the
parts weights as light as 0.1 mg. The injection unit is
built-up especially for the highly precise injection mold-
ing, which includes an extruder screw with 14 mm diame-
ter, an injection piston with 5 mm diameter for pre-dosing
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Fig. 2. Mould for the injection experiments.

with a precision of 0.001 cm3. The maximum injection
speed is 760 mm-s~!, the maximum injection pressure
is 250 MPa and the theoretical injection volume is from
0.025 cm? to 1.1 cm®. The maximum clamping force is
50 kN and the ejection force is 1.2 kN.

A special mould with 5 channels is manufactured, as
shown in Figure 2. The overall dimension of mould cavity
is 20 mm, the diameter of central circular part is 10 mm,
thickness 0.8 mm. The length of each channel is 5 mm, the
width is 1.5 mm. The dimensions of die cavities are mea-
sured by a Werth Benchtop ScopeCheck® 200 CNC with
the use of a Noncontact-Werth Image Processing video
sensor of fixed telecentric objective. The four rectangular
guides are used for precise assemblage between the fixed
die and the movable one. The injection piston can be used
as ejector after the injection process.

3 Polypropylene viscous behaviors

The polypropylene (PP, EP548N) for injection pur-
pose with 3 mm average granularity, produced by
Basel Company, is used in the experiments. The den-
sity of injected polypropylene is 0.73026 g-cm?®, spe-
cific heat 2960 J-kg!-K~! and thermal conductivity
0.16 W-m—1.K—1.

The viscosity of polypropylene is tested by a capil-
lary rheometer (Bohlin Instrument), under the shear rates
ranging from 1 s~! to 10° s~! at different temperatures.
The rheometer has a capillary in tungsten carbide mate-
rial with 1 mm diameter and 16 mm length. The tested
viscosity is shown in Figure 3. It is to be observed that
the polypropylene viscosity is strongly dependent on its
temperature, especially when the shear rate is in the
range of small values. For example, the viscosity value
of polypropylene at 220 °C is nearly the double of that at
260°C, when its shear rate is 1 s~ 1.

1000 7 4 T=220°C
B T=2333°C
® T=2457°C
= 100 1 T=260°C
=
=,
b=
-
-
=]
= i
a 10
-
==
1 : : : ] |
1 10 100 1000 10000 100000

Shear rate (s')

Fig. 3. Polypropylene viscosity versus its shear viscosity ob-
tained by capillary rheometer at different temperatures.

4 Mechanical modeling of mould filling

Because of the nature of filling process in micro injection,
Eulerian description is used in modeling of the mould
filling. Let ¢ be the current instant in injection process:
t € [0,%fn], tsn represents the final time corresponding to
the end of filling process. The whole space in the mould
defined as a set {2, in which the position is represented by
the vector X. This set consists of two different parts at
each instant: the part filled by feedstock and the remained
void part, practically filled by air. They are represented
by two adjoined subsets 27 () and £2V (¢). A field variable
F(X,t) is used to describe the filling state, which takes
value 1 in the filled part and value 0 in the void part.
The injection flow in the filled part of the mould
cavity is supposed to be incompressible. It should obey
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the momentum and mass conservation equations. When
Reynolds number is small, as in the case of viscous mould
filling, the momentum conservation is represented by a
Stokes equation. This equation is expressed respectively
in the filled and void portion as:

A%

VX e 0F, P = —VP+Veués+prg (la)
oV

VX e 0V, Paggy = VP +Vepaéatpag (1D)

where V is the velocity vector, P stands for the pressure
field, py and pgq are the viscosities in two different mould
parts, pr and p, their densities in different parts, é; and
€, are the strain rate in filled and void part, g the gravity
acceleration vector. To keep the numerical stability, fic-
tive density p, and viscosity u, corresponding to air are
applied respectively in the void mould part.

It should be mentioned that the incompressibility con-
dition is attentively verified only in the filled part, al-
though the same operation is performed in the void part
to keep simplicity of the algorithm. By mass conservation,
one has the following equation expressed as:

VX e 2F) VeV =0 (2)

At each instant ¢ during the injection course, the evolu-
tion of filling state variable is governed by an advection
equation expressed as:

oF

B +VeVF =0. (3)
The feedstock viscous behaviours are strongly dependent
on the local temperatures, so evaluation of the temper-
ature field during the mould filling is necessary in the
simulation. Once the feedstock is considered as isotropic
and the Fourier model for heat flux is applied, the heat
transfer is controlled by the following advective-diffusive
equation:

VX € 0F,

oT

VX € 2, pCp5p +VeVT) = kAT 40, : 6,
(4a)

y oT o

vX e 2V, paCa(E—i—VOVT):kaAT—i-Ua:ea
(4Db)

where T stands for the temperature field in the mould,
Cp and k, are the specific heat and thermal conductiv-
ity coefficient of feedstock, respectively. C, and k, are
respectively the specific heat and thermal conductivity
coefficient of air, 0’;) : ép and 0‘; : €, stand for the dissipa-
tions associated to the viscous flow of feedstock and the
viscous air flow, é, and €, are the strain rate in filled and
void portions.

5 Solution procedure with a fully vectorial
explicit strategy

Instead of the use of MINI elements or reduced integra-
tion [11], the proposed algorithm is based on the elements

with equal order interpolations. A smoothing procedure
is systematically performed without piecewise operations
to avoid mesh locking in incompressible flows. The inter-
polations of different field variables are written simply as:

{V.,P,F, T} =Y Ni{Vi, P, F,T} (5)

i=1

in which N; stands for the interpolation functions, m is
the node number in an element, T" stands for the temper-
ature.

In the explicit algorithm, the momentum conservation
equations (la) and (1b) can be split into two fractional
steps: 1) solution for the viscous diffusion effect and 2)
incompressibility condition maintaining.

5.1 Viscous diffusion

The fractional step for viscous diffusion is expressed as:

ov*
VX e F, p; T Ve (upép) + fort (6a)
V*
VXeMQ%%t:vqmm+P“ (6b)

where V* stands for the intermediate values for solution
of the velocity fields, £¢** stands for the external loads.

Equations (6a) and (6b) are discretized by the stan-
dard GFEM procedure. It results in:

(V* — Vn)

M
At

=F7(V,) + F (7)
In the above equations, Frepresents the effects of vis-
cous diffusion, F¢*! is the external load vector associated
to gravity vector and the boundary conditions, M is a
lumped mass matrix built as:

M:A/N%Mme (8)
2
ne

in which N is the matrix of interpolation function at the
element level. The mass matrix is lumped into diagonal
form to get the solution uncoupled and explicit.

5.2 Incompressibility

To respect the incompressibility condition, the pressure
field has to be solved in a global way in the previous algo-
rithm. It makes the simulation very expensive in the case
of large scale problems. To account such a drawback, a
new method is proposed for maintaining the incompress-
ibility condition. The intermediate velocity field, obtained
by the fractional step for the viscous diffusion effect, is
then corrected by a special factor A. This factor is de-
termined by the respect of incompressibility condition. It
is a local operation in which each localized correction at
element level is proportional to the deviation value with
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respect to incompressibility in the intermediate velocity
field. However, a smoothing operation is necessary for the
deviation values to avoid numerical instabilities, as only
the elements with equal order interpolations are used.

In order to satisfy the incompressibility condition, the
following equations must be dealt to correct the interme-
diate velocity fields:

VX € QF,pfw = VN (V- V)], (%)
VX € QV,paw = —VA* [(V-VHI]. (9b)

In above equations, incompressibility condition in the
filled part is accounted by the right hand term with a
scaling factor \/.

These equations (9a) and (9b) are discretized by
GFEM. The incompressible velocity field V,,;; is ob-
tained directly from:

(Vi1 —VY)
Ml *
At
where V, 11 and V* represent the final incompressible
and intermediate velocity fields, F? stands for the cor-

rection term that is used to satisfy the incompressibility
condition. This term is built as:

— F7(V") (10)

FP(V %)= — A/BT I° \pp1den (V9 (11)
Q
ne

where A stands for the FEM assembly operator, dg,, (V*)
is the values deviated from incompressibility for the in-
termediate velocity field V* at each Gauss point, which
is smoothened locally in the patch with its neighbour ele-
ments, B is the matrix for derivative of the interpolation
functions used to calculate the strain rate in each element,
I¢ is a constant matrix, A, 41 is the regularization factor
for filled and void domains respectively in the mould.

The dilatation value d for the intermediate field V* at
each Gauss point is defined as:

d(V*) = %tr(é*). (12)

In the mixed formulations based on MINI elements for
incompressible flows, the interpolation of velocity field is
one order higher than that of the pressure field. Instead of
it, the reduced integration can be used. As an alternative
method in the new proposed algorithm, a smoothing op-
eration is chosen to avoid the numerical instabilities. It is
a systematic operation without piecemeal treatments [12].
The nodal values of the deviation term dg,,are obtained
from the relationship:

Modsm = A / NTd(V*)d© (13)
Q
ne

in which My is a pseudo lumped mass matrix in diagonal

form, built as:

M, = A/NT NdQ©. (14)
Q
Qe
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Fig. 4. 3D Mesh with tetrahedron elements (2521 nodes and
8620 elements).

So equation (11) can be written as:

(15)

sm

FP(V')=—-A / BT 1°)\,, | Ndn°d®
Q
ne

where the relationship dgm, = Nd¢,, is applied at each
Gauss points.

The same operations are necessary in the void mould
part to maintain uniqueness of the solution model. In or-
der to keep the numerical stability, the fictive factors are
used for void mould part in the simulations.

5.3 Determination of the parameter \

The determination of parameter A, 41 is a key procedure
in new method. The average deviation value in the filled
part 2 is used to determine the An+1 value for filled part
in each time step. The way to determine A, 11 is expressed
as:

N (DV")
T At<

sum

DM ' A [BTIe (VoV*)dQ€>

QF e
(16)
where the notation (),,,, denotes the sum of all nodal
values in the filled part, D is a divergence operator. When
An+1 1s obtained, it can be introduced in equations (10)

and (11) to verify the incompressibility condition.

5.4 Determination of filling state

Equation (3) is discretized by the standard Taylor-
Galerkin procedure, which results in:

(FnJrl - Fn)

M
0 At

= K" + KY|F,, (17)
where F,, and F,, 1 are the filling state vectors at t,, and
tn41 instant respectively, K¢ stands for advection effect,

K% diffusion effect.
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Fig. 5. Comparison of the front positions during mould filing (polypropylene temperature 220 °C, mould temperature 40 °C,

injection flux 20 mm?®. s71).

5.5 The calculation of heat transfer and temperature
field

The heat transfer in equations (4a) and (4a) are dealt
with both advection and diffusion effects. These two ef-
fects are solved usually by an implicit solution but sub-
jected to the limit on time steps [13]. A fractional step
method proposed by Lewis [14] permits to evaluate the
temperature field explicitly. The fractional advection and
diffusion steps are written as:

ATy — Ty)

Xen
VX e, ot

= -VeVT (18)

(Tn+1 B Tn+) o 1

X e nF =
XL 0, Cy

(kp ATy + O’;) D€p)
(19a)

(Tn+1 - Tn+) _ 1

X e NV —
TXean ot Pa Ca

(ko AT, 4 + 0; D €q)
(19b)

where T}, and T}, are the temperature fields at instant
t, and t,41, Thy+ is an intermediate temperature field
used in the fractional steps method.

Same as for the evaluation of filling state by Taylor-
Galerkin method, equation (18) can be discretized in the
following form:

(Tn-‘r - Tn)

VX € 2, Mo

= _[Kad(v) + de(V)]T'n-

(20)
By Galerkin method, the solution of equations (19a) and
(19b) can be written in the following manner:

(T7L+1 - T'rH—)
At

where K*" is the thermal diffusion term, Q is the heat
dissipation term, q¢ is the heat convection term.

VX € 2,M, =K"T,. +Q +q° (21)

Table 1. (a) Experimental results (b) simulation results.

Feedstock polypropylene (PP, EP548N)
Feedstock temperature 220°C
Mould temperature 40°C
Injection flux 20 mm?® - 57!
Injection time 1s
Packing time 10s

6 Numerical examples and experiments
validations

For validation of the numerical simulation results, the
mould with five small channels in its cavity shown in Fig-
ure 2 is injected by polypropylene with two —colours Bat-
tenfeld microsystem 50. In the case, only one injection
unit is used. In order to catch the filling front at differ-
ent time steps, the mould cavity is intentionally injected
with prescribed volumes of polymer to observe the filling
process, as shown in Figure 5.

The cavity is meshed with 3D tetrahedron elements
for the calculation of filling process by the vectorial ex-
plicit algorithm shown in Figure 4. The cavity consists
of 2521 nodes and 8620 tetrahedron elements. The vis-
cous behaviours of polypropylene shown in Figure 3 and
the injection process parameters shown in table 1 are ap-
plied in the simulation. Sticky and slippery frictionless
wall boundary conditions are imposed in the numerical
simulations. For the case of sticky wall conditions, the five
channels are difficult to be filled. The filling difficulty is
related to the sticky wall conditions that may induce high
shear rate in the channels. For the case of slippery wall
conditions, the simulation results are globally verified by
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the experimental ones, shown in Figure 5. When 63 mm?
volume of the polymer is filled into the cavity, the circu-
lar part in the centre of the model is almost fully filled.
When 68 mm? volume filled, the five channels begin to
be filled simultaneously. With the filling evolution in the
channels, the filling fronts go ahead in the four channels
when 73 mm? and 78 mm? polymer volume is filled into
the cavity. The simulation results are rather consistent
with the experiment results.

Conclusion

A fully explicit vectorial algorithm has been developed for
efficient simulation of micro injection molding. A specially
designed model is implemented for the analysis of wall
boundary condition effects in the simulation of micro in-
jection process. The experimental mould has been manu-
factured to perform micro injection experiments. The vis-
cous behaviors of polypropylene have been tested for the
application in the numerical simulation. By the compar-
isons between simulation results and experimental ones,
it can be observed that the simulation with slippery wall
conditions fits better the experiment results than that
with sticky ones. This research work establishes a good
base to further the research in micro injection and micro-

MIM.
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